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A B S T R A C T   

Mesenchymal stem cell (MSC) transplantation has been explored for the clinical treatment of various diseases. 
However, the current two-dimensional (2D) culture method lacks a natural spatial microenvironment in vitro. 
This limitation restricts the stable establishment and adaptive maintenance of MSC stemness. Using natural 
polymers with biocompatibility for constructing stereoscopic MSC microenvironments may have significant 
application potential. This study used chitin-based nanoscaffolds to establish a novel MSC three-dimensional 
(3D) culture. We compared 2D and 3D cultured human umbilical cord-derived MSCs (UCMSCs), including dif-
ferentiation assays, cell markers, proliferation, and angiogenesis. When UCMSCs are in 3D culture, they can 
differentiate into bone, cartilage, and fat. In 3D culture condition, cell proliferation is enhanced, accompanied by 
an elevation in the secretion of paracrine factors, including vascular endothelial growth factor (VEGF), hepa-
tocyte growth factor (HGF), Interleukin-6 (IL-6), and Interleukin-8 (IL-8) by UCMSCs. Additionally, a 3D culture 
environment promotes angiogenesis and duct formation with HUVECs (Human Umbilical Vein Endothelial 
Cells), showing greater luminal area, total length, and branching points of tubule formation than a 2D culture. 
MSCs cultured in a 3D environment exhibit enhanced undifferentiated, as well as higher cell activity, making 
them a promising candidate for regenerative medicine and therapeutic applications.   

1. Introduction 

Mesenchymal stem cells (MSC) are derived from mammalian 
mesenchymal tissue and can self-renew in an undifferentiated state and 
differentiate into various types of somatic cells, including adipocytes, 
osteocytes and chondrocytes [1]. MSCs also have the property of 
secreting immune regulatory factors [2], which provides research 
inspiration and ideal prospects for stem cells and regenerative medicine 
[3]. However, the effects of MSC therapy are still heterogeneous and 
lack explanation mechanisms, which may be attributed to the incon-
sistency of cell sources, functional characteristics, and culture methods 
[4]. It is particularly noteworthy that keeping MSCs in an 

undifferentiated state in long-term culture, especially the rapid estab-
lishment and stable maintenance of MSC stemness, remains challenging 
[5]. Detachment from the native three-dimensional microenvironmental 
structure and signals may be an important reason for the heterogeneity 
of MSCs in vitro [6,7]. Therefore, replicating the interaction between 
cells and the natural microenvironment in vitro is expected to provide 
feasible cytological solutions [8,9]. 

The native umbilical cord MSC (UCMSC) is easily attainable and 
expanded in vitro, and it has been shown stronger proliferative capacity 
and lower immunogenicity than MSCs derived from other tissues, such 
as bone marrow, peripheral blood, and fat [10]. Due to the convenience 
of extraction, a large number of source cells, and significant immuno-
modulatory properties, UCMSC has been regarded as one of the active 
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“seeds” with sound therapeutic potential [11]. Moreover, UCMSCs can 
be frozen and stored long-term; it is also possible to establish a cell bank 
according to uniform sample selection and a standard operating pro-
cedure to support cell therapy. Preserving the physical functions of 
multifunctional cells like UCMSCs with high fidelity in vitro provides 
fundamental support for molecular mechanism research and trans-
lational application of regenerative medicine [12]. The use of advanced 
three-dimensional (3D) rather than two-dimensional (2D) culture 
methods has been shown to provide enlightening auxiliary strategies 
[13]. In-depth bioanalysis of the characteristics of biomaterial-based 3D 
culture systems will not only elucidate the in vitro adaptability of 
UCMSCs but also essentially elucidate the communication network be-
tween stem cells and the surrounding environment that triggers effective 
tissue homeostasis and damage repair [14,15]. Therefore, appropriate 
tissue engineering 3D culture and cell property assessment can help 
improve the quality control of standardized therapeutic UCMSC. 

In local tissues, interactions between stem cells and the microenvi-
ronment, whether caused by cellular activity [16] or niche dynamics 
[17,18], may be a critical upstream factor in tissue repair. Recent studies 
have shown that biomaterials can improve the biological properties of 
UCMSCs, including self-renewal [19], differentiation [20], and para-
crine delivery [21]. This is a desirable direction for the development of 
UCMSC therapeutics. However, the precise cell biology involved re-
mains vague [22], given the specific gene expression and heterogeneity 
of cell subpopulations in MSCs [23]. In addition, because umbilical cord 
mesenchymal tissue, the native habitat of UCMSCs, has complex struc-
tural components such as blood vessels, mucus, and connective tissue 
[24], the 3D biomimetic conditions and functions of biomaterials must 
be further explored. To direct a functional biome assessment of UCMSC 
3D culture systems, and especially to identify the responding genetic 
patterns, will therefore be instructive. 

To maintain high cell viability, morphology, stemness, and paracrine 
stability of UCMSCs in vitro, we previously developed a 3D culture sys-
tem based on bioactive chitin materials called Cellhesion® [25]. Cell-
hesion® has tissue engineering properties, including biocompatibility, 
biodegradability, and high mechanical strength, providing an emerging 
biomaterial platform for regeneration [26]. By constructing an artificial 
UCMSC–Cellhesion® biome system, we have developed new in vitro 
methodologies to evaluate the quality of UCMSCs. This study found that 
the UCMSC–Cellhesion® system provided a unique microenvironment 
through spherical tissue formation and cell stability establishment as the 
chitin scaffold degraded. Through analysis of stem cell marker proteins 
and genomic RNA expression, the early systematic activity of Cellhe-
sion®-cultured UCMSC was revealed. Cellhesion®‘s cell-niche dynamic 
interaction resulted in higher UCMSC stability and stemness 

maintenance, compared to a 2D culture. This study provides valuable 
scientific insights into the basic extension and translation feasibility of 
UCMSC-based therapy. 

