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Background. Keratins are natural biopolymers with a wide range of applications in
the field of biotechnology.

Materials and Methods. Extraction of keratins was performed by a modified
Nakamura method using 250 mM DTT. The protein concentration in the supernatant
was determined by Bradford method. The protein composition was studied by their
electrophoretic separation in a polyacrylamide gel in the presence of sodium dodecyl
sulfate. The films were made by casting. The surface characteristics of the films were
determined using a scanning electron microscope REMMA-102. The elemental compo-
sition of the films was determined using an X-ray microanalyzer.

Results. The protein concentration in the supernatant was 3.75 mg/mL. After using
dithiothreitol in the extraction mixture, we obtained proteins of intermediate filaments
with a molecular weight of 40-60 kDa and a low Sulfur content. In the low molecular
weight region, we obtained keratin-associated proteins with a molecular weight of 10—
30 kDa and a high content of Sulfur. These proteins belong to fibrillar proteins, which
can be used as a matrix for the creation of new keratin-containing biocomposites with
a wide range of applications in reparative medicine and tissue engineering.

Based on the obtained keratin extract, polymer films with and without the addition
of glycerol were made. Scanning electron microscopy revealed that glycerol provided
the film structure with homogeneity and plasticity due to the accumulation of moisture
after the fixation by water vapor.

The X-ray microanalysis of films revealed such elements as Sodium, Silicon, Sulfur,
Potassium. Among the detected elements, Sulfur has the largest share that is due to the
large number of disulfide bonds in the keratin molecule.
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Conclusions. The polymer keratin films with the addition of glycerol demonstrated
better mechanical properties and can be used in biomedicine.

Keywords: keratins, hair, extraction, biopolymers

INTRODUCTION

The number of studies of protein-containing compounds such as gelatin, collagen,
albumin, silk fibroin and keratin for their use in biomedicine and engineering is con-
stantly growing. This is due to the significant demand for natural and renewable materi-
als, the production of which would be environmentally friendly and cost-effective [1, 3,
5, 18]. Keratins are a potential raw material for the creation of biomaterials due to their
biodegradability, self-assembly ability and low cytotoxicity [8].

One of the promising ways of the creation of biomaterials is the production of keratin
films used in biomedicine [4, 7, 11], in particular as a substrate for cell cultivation. In this
regard, keratins have successfully demonstrated the possibility of replacing polystyrene
previously used for the manufacture of materials of this type [12]. According to literature,
pre-treatment of substrates with keratins stimulates cell adhesion and proliferation.
It has been shown that keratin films are used in particular for culturing mouse L929
fibroblasts [12].

Yamauchi et al. studied the physicochemical properties and biodegradation ability
of keratin films [21]. According to their research, the combination of extracted keratin
with glycerol promotes their biodegradability, makes the films transparent, strong and
more flexible [21], and the combination with chitosan also gives them antibacterial pro-
perties [17, 20].

Tonin et al. [19] demonstrated the prospects for combining keratin films with a syn-
thetic polymer such as polyethylene oxide. The films of this type can be used not only
as a framework for cell growth, but also as a membrane for drug delivery. For this pur-
pose, keratins were combined with hydrotalcite nanoparticles containing diclofenac [14].
Such hybrid films, compared to those containing unbound diclofenac, were characterized
by a lesser degree of porosity and swelling, but were more heat-resistant and released
diclofenac better under physiological conditions than non-hybrid ones.

Based on literature analysis, one can conclude that natural polymers, in particular
keratins, are a promising biomaterial with ta possibility of application in biomedicine and
bioengineering.

MATERIALS AND METHODS

Only samples of pigmented hair, which had not previously been dyed with either
natural or synthetic dyes were used. All hair samples were provided by healthy females
aged 20 to 25 years with their written consent. The research was conducted in accor-
dance with the decision of the Commission of bioethical examination of the Institute of
Animal Biology of NAAS of 16.06.2020, protocol No. 83, which meets the requirements
of bioethical examination according to the Order of the Ministry of Health of Ukraine
No. 281 of 01.11.2000, European Convention for the protection of vertebrate animals
used for experimental and other scientific purposes of 18.03.1986 and the EEC Directive
No. 609 of 24.11.1986. The experiments were conducted in the laboratory of metabolism
named after Stepan Gzhytskyi.
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The keratin extract obtained from human hair was used for the production of films.
Hair samples weighing 0.5 g each were ground, washed in 1% sodium dodecyl sulfate
(SDS) solution, rinsed with distilled water and dried at room temperature. For keratin
extraction, we modified the method proposed by Nakamura [13] using dithiothreitol of
the same concentration instead of 2-mercaptoethanol. Protein solubilization was per-
formed in an extraction mixture consisting of 25 mM Tris-HCI, 5 M urea, 2.6 M thiourea
and 250 mM dithiothreitol. Each hair sample was placed in 25 mL of the extraction mix-
ture. Protein extraction was performed at a temperature of 60 °C at pH 8.5 for 72 hours.
During this time, the samples were stirred several times with a glass rod for better con-
tact of hair with the extraction mixture. The obtained extraction mixture was filtered and
dialyzed against distilled water. The protein concentration in the solution was deter-
mined by colorimetric method using Bradford’s reagent.

