Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Unraveling Hematopoietic Stem Cell Expansion: A
Microfluidic 3D Co-culture Approach on
Demineralized Bone Matrix

Amir Asri kojabad
Iran University of Medical Sciences

Maryam Atashbar
Bushehr University of Medical Sciences

Amir Atashi
Shahroud University of Medical Sciences

masoud soleimani

soleim_m@modares,ac, ir

Tarbiat Modares University

Research Article

Keywords: HSCs, MSCs Cord blood, microfluidic, 3D co-culture
Posted Date: April 9th, 2024

DOI: https://doi.org/10.21203/rs.3.rs-4107134/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 1/22


https://doi.org/10.21203/rs.3.rs-4107134/v1
https://doi.org/10.21203/rs.3.rs-4107134/v1
https://creativecommons.org/licenses/by/4.0/

Abstract
Background

Hematopoietic stem cell transplantation (HSCT) is a well-established therapy for various hematological
malignancies. Umbilical cord blood (UCB) HSCs offer an alternative source but are limited by a small
number of CD34 + cells, delaying hematopoietic and immunologic recovery. Recent evidence underscores
the importance of closely recapitulating the bone marrow niche for ex vivo stem cell expansion..

Methods

We describe a novel 3D microfluidic chip for dynamic co-culture of MSCs and HSCs within a
demineralized bone matrix (DBM) scaffold. Co-culture was conducted in both dynamic and static 3D
conditions without exogenous cytokines for seven days.

Results

Scanning electron microscopy images revealed that CD34 + CD38- cells primarily lodged beneath the
MSCs layer rather than on its surface. MSCs repopulated the DBM scaffold and sustained HSC
expansion for seven days. The proportion of CD34 + cells increased significantly (1.35-fold), with CD34 +
CD38- cells nearly doubling in the microfluidic 3D co-culture compared to the control group. Microfluidic
conditions promoted CXCR4 transcription (4.7-fold), colony-forming potency (3.6-fold), and osteogenic
properties of DBM (9.4-fold) compared to the control group.

Conclusion

Indirect and direct crosstalk among HSCs, MSCs, and extracellular matrix (ECM) proteins can enhance
UCB HSC expansion potency in an engineered bone marrow chip. Our microfluidic-based chip represents
a significant step toward overcoming current limitations in UCB HSC numbers.

Background

Hematopoietic stem cells (HSCs) are pivotal for maintaining blood cell homeostasis and tissue
regeneration throughout life(1-3). Hematopoietic stem cell transplantation (HSCT) stands as a
cornerstone in cell-based therapies for various genetic, immunologic, or hematologic disorders(4). The
success of HSCT is closely linked to the dose of CD34 + HSCs, which significantly impacts engraftment
efficiency and reduces the risk of post-transplant infections(5)(6).

While peripheral blood, bone marrow, and cord blood serve as common sources of HSCs, umbilical cord
blood (UCB) emerges as a promising alternative due to its ease of collection and immediate availability
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of cryopreserved units(7)(8). Additionally, UCB exhibits a reduced risk of graft-versus-host disease
(GVHD) owing to its naive immune system(9). However, the limited number of hematopoietic stem and
progenitor cells (HSPCs) in a single unit of UCB presents a major obstacle, particularly for adult
transplantation, leading to delayed engraftment and lower transplant success rates(10)(11).

Several strategies have been explored to address these limitations(12), including double-unit cord blood
transplantation (DUCBT) (13) and optimization of conditioning regimens(14, 15). Despite these efforts,
the expansion of cord blood HSCs ex vivo holds significant promise for enhancing transplant outcomes.
However, conventional methods employing cytokine cocktails have proven inadequate due to their non-
physiological concentrations and rapid differentiation of HSPCs(16).

The emergence of co-culture techniques and advancements in understanding HSC biology offer novel
avenues to overcome these challenges. By replicating the hematopoietic microenvironment ex vivo,
researchers aim to modulate the balance between HSC self-renewal and differentiation. Mesenchymal
stem cells (MSCs) play a pivotal role in this niche, secreting factors that support HSC function and
regulating their quiescence(17-19). Moreover, the extracellular matrix (ECM) produced by stromal cells
provides structural support and signaling cues essential for HSC maintenance and expansion(20).
Integrating microfluidic technology with 3D culture systems offers a promising approach to mimic the
complex interplay between cells and their microenvironment. It was shown that MSCs-derived ECM
enhances HSCs expansion capacity (21).

