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1 | INTRODUCTION

Abstract

Background: In facial plastic surgery, patients with nasal deformity are often treated
by rib cartilage transplantation. In recent years, cartilage tissue engineering has
developed as an alternative to complex surgery for patients with minor nasal defects
via injection of nasal filler material. In this study, we prepared an injectable nasal filler
material containing poly-L-lactic acid (PLLA) porous microspheres (PMs), hyaluronic
acid (HA) and adipose-derived mesenchymal stem cells (ADMSCs).

Methods: We seeded ADMSCs into as-prepared PLLA PMs using our newly invented
centrifugation perfusion technique. Then, HA was mixed with ADMSC-incorporated
PLLA PMs to form a hydrophilic and injectable cell delivery system (ADMSC-
incorporated PMH).

Results: We evaluated the biocompatibility of PMH in vitro and in vivo. PMH has
good injectability and provides a favorable environment for the proliferation and
chondrogenic differentiation of ADMSCs. In vivo experiments, we observed that
PMH has good biocompatibility and cartilage regeneration ability.

Conclusion: In this study, ainjectable cell delivery system was successfully constructed.
We believe that PMH has potential application in cartilage tissue engineering,

especially in nasal cartilage regeneration.

KEYWORDS
centrifugation perfusion, chondrogenesis, hyaluronic acid, nasal fillers, PLLA porous
microspheres

chest wall contour deformity, pneumothorax, and the complicated

Trauma and congenital malformations can cause craniofacial car-
tilage defects, such as nasal deformities leading to an unsightly
nose. Carved rib cartilage transplantation is a commonly used
technique in facial plastic surgery, particularly for treating nasal

deformities after cleft lip surgery.! However, donor site morbidity,

operation are the main limitations of this classic reconstruction
technique.2 In particular, in the case of minor nasal defects, cli-
nicians have proposed nonsurgical nasal repair and a reduction in
the amount of rib cartilage utilized, stimulating the development
of injectable fillers or microscaffolds for cartilage cell transplan-

tation.® Compared to various gel or particulate fillers for simple
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volume increases, microcarriers for cell delivery provide a promis-
ing option for patients seeking noninvasive techniques for tissue
regeneration.“'8

The best scaffolds exhibit good biocompatibility and biode-
gradability, and sufficient porosity and mechanical strength to
facilitate cell adhesion, nutrient diffusion, and waste removal for
optimal tissue r<=.generation.9'10 Among the many tissue repair ma-
terials available, polymeric bulk scaffolds stand out for their abil-
ity to create a suitable environment for accelerated tissue healing.
Alternatively, organic or inorganic microspheres have attracted
increased attention for use in tissue repair due to their ability to
promote efficient cell proliferation and easy manipulation.®”11-13
These as-prepared microspheres are generally employed to repair
different tissues, including periodontal tissue, adipose tissue, car-
tilage and pancreatic islets. They can be directly used not only as
cell delivery carriers, but also to create composite scaffolds with
enhanced mechanical properties.®”'*"*® Notably, compared with
their nonporous counterparts, porous microspheres (PMs) can
provide larger voids for cell seeding, exhibiting a greater cartilage
regeneration ability.>!? In addition, modification with hydrophilic
biomacromolecules or signal molecule incorporation is a routine
strategy to improve cell attachment and proliferation in the hy-
drophobic poly(lactic-co-glycolic acid) (PLGA) or poly-L-lactic acid
(PLLA) scaffolds.?%?! Hyaluronic acid (HA) is a natural component
of the extracellular matrix and a typical hydrophilic material that
can enhance the hydrophilicity and water-binding ability of mi-
crospheres.9 HA is often used to prepare composite scaffolds for
tissue regeneration or to simply act as a formulation agent of par-
ticulate fillers for convenient injection.>?223

