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Abstract

The development of advanced preclinical models is crucial for the evaluation and validation of novel therapeutic strategies in
oncology. Three-dimensional (3D) microtumor models, which incorporate both cancer and stromal cells within biomimetic
hydrogels, have emerged as powerful tools that more accurately replicate the complex tumor microenvironment compared
to traditional two-dimensional (2D) cell culture systems. In this context, our study aims to develop 3D microtumor mod-
els by integrating cancer and stromal cells within an extracellular-matrix-mimetic hydrogel, as a physiologically accurate
microtumor model that can serve as an innovative platform for advanced cancer research and drug screening. Microtumors
composed of varying ratios of leukemia cells (HL-60) to healthy ovarian stromal cells (SCs) (1:1, 1:10, 1:100, or 1:1000)
were encapsulated in PEGylated fibrin hydrogel and cultured for 5 days. The proliferation and dynamics of cancerous and
healthy cell populations were evaluated using CD43/Ki67 immunofluorescence double staining. Our findings indicate that
tumor development and malignancy progression can be influenced by adjusting cell culture ratios and incubation time.
Notably, the HL.-60:SCs ratio of 1:100 closely replicated leukemia cell invasion in ovarian tissue, demonstrating detect-
able malignancy on the third and fifth days without significant changes in total cell density dynamics. This 3D leukemia
microtumor model offers superior physiological relevance compared to traditional 2D in vitro assays and shows promising
potential for applications in cellular analysis and drug screening.
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Introduction

Although animal models may provide physiological struc-
tures simulating human tissue and organs, they are costly,
and their application is constrained by feasibility and ethical
concerns regarding the 3R rules (Refinement, Reduction,
and Replacement) (1). As an alternative, two-dimensional
(2D) cell culture models have long been the standard in
preclinical cancer research and drug testing (2). However,
these 2D models fail to replicate the complexity of in vivo
tumors, particularly the tumor microenvironment (TME),
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which involves gradients in pH, nutrients, and metabolites,
as well as intricate 3D architectures that govern cell—cell and
cell-matrix interactions (3, 4). This leads to a significant gap
between the data obtained from 2D cultures and the actual
in vivo responses, reducing the predictive power of these
models for drug efficacy.

Over the past decade, there has been a substantial shift
towards the development and application of 3D culture
systems that more accurately represent the structural and
biological features of tumors (4). These 3D models have
demonstrated improved relevance for studying cancer cell
behavior, invasion, and therapeutic responses by providing
a more physiologically relevant environment (5, 6). Moreo-
ver, the interactions between various cell types significantly
influence their behavior in TME, contrasting with their inde-
pendent culture (7). For instance, acute myeloid leukemia
(AML) cells, known for their heightened levels of reactive
oxygen species (ROS), exhibit decreased ROS and acetate
secretion levels when co-cultured with stromal cells (SCs)
compared to when cultured in isolation (8). This occurrence
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may be ascribed to the upregulation of several gap junction
genes in SCs during co-culture, potentially affecting ROS
transfer (9). Therefore, biomimetic 3D microtumors may be
an appropriate “connecting bridge” between tailored 2D in
vitro and animal in vivo studies, which can decrease labora-
tory animal usage (10).

Among the various biomaterials used for 3D tumor mode-
ling, PEGylated fibrin hydrogels have emerged as promising
candidates as they offer the added benefit of simulating criti-
cal aspects of the TME, including cell—cell and cell-matrix
interactions, which are vital for studying tumor invasion and
metastasis. Polyethylene glycol (PEG) provides mechani-
cal tunability, biocompatibility, and resistance to protein
adhesion. On the other hand, fibrin, a natural component
of the extracellular matrix, plays an essential role in tumor
progression by promoting angiogenesis and serving as a sup-
portive matrix for invading cancer cells (11). By combining
PEG and fibrin, it is possible to create scaffolds that mimic
the native tissue environment while providing a platform
for controlled manipulation of mechanical properties, ena-
bling the study of tumor mechanics and cell behavior in a
biomimetic setting. Indeed, recent research has shown the
effectiveness of PEGylated fibrin scaffolds in developing
3D tumor models, which allow for the study of how the 3D
microenvironment influences cancer cell growth (12). This
3D matrix has been found to support tumor growth in a man-
ner that closely resembles in vivo conditions (11). Moreover,
it can be tailored to mimic the mechanical and biological
properties of specific tissues, offering advantages over other
biomaterials by supporting both structural integrity and cell
functionality.

