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The aim of the study was the development of methods to assess the quality of biomedical cell products (BMCPs) intended to replace
skin defects.

Materials and Methods. The proposed equivalent of the skin BMCP-1 (developed at the N.K. Koltsov Institute of Developmental
Biology, Russian Academy of Sciences) and the BMCP-2 equivalent of the skin (developed at the Privolzhsky Research Medical University)
were studied. Mesenchymal stem cells (MSCs) from human adipose tissue served as the cellular components of both BMCPs.

MSCs in suspensions and in BMCPs were tested for cell counts and cell viability. The BMCPs were studied in their entirety without
destruction using fluorescence microscopy with vital dyes for staining the cytoplasm and Hoechst 3334 (BD Pharmingen, USA) — for nuclei
(imager Cytation 5; BioTek, USA).

The MSC function was evaluated by their ability to produce VEGF-A. The MSC phenotype was determined by cytometry.

Results. Using the above methods, we found that MSCs in BMCP retained their original morphology and viability. On the surface of
BMCP-1, cells are organized in colonies, whereas in the structure of BMCP-2, they are scattered throughout the matrix. The number of cells
in BMCP-1 depends on the transportation conditions; and in the structure of BMCP-2 — on the timing of cultivation. The secretory activity
of MSCs is maintained throughout the entire observation period.

While within the BMPC structures, the MSCs had their CD90 expression decreased; it was then restored after the cells were isolated
from the products and cultivated on the plastic surface.

Conclusion. The proposed method is feasible for the BMCP quality assessment; it incorporates the requirements for production and
transportation based on the characteristics of the cellular and non-cellular components. Given the optical non-transparency and complex
physical-chemical structure of the product, it is advisable to select the quality control methods that ensure minimal manipulation and
enzymatic damage.

Key words: biomedical cell product; mesenchymal stem cells; skin defects; proliferation; VEGF-A; phenotyping; CD90.

Introduction [1]. It is, therefore, relevant to establish the commonly

accepted criteria and methods for assessing such

Biomedical cell products (BMCPs) are an important  products as emphasized in the Federal Law “About
object of domestic and international research with a  biomedical cell products” [2].

special interest in their quality, safety, and effectiveness To date, in the Russian Federation, there is
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no practical experience of conducting the quality
assessment procedure for BMCP. The quality indicators
of a BMCP must be compatible with its specifications
[3]. Usually, the set of such indicators is determined by
the manufacturer. Some potentially useful methods for
BMPC characterization are described in the guidelines,
edited by V.A. Tkachuk (2017) [4]. However, due to the
fact that the newly developed BMCPs have varying
physical structures, as well as varying chemical and
cellular compositions, their quality control methodology
may need more than one approach.

This study examines dermatotropic BMCPs. The
conditionally controlled parameters of such a product
can be divided into three groups:

1) visual characteristics (integrity of the package,
correct and complete labeling, conformity of the external
appearance and the transportation conditions as
declared in the specification);

2) parameters characterizing the product sterility and
the absence of contamination by mycoplasmas and
viruses;

3) parameters of the cell lines (cell viability,
concentration, cell line identification, functional activity of
cells).

To characterize the cellular component of a BMCP
product, it is necessary to transfer the cells from
the BMCP into the culture medium. The process of
separating the cells from the matrix, as a rule, requires
matrix decomposition; this procedure may lead to a
partial cell loss and adversely affect the remaining
cells. On the other hand, the methods proposed to
characterize the cellular component directly in the BMCP
matrix without cell isolation require specific development
for each type of BMCP. All methods recommended for
assessing the quality of a product should be specified in
the product dossier.

The aim of the study was the development of
methods to assess the quality of biomedical cell products
intended to replace skin defects.

Materials and Methods

In this study, we used samples of two domestic
BMCPs designed for the skin defect replacement that
were undergoing preclinical studies.

