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Abstract

Electrically conductive materials have been hidftiégl in the biomedical and food
packaging areas. Conventional electrically condecti polymers have limited
biodegradability and biocompatibility and should teplaced by suitable biomaterials.
Herein, electrically conductive bionanocompositéshotosan and reduced graphene oxide
were produced by a green methodology. The reducsahgne oxide was hydrothermally
reduced in the presence of caffeic acid and wapedied into chitosan. The final
bionanocomposites achieved an electrical condugtivi 0.7 S/m in-plane and 2.1x10
S/m through-plane. The reduced graphene oxide peama great enhancement of
antioxidant activity and a mechanical reinforcemehtchitosan matrix, increasing the
tensile strength and decreasing the water solubilite electrical conductivity, mechanical
properties and antioxidant activity of the bionammposites can be tuned according to the
filler content. These active bionanocomposites,pared using a green methodology,
revealed good electrical and mechanical propenvbsch make them promising materials

for food packaging and biological applications.

Keywords. bionanocomposites, chitosan, reduced graphene ,oxiyerothermal

reduction, electrical conductivity
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1. Introduction

Electrically conductive biomaterials are promisifuy applications at the interface
between biology and electronics, being employediomedical scaffolds, sensors and
actuators, as well as electrically conductive fpadkaging [1-4]. Electrically conductive
polymers can be used to provide the necessaryieldatonductivity, but their cytotoxicity
and the lack of biocompatibility and biodegradapilprevents their use for food and
biological applications. Thus, the developmentiotbmposites using nontoxic electrically
conductive fillers and natural biopolymers with dativity can overcome this problem [5].

Chitosan (CS) is an abundant and renewable biommlymith a great film forming
ability, biodegradability and nontoxicity. This Ipolymer has been actively investigated
for food packaging and biomedical applications tlmets antimicrobial and antioxidant
activity, which are important properties to extetiet shelf life of food and prevent
inflammatory responses [6—10]. However, it is neaggto improve the poor electrical and
mechanical properties of CS through its combinatiwith appropriate electrically
conductive fillers [11,12].

Reduced graphene oxide (rGO), is an electricallydoative graphene-based material
with high mechanical performance and biocompatipi[il3,14]. The use of rGO in
materials for biomedical and food packaging applices as well as its effectiveness to
reinforce the mechanical, gas and water barried, elactrical properties of biopolymers
have been reported by several authors [15-18]. isG€@@mmonly synthesized through the
chemical oxidation of graphite by the Hummers métpooducing graphene oxide (GO),
followed by a reduction step to restore the grapmetwork This methodology preserves

some oxygen containing groups to establish chemimaractions with the positively



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

charged amine groups of CS and reinforce the comasdd.1,19,20]. The synthesis of rGO
for biomedical and food applications must avoidi¢cameducing agents. Therefore, it should
consider green reduction strategies, as thermalcteeh or chemical reduction processes
that can combine the use of non-toxic compoundsttitemperatures [21].

Several non-toxic compounds have been reporteédoce GO [22]. Zhou Tet al.
[23], reduced GO using a solution of sodium hydlfiteuand sodium hydroxide at 60 °C
during 15 minutes, achieving an electrical conditgtiof 1377 S/m. In addition, CS
biopolymer was also used as a biocompatible reduagent to prepare a drug delivery
system at low temperature (37 °C) during 72 h [Z3iverse vitamins and phenolic
compounds were explored as natural reducing ageatsgely L-ascorbic, vitamin C, and
green tea polyphenolic extract [25—-27][28]. &cal. [27] reported the use of caffeic acid
(3,4-dihydroxycinnamic acid), a phenolic compouradunally present in plants with high
antioxidant activity [29], as an effective greedlueing agent able to produce rGO with a
high C/O ratio (7.15). Besides that, the use ofetafacid can not only reduce GO but also
impart antioxidant activity to the materials pregzhrwith rGO. The preparation of CS
grafted caffeic acid active films with enhancedi@ntant activity was reported by our
group [30]. The efficiency of these reduction meth@an be complemented with thermal
treatments to improve the electrical conductivifyr@O. Kim et al. [31] reported the
synthesis of rGO using dextran as reducing agethtavi electrical conductivity of 1.1:1§

! and its increment to 10000r8" after annealing rGO papers at 500 °C during 2 dretn
argon atmosphere. The hydrothermal treatment ofisG&)so an environmentally friendly
and scalable methodology to reduce GO. This metbggioproduces rGO with high
electrical conductivity and mechanical strength.e Thigh pressure and temperature

generated inside the autoclave removes the oxygetaiaing groups from GO converting
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them into CQ, CO and low molecular weight organic fragmentserEifiore, this water-
based methodology produces rGO with improved etadtconductivity [32,33].