Our research builds on this foundation by utilizing a
PEGylated fibrin hydrogel formulation designed to mimic
the biomechanical properties of ovarian tissue. This scaf-
fold, specifically engineered for ovarian tissue applications,
provides an optimal platform for studying tumor invasion
within ovarian environments. Compared to other PEGylated
fibrin scaffolds, our formulation is tailored to replicate the
mechanical properties of the human ovarian cortex, which
is essential for preserving the physiological behavior of the
embedded cells (13, 14). These properties allow the scaf-
fold to support the co-culture of leukemia and stromal cells,
offering a more accurate representation of the interactions
within the ovarian TME. Ultimately, our goal is to develop
strategies for purging ovarian tissue of cancer cells before
autotransplantation (15—-17), ensuring that fertility restora-
tion methods for cancer patients are safe and effective.

In this study, we present a novel tumor-infiltration model
(TM) using our PEGylated fibrin 3D scaffold to simulate the
invasion of HL-60 leukemia cells into ovarian stromal cells.
This co-culture model enables the investigation of leukemia
cell behavior within a physiologically relevant ovarian tissue
environment. By leveraging the biomechanical properties of
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the scaffold and its ability to sustain both cancer and stromal
cells, our model provides a platform for advanced cancer
research, including drug screening and the study of tumor-
stromal interactions.

Materials and Methods
Materials

Human fibrinogen (F3879), thrombin (T7009), O,0'-Bis[2-
(N-Succinimidyl-succinylamino)ethyl]polyethylene gly-
col (NHS-PEG-NHS; 2000 Da; 713783), CaCl, (C5080),
Liberase DH (05401089001), Triton X-100 (X100), 80 um
(NY8002500), and 30 um (NY3002500) nylon net filters,
HL-60 cell line (98070106), Hoechst 33342 (14533), and
trypan blue (T8154) were purchased from Sigma Aldrich
(Belgium). Dulbecco’s modified Eagle's medium F-12 nutri-
ent mixture (21041-025, DMEM/F12), heat-inactivated fetal
bovine serum (16140-071; HI FBS), antibiotics and antimy-
cotic (15240-062; AA), RPMI-1640 medium (61870-010),
Dulbecco's Phosphate Buffered Saline with Ca2 + and
Mg2 +(14040-091, DPBS) (1x), and DNase (89836) were
obtained from Gibco Life Technologies Ltd. normal goat
serum (31872; NGS), Alexa FluorTM 488 goat anti-mouse
IgG (A11001), Alexa FluorTM 594 goat anti-mouse I1gG
(A11005), TagMan probes for sialophorin (Hs01872322-
s1; SPN) and glyceraldehyde-3-phosphate dehydrogenase
(Hs02758991_g1; GAPDH) were purchased from Ther-
moFisher Scientific Corp. (Belgium). Fluorescent mount-
ing medium (S3023) and monoclonal anti-human Ki67
(M7240) were purchased from Dako (Glostrup, Denmark).
Bovine serum albumin (3854.3; BSA), Histosafe, and CD43
antibody (1-CD160) were respectively purchased from Carl
Roth (Germany), Yvsolab SA (Belgium), and Quartett
GmbH. All other chemicals were of the highest grade com-
mercially available.