BMCP-1 — a dermal equivalent of the skin had been
designed at the N.K. Koltsov Institute of Developmental
Biology, Russian Academy of Sciences (Moscow). In
this product, the non-cellular component is represented
by the medical product (plate) G-derm (RU No.RZN
2015/3135), consisting of a structured mixture of low
molecular weight hyaluronic acid (about 90%) and
type | collagen (about 10%) The cellular component is
represented by surface-plated allogeneic mesenchymal
stem cells (MSCs) from human adipose tissue.

BMCP-2 is a skin equivalent designed at the
Privolzhsky Research Medical University (Nizhny
Novgorod). This product is based on a hydrogel
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scaffold from natural biopolymers — fibrinogen of the
blood plasma and type | collagen in a ratio of 22:1 [5].
The cellular component of BMCP-2 is represented by
cultured allogeneic MSCs incorporated into the product
during its formation.

The cellular components of both BMCPs are
represented by MSCs from human adipose tissue. Over
the past decades, these cells have attracted attention
as the most promising cellular material for regenerative
medicine [6]. The International Society for Cell Therapy
(ISCT) has proposed the main requirements for
MSCs: adhesion to the plastic surface, expression of
specific markers, ability to differentiate into osteoblasts,
adipocytes, and chondroblasts in vitro [7]. All MSC lines
used in this study for the formation of BMCP met the
criteria defined by the ISCT.

Before testing, samples of BMCP-1 were packed in
a special medium and transported for 12-24 h to the
laboratory that performed the analysis; BMCP-2 was
made directly in this laboratory.

Cell count and viability assessment in cell
suspensions and in BMCP matrices

Counting the living cells in suspension
using the trypan blue exclusion method. The
cells were removed from the surface of a G-derm plate
in the standard way using 0.25% trypsin in Versen’s
solution (PanEco, Russia), washed with PBS and
pelleted; the resulting suspension was stained with 4%
trypan blue solution for 2—-3 min. During this time, non-
viable cells with damaged membranes become evenly
stained whereas living cells remain unstained. The
number of living (unstained) and dead (stained) cells
was counted in a hemocytometer or using a Countess
cell counter (Invitrogen, USA).

Determination of viable cells in a BMCP-
attached culture by staining with the vital
fluorescent dye — calcein. Before the staining
(Calcein AM; BD Pharmingen, USA) was diluted in PBS
at a ratio of 1:3000. The solution was then added to the
plate wells to replace the culture medium. Samples with
the fluorochrome solution were incubated for 30 min in
a CO, incubator at a temperature of 37°C, then washed
with phosphate buffer and subjected to microscopic
examination.

Total cell count in the BMCP-attached
culture by the number of nuclei stained with
Hoechst 3334. An original method was used to
count the cells retained in the BMCP-2 structure [8]. It
is based on intravital nuclei staining with the Hoechst
3334 fluorescent dye (BD Pharmingen, USA) followed
by wide-field fluorescence microscopy in the Z-stack
mode and subsequent counting of cell nuclei on cross-
linked Z-stack microphotographs. The quantification
was performed on days 1, 3, and 6 after BMCP-2 had
been formed (day 0). To that end, fragments with an
area of 0.64 cm? were separated from the BMCP-2
sample at the predefined time points and transferred
to a 24-well Black Visiplate TMTC plate (Wallac Oy,
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Finland). The separated fragments were stained with
Hoechst 3334 followed by nuclei counting. After the
separation of fragments, BMCP-2 samples were further
cultured for up to 6 days in a humidified 5% CO,
incubator under 37°C, with medium replacement every
2-3 days.

Cell staining with fluorescent membrane
dyes to assess the morphology of MSCs inside
the BMCP structure. To stain the membranes of cells
contained in the BMCP, the fluorochrome Lipophilic
Tracers-DIO DiOC14 (3) Hydroxyethanesulfonate
(Biotium, USA) was used. In accordance with the
manufacturer’s recommendations, aliquots of the dye
were added to the growth medium in a ratio of 1:2000
in wells with BMPC samples and incubated for 30—
40 min to provide for uniform membranes staining.
The washed cells were then studied using a wide-field
fluorescence microscope equipped with a Cytation
5 multifunction imager (BioTek, USA) combined
with the Gen5 Imedge+ software. The resulting
microphotographs were used to document and save
the obtained data.

