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Molecular recognition is essential for the advancement of functional supramolecular natural polymer-based
hydrogels. First, a series of carboxymethyl cellulose (CMC)-chitosan (CSN) hydrogels crosslinked with fumaric
acid are studied, where the influence of composition on microstructure and swelling is investigated using math-
ematical modelling and experiment and the hydrolytic properties, microstructure parameters and physicochem-
ical properties are examined. Second, best fit values for the responses are obtained using multiple linear
regression and MATLAB R2020a curve fitting and predictive models are generated. Third, the optimum micro-
structure is loaded with polyethylene glycol (PEG) and bismuth telluride (Bi,Te3) and coated on fabric for
imparting thermal sensitivity. The results show that (1) optimum microstructure (25.65 4+ 1.86 nm mesh size,
116.25 + 0.00 umol/cm? effective crosslinking-density, 348.03 & 10.81% swelling, and 62.86 + 1.11% gel frac-
tion) is found at CMC:CSN = 1:3 for G3; (2) the model shows good agreement with experimental data demon-
strating potential for estimating hydrogel swelling and microstructure; and (3) G3/PEG and G3/PEG/Bi,Te3
enhance thermal conductivity of fabric at ambient, body, and elevated temperatures. The study demonstrates
the potential of the generated model in predicting CMC-CSN swelling and G3 as an ideal host matrix for wearable
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textiles/devices.
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1. Introduction

Recently, researchers have shown an increasing interest in natural
polymer-based hydrogels as matrices for theoretically inexhaustible ap-
plications due to their abundance and sustainability compared with de-
pleting petroleum-based synthetic counterparts [1-4]. However,
translation from the abounding theoretical models to practical models
remains a critical challenge that needs to be addressed. First, translation
is dependent on the capacity to develop hydrogels with well-defined
microstructure using only green, non-toxic materials and reproducible
processes [5] since crosslinking and microstructure control hydrogel
properties and performance [6]. Second, an in-depth understanding of
hydrogel microstructure - the interplay between components and mi-
crostructure formation - promotes translation. Such molecular recogni-
tion will provide information on geometrical and interaction pattern of
each component necessary for tuning of the components and conditions
to obtain desirable hydrolytic properties and microstructure [7]. A
method to modify hydrolytic properties, hence, optimize hydrogel
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microstructure is to vary the hydrogel composition, study in-depth its
effect on swelling and microstructure parameters, generate a model to
predict the swelling response and microstructure, then test
functionability of the optimum hydrogel microstructure as a good host
matrix.

Natural polymer-based hydrogels are 3D hydrophilic network struc-
tures made up of two or more natural polymers, crosslinker(s) and sol-
vent(s) [8]. Among naturally occurring polymers are cellulose and
chitin. Their derivatives carboxymethyl cellulose (CMC) (cellulose de-
rived) and chitosan (CSN) (chitin derived) are widely studied due to
their non-toxicity, biocompatibility, extracellular matrix structure,
abundance, and cost-effectiveness [9-13]. Moreover, through ionic in-
teraction, they can easily be modified to produce stable and multi-
functional composite CMC-CSN structures, having improved properties
[9,14,15]. For example, Shang et al. [9] found that CMC-CSN hydrogels
exhibit good electromechanical response at different pH, thus are
suitable as sensors. Kaihara et al. [ 14] reported that CMC-CSN blend pro-
duces polyion complexes which form stable nanoparticles with semi-
interpenetrating network structure. Bao et al. [10] developed smart hy-
drophilic, temperature-sensitive chiral interfaces for recognition of chi-
ral compounds. Manzoor et al. [16] synthesized stable, highly efficient,
and reusable hydrogel beads for metal ions adsorption. Additionally,
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Zhang et al. [15] reported that incorporation of CSN to a cellulose frame-
work greatly increases structural integrity, flexibility, and resilience.
Ionic crosslinking of CMC with CSN to form CMC~CSN composite is
due to inter- and intra-charge compensation between anionic CMC
with cationic CSN [4,8,14,17]. CMC alone has a high solubility in water
due to the presence of active functional groups such as -hydroxyl
(—OH), carboxylic (—COOH), and carbonyl (—C=0) which act as ac-
tive sites [18]. Thus, ionic crosslinking of CMC with CSN improves CMC
matrix density and CSN solubility as —COOH groups are introduced at
the glucosamine unit of CSN. Also, CSN is a biodegradable structurally
supporting polysaccharide capable of stimulating response [13]. Its ac-
tive surface can enhance sensing needed for wearable energy textiles.
These unique properties make CMC-CSN ideal as matrices for new appli-
cations in renewable energy, e.g., loading of energy carriers [19] and
thermoelectric materials and anti-microbial energy devices/textiles
[8]. Fumaric acid (FU) is a non-toxic, biodegradable, unsaturated dicar-
boxylic acid, which, when used as crosslinker produces stimuli-
responsive CMC-based hydrogels [20]. FU also exhibits antibacterial
and anticarcinogenic properties [21] which are dermatologically advan-
tageous. Polyethylene glycol (PEG) is biodegradable, non-toxic, with ex-
cellent solid-liquid transformation at a wide temperature [22-24], an
electrically insulating and electron-donating amphiphilic water-
soluble polymer [25] with low thermal conductivity capable of enhanc-
ing thermal insulation. PEG has been combined with CMC-based
hydrogels as an effective network modifier to enhance hydrogel proper-
ties [26]. Incorporation in a hydrogel matrix can be useful to achieve de-
sired thermal control - hydrogel swelling to absorb heat or hydrogel
shrinking to exude bound water which leads to cooling via evaporation.
These impulse responses can be tapped for the advancement of smart
skin-contacting energy devices. Bismuth telluride (Bi,Tes) is an excel-
lent thermoelectric material [27-29] with a high thermoelectric figure
of merit at ambient (15-25 °C) temperature. For wearable energy tex-
tiles, Bi;Te3 can enhance the conversion of waste heat dissipated from
the human body into electrical power induced by the difference in tem-
perature between the human body and the ambient temperature
[30,31]. The dissipated heat can be harvested for powering wearable de-
vices. Therefore, natural polymer-based composite hydrogels synthe-
sized by blending CMC, CSN, FU, Bi,Te; and/or PEG can advance the
development of smart thermo-sensitive matrices for wearable energy
applications. Herein, CMC-CSN, FU, PEG and Bi,Te; were used as bi-
polymer hydrogel backbone, crosslinker and functional components, re-
spectively for the synthesis of the hydrogels.

