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Abstract: Cell sheet engineering has emerged as a novel approach to effectively deliver
seeding cells for tissue regeneration, and developing human bone marrow mesenchymal stem
cell (hBMMSC) sheets with high osteogenic ability is a constant requirement from clinics for
faster and higher-quality bone formation. In this work, we fabricated biocompatible and safe
chitosan (CS)/hyaluronic acid (HA) nanoparticles (NPs) to deliver microRNA-21 (miR-21),
which has been proved to accelerate osteogenesis in hBMMSCs; then, the CS/HA/miR-21
NPs were cross-linked onto the surfaces of culture plates with 0.2% gel solution to fabricate
miR-21-functionalized culture plates for reverse transfection. h(BMMSC sheets were induced
continuously for 14 days using a vitamin C-rich method on the miR-21-functionalized culture
plates. For the characterization of CS/HA/miR-21 NPs, the particle size, zeta potential, surface
morphology, and gel retardation were sequentially investigated. Then, the biological effects of
hBMMSC sheets on the miR-21-functionalized culture plates were evaluated. The assay results
demonstrated that the h(BMMSC sheets could be successfully induced via the novel reverse
transfection approach, and miR-21 delivery significantly enhanced the in vitro osteogenic dif-
ferentiation of hBMMSC sheets in terms of upregulating calcification-related gene expression
and enhancing alkaline phosphatase production, collagen secretion, and mineralized nodule
formation. The enhanced osteogenic activity of hBMMSC sheets might promisingly lead to
more rapid and more robust bone regeneration for clinical use.

Keywords: human bone marrow MSCs, cell sheets, microRNA, chitosan, nanoparticles,
osteogenic differentiation

Introduction

Recently, stem-cell therapy has become a nascent but fast-growing area in the field
of tissue regeneration.! Stem-cell therapy has proved effective clinically and could
potentially lead to robust treatment outcomes for predictable tissue regeneration.>?
However, the traditional transplanted models, such as direct cell suspension injec-
tion or combination with biomaterials, have tended to present low efficacy, as well
as poor survival of the seeding cells, which might impede the expected therapeutic
effects in humans.* At the same time, cell sheet engineering has emerged as a novel
approach to effectively deliver seeding cells with good preservation of in vitro-
secreted extracellular matrix (ECM) around stem cells.’ Cell sheets were recently
induced using a vitamin C (Vc¢) inducing method because of increased cell matrix
production and deposition.® This cell processing approach could effectively preserve
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intact cell—cell junctions comprising various biological and
mechanical properties and could increase the cell survival
rate and reduce cell loss during cell sheet transplantation.®’
The cell sheets could be applied layer by layer and could
attach well to defective areas of tissues, allowing for either
direct in vivo transplantation or combination with biomateri-
als in tissue engineering.® This technique has proved effec-
tive in treating esophageal ulcerations,’ periodontal tissue
destruction,’® corneal dysfunction,'® myocardial infarction,?
and so on. Thus, we expect that producing higher-quality cell
sheets with in vitro-induced specific lineage differentiation
capacities would result in superior biological performance
for specific tissue regeneration.

Over the last decade, the delivery of various thera-
peutic agents, such as DNA, small interfering RNAs, and
microRNAs (miRNAs, miR), into stem cells has been a
fundamental technology for studying the biological proper-
ties of target cells, as well as for inducing improved clinical
therapeutic results.'" Among these agents, with a length of
only 20-30 nucleotides, miRNAs have emerged as critical
regulators of endogenous genes, binding primarily to the
3’ untranslated region of target messenger RNAs control-
ling the level of messenger RNA at the posttranscriptional
level.'*12 As such, miRNAs provide a potentially less harmful
strategy for controlling the specific differentiations of stem
cells in vitro and in vivo." Although specific miRNAs have
been widely delivered into isolated stem cells, they have
only rarely been delivered into cell sheets, especially with
an efficient reverse transfection approach.® It would be of
great significance to explore efficient and practical miRNA
delivery approaches during cell sheet formation for enhanced
clinical performance.

Vectors are normally required for the protection and
efficient intracellular delivery of miRNAs." Nonviral gene
delivery systems, such as chitosan (CS)/hyaluronic acid
(HA) nanoparticles (NPs), have been proposed in terms of
safety concerns, as well as for their excellent biocompat-
ibility and biodegradability and their minimal host immune
response compared to viral vectors.'>”'” The positive charges
of CS contribute to electrostatic interactions with negatively
charged miRNAs for the delivery of transfection agents,
which are also responsible for their capacity to interact with
negatively charged cell surfaces.'® HA is an anionic polysac-
charide naturally found in humans, which has been widely
used for bioabsorbable scaffolds and drug delivery carriers."
In this study, the inclusion of an anionic polymer (HA)
seemed to increase the stability of CS particles in plasma and
to induce an even size distribution of NPs."*! In addition,

HA has the ability to bind to various cellular receptors, such
as CD44, which is expressed in normal human bone mar-
row mesenchymal stem cells (hBMMSCs), cancerous cells,
and so on.?'?? This property would increase the transfection
efficacy of target cells and would reduce side effects.?

In the present design, HA was associated with CS
through polyelectrolyte complexion to form CS/HA NPs,
which were combined with miR-21s through electrostatic
interactions to form miR-21-loaded CS/HA NPs. Then, the
CS/HA/miR-21 NPs were coated on to culture plates through
cross-linking with 0.2% gel solution,'>!7 after which the
isolated hBMMSCs were seeded on to the functionalized
culture plates and were induced into cell sheets based on a
Vc-inducing method.® Further, we evaluated the transgene
expression efficacy and osteogenesis-enhancing effects on
hBMMSC sheets. We believe that this novel coating could
contribute to enhanced hBMMSC sheets with rapid and
excellent osteogenic capabilities for clinical use.

