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PREPARATION AND PHYSICOCHEMICAL PROPERTIES
OF COLLAGEN FOR WOUND DRESSINGS

N. E. Tseomashko,! A. N. Tretyakova,?
and A. Yu. Vasil'’kov2"

Type I collagen was obtained in gel-like form by enzymatic-acidic extraction from cattle tail tendons and
was polymerized at room temperature in ammonia vapor to form a transparvent film 60.47—-64.9 um thick
with good adhesive properties of 11.6—12.4 kPa and tensile strength 559.5-600.5 kPa. The dependence
of the film adhesive properties on its ability to stimulate regenerative processes in tissues was found.
The collagen was characterized by X-ray photoelectron spectroscopy. The C 1s spectrum showed peaks
for C-C/C-H, C-0-C/C-OH, O=C-N, and O=C-OH groups, the N Is spectrum for C-NH,, O=C-N,
and C—-NH 3+ groups.

Keywords: collagen, enzymatic-acidic extraction, adhesive properties, thermogravimetric and X-ray phase analysis,
small-angle X-ray scattering, X-ray photoelectron spectroscopy.

The development of bandages and structures for replacement and regenerative medicine with therapeutic effects,
self-restoration, adhesion, and the required medical properties is one of the most challenging and actively emerging fields [1].
However, the creation of systems with the required adhesion under wet conditions and adequate bioavailability of drugs is still
an unsolved problem [2]. Type I collagen is the most common protein of the extracellular matrix in the human body. It is
broadly used as a base or biochemical ligand for maintaining cellular adhesion in tissue-engineering structures and hybrid
materials for therapy of organ defects [3]. Collagen is nontoxic, nonpyrogenic, and biocompatible with all types of tissues and
cells within a species and between species because of the absence of histocompatibility proteins. Collagen stimulates cell
migration, growth, and proliferation and can interact with biologically active organic and inorganic components, which allows
the construction of polyfunctional hybrid materials based on it [4]. Collagen is used in model systems and in therapy of
neurodegenerative diseases [5]; spinal cord injuries [6]; bone [7] and skin [8] regeneration; eye [9], tendon [10], and cartilage
pathologies [11]; and spine defects [12].

The best substrates for producing collagen are mammal skin, ligaments, and tendons, including waste of the meat
industry [13]. Currently, efforts are aimed at improving collagen isolation methods and stages [14]. For example, a method for
alkaline-salt extraction of collagen led to deamination of asparagine and glutamine residues, resulting in disruption of the
charge distribution along the collagen molecule and the inability to form fibrils and gels [14]. A method of acidic extraction
allowed the separation of collagen that retained the ability for gelation and polymerization to form films [15]. Research is
examining the choice of suitable substrates for isolating collagen produced from mammal skins and tendons, fish industry
waste, and marine mollusks [16] with the use of gene-engineering methods [17] and human placentas [18].

The present article demonstrated the effectiveness of using enzymatic acidic extraction of type I collagen from cattle
tendons to create new film materials based on it. A conclusion about the direct dependence of the adhesive properties of wound
dressings and their ability to stimulate tissue regeneration could be drawn from an analysis of the structure, morphology, and
composition of surface film and gel forms of collagen and a comparison of data on the regenerative activity of the obtained
coatings with previous research results [15, 19].

1) Tashkent Medical Academy, Ministry of Health of the Republic of Uzbekistan, 2 Farabi St., Tashkent, 100109,
fax: (99878) 150 78 25; 2) A. N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences,
28/1 Vavilova St., 119334, Moscow, fax: (499) 135 50 85, e-mail: alexandervasilkov@yandex.ru. Translated from
Khimiya Prirodnykh Soedinenii, No. 4, July—August, 2024, pp. 596—600. Original article submitted September 14, 2023.

688 0009-3130/24/6004-0688 ©2024 Springer Science+Business Media, LLC



D,, rel. units

1, rel. units

10 20 30 40 50 60 70 80
21,°

Fig. 1. Fig. 2.

Fig. 1. Diffraction pattern of lyophilized collagen.
Fig. 2. Volume size-distribution functions Dy,(R) for collagen before (/) and after dialysis (2).

The research was directed at producing type I collagen. The work removed tendons (58.27 g) from cattle tails (1250 g).
Collagen gel (3377 mL) was prepared by the isolation and purification of the collagen and afforded 28.8 g of powdered
product after lyophilization. The collagen yield from the tendons was 49.6 and 2.24% of the tendon and tail mass, respectively.
Repeated hydrolysis of tendon fragments remaining after the primary hydrolysis produced an additional 675.4 mL of collagen
gel or 5.7 g of lyophilized protein. The total collagen yields from the tails and tendons were 2.76 and 69.6%, respectively. The
use of cattle skin, bone, and cartilage besides tendons as substrate could significantly increase the product yields. For example,
the collagen yields previously ranged from 12.5 to 18.0% of the total byproduct mass [13]. However, the obtained product was
not monotypic because the used substrates contained other types of collagen (II-VI, IX, and XI) besides type I collagen, which
prevented the product from being used for several biomedical purposes. Such collagen was undesirable for use in replacement
therapy of bone and skin, where the protein base is type I collagen [20].

