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Background: The use of polycaprolactone (PCL) for bone defects in a clinical setting is

limited due to a lack of bioactivity. Exosomes derived from mesenchymal stem cells (MSCs)

have an important immunoregulatory potential and together with S-nitrosoglutathione

(GSNO) they possess therapeutic potential for bone regeneration.

Materials and Methods: In this study, PCL was modified with GSNO and MSC-derived

exosomes and the impact on macrophages and osteogenes is evaluated.

Results: MSC-derived exosomes exhibited a cup-shaped morphology and were internalized

by macrophages and human bone marrow-derived mesenchymal stromal cells (hBMSCs).

The pattern of internalization of scaffold-immobilized exosomes was similar in RAW264.7

cells and hBMSCs after 4h and 24h of co-culture. Assessment of macrophage morphology

under inflammatory conditions by scanning electronic microscopy (SEM) and confocal

microscopy demonstrated macrophages were significantly elongated and expression of pro-

inflammatory genes markedly decreased when co-cultured with PCL/PDA + GSNO +

exosome scaffolds. Furthermore, this scaffold modification significantly enhanced osteogenic

differentiation of hBMSCs.

Discussion: This study demonstrated the possibility of using a GSNO- and exosome-based

strategy to adapt barrier membrane scaffolds. PCL/PDA + GSNO + exosome scaffolds may

serve as an important barrier membrane for osteogenesis and tissue regeneration.

Keywords: polycaprolactone, mesenchymal stem cells, exosomes, S-nitrosoglutathione,

osteogenesis

Introduction
Large bone defects are characterized by delayed bone healing or non-healing and

account for 2.5% and 10% respectively of total bone fracture cases1. At present, it

represents one of the most common health problems worldwide. From the perspec-

tive of clinical management, the treatment of large bone defects is a critical issue

for orthopedic surgeons.2 The ideal therapeutic strategy for restoring large bone

defects is to rebuild the damaged bone using autologous cancellous bone grafting

from the iliac crest of the patient however autologous bone graft materials are not

always available and this can lead to additional pain and donor site morbidity.3 In

addition, despite conventional treatment for controlling local infection and inflam-

mation of large bone defects by surgical fixation, tissue regeneration remains
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inadequate and this requires the development of novel

