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Abstract—A significant challenge associated with the therapeutic use of L-ASP for treatment of tumors is its
rapid clearance from plasma. Effectiveness of L-ASP is limited by the dose-dependent toxicity. Therefore, new
approaches are being developed for L-ASP to improve its therapeutic properties. One of the approaches to
improve properties of the enzymes, including L-ASP, is immobilization on various types of biocompatible poly-
mers. Immobilization of enzymes on a carrier could improve stability of the enzyme and change duration of its
enzymatic activity. Bacterial cellulose (BC) is a promising carrier for various drugs due to its biocompatibility,
non-toxicity, high porosity, and high drug loading capacity. Therefore, this material has high potential for ap-
plication in biomedicine. Native BC is known to have a number of disadvantages related to structural stability,
which has led to consideration of the modified BC as a potential carrier for immobilization of various proteins,
including L-ASP. In our study, a BC-chitosan composite in which chitosan is cross-linked with glutaraldehyde was
proposed for immobilization of L-ASP. Physicochemical characteristics of the BC-chitosan films were found to
be superior to those of native BC films, resulting in increase in the release time of L-ASP in vitro from 8 to 24 h.
These films exhibited prolonged toxicity (up to 10 h) against the melanoma cell line. The suggested strategy for
A-ASP immobilization on the BC-chitosan films could be potentially used for developing therapeutics for treat-
ment of surface types of cancers including melanomas.
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INTRODUCTION zyme are used in pharmaceutical and food industries

L-asparaginase (L-ASP, EC3.5.1.1) is an enzyme that
catalyzes hydrolysis of asparagine with formation of
ammonia and L-aspartic acid. Various forms of this en-

[1-6]. Native L-ASP of Escherichia coli (EcAIl), aspara-
ginase from E. coli conjugated with polyethylene glycol
(PEG-asparaginase), and L-ASP of Erwinia chrysanthe-
mi (ErA) are successfully used for treatment of acute

Abbreviations: BC, bacterial cellulose; EcA, ErA, and EwA, therapeutic forms of L-ASP; L-ASP, L-asparaginase; SEM, scanning

electron microscopy; PEG, polyethylene glycol.
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lymphoblastic leukaemia [7-9]. It has been shown in
recent studies that L-ASP used in treatment of acute
leukaemia could potentially be used for treatment
of several aggressive types of solid tumors including
breast cancer [10], glioblastoma, pancreatic cancer, and
hepatocellular carcinoma [11]. Use of L-ASP, however,
is associated with multiple side effects, short half-life
time of the drug, and toxicity [12]. Period of inactiva-
tion of L-ASP reduces sharply from 18-24 h to 2.5h
due to generation of neutralizing antibodies and pro-
teolytic degradation [13]. Therapeutic efficiency of the
most often used form of L-ASP, EcAII [9], is decreased
due to the relatively high glutaminase activity [14].
Glutaminase activity is associated with the develop-
ment of such side effects as thrombosis, pancreatitis,
hyperglycemia, and toxicity [9, 15]. In comparison with
the native EcAIl, the PEG-from of this enzyme exhib-
its longer half-life time and lower frequency of devel-
opment of toxic side effects [9], nevertheless, 30% of
the patients develop hypersensitivity reaction [16, 17].
Preparations based on the ErA enzyme and its homo-
log from Erwinia carotovora (EwA) were developed as
the second-line therapy in the case of development of
hypersensitivity to EcA [17]. ErA and EwA have low-
er toxicity due to the lower specificity to glutamine
and, as a consequence, lower number of side effects
[18, 19]. However, EWA is less active and less stable in
comparison with EcA [19, 20]. Hence, development of
the methods to prolong the action of L-ASP [21, 22], in
particular of EwA, and decrease the number of side
effects is an urgent task. One of the main approached
to solve these problems is search for new sources of
L-ASP, as well as development of less immunogenic
and more stable variants of L-ASP with the help of
genetic engineering [6, 23].

Immobilization of L-ASP on various supports com-
prises another approach to increase stability, half-life
time, and to decrease toxicity [24, 25]. Immobilization
allows optimizing catalytic activity and minimizing
side effects [26, 27]. Various supports have been used
to immobilize L-ASP such as synthetic supports (PAG,
polyimide, polyacrylamide), hybrid supports (PEG-al-
bumin, PEG-chitosan, polymethyl methacrylate-starch,
PEG—polyethylenimine), natural supports (carbohy-
drates — cellulose, dextran, starch, chitosan, chitin, and
proteins — albumin, gelatin, collagen, silk fibers, and
silk fibroin) [12, 28, 29]. One of the immobilization
strategies involves modification of the L-ASP enzyme
structure, such as covalent binding (conjugation) with
PEG [24, 25] or chitosan [30, 31]. Another approach in-
volves embedding enzyme into a protective structure
or encapsulation [32]; this allows to decrease toxicity,
prolong its half-life in vivo, increase stability, ensure
targeted delivery and controlled release of the enzyme
[12]. Erythrocytes, solid lipid nanoparticles, liposomes,
polymers (poly lactic-co-glycolic acid, polyacrylamide,
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polyaniline, and others) have been used for L-ASP en-
capsulation [12]. Benefits of both these strategies in-
volve protection of the enzymes against deactivation
and degradation with the help of immobilization [32].
At present the most popular approach for L-ASP im-
mobilization is chemical modification of the enzyme
via covalent binding with PEG [33]. This modification
allowed increase half-life of the preparation, but, un-
fortunately, did not decrease side effects [21, 34].