To determine the composition of the extracted proteins, we used PAGE in the
Lemmly buffer system with the addition of SDS.

After electrophoresis, the gels were stained with a 0.2% solution of Coomassie
R-250, and then washed with a 7% solution of acetic acid in distilled water.

Two types of films were prepared from the obtained proteins. The first type was a
keratin-glycerol film prepared from a 4% solution of keratin in distilled water with the
addition of 1% glycerol. The film of the second type consisted of only 4% aqueous solu-
tion of keratin. Suitable solutions were poured into Petri dishes in a thin layer that did not
exceed 3.0 mm, and incubated in a thermostat for 24 h at 37 °C. After that, the films
were fixed for 24 h in room temperature water vapor in a desiccator.

The features of the films surface were examined using a scanning electron micro-
scope REMMA-102. The elemental composition of the films was determined using an
X-ray microanalyzer.

RESULTS AND DISCUSSION

Keratins extracted from wool and human hair in aqueous solutions have the ability
to self-assemble, forming the films [16], which has been used to study the structure
and functions of self-organized keratins. Keratin-based films are successfully used in
tissue engineering because they have the ability to support and improve cell growth,
adhesion, migration and proliferation [3, 4, 12, 16], as well as for controlled drug delivery
[13, 16, 18].

Keratin-only films are very brittle and fragile [23]. Literature describes many ways
of solving this problem [6, 9, 22]. In our experiments, we used glycerol to provide the
films with elasticity. In addition, glycerol can be washed out of the film with aqueous
solutions, if necessary [16]. Glycerol reduces intramolecular and intermolecular forces,
thus improving the flexibility of the polymer. According to the studies of the effect of dif-
ferent concentrations of glycerol on the physical properties of keratin films, it was found
that the use of this plasticizer in the amount of 0.09 g/g increases the tensile strength of
the film by about 15 times [12], and has the greatest impact on moisture retention [10].

As a result of extraction of keratins using DTT as a reducing agent, we obtained
a protein solution at a concentration of 3.75 mg/mL. DTT is used due to its ability to
effectively restore disulfide bonds. As a result of such extraction keratins that retain
the properties of native keratin are formed. It is very important for the production of
biomaterials.
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In Fig. 1, the electrophoretic profile of human hair keratins is characterized by the
presence of two polypeptide chains with a molecular weight in the range of 40-50 kDa,
which correspond to type | and type Il proteins of intermediate filaments (IF) with low
Sulfur content.

In the low molecular weight region, bands of proteins with a molecular mass of
10-30 kDa were detected, which are sulfur-rich keratin-associated proteins (KAP).

IF proteins of type | and I,
40-60 kDa

Fig. 1. SDS-PAGE of reduced keratin:
1-2 — keratin extract obtained from
human hair; M — molecular weight
markers

Puc. 1. Enektpocopes BiAHOBNEHOro kepa-
KAP, 10-30 kDa TuHy y SDS-TAAT: 1-2 — ekcTpakT
KepaTuHy, OTpMMaHoro 3 Boroca
nognHu; M — mapkepu Mmonekynsip-
1 2 M HOi Macu

After the composition of the extracted keratins had been studied, the obtained pro-
tein solutions were used for the production of polymer films. Depending on the purpose
of production of polymeric films they can be combined with both synthetic and natural
materials. In the research, we used glycerol as a safe and cheap plasticizer. We also
made a polymer film without the addition of plasticizer for comparison. Fig. 2 shows
keratin films after incubation in a thermostat at the temperature of 37 °C.