Materials and methods

Materials

CS was obtained from Jinke Co. Ltd (Zhejiang, People’s
Republic of China), with a molecular weight of 100 kDa and
a deacetylation degree of 90%. HA, with a molecular weight
of 10 kDa, was purchased from CP Freda Pharmaceutical Co.,
Ltd (Shangdong, People’s Republic of China). Tripolyphos-
phate (TPP) was supplied by Sigma-Aldrich Co. (St Louis,
MO, USA). The hsa-miR-21 mimics (5’-uagcuuaucagacu
gauguugadTdT-3"; 5’-ucaacaucagucugauaagcuadTdT-3")
were purchased from GenePharma (Shanghai, People’s
Republic of China). Gelatin powder (type A) and vitamin C
were purchased from Sigma-Aldrich Co. oi-minimum essen-
tial medium (o-MEM) and fetal bovine serum were obtained
from Thermo Fisher Scientific (Waltham, MA, USA). Fluo-
rescently labeled monoclonal antibodies, including STRO-1,
were acquired from BD Biosciences (San Jose, CA, USA);
CD146, CD29, CD34, and CD45 were purchased from
Biolegend (San Diego, CA, USA). Primers for real-time
polymerase chain reaction (PCR) were purchased from
Sangon Biotechnology Co. (Shanghai, People’s Republic
of China). Antibodies against collagen type Io.l (COL-I),
runt-related transcription factor 2 (RUNX2), osteopontin
(OPN), and osteocalcin (OCN) were all provided by Santa
Cruz Biotechnology Inc. (Dallas, TX, USA).

CS/HA/miR-21 NP preparation

CS/HA NPs were produced using the ionotropic gela-
tion technique with different CS:TPP:HA volume ratios,
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as described in our previous study.'® An optimal mixture
with a CS:TPP:HA volume ratio of 1:0.15:0.1 was adopted
to prepare NPs.'s NPs were formed instantaneously upon the
dropwise addition of TPP/HA solution to a fixed volume of
CS solution under magnetic stirring for 10 minutes. CS/HA/
miR-21 NPs were prepared by adding the required volume of
50 uM miR-21s to the CS/HA NP systems by gentle pipetting
to form complexes of a selected N/P ratio, which was defined
as the molar ratio of the positive CS amino group to the nega-
tive miRNA phosphate group. Subsequently, the mixture was
vortexed rapidly for 3—5 seconds and was left for 1 hour at
room temperature for the complexes to form completely.

Characterization of CS/HA/miR-21 NPs

Particle size, zeta potential, surface morphology,

and gel retardation analysis

The surface charge and diameter of CS/HA NPs were deter-
mined by dynamic light scattering using a Zetasizer Nano
ZS instrument (Malvern Instruments, Malvern, UK) at 25°C.
For morphology observation, samples were dried at room
temperature on copper grids and then photographed using
a transmission electron microscope (TEM; FEI Company,
Tecnai G2, USA). For gel retardation analysis, CS/HA NPs
and naked miR-21s at various N/P ratios (1:1, 5:1, 10:1, 15:1,
and 20:1) were loaded on to a 2% agarose gel containing
ethidium bromide in Tris—borate ethylenediaminetetra-
acetic acid buffer at pH 8.0. The samples were run on the
gel at 120 V for 20 minutes and then photographed using a
GDS-8000 image-acquisition system (UVP, USA).

Preparation of CS/HA/miR-21
NP-coated culture plates and surface

characterization

The miR-21 coating was achieved by cross-linking the
CS/HA/miR-21 NPs with 0.2% gelatin solution on culture
plates.'® In brief, 0.2% gelatin (w/v) was dissolved in distilled
water by heating and gentle swirling in a 60°C water bath for
15 minutes; then, it was sterilized by high-pressure steam and
was cooled slowly at room temperature and stored at 4°C.
Subsequently, an appropriate amount of CS/HA NP solution
was mixed with 50 uM miR-21 solution to produce CS/HA/
miR-21 NP solution (N/P =20:1); then, different volumes of
CS/HA/miR-21 NP solutions containing 150 pmol, 300 pmol,
and 450 pmol miR-21 were mixed evenly with an equal
volume of 60 UL of 0.2% gelatin. The mixtures were pipetted
on to six-well culture plates and were dispersed using 200 uL.
tips as evenly as possible, and they were then air dried in a
laminar flow cabinet and stored at 4°C.

For surface characterization, the prepared miR-21-coated
culture plates were fixed in 2.5% glutaraldehyde, dehydrated
in a graded ethanol series, and freeze dried. After sputter
coating with gold, the surface morphology was observed with
the field emission scanning electron microscope (FE-SEM)
(Hitachi S-4800; EIKO, Shawnee, KS, USA).

To determine whether miR-21s were stably retained within
CS/HA NPs after CS/HA/miR-21 NPs were coated on to cul-
ture plates, Cy3-labeled miR-21 and fluorescein isothiocyanate
(FITC)-labeled CS were adopted to prepare fluorescence-
labeled CS/HA/miR-21 NPs, and then, the same NP coatings
were fabricated as earlier. The Cy3 and FITC fluorescence
signals were observed under fluorescence microscopy (Olym-
pus Corporation, Tokyo, Japan) to evaluate the distribution and
locations of miR-21s and CS/HA NPs, respectively.

Contact angles were measured by the sessile drop method
on an Easy Drop Standard instrument (KRUSS GmbH,
Hamburg, Germany) at room temperature. The drop shapes
of distilled water on different surfaces were photographed,
and the contact angles and free energy were calculated using
DSAT1 software (KRUSS GmbH).

