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Abstract
This review covers the latest issues related to the development of medical technologies based 
on chitosan coatings. The progress of modern implantology requires medicine to adapt 
constantly to new opportunities and challenges. Infections may occur at the implantation 
site or in the body and may require treatment with antibiotics or surgery to resolve them. 
Due to its unique properties, such as biocompatibility, biodegradability, non-toxicity  
and antibacterial activity, chitosan has been proposed to be co-deposited with biocidal 
silver nanoparticles in the form of nanocomposite coatings on the surface of metallic 
implants to extinguish local inflammations. The mechanism of co-deposition of chitosan 
with metal ions and particles using electrophoretic deposition has not yet been thoroughly 
explained. This, among others, results from a number of factors that influence the process 
and their mutual relations. Therefore, the present review aims at a deeper understanding 
of the mechanism of creating chitosan-silver nanocomposite coatings.

Keywords: biocide, chitosan, electrophoretic deposition, metallic implants, nanocomposite, 
silver nanoparticles
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1. Introduction
Metallic	 biomaterials	 are	 one	 of	 the	 fastest	 developing	 groups	 of	 biomaterials	 due	 
to	 their	 biocompatibility,	 high	 corrosion	 resistance	 in	 the	 environment	 of	 bodily	fluids,	
good	mechanical	 properties,	 the	 possibility	 of	modifying	 properties	 by	 creating	 alloys,	 
the	possibility	of	modifying	the	structure	by	changing	the	size	of	grains	and	precipitates,	
and	 the	 possibility	 of	 modifying	 the	 surface	 by	 selecting	 the	 appropriate	 roughness	 
or	 applying	 coatings	 [1–4].	Metallic	 biomaterials	 are	used	 in	orthopaedics,	 craniofacial	
surgery,	 dentistry,	 heart	 surgery	 and	 endovascular	 surgery	 [4].	 They	 are	 mainly	 used	 
to	 produce	 implants	 to	 stabilise	 bone	 fragments	 and	 to	 treat	 bone	 defects,	 and	 also	 
as	heart	valves,	stents,	endoprostheses	and	dental	prostheses.	Some	of	the	most	commonly	
used	metals	 and	 alloys	 for	 implants	 include	 titanium	 [5,	 6]	 and	 titanium	alloys	 [7–11],	 
cobalt-chromium	alloys	[12],	austenitic	steel	[13],	nickel-titanium	alloy	[14,	15]	and	magnesium	
alloys	[16].	The	choice	of	metallic	biomaterial	for	an	implant	depends	on	various	factors,	
including	the	specific	application,	the	patient’s	medical	history	and	the	surgeon’s	experience	 
and	preferences.

The	 biocompatibility	 of	 metallic	 biomaterials	 can	 be	 increased	 by	 using	 chitosan	
(Chit) coatings; Chit is one of the most promising natural polymers, especially in tissue 
engineering	and	regenerative	medicine	[17–21].	On	an	industrial	scale,	Chit	is	produced	
by	deacetylation	of	 chitin	 [18,	 22,	 23].	The	 sources	 of	 chitin	 –	 the	 shells	 of	 red	 crabs,	
shrimp,	krill	and	other	crustaceans	–	are	obtained	during	processing	sea	fishing	for	food.	
Chit	can	also	be	isolated	from	the	cell	walls	of	the	filamentous	fungi	belonging	to	the	class	
Zygomycetes (the Mucor, Absidia, Rhizopus	 and	Gongronella	 genera)	 [24].	 By	 adding	
the	appropriate	enzymes	to	the	fungi	and	using	the	optimal	composition	of	the	medium,	 
with	the	help	of	alkaline	separation	of	the	insoluble	fraction	in	bases,	it	is	possible	to	separate	
Chit	 from	 fungal	 biomass.	 Thanks	 to	 continuous	 mushroom	 cultivation,	 it	 is	 possible	 
to	obtain	a	large	amount	of	raw	material	for	the	production	of	Chit	in	a	relatively	short	time.

In	 an	 environment	 with	 low	 ionic	 strength,	 Chit	 takes	 the	 form	 of	 an	 extended	
structure	of	macromolecules	due	to	electrostatic	repulsion	between	segments	of	the	chain.	 
When	 the	 ionic	 strength	 tends	 to	 infinity,	 it	 completely	 neutralises	 the	 proton	 groups,	
causing	the	electrostatic	repulsion	forces	to	disappear,	and	the	structure	of	Chit	becomes	
a	 compact	 zone	 regardless	 of	 differences	 in	 molecular	 weight.	 The	 presence	 of	 free	
protonated	 amino	 groups	 in	 the	 Chit	 structure	 allows	 the	 formation	 of	 complexes	 
with	derivatives	with	a	negative	charge,	such	as	polymers,	proteins	or	dyes.	In	addition,	
Chit	may	bind	selectively	to	cholesterol,	fat,	cancer	cells,	DNA	and	RNA.	Chit	also	has	 
the	 ability	 to	 form	 chelates	 with	 metal	 ions,	 which	 requires	 the	 special	 involvement	 
of	–OH	and	–O–	groups	in	D-glucosamine	residues,	and	amine	ions	in	Chit	complex	metal	
ions	more	effectively	than	acetyl	groups	in	chitin	[17].	

Chit	 is	used	 in	medicine	as	a	component	of	dressing	materials,	as	 it	 stops	bleeding;	
accelerates	wound	healing;	and	exerts	anti-inflammatory,	analgesic,	antiviral,	antifungal	
and	antibacterial	effects	[17,	18,	25–27].	Chit	has	the	ability	to	adsorb	strongly	on	mucous	
membranes,	which	allows	it	to	be	used	as	a	carrier	in	mucoadhesive	drug-delivery	systems,	
thanks	 to	which	drugs	are	bound	 to	 the	site	of	 their	action,	 that	 is,	mucous	membranes	
[28].	This	 natural	 biopolymer	 also	 has	 the	 ability	 to	 create	 a	 variety	 of	morphological	
structures	 such	 as	 films,	 membranes,	 nanoparticles,	 fibres	 and	 knitted	 and	 nonwoven	
fabrics	made	from	them,	and	hydrogels	[17–22,	28].	Moreover,	the	chemical	composition	
of	 Chit	 is	 similar	 to	 the	 composition	 of	 the	 extracellular	 matrix	 of	 biological	 systems	
[29].	 In	 addition	 to	 biocompatibility,	 Chit	 also	 shows	 biodegradability,	 bioactivity,	 
non-toxicity,	 water	 wettability,	 the	 ability	 to	 chelate	 and	 bind	 metal	 ions	 and	 organic	
substances,	 easy	 miscibility,	 and	 can	 also	 be	 a	 matrix	 for	 dispersed	 solid	 particles	 
[17–19,	21,	28,	30–32].	Particularly	interesting	is	the	possibility	of	producing	Chit-based	
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nanocomposite	coatings	with	dispersed	silver	nanoparticles	(Ag	NPs),	which	show	high	
antibacterial	activity	[33].	Ag	NPs	production	methods,	their	properties	and	their	possible	
mechanisms	 of	 antibacterial	 activity	 have	 been	 discussed	 in	 detail	 in	 previous	 studies	 
[33–36].	 Ag	 NPs	 used	 in	 medicine	 are	 nanomaterials	 that	 have	 a	 size	 of	 1–100	 nm	 
in	at	least	one	dimension	or	at	least	50%	of	the	particles	in	the	particle	size	distribution	 
are	in	the	nanometre	scale.	They	exhibit	significant	antibacterial	activity	due	to	their	high	 
surface-area-to-volume	 ratio,	 which	 increases	 as	 their	 size	 decreases	 [34,	 35].	 Smaller	 
Ag	NPs	show	an	increased	active	surface,	which	consequently	leads	to	greater	antibacterial	
activity.	 Moreover,	 by	 selecting	 appropriate	 reaction	 conditions,	 the	 shape	 of	Ag	 NPs	 
can	 be	 controlled.	Ag	NPs	 in	 the	 form	 of	 spheres	 (e.g.	 a	 diameter	 of	 5–100	 nm	 [35],	 
40–80	nm	and	120–180	nm	[34]),	platelets	(e.g.	20–60	nm	[34]),	cubes	(e.g.	140–180	nm	
[34]),	rods	(e.g.	a	diameter	of	80–120	nm	and	a	length	of	>	1000	nm	[34])	and	triangular	 
(e.g.	 31	 nm	 [35]),	 have	 been	 prepared.	 The	 published	 reports	 regarding	 the	 influence	 
of	 the	 shape	 of	 Ag	 NPs	 on	 their	 antibacterial	 activity	 are	 contradictory	 [34–36].	 
Some	authors	claim	that	among	different	shapes	of	Ag	NPs,	those	in	the	triangular	form	have	
the	highest	antibacterial	activity	due	to	their	sharp	edges	and	vertices,	and	the	largest	active	
surface	area	[36].	Others	have	proved	that	spherical	Ag	NPs	have	the	highest	antibacterial	
activity	[34,	35].	Co-deposition	of	Ag	NPs	with	these	unique	physicochemical	properties	
and	the	Chit	matrix	on	metallic	substrates	using	electrophoretic	deposition	(EPD)	enhances	
the	biocidal	properties	of	Chit-Ag	NP	nanocomposite	coatings	due	to	the	synergistic	effect	
of	both	the	Chit	matrix	and	the	embedded	Ag	NPs	composite	component	[37,	38].

This	 review	 discusses	 the	 latest	 research	 of	 Chit-Ag	 NP	 nanocomposite	 coatings	 
on	metallic	implants,	especially	dental	implants,	obtained	using	the	EPD	method.	The	main	
goal	of	this	review	is	to	provide	a	deeper	understanding	of	the	mechanism	by	Chit-Ag	NP	
nanocomposite	 coatings	 are	 formed;	 it	 has	 yet	 to	 be	 fully	 understood	due	 to	 numerous	
factors	that	influence	the	EPD	process.	The	studies	included	in	this	review	were	retrieved	
from	the	Scopus	database,	with	a	publication	range	covering	the	last	5	years.

2. Inflammation and Complications After Implantation
Biomaterials	should	be	biocompatible,	which	means	harmony	of	interactions	within	living	
matter	 [1–4].	 Biocompatible	 implants	 do	 not	 initiate	 toxicological	 and	 immunological	
reactions	 and	 do	 not	 irritate	 tissues	 in	 the	 host’s	 body.	 However,	 inflammation	 occurs	
after	each	implantation	because	mechanisms	are	stimulated	in	a	living	organism	to	reject	 
the	 implant	 as	 a	 foreign	 body	 [2,	 3,	 20].	After	 the	 implant	 is	 detected	 by	 the	 immune	
system,	the	body	starts	producing	antibodies	that	have	a	strong	oxidising	effect.	As	a	result	
of	the	body’s	defensive	reaction,	proteins	accumulate	near	the	implant	and	are	absorbed	
into	it,	which	initiates	the	degradation	of	the	implant.	Protein	dissociation	and	reactions	 
at	the	cellular	level	cause	changes	in	the	pH	of	the	blood	and	bodily	fluids,	which	constitute	
a	 strong	 corrosive	 environment	 with	 a	 high	 concentration	 of	 chloride	 anions.	 Bodily	
fluids	are	buffer	 solutions	with	a	 stable	pH	 in	 the	 range	of	7.00–7.35.	After	 implanting	
a	metal	biomaterial	 into	the	bone,	 the	pH	in	the	area	surrounding	the	implant	decreases	
to	 approximately	 5.20	 and	 returns	 to	 the	 physiological	 value	 of	 7.35–7.45	 only	 after	 
2	weeks.	Additionally,	the	concentration	of	dissolved	oxygen	in	bodily	fluids	is	unfavourable	
–	 four	 times	 lower	 than	 the	 concentration	 in	 air	 –	 which	 delays	 the	 regeneration	 
of	the	self-passive	oxide	layer	and	increases	the	amount	of	metal	ions	released	from	the	surface	 
of	the	metal	implant	into	the	body	[4–9,	12–15,	30,	31].	Other	reasons	why	inflammation	
may	 occur	 after	 implantation	 include	 surgical	 trauma	 causing	 tissue	 damage,	 infection	 
as	a	result	of	bacteria	or	other	pathogens	entering	the	body	during	the	implantation	process,	
an	 allergic	 reaction	 to	 the	 biomaterials	 used	 in	 the	 implant	 or	 the	 biomaterials	 applied	
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during	 the	 surgical	 procedure,	 and	 implant	malposition	 leading	 to	 irritation	 or	 pressure	 
on	surrounding	tissues	[1,	3,	4].

Although	implantation	has	a	high	success	rate	of	up	to	98%,	the	invasiveness	of	commonly	
performed	 implant	 procedures	 also	 carries	 the	 risk	 of	 complications	 after	 implantation,	
which	 is	 an	 inherent	 element	 of	 the	 osseointegration	 process	 [39].	 Complications	may	
occur	at	 the	early	and	 late	stages	of	osseointegration.	Complications	 in	 the	early	stages	
include	infection;	swelling;	haematomas;	petechiae;	and	bleeding	occurring	in	the	maxilla	
and	mandible,	sinuses	and	soft	tissues	around	the	implant,	which	are	caused	by	a	surgical	
approach	that	is	too	traumatic,	overheating	of	bone	tissues	during	the	procedure	or	bacterial	
infection	 of	 the	 wound.	 Late-stage	 complications	 are	 a	 consequence	 of	 complications	 
of	 the	 early	 stage	 of	 osseointegration	 and	 are	 manifested	 by	 mucosal	 perforation,	
maxillary	 sinusitis,	 mandibular	 fractures,	 failure	 of	 osseointegration,	 bone	 defects	 
and	 periapical	 implant	 failure.	 Of	 note,	 bacterial	 contamination	 during	 the	 procedure	 
and	improper	oral	hygiene	after	implantation	increase	the	risk	of	complications.	Peri-implant	
infections	 are	 initiated	mainly	 by	 bacteria	 attaching	 to	 implants	 in	 the	 form	 of	 biofilm	 
and	can	be	classified	based	on	the	route	of	spread,	the	time	of	implant	contamination,	the	period	 
of	symptom	onset	and	the	course	of	infection	[39–41].

Post-implantation	 complications	 can	 be	 divided	 into	 mechanical,	 technical	 
and	biological	[40].	The	main	cause	of	mechanical	complications	after	implantation	implant	
placement	that	is	too	tight,	implant	displacement	or	excessive	force	loading	the	implant,	 
as	is	the	case,	for	example,	in	the	case	of	bruxism	(Figure	1a)	[42].	One	of	the	most	common	
mechanical	complications	after	implantation	is	overloading	the	implants,	leading	to	their	
loosening	or	fracture.	Implant	fractures	occur	due	to	manufacturing	defects	or	as	a	result	 
of	loading	the	implant	too	quickly	with	a	prosthesis	or	bridge.

(a)

(b)

(c)

Figure 1. (a)	 Chipped	 and	 worn	 teeth	 as	 a	 result	 of	 bruxism	 [42]	 (the	 image	 
is	 from	 stock.adobe.com	 and	 has	 been	 reproduced	 under	 the	 terms	 
and	 conditions	 of	 a	 standard	 license),	 (b)	 peri-implant	 mucositis	 [41]	 
(this	image	has	been	reproduced	under	the	terms	and	conditions	of	a	Creative	
Commons	Attribution	[CC	BY]	license)	and	(c)	peri-implantitis	[43].
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When	 occlusal	 forces	 are	 too	 high	 –	 approximately	 200–300	 N,	 there	 is	 damage	 
to	the	implant	connector	and	subsequent	loosening	of	the	shaft	[40].	Technical	complications	
often	 occur	 with	 implant-supported	 fixed	 partial	 dentures	 and	 include	 fractures	 
of	 the	 veneering	 porcelain	 and	 fractures	 of	 the	 framework.	 The	 group	 of	 biological	
complications	includes	sensory	disturbance,	progressive	bone	loss,	formation	of	bacterial	
plaque	and	bacterial	infections.

Peri-implant	diseases	include	inflammation	of	the	mucosa	around	implants	with	clinical	
symptoms	 of	 redness,	 swelling	 and	 bleeding	 [41,	 44].	 They	 are	 classified	 into	 curable	
peri-implant	 mucositis	 and	 incurable	 peri-implantitis.	 Figure	 1b	 shows	 a	 clinical	 case	 
of	peri-implant	mucositis	with	inflammation	induced	by	abutment	loosening	[41].	Marginal	
inflammation	 of	 the	 peri-implant	 mucosa	 is	 visible	 without	 loss	 of	 supporting	 bone	
after	 initial	 bone	 remodelling.	When	 the	 extent	 of	 inflammation	 increases	 and	 exceeds	
the	 gum–bone	 border	 with	 bone	 destruction,	 the	 disease	 progresses	 to	 peri-implantitis	
(Figure	1c)	[43].	This	destructive	inflammatory	process	affects	both	soft	and	hard	tissues	
surrounding	dental	 implants.	The	longer	peri-implantitis	 lasts,	 the	greater	 the	bone	loss,	
which	may	lead	to	 the	 loss	of	 implants	along	with	 the	prosthetic	restoration.	Therefore,	 
there	is	a	need	to	develop	innovative	dental	implants	with	enhanced	osteoinductive	properties	 
with	 the	 possibility	 of	 intelligent	 and	 controlled	 drug	 delivery	 directly	 to	 the	 site	 
of	inflammation.

3. Production Methods of Chitosan-Silver Nanocomposite Coatings
Chit-Ag	NP	nanocomposite	coatings	are	biodegradable,	biocompatible	and	environmentally	
friendly	biomaterials	that	have	attracted	significant	attention	in	recent	years	due	to	their	
potential	 applications	 in	 medicine	 [37,	 38].	 The	 production	 of	 these	 coatings	 involves	 
the	 incorporation	 of	 Ag	 NPs	 into	 the	 Chit	 matrix	 to	 enhance	 their	 properties,	 such	 
as	 mechanical	 strength,	 thermal	 stability	 and	 barrier	 properties.	 Table	 1	 lists	 several	
methods	 developed	 for	 the	 production	 of	 Chit-Ag	 NP	 nanocomposite	 coatings	 along	 
with	a	description	of	the	basis	of	each	method.	

Each	 method	 has	 its	 advantages	 and	 disadvantages,	 and	 the	 choice	 of	 method	
depends	on	the	specific	application	and	desired	properties	of	the	nanocomposite	coating.	 
Chit-Ag	 NP	 nanocomposites	 are	 advanced	 and	 multifunctional	 biomaterials	 composed	 
of	Ag	NPs	dispersed	in	a	polymer	matrix	and/or	covered	with	a	polymer	(core	shell)	[45].	
Regarding	the	use	of	EPD	to	produce	Chit-Ag	NP	nanocomposite	coatings,	the	advantages	 
are	 it	 requires	 relatively	 inexpensive	 and	 simple	 equipment;	 it	 is	 easy	 to	 control	 
the	 properties,	 thickness	 and	 porosity	 of	 thin	 films	 by	 changing	 EPD	 parameters;	
sensitive	biomaterials	such	as	Chit	can	be	co-deposited	at	 room	temperature;	 substrates	 
with	 complex	 shapes	 can	be	 coated	homogenously;	 it	 requires	 a	 short	 amount	 of	 time;	 
easy	 scalability;	 and	 high	 production	 efficiency.	 The	 main	 disadvantage	 of	 EPD	
include	 Ag	 NP	 agglomeration	 in	 the	 suspension	 bath	 during	 the	 production	 
of	 Chit-Ag	 NP	 nanocomposite	 coatings,	 which	 requires	 the	 use	 of	 surfactants	 
and	nanoparticle	stabilisers	[17].
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Table 1. Methods	 for	 the	 production	 of	 chitosan	 silver	 nanoparticle	 (Chit-Ag	 NP)	
nanocomposite coatings.

Type of method Description of the method Reference
Solvent casting Chit	and	Ag	NPs	are	dispersed	in	a	suitable	solvent,	

such	as	acetic	acid	or	water,	to	form	a	homogeneous	
solution,	which	is	then	cast	onto	a	substrate	 

and	allowed	to	dry,	forming	a	thin	nanocomposite	
coating.	The	solvent	is	evaporated,	leaving	behind	 

the	nanocomposite	coating	on	the	substrate.

[46]

Electrospinning An	electric	field	is	used	to	generate	a	jet	 
of	Chit-Ag	NP	solution,	which	is	then	collected	 

on	a	grounded	collector	to	form	a	nanofibrous	mat.	
The electrospinning process allows for the formation 
of	nanofibers	with	high	surface	area	and	tunable	pore	
size,	which	can	be	tailored	for	specific	applications.

[46]

Layer-by-layer	
assembly

Alternating	deposition	of	Chit	and	Ag	NPs	onto	 
a	substrate	is	used	to	form	a	multilayer	coating.	 
The	process	is	typically	carried	out	by	dipping	 
the	substrate	into	a	solution	containing	Chit	 

and	Ag	NPs,	followed	by	rinsing	with	a	suitable	
solvent	to	remove	any	unbound	species.	The	desired	
number	of	layers	is	achieved	by	repeating	the	process.

[46]

In	situ	
polymerisation

Chit	is	mixed	with	a	monomer	and	a	cross-linker,	 
and	Ag	NPs	are	added	to	the	mixture.	The	mixture	 

is	then	heated	or	irradiated	to	initiate	 
the polymerisation process, resulting in the formation 
of	a	nanocomposite	coating.	This	method	can	be	used	

to prepare coatings with high mechanical strength 
and	improved	barrier	properties.

[46]

Co-precipitation Chit	and	Ag	NPs	are	mixed	in	a	suitable	solvent,	 
and	a	precipitating	agent	is	added	to	form	 

a	nanocomposite	precipitate,	which	is	then	collected	
by	filtration,	washed	with	a	suitable	solvent,	 
and	dried	to	form	a	nanocomposite	coating.

[46]

Spray-drying Dispersion	of	Chit	and	Ag	NPs	in	a	suitable	solvent	 
is	used,	followed	by	the	introduction	of	the	solution	

into	a	spray	dryer.	The	solvent	is	evaporated	 
in	the	spray	dryer,	forming	a	powder	 

of	the	nanocomposite	coating.	The	powder	 
can	then	be	collected	and	used	for	various	

applications, such as encapsulation or coating.

[46]

Electrophoretic 
deposition

Synthesis	of	thin	nanocomposite	Chit-Ag	NPs	films	
and	coatings	on	various	substrates	is	available.	 
This	method	relies	on	the	movement	of	charged	

particles	under	an	electric	field	to	deposit	 
them	on	a	metallic	electrode.

[38,	45–49]
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4. Chitosan-Silver Structure
Chit-Ag	NPs	are	a	nanocomposite	biomaterial	where	Ag	NPs	are	embedded	into	a	Chit	
matrix	(Figure	2).	When	the	natural	polymer	Chit	is	combined	with	Ag	NPs,	which	have	
antimicrobial	 properties,	 the	 resulting	 Chit-Ag	 NP	 nanocomposite	 exhibits	 enhanced	
antibacterial	activity	 [50–52].	The	structure	of	 the	Chit-Ag	NP	nanocomposite	 involves	 
Ag	NPs	distributed	within	the	Chit	polymer	matrix	[53].

Chit	 is	 a	 linear	 polysaccharide	 composed	 of	 randomly	 distributed	 β-(1→4)-linked	
D-glucosamine	 (a	 deacetylated	 unit)	 and	N-acetyl-D-glucosamine	 (an	 acetylated	 unit).	
The	presence	of	amine	groups	is	responsible	for	many	of	 the	unique	properties	of	Chit,	
including	 biocompatibility,	 biodegradability	 and	 the	 ability	 to	 form	 films	 [45,	 54].	 
The	structure	does	not	indicate	the	degree	of	polymerisation	or	the	ratio	of	deacetylated	
to	 acetylated	 units,	 which	 affect	 the	 physicochemical	 properties	 of	 Chit.	 The	 presence	 
of	amino	and	hydroxyl	groups	in	 the	Chit	structure	allows	it	 to	form	stable	 interactions	
with	Ag	NPs	 [53].	Chit’s	affinity	 for	Ag	NPs	may	be	due	 to	 the	 formation	of	chemical	
bonds	 between	 electron-rich	 nitrogen	 atoms	 and	 the	 lone	 pairs	 in	 the	 silver	 orbitals,	 
which	 is	 important	 for	 creating	 new	 Chit-Ag	 NP	 nanocomposite	 structure.	 The	 amino	
groups	 of	 Chit	 can	 change	 the	 permeability	 of	 bacterial	 cells	 by	 reacting	with	 anionic	
groups	on	the	surface	of	bacterial	cells	[19,	20,	22,	23,	45].

 

Figure 2. A	schematic	 illustration	of	how	silver	nanoparticles	(Ag	NPs)	are	embedded	
into	 the	 chitosan	 (Chit)	matrix	 [53].	This	 figure	 has	 been	 reproduced	 under	
the	terms	and	conditions	of	a	Creative	Commons	Attribution	(CC	BY)	license	
(https://creativecommons.org/licenses/by/4.0/)).

Such	 properties	 of	 Chit-Ag	 NP	 nanocomposites	 result	 in	 a	 growing	 interest	 in	 these	
biomaterials	 for	 the	 needs	 of	 modern	 medicine.	 Chit-Ag	 NP	 nanocomposites	 may	 
be	used	in	the	future	as	therapeutic	agents	to	fight	pathogenic	microorganisms	whose	drug	
resistance	 is	 increasing.	According	 to	 the	 literature,	 Chit-Ag	 NP	 nanocomposites	 have	
biocidal	properties	against	Escherichia coli, Escherichia bacillus, Enterococcus faecium, 
Candida albicans, Klebsiella pneumoniae, Pseudomonas aeruginosa	and	Staphylococcus 
aureus,	among	other	microorganisms	[45,	51].	There	is	also	a	need	to	develop	innovative	
metallic	implants	with	increased	osteoinductive	properties	with	the	possibility	of	intelligent	
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and	controlled	drug	delivery	directly	to	the	site	of	inflammation.	The	use	of	such	implants	
would	result	 in	a	gentler	course	of	 treatment	for	patients	and	a	reduction	in	the	amount	
of	 anti-inflammatory	 drugs	 they	 take.	 This	 is	 especially	 important	 for	 older	 people,	 
who	are	often	additionally	burdened	with	oral	drug	 supplementation,	which	 is	 required	 
in	the	treatment	of	other	age-related	diseases,	such	as	hypertension,	diabetes,	rheumatological	
diseases	and	others	[1–3,	6,	8–13].

5.  Electrophoretic Deposition Mechanism of Chitosan-Silver 
Nanocomposite Coatings

EPD	is	used	to	deposit	particles,	such	as	colloids	or	suspensions,	onto	a	substrate	using	 
an	 electric	 field	 [55].	The	 particles	 to	 be	 deposited	 are	 suspended	 in	 a	 liquid	medium,	
such	as	water,	and	the	mixture	is	stirred	or	agitated	to	obtain	a	homogenous	suspension	 
(Figure	3a).	The	pH	of	 the	suspension	 is	also	adjusted	 to	ensure	 that	 the	particles	have	
stable	electrophoretic	mobility.	

Researchers	 have	 proposed	EPD	 for	 green	 synthesis	 of	Chit-Ag	NP	nanocomposite	
coatings	based	on	chemical	reduction	from	a	dilute	acetic	acid	using	silver	nitrate	(AgNO3) 
as	a	precursor	to	obtain	Ag	NPs	[31,	37,	50,	56].	According	to	research,	citric	acid	yields	
a	 more	 compact	 Chit	 matrix	 structure	 compared	 with	 acetic	 acid	 due	 to	 less	 intense	
electroevolution	 of	 hydrogen	 [57–59].	 The	 crystalline	 component	 of	 the	 Chit-Ag	 NP	
nanocomposite	has	also	been	used	in	the	form	of	Ag	NPs	[37,	38,	60,	61].	

(a) (b)

Figure 3. A	schematic	illustration	of	(a)	chitosan	(Chit)	protonation	and	Chit	adsorption	 
on	 silver	 nanoparticles	 (Ag	 NPs)	 in	 a	 dilute	 solution	 of	 acid	 
and	(b)	electrophoretic	co-deposition	of	Ag	NPs	with	Chit	as	a	cationic	polymer.

Several	 factors	can	 influence	 the	efficiency	and	quality	of	EPD,	 including	 the	key	EPD	
process	 parameters:	 the	 concentration	 of	Ag	NPs	 in	 the	 suspension	 (e.g.	 0.05	 g	 of	Ag	
NPs	with	 an	 average	 powder	 grain	 30	 nm	 dispersed	 in	 1	 dm3	 of	 1%	 acetic	 acid	 [38],	 
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and	0.005	or	0.01	g	Ag	NPs	with	an	average	powder	grain	30	nm	dispersed	 in	100	ml	 
of	1	vol%	acetic	acid	[61]),	the	applied	voltage	(e.g.	10	V	[38,	61],	15	V	[60],	20	V	[38]	 
and	30	V	[61]),	the	duration	of	the	EPD	process	(e.g.	1	min	[38,	61],	3	min	[61],	10	min	[60]	 
and	30	min	[31]),	the	pH	of	the	suspension	(e.g.	4.6	[60])	and	the	substrate	type	(e.g.	Co-Cr-Mo	
alloy	[31],	a	nanotubular	TiO2	layer	on	the	Ti13Zr13Nb	alloy	[38],	additively	manufactured	
Ti6Al4V	ELI	alloy	[60]	and	Ti	Grade	2	[61]).	The	effects	of	key	EPD	process	parameters	
on	the	improvement	of	microstructural	homogeneity;	mechanical	and	electronic	properties;	
adhesion;	 and	 in vitro	 corrosion	 resistance,	 biocompatibility	 and	 biological	 activity	 
of	 the	 Chit-Ag	 NP	 nanocomposite	 coatings	 on	 metallic	 implants	 have	 been	 reported	 
[31,	 38,	 60,	 61].	 The	 EPD	 method	 has	 allowed	 researchers	 to	 produce	 Chit-Ag	 NP	 
nanocomposite	 coatings	 with	 about	 2	 wt%	Ag,	 which	 ensures	 maximum	 antibacterial	
activity	[31],	and	to	develop	drug-delivery	systems,	for	example,	the	Chit/Eudragit	E	100/Ag	NP	 
nanocomposite	coating	[61].

An	 adsorption	 mechanism	 can	 be	 proposed	 to	 explain	 co-deposition	 of	 Ag	 NPs	 
and	 amorphous	 Chit	 matrix	 on	 the	 metallic	 substrate	 (Figure	 3b).	 Electrode	 reactions	 
do	not	 participate	 in	 the	EPD	of	 solid	particles,	 despite	 the	 fact	 that	 the	 solid	particles	 
in	 a	 colloidal	 solution	 may	 have	 a	 positive	 or	 negative	 charge	 depending	 on	 the	 pH	 
of	 the	 solution	 [62].	 Solid	 particles	 in	 a	 colloidal	 solution	 behave	 like	 charge	 carriers	
and	 provide	 current	 flow.	 The	 electric	 field	 strength	 in	 the	 EPD	 process	 is	 too	 weak	 
to	overcome	the	mutual	repulsion	of	particles,	but	it	is	large	enough	for	a	higher	number	 
of	particles	to	accumulate	near	the	electrode	with	the	opposite	charge	[63].	The	introduction	
of	 dispersing	 agents	 or	 polyelectrolytes	 into	 the	 solution	 can	 provide	 the	 right	 charge	 
for	colloidal	particles	and	ensure	their	correct	dispersion	in	the	solution.	In	cataphoresis,	
polyelectrolytes	with	a	protonated	–NH2	group,	such	as	Chit,	are	used;	 they	are	applied	
during	 cataphoretic	 co-deposition	 of	 solid	 particles.	 Chit	 is	 used	 as	 a	 binding	 agent	 
for	 Ag	 NPs,	 which	 enable	 their	 co-deposition	 to	 obtain	 composite	 coatings	 
on	the	surface	of	a	metallic	electrode.	Polyelectrolytes	show	significant	non-electrostatic	
interactions	 with	 solid	 particle	 surfaces	 [64].	 Therefore,	 adsorption	 of	 Chit	 onto	 
Ag	NPs	in	the	entire	suspension	volume	can	be	assumed.	Figure	3a	presents	a	schematic	
illustration	 of	 the	 protonation	 of	 Chit	 and	 Chit	 adsorption	 on	Ag	NPs	 in	 a	 dilute	 acid	 
solution.	 Chit	 adsorption	 may	 be	 associated	 with	 the	 formation	 of	 Ag-Chit	 chelates.	 
Ag	NPs	can	also	interact	with	amino	groups,	between	which	hydrogen	bonds	are	formed	 
and	are	tightly	wrapped	in	Chit	chains	(Figure	2).	Ag	NPs	surrounded	by	Chit	chains	have	
a	positive	 charge;	 therefore,	 in	 the	EPD	process	under	 the	 influence	of	 applied	voltage	
they	move	towards	the	cathode,	on	which	they	are	embedded	in	the	coating	(Figure	3b).	 
It	is	worth	noting	that	increasing	the	pH	of	the	cathode	area	during	cataphoresis	may	reduce	
electrostatic	repulsion	and	promote	chelation	in	the	obtained	coatings	[62].	

Based	on	the	above,	the	mechanism	of	co-deposition	of	the	Chit	matrix	with	Ag	NPs	 
on	a	metallic	substrate	proceeds	in	two	stages.	In	the	first	stage,	polymer	protonation	occurs	
in	the	colloidal	solution	–	a	mixture	of	well-dispersed	Ag	NPs	and	Chit	–	to	generate	Chit	
macromolecules	with	a	positive	charge	(Figure	3a).	Chit	amino	groups	are	only	protonated	
at	pH	<	6.5	[19].	Only	under	such	conditions	does	Chit	become	a	cationic	polyelectrolyte	
according	to	reaction	(1):

OHNHChitOHNH-Chit 23
solution acid dilute

32 +− →+ ++ (1)
Then,	 the	Chit	chains	are	adsorbed	onto	 the	 surface	of	Ag	NPs,	giving	 them	a	positive	
charge.	In	the	EPD	process,	an	electric	field	applied	from	an	external	power	source	causes	 
the	 electrophoretic	 movement	 of	 positively	 charged	 Ag	 NPs	 with	 adsorbed	 Chit	 
on	the	surface	and	free	polymer	chains,	which	move	towards	the	cathode,	on	the	surface	
of	 which	 they	 are	 co-deposited	 in	 the	 form	 of	 a	 Chit-Ag	 NP	 nanocomposite	 coating.	 
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The	 deprotonation	 of	 positively	 charged	 Chit	 chains	 occurs	 at	 the	 cathode,	 
and	in	the	electrode	space	there	is	a	local	pH	increase	associated	with	the	water	electrolysis	
according	to	reaction	(2)	[65]:

-
2

-
2 OH2H2OH2 +↑→+ e (2)

Reactions	(3)	and	(4)	occur	on	the	cathode	surface:
-

22 OH44OH2O →++ −e (3)

-
42

-
3 OH10NH8OH7NO +→++ +−e (4)

An	 increase	 in	 the	 pH	of	 the	 solution	 results	 in	 a	 decrease	 in	 charge	 and	 at	 pH	=	 6.5,	 
the	amino	groups	of	Chit	are	deprotonated	according	to	reaction	(5):

OHNHChitOHNHChit 22
-

3 +−→+− + (5)
As	 a	 result	 of	 neutralisation	 of	 the	 protonated	 amino	 groups	 of	 the	 Chit	 chain	 
in	 the	 presence	 of	OH–	 ions,	 an	 insoluble	 nanocomposite	 coating	with	 the	Chit	matrix	 
and	co-deposited	crystalline	component	in	the	form	of	Ag	NPs	forms	on	the	surface	of	the	cathode.	 
The	deposition	efficiency	and	quality	of	the	deposited	Chit-Ag	NP	nanocomposite	coatings	
are	affected	by	 the	cataphoresis	conditions.	 It	can	be	expected	 that	as	 the	concentration	 
of	 Ag	 NPs	 in	 the	 colloidal	 solution	 increases,	 the	 mass	 of	 deposited	 polymer	 
and	co-deposited	Ag	NPs	increases,	and	thus	the	thickness	of	the	deposited	coating	increases.

6. Conclusions
Chit,	a	biopolymer	derived	from	chitin,	has	been	widely	studied	for	its	biocidal	properties	
and	 biocompatibility.	Ag	NPs	 have	 also	 been	 recognised	 for	 their	 strong	 antimicrobial	
activity.	 There	 has	 been	 a	 marked	 increase	 in	 the	 attention	 directed	 towards	 the	 use	 
of	 Chit-Ag	 NP	 nanocomposite	 coatings	 due	 to	 their	 potential	 applications	 in	 modern	
medicine.	The	combination	of	Chit	and	Ag	NPs	 in	a	nanocomposite	coating	has	shown	
enhanced	 biocidal	 properties,	 making	 it	 a	 promising	 biomaterial	 for	 antimicrobial	
applications	 to	modulate	 inflammation	 and	 to	prevent	 complications	 after	 implantation.	
Among	 the	 production	 methods	 of	 Chit-Ag	 NP	 nanocomposite	 coatings,	 EPD	 seems	 
to	 be	 a	 low-cost,	 effective,	 easily	 scalable	 and	 promising	 method	 due	 to	 its	 ability	 
to	 produce	 uniform	 and	 adherent	 coatings	 on	 substrates	 with	 a	 complex	 shape.	 
However,	there	is	a	need	for	further	research	to	optimise	the	EPD	process	and	to	understand	 
the	 relationship	 between	 the	 deposition	 parameters	 and	 the	 biocidal	 properties	 
of	 the	 Chit-Ag	 NP	 nanocomposite	 coatings.	 Considering	 that	 the	 antibacterial	 activity	 
of	Ag	NPs	 is	 influenced	by	 their	 shape,	 size,	 concentration,	 synthesis	 time	 and	 surface	
charge,	the	incorporation	of	a	composite	component	in	the	form	of	Ag	with	a	particle	size	
below	 1	 nm,	 silver	Ångstrom	 particles	 (Ag	ÅPs),	 into	 the	Chit	matrix	would	 generate	
a	new	Chit-Ag	ÅP	composite	with	superior	antibacterial	activity	due	to	higher	effective	
contact	 and	 anticancer	 properties	 of	 Ag	 ÅPs	 for	 applications	 in	 tissue	 engineering	 
and	drug-delivery	systems.
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Abstract
Chitosan and chitooligosaccharides, which are products of chitin modification, have 
wide industrial applications. An improved understanding of the structure and properties  
of chitin-modifying enzymes has increased the interest in obtaining them from microbial sources  
and using them in the biotechnological production of these essential sugars. Endophytic 
fungi include a diverse group of microorganisms that inhabit the intercellular  
and intracellular areas of plant tissues, thus exerting beneficial effects on host species. 
They are considered an extremely valuable source of biologically active secondary 
metabolites and enzymes with high application potential. This review presents the potential 
of endophytic fungi to produce chitin-modifying enzymes and discusses the role of chitin 
modification by enzymes produced by fungal endophytes in their survival in the plant host.
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1. Introduction
Chitin,	 a	 linear	 homopolymer	 composed	 of	 N-acetylglucosamine	 linked	 
by	 β-(1,4)-glycosidic	 bonds,	 is	 a	 prevalent	 biopolymer	 that	 is	 frequently	 encountered	 
in	the	cell	walls	of	fungi	and	the	exoskeletons	of	crustaceans,	invertebrates	and	insects	[1].	
Chitosan,	which	is	a	form	of	chitin	that	has	undergone	deacetylation,	possesses	antibacterial	
properties	and	is	utilised	in	the	management	of	plant	diseases	[2].	Both	of	these	polymers	
possess	 non-toxic,	 biodegradable	 and	 biocompatible	 properties,	 making	 them	 suitable	 
for	many	applications	in	the	fields	of	food,	cosmetics,	agriculture	and	pharmaceuticals	[3,	4].	
Interestingly,	chitooligosaccharides,	which	are	oligomers	produced	from	chitin	or	chitosan,	
exhibit	 substantial	 potential	 for	 application	 in	 wound	 healing,	 as	 antibacterial	 agents	 
and	as	carriers	in	gene	therapy	[4].	

To	produce	functional	chitin	derivatives,	including	chitooligosaccharides	and	chitosan,	
the	 original	 biopolymer	 must	 be	 modified.	 The	 enzymatic	 conversion	 of	 chitin	 into	
chitosan	 and	 chitooligosaccharides	 offers	 numerous	 benefits	 in	 comparison	 to	 chemical	
approaches	[1,	5].	Chitin-modifying	enzymes,	such	as	chitin	deacetylases	(EC	3.5.1.41),	
chitinases	(EC	3.2.1.14)	and	chitosanase	(EC	3.2.1.132),	can	be	used	to	produce	products	 
with	 the	 required	molecular	weight	 and	 degree	 of	 deacetylation	 [4,	 6].	 In	 this	 context,	 
there	is	an	increasing	interest	in	chitin-modifying	enzymes,	which	are	produced	by	both	
bacteria	and	fungi.	Considering	the	existing	habitat	and	evolved	mechanisms	of	adaptability,	
fungal	endophytes	appear	to	be	a	highly	potential	reservoir	of	novel	enzymes,	including	 
chitin-modifying	enzymes.

2. Endophytic Microorganisms
Endophytes	are	microorganisms,	mainly	bacteria	or	fungi,	that	inhabit	plant	tissues	without	
causing	any	damage	 to	 the	plant	host.	The	 term	‘endophyte’	was	first	used	 in	 literature	
in	the	nineteenth	century.	Endophytic	microbes	are	primarily	classified	into	two	groups:	
facultative	and	obligatory.	This	classification	is	based	on	the	way	in	which	the	microbes	
colonise	the	plant.	While	facultative	endophytes	do	colonise	plants	at	certain	points	in	their	
life	cycles,	they	can	also	live	outside	of	plants	at	other	points	in	their	lives	and	establish	 
a	relationship	with	the	soil	in	the	host	plants’	immediate	rhizosphere.	Obligate	endophytes,	
on	the	other	hand,	are	plant-dependent	throughout	their	duration.	Typically,	they	modify	
metabolic	processes	and	plant	products	 to	ensure	 their	own	survival,	or	 they	 reproduce	
between	plant	generations	by	means	of	vertical	transmission	and	exploitation	[7].	

For	many	decades,	researchers	have	been	intensively	studying	the	plant	microbiome.	 
It	is	now	known	that	endophytic	microorganisms	benefit	the	plant	by	allowing	it	to	survive	
in	 unfavourable	 environmental	 conditions,	 and	 they	 also	 serve	 as	 a	 valuable	 reservoir	 
of	bioactive	compounds	[8,	9].

2.1. Endophytic Fungi
Endophytic	fungi	are	unique	in	that	they	only	inhabit	plant	tissues,	as	opposed	to	mycorrhizal	
fungi	that	can	grow	into	the	rhizosphere	and	colonise	plant	roots	[10].	Endophytic	fungi	
have	 been	 the	 subject	 of	 extensive	 research	 due	 to	 their	 potential	 as	 a	 rich	 reservoir	 
of	novel	biologically	active	compounds.	These	microorganisms	have	the	ability	to	stimulate	
plant	 growth,	 work	 as	 biological	 protection	 agents	 and	 activate	 resistance	 to	 biotic	 
and	 abiotic	 factors.	 Furthermore,	 certain	 endophytic	 fungi	 are	 capable	 of	 generating	
cytotoxic,	antibacterial	and	anticancer	compounds	[7,	11–13].	

These	organisms	 can	be	divided	based	on	 their	 life	 cycle,	 plant	 hosts,	 phylogenetic	
features	 and	 ecological	 functions	 (Figure	 1).	 The	 first	 group	 includes	 clavicipitaceous	
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fungal	 endophytes	 that	 reside	 in	 some	 grasses	 located	 in	 both	warm	 and	 cool	 regions.	
Non-clavicipitaceous	 endophytic	 fungi	 are	 a	 distinct	 group	 that	 inhabit	 the	 tissues	 
of	non-vascular	plants,	 ferns,	 conifers,	 and	angiosperms.	They	are	commonly	classified	 
within	the	Ascomycota	or	Basidiomycota	families	[8,	10,	14].

2.2.1. Clavicipitaceous Fungal Endophytes
Clavicipitaceous	endophytes	are	frequently	observed	in	the	shoots	of	plants,	particularly	
grasses	 that	 thrive	 in	both	cold	and	warm	climates	[7].	Typically,	 these	microorganisms	 
are	 related	 phylogenetically,	 and	 plants	 harbour	 a	 single	 genotype	 of	 the	 fungus.	 
This	 category	 includes	 species	 that	 are	 symptomatic	 (type	 I),	 symptomatic-pathogenic	 
(type	II)	and	asymptomatic	(type	III)	[15].	The	colonisation	of	the	plant	by	fungal	endophytes	
from	this	particular	group	has	the	potential	to	enhance	both	drought	resistance	and	biomass	
yield.	Additionally,	 endophytes	 generate	 active	 chemicals	 that	 exhibit	 toxicity	 towards	
animals,	 perhaps	 imposing	 restrictions	 on	 herbivory.	 The	 specific	 impact	 is	 dependent	 
on	 various	 elements,	 including	 the	 plant	 host	 species	 and	 prevailing	 environmental	
conditions	 [9].	 Unfortunately,	 cultivating	 this	 category	 of	 fungal	 endophytes	 is	 very	
difficult,	making	it	challenging	to	evaluate	their	potential	for	industrial	application	[7].

2.2.2. Non-Clavicipitaceous Fungal Endophytes
The	ecological	roles	of	non-clavicipitaceous	endophytes,	which	are	primarily	ascomycetous	
fungi,	are	poorly	understood	despite	their	great	diversity.	This	group	of	fungi	can	be	isolated	
from	 almost	 all	 plants	 that	 thrive	 in	 terrestrial	 habitats	 under	 a	 variety	 of	 conditions,	
including	 extreme	 ones.	 Non-clavicipitaceous	 endophytes	 harbour	 an	 extensive	 variety	 
of	fungal	species	primarily	classified	within	the	ascomycetous	group.	Due	to	their	extensive	
diversity,	there	is	limited	knowledge	regarding	their	ecological	functions.	These	endophytes	
exhibit	a	remarkable	capacity	to	transition	between	endophytic	and	free-living	lifestyles.	
The	remarkable	variety	of	this	group	of	endophytes	and	the	diverse	ecological	roles	they	carry	
out	make	these	microorganisms	the	centre	of	attention	of	numerous	research	studies	[9,	16,	17].

Non-clavicipitaceous	fungal	endophytes	can	be	classified	into	three	separate	classes.	
This	 categorisation	 was	 established	 by	 considering	 the	 host	 colonisation	 method,	 
the	 intergenerational	 transmission	 mechanism,	 the	 levels	 of	 plant	 diversity	 
and	the	ecological	significance.	Class	1	endophytes	possess	the	capacity	to	thrive	in	both	
above-ground	and	below-ground	tissues,	and	the	diversity	of	this	class	within	individual	
host	plants	is	generally	limited	[10,	18].	Conversely,	class	2	and	3	endophytes	are	limited	 
to	 the	 above-ground	 tissues	 and	 the	 roots,	 respectively.	 The	 host	 plant	 or	 tissue	 
can	harbour	a	significant	variety	of	class	2	endophytes,	with	more	than	20	species	recorded	
from	a	single	leaf	tropical	plant,	as	reported	by	Arnold	et	al.	[18].	There	has	been	insufficient	
research	on	the	diversity	of	class	3	endophytes	inside	individual	plants	[10,	19].

Figure 1. A	descriptive	scheme	for	endophytic	fungi	[10,	20].
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3. Chitin-Modifying Enzymes Produced by Endophytic Fungi
Throughout	 the	 process	 of	 evolution,	 plants	 have	 developed	 an	 effective	 immune	
system	 that	 enables	 them	 to	 defend	 against	 harmful	 pathogens	 like	 fungi	 and	 insects.	 
One	 of	 the	 key	 strategies	 involves	 detecting	 the	 presence	 of	 foreign	 compounds,	 
such	as	chitin.	With	the	help	of	specialised	enzymes,	plants	have	the	ability	to	break	down	
fungal	cell	walls	and	generate	certain	compounds	that	serve	as	triggers	during	the	breakdown	 
of	chitin	[21–23].

The	 environment	 in	which	 endophytes	 live	 is	 not	 conducive	 to	 the	growth	of	 fungi	
due	to	the	presence	of	tannins,	phenols	and	other	substances	with	biocidal	activity,	as	well	 
as	the	high	salinity	that	often	prevails	in	plant	tissues.	However,	the	ability	of	endophytic	
fungi	 to	 grow	 in	 these	 challenging	 conditions	 enables	 them	 to	 produce	 a	wider	 variety	
and	a	greater	number	of	enzymes.	Moreover,	compared	with	enzymes	of	the	same	classes	
produced	by	non-endophytic	fungus,	these	enzymes	are	typically	extracellular	and	show	 
a	spectrum	of	activity	throughout	a	greater	range	of	pH	and	salinity.	However,	the	scientific	
literature	on	this	topic	is	still	quite	limited	[24].

3.1. Chitin Deacetylase
Despite	 the	fact	 that	 fungal	endophytes	and	pathogenic	fungi	share	 the	same	ecological	
niche,	 plant	 hosts	 exhibit	 distinct	 responses	 to	 infection	 caused	 by	 microorganisms	 
from	 these	 two	categories.	To	colonise	plant	 tissue,	 endophytic	 fungi	produce	enzymes	
that facilitate the colonisation process, such as cellulases, laccases, pectinases  
and	xylanases,	which	degrade	 the	 cell	wall	 [25].	Nevertheless,	 this	 procedure	 activates	 
the	plant’s	immune	responses.	Thus,	to	survive	in	plants,	endophytes	require	specific	strategies	 
to	avoid	detection	by	the	plant’s	immune	system.	One	such	approach	involves	deacetylating	
chitin	 to	 chitosan	 to	 conceal	 its	 presence	 in	 the	 cell	 wall	 [26].	 Chitin	 oligomers	 
can	be	inactivated	through	various	methods	such	as	binding,	degrading	or	deacetylating	
them.	Of	note,	chitosan	oligomers	that	have	been	completely	deacetylated	do	not	activate	
plant	 receptors,	 thus	preventing	 any	 immune	 response	 [23,	 26].	Research	has	 indicated	
that	 the	 key	 enzymes	 responsible	 for	 the	 conversion	 of	 chitin	 into	 chitosan	 are	 chitin	
deacetylases	(CDA)	[23].

The	first	characterised	CDA,	namely	PesCDA,	was	isolated	from	the	endophytic	fungus	
Pestalotiopsis sp.	 in	2016	[23].	The	researchers	 identified	the	gene	in	Pestalotiopsis sp. 
that	encodes	CDA	and	 then	expressed	 it	heterologously	 in	Escherichia coli. Then, they 
examined	 the	 enzyme’s	 substrate	 specificity	 and	 the	 chemical	 structure	 and	 biological	
activity	of	its	reaction	products.	The	study	revealed	that	PesCDA	is	capable	of	modifying	
chitin	oligomers,	 resulting	 in	 the	 formation	of	partially	deacetylated	chitosan	oligomers	 
with	 a	 distinct	 acetylation	 pattern:	 GlcNAc-GlcNAc-(GlcN)n-GlcNAc	 (n		≥1)	 [23].	 
Incubation	of	rice	cells	with	the	PesCDA	products	demonstrated	that	the	chitosan	oligomer	
products	 failed	 to	 induce	 an	 immune	 response.	 The	 findings	 suggest	 that	 the	 presence	 
of	 endophytic	 CDA	 may	 prevent	 the	 plant’s	 immune	 system	 from	 recognising	 
the	 endophyte.	 The	 results	 further	 demonstrate	 that	 the	 use	 of	 recombinant	 CDA,	 
which	 exhibits	 well-established	 regioselectivity	 in	 generating	 chitosan	 oligomers	 
with	 distinct	 acetylation	 patterns,	 is	 a	 promising	 technique	 for	 the	 biotechnological	 
synthesis	of	potentially	effective	bioactive	compounds	[23].

3.2. Chitinase
Mendrofa	 et	 al.	 [27]	 evaluated	 the	 ability	 of	 an	 endophytic	 fungus	 derived	 
from	 the	 indigenous	 Hedychium coronarium	 J.	 Koenig	 to	 produce	 chitinase.	 
Out	 of	 the	 12	 endophytic	 fungal	 isolates	 that	 were	 examined,	 only	 two	 strains	
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Aspergillus fumigatus	 JRE	4B	and	Trichoderma afroharzianum	 JRE	1A	–	demonstrated	
the	 capacity	 to	 generate	 extracellular	 chitinase	 (Table	 1).	 Furthermore,	 the	 researchers	
analysed	 the	 antibacterial	 efficacy	 of	 the	 isolates	 against	 the	 pathogenic	 fungus	
Fusarium oxysporum.	 The	 tested	 pathogen	 led	 to	 growth	 inhibition	 in	 only	 two	
isolates, namely T. afroharzianum	(>	70%)	and	A. fumigatus (>	30%),	the	same	isolates	 
that	 exhibited	 chitinase	 activity.	 The	 tested	 endophytic	 chitinases	 showed	 activity	 
up	 to	 pH	 4;	 however,	 at	 pH	 >	 7,	 there	 was	 a	 significant	 decrease	 in	 activity.	 
The	chitinases	from	microbiological	sources	showed	activity	in	the	pH	range	of	5–8	[27].	 
The chitinase from T. afroharzianum	 JRE	 1A	 was	 more	 stable	 than	 the	 chitinase	 
from A. fumigatus	 JRE	 4B.	 It	 retained	 >	 80%	 activity	 in	 the	 pH	 range	 of	 4–6,	 
which	indicates	 its	 tolerance	to	an	acidic	environment	and	its	potential	use	 in	 industrial	
processes operating at a low pH.

Depending	on	 the	chitinolytic	strain,	chitinase	activity	can	be	 inhibited	or	stabilised	
by	 the	presence	of	metal	 ions.	Mendrofa	 et	 al.	 [27]	 also	demonstrated	 that	most	 tested	
metal	 ions	 slightly	 inhibited	 (>80%)	 the	 chitinases,	 especially	 the	 enzyme	 isolated	 
from A. fumigatus	 JRE	 4B.	 Conversely,	 the	 presence	 of	 various	 metal	 ions	 widely	
stimulated	the	activity	of	chitinase	from	T. afroharzianum	JRE	1A,	with	only	potassium	(K+)  
and	 calcium	 (Ca2+)	 showing	 inhibition.	Furthermore,	 the	 addition	of	manganese	 (Mn2+)  
and	zinc	(Zn2+)	stimulated	the	activity	of	chitinase	from	both	fungi,	with	Mn2+	providing	
the	 most	 pronounced	 stimulation.	 Additionally,	 other	 researchers	 have	 demonstrated	 
that	the	crude	chitinases	derived	from	endophytes	exhibited	inhibitory	effects	on	the	growth	
of the phytopathogenic fungi F. oxysporum	[28,	29].

Endophytic	fungi	belonging	to	the	genus	Epichloë (part of the Clavicipitaceae family) 
are	 symbionts	 of	 cool-season	 grasses	 and	 produce	 a	 variety	 of	 bioactive	 secondary	
metabolites	that	provide	biotic	stress	resistance	to	the	host.	Noorifar	et	al.	[28]	documented	
the	 interactions	 between	 the	 endophytic	 Epichloë festucae	 and	 the	 perennial	 ryegrass	
(Lolium perenne).	 While	 the	 mechanisms	 by	 which	 E. festucae colonises ryegrass 
tissues	are	well	understood,	little	is	known	about	the	means	by	which	the	fungus	avoids	
inducing	 an	 immune	 response	 in	 the	 host	 through	 direct	 physical	 contact	 between	 its	
cell	walls	and	the	plant.	Chitin	is	recognised	as	a	significant	constituent	of	the	cell	wall	 
in E. festucae	cultivated	in	axenic	culture,	but	it	is	not	present	in	the	cell	wall	of	endophytic	
hyphae,	despite	its	evident	presence	in	the	septa	[30–32].	E. festucae	exhibits	the	capacity	
to	 reproduce	both	within	plant	 tissue	and	as	an	epiphyte	on	 the	 surface	of	grass	 leaves	
[30,	 33].	Epiphytic	 hyphae	 originate	 from	and	 remain	 connected	 to	 endophytic	 hyphae	
within	the	leaf.	The	composition	of	the	cell	wall	of	epiphytic	hyphae	undergoes	changes	
during	 differentiation,	 resulting	 in	 the	 dominance	 of	 chitin	 within	 various	 divisions.	 
These	findings	suggest	 that	 the	chitin–chitosan	substance	 in	 the	cell	wall	of	E. festucae  
undergoes	 changes	 when	 transitioning	 from	 free-living	 to	 endophytic	 hyphae	 
and	from	endophytic	 to	epiphytic	hyphae.	The	genome	analysis	of	E. festucae	 revealed	 
the presence of three genes, cdaA, cdaB and cdaC,	 which	 encode	 proteins	 containing	
domains	 that	 are	 highly	 similar	 to	 CDA.	 These	 domains	 include	 a	 Zn-binding	 motif	 
and	catalytic-site	amino	acid	residues	that	are	essential	for	the	activities	of	peptidoglycan	
and	 CDA.	 The	 data	 obtained	 from	 the	 study	 demonstrated	 that	 the	 conversion	 of	 cell	
wall	 chitin	 to	 chitosan,	 facilitated	by	chitin	deacetylase,	plays	 a	vital	 role	 in	 sustaining	 
the	mutualistic	symbiotic	association	between	E. festucae	and	its	grass	host	[30].

Malto	 et	 al.	 [32]	 investigated	 the	 capacity	 of	 three	 endophytic	 fungi	 derived	 
from	 bamboo	 to	 break	 down	 chitin	 and	 to	 synthesise	 chitinases.	 
Each	of	 the	 three	 endophytic	 fungi	 demonstrated	 the	 capacity	 for	 growth	 on	minimum	
media	 containing	 colloidal	 chitin	 as	 the	 sole	 carbon	 source.	 However,	 the	 strains	
Aspergillus tubingensis	JB11	and	Daldinia eschscholzii	D12	had	the	fastest	growth	rate.	



26 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.002

Olga Marchut-Mikołajczyk

The	 investigated	 isolates	demonstrated	 the	capability	 to	degrade	chitin	within	3–5	days	 
of	 incubation.	 Although	 the	 three	 endophytic	 fungi	 exhibited	 similar	 levels	 of	 total	
chitinolytic	activity	 (~0.35	U/ml),	A. tubingensis	 JB11	showed	 the	highest	exochitinase	
activity	 (0.25	 U/ml)	 [24,	 27,	 34].	 The	 chitinase	 (GH18)	 genes	 of	A. tubingensis	 JB11	 
and	D. eschscholzii	D12	were	subjected	to	bioinformatic	analysis.	The	analysis	revealed	
variations	 in	 the	 GH18	 chitinase	 sequences	 and	 the	 presence	 of	 additional	 domains.	
According	to	the	scientists,	a	biochemical	analysis	of	recombinantly	produced	chitinases	
is	 necessary	 to	 establish	 a	 connection	 between	 the	 chitinolytic	 activity	 of	 secreted	
fungal	 proteins	 and	 the	 GH18	 genes	 found	 in	 these	 fungi.	 Furthermore,	 they	 suggest	 
that	 the	 presence	 of	 sequence	 variation	 in	 the	 catalytic	 domain	 of	 GH18	 chitinase	 
with	JB11	and	D12	renders	them	very	suitable	as	chitinase	sources	for	biotechnological	 
applications	[24].

Table 1. Chitin-modifying	enzymes	produced	by	endophytic	fungi.

Fungal endophyte Host
Chitin-

modifying 
enzyme

Activity Reference

Aspergillus fumigatus	JRE	4B Hedychium 
coronarium  
J.	Koenig

Chitinase 4.76	U/ml

[29]Trichoderma afroharzianum 
JRE	1A Chitinase 4.15	U/ml

Pestalotiopsis sp. Tea (Camellia 
sinensis)

Chitin 
deacetylase n.d. [23]

Daldinia eschscholzii	D12 Bamboo	
(Bambuseae 

sp.)

Chitinase 0.35	U/ml
[24]Aspergillus tubingensis	JB11 Chitinase 0.38	U/ml

Fomitopsis	sp.	JB10 Chitinase 0.35	U/ml

Epichloë festucae Lolium perenne Chitin 
deacetylase n.d. [30]

Penicillium sp.
Seagrass 

Cymodocea 
serrulata

Chitinase 9	U/mg

[4]

Cladosporium sp.
Seagrass 

Halophila 
ovalis

Chitinase 5.9	U/mg

Note.	Abbreviation:	n.d.,	not	determined.

Venkatachalam	 et	 al.	 [4]	 conducted	 an	 interesting	 study.	 They	 examined	 the	 capacity	 
of	 endophytic	 fungi	 isolated	 from	 seagrasses	 and	 algae	 to	 generate	 chitin-modifying	
enzymes.	They	obtained	a	total	of	117	isolates,	of	which	more	than	14%	exhibited	chitinase	
activity,	whereas	nearly	40%	displayed	chitosanase	activity.	The	isolates	with	the	greatest	
chitinase activity were Penicillium	 sp.	 (9	 U/mg)	 and	 Cladosporium	 sp.	 (5.9	 U/mg).	 
This	work	was	 the	first	 to	 identify	endophytic	 fungi	of	marine	plants	as	a	novel	source	 
of	enzymes	that	alter	chitin	[4].
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4. Conclusions 
The	 demand	 for	 enzymes	 in	 various	 industrial	 processes	 remains	 significant.	However,	
there	is	a	need	to	establish	techniques	that	produce	enzymes	with	specified	characteristics,	
such	 as	 long-lasting	 stability	 in	 terms	 of	 pH	 and	 temperature.	 Industrial	 applications	 
also	favour	enzymes	that	demonstrate	metal	ion–independent	activity	and	do	not	interfere	
with	inhibitory	compounds.

Because	of	 their	unique	 living	conditions,	 endophytic	 fungi	 can	 serve	as	 a	valuable	
reservoir	 of	 enzymes	 with	 distinct	 features.	 The	 capacity	 to	 thrive	 in	 challenging	
environments	such	as	high	salinity	and	drought,	along	with	the	ability	to	utilise	complex	
molecules	 as	 a	 carbon	 source,	 can	 lead	 to	 a	 wider	 range	 of	 enzymes	 being	 generated	
with	 increased	 stability.	Although	 the	 ability	 of	 endophytic	 fungi	 to	 produce	 bioactive	
metabolites	and	new	drugs	with	potential	use	 in	 the	environment,	agriculture,	medicine	
and	the	food	industry	has	been	explored	widely,	little	attention	has	been	paid	to	their	use	 
as	a	source	of	industrial	enzymes.	

Chitin	 and	 chitosanolytic	 enzymes	 have	 unique	 properties	 that	 make	 them	 useful	 
to	 obtain	 new	 chitosan	 oligosaccharides	 with	 a	 specific	 structure	 and	 to	 biodegrade	
chitin	 waste,	 which	 brings	 benefits	 by	 minimising	 environmental	 contamination	 [35].	 
The	 knowledge	 of	 chitin-modifying	 enzymes	 produced	 by	 fungal	 endophytes	
remains	 limited.	 The	 predominant	 studies	 in	 this	 field	 have	 focused	 on	 understanding	 
the	endophyte–plant	relationship	and	the	significance	of	chitin-modifying	enzymes	in	these	
interactions.	 It	 appears	 that	 chitin-modifying	 enzymes	play	 a	 crucial	 role	 in	 facilitating	
symbiotic	associations	between	fungal	endophytes	and	plants	[30].	The	intriguing	ability	
of	endophytic	fungi	to	use	mechanisms	that	mask	or	transform	chitin	present	in	the	cell	wall	
into	its	derivatives,	 thereby	facilitating	compatible	interactions	with	host	plants,	renders	
this	taxonomic	group	a	promising	reservoir	of	enzymes	capable	of	modifying	chitin.
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1. Introduction
Chitosan	 belongs	 to	 a	 group	 of	 natural	 polymers	 obtained	 from	 chitin	 [1,	 2].	 
It	is	an	essential	polysaccharide	[2]	characterised	by	a	linear	structure	and	high	molecular	
weight	(Figure	1a).	It	can	be	obtained	from	plant	and	animal	sources.	Chitosan	most	often	
occurs	in	the	exoskeleton	of	crustaceans	and	molluscs	and	in	fungal	biomass	[3,	4].	Chitosan	
is	 of	 particular	 importance	 in	 drug-delivery	 systems	 (DDS)	due	 to	 its	 biocompatibility,	 
low	toxicity	[5],	biodegradability	in	the	biological	environment	and	adhesion	to	the	mucosa	
[2,	6–9]	(Figure	1b).

(a)

(b)

Figure 1. (a)	Preparation	of	chitosan	via	chitin	deacetylation.	(b)	The	physicochemical	
properties	 of	 chitosan-based	 hydrogel	 [10].	 This	 figure	 is	 distributed	 under	
the	terms	and	conditions	of	a	Creative	Commons	Attribution	(CC	BY)	license	
(https://creativecommons.org/licenses/by/4.0/).

Target	DDS	are	used	to	administer	therapeutic	agents	to	the	body	in	a	controlled	and	target	
manner.	They	 optimise	 the	 therapeutic	 effects	 of	 drugs	 –	 increasing	 the	 bioavailability	
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and	 pharmacokinetics	 stability	 –	while	minimising	 side	 effects.	 They	 can	 be	 classified	 
as	oral,	intravenous,	transdermal	or	implantable.	Chitosan-based	drug	carriers	can	improve	
the	pharmacokinetics	and	therapeutic	efficacy	of	various	drugs	[11].	In	intelligent	DDS,	
chitosan	can	be	in	the	form	of	nanoparticles	[2,	12,	13],	coatings	[6,	7,	14,	15],	scaffolds	
[16]	or	in	the	form	of	a	hydrogel	[17].

Chitosan	 nanoparticles	 can	 encapsulate	 drugs,	 protecting	 them	 against	 degradation	
and	 improving	 their	 transport	 across	 biological	 barriers.	 Such	 nanoparticles	 have	
better	 antibacterial,	 anti-inflammatory	 and	 antioxidant	 properties	 [8,	 18].	 The	 kinetics	
of	 drug	 release	 from	 such	 nanoparticles	 depends	 on	 the	 site	 of	 drug	 targeting,	 the	 pH	 
of	 the	 environment	 and	 the	 stability	 of	 the	 drug.	 In	 laboratory	 conditions,	 drug	 release	
kinetics	 is	 studied	 based	 on	 experimental	 data	 obtained	 during	 in vitro	 experiments	 
and	mathematical	models	such	as	the	Korsmeyer–Peppas,	Higuchi,	and	zero-	and	first-order 
kinetics	 models	 [18].	 According	 to	 recent	 reports,	 chitosan	 nanoparticles	 are	 used	
widely	 in	dentistry,	especially	 in	periodontology,	 implantology	and	endodontics	[8,	15]. 
Chitosan	 supports	 the	 formation	 of	 osteoblasts	 and	 the	 regeneration	 of	 bone	 tissue.	 
In	combination	with	silver	and	hydroxyapatite	nanoparticles,	it	supports	the	regeneration	
of	the	alveolar	ridge.	It	inhibits	the	action	of	oral	bacteria	such	as	Streptococcus mutans 
and	 Porphyromonas gingivalis through	 the	 action	 of	 positively	 charged	 silver	 ions	 
on	the	negatively	charged	bacterial	cell	wall	[6,	19].	

The	use	of	DDS	based	on	chitosan	dressings	is	a	current	subject	of	research	by	scientists.	
These	dressings	allow	for	the	local	delivery	of	drugs	–	for	example,	in	the	case	of	healing	
wounds	after	burns	or	skin	infections,	ensuring	transdermal	transport.	This	DDS	produces	
a	systemic	effect	by	changing	the	barrier	properties	of	the	skin.	Chitosan	dressings	soaked	
in	a	medicinal	substance	create	a	tight	patch–skin	connection,	facilitating	the	penetration	
of	drugs.	This	 is	due	 to	 the	mucoadhesive	properties	of	chitosan,	extending	 the	contact	
time	 of	 the	 transdermal	 preparation	with	 the	 skin.	The	 therapeutic	 success	 of	 chitosan	 
in	transdermal	applications	depends	largely	on	the	type	of	drug	administered,	the	formulation	
and	 the	duration	of	drug	delivery.	 In	one	 study,	 researchers	 created	a	chitosan	dressing	 
with	fat-soluble	clobetasol,	which	released	80%	from	the	patch	within	2	h.	The	rapid	release	
of	the	drug	resulted	in	rapid	inhibition	of	the	development	of	bacteries	immediately	after	
applying	the	dressing	to	the	wound	[19].	In	another	study,	the	authors	produced	a	patch	
consisting	of	chitosan,	polyvinyl	acetate	and	water-insoluble	curcumin	with	antibacterial	
properties	 [20].	 The	 delivery	 of	 medicinal	 substances	 from	 chitosan-based	 dressings	
resulted	in	faster	healing	of	wounds	and	skin	surface	lesions	and	reduced	the	need	for	more	
frequent	replacement	of	dressings	due	to	the	absorption	properties	of	chitosan.

Chitosan-based	hydrogels	also	demonstrate	the	ability	to	release	drugs	in	a	controlled	
manner.	They	create	 three-dimensional	hydrophilic	networks	 that	can	absorb	and	 retain	
water,	thus	imitating	the	action	of	natural	tissues	in	the	human	body.	Chitosan	hydrogels	
enable	 the	use	of	many	types	of	drugs,	peptides	and	other	 therapeutic	agents.	This	 type	
of	 drug	 carrier	 can	 designed	 to	 respond	 to	 changes	 in	 environmental	 conditions,	 such	 
as	changes	in	pH	and	temperature	and	reaction	to	enzymes	[20].	

Drug	 release	 kinetics	 can	 follow	 several	 mechanisms,	 including	 diffusion	 
and	dissolution.	Designing	DDS	requires	knowledge	of	these	mechanisms	and	absorption	
times.	 Understanding	 the	 desired	 release	 profile,	 the	 physicochemical	 properties	 
of	the	drug	and	the	intended	route	of	administration	is	crucial	in	selecting	the	appropriate	
drug	release	mechanism	for	a	particular	formulation.	Scientists	are	constantly	exploring	
innovative	DDS	 to	optimise	 the	 therapeutic	outcomes	and	 to	minimise	 the	 side	 effects.	
The	 main	 goal	 of	 pharmacological	 treatment	 is	 to	 obtain	 and	 receive	 the	 optimal	
therapeutic	dose	of	the	therapeutic	drug.	The	range	from	the	minimum	to	maximum	drug	
concentration	is	called	the	therapeutic	window	(Figure	2a)	[18,	21],	which	represents	the	
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safe	dosage.	Figure	2a	shows	drug	release	from	DDS	with	immediate	release	(black	curve)	 
and	delayed	release	(blue	curve)	[21].	Immediate	and	delayed	release	from	DDS	indicate	
a	 higher	 risk	 of	 toxicity	 from	 the	 drug	 [21].	However,	 the	 use	 of	 prolonged	 extraction	 
of	 the	drug	substance	from	DDS	means	 that	 the	optimal	 therapeutic	dose	 is	maintained	
[21].	 Conventional	 oral	 administration	 of	 a	 drug	 does	 not	 fully	 utilise	 its	 therapeutic	
dose.	When	 the	 drug	 is	 administered,	 the	 dose	 increases	 dramatically,	 reaching	 a	 toxic	
dose.	Over	time,	the	therapeutic	dose	decreases	gradually,	reaching	a	dose	that	is	too	low	 
to	work	effectively	(e.g.	fight	bacteria	and	viruses	or	reduce	pain;	Figure	2b)	[21].	The	use	
of	chitosan	 in	controlled	DDS	means	 that	 the	drug	dose	 remains	within	 the	 therapeutic	
window	for	as	long	as	possible.

Figure 2. (a)	 A	 schematic	 illustration	 of	 the	 blood	 concentration	 of	 a	 drug	 (a)	 after	
traditional	oral	administration	and	 (b)	 from	a	controlled	drug-release	 system	
[21].	This	figure	 is	 distributed	under	 the	 terms	 and	 conditions	 of	 a	Creative	
Commons	Attribution	(CC	BY)	license	(https://creativecommons.org/licenses/
by/4.0/).

The	choice	of	a	DDS	depends	mainly	on	factors	such	as	the	nature	of	the	drug,	including	
analgesics	 [22],	 anti-inflammatory,	 antiviral,	 antibiotics,	 antihypertensive	 drugs	 [23],	
anticoagulants	 and	 natural	 substances	 supporting	 treatment	 [24].	 This	 review	 briefly	
discusses	using	chitosan	as	a	drug	carrier	in	intelligent	DDS	to	release	these	compounds.

2. Drug-Delivery Systems Based on Chitosan Carrying Analgesics
Chitosan	 itself	 is	 not	 an	 analgesic	 –	 a	 compound	 that	 reduces	 pain	 –	 but	 it	 can	 carry	
other	 compounds	 that	 exert	 an	 analgesic	 action,	 including	 paracetamol,	 ibuprofen,	
ketoprofen,	naproxen	and	the	anaesthetic	lidocaine.	These	are	safe	preparations	provided	 
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that	the	permissible	therapeutic	dose	is	not	exceeded;	this	phenomenon	depends	on	age,	
weight	and	comorbidities,	among	other	factors.

Ibuprofen	is	a	non-steroidal	anti-inflammatory	drug	(NSAID).	It	works	by	inhibiting	
cyclooxygenases	 (COX),	 which	 produce	 prostaglandins,	 hormones	 responsible	 
for	pathogenic	processes.	Of	note,	 ibuprofen	 inhibits	 all	COX	 isoforms;	other	NSAIDs	
such	as	celecoxib	can	selectively	inhibit	COX-2	and	thus	eliminates	prostaglandins	more	
effectively	[25].	Ibuprofen	may	cause	side	effects	such	as	heartburn,	nausea	and	abdominal	
pain.	It	has	low	solubility	in	the	biological	environment,	fast-acting	kinetics	and	a	short	
period	 of	 biological	 activity	 [26].	 As	 a	 result,	 oral	 administration	 of	 ibuprofen	 leads	 
to	underutilisation	of	the	therapeutic	dose	of	the	drug.	Despite	the	potential	risk	of	chitosan	
inhibiting	the	action	of	ibuprofen,	using	this	polymer	as	a	drug	carrier	could	help	control	 
the	release	of	ibuprofen,	increase	its	bioavailability	and	potentially	reduce	side	effects.	Such	
carriers	may	be	designed	to	release	ibuprofen	in	response	to	specific	conditions	in	the	body	
[26].	Chitosan-based	 transdermal	patches	containing	 ibuprofen	 improves	 the	absorption	
of	ibuprofen	through	the	skin,	Moreover,	chitosan	has	antibacterial	properties,	preventing	
infections	at	the	site	where	the	patch	is	applied.	This	local	ibuprofen	administration	system	
reduces	the	risk	of	systemic	side	effects	such	as	gastric	irritation	[26].

Paracetamol	 is	 another	 NSAID	 that	 is	 widely	 used	 throughout	 the	 world	 due	 
to	its	antipyretic	effectiveness	and	low	risk	of	side	effects.	Similarly	to	ibuprofen,	it	also	
inhibits	COX	 to	 exert	 analgesic	 effects,	 but	 it	 does	 not	 have	 anti-inflammatory	 effects.	
Paracetamol	has	a	low	molecular	weight	of	151.16	g/mol,	which	means	it	can	be	released	
in	a	 long-term	manner.	 Indeed,	 it	can	be	encapsulated	in	chitosan-coated	alginate	beads	
or	 in	 nanocomposites	 as	 part	 of	 DDS	 [27–30].	 This	 approach	 is	 particularly	 useful	 
for	analgesic	patches	containing	it	[31].	Chitosan	fibre	scaffolds	obtained	from	electrospinning	
act	as	drug	carriers	without	the	need	to	use	additional	chemicals	[32].	Moreover,	chitosan	
can	 undergo	 an	 encapsulation	 process,	 which	 makes	 it	 extremely	 attractive	 for	 use	 
in	microspheres	with	the	addition	of	NSAIDs	such	as	ibuprofen	[33–37]	and	in	the	form	 
of	a	hydrogel	[38,	39].	

Implantation	 procedures	 are	 associated	 with	 great	 pain,	 which	 is	 often	 alleviated	 
with	 ketoprofen,	 another	 NSAID.	 Depending	 on	 the	 form,	 its	 works	 for	 6–24	 h.	
Ketoprofen,	like	other	NSAIDs,	blocks	COX	and	may	also	irritate	the	gastric	mucosa	[25].	
In	one	study,	researchers	showed	that	chitosan	could	be	used	successfully	to	form	a	film	 
to	carry	ketoprofen	[40].	In	a	rat	model	of	rheumatoid	arthritis,	this	preparation	reduced	 
disease-related	oedema.

Chitosan	 can	 be	 used	 to	 cover	 anodically	 oxidised	 surfaces.	 Oxide	 nanotubes	 
are	 usually	 produced	 on	 the	 surface	 of	 titanium	 and	 its	 alloys	 [41,	 42].	 Analgesics	 
can	be	applied	inside	the	oxide	nanotubes	and	subsequently	released	rapidly	from	inside	 
the	nanotubes.	Covering	such	a	surface	with	a	chitosan	coating	slows	down	 the	 release	 
of	 drugs,	 which	 helps	 achieve	 therapeutic	 effects.	 In	 one	 study,	 the	 authors	 compared	 
the	effectiveness	of	analgesic	therapy	with	ibuprofen	delivered	in	the	form	of	microspheres	
directly	 into	 	 the	 socket	 and	 in	 a	 conventional	 oral	manner	 [36].	 The	 group	 receiving	 
ibuprofen	 in	 the	 form	 of	 chitosan	 microspheres	 experienced	 significantly	 less	 pain	 
and	visibly	less	swelling	of	the	operated	site	compared	with	the	group	receiving	ibuprofen	
administered	orally.	Taken	 together,	 chitosan-containing	 systems	 that	 control	 analgesics	
such	as	NSAIDs	have	 the	ability	 to	 relieve	pain	and	 reduce	 inflammation	 [36,	37,	43].	 
The	 biocompatible	 properties	 of	 chitosan	mean	 that	 these	 preparations	 can	 be	 applied	
directly	to	the	mucous	membranes	[44].
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3. Drug-Delivery Systems Based on Chitosan Carrying Antibiotics
Antibiotics	 are	 used	 to	 fight	 bacterial	 infections:	 they	 can	 kill	 bacteria	 or	 inhibit	 their	
growth.	 There	 are	 numerous	 classes	 of	 antibiotics,	 each	 with	 distinct	 mechanisms	 
of	action	and	spectrum	of	activity	against	bacteria.	The	most	common	classes	of	antibiotics	 
are	 penicillins	 [45,	 46],	 cephalosporins	 [47,	 48]	 and	 tetracyclines.	After	 implantation,	 
there	is	local	inflammation	at	the	site	of	the	implant.	In	the	first	days	after	implantation,	
growth	factors	are	released	locally,	and	platelets,	proteins	and	blood	plasma	are	released,	
causing	 a	 clot	 to	 form.	 Factors	 activating	 the	 healing	 process	 include	 histamine;	
prostaglandins;	cytokines	such	as	tumour	necrosis	factor	(TNF),	interleukin	1	(IL-1),	IL-6	
and	IL-10;	chemokines	such	as	chemokine	(C-X-C	motif)	ligand	3	(CXCL3),	chemokine	
(C-C	motif)	 ligand	2	(CCL2),	CCL5,	CC17,	CXCL12	and	CXC3CL1;	and	bone	matrix	
proteins	with	osteoinductive	properties	[49].	The	pH	of	the	tissues	surrounding	the	implant	
is	 reduced	 from	 7–7.35	 to	 approximately	 5.2	 immediately	 after	 implantation,	 and	 then	
returns	 to	 the	 original	 level	 after	 approximately	 2	 weeks	 [49].	 Such	 an	 environment	 
is	ideal	for	developing	bacteria,	resulting	in	peri-implant	infection	and	subsequent	related	
complications.	 Treating	 such	 infections	 requires	 broad-spectrum	 antibiotic	 therapy.	
Moreover,	modifications	 to	 the	 implant	 surface	 have	 been	 proposed	 to	 accelerate	 their	
osseointegration	and	 increase	biological	 activity	 [6,	7].	Controlled	DDS	are	being	used	 
with	 increasing	 frequency	 to	 reduce	 severe	 inflammatory	 reactions	 by	 releasing	 
the	therapeutic	concentration	of	the	drug	at	the	target	site	[50].

Figure 3. A	 schematic	 illustration	 of	 the	 process	 of	 bacterial	 colonisation	 on	 (a)	 
the	surface	of	implants	without	a	chitosan	coating	and	(b)	an	implant	covered	
with	a	chitosan	coating,	which	prevents	the	adhesion	of	bacteria.
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According	to	the	World	Health	Organization,	a	major	problem	in	medicine	is	the	overuse	
of	 antibiotics,	 which	 has	 resulted	 in	 increased	 antibiotic	 resistance	 among	 bacteria.	 
In	 the	 human	 body,	 a	 biofilm	 forms	 on	 the	 implant	 surface;	 this	 coating	 consists	 
of	microorganisms	that	adhere	closely	to	each	other.	It	comprises	polysaccharides,	proteins	
and	lipids,	which	makes	it	difficult	for	the	antibiotic	to	reach	and	penetrate	bacterial	cells.	
Implants	 could	 be	 covered	with	 coating	 containing	 biopolymers	 such	 as	 chitosan	 [51].	
The	use	of	biopolymer	coatings	based	on	chitosan	supports	the	early	stage	of	inhibiting	
bacterial	 growth	 by	 disturbing	 the	 development	 of	 biofilm	 (Figure	 3)	 [52].	 Chitosan	
coatings	combined	with	an	antibiotic	inhibit	the	adhesion	of	bacteria	to	a	natural	biofilm	
that	does	not	contain	bacterial	cells.	This	effect	is	due	in	part	to	the	natural	antimicrobial	
properties	of	chitosan	[53].

Penicillin	 is	 a	 broad-spectrum	 antibiotic	 that	 disrupts	 the	 synthesis	 of	 bacterial	 cell	
membranes.	 It	 inhibits	 the	 enzyme	 transpeptidase,	 which	 is	 involved	 in	 cross-linking	
peptidoglycan	 chains	 in	 bacterial	 cell	 walls.	 This	 inhibition	 weakens	 the	 cell	 wall	 
and	thus	inhibits	bacterial	growth	[46].	However,	many	bacteria	have	developed	resistance	
to	penicillin-based	antibiotics,	which	is	why	DDS	that	use	chitosan	to	carry	these	antibiotics	
are	being	developed	less	and	less	frequently.

A	 recent	 study	 demonstrated	 the	 increased	 effectiveness	 of	 antibiotics	 loaded	 into	
chitosan	magnetic	microspheres.	These	microspheres	ensure	prolonged	release	and	targeted	
delivery	of	 the	 antibiotic	 to	bacteria	 [47].	The	magnetic	properties	of	 the	microspheres	
enable	external	control	over	 the	movement	of	particles	and	 their	 location	 in	 the	human	
body.	This	method	of	targeted	drug	delivery	is	particularly	beneficial	to	ensure	the	highest	
antibiotic	 concentration	 occurs	 at	 the	 site	 of	 infection,	 thus	 increasing	 its	 effectiveness	 
and	simultaneously	minimising	systemic	side	effects.

4. Drug-Delivery Systems Based on Chitosan Carrying  
Other Medicinal Substances

As	 mentioned	 above,	 the	 widespread	 use	 of	 antibiotics	 had	 led	 to	 the	 development	 
of	drug-resistant	bacterial	strains.	One	of	the	possibilities	to	overcome	this	issue	is	to	increase	 
the	 antibiotic	 dose,	 but	 this	 approach	 can	 disrupts	 the	 natural	 bacterial	 microflora	 
of	the	treated	person	and	lead	to	toxicity.	An	alternative	approach	is	to	use	other	bactericidal	
agents	such	as	chlorhexidine	[54],	peptides,	organic	and	inorganic	substances.

Chlorhexidine,	 a	 commonly	 used	 antiseptic	 and	 antibacterial	 agent,	 is	 used	 in	 oral	
hygiene	 products	 and/or	 to	 inhibit	 bacteria	 responsible	 for	 inflammation	 in	 the	 mouth	
[55,	56].	The	combination	of	chitosan	as	an	adhesive	agent	with	chlorhexidine	enhances	
the	 antimicrobial	 effects,	 inhibits	 the	 formation	 of	 biofilm	 and	 thus	 reduces	 the	 risk	 
of	 bacterial	 growth,	 in	 particular	 streptococci	 [57,	 58].	 Researches	 developed	 
chlorhexidine-releasing	liposomes	containing	chitosan	that	showed	high	cell	compatibility	
and	reduced	inflammatory	reactions	by	60%	in	murine	macrophages	[54].

The	 latest	 research	 focuses	 on	 the	 search	 for	 new	 antibacterial	 agents	 based	 
on	antimicrobial	peptides.	These	natural	molecules	affect	the	cell	membrane	of	bacteria,	
inhibiting	 their	 further	 development.	 Chitosan-based	 hydrogel	 systems	 saturated	 
with	 peptides	 are	 also	 being	 generated.	 One	 of	 them	 is	 histidine,	 which	 in	 the	 human	
body	stimulates	 the	immune	system	to	combat	viruses	and	bacteria	[59].	There	are	also	
known	natural	products	with	antibacterial	activity	such	as	honey,	propolis	and	bee	pollen.	 
The	latest	research	shows	the	possibility	of	isolating	jelleine-1,	a	bactericidal	compound,	
from	 royal	 jelly.	 The	 use	 of	 this	 peptide	 applied	 in	 a	 carrier	 such	 as	 chitosan	 inhibits	 
the	release	of	pro-inflammatory	cytokines	and	thus	reduce	inflammation	(Figure	4)	[59–62].
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Figure 4. A	 schematic	 illustration	 of	 the	 inhibition	 of	 lymphocyte	 growth	 
and	 pro-inflammatory	 cytokines	 by	 the	 peptide	 jelleine-1,	 which	 is	 isolated	
from	 royal	 jelly	 [62].	 Abbreviations:	 CD,	 cluster	 of	 differentiation;	 COX,	
cyclooxygenase;	 IL,	 interleukin;	 TNF,	 tumour	 necrosis	 factor.	 This	 figure	 
is	distributed	under	the	terms	and	conditions	of	a	Creative	Commons	Attribution	
(CC	BY)	license	(https://creativecommons.org/licenses/by/4.0/).

Chitosan	combined	with	copper,	silver	or	gold	nanoparticles	has	antibacterial	properties	
against Staphylococcus aureus, Listeria monocytogenes, Escherichia coli	and	Salmonella 
Typhimurium.	 The	 most	 commonly	 used	 chitosan–metal	 complexes	 contain	 silver	 
in	 the	 form	 of	 ions	 or	 nanoparticles.	 In	 one	 study,	 researchers	 examined	 chitosan	
coatings	saturated	with	silver	nanoparticles	or	silver	 ions	as	a	bactericidal	agent	against	 
S. aureus and	E. coli	[63].	A	chitosan	coating	saturated	with	1%	(w/w)	silver	nanoparticles	 
or	 2%	 (w/w)	 silver	 ions	 exerted	 a	 bactericidal	 effect.	 Their	 research	 showed	 
that	the	chitosan–silver	complex	had	better	antibacterial	properties	than	silver	nanoparticles	
or its ions alone.

The	 combination	 of	 chitosan	 with	 micelles	 takes	 advantage	 of	 the	 mucoadhesion	 
of	chitosan	and	could	be	used	to	treat	inflammatory	eye	diseases	[64].	The	development	
of	the	production	of	antibacterial	agents	by	mixing	chitosan	with	a	copolymer	of	ethylene	
and	 vinyl	 alcohol	 is	 also	 being	 investigated	 [55].	Vinyl	 alcohol	 is	 a	 synthetic	 polymer	 
with	excellent	barrier	properties.	Mixing	these	two	polymers	creates	a	composite	with	high	
antibacterial	activity	and	increased	mechanical	and	barrier	properties.

5. Models of Drug Release From Chitosan-Based Carriers
Polymer	materials	used	in	the	human	body	are	exposed	to	bodily	fluids	as	well	as	changes	
in	 temperature,	 pH	and	 the	oxygen	concentration.	Polymer-based	drug	carriers	degrade	 
in	the	biological	environment.	Indeed,	chitosan	swells	and	degrades	in	bodily	fluids	due	 
to	breakage	of	the	polymer	chain	and	alterations	in	the	position	and	number	of	bonds	[65].	
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This	degradation	allows	the	release	of	the	carried	drug	to	the	target	site.	The	rate	of	drug	
release	depends	on	the	type	of	matrix	in	which	the	drug	is	embedded.	The	use	of	chitosan	
as	 a	 drug	 carrier	 in	 controlled	 DDS	 requires	 knowledge	 of	 the	 kinetics	 of	 the	 release	 
of	the	drug	from	the	polymer.	The	drug	release	process	has	multiple	stages.	The	primary	
stage	in	the	case	of	polymers	is	the	diffusion	process	[65].

The	 zero-order	 drug-release	 model	 describes	 a	 system	 in	 which	 the	 drug	 release	
rate	 does	 not	 depend	 on	 its	 concentration	 in	 the	 system.	 The	 drug	 is	 released	 slowly	 
from	 the	 system.	However,	 the	 drug	 adsorption	 rate	 depends	 on	 its	 concentration	 [66].	 
In	the	case	of	drug	release	from	a	flat/solid	surface,	the	kinetics	mainly	follow	the	Higuchi	
model	 [67].	Specifically,	 the	drug	concentration	used	 is	much	higher	 than	 the	solubility	
of	the	drug	in	the	carrier.	The	drug	concentration	gradient	in	the	matrix	and	the	resulting	
diffusion	 process	 occur	 in	 the	 direction	 perpendicular	 to	 the	 interface	 of	 the	 carrier	 
and	 the	 therapeutic	 agent.	 Therefore,	 classic,	 one-dimensional	 diffusion	 occurs.	 
Drug	release	from	hydrogel	coatings	or	hydrogels	is	mainly	based	on	Fickian	diffusion.	 
In	such	a	case,	when	 the	active	substance	 is	surrounded	by	a	polymer,	 the	drug	release	
model	is	based	on	Fick’s	first	law,	defined	by	equation	(1)	[66]:

 N ―D=
dC
dxA

A
AB (1)

The	terms	in	equation	(1)	mean	the	following:
NA	 –	stream	of	active	agent	[kg·A/(m2·s)];
DAB	 –	drug	diffusion	coefficient	[m2/s];
CA	 –	drug	concentration	[kg·A/m3];
x	 –	dimensional	coordinate	[m].

If	 the	 drug	 is	 incorporated	 into	 the	 pores	 formed	 on	 the	 surface	 of	 the	 coating,	 
then	the	diffusion	of	the	drug	follows	Fick’s	second	law,	described	in	equation	(2)	[66]:
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x

2
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Currently,	 the	 Peppas	 model	 is	 frequently	 used	 to	 describe	 drug	 diffusion	 [67].	 
It	is	represented	in	equation	(3):

𝑀𝑀
𝑀𝑀

= 𝑘𝑘 𝑛𝑛𝑡𝑡 𝑡𝑡
∞

(3)

The	value	of	n	depends	on	the	geometry	of	the	carrier	and	the	release	mechanism	(Table	1)	
[67].	k	is	a	constant	whose	value	depends	on	the	structure	of	a	given	drug	carrier.

Table 1. The	value	of	the	exponent	n	according	to	the	Peppas	model	for	various	geometries	
of	the	drug-release	system	[67].

Exponent n / geometry
Release mechanism

Flat plate Cylinder Ball
0.5 0.45 0.43 Fick’s	diffusion

0.5	<	n	<	1.0 0.45	<	n	<	0.89 0.43	<	n	<	0.85 Anomalous	diffusion
1.0 0.89 0.85 Polymer	swelling

The	mechanism	 of	 drug	 release	 strongly	 depends	 on	 the	wettability	 of	 a	 given	 release	
coating.	Chitosan	coatings	have	a	strong	ability	to	absorb	bodily	fluids,	leading	to	faster	
desorption	of	the	drug	substance	from	the	coating	(Figure	5).
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Figure 5. A	schematic	illustration	of	the	mechanism	of	drug	release	from	fibres.

Drug-release	 models	 from	 coatings	 are	 important	 for	 verifying	 experimental	 data.	 
In	the	case	of	dental	implants,	it	is	necessary	to	release	the	drug	gradually	over	approximately	
14	days.	A	thorough	analysis	of	the	amount	of	the	drug	released	enables	the	appropriate	
selection	of	the	drug	dose.

6. Conclusions
Chitosan	is	a	universal	carrier	of	various	types	of	medicinal	substances.	There	has	been	 
an	 increase	 in	 research	 on	 chitosan-based	 preparations	 that	 carry	medicinal	 substances	
because	chitosan	has	antibacterial	properties,	low	toxicity,	mucoadhesion	and	low	allergenic	
potential.	 A	 controlled	 and	 targeted	 DDS	 is	 an	 excellent	 way	 to	 deliver	 the	 optimal	
therapeutic	dose	of	 a	drug	 to	 the	 required	place,	bypassing	 the	oral	 route	 and	 reducing	
side	 effects.	Chitosan-based	drug	 carriers	 can	 increase	 the	 solubility	 of	 insoluble	 drugs	 
by	creating	a	stable	complex,	and	 thus	ensure	better	biodistribution	of	drugs.	However,	
there	is	a	need	for	further	research	into	using	chitosan	as	a	carrier	for	medicinal	substances	
and	a	detailed	determination	of	their	biocidal	and	therapeutic	properties.
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Abstract
The treatment of difficult-to-heal wounds is a major problem in modern medicine.  
The search for new materials and ways to treat wounds is important and timely. Insulin 
stimulates proliferation, differentiation and migration of skin fibroblasts and keratinocytes. 
Chitosan has beneficial biological properties and can be an effective carrier of insulin. 
This review discusses research into the development of chitosan formulations with insulin 
to aid local treatment of chronic wounds. The PubMed, Google Scholar, Scopus and Web  
of Science databases were searched for studies on chitosan preparations with insulin in terms 
of their efficacy in wound healing. Twelve original English-language articles published  
in peer-reviewed scientific journals were included in the analysis. Insulin preparations  
in a chitosan matrix in the form of gel, hydrogel, injection and non-woven dressing  
are highly effective at all stages of the wound-healing process. They show anti-inflammatory 
and antimicrobial effects. Insulin from the formulations is released in a prolonged  
or controlled manner. However, it seems necessary to learn more about the mechanisms 
of insulin action within lesions. Of note, the data are mainly from basic and preclinical 
studies. Only one clinical study has been conducted.
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1. Introduction
One	of	the	greatest	challenges	of	 the	21st	century	is	 the	epidemic	of	non-communicable	
diseases.	 Chronic	 diseases	 are	 characterised	 by	 a	 slow	 progression	 of	 lesions,	 
with	the	risk	of	many	complications,	including	the	development	of	difficult-to-heal	wounds.	
The	treatment	of	venous	and	arterial	ulcers	and	diabetic	foot	represents	a	major	challenge	
for	modern	medicine.	The	healing	of	these	wounds	does	not	follow	a	physiological	pattern.	
Most	 chronic	 wounds	 stop	 in	 the	 inflammatory	 phase,	 with	 no	 tendency	 to	 progress	 
to	 the	 proliferative	 phase.	 There	 are	 similar	 difficulties	 in	 effective	 treatment	 of	 burn	
wounds.	It	is	estimated	that	1.5–2	million	people	in	Europe	struggle	with	difficult-to-heal	
wounds	[1],	including	500,000	in	Poland	[2].	

Insulin	 is	 a	 peptide	 hormone	 with	 hypoglycaemic	 effects	 that	 accelerates	 wound	
healing	(in	both	people	with	diabetes	and	healthy	individuals)	[3].	It	exhibits	antioxidant	
and	 anti-inflammatory	 properties.	 Its	 application	 to	 the	 skin	 stimulates	 the	 migration	 
and	 proliferation	 of	 keratinocytes,	 which	 have	 selective	 receptors	 for	 insulin	 on	 their	
surface.	Insulin	binding	to	receptors	on	the	cell	surface	activates	phosphoinositide	3-kinase	
(PI3K)	 and	 the	Akt-dependent	 pathway,	 which	 influences	 normal	 endothelial	 function	 
and	 vascular	 homeostasis	 [4–6].	 It	 induces	 early	 neutrophil	 recruitment	 and	 increases	 
M2	 macrophage	 and	 interleukin-10	 (IL-10)	 levels	 at	 the	 wound	 site.	 In vitro, it has 
been	 shown	 to	 affect	 the	 secretion	 of	 inflammatory	mediators	 by	 regulating	monocyte	
chemotactic	 protein-1	 (MCP-1)	 expression	 [7].	 Insulin	 has	 been	 confirmed	 to	 reduce	 
the	wound-healing	time.	It	accelerates	neovascularisation,	epithelialisation	and	remodelling.	
At	 the	 same	 time,	 no	 systemic	 (hypoglycaemia,	 hypokalaemia	 and	hypoaminoacidosis)	 
or	 local	 (pain,	 allergy	 and	 infection)	 side	 effects	 have	 been	 reported	 [8].	 Research	 
is	 currently	 underway	 to	 develop	 a	 topical	 insulin	 preparation	 that	 exhibits	 prolonged	
release	of	bioactive	insulin.

