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Biomedical applications

Conjugation of chitosan with nucleobases is expected to expand its not only antimicrobial activity but also
anti-cancer activity. Here, we report the synthesis of a novel chitosan-thymine conjugate by the reaction
between chitosan and thymine-1-yl-acetic acid followed by acylation. The synthesized conjugate was
characterized by FTIR, XRD, 'H NMR, TGA and SEM. The microbiological screening results demonstrated
the antimicrobial activity of the conjugate against bacteria viz., Escherichia coli, Staphylococcus aureus, and
fungi viz., Aspergillus niger. The chitosan-thymine conjugate also inhibited (p <0.05) the proliferation
of human liver cancer cells (HepG2) in a dose-dependent manner but had no cellular toxicity in non-
cancerous mouse embryonal fibroblast cells (NIH 3T3). Thus, the chitosan-nucleobase conjugate may
open a new perspective in biomedical applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

During the past few decades, there has been an increasing inter-
est in the utilization of nucleobase conjugates with various natural
and synthetic biopolymers. Phenanthridinium-nucleobase con-
jugates [1], metallocene-nucleobase conjugates [2], symmetrical
and unsymmetrical o,w-nucleobase mono- & bis-amide conjugates
[3], cyclodextrin-DNA conjugate [4], ferrocene-bis(nucleobase)
conjugates [5], neamine-nucleoside conjugates [6], DNA-peptide
conjugates [7], peptide-nucleobase conjugates, nucleobase PNA
conjugates [8] are few examples that can inhibit the expression
a specific DNA or mRNA molecule, inducing a blockade in the
transfer of genetic information from DNA to protein either by anti-
gene or antisense strategy. Single stranded domains of DNA and
RNA play an essential role in a number of processes in living cells
including those involving viruses. Nucleobase-containing peptides,
also referred to as nucleopeptides, represent a promising class
of molecules of important biomedical significance presenting a
peptide-like backbone conjugated to nucleobases through different
linker moieties. Recently, Gross et al. have synthesized a bimetallic
ruthenocene dicobalt-hexacarbonyl alkyne peptide bioconjugate
[9]. Given these benefits, we are interested in modifying the chi-
tosan with nucleobases for their utilization in various biomedical
applications. Numerous works have been published on the chem-
ical modification of chitosan [10-18]. This polymer is still being
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modified to produce various derivatives with improved properties.
We have recently demonstrated that chitosan-chloroquinoline
conjugate has also potent antimicrobial activity [19]. Several pre-
vious studies have synthesized various thymine derivatives and
reported potent anti-cancer effect [20-23]. More recently, Manna
et al. found that, modification of hyaluronic acid with thymine, by
the LBL process, imparted them an anticancer activity [16]. The
conjugation of a nucleobase to chitosan may therefore, expand
its biomedical utility to include both antimicrobial and anti-
cancer action. Chitosan is readily soluble in various acidic solvents,
which limits its applications [17]. It has high antimicrobial activity
against many pathogenic and spoilage microorganism, including
Gram-positive and Gram-negative bacteria and fungi. The exact
antimicrobial mechanism of chitosan is still unclear, but several
mechanisms have been proposed. The most feasible hypothesis
is the leakage of cellular proteins and other intracellular con-
stituents caused by the interaction between the positively charged
chitosan and negatively charged microbial cell membranes. Other
mechanisms proposed are the inhibition of microbial growth
and toxin production by the chelation of essential metals and
nutrients, spore components, as well as the penetration of the
nuclei of the microorganisms, which leads to the interference of
mRNA and protein synthesis. The principle that underlines the
anticancer activity of chitosan-nucleobase is conceptually very
simple and straightforward. Being an analogue of natural nucle-
obases, chitosan-nucleobase conjugate may be incorporated into
the nuclear DNA during DNA synthesis and into mRNA during
transcription. Since chitosan-nucleobase lacks the 3’0OH group
that is required for the attachment of additional nucleotides, its
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incorporation into DNA or mRNA would induce strand breakage by
chain termination leading to cell cycle arrest [24]. Given that can-
cer cells generally divide faster and have shorter cell cycle, they
are likely to be affected by the chitosan-nucleobase more than the
non-cancerous or slow dividing cells [25]. The specificity against
cancer cells may further be increased by conjugating the chitosan
with a polynucleotide whose sequence is complementary to that
of oncogene or its mRNA product. In this case, the sequence spe-
cific nucleobase of chitosan-nucleobase conjugates will interact
with the DNA/mRNA of target site by complementary base pair-
ing (Thymine/Uracil with Adenine and Cytocine with Guanine)
and thereby, would inhibit the DNA synthesis and/or mRNA tran-
scription and translation of the cancer causing gene. However, the
chitosan-thymine conjugate has not been reported so far as per our
knowledge. With this view the present work is directed to the syn-
thesis, characterization and evaluation of the biological activities
of the new biopolymer nucleobase conjugate.