2. Materials and methods 

2.1. Human UCMSC culture 

For the 2D culture, primary UCMSCs (PromoCell, cat. No. C-12971) 
were cultured in petri dishes at 37 ◦C, 5 % CO2, and 95 % humidity. The 
cells were kept in an MSC growth medium (Promo Cell, Heidelberg, 
Germany) with 10 % (v/v) FBS (Life, NY, USA) and a 1 % (v/v) 
antibiotic-antimycotic solution. The medium was changed every three 
days. Cells were passaged with Hepes BSS (Promo Cell, Heidelberg, 
Germany), 0.04 % (w/v) trypsin-EDTA (Promo Cell, Heidelberg, Ger-
many), 0.05 % Trypsin inhibitor 0.1 % BSA (Promo Cell, Heidelberg, 
Germany) when they reached 80–90 % confluency. For the 3D culture of 
UCMSCs (second passage), the culture material was prepared by adding 
0.05 % (v/v) Cellhesion® (Nissan Chemical Co., Ltd., Tokyo, Japan) to 
the above medium, in accordance with the manufacturer’s instructions. 
The material was then seeded in 100 ml non-adherent flasks (Corning, 
NY, USA) at a density of 1 × 106 UCMSCs/flask. This 3D cell system was 
cultured at 5 % CO2 and 37 ◦C, and the medium was changed every three 
days by centrifugation (cells along with materials, 100 g/min for 5 min) 
and resuspension. 

2.2. Cell viability and proliferation assays (with Cellhesion®) 

To analyze the survival and proliferation of cells cultured in vitro, we 
used placental blue fluorescence staining to measure the cell number of 
UCMSCs at the fourth passage, comparing cells in the 3D Cellhesion® 
environment to those in the 2D environment. Following the manufac-
turer’s instructions, the Embryonic Blue stain (Invitrogen, USA) and 
Embryonic Blue cell counter (Invitrogen, USA) were employed for 
standardized quantification of cell numbers in the cultures. Cell 
expansion was analyzed using a serial assay of cell counting. The 2D 
group utilized 24-well adhesion culture plates, with each well contain-
ing 2 × 105 cells/ml cells and 2 ml of cell culture medium (Promp Cell, 
Germany). The 3D group used 24-well non-adhesion culture plates, with 
each well containing 2 × 105 cells, 1.9 ml of culture medium, and 100 μl 
of Cellhesion material. Cultured up to 5 days, data were obtained daily 
and analyzed with Prism software using SEM for comparison between 
3D and 2D groups. 

2.3. UCMSCs exported from the 3D environment 

After seven days of culture in Cellhesion® 3D, the UCMSCs were 
transferred to the to Petri dishes with adhesive properties to establish 
the effect of the 3D culture on cell proliferation. Typically, the culture 
medium was centrifuged at 500 g/min for 5 min, then resuspended and 
dropped into a 100 mm adhesive petri dish. The isolates were cultured 
statically for 24 h, allowing UCMSCs to detach from the 3D material and 
adhere to the dish. Next, 10 ml of UCMSCs culture medium was added to 
the dish, and then the Cellhesion® material was gradually washed away 
through multiple medium changes. 

2.4. Cell viability and proliferation assays (after removing UMSCs from 
Cellhesion®) 

UCMSCs crawled out from the Cellhesion® 3D environment and 
were transferred to a six-well adherent culture dish at a concentration of 
1 × 105 cells/ml and cultured continuously for five days. During this 
period, UCMSC counting was performed every day, using the Embryonic 
Blue stain and Embryonic Blue cell counter. Statistics of daily cell 
numbers (N = 3) were used to generate proliferation curves. Cultured for 
up to 5 days, data were obtained daily and analyzed with Prism software 
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using SEM for comparison between 3D and 2D groups. 

2.5. Scanning electron microscopy (SEM) evaluation 

Scanning electron microscopy (SEM) was used to study the physical 
interaction between UCMSCs and 3D materials. Precisely, a 0.1 M 
phosphate buffer (pH 7.4) containing 2 % formaldehyde and 2.5 % 
glutaraldehyde was used to preliminarily fix the 2D or 3D culture cells, 
with 1 % osmium tetroxide and 0.5 % potassium ferrocyanide added for 
secondary fixation. Ethanol, tert-butanol, and freeze-drying were used 
for fractionated dehydration, and osmium tetroxide was used to coat the 
dry samples. The morphological characteristics were observed using an 
S-4800 field emission SEM (Hitachi High-Technologies, Japan). 

2.6. MSC adipogenic differentiation 

To test whether the Cellhesion® material affects the adipocyte dif-
ferentiation potential of UCMSCs, the 3D cultured fourth passage 
UCMSCs were seeded into a six-well culture dish at a concentration of 1 
× 105 cells/ml. When the cells reached 90 % confluence, the original 
medium was replaced with MSCgo

tm adipogenic medium (Sartorius), and 
culture was continued at 37 ◦C and 5 % CO2. The medium was changed 
every three days. On day 21 the cells were fixed with formaldehyde and 
stained with an oil-red solution (BMK Bio Future Workshop Corporation, 
Tokyo, Japan) for 30 min. The stained population was observed using a 
10 × microscope. 