The interstitial flow in HSCs microenvironments delivers oxygen, nutrients, growth factors, and cells to
niches of HSCs, as well as removing metabolic waste products(22). Traditional flask cell culture is not
sufficient to mimic the complexity of interstitial flow in vitro due to its static nature. High-throughput
microfluidic technology is a study of fluid flow through laminar flow micro-channels. Microfluidic based
culture methods have been widely developed in the past few years. Continuous laminar flow perfusion
has maintained controlled culture conditions that conventional static culture(23). Torisawa et al.
established the first attempts to simulate a niche. Their results showed that microfluidic systems are
capable of culturing HSCs in an engineered niche(24). Microfluidic culture systems can integrate with the
3D culture. Using scaffolds reduces the gap between engineering and in vivo niches. Although various
scaffolds have been used for mimicking bone marrow to date, none have mimicked a niche three-
dimensional microenvironment(8, 25, 26). Sieber and et al. describe a microfluidic-based 3D co-culture
model based on a hydroxyapatite-coated zirconium oxide ceramic scaffold(27). We demonstrated that
Microfluidic could be used to co-culture of HSCs with MSCs for seven days. It has been shown that MSCs
can be promoted HSCs expansion by the secretion of soluble factors such as cytokines(28). In traditional
expansion culture systems, cytokines were added to the culture medium. Co-culture of HSCs and MSCs in
the absence of exogenous cytokines is one step closer to the bone marrow on-chip concept(29, 30).
Numerous studies in both 3D and 2D cultures have confirmed that stromal cells in the co-culture model
ensure cytokines' secretion (29).
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In vitro niche architecture engineering is a challenging approach; the recent advanced shows that
naturally occurred HSCs niches can be mimicked in vitro(27, 31, 32). Engineered niches allow for
modifications of HSCs fate direction in a controlled manner. Dynamic co-culture of HSCs and MSCs on
natural demineralized bone matrix (DBM) scaffold, enabling improving the number of CD34" CD38~
HSCs in dynamic 3D culture. DBM is a natural-based allograft product produced by acid extraction of the
bone allograft. DBM contains type | collagen (93%) and non-collagenous proteins, including osteogenic
factors (such as bone morphogenetic proteins (BMPs), osteocalcin, Osteopontin, and growth and
differentiation growth factors), as well as other naturally present molecules(33).

Here, we present a novel microfluidic-based 3D co-culture model utilizing DBM scaffolds in a cytokine-
free microenvironment. By recapitulating the bone marrow niche ex vivo, this approach holds the
potential to enhance the expansion of CD34 + CD38- HSCs, thus addressing the critical need for improved
transplant outcomes in clinical settings.

METHODS

Microfluidic device fabrication

The microfluidic device fabrication process involves two main steps. Firstly, CAD design software
(AutoCAD 2017) is utilized to draw the channel and main culture chamber. The molding is then created
using computer numerical control (CNC) machining (ROTEC). In the subsequent step, the microfluidic
device is fabricated through standard soft lithography. Polydimethylsiloxane (PDMS) (Sylgard 184
silicone elastomer) is mixed with a curing agent at a ratio of 10:1.05 w/w. This mixture is then poured
onto the CNC-created mold (see Fig. 1a). The PDMS layer is assembled onto a glass slide using 02
plasma (ETP). After being exposed to a 70% ethanol solution for 30 minutes to clean the channels, the
device is sterilized by UV light exposure for 20 minutes.

The culture chamber has a volume of 98 cubic centimeters, with inlet and outlet channels measuring 500
micrometers in dimension. The inlet and outlet are punched using a BPP-15F puncher from Kai Industries
Co., Ltd., Seki, Japan. The inlet is connected to a syringe pump (JMS) via a tube. In the 3D dynamic group
co-culture, the perfusion flow through the medium is precisely controlled at a rate of 1.6 pl min - 1.
Specifically, a speed of 1.6 yl min - 1 per hour is set for the hematopoietic stem cells (HSCs), while a
speed of five pyl min - 1 per hour is set for mesenchymal stem cells (MSCs) (see Fig. 1b).

Stem cell isolation and cell culture

Mesenchymal stem cells (MSCs) were sourced from Bon-Yakhteh (Tehran, Iran). The expression of MSC
surface markers was characterized using flow cytometry. MSCs were expanded for 3—5 passages in
Dulbecco's Modified Eagle Medium (DMEM, Gibco), supplemented with 10% fetal bovine serum (FBS,
Gibco), and 1% penicillin-streptomycin (Pen/strep, Sigma-Aldrich). Cultures were maintained at 37°Cin a
humidified atmosphere containing 5% CO2. MSCs used in culture experiments were between passages 3
to 5, and medium replacement was performed every three days. The osteogenic and adipogenic
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differentiation potential of MSCs was assessed as previously described(34). After three weeks of culture
in osteogenic medium, calcium deposition was determined by alizarin red staining, while differentiation
into adipocytes was demonstrated by Oil red staining.

Fresh cord blood cells were obtained from the Iranian Blood Transfusion Organization (IBTO) with
donors' consent. Umbilical cord blood (UCB) mononuclear cells were separated by a Ficoll density
gradient (GE Healthcare) and centrifuged to deplete red blood cells, platelets, and plasma (400 g, 20 min).
CD34 + cord blood hematopoietic stem and progenitor cells (HSPCs) were isolated using the CD34
MicroBead Kit, human (Miltenyi Biotec), according to the manufacturer's protocol. Harvested cell viability
was analyzed using trypan blue (Bioidad) dye. Cells were stained for CD34 cell surface marker
(eBioscience; FITC-conjugated CD34), and CD34 expression was analyzed by flow cytometry.