Cell culture and characterization

of stemness

Primary hBMMSCs were isolated according to a previous
protocol.”® Briefly, fresh cancellous bone fragments were
obtained from orthognathic patients (22-26 years of age,
n=3) via mandibular angle resection, with written informed
consent and Institutional Review Board approval from the
Stomatological Hospital of the Fourth Military Medical
University. For cell isolation, a syringe device was used
to pour o-MEM against the fragments gently and repeat-
edly until the fragments displayed a white appearance.
Then, the mixed cell types were collected and seeded on a
six-well plate (Corning Incorporated, Corning, NY, USA)
containing o-MEM supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific), 0.292 mg/mL glutamine
(Sigma-Aldrich Co.), 100 U/mL penicillin and 100 mg/mL
streptomycin (both from Sigma-Aldrich Co.) in a humidified
atmosphere at 37°C with 5% CO,; the culture media were
refreshed every 2 days. ABMMSCs from passages 2—5 were
used in the subsequent experiments.

Cell surface markers of hBMMSCs (P3) were determined
by flow cytometry analysis using a previous method.”
Briefly, 2x10° cells were trypsin collected and trans-
ferred to each microtube, after which antibodies, such as
STRO-1, CD146, CD29, CD34, and CD45, were added to
each microtube, based on the manufacturer’s instructions;
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cell suspensions without any added antibody served as con-
trols. All the microtubes were incubated at 37°C in the dark
for 40 minutes and then washed with phosphate-buffered
saline (PBS) three times. Finally, the cells were resuspended
in 300 uL of PBS for the analysis of cell surface markers
using a flow cytometry cell sorting Vantage Cell Sorter
(Becton & Dickinson, Mountain View, USA). The data were
analyzed using the Mod-Fit 2.0 cell cycle analysis program
(Becton & Dickinson).

To assess the ability of osteogenic/adipogenic differen-
tiation, the cells (P3) were seeded on to six-well dishes at a
concentration of 2x10° cells/well and cultured in complete
medium until they reached 80% confluence. To assess
osteogenic ability, the osteoinductive medium (complete
medium supplemented with 50 pg/mL ascorbic acid, 10 nM
dexamethasone, and 10 mM [B-glycerophosphate) was
switched and refreshed every 3 days. To assess adipogenic
ability, the adipogenic medium (complete medium supple-
mented with 100 nM dexamethasone, 0.5 mM 3-isobutyl-
1-methylxanthine, and 50 mM indomethacin) was also
changed and refreshed at 3-day intervals. After 4-week
osteogenic induction or 2-week adipogenic induction, the
cells were fixed in 4% paraformaldehyde and stained with
alizarin red or fresh Oil Red O solution, respectively. The
mineralization nodules and lipid droplets were observed
photographically (IX70; Olympus Corporation).

Cytotoxicity and cell transfection
For cytotoxicity determination, the lactate dehydrogenase
(LDH) activity was used as an index of cytotoxicity in the
culture medium." Briefly, after 24 hours of transfection at
different miR-21 concentrations (150 pmol/well, 300 pmol/
well, and 450 pmol/well), the culture medium was collected
and centrifuged, and the supernatant was used for the LDH
activity assay. The LDH activity was determined spectropho-
tometrically, according to the manufacturer’s instructions.
Three parallel experiments in each group were conducted.
To assess the transfection efficacy of CS/HA/miR-21
NPs on culture plates, Cy3-labeled miRNAs and FITC-
labeled CS were used to prepare fluorescence-labeled
CS/HA/miR-21 NPs. The cells (P3) were seeded on to
six-well miR-21-functionalized culture plates at a density
of 2x10° cells/well. At the time points of 24 hours and
14 days, the cells were collected in trypsin, washed twice
with PBS, and fixed in 1% paraformaldehyde in PBS. The
Cy3 fluorescence emitted by the cells after internalization
was measured with a flow cytometer (FACScalibur; BD
Biosciences). As a negative control, untreated cells were

subjected to the same process. Three biological replicates
of each sample were analyzed.

To track the fluorescence of internalized NPs, fluores-
cently labeled CS/HA/miR-21 NPs were used, and the cells
were transfected at a concentration of 300 pmol miR-21/well.
At the time points of d1, d3, d5, d7, d10, and d14, the cells
were immediately fixed and washed in PBS twice. Then,
the nuclei of the cells were stained with 4’,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich Co.). Subsequently, the
FITC, Cy3, and DAPI fluorescence signals were observed
via fluorescence microscopy (Olympus Corporation) to
evaluate the distribution of the CS/HA/miR-21 NPs at each
time point.

In vitro osteogenesis of the hBMMSC

sheets

To assess the in vitro osteogenesis of the miR-21-delivered
hBMMSC sheets, the control group without delivery (non-
coated control) and the control group with naked CS/HA
NP coating (CS/HA control) were used. After 14 days of
cell sheet induction, the hBMMSC sheets were further
incubated with the osteoinductive medium (complete
medium supplemented with 50 pg/mL ascorbic acid,
10 nM dexamethasone, and 10 mM B-glycerophosphate)
for 14 days. The osteogenesis-related gene expression,
alkaline phosphatase (ALP) production, and collagen
secretion, as well as ECM mineralization, were systemi-
cally assessed.

Osteogenesis-related gene expression was evaluated
using real-time PCR. Briefly, total RNA was extracted
by using TRIzol reagent (Thermo Fisher Scientific), and
complementary DNA synthesis (Takara Bio, Otsu, Japan)
was then conducted. The expression levels of osteogenesis-
related genes, including COL-I, RUNX2, OPN, and OCN,
were quantified using a CFX Connect™ Real-Time PCR
Detection System (Bio-Rad Laboratories Inc., Hercules, CA,
USA) with SYBR Green Master (Hoffman-La Roche Ltd,
Basel, Switzerland). The relative expression levels of target
genes were normalized to the expression of the housekeep-
ing gene glucuronidase, beta (GUSB). The forward/reverse
primers for the selected genes are listed in Table 1.

