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Abstract

In this work, the influence of the incorporation of a small amount of carbohydrate-containing monomer N-acryloyllactosylamine (LAM) on
the swelling behavior of covalently-crosslinked polyacrylamide hydrogels in water has been reported. The incorporation of LAM into the
copolymer was assessed by ATR—FTIR and thermogravimetric experiments. The main result is that the equilibrium water uptake was signi-
ficantly decreased as soon as the hydrogel contained LAM considering a constant amount of crosslinking agent. The greatest difference of water
uptakes between carbohydrate-free hydrogel and carbohydrate-containing hydrogel occurred for the lowest crosslinker amount of 1 mol%. In
that case, the value of the water uptake reached ~56-fold for the carbohydrate-free hydrogel and decreased down to 41-fold for the
10 mol% LAM hydrogel. Additional NMR experiments were used to measure the amount of non-crystallizable water which was higher for
carbohydrate-free hydrogel than that for lactose-containing hydrogel confirming the water uptake results.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogels are hydrophilic polymer networks which may
absorb from 10 to 20% up to thousand times their dry weight
in water [1].

Since the pioneering work of Wichterle and Lim in 1960 [2]
on covalently-crosslinked hydroxyethylmethacrylate (HEMA)
hydrogels, and because of their hydrophilic character and
potential to be biocompatible, hydrogels have been of great
interest to biomaterial scientists for many years. Examples
of applications which have attracted considerable success
can be found in the fields of cell encapsulation [3], artificial
burn dressings [4] and more recently tissue engineering as
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matrices for repairing and regenerating a wide variety of tis-
sues and organs [5,6].

Among the different hydrophilic monomers the more often
used are HEMA, (meth)acrylamide, (meth)acrylic acid, etc.
But some works have already been done using carbohydrate-
containing monomers [7—9].

The potential interest to incorporate carbohydrate as a sub-
stituent in a polymer material is based on the structural diver-
sity of carbohydrates and their specific molecular recognition
which should allow a wide range of applications in the bio-
technological and biomedical fields [10,11].

Dealing with a fundamental approach, it is important to
know how a given physical—chemical property of a polymer
material is affected by the incorporation of carbohydrates.
For this reason, we have chosen to study the swelling capacity
of polyacrylamide hydrogels in water with a small amount of
covalently linked carbohydrate which is the main difference
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compared to previous works on carbohydrate-containing
hydrogels [7—9].

For that purpose, we have copolymerized a carbohydrate
monomer, the N-acryloyllactosylamine (LAM), with an excess
of acrylamide (AM) as comonomer using free radical polymeri-
zation (initial mol% ratio of comonomers LAM/AM: 0, 2, 5 and
10) in the presence of different amounts of a crosslinking agent
(N,N'-methylene-bisacrylamide). We studied both the influence
of the carbohydrate content and of the crosslinkage on the
swelling ratio (SR) of the hydrogel in water. The incorporation
of carbohydrate monomer in the hydrogel was assessed by
ATR—FTIR and thermogravimetric experiments. Then, we
have correlated the SR values with the amount of non-crystal-
lizable water of the hydrogel obtained by NMR experiments.

2. Experimental
2.1. Material

a-D-Lactose monohydrate (99.5% purity) (Acros), acryloyl
chloride (98% purity) (Fluka), acrylamide (98% purity)
(Fluka), N,N'-methylene-bisacrylamide (96% purity), ammo-
nium persulphate (98% purity) and N,N,N'.N'-tetramethyl eth-
ylene diamine (99% purity) (Acros) were used without further
purification.

2.2. N-Acryloyl-4-O-(3-p-galactopyranosyl)-(3-p-
glucopyranosylamine (LAM) 3 synthesis

The method used involved the preparation of a functional
carbohydrate monomer consisting of two steps reaction
(Scheme 1) of (i) the synthesis of lactosylamine 2 by amina-
tion of lactose 1 at the anomeric position [12], followed by
(ii) the acryloylation of lactosylamine [13] to obtain LAM 3.