Drug delivery systems based on bacterial cellu-
lose (BC) attract attention of the researchers [35] due
to its unique characteristics. BC displays high purity
(absence of lignin typical for plant-derived cellulose),
mechanical strength [36], high porosity, biocompati-
bility, high specific surface area and high density of
the fibril network, i.e., characteristics affecting adsorp-
tion and release of a drug from the matrix [37]. BC is
nontoxic [38].

Drawbacks of the non-modified BC involve low
water holding capacity, and compounds adsorbed on
this type of BC prone to leaching. That is why in order
to achieve prolonged release of a drug, BC is subject-
ed to various chemical modifications [39-42]. One of
the promising compounds used for BC modification
is chitosan [43]. High reactivity of amino groups in
chitosan facilitates crosslinking via such linkers as
glutaraldehyde. It has been shown previously [44-48]
that crosslinking of cellulose with chitosan increases
sorption capacity due to surface availability of the re-
active hydroxyl groups of cellulose and amino groups
of chitosan [49]. Introduction of crosslinks into the bio-
polymer network changes its texture, hydration and
mechanical properties, as well chemical resistance
to biodegradation [50]. Applicability of this approach
has been confirmed by the studies on creation of
chitosan-BC composites for immobilization of lipase
[51, 52], albumin and fibronectin [53], controlled re-
lease of quercetin [54], quetiapine fumarate [55], and
ibuprofen [43].

One of the main advantages of using BC is the
possibility of targeted delivery of drugs to tumor tis-
sues and controlled release; as a result, systemic side
effects are minimized [40, 56]. In this study we devel-
oped a BC-chitosan composite for immobilization of
Erw. carotovora L-ASP in order to prolong time of ef-
ficient cytotoxic activity against melanoma tumor cells.

MATERIALS AND METHODS

Preparation of bacterial cellulose. A Koma-
gataeibacter hansenii strain (VKMP no. B-11239) was
used for producing biofilms. The strain producer was
cultivated in a Hestrin-Schramm medium of the follow-
ing composition (per one liter): 10 g glucose (Sigma,
USA); 5 g peptone (Diaem, Russia); 5 g yeast extract
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(PanReac Applichem, Spain); 1.15 g citric acid monohy-
drate (Merck Millipore, Germany); 2.7 g Na,HPO4-2H,0
(PanReac Applichem). The medium was prepared with
deionized water, ph was adjusted to 4.5 and autoclaved
in flasks. Next, 1 ml of 90% ethanol was added to
200 ml of the medium as well as 15 ml of the medi-
um with K. hansenii B-11239; 2-ml aliquots of the mix-
ture were placed into the wells of 24-well plates (Wuxi
NEST Biotechnology, China) and cultivated under static
conditions at 27°C. Bacteria were grown for 48, 72,
and 96 h to prepare BC films with different thickness.
The obtained BC films were treated with a mixture
of 0.1 M NaCl (Diaem) and 1% sodium dodecyl sulfate
(Merck Millipore) for 72 h for lysing and removal of
bacteria, which was followed by washing films with
deionized water to remove cell residues and adjust
ph to neutral.

Preparation of BC-chitosan composites. BC—chi-
tosan composite was prepared using ex situ strategy
[37, 57, 58]. Solutions of chitosan-HCl with mean mo-
lecular mass 7 kDa (degree of deacetylation — 80%;
provided by the Federal Research Center “Fundamen-
tals of Biotechnology”, Russian Academy of Sciences,
Russia) were prepared with concentrations 0.05, 0.1,
0.5, and 1%. For this purpose, chitosan was dissolved
in a 1% solution of CH3COOH and incubated for 1 h
in a water bath with temperature 50°C until complete
dissolution. Wet BC membranes were dried for 20 min
at 60°C to remove excess of moisture, immersed into
1 ml of chitosan solution, and incubated for 1, 2,
3, or 6 h, with constant shaking (100 rpm) at 37°C.
Next, 0.5 ml of aqueous solution of 1% glutaralde-
hyde (pH 7.0) (neoFroxx, Germany) was added to BC
membranes and incubated at 23°C for 1, 2, 3, or 4 h.
BC films were lyophilized to determine their physical
characteristics. For this purpose, films were frozen in
a liquid nitrogen and lyophilized for 24 h at -50°C and
pressure 0.07 mbar in a freeze dryer Alpha 2-4 LD,
type 101042 Lab (Christ, Germany).

Determination of water content in films, their
porosity and adsorption capacity. Water contents in
the films was evaluated from the change in weight
after lyophilization and expressed in percent (%) using
equation (1):

A-B
Water content (%) = T - 100%, 1D

where A — weight of a wet sample; B — weight of a dry
sample.