Cell Isolation and Culture

From frozen-thawed human ovarian tissues, ovarian
SCs were isolated, with authorization from the Uni-
versity Catholique de Louvain's Institutional Review
Board (approved on May 13, 2019; IRB reference:
2012/23MAR/125, registration number B403201213872)
(18, 19). After being mechanically broken down, the frag-
ments were briefly washed in DPBS containing Ca>* and
Mg?*, then enzymatically broken down using 0.28 Wiinsch
units/mL Liberase DH and 8 Kunitz units/mL. DNase. PBS
without Ca** and Mg”" was mixed with HI FBS in an equal
amount to inactivate the digestive enzymes. The suspension
was then run through Millipore 80 m and 30 m nylon net fil-
ters to remove any remaining particles. The final suspension
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was centrifuged at 500 g for 10 min, and the pellet was then
resuspended in cell culture media (DMEM/F12) in a T75
culture flask, containing 10% HI FBS and 1% AA. On the
other hand, using RPMI cell culture media (RPMI medium
containing 2 mM Glutamine, 10% HI FBS, and 1% AA), the
HL-60 cell line was cultivated in T75 culture flasks (NUNC
Brand Products, Denmark).

PEGylated Fibrin Hydrogel Preparation

PEGylated fibrinogen with the PEG:Fib 10:1 molar ratio was
prepared in the tailored concentration reported by Dadashza-
deh et al. (Fig. 1a) (14, 18). Briefly, human fibrinogen pow-
der was added to the prewarmed PBS at 37°C to achieve a
concentration of 85 mg/ml. 5 mg/ml NHS-PEG-NHS solu-
tion was prepared in PBS, as well. Then, solutions were
sterilized with a 0.2 mm syringe filter, and an equal volume
of PEG was added to the fibrinogen. After 2 h incubation at
37°C, the PEGylated fibrinogen solution was diluted with

a Human
Fibrinogen

PEGylate fibrinogen
(85 mg/ml)

(molar ratio: 10:1)

NHS-PEG-
NHS
(5 mg/ml)

PBS to reach 39.06 mg/ml. Moreover, 50.36 IU/ml of throm-
bin was obtained by reconstitution and dilution of human
thrombin in 40 mM CaCl2. The hydrogel was produced by
combining equal volumes of the PEGylated fibrinogen solu-
tion and thrombin, then incubating at 37°C for 15 min.

Hydrogel Microstructure and Surface Morphology

Scanning electron microscopy (SEM) was employed to
evaluate the PEGylated fibrin hydrogel microstructure and
surface morphology. After an overnight fixation in 4% para-
formaldehyde, the hydrogel was rinsed with 0.1 M caco-
dylate buffer. Then, the sample was penetrated with glycerol
in two stages: 15% for 30 min and 30% for the entire night.
Afterward, a blade was used to freeze-fracture it after being
quickly submerged in liquid nitrogen. A graded acetone
series (50%, 70%, 80%, 90%, and three variations of 100%)
was applied to the sample for 15 min at a time to dehydrate
it. Following dehydration, the samples were processed in a

Thrombin
(50.36 1U/ml)

Fig. 1 Schematic illustration of the PEGylated fibrin hydrogel prepa-
ration (a). Representative scanning electron microscopy images of
PEGylated fibrin showing surface morphology at 5000 X magnifica-
tion (Scale bar: 5 um) (b), internal structure at 5000 X magnification

(Scale bar: 5 um) (c), and fibers at 12,000 X magnification (Scale bar:
2 um) (d); The cytocompatibility of the PEGylated fibrin hydrogel
containing HL-60 cells (e) and ovarian SCs (Scale bar: 200 um) (f)
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Balzers CPD030 critical point drier, coated with gold using a
Leica SCD500 coater, and then examined and photographed
with a Jeol JSM 7001F scanning electron microscope.

