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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 la) [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.
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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

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024, Q7]"]
https://doi.org/10.15259/PCACD.29.022



Klaudia Szafran, Matgorzata Jurak, Robert Mroczka, Katarzyna Pastuszak, Agnieszka Ewa Wigcek

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 (—NH ") 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.
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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.
Forthis 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 (PET )
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 x 30 x 3 mm?®) were cut from commercially available PET (Bayer Material
Science, Germany) and used as a solid support. A 0.1 mg ml" chitosan solution
was prepared by dissolving an appropriate amount of chitosan (molecular weight
100,000-300,000, degree of deacetylation 82% + 2%, Acrds 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™!
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, Na,CO,,
Na HPO, x 12H,0, MgCl, x 6H,0, CaCl, (POCh Poland), KCI, Na,SO, (Chempur, Poland)
and tris(hydroxymethyl)aminomethane (NH,C(CH,OH),, Sigma-Aldrich, USA) — were
dissolved in Milli-Q water with resistivity of 18.2 MQ 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~'. 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~" was performed to achieve
a surface pressure of 10 mN m™ 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 x 200 um?
with 256 x 256 pixels. All measurements were performed under static positive conditions
(dose <1 x 10 ijons cm™). 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 (CH,)", (C,H,)" and (C,H,)". 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, 0=C-0, C=0, 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 (PET,) 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 PET_ 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 (C.H N)" (Figure 4a), pseudomolecular

14

m/z = 1172 (C H N, 0,)" and molecular ion m/z = 1202 (C_H N O,
(Figure 4b); these findings are consistent with our previous papers [25, 26, 32].
We also noted the pseudomolecular ion with m/z = 1188 (C,H N, O,)".
The fragments with m/z = 1172 and 1188 come from the molecular ion
(m/z = 1202) by subtraction of NH, 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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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
(CH, N)* 100 CsA [25, 26, 32]
(C((’Clljxilifﬁ?)lfy 1172 CsA pseudomolecular ion [25, 26, 32]
((i%ljxﬁ{li%)iy 1188 CsA pseudomolecular ion This study
(Cézglsiﬁllflc))jz y 1202 CsA molecular ion [25, 26, 32]
(C,HNO)" 58 Ch [26, 33]
(C,HNO)" 59 Ch [26]
(C,HNO) 60 Ch [34]
(CHNO,))" 100 Ch [34]

Other researchers have also identified secondary ions assigned to CsA
by TOF-SIMS. Muddimanetal.[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 Au** primary ion
with arelative intensity 0f394.5 x 10~,3207.0 x 1075,751.9 x 10-%,340.5 x 10-5,1205.0 x 10
and 81.4 x 1073, 37.5x107, 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 x 10, 8.5 x 10 and 1.2 x 1073, 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 C,H..
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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
(PET, )/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 Bi**), 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 Bi** 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 PET _/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 (CH,N)" ion was 3 times smaller with almost the same intensities
of the molecular (C_H, ,N, O,))" and pseudomolecular (C, H N, O,)" 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 PET /chitosan surface. When the PET_/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 (C, H,,N)" 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 (CHNO)', (C,HNO)" and (C,HNO)" (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 (C,H/NO,)+, which
is characteristic of chitosan [34]. Despite the similar m/z = 100 values, we could distinguish
that peak from the most intense CsA fragment (C ,H,,N)*, namely m/z = 100.10, due to high
mass resolution (> 8000). The relative intensity of (C,HNO,)" was 1.46 x 107, 5.2 x 107,
22 x 10 and 3 x 10 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=158, 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.

0.012
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Figure 5. Distribution of the chitosan m/z = 58, 59 and 60 fragments for the air
plasma-activated polyethylene terephthalate (PET , )/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 (C,H,NO)" fragment (m/z = 58) showed the highest
intensity. On the other hand, the (C,HNO)* and (C,HNO)" intensities are roughly
similar and two times lower than that of the (C,H,NO)" 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 (C,HNO)" 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 (C,HNO)*
fragment, but decreased the intensity of the (C,H,NO)" fragment. This reduced intensity
of (C,H,NO)" 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 (C,HNO)" 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 PET_ 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 (C,H ,NO)", (C,H,NO)" and (C,H,NO)" 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.
Thisallows CsAtobedesorbed fromthe surface ofthe biomaterial. The ability of CsAtochange
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 (C.H, ,N)', (C, H N, O)" and (C,H, N O )" 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, (C,H/NO)", 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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