2. Experimental
2.1. Materials

The chitosan powder was a product of Qingdao Yunzhou
Biochemistry Co. Ltd., China, average molecular weight about
<5000 ¢g/mole (Mv) and a degree of deacetylation (DD) of 90%.
Thymine (Sigma-Aldrich), KOH (Sigma-Aldrich), bromoacetic acid
(Sigma-Aldrich), conc. HCl (Samchun Chemicals, Korea), DCC
(Flucka analytical), acetic acid, and ethanol (Dae Jung, Korea) were
used without further purification. The antimicrobial test strains,
Escherichia coli MTCC 739, Staphylococcus aureus MTCC 3160, and
Aspergillus niger MTCC 3537, were arranged from IMTECH, Chandi-
garh. The purity of all the synthesized compounds has been checked
by TLC using silica gel with different solvent systems.

2.2. Synthesis of thymine-1-yl acetic acid

In a 250 mL of round bottomed flask thymine (20 mmol) was
dissolved in a solution of potassium hydroxide (80 mmol) in 15mL
of water. While this solution was warmed in a 42 °C in water bath,
a solution of bromoacetic acid (35 mmol) in 10 mL of water was
added over 30 min. After this, the reaction was stirred for 2 h at this
temperature. It was allowed to cool to room temperature (15°C)
and the pH was adjusted to 5.5 with conc. HCI. The solution was then
cooled in a refrigerator for 2 h. Precipitate formed was removed by
filtration. The solution was then adjusted to pH 2 with conc. HCI
and put in a freezer for 5 h. The resulted white precipitate product
(Scheme 1) was isolated by filtration, washed with water 2-3 times
and dried in vacuum oven at 35°C for 7 h. The yield 82%, White
solid, and m.p. 253-255 °C was obtained according to procedure as
described elsewhere [26].

2.3. Synthesis of chitosan-thymine conjugate

To synthesize chitosan-thymine conjugate 100 mg of chitosan
powder dissolve in 1% (w/v) hydrochloric acid. The mixture was
vigorously stirred by a magnet stirrer at room temperature until
the polymer was completely dissolved. 0.294 g thymine-1-yl acetic
acid solution was added into the chitosan solution and stirred for
2 h.Then, 0.355 g DCC dissolved in 20 mL of 95% ethanol was added
to induce the acylation reaction. The mixture was then stirred for
8 h at room temperature (15°C). When the reaction finished, the
product was then filtered by vacuum and washed with 95% ethanol
to remove excessive DCC. The final product (Scheme 1) was dried
in vacuum oven at 35°C for 4 h.

2.4. Measurements

Fourier transform infrared (FT-IR) spectra were recorded on
JASCO FT-IR 300E device using KBr. '"H NMR spectra of the sam-
ples were recorded on a Bruker 600 MHz NMR spectrometer using
tetramethylsilane (TMS) as an internal standard and CD3COOD and
DMSO as a solvent. XRD pattern of the samples were recorded on X-
ray diffractometer (D/Max2500VB+/Pc, Rigaku, Japan) with CuKa
characteristic radiation (wavelength A =0.154nm) at a voltage of
40kV and a current of 50 mA. The scanning rate was 3°/min and
the scanning scope of 260 was from 2° to 45° at room tempera-
ture (25°C). Thermogravimetric analysis (TGA) was carried out in
a TA Q 50 system TGA. The samples were scanned from 0 to 800 °C
at a heating rate of 10°C/min under flow of nitrogen. The surface
morphology was analyzed by scanning electron microscopy (SEM)
JEOLJSM-6490LA. All the spectra were taken in room temperature.

