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Highlights

* PVA/CMC hydrogels containing strontium ferrite nanoparticles were synthesized.
* Moist heat treatment method was used to physically crosslink the hydrogels.

» Magnetic fillers improve the mechanical and thermal properties.

» Magnetic hydrogels have high flexibility and film forming ability

* PVA/CMC/MG hydrogels are biodegradable, sweat absorbing, odor-resistant and comfortable

as compared to plastic based magnetic diabetic insoles.
Abstract

Currently, plastic/rubber/silicone based shoe inserts are used as preventive approach against
diabetic foot which are non-degradable, non-absorbent and contains magnet protrusions, making
them highly uncomfortable. These are discarded and thrown away after their service life, causing
soil and marine pollution. Thus the objective of this study was to evaluate polyvinyl
alcohol/carboxymethyl cellulose (PVA/CMC) based magnetic hydrogels prepared by physical
crosslinking as an alternative for diabetic shoe inserts. Hydrogels prepared by moist heat treatment
with different concentration of strontium ferrite nanoparticles (MG) are evaluated based on their
structural, physico-chemical, morphological, thermal, mechanical, thermo-mechanical, swelling
behavior, surface wetting, magnetic and rheological properties. It was observed that incorporation
of MG resulted in improvement in overall properties. Infrared spectroscopy revealed strong
hydrogen bonding interaction between CMC and PV A. The surface micrographs showed uniform
dispersion of MG throughout PVA/CMC matrix. The results showed the improvement in
flexibility and tensile strength of the PVA/CMC hydrogels with the incorporation of MG by ~40
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and ~20%, respectively. Moreover, the magnetic hydrogels could absorb ~300% moisture of their
original weight which is necessary to avoid growth of microbes on skin. Thus, PVA/CMC/MG

hydrogels can be considered as a biodegradable alternative for diabetic shoe insoles.
Keywords
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1. Introduction

Diabetes mellitus is a chronic disease where pancreas cannot make enough insulin or body fails to
effectively utilize the insulin prepared by it. As per 2017 data, this affects approximately 425
million people worldwide [1, 2]. Diabetes, if not monitored properly leads long-term complications
such as diabetic neuropathy (DN) and peripheral vascular disease (PVD) which causes dental,
retinal, renal, cardiovascular and foot diseases [3, 4]. PVD is a condition where blood circulation
through blood vessels of the limbs is affected due to formation of plaques causing narrowing of
blood vessels [5]. Subsequently, reduced blood flow leads to lower blood supply to nerves
resulting in oxygen deprivation causing nerve cell death causing loss of sensation and numbness,
a situation commonly known as neuropathy [2, 6]. These diabetic complications most severely
affect the human foot which due to pressure from body weight and shear from ground and footwear
manifests blisters and ulcers making healing time longer than normal often resulting in
amputations. An estimated 25% diabetics suffer from wound and ulcer problems furthermore

c.a.70% leg amputations occur with people with diabetes [7].

Currently diabetic foot ulcers are treated by glycemic monitoring, debridement of edema,
off-loading strategies, surgical revascularization, antibiotic therapies, etc. [8, 9]. In addition,
advanced wound therapies such as use of hyperbaric oxygen and stem cell derived allograft are
being used readily in some cases [10, 11]. It is noteworthy to mention that except glycemic control,
all the above strategies are curative instead of being preventive which is imperative for diabetic

foot treatment (DFT) [12]. Magnetotherapy is regarded as a non-invasive and inexpensive
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preventive strategy for DFT that can easily be combined with glycemic control and lifestyle

changes [13, 14].

Magnetotherapy has existed since the dawn of civilization for treatment of a variety of
medical conditions such as inflammation, fractures, skin lesions, etc. [15]. It is based on the
phenomenon, that when a conductor (blood vessel in case of the human body) is placed
perpendicular to a magnet, the ions present in blood experience a force, thereby dilating the blood
vessels and producing heat, this phenomenon is known as Hall Effect [16, 17]. In view of this,
application of a magnet underneath the feet can facilitate the blood circulation by causing the ions
to move/vibrate thus dilating the blood capillaries which can help to avoid the complications of
diabetic foot at a very early stage of diabetes. At present, the market is flooded with many
medicated magnetic insoles for diabetic foot treatment [12, 18-20]. Nonetheless, they suffer from
a variety of limitations. Firstly, they are made up of non-degradable materials such as treated
rubber, ethylene vinyl acetate (EVA), silicone, polyurethane which after their service life are
thrown away [21]. Secondly, they contain magnetic beads which mostly protrude outwards
creating a lot of discomfort for the person wearing them. Thirdly, the above mentioned materials
have a low air permeability and do not absorb moisture which leads to sweat and odor [22]. Hence

there is a scope for a better suited material for magnetic insoles.

Among the various available engineering materials, hydrogels can be an ideal material for
applications related with interactions with human body such as contact lenses, tissue engineering,
sensors, etc., owing to its superior biocompatibility, flexibility, hydrophilicity, insolubility in water
and ability to tune their properties as per requirement [23]. Hydrogels are three-dimensional (3D)
network structures formed by polymer chain crosslinking through van der Waals forces, hydrogen
or covalent bonding [24]. Chemical crosslinking though leads to well-defined shape and better
mechanical properties but use chemical crosslinkers and other chemical solvents which are toxic
and also reduce the biocompatibility significantly [25, 26]. As a result it is not recommended to
use such process for feet with blisters and wounds. Alternatively, physical crosslinking becomes
the more suited approach. It can be obtained by use of metallic ions such as Ca?' and Ba?*,
crystallization using freeze-thaw method, irradiation, temperature induced, etc. [27-30]. The

crystallization method is a time consuming method whereas the irradiation method requires
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expensive laboratory setup. Moist heat treatment method is a facile, low-cost, sterile method which

can be used for hydrogel production [31, 32].

