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ABSTRACT

Three-dimensional (3D) spheroid culture may modulate the paracrine activity of mesenchymal stem cells. This study com-
pared the effects of conditioned media from two-dimensional (2D) cultures and 3D spheroids of human umbilical cord mes-
enchymal stem cells (hUC-MSCs) on endothelial wound closure in vitro. Passage-3 hUC-MSCs were cultured as adherent
monolayers or assembled into spheroids using MicroTissues® agarose micromolds. Spheroid morphology and diameter were
assessed at 24, 48, and 72 h. Immunofluorescence analysis included CD73, CD90, CD105, and CD45 in 2D cultures and CD90
and CD105 in intact 3D spheroids. Human umbilical vein endothelial cells (HUVECs) were exposed to 2D-conditioned me-
dium (2D-CM), 3D-conditioned medium (3D-CM), or endothelial growth medium (control). Scratch-assay images were ac-
quired at 0 and 24 h, and wound closure was calculated relative to the initial cell-free area. Spheroids formed in all 81 as-
sessed microwells. Mean diameter increased from 310 + 20 pm at 24 h to 420 £ 25 um at 48 h and 500 + 30 pm at 72 h (mean
+ SD). CD90 and CD105 remained detectable following spheroid formation. At 24 h, wound closure estimated from individ-
ually selected images (not from independent experiments) was approximately 100%, 66.0%, and 72.7% for 3D-CM, 2D-CM,
and control, respectively. These preliminary descriptive findings suggest greater endothelial wound closure with 3D-CM; con-

firmation requires matched-field analysis across independent experiments with statistical analysis.
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INTRODUCTION

Human mesenchymal stem cells (MSCs) have attracted
considerable interest in regenerative medicine because their
biological effects extend beyond direct cellular replacement.
Increasing evidence indicates that soluble mediators and other
extracellular products released by MSCs contribute substan-
tially to their interactions with surrounding cells and tissues
[1,2]. Consequently, culture conditions that modify MSC or-
ganization and paracrine signaling may influence their func-
tional activity.

Conventional two-dimensional (2D) culture provides a
practical system for MSC expansion but imposes an artificial
planar environment with limited cell-cell contact. Three-di-
mensional aggregation restores extensive intercellular inter-
actions and creates local gradients of nutrients, oxygen and
signaling molecules that are absent or less pronounced in
monolayer culture. These changes can influence cellular or-
ganization, extracellular matrix interactions and the composi-
tion of products released into the surrounding medium [3,4].
Comparative studies of 2D and 3D MSC cultures have re-
ported differences in cellular metabolism [5], phenotypic ho-
mogeneity and immunomodulatory activity [6], cell size and
lifespan [7], and stem-cell characteristics [8]. Spheroid culture
has therefore emerged as a useful approach for investigating
how spatial organization affects MSC function.

The biological properties of MSC spheroids depend
strongly on the method of aggregation and the resulting ag-
gregate dimensions. Spheroid size has been associated with
differences in cellular state and the angiogenic activity of

MSC-derived soluble factors and extracellular vesicles [9].
Accordingly, reproducible control of aggregate formation is
important when comparing the functional properties of 2D
and 3D cultures. Non-adherent micromolding offers a rela-
tively simple means of generating multiple spheroids under
geometrically defined conditions without introducing an ad-
ditional scaffold material into the cellular aggregate, unlike
hydrogel-based 3D systems [10,11].

The paracrine consequences of spheroid formation are par-
ticularly relevant to vascular and regenerative applications
[12]. MSC-derived conditioned media contain complex mix-
tures of biologically active molecules capable of influencing
endothelial behavior [2,12], including extracellular vesicles
whose potency differs between 2D and 3D culture conditions
[13]. Previous studies have reported wound-related and pro-
angiogenic activities of conditioned media or secreted prod-
ucts obtained from 3D MSC cultures [14—16]. However, these
effects depend on cell source, spheroid configuration, condi-
tioning protocol and recipient-cell model, making direct func-
tional assessment essential for each culture system.

Human umbilical vein endothelial cells (HUVECS) pro-
vide a useful recipient-cell model for assessing endothelial re-
sponses to MSC-derived products. Scratch-based wound-clo-
sure assays can capture the integrated effects of conditioned
media on endothelial migration, proliferation and cell spread-
ing. Comparison of conditioned media generated under 2D
and 3D conditions can therefore provide functional informa-
tion on whether spheroid organization is associated with al-
tered MSC paracrine activity.