For Western blot analysis, cell sheet samples were lysed
in lysis buffer (Sigma-Aldrich Co.) supplemented with
1 mM phenylmethanesulfonyl fluoride (PMSF) (Hoffman-La
Roche). Then, the total protein concentrations were measured
using a bicinchoninic acid protein assay kit (Beyotime,
Shanghai, People’s Republic of China). Next, 40 g of cell
lysates were added to each lane of 10% sodium dodocyl
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Table | Target cDNA primer sequences used for real-time PCR

coLl
Forward: 5-GAGGGCCAAGACGAAGACATC-3’
Reverse: 5'-CAGATCACGTCATCGCACAAC-3’
RUNX2
Forward: 5-TGGTTACTGTCATGGCGGGTA-3’
Reverse: 5-TCTCAGATCGTTGAACCTTGCTA-3’
OPN
Forward: 5-CAGTTGTCCCCACAGTAGACAC-3’
Reverse: 5-GTGATGTCCTCGTCTGTAGCATC-3’
OCN
Forward: 5-CCCAGGCGCTACCTGTATCAA-3’
Reverse: 5-GGTCAGCCAACTCGTCACAGTC-3’
GUSB (housekeeping gene)
Forward: 5-GTCTGCGGCATTTTGTCGG-3’
Reverse: 5'-CACACGATGGCATAGGAATGG-3’

Abbreviations: cDNA, complementary DNA; PCR, polymerase chain reaction;
COLI, collagen type lo.l; RUNX2, runt-related transcription factor 2; OPN, osteopontin;
OCN, osteocalcin; GUSB, glucuronidase, beta.

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels, separated based on molecular weight, and electrotrans-
ferred to polyvinylidene fluoride membranes (EMD Milli-
pore, Billerica, MA, USA). After blocking with 5% nonfat
milk for 2 hours, the membranes were incubated in specific
primary antibodies against COL-I, RUNX2, OPN, and OCN
overnight at 4°C. Subsequently, the membranes were incu-
bated in a horseradish peroxidase-conjugated anti-rabbit or
anti-mouse secondary antibody (CoWin Biotech Co., Ltd,
Beijing, People’s Republic of China) for 1 hour at room
temperature. The membranes were developed using the
Western Light Chemiluminescent Detection System (Peiqing,
Shanghai, People’s Republic of China). All the assays were
repeated in triplicate.

To assess ALP production, at the predestinated time
points, the cell sheets were fixed and incubated with 2 mL
of staining fluid (a mixture of 10 mL of buffer, 33 uL
of 5-bromo-4-chloro-3-indolylphosphate, and 66 uL of
nitroblue tetrazolium chloride; Beyotime) for 30 minutes at
room temperature in the dark, and they were then washed
with PBS. ALP activity was expressed as the integrated
optical density (IOD) of the blue staining of the cytoplasm
on representative images. The 10D was analyzed using
Image-Pro Plus 6.0 software (Media Cybernetics, Silver
Spring, MD, USA).

To assess collagen secretion, the fixed cell sheets were
immersed in 0.1 wt% Sirius red (Sigma-Aldrich Co.) with
saturated picric acid for 1 hour, and then, the secreted
collagen fibers were observed microscopically. Subsequently,
the stain was dissolved with 1 mL of destain solution (0.2 M

NaOH/methanol 1:1), and the absorbance at 540 nm was
quantitatively measured.

For ECM mineralized nodule staining, the fixed cell
sheets were stained with 1 wt% alizarin red for 3 minutes to
display the mineralized nodules and were washed with PBS
three times, dried at room temperature, and observed under
amicroscope. Finally, the mineralization nodules were dis-
solved in 10% cetylpyridinium chloride in 10 mM sodium
phosphate (pH 7), and the OD values were measured at
620 nm using a spectrophotometer for statistical analysis.

Statistical analysis

The results were collected and analyzed with SPSS 17.0
software (SPSS Inc., Chicago, IL, USA), and all values are
expressed as the mean + standard deviation. The level of sig-
nificance was determined using two-way analysis of variance
combined with SNK-q tests or Student’s ¢-test. A P-value
of <0.05 was considered statistically significant.

Results

NP characterization

Particle size, zeta potential, TEM observation,

and gel retardation analysis

The CS/HA NPs were prepared by ionic gelation among
positively charged CS and negatively charged TPP and HA.
According to our previous studies, an optimal mixture with
a CS:TPP:HA volume ratio of 1:0.15:0.1 was adopted to
prepare NPs. The morphologies of the NPs were observed
by TEM (Figure 1A and B), and the typical images illus-
trated that the NPs were finely dispersed in the visual field
and displayed spherical shapes. As Figure 1C shows, the
binding capacity of CS/HA NPs with miR-21 was evalu-
ated by gel retardation assay. The CS/HA/miR-21 NPs were
previously prepared at various N/P ratios (1:1, 5:1, 10:1,
15:1, and 20:1). The results illustrated that the migrations
of miR-21 in agarose gel were completely retarded when the
N/P ratio was 20:1, indicating the complete combination of
miRNA-21s with CS/HA NPs. For the subsequent study,
we applied CS/HA/miR-21 NPs with a CS:TPP:HA ratio of
1:0.15:0.1 and an N/P ratio of 20:1. The average diameter of
the NPs was 181.3+£12.55 nm (Figure 1D), and the average
zeta potential was 35.244.37 mV (Figure 1E).