Recently, use of biopolymers for preparation of hydrogels have aroused interest for the
scientific community owing to their low-cost, abundance and environment friendly nature. Most
commonly used biopolymers for hydrogels are cellulose, alginate, chitosan, gelatin, carrageenan,
polyvinyl alcohol (PVA), carboxymethyl cellulose (CMC), polyvinyl pyrollidone (PVP), etc. They
can be used separately or blended in different ratios to produce hydrogels. PVA is a semicrystalline
polymer which is biocompatible, biodegradable and chemically stable, it is obtained from
polyvinyl acetate by the process of hydrolysis. PVA possesses high flexibility and tensile strength
along with hydrophilic hydroxyl sidegroups which allows for functionalization [33]. CMC is a
derivative of cellulose and is fully biodegradable, non-toxic, low-cost and semicrystalline material
which has excellent film forming ability [34]. However, CMC suffers from small elongation at
break making it highly stiff especially in swollen state [35]. Due to its stiffness, CMC is added to
hydrogels to improve the moduli. It was found that blending of CMC with PV A results in effective
hydrogen affinity membranes with improved properties which can be effectively used for many
applications. PVA/CMC hydrogels have been prepared by irradiation, freeze thaw methods, etc.

and are found to have exceptional wound dressing material [35-37].

In recent times, a variety of fillers have been incorporated into hydrogels to modify the
properties of hydrogels suited for various applications. Fillers such as graphene oxide, bentonite,
copper oxide, cobalt oxide have been used [37-39]. Magnetic fillers have also been used such as
iron-oxide (Fe,Oy) NPs (e.g., Fe304, y-Fe203, etc.), cobalt ferrite (CoFe,04), etc. [40, 41].
Strontium ferrite (SrFe;;019) is a hard magnetic material which possesses high coercivity due to
its magnetocrystalline anisotropy [42]. It has not been explored to its full potential in fabrication

of magnetic hydrogels.

In this work, attempts were made to prepare highly flexible, physically crosslinked and
fully biodegradable PVA/CMC hydrogels with different magnetic nanoparticle content by moist
heat treatment. This one-pot, simple, fast, inexpensive and facile preparation method allowed for
easy fabrication of magnetic hydrogels. The effects of MG composition on physico-chemical
properties of these hydrogels were examined to evaluate its usefulness as a biodegradable

alternative for treatment of diabetic foot.
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2. Experimental methodology
2.1 Materials

Polyvinyl alcohol (PVA: Mowiol® 28-99, molecular weight 145,000 Da) in form of flakes was
purchased from Sigma Aldrich, Germany. Carboxymethyl cellulose (Na-CMC) powder of medium
viscosity 800-1200 cps was supplied by Sinopharm Chemical Reagent Co. Ltd., Shanghai, China.
Polyethylene glycol 3000 (PEG) flakes with molecular weight range between 2700-3300 and agar
powder (3000-9000 MW) were obtained from Fluka, Switzerland. Anhydrous glycerine was
obtained from Lachema, Brno, Czech Republic. Strontium ferrite (SrFe,;0;9) nanopowder <100
nm was used as the magnetic filler for the hydrogels, it was supplied by Sigma Aldrich, Germany.
For ease of understanding the nanopowder will be denoted as MG. All solvents used during the

experimental work were supplied by VWR Chemicals, France.
2.2 Preparation of PVA/CMC composite hydrogels

PVA/CMC hydrogels were fabricated using the moist heat treatment method. Solutions of base
polymers, PVA (1wt%) and CMC (1wt%) solutions were prepared separately by dissolving in
deionized water (DI) (40mL each) at temperature maintained at 80 °C for about 2h under
continuous stirring. Then these two solutions were mixed together to prepare homogeneous
mixture into which agar (1wt%), PEG (3wt%) and glycerine (3wt%) were added to the
homogeneous mixture which acts as gelling agent, healing promoter and humectant, respectively
[43]. To this mixture, SrFe nanoparticles (MG) previously sonicated in 20mL of DI water is added
in varying concentrations such as 0.8wt%, 1.0wt% and 1.2wt%, respectively and the hydrogel
samples are designated as PVA/CMC/MG 8, PVA/CMC/MG 10 and PVA/CMC/MG 12,
respectively. Another hydrogel sample was prepared using the same composition but without the
magnetic nanopowder and was used as control and designated as PVA/CMC (control). The
detailed composition of each of the hydrogels is shown in Table 1. The samples were placed in an
autoclave sterilizer which provides moist heat treatment (121 °C, 15 Ibs/in?) for 30 minutes. During
this treatment the sterilization and crosslinking occurs in a single step as shown in Scheme 1.
Subsequently, the solutions are poured into polystyrene casts and dried in hot air oven set at 25 °C
for 48h approximately. As the liquid cools down the polymer chains form a 3-dimensional network

and result in the formation of hydrogel which are termed as air-dried hydrogels (utility model



1  granted) [44]. Similarly, when the solutions poured into polystyrene casts are lyophilized, they are
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1

O 00 N o v b

10
11
12
13
14
15

16
17
18
19
20

21
22
23

Table 1: Sample codes and composition of hydrogels used in this research work.

