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Abstract

In recent years, the development of environmentally friendly, highly functional, and
biodegradable polymer nanocomposites based on renewable natural resources has become an
important research area in modern polymer chemistry and materials science. The use of natural
protein polymers and carbon nanomaterials makes it possible to obtain materials with improved
structural and functional characteristics. In this study, a sericin/reduced graphene oxide (SS-rGO)
nanocomposite was synthesized by an alkaline condensation method using sericin, a water-soluble
protein extracted from silk fiber waste. The structure and physicochemical properties of the
obtained nanocomposite were investigated using attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR) and X-ray diffraction (XRD). The ATR-FTIR results showed the
presence of interfacial interactions between sericin and graphene oxide, as well as the formation of
strong hydrogen bonds between the functional groups of the components. According to the XRD
results, an increase in the content of the (3-sheet phase of sericin and evidence of partial reduction of
graphene oxide were observed during the formation of the nanocomposite. The identified structural
changes indicate the formation of a stable interfacial system and confirm the structural stability of
the SS-rGO nanocomposite. The obtained results demonstrate the potential of the synthesized
material for the development of functional polymer films, humidity sensors, and biomedical
materials.

AHHOTaLUA

B mocnegHue roabl pa3paboTKa 9KOJOTMUECKH UHCTBIX BbICOKO(YHKIMOHANBHBIX U
Oropa3snaraeMbIX TIOTMMEPHBIX HAHOKOMITO3UTOB Ha OCHOBE BO30OHOBJ/ISIEMOTO MPUPOAHOTO ChIPhsI
CTajla Ba)KHBIM HarmpaBleHHeM HCC/IeloBaHUA B 00/7acTH COBpPeMEHHON XWMWUHW TOJIMMEPOB U
MaTepuasioBefieHusi.  Vicmonb3oBaHWe TIPUPOJHBIX  OENKOBBIX TOJMMEPOB U YITIEPOAHBIX
HaHOMaTepuasjaoB [103BO/IeT T0/yyaThb Marepuajsbl C YAYYIIeHHbIMU CTPYKTYPHBIMM U
(byHKLHMOHABHBIMU XapaKTepUCTUKaMU. B faHHON paboTe MeTO/[0M I1[e/IOUHON KOH/eHCauu Obul
CHUHTEe3UPOBaH HAaHOKOMITO3UT CEepHI[MH/BOCCTaHOB/eHHbIN okcuj rpadeHa (SS-rGO) Ha ocHoBe
cepul[MHa — BOJIOPAaCTBOPUMOTO OeJsika, BbIZIeJIEHHOTO U3 OTXO/IOB I11e/IKOBOTO BOJIOKHA. CTPyKTypa
U (QU3MKO-XUMHUECKHWe CBOMCTBA TIOyYeHHOTO HAHOKOMITO3UTa OBIIM  HMCC/IeIOBaHbI  C
WCTIOMb30BaHUeM MH(MPAKpacHOW CMEeKTPOCKONIMM C  0cC/ablieHHbIM —TIOJTHBIM — BHYTPEHHUM
orpakeHueM (ATR-FTIR) u pentreHoBckoi audpakiuu (XRD). Pesynsratel ATR-FTIR noka3anu
Ha/Muue MeX(a3HbIX B3aUMOJENCTBUM MeXAYy CepUIIMHOM M OKCHJOM TpadeHa, a Takxke
obpa3oBaHMe MPOYHBIX BOJOPOAHBIX CBsi3eld MeXy (YHKIMOHATbHBIMU TDYMIIaMid KOMITOHEHTOB.
CornacHo pe3yneraraM XRD, B ripoiiecce (opMupoBaHWs HAaHOKOMIIO3UTa HabmM0anoch
yBe/IMueHue Cofiep>KaHusi B-cKiaauatoi ¢a3bl CepuliHaA U MPU3HAKK YaCTUYHOTO BOCCTAaHOBJIEHHS
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okcuZia rpadeHa. BrisBiieHHble CTPYKTYpHble W3MeHeHHs CBU/ETE/NbCTBYIOT O (hOpMUPOBaHUU
CTabWIBbHOM Mesk(a3HON CUCTeMBbI M TIOATBEPIK/JAI0T CTPYKTYPHYHO CTabM/ILHOCTH HAHOKOMITO3HUTA
SS-rGO. TIlonyuyeHHble pe3ynbTaTbl  [JeMOHCTPUPYIOT — ME€PCIIeKTUBHOCTb  MCIIO/Ib30BAHUSA
CUHTEe3UPOBAaHHOTO MaTepuara [ijisi pa3paboTKu (PyHKLIMOHAIBHBIX TIOJIMMEPHBIX TUIEHOK, JaTUMKOB
BI@XHOCTY ¥ OMOMEeIUIITHCKHX MaTeprasioB.