In our previous work, the effect of different non-cytotoxic
crosslinkers, namely, citric acid (CA), fumaric acid (FU), tartaric acid
(TA), and zinc ions (Zn®"), on hydrogel microstructure was examined,
where CMC-CSN crosslinked with FU (CMC~FU~CSN) shows the opti-
mum microstructure and properties. Enhanced crosslinking is attrib-
uted to the reduced amount of hydrophilic functional groups in FU
when compared with the other crosslinkers. In this study, the influence
of CMC and CSN ratio on swelling and microstructure of CMC~FU~CSN is
investigated using a modified method. First, the ratio of CMC and CSN is
varied between 1 and 5, and hydrogel equilibrium swelling ratio and
microstructure parameters are determined experimentally and accord-
ing to Flory Rhener's equation. Crosslinking, structure, and stability of
the hydrogels are confirmed using Fourier transform infrared spectros-
copy (FTIR), differential scanning calorimetry (DSC), X-ray diffraction
(XRD), scanning electron microscopy (SEM) and thermographic analy-
sis (TGA). Second, mathematical models to relate the influence of
(1) CMC and CSN ratio on equilibrium swelling ratio and (2) swelling
ratio on mesh size, molecular weight between crosslinks and effective
crosslinking density for the CMC ~ FU ~ CSN composite hydrogels are de-
veloped and validated. Third, the optimum microstructure is loaded
with PEG and Bi,Tes, coated on fabric, and the coated fabric is character-
ized for thermal conductivity, temperature-sensitivity, and clothing in-
sulation (CLO). Itis hypothesized that (1) increasing CSN content during
hydrogel synthesis will improve the microstructure and crosslinking
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density since CSN introduces more amide groups into the hydrogel sys-
tem, which interacts with the COO™ of CMC through ionic interaction to
suppress swelling, and (2) addition of PEG will enhance temperature-
sensitivity of the hydrogel since PEG has a high phase change enthalpy.
To the best of our knowledge, this study is the first to experimentally
and theoretically demonstrate the tuning of CMC and CSN composition
to examine its influence on the swelling and microstructure of
CMC~FU~CSN hydrogels. This study is significant because (1) the devel-
opment of a model that relates CMC:CSN with hydrogel swelling is im-
portant for understanding CMC~CSN composite hydrogels, predicting
microstructures, and designing CMC~CSN systems with desirable hy-
drolytic properties; (2) the developed mathematical models will offer
predictive capabilities on (a) swelling ratio for varying amounts of
CMC and CSN, and (b) microstructure parameters where equilibrium
swelling ratio is known or estimated from (a) for CMC~FU~CSN
hydrogels; and (3) the G3/PEG and G3/PEG/Bi,Tes hydrogels fabrics de-
veloped show potential for the advancement of natural bi-polymer
based hydrogels for thermal control for smart wearable energy tex-
tiles/devices.

2. Materials and methods
2.1. Materials

Carboxymethyl cellulose sodium (average molecular weight, Mw:
250 kDa, 700 mPas viscosity at 25 °C), polyethylene glycol (Mw: 8000
g/mol) and fumaric acid, 99% were purchased from Alfa Aesar
(Heysham, England). Chitosan (Mw: 100 kDa, 5-20 mPas, 0.5% acetic
acid at 20 °C) was purchased from Tokyo Chemical Industry Co. Ltd.
(Tokyo, Japan). Bismuth telluride powder, 99.99% was purchased from
China Materials Technology Co. Ltd. (Jiangxi, China), ethanol, 75% was
purchased from Uni-Chem chemical reagents (China) and acetic acid,
>99% reagent grade from VWR Chemicals BDH® (France, Europe). All
chemicals were of analytical grade and were used as purchased without
further purification. De-ionized water (18 MQ cm) was used through-
out the experiment.

2.2. Design approach for swelling study

Box-Wilson design was selected [32]. The independent variables
CMC and CSN ratios were designated X1 and X2, respectively; and var-
ied between 1 and 5. Crosslinker amount, X3 was kept constant, so its
influence on the dependent variable was not considered. The experi-
mental conditions are given (Table S1, Supplementary information).
Nineteen hydrogels and non-crosslinked bi-polymer backbone were de-
veloped. Ten experiments (G1-G10) were repeated to increase predic-
tion results. Total number of observations was 30.