Co-culture experiment design

The co-culture of mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs) was conducted
in three groups: a 3D dynamic co-culture group performed on a microfluidic device (3D dynamic group), a
3D static co-culture group on 24-well plates (3D static group), and a conventional 2D co-culture group (2D
static group) as the control (see Fig. 2E). The demineralized bone matrix (DBM) used in the study was
purchased from Iranbaft (Iranian Tissue Bank) and was cylindrical in shape. In all 3D culture conditions,
the DBM served as a 3D scaffold. The DBM was cut into cubes measuring 2x2x2 mm per well. Cells were
seeded into the scaffolds using pipetting techniques. The scaffold was further divided into different
pieces using a sterile Surgical Blade (Morris). One piece of DBM was utilized for each 3D dynamic and 3D
static group. The DBM was embedded within the microfluidic device chamber before the plasma oxygen
treatment of the device. Additionally, one piece of DBM was immersed in DMEM medium supplemented
with 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin in a 24-well plate as a control.

Cell seeding

For the 3D dynamic group, cell seeding was conducted as follows: Initially, mesenchymal stem cells
(MSCs) at a density of 100,000 cells were cultured for three days. Subsequently, 50,000 hematopoietic
stem cells (HSCs) were injected into the microfluidic device. In the 24-well dynamic group, MSCs were
seeded at a density of 20,000 cells per well onto the demineralized bone matrix (DBM) scaffold. On day 3,
10,000 CD34 + cells per well were added to the 3D static cell culture experiment, followed by a half
medium exchange with serum-free Stemline Il HSC media under cytokine-free conditions. HSCs and
MSCs were co-cultured in a 5% CO2 atmosphere at 37°C for seven days.

In the 2D static control group, a co-culture experiment without the DBM scaffold was conducted in 24-well
plates. The medium exchange was performed every three days. Before seeding HSCs, the culture medium
was exchanged with the HSC expansion medium.

Harvesting cells
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The cells from each demineralized bone matrix (DBM) scaffold were harvested by treating with
Collagenase 0.01% (Biochrom) in phosphate-buffered saline (PBS) supplemented as described. After
treatment, the harvested cells were centrifuged at 300g for 10 minutes. The viability of the cells was
determined using trypan blue stain (0.4%) for 3 to 5 minutes.

RT-PCR

Gene expression analysis was conducted to quantify the mRNA expression of CXCR4 and RUNX2 genes
on day seven of co-culture. Total RNA was isolated from the experimental groups using TRIzol Reagent
(Invitrogen) following the manufacturer's instructions. The quality and quantity of total RNA were
assessed using NanoDrop Spectrophotometers (Thermo Fisher Scientific). Subsequently, RNA was
converted to cDNA using the Revert Aid first-strand cDNA synthesis kit (Fermentas) according to the
manufacturer's protocol.

Real-time PCR was performed using SYBR Green Master Mix (Thermo Fisher) on the Step-One Plus real-
time PCR system. Melting curve analysis was conducted to confirm the specificity of PCR amplification.
The genes and their specific primers used in the analysis are detailed in Table 1. Each PCR reaction was
repeated three times, and the average threshold cycle (Ct) value was used for data analysis. The fold
change in gene expression was calculated using the A ACt method.

Table 1
Primers sequences of CXCR4 and RUNX2 genes.

Sequence Gene

CGC CACCAACAGTCAGAG H CXCRA4(F) Both variants
AAACAACCACCCACAAGTC H CXCR4(R) Both variant
GCCTTCAAGGTGGTAGCCC H RUNX2(F)
CGTTACCCGCCATGACAGTA  HRUNX2(R)
ATGGGGAAGGTGAAGGTCG  H-GAPDH-F

TAAAAGCAGCCCTGGTGACC  H-GAPDH-R

Scanning electron microscopy (SEM)

The morphology and physical interaction of hematopoietic stem cells (HSCs) and mesenchymal stem
cells (MSCs) were visualized using scanning electron microscopy (SEM). The demineralized bone matrix
(DBM) scaffold was initially fixed in 4% glutaraldehyde (Sigma) for 1 hour at 22°C, followed by overnight
fixation at 4°C. Subsequently, the fixed specimens were dehydrated using a series of ethanol solutions, as
described previously(35).

After dehydration, the samples were coated with gold and visualized using a Hitachi S-520 SEM. This
technique allowed for high-resolution imaging of the surface morphology and physical interactions
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between HSCs and MSCs within the DBM scaffold.
Colony-forming unit (CFU) assays

The colony-forming ability of the harvested cells, following the 7-day co-culture, was assessed using the
MethoCul H4434 kit (STEMCELL Technologies). In brief, 1,000 cells were resuspended in 3 ml of semi-
solid culture medium. The prepared medium with cells was then plated in triplicate into Petri dishes, each
with a central circle of 35 mm diameter, filled with sterile water to prevent dehydration.

After 12 days of culture, the colonies were enumerated, and sorting was performed based on colony
morphology. This methodology allowed for the quantification and classification of colonies formed by
the harvested cells, providing insights into their clonogenic potential and differentiation capacity.

