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Abstract

Composite hydrogels based on natural polymers arouse interest as sustainable
matrices for the delivery of bioactive materials. This study investigates the possibility
of achieving high thermally and hydrolytically stable, well-defined microstructure bi-
polymer composite hydrogels using only natural materials at a low energy process.
Firstly, citric acid (CA) crosslinked hybrid hydrogel matrices are developed by varying
mole ratio of carboxymethyl cellulose (CMC) to chitosan (CSN) by 1:1, 1:2 and 2:1.
Then, hydrolytic, thermal and structural properties of the matrices are studied to
determine microstructure. Lastly, the matrices are functionalized with beta-
cyclodextrin (B-CD), and the effect of B-CD on hydrogels’ microstructure and
antibacterial activity is examined. Optimum microstructure is found at CMC:CSN=1:1
for CMC~CA~CSN with a gel fraction of 63%, which increases to 82% when reinforced
with B-CD. Interestingly, CMC~CA~2CSN exhibits a combination of good crosslinking,
super-absorbency (1229.7% water absorbency and 2200% swelling) yet enhanced
hydrolytic stability (84.7% gel fraction). Complexation with B-CD propagates the

growth of Gram-positive bacterium, Corynebacterium glutamicum
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ATCC 13032. Overall, CMC~CA~CSN~B-CD is considered as a green, crystalline,

thermally, and hydrolytically stable composite hydrogel matrix.
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Introduction

Composite hydrogels have received increasing attention due to the ability to
incorporate specific and desirable properties through engineering. While primary
research interests have been in developing hydrogels to meet specific properties such
as enhanced mechanical performance, however, there is a growing concern for the
development of green, yet stable and durable, composite hydrogels [1-4]. In this regard,
natural polymers, non-toxic crosslinkers, other safe naturally sourced materials, as
well as ‘green approaches’ have been incorporated to reduce the toxicity level of
composite hydrogels [3, 5-9]. Granted, hydrogels made using only
natural materials are challenging to fabricate and exhibit poor thermal, crystalline and
gel fraction properties [10, 11]; hence the continuous incorporation of synthetic
materials. An alternative could be to replace the synthetic polymer hydrogel
components [12] with green, low cost, natural components, and vary the ratio of natural
polymer components to develop a bi-polymer composite hydrogel with desirable
properties. This alternative can be a suitable choice for the development of safe,

natural bi-polymer based composite hydrogels.

Natural bi-polymer based composite hydrogels are three-dimensional
hydrophilic structures composed of two natural polymers, non-cytotoxic crosslinking
agents and a safe solvent of water. They can absorb water and other biological fluids

many times their dry weight, yet remain insoluble in the fluids [13]. Water absorbency



depends on factors such as polar functional groups (-OH, -NHz2, -COOH, -CONHz2, and
-SOsH), capillary effect, crosslinking density, osmotic pressure, salt content, and
impurities in their structure [6, 14, 15]. Insolubility is directly proportional to

crosslinking density.

Carboxymethyl cellulose (CMC) [16-19], chitosan (CSN) [20-22], and citric acid
(CA) are well-documented materials suitable for development of natural bi- polymer
based composite hydrogels. In common, these materials are naturally abundant, low
cost, biodegradable, and biocompatible. CMC, a cellulose derived polysaccharide, has
a variety of effective functional groups such as -COOH and -OH groups [10, 14, 23,
24]. It is also a polyelectrolyte cellulose suitable for controlled release of loaded
materials. CSN, a derivative of chitin, is a cationic polymer with anti-microbial
properties [25, 26]. In biomedicine, CSN is used as backbone for the synthesis of
antibacterial hydrogels for drug delivery and wound dressing/treatment [4, 26, 27]. The

mutual attraction between the positive charge of CSN and the

negative charge microbial cell membrane surfaces lead to bacterial growth inhibition.
In biotechnology, CSN serves as a feedstock for C. glutamicum in the production of
amino acid, alcohols, organic acids, polymers, such as diamines and polyhydroxy
butyrate, and proteins such as, a-Amylase [28-31]. C. glutamicum utilizes
carbohydrate derivatives, such as N-acetyl-glucosamine, as its carbon source [28].
Hybridization of CSN with CMC introduces COOH groups at the glucosamine unit,
which enhances gel fraction of the bi-polymer hybrid [19, 32]. It also increases
antimicrobial and antioxidant properties [33]. CA is a carboxylic acid used as a
crosslinking agent to enhance hydrogel hydrophilicity and stabili ty to prevent
components leaching from hydrogel microstructure [34]. Super-absorbency of CA

crosslinked hydrogels is due to electrostatic repulsion between the COOH groups of



