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HA ErO OCHOBE AN191 U3AENIMA HOCUMOW SNEKTPOHUKK

E.B.Ilan¢unosal, k.T.H., go1., ORCID: 0000-0001-7944-2765 / panfilova.e.v@bmstu.ru
K.B.M03epl, acc., ORCID: 0009-0002-1681-7966
A.A.Mab1ieB?, Hay4. coTp., ORCID: 0000-0002-5378-174X

AHHoTauus. bruononumep ¢UOPOUH IIeKa SIBJSETCS ONHKUM U3 [IePCIeKTUBHBIX MaTepHaJIOB OPraHHUYeCKOM
37IeKTPOHUKH. [[/1 Hero xapaKTepHa OoIITHYecKas IPO3PavyHOCTh, OCTATOYHAs AJIs 6e/IKOB TepMHUYecKas CTa-
OMIBHOCTH, 6MOCOBMECTHUMOCTD 1 BBICOKAS IPOUHOCTb Ha pa3pbiB. CTPYKTYPhL Ha oCHOBe GrbpoHHa IIenKa
MOTYT OBITh HCII0/Ib30BAHBI [I/IS1 U3TOTOB/IEHUSI CEHCOPHBIX 3/IeMEeHTOB HOCHMOM 37IeKTPOHUKH. FX CBOMCTBA
ornpenensioTcsi KoOHGopMaLmer 6e/1KOBOK CTPYKTYPbl, KOTOPasi 3aBUCUT OT METOJ0B U PesKHMOB GOPMUPOBa-
HUS pereHepHupoBaHHOr0 PUOPOUHA U3 ero HaTUBHOM GOpMBL. B JaHHOM ITpoeKkTe pa3paboTaH mpoiecc GopMu-
POBaHHS PacTBOPA, IJIEHOK $pubporHa meaka U POTOHHO-KPHUCTA/UIMUECKUX CTPYKTYP Ha X OCHOBE.

KnroueBpie cnoBa: 6uomnonumepsl, PubporH, meaK, 6e1KOBbe CTPYKTYPbl, POTOHHO-KPUCTATIHUYECKHE
CTPYKTYPBL

Jnsa uutupoBanus: E.B. Ilandunosa, K.B. Mosep, A.A. ManblieB. TexHoNOT sl Iony4ueHUs $uOporHa IIeIKa
U CTPYKTYp Ha ero oCHOBe [/ U3[eJHUN HOCH-MOU 31eKTpoHUKU. HAHOWUHIOYCTPH . 2025. T. 18. Ne 1.
C. 16-29. https://doi.org/10.22184/1993-8578.2025.18.1.16.29.

Received: 16.01.2025 | Accepted: 26.01.2025 | DOI: https://doi.org/10.22184/1993-8578.2025.18.1.16.29

Original paper

TECHNOLOGY FOR PRODUCING SILK FIBROIN AND STRUCTURES
BASED ON IT FOR WEARABLE ELECTRONICS PRODUCTS
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Abstract. Silk fibroin biopolymer is one of the promising materials for organic electronics. It is characterized by
optical transparency, thermal stability sufficient for proteins, biocompatibility and high tensile strength. Silk
fibroin-based structures can be used to manufacture sensor elements of wearable electronics. Their properties are
determined by the conformation of the protein structure, which depends on the methods and modes of forma-
tion of regenerated fibroin from its native form. In this project, a process for the formation of silk fibroin solution,
films and photonic crystal structures based on them was developed.
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BBEJLEHME

Hocumas rubkas 31eKTPOHHKA ~ 3TO aKTHBHO Pa3-
BUBalollleeCss HaIllpaBJeHHe 3JeKTPOHUKU [1].
OTIUYUTENbHON 0COOEHHOCTBIO ee MOKHO Ha3BaTh
MaJible TabapUTHI yCTPOMCTB, UX TUOKOCTD U JIETKOCTB,
a TaK>Ke UCII0/Ib30BAaHHE OPraHHUYeCKUX MaTepHaioB
KaK B KayecTBe MaTepHasa IOJJIOKKH, TaK U B Kaue-
cTBe QYHKIIMOHAJIBHBIX CJI0EB. B CBSI3U € 3TUM HOCH-
MBI€ IeKTPOHHBbIE YCTPOHCTBA MOTYT IIPUMEHSThCS
IJIsl U3MEepeHUs [IapaMeTPOB YeJIoBeYeCKOTo Teja,
TaKHUX KaK TeMIlepaTypa, XUMHUYeCKUI aHaIu3 6uo-
JIOTUYeCKHUX KUAKOCTEMH, AaBleHHe, Iyabc. CIIpoc
Ha IAaHHBIA BUJ, 3JIeKTPOHHBIX YCTPOMCTB IIOCTOSTHHO
pactert (2], 4To HaK/JIaAbIBaeT TPe6OBAHMUS K UX IIPO-
M3BOACTBY U YTHUIM3ALIHU /IS COKPAIIEHHUs OTXO0-
OB U CHHUKEHHUS Bpela, BHOCHMOTO B OKPY>Kalo-
myio cpeny. PYHKIIMOHATBHbBIE CTPYKTYPhI JOIKHBI
ObITh 6MOCOBMECTUMBIMH, MeXaHHYECKH IIPOY-
HBIMH, 3KOJIOTUYHBIMHU B IIPOM3BOJCTBE U JIETKO
YTHJIHM3UPYEeMBIMH.

9TUM TpebOBaHHUSIM OTBEYAT OGHUOIIOTHMEPHI,
B 4yacTHOCTH ubpouH menka. PUbpouH - 3TO
dubpunnspHbi 6enoK. Yale BCero ero moay4aroT
M3 KOKOHOB TYTOBOTO IIenKomnpszga Bombyx mori
(puc.1) myTeM OYHUCTKH KOKOHOB OT CKJI€UBAIOIEr0
BOJIOKHA b6eJIKka CepUIIMHA.