Fig. 2. The film based on 4% keratin solution with addition of 1% glycerol (A); the film without glycerol addi-
tion (B)

Puc. 2. MNniBka Ha ocHOBi 4% pPo34nHy kepaTuHy 3 godaBaHHAM 1% rniuepony (A); nniBka 6e3 goAaBaHHsA
rniuepony (B)
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The method of stabilizing keratins extracted from human hair with water vapor
was tested for the first time. As can be seen from Fig. 2, the film based on keratin and
glycerol (A) acquired a gel-like consistency after stabilization in water vapor, which is
explained by the property of glycerol to accumulate moisture, as mentioned above. At
that time, the film made only from an aqueous solution of keratin (B) was represented
by a thin polymer layer, which was easily torn when trying to separate it from the Petri
dish, which was not typical of keratin-glycerol film. This confirms that glycerol improves
mechanical properties of the film.

In Fig. 3, scanning electron microscopy shows the surface of the film made by
combining a 4% aqueous solution of keratin with the addition of 1% glycerol (A) and the
surface of the film made without the addition of glycerol (B). As can be seen from
Fig. 3A, the surface of the film is mostly homogeneous, without cavities and holes, with
a small number of built-in granules of different shapes. The presence of single cracks
may be due to a large number of intermolecular bonds [2].

20 00]

Fig. 3. Scanning electron microscopy of the film made of 4% keratin solution with addition of 1% glycerol (A)
and the film without glycerol addition (B)

Puc. 3. CkaHyBanbHa enekTpoHHa MiKpoCKonis MMiBKK1, BUTOTOBIEHOI 3 4% pO34nHy KepaTuHy 3 40AaBaHHAM
1% rniuepony (A) i nnisku 6e3 gogasaHHs rniuepony (B)

The surface the film without glycerol is not homogeneous and has a large number
of recesses and protrusions (Fig. 3B).

Fig. 4 shows the chemical composition of the film made of 4% reduced keratin
solution with the addition of 1% glycerol (A) and without glycerol (B). Qualitative analy-
sis revealed that differences between both types of film are nearly indistinguishable. We
detected such elements as Sodium, Silicon, Sulfur, Potassium. Among the studied ele-
ments, Sulfur has the largest share, while the other elements have much lower shares.
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Fig. 4. X-ray microanalysis spectra of the film made with 4% keratin solution with the addition of 1% glycerol

(A) and the film made of 4% keratin solution alone (B)

Puc. 4. CnekTpun peHTreHiBCbKOro MikpoaHaniay nmiBku, BUrOTOBNEHOI 3 4% pO3yMHy KepaTuHy 3 4oAaBaHHAM

1% rniuepony (A) Ta nniBkK1, BUrOTOBMEHOI TiNbkK 3 4% po34nHy kepaTuHy (B)

High Sulfur content is caused by the presence of a large number of disulfide bonds

in the keratin molecule, mainly due to cysteine residues.

Apart from Sulfur, another important element is Silicon that provides hardness to

keratinized tissues and promotes their high chemical resistance.

The Table shows the content of elements of both types of films.
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The content of chemical elements in the films, %
BwmicT xiMmiyHMx enemeHTiB y nniBkax, %

Element The fi_Im made V\.Ii!:h 4% keratin solution The film maf:ie of 4% keratin
with the addition of 1% glycerol solution alone
Sulfur 12.89 12.76
Sodium 3.1 3.12
Silicon 0.21 -
Potassium 0.38 0.65

This elemental composition is characteristic of the regenerated keratin.
CONCLUSIONS

1. Protein extraction was performed using a modified method of Nakamura using
DTT as a reductant in the extraction mixture. The chosen method of solubiliza-
tion of keratins allows for obtaining IF proteins of type | and Il with a molecular
weight of 60—70 kDa and low molecular weight KAP with a molecular weight of
10-30 kDa. The fibrillar structure of these proteins makes them a potential raw
material for the production of biomaterials.

2. The polymer film made on the basis of protein extract with the addition of glyc-
erol demonstrated better mechanical properties and homogeneous structure, in
contrast to the film made without the addition of glycerol. Improved mechanical
properties of the film facilitate their application. In addition, the safety of glycerol,
which we used as a plasticizer, allows for the use of keratin films in biomedicine.

3. The method of stabilization of films made on the basis of keratins of human hair
with the help of water vapor was tested.

4. The results of X-ray microanalysis of films indicate a high presence of Sulfur. Apart
from Sulfur, such elements as Potassium, Sodium and Silicon were detected,
which is characteristic of the elemental composition of the regenerated keratin.

