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ABSTRACT

The synthesis of glycopolymers by copolymerising an allyl glucosamine (AG) monomer with co-
monomers methyl methacrylate (MMA), acrylonitrile (AN) and 2-hydroxyethyl methacrylate
(HEMA) was investigated via free-radical polymerisation of 2,2-azobisisobutyronitrile (AIBN) in
dimethylformamide (DMF). Three new copolymers, poly(AG-co-MMA), poly(AG-co-AN) and poly
(AG-co-HEMA), were obtained. The chemical structures of the glycopolymers were analysed using
"H-NMR, "*C-NMR and FTIR. The thermal properties and degradation kinetics of the three glyco-
polymers were examined by thermogravimetric (TG) analysis at different heating rates. The effects
of different co-monomers on the copolymerisation yield, thermal properties and biological activ-
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ities of the resulting glycopolymers were investigated. The activation energies of the decomposi-
tion stages were calculated using the Flynn-Wall-Ozawa (FWO) and Kissinger methods.
Furthermore, the biological activity of AG monomers and glycopolymers was studied and com-
pared to chitosan. Poly(AG-co-HEMA) had the most significant effect on MCF-7 cell viability, and all
glycopolymers have a low toxic effect profile on MCF-7 cell lines.

1. Introduction

Synthetic polymers containing carbohydrates are com-
monly referred to as glycopolymers. They have attracted
the attention because of their potential significance in
biological applications. Modifying synthetic polymers
using carbohydrate derivatives enables tuning the proper-
ties of the resulting polymers, including their biodegrad-
ability and biocompatibility, ™ resulting in more
environmentally friendly alternative polymer products.
Carbohydrate-modified polymers have applications in clin-
ical diagnostics for targeted gene therapies and prosthetic
uses [2,3], drug delivery systems, tissue engineering, dental
applications, contact lens materials and bioimplants [4].

Natural  biomass-derived carbohydrates are
a significant precursor for the synthesis of biodegradable
polymers [5-7] and provide alternatives to materials
with fossil fuel-derived chemical structures [8-10].
Thus, they are also an important way to reduce depen-
dency on fossil fuel-based resources [11]. The
N-deacetylated derivative of chitin, chitosan, a naturally
occurring polysaccharide in insects and crustaceans, has
attracted interest for such approaches owing to its avail-
ability, advantageous structural properties and biode-
gradability [12,13].

Glucosamine, the monomer unit of chitosan, is pro-
duced on a large scale and is a relatively cheap source of
carbohydrates [14]. Glucosamine derivatives have appli-
cations and interests in antitumor drugs [15], coagulated
drugs [16], gelators [17], and adjuvant drugs [18].
However, glucosamine derivatives are scarce owing to
relatively long synthetic routes using protecting groups
[19,20].

Vinyl sugar monomers, synthesised via a reaction of
a vinyl-containing acid chloride [21] or anhydride [22]
with protected sugars, produce many synthetic poly-
mers with different structures and properties [23].
Polyacrylonitriles (PAN) are an important class of poly-
mers with excellent thermal and mechanical stability.
They are useful membrane materials in pervaporation,
water treatment, gas separation, enzyme immobilisa-
tion, biomedical applications and purification of bio-
chemical products [24-26]. Copolymerisation with
acrylonitrile (AN) has been used to broaden the applica-
tions of PAN-based membranes [27,28].

Methacrylic monomers with pendant saccharide resi-
dues [29], has been deployed for synthesising
methacrylic glycopolymers [30],such as
3-O-methacryloyl-1,2:3,4-di-O-isopropylidene-p-galacto-
pyranose[31],3-O-methacryloyl-1.2,5.6-diisopropylidene-
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p-gluco-furanose [31], and monomethacroyl-sucrose
[32]. They were homopolymerised or copolymerised via
atom-transfer radical polymerization [33] or free-radical
methods initiated with 2,2-azobisisobutyronitrile (AIBN)
[25]. AIBN was used as the initiator in this study because
it has the advantage of not producing oxygenated by-
products and undesirable color changes. A methacrylate
benzodioxinone monomer was copolymerised with
methyl methacrylate (MMA) and 2-hydroxyethyl metha-
crylate (HEMA) to create a photochemically sensitive
random copolymer [34]. Thermoresponsive glycopoly-
mers of poly(N-isopropylacrylamide)-co-(2-[B-manno
[oligolsyloxy] ethyl methacrylate)s have also been
synthesised from oligo-B-mannosyl ethyl methacrylates
(obtained via biocatalysts) [35].