(i) Synthesis of lactosylamine — To an aqueous solution
of a-p-lactose (0.4 M, 10 g, 29.23 mmol into 73 mL
of water) containing NH4HCO; (0.2M, 1.155¢g,
14.62 mmol), commercial ag. NH; (16 M) was added.
The reaction was undertaken in a closed thick glass
vessel. The solution was heated for 48 h at 42 °C. Am-
monia was then removed under vacuum and the remain-
ing solution was freeze-dried to eliminate salts and
water. Lactosylamine was obtained quantitatively as a
brownish-orange solid. '"H and ">C NMR (not shown)
assessed the purity of the product.

(i) Synthesis of LAM — Lactosylamine (1 g, 2.93 mmol,
1 eq.) was added to a solution of sodium carbonate

OH OH OH OH oH

&/O A poH ——= &O
HO. HO HO HO

OH OH OH
1 2

(2 g, 18.9 mmol into 42 mL of a mixture MeOH/H,O
1/1). The mixture was stirred at 0 °C while acryloyl
chloride (14.65 mmol, 5 eq.) was added dropwise. The
reaction was controlled by TLC in the eluent i-PrOH—
AcOEt—H,0 (3:3:1). After 60 min, the solution was di-
luted with water. Acryloyl chloride and the solvents
were removed under vacuum. The product was diluted
in water and the aqueous solution was then applied
onto a C-18 silica gel column. The fractions containing
product were pooled and lyophilized. LAM (683 mg,
1.73 mmol) was obtained in 59% yield.

R;=023 (3:1:1 i-PrOH—AcOEt—H,0). 'H NMR
(250 MHz, D,0): ¢ (ppm) 4.46 (d, H-1 gal, J,,=7.8 Hz),
5.1 (d, H-1 glc, J,,=28.7 Hz), 5.87 (m, CH=CH,), 6.31 (m,
CH=CH,).

3C NMR (62.5 MHz, D,0): & (ppm) 60.1 (C-6 glc), 61.3
(C-6 gal), 68.8 (C-4 gal), 71.2 (C-2 gal), 71.8 (C-2 glc),
72.8 (C-3 gal), 75.3 (C-3 glc), 75.6 (C-5 gal), 76.7 (C-5
glc), 78 (C-4 glc), 79.5 (C-1 glc), 103.1 (C-1 gal), 129.6
(CH=CH,), 129.9 (CH=CH,), 169.6 (C=0).

2.3. Hydrogel synthesis

Monofunctional monomers with molar feed ratios of 0/1,
1/50, 1/20 and 1/10 LAM/AM were mixed and the crosslink-
ing agent, N,N'-methylene-bisacrylamide CH,=CH(C=0)—
NH—CH,—NH—(C=0)—CH=CH, (BIS), was added in the
amount of 1, 1.5, 2 and 3 mol% of AM. Ammonium persul-
phate (NH,4),S,05 (APS) and N,N,N',N'-tetramethyl ethylene
diamine (TMEDA) were used as initiating systems in aqueous
condition. In a classical experiment, three aqueous solutions of
equal volume (V=1.2mL) of AM (2.4 mmol), of LAM (0,
48, 120 or 240 pumol) and of BIS (24, 36, 48 or 72 umol)
were mixed. Nitrogen was bubbled through the mixture for
15 min to remove dissolved oxygen that would act as an inhi-
bitor for the reaction. Then two solutions of equal volume
(V=0.2mL) of APS (48 pmol) and TMEDA (48 umol)
were added. The mixture (total volume of 4 mL) was rapidly
casted between glass slides and polymerized within 20 h at
room temperature. The resulting hydrogel (thickness of
2 mm) was either cut into disks of 2.9 cm for the swelling ratio
measurements or divided into pieces in the case of ATR—
FTIR, TGA and NMR experiments. Those pieces were placed
in an excess of degased water for 48 h (the water was changed
every 12 h to remove any unreacted monomers, linear copoly-
mer, crosslinking agent and initiators). The pieces were then
dried for 24 h in an oven at 60 °C.