Cytocompatibility

The cytocompatibility of the PEGylated fibrin hydrogel was
evaluated to ascertain that neither the hydrogel component
nor the gelation process affected the viability of the embed-
ded cells. For this purpose, 5x 10* SCs or HL-60 cells were
encapsulated in 50 pl of hydrogel and incubated in p-slide
eight-well ibiTreat dishes (80,806, Ibidi) for 24 h. Cell via-
bility was assessed using LIVE/DEAD® cell staining (16).

TM Preparation

The mixed cells at ratios of HL-60:SCs 1:1, 1:10, 1:100,
and 1:1000 were prepared after detaching SCs from flasks
by Accutase and adding the appropriate volume of HL-60
cell suspensions. Afterward, mixed suspensions were cen-
trifuged at 500 g for 5 min. PEGylated fibrinogen solution
was added to different cell pellets and mixed thoroughly. The
hydrogel was obtained by mixing an equal volume of the
cell-suspended PEGylated fibrinogen solution and thrombin.
The final cell density of SCs and HL-60 cells was 1x 10°
cells/ml for each group. 100 pL of hydrogels containing dif-
ferent HL-60:SCs ratios were deposited on a four-well plate
(179,830; Thermo Scientific, Belgium). The hydrogels were
incubated at 37°C for 15 min. After polymerization, 1 mL
culture medium (containing DMEM/F12, 10% HI FBS, and
1% AA) was added to each well. The TMs were then cul-
tured for 5 days at 37°C in a humidified incubator with 5%
CO, (n=3).

Immunofluorescence Analysis

To evaluate cell proliferation and identify cancer cells using
CD43/Ki-67 practical immunofluorescence analysis, TMs
were preserved in a 4% formaldehyde solution and embed-
ded in paraffin before and 3 or 5 days after culture (13,
20). Sections with a 5 pm thickness were cut and placed
on Superfrost Plus slides. Sections were deparaffinized and
rehydrated using Histosafe and isopropanol, respectively.
Following a 20-min microwave demasking step using cit-
rate buffer and Triton X-100, the non-specific binding sites
were blocked by incubating the sections for 30 min in a
TBS/Tween solution containing 10% NGS and 1% BSA.
The sections were subsequently treated with the polyclonal
CD43 antibody (1:150) for an additional overnight at 4°C.
The slides were next exposed to Alexa FluorTM 488 goat
anti-mouse IgG for 40 min. The slides were then treated for
40 min with Alexa FluorTM 594 goat anti-mouse IgG and
overnight at 4°C with monoclonal anti-human Ki67 (1:90).
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Sections were stained with Hoechst 33342 (1:500), mounted
with fluorescent mounting media, and then scanned using an
automated slide scanner with three laser lines of 455, 488,
and 594 nm (ZEISS Axio Scan.Z1, USA). The cell density
within a 200200 um? area was quantified, and the follow-
ing equation was employed to assess the dynamic percentage
of the cell density over 5 days (14).

Dynamic percentage of cell density = (CD5 — CD0)/CD5 x 100;
6]
Where CDS5 represents the cell density on day 5, and CDO

is the cell density on day 0.

Reverse Transcription Polymerase Chain Reaction
(RT-PCR)

The presence of malignant cells in TMs was determined
using the reverse transcription polymerase chain reaction
(RT-PCR) (20). The RNeasy FFPE kit (73504, Qiagen)
was used to extract RNA from paraffin-embedded samples,
following the manufacturer's instructions and the amount
of extracted RNA was then measured using a spectropho-
tometer (NanoDrop 2000/2000c, Thermo Fisher Scientific).
Using the goScript reverse-transcription system (A5000,
Promega, Madison, WI, USA), RNA from each sample was
converted into complementary DNA (cDNA) following the
manufacturer's instructions and combined with TagMan
probes. SPN (Sialophorin, also known as CD43) has been
chosen as a target gene for leukemia cancer cells. SPN plays
a critical role in regulating hematopoietic cell function and is
highly expressed in leukocytes. Its involvement in cell adhe-
sion, migration, and immune signaling makes it a key marker
for identifying leukemic cells (21). RT-PCR was performed
using Applied Biosystems step-one equipment, and relative
quantification values of the target genes were standardized
according to the comparative threshold cycle (2744CT),

Statistical Analysis

The quantitative data, reported as mean + SD, were statis-
tically examined using one-way ANOVA. P values <0.05
were regarded as significant in statistics. The error bars in
the graphs show the sample's standard deviation.