The main aim of this study is the development of eactrically conductive
bionanocomposite using CS, a bioactive polymer, EB®@. GO was prepared by an
improved Hummers method and was further hydrothiéymmaduced in the presence of
caffeic acid, a non-toxic compound. The bionanocositps were prepared with different
amounts of rGO and the films structure, morpholaggchanical, electrical and antioxidant
properties were characterized to evaluate theiem@t for food packaging and biological

applications.

2. Experimental

2.1 Materials

Chitosan (medium molecular weight, 75-85% deactdgila glacial acetic acid
(99,8%), graphite flakes (~150 pm), phosphoric a¢85%), sulfuric acid (97%),
potassium permanganate (99,0%), hydrochloric &&784), hydrogen peroxide (30%) and
caffeic acid £95%) were purchased from Sigma-Aldrich Co. (St tpWO, USA) and
used as received. Glycerol (95%) was purchased Boharlab, S.L. (Barcelona, Spain).

All other reagents used were of analytical grade.

2.2 Preparation of bionanocomposite films
2.2.1 Synthesisof GO
GO was synthesized by an improved Hummers meth®d (@raphite flakes (0.75 g)

were added to phosphoric and sulphuric acid (Ip8yviously to the slow addition of



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

potassium permanganate (4.5 g). The mixture rerdaimeler stirring at 50 °C overnight
and after being cooled down to the room temperataee(50 mL) and hydrogen peroxide
10% (2.5 mL) were added. The final product was rdeigied (4000 rpm, 30 min at room
temperature) and the precipitate washed with Hidtivater (100 mL), hydrochloric acid
30% (100 mL) and ethanol (2 x 100 mL). GO was dispe into distilled water with an
ultrasonic homogenizer (SONOPULS HD 3100, 45W, &rg stored for future use.
2.2.2 Reduction of GO

GO was hydrothermally reduced in the presence ff¢icaacid. Equal amounts of GO
and caffeic acid were dispersed in distilled watea teflon lined autoclave and placed in
the oven for 24 h at 180 °C. After cooling down theoclave to the room temperature, the
obtained rGO was filtered with filter paper (Fileab 1300/80) and washed several times
with distilled water.
2.2.3 Films preparation

Several amounts of rGO (0, 25, 40, 45, 48 or 50 wiPéelation to CS weight) were
dispersed in distilled water using the ultrasorombgenizer at 45 W during 20 min. Acetic
acid solution (0.1 M) and CS (1.5%, w/v) were adtethe rGO dispersions and remained
under stirring overnight for complete dissolutidnGs. Glycerol 0.75% (m/v) was used as
plasticizer and homogenized by stirring during 1@ at 50 °C, followed by the solutions
filtration with a nylon mesh cloth. To prepare thlens by solvent casting, the CS-rGO
solutions (31 g) were distributed in acrylic platé44 cnf) and dried overnight at 35 °C
inside an air circulating oven. The bionanocomgasiiims will be mentioned according to
its rGO load: CS-rGO25 (25%), CS-rGO40 (40%), C®A5 (45%), CS-rGO48 (48%),
and CS-rGO50 (50%). The control sample CS/glycetehd (0% rGO) will be further

mentioned as CS.
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2.3 Characterization of bionanocomposite films

2.3.1 Structural and mor phological characterization

X-Ray Diffraction (XRD) analysiswas carried out on a SmartLab (Rigaku) X-Ray
Diffractometer. The high-resolution XRD patternsreveecorded at 9 kW (45 kV and 200
mA) with Cu target K radiation §{=0.15406 nm) passing through a Ni-filter. The films
from this study were investigated in Parallel B&aeometry, in a continuous mode scan, at
a step size of 0.81and scanning speed of nin, while the powder sample (rGO) was
analyzed in Bragg Brentano Geometry (continuous eposiith a 0.01 step size and
scanning speed of°8min.