COMPLIANCE WITH ETHICAL STANDARDS

Human Rights: All procedures performed in studies involving human participants
were in accordance with the ethical standards of the institutional and/or national re-
search committee and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards
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OTPUMAHHA TA XAPAKTEPUCTUKA NMJIBOK HA OCHOBI KEPATUHIB
BOJOCCHA NnoanHU

B. B. Muxanwk", B. B. Faepunsak®
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*KopecnoHdytoquti asmop e-mail: vasylyna.v.m@gmail.com

BcTyn. KepatvHu — npupogHi 6iononiMepw i3 LUMPOKUM CNEKTPOM 3aCTOCYBaHHS
y cdpepi GioTexHonorin.

MaTepianu Ta metogu. ExcTpakuito KepaTuHiB npoBoaunmn mogmdikoBaHMM MeTo-
Aom Hakamypa 3a BukopuctaHHs 250 mM OTT. KoHueHTpauito NpoTeiHy B CynepHaTaHTi
BM3Ha4anu metogom bpeadopaa. JocnigkeHHss NpoTEIHOBOro cknafy KepaTuHy npo-
BOAMMM 3a JOMNOMOroK enekTpodopesy 3a BUKOPUCTaHHS godeumncynbdaTy HaTpito.
MniBK1 BUrOTOBNSANM METOAOM KacTuHry. OcobnuBOCTi NOBEPXHi NNIBOK BM3Ha4Yanu 3a
JOMOMOIOK pacTPOBOro enekTpoHHoro Mikpockona PEMMA-102. EnemMeHTHUIA cknag
NiBOK BU3Ha4anu 3a JOMNOMOrOK PEHTIEHIBCLKOrO MikpoaHanisaTopa.

Pe3ynkrat. KoHUEHTpaUis NpoTeiHiB, eKCTparoBaHMx 3 Borioca fOAMHN 33 BUKO-
puctaHHa OTT, ctaHoBuna 3,75 mkr/mn. MNicns BukopuctanHa OTT y cknafi ekcTpakuinHoT
CyMiLli MW OTpMMarnu NpoTeiHu iHTepMedianbHUX hinameHTiB 3 MONEKYNSPHOKD Macok
40-60 k[a Ta H13bknM BMicToM Cynbdypy. B HU3bKOMONEKYNSAPHIN QiNgHLi HamMun BUSB-
NEeHO KepaTuH-acouiroBaHi npoTeiHn 3 monekynapHoto macot 10-30 k[a i BUCoKuM
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36 V. V. Mykhaliuk, V. V. Havryliak

BmictoM Cynbdypy. Lli npoteinn Hanexatb o ibpunapHMx NpoTeiHiB, siki MOXYTb
OyTn maTtpuuero Ond CTBOPEHHS HOBUX KEPAaTMHOBMICHMX BGiOKOMMO3UTIB 3 LUMPOKUM
CMEKTPOM 3aCTOCYBaHHS B pereHepaTuBHIi MeAULMHI Ta TKAHUHHIN iHXeHepil.

Ha ocHoBI ekcTparoBaHUX kepaTuHiB MM CTBOPUIY NMiBKM 3 4OA4ABaHHAM rAiLepony
Ta 6e3 Hboro. 3rigHo 3 pe3ynsTatamu ckaHyBaribHOI eNekTPOHHOT MiKpocKoniil JogaBaH-
HS rmiuepony 3abe3neyyBarno NIacTUYHICTb | FOMOIEHHICTb MMiBKM BHACNILOK akyMyns-
it Bororu nicng cpikcadii y napax soau.

YHacnigok peHTreHiBCbKOro MikpoaHasnidy MniBOK BUSBMEHO Taki enemMeHTu, §K
Hatpin, Cuniuin, Cynbdyp, Kanin. Cepep ycix BUsiBNeHnx eneMeHTiB HanbinbLua YacT-
ka npunagae Ha Cynbdyp, LLO NOB’A3aHO 3 BEMUKOIO KiNbKICTIO ANCYNb@IiaHMX 3B’A3KIiB
y MOneKkyni KepaTuHy.

BucHoBkuM. NonimepHi kepaTMHOBI NMiBK1 3 JOOABaHHAM [MiLepony mManu Kpadi
MexaHiYHi BMacTMBOCTI 1 MOXYTb OyTW 3acTOCOBaHi y 6iomMeaunLmHi.

Knroyoei crioea: kepaTuHu, BONOC, eKCTpakLisi, biononimepu
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