In addition to the porous structure and hydrophilic modifica-
tion of various microcarriers, cell seeding method is also a key pa-
rameter for constructing artificial organs or cell delivery systems
for more efficient tissue regeneration.é'w'19 Our group recently
invented a cell centrifugation perfusion technique that demon-
strated superior cell-loading efficacy compared to traditional cell
incubation techniques during artificial pancreatic islet construc-
tion based on PLGA PMs.'> Therefore, it is feasible to develop
an injectable stem cell delivery system that combines a porous
structure, hydrophilic modifications and highly efficient cell seed-
ing technique instead of traditional bulk scaffolds for craniofacial
cartilage regeneration.?’2*

Adipose-derived mesenchymal stem cells (ADMSCs), which
are easily obtained from adipose tissue, show good potential for
tissue regeneration due to their ability to proliferate and differen-
tiate in multiple directions.?® Compared to MSCs from bone mar-
row, ADMSCs show fewer signs of aging.26 In addition, for stem
cell therapy, ADMSCs offer several distinct advantages, including
longer-term storage, greater stability, and more convenient avail-
ability via liposuction. However, treatment involving the injection
of stem cells alone has unsolved problems, such as a low cell sur-
vival rate and short cell retention time, which may result in unsat-
isfactory therapeutic outcomes.?’ Although polymeric PMs can be
used as carriers for ADMSCs to increase cell adhesion, proliferation,

and differentiation, long-term in vitro culture can affect the func-
tions and fate of the cells.?® Inmediate injection has been proposed
to mitigate these side effects and enhance treatment efficacy.5
Therefore, construction of an ADMSC delivery system suitable for
immediate injection based on our previous use of polymeric PMs for
tissue engineering and centrifugation perfusion for cell seeding is
needed.®?1>24

Herein, we seeded ADMSCs into as-prepared PLLA PMs using
our invented centrifugation perfusion tet:hnique.(”15 Then, HA was
mixed with ADMSC-incorporated PLLA PMs to form a hydrophilic
and injectable cell delivery system (ADMSC-incorporated PMH).
The differentiation, viability, and proliferation of the cells were eval-
uated in vitro. Finally, ADMSC-incorporated PMH was injected sub-
cutaneously into nude mice to investigate cartilage regeneration in

the presence or absence of cartilage cells.

2 | METHODS

2.1 | Materials

PLLA (M,: 150,000) was purchased from Shandong Academy of
Pharmaceutical Sciences. Tianjin Fengchuan Chemical Reagent
Technology provided dichloromethane (CH,CL,) and sodium hy-
droxide (NaOH). Shanghai Aladdin Biochemical Technology sup-
plied ammonium bicarbonate (NH,HCO,). Sodium hyaluronate
(C,4H,oNO, Na), was purchased from Bloomage Biotechnology
Corporation Limited. All other chemical reagents were of analytical
grade and obtained from commercial sources.

2.2 | Preparation of PMH

PLLA PMs were prepared by the double emulsion method as de-
scribed in our previous publication.’’ In addition, 100mg of HA
powder was weighed and fully dissolved in 10mL of sodium chlo-
ride solution overnight, resulting in a 1% HA solution. The desired
amount of PLLA PMs and 10 mL of HA were placed in a vial, and an
injection syringe was used to repeatedly draw in and expel the re-
sulting solution, ensuring that the PLLA PMs were evenly dispersed
in the HA solution to form PMH.

2.3 | Physical characteristics

2.3.1 | Morphology

The PLLA PMs, HA, and PMH were lyophilized, then sliced and
fixed on a copper plate containing conductive adhesive, and then
coated with a layer of metal. The morphologies of the PLLA PMs,
HA, and PMH were observed by scanning electron microscopy
(SEM, Carl Zeiss Merlin Compact, Baden-Wurttemberg, Germany).
Imagel) was used to analyze the obtained SEM images, and the
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average particle sizes and pore sizes (n=50) of the PLLA PMs were

measured.

2.3.2 | Rheological properties

The rheological properties of HA and PMH were measured by a
rheometer (Modular Compact Rheometer, Anton Paar, Austria). The
shear viscosity (1) and shear stress (z) of the HA solution and PMH
in the range of 0.1-1005? shear rate (y) were measured at 37°C to
determine the relationships among #, r and 7.