CMC and the CA [35, 36]. When used as a crosslinker for CMC and CSN hybrid, the
crosslinking mechanism is esterification resulting in the formation of -COOR bonds,
with/without a few peptide bonds which are medically important molecules [36]. B-CD
is a low cost, natural polymer with good biocompatibility, no toxicity, low water
solubility and high entrapment efficiency. It is a cyclic oligosaccharide made up of
seven dextrose units containing a hydrophobic central cavity and a hydrophilic outer
surface [37, 38]. This structural characteristic makes B-CD excellent for improving
loading, swelling, reinforcement and prolonging the release of materials [35, 39, 40].
Also, B-CD has been reported to have low or almost zero antimicrobial activity [41-43]
especially against Gram-positive bacteria such as S. ambofaciens ATCC 23877 [43],
and S. aureus [44]. To enhance fixation of hydrophobic agents as well as
crosslinking, B-CD was selected to be incorporated into the hydrogel matrices.
Natural bi-polymer composite hydrogels synthesized by the unique synergy of CMC,
CSN, CA and B-CD can open up pathways for the development of safe, durable, and

sustainable composite hydrogel matrices.

In this study, CMC-CSN, B-CD and CA were used as bi-polymer hydrogel
backbone, functional component, and crosslinking agent, respectively to synthesize
composite hydrogel matrices. The detailed objectives of this study were to (1)
synthesize environmentally sustainable citric acid crosslinked carboxymethyl
cellulose-chitosan (CMC-CSN-CA) composite hydrogel matrices by varying mole ratio
of the natural polymers; (2) characterize the synthesized hydrogels to determine
optimum microstructure and evaluate the effect of varying the polymer ratio on the
hydrogels’ properties; and (3) reinforce the hydrogel matrices with 3-CD and study the

effect of B-CD on hydrogels’ properties and microstructure. In this study, a



promising natural composite hydrogel with high hydrolytic and thermal stability, is

developed.

2. Experimental

2.1 Materials

Carboxymethyl cellulose sodium (degree of substitution, DS = 0.77, average
molecular weight, Mw= 250 kDa and viscosity at 25 °C = 700 + 50 mPas) was
purchased from Alfa Aesar (Heysham, England). Chitosan (viscosity = 5-20 mPas,
0.5% in 0.5% acetic acid at 20 °C)and beta-cyclodextrin (DS = 0.62, viscosity at 25°C
= 20 £ 5 mPas) were obtained from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
Anhydrous citric acid was purchased from Energy Chemical Company (Shanghai,
China). All chemicals were of analytical purity and were used as purchased without
further purification. De-ionized water (18.2 MQ cm) was used as a solvent for fabricating

the hydrogels.

2.2  Preparation of CMC-CSN-CA hydrogel matrices

The composite hydrogel matrices were prepared by chemical gelation method
at 25 °C. Three CMC-CSN bi-polymer solutions were prepared with CMC:CSN as 1:1,
1:2, and 2:1, respectively. First, 0.5 g of CMC was dissolved in 100 mL de-ionized
water for 1 h under magnetic stirring until CMC was fully dissolved, and 0.3 g of CA
was dispersed in 100 mL deionized water under magnetic stirring for 30 mins.
Second, 0.5 g of chitosan was dissolved in 1 wt.% acetic acid solution for 1 hat 25 °C
under magnetic stirring. Third, 10 mL, 10 mL and 20 mL of the homogenous CMC
solutions were separately measured into three vial bottles; and 5 mL CA solution
was added into the different CMC solutions to form CMC-CA crosslinked solutions,

and labelled CMC~CA, CMC~CA, and 2CMC~CA, respectively. Then, 10 mL, 20 mL,



and 10 mL of the CSN solution were measured into three different beakers and stirring
was continued using magnetic stirrers. While under stirring, CMC~CA, CMC~CA and
2CMC~CA were added dropwise into the 10 mL, 20 mL, and 10 mL CSN solutions,
respectively to form composite hydrogel matrix solutions labelled CMC~CA~CSN,
CMC~CA~2CSN, and 2CMC~CA~CSN. CMC~CA~CSN,

CMC~CA~2CSN, and 2CMC~CA~CSN were poured into moulds, allowed to stand
overnight, and dried using a vacuum oven at 60 °C. The hydrogel composites
synthesized were washed, put back to dry in the vacuum oven for 24 h, and then,

stored in the desiccator.

2.3  Preparation of CMC-CSN-CA-3-CD hydrogels

CMC~CA~CSN, CMC~CA~2CSN, and 2CMC~CA~CSN composite hydrogel
matrices were synthesized (following Section 2.2). Also, 0.3 g of B-CD was dissolved
in 100 mL de-ionized water. Then, 3 mL of the B-CD solution was added into each of
CMC~CA~CSN, CMC~CA~2CSN, and 2CMC~CA~CSN composite hydrogel matrix
solutions. The solutions were stirred for 6 h, poured into moulds, and allowed to stand
overnight at room temperature to remove entrapped gas. The hydrogels were also

dried, washed, and stored following the same procedure described in Section 2.2.

