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ABSTRACT

Hydrogel materials have been extensively studied by many research groups owing to
their wide application. The green approach in hydrogel fabrication might include polymers
from natural sources. Cellulose derivative is a potential candidate because of its
biocompatibility and readily availability. In this study, hydroxypropyl methyl cellulose
(HPMC), hydroxypropyl cellulose (HPC), hydroxyethyl cellulose (HEC) and sodium
carboxymethyl cellulose (CMC or NaCMC) shall be crosslinked with glutaraldehyde to
confirm the ability to fabricate the cellulose-based hydrogel. The investigation showed that
HPMC was not suitable for hydrogel fabrication due to low gel-time signal and small gel
fraction (~10%). The gel time signal could be detected with only CMC solution. Accordingly,
the CMC sample had the highest gel fraction (89%). CMC and HEC were comparable in water
uptake (80 to 120%). HPC solution could be gelled at a higher concentration of glutaraldehyde
and a completely gelled state of 100% gel fraction could be achieved. However, significantly
large water uptake (up to 2000%) was detected with HPC - based samples.
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1. INTRODUCTION

Hydrogel is a polymeric network that has capability to absorb a large amount of water
without being dissolved [1]. Hydrogel materials have been researched targets owing to their
wide range of applications from robotic and tissue engineering [2] to agriculture [3]. In
addition to good water absorption, the hydrogel should have a high gel fraction (about 85-
95%) [4]. Therefore, the crosslinking density must be high enough. On the other hand, the
dense structure might reduce water absorption. The ability to have a good interaction with
water molecules of the hydrogel relates to hydrophilic groups in the original polymer chains
such as hydroxyl, carboxyl, or amine. As a consequence, the hydrogel material is usually
fabricated from highly hydrophilic polymers such as polyacrylic acid [5], polyacrylamide [6],
and polyvinyl alcohol [7]. The polymeric network could be formed via physical or chemical
bonding [8, 9]. The common crosslinker of glutaraldehyde could be added to form the covalent
bonds for the network [10]. For the medical field, the biocompatibility and safety of the
original polymer are the main concern and the polymer from natural sources might be a green
approach. Therefore, cellulose with its environmentally friendly, biodegradable, and readily
available characteristic is a potential starting material as the main matrix for the hydrogel [11].
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Cellulose molecule contains many -OH groups which cause the hydrophilic property of
the material. However, due to the hydrogen bonding, cellulose has a high ratio of crystallinity.
The crystal force increases the intermolecular interaction and restrains the material to be
dissolved in water. The modification of -OH groups cellulose molecules reduced the
crystallinity and many dissolvable derivatives could be synthesized such as hydroxypropyl
methyl cellulose (HPMC), hydroxypropyl cellulose (HPC), hydroxyethyl cellulose (HEC),
and sodium carboxymethyl cellulose (CMC or NaCMC). HEC and CMC had been applied in
the hydrogel fabrication and reported in several reports [12, 13] which indicated the potential
of the research direction. However, to the best of our knowledge, there is no research that
reports the direct comparison of these cellulose derivatives in hydrogel preparation and
characterization.

In this study, the ability to crosslink the water-dissolved cellulose derivatives with
glutaraldehyde shall be confirmed and compared. With the chemical crosslinking, the time
required for the solution to transform into a gel state plays an important role in sample
preparation. It could also be used as a preliminary result to predict the final hydrogel product
[14]. Therefore, the gel time of the cellulose solution by adding glutaraldehyde shall also be
conducted and compared to the PVA solution. The amount of formed gel in the same
conditions as well as the ability of water absorbed by the sample shall be discussed.

2. EXPERIMENTAL SECTION

2.1. Materials
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Figure 1. Chemical structures for GA, PVA, HPC, HPMC, and CMC.

The chemical structures for the materials in the research were presented in Figure 1.
Polyvinyl alcohol (PVA) (hydrolysis degree: 85-90%) and glutaraldehyde (GA) (50% in
water) were purchased from Shanghai Aladdin Bio-Chem Technology Co. LTD (China). HPC
(viscosity (2 wt%, 20 °C): 1000-5000 mPa.s) and HPMC (E15) were received from FUJIFILM
Wako Pure Chemical Corporation (Japan) and Shandong Head (China), respectively. Sodium
carboxymethyl cellulose (CMC) and hydroxyethyl cellulose (HEC) were products of Xilong
Company (China). Hydrochloric acid (HCI) from Duc Giang Chemicals (Viet Nam) was used
as a catalyst for the gelation process.
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2.2. Method