2.3.3 | Injectability

The injectability of PMH was explored using four samples of PMH
and four samples of pure (control) PLLA PMs suspended in ultrapure
water. Control PLLA PMs and PMH without injection were used as
the control group. The remaining six groups were passed through
syringes with 16G (@ 1.65mm), 22G (@ 0.71 mm), or 25G (@ 0.51 mm)
needles. To more clearly observe the morphological changes to
PLLA PMs in the PMH, we washed the four PMH samples three
times with deionized water, and collected the PLLA PMs. Changes
in the volume and morphology of the control PLLA and PMH groups
were observed.

2.4 | Primary culture and identification of ADMSCs
Female New Zealand white rabbits weighing 3kg were used in
this study. All the procedures in this study were performed with
permission from the Animal Ethical and Welfare Committee of
the Experimental Animal Center of the Institution of Radiation
Medicine, Chinese Academy of Medical Sciences. Adipose tissue
extracted from the inguinal region of the rabbits was digested in a
solution containing 1 mg/mL type | collagenase (Gibco, Carlsbad,
CA, USA) at 37°C for 1h and then filtered through a 100 um fil-
ter to obtain a single-cell suspension. The single-cell suspensions
were subsequently seeded in complete DMEM-F12 (Gibco) sup-
plemented with 20% (v/v%) fetal bovine serum (Gibco), 100pg/
mL penicillin, and 100 pg/mL streptomycin (Gibco). The cells were
incubated at 37°C with 5% CO, in a humidified incubator. Flow
cytometry was used to identify ADMSCs with antibodies against
CD29 and CD34. Oil Red O staining, Alizarin Red staining, and
Alcian Blue staining were used to assess the multilineage differen-
tiation potential of the ADMSCs.

2.5 | ADMSC proliferation and viability in PMH

A dish of cells showing good growth was taken and used to make a
cell suspension. ADMSCs were perfused into PLLA PMs using our
own technique of ‘centrifugal infusion”®> The sample was then mixed

with an appropriate amount of HA to produce PMH loaded with
ADMSCs. Using the centrifugal infusion method, we prepared PMH
loaded with ADMSCs with HA:PLLA PM ratios of 10:1, 10:3, and
10:5. A sample of PLLA PMs loaded with ADMSCs was used as the
control sample (containing the same amount of PLLA PMs as in the
above 10:3 HA:PLLA PM sample). The above samples were placed in
a 6-well plate and cultured normally after the appropriate amount of
culture medium was added. DNA was extracted from each sample
after 1, 4, and 7 days to verify the proliferation of ADMSCs in PLLA
PMs and PMH. DNA was extracted using an Animal Tissue/Cell
Genomic DNA Extraction Kit (Solarbio, Beijing, China). Then, 20uL
of DNA was added to a 96-well plate with 180 L of Hoe Chst 33258
working solution in the dark. Finally, the absorbance was measured
by microplate reader at an excitation wavelength of 356 nm and an
emission wavelength of 492 nm.

To further explore cell growth inside the PMH, we used live-
dead cell staining to directly observe cell activity inside the carrier.
Staining was carried out according to the steps described for the
calcein-AM/PI Kit (Solarbio, Beijing, China). First, 1mL of 1x Assay
Buffer was added to the confocal dish. Then, 2uL of calcein-AM
(stock solution) was added to the above mixture, and the mixture
was incubated in the confocal dish for 25min at 37°C in the dark. A
4mL aliquot of Pl stock solution was then added to the above confo-
cal dish for 5min at 37°C in the dark, after which the stained samples
were observed using a confocal microscope to distinguish live and
dead cells. In this way, the growth of cells in PMH was visually ob-

served, and their activity was determined.