Based on this body of evidence, the aim of the present
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study was to investigate the effect of conditioned media de-
rived from 3D hUC-MSC spheroids on in vitro wound heal-
ing, in comparison with conditioned media derived from con-
ventional 2D-cultured hUC-MSCs, using a HUVEC scratch/
wound-healing assay as a model of endothelial regeneration.

MATERIALS AND METHODS

Isolation and expansion of hUC-MSCs. Human umbili-
cal cord mesenchymal stem cells (hUC-MSCs) were isolated
from umbilical cord tissue provided by Medicell (Astana, Ka-
zakhstan). The tissue was obtained from a healthy full-term
pregnancy with written informed consent, under institutional
ethical oversight at the National Center for Biotechnology.

Cells were isolated using the explant (tissue-outgrowth)
method, following the previously described protocol for
Wharton’s jelly-derived MSCs [17]. Briefly, umbilical cord
segments were transported to the laboratory in phosphate-buff-
ered saline (PBS; Gibco) supplemented with 1% antibiotic—
antimycotic solution (Anti-Anti; Gibco), rinsed to remove re-
sidual blood, and cut into fragments of approximately 5 cm?.
The umbilical vessels were carefully dissected and removed
to minimize contamination with endothelial and perivascu-
lar cells. The remaining Wharton’s jelly tissue was placed di-
rectly onto the surface of T25 culture flasks and maintained
in g-minimum essential medium (a-MEM; Gibco) supple-
mented with 10% fetal bovine serum and 1% antibiotic—an-
timycotic solution at 37 °C in a humidified atmosphere con-
taining 5% CO..

Explants were left undisturbed for the first 5-7 days to fa-
cilitate attachment and initial cell outgrowth, after which the
medium was replaced every 3—4 days. Spindle-shaped, fibro-
blast-like cells migrated from the explants and adhered to the
culture surface within 10-14 days. After 2-3 weeks, the tissue
fragments were removed once sufficient cellular outgrowth
had developed. The primary adherent population (passage 0)
was cultured to approximately 80-90% confluence before the
first passage.

For subsequent monolayer expansion, cells were seeded
at 2.8 x 10* cells/cm? in the same complete medium, which
was replaced every 2 days. At approximately 80% conflu-
ence, cells were detached using 0.25% trypsin—EDTA for 5
min at 37 °C. Following enzyme neutralization, cell suspen-
sions were centrifuged at 1,000 rpm for 5 min, resuspended
in complete medium, and assessed for cell number and via-
bility using an automated cell counter with trypan-blue ex-
clusion. Cells were expanded to passage 3 and used for sub-
sequent comparisons between 2D and 3D culture conditions.

Generation and morphological characterization of hUC-
MSC spheroids using agarose micromolds. Three-dimensional
hUC-MSC spheroids were generated using a scaffold-free,
non-adherent agarose micromold system (MicroTissues® 3D
Petri Dish®, 12-81 format) comprising a 9 x 9 array of 81 re-
cesses, with nominal dimensions of 800 um in diameter and
800 um in depth. Agarose inserts were prepared by dispensing
500 pL of sterile 2% (w/v) agarose dissolved in 0.9% (w/v)
sterile saline into each autoclaved casting mold. Following
gelation at room temperature, the agarose inserts were care-
fully removed, transferred to 12-well tissue culture plates, and
equilibrated in complete culture medium through two consec-
utive 15-min incubations.
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Passage-3 hUC-MSCs were harvested by trypsinization,
counted, and resuspended in complete culture medium. The
seeding density was adjusted empirically to obtain spheroids
within the intended diameter range of approximately 400—
500 pm, using approximately 1.5-2.0 x 10* cells per recess,
corresponding to approximately 1.2—1.6 x 10° cells per aga-
rose insert. A 190-uL single-cell suspension was carefully
dispensed into the central seeding chamber and left undis-
turbed for 1 h to allow gravitational settling into the microw-
ells. Subsequently, 2.5 mL of complete culture medium was
gently added to the surrounding well without disturbing the
seeding chamber. Cultures were maintained at 37 °C in a hu-
midified atmosphere containing 5% CO.. The reservoir me-
dium was replaced every 2—3 days while leaving the agarose
inserts undisturbed.

Spheroid formation and morphology were examined at
24,48, and 72 h using an inverted phase-contrast micro-
scope. Quantitative morphometric analysis was performed
on calibrated brightfield images using ImageJ (NIH, USA).
The projected area (A) of each spheroid was delineated, and
the equivalent circular diameter (d) was calculated as d =
2V(A/m), providing a standardized linear measure of spheroid
size [18]. At each time point, all 81 spheroids within a single
agarose insert were evaluated, and diameters were expressed
as mean =+ standard deviation (SD). These measurements char-
acterized within-insert size variation rather than variability
across independent biological replicates. Spheroid compact-
ness, contour regularity, and the presence of loose aggregates
or fragmentation were additionally assessed qualitatively us-
ing the same image set.

