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A B S T R A C T

Microtumor models, combining cancer and stromal cells within 3D hydrogels, are vital for testing anticancer 
therapies. Bioprinting hydrogel scaffolds allows tailored in vitro models. We created a 3D microtumor model 
using a bioprinter, with varying ratios of ovarian stromal cells and leukemia cells (HL-60). PEGylated fibrinogen 
and alginate hydrogel were used. Cell dynamics and proliferation were assessed via immunofluorescence 
staining. Microtumors with different HL-60 ratios (1:1, 1:10, 1:100) were cultured for 5 days. Results showed 
tumor development modulation by cell ratios and culture time. A significant cell density increase occurred in 1:1 
ratio microtumors, indicating rapid cancer cell proliferation. No HL-60 cells were found in 1:100 ratio micro-
tumors by day 5. The 1:10 ratio closely mimicked leukemia invasion in ovarian tissue, showing detectable cancer 
cells by days 3 and 5 without altering total cell density dynamics significantly. This bioprinted leukemia 
microtumor model offers better physiological relevance than 2D assays, promising applications in cellular 
analysis and drug screening.

1. Introduction

Nowadays, one of the most pragmatic approaches for generating 
realistic in vitro microtumor models is through 3D bioprinting of 
hydrogel-based biomaterial scaffolds [1]. This innovative technique 
facilitates the precise placement of cell-laden bioinks into intricate 
structures, guided by computer-aided design files with exceptional ac-
curacy, efficiency, and reproducibility. Specifically in tumor modeling, 
bioprinting offers unparalleled precision in embedding cancer cells 
within hydrogels containing healthy cell populations, thus mimicking 
the intricate milieu of the tumor microenvironment (TME) [2]. 
Leveraging their inherent structural complexity, essential for fostering 
dynamic cell-cell and cell-matrix interactions, 3D bioprinted models 
have become indispensable tools in numerous areas of cancer research 
[3,4].

Leukemia is one of the most prevalent cancer types among prepu-
bertal girls and women of reproductive age, exhibiting one of the highest 
rates of ovarian metastases [5,6]. Despite advancements in cancer 
therapies contributing to a notable survival rate among patients, these 
treatments can potentially affect fertility and ovarian function [7,8]. 

While autotransplantation of cryopreserved ovarian tissue presents a 
promising option for restoring endocrine and reproductive functions, it 
is not advised for leukemia patients due to the considerable risk of dis-
ease recurrence [5]. One of the most recent methods being developed to 
restore fertility in these individuals safely involves purging ovarian tis-
sue fragments of cancer cells before autotransplantation [9,10]. How-
ever, the scarcity and precious nature of ovarian fragments from 
leukemia patients pose significant challenges for research and devel-
opment efforts in this area [11].

In this study, we have devised a novel bioink comprising a blend of 
proprietary fibrinogen and alginate to mimic leukemia cell invasion into 
ovarian tissue, thereby creating a tumor-infiltration mimicking model 
(TIM) for drug development applications. To achieve this goal, we 
optimized the HL-60:SCs cell ratio to (i) prevent solid tumor formation, 
as leukemia cells are generally found in body fluids, characterized as 
liquid tumors, and (ii) ensure adequate presence of cancer cells for 
detection by common analyses, like immunofluorescence, thereby 
establishing a realistic model. The TIMs’ preparation was executed using 
a bioprinter equipped with state-of-the-art microfluidic technology.
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2. Methods