A library of glucomonomers was developed using
N-allyl glucosamine (AG) for synthesis of various glyco-
polymers. These AG  glucomonomers have
a polymerisable group connected via glycosidic bonds.
Thanks to these properties, they could be combined
with other substances and be used to synthesize bio-
functional materials for applications in tissue engineer-
ing, drug-delivery systems and biosensing [36]. Further,
hydrophobic methacrylate monomers were used to
minimise weak solvent interactions with the glycopoly-
mer [24,35]. Hence, there is a large potential for future
research to advance the opportunities provided by
sugar-based copolymers and investigate the properties
derived from the high densities of functional groups that
classical linear polymer analogues possess [37,38].

The low toxicity, biodegradability, stability and
renewability of glycopolymers make them very promis-
ing for biomedical applications [39-41]. Human breast
cancer cell lines are commonly used as cell culture mod-
els to study the in vitro biological and toxic effects of
biopolymers [42-44]. Poly(AG-co-MMA) is a type of
amorphous polymer in the acrylate family [45]. It is
a biocompatible material with a low toxicity profile
that does not induce any immune response in the organ-
ism to which it is administered. Consequently, it has
attracted interest in biomedical applications for several
years [46]. Poly(AG-co-HEMA) is a non-toxic, hydrophilic
polymer with excellent biocompatibility that has been
described as a promising biomaterial for clinical use [47].
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In this study, an N-alloc glucosamine monomer (AG)
(Scheme 1) is used in the radical homopolymerisation of
the novel sugar-carrying glycopolymers with comono-
mers MMA, AN and HEMA via free radical copolymeriza-
tion using AIBN as initiator in DMF at 72 °C for 24 h
(Scheme 2). The thermal degradation kinetics of these
glycopolymers are investigated. The apparent activation
energies (E,) for thermal degradation of these glycopo-
lymers are calculated using the Kissinger and Flynn-
Wall-Ozawa (FWO) methods. These findings (vide infra)
indicate that the new glycopolymers are promising can-
didates for preparing biodegradable polymers for biolo-
gical applications. These new allyl glucosamine
copolymers are good candidates for the biomedical
applications such as targeted and controlled drug deliv-
ery, improvement i aqueous solubility and stability of
drugs, tissue engineering, and antimicrobial coatings in
further studies.

2. Experimental
2.1. Materials

All the following chemicals were obtained from Sigma-
Aldrich and Merck A.G: glucosamine hydrochloride (U.S.
A, stated purity>98.0%), allylchloroformate (Germany,
stated purity=99.0%), ethyl acetate (EtOAc) (Germany,
stated purity 99.0%), diethyl ether (Germany, stated pur-
ity>99.0%), n-hexane (Germany, stated purity 99.0%),
toluene (Germany, stated purity 99.0%), sodium hydro-
gen carbonate (NaHCOs) (Germany, stated purity 98.0%),
sodium sulphate (Na,SO4) (Germany, stated purity
98.0%), MMA (U.S.A, stated purity=99.0%), HEMA (U.S.A,
stated purity=99.0%), AN (U.S.A, stated purity=99.0%)
and AIBN (Germany, stated purity 98.0%).

2.2. Instrumentation

Nuclear magnetic resonance (NMR) spectra [48] H and
13C) were recorded in dimethyl sulfoxide-ds (DMSO-dg)
at ambient temperature using a Varian AS 400+ Mercury
FT NMR spectrometer (400 MHz). Attenuated total reflec-
tance-Fourier-transform infrared (ATR - FTIR) spectro-
scopy (Perkin Elmer 100 FTIR with PIKE Gladi ATR
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Scheme 1. Synthesis of N-alloc glycosamine monomer (N-alloc glucosamine, AG) from glucosamine.
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Scheme 2. Synthesis of new sugar-based copolymers from the
AG monomer with methyl methacrylate (MMA), acetonitrile (AN)
and 2-hydroxyethyl methacrylate (HEMA).

accessory) was performed at room temperature. The test
wavenumber range of FTIR spectra was 400-4000 cm™".
Column chromatography and thin-layer chromatogra-
phy were performed on silica gel G-60 (Merck 7734)
and precoated aluminium plates (Merck 5554),
respectively.

Thermogravimetric analysis (TGA) and derivative TG
(DTG) analysis were performed on a Perkin Elmer
Diamond TA/TGA with heating rates of 5°C/min, 10°C/
min, 15°C/min and 20°C/min under N, atmosphere. The
temperature ranged from 30°C and 600°C. The weight
loss (TG curve) and its first derivative (DTG curve) were
recorded simultaneously as a function of temperature.

