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A B S T R A C T

Several studies have focused on using cell carriers to solve the problem of mesenchymal stem cell expansion on
regenerative medicine. However, the disadvantages of using prolonged enzymatic treatment and low cell harvest
efficiency still trouble researchers. In this study, PNIPAAm-immobilized gelatin microspheres (abbreviated as
GNMS) were synthesized using a simple power-driven flow-focusing microinjection system. The developed
thermosensitive GNMS can allow easier harvesting of cells from the microspheres, requiring only 10 min of low-
temperature treatment and 5 min of trypsin treatment. The developed GNMS was characterized by Fourier-
transform infrared spectroscopy, optical microscopy, and scanning electron microscopy. Further, live/dead
staining, F-actin staining, and PrestoBlue cell viability assays were used to evaluate cytotoxicity, cell morphology,
cell proliferation, and harvest efficiency. The gene expression of stem cell markers was determined by real-time
quantitative PCR (Q-PCR) analysis to investigate the stemness and phenotypic changes in Wharton's jelly-derived
mesenchymal stem cells. The results showed that the engineered cell-laden thermosensitive GNMS could signif-
icantly increase the cell harvest rate with over 99% cell survival rate and no change in the cell phenotype. Thus,
the described strategy GNMS could be the suitable 3D cell carriers in the therapeutic application and opens new
avenues for regenerative medicine.
1. Introduction

Regenerative medicine is a promising therapy for the development of
functional cells, tissues, and organs to repair or replace unhealthy organs
in the body due to aging, illness, and damage. It can be applied in
musculoskeletal disorders, oncology, wound care, dental, ocular disor-
ders, etc. [1–3]. In most cases, stem cells are frequently used in these
applications. Because stem cells self-renew and differentiate into
specialized cell properties, stem cell-based therapy has emerged as an
extremely promising technology [4–6]. Wharton's jelly-derived mesen-
chymal stem cells (WJ-MSCs) are MSCs that have been isolated from the
human umbilical cord. Compared with other bone marrow-derived MSCs
and adipose-derived MSCs, WJ-MSCs express higher levels of
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undifferentiated human embryonic stem cell markers and pluripotency
markers [7–9].

In clinical practice, a successful regenerative medicine application
often requires 108-10 [10] cells, which is difficult to achieve using
traditional 2D culture [10–12]. Therefore, researchers have developed a
3D culture method using microcarriers for cell expansion, including
polystyrene beads, dextran beads, and poly(lactic-co-glycolic acid) beads
[13–15]. However, these polymers lack the integrin recognition sites for
cell identification, limiting cell growth and attachment of cells [16,17].
To overcome these shortcomings, collagen beads and gelatin-based
microcarriers have been developed. Cells can recognize the
arginyl-glycyl-aspartic acid (RGD) peptide, which is abundant in collagen
and gelatin for better biocompatibility, cell attachment efficiency, and
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Scheme 1. The Scheme of GNMS preparation and its applications for cell expansion. (A) Schematic representation of the power-driven flow-focusing microinjection
system. (B) Schematic illustration of GNMS exhibiting a temperature-dependent cell adhesion and detachment for cell expansion.
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low immunogenicity [18,19]. However, the non-uniform size of these
beads may cause a heterogeneous distribution of cells on the beads,
which results in limited applications [20].

Although many studies have addressed stem cell expansion, the low
cell collection efficiency remains a challenge due to the size of the
microcarriers, cell-cell junctions, and abundant extracellular matrix for-
mation in the 3D culture environment. Traditionally, treatments by
proteolytic enzymes, such as dispase, collagen, and trypsin, were used for
15–30 min to detach the cells on the 3D carriers [21–23]. However, such
enzymatic treatment may irreversibly harm the cells and denature the
protein on the cell membrane, reducing the cell survival rate [24]. To
overcome this, thermoresponsive poly(N-isopropylacrylamide) (PNI-
PAAm)-grafted materials have been developed and applied to cell cul-
ture. When the temperature of PNIPAAm is higher than the lower critical
solution temperature (LCST) of approximately 32 �C, the polymer is in a
relatively hydrophobic state, which is favorable for the attachment of
cells [25]. However, when the temperature is lower than the LCST,
PNIPAAm becomes more hydrophilic and forms a brush-like structure on
the surface of the material, and the cells detach from the material [26,
27]. Despite this, there remains a sophisticated relationship between cells
and materials. The influence of temperature alone is often unreliable for
achieving a high cell detachment efficiency, hence reducing to a lower
temperature or extending the time of the low-temperature treatment to
120 min improves cell collection efficiency, which would also decrease
the cell viability.