HaTypanbHBIH IIeJIK B IPOMBIIIJIEHHBIX MaCIITA-
6ax IpOM3BOAST, KaK IIPAaBUIIO, AJISI TeKCTUIbHOM
IIPOMBIIIIIEHHOCTH, OLHAKO OH MHTepeceH W s
IIPOM3BOACTBA MeJUIIMHCKON HOCHMMOHM 3J1eKTPo-
HUKHU. PUOPOUH COCTOUT M3 ABYX LieIleH — TSKeI0H
(350-370 xJla) u nerko (25 xJa). Taskenas Ha 90%
COCTOHUT U3 FH6POPOOHBIX AMUHOKHUCIOTHBIX OCTAT-
KoB (Gly ~43-46%, Ala ~25-30%, Ser ~12%) [3] (puc.2).
Prixyble 0671acTH QUOPOMHA COCTOSAT, B OCHOBHOM,
K3 TIOJISIPHBIX aMHUHOKHMCJIOTHBIX OCTATKOB [4],

Marepuai obnasaeT yHUKaIbHBIMU CBOMCTBAMH,
KOTOPBIe MOT'YT OBITh PA3JIMYHBIMH JIJISI TPEX OCHOB-
HBIX BHUJIOB KOHQOPMALIMH: O-CIIUPaAH, B-CKIAAKHU
U PaHJOMHBIE BUTKH U IIOBOPOTHI. B HATUBHOM
cocTostHUU 50-60% dubporHa cocTout U3 B-dassr [5],
KOTOpasi XxapaKTepHu3yeT KpUCTaIn4deckue obra-
CTH IIOJTMMeEPA U OIIpefieisieT ero IIPOYHOCTh U JKeCT-
KoCTh. Crirpanu (x-KoHGopManus - aMopdHas mer-
TUIHAsS 1eMb) 06eCreYnBAIOT 37TACTUYHOCTD IIeJIKa.
BonokHa pubporHa 0671aJAI0T IPOYHOCTHIO HA pas-
pBIB 610-690 MIla, MonyneM ympyroctu 15-17 I'la [6].
91oT 6e0K TepMocTabuJieH: TeMIIlepaTypa ero
JeHaTypauuu Bbimie 127 °C. [IIeHKH W3 pereHe-
pupoBaHHOro GUOpPOUHA ONMTHUUECKU IIPO3PAUHBL:

INTRODUCTION

Wearable flexible electronics is an actively developing
field of electronics [1]. Its distinctive feature is the small
size of devices, their flexibility and lightness, as well as
the use of organic materials as both substrate material
and functional layers. In this regard, wearable electronic
devices can be used to measure human body parame-
ters such as temperature, chemical analysis of biological
fluids, pressure, and pulse. The demand for this type
of electronic devices is constantly growing [2], which
imposes requirements for their production and utili-
sation to reduce waste and harm to the environment.
Functional structures should be biocompatible, mechan-
ically robust, environmentally friendly in production and
easily recyclable.

Biopolymers, in particular silk fibroin, fulfil these
requirements. Fibroin is a fibrillar protein. It is most
often obtained from the cocoons of the mulberry silk-
worm Bombyx mori (Fig.1) by purifying the cocoons from
the fibre-binding protein sericin.

Natural silk is produced on an industrial scale, usually
for textile industry, but it is also interesting for medical
wearable electronics production. Fibroin consists of two
chains, a heavy chain (350-370 kDa) and a light chain
(25 kDa). The heavy chain is composed of 90% of fibroin’s
fibrophobic amino acid residues (Cly ~43-46%, Ala ~25-
30%, Ser ~12%) [3] (Fig.2). The friable regions of fibroin con-
sist mainly of polar amino acid residues [4].

This material has unique properties that can be var-
ied for three main types of conformations: a-helixes,
B-folds, and random turns and twists. In the native
state, 50-60% of fibroin consists of B phase [5], which
characterises the crystalline regions of the polymer
and determines its strength and stiffness. Spirals
(x conformation - amorphous peptide chain) provide
silk elasticity. Fibroin fibres have a tensile strength
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Puc.2. Mepsu4Has cmpykmypa mskeaol uenu pubpouHa
Fig.2. Primary structure of the fibroin heavy chain

obnanmaroT 90-95% NPOIyYCKaHUS BUAUMOTO CIIEKTPA
M3/y4deHUs, KOOQOUIMEHT peJoMJIeHUS B BUIU-
MOM CIleKTpe ny=1,54 [7]. ®ubpoun obnagaet 6uo-
COBMEeCTHMOCTBIO B briopasiaraeMocTsio [8]. Hanuuue
B GubOporHe aKTUBHBIX QYHKIHMOHAIBHBIX yUaCT-
KOB, TAKHX KaK [I€PBUYHAsi aMHUHOIpyIIIa, obnerdaer
BKJIIOYUeHHe B HeTro Pa3/IMYHbIX ITPOBOSIIHX /IeMeH-
TOB, TAaKHX KaK IIPOBOASIIHE IIOTHUMePbl, HAIIOTHH-
Te/IM Ha OCHOBe yIJIepofia M MeTas/UIhuecKue NHTep-
dericer [9]. TakuM obpaszom, GUOPOUH, ABISIOMIHUICS
I10 CBOEL IIPUPOJIe U30/ITOPOM, MOXKET OBITh Hale/leH
371eKTPOIIPOBOASLIIMMHU CBOMCTBAMHU. [IOMHMO 3TOTO,
BO3/IeHCTBYS Ha IOJISIPHbIE IPYIIIIBl MaKPOMOJIEKYJI
dubporHa oCpeCTBOM BHEIIHUX CTUMYJIOB, TAKUX
KaK BOJISIHOM I1ap, METU/IOBBIH/3TUJIOBBIH CIIUPT, TEM-
nepaTypa, yabTpa3Byk, pH, YO-u3nydyeHHe, MOXKHO
H3MeHSITh U KOHTPOIIMPOBATh 6e/1KOBYI0 CTPYKTYPY [10].

B 371eKTPOHHBIX YCTPOHCTBaX GUOPOMH MOXKeT
HCII0/Ib30BaThCsl B Pa3/MHMYHBIX OopMax: THLPO-
rejy, HAHOBOJIOKHA, IJIEHKH, YaCTHULBI, I'yoKu [11]
(puc.3). B [12] paccmaTpuBaeTcsi IpuMeHeHHe T po-
ressi Ha OCHOBe pUOPOMHA, IIOTMBUHUJIOBOTO CIIMPTA
1 Oy PBI [/15 U3TOTOB/IEHU I ICKYCCTBEHHOM KOKU U TPHU-
603/1eKTpHUYeCKUX TeHepaTopoB. JlobaBleHHe IIenKa
B TH/IPOTe/IH MOJMBUHUIOBOIO CIIUPTA yAydIIHIIO
HX CTabHIBHOCTD, a TAKKE 3HAUHUTE/IBHO YBETHYHIIO
BJIaTOIOITIONeHHe.

BapuaHTH HCIOAb30BaHUS GUOpOMHA mIenka
B KadecTBe QYHKI[MOHAJIBHOIO MaTepHajaa pas-
HOO6pa3HBl M MHOTOYHMCIeHHHI. B [13] mpexncTaB-
JleH BapHUaHT IpUMeHeHHUs! PuOpPONHA B KauecTBe

of 610-690 MPa and an elastic modulus of 15-17 MPa [6].
This protein is thermostable: its denaturation temper-
ature is higher than 127 °C. Films from regenerated
fibroin are optically transparent: they have 90-95%
transmittance of the visible spectrum of radiation,
refractive index in the visible spectrum ns = 1.54 [7].
Fibroin is biocompatible and biodegradable [8].
The presence of active functional sites in fibroin, such
as primary amino group, facilitates incorporation
of various conductive elements such as conductive poly-
mers, carbon-based fillers, and metal interfaces [9].
Thus, fibroin, which is inherently an insulator,
can be endowed with electrically conductive properties.
In addition, by acting on the polar groups of fibroin
macromolecules through external stimuli such as
water vapour, methyl/ethyl alcohol, temperature, ultra-
sound, pH, and UV radiation, the protein structure
can be modified and controlled [10].

