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Abstract

In order to overcome major problems regarding the lack of affinity to solvents and limited
reactivity of the free amines of chitosan, introduction of appropriate spacer arms having
terminal amine function is considered of interest. L-Alanine-N-carboxyanhydride (4/a-NCA)
was grafted onto chitosan via anionic ring-opening polymerization. The chemical and
structural characterizations of L-alanine-grafted chitosan (4/a-g-Cts) were confirmed through
Fourier transform infrared spectroscopy (FTIR) and proton nuclear magnetic resonance
spectroscopy (‘"H NMR). In addition, the viscoelastic properties of 4la-g-Cts were examined
by means of a rotational viscometer, and thermal analysis was carried out with a
thermogravimetric analyzer (TGA) and differential scanning calorimetry (DSC).
Morphological changes in the chitosan L-alanine moiety were determined by x-ray diffraction.
To determine the feasibility of using these films as biomedical materials, we investigated the
effects of their L-alanine content on physical and mechanical properties. The biodegradation
results of crosslinked A/a-g-Cts films were evaluated in phosphate buffered solution (PBS)
containing lysozyme at 37°C. Proliferation of MC3T3-El cells on crosslinked Ala-g-Cts

films was also investigated with use of the CCK-8 assay.
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Introduction

Chitosan is a nontoxic,' biodegradable,™® and biocompatible™ natural polymer made up of
randomly distributed N-acetyl glucosamine and glucosamine units. Typically, chitosan is
obtained through deacetylation of the N-acetyl glucosamine units of chitin, generally by
alkaline hydrolysis, but the deacetylation of chitin is rarely complete. When the degree of
acetylation falls below the value of 60 mol%, chitin becomes chitosan. Chitosan offers
remarkable biological properties that have paved the way for its application in the

89.10 51 as a scaffold for

pharmaceutical and biomedical fields,”” in new drug delivery systems
tissue engineering.'’ Indeed, chitosan has good mucoadhesive properties owing to its positive
charge,'? which increases adhesion to mucosa and therefore the duration of contact for drug

penetration. Its hemostatic properties make chitosan a good candidate for wound dressing,'*'*

and its antibacterial property limits the risk of infection.'*'°

These potential applications of chitosan make it necessary to establish efficient,
appropriate modifications to explore fully the possibility of more diverse uses. Chitosan is not
soluble in pure water or organic solvents but is soluble in aqueous solutions of organic or
mineral acids under specific conditions. Chitosan is a weak base with a pKa value of the D-
glucosamine residue of about 6.2 to 7.0. Its insolubility in aqueous solutions at pH>6.0 limits
some of chitosan’s potential applications."® Several approaches have been attempted to
modify its hydrophilic groups. The most common of which are quaternization of the amino
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groups and the grafting of polymers. However, grafted chitosan has comparatively poor

solubility in most of the common organic solvents, thus limiting its applications; its poor
solubility in water also poses a serious disadvantage to its practical use. Many attempts have
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been made to increase the solubility of chitosan. In general, the organic solvents used to

modify chitosan include pyridine, tetrahydrofuran (THF), dimethylformamide (DMF), and



dimethyl sulfoxide (DMSO), but chitosan has also been combined with water to aid in its
solubilization.” In order to overcome major problems regarding to the lack of affinity to
solvents and limited reactivity of the free amines in the chitosan, introduction of appropriate
spacer arms with terminal amine group is considered of interest. Herein, we report the
modification of chitosan with L-alanine-N-carboxyanhydride as a grafting monomer to
strengthen the hydrophilicity of the chitosan, which retains the primary amine covalently
bonded at one of its ends. The resulting Ala-g-Cts copolymers have been characterized by
infrared and nuclear magnetic resonance (NMR) spectroscopic techniques to elucidate their
detailed structure. The physical properties of Ala-g-Cts were determined by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA), and the rheology,
morphology, and mechanical properties were estimated by viscometry, x-ray diffraction,
scanning electron microscopy, and tensile testing. To assess the feasibility of using Ala-g-Cts
copolymers as a biocompatible material, we also studied their biodegradation and cell and

tissue compatibility after proliferation of MC3T3-E1 cells of the Ala-g-Cts system.