2.7. MSC osteogenic differentiation 

In the fourth passage, UCMSCs cultured in 2D and 3D environments 
were prepared with cell suspension at a concentration of 1 × 105 cells/ 
ml and seeded in six-well adherent culture dishes, respectively. When 
the cells reached 80 % confluence, the culture medium was replaced 
with an osteogenic medium (Osteogenic Differentiation Culture Solu-
tion, Sartorius), and the culture was continued at 37 ◦C with 5 % CO2. 
The medium was changed every three days. On day 14 the osteogenic 
medium was removed and the cells were fixed with fixative for 30 min, 
in accordance with the osteogenic staining kit instructions (BMK Bio 
Future Workshop Corporation). Alizarin Red S dye from the kit was then 
used to stain the cells for 30 min. After washing four times with PBS, the 
staining of differentiated osteoblasts was observed under a 10 ×
microscope. 

2.8. MSC chondrogenic differentiation 

The fourth passage UCMSCs cultured in 2D and 3D environments 
were prepared with cell suspension at a concentration of 1 × 106 cells/ 
ml and seeded in six-well adherent culture dishes, respectively. A 2 ml 
cartilage culture solution (Cartilage Differentiation Culture Solution, 
Sartorius) was applied to each well. The lines were then incubated in a 
cell culture chamber at 37 ◦C with 5 % CO2, and the culture medium was 
refreshed every three days. On day 14, the cells were stained using 
Alcian blue (BMK Bio Future Workshop Corporation) for 15 min. After 
washing four times with PBS to remove residual dye, a 10 × microscope 
was used to observe cell differentiation. 

2.9. Immunophenotype analysis 

We evaluated the stemness of UCMSCs cultured with Cellhesion® 
according to the MSC phenotype criteria established by the International 
Society for Cell Therapy [16]. Cells were incubated with CD73, CD90, 
CD105, CD11b, CD19, CD34, CD45, and DLA-DR antibodies following 
the antibody reagent manufacturer’s instructions (BD Biosciences, USA). 
UCMSCs were centrifuged at 300 g/min for 5 min and washed twice 
with SM buffer (2 % FBS in PBS). Eight tubes of cell suspension were 
prepared, with a concentration of 5–10 × 106 cells/ml. Cells were 

centrifuged at a 300 g/min speed for 5 min. SM buffer solution (50 μL) 
was then used for resuspension. Cells and antibodies were incubated at 
room temperature for 30 min in the dark. We added 1 ml SM buffer, 
centrifuged at 300 g/min for 3 min at 4 ◦C four times, and added pro-
pidium iodide. Antibody-labeled cells were sent to FACS Aria II (BD 
Biosciences) and flow cytometry data were analyzed using FlowJo 
software (Tree Star, San Carlos, CA, USA). 

2.10. Enzyme-linked immunosorbent assay (ELISA) of cell culture 
supernatants 

The protein levels of hepatocyte growth factor (HGF; cat. No. 
KAC2211, Thermo Fisher Scientific), vascular endothelial growth factor 
(VEGF; cat. No. P35235, Funakoshi, Japan), Interleukin-6 (IL-6; cat. No. 
350580, Funakoshi, Japan), and Interleukin-8 (IL-8; cat. No. P352238, 
Funakoshi, Japan) in 2D and 3D culture media were measured using the 
ELISA Kit (Funakoshi). Supernatants from fourth-passage UCMSCs, 2D 
and 3D culture media (Promocell, Germany) were collected every day 
for seven days. In a 96-well culture dish, we added 150 μL of incubation 
buffer, 50 μL of Standard Diluent Buffer, and 50 μL of either the 
experimental or control sample. We beat it gently to mix the complex 
and left it untouched for 3 h. We removed the supernatant, washed it 
four times with PBS, added 100 μL/well of biotin anti-Hu HGF (VEGF), 
and left it untouched for 1 h. After discarding the supernatant, we added 
100 μL Streptavidin-HRP (100-fold dilution) to each well and left the 
dish untouched at room temperature for 30 min. We then added 100 μL 
stop solution and mixed until the solution turned yellow, measured by 
450 nm fluorescence. All reagents were tested within 2 h. 

For IL-6 and IL-8, we added 100 μL Assay Diluent RD1W to each well 
of an adhesive 96-well culture dish, followed by a 100 μL supernatant 
sample, leaving the dish untouched at room temperature for 2 h. We 
then washed the well four times with 400 μL PBS and added IL-6 Con-
jugate. The dish was kept in the dark and left untouched at room tem-
perature for 2 h. The well was then washed four times with 400 μL PBS, 
200 μL substrate solution was added, and it was kept in the dark for 20 
min. Finally, 50 μL stop solution was added to turn the solution green, 
followed by analysis by a spectrophotometer with fluorescence absor-
bances of 450 nm, 540 nm, and 570 nm. The detection process of all 
targets was completed within 30 min. 

The results were analyzed and statistical analyses were conducted 
using Prism software, with standard deviation (SD) employed to 
compare the 3D results with the 2D group. 

2.11. Tube formation assay 

We used Matrigel, which was thawed and mixed with HUVEC culture 
medium EBM-2 (Clonetics, USA, without additives) at a ratio of 2:1. 
Subsequently, 95 μL of the mixture was added to each well, followed by 
the addition of 20,000 HUVEC cells (the fourth passage) and either 200 
μL 3D or 2D Day-5 conditioned medium. Two control groups were set as 
200 μL MSC culture medium (Mesenchymal Stem Cell Growth Medium 
2, PromoCell, Germany) and 200 μL HUVEC culture medium (including 
culture medium additive EBM-2, Clonetics, USA). Apart from comparing 
the advantages of Cellhesion®‘s 3D cell culture, this experimental design 
also allowed for eliminating potential interference and confounding 
factors from the culture medium. After 12 h, the formation of lumens 
was observed, recorded, and analyzed. The vascular area and length 
were quantified and annotated using Image-J software, followed by 
statistical analysis using Prism software. Standard Deviation (SD) was 
used for analyzing the statistical significance compared to the 2D group. 

