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A B S T R A C T

At present there is a growing need for tissue engineering products, including the products of scaffold-technol-
ogies. Biopolymer hydrogel scaffolds have a number of advantages and are increasingly being used to provide
means of cell transfer for therapeutic treatments and for inducing tissue regeneration. This work presents ori-
ginal hydrogel biopolymer scaffolds based on a blood plasma cryoprecipitate and collagen and formed under
conditions of enzymatic hydrolysis. Two differently originated collagens were used for the scaffold formation.
During this work the structural and mechanical characteristics of the scaffold were studied. It was found that,
depending on the origin of collagen, scaffolds possess differences in their structural and mechanical char-
acteristics. Both types of hydrogel scaffolds have good biocompatibility and provide conditions that maintain the
three-dimensional growth of adipose tissue stem cells. Hence, scaffolds based on such a blood plasma cryo-
precipitate and collagen have good prospects as cell carriers and can be widely used in regenerative medicine.

1. Introduction

Having a combination of properties that imitate the natural extra-
cellular matrix (ECM), hydrogels are widely used in tissue engineering
[1,2]. The unique nature of hydrogels results from their self-supporting
three-dimensional (3D) viscoelastic network structure that allows both
the diffusion and adhesion of water-soluble substances [3]. An im-
portant property of hydrogels that facilitates the exchange of oxygen,
nutrients and waste products between cells in the conditions of a three-
dimensional scaffold structure is their ability to retain a large amount of
liquid [4]. A further essential aspect of the functionality of hydrogels is
associated with their porous structure. The presence of pores provides
the conditions both for cell placement and the development of cell-to-
cell contacts [5]. Some biopolymers allow cell encapsulation into the
hydrogel structure during its formation and this offers the opportunity
to create tissue-like constructions providing for three-dimensional cell
growth [6–8]. An undisputable advantage of the majority of biopolymer
hydrogels is their biological activity, which determines the possibility

for the formation of adhesion complexes between cells and the extra-
cellular matrix. As a result, such biopolymers including fibrinogen/fi-
brin, collagen, fibronectin, hyaluronic acid, and carrier sequences
capable of ligating cell integrins are of special importance [9]. Con-
necting with the cell integrins they can activate specific intracellular
signal pathways which eventually regulate the process of tissue devel-
opment [10]. Another factor determining the wide use of biopolymer
hydrogels is the possibility of creating scaffolds with tissue-like vis-
coelastic properties [2]. Most tissues do not exhibit linear elasticity due
to their main constituents (cells, extracellular matrix, structural pro-
teins and fluids) [11]. The manifestation of a simultaneous viscous and
elastic response by hydrogels is also due to the multicomponent nature
of these materials. The viscoelastic properties of hydrogels are an in-
tegral result of individual characteristics and interactions of the struc-
tural component of a material (for example, fibers or filaments), che-
mical (for example, ionic bonds), fluid and cells [12–14]. There is no
doubt that the viscoelastic properties of both artificial and natural
ECMs directly affect cell migration, proliferation and differentiation
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[15–17]. For example, O. Chaudhuri et al. (2016) found out that
cells'spreading, proliferation, and osteogenic differentiation of me-
senchymal stem cells (MSCs) are all enhanced in cells cultured in gels
with faster relaxation [18]. That is why extensive research is devoted to
the study of the physicomechanical properties of hydrogels and the
development of new methods for assessing these properties [19–23].
Although it is currently difficult to obtain cytocompatible hydrogels
with the mechanical properties of native tissues, significant progress
has been achieved in the development of materials with custom prop-
erties [24–26]. The variability of the properties of hydrogels determines
the ability to customize their properties for a particular type of tissue.
For example, T. Majumdar et al. (2018) demonstrated a possibility to
adjust the properties of a hydrogel to obtain materials mechanically
comparable to human cartilage in terms of their ability to dissipate
energy [27]. One of the benefits of biopolymer hydrogels is the op-
portunity for controlling the rate of their biodegradation [28]. This
characteristic can provide synchronization of the process of scaffold
resorption with respect to the processes involved in the regeneration of
specific tissues [29]. It should be mentioned that biopolymer hydrogels
can not only degrade but can also be exposed to remodeling by cells
[30]. This enhances their regenerative potential and integration into
the surrounding tissues during implantation [31]. Thus, hydrogel
scaffolds formed on the basis on biopolymers are a promising class of
artificial ECMs because of their ability to imitate both the structural and
mechanical properties of natural tissues.

Some of the most popular biopolymer materials for the formation of
hydrogel scaffolds are fibrinogen/fibrin and collagen. Scaffolds based
on these polymers are used for the reconstruction of damaged and lost
tissues of skin, cartilage, tendons, heart, muscles, eyes and other organs
[32,33]. This wide range of use is associated with the unique properties
of these proteins – they allow the creation of three-dimensional struc-
tures with biomimetic architecture and functions. The resulting scaf-
folds have a high level of hydration, porosity and a microfiber structure,
providing both a vast surface area for the adhesion of cells as well as the
conditions needed to maintain their viability, migration and prolifera-
tion [33–35]. The attractiveness of these proteins from the point of view
of tissue engineering is the result of the presence of open centers of
interaction with cell integrins that remain available after polymeriza-
tion [36,37]. The fibrin matrix is a unique carrier for proteins, including
cell growth factors. Thus, it is possible to provide long-term regulation
of cell responses within the scaffold by controlled mass-dependent
protein release [38,39]. It is worth mentioning that one of the most
readily available sources of fibrinogen/fibrin is blood plasma. In addi-
tion to fibrinogen this contains fibronectin and a number of other
biologically active substances [40], the presence of which can help
create an environment for maintaining the normal activity of cells in-
cluded in the original bioengineered construction, or those migrating
into it from the surrounding tissues. These biologically active compo-
nents of blood plasma can take an immediate part in the regulation of
cell processes through their stimulation of various mechanisms of cell
signaling and can also contribute to scaffold vascularization [41–43].
All the above aspects contribute to the value of scaffolds developed
using components of blood and collagen in providing required struc-
tural, mechanical and biological properties.