Flow cytometry

The expression of CD34 and CD38 surface markers on hematopoietic stem cells (HSCs) was assessed
using flow cytometry. The following antibodies were utilized: CD34-PE (eBioscience) and CD38-FITC
(eBioscience). Unstained controls were also prepared for all experiments to account for background
fluorescence.

For each sample, 10,000 to 50,000 cells were stained with anti-CD34 FITC and CD38 PE antibodies.
Subsequently, measurements were conducted using a BD FACSCalibur Flow Cytometry system. The
acquired data were analyzed using FLOWJO Software, allowing for the determination of the expression
levels of CD34 and CD38 on the surface of HSCs. This analysis provides valuable insights into the
phenotype and potential differentiation status of the harvested cells.

Statistical Analysis

The data are presented as mean * standard deviation (SD) or + standard error (SE), as appropriate.
Statistical comparisons between different groups were assessed using one-way ANOVA, followed by the
Tukey-Kramer post-hoc test for multiple comparisons. GraphPad Prism version 7.00 was employed for
statistical analysis.

The porosity of the demineralized bone matrix (DBM) was measured using Image J software version 12.
Gene expression data analysis was conducted using StepOne Software v2.3.

For all statistical analyses, a significance level of p <0.05 was considered statistically significant,
indicating differences between groups. This threshold ensured robust interpretation of the results and
identification of meaningful trends or effects within the data.

Results

Microfluidic device microfabrication
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Analysis of the microchip under microscopy revealed that the scaffold was appropriately positioned
inside the co-culture chamber, allowing for efficient circulation of the cell culture medium inside and
around the scaffold. The perfusion flow rate played a critical role in the microfluidic culture system, with a
pump ensuring fluid flow accuracy to within 1.6 yl min - 1. Specifically, a flow rate of 1.6 pyl min -1 was
designated for hematopoietic stem cells (HSCs), while a flow rate of five pl min - 1 was allocated for
mesenchymal stem cells (MSCs). Additionally, a range of 1.6 to 8.3 pyl min - 1 was chosen to establish a
dynamic culture system.

The selection of flow rates was informed by the viability assessment of cells harvested from the scaffold
after three days of co-culture using trypan blue staining. Figure 1a depicts a schematic representation of
the designed microfluidic device.

Characterization of MSCs and HSCs

Adherent mesenchymal stem cells (MSCs) exhibited a spindle-like morphology across all study groups
(Fig. 2b). Subsequent staining with alizarin red and oil red O, as depicted in Fig. 2c and d respectively,
revealed osteogenic and adipogenic differentiation of MSCs after 16 days in traditional 24-well culture.
Flow cytometric analysis was conducted to characterize the early MSC phenotype, revealing that 78.93%
(sd=2.99) and 96.02% (sd = 0.66) of the cells expressed CD105 and CD90 surface markers, respectively
(Data not shown). The CD45 surface marker was assessed as a negative control CD marker.

The morphology of hematopoietic stem cells (HSCs) appeared normal, exhibiting a round and non-
adhesive phenotype (Fig. 2a). The purity of HSCs was evaluated by flow cytometry, demonstrating a
mean purity of 50.48% (sd = 3.40) on day one, with a viability of at least 86% as estimated by trypan blue
staining.

The phenotype of HSCs and MSCs on DBM scaffold

Mesenchymal stem cells (MSCs) play a crucial role in providing a niche for hematopoietic stem cells
(HSCs), thereby enhancing HSCs' survival and proliferation. The phenotypes and interactions between
HSCs and MSCs were investigated using electron microscopy. Scanning electron microscopy (SEM)
analysis of the demineralized bone matrix (DBM) scaffold after seeding MSCs in both 3D dynamic and
static groups revealed that, after three days, the scaffold spaces were filled with elongated, spindle-
shaped MSCs. The extracellular matrix (ECM) produced by MSCs was visualized using inverted
microscopy (marked with * in Fig. 3E, F), and MSCs completely covered the scaffold surface. Moreover,
MSCs formed bridges by extending pseudopodia, as depicted in Fig. 3.

Physical interactions between round-shaped HSCs and MSCs were observed (Fig. 3b). After seven days,
MSCs maintained the adhesion of HSCs to the stromal layer and ECM. HSCs exhibited strong physical
interactions with the stromal layer in both experimental groups. However, in the 3D dynamic group, HSCs
were surrounded by MSCs and penetrated beneath the stromal layer, whereas in the 3D static group, most
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cells were present on the surface (Fig. 3c, d). Analysis using Image J software revealed that the scaffold's
porosity was approximately 40% (Fig. 3a).

The enumeration of CD34*, CD38~ CB-HSCs on the DBM scaffold

The enumeration of harvested cells showed no statistically significant difference between day one and
day seven in both the 3D dynamic and static groups (ns p > 0.05) (Fig. 4C). In the 3D dynamic group, the
mean number of HSCs increased from approximately 10,000 to 14,000 (1.4-fold, ns p=0.10, SE = 2000)
at 7 days. Similarly, in the 3D static group, it increased from approximately 10,000 to 19,800 (1.9-fold, ns
p =0.20, SE=4917). These results indicated a slight increase in the number of cells in the 3D static
culture compared to the dynamic group.