2.12. Colony formation assay 

At the fourth passage, UCMSCs were seeded at a concentration of 
20,000 cells/ml into a 10 cm ultra-low adhesion culture dish containing 
0.05 % (w/v) Cellhesion® MS using Mesenchymal Stem Cell Growth 
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Medium 2 nourish. The culture supernatant was changed every three 
days. The plates were incubated without agitation for one week. The 
UCMSCs were then adhered and separated from Cellhesion® using a 
conventional 10 cm diameter petri dish. The isolated UCMSCs were 
inoculated into the middle 60 wells of a conventional 96-well plate, with 
one cell placed in each well. FBS (− ) was added peripherally to maintain 
the environmental stability and humidity of the culture dish. The 
proliferating clones were observed by culturing them in a cell incubator 
for seven days. Meanwhile, colony forming unit (CFU) experiments were 
performed simultaneously on a 2D control, without the addition of 
Cellhesion® but according to the above culture criteria. 

2.13. Cell cycle analysis 

The fourth passage UCMSCs cultured in the 2D and 3D culture media 

were prepared as previously described. Then, 2 × 106 UCMSCs cultured 
in 2D and 3D were delivered to and stored at BGI Japan (Tokyo). Total 
mRNA was isolated using the BGI Japan kit, and RNA-Seq was con-
ducted using the DNBSEQ platform. Two replicated RNA-seq libraries 
were prepared from UCMSCs cultured in 2D and 3D. The sequencing 
data was filtered with SOAP nuke (v1.5.6) by removing adopter reads, 
low-quality reads, and reads whose unknown base (‘N’ base) ratio 
exceeded 5 %. Clean reads were obtained and stored in FASTQ format 
and were mapped to the reference genome using HISAT2 (v2.1.0). 
Bowtie2 (v2.3.4.3) was applied to align the clean reads to the gene set. 
RSEM (v1.3.1) calculated the expression level of the gene. A heatmap 
was generated by pheatmap (v1.0.8). A differential expression analysis 
was performed using DESeq2 (v1.4.5) with | log2FC | ≥ 2.5, FDR 
≤0.001, and visualized by an enhanced volcano (v3.16). GO 
(http://www.geneontology.org/) and KEGG (https://www.kegg.jp/) 

Fig. 1. The culture of UCMSCs with Cellhesion®. (A) Cellhesion® is a white flocculent-like liquid consisting mainly of chitin. It is added to the culture medium to 
form a 3D environment with a concentration of 5 %. (B) Over time, Cellhesion® forms a 3D matrix in which materials and cells are gradually included into larger 
clusters, as shown in the figures for Day 1, Day 3, and Day 5. (C) The spatial relationship between the MSCs and Cellhesion®. The magnifications from left to right are 
3000×, 5000×, and 10000×. Within the white dashed line is the UCMSC, which can be seen clustering and enveloped by the Cellhesion® material. 
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enrichment analyses of annotated different expression genes were per-
formed by Phyper, based on the hypergeometric test. The significant 
levels of terms and pathways were corrected by Q value with a rigorous 
threshold (Q value ≤ 0.05). 

2.14. Statistical analyses 

Cell proliferation was presented as mean ± SEM, Elisa data and CFU 
data as mean ± SD of at least three independent determinations. Prism 
software was used for statistical analysis and image visualization of cell 
staining and chemiluminescence readings. Statistical analysis between 
groups was performed using unpaired two-tailed Student’s t-test (or 
ANOVA). Differences were considered significant when p < 0.05. 

3. Results 

3.1. Characteristics of Cellhesion® compound cell culture 

In accordance with Cellhesion®’s product instructions, the cells were 
added to the cell culture medium at a concentration of 0.05 % and well 
homogenized to establish a 3D culture environment for the cells 
(Fig. 1A). While in the 3D culture setting, UCMSCs coexisted within the 
Cellhesion® culture matrix and progressively formed spherical aggre-
gates, with discernible growth in aggregate size over time (Fig. 1B), as 
demonstrated in Cellhesion® VP enhancing the immunomodulatory 
potential of human mesenchymal stem cell-derived extracellular vesi-
cles. In contrast to conventional 2D culture, the 3D petri dishes exhibited 
a slightly turbid appearance due to the inclusion of biomaterials 
(Fig. 2A). By the fifth day, these aggregates had become readily visible. 
Through electron microscopy, we observed that UCMSCs exist in a 
spherical state within the three-dimensional Cellhesion® material and 
have adapted to exist in such a 3D environment (Fig. 1C). 

3.2. Proliferation of 2D and 3D cultured cells 

To compare the growth of UCMSCs under 2D and 3D culture con-
ditions, they were seeded on adherent tissue culture plates and in non- 
adherent tissue culture flasks and analyzed using the placental blue 
staining assay. Cell counts were taken daily for five days. On the fourth 
day, the average count for the 2D culture was 747,000 cells and 569,333 
cells for the 3D culture. The proliferation of UCMSCs in the presence of 
Cellhesion® material was less than in the 2D culture conditions. This 
disparity persisted during the culture period, even though the cells 
exhibited exponential growth. By the fifth day, the average cell counts 
were 1,238,333 for 2D culture and 621,333 for 3D culture. On that day, 
the cells peaked (Fig. 2B). Notably, by the fifth day, the cells and the 3D 
material remained integrated, with the 3D material forming larger 
clusters. The placental blue assay revealed that, although both cultures 
peaked on the fifth day, the proliferation of UCMSCs within the 3D 
material was less than that under conventional 2D culture conditions. 
The results of this experiment agree with the summary of a Polish re-
view, which reported that because of the structure of cell spheroids, the 
reasons for differences in nutrients could lead to limitations in the 
spheroid culture of hepatocytes [27]. 