(0] ii (o} (0] H
NH, ——
OH OH

Scheme 1. Synthesis of N-acryloyl-4-O-(B-p-galactopyranosyl)-B-p-glucopyranosylamine (LAM) 3. Conditions: (i) NH4HCOs3, aq. NH; , 42 °C, 48 h; (ii) acryloyl

chloride CH,=CHCOCI, MeOH/H,0, Na,COs, 0°C, 1 h.
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Copolymer hydrogels are hereafter designated as 0% LAM
(PAM), 2% LAM, 5% LAM and 10% LAM hydrogel, depend-
ing on the LAM/AM molar feed ratio.

2.4. Swelling measurement

The equilibrium weight swelling ratio (SR) is defined as
SR = W, /Wy

where W; is the weight of the swollen hydrogel after immer-
sion in degassed water for 48 h and Wy is the weight of the
dry hydrogel.

W, is obtained by extrapolating at zero time the linear
regression of the W(#) values which are decreasing with time
because of solvent evaporation. W(¢) values are obtained by
weighing during a total time of 10 min at intervals of 2 min
the wet hydrogel just after it has been removed from the
water-bath.

2.5. ATR—FTIR experiments

ATR—FTIR was performed on a Bruker IFS 66 spectro-
meter equipped with an attenuated total reflectance accessory
(ATR single-reflexion, Diamond, incident angle 45°, Pike
Miracle, Pike Technologies, Madison, USA).

2.6. Thermogravimetric experiments

Thermal studies of the dry gel samples were performed
using a thermogravimetric analyser (TGA) (TGDTA 92-
16.18 Setaram, France) with a sample weight of 5—10 mg
introduced in a quartz crucible. The temperature range in these
experiments encompassed 25—600 °C at a heating rate of
20 °C min~' using an argon purge at a flow rate of 1 Lh™".

In order to avoid the continuous weight loss starting at the
beginning of the heating observed previously on linear poly-
acrylamide [14] the following temperature program was
used: heating from 25 to 200 °C with a heating rate of
20 °C min~'; isotherm at 200 °C for 120 min and finally heat-
ing to 600 °C with a heating rate of 20 °C min ™"

2.7. NMR experiments

NMR experiments were performed with a Bruker AM360
spectrometer equipped with a 5 mm broad band probe without
field/frequency lock control. ’H NMR spectra were recorded at
a frequency of 55.3 MHz. The free induction decay (FID)
were recorded using a 7t/2 pulse width (15 ps) and a recycle
delay of 2s. To obtain spectra with a good signal to noise
(S/N) ratio 800 transients were added. The FID signals were
typically sampled with 4096 real data points over a 20 kHz
spectra width and an exponential line broadening of 3 Hz
was used (which is small compared to the experimental line-
width which is 40 Hz at RT and 2500 Hz at 250 K). Peak areas
were measured by numerical integration of the spectra. Tem-
perature was controlled in the range 245—300 K by a Bruker

VT100 system (1 K regulation). Calibration was performed
before each set of measurements was carried out using the
standard procedure with a reference methanol sample.

3. Results and discussion

We consider that a statistical copolymerization occurs as
that was already shown on different comonomer systems
consisting of classical monomer and a vinyl sugar derivative:
acrylamidolactamine-co-N-isopropylacrylamide (NIPAM) [15],
and 4-vinylphenyl-p-gluco(p-manno)hexitol-co-acrylamide [16].
In both cases, the product of the corresponding reactivity
ratio is close to 1.

We have also checked that the copolymerization of LAM
and AM with similar molar feed ratios LAM/AM but without
crosslinking agent led to highly water-soluble chains [17].

3.1. Swelling ratio

Fig. 1 shows the SR values versus the amount of crosslinker
BIS/AM mol% in the range 1—3% for different initial mol%
ratio of LAM/AM of 0, 2, 5 and 10%.