2.6 | Gene expression analysis and TNF-a release
The ADMSC group and the ADMSC-incorporated PMH group were
seeded in 6-well plates. After 48h of culture, we added chondrogenic
differentiation induction solution containing the adipose stem cells to
the system. After 28days of induction, chondrogenic ADMSCs were
obtained from the ADMSC group and the ADMSC-incorporated PMH
group. The mRNAs of the ADMSC group and the ADMSC-incorporated
PMH group were extracted, and the obtained mRNA samples were
reverse transcribed using an RT-PCR kit (TaKaRa, Beijing, China) to ob-
tain single-stranded cDNA. Real-time fluorescence quantitative PCR
was used to detect the expression of cartilage formation markers, in-
cluding SOX9, ACAN, and COL2A1. GAPDH was used as the endog-
enous reference gene, and the relative expression was calculated by
the 2722 method. A list of forward and reverse primer pairs and their
abbreviations is shown in Table 1.

The complete medium was prepared by adding 1% sodium py-
ruvate, 1% double antibody and 5% FBS to DMEM. RAW264.7 cells
were cultured in a 37°C cell incubator. When the cells reached 80%
confluence, PLLA PMs and PMH were added separately and incubated
with the cells for 24 h, after which the supernatant was collected. The
supernatant of RAW264.7 cells without any additions was used for the
control group. The tumor necrosis factor-o (TNF-a) concentration in
each sample was determined according to the experimental protocol
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Gene F’ R’
GAPDH CCACTTTGTGAAGCTCATTTCCT

COL2A1 ACGCTCAAGTCCCTCAACAAC

SOX9 GCTCCGACACCGAGAATACAC

ACAN CTCCAATGACTCCGGGATCTAC

provided with the Mouse TNF-a ELISA Kit (Invitrogen, Carlsbad, CA,
USA\). The detection antibody (50 uL/well) was added to a 96-well plate
containing the sample supernatant and the capture antibody and in-
cubated at room temperature for 2h. After washing 4 times, horse-
radish peroxidase-labeled streptavidin (streptavidin HRP) was added,
and the mixture was incubated for 1h. After another 4 washes, 100 L
of chromogenic agent (TMB) was added to each well, and the mixture
was incubated under dark conditions. Subsequently, the stop solution
was added, and the concentration of TNF-« in the supernatant of each
sample was determined via absorbance at 450 nm.

2.7 | Invivo evaluation of chondrogenesis

Animal experiments were carried out to evaluate the in vivo com-
patibility and cartilage formation potential of ADMSC-incorporated
PMH. The animal experiment was approved by the Animal Ethical
and Welfare Committee of the Experimental Animal Center of the
Institution of Radiation Medicine, Chinese Academy of Medical
Sciences. Sixteen 6-week-old female BALB/c nude mice weighing
between 17 and 21 g were selected and randomly divided into two
groups, namely, the ADMSC/PMH group and the ADMSC+Rabbit ear
chondrocytes (REC)/PMH group, based on subcutaneous injection
of ADMSC-incorporated PMH with or without RECs. The ADMSCs
used during the animal experiment period were induced in vitro for
28days. RECs were used to establish a chondrogenic environment
for the induction of ADMSCs. During the experiment, all the mice
were maintained under IVC conditions. Four and eight weeks after
injection, the nude mice were sacrificed, and the desired tissues
were dissected with scissors and tweezers for further study. Tissues
were fixed in 4% paraformaldehyde for 48 h and then dehydrated in
30% sucrose aqueous solution. After the samples were embedded in
optimal cutting temperature compound, the sections were cut into
8 um thick sections using a microtome (Leica, Germany). H&E stain-
ing was carried out to evaluate the distribution of chondrocytes.
Alcian Blue staining was used to evaluate the deposition of glycosa-
minoglycan (GAG). Immunohistochemical staining of type Il collagen

was used to observe the secretion of type Il collagen.

2.8 | Statistical analysis
All the statistical calculations were performed with SPSS 21.0 (SPSS,
Inc., Chicago, IL, USA) statistical software. The data are presented

as the mean+standard deviation (SD). Student's t test or one-way

TABLE 1 Primer sequences used for
real-time PCR.