2.1. Ovarian stromal cell isolation and in vitro culture

Ovarian stromal cells (SCs) were isolated [12,13] from frozen- 
thawed ovarian tissue fragments [14] following approval by the Insti-
tutional Review Board of the University Catholique de Louvain on May 
23, 2019 (IRB reference 2018/19DEC/475). Briefly, frozen-thawed 
ovarian biopsies [15], obtained from three postmenopausal multi- 
organ donors. They were first mechanically minced using a tissue 
chopper (McIlwain, Campden Instruments, Loughborough, UK), and the 
resulting fragments were then enzymatically digested using 0.28 
Wünsch units/ml Liberase DH (5,401,054,001, Sigma), and 8 Kunitz 
units/ml DNase (10,104,159,001, Sigma) for 75 min at 37 ◦C. To inac-
tivate the enzymatic activity, Dulbecco’s phosphate-buffered saline 
without Ca2+ and Mg2+ (DPBS; 14,190,144, Gibco) supplemented with 
10 % heat-inactivated fetal bovine serum (HI FBS; 16,140–071, Gibco) 
was added to the suspension in equal proportions. To remove the last 
few particles, the suspension was subsequently filtered through 80 μm 
(NY8002500, Millipore, Sigma) and 30 μm (NY3002500, Millipore, 
Sigma) nylon net filters. The final suspension underwent centrifugation 
(500 g, 10 min), and the pellet was resuspended in cell culture media 
Dulbecco’s modified of Eagle’s medium F-12 nutrient mixture (DMEM/ 
F12; 21,041–025, Gibco), 10 % HI FBS and 1 % antibiotics and anti-
mycotic (AA; 15,240–062, Gibco) were cultured in a T75 culture flask.

2.2. Leukemia cell culture

HL-60 cell line (98,070,106, Sigma) was cultured in T75 culture 
flasks, using RPMI medium (61870–010, Gibco) supplemented with 10 
% HI FBS, and 1 % AA and under humidified conditions with 5 % CO2 at 
37 ◦C.

2.3. Bioink preparation

PEGylate fibrinogen (PF) with the molar ratio of PEG: Fib 20:1 was 
prepared to formulate the bioink. Human fibrinogen was dissolved in 
PBS to a concentration of 85 mg/ml, then filtered through a 0.22 mm 
syringe filter and incubated at 37 ◦C. Then, an equal volume of 

prewarmed fibrinogen was combined with a 10 mg/ml NHS-PEG-NHS 
solution and incubated at 37 ◦C for 2 h. Moreover, 1.12 % alginate 
was prepared by dissolving alginate (9842, Aspect Biosystems) in PBS 
overnight at 4 ◦C. This alginate solution was combined with PF at a 
concentration of 47.5 mg/ml and mixed with HL-60:SCs cells (1 × 106 

cells/ml) at a ratio of 1:1, 1:10, or 1:100 (shell A1, shell A2, or shell A3, 
respectively), resulting in final concentrations of 1 % alginate and 5 mg/ 
ml PF. Moreover, 1.12 % alginate was diluted with PBS to achieve an 
alginate concentration of 0.5 % (shell B) to provide support for shell A. 
During printing, CAT-2™ (0458, Aspect Biosystems) containing poly-
vinyl alcohol and CaCl2 was used for crosslinking, while sodium chloride 
solution, (0460, Aspect Biosystems) was used to flush the channels of the 
printhead. All the experiments were performed in triplicate.

2.4. TIMs bioprinting process

A pneumatic microfluidic bioprinter (RX1, Aspect Biosystems) was 
utilized to print the bioink, operating via air pressure to regulate valve 
openings and reservoir flows. The Centra™ printhead, capable of 
printing two different shells, two cores, a crosslinker, and a buffer, was 
integrated into the bioprinter (Fig. 1) [16]. During bioprinting, the 
crosslinker surrounding the bioink initiates primary physical cross-
linking, resulting in filament formation ejected from the printhead 
nozzle. In the bioprinter software, a rectangular volume of 1 × 10 × 10 
mm with 5 % infill was configurated, and the scaffold was deposited 
onto mesh paper with printing pressures set at 105,43, 200, and 150 
mbar for shell A, shell B, crosslinker, and buffer, respectively. Parame-
ters, such as the nozzle-to-mesh paper, printing speed, and row speed, 
were set at 6 mm, 11 mm/s, and 11 mm/s, respectively. After printing, 
the bioprinted scaffolds underwent post-printing crosslinking with 40 
mM CaCl2 for 15 min at room temperature, along with 5 IU/ml thrombin 
included in the culture medium composed of DMEM-F12, 10 % HI FBS, 
and 1 % AA. (See Table 1.)

