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Water harvesting, reusable, and antifouling hydrogels have found various applications in the fields of
nanotechnology, biomedicine, food production and agriculture. These water-releasing materials are
generally comprised of hygroscopic natural polymers, such as alginate blended with ionic salts or
thermo-responsive moieties, to aid the release of water from a network of hydrogels. In this report, we
propose a simple strategy to develop novel, synthetic, hygroscopic hydrogels (in the absence of ionic
salts or thermo-responsive moieties), capable of absorbing copious amount of water and allow the facile
release of water at ambient temperatures, as a function of crosslinking density of the polymer chains.
The first step in the development of hygroscopic hydrogels is the development of hygroscopic vitamin
B5 analogous or pantothenic acid analogous monomer (B5AMA), by ring opening chemistry. The
hygroscopic hydrogels are then prepared from B5AMA monomer at different cross-linker densities by

free radical polymerization approach and are evaluated for their antifouling properties and for their water
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Accepted 8th November 2018 absorbing and release efficacies, as a function of temperature. The release of significant amount of water

by B5AMA hydrogels at physiological temperature (37 °C), their repeated water absorption and
desorption behavior and excellent antifouling properties, suggest their potential usage as water
harvesting materials in arid regions.

DOI: 10.1039/c8ra07915¢

rsc.li/rsc-advances

Open Access Article. Published on 13 November 2018. Downloaded on 2/15/2026 11:51:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Introduction

The development of novel materials with superior water
absorption and storage capabilities, in well-defined three-
dimensional architectures, is a topic of great interest in
science, nanotechnology, biomedicine, agriculture, and the
food industry.*® Superabsorbent hydrogels are an example of
highly permeable, and biocompatible, three-dimensional
network of polymeric materials, capable of holding large
amount of water in comparison to their own molecular
weight.”” The water releasing hydrogels are a specialized class
of superabsorbent hydrogels, which exhibit superior water
absorbing and release efficacies, in the presence of external
stimulus, such as the temperature.*” These water releasing
hydrogels, capable of harvesting clean water from rivers, mist,
dew, fog and dry air, are generally comprised of hygroscopic
natural polysaccharides in the presence of organic salts or are
cross-linked in the presence of stimuli responsive polymer
chains to aid the release of water at high temperatures.® For
example, Miyata and coworkers have recently reported that
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interpenetrating network of hydrogels of moisture absorbing
alginate and thermoresponsive poly N-isopropylacrylamide
(PNIPAM) exhibit excellent moisture capturing efficacies and
water release due to the collapse of polymeric chains above the
lower critical solution temperature (LCST) of PNIPAM.” Kallen-
berger et al. also utilized hygroscopic salts in alginate matrix to
harvest moisture from air and release the water upon drying.®
Ohno and coworkers, reported that reasonable hydrophobicity
of organic salts can be optimized to develop synthetic hydrogels
with reversible water absorption/desorption efficacies as
a function of temperature.® The development of a simple and
facile strategy to produce novel, cost efficient and simple
materials; capable of holding copious amount of water and the
release of water upon demand at ambient temperatures, as
a function of the crosslinking density of polymer chains, may
provide an alternative source to ensure the supply of portable
clean water in arid regions. The incorporation of antifouling
properties in water harvesting materials further ensures the
availability of clean supply of water, upon harvesting the water
from natural resources, such as from sea, or rainwater. In this
report we intend to develop, reusable, economical, antifouling
and water-releasing hydrogels, for the release of significant
amount of water by slight changes in the temperature, using
highly hygroscopic and biocompatible analogue of pantothenic
acid. In comparison to the handful of existing hygroscopic
materials, which require higher temperatures for the optimum

This journal is © The Royal Society of Chemistry 2018
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water release (=50 °C) and complex synthesis in the presence of
stimuli responsive moieties or the presence of ionic molecules
(salts) in their polymeric architecture,”” the highly hydrophilic
and polar nature of pantothenic acid analogous hydrogels may
exhibit excellent water absorbing and release efficacies at
ambient temperatures (~37 °C).