TCGTCCTCCTCTGGTGCTCT
ATCCAGTAGTCACCGCTCTTCC
CTTGTCCTCTTCGCTCTCCTTC
CCTTTCACCACCACCTCCA

analysis of variance (ANOVA) was performed to determine statisti-
cal significance. A p value < 0.05 was considered to indicate statisti-

cal significance.

3 | RESULTS

3.1 | Fabrication of PLLA PMs and PMH

Figure 1A,B show that the PLLA PMs had a spherical shape with
large and interconnected pores. The diameter of these particles was
100-400pm, with an average diameter of 258.93 um (Figure S1A).
The pore size was 8.93-63.78 um, with an average pore size of
24.25um (Figure S1B), which provided a 3D microenvironment for
cell infiltration and proliferation.ls’29 While mixing PLLA PMs with
HA, we observed that the PLLA PMs were uniformly distributed in
HA (Figure 1C,D). HA did not change the porous structure of the
PLLA PMs but could stabilize the PMs and increase the injectability
of PMH because of the fluidic nature of the HA solution.®

3.2 | Rheological and injectable properties of PMH
The rheological properties of PMH were analyzed mainly by flow char-
acteristics. Figure 2A shows the relationship between the shear rate
and viscosity of HA and the different proportions of PMH. The results
showed that the addition of PLLA PMs increased the viscosity of HA.
With increasing shear rate, the viscosity of HA and PMH decreased, ex-
hibiting a typical ‘shear-thinning’ behavior.>° The viscosity of the PMH
was the highest when the ratio of HA to PLLA was 10:5. Figure 2B
shows the relationship between the shear rate and shear stress for
different ratios of HA:PLLA. With an increasing shear rate, the shear
stress in PMH also increased, indicating a shear thinning phenomenon.
Combined with the data in Figure 2A,B, these findings verify that PMH
is a non-Newtonian fluid with pseudoplastic features.3!

We further investigated the effect of injection on the morpho-
logical changes of PLLA PMs after passing through 16G (@ 1.65 mm),
22G (@ 0.71mm), or 25G (@ 0.51 mm) needles, as well as the amount
of residue in the syringe (Figures 2C-F and S2). The PLLA PMs sus-
pended in ultrapure water could pass through a 16G needle, but it
was difficult to inject them through 22G and 25G needles (Figure S2).
This can be ascribed to uneven distribution of PLLA PMs in ultrapure
water, resulting in accumulation during injection, which blocked the
needle, finally leaving the particles squeezed at the front of the sy-

ringe. In contrast, PMH could be successfully injected using three
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FIGURE 1 (A)SEM images of PLLA
PMs. (B) the inner structure of PLLA PMs
via physical section. (C, D) PMH in the
absence of PLLA PMs incorporation (C),
and PMH (D).

FIGURE 2 Shear rate versus viscosity
(A) and shear stress (B) for HA and PMH.
SEM images of PMH before injection (C)
and after passing through 16G (D), 22G
(E), and 25G (F) needles.

80

<+ HA
& HA: PLLA PMs=1
: PLLA PMs=1
HA: PLLA PMs=1

: PLLA PM:
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5=10:5 0:5

Shear stress (Pa)
>

needles of different specifications. Figure 2C-F shows SEM images and the PMs still exhibited a spherical shape. After passing through
of the PMH group before injection and after passing through 16G, 22G and 25G needles, the PLLA PMs displayed irregular shapes,
22G, and 25G needles. We observed that the morphology of the which may have been caused by mechanical extruding during

PLLA PMs that passed through 16G needles was almost unchanged, injection.
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3.3 | ADMSC proliferation and viability in PMH

The primary cultured ADMSCs exhibited a polygonal shape
(Figure S3A). ADMSCs cultured to the third generation exhibited an
elongated spindle-shaped morphology and a vortex-like growth pat-
tern, indicating a better growth trend (Figure S3B). Compared with
the control group, negative expression of CD34 and positive expres-
sion of CD29 (99.01%) was observed, indicating that the extracted
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FIGURE 3 DNA contentin ADMSC-incorporated PLLA PMs and
ADMSC-incorporated PMH over 7days (n> 3, *p <0.05, **p<0.01,
***p<0.001).

