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Congenital microtia patients: the genetically =

engineered exosomes released from porous
gelatin methacryloyl hydrogel for downstream
small RNA profiling, functional modulation

of microtia chondrocytes and tissue-engineered
ear cartilage regeneration
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Abstract

Background: Mesenchymal stem cells (MSCs) exosomes were previously shown to be effective in articular carti-
lage repairing. However, whether MSCs exosomes promote mature cartilage formation of microtia chondrocytes

and the underlying mechanism of action remains unknown. Additionally, some hurdles, such as the low yield and
unsatisfactory therapeutic effects of natural exosomes have emerged when considering the translation of exosomes-
therapeutics to clinical practices or industrial production. Herein, we investigated the roles of human adipose-derived
stem cells (ADSCs) exosomes in modulating microtia chondrocytes and the underlying mechanism of action. Special
attention was also paid to the mass production and functional modification of ADSCs exosomes.

Results: We firstly used porous gelatin methacryloyl (Porous Gelma) hydrogel with pores size of 100 to 200 um for 3D
culture of passage 2, 4 and 6 ADSCs (P2, P4 and P6 ADSCs, respectively), and obtained their corresponding exosomes
(Exo 2, Exo 4 and Exo 6, respectively). In vitro results showed Exo 2 outperformed both Exo 4 and Exo 6 in enhancing
cell proliferation and attenuating apoptosis. However, both Exo 4 and Exo 6 promoted chondrogenesis more than
Exo 2 did. Small RNA sequencing results indicated Exo 4 was similar to Exo 6 in small RNA profiles and consistently
upregulated PI3K/AKT/mTOR signaling pathway. Notably, we found hsa-miR-23a-3p was highly expressed in Exo 4
and Exo 6 compared to Exo 2, and they modulated microtia chondrocytes by transferring hsa-miR-23a-3p to suppress
PTEN expression, and consequently to activate PI3K/AKT/mTOR signaling pathway. Then, we designed genetically
engineered exosomes by directly transfecting agomir-23a-3p into parent P4 ADSCs and isolated hsa-miR-23a-3p-rich
exosomes for optimizing favorable effects on cell viability and new cartilage formation. Subsequently, we applied the
engineered exosomes to in vitro and in vivo tissue-engineered cartilage culture and consistently found that the engi-
neered exosomes could enhance cell proliferation, attenuate apoptosis and promote cartilage regeneration.

*Correspondence: jianghypsh@163.com; sunhengyun@163.com
Plastic Surgery Hospital, Chinese Academy of Medical Sciences

and Peking Union Medical College, No. 33 Badachu Road, Shijingshan
District, Beijing 100144, People’s Republic of China

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit httpy/creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-022-01352-6&domain=pdf

Chen et al. Journal of Nanobiotechnology (2022) 20:164

Page 2 of 23

Conclusions: Taken together, the porous Gelma hydrogel could be applied to exosomes mass production, and func-
tional modification could be achieved by selecting P4 ADSCs as parent cells and genetically modifying ADSCs. Our
engineered exosomes are a promising candidate for tissue-engineered ear cartilage regeneration.
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Introduction

With an incidence of 1 to 10 per 10,000 births, micro-
tia is a congenital external ear malformation which will
influence the psychological well-being of children [1].
In the past decades, the 7th, 8th and/or 9th autologous
rib cartilages have been used widely to reconstruct ears
of numerous microtia patients in our ear reconstruc-
tion center. Autologous rib cartilage transplantation is
the current gold standard treatment for microtia recon-
struction, but harvesting rib cartilage inevitably leads
to donor site injury and reconstructing the complex ear
structure is hard to achieve [2]. The emerging tissue-
engineered cartilage provides a novel direction for ear
reconstruction [3, 4]. Currently, autologous chondro-
cytes isolated from microtia cartilage are considered
best option as seed cells for constructing tissue-engi-
neered ear cartilage. Our center previously constructed
tissue-engineered ear in vitro by seeding microtia
chondrocytes onto the 3D-printing biodegradable scaf-
fold [5]. Then the patient-specific ear-shape cartilage
frameworks were implanted to reconstruct external ear
in five patients. The sufficient cell amount and mature
cartilage formation of microtia chondrocytes isolated
from a little remnant ear cartilage are the keys to the
successful implantation of ear-shape cartilage.
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With an average diameter of 100 nm [6], exosomes
have been treated either as biomarkers for diagnosis/
drug response, or as intercellular communication vehi-
cles to transfer bioactive non-coding RNAs and/or pro-
teins between cells [7—10]. Exosomes released from
mesenchymal stem cell (MSCs) were previously shown to
be effective in repairing osteochondral/cartilage defects
[11-14]. This cell-free therapy could avoid immune rejec-
tion and loss of cellular viability that were caused by
direct implantation of MSCs for cartilage regeneration
[14]. However, whether these exosomes promote mature
cartilage formation of microtia chondrocytes and the
underlying mechanism of action remains unknown.

Indeed, hurdles have concurrently emerged when con-
sidering the translation of exosomes-therapeutics to clin-
ical practices or industrial production [15]. The first one
is the low yield, which is mainly attributed to the poor
secretion from parent MSCs, the limited culture space
and inefficient isolation methods. Some studies have
begun to use large cellular platforms to increase yield,
such as hollow fiber bioreactors [16, 17], quantum biore-
actor culture system [18], spinner flasks bioreactor [19],
hyper flasks [20] and microcarrier-based bioreactor cul-
ture system [21, 22]. Second, the natural exosomes from
parent MSCs often express low-content functional pro-
files, resulting in unsatisfactory therapeutic outcomes.
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Some studies have produced engineered exosomes for
functional optimization by directly transfecting func-
tional molecules into exosomes [23] or indirectly trans-
fecting functional profiles into parent cells [24, 25].
Lastly, special attention should be paid to the effects of
multiple parameters on the exosomal profiles and func-
tions, such as the tissue origin, isolation methods and
passage number.

The extracellular vesicles (EVs) derived from ADSCs
showed superiority in regenerative potential by pro-
moting the migration, proliferation and chondrogenic/
osteogenic differentiation of bone marrow-derived MSCs
(BMSCs) as well as in vivo cartilage/bone regeneration,
compared with EVs derived from BMSCs or synovium-
derived MSCs (SMSCs) [14]. More importantly, in our
department of plastic and reconstructive surgery, adipose
tissues are more easily obtained from microtia patients
undergoing the second stage of ear reconstruction sur-
gery than other tissue origin of MSCs. We hence choose
ADSCs as parent cells to produce exosomes, and inves-
tigate the effects of ADSCs exosomes on microtia chon-
drocytes as well as the underlying mechanism of action.
With excellent mechanical properties, superior biocom-
patibility, antibacterial ability and bioactivity, Gelma
hydrogel has been widely applied to the field of 3D cul-
ture [26] and controlled delivery of bioactive factors [27].
The porous Gelma with reticular pores size of 100 to
200 pm could be favorable to promote ADSCs adhesion/
proliferation and nutrients transferring. Indeed, seeding
ADSCs on porous Gelma hydrogel helps to lessen cul-
ture space and medium volume for producing exosomes.
More importantly, it also helps to concentrate exosomes
into conditioned medium, consequently increasing the
yield of exosomes per volume. Herein we firstly attempt
to seed porous Gelma hydrogel (2 mm height; 10 mm
diameter) on curing ring for 3D culture of ADSCs, and
report the feasibility of releasing exosome in a sustained
manner.

Additionally, the International Society for Extracel-
lular Vesicles (ISEV) proposed Minimal Information
for Studies of Extracellular Vesicles (MISEV) guidelines
in 2014, updated in 2018 [28], for assuring and improv-
ing EV research quality. Passage number of parent cells
is one of the minimal information for culture condition
as the physiological state of parent cells affects the pro-
duction and cargo composition of exosomes in a passage
number-dependent manner. Thus far, to our knowledge,
there are no evidence-based studies reporting the effects
of passage number of parent cells on the yield, thera-
peutic small RNA profiles and functional modulation of
their corresponding exosomes. To answer these prob-
lems, we therefore investigate exosomes derived from P2,
P4 and P6 ADSCs as a representative, and aim to draw
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a conclusion that which passage number would be excel-
lent for cartilage regeneration.