therapeutic intervention solutions.4,5

Recent advances in tissue engineering have facilitated

development of various regenerative treatment modalities

aimed at achieving controlled tissue regeneration.6 For

instance, a variety of cell-based therapeutic strategies,

including adipose tissue-derived stem cells (ADSCs)6,7 and

bone marrow mesenchymal stromal cells (BM-MSCs)8 have

been found to promote bone regeneration while other

cytotherapeutic regenerative methods, such as cell sheet-

guided tissue regeneration or bioactive factors alone and in

combination have been assessed in several clinical trials.9

However, the labor- and time-intensive nature of cytothera-

peutic regenerative methods such as cell culture and cell

sheet fabrication limits the widespread use of this

technology.10 Exosomes are membrane vesicles which are

naturally secreted from most cells in culture11 and mediate

intercellular communication by delivering bioactive mole-

cules such as proteins and nucleic acids to recipient cells.12

Recently, a regulatory role has been attributed to mesenchy-

mal stem cells (MSCs)-derived exosomes in various physio-

logical and pathological contexts, indicating the possible

therapeutic potential of MSC-derived exosomes. The thera-

peutic effects of MSC-derived exosomes have been studied

in vivo in a number of diseases models, such as myocardial

infarction,13 liver disease,14 kidney injury,15 and lung

injury.16 Through the delivery of their endogenous cargo

including miRNAs and proteins, MSC-derived exosomes

exert anti-inflammatory effects and promote tissue regenera-

tion by enhancing immune signaling, cell proliferation and

differentiation, and angiogenesis.17 S-nitrosoglutathione

(GSNO), a s-nitrosated derivative of glutathione and has

been shown to modulate fibrin structure and limit platelet

activation resulting in a decrease in coagulation and

thrombosis.18 A rat periodontitis model demonstrated local

intragingival injections of GSNO significantly reduced

inflammation and decreased alveolar bone destruction.19

Our results from a previous study further corroborate the

regulatory properties of GSNO on blood clotting architecture

which in turn, may play a pivotal role in early bone

regeneration.20 Importantly, GSNO has also been clinically

tested as an anti-platelet agent in respiratory disease, myo-

cardial infarction, and antimicrobial therapy.21

Polycaprolactone (PCL) is a bioresorbable and biocom-

patible polymer, which has been approved by the US Food

and Drug Administration (FDA) for clinical use in bone and

cartilage repair.22 However, its lack of bioactivity limits its

application for bone tissue engineering.23 In this study, we

generated a hybrid PCL scaffold consisting of GSNO and/or

MSC-derived exosomes to investigate if these modifications

would promote osteogenesis and bone regeneration. Our

results suggest that altering the osteogenic environment

using bioactive agents such as GSNO and MSC-derived

exosomes is a valid prospective therapeutic approach to

augment osteogenesis.

Materials and Methods
Reagents
Total Exosome Isolation Reagent (from cell culture media)

was purchased from Thermo Fisher Scientific (catalog num-

ber 4478359; China). PKH67 Green Fluorescent Cell Linker

Kit for General Cell Membrane Labeling (catalog number

MINI67-1KT, China) and lipopolysaccharide (LPS, catalog

number L4391, Escherichia coli 0111: B4) were purchased

from Sigma-Aldrich (China). Anti-alkaline phosphatase

(ALP) rabbit antibody (ab108337) and fluorescein isothio-

cyanate-conjugated goat anti-rabbit secondary IgG antibody

(ab6717) were acquired from Abcam (China).

Scaffold Fabrication and Modification
PCL scaffolds were prepared by electrospinning. In brief,

10% (w/v) PCL solution was prepared by dissolving PCL in

1,1,1,3,3,3-hexafluoro-2-propanol (HFP) (Sigma-Aldrich).

The solution was loaded into a syringe and fed through

a syringe pump at a flow rate of 2 mL/h. The needle was

connected to a voltage of 20 kVat a distance of 20 cm. The

PCL scaffolds were dried at room temperature by vacuum

suction to evaporate residue. The PCL scaffolds were coated

with Poly(dopamine) (PDA) coating to modify the surface.

PCL scaffolds were immersed in a solution of dopamine

hydrochloride (4 mg/mL) in 10 mM pH = 8.5 Tris-HCL

buffer for 1 h with stirring before rinsing with Milli-Q water

after which they are considered as PCL/PDA scaffolds. The

PCL/PDA scaffolds were incubated with GSNO (100 μM)

overnight to obtain PCL/PDA + GSNO scaffolds. For exo-

some coating, exosomes (10 μg protein equivalent) were

incubated with either PCL/PDA or PCL/PDA + GSNO

scaffolds for 1 h at room temperature and then rinsed with

sterile phosphate-buffered saline (PBS).

Cell Culture
Murine macrophage-like cell line, RAW 264.7 (ATCC®

TIB-71™) were cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM; Life Technologies Pty Ltd., China)

supplemented with 10% of heat-inactivated fetal bovine
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serum (FBS; Biological Industries, LTD, Beit Haemek,

Israel), and 1% (v/v) penicillin/streptomycin (Solarbio,

Beijing, China) in a humidified incubator at 37°C and 5%

CO2. Human bone marrow-derived mesenchymal stromal

cells (hBMSCs) were isolated from bone marrow samples

of patients undergoing surgery at Zunyi Medical

University with written informed consent. The handling

of human tissue samples was approved by the Zunyi

Medical University Ethics Committee (Ethic approval

number: Zun Yi Lun Shen 2017-1-048) and this study

was conducted in accordance with the Declaration of

Helsinki. hBMSCs were maintained in DMEM containing

10% of FBS and supplemented with 1% (v/v) penicillin/

streptomycin. After rinsing trice with PBS, conditioned

medium was collected after culturing with serum-free

DMEM. The conditioned medium was stored at −80°C
until the exosome isolation.

Isolation of MSC-Derived Exosomes
Exosomes were isolated using Total Exosome Isolation

Reagent (from cell culture media) according to the manufac-

turer’s protocol. Briefly, cell debris was removed from the

conditioned media by centrifugation at 2000 × g for 30

minutes and the supernatant transferred to a new tube. One-

half volume of the Total Exosome Isolation Reagent (from

cell culture media) was added to the supernatant, vortexed

and incubated at 4°C overnight. The following day the iso-

lated exosomes were centrifuged at 10,000 × g for 1 h at 4°C

and the supernatant discarded. Exosomes were resuspended

in 50 μL PBS, aliquoted and stored at −80°C.