Materials and Methods

Materials

Chitosan (Cts, Mw=100-300 kDa; degree of acetylation=79.58%) was purchased from
Sigma-Aldrich Chem. Co. Ltd. Viscosity determined by Brookfield was 800-2000 cP at 25 °C
using 1 wt% in 1% acetic acid. Tetrahydrofuran (THF), n-hexane, N,N-dimethylformamide
(DMF) were purchased from Duksan Pure Chem. Co., Ltd. THF were distilled over freshly
powdered calcium hydride (CaH;) and were distilled under ambient pressure. DMF was dried
with CaH, and was distilled under reduced pressure, and stored with molecular sieves. L-

alanine-N-carboxyanhydride (A4/a-NCA) was prepared by reacting L-alanine with



triphosgene.”**” The Ala-NCA was recrystallized twice, dried under vacuum and stored in a
refrigerator under P,Os. Glutaraldehyde solution (50% in H,O) supplied by Sigma-Aldrich
were used without further treatment. All other reagents were of analytical grade and were

used directly without further purification.

Instruments

Fourier transform infrared (FT-IR) spectra were collected with a Varian 6000 FT-IR
spectrometer and all samples were prepared as KBr pellets at room temperature. 'H NMR
spectra for the synthesized Ala-g-Cts were recorded with a Bruker Avance 400 spectrometer
(400 MHz, Karlsruhe, Getmany) and performed at ambient temperature with 5% (w/v)
polymer solution in D,O. The '"H NMR spectra were recorded on a Bruker Avance 400
spectrometer (400 MHz, Karlsruhe, Getmany). All measurements were performed at 25 °C,
using the pulse accumulation of 64 scans and LB parameter of 0.30 Hz. CHN elemental
composition was determined using a Perkin Elmer Elemental Analyzer (Model 2400).

Crystalline characteristics were analyzed by a Rigaku Ultima IV powder X-ray diffraction

(XRD) using a CuK, radiation at 1.5405 A. Scan parameters were set at 5 s scan speed and

increment at 0.02. Thermal behaviors were investigated using differential scanning
calorimetry (DSC, Mettler Toledo DSC 823e/400, USA). The powder of 10 mg sample was

heated up at the rate of 5 °C/min from 25 °C to 400 °C, respectively. In this work, the

apparent rheological behavior and gelation of the Ala-g-Cts solution was measured by a
rotational viscometer HAAKE 550 (Thermo Scientific, Germany), with a coaxial cylinder
sensor SV, at controlled constant temperature 25 °C. The thermosatatic double-walled NV,
rotor was housed in a 12 mL cup filled with the solution under study and the measurements
were done at the shear rate value from near 0 to 200" s that did not generate excessive
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mechanical degradation of the polymers. The survey was carried out three times with samples
at 25 °C and 37 °C, the shearing time was 200 s, sample solutions were kept at room
temperature in glass bottles in a dark place until analysis. All the determinations were done in

quadruplicate.

Preparation of alanine-grafted chitosan (Ala-g-Cts) copolymer

Chitosan (Cts) (8 g, 4.69 x 10 >mol) was swelled in dry DMF (100 mL) at room temperature
for 5 h in a round-bottomed flask (500 mL) equipped with a dropping funnel, a mechanical
stirrer, and a nitrogen-inlet system. The solution of 4/a-NCA (5.398 g, 4.69 x 107> mol)
dissolved in DMF (100 mL) was added to the Cts suspension in DMF solution.
Polymerization of Ala-NCA was carried out at 70 °C with vigorous stirring under dry
nitrogen for 3 days. The supernatant was re-precipitated in a cool acetone, and the precipitate
was filtered and washed repeatedly in acetone. The final solid product was dried under
reduced pressure overnight to produce a fine, light-yellow powder. The reaction yields of
Ala-g-Ctsl, Ala-g-Cts3, and Ala-g-Cts5 were 89.5, 87.2 and 86.3%, respectively. The Ala-g-
Cts copolymers were designated Ala-g-Ctsl, Ala-g-Cts3, and Ala-g-Cts5, with the number 1

referring to the molar ratio of A/a-NCA to amine function in Cts.

Preparation of Ala-g-Cts films

In a typical experiment, the crosslinked Ala-g-Cts films were prepared using the solvent
evaporation casting technique. A/a-g-Cts sample (10 g) was crosslinked in 100 mL of a 0.5 %
(w/w) glutaldehyde solution in phosphate buffer (0.054 M Na,HPOy4, 0.013 M NaH,PO4, pH
7.4). After the Ala-g-Cts solution had been mixed with glutaldehde solution, the mixed

solution was kept under reduced pressure to get rid of air bubbles. The solution was cast on a



glass plate at room temperature for 2, and a gel-like sheet with a thickness of about 0.2 mm
was prepared. After crosslinking, the 4/a-g-Cts samples were rinsed for 30 min by running
tap water, washed twice with 4 M NaCl and washed four times with distilled water to
hydrolyse any Schiff base and remove unreacted glutaldehyde before lyophilization. The
glutaldehyde concentration in the washing water of the final washing step was less than 0.2
ppm as determined with the glutaldehyde assay. The crosslinked Ala-g-Cts3 and Ala-g-Cts5
films containing more L-alanine were prepared using procedures similar to those described

above.