In this study, we aimed to develop a thermosensitive cell carrier and
modify the current traditional cell harvesting procedure for 3D cell
expansion. Gelatin microspheres (abbreviated as GMS) were prepared
using a simple power-driven flow-focusing microinjection system. The
prepared microspheres had a narrow bead size distribution. Subse-
quently, the thermoresponsive polymer PNIPAAm was immobilized onto
GMS via EDC/NHS crosslinking. We hypothesized that the PNIPAAm-
immobilized GMS (abbreviated as GNMS) would allow the cells to pro-
liferate with high cell viability on the carriers, requiring only 10 min of
low-temperature treatment and 5 min of trypsin treatment to harvest the
WJ-MSCs. The developed cell-laden thermosensitive GNMS can be
applied in the therapeutic application and open new avenues for regen-
erative medicine. The developed GNMS was characterized by Fourier-
transform infrared (FTIR) spectroscopy, optical microscopy, and scan-
ning electron microscopy (SEM) for functional group identification,
sphere size measurement, and microstructure examination, respectively.
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The cell viability of the WJ-MSCs adhering to the gelatin microspheres
was evaluated using a live/dead staining assay. Further, microfilaments
were observed by confocal laser microscopy using F-actin staining. Cell
proliferation ability was investigated using the PrestoBlue cell viability
assay. In addition, the gene expressions of stem cell markers and plu-
ripotency markers were determined by real-time quantitative PCR (Q-
PCR) analysis to examine the stemness and phenotypic changes in WJ-
MSCs. The overall design is illustrated in Scheme 1.

2. Materials and methods

2.1. Materials

Gelatin from porcine skin, type A (Cat. No. G2500), glutaraldehyde,
poly (N-isopropylacrylamide), amine-terminated (Cat. No. 724831,
average molecular weight 5500), N-(3-dimethylaminopropyl)-N-ethyl-
carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide (NHS)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Further, olive
oil was purchased from Weiyi Enterprise Co., Ltd. (Taiwan). Alpha
minimum essential medium, fetal bovine serum (FBS), and trypsin-EDTA
(0.25%) were purchased from Gibco (Grand Island, NY, USA). Finally,
the LIVE/DEAD viability kit, Alexa Fluor 488 phalloidin, and PrestoBlue
cell viability reagent were purchased from Invitrogen (Carlsbad, CA,
USA).
2.2. Preparation of gelatin microspheres using a power-driven flow-
focusing microinjection system

Uniform gelatin microspheres were prepared using a power-driven
flow-focusing microinjection system based on a water-in-oil emulsion,
which consisted of three parts: two syringe pumps with a flow rate of 500
mL/h as the continuous phase, a syringe pump with a flow rate of 30 mL/
h as the discontinuous phase, and a two-way channel. The two-way
channel was fabricated by inserting a 26G needle into a silicone tube
(2 mm inner diameter � 4 mm outer diameter), which was fixed with a
hot-melt adhesive. A 10% (w/v) gelatin solution was used in the
discontinuous phase and injected into the continuous phase via a 26G
needle. Olive oil was used as the continuous phase and was injected
through a silicone tube. Gelatin microspheres were formed in the chan-
nels and collected in the collecting tank. The prepared gelatin micro-
spheres were hardened on ice for 15 min and then washed with cold
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acetone to remove excess oil. Thereafter, the resultant gelatin micro-
spheres were added to 1% (v/v) glutaraldehyde at a volume ratio of 1.67
to obtain crosslinked gelatin microspheres. Finally, the crosslinked
gelatin microspheres were washed several times and lyophilized for
further analysis.
2.3. Preparation of PNIPAAm immobilized gelatin microspheres

GNMS were prepared by crosslinking the amine-terminated PNI-
PAAm to the free carboxyl groups on the gelatin microspheres using N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS), which is briefly described as follows. The
crosslinked gelatin microspheres (10 g) prepared in Section 2.2 were
added to a solution of EDC (1.92 g) and NHS (1.15 g) in 100 mL of 0.1 M
MES buffer and stirred at 21 �C for 24 h. The amine-terminated PNIPAAm
(146.7 mg) was added to the resultant solution and stirred at 21 �C for
another 24 h to complete the crosslinking reaction. The GNMS were
washed several times and lyophilized for further analysis.
2.4. FTIR spectrophotometry analysis