24  Characterization of CMC-CSN-CA hydrogel matrices

The dried hydrogel matrices were characterized for swelling (%), water
absorbency (%) and gel fraction (%). The matrices were incubated in de-ionized water
at 25 °C for 48 h. The swelling weights of the hydrogel matrices were measured
gravimetrically after wiping excess water from the hydrogel surface. Weights were

taken every hour within the first 7 h and at 48 h. At 48 h, excess water was drained



for 10 mins. Water absorbency (Aw ) of the matrices (percentage) was calculated using

Equation 1.
Aw = (Ws— Wa)/Wyg (1)

where Ws and W4 are the weights of the swollen composite hydrogel and the
corresponding dry composite hydrogel, respectively. The water uptake measurements
were done three times for each composite hydrogel matrix, and the average of the
three values was recorded. Further, a mass of dried hydrogel matrix was immersed in
de-ionized water for 48 h at 25 °C. The insoluble part necessary for assessing the
hydrolytic stability of the hydrogel samples was dried and weighed. Gel fraction (Gr)

of the matrices (percentage) were calculated according to Equation 2.
Gr = (WilWa) (2)

where Wi is the weight of the dried insoluble part, and Wa is the weight of dried matrix

before immersion in water.

Furthermore, the prepared hydrogel matrices were characterized by X-ray
diffraction (XRD), Fourier transform infra-red spectroscopy (FTIR), scanning electron
microscopy (SEM), differential scanning calorimetry (DSC) and thermographic
analysis (TGA). The XRD patterns of the composite hydrogel matrices in the scanning
range of 10°<26<60° were obtained using a PANalytical X’'Pert> Powder (PANalytical,
Netherlands) equipped with a CuKa radiation source, operated at 40 kV and 40 mA.
The functional groups of the composite hydrogels were characterized using FTIR
spectrometer (IRAffinity-1, Shimadzu, Japan). All samples were analyzed as powder,
thoroughly mixed with KBr powder, compressed into 1 mm transparent pellet, and

analysed over the range of 4000 to 400 cm™'. Surface morphologies of the



synthesized hydrogel matrices were investigated using FEI Quanta 450 FESEM (FEI
Co., Europe), operated at an accelerating voltage of 10 kV. The samples were gold-
sputtered before analysis. Thermal analysis of the hydrogel matrices was conducted
using the Mettler Toledo Thermographic and Differential Scanning Calorimetry
(TGA/DSC) 1 (Mettler Toledo, Switzerland). The samples were heated at a heating rate
of 5 °C min-! over a temperature range of 25 to 500 °C under a nitrogen flowrate of 50

ml min-".
2.5  Characterization of synthesized composite CMC~CA~CSN~B-CD hydrogels

To confirm crosslinking density and internal network formation, the synthesized
CMC-CA-CSN-B-CD hydrogels were characterized for hydrolytic properties. Thermal
stability and chemical structure were also analyzed using DSC- TGA, and FTIR
(following Section 2.3). The chemical interaction and molecular structure were further
confirmed using Raman spectroscopy. An Avalon Instruments Raman Station (Avalon
RAMANITATION R3, Belfast) was used to obtain the Raman spectra of the hydrogels
using an excitation wavelength of 785 nm. Laser power of the source was maintained
at 300 mW for 20 s. The spectral range was 300 — 3200 cm-'. Antimicrobial activity of
the developed hydrogels was also examined using solid gel dynamic shake flask
method. Corynebacterium glutamicum ATCC 13032, a Gram-positive bacterium, was
grown in 5 mL of Luria-broth (LB) media (inoculation at 1% V/V) in a shaking incubator
overnight at 30 °C and 200 rpm. After that, 0.1 ml of the grown culture was added into
1000 mL of sterile de-ionized water (18.2 MQ- cm), and this was aliquoted at 50 mL
into 160 mL serum bottles containing the test

materials. The bottles were then capped with aluminium foil and were put into shaking

incubator for 2 hours at 30 °C and 200 rpm. Subsequently, colony-forming



unit (CFU) per mL of the test cultures were determined by serial dilution and

spreading onto LB agar plate.
3. Results and discussion

3.1 Hydrogel synthesis

Fig. 1 illustrates the hydrogel synthesis procedure.
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Figure 1 Synthesis procedure of CMC~CA~CSN~B-CD hydrogels
3.2  Effect of varying mole ratio of polymers on properties of CMC-CA-CSN

matrices

3.2.1 Hydrolytic properties
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Fig. 2. Hydrolytic properties of the hydrogel matrices (non-crosslinked (MO),
CMC~CA~CSN (M1), 2CMC~CA~CSN (M2), and CMC~CA~2CSN (M3)) in de-
ionized water at 25 °C (a) swelling (%), (b) water absorbency (%), and (c) gel fraction
(%).