Solubility of Ala-g-Cts

We tested the solubility of 4/a-g-Cts in several organic solvents as well as in deionized water.
The samples were soaked in each solvent at a concentration of 10 mg/mL. More detailed
extent of the solubility of 4/a-g-Cts copolymers in phosphate buffered solution and organic
solvent was measured as follows: Film portions measuring 1 cm”were placed in a test tube
with phosphate buffered solution (0.1 M, 20 mL) and shaken gently at 37 °C for 24 h. The
solution was then filtered through Whatman (No. 1) filter paper to recover the remaining
undissolved film, which was desiccated at 70 °C for 24 h. The solubility of the film (FS) was
calculated using the equation FS (%) = (W; — W,)/W,) x 100, where W, was the initial weight
of the film expressed as dry matter and W, was the weight of the undissolved desiccated film
residue. All determinations were carried out by the same method in three separate test runs in

organic solvent.

Swelling behavior of crosslinked Ala-g-Cts



The swelling behavior of the crosslinked 4/a-g-Cts films was measured by allowing the film
to swell in pH 7.0 phosphate buffered solution. Each film was divided into circle-shaped
portions and weighed. These A/a-g-Cts films were immersed in solutions of pH 7.0 and kept
at 37°C, with immersion times ranging from 2 to 24 h. The films were withdrawn from the
solution at different time intervals, and their wet weight was determined immediately after
first being blotted with filter paper to remove surface water. The degree of swelling for each
sample at a specific time was calculated according to the following relationship: degree of
swelling = (W,—W,)/W,, where W, and W, are the weights of the samples at time T and in

the dry state, respectively.

Enzymatic degradation of crosslinked Ala-g-Cts

The in vitro degradation of the Ala-g-Cts film was followed in 0.01 M phosphate buffered
solution (pH= 7.4, 10 mL) at 37 °C containing 1 mg/mL lysozyme (hen egg white, Sigma-
Aldrich Chem. Co.) and samples were each 10~20 mg in weight. Then film samples were
shaken to do the degradation at regular intervals time course weight-change experiment of
enzymatic degradation. The films samples were removed from the medium, washed with
distilled water, freeze-dried and weighed. The extent of in vitro degradation was expressed as
the percentage of the weight of the dried film and the weight loss ratio was defined as 100 %
x (Wo—W)/Wj,. Wyand W, are the weights of the film sample and the weight loss of the

enzymatic degradation of film sample as a function of time, respectively.

Cytotoxicity assay

Proliferation assays evaluate cell reaction to matrix, medium, and conditions. In this study,

we specifically focus on the measurements of cell proliferation of MC3T3-El cell in Ala-g-



Cts film for biomaterial application. Cell Proliferation Kit (CCK-8; Dojindo Laboratories,
Kumamoto, Japan) 2-(methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt was used according to the manufacturer's recommendation.
MC3T3-E1 murine calvarial osteoblasts cells were cultured in a-MEM (Invitrogen, Paisley,
UK) supplemented with 10% fetal bovine serum (FBS: Gibco, Daejeon, South Korea), 100
pg/mL penicillin and streptomycin (Gibco, Daejeon, South Korea) at 37 °C in a humidified
atmosphere of 5% CO, and the medium was changed every 2 days until the end of the
experiment. Prior to cell seeding, A/a-g-Cts films were removed and cells were washed with
PBS three times and sterilized overnight with ultraviolet radiation. Subsequently, 200 puL of
previously cultured MC3T3-E1 osteoblasts cell suspension was added to each 4/a-g-Cts film
in a 48 well plate and cultured in an incubator at 37 °C with 5% CO; for 1, 3, 5 and 7 days. At
each time point, the extraction medium was aspirated and CCK-8 proliferation kit reagents
were added to cells and the optical density (OD) of live cells was measured using a

microplate reader at a wavelength of 450 nm. All the procedures were replicated 3 times.