In our study, instead of using large cellular platforms
to increase yield, we firstly choose to optimize passage
number of parent cells and use porous Gelma hydrogel
for 3D culture. It may be useful for increasing yield of
exosomes produced per each single cell, reducing culture
space and culture medium volume, which subsequently
will increase concentration of exosomes per unit volume
with minimal costs. We will investigate the feasibility of
developing engineered exosomes with high-content spe-
cific small RNA by transfecting specific small RNA into
parent ADSCs. We mainly evaluate the effects of engi-
neered exosomes on the proliferation, apoptosis and
chondrogenesis potential of microtia chondrocytes using
tissue-engineered technologies.

Materials and methods

Cell isolation and culture

The study was performed strictly in accordance with the
guidelines and ethical principles approved by the Ethics
Committee of Plastic Surgery Hospital. Written informed
consent forms were signed from all individuals. Pri-
mary microtia chondrocytes were isolated from microtia
patients undergoing the second stage ear reconstructive
surgery. According to a previous description [29], ADSCs
were isolated from the resected adipose tissues of micro-
tia patients undergoing the second stage ear reconstruc-
tive surgery. The details for isolating primary microtia
chondrocytes and ADSCs were described at Additional
file 1: 1.1. We used human MSC analysis kit (BD Bio-
sciences, USA) to identify the phenotype of cultured
ADSC:s at passage 2, 4, 6 by flow cytometry analysis.

Production, isolation and purification of exosomes

Additional file 2 listed the details of ADSCs-cultured
parameters for producing exosomes. For 2D-Exo (two
dimensional exosomes) production, ADSCs of passage
2 (P2), passage 4 (P4) and passage 6 (P6) were grown in
10-cm dish for 48 h, and then the conditioned medium
was collected for 2D-Exo isolation. For 3D-Exo (three
dimensional exosomes), P2, P4 and P6 ADSCs were
seeded into the porous Gelma hydrogel (EFL-GM-
PR-002, Engineering for Life of Yongqinquan, Suzhou,
China) and the mixture was loaded into the curing ring
(Engineering for Life of Yongqinquan, Suzhou, China).
The synthesis of porous Gelma hydrogel composites
was described at Additional file 1: 1.2. Then the cur-
ing ring together with hydrogel was immersed into 5 ml
MSCM for 48 h, and conditioned medium was collected
for 3D-Exo isolation. The exosomes were purified from
collected conditioned media as previously described
[30]. Additional file 3 showed the details of differential
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ultracentrifuge for exosomes isolation. The concentra-
tion/yield were measured using BCA protein assay kit
(Beyotime, China, P0010). Freshly purified exosomes
were used in our study.

Exosomes release kinetics and swelling/degradation ratio
of porous Gelma hydrogel

Briefly, the porous Gelma hydrogel on the curing ring
with 100 pg exosomes were immersed in PBS in 24-well
plate. At 1/2/4/8/24/48 h, the surface supernatant was
collected and fresh PBS was added. The exosomes
released profiles from porous Gelma hydrogel were
quantified and expressed as the release percentage as
previously described [31]. The 200 pl photo-crosslinked
porous Gelma hydrogel dropped on curing ring were
soaked in PBS and incubated for 24 h. After removing
the surface water, the swelling samples were weighted at
0.5/1/2/4/6/8/24 h. The formula below was used to calcu-
late the swelling ratios: swelling ratio = (W, — W) / W4
x 100%. W4 represented dry weight of the hydrogel, and
W, was the swollen weight of the hydrogel [32]. Mean-
while, we evaluated the degradation behaviors of hydro-
gel at given time points (day 2, 4, 6, 8, 10, 12, 14, 16). After
removing the surface supernatant, the weight of hydrogel
was measured. The following formula was used to cal-
culate the degradation ratios: degradation ratio=W,/
W, x 100%. W, represented the initial wet weight of the
hydrogel, and W, was the wet weight of the hydrogel at a
given time point (day 2, 4, 6, 8, 10, 12, 14, 16).

Identification of exosomes: particle size/concentration,
morphology and protein markers

According to the Minimal information for studies
of extracellular vesicles 2018 (MISEV2018) [28], the
exosomes particle size was measured by nanoparticle
tracking analysis (NTA) with Zetaview PMX 110 (Parti-
cle Metrix, Meerbusch, Germany). The morphology was
analyzed by a JEM-1400 transmission electron micro-
scope (TEM) (JEOL, Tokyo, Japan). The protein markers
of CD63, CD81, TSG101 and HSP70 were evaluated by
Western blotting.

Study design of exosomes treatment

For in vitro 2D culture, a final concentration of 10 ug/ml
exosomes were used. Gelma hydrogel (EFL-GM-30, Engi-
neering for Life of Yongqinquan, Suzhou) were used for
in vitro and in vivo culture of issue-engineered cartilage.
The microtia chondrocytes seeding density in Gelma
hydrogel was 1x1077/ml, and the final concentration
of exosomes was 0.5 ug/ul. The blank control was given
equivalent volume of PBS.
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Cellular uptake of exosomes

PKH-26 kit (Sigma, USA, PKH26GL-1KT) was used to
label exosomes according to the manufacturer’s proto-
col. The microtia chondrocytes were labelled with car-
boxyfluorescein diacetate succinimidyl ester (CFDA SE)
(Beyotime, China, C1031) according to the manufac-
turer’s protocol. The labelled exosomes were added into
the culture dish or mixed together with Gelma hydrogel
and microtia chondrocytes for 24 h at the same culture
dish or hydrogel. The details of labelling could be seen
at Additional file 1: 1.3. We used the confocal micros-
copy imaging to observe the uptake of exosomes for the
2D or 3D culture.

Cell apoptosis assay

Microtia chondrocytes (2 x 1075) were seeded on
6-well plates and incubated at 37 °C overnight. The
monolayer cells were treated with different exposure
according to study design for 48-72 h and then were
harvested and washed with cold PBS. Cells were re-sus-
pended in binding buffer and stained with Annexin V
and propidium iodide (PI) according to manufacturer’s
protocol (BD Pharmingenm, USA, 556547). Then the
control and treated cells were detected and quantified
by flow cytometric analysis. Data were presented as
mean + SD of three number of replicates.

Cell proliferation assay

The proliferation of microtia chondrocytes was meas-
ured by CCK-8 (Dojindo, Japan) according to manufac-
turer’s protocol. Briefly, 3000 cells were incubated in
the 96-well dishes. Then, 10 ul CCK8 was added into
each well and co-incubated with cells for 2 h. The cell
proliferation was evaluated by 450 nm absorbance val-
ues at 0, 24, 48, 72 and 96 h using an enzyme-linked
immunosorbent assay plate reader.

Real-time quantitative PCR (qPCR)

Total RNA was isolated from chondrocytes/tissue-engi-
neered cartilage samples using TRIzol"" reagent (Invit-
rogen, USA). The RNA was reverse transcribed using
PrimeScript” RT reagent Kit (Takala, RR0O37A). qPCR
was performed in 20-ul reaction volumes using SYBR
Green I Master (Roche) according to the manufacture’s
protocol. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and 5 S rRNA were the internal reference
for mRNA and miRNA respectively. The primers were
shown in Additional file 4. The related gene expression
was calculated using the 2722T method.
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Western blot analysis

Western blotting was performed using standard pro-
tocols. Briefly, proteins were denatured, separated on
4-12% polyacrylamide gels, electroblotted, and probed
with primary antibody followed by incubation with
horseradish peroxidase (HRP)-coupled secondary anti-
body against the primary antibody. After incubating
with the appropriate HRP-coupled secondary antibod-
ies, visualization of the protein bands was performed
by incubating with SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo Fisher Scientific). The pri-
mary antibodies and secondary antibody used in this
study were listed in Additional file 5.