Results

Hydrogel Microstructure and Cytocompatibility

The PEGylated fibrinogen and thrombin reaction produced
a dense hydrogel with a compact surface morphology

(Fig. 1b). SEM analysis revealed a tightly packed fibrous
network within the hydrogel structure (Fig. 1c). The fibers
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exhibited an average diameter of 97 +25.71 nm, determined
by measuring 10 distinct fibers (Fig. 1d). This tightly packed
fibrous structure suggests enhanced mechanical stability and
uniformity throughout the hydrogel. Furthermore, the cyto-
compatibility test revealed that the hydrogel exhibited no
toxicity towards SCs or HL-60 cells after 24 h of embedding
(Fig. le,1).

HL-60 and SCs Cell Density in TMs

The CD43/Ki-67 immunofluorescence double staining
serves as a robust method for distinguishing between healthy
and cancerous cells while simultaneously assessing cell den-
sity within hydrogels (Fig. 2a). As illustrated by the cell pro-
portion graphs (Fig. 2b-d), distinct groups exhibited varying
levels of HL-60 contamination on the third and fifth days. At
day 0, a notable variance exists in the cancer cell density of
TMs with an HL-60:SCs ratio of 1:1 compared to the other
three groups. This contrast remains considerable for the TMs
with HL-60:SCs ratios of 1:100 and 1:1000. However, the
cancer cell density at an HL-60:SCs ratio of 1:10 reaches a
level that is not statistically significant when compared to
the 1:1 group.

The CD43/Ki-67 immunofluorescence analysis also pro-
vides insights into the dynamic changes in cell density over
time. As indicated in Table I, there was no significant vari-
ation in cell density among the different groups on day O,

HL-60:5Cs

Table |l Cell Density Evaluation of TMs with Different Ratios of HL-
60:SCs (1:1, 1:10, 1:100, and 1:1000) on Day 0, Day 3, and Day 5

Combination Cell density (cells per mm?)

(HI-60:SCs)

Day 0 Day 3 Day 5
1:1 129.91+21.07* 211.97+21.07° 523.08+161.74*>
1:10 123.08£16.75° 177.78£29.41% 447.86+49.07°
1:100 133.33+22.16  170.94+37.76  215.38+30.19
1:1000 129.91+31.70 167.52+33.84 208.55+57.00

The letter in the same raw indicates the statistical difference (a-c:
p<0.001; d: p<0.01)

with all values falling within the 120—135 cells/mm? range.
However, TMs with an HL-60:SCs ratio of 1:1 and 1:10
exhibited a dramatic increase in cell density by the fifth day
compared to the first day. Furthermore, there were no signifi-
cant differences in cell density observed between the groups
with HL-60:SCs ratios of 1:100 and 1:1000 across various
days of culture. However, no malignancy was detected in
the TMs with an HL-60:SCs cell ratio of 1:1000 after five
days of incubation.

Cell Density Dynamic and Proliferation Rate in TMs

The dynamic percentage of cell density reflects the chang-
ing proportion of different cell populations over time,

1:10

50 um
—

Fig.2 CD43 (Green)/Ki67 (Red) Immunofluorescence analysis
of TMs with different ratios of HL-60:SCs (1:1, 1:10, 1:100, and
1:1000) before and 3 or 5 days after culturing (a) (scale bar: 50 pm).