Immunocytochemistry. Immunocytochemical staining
was performed to evaluate the expression of the mesenchy-
mal stem cell-associated markers CD73 (Abcam, ab317462),
CD90 (Abcam, ab181469), and CD105 (Abcam, ab231774),
with CD45 (Abcam, ab10558) included as a hematopoiet-
ic-lineage marker. Staining was conducted on coverslip-ad-
herent 2D cultures and intact 3D spheroids to examine marker
expression in both culture formats.

For 2D cultures, hUC-MSCs were seeded onto sterile cov-
erslips and allowed to attach overnight. The culture medium
was subsequently removed, and the cells were washed with
phosphate-buffered saline (PBS) and fixed with 4% parafor-
maldehyde for 15 min at room temperature. Following fixa-
tion, the specimens were washed with PBS and subjected to
blocking to reduce nonspecific antibody binding.

For 3D cultures, intact spheroids were recovered from the
agarose micromolds before fixation. The micromolds were
centrifuged at 10,000 rpm for 10 min and carefully inverted
onto a sterile plastic surface to collect the released spheroids.
The recovered spheroids were washed with PBS, fixed with
4% paraformaldehyde for 15 min at room temperature, and
subjected to the same blocking procedure as the 2D speci-
mens. Spheroids were processed as intact aggregates without
enzymatic dissociation.

Following blocking, 2D cultures and intact spheroids
were incubated with the respective primary antibodies against
CD73, CD90, CD105, or CD45, each diluted 1:100. After pri-
mary antibody incubation, the specimens were washed with
PBS to remove unbound antibodies and incubated with spe-
cies-appropriate secondary antibodies diluted 1:500: goat an-
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ti-rabbit IgG H&L conjugated to Alexa Fluor 488 (Abcam,
ab150081) or goat anti-mouse IgG H&L conjugated to Al-
exa Fluor 555 (Abcam, ab150118). Following secondary an-
tibody incubation, the specimens were washed with PBS, and
nuclei were counterstained with DAPI. Subsequent handling
was performed with protection from light to minimize pho-
tobleaching.

Fluorescence images were acquired using a Zeiss fluores-
cence microscope with filter sets appropriate for DAPI, Alexa
Fluor 488, and Alexa Fluor 555. Marker-specific fluorescence
was assessed qualitatively in 2D cultures and intact spheroids
to evaluate the presence and apparent distribution of the in-
vestigated antigens.

HUVEC scratch assay and wound-closure analysis. Hu-
man umbilical vein endothelial cells (HUVECs; ATCC) were
cultured in Vascular Cell Basal Medium (ATCC PCS-100-
030) supplemented with the Endothelial Cell Growth Kit-
VEGF (ATCC PCS-100-041) at the manufacturer-recom-
mended concentrations. Cells were maintained at 37 °C in a
humidified atmosphere containing 5% CO: and used at pas-
sage <5.

For the scratch assay, HUVECs were seeded in six-well
plates at 1.0 x 10° cells/well and cultured to approximately
75-90% confluence. A linear scratch was generated using a
sterile 200-pL pipette tip held perpendicular to the culture
surface. The medium was removed, and the cells were gently
washed twice with sterile phosphate-buffered saline (PBS) to
eliminate detached cells and debris.

Following scratching, HUVECs were exposed to con-
ditioned medium from 2D hUC-MSC monolayer cultures
(2D-CM), conditioned medium from 3D hUC-MSC spher-
oids (3D-CM), or fresh complete endothelial growth medium
(EGM; control). Cultures were incubated at 37 °C and 5%
COs., and phase-contrast images were acquired using an in-
verted microscope immediately after scratching (0 h) and af-
ter 24 h.

The cell-free wound area was measured in ImageJ using
calibrated images. Wound margins were delineated, and per-
centage wound closure was calculated according to the fol-
lowing equation [19]:

Wound closure (%) = 100 x (Ao — Az24)/Ao, where Ao is the
cell-free area immediately after scratching and Az is the re-
maining cell-free area after 24 h. Wound closure was inter-
preted as a combined measure of endothelial migration, pro-
liferation, and spreading rather than migration alone. Fresh

EGM served as a reference control rather than a matched cell-
free conditioning-medium control.