Small RNA sequencing and analysis

ExoRNeasy Maxi Kit (Qiagen) was used to purify total
exosome-derived RNA. After finishing RNA quantifica-
tion and qualification, a total amount of 3 ug total RNA
per sample was used as input material for the small RNA
library. The detail of method was described at Additional
file 1: 1.4. The significantly differential genes were sub-
jected to Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses [33].

Luciferase reporter assay and transfection

Transfection was carried out by lipofectamine 3000 rea-
gent (Invitrogen, USA, L3000150) according to the man-
ufacturer’s instruction. The luciferase report vectors were
purchased from SyngenTech (Beijing, China). Briefly,
luciferase report vectors including pmir-report-pten wt
and pmir-report-pten mut were transfected into HEK-
293 t cells with miR-23a-3p mimics or negative control
(nc). After 24 h transfection, the cells were cleaved by
passive lysis buffer. Firefly and renilla luciferase activity
were measured by Dual-Luciferase Reporter Assay Sys-
tem (Promega, USA).

Treatment of hsa-miR-23a-3p mimics or inhibitor

The hsa-miR-23a-3p mimics/inhibitor and their corre-
sponding nc were purchased from SyngenTech (Beijing,
China). Microtia chondrocytes cultured in serum-free
medium were treated with 50 nM hsa-miR-23a-3p mim-
ics or its nc (mimics-nc). As a rescue, microtia chondro-
cytes cultured in serum-free medium were treated with
100 nM hsa-miR-23a-3p inhibitor or its nc (inhibitor-
nc). Then, the cells were further cultured in the complete
medium.

Design and assessment of Engineered-Exo

ADSCs cultured in serum-free medium were treated with
50nM agomir-23a-3p or its negative control (agomir-nc).
Then, the supernatant was removed and further cultured
in the complete medium for 48 h. The transfected P4

Page 5 of 23

ADSCs were seeded on porous Gelma hydrogel for pro-
ducing Engineered-Exo. The agomir-23a-3p and agomir-
nc were purchased from SyngenTech (Beijing, China).
Subsequently, quantitative RT-PCR was used to prove the
transfection of agomir-23a-3p into ADSCs, and to evalu-
ate the level of hsa-mir-23a-3p within microtia chon-
drocytes. The protein markers of Engineered-exo and its
chondrogenesis potential were also investigated.

In vitro culture of tissue-engineered cartilage using
Engineered-Exo, microtia chondrocytes and Gelma
hydrogel

Gelma hydrogel was synthesized as follows: Gelma was
first dissolved in 0.1 g/ml PBS (10%) at 50 °C and then
was filtered using 0.22 um filter. The composited hydro-
gel was obtained after photo crosslinking by 405 nm blue
laser radiation for 15 s. Then the hydrogel was immersed
in DMEM for in vitro 3D culture.

In vivo culture of tissue-engineered cartilage

and histological evaluation

Animal experiments were approved by Plastic Surgery
Hospital Biomedical Ethics Committee. All surgical pro-
cedures were performed in accordance with the Guide-
lines for the Care and Use of Laboratory Animals. A total
of 12 male immunodeficient BALB/c nude mice aged 6—8
weeks old were used for the implantation of tissue-engi-
neered cartilage. The nude mice were randomly divided
into two groups including: (1) Engineered-Exo; (2) PBS
blank control. Briefly, 1 x 1076 microtia chondrocytes
at passage two were harvested and resuspended in 100
ul of 10% Gelma hydrogel (EFL-GM-30, Engineering for
Life of Yongqinquan, Suzhou). Next, 100 pg of the freshly
purified Engineered-Exo or the equivalent volume of PBS
was mixed with the hydrogel. The mixture was dropped
into the designed cylindrical mold, and the photocured
composited hydrogel was obtained after photo crosslink-
ing by 405 nm blue laser radiation for 15 s. The immuno-
deficient nude mice were anaesthetized and disinfected.
A 0.8-cm median longitudinal incision was made and
subcutaneous pockets (1x1.5 c¢cm) were designed at
the back. The cell-laden Gelma hydrogel was then sub-
cutaneously implanted into the subcutaneous pock-
ets of randomly grouped immunodeficient nude mice.
The incision was then closed with suture. Each mouse
received one graft. Animals were housed individually
and allowed to move without restriction. After 6 weeks,
animals were euthanized by CO, inhalation and the sam-
ples were harvested for analysis. The tissue-engineered
cartilage samples were fixed in 4% paraformaldehyde for
24 h and then the specimens were embedded in paraffin
after dehydration in a gradient alcohol. Serial sections
were cut at 5-um and were stained with haematoxylin
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and eosin (HE) to examine the morphology, along with
Alcian blue, Safranin O and Toluidine blue staining to
examine collagen matrix deposition surrounding micro-
tia chondrocytes.

Statistical analysis

Quantitative data were reported as mean =+ standard
deviation (SD) of three number of replicates. Student’s
t-test or one-way analysis of variance (one-way ANOVA)
followed by Scheffe’s post-hoc test was conducted for
normally distributed data. Mann-Whitney test was con-
ducted for non-normal data. Differences were considered
statistically significant when P <0.05.

Results

2D/3D culture and identification of P2, P4 and P6 ADSCs
For 2D culture, the P2, P4 and P6 ADSCs morphology
observed under optical microscope revealed a spindle-
like shape (Fig. 1A). For 3D culture (Fig. 1B and C), live-
dead staining assay revealed that P2, P4 and P6 ADSCs
remained viable within porous Gelma hydrogel at 48 h,
which was especially true for P2 and P4 ADSCs, demon-
strating that the hydrogel had good biocompatibility and
no cytotoxicity. Flow cytometry analysis revealed P2, P4
and P6 ADSCs were highly positive (>99%) for MSCs
surface markers including CD73, CD90 and CD105 but
negative (< 1%) for hematopoietic stem cell (HSC) surface
markers CD34 and CD45, which was consistent with the
criteria for defining MSCs (Fig. 1D).

Higher yield of 3D-Exo released from porous Gelma
hydrogel

Figure 1E showed the diagram that ADSCs were added
into the porous Gelma hydrogel and the hydrogel com-
posites were seeded on curing ring for producing 3D-Exo.
The yield of exosomes released from 3D-cultured super-
natants was approximately 3.68 to 6.64-fold higher than
that from 2D-cultured. 3D-Exo were more concentrated
in conditioned medium than 2D-Exo, which could econ-
omize culture medium and promote exosomes isolation
through labor-intensive ultracentrifugation. For 2D-Exo,
disparate passage number of ADSCs showed no signifi-
cant difference on the yield of exosomes (P>0.05). For
3D-Exo, P4 ADSCs could produce the highest yield of
exosomes compared to P2 and P6 ADSCs (P<0.0001)
(Fig. 1F). We thus used porous Gelma hydrogel for
3D-Exo mass production in our study.

Exosomes release kinetics, swelling ratio and degradation
ratio of porous Gelma hydrogel

The release kinetics shown a burst release of exosomes
from porous Gelma hydrogel within 2 days, correspond-
ing to the time for collecting conditioned medium

Page 6 of 23

(Fig. 1G). Due to the porous characteristics, an increase
of the swelling ratio during the first 2 h was seen
(Fig. 1H). The hydrogel degraded few at the first 12 days
and had a noticeable degradation after that. Actually,
the degradation ratio could be controlled by changing
the crosslink time and precursor solution concentra-
tion (Fig. 1I). The results showed porous Gelma hydrogel
could be a stable 3D culture material for exosomes mass
production.

Identification of 3D-Exo from disparate passage number

of ADSCs

NTA analysis showed that their median diameters were
114.1 nm, 123.2 nm and 119.4 nm, and their peak diam-
eters were 118.8 nm, 137.4 nm and 127.2 nm, respectively
(Fig. 2A). TEM showed that Exo 2, Exo 4 and Exo 6 from
3D culture were bilayer membrane vesicles and their
sizes were consistent with NTA analysis (Fig. 2B). West-
ern blotting showed that exosomal markers, including
CD63, CD81, HSP70 and TSG101, were expressed in Exo
2, Exo 4 and Exo 6 (Fig. 2C). Additional file 6 shows the
original western blotting images. Taken together, 3D-Exo
released from porous Gelma hydrogel kept normal mor-
phology without damage.