Equilibrium weight swelling ratio values are in the range
27-57gg .

For a constant LAM/AM ratio, SR decreases with the mol%
ratio BIS/AM. That is easily explained by the fact that the
distance between crosslinking points is smaller as soon as
the crosslinker amount increases. So the crosslinking degree
of the network restricts its swelling capacity. This is a classical
behavior of a neutral polymer hydrogel which has been theo-
retically demonstrated by Eq. (1) [18]:

g~[(0.5—x)/re]"" (1)

where:

- g is the equilibrium volume swelling ratio;

- X12 is the polymer—solvent interaction parameter;

- re ~ [R}/[M]: the crosslinking degree of the network;
- [R] is the crosslinker concentration;

- [M] is the monomer concentration.
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Fig. 1. Swelling ratio results of 0, 2, 5 and 10% LAM hydrogels versus BIS/
AM mol%.
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In our case [R]/[M]=[BIS]/((AM]+ [LAM]) ~ [BIS)/
[AM] as [AM] > [LAM].

Our experimental results can be roughly analyzed using Eq.
(1) even if we measure for convenience the weight swelling
ratio and not the volume swelling ratio. Eq. (1) means that
a decrease of the swelling ratio is expected with the cross-
linker amount.

For LAM/AM =0, i.e. carbohydrate-free polyacrylamide
hydrogels, the SR values are decreasing exponentially as
expected from Eq. (1). Between 1 and 3% of crosslinking
mol%, SR value decreases from 57 down to 31 gg™ ', i.e.
46% loss of the swelling ratio. Then as the LAM/AM mol%
increases from 2, 5 and 10%, the difference between the SR
values at 1 and 3% of crosslinking mol% decreases to 43,
40 and 36%, respectively.

The other main information of this swelling study is the
general decrease of SR with the initial feed ratio of LAM/AM
considering the crosslinker amount constant (Fig. 1). We can
observe that as soon as LAM is incorporated in the hydrogel,
the weight swelling ratio value decreases. For a fixed crosslinker
amount, the greatest difference between 0% LAM hydrogel and
a 10% LAM hydrogel is obtained when the gel is the loosest, i.e.
for the smallest BIS/AM mol% of 1%. In that case, the weight
swelling ratio value decreases from 57 down to 42 gg ', i.e.
23% of reduction in swelling ratio. Then, the loss is only 20,
13 and 13%, for BIS/AM mol% of 1.5, 2 and 3%, respectively.

Considering the crosslinking mol% ratio of 1 and 1.5%,
there is a pronounced and significant decrease of the swelling
ratio with the carbohydrate content. This behavior could be
explained by the replacement of carbohydrate groups which
have less affinity for water than the amide groups. It could
also be explained by a higher steric hindrance due to the
higher size of the carbohydrate moieties as compared to amide
function. Another tentative explanation of gel shrinkage be-
havior when the carbohydrate level increases could be ex-
plained by the formation of physical crosslinking points due
to the interaction between the carbohydrate moiety of LAM
and acrylamide constitutional repeating units of the copoly-
mers. Livney et al. [19] indeed suggest that the experimental
increase of the swelling of PAM hydrogels with rising concen-
trations of glucose solutions may be explained by the enthalpic
favorable interaction between glucose and PAM.

The decrease of the swelling ratio with the carbohydrate
content is less pronounced for crosslinking mol% ratio of 2
and 3%. For example, considering the highest crosslinking
degree, SR value decreases not significantly from 29 +2 to
27+ 1gg " for 5% LAM hydrogel and 10% LAM hydrogel,
respectively. To resume, for the higher amount of crosslinking
the SR value decreases with the carbohydrate content but there
the difference is not significant. The relatively high bars of
errors in SR values could be explained by a low incorporation
of the carbohydrate monomer. We tried to perform carbohy-
drate analysis which is a quantitative method that we com-
monly used [20—22] to confirm the level of incorporation of
LAM in the hydrogel but without success probably due to
the entrapment of the carbohydrate into the three dimensional
structure of the hydrogel. Finally we succeeded in the

carbohydrate analysis of AM-co-LAM linear copolymers ob-
tained by a similar free radical copolymerization process of
AM and LAM without BIS. The result was a level of incorpo-
ration of LAM below 50 mol% with discrepancies between the
values. That could be an explanation of the relatively high bars
of errors obtained in the case of SR values of carbohydrate-
containing hydrogels.