Results and Discussion

Preparation of Ala-g-Cts

The Ala-g-Cts copolymer was prepared by reacting A/a-NCA with Cts, as shown in Figure 1.
Polymerization of Ala-NCA can occur via two different mechanisms, their relative
contributions being determined by the relative nucleophilicity and basicity of the bases. In the
amine mechanism in this study, the nucleophilic attack monomer at the C5 position resulted
in ring opening through scission of the acyl-oxygen bond. The resultant carbamate eliminates

CO, following protonation, generating a primary amine that subsequently acts as a



nucleophile, and the process is repeated in subsequent propagation steps. The polymer thus
formed retains the initiator nucleophile covalently bonded at one of its ends.
<Figure 1>

The presence of polyalanine side chains was supported by the infrared spectra, as shown in
Figure 2. The residual amide group of chitosan shows bands at 1646 cm ' and 1592 cm ', as
shown in Figure 2(a). The characteristic absorption bands of amide groups in Ala-g-Cts
copolymers were evident at 1616 cm ' and 1582 cm ™' and became stronger as the degree of
grafting of L-alanine increased; conversely, the complex bands at 1050 to 1200 cm ™' due to a
pyranose ring became relatively weaker, as shown in Figure 2(b-d).

<Figure 2>

Figure 3 shows the '"H NMR spectra of Ala-NCA, Cts, and Ala-g-Cts copolymers. The 'H
NMR spectrum of chitosan is shown in Figure 3(b). The signal centered at 2.05 ppm
corresponds to the hydrogens of the methyl moieties belonging to the acetamido groups. The
signal observed between 3.10 and 2.90 ppm corresponds to the hydrogen bonded to the C2
glucosamine ring, while the signals between 3.30 and 4.00 ppm correspond to hydrogens
bonded to the carbon atoms C3, C4, C5 and C6 of the glucopyranose that are overlapped. The
hydrogen bonded to the anomeric carbon (C1) gives rise to the signals in the range 4.50-4.90
ppm. The grafting of alanine onto Cts by a ring-opening reaction is confirmed by the
presence in the '"H NMR peaks at 1.35 and 3.60 ppm due to methyl protons of alanine and C-
H proton, respectively. The peaks around 1.35 ppm attributed to the methyl group increased
according to the molar ratio of L-alanine to Cts in Figure 3(c-e). The alanine group on the
chitosan backbone was calculated from the relative integrations of the methyl protons at 1.35

ppm with respect to the methyl protons of the acetyl group at 2.05 ppm. These calculations
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correlate with the elemental analysis data with degree of alanine, 0.96 for Ala-g-Ctsl, 2.92
for Ala-g-Cts3 and 4.85 for Ala-g-Cts5.

<Figure 3>
Solubility of Ala-g-Cts copolymers

The solubility behaviors of Ala-g-Cts films were presented in Table 1. All Ala-g-Cts powder
and films became soluble in water, DMSO and DMF, in addition, the solubility increased as
the content of alanine increased in organic solvent. However, they were swellable or partially
soluble in THF, methanol and chloroform. The solubility of A4/a-g-Cts copolymers are
attributed to their partial destruction of crystalline structure and little hydrogen bonding
between amino and hydroxyl groups.

<Table 1>

X-ray diffraction (XRD) analysis

We measured the x-ray powder diffraction of Cts and 4/a-g-Cts copolymers, as illustrated in
Figure 4. Poly(amino acid)s are known to crystallize easily.” In general, the XRD patterns of
all types of Cts show two crystalline peaks around 26 = 10.3 degrees and 19.9 degrees. The
crystalline peak centered at 10.3 degrees is attributed to the hydrated crystalline form I of Cts.
Another peak registered near 19.9 degrees is reported to indicate the relatively regular crystal

lattice (crystalline form II) of Cts.*”°

This is because Cts typically contains bound water
even if it has been dried thoroughly. The convergence of bound water molecules with the
crystal lattice, commonly termed hydrated crystals, generally gives rise to a more dominant
polymorph that can normally be detected as a broad crystalline peak in the corresponding x-

ray pattern. In the XRD shown in Figure 4(b-d), the new characteristic peaks at 29.2, 30.6,

32.7, 34.5, and 45.9 degrees are due to the Ala-g-Cts. Compared with the original Cts, Ala-g-
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Cts showed a weaker and broader peak in the 260 = 15 to 21 degrees region, which
demonstrated that the conjugation of alanine with Cts suppressed the crystallization of Cts to
some extent. In addition, it can be seen that the crystallinity increased significantly for A/a-g-
Cts as the molar ratio of the alanine increased. The clear, sharp signals appeared at 2 § = 29.2
to 34.5 degrees and increased. In all likelihood, L-alanine branches was sensitive to
crystallization as in poly(amino acid)s.