The in vitro impact of 3D-Exo on microtia chondrocytes
We firstly explored the in vitro effects of 3D-Exo on
microtia chondrocytes. The experiment design was
shown at Additional file 7. We found that 3D-Exo
released from disparate passage number of ADSCs
exerted distinct effects on microtia chondrocytes. The
apoptosis assays showed that 3D-Exo could reduce the
programmed cell death, especially reducing the rate of
late apoptosis (P<0.001). However, no significant dif-
ference was seen in the reduction of early apoptosis
(P>0.05). Notably, Exo 2 significantly decreased late
apoptosis more than Exo 4 and Exo 6 (P<0.01) (Fig. 3A
and B). As shown in Fig. 3C, D-Exo treatment resulted in
increased cell proliferation from 24 to 96 h in comparison
to blank group. Notably, Exo 2 behaved better than Exo 4
and Exo 6 in enhancing cell proliferation and attenuating
apoptosis.

All the above findings were further supported by gene
expression analysis (Fig. 3D). Genes associated with cell
survival, proliferation and/or apoptosis such as PCNA,
FGF-2, Bcl-2 and Survivin were significantly increased at
mRNA levels after exposure to Exo 2 for 48 h compared
with PBS group. The mRNA levels of FGF-2, Bcl-2 and
Survivin were significantly increased after exposure to
Exo 4 compared with PBS group. Nevertheless, no signif-
icant difference was seen in the gene expression of PCNA
between Exo 4 and PBS group. Notably, only the mRNA
levels of Bcl-2 were significantly increased after exposure
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Fig. 1 Identification of P2, P4 and P6 human ADSCs and characterization of porous Gelma hydrogel. A Representative images showing the
spindle-like morphology of ADSCs in 2D culture dish. Scale bar: 50 um. B Representative images showing the live and dead ADSCs within porous
Gelma hydrogel, C and the rate of live cell. Scale bar: 500 pm. Green: live ADSCs. Red: dead ADSCs. D Characteristic surface markers of ADSCs
evaluated by flow cytometry analysis. E Diagram showing 3D-Exo released from porous Gelma hydrogel. F Exosomes yield comparison between
2D- and 3D-cultured conditioned medium from the culture of P2, P4 and P6 ADSCs. G Profile of exosomes released from the porous Gelma
hydrogel. H Swelling ratio of the porous Gelma hydrogel in PBS (pH 7.2) at 37 °C. | Degradation ratio of the porous Gelma hydrogel. Data was
presented as the mean = SD of three number of replicates. xxp <0.01, s*x p <0.0071, *kx*xp <0.0001

to Exo 6 compared with PBS group. All in all, we found  Nevertheless, compared to Exo 2, Exo 4 and Exo 6 were
Exo 2 was more effective to upregulate the expression more effective to upregulate the expression of genes
of the above genes than Exo 4 and Exo 6, corresponding  associated with chondrogenic differentiation and carti-
to the results of cell apoptosis and proliferation assays.  lage matrix synthesis. Among these genes, we observed
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significant increase in mRNA levels of chondrogenic fac-
tor—TGEF-B1 and several ear cartilage matrix proteins-
COL2A1, ACAN, ELN, SOX9 and COMP compared
to PBS control. The genes such as COL1A1 and MMP
9 are unfavorable for the synthesis of hyaline cartilage
and elastic cartilage. We observed that the mRNA level
of COL1A1 was significantly increased by the treatment
of Exo 4 and Exo 6 but not by Exo 2, compared to PBS
control. The mRNA level of MMP 9 was significantly
increased by the treatment of Exo 2 but not by Exo 4 and
Exo 6, compared to PBS control.

All in all, we observed that Exo 2 was more effective in
promoting cell proliferation and reducing late apoptosis
in comparison to Exo 4 and Exo 6, but it was less effective
than Exo 4 and/or Exo 6 in increasing the mRNA level
of cartilage matrix proteins, especially the expression of
COL2A1, ACAN, ELN and COMP.

In vitro 3D-Exo uptake

To assess if 3D-Exo (Exo 2, Exo 4 and Exo 6) interacted
directly with microtia chondrocytes, chondrocytes were
incubated with labelled 3D-Exo and monitored by confo-
cal microscopy imaging over 24 h. We observed microtia

Page 10 of 23

chondrocytes rapidly endocytosed 3D-Exo and became
fluorescent within 1 h, and reached a maximum fluo-
rescent intensity from 12 to 24 h. At a higher magnifica-
tion, the labelled 3D-Exo were found mainly localized in
cytoplasm of the cell. These results implied 3D-Exo had
the potential to communicate directly and rapidly with
microtia chondrocytes (Fig. 4).

Small RNA sequencing and bioinformatics analysis

for Exo2, Exo 4 and Exo 6

Different parameters, such as culture medium, passage
number and exosomes isolation methods, would influ-
ence the profiles and functions of exosomes. Herein,
we firstly detected the impact of passage number on
exosomal profiles using small RNA sequencing. The
heat map showed biological variations of every type of
3D-Exo in small RNA profiles. As expected in the heat
map (Fig. 5A), volcano plot (Fig. 5B) and Venn diagram
(Fig. 5C), Exo 4 and Exo 6 were similar in small RNA pro-
files, but both of them presented distinct profiles com-
pared to Exo 2, indicating that specific passage number
affected exosomal cargos. The exosomal cargos related
to chondrogenesis were listed in Fig. 5D. Among these

Fig. 4 In vitro cellular uptake assay by confocal microscopy imaging demonstrated rapid uptake of 3D-Exo (red). Merged images of CFDA
SE-labelled microtia chondrocyte (green) and PKH-26-labelled exosomes (red) at high magnification at 12 h revealed localization of exosomes in the
cytoplasm. Scale bar: 20 um
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various small RNA, hsa-miR-199b-5p, hsa-miR-155-5p
and hsa-miR-23a-3p was the first three highly expressed
in both Exo 4 and Exo 6 but not in Exo 2, indicating
3D-Exo promoted chondrogenesis probably through
delivering hsa-miR-199b-5p, hsa-miR-155-5p and/or hsa-
miR-23a-3p. Subsequently, KEGG enrichment pathway
analysis (Fig. 6A) revealed that PI3K-AKT and mTOR
signaling pathway were consistently upregulated in both

Exo 4 and Exo 6 but not in Exo 2. Namely, the small
RNA associated with these signaling pathways in Exo 4
and Exo 6 have a higher abundance than those in Exo 2,
which is a possible reason for their potential of promot-
ing cell proliferation/growth, reducing cell apoptosis and
enhancing cartilage matrix synthesis. Finally, GO analy-
sis (Fig. 6B) revealed that different types of 3D-Exo dif-
ferentially regulate biological processes, such as cellular
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Fig. 6 Small RNA sequencing of 3D-Exo revealed the potential mechanism on proliferation, apoptosis and new cartilage regeneration of microtia
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B Gene ontology analysis for the upregulated biological processes corresponding to the comparisons

component organization or biogenesis, cellular metabolic
process, regulation of cell communication and metabolic
process.

Subsequently, we investigated which exosomal pro-
file was related to PI3K/AKT/mTOR signaling pathway.
PTEN has been known to negatively regulate PI3K/AKT/

mTOR signaling pathway by protein dephosphorylation.
As for hsa-miR-199b-5p, hsa-miR-155-5p and hsa-miR-
23a-3p, the targetscan, Miranda, PicTar, miRmap and
PITA databases were used to predict the potential tar-
gets. We found PTEN was one of the target genes of hsa-
miR-23a-3p (Additional file 8: A). Bioinformatic analysis
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predicted miR-23a-3p could bind the 3'UTR of PTEN
(Additional file 8: B).