Transmission Electron Microscopy (TEM)
To visualize isolated exosomes by TEM, carbon/formvar-

coated Cu TEM grids were placed on 5 μL exosome samples

for 10 min. The grids were stained with 1% uranyl acetate

(UA) for 10 s before washing twice with deionized water for

20 s. The grids were dried using Whatman filter paper. TEM

images were taken with a TEM (JEM-1400, JOEL, Japan) at

80 kV.

Nanoparticle Tracking Analysis (NTA)
NTA was performed using a Malvern NanoSight NS300

(Malvern Instruments, United Kingdom). The samples

(diluted 1:500 in PBS) were loaded into 1 mL sterile

syringes (BD Discardit II, New Jersey, USA) and infused

into the sample chamber at a flow rate of 20 µL/s. All

infusions were performed at room temperature. 5 videos of

60 s were taken, and particle sizes were analyzed by NTA

software (Malvern Instruments, United Kingdom).

Scanning Electron Microscopy (SEM)
Specimens were rinsed twice with PBS, and fixed in 3%

glutaraldehyde in 0.1 M sodium cacodylate buffer over-

night. After rinsing 3 times with 0.1 M sodium cacodylate

buffer (10 min each), the scaffolds were post-fixed with

4% osmium, and ethanol gradient dehydration. Specimens

were mounted on carbon tabs, and sputter coated with

gold-palladium. All specimens were analyzed using

a Zeiss SEM (Carl Zeiss NTS, Germany).

PKH67 Labeling of Exosomes in vitro
Purified exosomes were labeled with the green fluorescent

membrane marker, PKH67 according to the manufacturer’s

instructions. Briefly, exosomes were suspended in 1 mL of

diluent C to which 4 μL of PKH67 was added and incubated

for 5 min. The labeling process was stopped by adding an

equal volume of DMEM with 1% exosome-free FBS and

incubating for a further 1 min. The mix was then incubated

with 1mL of DMEMcontaining 10% of exosome-free FBS to

which RAW 264.7 cells and hBMSCs were added and incu-

bated at 37 °C for 12 h, 24 h, and 48 h. Cellular uptake and

internalization of exosomes were captured using an inverted

confocal microscope with a 40 × 1.3 NA oil objective (Leica

DM IRB, Leica, Wetzlar, Germany).

XTT Assay
To evaluate cell proliferation, the XTT assay kit (Abcam;

ab232856) was used according to the manufacturer’s

instructions. Absorbance was read on a microplate reader

(Benchmark Plus, USA) at 450 nm.

RNA Extraction, cDNA Synthesis, and

Real-Time Quantitative Polymerase Chain

Reaction (RT-PCR)
RAW 264.7 cells were seeded at a density of 2 × 105/well and

stimulated with 1 μg/mL LPS for 12 h. Following stimulation,

the LPS was removed and the cells were washed with PBS.

RAW 264.7 cells were then co-cultured with either PCL/PDA

or PCL/PDA + GSNO scaffolds for a further 24 h. Total RNA

was isolated using Trizol reagent (Catalog number 15596026,

Thermo Fisher Scientific) and RNA concentration measured

using the NanoDrop 8000 spectrophotometer (NanoDrop

Technologies Inc., USA). cDNA was synthesized using the

RevertAid First Strand cDNA Synthesis Kit (Catalog number
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K1622, Thermo Fisher Scientific) according to manufac-

turer’s instruction and RT-PCR performed using SYBR

Green qPCR Master Mix (Life Technologies Pty Ltd.,

China) on an ABI Prism 7500 Thermal Cycler (Applied

Biosystems, USA). All primer sequences (Supplementary

Table 1) were analyzed for target specificity using Primer

BLAST and purchased from Sigma-Aldrich. Expression of

mRNAwas normalized to the housekeeping gene glyceralde-

hyde 3-phosphate dehydrogenase (GAPDH). The difference

between the mean Ct values of the gene of interest and

GAPDH was designated ΔCt and the relative expression

was calculated using the comparative Ct (2−ΔΔCT) method.24

Determining ALP Activity in hBMSCs in

Response to Different Scaffolds
The expression of ALP was detected by immunofluorescence