Gel time measurement

The gel time measurement was conducted using the technique reported in our previous
article [14]. The cellulose derivatives were weighed (2 wt% or 1.5 wt%) and dissolved in
double distilled water. The mixture was constantly stirred at room temperature for few hours
until a clear solution was formed. The polymeric solution was continued to be stirred for
another one hour and kept overnight before conducting the next experiment. 50 mL polymeric
solution was added to a 50 mL beaker using a measuring cylinder. GA (2 uL) was added to
the solution by a micropipette and the mixture was stirred for 5 min. Then, HCI (0.2 mL) was
added and mixed in 1 min before measuring with Brookfield viscometer (DV2T) and the gel
timer GT-2000. The spindle in the glass rod form was dipped into the prepared solution. The
level of the rod in the solution was maintained at the same position in all of the measurements
with a safety lock. The spindle was set with a rotation speed of 1 rpm. The viscometer acquired
data method was multipoint, i.e. the data were collected continuously. The data time interval
was 5 s until the measurement finished. The device was set to be automatically stopped when
the torque value is larger than 90%.

Gel fraction

After adding GA and HCI to the polymer solution using the above procedure, the mixture
was poured into a petri dish and the water was gradually evaporated in ambient conditions to
form the hydrogel film. The remained water in the hydrogel materials was further removed in
an oven at 60 °C for 8 h. The dried materials were weighed to obtain values of Wie. Then, the
material was dipped into a large amount of water for at least 48 h. The samples were filtered
and dried to obtain Wge. Gel fraction was calculated using the following equation:

GF% = 100 X Wgel/W[otaI
Water uptake

The formed hydrogel was washed with double distilled water and put into an oven (60 °C,
8h) to obtain a dried gel with a mass of Wy. The materials were dipped into water at room
temperature and weighed again to get the mass values of wet gel (W.). The water uptake (WU)
was calculated using the equation:

WU% = 100 X (Ww — Wg)/Wqy
Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed with FTIR Shimadzu 8400s (Japan). The materials
with and without crosslinking were compared using transmission mode with thin film samples.
The experiment was conducted in the range of 4000 to 400 cm™ and the final spectrum was an
average result of 40 scans.

3. RESULTS AND DISCUSSION

The gel time results of the cellulose derivatives solution were shown in Figure 2a and b.
For comparison, a similar experiment was conducted with PVA solution (3 wt%) (Figure 2c).
The sample with PVA showed a typical curve for gel time measurement. The torque value was
undetectable and remained unchanged during the initial time. When the crosslinking reaction
was activated, the viscosity of the solution was drastically increased and torque could reach
the maximum value. However, the result for the cellulose derivatives was different in
comparison to the PVVA solution.
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Figure 2. Torque as a function of time of cellulose derivatives solution — (a) 1.5 wt%,
(b) 2 wt% and (c) PVA (3 wt%) (2 uL GA and 0.2 mL HCI).

As can be seen in Figure 2, most of the samples showed no response within the
investigated time. The CMC solution was the exception which showed an increase in the
signal. Compare to the gel time curve of PVA solution, there was no stabilized period detected
during the initial time in the CMC case. The signal quickly reached a high value when the data
recording process was begun. However, the maximum torque value, in this case, could not be
larger than 5%. This phenomenon is similar to the result with PVA 1.5 wt% solution reported
in the previous article [14] and could be explained with the same mechanism. Similarly, when
the polymer concentration was increased to 2 wt%, the experiment with CMC was the unique
result which could give the change in the signal. The torque value was increased right after the
measurement started which indicated that the crosslinking reaction had occurred. The highest
torque of 18% was achieved and the value fluctuated in the vicinity of 16%. A higher
concentration of polymer might yield a better torque. However, the larger viscosity of the
original polymer solution might cause trouble in dispersing the GA crosslinker as well as the
HCI catalyst and it might lead to the formation of defect in the final hydrogel structure. For
other cellulose derivatives (HEC, HPC, and HPMC), there are two possible reasons for the
low signal result. The first possibility was that the crosslinking reaction did not occur. Another
explanation might include the slow reaction rate and the change of the signal was too small to
be detected. Besides monitoring the viscosity, the ability of the material to be swelled and not
dissolved in water is strong evidence for the formation of the three-dimensional network
structure. In the next investigation, the gel fraction experiment was performed to confirm the
existence of the crosslinking bonds in the samples.
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Figure 3. Gel fraction of hydrogel formed with cellulose derivatives solution.