3D-Exo activated the PTEN/PI3K/AKT/mTOR axis of microtia
chondrocytes through delivering hsa-miR-23a-3p

Up to now, we have found that Exo 4 and Exo 6 had sev-
eral advantages when compared to Exo 2: (1) higher yield;
(2) better behavior in new cartilage formation; (3) upreg-
ulating PI3BK/AKT and mTOR signaling pathway. Consid-
ering cell senescence and 3D-Exo yield, we thus selected
P4 ADSCs for producing 3D-Exo in our study. Subse-
quently, we investigated whether Exo 4 could activate
downstream pathways through delivering miR-23a-3p to
suppress PTEN.

Luciferase reporter constructs containing the pre-
dicted 3'UTR of PTEN and mutated 3'UTR of PTEN
were cloned and transfected into 293 T cells. When
transfected cells were incubated with mimics, the lucif-
erase activity was decreased, and the response was abol-
ished by mutating the target sites in the 3'UTR of PTEN.
These results confirmed PTEN was the direct target
gene of hsa-miR-23a-3p and could be suppressed by hsa-
miR-23a-3p (Fig. 7A). After Exo 4 treatment, the level of
hsa-miR-23a-3p within microtia chondrocytes was signif-
icantly enhanced (P<0.0001) (Fig. 7B). Western blotting
revealed that the level of P-PI3K, P-AKT and P-mTOR
were significantly increased in Exo 4 group. Addi-
tional file 9 shows the original western blotting images.
As expected, the level of PTEN was decreased in Exo 4
group (Fig. 7C). Collectively, all results demonstrated
that Exo 4 could deliver hsa-miR-23a-3p into microtia
chondrocytes. The increased hsa-miR-23a-3p in microtia
chondrocytes bound the 3'UTR of PTEN and inhibited
the expression of PTEN, further negatively regulating the
PI3K/AKT/mTOR signaling pathway.

The essential role of hsa-miR-23a-3p in microtia
chondrocytes

Up to date, the role of hsa-miR-23a-3p in regulating the
cellular processes of microtia chondrocytes has not been
investigated. As shown in Fig. 8A, the expression of hsa-
miR-23a-3p was increased or decreased within microtia
chondrocytes when treated with hsa-miR-23a-3p mim-
ics or inhibitor respectively for 48 h. Subsequently, we
observed that hsa-miR-23a-3p mimics could promote
proliferation (Fig. 8B) and attenuated apoptosis (Fig. 8C)
of microtia chondrocytes. Genes associated with chon-
drocytes survival/proliferation/apoptosis such as PCNA,
FGF-2, Bcl-2 and Survivin were significantly increased at
mRNA levels within 48 h of exposure to mimics. Besides,
hsa-miR-23a-3p mimics robustly enhanced the expres-
sion of several genes associated with chondrogenic dif-
ferentiation and extracellular matrix synthesis. Among

Page 13 of 23
é Il nc C
3 1.54 Bl mimics Exo 4 Blank
3 ns PTEN
g g2 (47 kDA)
s
8 PI3K
£0.5- (80 kDa)
2
g P-PI3K
& Wit Mut (84 kDA)
B T-AKT
(56 kDa)
o] o
P-AKT
E" 1 (56 kDa)
E
< 14 P-mTOR
S (289 kDa)
0.5+ .
GAPDH
(37 kDa)
Blank Exo 4
Fig. 7 3D-Exo activated the PTEN/P13K/AKT/mTOR signaling
pathway by delivering exosomal hsa-miR-23a-3p. AThe 293 T cells
were transfected with luciferase reporter plasmids WT or MUT 3-UTR
of PTEN and hsa-miR-23a-3p mimics/nc, and luciferase activity was
detected by Dual-Luciferase Reporter Assay System. B Microtia
chondrocytes were treated with 3D-Exo for 48 h, then the expression
of hsa-miR-23a-3p in microtia chondrocytes was measured by gPCR.
C Western blotting analysis was used for quantifying the protein
levels of PTEN, P-PI3K/PI3K, P-AKT/ AKT, and mTOR in microtia
chondrocytes. Data were presented as mean 4 SD of three number of
replicates. ***P <0.001, ****P <0.0001, ns: no significance

these genes, we observed significant increase in mRNA
levels of chondrogenic factor—TGF-B1 and several car-
tilage matrix proteins-COL2A1, ACAN, ELN, SOX9
and COMP compared to the negative control (mimics-
nc). However, the mRNA levels of COL1A1 was also
increased in hsa-miR-23a-3p mimics group, which was
unfavorable for the regeneration of hyaline cartilage and
elastic cartilage (Fig. 8D). Western blotting revealed that
the level of P-PI3K, P-AKT and P-mTOR in microtia
chondrocytes were increased in the presence of mim-
ics, whereas the level of T-AKT and PI3K was not sig-
nificantly increased. As expected, the level of PTEN was
decreased in the presence of mimics (Fig. 8E). Western
blotting further proved that hsa-miR-23a-3p mimics
could enhance the protein level of elastin, collagen II
and SOX9 for cartilage regeneration. Nevertheless, we
observed that the protein expression of collagen I was
decreased in the presence of mimics, which was incon-
sistent with the results of qRT-PCR (Fig. 8E). Additional
file 10 shows the original western blotting images for
the modulation of hsa-miR-23a-3p mimics. The above
findings related to the proliferation, apoptosis and
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chondrogenesis were rescued by hsa-miR-23a-3p inhibi-
tor, which further proved the essential effects of hsa-miR-
23a-3p on microtia chondrocytes (Fig. 8B—F). Additional
file 11 shows the original western blotting images for the
modulation of hsa-miR-23a-3p inhibitor.

The evaluation of engineered hsa-miR-23a-3p-rich
exosomes (Engineered-Exo)

To load high content of hsa-miR-23a-3p into Exo 4, we
decided to design an Engineered-Exo by transfecting
agomir-23a-3p into P4 ADSCs (agomir-23a-3p ADSCs).
The parent P4 ADSCs (without transfection) and ago-
mir-nc ADSCs were treated as control group. The three
types of ADSCs were seeded on porous Gelma hydro-
gel. Live-dead staining showed that the agomir-23a-3p
ADSCs were still remained viable (Fig. 9A), indicating
that the transfection of agomir-23a-3p would not affect
the survival of 3D-cultured ADSCs. Compared to parent
ADSCs, the level of hsa-miR-23a-3p increased 116.67-
fold approximately in agomir-23a-3p ADSCs initially,
and after 10-day 3D culture, we observed that the con-
tent of hsa-miR-23a-3p still had a 10-fold enhancement
(Fig. 9B). The purified Engineered-Exo showed higher
protein markers of CD63 and CD81 than the natural Exo
4 (Fig. 9C). Additional file 12 shows the original western
blotting images. Subsequently, we evaluated the com-
municating efficiency of Engineered-Exo. Compared
to PBS group, both Engineered-Exo and natural Exo
4 from parent ADSCs could enhance the level of hsa-
miR-23a-3p of microtia chondrocytes. Compared with
Exo 4, Engineered-Exo could increase the levels of hsa-
miR-23a-3p of microtia chondrocytes by about 20 times
approximately at 24 h, and by about 13 times at 48 h after
treatment (Fig. 9D). Compared to Exo 4 and PBS blank
control, Engineered-Exo could significantly enhance the
level of P-PI3K, P-AKT and P-mTOR of microtia chon-
drocytes, whereas the level of T-AKT and PI3K was not
significantly increased. As expected, the level of PTEN
was significantly decreased in the presence of Engi-
neered-Exo (Fig. 9E). Additional file 13 shows the original
western blotting images. Additionally, the mRNA level of
several ear cartilage matrix proteins, such as COL2A41,
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ACAN, ELN, SOX9, were significantly enhanced in Engi-
neered-Exo and Exo 4 group, but Engineered-Exo did
better than Exo 4. However, the mRNA level of COLIAI
was also increased in both Engineered-Exo and Exo 4
group, which was unfavorable for the regeneration of
hyaline cartilage and elastic cartilage (Fig. 9F). All in all,
the Engineered-Exo seemed to be more effective to acti-
vate the PTEN/PI3K/AKT/mTOR axis and to regenerate
cartilage. It would be applied in our center for further
studies.