Pantothenic acid (vitamin B5), a water-soluble vitamin,
from vitamin B complex is well known for its hygroscopic,
antibacterial, biocompatible and moisturizing activities.®**
Pantothenic acid, a pantoic acid linked with B-alanine via
amide bond, is of biological importance due to its incorpora-
tion in acetyl-CoA and is an essential cofactor for cell growth,
fatty acid synthesis, carbohydrate metabolism, amino acid
catabolism, and heme synthesis.'® Pantothenic acid commer-
cially exists as calcium salt and has seen limited applications
in science, due to its instability in salt free conditions and
tedious synthetic reaction conditions.""** We argue that
hygroscopic nature of salt free pantothenic acid analogous
hydrogels may represent competitive materials with superior
water holding and water release capacities, at ambient
temperature, as both of these properties are critically impor-
tant for the hydrogels to qualify as economical water harvest-
ing materials.” However, an important step to achieve novel
and functional pantothenic acid based materials and to study
their role in water recycling efficacies is, the synthesis of salt
free pantothenic acid analogous monomer, capable of poly-
merization under facile reaction conditions.

As discussed above, the structure of pantothenic acid reveals
a simple amide bond between B-alanine and of pantolactone:
the replacement of B-alanine in pantothenic acid structure with
a similar polymerizable methacrylamide moiety might yield
interesting properties to pantothenic acid analogous macro-
molecules. Others have suggested that modification at carboxyl
end of B-alanine in pantothenic acid structure yields antibac-
terial and antifouling efficacies to the resultant materials.****
However, due to the difficulties associated with functionaliza-
tion of ionic salts of pantothenic acid on activated surfaces,
such materials have seen limited applications in materials
science and biomedicine™** and to the best of our knowledge,
pantothenic acid analogous monomers, and their correspond-
ing polymerized macromolecules are not yet reported. Herein,
a facile method to develop pantothenic acid analogous mono-
mer (indicated as vitamin B5 based monomer or BSAMA) by
simple ring opening chemistry is reported. The successful
synthesis of BSAMA in reasonable yield encouraged the subse-
quent development of B5AMA analogous hydrogels of various
crosslinking densities, by free radical polymerization method.
The hydrogels of B5AMA of varying crosslinking densities
produced were analyzed by X-ray diffraction analysis (XRD),
thermogravimetric analysis (TGA) and were evaluated for their
water absorption and release efficacies as a function of hydrogel
cross-linking density and temperature. To the best of our
knowledge, this is the first study, where pantothenic acid
analogous monomer, and the corresponding hydrogels are
prepared and their physiochemical properties (cross-linking
density of hydrogels) are investigated for the water release
efficacies.

This journal is © The Royal Society of Chemistry 2018
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Experimental procedure
Materials

Triethylamine (TEA), anhydrous methanol, potassium persul-
fate (KPS), N,N,N',N'-tetramethylethylenediamine (TEMEDA),
and N,N’-methylenebisacrylamide were purchased from Sigma-
Aldrich. Pantolactone purchased from Oakwood
Chemicals.

2-Aminoethyl methacrylamide (AEMA) was synthesized
according to previously established procedure.'® Acetone, and
ethyl ether were purchased from Fisher Scientific.

was

Synthesis of BSAMA

23 mmoles of AEMA were dissolved in anhydrous methanol (4
mL) in the presence of triethylamine (20 mL) under inert
atmosphere and the mixture was stirred for 3 hours at room
temperature to obtain a homogenous solution. 20 mmoles of
pantolactone were then added and the reaction was allowed to
proceed overnight under inert conditions at room temperature.
The solution was precipitated in acetone and the white precip-
itates of triethylamine hydrochloride were filtered. The BSAMA
monomer was purified from the filtrate by silica column chro-
matography, using acetone as an eluent. The eluent was
concentrated and was precipitated in ethyl ether to obtain the
final product in the form of pure yellowish oil with 65% yield.
The purified BSAMA was analyzed by '"H-NMR and *C-NMR,
using Bruker 300 MHz NMR.