In electronic devices, fibroin can be used in vari-
ous forms: hydrogels, nanofibres, films, particles, and
sponges [11] (Fig.3). In [12] application of a hydrogel based
on fibroin, polyvinyl alcohol and borax for manufac-
turing of artificial leather and triboelectric generators
is considered. The addition of silk to polyvinyl alcohol
hydrogels improved their stability and also significantly
increased the moisture absorption.

The options for using silk fibroin as a functional
material are varied and numerous. In [13] a variant
of fibroin application as an optical waveguide on
CR-39 polymer substrate is presented. The obtained
fibroin waveguide had a transparency of 85% in

Puc.3. Cmpykmypbl Ha 0cHoge GubpPOUHa: a — 2udpoz2enu; b — HAHOB0AOKHA, € — Yacmuubl; d — nAeHKU; e - 2y6Ku
Fig.3. Fibroin-based structures: a - hydrogels; b - nanofibers; c - particles; d - films; e - sponges
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OITHYeCKOro BOJTHOBOZA Ha IIOJIMMEPHOM IO JIOKKe
CR-39. ITony4yeHHBIH PUOPOMHOBLIM BOTHOBOJ, 06/1a-
JaJl IPO3PauHOCThIO 85% B 06/1aCTH BUIHMOIO CBETa
Y HU3KHMMHU ONITHYeCKUMHU II0TePsIMHU, KakK B 00/1acTH
BUJIMMOTO CIIeKTPa, TaK U B HUK-o6macTu. 1 XUMU-
YeCcKOro aHaan3a 6HMoIoruuecKux KUAKOCTEN Heob-
X0 MMa BBICOKasl YyBCTBUTE/IbHOCTh K 6HOMapKe-
pam. B [14] mpenioskeH 3/1eKTPOXUMHUYECKUM JATYUK
Ha OCHOBe YIJIePOJHOM TKAaHHU U JIeTHPOBAHHOIO a30-
ToM mmesnka (SilkNCT). Ilo cpaBHEHHIO C OOBIYHBIMU
37IeKTPOAHBIMU Matepuanamu, SilkNCT nemoncTpu-
PyeT BHYTPeHHIOI0 HepapXHUUecKyIo U IOPUCTYIO CeTda~
TYIO TKaHYIO CTPYKTYpY, 4To obecriedrBaeT XOPOIIHEL
KOHTAKT C peareHTaMH 1 3GPeKTUBHBIN IIepeHOC 371eK-
TPOHOB. B [15] omMcaH JaTYMK BIa’KHOCTH Ha OCHOBe
dubponHa. B [16] moka3aHO, YTO U3MEHUYHUBOCTS I1JIe-
HOK $U6pOHHa I10]T BO3[EHCTBHEM BHEITHUX GpaKTOPOB
MoyKeT OBITh MCII0/Ib30BaHa B yCTPOMCTBAX KO POBA-
HUS UHGOPMALIUH.

B cBsi3u € 6M0COBMECTHMOCTBIO U 6Hozerpasaiem
dubpomHa IMenKa aKTUBHO HCCIelyeTCsl HallpaBie-
HMUe, CBSI3aHHOe C IPMMeHeHHeM 1 CO3JaHHeM Ha ero
OCHOBe "YMHBIX' CEHCOPHBIX CTPYKTYp, HaIlpUMep,
JJ151 ©3MepeHHU s BHYTPUITIA3HOTO [aB/IeHH s UM aHa-
NH3a cocTaBa 6HOMIOrUYeCcKOH SKUAKOCTH. [IponuTKa
KOJIJIOUHOT0 GOTOHHOIO KPHUCTa/lja PacTBOPOM
dubporHa M mocnenymoIiee MojlydyeHHe HHBEPC-
HOM QpOTOHHO-KPUCTAIMYECKOM CTPYKTYPBl PacLIU-
psieT BO3MOXKHOCTH PeTyIHpPOBKH POTOHHOM 3aIlpe-
IeHHOM 30HBI IPH M3MeHeHHUH BIa’KHOCTH, JaBje-
HU4 [17] ¥ CHUIBI MeXaHHUYeCKOro BO3IecTBU . B [18]
MBI IPOAHAJIM3HPOBA/IU CIIEKTPOYOTOMETPUUECKH
MeTOJ U3MePeHHU s IIPOIOIBHOM epopMaIIH THOKOM
$OTOHHO-KPUCTAITUYECKON CTPYKTYPhl GUOporHA
menka (puc.4). [TokasaHo, 4TO IIpHueM/IeMble 3HAUeHH I
HeoIlpe/le/IeHHOCTH TaKHUX HM3MepeHUH (MeHee 10%)
OTKPBIBAIOT IIePCIIeKTHBBI HX UCIIONb30BAHHUS B 37I€K-
TPOHHKeE U MeJHUIHHe.

B mpencTaBiasieMoM IIpoeKTe 0TpaboTaHa TeXHOIO-
T'Hsl [IOJTy4eHHU sl pacTBopa GHUOPOMHa IIeIKa K ero TBep-
nout da3sel c mpeobnafaHueM B-KoHPOpMAIHH, & TAKKe
II0Ka3aHa BO3MOKXHOCTb GOPMHPOBAHHUS belTKOBOM
$OTOHHO-KPUCTA/ITHYECKOM CTPYKTYPBI.

MATEPWUAJIbI U METO/Lbl

IIporecc moay4eHHUs BOLHOIO pacTBopa ¢pubporHa
COCTOMUT M3 3TAIIOB IIOATOTOBKHU KOKOHOB, JeryM-
MHUPOBAHHUS C IOCIeAYIOUeH IIPOMBIBKON U CYII-
KOH, pacTBOpeHHUs, AHaNIH3a, LeHTPUYyrupoBa-
HUSI U QUIBTPALIUU IS yAa/IeHUSl HepacTBOPEeH-
HOTo ocafKka (puc.5). Beibop cr1ocob60oB 1 pPesKMMOB U X
peanu3anuu B 1a60PATOPHBIX YCIOBUSIX OCYIIECT-
BJISICS Ha OCHOBe aHaIM3a MHQOPMALIUH U3 JTUTe-
PaTyPHBIX UCTOYHHUKOB M HCC/IeJOBAHUS IPUPOLBL
IIPOLIeCCOB.
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Puc.4. Vi3mepeHue npodobHbix dedpopmauuli ¢ nomouibko ¢po-
MOHHO-KpUCManAu4eckol nAeHKU GubpouHa: a — U3MeHeHue
noAoxkeHus GomoHHoLU 3anpeleHHol 30HbI; b — depopmauus
CmpyKkmypbi