2.5. Antimicrobial activity assay

The antimicrobial activity of the chitosan-thymine conjugate
was evaluated by the agar plate disc-diffusion method [27]. Briefly,
the solution (0.1%, 0.05% and 0.01%) of the chitosan-thymine con-
jugate was absorbed in sterilized discs and placed on the lawn
cultures of selected microorganisms to assess their antimicrobial
activity against one Gram-positive (S. aureus), one Gram-negative
(E. coli) bacteria and one fungus (A. niger). The solution (0.1%) of the
chitosan only and (0.1%) of thymine only was used for antimicro-
bial activity. The agar plates were incubated at 37 °C for 24 h and
diameters of the inhibitory zone of clearance (mm) surrounding the
discs were measured to estimate the antimicrobial activity.

2.6. Assays for cellular cytotoxicity, proliferation, and viability

Mouse embryonic fibroblast cell line (NIH 3T3) and human
liver cancer cell line (HepG2) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, high glucose formulation; Gibco BRL,
Grand Island, NY) supplemented with 10% (v/v) fetal bovine serum
(Hyclone, Logan, UT), MEM nonessential amino acids (Gibco BRL),
50 M 2-mercaptoethanol (Sigma-Aldrich Co., St Louis, MO), and
chitosan-thymine conjugate (0, 5, 50, 100 M) for seven days at
37°C in a humidified atmosphere of 5% CO, in air. Non-treated
cells and those treated with pure chitosan or thymine (100 wM)
were used as controls for comparison. The cells were plated in 24-
well plates at an initial seeding density of 2-4 x 10% cells/mL in
triplicates and were evaluated for the rate of cellular toxicity and
proliferation by counting the total number of cells every 24 h, as we
described earlier [28]. The population doubling time was calculated
with the equation Yenqg = Ystart x 2(t/T), where T is the population
doubling time, Ystart is the initial cell count, and Ye,q is the cell count
at the end of culture period (t). The rate of cell proliferation (r) was
calculated with the equation r=(log NH — log NI)/T2 - T1, where NH
is number of cell harvested, NI is number of cells initially seeded,
T1 is the time at seeding (h), and T2 is the time till harvesting (h)
[29]. Viability of cells was evaluated based on the esterase enzyme
activity and plasma membrane integrity upon FDA (3'6’diacetyl flu-
orescein diacetate)assay as described earlier [28]. Briefly, cells were
washed in Dulbecco’s phosphate-buffered saline (DPBS) for 1 min
followed by incubation with 2.5 pg/mL FDA stain for 1 min. Stained
cells were then washed in PBS to remove the traces of the dye
and observed under UV illumination of an epifluorescent micro-
scope fitted with FITC filter set (excitation: 460-490 nm; emission;
515-550nm; dichromatic: 505 nm). Live cells emitted green flu-
orescence while dead ones were non-fluorescent. Viability was
calculated as the number of green cells/total number of cells x 100.
All experiments were repeated three times.
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Scheme 1. Synthesis of thymine-1-yl acetic acid and chitosan-thymine conjugate.

3. Results and discussion

Synthesis of thymine modified chitosan is outlined in the
Scheme 1. Here, the carboxylic group of modified thymine
(thymine-1-yl acetic acid) is reacted with the —NH, group of
chitosan. Manna et al. [16] reported the synthesis of adenine func-
tionalized chitosan by the reaction of —NH of adenine with the
primary alcoholic group of chitosan where —NH; group of chitosan
has not been utilized.