2.5. LIVE/DEAD assay

Cell viability within the bioink pre- and post-printing was evaluated 
using the LIVE/DEAD™ Viability/Cytotoxicity test (L3224, Invitrogen, 
Thermo Fisher) [10]. Briefly, the bioinks were treated for 30 min at 

Fig. 1. Schematic illustration of the reaction between the bioink and cross-linker in the Aspect Biosystems’ Lab-On-a-Printer microfluidic printhead. To reduce the 
shear stress that cells suffer when the bioink exits the nozzle and is applied to the print bed, a printable gel is introduced into the printhead’s nozzle and sheathed on 
each side by cross-linkers.
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37 ◦C in the dark in DPBS with 2 mmol/l calcein-AM and 5 mmol/l 
ethidium homodimer-I. Calcein-AM, a non-fluorescent cell-permeant 
dye, penetrates living cells and is cleaved by esterases to yield calcein, 
producing intense and consistent green fluorescence within viable cells. 
Bright red fluorescence upon ethidium homodimer-I penetration and 
binding to DNA via damaged membranes. Then, cell viability was 
examined using an inverted fluorescence microscope (Leica DMIL).

2.6. Degradation study

The in vitro degradation of the hydrogels was assessed using the 
gravimetric technique [17,18]. Bioprinted hydrogels were initially 
prepared, post-bioprinted, by immersion in a CaCl2 solution for 15 min, 
followed by submersion in either DMEM/F12 of PBS containing 5 IU/ml 
thrombin for 2 h at 37 ◦C. Then, the bioprinted hydrogels were metic-
ulously weighed after being dried three times on lint-free tissue papers 
and then submerged again in media (DMEM/F12 or PBS solution, pH 
7.4, 0.01 M, containing 0.1 % sodium azide). The hydrogels were 
removed and weighed every 24 h after excess surface water was elimi-
nated (n = 4). Fresh media were replenished every other day, and the 
percentage remaining mass of the samples was calculated using the 
flowing equation: 

Percentage remaining mass = (Wn/W0)×100 (1) 

where Wn represents the weight of the bioprinted hydrogel after n days 
of culturing and W0 is the initial weight of the hydrogel immediately 
after exposure to post-printing crosslinkers.

2.7. Histological study

Before and either 3 or 5 days after culturing, TIMs were fixed in a 4 % 
formaldehyde solution and embedded in paraffin. Subsequently, sec-
tions with a thickness of 7 μm were cut and mounted on microscopic 
slides. Hematoxylin and eosin (Hx61057849 and Hx87833544, Sigma) 
staining was performed for morphological analysis. The total cell density 
was evaluated within a 200 × 200 μm2 area using ImageJ and the 
following equation was used to determine the cell density dynamic after 
3 or 5 days [12]. 

Cell density dynamic = (CDn − CD0)/CDn×100 (2) 

where CDn represents the cell density on day 3 or 5, and CD0 is the cell 
density on day 0.

2.8. Immunofluorescence analysis

Sections were mounted on Menzel-Glaser’s Superfrost Plus slides. 
CD43/Ki-67 practical immunofluorescence analysis was conducted to 
assess cell proliferation and cancer cell identification simultaneously 
[6,19]. Histosafe (Yvsolab SA, Turnhout, Belgium) and isopropanol 
were used for deparaffinization and rehydration of sections, respec-
tively. Then, after demasking sections with citrate buffer and Triton X- 
100 (X100; for 20 min microwave, the non-specific binding sites were 
blocked by incubation with TBS/Tween (663684B; VWR) solution 
containing 10 % normal goat serum (NGS; 31,872, Invitrogen) and 1 % 
bovine serum albumin (BSA; 3854.3, Karl Roth) for 30 min. Afterward, 