The	 development	 of	 an	 innovative	 dermatological	 form	 of	 insulin	 –	 a	 hydrogel	
–	 has	 recently	 received	 increased	 attention.	 Hydrogels	 are	 hydrophilic	 substrates	 
that	 are	 obtained	 by	 gelation	 using	 polymers.	 They	 exhibit	 adhesive	 properties	 
and	 can	 therefore	 be	 applied	 to	 wounds	 with	 exudate	 and	 as	 a	 form	 of	 dressing.	 
This review focuses on the use chitosan, a potential insulin carrier, whose properties 
allow	 the	 development	 of	 a	 hydrogel	 with	 extended	 active	 pharmaceutical	 ingredient	 
(API)	release.

Chitosan	 is	 a	 natural	 polymer	 that	 is	 biodegradable;	 biocompatible	 with	 the	 skin;	 
and	 exhibits	 antimicrobial,	 haemostatic	 and	 antioxidant	 activity.	 It	 is	 formed	 
by	 the	 deacetylation	 of	 chitin	 (a	 component	 of	 insect	 and	 arthropod	 exoskeletons,	
among	others)	and	can	be	used	both	as	a	drug	carrier	and	as	a	material	for	 the	creation	 
of	dressings	or	scaffolds	 in	 tissue	engineering	[9,	10].	 It	shows	potential	 in	wound	care	
as	 a	 component	 of	 controlled	 drug-delivery	 systems,	 sponges,	 membranes,	 polymer	
films	 and	 nanofibers.	 Chitosan-based	 formulations	 promote	 wound	 healing	 by	 acting	 
as	 an	 anti-inflammatory	 and	 antimicrobial	 agent.	 The	 main	 mechanism	 
of	 chitosan’s	 antimicrobial	 action	 is	 thought	 to	 be	 its	 interaction	 
with	 negatively	 charged	 bacterial	 cell	 membranes/walls,	 which	 can	 lead	 to	 cell	 lysis.	 
Other	 possible	 mechanisms	 include	 interference	 with	 bacterial	 DNA,	 inhibition	
of	 protein	 synthesis	 and	 chelation	 of	 nutrients	 from	 the	 bacterial	 environment	
(mainly	 divalent	 cations	 necessary	 for	 microbial	 growth)	 [10,	 11].	 In	 the	 initial	 stage	 
of	 wound	 healing,	 chitosan	 promotes	 the	 migration	 of	 neutrophils	 and	 macrophages	 
and	 subsequently	 stimulates	 the	 secretion	 of	 growth	 factors	 and	 collagen,	 
which	 accelerates	 the	 wound-closure	 process.	 It	 also	 affects	 platelet	 
and	 erythrocyte	 aggregation	 and	 inhibits	 fibrinolysis.	 During	 the	 proliferation	
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phase,	 it	 promotes	 the	 growth	 of	 granulation	 tissue.	 Chitosan	 can	 reduce	 
the	 intensity	 of	 the	 scarring	 process,	 resulting	 in	 a	 visibly	 smaller	 scar	 [12–14].	
Hydrogel	 dressings	 based	 on	 chitosan	 are	 characterised	 by	 oxygen	 permeability	
and	 high	 exudate	 absorption,	 keeping	 the	 wound	 site	 environment	 moist.	 
This	 has	 the	 effect	 of	 accelerating	 the	 healing	 process	 [15].	Moreover,	 chitosan–basic	
fibroblast	 growth	 factor	 (bFGF)	 matrices	 promote	 epithelial	 regeneration	 and	 inhibit	
bacterial	growth	[16].

2. Methods
2.1. Research Question
The	 aim	of	 this	 study	was	 to	 review	 the	 literature	 on	 chitosan	 formulations	 containing	
insulin	 in	 terms	 of	 their	 efficacy	 in	 wound	 healing.	 The	 research	 question	 was:	 
can	chitosan-based	hydrogels	be	effective	insulin	carriers	for	topical	application?

2.2. Eligibility Criteria
Two	authors	searched	the	PubMed,	Google	Scholar,	Scopus	and	Web	of	Science	databases	
to	 identify	 articles	 on	 efficacy	 studies	 on	 dermal	 chitosan	 preparations	 with	 insulin.	 
The	 following	 keywords	 were	 used:	 chitosan,	 insulin,	 drug-delivery	 system,	
topical	 therapy,	 dermal	 drug	 delivery,	 transdermal	 penetration,	 hydrogel,	 injection,	 
microneedle	 devices,	 microneedle	 patch,	 needle-free	 injection,	 polymeric	 particles,	
electrospinning,	 wound	 dressing,	 bioactive	 dressings,	 wound	 healing,	 and	 diabetic	 
foot	 ulcers.	 The	 inclusion	 criteria	 were:	 original	 English-language	 articles	 published	 
in	 peer-reviewed	 journals	 within	 the	 last	 20	 years	 that	 included	 data	 from	 basic,	 
preclinical	 or	 clinical	 studies.	 Various	 formulation	 technologies	 developed	 exclusively	 
for	 epidermal,	 transdermal	 	 and	 subdermal	 applications	 to	 produce	 a	 topical	 effect	 
were	 included.	 The	 exclusion	 criteria	 were:	 articles	 in	 which	 the	 insulin	 chitosan	 
preparation	was	applied	by	another	route		(e.g.	oral,	ocular,	mucosal	and	body	cavities),	
review	articles,	newsletters,	abstracts	from	conference	proceedings	and	studies	published	
on	websites	or	in	books.

3. Review of Studies on the Development of Chitosan Formulations 
With Insulin to Promote Skin Wound Healing 

Skin	 wound	 healing	 is	 a	 complex,	 multi-stage	 process	 involving	 haemostasis,	 
inflammation,	 neovascularisation,	 epithelialisation,	 granulation	 tissue	 formation,	 
extracellular	 matrix	 deposition	 and	 tissue	 remodelling	 [16].	 The	 ideal	 preparation	 
for	 treating	 and	 accelerating	 wound	 healing	 should	 have	 the	 ability	 to	 stop	 bleeding,	 
to	 prevent	 bacterial	 infection,	 to	 absorb	 wound	 exudate	 and	 to	 allow	 gas	 exchange,	 
and	 it	 should	 be	 biodegradable	 and	 non-toxic	 [17].	 Developing	 an	 effective	 
and	 inexpensive	 wound	 treatment	 for	 patients	 remains	 a	 challenge.	 
Biomaterial-based	 formulations	 can	 provide	 a	 simple	 and	 safe	 therapeutic	 option.	 
Chitosan	 has	 favourable	 biological	 properties	 and	 can	 be	 an	 effective	 insulin	 carrier.	 
This	 biopolymer	 could	 be	 used	 to	 produce	 various	 dermal	 forms	 of	 the	 drug.	 
An	analysis	of	the	available	literature	indicates	that	the	challenge	is	to	develop	a	chitosan	
formulation	of	 insulin	 that	will	 enable	 efficient	 release	 and	permeation	of	 the	hormone	
through	the	skin	and	ensure	efficacy	(Table	1).
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Table 1. 	Review	of	the	studies	on	chitosan	preparations	with	insulin.

Reference
Type  

of insulin/
chitosan used

Form  
of the insulin/

chitosan 
preparation

Insulin 
dosage

Research 
model

Effects  
of the insulin 
preparation

Basic studies

Kempe	 
et al.  

2007	[18]

Spin-labelled	
insulin/
chitosan 

(Chitoclear®	FG95)	 
with  

a	degree	of	
deacetylation	

of	95%

Insulin-loaded	
chitosan/

glycerol-2-
phospate  
(β-GP);	
injectable	
hydrogel

0.2	mg/ml In vitro

• Combination	
of chitosan 
with	β-glycerol	
phosphate	(β-GP,	
8%–16%)	resulted	
in low viscosity  
at room 
temperature  
with thermogelling 
properties

• Despite	high	
mobility	 
of the protein 
inside	gel,	 
there was 
controlled	release	
of insulin over 
several	days

• A	higher	β-GP	
content in gel 
resulted	in	faster	
gelation  
and	insulin	release

Preclinical studies

Zhao  
et al.  

2017	[19]

Bovine	insulin/
phenylboronic-

modified	
chitosan 
(CSPBA)

Injectable,	pH-	
and	glucose-

sensitive 
hydrogel	made	
of	modified	

chitosan, 
poly(vinyl 
alcohol)  
and	 

bezaldehyde-
capped	

poly(ethylene 
glycol)  

(OHC-PEG-CHO) 
loaded	 

with insulin  
and	live	
fibroblasts	

(L929)

0.3%

Strepto- 
zotocin-
induced	
diabetic	

rats

• Sustained	and	pH/
glucose-triggered	
insulin release,  
as well  
as	fibroblast	
viability	and	
proliferation  
in	the	hydrogel	
matrix

• The in vivo 
study	showed	
an	enhanced	
wound	closure	
rate	and	increased	
neovascularisation 
and	collagen	
deposition
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Ehterami 
et al. 

2018	[20]

Insulin	 
(not	specified)/

chitosan  
(not	specified)

Electrospun 
poly  

(ε-caprolactone)/
collagen  

(PCL/COLL)	
wound	dressing	

with insulin-
loaded	chitosan	
nanoparticles

1000	IU

Full-
thickness	
excisional	
wound	
on male 

Wistar rats

• Incorporation	
of chitosan 
nanoparticles 
onto	PCL/COLL	
dressing	enhanced	
hydrophilicity,	
water-uptake	
and	blood	
compatibility

• Sustained	insulin	
release  
of	up	to	65%	 
over	14	days

• The	wound	closure	
reached	97%	 
after	14	days

Zhu  
et al. 

2020	[21]

Insulin	 
(not 

specified)/
chitosan  

with  
a	degree	of	
deacetylation	
of	≥	95%

Insulin-loaded	
micelles 

embedded	along	
with	epidermal	
growth factor 
into	oxidised	
hyaluronic 
acid/succinyl	

chitosan 
composite 
hydrogel

10  
mg/ml

Strepto-
zotocin-
induced	
diabetic	

rats

• Low	biological	
cytotoxicity	
and	good	
biocompatibility

• Excellent	wound	
healing properties

• Promoted	
fibroblast	
proliferation 
and	collagen	
deposition

• Addition	 
of	epidermal	
growth factor 
into	the	hydrogel	
resulted	 
in an even faster 
wound	closure	rate

Ribeiro	 
et al. 

2020	[22]

Recombinant	
human 
insulin/
chitosan  

with  
a	degree	of	
deacetylation	
of	≥	75%

Hydrogel	
with chitosan 
nanoparticles 

containing 
insulin

0.5	IU

Alloxan-
induced	
diabetic	

rats

• High	stability	 
of insulin-chitosan 
nanoparticles

• Stimulation  
of	inflammatory	
cells proliferation

• Increased	
angiogenesis  
and	wound	
maturation
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Li  
et al. 

2021	[23]

Insulin	
glargine/
chitosan  

with  
a	degree	of	
deacetylation	
of	~	95%

Insulin	
incorporated	

into 
N-carboxy-

ethyl chitosan, 
hyaluronic 

acid-aldehyde	
and	adipic	acid	
dihydrazide	
injectable	
hydrogel

0.1	IU

Strepto-
zotocin-
induced	
diabetic	

rats

• Hydrogel	
presented	pH-
responsive, 
sustained	insulin	
release for up  
to	14	days,	 
while retaining  
its	bioactivity

• Shortened	 
the	inflammatory	
phase

• Promoted	collagen	
deposition,	 
re-epithelisation 
and	angiogenesis

Chen  
et al. 

2022	[24]

Bovine 
insulin/
chitosan 
(number	
average 

molecular 
weight	=	

10–30	kDa)

Carbon	
monoxide–
releasing, 
quaternised	
chitosan/

benzaldehyde	
F108 micelles 
(F108-CHO)	
hydrogel	
dressing	
loaded	 

with insulin

Not 
specified

Strepto-
zotocin-
induced	
diabetic	

rats

• Antibacterial,	
anti-inflammatory	
and	antioxidative	
properties

• Sustained	 
and	controlled	
insulin release

• The	released	
carbon	monoxide	
neutralised	
reactive	oxygen	
species

• Significant	
healing properties 
of	the	infected	
diabetic	wound	
along with great 
biocompatibility

Hussein 
et al. 

2022	[25]

Long 
performing 
insulin/
chitosan  

(not	specified)

Insulin	
subcutaneous	
injections	
topped	 

with	chitosan/
zinc	oxide	
nanocom-

posite 
membrane

2	IU/rat	
per	day

Excisional	
wound	 

on 
strepto-
zotocin-
induced	
diabetic	

rats

• Accelerated	
angiogenesis  
and	tissue	repair	
by	activating	the	
phosphoinositide	
3-kinase/mitogen-
activated	protein	
kinase	signalling	
pathway

• Additional	
upregulation  
of	miR-125	 
and	miR-132
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Gao  
et al. 

2022	[26]

Insulin	 
(not 

specified)/	
maleilated	
chitosan 
(mCH)

Insulin-loaded	
poly (L-lactic 
acid)	(PLLA)	
nanofibrous	
mats	coated	 

with 
maleilated	
chitosan 

cross-linked	
with	thiolated	

hyaluronan 
(tHA)

100 µM Diabetic	
mice

• Addition	 
of	mCH/tHA	
layer	improved	
mechanical 
properties, wetting 
and	water-uptake	
of	PLLA	mats

• Increased	insulin	
uptake	and	its	
controlled	release,	
resulting in greatly 
improved	wound	
healing

Sharda	 
et al. 

2023	[27]

Recombinant	
human 
insulin/

chitosan (not 
specified)

Insulin-loaded	
chitosan 

nanoparticles
60	µM

Burn 
wounds	
on Swiss 
albino	
mice

• Increased	cell	
migration

• Almost	30% 
wound	area	
reduction	 
in	the	initial	days	
of the treatment, 
reaching	up	to	95%	 
after	20	days

• Significant	 
re-epithelisation 
and	collagen	
deposition

• Effective	
interleukin	6	
suppression

Zanchetta 
et al. 

2024	[28]

Regular 
insulin 

(Novolin®)/
chitosan with 
a molecular 

weight  
of	190–310	
kDa	and	 

a	degree	of	
deacetylation	
of	≥	75%

Insulin-
containing 
chitosan/

hydroxypropyl	
methyl 

cellulose 
hydrogel

2	IU/g

Human 
keratino-
cyte cells 

and
diabetic	

mice

• Stimulated	
proliferation 
and	migration	
of human 
keratinocytes

• Hair follicle 
regeneration  
at	the	wound	site

• Faster	wound	
healing without 
affecting	blood	
glucose levels

Clinical studies

Dawoud	
et al. 

2019	[29]

Insulin	
crystals/	
chitosan  

with  
a	medium	
molecular 

weight

Liposomal 
insulin 

chitosan gel
2% Human 

patients

• Reduction	 
of erythema

• Wound	healing	
rate	16	times	faster	
compared	with	 
the control group

• Confirmed	
stability	of	insulin	
liposomes up  
to	6	months	(at	4°C)	
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3.1. Formulations for topical application and lubrication
3.1.1. Preclinical Studies
Zanchetta	 et	 al.	 [28]	 prepared	 a	 hydrogel	 based	 on	 chitosan	 and	 hydroxypropyl	
methylcellulose	 with	 insulin	 (Chi/HPMC/Ins).	 The	 in vitro	 studies	 with	 a	 human	
keratinocyte	cell	line	(HaCaT)	demonstrated	that	the	gel	had	no	cytotoxicity	and	stimulated	
keratinocyte	 migration,	 resulting	 in	 faster	 wound	 closure.	 The	 formulation	 accelerated	
wound	 healing	 by	 influencing	 the	 granulation	 process	 and	 regenerating	 hair	 follicles.	 
These	 results	 were	 also	 confirmed	 in	 an	 in vivo	 model.	 The	 authors	 monitored	
wound	 healing	 over	 20	 days	 and	 found	 that	 the	 wound	 area	 tended	 to	 regress	 more	 
in	the	Chi/HPMC/Ins	hydrogel	group	after	days	3	(p	<	0.05),	7	(p	<	0.01)	and	10	(p	<	0.05)	compared	 
with	 the	 saline	group,	 and	on	days	7	 and	10	 (p	<	0.01)	 compared	with	 the	Chi/HPMC	
group.	The	 authors	 also	 demonstrated	 that	 topical	 application	 of	 hydrogel	with	 insulin	 
does	not	affect	blood	glucose	levels.	

Zhu	 et	 al.	 [21]	 described	 a	 pH-sensitive	 hydrogel	 based	 on	 oxidised	 hyaluronic	
acid	 (OHA)	 and	 succinylated	 chitosan	 (SCS),	 in	 which	 insulin-containing	 micelles	 
were	embedded.	They	added	epidermal	growth	factor	(EGF),	a	wound	healing	stimulator,	 
to	 the	 hydrogel	 as	 a	 bioactive	 ingredient.	 The	 resulting	 formulation	 showed	 
biocompatibility	and	significant	efficacy	in	wound	healing	in	a	rat	model.	After	just	6	days	
of	 hydrogel	 application,	 the	wound	 area	 had	decreased	by	75%,	 compared	with	 45.5%	
after	gauze-placebo	application.	The	authors	also	found	improved	collagen	and	myofibril	
deposition	at	the	wound	site.	The	developed	formulation	promoted	fibroblast	proliferation	 
and	 the	 integrity	 of	 the	 internal	 tissue	 structure.	 In	 the	 case	 of	 the	 bioactive	 hydrogel,	 
in	addition	to	a	faster	healing	rate	of	the	lesional	skin,	there	was	formation	of	new	blood	
vessels,	 glands	 and	 hair	 follicles	 on	 day	 12	 of	 therapy.	 The	 authors	 did	 not	 perform	
statistical analysis. 

Ribeiro	et	al.	[22]	prepared	chitosan	nanoparticles	containing	insulin	and	then	placed	
them	in	a	hydrogel	based	on	the	finished	product	Sepigel®.	The	resulting	nanoparticles	
were	homogeneous	in	size	and	shape	(particle	size	=	245.9	nm;	zeta	potential	=	39.3	mv)	
and	stable	 for	up	 to	56	days	at	4°C.	The	authors	evaluated	 the	hydrogel	 in	a	 rat	model	
of	 diabetes.	There	was	more	 efficient	migration	 of	 pro-inflammatory	 cells	 at	 the	 initial	
stage	of	wound	healing,	followed	by	stimulation	of	migration	of	keratinocytes,	epithelial	
cells	 and	 fibroblasts.	Angiogenesis	 and	 granulation	 were	 also	 stimulated.	 Histological	
examination	 of	 tissues	 after	 3	 days	 of	 treatment	 with	 insulin-chitosan	 nanoparticles	 
and	chitosan	nanoparticles	alone	showed	a	polymorphic	nuclear	infiltrate.	This	indicates	
that	chitosan	was	 involved	 in	cell	chemotaxis.	Of	note,	 the	authors	 found	no	difference	
in	 wound	 healing	 between	 rats	 treated	 with	 the	 insulin-chitosan	 nanoparticle-based	
preparation	and	those	treated	with	insulin	alone.	

Sharda	 et	 al.	 [27]	 investigated	 the	 efficacy	 of	 chitosan	 nanoformulation	 containing	 
insulin	to	treat	burn	wounds.	The	resulting	nanoparticles	were	spherical	with	a	diameter	 
of	 ~30	 nm	 and	 a	 zeta	 potential	 of	 28.8	 mV	 (at	 pH	 6.0)	 and	 23.2	 mV	 (at	 pH	 7.4).	 
The in vitro	 release	 of	 hormone	 across	 the	 dialysis	 membrane	 at	 37⁰C	 occurred	
in	 a	 rapid	 and	 prolonged	manner.	Within	 the	 first	 2	 h,	 74%	 of	 the	API	 dose	 had	 been	
released,	 while	 at	 the	 end	 of	 the	 36-h	 study,	 90%	 of	 the	 loaded	 insulin	 was	 released.
The	 authors	 confirmed	 the	 therapeutic	 properties	 of	 the	 developed	 nanoformulation	
in vitro	 using	 human	 keratinocyte	 cultures	 and	 in vivo	 using	 a	 mouse	 model	 
of	 a	 burn	 wound.	 Five	 days	 after	 application	 of	 the	 chitosan/insulin	 nanopreparation,	
there	 was	 a	 29%	 reduction	 in	 wound	 size;	 all	 other	 treatments	 showed	 no	 progress	
in	 wound	 healing.	 After	 20	 days	 of	 nanoparticle	 therapy,	 the	 wound	 surface	 
was	 96%	 healed,	 insulin	 alone	 and	 a	 commercially	 available	 preparation	 had	 resulted	
in	 68%	 and	 77%	 would	 healing,	 respectively.	 In	 addition,	 stimulation	 of	 collagen	 
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deposition,	 suppression	 of	 the	 pro-inflammatory	 cytokine	 IL-6,	 activation	 
of	 the	 anti-inflammatory	 cytokine	 IL-10	 and	 modulation	 of	 the	 Nrf-2	 pathway	 
were	confirmed.

3.1.2. Clinical Study
Dawoud	et	al.	[29]	developed	a	chitosan-based	mucoadhesive	hydrogel	in	which	insulin	
was	encapsulated	in	liposomes	(particle	size	=	257.751	nm;	zeta	potential	=	20.548	mv).	
This	hydrogel	showed	a	biphasic	insulin	release	profile,	with	an	initiating	dose	(rapid	API	
release)	and	a	prolonged	release	dose	(up	to	24	h).	Stability	testing	showed	that	liposomes	
with	insulin	stored	at	25°C	lost	approximately	30%	of	the	active	ingredient	after	14	days,	
while	those	stored	in	aqueous	dispersion	at	4°C	showed	high	stability	for	up	to	6	months.	 
The	authors	confirmed	the	efficacy	of	chronic	wound	therapy	in	a	clinical	study	involving	
15	 patients	 with	 chronic	 wounds	 and	 aged	 between	 21	 and	 75	 years.	 They	 excluded	 
patients	 diagnosed	 with	 severe	 infection	 (suppurative	 wounds,	 wound	 exudates	 
and	bleeding),	those	who	smoked,	those	who	were	taking	immunosuppressants	and	those	
with	debilitating	chronic	diseases.	The	test	group	(10	patients)	received	liposomal	chitosan	
gel	loaded	with	insulin,	while	the	control	group	(5	patients)	received	liposomal	chitosan	gel	
without	insulin.	The	test	group	showed	a	reduction	in	erythema	and	a	16-fold	faster	wound	 
healing	 rate	 compared	with	 the	 control	 group.	There	were	 no	 adverse	 systemic	 effects	 
(headaches	dizziness	and	sweating)	and	no	hypoglycaemia.	The	wounds	healed	properly	
and	were	not	infected.	None	of	the	participants	reported	complaints	of	pain	during	treatment.	 
The	 researchers	 concluded	 that	 liposomal	 chitosan	 gel	with	 insulin	 is	 a	 promising	API	
delivery	system	with	high	stability.

3.2. Injectable Hydrogel
3.2.1. Basic Study
Kempe	et	al.	[18]	developed	a	chitosan	hydrogel	in	combination	with	insulin-containing	 
glycerol-2-phosphate	 (β-GP).	 The	 addition	 of	 β-GP	 to	 chitosan	 gave	 the	 hydrogel	
thermosensitive	properties.	As	a	result,	at	room	temperature,	the	formulation	was	in	the	form	 
of	 a	 sol	 and	 when	 administered,	 at	 physiological	 temperature,	 it	 turned	 into	 a	 gel,	
making	 it	 suitable	 for	 injection.	 The	 minimum	 concentration	 of	 β-GP	 providing	 
this	property	was	6%,	and	as	its	concentration	increased,	the	gelation	rate	of	the	formulation	
increased.	In	an	oscillatory	rheology	study,	the	authors	confirmed	the	formation	of	strong	
elastic	 gels	 as	 a	 result	 of	 the	 thermo-gelation	 of	 chitosan-β-GP	 systems.	 The	 authors	 
examined	the	insulin	release	profile	from	samples	with	8%	and	16%	β-GP.	During	the	first	
48	h,	there	were	no	significant	differences	between	the	two	samples:	approximately	50%	 
of	the	insulin	was	released.	In	the	later	stages	of	the	study,	the	amount	and	rate	of	insulin	
release	were	greater	in	the	sample	with	the	higher	β-GP	concentration	(16%).	In	the	final	
stage	of	release,	85%	of	the	hormone	was	released	from	the	formulation	containing	8%	
β-GP,	while	 90%	of	 the	API	was	 released	 from	 the	 formulation	 containing	 16%	β-GP.	 
The	release	occurred	by	diffusion	from	the	gel	matrix.

3.2.2. Preclinical Studies
Li	 et	 al.	 [23]	 used	 hydrogel	 injections	 to	 treat	 diabetic	 foot	 ulcers.	 They	 prepared	 
an	insulin	carrier	based	on	N-carboxyethyl	chitosan	(N-chitosan),	hyaluronic	acid-aldehyde	
(HA-ALD)	 and	 adipic	 acid	 dihydrazide	 (ADH).	 The	 authors	 developed	 an	 injectable	
formulation	 that	 was	 characterised	 by	 a	 self-healing	 structure	 and	 a	 sustained	 release	 
of	the	active	substance	that	was	sensitive	to	environmental	pH.	The	dynamic	acylhydrazone	
bonds	present	 in	 the	gel	were	 responsible	 for	 the	 increase	 in	 the	 rate	of	 insulin	 release	 
as	the	pH	decreased.	As	a	result,	the	active	ingredient	was	released	faster	from	the	sample	
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at	pH	6.5	 than	from	the	sample	at	pH	7.4,	 reaching	approximately	60%	of	 the	released	
API	dose	after	10	and	14	days,	respectively.	The	hydrogel	exhibited	high	biocompatibility,	 
low	 cytotoxicity	 and	 promoted	migration	 and	 proliferation	 of	 the	 cells	 tested	 in vitro. 
In	 a	 rat	 model	 of	 induced	 diabetes,	 injection	 of	 the	 hydrogel	 with	 insulin	 resulted	 
in	 significantly	 faster	wound	 healing	 (as	 early	 as	 16	 days)	 compared	with	 the	 control.	
The	hydrogel	 shortened	 the	duration	of	 inflammation	and	promoted	collagen	 synthesis,	
epithelial	 formation	 and	 the	 formation	 of	 new	 blood	 vessels.	 The	 bioactive	 dressing	 
was	effective	in	alleviating	peripheral	neuropathy	of	diabetic	wounds.	

Zhao	 et	 al.	 [19]	 developed	 a	 pH-	 and	 glucose-responsive	 injectable	 hydrogel	 
to	treat	diabetic	wounds.	The	formulation	was	based	on	phenylboronic-modified	chitosan	
(CSPBA),	 polyvinyl	 alcohol	 and	 OHC-PEG-CHO	 based	 on	 the	 Schiff	 base	 reaction.	 
As	in	a	previous	study,	insulin	release	occurred	in	a	prolonged	manner,	and	the	rate	of	release	
increased	with	decreasing	pH	and	increasing	glucose	concentration.	The	addition	of	chitosan	 
to	the	gel	resulted	in	a	decrease	in	the	amount	of	insulin	released	from	the	formulation,	
which	is	due	to	the	ability	of	chitosan	to	lower	blood	glucose	concentrations.	The	addition	 
of	 insulin	 and	 fibroblasts	 to	 the	 carrier	 promoted	 neovascularisation,	 and	 collagen	
deposition	and	promoted	diabetic	wound	healing.	The	study	confirmed	the	observations	 
of	Kondo	et	al.	[30]	that	chitosan	shows	potential	to	prevent	diabetes.

3.3. Hydrogel Dressing
3.3.1. Preclinical Studies
Hussein	et	al.	[25]	conducted	a	study	in	a	rat	model	of	streptozotocin-induced	diabetic	foot	
syndrome.	Topical	treatment	was	based	on	subcutaneous	administration	of	insulin	at	a	dose	
of	2	IU/rat	per	day	and	topical	application	of	a	chitosan/zinc	oxide	(ZnO)	nanocomposite	
membrane.	 The	 developed	 membrane	 showed	 an	 increase	 in	 surface	 roughness	 
as	the	percentage	of	chitosan	and	ZnO	increased,	leading	to	an	increase	in	its	surface	area.	
The	 authors	 showed	 that	 the	 combination	 of	 the	 two	 therapies	 resulted	 in	 a	 significant	
increase	 in	 the	 expression	 of	 the	 phosphatidylinositol	 3-phosphatidyl	 kinase	 (PI3K)	 
and	 mitogen-activated	 kinase	 (MAPK)	 genes,	 which	 were	 suppressed	 in	 untreated	
diabetic	 wounds.	 PI3K	 and	 MAPK	 are	 involved	 in	 signalling	 pathways	 that	 lead	 
to	an	enhanced	anti-inflammatory	 response	and,	as	a	 result,	 accelerated	wound	healing.	 
Insulin,	 as	 a	 bioactive	 component	 of	 hydrogel	 formulations,	 can	 induce	 the	 expression	 
of	 these	 genes	 [31].	 The	 formulation	 also	 increased	 the	 expression	 of	 the	microRNAs	 
miR-125	and	miR-132,	which	have	anti-inflammatory	effects	and	stimulate	cell	migration	
and	proliferation	at	the	wound	site	[25].	The	authors	concluded	that	the	proposed	treatment	
could	activate	the	PI3K/MAPK	signalling	pathway	and	some	of	the	miRNAs	that	promote	
diabetic	wound	healing.	

Gao	et	al.	[26]	developed	a	composite	dressing.	The	authors	investigated	the	therapeutic	
efficacy	of	hyaluronan/chitosan	multilayer-coated	PLLA	(poly(L-lactic	acid)	nanofibrous	
mats	(P-mCH/tHA)	loaded	with	insulin,	providing	an	extended	hormone	release	profile.	
The	 dressing	 was	 obtained	 using	 an	 electrospinning	 technique.	 The	 authors	 suggest	
that	 coating	 the	 PLLA	dressing	with	 additional	 bioactive	 layers	may	 increase	 not	 only	 
its	physical	resistance	to	mechanical	factors,	but	also	its	degradation	rate	and	water	absorption	
capacity,	which	 is	 important	 for	 the	 treatment	of	oozing	wounds.	The	dressings	showed	
antimicrobial	 activity	 against	 Escherichia coli,	 mediated	 by	 the	 chitosan	 incorporated	
into	 the	 formulation.	 Insulin	 release	 occurred	 over	 9	 days,	 initially	 rapidly	 over	 3	 h,	 
then	 in	 an	 extended	 manner.	 The	 dressing	 significantly	 improved	 wound	 healing	 
in	a	diabetic	mouse	model	by	promoting	angiogenesis,	re-epithelialisation	and	increased	
collagen	deposition.	
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Ehterami	 et	 al.	 [20]	 used	 the	 electrospinning	 method	 to	 develop	 a	 polymer	 
fibre-based	 dressing.	 They	 coated	 insulin-delivering	 chitosan	 nanoparticles	 
(particle	 diameter	 =	 294.5	 nm;	 zeta	 potential	 =	 17.89	 mV)	 with	 electrospun	 
poly(ε-caprolactone)/collagen	 (PCL/COLL).	 The	 tested	 dressing	 showed	 high	 
mechanical	strength,	a	good	exudate	absorption	capacity	and	a	prolonged	insulin	release	
profile.	The	formulation	was	biocompatible	and	exhibited	antimicrobial	properties.	In	a	rat	
model,	wounds	covered	with	the	PCL/COLL/Cs-Ins	dressing	for	14	days	showed	almost	
complete	healing,	while	wounds	covered	with	the	control	showed	45%	healing.	

Chen	et	al.	[24]	developed	one	of	the	most	innovative	hydrogel	dressings.	It	is	based	 
on	 a	 quaternary	 chitosan	 derivative	 and	 F108	 micelles	 coated	 with	 benzaldehyde	
groups.	 The	 micelles	 encapsulated	 CORM-401,	 which	 exhibited	 the	 ability	 to	 release	
carbon	 monoxide,	 which	 has	 antioxidant,	 anti-inflammatory	 and	 antimicrobial	 effects.	 
An	additional	bioactive	component	was	insulin,	suspended	in	a	three-dimensional	hydrogel	
structure.	The	formulation	exhibited	the	ability	to	absorb	fluids	over	40	times	its	weight,	
showing	 self-regenerative	properties.	 In	 response	 to	pro-inflammatory	 factors	 including	
oxidative	stress,	CORM-401	released	carbon	monoxide	at	the	wound	site,	which	effectively	
neutralised	 reactive	 oxygen	 species	 while	 increasing	 the	 expression	 of	 haem	 oxidase	 
1	 (HO-1).	 The	 carbon	 monoxide	 released	 also	 exerted	 antimicrobial	 activity,	 
which	 was	 enhanced	 by	 the	 negatively	 charged	 chitosan	 chains.	 Carbon	 monoxide	 
released	 in	 the	 wound	 had	 an	 anti-inflammatory	 effect	 by	 inhibiting	 the	 expression	 
of	 	 pro-inflammatory	 cytokines	 (IL-1β	 and	 IL-6)	 and	 tumour	 necrosis	 factor	 (TNF).	 
The	release	profile	of	insulin	from	the	formulation	was	pH	and	oxidative	stress	dependent,	
reaching	its	highest	value	(more	than	80%	of	the	released	API	within	5	days	at	a	low	pH	 
and	 high	 oxidative	 stress,	 conditions	 corresponding	 to	 the	 wound	 environment.	 
There	was	a	synergistic	effect	of	insulin	with	released	carbon	monoxide.	A	parallel	study	
in	a	rat	model	with	induced	diabetes	confirmed	the	therapeutic	properties	of	the	developed	
hydrogel	dressing.	The	wound,	which	was	additionally	infected	with	a	methicillin-resistant	
Staphylococcus aureus	strain,	healed	97%	after	15	days	of	 therapy	compared	with	66%	
for	 the	 control	 (phosphate-buffered	 saline)	 sample.	 The	 hydrogel	 dressing	 promoted	
angiogenesis,	collagen	synthesis	and	more	intense	granulation	of	the	wound.

4. Considerations When Developing an Insulin Preparation  
for Dermal Administration

The	studies	included	in	the	review	confirm	that	insulin	is	a	hormone	with	a	high	potential	
to	 promote	wound	 healing.	 It	 stimulates	 the	 proliferation,	 differentiation	 and	migration	
of	skin	fibroblasts	and	keratinocytes.	It	is	involved	in	the	production	of	the	extracellular	
matrix,	including	collagen	[32].	However,	there	has	been	limited	research	on	its	mechanism	
of	action.	Wertheimer	et	al.	[33]	conducted	studies	in	a	mouse	model	lacking	the	insulin	
receptor	 (IR)	 in	 the	 skin.	 The	 authors	 observed	 reduced	 proliferation	 of	 rodent	 skin	
keratinocytes,	suggesting	that	insulin,	through	the	IR,	regulates	differentiation	and	glucose	
transport	in	keratinocytes.	Moreover,	impaired	insulin	secretion	can	lead	to	abnormalities	
in	 wound	 healing	 in	 patients	 with	 diabetes	 [34].	 The	 properties	 of	 insulin	 predispose	 
it	 to	be	used	as	an	 ingredient	 in	dermatological	preparations	 to	promote	wound	healing	 
[35,	 36].	The	 challenge	 is	 to	 ensure	 the	 effective	 action	 of	 the	 hormone	when	 applied	 
to	 the	 skin.	 Insulin-degrading	 enzymes	 (IDEs),	 which	 are	 zinc	 metallopeptidases,	 
are	 present	 in	 the	 skin	 and	 wound	 serous	 fluid	 [37,	 38],	 so	 it	 is	 crucial	 to	 develop	 
an	 optimal	 carrier	 for	 insulin	 to	 ensure	 API	 stability	 and	 safety	 of	 its	 application.	 
It	is	also	important	that	the	matrix	components	do	not	affect	the	loss	of	insulin	bioactivity.	 
Studies	 suggest	 that	 hydrogels	 based	 on	 biodegradable	 polymers	 have	 the	 potential	 
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to	 stabilise	 a	 hormone	 such	 as	 insulin	 and	 promote	 its	 prolonged	 and	 controlled	
release	 into	 the	 wound	 bed	 as	 the	 polymer	 degrades	 [39,	 40].	 It	 should	 be	 noted	 that	
according	 to	 pharmacopeia	 guidelines,	 wound	 and	 burn	 preparations	 should	 be	 sterile.	 
Polymer	 preparations	 can	 be	 sterilised	 using	 an	 autoclave,	 but	 this	 process	 may	 lead	 
to	a	loss	of	viscosity,	which	should	be	considered	at	the	pre-formulation	stage	of	the	drug	
formulation	[41].

5. Select Aspects of Innovative Chronic Wound Management
Many	 patients	 with	 chronic	 wounds	 undergo	 basic	 surgical	 treatment	 involving	 tissue	
debridement,	 wound	 dressing	 and	 subsequent	 tissue	 reconstruction	 or	 amputation	 
of	dead	limbs.	For	several	years,	there	has	been	intensive	research	to	develop	effective,	safe	 
and	accessible	 treatments	for	chronic	wounds.	Despite	promising	results	on	the	benefits	 
of	epidermal	insulin	administration,	 there	are	no	dermatological	preparations	containing	
this	hormone	available	on	the	market.	This	is	undoubtedly	due	to	the	difficulty	of	developing	
a	technological	formulation	of	insulin	and	the	need	for	more	knowledge	on	its	effective	 
and	 safe	 use.	 Recently,	 off-the-shelf	 preparations	 for	 the	 treatment	 of	 chronic	 wounds	
containing	growth	factors	–	specialised	proteins	that	stimulate	cell	growth	and	differentiation	
and	tissue	regeneration	–	have	become	available.	A	significant	drawback	of	these	therapies	
is	 their	high	cost	 to	 the	patient.	Regranex®	Gel	0.01%	was	approved	by	 the	U.S.	Food	
and	Drug	Administration	 (FDA)	 in	 1997	 as	 a	 formulation	 for	 the	 treatment	 of	 diabetic	
foot	ulcers.	This	carboxymethylcellulose	(CMC)-based	formulation	contains	becaplermin,	 
a	 recombinant	 human	 platelet-derived	 growth	 factor	 (rhPDGF-BB).	 The	 formulation	 
is	 non-sterile.	 A	 number	 of	 clinical	 studies	 have	 confirmed	 its	 high	 efficacy,	 
but	 an	 increased	 risk	 of	 cancer	 following	 its	 application	 has	 been	 suggested	 [42,	 43].	 
In	2001,	Japan	launched	Fiblast®	Spray	containing	recombinant	fibroblast	growth	factor	
(rhbFGF)	for	the	treatment	of	diabetic	foot	ulcers	and	second-degree	burn	wounds.	The	very	
good	results	of	the	clinical	trials	have	not	been	recognised	internationally	[44].	Currently,	
drugs	containing	recombinant	human	EGF	(rhEGF)	–	Heberprot-P®,60	Regen-D™	150,	 
and	 Easyef®	 –	 are	 also	 used	 clinically	 [45].	 Hydrogel	 systems	 containing	 stem	 
and	epithelial	cells	are	also	undergoing	clinical	trials	[46].

Another	 alternative	 therapy	 for	 chronic	 wounds	 is	 formulations	 based	 on	 silver	
nanoparticle	 (AgNPs).	 The	 FDA	 has	 approved	 several	 silver-based	 biocomposites	
for	 the	 treatment	 of	 chronic	 wounds,	 including	 Acticoat™,	 Bactigras™,	 Aquacel™,	
PolyMem	 Silver™	 (Aspen)	 and	 Tegaderm™	 (3M)	 [47].	 Different	 materials	 are	 used	 
to	carry	AgNPS;	they	act	in	a	similar	manner	but	differ	in	the	intensity	of	bactericidal	action	
in	the	wound.	Nanosilver	shows	the	ability	to	penetrate	deep	into	the	wound,	while	ionic	
silver	acts	at	the	wound	bed	surface.	Preparations	containing	AgNPs	are	highly	effective	
against	 many	 bacterial	 strains,	 including	 multidrug-resistant	 bacteria	 [48].	 It	 should	 
be	emphasised	that	the	use	of	these	dressings	for	large	wound	areas	is	not	recommended.
Despite	 the	 great	 advances	 in	 knowledge	 in	 the	 development	 of	 formulations	 
for	 the	 treatment	 of	 chronic	 wounds,	 many	 authors	 suggest	 the	 need	 to	 understand	 
the	 mechanisms	 of	 action	 of	 protein-peptide	 substances	 within	 the	 affected	 tissues.	 
This	 would	 allow	 the	 optimisation	 of	 polymeric	 peptide	 dressing	 technology.	 
The	 results	 of	 studies	 discussed	 in	 this	 review	 indicate	 the	 great	 therapeutic	 potential	 
of	chitosan-based	insulin	preparations	in	the	treatment	of	chronic	wounds.	Their	undoubted	
advantage	is	the	low	cost	of	therapy	for	the	patient.	The	FDA	has	approved	chitosan	for	use	 
in	 wound	 dressings	 [49],	 and	 formulations	 based	 on	 this	 polymer	 are	 commercially	 
available	 (e.g.	 Axiostat®,	 Celox™	 and	 ChitoFlex®).	 The	 association	 of	 chitosan	 
and	insulin	can	have	a	synergistic	effect.
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6. Conclusions
Chitosan	 preparations	 with	 insulin	 show	 great	 potential	 in	 treating	 difficult-to-heal	
skin	 wounds.	 Studies	 have	 confirmed	 their	 effectiveness	 in	 gels,	 hydrogels,	 injections	 
and	 fibrous	 dressings.	 They	 have	 a	 positive	 effect	 at	 all	 stages	 of	 the	 wound	 healing	
process.	However,	it	should	be	noted	that	the	data	are	mainly	from	basic	and	preclinical	
studies.	 Only	 one	 clinical	 study	 has	 been	 conducted,	 in	 which	 the	 authors	 developed	 
a	 liposome-based	 insulin	carrier	embedded	 in	a	chitosan-based	mucoadhesive	hydrogel.	
Due	to	the	species	differences	between	humans	and	animals,	the	available	data	regarding	
the	 benefits	 of	 chitosan	 formulations	 with	 insulin	 are	 insufficient.	 The	 reviewed	
literature	indicates	that	when	applied	to	the	skin,	insulin	does	not	cause	hypoglycaemia,	
suggesting	that	it	is	safe	to	use.	At	present,	however,	the	mechanism	of	action	of	insulin	
in	healthy	and	lesional	skin	has	not	been	determined.	It	is	likely	that	these	factors,	as	well	 
as	 the	 difficulties	 associated	 with	 ensuring	 insulin	 stability	 and	 product	 sterility,	 
are	 the	 reasons	 why	 there	 is	 no	 dermatological	 preparation	 of	 insulin	 on	 the	 market.	 
We	suggest	further	research	in	this	direction.
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1. Introduction
The	 modern	 cosmetics	 industry	 places	 great	 emphasis	 on	 producing	 products	 
that	 are	 safe	 for	 humans	 and	 the	 environment	 [1,	 2].	 Legal	 regulations	 regarding	 
the	 introduction	 	 of	 cosmetics	 to	 the	European	Union	 (EU)	market	 are	 very	 restrictive	 
and	regulate	the	process	at	every	stage	[3].	Much	attention	has	been	paid	to	environmental	
pollution,	 to	 which	 the	 cosmetics	 industry	 also	 contributes.	 The	 ingredients	 approved	 
for	use	in	cosmetics	are	constantly	monitored	to	minimise	the	adverse	effects	of	these	products	
on	the	environment.	Recently,	 there	has	been	a	trend	towards	reducing	ingredients	used	 
in	 cosmetics	 formulations,	 and	 some	 environmentally	 unfriendly	 ingredients	 have	 been	
banned	for	use	in	the	production	of	cosmetics.	For	example,	microplastics	have	been	gradually	
removed	 from	 cosmetics	 and	 are	 not	 recommended	 as	 abrasives	 in	 scrubs,	 toothpaste	 
or	 other	 product	 formulas	 [4,	 5].	 Cosmetics	 producers	 prefer	 to	 use	 raw	 materials	 
of	natural	origin,	including	plant,	animal	and	mineral	raw	materials.	Natural	ingredients	
are	also	sought	after	by	consumers.	The	growing	awareness	of	cosmetics	users	encourages	
them	to	analyse	the	composition	of	the	product	before	purchasing	it.	A	modern	consumer	
pays	attention	not	only	to	the	presence	of	natural	active	ingredients,	such	as	plant	extracts,	
vitamins,	plant	oils	and	essential	oils,	but	also	to	other	ingredients	that	make	up	the	product,	
including	emulsifiers,	thickeners,	preservatives	and	humectants	[6–8].

Polymers,	especially	those	of	natural	origin,	are	a	very	interesting	group	of	compounds	
used	to	produce	many	conventional	and	novel	cosmetics.	Natural	polymers,	also	named	
biopolymers,	 represent	 a	 specific	 class	 of	 renewable	 and	 biodegradable	 materials	 
that	 are	 important	 in	 high-performance	 production	 [9].	 Among	 biopolymers,	 proteins	
and	 polysaccharides	 are	 the	main	 ingredients	 used	 in	 cosmetics	 applications.	 Collagen	 
[10,	11],	gelatine	[12],	elastin	[13],	silk	[14]	and	keratin	[15]	are	very	common	in	modern	
cosmetics	used	for	skin,	body,	hair	and	oral	care;	as	make-up;	and	as	decorative	products.	
Polysaccharides	 are	 also	 popular;	 the	 most	 frequently	 used	 in	 the	 cosmetics	 industry	 
are	sodium	alginate	[16],	xanthan	gum	[17],	starch	[18],	hyaluronic	acid	[19,	20],	cellulose	
[21],	 carrageenan	 [22],	pectin	 [23]	 and	chitin	 and	 its	derivatives	 [24,	25].	Biopolymers	 
are	 safe	 for	 the	 skin,	 biocompatible,	 environmentally	 friendly,	 non-toxic	 and	 widely	
available,	so	their	use	in	cosmetics	has	continued	to	grow	[26].	In	cosmetics	formulations,	
biopolymers	 are	 utilised	 as	 rheology	 modifiers,	 thickeners,	 emulsifiers,	 hydrators,	
destabilisers,	 film	 formers	 and	 fixatives	 [27].	 Of	 note,	 the	 presence	 of	 biopolymers	
affects	 the	 properties	 and	 effects	 of	 cosmetics.	 One	 of	 the	most	 characteristic	 features	 
of	biopolymers	and	their	derivatives	is	moisturising	properties.	They	hydrate	skin,	reduce	
transepidermal	water	loss	(TEWL)	and	act	as	a	barrier	due	to	film	formation	on	the	skin	
surface	[28].

Chitin	 is	 a	natural	biopolymer	 that	occurs	 in	 the	 shells	of	crabs,	 shrimp	and	 insects	 
and	in	the	cell	walls	of	fungi	and	algae	[29].	However,	chitin	is	more	useful	when	transformed	
into	 chitosan	 following	 a	 partial	 deacetylation	 process	 under	 alkaline	 conditions	 [30].	
Chitosan	 and	 its	 derivatives	 (e.g.	 carboxymethyl	 chitosan	 and	 hydroxypropyl	 chitosan)	
have	physicochemical	and	biological	properties	that	allow	for	their	application	in	a	broad	
range	of	hygiene	products	and	personal	care	cosmetics	[31].	

Cosmetics	 ingredients	 present	 on	 the	 EU	market	 are	 regulated	 by	 Regulation	 (EC)	 
No	 1223/2009	 of	 the	 European	 Parliament	 and	 of	 the	 Council	 of	 30	 November	 2009	
on	 cosmetic	 products.	 Chitin	 and	 chitosan,	 as	 animal	 by-products,	 are	 not	 on	 the	 list	 
of	 substances	 that	 are	prohibited	 (Annex	 II	–	List	of	 substances	prohibited	 in	 cosmetic	
products)	 or	 allowed	with	 restrictions	 (Annex	 III	 –	 List	 of	 substances	which	 cosmetic	
products	must	not	contain	except	subject	to	the	restrictions	laid	down)	for	use	in	cosmetics	
[3].	Moreover,	Annex	2	of	Regulation	(EC)	No	1223/2009	in	position	419	bans	the	use	 
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of	 substances	 that	 meet	 the	 definition	 of	 Category	 1	 and	 2	 materials	 as	 defined	 
in	Articles	 4	 and	 5,	 respectively,	 of	 Regulation	 (EC)	 No	 1774/2002	 of	 the	 European	
Parliament	 and	 of	 the	Council	 of	 3	October	 2002,	 and	 ingredients	 derived	 there	 from.	 
This	 regulation	establishes	 the	health	 rules	concerning	animal	by-products	not	 intended	
for	human	consumption,	 including	animal	by-products	used	 in	 cosmetics.	Thus,	 animal	
by-products	 are	 allowed	 in	 cosmetics	manufacturing	 if	 they	 comply	with	 purity,	 safety	 
and	hygiene	requirements.	This	review	summarises	the	existing	knowledge	about	chitosan	 
as	a	cosmetics	ingredient.	

2. Physicochemical Properties of Chitosan 
Chitosan	 (Figure	 1)	 is	 a	 linear	 polysaccharide	 derived	 from	 chitin	 (Figure	 2),	 
which	 is	 found	 in	 crustaceans	 and	 insects.	 To	 obtain	 chitosan,	 chitin	 must	 undergo	
deacetylation,	which	results	in	the	removal	of	acetyl	groups	and	repeating	units	of	glucosamine	 
and	 N-acetylglucosamine	 [32,	 33].	 Its	 molar	 mass	 varies	 based	 on	 the	 source	 
and	processing,	influencing	viscosity,	mechanical	properties	and	biological	activities.	Chitosan	 
with	a	higher	molecular	mass	from	a	few	thousand	to	over	a	hundred	thousand	Daltons	 
is	linked	to	enhanced	bioadhesive	properties	[34–36].	The	degree	of	deacetylation,	expressed 
as	a	percentage,	signifies	the	extent	of	chitin	conversion	to	chitosan,	impacting	solubility,	
charge	 density	 and	 bioactivity.	 Higher	 deacetylation	 increases	 the	 positive	 charge	 
and	improves	solubility	in	acidic	conditions	[37].	Chitosan	is	initially	insoluble	in	water	
at	 neutral	 pH	 due	 to	 positively	 charged	 amino	 groups	 but	 becomes	 soluble	 in	 acidic	
conditions	 (pH	 <	 6.5)	 upon	 protonation,	 enabling	 interaction	 with	 negatively	 charged	
molecules	 [38,	 39].	 Chitosan’s	 ability	 to	 form	 gels	 and	 to	 swell	 in	 aqueous	 solutions	 
is	 utilised	 in	 drug	 delivery	 and	 hydrogel	 preparations	 [40].	 It	 exhibits	 thermal	 stability	
up	 to	 a	 certain	 temperature,	 making	 it	 applicable	 in	 processes	 involving	 elevated	
temperatures.	With	 absorption	 and	 adsorption	 capabilities,	 especially	 for	 heavy	metals	 
and	 dyes,	 chitosan	 contributes	 to	 environmental	 remediation	 and	wastewater	 treatment	
[41].	 Overall,	 the	 diverse	 physicochemical	 properties	 of	 chitosan	 make	 it	 a	 versatile	
material	with	applications	in	various	fields.	

Chitosan	faces	some	limitations	in	its	solubility	depending	on	its	molecular	structure	
and	pKa	[42].	Chitosan	and	chitin	have	been	defined	and	differentiated	by	their	different	
solubility	profiles.	Chitin	 is	 insoluble	 in	organic	 solvents,	whereas	 chitosan	has	 limited	
solubility:	 it	 is	 soluble	 in	 all	 acidic	 organic	 solvents	 like	 acetic	 acid	 (1%–3%),	 tartaric	
acid	and	citric	acid	(4%)	at	pH	<	6.5.	This	limited	solubility	of	chitosan	is	due	to	its	highly	
crystalline	 structure,	 which	 enhances	 inter-	 and	 intra-molecular	 hydrogen	 bonding.	
However,	 tailoring	 chitosan	 based	 on	 chemical	modifications	 and	 derivatisation	makes	 
it	 soluble	 in	 a	 wide	 range	 of	 pHs.	 Chitosan	 shows	 a	 strong	 cationic	 character	 
when	added	to	acidic	solutions	due	to	the	presence	of	a	primary	amine	group	on	its	backbone.	 
These	positively	 charged	groups	 interact	with	 counter	 ions	 (e.g.	 drugs,	 excipients,	 ions	 
and	polymers)	[43].

 
Figure 1. The chemical structure of chitosan.
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Figure 2. The chemical structure of chitin.

3. Functional Properties of Chitosan
Many	 physicochemical	 properties,	 such	 as	 solubility	 and	 charge,	 are	 pH	 dependent.	
Chitosan	is	positively	charged	in	acidic	conditions	and	suitable	for	applications	like	drug	
delivery	and	wound	healing.	Its	low	toxicity	further	enhances	its	suitability	for	medical	use,	
ensuring	safety	in	pharmaceuticals,	medical	devices	and	food	preservation	applications	[44].	
Chitosan’s	lack	of	immunogenicity	is	a	significant	advantage	in	scenarios	where	unwanted	
immune	responses	need	to	be	minimised,	particularly	 in	 the	fields	of	 tissue	engineering	 
and	 drug	 delivery	 [45].	 The	 material’s	 robust	 mechanical	 properties,	 including	 
its	film-forming	ability	and	structural	strength,	enable	its	use	to	create	films,	membranes	 
and	 scaffolds.	 These	 applications	 find	 relevance	 in	 areas	 such	 as	 wound	 dressings	 
and	 controlled-release	 drug	 delivery.	 Chitosan’s	 distinctive	 gel-forming	 ability	 
and	 swelling	 capability	 are	 harnessed	 in	 the	 development	 of	 gel-based	 formulations	 
and	hydrogels,	providing	solutions	for	controlled-release	drug-delivery	systems	and	other	
biomedical	 applications	 [40].	The	bioadhesive	properties	 of	 chitosan	 allow	 it	 to	 adhere	
effectively	 to	 biological	 surfaces	 [46].	 This	 adhesive	 ability	 is	 particularly	 valuable	 
in	drug-delivery	systems	requiring	targeted	and	prolonged	release.	Inherent	antimicrobial	
activity	 adds	 another	 dimension	 to	 chitosan’s	 functionality.	 Its	 ability	 to	 inhibit	 
the	growth	of	bacteria	and	fungi	makes	it	a	sought-after	material	in	wound	dressings,	food	
packaging	and	antimicrobial	coatings.	Chitosan’s	metal	ion	chelation	capacity,	facilitated	 
by	 its	 amino	 and	 hydroxyl	 functional	 groups,	 renders	 it	 effective	 to	 remove	 heavy	
metals	 from	 water,	 contributing	 to	 environmental	 remediation	 efforts.	 Moreover,	
chitosan’s	absorption	and	adsorption	capabilities,	 especially	 for	heavy	metals	and	dyes,	
find	 applications	 in	 environmental	 remediation	 and	 wastewater	 treatment,	 showcasing	 
its	 multifaceted	 functional	 properties	 [47].	 Figure	 3	 shows	 the	 many	 applications	 
of	chitosan,	and	Table	1	lists	some	of	the	functional	properties	of	chitosan.	

Figure 3. The	major	applications	of	chitosan.
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Table 1. A	list	of	some	of	the	functional	properties	of	chitosan.

Property Reference
Biodegradability [48]
Biocompatibility [48,	49]

Antimicrobial	activity [50]
Antioxidant [51]
Mucoadhesive [52]

Antihyperglycaemic [53]
Antibacterial	and	antifungal [54,	55]

Wound	healing [56–59]
Antitumoural [60]

Anti-inflammatory [61]
Absorption	and	permeation	enhancer [62]

Film-forming	ability [63,	64]
Chelation [65]

Drug	delivery [59,	52,	66–69]
Haemostatic	effect [70,	71]
Immunostimulation [72]

Ability	to	absorb	and	retain	water [73,	74]

4. Chitosan in Skin Care Cosmetics
With	its	high	molar	mass,	chitosan	is	widely	utilised	in	the	cosmetics	industry	to	produce	
skin	moisturisers,	offering	a	cost-effective	alternative	to	hyaluronic	acid.	It	is	incorporated	
into	 creams,	 lotions,	 anti-ageing	 cosmetics,	 nail	 care	 items	 and	 cleansing	 materials.	 
The	 antimicrobial	 and	 antifungal	 properties	 of	 chitosan	 make	 it	 suitable	 for	 oral	 care	
products,	such	as	toothpaste	and	mouthwashes,	contributing	to	fresh	breath	and	preventing	
plaque	formation	[75].	

Chitosan	can	form	a	protective	film	on	the	skin’s	surface	upon	application	and	thus	act	
as	a	barrier,	reducing	TEWL	and	enhancing	skin	hydration.	Additionally,	its	hydrophilic	
nature	attracts	and	binds	water	molecules,	promoting	skin	moisturisation.	Chitosan	fills	 
in	fine	lines	and	wrinkles	upon	application	on	the	skin	surface,	improving	their	appearance	
for	 a	 temporary	flawless	 and	 smooth	 effect	 [76].	 Figure	 4	 shows	 the	 effect	 of	 chitosan	
applications	on	the	skin.

Due	 to	 its	 cationic	 nature,	 chitosan	 exhibits	 inherent	 antibacterial	 properties.	 
The	positively	charged	amino	groups	interact	with	microbial	cell	membranes,	disrupting	
their	integrity	and	leading	to	microbial	death	or	growth	inhibition.	This	mechanism	renders	
chitosan	 effective	 against	 acne-causing	 bacteria	 and	 other	microbes,	making	 it	 suitable	 
for	skincare	products	designed	for	acne-prone	skin.	Chitosan’s	multifaceted	actions	on	skin	
physiology	contribute	to	its	anti-ageing	effects.	As	a	potent	antioxidant,	chitosan	scavenges	
free	 radicals	 generated	by	 environmental	 stressors,	 protecting	 skin	 cells	 from	oxidative	
damage	 and	 premature	 ageing.	 Furthermore,	 chitosan	 stimulates	 collagen	 synthesis	 
in	the	dermis,	promoting	skin	elasticity	and	firmness.	Its	ability	to	induce	cell	proliferation	
and	tissue	regeneration	aids	in	repairing	damaged	skin,	further	enhancing	its	anti-ageing	
effects.	 In	 wound	 healing,	 chitosan	 deposition	 on	 the	 skin	 surface	 creates	 a	 network	
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structure,	 stimulating	 collagen	 synthesis	 and	 supporting	 tissue	 regeneration,	 displaying	
biocompatibility,	 biodegradability	 and	 antibacterial	 properties.	 Its	 gentle	 exfoliating	
properties	aid	in	removing	dead	skin	cells,	ensuring	a	smoother	complexion	and	facilitating	
wound	healing	[56,	77,	78].

Figure 4. The	effects	of	chitosan	application	to	the	skin	surface.

Chitosan	 gel	 particles,	 with	 their	 moisturising	 properties,	 are	 adept	 at	 encapsulating	
hydrophilic	cosmetics	ingredients	and	penetrating	the	dermis	for	effective	dermal	delivery.	
Chitosan	may	have	some	ultraviolet-absorbing	properties,	making	it	a	potential	ingredient	
in	 sunscreens.	 Its	 potential	 as	 a	 sunscreen	 relies	 on	 its	 specific	 attributes,	 including	 
the	source,	molar	mass	and	degree	of	deacetylation.	Although	there	has	been	insufficient	
research	 on	 how	 chitosan’s	 characteristics	 influence	 its	 effectiveness	 as	 a	 sunscreen,	
applying	 a	 hybrid	 system	 film	 on	 the	 skin	 surface	 is	 a	 viable	 approach	 to	 mitigate	 
the	 effects	 of	 ultraviolet	 (UV)	 radiation	 exposure.	 While	 it	 is	 not	 a	 replacement	 
for	 dedicated	 sun	 protection	 ingredients,	 it	 can	 offer	 additional	 benefits	 and	 contribute	
to	the	overall	formulation	[79].	Chitosan’s	anti-inflammatory	properties	make	it	suitable	 
for	skincare	products	designed	for	sensitive	skin.	Moreover,	research	has	shown	a	significant	
reduction	in	sebum	levels	after	using	cosmetics	formulations	containing	chitosan,	attributed	 
to	 its	 ability	 to	 form	 complexes	 with	 sebum	 and	 thus	 hindering	 its	 accumulation	 
on	the	skin’s	surface	[76,	80].

Several	brands	use	chitosan	in	their	skin	care	cosmetics	products	[81].	Table	2	shows	
some	commercially	available	skin	care	products	with	chitosan	listed	as	an	ingredient.
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Table 2. Some	 examples	 of	 commercially	 available	 skin	 care	 cosmetics	 that	 contain	
chitosan	[81].

Product Manufacturer Application
Under	Eye	Collagen	24k	Gold	

Anti-Aging	Eye	Masks Arlega	(United	States) Mask

Intense	Formula	Day	to	Night	
Moisturiser Mirabella	(United	States) Facial	moisturiser/	

treatment
Moisturizing	Hand	Sanitizer,	

Uplifting Lemongrass
Babington	Soap	Co.	
(United	Kingdom) Hand	sanitiser

Environmental	Shield	Essential	 
–	C	Cleanser Murad	(United	States) Facial cleanser

Clarifying Cream Cleanser Murad	(United	States) Facial cleanser
High	Amplify	Wonder	Boost Matrix	(United	States) Styling	mousse/foam
Ultimate	Miracle	Worker	Night	
Multi	Rejuvenating	Nighttime,	

Serum in Cream

Philosophy	 
(United	States)

Facial	moisturiser/	
treatment

5. Chitosan in Hair Care Cosmetics
With	its	positively	charged	amino	groups,	chitosan	interacts	with	the	negatively	charged	
components	 of	 the	 hair,	 forming	 a	 complex.	 This	 interaction	 creates	 an	 elastic	 film	 
on	 the	 hair	 surface,	 enhancing	 its	 softness,	 smoothness	 and	 mechanical	 strength.	 
The	film-forming	ability	of	chitosan	is	attributed	to	its	high	molar	mass	and	biopolymer	
structure,	which	allow	it	to	adhere	to	the	hair	shaft	and	to	provide	structural	support	[76].

Chitosan’s	 film-forming	 properties	 establish	 a	 protective	 layer	 on	 the	 hair	 shaft,	
reducing	mechanical	 damage,	 such	 as	 breakage	 and	 split	 ends.	By	 reinforcing	 the	 hair	
structure,	 chitosan	 helps	 to	 improve	 hair	 texture	 and	 resilience.	Additionally,	 the	 film	
formed	 by	 chitosan	 adds	 thickness	 and	 volume	 to	 individual	 hair	 strands,	 enhancing	 
the	 overall	 appearance	 and	 volume	 of	 hair.	 Its	 hydrophilic	 nature	 enables	 it	 to	 attract	 
and	 retain	moisture	within	 the	 hair	 shaft,	 preventing	 excessive	 drying	 and	maintaining	
optimal	hydration	levels.	This	moisture	retention	property	softens	the	hair	and	reduces	frizz	
by	 smoothing	 the	 hair	 cuticle	 and	minimising	 static	 electricity.	Chitosan’s	 conditioning	
properties	stem	from	its	ability	to	form	a	protective	film	on	the	hair	surface,	smoothing	
out	roughness	and	imparting	a	glossy	finish.	This	film	also	helps	to	seal	the	hair	cuticle,	
preventing	moisture	loss	and	enhancing	the	hair’s	overall	texture	and	appearance	[75,	76].	

Chitosan’s	antimicrobial	properties	contribute	to	scalp	health	by	inhibiting	the	growth	
of	 microorganisms,	 thus	 reducing	 the	 risk	 of	 scalp	 conditions	 such	 as	 dandruff	 [82].	
Additionally,	the	protective	film	formed	by	chitosan	on	the	hair	surface	helps	to	retain	hair	
colour	by	minimising	colour	 fading	due	 to	 environmental	 factors	 such	as	UV	 radiation	
and	washing.	Chitosan’s	film-forming	ability	aids	in	detangling	hair	by	reducing	friction	
between	hair	strands,	making	combing	easier	and	minimising	breakage	[83].	Furthermore,	
chitosan’s	 potential	 to	 promote	 tissue	 repair	 is	 beneficial	 for	 addressing	 damaged	 hair,	 
as	 it	 helps	 to	 strengthen	 the	 hair	 structure	 and	 improve	 overall	 hair	 health.	 In	 styling	
products	like	gels	and	mousses,	chitosan’s	film-forming	properties	provide	a	flexible	hold	
and	 structure	 to	 the	 hair,	 allowing	 for	 the	 creation	 of	 defined	 hairstyles.	This	 film	 also	
helps	to	protect	the	hair	from	environmental	stressors	and	maintain	the	desired	hairstyle	
throughout	the	day	[76].



67Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.005

Applications of chitosan in the preparation of care cosmetics

Several	brands	use	 chitosan	 in	 their	 hair	 care	 cosmetics	products	 [81].	Table	3	 lists	
some	commercially	available	hair	care	products	with	chitosan	listed	as	an	ingredient.

Table 3. Some	 examples	 of	 commercially	 available	 hair	 care	 cosmetics	 products	 
that	contain	chitosan	[81].

Product Manufacturer Application
Don’t	Despair,	Repair	Super	

Moisture	Conditioner Briogeo	(United	States) Conditioner

Hair	Care	Don’t	Despair	Repair!	
Super	Moisture	Conditioner Briogeo	(United	States) Conditioner

Instant	Volume	Volumizing	 
Spray Gel Aussie	(United	States) Styling	gel/	lotion

High	Amplify	Wonder	Boost Matrix	(United	States) Styling	mousse/foam
Instant	Lift	Volumizing	Mousse Kristin	Ess	(United	States) Styling	mousse/foam

One	Signature	Shampoo	 
with	Avocado	Oil	+	Castor	Oil Kristin	Ess	(United	States) Shampoo

Moisture	Rich	Curl	Conditioner	
for	Dry	Damaged	Curly	 

+ Wavy Hair
Kristin	Ess	(United	States) Conditioner

Touchable	Hold	Spray	Gel,	 
Scent Notes of Lily

Herbal	Essences	 
(United	States) Styling	gel/	lotion

Pro-V	Volume	and	Body	 
Anti	Frizz	Hair	Mousse Pantene	(Hong	Kong) Styling	mousse/foam

Overnight	Hair	Mask Orlando	Pita	Play	 
(United	States) Hair	treatment/	serum

Weightless	Shine	Working	 
Hair Serum Kristin	Ess	(United	States) Hair	treatment/	serum

Curl Enhancer Living	Proof	 
(United	States) Hair	styling	aide

6. Prospects and Challenges of Chitosan in Cosmetics Applications
According	to	contemporary	global	cosmetics	trends,	it	is	necessary	to	develop	and	obtain	
environmentally	 friendly	 cosmetics	 in	 terms	 of	 the	 product	 itself	 and	 the	 packaging.	
Care	 for	 the	 environment	 and	 the	 growing	 ecological	 awareness	 of	 consumers	 have	
required	 manufacturers	 to	 change	 the	 formulas	 of	 conventional	 cosmetics.	 Indeed,	 
the	 shift	 from	using	 ingredients	 from	petrochemical	 sources	 to	 ingredients	with	a	more	
ecological	profile	has	been	observed	for	a	long	time	[1,	8].	Chitosan	and	its	derivatives,	which	 
combine	 valuable	 physicochemical	 and	 biological	 qualities	 such	 as	 biocompatibility,	
biodegradability,	 non-toxicity,	 antibacterial	 activity	 and	 film-forming	 capabilities,	 
are	promising	ingredients	in	this	new	trend	in	the	cosmetics	market.	Chitosan	is	particularly	
helpful	for	preparing	hair	care	formulations	due	to	its	electrostatic	interaction	capabilities	
with	negatively	charged	substrates	[24,	76].	So,	it	is	an	appropriate	ingredient	for	treating	
damaged	hair	because	it	forms	polymeric	films	that	help	condition	hair.	Moreover,	chitosan	
is	an	ideal	component	for	moisturising	and	anti-ageing	skincare	products	due	to	its	ability	
to	create	films,	providing	water	while	preventing	dehydration.	For	 this	 reason,	chitosan	 
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can	be	found	in	face,	hand	and	body	creams.	Moreover,	it	is	also	an	ingredient	in	deodorising	
products;	 dental	 care	 products;	 and	 coloured	 cosmetics	 such	 as	 lipstick,	 eye	 shadow	 
and	nail	polish	[84,	85].

A	 significant	 limitation	 related	 to	 the	 use	 of	 biopolymers,	 including	 chitosan,	 
in	the	cosmetics	industry	is	associated	with	the	need	to	standardise	and	optimise	chitosan	
isolation	 and	 purification	 on	 a	 large	 scale.	Generally,	 it	 is	 highly	 challenging	 to	 obtain	 
a	 biopolymer	 with	 sufficient	 purity	 and	 source	 reliability	 [24].	 Chitosan	 isolated	 
from	 different	 sources	 may	 have	 different	 physicochemical	 and	 biological	 properties,	 
which	constitutes	a	significant	difficulty	in	the	production	of	cosmetics.	When	changing	 
the	 supplier	 of	 chitosan,	 the	 manufacturer	 cannot	 be	 sure	 that	 it	 will	 obtain	 a	 batch	 
of	 the	 cosmetics	 with	 repeatable	 properties.	 The	 method	 of	 obtaining	 and	 purifying	 
this	 polysaccharide	 also	 results	 in	 the	 relatively	 high	 price	 of	 this	 raw	 material	 
as	a	cosmetics	ingredient	[86].

There	 has	 recently	 been	 a	 growing	 aversion	 among	 consumers	 towards	 
animal-derived	cosmetics	 ingredients	because	 they	 can	give	 rise	 to	 irritative	or	 allergic	
reactions	[87].	Moreover,	many	cosmetics	producers	have	limited	the	use	of	raw	materials	 
of	animal	origin	in	the	formulation	of	cosmetics	due	to	the	spread	of	animal	diseases,	such	
as	 bovine	 spongiform	encephalopathy	 (BSE),	widely	 referred	 to	 as	 ‘mad	 cow	disease’,	
transmissible	 spongiform	 encephalopathy	 (TSE)	 and	 avian	 influenza	 (bird	 flu).	 Many	
cosmetics	 ingredients	 have	 been	 replaced	 by	 similar	 substances	 extracted	 from	 plants	 
or	of	a	biotechnological	origin.	In	the	case	of	chitosan,	there	has	been	an	increase	in	interest	
in	 obtaining	 it	 from	 mushrooms	 for	 cosmetics	 purposes,	 especially	 in	 the	 production	 
of	 increasingly	 popular	 vegan	 cosmetics.	These	 products	 are	 created	 primarily	without	
animal	 suffering,	 with	 ethical	 standards	 (cruelty	 free)	 and	 with	 respect	 for	 the	 entire	
ecosystem,	emphasising	the	defence	of	biodiversity	[88].

Chitosan	has	been	widely	used	in	biotechnology,	agriculture,	medicine	and	pharmacy,	
wastewater	 treatment,	 food	 and	 cosmetics	 despite	 its	 poor	 solubility.	 Its	 solubility	 can	
be	 improved	by	modifying	its	functional	hydroxyl,	amino	and	acetamide	groups,	which	
can	 form	 various	 new	 derivatives	 with	 improved	 physicochemical	 properties	 [38,	 89].	
According	 to	 the	 CosIng	 database	 (https://ec.europa.eu/growth/tools-databases/cosing/
details/74825),	chitosan	derivatives	are	increasingly	being	used	in	the	design	of	modern	
cosmetics	 preparations	 –	 for	 example,	 carboxymethyl	 chitosan	 as	 a	 film-forming,	 
gel-forming	and	viscosity-controlling	agent	 (https://ec.europa.eu/growth/tools-databases/
cosing/details/74825).	A	 very	 interesting	 example	 of	modifying	 chitosan	 for	 cosmetics	
applications	 is	 adding	 hydrophobic	 moieties	 to	 its	 backbone.	 This	 modified	 chitosan	 
is	 much	 more	 amphiphilic	 than	 the	 parent	 biopolymer,	 thus	 expanding	 its	 utility	 
in cosmetics applications. The uses of N-alkylated	or	N-acylated	chitosans	with	diverse	 
degrees	of	substitution	and	hydrophobicity	include,	among	others,	mascara,	moisturising	
creams,	 wrinkle-reducing	 products,	 shampoos,	 conditioners,	 blemish	 concealers	 
and	 controlled-release	 matrices	 for	 fragrance	 [90].	 Another	 example	 of	 innovative	
applications	of	chitosan	and	chitin	are	bioactive,	biodegradable	chitosan	films	containing	
chitin	nanofibrils	developed	 for	 face	masks	 [91,	92].	Moreover,	chitosan	has	been	used	 
to	 design	 nanoparticles	 for	 skin	 delivery.	Chitosan	 nanoparticles	 can	 deliver	 the	 active	 
and	 cosmetics	 components	 through	 the	 skin	 and	 can	 be	 used	 as	 a	 cosmetics	 delivery	
system	[93,	94].	Even	though	chitosan	is	not	as	popular	in	the	cosmetics	industry	as	other	
biopolymers,	interest	in	this	polysaccharide	as	a	cosmetics	ingredient	continues	to	grow.	
Thus,	 the	use	of	 this	polysaccharide	paves	 the	way	 for	a	potential	 future	 in	developing	
novel cosmetics formulations.
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7. Conclusions
Natural	polymers	are	ingredients	that	manufacturers	use	eagerly	because	they	fulfil	some	
of	 the	main	 requirements	 of	 the	 green	 cosmetics	 industry.	 Consumers	 are	 increasingly	
paying	 attention	 to	 the	 composition	 of	 cosmetics	 and	 want	 them	 to	 be	 as	 natural	 
as	 possible.	 Chitosan	 is	 not	 a	 particularly	 popular	 ingredient	 in	 cosmetics	 compared	 
with	other	biopolymers,	which	means	that	the	valuable	properties	of	this	polymer	have	not	
yet	been	fully	exploited	in	the	cosmetics	industry.	Perhaps	the	popularity	of	this	ingredient	
will	 increase	in	 the	future.	Inconveniences	associated	with	introducing	it	 into	cosmetics	
formulations	 could	 be	 eliminated	 due	 to	 the	 possibility	 of	 modifying	 the	 properties	 
of	chitosan	thanks	to	the	presence	of	functional	groups.	Indeed,	distributors	of	cosmetics	
ingredients	 already	 offer	 several	 chitosan	 derivatives,	 such	 as	 carboxymethyl	 chitosan,	
hydroxyethyl	chitosan	and	chitosan	lactate.
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Abbreviations
ALg-Na	 	 –	sodium	alginate
BPE	 	 –	block	polyelectrolyte
BSSE	 	 –	basis	set	superposition	error
CAS	 	 –	cellulose	acetate	sulfate
CMC	 	 –	carboxymethylcellulose
CMCS	 	 –	carboxymethylchitosan
Coll	 	 –	collagen
CPLG	 	 –	colloidal	polylactide	glycolide
CS	 	 –	chitosan
FTIR	 	 –	Fourier-transform	infrared
IL-2	 	 –	invitrogen	(2	µg/ml	biotinylated	anti–IL-2)
IPEC	 	 –	interpolyelectrolyte	complex
LPE	 	 –	lyophilised	polyelectrolyte
MW	 	 –	mesoporous	wollastonite
Na-CMC	 	 –	sodium	carboxymethylcellulose
NISPEC	 	 –	non–stoichiometric	interpolyelectrolyte	complex
NPs	 	 –	nanoparticles
PEC	 	 –	polyelectrolyte	complex
PF	 	 –	phosphate	fibronectin
PLG	 	 –	polylactide	glycolide
P(LLA-CL)	 –	poly(L-lactide-co-ε-caprolactone)
RT-PCR	 	 –	real-time	polymerase	chain	reaction
SEC	 	 –	sulfoethylcellulose
TPP-Na	 	 –	sodium	tripolyphosphate
ΔEinter	 	 –	interaction	energy

1. Introduction
Interpolyelectrolyte	complexes	(IPECs)	are	formed	through	the	interaction	of	polycations	
and	polyanions/polyampholytes.	Polymer–polymer	complexes	have	ordered	and	disordered	
structures.	The	actual	structure	of	IPECs	is	between	an	ordered	and	a	disordered	structure	
[1].	IPECs	are	formed	in	aqueous	dispersions,	through	spontaneous	association	of	oppositely	
charged	polyelectrolytes	due	to	strong	but	reversible	electrostatic	interactions.	Depending	
on	the	main	characteristics	of	the	chosen	polymers,	IPECs	exhibit	special	physicochemical	
properties	 due	 to	 intermolecular	 electrostatic	 interactions	 and	 flexibility.	 For	 example,	
when	mixing	two	or	more	aqueous	solutions	of	polyelectrolytes	in	a	stoichiometric	ratio,	
the	resulting	IPECs	are	insoluble	and	precipitate,	often	in	the	form	of	a	colloid	[2].

IPECs	 are	 formed	 via	 hydrogen	 bonds	 and	 electrostatic	 interactions	 between	
oppositely	 charged	 functional	 groups,	 as	well	 as	 changes	 in	 entropy	 during	 the	 release	 
of	counterions	that	were	bound	to	free	polyions.	In	stoichiometric	IPECs,	phase	separation	
can	be	avoided	if	at	least	one	of	the	polyelectrolytes	contains	non-ionic	hydrophilic	groups.	 
This	is	the	case	in	block	ionomer	complexes	that	form	‘core-shell’	structures	with	a	PEC	core	
stabilised	by	the	hydrophilic	shell	of	a	non-ionic	moiety	[3].	The	uniqueness	of	the	IPEC	
formation	method	is	associated	with	the	simplicity	of	its	technological	design,	the	low	cost	 
of	the	process,	low	energy	consumption	and	high	efficiency.	Non-stoichiometric	complexes	
containing	an	excess	of	one	polyion	have	increased	sorption	activity	with	respect	to	drugs,	
dyes	and	proteins,	because	they	have	a	net	charge	[4].



77Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.006

Synthesis and properties of binary and ternary interpolyelectrolyte complexes of chitosan

An	 excess	 of	 polyanion	 complexation	 leads	 to	 the	 formation	 of	 non-stoichiometric	
IPECs	(NIPECs),	which	are	virtually	block	copolymers	with	hydrophilic	areas	represented	
by	 free	 anionic	 units	 and	 hydrophobic	 fragments	 of	 mutually	 neutralised	 anionic	 
and	cationic	units.	The	negative	charge	confers	colloidal	stability	on	NIPECs	in	aqueous	
solutions,	 facilitating	 their	 binding	 to	 d-metal	 ions	 or	 positive	 dispersion	 particles	 [5].	 
At	 present,	 according	 to	 special	 terminology,	 an	 NIPEC	 comprises	 a	 lyophilising	
polyelectrolyte	 (LPE)	 and	 a	 counter-charged	 block	 polyelectrolyte	 (BPE).	 In	 IPECs,	 
there	 is	an	excess	of	LPE	relative	 to	BPE	units	–	 that	 is,	 the	 [BPE]/[LPE]	 ratio	 is	<	1.	
Water-soluble	IPECs	can	be	obtained	under	varying	conditions	from	oppositely	charged	
synthetic	and	natural	polyelectrolytes	[6].

Given	 that	 CS	 can	 be	 modified	 in	 various	 ways	 to	 produce	 numerous	 complexes	 
–	in	particular,	binary	and	ternary	IPECs	–	it	is	essential	to	study	their	physicochemical	
properties	 and	 application	 prospects.	 This	 review	 summarises	 the	 research	 
on	the	preparation	and	use	of	IPECs	in	bone	therapy	and	its	engineering.

2. Preparation and Physicochemical Characteristics  
of Interpolyelectrolyte Complexes of Chitosan and Anionic 
Polyelectrolytes

Many	researchers	have	prepared	and	characterised	IPECs	based	on	a	cationic	polyelectrolyte,	
chitosan	 (CS),	 and	 different	 anionic	 polyelectrolytes.	 Table	 1	 and	 the	 following	 text	
summarise	the	preparation	methods	and	physicochemical	properties	of	some	IPECs.

Cerchiara	et	al.	 [7]	obtained	PECs	based	on	CS	and	carboxymethylcellulose	(CMC)	
for	the	delivery	of	vancomycin	to	the	colon.	They	prepared	various	batches	of	PECs,	using	
three	different	CS/CMC	weight	 ratios	 (3:1	 to	1:3)	and	collected	 them	as	microparticles	 
by	 spray-drying.	 They	 also	 investigated	 microparticle	 water	 uptake	 and	 vancomycin	
release	 as	 well	 as	 its	 protection	 against	 gastric	 pepsin	 degradation.	 They	 selected	 
the	best	 formulation,	CS/CMC	1:3,	based	on	 the	encapsulation	efficiency,	water	uptake	 
and	the	drug-release	rate	[7].	

In	 another	 study,	 the	 authors	 assessed	 the	 influence	 of	 the	 CS/CMC	 mixing	 ratio	 
(1:0	 to	 0:1),	 temperature	 (25–85°C)	 and	 pH	 (3–4.5)	 during	 the	 preparation	 
of	macro-	and	micro-PEC.	A	mixing	ratio	of	1:2	and	a	 temperature	of	25°C	maximised	 
the	interaction	between	the	biopolymers	and	the	formation	of	macro-PECs	regardless	of	pH.	
Micro-PECs	had	a	uniform	appearance,	while	macro-PECs	were	porous	mesh	structures	
interspersed	with	vacuoles	of	different	sizes.	Macro-PECs	were	amorphous,	which	is	optimal	 
for	encapsulating	technologically	important	compounds	[8].	

CS/CMC	 complexes	 with	 a	 porous	 structure	 were	 obtained	 at	 a	 mass	 ratio	 of	 1:1,	 
after	which	 the	 solution	was	 poured	 into	 a	 glass	 beaker	 (1	mm	 thick)	 and	 the	 process	
continued	in	a	water	bath	at	70°C	for	12	h.	The	sample	was	lyophilised	for	48	h	[9].

IPECs	based	on	CS	and	Na-CMC	were	synthesised	and	cross-linked	with	glutaraldehyde	
at	pH	5.5	and	a	1:1	mass	ratio.	Based	on	the	zeta	potential	of	the	samples,	the	polymers	
interacted	electrostatically	[10].

CS/Na-CMC	 complexes	 were	 obtained	 by	 mixing	 a	 1%	 solution	 of	 Na-CMC	 
and	 a	 solution	 of	CS	 in	 acetic	 acid	 by	 varying	 their	 ratios.	Na-CMC	 and	CS	 powders	
were	 added	 gradually	 to	 the	 solution	 with	 constant	 magnetic	 stirring	 for	 1	 h	 at	 22°C	 
to	prevent	gel	 formation.	After	complete	dissolution,	 the	 studied	solutions	were	 titrated	
with	hydrochloric	acid	(HCl)	to	pH	1	and	then	incubated	in	a	cabinet	for	12	h	[11].

According	 to	 Zhao	 et	 al.	 [12],	 a	 CS/Na-CMC	 PEC	 was	 formed	 in	 solutions	 
with	the	addition	of	0.01	M	CS	and	0.01	M	Na-CMC	based	on	ionic	interactions	between	
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oppositely	 charged	 functional	 groups.	 The	 authors	 dried	 the	 PEC	 in	 vacuum	 at	 60°C	 
for	1	day	and	stored	it	in	a	nitrogen	atmosphere.	

A	nanofibre	based	on	a	CS/Na-CMC	ratio	of	4:6	(w/w)	was	stable.	The	nanofibre	made	
of	a	CS/Na-CMC	ratio	of	4:6	(w/w)	presented	the	weakest	fibroblast	adhesion	[13].	

Using	the	method	of	sublimation	drying,	a	biocomposite	sponge	was	obtained	containing	
CS/CMC	 with	 different	 concentrations	 of	 mesoporous	 wollastonite	 (MW)	 particles.	
Adding	0.5%	MW	to	 the	CS/CMC	sponge	significantly	 improved	 the	biomineralisation	
properties	 and	 adsorption	 of	 protein	 particles.	 The	 CS/CMC/MW	 sponge	 exhibited	
effective	 cytological	 properties	 against	 human	 osteoblasts,	 which	 is	 recommended	 
for	bone	engineering.	The	osteogenic	potential	of	the	CS/CMC/MW	scaffold	was	confirmed	
by	calcium	deposition	and	the	enhanced	expression	of	an	osteoblast-specific	microRNA,	
namely	pre-mir-15b	[14].

CS/CMC	 IPECs	 in	 a	 stoichiometric	 ratio	 of	 1:1	 (w/w)	 were	 obtained	 by	 titration	 
to	obtain	thin	films	with	antibacterial	properties	for	biomedical	use	[15].

The	thermal	properties	of	CS/CMC	IPECs	were	studied	when	glycerol	or	formaldehyde	
was	 added.	 The	 decomposition	 temperature	 of	 the	 initial	 CS	 was	 120°C.	 The	 sample	
obtained	 by	 cross-linking	 with	 0.2%	 formaldehyde	 exhibited	 high	 thermal	 stability	 
at	220°C.	Moreover,	IPECs	obtained	with	the	addition	of	0.4%	formaldehyde	in	a	mixture	 
of	CS/CMC	(99:1)	and	glycerol	(2%)	were	stable	at	150°C	[16].

At	a	CMC/CS	ratio	of	75:1,	 there	was	no	blurring	when	CMC	was	added	to	the	CS	
solution.	When	the	CMC	solution	was	added	to	the	CS	solution,	the	interaction	between	
the	polymers	improved	and	a	cloudy	suspension	was	formed.	When	CMC	was	added	to	CS	 
at	 a	 ratio	 of	 75:1,	 agglomeration	 was	 observed	 under	 the	 microscope,	 and	 when	 CS	 
was	added	to	CMC,	visible	particles	were	formed	[17].

Hydrogels	 based	on	CS	 and	Na-CMC	containing	1%	hydrocortisone	were	 prepared	
by	 mixing	 solid	 and	 liquid	 components.	 The	 solid	 components	 were	 hydrocortisone,	 
Na-CMC	and	CS,	and	the	liquid	component	was	polyethylene	glycol,	obtained	by	mixing	
with	 paraffin,	 glycerine	 and	 distilled	water	 [18].	 In	 another	 study,	 researchers	 obtained	 
CS/Na-CMC	hydrogels	[19],	as	presented	schematically	on	Figure	1.	

Figure 1. A	scheme	for	the	preparation	of	a	hydrogel	based	on	chitosan	(CS)	and	sodium	
carboxymethylcellulose	(Na-CMC).

The	 presence	 of	 intense	 absorption	 band	 at	 about	 1600	 cm–1 in the Fourier-transform 
infrared	 (FTIR)	 spectrum	 of	 a	 hydrogel	 showed	 that	 CS	 interacts	 with	 Na-CMC	 via	
positively	charged	+NH3	and	negatively	charged	–COO

–	groups	[20].
In	 another	 study,	 researchers	 prepared	 ionic	 gel	 microcomposites	 based	 

on	CS/CMC	by	adding	various	concentrations	of	the	chelating	agent	sodium	tripolyphosphate	 
(TPP-Na)	–	0.2%,	0.4%	and	0.6%	–	dropwise	to	a	0.4%	CS	solution.	Then,	a	0.4%	CMC	
solution	 was	 prepared	 and	 added	 dropwise	 to	 the	 CS	 solution	 chelated	 with	 TPP-Na.	 
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They	 stirred	 the	 solution	 for	 2	 h	 and	 then	 isolated	 the	 target	 product	 by	 centrifugation	 
for	15	min.	The	authors	freeze-dried	the	microcarriers	prepared	with	TPP-Na	and	named	 
them	CS/CMC-T1,	CS/CMC-T2	and	CS/CMC-T3	[21].

Inphonlek	 et	 al.	 [22]	 obtained	 colloidal	 polylactide-glycolide	 (PLG)	 particles	 
and	stabilised	them	by	oppositely	charged	CS/Na-CMC	complexes.	They	pre-emulsified	
dichloromethane	 containing	 dissolved	 PLG	 in	 the	 aqueous	 phase	 in	 mixtures	 of	 CS	 
and	Na-CMC.	Evaporation	of	dichloromethane	 from	 the	 resulting	emulsion	 forms	PLG	
particles	 coated	 with	 CS/Na-CMC.	 The	 zeta	 potential	 varied	 from	 +54	 to	 –50	 mV,	 
and	the	pH	was	3–10.

CS	and	Na-CMC,	as	well	as	Egyptian	clay,	were	used	to	prepare	a	composite	hydrogel.	
A	specific	amount	of	clay	(0–10	wt%)	was	added	slowly	to	a	1	wt%	CS	solution,	stirring	
for	1	day	and	then	poured	into	a	bottle.	At	40°C,	the	membranes	were	incubated	in	a	1%	
Na-CMC	solution	for	24	h,	repeatedly	washed	with	distilled	water	and	dried	in	a	vacuum	
oven	at	40°C	[23].

In	 another	 study,	 the	 researchers	 obtained	 hydrogels	 with	 the	 solid	 components	 
Na-CMC;	 methylcellulose	 (MC);	 and	 3%	 Carbopol	 934	 P	 with	 1%	 hydrocortisone	 
and	1%	CS.	The	liquid	component	was	a	hydrophilic	agent	(1,2-propylene	glycol)	mixed	
with	dimethylacetamide	and	distilled	water.	They	also	obtained	polymer	hyaluronic	acid	
gels	containing	various	medicinal	substances	[24].

PECs	 based	 on	 CS	 and	 CMC	 were	 prepared	 by	 ‘dry’	 thermomechanical	 mixing.	 
The	resulting	films	were	stable	and	structurally	 intact	 (27%	expansion	and	94%	weight	
increase	after	1	day	of	hydration).	The	resulting	films	swelled	sharply,	increasing	in	volume	
by	138%	and	in	weight	by	913%,	and	were	also	brittle.	The	authors	reported	calculations	
for	the	formation	of	a	PEC	containing	CS	and	CMC,	the	difference	in	the	high	hydrolytic	
stability	 of	 CS/CMC	 films	 with	 their	 high	 surface	 hydrophilicity	 and	 the	 contribution	 
of	CMC	[25].

Researchers	 evaluated	 a	 two-layer	 polysaccharide	 coating	 containing	 CMC	 
and	 CS	 regarding	 its	 effectiveness	 in	 preserving	 the	 post-harvest	 quality	 of	 tangerine	 
and	orange	varieties.	This	CMC/CS	coating	was	effective	as	a	commercial	polyethylene	wax	 
to	improve	the	presentation	of	the	fruit.	Moreover,	this	CMC/CS	coating	did	not	negatively	
affect	the	taste	of	the	fruit	[26].

Researchers	 obtained	 a	 polymer-polymer	 mixture	 based	 on	 CS	 and	 Na-CMC	 
with	 the	 trade	name	 ‘UZXITAN’,	which	 is	used	 to	encapsulate	agricultural	 crop	 seeds.	 
It	is	non-toxic,	environmentally	safe,	helps	suppress	phytopathogens	and	stimulates	plant	
growth	and	development	[27].	

In	another	study,	researchers	evaluated	the	effect	of	pH	on	the	formation	of	CS/CMC	
IPECs	 and	 the	 viscosity	 and	 sorption–diffusion	 properties	 of	 the	 resulting	 films	 based	 
on	them.	The	IPEC	films	formed	in	an	acidic	medium	(0.05	N)	contained	2–2.5	times	less	
water	than	films	of	the	same	composition	obtained	in	an	acetate-buffer	medium	[28].

According	to	Baklagina	et	al.	[29],	a	PEC	is	formed	due	to	the	interaction	of	charged	
functional	groups	of	CS	and	sulfoethylcellulose	(SEC):	

C-O-(CH2)2-SO3
–Na+	+	Ac-NH3

+-CS	→	C-O-(CH2)2-SO3
–	NH3

+-CS + Na+	Ac–.
To	 obtain	 a	 stoichiometric	 insoluble	 complex,	 the	 authors	 mixed	 2%	 solutions	 
of	polyions	 (CS	and	SEC)	 in	an	equimolar	 ratio.	They	stirred	 the	solutions	 for	30	min,	
separated	 the	 PEC	 from	 the	 insoluble	 solvent,	 washed	 it,	 vacuum	 dried	 it	 and	 heated	 
it	at	100°C	for	1	h	[29].

An	 IPEC	 containing	 cellulose	 acetate	 sulfate	 (CAS)	 with	 a	 CS/CAS	 ratio	 of	 1:1	 
(mol/mol)	at	pH	4.3	was	obtained	by	mixing	0.1	M	acetate	buffer	solutions	of	the	starting	
components.	 The	 authors	 demonstrated	 that	 it	 was	 an	 effective	 additive	 for	 increasing	 
the	biovalue	of	chicken	eggs	and	broiler	meat	during	flocculation	purification	[30,	31].
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Researchers	 studied	 the	 colloidal	 optical	 properties	 of	 IPECs	 containing	 CS	 
and	 CAS	 (at	 a	 molar	 ratio	 of	 1:1.5).	 In	 buffers,	 the	 particle	 size	 increased	 compared	 
with	acetic	acid,	and	their	concentration	was	reduced.	The	authors	found	that	the	addition	 
of	low-molecular-weight	electrolytes	to	excess	CS	as	well	as	an	ionic	strength	of	0.2–0.3	led	 
to	 the	 dissolution	 of	 IPECs.	 Complete	 dissolution	 occurred	 at	 an	 ionic	 strength	 
of	1.5–2	[32].	

In	 another	 study,	 the	 authors	 evaluated	 the	 thermal	 properties	 of	 an	 IPEC	 prepared	 
with	 a	CS/CAS	molar	 ratio	 of	 2:1.	The	 derivative	 thermogravimetry	 (DTG)	 curve	 had	
a	peak	at	490	K	–	between	473	K	(for	CAS)	and	563	K	(for	CS)	–	and	 the	differential	
scanning	calorimetry	(DSC)	curve	was	not	exothermic	at	566	K.	Thermal	studies	showed	
that	 the	 formation	 of	 a	 new	 compound	 based	 on	 cadmium	 (Cd)	 and	 CAS	 reduced	 
the	influence	on	the	DTG	and	DSC	curves	[33].	

Researchers	 prepared	 IPECs	 containing	 CS	 and	 melanin	 prepared	 with	 ratios	 
from	 10:1	 to	 1:1.	 During	 thermal	 analysis	 of	 the	 initial	 components	 and	 complexes,	 
there	was	mass	change	with	the	release	of	water	for	the	range	of	25–100°C	[34].	

The	 gelling	 properties	 of	 IPECs	 based	 on	 CS	 and	 sodium	 alginate	 (ALg-Na)	
were	 studied.	 Changes	 in	 the	 binding	 between	ALg-Na	 and	 CS	 significantly	 affected	 
the	 formation	 of	 the	 internal	 part	 of	 the	 cryogels.	 The	 densest	 gel,	 
with	ALg-Na/CS	=	1.5	mol,	had	the	most	stable	mesopore	[35].	Based	on	scanning	electron	
microscopy,	the	particles	were	40–120	μm	in	size	[36,	37].	The	FTIR	spectrum	showed	
a	CS	 absorption	band	 at	 1651	 cm–1	 (δ-NH2), characteristic of the NH2	 group,	 and	ALg	
absorption	 bands	 at	 1603	 and	 1412	 cm–1,	 characteristic	 of	 the	 carboxylate	 ion	 group.	 
These	 results	 indicate	 electrostatic	 interactions	 between	 them	 that	 underlie	 IPEC	 
formation	[38].

When	 preparing	 IPECs,	 complexes	 tend	 to	 aggregate	 due	 to	 charge	 neutralisation.	
Therefore,	 to	 avoid	 aggregation	 and	 to	 control	 the	 size	 of	 nanoparticles,	 at	 least	 two	
conditions	 are	mandatory:	 the	 PEC	 solutions	must	 be	 diluted,	 and	 one	 of	 the	 polyions	
must	 be	 in	 excess	 to	 maintain	 the	 inequality	 (n+/n–)	 ≠1	 (Figure	 2)	 [39].	 If	 the	 charge	
ratio is greater or less than unity, then the resulting nanoparticles have the same charge  
as	the	polyion	in	excess.	Experiments	have	shown	that	at	n+/n–	=	1,	particles	are	uncharged	
and	large	aggregates	are	formed	as	a	result	of	agglomeration.