Quantification of VEGF in the growth medium.
To determine the secretory activity of MSCs within the
BMCP, we measured their ability to produce VEGF-A
factor (from the family of vascular endothelial growth
factor, VEGF).

Sampling was carried out within 3 days after the
BMCP-1 formation, as the final product was intended
for use within 3 days. To do that, BMCP-1 samples
sized at 1 cm? were placed in wells of a 24-well plate
and incubated for 24, 48, and 72 h. Then, 50 pl of the
growth medium was taken to determine the VEGF
content.

In the study of BMCP-2, considering the slower
adjustment of the cells to the matrix, samples of the
growth medium were taken on the 39, 5" and 7%
days after the product formation. As a control, MSCs
of the same lines and passages were cultured in a 24-
well plate in the standard way. Samples of the growth
medium taken before the start of the study served as
a mandatory control: for BMCP-1, those were aliquots
of the medium in which cell-free G-derm plates were
incubated; for BMCP-2, that was the medium in
which the cell-free scaffold samples were incubated.

Table 1
The numbers of cells in BMCP-1 samples

Concentration of VEGF-A was quantified with ELISA-
based reagent kits from Invitrogen, Thermo Ficher
Scientific (USA, Canada). The optical density was
measured using a Sunrise analyzer (TECAN, Austria)
with the Magellan software.

Phenotyping of MSC cultures. The
immunophenotype of adipose tissue MSCs contained
in BMCPs was determined with the help of a BD FACS
CANTO I cytofluorimeter (Becton Dickinson, USA).
A panel of monoclonal antibodies from Beckman
Coulter and Becton Dickinson (USA) was used: CD90
FIC, CD105 PE, 73 PE, 44 FITC, 45 PC5, CD14 PC5,
CD HLA-DR PC7, CD34 PC7 with the corresponding
isotypic controls.

To determine the cell immunophenotype in BMCP-1,
cells were removed from the plate surface with trypsin;
in BMCP-2, the hydrogel scaffold was decomposed by
enzymatic treatment with type 1 collagenase (Sigma-
Aldrich, USA).

Statistical analysis. All measurements were
performed in at least 3 replicates. The results were
processed using nonparametric statistics (Wilcoxon
paired comparison) and the Statistica 6.0 software
package.

Results and Discussion

Cell count and viability assessment in cell
suspensions and in BMCP matrices

Counting the viable cells in suspension by
the trypan blue exclusion method. The counts
of adipose tissue MSCs harvested from the BMCP-1
surface differed between the 6 experiments where the
initial cell density was either 20-10% or 30-10%cm? and
the time of incubation was either 36 or 48 h (Table 1).

The data analysis revealed that the final cell number
depended on their initial cell density, on the time elapsed
after the BMPC formation, on the fixation procedure, and
on the transportation conditions. In addition, the number
of cells in the tested samples might be influenced by
some displacement of the samples inside the wells. In
such cases, microscopy revealed that a sizable number
of cells remained attached to the well bottom and walls
and, apparently, were not be removed by the harvesting
procedure (Figure 1).