the sections were then incubated overnight at 4 ◦C with the polyclonal 
CD43 antibody (1:150) (1-CD160; Quartett GmbH). Then, the slides 
were subsequently incubated for 40 min with Alexa Fluor™ 488 goat 
anti-mouse IgG (A11001, Invitrogen). After another antigen retrieval, 
the slides were incubated overnight at 4 ◦C with the monoclonal anti- 
human Ki67 (1:90) (M7240; DAKO) and 40 min with Alexa Fluor™ 
594 goat anti-mouse IgG (A11005, Invitrogen). After staining with 
Hoechst 33342 (14,533, 1:500, Sigma), sections were mounted with 
fluorescent mounting medium (S3023; Dako) on glass slides and scan-
ned using an automatic slide scanner (ZEISS Axio Scan.Z1) equipped 
with three laser lines of 455, 488, and 594 nm. Using ZEN Blue, the HL- 
60 and SC cell densities were evaluated within a 180 × 180 μm2 area. Eq. 
(2) was used to determine the cell density dynamics after 3 or 5 days (n 
= 5). The HL-60 cell proportion was calculated using the following 
equation: 

HL − 60 cell proportion (%) = NCD43/NT ×100 (3) 

where NCD43 represents the number of CD43-positive cells within a 180 
× 180 μm2 area, and NT is the total number cell.

2.9. Statistical analysis

For the statistical analysis of the quantitative data, one-way ANOVA 
was employed and was presented as mean ± SD. Statistics were 
considered significant for P values <0.05 and the error bars in graphs 
reflect a single sample standard deviation.

3. Results

3.1. Assessment of cell survival in bioprinted TIMs

The innovative TIM, containing HL-60 and SCs, was designed using a 
computer-aided design file (Fig. 2a) and generated using the RX1 Bio-
printer. Fig. 2b illustrates an example of the TIM structure stained with 
polybead microspheres after printing. Shear stress on cells within the 
bioink during extrusion from the printing nozzle is a primary concern in 
bioprinting research, potentially leading to cell death [20]. However, 
the microfluidic technology integrated into the Aspect Biosystems RX1 
printhead effectively minimizes the shear stress. LIVE/DEAD assay on 
the cell-embedded bioink before and immediately after printing 
demonstrated no significant difference in viability, with high viability 
rates of 96.15 ± 1.41 and 94.93 ± 2.63, respectively (Fig. 2c,d).

3.2. Evaluation of the degradation in bioprinted hydrogels

The degradation behaviors of bioprinted scaffolds in different media 
are presented in Fig. 3. On days 1 and 2, hydrogels in both PBS and 
DMEM/F12 showed similar remaining mass percentages. However, 
hydrogels in DMEM/F12 continue to maintain their mass until the fifth 
day, showing no significant difference. In contrast, bioprinted constructs 
in PBS started to undergo dramatic degradation from the third day on-
wards and were no longer found in the plates by day 5. The remaining 
mass of hydrogels in DMEM/F12 of >100 % indicates the swelling of 
hydrogels and the swollen filaments can be observed in the presentative 
degradation pictures (Fig. 3).

Table 1 
Cell density of TIMs with different ratios of HL-60:SCs on days 0, 3, and 5.

Combination 
(Hl-60:SCs)

Cell density (cells per mm2) Cell density dynamics (%)

Day 0 Day 3 Day 5 Day 3 Day 5

1:1 269.23 ± 38.46 a 634.62 ± 96.15 826.92 ± 134.62 a 57.52 ± 0.38 67.33 ± 0.67
1:10 269.23 ± 76.92 461.54 ± 115.38 557.69 ± 19.23 42.22 ± 2.22 52.14 ± 12.14
1:100 307.69 ± 76.92 442.31 ± 134.62 538.46 ± 76.92 29.17 ± 4.17 43.75 ± 6.25

The letter in the same row indicates the statistical difference (p < 0.05).
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3.3. Analysis of cell density and morphology of printed cells

The bioprinted hydrogels containing HL-60 and SCs were cultured 
for 5 days. To examine cell morphology, cell density within the hydro-
gels, and the dynamics of cell density, samples were fixed on days 0, 3, 
and 5 and assessed by the histological analysis (Fig. 4). Initially, no 

significant difference was observed in the cell density between different 
groups on the first day. However, TIMs with an HL-60:SCs ratio of 1:1 
showed a significant increase in cell density on the fifth day compared to 
day 0, demonstrating the highest cell density dynamic. Moreover, no 
significant differences were observed in cell density or cell density dy-
namics between the groups with HL-60:SCs ratios of 1:10 and 1:100 after 
different days of culturing.