Figure 2. The	 influence	 of	 the	 charge	 ratio	 of	 polyelectrolytes	 on	 the	 size	 and	 charge	 
of	the	formed	polyelectrolyte	complexes	[39].
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Researchers	 mixed	 solutions	 of	 CS-hyaluronic	 acid	 (CS	 molecular	 mass	 =	 30	 ×	 103;  
CS	 0.1–8	 wt%)	 and	 pectin	 (molecular	 mass	 =	 26	 ×	 103;	 0.1–2	 wt%)	 in	 phosphate	
buffer	 at	 pH	 7.4	 and	 22°C	 to	 obtain	 IPEC	 hydrogels.	 The	 gel	 was	 formed	 due	 
to	the	interaction	between	CS	(-NH3

+)	and	pectin	(-COO–)	in	solution	[40].	The	turbidimetric	
titration	revealed	that	the	CS/hyaluronic	acid	IPEC	was	stable	at	573	nm.	When	mixing	 
acetate-buffered	solutions	of	 the	 starting	components,	 there	was	precipitation	 in	 the	pH	
range	of	3.6–6.5	[41].	

Finally,	 researchers	 prepared	 CS/heparin	 complexes	 with	 mass	 ratios	 of	 2:1	 
and	3:1.	The	particles	were	 relatively	 small,	with	 an	average	diameter	of	176–192	nm.	
The	most	compact	particles	were	obtained	from	a	CS/heparin	ratio	of	2:1;	they	had	low	 
polydispersity	 and	were	 stable	 for	 72	 h.	These	 properties	may	 be	 due	 to	 the	 strongest	
complexation	of	macromolecules	[42].

3. Preparation of Interpolyelectrolyte Complexes Containing  
a Cationic Polyelectrolyte, Chitosan and Collagen

Researchers	 mixed	 0.5%	 solutions	 of	 CS	 and	 collagen	 in	 different	 proportions	 
(0:100	to	100:0)	for	1	h,	and	degassed	the	mixture	under	a	vacuum	and	then	pipetted	it	into	
each	cell	of	a	24-cell	structure.	They	were	freeze-dried	by	vacuum	lyophilisation	at	–40°C	
for	24	h	and	created	a	porous	structure	and	[43,	44].

CS	and	collagen	were	dissolved	in	2%	acetic	acid	at	a	concentration	of	3	g/dl,	stirred	 
at	 room	 temperature	 for	 6	 h,	 poured	 into	 a	 mould	 and	 dried	 at	 –70°C.	 The	 resulting	 
collagen/CS	sponge	was	neutralised	with	a	solution	containing	0.5	N	sodium	hydroxide 
(NaOH)	and	ethanol,	washed	with	a	solution	containing	water	and	ethanol,	and	lyophilised	[45].

In	 another	 study,	 the	 authors	 studied	 the	morphology	of	 cellular	 structures	obtained	 
from	 fibres	 based	 on	 CS/collagen	 complexes.	 Cells	 growing	 at	 the	 submicron	 level,	
especially	films	of	CS	and	collagen	fibres,	had	a	greater	length,	up	to	100	nm,	compared	
with	the	control	obtained	on	glass	substrates	[48].

Thin	 films	 were	 obtained	 based	 on	 solutions	 of	 CS,	 collagen	 and	 hyaluronic	 acid.	 
First,	 the	 researchers	 obtained	 CS/hyaluronic	 acid	 complexes	 with	 three	 ratios	 
(80:20,	 50:50	 and	 20:80	 wt%).	 Then,	 they	 added	 the	 CS/hyaluronic	 acid	 complex	 
to	 the	 collagen	 solution	 in	 various	 ratios	 (10–90	 wt%).	 The	 average	 thickness	 
of	the	resulting	films	was	30	μm	[49].

Researchers	 obtained	 IPECs	 with	 CS	 and	 gelatine.	 The	 interaction	 only	 occurred	 
at	 a	pH	>	4.7	but	<	6.2.	Natural	polymers	 are	 involved	 in	 the	healing	of	 living	 tissues	 
and	skin	restoration.	Hydrogels	obtained	based	on	cross-linked	natural	polymers	and	PECs	
can	be	used	for	the	prevention	and	treatment	of	trophic	wounds	and	burns	[50,	51].

The	 porous	 structure	 of	 CS-coated	 collagen	 membranes	 was	 characterised	 using	
scanning	electron	microscopy.	The	pore	size	was	20–50	μm	[56].	

In	 one	 study,	 researchers	 evaluated	 IPECs	 containing	 collagen	 and	 CS	 at	 a	 ratio	 
of	 7:3	 and	with	 or	 without	 0.5%	 or	 1%	 β-glycerol	 phosphate.	 The	maximum	 strength	 
of	 sponges	 was	 8–10	 MPa.	 The	 addition	 of	 β-glycerol	 phosphate	 to	 the	 collagen/CS	
complex	increased	the	strength	of	the	sponge	[57].	

The	 physicochemical	 and	 dielectric	 properties	 of	 collagen/CS	 films	 
(100:0	 to	 0:100	 wt%)	 were	 studied.	 The	 highest	 dielectric	 constant	 of	 the	 CS	 film	 
was	at	300	K,	which	increased	the	electrical	conductivity	from	2.4	×	10–19	to	3.4	×	10–17 m–1, 
and	the	activation	energy	ranged	from	0.38	to	0.77	eV.	When	CS	was	added	to	the	collagen	
film,	the	electrical	conductivity	of	the	collagen	increased	[58].

The	 catalytic	 activity	 of	 collagenase	 molecules	 available	 for	 binding,	 obtained	 
from	 Clostridium	 histolyticum,	 under	 the	 influence	 of	 ultraviolet	 radiation	 
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(151–6040	 J/m2)	 showed	 greater	 modulation	 than	 in	 the	 case	 of	 immobilisation	 
in	 a	 CS	 matrix.	 After	 ultraviolet	 irradiation	 of	 the	 enzyme	 solution	 at	 3020	 J/m2,  
the	 activity	 of	 the	 biocatalyst	 solution	 decreased	 by	 ~9%.	However,	when	 collagenase	 
was	immobilised	in	an	acid-soluble	CS	substrate,	the	efficiency	of	the	enzyme	at	all	studied	
doses	did	not	change	[60].

Table 1. Preparation	and	properties	of	interpolyelectrolyte	complexes	of	chitosan	(CS)	
and	collagen	and	chitosan/gallic	acid	and	collagen.

Preparation and composition  
of interpolyelectrolyte complexes Properties Ref.

Chitosan/collagen

Collagen/CS	matrices	(weight	ratio	
from	1:0	to	0:1)	were	obtained	from	
1%	biopolymer	gels	by	lyophilisation.

The	porosity	of	the	membranes	was	
characterised	by	fractal	geometry	

from scanning electron microscopy. 
It	was	dependent	on	the	CS	content.

[46]

Composite	collagen/CS	hydrogels	
(weight ratio from 0:1.0 to 1:0) 

were	prepared	by	mixing	0.1	M	CS	
solution	in	hydrochloric	acid;	they	also	
contained	fish	collagen	and	disodium	

β-glycerophosphate.

Mechanical	properties	were	studied	
by	rotational	rheometry.	 

The	presence	of	fish	collagen	
negatively	affected	the	mechanical	
strength	of	the	obtained	scaffolds.	

Only	the	lowest	collagen	
concentration	(0.25	g	per	1	g	of	CS)	
improved	mechanical	properties.

[47]

Collagen/CS	membranes	 
were	produced	via	the	solvent	

evaporation	method	and	exposed	 
to	gamma	irradiation.

The	water	absorption	of	CS,	
collagen	and	CS/collagen	

membranes	with	and	without	
gamma	irradiation	initially	increased	
steadily	and	then	reached	a	plateau.

[52]

Porous	scaffolds	for	skin	tissue	
engineering	were	prepared	 

by	freeze-drying	a	mixture	of	collagen	
and	CS	solutions	treated	 
with	glutaraldehyde.

The	presence	of	CS	improved	
the	biostability	of	the	collagen/
CS	scaffold	under	glutaraldehyde	

treatment.
Collagen/CS	scaffold	cross-linked	 

by	glutaraldehyde	could	 
be	a	potential	candidate	 
for	dermal	equivalent	 

with	enhanced	biostability	 
and	good	biocompatibility.

[53]

CS	and	collagen/CS	(1:1,	w/w)	 
porous	scaffolds	were	produced	 
by	freeze-drying	and	evaluated	 
as	potential	skin	substitutes.

The	CS	and	CS/collagen	samples	
were	characterised	with	several	
methods.	A	miscible	blend	 
with	intermediate	thermal	
degradation	properties	 

was	obtained.	Collagen/CS	scaffold	
was	cytocompatible	and	showed	 
the	potential	for	skin	tissue	

engineering.

[54,	55]



83Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.006

Synthesis and properties of binary and ternary interpolyelectrolyte complexes of chitosan

Genipin-cross-linked	collagen/CS	
biodegradable	porous	scaffolds	 

were	prepared.

The	CS	and	genipin	concentrations	
influenced	the	physicochemical	
properties	of	the	scaffolds.

[55]

Microspheres	of	CS	and	gallic	acid	
were	obtained	by	emulsification	 

phase separation.

The	product	mimicked	extracellular	
matrix	and	could	be	used	as	a	topical	
healing	agent	for	chronic	wounds.

[59]

A	collagen/CS	complex	was	obtained	
by	adding	collagen	solution	in	sodium	
hydroxide	to	a	CS	solution	in	acetic	
acid	and	the	appropriate	amount	 
of	sodium	tripolyphosphate	 

as	a	cross-linking	agent	(pH	6.5).

The	complex	was	characterised	
and	showed	potential	as	an	orally	
available	protein-based	drug	 

to	enhance	antioxidant	properties	
and	to	inhibit	melanin	synthesis.

[61]

Chitosan/gallic acid/collagen
Microspheres	of	CS	and	gallic	acid	
were	obtained	by	emulsification	
phase	separation	and	cross-linking	
with	glutaraldehyde.	CS/gallic	acid	
microspheres	incorporated	collagen	
were	prepared	by	collagen	addition	

to	cross-linked	CS/gallic	acid	
microspheres.

Gallic	acid	release	from	CS/gallic	
acid	and	CS/gallic	acid/collagen	
microspheres	was	analysed.	
CS/gallic	acid	microspheres	

incorporated	collagen	matrix	mimic	
biomaterials	as	a	topical	healing	

agent	for	chronic	wounds.

[59]

Collagen/CS	 complex	 nanoparticles	 were	 obtained	 using	 electrospinning.	 A	 mixture	 
of	 1,1,1,3,3,3-hexafluoride-2-propanol/trifluoroacetic	 acid	 (90:10,	 vol%)	 was	 found	 
to	be	suitable	for	electrospinning	[62].	

CS/collagen	sponges	of	1:1	and	1:2	mass	ratio	were	obtained.	Cell	growth	in	porous	
microstructures	 and	 sponges	 showed	 that	 porous	 sponges	 with	 a	 size	 of	 80–100	 μm	 
were	formed	[63].

Collagen	 and	CS	were	dissolved	 in	0.5	M	acetic	 acid,	 transferred	 to	 a	 special	flask	 
(23	 ×	 18	 cm)	 and	 frozen	 for	 3	 h	 at	 -20°C.	 Collagen	 fibres	 bended	 significantly	 
when	 immersed	 in	 acid	 and	 were	 cross-linked	 by	 glutaraldehyde	 via	 covalent	 bond	
formation	[64].

Analysis	of	the	FTIR	spectra	of	gelatine/CS	PECs	revealed	the	formation	of	hydrogen	
bonds	 within	 and	 between	 polymer	 chains	 and	 electrostatic	 interactions	 between	 
the	–COO–	group	of	gelatine	and	the	–NH3

+	group	of	CS	[65,	66].
Researchers	prepared	solutions	of	CS/collagen	=	1:1,	genipin	and	25%	glutaraldehyde	

and	mixed	 all	 components	 in	 2.5%	acetic	 acid	 for	 4	 days.	After	 this,	 they	 freeze-dried	
the	aldehyde	and	genipin	cross-linked	scaffolds	in	a	lyophilic	chamber	in	liquid	nitrogen	
(–196°C)	[67].

The	interaction	between	collagen	and	CS	occurs	due	to	the	charged	electron-donating	
functional	groups	of	macromolecules.	In	addition,	at	pH	<	6.5,	most	of	the	amino	groups	
of	CS	are	protonated,	which	contributes	to	the	formation	of	electrostatic	bonds	between	
the	 –NH3

+	 groups	 of	 CS	 and	 the	 –COO–	 groups	 of	 aspartic	 and	 glutamine	 residues	 
in	collagen	[54,	68].

Collagen/CS	hydrogel	 scaffolds	were	prepared	 to	model	 soft	 tissue.	A	mathematical	
model	 was	 developed	 to	 determine	 the	 mechanical	 properties	 of	 the	 scaffold	
obtained	 under	 various	 conditions.	 The	 elastic	 modulus	 of	 the	 collagen/CS	 scaffold	 
(80/20,	 v/v%)	was	 3.69	 kPa.	The	 higher	 the	CS	 content,	 the	 stiffer	 the	 frame	 became.	 
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The	 elastic	 modulus	 of	 a	 scaffold	 consisting	 of	 70%	 collagen	 and	 30%	 CS	 
was	11.6	kPa	[69].

In	 another	 study,	 researchers	 used	 molecular	 dynamics	 simulations	 to	 describe	 
the	effect	of	pH	and	the	presence	of	sodium	and	calcium	cations	on	the	stability	of	molecular	
complexes	 formed	by	 type	 II	collagen	with	chitin	and	CS	oligosaccharides	 [70].	Based	 
on	the	Gibbs	free	energy	of	binding,	all	the	considered	complexes	were	thermodynamically	
stable	 over	 the	 entire	 pH	 range.	 The	 affinity	 of	 CS	 oligosaccharide	 for	 collagen	 
was	 highly	 dependent	 on	 pH,	whereas	 oligomeric	 chitin	 did	 not	 have	 a	 pH-dependent	 
effect	 on	 the	 stability	 of	 molecular	 assemblies	 with	 collagen.	 On	 the	 other	 hand,	 
the	 presence	 of	 sodium	 and	 calcium	 cations	 had	 little	 effect	 on	 the	 affinity	 of	 chitin	 
and	CS	for	collagen.

Researchers	 summarised	 the	 modern	 developments	 in	 water-soluble	 
non-stoichiometric	 PECs,	 which	 have	 such	 qualities	 as	 high	 stability	 and	 the	 ability	 
to	 enter	 into	 competitive	 interpolyelectrolyte	 reactions.	 The	 complexes	 remain	 stable	
when	external	 conditions	 (pH,	 ionic	 strength	 and	 temperature)	vary	over	 a	wide	 range,	 
but	quickly	respond	with	high	sensitivity	to	changes	in	the	environment	outside	this	range	
by	changing	the	phase	state	[71].

Finally,	 a	 study	 evaluated	 electrostatic	 complexation	 in	 an	 aqueous	 solution	 
of	 cationic	 poly(diallyldimethylammonium	 chloride)	 with	 an	 excess	 of	 water-soluble	
anionic	 biopolymers.	 An	 NIPEC	 was	 formed:	 it	 was	 actually	 a	 block	 copolymer,	 
with	 hydrophilic	 regions	 represented	 by	 free	 (unbound)	 anionic	 units	 and	 hydrophobic	
fragments	of	mutually	neutralised	anionic	and	cationic	units	[5,	72,	73].

4. Theoretical Calculations of the Formation of Interpolyelectrolyte 
Complexes

Theoretical	 calculations	 allow	 one	 to	 calculate	 possible	 interactions	 between	
compounds	and	to	determine	the	possibility	of	the	formation	of	various	kinds	of	bonds,	
complexes,	 agglomerates,	 clusters	 and	 nanostructures.	 We	 have	 previously	 performed	 
quantum-chemical	 density	 functional	 theory	 (DFT)	 studies	 of	 CS	 complexes	 
with	Na-CMC	[74]	or	amino	acids	[75].	We	analysed	charge	distribution	of	amino	groups	
in	CS	chains	of	various	lengths	depending	on	the	degree	of	deacetylation,	the	reactivity	 
of	 acetamide	 and	 amino	 groups	 in	 CS,	 the	 interaction	 of	 CS	 with	 Na-CMC	 or	 CS	 
and	 amino	 acids	 and	 the	 stability	 of	 their	 interpolymer	 complexes.	 We	 found	 that	 
the	 main	 interaction	 between	 Na-CMC	 and	 CS	 changes	 from	 weak	 van	 der	 Waals	
interactions	 to	 strong	 electrostatic	 interactions,	 which	 link	 the	 two	 polymer	 chains	
into	 a	 compact	 structure.	 Moreover,	 we	 modelled	 interactions	 of	 the	 CS	 chain	 
with	Na-CMC	during	PEC	formation	[74].	The	chains	quickly	approach	each	other	in	time,	 
with	the	formation	of	electrostatic	interactions	between	the	polycation	and	the	polyanion.	
The	stability	of	the	CS-CMC	PEC	is	determined	by	the	number	of	interactions	between	
them,	and,	consequently,	the	chain	becomes	more	compact.

The	mechanism	of	PEC	 formation,	 identified	using	molecular	 dynamics	 simulation,	 
is	 consistent	 with	 experimental	 data	 (conductometric	 measurements).	 Specifically,	 
CS-CMC	 PECs	 are	 formed	 due	 to	 electrostatic	 interaction	 between	 the	 –NH3

+ group  
of	CS	and	the	–COO–	group	of	CMC.	This	process	is	affected	by	both	the	pH	of	the	solution	
and	 the	 degree	 of	 deacetylation	 of	 CS	 [74].	 The	 calculated	 group	 charge	 distribution	 
for	the	tertiary	hydrogen	atom	of	the	protonated	amino	group	of	CS	is	1.54	e	[76].

We	previously	performed	theoretical	calculations	of	the	formation	of	PECs	in	solutions	
containing	CS	 and	 amino	 acids	 such	 as	 asparagine	 and	 glutamine	 [75].	The	 optimised	
structures	of	these	complexes	are	shown	in	Figure	3.
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CS-asparagine

CS-glutamine

Figure 3. The	 optimised	 geometry	 of	 chitosan	 (CS)	 complexes	 with	 the	 amino	 acids	
asparagine	and	glutamine.

The	 DFT	 calculations	 revealed	 the	 presence	 of	 hydrogen	 bonds	 between	 the	 nitrogen	
atom	of	the	–NH3

+	group	of	CS	and	the	oxygen	atom	of	the	–COO–	group	of	the	studied	
amino	acids.	According	to	Table	2,	the	distance	between	the	H	atom	of	the	–NH3

+ group 
of	CS	and	 the	O	atom	of	 the	–COO–	groups	of	 the	amino	acid	 is	1.001	Å	(asparagine)	 
and	 0.999	 Å	 (glutamine),	 which	 is	 typical	 for	 hydrogen	 bonds	 [77].	 This	 indicates	 
that	CS	forms	hydrogen	bonds	with	amino	acids	during	the	formation	of	complexes.	Cationic	 
or	 anionic	 amino	 acids	 are	 well	 known	 for	 their	 ability	 to	 form	 hydrogen	 bonds	 
with	 oppositely	 charged	 species	 [78];	 however,	 the	 formation	 of	 such	 a	 salt	 bridge	 
in	the	gas	phase	of	the	complexes	under	consideration	was	not	observed.	

Moreover,	 based	 on	 interaction	 energy	 (ΔEinter),	 the	 suitability	 of	 the	 carrier	 
to	 a	 particular	 amino	 acid	 can	 be	 assessed.	 The	 calculated	 values	 of	 ΔEinter in gas  
and	aqueous	phases	are	presented	in	Table	2.	ΔEinter	is	negative	in	all	cases,	contributing	
to	 the	 formation	 of	 the	 complexes	 formation.	 A	 high	 ΔEinter for CS-glutamine may  
be	 due	 to	 the	 strong	 Coulomb	 force	 of	 attraction,	 which	 leads	 to	 hydrogen	migration.	 
The	charge	of	the	O	atom	in	the	–COO–	group	of	glutamine	is	more	negative	(–0.64	e)	than	that	 
of	asparagine	(–0.62	e).
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Table 2. Hydrogen	 bond	 distance	 and	 basis	 set	 superposition	 error	 (BSSE)	 corrected	
interaction	 energy	 between	 chitosan	 (CS)	 and	 the	 amino	 acids	 asparagine	 
and	glutamine.

Complex
H-H bond length 

between N···O [Å] 
(aqueous phase)

ΔEinter [kcal/mol] 
(gas phase)

ΔEinter [kcal/mol] 
(aqueous phase)

CS-asparagine 1.001 -89.51 -18.96
CS-glutamine 0.999 -105.49 -23.1

Note.	ΔEinter, interaction energy.

CS/collagen	complexes	were	formed	in	the	aqueous	phase.	As	seen	in	Table	2,	the	aqueous	
phase	 primarily	 affects	 the	 interaction	 energy	 of	 these	 systems.	There	 is	 a	 progressive	
destabilisation	 of	 CS	 complexes	 with	 amino	 acids.	 The	 results	 show	 that	 molecules	
with	 opposite	 charges	 are	 indeed	 more	 separated	 and	 more	 stable	 than	 complexes	 
in	water,	leading	to	a	decrease	in	ΔEinter.	This	can	also	be	explained	by	the	fact	that	in	polar	
environments,	the	interaction	with	the	environment	(solvation)	is	probably	more	important	
than	the	electrostatic	 interaction	between	the	two	interacting	molecules,	 leading	to	 their	
preferential	stabilisation	[75].

The	results	indicate	a	strong	interaction	between	CS	and	amino	acids	in	a	non-polar	 
environment	 and	 a	 gradual	 weakening	 of	 the	 interaction	 in	 the	 aqueous	 phase.	 
These	results	are	significant	for	modelling	the	complex	penetration	process	through	a	cell	
membrane	that	is	non-polar	in	nature.	The	notably	high	ΔEinter	in	the	gas	phase	and	very	low	 
ΔEinter	 in	 the	 aqueous	 phase	 for	 the	 complexes	 indicate	 their	 suitability	 for	 use	 
in	biomedicine.

5. Application of Interpolyelectrolyte Complexes
CS-based	PECs	have	found	applications	in	drug	delivery,	wound	healing,	controlled-release	
systems,	as	enzyme	and	cell	supports	and	bone	scaffolds	and	tissue	reconstruction,	among	
others.	Table	3	lists	some	examples	of	application	of	IPECs	based	on	CS	and	collagen.

In	an	in vivo	study	using	a	rat	model	of	spinal	cord	injury,	the	researchers	transplanted	
a	collagen/CS	matrix	 immediately	after	a	partial	spinal	cord	 injury.	This	 transplantation	
restored	 sensory	 functions	 of	 the	 spine,	maintained	balance	 and	prevented	pathological	
physical	activity	[79].
There	have	been	a	wide	range	of	experiments	undertaken	to	evaluate	CS/collagen	IPECs.	
In	 one	 study,	 the	 researchers	 evaluated	 the	 biocompatibility	 of	 CS/collagen	 complex	 
in	 composite	 vascular	 tissue	 engineering	 and	 performed	 real-time	 polymerase	 chain	
reaction	 (RT-PCR)	 in	an	effort	 to	 improve	 the	morphogenesis,	 attachment,	proliferation	
and	phenotype	of	porcine	iliac	artery	endothelial	cells	[98].

Poly(L-lactide-co-ε-caprolactone)	 [P(LLA-CL)]	 nanofibrils	 and	 collagen/CS	
complex	 were	 prepared	 using	 nanofibrillar	 electrospinning.	 The	 mechanical	 properties	 
of	 collagen/CS	 complex	 nanofibrils	 varied	 depending	 on	 the	 collagen	 content	 
of	 the	 complex.	 Biodegradation	 of	 P-nanofibrils	 (LLA-CL)	 occurred	 faster	 in	 collagen	
nanofibrils	 than	 in	 their	 membranes,	 and	 there	 was	 faster	 growth	 of	 P-nanofibrils	 
in	smooth	muscle	cells	(LLA-CL)	[99].

In	another	study,	the	researchers	evaluated	the	effect	of	collagen	and	CS	on	the	immune	
system.	They	analysed	the	number	of	T	cells	and	their	activation,	wound	antigen	uptake	
and	the	cytokine	profile	in	wound	tissue	and	spleen	cells.	Animals	treated	with	collagen/CS	



87Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.006

Synthesis and properties of binary and ternary interpolyelectrolyte complexes of chitosan

had	decreased	invitrogen	(2	µg/ml	biotinylated	anti–IL-2)	(IL-2)	secretion	and	increased	
IL-10	secretion	in	wound	adhesive	tissue	and	liver,	respectively	[102].

To	 prepare	 a	 three-dimensional	 nanoparticle	 gene	 delivery	 system	 based	 
on	 collagen/CS	 sponges,	 body	 mesenchymal	 cells	 were	 transplanted	 in	 a	 mixture	 
with	 plasmid-transformed	 β-1(PT-β1)/calcium	 phosphate	 fibronectin	 (PF).	 
The	glycosaminoglycan	content	of	the	three	dimensional	nanoparticle	gene	delivery	system	
was	comparable	 to	 that	of	 those	 receiving	PT-β1	as	well	 as	PT-β1	and	dexamethasone,	 
and	was	significantly	higher	than	that	of	those	receiving	free	plasmid	and	Lipofectamine	
2000	[103].

Table 3. Application	 of	 interpolyelectrolyte	 complexes	 based	 on	 chitosan	 (CS)	 
and	collagen.

Material characteristics  
and drug used Application area Reference

Material	tested	on	Wistar	rats	weighing	
200–250	g Wound	coverings [80,	81]

Bioeffective	sponge
containing	Collahit-Bol	and	chitosan

Wound	dressings	for	type	IIIa	
and	IIIb	thermal	skin	burns [82–85]

Sponges	made	 
of	CS/collagen	(50:50,	weight	ratio)

Used	for	osteoplasty	in	bone	
therapy [86]

CS/collagen	films	(6:4,	mass	ratio)

Films for implants;
adsorbed	serum	proteins	
on	the	surface	the	films	
evaluated	by	proteomics	 
and	bioinformatics

[68]

CS/collagen	films	(4:1,	weight	ratio)	
containing	PLGA	microspheres	 
for	VCR	delivery	(drug	used	 

in chemotherapy)

Implant	films	for	the	delivery	
of	drugs	in	chemotherapy [87]

CS/collagen	97.5:2.5,	95:5	and	90:10	
(weight ratios)

Treatment	of	external	
epithelial	damage [88]

CS/collagen	hydrogels Treatment	of	myocardial	
infarction [89]

CS/collagen	sponges	 
(50:50,	mass	ratio)

Targeted	transport	 
of	medicinal	substances [90]

CS/collagen	sponges	(3:3,	mass	ratio) Treatment	of	chronic	wounds [91,	92]
CS/collagen	sponges

(5	×	5	mm) Wound	coverings [93]

Pills	for	drug,
Collahit-G	and	Collahit-bol	delivery

Treatment of various  
types	of	burns [94,	95]

CS/collagen	scaffolds
(1:9, mass ratio) Bone regeneration [96]

CS/collagen	membranes
(1:1	to	1:4,	mass	ratio) Bone regeneration [97]

Note.	PLGA,	polylactic-co-glycolic	acid.
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Researchers	developed	a	biomaterial	consisting	of	a	thin	layer	of	fish	collagen,	one	side	
of	which	was	impregnated	with	a	layer	of	CS.	They	used	it	as	an	artificial	layer	of	skin	 
for	burn	patients	[104].

It	was	reported	that	porous	collagen/CS	sponge	was	used	as	a	neurological	indicator	
to	 restore	 nerve	 function.	 This	 transplantation	 contributed	 to	 change	 the	 parameters	 
of	 neurological	 stress	 and	 improving	 the	 therapeutic	 effects	 of	 mesenchymal	 stem	 
cells	[105].

For	 osteochondral	 treatment,	 researchers	 used	 a	 mixture	 of	 collagen/CS	 (70:30,	
wt%)	 doped	 with	 magnesium	 hydroxyapatite	 (MgHA/collagen+CS)	 in	 the	 form	 
of	a	three-dimensional	scaffold	[106].	Composite	films	CS	collagen	(a	ratio	of	1:0	to	0:1)	
accelerated	the	proliferation,	differentiation	and	mineralisation	of	osteoblasts	in	MC3T3-E1	
cells,	 the	 transcriptional	 activity	 of	 Runx2,	 and	 were	 recommended	 as	 a	 biomaterial	 
for	bone	tissue	engineering	in	bone	diseases	[107].

Sponges	based	on	collagen/CS	(a	ratio	of	1:9	to	9:1)	and	lauric	acid	were	tested	for	use	
in	skin	tissue	engineering	for	burns	[108].	Collagen/CS	hydrogels	(a	ratio	of	1:1	to	50:1,	 
wt	%)	increased	the	number	of	endothelial	cells	as	well	as	angiogenesis	when	used	in	tissue	
engineering	of	the	cardiovascular	system	[109].

Because	of	its	cationic	charge	in	solution,	CS	is	prone	to	exhibit	valuable	physicochemical	
and	 biologically	 active	 properties.	 Despite	 its	 wide	 range	 of	 applications,	 due	 to	 lack	 
of	technology,	CS	is	not	very	popular	in	the	textile	industry	[110].

6. Preparation of Ternary Interpolyelectrolyte Complexes
Researchers	 studied	 the	effect	of	 the	drying	 temperature	 (25	and	45°C)	on	 the	physical	
properties	 of	 gelatine/CMC/CS	 composite	 films	 (a	 ratio	 of	 80:20:0	 to	 60:30:10).	 
The	60:30:10	ratio	was	most	suitable	for	food	packaging	due	to	its	high	vapour	permeability	
and	biodegradation	rate	[111].	

Researchers	obtained	ternary	IPECs	by	sequentially	mixing	a	0.25%	solution	of	pectin	
and	CS	and	1%	trypsin	in	a	mass	ratio	of	2:1:2.	They	used	it	to	carry	biologically	active	
substances.	It	prolonged	the	effects	of	these	substances	[112].	

In	 another	 study,	 researchers	 reacted	 solutions	 of	 carboxymethylchitosan	
(CMCS),	 CMC,	 collagen	 and	 trans-glutaminase	 (T-Gase)	 in	 various	 mass	 ratios	 
(40:40:20	to	25:25:50).	They	obtained	anti-adhesion	CMCS/CMC/collagen	membranes	[113].

Synthetic	 sponges	 based	 on	 collagen/Na-CMC/HA	 IPECS	 at	 a	 weight	 ratio	 
of	2:1:8	wt%	have	been	widely	used	in	bone	tissue	engineering.	Such	sponges	must	have	
sufficient	porosity	to	allow	bone	cells	to	grow	and	develop	so	that	they	can	be	used	to	treat	
bone	defects	and	fractures	[114–120].	

IPEC	nanoparticles	based	on	CS,	collagen	and	ALg-Na	were	obtained	by	electrospinning.	
A	4:1:1	mass	ratio	produced	porous,	bioresorbable	three-dimensional	matrices	[121,	122].	
In	another	study,	the	authors	recommended	collagen/CS/Na-hyaluronate	IPEC	as	a	suitable	
material	for	corneal	tissue	engineering	[123].

Ternary	IPECs	are	mainly	used	in	medical	practice.	For	example,	biodegradable	polymer	
CMCS/CMC/collagen	membranes	(40:40:20,	35:35:30	and	25:25:50)	have	been	proposed	
as	 physical	 barriers	 to	 prevent	 peritoneal	 adhesions	 [116],	 and	 biomaterials	 have	 been	
obtained	for	bone	engineering	and	regeneration.	The	effects	of	CS/collagen/glutaraldehyde	
[106,	 114,	 118,	 124,	 125]	 and	CS/collagen/gelatine	membranes	 on	 the	 activity	 of	C3A	
cells	was	studied	in	an	attempt	to	control	cell	growth	and	to	improve	growth	rate	in vitro  
for	tissue	engineering	applications	[126].

Three-dimensional	 scaffolds	 containing	 CS;	 collagen;	 and	 L-arginine,	 L-glutamic	
acid	 or	 L-lysine	 are	 used	 as	 biomaterials	 for	 tissue	 engineering	 and	 wound	 healing.	 
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Their	 limitations	 include	 the	 toxicity	 of	 synthetic	 cross-linkers,	 poor	 mechanical	
stability,	 low	 biocompatibility	 and	 rapid	 biodegradation	 [127].	 For	 skin	 regeneration,	 
a	 CS/collagen/CMC	 complex	 was	 obtained,	 in	 which	 stem	 cells	 loaded	 into	 
the	 studied	 scaffolds	 have	 proven	 their	 potential	 effect	 in	 improving	 skin	 healing	 
and	regeneration	[128].

The	 collagen/CS/glycerol/hydroxypropyl	 methylcellulose	 complex	 as	 an	 artificial	
cornea	was	synthesised	and	characterised	(functional	cluster,	cytotoxicity,	morphological	
and	antibacterial	tests).	All	samples	exerted	minimal	cytotoxicity	(>	85%	live	cells)	[129].

In	 another	 study,	 the	 authors	 evaluated	 the	 mechanical	 and	 physical	 effects	 
of	gelatine/CMC/CS	composite	films	resulting	from	the	addition	of	sorbitol.	With	glycerine	
as	 a	 plasticiser,	 solutions	 of	 gelatine/CMC/CS	 composite	 films	 containing	 graduated	
concentrations	of	sorbitol	(0–30%).	The	results	showed	that	an	increase	in	the	composite	
content	resulted	in	a	corresponding	decrease	in	melting	temperature	and	tensile	strength.	
However,	films	with	25%	sorbitol	had	increased	tensile	strength	due	to	anti-plasticisation	
[130].

A	 hydrogel	 based	 on	 CS,	 collagen,	 hydroxypropyl-γ-cyclodextrin	 and	 polyethylene	
glycol	 was	 developed	 and	 characterised.	 Incorporation	 of	 nanohydroxyapatite	 
and	 pre-encapsulated	 hydrophobic/hydrophilic	 model	 drugs	 reduced	 the	 porosity	 
of	the	hydrogel	from	81.62%	±	2.25%	to	69.98%	±	3.07%	[131].

7. Conclusions
Based	on	this	review,	we	can	draw	the	following	conclusions:

1. Binary	 and	 ternary	 IPECs	 have	 indisputable	 utility:	 they	 are	 widely	 used	 
for	pharmaceutical	and	medical	applications	and	in	other	areas.

2. Despite	 the	 huge	 amount	 of	 research,	 some	 fundamental	 aspects	 regarding	 how	 
to	obtain	stable	binary	and	ternary	IPECs	require	additional	research	on	regulating	
the	charge	of	the	surface	layer	of	the	complex	and,	accordingly,	searching	for	areas	
of	application	of	the	synthesised	complexes	based	on	CS.

3.	 At	present,	the	dependence	of	the	initial	ratios	of	polyions	and	the	hydrodynamic	
characteristics	 of	 binary	 complexes	 CS/collagen	 and	 three-component	 IPECs	 
with	CS/collagen/Na-CMC	has	not	been	fully	studied.
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Abstract
The effect of chitosan oxidation with sodium periodate on the ability to form complexes 
with the dyes methylene blue, malachite green and acid fuchsin, which have an antiseptic 
effect, was investigated. A non-covalent interaction occurred for methylene blue  
and malachite green, while a covalent interaction occurred for acid fuchsin.  
Fourier-transform infrared spectroscopy confirmed the formation of chitosan composites  
with these dyes. The antimicrobial effect of these dyes complexed with oxidised 
chitosan against Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus subtilis  
and Escherichia coli was investigated. The non-covalent attachment of malachite green  
and methylene blue to chitosan preserved their antimicrobial effect; hence, complexes  
of these dyes with oxidised chitosan provide a more convenient form that is less staining.  
However, the covalent conjugation of acid fuchsin with oxidised chitosan caused  
a significant loss of the antimicrobial activity. The developed method of conjugation  
of specific dyes with chitosan can be used to create complexes of this biopolymer  
with a wide range of biologically active organic substances.

Keywords: chitosan; periodate oxidation; methylene blue, malachite green, acid fuchsin; 
conjugates and adducts; FTIR analysis; antimicrobial action
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1. Introduction
In	 the	 19th	 century,	 scientists	 proposed	 specific	 dyes	 for	 use	 as	 histochemical	 reagents	 
in	microscopy.	Many	of	these	dyes	also	possess	antimicrobial	activity.	In	1891,	Paul	Ehrlich	
showed	that	methylene	blue	was	an	effective	remedy	in	treatment	of	malaria	[1].	At	present,	
the	main	areas	of	application	of	the	dyes	methylene	blue,	acid	fuchsin	and	malachite	green	
are	the	textile	industry	as	well	as	microbiological	and	cytological	analysis.	They	are	also	
used	 in	medicines,	albeit	 to	a	 lesser	extent,	and	exert	a	wide	range	of	 the	antimicrobial	
effects	 against	 the	 infectious	 agents	 in	 skin	 lesions	 and	 mucous	 membranes,	 as	 well	 
as	a	 fungicidal	 remedy	 in	 fungal	 lesions	of	 the	outer	coverings	 (Table	1).	For	example,	
fucorcin	 solution,	 which	 contains	 fuchsin,	 is	 prescribed	 to	 treat	 skin	 diseases	 caused	 
by	various	types	of	dermatomycetes	(trichophytons,	microsporums	and	epidermophytons),	
microbial	eczema	and	oily	and	mixed	forms	of	seborrhoea.

A	 major	 disadvantage	 of	 dyes	 is	 their	 intense	 colour,	 which	 can	 stain	 clothes	
and	 other	 items	 that	 come	 into	 contact	 with	 them.	 To	 mitigate	 this	 disadvantage,	 
dyes	can	be	complexed	with	macromolecules	such	as	chitosan.	In	addition,	one	may	expect	 
a	prolongation	of	the	antimicrobial	action	of	dyes	complexed	with	chitosan.	Consistently,	
we	 previously	 showed	 that	 after	 subcutaneous	 administration	 to	 rats,	 ethacridine	
lactate	 complexed	with	 chitosan	 circulated	 in	 the	 blood	 for	 a	 significantly	 longer	 time	 
than	the	intact	ethacridine	[2].	

The	 preparation	 of	 chitosan	 iodide	 composites	 with	 methylene	 blue	 and	 fuchsin	 
was	 described	 recently	 [3].	 These	 composites	 formed	 porous	 sponges	 and	 films	 
and,	 therefore,	could	be	used	for	a	variety	of	applications.	They	possessed	antibacterial	
activity	 against	 antibiotic-resistant	 gram-positive	 and	 gram-negative	 bacteria.	 Chitosan	
obtained	from	different	sources	and	using	different	methods	can	vary	in	the	molecular	mass,	 
from	 ≥	 10	 to	 1,000	 kDa,	 impurities	 content,	 and	 degree	 of	 deacetylation,	 from	 30%	 
to	95%	[4,	5].

In	 this	 work,	 we	 oxidised	 chitosan	 with	 sodium	 periodate	 (NaIO4)	 and	 complexed	 
the	oxidised	product	with	one	of	three	dyes,	namely	methylene	blue,	malachite	green	and	acid	
fuchsin.	We	evaluated	the	physicochemical	characteristics	of	the	obtained	complexes	using	
viscometric	analysis	to	determine	the	molecular	mass	of	chitosan	and	Fourier-transform	
infrared	 (FTIR)	 spectroscopy	 to	 determine	 the	 structure	 of	 chitosan–dye	 complexes.	
Finally,	 we	 assessed	 the	 antimicrobial	 action	 of	 intact	 and	 chitosan-conjugated	 forms	 
of	these	dyes	towards	the	gram-negative	bacteria	Pseudomonas aeruginosa	ATCC	9027	
and	Escherichia coli	ATCC	25922	and	the	gram-positive	bacteria	Staphylococcus aureus 
ATCC	25923	and	Bacillus subtilis	ATCC	31324.

2. Materials and Methods
2.1. Materials 
Methylene	 blue,	malachite	 green	 and	 acid	 fuchsin	were	 obtained	 from	Klebrig	 (India).	
Table	 1	 provides	 the	 chemical	 structure,	 physicochemical	 properties	 and	 examples	 
of	the	applications	of	these	dyes.

Shrimp	 shell	 chitosan	 with	 different	 molecular	 masses	 and	 degrees	 of	 deacetylation	 
–	namely,	CS-М	(502	kDa,	80.8%),	CS-S	(313	kDa,	85.5%)	and	CS-L	s	(739	kDa,	91.3%)	
–	were	purchased	from	Chitopharm	(Norway).
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Table 1. The	 physicochemical	 properties	 and	 application	 of	 the	 three	 dyes	 used	 
in	this	work.

Name, structure and physicochemical properties Application
Methylene	blue

С16Н18ClN3S·3H2O

Dark	green	crystals	with	a	bronze	lustre;	easily	soluble	
in	alcohol	or	hot	water,	but	less	soluble	in	cold	water

Used	as	an	antiseptic	 
in the form  

of	a	water–alcohol	solution	
to	treat	burns,	pyoderma,	

folliculitis,	etc.	[1].

Fuchsine	(rosaniline	hydrochloride)	
C20H20N3Cl

Green	crystals	with	a	metallic	lustre;	aqueous	solutions	
are	purple-red;	poorly	soluble	in	water,	but	good	

solubility	in	alcohol

Treatment	of	skin	diseases,	
a component of some 

antiseptics, along with other 
aniline	dyes	–	diamond	
green	and	methylene	blue	
–	which	are	active	against	
staphylococci	[6,	7].

Malachite green
C23H25ClN2

Dark	green	crystals	with	a	metallic	sheen;	 
good	solubility	in	water	and	ethanol

A	classic	remedy	to	treat	
diseases	in	fish;	in	most	

European countries,  
it	is	allowed	to	treat	

infections	of	only	aquarium	
fish;	corals	and	other	

invertebrates	in	sea	and	fresh	
water	do	not	tolerate	it	[8,	9]

2.2. Methods
The	viscosity	of	chitosan	solutions	in	a	mixture	of	0.1	M	acetic	acid	and	0.2	M	sodium	
chloride	 (NaCl)	 (1:2,	 v/v)	was	measured	 at	 25°C	with	 a	Ubbehold	VPZh-4	 viscometer	
(Soyuznauchpribor,	USSR)	with	a	capillary	of	diameter	=	0.82	mm.	The	molecular	mass	
of	chitosan	was	determined	from	this	measurement.

2.2.1. Fourier-Transform Infrared Spectroscopy
The	 FTIR	 spectra	 of	 the	 samples	 (chitosan,	 dyes	 and	 chitosan–dye	 complexes)	 were	
recorded	on	a	Spectrum	Two	spectrometer	(PerkinElmer,	USA)	using	a	diamond	universal	
attenuated	 total	 reflectance	 (UATR)	 accessory.	The	 PerkinElmer	 Spectrum	 10	 software	
was	used	to	draw	the	spectra.	The	spectra	(16	scans	per	spectrum)	of	the	solutions	were	
collected	in	the	mid-infrared	wavenumber	range	from	4000	to	400	cm–1, with a spectral 
resolution	of	0.4	cm–1.
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2.2.2. Preparation of Oxidised Chitosan and Chitosan–Dye Complexes
Finely	 ground	 chitosan	 powder	 (50	mg)	was	 placed	 in	 a	 centrifuge	 tube;	 then,	 3.0	ml	 
of	1%	sodium	bicarbonate	(NaHCO3)	solution	was	added	and	the	mixture	was	incubated	
for	30	min.	After	swelling	and	impregnation	of	the	chitosan	powder,	the	NaHCO3 solution 
was	carefully	removed	with	a	pipette	and	0.4	ml	of	5%	NaIO4	was	added.	The	mixture	
was	incubated	for	30	min	at	room	temperature.	The	oxidised	chitosan	was	washed	three	
times	with	10	ml	of	water.	Next,	1–2	ml	of	a	1%	dye	solution	in	0.1	M	phosphate	buffer	
(pH	 7.0–7.5)	 was	 added	 to	 the	 washed	 oxidised	 chitosan.	 The	 mixture	 was	 incubated	 
for	4–16	h,	after	which	time	unbound	dye	was	washed	away	(8–10	times	with	10	ml	of	6%	
NaCl	solution,	and	then	2	times	with	10	ml	of	distilled	water	until	complete	discoloration	
of	 the	washing	water).	 In	 the	 control,	 the	 dye	 solution	was	 added	 to	 the	 same	 amount	 
of	unoxidised	chitosan;	the	incubation	and	washing	were	performed	as	described	above.

2.2.3. Determination of the Bound Dye Content
The	washed	chitosan	powder	with	dye	was	dried	in	an	oven	at	50–60°C,	weighed	and	then	
dissolved	in	1%	acetic	acid	to	a	concentration	of	1%.	The	pH	of	the	solution	was	adjusted	
to	6.0.	Then,	 the	 content	of	 the	dye	 in	 complexes	was	determined	using	a	 colorimetric	 
or	spectrophotometric	method.

2.2.4. Determination of the Rate of Diffusion in Agar Gel
Filter	 paper	 discs	 (diameter	 =	 5	 mm)	 were	 impregnated	 with	 dye	 solution	 (control)	 
or	 a	 chitosan–dye	 complex	 and	 dried	 in	 an	 oven	 at	 60°C.	 Petri	 dishes	 were	 filled	 
with	 1%	 Sabouraud	 medium	 agar	 gel.	 A	 disc	 was	 placed	 on	 the	 solidified	 agar	 gel;	 
after	2,	4	and	10	h,	the	diameter	of	the	stained	zone	was	measured.	The	ratio	of	the	diffusion	 
rate	of	the	chitosan–dye	complex	to	the	diffusion	rate	of	the	pure	dye	was	determined.

2.2.5. Measurement of Antimicrobial Activity
Filter	 paper	 discs	 (diameter	 =	 5	 mm)	 were	 impregnated	 with	 a	 dye	 solution	 (control)	 
or	a	chitosan–dye	complex	and	dried	in	an	oven	at	60°C.	Microbial	cultures	were	sown	
in	100-mm	diameter	Petri	dishes	filled	with	1%	Sabouraud	medium	agar	gel;	their	growth	
was	 monitored	 and	 photographed.	 The	 experiments	 were	 carried	 out	 with	 the	 strains	 
P. aeruginosa	ATCC	9027,	S. aureus	ATCC	25923,	B. subtilis	ATCC	31324	and	E. coli 
ATCC	25922	obtained	from	the	Collection	of	microorganisms	at	the	Faculty	of	Biology	 
of	Ivan	Franko	Lviv	National	University	(Ukraine).

3.  Results and Discussion
Table	2	shows	the	total	mass	and	molecular	mass	of	chitosan	before	and	after	oxidation	
with	NaIO4.

Table 2. Reduction	in	the	total	mass	and	molecular	mass	of	chitosan	after	its	oxidation	
with	sodium	periodate.

Average molecular mass of chitosan [kDa] Total mass of chitosan [mg]
Before	oxidation After	oxidation Before	oxidation After	oxidation

313 40 50 28	±	3
502 70 50 32	±	3
739 110 50 35	±	3
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These	 results	 demonstrate	 that	 during	 the	 treatment	 of	 chitosan	 with	 NaIO4,  
there	 was	 oxidation	 of	 hydroxyl	 groups	 of	 glucosamine	 to	 aldehyde	 groups	 
and	 hydrolysis	 of	 chitosan	 chains.	 Fragments	 of	 low-molecular-mass	 chitosan	 
are	 probably	 lost	 during	 washing	 to	 remove	 excess	 NaIO4.	 These	 losses	 reached	 
30%–50%	of	the	mass	of	the	chitosan	sample,	and	the	average	molecular	mass	decreased	 
by	5–8	times.

Due	to	the	presence	of	amino	groups,	chitosan	is	capable	of	adsorbing	various	acidic	
substances,	 including	 dyes.	 Although	 unoxidised	 chitosan	 remained	 coloured	 after	
treatment	with	 dyes	 followed	 by	washing	 to	 remove	 unbound	 dye,	 the	 amount	 of	 dye	 
it	contained	was	negligible.	On	the	other	hand,	oxidation	of	chitosan	with	NaIO4	markedly	
increased	the	amount	of	bound	dye	(Table	3).

Table 3. The	 content	 (%)	 of	 dye	 complexed	 with	 chitosan	 (CS)	 before	 and	 after	 
its	oxidation	with	sodium	periodate.

Sample
The amount  

of bound methylene 
blue [%]

The amount  
of bound malachite 

green [%]

The amount  
of bound acid fuchsin 

[%]

CS-S
Native 

(313 kDa)
Oxidised 
(40 kDa)

Native 
(313 kDa)

Oxidised 
(40 kDa)

Native 
(313 kDa)

Oxidised 
(40 kDa)

0.06 5.7 0.08 7.9 0.024 8.7

CS-М
Native 

(502 kDa)
Oxidised 
(70 kDa)

Native 
(502 kDa)

Oxidised 
(70 kDa)

Native 
(502 kDa)

Oxidised 
(70 kDa)

0.06 5.0 0.078 7.7 0.018 6.5

CS-L
Native 

(739 kDa)
Oxidised 
(110 kDa)

Native 
(739 kDa)

Oxidised 
(110 kDa)

Native 
(739 kDa)

Oxidised 
(110 kDa)

0.07 3.2 0.09 6.9 0.021 4.8

Note.	See	Section	2.1	for	the	details	of	each	chitosan.

Filter	 paper	 discs	 (diameter	 =	 5	 mm)	 impregnated	 with	 a	 dye	 solution	 (control)	 
or	a	solution	of	chitosan–dye	complex	were	examined	to	determine	the	rate	of	dye	diffusion	
in	1%	Sabouraud	medium	agar	gel	at	pH	7.0	(Figure	1).	There	were	no	significant	differences	 
in	 the	 diffusion	 rate	 of	 pure	 methylene	 blue	 and	 malachite	 green	 compared	 
with	the	chitosan–methylene	blue	and	chitosan–malachite	green	complexes,	respectively.	
However,	 the	 diffusion	 rate	 of	 chitosan–acid	 fuchsin	 was	 reduced	markedly	 compared	
with	 pure	 acid	 fuchsin.	 These	 differences	 could	 be	 due	 to	 the	 bonds	 formed	 between	 
the	 dyes	 and	 chitosan.	 Acid	 fuchsin	 binds	 covalently	 to	 oxidised	 chitosan,	 leading	 
to	a	marked	reduction	in	its	diffusion.	On	the	other	hand,	methylene	blue	and	malachite	
green	 bind	 non-covalently.	 Of	 note,	 it	 is	 unknown	 exactly	 how	 methylene	 blue	 binds	 
to	 chitosan;	 the	 bonds	 are	 stronger	 than	 those	 formed	 between	 chitosan	 and	malachite	
green,	but	weaker	than	those	formed	between	chitosan	and	acid	fuchsin.
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Figure 1. The	 photograph	 of	 a	 Petri	 dish	 containing	 1%	 Sabouraud	 medium	 agar	 gel	 
(pH	 7.0)	 with	 filter	 paper	 discs	 impregnated	 with	 pure	 dyes	 of	 oxidised	 
chitosan–dye	 complexes	 incubated	 for	 10	 h	 to	 allow	 diffusion.	 
Identities:	 1	 –	 methylene	 blue;	 2	 –	 the	 chitosan–methylene	 blue	 complex;	 
3	–	malachite	green;	4	–	the	chitosan–malachite	green	complex;	5	–	acid	fuchsin;	 
6	–	the	chitosan–acid	fuchsin	complex.

Next,	 we	 compared	 the	 antibacterial	 activities	 of	 the	 pure	 dyes	 and	 the	 chitosan–dye	
complexes	 against	 gram-negative	 and	 gram-positive	 bacteria	 (Figure	 2).	 In	 general,	 
the	findings	were	consistent	with	the	diffusion	results:	the	stronger	the	interactions	between	
the	 dye	 and	oxidised	 chitosan,	 the	weaker	 the	 antibacterial	 activity.	Based	on	 the	 zone	
of	 inhibition,	 for	each	bacterium	pure	acid	 fuchsin	 (sample	5)	presented	much	stronger	
antibacterial	activity	than	the	chitosan–acid	fuchsin	complex	(sample	6).	Pure	methylene	
blue	(sample	1)	also	showed	stronger	antibacterial	activity	 than	the	chitosan–methylene	
blue	 complex	 (sample	 2),	 although	 the	 difference	 was	 not	 as	 pronounced	 as	 for	 acid	 
fuchsin.	 Finally,	 pure	 malachite	 green	 (sample	 3)	 and	 the	 chitosan–malachite	 
green	 complex	 (sample	 4)	 showed	 similar	 antibacterial	 activity.	 Hence,	 the	 formation	 
of	a	covalent	complex	between	chitosan	and	acid	fuchsin	(via	an	unknown	mechanism)	
or	 a	 stronger	non-covalent	 complex	between	 chitosan	 and	methylene	blue	 substantially	
reduces	antibacterial	activity.
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Figure 2. The	 photographs	 of	 the	 zone	 of	 inhibition	 of	 the	 gram-positive	 bacteria	
Staphylococcus aureus	 (ATCC25923)	 and	 Bacillus subtilis	 (ATCC31324)	
and	 the	 gram-negative	 bacteria	 Pseudomonas aeruginosa	 (ATCC9027)	 
and	 Escherichia coli	 (ATCC25922)	 in	 the	 presence	 of	 pure	 dyes	 
and	 chitosan–dye	 complexes.	 Identities:	 1	 –	 methylene	 blue;	 
2	 –	 the	 chitosan–methylene	 blue	 complex;	 3	 –	 malachite	 green;	 
4	 –	 the	 chitosan–malachite	 green	 complex;	 5	 –	 acid	 fuchsin;	 
6	–	the	chitosan–acid	fuchsin	complex.

Next,	we	 used	 FTIR	 in	 an	 attempt	 to	 determine	 the	mechanisms	 by	which	 the	 studied	
dyes	 form	 complexes	 with	 oxidised	 chitosan.	 As	 shown	 in	 Figure	 3,	 we	 consider	 
that	a	covalent	bond	appears	between	the	oxygen	atom	of	oxidised	chitosan	and	the	nitrogen	 
atom	 	 of	 the	 primary	 amino	 group	 of	 acid	 fuchsin.	 Such	 a	 change	 might	 affect	 
its	 antimicrobial	 activity.	 The	 possibility	 of	 the	 formation	 of	 such	 a	 covalent	 bond	 
does	 not	 exist	 in	 the	 case	 of	 malachite	 green	 (see	 Table	 1).	 Finally,	 when	 methylene	 
blue	is	added	to	oxidised	chitosan,	the	aldehyde	groups	may	oxidise	to	an	acid,	creating	 
an	opportunity	for	increased	binding	of	methylene	blue	to	oxidised	chitosan.
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Figure 3. A	 schematic	 representation	 of	 the	 interaction	 between	 sodium	 
periodate–oxidised	chitosan	and	acid	fuchsin.

Acid	 fuchsin	 has	 three	 amino	 groups	 that	 could	 interact	 with	 oxidised	 chitosan,	 
while	methylene	blue	and	malachite	green	do	not	have	such	chemical	groups.	However,	
while	 malachite	 green	 looks	 to	 be	 totally	 inert	 for	 any	 conjugation,	 methylene	 blue	 
has	an	S(+)	atom	in	its	heterocyclic	ring.	Therefore,	it	is	possible	that	the	aldehyde	group	 
of	 the	 modified	 chitosan	 chain	 forms	 a	 non-covalent	 bond	 with	 the	 free	 electron	 pair	 
of	 the	 sulfur	 atom	 in	 methylene	 blue.	 It	 is	 also	 possible	 that	 when	 methylene	 blue	 
is	 added	 to	 oxidised	 chitosan,	 there	 is	 intramolecular	 rearrangement	 of	 two	 adjacent	
aldehyde	 groups	 and	 the	 formation	 of	 hydroxyl	 and	 carboxyl	 groups	 in	 their	 place.	 
This	would	 create	 an	 opportunity	 for	 enhanced	 binding	 of	methylene	 blue	 to	 oxidised	
chitosan	 through	 the	 attraction	 of	 sulfur	 in	 the	 phenothiazine	 ring	 (positive	 charge)	
to	 carboxyl	 groups	 in	 chitosan	 (negative	 charge).	 Figure	 4	 presents	 a	 scheme	 of	 such	
transformations.
Chitosan	 oxidation	 reduces	 its	 molecular	 mass	 (Table	 2).	 That	 may	 increase	 
the	 number	 of	 loci	 that	 can	 interact	 with	 other	 substances.	 As	 reported	 
previously,	 chitosan	 with	 a	 medium	 molecular	 mass	 (135	 kDa)	 and	 a	 high	 degree	 
of	 deacetylation	 binds	 more	 effectively	 to	 substances	 than	 chitosan	 with	 a	 high	 
molecular	mass	[10].	
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Figure 4. A	 schematic	 representation	 of	 the	 possible	 interaction	 between	 sodium	
periodate–oxidised	chitosan	and	methylene	blue.

If	 the	 interaction	 between	 oxidised	 chitosan	 and	 a	 dye	 occurs	 non-covalently,	 
then	 the	 dye	 can	 be	 detached	 from	 chitosan	 with	 long-term	 washing	 
with	 a	 suitable	 solvent,	 or	 by	 increasing	 the	 temperature	 or	 changing	 the	 pH	 
or	 the	 ionic	 strength	 	 of	 the	 solutions.	 The	 three	 dyes	 attached	 to	 oxidised	 chitosan	
much	 better	 (3.2%–8.7%)	 	 than	 to	 unoxidised	 chitosan	 (0.018%–0.09%;	 Table	 3).	 
As	 one	 can	 see	 in	 Figure	 1,	 	 malachite	 green	 was	 totally	 released	 
from	 the	 chitosan–malachite	 green	 complex,	 	 while	 acid	 fuchsin	 was	 almost	 
totally	 	 captured	 by	 oxidised	 chitosan.	 A	 repeated,	 more	 intensive	 washing	 
of	 oxidised	 CS-M	 containing	 the	 absorbed	 dyes	 with	 acidified	 	 and	 alkalised	 80%	 
ethanol	 led	 to	 almost	 total	 release	 of	 malachite	 green	 	 and	 methylene	 blue,	 
which	 lost	 their	 colour,	 while	 the	 release	 of	 the	 attached	 acid	 fuchsin	 
was	 not	 complete.	 The	 dye	 content	 after	 the	 washing	 procedure	 revealed		 
a	 mean	 concentration	 of	 0.06%	 for	 methylene	 blue,	 0.04%	 for	 malachite	 green	 
and	 0.87%	 for	 acid	 fuchsin.	 Based	 on	 these	 results,	 we	 hypothesised	 
that	 the	 chitosan–acid	 fuchsin	 complex	 is	 a	 mixture	 of	 acid	 fuchsin	 attached	 
covalently	 and	 non-covalently.	 We	 tested	 this	 assumption	 by	 recorded	 FTIR	 spectra	 
of	chitosan	alone	and	chitosan	complexed	with	the	studied	dyes.
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Figure 5. Fourier-transform	 infrared	 spectra	 of	 chitosan	 (1,	 green	 line)	 and	 oxidised	
chitosan	(2,	red	line).

In	 general,	 the	 FTIR	 spectra	 of	 chitosan,	 oxidised	 chitosan	 and	 the	 studied	 dyes	 agree	
with	what	has	been	published	in	the	literature	[11,	12].	There	are	three	broad	absorption	
bands	observed	in	the	FTIR	spectra	of	chitosan	and	its	derivatives	(Figure	5).	The	bands	 
at	1640–1540	cm–1	and	1430–1380	cm–1	can	be	attributed	to	stretching	of	amide	groups	 
and	 bending	 of	 alkyl	 groups,	 respectively.	 The	 most	 intense	 absorption	 band	 
at	 1150–900	 cm–1	 corresponds	 to	 C-O-C	 and	 C-O-H	 vibrations.	 The	 unmodified	 
chitosan	 spectrum	 shows	 the	 characteristic	 absorption	 bands	 at	 3359	 and	 3288	 cm−1 
(attributed	to	O-H	and	N-H	stretching	vibrations,	respectively),	2873	cm−1 (C-H stretching), 
1654	cm−1	(C=O	stretching	of	amide	I),	1586	cm−1	(N-H	banding	of	amide	II),	1148	cm−1 
(C-O-C	 stretching)	 and	 1056	 and	 1027	 cm−1	 (C-O	 stretching).	 The	 obtained	 spectrum	 
is consistent with the literature.

The	 FTIR	 spectra	 of	 chitosan	 and	 oxidised	 chitosan	 are	 very	 similar.	 The	 major	
difference	is	at	1680–1500	cm–1,	where	oxidised	chitosan	shows	a	shift	in	the	absorption	
maxima	towards	short	wavelengths	and	an	increase	in	peak	intensity.	The	only	significant	
difference	 is	 the	 appearance	 of	 an	 absorption	 band	 with	 a	 low	 intensity	 at	 1711	 cm–1  
in	 the	 FTIR	 spectrum	 of	 oxidised	 chitosan;	 it	 corresponds	 to	 stretching	 vibrations	 
of	 the	 aldehyde	 group	 formed	 as	 a	 result	 of	 oxidation.	 In	 addition,	 a	 newly	 formed	 
sharp	band	at	1633	cm−1	derived	from	a	carbonyl	group	confirms	oxidation	of	chitosan.	
The	 changes	 in	 the	 shape	 and	 intensity	 of	 the	 stretching	 vibrations	 of	 the	 hydroxyl	
band	 (3200	 cm−1)	 can	 be	 explained	 by	 the	 opening	 of	 cyclic	 structure	 and	 oxidation	 
of	chitosan	 saccharide	units.	There	are	also	changes	at	1300–1400	cm−1	 (C-H	bending)	 
and	 1000–1200	 (C-O-C	 and	 C-O	 bending),	 which	 prove	 the	 effective	 modification	
of	 glucoside	 rings	 in	 chitosan	 caused	 by	 their	 opening	 and	 oxidation	 at	 the	 C2	 
and	 C3	 positions.	 Note	 that	 in	 the	 FTIR	 spectra	 of	 the	 chitosan–dye	 complexes,	 
the	 absorption	 bands	 of	 the	 dyes	 are	 almost	 absent,	 probably	 due	 to	 their	 low	 
concentrations.
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Figure 6. Fourier-transform	 infrared	 spectra	 of	 oxidised	 chitosan	 (2,	 control,	 red	 line),	
acid	 fuchsin	 (3,	 purple	 line)	 and	 the	oxidised	 chitosan–acid	 fuchsin	 complex	 
(4,	blue	line).

The	 FTIR	 spectra	 of	 oxidised	 chitosan	 and	 the	 oxidised	 chitosan–acid	 fuchsin	
complex	 practically	 coincide	 (Figure	 6).	The	 only	 significant	 difference	 is	 the	 absence	 
of	 the	 absorption	 band	 at	 1711	 cm−1	 (the	 aldehyde	 group	 in	 the	 complex).	 
This	 can	 be	 explained	 by	 the	 formation	 of	 a	 covalent	 bond	 between	 the	 C=O	 group	 
of	 oxidised	 chitosan	 and	 the	 amino	 group	 of	 acid	 fuchsin.	The	 formation	 of	 this	 bond	 
is	 confirmed	 by	 the	 shift	 in	 the	 absorption	 bands	 towards	 longer	 wavelengths.	 
Thus,	N-H	bending	in	oxidised	chitosan	shifts	 from	1538	to	1546	cm−1	 in	 the	complex.	 
In	 addition,	 the	 complex	 shows	 a	 new	 shoulder	 in	 the	 absorption	 band	 at	 1583	 cm−1, 
which	 corresponds	 to	 the	 vibrations	 of	 the	 new	 C=N	 covalent	 bond	 in	 the	 complex.	 
The	absorption	band	at	1546	cm−1	is	wider	due	to	the	intense	absorption	of	acid	fuchsin,	
which	entered	the	adduct.

Figure 7. Fourier-transform	 infrared	 spectra	 of	 oxidised	 chitosan	 (2,	 control,	 red	 line),	 
the	oxidised	chitosan–methylene	blue	complex	(5,	blue	line)	and	methylene	blue	 
(6,	black	line).



110 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.007

Volodymyr Antonyuk, Nazar Manko, Lidiia Panchak, Semen Khomyak, Oleksandr Gromyko, 
Rostyslav Stoika

The	 FTIR	 spectra	 of	 oxidised	 chitosan	 and	 the	 oxidised	 chitosan–methylene	 blue	
complex	almost	 coincide	 (Figure	7).	The	 intensity	of	 the	absorption	band	at	1711	cm−1  
of	 the	 aldehyde	 group	 decreases	 slightly	 in	 the	 complex.	 It	 is	 possible	 that	methylene	
blue	 attaches	 to	 oxidised	 chitosan	 through	 the	 free	 electron	 pairs	 of	 the	 sulfur	 atom	 
of	 the	 thiazine	 ring.	 The	 formation	 of	 such	 a	 complex	 is	 confirmed	 in	 its	 spectrum	 
by	 the	 shift	 of	 two	 absorption	 bands	 toward	 longer	 wavelengths:	 N-H	 bending	 shifts	
from	1538	 to	 1544	 cm−1	 and	C-H	bending	 shifts	 from	1403	 to	 1405	 cm−1.	 In	 addition,	 
the	complex	shows	a	new	absorption	band	at	1317	cm−1,	which	corresponds	to	the	vibration	
of	the	thiazine	ring	in	methylene	blue.

Figure 8. Fourier-transform	 infrared	 spectra	 of	 oxidised	 chitosan	 (2,	 control,	 red	 line),	
malachite	 green	 (7,	 grey	 line)	 and	 the	 oxidised	 chitosan–malachite	 green	
complex	(8,	blue	line).

The	 FTIR	 spectrum	 of	 oxidised	 chitosan	 and	 the	 oxidised	 chitosan–malachite	 green	
complex	are	nearly	identical	(Figure	8).	Similarly	to	the	oxidised	chitosan–methylene	blue	
complex,	the	intensity	of	the	absorption	band	at	1711	cm−1	of	the	aldehyde	group	decreases	
slightly.	 It	 is	 possible	 that	 the	malachite	green	 interacts	with	oxidised	chitosan	 through	 
the free electron pairs of a nitrogen atom.
Taken	 together,	 the	 technique	 we	 developed	 yields	 complexes	 of	 oxidised	 chitosan	 
with	specific	dyes	and	controls	 the	chemical	composition	of	 these	complexes.	 It	 should	
be	noted	 that	NaIO4	oxidation	of	 chitosan	has	been	 reported	previously.	The	 formation	 
of	 chitosan	 dialdehyde	 through	 NaIO4	 oxidation	 is	 particularly	 interesting.	 
Other	 conditions	 of	 the	 reaction	 led	 to	 the	 crosslinking	 of	 oxidised	 chitosan	 links	 
and	 an	 increase	 in	 the	molecular	mass	 of	 the	 formed	 product,	 which	made	 it	 possible	 
to	 obtain	 a	 new	 material	 for	 biometric	 application	 [13].	 Currently,	 we	 are	 working	 
on	 the	 production	 of	 chitosan-based	 hydrogels	 and	 ointments	 with	 antiseptic	 dyes	 
to	 improve	 wound	 healing.	 In	 addition	 to	 such	 dyes,	 other	 biologically	 active	 
low-molecular-weight	 compounds,	 such	as	 the	cannabimimetic	N-stearoylethanolamine, 
will	be	conjugated	with	chitosan	to	enhance	its	anti-inflammatory	effect	[14,	15].

4. Conclusions 
Based	on	the	results,	we	drew	the	following	conclusions

1. Oxidation	 of	 chitosan	 with	 NaIO4	 leads	 to	 chitosan	 hydrolysis.	 The	 conditions	
used	 in	 this	 paper	 to	 oxidise	 chitosan	 decreased	 the	 total	 mass	 by	 30%–40%	 
and	the	average	molecular	mass	by	5.3–8	times.
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2. NaIO4-oxidised	 chitosan	 shows	 an	 increased	 ability	 to	 absorb	dyes.	The	 amount	 
of	 bound	 dye	 per	 unit	 of	 chitosan	 mass	 increased	 70–360	 times	 
(from	0.018%–0.09%	to	3.2%–8.7%).	

3.	 FTIR	 spectroscopy	 revealed	 that	 neither	 malachite	 green	 nor	 methylene	 blue	
bind	 covalently	 to	 oxidised	 chitosan.	 This	 was	 also	 evidenced	 by	 the	 release	 
of	 the	 dyes	 from	 their	 complexes	 with	 chitosan	 under	 treatment	 with	 alcoholic	 
solutions	at	an	acidic	pH.	

4.	 FTIR	spectroscopy	confirmed	that	acid	fuchsin	binds	covalently	to	oxidised	chitosan	
through	an	 amino	group.	This	was	 evidenced	by	a	decrease	 in	 the	 antimicrobial	
activity	 of	 this	 complex	 and	 the	 formation	 of	 insoluble	 conjugates	 (especially	 
with	 CS-L).	The	 product	 appears	 to	 be	 a	mixture	 of	 covalent	 and	 non-covalent	
complexes.

5.	 The	oxidised	chitosan–acid	 fuchsin	 complex	exerted	much	weaker	 antimicrobial	
activity	compared	with	pure	acid	fuchsin.	Thus,	 the	amino	group	of	acid	fuchsin	
might	be	crucial	for	its	antimicrobial	effect.

6.	 The	 oxidised	 chitosan–methylene	 blue	 complex	 showed	 weaker	 antimicrobial	
activity	 compared	 with	 pure	 methylene	 blue,	 although	 the	 effect	 was	 not	 
as	pronounced	as	for	acid	fuchsin.

7. The	oxidised	chitosan–malachite	green	complex	and	pure	malachite	green	showed	
similar	antimicrobial	activity.
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Abstract
The aim of this work was to demonstrate the process of manufacturing and applying 
functionalising additives using a pilot research installation. As part of the optimisation 
evaluation, hygienic papers functionalised with biopolymer-biocide compositions based 
on chitosan, starch and Gemini surfactants were prepared. The microbiological properties 
and susceptibility to biodegradation of prototype hygienic papers (prepared in EPICOM) 
were assessed. In particular, the minimum amount of biopolymer and bioactive agent 
were determined to ensure the finished product exerted antibacterial activity against 
Staphylococcus aureus, Bacillus subtilis and Escherichia coli and was more than 90% 
biodegradable in a compost environment. Under optimal conditions, the hygienic paper 
exerted excellent antibacterial activity against S. aureus and E. coli as well as good activity 
against B. subtilis. Moreover, the hygienic paper showed more than 90% biodegradability 
in compost conditions within 8 weeks.

Keywords: biodegradable, bioactive hygienic papers, Gemini surfactants, chitosan-starch 
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1. Introduction
Washing	hands	with	soap	and	drying	them	with	a	disposable	paper	towel	is	 the	method	
recommended	by	 the	World	Health	Organization	(WHO)	to	remove	germs.	The	present	
study	 aimed	 to	 develop	 an	 innovative	 hygienic	 paper	 based	 on	 an	 in-depth	 analysis	 
of	the	needs	and	expectations	of	recipients/consumers,	which	include:	

• extended	functionality	including	hygiene	(a	benefit	for	end	users);	
• the	possibility	of	recycling	using	generally	available	methods	(a	benefit	for	the	target	group);
• pro-ecological	solutions,	namely	a	biodegradable	product	produced	from	renewable	

raw	materials	of	natural	origin	(a	benefit	for	the	target	group);	
• a	solution	with	increased	innovation	that	is	the	same	price	as	alternative	solutions	 

(a	benefit	for	the	target	group);	and
• reduced	consumption	of	raw	material.
This	paper	discusses	studies	that	were	carried	out	as	part	of	a	project	whose	aim	was	 

to	 develop	 an	 innovative	 line	 of	 functional	 paper	 towels	 containing	 strengthening	
additives	 obtained	 from	 recycled	 waste	 and	 functionalising	 biopolymer	 additives	 that	
replace	water-fixing	 resins	and	carry	 innovative	hygienising	substances.	The	 innovative	
functional	paper	 towels	developed	were	enriched	with	reinforcing	additives	 in	 the	form	 
of	nano/micro	cellulose	fibres	obtained	from	biotechnological	treatment	of	cellulose	waste	 
from	 the	 production	 of	 hygienic	 paper	 using	 specialised	 enzymatic	 preparations	 
and	 functionalising	 additives	 based	 on	 biopolymers,	 including	 chitosan	 and	 starch	 
as	 a	 carrier	 of	 Gemini	 surfactants.	 The	 novel	 functional	 paper	 towels	 were	 assumed	 
to	 have	 three	 features	 compared	 with	 other	 solutions	 with	 a	 similar	 purpose.	 First,	 
they	 have	 antimicrobial	 properties,	 including	 the	 ability	 to	 inhibit	 the	 growth	 
of Staphylococcus aureus, Bacillus subtilis and Escherichia coli	 over	 time.	This	ability	
would	reduce	the	possibility	transmitting	microorganisms	and	allowing	them	to	multiply	 
in	 workplaces,	 restaurants,	 public	 places,	 shopping	 centres,	 etc.,	 by	 improving	
the	 effectiveness	 of	 removing	 microorganisms	 when	 drying	 hands	 after	 washing	 
them	 (increasing	 the	 level	 of	 hygiene).	 Second,	 they	 allow	 the	 possibility	 of	 recycling	
while	maintaining	 appropriate	 durability	 parameters	 of	 the	 product.	This	 ability	would	
reduce	 the	amount	of	waste	 in	 landfills,	 allow	 the	 reuse	of	materials	 and	 raw	materials	 
or	their	processing	into	new	ones,	lower	energy	consumption	and	expenses	and	thus	reduce	
the	overall	burden	on	natural	environments.	Finally,	 they	show	>	90%	biodegradability	
over	a	period	of	10	days	to	8	weeks	with	over	99%	content	of	biodegradable	raw	materials.	
This	ability	offers	a	fully	environmentally	friendly	product.	

Based	 on	 previous	 experience	 of	 the	 Łukasiewicz	 Łódź	 Institute	 of	 Technology	
(ŁIT)	 regarding	 water-fixing	 paper,	 chitosan	 was	 selected	 as	 one	 of	 the	 components	 
of	 the	 polymer	 compositions.	 This	 cationic	 copolymer	 is	 composed	 of	 glucosamine	 
and	N-acetyl-glucosamine	 residues	 connected	by	a	β-1,4-glycosidic	bond.	Chitosan	has	 
a	reactive	amino	group	at	C2	and	primary	and	secondary	hydroxyl	groups	present	at	C3	
and	C6,	 thanks	 to	which	 it	 has	 good	 adsorption	 properties	 [1,	 2].	The	 use	 of	 chitosan	
should	contribute	to	the	elimination	or	a	significant	reduction	in	the	use	of	resins,	mainly	 
polyamide-epichlorohydrin,	and	thus	facilitate	the	pulping	of	paper	products	in	the	recycling	
process	 in	 an	 aqueous	 environment.	The	 choice	 of	 chitosan	 for	water-fixing	 paper	was	
primarily	based	on	its	good	miscibility	with	cellulose	and	a	molecular	structure	that	is	similar	 
to	 cellulose,	which	 favours	 the	 formation	of	 strong	hydrogen	bonds	 and	 thus	 increases	
the	 mechanical	 strength	 of	 the	 paper.	 An	 important	 biological	 property	 of	 chitosan	 
is	its	antibacterial	and	antifungal	activity	[3,	4]	from	its	positively	charged	amino	groups,	
which	 react	 with	 negatively	 charged	 lipopolysaccharides	 and	 proteins	 on	 the	 surface	 
of	microbial	cells,	leading	to	disintegration	of	cell	membranes	and	damage	to	the	bacterial	 
cell	 wall.	 The	 antibacterial	 effect	 of	 chitosan	 also	 varies	 depending	 on	 its	 degree	 



115Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.008

Hygienic papers modified by functional biopolymer-biocide compositions in a pilot research 
installation

of	 deacetylation	 and	 molecular	 weight.	 High-molecular-weight	 chitosan	 can	 create	 
a	polymer	film	on	the	surface	of	the	microbial	cell	wall	to	prevent	the	delivery	of	nutrients	
and	 thus	 causes	 the	 death	 of	 bacterial	 cells.	 However,	 low-molecular-weight	 chitosan	 
can	 penetrate	 cells	 and	 combine	 with	 negatively	 charged	 intracellular	 components	 
[5,	6].	A	carrier	of	 innovative	hygiene	substances	(Gemini	surfactants)	developed	based	 
on	 the	 selected	 form	 of	 chitosan	 in	 the	 form	 of	 polymer-biocide	 mixtures	 should	
demonstrate	increased	antimicrobial	activity.	Gemini	are	highly	effective	against	bacteria	 
and	 microscopic	 fungi	 [7,	 8].	 Introducing	 both	 monomeric	 didecyldimethylamonium	
chloride	(DDAC)	and	dimeric	hexamethylene-1,6-bis-(N,N-dimethyl-N-dodecylammonium	
bromide)C6	 surfactants	 onto	 the	 surface	 of	 the	 paper	 via	 coating	 and	 spraying	 would	
provide	good	protection	against	microorganisms.

2. Materials and Methods
2.1. Materials
The	following	chemicals	were	used	in	the	experiments:	chitosan	characterised	by	a	degree	 
of	deacetylation	of	≥	90%,	solubility	of	≥	99%	(in	1%	acetic	acid),	a	water	content	of	≤	10%,	 
an	ash	content	of	≤	1%,	a	protein	content	that	is	not	detectable,	a	viscosity	of	<	200	mPa·s,	 
a	heavy	metal	content	of	<	10	ppm	(Chemsta,	Poland);	the	Gemini	surfactant	GEMSUR	12.06	 
and	the	cationic	surfactant	dibromide	hexamethylene-1,6-bis-(N,N-dimethyl-N-dodecylammonium)  
(MDA,	Poland);	and	starch	HI-CAT	3353A	(Roquette	Group,	France).

2.2. Methods
2.2.1. Preparation of Reinforcing Additives at the Laboratory Scale
Laboratory	 tests	 on	 the	 preparation	 of	 cellulose	 micro/nanofibers	 for	 use	 as	 reinforcing	
additives	 employed	 post-production	 waste	 cellulose	 materials	 obtained	 in	 the	 finishing	
stage	 of	 the	 production	 of	 paper	 towels	 and	 toilet	 paper.	 Before	 the	 enzymatic	 treatment	
process,	 cellulose	 waste	 was	 subjected	 to	 preliminary	 mechanical	 treatment	 to	 modify	 
the	structure	of	the	initial	waste	masses.	During	this	process,	the	cellulose	structure	loosens	due	 
to	internal	and	external	fibrillation	due	to	the	breaking	of	hydrogen	and	interfibrillar	bonds.	 
The	 following	 optimal	 parameters	 for	 enzymatic	 treatment	 of	 waste	 cellulosic	 materials	 
at	the	lab	scale	were	determined:	for	the	enzyme,	900	UCMC	per	gram	cellulose;	a	2.5%	cellulose	
suspension;	and	a	reaction	time	of	2	h	[9].	Figure	1	shows	a	scanning	electron	micrograph	 
of	waste	cellulosic	material	after	the	enzymatic	treatment	and	homogenisation	stages.

Figure 1. The	scanning	electron	micrograph	shows	waste	cellulosic	material	after	the	enzymatic	
treatment	and	homogenisation.	The	numbers	indicate	the	dimensions	of	the	fibres	[9,	10].
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2.2.2. Preparation of Reinforcing Additives at the Pilot Research Installation 
Tests	 on	 the	 production	 of	 strengthening	 additives	 were	 carried	 out	 based	 
on	 process	 assumptions	 developed	 under	 laboratory	 conditions.	 Grinding	 was	 carried	 
out	 in	 a	 flow	 device	 with	 an	 actuating	 element	 design	 similar	 to	 the	 grinding	 head	
used	 during	 the	 development	 of	 the	 technology	 under	 laboratory	 conditions	 [9].	 
The	pilot	research	installation	comprised	five	stages	[11].	
Stage	I	 –	 defibration	 of	 production	waste	 generated	 in	 the	 production	 of	 toilet	 paper	 

in	a	centrifugal	pulper.	The	process	parameters	were:	water	volume	700	dm3, 
paper	weight	37	kg,	concentration	5.5%	and	defibration	time	15	min.

Stage	II	 –	 grinding	 the	 paper	 pulp	 obtained	 in	 Stage	 I	 using	 a	 centrifugal	 pulper,	 
a	pump	transporting	the	pulp	and	a	mill	operating	in	a	closed	circuit	with	full	
circulation	of	 the	pulp.	The	process	parameters	were:	grinding	 time	90	min	 
and	concentration	4%.

Stage	III	 –	dilution	and	transport	of	mass	to	the	enzymatic	treatment	reactor.	The	process	
was	 carried	 out	 using	 a	 pump	 transporting	 paper	 pulp	 and	 a	 water	 supply	
system.	 The	 process	 parameters	 were:	 input	 concentration	 4%	 and	 final	
concentration	2.5%.

Stage	IV	 :	 enzymatic	 treatment	 of	 paper	 pulp	 in	 the	 reactor.	 The	 process	 parameters	
were:	paper	pulp	concentration	2.5%,	dry	matter	amount	37	kg,	pulp	volume	 
1480	dm3,	amount	of	enzyme	preparate	0.89	dm3	and	enzymatic	treatment	time	
120 min.

Stage V –	 dilution	 and	 homogenisation	 using	 a	 tank	with	 a	mixer	 and	 a	 homogeniser	
with	 continuous	 mixing.	 The	 process	 parameters	 were:	 flow	 through	 
the	homogeniser	200	dm3/h	and	fibre	share	in	the	composition	1.25%.

2.2.3. Preparation of Functionalising Additives in Real Conditions
The	process	to	prepare	functionalising	compositions	was	developed	based	on	guidelines	
developed	during	laboratory	work	[12].	It	comprised	four	stages	[11,	13].
Stage	I	 –	 dissolving	 chitosan	 in	 a	 lactic	 acid	 solution	 using	 a	 tank	 with	 a	 mixer,	 

an	 industrial	 homogeniser	 and	 a	 circulation	 pump.	 The	 process	 parameters	
were:	 concentration	 of	 lactic	 acid	 solution	 0.45%,	 amount	 of	 solution	 
80	dm3,	chitosan	share	2.4%,	dissolution	process	time	20	min	and	deaeration	 
time	15	min.

Stage	II	 –	 preparation	 of	 an	 aqueous	 starch	 solution	 using	 a	 tank	 with	 a	 mixer,	 
an	 industrial	 homogeniser	 and	 a	 circulation	 pump.	 The	 process	 parameters	
were:	water	volume	80	dm3,	starch	content	1.2%	and	process	time	20	min.

Stage	III	 –	 combining	 the	 chitosan	 solution	 with	 the	 starch	 solution	 using	 two	 tanks	 
with	mixers,	a	homogeniser	and	a	circulation	pump.	The	process	parameters	
were:	process	time	20	min,	final	volume	160	dm3,	final	percentage	of	chitosan	
1.2%	and	final	percentage	of	starch	0.6%.

Stage	IV	 –	 introducing	 the	 Gemini	 surfactant	 into	 the	 composition	 using	 a	 tank	 
with	 a	 mixer,	 homogeniser	 and	 circulation	 pump.	 The	 process	 parameters	
were:	Gemini	surfactant	volume	1	dm3,	Gemini	surfactant	concentration	0.6%,	
final	volume	161	dm3,	final	percentage	of	chitosan	1.2%	and	final	percentage	
of	starch	0.6%.

2.2.4. Applying Separate Functionalising and Reinforcing Compositions to the Paper Web
Attempts	 to	 apply	 strengthening	 and	 functionalising	 compositions	 were	 made	 using	 
a	system	of	two	separate	spray	collectors.	The	reinforcing	additives	were	sprayed	using	 
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a	system	powered	by	peristaltic	pumps	and	a	system	of	rotary	nozzles.	The	composition	 
of	 functionalising	 additives	 was	 sprayed	 using	 flat-jet	 nozzles.	 The	 tests	 were	 carried	
out	 in	 the	 range	 of	 linear	web	 speed	 from	 100	 to	 150	m/min.	The	 process	 parameters	
were:	share	of	the	composition	of	functionalising	additives	60%,	share	of	the	composition	
of	 reinforcing	 additives	 40%,	 spraying	 efficiency	 144	 dm3/h,	 efficiency	 of	 spraying	
functionalising	additives	48–64	dm3/h	and	efficiency	of	spraying	additives	strengthening	
52.8–74.4	dm3/h	[11].

2.2.5. Analytical Methods
Antibacterial	 activity	 of	 the	 functional	 hygiene	 paper	 samples	 was	 assessed	 
at	 the	 Accredited	 Laboratory	 of	 Biodegradation	 and	 Microbiological	 Research	 
of	Łukasiewicz	–	ŁIT.	The	antibacterial	activity	tests	used	E. coli, S. aureus	and	B. subtilis. 
Specifically,	antibacterial	activity	against	E. coli	ATCC	11229	and	S. aureus	ATCC	6538	
were	carried	out	in	accordance	with	PN-EN	ISO	20743:2013	by	counting	on	plates	[14].	
The	criteria	for	assessing	antibacterial	activity	are	presented	in	Annex	F	of	PN-EN	ISO	
20743:2013.	The	 antibacterial	 activity	 against	B. subtilis	ATCC	 6633	was	 tested	 using	 
the	parallel	streak	method	in	accordance	AATCC	Test	Method	147:2011.

Biodegradation	 of	 the	 hygienic	 paper	 samples	 was	 assessed	 at	 the	 Accredited	 
Laboratory	 of	 Biodegradation	 and	 Microbiological	 Research	 of	 Łukasiewicz	 –	 ŁIT.	 
The	 tests	 were	 carried	 out	 in	 accordance	 with	 Procedure	 No.	 2	 (V	 Edition	 
of	 4	 June	 2018),	 ‘Determination	 of	 the	 degree	 of	 degradation	 of	 plastics	 and	 textile	 
products	 in	 simulated	 composting	 conditions	 on	 a	 laboratory	 scale.	 Method	 
for	 determining	 mass	 loss’	 based	 on	 the	 following	 standards:	 PN-EN	 14045:2012,	 
PN-EN	14806:2010	and	PN-EN	ISO	20200:2016-01.	

3. Results and Discussion 
The	 technological	 tests	 regarding	 the	 production	 of	 functional	 hygienic	 papers	 were	
carried	out	in	real	conditions,	including	development	related	to	optimisation	of	the	scale	 
to	semi-technical	and	technical	scale	and	integrating	the	application	of	reinforcing	additives,	 
and	integrated	reinforcing	and	functionalising	compositions.	The	technological	tests	aimed	
at	 verifying	 the	 technological	 assumptions	 of	 the	 functional	 paper	 production	 process	 
in	 real	 conditions	 using	 prototype	 modular	 devices	 integrated	 with	 a	 pilot	 research	
installation.	 Tests	 were	 carried	 out	 using	 a	 system	with	 two	 separate	 spray	 collectors.	 
The	 reinforcing	 additives	 were	 sprayed	 using	 a	 system	 powered	 by	 peristaltic	 pumps	 
and	 a	 system	 of	 rotary	 nozzles.	 The	 functionalising	 additives	 were	 sprayed	 using	 
flat-jet	nozzles.	Based	on	 the	results	of	previous	 tests,	 the	only	 technological	parameter	 
that	 changed	was	 the	 share	of	 the	 active	 substance	 relative	 to	 the	mass	of	 the	product.	
During	 the	 tests,	 different	 linear	 speeds	 of	 the	 paper	 ribbon	 were	 used	 to	 collect	 
information	 that	 could	 to	 optimise	 the	 process	 technically	 and	 economically.	 
The	 tests	 were	 carried	 out	 in	 the	 range	 of	 linear	 web	 speed	 from	 100	 
to	 150	 m/min.	 During	 optimisation,	 a	 series	 of	 hygienic	 papers	 functionalised	 
with	biopolymer-biocide	compositions	based	on	chitosan,	starch	and	Gemini	surfactants	
were	 prepared,	 and	 the	 parameters	 for	 the	 production	 of	 papers	 functionalised	 
with	 biopolymer	 compositions	 with	 expected	 functional	 properties	 were	 developed	 
[12,	15,	16].	Based	on	previous	experience,	 three	paper	samples	were	selected.	Table	1	
presents	 their	 technological	parameters.	The	share	of	 the	active	substance	used,	 relative	
to	 the	 weight	 of	 the	 paper	 produced,	 was	 0.5%,	 0.6%	 and	 0.69%.	 These	 samples	 
were	subjected	to	assays	to	assess	antimicrobial	activity	and	biodegradability.	
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Table 1. Technological	 parameters	 of	 hygienic	 papers	 modified	 with	 reinforcing	 
and	functionalising	compositions.
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40
Reinforcing 26 62.4
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11.09 5.40 0.60
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Functional 13 52.0 0.002287

K2/3

40
Reinforcing 31 74.4

100
0.004099

13.22 5.20 0.69
60

Functional 15 60.0 0.001711

3.1. Antibacterial Activity Against S. aureus and E. coli
A	specific	number	of	bacteria	was	applied	to	the	test	and	control	samples.	After	incubation	
for	24	h,	the	change	in	the	number	of	bacteria	on	the	test	and	control	samples	was	assessed,	
and	 the	antibacterial	 effect	was	calculated.	There	were	 three	 replicates	 for	 each	control	
(paper	towel	without	additives)	and	test	sample	(0.4	±	0.05	g)	for	each	incubation	time.	
The	 prepared	 bacterial	 suspension	with	 a	 density	 of	 105	 cells/mL	was	 inoculated	 into	
previously	sterilised	control	and	test	samples	(0.2	ml	per	0.4	g	of	sample;	six	replicates	 
for	each	 test	sample	and	six	 replicates	 for	 the	control	sample).	Three	replicates	of	each	
sample	were	washed	 immediately,	 and	 three	 replicates	 of	 each	 sample	were	 incubated	 
at	 37	 ±	 1°C	 for	 24	 h.	 After	 incubation,	 the	 bacteria	 were	 washed	 off	 by	 shaking	 
in	 a	 neutralising	 Soya	 Casein	 Digest	 Lecithin	 Polysorbate	 (SCDLP)	 Broth	 solution. 
Appropriate	 dilutions	 were	 made	 from	 the	 obtained	 suspension	 in	 saline	 containing	 
peptone.	Each	dilution	was	sub-cultured	onto	Plate	Count	Agar.	The	antimicrobial	activity 
 of the hygienic papers against S. aureus	ATCC	6538	and	E. coli	ATCC	11229	are	presented	
in	Tables	2–4.	The	hygienic	papers	exhibited	strong	antibacterial	activity	against	both	strains.

3.2. Antibacterial Activity Against B. subtilis
The	 test	 samples	 were	 placed	 linearly	 on	 test	 plates	 with	 agar	 medium	 inoculated	 
with	 a	 bacterial	 suspension.	 A	 paper	 towel	 sample	 with	 an	 active	 agent	 was	 used	 
as	 an	 active	 control.	A	 sample	 without	 antibacterial	 additive	 was	 used	 as	 an	 inactive	
control.	The	samples	were	incubated	at	37°C	for	24	h.	After	incubation,	bacterial	growth	
was	assessed.	A	lack	of	growth	under	the	sample	and	along	the	sides	of	the	sample	indicates	
that	the	sample	has	a	bacteriostatic	effect.	A	paper	towel	sample	with	an	active	agent	was	
used	as	an	active	control.	A	sample	without	antibacterial	additive	was	used	as	an	inactive	
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control.		Table	5	presents	the	antimicrobial	activity	of	the	hygienic	papers	against	B. subtilis 
ATCC	6633.	The	hygienic	papers	exhibited	a	good	antibacterial	effect	against	this	strain.

3.3. Biodegradability of the Hygienic Papers in a Compost Environment 
The	 hygienic	 paper	 samples	 were	 placed	 in	 aerobic	 compost	 conditions	 at	 58	 ±	 2°C.	 
The	biodegradability	was	 assessed	 after	 4,	 6,	 8,	 10,	 12	 and	16	weeks	based	on	 sample	
weight	loss.	The	results	are	presented	in	Table	6.	

Table 2. Assessment	of	the	antibacterial	activity	of	the	hygienic	paper	samples	against	
Staphylococcus aureus	ATCC	6538.
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Table 2. (continued)	 Assessment	 of	 the	 antibacterial	 activity	 of	 the	 hygienic	 paper	
samples against Staphylococcus aureus	ATCC	6538.
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Table 3. Assessment	of	the	antibacterial	activity	of	the	hygienic	paper	samples	against	
Escherichia coli ATCC	11229.
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Table 3. (continued)	 Assessment	 of	 the	 antibacterial	 activity	 of	 the	 hygienic	 paper	
samples against Escherichia coli ATCC	11229.
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Table 4. Antibacterial	 activity	 of	 the	 hygienic	 paper	 samples	 against	 Staphylococcus 
aureus	ATCC	6538	and	Escherichia coli	ATCC	11229.
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Table 5. Antibacterial	 activity	 of	 the	 hygienic	 paper	 samples	 against	Bacillus subtilis 
ATCC	6633.
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Table 6. Susceptibility	 of	 the	 modified	 hygienic	 paper	 samples	 to	 biodegradation	 
in compost.
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4. Conclusions
Under	 optimal	 conditions,	 the	 modified	 hygienic	 papers	 produced	 at	 a	 pilot	 research	
installation	 presented	 substantial	 antibacterial	 activity	 against	S. aureus	 (activity	=	 5.1,	
growth	value	=	0.0)	and	E. coli	(activity	=	4.8,	growth	value	=	0.0)	and	good	antibacterial	
activity against Bacillus subtilis	 (zone	of	 inhibition	of	bacterial	growth	=	4.7–5.4	mm).	
Moreover,	 in	compost	conditions,	>	90%	of	 the	 samples	had	degraded	within	8	weeks.	 
The	 possibility	 of	 recycling	 cellulose	 fibres	 from	 production	 waste	 as	 a	 substitute	 
for water-setting resins in towel paper is important from the point of view of implementing 
the goals of a circular economy.
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Abstract
Chitosan, a polysaccharide derived from chitin, has adsorption capacity, particularly 
towards heavy metal ions. The aim of this study was to produce chitosan spheres  
with and without CCP 90 activated carbon and then to evaluate their adsorption ability 
and kinetics using an aqueous copper(II) solution. The research was conducted using 
ultraviolet–visible spectrophotometry, examining the surface morphology of the obtained 
spheres after copper ion (Cu2+) adsorption, along with elemental analysis with an energy 
dispersive spectrometric probe. The results confirmed an increase in the adsorption of Cu2+  
on chitosan spheres with CCP 90 activated carbon.
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Study of the kinetics of copper ion sorption by chitosan spheres

1. Introduction
Industrial	waste	and	sewage	pose	a	threat	to	the	natural	environment	and	living	organisms,	
which	 necessitates	 the	 need	 to	 limit	 their	 negative	 impact	 through	 effective	 utilisation	
or	 complete	 neutralisation.	 Industrial	 sewage	 may	 contain	 environmentally	 harmful	
compounds	such	as	metal	 ions,	 including	nickel(II),	copper(II),	 lead(II),	chromium(III),	
cadmium(II)	 and	 organic	 substances	 such	 as	 pesticides	 or	 dyes.	 These	 compounds	 
can	 be	 removed	 using	 chitosan	 or	 modified	 forms	 of	 chitosan	 [1–10].	 Chitosan	 
is	a	copolymer	produced	by	the	deacetylation	of	chitin,	consisting	of	randomly	distributed	 
β-(1→4)-D-glucosamine	 and	 N-acetyl-D-glucosamine.	 It	 can	 be	 used	 as	 an	 adsorbent	 
in	 engineering	 and	 environmental	 protection.	 The	 currently	 used	 wastewater	 treatment	 
methods	 include	 mineralisation	 [11],	 flotation	 [12],	 ion	 exchange	 [13],	 catalysis	
and	 photocatalysis	 [14–17]	 and	 adsorption	 [18,	 19].	 Adsorption	 is	 considered	
one	 of	 the	 most	 effective	 and	 economical	 methods	 of	 removing	 metal	 ion	
contaminants	 from	 watercourse	 systems.	 When	 chitosan	 is	 used,	 its	 adsorption	
efficiency	 is	 increased	 by	 mixing	 it	 with	 various	 materials	 –	 perlite	 [20],	
zeolites	 [21],	 cellulose	 [22],	 diatomaceous	 earth	 [23],	 titanium	 dioxide	 [24]	 
and	montmorillonite	[25],	among	others.	The	production	of	fertilisers,	paints	and	pigments	
as	well	 as	 galvanisation	 processes	 produce	waste	 containing	 copper	 ions	 (Cu2+), which 
are	harmful	to	the	natural	environment.	This	study	aimed	to	modify	chitosan	with	CCP	90	
activated	carbon,	 to	produce	chitosan	hydrogel	spheres	and	evaluate	the	ability	of	 these	
spheres	to	adsorb	copper(II)	sulfate	(CuSO4).