Keywords: sericin, graphene oxide, reduced graphene oxide, nanocomposite, biomaterial,
condensation synthesis.

KroueBble c/I0oBa: CepulMH, OKCHA rpadeHa, BOCCTaHOB/IEHHBIM OKcuf rpadeHa,
HaHOKOMIIO3WT, OMOMaTepHall, KOH/IeHCAlIMOHHbIN CUHTe3.

1. Introduction

In recent years, the development of polymer nanocomposites based on renewable natural raw
materials—exhibiting eco-friendly, biodegradable, and highly functional properties—has become
one of the most relevant fields in materials science and macromolecular chemistry [1,2]. In
particular, the production of high-value biomaterials from silk industry by-products is of significant
scientific and practical importance from the perspective of implementing «green chemistry»
principles and achieving effective waste utilization [2,3]. Sericin protein, derived from silk industry
waste, is an eco-friendly, biodegradable, and biocompatible natural biopolymer. The presence of
active functional groups such as amine, hydroxyl, and carboxyl groups in the structure of sericin
enables its modification with various nanomaterials. However, the relatively low mechanical
strength, thermal stability, and water resistance of pure sericin limit its scope of practical
applications. To overcome these limitations, the development of nanocomposites based on graphene
oxide (GO) and reduced graphene oxide (rGO) represents one of the most promising approaches
[1,2].

Silk fiber is mainly composed of fibroin and sericin proteins, with sericin accounting for 20—
30 % of the total mass of silk fiber [2]. Although sericin extracted during the degumming process in
the textile industry was long considered waste, it currently attracts significant interest as a
biomaterial due to its high content of amino acids, superior hydrophilicity, antioxidant activity,
biocompatibility, and film-forming ability [2,3]. The presence of hydroxyl (~OH), amine (-NH,),
and carboxyl (-COOH) groups in the sericin molecule enables it to form intermolecular bonds with
various nanomaterials [2].

However, pure sericin-based materials exhibit low mechanical strength, insufficient water
resistance, and a tendency to swell rapidly in humid environments. Furthermore, their thermal
stability and electrical conductivity are inadequate for modern functional devices. Consequently,
extensive research is being conducted on modifying sericin with various inorganic nanofillers [4,5].

Carbon-based nanomaterials, particularly graphene, graphene oxide (GO), and reduced
graphene oxide (rGO), represent among the most promising materials for developing polymer
nanocomposites due to their two-dimensional crystal lattice, high mechanical strength, large
specific surface area, chemical stability, and electrical conductivity [4,6]. The presence of hydroxyl,
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epoxy, and carboxyl functional groups in GO enables the formation of strong hydrogen bonds and
electrostatic interactions with protein molecules [6]. Consequently, GO is widely used as an
effective nanofiller for biomacromolecules.

In recent years, the application of composite materials based on sericin and graphene oxide in
humidity sensors, flexible electronics, and biomedical fields has expanded significantly. Lee et al.
demonstrated that multilayer films prepared from GO/sericin/multi-walled carbon nanotubes
exhibited high sensitivity within a relative humidity range of 11-97 % and represented a promising
material for real-time respiration monitoring [1]. The authors emphasized that the hydrophilic
nature of sericin, combined with the GO layers, enhances the adsorption of water molecules and
significantly reduces the sensor's response time.