However, despite all these benefits of biopolymer hydrogel scaf-
folds, their application is significantly limited by their poor mechanical
properties [13,44]. It is well known that scaffolds do not show complete
mechanical equivalence to healthy tissue. However, their rigidity and
durability must be sufficient for providing mechanical cell support, the
required level of mechanical transduction between the matrix and cells
and, as a result, active maintenance of the development of regenerative
processes [45]. To improve the mechanical properties of hydrogels
supplementary cross-linking is used as well as the addition of non-
polymer components that have a reinforcing function, including those
that modify the structure of the hydrogel fibers themselves [46–48]. It
is also possible to reinforce hydrogels with frames made from synthetic

microfibers [49]. The most widespread strategies are those that im-
prove the hydrogel properties by including secondary polymers and
various nanostructures into the main hydrogel to create polycomposite
hydrogel scaffolds [50–52]. All the above considerations indicate the
topicality of developing new hydrogel scaffolds based on natural
polymers and of investigations into the effects of various factors (for
example, the composite structure, interaction of biopolymers, condi-
tions of co-polymerization of components etc.) on the structural, me-
chanical and biological properties of the resulting scaffolds.

The objective of our study was to develop a hydrogel scaffold based
on a blood plasma cryoprecipitate and collagen, and to evaluate the
effects of the use of different origins of collagen on the structural and
mechanical properties of the resulting polycomposite scaffolds.

2. Materials and methods

2.1. General operating principles

Peripheral blood of 16 healthy volunteers was used as a plasma
source. All donors were inspected by specialists and examined for
transmissible infections. The blood from healthy donors was taken in
the morning on an empty stomach from the cubital vein into polymer
containers (double 450/300 ml, RAVIMED, Poland) with a solution of
hemoconservative CPDA-1®. Blood plasma was extracted by cen-
trifugation at 3000 rpm for 20 min at +4°С. After centrifugation, blood
plasma was sampled. The obtained blood plasma was frozen and stored
at −40 °C.

Fat tissue obtained during cosmetic operations in the Department of
Reconstructive and Plastic Surgery at the University Hospital of the
Federal State Budgetary Educational Institution of Higher
Education « Privolzhsky Research Medical University» of the Ministry of
Health of the Russian Federation University was used as initial material
for getting mesenchymal stem cells. The material was obtained from
three young women, whose average age was 29.3 years (from 20 to 34
years).

The study protocol was approved by the local ethical committee of
Federal State Budgetary Educational Institution of Higher
Education « Privolzhsky Research Medical University» of the Ministry of
Health of the Russian Federation and approved by its Academic Board.
Each person included in the study provided voluntary informed consent
with the mentioned above manipulations.

All manipulations on extraction and cultivation of cells, with blood
and its derivatives, on the formation and cultivation of hydrogel scaf-
folds were carried out under sterile laminar conditions (class A) in the
laboratory of biotechnologies of Federal State Budgetary Educational
Institution of Higher Education « Privolzhsky Research Medical
University» of the Ministry of Health of the Russian Federation. At all
stages of the study the sterility of the used materials and media was
controlled. Growth media and hydrogel scaffolds during the process of
cells’ cultivation were being regularly monitored for sterility, con-
tamination with mycoplasmas and viruses, and the presence of fungal
flora.

2.2. Obtaining cryoprecipitate from blood plasma

The blood plasma of healthy donors frozen at −40 °C was defrosted
at +2 °C and centrifuged at +4 °C for 15 min at 1500 rpm to pre-
cipitate cryoprecipitate. Then 85% of the supernatant from the initial
volume of the frozen plasma was collected and the cryoprecipitate was
thermostatically held at 37°С until it had completely re-dissolved. Then
the amounts of fibrinogen were compared for the original blood plasma,
the blood plasma cryoprecipitate and the supernatant. The initial con-
centration of fibrinogen in the blood plasma of healthy donors did not
differ from the norm and was 2–4 g/l (n = 16). When the cryopreci-
pitate was obtained from blood plasma, the concentration of fibrinogen
in it varied from 7.5 to 19.10 g/l (12.59 ± 0.84 g/l, n = 16). The
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concentration of fibrinogen in the supernatant varied from 0.33 to
1.7 g/l (1.25 ± 0.10 g/l, n = 16). The cryoprecipitate was standar-
dized by amount of fibrinogen until this reached a final concentration
of 6 g/l. For this standardization we used the supernatant (that con-
tained only a low amount of fibrinogen) left after obtaining the initial
cryoprecipitate. While carrying out the experiment we used the pool of
cryoprecipitate obtained from 16 donors.

2.3. Cell cultures

Adipose stem cells (ASCs) were isolated from the patients' adipose
tissue obtained during plastic surgery, after obtaining each patient's
signed consent. The cells were extracted using enzymatic processing
with collagenase (Sigma-Aldrich, Germany) for an hour at +37°С and
cultivated in complete growth medium at absolute humidity, +37°С,
and 5% СО2. The complete growth medium had the following compo-
sition: α – MEM, 20% fetal bovine serum (FBS), glutamine, penicillin/
streptomycin antibiotics. We used media and reagents produced
by « Gibco®» (UK), and plastic consumables produced by « Costar»
(USA). After reaching a subconfluent monolayer stage (60–70%) the
culture was re-plated. Cultures from the third such passage were used
for the experiments.