Light Field
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100m

PI
100pm
[

cells were adipose mesenchymal stem cells (Figure S3C-E).323°
Moreover, after adipogenic induction, chondrogenic induction and
osteogenic induction for 28days, the ADMSCs exhibited superior
differentiation into adipocytes, chondrocytes and osteoblasts, as
confirmed by Oil Red O staining, Alcian Blue staining and Alizarin
Red staining, respectively (Figure S4A-C).34-3¢

Through a cell centrifugation perfusion technique for 3D micro-
carrier utilization described in our previous publication, ADMSCs
were seeded into PLLA PMs.'® The proliferation of ADMSCs incor-
porated in PLLA PMs and PMH was indirectly proven by measuring
the DNA concentration in each sample. Figure 3 shows the DNA
content detected after 1, 4, and 7 days of treatment with PMH con-
taining different amounts of PLLA PMs. The results showed that
the cells in the four groups exhibited good proliferation over time.
Compared with the control ADMSC-incorporated PLLA PM group,
the ADMSC-incorporated PMH groups exhibited significant dif-
ferences in cell proliferation at different times, indicating that the
composites assisted by HA were more conducive to cell adhesion
and proliferation. We found that cell proliferation decreased with
an increasing HA-to-PLLA ratio (10:5), indicating that there was a
critical concentration for incorporation of PLLA PMs for cell growth
and implantation for cartilage regeneration.

In addition, 2days after the cells were seeded into PMH, a live/
dead cell staining assay was used to confirm the viability of the
ADMSCs in PMH. As shown in Figure 4, with increasing microscopic

observation depth in PMs, the intensity of the green fluorescence

Merge

FIGURE 4 CLSM layer scanning images
of ADMSC-incorporated PMH 2days after
seeding.
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signal substantially increased. ADMSCs were presented at different
depths and in different areas of the PLLA PMs, which indicated that
the viability of the ADMSCs was good in PMH.

3.4 | Gene expression analysis and TNF-«a release
To validate the chondrogenic differentiation of the ADMSCs cul-
tured in PMH, we evaluated three different chondrogenic genes,
COL2A1, ACAN, and the early cartilage formation transcription fac-
tor SOX-9, via real-time PCR. Figure 5 shows that the chondrogenic
genes were upregulated in PMH over 28 days. Compared to those in
the ADMSC group, the ADMSC-incorporated PMH group exhibited
ca. 1.4, ca. 1.3, and ca. 2.5-fold upregulation of ACAN, COL2A, and
SOX-9, respectively.

After incubation of mouse macrophages with PLLA PMs or PMH
for 24 h, the levels of TNF-a released by the PLLA PM group and the
control group were equivalent, while the PMH group demonstrated
a significant reduction in TNF-a compared with the control group
(Figure 5D) (p<0.01, n=3).

3.5 | Invivo evaluation of chondrogenesis in
nude mice

Based on the gross appearance of the injection site, protuberances
were observed on the skin in both groups (Figure 6A-D), indicating
the formation of new tissue. The newly formed tissue in ADMSC/
PMH gradually increased in size from week 4 to week 8 and was

smaller than that in the ADMSC+REC/PMH group at week 4 but
similar at week 8 (Figure 6E-H). The nude mice were sacrificed at
4 and 8weeks, and the newly formed tissues were dissected for
morphological viewing and histological and immunohistochemi-
cal staining. The newly formed tissues in the ADMSC/PMH group
were white, transparent and soft, while those in the ADMSC+REC/
PMH group were milky white, irregular and slightly hard. HE staining
revealed that cells were newly generated around the PMH in both
groups at 4weeks. In both groups at 8 weeks, many new cells not
only surrounded the PMH but also grew into the interior, where the
cells were aggregated together and evenly distributed (Figure 61-L).
Alcian Blue staining confirmed the uniform deposition of GAG,
suggesting that these cells were new chondrocytes (Figure 6M-P).
Further immunohistochemical staining of type Il collagen showed
that the brown matrix was evenly distributed in the newly formed
tissues, indicating that type Il collagen matrix was formed in the
newly formed tissues and that PMH induced collagen production
(Figure 6Q-T).%”