Cho et al. discovered that in flexible sensors based on rGO/silk fibroin, the formation of a
robust interface between the silk protein and graphene layers significantly increases the elastic
modulus of the material and maintains high stability under repeated bending [7]. These results
demonstrate that combining graphene-based nanomaterials with silk proteins enhances both
mechanical and functional properties.

Jain et al. summarized research on humidity and gas sensors based on silk and its composites,
highlighting that the high sensitivity, fast response time, and biocompatibility of sericin- and
graphene-based systems make them promising materials for wearable electronics [2]. Furthermore,
graphene-based materials are widely applied in bioengineering and regenerative medicine. Das et al.
demonstrated that rtGO-modified silk biomaterials stimulate cell proliferation and enhance electrical
conductivity [3].

An analysis of the existing literature indicates that studies dedicated to the synthesis of
sericin—reduced graphene oxide (SS-rGO) nanocomposites via an alkaline condensation method in
the presence of ammonium carbonate, as well as the comprehensive investigation of their structural
changes using XRD and ATR-FTIR spectroscopy, remain limited. In particular, the transition of the
sericin secondary structure into (3-sheet phases, the mechanism of interfacial bond formation, and
the alterations in the electronic structure of the nanocomposite have not been sufficiently elucidated.

In this context, the objective of this work is to synthesize the SS-rGO nanocomposite based
on sericin and graphene oxide via a condensation method, to conduct a comprehensive structural
analysis of the obtained material using XRD and ATR-FTIR spectroscopy, and to evaluate the
physicochemical properties of the resulting nanocomposite.

2. Materials and Methods

Research Materials. In this study, natural sericin protein was utilized as the biopolymer
matrix. Sericin was extracted during the degumming process of silk fibers, purified under laboratory
conditions, and dried. The bleached and purified sericin served as the primary polymer component
in subsequent experiments. Due to the abundance of hydroxyl (-OH), amine (-NH,), and carboxyl
(-COOH) functional groups in its structure, sericin possesses a high capacity to form strong
intermolecular interactions with graphene oxide [1-3].
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Graphene oxide (GO) dispersion was used as the nanofiller. Graphene oxide is characterized
by a large specific surface area, the presence of oxygen-containing functional groups, and its ability
to form stable dispersions in aqueous media. These features make it an effective component for the
synthesis of protein-based nanocomposites [4,6].

Analytical grade ammonium carbonate ((NH,),CO,) reagent was used to create an alkaline

medium during the synthesis process. Distilled water was employed as the reaction medium.

Table 1. Reagents used in the synthesis of SS-rGO nanocomposite

Reagent Chemical Formula Function
Sericin Protein Biopolymer matrix
Graphene oxide GO Nanofiller
Ammonium carbonate (NH,),CO, Alkaline agent / pH regulator
Distilled water H,0 Solvent
Research Methods

The synthesis of the SS-rGO nanocomposite was carried out using a condensation synthesis
method. Initially, 0.1g of sericin protein was dissolved in 10ml of distilled water to prepare a 1 %
(w/v) aqueous solution of sericin. Bleached sericin was dissolved in the required amount of distilled
water with continuous stirring on a magnetic stirrer until complete dissolution was achieved.

In a separate container, an aqueous dispersion of graphene oxide was prepared. Subsequently,
the sericin solution and graphene oxide dispersion were mixed at a 1:0.5 mass ratio. This ratio was
selected to ensure a uniform distribution of graphene oxide particles within the sericin matrix and to
enhance the structural stability of the nanocomposite [5,6].

The reaction was conducted via the condensation method within a temperature range of 80—
100 °C. Since composite formation was performed in an alkaline medium, ammonium carbonate
was added to the reaction mixture. The alkaline medium enhances the activation of functional
groups on the sericin molecules, facilitating the formation of hydrogen bonds and other
intermolecular interactions with graphene oxide [2,4].

Upon completion of the reaction, the resulting composite was cooled to room temperature and
dried to a constant weight. The dried sample was then prepared for subsequent physicochemical
analyses.