Number

Experiment Number  Cultured Initial density  Total number Cells
pNo. of samples  for (h) (x10001cm2)y of cells O‘f::ﬁsm(alft;ggfcﬁf)d under the samples

1 5 48 30 323 64.6
2 2 48 30 127 63.5
3 5 48 20 200 40
4 8 36 20 202 25.3 +t
5 16 48 20 526 39 +
6 5 36 20 11 22.2 +H+
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Figure 1. The state of BMCP-1 after
transportation:

viable MSCs of adipose tissue (arrows) on the
well surface next to the G-derm matrix after
transportation in a sealed package for 24 h; light

microscopy, x100

ADVANCED RESEARCHES

Figure 2. Visualization of cells contained in BMCP-1:
viable MSCs stained with calcein (green staining) on the G-derm surface; fluorescence microscopy,
excitation — 477 nm, emission — 525 nm; (a) x40; (b) x100

In all batches, the viability of cells isolated from the
surface of G-derm plates was not less than 98%.

Cells spread over the surface of the BMCP-1 were
easily detached by trypsinization and counted in a
standard hemocytometer to determine the number of
viable cells. However, the enzymatic treatment could
lead to partial destruction, loss or damage of those cells,
thus resulting in a measurement error; that factor should
be taken into account when analyzing the obtained data.

Determination of viable cells in the BMCP-
attached culture by staining with the vital
fluorescent dye — calcein. When visualizing cells
from the BMCP-1, it was clearly seen that the cells on
the surface of the G-derm plate were spread unevenly,
and most of them were present in the form of colonies
(Figure 2 (a), (b)). The cells showed a typical fibroblast-
like morphology with well-expressed processes. Varying
numbers of colonies were detected in different samples,
but no monolayer formation was observed. We assume
that this pattern of MSC distribution over the G-derm
plate reflected the heterogeneous topography of this
plate.

Total cell count in the BMCP-attached
culture by the number of nuclei stained with
Hoechst 3334. Fluorochrome-labeled cell nuclei were
well visualized inside the BMCP-2 structure (Figure 3).

Methods for Assessing Gell Products for Skin Replacement

Quantification of these nuclei demonstrated a
statistically significant increase in the number of cells
within the BMCP-2 structure during cultivation (Table 2).

Table 2 shows that the number of cells in BMCP-2
changed similarly in all three series and did not vary
between the MSC lines used to form the construct.

As the MSCs become an integral part of the final
BMCP-2 product, their isolation requires a complete
destruction of the non-cellular component by using the
aggressive enzymatic treatment (trypsin, collagenase)
with a high risk of cell loss or damage. The developed
method [8] though made it possible to conduct a
quantitative analysis of the cellular component without
cell destruction and with high accuracy of the results.

Cell staining with fluorescent membrane
dyes to assess the morphology of MSCs
inside the BMCP structure. Three days after
the structure formation, cell expansion with “ejection”

of processes and single intercellular contacts
were registered within the BMCP-2 using phase
contrast microscopy (Leica DMI 3000B, inverted

microscope, Germany) (Figure 4 (a)). After 144 h
(6 days) of BMCP-2 cultivation, we additionally
observed the formation of intercellular contacts and
an entire cell network (Figure 4 (b)). Staining with the
fluorochrome Chromophilic Tracers-DiO DiOC14(3)
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1000 ym

200 um
—

Figure 3. Crosslinked Z-stack microphotographs of cell nuclei (blue staining) from the bulk

of BMCP-2:

(a) Z-stack at 530 um, 24 h of cultivation; (b) Z-stack at 300 um, 72 h of cultivation; fluorescence
microscopy with Hoechst 3334 fluorochrome, excitation — 377 nm, emission — 447 nm; (a) x40;

The numbers of adipose tissue MSCs contained in BMCP-2 during cultivation (mm?) (M£m)

(b) x100
Table 2
Culture Number of samples/
No. vision field 2%
1 5/50 277.5816.08
2 5/50 347.0£10.48
3 5/50 200.6015.02

Time of cultivation (h) Cells
72 144 under the samples
610.01+14.21* 1115.54+26.59* —
483.37+7.69* 530.9010.37** —
255.23+14.48 393.3113.64* —

* p<0.05 — for comparison with 1 day culture (24 h); * p<0.05 — for comparison with 3 day culture (72 h); Wilcoxon test.