Porosity was calculated using equation suggested
by Kitaoka et al. [59]. First, BC samples with water
excess removed with filter paper were weighted. Next,
samples were lyophilized, and films were incubated in
a deionized water for 12 h at room temperature and
weighted again. Porosity was calculated according to
equation (2):
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Qo - Q1
Qo - Q2

where P — membrane porosity; Qo — weight of a wet
sample (g); Q1 — weight of a dry sample (g); Q2 -
weight (g) after 12-h incubation of the dried sample
in water.

Adsorption capacity of the films was measured
according the technique suggested by Wu et al. [60]
by incubation of a lyophilized film sample in a HEPES
buffer (50 mM (pH 8.0); Serva, Germany) for 24 h
at 37°C. The following equation (3) was used for cal-
culations:

P (%) = - 100%, (2)

W - W

Adsorption capacity (%) = T - 100%, 3)
where Wy, and W; — sample weight before and after
incubation in a buffer, respectively.

Determination of chemical composition of the
films with infrared (IR) spectroscopy. IR-spectra of
lyophilized samples were recorded with a Fourier
transform IR-microscope MIKRAN-3 (SIMEX, Russia).
Spectra were recorded in an absorption mode; 36
scans were carried out with resolution 4 cm™ at 22°C
in a spectral range 4000-900 cm™™.

Morphology. Morphology of lyophilized BC sam-
ples and of BC—chitosan composites was examined us-
ing scanning electron microscopy (SEM). Film samples
were coated with gold and examined with the help of
a MAJA3 scanning electron microscope (Tescan, Czech
Republic) [61]. Sample images were acquired at accel-
eration voltage 7 kV and 20,000x magnification.

Immobilization of L-ASP on BC. L-ASP EwA from
the Erw. carotovora producer (595 IU/mg; molecular
mass — 37 kDa; 349 amino acid residues; purity — 98.1%j;
isoelectric point — 8.1; GenBank ID: AAP92666.3) was
provided by the laboratory of medical biotechnology
of the Institute of Biomedical Chemistry [62]. L-ASP
was immobilized on BC via physical adsorption in a
50-mM HEPES buffer (pH 8.0). For this purpose, BC
films were immersed in 0.5 ml of the enzyme solution
with concentration 0.05 mg/ml (28 IU/ml) and incu-
bated at 4°C for 12 h. Amount of immobilized L-ASP
was determined with the help of UV-VIS-spectroscopy
(Aquarius CE 7400 Spectrophotometer; Cecil Instru-
ments Ltd.,, Great Britain) using protocol suggested
by Dawson et al. [63]. Percent of adsorbed L-ASP was
determined from difference between the initial protein
content and protein content in the supernatant after
incubation.

Evaluation of L-ASP release. Release of L-ASP
from BC-chitosan and BC films was determined by in-
cubation in 25 ml of 50 mM HEPES (pH 8.0) without
substrate for 24 h. Every hour 300-ul aliquots were
sampled and enzyme activity was determined. For this
purpose, 100 yl of L-asparagine solution were added
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Fig. 1. Scheme of experiment for determination of L-ASP
release from BC and BC-chitosan films. BC and BC-chitosan
films with immobilized enzyme are incubated in 25 ml of
50 mM HEPES buffer. Immobilized L-ASP is released from
films and accumulated in the buffer. Every one hour 300-pl
samples are taken (simultaneously 300 pl of fresh buffer
solution is added to maintain reaction volume) and enzyme
activity is assayed by determination amount of ammonia
using method of direct nesslerization after incubation with
the substrate.

to the samples (40 pM; Diaem) and the reaction mix-
ture was incubated for 5 min at 37°C followed by
determination of ammonia concentration using the
method of direct Nesslerization with a Nessler reagent
(PanReac Applichem, Spain) [64, 65]. Amount of en-
zyme that catalyzes release of 1 ymol of ammonia per
1 min at 37°C was defined as one unit. After each sam-
pling 300 pl of fresh buffer was added to the reaction
mixture to maintain its volume. Scheme of the exper-
iment is presented in Fig. 1.

The data on the rate of enzyme release were used
to construct kinetic models for the release: zero-order
model, first-order model, Higuchi’s model, Korsmeyer—
Peppas model, and Hixson—-Crowell model [66]. To de-
scribe the mechanism of release Korsmeyer-Peppas
model was used and diffusion coefficient (n) was deter-
mined characterizing differences in the L-ASP release
from BC matrices.

Evaluation of cytotoxicity. Human melanoma
cell lines A375, A875, and MelJuso, as well mouse
melanoma cells B16F10 (obtained from the collection
of the Blokhin Russian Cancer Research Center) were
cultivated in a RPMI-1640 medium (PanEco, Russia).
Human fibroblast cell line WI-38 (ATCC, USA) culti-
vated in a DMEM medium (PanEco) was used as a
conditionally normal cell line. Cultivation medium
contained 5% fetal bovine serum (Capricorn Scientific,
Germany) and 1% sodium pyruvate (PanEco). Cells
were grown in an atmosphere of 5% CO; in a COz-in-
cubator at 37°C. Prior to experiment cells were tested
for the presence of mycoplasma with the help of a
PlasmoTest™ reagent kit (InvivoGen, USA).
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To determine the ICso level (enzyme concentration
decreasing cell viability by 50%) cell were cultivated
for 72 h in a 96-well plate (Wuxi NEST Biotechnology)
in the presence of free EwA in concentration range
0.01-10 U/ml. Cytotoxicity was determined using MTT
test by monitoring transformation of the tetrazolium
salt, 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylterazolium
bromide (Serva), into formazan [67]. Formazan absorp-
tion at wavelength 540 nm was determined with the
help of a SuPerMax3000 plate reader (Flash Spectrum,
China). ICso values were calculated from the depen-
dencies of cell viability on enzyme concentration [68].

