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Abstract

Chitosan (Chi) is an extremely promising natural biopolymer with remarkable potency for the
development of drug and vaccine delivery nanosystems. Various Chi derivatives are used to form
nanoparticles (NPs) with unique properties. However, the efficacy of the therapy delivered by
Chi NPs depends significantly on NP biodistribution in the body. The aim of this study was the
analysis of biodistribution of NPs formed by succinoyl Chi and loaded with doxorubicin (SCNP-
DOX). We compared the distribution of free DOX and SCNP-DOX after intravenous (i.v.) and
intranasal (i.n.) delivery into tumour-bearing mice. Distribution of DOX and SCNP-DOX was
comparable after i.v. injection while they differed significantly after i.n. instillation.
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1. Introduction

Currently, chitosan and chitosan derivative nanoparticles (NPs) are intensively studied
as drug delivery systems due to the high safety, biodegradability, biocompatibility and
availability of multiple reactive groups needed for derivation in chitosan [1]. Various
molecules such as proteins [2, 3], peptides [4], chemotherapeutic substances [5], vitamins
[6] and others can be incorporated into ChiNPs. In spite of the careful characterisation of
nanosystems in vivo and in vitro, there is little information on the biodistribution of NPs in
the body, which can partly be explained by the complexity of the system analysis.

Most ChiNPs biodistribution studies are conducted in tumour growth models and use
an intravenous (i.v.) delivery route for NPs injections [7 - 10]. To track the NPs distribution
in tissues, fluorescent dyes such as fluorescein isothiocyanate (FITC) or rhodamine (Rho),
conjugated or loaded by passive sorption, are often used [7, 8]. Son et al. demonstrated
an increased accumulation of glycol-chitosan nanoagreggates conjugated with FITC in
kidney, tumour, and liver, with marginal quantities in other organs [7]. However, FITC
excitation wavelength is very close to the auto-fluorescence spectrum. The authors
estimated FITC quantity without the subtraction of auto-fluorescence of organs, which
is different in each tissue. In the same work, the authors also prepared glycol-chitosan
nanoaggregates with doxorubicin (DOX) which possesses self-fluorescence in red region
with better resolution between DOX and auto-fluorescence. Another study conducted by
Chunbai He et al. demonstrated the difference between the biodistribution of positively
and negatively charged ChiNPs [8]. In this work, Rho label was used to track the NPs. The
authors found that positively charged ChiNPs accumulated in the liver and spleen while
carboxymethyl ChiNPs, negatively charged, accumulated predominantly in tumours. Again,
no auto-fluorescence control was subtracted. In both studies, NP extraction from tissues
was conducted using saline, while solvents such as chloroform/methanol and others could
extract higher amounts of NPs from tissues [9].

High performance liquid chromatography (HPLC) is an alternative method used to study
the biodistribution of different NPs. HPLC lacks the problems with auto-fluorescence, as it
determines the concentrations of a specific compound such as DOX or FITC. Biodistribution
of N-octyl-O-sulphate chitosan NPs loaded with paclitaxel (PTX), the concentration of
which in organs was analysed by HPLC, demonstrated PTX distribution in different organs
in a comparable manner with major accumulation in the liver [10]. However, HPLC is
inconvenient for the study of multiple samples.

Intranasal (i.n.) delivery is a perspective route of NPs injection, especially for the
treatment of brain tumours due to the safety and non-invasive nature of injections and also
due to a ready contact with blood vessels in nasal mucosa closely located to brain barriers.
Intranasal delivery prevents NPs from enzyme degradation in the liver, leading to a better
bioavailability. ChiNPs can be used for the treatment of inflammation of the nasal cavity,
as well as brain tumours or neurodegenerative disorders. There are several publications
demonstrating the increased delivery of drugs by NPs into the brain through the blood-
brain barrier (BBB) [11]. The only work on the biodistribution of ChiNPs delivered by the
i.n. route was conducted using radioactive technetium (99mTc). The authors demonstrated
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a completely different from i.v. route for NPs distribution with the major quantity in the
intestine and stomach and equal amounts in organs such as the liver, kidney and lungs,
among others. A slight yet significant increase of NPs transport into brains was found. We
believe that other studies are required to verify the biodistribution of ChiNPs after i.n. route
of delivery [12].