Swelling, water absorbency, and gel fraction (at 25 °C) of the prepared
hydrogel matrices are shown in Fig. 2(a-c). The hydrolytic properties were carried out
to assess the degree of crosslinking network and select optimal hydrogel matrix.
Crosslinking density is inversely proportional to swelling and water absorbency.
Increasing mole ratio of either CMC and CSN to 2, increased swelling (Fig. 2a)and
water absorbency (Fig. 2b). At CMC:CSN = 1:2, CMC~CA~2CSN exhibited maximum
swelling combining good crosslinking degree, super-absorbency (2200% swelling,
1229.7% water absorbency), and enhanced hydrolytic stability (84.7% gel fraction),

and surpassing reported performances of some natural-synthetic or



synthetic-synthetic polymer-based composite hydrogels (see Table S1 in
Supplementary information) [45-48]. Conversely, at CMC:CSN = 1:1, matrix
CMC~CA~CSN (495% swelling, 177% water absorbency) showed the least swelling.
The dried CMC-CSN-CA hydrogel matrices swelled quickly within the initial 60 min and
attained equilibrium swelling in 2 h (M1), 4 h (M2), and 3 h (M3). Swelling is due to the
presence of an increased number of hydroxyl and ester functional groups introduced
by crosslinking the CMC~CSN backbone with CA [36, 47, 49]. Hydrolytic stability of
the hydrogel matrices is shown in Fig. 2c. MO had 79% insoluble parts in water after
48 h. Crosslinking with CA, the matrices had insoluble parts 63% (M1), 24% (M2), and
85% (M3). The result shows that increasing the mole ratio of CMC in the composition
increased the dissolution of the hydrogel matrices while increasing the mole ratio of
CSN decreased dissolution. The gel fraction result, thus, suggests that hybridization
of CMC with CSN (1) improved stability of CMC-CSN composite in de-ionized water,
and (2) minimized instability of CMC in the presence of CA. Dharmalingam et al. [5]

reported that crosslinking of CMC alone with CA resulted in

intramolecular crosslinking due to repulsive force exerted by -COO- groups which lead
to increased solubility of the hydrogels. Hence, the increased water stability of M3
could be attributed to increased mole ratio of CSN, which is water-insoluble in the

CMC-CSN hybrid [32].

Hence, the swelling, water absorbency and gel fraction results show that (1)
M1 has the optimal microstructure; (2) M3 is superabsorbent yet hydrolytically stable,
and (3) hybridization with CSN enhances the stability of CMC-CSN composite
hydrogel matrices in de-ionized water. Importantly, the enhanced gel fraction of M3
highlights the potential and positive outlook for the replacement of synthetic polymers

with natural polymers for the fabrication of safe, durable hybrid hydrogels.



3.2.2 Chemical properties
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Fig. 3. (a) FTIR of CMC, CSN, hybrid polymer CMC-CSN (MO0), CA, and the hydrogel
matrix, CMC~CA~CSN (M1). (b) FTIR of CMC-CSN (M0O) and the citric acid
crosslinked hydrogel matrices. (c) XRD patterns of CMC-CSN (MO0) and the composite
hydrogel matrices at different ratios of CMC to CSN equals 1:1 (M1), 2:1 (M2), and 1:2
(M3).

To confirm the internal structure, miscibility, crosslinking and functional groups,
FTIR spectra and XRD patterns of the non-crosslinked bi-polymer backbone and the
hydrogel matrices were recorded. In the FTIR spectra (Fig. 3a and b), the broad band
at 3600-3200 cm-"! corresponds to the stacking of -OH and -NH stretching vibrations of
CMC and CSN [50-53]. For M1 (Fig. 3a), the peaks at 2934 cm™' and 2890 cm-', 2348
cm, 1717 cm-', and 1605 cm™" are attributable to asymmetrical and symmetrical -CH

stretching vibrations, carbonyl bond of ester formed, and -COO-



group. M1 exhibited mixed characteristics of CMC, CSN, and CA, confirming
crosslinking and chemical interaction [23, 51]. For example, the weakened
characteristic absorption band of CMC at 1000-1200 cm-" indicate the participation of
the -OH group of CMC in the chemical reaction. However, the intensity of the ester
bond decreased in M3 at CMC:CSN = 1:2 and disappeared in M2 at CMC:CSN = 2:1
(Fig. 3b). Thus, the presence of ester bonds in only the spectra of M1 and M3 confirms
(1) miscibility and enhanced crosslinking density, and (2) the swelling and water
absorbency results in Section 3.1.1 [14, 35, 36]. M1 and M3 also show broad peaks
at 3441 cm™ and 3417 cm™', respectively, attributable to -OH stretching. Also,
compared with the spectra of the non-crosslinked hydrogel backbone, MO, the typical
peaks of the hydrogel matrices are shifted towards higher wavenumbers indicating the
presence of different hydrogen bond strengths. M1 has peaks shifted towards higher
wavenumbers. This indicates that of the three matrices synthesized, M1 had the
strongest bond formation since more energy was required to cause vibrations of the
bonds recorded in the spectra. The FTIR spectra for CMC, CSN, and CA are like those