Flow cytometry analysis qualitatively identified the phenotype of these cells, revealing differences in the
distributions of CD34 + and CD38- HSCs between the 3D dynamic and 3D static groups at 1 and 7 days
after HSCs co-culture. The expression of the CD34 surface marker in HSCs was 50.48% (sd = 3.40) on the
first day. By the seventh day, the expression of the CD34 marker in the microfluidic 3D dynamic group
increased to 72.83% (*p = 0.02, sd =9.01), while in the 3D static group, the number of CD34 + HSCs was
60.33% (ns, sd = 11.59).

CD34+, CD38- cells represent a quiescent sub-population of HSCs. The highest proportion of CD34+,
CD38- cells was observed in the 3D dynamic group after seven days (30.31%, SE = 1.35), whereas in the
3D static group, 16.67% (SE = 1.60) of HSCs showed CD34+, CD38- surface expression. The expression
level of CD34+, CD38- in the 3D dynamic group was nearly twofold greater than in the 3D static group
(1.8-fold). These results were consistent with a study conducted by Siebe et al. (CD34+, CD38- 31.7% after
28 days) in a microfluidic bone marrow chip model(27).

The number of CD34+, CD38- HSCs was statistically significant between the two groups (*p =0.02). In
contrast to CD34+, CD38- markers, the number of HSCs expressing CD38 + and CD34- increased
significantly in the 3D static group compared to the 3D dynamic group (about 1.5-fold). The results of the
flow cytometry analysis are summarized in Fig. 4A, B.

Effect of DBM on the expression of CXCR4 and RUNX1 genes.

The CXCR4/SDF-1 alpha axis plays a crucial role in the trafficking of HSCs(36). Gene expression analysis
revealed distinct gene expression profiles in HSCs, particularly in terms of CXCR4 expression. CXCR4
gene expression was evaluated on days 1 and 7 after MSCs seeding in both groups. In the 3D dynamic
group, CXCR4 expression increased approximately 4.7-fold over seven days. Similarly, in the 3D static
group, CXCR4 gene expression increased by 3.5-fold compared to day one. The comparison of gene
expression between the two 3D groups was statistically significant (*p = 0.03, SE = 0.35) (Fig. 4D).

The expression of the RUNX2 gene was analyzed to assess the osteogenesis potency of the DBM in the
microfluidic co-culture system. After three days, adherent MSCs were isolated, and RUNX2 gene
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expression was evaluated. The expression of RUNX2 mRNA was significantly increased by 9.4-fold (+
0.72) in the 3D dynamic group compared to the control group (****p <0.001, SE = 0.37). These results
indicate the enhanced osteogenic potential of the DBM scaffold in the microfluidic co-culture system.

Figure 4: lllustration of the expression of CD34 and CD38 surface markers, the expression of CXCR4,
RUNX2 genes, as well as colony-forming potency between the 3D dynamic and 3D static groups. (a) Flow
cytometry analysis depicting the expression levels of CD34 and CD38 on the surface of HSCs. (b) Mean
expression levels of CD markers in different experimental groups. (c) Total harvested cell counts in the
study groups and their changes between the first and seventh days. (d, e) Relative expression levels of
CXCR4 and RUNX2 genes, (f) HSCs multilineage differentiation potency.

HSCs multilineage differentiation potency

The multilineage differentiation potency of harvested HSCs was assessed using a colony-forming units
assay in both the 3D dynamic and static groups. The analysis revealed that the total colony number of
HSCs derived from the 3D static group increased by 2.8-fold (+ 0.8) compared to the control after 12
days. Similarly, in the 3D dynamic group, the number of CFUs increased by 3.6-fold (+ 1.08) compared to
the control (Fig. 4f). However, the data did not show statistical significance between the two groups.

Discussion

One of the key challenges in utilizing cord blood HSCs for bone marrow transplantation (BMT) is the
limited number of CD34 + cells. Clinical outcomes have indicated that successful engraftment correlates
with higher numbers of CD34 + cells (5, 37, 38). Recent clinical trials have underscored the importance of
developing effective methods for expanding HSCs in vitro, potentially overcoming the limitations
associated with cord blood HSC numbers for adult BMT. Various approaches have been explored to
enhance HSC expansion(8, 39—-42). It has been suggested that recreating an environment closely
resembling the native HSC niche is crucial for successful ex vivo expansion of HSCs. However, while HSC
fate is intricately regulated within its niche in vivo, engineering a suitable HSC niche for in vitro expansion
poses several challenges.In this study, we present a novel microfluidic-based 3D dynamic co-culture
system designed to maintain HSCs in a dormant state under cytokine-free conditions. Utilizing DBM as a
scaffold, MSCs were seeded to create a supportive feeder layer on the scaffold. Our findings indicate that
the microfluidic co-culture approach led to an increased number of CD34 + HSCs compared to the
dynamic group. This suggests the potential of our system to promote the expansion of CD34 + HSCs,
highlighting its utility in stem cell research and therapeutic applications.