2. Materials and methods
2.1. Materials
The	 following	 reagents	 were	 used	 to	 produce	 hydrogel	 spheres:	 commercial	 chitosan	
(C6H11NO4)n	 (CAS	 number	 9012-76-4)	 with	 a	 deacetylation	 degree	 of	 90%	 procured	 
from	 POL-AURA	 (Poland);	 acetic	 acid	 (CH3COOH)	 and	 sodium	 hydroxide	 (NaOH)	
obtained	 from	 Chempur	 (Poland);	 and	 activated	 carbon,	 namely	 Carbopal	 CCP	 90	 
from	 Donauchem	 (Poland)	 obtained	 from	 carbonisation	 of	 coconut	 shells.	 The	 ion	 
adsorption	 tests	 used	 CuSO4·5H2O	 from	 Avantor	 Performance	 Materials	 Poland	 S.A. 
(Poland),	 from	 which	 a	 1%	 solution	 was	 prepared.	 All	 other	 materials	 used	 were	 
of	analytical	grade.

2.2. Methods
2.2.1. Preparation of Chitosan Hydrogel Spheres
Chitosan	 hydrogel	 spheres	 without	 and	 with	 the	 addition	 of	 5%	 and	 10%	 CCP	 90	
activated	carbon	were	obtained	from	a	3%	chitosan	solution	prepared	in	2%	acetic	acid.	 
The	percentage	of	activated	carbon	added	was	based	on	the	weight	of	the	applied	chitosan.

The	prepared	solutions	were	placed	in	a	syringe	and	added	to	a	10%	NaOH	solution,	
which	 constituted	 a	 coagulation	 bath,	 using	 an	 infusion	 pump.	 A	 mechanical	 stirrer	 
was	used	to	enhance	gelation	of	the	obtained	chitosan	spheres	and	to	prevent	the	spheres	 
from	sticking	to	each	other.	The	resulting	spheres	were	rinsed	several	times	with	distilled	
water	 until	 a	 neutral	 pH	was	 obtained.	 Figure	 1	 presents	 photographs	 of	 the	 obtained	
chitosan	hydrogel	spheres.	Figure	2	presents	photographs	of	the	obtained	chitosan	spheres	
after	drying	at	room	temperature.
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(a) (b) (c)

Figure 1. The	photographs	of	chitosan	spheres	prepared	from	(a)	3%	chitosan	solution,	 
(b)	 3%	chitosan	 solution	with	 the	 addition	of	 5%	activated	 carbon	CCP	90,	 
and	(c)	3%	chitosan	solution	with	the	addition	of	10%	activated	carbon	CCP	90.

(a) (b) (c)

Figure 2. The	 photographs	 of	 chitosan	 spheres	 after	 drying	 at	 room	 temperature.	 
They	were	prepared	from	(a)	3%	chitosan	solution,	(b)	3%	chitosan	solution	
with	the	addition	of	5%	activated	carbon	CCP	90,	and	(c)	3%	chitosan	solution	
with	the	addition	of	10%	activated	carbon	CCP	90.

2.2.2. Investigation of the Adsorption Properties of the Obtained Chitosan Hydrogel Spheres
The	adsorption	properties	of	chitosan	hydrogel	spheres	were	tested	using	a	CuSO4 solution 
(prepared	from	1	g	of	CuSO4 in a volume of 100 cm3).	Approximately	2	g	of	wet	chitosan	
spheres	were	placed	in	the	beaker	and	5	cm3	of	the	CuSO4	solution	was	added.	The	tests	
were	 carried	 out	 at	 neutral	 pH.	 Samples	 for	 testing	were	 taken	 at	 1,	 2,	 5,	 10,	 30,	 60,	 
and	120	min.

2.2.3. Analytical Methods 
2.2.3.1.	Ultraviolet–Visible	Spectrometry
An	Evolution™	300	ultraviolet–visible	(UV–Vis)	spectrophotometer	(Thermo	Scientific,	
USA)	 was	 used	 to	 measure	 chitin	 suspensions	 in	 aqueous	 solutions	 obtained	 after	 
the	 sonication	 steps.	 The	 absorbance	 was	 measured	 in	 the	 range	 of	 625–850	 nm.	 
The	 blank	was	 distilled	water.	 The	VISION	 pro™	 software	 (Thermo	 Scientific,	 USA)	 
was	used	to	process	the	spectra.
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2.2.3.2.	Analysis	of	Morphology	and	Elements
A	 Phenom	 ProX	 scanning	 electron	 microscope	 (AM	 Eindhoven,	 the	 Netherlands)	 
with	 a	 fully	 integrated	 energy	 dispersive	 X-ray	 spectroscopy	 (EDS)	 detector	 
and	software	were	used	to	assess	morphology.	The	distribution	of	the	different	elements	 
in	the	chitosan	spheres	was	evaluated	with	the	element	identification	(EID)	software	package	 
and	a	specially	designed	and	fully	integrated	energy	dispersive	spectrometer.

2.2.3.3.	Optical	Microscopy
The	 dimensions	 of	 the	 chitosan	 hydrogel	 spheres	 after	 adsorption	were	 analysed	 using	
an	 optical	 microscope	 (Reichert,	 Austria)	 equipped	 with	 an	 ARTCAM	 CCD	 camera	
(Olympus,	Japan),	controlled	by	the	Images	Plus	2.0	software	(Motic,	China).	

3. Results and Discussion
Quantitative	 calculations	 of	 the	Cu2+	 adsorption	 process	were	 conducted	 based	 on	 data	
extracted	from	UV–Vis	absorption	spectra	at	the	characteristic	points	of	the	local	absorption	
band	 maxima,	 considering	 background	 scattering	 (Figure	 3).	 The	 absorption	 value	 
A	was	determined	for	the	CuSO4	solution	at	820	nm.	According	to	the	Beer–Lambert	law,	 
the	 absorption	 value	 is	 directly	 proportional	 to	 the	 concentration	 of	 the	 solution.	 
For	 a	 solution	 prepared	 from	 1	 g	 of	 CuSO4 in 100 cm3,	 the	 A	 value	 was	 0.5397,	 
which was the starting value to assess Cu2+	adsorption	from	the	CuSO4	standard	solution	
and	 the	 solutions	 after	 adsorption	 on	 chitosan	 hydrogel	 spheres	 without	 the	 addition	 
of	carbon	for	1,	2,	5,	10,	30,	60	and	120	min.	The	spectra	appeared	similar	when	using	
chitosan	hydrogel	spheres	containing	5%	or	10%	CCP	90	activated	carbon.

Figure 3. Ultraviolet–visible	 spectra	 (625–850	 nm)	 for	 the	 standard	 copper	 sulfate	
solution	and	the	solutions	after	adsorption	on	chitosan	hydrogel	spheres	without	
CCP	90	activated	carbon	for	1,	2,	5,	10,	30,	60	and	120	min.

The	adsorption	isotherms	of	Cu2+	on	chitosan	spheres	(Figure	4),	precipitated	in	gel	form	
with	a	significant	water	content,	follow	a	course	similar	to	the	absorption	patterns	described	
in	the	literature	[26–28].
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Figure 4. The	course	of	the	adsorption	process	of	copper(II)	ions	for	the	obtained	chitosan	
hydrogel	spheres.

The	 adsorption	 value	 increases	 proportionally	 during	 the	 adsorption	 process.	 
As	 time	 progresses,	 its	 value	 stabilises,	 indicating	 an	 equilibrium	 between	 adsorption	 
and	 desorption.	 The	 adsorbent	 surface	 is	 saturated	 with	 the	 adsorbate	 layer	 
and	the	adsorption	curve	is	parallel	to	the	time	axis.

The	 fast	 speed	 of	 the	 process	 at	 the	 beginning	 of	 the	 process	 may	 be	 the	 result	 
of	 strong	 swelling	 of	 chitosan.	 Interestingly,	 the	 addition	 of	 5%	 activated	 carbon	 
CCP	 90	 in	 the	 form	 of	 micropowder	 (60–70	 μm)	 did	 not	 impact	 the	 process.	 
This	 is	 probably	 due	 to	 the	 strong	 interaction	 between	 the	 ingredients	 and	 partial	 
mutual	absorption.	However,	the	addition	of	10%	CCP	90	activated	carbon	significantly	
altered	 the	 course	 of	 absorption,	 leading	 to	 intensification.	 With	 the	 higher	 amount	
of	 activated	 carbon,	 there	 are	 additional	 active	 centres	 for	 the	 adsorption	 of	 Cu2+.  
The	 tested	 chitosan	 hydrogel	 spheres	 presented	 type	 I	 isotherms,	 also	 known	 
as	the	Langmuir	isotherm,	which	is	characteristic	of	microporous	adsorbents.

Figure	 5	 shows	 scanning	 electron	 micrographs	 at	 different	 magnifications	 
of	 the	 surface	 of	 the	 spheres	 obtained	 from	 a	 3%	 chitosan	 solution	 after	 adsorption	 
of Cu2+,	 taken	 at	 different	magnifications.	 Figure	 6	 shows	 the	 results	 of	 EDS	 analysis	
of	chitosan	hydrogel	spheres	without	CCP	90	activated	carbon	after	adsorption	of	Cu2+.  
The	 main	 identified	 elements	 in	 the	 tested	 sample	 of	 chitosan	 sphere	 after	 adsorption	 
of copper Cu2+	are	oxygen	(O),	carbon	(C),	nitrogen	(N),	Cu	and	sulfur	(S)	(Table	1).
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(a) (b)

Figure 5. Scanning	electron	micrographs	of	the	surface	of	spheres	obtained	from	a	3%	
chitosan	solution	after	adsorption	of	copper(II)	ions	without	CCP	90	activated	
carbon	at	(a)	275×	and	(b)	1000×	magnification.

(a) (b)

Figure 6. (a) Scanning electron micrograph of the surface of the chitosan spheres without 
CCP	90	activated	carbon;	the	dashed	line	shows	the	scanning	path	of	the	energy	
dispersive	X-ray	spectroscopy	(EDS)	probe.	(b)	EDS	analysis	of	the	particles.

Table 1. Energy	dispersive	X-ray	spectroscopy	analysis	of	the	chitosan	spheres	without	
CCP	90	activated	carbon.

Element Atomic percent [%] in the sample
Oxygen	(O) 45.87
Carbon	(C) 35.21

Nitrogen (N) 12.60
Copper (Cu) 4.38

Sulfur (S) 1.94
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Figure	 7	 presents	 scanning	 electron	 micrographs	 of	 the	 surface	 of	 spheres	 obtained	 
from	 a	 3%	 chitosan	 solution	 with	 the	 addition	 of	 5%	 CCP	 90	 activated	 carbon	 after	
adsorption	of	Cu2+.	The	results	of	the	EDS	analysis	are	presented	in	Figure	8	and	Table	2.	
The	main	identified	elements	in	the	tested	sample	are	C,	O,	N,	Cu	and	S.

(a) (b)

Figure 7. Scanning	 electron	 micrographs	 of	 the	 surface	 of	 spheres	 obtained	 
from	a	3%	chitosan	solution	with	the	addition	of	5%	CCP	90	activated	carbon	
after	adsorption	of	copper(II)	ions	at	(a)	269×	and	(b)	3000×	magnification.

(a) (b)

Figure 8. (a)	Scanning	electron	micrograph	of	the	surface	of	a	chitosan	hydrogel	sphere	
containing	 5%	 activated	 carbon;	 the	 dashed	 lines	 show	 the	 scanning	 area	 
with	the	energy	dispersive	X-ray	spectroscopy	(EDS)	probe.	(b)	EDS	analysis	
of the particles.
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Table 2. Energy	 dispersive	 X-ray	 spectroscopy	 analysis	 for	 the	 chitosan	 spheres	
containing	5%	CCP	90	activated	carbon.

Symbol Atomic percent [%] in the sample

Carbon	(C) 42.01

Oxygen	(O) 40.56

Nitrogen (N) 7.89

Copper (Cu) 6.70

Sulfur (S) 2.83

Figure 9 presents scanning electron micrographs of the surface of chitosan spheres 
containing	10%	CCP	90	activated	carbon	after	adsorption	of	Cu2+.

(a) (b)

Figure 9. Scanning	electron	micrograph	of	 the	 surface	of	 spheres	obtained	 from	a	3%	
chitosan	solution	and	10%	activated	carbon	after	adsorption	of	copper(II)	ions	
at	(a)	269×	and	(b)	1000×	magnification.

After	 Cu2+	 adsorption,	 there	 were	 crystals	 of	 hydrated	 CuSO4	 visible	 on	 unmodified	 
dried	 chitosan	 spheres.	 EDS	 analysis	 confirmed	 these	 observations.	The	 adsorbed	 ions	 
in	the	central	ion	system	with	chitosan	amine	ligands	constitute	a	layer	with	that	attracts	
sulfate anions. The resulting system constitutes the active centres of crystallisation  
nuclei.	Salt	probably	diffuses	from	the	 inside	of	 the	hydrated	gel	spheres	 to	 the	outside	 
during	 drying.	 Stronger	 and	 increased	 diffusion	 and	 deposition	 of	 crystals	 outside	 
the	 spheres	 may	 result	 from	 modification	 of	 the	 internal	 structure	 of	 the	 spheres	 
with	activated	carbon.	The	number	of	hydrated	CuSO4	crystals	increases	with	the	addition	
of	activated	carbon.

EDS	 analysis	 was	 performed	 for	 chitosan	 hydrogel	 sphere	 after	 the	 addition	 
of	10%	CCP	90	activated	carbon	after	adsorption	of	Cu2+	(Figure	10).	The	main	identified	 
elements	are	O,	C,	Cu,	N	and	S	(Table	3).
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(a) (b)

Figure 10. (a) Scanning electron micrograph of the surface of a chitosan sphere containing 
10%	activated	carbon;	the	dotted	lines	show	the	scanning	area	with	the	energy	
dispersive	X-ray	spectroscopy	(EDS)	probe.	(b)	EDS	analysis	of	particles.

Table 3. Energy	 dispersive	 X-ray	 spectroscopy	 analysis	 for	 the	 chitosan	 spheres	
containing	10%	CCP	90	activated	carbon.

Symbol Atomic percent [%] in the sample
Oxygen	(O) 49.37
Carbon	(C) 29.18
Copper (Cu) 11.51
Nitrogen (N) 7.24

Sulfur (S) 2.70

(a) (b) (c)

Figure 11. The	photographs	 show	 chitosan	 spheres	 (a)	without	 the	 addition	 of	CCP	90	
activated	 carbon	 after	 adsorption	 of	 copper(II)	 ions,	 (b)	 with	 the	 addition	 
of	 5%	CCP	90	 after	 adsorption	 of	 copper(II)	 ions	 and	 (c)	with	 the	 addition	 
of	10%	CCP	90	after	adsorption	of	copper(II)	ions.
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Figure	11	shows	the	sizes	of	the	chitosan	spheres	after	adsorption	of	Cu2+.	The	addition	
of	activated	carbon	affected	 the	size	of	 the	 formed	chitosan	spheres.	Chitosan	hydrogel	
spheres	without	activated	carbon	were	5	mm	(Figure	11a).	However,	chitosan	hydrogel	
spheres	 with	 5%	 and	 10%	 activated	 carbon	 (Figure	 11b,	 c)	 were	 approximately	 
4.5	mm.	There	was	also	a	noticeable	change	in	the	colour	of	the	chitosan	hydrogel	sphere	 
after	adsorption	of	Cu2+,	from	white	to	blue.

The	addition	of	activated	carbon	in	the	form	of	a	colloidal	suspension	of	microparticles	
was	 intended	 to	modify	 the	 spatial	 arrangement	 of	 chitosan	 chains	 through	 their	 initial	
adsorption	 and	 the	 largest	 possible	 surface	 area	 of	 chitosan	 and	 carbon	 available	
for	 ion	 migration.	 The	 addition	 of	 5%	 activated	 carbon	 did	 not	 affect	 the	 adsorption	 
of Cu2+	by	chitosan.	It	 is	likely	that	the	entire	capacity	of	activated	carbon	was	blocked	 
by	 chitosan	 without	 blocking	 the	 active	 sites	 on	 the	 amine	 groups.	 The	 addition	 
of	10%	CCP	90	activated	carbon	improved	the	adsorption	of	Cu2+	due	 to	 the	additional	
development	 of	 the	 chitosan	 adsorption	 surface	 or	 additional	 active	 centres	 on	 porous	
particles.

4. Conclusions
Chitosan	 hydrogel	 spheres	 without	 CCP	 90	 activated	 carbon	 were	 larger	 than	 those	
containing	CCP	90	activated	carbon	after	adsorption	of	Cu2+.	All	chitosan	hydrogel	spheres	
effectively	adsorbed	Cu2+.	The	adsorption	of	Cu2+	was	similar	for	chitosan	hydrogel	spheres	
without	CCP	90	activated	carbon	and	chitosan	hydrogel	spheres	with	5%	CCP	90	activated	
carbon.	However,	chitosan	hydrogel	spheres	with	10%	CCP	90	activated	carbon	showed	
enhanced	Cu2+	adsorption	due	to	an	increase	in	active	centres.
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Abstract
The application of the immobilisation method – which consists of immobilising modified 
sawdust in a carrier, a chitosan gel – enabled the development of a new sorbent.  
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in chitosan beads. The latter adsorbent showed good adsorption properties for both  
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the amount of adsorbed and desorbed dye and the type of adsorbent. Chitin flakes 
showed the lowest adsorption capacity, regardless of the type of dye. The immobilisation  
of modified sawdust in chitosan had a particularly positive effect on the binding efficiency 
of cationic dyes.
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1. Introduction
The	 ability	 of	 different	 types	 of	 adsorbents	 to	 bind	 to	 dyes	 depends	 on	 both	 the	 type	 
of	 adsorbent	 and	 the	 structure	 of	 the	 dye;	 this	 phenomenon	has	 been	well	 documented	 
in	the	literature.	The	practical	application	of	the	adsorption	process	for	the	removal	of	dyes	
from	wastewater	still	faces	a	number	of	limitations.	Among	the	most	important	is	the	lack	 
of	a	universal	adsorbent	that	would	be	highly	effective	regardless	of	the	type	of	dye	(anionic	 
or	 cationic)	 and	 could	 be	 used	 under	 flow	 conditions	 [1].	 The	 costs	 associated	 
with	separating	the	adsorbent	in	the	form	of	powders	or	flakes	from	the	purified	solution	
also	play	an	important	role:	if	this	could	be	done	at	a	relatively	low	cost,	it	would	allow	 
the	 adsorbent	 to	 be	 reused	 in	 subsequent	 adsorption	 and	 desorption	 cycles.	 
These	disadvantages	can	be	eliminated	by	immobilisation.	

Agricultural	and	 forestry	wastes	 such	as	 sawdust	and	bark	can	be	used	successfully	
as	adsorbents,	mainly	due	to	their	wide	availability,	physicochemical	properties	and	low	
costs	associated	mainly	with	transportation	from	storage	sites	to	landfills	[2–4].	Sawdust	 
is	 a	major	 by-product	 of	 the	wood	 industry;	 it	 is	mostly	 used	 as	 fuel	 or	 as	 packaging	
material	[5].	Sawdust	accounts	for	about	10%	of	the	wood	processed	in	sawmills.	It	is	also	
a	by-product	of	cutting	and	milling,	among	other	activities,	in	wood-processing	companies.

Lignincellulose	 biomass	 is	 widely	 available	 and	 inexpensive.	 Its	 sources	 include	
growing	 resources	 of	 coniferous	 and	 deciduous	 trees,	 reeds,	 some	 types	 of	 grasses,	
plantations	 of	 fast-growing	 trees	 (willows,	 poplars	 and	 eucalyptus),	 wood	 waste,	
straw,	hay,	crop	stalks,	wood	waste	 from	 the	pulp	and	paper	 industry,	corn	cobs,	waste	 
from	the	milling	industry,	the	oil	industry,	waste	wood	construction	materials,	and	paper	
and	municipal	waste.	It	is	estimated	that	the	annual	production	of	terrestrial	plant	biomass	
is	about	170	billion	tonnes.	Only	about	6	billion	tonnes	of	biomass	are	used,	and	only	3%	 
of	this	amount	is	used	outside	the	agricultural	and	food	industry	[6].

Researchers	 have	 described	 the	 adsorption	 of	 dyes,	 toxic	 salts,	 metals	 or	 oils	 
from	 aqueous	 solutions	 using	 sawdust	 as	 a	 sorbent.	 Sawdust,	 which	 contains	 organic	
components	 such	 as	 lignins,	 cellulose	 and	 hemicellulose	 with	 polyphenolic	 groups,	 
is	a	promising	and	effective	material	 for	 the	 removal	of	dyes	 [5,	7–10].	The	adsorption	
capacity	achieved	by	sawdust	adsorbents	in	the	published	studies	show	a	rather	wide	range	
due	 to	 the	differences	 in	 the	 type	of	 sawdust	and	 the	method	used	 for	 their	preparation	 
and	 modification	 [11,	 12],	 The	 adsorption	 capacity	 of	 raw	 sawdust	 can	 range	 
from	27.4	[13]	to	398.8–526	mg/l	[8,	14]	depending	on	the	tree	species,	the	processing	method	 
and	the	colourant.

The	 use	 of	 chitin	 and	 chitosan	 as	 adsorbents	 is	 economically	 advantageous.	 Both	
chitin	 and	 chitosan	 occur	 in	 considerable	 quantities	 in	 nature	 and	 their	 extraction	 does	
not	 involve	 large	 financial	 costs	 [15–17].	 Chitin	 is	 obtained	 from	 natural	 resources,	 
while	 the	 preparation	 of	 chitosan	 involves	 the	 use	 of	 inexpensive	 and	 widely	
available	 chemical	 reagents	 [18].	 Thanks	 to	 this	 versatility,	 both	 chitin	 and	 chitosan	 
can	be	used	in	various	forms:	as	flakes,	in	gels,	as	various	types	of	beads	[19–21]	or	as	fibres	 
and	membranes	 [22].	 Like	 chitin,	 chitosan	 is	 easily	 biodegradable	 and	 non-toxic	 [23].	 
In	addition,	it	has	a	number	of	other	properties:	high	chemical	reactivity,	high	bioactivity,	
high	stability	and	a	high	adsorption	capacity.	The	sorption	properties	of	chitosan	are	used	
to	remove	dyes,	heavy	metals	and	other	toxic	substances	that	pollute	water.

Chitosan	has	attracted	particular	attention	as	a	complexing	agent	due	 to	 its	 low	cost	
compared	with	activated	carbon	and	its	numerous	functional	groups	–	amino	and	hydroxyl.	
Biosorbents	based	on	chitin	and	chitosan	represent	effective	materials	and	have	a	very	high	
affinity	for	many	classes	of	dyes	[9,	20,	21,	24–27].	Chitosan	has	been	used	as	an	adsorbent	
to	 remove	 acid	 dyes	 [24,	 28–33].	 These	 studies	 have	 reported	 an	 adsorption	 capacity	 
of	 >	 1000	 mg/g	 of	 sorbent,	 confirming	 the	 usefulness	 of	 chitosan	 for	 the	 removal	 
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of	dyes.	The	application	of	the	immobilisation	method	–	which	consists	of	immobilising	
modified	 sawdust	 in	 a	 carrier,	 a	 chitosan	 gel	 –	 enabled	 the	 development	 of	 a	 new	 
adsorbent	[23,	34,	35].	The	combination	of	waste	products	from	chitin	and	sawdust	utilises	 
the	properties	of	both	adsorbents.	Immobilised	modified	sawdust	in	chitosan	gel	exhibits	 
good	 adsorption	 properties	 for	 both	 anionic	 and	 cationic	 dyes	 so	 that	 the	 adsorption	 
process	can	be	used	to	remove	dyes	under	dynamic	conditions.

2. Materials and Methods
2.1. Dyes
Dyes	 from	ZPB	‘Boruta’	SA	(Poland)	were	used	 in	 this	 study.	Due	 to	 their	widespread	
use	 in	 industry,	 anionic	 (reactive)	 and	 cationic	 (basic)	 dyes	were	 used.	 Table	 1	 shows	 
the	chemical	characteristics	of	the	dyes	employed	in	this	study.

Table 1. The	characteristics	of	the	anionic	and	cationic	dyes	used	in	this	study.

Name
Reactive  
Yellow 84 

(RY84)

Reactive  
Black 8  
(RB8)

Basic  
Green 4 
(BG4)

Basic  
Violet 10 
(BV10)

Structural 
formula

Chemical 
formula C52H38Cl2N18O26S8 C19H11ClN8Na2O10S2 C27H28N2O8 C28H31ClN2O3

Molecular 
mass	[g/mol] 1628 657 365 479

λmax	[nm] 356 657 618 554
Type
of	dye

Anionic	 
(reactive)

Anionic	 
(reactive)

Basic 
(cationic)

Basic 
(cationic)

Dye	class Double	azo	dye Azo	dye Triphenyl-
methane

Triphenyl-
methane

Dye	
application

Dyeing	 
of polyester, 

cotton  
and	synthetic	silk

Dyeing	of	natural	
silk	and	wool

Dyeing	 
of wool, 

cotton,	silk,	
leather  

and	paper

Dyeing	 
of cotton, paper  
and	leather;	
production	 
of printing  
and	painting	

dyes

2.2. Adsorbents
Adsorbent 1 – chitin flakes.	 Krill	 chitin	 from	 the	 Institute	 of	 Sea	 Fisheries	 in	 Gdynia	 
with	a	dry	matter	content	of	95.64%,	an	ash	content	of	0.32%	and	a	degree	of	deacetylation	 
of	 <	 3%	 was	 used	 for	 the	 study.	 The	 commercial	 chitin	 flakes	 were	 washed	 
with	distilled	water	and	6	N	hydrochloric	acid	(HCl)	before	adsorption	to	loosen	the	structure	 
and	 to	 remove	 calcium	and	magnesium	 ions	 as	well	 as	 fat	 residues.	 It	was	 then	 rinsed	 
with	distilled	water	to	neutralise	the	pH	of	the	filtrate.
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Adsorbent 2 – chitosan flakes.	The	chitosan	used	in	the	study	was	prepared	from	chitin,	
which	was	washed	with	distilled	water	and	HCl	and	then	boiled	for	3	h	in	a	water	bath	
with	a	70%	potassium	base.	After	cooling,	the	flakes	were	rinsed	with	distilled	water	until	
neutral	and	drained	in	a	vacuum.	The	degree	of	deacetylation	was	75%.

Adsorbent 3 – chitosan beads. Chitosan	 in	 the	 form	 of	 flakes	 with	 a	 degree	 
of	deacetylation	of	85%,	a	viscosity	of	100	mPa/s	and	a	dry	substance	content	of	86.8%	
was	 obtained	 from	Heppe	 (Germany).	 Fifty	 grams	 of	 chitosan,	 dissolved	 in	 2%	 acetic	
acid,	was	dropped	into	5%	sodium	hydroxide	(NaOH)	using	a	micropipette	and	incubated	 
in	 the	 solution	 for	 24	 h.	 The	 size	 of	 the	 beads	 was	 controlled	 based	 on	 the	 size	 
of	the	micropipette	(3	mm).

Adsorbent 4 – beads of modified oak sawdust immobilised in chitosan. Oak	sawdust	
from	 the	 local	 sawmill	 in	 Naterki,	 a	 waste	 product	 from	 the	 treatment	 of	 oak	 wood	 
that	 has	 undergone	modification,	was	 used.	The	 fibre	 fractions	were	 determined	 based	 
on	the	chemical	analysis	method	according	to	Van	Soest	et	al.	[36].	This	method	involves	
the	selective	isolation	of	different	fractions	under	specific	conditions	using	surface-active	
compounds.	 The	 characteristics	 of	 the	 raw	material,	 expressed	 in	%	 (w/w)	 in	 relation	 
to	the	dry	mass,	are	listed	in	Table	2.

Table 2. Characteristics	of	the	oak	sawdust	used	in	this	study.

Component Percent of dry matter content
Cellulose 45.0

Hemicellulose 28.9
Lignins 22.7
Ash 0.1

Extracts	and	other	ingredients 3.3

2.2.1. Modification of the Sawdust
Fifty	 grams	 of	 sawdust	 was	 mixed	 with	 50	 g	 of	 concentrated	 sulphuric	 acid	 (H2SO4)  
and	heated	at	150°C	for	24	h.	The	sawdust	was	washed	with	distilled	water	and	incubated	
in	 1%	 sodium	 carbonate	 for	 12	 h	 to	 remove	 residual	 H2SO4.	 The	 resulting	 modified	
sawdust	was	dried	at	105°C	for	24	h	and	 then	sieved	 through	a	sieve	with	a	mesh	size	 
of	1	mm	[5,	11].

2.2.2. Preparation of Modified Sawdust Immobilised on Chitosan
Twenty-five	grams	of	modified	sawdust	was	added	to	25	g	of	chitosan	dissolved	 in	5%	
acetic	acid.	To	create	the	beads,	a	mixture	of	modified	sawdust	and	chitosan	was	dropped	
into	5%	NaOH	using	a	micropipette	and	incubated	in	the	solution	for	24	h.	The	resulting	
beads	were	drained,	washed	and	stored	in	distilled	water.

2.2.3. Determination of the Efficiency of Dye Adsorption/Desorption 
Adsorption	and	desorption	was	assessed	for	Reactive	Yellow	84	(RY	84),	Reactive	Blue	
8	(RB8),	Basic	Violet	10	(BV10)	and	Basic	Green	4	(BG4).	For	the	anionic	dyes	(RY84	
and	RB8),	adsorption	was	carried	out	at	pH	5	and	desorption	was	carried	out	at	pH	10.	 
For	the	cationic	dyes	(BV10	and	BG4),	adsorption	was	carried	out	at	pH	10	and	desorption	
was	carried	out	at	pH	3.	The	reaction	of	the	solutions	was	adjusted	with	HCl	and	NaOH	
solutions.	 The	 concentration	 of	 the	 adsorbent	 was	 constant	 in	 all	 experiments	 (1	 g/l).	 
The	adsorption	(120	min)	and	desorption	(30	min)	times	were	determined	using	the	studies	
shown	in	Figures	1	and	2.
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Figure 1. Changes	 in	 the	 dye	 concentration	 over	 time	 during	 adsorption	 on	 (a)	 chitin	
flakes,	 (b)	 chitosan	 flakes,	 (c)	 chitosan	 beads	 and	 (d)	 sawdust	 immobilised	 
on	chitosan	beads.	Abbreviations:	BG4,	Basic	Green	4;	BV10,	Basic	Violet	10;	
RB8,	Reactive	Blue	8;	RY84,	Reactive	Yellow	84.

Figure 2. Changes	in	dye	concentration	over	time	during	desorption	from	(a)	chitin	flakes,	
(b)	chitosan	flakes,	(c)	chitosan	beads	and	(d)	sawdust	immobilised	on	chitosan	
beads.	 Abbreviations:	 BG4,	 Basic	 Green	 4;	 BV10,	 Basic	 Violet	 10;	 RB8,	
Reactive	Blue	8;	RY84,	Reactive	Yellow	84.
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2.3. Analytical Methods
The	 samples	 taken	 for	 analysis	 were	 decanted	 and	 centrifuged	 at	 10,000	 rpm	 
for	 15	min.	The	 concentration	 of	 dye	 remaining	 in	 the	 solution	was	 determined	 using	 
a	standard	curve	prepared	with	a	SP-3000	ultraviolet–visible	(UV–Vis)	spectrophotometer	 
(VWR	In-ter-national	LLC.,	Canada).	Distilled	water	was	used	as	the	blank.

2.4. Calculation Methods
The	 amount	 of	 dye	 adsorbed	 from	 the	 solution	 was	 determined	 by	 the	 change	 
in	the	concentration	of	dye	remaining	in	the	solution	and	calculated	using	equation	(1):

 
m

CCQ s
s

−
= 0 (1)

The	symbols	in	this	equation	mean	the	following:
Qs	 –	amount	of	adsorbed	dye	[mg/g	dry	matter	(DM)];
C0	 –	initial	concentration	of	the	dye	[mg/l];
Cs	 –	concentration	of	the	dye	after	adsorption	[mg/l];
m	 –	concentration	of	mass	of	the	adsorbent	in	tested	sample	[g	DM/l].

A	double-Langmuir	model	was	used	to	describe	the	results	of	the	experimental	adsorption.	
The	 model	 assumes	 that	 the	 surface	 of	 the	 adsorbent	 is	 energetically	 heterogeneous	 
and	has	adsorption	centra	with	different	binding	energies	of	adsorbates.	Each	type	is	described	 
by	Langmuir’s	isotherm	equation	[37–39]	and	the	active	sites	are	characterised	by	constants	
labelled	K1	 and	 b1	 and	K2	 and	 b2,	 respectively,	 as	 shown	 in	 equation	 (2).	 This	 model	 
has	been	used	successfully	to	interpret	the	results	of	metal	adsorption	by	activated	sludge	
and	to	evaluate	metal	adsorption	in	soils	[37].	
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The	symbols	in	this	equation	mean	the	following:
Q	 	–		amount	of	adsorbed	dye	[mg/g	DM];
b1, b2 	–		adsorption	capacity	in	active	sites	of	the	first	and	second	type	[mg/g	DM];
K1, K2–		constants	in	Langmuir’s	equation	[l/mg	DM];
C	 	–		concentration	of	dye	in	the	solution	at	equilibrium	[mg/l].

The	total	adsorption	capacity	(b)	is	equal	to	the	sum	of	the	maximum	adsorption	capacity	
determined	for	the	first	and	second	types	of	active	sites	(b = b1 + b2). K1	and	K2 characterise 
the	adsorption	affinity	of	the	dye	to	the	active	sites	of	the	first	and	second	types,	respectively, 
and	 correspond	 to	 the	 reciprocal	 of	 the	 equilibrium	 concentration	 of	 the	 dye	 at	 which	 
the	adsorption	capacity	is	more	than	half	the	maximum	capacity	of	b1 or b2.	A	larger	K	indicates 
an	 increase	 in	 the	 adsorption	 affinity	 of	 the	 dye	 to	 the	 active	 sites	 of	 the	 adsorbent.	 
The constants K1	and	K2	and	the	maximum	adsorption	capacity	(b1	and	b2)	were	determined	
by	non-linear	regression.	The	R2	coefficient	was	used	as	a	measure	of	the	fit	of	the	curve	
(with	the	determined	parameters)	to	the	experimental	data.

The	amount	of	desorbed	dye	was	calculated	from	equation	(3):

 
m

CCQ sd
d

−
= (3)

The	symbols	in	this	equation	mean	the	following:
Qd	 –	amount	of	desorbed	dye	[mg/g	DM];
C0	 –	concentration	of	the	dye	before	desorption	[mg/l];
Cd	 –	concentration	of	the	dye	after	desorption	[mg/l];
m	 –	concentration	of	mass	of	the	adsorbent	in	the	tested	sample	[g	DM/l].
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The	desorption	of	 dyes	 from	aqueous	 solutions	on	 the	 tested	 adsorbents	was	 evaluated	
based	on	the	relationship	between	the	mass	of	dye	adsorbed	on	the	adsorbent	Q	(mg/g	DM)	
and	its	equilibrium	concentration	C	[mg/l].

The	single-Langmuir	model	was	used	to	describe	the	experimental	results	of	desorption.	
It	is	shown	in	equation	(4):

 
CK
CKbQ
⋅+
⋅⋅

=
1

(4)

The	symbols	in	this	equation	mean	the	following:
Q	 –		amount	of	adsorbed	dye	[mg/g	DM];
b	 –		adsorption	capacity	[mg/g	DM];
K	 –		constant	in	Langmuir’s	equation	[l/mg	DM];
C	 –		concentration	of	dye	in	the	solution,	at	equilibrium	[mg/l].

The constants K	and	b	were	determined	by	non-linear	regression.	R2	was	used	as	a	measure	
of	the	fit	of	the	curve	(with	the	determined	parameters)	to	the	experimental	data.

3. Results and Discussion 
The	combination	of	chitin	and	sawdust	via	immobilisation	of	sawdust	in	chitosan	aimed	
to	 create	 an	 adsorbent	 that	 would	 have	 good	 adsorption	 properties	 for	 both	 anionic	 
and	 cationic	 dyes	 and	 high	 adsorption	 and	 desorption	 efficiency.	 The	 adsorption	 
and	desorption	of	the	dyes	was	evaluated	based	on	the	relationship	between	the	mass	of	dye	
adsorbed	on	the	adsorbent	(Q)	and	its	equilibrium	concentration	(C).	The	double-Langmuir	
model,	equation	(2),	and	the	single-Langmuir	model,	equation	(4),	were	used	to	describe	
the	experimental	 results.	Figures	3–6	show	 the	 relationship	between	 the	amount	of	dye	
adsorbed	and	desorbed	on	adsorbents	1–4,	the	equilibrium	concentration	and	the	Langmuir	
isotherms.	The	constants	K	and	b	determined	from	equations	(2)	and	(4)	for	all	dyes	tested	
are	presented	in	Tables	3	and	4,	respectively.

Figure 3. The	 experimental	 data	 compared	 with	 the	 adsorption	 determined	 
from	 the	 double-Langmuir	 isotherm	 and	 the	 desorption	 isotherm	 determined	
from	 the	 Langmuir	 equation	 model	 for	 Reactive	 Yellow	 84	 on	 (a)	 chitin	
flakes,	 (b)	 chitosan	 flakes,	 (c)	 chitosan	 beads	 and	 (d)	 sawdust	 immobilised	 
on	chitosan	beads.
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Figure 4. The	 experimental	 data	 compared	 with	 the	 adsorption	 determined	 
from	 the	 double-Langmuir	 isotherm	 and	 the	 desorption	 isotherm	 determined	
from	 the	Langmuir	 equation	model	 for	Reactive	Blue	 8	 on	 (a)	 chitin	 flakes,	 
(b)	chitosan	flakes,	(c)	chitosan	beads	and	(d)	sawdust	immobilised	on	chitosan	
beads.

Figure 5. The	 experimental	 data	 compared	 with	 the	 adsorption	 determined	 
from	 the	 double-Langmuir	 isotherm	 and	 the	 desorption	 isotherm	 determined	
from	 the	 Langmuir	 equation	model	 for	 Basic	Violet	 10	 on	 (a)	 chitin	 flakes,	 
(b)	chitosan	flakes,	(c)	chitosan	beads	and	(d)	sawdust	immobilised	on	chitosan	
beads.
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Figure 6. The	 experimental	 data	 compared	 with	 the	 adsorption	 determined	 
from	 the	 double-Langmuir	 isotherm	 and	 the	 desorption	 isotherm	 determined	
from	 the	 Langmuir	 equation	 model	 for	 Basic	 Green	 4	 on	 (a)	 chitin	 flakes,	 
(b)	chitosan	flakes,	(c)	chitosan	beads	and	(d)	sawdust	immobilised	on	chitosan	
beads.

Based	on	 the	data,	 regardless	of	 the	dye	 tested,	 the	adsorption	capacity	of	chitin	flakes	
was	 the	 lowest	 compared	 with	 the	 other	 three	 adsorbents.	 Moreover,	 the	 efficiency	 
of	adsorption	on	chitin	flakes	depended	strongly	on	the	type	of	dye.	The	amount	of	anionic	
dyes	bound	to	chitin	flakes	ranged	from	180	mg/g	DM	(RB8)	to	350	mg/g	DM	(RY84),	 
while	for	the	cationic	dyes	it	was	significantly	lower,	ranging	from	38	mg/g	DM	(BG4)	
to	44	mg/g	DM	(BV10)	 (Table	3).	Analysis	of	 the	adsorption	and	desorption	 isotherms	 
of	 the	 tested	 dyes	 on	 chitin	 flakes	 revealed	 a	 high	 desorption	 efficiency.	 The	 course	 
of	the	adsorption	and	desorption	isotherms	was	very	similar.

A	 higher	 degree	 of	 chitosan	 deacetylation	 had	 a	 significant	 effect	 on	 the	 amount	 
of	 dye	 removed	 [40–44].	 For	 chitosan	flakes,	 chitosan	 beads	 and	 sawdust	 immobilised	 
on	 chitosan	 beads,	 there	 was	 an	 increase	 in	 the	 adsorption	 capacity	 of	 all	 tested	
dyes	 (Figures	 3–6,	 Table	 3).	 Both	 tested	 cationic	 dyes	 showed	 the	 largest	 increase	 
in	 the	 adsorption	 capacity	 compared	 with	 chitin	 flakes.	 The	 amount	 of	 BV10	 
and	BG4	increased	to	120	and	110	mg/g	DM,	respectively,	when	bound	to	chitosan	flakes	 
(an	 increase	 of	 about	 2.8	 compared	with	 chitin	 flakes),	 to	 140	mg/g	DM	when	 bound	 
on	 chitosan	 beads	 (a	 3.7-fold	 increase	 compared	 with	 chitin	 flakes)	 and	 to	 340	 
and	320	mg/g	DM,	respectively,	when	bound	to	sawdust	immobilised	on	chitosan	beads	
(an	increase	of	7.7	and	8.4	times,	respectively).	The	results	showed	that	the	modification	 
of	chitosan	by	immobilisation	with	sawdust	increased	the	adsorption	of	cationic	dyes.

The	use	of	 chitosan	beads	had	no	 effect	 on	 the	 adsorption	 capacity.	The	 adsorption	
capacity	 of	 the	 chitosan	 beads	was	 higher	 or	 at	 a	 similar	 level	 to	 that	 of	 the	 chitosan	
flakes	 for	 all	 the	 tested	 dyes.	 The	 adsorption	 capacity	 for	 the	 anionic	 dyes	 ranged	 
from	 390	 to	 500	 mg/g	 DM	 for	 chitosan	 flakes	 and	 from	 480	 to	 490	 mg/g	 DM	 
for	 chitosan	 beads.	 For	 the	 cationic	 dyes	 BV10	 and	 BG4,	 the	 adsorption	 capacity	 
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was	 110	 and	 140	mg/g	DM,	 respectively.	The	 sawdust	 immobilised	 on	 chitosan	 beads	
reduced	the	adsorption	capacity	by	about	10%	compared	with	chitosan	beads.

Analysis	of	the	adsorption	and	desorption	isotherms	of	chitosan	flakes,	chitosan	beads	
and	 sawdust	 immobilised	 on	 chitosan	 beads	 revealed	 that,	 in	 case	 of	 the	 anionic	 dyes,	 
a	significant	increase	in	the	adsorption	capacity	did	not	lead	to	a	corresponding	increase	 
in	 the	 amount	 of	 desorbed	 dye	 compared	with	 chitin	 flakes.	 The	 desorption	 isotherms	
differed	significantly	from	the	adsorption	isotherms	(Figures	3–6).

A	 different	 mechanism	 of	 dye	 binding	 on	 the	 four	 tested	 adsorbents	 is	 evidenced	 
by	the	K	values,	which	describe	the	affinity	of	the	adsorbate	to	the	adsorbent	(Table	3).	 
K1 determined	for	the	chitin	flakes	was	high	for	RB8	(50	l/mg),	which	could	indicate	strong	
binding	of	this	dye	to	chitin	flakes.	K1	for	the	cationic	dyes	BV10	and	BG4	determined	
using	 the	 double-Langmuir	 model	 was	 more	 than	 1000	 times	 lower.	 The	 adsorption	
affinity	of	the	tested	dyes	to	the	other	three	adsorbents	was	significantly	lower	and	there	 
were	 no	 significant	 differences	 depending	 on	 the	 type	 of	 dye.	 K1	 was	 between	 
0.01	 and	 0.7	 l/mg	 for	 chitosan	 flakes,	 chitosan	 beads	 and	 sawdust	 immobilised	 
on	 chitosan	 beads.	 K2,	 describing	 the	 affinity	 for	 the	 second	 type	 of	 active	 site,	 
was	between	0.01	and	0.05	l/mg	regardless	of	the	adsorbent.	The	only	exception	was	RB8	
adsorbed	on	chitin	flakes,	for	which	K2	was	an	order	of	magnitude	lower	at	0.001	l/mg.

A	double-Langmuir	model	was	also	used	to	describe	the	desorption	process,	but	for	all	
tested	dyes	and	adsorbents,	the	K2	and	b2	values	were	very	small;	thus,	they	can	be	omitted.	
The	desorption	of	 the	 tested	dyes	was	described	 successfully	with	 the	 single-Langmuir	
model	(Table	4).

Table 3. The K	and	b	values	determined	from	the	double-Langmuir	model,	equation	(2),	
for	adsorption.

Constants from the double-Langmuir model

Dye

Chitin flakes Chitosan flakes
K

[l/mg	DM]
b

[mg/g	DM] R2

K
[l/mg	DM]

b
[mg/g	DM] R2

K1 K2 b1 b2 b K1 K2 b1 b2 b

RY84 1 0.05 90 260 350 0.994 0.70 0.015 80 420 500 0.991

RB8 50 0.001 250 10 260 0.999 0.05 0.05 380 10 390 0.992

BV10 0.04 0.012 25 19 44 0.991 0.01 0.015 40 80 120 0.994

BG4 0.04 0.01 22 16 38 0.991 0.01 0.01 40 70 110 0.994

Dye

Chitosan beads Sawdust immobilised on chitosan 
beads

K
[l/mg	DM]

b
[mg/g	DM] R2

K
[l/mg	DM]

b
[mg/g	DM] R2

K1 K2 b1 b2 b K1 K2 b1 b2 b

RY84 0.4 0.017 90 390 480 0.992 0.08 0.02 130 200 380 0.991

RB8 0.05 0.05 480 10 490 0.991 0.03 0.03 380 55 435 0.997

BV10 0.01 0.01 40 100 140 0.992 0.01 0.01 140 200 340 0.996

BG4 0.01 0.01 40 100 140 0.991 0.01 0.01 130 190 320 0.996

Abbreviations:	BG4,	Basic	Green	4;	BV10,	Basic	Violet	10;	DM,	dry	matter;	RB8,	Reactive	Blue	8;	
RY84,	Reactive	Yellow	84.
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Table 4. The values of K	 and	 b	 determined	 from	 the	 Langmuir	 model,	 equation	 (4),	 
to	describe	desorption.

Constants from Langmuir equation

Dye
Chitin flakes Chitosan flakes Chitosan beads

Sawdust 
immobilised  
on chitosan

K b R2 K b R2 K b R2 K b R2

RY84 1 0.05 90 260 350 0.994 0.70 0.015 80 420 500 0.991

RB8 50 0.001 250 10 260 0.999 0.05 0.05 380 10 390 0.992

BV10 0.04 0.012 25 19 44 0.991 0.01 0.015 40 80 120 0.994

BG4 0.04 0.01 22 16 38 0.991 0.01 0.01 40 70 110 0.994

Abbreviations:	BG4,	Basic	Green	4;	BV10,	Basic	Violet	10;	DM,	dry	matter;	RB8,	Reactive	Blue	8;	
RY84,	Reactive	Yellow	84.

Based	on	the	K	and	b	values,	the	significantly	higher	absorption	capacity	of	the	chitosan	
flakes	 for	 the	 anionic	 dyes	 compared	 with	 chitin	 flakes	 had	 no	 effect	 on	 the	 amount	 
of	 desorbed	 dye.	The	 desorption	 of	 the	 anionic	 dyes	 from	 chitin	 flakes	was	 310	mg/g	 
DM	 (RY84)	 and	 210	 mg/g	 DM	 (RB8),	 which	 accounted	 for	 89%	 and	 81%	 
of	 the	 amount	 of	 adsorbed	 dye,	 respectively.	 The	 shape	 of	 the	 adsorption	 isotherm	 
and	 the	 high	 K1 values	 determined	 for	 the	 chitin	 flakes	 suggest	 chemical	 adsorption.	 
However,	 this	 was	 not	 confirmed	 by	 the	 desorption	 results.	 The	 chitin	 flakes	 showed	 
the	highest	desorption	efficiency	regardless	of	the	type	of	dye.	The	chitosan	flakes,	chitosan	
beads	and	beads	of	modified	sawdust	immobilised	on	chitosan	beads	had	a	significantly	
lower	desorption	efficiency	for	the	anionic	dyes,	ranging	from	26%	(RB8,	chitosan	flakes)	
to	79%	(RB8,	chitosan	flakes).	

Dye	loss	during	the	dyeing	process	 is	estimated	to	be	around	10%−50%	for	anionic	
dyes	 and	 up	 to	 5%	 for	 cationic	 dyes	 [20,	 21].	 Because	 anionic	 and	 cationic	 dyes	 
can	be	present	in	the	tanks	at	the	same	time,	it	is	important	to	use	adsorbents	that	allow	
their	simultaneous	and	effective	removal.

Researchers	have	compared	the	adsorption	capacity	of	chitosan	in	the	form	of	flakes	
and	beads,	similarly	to	the	present	study,	but	have	not	provided	a	clear	correlation	between	
the	 extent	 of	 dye	 binding	 and	 the	 type	 of	 adsorbent	 (flakes	 and	 beads).	Wu	 et	 al.	 [45]	
investigated	 the	 binding	 efficiency	 of	 Reactive	 Red	 222	 (RR222)	 to	 flakes	 and	 beads	 
of	chitosan	obtained	from	shrimp,	lobsters	and	crabs.	The	capacity	was	1026–1106	mg/g	 
for	 chitosan	 beads,	 significantly	 higher	 (2–3.8	 times)	 compared	 with	 chitosan	 flakes	
(293–494	mg/g).	Lazaridis	and	Keenan	[46]	evaluated	the	adsorption	of	RB5	on	chitosan	
beads.	The	adsorption	capacity	of	238	mg/g,	lower	than	the	capacity	of	1000	and	936	mg/g	
determined	by	Gibbs	et	al.	[47]	and	Elwakeel	et	al.	[48]	for	chitosan	flakes.

Kyzas	and	Lazaridis	[49]	investigated	the	adsorption	of	Reactive	Yellow	3RS	(RY3RS)	
and	 Basic	 Yellow	 37	 (BY37),	 on	 chitosan	 flakes	 and	 beads.	 Chitosan	 flakes	 showed	 
a	 higher	 absorption	 capacity	 for	 both	 dyes,	 but	 this	 difference	 was	 not	 as	 significant	 
as	in	other	studies.	The	adsorption	capacity	for	RY3RS	was	373	mg/g	for	chitosan	flakes	
and	 311	 mg/g	 for	 chitosan	 beads.	 The	 adsorption	 capacity	 for	 BY37	 was	 254	 mg/g	 
for	chitosan	flakes	and	137	mg/g	for	chitosan	beads.	

In	the	present	study,	sawdust	immobilised	on	chitosan	beads	showed	a	good	adsorption	
capacity	 for	 the	 tested	 anionic	 and	 cationic	 dyes.	 The	 adsorption	 capacity	 determined	 
for	the	anionic	dyes	was	slightly	lower	or	comparable	to	that	determined	for	the	chitosan	
flakes	and	beads.	The	decrease	in	capacity	was	12%–21%	compared	with	chitosan	beads.	
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This	 decrease	 can	 be	 explained	 by	 the	 fact	 that	 for	 sawdust	 immobilised	 on	 chitosan	
beads,	50%	of	the	weight	was	chitosan	and	50%	was	modified	sawdust.	The	combination	
of	 chitosan	and	modified	 sawdust	did	not	 affect	 the	binding	efficiency	of	 anionic	dyes.	
Sawdust	 immobilised	on	chitosan	beads	had	a	particularly	positive	effect	on	 improving	
the	binding	efficiency	of	cationic	dyes	compared	with	chitosan	beads.	Moreover,	sawdust	
immobilised	on	chitosan	beads	showed	good	desorption	of	all	tested	dyes.

Based	on	the	K1	values,	the	affinity	of	the	chitin	flakes	for	the	two	tested	anionic	dyes	
was	markedly	higher	than	the	affinity	for	the	two	tested	cationic	dyes.	Similarly,	Akkaya	
et	al.	[33,	50]	reported	that	chitin	flakes	had	a	high	affinity	for	Reactive	Yellow	2	(RY2)	
and	RB8	as	well	as	 indigo	carmine	and	 trypan	blue	based	on	 the	adsorption	 isotherms.	 
The	other	adsorbents	had	much	lower	affinity	for	all	dyes,	denoted	by	the	lower	K1 values. 
The K	values	in	the	present	study	are	comparable	with	the	results	of	Kyzas	and	Lazaridis	
[49].	For	BY37,	the	K	value	was	0.0302	l/mg	for	chitosan	beads	and	0.0167	l/mg	for	chitosan	
flakes,	and	 for	RYG3RS,	 the	K	value	was	0.0649–0.0542	 l/mg.	Wu	et	al.	 [45]	 reported	 
a K	 value	 of	 0.2	 l/mg	 for	 RR	 222	 adsorption	 on	 spheres,	 higher	 than	 the	 K value 
determined	 for	 chitosan	 flakes	 (0.052	 l/mg).	The	 authors	 explained	 these	 results	 based	 
on	 the	 larger	 adsorption	 surface	 and	 the	 looser	 pore	 structure	 of	 the	 chitosan	 beads	
compared	 with	 the	 chitosan	 flakes,	 which	 facilitated	 the	 adsorption	 of	 RR222.	 
The K2	 values	 were	 comparable	 regardless	 of	 the	 adsorbent	 and	 the	 dye,	 ranging	 
from	 0.001	 to	 0.05	 l/mg.	 The	 combination	 of	 both	 immobilised	 sawdust	 and	 chitosan	 
beads	resulted	in	a	similar	adsorption	affinity	for	both	anionic	and	cationic	dyes.

The	 efficiency	 of	 adsorption	 of	 anionic	 and	 cationic	 dyes	 on	 each	 component	 
of	 sawdust	 immobilised	 on	 chitosan	 beads	 depends	 on	 several	 factors.	 The	 surfaces	 
of	 cellulosic	 adsorbents	 become	 negatively	 charged	 when	 they	 come	 into	 contact	 
with	 water.	 The	 binding	 of	 cationic	 dyes	 (e.g.	 BV10	 and	 BG4)	 occurs	 mainly	 by	 ion	 
exchange	adsorption.	On	the	other	hand,	the	anions	of	anionic	dyes	(e.g.	RY84	and	RB8)	 
are	repelled	when	they	approach	a	negatively	charged	surface,	which	is	why	the	removal	
efficiency	is	lower.	The	adsorption	process	on	nitrogen-containing	biological	adsorbents,	 
which	 include	 chitin	 and	 chitosan,	 is	 different	 compared	 with	 cellulose-containing	
adsorbents.	 The	 chemical	 structure	 of	 these	 adsorbents	 enables	 the	 binding	 of	 anionic	 
dyes	by	 ion	exchange	adsorption	and	by	hydrogen	bonds	or	 intermolecular	 interactions	
caused	by	van	der	Waals	forces,	which	leads	to	an	increase	in	adsorption	affinity.

The K	 value	 can	 indicate	 the	 mechanism	 of	 dye	 binding	 to	 the	 tested	 adsorbents.	
Different	K1	and	K2	values	may	indicate	a	different	type	of	binding	of	the	dye	to	the	first	 
and	second	types	of	active	sites	of	adsorbents.	High	values	indicate	strong	chemical	binding	
while	lower	values	indicate	weaker	physical	binding.	The	higher	K1 values in the present 
study	could	indicate	that	there	is	chemical	binding	at	the	first	type	of	active	site,	especially	
in	case	of	chitin.	On	the	other	hand,	the	lower	K2	values	could	indicate	weaker	physical	
binding	of	the	second	type	of	active	site.	This	desorption	results	support	this	view.	The	total	
amount	of	dye	released	was	equal	or	close	to	the	amount	of	dye	bound	to	the	second	type	
of	active	site	during	adsorption.

An	adsorbent	may	be	used	 in	 several	ways.	 It	may	be	used	once	and	 then	disposed	 
of	–	for	example,	by	incineration	or	disposal	in	a	landfill	–	or	regenerated.	From	an	economic	
point	 of	 view,	 methods	 that	 allow	 the	 regeneration	 of	 the	 adsorbent	 and	 the	 recovery	 
of	 the	 desorbed	 substance	 are	 more	 favourable.	 Therefore,	 the	 efficiency	 of	 recovery	 
of	the	adsorbed	components	also	determines	the	possibility	of	using	the	adsorbent.	Repeated	
use	 of	 the	 adsorbent	 should	 maintain	 its	 adsorption	 capacity	 (maximum	 adsorption	 
capacity)	and	not	cause	physical	changes	or	damage.

In	 the	present	study,	desorption	was	carried	out	by	changing	the	pH	of	 the	solution.	
Although	the	double-Langmuir	model	was	also	used	to	describe	the	desorption	process,	
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the K2	and	b2	values	were	very	small.	This	indicates	that	desorption	occurs	from	one	type	
of	 active	 site.	 Consistently,	 the	 single-Langmuir	 model	 adequately	 described	 the	 data,	 
as	confirmed	by	the	R2 values.

4. Conclusions
This	 paper	 presented	 the	 production	 and	 efficiency	 of	 adsorption	 and	 desorption	 
of	anionic	and	cationic	dyes	on	chitin	flakes,	chitosan	flakes,	chitosan	beads	and	modified	
sawdust	on	chitosan	beads.	Chitin	flakes	showed	the	lowest	binding	efficiency	for	anionic	 
and	 cationic	 dyes,	 but	 the	 highest	 desorption	 efficiency.	 Chitosan	 flakes	 and	 beads	
showed	a	much	higher	adsorption	capacity,	particularly	for	 the	anionic	dyes.	Compared	 
with	 chitin	 flakes,	 the	 increase	 in	 adsorption	 efficiency	 was	 not	 associated	 
with	an	increase	in	desorption	efficiency.	In	addition,	they	had	a	significantly	lower	adsorption	
capacity.	Based	on	the	results,	it	can	be	concluded	that	the	combination	of	two	adsorbents	 
with	 different	 properties	 allowed	 for	 the	 removal	 of	 both	 anionic	 and	 cationic	 dyes,	
especially	the	latter,	by	adsorption	with	high	efficiency.
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Abstract
A highly efficient micropropagation process can be achieved by using proper conditions 
for root initiation and growth of regenerated shoots. The efficiency of auxin and chitosan 
on in vitro rhizogenesis of the highbush blueberry (Vaccinium	 corymbosum	 L.) cv. 
Liberty was developed. After the multiplication stage, explants were transferred to Woody 
Plant Medium (WPM) supplemented with 0.1 mg dm–3 zeatin and 1.0 or 2.0 mg dm–3  
of the auxin indole-3-butyric acid (IBA), or chitosan with a molecular weight of 800 kDa  
at a concentration of 20 or 40 ppm. Among the tested combinations, the maximum 
mean shoot and root length (6.28 and 1.73 cm, respectively) were recorded for WPM  
with 0.1 mg dm–3 zeatin and 2.0 mg dm–3 IBA. The higher chitosan concentration  
in the WPM medium increased the length of shoots and roots. The highest percentage (100%) 
of rooted plants was obtained on WPM with the addition of 0.1 mg dm–3 zeatin and 40 ppm 
chitosan. Moreover, leaves of the highbush blueberries from this medium were brighter  
(L* from 22% to 36%) and greener (a* -2.70 and -4.56, respectively) compared with the leaves  
of plants grown on WPM containing IBA.

Keywords: plant acclimatisation, biopolymer, rhizogenesis, medium, highbush blueberry, 
Cie L*a*b*
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1. Introduction
The	 blueberry	 (genus	 Vaccinium	 L.,	 family	 Ericaceae	 Juss.)	 is	 a	 very	 popular	 fruit.	 
Its	 production	 and	 consumption	 have	 increased	 globally,	 characterised	 in	 particular	 
by	 the	 expansion	 of	 production	 activities	 into	 new	 geographic	 areas	 [1].	 Poland	 ranks	 
second	 in	 Europe	 and	 seventh	 in	 the	 world	 in	 blueberry	 production	 [2].	 The	 leader	 
in	highbush	blueberry	plantations	in	terms	of	cultivated	area	is	the	Masovian	Voivodeship.	
According	 to	 Cüce	 and	 Sökmen	 [3],	 the	 genus	Vaccinium	 is	 more	 variable	 than	 other	 
members	of	 the	Ericaceae	 family.	These	genetic	variations	manifest	 in	different	growth	
habits,	fruiting	times	and	responses	to	environmental	conditions.	In vitro	culture	conditions,	
including	medium	composition,	need	to	be	adapted	to	the	specific	needs	of	each	cultivar	
to	optimise	growth	and	development.	Cultivars	differ	in	their	ability	to	cope	with	the	stress	
associated	with	tissue	culture.	Researchers	typically	perform	extensive	trials	to	determine	
the	optimal	conditions	for	each	cultivar,	including	testing	different	medium	compositions	
and	environmental	conditions.	This	ensures	that	each	cultivar	grows	robustly	and	healthily,	
ultimately	leading	to	successful	acclimatisation	and	adaptation	to	field	conditions.	

Blueberries	have	low	endogenous	hormone	levels,	and	enrichment	of	the	environment	
with	 appropriate	 auxins	 and	 organic	 supplements	 is	 a	 prerequisite	 for	 the	 formation	 
of	a	good	root	system	[4].	According	to	Debnath	and	McRae	[5],	Vaccinium macrocarpon 
Ait.	shoots	rooted	well	in vitro	in	the	same	media	used	for	shoot	proliferation,	but	without	
any	growth	regulators.	Tetsumura	et	al.	[6]	described	that	 the	rooting	of	shoots	of	 three	
cultivars of Vaccinium corymbosum	L.	was	affected	by	the	multiplication	media,	namely	
Murashige	and	Skoog	(MS)	[7],	Woody	Plant	Medium	(WPM)	[8]	and	a	mixture	of	equal	parts	 
of	MS	and	WPM	(MW).	However,	they	noticed	that	the	superiority	in	rooting	percentage	
varied	 with	 the	 cultivar.	 In	 other	 related	 studies,	 Ružic	 et	 al.	 [9]	 examined	 the	 effect	 
of	the	auxin	indole-3-butyric	acid	(IBA)	and	active	charcoal	on	induction	of	rhizogenesis	
in three cultivars of V. corymbosum,	 and	Erst	 et	 al.	 [10]	 investigated	 the	 effect	 of	 IBA	
and	 indole-3-acetic	 acid	 (IAA)	 on	 in vitro	 rhizogenesis	 of	 Vaccinium uliginosum L.  
These	 researchers	 confirmed	 that	 rooting	 capacity	 of	 shoots	 varied	 widely	 among	 
the	tested	cultivars.	

As	is	apparent	from	the	literature,	the	blueberry	species	V. corymbosum	and	V. virgatum 
root	 well	 on	 propagation	medium	 or	 on	medium	without	 the	 addition	 of	 plant	 growth	
regulators.	 The	 process	 of	 root	 development	 can	 be	 divided	 broadly	 into	 two	 primary	
phases:	 initiation	 of	 roots	 and	 their	 subsequent	 elongation.	 During	 the	 initiation	 phase	 
in vitro,	 specific	 cells	 undergo	 dedifferentiation	 to	 create	 root	 meristems,	 which	 then	
proceed	 to	 elongate.	 Each	 phase,	 root	 initiation	 and	 root	 elongation,	 has	 different	
optimal	 conditions	 for	 plant	 growth	 regulators,	 especially	 auxin	 [3].	 It	 is	 important	 
to	consider	the	potential	benefits	of	using	naturally	derived,	biologically	active	substances	
that	 have	 a	 minimal	 environmental	 impact	 and	 can	 support	 both	 phases	 of	 rooting.	 
Due	to	its	characteristics,	chitosan	is	viewed	as	a	biomaterial	of	interest	for	plant	growth	
[11,	 12].	 There	 are	 many	 reports	 about	 its	 positive	 effects	 on	 the	 growth	 and	 yield	 
of plants such as Dendrobium phalaenopsis	[13],	V. corymbosum	[14],	Lycium chinense	[15],	 
Vitis vinifera	L.	[16]	and	Lonicera caerulea	L.	[17].	The	mechanism	of	action	of	chitosan	
in	plant	systems	is	not	yet	completely	clear.	According	to	Lopez-Moya	et	al.	[18],	chitosan	
promotes	 the	 accumulation	 of	 auxins	 (mainly	 IAA)	 in	 the	 root	 apex	 of	 plants,	 causing	
strong	changes	in	root	cell	morphology.	Chitosan	treatment	can	induce	several	biochemical	
and	 molecular	 changes	 that	 may	 be	 responsible	 for	 improving	 plant	 growth	 including	
rooting,	as	shown	in	the	examples	above	[19–21].

The	 present	 study	 compared	 the	 effectiveness	 of	 chitosan	 with	 a	 molecular	 
weight	 of	 800	 kDa	 (CH8)	 and	 IBA	 on	 in vitro	 rooting	 and	 ex vitro acclimatisation  
of V. corymbosum cv.	Liberty	explants.	
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2. Materials and Methods
2.1. Plant Material
V. corymbosum	 cv.	 Liberty	 explants	 were	 obtained	 from	 the	 Laboratory	 of	 Tissue	
Culture,	 West	 Pomeranian	 University	 of	 Technology,	 Szczecin,	 Poland.	 The	 shoots	 
with	auxiliary	buds	explants	were	sub-cultured	several	times.	The	stem	segments	of	blueberry	
explants	were	cut	into	several	small	pieces	(approximately	17–20	mm	long)	and	removed	 
from	the	leaf	blades.	

2.2. In Vitro Rooting Conditions
In	a	laminar	flow	cabinet,	shoot	explants	were	initiated	on	Woody	Plant	Medium	(Duchefa	
Biochemie	B.V.,	the	Netherlands)	with	the	addition	of	0.1	mg	dm–3	zeatin	(Zea)	and	CH8  
at	a	concentration	of	20	and	40	ppm,	or	on	WPM	supplemented	with	0.1	mg	dm–3 Zea  
and	1.0	or	2.0	mg	dm–3	IBA.	The	pH	of	each	medium	was	adjusted	to	5.7–5.8.	Zea,	CH8 
and	IBA	were	added	to	the	media	before	autoclaving.	

All	media	were	supplemented	with	3%	(w/v)	sucrose	(Chempur,	Poland),	0.8%	(w/v)	 
agar	 (Biocorp,	 Poland)	 and	 100	 mg	 dm–3	 myo-inositol	 (Duchefa	 Biochemie	 B.V.,	 
The	Netherlands).	Then,	they	were	heated	and	30	ml	was	poured	into	a	450-ml	flask.	Next,	
they	were	autoclaved	at	121°C	(0.1	MPa)	for	the	appropriate	time	(based	on	the	volume	 
of	medium	in	the	vessel).	Cultures	were	incubated	in	a	growth	room	at	24	±	2°C	under	 
a	16-h	photoperiod	with	a	photosynthetic	photon	flux	density	(PPFD)	of	40	µmol	m–2 s–1. 
Each	combination	included	32	shoots	(8	replicates	with	4	explants	per	flask).	After	35	days,	 
the	 explants	 were	 removed	 and	 wash	 with	 deionised	 distilled	 water,	 and	 the	 shoot	 
and	root	length	(cm),	the	number	of	new	shoots	and	the	colour	were	assessed.	The	explants	 
were	weighed	to	determine	the	fresh	mass	(g).	

2.3. Chitosan
CH8	 was	 obtained	 from	 the	 Center	 of	 Bioimmobilisation	 and	 Innovative	 Packaging	
Materials,	 West	 Pomeranian	 University	 of	 Technology,	 Szczecin,	 Poland	 [22].	 It	 was	
prepared	 using	 the	 free-radical	 degradation	 process.	 After	 purification	 (filtration),	 
it	was	characterised	using	high-performance	liquid	chromatography	(SmartLine	Knauer,	
Germany;	Tessek	Separon	HEMA-BIO	40	column,	Tessek,	Czech	Republic).	The	average	
degree	of	deacetylation	of	the	product	was	85%.

2.4.  Ex Vitro Acclimatisation
Explants	with	 developed	 roots	 from	 all	 combinations	 of	 the	 experiment	were	 removed	 
from	 the	 culture	 vessels	 and	 then	 washed	 thoroughly	 with	 deionised	 water	 to	 remove	
residual	 medium.	 The	 explants	 were	 transferred	 to	 plastic	 pots	 (10-cm	 diameter)	
containing	sterile	soil	 (a	mixture	of	90%	peat	and	10%	perlite).	The	pots	were	covered	 
with	agro-textile	fabric	to	ensure	90%	humidity	and	incubated	in	the	growth	room	at	22°C	
and	 73%	 relative	 humidity.	After	 acclimatisation	 for	 6	 weeks,	 the	 percentage	 survival	 
of	the	plants	was	determined.

2.5. Determination of Colour
The	 leaves	 from	 the	 middle	 part	 of	 the	 shoot	 were	 evaluated	 using	 a	 CM-700d	
spectrophotometer	 (Konica	Minolta,	 Japan).	Measurements	 were	made	 in	 CIE	L*a*b* 
system	[23].	The	10°	observer	type	and	D65	illuminant	were	applied.	Colour	was	measured	
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in	triplicate	for	each	experimental	combination.	a* ranges from green (-a*)	to	red	(+a*). 
b*	describes	the	colour	in	the	range	from	yellow	(+b*)	to	blue	(-b*). L*, which represents 
monochromaticity,	ranges	from	0	(black)	to	100	(white).

2.6. Statistical Analysis
The	results	were	evaluated	using	the	Statistica	v.12	software.	The	results	were	submitted	 
to	variance	analysis	(ANOVA)	followed	by	Tukey’s	test.	A	p	value	≤	0.05	was	considered	
to	indicate	a	statistically	significant	difference.

3. Results and Discussion
A	 successful	 micropropagation	 system	 requires	 the	 proper	 conditions	 for	 root	
initiation	and	growth	of	 regenerated	 shoots.	Healthy	 roots	 enable	 seedlings	 to	 establish	 
in	the	soil	and	promote	normal	growth	and	development.	There	have	been	many	reports	 
of successful in vitro	 and	ex vitro	 rooting	of	blueberries.	Efficient	 in vitro	 rhizogenesis	 
is	 generally	 strongly	 influenced	 by	 the	 presence	 of	 auxins	 in	 the	 medium	 [10,	 24].	
Ostrolucká	 et	 al.	 [25]	 achieved	 rooted	 V. corymbosum	 and	 Vaccinium vitis-idaea L. 
microshoots	 on	 Anderson’s	 medium	 supplemented	 with	 0.8	 mg	 dm–3	 IBA.	 Meiners	 
et	 al.	 [24]	 examined	 IBA	 and	 naphthaleneacetic	 acid	 (NAA)	 for	 their	 effect	 on	 root	
formation of the Vaccinium cultivars	Ozarkblue	and	Red	Pearl;	they	noticed	that	only	IBA	 
was	 suitable	 for	 root	 induction.	 Tetsumura	 et	 al.	 [6]	 compared	 MS,	 WPM	 and	 MW	 
and	 observed	 that	 the	 rooting	 ability	 of	 blueberry	 plants	 is	 strictly	 dependent	 
on	 the	 cultivar	 as	 well	 as	 the	 multiplication	 medium.	 The	 effectiveness	 
of	 chitosan	 on	 the	 rooting	 of	 highbush	 blueberry	 plants	 remains	 incompletely	 
investigated.	 Chitosan	 is	 a	 biopolymer	 that	 is	 completely	 safe	 for	 the	 environment.	 
It	 shows	 positive	 effects	 on	 the	 growth	 of	 many	 plants,	 including	 those	 propagated	 
in vitro.	According	 to	Veraplakon	et	al.	 [26],	chitosan	increased	the	survival	percentage	 
and	growth	 rate	of	ex vitro	 lantana	 seedlings.	Kruczek	et	 al.	 [15]	 reported	 that	20	ppm	 
of	 chitosan	 with	 a	 molecular	 weight	 of	 330	 kDa	 was	 optimal	 for	 the	 initiation	 
of	 goji	 explant	 rhizogenesis	 in vitro.	 Krupa-Małkiewicz	 and	 Ochmian	 [16]	 confirmed	
that	 10	 ppm	 of	 chitosan	 with	 a	 molecular	 weight	 of	 330	 kDa	 stimulated	 rhizogenesis	 
of	winegrape	explants.	

Table	 1	 provides	 the	 mean	 shoot	 length,	 number	 of	 new	 shoots,	 fresh	 and	 dry	 
mass of V. corymbosum	cv.	Liberty.	WPM	containing	0.1	mg	dm–3	Zea	and	2.0	mg	dm–3 
IBA	 provided	 the	 best	 stimulation	 of	 shoot	 length	 and	 root	 development:	 compared	 
with	 the	 other	 culture	media	 used,	 highbush	blueberry	 explants	 grown	on	 this	medium	 
showed	 longer	 shoots	 and	 roots	 (6.28	 and	 1.73	 cm,	 respectively).	 Good	 rhizogenesis	 
was	 correlated	 with	 the	 highest	 mean	 fresh	 and	 dry	 mass	 of	 the	 plantlets	 
(0.91	 and	 0.14	 g,	 respectively).	 However,	 there	 were	 no	 significant	 differences	 
in	 the	 number	 of	 new	 explants,	 which	 ranged	 from	 1.25	 to	 1.92.	 Of	 the	 two	 chitosan	
concentrations	 applied	 in	 the	 experiment,	 40	ppm	was	 the	most	 efficient	 in	 stimulating	 
root	 growth	 (Figure	 1).	 Explants	 grown	 on	 WPM	 containing	 40	 ppm	 CH8	 had	 44%	 
and	67%	longer	shoots	and	roots,	respectively,	compared	with	explants	grown	on	WPM	
containing 20 ppm CH8.	The	 inclusion	 of	 40	 ppm	CH8	 also	 led	 to	 the	 highest	 number	 
of	new	explants	(1.92	per	plant).	
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Table 1. The	 effects	 of	 different	 medium	 compositions	 on	 the	 morphological	 traits	 
of Vaccinium corymbosum vs.	 Liberty	 plants	 under	 in vitro	 condition	 
after	35	days	of	culture	(n	=	32	shoots	per	treatment).

Medium
Shoot 
length
[cm]

Number 
of new 

explants

Root 
length
[cm]

Fresh 
mass  
[g]

Dry 
mass  
[g]

WPM	+	0.1	mg	dm–3 Zea  
+	1.0	mg	dm–3	IBA 2.89b 1.25a 0.88ab 0.88a 0.12a

WPM	+	0.1	mg	dm–3 Zea  
+	2.0	mg	dm–3	IBA 6.28a 1.83a 1.73a 0.91a 0.14a

WPM	+	0.1	mg	dm–3	Zea  
+ 20 ppm CH8

2.57b 1.45a 0.16b 0.16a 0.02b

WPM	+	0.1	mg	dm–3 Zea 
+	40	ppm	CH8

3.56b 1.92a 0.19b 0.28a 0.04b

Note.	In	each	column,	means	with	different	superscript	letters	are	significantly	different	according	 
to	Tukey’s	multiple	 range	 test	 (p	<	 0.05).	Abbreviations:	CH8, chitosan with a molecular weight  
of	800	kDa;	IBA,	indole-3-butyric	acid;	WPM,	Woody	Plant	Medium;	Zea,	zeatin.

Figure 1. Shoot	 explants	 of	 Vaccinium corymbosum	 L.	 cv.	 Liberty	 after	 growth	 
for	 6	 weeks	 on	Woody	 Plant	 Medium	 (WPM)	 containing	 (a)	 0.1	 mg	 dm–3 
zeatin	 (Zea)	 +	 1.0	 mg	 dm–3	 indole-3-butyric	 acid	 (IBA);	 (b)	 0.1	 mg	 dm–3  
Zea		+	2.0	mg	dm–3	IBA;	(c)	0.1	mg	dm–3 Zea + 20 ppm chitosan with a molecular 
weight	of	800	kDa	(CH8);	or	(d)	0.1	mg	dm

–3	Zea	+	40	ppm	CH8.

Many	 authors	 [27–29]	 have	 suggested	 that	 the	 contents	 of	 photosynthetic	 pigments	 
in	 leaves	 are	 closely	 correlated	 to	 their	 colour.	The	 colour	 of	 the	 leaves	was	 analysed	 
in	the	transmitted	mode	using	the	photocolourimetric	method	in	the	CIE	L*a*b* system 
[23].	L*	 is	 related	 to	 the	physiological	attributes	of	visual	 response	 [30].	 In	 the	present	
study,	the	leaves	of	the	explants	grown	on	WPM	containing	IBA	were	similar.	L*	was	25.42	
and	25.65	 (Figure	2a).	However,	 the	 leaves	of	 the	explants	grown	on	WPM	containing	
20	 or	 40	 ppm	CH8	were	 brighter,	 as	 indicated	 by	 the	 36%	 and	 22%	higher	L* values, 
respectively,	 compared	 with	 the	 explants	 grown	 on	WPM	 containing	 IBA.	 Moreover,	 
the	explants	grown	on	WPM	containing	20	or	40	ppm	CH8	had	greener	leaves	(a*	=	–2.70	
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and	–4.56,	respectively)	compared	with	the	leaves	of	the	explants	grown	on	WPM	containing	
IBA	(Figure	2b).	When	higher	concentrations	of	IBA	or	CH8	were	used	in	the	medium,	
b*,	which	 indicates	chromaticity,	was	higher	 (Figure	2b).	Therefore,	 for	 the	subsequent	
acclimatisation	 to	 greenhouse	 conditions,	 only	 plantlets	 with	 well-developed	 roots	 
and	the	best	rhizogenesis	rooted	on	WPM	supplemented	with	IBA	and	WPM	supplemented	
with CH8	were	selected.

(a)

(b)

Figure 2. The	 effect	 of	 different	 medium	 compositions	 on	 the	 colour	 of	 Vaccinium 
corymbosum	cv.	Liberty	leaves	(n	=	32	shoots	per	treatment)	based	on	the	CIE	
L*a*b*	 system	 –	 (a)	L*,	 the	 lightness	 coefficient	 and	 (b)	 a* (green colour)  
and	 b*	 (yellow	 colour)	 –	 at	 the	 end	 of	 the	 experiment.	Abbreviations:	 CH8, 
chitosan	with	a	molecular	weight	of	800	kDa;	IBA,	indole-3-butyric	acid;	WPM,	
Woody	Plant	Medium;	Zea,	zeatin.
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The ex vitro rooting rate of V. corymbosum	cv.	Liberty	was	the	highest	on	WPM	containing	
0.1	mg	dm–3	Zea	 and	2.0	mg	dm–3	 IBA	or	40	ppm	CH8	 (98%	and	100%,	 respectively)	
(Figure	 3a,	 b).	The	 lowest	 rooting	 efficiency	 (80%)	was	 observed	 on	WPM	containing	
0.1	mg	dm–3	Zea	and	20	ppm	CH8	(Figure	4).	Ružić	et	al.	[9]	obtained	a	similar	ex vivo 
rooting	 rate	 for	 the	 Goldtraube	 (91.8%)	 and	 Berkeley	 (66.7%)	 cultivars.	 Ostrolucká	 
et	 al.	 [31]	 used	Anderson’s	Rhododendron	medium	 (AN)	 containing	 0.8	mg	 dm–3	 IBA	 
and	 8	 g	 dm–3	 charcoal	 and	 recorded	 a	 rooting	 percentage	 of	 95%,	 90%	 and	 80%	 
for	 the	 blueberry	 cultivars	 Berkeley,	 Bluecrop	 and	 Brigitta,	 respectively.	 In	 contrast,	 
Erst	et	al.	[10]	found	that	the	optimal	technique	of	in vitro rooting of V. uliginosum	involved	
treating	 microshoots	 with	 an	 auxin	 solution	 for	 24	 h,	 followed	 by	 transfer	 to	 media	 
that	did	not	contain	growth	regulator.	They	obtained	a	100%	rooting	percentage	for	explants	
of	the	Golubaya	rossyp	and	Naktarnaya	cultivars.

(a)

(b)

Figure 3. The photographs show Vaccinium corymbosum	 cv.	 Liberty	 plants	 (a)	 after	
being	 acclimatised	 for	 35	 days	 and	 (b)	 after	 transfer	 to	 the	 greenhouse	 (b).	
Abbreviations:	 CH8,	 chitosan	 with	 a	 molecular	 weight	 of	 800	 kDa;	 IBA,	 
indole-3-butyric	acid;	WPM,	Woody	Plant	Medium;	Zea,	zeatin.
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Figure 4. The ex vitro rooting rate of Vaccinium corymbosum	 cv.	 Liberty	 plants.	
Abbreviations:	 CH8,	 chitosan	 with	 a	 molecular	 weight	 of	 800	 kDa;	 
IBA,	indole-3-butyric	acid;	WPM,	Woody	Plant	Medium;	Zea,	zeatin.

4. Conclusions
The	obtained	results	enrich	the	knowledge	on	in vitro	and	ex vitro rooting of  V. corymbosum 
cv.	Liberty.	Based	on	the	results	of	this	experiment,	the	addition	of	CH8	to	WPM	resulted	
in	a	rooting	rate	similar	to	that	of	the	auxin	IBA.	However,	the	addition	of	40	ppm	chitosan	
to	WPM	resulted	in	longer	shoots,	more	new	shoots	per	plant	and	longer	roots	compared	
with	 the	 lower	 chitosan	 concentration	 (20	 ppm).	 Moreover,	 the	 addition	 of	 a	 higher	
concentration	of	 IBA	to	WPM	(2.0	mg	dm–3)	 resulted	 in	more	plants	with	 longer	 roots.	 
The	 addition	 of	 40	 ppm	CH8	 had	 a	 positive	 effect	 on	 the	 percentage	 of	 rooted	 plants.	
Research	into	the	development	of	an	optimal	rooting	protocol	for	V. corymbosum	should	
improve	plant	survival	at	later	stages	of	adaptation	to	ex vitro	conditions.
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Abstract
This study aimed to investigate the potential mitigation of copper stress in tomato plants 
(Solanum pimpinellifolium L0566) through the addition of chitosan (CH) or nanosilver 
(nAg) to Murashige and Skoog (MS) medium under in vitro conditions. Various growth 
parameters; the proline, malondialdehyde (MDA), total polyphenol and mineral contents; 
and CIE L*a*b* colour parameters were evaluated. After the multiplication stage,  
the explants were transferred to MS medium (control); MS + 20 ppm chitosan  
with a molecular weight of 3.33 kDa (CH3.33); MS + 6 mg l–1 nAg; MS + 100 µM l–1 copper sulfate 
(CuSO4); MS+20 ppm CH3.33+100 µM l–1 CuSO4; or MS + 6 mg l–1 nAg + 100 µM l–1 CuSO4.  
The results indicated that while CuSO4 or CuSO4-nAg solutions inhibited growth traits, 
CH3.33 stimulated growth, particularly shoot production, and plants treated with CH3.33 
exhibited better developed roots and a higher fresh mass. Additionally, CH3.33 alleviated 
the negative effects of CuSO4 on the proline, MDA and total polyphenol contents in tomato 
plants. Moreover, tomato explants exhibited greener leaves, while those treated with nAg 
and CuSO4 showed decreased colour values. CH3.33 or nAg positively influenced the mineral 
content of tomato leaves under heavy metal stress. This study underscores the complex 
interactions between growth medium components on tomato plant growth, physiology  
and the mineral content, highlighting the potential of chitosan in mitigating heavy metal 
stress in tomato plants.
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1. Introduction
The	 expansion	 of	 industrial	 production	 activities	 has	 led	 to	 an	 alarming	 increase	 
in environmental pollution from wastewater containing heavy metals. These metals, 
particularly	 prevalent	 in	 developing	 countries,	 are	 disposed	 of	 directly	 or	 indirectly	 
into	 the	 environment	 in	 significant	 quantities.	 Due	 to	 their	 non-biodegradable	 nature,	
heavy	metals	tend	to	accumulate	in	living	organisms,	where	they	create	a	significant	risk	 
of	 toxicity.	 When	 copper	 (Cu)	 is	 present	 slightly	 above	 the	 optimal	 tissue	 levels,	 
it	can	become	toxic	to	a	plant	[1,	2].	However,	heavy	metals	as	trace	elements	can	play	 
an	 important	 role	 in	 various	 oxidation	 and	 reduction	 reactions.	 For	 example,	 
Cu	 acts	 as	 a	 crucial	 cofactor	 for	 various	 enzymes	 associated	 with	 the	 oxidative	 
stress	 response,	 such	 as	 catalase,	 superoxide	 dismutase,	 peroxidase,	 
cytochrome c	 oxidase,	 ferroxidases,	 monoamine	 oxidase	 and	 dopamine	 
β-monooxygenase	 [3,	 4].	 	 Heavy	 metals	 accumulated	 in	 excessive	 amounts	 in	 tissues	 
cause	 oxidative	 stress,	 which	 contributes	 to	 the	 release	 of	 oxygen	 free	 radicals.	 
Due	 to	 their	 strong	 attraction	 to	 sulfur-containing	 peptides	 and	 proteins,	 free	 radicals	 
reduce	 enzymatic	 and	 non-enzymatic	 antioxidant	 levels	 [5].	 Reactive	 oxygen	 species	
(ROS)	can	potentially	cause	massive	oxidation	of	membrane	proteins	and	lipids,	resulting	
in	increased	malondialdehyde	(MDA),	a	by-product	of	lipid	peroxidation	[1].	Consistently,	
following	exposure	to	Cu,	there	was	a	notable	accumulation	of	MDA	[6].	

New	 solutions	 are	 being	 investigated	 to	 alleviate	 the	 detrimental	 impacts	 
of	 environmental	 stresses	 on	 plants,	 including	 the	 application	 of	 biologically	 active	
substances	and	nanotechnology.	As	a	relatively	modern	field	of	science,	nanotechnology	
offers	various	applications	in	agriculture.	The	use	of	nanoparticles	in	agriculture	provides	
for	 the	 elimination	 of	 nutrient	 deficiencies	 in	 plant	 tissues	 and	 enhances	 tolerance	 
to	 stress,	 thus	 contributing	 to	 improved	 growth	 and	 increased	 yield	 [7].	Many	 authors	 
[8,	 9]	 have	 highlighted	 that	 nanosilver	 (nAg)	 improves	 seed	 germination,	 plant	 growth	 
and	 photosynthetic	 efficiency,	 and	 reduces	 microbial	 growth	 on	 plant	 bodies.	 
An	 alternative	 to	 the	 use	 of	 synthetic	 materials	 to	 remove	 heavy	 metals	 
from	 the	 environment	 is	 biopolymers,	 including	 chitosan,	 which	 is	 widely	 available.	 
Chitosan	 is	 a	non-toxic,	 natural	 elicitor	 and	biodegradable	 compound	of	natural	origin,	 
obtained	by	enzymatic	deacetylation	 	of	chitin	[10,	11].	This	biocompatible	biopolymer	 
has	 a	 variety	 of	 applications	 in	 agriculture.	 	 It	 improves	 both	 qualitative	 
and	 quantitative	 crop	 characteristics	 by	 facilitating	 nutrient	 uptake	 by	 plants	 [12]. 
	 In	 addition,	 it	 stimulates	 seed	 germination	 as	 well	 as	 shoot	 and	 root	 growth	 
[13	and	 influences	numerous	metabolic	and	physiological	processes.	As	a	consequence,	
plants	treated	with	chitosan	may	show	increased	resistance	to	environmental	stresses	[14].

The tomato, Solanum pimpinellifolium,	 is	 a	 widely	 favoured	 vegetable	 within	 
the	 Solanaceae	 family.	 Ranked	 as	 the	 world’s	 second	most	 significant	 vegetable	 crop,	 
it	 is	 cultivated	 in	 nearly	 every	 country.	 Renowned	 for	 its	 taste,	 nutritional	 benefits	 
and	 simple	 cultivation	 process,	 the	 tomato	 holds	 a	 pivotal	 place	 in	 human	 diets	 
[15,	16].	Due	to	the	important	role	of	the	Solanaceae	family	in	agronomic	and	ornamental	
crops,	 the	 objective	 of	 the	 present	 study	 was	 to	 evaluate	 the	 effectiveness	 of	 chitosan	 
with	a	molecular	weight	of	3.33	kDa	(CH3.33)	and	nAg	in	alleviating	the	harmful	effects	
of	Cu	stress	on	tomato	plants	under	in vitro	conditions.	This	study	tested	the	hypothesis	
that	chitosan	and	nAg	alleviate	Cu	stress	by	enhancing	growth	parameters,	reducing	stress	
markers	and	improving	mineral	content	and	leaf	colouration.	Chitosan	is	expected	to	have	
a	more	pronounced	beneficial	effect	compared	with	nAg.
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2. Materials and Methods
2.1. Plant Materials
S. pimpinellifolium	 (L0566)	 seeds	 were	 obtained	 from	 the	 Tomato	 Genetics	 Resource	
Centre	 (University	 of	 California,	 Davis).	 They	 were	 disinfected	 by	 soaking	 in	 a	 70%	
ethanol	 solution	 for	 30	 s,	 washed	 twice	 with	 sterile	 deionised	 water	 and	 submerged	 
in	7%	sodium	hypochlorite	(NaOCl)	for	10	min.	Then,	the	seeds	were	rinsed	3	×	5	min	 
with	sterile	and	deionised	water	under	a	laminar	flow	hood.	

2.2. Medium and Culture Conditions
Sterilised	tomato	seeds	were	cultured	individually	in	glass	tubes	(35	×	110	mm)	containing	
15	ml	of	initiation	Murashige	and	Skoog	(MS)	medium	[17]	without	plant	growth	regulators	
for	4	weeks.	Explants	were	sub-cultured	three	times.	After	that,	a	shoot	with	auxiliary	buds	
was	transferred	to	a	300-ml	flask	with	30	ml	of	MS	medium	containing	20	ppm	CH3.33; 
MS	medium	containing	6	mg	l–1	nAg	(nanopowder	<	100	nm	particle	size,	Sigma-Aldrich,	
Germany); MS containing 100 µl l–1	CuSO4; or MS containing 100 µl l–1	CuSO4, 20 ppm 
CH3.33	 and	MS	+	100	µl	 l–1	CuSO4	+	6	mg	 l

–1	 nAg.	MS	medium	without	 plant	 growth	
regulators	served	as	the	control.	Each	combination	included	32	shoots	(4	explants	per	flask	
and	8	replicates).

Following	a	35-day	incubation	period,	the	explants	were	carefully	removed	and	cleaned	
with	deionised	distilled	water.	The	 following	parameters	were	 assessed:	 shoot	 and	 root	
length	[cm];	the	number	of	new	shoots	per	explant;	the	fresh	mass	[cm];	the	proline,	MDA	
and	 total	 polyphenol	 (TP)	 contents;	 the	macroelement	 (phosphorus	 [P],	 potassium	 [K],	
calcium	[Ca]	and	magnesium	[Mg])	and	microelement	(iron	[Fe],	zinc	[Zn],	manganese	
[Mn]	and	Cu)	levels;	and	CIE	L*a*b* colour.

All	media	contained	30	g	L–1	sucrose	(Chempur,	Poland)	and	100	mg	L–1 myo-inositol 
(Duchefa,	 the	 Netherlands)	 and	 were	 solidified	 using	 8	 g	 L–1	 agar	 (Biocorp,	 Poland).	 
The	 pH	 was	 adjusted	 to	 5.8	 prior	 to	 autoclaving	 at	 121°C	 and	 0.1	 MPa.	 Cultures	 
were	incubated	in	a	growth	room	at	25	±	2°C	under	a	16-h	photoperiod,	with	a	photosynthetic	
flux	density	(PPFD)	of	40	µmol	m–2 s–1	provided	by	Narva	(Germany)	emitting	cool	white	
daylight,	and	maintained	at	60%–70%	humidity.

2.3. Biochemical Analysis
The	proline	content	of	fresh	tomato	leaves	was	determined	following	the	method	outlined	 
by	Bates	et	al.	[18],	utilising	a	spectrophotometer	set	to	520	nm;	it	is	expressed	as	micromoles	
per	gram	fresh	weight.	The	MDA	content	was	assessed	according	to	Sudhakar	et	al.	[19]	
based	 on	 the	 absorbance	 at	 600,	 532	 and	 450	 nm.	 The	mineral	 content	 in	 dried	 plant	
material	was	evaluated	as	per	the	Polish	Standard	(IUNG	1972)	using	certified	reagents	
from	 Chempur	 and	Merck	 (Germany).	 The	 P,	 K,	 Ca	 and	Mg	 contents	 were	measured	
following	wet	mineralisation	in	sulfuric	acid	(H2SO4,	96%)	and	perchloric	acid	(HClO4, 
70%).	The	Cu,	Zn,	Mn	and	Fe	contents	were	measured	following	mineralisation	in	nitric	
acid	(HNO3,	65%)	and	HClO4	(70%).	The	K	content	was	measured	via	atomic	emission	
spectrometry.	The	Mg,	Ca,	Cu,	Zn,	Mn	and	Fe	contents	were	measured	using	flame	atomic	
absorption	spectroscopy	utilising	a	iCE	3000	Series	instrument	(Thermo	Fisher	Scientific,	
UK).	P	was	assessed	using	the	colourimetric	method	on	a	Specol	221	apparatus	(Carl	Zeiss,	
Germany)	 [20].	 The	 TP	 content	 was	 determined	 spectrophotometrically	 by	 employing	 
the	Folin–Ciocalteu	reagent.	The	standard	curve,	calculated	using	gallic	acid	as	a	standard,	
was	measured	spectrophotometrically	at	700	nm	and	is	expressed	as	milligrams	of	gallic	
acid	equivalents	(GAE)	per	gram	of	plant	material.
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2.4. Leaf Pigment Estimation
Leaves	from	the	middle	part	of	the	shoot	were	evaluated	using	a	CM-700d	spectrophotometer	
(Konica	Minolta,	Japan).	Measurements	were	conducted	in	the	CIE	L*a*b*	system	[21],	
employing	 the	 10°	 observer	 type	 and	 the	D65	 illuminant.	 Colour	 readings	were	 taken	 
in	triplicate	for	each	experimental	combination.

2.5. Statistical Analysis
Statistical	 analyses	 were	 conducted	 using	 Statistica	 13.0	 (StatSoft,	 Poland).	 
The	homogeneity	of	variance	and	normality	of	the	distribution	of	the	data	were	determined.	
Because	the	data	showed	a	normal	distribution,	they	were	submitted	to	analysis	of	variance	
(ANOVA)	 followed	by	Tukey’s	post	hoc	 test.	A	p	value	<	0.05	 indicated	a	 statistically	
significant	difference.	The	relationships	between	macro-	and	microelements	were	analysed	
using	agglomerative	cluster	analysis	and	classified	into	hierarchical	groups	using	Ward’s	
method.

3. Results and Discussion
Excessive	amounts	of	heavy	metals	significantly	inhibit	plant	growth	due	to	physiological	
changes	caused	by	oxidative	stress.	Cu	toxicity	can	lead	to	severe	ultrastructural	damage,	
thus	affecting	key	biochemical	transformation	processes	in	plants.	This	study	was	conducted	
to	analyse	the	possibility	of	mitigating	Cu	stress	in	tomato	plants	by	adding	CH3.33	or	nAg	
to	the	medium	under	in vitro	conditions.	Table	1	provides	the	mean	shoot	and	root	length,	
the	number	of	new	shoots	per	plant	and	the	fresh	mass.

Table 1. The	 effects	 of	 different	 medium	 compositions	 on	 the	 morphological	 traits	 
of Solanum pimpinellifolium	 (L0566)	 plants	 under	 in vitro	 condition	 
after	35	days	of	culture	(n	=	32	shoots	per	treatment).

Medium
Shoot 
length  
[cm]

Number of 
new shoots 
per plant

Root 
length 
[cm]

Fresh 
mass  
[g]

MS (control) 11.30b 1.6abc 8.55ab 1.71b

MS + 20 ppm CH3.33 12.95b 2.3c 11.25a 1.98b

MS	+	6	mg	l–1	nAg 12.65b 1.5abc 6.25b 1.63b

MS + 100 µM l–1	CuSO4 11.35b 1.1a 9.35b 1.41ab

MS + 100 µM l–1	CuSO4  
+ 20 ppm CH3.33

10.95b 2.1ab 6.05b 1.54ab

MS + 100 µM l–1	CuSO4 
+	6	mg	l–1	nAg 5.15a 1.3bc 12.30a 0.6b

Note.	In	each	column,	means	followed	by	a	different	superscript	letter	differ	significantly	according	
to	Tukey’s	 test	 (p	<	0.05).	Abbreviations:	CH3.33,	 chitosan	with	 a	molecular	weight	 of	 3.33	kDa;	
CuSO4,	copper	sulfate;	MS,	Murashige	and	Skoog;	nAg,	nanosilver.
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There	were	almost	no	significant	differences	between	explants	grown	on	different	media, 
except	 the	 explants	 grown	 on	 MS	 containing	 100	 µM	 l–1	 CuSO4	 and	 6	 mg	 l

–1	 nAg	
were	 55%	 smaller	 compared	with	 the	 control	 (Figure	 1a).	The	 explants	 grown	 on	MS	
medium	 containing	 20	 ppm	 CH3.33	 or	 MS	 medium	 containing	 100	 µM	 l–1	 CuSO4  
and	 20	 ppm	 CH3.33	 showed	 the	 highest	 number	 of	 new	 shoots	 per	 plant	 
(144%	 and	 131%	 of	 the	 control,	 respectively).	 In	 contrast,	 the	 number	 of	 new	 shoots	 
in	the	explants	grown	on	MS	medium	containing	6	mg	l–1	nAg	was	the	same	as	the	control	
(1.6).	Only	the	addition	of	CuSO4	or	CuSO4	and	nAg	to	the	MS	medium	had	an	inhibitory	 
effect	on	the	number	of	new	shoots,	with	a	31%	and	19%	reduction,	respectively,	compared	
with	 the	 control.	 However,	 the	 explants	 grown	 on	 MS	 medium	 containing	 100	 µM	 
l–1	CuSO4	and	6	mg	 l

–1	nAg	had	 longer	 roots	compared	with	plants	grown	on	 the	other	 
media.	 The	 exception	 was	 explants	 grown	 on	 MS	 medium	 containing	 20	 ppm	 
CH3.33,	 which	 had	 a	 root	 length	 of	 11.25	 cm.	 Moreover,	 the	 roots	 of	 these	 plants	 
were	 thicker	 and	 developed	 more	 adventitious	 roots	 (Figure	 1b).	 In	 contrast,	 explants	 
grown	on	MS	medium	containing	100	µM	l–1	CuSO4	and	20	ppm	CH3.33	showed	shorter	 
roots	 (70%	 of	 control).	 There	was	 a	 significant	 decrease	 in	 the	 fresh	weight	 of	 plants	 
grown	 on	 MS	 medium	 containing	 100	 µM	 l–1	 CuSO4.	 However,	 the	 explants	 grown	 
on	MS	medium	containing	20	ppm	CH3.33	had	the	highest	fresh	mass	(116%	of	control).