<Figure 4>

DSC and TGA analyses

The thermal stability of the Cts and 4/a-g-Cts was investigated by means of DSC and TGA,
as shown in Figure 5. It can be seen that three consecutive weight-loss steps were observed in
the pure Cts and Ala-g-Cts (Figure 5(a)). The first weight loss was about 5.0 wt% up to
110°C, which was responsible for the loss of vaporization of the absorbed and bound water,
indicating their hygroscopic nature. The second weight loss of about 40 to 45 wt% between
240°C and 245°C was due to the thermal degradation of alanine linkage in the 4/a-g-Cts. The
third stage showed a weight loss that was responsible for the thermal decomposition of the
glucosamine residue. Ala-g-Cts polymers showed almost similar behavior, with weight loss
between 230°C and 530°C, indicating less stability relative to Cts.

DSC thermograms of Cts and A/a-g-Cts in the heating run are shown in Figure 5(b). The
Ala-g-Cts copolymer exhibited a sharp exothermic peak at approximately 250°C, indicating
decomposition of the alanine linkage. The exothermic peak at 306°C was due to
decomposition of the Cts backbone, while the exothermic peak of the A/a-g-Cts copolymer
was shifted to a lower temperature at 238°C. Therefore, the endothermic and exothermic
peaks of the Ala-g-Cts copolymer drifted farther to the left than those of Cts, perhaps owing

to a reduction in the size of the crystals. Because of the differences in chemical and structural
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characteristics, we witnessed remarkable differences in the exothermic transitions in Cts, Ala-
g-Ctsl, Ala-g-Cts3, and Ala-g-Cts5.

Generally, the glass transition temperature (T,) is read at the initial change in the slope of
the heat capacity of the DSC thermogram (i.e., the temperature at the onset of a baseline step
in the DSC curve). The DSC thermogram peaks of Cts and Ala-g-Cts shown in Figure 5(b)
can be attributed to glass transition. The T, for Cts was reported to be 203°C by Sakurai et
al.’! However, the Cts and Ala-g-Cts showed obvious T, regions at 200°C and 127°C to
177°C, respectively. In this study, it is possible that the derivatives have less thermal stability
than the Cts, particularly the Ala-g-Cts5 copolymer.

<Figure 5>
Rheological properties

Measurements of viscosity and viscoelastic properties are as important as the characteristics
of the biomaterial. Figure 6(a) shows the effect of temperature on shear stress as a function of
shear rate of 1% Ala-g-Cts copolymer solutions. When the shear rate increased, the shear
stress increased for all three solutions (4la-g-Ctsl, Ala-g-Cts3, and Ala-g-Cts5). As a rule,
shear stress increased with increasing shear rate at lower temperatures. The viscosity of the
Ala-g-Ctsl solution was higher than that of the Ala-g-Cts3 and Ala-g-Cts5 solutions and
depended upon shear conditions. It is clear that the viscosity of these solutions corresponds to
non-Newtonian behavior. The viscosity of Ala-g-Cts was dependent on the content of Ala-
NCA. In other words, the viscosity of the Ala-g-Cts solutions decreased as the L-alanine
moiety in the Cts chain increased. Typical viscosity-versus-shear rate curves are shown in
Figure 6(b). The difference in apparent viscosity between the 4/a-g-Cts copolymers at 25°C
and 37°C is related to the shear stress values, since the apparent viscosity is a ratio between

shear stress and shear rate. With an increase in shear rate there is a decrease in apparent
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viscosity of the Ala-g-Cts solutions. When shear force is applied, the polymer molecules start
to untangle from each other and to align themselves in the direction of flow. In the strict
sense, the rheological behavior of a plastic is a combination of non-Newtonian and
Newtonian behaviors. At lower shear rates, the plastic is non-Newtonian but as the shear rate
increases, the plastic tends to exhibit Newtonian behavior.*

Figure 6(c) shows changes in the modulus of a mixture of Ala-g-Cts solutions with
glutaraldehyde (3% molar ratio of 4/a-NCA) as a function of temperature at 25°C and 37°C,
respectively. Ala-g-Cts/glutaraldehyde solutions undergo a sol-gel transition as the
temperature increases. The viscosity of Ala-g-Cts/glutaraldehyde solutions increased from
10* to 5 x 10" mPa as the temperature increased from 20°C to 60 °C at pH 3.0 and pH 6.0. At
higher temperatures, the water phase became rigid, consistent with the formation of a gel.
This remarkable change in fluidity upon heating and cooling was irreversible. At higher pH,
the crosslinking reaction was initiated more rapidly and the resulting viscosity maintained
lower values. According to this study of chemical crosslinking of Ala-g-Cts solutions, gel
formation has been confirmed.