ATR-FTIR Analysis. ATR-FTIR spectroscopy was employed to identify functional groups
within the nanocomposite and to evaluate the intermolecular interactions between sericin and
graphene oxide. Spectra were recorded in the range of 4000500 cm™. Changes in the Amide I,
Amide II, and Amide III regions were analyzed in the obtained spectra to assess the mechanism of
composite formation [1,3].ATR-IR Fourier spectroscopy analyses were performed on a “FTIR 4600
JASCO” (Japan) spectrophotometer.

X-ray Diffraction Analysis (XRD)X-ray diffraction was utilized to determine the degree of
crystallinity and phase composition of the nanocomposite. Based on the XRD diffractograms, the
secondary structure of sericin and the degree of reduction of graphene oxide were evaluated [4,7].
Crystallinity degree of the samples were measured by powder x-raydiffraction (XRD, Rigaku, The
SmartLab SE, Japan(Khorezm Mamun Akademy lab))
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3. Experimental section

The synthesis of the sericin-reduced graphene oxide (SS-rGO) nanocomposite was carried out
via a condensation method. First, a 1 % (w/w) aqueous solution was prepared by dissolving 0,1g of
purified sericin in 10ml of distilled water using a DLAB MS7-H550-S magnetic stirrer with
continuous stirring until a homogeneous solution was obtained. In a separate vessel, an aqueous
dispersion of graphene oxide was prepared and added to the sericin solution at a mass ratio of 1:0.5.
The mixture was maintained under constant stirring until homogeneity was achieved.

The formation of the nanocomposite was conducted in an alkaline medium, with ammonium
carbonate ((NH,),CO,) utilized to maintain alkalinity. The alkaline medium promotes the ionization
of functional groups within sericin, enhancing intermolecular interactions with the oxygen-
containing groups of graphene oxide.

The reaction proceeded within a temperature range of 80-100 °C. During heating, hydrogen
bonding and other non-covalent interactions developed between sericin and graphene oxide,
resulting in a three-dimensional nanocomposite structure. Upon reaction completion, the product
was cooled to room temperature and dried to a constant mass.

The dried sample was ground and prepared for physicochemical characterization using ATR-
FTIR and X-ray diffraction (XRD). These analyses enabled the evaluation of the functional groups,
crystallinity, and optical properties of the nanocomposite.

4. Results and Discussion

In this study, the structural and optical properties of the synthesized SS-rGO nanocomposite
were investigated using ATR-FTIR and X-ray diffraction (XRD). The obtained experimental results
enabled the identification of intermolecular interactions occurring between sericin and graphene
oxide, the evaluation of the crystal structure of the composite, and the characterization of alterations
in its optical properties.

During composite formation, the amine, hydroxyl, and carboxyl groups of the sericin
molecule interact with the oxygen-containing functional groups of graphene oxide. As a result of
these interactions, specific changes occur in the molecular structure, secondary structure, and
electronic states of the composite. These modifications were elucidated using spectroscopic
methods, providing insights into the mechanism of composite formation.
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Figure 1. ATR-FTIR analysis of the Sericin-GO sample

ATR-IR Fourier spectroscopy analyses were performed on a “FTIR 4600 JASCO”
spectrophotometer and studied in the range of 4000 — 400 cm [8].

In the ATR-FTIR analysis of the Sericin-GO sample, a decrease in peak intensity was
observed at 1631 cm, accompanied by an enhancement of the peak at 1660 cm™ (Figure 1). In
proteins, the 1600-1700 cm™ region corresponds to Amide I (C=O stretching) and is highly
sensitive to the secondary structure of sericin. The reduction of the peak at 1632 cm™ indicates the
disruption of the ordered [B-sheet structures of sericin, as the 1615-1635 cm™ region typically
corresponds to (3-sheet conformations. The intensity enhancement in the 1651.5-1660 cm™ range
aligns more closely with the random coil/a-helix region. In other words, the interaction with GO led
to a conformational rearrangement in the secondary structure of sericin or its transition into another
type of conformation (a-helix/random coil).