To identify the cell line most sensitive to EwA im-
mobilized on the BC-chitosan composite, cells were
incubated in the presence of the composite in a 24-well
plate (Wuxi NEST Biotechnology) for 24 h. Cytotoxicity
was determined using MTT test after 48-h incubation
with films.

To determine duration of action of the immobi-
lized enzyme, cells of the human uveal melanoma cell
line A875 and conditionally normal fibroblasts of the
WI-38 cell line were seeded into a 24-well plate with
density 5 x 10* cells per well and cultivated for 24 h.
Next BC and BC-chitosan films with immobilized L-ASP
were placed into wells and incubated for 3 h followed
by transfer into new wells with cells. Cytotoxicity was
evaluated 48 h after end of incubation with the films
using MTT test. Optical images of cell morphology
72 h after incubation were obtained with an inverted
microscope Biomed 3I (Biomed, Russia) in the bright
field mode.

Statistical analysis. Quantitative data are pre-
sented as a mean + standard deviation of the mean
calculated based on the data from three indepen-
dent experiments. All data were analyzed using the
MS Office Excel 2016 software (Microsoft Inc., USA).
Values p < 0.05 were considered statistically significant.

RESULTS

Optimization of conditions of BC-chitosan com-
posite preparation. To identify optimal condition for
preparation of BC—chitosan composite the following
parameters were varied: time of BC-producing bacte-
ria cultivation, time of crosslinking of chitosan with
glutaraldehyde, chitosan concentration, and time of
incubation of chitosan with BC. Conditions which did
not results in the loss of enzyme activity, i.e., activity
of the enzyme on the BC-chitosan film was the same
as on the BC film after 24 h.

Kinetics of L-ASP release from the BC and BC-chi-
tosan films is presented in Fig. 2. The rate of L-ASP
release from the BC-chitosan film (chitosan concentra-
tion 0.05%) depended on time of cultivation of BC pro-
ducer, i.e., thickness and porosity of the films (Fig. 2a).

BIOCHEMISTRY (Moscow) Vol. 89 No. 10 2024
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Fig. 2. Effect of condition of BC-chitosan composite preparation on the 24-h enzyme release. a) Effect of time of film growth;
b) effect of chitosan concentration. Activity of enzyme immobilized on the BC films is shown in the panel for comparison.
¢) Effect of time of incubation with chitosan; d) effect of time of incubation with glutaraldehyde.

Maximum rate of release was observed from the films
that grew for 72 h. Films grown for 48 and 96 h demon-
strated 2-fold lower rate of release. Such difference
could be explained by the different inner structure of
the films. Addition of chitosan to BC leads to formation
of three-dimensional structure, and, as a result, size
of pores and adsorption capacity of the films changes.
It is known that insertion of an exogenous molecule,
as a rule macromolecule, changes the structure of BC
fibrils, which affects size and volume of pores [69].
Hence, films grown for 72 h displayed optimal porosity
characteristics for immobilization and release of L-ASP.

Chitosan concentration in the composite did
not affect proportionally the rate of enzyme release
(Fig. 2b). The composites with chitosan concentration
0.1, 0.5, and 1% demonstrated lower rate of the en-
zyme release in comparison with the composite with
chitosan concentration 0.05%. Optimal time of incu-
bation of BC with chitosan (with concentration 0.05%)
was 2 h (Fig. 2c), as in this case maximum activity of
the immobilized L-ASP was observed. These differenc-
es could be explained by the short time of incuba-
tion of BC in chitosan solution (2 h). In other studies
[70-72] longer incubation time of BC with chitosan or
another component was used, and it was shown that
penetration of chitosan into BC increased significantly
during the incubation period from 5 to 20 h, and after
that it practically did not change [73]. Hence, chitosan
concentration in the case of 1-2-h incubation of BC
with chitosan does not affect the rate of L-ASP release.

It was revealed in the course of optimization of
the incubation time of BC-chitosan composite with glu-
taraldehyde that the highest L-ASP activity after 24 h
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was observed for the films with chitosan incubated
with glutaraldehyde for 1 h (Fig. 2d). Increase of this
incubation time to 4 h caused significant decrease of
the enzyme activity, and after 24-h incubation activity
of the enzyme decreased almost to zero.

Optimization of conditions for preparation of BC-
chitosan composite demonstrated that optimal time of
cultivation of the BC-producers for film production was
72 h, optimal concentration of chitosan — 0.05%, time
of incubation with chitosan — 2 h, time of incubation
of BC—chitosan with glutaraldehyde — 1 h. The films
produced under these optimal conditions were used
in the following experiments.