PVA CMC PEG Agar Glycerin SrFe Water
(® (® ) (® ) (® (mL)

Sample code

PVA/CMC (control) 1 1 3 1 3 0 100
PVA/CMC/MG 8 1 1 3 1 3 0.8 100
PVA/CMC/MG 10 1 1 3 1 3 1.0 100
PVA/CMC/MG 12 1 1 3 1 3 1.2 100

2.3 Analytical instrumentation and characterization

To determine the physico-chemical properties of pure PVA, pure CMC, PVA/CMC (control) and
PVA/CMC magnetic hydrogels, they were analysed by Nicolet 320 Fourier transformed infrared
spectrophotometer (FTIR) (Thermo Scientific, USA) with a germanium ATR crystal. The
attenuated total reflectance (ATR)-FTIR spectra were collected in the range 600-4000 cm! while
room temperature, scan rate and resolution of 25 °C, 16 scans and 4 cm!, respectively were fixed

for all measurements.

X-ray diffraction patterns of hydrogels and magnetic nanopowder were obtained using MiniFlex™
600 X-ray diffractometer (Rigaku, Japan) with CoKg as source (A=1.79 A). Operating voltage and
current were maintained at 40 kV and 15 mA, respectively for all measurements. Diffractograms
for all samples were captured from 20 range 3°-90° with 10°/s as step time and 0.02° as a step
size. All the data recorded using Co source are later converted to Cu source using software

PowDLL converter to be able to compare the data with previous literature.

Control and magnetic PVA/CMC blend hydrogels solutions were lyophilized to get spumous
samples. The cross-sectional surface was observed using Nova 450 nanoSEM scanning electron
microscope (FEI, Thermo Fisher, USA) operated at high vacuum and 5kV accelerating voltage.
The micrographs were obtained using secondary electron imaging mode at a magnification of 200x

to 20 kx.

The tensile tests were conducted on a M350-5CT tensile testing machine (Testometric, UK)
supplied with a 10 kgt load cell. Crosshead pull speed and gauge length of 10 mm/min and 20 mm,

respectively were fixed for all measurements. Dumbbell shaped specimens were cut using a special
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die (Type 3, ISO 37:2005). The Young’s elastic modulus (MPa), ultimate tensile strength (N/mm),
percentage elongation (%) and other mechanical properties were determined. Five samples of each

composition were tested and averaged values with standard deviation are reported.

Thermal stability analysis was done using a TGA Q500 thermogravimetric analyzer (TA
Instruments, USA). For each measurement sample weight, heating range, heating rate and N, flow
rate were fixed at 9.0+1.0 mg, room temperature to 800 °C, 10 °C min!' and 100 mL min!,

respectively.

The PVA/CMC composite hydrogel samples (20.0£1.0 mg) sealed in aluminum pans were
analyzed on a DSC1 STAR differential scanning calorimeter (Mettler Toledo, Switzerland). To
estimate glass (phase) transition (T,) and melting or fusion (Ty,) temperatures, the samples were
subjected to heating-cooling cycles at 10 °C min~! ramping rates. Each specimen was heated from
=70 °C to 160 °C during the first heating cycle followed by cooling down to —70 °C and then a
final heating was done to 250 °C.

The DMA measurements were performed in linear viscoelastic region (LVR) at a heating rate of
5 °C/min and fixed frequency of 1 Hz on a DMA1 dynamic mechanical analyzer (Mettler Toledo,
Switzerland). The hydrogel samples were cut with the help of a die in form of dumbells having
dimensions of 15x1.9%x~1.5mm. The temperature was ranged from. The variation in values of
storage modulus (E”) and the loss factor (tan 6) were measured in the temperature range of -25 to

125 °C.

Swelling performance of the control and magnetic PVA/CMC hydrogels has been evaluated using
the gravimetric technique. The air-dried hydrogels were cut into small pieces (25 mm diameter,
0.3-0.5 mm thickness), weighed and immersed in physiological saline (0.9% NaCl) solution (pH
7.40, 37 °C) for a total time period of 180 min in hot air oven maintained at 37 °C. After fixed
intervals of time, the samples were retrieved from solution, the excess water on the surface of the
swollen hydrogels was removed using wet absorbent papers and then the samples were weighed
and again placed back in solution. The tests were conducted in triplicates and averaged values are
reported along with standard deviation. The swelling ratio % was calculated as per Equation 1

[45].

Swelling Ratio (%)= (Ws—=Wa)/w, x 100 (1)
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where, W, W, are weights of hydrogel sample in swollen and dry forms, respectively.

The surface free energy (SFE) and contact angle measurements for PVA/CMC (control) and
magnetic hydrogels were carried out on goniometer (See System, Advex Instruments) at 21 °C.
Two liquids viz. water and diiodomethane (DIM) were used for surface free energy calculations.
Around 5 pl of liquid was dropped on the sample surface (10 x 10 mm?) with the help of fixed-
volume micropipette and drop shape was observed using a CCD camera. The contact angle was
recorded after 1 min of stabilization time and average value from five samples were reported. The

SFE for the hydrogel samples was determined by Owens, Wendt, Rabel and Kaelble (OWRK)

method which is governed by Equation 2. The liquid surface tension (yL), polar fractions (yL) and

disperse (ylz) fractions were obtained from the literature [46].

1 14 Vi
2(1+cos€)ﬁ=\/]7§\/;;+\/)75) 2)
where, (ys) is the surface free energy of a solid.

The magnetic property measurements of PVA/CMC hydrogels were carried out on a vibrating
sample magnetometer (VSM 7407, Lake Shore) at 21 °C in air atmosphere from -10kOe to 10 kOe

range of applied magnetic field.