4 | DISCUSSION
In this study, we seeded ADMSCs into as-prepared PLLA PMs
using our invented centrifugation perfusion technique.®*> HA was
then mixed with ADMSC-incorporated PLLA PMs to form a hydro-
philic and injectable cell delivery system (ADMSC-incorporated
PMH).

For tissue regeneration, pore size is a key parameter because
within the scaffold there must be enough space for cell ingrowth
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FIGURE 6 (A-D) Gross appearance of the skin of nude mice back. (E-H) Morphological view of newly formed tissues of nude mice. (I-T)
Images of staining with H&E (I-L) Alclan Blue (M-P) and Col Il IHC (Q-T) after cultivation in vivo for 4 and 8 weeks in the ADSC/PMH group

and the ADSC+REC/PMH group; P, PMH, C, cartilage.

and proliferation, and also to facilitate oxygen or metabolite drain-
age.‘”’29 The SEM images show that our prepared PLLA PMs and
PMH have large pore sizes suitable for cell growth (Figures 1 and
S1). In fact, we can prepare PLA or PLGA particles with the desired
size, shape, surface texture and porous structure for practical ap-
plications in tissue engineering, drug delivery or for artificial cells/
organs.""(;'15'17’24'38*39 In addition, large porous microspheres provide
greater adhesive space for cells, offering larger voids for cartilage

regeneration.5 The rheological stress curve reflects the rheological
behavior of PMH with a change in shear rate, and conclusions can
be drawn by comparing the viscoelasticity of PMH with the HA-
to-PLLA ratio (Figure 2A,B).*° Injectability experiments confirmed
that PLLA PMs were uniformly suspended due to the lubricating
effect of the HA, which prevented PLLA PMs clogging the needle
during injection (Figures 2C-F and 52).5 Moreover, HA is a natural
extracellular matrix that is nontoxic and provides nutritional support
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for seeded cells.* As a hydrophilic biomacromolecule, HA enables
cells to better adhere to hydrophobic PLLA microcarriers for fur-
ther ingrowth. The 3D network structure and interconnected pores
of PMH provide space for cell growth and ensure the transport of
nutrients and the metabolism of waste. PMH also has typical shear-
thinning properties and has the advantage of being an injectable
material, making it an ideal injectable material for repairing cartilage
tissue defects.>¢?1529:41