Figure 1. The	 photographs	 show	 the	 effects	 of	 chitosan	 (CH3.33),	 nanosilver	 (nAg)	 
and	 copper	 sulfate	 (CuSO4)	 in	 the	 Murashige	 and	 Skoog	 (MS)	 medium	 
on	the	growth	of	tomato	explants	(a)	in vitro	and	(b)	after	35	days	of	culture.
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The	 results	 are	 consistent	 with	 the	 study	 by	 Ernst	 et	 al.	 [22],	 who	 observed	 
that	the	roots	of	higher	plants	have	some	barrier	to	prevent	the	translocation	of	heavy	metals	 
to	the	shoot	apices.	Hence,	there	is	likely	a	tolerance	mechanism	that	acts	in	the	root	cells.	
Rostami	and	Shahsavar	[23]	demonstrated	the	impact	of	nAg	on	the	morphological	traits	
of	the	explants.	Their	findings	revealed	that	the	addition	of	6.0	mg	l–1	nAg	in	MS	medium	
reduced	 the	 growth	 of	 Olea europea	 L.	 plants.	 Krupa-Małkiewicz	 et	 al.	 [8]	 showed	 
that	 the	 barley	 cultivar	 Eunova	 seedlings	 with	 the	 longest	 roots	 grew	 on	MS	medium	 
containing	4	or	8	mg	l–1	nAg.	

The	 positive	 effect	 of	 chitosan	 in	 alleviating	 environmental	 stress	 in	 plants	 
has	been	described	by	Pongprayonn	et	al.	[24]	in	rice,	Jabeen	and	Ahmad	[25]	in	safflower	 
and	 sunflower	 and	 Krupa-Małkiewicz	 and	 Smolik	 [26]	 in	 Petunia × atknsiana	 D.	
Don	 under	 salinity	 stress.	 The	 survival	 of	 plants	 growing	 under	 environmental	 stress	 
conditions	 depends	 on	 its	 effect	 on	 biochemical	 transformation	processes.	This	 process	
depends	 on	 the	 degree	 of	 accumulation	 of	 inorganic	 ions	 and/or	 organic	 compounds	
[26].	 According	 to	 Jabeen	 and	 Ahmad	 [25]	 and	 Krupa-Małkiewicz	 and	 Smolik	 [26],	 
one	of	the	first	symptoms	of	the	effect	of	stress	on	plants	is	an	increase	in	the	proline,	MDA	 
and	 TP	 contents	 in	 plant	 tissue.	 In	 the	 present	 study,	 compared	 with	 the	 control,	 
the	 proline,	MDA	and	TP	 contents	 in	 tomato	 plants	 increased	 by	 87%,	 82%	and	 84%,	 
respectively, after  application of 100 µM l–1	CuSO4	(Table	2).	The	addition	of	6	mg	l

–1	nAg 
	 to	MS	also	 increased	 the	proline	 (39%	of	control),	MDA	(32%	of	control)	and	 the	TP	 
(12%	of	control)	contents.	

Table 2. The	 effects	 of	 chitosan,	 nanosilver	 (nAg)	 and	 heavy	 metal	 treatment	 
on	 the	 proline,	 malondialdehyde	 (MDA)	 and	 total	 polyphenol	 contents	 
in Solanum pimpinellifolium	(L0566)	leaves.

Medium Proline
[μmol g–1]

MDA
[nmol g–1]

Total 
polyphenol

[GAE mg g–1]

MS (control) 6.1a 22.4a 7.4a

MS+ 20ppm CH3.33 6.3a 21.0a 7.0a

MS+6	mg	l–1	nAg 8.5b 29.5b 8.3b

MS+100 µM l–1	CuSO4 11.40d 40.7d 13.6e

MS+100 µM l–1	CuSO4 + 20 ppm CH3.33 9.0bc 32.2bc 11.2d

MS+100 µM l–1	CuSO4	+	6	mg	l
–1	nAg 9.6c 35.8c 9.4c

Note.	In	each	column,	means	followed	by	a	different	superscript	letter	differ	significantly	according	
to	Tukey’s	 test	 (p	<	0.05).	Abbreviations:	CH3.33,	 chitosan	with	 a	molecular	weight	 of	 3.33	kDa;	
CuSO4,	copper	sulfate;	MS,	Murashige	and	Skoog.

While	the	addition	of	20	ppm	CH3.33	or	6	mg	l
–1	nAg	alleviated	the	negative	effect	of	CuSO4,  

the	 former	 induced	 the	 most	 pronounced	 decrease	 in	 the	 proline	 and	 MDA	 contents	 
(by	21%	and	21%,	respectively,	compared	with	the	plants	treated	with	100	µM	l–1	CuSO4).  
In	 contrast,	 the	 addition	 of	 6	 mg	 l–1	 nAg	 reduced	 the	 TP	 content	 by	 31%,	 more	 than	
the	 18%	 reduction	 due	 to	 the	 addition	 of	 20	 ppm	 CH3.33	 compared	 with	 the	 plants	 
treated	with	100	µM	l–1	CuSO4.	The	findings	align	with	those	of	Mahdavi	and	Rahimi	[14]	
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and	Krupa-Małkiewicz	et	al.	[27],	who	validated	the	role	of	chitosan	in	regulating	plant	
responses	 to	 various	 abiotic	 stresses.	Additionally,	 Jabeen	 and	Ahmad	 [25]	 highlighted	
chitosan’s	 efficacy	 as	 a	 biostimulant	 in	 mitigating	 severe	 stress	 by	 reducing	 enzyme	
activity	 through	 ROS	 scavenging.	 Conversely,	 Sumalia	 et	 al.	 [7]	 suggested	 the	 utility	 
of	nanocomposites	as	agents	to	remove	toxic	substances.

The mineral content of plant tissues plays a crucial role in the process of proper growth 
and	development	of	plants	[8].	In	the	present	study,	CH3.33,	nAg	and	CuSO4	had	distinct	
effects	on	the	mineral	content	of	tomato	leaves	(Table	3).	The	addition	of	100	µM	l–1	CuSO4 
to	the	MS	medium	decreased	most	of	the	minerals	compared	with	the	control.	The	addition	
of CH3.33	or	nAg	to	the	MS	medium	had	a	minimal	effect	on	the	levels	of	these	elements.	
On	 the	 other	 hand,	 the	 addition	 of	 CH	 or	 nAg	 to	 the	MS	medium	 containing	 CuSO4  
had	a	positive	influence	on	the	mineral	content	of	tomato	leaves.	The	results	are	consistent	
with	what	Kahromi	and	Khara	[20,	21]	reported,	namely	that	chitosan	had	a	positive	effect	 
on the total content of most macronutrients in Dracocephalum kotschyi.	 In	 contrast,	 
Krupa-Małkiewicz	 et	 al.	 [8]	 reported	 that	 the	 addition	 of	 6	 mg	 l–1	 nAg	 to	 the	 MS	
medium	increased	the	content	of	most	of	minerals	(N,	Mg,	Zn,	Cu	and	P)	in	the	leaves	 
of	spring	barley.

Table 3. The	influence	of	chitosan,	nanosilver	(nAg)	and	heavy	metal	(CuSO4) treatment 
on	the	mineral	content	of	Solanum	pimpinellifolium	(L0566)	leaves.

MS 
(control)

MS  
+ 100 µM 
l–1 CuSO4

MS  
+ 20 ppm 

CH3.33

MS  
+ 6 mg l–1 

nAg

MS  
+ 100 µM 
l–1 CuSO4 
+ 20 ppm 

CH3.33

MS  
+ 100 µM 
l–1 CuSO4 
+ 6 mg l–1 

nAg

[g 100 g–1]

P 0.52bc 0.44a 0.57d 0.50b 0.55cd 0.42a

K 4.11c 4.37e 3.88a 4.05bc 3.92ab 4.20d

Ca 3.87c 3.36a 4.12e 3.95cd 4.04de 3.59b

Mg 0.46bc 0.51d 0.41a 0.48bc 0.45b 0.49cd

[mg 1000 g–1]

Fe 242cd 144a 255d 206b 230c 158a

Zn 27.4c 35.5e 22.6a 25.0b 24.8b 30.0d

Mn 26.5e 12.4a 28.9f 18.3c 22.5d 14.7b

Cu 5.03a 11.19e 5.27a 7.84c 6.18b 9.42d

Note.	In	each	column,	means	followed	by	a	different	superscript	letter	differ	significantly	according	
to	Tukey’s	 test	 (p	<	0.05).	Abbreviations:	CH3.33,	 chitosan	with	 a	molecular	weight	 of	 3.33	kDa;	
CuSO4,	copper	sulfate;	MS,	Murashige	and	Skoog.

A	cluster	analysis	using	Ward’s	method	facilitated	the	identification	of	three	distinct	groups	
of	media	with	comparable	 impacts	on	 the	micro-	and	macroelements	present	 in	 tomato	
leaves	(Figure	2).	Group	(a)	–	MS;	MS	+	20	ppm	CH3.33;	and	MS	+	100	µM	l–1	CuSO4  
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+ 20 ppm CH3.33	–	resulted	in	the	highest	mineral	content.	Group	(c)	–	MS	+	100	µM	l–1 
CuSO4	and	MS	+	100	µM	l–1	CuSO4	+	6	mg	l

–1	nAg	–	led	to	the	lowest	mineral	content.	
Finally,	group	(b)	–	MS	+	6	mg	l–1	nAg	–	led	to	an	intermediate	mineral	content.

Figure 2. Dendrogram	of	cluster	 analysis	of	 the	micro-	and	microelements	 in	Solanum 
pimpinellifolium	 (L0566)	 leaves	 grown	 on	 different	 medium	 in vitro. 
Abbreviations:	CH3.33,	chitosan	with	a	molecular	weight	of	3.33	kDa;	CuSO4, 
copper	sulfate;	MS,	Murashige	and	Skoog;	nAg,	nanosilver.

The	 condition	 of	 a	 plant	 can	 be	 assessed	 by	 measuring	 the	 colour	 of	 its	 leaves	 
[10,	28,	29].	In	the	present	study,	the	control	tomato	leaves	were	the	brightest,	as	determined	
by	 L*.	 The	 addition	 of	 CuSO4	 and	 CH3.33	 to	 the	 MS	 medium	 significantly	 decreased	 
L* (by	15%)	compared	with	the	control	(Figure	3a).	Otherwise,	there	were	no	significant	
differences	 between	 the	 treatment	 groups	 regarding	 brightness.	 The	 leaf	 surface	
colour	 defined	 by	 a*	 indicates	 the	 location	 along	 the	 axis	 between	 green	 and	 red.	 
The	 explants	 grown	 on	 MS	 medium	 alone	 or	 MS	 medium	 containing	 CH3.33  
had	 greener	 leaves	 (Figure	 3b).	 In	 contrast,	 the	 explants	 grown	 on	 MS	 medium	 
containing	 nAg	 and	 CuSO4	 showed	 a	 significant	 decrease	 in	 a*	 (56%	 of	 control).	 
There was a similar relationship for b*,	 which	 indicates	 the	 blue/yellow	 colour.	 
The	 leaves	 from	 the	 control	 explants	 and	 explants	 grown	 in	 MS	 medium	 containing	
CH3.33	 had	 the	 highest	b*;	 they	were	more	 yellow	 compared	with	 the	 other	 treatments	 
(Figure	 3b).	 The	 leaves	 from	 the	 explants	 grown	 in	 MS	 medium	 containing	 CuSO4  
and	 nAg	 had	 the	 lowest	 b*	 (24%	 of	 control)	 and	 were	 bluer	 in	 colour.	 
This	 change	 is	 probably	 due	 to	 a	 stress	 response,	 metal	 ion	 interaction	 or	 oxidative	 
stress	 induced	 by	 nAg	 and	 Cu.	 These	 factors	 may	 interfere	 with	 the	 synthesis	 
of	assimilatory	pigments,	leading	to	the	observed	colour	change	[8].
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Figure 3. The	 effects	 of	 the	 medium	 compositions	 on	 the	 colour	 of	 Solanum  
pimpinellifolium	 (L0566)	 leaves	 (n	 =	 32	 shoots	 per	 treatment),	 based	 
on	the	CIE	L*a*b*	system	–	(a)	L*,	the	lightness	coefficient	and	(b)	a* (green 
colour)	and	b*	(yellow	colour)	–	at	the	end	of	the	experiment.	Abbreviations:	
CH3.33,	chitosan	with	a	molecular	weight	of	3.33	kDa;	CuSO4, copper sulfate; 
MS,	Murashige	and	Skoog;	nAg,	nanosilver

4. Conclusions
The	results	highlight	 the	complex	 interactions	between	heavy	metals,	nAg	and	chitosan	
on	 tomato	 plant	 growth,	 physiology	 and	 the	 mineral	 content,	 and	 provide	 valuable	
information	for	further	research	into	optimising	tomato	plant	growth	and	stress	response.	
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The	addition	of	chitosan	to	MS	medium	alleviated	some	of	the	harmful	effects	of	heavy	
metal	stress	on	tomato	explants	in vitro	by	enhancing	their	antioxidant	defence	systems.	
Specifically,	 chitosan	 significantly	 increased	 the	 fresh	 mass	 and	 decreased	 the	 proline	
and	MDA	contents,	indicating	a	potential	reduction	in	stress	responses	in	tomato	plants.	
Additionally,	 chitosan	 improved	 plant	 growth	 and	 health	 by	 stimulating	 the	 production	 
of	growth-promoting	hormones	and	enhancing	nutrient	uptake.	The	effects	of	nAg	appear	
to	be	more	nuanced	compared	with	chitosan.	The	addition	of	nAg	to	the	growth	medium	did	
not	seem	to	have	a	significant	impact	on	shoot	growth	or	fresh	mass	production,	but	it	did	
influence	root	development	in	tomato	plants.	Furthermore,	the	addition	of	nAg	increased	
the	proline,	MDA	and	TP	contents,	although	to	a	lesser	extent	than	CuSO4. This suggests 
that	nAg	may	induce	some	level	of	a	stress	response	in	tomato	plants.
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Abstract
In developed countries, gastro-oesophageal reflux is one of the most frequently diagnosed 
diseases. Although acid reflux is more well known, alkaline reflux is equally troublesome. 
In either of the two cases, the oesophageal mucosa is destroyed. The aim of this study 
was to analyse the possibility of eliminating the problem by using hydrogels containing 
dextran and chitosan to prevent irritation of the oesophageal mucosa. The addition  
of chitosan to all tested gels increased their dynamic viscosity, enabling better adhesion  
and, consequently, better protection of the mucous membrane. The addition of dextran 
reduced the pH of the tested gels, which allowed for the neutralisation of alkaline reflux. Based  
on the texture tests, chitosan and dextran increased work of adhesion.
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1. Introduction
Gastro-oesophageal	 reflux	 disease	 continues	 to	 be	 a	 common	 disease.	 Indeed,	 based	 
on	 the	 available	 literature,	 acid	 and	 alkaline	 reflux	 have	 yet	 to	 be	 solved	 effectively.	 
It	is	estimated	that	up	to	half	of	adults	complain	about	symptoms	of	this	disease.	A	potential	
treatment	 for	 this	 disease	 is	 the	 use	 of	 protective	 gels	 that	 can	 adhere	 to	 the	 mucous	
membrane	for	a	long	time.	The	tested	hydrogels	are	designed	to	protect	the	oesophageal	
mucosa	against	harmful	factors	[1–9].	

The	 aim	 of	 the	 study	 was	 to	 investigate	 the	 effect	 of	 dextran	 on	 the	 properties	 
of	chitosan-containing	hydrogels.	First,	the	effect	of	chitosan	on	the	physicochemical	properties	 
of	 the	 tested	 gels	 was	 examined.	 The	 prepared	 hydrogels	 showed	 a	 range	 of	 pH	 
and	rheological	properties.	Based	on	the	in vitro	tests,	the	gels	can	be	assumed	to	remain	 
at	 the	site	of	application	to	protect	 the	oesophageal	mucosa	against	 the	 irritating	effects	 
of	 alkaline	 reflux.	 The	 texture	 tests	 showed	 the	 influence	 of	 dextran	 concentration	 
on	the	adhesion	of	the	hydrogels.	Moreover,	 the	wide	pH	range	of	the	hydrogels	would	
allow	one	to	select	an	optimal	hydrogel	for	each	patient.	These	 in vitro	findings	require	
clinical	confirmation.	

2. Materials and Methods
2.1. Materials
The	 following	 chemicals	 of	 analytical	 grade	 were	 used	 in	 the	 experiments:	 chitosan	 
with	 a	 degree	 of	 deacetylation	 of	 93.5%,	 viscosity	 of	 15	 mPa·s,	 1%	 in	 acetic	 acid	
(20°C)	 (Sea	 Fisheries	 Institute,	 Poland);	methylcellulose	with	 a	 viscosity	 of	 400,	 1500	 
and	4000	mPa·s,	2%	in	H2O	(20°C)	(Aldrich	Chemical	Company	Ltd.,	England);	dextran	 
with	a	molecular	weight	of	40000	(Sigma-Aldrich	Chemie	GmbH,	Germany);	and	aqua	
purificata	as	required	by	Farmacopoeia	Poland	XII.

2.2. Methods
2.2.1. Preparation of Hydrogels 
The gel preparation steps were:

1. Methylcellulose	 (4.0	 g)	 and	 dextran	 (0.25,	 0.5	 or	 1.0	 g)	 were	 combined	 
into	a	homogeneous	mixture.	Then,	distilled	water	was	added	to	reach	a	final	mass	 
of	 100.0	 g	 (accounting	 for	 the	 mass	 of	 chitosan	 that	 will	 be	 added	 in	 step	 2).	 
The	mixture	was	cooled	to	5–10°C.	The	resulting	homogeneous	gel	was	weighed.	
The	amount	of	distilled	water	necessary	to	obtain	the	starting	mass	was	added.

2. Chitosan	was	added	to	the	homogenous	gel	(1.0	g	of	micronised	powder).	The	gel	
was	mixed	 thoroughly.	After	 obtaining	 a	 homogeneous	mixture,	 the	 preparation	 
was	cooled	to	5–10°C.

2.2.2. Analytical Methods
2.2.2.1. pH Measurement
A	potentiometric	method	was	used	to	measure	the	pH	of	the	prepared	hydrogels	at	37°C	
by	 immersing	 an	 electrode	 integrated	 with	 the	 CX-742	 multifunctional	 multimeter	
(ELMETRON,	 Poland).	 pH	 was	 measured	 three	 times;	 the	 final	 result	 is	 the	 average	 
of the three measurements.

2.2.2.2. Dynamic	Viscosity
A	 Rheotest	 2	 rotational	 viscometer	 (Medingen,	 Germany)	 was	 used	 to	 determine	 
the	 rheological	 properties	 of	 the	 prepared	 hydrogels.	 The	 measurements	 were	 carried	 
out	 in	 the	 range	 Ia	 and	 IIa.	 A	 K-1	 cone	 with	 a	 diameter	 of	 36	 mm	 was	 also	 used.	 
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The	 measurement	 gap	 was	 0.917	 cm	 at	 37°C.	 The	 shear	 angle	 was	 measured	 using	 
12	shear	rates	 in	 the	 increasing	direction	and	11	shear	rates	 in	 the	decreasing	direction.	 
The	 measurements	 were	 carried	 out	 three	 times	 at	 37°C.	 The	 result	 is	 the	 average	 
of	 the	 three	 measurements.	 The	 dynamic	 viscosity	 and	 shear	 stress	 were	 calculated	 
from	the	results	of	the	measurements	using	equations	(1)–(4):

• Shear	stress	for	the	range	Ia:	τ	=	c	×	α(1-12)	=	85.0	×	α(1-12) (1)

• Viscosity	for	the	range	Ia:	η = 𝜏𝜏
(1−12)

 .  100 = 85.0 × α(1−12)
DD (1−12)

 × 100 (2)

• Shear	stress	for	the	range	IIa:	τ	=	c	×	α(1-12)	=	820.2	×	α(1-12) (3)

• Viscosity	for	the	range	IIa:	η = 𝜏𝜏
(1−12)

 × 100 = 820.2 .  α(1−12)
DD (1−12)

 × 100 (4)

The	symbols	in	the	above	equations	mean	the	following:
τ	–	shear	stress	[N/m2];
η	–	viscosity	[mPa·s];
α	–	shear	angle	[°];
D	–	shear	rate	[1/s].

2.2.2.3.	Measurement	of	Adhesion
The	 texture	 of	 the	 prepared	 hydrogels	 was	 examined	 using	 the	 Exponent	 TA.XT	
Texture	 Analyzer.	 Plus	 System	 (Stable	 Micro	 Systems,	 UK).	 The	 measurement	 tool	 
was	 a	 ball-shaped	 probe	 (P/1S)	 made	 of	 stainless	 steel	 with	 a	 diameter	 of	 2.54	 cm.	 
The	 following	 parameters	were	 used:	 the	 speed	 of	 the	 probe	was	 0.5	mm/s;	 the	 probe	 
lifting	 speed	was	 10	mm/s;	 and	 the	 height	 at	which	 the	 probe	was	 raised	was	 40	mm.	 
During	the	test,	the	maximum	allowable	force	was	100	g,	and	the	probe	stayed	in	the	gel	 
for	 10	 s.	 The	measurement	 was	 started	 by	 placing	 the	 gel	 in	 a	 transparent	 cylindrical	
plexiglass	vessel.	Then,	 the	probe	was	 lowered	above	 the	gel	 surface	until	 it	 contacted	 
it	 directly;	 this	 contact	 lasted	 for	 10	 s.	 After	 selecting	 the	 appropriate	 program	 
parameters,	 the	 probe	 detached	 from	 the	 gel	 surface	 and	 began	 to	 rise	 to	 a	 height	 
of	40	mm	at	10	mm/s.	The	preparations	were	tested	three	times	at	37°C,	and	the	results	 
are	presented	as	the	average	of	three	measurements.

2.2.2.4.	Measurement	of	the	Ability	of	the	Hydrogel	to	Coat	a	Surface
Due	to	the	lack	of	availability	of	an	appropriate	measuring	device,	a	model	was	constructed	
to	simulate	the	physiological	conditions	in	the	oesophagus	[10].	It	is	a	25-cm-long	glass	
tube,	 modelled	 on	 a	 water	 cooler,	 with	 double	 walls	 and	 ending	with	 a	 wide	 opening	 
on	 both	 sides.	 The	 entire	 device	 is	 thermostated.	 Water	 is	 maintained	 at	 37°C,	 
the	 temperature	 of	 the	 human	 body,	 through	 continuous	 heating	 and	 flows	 constantly	
between	the	inner	and	outer	walls	of	the	model.	The	outer	wall	of	the	glass	tube	is	equipped	 
with	 a	measurement	 scale	 in	millimetres.	A	plastic	medical	 syringe	 is	 placed	vertically	
under	the	mouth	of	the	glass	tube.	The	syringe	has	a	scale	in	millimetres	on	its	surface.	 
The	plunger	 is	removed	from	the	syringe	and	its	 tip	 is	closed	with	a	cap.	The	hydrogel	
flowing	down	the	glass	walls	of	the	model	can	be	collected	in	a	syringe.	With	a	medical	
syringe,	5	ml	of	 the	prepared	hydrogel	was	applied	 to	 the	 top	of	 the	 tube	 in	a	uniform	
motion.	The	time	it	took	the	hydrogel	to	flow	5,	10,	15,	20,	and	25	cm	and	to	the	bottom	
of	 the	 tube	 was	 recorded.	 Hydrogel	 that	 travelled	 the	 entire	 length	 of	 the	 apparatus	 
was	 collected	 in	 a	 syringe	 placed	 under	 the	 glass	 tube.	 The	 total	 measurement	 time	 
was	10	min.	The	volume	of	hydrogel	that	drained	into	the	syringe	was	read	or	the	height	 
on	the	scale	of	the	glass	tube	at	which	the	preparation	stopped	was	recorded.	The	results	 
are	presented	as	the	average	of	three	measurements.
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3. Results and Discussion
3.1. pH
Table	 1	 presents	 the	 pH	 of	 the	 prepared	 hydrogels.	 The	 hydrogels	 containing	 4.0%	
methylcellulose	 (400,	 1500	 or	 4000	 cp)	 showed	 an	 initial	 pH	 range	 of	 5.96	 to	 5.73.	 
After	adding	1.0%	chitosan,	the	pH	increased,	with	a	range	of	6.60	to	5.82.	The	addition	
of	 dextran	 (0.25%,	 0.5%	 or	 1.0%)	 decreased	 the	 pH,	 with	 a	 range	 from	 5.09	 to	 4.46	
(compared	 to	 the	 previous	 range	 of	 5.96	 to	 5.73).	 Finally,	 adding	 both	 1.0%	 chitosan	 
and	dextran	reduced	the	pH,	with	a	range	of	5.36	to	4.68	(compared	with	the	previous	range	
of	6.60	to	5.82).

Table 1. The	 influence	 of	 chitosan	 on	 the	 pH	 of	 hydrogels	 containing	 4.0%	 
methylcellulose	(MC)	and	dextran.

Gel composition pH pH of the gel containing  
1.0% chitosan

MC	400	cp 5.96 6.60

MC	1500	cp 5.77 5.98

MC	4000	cp 5.73 5.82

MC	400	cp	+	0.25%	dextran 5.09 5.36

MC	1500	cp	+	0.25%	dextran 4.79 5.28

MC	4000	cp	+	0.25%	dextran 4.69 5.15

MC	400	cp	+	0.5%	dextran 4.82 5.25

MC	1500	cp	+	0.5%	dextran 4.78 4.99

MC	4000	cp	+	0.5%	dextran 4.64 4.85

MC	400	cp	+	1.0%	dextran 4.65 4.82

MC	1500	cp	+	1.0%	dextran 4.53 4.74

MC	4000	cp	+	1.0%	dextran 4.46 4.68

The	methylcellulose	gels	enriched	with	chitosan	had	a	wide	pH	range	(from	4.0	to	7.0)	
at	 37°C,	 which	 allows	 for	 the	 selection	 of	 hydrogels	 with	 physicochemical	 properties	 
for	 specific	 applications.	 The	 introduction	 of	 dextran	 reduced	 the	 pH.	 There	 was	 
a	 relationship	 between	 the	 dextran	 concentration	 and	 pH:	 the	 higher	 the	 dextran	
concentration,	 the	 lower	 the	 pH.	 Consistently,	 gels	 containing	 the	 highest	 dextran	
concentration	 (1.0%)	 showed	 the	 lowest	 pH.	 These	 gels	 could	 be	 used	 to	 neutralise	 
the	alkaline	content	in	a	gentle	way,	bringing	the	pH	to	the	physiological	level.

3.2. Rheological Tests
Table	2	shows	the	rheological	 test	results.	The	hydrogels	prepared	with	methylcellulose	
(400,	 1500	 or	 4000	 cp)	 showed	 a	 dynamic	 viscosity	 of	 142–365	mPa·s.	 The	 addition	 
of	 1.0%	 chitosan	 increased	 the	 dynamic	 viscosity	 to	 246–457	 mPa·s.	 The	 addition	 
of	dextran	(0.25%,	0.5%	or	1.0%)	also	increased	the	dynamic	viscosity	to	202–348	mPa·s.	
Finally,	 the	 addition	 of	 1.0%	 chitosan	 and	 dextran	 (0.25%,	 0.5%	 or	 1.0%)	 increased	 
the	dynamic	viscosity	to	268–540	mPa·s.
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Table 2. The	 influence	 of	 chitosan	 on	 the	 dynamic	 viscosity	 of	 hydrogels	 containing	
4.0%	methylcellulose	(MC)	and	dextran.

Gel composition Dynamic viscosity 
[mPa·s]

Dynamic viscosity  
of the gel containing 

1.0% chitosan  
[mPa·s]

MC	400	cp 142 246

MC	1500	cp 254 328

MC	4000	cp 365 457

MC	400	cp	+	0.25%	dextran 202 268

MC	1500	cp	+	0.25%	dextran 259 354

MC	4000	cp	+	0.25%	dextran 378 469

MC	400	cp	+	0.5%	dextran 239 279

MC	1500	cp	+	0.5%	dextran 265 378

MC	4000	cp	+	0.5%	dextran 284 480

MC	400	cp	+	1.0%	dextran 256 325

MC	1500	cp	+	1.0%	dextran 299 420

MC	4000	cp	+	1.0%	dextran 348 540

Dextran	 was	 added	 to	 the	 gels	 in	 an	 attempt	 to	 increase	 the	 dynamic	 viscosity	 
so	that	 the	preparations	could	be	used	to	protect	 the	oesophageal	mucosa.	The	dynamic	
viscosity	 of	 the	 gels	 increased	 as	 the	 dextran	 concentration	 increased.	 The	 addition	 
of	chitosan	further	increased	the	dynamic	viscosity.	The	increased	dynamic	viscosity	could	
enhance	the	ability	of	the	preparation	to	adhere	to	the	oesophageal	mucosa	and	thus	protect	
it	against	the	harmful	effects	of	alkaline	food	content.

3.3. Adhesion
Table	 3	 presents	 the	 work	 of	 adhesion	 results.	 At	 37°C,	 the	 hydrogels	 prepared	 
with	methylcellulose	 (400,	1500	or	4000	cp)	had	a	work	of	 adhesion	of	39.2–51.9	g/s.	 
The	 addition	 of	 1.0%	 chitosan	 increased	 the	 work	 of	 adhesion	 to	 74.1–78.0	 g/s.	
Moreover,	the	addition	of	dextran	(0.25%,	0.5%	or	1.0%)	increased	the	work	of	adhesion	 
to	 48.6–66.2	 g/s.	 Finally,	 the	 hydrogels	 containing	 1.0%	 chitosan	 and	 1%	 dextran	 
had	the	highest	work	of	adhesion:	82.5–90.0	g/s	(Table	3).
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Table 3. The	influence	of	chitosan	on	the	work	of	adhesion	of	hydrogels	containing	4.0%	
methylcellulose	(MC)	and	dextran.

Gel composition Work of adhesion
[g/s]

Work of adhesion  
of the gel containing 

1.0% chitosan  
[g/s]

MC	400	cp 39.2 74.1

MC	1500	cp 48.3 76.0

MC	4000	cp 51.9 78.0

MC	400	cp	+	0.25%	dextran 48.6 82.5

MC	1500	cp	+	0.25%	dextran 59.1 84.2

MC	4000	cp	+	0.25%	dextran 59.9 86.9

MC	400	cp	+	0.5%	dextran 50.6 83.8

MC	1500	cp	+	0.5%	dextran 61.9 87.5

MC	4000	cp	+	0.5%	dextran 64.9 88.6

MC	400	cp	+	1.0%	dextran 59.4 85.2

MC	1500	cp	+	1.0%	dextran 63.2 88.0

MC	4000	cp	+	1.0%	dextran 66.2 90.0

A	work	 of	 adhesion	 value	 above	 5.0	 g/s	 is	 indicative	 of	 good	 adhesion.	All	 hydrogels	
showed	 good	 work	 of	 adhesion,	 especially	 the	 gels	 containing	 chitosan	 and	 dextran,	
indicating	 the	 ability	 to	 adhere	 to	 the	 oesophageal	 mucosa.	 The	 results	 showed	 
that	it	is	possible	to	obtain	gels	with	high	adhesive	properties	to	the	oesophageal	mucosa,	 
with	a	dynamic	viscosity	above	100	mPa·s.

3.4. Measurement of the Ability of the Hydrogel to Coat a Surface
At	 37°C,	 the	 ability	 of	 the	 prepared	 hydrogels	 to	 coat	 a	 surface	 depended	 
on	the	initial	methylcellulose	viscosity	(400,	1500	or	4000	cp).	At	400	cp,	4.5	ml	flowed	 
into	the	syringe;	however,	at	4000	cp,	4.0	ml	flowed	into	the	syringe.	After	adding	1.0%	
chitosan,	 3.0	 ml	 of	 the	 methylcellulose	 400	 cp	 gel	 and	 1.7	 ml	 of	 the	 methylcellulose	 
4000	cp	gel	flowed	into	the	syringe.	The	addition	of	dextran	(0.25%,	0.5%	or	1.0%)	further	
reduced	the	amount	of	gel	that	flowed	into	the	syringe,	with	a	range	of	3.0	to	1.1	ml.	Finally,	 
the	 addition	 of	 1.0%	 chitosan	 reduced	 the	 amount	 of	 gel	 that	 flowed	 into	 the	 syringe	 
to	2.2	to	0.0	ml.	The	hydrogels	containing	1%	chitosan,	methylcellulose	4000	cp	and	0.5%	
or	1.0%	dextran;	1%	chitosan,	methylcellulose	1500	cp	and	0.5%	or	1.0%	dextran;	or	1%	
chitosan,	methylcellulose	400	cp	and	1.0%	dextran	remained	entirely	on	the	test	surface	
(Table	4).	
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Table 4. The	 influence	 of	 chitosan	 on	 the	 ability	 of	 hydrogels	 containing	 4.0%	
methylcellulose	(MC)	and	dextran	to	coat	a	surface.

Gel composition
Surface coating  
of the gel [cm] 
after 10 min

Surface coating  
of the gels containing  
1.0% chitosan [cm]  

after 10 min

MC	400	cp 25.0	+	4.5	ml	S 25.0	+	3.0	ml	S

MC	1500	cp 25.0	+	4.1ml	S 25.0	+	2.5	ml	S

MC	4000	cp 25.0	+	4.0	ml	S 25.0	+	1.7	ml	S

MC	400	cp	+	0.25%	dextran 25.0	+	3.0	ml	S 25.0	+	2.2	ml	S

MC	1500	cp	+	0.25%	dextran 25.0	+	2.7	ml	S 25.0	+	1.5	ml	S

MC	4000	cp	+	0.25%	dextran 25.0	+	2.0	ml	S 25.0	+	0.9	ml	S

MC	400	cp	+	0.5%	dextran 25.0	+	2.6	ml	S 25.0	+	0.5	ml	S

MC	1500	cp	+	0.5%	dextran 25.0	+	2.1	ml	S 25.0	+	0.0 ml S

MC	4000	cp	+	0.5%	dextran 25.0	+	1.3	ml	S 25.0	+	0.0 ml S

MC	400	cp	+	1.0%	dextran 25.0	+	2.0	ml	S 25.0	+	0.0 ml S

MC	1500	cp	+	1.0%	dextran 25.0	+	1.7	ml	S 25.0	+	0.0 ml S

MC	4000	cp	+	1.0%	dextran 25.0	+	1.1	ml	S 25.0	+	0.0	ml	S

Note.	25.0	+	1.0	ml	S	means	the	gel	coated	the	entire	25.0	cm	length	of	the	apparatus	and	1.0	ml	 
of	gel	was	collected	in	the	syringe.	Abbreviation:	S,	syringe.

4. Conclusions
This	 study	 produced	 hydrogels	 that	 could	 neutralise	 the	 alkaline	 content	 that	 irritates	 
the	oesophagus.	Based	on	an	in vitro	model,	these	gels	have	an	excellent	adhesion	ability	
and	could	 remain	on	 the	oesophageal	mucosa	 for	a	 long	 time.	There	was	a	wide	 range	 
of	 dynamic	 viscosity,	 allowing	 for	 the	 selection	 of	 the	 appropriate	 preparation.	 
These	 results	may	 lead	 to	 significant	 improvements	 in	 the	 treatment	 of	 alkaline	 reflux,	
including	the	ability	to	personalise	treatment.	The	next	goal	will	be	to	validate	the	in vitro  
with in vivo experiments.
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1. Introduction
Health	problems	related	to	the	digestive	tract	affect	people	of	all	ages,	including	children.	
Diagnosing	 gastro-oesophageal	 reflux	 in	 children	 is	 a	 difficult	 task.	 For	 a	 long	 time,	 
the	 so-called	 gold	 standard	 in	 this	 diagnosis	 was	 24-h	 oesophageal	 pH-metry.	A	more	
modern	 method	 has	 recently	 been	 introduced;	 it	 uses	 the	 phenomenon	 of	 resistance,	 
that	is,	oesophageal	impedance.	This	method	is	much	more	effective	than	pH-metry	because	 
it	allows	detecting	not	only	acid	gastroesophageal	reflux,	but	also	episodes	of	weak	acid	 
or	alkaline	reflux.	Research	into	ways	to	treat	gastro-oesophageal	reflux	have	suggested	 
the	 possibility	 of	 using	 hydrogels	 that	 protect	 the	 oesophageal	mucosa	 against	 harmful	
factors	[1–9].	

The	aim	of	the	study	was	to	investigate	the	effect	of	polyvinyl	alcohol	on	the	properties	
of	 hydrogels	 containing	 chitosan	 that	 could	 be	 used	 to	 treat	 gastro-oesophageal	 reflux	 
in	 children.	 These	 gels	 were	 designed	 so	 that	 they	 could	 be	 swallowed	 easily	 while	
thoroughly	 cover	 the	 oesophageal	 mucosa	 to	 protect	 it	 from	 the	 irritating	 effects	 
of	refluxed	content.	The	prepared	hydrogels	had	a	range	of	pH	and	rheological	properties	
and	 good	 adherence	 to	 the	 surface	 of	 a	 device	 imitating	 the	 physiological	 conditions	 
of	 the	 oesophagus.	 The	 prepared	 hydrogels	 should	 remain	 on	 the	 oesophageal	 mucosa	 
for	a	long	time	and	protect	it	against	the	adverse	effects	of	refluxed	content.	The	in vitro results 
require	confirmation	with	in vivo	tests,	which	will	be	performed	in	subsequent	research.

2. Materials and Methods
2.1. Materials
The	 following	 chemicals	 of	 analytical	 grade	 were	 used	 in	 the	 experiments:	 chitosan	 
with	 a	 degree	 of	 deacetylation	 of	 93.5%,	 viscosity	 of	 15	 mPa·s,	 1%	 in	 acetic	 acid	
(20°C)	 (Sea	 Fisheries	 Institute,	 Poland);	methylcellulose	with	 a	 viscosity	 of	 400,	 1500	 
or	 4000	mPa·s,	 2%	 in	 H2O	 (20°C)	 (Aldrich	 Chemical	 Company	 Ltd.,	 UK),	 polyvinyl	
alcohol	 87%–90%	 hydrolysed,	 average	 molecular	 weight	 30000–70000,	 viscosity	 
4–6	cP,	4%	in	H2O	(20°C)	(Sigma-Aldrich	Chemie	GmbH,	Germany);	and	aqua	purificata	
as	required	Farmacopoeia	Poland	XII.

2.2. Methods
2.2.1. Preparation of Hydrophilic Gel 
The gel preparation steps were:

1. Methylcellulose	(4.0	g)	and	polyvinyl	alcohol	 (0.1,	0.3	or	0.5	g)	were	combined	
into	 a	 homogeneous	 mixture.	 Then,	 distilled	 water	 was	 added	 to	 reach	 a	 final	
mass	of	100.0	g	(accounting	for	the	mass	of	chitosan	that	will	be	added	in	step	2).	 
The	mixture	was	cooled	to	5–10°C.	The	resulting	homogeneous	gel	was	weighed.	
The	amount	of	distilled	water	necessary	to	obtain	the	starting	mass	was	added.

2. Chitosan	 was	 added	 to	 the	 homogenous	 gel	 (1.0	 g	 of	 micronised	 powder).	 
The	 gel	 was	 mixed	 thoroughly.	 After	 obtaining	 a	 homogeneous	 mixture,	 
the	preparation	was	cooled	to	5–10°C.

2.2.2. Analytical Methods
2.2.2.1. pH
A	potentiometric	method	was	used	to	measure	the	pH	of	the	prepared	hydrogels	at	37°C	
by	 immersing	 an	 electrode	 integrated	 with	 the	 CX-742	 multifunctional	 multimeter	
(ELMETRON,	 Poland).	 pH	 was	 measured	 three	 times;	 the	 final	 result	 is	 the	 average	 
of the three measurements.
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2.2.2.2. Dynamic	Viscosity
A	 Rheotest	 2	 rotational	 viscometer	 (Medingen,	 Germany)	 was	 used	 to	 determine	 
the	 rheological	 properties	 of	 the	 prepared	 hydrogels.	 The	 measurements	 were	 carried	
out	 in	 the	 range	 Ia	 and	 IIa.	 A	 K-1	 cone	 with	 a	 diameter	 of	 36	 mm	 was	 also	 used.	 
The	 measurement	 gap	 was	 0.917	 cm	 at	 37°C.	 The	 shear	 angle	 was	 measured	 using	 
12	shear	rates	 in	 the	 increasing	direction	and	11	shear	rates	 in	 the	decreasing	direction.	 
The	 measurements	 were	 carried	 out	 three	 times	 at	 37°C.	 The	 result	 is	 the	 average	 
of	 the	 three	 measurements.	 The	 dynamic	 viscosity	 and	 shear	 stress	 were	 calculated	 
from	the	results	of	the	measurements	using	equations	(1)–(4):

• shear	stress	for	the	range	Ia:	τ	=	c	×	α(1-12)	=	85.0	×	α(1-12) (1)

• viscosity	for	the	range	Ia:	η = 𝜏𝜏
(1−12)

 × 100 = 85.0 × α(1−12)
DD (1−12)

 × 100 (2)

• shear	stress	for	the	range	IIa:	τ	=	c	×	α(1-12)	=	820.2	×	α(1-12) (3)

• viscosity	for	the	range	IIa:	η = 𝜏𝜏
(1−12)

 × 100 = 820.2 × α(1−12)
DD (1−12)

 × 100  (4)

The	symbols	in	the	above	equations	mean	the	following:
τ	–	shear	stress	[N/m2];
η	–	viscosity	[mPa·s];
α	–	shear	angle	[°];
D	–	shear	rate	[1/s].

2.2.2.3.	Measurement	of	Adhesion
The	 texture	 of	 the	 prepared	 hydrogels	 was	 examined	 using	 the	 Exponent	 TA.XT	
Texture	 Analyzer.	 Plus	 System	 (Stable	 Micro	 Systems,	 UK).	 The	 measurement	 tool	 
was	 a	 ball-shaped	 probe	 (P/1S)	 made	 of	 stainless	 steel	 with	 a	 diameter	 of	 2.54	 cm.	 
The	 following	 parameters	were	 used:	 the	 speed	 of	 the	 probe	was	 0.5	mm/s;	 the	 probe	 
lifting	 speed	was	 10	mm/s;	 and	 the	 height	 at	which	 the	 probe	was	 raised	was	 40	mm.	
During	the	test,	the	maximum	allowable	force	was	100	g,	and	the	probe	stayed	in	the	gel	 
for	 10	 s.	 The	measurement	 was	 started	 by	 placing	 the	 gel	 in	 a	 transparent	 cylindrical	
plexiglass	vessel.	Then,	 the	probe	was	 lowered	above	 the	gel	 surface	until	 it	 contacted	 
it	 directly;	 this	 contact	 lasted	 for	 10	 s.	 After	 selecting	 the	 appropriate	 program	 
parameters,	 the	 probe	 detached	 from	 the	 gel	 surface	 and	 began	 to	 rise	 to	 a	 height	 
of	40	mm	at	10	mm/s.	The	preparations	were	tested	three	times	at	37°C,	and	the	results	 
are	presented	as	the	average	of	three	measurements.

2.2.2.4.	Measurement	of	the	Ability	of	the	Hydrogel	to	Coat	a	Surface
Due	to	the	lack	of	availability	of	an	appropriate	measuring	device,	a	model	was	constructed	
to	simulate	the	physiological	conditions	in	the	oesophagus	[10].	It	is	a	25-cm-long	glass	
tube,	 modelled	 on	 a	 water	 cooler,	 with	 double	 walls	 and	 ending	with	 a	 wide	 opening	 
on	 both	 sides.	 The	 entire	 device	 is	 thermostated.	 Water	 is	 maintained	 at	 37°C,	 
the	 temperature	 of	 the	 human	 body,	 through	 continuous	 heating	 and	 flows	 constantly	
between	the	inner	and	outer	walls	of	the	model.	The	outer	wall	of	the	glass	tube	is	equipped	 
with	a	measurement	scale	in	millimetres.	A	plastic	medical	syringe	is	placed	vertically	under	 
the	mouth	of	the	glass	tube.	The	syringe	has	a	scale	in	millimetres	on	its	surface.	The	plunger	
is	removed	from	the	syringe	and	its	tip	is	closed	with	a	cap.	The	hydrogel	flowing	down	 
the	 glass	 walls	 of	 the	 model	 can	 be	 collected	 in	 a	 syringe.	 With	 a	 medical	 syringe,	
5	ml	of	 the	prepared	hydrogel	was	 applied	 to	 the	 top	of	 the	 tube	 in	 a	uniform	motion.	 
The	 time	 it	 took	 the	 hydrogel	 to	 flow	 5,	 10,	 15,	 20,	 and	 25	 cm	 and	 to	 the	 bottom	 
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of	 the	 tube	 was	 recorded.	 Hydrogel	 that	 travelled	 the	 entire	 length	 of	 the	 apparatus	 
was	 collected	 in	 a	 syringe	 placed	 under	 the	 glass	 tube.	 The	 total	 measurement	 time	 
was	10	min.	The	volume	of	hydrogel	that	drained	into	the	syringe	was	read	or	the	height	 
on	the	scale	of	the	glass	tube	at	which	the	preparation	stopped	was	recorded.	The	results	 
are	presented	as	the	average	of	three	measurements.

3. Results and Discussion
3.1. pH
Table	 1	 presents	 the	 pH	 of	 each	 prepared	 hydrogel.	 The	 hydrogels	 containing	 4.0%	
methylcellulose	 (400,	 1500	or	 4000	 cp)	 presented	 a	 pH	 that	 ranged	 from	5.96	 to	 5.73.	 
The	addition	of	1%	chitosan	increased	the	pH,	with	a	range	from	6.60	to	5.82.	The	addition	
of	polyvinyl	alcohol	(0.1%,	0.3%	or	0.5%)	to	 the	gels	containing	4.0%	methylcellulose	
decreased	 pH,	 with	 a	 range	 from	 5.93	 to	 5.34	 (compared	 with	 the	 previous	 range	 
from	5.96	to	5.73).	Finally,	the	addition	of	1.0%	chitosan	and	polyvinyl	alcohol	reduced	 
the	 pH	of	 the	 gels,	with	 a	 range	 from	6.24	 to	 5.55	 (compared	with	 the	 previous	 range	 
from	6.60	to	5.82).	

The	use	of	methylcellulose	 along	with	polyvinyl	 alcohol	provided	gels	with	 a	wide	
pH	 range	 from	 5.0	 to	 7.0.	 Of	 note,	 these	 gels	 fall	 within	 the	 physiological	 pH	 range	 
of	 the	 oesophagus	 (4.0–7.0).	 Hence,	 gels	 containing	 methylcellulose,	 chitosan	 
and	 polyvinyl	 alcohol	 could	 be	 of	 great	 importance	 to	 neutralise	 the	 oesophageal	 pH	 
and	thus	treat	alkaline	reflux	in	children.

Table 1. The	influence	of	chitosan	on	the	pH	of	hydrogels	containing	4.0%	methylcellulose	
(MC)	and	polyvinyl	alcohol.

Gel composition pH pH of the gel containing 
1.0% chitosan

MC	400	cp 5.96 6.60

MC	1500	cp 5.77 5.98

MC	4000	cp 5.73 5.82

MC	400	cp	+	0.1%	polyvinyl	alcohol 5.93 6.24

MC	1500	cp	+	0.1%	polyvinyl	alcohol 5.77 6.12

MC	4000	cp	+	0.1%	polyvinyl	alcohol 5.75 5.99

MC	400	cp	+	0.3%	polyvinyl	alcohol 5.70 5.94

MC	1500	cp	+	0.3%	polyvinyl	alcohol 5.63 5.87

MC	4000	cp	+	0.3%	polyvinyl	alcohol 5.58 5.81

MC	400	cp	+	0.5%	polyvinyl	alcohol 5.57 5.78

MC	1500	cp	+	0.5%	polyvinyl	alcohol 5.50 5.70

MC	4000	cp	+	0.5%	polyvinyl	alcohol 5.34 5.55
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3.2. Rheological Tests
Table	 2	 presents	 the	 rheological	 test	 results.	The	 hydrogels	 containing	methylcellulose	
(400,	 1500	 or	 4000	 cp)	 had	 a	 dynamic	 viscosity	 of	 142–365	 mPa·s.	 The	 addition	
of	 1.0%	 chitosan	 increased	 the	 dynamic	 viscosity	 to	 246–457	 mPa·s.	 The	 addition	 
of	polyvinyl	 alcohol	 (0.1%,	0.3%	or	0.5%)	 to	 the	gels	 increased	 the	dynamic	viscosity	 
to	 266–483	 mPa·s.	 Finally,	 adding	 1%	 chitosan	 and	 polyvinyl	 alcohol	 increased	 
the	dynamic	viscosity	to	294–579	mPa·s.	

The	 dynamic	 viscosity	 of	 the	 gels	 increased	 as	 the	 polyvinyl	 alcohol	 concentration	
increased.	Enrichment	with	chitosan	further	increased	the	dynamic	viscosity.	These	data	
indicate	that	the	gels	could	potentially	adhere	to	the	oesophageal	mucosa	and	thus	protect	
against	the	harmful	effects	of	alkaline	content	refluxed	into	the	oesophagus.

Table 2. The	 influence	 of	 chitosan	 on	 the	 viscosity	 of	 hydrogels	 containing	 4.0%	
methylcellulose	(MC)	and	polyvinyl	alcohol.

Gel composition Dynamic viscosity 
[mPa·s]

Dynamic viscosity 
of the gel containing 

1.0% chitosan
[mPa·s]

MC	400	cp 142 246

MC	1500	cp 254 328

MC	4000	cp 365 457

MC	400	cp	+	0.1%	polyvinyl	alcohol 266 294

MC	1500	cp	+	0.1%	polyvinyl	alcohol 298 356

MC	4000	cp	+	0.1%	polyvinyl	alcohol 400 478

MC	400	cp	+	0.3%	polyvinyl	alcohol 280 359

MC	1500	cp	+	0.3%	polyvinyl	alcohol 348 445

MC	4000	cp	+	0.3%	polyvinyl	alcohol 462 512

MC	400	cp	+	0.5%	polyvinyl	alcohol 305 423

MC	1500	cp	+	0.5%	polyvinyl	alcohol 379 487

MC	4000	cp	+	0.5%	polyvinyl	alcohol 483 579

3.3. Adhesion
Table	3	 shows	 the	work	of	 adhesion	of	 the	prepared	hydrogels	 at	37°C.	The	hydrogels	
containing	 methylcellulose	 (400,	 1500	 cp	 or	 4000	 cp)	 had	 a	 work	 of	 adhesion	 
of	 39.2–51.9	 g/s.	 The	 addition	 of	 1.0%	 chitosan	 to	 these	 gels	 increased	 the	 work	 
of	adhesion	to	74.1–78.0	g/s.	The	addition	of	polyvinyl	alcohol	(0.1%,	0.3%	or	0.5%)	also	
increased	 the	work	of	adhesion	 to	55.4–68.1	g/s.	Finally,	 the	addition	of	1.0%	chitosan	 
and	 polyvinyl	 alcohol	 (0.1%,	 0.3%	 or	 0.5%)	 increased	 the	 work	 of	 adhesion	 
to	82.5–95.1	g/s.	
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A	work	of	adhesion	value	above	5.0	g/s	indicates	good	adhesion.	Hence,	the	obtained	
gels	are	characterised	by	high	adhesion	to	the	oesophageal	mucosa.	The	addition	of	0.1%,	
0.3%	or	0.5%	polyvinyl	alcohol	had	a	positive	influence	on	the	work	of	adhesion.	Overall,	 
it	 was	 possible	 to	 obtain	 hydrogels	 with	 high	 adhesive	 properties	 to	 the	 oesophageal	
mucosa.

Table 3. The	influence	of	chitosan	on	the	work	of	adhesion	of	hydrogels	containing	4.0%	
methylcellulose	(MC)	and	polyvinyl	alcohol.

Gel composition Work of adhesion 
[g/s]

Work of adhesion  
of gels containing  

1.0% chitosan  
[g/s]

MC	400	cp 39.2 74.1

MC	1500	cp 48.3 76.0

MC	4000	cp 51.9 78.0

MC	400	cp	+	0.1%	polyvinyl	alcohol 55.4 82.5

MC	1500	cp	+	0.1%	polyvinyl	alcohol 58.6 84.2

MC	4000	cp	+	0.1%	polyvinyl	alcohol 62.6 90.6

MC	400	cp	+	0.3%	polyvinyl	alcohol 58.3 85.1

MC	1500	cp	+	0.3%	polyvinyl	alcohol 60.4 87.5

MC	4000	cp	+	0.3%	polyvinyl	alcohol 64.1 90.3

MC	400	cp	+	0.5%	polyvinyl	alcohol 60.8 88.6

MC	1500	cp	+	0.5%	polyvinyl	alcohol 64.5 92.2

MC	4000	cp	+	0.5%	polyvinyl	alcohol 68.1 95.1

3.4. Measurement of the Ability of the Hydrogel to Coat a Surface
The	 ability	 of	 each	 hydrogel	 to	 coat	 the	 surface	 of	 the	 in vitro	 model	 was	 evaluated	 
at	 37°C.	 The	 coating	 properties	 of	 the	 gels	 depended	 on	 the	 initial	 static	 viscosity	 
of	 methylcellulose	 (400,	 1500	 or	 4000	 cp).	At	 400	 cp,	 4.5	 ml	 of	 the	 gel	 flowed	 into	 
the	 syringe,	while	 at	 4000	 cp,	 4.0	ml	 of	 the	 gel	 flowed	 into	 the	 syringe.	After	 adding	
1.0%	chitosan,	3.0	ml	of	the	methylcellulose	400	cp	gel	and	1.7	ml	of	the	methylcellulose	 
4000	 cp	 gel	 flowed	 into	 the	 syringe.	 The	 addition	 of	 0.1%,	 0.3%	 or	 0.5%	 polyvinyl	 
alcohol	notable	reduced	the	amount	of	gel	that	flowed	into	the	syringe	(from	3.0	to	0.2	ml).	
Finally,	of	 the	addition	of	1.0%	chitosan	and	polyvinyl	alcohol	had	the	greatest	 impact:	 
the	amount	of	gel	that	flowed	into	the	syringe	ranged	from	1.5	to	0.0	ml	(Table	4).		
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Table 4. The	 influence	 of	 chitosan	 on	 ability	 of	 hydrogels	 containing	 4.0%	 
methylcellulose	and	polyvinyl	alcohol	to	coat	the	model	surface.

Gel composition
Surface coating 
with the gel [cm] 

after 10 min

Surface coating  
with the gel containing 

1.0% chitosan [cm]  
after 10 min

MC	400	cp 25.0	+	4.5	ml	S 25.0	+	3.0	ml	S

MC	1500	cp 25.0	+	4.1ml	S 25.0	+	2.5	ml	S

MC	4000	cp 25.0	+	4.0	ml	S 25.0	+	1.7	ml	S

MC	400	cp	+	0.1%	polyvinyl	alcohol 25.0	+	3.0	ml	S 25.0	+	1.5	ml	S

MC	1500	cp	+	0.1%	polyvinyl	alcohol 25.0	+	2.7	ml	S 25.0	+	0.6	ml	S

MC	4000	cp	+	0.1%	polyvinyl	alcohol 25.0	+	2.2	ml	S 25.0	+	0.0 ml S

MC	400	cp	+	0.3%	polyvinyl	alcohol 25.0	+	2.9	ml	S 25.0	+	0.5	ml	S

MC	1500	cp	+	0.3%	polyvinyl	alcohol 25.0	+	2.0	ml	S 25.0	+	0.0 ml S

MC	4000	cp	+	0.3%	polyvinyl	alcohol 25.0	+	1.6	ml	S 25.0	+	0.0 ml S

MC	400	cp	+	0.5%	polyvinyl	alcohol 25.0	+	2.5	ml	S 25.0	+	0.0 ml S

MC	1500	cp	+	0.5%	polyvinyl	alcohol 25.0	+	0.8	ml	S 25.0	+	0.0 ml S

MC	4000	cp	+	0.5%	polyvinyl	alcohol 25.0	+	0.2	ml	S 25.0	+	0.0 ml S

Note.	25.0	+	1.0	ml	S	means	the	gel	coated	the	entire	25.0	cm	length	of	the	apparatus	and	1.0	ml	 
of	gel	was	collected	in	the	syringe.	Abbreviation:	S,	syringe.

4. Conclusions
The	results	of	this	work	showed	the	significant	impact	of	chitosan	and	polyvinyl	alcohol	 
on	 several	 parameters	 of	 hydrogels,	 including	 the	 pH,	 dynamic	 viscosity,	 adhesion	
and	 in vitro	 coverage	 of	 the	 model	 surface.	 The	 wide	 pH	 range	 of	 the	 gels	 allows	 
for	 the	 selection	 of	 the	 optimal	 gel	 for	 each	 juvenile	 patient	 depending	 on	 the	 content	 
that	enters	the	oesophagus.	Due	to	their	adhesive	properties,	the	presented	hydrogels	should	
remain	on	the	oesophageal	mucosa	for	a	long	time	and	protect	it	against	the	adverse	effects	 
of	 regurgitation	 from	 the	 stomach.	Although	 these	 in vitro results are very promising,  
they	require	verification	with	in vivo	experiments.	This	is	the	focus	of	future	research.
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Abstract
Bombyx mori chitosan nanoparticles (ChS NPs) were obtained and the kinetic aspects 
of their size distribution depending on the degree of nonequilibrium of the synthesis 
by ionotropic gelation using sodium tripolyphosphate (TPP) were studied. The size  
of ChS NPs was greatly influenced by the ChS concentration, which varied  
from 0.5 to 10 mg/ml. The size of the NPs increased from 100 to 300 nm when the ChS  
concentration increased from 0.5 to 10 mg/ml and while maintaining  
all other parameters of the reaction. An increase in the ChS to-TPP ratio 
corresponded to a lower cross-linking density and thus ensured slower kinetics 
for NP formation alongside the formation of large chitosan/TPP aggregates. 
There was an almost threefold increase in the particle size when the pH  
of the medium increased from 3.8 to 4.7; thus, the size of ChS NPs depends on the pH  
of the solution. There was a slight agglomeration of NPs from 363 to 642 nm  
with an increase in the NP synthesis time from 4 to 24 h. According to calculations,  
the maximum interaction energy is 50.4 and 69.4 kcal/mol for deprotonated TPP  
(P3O10

5-); after adiabatic transfer of the proton, the value decreases  
to 32.9–33.5 kcal/mol. The maximum interaction energy is –12.8 kcal/mol for the initially 
protonated TPP (H4P3O10

-).

Keywords: Bombyx mori chitosan, tripolyphosphate, nanoparticles, ionic gelation, 
modelling, interaction energy
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1. Introduction
There	 is	 extensive	 research	 on	 chitosan-based	 nanoparticles	 (ChS	 NPs),	 especially	 
for	the	design	and	development	of	new	drug-delivery	systems.	These	NPs	have	numerous	
beneficial	properties	such	as	biocompatibility,	biodegradability,	bioactivity,	mucoadhesion	
and	hydrophilicity,	which	facilitate	the	administration	of	poorly	absorbed	drugs	through	
various	 epithelial	 barriers	 such	 as	 the	 cornea	 and	 the	 nasal	 and	 intestinal	 mucosa	 [1].	 
These	 systems	 can	 be	 produced	 under	 aqueous	 and	 fairly	 mild	 conditions	 to	 preserve	
the	 bioactive	 conformation	 of	 sensitive	 macromolecules	 (e.g.	 hormones,	 antigens,	
DNA	and	growth	factors)	that	would	otherwise	be	susceptible	to	enzymatic	degradation	 
and	hydrolysis	[2,	3].	Usually,	ChS	NPs	are	formed	according	to	a	‘bottom-up’	approach	 
as	 a	 result	 of	 self-assembly	 or	 stitching	 in	which	molecules	 are	 arranged	 into	 ordered	
nanoscale	 structures	 due	 to	 physical,	 covalent	 inter-	 or	 intramolecular	 interactions.	
A	 recognised	 feature	 of	 these	 nanosystems	 is	 their	 ability	 to	 protect	 hydrophilic	
macromolecules	 from	degradation	 and	 to	 overcome	mucosal	 barriers.	One	 of	 the	ways	 
to	create	ChS	NPs	using	self-assembly	is	ionotropic	gelation	using	sodium	tripolyphosphate	
(TPP),	which	is	non-toxic.

ChS	 is	one	of	 the	most	popular	 components	 in	 the	creation	of	NPs	 for	 the	delivery	
of	 drugs.	 However,	 the	 ability	 to	 reproduce	 ChS	NPs	 consistently	 is	 often	 a	 problem;	
therefore,	great	attention	is	paid	to	the	purity	and	accurate	characterisation	of	the	source	
material	and	to	the	development	of	preparatory	procedures.	The	processes	used	to	obtain	
ChS	NPs	via	ionotropic	gelation	are	quite	well	known,	but	the	influence	of	various	factors	
on	the	particle	size	requires	further	investigation.	Ionotropic	gelation	of	ChS	NPs	involves	
the	 use	 of	 ionic	 cross-linking	 agents	 [4].	When	 TPP	 is	 used	 as	 an	 ionic	 cross-linking	
agent,	two	aqueous	phases	–	one	containing	ChS	and	another	containing	polyanionic	TPP	 
–	are	mixed	to	form	a	complex	coacervate	[5].	The	CS/TPP	molar	ratio	and	the	developed	
interactions	 are	 crucial	 to	 ensure	 NPs	 exhibit	 the	 appropriate	 size,	 which	 can	 affect	 
the	drug	release	properties.	However,	the	mechanism	by	which	ChS	and	TPP	interact	has	
not	 been	well	 documented	 in	 the	 literature.	 It	 has	 been	 suggested	 that	 all	 ionic	 groups	 
of	TPP	can	participate	in	interactions	with	ChS	amine	groups.	However,	an	oversimplified	
model	of	interaction	sites	lacks	accuracy	and,	to	the	best	of	our	knowledge,	this	issue	has	yet	 
to	be	addressed.

Electrostatic	interactions	between	the	cationic	amino	groups	of	ChS	and	the	negatively	
charged	anions	of	 the	 cross-linker	promote	 the	 formation	of	NPs.	The	 size	 and	 surface	
charge	of	particles	can	be	modified	by	changing	the	ratio	of	ChS	and	stabiliser	[6].	Attempts	
have	 been	made	 to	 optimise	 the	 processing	 parameters	 of	 ChS	 in	 the	 process	 of	 ionic	
gelation	[7],	but	there	are	no	unambiguous	systematic	conclusions	in	this	area	of	research.

Most	research	in	the	field	of	synthesis	of	CS	NPs	is	related	to	raw	materials	from	armoured	
crustaceans.	 There	 has	 been	 limited	 investigation	 regarding	 the	 preparation	 and	 specific	
features	of	the	formation	of	ChS	NPs	obtained	from	the	pupae	of	the	silkworm	Bombyx mori. 
The	present	work	aimed	to	generate	B. mori	ChS	NPs	using	ionotropic	gelation.	Subsequently,	
the	influence	of	various	parameters	on	the	size	of	the	NPs	was	assessed.	We	also	performed	
theoretical	analysis:	we	elucidated	the	aspects	of	the	ChS	and	TPP	interactions,	calculated	
the	 interaction	 energy,	 identified	 interaction	 sites	 and	 located	 energetically	 favourable	
relative	 configurations.	 Of	 note,	 the	 structure	 of	 a	 polymer	 and	 its	 spatial	 configuration	 
in	real	experimental	conditions	depend	on	numerous	factors	such	as	the	number	of	monomers,	
pH,	the	ionic	strength	of	the	environment,	temperature,	the	solvent	type	and	inter-	and	intra-
molecular	interactions	such	as	hydrogen	bonding,	among	others.	It	is	practically	impossible	
to	simulate	such	conditions,	especially	using	quantum	methods.	For	this	endeavour,	we	chose	
to	limit	the	study	to	the	interactions	between	a	ChS	pentamer	and	two	types	of	TPP	anions.
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2. Materials and Methods 
2.1. Obtaining Bombyx mori Chitosan Nanoparticles
Purified	B. mori	ChS	was	dissolved	 in	2%	acetic	acid	at	a	concentration	of	0.5	mg/ml.	
A	TPP	 solution	 (1	mg/ml)	was	prepared	 in	distilled	water.	Both	 solutions	were	filtered	
through	 filters	 with	 a	 pore	 size	 of	 0.22	 μm.	 Complexation	 was	 carried	 out	 by	 adding	 
the	 TPP	 solution	 dropwise	 to	 the	 ChS	 solution	 at	 25°С	 with	 stirring	 for	 20	 min	 
on	an	MS-PA	magnetic	stirrer	(~300	rpm)	(HCS	Scientific	&	Chemical	Pte	Ltd,	Singapore).	
Then,	 the	mixture	underwent	 treatment	 in	 an	ultrasonic	cleaner	FSF	020S	 (FAITHFUL	
Instrument,	China)	at	a	power	of	120	W	and	a	frequency	of	40	kHz	for	2	min	immediately	
before	atomic	force	microscopy	(AFM).	The	NPs	were	separated	from	the	working	solution	
by	centrifugation	(7000	rpm)	and	freeze-dried	at	–50	to	–55°С	and	0.4–0.5	mbar	for	3–4	h.

2.2. Determination of the Molecular Weight of Chitosan
The	molecular	weight	of	ChS	was	determined	by	the	viscometric	method	at	25°C.	A	0.5%	
ChS	solution	in	0.33	M	acetate	buffer	(рН	4.5)	was	prepared	to	determine	the	viscosity	(η).	
The	molecular	weight	was	calculated	using	the	Mark–Kuhn–Houwink	equation:	

Мη	=	([η]/K)1/α, (1)
where	 K	 and	 α	 are	 constants	 for	 the	 given	 polymer-solvent	 system	 at	 K	 =	 1.4	 ×	 10-4  
and	α	=	0.83	[8].

2.3. Determination of the Degree of Deacetylation
The	degree	of	deacetylation	(DDA)	of	the	ChS	samples	was	determined	by	conductometric	
titration	on	an	analytical	instrument	(Mettler-Toledo,	Switzerland)	using	a	0.1	M	sodium	
hydroxide	(NaOH)	solution	as	a	titrant	for	a	ChS	solution	dissolved	in	0.1	M	hydrochloric	
acid	 (HCl).	The	 amount	of	 alkali	 required	 to	 titrate	 the	 acid	 associated	with	 the	 amino	
groups	 was	 determined	 from	 a	 graph	 of	 the	 dependence	 of	 the	 electrical	 conductivity	 
of	the	solution	on	the	volume	of	alkali.	The	degree	of	deacetylation	was	calculated	using	
equation	(2)	[9]:	

Degree	of	deacetylation=	[(203	×	NNH2)/(1400	+	42	NNH2)]	×	100%, (2)
where NNH2	 is	 the	 amine	 nitrogen	 content,	 calculated	 as	 NH2	 =	ΔV	 ×	 CNaOH/m,	 where	
ΔV	 is	 the	volume	of	 the	NaOH	solution	used	 for	 titration	of	 amino	groups	 [ml],	СNaOH  
is	 the	 exact	 concentration	 of	 the	 NaOH	 solution	 [mol/l]	 and	 m	 is	 mass	 of	 ChS	 
in	the	sample	[g].

2.4. Determination of the Ash Content
The	ash	mass	fraction	was	determined	using	a	published	procedure	[10].	The	ash	content	
of	the	sample	(Z)	was	calculated	using	equation	(3):

Z	(%)	=	m	×	100/g,	 (3)
where	m	is	the	residual	mass	after	combustion	[g]	and	g	is	the	sample	weight	[g].

2.5. Determination of Solubility
To	determine	the	solubility	of	ChS,	a	specific	amount	of	sample	was	weighed	(0.1–0.5	g)	
and	placed	into	a	glass	flask.	Then,	2%	acetic	acid	(100	ml)	was	added,	and	the	mixture	was	
stirred	until	the	ChS	was	dissolved	completely.	The	working	solution	was	filtered	through	
a	Schott	filter	and	dried	at	104°C	for	2	h.	Solubility	(P)	was	determined	using	equation	(4):

Р	(%)	=	[(g	–	m)/g]	×	100, (4)
where	g	is	the	sample	weight	[g]	and	m	is	the	amount	of	substance	on	the	filter	[g].
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2.6. Fourier-Transform Infrared Spectroscopy
An	 ‘Inventio-S’	 Fourier-transform	 infrared	 (FTIR)	 spectrometer	 (Bruker,	 Germany)	 
was	used	to	measure	the	spectra	of	all	reaction	products	in	the	range	of	4000–400	cm–1, 
because	 the	 absorption	 bands	 of	 almost	 all	 the	 functional	 groups	 of	 organic	molecules	 
lie	in	this	spectral	range.	The	samples	were	prepared	in	the	form	of	tablets	with	potassium	
bromide	at	a	pressure	of	7	×	108	Pa.

2.7. Determination of the Degree of Crystallinity
X-ray	 diffraction	 of	 the	 samples	 were	 carried	 out	 on	 a	 Miniflex	 600	 diffractometer	
(Rigaku,	 Japan)	 with	 monochromatic	 СuKα	 radiation.	 The	 samples	 were	 examined	 
in	 the	form	of	compressed	pellets.	Scanning	was	carried	out	 in	 the	2θ	range	of	10–35°.	 
The	degree	of	crystallinity	was	calculated	using	equation	(5):	

Degree	of	crystallinity	(%)	=	[(Ic	–	Ia)/Ic]	×	100%, (5)
where	 Ic	 and	 Ia	 are	 the	 intensities	 of	 crystal	 reflection	 and	 amorphous	 scattering,	
respectively	[11].

2.8. Total Nitrogen Content
The	nitrogen	 content	 in	 the	ChS	 samples	was	 determined	using	 the	Dumas	 gasometric	
method	 by	 combusting	 a	 weighed	 sample	 (5–10	 mg)	 in	 a	 quartz	 tube	 under	 carbon	
dioxide	(СО2)	flow	and	measuring	the	volume	of	liberated	nitrogen.	The	nitrogen	content	 
in	the	sample	was	calculated	using	equation	(6)	[12]:	

N	=	[m	×	(V	–	V´)	×	100]/g, (6)
where	 m	 is	 the	 mass	 of	 1	 ml	 of	 nitrogen	 at	 a	 given	 temperature	 and	 pressure;	 
V	is	the	volume	of	liberated	nitrogen	[ml],	V´	is	the	correction	for	a	given	volume,	taking	
into	account	the	calibration	of	the	gasometer	[mL],	and	g	is	the	weight	sample	[mg].

2.9. Atomic Force Microscopy
The	 surface	morphology	 of	 the	 samples	was	 analysed	 by	AFM	 using	 an	Agilent	 5500	
instrument	(USA).	Scanning	was	carried	out	at	room	temperature	 in	semi-contact	mode	 
in	air.	Silicon	cantilevers	with	a	rigidity	of	9.5	N/m	and	a	frequency	of	145	kHz	were	used.	
The	maximum	scanning	area	was	11	×	11	µm2	 in	the	direction	of	the	Х,	Y	coordinates,	 
and	 1	 µm	 in	 the	 direction	 of	 the	 Z	 coordinate.	 The	 average	 NP	 size	 and	 coefficient	 
of	variation	were	determined	by	processing	the	corresponding	images	of	the	sample	surface	
using	the	Pico	image	basic	software.	

The	most	common	method	for	producing	ChS	NPs	is	the	ionotropic	gelation	of	ChS	
with	the	non-toxic	TPP,	a	small	ion	with	a	triple	negative	charge	over	the	entire	pH	range	
[13–15].

2.10. Computational Methods
Geometry	 was	 optimised	 based	 on	 all-electron	 density	 functional	 theory	 (DFT)	
calculations.	 The	 generalised	 gradient	 was	 approximated	 with	 the	 standard	 6-31++G	
(d,p)	basis	set	[16]	and	the	GAUSSIAN	09	software	package.	Gaussview	5.0.9	was	used	 
for	visualisation.	Fully	protonated	ChS	oligomers	were	considered,	so	the	overall	charge	 
of	 the	ChS	 pentamers	was	 set	 to	 5e.	The	 interaction	 energy	 and	maximum	 interaction	
energy	 configurations	 of	 ChS	 with	 TPP	 were	 calculated	 by	 scanning	 the	 potential	
energy	surface	(PES)	with	respect	to	different	distances	and	orientations.	The	PES	scans	 
and	interaction	energy	calculations	were	performed	using	Grimme’s	B97-D	functional	[17],	 
which	 includes	 long-range	 dispersion	 corrections,	 with	 the	 def-TZVP	 basis	 set	 [18],	 
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which	 is	 of	 triple-ζ	 quality.	 Solvation	 energy	 was	 calculated	 to	 quantify	 the	 reactivity	
in	 the	 aqueous	 phase	 using	 self-consistent	 field	 theory	 and	 the	 polarisable	 continuum	
model	 (PCM)	 [19,	 20].	 The	 basis	 set	 superposition	 error	 (BSSE)	 was	 calculated	 
with	 the	 counterpoise	 (CP)	 method	 developed	 by	 Boys	 and	 Bernardi	 [21].	 It	 requires	 
the	keyword	CP	=	N,	where	N	is	the	number	of	fragments	to	be	considered	(for	an	A-B	
system,	N	=	2)	[22,	23].

The	first	stage	of	the	theoretical	calculation	was	to	determine	the	optimised	molecular	
structures	 of	 ChS	 and	 TPP.	 A	 chain	 consisting	 of	 five	 monomers	 was	 considered	 
to	 be	 the	 structural	 unit	 of	ChS.	The	 interaction	 energy	 (ΔEinteract)	was	 calculated	 using	
equation	(7):

∆Einteract =	EChS-TTP	–	(EChS + ETTP	) + EBSSE, (7)
where	ЕChS–TPP,	ЕChS	 and	ЕTPP	 are	 the	 energy	 of	 the	 system	 for	ChS-TPP,	ChS	 and	TPP,	
respectively. EBSSE	is	a	BSSE	that	was	calculated	using	the	CP	method.	When	a	CP	correction	
is	applied	 in	combination	with	a	solvent	 reaction	field,	any	basis	 functions	of	 the	ghost	
atoms	lying	outside	the	reaction-field	cavity	may	artificially	increase	the	outlying	charge	
and	thus	produce	erroneous	results.	Therefore,	the	interaction	energy	was	computed	within	
the	solvation	model,	the	CP	method	was	performed	in	the	gas	phase	and	the	interaction	
energy	was	subjected	to	the	calculated	BSSE	corrections.

3. Results and Discussion 
3.1. Preparation of Chitosan Nanoparticles
The	purity	and	accurate	characterisation	of	ChS	is	crucial.	ChS	is	characterised	by	structural	
and	 chemical	 heterogeneity	 even	 after	 processing	 under	 drastic	 chemical	 conditions	 
and	contains	a	small	amount	of	mineral	and	protein	impurities,	so	it	is	necessary	to	pay	
attention	to	its	purification.	

Generation of B. mori	ChS	NPs	required	several	steps.	First,	 the	 technical	ChS	was	 
pre-dissolved	in	2%	acetic	acid,	deposited	and	coagulated	at	a	certain	pH,	washed	in	alcohol,	
centrifuged	and	lyophilised	[24].	Then,	it	was	subjected	to	elemental	analysis	and	FTIR	
spectroscopy.	The	influence	of	concentration,	the	pH	of	the	mediums	and	the	NP	synthesis	
time	 during	 the	 preparation	 of	 ChS/TPP	 NPs	 was	 studied	 to	 minimise	 polydispersity	 
in	size,	 to	ensure	stability	and	to	control	 the	average	size	of	NPs.	B. mori ChS samples  
with	different	molecular	weights	(No.	1–3,	Table	1)	–	all	obtained	from	a	technical	sample	
of	ChS	–	were	used	to	evaluate	the	production	of	ChS	NPs	via	ionotropic	gelation.	

Table 1. Physicochemical	characteristics	of	the	Bombyx	mori	chitosan	(ChS)	samples.

No. Sample Cleaning 
time [h]

N 
[%]

Z 
[%]

P  
[%]

Мη 
[kDa]

DDA 
[%]

DC 
[%]

0 ChS technical – 7.83 7.17 85.56 194 52.2 40

1 ChS 
purified-1 6 7.20 1.43 96.7 130 85.8 25

2 ChS 
purified-2 4 8.32 0.44 99.85 152 96.5 32

3 ChS 
purified-3 2 8.10 0.79 98.36 165 94.4 30

Note.	Abbreviations:	 DC,	 degree	 of	 crystallinity;	 DDA,	 degree	 of	 deacetylation;	Мη,	 molecular	
weight;	P,	solubility;	N,	nitrogen	content;	Z,	ash	content.
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The molecular weight of technical B. mori	 ChS,	 determined	 by	 the	 viscometric	
method,	was	194	kDa	(Table	1).	When	purified,	the	molecular	weight	decreased	slightly	 
to	130–165	kDa	and	the	degree	of	deacetylation	increased	from	52.2%	to	85.8%–96.5%.	 
As	 the	 degree	 of	 deacetylation	 increased,	 the	 solubility	 of	 the	 samples	 increased	 
from	85.56%	 to	 99.85%.	This	 increased	 solubility	 is	 due	 to	 a	 reduction	 in	 the	 number	 
of	acetamide	groups	of	chitin	as	they	are	converted	into	amino	groups	[25].	Thus,	during	
purification,	ChS	becomes	more	structurally	homogenous.

As	mentioned	above,	the	molecular	weight	of	ChS	was	determined	by	the	viscometric	
method	 (Figure	 1).	 Intrinsic	 viscosity	 was	 calculated	 using	 the	 Huggins	 equation	 
(top	line)	and	the	Kremer	equation	(bottom	line).	Their	applicability	is	due	to	the	preservation	 
of	the	linear	dependence	of	the	reduced	viscosity	on	the	polymer	concentration	in	solution	
and	the	absence	of	strong	intermolecular	interactions	between	the	macrochain	units.

Figure 1. Determination	 of	 the	 molecular	 weight	 of	 sample	 No.	 1	 (see	 Table	 1)	 
by	the	viscometric	method:	[η]	=	2.48	dl/g,	[η]	=	1.40	×	10–4	and	Mƞ	=	130	kDa.

The	 degree	 of	 deacetylation	 of	 sample	 No.	 1	 (see	 Table	 1)	 was	 determined	 
with	conductometric	titration.	It	was	85.8%	(Figure	2).

Figure 2. Conductometric	 titration	 of	 sample	 No.	 1	 (see	 Table	 1):	 Mƞ	 =	 130	 kDa	 
and	degree	of	deacetylation	=	85.8%.
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Sample	No.1	was	also	evaluated	with	FTIR	spectroscopy	(Figure	3).	The	 intense	broad	 
band	 at	 3500–3100	 cm–1	 indicates	 absorption	 of	 –OH	 and	 –NH2	 groups	 included	 
in	 hydrogen	 bonds.	 There	 are	 stretching	 vibrations	 of	 –CH	 and	 –CH2 groups at 2920  
and	 2980	 cm–1,	 respectively.	 There	 is	 almost	 complete	 absence	 of	 an	 absorption	 band	 
at	 1640	 cm–1	 (amide	 I)	 and	 an	 intense	 absorption	 band	 at	 1579	 cm–1,	 corresponding		 
to	 the	 angular	 deformation	 of	 the	 –NH2	 (amide	 II).	 These	 changes	 indicate	 effective	
purification	of	the	original	(technical)	ChS.	Absorption	bands	in	the	range	of	900–1150	cm–1  
are	from	various	deformation	vibrations	of	=C-O-C=,	–NH	and	=C-C=	groups.

Figure 3. Fourier-transform	 infrared	 spectrum	 of	 purified	 Bombyx mori chitosan  
(sample	No.	1,	see	Table	1).

3.2. Effect of the Chitosan Concentration on the Average Size of Nanoparticles
The	 ChS	 concentration	 is	 an	 important	 determinant	 regarding	 the	 finite	 size	 of	 NPs	 
that	 are	 formed.	The	 influence	of	 this	parameter	was	 studied	with	 the	aim	of	obtaining	 
a	narrow	NP	size	distribution	and	to	ensure	their	stability	in	solution	(Figure	4).	

Figure 4. A	 schematic	 illustration	 of	 negatively	 charged	 sodium	 tripolyphosphate	
connecting	two	positively	charged	chitosan	chains.
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(a) (b)

(c)

Figure 5. Atomic	force	micrographs	of	chitosan	nanoparticles	(ChS	NPs),	prepared	using	
sample	No.	1	(see	Table	1):	(a)	10	mg/ml	ChS,	1	mg/ml	sodium	tripolyphosphate	
(TPP)	 and	 a	 ChS-to-TPP	 ratio	 of	 1:1	 yielded	 NPs	 with	 a	 size	 of	 283	 nm;	 
(b)	1	mg/ml	ChS,	1	mg/ml	TPP	and	a	ChS-to-TPP	 ratio	of	1:1	yielded	NPs	 
with	a	size	of	192	nm;	and	(c)	0.5	mg/ml	ChS,	1	mg/ml	TPP	and	a	ChS-to-TPP	
ratio	of	1:1	yielded	NPs	with	a	size	of	108	nm.

AFM	 was	 performed	 on	 various	 samples	 of	 purified	 ChS.	 With	 a	 ChS-to-TPP	 ratio	
of	 1:1,	 NPs	 were	 a	 maximum	 of	 283,	 333	 and	 166	 nm	 with	 a	 ChS	 concentration	 
of	10,	1	mg/ml	and	0.5	mg/ml	(Figure	5,	Table	2).	The	ChS	concentration	greatly	influenced	 
the	 size	 of	ChS	NPs	when	 studying	 the	 kinetic	 aspects	 of	 the	 size	 distribution	 of	NPs	 
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depending	 on	 the	 degree	 of	 nonequilibrium	 of	 the	 synthesis	 process	 by	 the	 method	 
of	ionotropic	gelation	(Table	2).	When	the	ChS	concentration	increased	from	0.5	mg/ml	 
to	10	mg/ml,	the	size	of	the	NPs	increased	from	166	to	283	nm	while	maintaining	all	other	
parameters of the reaction. 

Consequently,	a	high	ChS-to-TPP	ratio	due	to	a	high	ChS	concentration	corresponds	 
to	a	lower	cross-linking	density,	which	ensures	a	slow	NP	formation	rate	and	the	formation	
of	large	ChS/TPP	associates.	This	makes	it	possible	to	control	the	size	of	NPs	with	TPP,	
consistent	with	previous	studies	[26,	27].	

Table 2. The	dependence	of	 the	 size	of	 chitosan	nanoparticles	 (ChS	NPs)	on	 the	ChS	
concentration.

Figure 5 
panel

ChS-to-TPP 
ratio

ChS concentration 
[mg/ml]

TPP 
concentration 

[mg/ml]

Minimum–
maximum  

NP size [nm]
Sample	No.1	(Мη	=	130	kDa)

(а) 1:1 10 1 50–283
(b) 1:1 1 1 192–333
(с) 1:1 0.5 1 108–166

Note.	See	Table	1	for	details	on	sample	No.	1.	Abbreviation:	TPP,	sodium	tripolyphosphate.	

3.3. Effect of pH During the Production of the Average Chitosan Nanoparticle Size
Experiments	were	carried	out	with	ChS	with	Mƞ	=	165	kDa	(sample	No.	3,	see	Table	1)	 
to	establish	how	the	pH	of	the	production	medium	affected	the	ChS	NP	size	distribution.	
The	ChS	 and	TPP	 concentrations	were	 kept	 constant	 at	 0.5	 and	 1	mg/ml,	 respectively.	
With	a	ChS	solution	pH	of	3.8,	the	NPs	were	a	maximum	of	123	nm	and	oval	in	shape	
(Figure	6a,	b,	Table	3).	At	pH	4.1,	 the	NPs	were	a	maximum	of	239	nm	and	both	oval	 
and	irregularly	round	in	shape	(Figure	7a,	b,	Table	3).	At	pH	4.7,	the	NPs	were	a	maximum	
of	 388	nm	 (Figure	7c,	Table	 3).	The	 results	 showed	 that	 the	 size	 of	ChS	NPs	depends	 
on	the	pH	of	the	solution:	the	lower	the	pH	of	the	solution,	the	smaller	the	NPs.	

(a) (b)
Figure 6. (a)	An	atomic	force	micrograph	of	chitosan	nanoparticles	prepared	at	pH	3.8;	

the	NPs	were	a	maximum	of	123	nm	in	size	and	oval	in	shape.	(b)	A	topography	
image	of	ChS	NPs	formed	at	pH	3.8.
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Table 3. The	 dependence	 of	 the	 size	 of	 chitosan	 nanoparticles	 (ChS	NPs)	 on	 the	 pH	 
of the solution.

No. Sample рН of the 
solution

ChS 
concentration 

[mg/ml]

Chitosan Мη 
[kDa]

Minimum–
maximum NP 

size [nm]
2 NChS-1 3.8 0.5	 165 1.34–123
3 NChS-2 4.1 0.5 165 1.66–239
4 NChS-3 4.7 0.5 165 0.721–388

(a) (b)

(c)
Figure 7. (a)	An	atomic	force	micrograph	of	chitosan	nanoparticles	(ChS	NPs)	prepared	

at	pH	4.1;	the	NPs	were	a	maximum	of	239	nm	in	size.	(b)	A	topography	image	
of	ChS	NPs	 formed	 at	 pH	 4.1.	 (c)	An	 atomic	 force	micrograph	 of	 chitosan	
nanoparticles	prepared	at	pH	4.7;	the	NPs	were	a	maximum	of	388	nm	in	size.
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3.4. Effect of Time During the Production of Chitosan Nanoparticles  
on the Average Size 

Experiments	were	carried	out	using	ChS	with	Mƞ	=	152	kDa	(sample	No.	2,	see	Table	1)	 
to	determine	the	effect	of	the	amount	of	time	given	to	form	NPs	on	their	size.	The	maximum	
size	 of	ChS	NPs	was	 363	 nm	 for	 a	 reaction	 time	 of	 4	 h	 (Figure	 8a,	Table	 4),	 564	 nm	 
for	a	reaction	time	of	8	h	(Figure	8с,	Table	4)	and	642	nm	after	a	reaction	time	of	24	h	
(Figure	9a,	Table	4).	The	ChS	NP	formation	is	influenced	by	the	reaction	time.	Apparently,	 
as	the	synthesis	time	increases,	it	is	necessary	to	increase	the	ChS-to-TPP	ratio.

The	mechanism	of	NP	formation	through	ionic	gelation	has	not	been	well	described	
in	 the	 literature.	Maintaining	 the	stability	of	NPs	 is	a	very	 important	aspect	 in	 the	field	
of	 pharmaceutical	 nanotechnology.	 The	 NPs	 must	 be	 stable	 before	 use;	 otherwise,	 
the	therapeutic	efficacy	will	be	lost.	The	chemical	integrity	of	the	drug	in	NPs	is	another	
fundamental	aspect	of	stability	[28,	29].

(a) (b)

(c)
Figure 8. Atomic	 force	 micrographs	 of	 chitosan	 nanoparticles	 (ChS	 NPs)	 prepared	 

with	ChS	sample	No.	2	(see	Table	1)	with	(a)	a	4-h	reaction	time,	yielding	NPs	
with	a	maximum	size	of	363	nm,	and	(b)	an	8-h	reaction	time,	yielding	NPs	 
with	 a	 maximum	 size	 of	 564	 nm.	 (c)	 The	 histogram	 shows	 the	 NP	 size	
distribution	for	an	8-h	reaction	time.
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(a) (b)

(c)

Figure 9. (a)	An	atomic	force	micrograph	of	chitosan	nanoparticles	(ChS	NPs)	prepared	
with	 ChS	 sample	 No.	 2	 (see	 Table	 1)	 with	 a	 24-h	 reaction	 time,	 yielding	
NPs	with	a	maximum	size	of	642	nm.	(b)	The	histogram	shows	 the	NP	size	
distribution	after	an	24-h	reaction	time.	(c)	The	surface	topography	of	ChS	NPs	
after	a	24-h	reaction	time.

Table 4. The	dependence	of	the	size	of	chitosan	nanoparticles	(ChS	NPs)	on	the	reaction	time.

No. Figure Synthesis 
time [h]

Ultrasound 
time [min]

Мƞ
[kDa]

ChS 
concentration

[mg/ml]

Minimum–
maximum NP 

size [nm]

1 Figure 8a 4 2 152 0.5 319–363

2 Figure	8b 8 2 152 0.5 0.445–564

3 Figure 9a 24 2 152 0.5 3.18–642
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Experimental	work	has	shown	 that	all	 ionic	groups	of	TPP	can	 interact	with	 the	amino	
groups	 of	 ChS	 [30–34].	 Density	 functional	 theory	 (DFT)	 calculations	 also	 consider	 
the	effects	of	solvation,	which	is	necessary	for	a	correct	and	accurate	quantitative	theoretical	
description	of	the	interactions	that	occur	both	during	the	formation	of	ChS	and	TPP	NPs	
and	their	possible	use	as	drug	carriers	[35–38].	In	the	final	part	of	this	study,	we	assessed	
on	aspects	of	NP	 formation	by	determining	 interaction	 sites,	 calculating	 the	 interaction	
energy	 and	 searching	 for	 energetically	 favourable	 configurations	 between	 oligomers	 
and	oligomer/polyanion	complexes.

3.5. Calculation Results
We	 obtained	 models	 of	 ChS/TPP	 systems	 by	 optimising	 the	 geometry	 for	 a	 variety	 
of	 relative	 initial	configurations,	examining	both	perpendicular	and	parallel	coordination.	
We	focused	on	the	possible	interactions	between	the	oxygen	and	phosphorus	atoms	of	TPP	
and	the	amino	and	hydroxyl	groups	of	ChS.	Figure	10	shows	four	configurations,	parallel	
and	 perpendicular	 (Figure	 10a,	 b,	 respectively),	 demonstrating	 the	 strongest	 interactions	
between	 the	 completely	 deprotonated	TPP	 anion	 (P3O10

5–)	 and	 the	 protonated	TPP	 anion	
(H4P3O10

–),	as	well	as	ChS	chains	containing	protonated	amino	groups	(–NH3
+,	Figure	10c,	d).

(a)

(b)
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(c)

(d)

Figure 10. Calculated	 configurations	 for	 the	 interaction	 between	 the	 chitosan	 (ChS)	
pentamer	 and	 (a,	 b)	 deprotonated	 sodium	 tripolyphosphate	 (TPP,	 P3O10

5–) 
and	(c,	d)	protonated	TPP	(H4P3O10

–): (a) a parallel interaction involving one  
–NH3

+
 group	 and	 one	 –CH2OH	 group;	 (b)	 a	 perpendicular	 interaction	

involving	 two	 –NH3
+	 groups	 and	 one	 –CH2OH,	 the	 local	 energy	 minimum	 

with	 the	 ionic	 cross-linking	 configuration;	 (c)	 one	 –NH3
+ group of ChS  

is	involved	in	the	interaction;	and	(d)	one	–NH3
+	group	and	one	–CH2OH	group	

of	ChS	are	involved	in	the	interaction	(both	intra-	and	intermolecular	hydrogen	
bonds	are	shown).	Hydrogen	atoms	are	white,	nitrogen	atoms	are	blue,	oxygen	
atoms	are	red,	carbon	atoms	are	grey	and	phosphorus	atoms	are	pink.

We	 calculated	 the	 interaction	 energy	 for	 the	 parallel	 interaction	 –	 the	 average	 distance	 
of	the	TPP	oxygen	atoms	and	the	ChS	nitrogen	atoms	(two	–NH3

+ groups of ChS participate 
in	 the	 interaction)	–	and	for	 the	perpendicular	 interaction	–	 the	oxygen	and	phosphorus	
atoms	 of	 the	TPP	 and	 amino	 and	 hydroxyl	 groups	 of	 ChS	 nitrogen	 (one	 –NH3

+ group  
of ChS participates in the interaction). Figure 11 shows the change in the interaction energy 
as	a	function	of	the	distance	between	the	interacting	atoms.
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(a)

(b)

Figure 11. (a)	 The	 change	 in	 the	 interaction	 energy	 of	 the	 deprotonated	 sodium	
tripolyphosphate	 (TPP)	 polyanion	 (P3O10

5–) for the parallel approach  
(red	line)	and	the	perpendicular	approach	(blue	line)	on	the	distance	between	
the	 outermost	 oxygen	 atom	 of	 TPP	 and	 the	 nearest	 nitrogen	 atom	 of	 ChS.	 
(b)	The	change	in	the	interaction	energy	of	the	initially	protonated	TPP	anion	
(H4P3O10

–)	for	the	perpendicular	approach	depending	on	the	distance	between	
the interacting atoms.

We	 calculated	 the	 interaction	 energy	 within	 the	 framework	 of	 the	 gas	 phase	 model	 
of	solvation	and	applied	BSSE	corrections.	We	set	the	charge	of	the	ChS	pentamer	to	5e,	
that	is,	with	fully	protonated	amino	groups.	The	maximum	interaction	energy	at	the	local	
minimum	of	the	perpendicular	configuration	is	50.4	kcal/mol.	The	interaction	energy	curve	
becomes	very	steep	at	a	close	distance	of	interacting	O···N	atoms	of	<	3.3	Å.	At	2.75	Å,	
the	transfer	of	a	proton	from	the	amino	group	of	ChS	to	TPP	reduces	the	interaction	energy	
to	28.3	kcal/mol.	The	configuration	with	a	global	maximum	interaction	has	a	maximum	
interaction	 energy	 of	 69.4	 kcal/mol.	 This	 energy	 also	 decreases	 at	 a	 close	 distance	 
(O···N	≈	2.77	Å)	after	double	proton	transfer,	in	this	case	to	33.5	kcal/mol.	Each	of	these	
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two	proton	 transfers	 occurs	 between	 the	TPP	polyanion	 and	one	of	 the	 two	 interacting	
amino	groups	(i.e.	one	transfer	of	the	proton	to	ChS	amino	group).	In	both	cases,	the	drop	 
in	 the	 interaction	 energy	 is	 due	 to	 proton	 transfer;	 hence,	 the	 interaction	 energy	 
is	 significantly	 higher	 than	 the	 corresponding	 value	 in	 the	 case	 of	 a	 perpendicular	
configuration,	but	not	twice	as	large	as	might	be	expected.	

These	 findings	 can	 be	 explained	 by	 two	 facts.	 First,	 the	 electrostatic	 component	 
of	the	interaction	decreases	unevenly	during	sequential	proton	transfer	by	approximately	 
[25	–	(5	–	n)2]	for	the	n-th	proton	transfer.	Second,	structural	relaxation	occurs;	in	this	regard,	
the	 process	 corresponds	 to	 adiabatic	 proton	 transfer.	 In	 both	 cases,	 the	 final	maximum	
interaction	energy	is	significantly	higher	than	what	would	be	expected	from	the	formation	
of	 a	 single	O···HN	 hydrogen	 bond.	 In	 addition	 to	 the	 electrostatic	 component,	 a	 high	
interaction	energy	also	results	in	part	from	long-range	and	weaker	secondary	interactions	
that	occur	between	 the	alternative	oxygen	atom	of	TPP	and	 the	nearby	hydroxyl	group	 
of	ChS.	We	also	considered	the	pH	dependence	when	including	the	protonated	TPP	anion	
in	 the	 calculation.	To	do	 this,	 in	 addition	 to	PES	 scan	 calculations	of	 the	 deprotonated	
TPP	 anion,	 we	 also	 performed	 a	 similar	 calculation	 for	 the	 perpendicular	 approach	 
for	 the	 protonated	 TPP	 anion	 (H4P3O10

–;	 Figure	 11b).	 In	 contrast	 to	 the	 previous	
calculation	with	the	deprotonated	TPP	anion,	 the	protonated	TPP	anion	does	not	 induce	
the	transfer	of	the	proton	from	the	protonated	amino	group	at	a	close	range.	In	addition,	
the	calculated	maximum	interaction	energy	is	–12.8	kcal/mol,	which	is	significantly	lower	 
than	 in	 the	previous	 case,	 but	 higher	 than	what	would	be	 expected	 from	 the	 formation	 
of	a	single	O···HN	hydrogen	bond	[39].