2.3. Preparation of CMC~FU~CSN composite hydrogels

The hydrogels were prepared by chemical gelation at 25 °C following
a similar procedure [8]. Briefly, 1 wt% of CMC, 0.6 wt% of FU and 1 wt% of
CSN (in 1 wt% of acetic acid) homogenous solutions were separately
prepared. First, 10 mL CMC solution was crosslinked with 10 mL FU so-
lution to form CMC~FU solution. Second, while stirred at 500 rpm, CMC
~FU was added dropwise into 10 mL CSN solution to form CMC~FU~CSN
hydrogel, G1. Using ratios given in Table S1 and repeating the above
steps, the other hydrogel solutions (G2-G19) were prepared. Then,
the hydrogel solutions were poured into Petri dishes, allowed to stand
overnight to remove entrapped gas, and dried in a vacuum oven (48 h
at 60 °C) without a lyophilization step. The dried hydrogels were
brought out, washed to remove untreated entities, and re-dried for 24
h. The CMC~FU~CSN hydrogels were stored in a desiccator until charac-
terized. Non-crosslinked CMC~CSN (GO) was also prepared as the con-
trol sample.
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2.4. Characterization of CMC~FU~CSN hydrogels

G1, G2, G3, G4, G5, G6, G7, G8, G9 and G10 were characterized for
microstructure and crosslinking by studying their hydrolytic (swelling,
water absorbency (%) and gel fraction (%)), thermal, morphological,
structural, and chemical properties. Microstructure parameters were
also calculated.

Hydrogel hydrolytic properties in de-ionized water (pH 7.2) at 25 °C
for 48 h were measured [8]. Swelling was measured gravimetrically within
first 7 h and at 48 h. Water absorbency (A,) was (Ws - Wq4)/Wy where Wi
is weight of swollen hydrogel and Wy is weight of dry composite hydrogel
before incubation. Then, a mass of dried hydrogel was immersed in de-
ionized water. The insoluble part was dried and weighed. Gel fraction
(Gy) was calculated as (W;/Wq4) where W; is weight of dried insoluble
part, and Wy is weight of dried matrix before immersion in water.

The functional groups and chemical composition of the hydrogels
were studied using FTIR spectrometer (IRAffinity-1, Shimadzu, Japan).
All samples were analyzed as powder, thoroughly mixed with KBr pow-
der, compressed into 1 mm transparent pellet over 4000 to 400 cm™ .
The XRD patterns of the hydrogel matrices at 5° < 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
hydrogels were gold-sputtered and surface micrographs investigated
using ZEISS EVO MA10 SEM (Carl Zeiss Microscopy, USA), operated at
an accelerating voltage of 10 kV. DSC-TGA was conducted using the
Mettler Toledo Thermographic and Differential Scanning Calorimetry
(TGA/DSC) 1 (Mettler Toledo, Switzerland). The hydrogels were heated
at 10 °C/min at 25-400 °C under a nitrogen flowrate of 50 mL/min.

Least square multiple regression analysis was used to analyze the re-
lationship between the independent variables (CMC ratio and CSN
ratio) and the dependent variable (equilibrium swelling ratio). Based
on experimental swelling data, the multiple linear regression equation
was used to fit the polynomial equation:

n n n—1 n
Y=PBo+ > BXi+ Y BiXi + D> BiaXiX;
i=1 i=1 i1 =2

where Y —predicted swelling response, 3,—model intercept, j3; —linear
coefficient, B;—quadratic coefficients 3;;—model interaction coeffi-
cients, X;, X; are coded values for variables i and j, and n—total number
of variables. The analyses were conducted using Excel and MATLAB
R2020a. Lack of fit of the model was evaluated at confidence level equals
95%. The predicted model was validated by considering the overall
regression accuracy, the significance of F (i.e., overall P), individual p-
values of the coefficients, residuals, and experimental method. In the ex-
perimental method, five new hydrogels (H1-H5) were synthesized at
CMC:CSN = 1.5:1,1:1.5,3.5:1, 1:3.5, and 3.5:2 and equilibrium swelling
ratio measured and compared with predicted values.

2.5. Evaluation of microstructure parameters

Average molecular weights between crosslinks (M¢) was measured
using Eq. (1) [33].

1

Mc

2

My

v { In(1—Vy) + Vy +va2]

-3

where volume fraction of swollen polymer network, Vy = (

(1)

)’
My -molecular weight of primary polymer chains; v -specific volume
of polymer network; Flory-Huggins solvent-polymer interaction pa-
rameter, X=0.463; solvent molar volume, Vs=18 cm3/mol; Sy -
equilibrium swelling ratio; py -mass density of polymer network; and
solvent mass density, ps=0.99707 g/cm>. Hydrogel density was calcu-
lated from hydrogel dry mass and change in hexane volume after
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dipping in hexane. Effective crosslinking density, V¢ = (;},—NC) and mesh
size (nm) = 0.1748 x (M¢'/?) x (Sg'/?) [18].