3.1. FTIR spectroscopy

FTIR spectra of chitosan, thymine-1-yl-acetic acid and
chitosan-thymine conjugate are shown in Fig. 1. Characteris-
tic peaks assignment of chitosan (Fig. 1a) are 3360cm~! (O—H
stretch overlapped with N—H stretch), 2919 and 2874cm~! (C—H
stretch), 1640 cm~! (amide II band, C—O stretch of acetyl group),
1592 cm~! (amide II band, N—H stretch), 1420-1377 cm~! (asym-
metric C—H stretch bending of CH; group) and 1061 cm~! (skeletal
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Fig. 1. FTIR spectra of chitosan (a),
chitosan-thymine conjugate (c).

thymine-1-yl-acetic acid (b), and

vibration involving the bridge C—O stretch) of glucosamine residue.
The IR spectral band of thymin-1yl acetic acid (Fig. 1b): 3170cm™!
(O—H stretch), 1733-1626 cm~! (C=0 stretch). As shown in Fig. 1¢
the chitosan-thymine conjugate mediated spectral band appear
at 3323 cm~! (axial O—H group of chitosan), 2928 and 2850 cm™!
(C—H stretch) which were stronger and sharper in comparison to
the chitosan. The peaks at 1624 cm~! (amide linkage), 1436 cm™!
(C—H stretch bending of CH, group), 1570cm~! (N—H bending
stretching) and 1087 cm~! (bridge C—O—C stretch) of chitosan
residue were stronger than that of pure chitosan [14a]. The above
FTIR analysis clearly indicates that the COOH group of thymin-1-yl
acetic acid has been successfully reacted with NH, group of
chitosan main chain to form amide linkage. The intensity of these
bands depends on the amount, type and bulkiness of the acid.
Degree of substitution also affects the intensity band, OH which
becomes broader on stretching and moves to a higher frequency
with increasing DS up to ~60%, indicating an increase in the
disordered structure.

3.2. X-ray diffraction spectra

X-ray diffraction spectra of chitosan, thymine-1-yl-acetic acid
and chitosan-thymine conjugate are shown in Fig. 2. X-ray diffrac-
tion studies of chitosan (Fig. 2a) exhibits very broad peaks at
20=10° and 26 =20°. Chitosan shows very broad lines especially for
the smaller diffraction angles, thereby indicating that long range
disorder is found in polymer samples. The broader small angle
peaks in chitosan, suggests that conjugate exhibits higher long
range order. Diffractive region of thymine-1-yl-acetic acid (Fig. 2b)

Counts
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Fig. 2. XRD spectra of chitosan (a),
chitosan-thymine conjugate (c).

thymine-1-yl-acetic acid (b), and

is observed at 20 of 7°, 11°, 14°, 19°, 22°, 24°, 26°, 27°, 28° and 31°.
The main diffractive region of chitosan-thymine conjugate (Fig. 2c)
is at 26 of 7°, 15°, 17°, 21°, 23°, 28° and 31°. Chitosan-thymine
conjugate has higher intensity pattern than chitosan which indi-
cates that the chitosan is substantially more amorphous. Further,
the development of high peak intensity for the conjugate is due to
the polar group of amide linkage and thus, more number of inter-
molecular hydrogen bonding. XRD pattern proved here that the
crystal lattice has transformed from amorphous structure into a
relatively crystalline structure in chitosan-thymine conjugate.

Intensity is not a routine predictor of crystal structure, but can
be obtained from XRD pattern and reflects the unit cell dimensions.
Intensity is therefore a means of obtaining structural information
from powder diffraction. In addition, the lattice dimension is also
related to the interplaner distance, d can easily be described for the
particle size and geometry of the unit cell [34,35].