reported by other authors [50, 51, 54, 55]. Fig. 3(a and b) thus, confirms that

M1 exhibited enhanced miscibility and internal network compared to other hydrogel
matrices developed. The XRD patterns (Fig. 3c) show that the hydrogel matrices
exhibit different degrees of crystal growth. Remarkably, all of the developed hydrogel
matrices are semi-crystalline -a desirable and unique property when compared to
those reported for most natural-synthetic composite hydrogels [47]. Without
crosslinking, CMC-CSN backbone exhibited two diffraction peaks indicating that it is
a hybrid of CMC and CSN. Between 26=10 and 60°, CMC shows typical peaks at
208=20° while CSN has typical peaks at 26=11° and 20° attributable to the amorphous

nature of the polymers and the crystalline structure of chitin [51, 54, 55]. Fig. 3c



shows that increasing mole ratio of CSN in the composition decreased peak intensity
but increased peak width of the hydrogel matrices. And, increasing the mole ratio of
CMC increased peak intensity and narrowed peak width. Thus, crystallinity peak for
MO at 26=22.81° was gradually broadened with increasing mole ratio of CSN to give
peaks for M1 and M3 at 20=21.87 °. Peak broadening occurs with increasing
crosslinking or internal strain [5], and peak intensity and width in the XRD pattern of a
sample have a close correlation with the materials’ crystallinity [55]. The peaks of the
hybrid hydrogel matrices show transformation toward crystalline nature due to
crosslinking the composite polymers with CA. Thus, M1 and M3 exhibited some degree
of favourable crystal growth due to intramolecular and intermolecular hydrogen bonds
from functional groups introduced by hybridization of CMC and CSN polymer chains

and crosslinking with CA.
3.2.3 Thermal stability

DSC and TGA were used to determine the thermal stability of the composite
hydrogel matrices and illustrated in Fig. 4. Effect of varying mole ratio of CMC and
CSN on the thermal stability of the hydrogels was also observed. The DSC results
(Fig. 4a) show that crosslinking with CA enhanced thermal stability of the hydrogel
matrices. And, increasing the mole ratio of CMC in the hydrogel composition increased
endothermic property of the hydrogel matrix as seen with M2 between 25- 170 °C.
However, above 275 °C, M2 became more exothermic when compared with M3.
Maximum heat flow was 16.38 mW and 8.15 mW for M2 and M3, respectively.
Crosslinking the hybridized monomers enhanced stability towards heat for the hydrogel
matrices [54]. Thermal degradation of the matrices was studied with TGA (Fig. 4b). As
shown in Fig. 4b, the hydrogel matrices are thermally stable up to 500 °C. Three

stages of degradation were observed for the hydrogel matrices andthe



backbone, MO0. The first (25-250 °C)and second (250-317 °C)mass losses are due to
the removal of free and bound water in the hydrogel matrices. The third (317-500 °C)
mass loss is due to actual decomposition of components of the hydrogel matrices.
Maximum weight loss of the samples was observed at 317 °Cin the second step. The
weight of the hydrogel matrices only dropped a maximum of 12.6% between 25-
250 °C. The substantial weight loss in the range of 250 -500 °C is attributable to the
decarboxylation of CMC, partial degradation of CSN and decomposition of CA [5, 15].
The TGA result is similar to those reported in the literature, although in some studies,
the first and second degradation stages were considered as a single stage [48].
Given that the weight of the green hydrogel matrices only decreased by 12.6% at
250 °C,and 5.6% (MO0), 4% (M1), 5.6% (M2), and 4.8% (M3) at 50 °C,the hydrogel

matrices are thermally stable.
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(M3))

3.2.4 Surface morphology

To further confirm the network formation, the surface morphology (top and

cross-sectional views) (Fig. 5.) of the crosslinked hydrogel matrices was studied.



The smoother and stable the surface morphology, the better the hydrogels’
homogeneity and microstructure. At CMC:CSN = 1:1 (Fig. 5ai) and 1:2 (Fig. 5ci), the
hydrogel matrices exhibited different degrees of surface smoothness. The surface
morphology of the CMC~CA~CSN was the firmest and most stable (Fig. 5ai) without
pin-holes unlike 2CMC~CA~CSN (Fig. 5bi). The cross-sectional view of
CMC~CA~CSN (Fig. 5aii) also showed that it had the best firmly held microstructure.
Increasing mole ratio of CMC to 2 increased smoothness of 2CMC~CA~CSN but

reduced its stability under the electron beam, hence the observed pinholes. The
smoothness, stability, and uniformity of CMC~CA~CSN, therefore, confirms its higher
degree of homogeneity, durability, and well-developed microstructure when compared

with 2CMC~CA~CSN and CMC~CA~2CSN.
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Fig. 5. Micrographs of the crosslinked hydrogel matrices (a) CMC~CA~CSN, (b)
2CMC~CA~CSN, and (c) CMC~CA~2CSN from (i) top view, and (ii) cross -sectional view
From the preceding characterization results, increasing mole ratio of CMC from
1 to 2 increased water uptake indicative of decreased crosslinking density; increased