Statistical analysis. Spheroid diameters are expressed as
mean + standard deviation (SD), based on measurements of
81 spheroids per time point (24, 48, and 72 h). Individual
spheroids within the same agarose insert were treated as ob-
servational units rather than independent biological repli-
cates; therefore, these measurements describe within-insert
morphometric variability. HUVEC wound closure at 24 h is
reported descriptively as percentage closure relative to the ini-
tial wound area, calculated from individually selected images
for each group rather than from multiple independent exper-
iments. Accordingly, no measures of dispersion or statistical
tests were applied, and the comparison among groups is de-
scriptive only.

RESULTS

Human umbilical cord mesenchymal stem cells (hUC-
MSCs) maintained under conventional 2D culture condi-
tions exhibited the fibroblast-like morphology characteristic
of MSCs. Cells adhered to the culture surface and displayed
an elongated, spindle-shaped appearance. During culture, cell
density progressively increased, resulting in the formation of
a relatively uniform adherent monolayer (Figure 1A).

Transfer to the non-adherent microwells of MicroTissues®
micromolds was accompanied by a distinct change in cellu-
lar organization. Instead of spreading across the culture sur-
face, hUC-MSCs assembled into small, loosely packed aggre-
gates. These aggregates subsequently became more compact
and developed increasingly rounded outlines, forming discrete
multicellular spheroids (Figure 1B). The observed transition
from elongated, surface-adherent cells to compact three-di-
mensional structures demonstrated successful spheroid for-
mation using the micromold platform.

Spheroid formation and size

Following morphological confirmation of spheroid forma-
tion, the consistency of aggregate development was assessed
across the micromold field. Spheroids were observed in all 81
evaluated microwells, corresponding to a formation efficiency
of 100% within the assessed field. Thus, spheroid formation
occurred throughout the evaluated array rather than being re-
stricted to individual microwells.

Morphometric analysis revealed a progressive increase in
spheroid diameter during the observation period. Mean diam-

Figure 1. Morphological characteristics of hUC-MSCs cultured under 2D and 3D conditions.

A. hUC-MSCs cultured in 2D monolayer. B. hUC-MSC spheroids formed in 3D MicroTissues® mi-
cromolds.
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Figure 2. Immunocytochemistry of hUC-MSCs.
A. 2D-expanded hUC-MSCs. B. 3D spheroid-derived hUC-MSCs.

Figure 3. Representative images of HUVEC migration in response to conditioned media
derived from 2D- and 3D-cultured hUC-MSCs.

eter increased from 310 + 20 um at 24 h to 420 + 25 um at 48
h and 500 + 30 um at 72 h (mean = SD; n = 81 spheroids per
time point). These measurements documented a time-depen-
dent change in spheroid size over 72 h, accompanying the es-
tablishment of a compact, rounded multicellular morphology.

The reported measurements describe the distribution of
spheroid diameters at each observation time within the eval-
uated micromold population. Individual spheroids formed
within the same micromold were not considered indepen-
dent biological replicates; therefore, these findings charac-
terize within-field variation and temporal changes in spher-
oid size rather than an effect established across independent
experiments.

MSC-associated marker expression

Immunofluorescence staining was performed to assess
the expression of MSC-associated markers under 2D cul-
ture conditions and following spheroid formation. In 2D-ex-
panded hUC-MSC:s, positive staining was observed for CD73,
CD90, and CD105, whereas CD45 fluorescence was not de-
tected (Figure 2A). This staining pattern was consistent with
the MSC-associated immunophenotype of the adherent cell
population.
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Intact 3D spheroids exhibited clear fluorescence signals
for CD90 and CD105, demonstrating retention of these mark-
ers after the transition to three-dimensional culture. Nuclear
counterstaining with DAPI enabled visualization of nuclei
within the multicellular structures (Figure 2B). These observa-
tions supported the preservation of the two assessed MSC-as-
sociated markers following cellular aggregation and spher-
oid formation.

The immunofluorescence findings were evaluated quali-
tatively using representative fields acquired by widefield mi-
croscopy of intact, non-sectioned spheroids. Accordingly,
the results establish the presence of CD90 and CD105 in the
spheroids but do not provide quantitative comparisons of
marker expression between 2D and 3D cultures. Similarly, the
images were not used to determine the distribution of marker
expression throughout the full depth of the spheroids.