3.3. "HNMR spectra

The 'H NMR spectra of chitosan, thymin-1-yl acetic acid and
chitosan-thymine conjugate were given in Fig. 3. Proton assign-
ment of chitosan in Fig. 3a §=4.89 ppm appears for chemical shift
of the internal standard, §=4.37 ppm is due to chemical shift of
the acetal proton (C—H) of glucosamine overlaps the chemical shift
of the internal standard, §=3.27 ppm for —CH—NH, protons (H2),
8=3.92-3.72 ppm for (H3, H4, H®> and H®) protons of glucosamine
ring §=3.27 ppm appear for chemical shifts of (H2) proton and
upfield § =2.04 ppm for (—NHCO—CH3) acetamido protons. Proton
assignment of thymin-1-yl acetic acid shownin Fig. 3b, §=1.75 ppm
(s, 3H), 436 ppm (s, 2H), 7.50ppm (s, 1H), §=11.32 ppm (s, 1H)
for N—H, §=13.10 ppm (s, 1H) for OH proton of carboxylic acid.
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Fig. 3. "H NMR spectra of chitosan (a), thymine-1-yl-acetic acid (b), and chitosan-thymine conjugate (c).
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Compared with chitosan and thymin-1yl-acetic acid, the char-
acteristic proton signals of chitosan-thymine conjugate (Fig. 3c)
appeared at §=5.55ppm (s) is due to N—H proton of amide link-
age which is formed between NH, group of chitosan and COOH
group of thymin-1yl acetic acid, §=7.49 ppm (s) is CH proton of
thymin-1-yl acetic acid, §=1.75 ppm (s) CH3 proton of thymine,
6=11.32ppm (s) N—H proton of thymine, and §=2.50 ppm (s,
NHCOCH3). 8 =3.30 ppm (H-2 of GlcN residue), § =4.36 ppm (m) due
to glucosamine unit of chitosan. The '"H NMR spectra confirm the
formation of new amide linkage between COOH group of thymin-
1-yl acetic acid and NH; group of chitosan. The degree of modified
thymine substitution in chitosan (DS) was found to be 56%. The
DS was estimated from the ratio of integral intensity of modified
thymine proton to the sum of integral intensities of the chitosan
protons.

3.4. Thermogravimetric analysis

The TGA thermograms of chitosan, thymine-1-yl-acetic acid
and chitosan-thymine conjugate are shown in Fig. 4. TGA of pure
chitosan Fig. 4a showed two different stages of weight loss. The
first stage weight loss starting from 47 to 100°C, this may cor-
responds to the loss of adsorbed and bound water. The second
stage of weight loss starts at 247°C and continues up to 330°C
due to the degradation of chitosan biopolymer [30]. In Fig. 4c,
observed TGA thermogram studies indicate the two weight loss,
chitosan-thymine conjugate began to slow weight loss at about
98°C due to evaporation of water and moisture content in the
polysaccharide. At the second stage, A fast process of weight loss
appears in chitosan-thymine conjugate decomposing from 180 to
284 °C, is may be due to the lower grafting of acid in a polymer con-
jugate. It can be seen that thymine-1-yl-acetic acid (Fig. 4b) begins
tolose weight around 203 °C. The results demonstrate the loss of the
thermal stability for chitosan-thymine conjugate to the chitosan.
Introduction of thymine-1-yl-acetic acid group into polysaccharide
structure should high degree of crystallinity of conjugate (grafting).

100

Weight (%)
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Fig. 4. TGA spectra of chitosan (a),
chitosan-thymine conjugate (c).

thymine-1-yl-acetic acid (b), and

3.5. Scanning electron microscopy analysis

The scanning electron micrographs (SEMs) of the native chi-
tosan and chitosan-thymine conjugate are shown in Fig. 5. The
native chitosan (Fig. 5(a) and (b)) exhibited a nonporous, smooth
membranous phase consisting of dome shaped orifices, crystal-
lites and microfibrils. It also exhibited flat lamellar phases on
which a large number of protruding microfibrils are evident. The
scanning electron micrographs of the chitosan-thymine conjugate
are shown in Fig. 5(c) and (d) rough morphology with rod like
structure than chitosan. Thymine-1-yl-acetic acid was successfully
integrated in to the polymer matrix with no visible agglomerate
formation at low particle amounts. The pore dimensions are non-
uniform with thin walls and randomly dispersed in the polymer
matrix. The rod-like tubes enhance the surface area for better pro-
liferation and better cell adhesion. Further, it enriches for probing
DNA-hybridization, antibacterial activity, single nucleotide muta-
tionidentification and transfection of living cells. Hence, the surface

- g

Zaky X1:8

-

Fig. 5. SEM images of pure chitosan (a), (b) and chitosan-thymine conjugate (c) and (d).
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Fig. 6. Inhibitory effect of chitosan-thymine against E. coli ((A) a,b,c, and d), S. aureus ((B) @, b/, ¢ and d’) and A. niger ((C) a”, b”, ¢’ and d”) in different concentrations 0.1%,

0.05%, 0.01% and control 1% AA respectively.

morphology of the present biopolymeric conjugate has phenome-
nal impact on its biological property.