Molecular weights were determined using a gel per-
meation chromatography (GPC) instrument equipped
with a Waters Styragel column (HR series 2, 3, 5E) using
tetrahydrofuran as the eluent at a flow rate of 1 mL/min
and a Waters 410 differential refractometer detector.

2.3. Synthesis of the 2-N-allyloxycarbonyl-
2-amino-2-deoxy-a-d-glucopyranose (1)

Glucosamine hydrochloride (7.0 g, 32 mmol) was dis-
solved in water (150 mL), followed by a solution of
NaHCOs; (6.35g, 75mmol) in water (150mL) was
added. The reaction mixture was cooled in an ice
bath. Allyl chloroformate (4 mL, 32 mmol, 1 equiv.)
was added to the flask dropwise. The mixture was
stirred at 0°C for 3 h (Scheme 1). The reaction mixture
was concentrated under reduced pressure and dried
overnight under high vacuum to yield a white solid
compound 1 (9.00g, 98%). [HRMS (ES-) for CioH;7
NO,Na required 286.0897, found 286.0891] [48].
H NMR (400 MHz, DMSO-d6) 6=6.16 (1H, d, J=3.6
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Hz, H-1), 581 (1H, m, -CH=CH,), 5.22 (2H,
m, ~CH=CH,), 4.95 (1H, dd, J=3.6 Hz, H-2), 4.55 (2 H,
m, —CH,), 4.45 (1 H, m, H-4), 4.35 (1 H, dd, J=10.4, 2.3
Hz, Hea), 4.25 (1 H, dd, J=10.4, 4.9 Hz, Hep), 4.36-4.15
(2H, m, -CH,), 4.05 (1H, s, H-3), 4.00 (1H, m, H-5)
and 3.64 (4H, s, OH) [49].

2.4. Synthesis of 1,3,4,6-tetra-O-acetyl-
2-N-allyloxycarbonyl-2-amino-2-deoxy-a-
D-glucopyranose (N-alloc glucosamine, AG)

Dried compound 1 (2.6 g, 1 mmol) was dissolved in dry
pyridine (2.5 mL volume based on 4 OH groups) under
N,, yielding a yellow solution. The reaction mixture was
stirred for 24 hours after adding 5 mmol of acetic anhy-
dride (5 equiv. 1.25 equiv. for each of the 4 hydroxyl
groups). Further, the reaction mixture was extracted
using EtOAc (3 x 25 mL) and 3% aqueous hydrochloric
acid (3x20mL). The organic extracts were combined
and washed sequentially with water (3 x 10 mL) and
a saturated aqueous solution of NaHCOs (2 x 20 mL).
The combined organic extracts were dried over Na,
SO,, filtered and concentrated under vacuum to yield
the acetylated product 1 as light brown oil (3.53 g, 83%).
The material was crystallised by titrating with diethyl
ether with an Rf of 0.53 (in v/v EtOAc/hexane 1:1)
and m.p. of 104°C-106°C (Recrystallization of compound
AG (N-alloc glucosamine) from diethyl ether produced
a white crystalline solid.) mp 119-121 °C. [a]p [23] + 58.9
(c 0.6, CHCIy), lit, 115 [alp [22] +27.6 (c 2.36, CHCI3).
"H NMR (400 MHz, CDCl5) 3 ppm; 6.26 (d, J=3.6 Hz, 1H,
H-1), 5.86 (m, 1H, -CH=CH,), 5.23-5.03 (m, 3 H, H-3, -
CH=CH,), 4.91 (d, J=8.8 Hz, 1 H), NHC=0 (-assigned by
D,0 exchange-), 4.60-4.50 (m, 2 H, -CH,), 4.35 (dd, J=
8.4, 9.6 Hz, 1H, H-4), 4.21 (ddd, J=3.6, 9.8, 10.2Hz, 1H,
H-2), 4.15 (dd, J=5.7, 10.3 Hz, 1 H, H-6a), 4.04-3.99 (m, 1
H, H-6b), 3.92-3.89 (m, 1 H, H-5), 2.16/2.06/2.02/1.98 (4 x
3H, 3xs, COCHs). *C NMR (300 MHz, CDCl3) 8 ppm;
171.2/170.7/169.2/168.7 (H3CC=0), 155.4 (NHC=0),
132.2 (-CH=CH,), 118.1 (-CH=CH,), 91.8 (C-1), 70.6 (C-3),
69.7 (C-5), 67.6 (C-4), 66.1 (-CH,), 61.5 (C-6), 52.8 (C-2),
20.9/20.7 (x2)/20.6 (O=CCHs). m/z (C |+ ve) for CigHy5
NO,;Na required 454.1325 found 454.1319. IR cm™" (KBr
thin film); 3266 (NHC=0), 1754 (O - C=0), 1529 (C=Q),
1371, 1229 (C - C(O) -C), 1028, 927.