1:100

)
g
;i

Cells Proportion (%)
3
7

11 1:10 1:100 1:1000

C HL-60:SCs

ns wkk Kk

Cells Proportion (%)

11 110 1:100 1:1000

d HL-60:SCs
120 ns sk Rk

Cells Proportion (%)
2
I

110 1100 1:1000

HL-60:5Cs

Cell proportion evaluation on day 0 (b), Day 3 (c), and Day 5 (d) (ns,
no significant; *, P <0.05; **, P<0.01; ***, P<0.001)
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which can significantly impact experimental outcomes by
influencing cell interactions and viability. When examin-
ing the dynamics of cell density over time, TMs with ratios
of 1:1 and 1:10 displayed HL-60 cell density dynamics
of 82.56+4.16 and 93.96 +2.13, respectively, after five
days of incubation (Table II). However, the cell density
dynamic in the groups with HL-60:SCs cell ratios of 1:1
and 1:10 was significantly higher compared to the other
two groups. On the third day, in the TM group with an
HL-60 to SCs ratio of 1:1, the proliferation rate of SCs was
only 6.33+1.96%. This rate was significantly lower than
that of the fourth group, indicating that when cancer cells
are utilized at an equivalent concentration as SCs, they
have the potential to impact SC proliferation (Fig. 3b).

In the first two groups of cells, there was a marked
increase in the HL-60 cell density after five days, with
growth exceedingly sixfold compared to the initial count.
Given that the HL-60 cells have a doubling time that
ranges from 36 to 72 h, one would expect a cell density
increase of approximately 50-75% over 3—-6 days. The
observed growth pattern manifested in the cohort with an
HL-60 to SCs cell ratio of 1:100, whereas no malignan-
cies were detected in the cohort with an HL-60:SCs ratio
of 1:1000 on the fifth day.

Tablell Cell Density Dynamics of HL-60 and SCs After 5 Days of
Culturing

Combination Dynamic percentage of cell density (%)

(HL-60:SCs)

Total SCs HL-60
1:1 73.22+8.10% 38.66+13.92  82.56+4.16
1:10 72.10+5.06* 2778+12.86  93.96+2.13
1:100 36.44+14.86°  32.96+5.00 66.67 +47.14
1:1000 37.17+2.72° 37.17+2.72 -

The p-value for the statistical difference between the letters a and b is
less than 0.05

* %

Tumor-Specific Gene Expression in TMs

While the immunohistochemical analysis is a strong tool
to distinguish malignant cells and their proliferation at the
same time, it depends on the sectioning and in the case of
malignancy search in the tissue it can be challenging to rely.
Tumor-specific gene expression is an exciting tool to search
the precense of malignant cells in the TMs quickly and
thoroughly (20). In this study, the expression of sialophorin
(CD43), a sialoglycoprotein expressed on human neoplastic
hematopoietic cell lines, including HL-60, was chosen as
the gene that specifically detects the tumor inside the TMs
on different days (Fig. 4).

When the expression level of different groups was quan-
tified and normalized to the endogenous control (Fig. 5),
it confirmed the immunohistochemical results. A notable
increase in the tumor gene level was observed in the TMs
groups with HL-60:SCs ratios of 1:1 and 1:10. Interestingly,
the gene expression levels for TMs with an HL-60:SCs ratio
of 1:100 remained relatively stable, while still being detect-
able throughout the culture period.