staining. Briefly, hBMSCs at a density of 2 × 105/well were

co-cultured in osteogenic medium (10% DMEM supplemen-

ted with 2mM β-glycerophosphate, 100 μM l-ascorbic acid

2-phosphate, and 10 nM dexamethasone; Sigma-Aldrich) with

different scaffolds for 7 d. Samples were fixed with 4%

paraformaldehyde for 20 min at room temperature and cells

were permeabilized with Triton X-100 for 5 min, blocked with

4% bovine serum albumin for 1 h at room temperature, and

incubated with primary antibody for ALP overnight at 4 °C.

The following day, cells were washed 3 times with PBS and

incubated with fluorescein isothiocyanate-conjugated goat

anti-rabbit IgG secondary antibody. Actin was stained using

Alexa Fluor 594-labeled phalloidin (catalog number A12381,

Life Technologies Pty Ltd). Samples were prepared for inspec-

tion using an inverted confocal microscope with a 40 × 1.3 NA

oil objective (Leica DM IRB, Leica, Wetzlar, Germany). ALP

activity was determined using the Alkaline Phosphatase Assay

Kit (ab83369, Abcam) according to the manufacturer’s

instructions. hBMSCs were co-cultured in osteogenic medium

with either different scaffolds and ALP activity measured after

7 d of culture. Osteogenic gene expression was determined in

hBMSCs co-cultured with different scaffolds in osteogenic

medium and cells collected after 3 d. RT-PCR was performed

as described above.

Statistical Analysis
Results were represented as the mean ± standard deviation

(SD, n = 3). Statistical analysis was performed using

GraphPad Prism 8.0 for Windows (GraphPad Software

Inc., USA). For statistical evaluation, Student’s t-test was

used to assess statistically significant differences between

two datasets and one way analysis of variance (One Way

ANOVA) between three datasets. Statistical significance was

accepted when the difference between datasets were p < 0.05.

Results
Characterization of Isolated Exosomes
To characterize features of MSC-derived exosomes, we first

assessed morphology by TEM. Exosomes isolated in this

study (Figure 1A) exhibited a cup-shaped morphology which

was consistent with previous published result.25 We next

carried out nanoparticle tracking analysis (NTA) to character-

ize the concentration and size distribution of the isolated

exosomes (Figure 1B). Figure 1B demonstrates size distribu-

tion peaks of approximately 50 nm and 120 nm. To further

validate the presence of exosomes, the green fluorescent mem-

brane marker, PKH67 was utilized. MSC-derived exosomes

were labeled with PKH67 and incubated with RAW 264.7

cells or hBMSCs. At the indicated time points, cells were

collected and stained for confocal microscopy analysis to

capture internalization of exosomes. In RAW 264.7 cells,

fluorescence intensity increased at 48h compared with at 12h

and 24h time points, while in hBMSCs, exosome internaliza-

tion exhibited a peri-nuclear pattern throughout the whole time

course (Figure 1C and D). Collectively, these results suggest

exosomes fromMSCs were successfully isolated in our study.

Characterization of Exosome Modified

Surfaces
We next evaluated whether MSC-derived exosomes could be

immobilized onto different scaffolds. Exosome protein con-

centrationwas evaluated (Supplementary Figure 1), Exosomes

labelled with PKH67 were immobilized onto PCL/PDA or

PCL/PDA + GSNO scaffolds. As a control, PCL/PDA and

PCL/PDA + GSNO scaffolds were incubated with PKH67 in

the absence of exosomes. Confocal microscopy demonstrated

green fluorescently labeled exosomes could be immobilized

onto the surface of PCL/PDA and PCL/PDA + GSNO scaf-

folds (Figure 2C and D). Control PCL/PDA and PCL/PDA +

GSNO scaffolds stained with PKH67 exhibited green fibers

indicating immobilization of exosomes to scaffolds was spe-

cific and robust (Figure 2A and B).