An FTIR spectrophotometer with an auto attenuated total reflection
(ATR) system (Perkin Elmer) was used to identify the functional groups
of the GMS and GNMS. The freeze-dried GMS and GNMS were first
ground into a powder and scanned using the ATRmethod. Thereafter, the
spectra were recorded in the wavelength range of 600–4000 cm�1 with a
resolution of 8 cm�1.
2.5. Inoculation of WJ-MSCs with gelatin microspheres

WJ-MSCs were obtained from BCRC (Hsinchu, Taiwan) and grown in
alpha minimum essential medium containing 20% FBS, 4 ng/mL hFGF,
100 units/mL penicillin, and 100 μg/mL streptomycin in a humidified
atmosphere containing 5% CO2 maintained at 37 �C. Approximately 20
mg of GMS and GNMS was transferred to a low-attachment 24-well plate.
For each well, 1 � 105 WJ-MSCs were seeded and the volume of the
medium was 150 μL for the first 15 min and adjusted to 500 μL for 24 h.
Following incubation of 24 h, the microspheres were removed from the
new well plate and carefully washed with phosphate-buffered saline
(PBS) to remove non-adherent cells. The gelatin microspheres were
cultured for seven days, and the medium was changed every three days.
2.6. WJ-MSCs viability on the microspheres

The cell viability of the WJ-MSCs adhering to the GMS or GNMS was
evaluated using a live/dead staining assay. On day 7 after incubation, the
microspheres were gently washed twice with PBS and stained with cal-
cein AM and propidium iodide in the dark for 15 min. The microspheres
were observed under a fluorescent microscope, where the living cells and
dead cells are shown in green and red, respectively, by the specific
wavelength of the light excitation.
2.7. SEM examination of the microspheres

After being cultured for 1 day and 7 days, WJ-MSCs adhering to the
GMS or GNMS, respectively, were observed under a scanning electron
microscope (Hitachi TM-1000, Japan) at an accelerating voltage of 15
kV. The microspheres were washed twice with PBS and subsequently
fixed with 4% formaldehyde for 15 min. The microspheres were then
immersed step-by-step in the dehydration series, followed by a critical
point dryer. Thereafter, the CPD-dried microspheres were coated with a
thin gold (thickness ¼ 5 nm) film to prepare the samples for SEM
examination.
3

2.8. Microfilament observation of the WJ-MSCs on the microspheres

To observe the morphology and cytoskeleton of the WJ-MSCs
adhered to the microspheres, F-actin staining was performed. On days
1 and 7, the cells were washed twice with PBS and then fixed with 4%
formaldehyde for 15 min. Subsequently, the microspheres were stained
with Alexa Fluor 488 phalloidin and Hoechst 33342 and observed under
a confocal microscope, where green and blue fluorescence represented
actin filaments and nuclei, respectively.
2.9. Cell harvest efficiency

After culturing for 7 days, a cell harvest experiment was performed.
and GMS or GNMS were washed twice with PBS. The microspheres were
then placed on ice for 10 min and subsequently treated with 0.25%
trypsin at 21 �C for 5 min. The cell viability of the harvested cells was
investigated using a live/dead staining assay using fluorescence micro-
scopy. Further, the relative cell numbers were quantified and calculated
using the ImageJ software. The cell harvest efficiency was determined as
follows: [cell harvest efficiency (%)] ¼ [number of harvested cells]/
([number of harvested cells] þ [number of residual cells on the micro-
spheres]) � 100%.
2.10. Cell proliferation assessment

The cell proliferation ability of the WJ-MSCs adhered to the micro-
spheres was assessed using the PrestoBlue cell viability assay. At day 0,
the WJ-MSCs were inoculated with gelatin microspheres, as described in
Section 2.5. On days 1, 4, and 7, the microspheres were washed with PBS
and the culture mediumwas replaced with 10% PrestoBlue reagent in the
dark for 30 min. Fluorescence was analyzed using an Enspire microplate
reader (PerkinElmer, Massachusetts, USA) using a fluorescence excita-
tion wavelength of 560 nm and fluorescence emission at 590 nm.
2.11. Gene expression of WJ-MSCs on the microspheres