ASCs with confirmed differentiation potential were used in the work
Fig. 1. The differentiation potential of cells was evaluated on cultures of
the 3rd passage. For differentiation, the Hyman Mesenchymal Stem Cell
Functional Identification Kit (R and D systems, USA) was used. As
specific dyes, Oil Red (Sigma, USA) was used for staining lipid vacuoles,
and alizarin red (Sigma, USA) was used to identify calcium salts in the
process of differentiation into osteoblasts. Chondrogenic differentiation
was evaluated by the formation of specific pellets in the medium and
the deposition of type II collagen, which was determined using poly-
clonal antibodies to type II collagen (Abcam, ab34712). For histological
examination of the balls, the samples were fixed in a solution of neutral
10% formalin. Standard histological examination was performed using
an Excelsior ES apparatus (Thermo Scientific, USA). After wiring, par-
affin blocks were made using the HistoStar filling station (Thermo
Scientific, USA). Sections 4–6 μm thick were obtained on a Microm HM
325 microtome (Thermo Scientific, USA).

Before starting the experiment we defined the cell phenotypes with

a panel of the following monoclonal antibodies: CD 90 FITC, CD 105 PE,
CD 73 PE, CD 45 PС5, CD 14 PС5, and HLA-DR PС7 (Becton Dickinson,
USA) with the corresponding isotypic controls on the BD FACS CANTO
II (Becton Dickinson, USA) flow cytometer.

Cell viability prior to introduction into the composite was 98–99%,
the immunophenotype of the cells was characteristic to ASC: the cells
expressed CD90 +, CD105 +, CD 73+, CD 44 + and did not express
CD 45-, CD 14-, HLA DR-, which corresponded to criteria defined by the
International Society for Cellular Therapy for Mesenchymal Cells [53].

2.4. The formation of hydrogel scaffold

For scaffold formation (Pat.№2653434 The Russian Federation …
dated April 11, 2017) we used cryoprecipitate of blood plasma obtained
from healthy humans [54]. For PEGylation of the protein part of the
cryoprecipitate we used PEG-NHS (Sigma-Aldrich, Germany). To the
PEGylated cryoprecipitate we added a 2% solution of acetic collagen
(collagen №1 – bovine collagen of type I (Sigma-Aldrich, Germany));
collagen № 2 - cod collagen of type I, collagen isolated from the cod's
skin (Gadus macrocephalus) (Pat.№2567171 the Russian Federation …
dated October 06, 2014) [55] that had been previously neutralized with
sodium hydroxide. To form cell-free scaffolds we added phosphate
buffer (PBS) into the composite in a 7:1 ratio. The investigations of the
cell-free scaffolds were carried out on the day following their forma-
tion. To form cell-containing scaffolds, the cell suspension was injected
into the composite to form a concentration of 1.2*105 per 1ml of the
composite. Then the composite was transferred into a 3.5 cm diameter
Petri dish that had been preprocessed with silicone. To polymerize the
composite, a thrombin-calcium mixture was being introduced into it: 80
IU/ml of human thrombin (Sigma-Aldrich, Germany) in a 1% solution
of CaCl2 (Fig. 2).

The scaffolds obtained were kept in a mold for 20 min at a tem-
perature of +22–25 °C. During this period, scaffolds were formed, after
which each of them was transferred to a plastic Petri dishes of a larger
diameter than the prepared scaffolds and poured 5 ml of PBS. Petri
dishes with scaffolds were transferred to a CO2 incubator at 37 °C, with
a humid atmosphere and 5% CO2 content. Immediately after the for-
mation, the cell scaffolds were flooded with complete growth medium
(á – MEM, 20% fetal bovine serum (FBS), glutamine, penicillin/

Fig. 1. Differentiation of ASCs. (a, b)
Adipogenic differentiation of ASCs, Oil
Red stain, (15 days of cultivation; ob-
jective lens 20×, eyepiece 10×; phase
contrast). (a) control — culture of third
passage ASCs without using a differ-
entiating medium, the subconfluent
monolayer is formed by typical fibro-
blast-like cells. In the cells of the con-
trol culture, the formation of fat va-
cuoles is not fixed. (b) the culture of
ASCs after cultivation in a differ-
entiating medium. Fat culture vacuoles
are clearly defined in culture cells
stained with a specific Red Oil dye. The
presence of fat vacuoles in the cells in-
dicates the ability of ASC to differ-
entiate in the adipogenic direction; (c,
d) Osteogenic differentiation of ASCs.
Osteogenic differentiation of ASCs,
stained with alizarin red (15 days of
cultivation; objective lens 10×, eye-
piece 10×, light microscopy). (c) The

control culture of ASCs is presented as a subconfluent monolayer formed by morphologically identical spindle-shaped cells, with no calcium deposits. (d) The culture
of ASCs after cultivation in a special differentiating medium. The culture is a subconfluent monolayer. Calcium deposits are clearly visualized, which are stained with
a differentiating dye, alizarin red. Calcium deposits indicate the ability of ASC to differentiate in the osteogenic direction; (f) Chondrogenic differentiation of ASCs.
Staining of type II collagen deposits in the pellet with polyclonal antibodies (Abcam, ab34712; cell nuclei stained with hematoxylin and eosin (Sigma-Aldrich,
Germany); objective lens 20×, eyepiece 10×). Ball formation and deposition of type II collagen in them indicates chondrogenic differentiation of ASCs.
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streptomycin antibiotics) and cultured for 6 days with a change of
growth medium twice a week.

2.5. Scanning electronic microscopy

The investigation scaffold of structure (3 samples with collagen №1
and 3 samples with collagen №2) was carried out with a JSM-IT300
(JEOL Ltd, Japan) scanning electronic microscope. Samples of dehy-
drated scaffolds were visualized, the dehydration of the samples being
performed in the chamber of the JSM-IT300 under low vacuum.

