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ABSTRACT

Purpose of the study. Testing the protocol of obtaining cell spheroids of breast cancer cell cultures for bioprinting by growing
in alginate drops.

Materials and methods. Cells of breast cancer cell lines BT-20 and MDA-MB-453 were cultured in DMEM medium supple-
mented with 10 % FBS. Next, the cells were removed from the plastic using a trypsin-Versene solution and resuspended in
a sterile 2 % alginate solution in DPBS to the concentration of 10° cells/ml. Then the alginate solution with the cells was
slowly dripped through a 30G needle into a sterile cooled solution of calcium chloride (100 mM) from a height of 10 cm.
After polymerization, alginate drops were washed in DMEM and cultured for two weeks in DMEM with the addition of 10 %
FBS at 37 °C and 5.0 % CO,.The spheroids formed in the alginate were photographed on the 3rd, 7th, 10th, and 14th days of
cultivation, after which they were removed from the alginate by keeping in 55 mM sodium citrate solution with the addition of
20mM ethylenediaminetetraacetic acid (EDTA) and embedded in paraffin blocks according to the standard method, followed
by histological examination.

Results. Cellular spheroids were formed in both cell cultures already on the 3rd day of cultivation. From the 3rd to the 10th
day in both cultures, a uniform growth of cell spheroids was observed with a gradual slowdown in the increase in the size
of spheroids by the 14th day of cultivation. On the 10th day the proportion of cells that formed clones (more than 500 ym?
in size) was 25.2 % = 7.1 % (n = 25) in the BT-20 culture and 38.5 % + 9.9 % (n = 25) in MDA-MB-453 culture. On the 14th day,
BT-20 culture was characterized by spheroids varying little in size and shape, with an average area of 1652 + 175 pm?, having
a dense structure with smooth edges. The spheroids in MDA-MB-453 culture turned out to be more loose and easily deformed,
their size and shape varied noticeably, the average area of the spheroids was 2785 + 345 pm?2.

Conclusion. The production of spheroids in alginate drops is inferior in speed to the methods of forming cell conglomerates
in hanging drops or on microwells, but it surpasses these methods in productivity, which is comparable to the production of
spheroids by constant medium stirring on low-adhesive substrates. In addition, the clonal nature of the obtained spheroids
leads to an increase in research costs and thus limits their scalability.
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3.1.6. OHKonorus, nyyeBas Tepanus

OPUT'MHAJIbHASl CTATbA

KYIbTUBUPOBAHME KJTETOK B A/TbTUHATHBIX KATUIAX, KAK
BbICOKOMPOU3BOAUTENbHBIU METO/L MONYYEHUA KNETOYHbIX COEPOU/OB

AJ19 BUONEYATH
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PE3IOME

Lienb uccnepoBaHus. TeCTMpoBaHWE NMPOTOKOIA MOMYYEHWs KIIETOUHbIX CheponaoB KynbTyp paka MosiouHom xenesbl (PMXK)
AN 6uoneyaTv NyTéM HapallMBaHNA B afibrMHATHbIX Kannsix.

Matepuanbl u metoabl. Knetku kynsTyp BT-20 1 MDA-MB-453 kynsTuBmpoBanu B cpege DMEM ¢ go6asneHvem 10 % FBS.
[anee kneTkn cHUManu ¢ NnacTuka Npyu NOMOLLM pacTBopa TpPUNCcUH-BepceHa n pecycneHamMposanu B CTEPUSIbHOM 2 %
pacTBope anbruHara, npurotoBrieHHoM Ha DPBS, go koHueHTpauuu 10° kn/Mn. PacTBop anbruHarta ¢ Knetkamu uccnegye-
MbIX KynbTyp PMXX MegneHHo Kananu Yepes urny 30G B CTEpUIIbHbBIN OXaXXAeHHbI pacTBop xnopvaa Kanbuus (100 MM)
¢ BbicoTbl 10 cm. lNocne nonmmepusaLlmmn anbruHaTHble Kanam oTMbiBanu B cpeae DMEM u kKynbTuBupoBanu B TeyeHue
nByx Hefenb B cpeae DMEM c po6asnennem 10 % FBS npu 37 °C n 5,0 % CO,. O6pasytolmecs B anbriHate cheponabl hpoTo-
rpacdupoBanu Ha 3-, 7-, 10- u 14-e CyTKU KyNbTUBUPOBAHUS, MOCIIE YEro UX U3BNIEKANM U3 aflbrMHaTa NyTEM BblAepXKMBaHNSA
B 55MM pacTBope unTpaTa HaTpusa ¢ gobasneHmemM 20MM aTuneHANAMUHTETPAYKCYyCHOM KucnoTbl (3ATA) u 3aknoyanm
B napabuHoBble 610KN N0 CTaHAAPTHOW METOAMKE C NOCNeAYHOLWMM FMCTONIOMMYECKUM UCCE[0BaHNUEM.