At day 7 after WJ-MSCs were cultured on GMS or GNMS, the mi-
crospheres were washed with PBS and lysed with TRIzol reagent
(Thermo Fisher). The supernatant was collected, and the total RNA was
extracted using the Direct-zol™ RNAMiniPrep Kit (Zymo Research, USA)
following the protocol established by the manufacturer. The RNA was
mixed with KAPA SYBR® FAST One-Step qRT-PCR kit mixed (KAPA
Biosystems, USA) and then detected via qPCR. The primers used in this
analysis are listed in Supplemental Table S1. Further, the intensities were
detected and recorded using a ViiA 7 real-time PCR instrument (Applied
Biosystems, Foster City, CA, USA), while the mRNA levels of CD29,
CD44, CD73, CD90, CD34, and CD45 were calculated using the
comparative Ct method [28], where GAPDHwas used as the calibrator to
calculate the relative mRNA levels. Moreover, pluripotency genes,
including SOX2, NANOG, REX1, and OCT4, were used to evaluate the
stemness of WJ-MSCs. Relative gene expression was normalized to
GAPDH gene expression and expressed as fold change relative to the
control group. The WJ-MSCs cultured in the 2D culture plate served as
the control group.
2.12. Statistics

The results obtained were expressed as the mean and standard devi-
ation of at least three independent measurements. One-way analysis of
variance (ANOVA) with Tukey's multiple comparisons test and student's
t-test were used for all statistical evaluations. Differences were consid-
ered significant at a p-value of less than 0.05. (p < 0.05, *; p < 0.01, **; p
< 0.001, ***).



Fig. 1. FTIR spectra of PNIPAAm, GMS, and GNMS.
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3. Results

3.1. FTIR functional groups analysis

The functional groups of PNIPAAm, GMS, and GNMS were analyzed
using FTIR spectrophotometry (Fig. 1). The characteristic absorption
bands at 1635 cm�1 and 1535 cm�1 corresponded to C

–

–O stretching and
N–H bending, respectively, and were observed in both GMS and GNMS.
The absorption bands at 851 cm�1 and 878 cm�1 correspond to the
asymmetric and symmetric stretching vibrations of the aliphatic sulfide
group on PNIPAAm, which were not observed in the GMS. In addition,
the absorption band at 1170 cm�1 was attributed to the C–N stretching of
amide groups; bands at 1084 cm�1 and 1036 cm�1 represent vibrations
involving C–C(CH3)2 stretching of the isopropyl group from PNIPAAm.
These data confirmed that PNIPAAm was successfully immobilized on
the surface of the gelatin microspheres.
3.2. Size measurement and SEM examination of developed gelatin
microspheres

Gelatin microspheres were prepared using a power-driven flow-
Fig. 2. Morphology and microstructure of gelatin microspheres were observed via S
scale bar ¼ 1 mm and (B) 250 magnification, scale bar ¼ 300 μm. (C) Optical m
magnification, scale bar ¼ 1 mm and (E) 250 magnification, scale bar ¼ 300 μm. (F
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focusing microinjection system, as shown in Fig. 2. The freeze-dried
microspheres were uniform with a diameter of 518.23 � 27.09 μm and
522.72� 28.23 μm for GMS and GNMS, respectively. Further, the sizes of
the microspheres were expanded to a mean value of 690.28 � 21.07 μm
and 717.32 � 20.11 μm for GMS and GNMS respectively, owing to
swelling in the medium No significant difference was observed in the
morphology and bead size of the GMS and GNMS.

3.3. WJ-MSC viability on the microspheres

The cell viability of the WJ-MSCs on the microspheres was examined
by a live/staining assay on day 7. The living cells were stained with
calcein AM, whereas dead cells were stained with propidium iodide,
which turned green and red, respectively. As shown in Fig. 3, more than
99% of the WJ-MSCs on the microspheres were alive on both GMS and
GNMS on days 1 and 7. Moreover, the cell number on day 7 was much
higher than that on day 1. It can be concluded that the developed GNMS
microspheres were not cytotoxic to the WJ-MSCs and served as a good
microenvironment for cell proliferation.