2.6. Preparation and characterization of G3/PEG and G3/PEG/Bi;Tes coated
textiles

First, 0.03 mol/L PEG solution was prepared. 10 mL PEG solution was
added into 50 mL G3 hydrogel solution and stirred at 400 rpm, 25 °C for
30 min to form G3/PEG solution. G3/PEG was reproduced, and 10 mL
Bi,Te; solution was added to form G3/PEG/Bi,Tes. The Bi,Tes solution
was prepared by dissolving 0.1 g Bi,;Tes in 100 mL ethanol. Second,
the prepared formulations were applied on scoured fabric using a dip-
pad method as follows. Interlock knitted cotton fabric was washed
using 2 g/L non-ionic detergent (for 30 min at 400 rpm) and dried at
80 °C. The scoured fabric was cut into 2 cm x 2 cm, and 5 cm x 5 cm
pieces; and were separately dipped into G3/PEG and G3/PEG/Bi,Te; for-
mulations for 10 min. Padding was carried out using a laboratory padder
set at 0.65 MPa and 7.5 rpm to get a wet pick up of 100%. The coated fab-
rics were dried at 80 °C and cured at 120 °C for 3 min after which they
were washed with de-ionized water, re-dried at 80 °C, and stored in
the desiccator until characterization. Also, scoured untreated cotton
samples were selected and labelled as uncoated samples. Third, the
coated and uncoated samples were characterized for thermal sensitivity
atambient temperature (T = 15 °C), on human skin (33.2 °C), and at 45
°C. The thermal sensitivity analysis was conducted as follows. At ambi-
ent temperature, the fabrics (4 cm x 4 cm) on a glass Petri dish
(14.5 cm x 1.4 cm x 14.5 cm) were placed on a 15 °C ice bath. A plastic
wrap was placed between the ice bath and the Petri dish to avoid water
absorption. On human skin, the fabrics were cut into 2 cm x 4 cm and
simultaneously placed on the surface of the arm at 33.2 °C. At elevated
temperature, 4 cm x 4 cm fabrics on the glass Petri dish were placed
on a hotplate set at 45 °C. For the three temperature conditions, the fab-
rics were first allowed to attain steady condition for 15 min, then exam-
ined for 20-30 min. Thermal images were acquired using FLIR 53-24°
(FLIR Systems Inc., USA) and analyzed using the FLIR Tools software
(Version 6.4). Further, thermal resistivity and cloth insulation proper-
ties were estimated. Fabric thermal resistivity, R ((m?K)/W) was calcu-
lated as ratio of fabric thickness, L (m) to fabric thermal conductivity, k
(W/mK). Thermal conductivity was measured using C-Therm (C-Therm
Technologies, Fredericton, Canada). An average of 3 readings was ob-
tained. The clothing insulation (CLO) value was estimated using the
thermal resistance whereby 1 CLO = 0.155 (m?K)/W.

3. Results and discussion
3.1. Preparation of CMC~FU~CSN hydrogels

The proposed reaction mechanism for GO and the developed
hydrogels (Fig. 1) are as follows. Anionic polyelectrolyte carboxymethyl
cellulose sodium reacts with cationic polyelectrolyte chitosan by ionic
crosslinking to form GO (CMC~CSN) [4,17]. Furthermore, at the intro-
duction of FU, crosslinking mechanism of GO in the presence of FU is es-
terification. The —COO~ and —OH groups of FU crosslink through ester
formation leading to the development of the hydrogel.

3.2. Hydrolytic properties

The hydrogels show moderate and super swelling (Fig. 2a) in de-
ionized water (pH 7.2). G1, G3, and G5 show moderate swelling
<2000% and water absorbency <1000% (Fig. 2b) while G2, G6, G7, G9,
and G10 show increasing super-absorbency. G5 shows the lowest water
absorbency (Fig. 2b), yet the lowest gel fraction (Fig. 2c). The swelling
and water absorbency results corroborate. First, Fig. 2 shows that G1,
G3, G7 and G9 show swelling (541.46 4+ 7.89%, 348.03 + 10.81%,
2549.70 4 17.12%, and 3169.20 4 20.00%), water absorbency (534.71
+ 8.57%,397.96 + 11.24%, 1570.78 £ 22.78% and 2942.00 + 27.23%)
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Fig. 1. Proposed reaction mechanism for the formation of (a) CMC~CSN and (b) the CMC~FU~CSN hydrogels.

and enhanced hydrolytic stability (60.74 + 0.42%,62.86 + 1.11%,68.31 &
1.81% and 68.80 + 0.27%) when compared with GO (428.96 + 5.86%
swelling, 377.02 + 10.21% water absorbency, and 54.44 + 0.24% gel frac-
tion). This could be due to improved crosslinking following ionic interac-
tion and esterification, unlike for GO where crosslinking is mainly by ionic
crosslinking [8,20,34]. The enhanced hydrolytic properties of G1 and G3
could be attributed to enhanced crosslinking due to FU while that of G7
and G9 could be due to electrostatic interaction between CMC and CSN
at higher polymer content [35]. Super-absorbency of G7 and G9 with
high gel fraction is attributable to the increased amount of CMC and
CSN since the more balanced the charge stoichiometry and polyions con-
tent, the higher the degree of ionic crosslinking and microstructure stabil-
ity. Second, water uptake is seen to be directly proportional to CMC
amount (which introduces more COOH and OH) but inversely propor-
tional to CSN amount (which creates more balance between ionic
crosslinks and NH2 groups). CMC enhances electrostatic charges which
double swelling. Swelling decreases with the increasing balance between
ionic crosslinks, increasing NH2 content in the backbone. The presented
results agree with that reported in the first paper in this series, and with
other previous studies on CMC~CSN [35-37]. For example, Wang et al. re-
ported 306 + 8% swelling for CMC~CSN [37].