Figure 4. MSCs in the structure of BMCP-2:
(a), (b) phase contrast microscopy; (c)—(e) fluorescence microscopy; MSCs are stained with Lipophilic Tracers-DiO membrane
green dye (excitation — 477 nm, emission — 525 nm); (a), (c) 24 h after the formation of BMCP-2: MSCs straighten and form
processes; (a) x100; (c) x40; (b), (d) 120 h after the formation of BMCP-2: a recently formed cell network is seen (x40); (e) 120 h
of cultivation (x100); spindle-shaped cells and intercellular contacts can be seen (arrows)
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Concentrations of VEGF-A in the growth medium with BMCP-1 and with plastic plates (pg/ml) (M+m)

Time of cultivation (h)

Experiment 2 48 79
No.
G-derm (BMCP-1) Plastic G-derm (BMCP-1) Plastic G-derm (BMCP-1) Plastic
1 1497.5£72.3 1342.2+100.4 2408.2+182.0* 1896.0£79.0* 3395.3£264.5* 2159.9442.8*
2 1532.4160.9 488.5+29.1 2347.3182.6* 787.2428.2* 3327.8£122.8* 1056.8+30.5*#
3 375.8£31.8 177.416.2 593.5+22.8* 253.248.6 878.0£39.7*V 334.919.2+#

* p<0.05 — for comparison with G-derm (24 h); ¥ p <0.05 — for comparison with G-derm (48 h); * p<0.05 — for comparison
with plastic (24 h); # p<0.05 — for comparison with plastic (48 h); Wilcoxon test.

Hydroxyethanesulfonate (green) confirmed the cell
viability at this time period (Figure 4 (c), (d)); the cells
were evenly spread throughout the BMCP-2 structure,
thus forming a cell network. At x200 magnification
(Figure 4 (e)), fusiform, fibroblast-like cells with
pronounced processes and intercellular contacts were
well visualized.

The results indicated that the adipose tissue MSCs
preserved their viability and typical fibroblast-like
morphology both on the BMCP-1 surface and in the
BMCP-2 structure, although the cell distribution patterns
differed between these two products.

Mesenchymal stem cells are substrate-dependent
and, like other such cells, upon passage and separation
from the matrix, they grow as a suspension rather
than a monolayer. In this case, the cells change their
morphology and become round-shaped. As a result,
to assess the morphology of the cellular component
of BMCP, which contains substrate-dependent cells,
it would be necessary to cultivate them on a plastic
surface for at least 24 h after isolation. In this study
though, the fluorescence microscopy and the vital dyes
made it possible to visualize and characterize the cell
component of BMCP using a small fragment of the
sample without destroying its structure. In addition, this
approach allowed us to evaluate not only the viability,
but also the morphology of the cells and their distribution
on the surface and/or inside the BMCP structure.

Determination of the functional (secretory)
activity of the cellular component of BMCP. In three
series of experimentation with BMCP-1, we used three
different lines of MSCs with different activities of the
VEGF secretion. Nevertheless, in all three series, we
observed a significant increase in the levels of VEGF-A
in the growth medium. Moreover, the amount of protein
determined during the cell growth on the surface of the
G-derm plate (as part of BMCP-1) was significantly
higher (p<0.05, Wilcoxon test) than that in cells grown
on the plastic surface (Table 3).

The similar experiments with the BMCP-2
demonstrated a gradual increase in VEGF-A in the
growth medium starting from the 3™ day (72 h) in all
series of the study (Table 4). In the control series (cell-
free scaffolds), no changes in VEGF-A were found.

Methods for Assessing Gell Products for Skin Replacement

Table 4

Concentrations of VEGF-A in the growth medium
with BMCP-2 (pg/ml) (Mtm)

Experiment Time of cultivation (h)
No. 72 120 168
1 2129.3122.8  9521.9+794.9*  20754.1+971.7*'
2 1874.9+406  3661.5£189.9*  6087.7+111.4*
3 1698.9190.6  2660.9+105.6*  3620.1+107.9*

* p<0.05 — for comparison with the 3 day culture (72 h);
v p<0.05 — for comparison with the 5 day culture (120 h);
Wilcoxon test.