2.5. Copolymerisation of N-alloc glucosamine
monomer (AG (N-alloc glucosamine)) with methyl
methacrylate (MMA) to synthesise poly(AG-co-
MMA)

The new glycopolymer poly(AG-co-MMA) from AG
(N-allyl glucosamine) monomer (0.25g, 0.58 mmol)
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and MMA (0.31 mL, 2.9 mmol), AN (0.19 mL, 2.9 mmol)
and HEMA (0.35 mL, 2.9 mmol) at a 1:5 mol monomer
rate. A conventional free-radical co-polymerisation
was conducted using AIBN (2.0%, based on the total
weight of the monomer) as an initiator in 2mL of
dimethylformamide (DMF) at 72°C for 24 h, forming
glycopolymers poly(AG-co-MMA), poly(AG-co-AN) and
poly(AG-co-HEMA) with approximately 3%, 10% and
7% conversion, respectively, in an all-glass Schlenk
flask under inert atmosphere. The synthesised glyco-
polymer was precipitated in methanol and dried
under vacuum at 40°C for 24 h and analysed using
FTIR and NMR spectra. '"H NMR (d6-DMSO, 400 MHz):
6 5.98 (d, J=3.6Hz, H-1), 5.20 (m, H-3), 5.10 (dd, TH,
J=3.6, 10.2 Hz, H-2), 4.60-4.44 (m, -CH,, H-7,8), 4.15
(dd, J=8.4, 9.6 Hz, H-4), 4.07 (m, H-5), 3.98 (m, H-6),
3.92 (m, H-9), 3.54 (s, metoxyl protons), 2.80-2.20
(methyl protons). '>C NMR: 178.0-162.2 (carbonyl car-
bons), 90.2 (C-1), 70.8, 69.5. 68.7, 65.4, 61.8 (C-2, C-3,
C-4, C-5, C-6), 52.6, 52.0 (-OCHj3, -O-CH,-) 37.1-21.0
(aliphatic carbons).

2.6. Copolymerization of N-alloc glucosamine
monomer (AG) with acyrolonitrile (AN) (poly(ag-co-
AN)

The new copolymer (Poly(AG-co-AN)) was obtained
from reaction of N-alloc glucosamine monomer (AG)
(0.25g, 0.58 mmol) and acrylonitrile (AN) (0.19 mL,
2.9 mmol) (1:5 mol monomer rate) via free radical
copolymerization using AIBN (2,2-azobisisobutyroni-
trile) (2.0%, based on the total weight of the mono-
mer) as initiator. Reaction in 2 mL of DMF at 72 °C for
24 h (Schlenk) afforded ca.10% conversion to the
copolymer (Poly(AG-co-AN)). The copolymer was pre-
cipitated in methanol and dried under vacuum at 40
°C for 24 h and then was characterised using FTIR and
NMR spectra. '"H NMR (d6-DMSO, 400 MHz): & 5.99 (d,
J=3.6Hz, H-1), 5.16 (m, H-3), 495 (dd, 1H, J=3.6,
10.2 Hz, H-2), 4.15-4.07 (m, -CH, H-7,8), 3.98 (dd, J=
8.4, 9.8 Hz, H-4), 3.15 (m, H-5, H-6), 2.90-2.48 (methyl
protons). '>*C NMR: 176.0-161.0 (carbonyl carbons),
132.0 (-CN), 90.0 (C-1), 70.4, 69.0. 68.4, 65.2, 62.0
(C-2, C-3, C-4, C-5, C-6), 52.6 (-O-CH,-) 36.9-21.7 (ali-
phatic carbons).

2.7. Copolymerization of N-alloc glucosamine
monomer (AG) with 2-hydroxyethyl
methacrylate(hema) (poly(ag-co-HEMA))

The new copolymer (Poly(AG-co-HEMA)) was obtained
from N-alloc glucosamine monomer (AG (N-allyl glucosa-
mine)) (0.25 g, 0.58 mmol) and 2-hydroxethyl methacrylate

(HEMA) (0.35 mL, 2.9 mmol) (1:5 mol monomer rate) via free
radical copolymerization using AIBN (2,2-azobisisobutyro-
nitrile) (2.0%, based on the total weight of the monomer) as
initiator. Carrying out this polymerisation in 2 mL of DMF at
72 °Cfor 24 h (in a Schlenk) afforded (Poly(AG-co-HEMA)) in
ca. 7% conversion. The resulting polymer was precipitated
in methanol and dried under vacuum at 40 °C for 24 h and
characterized using FTIR and NMR spectra. 'H NMR (d6-
DMSO, 400 MHz): § 6.12 (d, J=3.6 Hz, H-1), 5.19 (m, H-2),
5.02 (m, H-3, H-4), 4.18-3.90 (m, -H-5, H-6, H-7), 3.62 (br s,
H-11, H-12), 3.38 (br s, -OH), 2.70-1.90 (methyl protons).
3C NMR: 179.1-162.0 (carbonyl carbons), 90.1 (C-1), 70.7,
69.3. 68.6, 654, 61.6, 61.2 (C-2, C-3, C-4, C-5, C-6, C-8), 58.0,
57.8 (C-14, C-15) 36.7-21.1 (aliphatic carbons).