Thus, (1) G1 and G3 exhibit improved microstructure and
crosslinking density; and (2) the higher the compositional content of
CMC (i.e., more OH™ and COO~ from CMC and fewer amine groups
from CSN), the higher the water uptake and lower the crosslinking den-
sity and hydrogel microstructure.

3.3. Microstructure parameters
Table 1 shows that M varied between 9376 + 12 g/mol and 108,033

4+ 48 g/mol, mesh size between 25.65 + 1.86 nm and 198.88 4+ 5.76 nm,
while V¢ between 9.09 =+ 0.00 pmol/cm?® and 116.25 + 0.00 umol/cm®.
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The equilibrium swelling ratio is directly proportional to Mc and mesh
size but inversely proportional to V.. G3 has a very high crosslinking
density when compared with the other hydrogels. The low swelling
ratio of G3 could be the reason for the observed significant enhance-
ment in V¢. Quantitatively, a low swelling ratio translates to (1) a very
high volume fraction of polymer network (Vy) (Egs. (1) and (2)) a sig-
nificantly low average molecular weight between crosslinks (Mc). G3
has Vy about 5.86 times that of the most swelling hydrogel, G10 and
M¢ about 0.09 times that of G10. With such least Mc value and mass
density (py) within the same range as that of the other hydrogels, effec-
tive crosslinking density, V¢ (=pn/Mc) significantly increases for G3. Ar-
ranged according to decreasing Vi, G3 > G1>G5>G4> G10>G7>G9
> G2 > G8 > G6. Hence, this result corroborates the hydrolytic proper-
ties results for the non-superabsorbent class of hydrogels that G3 has
optimum microstructure. For the superabsorbent hydrogels, Table 1
confirms that the observed enhancement in gel fraction could primarily
be due to ionic interaction of CMC and CSN at the varied amounts and
not an effect of crosslinking with FU.

3.4. Chemical and structural properties

FTIR, DSC and XRD analyses were used to confirm crosslinking of the
hydrogels. The FTIR and XRD peaks were analyzed using SpectraGryph
software v1.2.13 with peak label function set at 5% threshold.

The FTIR spectra (Fig. 3a and b) show the chemical features of CMC,
CSN, CMC~CSN (GO), FU and the crosslinked hydrogels (SpectraGryp
prominence = 4). CMC shows characteristic absorption peaks at
3600-3200cm™!, 2915 cm™ !, 1598 cm ™!, and 1060 cm ™! correspond-
ing to —OH bending, —CH stretching, —COOH group, and —CO
stretching vibrations [38-40], while CSN shows bands at 3600-3250
cm™ !, 2929 cm ™!, 1655 cm™ !, and 1063 cm ™! ascribable to stacking
of —OH and —NH stretching vibrations, —CH, group, amide group,



KA. Uyanga and W.A. Daoud

10000 G0 —G1 —G2 —G3
(a) — G4 —G5 —GB& _G7
—G8 —G9 —G10
8000 NS
£ 6000
o
£
2
2 4000
2000

Time (h)

International Journal of Biological Macromolecules 181 (2021) 1010-1022

Water absorbency (%)
@
o
o
1

G0 G1 G2 G3 G4 G5 G6 G7 G8 G9 G10

Hydrogels

70

60

50

40+

304

20

10 4

04

Gel fraction (%)

G0 @1

G2 G3 G4 G5 G6 G7 G8 G9 G10

Hydrogels

Fig. 2. Hydrolytic properties (a) swelling (%) within 5 h, (b) water absorbency (%) after 48 h and (c) gel fraction after 48 h immersion in water of the hydrogels.

ether of saccharide ring (C—O0), respectively [38]. FU shows prominent
peaks at 3084 cm™ ', 1699 cm™ !, 1276 cm™ !, 896 cm ™!, and 645 cm ™!
ascribable to C=C—H stretching, C=0 stretching vibration, —CO vibra-
tion, OH stretching, and deformation vibration of O=C—O0, respectively.
GO exhibits absorption bands from CMC and CSN. The appearance and
prominence of the peak at 1077 cm™" could be due to ionic interaction
between —COO ™~ group of CMC and NH3 group of CSN [39]. All the
crosslinked composite hydrogels show mixed characteristic bands of
GO and FU and corresponding absorption and vibration bands like G1
with differences in their intensity and positions. For example, the
COOH bands at 1699 cm ™! in pure FU shifted to lower wavenumbers

Table 1

ranging between 1508 cm ™' and 1561 cm ™. Similarly, the 0=C—O0
group of FU at 645 cm™ ! is shifted to either higher or lower wavenum-
ber with reduced peak intensities in the crosslinked hydrogels. Again,
the intensity and sharpness of the COOH bands at 1415 cm ™" are almost
disappeared for the crosslinked hydrogels. These are ascribable to inter-
actions during crosslinking and hydrogen bonding [40]. The presented
results are like those published [8,40].