Raman spectroscopy was conducted at room temperature by confocal rRiRenman
Spectroscopy, using a LabRam HR800 (Horiba) sysfdhiraman spectra were generated
by exposing the samples to a 532/632 nm wavelegrgin/red excitation laser.

Scanning electron microscopy (SEM) and Scanning transmission electron microscopy
(STEM) were performed using a SU-8230 (Hitachi) SEM nscape at an accelerating
voltage of 10 kV and a HD-2700 (Hitachi) STEM miscope with an accelerating voltage
of 200 kV. For STEM, the films were prepared vidrarhicrotomy and deposited on
standard Cu TEM grids with formvar and lacey carpotymeric films.

Atomic force microscopy (AFM) and conductive atomic force microscopy (C-AFM)
were carried out in an MFP-3D AFM microscope (AsyllResearch) in intermittent
contact mode. DPE18 Pt-coated cantilevers (Mikraaswith nominal resonance
frequencies of 75 kHz and spring constants of 3rh,Nvere used for AFM analysis. HQ:
DPE-XSC11 Pt-coated cantilevers (MikroMasch), wiéhonance frequency of 80 kHz and

spring constants of 2.7 N/m were used for C-AFM gsis.
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2.3.2 Physical and biological characterization

Electrical conductivity of the bionanocomposite films was determined atnroo
temperature bydirect current dc) measurements. The electrical response in-plare wa
determined using samples with 0.5 x 3.5 cm and raehmade 4-point probe resistivity
setup. The electrical response through-plane wesrdimed using 1 cfrsquare samples in

a home-made 2-point probe resistivity setup [34}. these measurements a programmable
power supply IPS603 (ISO-Tech) and two 34401A Mudtiers (HP) were used. The

calculations were made using Equation 1.

R = %= p %= 1L Equation 1

where the parameters are the conventional denoimmnat electrical circuits: resistance
(R), tension (V), current (1), resistivitp), and electrical conductivityo). The definition of

| andA is dependent of the measurement sefp. electrical conductivity was measured in
triplicate.

Tensile tests until film rupturewere carried out according to the standard metA&TW

D 882-83) on a TA HDi texture analyzer equipmertali® Micro Systems) using a 5 Kg
load cell. The films were cut into 6 stripes of@Q0 mm and their thickness was measured
with a digital micrometer (Mitutoyo Corporation) tiiapproximately 0.001 mm accuracy.
The films were kept into a moisture and temperatorgrolled chamber (RH 45%; 22 °C)
during 5 days prior to analysis. Six stripes offeionanocomposite were tested.

Water contact angle between an ultra-pure water drop (3 puL) and th@dmocomposites
was measured using an OCA contact angle systenagbysics) by the Laplace - Young

method. The films were kept into a moisture- anasperature-controlled chamber (RH
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45%; 22 °C) for 2 days prior to analysis. Ten contmgle values were determined for each
sample.

Moisture (M) and solubility (S) of bionanocomposites were determined by averadiag t
weight loss percentage of at least 6 samples [B®. films were weighted (mi), dried
overnight in an oven at 105 °C and reweighted (ififle moisture was determined using

Equation 2.

mi-mf

M%) =

— X 100%  Equation 2
To determine the solubility in acidic conditionscf film samples were weighted (initial
mass), immersed into 30 mL of water acidified wigldrochloric acid (pH 3.5) and placed
in an orbital stirrer at 80 rpm. After 7 days, samples were dried overnight in an oven at

105 °C and reweighted (final mass) The initial dnthl film mass were corrected

considering the films moisture. The solubility weadculated using Equation 3.