2.8. Kinetic analysis

In the literature, the thermal behaviour of many polymers
has been examined using the thermogravimetric (TG)
method and some physicochemical data have been deter-
mined using the obtained thermograms [50-52].
Calculation of the kinetic parameters A, E and n can be
made using several different methods based on integral
or differential methods [53-55]. Kinetic calculations using
TG analysis (TGA) data are made using mass-percentage -
temperature curves obtained at different heating rates.
Methods for kinetic analyses include FWO, Kissenger,
Coats — Redfern, Friedman, Freeman Carroll Metodu and
van Krevelen Yontemi methods. In our study, activation
energies were calculated using differential (Kissenger
method) and integral methods (FWQ), using Equations (1)
and (3), respectively.

2.8.1. Differential method

2.5.1.1. Kissenger method. The activation energy can
be calculated using Equation (1) using the Kissenger
method without knowing the solid-state degradation
reaction mechanism.

ln(rsax) - ln(g) +in(n(1 = o™ - (Rfm) W

B is heating rate, Tmax is temperature related to max-
imum reaction rate, A is pre-exponential factor, dmay is
maximum degradation fraction, n is reaction order.
Plotting In (B/T [1]max) versus (1000/Tax) gives E, acti-
vation energy from slope [53].

2.8.2. Integral methods

2.8.2.1. Flynn-Wall-Ozawa (FWO) method. The FWO
method is an integral method which can be used to
determine the activation energy without knowledge of
the reaction mechanism. The pre-exponential factor (A)
and activation energy (E;) do not depend on the



degradation fraction but rather on the temperature. This
method uses Equation (2) [54,55].

AE, E,
logg(a) = log (T) —logP + log p(ﬁ> ()

The Doyle approximation is then used and Equation (3)
can be obtained.

RT
3)

The plot of log  versus 1000/T should be linear with the
slope E./R, from which E, can be obtained [54,55].

AE E
logB = Iog(Ta) —logg(a) —2.315 — 0.4567(—“>

2.9. Cell culture

MCF-7 human breast cancer cell lines were purchased from
American Type Culture Collection (ATCC, Rockville, Md., U.S.
A). Cells were cultured as previously described [56] in
Eagle’s minimum essential medium containing 10% fetal
bovine serum, 2 mM L-Glutamine, 100 U/mL penicillin, 0.1

mg/mL streptomycin, at 37°C in a humidified incubator
with 5% CO,. The culture medium was changed every 2—
3 days. Cells were passaged approximately every 5 days.

2.10. Cell viability test

Cell viability was determined using 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
[57]. MCF-7 cell lines were seeded into 96-well plates at
2500 cells/well. After 24 h, the medium of the cells was
replaced with a fresh medium. The synthesised glycopo-
lymers were dissolved in DMSO at doses of 0, 1.2, 2.5, 5,
10, 20, 40 and 80 pg/mL. The cells were then treated with
glycopolymer solutions for 24, 48 and 72 h. After the
treatment period, 15puL of the MTT solution at
a concentration of 5mg/mL was added to each well.
Cells were incubated at 37 °C for 4 h. At the end of the
incubation, the medium containing MTT was removed
and 100uL of DMSO was added to each well.
Absorbance values were read using a microplate reader
at a wavelength of 570 nm. The cell viability was calcu-

lated according to the formula as follows:
__means optic density of samples(samples — blank)

iability(%) = 100
viability (%) means optic density of controls(controls — blank)x

3. Results and discussion

Herein, radical copolymerisation of AG with MMA, AN and
HEMA was carried out via reactions at 70 °C in DMF.
Copolymer poly(AG-co_AN) was obtained in 10% yield,
poly(AG-co-HEMA) in 7% yield and poly(AG-co-MMA) in
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3% yield (yields as a ratio of the weight of the product to
the total weight of the monomers) (Table 1).