Fabrication and surface morphology of
miR-2 | -functionalized culture plates
Scanning electron micrographs (Figure 2A) showed that
the unmodified surface of the culture plates was relatively
smooth; the gel-coated surface displayed highly ordered
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Figure | The characterizations of NPs.

Notes: (A and B) TEM images of CS/HA NPs with different magnifications (20,500x in A, and 105,000x in B). (C) Gel retardation analysis of CS/HA/miR-21 NPs; lane I,
naked miR-21; lanes 2—-6, CS/HA/miR-21 NPs prepared at N/P ratios of I:I, 5:1, 10:1, 15:1, and 20:I. (D) The size distribution of the CS/HA/miR-21 NPs produced by an
optimal mixture with a CS:TPP:HA volume ratio of 1:0.15:0.1. (E) The zeta potential distribution of the CS/HA/miR-21 NPs.

Abbreviations: NPs, nanoparticles; TEM, transmission electron microscope; CS, chitosan; HA, hyaluronic acid; miR, microRNA; TPP, tripolyphosphate.

and aligned gel proteins; and the miR-21-functionalized
surface presented uniform and sleek CS/HA/miR-21 NPs,
with diameters ranging from 60 nm to 300 nm, forming a
monolayer and embedded tightly in the gel proteins.
Contact angle measurements showed that the gel-coated sur-
face and miR-21-functionalized surface had increased surface
energy. As Figure 2B indicates, the water contact angle of the
unmodified surface was ~83.2°, the gel-coated surface showed
higher hydrophilia, with a contact angle 0of 47.5°, and the miR-
21-functionalized surface displayed similar hydrophilia, with

a contact angle of 68.7°. The changes in the surface chemistry
led to significantly different water contact angles.
Fluorescence microscopy was used to evaluate the dis-
tributions of FITC-labeled CS and Cy3-labeled miR-21s,
and the images (Figure 2C) demonstrated that both the
FITC-labeled CS and Cy3-labeled miR-21s were spread
evenly on the substrates of the culture plates, and the merged
image presented a high degree of overlap, indicating that the
miR-21s were stably retained within the CS/HA NPs after the
CS/HA/miR-21 NPs were coated on to culture plates.
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Figure 2 The characterizations of CS/HA/miR-21 NP-coated surfaces of culture plates.

Notes: (A) Surface morphologies of culture plates before and after CS/HA/miR-21 NP coating as inspected by SEM with increasing magnification. No coating: unmodified
surface; gel coating: 0.2% gel solution-coated surface; NPs-gel coating: CS/HA/miR-2| NP-coated surface. (B) The measurement of water contact angles on different surfaces. (C)
Fluorescence observation of CS/HA/miR-2| NP-coated surfaces (200x). The pictures illustrate FITC-labeled CS (green), Cy3-labeled miR-21s (red), and the merged images.
Abbreviations: CS, chitosan; HA, hyaluronic acid; miR, microRNA; NPs, nanoparticles; SEM, scanning electron microscope; FITC, fluorescein isothiocyanate.
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Isolation and identification of hRBMMSCs
Primary hBMMSCs were successfully isolated and passaged.
As Figure 3A shows, the primary cells presented a typical
spindle-shaped morphology. One of the key properties of any
MSC line is a capacity for multiple-direction differentiation.
In terms of osteogenic differentiation capability, alizarin red-
positive mineralized nodules could be observed following
4 weeks of incubation (Figure 3B), which provided strong
evidence of the osteogenic potential of hBMMSCs. After
2 weeks of adipogenic induction, the microscopic oil red
O-positive lipid droplets were widely formed in the cells
(Figure 3C), indicating their adipogenic differentiation poten-
tial. The cell surface markers of hBMMSCs were determined
by flow cytometry (Figure 3D), and the results revealed that
the cells were positive for mesenchymal-associated markers,
such as STRO-1, CD146, and CD29, while they were nega-
tive for hematopoietic markers, such as CD34 and CD45.
These results indicated that hBMMSCs were successfully
isolated and cultured.

Cytotoxicity assay and transfection
efficiency of the miR-21-functionalized

surface

The cytotoxicity of different substrates was assessed by LDH
activity in the culture media after 24 hours of transfection,
and the results are compared in Figure 4A. The compari-
son shows that none of the culture plates coated with gel,
vacant CS/HA NPs or CS/HA/miR-21 NPs exhibited any
obvious cytotoxicity compared with the unmodified surface
(P>0.05).

To assess the ability of hBMMSCs to internalize the CS/
HA/miR-21 NPs, Cy3-labeled miRNAs and FITC-labeled CS
were adopted to prepare fluorescently labeled CS/HA/miR-21
NPs, which were applied in the coating process.

Flow cytometry was employed to evaluate the transfec-
tion efficacy after transfection for 24 hours and 14 days
(Figure 4B). The results indicated that different loading
concentrations of miR-21 induced different transfection
efficacies. In total, the transfection efficacy increased in

D STRO-1 CD146 CD29 CD34 CD45
8.0% 0.8% 0.9%

100 10" 102 10°  10° 10' 10® 10°  10° 10' 102 10°  10° 10" 102 10°  10° 10" 102 10°
FITC-A PE-A PE-A PE-A PE-A
Isotype ctrl Isotype ctrl

B C

07% 0.9%

10° 10" 102 10°  10° 10' 107 10°
FITC-A PE-A

Figure 3 The isolation and characterization of hBMMSCs.

Notes: (A) The spindle-shaped stem cells grown in a-MEM complete medium (100x). (B) The formed mineralized nodules were stained positively with alizarin red S after
4 weeks of osteogenic induction (100x). (C) The microscopic oil red O-positive lipid droplets were observed after 2 weeks of adipogenic induction (400x). (D) Cytometric
flow analysis showed that the presumed stem cells expressed the positive mesenchymal-associated markers STRO-1, CD29, and CD 146, but the cells were negative for the

hematopoietic markers CD34 and CD45.