S(%) _ (Initial mass—Final mass) % 100% Equation 3

Inicial mass

Three samples of each bionanocomposite were amhlyze

Antioxidant activity of bionanocomposites was assessed by thea2i@obis-(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABT$ decolorization assay [35]. 1 érfilm samples
were immersed in an ABTSsolution (diluted 1:80 in ethanol) and placed mabital
stirrer at 80 rpm. After 8 h, the absorbance (aifs)hhe ABTS" solution without film
(control) and the ABTS solutions with films were measured. The antioxtdastivity was

calculated by means of ABT'9nhibition by the films applying Equation 4.

abs control—abs film

Inhibition (%) = ( )x 100% Equation 4.

abs control

The antioxidant activity of the bionanocompositesvanalyzed in triplicate.

2.4 Statistical analysis
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The results of electrical conductivity, mechanipabperties, solubility, antioxidant
activity and contact angle were statistically amaty through one-way ANOVA with post-
hoc Tukey tests, using a significance level of P§0The data was analyzed using Origin

8.6 software.

3. Results and discussion

3.1 Structural evaluation by XRD and Raman spectr oscopy

The crystalline structure of initial materials, G@O and CS, as well as of
bionanocomposites with the lowest and highest eariterGO, CS-rGO25 and CS-rGO50,
was investigated by XRD (Fig. 1). The GO diffraatipattern shows a strong peak at=2
10.4°, corresponding to the reflection (001). Aftee reduction, the rGO diffractogram
presents a new peak & 2 25.7°, corresponding to the (002) reflectiond ansmooth
peak at ~ 10°. This difference in spectra corrotesrahe occurrence of the reduction
process, as well as the presence of remaining G@&@ GO peak at @2 = 10.4°
corresponds to an interlayer spacing between slé&s$ A, while the peak that appears
after reduction corresponds to a smaller d-spacing.45 A. This decrease of the d-
spacing value after reduction is due to the elimamaof oxygen content between sheets
during the reduction of GO [19,36-38]. CS is a semngstalline biopolymer and shows a
broad peak at®= 21.1°, which can be assigned to the (110) refled39]. The above-
mentioned signature peaks of CS and rGO are predeirv both bionanocomposites
diffractograms. The CS-rGO25 bionanocomposite kethes intense peak of CS and
shows a very weak peak of rGO due to higher CSeran{75%, w/w). Accordingly, CS-
rGO50 shows both rGO and CS peaks with similarnisity due to the equal CS and

rGO loads. The preservation of both CS and rGO paakicates a good homogenization
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between the filler and matrix phase. T#hspacing of rGO peak at ~25° did not change
significantly with its incorporation into CS. Thiresult suggests that CS chains should

not be intercalated into the rGO sheets, whiclmigaod agreement with the typical self-

{001) (110) {002)

26 (degree)
folded rGO morphology resultant from the hydrothermeduction process [40].

Fig. 1. XRD diffraction patterns of GO, rGO, CSdanionanocomposites CS-rGO25 and

CS-rGO50.

The structure of rGO and its alterations after imeorporation in CS matrix were
evaluated by Raman spectroscopy (Fig. 2). The Raspactra of both GO and rGO
presents the characteristic graphitic D, G, andbaDds. The D band, also known as the
disorder band at ~1345 €mcorresponds to the breathing modes 6frsms and requires
the proximity to a defect to be active. The G bahd1589 crit is attributed to the in-plane
vibrational modes of $phybridized carbon atoms [41]. Theg/lk ratio is similar after the
reduction process, 1.04 for GO and 1.06 for rGOintpadue to the slight decrease of D
band intensity. During the reduction of GO, neW gpmains are formed, but they exhibit a

smaller average size in comparison with the previexisting spdomains on GO, which

11
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lead to a decreased G band intensity [42]. The &mitat 2721 crhis the second order D
band and is active independently of the presence adgfect. The 2D band splits into the
D+G at 2919 cril and 2D’ at 3136 cih The split of 2D band suggests a multilayer
graphene sample [43]. The CS-rGO25 and CS-rGOStahmcomposites display a similar
spectrum to rGO, which is an indication of a go@@rdispersion in the CS matrix with the
preservation of its structure. Thg/li increase observed after the rGO incorporation into
the CS matrix (1.22 for CS-rGO25 and 1.26 for C®88), can be attributed to an

increment of defects/edges in rGO due to blendiitlg @S.

