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Elektricno provodni nanokompozitni hidrogelovi su nedavno privukli interesovanje kao ves-
tacki materijali nalik kozi sa velikim potencijalom za primenu u medicini. Medutim, dizajniranje i
priprema multifunkcionalnog materijala sa Sirokim spektrom upotrebe je i dalje izazov. U ovom radu,
elasticni, samoisceljujuci i samolepljivi provodni nanokompozitni hidrogelovi su proizvedeni razno-
vrsnim koordinacionim hemijskim vezama izmedu razlicitih hidrokoloida, punila na bazi grafena i
polivinil alkohola (PVA). Stavise, povrsinske funkcionalnosti punila na bazi grafena znacajno uticu
na mehanicku cvrstocu i elektricnu provodljivost hidrogelova, dajuci im elasticnost, visoku elektricnu
provodljivost i osetljivost na deformacije. Jonska provodljivost nekih hidrogelova pokazala je poten-
cijal za primenu kao samoizlecivi elektrolit. Postignuta je rastezljivost od vise od 5000%, Sto je jedna
od najvisih vrednosti prijavijenih u literaturi za provodne hidrogelove sa svojstvom samoizlecenja.
Zahvaljujuéi ovim karakteristikama, provodni nanokompozitni hidrogel bi se mogao koristiti kao
fleksibilni senzori za pracenje grubih (npr. savijanje zglobova) i suptilnih (npr. detekcija govora)
ljudskih pokreta u realnom vremenu. Ovaj tip dizajna hidrogela otvara nove mogucnosti za razvoj
hidrogelova visokih performansi na bazi biogela sa primenama u nosivim elektricnim senzorima za
upotrebu u medicini.

Kljuéne reci: provodni hidrogelovi; hidrokoloidi; PVA; nanoplocice grafena; redukovani gra-
fen oksid; senzori.

Conductive nanocomposite hydrogels have recently attracted interest as artificial skin-like ma-
terials with a lot of potential in customized healthcare applications. However, designing and prepar-
ing a multifunctional material with a wide range of uses is challenging. In this work, resilient, self-
healing and self-adhesive conductive nanocomposite hydrogels were produced by multiple and di-
verse coordination connections between various hydrocolloids, graphene-based fillers, and polyvinyl
alcohol (PVA) network. Furthermore, the surface functionalities of graphene-based fillers signifi-
cantly affect the hydrogels' mechanical strength and electrical conductivity, giving the hydrogels re-
silience, high electrical conductivity, and reasonable strain sensitivity. lonic conductivity of some
hydrogels showed potential for the application as self-healing electrolyte. The stretchability of more
than 5000% was achieved, which is one of the highest values reported in literature for conductive
self-healing hydrogels. Thanks to these features, the conductive nanocomposite hydrogel might be
utilized as flexible strain sensors to monitor both massive (e.g., joints bending) and subtle (e.g.,
speech detection) human motion in real-time. This type of hydrogel design opens new possibilities for
developing high-performance bio-based hydrogels with applications in wearable electrical sensors
and healthcare monitoring.

Key words: conductive hydrogel; hydrocolloids; PVA; graphene nanoplatelets; reduced gra-
phene oxide; sensors.

1 Introduction

Humans can physically sense temperature, humidity, pressure, and other complex environmen-
tal signals through their skin, which serves as a physical information conduit between them and their
environment. Human motion detection [1], individualized health diagnostics [2], human-machine in-
terfaces [3], and implantable biomedical devices [4] are just a few of the applications that artificial
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skin-like materials that mimic the sensory qualities of human skin are being studied for. Materials
that resemble robotic skin must have good conductivity, exceptional stretchability, flexibility, auton-
omous self-healing capabilities, and self-adhesive properties. It is still challenging to simultaneously
develop and prepare a multifunctional material with such a broad variety of uses.

This study included several hydrocolloids, such as xanthan (Xan), Arabic gum (AG), and so-
dium carboxymethyl cellulose (CMC), to increase the conductivity and self-healing capabilities. Re-
duced graphene oxide (rGO), conductive activated carbon black (ACB), and graphene nanoplatelets
(GNP) were chosen as conductive fillers because they each have unique surface properties that can
affect how they interact with reversible dynamic bonding systems. The Litesizer 500 was used to
determine the size distribution of fillers. By measuring time-dependent rheological behavior using an
RSO Rheometer, self-healing characteristics were measured. Electrochemical Impedance Spectros-
copy was used to characterize the conductivity and electrochemical characteristics (EIS).

1.1 Materials

ACB was C-NERGY Super C45 (C45 from TIMCAL, density = 1.86 g/cm®, BET surface area
= 45 m?/g, particle size 100-200 nm). GNP are aggregates of sub-micron platelets with a diameter of
less than 2 pm and a thickness of a few nanometers, a bulk density of 0.2 to 0.4 g/cm?, an oxygen
content of <2 wt. % and carbon content of >98 wt. %, BET surface area of 750 m?/g, supplied as a
black powder from Strem Chemicals, Inc. A two-stage technique includes oxidizing graphite to gra-
phene oxide (GO) and then reducing it to graphene flakes was used to produce rGO. rGO was supplied
from Advanced Graphene Products, Zielona Gora, Poland. According to the specification, rGO has
C >80%, O <18%, H <1,8%, S <0,2%; and flake size > 100 um, BET specific surface area 500-
700 m2/g, average bulk density 12 g/dm?, number of layers <7, and the distance between the layers is
0.350-0.390 nm.