"H-NMR (D,O, ppm): 6 0.79 (s, 3H, CH3), 0.83 (s, 3H, CH3),
1.8 (s, 3H, CH3), 3.35 (m, 6H, CH,), 3.9 (s, 1H, CH),5.4 (s, 1H,
C=CHy,), 5.6 (s, 1H, C=CH,) DEPT-45 spectrum of *C-NMR
(D,O, ppm): 6 17.9, 19.4, 20.8, 38.4, 39.3, 68.7, 78.2, 121.6.

Synthesis of BSAMA hydrogels

B5AMA based hydrogels were prepared by free radical poly-
merization method. Briefly, the monomer, BSAMA (0.78 M),
initiator KPS (10 pM) and the cross-linker N,N-methyl-
enebisacrylamide (Bis) (5-20 mol%) were dissolved in distilled
deionized water and the solution was degassed for 5-10
minutes, followed by the addition of catalyst, TEMEDA (20 pL).
B5AMA hydrogels were prepared at various molar ratios of
cross-linker, as shown in Table 2. The formation of hydrogels
was confirmed by vial inversion test and the gelation time was
recorded. The hydrogels obtained were washed three times with
deionized water and were dried to obtain pure hydrogel
samples. The gravimetric weight of dried hydrogels (10 mol%
cross-linked) was compared with the weight of monomer used
for hydrogel synthesis and percent monomer conversion was
calculated to be 59%.

Water release measurements

The hydrogels of various cross-linking densities and of spher-
ical shape (area 1.33 cm?, dimension; diameter 1.3 & 1 cm and
thickness 0.35 + 0.5 cm) were prepared and water release from
hydrogels was measured as a function of time and temperature.
Briefly, water-laden hydrogels of varying crosslinking densities

RSC Adv., 2018, 8, 38100-38107 | 38101
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(5, 10, and 20 mol%, termed as B5AMA-5, BSAMA-10 and
B5AMA-20, respectively) and of initial gravimetric weights 0.342
+ 0.012 g, 0.575 + 0.07 g, and 0.541 =+ 0.032 g (for BSAMA-5,
B5AMA-10 and B5AMA-20, respectively) were incubated at 25,
37 and 60 °C in triplicates and water released was collected for
the period of 24 hours.

Amount of water released was measured as follows:

amount of water released in gram per gram of hydrogel =
WrlWs (1)

where, W was the weight of released water by each hydrogel
and W was the initial weight of hydrogels before water release.
The amount of water absorbed by hydrogels was determined by
measuring the difference in the weights of freeze-dried hydro-
gels and of water laden hydrogels.

The percent release of water from the hydrogels was
measured as follows:

% water release from hydrogels = (Wr/W1) x 100 (2)

where, Wy is the weight of water released by each hydrogel and
Wy, is the total amount of water absorbed in the hydrogels
sample. The tests were repeated at least twice to ensure the
reproducibility of the data.

Characterization techniques

Powder X-ray diffraction (XRD). XRD was performed with
a Bruker AXS D8 Advance instrument, which was equipped with
a graphite monochromator, variable divergence slit, variable
anti-scatter slit and a scintillation detector. Cu (Ka) radiation
(A = 1.524 A) was used and the measurements were performed
in air at room temperature from 2-60° (20). Lyophilized
samples were milled to powder and deposited on double sided
scotch tape, which was mounted to glass slides.

Thermo-gravimetric analysis (TGA). Thermal decomposition
profiles of the synthesized materials were acquired by TGA.
Experiments were performed on a TA Instruments TGA Q500 in
Ramp mode under a compressed air atmosphere up to 650 °C,
using platinum pans at a heating rate of 10 °C min~". Samples
were lyophilized, milled to powder and immediately analyzed.

Attenuated total reflection Fourier transform infrared (ATR-
FTIR). ATR-FTIR was performed on a Bruker Alpha-T single
reflection Attenuated ATR module equipped with a platinum-
diamond crystal. Samples were lyophilized, milled to powder
and immediately analyzed. Spectra were collected from 16 scans
per sample and subtracted from a background spectra, between
375-4000 cm ™" at a resolution of 0.9 cm ™.