Kinetic models of drug release. The data on dy-
namics of L-ASP release obtained by measuring the
enzyme activity were used for modeling kinetic pa-
rameters of L-ASP release from BC and BC-chitosan
composites. Release from the BC—chitosan composite is
best described by the Higuchi’s model (Fig. 3c; Table 1),

Table 1. Regression coefficients (R?) for kinetic models
of L-ASP release for 8 h from BC and BC-chitosan films

Kinetic model BC BC-chitosan
Zero order model 0.960 0.928
First order model 0.959 0.948
Higuchi’s model 0.937 0.971
Hixson-Crowell model 0.962 0.915
Korsmeyer-Peppas model 0.985 0.961
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Fig. 3. Graphic representation of kinetic models for release of L-ASP immobilized on BC-chitosan composite and BC. a) Zero
order model; b) First order model; ¢) Higuchi’s model; d) Korsmeyer-Peppas model; e) Hixson-Crowell model.

in which release of a drug is controlled by diffusion
exhibiting first-order dependence on concentration
gradient [74]. Release from the non-modified BC corre-
sponds to the Korsmeyer—Peppas kinetic model (Fig. 3d;
Table 1), in which release of a drug is controlled by
the processes of matrix relaxation and rearrange-
ment [75].

Within first 8 h 52% of L-ASP was released from
BC films, and from the BC-chitosan films — only 29%
(Fig. 2b; Fig. 3a). After 24 h 65% of the enzyme was re-
leased from the BC films, and 63% - from the BC—chi-
tosan films. These data indicate that a relatively fast
release is observed from the non-modified film within
first 8 h, which slows down later. The films modified
with chitosan demonstrate slower, prolonged release
of the enzyme without sharp release within first 8 h.

Table 2. Characteristics of BC-chitosan and BC films

Parameter BC—chitosan BC
Weight 401.8 + 0.7 402.0 + 0.9
of a wet film, mg
Weight of
a lyophilized film, mg 5.3+ 06 3.7+0.6
Weight of a film
after incubation 154.3 + 18.2 63.7 + 23.1
in water, mg
Water content, % 98.67 + 0.14 99.09 + 0.14
Porosity, % 160.77 + 11.47 | 119.52 + 7.95
Adsorption capacity, % 2794 + 341 1745 + 630

Moreover, the BC and BC-films differ in the
mode of diffusion. Diffusion coefficient (n) calculated
for the BC—chitosan composite for the first 8 h was
0.246 + 0.029, and for the BC — 0.743 + 0.142 (p < 0.05).
In the first case the L-ASP diffusion is described by
the Fick’s law (n < 0.45), in which the rate of diffu-
sion is much slower than the rate of polymer matrix
relaxation [76]. In the second case release of the en-
zyme is characterized by the non-Fickian diffusion
(0.45 < n < 0.89). Fick’s diffusion is related to the pro-
cess of solute transport within the polymer with relax-
ation time significantly longer than the time of solute
diffusion. When the time of polymer relaxation is com-
parable with the solute diffusion time, macroscopic
release of the drug becomes abnormal or non-Fickian
[77]1, which was observed for the case of L-ASP immo-
bilized on BC.

Effect of BC modification on characteristics of
the films. Analysis of water holding capacity of BC
films before and after modification demonstrated that
modification with chitosan practically does not affect
water holding capacity of the films (Table 2). However,
adsorption capacity for water in the BC—chitosan films
after lyophilization was 1.6-fold higher than in the case
of BC films. Increase of porosity of the inner structure
of the BC-chitosan composite (1.34-fold) in comparison
with the BC film was also revealed.

Improvement of adsorption capacity and porosity
of the modified BC after lyophilization could be asso-
ciated with higher melting temperature of the bound
water due to lower accessibility and better water hold-
ing capacity in comparison with the control. Formation
of pores depends on the number of ice crystals formed
by the water adsorbed by the material. Ice crystals

BIOCHEMISTRY (Moscow) Vol. 89 No. 10 2024
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are completely sublimated in the process of drying,
and the volume occupied by ice becomes a pore [78].
Higher ratios of the surface area to volume in thinner
non-modified BC films leads to higher rates of forma-
tion of unbound water and its evaporation [79], which
results in the lower water adsorption capacity.

IR spectra of the films. In order to determine
chemical composition of the BC—chitosan and BC films
used for L-ASP immobilization their infrared spectra
have been recorded (Fig. 4).

The spectra of BC-based films have common
peaks corresponding to cellulose: broad peak at
3335 cm™ (Fig. 4a) typical for valent vibrations of ~-OH
group; peak at 2876 cm™! typical for valent vibrations
of aliphatic CH,-groups, and peak at 1435 cm™ as-
signed to deformation vibration of -CH groups [80].
The peaks observed at wavenumbers 1618, 1435, 1323,
1155, and 1066 cm™ correspond to various cellulose
groups: deformation vibrations of —-CH; groups, defor-
mation vibrations of -CH groups, asymmetric stretch-
ing of glycosidic bonds C-O-C, and stretching of C-0O
bonds, respectively (Fig. 4b).