3.3. Cellhesion® post-culture and cell proliferation 

To account for the impact of Cellhesion® material aggregation on 
cell proliferation rates and to validate the effect of Cellhesion® material 
on cell performance. Consequently, 3D culture UCMSCs were obtained 
following the removal of Cellhesion®. It is important to note that while 
this method does not guarantee complete material removal, the residual 
amount is minimal (Fig. 3A–C). Importantly, this residual material is not 
expected to significantly affect the comparison of proliferation rates in 
traditional culture conditions. The UCMSCs, after the elution, were 
subjected to a comparative assessment with 2D culture UCMSCs to 

evaluate their proliferation capacity. 2D and 3D UCMSCs were seeded at 
a density of 1 × 105 cells/ml in culture dishes with adhesive properties, 
and their numbers were quantified daily using embryonic blue staining. 
On day three of proliferation, the average cell count for the 2D culture 
was 2.68 × 105, while that for the 3D culture was 8.04 × 105. The 3D 
group exhibited a substantial advantage, approximately twofold higher 
than the 2D group. This advantage persisted throughout the culture 
period, with cells continuing to proliferate exponentially. On day five, 
the average cell count for the 2D culture was 4.49 × 105, whereas that 
for the 3D culture was 6.27 × 105. Limited by the petri dish area size, the 
3D group peaked on the fourth day. Although the 3D proliferation rate 
slightly declined, from 9.781 × 105 On day four (Fig. 3E), it out-
performed the traditional culture method. These findings collectively 
indicate that UCMSCs cultured in the presence of Cellhesion® exhibit a 
higher proliferation rate and enhanced proliferation capacity. 

3.4. Identification of 3D cultured UCMSCs 

Evaluating three differentiation capabilities and cell surface antigen 
markers serves as crucial criteria for characterizing umbilical cord stem 
cells [20]. We conducted a comparative validation of UCMSCs cultured 
in traditional 2D conditions and those subjected to a 3D culture, using 
three differentiation assays. These experiments, encompassing lipo-
genic, osteogenic, and chondrogenic differentiation, were performed 
concurrently, yielding consistent results (Fig. 4A). 

Expression of stem cell markers on UCMSCs cultured in a 3D envi-
ronment: As MSCs are known to express CD90, CD73, and CD105 anti-
bodies while lacking CD11b, CD19, CD34, CD45, and HLA-DR markers, 
we confirmed these cell surface antigen markers through flow cytometry 
experiments. These experiments were conducted on UCMSCs from the 
same batch and generation that underwent proliferation assays 
(Fig. 4B). The outcomes demonstrate that UCMSCs following Cellhe-
sion® 3D culture retained the fundamental characteristics of stem cells 
and exhibited no alterations in their stem cell phenotype. 

3.5. Paracrine factors from UCMSCs with Cellhesion® 

The analysis of paracrine factor secretion from UCMSCs after 3D 
culture was contrasted with that from 2D culture using an ELISA kit. 
Four representative paracrine factors, namely hepatocyte growth factor 
(HGF), vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), 
and interleukin-8 (IL-8), were selected to assess the enhanced paracrine 
activity facilitated by Cellhesion®, focusing on factors associated with 
tissue regeneration and inflammation regulation (Fig. 5A). 

Cytokine profiling of UCMSCs in 3D culture: In the comparison be-
tween HGF and VEGF, the 3D group displayed a significant advantage, 
with an exponential increase in VEGF paracrine concentration observed 
from the second day of culture, maintaining this advantage throughout 
the proliferative culture period. Conversely, when comparing IL-6, the 
3D group did not exhibit an absolute advantage in the early stages but 
demonstrated a pronounced advantage in the later stages of culture. 
Similarly, for IL-8, the 3D group demonstrated an initial advantage and 
underwent exponential growth by the end of the culture cycle. VEGF 
served as a valuable vascular endothelial growth factor in the above 
findings. At the same time, we simultaneously conducted angiogenesis 
experiments (Fig. 5B). The analysis of angiogenesis results after 20 h, 
using ImageJ software, indicated that the lumen length formed in the 3D 
group was greater than that in the 2D group. Both in terms of the 
quantity and length of angiogenesis, 3D culture exhibited a substantial 
advantage. 

3.6. UCMSCs paracrine secretion and angiogenesis 

In the vascular experiment, vascular morphogenesis was observed in 
all experimental groups except for the MSC culture medium group at the 
12-h time point (Fig. 5B). Following this initial observation, there were 
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Fig. 2. The cell proliferation assay with Cellhesion® culture. (A) The study involved observing the 2D and 3D UCMSC cultures on days 1, 3, and 5, with the naked eye 
and under a microscope at 10 × magnification. The 3D group showed the presence of white flocculent material and cells when observed with the naked eye and 
clusters under a 10 × microscope. (B) Growth comparison between 2D-vs. 3D-cultured UCMSCs. Plots indicate mean ± SEM (n = 3). Cell counting was performed 
using embryonic blue staining on 2D and 3D cultures to measure cell proliferation within five days. 
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no further alterations in vascular morphology over time. Using ImageJ 
software for quantitative analysis, the length of vascular structures in 
the 3D group measured 4093.702 units, whereas in the 2D group, it was 
1395.065 units. The vascular length in the HUVEC culture medium 
group was 866.912 units, while no vascular structure formation in the 
MSC group could be detected. These results underscore the significant 
advantage of the 3D group, with luminal structure length being more 
than twice that of the 2D group. These findings affirm that the 3D culture 
environment, particularly when employing Cellhesion®, confers a 
notable advantage in the production of VEGF. This enhancement in 
VEGF production likely contributes to the observed improvements in 
vascular morphogenesis. 