Evaluation of protein absorption. The protein absorption
capacity of hydrogels was measured as follows: briefly, dupli-
cates of hydrogels were incubated with bovine serum albumin
(BSA) (750 ug mL ") in PBS buffer (pH 7.4) for 24 hours. The
supernatant was discarded and hydrogels were washed with PBS
3X, and were immersed in PBS for 24 hour to release any
imbibed protein. The supernatant was then analyzed for the
presence of BSA, using BCA assay, according to the manufac-
turer's protocol.

38102 | RSC Adv., 2018, 8, 38100-38107
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Results and discussion

The water harvesting materials, capable of carrying copious
amount of water, its release in the presence of external stimulus
and the ability to undergo repeated cycles of absorption and
desorption possess multiple applications in agriculture, water
harvesting and in household appliances, such as in dehumidi-
fiers.**” The handful of hydrogels studied for water absorption
and release efficacies are summarized in Table 1.

We present here a unique set of hydrogels synthesized from
vitamin B5 analogous methacrylamide monomer, termed as
B5AMA, which are capable of carrying large amount of water
(more than 90% of their own weight) and can repeatedly absorb
and desorb significant amount of water at ambient (37 °C)
temperature. In comparison to the existing water harvesting
materials, which require high temperatures (50 °C and above)
for the optimized water release from hydrogels,*” the harvest-
ing of water at low temperature (37 °C) provides an ideal and
economical method, and can reduce the energy consumption of
the system for the supply clean water on demand.

The first step in the synthesis of hydrogels is the synthesis of
the monomer B5AMA. To achieve our goal that is to develop
pantothenic acid analogous monomer for its subsequent poly-
merization in the form of hydrogels, 2-aminomethacrylamide,
(AEMA) a cationic monomer, a methacrylamide analogue of B-
alanine was selected (ESI, Fig. S1}). The replacement of carboxyl
group of B-alanine in the form of methacrylamide moiety of
AEMA is expected to yield polymerization capability along with
other interesting potential applications (such as antibacterial
and antifouling properties) to the resultant biomaterials.'**>
AEMA was synthesized according to the previously established
protocol*® and was used to prepare BSAMA monomer by facile
ring opening chemistry, under inert atmosphere (Scheme 1).
The synthesis of BSAMA monomer was confirmed by '"H-NMR,
and "*C-NMR spectroscopy (ESI Fig. S2 and S31).

To accomplish the synthesis of highly hygroscopic hydro-
gels, purified BSAMA monomer was subsequently chemically
cross-linked in the presence of cross-linker, N',N-methylene
bisacrylamide, to yield pantothenic acid analogous hydrogels of
varying cross linking densities (Table 2, Scheme 1). The chem-
ically cross-linked hydrogels prepared were then tested for their
water retention capacity, as a function of hydrogel crosslinking
density (Table 2, Fig. 1a).

The water retention capability of hydrogels is generally
a function of monomer type and the increase in cross-linking
density of hydrogels is reported to reduce their swelling/water
absorbing capacity due to the increase in mechanical strength
(stiffness) of hydrogels."” Others have suggested that presence
of optimum amount of cross linker in polymeric architecture is
required to prevent the dissolution of polymer chains and hence
increases the swelling capacity of the hydrogels up to a critical
cross linker concentration, however further increase in cross
linker concentration is found to have negative effects on water
retention efficacy of hydrogels.”® We also report that an
optimum concentration of cross-linker is required to achieve
maximum water retention capacity of BSAMA hydrogels. The

This journal is © The Royal Society of Chemistry 2018
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Table 1 Water absorption and release efficacies of different hydrogels studied in literature
Phase of water Temperature required
Hydrogel material absorbed for water release (°C) % water released Reference
B5AMA Liquid 37 15 This work
CaCl, and alginate Moisture 100 90 6
Poly(N-isopropyl methacrylamide) and alginate Moisture 50 15 7
Poly-ionic liquids and poly (N-isopropyl methacrylamide) Liquid 50 Not indicated 5
0
o H Q
N OH
A) /\/NHZ + g TEA, MeOH - \/\N