Figure 12. Cross-linked	 chitosan	 pentamers	 with	 initially	 deprotonated	 sodium	
tripolyphosphate. 

After	 identifying	 the	 maximum-interaction	 configurations	 and	 the	 corresponding	
energies	 for	 the	 two	 TPP	 anions,	 we	 investigated	 two	 CS	 pentamers	 cross-linked	 
with	the	deprotonated	TPP	anion.	Although	the	CS	oligomers	are	initially	oriented	parallel	 
to	each	other,	in	every	case	their	final	orientation	is	such	that	the	planes	defined	by	their	
chain	axes	and	 the	TPP	primary	axis	 form	a	dihedral	angle	of	120–135°.	This	situation	
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induces	a	bias	in	the	orientation	of	the	cross-linked	CS	pentamers	that	is	expected	to	affect	
the	 NP	 formation	 mechanism,	 especially	 at	 low	 TPP	 concentrations.	 Figure	 12	 shows	 
the	optimal	configuration	for	the	ChS	pentamers.	The	two	planes	correspond	to	a	ChS	chain	 
and	the	TPP	anion	as	described	above;	they	form	a	dihedral	angle	of	127.4°

4. Conclusions
We	showed	that	the	ChS	concentration	(0.5–10	mg/ml)	has	a	great	influence	on	the	size	 
of	ChS	NPs	when	synthesised	using	ionotropic	gelation.	When	the	concentration	increases	
from	0.5	to	10	mg/ml,	the	size	increases	from	100	to	300	nm	while	maintaining	all	other	
parameters	of	the	reaction.	Thus,	an	increase	in	the	ChS-to-TPP	ratio	corresponds	to	a	low	
cross-linking	density	and	ensures	slower	kinetics	of	NP	formation	alongside	the	formation	
of	large	ChS/TPP	associates.	The	pH	of	the	medium	also	greatly	influences	the	kinetics	
of	NP	formation:	the	size	increases	almost	threefold,	from	123	to	388	nm,	when	the	pH	
increases	from	3.8	to	4.7.	Finally,	the	synthesis	time	also	affects	the	size	of	ChS	NPs:	there	
is	 a	 slight	 agglomeration	of	NPs	when	 increasing	 the	 time	 from	4	 to	24	h.	Apparently,	 
with	an	increase	in	the	synthesis	time,	it	is	necessary	to	increase	the	ChS-to-TPP	ratio.

We	performed	DFT	calculations	to	quantify	the	intermolecular	interactions	responsible	
for	 the	 ionic	 cross-linking	 of	 ChS	 with	 TPP	 and	 identified	 the	 functional	 groups	
responsible	for	the	interaction.	Based	on	PES	scanning,	the	maximum	interaction	energy	 
is	69.4	kcal/mol	for	the	initially	deprotonated	TPP	anion,	decreasing	to	33.5	kcal/mol	after	
the	adiabatic	 transfer	of	 the	proton	 to	 the	protonated	TPP	anion.	We	found	a	maximum	
interaction	energy	of	–12.8	kcal/mol	for	the	initially	protonated	TPP	anion.	The	electrostatic	
interaction	between	ChS	and	TPP	 leads	 to	a	compound	 that	 can	be	used	 to	obtain	NPs	 
and	surface	modification	of	films.	
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Abstract
This study reports a stepwise formation method of a chitosan membrane cross-linked 
with o-phthalaldehyde and its use as a polymer matrix in a quasi-solid-state-electrolyte-
based supercapacitor. The proposed method of cross-linking in chitosan solution  
and evaporation of the solvent yielded a homogeneous and durable  
chitosan-o-phthalaldehyde membrane, which, after dipping in an aqueous 2 M lithium  
sulfate solution, formed a quasi-solid-state-electrolyte (CS/OPAQSSE). The prepared 
CS/OPA-QSSE was then used in an electric double layer capacitor (EDLC) cell to study  
its electrochemical properties. The electrochemical performance of the EDLC cell  
was determined by using the electrochemical impedance spectroscopy, cyclic voltammetry 
and galvanostatic charging/discharging techniques. The results showed that the EDLC cell  
with the CS/OPA-QSSE is a fully functional and efficient device. The specific capacitance  
values calculated for the CS/OPA-QSSE EDLC (up to 115 F g–1) always surpassed  
the reference cell based on a commercial glass fibre separator Therefore, the proposed 
chitosan modification can be considered as a future alternative to produce other 
polysaccharide-based materials for electrochemical use.
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1. Introduction
To	meet	 the	newest	strict	environmental	regulations	[1–3],	both	science	and	technology	
are	becoming	even	more	focused	on	the	potential	use	of	renewable	materials	in	all	fields.	
The	 reasonable	demands	of	 sustainable	 chemistry	 to	design	 energy	 storage	devices	has	
led	 to	 the	 recognition	 of	 polysaccharides	 as	 a	 promising	 option	 for	 the	 replacement	 
of	components	made	from	conventional	polymer	materials	[4,	5].	Among	them	is	the	highly	
abundant	marine	polysaccharide	chitin,	which	has	been	widely	studied	for	its	nontoxicity,	
biodegradability	and	biocompatibility	[6,	7].	At	the	same	time,	chitosan	(CS,	the	derivative	
of	 chitin),	 which	 shows	 good	 solubility	 in	 aqueous	 solvents,	 has	 attracted	 even	 more	
attention	in	hydrogel	science	due	to	its	ease	of	processing	and	chemical	modification	[8,	9].	
Unfortunately,	to	form	dimensionally	stable	and	mechanically	durable	CS-based	hydrogels,	
this	 aminopolysaccharide	 has	 to	 be	 cross-linked	 [8–11].	 Among	 all	 varieties	 of	 CS	 
cross-linkers,	 the	 dialdehydes	 (e.g.	 glutaraldehyde	 and	 glyoxal)	 are	 the	 most	 widely	
used	 because	 permanent	 imine	 bonds	 can	 be	 formed	 easily	 with	 the	 neighbouring	 CS	
polymeric	chains	[12,	13].	Despite	the	dominance	of	glutaraldehyde	as	the	most	common	
modifier	of	CS,	using	different	types	of	CS	cross-linking	agents	may	impact	the	hydrogel	
physicochemical	properties;	therefore,	it	is	possible	to	tailor	the	CS	hydrogel	for	different	
applications	by	simply	changing	its	cross-linker	[14,	15].	

In	 the	 electrochemical	 capacitor	 research	 field,	 one	 of	 the	 leading	 innovations	 
developed	 to	 increase	 the	 electrochemical	 performance	 of	 these	 devices	 
is	 a	 quasi-solid-state	 electrolyte	 (QSSE)	 [16,	 17].	 These	 solid	 polymer	 matrices	 have	 
a	liquid	electrolyte	trapped	inside	the	polymer	chain	interspaces	and	use	polysaccharides	 
of	 natural	 origin	 (e.g.	 chitin,	 cellulose	 and	 CS)	 as	 a	 matrix	 and	 an	 aqueous	 solution	 
of	 inorganic	 salt	 as	 the	 dispersed	 phase.	 They	 represent	 a	 promising	 green	 alternative	 
to	 conventional	 solid	 polymer	 electrolytes	 [18,	 19].	 CS	 hydrogels	 have	 been	
reported	 as	 QSSEs	 for	 supercapacitors;	 they	 exhibit	 good	 electrochemical	 properties	 
and	 specific	 capacitance,	 even	 superior	 to	 devices	 with	 commercially	 used	 separators	
[20].	Moreover,	the	CS	cross-linker	type	exerts	a	significant	influence	on	electrochemical	
capacitor	performance	[21].

Figure 1. Schematic	 illustration	 of	 chitosan	 chemical	 cross-linking	 using	 
o-phthalaldehyde	[22].

This	 study	 aimed	 to	 develop	 an	 electrochemical	 capacitor	 employing	 a	 QSSE	 based	 
on o-phthalaldehyde	(OPA)	cross-linked	CS	matrix	and	an	aqueous	lithium	sulfate	(LiSO4) 
solution	as	a	dispersed	phase.	It	tested	the	hypothesis	that	OPA	represents	a	replacement	 
for	 glutaraldehyde	 in	 terms	 of	 cross-linking	 of	 the	 CS	 matrix	 (Figure	 1)	 
and	 that	 the	 introduction	 of	 the	 aromatic	 ring	 with	 delocalised	 electrons	 into	 
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the	 biopolymer	 chains	 interspaces	 exerts	 a	 positive	 impact	 on	 the	 electrochemical	
performance	 of	 a	QSSE-based	 supercapacitor.	The	 prepared	 supercapacitor	 device	was	
evaluated	 with	 advanced	 electrochemical	methods	 and	 compared	 with	 a	 reference	 cell	
containing a commercial separator.

2. Materials and Methods
2.1. Chemicals
Medium-molecular-weight	CS	in	the	form	of	flakes	was	purchased	from	Sigma-Aldrich	(USA)	 
and	dried	before	use	(72	h	at	105°C).	This	polysaccharide	had	a	degree	of	deacetylation	 
of	 83%	 ±	 3%	 and	 viscosity	 of	 3.6	 cP	 in	 a	 2	 wt%	 solution	 in	 1%	 acetic	 acid	 (25°C).	 
OPA	 (≥	 99.0%)	 was	 purchased	 from	 Sigma-Aldrich	 and	 used	 for	 CS	 cross-linking.	 
Acetic	 acid	 (≥	 99.5%)	 and	 anhydrous	 Li2SO4	 (≥	 98.5)	 were	 also	 procured	 
from	 Sigma-Aldrich	 and	 used	 as	 received.	 Moreover,	 re-distilled	 water	 was	 used	 
to	prepare	all	aqueous	solutions.

2.2. Preparation of o-Phthalaldehyde Cross-linked Chitosan Matrix
A	CS-based	membrane	modified	by	OPA	was	used	 to	 synthesise	a	QSSE	as	a	polymer	
matrix	and	prepared	as	follows	(Figure	2).	First,	a	2	wt%	CS	solution	in	1	wt%	aqueous	
acetic	acid	was	prepared	by	dispersing	an	appropriate	quantity	of	dry	CS	flakes	in	acetic	
acid.	The	mixture	was	stirred	at	37°C	for	7	days	to	obtain	a	transparent,	yellowish	solution	
without	 solid	 residues.	 Next,	 the	 cross-linking	 process	 was	 initiated	 by	 mixing	 6	 g	 
of	homogeneous	CS	solution	with	0.68	g	of	0.10	wt%	aqueous	OPA	solution	(to	obtain	 
0.5	×	10–5	mol	of	OPA)	and	stirred	for	1	h	at	25°C.	The	homogeneous	solution	was	hot-cast	
on	a	poly(propylene)	plate	and	incubated	for	24	h	at	37°C	to	evaporate	the	solvent.

Figure 2. Preparation	 of	 the	 o-phthalaldehyde	 cross-linked	 chitosan	 membrane	 
(CS/OPA).
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This	 process	 yielded	 a	 slightly	 blurred,	 yellow	 CS/OPA	 membrane.	 It	 was	 carefully	
immersed	in	a	water–ethanol	bath	(1:3,	v/v)	to	remove	acetic	acid	residues	and	redundant	
OPA	particles	and	then	dried	for	24	h	at	37°C.

2.3. Preparation of an o-Phthalaldehyde Cross-Linked Chitosan Membrane 
Quasi-Solid-State Electrolyte 

The	CS/OPA-QSSE	was	prepared	by	immersing	a	dry	CS/OPA	matrix	 in	a	2	M	Li2SO4	
aqueous	 solution	 for	 24	 h	 at	 25°C.	 After	 the	 incubation,	 the	 hydrogel	 electrolyte	 
was	carefully	removed.

2.4. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
Attenuated	 total	 reflectance	 Fourier-transform	 infrared	 (ATR-FTIR)	 spectroscopy	 
was	used	to	identify	possible	changes	in	the	CS	polymer	chain	functional	groups	caused	
by	 cross-linking	 by	 OPA;	 this	 technique	 enables	 the	 non-destructive	 examination	 
of	the	sample.	ATR-FTIR	spectra	were	recorded	on	a	Vertex	70	Series	FTIR	spectrometer	
(Bruker,	Germany)	with	a	wave	number	range	of	4000–500	cm–1 (resolution of 1 cm–1). 
Before	examination,	the	samples	were	dried	to	the	constant	mass	at	37°C.

2.5. Atomic Force Microscopy
The	 topography	 and	 nanomechanical	 properties	 of	 the	 dry	 CS/OPA	 membrane	 
were	determined	using	atomic	 force	microscopy	 (AFM).	The	 three-dimensional	 images	 
of	 the	 sample	 surface	 were	 recorded	with	 an	NX10	microscope	 (Park	 Systems,	 South	
Korea).	The	examined	surface	area	was	20	×	20	μm,	scanned	with	512	 lines	per	 image	 
and	an	non-contact	mode	scan	speed	set	at	approximately	0.3–0.4	Hz.	The	nanomechanical	
properties	(adhesion	force,	energy	dissipation	and	Young’s	modulus)	of	the	dry	CS/OPA	
membrane	were	examined	in	the	PINPOINT™	mode.	All	measurements	were	performed	
at	23°C,	and	the	resulting	data	were	analysed	using	the	open-source	Gwyddion	software	
and	XEI	(Park	Systems)	AFM	analysis	programs.

2.6. Contact Angle Measurements 
The	wettability	 and	 surface	 free	 energy	 of	 the	 dry	CS/OPA	membrane	were	 examined	 
by	 static	 contact	 angle	 measurements,	 with	 ethylene	 glycol	 and	 diiodomethane	 
as	 the	 polar	 and	 dispersion	 components,	 respectively.	Measurements	 were	made	 using	 
a	sessile	drop	technique	at	25°C	with	a	DSA100E	Drop	Shape	Analyzer	(KRÜSS,	Germany).	
The	surface	free	energy	was	calculated	using	the	Owens–Wendt–Rabel–Kaelble	model.

2.7. Swelling Test
The	 degree	 of	 swelling	 (DS)	 of	 the	 CS/OPA	 membrane	 in	 an	 aqueous	 environment	 
was	determined	using	a	2	M	Li2SO4	aqueous	solution.	First,	 a	10-mm	disc	was	cut	out	 
from	the	dry	CS/OPA	membrane	and	weighed	with	an	analytical	scale	(model	AS	110.R2,	
Radwag,	Poland).	Next,	the	sample	was	soaked	in	2.0	cm3 of a 2 M Li2SO4	aqueous	solution	 
for	 94	 h.	After	 specified	 times	 (10,	 20	 and	 30	min,	 and	 1,	 2,	 4,	 8,	 24,	 48	 and	 96	 h),	 
the	sample	was	removed	from	the	electrolyte,	carefully	cleaned	of	the	excess	surface	liquid	
with	filter	paper	and	weighed.	DS	was	calculated	using	equation	(1):	

𝐷𝐷 𝑚𝑚 − 𝑚𝑚
𝑚𝑚d

w d × 100%𝑆𝑆 = (1)

where mw	 is	 the	 mass	 of	 the	 wet	 sample	 and	 md	 is	 the	 mass	 of	 the	 dry	 sample.	 
All	measurements	were	performed	at	23°C.
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2.8. Ionic Conductivity Measurements
The	 ionic	 conductivity	 of	 the	 CS/OPA-QSSE	 was	 investigated	 with	 electrochemical	
impedance	 spectroscopy	 (EIS).	 The	 CS/OPA-QSSE	 sample	 (a	 disc	 with	 a	 diameter	 
of	 5	 mm)	 in	 the	 equilibrium	 state	 after	 swelling	 in	 a	 2	 M	 Li2SO4	 aqueous	 solution	 
for	 24	 h	 was	 placed	 between	 two	 platinum	 blocking	 electrodes	 within	 a	 test	 vessel	 
(a	 detailed	 description	 of	 the	 ionic	 conductivity	 test	 vessel	 is	 included	 in	 a	 previous	 
publication	 [23]).	All	measurements	were	 performed	 at	 25°C	 and	 in	 a	 frequency	 range	
from	100	kHz	to	1	Hz	with	a	potential	amplitude	of	10	mV.	The	ionic	conductivity	(σ)	 
of	the	investigated	CS/OPA-QSSE	was	calculated	using	equation	(2):

𝜎𝜎 ts
A×𝑅𝑅

 = (2)

where ts	is	the	thickness	of	the	swollen	QSSE,	A	is	the	surface	area	of	the	working	electrode	
(0.0177 cm2)	and	R	is	the	resistance	of	the	sample.

2.9. Assembly of an Electric Double Layer Capacitor Test Cell
The	 applicability	 of	 the	 CS/OPA-QSSE	 as	 a	 hydrogel	 electrolyte	 for	 supercapacitors	 
was	evaluated	in	an	electric	double	layer	capacitor	(EDLC)	test	cell.	The	symmetric	EDLC	
cell	was	assembled	using	a	two-electrode	vessel	produced	by	Swagelok	(USA)	(Figure	3).	

Figure 3. Schematic	view	of	the	electric	double-layer	capacitor	assembled	in	this	study	
using	the	Swagelok®	system.	Abbreviation:	CS/OPA-QSSE,	o-phthalaldehyde	
cross-linked	chitosan	membrane	quasi-solid-state	electrolyte.

Activated	 carbon	 cloth	 (2000	 m2 g−1,	 No	ACC-507-20,	 Kynol,	 Japan)	 and	 gold	 discs	
were	used	as	electrodes	and	current	collectors,	respectively.	The	electrodes	were	shaped	 
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as	 discs	 (diameter	 =	 6	 mm),	 and	 the	 mass	 of	 a	 single	 electrode	 was	 4.8	 mg;	 
the	CS/OPA-QSSE	was	also	cut	into	6-mm	discs	and	placed	between	them.	The	reference	
EDLC	cell	with	a	commercial	glass	fibre	separator	(pore	diameter	=	1.6	µm	and	thickness	
=	 0.3	 mm,	 Whatman	 GF/A,	 UK)	 was	 assembled	 using	 the	 same	 electrode	 material,	 
2 M Li2SO4	solution	as	a	liquid	electrolyte	and	a	two-electrode	Swagelok	vessel.

2.10. Electrochemical Measurements 
The	 EDLC	 cell	 electrochemical	 performance	 was	 examined	 with	 various	 advanced	
electrochemical	 techniques,	 including	 electrochemical	 impedance	 spectroscopy	 (EIS),	
cyclic	voltammetry	(CV)	and	galvanostatic	charge/discharge	(GCD).	EIS	was	performed	
using	a	μAutoLab	FRA2	type	III	electrochemical	system	(EcoChemie,	 the	Netherlands)	
in	 the	 frequency	 range	 from	 100	 kHz	 to	 0.01	 Hz,	 with	 a	 sinusoidal	 excitation	 signal	 
of	 amplitude	 10	 mV.	 CV	 measurements	 were	 realised	 using	 the	 same	
electrochemical	 system	 in	 the	 potential	 range	 of	 0–0.8	V	 and	with	 different	 scan	 rates	 
(5–100	mV	s−1).	GCD	was	carried	out	at	a	constant	current	of	5	mA	with	the	cell	voltage	 
stepped	 from	 0	 to	 0.8	 V,	 using	 a	 Interface	 5000	 (Gamry	 Instruments,	 USA).	 
All	electrochemical	measurements	were	performed	at	25°C.

3. Results and Discussion
3.1. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
Figure	4	presents	the	ATR-FTIR	spectra	obtained	for	CS	standard	powder	and	the	CS/OPA	
membrane.	

Figure 4. Attenuated	 total	 reflectance	 Fourier-transform	 infrared	 spectra	 of	 chitosan	
standard	 powder	 (CS,	 black	 curve)	 and	 the	 chitosan/o-phthalaldehyde	 
(CS/OPA)	membrane	(purple	curve).
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The	 reference	 sample	 spectrum	 (Figure	 4,	 black	 curve)	 features	 characteristic	 bands	 
for	CS,	including	amide	I	at	1654	cm–1	(νC═O),	amide	III	at	1325	cm–1	(νC―N)	and	the	band	 
at	around	898	cm–1	(νC―O―C	bridge)	[14,	24,	25].	Moreover,	there	is	a	distinctive	band	 
at	 1584	 cm–1	 attributed	 to	 the	N―H	 in-plane	 bending	 vibrations	 of	 the	 primary	 amine	
group.	A	 detailed	 analysis	 of	 the	 CS/OPA	membrane	 spectrum	 (Figure	 4,	 purple	 line)	
reveals	 absorption	 peaks	 that	 correspond	 with	 the	 reference	 sample.	 However,	 their	
wavelengths	are	shifted	slightly	and	the	intensity	is	markedly	lower,	which	is	a	frequent	
phenomenon	observed	in	the	spectra	of	heavily	processed	CS	materials	[8,	14,	21,	24,	25].	
The	cross-linking	process	caused	significant	changes	in	both	the	wavelength	and	intensity	 
of	the	band	at	1559	cm–1,	which	most	probably	corresponds	to	the	amide	II	(δN―H)	vibrations	 
of	 the	 residual	N-acetyl	 groups	 [24].	 Such	 a	 band	 confirms	 the	 imine	 bond	 formation	 
between	CS	polymeric	chains	and	OPA.	In	this	reaction,	the	amine	groups	are	consumed	 
(Figure	1);	thus,	the	characteristic	band	of	amide	II	(overlapped	in	the	reference	sample	
spectrum	by	the	δNH3

+	vibrations	of	the	primary	amine	group)	can	be	distinguished.

3.2. Atomic Force Microscopy Characterisation 
The	 topography	 of	 the	 CS/OPA	 membrane	 in	 the	 dry	 state	 and	 the	 nanomechanical	
properties	were	examined	with	AFM	(Figure	5).	The	thickness	of	the	investigated	sample	
in	the	dry	state	was	30	±	1	μm.	

Figure 5. The	 atomic	 force	 micrographs	 show	 (A)	 the	 surface	 topography	 
of	 the	 chitosan/o-phthalaldehyde	 membrane	 and	 (B)	 the	 distribution	 
of	Young’s	modulus	on	the	membrane	surface.

The	 general	 topography	 of	 the	 CS/OPA	 membrane	 (Figure	 5A)	 shows	 a	 relatively	
homogeneous	 and	 fine-grained	 surface	 with	 an	 average	 height	 of	 64.5	 nm,	 
an	average	grain	radius	of	64.5	±	2.8	nm	and	a	mean	roughness	parameter	of	30.74	nm,	 
which	are	within	the	wide	range	of	published	values	for	various	cross-linked	CS	membranes	
[9,	 26,	 27].	 However,	 a	 few	 higher	 spots	 are	 visible	 (Figure	 5A),	 and	 the	 maximum	
height	analysis	yielded	an	hmax	value	of	258.1	nm,	which	may	be	caused	by	the	presence	 
of	 insoluble	 residues	of	biomineralised	crustacean	shell	or	micro	air	bubbles	congealed	
during	the	solvent	evaporation	process.	

The	 nanomechanical	 properties	 –	 adhesion	 force,	 energy	 dissipation	 and	 Young’s	
modulus	–	were	also	investigated.	The	average	adhesion	force	and	energy	dissipation	were	
1.85	±	0.21	nN	and	0.85	±	0.03	 fJ,	 respectively.	Young’s	modulus	 showed	 a	 relatively	
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regular	 distribution	 of	 values	 across	 the	 captured	 image	 (Figure	 5B),	 with	 an	 average	
of	512.0	±	2.2	GPa.	Further	detailed	 analysis	 revealed	 that	 similarly	 to	 the	 topography	
image,	there	are	a	few	areas	characterised	with	lower	Young’s	modulus	on	the	membrane	
surface.	Interestingly,	these	areas	correspond	to	the	spots	of	inhomogeneity	found	across	
the	 topography	 image	 (Figure	 5A)	 and	 suggest	 that	 even	 small	 solid	 inclusions	within	 
the	CS-based	membrane	may	impact	the	polymer	matrix’s	mechanical	properties.

3.3. Surface Free Energy 
Measurement	of	the	contact	angle	is	widely	used	to	determine	the	wettability	of	polymer	
membranes	 and	 matrices	 [23,	 28].	 In	 the	 present	 study,	 it	 was	 measured	 to	 obtain	 
a	preliminary	evaluation	of	the	applicability	of	the	CS/OPA	matrix	in	polar	and	non-polar	
liquid	 electrolytes.	 Figure	 6	 presents	 a	 detailed	 view	 of	 the	 contact	 angles	 and	 shapes	 
of	liquid	droplets	(ethylene	glycol	and	diiodomethane)	on	the	CS/OPA	membrane.

Figure 6. Estimated	 equilibrium	 contact	 angles	 for	 the	 chitosan/o-phthalaldehyde	
membrane	with	(A)	ethylene	glycol	and	(B)	diiodomethane	as	a	drop	of	liquid.

The	 drop	 shape	 analysis	 revealed	 that	 the	 CS/OPA	 membrane	 was	 well	 wetted	 
by	 the	 non-polar	 liquid	 (Figure	 6B,	 contact	 angle	 =	 36.6°)	 and	 wetted	 slightly	 less	 
by	the	polar	liquid	(Figure	6A,	contact	angle	=	56.0°).	Because	unmodified	CS	membranes	 
are	often	characterised	in	the	literature	as	extremely	wettable	by	water,	it	can	be	assumed	
that	 cross-linking	 CS	 with	 OPA	 decreased	 its	 hydrophilic	 character	 [8,	 9,	 21,	 28].	 
The	 surface	 free	 energy	 dispersive	 and	 polar	 components	 calculated	 for	 the	 CS/OPA	 
membrane	 (41.8	 and	 0.7	 mN	 m–1,	 respectively)	 also	 confirmed	 that	 covalent	 
cross-linking	of	CS	reduced	its	hydrophilicity,	possibly	by	due	to	the	increase	in	London	 
forces	 [8,	 29].	Thus,	 the	 results	 suggest	 that	CS	cross-linked	with	OPA	might	be	 applied	 
for	 both	 aqueous	 and	 non-aqueous	 electrolyte	 systems	 and	 simultaneously	 eliminate	 
the	excessive	swelling	hazard.

3.4. Degree of Swelling and Ionic Conductivity Measurements 
The	 electrolyte	 uptake	 test	 (25°C,	 2	M	 Li2SO4)	 provided	 essential	 data	 for	 evaluating	
the	 effectiveness	 of	 the	 cross-linking	 process	 and	 possible	 application	 of	 the	 CS/OPA	
membrane	as	a	QSSE	polymer	matrix.	The	non-cross-linked	CS	membrane	was	utilised	
as	 a	 reference	 sample,	 and	 the	 results	 of	 this	 test	 are	 shown	 in	 Figure	 7.	 Analysis	 
of	 the	 DS	 versus	 time	 dependency	 graph	 registered	 for	 the	 unmodified	 CS	membrane	
revealed	an	extremely	high	DS	(up	to	250%	by	mass,	96	h),	which	unambiguously	implies	
that	without	cross-linking	of	its	polymer	structure,	CS	is	not	applicable	as	a	QSSE	matrix	
due	to	the	excessive	swelling	and	possible	electrolyte	leakage.	
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Figure 7. The	 degree	 of	 swelling	 (DS)	 versus	 time	 in	 a	 2	 M	 lithium	 sulfate	
(Li2SO4)	 aqueous	 solution	 of	 unmodified	 chitosan	 membrane	 (CS)	 
and	the	chitosan/o-phthalaldehyde	(CS/OPA)	membrane.

The	 swelling	 curve	obtained	 for	 the	CS/OPA	membrane	 featured	 a	 typical	 cross-linked	
CS	 shape,	 where	 immediately	 after	 the	 sample	 contact	 with	 neutral	 aqueous	 media,	
there	 was	 a	 dynamic	 increase	 in	 DS.	 This	 effect	 is	 attributed	 to	 the	 osmotic	 pressure	 
and	the	diffusion	of	water	molecules	into	the	polymer	network	[26,	30].	Next,	a	small	drop	
in	DS	can	be	observed,	indicating	the	relaxation	of	hydrated	CS	chains.	Finally,	the	polymer	
network	expands	into	the	solvent	until	swelling	forces	balance	the	osmotic	pressure	and	 
the	 CS-based	 hydrogel	 reaches	 its	 equilibrium	 state	 [26,	 27,	 30].	 The	 maximum	 DS	
measured	for	the	CS/OPA	hydrogel	was	135%	by	mass	(after	24	h),	and	the	equilibrium	DS	
was	112%	by	mass	(after	96	h);	both	are	significantly	lower	than	the	respective	parameters	
of	the	reference	sample	(Figure	7).	Therefore,	the	CS/OPA	membrane	used	in	this	study	
should	 be	 recognised	 as	 a	 possible	 QSSE	 polymer	 matrix	 due	 to	 its	 well-stabilised	 
three-dimensional	polymer	chain	network	and	balanced	swelling	behaviour.

One	 of	 the	 most	 essential	 factors	 describing	 a	 QSSE	 is	 its	 ionic	 conductivity.	 
A	 reduction	 in	 electrolyte	 absorption	 below	 a	 certain	 level	 will	 negatively	 impact	 
this	 parameter	 [21,	 31].	 Table	 1	 presents	 the	 ionic	 conductivity,	 thickness	 and	 bulk	
resistance	of	the	standard	glass	fibre	separator	soaked	in	the	2	M	Li2SO4	aqueous	solution	 
and	 hydrogel	 electrolyte	 used	 in	 this	 study.	 Based	 on	 EIS,	 the	 ionic	 conductivity	 
for	CS/OPA	QSSE	was	26.1	S	cm–1,	which	is	comparable	to	other	polysaccharide-based	
hydrogel	electrolytes	[21,	23,	32–37].

Table 1. The	ionic	conductivity	(σ),	bulk	resistance	(R),	thickness	in	the	swollen	state	(ts) 
and	equivalent	circuit	(EC)	used	in	the	electrochemical	impedance	spectroscopy	
fitting	method.	

Electrolyte σ [mS cm–1] R [Ω] ts [cm] EC
CS/OPA-QSSE 26.1 15.8	±	0.8 0.0073	±	0.0001 R1(R2CPE)
Whatman	GF/A 58.3 11.9	±	0.4 0.0123	±	0.0001 R1(R2CPE)

Note.	 Abbreviation:	 CS/OPA-QSSE,	 o-phthalaldehyde	 cross-linked	 chitosan	 membrane	 
quasi-solid-state	electrolyte.
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3.5. Electrochemical Studies 
The	applicability	of	the	CS/OPA-QSSE	as	a	component	of	a	supercapacitor	was	evaluated	
using	standard	electrochemical	methods,	namely	EIS,	CV	and	GCD.	Moreover,	the	EDLC	
was	selected	as	the	best	system	for	the	electrochemical	performance	tests	of	the	CS-based	
hydrogel	electrolyte.	

Figure	 8A	 and	 8B	 display	 the	 Nyquist	 plots	 for	 the	 CS/OPA-QSSE	 capacitor	 
and	 the	Whatman	 GF/A	 reference	 cell,	 respectively,	 before	 the	 GCD	 test.	 The	 shapes	 
of	the	registered	EIS	spectra	for	both	investigated	devices	fit	well	with	the	typical	EDLC	
characteristics,	 including	 the	 ability	 to	 see	 the	 visible	 arc	 in	 the	 high-frequency	 area	 
and	a	straight	line	parallel	to	the	imaginary	part	of	the	impedance	axis	in	the	low-frequency	
range	[16,	19,	38].

Figure 8. Nyquist	 plots	 for	 the	 electric	 double-layer	 capacitor	 with	 (A)	 
the o-phthalaldehyde	 cross-linked	 chitosan	 membrane	 quasi-solid-state	
electrolyte	(CS/OPA-QSSE)	and	(B)	the	Whatman	GF/A	glass	fibre	separator.	
(C)	Evaluation	of	 the	 real	part	of	capacitance	 (C')	versus	 frequency	and	 (D)	 
the	imaginary	part	of	capacitance	(C")	with	characteristic	frequencies.

Further	 detailed	 analysis	 of	 the	 insets	 in	 Figure	 8A	 and	 8B	 provided	 two	 crucial	
parameters: series resistance (RS)	 and	 charge	 transfer	 resistance	 (RCT)	 [16,	 39].	 
RS	is	attributed	to	the	resistance	between	the	working	electrode	and	the	counter	electrode	 
within	the	electrochemical	device;	it	can	be	calculated	by	extrapolating	the	high‐frequency	
part	of	the	EIS	spectra	to	the	condition	Z'	=	0	[16,	39].	RCT	is	associated		with	the	ion	electron	 
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transfer	 resistance	 across	 the	 electrode	 electrolyte	 interface;	 it	 can	 be	 extracted	 
as	 the	 diameter	 of	 the	 first	 semi-circle	 within	 the	 Nyquist	 plot	 [16,	 39].	 Therefore,	 
knowing	 both	 parameters	 provides	 complete	 information	 about	 the	 internal	 resistances	 
within	the	tested	EDLC.	Table	2	provides	the	RS	and	RCT	extracted	from	Figure	8A	and	8B.

Table 2. Series resistance (RS), charge transfer resistance (RCT)	 and	 relaxation	 time	
constant (τ0)	extracted	from	electrochemical	impedance	spectroscopy.

Electric double-layer capacitor RS [Ω] RCT [Ω] τ0 [s]
CS/OPA-QSSE 0.7	±	0.1 0.7	±	0.1 4

Whatman	GF/A	in	2	M	Li2SO4 0.3	±	0.1 0.2	±	0.1 3

Abbreviations:	CS/OPA-QSSE,	o-phthalaldehyde	cross-linked	chitosan	membrane	quasi-solid-state	
electrolyte.
 
Figure	 8C	 and	 8D	 show	 the	 dependence	 of	 real	 (C')	 and	 imaginary	 (C'')	 parts	 
of	capacitance	versus	frequency	registered	for	 the	tested	EDLCs	[38].	Detailed	analysis	 
of	 the	C''(ω)	curves,	 including	determining	 their	peak	frequencies	 (Figure	8D),	allowed	
us	to	calculate	another	crucial	EDLC	parameter,	namely	the	relaxation	time	constant	(τ0), 
which	represents	the	time	during	EIS	needed	for	the	adsorption	and	desorption	of	electrolyte	
ions	in	the	pores	of	carbon	cloth	electrodes	[38,	40].	τ0	was	calculated	with	equation	(3):

𝜏𝜏 = 1
𝑓𝑓  0

0
(3)

where f0	is	the	maximum	of	the	C''(ω)	curve	[38,	40].	The	results	are	presented	in	Table	2.
Summarising	 the	 EIS	 investigation,	 the	 internal	 resistance	 parameters	 calculated	 

for	 the	CS/OPA-QSSE	 test	 cell	were	 relatively	 low	 (RS	 and	RCT	 are	 both	 0.7	 ±	 0.1	Ω)	 
and	 comparable	 to	 the	 published	 values	 for	 other	 polysaccharide-based	 QSSEs	 
[18,	19,	21,	23,	35–37,	41].	However,	it	should	be	noted	that	compared	with	the	Whatman	
GF/A	 reference	 cell	 (RS	 =	 0.3	±	 0.1	Ω	 and	RCT	 =	 0.2	±	 0.1	Ω),	 the	 resistance	 between	 
the	working	electrode	and	counter	electrode	was	nearly	two	times	higher,	a	phenomenon	
that	 corresponds	 	 to	 diminished	 ionic	 conductivity	 of	 the	 CS/OPA-QSSE	 described	 
earlier. Nonetheless, τ0 was	 similar	 for	 both	EDLCs	 (3	 s	 for	 the	 reference	 cell	 and	 4	 s	 
for	 the	 CS/OPA-QSSE);	 hence,	 CS/OPA-QSSE	 should	 exhibit	 good	 capacitive	 
behaviour	[16,	40].	

The	voltammetry	curves	recorded	for	both	tested	EDLCs	(a	sweep	rate	of	10	mV	s–1  
in	 the	 potential	 range	 of	 0–0.8	 V)	 are	 shown	 in	 Figure	 9.	 The	 CS/OPA-QSSE	 cell	
exhibited	 the	 standard	 quasi-rectangular	 shape	 of	 the	 CV	 curve	 with	 no	 visible	 redox	 
peaks	 and	 good	 charge	 propagation	 (Figure	 9A).	 Thus,	 the	 non-Faradic	 nature	 
of	 the	 capacitive	 processes	 during	 the	 cycling	 work	 of	 the	 device	 can	 be	 expected	 
[31,	 33,	 35].	 Interestingly,	 the	 voltammogram	 recorded	 for	 the	 Whatman	 GF/A	
reference	 EDLC	 showed	 nearly	 the	 same	 shape	 as	 the	 CS/OPA-QSSE	 cell,	 consistent	 
with	the	relatively	small	differences	in	the	internal	resistances	of	the	investigated	devices	
based	on	the	EIS	analysis.	

Figure	 9B	 shows	 a	 comparison	 of	 voltammograms	 registered	 after	 10,000	 
charging/discharging	 cycles	 in	 the	 potential	 range	 of	 0–0.8	V.	 In	 general,	 the	 recorded	
CV	 curves	 maintained	 their	 box-type	 shape	 and	 good	 charge	 propagation	 even	 after	 
an	 extended	 GCD	 test,	 which	 indicates	 excellent	 electrochemical	 stability	 
of	the	CS/OPA-QSSE	in	the	operational	voltage	range	[18,	19,	21,	23,	35–37,	41].
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Figure 9. Comparison	 of	 the	 cyclic	 voltammetry	 curves	 recorded	 at	 the	 scan	 rate	 
10 mV s–1	 (A)	 before	 the	 galvanostatic	 charge/discharge	 test	 and	 (B)	 
after	10,000	charging/discharging	cycles.

The	cyclic	repeatability	and	the	specific	discharge	capacitance	(CSP)	of	the	CS/OPA-QSSE	
and	Whatman	GF/A	test	cells	were	estimated	with	the	GCD	method.	Figure	10A	and	10B	
show	the	potential/time	dependency	recorded	for	the	1st	and	10,000th	charging/discharging	
cycles	of	the	investigated	EDLCs.	

Figure 10. Galvanostatic	 charge/discharge	 curves	 at	 the	 1st	 and	 10,000th cycle  
for	the	electric	double-layer	capacitor	test	cells	with	the	(A)	o-phthalaldehyde	
cross-linked	chitosan	membrane	quasi-solid-state	electrolyte	(CS/OPA-QSSE)	
and	(B)	the	Whatman	GF/A	glass	fibre	separator.

All	 registered	 GCD	 profiles	 exhibited	 a	 symmetric	 and	 triangular	 shape	 for	 both	 
the 1st and	 10,000th	 cycle.	 This	 is	 a	 typical	 characteristic	 of	 EDLCs,	 which	 indicates	 
the	 non-Faradaic	 nature	 of	 the	 capacitive	 processes	 within	 the	 device	 [33,	 35,	 41].	 
Unfortunately,	 the	 last	 GCD	 profile	 captured	 for	 the	 CS/OPA-QSSE	 EDLC	 did	 not	 
overlap	 the	 initial	 one,	 which	 suggests	 that	 the	 cyclic	 repeatability	 
of	 the	 CS/OPA-QSSE	 device	 will	 be	 slightly	 diminished.	 Nonetheless,	 the	 observed	 
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phenomenon	(manifested	by	narrowing	the	triangle	base	of	the	GCD	profile)	also	occurred	
for	 the	Whatman	GF/A	reference	cell;	 therefore,	 it	can	be	considered	a	 frequent	EDLC	
problem	caused	by	clogging	of	the	electrode	material	pores	[42].	

Thus,	 the	 GCD	 curves	 of	 the	 CS/OPA-QSSE	 test	 cell	 (Figure	 10A)	 do	 not	 depart	 
from	the	reference	cell	GCD	characteristic	(Figure	10B).	Because	both	feature	relatively	
low	ohmic	drops,	their	specific	capacitance	(CSP)	can	be	calculated	from	equation	(4):

×
𝐶𝐶 =

𝐼𝐼
𝑈𝑈
𝑡𝑡 𝑚𝑚

 d
el

SP

d
(4)

where I	 is	 the	 discharge	 current,	 dU/dt	 is	 the	 slope	 of	 the	 discharge	 curve	 
and	mel	is	the	total	mass	of	the	active	electrode	material.	

The	CS/OPA-QSSE	test	cell	exhibited	the	highest	specific	discharge	capacitance	values	
for the 1st	 and	 10,000th	 cycles	 (115	 and	 103	 F	 g–1,	 respectively).	Although	 the	 specific	
discharge	capacitance	was	slightly	lower	for	the	Whatman	GF/A	cell	(113	and	101	F	g–1  
for the 1st	 and	 10,000th	 cycles,	 respectively),	 the	 electrochemical	 performance	 of	 both	
EDLCs	 may	 be	 described	 as	 comparable	 with	 previous	 data	 published	 for	 analogous	
systems	[33,	37].	

Figure	11	provides	a	visualisation	of	 the	 repeatability	of	 the	CS/OPA-QSSE	EDLC.	
There	 was	 good	 cyclic	 stability	 of	 the	 investigated	 capacitors.	 The	 CS/OPA-QSSE	 
and	 Whatman	 GF/A	 capacitors	 had	 relatively	 high	 capacitance	 retention	 
(89.6%	and	89.4%,	respectively)	[19,	28,	40,	41].	

Figure 11. Cyclic	 stability	 of	 the	 tested	 electric	 double-layer	 capacitors	 over	 10,000	
galvanostatic	 charge/discharge	 cycles.	 Abbreviation:	 CS/OPA-QSSE,	
o-phthalaldehyde	 cross-linked	 chitosan	 membrane	 quasi-solid-state	 
electrolyte.
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Conclusively,	 the	 GCD	 investigation	 of	 the	 CS/OPA-QSSE	 as	 a	 component	 
of	a	supercapacitor	proves	that	despite	its	lower	ionic	conductivity	(over	two	times	lower	
than	for	the	reference	separator	material),	the	electrochemical	performance	of	the	EDLC	
that	contains	it	was	comparable	to	the	reference	cell	with	a	commercial	glass	fibre	separator.	
These	 results	 also	 suggest	 that	 OPA	 as	 a	 CS	 cross-linker	 is	 electrochemically	 stable	 
(within	the	0–0.8	V	potential	window)	and	does	not	cause	redox	reactions	within	QSSE.	
Based	on	a	review	of	the	literature	(Table	3),	the	electrochemical	properties	of	the	investigated	
CS/OPA-QSSE	 capacitor	 are	 in	 the	 range	 of	 previously	 published	 data.	 Moreover,	 
the	specific	capacitance	calculated	for	 the	CS/OPA-QSSE	EDLC	surpasses	 the	majority	 
of	other	reported	cells	with	similar	architecture.

Table 3. Electrochemical	 performance	 of	 the	 electric	 double-layer	 capacitor	 systems	
with	 the	 quasi-solid-state-electrolytes	 based	 on	 chitosan	 matrix	 reported	 
in the literature. 

Polymer 
matrix Modifier Dispersed 

phase

σ 
[mS 
cm–1]

Voltage 
window 

[V]

CSP 
[F g–1] Ref

Chitosan o-Phthalaldehyde Li2SO4(aq) 26.1 0–0.8 115
(103)

This 
work

Chitosan Glutaraldehyde CH3COOLi(aq) 13.0 0–0.8 106.0 [21]
Chitosan NaOH CH3COOLi(aq) 14.3 0–0.8 106.0 [21]
Chitosan Chitin CH3COOLi(aq) - 0–0.8 98.0 [43]
Chitosan - Li2SO4(aq) 39.1 0–0.8 97.0 [37]
Chitosan Sodium	alginate Li2SO4(aq) 18.7 0–0.8 101.0 [37]
Chitosan PEG/PPG H2SO4(aq) - 0–1.0 132.0 [44]
Chitosan - Na2SO4(aq) - 0–1.6 35.0 [28]

Carboxymethyl	
chitosan - Na2SO4(aq) - 0–1.8 72.5 [28]

Carboxymethyl	
chitosan Acrylic	acid/MBA KOH(aq) 75.6 0–0.9 39.1 [32]

Carboxymethyl	
chitosan Acrylic	acid/fecl3 KOH(aq) 47.1 0–0.9 33.5 [32]

Carboxymethyl	
chitosan PAM/MBA Li2SO4(aq) 17.4 0–1.4 31.9 [33]

Chitosan PC/EC LiClO4(aq) 5.5 0–1.0 80.0 [34]
Carboxymethyl	

chitosan - HCl(aq) 86.9 0–0.9 45.9 [35]

Chitosan PAEK-g-PEG LiClO4(aq) 8.0 0–1.5 120.8 [36]
Chitosan Glyoxylic	acid KOH(aq) - 0–0.8 95.0 [45]

4. Conclusions
A	 novel	 polysaccharide-based	 QSSE	 with	 a	 polymer	 matrix	 –	 CS	 cross-linked	 
with	OPA	–	was	developed	successfully,	and	a	2	M	Li2SO4	aqueous	solution	was	utilised	 
as	a	dispersive	phase.	Characterisation	of	the	physicochemical	properties	(using	ATR-FTIR	 
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spectroscopy,	 AFM	 and	 contact	 angle	 measurements)	 confirmed	 that	 OPA-mediated	 
cross-linking	 modified	 the	 CS	 matrix.	 The	 CS/OPA-QSSE	 possessed	 excellent	 ionic	
conductivity	 and,	 therefore,	 its	 applicability	 as	 a	 hydrogel	 electrolyte	 in	 an	 EDLC	 
was	 evaluated.	 The	 symmetric	 EDLC	 based	 on	 the	 CS/OPA-QSSE	 showed	 good	
electrochemical	 performance	 (without	 visible	 redox	 processes)	 and	 superior	 specific	
discharge	capacitance	(up	to	115	F	g–1)	compared	with	the	reference	cell	with	a	commercial	
Whatman	 GF/A	 glass	 fibre	 separator	 (up	 to	 113	 F	 g–1).	 This	 study	 represents	 the	 first	 
successful	 realisation	 of	 OPA-cross-linked	 CS	 as	 a	 QSSE	 polymer	 matrix.	 
It	 can	 be	 considered	 as	 a	 future	 alternative	 for	 other	 polysaccharide-based	 materials	 
for electrochemical purposes. 

5. Acknowledgements 
This work was performed with the financial support of the Ministry of Science and Higher 
Education, Poland (grant no. 0911/SBAD/2402). The authors thank Marcin Wysokowski 
(Poznan University of Technology, Poland) for technical support during the contact angle 
measurements.

6. References
[1]	 Regulation	 (EU)	 2023/1542	 concerning	 batteries	 and	 waste	 batteries	 (2023).	 

Off	J	L191,	1–117.
[2]	 Regulation	 (EU)	 2021/1119	 establishing	 the	 framework	 for	 achieving	 climate	

neutrality	(2021).	Off	J	L243,	1–17.
[3]	 Directive	 2012/19/EU	 on	 waste	 electrical	 and	 electronic	 equipment	 (2012).	 

Off	J	L197,	38–71.
[4]	 Musarurwa	H,	Tavengwa	NT;	 (2022)	Application	of	 polysaccharide-based	metal	

organic	 framework	 membranes	 in	 separation	 science.	 Carbohydr	 Polym	 275,	
118743.	DOI:10.1016/j.carbpol.2021.118743

[5]	 Shen	X,	Shamshina	JL,	Berton	P,	Gurau	G,	Rogers	RD;	(2016)	Hydrogels	based	
on	cellulose	and	chitin:	fabrication,	properties,	and	applications.	Green	Chem	18,	
53–75.	DOI:10.1039/C5GC02396C

[6]	 Mutsenko	VV,	Gryshkov	O,	Lauterboeck	L,	Rogulska	O,	Tarusin	DN,	Bazhenov	VV,	
Schütz	K,	Brüggemeier	S,	Gossla	E,	Akkineni	AR,	Meißner	H,	Lode	A,	Meschke	S,	
Fromont	J,	Stelling	AL,	Tabachnik	KR,	Gelinsky	M,	Nikulin	S,	Rodin	S,	Tonevitsky	
AG,	Petrenko	AY,	Glasmacher	B,	Schupp	PJ,	Ehrlich	H;	(2017)	Novel	chitin	scaffolds	
derived	from	marine	sponge	Ianthella	basta	for	tissue	engineering	approaches	based	
on	 human	 mesenchymal	 stromal	 cells:	 Biocompatibility	 and	 cryopreservation.	 
Int	J	Biol	Macromol	104,	1955–1965.	DOI:10.1016/j.ijbiomac.2017.03.161

[7]	 Sahraee	 S,	 Milani	 JM,	 Ghanbarzadeh	 B,	 Hamishehkar	 H;	 (2017)	
Physicochemical	 and	 antifungal	 properties	 of	 bio-nanocomposite	 film	 based	 
on	gelatin-chitin	nanoparticles.	Int	J	Biol	Macromol	97,	373–381.	DOI:10.1016/j.
ijbiomac.2016.12.066

[8]	 Takeshita	 S,	 Konishi	 A,	 Takebayashi	 Y,	 Yoda	 S,	 Otake	 K;	 (2017)	 Aldehyde	 
approach	 to	 hydrophobic	 modification	 of	 chitosan	 aerogels.	 Biomacromol	 18,	
2172–2178.	DOI:10.1021/acs.biomac.7b00562

[9]	 Gierszewska	 M,	 Ostrowska-Czubenko	 J;	 (2016)	 Chitosan-based	 membranes	 
with	 different	 ionic	 crosslinking	 density	 for	 pharmaceutical	 and	 industrial	
applications.	Carbohydr	Polym	153,	501–511.	DOI:10.1016/j.carbpol.2016.07.126



228 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.016

Krzysztof Nowacki, Maciej Galiński

[10]	 Yu	 X,	 Zhang	 J,	 Zheng	 Y;	 (2021)	 Perchlorate	 adsorption	 onto	 epichlorohydrin	
crosslinked	chitosan	hydrogel	beads.	Sci	Total	Environ	761,	143236.	DOI:10.1016/j.
scitotenv.2020.143236

[11]	 Vo	NTN,	Huang	L,	Lemos	H,	Mellor	AL,	Novakovic	K;	(2021)	Genipin‐crosslinked	
chitosan	 hydrogels:	 Preliminary	 evaluation	 of	 the	 in vitro	 biocompatibility	 
and	biodegradation.	J	Appl	Polym	Sci	138(34),	50848.	DOI:10.1002/app.50848

[12]	 Kaczmarek-Szczepańska	 B,	 Mazur	 O,	 Michalska-Sionkowska	 M,	 Łukowicz	 K,	
Osyczka	 AM;	 (2021)	 The	 preparation	 and	 characterization	 of	 chitosan-based	
hydrogels	cross-linked	by	glyoxal.	Materials	14,	2449.	DOI:10.3390/ma14092449

[13]	 Li	Q,	Su	H,	Yang	Y,	Zhang	J,	Xia	C,	Guo	Z;	(2023)	Adsorption	property	and	mechanism	
of	glutaraldehyde-crosslinked	chitosan	 for	 removal	of	2,4-dichlorophenoxyacetic	
acid	from	water.	Environ	Sci	9(1),	294–307.	DOI:10.1039/d2ew00638c

[14]	 Acharya	V,	 Ghosh	A,	 Chowdhury	AR,	 Datta	 P;	 (2021)	 Tannic	 acid-crosslinked	
chitosan	 matrices	 enhance	 osteogenic	 differentiation	 and	 modulate	 epigenetic	
status	of	cultured	cells	over	glutaraldehyde	crosslinking.	Soft	Mater	20,	149–160.	
DOI:10.1080/1539445X.2021.1933032

[15]	 Jóźwiak	 T,	 Filipkowska	 U,	 Szymczyk	 P,	 Rodziewicz	 J,	 Mielcarek	 A;	 (2017)	
Effect	 of	 ionic	 and	 covalent	 crosslinking	 agents	 on	 properties	 of	 chitosan	 beads	 
and	sorption	effectiveness	of	Reactive	Black	5	dye.	React	Funct	Polym	114,	58–74.	
DOI:10.1016/j.reactfunctpolym.2017.03.007

[16]	 Hor	AA,	Yadav	N,	Hashmi	S;	 (2023)	Enhanced	 energy	 density	 quasi-solid-state	
supercapacitor	based	on	an	ionic	liquid	incorporated	aqueous	gel	polymer	electrolyte	
with	a	redox-additive	trimethyl	sulfoxonium	iodide.	J	Energy	Storage	64,	107227.	
DOI:10.1016/j.est.2023.107227

[17]	 Fan	L,	Tu	Q,	Geng	C,	Huang	J,	Gu	Y,	Lin	J,	Huang	Y,	Wu	J;	(2020)	High	energy	
density	 and	 low	 self-discharge	 of	 a	 quasi-solid-state	 supercapacitor	with	 carbon	
nanotubes	 incorporated	 redox-active	 ionic	 liquid-based	 gel	 polymer	 electrolyte.	
Electrochim	Acta	331,	135425.	DOI:10.1016/j.electacta.2019.135425

[18]	 Lin	X,	Wang	M,	Zhao	J,	Wu	X,	Xie	J,	Yang	J;	(2023)	Super-tough	and	self-healable	
all-cellulose-based	electrolyte	for	fast	degradable	quasi-solid-state	supercapacitor.	
Carbohydr	Polym	304,	120502.	DOI:10.1016/j.carbpol.2022.120502

[19]	 Çevik,	 E,	Günday	 ŞT,	Bozkurt	A,	 Iqbal	A,	Asiri	 SM,	Alqarni	AN,	Almofleh	A;	
(2022)	 Scalable,	 quasi-solid-state	 bio-polymer	 hydrogel	 electrolytes	 for	 high-
performance	 supercapacitor	 applications.	 ACS	 Sustain	 Chem	 Eng	 10(33),	 
10839–10848.	DOI:10.1021/acssuschemeng.2c02281

[20]	 Roy	 BK,	 Tahmid	 I,	 Rashid	 TU;	 (2021)	 Chitosan-based	 materials	 
for	 supercapacitor	 applications:	 a	 review.	 J	Mater	Chem	A	9(33),	 17592–17642.	 
DOI:10.1039/d1ta02997e

[21]	 Nowacki	 K,	 Galiński	 M,	 Stępniak	 I;	 (2019)	 Synthesis	 and	 characterization	 
of	 modified	 chitosan	 membranes	 for	 applications	 in	 electrochemical	 capacitor.	
Electrochim	Acta	320,	134632.	DOI:10.1016/j.electacta.2019.134632

[22]	 Garg	 M,	 Bhullar	 N,	 Bajaj	 B,	 Sud	 D;	 (2021)	 Terephthalaldehyde	 as	 a	 good	
crosslinking	 agent	 in	 crosslinked	 chitosan	 hydrogel	 for	 the	 selective	 removal	 
of	anionic	dyes.	New	J	Chem	45(11),	4938–4949.	DOI:10.1039/d0nj05758d

[23]	 Wysokowski	M,	Nowacki	K,	Jaworski	F,	Niemczak	M,	Bartczak	P,	Sandomierski	
M,	Piasecki	A,	Galiński	M,	Jesionowski	T;	(2022)	Ionic	liquid-assisted	synthesis	
of	 chitin-ethylene	 glycol	 hydrogels	 as	 electrolyte	 membranes	 for	 sustainable	
electrochemical	 capacitors.	 Sci	 Rep	 12(1),	 8861.	 DOI:10.1038/s41598-022-
12931-w



229Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.016

o-Phthalaldehyde cross-linked chitosan membrane as a quasi-solid-state electrolyte  
for supercapacitors

[24]	 Weiβpflog	J,	Vehlow	D,	Müller	M,	Kohn	B,	Scheler	U,	Boye	S,	Schwarz	S;	(2021)	
Characterization	 of	 chitosan	 with	 different	 degree	 of	 deacetylation	 and	 equal	
viscosity	in	dissolved	and	solid	state	–	insights	by	various	complimentary	methods.	
Int	J	Biol	Macromol	171,	242–261.	DOI:10.1016/j.ijbiomac.2021.01.010

[25]	 Klein	MP,	Hackenhaar	CR,	Lorenzoni	ASG,	Rodrigues	RC,	Costa	TMH,	Ninow	JL,	
Hertz	PF;	(2016)	Chitosan	crosslinked	with	genipin	as	support	matrix	for	application	
in	 food	 process:	 support	 characterization	 and	 β-d-galactosidase	 immobilization.	
Carbohydr	Polym	137,	184–190.	DOI:10.1016/j.carbpol.2015.10.069

[26]	 Ostrowska-Czubenko	J,	Gierszewska	M,	Pieróg	M;	(2015)	pH-responsive	hydrogel	
membranes	based	on	modified	chitosan:	water	transport	and	kinetics	of	swelling.	 
J	Polym	Res	22(8),	153.	DOI:10.1007/s10965-015-0786-3

[27]	 Węgrzynowska-Drzymalska	 K,	 Grebicka	 P,	 Mlynarczyk	 DT,	 Chełminiak-
Dudkiewicz	 D,	 Kaczmarek	 H,	 Gośliński	 T,	 Ziegler-Borowska	 M;	 (2020)	
Crosslinking	of	chitosan	with	dialdehyde	chitosan	as	a	new	approach	for	biomedical	
applications.	Materials	13(15),	3413.	DOI:10.3390/ma13153413

[28]	 Lin	CY,	Wang	PH,	Lee	WN,	Li	WC,	Wen	TC;	(2021)	Chitosan	with	various	degrees	
of	 carboxylation	 as	 hydrogel	 electrolyte	 for	 pseudo	 solid-state	 supercapacitors.	 
J	Power	Sources	494,	229736.	DOI:10.1016/j.jpowsour.2021.229736

[29]	 Takeshita	 S,	Yoda	 S;	 (2017)	 Translucent,	 hydrophobic,	 and	mechanically	 tough	
aerogels	constructed	from	trimethylsilylated	chitosan	nanofibers.	Nanoscale	9(34),	
12311–12315.	DOI:10.1039/c7nr04051b

[30]	 Zhang	 X,	 Wu	 D,	 Chu	 C;	 (2003)	 Effect	 of	 the	 crosslinking	 level	 
on	 the	 properties	 of	 temperature‐sensitive	 poly(N‐isopropylacrylamide)	 
hydrogels.	J	Polym	Sci	B	41(6),	582–593.	DOI:10.1002/polb.10388

[31]	 Gajewski	 P,	 Żyła	 W,	 Kazimierczak	 K,	 Marcinkowska	 A;	 (2023)	 Hydrogel	
polymer	electrolytes:	synthesis,	physicochemical	characterization	and	application	 
in	electrochemical	capacitors.	Gels	9(7),	527.	DOI:10.3390/gels9070527

[32]	 Zhang	 Q,	 Zhao	 L,	 Yang	 H,	 Kong	 L,	 Ran	 F;	 (2021)	 Alkali-tolerant	 polymeric	
gel	 electrolyte	 membrane	 based	 on	 cross-linked	 carboxylated	 chitosan	 
for	supercapacitors.	J	Mem	Sci	629,	119083.	DOI:10.1016/j.memsci.2021.119083

[33]	 Yang	H,	Ji	X,	Tan	Y,	Liu	Y,	Ran	F;	(2019)	Modified	supramolecular	carboxylated	
chitosan	 as	 hydrogel	 electrolyte	 for	 quasi-solid-state	 supercapacitors.	 J	 Power	
Sources	441,	227174.	DOI:10.1016/j.jpowsour.2019.227174

[34]	 Selvakumar	 M,	 Bhat	 DK;	 (2009)	 LiClO4‐doped	 plasticized	 chitosan	 
as	 biodegradable	 polymer	 gel	 electrolyte	 for	 supercapacitors.	 J	 Appl	 Polym	 
Sci	114(4),	2445–2454.	DOI:10.1002/app.30716

[35]	 Yang	H,	Liu	Y,	Kong	L,	Kang	L,	Ran	F;	 (2019)	Biopolymer-based	carboxylated	
chitosan	 hydrogel	 film	 crosslinked	 by	 HCl	 as	 gel	 polymer	 electrolyte	 
for	 all-solid-sate	 supercapacitors.	 J	 Power	 Sources	 426,	 47–54.	DOI:10.1016/j.
jpowsour.2019.04.023

[36]	 Na	R,	Huo	G,	Zhang	S,	Huo	P,	Du	Y,	Luan	J,	Zhu	K,	Wang	G;	 (2016)	A	novel	
poly(ethylene	 glycol)-grafted	 poly(arylene	 ether	 ketone)	 blend	 micro-porous	
polymer	 electrolyte	 for	 solid-state	 electric	 double	 layer	 capacitors	 formed	 
by	incorporating	a	chitosan-based	LiClO4	gel	electrolyte.	J	Mater	Chem	A	4(46),	
18116–18127.	DOI:10.1039/c6ta07846j

[37]	 Nowacki	 K,	 Galiński	 M,	 Stępniak	 I;	 (2020)	 Synthesis	 and	 characterization	 
of	chitosan/sodium	alginate	blend	membrane	for	application	in	an	electrochemical	
capacitor.	Prog	Chem	Appl	Chitin	Deriv	25,	174–191.	DOI:10.15259/pcacd.25.014



230 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.016

Krzysztof Nowacki, Maciej Galiński

[38]	 Taberna	 P,	 Simon	 P,	 Fauvarque	 J;	 (2003)	 Electrochemical	 characteristics	 
and	 impedance	 spectroscopy	 studies	 of	 carbon-carbon	 supercapacitors.	 
J	Electrochem	Soc	150(3),	A292.	DOI:10.1149/1.1543948

[39]	 Laschuk	NO,	Easton	EB,	Zenkina	OV;	(2021)	Reducing	the	resistance	for	the	use	 
of	 electrochemical	 impedance	 spectroscopy	 analysis	 in	 materials	 chemistry.	 
RSC	Adv	11(45),	27925–27936.	DOI:10.1039/d1ra03785d

[40]	 Hor	AA,	Hashmi	 S;	 (2020)	 Optimization	 of	 hierarchical	 porous	 carbon	 derived	
from	 a	 biomass	 pollen-cone	 as	 high-performance	 electrodes	 for	 supercapacitors.	
Electrochim	Acta	356,	136826.	DOI:10.1016/j.electacta.2020.136826

[41]	 Kasprzak	 D,	 Liu	 J;	 (2023)	 Chitin	 and	 cellulose	 as	 constituents	 of	 efficient,	
sustainable,	 and	 flexible	 zinc-ion	 hybrid	 supercapacitors.	 Sustain	Mater	Technol	
38,	e00726.	DOI:10.1016/j.susmat.2023.e00726

[42]	 Yambou	 EP,	 Köps	 L,	 Kreth	 FA,	 Pohlmann	 S,	 Varzi	A,	 Brousse	 T,	 Balducci	A,	 
Presser	 V;	 (2023)	 The	 many	 deaths	 of	 supercapacitors:	 degradation,	 aging,	
and	 performance	 fading.	 Adv	 Energy	 Mater	 13(29),	 2301008.	 DOI:10.1002/
aenm.202301008

[43]	 Stępniak	I,	Galiński	M,	Nowacki	K,	Wysokowski	M,	Jakubowska	P,	Bazhenov	VV,	
Leisegang	T,	Ehrlich	H,	Jesionowski	T;	(2016)	A	novel	chitosan/sponge	chitin	origin	
material	 as	 a	 membrane	 for	 supercapacitors	 –	 preparation	 and	 characterization.	 
RSC	Adv	6(5),	4007–4013.	DOI:10.1039/c5ra22047e

[44]	 Raja	M,	Balaji	S,	Ramavath	JN,	Dhamodharan	R,	Ramanujam	K;	(2019)	A	chitosan/
poly(ethylene	glycol)-ran-poly(propylene	glycol)	blend	as	an	eco-benign	separator	
and	 binder	 for	 quasi-solid-state	 supercapacitor	 applications.	 Sustain	 Energy	 
Fuels	3(3),	760–773.	DOI:10.1039/c8se00530c

[45]	 Zallouz	 S,	 Meins	 JL,	 Ghimbeu	 CM;	 (2022)	 Alkaline	 hydrogel	 electrolyte	 
from	 biosourced	 chitosan	 to	 enhance	 the	 rate	 capability	 and	 energy	 density	 
of	 carbon-based	 supercapacitors.	 Energy	Adv	 1(12),	 1051–1064.	DOI:10.1039/
d2ya00250g



231Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.017

RESPONSE OF THE ‘POLESIE’ RASPBERRY 
CULTIVAR TO FOLIAR APPLICATION OF CHITOSAN 

WITH DIFFERENT MOLECULAR WEIGHTS

Ireneusz Ochmian1,a,*, Marcelina Krupa-Małkiewicz2,b

1 – Department of Horticulture, West Pomeranian University of Technology Szczecin, 
Słowackiego 17 Str., 71-434 Szczecin, Poland

a – ORCID: 0000-0002-3606-1927
2 – Department of Plant Genetics, Breeding and Biotechnology, West Pomeranian 
University of Technology Szczecin, Słowackiego 17 Str., 71-434 Szczecin, Poland

b – ORCID: 0000-0002-4333-9122
*corresponding author: iochmian@zut.edu.pl

Abstract
This study explored the effects of chitosan, a biodegradable and non-toxic natural 
polymer derived from chitin, on the yield and quality of raspberries. Various molecular 
weights (3.3–950 kDa) were assessed to determine the impact on raspberry plants  
and fruit development. These applications were made during key growth phases – the start  
of the vegetation period, during flowering and at the fruit-bearing stage – using a foliar 
method to ensure full coverage of both leaves and fruit without runoff. The results indicated 
that chitosan application influenced various parameters of fruit quality, including 
firmness, colour and antioxidant levels. Notably, chitosan with a molecular weight  
of 21 and 50 kDa significantly enhanced fruit yield and size compared with the control. 
Conversely, chitosan with a higher molecular weight (500 and 950 kDa) did not improve 
yield and appeared to induce stress in plants, although they did contribute to increased 
fruit firmness and potentially extended the shelf life due to their film-forming capabilities. 
The findings suggest that while chitosan can improve the yield and quality of raspberries, 
the effectiveness is highly dependent on its molecular weight. These results support  
the potential of chitosan as an alternative to traditional chemical treatments, promising  
a reduction in chemical inputs while sustaining or enhancing agricultural productivity  
and fruit quality.
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1. Introduction
Raspberries	are	grown	throughout	the	world	in	temperate	climates	[1].	They	are	popular	
because	of	their	taste	and	nutritional	value.	In	Poland,	raspberries	are	widely	grown	due	 
to	favourable	climatic	and	soil	conditions	[2].

Raspberries	have	a	unique	flavour	and	many	beneficial	health-promoting	properties.	
They	 are	 rich	 in	 antioxidants	 such	 as	 vitamin	 C,	 quercetin	 and	 anthocyanins	 [3].	 
These	 substances	 help	 fight	 free	 radicals	 in	 the	 body,	 which	 can	 contribute	 to	 protect	 
against	 heart	 disease,	 cancer	 and	 cellular	 ageing	 [4].	 The	 antioxidant	 components	 
in	raspberries	help	 to	reduce	 inflammation	in	 the	body,	which	may	contribute	 to	reduce	 
the	risk	of	many	chronic	diseases	[5].

Raspberries	 are	 very	 tender	 fruit,	 susceptible	 to	 diseases,	 especially	 grey	 mould,	
powdery	mildew,	 anthracnose	 and	 viral	 diseases	 [6–8].	Therefore,	 preventive	measures	
should	 be	 applied	 to	 keep	 the	 plants	 in	 good	 condition:	 adequate	 pruning,	 irrigation,	
fertilisation	and	application	of	plant-protection	products	[9,	10].

Intensification	 of	 unfavourable	 factors	 drastically	 reduces	 yield	 and	 fruit	 quality.	 
Many	 factors	 influence	 fruit	 quality,	 including	 climatic	 conditions	 such	 as	 drought,	 
excessive	 moisture,	 frost,	 heat;	 diseases	 and	 pests;	 nutrient	 deficiencies;	 
environmental	 pollution;	 and	 inappropriate	 cultivation	 techniques	 [11–13].	 
Harvesting	 the	 fruit	 at	 the	 right	 time	 of	 ripening	 ensures	 the	 optimal	 aroma,	 size	
colour	 and	 firmness.	 Firmness	 or	 mechanical	 resistance	 are	 considered	 good	
indicators	 of	 raspberry	 quality	 [14].	 Fruit	 firmness	 decreases	 gradually	 with	 ripening.	
It	 indicates	 the	 suitability	 of	 the	 fruit	 for	 harvesting,	 transport,	 consumption	 
or	 freezing	 as	 well	 as	 the	 susceptibility	 of	 the	 fruit	 to	 fungal	 diseases	 [15].	 Intensive	
chemical	 protection	 must	 be	 applied	 to	 produce	 healthy	 raspberries.	 However,	 
the	 widespread	 use	 of	 chemical	 plant	 protection	 products	 is	 one	 of	 the	 causes	 
of	environmental	degradation.

In	 recent	 years,	 measures	 have	 been	 taken	 to	 reduce	 the	 over-chemicalisation	 
of	 agricultural	 production.	 Alternative	 methods	 are	 being	 sought	 to	 protect	 plants	 
from	 disease.	One	 such	 natural	 substance	 that	 is	 being	 used	 in	 agricultural	 production	
is	 chitosan	 [β(1→4)-D-glucosamine	 and	 N-acetyl-D-glucosamine].	 It	 is	 a	 non-toxic	 
and	 biodegradable	 compound	 of	 natural	 origin,	 obtained	 by	 deacetylation	 of	 chitin	 
[16,	 17].	 Chitin	 is	 a	 key	 structural	 component	 in	 the	 exoskeletons	 of	 crustaceans	
such	 as	 crabs,	 shrimp	 and	 lobsters;	 the	 cell	 walls	 of	 fungi;	 and	 the	 exoskeletons	 
of	 insects	 [18].	 When	 applied	 to	 plants,	 chitosan	 reduces	 transpiration	 
and	 induces	 a	 number	 of	 metabolic	 changes,	 increasing	 their	 resistance	 
to	 infection	 by	 pathogens	 [19].	As	 a	 natural	 macromolecular	 polysaccharide,	 chitosan	 
is	 a	 partially	 deacetylated	 chitin	 product	 with	 different	molecular	 weights	 and	 degrees	 
of	deacetylation	[20,	21].

The	 effectiveness	 of	 solutions	 prepared	 based	 on	 chitosan	 varies	 widely	 
and	 depends	 on	 its	 molecular	 weight.	 High-molecular-weight	 chitosan	 (360	 kDa)	 
delays	 fruit	 ripening,	 but	 results	 in	 higher	 post-harvest	 quality	 compared	 
with	 low-molecular-weight	 chitosan	 (40	 kDa)	 [22].	 However,	 low-molecular-weight	
chitosan,	 exemplified	 by	 oligomers	 of	 chitosan	 lactate,	 shows	 better	 solubility	 
in	 water	 [23].	 Therefore,	 such	 formulations	 should	 be	 tested	 for	 suitability	
in	 raspberry	 cultivation.	 The	 present	 study	 aimed	 to	 investigate	 the	 effect	
of	 foliar-applied	 chitosan	 of	 different	 molecular	 weights	 on	 raspberry	 yield	 
and	quality.
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2. Materials and Methods
2.1. Characteristics of the Research Area and Plant Material
The	experiment	was	conducted	at	 the	Horticulture	Department	of	 the	West	Pomeranian	
University	 of	 Technology,	 Szczecin,	 Poland.	 The	 Polish	 raspberry	 cultivar	 Polesie	 
was	 studied.	 These	 raspberries	 are	 consumed	 as	 is	 and	 are	 also	 frozen	 
and	 processed	 into	 products	 such	 as	 juices.	 These	 plants	 bear	 raspberries	 
on	 1-year-old	 shoots,	 a	 process	 called	 repeat	 fruiting.	 The	 cultivar	 is	 recommended	 
for ecological cultivation.

Raspberries	 were	 harvested	 successively	 as	 they	 ripened	 from	 the	 production	
plantation	during	the	harvest.	The	plants	received	limited	chemical	protection	according	 
to	the	accepted	rules	for	organic	plantations.

The	 experiment	 was	 established	 on	 a	 precipitous-gley	 podzolic	 soil	 developed	 
from	till	with	a	mechanical	composition	of	light	clay	(26–35	mm	fraction	<	0.02	mm)	[24]	 
under	the	climatic	conditions	of	north-western	Poland	[25].

During	 the	 experiment,	 the	 plants	 were	 treated	 throughout	 the	 growing	 season	 
according	 to	 the	 established	 rules.	The	 soil	was	watered	 using	 a	 permanently	mounted	
T-Tape	 drip	 line	with	 an	 emitter	 capacity	 of	 1	 l/h	 (5	 l	 of	water/h	 over	 a	 1	mb	 section	 
of	 the	 system).	 The	 doses	 and	 intensity	 of	 water	 emitted	 were	 modified	 according	 
to	the	degree	of	soil	moisture,	determined	by	contact	soil	tensiometers.

The	 orchard	 used	 agricultural	 soil	 with	 a	 natural	 profile	 developed	 from	 silt-loam	 
with	 a	 pH	 of	 6.5.	 The	 soil	 in	 which	 the	 shrubs	 grew	 had	 a	 high	 content	 
of	 phosphorus	 (P,	 88	 mg/kg),	 potassium	 (K,	 145	 mg/kg)	 and	 magnesium	 
(Mg,	 66	 mg/kg).	 Annually,	 from	 the	 start	 of	 vegetation	 (March/April),	 90	 kg	 
of	nitrogen	(N)	was	applied	as	three	equal	doses.

2.2. Weather Conditions During the Experiment
Several	 significant	 trends	 and	 changes	 can	 be	 observed	 when	 analysing	 
the	 data	 on	 the	 temperature	 and	 rainfall	 in	 Szczecin	 during	 the	 vegetation	 period	 
from	 April	 to	 October	 in	 the	 years	 2020–2022	 compared	 with	 the	 long-term	 
period	 (1951–2012)	 (Table	 1).	 The	 temperatures	 in	 2020–2022	 were	 mostly	 higher	 
than	 the	 long-term	 average,	 indicating	 a	 warming	 trend.	 For	 example,	 
in	 July	 and	 August	 2021	 and	 2022,	 the	 temperatures	 were	 significantly	 
higher than the long-term average temperatures. The average temperature  
in	 2020–2022	 (14.4–14.6°C)	 was	 higher	 than	 the	 long-term	 average	 (13.7°C).	
Rainfall	 in	 2020–2022	 was	 generally	 lower	 than	 the	 long-term	 average	 
for	 this	 period	 (390.6	 mm).	 For	 example,	 the	 total	 rainfall	 in	 2020	 was	 258.1	 mm,	 
which	 is	 significantly	 below	 the	 norm.	 There	 were	 significant	 fluctuations	 
in	 rainfall,especially	 in	 July	 2021,	 where	 rainfall	 reached	 123	 mm	 compared	 
with	 the	 long-term	 average	 	 of	 69.6	 mm.	 Meanwhile,	 no	 rainfall	 was	 recorded	 
in	 June.	 The	 higher	 temperatures	 and	 lower	 rainfall	 compared	 with	 the	 long-term	 
averages	 are	 consistent	 with	 general	 trends	 of	 climate	 change.	 These	 changes	 
may	 pose	 challenges	 for	 agriculture	 in	 the	 Szczecin	 region	 and	 require	
adjustments	 in	 agricultural	 practices	 to	 manage	 water	 resources	 effectively	 
and	to	maintain	healthy	conditions	for	crops.



234 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.017

Ireneusz Ochmian, Marcelina Krupa-Małkiewicz

Table 1. The	 temperature	 and	 rainfall	 in	 the	period	 from	April	 to	October	 (vegetation	
season)	 in	 2020–2022	 compared	 with	 the	 long-term	 period	 (1951–2012)	 
in	Szczecin,	Poland.

Month
IV V VI VII VIII IX X Mean

Year Average	temperature	(°C)
2020 8.9 11.1 17.7 17.4 20.3 14.6 10.5 14.4
2021 5.9 11.6 19.3 20.3 16.7 15.1 10.1 14.1
2022 7.2 13.3 18.1 18.4 20.6 12.9 11.6 14.6

1951–2012 8.0 13.0 16.4 18.2 17.6 13.8 9.2 13.7
Rainfall (mm) total

2020 20.1 34.0 26.6 21.3 40.0 72.3 43.8 258.1
2021 4.6 25.1 0.0 123 37.4 17.1 24.7 231.9
2022 19.9 25.2 27.6 67.5 23.4 39.0 22.2 224.8

1951–2012 39.7 62.9 48.2 69.6 74.2 58.7 37.3 390.6

2.3. Edible Coating Preparation and Application of Treatments 
Samples	 with	 varying	 molar	 masses	 were	 prepared	 by	 controlled	 radical	 degradation	
of	 chitosan	 with	 a	 molecular	 mass	 >	 1200	 kDa	 (chitosan	 HMW,	 Aldrich,	 USA)	 
in	 the	 Department	 of	 Packaging	 and	 Biopolymers	 of	 the	West	 Pomeranian	 University	 
of	 Technology,	 Szczecin,	 Poland.	 Samples	 were	 obtained	 via	 continuous	 addition	 
of	 hydrogen	 peroxide	 (0.8−6.4	 mM/g	 of	 polysaccharide)	 to	 2.5%	 chitosan	 solution	 
with	 pH	 3.5–4.0	 at	 80°C.	After	 degradation,	 all	 samples,	 as	 chloride	 salts,	 had	 similar	
polydispersity	 and	 a	 high	 degree	 of	 deacetylation	 (>	 95%).	 The	 molar	 mass	 of	 each	
sample	was	determined	using	 the	high-performance	 liquid	 chromatography	 (HPLC)/gel	
permeation	 chromatography	 (GPC)	method	 (HPLC	SmartLine	 system	with	 an	 isocratic	
pump	1000	equipped	with	an	RI	Detector	2300;	Knauer,	Germany).

Raspberry	 plants	were	 treated	with	 chitosan	with	 the	 following	molecular	weights:	
3,333	Da	 (3.3k),	 5,000	Da	 (5k),	 12,000	Da	 (12k),	 21,000	Da	 (21k),	 50,000	Da	 (50k),	
125,000	Da	(125k),	500,000	Da	(500k)	and	950,000	Da	(950k).	Chitosan	was	dissolved	 
in	 300	 g	 of	 distilled	 water,	 and	 the	 solution	 was	 titrated	 to	 a	 pH	 of	 7.7	 by	 adding	 
1	M	sodium	hydroxide	(NaOH).	Then,	 the	volume	was	adjusted	 to	500	g	with	distilled	
water,	and	500	g	of	0.2	M	acetic	acid	was	added.

Annually,	 the	 plants	 were	 sprayed	 with	 a	 0.2%	 chitosan	 solution	 (0.2	 l	 per	 metre	 
of	 row),	 prepared	 from	 the	 aforementioned	 chitosan	 with	 different	 molecular	 weights,	
ensuring	full	wetting	(without	allowing	the	solution	to	drip	from	the	plants)	of	the	leaves	
and,	later	in	the	season,	both	leaves	and	fruit.	The	spraying	was	carried	out	in	the	morning	
using	 a	 battery-operated	 backpack	 sprayer.	 The	 application	 was	 planned	 at	 the	 start	 
of	the	vegetation	period,	 three	times	during	the	flowering	phase,	and	three	times	during	
the	 fruit-bearing	 stage.	 Conversely,	 the	 control	 plants	 were	 sprayed	 with	 distilled	
water.	 Throughout	 this	 study,	 no	 additional	 chemical	 protections	 were	 administered	 
to the plants. 

In	the	experiment,	three	plots	were	designated	for	each	treatment/chitosan.	Raspberry	
plants	 were	 planted	 in	 2015	 with	 a	 spacing	 of	 3	 ×	 0.3	 m.	 In	 the	 subsequent	 years,	 
the	 raspberry	 rows	 became	 denser.	 Each	 year,	 the	 excess	 of	 new	 plants	 was	 reduced:	 
in	the	spring,	they	were	removed	using	a	rototiller,	and	during	the	growing	season,	plants	



235Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.017

Response of the ‘polesie’ raspberry cultivar to foliar application of chitosan with different 
molecular weights

that	grow	in	the	row	spacings	were	mowed.	Each	plot	consisted	of	a	raspberry	plant	row	
section	1	m	in	 length	and	approximately	30	cm	in	width.	Six	hundred	 litres	of	solution	 
were	applied	per	hectare,	which	equals	0.2	l	of	solution	per	metre	of	raspberries.

2.4. General Fruit Parameters
Raspberries	 were	 harvested	 when	 fully	 ripe,	 based	 on	 the	 assessment	 of	 their	 colour,	
and	successively	throughout	the	vegetation	season.	The	yield,	weight	of	100	raspberries,	
firmness	 and	 colour	 were	 measured	 immediately	 after	 harvest.	 Other	 analyses	 
were	 performed	 on	 frozen	 raspberries,	 after	 the	 harvest	 season	 had	 ended.	 Annually,	 
three	 composite	 samples	 were	 prepared	 from	 individual	 harvest	 dates	 
(50	 g	 from	 each	 harvest).	 Raspberries	 from	 the	 first	 and	 last	 harvests	 were	 not	 used	 
for the analyses.

Annual	 measurements	 were	 taken	 to	 determine	 the	 yield	 and	 fruit	 mass	 using	 
a	RADWAG	WPX	4500	 scale	 (RADWAG,	Poland,	 accuracy	of	±	0.01	g).	The	 soluble	
solid	 content	 was	 assessed	 using	 a	 PAL-1	 electronic	 refractometer	 (Atago,	 Japan).	 
The	 acidity	 level	 was	 determined	 by	 titrating	 the	 water	 extract	 with	 0.1	 N	 NaOH	
until	 reaching	 a	 pH	 of	 8.1,	 using	 an	 CX-732	 digital	 multimeter	 (Elmetron,	 Poland),	 
as	 per	 the	 PN-2001	 standard.	 The	 levels	 of	 L-ascorbic	 acid,	 nitrates	 and	 nitrites	
were	 analysed	 using	 a	 RQflex	 10	 reflectometer	 (Merck,	 Germany),	 as	 documented	 
by	Ochmian	et	al.	[25].

2.5. Colour
The	colour	parameters	and	indices	were	determined	by	averaging	50	measurements	using	 
a	CM-700d	spectrophotometer	(Konica	Minolta,	Japan),	as	detailed	by	Ochmian	et	al.	[25],	
within	the	CIELab*	colour	space.

2.6. Firmness
The	firmness	and	puncture	resistance	of	the	skin	were	assessed	using	a	FirmTech2	device	
(BioWorks,	USA)	on	100	raspberries	chosen	at	random	from	three	replicates,	as	described	
by	Ochmian	 et	 al.	 [26].	The	 results	 are	 expressed	 as	 the	 gram	 force	 required	 to	 cause	 
a	1-mm	deformation	of	the	fruit	surface.

2.7. Antioxidant Activity
Samples	 (1	 g)	 were	 mixed	 with	 methanol	 (80%;	 10	 ml)	 and	 then	 with	 hydrochloric	 
acid	 (1%).	 This	 process	 was	 performed	 twice	 by	 incubating	 the	 above	 slurry	 
for	 20	min	 under	 sonication.	Next,	 the	 slurry	was	 centrifuged	 at	 19,000	 g	 for	 10	min,	 
and	 the	 supernatant	 was	 filtered	 through	 a	 hydrophilic	 poly(tetrafluoroethylene)	 
(PTFE)	0.20	μm	membrane	(Merck,	Germany)	and	used	for	analysis	[27].

The	 2,2’-azobis(3-ethylbenzothiazoline-6-sulfonic	 acid)	 (ABTS)	 radical	 scavenging	 
assay	 was	 conducted	 using	 the	 method	 described	 by	 Arnao	 et	 al.	 [28].	 
The	 1,1-diphenyl-2-picrylhydrazyl	 (DPPH)	 radical	 scavenging	 assay	 was	 performed	 
in	 accordance	 with	 the	 protocol	 established	 by	 Brand-Williams	 et	 al.	 [29].	 
The	 ferric	 reducing	 antioxidant	 power	 (FRAP)	 assay	 followed	 the	 procedure	 outlined	 
by	Benzie	and	Strain	[30].

For	 the	 quantification	 of	 total	 polyphenols,	 supernatants	 were	 analysed	 using	 
the	 Folin–Ciocalteu	 method,	 with	 absorbance	 measured	 at	 675	 nm,	 as	 indicated	 
by	Singleton	et	al.	[31].
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2.8. Statistical Analysis
Statistical	 analyses	 were	 conducted	 using	 Statistica	 12.5	 (StatSoft	 Polska,	 Poland).	 
The	data	were	submitted	to	one-way	analysis	of	variance	(ANOVA)	followed	by	Tukey’s	
least	significant	difference	test.	A	p	value	<	0.05	was	considered	to	indicate	a	statistically	
significant	difference.

3. Results and Discussion
The	optimal	molecular	weight	of	chitosan	appears	to	vary	depending	on	the	developmental	
stage	 of	 the	 plants.	 In	 the	 early	 fruit	 harvesting	 period	 (July),	 the	 yield	 was	 similar	 
to	 that	 of	 the	 control	 plants,	 except	 for	 plants	 sprayed	 with	 500k	 or	 950k	 chitosan	 
(Figure	1).	Moreover,	500k	and	950k	chitosan	did	not	favour	yield,	suggesting	the	existence	 
of	 a	 threshold	 beyond	 which	 the	 efficiency	 of	 chitosan	 may	 decrease.	 The	 yields	 
for	 500k	 and	950k	 chitosan	dropped	 to	12.1	 t/ha	 and	12.4	 t/ha,	 respectively,	 compared	 
with	13.3	t/ha	for	the	control	(Table	2).	The	raspberries	sprayed	with	500k	and	950k	chitosan	
were	also	the	smallest.	The	yield	of	plants	sprayed	with	12k	chitosan	was	also	low	(12.5	t/ha).	 
The	21k	and	50k	chitosan	treatments	led	to	the	highest	yields:	14.6	and	15	t/ha,	respectively.	
In	addition,	21k	chitosan	had	a	very	positive	effect	on	the	size	of	raspberries,	with	an	average	
weight	of	100	raspberries	of	451	g,	much	higher	than	the	315	g	for	the	control.	A	reduction	
in	yield	is	natural	at	the	end	of	the	growing	season.	However,	treatment	with	500k	and	950k	
chitosan	sustained	higher	yields	in	the	first	and	second	decades	of	October.	This	confirms	
the	results	of	previous	studies,	which	also	showed	that	chitosan	increased	raspberry	yield	
and	size	[14].	Chitosan	can	increase	fruit	mass	through	various	mechanisms	that	improve	
health,	enhance	nutrient	uptake,	reduce	abiotic	stress	or	delay	aging	and	ripening,	allowing	
the	fruit	to	remain	on	the	plant	longer	and	to	continue	to	increase	in	mass	before	harvesting	
[32–34].	During	spraying,	a	coating	is	formed	on	the	fruit,	which	may	slightly	 increase	
their	mass	by	adding	an	additional	layer	of	material	on	the	surface.	However,	this	coating	
can	also	reduce	water	loss,	further	affecting	the	maintenance	of	fruit	mass	[35].

Figure 1. Yield	distribution	of	Polesie	raspberries	at	harvest	depending	on	the	chitosan	
applied.	The	graph	shows	the	decadal	average	for	2020–2022.
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Table 2. The	yield,	firmness,	mean	weight	of	100	raspberries	and	antioxidant	properties.

Chitosan molecular weight
Control 3.3k 5k 12k 21k 50k 125k 500k 950k

Total yield  
[t/ha] 13.3b 13.7bc 14.1cd 12.5a 14.6de 15.0e 13.8c 12.1a 12.4a

Mean weight 
of 100  

raspberries [g]
315bc 422f 434fg 378e 451g 336cd 349d 299b 270a

Firmness of 
raspberries 
with a floral 

base [G mm–1]

152ab 137a 146ab 158bc 134a 160bc 153ab 175cd 189d

Soluble solids 
[%] 11.3bc  12.2f 11.9ef 11.5cd 11.8de 10.6ce 11.0b 11.8de 11.6ce

Titratable 
acidity  

[g 100 g–1]
1.88c 1.55a 1.80bc 1.94cd 1.79bc 2.13d 1.85c 1.61ab 1.56a

N–NO3  
[mg 1000 g–1] 72ab 118e 102d 91c 75b 64a 88c 97cd 112e

N–NO2  
[mg 1000 g–1] 0.09ab 0.11bc 0.12c 0.11bc 0.15d 0.10ab 0.10ab 0.08a 0.10ab

L–ascorbic 
acid  

[mg 1000 g–1]
58bd 52ac 64de 70e 55ad 49ab 60cd 51ac 46a

Polyphenols 
[mg/100 g] 113bc 122c 105bc 125c 99ab 82a 94ab 171d 164d

DPPH  
[mmol TE/100 g] 47ab 42bc 47ab 45b 51ab 55a 49ab 35cd 32d

ABTS+  
[mmol TE/100 g] 15bc 17av 19ab 20a 14c 15bc 19ab 16ac 16ac

FRAP 
[mmol/100 g] 65bd 61cd	 72a 70ab 66bc 73a 60de 55e 48f

% of fruit 
infected  

by grey mould 
(Botrytis 

cinerea) after  
a 3-day shelf life

37a 32ab 30b 15d 28b 22c 11d 4e 5e

Note.	 In	 each	 row,	 means	 with	 the	 same	 superscript	 letter	 do	 not	 differ	 significantly	 according	 
to	 Tukey’s	 test	 (p	 >	 0.05).	 Abbreviations:	 ABTS,	 2,2’-azobis(3-ethylbenzothiazoline-6-sulfonic	
acid);	DPPH,	1,1-diphenyl-2-picrylhydrazyl	FRAP,	ferric	reducing	antioxidant	power;	N-NO2, nitrite 
nitrogen;	N-NO3,	nitrate	nitrogen;	TE,	Trolox	equivalents

The	 data	 revealed	 that	 raspberry	 firmness	 varied	 depending	 on	 the	 molecular	 weight	
of	 chitosan	 used.	 Firmness	 is	 an	 important	 parameter	 that	 affects	 quality,	 shelf	 life	 
and	 consumer	 preferences	 for	 fruits.	 In	 this	 study,	 500k	 and	 950k	 chitosan	 increased	
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raspberry	firmness.	This	ability	could	be	useful	 in	agricultural	 and	processing	practices	 
to	 improve	 fruit	 quality.	 However,	 the	 question	 remains	 whether	 the	 raspberries	 
were	firmer	due	to	the	application	of	500k	or	950	k	chitosan	or	due	to	the	negative	impact	 
of	the	treatment	on	raspberry	size.	Zhang	et	al.	[36]	showed	that	a	coating	on	fruit	made	 
of	low-molecular-weight	chitosan	increased	fruit	firmness.

Raspberries	 treated	 with	 3.3k	 chitosan	 showed	 the	 highest	 content	 of	 soluble	
solids	 (12.2%).	 These	 raspberries	 also	 had	 the	 lowest	 titratable	 acidity	 (1.55	 g),	 
which gives consumers the impression that they are sweeter. This suggests that chitosan  
with	a	 lower	molecular	weight	may	 favour	 the	accumulation	of	 sugars,	despite	 the	 fact	 
that	the	raspberries	were	large	and	the	yield	was	higher	compared	with	the	control.	Plants	sprayed	
with	50k	chitosan	had	the	lowest	amount	of	sugars	and,	at	the	same	time,	the	highest	acidity.	 
Meng	et	al.	[37]	and	Zhang	et	al.	[36]	showed	that	the	use	of	chitosan	increased	the	extract	
content	and	slightly	reduced	the	acidity	of	fruit.

In	Poland,	there	are	no	established	standards	that	define	the	level	of	nitrates	and	nitrites	
in	 fruits.	 Raspberries	 accumulated	 very	 small	 amounts	 of	 harmful	 nitrates	 (maximum	
118	 mg/1000	 g)	 and	 nitrites	 (maximum	 0.12	 mg/1000	 g),	 regardless	 of	 the	 chitosan	
used.	According	 to	 the	 current	 regulations,	 they	 can	be	 considered	 safe	 for	 consumers.	
The	 limits	 for	 the	nitrate	 content	 are	defined	 in	European	Union	 (EU)	 regulations	only	 
for	green	leafy	vegetables.	For	example,	fresh	lettuce	can	contain	up	to	5000	mg	nitrates/1000	g.	
Meanwhile,	 processed	 food	 intended	 for	 infants	 and	 small	 children	 should	 not	 exceed	 
200	mg	nitrates/1000	g	and	0.07	mg	nitrites	per	kilogram	of	body	weight	[38].

Polyphenols	are	important	for	the	antioxidant	properties	of	fruits.	The	use	of	chitosan	
impacted	 the	 polyphenol	 content	 and	 antioxidant	 activity	 of	 raspberries,	 measured	 
by	the	DPPH	and	ABTS	radical	scavenging	assays	and	the	FRAP	assay,	which	measures	
the	antioxidant	capacity	through	the	ability	to	reduce	iron.	Lower	values	indicate	a	better	
ability	 to	 neutralise	 free	 radicals.	 Each	 of	 these	 indicators	 provides	 information	 about	 
the	potential	health	benefits	of	raspberries,	especially	in	the	context	of	preventing	diseases	
related	to	oxidative	processes.	The	raspberries	treated	with	500k	and	950k	chitosan	had	 
the	highest	polyphenol	content,	171	mg/100	g	and	164	mg/100	g,	respectively.	This	suggests	
that	higher	molecular	weights	of	chitosan	may	better	support	the	synthesis	of	polyphenols	
in	raspberries,	but	also	may	cause	stress	in	plants.	Polyphenols	can	be	synthesised	by	plants	
in	response	to	stress.	Furthermore,	raspberries	treated	with	500k	and	950k	chitosan	were	
smaller,	and	other	studies	have	shown	that	smaller	fruits	contain	more	polyphenols	[39].

Raspberries	 treated	with	3.3k	and	12k	chitosan	also	showed	an	elevated	polyphenol	
content	compared	with	the	control,	although	this	effect	was	more	moderate.	The	highest	
DPPH	radical	scavenging	and	FRAP	activity	correlated	with	a	high	polyphenol	content.	 
In	 raspberries	 collected	 in	 Japan,	 the	 antioxidant	 activity	 measured	 by	 FRAP	 
was	 18.0	 mmol	 Trolox	 equivalents	 (TE)/100	 g	 [40].	 The	 ABTS	 scavenging	 assay	 
did	not	show	an	effect	of	the	applied	chitosan	on	the	antioxidant	capacity	of	raspberries.	 
High-	 and	medium-molecular-weight	 chitosan	 had	 an	 antioxidant	 capacity	 of	 the	 fruits	
similar	 to	 that	 of	 the	 control,	 while	 low-molecular-weight	 chitosan	 even	 weakened	 
this	effect.

Vitamin	C,	also	known	as	ascorbic	acid,	is	one	of	the	most	recognisable	and	effective	
antioxidants	 available	 in	 the	 human	 diet	 [41].	 The	 antioxidant	 capacity	 of	 vitamin	 C	 
is	related	to	its	ability	to	neutralise	free	radicals	and	other	reactive	oxygen	species,	which	
can	cause	cell	damage,	contribute	to	the	development	of	cardiovascular	diseases	and	certain	
types	of	cancers	and	accelerate	ageing.	However,	 the	results	did	not	show	a	correlation	
between	the	content	of	this	compound	and	the	antioxidant	capacity.	Raspberries	sprayed	
with	950k	chitosan	had	 the	 lowest	L-ascorbic	 acid	 content.	This	 suggests	 that	 the	high	
antioxidant	 capacity	 is	 influenced	by	polyphenols	 and	not	by	 the	 content	of	L-ascorbic	
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acid.	On	the	contrary,	Zhang	et	al.	[36]	demonstrated	that	low-molecular-weight	chitosan	
increased	the	L-ascorbic	acid	content.