The viscoelastic property measurements of PVA/CMC swelled hydrogels samples (20 mm) were
carried out using Anton Paar using the parallel plate geometry (20 mm). Dynamic frequency sweep
analyses were done at 25 °C in oscillation mode with @= 0.1 to 100 rad/s and 1% amplitude strain.
The influence of magnetic filler loading on viscoelastic properties such as storage modulus (G"),

loss modulus (G"") and dynamic viscosity (n") was calculated using Equation 3.

. G\ 2 G2 0.5
n =[(w) +(w)] )
3. Results and discussion
3.1 Physical observation of the PVA/CMC/MG composite hydrogels
Based on magnetic insoles, four samples of hydrogels i.e. PVA/CMC (control),

PVA/CMC/MG 8, PVA/CMC/MG 10 and PVA/CMC/MG 12 were prepared. The images of the

above mentioned hydrogels in air-dried and lyophilized forms are shown in Figure 1. The air-dried
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hydrogels have a rubber like flexibility with a smooth texture and a well-defined shape. The
PVA/CMC control air-dried hydrogels (Figure 1a) were translucent with off-white whereas the
magnetic hydrogels were opaque and had a dark reddish-brown color (Figure 1(b-d)) which does
not depend on the loading of the strontium nanoparticle concentration. Upon, lyophillization all
the hydrogels attain a foam like appearance as shown in Figure 1(e-h) and become very light after

losing all the inbound water.

(a) (b) (c) (d)

= )

2 o

s (N .

=

< | :
- y. y. £
PVA/CMC | py A/cMC/MGS |PVA/CMC/MG10[PVA/CMC/MG12
(control)

e - (f) (8) (h)

2

1S

P

D

S |

&

E _
- 4mm 4mm ‘tmm mm

Figure 1: Optical images of air-dried (a-d) and freeze-dried (e-h) magnetic hydrogels: PVA/CMC
(control) (a and ), PVA/CMC/MG 8 (b and f), PVA/CMC/MG 10 (¢ and g) and PVA/CMC/MG
12 (d and h), respectively.

3.2 Infrared Spectroscopy studies of PVA/CMC hydrogels

Infrared absorbance spectra of pristine PVA, pristine CMC, PVA/CMC (control) and
PVA/CMC/MG magnetic hydrogels are illustrated in Figure 2. The IR spectra of PVA (Figure
2a(i)) shows a broad absorption band at 3310 cm! which ascribes to the O-H stretching of PVA
hydroxyl groups [47]. The absorption band at 1677 cm™! relates to the acetate group carbonyl
(C=0) stretching. The peaks identified at 2940 and 2910 cm!' correspond to the stretching
vibration of C—H of backbone aliphatics [48]. Intense absorption bands on IR spectra were
observed for C-O stretching and CH-OH combination frequencies at 1092 and 1325 cm,
respectively [47]. The IR spectra of CMC (Figure 2a(ii)) shows characteristic absorption band at
896, 1060, 1416, 1599, 2908, 3234 and 3446 cm! which attributes to the alcohol C—O stretching,
B-1,4-glycosidic band, C=C, C=0O carbonyl, C—H stretching and CMC sodium molecules
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intermolecular hydrogen bonding, respectively [49]. The IR spectra of PVA/CMC hydrogel
crosslinked by moist heat treatment renders unique features where new absorption bands emerge
while few absorption bands disappeared as seen in Figure 2a(iii-iv). It can be observed for all
PVA/CMC, intensity of hydrogen bonding peak is higher than CMC and is comparatively broader
starting from 3017-3650 cm™!. The probable reason for this could be the hydrogen bond formations
between -COOH groups and non-substituted -OH groups of cellulose molecule which indicates

that CMC interacts with PVA through hydrogen bonding [47].
3.3 X-ray diffraction analysis of PVA/CMC/MG hydrogels

The x-ray diffraction pattern of all hydrogels, constituent materials is shown in Figure 2b. The
magnetic nanofiller used in this study was the strontium ferrite nanoparticles which was procured
commercially. The major peaks appear at 30.4° (110), 32.4° (107), 34.1° (114) and 37.2° (203),
respectively which matches with the library literature (JCPDS No. 80-1197) confirming the
hexagonal M-type phase for SrFe (Figure 2b(i)). The PVA (Figure 2b(ii)) shows characteristic
peak positioned at 260=20.5° and a shoulder at around 26=23.5° whereas, CMC (Figure 2b(iii))
shows a wide peak at 20=20.5°. Interestingly, the PVA/CMC hydrogels (Figure 2b(iv-vii)) exhibit
sharp peak at 19.2° which indicates uniform blending of all the constituent polymers. A small peak
at 23.5° can be seen which confirms the presence of PVA in the hydrogel blend. With the
incorporation of magnetic nanoparticles, the peaks become intense and broad as the loading of
strontium ferrite nanoparticles increases. This indicates towards the increase in crystallinity of the

magnetic hydrogels.
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Figure 2: (a) FTIR spectra of different hydrogels (i) PVA; (i1)) CMC; (iii)) PVA/CMC (control);
(iv) PVA/CMC/MGS; (v) PVA/CMC/MGI10 and (vi) PVA/CMC/MGI12 hydrogels; (b) X-ray
diffraction patterns of (i) SrFe magnetic nanoparticles, (ii) PVA; (iii) CMC; (iv) PVA/CMC
(control); (v) PVA/CMC/MGS; (vi) PVA/CMC/MG10 and (vii)) PVA/CMC/MG12 hydrogels.