There are several studies of MMA, AN and HEMA co-
monomers synthesised by copolymerisation with different
functionalised monomers [58-60]. The conversions
reported here for poly(AG-co-MMA), poly(AG-co-AN) and
poly(AG-co-HEMA) are lower than those of copolymers
reported using MMA, AN and HEMA comonomers with
other N-allyl group monomer [52]. The novel strategy pro-
posed herein for preparing the N-allyl derivative comono-
mer at a mild temperature. Depending on the molecular
structure of the comonomer synthesized, curing kinetics
and final material properties can be customized.

3.1 Characterisation studies

3.1.1 FTIR spectra of the allyl glucosamine monomer
and the synthesised glycopolymers
The FTIR spectra of the AG monomer and the synthe-
sised copolymers are shown in Figure 1. The FTIR spec-
trum of the AG monomer shows C — H in CH; and C -
Hin CH, at 2925 cm™'; vinyl C=CH, at 1529 cm™" and C -
O-C peak in the sugar ring at 1028 cm™". Lastly, the
absorption bands at 1754 and 3266 cm™' correspond
to the NHC=0 group (C=0 and N - H, respectively).
The FTIR spectra of the glycopolymers poly(AG-co-AN),
poly(AG-co-MMA) and poly(AG-co-HEMA) (Figure 1)
showed key absorptions as follows: C-Hin CH;and C-Hin
CH, at 2800 - 3000 cm™'; C — O-C peak in the sugar ring at
1110cm™". Peaks observed at approximately 1710 and
1730 cm™" are characteristic carbonyl vibrations of metha-
crylate groups. The intensity of the vinyl carbonyl peaks at
ca.1640 cm ™' for the sugar methacrylate monomer was
significantly reduced and shifted to a longer wavenumber
after polymerisation, attributed to the absence of conjuga-
tion between C=0 and C=CH, linkages. The C=C peaks at
1452 cm™' and characteristic absorption for the vinyl struc-
ture disappeared after polymerisation. The N-alloc group
exhibited the characteristic C - H in CH; and C - H in CH,
absorption bands at 2900-3100 cm™'. Furthermore, the
expected hydroxyl peak of poly(AG-co-HEMA) is at approxi-
mately 3450 cm™" in Figure 1.

3.1.2 The "H and ">C NMR spectra of the allyl
glucosamine monomer and the synthesised
glycopolymers

In the "H NMR spectrum of the AG monomer, two doublets
are observed at 6.26 ppm and 4.21 ppm for H-1 and H-2,
respectively. For an a-glucose derivative, H-1 and H-2 have
a typical coupling constant of 3.6 Hz. The H-5 protons yield
a multiplet centred at 3.92 ppm. One of the H-6 signals
(H-6a) obtained is resolved into a doublet of doublets at
4.15 ppm with coupling constants Je, 5 of 10.3 Hz and Je, 6
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Figure 1. TIR spectra of allyl glucosamine (AG) monomer and glycopolymers (poly(ag-co-MMA), poly(ag-co-AN) and poly(ag-co-HEMA)).

of 0.8 Hz. The H-6b signal is observed at 4.21 ppm with
Jneb-ns Of 5.7 Hz. Meanwhile, H-4 appears as a doublet of
doublets at 4.35 ppm with J,5 of 8.4 Hz. The H-3 signal is
a multiplet at 4.07 ppm with an H-3 and H-4 coupling
constant of 3.2 Hz. The NH proton appears as a broad signal
singlet at 4.91 ppm. Moreover, the 12Hs of the four acetyl
methyl groups are seen at 2.16 - 1.98 ppm. Finally, the
alkene protons of the allylic group yield multiplet signals
at 5.80 ppm and 5.21 ppm. Furthermore, the '*C NMR data
of the AG monomer are also fully consistent.

In the "H NMR spectra of the synthesised glycopo-
lymers, the anomeric proton and other sugar protons
are observed at 6.20 and 4.80 - 4.10 ppm, respec-
tively. However, the disappearance of characteristic
C=C peaks for the AG monomer can be observed in
the '"H NMR spectra of the synthesised glycopoly-
mers. These results show the successful synthesis of
sugar-based monomers and their copolymers (the
'"H NMR spectra of all glycopolymers are shown in
Figures 2-5).
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Figure 2. The "H NMR spectrum of the allyl glucosamine monomer (AG).
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In the *C NMR spectrum of AG, the acetyl group carbons 118.1 ppm and amide carbonyl carbon (NHC=0) can be

(HsCC=0) are evident between 171.2 and 168.7 ppm. In observed at 155.4 ppm. Meanwhile, the anomeric C-1 is
addition, allylic carbon (-CH=CH,) is clear at 132.2 ppm and observed at 91.8 ppm (Figure 6). In the case of the 3CNMR
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spectra of the polymers and the alkyl group carbon peaks of
the synthesised glycopolymers appear in the range of 40.4—
21.6 ppm. The allyl carbons of the glycopolymers are shifted
to higher fields because of increased electron density. The
sugar moiety carbons of the glycopolymers are observed
for C-1 to C-6 (the ">C NMR spectra of all the glycopolymers
are shown in Figures 6-9).