<Figure 6>
Swelling behaviors of crosslinked Ala-g-Cts

The swelling behaviors of Ala-g-Cts films using gravimetric methods are presented in Figure
7. As expected, the crosslinking of A/a-g-Cts films suppressed the swelling. This effect was
proportional to the degree of crosslinking, which can be attributed to the hydrophobic
character of the crosslinking agent. Glutaraldehyde crosslinking was used for the Cts and 4/a-
g-Cts films: covalent crosslinking of A/a-g-Cts films with 0.5% glutaraldehyde solution. In
addition, it is another anticipated approach for modulating a broad spectrum of characteristics

of Ala-g-Cts—based biomaterials for neogenesis. Typically, the crosslinking density increases;
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as the concentration of the crosslinking agent increases within a certain range, the degree of

: 33,34
swelling decreases.”™™

In the case of Cts and A/a-g-Cts films, the mechanical strength and
the releasing profiles of cell growth and bioactivity can also be regulated by crosslinking.
Ala-g-Cts copolymers have amide groups, which are considered hydrophilic. When the
crosslinking reaction takes place, the crosslinking agent reacts with the amide and amine
groups of Ala-g-Cts by glutaraldehyde linkage. Therefore, these hydrophilic groups are
incorporated into the crosslinking chain, increasing its hydrophobicity after crosslinking. The
mobility of the polymer chain is decreased by the formation of a polymeric network. The Ala-
g-Cts5 film swelled less than the Ala-g-Cts3 and Ala-g-Cts1 films did. This result could be
attributed to several factors, such as a decrease in chain mobility or solubility, as the
crosslinking agent reacts with the amino group of Ala-g-Cts.”> The equilibrium swelling
degree of chitosan with degree of deacetylation 81% matrices was 200 %.°

<Figure 7>

Mechanical properties

Figure 8 illustrates the typical stress—strain curves of Ala-g-Cts films and their crosslinked
films with glutaraldehyde. The curves show that 4/a-g-Cts1 film was stiffer and had a higher
than the Ala-g-Cts3 and Ala-g-Cts5 films. Chemically crosslinking of A/a-g-Cts films using
glutaldehyde was found to result in increased strength. Stress at failure increased 2-fold
compared with non-crosslinked film. It is likely that the crosslinking process pulls polymer
chains closer together in the formation of inter-chain bonds and thus produces a denser,
smoother structure. These inter-chain bonds provide additional strength to the films and
prevent chain sliding, therefore providing mechanical stability to the films.

<Figure 8>
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Figure 9 shows a representative Young’s modulus obtained from tensile tests for all the films
under study. The Young’s modulus of crosslinked 4/a-g-Cts films varied, ranging from 1.5 to
6.3 MPa, depending on the grafted molar ratio of L-alanine. The Young’s modulus increased
slightly for crosslinked Ala-g-Cts film compared with non-crosslinked film (4/a-g-Cts1= 1.4
MPa, Ala-g-Cts3= 2.9 MPa and Ala-g-Cts5 = 5.4 MPa. All other non-crosslinked films were
too weak to be tested in tension in ultimate tesile strength (UTS) values (Figure 9(b)). Those
Ala-g-Cts5 films that are present are unlikely to be fully interconnected due to the
surrounding polyalanine moiety, and thus provide limited mechanical benefit. Even the
crosslinking process did not alter the soft structure of 4/a-g-Cts3 and Ala-g-Cts5 films, which
have some of their crystallization structure suppressed by the conjugation of alanine with Cts.
The tensile stress and elastic modulus of chitosan were 52.90 MPa and 20.37 MPa,
respectively.’’
<Figure 9>
Enzymatic degradation studies

The biodegradation results of crosslinked A/a-g-Cts films are shown in Figure 10. In general,
the enzymatic biodegradation ingredients are dependent on pH, temperature, chain mobility,
and crystallinity. The in vitro biodegradation behavior of Cts has usually been investigated

using lysozyme from chicken egg whites.”>*’

Figure 11 shows scanning electron microscopic
images obtained for the crosslinked 4la-g-Ctsl1, Ala-g-Cts3, and Ala-g-Cts5 films after 10, 20,
and 30 days of exposure in PBS with lysozyme (1 mg/mL) at 37°C. In the presence of
lysozyme, crosslinked Ala-g-Cts1 and Ala-g-Cts3ilms showed rapid loss of mass for up to 25
days. However, the crosslinked Ala-g-Cts5 film decomposed very rapidly after 15 days.