3.7. Colony forming units 

The colony formation assay is a robust methodology commonly 
employed in current in vitro experiments involving hematopoietic stem 
cells. By quantifying the number of culture well plates in which colonies 
formed, out of a total of 60 well plates, the results yielded an average of 
22 well plates in the 2D group and 29 well plates in the 3D group 
(Fig. 5C). These findings strongly support the conclusion that UCMSCs 
cultured with Cellhesion® possess an enhanced ability to form colonies, 
indicative of their heightened proliferative potential [28,29]. 

3.8. RNA sequencing of 2D and 3D cultured UCMSCs 

To gain deeper insights into the distinctions between UCMSCs 
cultivated under the two different culture conditions, RNA sequencing 
was performed on passages of four UCMSCs cultured either in a 2D or 3D 
medium (Fig. 6B). Gene ontology (GO) (Fig. 6C) enrichment analysis 
revealed that the differentially expressed genes were primarily enriched 
in pathways related to anti-inflammation, DNA repair, cell cycle regu-
lation, DNA replication, proliferation, the minichromosome mainte-
nance (MCM) complex, and other processes associated with cell 
proliferation. Furthermore, the enrichment analysis also indicated terms 
related to molecular binding events pertinent to intercellular signaling 
processes. Additionally, noteworthy observations included the down-
regulation of KLF4 among the differentially expressed genes, suggesting 
a potential role in augmenting stemness under 3D culture conditions. 
Simultaneously, an upregulation of CXCL12 was noted, which facilitates 
MSCs in inducing M1-type polarization of macrophages [30]. This im-
plies a role for CXCL12 in the resolution of inflammatory processes, 
underscoring the multifaceted effects of 3D culture on UCMSCs 
(Fig. 6A). 

4. Discussion 

This study sought to reveal the effects of chitin nanocomposite 3D 
scaffolds on achieving cell properties through biomaterial-cell dynamics 
in early culture, including proliferation and stemness maintenance, 
constructing an artificial microenvironment strategy suitable for high- 
quality in vitro culture of UCMSCs to achieve quality control (Table 1). 
This system will provide a bridge for therapies based on MSCs and 
derived or auxiliary products to move from basics to clinical application 
[31]. It has been reported that the heterogeneity and loss of stemness 
caused by the over-expansion of adipose MSC in vitro can be reduced by 
non-adherent cultures of chitosan microspheres [32]. Similar to the 
microsphere scaffold, in this study, human UCMSCs achieved a 

semi-floating state when supported and surrounded by a chitin matrix, 
forming a dynamic interactive artificial niche and slowing down the 
expansion behavior of UCMSCs. With the replacement of the cell culture 
medium, the chitin scaffold matrix is rapidly cleared, causing the 
UCMSC culture to transition from 3D to 2D, leading to a swift increase in 
the proliferation rate of UCMSCs. This change in cell proliferation in 3D 
culture is consistent with the known universal plasticity of MSCs [33]. It 
once again verifies the widely variable regulation of stem cell programs 
by physiological microenvironment simulation [34]. It can be seen that 
the MSC stemness maintenance ability produced by Cellhesion® has 
certain spatiotemporal properties similar to those in vivo, such as 
potentially greatly expanding the bioavailability of chitin [35–37]. 

In the early stages of 3D culture, the interactive deposition of chitin 
and cells may be a rapid biological process related to the chitin skele-
ton’s stability at the microscale [37] and increased biodegradation [38]. 
Long-term in vitro 3D culture of mammalian MSCs may reduce treatment 
safety and efficiency [39], while 3D scaffold-assisted culture systems 
may improve it [40]. Although we created a 3D culture model of 
UCMSCs in a petri dish through chitin fiber doping, Cellhesion® 
UCMSCs are not fully biodegradable due to the different biodegradation 
of chitin in vivo [41], coupled with the potential immunogenicity of 
chitin and its metabolites [42]. Their suitability for direct trans-
plantation is unknown. It is worth noting that transplantable or inject-
able hybrid nanoscaffolds facilitate the rapid assembly, improved 
survival rate, and maintenance of stemness of stem cells in the body, 
while cellulose cryogel reinforced with chitin nanowhiskers exhibits 
better performance in terms of biocompatibility, compared to MSCs 
[43]. Therefore, biodegradable nanochitin carriers may be expected to 
assemble functional UCMSCs through synergistic 3D cell-cell and 
cell-matrix interactions, thereby creating a favorable physical micro-
environment for UCMSC delivery in vivo and expanding their scope of 
application [44,45]. 