Abbreviations: hBMMSCs, human bone marrow mesenchymal stem cells; o-MEM, o-minimum essential medium; FITC, fluorescein isothiocyanate; Ctrl, control;

PE, phycoerythrin.
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Figure 4 Cytotoxicity and transfection efficiency of the CS/HA/miR-21 NP-coated surfaces.

Notes: (A) The LDH amount released by cells during the first 24 hours after transfection. Blank control: unmodified surface; Gel: 0.2% gel solution-coated surface;
CS/HA: the vacant CS/HA NP-coated surface; 150—450: CS/HA/miR-21 NP-coated surface at the concentration of 150—450 pmol/well miR-21. (B) Comparison of the
transfection efficiency on different surfaces by flow cytometry. *P<<0.05 versus the unmodified surface; *P<<0.05 versus the 150 pmol/well miR-21 group; @P<<0.05 versus

the 300 pmol/well miR-21 group.

Abbreviations: CS, chitosan; HA, hyaluronic acid; miR, microRNA; NP, nanoparticle; LDH, lactate dehydrogenase; h, hours.

a dose-dependent manner, and the 300 pmol/well concentra-
tion yielded comparable effects to those of the 450 pmol/well
concentration over the observation time; hence, we adopted
the 300 pmol/well concentration in the subsequent coating
process for cell sheet transfection.

After transfection for 1 day, 3 days, 5 days, 7 days,
10 days, and 14 days, fluorescent microscopy was used to
track the internalized NPs during the process of hBMMSC
sheet incubation (Figure 5). The results clearly showed that
FITC-labeled CS and Cy3-labeled miR-21 accumulated
within the bodies of cells, especially near the nuclear regions.
The merged pictures demonstrated a high degree of overlap
between FITC-labeled CS and Cy3-labeled miR-21, in turn
indicating stable settlement within CS/HA NPs for miR-21
at each time point. Both the fluorescence intensities of FITC-
labeled CS and Cy3-labeled miR-21 decreased gradually in
a time-dependent manner, but they could still be observed
by fluorescence microscope at the end time point of 14 days,
indicating a moderate and long-lasting transfection process
during hBMMSC sheet induction. To confirm these results,
we also employed Western blot to validate the efficacy of the
delivery of miR-21, SPRY1 was reported to be direct target
of miR-21. The Western blot results revealed that SPRY1
was repressed by miR-21 during the 14 days of cell sheet
incubation (Figure 6A).

Osteogenic gene expression

After 14 days of cell sheet induction, the hABMMSC sheets
were further incubated with the osteoinductive medium for
3 days, 7 days, and 14 days. At each time point, osteogenic
gene expression, including COLI, RUNX2, OPN, and
OCN, on different surfaces was measured by real-time PCR
(Figure 6B). The results indicated that different surfaces
induced different gene expression levels in a time-dependent

manner. Generally, the miR-21-functionalized surfaces
demonstrated higher gene expression to varying degrees than
unmodified surfaces and vacant CS/HA NP-coated surfaces.
The miR-21-functionalized surfaces induced the highest
COLI and RUNX2 gene expression on day 3 (P<<0.05),
while there were no obvious differences between unmodified
surfaces and vacant CS/HA NP-coated surfaces for these
two gene expressions. During the sheet incubation process
of 14 days, the miR-21-functionalized surfaces yielded the
highest expression of OPN on day 7 (P<<0.05), while they
showed the highest expression of OCN on day 14 (P<<0.05)
among the three groups. Further, the vacant CS/HA NP-
coated surfaces tended to induce relatively higher expression
of OPN and OCN compared to unmodified surfaces. Further-
more, comparing the relative protein expression profiles of
cell sheets induced on different surfaces via Western blot
(Figure 6C), the results showed that the miR-21-delivered
hBMMSC sheets exhibited higher expression of calcification-
related proteins (COL1, RUNX2, OPN, and OCN) to vari-
ous degrees compared to cell sheets cultured on unmodified
surfaces and vacant CS/HA NP-coated surfaces.

In vitro osteogenic differentiation
of hBMMSC sheets

Cell sheets were cultured on miR-21-functionalized surfaces
of culture plates or other surfaces for 14 days and then incu-
bated in osteogenic differentiation medium for 7 days and
14 days. On day 7 of osteogenic differentiation, the ALP
activities of cell sheets were detected by staining and are
expressed as the mean 10D of the images assessed using
Image-Pro Plus 6.0 software (Figure 7A). The results showed
that, in the miR-21-delivered cell sheets, the ALP production
was significantly increased compared to the two controls
(P<<0.05). After 7 days of osteogenic induction, the delivered
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D10

D14
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Figure 5 The track of fluorescently labeled CS/HA/miR-21 NPs after transfection for | day, 3 days, 5 days, 7 days, 10 days, and 14 days.
Notes: The pictures illustrate fluorescein DAPI-labeled nuclei (blue), FITC-labeled CS (green), Cy3-labeled miR-2Is (red) and merged images. The concentration of

300 pmol/well miR-21 was adopted here for reverse transfection. Magnification: 200x.