3.4. Development of bioprinted TIMs

To evaluate the HL-60:SCs cell ratio in different groups, immuno-
fluorescence analysis has been employed to distinguish healthy cells 
from cancer cells and simultaneously assess cell proliferation (Fig. 5a). 
As indicated by the quantified cell proportion graphs (Fig. b-d), different 
groups showed different levels of HL-60 contamination on the third and 
fifth days. Notably, no cancer cells could be detected in the TIMs with 
the HL-60:SCs cell ratio of 1:100 after 5 days of incubation. While the 
TIMs with a 1:1 cells ratio demonstrated a proliferation rate of 43.09 ±
15.31 % for HL-60 cells after 5 days of incubation, the proliferation rate 
of SCs was only 2.08 ± 2.95 %, marking the lowest rate among SCs in 
different groups (Fig. 5e-g). Table 2 illustrates the cell density dynamic 
of SCs and HL-60 in different groups on the third and fifth days. The 
results demonstrate a considerable difference between the cell density 
dynamics of SCs and HL-60 in the 1:1 cell ratio group on day 5, indi-
cating that the significant increase in total cell density was attributable 
to the high proliferation speed of cancer cells. Moreover, the cell density 
dynamics of the 1:10 cell ratio group remained stable over time.

4. Discussion

Bioprinting of hydrogel-based biomaterials has been successfully 
employed to create tumor models for various cancer types, such as 
glioblastoma [21], cervical tumor [22], and breast cancer [23]. In this 
study, the bioprinted hydrogels comprised alginate as the primary 
biomaterial along with a low concentration of PEGylated fibrinogen. 
Alginate, a natural polysaccharide, undergoes physical crosslink in the 
presence of divalent cations such as Ca2+, which can slowly release in a 
Ca2+-free medium, leading to alginate dissolution [24]. The addition of 
CaCl2 in the printing crosslinking solution triggers the initial physical 
crosslinking of alginate, generating a filament from the microfluidic 
nozzle. Post-printing, CaCl2 further enhances the mechanical properties 
of the printed structure. PEGylation is a chemical reaction that improves 
protein stability and shields against protease activity [12]. Thrombin in 
the medium polymerizes PF by cleaving fibrinogen, and Ca2+ in the 
scaffold further stabilizes the PF network. The RX1 bioprinter provides 
printing of different materials and simultaneous printing of bioinks and 
the crosslinker by using a microfluidic printhead. Bioinks surrounded by 
crosslinker experience less shear stress compared to printing bioinks 
alone, providing an appropriate system for bioprinting sensitive cells 
[25].

Fig. 2. Innovative TIM development following a computer-aided design file (a) 
(grid line: 1 mm) and an example of the TIM structure (b). LIVE/DEAD assay on 
the cell-embedded bioink before (c) and after (d) printing process.

Fig. 3. Degradation behavior of bioprinted hydrogel during a 5-day incubation 
in PBS and DMEM/F12Degradation profiles (a) (scale bar: 5 mm) and its profile 
(b) (*, P < 0.05; ***, P < 0.001).

Fig. 4. Histological analysis of TIMs with different ratios of HL-60:SCs (1:1, 
1:10, and 1:100) on days 0, 3, and 5 (scale bar: 100 μm).
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Here we observed that bioprinted hydrogels exposed to PBS experi-
enced significant mass loss compared to those in DMEM/F12, likely due 
to the presence of Ca2+ in DMEM/F12, supporting physically crosslinked 
alginate. Changing the medium during degradation helps in replenish-
ing Ca2+ resources. On the other hand, the degradation of PEGylated 
fibrin in the bioprinted structure may contribute to the accelerated 
degradation rate of hydrogels in PBS, which the degradation of high 
concentrations of PEGylated fibrin in PBS due to the ionic interactions 
between fibrin and PBS was reported previously [12].