Pesynbratbl. KnetouHble cdheponipl-kKioHbl 06pa3oBbIBaMCh B 06eux KyNbTypax yXe Ha 3 CyTKu KynbTuBupoBaHus. C 3 no
10-e cyTku B 06enx KyNnbTypax Habnohancs paBHOMEPHbIN POCT KNETOUYHbIX CHEPOMAO0B C NOCTENEHHbIM 3aMefJIeHUEM
yBENUYEeHNs paamepoB cheponsios K 14-My AHIO KyNbTUBUPOBaHUS. [lons KNeTok, 06pa3oBaBLUMX KNOHbI (pasaMepom
6onee 500 Mkm?), Ha 10-e cyTku coctaBuna 252 % + 7,1 % (n = 25) B kynbType BT-20 1 38,5 % + 9,9 % (n = 25) B KynbType
MDA-MB-453. Ha 14-e cyTku ana BT-20 6b111 xapakTepHbl chepoufibl, Mano BapbupytoLiue no pa3mMepy u hopme, cpegHen
niowagpto 1652 + 175 MKM?, o6nagatoLne NAoTHOM CTPYKTYPOW ¢ POBHbIMU KpasiMu. Ccheponbl U3 KNeToK KynbTypbl
MDA-MB-453 okasanucb 6onee pbixabiMu U Nerko aehopmMupyownMmncs, ux pasamepbl 1 Gopma 3aMeTHO BapbMpoBany,
cpeaHas nnowaab cheponor coctaBuna 2785 + 345 Mkm2.

3aknioyenue. [MonyyeHne cheponaos B anbrMHaTHbIX Kanmsx yCTynaeT No CKOPOCTU MeToAam GopMUPOBaHMS KIIETOYHBIX
KOHIIOMepaToB B BUCAYMX Kamnasax UM Ha MUKpOsiYenKax, OfHaKo NpeBOCXOANUT 3TN METOAbI MO MPOU3BOAUTENIbHOCTH, KO-
Topasi cpaBHMMa C nonyyeHnem cheponoB Ha HU3KOAAre3MBHbIX MOASIOXKKAX NYTEM NMOCTOSIHHOrO NepeMeLLIMBaHNA Cpefbl.
Kpome Toro, knoHanbHasi npMpoAa nonyyaemMbix cheponoB NPUBOANT K yBEIMYEHMIO TPaT Ha NPOBefeHNe UccnefoBaHuii
1 OrpaHMuYmnBaEeT, TEM CaMbIM, UX MacLLUTabupyeMocCTb.