While maintaining stemness, UCMSCs can have biological interac-
tive communication with the 3D culture microenvironment through 
their unique paracrine effects [46]. This is also the biological basis for 
MSC transplantation therapy to produce tissue regeneration, repair, and 
immune regulation. This study shows that UCMSCs cultured in 3D 
exhibited increased functional exocrine levels compared with contin-
uous 2D culture, suggesting that the 3D microenvironment stimulates 
additional useful cellular pathways. Earlier studies reported that 
UCMSCs based on rotational 3D culture could achieve complete wound 
healing in rats, with a higher degree of vascularization, by activating 
higher levels of functional secretome while maintaining stem cell 
identity markers [47]. Since MSC paracrine-mediated immune regula-
tion may have significant tissue specificity [48] and niche response 
changes [49], the short-term microenvironmental modification formed 
by Cellhesion® culture simulates the plasticity of UCMSC secretory 
behavior to a certain extent. In addition, recent studies have suggested 
that UCMSC exocrine vesicles alone have biological carrier properties 
and can be designed to deliver therapeutic biological macromolecules 
efficiently in vivo [50]. On the other hand, engineered chitosan (the in 
vivo deacetylation product of chitin) nanoparticles were found to pro-
mote the in vivo repair of fibroblasts by modulating a specific inflam-
matory microenvironment and reprogramming the proteome and 
cytokine profile of macrophages [51]. This jointly suggests that Cell-
hesion® UCMSCs can potentially enrich the exocrine effects of MSCs 
after transplantation, providing a new intersection of biology and ma-
terials for further exploration of cell therapy based on the unique 

Fig. 3. Removal of UCMSCs from Cellhesion® (A) Cells with Cellhesion® were seeded in a 2D culture dish and added to the culture medium. After 24 h, the cells 
gradually moved out of Cellhesion®, and the Cellhesion® was washed away gradually every three days with the medium change. With the number of replacements, it 
was clear that there was much less Cellhesion® on Day 3, and almost none on Day 5 and Day 7. (B) The Cellhesion® flowchart. (C) Observation of the cells’ removal 
from Cellhesion® under scanning electron microscopy at 5000 × , 10,000 × , and 20,000 × . Tiny residues of Cellhesion® could be seen when magnified to 20,000 ×
. (D) The cell proliferation of UCMSCs in 2D and 3D cultures was measured by counting the cells using embryonic blue staining after removing Cellhesion® within 
five days. (E) Growth comparison between 2D-vs. 3D-cultured UCMSCs extracted from the 3D material. Plots indicate mean ± SEM (n = 3). Cell counting was 
performed on 2D and 3D cultures to measure cell proliferation within five days. 
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Fig. 4. Cell characteristic tests of 2D and 3D culture UCMSCs. (A) The results show the differentiation of UCMSCs into lipogenic, osteogenic, and chondrogenic 
tissues in both the 2D and 3D groups. The white arrows represent the cells that have been stained for osteogenesis and adipogenesis. (B) Flow cytometric analysis of 
stemness markers; positive cell populations in 2D and 3D culture cells. The results show that CD73, CD90, and CD105 are positively expressed in both groups, while 
CD11b, CD19, CD34, CD45, and HLA-DR are negatively expressed. 
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Fig. 5. Paracrine effects, angiogenesis, and CFU assay results of MSCs cultured in 2D and 3D. (A) An Elisa assay tested the paracrine amounts of HGF, VEGF, IL-6, and 
IL-8 in the 2D and 3D cultures daily for seven days. The Y-axis is the factor concentration and the X-axis is the number of days in time. Bars indicate mean ± SD. **p 
< 0.01, *p < 0.05 (B) Angiogenesis experiments were conducted on HUVEC using the supernatant from the 2D group (blue plot with a column), 3D group UCMSCs 
(orange plot with a column), and HUVEC (black plot with a column), MSC culture medium in the gel. The final vascularization condition and the length of the formed 
vessels were noted. Bars indicate mean ± SEM (n = 3). (C) Results of the colony-forming unit (CFU) assay for both the 2D and 3D groups. The left panel on the figure 
shows an enlarged view of single-cell expansion (20× microscope magnification). The right panel on the figure illustrates the growth comparison between 2D and 
retrieved cells of 3D-cultured h-MSCs. Bars represent mean ± SD (n = 3), *p < 0.05. 
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biological activity of UCMSCs. In terms of biomaterial safety, Chitin, a 
long-chain polymer of N-acetylglucosamine has been used as a scaffold 
in studies of tissue growth and wound healing, so Cellhesion® by chitin 
is more natural and provides a biosafety advantage in the applications. 

The compliance changes in UCMSC gene expression profiles caused 
by 3D culture based on the auxiliary properties of active biomaterials are 
an important quality control indicator for the future clinical trans-
formation of UCMSC and a potential key basis for the continuous 
improvement of cell transplantation therapy [52]. It has been reported 
that the nuclei of MSCs cultured on 3D biological scaffolds are rounder 
than those cultured in 2D and are accompanied by a uniform distribu-
tion of euchromatin, leading to gene expression fluctuations [53]. The 
RNA-seq results here show that, compared with 2D culture, the gene 
expression differences created by Cellhesion® are mainly due to the 
enhancement of the fidelity replication process of DNA and may also be 
related to the increased responsiveness of active chromatin. Our 
research results indicate that UCMSC cultured in 3D significantly alters 
higher-order genomic interactions, which may be consequential for the 
subset of genes that are important for the physiological functioning of 
the cells. To a certain extent, the 3D adaptability of the transcription 
machinery in the nucleus explains the power source of UCMSC prolif-
eration and paracrine enhancement. With the unexpected drift of gene 
expression profiles, UCMSCs in the bionic microenvironment exhibit 
obvious pluripotency characteristics and reproduce active self-renewal 
capabilities. Therefore, Cellhesion®-mediated stemness enhancement 
undoubtedly positively affects the regeneration and repair of 

transplanted UCMSCs in vivo. Of course, since overactive DNA replica-
tion and transcription may cause genetic and epigenetic changes, the 
safety of this additional genomic push requires further study to avoid 
non-functional subtype transitions in UCMSCs [54]. 