3.4. Cell morphology and microfilament observation of the WJ-MSCs on
the microspheres

The cell morphology and cytoskeleton of the WJ-MSCs on the mi-
crospheres were evaluated by SEM observation and F-actin staining, and
on days 1 and 7. As shown in Fig. 4(A), the cells adhered and spread on
the developed gelatin microspheres on day 1, and became much more
well spread and flattened on the substrate on day 7. The microfilaments
in the cytoskeleton were screened via F-actin staining (Fig. 4(B)). To
investigate the distribution of the WJ-MSCs on the microspheres, F-actin
stained GMS and GNMS were further reconstructed by z-stacking under
confocal microscopy. The results showed that the cells could significantly
proliferate on themicrospheres and reach confluence after culturing for 7
days. Further, the cells were found to spread on the surface, as shown in
the monolayer on the microspheres, as shown in Fig. 5.

3.5. Cell proliferation of the WJ-MSC on the microspheres

The proliferation of WJ-MSCs adhered to the microspheres was
determined by the PrestoBlue cell viability assay, wherein different cell
EM and optical microscopy. (A) SEM image of GMS under 60� magnification,
icrograph of GMS, scale bar ¼ 400 μm. (D) SEM image of GNMS under 60�
) Optical micrograph of GNMS, scale bar ¼ 400 μm.



Fig. 3. Evaluation of WJ-MSCs viability on the gelatin microspheres by live/dead staining on day 7. The living cells in green were stained with calcein AM, and the
dead cells colored in red were stained with propidium iodide. Nuclei were stained with Hoechst 33342, which appeared blue under fluorescence microscopy. Scale bar
¼ 500 μm.

Fig. 4. Evaluation of WJ-MSCs morphology and cytoskeleton on the gelatin microspheres via SEM observation and F-actin staining. (A) After being cultured for 1 day
and 7 days, the gelatin microspheres were fixed, series hydration, critical point dried, and observed under the SEM. (B) On day 1 and day 7, the gelatin microspheres
were fixed, stained with dyes, and observed under confocal microscopy. Nuclei were stained with Hoechst 33342, and F-actin are stained with Phalloidin, which were
shown in blue and green, respectively.
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numbers were measured for the standard curve, as shown in Fig. 6. After
culturing for 7 days, GMS and GNMS showed approximately 3.2- and 3.6-
fold cell growth from the initial cell density, respectively. Moreover, no
5

significant difference was observed in the cell proliferation ability be-
tween GMS and GNMS, indicating that the PNIPAAm modification did
not influence cell growth. This result suggested that GNMS could support



Fig. 5. 3D reconstruction of WJ-MSC on the gelatin microspheres by z-stacking under confocal microscopy. Nuclei were stained with Hoechst 33342, and F-actin were
stained with Phalloidin, which are shown in blue and green, respectively.

Fig. 6. The proliferation of WJ-MSCs adhered on the gelatin microspheres as
determined by Prestoblue cell viability assay on day 1, day 4, and day 7.
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the growth of WJ-MSCs and be a biocompatible cell carrier for cell
expansion.
3.6. Cell harvest efficiency

The cell harvest efficiency and harvest cell viability were determined
by live/dead staining and quantified using ImageJ software, as shown in
Fig. 7. After culturing for 7 days, the microspheres were collected and
harvested by placing them on ice for 10 min followed by trypsin for 5
min. In this protocol, almost all the cells were alive (green), and negli-
gible number of cells were dead (red) (Fig. 7(A)). In addition, most of the
cells were shown to be single-cell suspensions, with no cell aggregates
being observed in the study. Quantification of the cell harvest efficiency
was achieved by calculating the relative cell numbers on the micro-
spheres and the number of detached cells in the supernatant (Fig. 7(B)).
6

The harvesting efficiency reached nearly 90% in the GNMS group. These
results indicated that the harvesting procedure could significantly in-
crease the cell harvest efficiency in thermosensitive GNMS compared to
GMS.

3.7. Gene expression of WJ-MSCs on the microspheres

To explore the effect of GMS and GNMS on the stemness properties
and phenotype of WJ-MSCs, several stem cell and pluripotency markers
were measured via qPCR analysis (Fig. 8). As shown in Fig. 8(A), all the
positive stem cell markers, such as CD29, CD44, CD73, and CD90, were
detected in WJ-MSCs at the mRNA level, whereas CD34 and CD45, the
hematopoietic markers, were not detected. We further investigated
classical embryonic pluripotent stem cell markers (SOX2, NANOG, REX1,
and OCT4), as shown in Fig. 8(B). The results showed that the WJ-MSC
culture on the 3D microspheres could express a certain degree of gene
expression, which further indicated that GMS and GNMS did not change
the stemness of the WJ-MSCs and maintained the cell phenotypes
compared to the normal 2D cell culture method.