2.6. Transmission electronic microscopy

The preparation of these samples and their investigation were per-
formed according to standard methods: samples (7 samples with col-
lagen №1 and 7 samples with collagen №2) were fixed in a 2.5% so-
lution of glutaraldehyde in phosphate buffer (рН=7.4) and in a 1%
solution of osmium tetroxide, before being dehydrated in alcohols of
ascending concentration (from 50 to 100%) and acetone (100%). Then
they were kept in a mixture of 50% embedding medium and 50% of
acetone, followed by further embedding in a mixture of Epona with
Araldite. After polymerization we obtained ultrathin slices 75–80 nm
thick on an UC7 (Leica) ultratome and observed them with a Morgagni
268D (FEI) transmission electronic microscope.

2.7. Characteristics of porosity of scaffold structure

To carry out a comparative characteristic of the porous scaffolds’
structure, we used photomicrographs obtained by electron microscopy
(4400×). Micrographs were processed using the ImageJ software
package (National Institutes of Health). During this analysis we used a
threshold binarisation procedure to identify the areas of interest (the
biopolymer part of the scaffold) and the image background (pore
lumen). Then the whole image area taken as 100% was scanned and the
percentage correlation between the biopolymer area of the scaffold and
the pore lumen region in the scaffold structure was calculated.

2.8. Investigation of mechanical characteristics of scaffolds

The mechanic characteristics of the scaffolds (5 samples with col-
lagen №1 and 5 samples with collagen №2) in respect of compression
were determined on a universal testing machine, an AG-Xplus-0.5
(Shimadzu, Japan). As prototypes, we used disc-shaped scaffolds with a
diamter of 26mm and a thickness of 2mm. The thickness of the spe-
cimens was determined directly during testing by the distance between
the compression plates of the testing machine at the time of reaching a
total load of 0.1 N. The initial thickness of the samples was determined
directly during testing by the distance between the compression plates
of the testing machine at the moment the plate touches the surface of
the scaffold while reaching a total load of 0.1 N. The investigations
were performed at a squeezing rate of 1mm/min. We chose

compression stress at a strain value of 10% and 50% as the main
measured parameters.

2.9. Microscopy

To observe the state of the native cells in the scaffold structures we
used both bright-field and phase contrast methods (5 samples with
collagen №1 and 5 samples with collagen №2). Microscopy amd vi-
deoarchiving were conducted with an inverted Leica DMI 3000 B mi-
croscope, equipped with LAZ. V. 3.4 image visualization software.

2.10. Fluorescence microscopy

To visualize the cells and confirm their viability within the scaffold
structure (5 samples with collagen №1 and 5 samples with collagen
№2) we used for fluorescence microscopy carried out on a Cytation 5
(BioTek, USA) multifunctional imager. To visualize viable cells we used
Calcein AM (catalog № 564061, BD having an excitation wavelength of
477 nm and emission wavelength of 525 nm). Coloration was per-
formed in accordance with the manufacturer's protocol. As a control,
the cells of the same line and the same passage were used as those used
in the formation of the corresponding scaffold, cultivated under stan-
dard conditions.

2.11. Quantitative analysis of cells in scaffolds

To characterize the density of distribution of cells in hydrogel
scaffolds from the studied samples (3 samples with collagen № 1 and 3
samples with collagen № 2), fragments of 0.64 cm2 were separated
using a template. The number of cells was determined by counting the
nuclei 3 h after the formation of scaffolds. Scaffolds after separation of
the first fragment were cultured under standard conditions. After 72 h,
0.64 cm2 fragments were separated and the number of cell nuclei was
counted. To count cell nuclei in scaffolds, the isolated fragments of
samples were transferred to a 24-well Black VisiplateTMTC plate
(Wallac Oy, Finland). Next, the analysis of the number of cells was
carried out according to the method of quantitative analysis of the
cellular component of the scaffold (Pat. No. 2675376 of the Russian
Federation … from 07/17/2017 [56]). The method includes intravital
staining of cell nuclei in a scaffold using Hoechst 3334 (USA), fluor-
escence microscopy using the Z-stack function (Cytation 5 imager with
Gen 5 Imedge software + BioTek, USA). For identification and
counting of cells nucleis we used Hoechst 3334 (USA) having an ex-
citation wavelength of 377 nm and emission wavelength of 477 nm. For
identification and counting of dead cells, the samples were stained with
TO-PROTM3 Ready Flow™ fluorochrome (invitrigen by Thermo Fisher
Scientific, USA) having an excitation wavelength of 586 nm and emis-
sion wavelength of 647 nm. Coloration was performed in accordance
with the manufacturer's protocol. We analyzed 5 microphotographs
from each sample taken from different fields of view (magnification:
4× lens, 10× eyepiece) on arbitrary areas in the thickness of the
samples. Objects were recorded in areas of 530 μm along the Z axis.
Cross-linked Z-stack micrographs were analyzed with the number of
cell nuclei counted and the cells recalculated per 1mm3.

2.12. Investigation of the molecular-mass parameters of the collagen

The molecular-mass characteristics were determined using gel-pe-
netrating chromatography (GPC) on a liquid chromatographer pro-
duced by Shimadzu CTO20 A/20AC (Japan) with a LC-Solutions-GPC
software module. Separation was conducted on a Tosoh Bioscience
TSKgel G3000SWxl column with a pore diameter of 5 μm. As a detector
we used an ELSD-LT II low-temperature light-scattering detector. The
eluent was a 0.5 M solution of acetic acid used at a flow rate of 0.8ml/
min. For calibration we used narrow dispersion samples of Fluca dex-
tran with molecular masses (MM) ranging from 1000 to 410000 Da.

Fig. 2. Scaffold formation schematic.
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2.13. Statistical analysis

The results of the investigations were processed with STATISTICA
6.0 using the non-parametric statistics method and a Wilcoxon's paired-
comparison test and Spearman correlation analysis (RS).