Discussion

Hydrogel-based biomaterials have proven to be highly effec-
tive in developing tumor models for various cancer types,
such as prostate, ovarian, and pancreatic cancer (22-24). To
create engineered tumor microenvironments, different natu-
ral and synthetic hydrogel materials have been used as 3D
artificial tumor microenvironments that can provide mechan-
ical support while regulating tumor behaviors within the
matrix. In this study, we selected fibrin as the biomaterial for
creating tissue constructs. This FDA-approved biomaterial
exhibits biocompatibility and biodegradability and enhances
cell adhesion and proliferation by providing a biomimetic
extracellular matrix. Furthermore, it facilitates the formation
of a capillary network (25). To improve protein stability and
protect against proteolytic activity, we utilized PEGylation.

a b C ok
* % % * % B HL-60

60 80 80 *%k
~ * - ~
S g o = v Hm SCs
2 2 60 - 2 60
2 40 6 ®
o ® * o
2 Z 40 2 40
F 2 I
a2 > 20 8
g g 5%

0 0 0

11 | 110 | 1100 | 1:2000 11 | 110 | 1100 | 1:000 11 | 1:10 | 1:100 | 1:1000
HL-60:SCs HL-60:SCs HL-60:SCs

Fig. 3 Proliferative HL-60 and SCs before culturing (a) and after 3 (b) or 5 (c¢) days of culturing (ns, no significant; *, P <0.05; **, P<0.01;

%P <0.001)
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Fig.4 RT-PCR analysis showing the tumor-specific gene expression in TMs with different ratios of HL-60:SCs (1:1, 1:10, 1:100, and 1:1000)

before (a) and 3 (b) or 5 (c) days after culturing

Fig.5 Quantified fold change

relative gene expression in
TMs with different ratios of
HL-60:SCs (1:1, 1:10, 1:100,

and 1:1000), normalized to
the endogenous control (ns,
no significant; *, P <0.05; **,
P<0.01; *** P<0.001)

Relative fold change

Thrombin in the medium polymerizes PEGylated fibrino-
gen by cleaving fibrinogen, while Ca2 +in the scaffold fur-
ther stabilizes the hydrogel network (26). PEGylated fibrin
hydrogels have been successfully employed in tumor mod-
els, such as human lung adenocarcinoma, reducing the need
for complex animal models and addressing limitations asso-
ciated with xenografting techniques (12). In another study,
PEGylated fibrin hydrogels were used to create breast cancer
tumor models, demonstrating high cell viability and signifi-
cant cell spreading and growth (27). In our previous study,

1:1
1:10
1:100
1:1000

3
Time (Day)

we developed an engineered scaffold for an artificial ovary
using PEGylated fibrin hydrogel, optimizing its formulation
to replicate Young’s modulus of the human ovarian cortex
at reproductive age (28). Indeed, the mechanical properties
of a scaffold are critical in influencing cellular behaviors,
including migration speed, proliferation, differentiation, and
attachment. When a scaffold accurately mimics the mechani-
cal characteristics of natural tissue, it can effectively guide
cells to respond in ways that mirror their behavior in the
native environment (29, 30). Therefore, we applied the
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optimized PEGylated fibrin hydrogel to develop TMs that
closely replicate the architecture of invasive leukemia within
healthy ovarian tissue. This scaffold demonstrated excellent
structural stability and effectively supported cell viability
and proliferation, making it an ideal platform for replicating
the organization and function of natural tissues.

AML is characterized by its heterogeneous nature, present-
ing a range of variations. Despite this complexity, established
cell lines have proven invaluable in the field for many years.
They offer a robust platform for systematic, reproducible, and
cost-efficient studies. These leukemia cells are mainly found in
bodily fluids rather than forming solid tumors (31, 32). Inter-
estingly, HL-60 cells have shown an ability to spontaneously
develop colonies in semi-solid environments (33, 34). In this
study, it is crucial to carefully adjust the ratio of HL-60 to
SCs to achieve a delicate balance. This balance aims to avoid
excessive solid tumor formation while maintaining sufficient
malignancy levels for a meaningful model.