Collagen gel was dialyzed, after which it was used to produce films and lyophilized products. The resulting collagen
forms were studied by literature methods [21].

Thermogravimetric analysis (TGA) of lyophilized collagen showed that mass loss by collagen in air occurred in
several stages. Moisture adsorbed from air was removed in the heating interval up to 100°C. The most rapid collagen destruction
process occurred in the range 250—400°C. Increasing the temperature further continued mass loss at a much slower rate up to
700°C. The thermal destruction parameters of the collagen were comparable to those reported previously [22].

Figure 1 shows X-ray phase analysis (XPA) data of lyophilized collagen. The diffraction pattern had a small peak
near 26 = 8° and a broad peak with a maximum at 20 = 20°. The lack of strong reflections in the diffraction pattern
of the collagen characterized its X-ray amorphous nature [23].

Small angle X-ray scattering (SAXS) found that the intensity of the small angle scattering I(s) at the smallest angles
increased insignificantly for dialyzed collagen. This indicated that it had a more homogeneous structure. The intensity I(s) in
this range increased considerably for collagen before dialysis and characterized it as a polydisperse polymer. The results
allowed the size distribution of the heterogeneities in these samples to be determined, despite the very weak scattering
from the collagen gels before and after dialysis.

An analysis of the volume distribution functions (Fig. 2) showed that dialyzed gel became significantly more
homogeneous. It lacked heterogeneities with sizes of the order of 20-50 nm, which were observed in the collagen before
dialysis. The nature of these heterogeneities could be due to compactions and voids or air bubbles in the gels.

Surface analysis of the collagen was very important for understanding the composition and structure of this promising
medical material. Lyophilized collagen was studied by X-ray photoelectron spectroscopy. The elemental composition
of the collagen surface was determined from a survey spectrum as 52% C, 15% O, and 32% N (in at. %).
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TABLE 1. Characteristics of Photoelectron Spectra of Collagen — Binding Energy (£}), Width (W), and Relative Intensity
(1.¢)) of Photoelectron Peaks

Cls | 0 ls | N s
Spectrum Bond
c-c/c-H | co-cicon | o=cN [ o=con | 0=cN | 0=c-0 | coc | o=cN [ cNm, | cNmy

E,, eV 285.00 286.27 287.97 289.12 531.56 532.70 533.76 400.15 399.28 401.30
W, eV 1.65 1.65 1.65 1.65 1.99 1.99 1.99 1.46 1.46 1.46
L, % 57.98 24.17 14.12 3.73 67.91 21.63 10.46 68.55 2091 10.54

TABLE 2. Characteristics of Collagen Film Forms

Form Thickness, um Strength, kPa Adhesion force, kPa
Collagen 62.33 +1.86%* 580.0 +£20.5%* 12.0+£0.4*
NeuSkin-F 97.67 £0.49 1141.7+£ 6.0 6.6+0.1

Compare to commercial preparation “NeuSkin-F” *P < 0.002, **P < 0.001.

C-C/C-H

C-0-C/C-OH

0=C-OH

290 288 286 284 282 402 400 398 536 534 532 530 528
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Fig. 3. High-resolution photoelectron spectra C 1s (a), N 1s (b), and O 1s (c) of lyophilized collagen.

The C 1s spectrum (Fig. 3a) of the collagen could be described by four states at 285.0, 286.3, 288.0, and 289.1 eV
with equivalent Gaussian widths of 1.65 that were assigned to C—C/C—H, C—O—-C/C—OH, O=C-N, and O=C—OH groups and
relative intensities of 0.58, 0.24, 0.14, and 0.04, respectively. The N 1s spectrum (Fig. 3b) represented three states at 399.3,
400.1, and 401.3 eV with equivalent Gaussian widths of 1.46 that could be assigned to C-NH,, O=C-N, and C—NH3Jr groups
with relative peak intensities of 0.21, 0.69, and 0.10, respectively. The O 1s spectrum (Fig. 3¢) could be described by three
states with binding energies of 531.6, 532.7, and 533.8 eV and equivalent Gaussian widths of 1.99. The states were assigned
to O=C-N, O=C-0, and C-O—-C with relative peak intensities of 0.68, 0.22, and 0.10, respectively [24].

Table 1 presents characteristics of photoelectron spectra of the collagen.

Film wound dressings are most convenient for therapy of skin defects. Gelatinous collagen was treated with medical
glycerin (1%) and poured (40 mL) into sterile Petri dishes of diameter 90 mm to produce films with good organoleptic
properties. Open Petri dishes with collagen were stored in ammonia vapor for 20—25 min to polymerize the gel. The adhesion
force, thickness, and tensile strength of the resulting films were measured. The studies were performed in comparison with a
commercial preparation based on NeuSkin-F collagen [Eucare Pharmaceuticals (P) Ltd., India]. Table 2 lists the thicknesses,
adhesion forces, and tensile strengths of the collagen films.