3. Results

We formed the scaffolds based on the blood plasma cryoprecipitate
in accordance with the above methods. Both types of scaffolds with
collagen №1 and collagen №2 were transparent hydrogel structures
having dimensional stability and elasticity (Fig. 3).

It was found that the internal architecture of scaffolds is char-
acterized by a system of interrelated heterogeneous pores. Scaffolds
that included collagen №1 had a more ordered internal structure and a
smaller inter-pore distance than scaffolds with collagen №2 (Fig. 4).
Fig. 5 shows microphotos of scaffolds with the collagen derived from
different sources. Scaffolds with collagen №1 were characterized by a
denser structure than scaffolds with collagen №2 (Fig. 5 А).

Analyzing the percentage correlation of the biopolymer part of the
scaffold and pore lumen we noted that in scaffolds with collagen №1
this ratio was 1:3. In scaffolds with collagen №2 the ratio of the bio-
polymer part of a scaffold to pore lumen was 1:5. At the same time the
percentage of the biopolymer part of scaffolds with collagen №1 was
1.5 times higher than that in scaffolds with collagen №2 (Fig. 5 B).

By studying the mechanical properties of scaffolds we noted that
when the compression stress was 0.1 N, the registered thickness of the
scaffolds with collagen №1 was 6% higher than with collagen №2.
Compression stress at a strain value 10% did not differ for the scaffolds
with the different kinds of collagens. Neither did the compression force
show statistically significant differences between the samples with

collagen №1 (0.16 ± 0.02 N) and the samples with collagen №2
(0.15 ± 0.03 N). To reach a strain value 50% of the scaffold samples
with the different kinds of collagens we needed different compression
forces (samples with collagen №1: 2.88 ± 0.28 N; samples with col-
lagen №2: 1.76 ± 0.08 N). The compression stress at a strain value
50% of scaffold samples with collagen №1 was 1.6 times higher than
the same parameter for scaffold samples with collagen №2 (Table 1).

The samples of initial collagens №1 and №2 were characterized
according to their molecular-mass parameters (Table 2). It was noted
that the parameters of collagens №1 and №2 were considerably dif-
ferent. The values of molecular mass (MM) exemplified by weight –
average MM (Mw) were more than 3 times higher for collagen №1
compared to collagen №2. At the same time the polydispersion coeffi-
cients (Мn/Мw) of the analyzed collagens were rather similar. It should
be mentioned that the values of polydispersion coefficient, which were
greater than 1 in both cases, testify to partial hydrolysis of the collagen
macromolecules during the process of extraction and storage.

The potential of hydrogels based on cryoprecipitate used with col-
lagens №1 and №2 as cell scaffolds was demonstrated during the en-
capsulation of stem cells obtained from human adipose tissue (ASCs)
into the hydrogel structure in vitro. Cell cultivation for 6 days within the
hydrogel scaffolds showed that they provided conditions contributing
to the maintenance of both viability and typical ASC morphology. ASCs
encapsulated into such scaffolds showed active matrix-cell adhesion
and, within 24 h, began to form multiple processes (Fig. 6 a, b), similar
to control culture cells (Fig. 8 a). As the cultivation proceeded we ob-
served a dynamic three-dimensional cell growth with the formation of
multiple processes and intercellular contacts (Fig. 6 c, d). On Day 6 in
the scaffolds with collagen №1 and scaffolds with collagen №2 we
noted the formation and development of cell networks (Fig. 6 g, h). The
viability of cells cultivated in scaffolds was proved by staining with

Fig. 3. The appearance of hydrogel scaffolds immediately after formation with collagen №1 (a) and collagen №2 (b). Manipulations with scaffolds helping to
visualize transparency, shape stability and elasticity (c, d).

M.N. Egorikhina, et al. Bioactive Materials 4 (2019) 334–345

338



Calcein AM (Fig. 7 a, b). The cells of the control culture on the 6th day
of cultivation formed a confluent monolayer and were characterized by
high viability (Fig. 8 b).

While carrying out a quantitative analysis of cells in the structure of
scaffolds 3 h after their formation, it was found that the cells’ density in
scaffolds with collagen № 1 was 40% higher than in scaffolds with
collagen № 2. While cultivating within 72 h, the number of cells in

scaffolds increased by 1.23 times, which indicated proliferative activity
of cells (Table 3). The number of dead cells identified by staining with
the specific dye TO-PROTM3 Ready Flow™ in the samples can be de-
scribed as missing or single in the field of view. There were no statis-
tically significant differences in the number of dead cells in scaffolds
with collagen № 1 and scaffolds with collagen № 2.

An analysis of the correlation of the percentage of the biopolymer

Fig. 4. Internal architecture of scaffolds with collagen №1 (a) and collagen №2 (b) shown by scanning electronic microscopy (acellular scaffolds, cross-section).

Fig. 5. (A) Structure of scaffolds with collagen №1 (a) and collagen №2 (b) shown by transmission electronic microscopy (х44000). Scale represent 5 μm; (B)
Comparative characteristics of porosity in scaffolds with different kinds of collagens (in scaffold composition: №1 – is bovine collagen, №2 – sea collagen). Note: * –
p < 0.05 – Wilcoxon test.
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part of scaffolds and the number of cells in 1mm3 of scaffolds 3 h after
their formation confirmed the presence of a positive correlation be-
tween the analyzed parameters (RS= 0.65; P=0.008712).

4. Discussion

The base for the formation of hydrogel scaffolds was a cryopreci-
pitate of blood plasma. It is known that such blood plasma cryopreci-
pitates contain fibrinogen, fibronectin, factor XIII, fibrinolysis in-
hibitors, and circulating molecules of cell adhesion in a considerably

Table 1
Characteristics of scaffold mechanical properties.