3.6. Antimicrobial activity
The inhibitory effect of chitosan-thymine conjugate against

E.coli((A)a,b,c,and d),S. aureus ((B)a’,b’, ¢’ and d’) and A. niger ((C)
a”,b”, ¢’ and d”) in different concentration 0.1%, 0.05%, 0.01% and

control 1% acetic acid respectively are shown in Fig. 6. The diam-
eters of clear inhibition zone around the discs, impregnated with
the chitosan-thymine conjugate, were always higher than those of
controls for all the tested micro-organisms (Table 1). The diam-
eter of inhibition zone of chitosan only and thymine only were
lower than chitosan-thymine conjugate (Table 1). The antibacterial
mechanism of chitosan is generally considered due to its posi-
tively charged amino group at the C-2 position of the glucosamine
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Table 1

The diameters of the inhibitory zone of the chitosan-thymine conjugate, chitosan and thymine in different concentrations.

Bacteria/fungi Control (1%AA) (mm)

Chitosan-thymine conjugate (mm)

Chitosan (mm) Thymine (mm)

0.1% 0.05% 0.01% 0.1% 0.1%
Escherichia coli 22 28 28 27 12 14
Staphylococcus aureus 24 34 32 31 13 15
Aspergillus niger Not observed 18 17 17 Not observed 13
) S ) ) ) ) 50000
residue which interacts with negatively charged microbial cell 45000 |-
membranes, leading to the leakage of proteinaceous and other = 0000 -
intracellular constituents of the microorganisms and thereby, bac- g 3000 |
terial death [31,32]. There is also a parallel relationship between % 30000 -
the antibacterial activity of thymine and its inhibitory action %zsuun |
against DNA gyrases in thymine-susceptible clinical isolates of o 0600 &
microorganism. =
S 15000 |
Z. 10000 |
.o . . . . .y 500" B
3.7. Assays for cellular cytotoxicity, proliferation, and viability o