€S1G050 /| | DD =126
CS-rG025 / | =122

o 1yf1=1.06
i

Lo ADIIG=1.O4
0 1000 2000 3000 4000

Raman shift (cm'1)
Fig. 2. Raman spectra of GO, rGO, and bionanocompositesGC&5 and CS-rGO50,

with the correspondinglls values marked.

3.2 Morphological evaluation by SEM and STEM

The morphology of CS, CS-rG0O25, and CS-rGO50 filmas observed by SEM and
STEM (Fig. 3). The chitosan film with the glyceias plasticizer has a smooth surface that
becomes wrinkled with the incorporation of rGO. Tilienanocomposites SEM images
present folded rGO sheets with a layered assemimytd the hydrothermal synthesis of
rGO [44,45]. The CS-rGO50 cross-section shows a@nenant organization of rGO

12
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sheets in parallel to film thickness. Moreoverpirthe SEM images it is observed a good
distribution of rGO through all the CS matrix. Hovee, the STEM images of both
bionanocomposites reveal rGO agglomerates wrappédSh This morphological analysis
allows to conclude that rGO in the form of aggloates are well distributed along the

biocomposite.

Fig. 3. SEM and STEM images. SEM images of CS and bionanposites (CS-rGO25
and CS-rGO50) films, with CS-rGO50 cross-sectisetrare displayed on the left column,
while STEM images of CS and the bionanocomposit8sr@&025 and CS-rGO50 are

displayed on the right column.

3.3 Mechanical properties, solubility and wettability
The mechanical parameters like tensile strength),(Yung’s modulus (YM) and
elongation at break (E), of CS and bionanocompesitere measured by tensile tests until

rupture using several stripes of films (at leastdGinsure representative results of all film
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(Fig. 4). The chitosan/glycerol film (CS) presen¢chanical properties (TS, YM, and E
values) similar to those reported in the literatiorechitosan films with addition of glycerol
as plasticizer [46,47], while the TS and YM are éovand the E higher in relation to
chitosan films without plasticizer [48,49]. The amporation of 50% of rGO improves 2
times the TS from 13 MPa to 27 MPa and the YM e@ased almost 6 times, from 0.47
GPa to 2.73 GPa, while the elongation decreasetini}. The increase of both TS and
YM, and the decrease of E, meaning an increasesistance and a flexibility decrease, is a
trend of CS-rGO composites well described in tterditure [26,50-52]. Table S1 presents
the mechanical parameters of CS-rGO compositesrtezban literature. To the best of
author’'s knowledge, the improvement of resistammcéhe tension of this work is the best
result achieved using rGO reduced by a green metbgg. The improvement of TS is due
to the reinforcing effect of rGO since no graftstgategies or other reinforcing components
were used. The reinforcing effect of CS by rGO alwnown, but it is reported that the
use of high concentrations of rGO promotes its @ggkation and causes a decrease of TS
and YM [11,50]. However, this study shows the usec® 50% enhance these parameters,
which indicates that rGO is well dispersed into @& matrix, allowing an efficient load
transfer between both phases.

The solubility of CS and bionanocomposite films vegtermined by immersing the
films in acidic aqueous medium (pH 3.5) for 7 dg¥3g. 4). The CS solubility is
approximately 34% and should be mainly due to glylcdiffusion to the water, as reported
before for chitosan-based films [53]. The CS-rG®&manocomposite shows a solubility
of 30%, while the bionanocomposites with 40 — 48%30 load show a solubility of 24%
and the CS-rGO50 has a solubility of 29%. This Iloa@ubility could not be attributed to

the lower content of CS in the films with the highgercentage of rGO, since the

14



305

306

307

308

309

310

311

312

313

314

315

316

percentage of solubility decrease is not propodidn the increase of rGO and the CS-
rGO50 showed a higher solubility than 40 — 48%@0Orfilms. These results indicate that

rGO reinforces water resistance of the films.

b
5] 3.0
" 2.5-
& @ 2.0
= 1 o
; = 1.51
- 1 >

1.04
0.5+
0.0

[w=) (&)} o (&}
1 1 1 1

40 45 25 40 45 48 50
rGO (%) rGO (%)

(@]
o

E (%)
Weight loss (%)

0 25 40 45 48 50 ) 0 25 40 45 48 50
rGO (%) rGO (%)

Fig. 4. Mechanical properties of CS and bionanoamitps CS-rG0O25, CS-rGO40, CS-
rGO45, CS-rGO48 and CS-rGO5@)(Tensile strength (TS)B) Young’s modulus (YM),
(C) elongation (E) andlX) water solubility (weight loss%). Different letserepresent

significant (p<0.05) values (n=3).