dissolution in de-ionized water at 25 °C; and decreased thermal and



surface stability. Also, increasing mole ratio of CSN from 1 to 2, although increased
water uptake, enhanced insolubility of the hydrogel matrices, thermal stability and
crystallinity of the hydrogel matrices, evident with M3. However, maintaining the mole
ratio of CMC to CSN at 1:1 yielded the best microstructure with moderate swelling,
water absorbency and good resistance to dissolution in water, crystallinity, thermal and
surface stability. Overall, keeping the mole ratio of CMC:CSN at 1:1 produced a safe,
green, thermally and hydrolytically stable, durable, and well- developed hydrogel
matrix, M1. B-CD was incorporated to enhance the potential for the developed matrices
to be ideal for wound treatment. The p-CD reinforced matrices were then
characterized for hydrolytic properties to study the effect of 3-CD on microstructure
formation. Thermal stability and chemical structure were also assessed using TGA and

FTIR, respectively.

3.3  Effect of B-CD on the developed hydrogel matrices

B-CD is known as an excellent encapsulating material for controlled and
prolonged release [35, 37, 39, 40]. The release of loaded agents occurs when the
substrate is exposed to a slight increase in temperature triggered by actions such as
exposure to sunlight. To confirm the steady release of loaded materials, the B-CD
functionalized hydrogels were characterized for hydrolytic properties (i.e. swelling,
water absorbency, and gel fraction). Hydrolytic performance is also essential to
ascertain the crosslinking density microstructure formation, thermal stability and
chemical structure. Fig. 6 illustrates the effect of incorporating B-CD on hydrogel

properties.

Hydrolytic properties characterization (Fig. 6a-c) show that B-CD in the

hydrogel matrices (M1, M2, and M3) increased hydrolytic stability for hydrogels H1,



H2, and H3; and swelling (%) and water absorbency (%) for H2. Equilibrium swelling
for H1 and H3 were attained at 300 min. Fig. 6a shows that hydrogel matrix without 3-
CD (HO0), and hydrogel H2 with B-CD (and CMC:CSN =2:1) were unstable, exhibiting
high swelling, water absorbency, and high dissolution after 48 h. Thus, the hydrolytic
analyses indicate that incorporation of 3-CD (1) enhanced the degree of crosslinking
for hydrogels H1 and H3, and (2) H1 maintained the best microstructure formation with
optimum water absorbency (116%) and gel fraction (82 %). This result agrees with
that of Kono et al. [50] that B-CD improves stability towards heat and insolubility. Like
in Section 3.2.1, the gel fraction was enhanced for H3 (at CMC:CSN

= 1:2). The increased amount of CSN in the composition could have minimized the
bi-polymer interaction with water molecule leading to an increased gel fraction
(95.15%) after 48 h in de-ionized water. Hybridization of CMC with CSN at
CMC:CSN=1:2 could have introduced mechanical properties such as elasticity,
stiffness, rigidity, and resistance as shown in Supplementary data Figure S1. This
result further highlights the potential positive outlook for the replacement of synthetic

polymers with natural polymers for the fabrication of composite hydrogels.
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Fig. 6. Effect of incorporating B-CD on (a) swelling (%) (b) water absorbency (%) (c)
gel fraction (%) (d) transmittance (e) heat flow and (f) mass loss for the synthesized
composite hydrogels HO (CMC~CA~CSN), H1 (CMC~CA~CSN~B-CD), H2
(2CMC~CA~CSN~B-CD), and H3 (CMC~CA~2CSN~3-CD).

The FTIR spectra (Fig. 6d) further confirms that H1 exhibited enhanced
miscibility, crosslinking, and chemical structure indicative of well-developed
microstructure. H1 exhibit a combination of characteristic peaks of HO and B-CD and
had peaks of varied intensities and shifts in wavenumbers. The FTIR spectra of pure
B-CD showed a broad peak between 3544 cm-! and 3213 cm™' ascribable to -OH
group stretching, and an intense peak at 2926 cm™' attributable to -CH stretching
vibrations. Other peaks observed at 1640 cm™', 1150 cm™', and 1036 cm™ can be
ascribed to -HOH deformation bands of water present in B-CD, -CH overtone
stretching, and -COC vibrations respectively. This result agrees with those reported by
others [40, 50]. H1 had peaks at 3424 cm™', 2919 cm™', 2362 cm™', 1715 cm™!, and
1601 cm™' attributable to -OH stretching vibrations, -CH stretching vibrations, -NH
group, carbonyl bond of ester formed, and -COO- group. The new sharp peaks at 2919
cm™ and 1601 cm™ due to-CH stretching vibration and -HOH deformation
bands of water of B-CD present only in H1 gives further proof of improved crosslinking.
Based on the FTIR spectra, we conclude that H1 alone clearly demonstrates sharp
peaks related to B-CD shifted to either lower or higher wavenumbers indicative of
successful formation and structural change of CMC~CA~CSN~B-CD composite

hydrogel.