3.4 Morphological properties of PVA/CMC hydrogels

The cross-sectional morphology and surface topography of various lyophilized PVA/CMC
hydrogels was examined using the scanning electron microscope (SEM). The cross-sectional view
of PVA/CMC (control) hydrogel is shown in Fig. 3a, the pores are uniform throughout with pore
walls smooth in texture (Figure 3a) and the surface view (Figure 3a") shows the presence of the
inter-polymeric networks forming the minute pores and the required stress transfer points. The
surface of all PVA/CMC hydrogels shows globule like micron-sized particles which are
homogenously distributed throughout the PVA/CMC matrix which is possibly PEG and glycerol.
A clear change on the pore morphology in the cross-sectional micrographs (Figure 3b-3d) can be
observed upon addition of magnetic nanoparticles. As the MG loading is increased the pores

become irregular and the number of pores also reduce dramatically.
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Figure 3: Scanning electron micrographs of cross-sectional view (a-d) and surface morphologies
(a’-d") of (a and a”) PVA/CMC (control); (b and b") PVA/CMC/MGS8; (¢ and c’)
PVA/CMC/MGI10 and (d and d") PVA/CMC/MG12 hydrogels.

The pore walls become considerably rough due to the magnetic nanoparticles dispersed throughout
the matrix shown in white arrows. The surface micrographs (Figure 3b’-3d”) of magnetic
hydrogels captured at 20,000x shows that magnetic nanoparticles are uniformly dispersed in the
PVA/CMC matrix. However, as the magnetic nanoparticle loading is increased the particle

agglomeration is observed as shown in white dashed circles.
3.5 Mechanical testing of PVA/CMC/MG composite hydrogels

To evaluate the fabricated magnetic hydrogels for their utilization as shoe insoles for diabetics,
mechanical analysis becomes very crucial. The materials should have desired strength and
flexibility for long-term use. Figure 4 indicates the stress vs. strain curves for the PVA/CMC
magnetic hydrogels with varying loading of magnetic nanofiller loadings. Here, it can be observed
that incorporation of 10 wt% nanofiller within the PVA/CMC matrix increases the tensile strength
and elongation. However, upon further increase the mechanical properties deteriorate gradually
due to the formation of MG agglomerates throughout the matrix as can be observed from SEM

micrographs.

2.0

—— PVA/CMC (control}
+——PVA/CMC/MG 8
—— PVA/CMC/MG 10
1.5 +—— PVA/CMC/MG 12

-
o
1

Stress (MPa)

_O
(4]
1

0.0 4

l; I 1I0 I ZIO l 3I0 I 4IO ‘ 50
Strain (%)
Figure 4: Stress vs. strain curves for various PVA/CMC hydrogels with different concentration of

magnetic nanofiller loadings.
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At 10wt% of optimum loading there is better interaction between the matrix and reinforcement
which generates surface energy thus improving the mechanical properties. The values of tensile
strength and elongation matches closely with the values of faux leather which is a commonly used
material in shoe insoles [50]. The elastic modulus, ultimate tensile strength and percentage

elongation of the PVA/CMC hydrogels are tabulated in Table 2.

Table 2: Summary of mechanical properties of the PVA/CMC hydrogel samples.

Hydrogels Young’s Ultimate Tensile Elongation at Stress at Break
Modulus, E Strength, o Break, £ (%) (MPa)
(MPa) (N/mm?)
PVA/CMC (Control) 17.2+0.9 1.6+0.1 32.0£2.5 1.5+0.1
PVA/CMC/MG 8 8.5+3.6 1.3+0.1 42.5+1.0 1.3+0.1
PVA/CMC/MG 10 13.3+£3.3 1.9+0.4 45.0+4.0 1.6+0.1
PVA/CMC/MG 12 11.8+1.7 1.8+0.1 49.0+1.0 1.7+0.1

3.6 Thermogravimetric analysis of prepared PVA/CMC hydrogels

Thermal stability plays a key role in determining the processing ability of any material and
ultimately its applications. The thermal degradation profiles of magnetic nanoparticle filled
PVA/CMC hydrogels were recorded using thermogravimetric analyzer by heating the hydrogel
samples from room temperature to 800 °C under inert atmosphere and are shown as Figure 5a. In
the derivative curves shown in Figure 5b, all PVA/CMC hydrogels feature a broad peak starting
from 60 °C until 150 °C which indicates loss of bound water within the hydrogel. A prominent
peak around 235-250 °C is observed for all PVA/CMC hydrogels which attributes to the
polysaccharide decomposition where COO- group of CMC undergoes decarboxylation resulting
into the formation of CO, CO, and CHy4 [45]. A small hump is also observed from 260-330 °C
which relates to the degradation of PVA chains. Another peak is observed at ~400 °C which can
be attributed to the degradation of polymers such as PVA and PEG [51]. A new peak at around
290 °C is observed for the magnetic hydrogels which ascribes to formation of hydroxides [52].
Another peak appears around 400 °C which is associated with the decomposition of nitrates and
hydroxides. This peak overlays onto the polymer matrix degradation peak which is the reason for

the increased intensity.
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Figure 5: (a) TGA (b) DTG and (c) DSC curves for PVA/CMC (control) and PVA/CMC/MG

magnetic hydrogels.
3.7 Dynamic scanning calorimetry (DSC) studies of PVA/CMC/MG hydrogels

Figure 5c shows the second heating DSC scans for the PVA/CMC (control) and magnetic

hydrogels. It is noteworthy to mention that no glass transition points were observed on the DSC
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thermograms. However, two endothermic peaks around 50 °C and around 220 °C were observed
which are the melting peaks of PEG and PVA, respectively [53, 54]. The PEG melting
temperatures were not much affected upon incorporation of magnetic nanoparticles but melting
temperature for PVA got influenced. The Tm for PVA/CMC (control) and magnetic hydrogels (8,
10 and 12wt%) were found to be 219.0, 221.0, 225.0 and 221.0 °C, respectively. It can be seen
that magnetic nanofillers produce heterogenous nucleation effect resulting in more stable magnetic
hydrogels which can also be evidenced from mechanical analysis [55]. The increase in melting
point did not lead to increase in melting enthalpies for magnetic hydrogels which were found to
be 12.6 J/g (8wt%), 13.3 J/g (10wt%) and 11.2 J/g (12wt%) as against 14.7 J/g for PVA/CMC
(control) hydrogels.