As	 a	 natural	 polysaccharide,	 chitosan	 exhibits	 a	 variety	 of	 properties	 that	 can	 
be	particularly	useful	in	the	protection	of	plants	and	fruits	against	pests	and	diseases	[36,	
42].	Chitosan	can	induce	so-called	systemic	acquired	resistance	in	plants,	which	strengthens	
their	 natural	 defence	mechanisms.	 Chitosan	 also	 demonstrates	 direct	 antifungal	 action:	 
it	can	damage	the	cell	walls	of	fungi	by	binding	to	their	polymers,	leading	to	disturbances	
in	 their	growth	and	development	 [43].	Additionally,	 alteration	of	 the	environmental	pH	 
by	 chitosan	 can	 adversely	 affect	 the	 survival	 of	 fungi.	 When	 applied	 to	 the	 surface	 
of	fruits,	chitosan	forms	a	thin,	transparent	and	breathable	coating,	which	can	physically	limit	 
the	 access	 of	 pathogens	 to	 plant	 tissue,	 acting	 as	 an	 additional	 protective	 barrier	 [36].	 
It	 is	difficult	 to	determine	which	method	enhanced	 the	 resistance	of	 raspberries	 against	
grey	mould.	 Perhaps	 several	 defence	 systems	 operated	 simultaneously.	All	 the	 applied	
sprays	 reduced	 the	 degree	 of	 raspberry	 infestation	 compared	 with	 the	 control	 group.	
Raspberries	treated	with	500k	and	950k	chitosan	were	the	best	protected,	with	only	4%–5%	 
of	the	fruit	being	affected.	Chitosan	125k	was	also	effective:	11%	of	the	fruit	was	affected.	
Badawy	 and	 Rabea	 [44]	 also	 found	 that	 the	 effectiveness	 of	 chitosan	 was	 dependent	 
on its molecular weight.

Figure 2. The	effects	of	chitosan	on	the	colour	of	the	leaves	and	raspberries	for	the	Polesie	
cultivar.	The	green	markers	indicate	the	values	for	leaves,	while	the	red	markers	
indicate	the	values	for	raspberries.
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Chitosan	of	various	molecular	weights	had	a	significant	impact	on	the	colour	of	the	leaves	
and	raspberries.	Treatment	with	3.3k	chitosan	increased	the	colour	intensity	of	the	leaves	
and	raspberries,	with	a	more	pronounced	effect	on	the	leaves	(Figure	2).	The	b*	parameter	
took	a	negative	value,	meaning	that	the	leaves	had	an	intense	green-blue	colour,	reminiscent	
of	the	effect	of	over-fertilisation	with	nitrogen.	As	the	chitosan	molecular	weight	increased,	
this	 effect	 was	 weaker.	 Treatment	 with	 950k	 chitosan	 resulted	 in	 the	 least	 intensely	
coloured	leaves	and	raspberries.	The	opposite	effect	was	observed	in	strawberries:	chitosan	 
with	 the	 highest	 molecular	 weight	 produced	 strawberries	 with	 a	 better	 colour	 [45].	 
Hence,	 the	 reaction	 of	 different	 plant	 species	 varies,	 a	 phenomenon	 that	 requires	 
additional	research.

4. Conclusions
This	study	on	the	impact	of	chitosan	with	various	molecular	weights	on	the	development,	
quality	 and	 health	 of	 raspberries	 highlights	 the	 complex	 interactions	 between	 
this	 biopolymer	 and	 plants.	 The	 results	 suggest	 that	 the	 optimal	 molecular	 weight	 
of	 chitosan	may	 vary	 depending	 on	 the	 application	 goal	 and	 the	 developmental	 phase	 
of	 the	 plants.	 Treatment	 with	 21k	 and	 50k	 chitosan	 resulted	 in	 the	 highest	 raspberry	
yield.	Moreover,	 21k	 chitosan	 also	 impacted	 raspberry	 size	 positively.	 However,	 500k	
and	950k	chitosan	reduced	the	yield	compared	to	the	control.	On	the	other	hand,	chitosan	 
with	higher	molecular	weights	favourably	influenced	the	firmness	of	the	raspberries,	which	
is	 significant	 from	a	quality	perspective.	The	 raspberries	 treated	with	3.3k	chitosan	had	
the	highest	content	of	soluble	substances	and	the	lowest	acidity,	which	could	contribute	 
to	 the	 perception	 of	 greater	 sweetness.	 Raspberries	 sprayed	 with	 chitosan,	 regardless	 
of	its	molecular	weight,	accumulated	small	amounts	of	harmful	nitrates	and	nitrites,	although	
they	 stayed	 the	within	 the	 established	 safe	 limits	 for	 consumers.	 Treatment	with	 500k	 
and	950k	chitosan	 favoured	 the	accumulation	of	polyphenols,	which	may	 indicate	 their	
better	properties	in	supporting	the	antioxidant	capabilities	of	the	fruit,	although	this	could	 
also	be	related	to	plant	stress.	Chitosan,	especially	500k	and	950k,	demonstrated	protective	
action	against	grey	mould.	This	suggests	that	chitosan	may	induce	defence	mechanisms	 
in	 plants	 or	 create	 a	 physical	 protective	 barrier	 on	 the	 surface	 of	 the	 fruits.	 This	 type	 
of	 chitosan	 tends	 to	 form	 stronger	 and	more	 durable	 barriers,	 enhancing	 plant	 defence	
mechanisms	against	pathogens.	In	summary,	this	research	indicates	the	potential	benefits	
from	the	use	of	chitosan	in	agriculture,	particularly	in	increasing	yields,	improving	fruit	
quality	 and	 protecting	 against	 diseases.	 However,	 selecting	 the	 appropriate	 molecular	
weight	 of	 chitosan	 is	 crucial	 to	 realising	 these	 benefits,	 an	 issue	 that	 requires	 further	
research	and	refinement.
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Abstract
This paper presents a preliminary characterisation of the local mechanical properties 
of thermosensitive chitosan systems using dynamic light scattering, an endeavour 
that has not yet been attempted. The tests included solutions of chitosan chloride  
with the addition of sodium glycerophosphate as well as those without a substance  
to support the gelation process. There was much better agreement between the data obtained 
from measurements on the microscopic and macroscopic scales for systems without 
the addition of glycerophosphate. In most cases, the addition of a pH-neutralising salt 
resulted in higher values of dynamic moduli than those obtained during microrheological 
measurements. Therefore, it seems to be possible to use dynamic light scattering to conduct 
microrheological studies of thermosensitive chitosan systems.

Keywords: thermosensitive hydrogels, chitosan, DLS, microrheology

Received:	20.03.2024
Accepted:	10.06.2024



245Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.018

Dynamic light scattering-based microrheology of thermosensitive chitosan hydrogels:  
preliminary studies

1. Introduction
Assessment	of	the	rheological	properties	of	hydrogels	for	biomedical	applications	is	crucial	
because	it	allows	the	characterisation	of	the	mechanical	properties	of	the	biopolymer	matrix	
during	compression	(determination	of	Young’s	modulus	and	texture	analysis	[1]),	tension	
and	shear	[2,	3].	The	use	of	shear	deformation	allows	for	the	determination	of	the	mechanical	
spectrum	under	isothermal	conditions	[4]	as	well	as	changes	in	structural	properties	during	
measurements	with	constant	deformation	under	non-isothermal	and	isothermal	conditions	
[5–7].	 The	 latter	 are	 particularly	 important	 when	 characterising	 thermosensitive	media	
used	as	 injectable	biomedical	scaffolds	[8]	 that	form	a	spatial	polymer	network	directly	
in	 the	human	body	after	heating	to	the	physiological	 temperature.	These	measurements,	
although	 very	 important	 at	 the	 design	 stage,	 only	 determine	 the	 properties	 of	 media	 
on a macroscopic scale. From the application point of view, it seems that local mechanical 
properties	 [9]	 are	 equally	 important	 because	 they	 directly	 affect	 the	 environment	 
in	 which	 the	 cells	 multiply,	 and	 they	 may	 differ	 from	 the	 bulk	 properties	 in	 the	 case	 
of	heterogeneous	media.	

Microrheological	 techniques	 using	monodisperse,	 inert	 latex	 tracers	 of	microscopic	
size	represent	a	way	to	address	these	needs.	There	are	passive	and	active	microrheological	
techniques,	 which	 differ	 depending	 on	 the	 method	 of	 forcing	 the	 movement	 of	 these	
particles	[10–12].	For	the	former	group	(also	known	as	thermal),	the	diffusive	movement	
of	 tracers	 is	 forced	 by	 the	 thermal	 energy	 of	 the	 system.	 The	 most	 common	 passive	
microrheological	 techniques	 include	 video	 particle	 tracking	 and	 techniques	 based	 
on	 monochromatic	 beam	 scattering,	 such	 as	 dynamic	 light	 scattering	 (DLS)	 
and	diffusing-wave	spectroscopy	 (DWS)	 [10].	 In	 the	case	of	active	 (also	called	 forced)	
techniques,	the	beads	are	manipulated	by	an	external	force	usually	generated	by	a	magnetic	
field	(magnetic	tweezers	[MT])	or	by	optical	beams	(optical	tweezers	[OT])	[10].	Although	
they	 have	 limitations,	 these	 techniques	 enable	 the	 characterisation	 of	 the	medium	over	 
a	very	wide	frequency	range	(10–2 to 107	Hz)	as	well	as	over	a	wide	range	of	shear	moduli	 
(10–5 to 104	Pa)	 [10].	The	 range	of	 low	shear	modulus	values	 is	particularly	 interesting	
because	 it	 correlates	with	 the	 range	of	 stresses	occurring	on	 the	 scale	of	 cellular/tissue	
interactions.	 DLS	 is	 a	 microrheological	 tool	 that	 uses	 an	 inverse	 approach	 relative	 
to	 its	 classical	 use	 to	 determine	 the	 size	 of	 the	 dispersed	 phase.	 In	 this	 case,	 based	 
on	 the	 scattering	 intensity	 signal	 on	 tracer	 particles	 of	 a	 known	 diameter,	 rheological	
properties	are	determined	using	mathematical	calculations.	Briefly,	the	correlation	function	
on	delay	time	is	used	to	determine	the	mean	square	displacement	of	the	tracers	as	a	function	
of	 the	 delay	 time	 and	 finally,	 using	 the	 generalised	 Stokes–Einstein	 relation	 (GSER)	 
and	Fourier	transform,	the	course	of	the	storage	modulus	(G')	and	the	loss	modulus	(G")	 
as	a	function	of	frequency	known	as	the	mechanical	spectrum	is	obtained	[13].

This paper presents a preliminary characterisation of the local mechanical properties  
of	 thermosensitive	 chitosan	 systems	 using	 DLS,	 an	 endeavour	 that	 has	 not	 yet	 been	
attempted.	A	critical	analysis	of	the	obtained	results	at	the	macroscopic	and	microscopic	
scales	revealed	the	real	potential	of	using	DLS	to	characterise	the	tested	media,	the	potential	
limitations	and	future	research	directions.

2. Materials and Methods
2.1. Preparation of Thermosensitive Hydrogels
This	study	used	chitosan	of	shrimp	origin	(CAS	no.	9012-76-4,	Sigma-Aldrich,	Germany),	
whose	 average	 molecular	 weight	 is	 862	 kg/mol	 and	 degree	 of	 deacetylation	 is	 83.4%	
[3].	 Thermosensitive	 chitosan	 hydrogels	 were	 obtained	 according	 to	 the	 preparation	
proposed	 by	Chenite	 et	 al.	 [14].	A	 chitosan	 solution	was	 prepared	 by	 dissolving	 0.4	 g	 
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of	chitosan	powder	in	16	ml	of	0.1	M	hydrochloric	acid	(CAS	no.	7647-01-0,	Sigma-Aldrich,	
Germany)	and	incubated	for	24	h	until	the	polymer	had	dissolved	completely.	Subsequently,	 
the	 solution	 was	 incubated	 at	 4°C.	 In	 parallel,	 a	 suspension	 of	 β-disodium	 
glycerophosphate	 (CAS	 no.	 154804-51-0,	 Sigma	 Aldrich,	 Germany)	 was	 prepared	 
by	 suspending	 2	 g	 of	 powder	 in	 2	ml	 of	 distilled	water.	After	 cooling,	 the	 suspension	
was	added	drop	by	drop	 to	 the	chitosan	solution,	 then	mixed	 thoroughly	and	 incubated	 
for	another	24	h	at	4°C	before	actual	measurements.

Monodisperse	 latex	 tracers	 (Magsphere	 Inc.,	 USA)	 without	 surface	 modification	 
and	with	 a	 diameter	 of	 210,	 500	 or	 880	 nm	were	 added	 to	 the	 pure	 chitosan	 solutions	 
and	samples	with	addition	of	β-disodium	glycerophosphate	intended	for	microrheological	
tests;	 the	 final	 concentration	 was	 0.1%	 (v/w).	 The	 pH	 of	 the	 obtained	 pure	 chitosan	
solutions	and	systems	containing	β-disodium	glycerophosphate	at	20°C	was	5.7	and	6.9,	
respectively	[3].	The	addition	of	polystyrene	tracers	did	not	change	the	pH.

2.2. Methods
Bulk	mechanical	spectra	were	obtained	using	a	MCR301	rotational	rheometer	(Anton	Paar,	
Austria)	performing	a	frequency	sweep	test	(γ	=	1%,	ω	=	0.01	-	500	rad/s)	in	the	linear	
viscoelasticity	 (LVE)	 range.	Microscopic	 evaluation	was	performed	using	 the	Zetasizer	
Nano	ZS90	analyser	(Malvern	Panalytical,	USA)	using	the	settings	proposed	by	Cai	et	al.	
[13].	The	tests	were	carried	out	at	5,	25	and	37°C,	representing	the	storage	temperature,	
application	 temperature	 and	 human	 body	 temperature,	 respectively.	 To	 determine	 
the	 effect	 of	 the	 tracers	 on	 the	 phase	 transition	 time,	 measurements	 were	 carried	 
out	 at	 constant	 deformation	 (γ	 =	 1%,	ω	=	 5	 rad/s)	 under	 isothermal	 conditions	 (37°C)	
after	rapid	heating	from	the	storage	temperature	(5°C).	There	were	3–5	replicates	for	each	 
sample. The microrheological test results for each measurement represent the mean  
of	22	scans	for	different	measurement	positions	[13].	The	discrepancy	in	the	obtained	data	
did	 not	 exceed	 10%.	The	mechanical	 spectra	were	 obtained	 by	 analysing	 the	 raw	 data	 
using	a	code	in	the	Python	programming	language	developed	by	Krajina	et	al.	[15].

3. Results and Discussion
According	 to	 the	 theory	 of	 microrheological	 measurements,	 the	 tracers	 used	 should	 
be	 inert	 with	 respect	 to	 the	 medium	 whose	 rheological	 properties	 are	 determined.	 
For	this	reason,	the	mechanical	spectra	to	determine	G'	and	G"	were	compared	for	samples	
without	and	with	the	addition	of	tracers	(Figure	1).	

For	 the	 chitosan	 solutions	 without	 β-disodium	 glycerophosphate,	 regardless	 
of	 the	 measurement	 temperature,	 the	 latex	 beads	 did	 not	 affect	 the	 dynamic	 modulus	
values.	 However,	 the	 addition	 of	 β-disodium	 glycerophosphate,	 which	 supports	 
the	sol-gel	phase	transition	process,	affected	the	tracers’	influence	on	the	modulus	values,	
particularly	at	the	lowest	temperature	(5°C,	Figure	1b).	The	addition	of	tracers	increased	 
the	G'	and	G"	values,	indicating	an	enhancement	of	both	the	viscous	and	elastic	properties	 
of	the	experimental	medium.

The	dependence	of	the	obtained	values	on	the	size	of	the	tracers	was	non-monotonic,	
and	the	highest	values	were	obtained	for	tracers	with	a	diameter	of	500	nm.	This	means	 
that	despite	their	chemically	inert	form,	they	influence	the	structure	of	the	polymer	medium.	
It	should	be	assumed	that	they	constitute	aggregation	nuclei	which,	despite	their	sol	form,	
strengthen	the	structure	of	the	medium.	However,	the	differences	observed	in	the	G"	values	
are	surprising	because	if	changes	are	observed,	then	they	should	only	concern	G',	which	
determines	the	elastic	characteristics	of	the	medium.	At	25°C,	the	tracers	only	influenced	
the	elastic	properties.	Again,	 the	addition	of	 latex	beads	 increased	G',	with	a	maximum	
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value	 for	 tracers	with	 a	 diameter	 of	 500	 nm.	 Surprisingly,	 after	 gelation,	 the	 presence	 
of	latex	beads	slightly	weakened	the	mechanical	properties	of	the	obtained	gels.	Moreover,	
it	 should	 be	 emphasised	 that	 the	 spectra	 obtained	 in	 the	 low	 frequency	 range	 at	 37	 
and	 25°C	 in	 the	 case	 of	 the	 medium	 with	 β-disodium	 glycerophosphate,	 although	
inconsistent	with	 the	course	of	 the	universal	mechanical	spectrum	proposed	by	Kasapis	
[16],	indicate	progressive	gelation	under	the	influence	of	shear	[5].	

Figure 1. The	effect	of	the	tracer	diameter	on	the	mechanical	spectra	of	(a,	c	and	e)	pure	
chitosan	 solutions	 and	 (b,	 d	 and	 f)	 systems	with	 the	 addition	 of	 β-disodium	
glycerophosphate	at	5,	25	and	37°C,	respectively.	Control	samples	contained	
no	tracers.	The	markings	210,	500	and	880	refer	to	the	size	of	the	tracers	[nm].	
Abbreviations:	G',	storage	modulus;	G",	loss	modulus.
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The	 actual	 impact	 of	 the	 tracers	 on	 the	 state	 of	 the	 polymer	 matrix	 was	 assessed	 
by	determining	 the	kinetics	of	 the	phase	 transition	at	37°C.	Figure	2	 shows	 the	change	 
in	 G'	 and	 G''	 over	 time.	 Applying	 the	 most	 frequently	 used	 method	 of	 equalising	 
the	values	of	 dynamic	moduli	 to	determine	 the	gelation	 time	 showed	 that	 the	presence	 
of	tracers	did	not	affect	the	determined	gelation	time.	Nevertheless,	for	the	media	containing	
latex	beads,	there	was	a	sharp	increase	in	G'	and	G"	that	occurred	much	faster	compared	 
with the control samples. This proves the faster occurrence of the fast gelation area,  
where	the	primary	polymer	matrix	is	formed,	which	is	expanded	in	the	slow	gelation	area.

Figure 2. The	 change	 in	 the	 storage	 modulus	 (G')	 and	 the	 loss	 modulus	 (G'')	 
over	 time	 depending	 on	 the	 tracer	 diameter	 at	 37°C.	 The	 control	 samples	 
contained	 no	 tracers.	 The	 markings	 210,	 500	 and	 880	 refer	 to	 diameter	 
of	the	tracers	[nm].

Figure	 3	 shows	 mechanical	 spectra	 at	 5°C	 obtained	 as	 a	 result	 of	 classical	 bulk	 tests	 
as	well	as	microrheological	 tests	using	DLS.	The	chitosan	solution	showed	consistency	 
for	G'	 in	 the	 low	 frequency	 range,	while	G''	 produced	 inconsistent	 results	 (Figure	 3a).	 
When	 using	 tracers	 of	 different	 sizes,	 there	 were	 similar	 G'	 and	 G"	 values	 
at	 the	 macroscopic	 and	 microscopic	 scales.	 For	 the	 samples	 containing	 β-disodium	
glycerophosphate,	 there	 were	 much	 greater	 discrepancies	 in	 the	 data	 (Figure	 3b).	 
In	 the	 case	 of	 classical	 measurements,	 much	 higher	 values	 of	 dynamic	 moduli	 
were	 obtained.	 Discrepancy	 in	 the	 results	 obtained	 using	 the	 two	 measurement	 
techniques	 indicates	 significant	 heterogeneity	 of	 the	 sample.	 In	 this	 case,	 
microrheological	 measurements	 using	 DLS	 cannot	 be	 used	 for	 local	 characterisation	
because,	 despite	 the	 use	 of	 multiple	 measurements	 at	 different	 detector	 positions,	 
the	 final	 results	 are	 averaged	 results.	 It	 would	 be	 more	 reasonable	 to	 use	 a	 technique	 
based	on	video	multiple	particle	tracking.
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Figure 3. The	 mechanical	 spectra	 of	 (a)	 pure	 chitosan	 solutions	 and	 (b)	 systems	
containing	β-disodium	glycerophosphate	at	5°C	with	the	addition	of	500	mm	
tracers	 determined	 using	 a	 rheometer	 and	 dynamic	 light	 scattering	 (DLS).	
Abbreviations:	G',	storage	modulus;	G”,	loss	modulus.

The	results	of	classical	oscillatory	measurements	revealed	that	despite	the	low	measurement	
temperature,	 elastic	 properties	 predominated	 over	 viscous	 properties,	 which	 should	 
not	be	the	case	in	the	case	of	a	polymer	sol.	This	phenomenon	was	not	observed	in	the	case	
of	a	control	measurement	for	a	sample	without	tracers.	Despite	the	predominance	of	elastic	
features	over	viscous	features,	a	gel	form	was	not	obtained	due	to	the	dependence	of	both	
moduli	on	frequency	as	well	as	the	flow	phenomenon	observed	during	the	measurements.	
In	the	case	of	both	media,	G''	decreased	in	the	frequency	range	above	300	s–1,	a	finding	
inconsistent	 with	 theory.	 This	 may	 suggest	 an	 incorrect	 fit	 of	 the	 raw	 data	 recorded	
during	 the	 measurements.	An	 undoubted	 advantage	 of	 microrheological	 measurements	 
is	 the	 determination	 of	 the	 GN0	 value,	 which	 is	 defined	 as	 the	 minimum	 value	 of	 G''	 
in	the	highly	elastic	area	in	accordance	with	the	Kasapis	theory	[16].

Figure	4	shows	the	test	results	at	the	macroscopic	and	microscopic	scales	at	25°C	using	
tracers	with	 a	 diameter	 of	 210	 nm.	 In	 the	 case	 of	 chitosan	 solutions,	G''	 showed	 good	
compliance	in	the	low	frequency	range,	but	G'	did	not.

Figure 4. The	 mechanical	 spectra	 of	 (a)	 pure	 chitosan	 solutions	 and	 (b)	 systems	
containing	β-disodium	glycerophosphate	at	25°C	with	the	addition	of	 tracers	
with	a	diameter	of	210	nm	determined	using	a	 rheometer	and	dynamic	 light	
scattering.	Abbreviations:	G',	storage	modulus;	G",	loss	modulus.
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In	 the	 case	 of	 systems	 containing	 β-disodium	 glycerophosphate,	 there	 was	 better	
convergence	 of	 G'	 and	 acceptable	 differences	 in	 G''.	 This	 could	 suggest	 an	 increase	
in	 homogeneity	 as	 the	 temperature	 increases.	 Again,	 for	 frequencies	 above	 300	 s–1,  
the	obtained	data	are	inconsistent	with	the	literature	in	the	case	of	G''.	It	is	worth	noting	
that	at	the	same	temperature,	the	use	of	larger	tracers	resulted	in	a	greater	divergence	of	G'	
and	G''.	

Nevertheless,	 the	 results	 obtained	 using	 the	 microrheological	 technique	 are	 very	
promising	 because	 they	 allow	 for	 characterisation	 over	 a	 very	 wide	 frequency	 range	 
(Figure	 5),	 the	 courses	 of	 which	 are	 consistent	 with	 the	 theory	 proposed	 by	 Kasapis	
[16].	 This	 makes	 it	 possible	 to	 determine	 all	 four	 characteristic	 regions:	 starting	 from	 
the	 molecular	 flow	 and	 moving	 through	 the	 highly	 elastic,	 glass	 transition	 and	 glassy	
states.	Additionally,	 it	 is	 possible	 to	 determine	 the	 short	 relaxation	 time,	 the	 relaxation	
time	and	 the	 long	relaxation	 time	[4],	which	were	4.1	×	10–4,	1.2	×	10–2	and	9.8	×	10–2 
s,	 respectively.	 These	 times	 are	 related	 to	 the	 elastic	 dynamics	 of	 bend	 relaxation,	 
the	 internal	 flexible	 chain	 relaxation	 as	 well	 as	 the	 total	 chain	 relaxation	 [13].	 
Consequently,	this	makes	it	possible	to	determine	the	hierarchy	of	molecular	relaxations.	 
A	 pure	 chitosan	 solution	 at	 the	 frequency	 range	 200–2400	 s–1	 presented	 discontinuity	 
in	 the	 obtained	 data	 and	 the	 tendency	 towards	 the	 value	 of	 0	 Pa.	 The	 authors	 
of	 the	 code	 used	 in	 data	 analysis	 observed	 similar	 discontinuity;	 they	 interpreted	 
it	as	noise	occurring	in	the	raw	data	[15].

Figure 5. The	 mechanical	 spectra	 of	 (a)	 pure	 chitosan	 solutions	 and	 (b)	 systems	
containing	 β-disodium	 glycerophosphate	 at	 25°C	 with	 the	 addition	 
of	 tracers	 with	 a	 diameter	 of	 500	 nm,	 determined	 using	 a	 rheometer	 
and	dynamic	light	scattering	(DLS).	Abbreviations:	G',	storage	modulus;	G",	
loss	modulus.

The	 results	 obtained	 at	 37°C	 strongly	 depended	 on	 the	 medium	 tested.	 In	 the	 case	 
of	 chitosan	 solutions	 without	 sodium	 glycerophosphate	 (Figure	 6),	 the	 size	 
of	 the	 tracers	 had	 a	 marked	 impact	 on	 the	 consistency	 of	 the	 data	 obtained	 using	 
both	measurement	techniques.	The	use	of	the	smallest	tracer	with	a	diameter	of	210	nm	
led	 to	 satisfactory	 convergence	 for	 G''.	 The	 microrheological	 measurements	 revealed	
discontinuity	at	high	frequencies	for	both	G'	and	G".	
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Figure 6. The	mechanical	 spectra	of	pure	chitosan	solutions	at	37°C	with	 the	addition	 
of	tracers	with	a	diameter	of	210	nm	determined	using	a	rheometer	and	dynamic	
light	scattering	(DLS).	Abbreviations:	G',	storage	modulus;	G",	loss	modulus.

When	using	larger	tracers	(i.e.	a	diameter	of	500	or	880	nm),	the	experimental	data	were	
similar,	 especially	 regarding	G'.	 This	 points	 to	 the	 important	 issue	 of	 selecting	 tracers	 
for	a	specific	type	of	measurement.	Selecting	a	tracer	that	is	too	small	may	result	in	its	free	
diffusion,	unrestricted	by	polymer	chains,	resulting	in	a	much	more	reliable	measurement	
of	viscous	properties	during	microrheological	measurements.	On	the	other	hand,	the	use	 
of	 larger	 tracers	 provides	 a	 better	 characterisation	 of	 the	 elastic	 properties.	 Although	
the	 tracer	 diameter	 does	 not	 directly	 affect	 the	 obtained	 values	 of	 the	 dynamic	moduli	 
–	because	it	is	considered	when	analysing	the	raw	data	–	latex	beads	with	different	diameters	
will	interact	with	polymer	chains	differently,	which	results	directly	from	the	diffusion	rate.	
This	was	schematically	presented	by	Li	and	Mooney	[17]	when	analysing	the	release	rate	
of	active	substances	from	the	polymer	matrix.

The	 largest	 discrepancies	 between	 the	 data	 obtained	 from	 classical	 rheological	
measurements	 and	 microrheological	 measurements	 were	 obtained	 for	 the	 systems	
containing	β-disodium	glycerophosphate	at	37°C	(Figure	7).

Figure 7. The	 mechanical	 spectra	 of	 (a)	 pure	 chitosan	 solutions	 and	 (b)	 systems	
containing	β-disodium	glycerophosphate	at	37°C	with	the	addition	of	 tracers	
with	a	diameter	of	880	nm	determined	using	a	 rheometer	and	dynamic	 light	
scattering	(DLS).	Abbreviations:	G',	storage	modulus;	G",	loss	modulus.
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The	 nature	 of	 the	 observed	 changes	 was	 independent	 of	 the	 size	 of	 the	 tracer	 used.	 
For	the	same	frequency	range,	there	were	much	higher	G'	and	G"	values	based	on	classic	
rheological	measurements.	This	 indicates	much	weaker	 local	 properties	 of	 the	 polymer	
network,	 which	 are	 strengthened	 throughout	 the	 volume,	 for	 example,	 by	 numerous	
junction	 zones.	 Although	 measurements	 were	 made	 at	 several	 detector	 positions,	 
the	observed	discrepancies	may	result	from	the	non-ergodic	state	of	the	medium	in	which	
the	 scattering	 intensity	 signal	 strongly	 depends	 on	 the	 detector	 position.	 In	 the	 case	 
of	microrheological	measurements,	 two	areas	are	observed	on	 the	universal	mechanical	
spectrum	curve:	a	highly	elastic	area	and	a	glassy	 transition	area.	Ultimately,	 the	value	 
of	the	characteristic	time	was	determined	to	be	6.7	×	10–3	s.	As	in	the	case	of	measurements	
at	 lower	 temperatures,	 discontinuities	 in	 the	 courses	 of	 both	 dynamic	 modules	 
from	measurements	using	the	DLS	technique	are	again	visible.

4. Conclusions
The	 results	 demonstrated	 much	 better	 agreement	 between	 the	 data	 obtained	 
from	 measurements	 at	 the	 microscopic	 and	 macroscopic	 scales	 for	 systems	 without	
β-disodium	glycerophosphate.	In	most	cases,	the	addition	of	a	pH-neutralising	salt	resulted	
in	higher	G'	and	G"	values	 than	 those	obtained	during	microrheological	measurements.	
Moreover,	although	the	polymer	tracers	are	inert	from	a	chemical	point	of	view,	they	affect	 
the	viscoelastic	properties,	changing	the	dominant	characteristics	from	viscous	to	elastic	
at	 low	 temperatures.	Moreover,	 specific	crystallisation/aggregation	nuclei	 slightly	affect	
the	gelation	kinetics	by	shortening	the	time	after	which	the	rapid	gelation	area.	Ultimately,	
latex	beads	of	different	sizes	results	in	different	properties	of	the	tested	media.	Therefore,	
it	is	possible	to	use	DLS	to	conduct	microrheological	studies	of	thermosensitive	chitosan	
systems.	However,	further	research	is	necessary,	including	microscopic	optical	assessment	
of	 the	 state	 of	 the	 polymer	matrix	 and	 attempts	 to	 characterise	 the	 tested	media	 using	 
other	microrheological	techniques	such	as	video	multiple	particle	tracking.
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Abstract
Chitosan and its derivatives are promising plant biostimulants with potentially broad 
applications in agriculture and horticulture. In this study, we determined the effect  
of the application method and dose of depolymerised chitosan on morphological 
characteristics and metabolite levels in Eucomis autumnalis, a medicinal  
and ornamental plant. Depolymerised chitosan (molecular weight ~154,500 g/mol, number 
average molecular weight ~22,800 g/mol and degree of deacetylation ~85%) was used  
at 50 and 100 mg/l by drenching plants or spraying. In general, depolymerised chitosan 
increased the length of plant leaves and roots, especially at the dose of 100 mg/l,  
and also increased the fresh weight of leaves, bulbs and roots, with a more potent effect  
found when depolymerised chitosan was applied as a foliar spray. In addition, spraying  
the plants with chitosan solution at 50 and 100 mg/l caused a significant increase  
in the total chlorophyll content, by 55.4% and 42.0%, respectively, and the total polyphenol 
content, by 77.7% and 59.0%, respectively, compared with the control. On the other 
hand, the biosynthesis of carotenoids was most favourably affected by the application  
of 100 mg/l depolymerised chitosan by drenching and 50 mg/l depolymerised chitosan  
by spraying. Foliar application of depolymerised chitosan led to an increase in leaf 
L-ascorbic acid content by an average of 36.4%, regardless of the dose. The results suggest  
that depolymerised chitosan applied as a foliar spray promoted the growth of E. autumnalis  
and contributed  to increased biosynthesis of polyphenols, which may be a future means  
of obtaining metabolites in this species.
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Foliar application of depolymerised chitosan enhances the growth and content of polyphenols  
and L-ascorbic acid in Eucomis autumnalis, an ornamental and medicinal plant

1. Introduction
Environmentally	friendly	biostimulants	are	increasingly	being	introduced	into	conventional	
crop	production	following	the	principles	of	sustainable	development	[1].	Chitosan	is	one	
of	 the	 better-known	 biostimulants	 in	 agriculture	 and	 horticulture,	 and	 its	 effects	 have	
been	 widely	 documented	 [2].	 Chitosan	 can	 improve	 plant	 growth	 and	 yield,	 modify	
physiological	and	metabolic	processes,	and	promote	nutrient	uptake	[3,	4].	Chitosan-based	
biostimulants	 have	 limitations	 in	 application,	 as	 native	 high-molecular-weight	 chitosan	
does	not	dissolve	in	water	at	pH	7	and	has	a	high	viscosity	[5].	Due	to	protonated	amino	
groups,	chitosan	is	susceptible	to	modification.	The	degradation	of	chitosan	can	produce	 
lower-molecular-weight	 oligosaccharide	 derivatives	 that	 are	 soluble	 in	water	 and	 often	
have	 high	 biological	 activity	 [6,	 7].	 Depolymerised	 chitosan	 can	modify	 plant	 growth	 
and	 induce	 resistance	 to	 adverse	 environmental	 conditions	 by	 enhancing	 primary	 
and	secondary	metabolism	[8,	9].	The	effectiveness	of	chitosan	and	its	derivatives	as	a	plant	 
biostimulant	 may	 depend	 on	 the	 genotype,	 the	 physical	 and	 chemical	 properties	 
of	 the	 polysaccharide,	 the	 solution	 concentration	 or	 the	 application	 form	 [10–12].	
Unfortunately,	many	studies	lack	basic	information	about	the	physicochemical	properties	
of	the	applied	chitosan;	hence,	it	is	often	difficult	to	compare	the	results	and	conclusions	
regarding	the	effect	of	the	biopolymer	on	plants.	

The Eucomis genus	includes	more	than	a	dozen	bulbous	plant	species	in	South	Africa.	
For a long time, the species Eucomis autumnalis	 has	 been	 among	 the	most	 important	
medicinal	 plants	 in	 South	Africa	 [13].	 Extracts	 from	E. autumnalis	 are	 used	 in	 natural	
medicine	to	treat	various	diseases.	The	compounds	of	E. autumnalis	exhibit	antioxidant,	
anticancer,	anti-inflammatory,	antibacterial	and	antifungal	properties	[14,	15].	In	addition	
to	 its	 medicinal	 properties,	 Eucomis	 species	 and	 varieties	 are	 cultivated	 worldwide	 
as	 desirable	 ornamental	 plants.	 Due	 to	 the	 excessive	 harvesting	 of	 bulbs	 from	 natural	
sites	 by	 local	 people,	 endemic	 Eucomis	 species	 are	 threatened	 with	 extinction	 [13].	
Therefore,	 strategies	 are	 being	 sought	 to	 propagate	 and	 produce	Eucomis plants easily  
by	using	environmentally	friendly	biostimulants	[16].	To	date,	the	few	studies	using	chitosan	 
for Eucomis	cultivation	have	focused	on	using	this	biostimulant	for	bulb	dressing	before	
planting	 and	 propagation	 by	 leaf	 cuttings	 [17,	 18].	 So	 far,	 the	 response	 of	 Eucomis  
to	chitosan	treatment	during	plant	growth	is	unknown.

This	 study	 aimed	 to	 determine	 the	 effect	 of	 the	 dose	 and	 method	 of	 application	 
of	 depolymerised	 chitosan	 on	 the	 morphological	 parameters,	 biomass	 accumulation,	
pigment	content	and	metabolites	of	E. autumnalis	plants	obtained	from	seeds.	This	study	
tested	the	hypothesis	that	depolymerised	chitosan	stimulates	the	growth	of	E. autumnalis 
and	modifies	the	phytochemical	composition	of	plants.

2. Materials and Methods
2.1. Preparation of Depolymerised Chitosan
Depolymerised	 chitosan	 obtained	 at	 the	 Center	 for	 Bioimmobilization	 and	 Innovative	
Packaging	 Materials	 at	 West	 Pomeranian	 University	 of	 Technology	 in	 Szczecin	 was	
subjected	to	controlled	radical	degradation	[19]	with	the	continuous	addition	of	hydrogen	
peroxide	at	a	final	concentration	of	6.2	mmol	to	a	2.5%	chitosan	solution.	Depolymerised	
chitosan	was	characterised	by	a	molecular	weight	of	~154,500	g/mol,	an	number	average	
molecular	weight	of	~22,800	g/mol	and	a	degree	of	deacetylation	of	~85%.	

2.2. Plant Material and Experiment Design 
Ten-week-old	E. autumnalis	seedlings	obtained	from	seeds	sown	in	spring	under	controlled	
conditions	 (greenhouse)	were	 repotted	 one	 at	 a	 time	 into	 pots	 (diameter	=	 8	 cm)	filled	
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with	 a	 commercial	 peat	 substrate	 (pH	5.5).	 Seven	days	 after	 repotting,	 the	 plants	were	
treated	with	depolymerised	chitosan	solutions	(50	or	100	mg/l)	every	7	days	for	8	weeks.	 
The	 solutions	 were	 applied	 by	 drenching	 the	 plants	 (20	 ml	 of	 solution	 per	 pot)	 
or	 spraying	 (5	 ml	 of	 solution	 per	 pot).	 Control	 plants	 were	 not	 treated	 
with	 the	biostimulant.	The	experiment	was	set	up	 in	a	 randomised	block	design	 in	four	
replicates,	with	five	plants	per	replicate.	After	10	weeks	of	cultivation	in	the	greenhouse	
(opening	the	vents	at	22°C	during	the	day	and	18°C	at	night),	 the	plants	were	removed	
from	their	pots,	washed	in	water	and,	after	drying,	the	length	and	width	of	the	longest	leaf	
and	the	length	of	the	longest	roots	were	measured,	and	the	fresh	weight	of	all	the	leaves,	
the	bulb	and	roots	was	determined	using	a	PS	200/2000/C/2	balance	(RADWAG,	Poland)	
with	a	reading	accuracy	of	0.001	g.	

2.3. Determination of the Photosynthetic Pigment, Total Polyphenol and L-Ascorbic 
Acid Contents

Samples	 (2	 g)	 were	 taken	 from	 fresh	 leaves	 for	 biochemical	 analyses.	 The	 content	 
of	 assimilation	 pigments	 was	 determined	 based	 on	 absorbance	 at	 441,	 646,	 652	 
and	 663	 nm	 using	 a	 Helios	 Gamma	 Spectrophotometer	 (Thermo	 Spectronic,	 UK).	 
The	 content	 of	 each	 pigment	 was	 calculated	 based	 on	 formulas	 proposed	 
by	 Lichtenthaler	 and	 Buschmann	 [20]	 and	 expressed	 as	 mg/g	 fresh	 weight.	 The	 total	 
polyphenol	 content	 in	 the	 extracts	 was	 determined	 using	 the	 Folin–Ciocalteu	 reagent	
by	measuring	absorbance	at	760	nm,	and	 the	 result	 is	presented	 in	 terms	of	gallic	 acid	 
equivalents	 [11].	 	 The	 content	 of	 vitamin	 C	 as	 L-ascorbic	 acid	 was	 determined	 using	 
the	Tillman	method	based		on	the	reduction	of	2,6-dichlorophenolindophenol	by	L-ascorbic	
acid	[18].	All	analyses	of	plant	material	were	performed	triplicate.

2.4. Statistical Analysis
The	results	were	submitted	to	one-way	analysis	of	variance	followed	by	Tukey’s	honestly	
significant	 difference	 post	 hoc	 using	 the	 STATISTICA	 statistical	 software	 (StatSoft,	
Poland).	A	p	value	≤	0.05	indicated	a	statistically	significant	difference.

3. Results and Discussion
As	 a	 result	 of	 the	 application	 of	 chitosan	 and	 its	 breakdown	 products,	 changes	 can	
occur	at	the	morphological	and	metabolic	levels	in	plants,	resulting	in	increased	growth	 
and	 development	 [21,	 22].	 In	 this	 study,	 the	 dose	 and	 the	 method	 of	 application	 
of	 depolymerised	 chitosan	 significantly	 affected	 the	 length	 and	 width	 of	 leaves	 
and	 the	 root	 length	of	E. autumnalis	 (Table	 1,	Figure	 1).	Both	drenching	 and	 spraying	 
increased	 the	 length	 and	 width	 of	 the	 leaves,	 with	 spraying	 showing	 greater	 efficacy.	 
Plants	sprayed	with	100	mg/l	depolymerised	chitosan	had	the	most	extended	and	widest	 
leaves.	 The	 control	 plants	 that	 were	 not	 treated	 with	 chitosan	 had	 the	 shortest	 leaves.	
Treatment	 with	 depolymerised	 chitosan	 stimulated	 development	 of	 the	 root	 system,	 
with	 the	most	 pronounced	 effect	 from	 spraying	with	 100	mg/l	 depolymerised	 chitosan	 
on	 the	 root	 length.	The	 results	 confirm	 the	 positive	 effect	 of	 foliar	 treatment	 of	 plants	 
with	 chitosan	 on	 morphological	 traits,	 consistent	 with	 previous	 studies.	 
Chen	 et	 al.	 [23]	 showed	 that	 spraying	 Pinellia ternata	 plants	 with	 a	 water-soluble	 
chitosan	 solution	 (degree	 of	 deacetylation	 ≥	 90%	 significantly	 increased	 the	 leaf	 area	 
and	 plant	 height.	 El-Serafy	 [24]	 demonstrated	 that	 chitosan	 oligosaccharides	 applied	
as	 a	 foliar	 spray	 at	 a	 dose	 of	 50	 mg/l	 effectively	 increased	 the	 root	 growth	 rate	 
of	 potted	 Cordyline terminalis plants.	 The	 beneficial	 effect	 of	 foliar-applied	 chitosan	 
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on	plant	growth	is	most	 likely	due	to	 its	easy	absorption	by	the	leaves	of	water-soluble	 
chitosan	 [3,	 4].	 Due	 to	 the	 presence	 of	 amino	 groups,	 chitosan	 can	 penetrate	 
the	 vascular	 system	 of	 plants	 and	 activate	 a	 number	 of	 metabolic	 and	 physiological	 
pathways,	causing	strong	changes	in	their	growth	and	development	[25].

Table 1. Influence	of	the	depolymerised	chitosan	concentration	and	application	method	
on the morphological characteristics of Eucomis autumnalis.

Treatment Application 
method 

Leaf length 
[cm]

Leaf width 
[cm]

Root length 
[cm]

Control - 5.00	±	0.20c 1.80	±	0.07b 4.63	±	0.29c

Chitosan 50 mg/l Soil	drench	 5.82	±	0.41b 2.17	±	0.29ab 7.87	±	0.29b

Chitosan 100 mg/l Soil	drench 5.93	±	0.51b 2.17	±	0.29ab 7.5	±	1.04b

Chitosan 50 mg/l Foliar spray 9.17	±	0.67a 2.80	±	0.09a 7.90	±	0.46b

Chitosan 100 mg/l Foliar spray 9.47	±	0.20a 2.77	±	0.22a 9.97	±	0.80a

Note.	The	 data	 are	 presented	 as	 the	mean	±	 standard	 error	 of	 the	mean.	 In	 each	 column,	means	 
with	the	same	superscript	letter	are	not	significantly	different	based	on	Tukey’s	test	(α	=	0.05).

Figure 1. The	effects	of	the	depolymerised	chitosan	(DCH)	concentration	and	application	
method	on	Eucomis autumnalis growth.
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Table 2. The	 influence	 of	 the	 depolymerised	 chitosan	 concentration	 and	 application	
method	on	the	fresh	weight	of	Eucomis autumnalis.

Treatment Application 
method

Leaf fresh 
weight [g]

Bulb fresh 
weight [g]

Root fresh 
weight [g]

Control - 0.77	±	0.13c 0.91	±	0.01b 0.55	±	0.05c

Chitosan 50 mg/l Soil	drench	 1.08	±	0.09b 0.96	±	0.05b 0.70	±	0.08b

Chitosan 100 mg/l Soil	drench 1.26	±	0.04b 1.09	±	0.03b 0.77	±	0.14b

Chitosan 50 mg/l Foliar spray 3.18	±	0.33a 2.70	±	0.09a 1.47	±	0.08a

Chitosan 100 mg/l Foliar spray 3.24	±	0.24a 2.87	±	0.14a 1.65	±	0.08a

Note.	The	 data	 are	 presented	 as	 the	mean	±	 standard	 error	 of	 the	mean.	 In	 each	 column,	means	 
with	the	same	superscript	letter	are	not	significantly	different	based	on	Tukey’s	test	(α	=	0.05).

Table	 2	 shows	 the	 effect	 of	 depolymerised	 chitosan	 on	 plant	 biomass.	The	 application	
of	 depolymerised	 chitosan	 significantly	 increased	 the	 fresh	 weight	 of	 leaves,	 bulbs	 
and	roots,	with	foliar	spraying	stimulating	biomass	growth	more	strongly	than	application	
by	drenching.	For	plants	treated	with	depolymerised	chitosan	at	50	or	100	mg/l	via	foliar	
spraying,	the	average	increase	in	the	fresh	weight	of	leaves,	bulbs,	and	roots	was	3.2,	2.1	
and	1.8	times	higher,	respectively,	compared	with	the	control.	There	were	no	significant	
differences	 in	 the	 leaf,	 bulb	 and	 root	 biomass	 depending	 on	 the	 biostimulant	 dose.	 
In	a	previous	study,	 researchers	 reported	similar	stimulating	effects	of	50	and	100	mg/l	
low-molecular-weight	 chitosan	 (~5,000	 g/mol)	 applied	 via	 drenching	 on	 the	 fresh	
weight	 of	 leaves	 and	 roots	 of	Perilla frutescens	 plants	 [11].	 On	 the	 other	 hand,	 basil	
(Ocimum basilicum)	showed	an	increase	in	fresh	shoot	weight	when	plants	were	sprayed	 
with	 a	 500	 mg/l	 chitosan	 lactate	 solution	 [26].	 The	 positive	 effect	 of	 chitosan	 
and	 its	 derivatives	 on	 biomass	 growth	 may	 be	 related	 to	 more	 efficient	 uptake	 
and	 utilisation	 by	 plants	 of	 macro-	 and	 micronutrients,	 mainly	 nitrogen,	 more	 intense	
fluorescence	 of	 photosystem	 II	 in	 the	 thylakoid	 membrane,	 and	 an	 increased	 rate	 
of	plant	photosynthesis,	which	together	ultimately	lead	to	increased	biomass	production	
[25].	 It	 is	also	worth	noting	 that	 low-molecular-weight	chitosan	contains	more	nitrogen	
than	 non-degraded	 chitosan	 and	 can	 be	 a	 source	 of	 this	 yield-forming	 macronutrient	 
for	plants	[3,	27].

The	assimilation	pigment	contents	in	leaves	are	important	biomarkers	that	determine	
the	physiological	status	of	plants.	There	were	significant	differences	in	the	photosynthetic	
pigment	contents	depending	on	the	application	method	and	dose	of	depolymerised	chitosan	
(Table	3).	Both	drenching	and	spraying	leaves	with	the	depolymerised	chitosan	solution	
stimulated	total	chlorophyll	accumulation	in	E. autumnalis,	with	spraying	exerted	a	more	
substantial	 effect.	 Relative	 to	 the	 control,	 foliar	 application	 of	 depolymerised	 chitosan	 
at	 50	 and	 100	 mg/l	 increased	 the	 total	 chlorophyll	 content	 by	 55.4%	 and	 42.0%,	
respectively.	Applying	100	mg/l	chitosan	via	drenching	and	50	mg/l	chitosan	via	spraying	
had	the	most	favourable	effect	on	the	carotenoid	content,	with	a	21.3%	and	22.1%	increase	
compared	with	the	control	plants.	In	a	previous	study,	there	were	similar	results	for	sage	 
(Salvia abrotanoides):	after	foliar	application	of	chitosan,	there	was	a	marked	63%	increase	 
in	 the	 total	chlorophyll	content	and	a	68%	increase	 in	 the	carotenoid	content	compared	 
with	 the	 control	 plants	 [28].	 In	 another	 study,	 there	 was	 a	 significant	 increase	 in	 leaf	
accumulation	of	chlorophyll	and	carotenoids	in	potato	(Solanum tuberosum)	plants	sprayed	 
with	 an	 oligo-chitosan	 solution	 (molecular	 weight	 ~82.20	 kDa)	 [9].	 Chitosan-induced	
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changes	 in	 the	 content	 of	 assimilation	 pigments	 are	 most	 likely	 related	 to	 the	 ability	 
of	 chitosan	 to	 stimulate	 the	 production	 of	 endogenous	 cytokines	 and	 the	 expression	 
of	genes	involved	in	chlorophyll	synthesis.	Increased	synthesis	of	assimilation	pigments	
may	also	be	related	to	nitrogen	in	chitosan,	a	crucial	component	of	the	tetrapyrrole	ring	 
of	chlorophyll	[29,	30].

Table 3. The	 influence	 of	 the	 depolymerised	 chitosan	 concentration	 and	 application	
method	on	photosynthetic	pigments	in	Eucomis autumnalis.

Treatment Application 
method

Total chlorophyll 
content

[mg/g fresh weight]

Carotenoid content
[mg/g fresh weight]

Control - 0.45	±	0.00c 0.17	±	0.01c

Chitosan 50 mg/l Soil	drench	 0.57	±	0.01b 0.18	±	0.01bc

Chitosan 100 mg/l Soil	drench 0.58	±	0.01b 0.20	±	0.00a

Chitosan 50 mg/l Foliar spray 0.70	±	0.03a 0.20	±	0.01a

Chitosan 100 mg/l Foliar spray 0.64	±	0.08a 0.19	±	0.01ab

Note.	The	 data	 are	 presented	 as	 the	mean	±	 standard	 error	 of	 the	mean.	 In	 each	 column,	means	 
with	the	same	superscript	letter	are	not	significantly	different	based	on	Tukey’s	test	(α	=	0.05).

Chitosan	is	believed	to	activate	the	biosynthesis	of	phytohormones,	enzymes	and	secondary	
metabolites	 that	 help	 plants	 fight	 stresses	 and	 pathogens	 by	 inducing	 their	 defence	
responses	[2,	31].	Table	4	presents	the	effects	of	depolymerised	chitosan	on	the	metabolite	
contents of E. autumnalis leaves. There was an apparent increase in the total polyphenol 
content	after	 foliar	application	of	50	and	100	mg/l	depolymerised	chitosan	–	by	77.7%	
and	59.0%,	respectively,	compared	with	the	control	plants.	The	total	polyphenol	content	
increased	significantly	by	17%	when	plants	were	drenched	with	100	mg/l	depolymerised	
chitosan.	Moreover,	regardless	of	the	dose,	foliar	treatment	of	plants	with	depolymerised	
chitosan	 significantly	 increased	 the	 L-ascorbic	 acid	 content	 in	 leaves	 by	 an	 average	 
of	 36.4%	 compared	 with	 the	 control	 plants.	 Application	 of	 100	 mg/l	 depolymerised	
chitosan	 by	 drenching	 increased	 the	 L-ascorbic	 acid	 content	 by	 19.6%	 compared	 
with	 the	 control	 plants,	 while	 the	 dose	 of	 50	 mg/l	 did	 not	 affect	 the	 L-ascorbic	 acid	
content.	 Chitosan	 has	 been	 shown	 to	 increase	 polyphenol	 levels	 in	 several	 plants,	
including	 Greek	 oregano	 (Origanum vulgare ssp. hirtum)	 treated	 with	 a	 foliar	 spray	 
of	50	and	200	mg/l	chitosan	oligosaccharides	(degree	of	polymerisation	=	2–10	and	degree	 
of	deacetylation	>	95%)	[8];	medicinal	plant	Dracocephalum kotschyi	sprayed	with	100	
and	400	mg/l	chitosan	(degree	of	deacetylation	=	85%)	[12];	and	in	sage	(Salvia officinalis) 
after	 foliar	 application	 of	 0.25	 and	 0.5	 g/l	 chitosan	 [21].	 Conversely,	 in	 tomatoes	 
(Lycopersicon esculentum), foliar treatment with chitosan (molecular weight  
~	50–150	kDa)	dissolved	in	different	organic	acids	increased	polyphenols	by	20%–70%	 
and	 L-ascorbic	 acid	 by	 5%–110%	 [32].	 El	 Amerany	 et	 al.	 [33]	 also	 reported	 
the	 stimulating	 effect	 of	 spraying	 1	 mg/ml	 chitosan	 (molecular	 weight	 ~	 318.53	 kDa,	
degree	of	deacetylation	=	4%–17%)	on	the	L-ascorbic	acid	content	in	tomatoes.
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Table 4. The	 influence	 of	 the	 depolymerised	 chitosan	 concentration	 
and	application	method	on	 the	 total	polyphenol	and	L-ascorbic	acid	contents	 
of Eucomis autumnalis.

Treatment Application 
method

Total polyphenol content  
[mg gallic acid equivalents/100 g 

fresh weight]

L-ascorbic acid 
content [mg/100 g 

fresh weight]
Control - 28.02	±	0.45c 32.26	±	0.89c

Chitosan 50 mg/l Soil	drench 30.35	±	0.66bc 29.38	±	0.82c

Chitosan 100 mg/l Soil	drench 32.77	±	0.57b 38.59±	0.27b

Chitosan 50 mg/l Foliar spray 49.78	±	0.91a 43.64	±	0.90a

Chitosan 100 mg/l Foliar spray 44.56	±	1.92ab 44.35	±	0.84a

Note.	The	 data	 are	 presented	 as	 the	mean	±	 standard	 error	 of	 the	mean.	 In	 each	 column,	means	 
with	the	same	superscript	letter	are	not	significantly	different	based	on	Tukey’s	test	(α	=	0.05).

Chitosan	increases	the	biosynthesis	of	specific	secondary	metabolites	in	plants	by	acting	
as	a	signalling	molecule	and	modulating	the	expression	of	genes	related	to	the	synthesis	 
of	 secondary	 metabolites,	 including	 polyphenols,	 responsible	 for	 inducing	 the	 plant’s	
defence	 responses	 [3,	 6,	 12].	 The	 results	 show	 that	 foliar	 treatment	 with	 chitosan	 
of immature E. autumnalis	plants	can	be	an	effective	method	to	increase	the	production	 
of	secondary	metabolites.	

4. Conclusion
In	 conclusion,	 foliar	 application	 of	 depolymerised	 chitosan	 can	 stimulate	 growth	 
and	biomass	gain	and	effectively	increase	the	accumulation	of	chlorophylls,	carotenoids,	
total	 polyphenols	 and	 L-ascorbic	 acid	 in	 E. autumnalis leaves. Foliar spraying  
of	 100	 g/l	 depolymerised	 chitosan	 provided	 the	 most	 potent	 biostimulatory	 effects.	 
In	 the	 long	 term,	 research	 is	 needed	 to	 determine	 how	 depolymerised	 chitosan	 elicits	 
the	production	of	specific	substances	found	in	E. autumnalis	that	exhibit	biological	activity	
and	have	potential	in	the	medical,	pharmaceutical	and	food	industries.
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1. Introduction
The	 optimal	 pH	 for	 an	 enzyme’s	 activity	 represents	 important	 information	 because	 
it	influences	the	conditions	used	for	the	industrial	application	of	an	enzyme.	The	changes	
in	 an	 enzyme’s	 activity	 with	 pH	 are	 usually	 connected	 with	 changes	 in	 its	 tertiary	
conformation	 and,	 thus,	 changes	 in	 the	 conformation	 of	 the	 active	 centre.	 Changes	 
in	 the	 tertiary	 conformation	 of	 an	 enzyme	 are	 the	 result	 of	 the	 interaction	 between	 
its	amino	acids	and	the	environment.	Its	optimal	conformation	at	the	optimal	pH	results	 
in the highest activity. 

The	 optimal	 pH	 of	 chitin	 deacetylase	 (CDA,	 EC	 3.5.1.41),	 the	 only	 enzyme	 
that	 deacetylates	N-acetyl	 glucosamine	 units	 (GlcNAc	 in	 chitin	 and	 chitosan,	 depends	 
on	the	source	of	the	enzyme.	For	intracellular	CDA,	the	optimal	pH	is	in	the	range	from	4.0	
(Absidia orchidis [1])	to	5.8	(Mucor rouxii	[2]),	while	for	extracellular	CDA,	the	optimal	
pH ranges from 7.0 (Aspergillus nidulans	[3])	to	12.0	(Colletotrichum lindemuthianum	[4]).	 
In	 addition	 to	 the	 influence	 of	 pH	 on	 the	 activity	 of	 CDA,	 the	 pH	 stability	 and	 pH	 
deactivation	 of	 this	 enzyme	 should	 be	 investigated.	These	 parameters	 are	 of	 particular	
importance	due	to	the	desirable	industrial	applicability	of	CDA;	therefore,	it	is	necessary	
to	 determine	 the	 pH	 that	 ensures	 the	 highest	 CDA	 activity	 and	 the	 pH	 that	 results	 
in	 the	 best	 stability	 during	 long-term	 storage.	 One	 must	 remember	 that	 acetic	 acid	 
is	 liberated	 during	 deacetylation,	 so	 changes	 in	 the	 pH	 of	 the	 reaction	 solution	 
are	possible.	The	present	paper	aimed	to	investigate	the	influence	of	pH	on	CDA	activity,	
its	pH	stability	and	pH	deactivation.

2. Materials and Methods
2.1. Chitin Deacetylase
CDA	is	not	commercially	available,	so	it	was	partially	purified	from	the	culture	medium	 
of the fungus A. orchidis	 NCAIM	 F	 00642	 (late	 logarithmic	 growth	 phase).	 
This	fungus	was	cultivated	on	YPG	nutrient	medium	at	26°C	and	pH	5.5	in	a	batch	culture,	 
according	 to	 Jaworska	 and	 Konieczna	 [5].	 Culture	 broth	 was	 separated	 from	 biomass	 
by	 centrifugation	 (3300	 g,	 10	 min)	 and	 filtration	 on	 membrane	 filters	 (0.45	 μm,	 
cellulose	 nitrate).	 The	 solution	 was	 purified	 by	 ultrafiltration	 using	 membrane	 
module	Vivaflow	50	(Sartorius,	cut-off	of	30	kDa)	followed	by	diafiltration	(with	the	same	
module)	 in	 hydrochloric	 acid	 	 (HCl,	 pH	 4.0).	The	 enzyme	 solution	was	 stored	 at	 4°C.	 
The	 activity	 (A)	 of	 CDA	 (molecular	 weight	 =	 70	 kDa)	 was	 defined	 as	 the	 amount	 
of	enzyme	that	can	increase	the	concentration	of	acetic	acid	by	1	nmol/ml	during	1	min	 
[1U	 =	 (nmol/ml/min)].	 When	 indicated,	 the	 activity	 is	 expressed	 as	 specific	 activity	 
(Asp):	U/mg	[(nmol/ml)/(min	×	mg	of	protein)].

2.2. Chitosan
Chitosan	 from	 shrimp	 (BioLog	Heppe,	Germany)	with	 a	 degree	 of	 acetylation	 of	 23%	
and	 a	 medium	 molecular	 weight	 (the	 viscosity	 of	 a	 1%	 solution	 in	 1%	 acetic	 acid	 
was	200	mPa),	according	to	the	information	from	the	supplier,	was	used	in	all	experiments.	
Chitosan	(4.0	g)	was	mixed	with	800	ml	of	pure	water,	and	1%	HCl	was	added	dropwise	
under	 pH-controlled	 conditions	 (4.0	 ±	 0.1).	 The	 solution	 was	 filtered	 on	 paper	 filters	 
with	a	cut-off	of	1	μm	to	remove	insoluble	residues.	The	volume	was	adjusted	to	1000	ml	
with	HCl	 (pH	4.0).	The	 concentration	of	 the	prepared	 chitosan	 solution	was	 confirmed	 
by	the	gravimetric	method.
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2.3. Reaction Rate
The	 rate	 of	 enzymatic	 deacetylation	 of	 chitosan	 was	 determined	 using	 the	 initial	 rate	 
method.	 Twenty-five	 millilitres	 of	 chitosan	 solution	 was	 added	 to	 a	 50-ml	 reactor	 
and	 incubated	 at	 45°C	 for	 15	min,	with	 continuous	 stirring	 (200	 rpm).	Two	millilitres	 
of	 CDA	 solution	 were	 added	 to	 start	 the	 reaction.	At	 appropriate	 time	 intervals,	 2-ml	 
samples	were	 collected	 and	mixed	 immediately	with	 0.1	ml	 of	 1	M	 sodium	hydroxide	
(NaOH)	to	stop	the	reaction.	The	samples	were	centrifuged	(3300	g,	10	min)	to	separate	 
the	 precipitated	 chitosan.	 The	 clear	 supernatant	 was	 collected,	 and	 the	 acetic	 acid	
concentration	was	determined.

2.4. Effect of pH on the Activity and Stability of Chitin Deacetylase
The	 influence	 of	 pH	 on	 CDA	 activity	 was	 measured	 using	 the	 method	 described	 
in	Section	2.3,	where	25	ml	of	chitosan	solution	with	a	pH	of	3.0–6.0	was	used.	The	pH	 
of	the	chitosan	solution	was	set	at	a	specified	level	using	0.1	M	Tris	or	1%	HCl	before	CDA	
was	added.	The	pH	of	the	CDA	solution	was	identical	the	reaction	mixture	and	adjusted	
just	before	the	reaction.	The	reaction	was	initiated	by	adding	2	ml	of	 the	CDA	solution	 
to the chitosan solution.

For	 the	 pH	 stability	 evaluation,	 the	 CDA	 solution	 was	 divided	 into	 fractions,	 
and	each	fraction	was	set	at	a	defined	pH.	The	samples	were	stored	for	7	days	at	5–8°C	
in	a	fridge.	The	CDA	activity	was	evaluated	according	to	the	method	described	in	Section	
2.3,	using	25	ml	of	a	chitosan	solution	at	pH	4.0.	The	reaction	was	initiated	by	adding	2	ml	 
of	the	CDA	solution.	The	initial	CDA	activity	(just	after	isolation,	at	pH	4.0)	was	determined	
and	treated	as	a	reference	value	for	each	fraction.

2.5. Analytical Methods
The	 acetic	 acid	 concentration	 was	 determined	 using	 high-performance	 liquid	
chromatography	 (HPLC),	 as	 described	 by	 Jaworska	 [1].	 The	 HPLC	 system	 consisted	 
of	 a	 HyperREZ	XP	Organic	 acid	 column	 and	HyperREZ	XO	Carbohydrate	 H+	 Guard	
Column	 (at	 60°C).	 A	 Varian	 ProStar	 210	 isocratic	 system	 was	 used	 with	 a	 Varian	
ProStar	 350	 refractometer	 detector	 and	 0.0025	 M	 sulfuric	 acid	 (H2SO4,	 0.5	 ml/min)	 
as an eluent.

The	protein	concentration	was	measured	using	Bradford’s	method	[6]	with	Coomassie	
Brilliant	Blue	(Bio-Rad,	USA).	The	calibration	curve	was	prepared	using	bovine	serum	
albumin	as	a	standard.

3. Results and Discussion
A. orchidis	synthesises	intracellular	and	extracellular	CDA	[7].	In	our	earlier	experiments,	
we	 used	 intracellular	 CDA.	 In	 the	 present	 study,	 extracellular	 CDA	was	 used	 because	 
it is easy to isolate.

3.1. Optimal pH and pH Stability
The	activity	of	CDA	was	investigated	in	the	pH	range	from	3.0	to	6.0	(Figure	1).	The	activity	
of	CDA	 in	neutral	pH	was	very	 low	or	even	absent	 in	alkaline	pH	due	 to	precipitation	 
of	chitosan;	hence,	it	is	not	presented	in	Figure	1.	
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Figure 1. The	influence	of	pH	on	the	activity	of	chitin	deacetylase;	the	specific	activity	
was	422.8	U/mg	at	pH	4.0	and	45°C.

The	 highest	 activity	 was	 observed	 at	 pH	 4.0	 (422.8	 U/mg).	 Of	 note,	 CDA	 was	 more	
sensitive	 to	a	decrease	from	this	optimal	pH	to	more	acidic	conditions	 than	an	 increase	 
to	more	basic	conditions.	At	pH	3.5,	the	activity	was	almost	60%	lower	than	at	pH	4.0,	 
and	at	pH	3.0,	CDA	was	completely	 inactive.	At	pH	4.5,	CDA’s	activity	was	over	90%	 
of	that	for	the	optimal	pH,	and	it	showed	a	10%–15%	drop	in	activity	with	each	0.5	increase	
in	 pH,	 up	 to	 pH	 6.0.	 The	 experiments	were	 not	 carried	 out	 at	 higher	 pHs	 as	 chitosan	
precipitated,	and	the	data	would	have	been	difficult	to	compare	due	to	the	different	forms	
of	substrate	used.

The	extracellular	CDA	used	in	this	study	had	an	optimal	pH	of	4.0.	The	optimal	pH	
for	 extracellular	 chitin	 deacetylase	 has	 usually	 been	 reported	 in	 the	 neutral	 or	 alkaline	
range: pH 7.0 for A. nidulans	CECT	2544	[3],	pH	11.0–12.0	for	C. lindemuthianum	ATCC	
56676	[4]	and	pH	7.5	for	Scopulariopsis brevicaulis	[8].	On	the	other	hand,	intracellular	
enzymes	 usually	 have	 an	 optimal	 pH	 that	 is	 slightly	 acidic	 –	 for	 example,	 pH	 4.5	 
for	 the	 enzyme	 separated	 from	 M. rouxii	 [9]	 and	 pH	 5.0	 for	 the	 enzyme	 separated	 
from Absidia coerulea	 [10].	 However,	 an	 optimal	 pH	 in	 the	 alkaline	 range	 
for	 extracellular	 chitin	 deacetylase	 is	 not	 a	 rule.	 Win	 and	 Stevens	 [7]	 performed	 
experiments	 with	 extracellular	 chitin	 deacetylase	 secreted	 by	 A. orchidis  
in	 phosphate	 buffer	 with	 a	 pH	 of	 5.8.	 In	 addition,	 a	 chitin	 deacetylase	 secreted	 
by	Rhizopus circinans	also	had	an	optimal	pH	in	the	acidic	range	(pH	5.5–6.0)	[11].

The	 pH	 stability	 of	 an	 enzyme	 is	 especially	 important	 when	 it	 works	 
in	 an	 environment	 that	 is	 acidified	 or	 alkalinised	 during	 the	 reaction.	 Additionally,	 
pH	 stability	 may	 play	 an	 important	 role	 in	 purification	 processes	 where	 solutions	 
with	a	pH	different	from	the	enzyme’s	optimal	pH	are	used	(e.g.	chromatographic	purification).	

The	 stability	 of	 CDA	 at	 different	 pHs	 was	 assessed	 for	 7	 days	 at	 5–8°C	 
to	 avoid	 thermal	 deactivation.	 After	 storage,	 the	 activity	 of	 CDA	 was	 measured	 
in	 optimal	 conditions	 (pH	 4.0)	 and	 compared	 with	 the	 initial	 activity	 (pH	 4.0),	 
which	was	evaluated	 just	 after	purification.	The	changes	 in	CDA	activity	are	presented	 
in Figure 2. 
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Figure 2. The	activity	of	chitin	deacetylase	after	7	days	of	storage	at	the	indicated	pH.	
The	initial	specific	activity	was	422.8	U/mg	at	pH	4.0	and	45°C.

The	 results	 showed	 that	 CDA	 was	 stable	 in	 alkaline	 but	 not	 acidic	 (optimal	 pH	 
for	the	reaction)	storage	conditions.	The	samples	stored	at	pH	9.5	had	the	highest	activity	
(125.3%	of	 the	 initial	value),	while	 the	 samples	 stored	at	 the	optimal	pH	 (4.0)	 showed	
activity	 that	 decreased	 to	 22%	 of	 the	 initial	 value.	 Increasing	 the	 storage	 pH	 above	 
9.5	markedly	decreased	CDA	activity:	at	pH	10.0,	it	was	three	times	lower	than	the	initial	
value,	and	at	pH	11.0,	CDA	was	inactivated.	This	study	is	the	first	to	report	the	influence	
of	the	storage	pH	on	CDA	activity.

3.2. Kinetics of pH Deactivation
Enzymes	 can	 be	 deactivated	 due	 to	 several	 factors,	 including	 high	 temperature	
and	 pH.	An	 enzyme’s	 pH	 stability	 and	 the	 kinetics	 of	 pH	 deactivation	 are	 not	 often	 
reported	 in	 the	 literature.	 Based	 on	 the	 pH	 stability	 results,	 the	 kinetics	 of	 pH	 
deactivation	was	 evaluated.	The	 process	was	 assumed	 to	 follow	 first-order	 irreversible	
deactivation.	This	mechanism	is	described	by	equation	(1):

dU
dt

= −kD,pH U (1)

where	U	is	 the	enzyme	activity	[U/mg],	 t	 is	 time	[min]	and	kD,pH	 is	 the	pH	deactivation	
constant	[1/min].

Integration	with	the	initial	conditions	U	=	U0	for	t	=	0	yields	equation	(2):

ln U
U0

= −kD,pH t (2)

Based	 on	 the	 linear	 correlation	 ln(U/U0)	 versus	 t,	 kD,pH,	 the	 deactivation	 constant	 
for	 each	 pH	 was	 evaluated.	 The	 dependence	 of	 pH	 on	 kD,pH	 is	 presented	 in	 Figure	 3.	 
The	 data	 point	 for	 pH	 9.5	 was	 not	 considered	 because	 there	 was	 activation	 rather	 
than	deactivation.
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Figure 3. The	dependence	of	the	deactivation	constant	(kD,pH) on pH.

The	 results	 showed	 that	 kDpH	 decreased	 linearly	 as	 the	 pH	 of	 the	 storage	 solution	
increased	from	4.0	to	9.0.	The	relation	can	be	approximated	by	the	linear	correlation	shown	
in	equation	(3):

kD	=	(-1.89	×	10
-5)	×	(pH)	+	(17.13	×	10-5) (3)

The	value	of	kDpH	 is	 the	highest	at	optimal	pH	(4.0),	which	means	 that	 the	deactivation	 
is	 the	 fastest	 at	 that	 pH,	while	 the	 deactivation	 rate	 constant	 is	 the	 lowest	 for	 pH	 9.0,	 
which	means	that	the	enzyme	is	stable	at	that	pH.

4. Conclusions
Based	on	the	results,	pH	4.0	is	the	optimal	pH	for	the	enzymatic	deacetylation	of	chitosan	
by	extracellular	CDA	of	A. orchidis.	This	optimal	pH	differs	from	what	has	been	reported	
for	 other	 extracellular	 enzymes,	 which	 are	 usually	 in	 the	 neutral	 or	 alkaline	 range	 
(pH	 7–12).	 Contrary	 to	 our	 expectations,	 CDA	was	more	 stable	 in	 alkaline	 conditions	
(pH	9.0–9.5)	 than	 in	acidic	conditions	(pH	4.0).	High	short-term	pH	stability	 in	neutral	
or	alkaline	solutions	has	also	been	reported	for	extracellular	chitin	deacetylase	produced	
by	 Mortierella sp.	 [12],	 Absidia corymbifera	 [13],	 Nitratireductor aquimarinus	 [14]	 
and	 Microbacterium esteraromaticum	 [15];	 however,	 contrary	 to	 the	 findings	 
in	 the	present	 study,	 those	 enzymes	 showed	 the	highest	 activity	 in	 the	 same	pH	 range.	 
The	 reason	 why	 extracellular	 CDA	 from	 A. orchidis	 shows	 the	 highest	 stability	 
in	 alkaline	 conditions	 but	 the	 highest	 activity	 is	 in	 acidic	 conditions	 is	 unknown	 
and	 difficult	 to	 explain	 and	 requires	 further	 investigation.	 Investigation	 
of	 pH-dependent	 deactivation	 showed	 that	 the	 deacetylation	 process	 can	 be	 described	
by	 first-order	 irreversible	 kinetics,	 where	 the	 deactivation	 constant	 is	 a	 linear	 function	 
of	 pH	 in	 the	 range	 from	 4.0	 to	 9.0.	 The	 present	 study	 represents	 the	 first-time	 results	 
related	 to	 pH	 deactivation	 and	 long-term	 storage	 pH	 conditions	 for	 any	 of	 the	 chitin	
deacetylases.
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Abstract
Chitooligosaccharides (COS) have numerous biological activities, including antibacterial, 
antifungal, antiviral, anticancer and antioxidant. Unlike high-molecular-weight chitosan, 
COS have a number of advantages in large-scale commercial applications due to their 
water solubility and low viscosity. COS are used in the food, agricultural, medical  
and pharmaceutical industries. The present study demonstrated that intracellular, 
partially purified enzymes from Mucor circinelloides IBT-83 can hydrolyse 
chitosan and effectively catalyse the synthesis of a heterodimer composed  
of D-glucosamine and N-acetyl-D-glucosamine (carried out at a 2.5-fold molar excess  
of N-acetyl-D-glucosamine relative to D-glucosamine in an acetate buffer [pH 5.5]  
containing 20% ammonium sulfate). The obtained product was analysed using  
high-performance liquid chromatography.
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1. Introduction
Complete	 hydrolysis	 of	 partially	 N-acetylated	 chitosan	 to	 free	 D-glucosamine	 (GlcN)	 
and	N-acetyl-D-glucosamine	(GlcNAc)	requires	the	synergistic	action	of	a	multienzyme	
complex	 composed	 of	 both	 chitosanolytic	 and	 chitinolytic	 enzymes.	 These	 include	 
chitosanase	 [EC	 3.2.1.132],	 which	 catalyses	 the	 hydrolysis	 of	 β-1,4-glycosidic	 
bonds	 between	 GlcN	 units	 occurring	 inside	 the	 biopolymer	 chain,	 
and	 exo-1,4-β-D-glucosaminidase	 [EC	 3.2.1.165],	 which	 cleaves	 GlcN	 monomers	
from	 non-reducing	 ends.	 Enzymatic	 hydrolysis	 of	 partially	 acetylated	 chitosan	
involves	 chitinase	 [EC	 3.2.1.14]	 and	 β-N-acetylhexosaminidase	 [EC	 3.2.1.52].	 
These	enzymes	show	activity	similar	to	the	abovementioned	endo-	and	exo-chitosanases,	 
but	 they	 are	 specific	 for	 β-1,4-glycosidic	 bonds	 between	 the	 GlcNAc	 units	 [1].	 
In	 addition	 to	 hydrolytic	 activity,	 chitosanolytic	 and	 chitinolytic	 enzymes	 have	 
the	ability	to	catalyse	the	transglycosylation	and/or	reverse	hydrolysis	reactions	[2,	3].

The	 possibility	 of	 using	 the	 aforementioned	 enzymes	 to	 produce	 oligosaccharides	 
in	 the	 transglycosylation	 or	 reverse	 hydrolysis	 reactions	 has	 been	 confirmed.	 
This	 enables	 the	 production	 of	 chitin/chitosan	 oligomers	 with	 the	 assumed	 properties,	 
as	 well	 as	 their	 derivatives.	 Chitosanase	 from	 Streptomyces griseus	 HUT	 6037	 
synthesises two types of oligomers: (GlcN)2-(GlcNAc)3	 and	 (GlcN)3-(GlcNAc)3	 [4].	 
In	 turn,	 chitosanase	 from	 Paenibacillus dendritiformis	 produces	 (GlcN)6 from smaller 
chitooligosaccharides	 (COS)	 [5].	 Moreover,	 enzymes	 with	 exohydrolytic	 activity	 
are	 a	 promising	 catalyst	 for	 the	 production	 of	 COS	 with	 different	 degrees	 
of	 polymerisation.	 Purified	 exo-1,4-β-D-glucosominidase	 from	 Aspergillus fumigatus  
IIT-004	 was	 used	 to	 produce	 a	 chitodimer	 composed	 of	 GlcN	 and	 GlcNAc	 [6].	 
β-N-acetylhexosaminidase	 obtained	 from	 Aspergillus oryzae	 was	 used	 to	 produce	 
higher	 COS	 (chitohexaose-chitooctaose)	 from	 a	 mixture	 of	 smaller	 chitooligomers	 
formed	by	acid	hydrolysis	of	chitin	[7].

Previous	 studies	 have	 confirmed	 that	 the	mycelium	of	Mucor circinelloides	 IBT-83	 
is	a	promising	source	of	enzymes	that	hydrolyse	chitosan.	They	can	be	used	to	produce	
chitosan	 oligomers	 with	 different	 degrees	 of	 polymerisation:	 low-molecular	 weight	 
chitosan,	 COS	 and	 GlcN	 [8–11].	 Moreover,	 this	 strain	 produces	 intracellular	
chitin	 deacetylase	 [12,	 13].	 The	 present	 study	 demonstrated	 that	 the	 enzymes	 
from M. circinelloides	 	 IBT-83	 have	 the	 ability	 to	 effectively	 catalyse	 the	 synthesis	 
of	a	heterodimer	composed	of	GlcN	and	GlcNAc.

2. Materials and Methods
2.1. Materials 
GlcN	 and	 GlcNAc	 were	 purchased	 from	 Sigma-Aldrich	 (USA).	 COS	 standards	 
(from	 dimer	 to	 hexamer)	 were	 purchased	 from	 Seikagaku	 Co.	 (Japan).	
Chitosan	 with	 a	 degree	 of	 deacetylation	 of	 95%	 and	 a	 viscosity	 of	 1500	 mPas	 
was	 obtained	 from	 Heppe	 Medical	 Chitosan	 GmbH	 (Germany).	 All	 other	 reagents	 
were	of	analytical	grade.

2.2. Microorganisms and Culture Conditions
The	filamentous	fungus	M. circinelloides	IBT-83	was	obtained	from	the	culture	collection	 
of	the	Institute	of	Molecular	and	Industrial	Biotechnology	of	Lodz	University	of	Technology	
(GenBank	database	with	accession	numbers	KR056084	and	KR056083).	It	was	cultured	
in	 a	 30-l	 Techfors-S	 laboratory	 fermenter	 (Infors	 HT,	 Switzerland).	 The	 fermenter	 
was	filled	with	18	l	of	culture	medium	containing	corn	steep	liquor	powder	(3.7%,	w/v)	 
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and	 rapeseed	 oil	 (2.7%,	 v/v),	 pH	 4.7.	 The	 culture	 medium	 in	 the	 fermenter	 
was	 inoculated	 with	 5	 ×	 107	 cells	 per	 1	 ml	 of	 medium.	 The	 inoculum	 was	 grown	 
in	a	1000-ml	Erlenmeyer	flask	containing	200	ml	of	medium	at	30°C	for	12	h	with	shaking	 
at	180	rpm.	 	After	 inoculation,	 the	fungus	was	cultured	at	30°C	for	72	h	with	a	stirring	 
speed	of	100	rpm	and	aeration	at	1	vvm.	After	cultivation,	 the	mycelium	was	harvested	
by	 filtration,	 carefully	washed	with	water,	 defatted	with	 acetone	 and	 air-dried	 at	 room	
temperature. 

2.3. Protein Extraction and Salting Out
Protein	 was	 extracted	 from	 defatted	 and	 air-dried	 mycelium	 by	 freezing	 and	 grinding	
the	 biological	material	 in	 a	 0.5%	 (w/v)	Triton-X100	 solution	 according	 to	 the	method	
described	 by	 Struszczyk	 et	 al.	 [8].	 The	 homogenate	 was	 centrifuged	 at	 10,000	 g	 
for	 10	min	 at	 4°C,	 and	 the	 supernatant	was	 used	 as	 the	 crude	 enzyme	 extract.	 Protein	
salting	 out	 was	 performed	 using	 ammonium	 sulfate	 (saturation	 degree	 =	 60%).	 
The	obtained	partially	purified	enzymes	were	dissolved	in	0.05	M	acetate	buffer	(pH	5.5)	
and	dialysed	against	the	same	buffer	for	12	h	at	4°C	in	a	dialysis	bag	(regenerated	cellulose	
with	a	molecular	weight	cut-off	of	10	kDa).

2.4. Chitosanolytic Activity Determination
Chitosanolytic	 activity	 was	 determined	 based	 on	 an	 increase	 in	 the	 reducing	 sugar	
concentration	 after	 chitosan	 hydrolysis,	 according	 to	 the	 method	 described	 previously	 
by	Struszczyk	et	al.	[8].	The	reaction	mixture	contained	1	ml	of	2%	chitosan	in	2%	acetic	
acid,	0.85	ml	of	1	M	sodium	acetate	and	0.15	ml	of	enzyme	solution	(pH	5.5).	Chitosan	
hydrolysis	was	 carried	 out	 at	 37°C	 for	 60	min	 and	 stopped	 by	 boiling	 in	 a	water	 bath	
for	5	min.	Controls	with	the	same	composition	as	the	samples	were	incubated	for	5	min	 
in	a	boiling	water	bath	to	inactivate	the	enzyme	and	then	incubated	at	37°C	for	60	min.	 
One	 unit	 (U)	 of	 chitosanolytic	 activity	 (ACH)	was	 equivalent	 to	 the	 amount	 of	 enzyme	
necessary	to	produce	1	µmol	of	reducing	sugar	per	1	min,	[1	U	=	1	µmol/min].	The	content	
of	reduced	amino	chitooligomers	was	determined	by	the	Somogyi–Nelson	method	[14].	

2.5. Protein Assay
The	protein	concentration	was	determined	by	the	Lowry	method	[15]	using	bovine	serum	
albumin	as	the	standard.	

2.6. Synthesis Reaction Conditions
The	 reaction	 mixture	 contained	 1	 mmol	 GlcN	 and	 2.5	 mmol	 GlcNAc	 in	 50	 ml	 
of	 0.05	M	 acetate	 buffer	 medium	 (pH	 5.5)	 containing	 ammonium	 sulfate	 (20%,	 w/v).	 
The	enzyme	preparation	was	introduced	at	an	enzyme-to-reaction	medium	ratio	of	1:25	(v:v).	 
The	mixture	was	incubated	at	37°C	for	24	h.	After	the	reaction	was	completed,	the	sample	
was	freeze-dried.	The	presence	of	chitosan	oligomers	 in	 the	sample	was	analysed	using	
high-performance	liquid	chromatography	(HPLC).

2.7. Analysis of Chitosan Oligomers by High-Performance Liquid Chromatography
HPLC	 was	 performed	 using	 a	 Gold	 Beckman	 chromatography	 system	 equipped	 
with	 a	 TSKgel	Amide-80	 column	 (4.6	 mm	 ×	 25	 cm),	 a	 precolumn	 of	 the	 same	 type	 
(3.2	mm	×	1.5	cm)	and	a	refractometer	detector.	A	mixture	of	acetonitrile,	water,	methanol,	
and	 tetrahydrofuran	 (THF)	 (6:2.4:1.5:1.0,	 v/v/v/v)	 was	 used	 as	 the	 mobile	 phase.	 
The	analysis	was	carried	out	at	24°C.	GlcN,	GlcNAc	and	COS	(from	dimer	to	hexamer)	
were	used	as	standards.
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3. Results and Discussion
3.1. Preparation of Chitosanolytic Enzymes From Mucor circinelloides IBT-83
The	 filamentous	 fungus	 M. circinelloides	 IBT-83	 produces	 intracellular	 chitosanase,	
exo-1,4-β-D-glucosominidase,	 and	 chitin	 deacetylase	 [8–13].	 We	 investigated	 whether	
the	 enzymes	produced	by	 this	 strain	 catalyse	 the	 synthesis	 of	COS.	First,	we	 extracted	
intracellular	 enzymes	 using	 a	 previously	 developed	 method	 (freezing	 and	 grinding	 
of	mycelium	with	a	0.5%	[w/v]	Triton	X-100	solution)	[8],	and	then	salting	out	proteins	
using	 ammonium	 sulfate.	 Table	 1	 shows	 the	 results	 of	 the	 enzyme	 purification	 steps.	 
We	 used	 partially	 purified	 chitosanolytic	 enzymes	 as	 catalysts	 to	 synthesise	 GlcN	 
and	GlcNAc	oligomers.

Table 1. Salting out proteins using ammonium sulfate precipitation.

Purification step
Total 

activity 
[U] × 10–3

Total 
protein

[mg]

Specific 
activity 
[U/g]

Yield
[%]

Purification 
degree 
[fold]

Crude	extract 618.2 98.1 6.3 100 –
Salting	out	by	ammonium	

sulfate	(60%,	w/v) 483.9 57.5 8.4 78 1.3

3.2. Chitosanolytic Enzymes in the Oligomer Synthesis Reaction
We	 prepared	 reaction	 mixture	 variants	 with	 both	 monomers	 together	 or	 separately	 
as	 substrates.	 We	 also	 tested	 various	 GlcN	 and	 GlcNAc	 concentrations.	 Moreover,	 
we	 performed	 the	 reaction	 using	 different	 ammonium	 sulfate	 concentrations.	 
We	 synthesised	 oligomers	 under	 the	 optimal	 conditions	 for	 the	 hydrolytic	 activity	 
of chitosanase from M. circinelloides	IBT-83:	37°C	and	pH	5.5	[8].	The	reaction	occurred	
exclusively	using	1	mmol	GlcN	and	2.5	mmol	GlcNAc	in	50	ml	of	0.05	M	acetate	buffer	
medium	 (pH	 5.5)	 containing	 20%	 (w/v)	 ammonium	 sulfate.	 Conducting	 the	 reaction	 
for	24	h	produced	a	sample	containing	a	dimer	with	total	consumption	of	GlcN.	Table	2	 
shows	 the	 HPLC	 analysis	 of	 the	 components	 of	 the	 post-reaction	 mixture.	 
Of	 note,	 the	 other	 tested	 variants	 of	 the	 reaction	 mixture	 did	 not	 yield	 oligomers	 
as	reaction	products.

Figure	 1	 shows	 the	HPLC	 chromatogram	of	 the	 initial	 sample	 (containing	GlcNAc	
and	GlcN	as	substrates)	and	the	chromatogram	of	the	reaction	product.	The	post-reaction	
mixture	also	contains	an	unused	substrate,	namely	GlcNAc.

Table 2. Reaction	 products	 of	 chitooligosaccharide	 synthesis	 using	 chitosanolytic	
enzymes	from	Mucor circinelloides	IBT-83.

Sample
Content [%]

GlcNAc GlcN GlcNAc-GlcN
Components of the initial 

sample (substrates) 65 32 0

Mixture after synthesis  
for 12 h 59 26 12

Mixture after synthesis  
for 24 h 42 0 56

Note.	Abbreviations:	GlcN,	D-glucosamine;	GlcNAc,	N-acetyl-D-glucosamine.
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Figure 1. High-performance	 liquid	chromatogram	of	 (A)	 the	components	of	 the	 initial	
sample	 (substrates)	 and	 (B)	 the	 components	 of	 the	 post-reaction	 mixture.	 
Note:	 The	 reaction	 was	 carried	 out	 according	 to	 the	 methodology	
described	 in	 Section	 2.6,	 reaction	 time	 24	 hours.	 D-Glucosamine	 (GlcN),	 
N-acetyl-D-glucosamine	 (GlcNAc)	 and	 chitooligosaccharides	 were	 used	 
as	standards.

In	 the	 future,	 it	will	 be	 necessary	 to	 evaluate	 the	 possibility	 of	 synthesising	 oligomers	
with	 a	 higher	 degree	 of	 polymerisation.	 It	 is	 also	 necessary	 to	 identify	 the	 enzyme	
that	 catalyses	 this	 reaction,	which	 is	 related	 to	 the	 need	 to	 use	 highly	 purified	 protein	 
in	 the	 reaction.	 Next,	 attention	 should	 be	 paid	 to	 optimising	 the	 reaction	 conditions,	
including	 temperature,	 pH	 and	 additives,	 to	 increase	 enzymatic	 activity.	 The	 addition	 
of	 co-solvents	 (acetonitrile,	 dimethylsulfoxide,	 N,N dimethylformamide,	 dioxane,	
1,3-butanediol	 and	 1,2,4-butanetriol),	 water-soluble	 solutes,	 or	 inorganic,	 soluble	 salts	
(most	 often	 ammonium	 sulfate)	 can	 alter	 water	 activity,	 which	 contributes	 to	 increase	 
the	synthetic	activity	of	hydrolases	[16].	In	the	present	study,	we	only	tested	ammonium	 
sulfate.	 The	 presence	 of	 a	 high	 concentration	 of	 ammonium	 sulfate	 (30%)	 initiated	 
the	 conversion	 of	 (GlcNAc)4	 into	 (GlcNAc)2	 (55.7%)	 and	 (GlcNAc)6	 (39.6%)	 using	
chitinase from Trichoderma reesei KDR-11	[17].	Another	example	is	the	GlcN-GlcNAc	
dimer	synthesis	reaction	carried	out	using	exo-1,4-β-D-glucosominidase	from	A. fumigatus 
IIT-004	 in	 a	 15%	 ammonium	 sulfate	 environment	 [6].	 β-N-Acetyl	 glucosaminidase	 
from Chitinolyticbacter meiyuanensis SYBC-H1	has	reverse	hydrolysis	activity	towards	
GlcNAc,	synthesising	various	linked	GlcNAc	dimers.	In	this	case,	the	dimer	synthesis	reaction	
took	place	in	an	environment	with	a	high	substrate	concentration	(10	g/l	GlcNAc)	[3].	

4. Conclusions
This	paper	includes	the	preliminary	results	of	research	on	the	activity	of	intracellular	enzymes	
obtained	 from	 M. circinelloides	 IBT-83	 towards	 the	 synthesis	 of	 chitosan	 oligomers.	 
We	 confirmed	 that	 these	 enzymes	 effectively	 catalyse	 the	 synthesis	 of	 a	 heterodimer	
consisting	of	GlcN	and	GlcNAc	when	using	a	2.5-fold	molar	excess	of	GlcNAc	relative	 
to	GlcN	and	performing	the	reaction	at	37°C	and	pH	5.5	for	24	h.
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Abstract
The aim of this paper was to design, prepare and characterise chitosan (Ch) and cyclosporine 
A (CsA) mixed films deposited on a plasma-activated polyethylene terephthalate (PET) 
polymer surface to be used as a cover for implantable blood vessel stents. The PET polymer 
coated with Ch and CsA layers was immersed in simulated body fluid (SBF) to examine 
how the obtained layers can behave in the environment of human body fluids. Time-of-flight 
secondary ion mass spectrometry was employed to determine the chemical composition 
of the deposited films and to analyse the spatial distribution of molecules on the PET 
surface. The results showed the controlled release of CsA from the chitosan matrix. It can 
be concluded that the modification of the PET polymer with layers of chitosan and CsA 
has great application potential in the tissue engineering as a biocompatible stent of blood 
vessels with therapeutic properties.
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1. Introduction
In	 recent	 decades,	 biomaterials	 used	 as	 implants	 have	 gained	 great	 importance		 
in	 regenerative	 medicine	 and	 tissue	 engineering.	 Besides	 properties	 such	 
as	 biocompatibility	 and	 non-toxicity	 [1–3],	 newly	 designed	 biomaterials	 should	 
meet	 more	 advanced	 requirements.	 One	 of	 the	 unique	 features	 can	 be	 the	 ability	 
to	 deliver	 and	 release	 the	 drugs	 in	 a	 controlled	 way.	 Among	 the	 most	 commonly	 
used	materials	for	the	production	of	blood	vessel	stents	 	or	 its	coverage	is	polyethylene	
terephthalate	 (PET,	 Figure	 1a)	 [4,	 5].	 Despite	 the	 appropriate	 chemical	 resistance,	 
elasticity	 and	 fibre	 strength,	 PET	 causes	 a	 negative	 immune	 response	 when	 it	 comes	 
in	 contact	 with	 living	 cells,	 which	 can	 result	 in	 rejection	 of	 the	 implant	 [4].	 
Thus,	 coating	 PET	 with	 a	 natural	 polymer	 like	 chitosan	 (Figure	 1b)	 can	 significantly	 
increase	its	biocompatibility.	

(a) (b)

(c)

Figure 1. Chemical	 structure	 of	 (a)	 polyethylene	 terephthalate	 (PET),	 (b)	 chitosan	 
and	(c)	cyclosporine	A.

Chitosan	 is	 a	 polysaccharide	 consisting	 of	 N-acetyl-glucosamine	 and	 D-glucosamine	
monomers	 [6].	 It	 occurs	 naturally:	 it	 is	 produced	 by	 fungi	 but	 it	 can	 also	 be	 obtained	
by	 deacetylation	 of	 chitin	 from	 shellfish	 shells	 [7].	 Depending	 on	 the	 conditions	 
of	 this	 process,	 chitosan	 with	 a	 different	 degree	 of	 deacetylation	 as	 well	 
as	 physicochemical	 properties	 is	 obtained.	 In	 addition,	 chitosan	 is	 biocompatible	 
and	 biodegradable,	 which	 results	 in	 production	 of	 oligosaccharides	 that	 are	 harmless	 
to	 humans	 and	 can	 be	 easily	 processed	 by	 metabolic	 pathways	 and/or	 excreted	 
by	 the	 body	 [8,	 9].	 Furthermore,	 chitosan	 has	 mucoadhesive,	 antimicrobial,	
antiviral	 and	 antifungal	 properties	 [6].	 Additionally,	 chitosan	 is	 used	 to	 design	 
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controlled	 drug-release	 systems.	 This	 is	 possible	 due	 to	 the	 simplicity	 of	 changing	 
its	 properties	 by	 the	 pH,	 temperature	 or	 ionic	 strength	 of	 the	 solvent	 adjustments	
[10,	 11].	 Therefore,	 the	 use	 of	 chitosan	 as	 a	 coating	 of	 the	 biomaterial	 can	 allow	 
for	 the	 delivery	 of	 a	 drug	 directly	 to	 the	 desired	 place	 in	 the	 body.	 Moreover,	 
such	 coatings	 slow	 down	 the	 degradation	 rate	 and	 modulate	 cellular	 responses	 
and	 the	 local	 release	 of	 growth	 factors	 from	 the	 biomaterial	 surface.	 As	 a	 result,	
postoperative	 complications	 are	 minimised	 [12,	 13].	 This	 property	 is	 extremely	
important	 in	 the	 case	 of	 strongly	 hydrophobic	 substances,	 whose	 absorption	 
from	 the	 gastrointestinal	 tract	 is	 reduced	 significantly.	 However,	 in	 the	 bloodstream,	
positively	charged	chitosan	(–NH3

+)	can	interact	with	negatively	charged	platelets,	provoking	
clot	formation	[14].	Thus,	the	simultaneous	use	of	chitosan	with	the	other	substances	seems	 
to	be	appropriate	to	reduce	its	charge	density	and	thus	make	it	less	thrombogenic.	

One	 of	 the	 drugs	 frequently	 utilised	 after	 placing	 a	 biomaterial	 in	 the	 human	 body	 
is	 cyclosporine	 A	 (CsA,	 Figure	 1c);	 this	 cyclic	 polypeptide	 consisting	 of	 11	 amino	 
acids	 has	 strong	 immunosuppressive	 properties.	 CsA	 works	 by	 inhibiting	 
T	 lymphocyte–dependent	 immune	 reactions	 without	 affecting	 bone	 marrow	 cells.	 
It	 also	 exhibits	 antifungal,	 anti-inflammatory	 and	 antiparasitic	 activities	 [15–17].	 
CsA	 is	 able	 to	 permeate	 membranes	 via	 passive	 diffusion.	 This	 process	 is	 associated	 
with	 changes	 in	 the	 CsA	 conformation,	 which	 strictly	 depends	 on	 the	 polarity	 
of	 the	 surrounding	 medium	 [18,	 19].	 However,	 due	 to	 its	 high	 molecular	 weight	 
(1202.61	 Da)	 and	 the	 possibility	 of	 forming	 intramolecular	 hydrogen	 bonds,	
CsA	 is	 poorly	 soluble	 in	 water	 and	 body	 fluids.	 Therefore,	 there	 are	 problems	 
with	 the	 bioavailability	 and	 biocompatibility	 of	 CsA,	 which	 make	 oral	 administration	 
of	 the	 drug	 ineffective	 (20%–50%)	 [15–17].	 Accordingly,	 designing	 a	 controlled	 
drug-release	 system	 that	 is	 simultaneously	 a	 biomaterial	 coating	 could	 eliminate	 
this	 disadvantage.	 Figure	 2	 illustrates	 schematically	 a	 PET	 stent	 coated	 with	 chitosan	 
and	CsA	films	placed	in	a	blood	vessel.

Figure 2. Scheme	 of	 the	 blood	 vessel	 with	 a	 polyethylene	 terephthalate	 stent	 coated	 
with	chitosan	and	cyclosporine	A	layers.

De	 Campos	 et	 al.	 [20]	 proved	 that	 chitosan	 nanoparticles	 form	 a	 support	 for	 CsA	 
and	 can	 be	 applied	 in	 ophthalmology.	 This	 is	 possible	 due	 to	 the	 hydrogen	 bonds	 
that	 form	 between	 amino	 groups	 of	 chitosan	 and	 amide	 groups	 of	 CsA.	Additionally,	 
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both	 acetylated	 and	 deacetylated	 units	 of	 chitosan	 are	 capable	 of	 forming	 hydrogen	
bonds	 [21].	 Besides,	 chitosan	 membranes	 loaded	 with	 CsA	 as	 possible	 vehicle	 
for	local	administration	of	drugs	in	breast	cancer	treatment	have	also	been	described	[22].	 
It	should	be	emphasised	that	chitosan	increases	the	permeability	of	the	epithelial	membrane	 
that	 promotes	 the	 stability	 of	 the	 drug	 at	 the	 absorption	 site	 and	 its	 paracellular	 
transport	[23].