Table 2 shows the commercial preparation NeuSkin-F was almost twice the thickness (P < 0.001) and stronger than
the produced films. However, the adhesion force was 1.85 times less (P < 0.002). This was the most important parameter for
wound dressings. The adhesion forces for the obtained films were 11.6—-12.4 kPa, which significantly exceeded the parameters
for similar commercial materials such as GeIMA60-DA nanofiber hydrogels containing dopamine (DA) and methacryloyl
gelatin (GelMA), which showed an adhesion force of ~9.1 kPa [25]. An adhesion force of 7.86 *+ 1.22 kPa was recorded for

PNIPAM hydrogel bandage based on N-isopropylacrylamide/alginate sodium/graphene oxide with double cross linking by
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chitosan solution [26]. The adhesive properties of the wound dressing were apparently due to the presence of chitosan. This
was demonstrated before [27], where a hemostatic biohydrogel based on chitosan possessed high self-adhesion (68.5 kPa)
under wet conditions and a simultaneously high degree of hemostasis. Collagen is the most biomimetic material for human and
mammal bodies, despite the good adhesive properties of chitosan and the physicochemical properties of other polymers. This
stimulates research on collagen and development of medical materials based on it. A direct dependence of the adhesion force
on the amount of collagen in tissue engineering structures [28] and an increase in the adhesive properties of collagen upon
introducing catechin groups into the composition [29] were found.

Apparently, the low adhesive properties were responsible for the negative result of using the NeuSkin-F commercial product
as the reference preparation in in vivo experiments on purulent [30] and full-thickness skin wounds [31]. The preparation was
shown to stimulate weakly regenerative processes in tissues. It was rather difficultly attached to experimental defects [15, 19].

The present study showed that enzymatic acidic extraction was effective for isolating type I collagen. New film
materials with good adhesive properties were prepared from it. Results of thermogravimetric and XPA found that this product
had thermal stability comparable to that of analogous materials and had an X-ray amorphous structure. SAXS allowed the
homogeneity of the components forming the gelatinous systems to be studied. The collagen gel had a more homogeneous
structure after dialysis than before it, which may have helped to form more homogeneous films. Surface analysis
of the obtained material by XPS showed that production of the collagen did not lead to its destruction products or contaminants.
Polymerization of the obtained collagen at room temperature in ammonia vapor gave a thin transparent film with good adhesive
properties. Film wound dressings with strong adhesion were complementary to the wound shape and tightly adhered to it,
adopting its configuration, which had a positive effect on tissue regeneration. Because of these qualities, the obtained collagen
films showed a better regenerative effect than NeuSkin-F in in vivo experiments [15, 19].

The results demonstrated that the obtained material based on collagen was promising for use in biomedical purposes.

EXPERIMENTAL

General Comments. The following equipment and consumables were used to isolate the collagen and evaluate its
properties: A Prodion 10BC-MA water purification system (China), a TDZ4-4WS tabletop centrifuge (Hunan Xiangyi Laboratory
Instrument Development Co., Ltd. Huna, China), a laboratory sublimation dryer (Biobase BK-FD12PT —60/-80), a laminar box
and cabinet (BBS8§V1708247D, China), a MOM apparatus (Hungary), a D8 Advance diffractometer (Bruker AXS), a Thermo
Fisher Scientific Theta Probe device, an AMUR-K diffractometer (developed at A. V. Shubnikov Inst. Crystallogr., RAS, Moscow),
crystalline trypsin (Samson-Med, Russia), glycerin (Radiks, NPP, Uzbekistan), and chemical reagents produced in CIS countries.

Isolation and Purification of Collagen from Cattle Tendons. Tendons from cattle tails were purified of muscle,
ligaments, and skin; ground to particle size 1-2 mm; treated with trypsin solution (0.25%) at 37°C for 72 h; rinsed in distilled
H,0 to remove proteins other than collagen; and hydrolyzed for 72 h in AcOH solution (0.1 N) in a 1:100 ratio. The mixture
was centrifuged for 10 min at 3,000 rpm. The precipitate of collagens was filtered through a laboratory sieve with pore size
2 mm to separate large pieces that were sent for repeated hydrolysis. The collagen solution was dialyzed in dialysis bags with
pore sizes 12-14 kDa (Spectrum Labs, USA) against distilled H,O at 5°C for 12 h with four exchanges of H,O. Films were
prepared by treating gelatinous collagen with glycerin (1%) and pouring (40 mL) into sterile Petri dishes of diameter 90 mm.
Open Petri dishes with collagen were stored in ammonia vapor for 20-25 min for complete polymerization.

Physicochemical Studies of Collagen Film Form. The collagen polymerization conditions, adhesion force, and
thickness and strength of the obtained films were studied. The film thickness was determined using a micrometer at various
places on the films (n = 6). Film tensile strength was determined by cutting a strip 5 mm wide and 50 mm long from the film.
The ends of the film were clamped and stretched until breaking using a dynamometer (Fizpribor Plant, Kirov, Russia). The
adhesion strength of the film was determined by cutting a sample 1 cm? in area, gluing one side of the film using cyanoacrylic
glue to tissues of equal area with an attached silk thread, moistening the films with water, and gluing to wet glass. The force
necessary to cleave the film from the glass surface was determined using a dynamometer.
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