Finally, we evaluated the effect of the chitosan-thymine conju-
gate on the cellular viability and proliferation of mouse embryonal
fibroblast cells (NIH 3T3) and human liver cancer cells (HepG2) to
measure its possible cytotoxicity and anti-cancer activity, respec-
tively. Culture of both NIH 3T3 and HepG2 cells in the presence of
the chitosan-thymine conjugate (5, 50, 100 wM), pure chitosan or
thymine did not had any adverse affect (p>0.05) on their cellular
viability, as measured by cytoplasmic esterase enzyme activity and
plasma membrane integrity (Table 2; Fig. 7). These data suggest
that the chitosan-thymine conjugate was non-cytotoxic. Interest-
ingly, however, chitosan-thymine conjugate-treated NIH 3T3 and
HepG2 cells proliferated slower than non-treated cells and the cells
treated with pure chitosan or thymine (Fig. 7). The mean popula-
tion doubling time was increased while rate of proliferation per day
was decreased in a dose-dependent manner in both NIH 3T3 and
HepG2 cells cultured in the presence of the chitosan-thymine con-
jugate (Table 2). This data clearly suggest anti-proliferative action
of the chitosan-thymine conjugate. As expected, anti-proliferative
action of the chitosan-thymine conjugate was more prominent on
cancerous HepG2 cells than on non-cancerous NIH 3T3 cells. The
anti-proliferative action was possibly due to DNA strands breaks
induced by the incorporation of chitosan-thymine conjugate into
the DNA strand during the synthesis phase. Since chitosan-thymine
conjugate lacks 3'OH group that is required for the attachment
of additional nucleotides during DNA synthesis [24], its incor-
poration into the newly synthesized DNA molecules might have
caused chain termination leading to cell cycle arrest. The increased
activity and hence, specificity of chitosan-thymine conjugate on
cancerous cells was likely imparted by the rapid rate of cellular
proliferation, DNA synthesis and genomic instability in cancer cells
[25] which provide increased chance for the incorporation of the
chitosan-thymine conjugate in the cancer cells than in the non-
cancerous NIH 3T3 cells. Thus, chitosan-thymine conjugate may
be suitable as an anti-cancer drug. However, we also observed that
HepG2, but not NIH 3T3, cells regained the rate of cellular prolifera-
tion upon prolonged culture for 6 days. The cause for this reversibly
is currently not clear but has been commonly observed during
chemotherapy of most cancers [33]. Taken together, our study sug-
gests the antimicrobial and anticancer action of chitosan-thymine
derivatives. Future studies should explore the downstream cell
signalling pathways affected by the chitosan-thymine conjugate
to result in anti-proliferative action. Our study lay foundation
for future study to investigate if the conjugation of an oncogene
sequence-specific polynucleotide to the chitosan would impart
them enhanced and specific anticancer properties, in addition to
antimicrobial action.
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Fig. 7. Cellular proliferation and viability of mouse embryonic fibroblast cell line
NIH 3T3 (A) and human liver cancer cell line HepG2 (B) cultured in the absence or
presence of chitosan-thymine conjugate and pure chitosan or thymine. A: Prolifera-
tion of NIH 3T3 cells cultured in the presence of 0 (black line), 5 (green line), 50 (blue
line) or 100 (red line) wM chitosan-thymine conjugate, 100 (pink line) M chitosan
and 100 (dotted line) wM thymine for 144 h. (B) Percentage growth of HepG2 cells
cultured in the presence of chitosan-thymine conjugate at different concentration.
Values within the bar indicate the percentage of chitosan-thymine conjugate, chi-
tosan and thymine treated cells compared to total number of cells in the non-treated
control at 24, 48 and 144 h of culture. (C) Viability of NIH 3T3 and HepG2 cells cul-
tured in the absence or presence of the chitosan-thymine conjugate. Values within
the figures indicate the percentage viability measure based on the esterase enzyme
activity and plasma membrane integrity by FDA assay. Green fluorescence indicates
viable cells. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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Population doubling time (PDT), cell proliferation rate (r) and viability of mouse embryonic fibroblast (NIH 3T3) and human liver cancer (HepG2) cell line cultured in the
presence of chitosan-thymine conjugate, chitosan and thymine at different concentrations.

Groups Concentration (M) PDT (h) r/day Viability (%)

NIH 3T3 HepG2 NIH 3T3 HepG2 NIH 3T3 HepG2
Control 0 26.67° 24.94° 0.59? 0.652 89.70° 96.10°
Conjugate 5 30.97° 26.122 0.44P 0.612 93.20? 96.51°
Conjugate 50 31.48° 39.18° 0.42° 0.20° 94.00% 96.712
Conjugate 100 34.29¢ 68.57¢ 0.34¢ 0.16° 91.60? 95.06°
Chitosan 100 27.04* 24.922 0.572 0.612 91.60? 97.20°
Thymine 100 26.30? 24.922 0.60? 0.652 93.20? 98.40?

Three replicates were performed. Values with different superscripts (a, b, ) indicate statistical difference (p <0.05).

4. Conclusions

The novel chitosan-thymine conjugate has been successfully
synthesized by the acylation reaction between chitosan and
thymine-1-yl-acetic acid and its dual antimicrobial and anticancer
effect has been tested. The formation of amide bond was confirmed
by FTIR, '"H NMR and X-ray diffractometry analysis. The TGA study
show that the chitosan-thymine conjugate is thermally stable. The
morphological study of the chitosan-thymine conjugate has shown
macro porous structure for biomedical properties. The microbiolog-
ical screening has demonstrated the positive antimicrobial activity
against pathogenic bacteria and fungi. The assays for cell prolifera-
tion and viability showed that the chitosan-thymine conjugate was
non-cytotoxic but significantly reduced the rate of proliferation
in cancerous HepG2 cells. Thus, the chitosan-thymine conjugate
might be a very promising candidate for practical applications in
the field of biomedical and medicine vis-a-vis genetic information
(transfer and function).
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