The gel fraction result for different cellulose derivatives in the same conditions was
shown in Error! Reference source not found.. The fixed GA amount and reduced solution
concentration led to a higher ratio of GA/polymer. Therefore, lower polymer concentration
yielded a higher gel fraction in most of the investigated samples as can be observed in Error!
Reference source not found.. However, the sample of 1.5 wt% of HEC possessed a high gel
fraction. This might be due to the primary alcohol structure of HEC had contributed to a better
activation for the crosslinking reaction at a high polymer concentration. Further research must
be conducted to confirm this assumption. The gel fraction of HPMC samples was the smallest
(~ 11%) while the CMC solution could give the highest value (89%). This result is in
agreement with the obtained gel time curves (Figure 2). In which, the torque value of the CMC
sample was quickly increased while both of the HPCM solutions of 1.5 and 2 wt% could not
show any change in the signal. Compare to other derivative chemical structures (Figure 1),
HPMC has the smallest number of -OH groups. The crosslinking reaction rate depends
strongly on the density of the -OH group in the polymer chain. This might be the main reason
for the small gel fraction of the HPMC sample. With CMC, its chemical structure includes
acrylate which could be hydrolyzed to the -COOH group under the acidic conditions of the
hydrogel. These acid functional groups could form hydrogen bonding and it might strengthen
the intermolecular interaction and form the physical linking in addition to the covalent bonding
between polymer molecules. The acid group in CMC also could play a role as an additional
catalyst for the GA crosslinking reaction.
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Figure 4. Gel fraction of samples fabricated from HPC solution with varied GA concentrations:
(@) 1.5 wt% HPC, (b) 2 wt% HPC

However, the above explanation could not be applied to the HPC case. The chemical
structure of HPC also contained many -OH groups, but the gel fraction was small. Therefore,
the next investigation was focused on the effort to improve the gel fraction of the HPC sample
by increasing the amount of GA crosslinker. The gel fraction results of HPC with varied GA
amounts were summarized in Figure 4. As can be seen, when the GA concentration was
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increased, the gel fraction could be improved. The gel fraction of approximately 100% was
obtained with 2 wt% of HPC and 4 or 8 pL GA. Although the gel fraction was higher when
the concentration of the polymer was reduced, the maximum value was approximately 73%
with 1.5 wt% solution.

After investigating gel time and gel fraction as the preliminary results, the formed
hydrogel materials were washed with water to remove unreacted chemicals and dried to
prepare for the next characterization. The water uptake results for CMC and HEC - based
hydrogel, i.e. the amount of water absorbed by the samples, were shown in Figure 5. The water
was quickly absorbed by the samples and the result was saturated after 20 min. The results for
CMC or HEC samples were comparable. However, the HPC case showed a significantly
different water uptake value as can be observed in Figure 6. Interestingly, the result of
approximately 2000% could be obtained with the HPC case. The amount of water absorbed
for HPC hydrogel was more than 10 times larger than that of other cellulose derivatives-based
samples. Moreover, the water absorbed by the HPC hydrogel could not be saturated even after
120 min. A large amount of water uptake might be related to the HPC’s chemical structure of
propyl alcohol which caused less interaction between HPC molecules. As a result, the free
volume in the HPC-based hydrogel was larger and the material was able to maintain more
water inside the structure.
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Figure 5. Water uptake of hydrogel samples based on: (a) CMC and (b) HEC.

3000 —=—HPC-4 1L GA —=—CMC 2% 2 L GA
(@) —e—HPC-81LGA () —o—HEC2%2 L GA
2500 —4—HPC 2% 4L GA
2500 l
2000 — 200 J/L N
2 g ml
[ P o J
é& 1500 % 1500 J
=) o
2 )
5 5 1
] & 1000
= 10004 s I
/
5004 // 500
/
_ —4—% ¢ ¢ § &
0 T T T T T T 0= T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 6. Water uptake of (a) HPC -based hydrogel with varied GA concentration
and (b) HPC and cellulose derivatives-based hydrogel (2 wt% polymer solution).
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Figure 7. FTIR of cellulose derivatives with (red) and without (black) crosslinking
by glutaraldehyde: (a) CMC, (b) HEC, (c) HPC