Internalization of Scaffold-Immobilized

Exosomes by RAW264.7 Cells and hBMSCs
To evaluate whether the scaffolds exhibited biotoxicity, we

assessed hBMSC proliferation using the XTT assay. No sig-

nificant differences in cell proliferation was observed between
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scaffold groups (PCL/PDA vs PCL/PDA + GNSO with or

without immobilized exosomes; Supplementary Figure 2). To

monitor exosome internalization by RAW 264.7 cells and

hBMSCs, exosomes were labeled with PKH67, immobilized

onto PCL/PDA and PCL/PDA + GSNO scaffolds and co-

cultured with RAW264.7 cells or hBMSCs (PCL/PDA +

exosome; Figures 3C and 4C, PCL/PDA +GSNO + exosome;

Figures 3D and 4D). PCL/PDA and PCL/PDA + GSNO scaf-

folds without exosomes were co-cultured with RAW264.7

cells or hBMSCs to serve as controls (PCL/PDA; Figures 3A

and 4A, PCL/PDA + GSNO; Figures 3B and 4B). Following

4 h and 24 h of co-culture, cells were fixed and analyzed by

Figure 1 Isolation, characterization, and internalization of human bone marrow-

derived mesenchymal stromal cells (hBMSCs)-derived exosomes. (A) Morphology

of exosomes under TEM. Negative staining demonstrated typical cup-shaped exo-

somal morphology. (B) Size distribution determined by NTA. (C) Representative

confocal microscopy images of exosome internalization by RAW264.7 cells at 12 h,

24 h, and 48h. Scale bars: 200 μm. (D) Representative confocal microscopy images

of exosome internalization by hBMSCs at 12 h, 24 h, and 48 h. Scale bars: 100 μm
for low magnification images and 10 μm for high magnification images. Results are

representative of three independent experiments.

Figure 2 Surface characterization of exosomes immobilized onto PCL/PDA and PCL/

PDA + GNSO scaffolds. Representative confocal microscopy images of PCL/PDA (A),

PCL/PDA + GSNO (B), PCL/PDA + exosome (C), and PCL/PDA + GSNO+ exosome

(D) scaffolds. Exosomes were labeled with PKH67 exosome staining solution and

incubated with either PCL/PDA or PCL/PDA + GSNO scaffolds. As a control, PCL/

PDA or PCL/PDA + GSNO scaffolds were incubated with PKH67 alone. Scale bars for

low magnification images represent 50 μm and for high magnification images, 10 μm.
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confocal microscopy. RAW 264.7 cells and hBMSCs co-

cultured with exosomes immobilized to PCL/PDA or PCL/

PDA + GSNO scaffolds demonstrated an increase in green

fluorescent intensity compared with control (Figures 3C, 4C

and 3D, 4D respectively). Furthermore, a similar pattern of

exosome internalization by RAW264.7 cells or hBMSCs was

observed between PCL/PDA and PCL/PDA + GSNO

scaffolds.

The Effect of Different Scaffolds on

Inflammatory Response in Macrophages
We next investigated the effect of scaffold composition on

inflammatory macrophages. LPS-stimulated macrophages

were co-cultured with scaffold-immobilized with exo-

somes and the morphology of the macrophages captured

by confocal microscopy and SEM. The presence of either

scaffold type resulted in a mixed population of inflamma-

tory macrophages with two different morphologies.

Similar cell spread areas were demonstrated between all

scaffold conditions co-cultured with RAW 264.7 cells

(Figure 5A and B) however when exosomes were immo-

bilized onto PCL/PDA + GSNO scaffolds, RAW 264.7

cells displayed a more elongated morphology compared

with cells co-cultured with PCL/PDA alone (Figures 5A,

C and 6A). To determine the impact of scaffold composi-

tion on inflammatory gene expression, RT-PCR was car-

ried out. GSNO-modified and scaffold-immobilized with

exosomes resulted in a significant downregulation of

inflammatory gene expression compared with PCL/PDA

control (Figure 6B). Notably, gene expression of IL-6,

TNF-α, iNOS, and IL-1β decreased by 5-, 2.5-, 1.6-, and

2.3-fold respectively for the PCL/PDA + GSNO + exo-

some group compared with PCL/PDA control.