There are plenty of reasons for these enzymatic degradation rates. Biodegradation behavior of

the crosslinked Ala-g-Cts films must be swelling and mobility of materials in PBS. The
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chemical modification of polymeric crosslinked film can control the rate of biodegradation.
The weight loss percent almost reached degradation after 35 days of enzymatic degradation.
But for the crosslinked A/a-g-Cts3 film, the weight loss percent was the lowest degradation
behavior in the samples, and degradation almost ceased around weight loss 80%. The weight
of chitosan matrices with degree of deacetylation 81% remained relatively constant
throughout degradation during 84 days.*

<Figure 10><Figure 11>
In vitro cytotoxicity assessment

Dehydrogenase-based assays of CCK-8 provide greater sensitivity than the other assays
because they depend on several elements, including dehydrogenase, NAD(H), NADP(H), and
mitochondrial activity. CCK-8 is a colorimetric assay used to determine the number of viable
cells and can be used as a cell proliferation assays as well as for cytotoxicity. When using
CCK-8 as a proliferation or cytotoxicity assay, it is necessary to have a proportional
relationship between absorption and viable cell numbers. It is desirable to start with a set
number of cells and then determine the suitable incubation time for color development.

In this study, cell attachment was assessed based on cell viability and cytotoxicity on Cts
and crosslinked Ala-g-Cts films.*""* MC3T3-E1 cells were used because they are highly
sensitive to culture conditions. The cells were cultured on Cts and crosslinked A/a-g-Cts films
in order to analyze the influence of the graft polymer with respect to biocompatibility. The
proliferation of MC3T3-El cells on crosslinked A/a-g-Cts films was investigated using the
CCK-8 assay. It has been reported that the cellular response to biomaterials involves the cells’
attachment to the substrate and the cells’ spreading on the substrate.*** The cells on both the
Cts and the crosslinked A4/a-g-Cts films increased steadily throughout the incubation period

for up to 7 days. Overall, the cells increased by nearly 3 to 5 times as much during the same

17



period. The optical densities at 450 nm for 4Ala-g-Cts3 film were 0.21, 0.34, 0.58, and 0.79
after 1-, 3-, 5- and 7-day cultures, respectively, indicating that the number of cells on the film
had increased significantly.

The results of CCK-8 absorbance values for MC3T3-El cells’ adhesion to and
proliferation on the crosslinked Ala-g-Ctsl, Ala-g-Cts3, and Ala-g-Cts5 films, as compared
with those of the control, are shown in Figure 12. The initial proliferation rate of cell growth
increased as the L-alanine content increased. The films with a greater L-alanine content
showed cell proliferation, which was particularly remarkable in terms of biocompatibility. All
the cells on the three crosslinked A/a-g-Cts films showed a higher rate of proliferation than
that of the control, and the modified films were considered to be cytocompatible and nontoxic.

<Figure 12>

Conclusions

Biocompatible L-alanine-grafted chitosan containing different amounts of the L-alanine
moiety were synthesized via anionic ring-opening polymerization of N-carboxyanhydride
(4la-NCA) onto chitosan. Depending on variations in the ratio of L-alanine in the copolymer,
a variety of modified chitosan, which were easily dissolved in water and some organic
solvents, with different thermal, morphological, and mechanical properties could be achieved.
The MC3T3-El cells on crosslinked A/a-g-Cts films showed a higher rate of proliferation
than that of the control, and the crosslinked Ala-g-Cts copolymers were considered to be
cytocompatible and nontoxic. These crosslinked A4/a-g-Cts copolymers were soft, flexible,
and degradable polymers, which opens up a range of opportunities for soft tissue

augmentation and regeneration.
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Figure Captions

Figure 1. Anionic graft copolymerization of Cts with L-alanine-N-carboxyanhydrides (4/a-
NCA).

Figure 2. FT-IR spectra of (a) Cts, (b) Ala-g-Ctsl, (c) Ala-g-Cts3 and (d) Ala-g-Cts5. Cts:
chitosan; Ala-g-Cts: L-alanine grafted chitosan.

Figure 3. ' H NMR spectra of (a) Ala-NCA, (b) Cts, (c) Ala-g-Cts5, (d) Ala-g-Cts3 and ()
Ala-g-Ctsl. Ala-NCA: L-alanine-N-carboxyanhydride; Cts: chitosan; 4/a-g-Cts: L-alanine
grafted chitosan.

Figure 4. X-ray diffraction patterns of (a) Cts, (b) Ala-g-Cts1, (c¢) Ala-g-Cts3 and Ala-g-Cts5.
Cts: chitosan; A/la-g-Cts: L-alanine grafted chitosan.