Fig. 6(e and f) illustrate the thermal properties of the composite hydrogels after
B-CD was added. Fig. 6e shows that addition of B-CD did not affect the thermal stability

of H1 at 25-120 °C. A slight increase in exothermic property was observed



afterwards at 120-175 °C. However, to a large degree (at least 56% at 50 °C), p-CD
incorporation increased exothermic behaviour of H3 at 25-225 °C. It could be that as
temperature increased for H3, dehydration of the loosely held -HOH deformation bands
of water in f-CD occurs, leading to the evolution of heat. At 50 °C, heat flows for HO,
H1, H2 and H3 are -1.40 mW, -1.40 mW, -1.23 mW and -0.73 mW, respectively. The
TGA curves (Fig. 6f) show three stages of thermal degradation between 25-227 °C,
227-357 °C,and 357-500 °C due to loss of free water, bound water, and degradation of
the polymeric materials, respectively. At 50 °C, mass losses for hydrogels HO (4.2%),
H1 (2 .3%), H2 (1.7%), and H3 (3.9%) indicate that the hydrogels are thermally stable
enough for wound treatment. Mass loss at the end of the first degradation stage for
the three hydrogels developed was 17.32% at 227 °C.There is no evidence of similar
studies in the literature; hence, our pioneer study results for thermal stability cannot
be compared yet. However, results on the three stages of thermal degradation agree

with those published for pure CMC and CSN polymer-based hydrogels [5, 15].
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Fig. 7 Raman spectra of the hydrogel matrix HO (CMC~CA~CSN), and hydrogels H1
(CMC~CA~CSN~B-CD), H2 (2CMC~CA~CSN~B-CD), and H3 (CMC~CA~2CSN~(-
CD) showing (a) full spectra, (b) disappeared peaks for H1 and H2 and appeared
peaks for H3 in the finger print region, and increased peaks and Raman shifts, (c) in
the full spectra and (d) in the finger print region. Increased peak intensities, the
appearance of new peaks, and shifts to higher wavenumbers (most notably for H1)
indicate fewer defects, interparticle and molecular interaction, structural changes and
crosslinking of the hydrogels.

To confirm molecular interaction and crosslinking after inclusion complexation
with B-CD, Raman spectroscopy was used to analyze the hydrogels and illustrated in
Fig. 7. The Raman spectrum of HO (Fig. 7a) show peaks at 342.48 cm™! and 457.83
cm, 888.18 cm™, 1118.9 cm™', 1374 cm™', and 2959.8 cm™' which can be assigned
strong 8(CC) aliphatic chains, strong v(O-O) and medium v(C-O-C), weak v(C-O-C),
8(CHs), and strong 6(C-H) vibrations. Within the Raman spectral region characteristic

for vibration of aromatic bands (1500-1800 cm') and completely free from interfering



bands, B-CD is reported to show peaks at 755 cm, 857 cm™', 925 cm', 1050 cm™" and
1085 cm™, 1132 cm™', 1331 cm, and 1464 cm', ascribable to vibrations due to (COO-
), (COO) and (CHs), (CC), (CN), v(C-O-C), wagging of (CHz), (CH) and (OH)

groups and in-plane bending of (CHs), (OH), and C=C stretching [56-58]. From Fig. 7b
and c, it can be seen that the very low intensity bands at 342.5 cm™!, 888.18 cm™,
1118.9 cm', 2552.2 cm™, 2969.8 cm™' can be observed in the HO Raman spectrum
are absent in the H1 Raman spectrum. This specifies the molecular interaction of HO
with the B-CD surface for hydrogel H1, indicates that the matrix M1 is located within
the B-CD cavity and addresses enhanced crosslinking of H1. Also, new peaks (Fig. 7b-
d) corresponding to 785.83 cm™!, 1377 cm™', and 3193.8 cm-" relate to B-CD inclusion.
As llustrated in Fig. 7, shifting, increasing in peak intensities, broadening of
characteristic bands, and disappearance of some peaks in the spectra of the
developed hydrogels were observed. Sharpness in peak intensities (e.g. at 457.83 cm-
' and 1374 cm™), the disappearance of some peaks and shifts in wavenumbers
indicate crystallinity resulting from homogeneity and fewer defects, transformation
following chemical interaction/crosslinking, and change in interparticle interaction and
chemical bond length of the molecules, respectively. The shorter the bond length, the

denser the crosslinks and the greater the shift to higher wavenumber.
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Fig. 8 Viable bacterial counts (CFU/mL). (a) Digital image of the test cultures and their
replicates arranged in columns (i) HO, (ii) H1, (iii) H2 and (iv) H3 in LB agar plates. (b)
Bacterial counts after 2 h contact time in treated hydrogel matrix HO (CMC~CA~CSN),
and hydrogels H1 (CMC~CA~CSN~B-CD), H2 (2CMC~CA~CSN~B-CD), and H3

(CMC~CA~2CSN~B-CD) compared to untreated sample.