IR spectrum of BC-chitosan films was similar to
the spectrum of BC, because majority of the functional
groups are common for both cellulose and chitosan
[81, 82]. Peaks of valent vibrations of —-OH groups at
3359 cm!, —CH groups at 2837 cm!, and peak of defor-
mation vibrations at 1435 cm™ typical for a-CH; groups
were observed (Fig. 4a) [83]. Unlike in the spectrum
of BC, the spectrum of BC-chitosan has a peak of the
chitosan N-H groups (deacetylated amino groups,
primary amino groups) at 1589 cm™ (Fig. 4b). Addi-
tionally, the spectrum of the BC-chitosan composite
has a peak typical from the —CH=N- group observed

BIOCHEMISTRY (Moscow) Vol. 89 No. 10 2024

at ~1682 cm™, which indicated formation of the Schiff
base [84]. The spectrum of the BC—chitosan film with
immobilized L-ASP (Fig. 4b) also have peaks typical for
amide I (1500-1600 cm™), amide II (1600-1700 cm™),
and amide III (1200-1350 cm™). It indicated that the
reaction of glutaraldehyde with primary amino groups
of chitosan leading to formation of covalent crosslinks
occurred in the BC-chitosan composite after incuba-
tion with glutaraldehyde [85].

Morphology of BC-based films. Cultivation of the
stain producer K. hanseii in a 24-well place allows pro-
ducing biofilms with diameter 16 mm (Fig. 5a). Mor-
phological changes of the BC structure before and
modification were analyzed based on SEM images.
Lyophilization of BC films results in generation of void
spaces in the network organization, which determine
final porous structure [71]. Microstructures of BC- and
BC—chitosan films are shown in Fig. 5. The BC-chitosan
films (Fig. 5b) form more ordered porous layered
structure with large number of pores of smaller size in
comparison with BC films (Fig. 5¢). The BC nanofibers
in BC—chitosan films are intertwined and folded form-
ing a denser structure in comparison with the loosely
arranged fibers in BC films. Therefore, different degree
of density of the three-dimensional network in BC and
BC—chitosan could affect swelling, adsorption capacity,
and rate of L-ASP release.

Prolonged cytotoxic action of L-ASP immobi-
lized on BC-chitosan films. To select cells most sensi-
tive to the action of L-ASP the ICso values for the native
EwA enzyme were determined. Among the melanoma
cell lines, the cells of A875 cell line were shown to be
most sensitive, and the cells of A375 cells line were
shown to be the least sensitive (Table 3). As expected,
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Fig. 5. Film morphology. a) Appearance of BC film grown in a well of 24-well plate. b) SEM image of cross section of BC-chi-

tosan film. ¢) SEM image of cross section of BC film.

the control fibroblasts of the WI-38 cell line were the
most resistant to the enzyme action.

Toxicity of L-ASP released from the film is de-
termined by the rate of enzyme release and rate of
enzyme degradation, i.e., by the amount of active
enzyme in the medium. In order to identify cell line
most sensitive to EwWA immobilized on the BC-chitosan
composite, survival of cells after 24-h incubation with
the films was determined. The survival data were in
good agreement with the ICso values. The most sensi-
tive melanoma cells were the cells of A875 cell line,
and the least sensitive — cells of the A375 cell line
(Table 3). The conditionally normal fibroblasts WI-38
were the most resistant and demonstrated the highest
viability.

To evaluate duration of the action of L-ASP immo-
bilized on BC or BC-chitosan on the A875 melanoma
cells and on the conditionally normal fibroblasts the
study was conducted involving transfer of the cells
every 3 h into the new wells with the cells (Figs. 6
and 7). The enzyme immobilized on the BC films mod-
ified with chitosan preserved its cytotoxicity activity
even after four sequential incubations with the cells

Table 3. ICso values for free EwWA and survival of cells
after incubation with EwWA immobilized on BC-chitosan
films

Cell line ICs0, U/ml Survival, % of control
A875 0.04 11.49 + 6.93
Meljuso 0.12 22.89 + 2.66
B16F10 0.24 34.26 + 6.92
A375 0.38 50.81 + 10.51
WI-38 8.22 93.61 + 17.24

(Fig. 6). After 6 h of incubation viability of tumor cells
was ~50%, and after 12 h — 80%. At the same time en-
zyme in the BC film did not exhibit cytotoxic activity
after the first incubation with the cells, and already
after 3 h of incubation viability of the cells was at the
level of control cells not treated with L-ASP. Hence,
immobilization of L-ASP on the BC-chitosan compos-
ite facilitates its prolonged action on the melanoma
tumor cells.

As expected, the EWA enzyme immobilized on the
films, practically did not exhibit any cytotoxic effect
on the conditionally normal fibroblasts WI-38 (Fig. 7).
Slight decrease in the cell viability was observed only
during the first 3-h incubation to the level of 66.5-
85.4% for the EwA, immobilized on BC, and to the
level of 71.7-93.0% for the enzyme immobilized on the
BC-chitosan film.

Hence, immobilization of L-ASP on the BC-chi-
tosan composite facilitates prolonged action of the
enzyme on the tumor melanoma cells. No prolonged
action on the conditionally normal cell was observed.

DISCUSSION

Despite the unique properties of native BC, its ap-
plication as a support of therapeutic agents is limited
by the profiles of adsorption and release of a thera-
peutic agent. Very often high rate of these processes is
limited to the few first hours [37, 70, 86, 87]. In some
cases, this could result in the initial local high accu-
mulation of the drug and cause toxic effects in the
cells from normal tissues [88].