Figure 5. (a) TGA and (b) DSC curves of Cts and A/a-g-Cts copolymers.
Figure 6. (a) Influence of temperature on the rheological curves of 1% Ala-g-Cts solutions, (b)

viscosity of 3% Ala-g-Cts solutions versus shear rate at 25 °C and 37 °C, and (c) Sol-gel
transition behavior of 3% A/a-g-Cts as a function of temperature at pH of 3.0 and 6.0.

Figure 7. Swelling behavior of crosslinked Ala-g-Cts film samples in PBS at 37 °C.

Figure 8. Tensile test curves of Ala-g-Cts films. Films were stabilized at 85+2% low relative
humidity and 23 + 2 °C before testing.

Figure 9. (2) Young’modulus and (b) UTS of Ala-g-Cts films: Ala-g-Cts1, Ala-g-Cts3, and
Ala-g-Cts5.

Figure 10. Mass loss of crosslinked 4/a-g-Cts films in 1mg/mL lysozyme in PBS at 37 °C.
Figure 11. SEM images of the surface of crosslinked A/a-g-Cts films, Ala-g-Cts1 (a, b, ¢),
Ala-g- Cts3 (d, e, f) and (4/a-g-Cts5 (g, h, 1) in enzyme within degradation after 10 days (a, d,
g), 20 days (b, e, h) and 30 days (c, f, 1).

Figurel2. Cell viability and proliferation results obtained using the CCK-8 test. For the

control, the same amount of cells was seeded on 24 culture well plates. Cells were kept in
culture for 1, 3, 5 and 7 days on Cts and 4/a-g-Cts film.
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Figure 1. Anionic graft copolymerization of Cts with L-alanine-N-carboxyanhydrides (4/a-
NCA).
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Figure 2. FT-IR spectra of (a) Cts, (b) Ala-g-Ctsl, (c) Ala-g-Cts3 and (d) Ala-g-Cts5. Cts:
chitosan; Ala-g-Cts: L-alanine grafted chitosan.
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Figure 3. ' H NMR spectra of (a) Ala-NCA, (b) Cts, (c) Ala-g-Cts5, (d) Ala-g-Cts3 and ()
Ala-g-Ctsl. Ala-NCA: L-alanine-N-carboxyanhydride; Cts: chitosan; A/a-g-Cts: L-alanine
grafted chitosan.
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Figure 4. X-ray diffraction patterns of (a) Cts, (b) Ala-g-Cts1, (c¢) Ala-g-Cts3 and Ala-g-Cts5.
Cts: chitosan; A/a-g-Cts: L-alanine grafted chitosan.
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Figure 5. (a) TGA and (b) DSC curves of Cts and 4/a-g-Cts copolymers.
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Figure 6. (a) Influence of temperature on the rheological curves of 1% Ala-g-Cts solutions, (b)
viscosity of 3% Ala-g-Cts solutions versus shear rate at 25 °C and 37 °C, and (c) Sol-gel
transition behavior of 3% Al/a-g-Cts as a function of temperature at pH of 3.0 and 6.0.
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Figure 7. Swelling behavior of crosslinked Ala-g-Cts film samples in PBS at 37 °C.
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Figure 8. Tensile test curves of Ala-g-Cts films. Films were stabilized at 85+2% low relative
humidity and 23 + 2 °C before testing.
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Figurel0. Mass loss of crosslinked 4la-g-Cts films in 1mg/mL lysozyme in PBS at 37 °C.
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Figurel 1. SEMimages of the surface fcrosslinked AIa-g—Cs lms, Ala-g-Ctsl (a, b, ¢),
Ala-g- Cts3 (d, e, f) and (4/a-g-Cts5 (g, h, 1) in enzyme within degradation after 10 days (a, d,
g), 20 days (b, e, h) and 30 days (c, f, 1).
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Figurel2. Cell viability and proliferation results obtained using the CCK-8 test. For the
control, the same amount of cells was seeded on 24 culture well plates. Cells were kept in
culture for 1, 3, 5 and 7 days on Cts and crosslinked Ala-g-Cts films.
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Table 1. Solubility of Ala-g-Cts copolymers

CHCIl; | EA | THF | DMSO | DMF | Methanol | Ethanol | DW | PBS
Ala-g-Ctsl X X X O @ X X @) o
Ala-g-Cts3 X X A @) @) A X O | ©O
Ala-g-Cts5 A X A @) @) A A O | ©O

©): completely soluble, o: soluble (60-90%), A : soluble (40-60%), A: slightely soluble (10-
30%), x: insoluble (<10%)

EA: ethylacetate; THF: tetrahydrofuran; DMSO: dimethylsulfoxide; DMF: N,N-
dimethylformamide; DW: distilled water; PBS: phosphate buffer solution
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