The aim of this work was to study the biodistribution of succinoyl chitosan NPs loaded
with doxorubicin (SCNP-DOX) and injected either i.v. or i.n. into mice with tumours. DOX
is an anti-tumour antibiotic possessing a fluorescent group which was used to register the
biodistribution.

2. Materials and methods

2.1. Materials

Succinoyl chitosan (SC) (substitution degree 70-80%) (Figure 1) was prepared from
chitosan with My 340 kDa (ZAO «Bioprogress», Moscow region, Russian Federation). SC
was purified by precipitation with 30% CH3COOH (Reachim, Moscow, Russian Federation)
before use. Doxorubicin hydrochloride (TEVA, Netherlands) and calcium chloride (Sigma,
USA) were used in the study.

2.2. Methods

2.2.1. Preparation of succinoyl chitosan nanoparticles (SCNPs) by coacervation method

SCNPs were formed by the coacervation method, as previously published by our
group [13, 14]. Briefly, 1% CaCl, (Sigma) was added dropwise to 0.15% SC pre-diluted
in bi-distilled water under constant stirring for 20 min at 30 rpm and 22°C. SCNGs were
separated by centrifugation (14,000rpm, 20 min) and then re-suspended in bi-distilled water.
Aliquots of the suspension were freeze-dried to estimate the amount of SC inserted in the
nanostructures. The yield of particles was about 8%.

2.2.2. Sorption of DOX on SCNPs

To prepare SCNPs loaded with DOX, 4 mg of DOX in 0.03 ml DMSO was gradually
added to 0.5 ml of SCNP dispersion in deionized water (400 pg/ml). The solution was
supplemented with deionized water to a total volume of 1 ml. The final concentration of
nanoparticles in the solution was 200 pg/ml. The process of sorption was carried out under
stirring (30 r.p.m.) at 22 °C for 1 h. The particles loaded with DOX were separated by
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Figure 1. Chemical structure of succinoyl chitosan.
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centrifugation at 14,000xg for 20 min and then resuspended in 1 ml of 0.9% NacCl solution,
incubated at 22 °C for 30 min, and finally were separated by centrifugation again. The
quantity of the adsorbed DOX was determined by spectrophotometry at a wavelength of
481 nm. The effective sorption (ES) of doxorubicin was 25%, which was determined using
the following equation:

m

Es=""" 1000,
m,

where mg - total doxorubicin quantity and mj - free doxorubicin quantity.

2.2.3. Characterisation of prepared NPs
2.2.3.1. Dynamic Light Scattering (DLS)

The mean size and zeta potential of NPs were determined by 90 Plus Particle Size
Analyser (Brookhaven Instruments Corporation, Vernon Hills, IL, USA). Parameters of
nanoparticles were measured in bi-distilled water at a scattering angle 90° and 661 nm
wavelength. The zeta potential of the system was determined in 10 mMKCI (Sigma) using
identical equipment with an additional ZetaPALS apparatus. Measurements were performed
at25.0+0.1 °C.

2.2.3.2. Laser Interference Microscopy

ChiNPs visualisation was accomplished with a MIM-321 laser interference microscope
(AMPHORA Laboratories LLC, Moscow, Russian Federation). The spatial resolution up to
0.1 nm vertical (Z) and 10 nm lateral (XY was achieved with Olympus MPLFLN 100 x 0.9
dry objective. The 10 pl diluted solution of NGs was placed on the mirror glass and dried.
The gradient filtering was applied to visualise the shape and the internal structure of ChiNP.

2.2.3.3. Nanoparticle Tracking Analysis (NTA)

NTA experiments were performed using a NanoSight NS500 system (NanoSight,
Wiltshire, UK). Video images of particle movement under Brownian motion were analysed
by NTA analytical software version 2.2. The measurements were made at room temperature
and 60 s capture of video clips.

2.2.4. Biodistribution study

For biodistribution experiments, C57BL/6 mice (Central Farm, Moscow region),
18 - 20 g in weight, were inoculated in a fat pad #4 with 10E6 of Wnt-1 tumour cells
obtained from a donor mouse [15]. All experiments were approved by the Institution animal
commission.