4. Discussion

Gelatin is a natural polymer with good biocompatibility and biode-
gradability. As it can easily gel at low temperatures, it has been prepared
into films, hydrogels, and beads for use in the food, pharmaceutical, and
cosmetic industries [29]. More importantly, gelatin has many cell
recognition domains that allow cells to spread, survive, and proliferate in
gelatin-based cell carriers [30,31].

However, culturing cells with traditional cell carriers is primarily
limited by the long time required for enzyme treatment to collect cells,
which may affect the cell surface proteins and reduce the cell survival
rates [24,32]. To overcome this shortcoming, certain researchers have
successfully used external force disturbance and shear force to greatly
shorten the trypsin time to 7 min [33]. Although certain researchers also



Fig. 7. (A) Fluorescence images of gelatin microspheres and cell suspension after dissociation by the harvesting procedure. The cell viability of the harvested WJ-MSCs
was evaluated by live/dead staining under fluorescence microscopy. The living cells were stained with calcein AM, and the dead were stained with propidium iodide,
which are shown in green and red, respectively. (B) Quantification of cell harvest efficiency was determined by calculating relative cell numbers using ImageJ
software. (p < 0.01, ** compared to GMS group; by student's t-test).

Fig. 8. Gene expression of WJ-MSCs on the microspheres by Q-PCR at day 7. (A)
Positive MSC markers, including CD29, CD44, CD73, CD90, and negative MSC
markers, including CD34 and CD45 were used to identify the WJ-MSCs
phenotype. The mRNA levels were expressed as relative levels normalized to
GAPDH (defined as 1). (B) Pluripotency genes including SOX2, NANOG, REX1,
OCT4 gene expression were used to evaluate the stemness of WJ-MSCs. Relative
gene expression was normalized by GAPDH gene expression and expressed as
fold change to the 2D culture.
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used temperature-responsive materials to avoid enzyme treatment, they
often require a long period of low-temperature treatment up to 2 h to
achieve high collection efficiency [27].

PNIPAAm is a temperature-responsive polymer, where it shrinks from
a hydrated state to a dehydrated state at a temperature higher than the
7

LCST. PNIPAAm has been widely grafted onto the substrate and has been
used as a smart material in tissue engineering and drug delivery [34,35].
In this study, the prepared gelatin microspheres were modified with a
thin layer of PNIPAAm brush via amidation between the surface carboxyl
groups on the gelatin microcarrier and the amine group of PNIPAAm
(Fig. 1). The synthesized GNMS allows the cells to be easily collected
from the microcarrier compared with the unmodified GMS, while
maintaining the high survival rate of the collected cells. Thus, the
developed GNMS reduced the trypsin reaction time to 5 min, which
combined with the 10 min low-temperature treatment could yield a high
harvest efficiency and over 99% cell survival rate (Fig. 7).

In addition, in the cell carrier, the bead size in the micron size range
can reduce the diffusion rate of nutrition, oxygen, and waste, which can
increase the proliferation and survival rate of the cells [17,36]. Tradi-
tionally, microcarriers are created via emulsification caused by me-
chanical force or shear force, but this method causes a nonhomogeneous
size distribution. In contrast, other researchers formed microcarriers by
applying a fixed force, including an electric field or hydrodynamic
focusing, to interrupt the discontinuous phase [17,37,38]. The uniform
bead size of the microspheres has the advantages of promoting cell
proliferation, survival, and the surface-to-volume ratio in the homoge-
neous distribution with the best optimization [15,39,40]. In this study,
we developed a simple power-driven flow-focusing microinjection sys-
tem to prepare gelatin microspheres. A water-in-oil emulsion was formed
in the silicone tube. The diameter of the prepared GNMS has a uniform
bead diameter of 522.72 � 28.23 μm, which after immersing in the
medium swells to approximately 717.32 � 20.11 μm. These were easily
handled (Fig. 2), allowed cells to survive (Fig. 3), and provided a good
environment to proliferate on the microspheres (Figs. 4–6).