The	 aim	 of	 this	 study	 was	 to	 elaborate	 novel	 chitosan-based	 biocoatings	 for	 PET	
stents	which	can	be	used	 for	drug	delivery,	 local	 release	and	absorption	 into	 the	blood.	 
For	this	purpose,	the	Langmuir–Blodgett	technique	was	employed	to	prepare	CsA	monolayer	 
at	 the	 chitosan/air	 interface	 and	 deposit	 it	 onto	 the	 air	 plasma–activated	 PET	 (PETair) 
support.	Additionally,	 previously	 prepared	 samples	 were	 immersed	 in	 simulated	 body	
fluid	(SBF).	By	contacting	the	biomaterial	with	a	solution	containing	ions	present	in	body	
fluids,	it	was	possible	to	examine	how	the	obtained	coatings	would	behave	after	grafting	 
them	 in	 the	human	body.	Afterwards,	 the	chemical	composition	of	 the	polymer	coating	 
was	examined	by	the	time-of-flight	secondary	ion	mass	spectrometry	(TOF-SIMS).

2. Materials and Methods
2.1. Materials 
Plates	 (20	×	 30	×	 3	mm3)	were	 cut	 from	 commercially	 available	 PET	 (Bayer	Material	
Science,	 Germany)	 and	 used	 as	 a	 solid	 support.	 A	 0.1	 mg	 ml–1 chitosan solution  
was	 prepared	 by	 dissolving	 an	 appropriate	 amount	 of	 chitosan	 (molecular	 weight	 
100,000–300,000,	degree	of	deacetylation	82%	±	2%,	Acrōs	Organics,	Sweden)	in	0.1%	
acetic	 acid	 diluted	 from	 concentrated	 acetic	 acid	 (99.5%–99.9%,	Avantor	 Performance	
Materials	 Poland	 S.A.,	 Poland).	 Additionally,	 CsA	 (≥	 99%,	 Alfa	 Aesar,	 Germany)	
was	dissolved	 in	chloroform:methanol	mixed	 in	a	4:1	 ratio	 (v:v)	 to	obtain	a	1	mg	ml–1 
concentration	 (chloroform	 99.8%,	 Macron	 Fine	 Chemicals,	 Avantor	 Performance	 
Materials	Poland	S.A.,	and	methanol	≥99.9%,	Fluka,	Sweden).	SBF	was	prepared	according	 
to	 the	procedure	described	by	Kokubo	et	al.	 [24].	All	used	chemicals	–	NaCl,	Na2CO3, 
Na2HPO4	×	12H2 O,	MgCl2	×	6H2O,	CaCl2	(POCh	Poland),	KCl,	Na2SO4	(Chempur,	Poland)	 
and	 tris(hydroxymethyl)aminomethane	 (NH2C(CH2OH)3,	 Sigma-Aldrich,	 USA)	 –	 were	 
dissolved	 in	Milli-Q	water	 with	 resistivity	 of	 18.2	MΩ	 cm	 (Milli-Q	 Plus	 185	 system,	 
Millipore,	USA).	

2.2. Methods
The	PET	plates	were	cleaned	as	described	previously	[25,	26].	Then,	the	plates	were	activated	
by	 a	 low-temperature	 and	 low-pressure	 (0.20	 mbar)	 air	 plasma	 (Plasma	 type	 system,	
Diener	Electronic,	Germany)	 for	1	min.	 Immediately	after	modification,	 the	PET	plates	
were	immersed	in	the	chitosan	subphase	filling	the	Langmuir–Blodgett	trough	(KSV	2000	
Standard,	Finland),	which	had	been	purified	with	acetone	(99.5%,	Avantor	Performance	
Materials	S.A.	Poland),	methanol	and	deionised	water.	The	surface	tension	was	measured	
by	the	Wilhelmy	plate	method	with	an	accuracy	of	0.1	mN	m–1.	Subsequently,	the	proper	
volume	of	CsA	solution	was	spread	onto	the	chitosan	subphase.	After	solvent	evaporation,	
symmetrical	compression	with	a	constant	speed	of	20	mm	min–1	was	performed	to	achieve	
a surface pressure of 10 mN m–1	at	which	the	CsA	monolayer	was	found	to	be	the	most	
stable	 on	 the	 liquid	 subphase	 [26,	 27].	 Immediately	 after	 reaching	 the	 target	 pressure,	 
the	 CsA	 monolayer	 was	 transferred	 onto	 the	 PET	 plate	 during	 its	 withdrawal	 
from	 the	 subphase	 towards	 the	 air.	 Then,	 the	 PET	 substrate	 with	 the	 deposited	 
Langmuir–Blodgett	layers	was	dried	to	remove	traces	of	water	and	placed	in	a	dark	glass	
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desiccator	before	the	next	stages	of	the	experiment.	Afterwards,	the	samples	were	immersed	 
in	 SBF	 for	 3,	 10	 or	 30	 min.	 Subsequently,	 TOF-SIMS	 was	 performed.	 The	 modified	
PET	 substrates	 were	 placed	 in	 the	 ultra-high	 vacuum	 chamber	 of	 the	 TOF-SIMS.5	
instrument	 (ION-TOF	GmbH,	Germany).	The	primary	 ion	source	of	bismuth	 ions	 (Bi+) 
was	 utilised	 at	 30	 keV	 and	 corresponded	 to	 the	 1.0	 pA	 primary	 beam	 current	 in	 the	
spectrometry	mode	where	 the	 scanning	area	of	 the	 secondary	 ions	was	200	×	200	µm2 
with	256	×	256	pixels.	All	measurements	were	performed	under	static	positive	conditions	 
(dose	 <	 1	 ×	 1012  ions cm−2). To neutralise the charge left on the surface, an electron  
flood	 gun	 (20	 eV)	 	 and	 a	 surface	 potential	 (U	 =	 −360	 V)	 were	 applied.	 The	 spectra	 
were	 calibrated	 based	 	 on	 the	 positions	 of	 (CH3)

+, (C2H3)
+	 and	 (C2H5)

+. The intensity  
of	each	fragment	was	normalised	to	the	total	intensity.

3. Results and Discussion
The	 design	 of	 biocompatible	 coatings	 for	 implants	 that	 can	 be	 used	 simultaneously	 
as	 a	 controlled	 drug-release	 system	 requires	 one	 to	 examine	 the	 chemical	
composition,	 which	 is	 one	 of	 the	main	 properties	 influencing	 the	 host	 body’s	 immune	 
response	 [2].	 In	 the	 present	 study,	 the	 PET	 surface	 was	 activated	 by	 plasma	 leading 
	 to	 generation	 of	 new	 functional	 groups	 containing	 oxygen,	 nitrogen	 and	 carbon	 
(-OH,	 C-O,	 O=C-O,	 C=O,	 and	 N-CO-N).	 Their	 presence	 was	 confirmed	 by	 X-ray	 
photoelectron	spectroscopy	 (XPS)	 from	our	previous	study	 [26]	as	wellas	 those	studies	 
from	 other	 researchers	 [28–30].	 Subsequently,	 the	 CsA	 monolayer	 was	 deposited	 
onto	 the	 plasma-activated	 PET	 (PETair)	 support	 by	 using	 the	 Langmuir–Blodgett	 
technique	 from	 the	 chitosan/air	 interface.	 This	 process	 leads	 to	 the	 formation	 
of	 new	 bonds	 between	 the	 activated	 polymer	 surface	 and	 chitosan	 [26].	 
Then,	 TOF-SIMS	 was	 conducted	 before	 and	 after	 immersion	 of	 the	 PET	 plates	 
with	 the	 deposited	 chitosan	 and/or	 CsA	 layers	 in	 SBF	 for	 different	 periods	 of	 time.	 
This	 technique	 allows	 one	 to	 determine	 the	 chemical	 structure	 and	 fragmentation	
patterns	 of	 molecules	 based	 on	 the	 mass	 to	 charge	 (m/z) ratio of the molecular 
fragments	 formed	 during	 ionisation	 [31].	 Due	 to	 the	 fact	 that	 only	 single-charge	
mass	 fragments	 are	 produced	 when	 ionisation	 is	 carried	 out	 using	 a	 bismuth	 source	 
in	 the	 TOF-SIMS	 spectrometer	 chamber,	 the	 m/z	 value	 corresponds	 practically	 
to	 the	 mass	 of	 the	 formed	 ion.	 The	 TOF-SIMS	 spectra	 obtained	 for	 the	 mass	 range	 
of	 the	 most	 characteristic	 fragments	 	 of	 CsA	 and	 chitosan	 deposited	 onto	 
the	 PETair support, along with the whole m/z	 range	 from	 0	 to	 1300,	 are	 presented	 
in	Figure	3.

Table	 1	 summarises	 the	 m/z	 assignment	 and	 identification	 of	 these	 fragments.	 
Figures	4	and	5	show	the	distributions	of	the	fragments.	The	most	prominent	ions	identified	 
for	 the	 single	 CsA	 monolayer	 are	m/z	 =	 100	 (C6H14N)+	 (Figure	 4a),	 pseudomolecular	 
m/z	 =	 1172	 (C61H108N10O12)

+	 and	 molecular	 ion	 m/z	 =	 1202	 (C62H112N11O12)
+  

(Figure	 4b);	 these	 findings	 are	 consistent	 with	 our	 previous	 papers	 [25,	 26,	 32].	 
We	 also	 noted	 the	 pseudomolecular	 ion	 with	 m/z	 =	 1188	 (C62H112N10O12)

+.  
The fragments with m/z	 =	 1172	 and	 1188	 come	 from	 the	 molecular	 ion	 
(m/z	 =	 1202)	 by	 subtraction	 of	 NH3	 and	 N,	 respectively.	 Based	 on	 the	 TOF-SIMS	 
mass	 spectra,	 they	 showed	 significantly	higher	 intensity	 (Figure	3c).	Thus,	we	 selected	 
the molecular ion (m/z	 =	 1202)	 as	 the	 primary	 meaning	 and	 the	 most	
intense fragment (m/z	 =	 1172)	 for	 further	 analysis;	 this	 choice	 provided	 
better	 statistical	 results.	 The	 high-mass	 fragments	 are	 typical	 of	 the	 mass	 patterns	 
of	polymers	or	oligomers	(Figure	3c).
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(a)

(b)

(c)

(d)

Figure 3. The	 time-of-flight	 secondary	 ion	 mass	 spectra	 (with	 a	 logarithmic	 scale)	 
for mass range (m/z)	 (a)	 from	 57	 to	 61	 (peaks	 characteristic	 of	 chitosan),	 
(b)	 from	 98	 to	 102	 (peaks	 characteristic	 of	 chitosan	 and	 cyclosporine	 A),	 
(c)	from	1150	to	1224	(the	high-mass	fragments	that	results	from	cyclosporine	
A)	and	(d)	for	the	entire	mass	range	from	0	to	1300.
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It	 should	 be	 emphasised	 that	 the	 molecular	 ion	 is	 the	 basic	 ion	 identifying	 a	 given	
component	of	the	monolayer	and	serves	as	an	indicator	of	its	order;	it	 is	closely	related	 
to	the	arrangement	and/or	inclination	of	the	molecules.	It	is	defined	as	a	charged	molecule	
that	 is	 formed	 as	 a	 result	 of	 ionisation	 by	 donating	 one	 electron	 (a	 positive	molecular	
ion)	 or,	 much	 less	 often,	 by	 taking	 one	 electron	 (a	 negative	 molecular	 ion).	 Its	 mass	 
is	equal	to	the	molecular	weight	of	the	tested	compound.	Meanwhile,	a	pseudomolecular	ion	 
is	created	by	removing	two	oxygen	or	hydrogen	atoms	from	the	molecular	ion	or	by	adding	
a foreign metal from the environment.

Table 1. The	most	characteristic	positive	fragments	in	the	time-of-flight	secondary	ion	
mass	spectra	obtained	for	the	chitosan	(Ch)	and	cyclosporine	A	(CsA)	layers.

Assignment m/z Identification Reference

(C6H14N)+ 100 CsA [25,	26,	32]

(C61H108N10O12)
+

(CsA–NH3)
+ 1172 CsA	pseudomolecular	ion [25,	26,	32]

(C62H112N10O12 )
+

(CsA+H–N)+ 1188 CsA	pseudomolecular	ion This	study

(C62H112N11O12 )
+

(CsA+H)+ 1202 CsA	molecular	ion [25,	26,	32]

(C2H4NO)
+ 58 Ch [26,	33]

(C2H5NO)
+ 59 Ch [26]

(C2H6NO)
+ 60 Ch [34]

(C4H6NO2)
+ 100 Ch [34]

Other	 researchers	 have	 also	 identified	 secondary	 ions	 assigned	 to	 CsA	 
by	TOF-SIMS.	Muddiman	et	al.	[35,	36]	quantified	the	(CsA+Na)+ m/z	=	1225	and	(CsA+Ag)+  
m/z	 =	 1309	 fragments	 on	 an	 etched	 silver	 substrate	 with	 a	 mass	 resolution	 of	 8000.	 
In	 addition,	 Nicola	 et	 al.	 [37]	 identified	 the	 (CsA+H)+ m/z	 =	 1202	 and	 (CsA+Ag)+  
m/z	=	1309	fragments	for	 the	CsA	layer	deposited	on	silver	support	previously	covered	
with	 a	 cocaine	 layer.	 Finally,	 Biddulph	 [38]	 identified	 the	 following	 CsA	 fragments:	
(M+H)+ m/z	 =	 1202,	 m/z	 =	 100,	 (leucine)	 m/z	 =	 86,	 (valine)	 m/z	 =	 72,	 (alanine)	 
m/z	=	44,	(glycine)	m/z	=	30	and	m/z	=	15.	They	were	yielded	by	the	Au3+ primary ion  
with	a	relative	intensity	of	394.5	×	10–5,	3207.0	×	10–5,	751.9	×	10–5,	340.5	×	10–5,	1205.0	×	10–5  
and	 81.4	 ×	 10–5,	 37.5×10–5,	 respectively.	 For	 comparison,	 in	 the	 present	 study	 
the relative intensity of the fragments m/z	 =	 100,	 1172	 and	 1202	 before	 immersion	 
in	SBF	was	0.1	×	10–4,	8.5	×	10–4	and	1.2	×	10–5,	respectively	(Figure	4).	Mass	resolution	 
was	 12652	 for	 the	 m/z	 =	 1172	 fragment	 and	 9348	 for	 the	 m/z	 =	 1202	 fragment.	 
The	former	fragment	resulted	from	extraction	of	m/z	=	30,	which	presumably	corresponds	
to C2H6.
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(a) (b)

Figure 4. Distribution	of	the	(a)	cyclosporine	A	m/z	=	100	fragment	and	the	(b)	m/z =	1172	
and	 1202	 fragments	 for	 the	 air	 plasma–activated	 polyethylene	 terephthalate	
(PETair)/chitosan	(Ch)/cyclosporine	A	(CsA)	surface	before	and	after	immersion	
in	simulated	body	fluid	(SBF)	solution	for	different	periods	of	time.

As	can	be	seen	in	Figure	4a,b,	the	relative	intensity	of	the	characteristic	CsA	fragments	 
was	 the	 greatest	 for	 the	 deposited	 CsA	 monolayer	 before	 immersion	 in	 SBF.	 
This	correlated	with	the	largest	surface	coverage.	Moreover,	the	presence	of	the	molecular	
and	 pseudomolecular	 ions	 confirmed	 that	 the	 obtained	 monolayer	 was	 well	 ordered.	 
As	a	result	of	interactions	with	the	primary	ion	beam	(Bi+ or Bi3+), the molecules in such  
a	layer	are	subject	to	much	less	fragmentation,	which	favours	high	molecular	ion	efficiency	
[34].	In	other	words,	in	the	well-ordered	and	packed	monolayer,	the	probability	of	yielding	
the	molecular	 	 or	 pseudomolecular	 ions	 (m/z	 =	 1170	 and	 1202)	 increases	 significantly.	 
This	 can	 be	 justified	 by	 the	 number	 of	 molecules	 and	 the	 intermolecular	 interactions.		 
Specifically,	 at	 very	 low	 surface	 coverage,	 the	 CsA	 molecules	 are	 loosely	 arranged	 
and	the	interactions	between	them	can	be	neglected	(like	in	a	gas	phase)	or	can	be	very	low	
(like	in	a	liquid	state).	Under	these	circumstances	the	fragmentation	of	isolated	molecules	
by	 primary	 the	 Bi3+	 beam	 is	 very	 high.	 Hence,	 the	 probability	 of	 desorption	 of	 CsA	 
in	 their	 original,	 unfragmented	 form	 is	 close	 to	 zero.	 When	 the	 monolayer	 is	 more	
tightly	packed,	the	intermolecular	interactions	allow	some	portion	of	CsA	to	be	desorbed	 
from	the	substrate	 in	 the	unfragmented	form	and	further	 to	be	extracted	 to	 the	analyser	
chamber	of	the	TOF-SIMS	instrument	and	identified	by	the	detector.

Furthermore,	 as	 the	CsA	monolayer	was	 deposited	 onto	 the	PETair/chitosan	 surface,	
the signal intensity coming from the characteristic fragments of chitosan was the smallest 
(Figure	 5).	 After	 immersion	 of	 the	 sample	 in	 SBF	 for	 3	 min,	 the	 relative	 intensity	 
of the (C6H14N)+	 ion	 was	 3	 times	 smaller	 with	 almost	 the	 same	 intensities	 
of the molecular (C62H112N11O12)

+	and	pseudomolecular	(C61H108N10O12)
+	ions	(Figure	4b).	 

This	 can	 be	 related	 to	 some	 changes	 in	 the	CsA	molecular	 organisation	 due	 to	 contact	 
with	the	liquid.	The	occurrence	of	molecular	ions	proves	that	CsA	monolayer	is	still	present	 
at	 the	 PETair/chitosan	 surface.	 When	 the	 PETair/chitosan/CsA	 sample	 was	 immersed	 
in	SBF	for	a	longer	time,	the	relative	intensity	of	CsA	molecular	ions	decreased	(Figure	4b).	 
At	very	low	surface	coverage	with	CsA	(immersion	times	of	10	and	30	min),	the	molecules	
are	 too	 far	 from	 each	 other	 and	 thus	 do	 not	 interact.	 Consequently,	 the	 probability	 
of	yielding	the	molecular	ion	during	sputtering	by	the	primary	Bi+	 ion	beam	is	strongly	
diminished.	This	phenomenon	has	been	well	 reported	 in	 the	 literature	 [25,	 26,	 34,	 39].	 
Thus,	 the	 obtained	 results	 demonstrate	 that	 the	 packed	 and	 ordered	 CsA	 monolayer	
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structure	is	not	retained	and	most	of	the	CsA	molecules	can	be	desorbed	into	the	bulk	phase.	 
The intensity of (C6	H14N)+ ion with m/z	 =	 100	 shows	 similar	 behaviour	 (Figure	 4a).	 
This	affirms	that	CsA	molecules	are	still	present	at	the	surface.	

In	 the	 time-of-flight	 secondary	 ion	 mass	 spectra,	 the	 chitosan	 layer	 was	 identified	 
in the form of (C2H4NO)

+, (C2H5NO)
+	 and	 (C2H6NO)

+	 (Table	 1),	 consistent	 
with	our	previous	study	[26].	Figure	5	shows	the	intensity	distribution	of	these	chitosan	
fragments.	Of	note,	we	obtained	the	m/z	=	100.04	fragment	assigned	to	(C4H6NO2)+, which  
is	characteristic	of	chitosan	[34].	Despite	the	similar	m/z	≈	100	values,	we	could	distinguish	
that	peak	from	the	most	intense	CsA	fragment	(C6H14N)+, namely m/z	=	100.10,	due	to	high	
mass	resolution	(>	8000).	The	relative	intensity	of	(C4H6NO2)

+	was	1.46	×	10–3,	5.2	×	10–4,  
2.2	 ×	 10–4	 and	 3	 ×	 10–4	 for	 samples	 before	 immersion	 in	 SBF,	 and	 after	 immersion	 
in	 SBF	 for	 3,	 10	 and	 30	 min,	 respectively.	 The	 intensity	 of	 this	 chitosan	 fragment	 
was	significantly	lower	compared	with	the	others	(m/z	=	58,	59	and	60,	Figure	5).	We	expected	 
that	 the	 intensity	 would	 increase	 after	 immersion	 in	 SBF	 similarly	 to	 m/z	 =	 60.	 
Due	 to	 the	 fact	 that	 the	 m/z =	 60	 fragment	 demonstrated	 the	 proper	 distribution	 
(with	 a	 significant	 increase	 in	 intensity	 after	 immersion),	 we	 used	 it	 as	 an	 indicator	 
of	the	chitosan	layer.	On	the	other	hand,	owing	to	the	low	intensity	and	atypical	behaviour	
after immersion of the m/z	=	100.04	fragment,	we	did	not	consider	it	further.

Figure 5. Distribution	 of	 the	 chitosan	 m/z	 =	 58,	 59	 and	 60	 fragments	 for	 the	 air	 
plasma–activated	polyethylene	terephthalate	(PETair)/chitosan	(Ch)/cyclosporine	 
A	 (CsA)	 surface	 before	 and	 after	 immersion	 in	 simulated	 body	 fluid	 (SBF)	 
for	different	periods	of	time.	

As	 shown	 in	 Figure	 5,	 the	 relative	 intensity	 of	 the	m/z	 =	 58,	 59	 and	 60	 fragments	
varied	 depending	 on	 the	 nature	 of	 deposited	 layer	 and	 possible	 post-treatment	method.	 
For	the	untreated	Ch/CsA	layer,	the	(C2H4NO)

+ fragment (m/z	=	58)	showed	the	highest	
intensity.	 On	 the	 other	 hand,	 the	 (C2H5NO)

+	 and	 (C2H6NO)
+ intensities are roughly 

similar	and	 two	 times	 lower	 than	 that	of	 the	 (C2H4NO)
+ ion. There were similar results  

in	 the	 recent	studies	 [26,	33,	34].	After	 immersing	 the	Ch/CsA	layer	 in	SBF	for	3	min,	 
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the relative intensity of the m/z	=	58	and	59	fragments	remained	unchanged.	Meanwhile,	
the relative intensity of the (C2H6NO)

+ fragment (m/z	=	60)	increased	more	than	3	times,	
which	 corresponds	 to	 a	 decrease	 in	 the	 amount	 of	CsA	on	 the	 surface	 (lower	 intensity	 
of	the	CsA	fragment	with	mass	m/z	=	100).	On	the	other	hand,	the	intensity	of	the	CsA	
molecular	 ions	 is	 the	same.	These	results	suggest	 that	orientation	of	 the	CsA	molecules	 
is	 very	 likely	 preserved	 at	 even	 lower	 surface	 coverage.	A	 longer	 immersion	 in	 SBF	 
(10	 and	 30	 min)	 did	 not	 influence	 the	 relative	 intensity	 of	 the	 chitosan	 (C2H6NO)

+ 
fragment,	but	decreased	the	intensity	of	the	(C2H4NO)

+	fragment.	This	reduced	intensity	 
of (C2H4NO)

+	 could	 be	 the	 result	 of	 a	more	 parallel	 orientation	 of	CsA	 at	 low	 surface	
coverage	after	immersion	for	10	and	30	min.

Overall,	 the	 greater	 yield	 of	 the	 (C2H6NO)
+ fragment after immersion in SBF  

for	 3	min	 illustrates	 the	 chitosan	 layer	 covered	 by	 patchy	 CsA	 layer	with	 polypeptide	
molecules	 oriented	 perpendicularly	 towards	 the	 chitosan	 underlayer.	 After	 immersion	 
for	10	and	30	min,	the	CsA	islands	disappear,	denoted	by	disappearance	of	the	molecular	
ions.	 This	 indicates	 that	 a	 very	 small	 amount	 of	 CsA	 becomes	 oriented	 more	 parallel	
towards	the	chitosan	layer.	These	findings	clearly	show	that	the	chitosan	layer	is	present	
at	 the	PETair surface	 after	placing	 the	biomaterial	 in	SBF.	This	 is	particularly	 important	 
in	 terms	of	 improving	and	maintaining	 the	biocompatibility	of	PET	surfaces.	However,	 
the	exact	yield	mechanism	of	the	chitosan	(C2H4NO)

+, (C2H5NO)
+	and	(C2H6NO)

+ fragments 
under	different	immersion	time	of	the	chitosan/CsA	layer	is	beyond	the	scope	of	this	paper	
and	requires	more	extensive	studies.

The	 desorption	 of	CsA	 from	 the	 biomaterial	 surface	 is	 related	 to	 the	 fact	 that	 CsA	
does	 not	 form	 chemical	 bonds	 with	 chitosan.	 Chitosan	 and	 CsA	 may	 interact	 via	
hydrogen	 bonds	 and/or	 Lifshitz–van	 der	Waals	 forces.	 It	 is	 likely	 that	 in	 the	 untreated	
CsA	layer,	CsA	molecules	exist	mainly	in	a	closed	conformation	due	to	the	surrounding	
hydrophobic	environment	provided	by	the	chitosan	backbone.	However,	immersion	in	SBF	 
–	and	thus	changing	the	environment	to	a	polar	one	–	favours	the	open	conformation	of	CsA,	 
which	 can	 then	 interact	 more	 strongly	 with	 SBF	 and	 weakly	 with	 the	 chitosan	 layer.	 
This	allows	CsA	to	be	desorbed	from	the	surface	of	the	biomaterial.	The	ability	of	CsA	to	change	 
its	conformation	from	closed	to	open	depending	on	the	nature	of	the	environment	enables	
its	 transport	 through	 the	 lipid	 bilayer	 according	 to	 the	mechanism	 of	 passive	 diffusion	 
[18,	 19].	 Such	 results	 are	 very	 promising	 for	 the	 design	 and	 development	 of	 new	 
drug-release	systems.

Modification	of	the	PET	surface	with	air	plasma	and	biological	films	can	significantly	
improve	its	biocompatibility	and	minimise	side	effects	associated	with	the	body’s	response	
to	a	foreign	material.	The	presence	of	chitosan	film	provides	an	additional	function,	namely	
the	controlled	release	of	CsA,	a	strong	 immunosuppressant	drug	 that	 is	used	 to	prevent	
implant	rejection.	

4. Conclusions
We	 used	 TOF-SIMS	 to	 analyse	 the	 chemical	 composition	 and	 the	 spatial	 distribution	
of	 molecules	 in	 the	 mixed	 chitosan	 and	 CsA	 layers.	 They	 were	 deposited	 
by	 the	 Langmuir–Blodgett	 technique	 on	 the	 air	 plasma–activated	 PET	 surface	 
and	 then	 immersed	 in	 SBF.	 We	 identified	 the	 most	 characteristic	 CsA	 and	 chitosan	
fragments	 in	 the	 time-of-flight	 secondary	 ion	mass	 spectra	 before	 and	 after	 immersing	 
the	samples	in	SBF.The	results	confirmed	the	effective	PET	surface	coverage	with	chitosan	
and	CsA.	The	 chitosan	 layer	was	 presumably	 chemically	 bonded	 to	 the	 activated	 PET	
support.	Meanwhile,	 CsA	was	 physically	 adsorbed	 on	 the	 chitosan	 layer	 via	 hydrogen	
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bonding	and/or	Lifshitz	van	der	Waals	forces.	 In	 the	SBF	environment,	CsA	underwent	
gradual	desorption	 into	 the	bulk	phase	over	 time,	as	 indicated	by	the	decreased	relative	
intensity of the (C6H14N)+, (C61H108N10O12)

+	and	(C62	H112N10O12)
+ fragments. This process 

was	likely	due	to	a	change	from	closed	to	open	conformation	of	CsA.	In	effect,	the	initially	
well-ordered	 and	 packed	 structure	 of	 the	 CsA	 monolayer	 was	 no	 longer	 maintained	
exposing	the	chitosan	layer.	Consistently,	there	was	a	significant	increase	in	the	relative	
intensity of the most prominent chitosan fragment, (C2H6NO)

+, after immersion in SBF. 
Our	findings	are	satisfactory	from	the	application	point	of	view.	The	release	of	CsA	 

from	 the	 PET/chitosan	 surface	 can	 ensure	 relatively	 easy	 delivery	 
of	 this	 immunosuppressive	 drug	 to	 living	 cells	 directly	 from	 the	 implant	 surface.	
Simultaneously,	 the	 increased	 biocompatibility	 of	 the	 PET	 surface	 can	 be	 maintained	 
due	 to	 its	 durable	 binding	 to	 the	 polysaccharide.	 Therefore,	 designing	 two-component	
layers	as	coatings		for	implants	and/or	stents	may	facilitate	the	release	of	CsA,	eliminating	
the	problem	of	its	low	bioavailability.	
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Abstract
This paper presents research related to the development of hydrogel polymer biocomposites 
(chitosan and alginate) with an analgesic medication (lidocaine hydrochloride).  
The pharmaceutical availability of lidocaine hydrochloride from the hydrogel preparations 
was evaluated for transdermal systems in accordance with the Polish Pharmacopoeia, 
XI Edition. The rheological tests showed that these preparations had the characteristics  
of non-Newtonian, pseudoplastic liquids, for which the viscosity decreases as the shear rate 
increases. The developed hydrogel preparations showed bacteriostatic and bactericidal 
effects against both Escherichia coli and Staphylococcus aureus. The release of lidocaine 
hydrochloride from the tested hydrogel was a complex process that followed first-order 
kinetics. The rate of release could be influenced by appropriate selection of the composition 
of the biocomposite.
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1. Introduction
Polymer	 hydrogels	 have	 a	 characteristic	 structure,	 which	 determines	 their	 unusual	
properties.	These	materials	consist	of	polymer	chains	with	numerous	cross-links	between	
them.	 Such	 a	 system	 resembles	 a	 three-dimensional	 network	 whose	 cross-linking	
density	depends	on	 the	number	of	cross-links.	There	are	free	spaces	 inside	 the	polymer	
network	that	are	filled	by	water	during	the	swelling	process.	This	process	is	possible	due	 
to	 the	 presence	 of	 numerous	 hydrophilic	 groups	 in	 the	 polymer	 chains.	 In	 contact	 
with	 water,	 hydrophilic	 groups	 dissociate,	 which	 induces	 additional	 electrostatic	
interactions.	There	 is	 repulsion	of	 the	 same	 ions,	which	 increases	 the	distance	between	 
the	 polymer	 chains	 and,	 consequently,	 the	 free	 space	 available	 for	water	 increases	 [1].	 
Due	to	their	high	water	content,	appropriate	density	and	plasticity,	hydrogels	have	physical	
properties	 similar	 to	 those	 of	 soft	 tissues	 of	 living	 organisms.	Water	 in	 hydrogels	 acts	 
as	a	transport	medium,	thanks	to	which	substances	can	be	‘locked’	in	them	and	the	rate	 
of	 their	 release	 can	 be	 freely	 manipulated,	 thus	 creating	 a	 so-called	 intelligent	 
drug-delivery	 system.	 Drugs	 placed	 in	 hydrogel	 release	 systems	 can	 be	 administered	
orally,	 nasally,	 rectally,	 vaginally	 and	 into	 the	 eyes.	 The	 use	 of	 hydrogels	 in	 the	 field	 
of	medical	 science	 is	 not	 limited	 to	 drug	 delivery.	This	 type	 of	 biomaterial	 has	 a	 very	
wide	 range	 of	 applications,	 including	 the	 production	 of	 soft	 contact	 lenses,	 surgical	
implants,	 hybrid	 organs	 and	 biosensors.	They	 are	 also	 used	 in	 pharmacy,	 cosmetology,	
tissue	engineering	and	in	the	production	of	surgical	tampons	and	even	personal	hygiene	 
products	 [2–5].	 The	 use	 of	 polymer	 biocomposite	 hydrogels	 for	 the	 treatment	 
of	 difficult-to-heal	 wounds	 provides	 greater	 benefits	 compared	 with	 traditional	 gauze	
dressings,	because	they	accelerate	the	wound-healing	process,	create	a	protective	barrier	
for	newly	formed	tissues	and	do	not	stick	to	the	wound,	which	facilitates	painless	dressing	
replacement	and	allows	following	the	healing	process.	

Pressure	sores	are	difficult-to-treat	chronic	wounds.	Their	formation	may	be	the	result	
of	 long-term	 immobilisation	 caused	 by	 a	 chronic	 disease	 or	 systemic	 complications	
during	the	course	of	the	underlying	disease.	Moreover,	pressure	sores	may	lead	to	serious	
systemic	 complications,	 such	 as	 dehydration,	 electrolyte	 disturbance,	 osteomyelitis	 
or	 the	 development	 of	 sepsis	 [6,	 7].	 The	 pressure	 ulcer	 healing	 process	 is	 complex	 
and	 involves	 regeneration	of	connective	 tissue	and	epidermis.	Creating	 ideal	conditions	
for	this	healing	requires	eliminating	as	many	negative	factors	as	possible	that	may	delay	
or	inhibit	this	process.

Chitosan	 is	 a	 natural	 cationic	 polysaccharide	 consisting	 of	 N-glucosamine  
and	 N-acetylglucosamine	 units	 linked	 by	 a	 β-1,4-glycosidic	 bond.	 Due	 to	 its	 unique	
biological	 properties,	 it	 has	 attracted	 great	 interest	 in	 the	 field	 of	 wound	 healing.	 
It	is	an	ideal	material	for	the	development	of	new	dressings	for	wounds	of	various	origins	
(pressure	 ulcers,	 burns	 and	 difficult-to-heal	 wounds	 such	 as	 diabetic	 foot	 and	 those	
infected	by	bacteria)	[8].	Chitosan	is	used	in	wound	dressings	in	various	forms	depending	 
on	the	application:	a	hydrogel,	membrane,	foil,	sponge,	micro-	and	nanofibers	or	powders.	 
As	 a	 polycation,	 chitosan	 combines	 with	 anionic	 polymers,	 which	 allows	 the	 creation	 
of	 two-	 and	 three-dimensional	 structures,	 each	 with	 distinct	 porosity	 and	 mechanical	
strength.	 One	 of	 the	 forms	 mentioned	 most	 frequently	 in	 the	 literature	 is	 hydrogels.	 
They	consist	of	a	three-dimensional	network	of	hydrophilic	polymers	such	as	poly(ethylene	
glycol)	(PEG),	poly(acrylic	acid)	(carbomers)	and	poly(vinyl	alcohol)	(PVA).	The	polymer	
network	allows	for	the	absorption	of	significant	amounts	of	water.	Chitosan	can	be	bound	
to	 the	 hydrogel	 through	 hydrogen	 bonds	 and	 hydrophobic	 interactions	 (physically)	 
or	 incorporated	 into	 the	network	 (chemically),	which	 improves	 the	mechanical	 strength	 
of	the	gel	[9].	Based	on	the	literature,	chitosan	hydrogel	has	great	potential	in	various	stages	
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of	the	wound-healing	process	(at	various	stages):	they	reduce	inflammation	and	have	high	
sorption	properties,	thanks	to	which	they	retain	water	and	provide	a	moist	environment.	
Dressings	based	on	chitosan	hydrogel	have	also	been	described	in	the	literature	as	a	matrix	
to	deliver	pharmacological	agents	such	as	antibiotics,	growth	factors	and	stem	cells,	among	
others,	which	can	further	accelerate	wound	healing	[10–12].

There	 is	 a	 focus	 on	 creating	 new	 antibacterial	 dressings	 for	 patients	 
with	difficult-to-heal	wounds	that	are	infected	by	antibiotic-resistant	pathogenic	bacteria.	 
Such	 wounds	 are	 often	 a	 consequence	 of	 other	 serious	 diseases	 and	 irregularities	 
in	the	functioning	of	our	body,	such	as	diabetes,	autoimmune	diseases,	cancer	and	some	
medications	 taken	 on	 a	 permanent	 basis.	 Therefore,	 antibacterial	 agents,	 primarily	
antibiotics,	are	added	to	dressings.	However,	due	to	the	increasing	problems	with	combating	 
antibiotic-resistant	 infections,	 there	 have	 been	 numerous	 attempts	 to	 combine	 polymer	
matrices	with	antimicrobial	peptides,	which	may	constitute	a	new	direction	in	the	treatment	 
of	 resistant	 strains	 of	 pathogenic	 bacteria	 inhabiting	 the	 wound	 environment.	Another	
innovative	 approach	 is	 the	 addition	 of	 biological	 factors,	 including	 bacteriophages	 
and	 growth	 factors.	 When	 bacteriophages	 come	 into	 contact	 with	 the	 exudate	 
of	an	infected	wound,	they	actively	fight	the	bacteria	contained	therein	[13,	14].	Growth	 
factors	are	often	added	 to	accelerate	 the	healing	and	scarring	processes	and	 to	 improve	 
the	 ability	 to	 repair	 damaged	 tissues.	 One	 of	 the	most	 frequently	 used	 growth	 factors	 
is	 basic	 fibroblast	 growth	 factor	 (bFGF),	 a	 polypeptide	 that	 regulates	 that	 cell	 growth,	
differentiation	and	angiogenesis	[15].

Researchers	 have	 attempted	 to	 design	 adhesive	 nanocomposite	 hydrogels	 
with	 photothermal	 antibacterial	 properties	 [10].	 In	 one	 study,	 the	 authors	 generated	 
a	hydrogel	dressing	made	of	N-carboxyethyl	chitosan	 (CEC)	and	Pluronic	F127/carbon	
nanotubes	(PF127/CNT).	In vivo	studies	revealed	their	great	potential	as	a	photothermal	 
therapy	 (PTT)	 dressing	 for	 infected	 wounds.	 The	 dressings	 showed	 adequate	 
haemostatic	 activity,	 water	 absorption	 capacity,	 stable	 mechanical	 properties	 and	 good	
biodegradability	 [10].	Hydrogels	 loaded	with	 the	 antibiotic	moxifloxacin	 hydrochloride	
released	 the	 antibiotic	 depending	 on	 pH	 and	 showed	 good	 antibacterial	 activity.	 
In	another	study,	the	researchers	generated	a	chitosan	hydrogel	with	silver	nanoparticles	
that	 showed	 a	 good	 ability	 	 to	 combat	 difficult	 bacterial	 infections.	 They	 compared	 
it	with	a	commercially	available	reference	dressing	and	found	that	the	chitosan	hydrogel	
had	a	stronger	antibacterial	effect,	accelerated	the	healing	process	and	showed	very	good	
organoleptic	properties	and	proper	adhesion	to	the	wound	[16].

This	 paper	 presents	 research	 related	 to	 the	 development	 of	 hydrogels	 constituting	 
a	 matrix	 of	 dressing	 material,	 made	 of	 various	 biopolymers	 (chitosan	 and	 alginates)	
with	 an	 active	 substance	 with	 an	 analgesic	 effect	 (lidocaine	 hydrochloride	 [LidCl]).	 
The	 pharmaceutical	 availability	 of	 LidCl	 from	 the	 hydrogel	 preparations	 and	 the	 rate	 
of	 their	 release	 from	 the	 hydrogel	 through	 the	 membrane	 into	 the	 acceptor	 fluid	 
were	 performed	 as	 for	 transdermal	 systems	 according	 to	 the	 Polish	 Pharmacopoeia,	 
XI	 Edition	 [17].	 Natural	 polymers	 from	 the	 polysaccharide	 group	 were	 used	 
to	 construct	 dressings	 intended	 to	 treat	 pressure	 ulcers	 due	 to	 their	 specific	 biological	
properties,	 namely:	 biocompatibility;	 biodegradability;	 and	 the	 ability	 to	 accelerate	 
the	wound-healing	process,	 to	 stimulate	 the	body’s	 immune	mechanisms	and	 to	 reduce	
the	 risk	 of	 infection	 by	 limiting	 bacterial	 growth	 [18–25].	 The	 antibacterial	 activity	 
of	 the	 hydrogel	 preparations	 against	 the	 gram-negative	 bacterium	 Escherichia coli  
and	the	gram-positive	bacterium	Staphylococcus aureus	bacteria	were	assessed	according	
to	the	JISL	1902:2002	standard).
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2. Materials and Methods
2.1. Materials 
This	research	used	the	following	reagents:

• chitosan	 from	 Vanson	 Halo	 Source	 (USA)	 with	 an	 average	 molecular	 
weight	 of	 320.0	 kDa,	 a	 degree	 of	 deacetylation	 of	 77.5%	 and	 an	 ash	 content	 
of	31	ppm;

• microcrystalline	 chitosan	 with	 a	 reduced	 pH	 of	 6.65,	 a	 polymer	 content	 
of	 1.8	 wt%,	 an	 average	 molecular	 weight	 of	 284.0	 kDa	 and	 a	 degree	 
of	 deacetylation	 of	 77.5%	 (created	 at	 the	 Łukasiewicz	 –	 Łódź	 Institute	 
of	Technology	[ŁIT]);

• sodium	alginate	(Protanal	LF	10/60),	FMC	BioPolymer	(USA);
• glycerine,	Fluka	(p.a.)	(USA),	used	as	a	plasticiser;
• lactic	acid,	Fluka	(p.a.);
• sodium	tripolyphosphate	(TPP;	Sigma-Aldrich,	USA);	
• calcium	 chloride	 anhydrous,	 Avantor	 Performance	 Materials	 Poland	 S.A.	 

(p.a.)	(Poland);
• lidocaine	 hydrochloride-2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide	

hydrochloride	 monohydrate	 (Zakład	 Farmaceutyczny	 Amara®).	 LidCl	 
is	 a	 local	 anaesthetic	 agent	 that	 can	 be	 used	 alone	 or	 in	 combination	 
with	 sypatotonic	 amines.	 This	 derivative	 is	 used	 more	 often	 than	 LidCl	 
as	a	pharmaceutical	raw	material	for	the	production	of	painkillers	[26].

2.2. Research Methodology
2.2.1. Production of Polymer Biocomposite Hydrogels Containing Lidocaine 

Hydrochloride
A	 polymer	 biocomposite	 in	 the	 form	 of	 a	 hydrogel	 (H/Ch/AlgNa/Ca/liof)	 
was	 produced	 with	 microcrystalline	 chitosan	 (with	 a	 reduced	 pH	 =	 6.65	 and	 polymer	 
content	 =	 1.8	 wt%)	 and	 sodium	 alginate	 lyophilisate	 containing	 11	 wt%	 calcium	 
chloride.	 The	 chitosan	 microcrystalline	 hydrogel	 (MCCh)	 used	 in	 this	 research	 
was	 manufactured	 by	 the	 authors	 from	 the	 raw	 material	 obtained	 from	 Vanson	 Halo	 
Source	according	to	the	continuous	method	developed	at	Łukasiewicz	–	ŁIT	[27,	28].

Two	 hydrogel	 mixtures	 were	 prepared	 with	 two	 weight	 contents	 
of	 microcrystalline	 chitosan/alginate	 Na/Ca:	 75:25	 (H/Ch/AlgNa/Ca/liof/B)	 
and	 50:50	 (H/Ch/AlgNa/Ca/liof/C).	 Additionally,	 the	 hydrogel	 preparations	 
were	 cross-linked	 with	 TPP	 (2.0%	 	 by	 weight	 based	 on	 the	 dry	 weight	 
of	 the	 composite).	 Cross-linking	 was	 carried	 out	 for	 3	 h	 at	 5.5–6.0°C.	 In	 the	 final	 
stage,	 a	 plasticiser	 (glycerine)	 was	 added	 to	 each	 preparation	 (0.4	 parts	 by	 weight	 
per	 1	 part	 by	 weight	 of	 the	 composite).	 LidCl	 was	 added	 separately	 to	 the	 mixtures	 
–	 3%	by	weight	 based	 on	 the	 dry	weight	 of	 the	 polymers	 contained	 in	 the	 composite,	 
in	 accordance	 with	 the	 dose	 recommended	 in	 the	 Polish	 Pharmacopoeia,	 
XI	 Edition	 [17].	 Table	 1	 presents	 the	 quantitative	 composition	 of	 the	 polymer	 
biocomposite	hydrogels.
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Table 1. Quantitative	composition	of	the	chitosan/alginate-sodium-calcium	biocomposite	
hydrogels	(H/Ch/AlgNa/Ca/liof).

Sample Quantitative composition of the hydrogel
[wt%]

Total polymer 
content * 
[wt%]

pH

MCCh AlgNa/Ca Glycerine TPP LidCl
H/Ch/AlgNa/

Ca/liof/B 52.82 17.24 27.59 1.38 – 1.76 6.86

H/Ch/AlgNa/
Ca/liof/B/LidCl 51.72 17.24 27.59 1.38 2.07 1.77 6.91

H/Ch/AlgNa/
Ca/liof/C 35.21 35.21 28.17 1.41 – 1.82 6.70

H/Ch/AlgNa/
Ca/liof/C/LidCl 34.48 34.48 27.59 1.38 2.07 1.83 6.73

Note. *Polymer	content	(MCCh	and	AlgNa/Ca)	in	the	composite	hydrogel.	Abbreviations:	AlgNa/Ca,	
sodium	alginate;	LidCl,	lidocaine	hydrochloride;	MCCh,	chitosan	microcrystalline	hydrogel;	TPP,	
sodium	tripolyphosphate.	

2.2.2. Rheological Evaluation of the Polymer Biocomposite Hydrogels Containing 
Lidocaine Hydrochloride 

The	dynamic	viscosity,	shear	stress	and	shear	rate	were	determined	using	a	an	RV	DV-II	
digital	viscometer	with	the	Rheocalc	V3.1-1	program	(Brookfield,	USA)	at	25	and	37°C	 
in	accordance	with	 the	developed	procedure	[29].	The	CPE-52	and	CPE-41	cones	were	
used	to	measure	sample	volumes	of	0.5	and	2.0	ml,	respectively.	The	thermostating	time	
was	15	min.

2.2.3. Water Release Rate From the Polymer Composite Hydrogels 
The	 rate	 of	 water	 loss	 from	 the	 polymer	 biocomposite	 hydrogels	 was	 determined.	
Approximately	 1	 g	 of	 the	 preparation	 was	 weighed	 with	 an	 accuracy	 of	 0.0001	 g	 
and	 incubated	 at	 37°C	 for	 the	 time	 necessary	 to	 obtain	 a	 constant	 mass.	 The	 sample	 
was	weighed	at	regular	intervals	to	determine	the	loss	of	the	initial	mass	of	the	preparation.	
The	water	loss	process	is	described	by	equation	(1)	[30]:

mt	=	mα(1	–	e
–kt) (1)

where mα	is	the	total	amount	of	water	in	the	preparation	[g]	and	mt is the amount of water 
that	evaporated	after	time	t	[g].

2.2.4. Evaluation of the Availability of Lidocaine Hydrochloride From the Polymer 
Biocomposite Hydrogels 

The	 availability	 of	 LidCl	 from	 the	 polymer	 biocomposite	 hydrogels	 was	 carried	 
out	 at	 the	Department	 of	 Pharmaceutical	 Pharmacy,	Department	 of	Applied	 Pharmacy,	
Medical	 University	 of	 Łódź.	 The	 tests	 were	 performed	 as	 for	 transdermal	 systems,	
using	 a	 paddle	 apparatus	 (Figure	 1)	 and	 an	 extraction	 chamber	 made	 of	 a	 chemically	
neutral	 material	 (Figure	 2),	 which	 consisted	 of	 a	 base,	 an	 overlay	 and,	 if	 necessary,	 
a	semi-permeable	membrane	(dialysis	tubing)	made	of	regenerated	cellulose	with	a	pore	
size	approximately	25	Å	(Servapor,	Sigma-Aldrich,	USA).	The	extraction	chamber	held	 
the	 polymer	 biocomposite	 hydrogel	 flat,	 parallel	 to	 the	 bottom	 edge	 of	 the	 paddle	
mixer	with	 the	 release	 surface	 facing	upwards.	The	distance	between	 the	paddle	mixer	 
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and	the	surface	of	the	polymer	biocomposite	hydrogel	was	constant	at	25	±	2	mm.	Each	
sample	weighed	 approximately	 2.5	 g.	 The	 acceptor	 fluid	was	 100	ml	 of	 0.9%	 sodium	
chloride	(physiological	saline).	The	tests	were	carried	out	at	32	±	0.5°C	and	a	stirrer	speed	
of	100	rpm.	The	LidCl	concentration	in	the	receptor	fluid	was	determined	spectroscopically	
at	262	nm	after	5,	15,	30,	60,	120	and	180	min.

Figure 1. Paddle	apparatus	for	testing	in vitro	the	release	rate	of	lidocaine	hydrochloride	
from	the	polymer	biocomposite	hydrogels.

Figure 2. Extraction	chamber.

2.2.5. Determining the Rate of Lidocaine Hydrochloride Release From the Polymer 
Composite Hydrogels Into an Acceptor Fluid

The	rate	of	release	of	LidCl	from	the	polymer	biocomposite	hydrogels	into	the	acceptor	
fluid	was	carried	out	at	the	Department	of	Pharmacy,	Department	of	Applied	Pharmacy,	
Medical	 University	 of	 Łódź.	 A	 diffusion	 apparatus	 consisting	 of	 a	 donor	 chamber	 
and	 an	 acceptor	 chamber,	 separated	 by	 a	 semi-permeable	 membrane	 (dialysis	 tubing)	
made	 of	 regenerated	 cellulose	 with	 a	 pore	 size	 of	 approximately	 25	 Å	 (Servapor;	 
Figure	3),	was	used	for	 the	 tests.	A	hydrogel	preparation	weighing	approximately	1.0	g	 
was	applied	to	the	membrane.	Then,	25	ml	of	physiological	saline	or	phosphate	buffer	(pH	7.4)	 
was	introduced	into	the	acceptor	cell.	The	contact	area	of	the	membrane	with	the	acceptor	
fluid	was	0.785	cm2.	The	measurement	was	performed	at	32	±	0.5°C	with	constant	stirring	 



295Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.023

Polymer biocomposites in the form of hydrogel used for the treatment of pressure sores

of	 the	 acceptor	 fluid.	 The	 amount	 of	 the	 LidCl	 released	 was	 determined	 
spectrophotometrically	at	262	nm	after	5,	15,	30,	60,	120	and	180	min.

Figure 3. The	photograph	of	a	diffusion	apparatus	used	to	determine	the	rate	of	lidocaine	
hydrocholoride	 release	 from	 the	 polymer	 biocomposite	 hydrogels	 into	 
the	acceptor	fluid.

2.2.6. Evaluating the Antibacterial Activity of the Polymer Biocomposite Hydrogels 
The	 antibacterial	 effect	 of	 the	 polymer	 biocomposite	 hydrogels	 was	 determined	 
at	 the	 Microbiological	 Laboratory	 of	 the	 Lukasiewicz	 –	 ŁIT	 in	 accordance	 
with	 the	 institution’s	 ‘Testing	of	 the	antibacterial	effect	of	 textile	products.	Quantitative	
test’	 (5th	 edition)	 research	 protocol,	 developed	 based	 on	 the	 JIS	L	 1902:2002	 standard.	 
The	study	consisted	of	assessing	the	inhibition	of	the	growth	of	standard	bacterial	strains	 
in	 contact	with	 the	 tested	 sample.	The	 number	 of	 bacteria	 on	 the	 sample	was	 assessed	
before	and	after	incubation	for	24	h	relative	to	the	inactive	sample	as	a	control	(reference	
material was cotton). 

The	number	of	bacteria	(E. coli	and	S. aureus)	on	the	control	sample	before	incubation	
and	 the	 number	 of	 bacteria	 that	 survived	 on	 the	 control	 sample	 and	 test	 samples	 
after	 incubation	 were	 determined.	 Based	 on	 the	 number	 of	 bacteria,	 the	 bacteriostatic	 
and	bactericidal	activity	was	determined,	calculated	according	 to	equations	 (2)	and	 (3),	
respectively:

S	=	Mb	–	Mc,	and (2)
L	=	Ma	–	Mc. (3)

The	terms	in	equations	(2)	and	(3)	mean	the	following:
S	 –
L	 –
Ma		 –

Mb	 –

Mc	 –

bacteriostatic	activity;
bactericidal	activity;
common	 logarithm	 of	 the	 number	 of	 bacteria	 on	 the	 sample	 without	 
the	active	agent	immediately	after	inoculation;
common	 logarithm	 of	 the	 number	 of	 bacteria	 on	 the	 sample	 without	 
the		active	agent	after	incubation	for	24	h;	and	
common	logarithm	of	the	number	of	bacteria	on	the	sample	with	the	active	
agent	after	incubation	for	24	h.
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According	 to	 the	 JIS	 L	 1902:2002	 standard,	 L	 >	 0	 indicates	 bactericidal	 activity,	 
while	S	>	2	bacteriostatic	activity	[31].

3. Results and Discussion
The	main	 goal	 of	 this	 research	was	 to	 develop	 a	multifunctional	 dressing	 in	 the	 form	 
of	a	polymer	biocomposite	containing	the	analgesic	LidCl	and	to	assess	 the	rheological	
properties,	 water-releasing	 ability	 and	 biological	 activity.	 The	 developed	 dressing	 
is	 intended	 for	 the	 treatment	 of	 difficult-to-heal	 wounds,	 in	 particular,	 pressure	
ulcers.	 Biopolymers	 such	 as	 chitosan	 and	 alginates	 are	 used	 to	 develop	 dressings	 
due	 to	 their	 specific	 properties	 useful	 in	 the	 treatment	 of	 difficult-to-heal	 wounds.	 
Chitosan	 is	 a	 biopolymer	 with	 biostimulatory	 properties	 that	 can	 accelerate	 the	 influx	 
of	 phagocytic	 cells	 to	 the	 wound	 site,	 which	 cleanse	 the	 wound	 of	 necrotic	 tissues	 
and	 stimulate	 the	 migration	 and	 proliferation	 of	 intraepithelial	 cells	 and	 fibroblasts.	 
This	 polymer	 also	 impairs	 the	 growth	 of	 bacteria	 and	 fungi,	 which	 reduces	 the	 risk	 
of	wound	 infection.	High	biological	activity	predisposes	 this	polymer	 to	 the	production	 
of	 modern	 dressings	 used	 to	 treat	 difficult-to-heal	 wounds	 (bedsores)	 [23,	 32–37].	 
Alginates	 are	 one	 of	 the	 most	 frequently	 used	 natural	 polymers	 used	 
to	 produce	 dressing	 materials	 due	 to	 their	 biological	 properties:	 biocompatibility,	 
biodegradability,	 absorbent	 properties	 and	 the	 ability	 to	 stimulate	 the	 growth	 
of	 fibroblasts.	 The	 interaction	 of	 alginates,	 such	 as	 sodium	 alginate,	 with	 divalent	 
calcium cations (Ca2+)	 leads	 to	 the	 formation	 of	 gels;	 this	 phenomenon	 has	 been	
used	 in	 the	 design	 and	 production	 of	 active	 dressings	 that	 have	 haemostatic	 properties	 
and	 support	 the	 blood	 coagulation	 process.	 The	 ability	 to	 swell	 and	 absorb	 fluids	 
becomes	 particularly	 important	 when	 using	 ‘moist	 wound	 therapy’.	 A	 hydrophilic,	 
moist	coating	is	created	on	the	wound	surface,	maintaining	a	warm,	healing	environment	
without	the	adverse	effects	of	occlusion	[38–41].

3.1. Assessment of the Rheological Properties of the Polymer Biocomposite  
Hydrogels

Polymers	 that	 have	 the	 ability	 to	 create	 hydrogels,	 retain	 water	 in	 their	 structure	 
and	 have	 adhesive	 properties	 to	 the	 surface	 of	 damaged	 tissue	 are	 valuable	 materials	 
for	 the	 construction	 of	 special	 dressings.	 The	 properties	 of	 such	 polymers	 
are	 determined	 by	 the	 intermolecular	 forces	 between	 the	 chains	 and	 their	 spatial	 
structure.	 Intermolecular	 interactions	 have	 a	 significant	 impact	 on	 the	 rheological	 
properties	 of	 polymer	 solutions,	 as	 well	 as	 the	 rate	 of	 release	 of	 the	 medicinal	 
substance	 from	 the	 dressings	 produced	 with	 their	 participation;	 moreover,	 the	 ability	 
to	 create	 gel	 forms	 is	 determined	 by	 the	 formation	 of	 hydrogen	 bridges	 between	 
the	 chains	 of	 these	 polymers	 [42–44].	 Therefore,	 rheological	 tests	 play	 an	 important	 
role	 in	 the	 development	 of	 therapeutic	 hydrogel	 dressings	 containing	 medicinal	
substances.	The	dynamic	viscosity,	shear	stress	and	shear	rate	of	the	polymer	biocomposite	 
hydrogels	 containing	 LidCl	 were	 determined	 at	 25°C	 (based	 on	 the	 measurement	 
procedure)	and	at	37°C	(the	 temperature	of	 the	human	body).	The	results	are	presented	 
in	Figures	4–7.
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Figure 4. Dependence	 of	 viscosity	 and	 shear	 stress	 on	 the	 shear	 rate	 (γ)	 at	 25°C	 
for	 the	 H/Ch/AlgNa/Ca/liof/B/LidCl	 hydrogel.	 See	 Table	 1	 for	 details	 
on	the	hydrogel.

Figure 5. Dependence	 of	 viscosity	 and	 shear	 stress	 on	 the	 shear	 rate	 (γ)	 at	 37°C	 
for	 the	 H/Ch/AlgNa/Ca/liof/B/LidCl	 hydrogel.	 See	 Table	 1	 for	 details	 
on	the	hydrogel.

Figure 6. Dependence	 of	 viscosity	 and	 shear	 stress	 on	 the	 shear	 rate	 (γ)	 at	 25°C	 
for	 the	 H/Ch/AlgNa/Ca/liof/C/LidCl	 hydrogel	 (diluted	 to	 1%).	 See	 Table	 1	 
for	details	on	the	hydrogel.
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Figure 7. Dependence	 of	 viscosity	 and	 shear	 stress	 on	 the	 shear	 rate	 (γ)	 at	 37°C	 
for	 the	 H/Ch/AlgNa/Ca/liof/C/LidCl	 hydrogel	 (diluted	 to	 1%).	 See	 Table	 1	 
for	details	on	the	hydrogel.

Figures	 4–7	 show	 the	 flow	 curves	 of	 hydrogel	 preparations	 in	 the	 coordinate	 system	 
η	 =	 f(γ)	 and	 τ	 =	 f(γ),	 where	 η	 is	 the	 dynamic	 viscosity	 [cP],	 τ	 is	 the	 shear	 stress	 
[D/cm2]	 and	 γ	 is	 the	 shear	 rate	 [1/sec].	 The	 tested	 polymer	 biocomposite	 hydrogels	 
varied	 in	 terms	 of	 composition	 and	 showed	 the	 characteristics	 of	 non-Newtonian,	
pseudoplastic	 (shear-thinned)	 liquids.	 For	 most	 of	 them,	 there	 were	 hysteresis	 loops	 
in	 the	 flow	 curve	 diagrams	when	 the	 shear	 rate	was	 increased	 or	 decreased.	However,	 
the	 following	 hydrogel	 preparations	 showed	 an	 antithixotropic	 character	 during	 shear:	 
H/Ch/AlgNa/Ca/liof/B/LidCl	and	H/Ch/AlgNa/Ca/liof/C/LidCl	 (diluted	 to	1%)	at	37°C.	 
Diluting	 the	 polymer	 biocomposite	 hydrogel	 with	 water	 to	 a	 concentration	 of	 1%	 
by	 weight	 was	 necessary	 to	 reduce	 the	 viscosity	 so	 that	 it	 could	 be	 measured	 
with	 the	 instrument	 (as	 describedin	Section	 2.2.2).	At	 25°C,	 the	 polymer	 biocomposite	
hydrogel	 (H/Ch/AlgNa/Ca/liof/B/LidCl)	 was	 rheologically	 stable,	 and	 its	 properties	 
did	 not	 depend	 on	 shear	 forces.	 However,	 the	 H/Ch/AlgNa/Ca/liof/C/LidCl	 
(diluted	 to	 1%)	 hydrogel	 presented	 the	 characteristics	 of	 a	 thixotropic	 liquid	 thinned	 
by	 shear	 when	measured	 at	 25°C;	 the	 ‘thinning’	 effect	 persisted	 after	 the	 shear	 forces	 
ceased.	 The	 consequence	 of	 this	 phenomenon	 was	 the	 destruction	 of	 the	 molecular	 
structure	of	the	hydrogel.

3.2. Assessment of the Water Release Rate From the Polymer Biocomposite  
Hydrogels

Functional	dressings	intended	for	the	treatment	of	difficult-to-heal	wounds	–	in	particular,	
pressure	sores	–	should	ensure	the	effective	action	of	the	medicinal	substance	contained	
in	 them	 and	 provide	 appropriate	 comfort.	 An	 extremely	 important	 and	 desirable	 
feature	of	dressings	 is	maintaining	appropriate	moisture	 in	 the	wound,	ensuring	greater	
effectiveness	 and	 faster	 healing.	 A	 moist	 environment	 ensures	 better	 penetration	 
of	 active	 substances	 into	 the	 wound	 and	 allows	 easy	 and	 painless	 replacement	 
of	the	dressing	without	the	risk	of	damaging	the	tissue	rebuilt	as	a	result	of	granulation	
and	 epithelisation.	 Figure	 8	 presents	 the	 water	 release	 rate	 from	 the	 polymer	 
biocomposite	hydrogels.
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Figure 8. Changes	 in	 the	 amount	 of	 water	 released	 by	 the	 polymer	 biocomposite	
hydrogels	 H/Ch/AlgNa/Ca/liof/B,	 H/Ch/AlgNa/Ca/liof/B/LidCl,	 
H/Ch/AlgNa/Ca/liof/C	and	H/Ch/	AlgNa/Ca/liof/C/LidCl	as	a	function	of	time.	
See	Table	1	for	details	on	the	hydrogels.

After	5	h,	the	polymer	biocomposite	hydrogels	with	LidCl	released	water	faster	compared	
with	the	polymer	biocomposite	hydrogels	without	LidCl.	After	24	h,	almost	all	water	had	
been	released	from	the	polymer	biocomposite	hydrogels.	Therefore,	they	can	be	assumed	
to	maintain	moisture	at	the	appropriate	level	and	allow	appropriate	wound	healing.

3.3. Availability of Lidocaine Hydrochloride from the Polymer Biocomposite Hydrogels
As	described	 in	Section	2.2.4,	 the	availability	of	LidCl	 from	the	polymer	biocomposite	
hydrogels	was	determined.	Table	2	lists	the	parameters	of	the	kinetic	equation	describing	
the	release	of	LidCl	from	the	polymer	biocomposite	hydrogels,	and	Figures	9	and	10	show	
the	amount	of	released	LidCl	as	a	function	of	time.	

Figure 9. Release	kinetics	of	lidocaine	hydrochloride	from	the	H/Ch/AlgNa/Ca/liof/C/LidCl	
hydrogel.	See	Table	1	for	details	on	the	hydrogel.
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Figure 10. Release	kinetics	of	 lidocaine	hydrochloride	 from	 the	H/Ch/AlgNa/Ca/liof/B/
LidCl	hydrogel.	See	Table	1	for	details	on	the	hydrogel.

Table 2. Parameters	 of	 the	 kinetic	 equation	 describing	 the	 release	 rate	 of	 lidocaine	
hydrochloride	from	the	polymer	biocomposite	hydrogels.

Sample a0
[%]

Stage I Stage II
a1

[%]
k1

[min-1]
t0.5 

[min]
a2

[%]
k2×105, 
[min-1]

t0.5 
[h]

H/Ch/AlgNa/Ca/liof/C/LidCl 0.46 2.40 0.477 1.45 97.14 2.18 530
H/Ch/AlgNa/Ca/liof/B/LidCl 0.91 2.15 0.137 5.07 96.94 14.38 80

Note.	 See	 Table	 1	 for	 details	 on	 the	 hydrogels.	 Abbreviations:	 a0,	 100	 –	 a1	 –	 a2, the amount  
of	‘unbound’	lidocaine	hydrochloride	[%];	a1	and	k1,	constants	describing	the	first	stage;	a2	and	k2, 
constants	describing	the	second	stage;	t0.5, release half-life for each stage.

After	1440	min,	5.82%	of	LidCl	had	been	released	from	the	H/Ch/AlgNa/Ca/liof/C/LidCl	 
hydrogel.	 After	 60	 min,	 approximately	 3.89%	 of	 LidCl	 had	 been	 released	 
from	the	H/Ch/AlgNa/Ca/liof/B/LidCl	hydrogel.

The	H/Ch/AlgNa/Ca/liof/C/LidCl	and	H/Ch/AlgNa/Ca/liof/B/LidCl	hydrogels	showed	 
a	 similar	 course	of	LidCl	 release	directly	 (without	membrane	usage)	 into	physiological	
saline.	There	was	a	fast	initial	release,	followed	by	very	slow	release.	This	pattern	indicates	
LidCl	 release	 follows	 first-order	 kinetics	 and	 is	 a	 complex	 process.	 The	 determined	
parameters	of	the	kinetic	equation	revealed	a	significant	slowdown	in	the	release	of	LidCl	
from	 the	H/Ch/AlgNa/Ca/liof/C/LidCl	hydrogel	during	 the	second	stage	of	 the	process,	
with a release half-time (t0.5)	of	530	h.	

3.4. Release of Lidocaine Hydrochloride From the Polymer Biocomposite Hydrogels 
Into an Acceptor Fluid

The	 developed	 dressing	 is	 a	 transdermal	 therapeutic	 system,	 which,	 in	 addition	 
to	 the	 possibility	 of	 controlled	 drug	 release,	 allows	 the	 administration	 of	 drugs	 
that	 are	 broken	 down	 in	 the	 gastrointestinal	 tract	 or	 metabolised	 in	 the	 liver.	 
A	diffusion	 apparatus	 consisting	 of	 donor	 and	 acceptor	 chambers	 (Figure	 4),	 separated	 
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by	 a	 semi-permeable	 membrane	 made	 of	 regenerated	 cellulose	 with	 a	 pore	 size	 
of	 approximately	 25	 Å,	 was	 used	 to	 assess	 the	 release	 of	 LidCl	 from	 the	 hydrogels	 
to	the	acceptor	fluid,	as	described	in	Section	2.2.5.	The	dressings	contained	a	medicinal	
substance	 in	 the	 form	 of	 lidocaine	 hydrochloride.	 Table	 3	 lists	 the	 determined	 values	 
of	 the	 parameters	 of	 the	 kinetic	 equation	 describing	 the	 rate	 of	 release	 of	 LidCl,	 
and	Figures	11	and	12	show	the	amount	of	released	LidCl	as	a	function	of	time.	

Figure 11. Release	kinetics	of	lidocaine	hydrochloride	from	the	H/Ch/AlgNa/Ca/liof/C/LidCl	
hydrogel.	See	Table	1	for	details	on	the	hydrogel.

Figure 12. Release	kinetics	of	lidocaine	hydrochloride	from	the	H/Ch/AlgNa/Ca/liof/B/LidCl	
hydrogel.	See	Table	1	for	details	on	the	hydrogel.
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Table 3. Parameters	 of	 the	 kinetic	 equation	 describing	 the	 release	 rate	 of	 lidocaine	
hydrochloride	from	the	polymer	biocomposite	hydrogels.

Hydrogel dressing symbol a0
[%]

Stage I Stage II
a1

[%]
k1

[min-1]
t0.5 

[min]
a2

[%]
k2×105, 
[min-1]

t0.5 
[h]

H/Ch/AlgNa/Ca/liof/C/LidCl 1.33 - - - 98.67 4.02 288
H/Ch/AlgNa/Ca/liof/B/LidCl 1.01 - - - 98.99 2.47 468

Note.	 See	 Table	 1	 for	 details	 on	 the	 hydrogels.	 Abbreviations:	 a0,	 100	 –	 a1	 –	 a2, the amount  
of	‘unbound’	lidocaine	hydrochloride	[%];	a1	and	k1,	constants	describing	the	first	stage;	a2	and	k2, 
constants	describing	the	second	stage;	t0.5, release half-life for each stage.

After	 365	 min,	 approximately	 1.85%	 and	 2.71%	 LidCl	 had	 been	 released	 
from	 the	 H/Ch/AlgNa/Ca/liof/C/LidCl	 and	 H/Ch/AlgNa/Ca/liof/B/LidCl	 hydrogels,	 
respectively,	 to	 the	 acceptor	 fluid.	 These	 hydrogels	 had	 a	 release	 process	 controlled	 
by	diffusion	through	the	membrane.

3.5. Assessment of the Antibacterial Activity of the Polymer Biocomposite Hydrogels
The	 gram-negative	 bacterium	 E. coli is a natural physiological component  
of	 the	 gastrointestinal	 flora	 of	 humans	 and	 animals	 and	but	 can	 often	 cause	 infections,	 
the	clinical	symptoms	and	course	of	which	depend	on	the	place	of	their	occurrence	[45].	
The	gram-positive	bacterium	S. aureus can cause local infections of virtually all tissues  
and	organs	as	well	as	a	general	infection	of	the	body,	which	is	often	life-threatening	[46].	
These	bacteria	were	adopted	as	model	pathogens,	approximating	the	conditions	occurring	
in	the	wound	and	causing	wound	infection,	to	assess	the	antibacterial	activity	of	the	polymer	
biocomposite	hydrogels.	To	test	the	antibacterial	activity,	the	hydrogel	preparations	were	
sterilised	with	ultraviolet	radiation	for	20	min.	Based	on	the	results	in	Table	4,	the	tested	
polymer	biocomposite	hydrogels	showed	bacteriostatic	and	bactericidal	properties	against	
E. coli	bacteria	and	S. aureus.

Table 4. Antibacterial	 activity	 of	 the	 polymer	 biocomposite	 hydrogels	 containing	
lidocaine	hydrochloride.

Biocomposite 
symbol

Number  
of bacteria  

[cfu/sample]
Bacterium Bacteriostatic 

activity (S)
Bactericidal 
activity (L)

Control (cotton) 1.9	×	104

Escherichia coli 
ATCC	11229

– –
H/Ch/AlgNa/Ca/
liof/B/LidCl ˂	20 7.0 3.0

H/Ch/AlgNa/Ca/
liof/C/LidCl ˂	20 7.0 3.0

Control (cotton) 1.3	×	104

Staphylococcus 
aureus

ATCC	6538

– –
H/Ch/AlgNa/Ca/
liof/B/LidCl 7.0	×	101 4.4 2.1

H/Ch/AlgNa/Ca/
liof/C/LidCl 8.8	×	104 4.9 2.3

Note.	See	Table	1	for	details	on	the	hydrogels.	Abbreviation:	cfu,	colony-forming	units.
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4. Conclusions
Polymer	biocomposite	hydrogels	based	on	microcrystalline	chitosan	with	a	 reduced	pH	 
and	 sodium	 alginate	 and	 carrying	 the	 analgesic	 LidCl,	 intended	 for	 the	 treatment	 
of	 difficult-to-heal	 pressure	 ulcers,	 was	 developed.	 The	 hydrogels	 exhibited	 
the	 characteristics	 of	 non-Newtonian,	 pseudoplastic	 (shear-thinned)	 liquid,	 for	 which	 
the	 dynamic	 viscosity	 decreased	 as	 the	 shear	 rate	 increased.	 The	 hydrogels	
containing	 LidCl	 released	 water	 faster	 than	 the	 hydrogels	 without	 LidCl.	 The	 release	 
of	 LidCl	 from	 the	 polymer	 biocomposite	 hydrogels	 is	 a	 complex	 process	 that	 follows	 
first-order	 kinetics.	 By	 changing	 the	 composition	 and	 amount	 of	 individual	 
polymers	 in	 the	 biocomposite,	 it	 will	 probably	 be	 possible	 to	 control	 the	 release	 rate	 
of	LidCl,	or	whatever	active	substance	is	included	in	the	hydrogel.	Finally,	the	polymer	
biocomposite	hydrogels	showed	antibacterial	activity	against	the	gram-negative	bacterium	
E. coli	and	the	gram-positive	bacterium	S. aureus.
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Abstract
The potential of biodegradable and environmentally friendly substances that exhibit 
biostimulatory effects on plant growth and yield is now being exploited in horticultural 
production. This study evaluated the effect of chitosan on the growth, flowering, and yield 
of bulb of oriental lily ‘Mona Lisa’. Three types of chitosan differing in molecular weight 
(MW) were used: commercial chitosan (CCh, MW = 50,000–190,000 g/mol) and two 
forms of depolymerised chitosan (DCh 48, with a MW of ~48,000 g/mol, and DCh 154, 
with a MW of ~154,500 g/mol). The plants were watered twice with an aqueous solution  
of chitosan at a concentration of 2 g/l, with 100 ml of solution per pot. The control  
was plants watered with distilled water. Chitosan had a biostimulatory effect on the growth  
of lily plants. CCh increased the relative chlorophyll content of leaves (+11.3%), the fresh 
bulb weight (+11.0%), the bulb diameter (+12.3%) and the number of bulblets (+44.9%) 
compared with the control plants. DCh 154 significantly increased the fresh aboveground 
weight of plants (+31.3%), the fresh weight of leaves (+29.0%) and their number (+16.8%),  
the fresh weight of bulb (+12.3%) and their diameter (+11.0%), and the fresh weight 
of bulblet (+21.9%). DCh 48 increased the bulb diameter (+12.1%) and the number  
of bulblets (+45.4%), but decreased the length (-8.6%) and width of tepals (-6.8%)  
of the lily flowers. Finally, DCh 154 was the most effective in lily production.  
Using depolymerised chitosan as a biostimulant may contribute to developing new methods 
to produce high-quality lily plants.
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Effect of chitosan with different molecular weight on the growth and bulb yield of oriental lily 
‘Mona Lisa’

1. Introduction
The	 production	 of	 ornamental	 plants	 is	 a	 rapidly	 growing	 and	 profitable	 segment	 
in	horticultural	production	[1].	Among	the	activities	determining	the	continued	development	
of	 the	floriculture	 industry	is	 the	search	for	new	strategies	for	growing	and	propagating	
plants	 [2].	Limitations	 in	 the	 use	 of	 agrochemicals,	 as	well	 as	 economic	 factors,	 affect	 
the	 yield	 and	 flower	 quality.	 Today,	 natural	 biostimulants	 are	 increasingly	 being	 used	 
to	 improve	 the	 growth	 and	 increase	 the	 yield	 of	 plants	 [3].	This	 group	 includes	many	
substances	 of	 natural	 origin	 and	 microorganisms	 with	 high	 biological	 activity	 [4].	 
One	of	 the	 best-known	 is	 chitosan,	 a	 natural	 polysaccharide	 that	 consists	 of	molecules	 
of	 D-glucosamine	 and	 N-acetyl-D-glucosamine	 linked	 by	 ꞵ-1,4-glycosidic	 bonds	
[5].	Chitosan	 is	 formed	 by	 deacetylation	 of	 chitin	 contained	 in	 the	 chitinous	 carapaces	 
of	transformed	crustaceans	and	the	cell	walls	of	fungi	[6].	This	compound	is	biodegradable	
and	exhibits	numerous	biological	effects	 [7].	Du	Jardin	 [8]	 included	chitosan	and	other	
polymers	 in	 one	 of	 seven	 categories	 of	 biostimulants.	 Studies	 on	 ornamental	 plants	
have	 proven	 that	 chitosan	 has	 a	 biostimulatory	 effects	 on	 plant	 growth,	 flowering	 
and	 specific	 physiological	 processes	 [9,	 10].	 It	 has	 also	 been	 shown	 to	 stimulate	 plant	
defence	 mechanisms,	 inducing	 plant	 resistance	 to	 pathogenic	 fungi	 and	 bacteria.	 
In	addition,	chitosan	is	effective	in	alleviating	the	effects	of	abiotic	stresses	[11,	12].	It	can	
be	applied	alone	as	an	aqueous	solution	for	watering	and	spraying	plants	or	as	a	component,	
such	as	hydrogels	for	coating	seeds	[13–15].

After	 tulips,	 lilies	 (Lilium spp.)	are	 the	most	cultivated	bulbous	plants	 in	 the	world;	 
they	are	grown	for	cut	flowers	and	as	very	decorative	perennials	for	gardens	and	potted	
plants	[16].	In	addition,	some	species	of	lilies	are	offered	as	vegetables	[17].	These	plants	 
are	 versatile	 in	 horticulture,	 so	 there	 is	 a	 great	 demand	 for	 their	 bulbs	 and	 improved	
production	methods	[18,	19].	Lilies	from	the	group	of	oriental	hybrids	have	very	attractive	
flowers.	They	have	a	relatively	long	production	time	and	are	considered	difficult	to	grow,	
mainly	due	to	their	high	susceptibility	to	diseases,	unfavourable	growing	conditions	and	low	
propagation	rate	[20].	On	a	production	scale,	lilies	are	propagated	effectively	and	without	
great	expense	from	scales,	and	growth	regulators	[21]	and	biostimulants	[22]	can	be	used	
to	 increase	 the	yield	of	adventitious	bulblets.	Given	the	versatile	properties	of	chitosan,	
this	 study	 evaluated	 the	 effects	 of	 chitosan	 with	 different	 molecular	 weights	 (MWs)	 
on	the	growth,	flowering	and	bulb	yield	of	lilies.	

2. Materials and Methods
The	study	was	conducted	at	the	West	Pomeranian	University	of	Technology	in	Szczecin	
(lat.	 53°26′17″N,	 14°32′32″E).	 The	 experiment	 used	 ‘Mona	 Lisa’	 lily	 bulbs	 (average	
circumference	 12–13	 cm)	 of	 the	 oriental	 hybrid	 lily	 group	 recommended	 for	 growing	 
in	 pots.	 The	 bulbs	 were	 imported	 from	 Dutch	 plantations.	 The	 bulbs	 were	 planted	
individually	 in	 pots	 (diameter	 =	 16	 cm,	 capacity	 =	 2	 dm3)	 filled	 with	 TS1	 medium	
(Klasmann-Delimann,	Germany),	with	pH	6.3,	electrical	conductivity	(EC)	0.63	mS/cm,	 
and	 the	 following	 composition	 (mg/l):	 nitrate	 nitrogen	 (N-NO3),	 182;	 phosphorus	 (P),	
131;	 potassium	 (K),	 402;	 calcium	 (Ca),	 1646;	 magnesium	 (Mg),	 172;	 and	 chlorine	
(Cl),	 18.	 Plants	were	 grown	 for	 one	 growing	 season,	 from	 19	March	 to	 30	 July	 2019,	 
under	 natural	 photoperiod	 conditions	 on	 growing	 tables	 in	 an	 unheated	 plastic	 tunnel	
covered	with	double	polyethylene	film.	The	average	air	temperature	recorded	in	the	tunnel	
during	 lily	 cultivation	was:	March,	 10.1°C;	April,	 11.9°C;	May,	 18.7°C;	 June,	 23.6°C;	 
and	July,	21.1°C.

Three	 types	 of	 chitosan	 were	 used:	 commercial	 chitosan	 (CCh)	 with	 an	 MW	 
of	50,000–190,000	g/mol	(Sigma-Aldrich,	Iceland),	depolymerised	chitosan	with	a	MW	
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of	~48,000	g/mol	(DCh	48)	and	depolymerised	chitosan	with	a	MW	of	~154,500	g/mol	
(DCh	 154).	 DCh	 48	 and	 DCh	 154	 with	 an	 average	 degree	 of	 deacetylation	 of	 ~85%	
were	 obtained	 by	 controlled	 free-radical	 degradation	 in	 the	 laboratory	 of	 the	 Center	 
for	 Bioimmobilization	 and	 Innovative	 Packaging	 Materials	 at	 ZUT	 in	 Szczecin,	
Poland	 [23].	 High-performance	 liquid	 chromatography	 (HPLC)	was	 used	 to	 determine	 
the	DCh	48	and	DCh	154	MWs.	Chitosan	was	applied	to	watered	plants	as	an	aqueous	solution	 
(in	 distilled	 water)	 at	 a	 dose	 of	 2.0	 g/l.	 The	 dose	 was	 determined	 based	 on	 studies	 
on	 bulbous	 plants	 [24].	 Lilies	were	watered	 twice,	 after	 day	 30	 and	 40	 of	 cultivation,	
each	time	with	100	ml	of	chitosan	solution	per	plant.	Control	plants	were	watered	twice	 
with	100	ml	of	distilled	water.	The	experiment	was	set	up	in	a	randomised	block	design	
with three replicates, each with four plants. 

When	 the	 first	 flower	 was	 developed,	 plant	 height	 [cm],	 tepal	 length	 [cm]	 
and	width	[cm]	were	determined.	At	this	stage,	three	plants	were	drawn	from	each	replicate,	
in	which	the	relative	chlorophyll	content	as	an	indicator	of	leaf	greenness	was	determined	
using	the	Soil	and	Plant	Analysis	Development	(SPAD)-502	optical	apparatus	(Minolta,	
Japan).	Measurements	were	taken	on	three	fully	expanded	leaves	of	each	plant.	Flowers,	buds	 
and	 leaves	were	counted,	and	 the	 fresh	weight	of	 the	aboveground	part	of	 the	plant	 [g]	 
and	the	fresh	weight	of	the	leaves	[g]	were	determined.	The	fresh	weight	was	measured	
using	 an	 electronic	 scale	 (PS	 200/2000/C/2,	 RADWAG,	 Poland)	 with	 an	 accuracy	 
of 0.001 g.

After	flowering,	the	bulbs	removed	from	the	pots	were	weighed	[g],	and	their	diameters	
[mm]	were	measured.	The	bulbs	were	used	to	propagate	lilies	by	scales.	For	this	purpose,	
three	 bulbs	 from	 each	 variant	 taken	 randomly	 (control,	 CCh,	 DCh	 48	 and	 DCh	 154)	 
were	 separated	 into	 scales,	with	 four	 replicates	 per	 bulb.	 Scales	 from	 individual	 bulbs	 
were	placed	separately	in	plastic	bags	(capacity	=	2	dm3)	filled	with	a	moist	mixture	of	acid	
peat	and	perlite	(1:1,	v/v).	The	scales	were	stored	for	12	weeks	without	light	at	20–22°C,	 
then	 for	 16	 weeks	 at	 3–5°C	 with	 a	 relative	 humidity	 of	 approximately	 90%.	 After	 
this	period,	the	number	of	bulblets	formed	on	scales	derived	from	one	bulb	and	the	fresh	
weight	of	bulblets	[g]	were	determined.

The	experiment	was	 set	up	 in	a	 single-factor,	 random	sub-block	design.	The	 results	
were	 subjected	 to	 analysis	 of	 variance	 (ANOVA)	 for	 univariate	 experiments	 followed	 
by	Tukey’s	test	for	multiple	comparisons	using	the	Statistica™	Professional	13.3.0	software	
(TIBCO	Statistica,	USA).	A	p	value	≤	0.05	was	considered	to	be	statistically	significant.	

3. Results and Discussion
Watering	with	the	DCh	154	solution	produced	the	highest	fresh	weight	of	the	aboveground	
part	of	the	plants	(Table	1).	In	this	case,	the	fresh	weight	gain	was	increased	significantly	 
by	31.3%	compared	with	the	control	plants.	In	the	available	literature,	there	are	no	reports	 
on	 improving	 oriental	 lily	 production	 technology	 using	 chitosan	 under	 production	
conditions.	On	 the	 other	 hand,	 there	 is	 information	 on	 the	 beneficial	 effect	 of	 chitosan	
on	 the	 growth	 of	 several	 lily	 species	 and	 their	 regenerative	 ability	 in	 in vitro cultures. 
Unfortunately,	the	characterisation	of	chitosan	is	generally	lacking	in	these	studies.	Khalafi	
et al.	 [25]	 added	200	mg/l	 chitosan	 to	 the	medium	of	Lilium ledebourii	 (Baker)	Boiss.	 
and	 noted	 significantly	 stimulated	 plant	 growth	 and	 increased	 their	 fresh	 weight.	
Pourbeyrami	 et	 al. [26]	 obtained	 similar	 results	 using	 the	 same	 dose	 of	 chitosan	 
in in vitro cultures of Lilium regale	E.H.	Wilson.	In	contrast,	Kanchanapoom	et	al.	[27]	found	 
that	 the	 addition	 of	 25	 mg/l	 chitosan	 to	 the	 nutrient	 solution	 of	 Lilium longiflorum 
Thunb.	 significantly	 increased	 the	 number	 of	 multiplied	 shoots	 and	 acted	 similarly	
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effectively	 to	 the	 hormone	 benzyladenine.	 Shafiee-Masouleh	 [28]	 applied	 chitosan	 
as	nano-	and	magnetic	particles	at	a	concentration	of	10–15	mg/l	and	found	that	it	increased	 
the	 fresh	 and	 dry	 weight	 of	 shoots	 and	 roots	 of	 oriental	 lily	 ‘Arabian	 Red’.	 
Based	on	previous	studies	[29,	30],	it	is	possible	that	chitosan	acts	pleiotropically	in	cells	 
to activate plant responses through various signalling pathways, transmitters  
and	transcription	factors	that	trigger	the	stimulatory	effect.

Table 1. The	effect	of	chitosan	on	plant	height	and	the	fresh	weight	of	aboveground	parts	
of	oriental	lily	‘Mona	Lisa’.

Treatment Plant height  
[cm]

Fresh weight  
of the aboveground parts [g]

Control 46.0	±	2.00	a 44.47	±	3.10	b

CCh 47.5	±	0.50	a 45.23	±	0.80	b

DCh 48 48.8	±	1.76	a 47.50	±	2.51	b

DCh 154 48.1	±	0.85	a 58.37	±	1.10	a

p 0.172 0.0001

Note.	The	data	are	presented	as	the	mean	±	standard	error	of	the	mean.	In	each	column,	means	followed	
by	the	same	letter	are	not	significantly	different	based	on	Tukey’s	test	(p	≤	0.05).	Abbreviations:	CCh,	
commercial	chitosan;	DCh,	depolymerised	chitosan.

DCh	 154	 significantly	 affected	 the	 number	 of	 leaves	 and	 the	 fresh	 weight	 of	 leaves	 
(Table	2).	Compared	with	the	control,	plants	watered	with	the	DCh	154	solution	showed	 
a	16.8%	increase	in	the	number	of	leaves	and	a	29.0%	increase	in	the	fresh	weight	of	leaves.	
The	leaves	of	plants	watered	with	the	CCh	solution	showed	the	highest	chlorophyll	content,	
with	a	significant	11.3%	increase	compared	with	the	control	plants.	Chamnanmanoontham	
et	al.	[31]	showed	that	the	elevated	chlorophyll	content	in	the	leaves	of	chitosan-treated	
plants	may	be	the	result	of	increased	expression	of	proteins	involved	in	carbon	metabolism	
and	the	photosynthetic	process,	 leading	to	an	increase	in	nutrients,	primary	metabolites,	
phytohormones	and	photosynthetic	pigments	necessary	to	stimulate	plant	growth	[29].

Table 2. The	effect	of	chitosan	on	number	and	weight	of	leaves	and	relative	chlorophyll	
content	of	oriental	lily	‘Mona	Lisa’.

Treatment Number of leaves 
per plant

Leaf fresh weight 
[g/plant]

Relative chlorophyll 
content (SPAD)

Control 19.7	±	1.15	b 25.5	±	1.15	b 58.6	±	0.59	b

CCh 20.3	±	1.53	ab 26.0	±	0.89	b 65.2	±	1.34	a

DCh 48 22.0	±	1.00	ab 26.2	±	0.93	b 51.9	±	2.64	c

DCh 154 23.0	±	1.00	a 32.9	±	1.36	a 62.8	±	1.98	ab

p 0.032 0.001 0.001

Note.	The	data	are	presented	as	the	mean	±	standard	error	of	the	mean.	In	each	column,	means	followed	
by	the	same	letter	are	not	significantly	different	based	on	Tukey’s	test	(p	≤	0.05).	Abbreviations:	CCh,	
commercial	chitosan;	DCh,	depolymerised	chitosan;	SPAD,	Soil	and	Plant	Analysis	Development.

Regardless	of	its	source	and	MW,	chitosan	did	not	affect	the	number	of	flowers	and	buds,	
but	it	did	affect	the	length	and	width	of	lily	petals	(Table	3,	Figure	1).	Watering	the	plants	
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with	 the	DCh	48	 solution	 significantly	 reduced	 the	 length	 and	width	of	 perianth	 tepals	 
by	8.6%	and	6.8%,	respectively,	compared	with	the	control	plants.	Treatment	with	the	CCh	
or	DCh	154	solution	did	not	significantly	affect	tepal	parameters.

Table 3. The	 effect	 of	 chitosan	 on	 the	 number	 of	 flowers	 and	 buds	 and	 the	 length	 
and	width	of	the	tepals	of	oriental	lily	‘Mona	Lisa’.

Treatment
Number  

of flowers  
per plant

Number of buds 
per plant

Tepal length 
[cm]

Tepal width
[cm]

Control 1.83	±	0.29	a 1.67	±	0.29	a 12.8	±	0.05	a 6.50	±	0.10	a

CCh 1.83	±	0.29	a 1.83	±	0.19	a 12.2	±	0.10	ab 6.17	±	0.21	ab

DCh 48 1.16	±	0.21	a 2.50	±	0.50	a 11.7	±	0.13	b 6.06	±	0.06	b

DCh 154 2.00	±	0.01	a 1.83	±	0.29	a 12.7	±	0.58	a 6.22	±	0.22	ab

p 0.055 0.080 0.007 0.046

Note.	The	data	are	presented	as	the	mean	±	standard	error	of	the	mean.	In	each	column,	means	followed	
by	the	same	letter	are	not	significantly	different	based	on	Tukey’s	test	(p	≤	0.05).	Abbreviations:	CCh,	
commercial	chitosan;	DCh,	depolymerised	chitosan.

Figure 1. The	effect	of	chitosan	on	flowering	and	the	bulb	yield	of	oriental	lily	‘Mona	
Lisa’.	 The	 photographs	 show	 (A)	 from	 left	 to	 right,	 an	 untreated	 control	
plant,	 and	 plants	 treated	with	 commercial	 chitosan	 (CCh)	 with	 a	molecular	
weight	(MW)	of	50,000–190,000	g/mol,	depolymerised	chitosan	with	a	MW	 
of	~48,000	g/mol	(DCh	48)	or	depolymerised	chitosan	with	a	MW	of	~154,500	
(DCh	154);	(B)	flowering	lilies	in	a	foil	tunnel;	(C)	chitosan	used	to	the	prepare	
aqueous	solutions;	(D)	a	lily	bulb;	(E)	formation	of	bulblets	on	a	bulb	scale.
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According	to	various	authors,	the	response	of	plants	to	the	type	of	chitosan	used	depends	
on	 its	 physical	 and	 chemical	 properties,	 such	 as	 the	 degree	 of	 deacetylation,	 MW	 
and	 viscosity	 [29,	 30,	 32].	 Table	 4	 shows	 the	 significant	 effect	 of	 watering	 plants	 
with	the	chitosan	solutions	on	the	fresh	weight	of	bulb	and	bulb	diameter	of	the	oriental	
lily	 ‘Mona	 Lisa’.	 Compared	 with	 the	 control	 plants,	 bulbs	 watered	 with	 the	 CCh	 
and	 DCh	 154	 solutions	 had	 a	 11.0%	 and	 12.3%	 higher	 fresh	 weight,	 respectively.	 
Plants	 treated	 with	 CCh,	 DCh	 48	 and	 DCh	 154	 developed	 bulbs	 with	 12.3%,	 12.1%	 
and	 11.0%	 larger	 diameters,	 respectively,	 compared	 with	 the	 control	 plants.	 Khalafi	 
et	 al.	 [25]	 demonstrated	 that	 chitosan	 significantly	 increased	 the	 yield	 
of L. ledebourii	bulbs.	 	The	authors	reported	an	increased	number	of	bulblets	and	plant	
roots	after	adding	200	mg/l	chitosan	to	the	nutrient	solution.	

Table 4. The	effect	of	chitosan	on	the	fresh	weight	and	diameter	of	oriental	lily	‘Mona	
Lisa’	bulb.

Treatment Bulb fresh weight  
[g/plant]

Bulb diameter  
[mm]

Control 34.6	±	1.83	b 47.2	±	0.88	b

CCh 41.9	±	2.41	a 53.0	±	0.79	a

DCh 48 39.9	±	2.01	ab 52.9	±	1.01	a

DCh 154 42.5	±	2.45	a 52.4	±	0.58	a

p 0.008 0.001

Note.	 The	 data	 are	 presented	 as	 the	 mean	 ±	 standard	 error	 of	 the	 mean.	 In	 each	 column,	 
means	followed	by	the	same	letter	are	not	significantly	different	based	on	Tukey’s	test	(p	≤	0.05).	
Abbreviations:	CCh,	commercial	chitosan;	DCh,	depolymerised	chitosan.

Bulbs	 are	 organs	 of	 vegetative	 reproduction	 that	 show	 the	 ability	 to	 regenerate	 
the	entire	plant.	Churikoca	and	Barykina	[33]	and	Feher	[34]	showed	that	the	main	reason	 
for	this	regenerative	ability	is	the	totipotency	of	bulb	cells.	When	bulbs	are	placed	under	
conditions	of	high	humidity	and	temperature	without	access	to	light,	adventitious	bulblets	
(Figure	1)	are	formed	on	the	scales	from	buds	in	a	dormant	state.	The	rate	of	formation	 
of	 adventitious	 bulblets	 on	 scales	 can	 be	 increased	 by	 using	 hormones	 and	 growth	
regulators,	 but	 with	 current	 pro-ecological	 trends	 and	 legal	 conditions,	 this	 approach	 
is	 increasingly	 being	 abandoned	 [35].	 In	 the	 present	 study,	 the	 effect	 of	 chitosan	 
on	bulblet	yield	–	the	fresh	weight	of	bulbet	and	the	number	of	bulblets	–	was	evaluated	 
on	 the	 scales	 of	 lily	 bulblets	 (Table	 5).	 Bulblets	 formed	 on	 scales	 from	 bulbs	 treated	 
with	the	DCh	154	solution	had	a	21.9%	increase	in	fresh	weight	compared	with	the	control.	
Scales	from	bulbs	treated	with	the	CCh	and	DCh	48	solutions	yielded	a	significant	44.9%	
and	45.4%	increase	in	the	number	of	bulblets,	respectively.	The	increased	yield	of	bulblets	
may	 indicate	 a	 longer	 accumulation	 of	 the	 biostimulatory	 agent	 chitosan	 in	 the	 bulb	 
and	 its	 secondary	 effect	 on	 the	 formation	 of	 bulblets	 on	 the	 scales.	 In	 addition,	 
the	resulting	bulblets	had	no	symptoms	of	disease,	which	could	suggest	that	chitosan	had	 
a	protective	effect	on	them.	Gong	et	al.	[36]	treated	lanzhou	lily	(Lilium davidii var. unicolor)  
with	 chitosan	 in	 combination	 with	 natamycin	 to	 encapsulate	 the	 bulb	 slices.	 
It	was	 effective	 in	maintaining	 their	 quality	 and	 preventing	 loss	 of	weight,	 vitamin	C,	
soluble	 sugars	 and	 proteins.	 Although	 there	 have	 been	 many	 studies,	 the	 mechanism	 
of	action	of	chitosan	in	plant	organs	is	not	yet	completely	clear	[37,	38].



312 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024,
https://doi.org/10.15259/PCACD.29.024

Agnieszka Zawadzińska, Piotr Salachna

Table 5. Post	harvest	effects	of	chitosan	on	fresh	weight	of	bulbet	and	number	of	bulblets	
of	‘Mona	Lisa’	lily.

Treatment Fresh weight of bulblet [g] Number of bulblets
Control 0.32	±	0.02	b 20.7	±	8.39	b

CCh 0.34	±	0.02	b 30.0	±	4.58	a

DCh 48 0.31	±	0.02	b 30.1	±	6.56	a

DCh 154 0.39	±	0.01	a 24.0	±	6.93	ab

p 0.001 0.001

Note.	The	data	are	presented	as	the	mean	±	standard	error	of	the	mean.	In	each	column,	means	followed	
by	the	same	letter	are	not	significantly	different	based	on	Tukey’s	test	(p	≤	0.05).	Abbreviations:	CCh,	
commercial	chitosan;	DCh,	depolymerised	chitosan.

4. Conclusions
The	 results	 presented	 in	 this	 study	 showed	 the	 usefulness	 of	 chitosan	 as	 a	 natural	
biostimulant	in	the	production	of	oriental	lilies.	The	DCh	154	solution	had	the	strongest	
effect	on	growth	and	yield,	with	a	significant	increase	in	biomass,	the	number	of	leaves	 
and	leaf	weight,	of	the	bulb	diameter	and	the	fresh	weight	of	bulb	and	bulblet.	This	treatment	
should	be	recommended	for	the	production	of	high-quality	lilies.	Depolymerised	chitosan	
is particularly important for the horticultural sector as an alternative to environmentally 
harmful	 chemicals.	 The	 need	 for	 integrated	 plant	 breeding	 and	 the	 growing	 interest	 
in	organic	crops	in	horticulture	may	encourage	the	use	of	chitosan,	also	in	the	production	
of	other	bulb	crops.
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