The findings from our study reveal a significant influence
of cellular ratio on HL-60 cell proliferation and invasion
potential. When cancer cells are used at an equivalent con-
centration to SCs, they can significantly impact SC prolif-
eration. This influence is likely due to nutrient competition,
as myeloid cells are known to consume notably high glu-
cose levels. Additionally, paracrine signaling and metabolic
byproducts produced by the cancer cells may contribute to
this effect (35). Moreover, at the 1:1 and 1:10 HL-60:SCs
ratios, we observed a marked increase in proliferation rates
compared to the Day 0 measurements. The observed prolif-
eration in these two groups was likely influenced by exter-
nal factors such as differences in the microenvironment and
cell—cell interactions. These findings may have far-reaching
implications for interpreting experimental data in which cell
growth is critical, potentially impacting research areas such
as cancer biology, drug development, and tissue engineer-
ing. At lower cell ratios, such as 1:100, the limited number
of HL-60 cells may not receive sufficient signaling cues to
trigger substantial proliferation. Therefore, they demon-
strated enhanced capability in mimicking the invasion of
leukemia cells into ovarian tissue. This was evident as their
malignancy remained detectable even after 5 days of in vitro
culture, with no significant alterations in cell density and
cell density dynamics. The absence of cancer cells in the
fourth group may be attributed to the suppressive effect of
mesenchymal stem cells (MSCs) within the isolated ovar-
ian SCs (36) on neighboring malignant leukemia cells (37,
38). MSCs are known to possess immunomodulatory and
anti-tumor properties, which have been documented in sev-
eral studies. These cells can inhibit tumor growth by secret-
ing various cytokines and chemokines, which modulate
the immune response and potentially induce apoptosis in
malignant cells (39). Given the evidence from our earlier
characterization of the ovarian SCs, which demonstrated the
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presence of MSC-like cells, it is plausible that these MSCs
contributed to the inhibition of leukemia cell proliferation in
the fourth group (40). Recently, Jalilivand ez al. (41) demon-
strated that exosomes released from bone-marrow MSCs can
significantly repress metabolic activity, proliferation, and
cell cycle progression in HL-60 leukemic cells, increasing
apoptosis and enhancing the ROS index. Further investi-
gation is imperative to elucidate the specific mechanisms
underlying the observed differences in cell growth between
these experimental groups. This may entail a comprehensive
exploration of gene expression profiles, signaling pathways,
and microenvironmental cues.

Conclusion

In conclusion, our study successfully established a 3D tumor
microenvironment that closely mimics the complex dynam-
ics of leukemia invasion within healthy ovarian tissue. The
PEGylated fibrin hydrogel scaffold we developed provides
a robust and stable platform supporting cell viability and
proliferation, demonstrating its potential for engineered tis-
sue models.

Our findings highlight the critical role of the HL-60 cells
and SCs ratio in influencing key processes such as cell pro-
liferation, tumor formation, and invasion. At higher cancer
cell concentrations, competition for nutrients and enhanced
cell—cell interactions appear to drive HL-60 cell prolifera-
tion. Conversely, lower cancer cell ratios allow for more
accurate modeling of leukemia cell invasion into ovarian
tissue. Interestingly, the observed suppression of cancer cells
in certain groups suggests that MSCs within the ovarian SCs
population may exert significant anti-tumor effects through
immunomodulatory mechanisms, leading to the suppression
of cancer cell growth. These findings suggest that MSCs
could play a crucial role in controlling tumor progression
within the ovarian microenvironment.

Future research should focus on further unraveling the
mechanisms driving these observations, particularly the
influence of cell ratios on tumor behavior. Gaining a com-
prehensive understanding of the mechanisms underlying the
changes in the rate of cell growth in TMs with varying cell
ratios has the potential to not only improve the accuracy
of interpreting experimental data but also provide valuable
insights for the development of targeted interventions and
therapies. Overall, this work has important implications for
advancing our understanding of cancer biology, support-
ing drug development, and improving tissue engineering
approaches. By exploring the interplay between cell ratios,
the tumor microenvironment, and cellular interactions, this
study contributes valuable knowledge to develop more pre-
cise and effective therapeutic strategies.
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