KntoueBble cnoBa: TpEXxMepHas KJIeToYHas KyJbTypa, KNeTouHbli chepouna, anbrHat, 6uoneyatb
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BACKGROUND

Breast cancer (breast cancer) remains an urgent
problem of modern healthcare [1; 2]. In the structure
of the incidence of malignant neoplasms of the fe-
male population in Russia, breast cancer occupies
the first place [3; 4], its incidence in 2021 accounted
for 22.1 % of new cases, and the average annual
rate of increase in morbidity from 2011 to 2021 was
1.72 %. In terms of mortality, this pathology also
ranks first among malignant diseases in women -
breast cancer accounted for 15.8 % of all cancer
deaths in 2021 [5]. The reduction of mortality de-
pends on the development and introduction of new
drugs and approaches to the treatment of tumors.
Despite the progress in the discovery of new anti-
tumor agents, only a small part of the substances
that have demonstrated effectiveness in preclini-
cal studies on cell cultures and animal models are
successfully undergoing clinical trials. Scientists
agree that the main reason for this state of affairs
is the discrepancy between the biological character-
istics of monolayer cell cultures and tumors grown
in animal models and the characteristics of human
tumors [6]. In particular, it is known that the culti-
vation of cancer cells in two-dimensional cultures
leads to a change in their phenotype and loss of
expression of molecules of key signaling pathways,
which these cells demonstrate in vivo in the body of
patients [7]. In this regard, it is urgent to create new
models of tumor growth that would combine the
mass and reproducibility characteristic of in vitro
cell cultures and the complexity demonstrated by
animal models. One of the promising directions of
the search is to recreate the three-dimensional mi-
croenvironment of the tumor in vitro by combining
various components using bioprinting methods [8].
Researchers use various materials and approaches
to the construction of such models, but in gener-
al they are malignant cells and microenvironment
cells enclosed in biogels of different chemical na-
ture and origin. In this case, most often the cells are
located in the thickness of the biochernils singly,
at a distance significantly exceeding that observed
in situ [8]. Such a structure of the model obviously
does not allow to fully reflect the biological features
of the tumor, so attempts are being made to intro-
duce cellular spheroids into bioprinted designs — the
simplest models of tumor nodes that have proven

themselves well in the practice of preclinical stud-
ies [9]. As a rule, cell spheroids for bioprinting are
obtained by methods of mechanical agglomeration
of cells by suspending a cell suspension in droplets,
using small-cell plates or special matrices, culturing
on a low-adhesive substrate with constant mixing of
the medium, as well as by directly imprinting a biogel
with a high concentration of cells into the matrix
model [10]. One of the least common approaches
to obtaining cellular spheroids for bioprinting is their
cultivation from single progenitor cells. However,
spheroids obtained in this way, in our opinion, are
more adequate models of micrometastases or early
stages of tumor node formation than mechanical
cell conglomerates, since each cellular spheroid in
this case is a clone of one cell. In addition, the tumor
model assembled from individual clones is more
consistent with the structure observed in a hetero-
geneous tumor in situ. As a rule, spheroids-clones
are obtained by culturing tumor cells in a biogel that
does not support cell adhesion. The most popular
biogel for producing spheroids is soft agar or aga-
rose gels, which are traditionally used by researchers
to estimate the number of tumor stem cells (TSC) in
culture [11]. However, to obtain spheroids suitable
for bioprinting, this method is not applicable, since
the extraction of cells from agarose gel is associated
with heating and mechanical action, which reduces
their viability. We suggested that encapsulation of
cells in alginate droplets could be considered as
a promising method for obtaining spheroids for bi-
oprinting. Previously, this approach was tested by
us to study the properties of stemness in adhesive
cell lines of colorectal cancer [12]. Alginate gel, like
agarose, does not support adhesion, but its advan-
tage is the ability to rapidly depolymerize under the
action of agents chelating calcium ions, which allows
you to quickly extract the resulting spheroids under
physiological conditions and then use them in bio-
printing. Analysis of the literature data has shown
that the approach based on the build-up of spheroids
in alginate, followed by purification and conclusion of
biogel, has not yet been applied by anyone. In some
studies, bioprinting of a tumor model with single
cells in an alginate-gelatin biogel is found, followed
by the formation of spheroids-clones directly in the
resulting structure [13]. In contrast to our proposed
approach, this method of including spheroids in the
model does not make it possible to widely vary the
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composition of biochernils, and also does not allow
for precise adjustment of the composition and loca-
tion of other elements of the model.

The purpose of the study: development and test-
ing of a protocol for obtaining spheroids of breast
cancer cultures for bioprinting by building up in an
alginate gel.