HSCs are intricately regulated by both intrinsic and extrinsic signals within the niche, which is crucial for
maintaining hematopoietic homeostasis(43). This niche comprises stromal cells, ECM and interstitial
fluid, providing a specialized 3D environment for HSCs in vivo. We hypothesized that the interplay
between HSCs, mesenchymal stem cells (MSCs), and ECM proteins through direct and indirect crosstalk
could enhance HSCs expansion.
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Recent advancements in live imaging techniques have shed light on the importance of direct interactions
between HSCs and stromal cells in maintaining HSCs within the niche. MSCs, in particular, play a pivotal
role in HSCs self-renewal and bone remodeling regulation(44). These versatile cells have the capability to
differentiate into various cell types within the bone marrow, including osteoblasts, which are essential for
creating the bone microenvironment and regulating HSCs dormancy(45).

A growing body of evidence suggests that MSCs or MSCs-derived cells can physically attach to HSCs (45,
46). Our analysis of scanning electron microscopy results revealed distinct interactions between MSCs
and HSCs in both 3D dynamic and static culture conditions. In the 3D dynamic group, HSCs were
observed to be located beneath the MSCs feed layer, whereas in the 3D static group, HSCs were
predominantly situated on the surface layer of MSCs. Notably, MSCs in the 3D dynamic group
surrounded the HSCs in sheaths by forming pseudopodia, as depicted in Fig. 3. These findings are
consistent with previous studies, such as the work conducted by Duohui Jing et al., which demonstrated
that CD34 + quiescent HSCs could penetrate beneath the layer of MSCs(20). In dynamic cell culture
conditions, HSCs retained their stemness capacity by penetrating the underlying layer formed by MSCs.
Flow cytometry and colony assay results further confirmed the stemness ability of CD34 + HSCs, as
illustrated in Fig. 4.

The CXCR4 gene expression was investigated to elucidate the potential mechanism underlying the traffic
of HSCs beneath the MSCs layer. This trafficking process is contingent upon the expression of specific
chemotactic genes, including CXCR4, which facilitate HSCs migration within the bone marrow niche(36).
In the bone marrow microenvironment, stromal-derived factor 1 alpha (SDF-1a) binds to the CXCR4
receptor, thereby regulating HSCs quiescence and trafficking. Various cell types within the bone marrow,
including CXCL12-abundant reticular (CAR) cells, osteoblasts, endothelial cells, osteocytes, and MSCs,
have been reported to secrete SDF-1q, thereby contributing to the chemotactic gradient guiding HSCs
movement. Our analysis revealed a significant difference in CXCR4 gene expression between the 3D
dynamic and static groups (Fig. 4d), suggesting that MSCs may induce CXCR4 expression in the 3D
dynamic culture environment. It is worth noting that while the CXCR4/SDF-1 axis is considered the
primary signaling pathway governing HSCs trafficking, other pathways also contribute to this process.
The higher expression of the CXCR4 gene in expanded HSCs implies the potential suitability of these cells
for transplantation. However, it is essential to acknowledge that the analysis presented here only
examines gene expression levels, and further investigations are warranted to determine whether this gene
expression translates into protein production, considering potential post-translational modifications.

MSCs derived ECM is actively produced in the 3D dynamic and static group (marked with * symbol in
Fig. 3e, F). ECM proteins influence HSCs differentiation, lineage specification, proliferation, and cell
death(47). ECM is a meshed structure of proteins (such as collagen, fibronectin, laminin) that acts as a
cytokine reservoir. This network attaches directly to HSCs(48, 49). Various studies have shown that it has
a vital role in the proliferation and differentiation of HSCs(50). Natural cytokines produced under a 3D
dynamic co-culture group are available to all HSCs due to perfusion flow. The MSCs derived ECM acts as
an excellent reservoir for the storage of these cytokines. The Flow cytometry results showed that after
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seven days of co-culture, HSCs showed higher expression of CD34 surface markers in 3D culture.
Enhanced HSCs ability to self-renewal was showed in the colony assay. These results indicate that MSCs
are needed for self-renewal, maintenance of stemness, and proliferation of HSCs. The condition of the co-
culture in our study was without cytokines. We assume that MSCs, through direct physical contact and
actively regular production of cytokines and ECM, are causing HSCs expansion. Interestingly, these
variables were higher in microfluidic 3D co-culture than in static three-dimensional culture, which shows
the positive role of laminar fluid flow in the microfluidic system than traditional static culture. Here, we did
not directly measure the change in cytokines or ECM proteins, But Schmal and et al. showed that MSCs
synthetizing niche-specific ECM components in a hanging drop model(51).

The production of MSCs-derived extracellular matrix (ECM) was observed in both the 3D dynamic and
static groups, as indicated by the * symbol in Fig. 3e, f. ECM proteins play a crucial role in influencing
various aspects of HSCs biology, including differentiation, lineage specification, proliferation, and cell
survival. ECM, composed of proteins such as collagen, fibronectin, and laminin, forms a meshed structure
that serves as a reservoir for cytokines. This network directly interacts with HSCs, affecting their behavior
and fate.