What we observed is the water-solubility of the correspond-
ing linear LAM copolymers. Water appears to be a thermody-
namically good solvent for LAM copolymers. However, water
is perhaps not as good a solvent for our carbohydrate copoly-
mers as for PAM. It is well documented that water is a thermo-
dynamically good solvent for PAM (A, of the order of
10~* mol cm? g72 at 25 °C in water [23]) but Klein and Her-
zog [24] have concluded that lower values of intrinsic viscos-
ities and second virial coefficient A, are an indication of
a lower degree of polymer—water interaction of poly(vinylsac-
charide)s compared to PAM.

Following this analysis, we have performed curve fitting of
the experimental results of SR as a function of the crosslinking
density on the basis of varying the value of the interaction
parameter x, as a function of LAM/AM.

Fig. 2 shows the experimental results of SR as a function of
the crosslinking density for 0, 5 and 10% LAM hydrogel with
corresponding fitted curves obtained by using Eq. (1). If an
arbitrary value of xi, is chosen to fit the data of 0% LAM
hydrogel, a relative increase of the interaction parameter
Ax12=0.15 and Ayx;,=0.23 is necessary to fit the experi-
mental data for 5% LAM hydrogel and for 10% LAM hydro-
gel, respectively. An increase in the interaction parameter x i,
is an indication of a decrease of polymer—solvent interactions.

Fig. 2 shows that Eq. (1) fits nicely the experimental results
of SR as a function of the crosslinking density for 0% LAM
hydrogel. The fits are not of such good quality as soon as
LAM is incorporated in the hydrogel. In that case the theoreti-
cal curves fit the first two points but not the points correspond-
ing to the highest crosslinking densities. That can be explained
if it is considered that the carbohydrate incorporation is re-
stricted when the crosslinking density increases. The level of

90 LAM/AM
mol%
80
° 0
70 Fit0
S © 5
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E’ 40
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BIS/(AM+LAM) mol %

Fig. 2. Experimental results of the swelling ratio as a function of the crosslink-
ing density for 0, 5 and 10% LAM hydrogel with corresponding fitted curves
obtained by using Eq. (1) (see text).
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carbohydrate incorporation is finally less than that is theoreti-
cally expected from the initial feed ratio.

To conclude, difference in swelling behavior between PAM
and carbohydrate-containing hydrogels can be explained on
the basis of considering the difference of solvent quality
between PAM and carbohydrate-containing polymers. This
swelling ratio study also shows that the incorporation of
LAM into the final hydrogel is not complete especially in
the case of the highest crosslinsking densities. ATR—FTIR
and TGA experiments are then used to assess that at least
a part of the incorporation of the carbohydrate monomers
into the hydrogels has been realized.

3.2. ATR—FTIR experiments

Fig. 3 shows ATR—FTIR spectra of 0% LAM, 2% LAM and
10% LAM hydrogels. For the 0% LAM hydrogel, the character-
istic bands of polyacrylamide are obtained (for example mainly,
3200—3330 cm ™~ ': —N—H stretching, 2940—2885 cm™': —C—
H stretching, 1650—1660 cm™' and 1600 cm™': carbonyl —
C=0 (amide) and —C=N-— resonance peaks coming from the
amide group, respectively, 1450 cm ™' and 1410 cm ™' angular
deformations of —CH,—). The ATR—FTIR spectrum of a 2%
LAM hydrogel clearly reveals the incorporation of the carbohy-
drate moiety due to the presence of two additional absorption
bands at 1080 and 1020 cm ™' which are in a typical range of
C—O stretching absorption bands. These two additional bands
compared to PAM are even more intense in the ATR—FTIR
spectrum of a 10% LAM hydrogel.