When tumour mass reached 1 g, mice were randomly divided into 5 groups (n = 3/group):
control mice received 200 pl of saline; experimental mice received either 25 pg/mouse of
free DOX in 200 pl or SCNP-DOX (25 pg of DOX per 200 ul of SCNPs) injected i.v. into
eye orbital sinus or via 10 i.n. instillations of 20 pul every 30 min, each time alternating
nostrils. Mice were euthanised by cervical dislocation 1 hour after the last i.n. injection or
after the only i.v. injection. Heart, liver, kidney, lungs and spleen were collected into saline.
To analyse the quantity of DOX, organs were homogenised using metal meshes and 700
ul aliquots were mixed with 1300 pl of the extraction buffer (0.3 N HCI, 70% C,HsOH).
Plates with homogenates were incubated at 4 °oC overnight; samples were transferred into
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eppendorf tubes and centrifuged at 10,000 r.p.m. for 20 min. The transparent phase was
collected for the analysis using a fluorescent plate reader (Promega Glomax Multi, USA)
[15]. Free DOX dissolved in the same extraction buffer was used to calibrate the amount of
DOX extracted from the tissues using a 525 nm cut-off filter. The amount of DOX extracted
from the tissues was calculated using a linear approximation of the DOC titration curve after
subtraction of auto-fluorescence measured in samples of organs prepared from control mice.

2.2.5. Statistics
Statistical analysis was performed using Student’s t-test. Comparison values of p <0.05
were considered statistically significant.

3. Results and discussion
3.1. Optimisation of DOX loading onto SC nanoparticles

There are several methods to prepare chitosan nanoparticles of which anion-cation
polyelectrolyte complex (PEC) formation is the most often used [17]. Earlier, we showed
that PEC is always formed when ChiNPs interact with any substances with the opposite
charge such as proteins or peptides [13]. As DOX has a zeta-potential around +7 mV, we
selected negatively charged SCNPs (-25 mV) as a carrier for DOX. We tried to load DOX
during SCNP formation or onto preformed particles by varying the DOX concentration
from 50 to 500 pg/ml and SC concentration from 200 to 500 pg/ml. Loading of DOX during
SCNP formation resulted in less than 5% of sorption in all combinations, while the particles
themselves were successfully formed. Loading of DOX on preformed SCNPs produced
better results (Figure 2). Maximal sorption was found to be 50-60% when 30-40 pg/ml of
DOX and 200 pg/ml of SCNPs was used during the loading. The dilution of SCNP-DOX in
0.9% NaCl and 1 h incubation at 22 °C and 37 °C led to partial desorption of 30% and 60%
of DOX, accordingly.

1% CaCl, solution

‘_‘ﬁ Succinoyl chitosan solution
E .'Ch‘g% % Succinoyl chitosan nanoparticles

Mixing

Q -ion Ca 2
Q.jon Ca2* - COOH group
- COOH group ®-DOX

Figure 2. Schematic illustration of DOX loading onto preformed succinoyl chitosan nanoparticles.
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3.2. Characterisation of SCNPs and SCNP-DOX

SCNPs and SCNP-DOX were analysed by dynamic light scattering (DLS), nanoparticle
tracking analysis (NTA), and phase-modulation laser interference microscopy (PLIM). As
demonstrated earlier, ChiNPs, as well as molecular Chi, demonstrate bi-modal profiles with
peaks of 150 - 200 nm and 600 - 800 nm when analysed by DLS, as found by many other
authors [13, 18]. In our experiments, we also found two populations by DLS analysis with
186 and 700 nm in diameter (Figure 3.a). However, SCNPs were distributed as a single
population with a peak at 119 nm with slightly wider polydispersity when analysed by NTA
(Figure 3.c) [19]. The process of particle formation is linear and depends on Chi derivatives
and counteragent concentrations. Newly formed particles can aggregate, but the aggregates
may contain various numbers of nanoparticles, otherwise there must be some mechanisms
regulating DLS bi-modal distribution. NTA demonstrated that aggregates were distributed
randomly with rare particles larger than 500 nm in diameter (Figure 3.c). We concluded that
SCNPs form a single polydisperse population, as shown by NTA analysis.