MATERIALS AND METHODS

BC cell cultures BT-20 and MDA-MB-453 served
as the material for the study. The cells were cultured
in DMEM (Gibco) medium with the addition of 10 %
FBS (Hyclone). When the monolayer of cells reached
70 % confluence, they were removed from the plastic
using a trypsin-Versene solution (1:1; Biolot, Russia).
Next, the cells were resuspended in a sterile 2 % algi-
nate solution (Sigma) prepared on DPBS (Biolot) to
a concentration of 10° cells/ ml. The alginate solution
with the cells of the studied breast cancer cultures
was slowly dripped through a 30G needle into a ster-
ile cooled calcium chloride solution (100 mM) from
a height of 10 cm. Upon contact with a solution of
calcium chloride, alginate droplets were instantly
cured and beads with a diameter of 2.5-3 mm were
formed (Fig. 1). The obtained beads were kept for
additional polymerization in a solution of calcium
chloride for another 5 minutes and washed once
with a cooled DMEM medium, after which they were

1. Extrusion of alginate
solution with cells into
CaCl, solution

DMEM

2. Washing alginate
beads with cells in

placed in a cultivation medium consisting of DMEM
with the addition of 10 % FBS. Next, alginate beads
with breast cancer culture cells enclosed in them
were cultivated for 14 days with medium replacement
every three days. Spheroids formed in alginate were
photographed on the 3rd, 7th, 10th and 14th days of
cultivation. In the obtained images, the size of the
spheroids was determined using the ImagedJ pack-
age. Statistical processing of the results was carried
out using MS Excel software.

On the 14th day of cultivation, alginate was dis-
solved by holding beads in a 55mM sodium citrate
solution with the addition of 20mM ethylenedi-
aminetetraacetic acid (EDTA) for 3 minutes at room
temperature. The isolated spheroids were washed
twice in a culture medium and placed in a 5 % aga-
rose gel, which, after curing, was enclosed in a paraffin
block according to a standard procedure. The histolog-
ical structure of the obtained cellular spheroids was
studied on sections stained with hematoxylin-eosin.

RESEARCH RESULTS AND DISCUSSION

Both cell cultures in alginate drops showed growth
already on the third day of cultivation. At the same
time, the BT-20 culture formed approximately the
same rounded spheroids in size, while the cells of the
MDA-MB-453 culture formed spheroids of different
shapes and sizes (Fig. 2a, b). The difference in the

3. Cultivation in a
DMEM with the
addition of 10 % FBS

Fig. 1. Schematic representation of the protocol for obtaining cellular spheroids in alginate droplets.
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growth pattern of spheroids remained on the 10th
day of cultivation (Fig. 2b, d).

Variability in the size and shape of spheroids can
be a negative phenomenon for those bioprinting
applications in which measurement of the size of
spheroids in the composition of the resulting contruct
is required in response to various influences. As, for
example, it is required in the case of bioprinting a tu-
mor growth model. If compared with other methods
of spheroid formation, the proposed method is infe-
rior in this indicator to methods of direct imprinting
of a thick suspension of cells into the matrix model
and methods of controlled agglomeration of cells in
hanging droplets or microlunks, but comparable to
free-floating spheroids-conglomerates on low-adhe-
sive substrates [4]. To overcome this disadvantage,
it is possible to propose the use of various methods
of separation (filtration, centrifugation) of spheroids-
clones in size before printing or the use of automatic
microscopes with precise positioning of the slide
table for the analysis of the resulting models, which

will allow taking into account the behavior of each
spheroid separately.

From the 3rd to the 10th day of cultivation, uniform
growth of cellular spheroids was observed in both
cultures with a gradual slowdown in the increase in
the size of spheroids by the 14th day of cultivation.
At the same time, on average, the size of the MDA-
MB-453 spheroids was larger than that of BT-20 (Fig.
3). For BT-20, spheroids with an average area of 1652
+ 175 um? were characteristic, and the average area
of spheroids formed by MDA-MB-453 culture cells
was 2785 + 345 pm? . This phenomenon can be ex-
plained by the semi-adhesive nature of the growth
of the MDA-MB-453 culture on culture plastic, which
gives the cells of this culture an advantage even un-
der growing conditions in an alginate gel that does
not support cell adhesion.