HUVEC wound closure

The effects of conditioned media from 2D- and 3D-cul-
tured hUC-MSCs on endothelial wound closure were exam-
ined using a HUVEC scratch assay. Representative phase-con-
trast images obtained during the 24-h observation period
showed repopulation of the initially cell-free wound area in
all experimental groups (Figure 3). The extent and apparent
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temporal pattern of closure differed among HUVECs exposed
to conditioned medium from 3D spheroids (3D-CM), condi-
tioned medium from 2D cultures (2D-CM), and fresh endo-
thelial growth medium (EGM; control).

The most extensive apparent wound closure was observed
in the 3D-CM group. By 18-24 h, the initially cell-free region
was nearly completely occupied by cells. In comparison, the
2D-CM and control groups exhibited less extensive closure
at 24 h and less consistent changes across the representative
fields examined at successive time points.

Quantification of individually selected images yielded es-
timated wound closure values of approximately 100% for 3D-
CM, 66.0% for 2D-CM, and 72.7% for the EGM control at 24
h (Figure 4). These percentages were derived from individ-
ual images rather than from several independent experiments
and therefore have no associated estimate of variability; the
difference between 3D-CM (approximately 100%) and the
other groups (66.0-72.7%) is accordingly presented as a pre-
liminary observation. These estimates were consistent with
the greater apparent repopulation observed in the represen-
tative images of the 3D-CM group. At this endpoint, the es-
timated closure in the 2D-CM group was lower than that in
the EGM control.

~100
100

80 72.7

66.0

60 1

401

Wound closure (%)

20 |

Control 2D-CM 3D-CM

Figure 4. Quantitative analysis of HUVEC wound closure
following treatment with conditioned media derived from
2D- and 3D-cultured hUC-MSCs. Wound closure at 24 h

was estimated from individually selected images, not from

independent experiments; each bar shows a single estimate,
without error bars or statistical testing.

Across the assessed post-scratch time points, 3D-CM pro-
duced the highest image-derived estimates of wound closure.
Near-complete apparent closure was recorded as early as 3
h. However, the corresponding image contained numerous
rounded cells within the wound region, which may have re-
duced the area classified as cell-free and thereby inflated the
estimated closure value. This early observation therefore re-
quires cautious interpretation.

DISCUSSION

The present study examined whether three-dimensional
spheroid culture modifies the capacity of human umbilical
cord mesenchymal stem cell-conditioned medium to sup-
port endothelial wound closure. The principal observation
was that medium conditioned by micromold-generated hUC-
MSC spheroids was associated with more extensive repopu-
lation of the HUVEC scratch area than either 2D-conditioned
medium or the endothelial growth medium control. This re-

sponse accompanied spheroid formation and the retention of
the MSC-associated markers examined. Together, these ob-
servations support the hypothesis that spatial organization of
hUC-MSC:s can influence the functional activity of their con-
ditioned medium. However, because wound closure was esti-
mated from individually selected images rather than from in-
dependent experiments, the findings establish a preliminary
association rather than a statistically confirmed enhancement
of endothelial repair.

Agarose micromolding provided a geometrically defined
environment for hUC-MSC aggregation, with spheroids form-
ing in all 81 evaluated microwells. Mean diameter increased
from 310 £ 20 um at 24 h to 500 + 30 um at 72 h. These mea-
surements demonstrate consistent aggregate formation within
the assessed mold field, although reproducibility across inde-
pendent preparations remains to be established. The increase
in diameter should not be interpreted as evidence of increased
proliferation: changes in aggregate dimensions can reflect sev-
eral processes, including cellular rearrangement, altered pack-
ing density and extracellular matrix accumulation. The pres-
ent morphometric analysis does not distinguish among these
possibilities.

Spheroid dimensions are relevant to the interpretation of
conditioned-medium activity because aggregate size can in-
fluence both cellular state and secretory function. Rovere et al.
demonstrated that MSC spheroid size affected senescence-as-
sociated characteristics and the angiogenic activity of solu-
ble and extracellular vesicle fractions, with smaller spheroids
exhibiting greater activity in their experimental system [9].
Thus, increasing spheroid size cannot be assumed to improve
biological potency. In the present study, the relationship be-
tween aggregate diameter and endothelial response was not
directly tested. Comparing conditioned media collected from
spheroids of defined sizes, together with spatial assessment of
viability and hypoxia, would help establish whether the ob-
served dimensions support a favorable balance between cel-
lular organization and mass transport.