The wettability of the films surface was investaght by water contact angle
measurements (Fig. 5). CS showed a water contgbt ah 107°, inferring a hydrophobic

character of the films surface. This result is cod agreement with the values previously
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338

reported for chitosan [46,54] and chitosan/glyceiitths [30,47]. Chitosan is usually
reported to be hydrophilic with a lower water camtangle [55]. However, CS were
produced by solvent casting, which enhance thedaoten between the hydrophilic groups,
as well as the presence of glycerol that establstds with the amine and hydroxyl groups
of the chitosan, reducing the interaction of thgseups with water and increasing the
surface hydrophobicity of the films. As describedthe literature, thehitosan films have
initial contact angles around 100°, but after fegmds there is a decrease of the contact
angle that is related with the water absorptionacdp or to capillary forces in the film—
water interface due to the hydrophilic charactectofosan [56].

The rGO is hydrophobic due to the removal of oxygmntaining groups [57].
However, the bionanocomposites show low contacteanglues, between 68 — 77°. The
increase of hydrophilicity can be explained dugh® electrostatic and hydrogen bonding
between CS amine groups and the remaining oxygetaicing groups of rGO [58]. These
interactions can lead to a higher exposition of g8roxyl groups at bionanocomposites
surface and thus their interaction with water caube decrease of contact angle values.
Moreover, the incorporation of rGO increased thadiroughness, which is associated with

an enhancement of hydrophilicity [59].

106.5+1.22

68.2+1.1P 67.9+0.9766.1 +0.8*77.6 £ 0.3 74.9 % 0.69
- W OOV V9

0 25 40 45 48 50
rGO (%)

Fig. 5. Water contact angle value of CS film and bionangoasites CS-rGO25, CS-
rGO40, CS-rGO45, CS-rG0O48, and CS-rGO50. Differltters represent significant

(p<0.05) values (n=6).
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3.4 Antioxidant activity

The antioxidant activity of CS and all the bionammposites was evaluated by the
ABTS™ inhibition method (Fig. 6). The incorporation of@3nto CS matrix lead to a great
enhancement of antioxidant activity. After 8 hoofsincubation, CS showed an ABTS
inhibition of 1%, while the bionanocomposite filrmBowed an increase of inhibition with
filler content in the range of 54% - 82%. The axitiant activity can be attributed to the
radical scavenging capacity of rGO [60]. Moreotbke presence of remaining caffeic acid,
can also contribute to improve the antioxidant\atgti In a similar work reported by our
group, where CS was grafted with caffeic acid, $ilmvere achieved with an antioxidant
activity 80% higher [30].

100+

80

604

40-

Inhibition (%)

20

0 25 40 45 48 50
rGO (%)

Fig. 6. Antioxidant activity (inhibition %) after Bours of incubation in ABTSsolution of
CS and bionanocomposites CS-rG0O25, CS-rG0O40, C3H5:0S-rG0O48, and CS-rGO50.

Different letters represent significaqQ.05) values (n=3).