Wharton's jelly is a gel-like connective tissue in the umbilical cord and
is abundant in mesenchymal stem cells, often called WJ-MSCs. Unlike
other MSCs, WJ-MSCs have an extraembryonic mesodermal origin and
are considered to be more primitive and possess characteristics between
embryonic and adult stem cells [41]. They can express the proteins that
are considered pluripotency markers such as SOX2, NANOG, REX1, and
OCT4, also known as embryonic stem cell markers [42,43]. In this study,
the gene expression of pluripotency markers was slightly increased
compared to that in 2D culture (Fig. 8(B)). It has been shown that 3D
culture can increase pluripotent gene expression in mesenchymal stem
cells [44,45]. In general, MSCs are defined as CD29þ, CD44þ, CD73þ,
CD90þ, CD34�, and CD45� [46]; [47]. The WJ-MSCs on the GMS and
GNMS had a phenotype consistent with the reference and showed small
deviations (Fig. 8(A)). These results indicated that WJ-MSCs cultured on
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the developed GNMS did not change the cell phenotype, maintained their
stemness, and could be a potential cell carrier for cell expansion.

3D cell culture scaffolds have been reported to promote stem cell
behavior and extracellular matrix (ECM) formation. Stem cells and their
niche are reciprocal in that stem cells can remodel niches and secrete
ECM components [48,49]. In this study, cell-cell and cell-substrate in-
teractions were found on the GNMS with abundant ECM formation. We
believe that these cell-laden thermosensitive GNMS could be suitable
carriers stem cell therapy and applications in tissue engineering. In
clinical applications of regenerative medicine, the ideal cell carrier for
cell expansion is based on the following criteria: (1) sufficient cell pro-
liferation on the microcarriers, (2) ability to efficiently collect cells and
maintain cell survival, and (3) lack of change in cell morphology and
phenotype during culture [50–53]. In this study, the cells were expanded
3.6-fold from the initial cell density after 7 days of culture, as shown in
Fig. 6. Meanwhile, approximately 90% of the cells were collected
through the thermosensitive GNMS microcarriers, with over 99% of the
cells alive (Fig. 3). In addition, the results of gene expression revealed
that the cells maintained their phenotype and pluripotent stemness when
cultured on 3D GNMS microcarriers compared with 2D culture.

In this study, we showed that the GNMS is a promising gelatin-based
cell microcarrier, which could be applied to cell expansion, stem cell
therapy, and other applications in tissue engineering. The efficacy of the
developed GNMS was determined by comparing it with GMS and 2D
cultures. The developed GNMS can also be applied in the static or dy-
namic bioreactor at a 1-L scale for scale-up cell expansion to meet the
clinical needs. The suspension of the medium and GNMS can easily
separate by the density. The cells would be suspended in the suspension
and collected by centrifugation. However, several investigations into the
large-scale quantities still need to address. To begin with, the inter-
connected pores in the GNMS were believed not only to increase the
specific surface area for cell attachment, which might enhance the cell
expansion capacity, but also to facilitate the exchange of oxygen, nutri-
ents, and waste, thereby increasing cell survival rate. The size of micro-
carriers and associated long-term cell survival rate should be looked into
carefully and determined by controlling the needle size in a two-way
channel, increasing the flow rate of the continuous phase, and the
decrease the flow rate of the dispersed phase, and so on. Moreover, the
fold of the cell growth is highly related to the seeding density and the
dynamic cell culture, which should also be optimized to expand 7 to 10-
fold as potential cell carriers. Besides, shortening the preparation time for
the preparation of GNMS is also another issue for mass production and
should be evaluated in the manufactory system based on pH value,
temperature, the specific surface area of the materials, rotational speed of
the reaction, etc.

5. Conclusion

In this study, we successfully synthesized thermosensitive PNIPAAm-
immobilized gelatin microspheres using a simple power-driven flow-
focusingmicroinjection system. The preparedmicrospheres had a narrow
sphere size distribution. Further, the developed thermosensitive GNMS
provided a good environment to allow the WJ-MSCs to spread, survive,
proliferate, and maintain the cell phenotype and stemness without
cytotoxicity. The immobilized PNIPAAmwould allow the WJ-MSCs to be
harvested more easily on the microspheres, requiring only 10 min of low-
temperature treatment and 5 min of trypsin. These findings suggest that
the engineered cell-laden thermosensitive GNMS can be potential cell
carriers in the therapeutic application and opens new avenues for
regenerative medicine.
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