Poly(vinyl alcohol) (PVA) (87-90% hydrolyzed, average My = 30,000 — 70,000 g/mol), Arabic
gum (AG) from acacia tree (branched polysaccharide of galactose, rhamnose, arabinose, and glucu-
ronic acid as the calcium, magnesium, and potassium salts with average My = ~250,000 g/mol), so-
dium carboxymethy! cellulose (Na-CMC, average Mw = ~250,000 g/mol, degree of substitution 0.9),
and sodium tetraborate decahydrate (borax) (ACS reagent, > 99.5%) were all supplied from Sigma
Aldrich, USA. Xanthan gum, food-grade (Bob's Red Mill Natural Foods, Inc., Oregon, USA).

1.2 Preparation of conductive nanocomposite hydrogels

Two distinct solutions, 20 wt.% PVA and 3 wt. % of hydrocolloids were produced at 80 °C and
600 rpm. Since the AG solution showed a significant reduction in viscosity when heated, the mixture
of PVA/AG=1/12 was used. To the prepared mixture, 0 to 5 wt. of the graphene-based fillers
ACB/GNP/rGO (relative to PVA solid content) were added. When the uniform solution was obtained,
a borax solution (0.12 M, 3.33 ml) was added drop by drop into the produced solution and rapidly
agitated to produce cross-linked hydrogel.

1.3 Characterization methods

The dynamic mechanical properties of conductive nanocomposite hydrogels were analyzed on
a rheometer at 25 °C (Brookfield RSO oscillatory Rheometer supplied by Venktron, UAE) in conical
plate mode. Amplitude sweep measurements were performed in a shear strain mode with a start am-
plitude of 0.06%, end amplitude of 200.00%, frequency of 10 Hz, and 30 steps, and they showed the
yield and flow point of hydrogels. Time-dependent behavior was evaluated in 5 blocks in a shear
strain mode, alternating the amplitude of 1% and 200% at 10 Hz during 60 s each block. Frequency
Sweep measurements were also performed in a shear strain mode with 0.10% amplitude, starting
from 0.10 Hz until 10 Hz and 30 steps.

The electrochemical impedance spectra (EIS) were recorded in the frequency range of 100
kHz—10 mHz with a potential amplitude of 10 mV on BioLogic's VSP-300 channel potentiostat.
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2 Results

The amplitude sweep measurements were initially carried out in a shear strain mode (0.06% -
200.00%, 10 Hz) to assess the self-healing capabilities of fabricated hydrogels, Figure 1. Given that
the hydrogels disintegrated under a 200% strain, and that a 1% increase in strain allowed self-healing
and the restoration of mechanical characteristics, this test provided insight into the effectiveness of
self-healing. Neat PVA hydrogel demonstrated variable self-healing outcomes. For example, the first
recovery was larger than the subsequent one, while the latter recovery was lower than the initial one.
PVA/Xan sample exhibited the most consistent readings and a complete recovery of G' values. Its
branching structure, functional groups that assist in dynamic bonding, and shear-thinning capabilities
may be the causes of the greatest self-healing properties of PVA hydrogel with the inclusion of xan-

than gum as a hydrocolloid [5].
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Figure 1. Self-healing efficiency evaluated by low (1 %) — high (200 %) shear strain of hydrogels:
(a) PVA, (b) the appearance of PVA hydrogel after the test, (c) PVA/Xan, (d) the appearance of
PVA/Xan hydrogel after the test

Figure 2 displays the hydrogel yield and flow point with different amount of ACB fillers used
in PVA/Xan hydrogel. Up to the yield point, the storage modulus (G') and loss modulus (G™) in a low
strain area maintain constant values. This was the value at which the storage modulus increased for
all other samples with a hydrocolloid modifier at the same time. However, for strains greater than
1%, all the studied samples showed a considerable decline in G' values. The intersection of the G' and
G' curves at the flow point reflects the value at which the hydrogel network begins to flow. With
further increase of strain, the values drop significantly due to the hydrogel network disintegration and
collapse.

Electrochemical impedance spectroscopy (EIS) was used to investigate an effect of various
hydrocolloids, fillers, and their quantities on the conductivity of produced hydrogels, Figure 3. These
findings demonstrate that PVA and PVA/Xan have comparable conductivity values, however
PVA/AG and PVA/CMC have values that are respectively 16.3% and 33.4% greater than PVA. The
cause of this is that since salts are a part of the structures of both polysaccharide modifiers AG and
CMC, they both have ionic conductivity. The content is greater in Na-CMC. Figure 3b shows the
conductivity as a function of the amount of added ACB filler. The values for 1 wt. % and 3 wt.
compared to pristine PVA/Xan, are substantially greater, 17.7% and 16.7%, respectively. Since no
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homogenization process was applied, as shown in the literature, the absence of conductivity improve-
ment for 3 wt. % of ACB may be attributed to aggregates [6]. However, the conductivity in the case
of the PVA/Xan + 5 wt. %, was 32.3% greater than the conductivity of pristine PVA/Xan.
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Figure 2. The dependence of yield and flow point with the addition of ACB fillers
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Figure 3. EIS measurements: (a) Nyquist diagram for hydrogels with different hydrocolloids and
(b) conductivity of PVA/Xan with different amount of fillers
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