Fig.4. Measurement of longitudinal deformations using a pho-
tonic crystal film of fibroin: a - change in the position of the pho-
tonic band gap; b - deformation of the structure

the visible light region and low optical losses both in
the visible spectrum and in the IR region. Chemical
analysis of biological fluids requires high sensitivity
to biomarkers. In [14], an electrochemical sensor based
on carbon cloth and nitrogen-doped silk (SilkNCT) was
proposed. Compared with conventional electrode mate-
rials, SilkNCT, exhibits an internal hierarchical and
porous mesh woven structure, which provides good
contact with reagents and efficient electron transfer.
A fibroin-based moisture sensor is described in [15].
In [16] it is shown that fibroin films variability under
external factors influence can be used in information
coding devices. In connection with biocompatibility and
biodegradation of silk fibroin, application and creation
of "smart" sensor structures based on it, for example,
for measuring intraocular pressure or analysing com-
position of biological fluid, is being actively studied.
Impregnation of colloidal photonic crystal with fibroin
solution and subsequent obtaining of inverse pho-
tonic-crystalline structure expands the possibilities
of adjusting the photonic forbidden zone under chang-
ing humidity, pressure [17] and mechanical force.
In [18], we analysed a spectrophotometric method for
measuring the longitudinal strain of the flexible pho-
tonic crystal structure of silk fibroin (Fig.4). It was
shown that acceptable values of uncertainty of such
measurements (less than 10%) open prospects for their
use in electronics and medicine.

In the presented project the technology
of obtaining silk fibroin solution and its solid phase
with predominance of f conformation has been worked
out, and possibility of protein photonic crystal structure
formation has been shown.
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Fig.5. Technology for obtaining an aqueous fibroin solution: a - preparation; b - purification; c - washing; d - dissolution; e - dialysis;

f - centrifugation

Tal JeryMMHPOBaHU S HeOOXOAUM JIJIS1 OUMCTKHU
KOKOHOB OT cepUIMHa. IIpoliecc MokeT OBITh peaan3o-
BaH QU3MYECKUMHU, XUMHYECKUMHU, QU3UKO-XUMHU-
yeCKMMH 1 61oorudeckUMuU MeTofgaMH [19]. B mpo-
Lecce JeryMMHPOBAaHM S BasKHO He TOJBKO yIalTHTh
CK/IeMBAIOIIH I BOJIOKHA 6e/I0K, HO U He Pa3pyIIUTh
OIUHHBIE Henu ubporHa. JleryMMHUPOBaHHE IIPHU-
BOAUT K JerpajJaluu TsKeloH Lenu ¢ubpornHa
OT MOJIeKy/JISIPHOM Macchl 350-390 k/la A0 mHUpO-
KOTO pacIpejieJleHHs MacC OT CpeJlHeH MOJIeKy-
JISTPHOM Macchl oKoJio 150 k/la 1o Hebonpmux ppar-
MmeHTOB 40-50 kJla [20], 4TO B Ha/IbHEHIIEM BIUSAET
Ha MeXaHH4YeCKHe CBOMCTBA I0JIy4aeMbIX CTPYK-
Typ U MaTepuasoB. Haubosee pacnpocTpaHeHHEM
METOZOM SIBJISeTCSI OYUCTKA KOKOHOB B Ie/I0YHOU
WU HeUTPAJIbHOU Cpefie IIPU MOBBIIIeHHON TeMIle-
paType. B KauecTBe cpeJbl MOKeT BBICTYIIaTh KaJIb-
LMHHPOBAaHHAA cofa (Na2C03), XO3SHUCTBeHHOe UIU
HeHTpa/bHOe MBLJIO.

[Tockonbky GuOpPOUH Ha 3/4 COCTOUT U3 HeEIOo-
ASIPHBIX TUAPOPOOHBIX AaMHUHOKHUCIOT, OH SIBJISI-
eTCsl YCTOMYHUBBIM K 60BIIMHCTBY PaCTBOPUTE/IEH.
st pacTBopeHUst dubporHa HeobXoqUMO paspy-
IIKTh CUJIbLHbIe BOLOPOLHbIe CBSA3H, TeM CaMBbIM,
nepeBens ero U3 rufpodobHON PB-CTPYKTYPpHI
B TUAPOPUIBHYIO &-CTPYKTYypy. UTo6BI pa3opBaTh
BOJOPOJHbIEe CBA3M MeXIY MaKpPOMOJIeKYJIaMH,
HMOHBI PACTBOPUTeJIS JOJIKHBI IIPOB3aUMOJeHCTBO-
BaTh C IOJSPHBIMU U 3apsA’KeHHBIMU IpyIIIaMH
6oKoBBIX Iemel ¢pubporHa. [l 3TOro Heo6XOTUMO
nonobpaTh TakOM PaCTBOPUTENb, KOTOPBIH CMO-
KeT 3¢ PeKTHBHO NPOHUKHYTh B MOJIeKyly benka.
B Tabn.1 mpencTaBieHbl UCIONb3YyIONHeCs Ha MPaK-
THKe [JIs PacTBOpeHUsI GUOPOMHA KUAKOCTH.

OCHOBHBIM HeNOCTAaTKOM COJIeCOofepsKallHX
BOOHBEIX, BOLHO-OpPraHHMYeCKHUX U OpPraHuUye-
CKHX PacTBOpoB GUOPOHHA SIBISETCS IIHUTeNbHOE
BpeMs IIPUTOTOBJIeHHUSI: GUOPOUH Heob6X0ZHMO
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MATERIALS AND METHODS

The process of preparating an aqueous solution of fibroin
consists of the steps of cocoons preparation, degumming
followed by washing and drying, dissolution, dialysis,
centrifugation and filtration to remove the undissolved
precipitate (Fig.5). The choice of methods and modes
of their implementation in laboratory conditions was car-
ried out on the basis of analysing information from liter-
ature sources and studying the nature of the processes.

The degumming step is necessary to purify cocoons
from sericin. The process can be realised by physi-
cal, chemical, physicochemical and biological meth-
ods [19]. During the degumming process, it is impor-
tant not only to remove the fibre-binding protein, but
also not to destroy the long fibroin chains. Degumming
leads to degradation of the heavy chain of fibroin from
amolecular mass of 350-390 kDa to a wide mass distribu-
tion from an average molecular mass of about 150 kDa to
small fragments of 40-50 kDa [20], which further affects
the mechanical properties of the resulting structures
and materials. The most common method is to clean
the cocoons in an alkaline or neutral medium at elevated
temperature. The medium can be soda ash (Na,CO;),
laundry soap or neutral soap.