N r.t, N, H

H o) OH

AEMA B5SAMA

D-pantolactone

° 2 TEMEDA _ 37°C
+ B5AMA K,S,0, 25°C
(0] (0]
\)]\N/\NJ\/
H H
Bis

Scheme 1
B5AMA hydrogels, in the presence of N',N'-methylene bisacrylamid
temperatures.

increase in crosslinking density from 5 to 10 mol% in B5SAMA
hydrogels, increased the water absorption capacity of hydrogels
from 59 to 90%, respectively. However, any further increase in
cross linker concentration led to the reduction in water holding
capacity and water retention efficacy of BSAMA-20 was reduced
to 72% (Fig. 1a). Passauer et al. attributed the reduced swelling
capability of lignin based xerogels to the small pore volume, and
to the stronger polymer-polymer interactions of highly cross-
linked hydrogel architecture, which subsequently resulted in
lower polymer-solvent interactions.

The bound water in hydrogels can exist either in the form of
polarized molecules around charged groups or is oriented
around the polar groups via hydrogen bonding. BSAMA hydro-
gels contain negligible if any charged groups (sulfate groups on
the initiating chains), hence we expect that most of the absor-
bed water is held by hydrogen bonding around polar groups,
such as by the amide and alcohol functional groups. In a recent
report, polyionic gels of excellent water absorption efficacies
(>90%) have shown the optimum release of water, upon heating
at 50 °C.° The superior water absorption capacity of synthesized
B5AMA hydrogels via hydrogen bonding encouraged us to study
their water release profiles, as a function of temperature and

This journal is © The Royal Society of Chemistry 2018

(A) Schematics depicting the synthesis of pantothenic acid analogous monomer (B5AMA). (B) Schematics depicting the synthesis of

e (Bis) and their water absorption and release behavior at ambient

cross linker density. The BSAMA hydrogels of various cross-
linking densities were incubated at different temperatures
and the amount of water released as a function of temperature
was studied (Table 2, Fig. 1b).

The data reveals that the increase in temperature and
crosslinking density (from 5-10 mol% of cross linker), increases
the amount of water released from the hydrogels, however
further increase in crosslinking density of hydrogels exhibited
negative effect on the water release behavior of hydrogels.
Jacobson et al. have reported the thermal release of water from
poly(methyl vinyledenecyanide) by UV laser assisted thermal
desorption and showed that mild changes in solution temper-
ature due to UV radiation, resulted in the diffusion of weakly
bound water from poly(methyl vinyledenecyanide). The increase
in water release efficacies of poly(methyl vinyledenecyanide) at
higher temperatures were associated with the loss of strongly
bound water from the polymeric architecture.> The strikingly
similar water release behavior was observed when B5AMA-10
was heated from room temperature to 37 °C, leading to the
release of weakly bound water (0.1 ¢ g~ of hydrogels) from
three-dimensional nano-pockets of hydrogels. The further
increase in temperature to 60 °C increased the water content (to

RSC Adv., 2018, 8, 38100-38107 | 38103


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07915c

Open Access Article. Published on 13 November 2018. Downloaded on 2/15/2026 11:51:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 2 The depiction of experimental conditions and gelation times recorded for the synthesis of BSAMA hydrogels. The measurement of
water retention and water release capacity of hydrogels at 37 °C, as a function of their cross-linking density

Water released

Sample Monomer (M) Cross-linker (mol%) Gelation time (minutes) Water absorbed (g) (%) @ 37 °C
B5AMA-5 0.78 5 15 0.1935 + 0.013 5.2+ 1.71
B5AMA-10 0.78 10 15 0.512 £ 0.067 15 + 3.27
B5AMA-20 0.78 20 15 0.468 £ 0.049 0
A) 100 B) —
- 0.4 EsAmAs
£ 80 ° Il B5AMA-10
2 % 03|pA4 Bsama-20
3 260 P
29 © $0.2
o 40 x2
fo—— -
£ gs
© c 0.1
N3
T o0 0.0 - -
Cross-lmker Concentratlon (mol%) Temperature (°C)
C) —
18 [ water Absorbed 0.8
15 9
8 ¥ % Water Release 0.6 >
© >3
012 T o
S =
x 9 0432
- g o
[ o =
& 6 2 <
= 02g s
s 3 ~ a
= =
o—- Y 0.0
5 10
Cross-linker Concentration (mol%)
Fig. 1 (A) Water retention capacity of BSAMA hydrogels as a function of molar concentration of N',N'-methylene bisacrylamide. (B) The water