The FTIR spectra of CMC, HEC, and HPC before and after crosslinking were shown in
Figure 7. Because the results were obtained by using transmission mode, part of the FTIR
spectrum might not be observed when the film samples were not thin enough. Therefore, the
comparison could only be conducted with the wavenumber of 2500 to 1500 cm™. With CMC,
the original sample contained a peak at 1600 cm™* which was typical for COO" groups. In the
crosslinked CMC samples, there were two peaks in this area: 1641 and 1740 cm™ which
represented the vibration of C=0 in COOH groups. This result indicated that the sodium salt of
COONa in CMC had been transformed into COOH due to the acidic condition of the hydrogel
fabrication process. This phenomenon could reconfirm the low water uptake result because of
the hydrogen bonding caused by -COOH groups. The peak at 1641 cm™ might be original from
the hydrogen bonding between the adsorbed water and cellulose molecules [15, 16]. With HEC, in
addition to the 1641 cm™ peak, the pure HEC spectrum also contained another peak at 1587 cm™.
However, this peak could not be detected in the crosslinked sample. It might be due to the increase
of hydrogen bonding between ether groups in the HEC hydrogels and further investigation must
be conducted to confirm this assumption. With HPC, there was no significant difference between
the samples before and after experiencing crosslinking. This phenomenon might be related to the
low density and large water absorption of HPC samples. The hydrogen bonding of water with the
HPC polymer chain was dominant and other vibrations could not be observed.

4. CONCLUSIONS
The hydrogel materials based on cellulose derivatives of CMC, HEC, and HPC were

fabricated successfully by crosslinking with GA. The investigation of gel time showed the
only signal from the CMC solution. The result was in agreement with gel fraction
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characterization when CMC samples had the largest amount of gel (89%) under the same
conditions. HEC could have a high gel fraction with the solution at 1.5 wt%. However, HPMC
samples without gel time signal and low gel fraction (~10%) were concluded to be not suitable
as a based polymer for hydrogel material. Samples prepared from HPC could achieve a
completely gelled state (~100% gel fraction) when the GA amount was larger than 4 uL per
50 mL of 1.5 or 2 wt% solutions. The water uptake of HEC and CMC -based hydrogel was
from 80 to 120%. In another hand, a significantly large amount of water could be absorbed by
the HPC-based hydrogel (up to 2000%). The investigation of FTIR showed that the functional
groups of -COONa in CMC were transformed into -COOH and it might affect the ability to
absorb water of the hydrogel.
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TOM TAT

CHE TAO VA PHAN TICH HYDROGEL TREN NEN DAN XUAT CUA CELLULOSE

Lé Thi Kim Anh?, Truong Thi Phuong Dung?,
Huynh Nguyén Anh Tuén? Giang Ngoc Ha *
YTrieong Pai hoc CoNg nghiép Thire phdm TP.HCM
2Tru"d’ng Dai hoc Sw pham Ky thudt TP.HCM
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Vit liéu hydrogel da duoc nghién ciru chuyén sdu boi nhiéu nhom nghién ctru nho vao
tiém ning tng dung rong rdi cta chung. Phuong phap tlep can xanh trong qua trinh ché tao
hydrogel 1a st dung cac polymer c6 nguon goc tw nhién. Dan Xuat cua cellulose la tng cur vién
tiém ning boi vi tinh twong thich sinh hoc va dé dang tiép can. Trong nghién ctru nay,
hydroxypropyl methyl cellulose (HPMC), hydroxypropyl cellulose (HPC), hydroxyethyl
cellulose (HEC) va sodium carboxymethyl cellulose (CMC or NaCMC) s& duoc ndi ngang
bang glutaraldehyde dé xac nhan kha ning ché tao hydrogel trén nén cellulose. Khao st cho
thdy HPMC khéng thich hop do tin hiéu do dac thoi gian gel thip va ham luong gel nhé
(~10%). Dung dich CMC 1a mau duy nhét cho tin hiéu thoi gian gel va c6 ham luong gel cao
nhit (89%). CMC va HEC c6 d6 hip thy nuéc twong ddng nhau (80-120%). HPC chi c6 thé
hinh thanh gel (khdu mang) v4i ham lugng glutaraldehyde cao hon va trang thai hoan toan gel
(100% ham luong gel) c6 thé dat dugc. Tuy nhién, lugng 16n nudc hap thu (1én dén 2000%)
da duge xac nhan voi cac mAu trén nén HPC.

Tur khoa: Cellulose, hydrogel, polymer, thoi gian gel, ham lugng gel fraction, d h?ip thu nuéce.
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