Since fibroin is 3/4 composed of non-polar hydrophobic
amino acids, it is resistant to most solvents. To dissolve
fibroin, it is necessary to break the strong hydro-
gen bonds, thereby converting it from a hydrophobic
B-structure to a hydrophilic a-structure. To break
the hydrogen bonds between macromolecules, sol-
vent ions must interact with polar and charged groups
of fibroin side chains. For this purpose, it is necessary
to choose a solvent that can effectively penetrate into a
protein molecule. Table 1 shows the liquids used in prac-
tice for fibroin dissolution.

The main disadvantage of saline-containing aque-
ous, aqueous-organic and organic solutions of fibroin is
the long preparation time: fibroin has to be pre-activated
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Tabauya 1. Pacmeopumenu ¢pubpouHa wenxka
Table1. Silk fibroin solvents

PacTtBOpUTENb Bug KoHueHTpauus, Bpems Temnepatypa Ananus UcToYHUK
Solvent pacTBoputens (M) PacTBOpeHMs, 4 pacTBopeHus, (°C) Dialysis Source
Solvent type* Concentration Dissolution Dissolution
time, h temperature

LiBr B 9,3 4-5 60-80 + [21]
Licl B 9,3 4-5 60-80 + [4]
LiSCN B 9,3 4-5 60-80 + [4]
Cadl, B 7 4-5 60-80 + [22]
Ca(NO3), B 10 4-5 60-80 + [22]
NaSCN B 7,7 4-5 60-80 4 [4]
LiCl+DMF B/O 2,5 2-3 40-50 + [23]
CaCl,+EtOH B/O 1 3-4 50-60 + [24-26]
CaCl,+MeOH B/O 1 2-3 50-60 + [27]
TBAOH (0] 25% 2-2,5 25 = [28]
HFIP (0] 99% 2-2,5 25 + [5,29]
BMIM VK 99% 4 100 = [30, 31]
EMIM VK 99% 4 100 = [30, 31]

B Tabnuue: B — BOAHbIV pacTBOpUTenb, B/O —BoAHOOPraHnyecknin, O — opraHm4ecknin, VDK — MoHHas XMAKOCTb.
In the table: B - aqueous solvent, B/O - aqueous-organic, O - organic, MK - ionic liquid.

[IpeBAapPUTENbHO AKTUBUPOBATH IIOCPECTBOM COJIe-
BOTO PaCTBOpa, IIOC/Ie MOJyUYeHH s PACTBOPH He06-
XOLUMO IHATHN3UPOBATH JJIS yAalleHUS PACTBOPH-
TeJlell, HeMaJible BpeMeHHBIe 3aTPaThl TAK>Ke Tpe-
OyIOTCS i1l pereHepalluM PaCTBOPUTEIIEH C LIe/IbIo
HX [IOBTOPHOTO MCII0Ib30BaHUS [4]. [Ipu mpruMeHe-
HUU HOHHBIX KHJKOCTEHN PAaCTBOPUMOCTD ¢pubpo-
MHa 3aBUCHUT B OO/JbIIeN CTEeIeHU OT IPUPOME
aHHOHA. MOHBI, NMeloIIHe 60JIBIIYI0 CIIOCOOHOCTH
K 06pa30BaHMIO BOLOPOIHBIX CBSI3€H, PACTBOPSIIOT
¢ubpoun nyumum obpasom. HefocTaTKOM JaHHBIX
PacTBOpPUTe/IeH SIBJISIETCS KX CBOMCTBO COPOHPOBATH
BOZy K3 aTMoCephl, YTO HeTATUBHO CKa3bIBAETCS
Ha mpouecce [28].

dTam Auanui3a HeoOXOOAMM A yHaleHUS
COMH B ClydYae HCIOJb30BAHUS BOAHOTO HUIH
BOJHO-OpPTaHUYeCKOTO PAacTBOpPUTensi. B kaue-
cTBe MeMOpaHB OOBIYHO HCIIONB3yeTCS Lie-
JIIOJO3HBIM AHAJTHU3HBIHM MEIIOK C AHUaAMETPOM
nop 12-14 xJla. B KauecTBe 6ydepHOro pacTBopa

by means of a saline solution, once obtained, the solutions
have to be dialysed to remove solvents, considerable time
cost is also required to regenerate the solvents in order
to reuse them [4]. When ionic liquids are used, solubility
of fibroin depends more on the anion nature. Ions with a
greater ability to form hydrogen bonds dissolve fibroin
better. The disadvantage of these solvents is their prop-
erty of sorbing water from the atmosphere, which nega-
tively affects the process [28].

A dialysis step is necessary to remove salt if an aqueous
or aqueous-organic solvent is used. A cellulose dialysis
bag with a pore diameter of 12-14 kDa is typically used as
the membrane. The buffer solution is distilled or bidis-
tilled water.

Fibroin-based films are prepared by drop casting on
a substrate, centrifugation, and printing methods [32].
The protein molecule of fibroin is prone to the self-organ-
isation process and can be subjected to controlled func-
tionalisation in the film [33]. Fig.6 shows external influ-
ences both stimulating the growth of the crystalline
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Fig.6. Effect of external influences on the structure of fibroin films

BBICTYIaeT AUCTHU/IMPOBAHHAS KN OUIUCTHUIIIHN-
pOBaHHas BoJaA.

[I1eHKH Ha ocHOBe puOPOMHA IOMYyUAIOT MeTO-
JaMU KaIleJbHOTO THUThS Ha MOJJIOKKY, LeHTPUPY-
TUPOBaHUS M MeTOJaMH Ie4aTH [32]. BeskoBas more-
Kyna $uOporHa CKJIOHHA K IIPOLIeCCY CAaMOOpPraHM3a-
LIMK U MOYKeT OBITh [T0ZIBEPrHYTa yIIpaB/sieMOt QyHK-
LIMOHA/IM3alluU B IJIeHKe [33]. Ha puc. 6 moka3aHBI
BHeIIHHe BO3/JeHCTBUS, KaK CTUMYJIHPYIOIIHe POCT
KPUCTa/IMYecKor assl (BOASHOM Map, TeMIIepaTypa
Y p.), TaK U pa3pyLlaoliye JAUHHEIe Lenu ¢ubpo-
uHa (YO).