Origin of a collagen kind as a part of scaffold Compression stress at a strain value 10%, kPa Compression stress at a strain value 50%, kPa The thickness of the scaffold

Collagen №1 (n= 5) 0.50 ± 0.06 9.18 ± 0.90 1.86 ± 0.09
Collagen №2 (n= 5) 0.49 ± 0.05 5.61 ± 0.26 * 1.75 ± 0.05*

Note: * – p < 0.05 – Wilcoxon test.

Table 2
Characteristics of molecular-mass collagen properties.

Origin of a collagen
kind

Мw (kDa) Мn/Мw Amount of high-molecular collagen
in the sample (%)

Collagen № 1 (n= 5) 947.2 1.4 93
Collagen № 2 (n= 5) 234.9 1.3 97

Note: Мw – average molecular weight, Мn/Мw – coefficient of polydispersion.

Fig. 6. ASC culture in scaffolds with collagen №1 (a, c, e) and collagen №2 (b, d, f) – light microscopy. (a, b) – 24 h after scaffold formation: beginning of cell process
formation. Scale represent 1000 μm; (c, d) – Day 3 of cultivation: three-dimensional cell growth with the formation of multiple processes and intercellular contacts.
Scale represent 200 μm; (e, f) – Day 6 of cultivation, cellular network. Scale represent 200 μm. The arrows indicate some of the ASCs.
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higher concentration than standard blood plasma [57,58]. Fibrinogen is
the main biopolymer that takes part in the formation of a scaffold
structure according to the method described by ourselves. The con-
centration of fibrinogen in the cryoprecipitate varied and substantially
exceeded its concentration in blood plasma. That is why for unification
of the technique for obtaining scaffolds the concentration of fibrinogen
was standardized to 6 g/l. Previous studies had indicated that this
concentration of fibrinogen is optimal for scaffold formation. Such use
of blood plasma cryoprecipitate provides an opportunity not only to
increase the amount of fibrinogen but also to reach the required con-
centration. It should be noted that the methods for obtaining the
cryoprecipitate, involving further standardization according to fi-
brinogen concentration as used here, does not have any negative impact
on the polymerization ability of the fibrinogen and does not require any
additional reagents.

It is known that the formation of a fibrin network is a physiological
process resulting from the interaction of fibrinogen of the blood plasma
and thrombin. Thrombin splits the amino-terminal ends of the α- and β-
chains of fibrinogen and results in the formation of febrinopeptides A

and B – fibrin-monomers. By spontaneous polymerization these fibrin-
monomers self-organize to form fibrin protofibrils and then a fibrin
network [59,60]. The self-assembly of the fibrin fibers depends on the
concentration of fibrinogen, thrombin and calcium as well as on other
proteins [61]. Depending on this, the network can possess various dif-
ferent densities and thicknesses of fibrils. For instance, high con-
centrations of thrombin contribute to the formation of thin bundles of
thin fibril fibers packed in a dense network. A lower thrombin con-
centration in relation to the same amount of fibrinogen leads to a
greater average size of the bundles of fibers and to increased porosity of
the fibrin matrix [62]. When the thickness of the fibrin fibers is
changed, their morphology is also changed. J.W. Weisel and R.I. Lit-
vinov [63] showed that thick fibers have fewer side branches compared
to thin ones. The data we obtained with scanning electron microscopy
showed that the structure of the scaffolds was characterized by the
presence of rather thick interconnected fibers and a developed system
of pores. Scaffolds with collagen №1 showed a more organized struc-
ture of the fibers compared to the structures with collagen №2. At the
same time the internal structure of the resulting scaffold differed from

Fig. 7. Characteristics of the viability of cells cultivated in scaffolds with collagen №1 (a) and collagen №2 (b). Scale represent 1000 μm. Day 6 of cultivation,
fluorescence microscopy: with the specific fluorescent dye Calcein AM (green) – all the viable cells are stained. The arrows indicate some of the ASCs.

Fig. 8. ASCs culture cultivated under standard
conditions (seeding density 10 thousand/cm2). (a) -
24 h of cultivation: cells adhere to the surface of the
culture plastic and form cell processes (black arrows
indicate some of the adhered ASCs; red arrows in-
dicate dividing ASCs); (b) - 3 days of cultivation:
morphologically identical spindle-shaped cells form
a subconfluent monolayer, which is typical for two-
dimensional cultivation. The specific fluorescent
dye Calcein AM (green) stains viable cells (some of
the ASCs stained with Calcein AM are marked with
arrows).

Table 3
Quantitative analysis of the cells in scaffolds.

Origin of a collagen
kind

3 h 72 h

Total number of cell nuclei in 1mm3

scaffold
The number of dead cells' nuclei in
1mm3 scaffold

Total number of cell nuclei in 1mm3

scaffold
The number of dead cells' nuclei in
1mm3 scaffold

Collagen №1 200.98 ± 5.61 0.73 ± 0.23 246.74 ± 19.89 ● 1.39 ± 0.27
Collagen №2 143.08 ± 5.45 * 0.81 ± 0.29 176.70 ± 9.26 * ● 1.25 ± 0.35

Note: * - p < 0.05 - comparison with “Collagen № 1”; ● - p < 0.05 - comparison with “3 h”; Wilcoxon test.
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fibrin-only hydrogels in which the structure is, as a rule, formed by the
cross-linking of poorly-ordered fibers [64]. The formation of the in-
ternal architecture of the scaffolds under study can be immediately
affected by other components included in the composite. Thus, it is
known that PEGylation of PEG-NHS protein leads to the cross-linking of
protein molecules and an increase in the thickness of the fibrin fibers
[65,66]. Blood plasma cryoprecipitate also contains fibronectin and
factor XIII. Fibronectin can modify a three-dimensional structure of the
fibrin matrix by regulating the thickness and density of the fibrin fibers.
This is connected with the ability of fibronectin to covalently and non-
covalently bind with the fibrin matrix forming high-molecular multi-
mers [67]. Factor XIII catalyzes the formation of γ-glutamyl-ε-lysyl
amide-bonds between the fibrin monomers and hence stabilizes its
polymers, increasing the durability of the fibrin matrix [59,68].