Up to now several composites (semi-penetrable
hydrogels) based on BC and chitosan with improved
mechanical and antibacterial properties have been
developed [43, 51, 55, 89]. Hydrogels are usually pre-
pared by mixing BC with chitosan solution followed
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crophotographs of the cells synthesizing formazan crystals after incubation with BC—chitosan films (b) and BC films (c) with
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by crosslinking with glutaraldehyde. In this system one
polymer is crosslinked and another polymer remains
linear. However, the linear polymer remains physically
bound with the crosslinked polymer via Van-der-Waals
forces, electrostatic interactions, hydrogen bonds, or
combination of these interactions [89]. It is known
that crosslinking of hydrogels could prevent prema-
ture proteolytic degradation of immobilized highly la-
bile macromolecules (such as antibodies), which could
facilitate increase of half-life of a drug in blood and
improve stability of hydrogels via increasing density
of crosslinks [90].

It was observed in our study that the BC films
grown for 96 h released L-ASP slower than the films
grown for 72 h, which was comparable with the re-
lease from the films grown for 48 h (Fig. 2a). This
result is in agreement with the results reported by
Pavaloiu et al. [43], in which the polyvinyl alcohol-chi-
tosan-BC composites were used to achieve controlled
release of ibuprofen. Ibuprofen diffusion decreases
with increase of BC concentration in the film compo-
sition. In our case it indicates that the thickness of BC
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films (which depends on the time of cultivation of the
producer) affects significantly the 24-h L-ASP release:
activity of the films grown for 72 h was 2-fold higher
than of the films grown for 48 or 96 h.

Analysis of the L-ASP release from the BC and
BC-chitosan films revealed that chitosan concentration
did not affect L-ASP activity (Fig. 2b; Fig. 3). This could
be explained by the fact that the chitosan particles
could aggregate, and chitosan was not able to com-
pletely penetrate the BC film. This hypothesis received
an indirect confirmation in the study by Li et al. [72],
where it was shown that adsorption capacity of the
BC-hyaluronic acid composite did not depend on con-
centration of the latter in the first hours of incubation.

Previously, the BC-chitosan composites were main-
ly developed as wound dressing materials [91, 92]; and
BC with chitosan were incubated for 6-12 h. We sug-
gested to optimize time of chitosan incubation with
BC for creation of L-ASP delivery agent to melanoma
tumor cell. Prolonged incubation time of BC with chi-
tosan (6 h) (Fig. 2c) resulted in the decrease of released
L-ASP activity practically to zero, while incubation
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of BC with chitosan for 1-2 h did not affect activity
of L-ASP released after 24 h. This indicates that for
immobilization of the investigated enzyme the time of
incubation of BC with chitosan should be significantly
reduced.

Moreover, the released enzyme activity was af-
fected by the time of incubation of BC-chitosan with
glutaraldehyde (Fig. 2d). Conditions of the reaction of
glutaraldehyde with chitosan have been optimised in
the earlier study by Monteiro et al. [85]. The reaction
was carried out in neutral medium, and time of in-
cubation was 1 h at room temperature. Hence, these
conditions are suitable for preparation of the BC—chi-
tosan composite for immobilization of L-ASP.

Evaluation of the L-ASP release from the BC—chi-
tosan composite (chitosan concentration 0.05%) re-
vealed that the cumulative release for 24 h in this
case was more prolonged than in the case of native
BC films. These data are in agreement with the results
of application of BC-chitosan composite hydrogel beads
for immobilization of lipase from Candida rugosa [51].
As a result of immobilization half-life of lipase in-
creased more than 3-fold. Crosslinking of chitosan
with glutaraldehyde resulted in formation of addition-
al three-dimensional structure of the BC fibers, which
caused increase of the fiber thickness (confirmed by
the SEM images in Fig. 5) and more effective retention
of L-ASP in the composite.

The data on the pattern of L-ASP release from the
BC films or from the composite, as well application of
the Higuchi’s kinetic model and diffusion coefficient
of the value n < 0.45 indicate that the enzyme release
is controlled by diffusion [93]. The Higuchi’s kinetic
model suggests that the release of a drug obeys the
Fick’s law of diffusion, where the main result is de-
pendence of the drug transport on the square root of
time [94, 95]. At the same time, the release of L-ASP
from the non-modified BC films was better described
by the Korsmeyer-Peppas model for which abnormal
diffusion (n > 0.45) with characteristics of subdiffusion
[96] is typical, as well as faster release of L-ASP within
first hours.

Diffusion of a compound is closely associated with
the structure of a material through which the diffusion
occurs [95], hence, modification of BC with chitosan
allowed achieving prolonged release of L-ASP. Adsorp-
tion capacity of a protein on BC is affected by such
characteristics as its porosity and density of fibers,
which, in turn, depend on time of cultivation of the
producer and composition of the culture medium [97].
In our study porosity of the BC-chitosan composite
was 1.6-fold higher than in the case of non-modified
BC, and following crosslinking with glutaraldehyde
facilitated pore size decrease. This created steric hin-
drance for fast release of the enzyme from the matrix
and prolonged action on the cells in vitro. The most
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important feature of the films is the size of pores
formed by the BC fibrils. The size affects steric in-
teraction between BC and a therapeutic agent, which
eventually determines how the drug is released from
the matrix [90]. The effect of steric hindrance blocks
the drug inside the network until the moment of the
network disruption or the pore size increase due to
swelling or deformation [98].