release efficacy in gram/gram of hydrogels, as a function of temperature and cross linking density of hydrogels and (C) the water recycling
efficiency in comparison to the total amount of water retained by hydrogel samples prepared at 5 and 10 mol% cross-linker concentration.

0.4 g g~ 1), possibly due to the release of strongly bound water
from the hydrogel sample. The densely cross-linked hydrogels
(B5AMA-20), however exhibited poor water release efficacies,
despite of high swelling capacities (72%) in deionized water
(Fig. 1a and b). The water release of BSAMA-20 was negligible at
37 °C and less than 0.01 g g~ ' water (~9% of total absorbed
water) was collected at 60 °C.

We hypothesize that the slightly unrestricted movement of
polymer chains in cross-linked hydrogel samples of BSAMA-5
and B5AMA-10, permit the inter and intramolecular hydrogen
bonding between polymer chains and water molecules, hence
allowing the facile and reversible uptake and release of water
under physiological condition. Although, the lower cross-
linking density of B5AMA-5 yielded lower water absorption
and release efficacies (5% of the total absorbed water), the
incubation of BSAMA-10 at 37 °C released 15-18% of total water
content absorbed by the hydrogel at room temperature (Fig. 1c).
The rearrangement of BSAMA-10 polymeric chains as a function
of temperature was clearly visualized by the slight reduction in
the diameter (1.3 cm to 1.1 cm) and by the change in opacity of
hydrogels (ESI Fig. S47). The reduced water release behavior of
B5AMA-20 may stem from smaller pore sizes, and the restricted

38104 | RSC Adv., 2018, 8, 38100-38107

flexibility of polymer chain in hydrogel architecture, which in
turn results in poor water release efficacies of BSAMA-20.

The physical characterization of hydrogels was performed to
elucidate the details of crosslinking density of hydrogels and
their impact in water release behavior. The changes in physical
structure of monomer upon crosslinking with various concen-
trations of N',N-methylene bisacrylamide, were studied by XRD
patterns. As expected, the presence of well-defined peaks at 20
= 9.25°, 12.3°, 18.7°, 20.6°, 23.1°, 24.3°, and 30.6°, in XRD
revealed strongly crystalline behavior of N',N'-methylene bisa-
crylamide, while pantothenic acid analogous monomer BSAMA,
showed completely amorphous structure, which is indicated by
a broad featureless peak at 20 = 18-40° (Fig. 2a). The freeze-
dried gels prepared at various cross-linked densities main-
tained the amorphous behavior of BSAMA monomer and a few
crystalline peaks corresponding to the structure of the cross-
linker appeared around 20 = 30° (Fig. 2a). This data is in
agreement with other reports, where blended materials
prepared with high concentrations of amorphous substances in
the presence of crystalline structures, resulted in highly amor-
phous materials, with only few peaks corresponding to crystal-
line structures of the starting material.>>**

This journal is © The Royal Society of Chemistry 2018
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(A) XRD pattern of N',N'-methylene bisacrylamide, BSAMA monomer and their hydrogels, prepared at various crosslinking densities. (B)

FTIR spectra of BSAMA monomer, and its corresponding hydrogels prepared at various cross-linking densities.