3.3. TGA results

The incorporation of LAM into the hydrogel was also
assessed by TGA experiments. Fig. 4 shows the thermal

[ 1080 cm™!
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Fig. 3. ATR—FTIR spectra of (a) 0% LAM, (b) 2% LAM and (c) 10% LAM
hydrogels.
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Fig. 4. TGA curves for (a) 0%, (b) 2%, (c) 5% and (d) 10% LAM hydrogels
with a crosslinking amount of 3 mol% AM/BIS and TGA curves for (e) pure
lactose and (f) pure LAM.

behavior of 0, 2, 5 and 10% LAM hydrogel for a crosslinking
concentration of 3 mol%. No influence of the crosslinking
concentration in the range 1—3 mol% was observed.

The TGA curve or spectra of 0% LAM (PAM) shows two
degradation steps. The main loss of mass is obtained during
the second event. The thermal degradation of PAM occurs
with degradation temperatures Td; of 268 + 2 °C and Td, of
384 + 2 °C, and weight losses of 9 & 1% and 74 & 3%, respec-
tively. The residue at 600 °C is found to be 19 £ 2%.

Minsk et al. [25] showed that PAM was decomposed above
285 °C with liberation of ammonia and formation of an imide
group.

In the case of carbohydrate-containing hydrogels, the TGA
curves also show two degradation steps (Fig. 4) but the results
are slightly different as compared with PAM hydrogel.
Whereas the degradation temperature of the first event (Td;)
was not influenced by LAM incorporation, the degradation
temperature of the second event (Td,) decreased significantly
from 384 °C for 0% LAM, to 373 °C for 2% LAM and 5%
LAM, down to 366 °C for 10% LAM. So the presence of
LAM in the hydrogel structure decreases the thermal stability
of the polymer.

Weight losses occurring during the first event increases
steadily from 9, 10, 11 up to 14%, for 0% LAM, 2% LAM,
5% LAM and 10% LAM, respectively.

Weight losses occurring during the second event decreases
steadily from 74% for 0% LAM, down to 69, 65 and 57%, for
2% LAM, 5% LAM and 10% LAM, respectively.

At the same time, the residue at 600 °C increases from 19,
21, 24 up to 30%, for 0% LAM, 2% LAM, 5% LAM and 10%
LAM, respectively.
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The TGA of pure lactose and pure LAM have been inves-
tigated in order to find a tentative explanation of the degrada-
tion behaviors of the carbohydrated hydrogels. Fig. 4 also
shows the TGA curves mass loss versus temperature for
pure lactose and pure LAM. In fact the degradation behavior
of pure lactose is relatively simple consisting of only one
degradation step with a degradation temperature of 294 °C
which demonstrates the low thermal stability of the carbohy-
drate alone. However, the residue at 600 °C is still relatively
high (26%).

In the case of LAM, the degradation behavior is more com-
plex as it consists of at least a two-stage degradation character-
ized by degradation temperatures in the range 250—438 °C.
Also a very high residual weight of 69% at 600 °C has been
obtained. We can explain these results either by a possible
combination of polymerization and heat resistance due to the
carbohydrate moiety of the monomer during heating or by
interactions between amide groups and carbohydrate moieties
leading to hydrogen bonding causing heat resistance or both.

The presence of a lactosyl substituent decreases Td, and
hence the thermal stability of the polymer. Zhou et al. [15] per-
formed TGA studies on a copolymer of acrylamidolactamine-
co-NIPAM with a carbohydrate monomer amount from O to
100%. They obtained a two-stage degradation for the copoly-
mer; they associated the first degradation with the sugar moi-
eties, and the second with the thermal degradation of the
polyacrylamide main chain. The onset degradation tempera-
ture for polyNIPAM and polyvinyl-saccharide are 400 and
312 °C, respectively. The increase in residue as the amount
of carbohydrate increases can also be observed in their ther-
mogravimetric curves (Fig. 6 in Ref. [15]). Zhou et al. [26]
also performed TGA experiment on a lactose-containing co-
polymer with a polystyrene main chain. They also obtained
a two-stage degradation for the copolymer and they associated
the first degradation with the sugar moieties.