3.5 Electrical properties
The electrical conductivity of CS film and all tbeonanocomposites was measured

at macroscale bylc measurements in-plane and through-plane (Fig.Thg electrical
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conductivity increases with filler content above/d6f rGO (CS-rGO45) and 25% of rGO
(CS-rG0O25) for in-plane and through-plane condutgtivespectively. The maximum in-
plane conductivity is 0.7 S/m with 50% of rGO (GSa50), while the maximum through-
plane conductivity is achieved with 45% of rGO ¢@° S/m). The electrical conductivity
in-plane is around 4 orders of magnitude greatantht is through-plane, which is
explained by the preferential alignment of rGO glothe plane direction [61]. The
increment of electrical conductivity with the inporation of rGO into the insulating CS
matrix proves the efficiency of the GO hydrothermeduction in presence of caffeic acid.
Table S1 presents the in-plane electrical propedieCS-rGO composites reported in
the literature. The use of chemical compounds asnas [51], hydrazine [52], and
hydroiodic acid [62], as reducing agents is a getdtegy to produce rGO with high
electrical conductivity, due to the effectivenedstite reduction process. However, the
toxicity of these chemical compounds prevents tee af rGO and its composites for
biological applications. The use of alternative -&@endly methodologies to reduce GO
and prepare CS-rGO is reported in literature. Ban®le, the use of tea polyphenol
solution at 90 °C under nitrogen atmosphere, aeden electrical conductivity of ~ 0.01
S/m with 1% rGO [50]. Then situ reduction of GO by CS (37 °C for 72 h) produced
bionanocomposites with a slight higher electricahductivity of 0.06 S/m, but using 7%
rGO [50]. The immersion of CS-GO films containing% of GO in NaOH and N&0O,
solutions at 60°C, originated films with an ideatielectrical conductivity (0.1 S/m) [11].
Therefore, this works reports the CS-rGO bionanguusite with the highest in-plane
electrical conductivity (0.7 S/m) prepared with 5086 rGO reduced by a green

methodology.
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Fig. 7. Electrical conductivity of CS and bionanogmsites CSG025, CS-rG0O40, CS-

rGO45, CS-rG0O48, and CS-rGOSA)(in-plane and B) through-plane. Different letters

represent significanp€0.05) values (n=3).

The insulator CS, the low conductive CS-rGO40 drel liigh conductive CS-rGO50
samples were characterized by CAFM, with simultaiseacquisition of AFM images, to
correlate the origin of the electrical conductiwith the topographic characteristics (Fig.
7). The AFM analysis shows the flat surface of @8 film becomes rough with the
increment of rGO, which is in good agreement wiktle tenhancement of the films
wettability. The root mean square (RMS) roughnedsrchined by AFM in a scan area of 5
Km x 5 pm also reveals an increment of surfacelmoesgs, from 0.6 nm on the CS film to
25 nm on CS-rGO40 and to 165 nm on CS-rGO50. Silpjlthe CS film exhibits an
insulating surface that becomes slightly conduciiv€ S-rGO40 and widely conductive in
the CS-rGO50. The correlation between topography electrical conductivity at the
nanoscale is well established since the origirudbse roughness and current can be easily

identified from the rGO location.
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Fig. 8.Surface morphology and electrical conductivity & @nd of the bionanocomposites

o

CS-rGO40 and CS-rGO50. AFM topographic images (5xunum) of A) CS, B8) CS-
rGO40 and €) CS-rGO50. CAFM current images (5 um x 5 um) Bj CS with -10V
applied, E) CS-rGO40 with -300 mV appliedF) CS-rGO50 with -300 mV appliedG]
CS with 10V applied,H) CS-rGO40 with 300 mV applied|)(CS-rGO50 with 300 mV
applied. Height and current value profiles of tharked area in the AFM and CAFM

images ofJ) CS K) CS-rGO40 andL() CS-rGO50.
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4. Conclusions

Electrically conductive bionanocomposites were preg considering the eco-friendly
character of CS biopolymer and a non-toxic synthesirGO by a hydrothermal treatment
of GO in the presence of a natural compound, ca#feid, as reducing agent. To the best of
authors knowledge, this work reports the CS-rGOn&#mmcomposites with the highest
electrical conductivity and highest tensile stréngtchieved using a green reduction
strategy. The hydrothermal reduction of GO in thespnce of caffeic acid, preserved
oxygen containing groups necessary to interact Wi amine groups and promote the
reinforcement of the bionanocomposite materialtecégd in the increase of mechanical
and water resistance. Moreover, the bionanocomgpdgins present remarkable high
antioxidant properties. The eco-friendly charadkthese flexible biomaterials associated
with the electrical, mechanical, and antioxidartgarties, make this material suitable to be
used for several applications, like food packaginggy sensors and electric responsive

biocompatible devices.
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