In vitro tissue-engineered cartilage regeneration:
Engineered-Exo, microtia chondrocytes and Gelma bio-ink
Presently, Gelma hydrogel has been used as 3D printing
bio-ink for tissue-engineered cartilage in our center, and
herein we would investigate the efficacy of Engineered-
Exo for in vitro 3D culture of tissue-engineered cartilage.
We used confocal microscopy imaging to assess if Engi-
neered-Exo interact directly with microtia chondrocytes
seeded on Gelma hydrogel. As expected, we observed
that the cells rapidly endocytosed the Engineered-Exo
and became fluorescent within an hour and reached a
maximum fluorescent intensity from 12 to 24 h, which
was similar to the results of in vitro uptake assays. The
labelled exosomes were found mainly localized in cyto-
plasm of the cell (Fig. 10A).

Live-dead staining revealed that Engineered Exo
could significantly enhance the live rate of micro-
tia chondrocytes embedded into Gelma hydrogel in
comparison to PBS group after 2 days, 1 week and 2
weeks (Fig. 10B and C). Additionally, Engineered-Exo
treatment could significantly increase proliferation of
microtia chondrocytes from day 1 to day 14 as evalu-
ated by CCK-8 assays (Fig. 10D). Compared to PBS
control, PTEN was significantly decreased at mRNA
levels after 4-week exposure to Engineered-Exo, and
genes associated with chondrocyte survival/prolif-
eration/apoptosis such as FGF-2, Bcl-2 and Survivin
were significantly increased at mRNA levels after
4-week exposure to Engineered-Exo. We also found
that Engineered-Exo robustly enhanced the expres-
sion of chondrogenic factor—TGF-1 and COMP

(See figure on next page.)

significance

Fig. 8 The hsa-miR-23a-3p overexpressing or silencing promoted or attenuated the effect of 3D-Exo on microtia chondrocytes. (A) Microtia
chondrocytes were treated with hsa-miR-23a-3p mimics/inhibitor or their negative control (nc) for 24 h, and the expression of miR-23a-3p was
measured by gPCR. (B) Cell proliferation assessed by the Cell Counting Kit-8 after exposure to hsa-miR-23a-3p mimics/inhibitor or their negative
control (nc). (C) Representative images of cell apoptosis analysis and a quantified comparison of cell early/late apoptosis between the treatment of
mimics and nc, or between the treatment of inhibitor and nc. (D) Quantitative RT-PCR analysis showed regulation of genes at 48h post-treatment
associated with anti-apoptosis (Survivin, Bcl-2), proliferation (PCNA, FGF-2), as well as chondrogenic differentiation and ear cartilage matrix proteins
synthesis (TGF-31, COL2A1, ACAN, ELN, SOX9 and COMP). The genes (COL1AT and MMP 9) unfavorable for the synthesis of hyaline cartilage and
elastic cartilage were also assessed. After exposure to hsa-miR-23a-3p mimics/nc (E), or inhibitor/nc (F), western blotting analysis was used for
quantifying the protein levels of PTEN, P-PI3K/PI3K, P-AKT/ AKT, mTOR and cartilage matrix (i.e. elastin, collagen Il, SOX9 and collagen I) in microtia
chondrocytes. Data was presented as the mean £SD of three number of replicates. xp < 0.05, *xp < 0.01, xs#kp < 0.001, *k*skp < 0.0001, ns: no
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after 4-week treatment. In particular, we evaluated after 2-day, 1-week, 2-week and 4-week treatment of
the dynamic change of several ear cartilage matrix Engineered-Exo in comparison to the treatment of
proteins-COL2A1, ACAN, ELN, SOX9 and COLIA1 PBS. As shown, every type of matrix protein shown a
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Fig. 9 The design of Engineered-Exo. A Representative images showing the live and dead ADSCs (Parental ADSCs, agomir-23a-3p ADSCs and
agomir-nc ADSCs) within porous Gelma hydrogel, and the rate of live cell. Scale bar: 500 um. Green: live ADSCs. Red: dead ADSCs. B Quantitative
RT-PCR analysis showed the level of hsa-mir-23a-3p within three types of ADSCs at 1 day and 10 day after transfection. C Protein markers of
Engineered-Exo, Exo 4 and their corresponding ADSCs extract quantified by western blotting. D Quantitative RT-PCR analysis showed the level of
hsa-mir-23a-3p within microtia chondrocytes at 24 and 48 h post-treatment. E Western blotting analysis was used for quantifying the protein levels
of PTEN, P-PI3K/PI3K, P-AKT/ AKT and mTOR in microtia chondrocytes at 72 h post-treatment. F Quantitative RT-PCR analysis showed the mRNA
level of COL2A1, ACAN, ELN, SOX9 and COL1AT within microtia chondrocytes at 48 h post-treatment. Data was presented as the mean = SD of three
number of replicates. xp < 0.05, *xp < 0.01, xs#kp < 0.001, *kxxp < 0.0001, ns: no significance

(See figure on next page.)
Fig. 10 Engineered-Exo promoted the survival, proliferation and new cartilage formation of 3D-cultured tissue-engineered cartilage. (A) Cellular

uptake assay by confocal microscopy imaging demonstrated rapid uptake of Engineered-Exo (red) at the different time points. (B) Representative
images showing the live and dead microtia chondrocytes seeded on Gelma hydrogel, and (C) the comparison for the rate of live cell between
Engineered-Exo and PBS control. Scale bar: 500 pm. Green: live microtia chondrocytes. Red: dead microtia chondrocytes. (D) Cell proliferation
assessed by the Cell Counting Kit-8 at the specific time points after the exposure to Engineered-Exo or PBS. (E) Quantitative RT-PCR analysis showed
regulation of genes associated with anti-apoptosis (PTEN, Survivin, Bcl-2), proliferation (PTEN, PCNA, FGF-2), as well as chondrogenic differentiation
and ear cartilage matrix proteins synthesis (PTEN, TGF-31, COL2A1, ACAN, ELN, SOX9 and COMP). The genes (COL1AT and MMP 9) unfavorable for
the synthesis of hyaline cartilage and elastic cartilage were also assessed. In particular, the tendency of expression of several chondrogenesis-related
genes (COL2AT, ACAN, ELN, SOX9 and COL1AT1) was described. (F) The protein levels of elastin, collagen II, and SOX9 in microtia chondrocytes

were analyzed by western blotting. Data was presented as the mean £5SD of three number of replicates. xp < 0.05, xxp <0.01, x*%p < 0.001,

sk < 0.0001
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disparate tendency of gene expression. COL2A1 was
steadily risen and reached equilibrium stage at week
4. ACAN declined after it reached the peak at week
2, while SOX9 declined after it reached the peak at
week 1. The gene expression of ELN was not signifi-
cantly increased at day 2 and even decreased at week
1. Nevertheless, at week 2, the mRNA level was signifi-
cantly risen and reached the peak. After that, the gene
expression began to decline but was still higher than
that of PBS control group. As expected, COLIAI was
steadily declined and reached its bottom at week 3.
Though the expression began to incline in week 4, the
mRNA level in Engineered-Exo group was still lower
than that in blank group (Fig. 10E). As assessed by
western blotting, the protein level of elastin, collagen
II and SOX9 was significantly increased while collagen
I was decreased after 4-week treatment of Engineered-
Exo, which was consistent with the results of qPCR
(Fig. 10F). Additional file 14 shows the original west-
ern blotting images.
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The effects of Engineered-Exo on tissue-engineered
cartilage regeneration