The presence and availability of polar functional groups in
B5AMA monomer and in the corresponding hydrogels was then
evaluated by ATR-FTIR spectroscopy. FTIR analysis confirms the
presence of hydroxyl and amide bonds in the monomer and in
the hydrogel structures. The data reveals the presence of an
intense and broad band at 3282 cm™' originating from
stretching of OH groups of BSAMA. The vibrational stretching at
1647 cm ' is attributed to C=0 signal of amide bond. The
strong stretching at 1050 cm ™! represents C-O of alcohols and
C-N bonds exhibit medium stretch at 1127 cm ™. The band at
2923 cm™ ' is assigned to asymmetric C-H stretches (Fig. 2b).
The presence of hydroxyl stretch at 3282 cm™*, the C-O stretch
at 1050 cm ™', and carbonyl signal from amide bonds at
1647 cm™ ", suggests the availability of polar groups for water
absorption. The strength of % transmittance signal arising from
hydroxyl stretch and from other functional groups of the un-
crosslinked monomer and of B5AMA-10 is noteworthy and
may indicate either the greater concentration of polar groups or
their higher polarity/availability in BSAMA-10, as compared to
the other hydrogels.” (Fig. 2b) ATR-FTIR further suggests that
greater availability of polar groups in 10% cross-linked hydro-
gels may have resulted in superior water molecule binding and
release efficacies at optimized temperature.

The thermal stability of hydrogels is an important parameter
and may offer an insight on the water retention and release
efficacies of hydrogels. The thermal stability of hydrogels was
investigated by TGA. The strikingly different thermal decom-
position behavior of BSAMA-10, in comparison to BSAMA-5 and
B5AMA-20, suggest higher thermal stability of BSAMA-10 at

This journal is © The Royal Society of Chemistry 2018

lower temperatures, possibly due to the presence of significant
amount of entrapped moisture in BSAMA-10 sample. BSAMA-10
showed a three step degradation profile. The 10% weight loss
during the first step occurs upon heating from 50-200 °C and
indicates moisture loss from the polymer chains. The second
step contributes to the 50% weight loss of B5AMA-10 upon
heating from 210-400 °C and is contributed by the thermal
decomposition of bulk hydrogel architecture, due to the
disruption of both covalent bonds and hydrogen bonds between
polymer chains of the hydrogel. The third step is indicated by
a sharp weight loss at 400 °C indicating the degradation of
polymeric chains. In contrast, the TGA curves of BSAMA-5 and
B5AMA-20 showed step-wise sequential weight loss and lower
stability, than B5AMA-10 especially at lower temperatures (50-
250 °C), indicating the role of moisture and hydrogen bonding
in the hydrogel of BSAMA-10. The slower degradation rate and
higher stability of BSAMA-5 and BSAMA-20 reflect their densely
cross-linked structures, in comparison to B5AMA-10
hydrogel.**>*

To further explore the water release efficacies of BSAMA-10,
TGA analysis was performed before and after the release of
water. The water laden B5AMA-10 hydrogels, when heated to
53 °C, exhibit rapid weight loss (>90%), indicating that more
than 90% of the weight of hydrogel was in the form of water and
the cross-linked polymeric chains of pantothenic acid
comprised less than 10% of weight of the sample, which were
degraded at higher temperatures (between 400-600 °C)
(Fig. 3b). In contrast, TGA curve of BSAMA-10 obtained after the
in vitro release of water at 37 °C exhibited up to 73% of weight
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Fig. 3 (A) TGA analysis of freeze-dried BSAMA hydrogels, prepared at various cross-linker concentrations. (B) TGA analysis of BSAMA-10 before

(25 °C), and after the release of water at 37 °C.

loss at 53 °C, which shows that BSAMA-10 can carry ~18% water
in recyclable form at 37 °C and this water can be retrieved by
slight heating of gel from room temperature (22 °C) to 37 °C.
The TGA analysis strongly complemented our in vitro water
release data obtained and discussed above in Fig. 1, and rein-
forced that 15-18% of water absorbed by BSAMA-10 is in recy-
clable form and is accessible upon constant heating the
hydrogel at 37 °C. The heating of BSAMA-10 at higher temper-
ature showed two distinct curves between 200-300 °C due to the
loss of remaining moisture, disruption of hydrogen bonding
and 300-400 °C for the degradation of polymeric chains.