The composite, our scaffolds are formed from, includes type I col-
lagen. In our work we used collagen derived from two different sources
– bovine and cod collagen (marine). Bovine collagen is typically widely
used in scaffold-technologies and is valued as a base for the formation
of mono- and poly-composite scaffolds [36,69,70]. Sea collagen from
fish scales, skin and bones is also used as a material for scaffolds. Ac-
cording to the reference data, based on a structural analysis of the
protein, fish have type I collagen equivalent to the type I collagen of
mammals and birds [71,72]. In the sphere of tissue engineering sea
collagen is popular as a material having both good bioactivity and
biocompatibility, low antigenicity, and high biodegradability [73–75].

We found no data on the effect of collagen's origin on the structural
characteristics and mechanical properties of scaffolds in the reference
materials. There is also very little information on the effect of the col-
lagen's origin on the characteristics of fibrin-collagen scaffolds pro-
duced applying technology that uses hydrolytic enzymes affecting both
the structure-forming proteins. That is why it was of interest to in-
vestigate whether the source of collagen could influence the properties
of the scaffolds obtained by co-polymerization of fibrinogen that ori-
ginated from blood plasma cryoprecipitate.

According to our findings scaffolds with collagen №1 had a more
elastic structure than scaffolds with collagen №2. This resulted in
higher compression stress at a strain value 50% of scaffolds with col-
lagen №1 compared to scaffolds with collagen №2. It should be men-
tioned that during the formation of scaffolds all the components except
the source of collagen were identical and used at the same concentra-
tions and ratios. Thus, the identified differences can be explained by the
peculiarities of the internal architecture of the scaffolds formed with the
collagen derived from different sources. We know of works that indicate
that the density of scaffold structures can determine their module of
elasticity to a great extent [76]. F. You et al. [77] also demostrated that
the mechanical properties of hydrogel scaffolds depend on their por-
osity and other structural characteristics. Our own studies show that the
scaffolds that included collagen №1 have a higher percentage of the
biopolymer component in relation to pore lumen compared to scaffolds
wth collagen №2. It can be concluded that the differences in porosity of
the scaffold structures containing the different collagens can have a
direct effect on their elasticity. This also explains the difference in the
thickness of scaffolds with different collagens even though they were
formed in similar conditions. The initial thickness of the scaffolds was
measured at the moment the instrument plate touched the surface of
the scaffold when the total load was 0.1 N. Thus, under the same con-
ditions, the measured value was higher for those samples that had a
denser structure with lower porosity — for scaffolds with collagen №1.

The identified peculiarities of the internal structure of the scaffolds
can be explained both by the initially different molecular-mass char-
acteristics of collagens №1 and №2 and by the difference in the pro-
ducts of enzymatic hydrolysis of the collagens used. The investigation
of the molecular-mass characteristics of collagens №1 and №2 showed
that they were different in molecular mass and in their polydispersion
coefficients. According to the reference data, collagens of different
origin are different in their composition and sequence of amino acids

[75,78,79]. During scaffold formation, thrombin was added to the
composite where fibrinogen had already been present in the blood
plasma cryoprecipitate and collagen. Hence, the thrombin interacted
with both the proteins of the blood plasma cryoprecipitate and with the
collagen. It is supposed that the products of the enzymatic hydrolysis of
collagen take part in the formation of the resulting scaffolds. The en-
zyme, which is in our case, thrombin, hydrolyzes a peptide bond be-
tween specific amino acids [80], and so the sites for this will be con-
trolled by the composition and sequence of the amino acids in collagen
macromolecule that, in our scaffolds are different by nature of the
collagen source [81–83]. A.R. Vidal et al. [84] showed that hydro-
lysates obtained with pepsin from differently originated collagen have
different molecular characteristics and functional activity. M. Blanco
et al. [85] identified cross-species peculiarities during their investiga-
tion of the products of enzymatic hydrolysis of type I collagen isolated
from the skins of some species of sea fish. It is obvious and admissible
that there is a difference in the products of enzymatic hydrolysis of
collagens №1 and №2 under the effect of thrombin. The products of
enzymatic hydrolysis have a lower molecular mass than the initial
collagen molecule and are used like fibrinogen/fibrin to form scaffolds.
Thus, the different molecular mass molecules formed after enzymatic
hydrolysis of collagens №1 and №2 result in the formation of different
internal structures of the scaffold and, consequently result in differ-
ences in the parameters and properties. It should be noted that during
the formation of scaffolds the amount of fibrinogen in the composite is
22 times higher than the amount of collagen. This demonstrates the
significance of the effect that the origin of collagen has on the structure
formation even in this ratio, as it works by co-polymerization with the
fibrinogen. Thus, when developing polycomposite scaffolds for tissue
engineering, special attention should be paid to the molecular-mass
characteristics of the biopolymers to be used. This is especially im-
portant if, in the process of scaffold formation, enzymatic hydrolysis
and simultaneous polymerization of the hydrolysates of the various
types of biological molecules are involved.