3.8 Thermomechanical property analysis of PVA/CMC hydrogels

For all hydrogel samples, the DMA findings (variation of storage modulus (E") and loss factor
(tan 8) versus temperature) for control and magnetic hydrogels show a similar trend as the
temperature was increased as seen in Figure 6. From Figure 6a, it was found that below Tgpya
(60.8 °C), storage modulus values were having a high magnitude which dropped gradually as the
temperature increased. In the temperature range of -25 °C to room temperature, hydrogels were in
glassy state with rigidity which can be seen from high E’values. At 25 °C, E’values of 16.1, 31.9,
60.7 and 29.1 MPa were observed for control, 8wt%, 10wt% and 12wt% loaded hydrogels,
respectively which showed that 10wt% loading was the optimum loading. Such higher storage
modulus values as compared to control hydrogel could possibly be due to the homogeneous
distribution of magnetic nanoparticles in the PVA/CMC matrix allowing effective stress transfer.
Similar results were also observed from mechanical tensile tests. As the temperature increased the
hydrogels underwent a glassy-rubbery phase transition which can be characterized by sudden fall
in storage modulus values (Figure 6a) and appears as a maxima in tan o curves (Figure 6b). The
PVA glass transition temperature was observed at 60.8 °C which matches closely with the 61 °C
as reported by Lorenzo et al. [56]. However, a reduction in T, (observed from tan 6 curves) was
observed upon incorporation of magnetic nanoparticles viz. 60.8, 51.1, 54.1 and 51.8 °C for 8, 10
and 12wt% loading, respectively. The spherical-shaped magnetic nanoparticles impart a
plasticizing effect thus causing reductions in T, which can be corroborated from elongation results

from mechanical analysis [57].
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3.9 Swelling behavior of PVA/CMC/MG magnetic hydrogels

Figure 7a shows the swelling character of the magnetic hydrogels. All the samples showed
growth in swelling ratio at first followed by equilibrium at approximately 90 minutes. The pure
PVA/CMC (control) discs showed the maximum equilibrium swelling percentage of 325% as
compared to the magnetic hydrogels having 290%, 260% and 250% for 10wt%, 12wt% and 8wt%,
respectively. It is noteworthy to mention that the presence of magnetic nanoparticles inside the
hydrogels results in cross-linked structures that reduce the pores thus the available volume for
water molecules to penetrate inside ultimately lowering the swelling behavior and water retention
capacity. Furthermore, the strontium ferrite magnetic nanoparticles lack the ability to absorb
water.[58, 59] Among all the magnetic hydrogels, 10wt% loading exhibited the highest swelling
ratio possibly due to the homogeneous dispersion of magnetic nanoparticles without agglomeration
whereas 8wt% and 12 wt% loading showed lower swelling behavior possibly due to poor
mechanical properties as can be seen in Figure which affects the integrity upon water absorption

[60].
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3.10  Contact angle and surface free energy (SFE) calculations

Effect of incorporation of magnetic nanoparticles on wetting characteristics of hydrogels such
as contact angle and SFE were measured using polar (water) and non-polar (diiodomethane)
solvents and representative images are shown in Figure 7b. The contact angles shown in Table 3
for all hydrogels are less than 90° which means that all hydrogels are hydrophilic in nature. This
will aid in sweat absorption during long hours of wearing the shoe insoles. This can avoid the
growth of harmful microbes and indirectly check the odor, which is an important feature missing

in conventional shoe insoles available in market.

Table 3: contact angle and surface free energy (SFE) values for control and magnetic hydrogels.

(DIM: diiodomethane)

PVA/CMC (control)| PVA/CMC/MG8 PVA/CMC/MG 10

PVA/CMC/MG 12

Hydrogels Contact angle Surface free Polar disperse
water DIM energy (v ), mN/m @) (“{IS))
PVA/CMC (control) 25.2 45.4 69.8 36.8 33.0
PVA/CMC/MG 8 30.9 44 .4 67.3 37.3 30.0
PVA/CMC/MG 10 27.9 50.4 67.5 34.03 335
PVA/CMC/MG 12 29.9 41.5 68.4 38.8 29.6

The magnetic hydrogels get less hydrophilic which can be seen by greater contact angles 30.9+1.0,
27.940.6 and 29.942.3 for 8,10 and 12wt% loading as against 25.2+1.1 for PVA/CMC (control)
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hydrogels. The plausible reason for higher contact angles is the addition of magnetic nanoparticles
which are known to be hydrophobic in nature [61]. Surface free energies for all magnetic hydrogels
(8, 10 and 12wt%) are 67.3, 67.5 and 68.4 mN/m, respectively which is lower than that of control
1.e. 69.8 mN/m, this suggests that the presence of magnetic nanoparticles impart hydrophobicity
to the magnetic hydrogels.