IIpu moBBIIIeHHH TeMIlepaTyphl Bbilie 40 °C
yMeHbIIaeTcsl CTAabUIBHOCTh MHOTUX IIOHUIIENTH-
I0B, YTO IIPUBOAKUT K Pa3BOPAaYHBAHUIO CBEPHYTHIX
r1obys1 UaKM cKupajaed Mosekyld. [l MaKpoMoJie-
Ky/nbl Gub6porHA XapaKTepHO yBelHnueHHe KOH)OP-
MalMOHHOM MOJBUKHOCTH U AecTabuan3auu CIIu-
paibHOM KOHQOPMALIMK IPU IOBBIIIEHUH TeMIle-
paTyphl. B pesynbTaTe maHHOIO Mpoliecca aKTHB-
Hble TPyIIb KOMIEHCUPYIOT CBOM IOTeHIIHA
K o6pasoBaHuI0 H-cBS3el, B3aUMOJEHCTBYS C COCe/l-
HUMHU MoJieKyJTaMH. TakuM o6pa3oM BHyTpHUMOJIe-
Ky/IsIpHBIe CBSI3U MePeKJII0YAI0TCs Ha MeXXMOJIeKy-
NsapHBle U TUAPOGOOHBIe IPYIIIBI, CKJIALbIBAIOTCS
B B-CTPYKTYypy, KoTopas siBisieTcs 6oiee SHepreTHuye-
CKU BBITOAHOM [5]. [l/15l TeMIlepaTyp 4yTb BhlIle 06/1a-
CTH CTeKJIOBAaHU S CKOPOCTh POCTA KPUCTAJIOB LMeeT
TeH/eHL 10 ObITh HU3KOM, U UX KOHeYHas CTabu/Ib-
Hasi KPUCTA/JIMYHOCTh B COCTOSSHUM PaBHOBECHS

HAHO MHAVCTPUA Tom 18 Ne1 2025

phase (water vapour, temperature, etc.) and destroying
the long chains of fibroin (UV).

When temperature rises above 40 °C, stability of many
polypeptides decreases, resulting in the unfolding
of coiled globules or spirals of molecules. The fibroin
macromolecule is characterised by an increase in con-
formational mobility and destabilisation of the helical
conformation with increasing temperature. As a result
of this process, active groups compensate their poten-
tial to form H-bonds by interacting with neighbouring
molecules. Thus, intramolecular bonds switch
to intermolecular bonds and hydrophobic groups fold
into a B-structure, which is more energetically favour-
able [5]. For temperatures just above the glass transition
region, the crystal growth rate tends to be low and their
final stable crystallinity at equilibrium is also small.
When moving to the region of higher temperatures,
the kinetics of crystal growth changes, and a higher
degree of crystallinity can be achieved in a shorter
time [34]. When treated with alcohols (methanol, eth-
anol), the change in conformation is due to the pecu-
liarity of the polypeptide structure - the double charac-
ter of the C-N bond in fibroin strictly restricts rotation
around it. The interaction of ions or polar molecules
with CO or NH groups favours electron density trans-
fer, a decrease in the strength of the double bond and
an increase in mobility [5].

As crystallinity increases, flexibility of the film
decreases. Increased plasticity can be achieved by steam
treatment and by adding plasticisers to the film. When



NANOTECHNOLOGIES

Tabauya 2. MNaacmugukamopsl pubpoUHa Wweaka
Table 2. Silk fibroin plasticisers

MneHka (0603HaueHue) SF/Ca30 SF/Gly30 SF/Gly20-Ca5

Film (designation)

Mnactudpukartop - Xnopwa kanbums FnnuepuH FnnuepuH Xnopwupg

Plasticizer Calcium chloride Glycerine Glycerine KanbLumns
Calcium
chloride

CopepxaHue, macc. % = 30 30 20 5

Content, mass. %

Temnepartypa 147 110 90 94

KpucTanausaumm, °C

Crystallisation temperature

Mpepen npoyHocTn, MMa 44-62 23-47 n-14 1618

Ultimate strength, MPa

Mogaynb ynpyroctu, lNMa 3,5-8 0,013-0,019 0,060-0,080 0,047-0,083

Modulus of elasticity, GPa

PacTsXnUMocCTb, % <20 >400 >360 <500

Stretchability

NCTOYHUK [36] [37] [38] [39]

Source

TaKXXe Maja. [Ipu mepexoje B 061acTh 60/ee BbICO-
KUX TeMIIepaTyp KMHEeTHKa POCTa KPUCTA//IOB U3Me-
HsieTCs, U Oojee BBICOKAsSl CTelleHb KPUCTAIHY-
HOCTH MOXeT 6BITh JOCTUTHYTA 3a 60j1ee KOPOTKOe
BpeMs [34]. IIpu o6paboTKe cIUpTaMu (MeTaHOJIOM,
3TaHOJIOM) H3MeHeHHe KoHpopMaLuu 06ycIoBIeHO
0c06eHHOCTbIO CTPOEHHUS MOJUIENTH A ~ ABOMHOM
xapakTep cBs3u C-N B pubporHe 5KeCTKO OTPAaHUYH-
BaeT BpallleHHe BOKPYT Hee. B3anMozeliCTBLe HOHOB
HMJIHU IIOJSIPHBIX MOJIeKY ¢ rpynnaMu CO unu NH
CII0OCOOCTBYET IepeHOoCY 3/1eKTPOHHOM IIJIOTHOCTH,
yMeHBbIIeHHIO CUJIBI IBOMHOM CBSI3U U yBeTHUYeHHUIO
IIOABUSKHOCTH [5].

C pocTOM KPHUCTAaIMYHOCTU CHUXKaeTcsl rub-
KOCTb IJ/IeHKU. [10BBbIIIEeHHS IACTUYHOCTH MOYXKHO
nocTuub 06paboTKOM ImapoMm, a Takke HobaBisis
B IJIEHKY I1acTudUKaTophl. IIpu o6paboTke Boasi-
HBIM I1apOM MOJIEKYJIB BOJBI IPOHUKAIOT B CETh
MaKpOMOJIEKYT U MJACTHOUIIUPYIOT CHUCTEMY.
[7aBHBIM Pe3yabTaTOM BBe[eHHS KaK BOJSHOIO
mapa, Tak ¥ IaacTUUKATOpA SIBISETCS MOHHUXKe-
HHe TeMIlepaTypsl cTeknoBaHus (T.). C yBenuue-
HHUeM colepkaHUS IacTudUKaTOpa TeMIlepaTypa
CTeK/J0OBAaHUSI PAaBHOMEPHO CHHU>KAaeTCs 10 HEeKOTOo-
poro 3Ha4eHH s KOHILIeHTPALUHU IJIacTHPUKATOPA
B IOAMMepe. B MPUCYTCTBHUU MNIaCTUPUKATOPA

treated with water vapour, water molecules pene-
trate the network of macromolecules and plasticise
the system. The main effect of introducing both water
vapour and plasticiser is to lower the glass transition
temperature (T.). With increasing plasticiser content,
the glass transition temperature decreases uniformly up
to some value of plasticiser concentration in the polymer.
In presence of plasticiser, the polymer retains highly
elastic properties at lower temperature [35]. Glycerol, cal-
cium chloride, glucose (dextrose) can act as a plasticiser
for fibroin. Table 2 shows the mechanical characteristics
of plasticised fibroin films depending on the plasticiser
and its content in the film.