So, finally TGA characteristics of the hydrogels are
strongly influenced by the presence of LAM even at the lowest
level of incorporation (2% LAM).

3.4. NMR results

The properties of water confined inside gels or porous
materials can be accurately obtained from *H NMR analysis:
ratio of crystallization and glass transition [27,28]. The virgin
materials are swollen with D,O, and the total water uptake is
measured by weighing and are found similar to those obtained
with normal water. Area of the deuterium NMR signal (A) is
proportional to the amount of mobile water inside the sample.
It is measured on cooling and heating the swollen material.
The ratio R =A(T)/Ay indicates the amount of non-frozen
water at temperature 7 (where A is the area of the peak at
300 K). A typical curve is presented in Fig. 5. An abrupt de-
crease of R is observed at 271 K corresponding to the crystal-
lization of most of the water. The non-crystallizable water is
determined from the low temperature plateau (2.6% in this
material). Below 255 K, decrease of the intensity signal is re-
lated to the hindrance of mobility of the water molecules

1 R=A(TYA,
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Fig. 5. R = A(T)/A, versus temperature for a 10% LAM hydrogel with a cross-
linking amount of 1.5%.

which are connected to the polymer network. An hysteresis
for the water melting is observed. This is a rather usual feature
for the crystallization/melting events.

NMR experiments were performed for six hydrogels corre-
sponding to two different amounts of BIS/LAM and three dif-
ferent LAM contents.

Fig. 6 shows the non-frozen water mol% versus BIS/AM
for three different amounts of LAM content: 0, 5 and 10%.
The amount of non-frozen water is higher in the case of the
0% LAM hydrogel than that in the carbohydrate-containing
hydrogels. For the 1.5% crosslinking amount, the non-frozen
water is 4% for 0% LAM hydrogel and decreases down to
2.4 and 2.6%, for 5% LAM and 10% LAM hydrogels, respec-
tively. In the case of 3% crosslinking amount, the non-frozen
water is 5.2% for 0% LAM hydrogel and decreases down to
39% and 3.6%, for 5% LAM and 10% LAM hydrogels,
respectively. No significant differences are observed between
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Fig. 6. Amount of non-frozen water obtained by NMR versus BIS/AM for
LAM content of 0, 5 and 10%.
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5 and 10% LAM polyacrylamide hydrogels. These results show
that for a fixed amount of crosslinker, the non-frozen water
decreases when the amount of carbohydrate increases. That
means the water affinity is higher for PAM hydrogel than
that for carbohydrate-containing hydrogel. So NMR results
confirm the thermodynamic explanation of solvent quality.

For a constant value of LAM, the percentage of non-frozen
water increases with the crosslinker amount. That means the
water crystallization is restricted when the crosslinker amount
increases. That trend correlates with the decrease of the water
swelling ratio of the hydrogel as soon as the crosslinker den-
sity increases.

4. Conclusion

We have studied the effect of the incorporation of a carbo-
hydrate-containing monomer on some physical-chemistry
features of a crosslinked polyacrylamide hydrogel. Results
obtained by simple water uptake measurements and by using
NMR show that water has higher affinity for the non carbohy-
drate-containing hydrogel than for the carbohydrate-contain-
ing ones. Even if incorporation of the carbohydrate
monomer into the 3-D network was not quantitative, FTIR
and TGA assessed the incorporation of a part of the glycomo-
nomer into the final hydrogel. The conditions of the polymer-
ization have to be improved in order to increase the level of
carbohydrate-containing monomers incorporated into the final
copolymer. This is particularly tricky in the case of complex
carbohydrate-containing monomers. This work could be now
continued aiming at understanding the relationship between
carbohydrate’s chemical structure and property.
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