3.11 Magnetic properties of CMC/PVA/MG hydrogels

In order to analyze the magnetic properties of the fabricated hydrogels, hysteresis loops were
recorded using vibrating sample magnetometer (VSM) and are shown in Figure 8a and tabulated
in Table 4. It can be seen that saturation magnetization (M), remanent magnetization (M,),
coercivity (H.) as well as maximum energy product (BHmax) of stronitium ferrite nanoparticles
are greater than prepared hydrogels. The plausible reason for the reduced values could be the
isolation effects caused by polymers, where polymers get in between ferrite grains which creates
demagnetizing field making the hydrogels weaker in magnetic character [62]. 10wt% loading of
magnetic nanoparticles in the hydrogels provided superior magnetic performance due to uniform

dispersion throughout the polymer matrix which can be seen as high values of Mg M;, H; snd BHmax-

Table 4: Magnetic properties of strontium ferrite nanoparticles and fabricated PVA/CMC/MG

magnetic hydrogels.

Properties SrFe CMC/PVA/MG 8 CMC/PVA/MG 10 CMC/PVA/MG 12
BH.p.x, Goe 8.9x10° 3452+47.4 512.9+60.3 442.7+23.7

B, G 2096.6  37.6£3.0 455+£2.7 427+1.4
Coercivity, H, Oe 4592.1 46309 +2.2 4658 +£20.3 4633.8 £19.6
Saturation magnetization 51.5 3.6 0.2 43+0.2 4.0+0.2

(M), emu/g

Remanent magnetization 32.2 22+0.1 2.7+0.1 2.5+0.1

(M,), emu/g

It is noteworthy to mention that PVA/CMC/MG magnetic hydrogels were able to achieve ~50G
of magnetic power as against 400-450G provided by shoe inserts available in market [13].
However, sweat absorption, biocompatible, anti-odor features allow the PVA/CMC/MG based
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magnetic insoles to be worn over longer periods of time for the desired effect. Intrestingly,
increasing the loading to 12wt% lead to agglomeration and lead to settling down of magnetic
particles which reduced the ferromagnetism of the composite [63]. The lower value of magnetic
moment in PVA/CMC/MG 8 could be attributed to the higher content of polymers which do not

contribute to magnetic character thus leading to decrease in magnetization value.
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Figure 8: (a) Magnetization curves for PVA/CMC/MG magnetic hydrogels, inset: Magnetization
curves of strontium ferrite nanoparticles, (b) Effect of angular frequency (a) at 1% strain on (a)
storage modulus (G”), (b) loss modulus (G"") and (¢) complex viscosity (11 ) for PVA/CMC/MG

magnetic hydrogels.
3.12  Viscoelastic behavior of PVA/CMC/MG hydrogels

Using the rheological characterization especially the storage modulus (G”) and loss modulus
(G"") the elasticity and viscosity of the material can be determined. As can be seen from the Figures

8a and 8b, the G’ of all hydrogel samples is higher than their G*” across the complete range of



O 00 N o uu B W N P

(R
= O

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

angular frequency (©=0.1-100 rad.s!), this elastic behavior is typical of hydrogels [64]. Due to
physical interactions in the system, the G” of magnetic hydrogels was greater than PVA/CMC
(control) hydrogels indicating improved crosslinking. At ® = 10 rad.s™!, the G” values of control,
8wt%, 10wt% and 12wt% hydrogels were 15.9, 46.7, 48.8 and 10.6 kPa, respectively. The
CMC/PVA/MG 10 demonstrated the highest values which could be corroborated from the results
of mechanical analysis suggesting towards uniform dispersion of magnetic nanoparticles which
lead to better shear transfer. Further increase in filler concentration to 12wt% leads to
agglomeration which decreased crosslinking between CMC and PVA which can be seen in the
poor storage modulus values [65]. Viscosity was also found to be increased upon addition of
magnetic nanoparticles over the @ of 0.1-100rad/s as depicted in Fig. 4b which indicates

formation of a more rigid network [66].
4. Conclusions

This work provides a facile one-step process to synthesize novel PVA/CMC based magnetic
hydrogels having different amounts of strontium ferrite nanoparticles for diabetic shoe insoles.
Specifically, this technique and composition has arisen as a very effective tool for the production
of flexible and biodegradable magnetic hydrogels. PVA/CMC/MG hydrogels were subjected to
systemic and detailed structural, morphological, mechanical, thermal, magnetic, surface and visco-
elastic characterization by FTIR, XRD, SEM, UTM, TGA, DSC, DMA, VSM, contact angle and
rheometer to obtain fundamental information. Infrared analysis indicates that CMC interacts with
PVA through hydrogen bonding. The presence of magnetic nanoparticles dramatically reduced the
number of pores as well as pore size and also made the pores more irregular. Surface energy and
contact angle measurements reveal that magnetic hydrogels are hydrophilic. hence can be
effective sweat absorbers, thus keeping a check on growth of harmful microbes. The magnetic
hydrogels showed more thermal stability as compared to control without magnetic loading.
Swelling studies was performed as a function of time and a decrease in water absorption was
observed by introduction of magnetic nanoparticles which creates additional physical cross-link.
It can be concluded from the results that the incorporation of strontium ferrite nanoparticles to
PVA/CMC has rendered filled hydrogels mechanically robust as can be seen from increased
percentage elongation and tensile strength. Frequency sweep rheological measurements confirm

the enhanced viscoelastic properties of magnetic hydrogels with increasing nanopowder loading.
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The future works target is to improve magnetic properties of these hydrogels by using anisotropic
nanoparticles. The simple, fast and inexpensive preparation method, absence of toxic chemicals,
ability to absorb sweat and biodegradability suggest the PVA/CMC based magnetic hydrogels as
a desirable alternative for non-degradable plastic based magnetic shoe insoles for prevention of

diabetic foot.
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Figure Captions

Figure 1: Optical images of air-dried (a-d) and freeze-dried (e-h) magnetic hydrogels: PVA/CMC
(control) (a and e), PVA/CMC/MG 8 (b and f), PVA/CMC/MG 10 (c and g) and
PVA/CMC/MG 12 (d and h), respectively.