RESULTS AND DISCUSSION
Obtaining silk fibroin solution in laboratory condi-
tions was carried out in several steps (Fig.7). To transfer
the protein from the native state with B confirma-
tions to the water-soluble state, a three-component
solution of calcium chloride, ethyl alcohol, and water
with a molar ratio of 1:2: 8 was used as a medium capa-
ble of penetrating into the structure and destroying
it to a helical state.

In order to work out the formation technology
of homogeneous solid-phase structures with B confor-
mation, 7 film samples of fibroin were formed by drop
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Puc.7. Mpouecc popmuposarus pacmeopa GubpouHa WeAkd: d — 3man de2ymmuposanus; b...f — 3man pacmeopeHus 8 meveHue

apemeHu, t; g - 3man ouaausa; h - 20moabill pacmeop

Fig.7. The process of forming a silk fibroin solution: a - degumming stage; b...f - dissolution stage over time, t; g - dialysis stage; h - pre-

pared solution

IIOJTMMep COXPaHseT BBICOKO3TACTHUYHBIE CBOM-
cTBa I1pu bosee HKU3KOM TeMIiepatype [35]. B kaue-
cTBe IIacTudUKaTopa GubporHA MOXKeT BBICTYIIATh
TJIMLIePUH, XJ0PU/[ Kalbl[ U, ITII0K03a (IeKCTpo3a).
B Tabs1.2 mpencTaBieHbl MeXaHHUYeCKHe XxapaKTepH-
CTUKH ITaCTUOUIIMPOBAHHBIX IIJIEHOK ubporHa
B 3aBUCHMOCTH OT IJIACTUPHUKATOPA U €ro CofepsKa-
HUS B IIJIEHKe.

PE3Y/IbTATbl U OBCYXXAEHUE

ITony4yeHHe pacTBopa GUbporHa IIe/IKa B 1ab0PaTOPHBIX
YCIIOBHSIX OCYIIIeCTBIISIIOCH B HECKOJIBKO 3TAIIOB (PUC.7).
s nmepeBona 6enKa M3 HATHBHOIO COCTOSHUS
c B-KoHOUpPMAIUSIMHU B BOLOPACTBOPUMOE B Kade-
CTBe Cpesbl, CIIOCOOHOM MPOHUKHYTD B CTPYKTYPY
U Pa3pyLIMTh ee [0 o-CIIMPAJIBHOTO COCTOSIHMS,
HCIIOIb30BaJICSI TPeXKOMIIOHEHTHBIH PAaCTBOP XJI0-
PHAQ KanbLKs, 3TU/IOBOTO CIIMPTA U BOABL C MOJIb-
HBIM COOTHOIeHHeM 1:2:8.

C nenp0 OTPabOTKH TEXHOJIOIHU POPMUPO-
BaHHS OAHOPOAHBIX TBepLOda3HBIX CTPYKTYP
c B-koHbOpMaI el KaleJbHBIM MeTOAOM ObIIO
cbOpMHUPOBAHO CeMb IIJIEHOYHBIX 06pa3noB ¢pubpo-
nHa. OcobDeHHOCTH IIpollecca UX IOJYUYeHUs OIIU-
caHBI B Tabs1.3. PoCT CK/IaJOK KOHT PO POBAJICS Kade-
CTBEHHO II0 yIJ1y CMAaYUBaHHS U KOJHUYECTBEHHO

HAHO MHAVCTPUA Tom 18 Ne1 2025

method. The peculiarities of the process of their obtain-
ing are described in Table 3. The fold growth was con-
trolled qualitatively by wetting angle and quantitatively
by IR spectrometry by bands of amide I, which is respon-
sible for the secondary structure of the protein. The ratio
of o and B conformations in the structures was estimated
by the ratio of the areas of the corresponding peaks
(Fig.8). The studies showed that the protein is repre-
sented predominantly by the b sheet structure, the ratio
of conformations for the tested samples takes values from
0.17 to 0.57. Sample No.2 has the most ordered structure
(the content of the disordered part of the film is 0.11),
which appeared due to strong interchain interactions,
as evidenced by the shift of the main bands to the region
of lower wave numbers. And it also has one of the highest
contents of  conformations: 0.73. This sample was
heated at 40 °C in the presence of water vapour and
after drying was further stretched over a water bath
to orient the crystallites along the film. In contrast, sam-
ple No. 7 is characterised by a high content of a-helicals,
indicating a greater plasticity of the film resulting from
the interaction of Ca2*with the protein.

The introduction of fibroin solution into three-dimen-
sional colloidal photonic crystals obtained by the method
described in [40] was carried out by impregnation fol-
lowed by drying at 55 °C and treatment with ethyl alcohol
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Tabauua 3. Ceolicmea 06pasL,0e NNeHOUH020 GUOPOUHA
Table 3. Properties of film fibroin samples

Oco6eHHOCTU popMUpOBaHUSA o6pasua

Peculiarities of sample formation

CooTHolueHue a u b koHpopmaumin
Ratio of a to b conformations

Jons noBopoToB
Percentage of turns

1 Cywwka Ha Bo3ayxe npu 40 °C
Airdrying at 40 °C

0,36 0,13

2 CyLlka B Kamepe € BOASHbIM napom npwm 70 °C ¢ nocsieayto-
LM BbITAFMBAHMEM MIEHKW Ha BOASHbLIM NapoM

Drying in a water vapour chamber at 70 °C followed by film
stretching over water vapour