According to these results, adipose tissue MSCs
maintained the functional activity and VEGF-A secretion
in both the BMCP-1 and BMCP-2 structures.

VEGF is a key angiogenic factor [9], which, like
other growth factors, is synthesized by MSCs both in
vitro and in vivo [10, 11]. In addition to stimulating the
angiogenesis, this protein triggers the proliferation
and migration of endothelial cells and increases the
permeability of blood vessels. In different BMCPs,
non-cellular components have different physical
characteristics (e.g., stiffness), which may affect the
ability of MSCs to secrete VEGF [12]. Accordingly,
the VEGF-A level in adipose tissue MSCs can serve
as a criterium for assessing the quality of a BMCP,
specifically, the preservation of the functional activity
of MSCs contained in its structure. Using the proposed
approach, we were able to evaluate the secretory activity
of adipose tissue MSCs held inside the BMCP structure
without its destruction and by using a minute volume of
the growth medium. It should be noted that the protein
concentration in the growth medium can characterize
the functional activity of MSCs as part of BMPC after
cryopreservation, which is most likely to be required in
clinical practice.

Identification of the cell line. Before starting the
BMPC forming procedures, we made sure that the
phenotype of the MSC lines met the ISCT requirements:
the mesenchymal cell markers CD90, CD105, CD73,
and CD44 were expressed by more than 95% of cells,
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and there was no expression of CD45,
CD34, CD14, or CD HLA-DR.

We then found that the MSC
phenotype changed after the cells were
removed from the G-derm plate surface
48 h after the formation of BMCP-1
(Figure 5).

After the separation from the BMCP-1,
a significant decrease in the number
of CD90* cells (15-80%) and a slight
decrease in the number of CD73* and
CD105* cells were found. When cultured
on the plastic surface under the standard
conditions, cells isolated from BMCP-1
had their phenotype restored with a high
proportion of specific markers CD90 —
99%, CD105 — 99%, CD73 — 99%,
CD44 — 99% and with a low proportion
of CD45 — 0.5%, CD34 — 0, and CD
HLA-DR — 0.

MSCs cultured as part of BMCP-2
were isolated using collagenase
treatment, which resulted in a significant
(from 60 to 80%) loss in CD90* cells but
no change in CD73* and CD105" cells
(Figure 6).

After culturing for 96 h on the plastic,
restoration of 95-96% of CD90* cells
was noted.

It can be assumed that the trend
toward a decrease in the number of the
marker-specific MSCs cultured in the
medium-floating matrices may represent
a response to the changed culture
conditions during the transition from a
2D plate culture to an organotypic 3D
culture incorporated in the BMCP [13].
This hypothesis is supported by the
fact that within 1-3 days after being
transferred from BMCP to regular plastic
plates, the cells return to their original
phenotype.

It should be noted that the
development of MSCs as the cellular
components of skin replacement
BMCPs is one of the priority areas
of today's regenerative medicine:
a number of MSC-based products
currently undergo preclinical and clinical
studies [14, 15]. Within this context, the
development of relevant assessment
methods for MSCs as parts of various
constructs is of growing importance.
The present study showed, among other
results, that two different BMPs having
similar cellular compositions required
somewhat different approaches to
characterize their cellular components.

D.Ya. Aleynik, E.V. Zagaynova, M.N. Egorikhina, L.N. Charykova, 0.S. Rogovaya, ..., E.A. Vorotelyak



Conclusion

In this study, we propose an approach to assessing
the quality of biomedical cell products while considering
their production and transportation as well as their
cellular and non-cellular composition. Specifically,
we conclude that for non-transparent and/or multi-
component products, it is advisable to choose the
quality control methods involving a minimal treatment by
proteolytic enzymes.
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