The data obtained for the cells (Fig. 6) correspond-
ed to the general trend of L-ASP release from BC and
BC-chitosan composite in solution. The immobilized
enzyme exerted cytotoxic effect on the tumor cells
of uveal melanoma A875, and the use of the BC—chi-
tosan composite prolonged cytotoxic action to four
sequential incubations. This indicates that even in
the case of several transfers of the composite films,
small amount of the released L-ASP was sufficient for
cytotoxic effect, while practically 100% of L-ASP was
released from the BC films during the first incuba-
tion. No prolonged cytotoxic effect was observed in
the case of conditionally normal WI38 cells. Cytotoxic
activity of free L-ASP was demonstrated in the recent
studies for several solid tumor cell cultures [99], and
the PEG-L-ASP preparation exhibited good antitumor
activity against the malignant melanoma in the phase I
clinical trials [100]. The EwWA conjugated with PEG [22],
albumin [101], glycol-chitosan [102], and PEG—chitosan
[103] have been developed previously. The EwA conju-
gates with PEG—chitosan demonstrated 3-5-fold higher
specific activity against the K562 and Jurkat cells, and
composition and structure of the conjugate essentially
affected the degree of cytotoxic effect [103]. At pres-
ent the randomized clinical trial of the efficiency of
L-ASP preparation encapsulated into erythrocytes for
treatment of triple-negative breast cancer is under-
way [104]. Furthermore, it is known that switching
to alternative types of L-ASP is recommended for the
patients with hypersensitivity, immune or proteolytic
inactivation of the enzyme [105]. Melanomas represent
surface type of cancer, which are treated efficiently
with surgical treatments [106]. However, there are
clinically and genetically different subgroups of mel-
anomas for which surgical interventions are inefficient
[106, 107], which makes development of new strategies
for treatment of certain types melanomas very import-
ant. That is why melanoma cell lines were selected
for this study.

Some traditional methods for melanoma treat-
ment were proved to be inefficient, which promoted
investigation of combination approaches for treatment
of this disease [106]. Therapy based on depletion of
amino acids with the help of enzyme cleaving amino
acids could be potentially used for treatment of vari-
ous types of tumors [108], including melanomas. This
effect on melanoma has been demonstrated for such
enzymes as arginine deiminase and arginase [109].
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Several systems for drug delivery to the cells with
minimal side effects have been developed. One of the
types of supports for these drug delivery systems are
hydrogels based on natural and synthetic polymers
[110]. Transdermal drug delivery has several advan-
tages in comparison with injection of proteins into
systemic blood flow - these include non-invasiveness,
prevention of first-pass metabolism, prolonged and
controlled action, decrease of the frequency of drug
administration, improved bioavailability, simplicity
of administration by the patient [111, 112]. Delivery
of EwA with the help of BC could allow increasing
EwA concentration at the tumor site, and also could
be an alternative treatment for the patients, who can-
not be treated surgically or have contraindication for
systemic chemotherapy. However, this approach has
a number of limitations. Epidermis acts as a barrier
for large molecules, including proteins [113]. Another
limitation is the fact that L-ASP immobilized on BC
films could be applied only for treatment of surface
tumors. Such tumor cells could become resistant to
L-ASP due to the high expression asparagine synthe-
tase, which would require therapy with higher doses
of L-ASP [114]. Determination of the level of asparag-
ine synthetase expression [109] in the cells prior to
therapy could help to determine potential sensitivity
of the cells to this enzyme.

Hence, localized continuous release of EwWA L-ASP
could be potentially beneficial for treatment of solid
tumors providing prolonged local cytotoxic effect on
melanoma tumor cells with decreased frequency of
the drug administration.

CONCLUSIONS

Commonly known mechanism of L-ASP cytotox-
icity is asparagine hydrolysis. However, alternative
mechanisms such as suppression of telomerase [115-
117], release of the 2-HS glycoprotein fetuin [118], and
degradation of concovaline receptors [119] could also
be involved in the development of cytotoxic effects.
Wide spectrum of the known producers of various
forms of L-ASP with different individual character-
istics, primarily thermophilic organisms [120-122], as
well approaches to generation of recombinant ana-
logues of this enzyme make in possible to produce
biofilms with pre-set characteristics of their biological
actions [6]. New BC—chitosan composites were success-
fully produced by mixing chitosan suspension with BC
membranes followed by crosslinking with the help of
glutaraldehyde. In comparison with the non-modified
films, the BC—chitosan composites have higher poros-
ity, water holding capacity, and smaller average pore
size. L-ASP from Erw. carotovora immobilized on the
BC-chitosan composites exhibited 3-fold longer release
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and maintained its cytotoxic properties against mel-
anoma cells, but did not affect conditionally normal
fibroblasts (even after three consecutive transfers),
while toxicity of the films with L-ASP immobilized on
BC was observed only in the course of first incubation
with the cells.
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