0,27 0,1

3 CyluKa B Kamepe C BOASHbIM napom npu 70°C
Drying in a water vapour chamber at 70 °C

0,17 0,28

4 rnnactudurkaums rnnuepmHom, 10%
Plasticisation with glycerine, 10%

0,34 0,20

5 Mnactndurkaums ramuepmHom, 30%
Plasticisation with glycerine, 30%

0,43 0,14

6 Mnactupuraumsa Cacly, 15%, cywka Ha Bosayxe npu 40 °C
Plasticization CaCl,, 15%, air drying at 40 °C

0,34 0,09

7 Mnactndpurrkaumns Cacl,, 30%, cywika Ha Bo3ayxe npu 40 °C
Plasticization CaCl,, 30%, air drying at 40 °C

0,57 0,24

meTogoM HMK-cIieKTpoMeTpHH II0 I10JIocaM aMuza I,
OTBeYaIolero 3a BTOPUUYHYIO CTPYKTYpy Oenka.
CooTHoImeHHe o- U f-KOHGOPMALUK B CTPYKTypax
OLIeHHBAJIOCh 10 COOTHOIIEHHIO IJIOIajeld COOT-
BeTCTBYIOMUX MHKOB (puc.8). HccneqoBaHus moka-
3a7d, 4To 6esloK Ipe/CTaB/IeH NperuMyIlecTBeHHO
CTPYKTYPOH P-IIHCTa, COOTHOIIEeHHEe KOHPOPMAILIUH
OJ15 UCIIBITAHHBIX 06pa3loB IPUHKUMaeT 3HaUeHU s
ot 0,17 1o 0,57. O6pa3ser N2 2 umeeT Haubosee ymnops-
JOYeHHYI0 CTPYKTYpy (cofepskaHHe HeyIopsiJoueH-
HOM YaCTH IJIEHKH paBHO 0,11), BOSHUKIIYIO 10 IIPHU-
YHHe CHUIbHBIX MeXI|e[I0YeUHbIX B3aHUMOJIeCTBHH,
0 4eM CBH/IETe/IbCTBYeT CMeIleHHe OCHOBHBIX I10J10C
B 06/1acTh 60/lee HU3KHUX BOJHOBBIX UHces. M y Hero
>Ke 06Hapy>KeHO OJTHO M3 CAMBIX BBICOKMX COeP>KaHUH
B-koHPOpManuH - 0,73. OTOT 0bpaser] 61 mOIBEP-
rHYT Harpesy npu 40°C B IIPUCYTCTBUM BOOSHOIO I1apa
M I10CJIe BBICBIXaHU S JOIOJIHUTE/IBHO BRITATHBAJICS
Ha/Jl BOASIHOM 6aHell 1711 OpUeHTallu1 KPUCTAJIIUTOB
BIOJIb IVIeHKU. Obpa3sel N2 7, HAlIPOTUB, XapaKTepu-
3yeT BBICOKOE CoflepsKaHMe a-CIIKpaJjiel, YTo yKa3blBaeT
Ha 60/IBIIYI0 IIJTACTUYHOCTbD IVIEHKH, BOSHUKINYIO KaK
C/1eICTBHe B3aMOZAeHNCcTBUS Ca2*c 6ekoM.
BHesnpeHUe pacTBopa GubOpOUHA B TpexMepHbIe
KOJIZTOMAHBIe GOTOHHBIe KPUCTAJI/IbI, II0Jy4yaeMble
ONMCaHHBIM B [40] 06pa3om, oCyIecTBISIIOCh METO-
JIOM IIPOIUTKH C IOC/IeYIOUeH CyIIKOH IPHU TeM-
nepatype 55 °C 1 06paboTKOM 3THJIOBBIM CIIHPTOM
B TeueHHe 1 4. B pe3ysnbTaTe OBIIU [1OyUeHBI CTPYK-
TYPBI C OTUET/INBO BU3yanusupyemon ®33 (puc.9).
3amonHeHUe MeXCHepruUeCKUX MYyCTOT GOTOHHOIO

for 1 hour. As a result, structures with clearly visualis-
able PVZ were obtained (Fig.9). Filling the interspherical
voids of the photonic crystal with fibroin expectedly led
to a shift of the forbidden zone Av towards the IR region.
Studies have shown that composite structure is most
successfully formed at a fibroin solution concentration of
3.5%. In this case, viscosity of the solution allows it, on
the one hand, to penetrate into the voids of the colloidal
lattice and, on the other hand, to form a solid-phase
framework inside the matrix of the photonic crystal.

CONCLUSIONS

"Smart" structures based on silk fibroin represent
a promising class of materials for fabrication of sensor
structures and MEMS for their use in electronics, bio-
photonics and medicine. The technological solutions
obtained in this work can be applied to obtain solutions
and solid-phase protein structures in such products pro-
totypes production. Continuation of the work will be
devoted to refining technology of inverting and obtain-
ing inverse photonic crystals from silk fibroin.
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Fig.8. IR spectrometry results: a - sample no. 2; b - sample no. 7

KpHUCTasia UO6POUHOM O3KHAAeMO IIPUBEJIO K CABUTY
3aIIpelleHHOM 30HBI Ab B cTOpoHY MK-061actu.

HccnemoBaHM A IOKa3aau, YTO yCIlelIHee BCEero
KOMIIO3UMTHAas CTPYKTYpa GOPMHUPYeTCS IIPU KOH-
LleHTpalKu pacTBopa ¢ubpouHa 3,5%. B aTom ciy-
4yae BA3KOCTh PacTBOpa II03BOJISIET €My, C OJHOM
CTOPOHBI, NIPOHUKATh B IMYCTOTHl KOJJIOUAHOU
pelleTKH M, C APYTOM CTOPOHBI, 06pa3oBBIBATH
TBepAOoPa3HBIN KapKac BHYTPHU MaTpHUIIbl GOTOH-
HOTO KpHCTajja.
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"VYMHBIe" CTPYKTYPBI Ha OCHOBe pubponHa IIenka
IpenCcTaBASIOT co60l MepCHeKTUBHBIN Kjacc
MaTepHaJoB [IJ1sl KU3TOTOB/IEHUSI CEHCOPHBIX CTPYK-
Typ ¥ MOMC 17151 MCIIOB30BAHUS UX B 3JIEKTPO-
HHUKe, 6M0POTOHUKe U MeLHIIKMHe. [loyuYeHHBIe
B paboTe TexHOJOTHYeCKHe PeHIeHUS MOTYT
OBITh IPUMEHEHBI AJIs IIOJy4YeHHUuSs PacTBOPOB
U TBepAOopa3HBIX OeTKOBBIX CTPYKTYp B IIPOM3-
BOJCTBE ONBITHBIX 06pa3I[0B TaKUX H3JEIHH.
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Puc.9. Cnexmpbl ompa>keHust QOMOHHO-KpUCMAAAUYECKUX CMPYKMyp: a = UCXOOHbIU GOMOHHbIL Kpucman, copmupo8anHsbill
u3 mukpocgep ouokcuda kpemHus duamempom 280 HM; b — Komno3umHas cmpykmypa
Fig.9. Reflectance spectra of photonic crystal structures: a - the original photonic crystal formed from silicon dioxide microspheres

with a diameter of 280 nm; b - composite structure

[IpomonkeHHe paboTel OymeT MOCBSILIEHO OTpa-
00TKe TeXHOJIOTHH UHBEPTUPOBAHUS U IOIyde-
HHUS 06paTHBIX GOTOHHBIX KPUCTA/JIOB U3 dubpo-
MHa IIeJKa.

WHOOPMALIMUA O PELEH3UPOBAHUN
Pemakuus 67arogapuT AaHOHUMHOIO pelleH3eHTa
(peLleH3eHTOB) 32 UX BKJIAJ, B pelieH3UPOBAHHE 3TON

paboThl, a TakKe 33 pa3MellleHHe CTaTel Ha CanTe
JKypHaJla 4 Ilepefavy KX B 3JIeKTPOHHOM Bue B HOb
eLIBRARY.RU.

Hekaapauus o KoHAUKMe UHMepecos. AsMopbl 3a28A50M
06 omcymcmeuu KOHPAUKITO8 UHMEPecos UAU AUYHBIX 0MHO-
wieHuil, Komopble mozAu bul nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHoll cmamve.

HOHOSASKTDOHMKM.
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