Many studies have reported that HSCs can be expanded ex-vivo in certain conditions (52, 53).
Conventionally, these methods have focused on the cytokine cocktail. Many cytokine cocktails for ex-vivo
expansion of HSCs has been described (26) but suffer from some severe disadvantages (54). In essence,
cytokines are necessary but insufficient for quality expansion of HSCs multiplication ex-vivo. Also, Prior
studies have less noted the importance of 3D topology and microenvironment on HSCs fate. 3D culture
has been one of the most significant leaps in HSCs expansion, and it established a new approach for
mimicking HSCs niche.

The results of flow cytometry showed that three-dimensional culture significantly increased the portion of
CD34%, CD38~ HSCs compared to two-dimensional. 3D culture creates a remarkable similarity between
ex-vivo culture and natural niche. Tan et al. results indicated that the 3D scaffold led to a five to seven-
fold increase in the frequency of LTC-IC numbers over 14 days of culture, significantly higher than in 2D
control culture(55). In conventional 2D culture, cells grow on monolayer and only one side of the flask.
Usual monolayer expanding methods enhanced HSCs differentiation (56). Therefore, it seems necessary
to imitate HSCs 3D natural niche to reduce HSCs differentiation and improve HSCs expansion.

Shifting from a two-dimensional to a three-dimensional cell culture system requires a scaffold (57).
Scaffold and spatial, specifically BM structure, have been a subject of significant interest in recent years.
Many studies have been carried out to in vitro expansion of HSCs by co-culture method [18-20] such as
PEG hydrogel (58, 59), fibrin scaffold (60), collagen(61). However, a few have also paid attention to the
physical structure of the cell microenvironment. Scaffolds can be closely mimicking the three-
dimensional environments of the HSCs niche. We showed DBM as a 3D natural bone marrow scaffold
that has provided a suitable layer (ex: high porosity, native scaffold) for crosstalk between HSCs and
MSCs. DBM is comprised of 93% collagen type | and various growth factors(62). Collagen is the main

Page 12/22



protein found in bone marrow ECM(47). Collagen gel scaffolds based can help to improve CD34* HSCs
reconstitution(37). Natural DBM scaffold is easy to make; it is widely available and composed of natural
ECM (33). SEM images and invert microscopy show that MSCs are repopulated on the DBM surface and
migrated through the scaffold (Fig. 4). DBM scaffold has a porous surface (Fig. 4A). The mean porosity
of the DBM scaffold was 33.7%. It allows DBM to penetrate cells, whereas synthetic compositions such
as nanofibers do not simulate such conditions. The main feature of the natural essence of the cellular
microenvironment is 3D architecture. The red bone marrow that within the normal hematopoiesis take
place is located in the trabecular bone area. Trabecular bone or cancellous bone has a highly porous
structure, which provides many factors that make it suitable for maintenance of the hematopoietic
compartment. The number of CFU between the 3D dynamic and static group was not significant. It has
already been reported that the number of colonies in the collagen scaffold is less than other
scaffolds(63).

Flow cytometric analysis and cloning assays revealed notable differences in cell phenotypes between
dynamic and static cultures. Specifically, CD34+, CD38- HSCs exhibited a 1.8-fold increase in the 3D
dynamic culture compared to the 3D static group. Interestingly, the count of CD34 + cells decreased in the
3D static group, with a significant reduction observed in the 2D static group. The CD34+, CD38-
subpopulation of HSCs is clinically relevant for bone marrow transplantation, as these cells possess high
proliferative potential. The microfluidic co-culture system demonstrated superior potential for maintaining
stemness in HSCs, as evidenced by the higher proportion of CD34 + positive and CD38- negative cells
compared to static three-dimensional culture.In the 3D static group, a higher number of more
differentiated cells, characterized by CD38 and CD34 double-positivity, was observed, indicating a bias
towards differentiation in this culture condition. In contrast, the 3D dynamic microfluidic group favored a
self-renewal phenotype, as indicated by a higher proportion of undifferentiated CD34 + cells. These
findings align with previous research(31) and highlight the impact of culture conditions on HSC
differentiation and self-renewal dynamics.

While both quantitative (harvested cell count) and qualitative (flow cytometric) analyses suggested a
dormant phenotype in the microfluidic system, colony assays were conducted to assess the functional
potency of HSCs. Consistent with previous findings (27), the dynamic 3D culture supported not only
differentiation but also the ability to differentiate into all precursor cells. However, it is important to note
that functional in vivo assays for HSC activity post-co-culture were not performed in this study.

Although the expansion of CD34 + HSCs in the microfluidic 3D co-culture was lower compared to other
reports, our results demonstrated higher purity of CD34 + CD38- HSCs in the microfluidic 3D co-culture.
This suggests that the microfluidic system may offer advantages in preserving the stemness and purity
of HSC populations, despite lower overall expansion levels.

Unlike traditional co-culture systems, microfluidic systems offer several advantages by providing cells
with nutrients and oxygen while continuously removing waste from the environment. The perfusion flow
in microfluidic systems ensures the homogeneous distribution of cytokines throughout the culture area,
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making them readily available to all cells. Additionally, microfluidic systems can mimic physiological
conditions such as blood flow and shear stress, which are crucial for better simulating bone marrow
stimulation in vitro compared to static co-culture systems.