The antimicrobial activity of the optimum hydrogel matrix, HO and the
developed B-CD reinforced hydrogels, H1, H2 and H3 against C. glutamicum was
studied by dynamic shake flask method and compared with no treatment (without the
samples). The results are illustrated in Fig. 8. The antimicrobial study shows that
while H1 propagated C. glutamicum by -26.32%, H2 and H3 show low growth
inhibition by 28.99% and 43.95%, respectively when compared with the control
sample. And, in 2 h of exposure to C. glutamicum, complexation of the hydrogel
matrices with 3-CD, propagated the bacterium growth by 131.84%, 30.31% and 2.85%
for H1, H2, and H3, respectively. This result is similar to those reported that B-CD
elicits poor inhibition effect on Gram-positive bacteria activity [41-44]. Thus, this
antimicrobial study shows that the optimum hydrogel matrix, HO is ideal for
antimicrobial biomedical application such as wound dressing/treatment while the
optimum hydrogel, H1 is suitable for microbial biotechnology application such as

metabolic engineering of amino acids.

Following the preceding, the addition of B-CD into CMC-CSN composite
matrices crosslinked with CA (1) enhances the degree of crosslinking for H1 and H3,
(2) improves gel fraction of all the developed hydrogels , and (3) propagates the growth
of Gram-positive bacterium, C. glutamicum. Overall, H1 exhibit thermally stable, and

well-developed hydrogel microstructure.



4. Conclusion

In this study, non-toxic and environmentally sustainable citric acid (CA)
crosslinked carboxymethyl cellulose (CMC) - chitosan (CSN) composite hydrogels
matrices were synthesized and characterized for the effect of varying mole ratio of
CMC:CSN on hydrolytic properties, crosslinking density, thermal stability, and
morphology. Then, to reinforce the matrices, beta-cyclodextrin (B-CD) was
incorporated, and the effect of B-CD on the hydrogels’ hydrolytic and thermal stability
and antibacterial activity was studied. We found that varying mole ratio of CMC and
CSN affect hydrogel microstructure. Optimum polymer ratio was at CMC:CSN=1:1, in
which hydrolytic stability increased from 63% (CMC~CA~CSN) to 82%
(CMC~CA~CSN~B-CD) and thermal stability improved from 4% mass loss
(CMC~CA~CSN) to 2.3% mass loss (CMC~CA~CSN~ (3-CD) when 3-CD was added.
Complexation of the hydrogel with 3-CD propagated the growth of C. glutamicum,
the work horse for the production of amino acid and other bio-based chemicals. The
study concludes (1) optimal microstructure for a CMC/CSN/CA composite hydrogel is
at CMC:CSN = 1:1 in which thermally stable, porous, semi-crystalline hydrogel matrix
M1 exhibits optimal hydrolytic properties (495% swelling, 177% water absorbency, and
63% gel fraction); and (2) incorporation of B-CD to CMC-CSN-CA matrix enhances
composite hydrogel microstructure and improves hydrogels’ hydrolytic
stability. Remarkably, this study revealed that well-developed natural bi- polymer-
based composite hydrogel microstructure suitable to compete with present- day
natural-synthetic polymer-based composite hydrogel could be achieved at a
CMC:CSN=1:2. This result is promising for the substitution of petroleum-based
polymers with natural polymers for the fabrication of safe, green, composite hydrogels

for more widespread applications.
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Table S1 Comparison of hydrolytic, thermal and structural properties of some CMC
or CSN-synthetic hybrid hydrogels with those from this study

Composite Solvent/ | Maximum | Gel fraction | Thermal Nature Ref.
hydrogel other Swelling (insoluble stability
material synthetic part) in (mass
materials water at 48 h loss at
500 °C)
CSN~CA~PVA HCI 220% - ~78% - [30]
membrane
PVA~CL- HCI 170 % - ~87% Semi- [34]
1~glutaldehyde crystalline
CMC~CA~PEO - 2568% 44 17% ~68% Soft, [31]
film flexible,
amorphous
Sodium Alginate- Distilled 207.79% - - - [35]
chitosan-Arabic water
gum
CSN~MSN~BGP Ultrapure 45.7% 4.5% - - [36]
water
CMC~CA~CSN De-ionized 495% 62.97% 61% Thin, tough, | This
water semi- study
crystalline
CMC~CA~2CSN | De-ionized 2200% 84.95% 60.47% Thin, tough, | This
water crystalline | study
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Figure S1 Micrographs of the developed pB-CD composite hydrogels (a)
CMC~CA~CSN~BCD  (H1), (b) 2CMC~CA~CSN~BCD (H2), and (c)
CMC~CA~2CSN~BCD (H3) as acquired from (i) top view, and (ii) cross-sectional view



	coversheet_journal_article
	UYANGA 2020 Citric acid
	Citric acid crosslinked natural bi-polymer-based composite hydrogels: Effect of polymer ratio and beta-cyclodextrin on hydrogel microstructure
	Conflicts of interest
	Acknowledgements
	Data availability statement

	UYANGA 2020 Citric acid (Supp File)