The repeated absorption and desorption of known amount
of water in hydrogels in multiple cycles, ensure the reproduc-
ibility of the data, recyclability of the materials and their
potential applications in various fields of nanotechnology and
bioscience.®” We performed repeated cycles of water absorption
and desorption, by hydrating BSAMA-10 hydrogel samples at
room temperature, followed by the release of water at 37 °C. The
hydration/dehydration cycle consists of 3 phases: (1) absorption
of water at room temperature for 1 hour (2) desorption of water
while heating at 37 °C for 24 hours followed by (3) absorption of
water at room temperature for 1 hour. The cycles were repeated
for 5 days, and 15-18% of the absorbed water was collected after
each cycle, as shown in Fig. 4. It should be noted that any
change in the weight of gel or physical deformities of hydrogel
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o 25| % % Water Release
® 3
o 20 * 0.25
) 3 Q
X 15 * % % ]
3 [-%
g 10 0.1@
«Q
= 0 ” =
ot— — — — —i—0.0
1 2 3 4 5

# of Days

Fig. 4

Jajem jJo junowy

were not observed for the period of time studied, thus further
ensuring the recyclability of our materials (ESI Fig. S5t). The
amount of water released from B5AMA-10 at 37 °C (15-18%) is
comparable to the reported release of water from alginate based
hydrogels (~20% at 50 °C) and hygroscopic nature of polymeric
chains is suggested to prevent the further release of remaining
water content from the hydrogels architecture.” The water
release behaviour of B5AMA-10 hydrogels at ambient tempera-
ture (37 °C) provides highly efficient energy exchange system
with applications in water harvesting and in household appli-
ances such as dehumidifier and sensor.*”?

The antifouling properties of pantothenic acid modified
materials are well documented in the literature.”*> The pan-
tothenic acid analogous hydrogels synthesized required their
further evaluation of their antifouling properties."*> The anti-
fouling properties of B5AMA hydrogels were evaluated by
measuring the absorption of bovine serum albumin (BSA) in the
three dimensional architecture hydrogels, followed by the
release of BSA and its detection by BCA assay. The superior
capability of hydrogels to absorb bioactive molecules such as
peptides and proteins and their controlled release in the pres-
ence of external stimulus are well documented in the litera-
ture.>?¢ 2-Hydroxyethyl methacrylate (HEMA) based non-ionic
hydrogels are well-explored for the delivery of small peptides
and proteins for ocular therapies, and were used as a positive
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(A) The repeated cycles of water absorption and desorption for BSAMA-10 hydrogels for period of five days. (B) The comparison of

antifouling properties of HEMA and BSAMA hydrogels, prepared at different cross-linker concentrations.
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control for this study.”® The data reveals that BSAMA based
hydrogels showed negligible protein absorption, after the 24
hour incubation with bovine serum albumin (BSA) solution.
This antifouling behavior of BSAMA hydrogels was not related
to their cross-linking density and was attributed to the proper-
ties of the material itself. In contrast, as expected, HEMA based
hydrogels, prepared under similar conditions, showed signifi-
cant absorption and release of BSA protein. This result suggests
that novel pantothenic acid analogous synthetic materials
maintain the inherent antifouling properties of pantothenic
acid. Further studies are in progress to assess the applications
of these antifouling hydrogels for biomedical applications.

Conclusion

In summary, pantothenic acid analogous monomer, BSAMA
and its corresponding hydrogels were prepared at 5, 10 and
20 mol% crosslinking density. The B5SAMA based hydrogels
prepared by free radical polymerization method showed excel-
lent water retention and release efficacies, as a function of cross-
linking density and temperature. The superior water release
behavior (15-18% of the total absorbed water) of hydrogels
prepared at 10% crosslinking density is associated with opti-
mized three dimensional network of hydrogels, which provides
greater availability of polar functional groups and allows flex-
ible polymer chain movement in the hydrogel architecture,
hence ensuring superior water absorbance and release
behavior. The inter and intra-molecular interactions of polymer
chains in BSAMA-10 hydrogel networks is visible by the slight
changes in hydrodynamic diameter and opacity of the hydrogels
at different temperatures. Moreover, the antifouling properties
and the repeated cycles of water absorption and desorption in
hydrogels suggest their applications and reusability in the
nanosensors, biotechnology, agriculture, and in food industry.
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