Figure 2: (a) FTIR spectra of different hydrogels (i) PVA; (i1)) CMC; (ii1) PVA/CMC (control);
(iv) PVA/CMC/MGSE; (v) PVA/CMC/MG10 and (vi) PVA/CMC/MG12 hydrogels; (b) X-
ray diffraction patterns of (i) SrFe magnetic nanoparticles, (ii) PVA; (iii) CMC; (iv)
PVA/CMC (control); (v) PVA/CMC/MGS; (vi) PVA/CMC/MGI10 and (vii)
PVA/CMC/MG12 hydrogels.

Figure 3: Scanning electron micrographs of cross-sectional view (a-d) and surface morphologies
(a’-d") of (a and a") PVA/CMC (control); (b and b") PVA/CMC/MGS; (c and c¢’)
PVA/CMC/MG10 and (d and d") PVA/CMC/MG12 hydrogels.

Figure 4: Stress vs. strain curves for various PVA/CMC hydrogels with different concentration of

magnetic nanofiller loadings.

Figure 5: (a) TGA (b) DTG and (c) DSC curves for PVA/CMC (control) and PVA/CMC/MG

magnetic hydrogels.

Figure 6: Variation in thermomechanical properties, (a) storage modulus (E”) and (b) loss factor

(tan d) as a function of temperature with increasing MG loading (wt%).

Figure 7: (a) Variation in swelling behavior as a function of time and (b) images of contact angles
with water and diiodomethane for PVA/CMC (control) and PVA/CMC/MG magnetic
hydrogels.

Figure 8: (a) Magnetization curves for PVA/CMC/MG magnetic hydrogels, inset: Magnetization
curves of strontium ferrite nanoparticles, (b) Effect of angular frequency (o) at 1% strain
on (a) storage modulus (G"), (b) loss modulus (G"") and (c) complex viscosity (1) for

PVA/CMC/MG magnetic hydrogels.
Scheme 1: Schematic representation of the preparation of PVA/CMC/MG hydrogels.
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* PVA/CMC hydrogels containing strontium ferrite nanoparticles were synthesized.

* Moist heat treatment method was used to physically crosslink the hydrogels.

* Magnetic fillers improve the mechanical and thermal properties.

» Magnetic hydrogels have high flexibility and film forming ability

* PVA/CMC/MG hydrogels are biodegradable, sweat absorbing, odor-resistant and comfortable

as compared to plastic based magnetic diabetic insoles.

Table 1: Sample codes and composition of hydrogels used in this research work.

Sample code

PVA
@

CMC PEG Agar Glycerin SrFe Water
(® ) (® ) (® (mL)

PVA/CMC (control)
PVA/CMC/MG 8
PVA/CMC/MG 10
PVA/CMC/MG 12

1
1
1

1 3 1 3 0 100
1 3 1 3 0.8 100
1 3 1 3 1.0 100
1 3 1 3 1.2 100

Table 2: Summary of mechanical properties of the PVA/CMC hydrogel samples.

Hydrogels Young’s Ultimate Tensile Elongation at Stress at Break
Modulus, E Strength, o Break, £ (%) (MPa)
(MPa) (N/mm?)
PVA/CMC (Control) 17.2+0.9 1.6+0.1 32.0£2.5 1.5+0.1
PVA/CMC/MG 8 8.5+3.6 1.3+0.1 42.5+1.0 1.3+0.1
PVA/CMC/MG 10 13.3+£3.3 1.9+0.4 45.0+4.0 1.6+0.1
PVA/CMC/MG 12 11.8+1.7 1.840.1 49.0£1.0 1.7+0.1
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Table 3: contact angle and surface free energy (SFE) values for control and magnetic hydrogels.

(DIM: diiodomethane)

Hydrogels Contact angle Surface free Polar disperse
water DIM energy (v ), mN/m @) (YIS))
PVA/CMC (control) 25.2 45.4 69.8 36.8 33.0
PVA/CMC/MG 8 30.9 44 .4 67.3 37.3 30.0
PVA/CMC/MG 10 27.9 50.4 67.5 34.03 33.5
PVA/CMC/MG 12 29.9 41.5 68.4 38.8 29.6

Table 4: Magnetic properties of strontium ferrite nanoparticles and fabricated PVA/CMC/MG

magnetic hydrogels.

Properties SrFe CMC/PVA/MG 8 CMC/PVA/MG 10 CMC/PVA/MG 12
BH.p.x, Goe 8.9x10° 3452+47.4 512.9+60.3 442.7+23.7

B, G 2096.6  37.6+£3.0 455+£2.7 427+1.4
Coercivity, H, Oe 4592.1 46309 +2.2 4658 +£20.3 4633.8 £19.6
Saturation magnetization 51.5 3.6 0.2 43+0.2 4.0+0.2

(M), emu/g

Remanent magnetization 32.2 22+0.1 2.7+0.1 2.5+0.1

(M,), emu/g
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