Thus, the optimal time for collecting spheroids
for the purpose of further bioprinting for these crops
is 7-10 days of cultivation. This rate of spheroid
formation is comparable to free-floating spheroids-

Fig. 2. Beads made of 2 % alginate gel with breast cancer culture cells enclosed in them. a — culture BT-20 for the 3rd cultivation knocks;
b - culture MDA-MB-453 for the 3rd cultivation knocks; ¢ — culture BT-20 for the 10th cultivation knocks; d- culture MDA-MB-453 for the
10th cultivation knocks. The size of the scale lines: a,b -3 mm; c,d — 0.5 mm.
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conglomerates on low-adhesive substrates, but sig-
nificantly inferior to the rate of formation of cellular
spheroids with controlled agglomeration of cells in
hanging droplets or microlunks, where this indica-
tor can range from 3 to 48 hours, depending on the
materials used [10].

On the 10th day of cultivation, when the increase
in the size of the spheroids begins to stabilize and it
is possible to proceed to bioprinting, we measured
the proportion of cells that formed clones (larger than
500 microns). Data analysis showed that this indica-
tor was 25.2 % = 7.1 % (n = 25) in BT-20 culture and
38.5% 9.9 % (n = 25) in MDA-MB-453 culture. Thus,
at a concentration of 100 thousand cells/ml, from one
milliliter of alginate gel with BT-20 and MDA-MB-453
culture cells, 25-38 thousand spheroids suitable for
further bioprinting can be obtained, which is orders
of magnitude greater than the capabilities of even
high-performance methods of spheroid formation in
microlunks and hanging droplets and comparable to
the formation performance free-floating spheroids-
conglomerates on low-adhesive substrates [10]. The
yield of cellular spheroids and their growth rate can
be increased even more if growth factors such as EGF
and FGF, which enhance cell division under conditions
of reduced adhesion, are used [12].

The histological structure of spheroids after ex-
traction from alginate gel differed between cultures.
BT-20 was characterized by spheroids of dense struc-
ture with smooth edges, retaining their shape after
extraction from the gel, double washing and inclusion
in the agarose block (Fig. 4a). Spheroids from the

cells of the MDA-MB-453 culture turned out to be
more loose, easily deformed with the loss of part of
the cells from the surface layers after washing in the
culture medium (Fig. 4b). The observed differences
may be associated with a smaller amount of extra-
cellular matrix formed by cells of the MDA-MB-453
culture in comparison with the BT-20 culture.

The structure of spheroids plays an important role
in bioprinting. Loose decaying cellular conglomerates
lose their shape during extrusion through the nozzle,
which negatively affects the quality of measurement
results carried out on a 3d model of tumor growth
obtained by bioprinting using such spheroids. Cellular
conglomerates obtained by aggregation in a hanging
drop, as a rule, have a very dense structure and me-
chanical strength [14], as well as spheroids obtained
in microplates [10], which favorably distinguishes
these approaches from our proposed one. At the
same time, free-floating spheroids-conglomerates
on low-adhesive substrates, are comparable or even
more inferior in strength to the spheroids-clones ob-
tained by us. The selection of cell cultures that secrete
a large number of extracellular matrix molecules (col-
lagen, laminin, hyaluronic acid, and others) is likely to
improve the practice of obtaining spheroids in alginate
drops with the density and strength characteristics
necessary for the needs of bioprinting.