The interstitial fluid in the bone marrow creates biomechanical signaling(64), and niche cells respond to
mechanical signals such as shear stress and mechanical forces. In the cytokine-free dynamic co-culture
group, the results indicate that chemokines and other signaling molecules provided by MSCs were
effectively delivered to all cells due to the perfusion flow. This resulted in an increase in the number of
CD34 + HSCs. Comparing the 3D dynamic and static groups, it was observed that HSCs in the dynamic
co-culture system were more likely to enter a dormant state due to the influence of perfusion flow.

We hypothesize that the 3D co-culture environment induces the differentiation of MSCs into osteoblasts.
To investigate this hypothesis, we analyzed the expression of the RUNX2 gene, which is a key regulator of
osteoblast differentiation. Our results revealed that MSCs exhibited significantly higher expression of the
RUNX2 gene in the 3D dynamic culture compared to the culture without a scaffold. Additionally, the
presence of the DBM scaffold further enhanced the expression of the RUNX2 gene in MSCs. Previous
studies have shown that fluid flow in microfluidic environments can induce the expression of osteogenic
genes such as Runx2(65).

These findings suggest that the DBM scaffold possesses inherent osteogenic properties, and the
presence of fluid flow enhances MSC differentiation into osteoblasts. Increased expression of the RUNX2
gene in MSCs is indicative of osteoblast differentiation. Given that quiescent HSCs are often located in
the endosteal niche, where bone-forming osteoblasts play a crucial role in supporting HSCs, the
differentiation of MSCs into osteoblastic lineage brings the 3D dynamic co-culture system closer to
mimicking the in vivo endosteal niche.

Direct physical interactions between HSCs and osteoblast cells have been documented in previous
studies(66). Thus, the co-culture of HSCs and MSCs in the DBM scaffold maintains the stemness
properties of HSCs by promoting the differentiation of MSCs into osteoblastic cells, thereby creating a
microenvironment that resembles the endosteal niche.

Conclusion

In summary, our study demonstrates that the microfluidic-based 3D co-culture model utilizing the DBM
scaffold with stromal support can effectively maintain HSCs' self-renewal in cytokine-free conditions.
This innovative approach provides a three-dimensional structure for the HSC niche, incorporating feeder
layer cells, thereby offering a novel strategy for expanding HSCs in vitro. By mimicking bone marrow cell-
cell interactions in a 3D culture, our model exhibits features that closely resemble the realistic bone
marrow environment compared to conventional 2D culture systems. The integration of microfluidic flow
with a natural 3D scaffold enables the simulation of key aspects of the bone marrow niche. We believe
that our findings hold promise in addressing the limitations associated with umbilical cord blood HSCs
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expansion in vitro and could potentially be applied to the development of novel concepts in personalized
medicine, such as bone marrow-on-chip platforms.
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Figure 1

Design and setup of the microfluidic device. The micro-mold was fabricated using the CNC method and
utilized for casting polydimethylsiloxane (PDMS) chips via soft lithography. The image illustrates three
chambers within the device, designed to enhance accuracy and repeatability compared to a single
chamber configuration. The dimensions of the chip were 25 mm by 75 mm, with the inlet and outlet
heights exceeding those of the main culture chamber (a). The fluid flow chart and cell viability analysis
indicated that at a flow rate of 1.6 ul min-1, cell viability reached 89% (89.33, sd=2.51). Evaluation was
conducted solely within the range of 1.6-8.3 ul min-1 (b).
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Figure 2

Morphology characterization of mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs).
(a). Spindle-like morphology of MSCs. (b). Oil red O staining demonstrating the potential of MSCs to
differentiate into adipocytes. (c). Alizarin Red staining confirming the osteogenic differentiation capacity
of MSCs (e) Schematic representation illustrating the morphology of HSCs and MSCs within the scaffold
after seven days of co-culture.
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Figure 3

Cell morphology of MSCs and HSCs, and the interaction between them in electron microscopy imaging.
(@) The demineralized bone matrix (DBM) exhibited porosity akin to the bone marrow, providing a spatial
3D environment conducive to mimicking the bone marrow niche. Despite its high porosity, the culture
media in the microfluidic device flowed well in and around it. (b) After 48 hours, MSCs formed a stromal
layer on the scaffold. The physical relationship between MSCs and HSCs is depicted in both 3D static (c)
and 3D dynamic (d) groups. (€) MSCs-derived pseudopodia are observed in the 3D dynamic group. (f)
ECM marked with *, is visualized under inverted microscopy.
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Figure 4

lllustration of the expression of CD34 and CD38 surface markers, the expression of CXCR4, RUNX2 genes,
as well as colony-forming potency between the 3D dynamic and 3D static groups. (a) Flow cytometry
analysis depicting the expression levels of CD34 and CD38 on the surface of HSCs. (b) Mean expression
levels of CD markers in different experimental groups.(c) Total harvested cell counts in the study groups
and their changes between the first and seventh days. (d, e) Relative expression levels of CXCR4 and
RUNX2 genes, (f) HSCs multilineage differentiation potency.
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