3.2 Thermal studies

The TG of each synthesised glycopolymers and the AG
monomer were measured in temperature range of 30-
600°C at a rate of 10 °C/min under a nitrogen purge (100
mL/min) [52,53] and shown in Figure 10.

Thermograms and DTGs (Figure 10) indicate that
there is one decomposition stage for poly(AG-co-MMA),
with degradation starting at 310°C and continuing up to
450°C. In contrast, poly(AG-co-AN) decomposes in two
stages, beginning at 160°C and continuing at a slower
rate to 280°C. The degradation percentage is approxi-
mately 25% and may be assigned to the oligomer.
The second degradation started at 280°C and continued
until 475°C. The second degradation may be assigned to

poly(AG-co-AN) and the degradation percentage at this
stage is approximately 35%. The maximum weight loss
of the second product occurs at approximately 425°C.
Poly(AG-co-HEMA) degradation began at 130°C and con-
tinued until 280°C, with approximately 45% mass loss.
The second degradation began at 285°C and continued
to approximately 370°C, resulting in an additional 7%
degradation mass loss. The temperature for the maxi-
mum weight loss of the second product is approximately
320°C. The third decomposition stage mass loss is
approximately 30% between 370°C and 500°C, yielding
nearly 8% of residue even at 600°C.

E. were calculated using differential (Kissinger) and
integral (FWO) methods to obtain more information on
the thermal stability of the synthesised glycopolymers.
Figure 11 shows the dynamic TG plots of the glycopoly-
mers under a nitrogen atmosphere at heating rates of 5,
10, 15 and 20 °C/min. As shown in Figs. 11a-c, the
thermal decompositions of the synthesised glycopoly-
mers were not significantly affected by the heating rates.

Tables 2-4 summarise the E, calculated using the
Kissinger and FWO methods. The calculated
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Figure 10. The TG and DTG thermograms of a) Poly(AG-co-MMA) b) Poly(AG-co-HEMA) c) Poly(AG-co-AN).

decomposition E, obtained from the Kissinger method
are 166 kJ/mol for the poly(AG-co-MMA), 105 and 242 kJ/
mol for the poly(AG-co-AN) and 129, 138 and 239 kJ/mol
for poly(AG-co-HEMA). The mean values of E, calculated
by the FWO method were 186 kJ/mol for poly(AG-co-
MMA), 110 and 212 kJ/mol for poly(AG-co-AN) and 70,
90 and 160 kJ/mol for poly(AG-co-HEMA). E, obtained
using FWO were smaller than those of the Kissinger
method, most notably for poly(AG-co-HEMA), because
the peaks on the DTG curves were not sharp enough to
determine the peak point.

3.3 Molecular weight study of the synthesised
glycopolymers

The mass-average molecular weight (M,,), number-
average molecular weight (M,) and polydispersity
index (PDI) for the synthesised copolymers were ana-
lysed by GPC and presented in Table 5.

These molecular weights are lower than those of
homopolymers poly(MMA), poly(AN) and poly(HEMA)
because of the resonance stability of the AG mono-
mer in the double bond. This may be due to the
degradative chain transfer to the monomer by form-
ing an allylic radical, which weakens chain propaga-
tion. The molecular weights were also lower than
those of typical vinyl compounds owing to the allylic
radical resonance stabilisation, making the abstrac-
tion of a hydrogen atom more facile [52,61]. As
a result, the allyl radical produced has a lower ten-
dency to initiate a new polymer chain; hence, this
chain transfer will lead to a termination reaction. This
is ascribed to lower reactivity of the propagating
radicals formed from these conjugated monomers
[61] the ester and nitrile substituents stabilize the
radicals and decrease their reactivity toward transfer,
and simultaneously the reactivity of the monomer
toward propagation is enhanced. This resonance is
called the degradative chain reaction. Therefore, the
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Figure 11. TG curves of a) Poly(AG-co-MMA) b) Poly(AG-co-HEMA) c) Poly(AG-co-AN) at heating rates of 5, 10, 15, and 20 °C/min.; in nitrogen

atmosphere.

Table 1. Copolymerisation of allyl glucosamine (AG) monomer
with methyl methacrylate (MMA), acrylonitrile (AN) and 2-hydro-
xyethyl methacrylate (HEMA) in dimethyl formamide (DMF)
under a nitrogen atmosphere.