The Effect of Different Scaffolds on the

Osteogenesis of hBMSCs
To investigate the effect of scaffold composition on the osteo-

genic differentiation of hBMSCs, cells were co-cultured with

PCL/PDA, PCL/PDA + GSNO, PCL/PDA + exosome and

PCL/PDA + GSNO + exosome scaffolds and ALP protein

expression assessed by immunofluorescence staining. ALP

expression was greater when exosomes were immobilized

onto PCL/PDA and PCL/PDA + GSNO scaffolds compared

with PCL/PDA and PCL/PDA + GSNO scaffolds without

exosomes (Figure 7A). To evaluate osteogenic differentiation

Figure 3 Internalization of scaffold-immobilized with exosomes by RAW 264.7

cells. Representative confocal microscopy images of RAW 264.7 cells co-cultured

with PCL/PDA (A), PCL/PDA + GSNO (B), PCL/PDA + exosome (C), and PCL/

PDA + GSNO + exosome (D). Exosomes were pre-labeled with green fluores-

cent PKH67 prior to immobilization onto scaffolds. Cells were collected at 4

h and 24 h and stained with Alexa Fluor 594-conjugated phalloidin (red), and DAPI

(blue). Scale bars: 100 μm.
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further, gene expression of osteogenic differentiation markers

(ALP, Col-I, Runx2, and BMP-2) were assessed by RT-PCR

(Figure 7B). mRNA expressions of ALP, Col-I, and Runx2

was significantly higher in exosomes immobilized onto PCL/

PDA and PCL/PDA + GNSO scaffolds compared to their

respective scaffold groups without exosomes. We further

evaluated ALP function by assessing protein activity using

an ALP activity assay. ALP activity in hBMSCs was signifi-

cantly increasedwhen exosomeswere immobilized onto PCL/

PDA and PCL/PDA + GNSO scaffolds (Figure 7C).

Collectively, these results suggest PCL/PDA + exosome and

PCL/PDA + GSNO + exosome scaffolds modulate differen-

tiation of hBMSCs compared with their respective scaffolds

types without exosomes, suggesting incorporating exosomes

onto PCL/PDA bio-membrane scaffolds have profound pro-

osteogenic effects.

Discussion
From the perspective of clinical management, the treatment

of fracture, and/or post-traumatic complications resulting

from large bone defects remains unsatisfactory. Current ther-

apeutic methods to accelerate bone regeneration involves

bone grafting, stem cell-based immune therapy, and bone

graft materials/cytokines-related methods.26 To accelerate

tissue regeneration and minimize side-effects associated

with biomaterials, bioabsorbable membranes have gained

increasing attention due to the single-step procedure, diverse

prefabrication and modification potential.27 Theoretically,

the local application of bioabsorbable membranes at the

fracture site may regulate factors which mediate early bone

forming environment which in turn could impact bone regen-

eration. As a biodegradable and bioresorbable polymer, PCL

has been extensively used in various tissue regeneration and

drug delivery fields. As PCL is inherently hydrophobic and

has low wettability this has resulted in a huge knowledge gap

in the modification of PCL scaffolds to accelerate bone

regeneration. As a consequence, the purpose of this study

was to develop a modified PCL scaffold with the capacity to

regulate the bone forming environment and osteogenesis.

The bone healing process is complex and involves

three consecutive and overlapping stages: hematoma for-

mation, callus formation, and bone remodeling. Although

previous data suggests that a certain degree of inflamma-

tion is essential for bone regeneration, a persistent or

unregulated inflammatory stage is detrimental to bone

regeneration.28 For example, as evidenced in our previous

study the proinflammatory cytokine interleukin 1 beta was

extensively expressed in the large delayed healing

defects.20 Therefore, in this study we describe the simple

modification of a PCL scaffold to regulate inflammation

and enhance osteogenesis.

Figure 4 Internalization of scaffold-immobilized with exosomes by hBMSCs.

Representative confocal microscopy images of hBMSCs co-cultured with PCL/PDA

(A), PCL/PDA + GSNO (B), PCL/PDA + exosome (C), and PCL/PDA + GSNO +

exosome (D). Exosomes were pre-labeled with green fluorescent PKH67 prior to

immobilization onto scaffolds. Cells were collected at 4 h and 24 h and stained by Alexa

Fluor 594-conjugated phalloidin (red), and DAPI (blue). Scale bars: 100 μm.
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Figure 5 Scaffold-induced changes in macrophage morphology captured by confocal microscopy after lipopolysaccharide (LPS) stimulation. (A) Representative confocal

microscopy images of RAW264.7 cells co-cultured with PCL/PDA (a), PCL/PDA + GSNO (b), PCL/PDA + exosome (c), and PCL/PDA + GSNO + exosome (d) scaffolds.