In addition to producing viable cells in bioprinted scaffolds, the main 
aim of our study was to mimic the natural structure of invasive leukemia 

tumors in healthy tissue. Although acute myeloid leukemia presents a 
wide range of variations, established cell lines have provided a valuable 
platform for decades, enabling efficient, repetitive, and economical in-
vestigations. Typically referred to as “liquid tumors,” these cells are 
predominantly found in body fluids rather than forming solid tumors 
[26,27]. However, it is noteworthy that HL-60 cells, with a doubling 
time of 36–72 h, have demonstrated a propensity to spontaneously form 
colonies in semi-solid media [28,29]. In this study, it is imperative to 
finely tune the HL-60:SCs cell ratio to strike a delicate balance: pre-
venting excessive solid tumor formation while ensuring the retention of 
adequate levels of cancer cells for a relevant model. Our findings 
revealed that the cell ratio and culture duration significantly influence 
tumor formation. HL-60 cells within the TIMs exhibited a doubling time 
of 72 h when cultured with a HL-60:SCs ratio of 1:10. Contrastingly, 
within the same timeframe, cells in the HL-60:SCs ratio of 1:1 group 
underwent a tripling in number. Therefore, due to the dramatically 
accelerated rate of cancer cell growth, the cell density dynamic per-
centage greatly rose after 5 days of culture. On the contrary, no cancer 
cells were found in the group with an HL-60:SCs ratio of 1:100 on the 
fifth day. The group with an HL-60:SCs ratio of 1:10 was more compe-
tent to simulate the invasion of leukemia cells into ovarian tissue 
because its cancer cells could remain detectable after 5 days of in vitro 
culture without any significant change in the cell density and cell den-
sity dynamic. Furthermore, cancer cells were evenly distributed 

Fig. 5. CD43/Ki67 immunofluorescence (CD43: green/Ki67: red/Hoechst: blue) analysis of TIMs with different ratios of HL-60:SCs (1:1, 1:10, and 1:100) before and 
3 or 5 days after culturing (a) (scale bar: 50 μm). Cell proportion evaluation on day 0 (b), Day 3 (c), and Day 5 (d). Quantification of proliferative HL-60 and SCs 
before culturing and after 3 or 5 days of culturing (e) (ns, no significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Table 2 
Cell density dynamics of HL-60 and SCs after 3 and 5 days of in vitro culture.

Combination 
(Hl-60:SCs)

Cell density dynamics (%)

Day 3 Day 5

SCs HL-60 SCs HL-60

1:1 38.10 ± 26.94 61.11 ±
23.52

42.50 ± 15.41 a 79.44 ±
3.42 b

1:10 41.43 ± 40.12 55.56 ±
7.86

52.12 ± 29.40 58.33 ±
11.79

1:100 57.18 ± 5.12 – 58.89 ± 6.85 –

The letter in the same row indicates the statistical difference (p < 0.01).
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throughout the bioprinted scaffold within this cohort, ensuring they did 
not grow in clumps and facilitating their identification through random 
sectioning.

5. Conclusion

In this study, we formulated a bioink using a combination of PEG, 
fibroin, and alginate to create hydrogels embedded with HL-60 cells and 
stromal cells, aimed at constructing a suitable 3D tumor microenviron-
ment mimicking acute leukemia cell invasion in ovarian tissue. These 3D 
bioprinted microtumor models present a promising avenue for acceler-
ating drug development processes. They enable a more precise evalua-
tion of therapeutic effectiveness and facilitate the characterization of in 
vitro cellular behaviors that closely mimic in vivo responses. Performing 
a preliminary drug testing assay would now be valuable to demonstrate 
the effectiveness of our model compared to responses observed in 2D 
culture systems.
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