The XRD patterns (Fig. 4a and b) show a typical sharp peak for CMC
at 20 = 20.03° and two characteristic CSN peaks at 260 = 9.79° and
20.01° indicating their amorphous nature [8,18]. The CSN peak at 26
= 9.79° is attributable to crystal form I (amine I (—N—CO—CHj3))

Calculated microstructure parameters of CMC~FU~CSN (G1), CMC~FU~2CSN (G2), CMC~FU~3CSN (G3), CMC~FU~4CSN (G4), CMC~FU~5CSN (G5), 2CMC~FU~CSN (G6), 2CMC~FU~3CSN
(G7), 2CMC~FU~5CSN (G8), 3CMC~FU~CSN (G9) and 3CMC~FU~2CSN (G10) presented as mean + SD (n = 3).

Hydrogel code SR pn (g/cm?) Experimental data

Mc (g/mol) Mesh size (nm) Effective crosslinking density (umol/cm?)
G1 5.41 + 0.06 1.29 + 0.05 49,572 4+ 52 68.32 + 2.12 26.02 + 0.00
G2 9.80 & 0.08 1.04 + 0.00 94,841 + 61 115.20 + 5.14 11.00 + 0.00
G3 348 +0.10 1.09 + 0.05 9376 + 12 25.65 + 1.86 116.25 + 0.00
G4 7.57 £0.11 0.83 £ 0.05 73,651 &+ 16 93.15 £+ 3.16 11.30 + 0.00
G5 8.58 + 0.09 1.47 + 0.05 92,878 + 10 109.06 + 11.50 15.80 + 0.00
G6 26.70 £ 0.15 1.52 £ 0.00 107,801 + 38 171.54 + 11.10 14.10 + 0.00
G7 25.50 4- 0.23 1.46 + 0.05 107,737 £ 50 168.88 + 9.86 13.58 + 0.00
G8 24.89 4+ 0.19 0.98 + 0.05 107,510 + 51 167.34 + 4.89 9.09 + 0.00
G9 31.69 4+ 0.12 1.37 £0.10 107,915 + 45 181.71 £ 9.21 12.70 + 0.00
G10 41.48 4 0.10 1.52 £ 0.05 108,033 + 48 198.88 + 5.76 14.05 + 0.00
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Fig. 3. FTIR spectra of (a) CMC, CSN, FU, GO and G1 and (b) GO and the hydrogels.

and that at 260 = 20.01° ascribable to crystal form Il (amine Il (—NH,))
and corresponding to crystallographic planes (020) and (110), respec-
tively [41,42]. For GO and the hydrogels, the CSN peak at 26 = 9.79°
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disappears while that at 20 = 20.01° reduces in intensity due to the
amorphization process. It also confirms the electrostatic interaction be-
tween CMC and CSN and good compatibility between CMC, CSN and FU
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Fig. 4. XRD pattern of (a) CMC, CSN, FU, GO and G1 showing crosslinking, and (b) the crosslinked hydrogels G1-G10.
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in the formation of GO and the hydrogels. Thus, GO expresses lower crys-
tallinity, reduced peak intensity and a shift towards 20 = 23.94°
(Fig. 4a). This demonstrates the strong intermolecular interaction be-
tween CMC and CSN chains which destroys the crystalline nature of
CSN. FU shows six intense peaks at 260 = 23.22°,29.19°, 33.38°, 38.32°,
42.52° and 53.52° which become significantly reduced or almost disap-
peared for all the hydrogels confirming intermolecular interaction and
crosslinking between CMC, CSN and FU for all the crosslinked hydrogels.
Different degrees of semi-crystalline nature, number of peaks, reduction
in peak intensities of FU when exposed to the bi-polymer backbones,
peak broadening and shifts are observed (Fig. 4b). For example, G1
shows two prominent peaks at 26 = 22.15° and 35.45° while G3
shows three prominent peaks at 20 = 5.66°, 23.47° and 42.46°. Increase
in peak intensities for the crosslinked hydrogel when compared with
that of GO indicates an increase in crystalline nature and material appeal
of the developed hydrogels. Shift to higher theta values indicates a

(b)
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decrease in interchain spacing, implying enhanced crosslinking [43].
The XRD patterns are like those published in the literature for the
pure polymers [8,39].

Thermograms of CMC, CSN, GO and G1 (Fig. 5a) indicate intermolec-
ular interaction of the components. Between 25 and 250 °C (Fig. 5a in-
sert), two endothermic peaks are seen for CMC, CSN. The peak
becomes broadened for GO, suggesting that it is made from the pure
polymers. With an added endothermic peak from FU, G1 shows three
endothermic peaks (30 °C, 60-110 °C and 215 °C). All peaks are attrib-
utable to heat absorption by water evaporation from the polymers
and hydrogels. Also, the heat flow of CMC (—1.44 mW at 286.3 °C)
and CSN (—1.55 mW at 300 °C) are reduced for GO (—19.73 mW at
267 °C), and on further crosslinking with FU, shifts to 278 °C at
—19.18 mW for G1. These indicate component interaction, crosslinking
degree and reflects the nature of the microstructure of the hydrogels
[37]. Thermograms of the hydrogels (Fig. 5b) display corresponding

G10
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Fig. 5. Thermograms (a) heat flow of GO, FU and hydrogels G1-G10 (inset shows heat flow at 25-250 °C), (b) heat flow of CMC, CSN, GO, and their crosslinking to form G1; and (c) weight

(%) of the developed hydrogel.