DOX loading did not change the particle size and distribution significantly. We
demonstrated that the loading of DOX slightly increased the average size of SCNPs from
119 to 134 nm (Figure 3.d). These results were correlated by DLS method when the average
size on SCNP increased from 186 to 219 nm (Figure 3.b).

It was of interest to visualise SCNP-DOX using a new technique of phase-modulation
laser interference microscopy [20]. PLIM permits not only visualisation of nanoparticles but
also analysis of their internal structure by the gradient filtration of phase images.

PLIM analysis demonstrated that SCNP-DOS had a round to oval form (Figure 3.e)
with a dense PEC zone around the hollow centre of the particle (Figure 3.f).

3.5. Biodistribution study

In our previous experiments, we studied the dynamics of particle accumulation in
different organs of mice after i.v. injection and demonstrated that a steady-state condition was
achieved within 1 h. In this experiment, mice were sacrificed 1 h after SCNP-DOX injection
to limit the decay of DOX in vivo. Control mice were used to estimate the auto-fluorescence
of different organs which depended significantly on the organ: kidney > liver > lung >
tumour > brain > spleen. Auto-fluorescence was subtracted from all corresponding samples
from mice injected with SCNP-DOX. A calibration curve using free DOX dissolved in the
extraction buffer was used to estimate the amount of DOX extracted from a corresponding
organ. Livers and tumours were homogenised in 4 ml of saline, while other organs were
homogenised using 1 ml. Final calculation included a dilution factor of 4 to compensate
the result for liver and tumour samples. Thus, the amount of DOX was estimated per full
organ and then divided per organ weight to obtain the total concentration of DOX per gram
of tissue. We collected only the major organs which are usually considered to accumulate
nanoparticles.

When comparing the biodistribution of free DOX and SCNP-DOX via the i.v. route,
we found out that SCNP-DOX delivered significantly more DOX into tumours and less
into kidneys and the liver (Figure 4 A). Accumulation of DOX in spleen and lungs was
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Figure 3. Dynamic light scattering (4, B), nanoparticles tracking analysis (NTA) (C, D) and
phase-modulation laser interference microscopy (PLIM) (E, F) of SCNPs (4, C) and SCNP-

DOX (B, D-F).

comparable, while no DOX was found in brains both after free DOX or SCNP-DOX
injections. Contrary to the i.v. route, the biodistribution of SCNP-DOX instilled i.n. was
completely different (Figure 4.b). We found significantly less SCNP-DOX in the spleen
and more in the lungs and brains of experimental mice in comparison with the free DOX
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Figure 4. In vivo biodistribution DOX and SCNPs — DOX administrated intravenous (a) and

intranasal (b).

Figure 5. Cryosections (a, b) and histology (c, d) of tumour tissue after i.n. (a, c) and i.v. (b, d)
administration of SCNPs —DOX. Cytoplasm of cells in cryosections was stained with 10-N-nonyl
acridine orange (3000 x). Histology is stained with H&E (100 x).
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group. It is of note that free DOX penetrated BBB when introduced by the i.n. route. The
second finding was the absence of SCNP-DOX in the peripheral tumour after i.n. instillation
(Figure 5). Taken collectively, we supported the results of previously published papers that
significantly more DOX penetrates BBB after i.n. delivery by NPs. However, our results
on biodistribution in organs after i.n. route of introduction differ from the results obtained
by Md et al. [12]. Evidently, more studies are required to get a better understanding of the
biodistribution of ChiNPs.

4. Conclusions

We have developed 120 - 200 nm in diameter succinoyl chitosan based delivery system
for doxorubicin as well as for other positively charged molecules. Incorporation of DOX
slightly increased the size of the particles. We supported the previously published data on the
different biodistribution of particles after i.v. and i.n. delivery with significantly increased
amounts of NPs in brains in the i.n. groups. However, we did not identify the distribution
of NPs into tumours after i.n. instillation. Thus, selection of a delivery route can modify the
outcome of therapy.
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