Immunocytochemical analysis provided evidence that
spheroid formation was compatible with retention of selected
MSC-associated markers. CD73, CD90 and CD105 were de-
tected in 2D cultures, whereas CD90 and CD105 were demon-
strated in intact spheroids; CD45 staining was not apparent
in either condition. These observations support phenotypic
continuity during short-term aggregation but do not estab-
lish equivalence of the complete immunophenotype between
culture formats. In particular, qualitative imaging of intact
spheroids cannot resolve differences in marker abundance
or distribution throughout the aggregate. The coexistence of
retained marker expression and an altered recipient-cell re-
sponse nevertheless highlights the value of functional assays
alongside phenotypic characterization when evaluating MSC
culture systems.

The HUVEC assay addressed the main functional objec-
tive of the study. At 24 h, estimated wound closure reached
approximately 100% with 3D-CM, compared with 66.0%
with 2D-CM and 72.7% with endothelial growth medium.
The difference between approximately 100% and 66.0-72.7%
is of interest, but it remains preliminary: each percentage was
derived from individually selected images rather than from in-
dependent experiments, so neither the size nor the reproduc-
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ibility of the difference can be estimated. The most defensi-
ble interpretation is that 3D-CM was associated with greater
endothelial coverage of the scratched region under the con-
ditions examined. The lower estimate for 2D-CM relative to
the control does not establish an inhibitory effect, particularly
given the absence of replicate-level analysis and the different
composition of the control medium. Instead, this comparison
emphasizes that conditioned-medium activity must be evalu-
ated against an appropriate medium background.

The direction of the observed response is consistent with
experimental evidence linking three-dimensional MSC culture
to wound-related and vascular activities. Gangadaran et al.
reported improved burn-wound healing following treatment
with secretome from three-dimensionally cultured bone mar-
row MSCs [14]. More directly relevant to the cell source used
here, Rajendran et al. associated umbilical cord MSC spher-
oid culture with enrichment of proangiogenic microRNAs and
enhanced angiogenic activity [16]. These studies provide bi-
ological context for the present observations, although differ-
ences in cell source, aggregation method, conditioning proto-
col and recipient model preclude direct comparison of effect
magnitude. Moreover, the current scratch assay does not es-
tablish angiogenesis or tissue regeneration in vivo.

A spheroid-dependent change in the extracellular milieu
is a plausible explanation for the endothelial response, but
its molecular basis remains unresolved. Increased intercellu-
lar contact and local microenvironmental gradients could al-
ter the products released during conditioning. Nevertheless,
conditioned medium reflects the combined consequences of
secretion, nutrient consumption and modification of pre-ex-
isting medium components. Without matched conditioning
conditions and molecular characterization, the observed ac-
tivity cannot be attributed exclusively to increased secretion
or to any specific mediator. Comparisons using equivalent vi-
able-cell input, collection volume and conditioning duration,
together with time-matched cell-free medium controls, would
strengthen attribution of the response to culture dimensional-
ity. Characterization of the extracellular-vesicle and soluble
fractions of the conditioned media in line with current min-
imal-information guidelines [20] would be a natural step to-
ward identifying the active components.

Wound closure integrates endothelial migration, prolifera-
tion and spreading; therefore, the present measurements can-
not isolate a migration-specific effect. In addition, the use of
individually selected rather than positionally matched fields
likely contributed to the non-monotonic estimates in the 2D-
CM and control groups. Rounded cells within the early 3D-
CM wound area also complicate interpretation of apparent
closure at 3 h. The near-complete coverage observed at 18—
24 h is consequently more informative than the early estimate,
although it still requires confirmation through longitudinal im-
aging and analysis across independent biological replicates.

The next experimental priority is to determine whether
the apparent advantage of 3D-CM persists under standardized
collection and recipient-cell conditions. Matched-field imag-
ing, parallel assessment of endothelial proliferation and rep-
licate-based statistical analysis would establish the magnitude
and reproducibility of the wound-closure response. Comple-
mentary migration, sprouting and tube-formation assays could
then clarify its vascular relevance, while secretome profiling
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and targeted functional perturbation could identify contribut-
ing mediators. The present findings provide a focused ratio-
nale for these studies by linking micromold-generated hUC-
MSC spheroids to a potentially favorable endothelial response
without assigning an unverified mechanism. Should the ac-
tivity be confirmed, delivery of conditioned-medium-derived
factors in polymer-based carrier systems, developed for re-
generative applications such as bone tissue repair [21], could
also be considered, although this lies beyond the scope of the
present data.