Abbreviations: CS, chitosan; D, day; HA, hyaluronic acid; miR, microRNA; NP, nanoparticle; DAPI, 4’,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate.

cell sheets showed slightly deeper Sirius red staining com-
pared to the controls, and the comparative trend in collagen
secretion among the different groups was similar to that of
ALP (Figure 7B). On day 14 of osteogenic differentiation, all
the cell sheets exhibited the potential to undergo osteogenic
differentiation based on positive Alizarin Red S staining,

while the miR-21-delivered cell sheets appeared to accu-
mulate the largest amount of calcium deposits, with more
and larger mineralized nodules. After semi-quantification
of ECM-mineralized nodules, miR-21-delivered cell sheets
displayed much higher osteogenic potential than the other
cell sheets (P<<0.05; Figure 7C); the ECM mineralization by
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Figure 6 The expressions of related genes and proteins on the CS/HA/miR-2| NP-coated surfaces.

Notes: (A) SPRY | was repressed by miR-21 during the |4 days of cell sheet incubation. (B and C) Cell sheets were cultured on miR-21-functionalized surfaces of culture
plates or other surfaces for 14 days and then incubated in osteogenic differentiation medium for 3 days, 7 days, and 14 days. All values of real-time PCR were normalized to
GUSB. *P<<0.05 versus the unmodified surface (ctrl); “P<<0.05 versus the vacant CS/HA NP-coated surface.

Abbreviations: CS, chitosan; D, day; HA, hyaluronic acid; miR, microRNA; NP, nanoparticle; PCR, polymerase chain reaction; GUSB, glucuronidase, beta; COL/, collagen
type laul; RUNX2, runt-related transcription factor 2; OPN, osteopontin; OCN, osteocalcin.

the miR-21-delivered cell sheets was approximately 1.8- to
2.5-fold that of the controls.

Discussion

In recent years, stem-cell therapy for tissue defect repair/
regeneration has been advocated, and cell sheet engineering
has emerged as a preferable delivery model for seeding cells

due to well-preserved intact cell—cell junctions and cellular
microenvironments with excellent biological and mechanical
properties.”® Thus, it would be highly significant to explore
further the performance by DNA or RNA delivery.® In this
work, we aimed to verify the feasibility of miR-21 delivery
to cell sheets, with a safer nonviral approach than the viral
approach, for enhanced osteogenic potential. In this study, we
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Figure 7 The characterization of osteogenic differentiation of hBMMSC sheets in vitro.

Notes: (A) Representative images and semi-quantitative analysis for ALP staining of the hBMMSC sheets after a 7-day osteogenic induction in vitro. *P<<0.05 versus the
unmodified surface and the vacant CS/HA NP-coated surface. (B) Representative images and semi-quantitative analysis for collagen secretion of the hBMMSC sheets after
a 7-day osteogenic induction in vitro. *P<<0.05 versus the unmodified surface and the vacant CS/HA NP-coated surface. (C) Representative images and semi-quantitative
analysis for ECM mineralization of the hBMMSC sheets after a 14-day osteogenic induction in vitro. ¥P<<0.05 versus the unmodified surface and the vacant CS/HA NP-coated
surface. Magnification: 100x.

Abbreviations: hBMMSC, human bone marrow mesenchymal stem cell; ALP, alkaline phosphatase; CS, chitosan; D, day; HA, hyaluronic acid; NP, nanoparticle; ECM,
extracellular matrix; miR, microRNA; OD, optical density; IOD, integrated optical density.
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developed a novel miR-21 reverse transfection formulation
by cross-linking CS/HA/miR-21 NPs on to tissue culture
plates using 0.2% gel solution, after which the isolated
hBMMSCs were seeded on to miR-21—functionalized
culture plates and further incubated in cell sheet-inducing
medium for 14 days. The assay results demonstrated that
the hBMMSCs sheet could be successfully induced via the
novel reverse transfection approach, and the miR-21 delivery
significantly enhanced the in vitro osteogenic differentiation
of hBMMSC sheets.

Generally, specially designed culture plates, such as
temperature-responsive plates, are needed for cell sheet
engineering,” while, recently, a much simpler and more
practical approach was developed by simply adding dexa-
methasone and Vc or Ve alone to the culture medium without
requiring any specific equipment.®®** V¢ was demonstrated
to be capable of stimulating the ECM deposition of stem
cells, thereby promoting cell sheet formation.® In this work,
the Vc-based method was chosen to generate the hHBMMSC
sheets. After 14 days of culture in the cell sheet-inducing
medium, uniform cell sheets ~50 um thick, containing two
to five layers of cells, could be easily harvested from all
the groups. In the miR-21-delivery group, the hABMMSC
sheets were observed to maintain their structure well without
discernible differences compared to the normally induced
hBMMSC sheets. Using the cell sheet technique, the pre-
served ECM and mechanical properties could increase the
cell survival rate and reduce cell loss during transplantation.
In addition, we could conveniently manipulate the transplan-
tation processes of stem cells, that is, we could control the
size, amount, and location of transplanted cell sheets easily,
or we could combine them with absorbable biomaterials for
improved clinical effects.?*

To improve further the therapeutic efficiency of cell
sheets, we fabricated miRNA-delivery cell sheets. As one
of the most studied miRNAs, miR-21 plays a general role
in regulating a variety of physiological and pathological
processes.”>2¢ Studies of embryonic stem cells and mesen-
chymal stem cells (MSCs) have shown that the levels of
miR-21 increased substantially following the induction of
differentiation, indicating that miR-21 might play impor-
tant roles in stem cell differentiation and development.?’
Among these roles, miR-21 was found to suppress stemness
maintenance by downregulating SOX2 expression and pro-
moting the osteogenic differentiation of hMSCs.? To find a
safe and efficient vector for gene delivery, we developed a
CS/HA nanocarrier system as a nonviral vector for reverse