1016



K.A. Uyanga and W.A. Daoud International Journal of Biological Macromolecules 181 (2021) 1010-1022

ENT = 10004V
IProbes30p4

WO 185 mm
1Pber30pA Mags S04KX

SguaiAssEl

EWT 1000V Wos 20mm ENTe 000V

IProbes 30pA Mage 4ITKX

H‘q

SigealAs 381

ENT= 10004V
IProbe= 30pA

SgnalAs 581

738KX

Mog=

ENT 10004V Wos 20mm
IProbes 304 Mags B08KX

SigualAs 381
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hydrogels at swollen state.
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peaks like G1 with differences in positions suggesting successful
crosslinking between FU and their corresponding CMC and CSN blends.
Furthermore, the hydrogels show a similar pattern of three stages mass
degradation (Fig. 5¢) (25-150 °C, 150-290 °C, and 290-400 °C) due to
dehydration of hydrogel free water, vaporization of bound water, and
exothermic degradation of polymeric chains, respectively [39]. Cellulose
decomposes at 210-260 °C while CSN decomposes starting from 10 °C
[44], however, crosslinking suppresses decomposition for the hydrogels
to =~150 °C with about 10% mass loss making them more thermally sta-
ble than the pure polymers. Similar results are reported for pure CMC,
pure CSN and CMC-CSN [39,44].

3.5. Morphological analysis

Fig. 6 shows surface morphologies of GO and G1-G10 at dry (2 pum)
and swollen (10 pum) (Fig. 6 inserts) states. First, at the dehydrated
state, smoothness and uniformity of the surface are indications of
good miscibility, homogeneity, and components interaction, hence
crosslinking and compactness of microstructure [45]. Without FU
(Fig. 6a), GO shows coarse, non-homogenous surface. With FU, G1-
G10 show different degrees of homogenous, smooth, and undulant
morphologies. Again, and outstandingly, G3 exhibits the most smooth
and homogenous morphology without cracks. This further supports
that optimum crosslinking and microstructure is achieved at CMC:CSN
= 1:3. Porous networks are not clearly seen at 2 pm. The typical large
porous networks seen for most CMC~CSN hydrogels are not reflected
in Fig. 6 for the dry samples. This is because lyophilization step/freeze-
drying was not included during hydrogel synthesis. The hydrogels
were also stored in the desiccator, thoroughly dried, and sealed from
air/moisture before the SEM characterization. To make apparent the po-
rous nature, the dry hydrogels were swollen in de-ionized water at 25
°C for 1 h, dried by repeatedly and gently tapping on soft laboratory
wipes, and micrographs obtained (Fig. 6 inserts). The hydrogels porous
structures become evident (Fig. 6 inserts). Fig. 6 (micrographs at the dry
state) is like those reported for polymer-composite hydrogels prepared
without a lyophilization step [20,36,46]. The SEM results confirm
crosslinking for G1-G10.

3.6. Statistical analysis and model fitting

The effect of variation in polymer ratio on equilibrium swelling ratio
and the interaction of the swelling ratio on hydrogel mesh size and a
molecular weight between crosslinks were computed. Firstly, the corre-
lation between X1 and X2 and the swelling ratio was evaluated using
multiple linear regression, and several models were generated. Fourth
order interaction model analysis was used to compute the regression
coefficients, and the following final valid statistical polynomial was pre-
dicted:

¥ =51.5819—295.7862X1 + 185.7847X2
+230.0731X1%—47.91831X1X2—99.66143X22 —62.6301X1°
+5.3289X1%X2 + 16.4364X1X2? + 21.2176X23
+5.6196X14—0.6418X13X2—2.0235X1X2> —1.5209X2* )
where, the coded variables X1, X2, and y represent the CMC ratio, CSN
ratio and swelling ratio, respectively. Fig. 7a illustrates the experimental
and corresponding predicted values of the swelling ratio for G1-G10.
(Data on G1-G19 is given in Table S2, Supplementary information).
The developed mathematical model (Eq. (2)) was validated by analyz-
ing statistical parameters (Table S3, Supplementary information) and
using a new experimental data set (Fig. 7b). The ANOVA studies
(Table S3) show that overall P (1.06 x 10~'?) and the individual P-
values of each coefficient which represent the level of significance of
the model confirm that the developed model is significant as all are
<0.05. Additionally, R2(0.9876), adjusted R? (0.9775) are also close to
unity, where (R? minus adjusted R?)/R? equals 0.01023. This indicates
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that when the model is applied to new data set, it could shrink by a
small factor of 0.01. Besides, the mean of the residuals (Table S2, Supple-
mentary information) is 0, indicating that the model is systematically
unbiased and valid for predictive analysis. Lastly, the model was applied
to a new experimental data set at ratios CMC:CSN = 1.5:1(hydrogel
H1), 1:1.5(H2), 3.5:1(H3), 1:3:5(H4) and 3.5:2(H5). The swelling ratio
(predicted; experimental) results presented (Fig. 7b) show good agree-
ment between the model and the experimental data. Thus, Eq. (2) is sta-
tistically valid and is a good predictor of the swelling ratio of the
CMC~CSN composite hydrogels within the design space, especially
where X1 has less content than X2. Secondly, mathematical model cor-
relations between the variables of mesh size and Mc, and the swelling
ratio, x, were evaluated. Fifth degree linear model analysis was used to
derive the following polynomial equations:

M = 0.01192x° —1.837x* 4 109.3x> —3113x% + 42040x—103400 (3)

Mesh size = 0.00003106x> —0.003845x* + 0.1818x> —4.13x2
+48.26x—98.98 (4)
The experimental data presented in Table 1 were verified using
Egs. (3) and (4) (Fig. 7(c—e)). V¢ was also estimated using the dry hy-
drogel density and the predicted M¢ values for G1-G19 are given
(Table S4, Supplementary information). Fig. 7(c-e) shows good agree-
ment between the predicted and experimental M¢ values (Fig. 7c),
mesh sizes (Fig. 7d), and the V( values (Fig. 7e). Thus, using the pre-
dicted swelling ratios from Eq. (2), Mc, mesh sizes, and V¢ of the
hydrogels can also be predicted.

3.7. Analysis of influencing factors - effect of CMC and CSN ratio on swelling

Swelling increases with increasing CMC content but decreases with
increasing CSN content. The positive and negative values of the linear
and interaction coefficients of the model indicate positive and negative
effects on swelling. For example, the p-value of CMC (X1) shows that
CMC exerts significant influence on swelling ratio, but the effect is
reduced when it interacts with larger CSN content as shown in the p-
values of terms, X1X22 and X1X23 (Table S3, Supplementary informa-
tion). Thus, to reduce swelling, promote compact and denser micro-
structure [8,36], it is recommended that CMC amount be less than that
of CSN. Conversely, where super-absorbency is desired, the CMC ratio
should be higher.

3.8. Thermal sensitivity and response of G3/PEG and G3/PEG/Bi,Tes coated
fabrics

The coated fabrics were subjected to ambient (15 °C), body (33.2 °C)
and elevated (45 °C) temperatures and thermal conductivity, resistance
and thermal response of the fabrics were examined in comparison with
the control sample. At 15 °C and 33.2 °C, the coated fabrics maintain
higher thermal conductivity and surface temperature than the uncoated
sample (Fig. 8a and b) while at 45 °C, the surface temperature of the
coated fabrics drops below (especially G3/PEG/Bi,Tes fabric) that of
the uncoated fabric (Fig. 8c). This could be attributed to the presence
of all the hydrogel components, especially, PEG. Bi;Te; in G3/PEG/
Bi,Tes contributed to the better insulating behavior of the G3/PEG/
Bi,Tes coated fabric. At a temperature below its own, the hydrogel coat-
ing expands absorbing cool/moist air, maintaining its surface tempera-
ture; and at a temperature above its own, shrinks ejecting water
molecules (in either gaseous or liquid form) from its matrix, releasing
cooling/maintaining its surface temperature. Expansion or shrinkage is
due to (1) decreased or increased orderliness of the polymer network
and (2) orderliness or disorderliness of water molecules following
polymer-polymer and polymer-water interaction [47]. The G3/PEG
coated fabric shows enhanced uniform distribution of heat (from body
and hotplate) (Fig. 8ci) when compared with the G3/PEG/Bi,Tes coated
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fabric (Fig. 8cii). This is because the G3/PEG coated fabric expresses the
highest thermal conductivity of all the fabrics (Fig. 8d) while G3/PEG/
Bi,Tes coated fabric expresses better insulating characteristic compared
with G3/PEG fabric (Fig. 8cii). The thickness (Fig. 8e) of the fabrics could
have contributed to the differences in insulation. The calculated CLO
values (Fig. 8f) confirm that G3/PEG/Bi,Tes fabric (0.115 4+ 0.001 CLO)
exhibits higher insulating ability. The thickness, thermal conductivity
and thermal resistance results for the uncoated fabric are within the
same range as those published [48,49]. These features of G3/PEG and
G3/PEG/Bi,Tes can be harnessed for thermoelectric wearable textiles/
devices.
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4. Conclusion

The influence of the composition of carboxymethyl cellulose
and chitosan on swelling and microstructure parameters, such as
mesh size, molecular weight between crosslinks (M¢) and effective
crosslinking density (V¢) of CMC-CSN composite hydrogel is studied.
Mathematical models are generated and validated by analyzing
ANOVA parameters and experimental data. The results show that swell-
ing is directly proportional to CMC content but inversely proportional to
CSN content and that decreased swelling enhances microstructure com-
pactness. Hydrogel prepared with CMC:CSN = 1:3 exhibits optimum
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microstructure parameters and hydrolytic properties. The ANOVA re-
sults of P = 1.06 x 10~ "2 R? = 0.9876, and adjusted R> = 0.9775 and
the model agreement with experimental data show that the generated
model can be used to characterize hydrogel equilibrium swelling ratio
where the ratio of CMC to CSN is known, from which M, mesh size,
and V¢ can be predicted. This study concludes that (1) moderate swell-
ing and optimum microstructure for CMC~FU~CSN hydrogel is achieved
at CMC:CSN = 1:3; (2) Eq. (2) can be used to estimate equilibrium
swelling; and (3) CMC~FU~CSN is an ideal host matrix for wearable en-
ergy applications. This study provides insight into the design of CMC-
CSN hydrogels for targeted swelling properties and potential use in
the advancement of functional wearable energy textiles.
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