CONCLUSIONS

Agarose micromolding supported consistent hUC-MSC
spheroid formation within the evaluated mold field and re-
tention of selected MSC-associated markers. Conditioned
medium from these spheroids was associated with the great-
est HUVEC wound closure, reaching approximately com-
plete closure at 24 h in individually selected images, com-
pared with 66.0% for 2D-conditioned medium and 72.7% for
the endothelial growth medium control. These estimates, de-
rived from individually selected images rather than from inde-
pendent experiments, provide only preliminary evidence that
three-dimensional organization may enhance the capacity of
hUC-MSC-conditioned medium to support endothelial mono-
layer repair; confirmation in independent biological replicates
with statistical analysis is required. The results support fur-
ther investigation of micromold-generated hUC-MSC spher-
oids as a platform for producing conditioned medium with
wound-healing-relevant activity.
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AHHOTALIUS

Tpéxmeproe (3D) KynbTHBHPOBaHNE MOXKET YCHIISATh MapaKpUHHYIO aKTHBHOCTh ME3CHXMMAIIBHBIX CTBOJIOBBIX KJICTOK.
Ilens mcciaenoBaHus - CPaBHUTH BIUSHHE KOHAMIMOHMPOBAHHBIX cpelx NByMepHHEIX (2D) xynsryp m 3D-chepounnos
ME3EHXHMAJIBHBIX CTBOJIOBBIX KJIETOK IynoBrHBI yenoBeka (hUC-MSCs) Ha 3akpsiTHE 1e(eKTa SHA0TEITNaTLHOTO MOHOCIION
in vitro. \UC-MSCs TpeTbero naccaxa KyJbTHBHPOBAIHN B BUJIE aIT€3UBHOTO MOHOCIIOS HITH C(HEpOnaoB, CHOPMUPOBAHHBIX
C MCTIONBb30BAaHUEM arapo3Hbix MukpomosoB MicroTissues®. Mopdonoruio u quaMeTp c(heponoB OLEHUBAIH uepes 24,
48 u 72 9. Metomom nmmyHOIyopectenuu uccaenosann CD73, CD90, CD105 u CD45 B 2D-kynbTypax, a Takke CD90
u CD105 B mHTakTHBIX 3D-cheponmax. DHIOTENMHANBHBIC KISTKH ITynodHoi BeHsl denoBeka (HUVECS) kynpTHBHpOBaIN B
MIPUCYTCTBUU KOHIUIIMOHUPOBAaHHBIX cpen 2D-kynmeryp (2D-CM), 3D-cheponnor (3D-CM) wim sHIOTETHATBHON POCTOBOI
cpernsl (KoHTpoib). M300pakenus B scratch-tecte nmomydanu gepes 0 u 24 4; 3akpbiTne Ae()eKTa pacCUUTHIBAIN OTHOCHTEIBHO
HCXOIHOM TUTOmaan, cBOOOIHOI 0T KiteTok. Cheponas chopMupoBaich Bo Beex 81 ucenemoBanHoi MukponyHke. CpenHuit
muametp yBenmmauBaics ¢ 310 = 20 mxm uepe3 24 1 g0 420 + 25 mxm gepes 48 1 u 500 + 30 MM gepes 72 4 (cpennee £ SD).
[ocne popmupoBanms cheponIoB COXpaHIOCH BEIsBIIeMoe okpammiBanie Ha CD90 u CD105. Yepes 24 4 3akpeiTie gedexra,
OLICHEHHOE TI0 OT/EIBHBIM BHIOPaHHBIM H300pakeHUsIM (0€3 He3aBUCHMBIX SKCIIEPHMEHTOB), COCTABIIAIO0 NPHUOIN3UTEIHHO
100%, 66,0% u 72,7% B rpynnax 3D-CM, 2D-CM u KOHTpOIISL COOTBETCTBEHHO. OTH MPEABAPUTEIbHBIC OMUCATENbHEIE
pe3ybTaThl YKa3bIBAlOT Ha OoJiee BBIpaKEHHOE 3aKphITHE nedekTa B nmpucyTcTBun 3D-CM; nx moarBepkaeHue Tpedyer
aHaIM3a OJHUX U TEX Xe MOJIeH 3peHHs B INHAMHUKE B HE3aBUCHMBIX SKCIIEPIMEHTaX CO CTaTUCTHYECKON 00pabOTKOM TaHHBIX.