transfection.’ CS possesses good biocompatibility and biode-
gradability, but a single application of CS lacks stability due
to its low water solubility at physiological pH, so CS likely
could not protect miRNA efficiently, leading to the release of
a large amount of miRNA before being endocytosed by the
cells.?? However, the inclusion of an anionic polymer (HA)
could increase the stability of the particles and increase the
gene transfection efficacy, according to previous reports. !
In addition, HA could bind to CD44 on the hBMMSC cel-
lular receptors, which would induce endocytosis in a targeted
manner.?' Liu et al*® found that HA could improve cellular
uptake through its binding receptor, leading to easy release
of'the transfection agents after internalization.” In this work,
an optimal mixture with a CS:TPP:HA volume ratio of
1:0.15:0.1 was adopted to prepare CS/HA NPs because our
previous study validated that the loaded and unloaded NPs
with a 1:0.15:0.1 ratio had the smallest PDI (best homoge-
neity of size distribution) compared to the other ratios, and
the relatively high average zeta potential with this ratio also
contributed to close contact with the anionic membranes of
cells.'® These results were also consistent with other previous
studies.” In the gel retardation assay, the migration of miR-21
on agarose gel was completely retarded when the N/P ratio
was 20, indicating the complete combination of miR-21 with
CS/HA NPs. As such, the N/P ratio of 20:1 was adopted to
prepare CS/HA/miR-21NPs for this study.

As elaborated in the results, we successfully developed
appropriate CS/HA/miR-21 NPs and then cross-linked them
on to the culture tissue plates using 0.2% gel solution to
prepare a miR-21-functionalized surface. The SEM images
showed that the miR-21-functionalized surface presented
uniform and sleek CS/HA/miR-21 NPs, which formed a
monolayer and were embedded tightly in the gel proteins.
The merged images of Cy3-labeled miR-21s and FITC-
labeled CS demonstrated a high degree of overlap, indicating
that the miR-21s were stably retained within the CS/HA NPs
after the coating was prepared on the culture plates. In addi-
tion, these NPs could provide sustained release of miR-21
over a 14-day cell sheet induction process and could reduce
cytotoxicity. This coating method was relatively simple and
could be easily followed for potential clinical use. This work
also demonstrated a relatively high level of transfection
efficacy of >90% after 24 hours of transfection and >75%
on day 14. Fluorescence observation revealed that the Cy3-
labeled miR-21s accumulated within the cells for at least
14 days, although with a gradual decrease in fluorescence
intensity. These results indicated high transfection efficiency,
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which could be ascribed to reverse transfection,’®*!' also
known as substrate-mediated transfection. As designed in
our study, CS/HA/miR-21 NPs were immobilized on to the
surfaces of culture plates; therefore, the attached stem cells
could directly contact these NPs, which would facilitate the
endocytotic process of the cells and reduce the amount of
floating transfection agents in the culture medium.** The
results were in agreement with previous reports of reverse
transfection with small interfering RNA and miRNA.3

In this study, the assay results demonstrated that miR-21
delivery significantly enhanced the in vitro osteogenic dif-
ferentiation of hBMMSC sheets, supported by upregulated
calcification-related gene expression and enhanced ALP
activity, collagen secretion, and mineralized nodule forma-
tion. The upregulated gene expression of COLI, RUNX2,
OPN, and OCN over time for the miR-21-delivered hBMMSC
sheets indicated a rapid osteogenic induction process. More-
over, we found similar results at the protein expression level
based on Western blot assay. RUNX2, COLI1, and ALP
activities are considered early indicators of osteoblast dif-
ferentiation, while OPN is a mid-term indicator and OCN
is a late indicator. The higher expression of these markers
in miR-21-delivered cell sheets indicated rapid access to
osteogenic differentiation. After semi-quantification of ECM
mineralization, the miR-21-delivered cell sheets displayed
much higher osteogenic capacity than the other cell sheets,
which significantly enhanced the osteogenic differentiation
of the hBMMSC sheets. Our results were in agreement
with the following reports. Trohatou et al* revealed that
overexpression of miR-21 could accelerate osteogenesis and
impair adipogenesis in hBMMSCs, and Yang et al** validated
that miR-21 could promote the osteoblast differentiation
of hMMSCs by repressing SPRY 1, which can negatively
regulate the osteogenic differentiation of MSCs. Meng et al®
also found that miR-21 could promote the osteogenic differ-
entiation of human umbilical cord mesenchymal stem cells
through the PI3K—-AKT-GSK3[ pathway via the stabiliza-
tion and accumulation of B-catenin. Our study confirmed
the feasibility of fabricating miR-21-delivered hBMMSC
sheets on CS/HA/miR-21 NP-coated culture plates by reverse
transfection, and the results demonstrated higher osteogenic
differentiation capability than that of the undelivered groups.
The focus of our next study will be to determine the effects of
these miR-21-delivered hBMMSC sheets in vivo as a novel
stem-cell therapy in the field of bone tissue regeneration.

Conclusion
In this work, we aimed to verify the feasibility of miR-21 deliv-

ery to hBMMSC sheets for enhanced osteogenic potential.

First, we fabricated biocompatible and safe CS/HA NPs to
deliver miR-21; then, we developed a novel miR-21 reverse
transfection formulation by cross-linking CS/HA/miR-21 NPs
on to tissue culture plates using 0.2% gel solution, after which
the isolated hHBMMSCs were seeded onto miR-21-functional-
ized culture plates and further incubated in cell sheet-inducing
medium for 14 days. The assay results demonstrated that the
hBMMSC sheets could be successfully induced via this novel
reverse transfection approach, and the miR-21 delivery sig-
nificantly enhanced the in vitro osteogenic differentiation of
cell sheets in terms of upregulating calcification-related gene
expression and enhancing ALP production, collagen secretion,
and mineralized nodule formation. The enhanced osteogenic
activity of cell sheets could promisingly lead to more rapid
and robust bone regeneration for clinical use.
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