A characteristic feature of the spheroids obtained
by us from the cells of both cultures was the ab-
sence of a central apoptosis/necrosis region, which
is probably explained by their small size. It is known
that the first signs of cellular damage under the influ-

T ;‘—'——‘T
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———MDA-MB-453
g 3000
g e BT-20
= 2500 1
2 /
S 2000
<%}
= - /
2. 1500 Ve
2 000 I —1
S //
1™
< 500 e
O T

10 14

Cultivation time, day

Fig. 3. Dynamics of growth of cellular spheroids formed in 2 % alginate gel by cells of BT-20 and MDA-MB-453 cultures. The data are
presented as a sample mean value + 95 % confidence interval of the general mean.
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ence of hypoxia and lack of nutrients begin to mani-
fest themselves in the center of the spheroids upon
reaching their radius of 100 microns or more [15],
in our case, the radius of even the largest cellular
spheroids did not exceed 30 microns. Currently, it has
been established that the adaptation of malignant
cells and microenvironment cells to the lack of nu-
trients and oxygen observed in the tumor contributes
to the development of chemo- and radioresistance,
immunosuppression, invasion and metastasis, being
one of the most important obstacles to cancer treat-
ment [16]. In this regard, the reproduction of hypoxia
and nutrient deficiency in a bioprinted cancer model
has a special value. Large cellular spheroids are the
main material on which hypoxia is studied in vitro,
however, due to their size, bioprinting by extrusion
through a thin nozzle with such structures is not pos-
sible. Therefore, in such models, direct imprinting of
a suspension of cells into a biogel or a combination
of methods of preforming sufficiently large cell con-
glomerates with subsequent pouring into a biogel is
more often used [15]. Small spheroids, like those that
we obtained by culturing cells of MDA-MB-453 and
BT-20 cultures in alginate droplets, serve as good
material for bioprinting, but do not show signs of
hypoxia. Therefore, in this case, modeling of natural
deficits existing in the tumor will be carried out not
at the level of individual spheroids, but at the level
of the entire model, where various gradients can be
created by controlling the composition of the model
components and their precise positioning relative
to each other and sources of nutrients and gases.
In the MDA-MB-453 cell culture grown in alginate
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droplets, individual spheroids of different sizes with
signs of degradation of cell nuclei were found (Figure
4b, isolation), indicating the beginning of cell death
processes. This phenomenon, along with the un-
even distribution in size and shape of the spheroids
formed, may indicate a pronounced heterogeneity
of clones formed by the MDA-MB-453 culture under
these cultivation conditions. Heterogeneity is funda-
mentally unavoidable when it comes to spheroids-
clones, and is a definite challenge for modeling tumor
growth in vitro using such structures. In the case of
multicellular conglomerates obtained by mechanical
connection of cells (the hanging drop method or the
formation of spheroids in cells), each such spheroid
combines cells with different biological character-
istics, as a result of which the difference between
such cellular conglomerates becomes insignificant.
Therefore, each multicellular spheroid can be con-
sidered an experimental repeat. In the case of clone
spheroids, not every spheroid should be considered
a separate experimental repeat, but their totality,
which must be taken into account when designing
a model of tumor growth that includes such struc-
tures. Thus, in order to obtain reliable results of the
experiment of spheroid clones, tens of times more
is required, which increases the cost of conducting
research and thereby limits their scalability.

CONCLUSION

Using encapsulation in an alginate gel makes it
possible to obtain in a short time a large number of
cellular spheroids-clones suitable for bioprinting.
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Fig. 4. Spheroids formed by cells of breast cancer cultures in a 2 % alginate gel on the 14th day of cultivation. a - culture BT-20, b — culture

MDA-MB-453. Staining with hematoxylin-eosin.
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The method we are testing is inferior to the meth-
ods of agglomeration of cells in a hanging drop and
on microcells in terms of the speed of spheroid for-
mation, as well as the density and uniformity of the
resulting structures, but has an advantage over these
methods in performance, which is comparable to the
method of obtaining cellular spheroids by cultivation
on low-adhesion substrates with constant mixing of

the medium. The clonal nature of spheroids grown
in alginate droplets somewhat increases the cost
of conducting research using models derived from
them compared to other approaches. However, such
spheroids, in our opinion, are the best material for
constructing, for example, bioprinted models of the
development of micrometatstases, i.e. structures
that by their nature are also clones of a single cell.
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