To assess the efficacy of Engineered-Exo on the sur-
vival and chondrogenesis of microtia chondrocytes/
Gelma hydrogel constructs, we implanted the constructs
into the subcutaneous pockets of the immunodeficient
BALB/c nude mice. Gross macroscopic evaluation of
the constructs was performed at 6 weeks after implan-
tation. In Engineered-Exo group, the constructs became
compact and showed ivory-white cartilaginous appear-
ance together with a tough and elastic texture. Never-
theless, in blank control, the samples still kept weak and
showed transparent hydrogel-like appearance together
with a soft and fragile texture (Fig. 11A). As evaluated by
qPCR, we observed that the Engineered-Exo group had
a significant increase in mRNA levels of chondrogenic
factor—TGF-B1 and several ear cartilage matrix pro-
teins-COL2A1, ACAN, ELN and SOX9 in the constructs,
compared to PBS control group (Fig. 11B). HE staining
revealed that microtia chondrocytes were aggregated
into cartilage lacuna-like structures or aggregates within
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Fig. 11 The effects of a single dose of Engineered-Exo on tissue-engineered cartilage regeneration. A Gross observation at 6 weeks after
implantation. B Quantitative RT-PCR analysis showed regulation of genes at 6 weeks after implantation associated with ear cartilage matrix proteins
synthesis. C The tissue-engineered cartilage was histologically evaluated via staining of hematoxylin and eosin (HE), Safranin O, Alcian blue and
Toluidine blue. Scale bars: 100 um. Data was presented as the mean = SD of three number of replicates. sx%p < 0.001, sx*xp <0.0001
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Gelma hydrogel in two groups. Additionally, the secreted
cartilaginous matrix (GAG) surrounding the microtia
chondrocytes was significantly stained with Safranin
O, Alcian blue and Toluidine blue in Engineered-Exo
group (Fig. 11C). Taken together, our data demonstrate
that Engineered-Exo had good potential to promote the
survival and chondrogenesis of microtia chondrocytes/
Gelma hydrogel constructs.

Discussion

Tissue engineered ear is a promising alternative to exter-
nal ear reconstruction, but its clinical translation has not
been popularized. Our center had previously engineered
patient-specific ear-shaped cartilage [5]. Although we
achieved satisfactory aesthetical outcome at the first 3
years, the engineered ear gradually lost the shape and
began collapsing at the long-term follow-up. One of
the bottlenecks is the inadequate cell amount and poor
mature cartilage formation by microtia chondrocytes.
Therefore, we are making efforts to explore some trophic
factors for resolving these problems.

With the potential of differentiating into chondro-
cytes, MSCs have proven to be efficient to repair carti-
lage defect [34—36]. Recently, it is increasingly thought
that its cartilage repairing potential is derived from its
secretion of active components, especially the extracel-
lular vesicles/exosomes [12, 37, 38]. Exosomes are a het-
erogeneous group of lipid-bound nanoparticles that can
deliver therapeutic molecules to specific cells, harness-
ing their intrinsic tissue-homing capabilities. Up to date,
exosomes have been reported to act as cell-free media-
tors of many regenerative process in aesthetic, plastic and
reconstructive surgery, such as new cartilage/bone for-
mation [39-43], diabetic/non-diabetic wounding healing
[44-47], fat grafting survival [48], angiogenesis [49, 50]
and hair regeneration [51]. In the current study, we firstly
isolated 3D-Exo by seeding ADSCs on porous Gelma
hydrogel, and designed Engineered-Exo to increase lev-
els of functional hsa-miR-23a-3p. The results indicated
that Engineered-Exo effectively enhanced the prolifera-
tion, survival and mature cartilage formation of micro-
tia chondrocytes via hsa-miR-23a-3p/PTEN/PI3K/AKT/
mTOR axis. All in all, our study had several new findings.

Firstlyy, we were making technological advances
towards exosomes mass production through using bio-
materials-based scale-up strategy and enhancing par-
acrine functions of ADSCs. In our study, we found that
the exosomes yield from porous Gelma hydrogel was
significantly higher (3.68 to 6.64-fold) than that from 2D
culture. Our result was similar to the study by Cao et al.
[52] that used hollow fiber bioreactor FiberCell System
and the study by Cao et al. [31] that used hydroxyapatite
scaffolds for 3D culture of human umbilical cord MSCs.
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Actually, biomaterial scaffolds have attracted special
attention in that they give the opportunity to resemble
in vivo microenvironments of cells native niche, which
is helpful for physiological cell-cell and cell-matrix con-
tacts. The 3D culture conditions can optimize cell culture
on a platform of limited size or scalability. It increases
surface area while minimizing the volume of culture
media per cell, consequently enhancing the concentra-
tion and yield of exosomes in conditioned media [15].
Gelma is one of the commonly used hydrogels simulat-
ing the physical structure and chemical composition of
the natural extracellular matrix and providing a 3D tem-
plate and extracellular matrix microenvironment [53].
It can be stored as lyophilized proteins and be reconsti-
tuted with culture medium prior to cell encapsulation.
The porous Gelma with pores size of 100 to 200 pm was
firstly used for 3D culture of ADSCs in our study. It has
an appropriate swelling ratio and degradation ratio, as
shown in our results, all of which can help promote cel-
lular metabolism, cell viability and sustained exosomes
release. The release kinetics curve showed that about
80% of exosomes were released in a rapid manner within
2 days. Indeed, the culture space, experimental time and
expenses were greatly reduced using scale-up strategy.
Recently, several studies have indicated that biomaterial
scaffolds-MSCs constructs could promote the paracrine
secretion of MSCs, possibly also relevant to the release of
extracellular vesicles (EVs) [54—-56]. We speculated that
the porous characteristics of porous Gelma was benefi-
cial to mass production of exosomes also by promoting
paracrine signaling network of ADSCs. However, little is
known how the biomaterials affect the paracrine effects
of MSCs. To answer this question, we are investigating
and comparing the effects of several kinds of hydrogels
commonly used (i.e. porous Gelma, sericin methacry-
loyl and chondroitin sulfate methacryloyl) on exosome
yield and exosomal profiles. The NTA and TEM analy-
sis showed the successful isolation of biomaterial-based
exosome (see the Additional file 15). We will analyze how
the biomaterials affect the paracrine functions of ADSCs
by performing proteomics and small RNA sequencing
of their corresponding exosomes. We did not compare
the functional effects between the 2D-Exo and 3D-Exo
because the most important aim of our study was to
explore the optimized exosomes for constructing tissue-
engineered cartilage. Actually, the previous study by Cao
et al. [31] found that 3D-Exo was superior to 2D-Exo in
endothelial cell proliferation/migration/tube formation
and in vivo angiogenesis. Additionally, we found that the
yield of Exo 4 was significantly higher than that of Exo
2 and Exo 6, indicating that disparate passage number
of ADSCs could affect the yield of their corresponding
exosomes. Notably, this result was different from the
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study by Patel et al. [57] who found it was cell seeding
density and collection frequency but not passage number
that affected the yield of MSCs exosomes.