In the protein backbone, the 1520-1550 cm™ range (Amide II region) corresponds to N—-H
bending and C—N stretching vibrations. In the ATR-FTIR analysis of the SS-rGO sample, a decrease
in intensity at 1527 cm™ and the appearance of a new peak at 1542 cm™ were observed. This
indicates a change in the chemical environment surrounding the —NH groups of sericin (due to
bonding with GO functional groups). Furthermore, the slight blue shift of the Amide II peak
suggests alterations in the N—H hydrogen bonding and the electron density around the —C—N—
bonds.

The enhancement of the peak at 1156 cm™ and the emergence of a new peak at 1120 cm™
correspond to C—O and C—-O—C (ether/polysaccharide/alcohol) stretching, as well as C—N vibrations
in some instances.

Sericin contains abundant ~OH, -NH,, and ~COOH groups, while GO possesses numerous —
OH, —O-, -COOH, and C-O—C bonds, allowing these functional groups to interact. New hydrogen
bonds are formed between the oxygen-containing groups of GO and the —OH/-NH groups of
sericin, or ester/ether-type C—O—C and C—O bonds are strengthened.
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Figure 2. X-ray diffraction (XRD) analysis of the SS-rGO nanocomposite

X-ray diffraction (XRD) analysis of the SS-rGO nanocomposite was performed (Figure 2).
The XRD analysis of isolated sericin exhibited a broad, prominent diffraction peak at 26~ 19.3°.
This peak is associated with random coil and o -chain conformations, indicating a low content of [3-
sheet structure and demonstrating that sericin consists primarily of an amorphous phase [7]. The
peak at 20~ 26.64° is typically not observed in the XRD spectrum of pure sericin protein. The
appearance of this peak is attributed to the denser packing of (-sheet structures in sericin, a
phenomenon established to occur mainly as a result of ethanol precipitation and heat drying of
sericin [9,10]. The minor peak at 12.49° may indicate partial crystallization of sericin.

The characteristic peak corresponding to GO was not observed in the diffractogram.
Typically, GO exhibits a strong (001) reflection at 9°-12°. Here, a smaller peak was detected at
14.19°, which may be associated with the formation of partially reduced GO (rGO) due to
interactions with sericin. The emergence of a peak at 17.9° is attributed to the transformation of o -
helix or random coil chains into (-sheets. The diffraction peaks at 22.39° and 28.86° correspond to
B-sheet crystals (characteristic of the Silk II phase in silk proteins). While sericin is predominantly
amorphous, the incorporation of GO induces [-sheet structure formation [12,13]. The peaks at 31°,
32.79°, 36.07°, 37.64°, and 39.80° are associated with new phases or induced crystalline structures
within the sericin—-GO composite resulting from the enhancement of -sheet content. Overall, the
addition of GO organized the sericin structure, facilitating a transition from an amorphous state to
an ordered [-sheet conformation, which consequently increased the degree of crystallinity of the
composite.
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5. Conclusion

In this study, an SS-rGO nanocomposite material was successfully synthesized via a
condensation method using natural sericin protein and graphene oxide. During the synthesis
process, a 1 % solution of sericin and a graphene oxide dispersion were mixed at a 1:0.5 mass ratio,
and the reaction was carried out in an alkaline medium at 80-100 °C. Ammonium carbonate was
utilized to establish the alkaline medium.

The experimental results demonstrated that the selected synthesis conditions were effective in
forming a stable composite structure between sericin and graphene oxide. The alkaline medium and
heating process enhanced the interactions between the functional groups of the sericin molecules
and the oxygen-containing groups of graphene oxide, creating favorable conditions for
nanocomposite formation.

The resulting SS-rGO nanocomposite, as a highly functional biopolymer material, holds
strong potential for applications in humidity sensors, functional coatings, biosensors, and other
advanced composite materials. The findings of this study indicate that modifying sericin-based
natural biomaterials with carbon nanomaterials significantly expands their practical application
scope.
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