Table 2. Activation energies (E,, kJ/mol) of poly(ag-co-MMA)
obtained using the Flynn-Wall-Ozawa (FWO) and Kissinger
methods.

FWO
Glycopolymers Yield (%) method Kissinger method
Poly(AG-co-AN) 10 Stage E, (kJ/mol)
Poly(AG-co-HEMA) 7 First 186 166
Poly(AG-co-MMA) 3 (r* = 0.99) (r* = 0.88)




Table 3. Activation energies (E, kJ/mol) of poly(ag-co-AN)
obtained using the FWO and Kissinger methods.

FWO
method Kissinger method
Stage E, (kJ/mol)
First 110 105
( =0.95) (’ =0.98)
Second 212 242
(r* = 0.98) (=092

Table 4. Activation energies (E, kJ/mol) of poly(ag-co-HEMA)
obtained using the FWO and Kissinger methods.

FWO
method Kissinger method

Stage E, (kJ/mol)
First 70 129

(r =0.98) (r = 0.85)
Second 90 138

(r =0.99) (=087
Third 160 239

(r =0.98) (r =0.92)

Table 5. Number-average molecular weight (M,,), mass-average
molecular weights (Mw) and polydispersity index (PDI) of synthe-
sised glycopolymers determined using GPC.

Mass-average

Number-average

molecular weight molecular Polydispersity
Glycopolymer (M) weights (M,,) index (PDI)
Poly(AG-co- 2550 4280 1.678
MMA)
Poly(AG-co-AN) 2460 2800 1.138
Poly(AG-co- 2500 4150 1.660
HEMA)
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molecular weights of the obtained polymers are very
low. Moreover, the PDI (M,/M,) of the synthesised
glycopolymers are calculated as 1.678, 1.138 and
1.660, respectively (Table 5). These PDI values indicate
that all the synthesised glycopolymers have homoge-
neous molecular weight distributions.

3.4 Biological evaluation

The cell viability effects of the new synthetic glyco-
polymers were evaluated using human breast cancer
MCF-7 cell lines. The synthesised copolymers and
the AG monomer were applied to MCF-7 cell lines
in the same doses and for the same durations.
Poly(AG-co-MMA) had no significant effect on cell
viability at 24, 48 and 72 h until 80 ug/mL (p > 0.05)
(Figure 12a). Similar effects were observed with poly(AG-
co-AN) (Figure 12b). However, poly(AG-co-HEMA)
decreased cell viability after a dose of 10 ug/mL at 24 h
(p < 0.05). It was determined that the highest dose at 72
h reduced cell viability 75% (Figure 12c). AG monomer at
doses ranging 5-80 ug/mL, significantly decreased cell
viability in a time- and dose-dependent manner (p <
0.05). At 80 pg/mL, the cell viability decreased by 95%
and 98% at hours 48 and 72, respectively (Figure 12d).
The new glycopolymers did not have a toxic effect of up

to 72 h at all the treatment doses.
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Figure 12. Effect of allylglucosamine monopolymer on cell viability in MCF-7 cell lines. Cell viability was determined by MTT analysis.
Biopolymers were treated to MCF-7 cell lines at a dose of 0-80 pg/ml until 72 h. a). poly(ag-co-MMA), b). poly(ag-co-AN), c). poly(ag-co-AN)
and d). monomer (AG). The results represent the average of three independent tests.Data are expressed as meanztstandard deviation. (*p<0.05).
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4. Conclusion

Three new carbohydrate-based glycopolymers (poly(AG-
co-MMA), poly(AG-co-AN) and poly(AG-co-HEMA)) were
synthesised from AG monomer via free-radical copoly-
merisation reactions using AIBN as an initiator in DMF.
The copolymerisation yields indicated that AG leads to
low conversions with the co-monomers MMA, HEMA
and AN. The maximum copolymerisation yield was
obtained using AG with AN, providing a glycopolymer
with a 10% yield at 70 °C for 24 h. The thermal degrada-
tion of poly(AG-co-MMA), poly(AG-co-AN) and poly(AG-
co-HEMA) in a nitrogen atmosphere proceeds in one-,
two- and three-stage reactions, respectively. Among the
AG-based glycopolymers synthesised, the HEMA-based
glycopolymer (poly(AG-co-HEMA)) had the greatest
effect on MCF-7 cell viability, noting that the monomeric
carbohydrate itself in fact produces almost complete
suppression fo cell-viability after 48 h or more. All the
glycopolymers have low toxicity on MCF-7 cell lines.
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