Up to date, there were no studies exploring the effects
of human ADSCs passage number on the small RNA
profiles and functions of their corresponding exosomes.
Herein, we selected the P2, P4 and P6 ADSCs as early,
middle and late cellular period for producing their cor-
responding exosomes. Compared with proteins and
mRNA, miRNAs were more widely acknowledged as the
regulatory molecules of exosomes. Small RNA sequenc-
ing results indicated that Exo 2 was mostly different from
both Exo 4 and Exo 6 in terms of differential miRNAs
expression. In particular, the difference was seen in sev-
eral kinds of miRNAs related to new cartilage formation,
such as hsa-miR-199b-5p, hsa-miR-155-5p, hsa-miR-
23a-3p and hsa-miR-455-3p. KEGG enrichment pathway
analysis revealed that both Exo 4 and Exo 6 consistently
upregulated the PI3K-AKT and mTOR signaling path-
way. Our functional assays showed that Exo 2 was more
excellent than Exo 4 and Exo 6 in enhancing viability/
proliferation and attenuating apoptosis of microtia chon-
drocytes. In contrast, both Exo 4 and Exo 6 were more
efficient in promoting chondrogenesis compared to Exo
2, which was consistent with the results of small RNA
sequencing. The previous study [57] found that the vas-
cularization bioactivity of the EVs declined significantly
with increasing MSCs passage number in in vitro cul-
ture, indicating that it was essential to maintain MSCs
in a non-senescent state to retain the therapeutic poten-
tial of their exosomes. Notably, increased MSCs passage
number attributed to alterations in genes involving cell
cycle, protein ubiquitination and apoptosis, and caused
the decline in proliferation ability, all of which might
cause decreased cellular activity [58, 59]. In contrast, the
chondrogenic differentiation capacities of P4 MSCs was
significantly higher than that of earlier passage of MSCs
[60, 61]. Compared to the early-passage MSCs (P3), the
late-passage MSCs could stimulate chondrogenesis in
co-culture with chondrocytes, indicating that MSCs had
regenerative potentials through paracrine functions even
after prolonging passage [62]. Taken together, though
there few studies directly exploring the effects of passage
number on exosomes, it could be speculated that the cel-
lular activity of parent cells at the early, middle and late
passage might affect the functions of their exosomes.
On the other hand, the therapeutic potentials of MSCs
might be partly reflected through their corresponding
exosomes. All in all, it is quite appropriate to select P4
ADSCs for producing exosomes with the advantages of
reducing parent cells senescence-related adverse events
and enhancing the chondrogenesis potential of their
exosomes. Notably, except for the passage number, other
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parameters also affected the functional contents and roles
of exosomes. Li et al. [14] investigated the effects of tis-
sue origin of MSCs on the therapeutic roles of exosomes.
They found that the tissue origin contributed to the dis-
tinct protein profiles among the three types of exosomes,
and ADSCs exosomes were more effective to stimu-
late the migration, proliferation, and chondrogenic and
osteogenic differentiation of BMSCs in vitro and in vivo,
compared to BMSCs exosomes and SMSCs (synovium
MSCs) exosomes. Another study by Jan Van Deun et al.
[7] found that disparate isolation methods for extracellu-
lar vesicles would affect the purity and downstream RNA
profiling. All in all, passage number of parent ADSCs was
an essential parameter for exosome-specific functional
studies. That was why the minimal information for stud-
ies of extracellular vesicles 2018 (MISEV2018) guidelines
[28] highlighted passage number was treated as minimal
information reported in research.

Thirdly, to our knowledge, it has been reported that
miR-23a-3p is related to chondrogenesis of normal or
osteoarthritis (OA) chondrocytes. Park et al. [63] found
that miR-23a-3p was significantly suppressed in human
OA chondrocytes and overexpressing miR-23a-3p could
suppressed the levels of Acyl-CoA synthetase 6 (ACSL6),
caspase-1 and caspase-3, which subsequently suppressed
OA pathological processes probably via upregulating
type II collagen and downregulating type I collagen/met-
alloproteinase 13. Similarly, another study also indicated
that overexpression of miR-23a-3p in normal articular
chondrocytes and BMSCs could significantly promote
cell proliferation/migration and enhance chondrogenesis
via upregulating Aggrecan, SOX9 and type II collagen,
all of which helped repair articular cartilage defect [37].
However, the inconsistent results were found that miR-
23a-3p was significantly upregulated in OA chondro-
cytes [64, 65] and overexpression of miR-23a-3p could
suppress the levels of type II collagen and aggrecan via
directly targeting SMAD3 [64]. Additionally, overex-
pression of miR-23a-3p significantly up-regulated the
expressions of IL-1p, IL-6, TNF-a, PI3K, AKT and mTOR
and lowered the expressions of PTEN and IL-10, subse-
quently increasing the immune inflammatory response in
OA patients [65]. In our study, both bioinformatic analy-
sis and over-expression/silencing assays indicated that
exosomal hsa-miR-23a-3p derived from ADSCs could
suppress translation repression of PTEN and further acti-
vated the PI3K/AKT/mTOR signaling pathway, which
would enhance cell viability, attenuate apoptosis and pro-
mote chondrogenesis of microtia chondrocytes. Taken
together, the roles of miR-23a-3p in treating OA chon-
drocytes seemed to be discrepant. However, miR-23a-3p
could consistently promote chondrogenesis of both nor-
mal articular chondrocytes and microtia chondrocytes



Chen et al. Journal of Nanobiotechnology (2022) 20:164

under non-osteoarthritis microenvironment. Subse-
quently, to optimize and prolong the functional effects
of ADSCs exosomes on tissue-engineered cartilage, we
needed to increase level of exosomal hsa-miR-23a-3p.
Actually, some of small RNA profiles from parent cells
would be loaded into exosomes during the fusion of mul-
tivesicular bodies (MVBs) with the plasma membrane.
Two strategies could be used to increase exosomal miR-
NAs either by directly transfecting functional miRNAs
into exosomes or by indirectly transfecting miRNAs
into parent cells to produce miRNAs-rich exosomes. Lv
et al. [23] successfully applied electroporation to trans-
fect miR-21-5p mimics into ADSCs exosomes. How-
ever, this method might damage the bi-lipid membrane
structure of exosomes and lost natural availability and
biocompatibility. Herein, we choose to design the geneti-
cally engineered exosomes by transfecting agomir-23a-3p
to parent ADSCs and then producing natural exosomes
with high-level miR-23a-3p. The Engineered-Exo showed
superiority in new cartilage formation compared to the
natural exosomes.

Although this study demonstrated that Engineered-Exo
are efficacious in cartilage regeneration, there are still
some limitations. Firstly, we need to further evaluate the
effects of Engineered-Exo on the elastin composition and
elasticity characteristics of the tissue-engineered carti-
lage. Microtia chondrocytes, which is isolated from the
patient’s microtia cartilage without injuring healthy ear
or cartilage of other sites, are a promising cell source due
to their abilities to form elastic cartilage. In our study, we
firstly found that Engineered-Exo enhanced the mRNA
and protein levels of elastin, a key intercellular compo-
sition for increasing ear cartilage elasticity. Now, we are
using 3D bio-printing to directly fabricate ear-shaped
microtia chondrocytes/Gelma hydrogel/Engineered-
Exo constructs, which will be implanted into the sub-
cutaneous pockets of nude mice for up to 4 months to
investigate the long-term effects of Engineered-Exo on
engineered elastic cartilage. The mechanical measure-
ment is essential for the assessment of the long-term
stability of the engineered elastic cartilage. Therefore,
the Young’s modulus, final relaxation slope, and relaxa-
tion amout of these constructs will be analyzed through
tensile and compressive tests using a material testing
machine. A modified Verhoeff van Gieson (EvG) elastic
staining will be performed to detect the levels of intercel-
lular elastin. The above characterization of the constructs
will be compared versus native ear cartilage to seek com-
mon ground while shelving differences. Secondly, we
only confirm the functional roles of exosomal hsa-miR-
23a-3p for microtia chondrocytes. Nevertheless, there
are multiple exosomal miRNAs related to chondrogene-
sis detected in the results of small RNA sequencing, such
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as hsa-mir-199b-5p, hsa-mir-155-5p and hsa-mir-455-3p
(Fig. 5B). That is, ADSCs exosomes affect microtia chon-
drocytes probably through multiple underlying mecha-
nisms. Therefore, in further studies, it would be necessary
to explore the integrated regulatory mechanisms. Thirdly,
the minimal effective dose of Engineered-Exo needs to
be optimized for tissue-engineered cartilage, probably
by reducing the dose and increasing times. Furthermore,
the release ratio of exosomes should be further enhanced
and the degradation of porous Gelma ratio should be fur-
ther postponed for the continuous and steady collection
of exosomes. Lastly, to generate ear-shaped cartilage with
pre-designed 3D structure, the unfavorable host response
to the engineered graft after its transplantation needed to
resolved. Whether the use of Engineered-exosomes could
decrease host response deserves further research.

Conclusions

We successfully performed mass production of 3D-Exo
using porous Gelma hydrogel. The 3D-Exo derived from
disparate passage number of ADSCs showed distinc-
tion in small RNA profiles and functions. We optimized
exosomes by selecting the P4 ADSCs as parent cells and
designing Engineered-Exo with high content of hsa-mir-
23a-3p. A single dose of Engineered-Exo was efficacious
for tissue-engineered cartilage regeneration.
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porous GelMa, PG + ChsMa: porous GelMa + chondroitin sulfate meth-
acryloyl, PG + SerMa: porous GelMa + sericin methacryloyl.
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