By detecting the proliferation and viability of ADMSCs in PMH,
we found that ADMSCs were present at different depths and in dif-
ferent areas of the PLLA PMs, and viability was good (Figures 3 and
4). PLLA PMs and PMH composites provided a suitable environ-
ment for cell adhesion and proliferation. As shown in our previous
study, human periodontal ligament stem cells, and MINé (a mouse
insulinoma cell line) and MS1 (a mouse pancreatic islet endothelial
cell line) cells were successfully perfused in PMs.>> We assessed
the chondrogenic differentiation of ADMSCs cultured in PMH by
evaluating the expression levels of chondrogenic genes, including
COL2A1, ACAN, and SOX-9 (Figure 5A-C). The higher expression
levels of these genes in PMH indicated that the 3D culture environ-
ment provided by PMs and the extracellular matrix provided by HA
played important roles in promoting the chondrogenic differentia-
tion of ADMSCs. Many scaffolds can induce an immune response in
which TNF-a may inhibit chondrogenic differentiation of ADMSCs,
leading to failure of cartilage regeneration.*> The main orchestra-
tors of the immune response are derived from macrophages; there-
fore, we cocultured the cells with the materials to determine the
amount of TNF-a secreted and explore the immune compatibility
of PMH.*3 The results suggested that PMH did not cause a seri-
ous immune response via TNF-« inhibition (Figure 5D). CD44 is a
transmembrane glycoprotein on the cell surface, and inflammation
is often accompanied by high expression of CD44 receptors on the
surface of activated macrophages. HA can effectively reduce in-
flammation by targeted delivery through binding with CD44 recep-
tors.*** This distinct immune advantage of PMH compared with
control PLLA PMs can be ascribed to the use of HA.*¢ Therefore,
we concluded that HA not only allowed the injection of PLLA
PMs for cell delivery but also inhibited TNF-a secretion, suggest-
ing promising chondrogenesis in vivo.*® The results indicated that
PMH can maintain cell viability and is more conducive to cell ad-
hesion and proliferation, thereby providing a suitable environment
for the differentiation of adipose stem cells into chondrocytes. This
laid the foundation for our subsequent work on the generation of
cartilage tissue subcutaneously in nude mice.

To evaluate the efficacy of PMH in cartilage regeneration, we
subcutaneously injected ADMSC/PMH or ADMSC+REC/PMH into
the backs of nude mice. The gross appearance of the injection site
revealed the formation of new tissues in both the ADMSC/PMH
and ADMSC+REC/PMH groups, as evidenced by protuberances
on the skin. The size of the newly formed tissues in the ADMSC/
PMH group increased steadily over time, while, by comparison,
those in the ADMSC+REC/PMH group were larger at 4 weeks but
similar at 8 weeks. Histological and immunohistochemical staining

confirmed the presence of newly generated cells surrounding
and growing into the PMH in both groups. The cells were aggre-
gated together and evenly distributed within the newly formed
tissues. Alcian Blue staining further confirmed the uniform depo-
sition of GAG, indicating the presence of new chondrocytes.
Immunohistochemical staining of type Il collagen demonstrated
the formation of a type Il collagen matrix in the newly formed
tissues, indicating the induction of collagen production by PMH.
Despite the significant difference in the size of the newly formed
tissue generated in the ADMSC/PMH group compared to that
in the ADMSC+REC/PMH group, histological and immunohisto-
chemical staining indicated that the ADMSC/PMH group did in-
deed generate cartilage tissue, demonstrating that the ADMSCs in
PMH can differentiate into chondrocytes in vivo. Compared with
ADMSC/PMH group, the larger amount of newly generated carti-
lage tissue in the ADMSC+REC/PMH group may be attributed to
the coculture of ADMSCs with RECs, which promoted the prolif-
eration of RECs.*” This indicates that PMH can not only carry ad-
ipose stem cells but also support the generation of new cartilage
tissue by chondrocytes subcutaneously in nude mice.

In summary, the injectable cell delivery system we developed,
containing PLLA PMs loaded with ADMSCs and HA, not only
possesses an appropriate three-dimensional structure and good
injectability but also has the ability to promote cell proliferation, dif-
ferentiation, and cartilage tissue formation both in vitro and in vivo,

thus advancing the field of cartilage tissue engineering.

5 | CONCLUSIONS

PLLA PMs were prepared using a double emulsion-solvent evapo-
ration method and ADMSCs were seeded into PLLA PMs using
our invented centrifugation perfusion technique. HA was then
mixed with ADMSC-incorporated PLLA PMs, which demonstrated
favorable cell activity, proliferation, and chondrogenic differentia-
tion potential in vitro. Moreover, ADMSC-incorporated PMH suc-
cessfully generated subcutaneous cartilage tissue in nude mice
and exhibited superior chondrogenic ability in the presence of
chondrocytes. This study provides a novel approach for cartilage
repair, especially for nasal cartilage regeneration, by utilizing stem
cells in injectable porous fillers through the centrifugal perfusion
technique.
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