With the foundational methodologies of in vitro cultivation using 
Cellhesion MSCs, MSCs can produce enhanced quality cell supernatant 
therapeutic fluids and exosomes for clinical interventions such as tissue 
regeneration, vascular repair, and anti-inflammatory treatments. Addi-
tionally, there is the potential to fabricate consistent, high-quality sin-
gle-cell products suitable for pharmaceutical research and related 
domains. On another note, in applications with lower material sensi-
tivity, there is the prospect of venturing into cartilage regeneration and 
the production processes of tissue engineering products (Fig. 7). This 
provides a robust research foundation and underscores the untapped 
potential for industrial production and clinical application of in vitro 
MSCs. However, like this study, 3D culture methods using biocompati-
bility and biodegradability still have limitations. First, compared with 
traditional 2D culture methods, stable 3D culture methods require 
relatively more complex biological technologies, including initial cell 
affinity micro-scaffolds, cell seeding, and fine control of culture condi-
tions. Secondly, since the establishment and remodeling of the 3D ma-
trix is dynamic, the starting materials must have stiffness, 
viscoelasticity, and degradability characteristics as close as possible to 
the native tissue, and their physical and chemical properties must be 
fully evaluated. Although advanced 3D culture can improve the in vitro 
biological activity of UCMSCs, achieving final clinical transformation 
may require further exploration of cell loading strategy optimization, 
the addition of appropriate active factors, preclinical animal experi-
ments, and molecular mechanisms. Since the goal of 3D culture is to 
progress toward clinical applications, animal experiments are a crucial 
step in a preclinical study. We are planning to conduct experiments that 
include models for myocardial ischemia, limb ischemia, and knee joints 
to evaluate the safety and effectiveness after MSC transplantation. On 
the other hand, Another important aspect to consider is the comparison 
of Cellhesion® with other 3D culture materials. such as hydrogels, high 
molecular weight polyethylene, and other 3D materials in our further 
studies. 

5. Conclusion 

A 3D culture method using Cellhesion® enabled UCMSCs to increase 
cellular proliferation and enhance both the inherent stemness of the cells 
and the paracrine secretion capabilities of MSCs. Subsequent cellular 
and biochemical assays highlighted a notable upregulation in CXCL12, 
MCM8, and MCM10 expression levels, further strengthening the cells’ 
ability to promote angiogenesis. These data support the potential 
application of Cellhesion® as a therapeutic agent under these specific 
conditions. This investigation provides foundational insights for antici-
pating clinical applications centered on paracrine secretion, inflamma-
tory cytokine release, and stem cell clonal development proficiency. 
Consequently, we advocate incorporating Cellhesion® as a matrix in 3D 
cultivation strategies or as an essential component in tissue engineering 
endeavors. Such an approach holds considerable promise for amplifying 
the efficacy and scalability of MSCs, thereby rendering them advanta-
geous in clinical mesenchymal stem cell applications. 

Fig. 6. (A, B, C) Replicate RNA-seq libraries were prepared from UCMSCs cultured in 2D and 3D. The sequencing data was filtered with SOAP nuke (v1.5.6) by 
removing adopter reads, low-quality reads, and reads whose unknown base (‘N’ base) ratio was more than 5 %. Clean reads were obtained, stored in FASTQ format, 
and mapped to the reference genome using HISAT2 (v2.1.0). Bowtie2 (v2.3.4.3) was applied to align the clean reads to the gene set. RSEM (v1.3.1) calculated the 
expression level of the gene. The heatmap was generated by pheatmap (v1.0.8). Differential expression analysis was performed using the DESeq2 (v1.4.5) with | 
log2FC | ≥ 2.5, FDR ≤0.001, and visualized by an enhanced volcano (v3.16). GO (http://www.geneontology.org/) and Phyper performed KEGG (https://www.kegg. 
jp/) enrichment analysis of annotated different expression genes based on the hypergeometric test. The significant levels of terms and pathways were corrected by Q 
value with a rigorous threshold (Q value ≤ 0.05). 

Table 1 
Comparison of 2D and 3D UCMSC culture methods.  

Main Features 2D Cell Culture 3D Cell Culture 

Cell shape Flat and stretched Natural cell shape is preserved. 
Cell polarity is 

present 
Contact between cells and 
culture medium. 

There is a gradient in the 
concentration of medium 
components surrounding the 
cells similar to the 
physiological environment. 

Intercellular 
connections 

A low percentage of 
intercellular connections 
could be found. 

Intercellular connections are 
abundant, allowing for 
effective intercellular 
communication. 

Cellular 
differentiation 

Differentiation into bone, 
lipids, and cartilage is 
maintained. 

Differentiation into bone, 
lipids, and cartilage is 
maintained. 

UCMSC markers CD73, CD90, CD105, CD11b, 
CD19, CD34, CD45, HLA-DR 

CD73, CD90, CD105, CD11b, 
CD19, CD34, CD45, HLA-DR 

mRNA 
expression 

OCT4, NANOG, CXCR4 Higher levels of OCT4, NANOG, 
CXCR4 

Cell 
proliferation 

Cells are proliferating. In the same conditions, the rate 
of cell proliferation is higher. 

Paracrine 
Factors 

HGF, VEGF, IL-6, IL-8 In the same conditions, HGF, 
VEGF, IL-6, and IL-8 levels also 
increased and became more 
pronounced. 

Angiogenesis Luminal area, total 
lengthening, and number of 
branching points were 
observed. 

There were a greater number of 
lumen areas, increased 
lengthening, and more 
branching points. 

UCMSC Umbilical cord mesenchymal stem cell, HGF Hepatocyte growth factor, 
VEGF Vascular endothelial growth factor. 
UCMSC markers are positive for CD105, CD90 and CD73, and negative for 
CD11b, CD34, CD45, and HLA-DR. 
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