KiroueBble cjioBa: ME3€HXMMAJIbHBIE CTBOJIOBBIE KIETKH, 3D-ceponibl, KOHIUIITMOHUPOBAHHAS CpElla, MUTPALUS
SHJIOTEIHAIBHBIX KIETOK, CKPETY-TECT 3a)KHUBIICHUS PaHbl, aHTHOTEHE3, ITAPAaKPUHHAS aKTUBHOCTb, pET€HEPATHBHAS MEAUIINHA
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AHIATITA

Ymenmemai (3D) cheporaThIK KyIbTUBUPIICY ME3CHXUMAIBIK OaraHasIbl KacylIaJap/IslH MapaKpUHIIK OSICeHIUTIriH
KYIIEHTYl MYMKiH. 3epTTeyiH MaKcaThl — ajgaM KiH/AiK OaybIHBIH ME3eHXHMAaJBIK OaraHaibl skacymanapsiHblH (hUC-
MSCs) exienmmemai (2D) kynbruBupiey MeH 3D-cheponarapeiHaH anblHFaH KOHAMLIUSIAHFAH OPTAIap/AblH YHIOTEIHH
MOHOKa0aThIH/IaFbl JKapa aKaybIHBIH i1 Vitro %a0bUTybIHA 9CEPiH CalbICThIpy. YiHmi maccaxaarbl hUC-MSCs aare3usiibik
MOHOKa0aT Typinae Hemece MicroTissues® arapo3aiblk MUKPOKaJIBIITAPbIHIA TY3UITeH chepornTap TYpiHae AaKbUIIaH/IbL.
CdepounrapabiH MOPQPOIOTUICH MeH nuaMeTpi 24, 48 xoHe 72 carartaH KeiiH Oaramanisl. UMMyHO(IyopeceHIus
onicimen 2D-nakesiinapna CD73, CD90, CD105 sxone CD45, an tytac 3D-cdepounrapaa CDI0 xone CD105 mapkeprepi
3eprreni. AnaM KiHJiK BeHachIHBIH dHpoTenui xacymanapsl (HUVECs) 2D-nakpuaapasiy KOHIUIMSIaHFaH OPTaChIHAA
(2D-CM), 3D-cepouarapasiy koHauusianrad opraceigaa (3D-CM) Hemece SHIOTENMI JKacylanapblHa apHalFaH ecy
opraceiHna (0akpuiay) nakeuinanael. Ckperd-rectre Keckinmep 0 xoHe 24 caraTTa ajbIHJbL, )Kapa aKaybIHbBIH KaObUTYBI
OacTankpl xKacymachel3 ayJanra KarbicThl ecenrteni. Chepounrap 3eprrenreH §1 MUKpOYSIIBIKTHIH OapIibIFbIHAA TY3UIII.
Opranra nnametpi 24 cararra 310 £ 20 MxM, 48 cararta 420 £ 25 MkM xoHe 72 cararta 500 £ 30 MkM Ooibl (OpTaria MoH £
SD). Cdepounnrap Tysinrennet keitin CD90 xone CD105 MapkepepiHiH aHBIKTaIaThIH CUTHAIBI CaKTaIbl. JKeke TaH aIFan
KeCKiH/iep OOMbIHIIA (ToyeIci3 IKCIIEPUMEHTTEPCI3) OaraiaHFaH ykapa akaybIHbIH xka0buTysl 24 cararta 3D-CM, 2D-CM skoHe
OakplIay TonTapbiHa Tricinme mamamen 100%, 66,0% xane 72,7% kypaabl. byt annpH ana cunarramansik HoTkeaep 3D-
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CM KaThICBIH]IA Kapa aKaybIHBIH aKBIHBIPAK KaOBLTYBIH KOPCETE/Ii; OJIApIbl pacTay YIIiH CTaTHCTHKAJIBIK OHICYMCH TOyeIci3
SKCIIEPUMEHTTEp e Oip/ieii Kopy epicTepiH yaKbIT OOWBIHIIA TANIAy KaXKeT.

KinT ce3nep: Me3eHxumabIk 6aranaisl xacymaiap, 3D-cheponarap, KOHANIMSIIAHFaH OPTa, 3HIOTENNH >KacyIIalapbIHbIH
MUTPaNUSICHL, )apaHbIH jKa3bUTYbIH CKPETY-TECTIIEH Oaranay, aHrHOTeHe3, TApaKpUHIIIK OCICeHIITIK, pereHepaTHBTI METUIHA

163




	abstract
	X4e1477bf0fe6070a52d040abb35480da1e4d2eb
	keywords
	introduction
	keywords_Copy_1
	materials-and-methods
	introduction_Copy_1
	_GoBack
	X546db9a6ac601c2058703901a273cffefd296db
	results
	materials-and-methods_Copy_1
	Xbfef535e4a16870e6bb638ed1828a6a44534050
	X8118051296d29f74f1bfb2e1a341b20bc89d358
	Xb9faa57fd7a77412e14de284372202a89576643
	references