The combination of several polymers during scaffold formation is a
promising approach that allows modification of their structural, me-
chanical and other properties. In particular, the combination of col-
lagen and fibrin gives such combined hydrogels mechanical char-
acteristics that differ from the mechanical characteristics of those using
purely collagen or purely fibrin materials. As a rule, this is caused by
the interaction of the microfibrils of both structural proteins [86,87]. At
the same time the structure of the majority of current polycomposite
scaffolds is represented by several separate interpenetrating polymer
networks that are not connected with each other by covalent bonds
[88,89]. It is a more attractive idea to use several structure-forming
components with different properties that form a unified structure
having similar cross-linking mechanisms when preparing scaffolds.
Such similar cross-linking mechanisms will simplify the process of
scaffold preparation and allow the concurrent formation of a unified
structure from the different components. Whereas, if the components
have different mechanisms of cross-linking, this can lead to a multistage
and more complicated process of scaffold formation. The scanning
electron microscope data characterizing the internal architecture of the
scaffolds presented by us confirm a unified structure. The specific
properties of the scaffold structures with collagens №1 and №2 are
caused only by differences in the products of the enzymatic hydrolysis
of the collagens taking part in the formation of that unified structure.
This enables us to state that the products of the enzymatic hydrolysis of
collagen and fibrinogen are covalently bound. Thus, our suggested
technique for the formation of hydrogel scaffolds from composites in-
cluding blood plasma cryoprecipitate and collagen allows the produc-
tion of polycomposite scaffolds with a unified structure requiring a
minimal number of process stages.

At the present time there is no doubt in high potential of me-
senchymal stem cells (MSCs) in regenerative medicine and tissue en-
gineering [90–93]. Review by S.M. Willerth and S.E. Sakiyama-Elbert
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(2019) demonstrates the dynamic development of the direction of
creating tissue-engineering constructs and cell delivery systems based
on biomaterials in combination with stem cells [94]. MSCs are often
used for in vitro biocompatibility testing of new materials developed for
regenerative medicine and tissue engineering [95,96], including hy-
drogels [97]. To demonstrate the principal possibility of using the
studied hydrogels in the future as scaffolds for culturing and delivering
cells, human adipose tissue ASCs were encapsulated in the structure of
scaffolds.

It was shown that the conditions for the formation of scaffolds and
the composition of the composite allow cells to be encapsulated in the
hydrogel structure without negatively affecting their viability, mor-
phology, and proliferation. Mesenchymal stem cells encapsulated in
hydrogel scaffolds are known to exhibit three-dimensional growth
[98,99]. Adipose tissue stem cells cultured in the scaffolds we presented
had the corresponding morphological characteristics, showed active
three-dimensional growth and proliferative activity. There is no doubt
that successful cellular events are directly associated with a scaffold
structure that provides both mechanical support and appropriate con-
ditions for the placement and interaction of cells in its system of pores.
This agrees with the reference data on the effect of scaffold micro-
structure on cell adhesion, migration and proliferation [100,101].

While conducting a quantitative analysis of cells in the structure of
scaffolds 3 h later after their formation, it was found that the number of
cells per 1mm3 in scaffolds with collagen № 1 is more than in scaffolds
with collagen № 2. Taking that into account the fact that in the for-
mation of scaffolds in both cases, we used the same cell concentration,
we can assume that the differences obtained by counting the cells in the
formed scaffolds are associated with differences in their internal ar-
chitectonics. So, scaffolds with collagen № 1 had a denser structure
than scaffolds with collagen № 2. The number of cells per volume unit
in scaffolds with collagen № 1 was greater than in scaffolds with col-
lagen № 2. Thus, initially the same number of cells in the composite
during the formation of scaffolds, apparently, was redistributed relative
to the formed structure. This is confirmed by the revealed correlation
relationship between the percentage of the biopolymer part of scaffolds
and the number of cells in 1mm3 of formed hydrogels. The number of
cells in scaffolds increased after 72 h of cultivation, which indicates the
maintenance of proliferative activity by cells. At the same time, the
increase in the number of cells in scaffolds with collagen № 1 and
collagen № 2 was comparable. The latter, suggests that the revealed
differences in the structural characteristics of the studied scaffolds did
not significantly affect the proliferative activity of cells.

Not only the structure of scaffolds, but also their hydrophilic nature
could facilitate the maintenance of viability and proliferative activity,
facilitating the exchange of nutrients and waste products. Cellular
events taking place within scaffolds can be significantly influenced not
only by their structure, but also the properties of the biologically active
substances included in their composition. Thus, fibrinogen/fibrin mo-
lecules have sequences that interact with integrin cell receptors and
therefore affect cell processes [37,102,103]. The blood plasma that is
the basis of the composite of the presented scaffold contains all the
amino acids that are needed for cellular growth and proliferation [104],
as well as fibronectin which is one of the key proteins of the inter-
cellular matrix [105]. Evaluation of the comparative characteristics of
cell growth and activity in scaffolds with different collagens and
therefore with differing structures is an aspect to be investigated fur-
ther.

5. Conclusion

We have presented a hydrogel scaffold based on fibrinogen/fibrin
derived from a blood plasma cryoprecipitate and collagen co-poly-
merized by enzymatic hydrolysis. We conducted a study of the struc-
tural and mechanical characteristics of scaffolds formed from collagen
derived from two different sources where the rest of the composite

components and technology used were identical. We found that the
structural and mechanical properties of these scaffolds do depend on
the origin of collagen. The resulting differences can be connected with
the specificity of the molecular-mass characteristics of the products of
enzymatic hydrolysis of the collagens used. Undoubtedly, the internal
architectonics of the obtained scaffolds directly determined their me-
chanical properties and cells’ distribution density.

The data presented demonstrate that hydrogel scaffolds have good
biocompatibility and provide conditions that support the three-dimen-
sional growth of ASCs. The enzymatic hydrolysis reactions underlying
the technology of scaffold formation occur readily in physiological
conditions and are highly biocompatible. Their application allows the
encapsulation of cells into hydrogel structures at the stage of scaffold
formation without damaging them. In our view, hydrogel scaffolds
based on blood plasma cryoprecipitates and collagen can be a good
choice for cell cultivation and their delivery in the future.
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