RAW 264.7 cells were stimulated with 1 μg/mL LPS for 12 h before co-culturing with scaffolds for 24 h. Cells were stained with Alexa Fluor 594-conjugated phalloidin (red)

and DAPI (blue). Scale bars: 100 μm for DAPI, Cytoskeleton, and Merge panels. In high magnification panel, scale bars represent 10 μm (left) and 50 μm (right). (B–C)

Quantification of cell area ratio (B) and elongation ratio (C). ImageJ was used to quantify the macrophage area and elongation ratios. Error bars denote mean ± SD of 50

individual cells. *p < 0.05 relative to PCL/PDA group.
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Nitric oxide (NO) is a naturally generated bioactive mole-

cule inmammalswith a primary role asmessengermolecule to

regulate variety of physiological and pathophysiological func-

tions, including maintaining cardiovascular homeostasis, cen-

tral neuronal transmission, and immune response.29 As such,

modulating NO levels has gained increasing interest as

a therapeutic focus area. Over the last few decades, NO-

generating scaffolds that deliver exogenous NO or NO pro-

drugs have been developed via various physical and chemical

techniques to accelerate tissue regeneration.30 The current

paradigm is thatNO is highly expressed during fracture healing

and therefore an increase of NO levels via an exogeneous NO-

donor could significantly impact fracture healing.29

S-nitrosothiols such as GSNO is one of the most widely used

NO donors due to its long lasting NO release capacity.31

Several GSNO-mediated scaffolds have been previously

examined in a number of studies. For example, GSNO-

incorporated pluronic F-127 (PL)-chitosan (CS) hydrogel

was developed as a potential NO delivery scaffold.32 One of

the pilot studies using GSNO-coated polymeric films also

Figure 6 Scaffold-induced changes in macrophage morphology captured by scanning electron microscopy (SEM) after LPS stimulation. (A) Representative SEM images of

RAW264.7 cells co-cultured with PCL/PDA (a), PCL/PDA + GSNO (b), PCL/PDA + exosome (c), and PCL/PDA + GSNO + exosome (d) scaffolds. RAW 264.7 cells were

stimulated with 1 μg/mL LPS for 12 h before co-culturing with scaffolds for 24 h. Scale bars: 2 μm (left panel), 1 μm (middle and right panel). (B) Relative expression of

inflammatory genes in RAW 264.7 cells after 12h stimulation with LPS and co-culture with scaffolds for a further 24 h. Values were normalized to the housekeeping gene,

GAPDH. Error bars denote mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.0005, ****p < 0.0001 relative to PCL/PDA control.
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demonstrated excellent mechanical and biological properties

both in vitro and in vivo.33 In addition, GSNO-incorporated

type I collagen nanofibrous scaffolds have demonstrated good

fibroblast attachment and spreading properties compared with

a silk fibroin-polyvinyl alcohol (SF-PVA) scaffold, indicating

therapeutic potential for the treatment of ischemic non-healing

ulcers.34 Besides regulating cellular signaling pathways,

GSNO may also act directly as an important regulator of

inflammation although at present its regulatory mechanism is

still unclear.35 For example, there is in vivo evidence that

decreased levels of GSNO in the lungs of asthmatics as

a result of increased levels of GSNO reductase (GSNOR),

suggests that pharmacological suppression of GSNOR is able

to significantly reduce inflammation. In addition, anti-neural

and vascular inflammation properties of GSNO have also been

reported in various stroke and traumatic brain injury

models.36–38 Administration of GSNO into focal cerebral

ischemia rats resulted in infarction reduction and improved

cerebral blood flow, followed by a significant reduction of

inflammatory cytokine expression.36 Our data supports this

notion and prompted us to further evaluate inflammatory cyto-

kine expression levels in inflammatory macrophages after

GSNO coating. In the present study, we performed assays to

determine the effect of a GSNO-modified PCL scaffold on

inflammation and detected differential expression of inflam-

matory cytokines between the GSNO-modified and the PCL/

PDA group. A striking feature of the GSNO-modified PCL

scaffold was the significant reduction of inflammatory cyto-

kine expression.

Mesenchymal stem cells (MSCs) are multi-potent cells

with self-renewal and differentiation capacity, which repre-

sents one of the most commonly used tools for cell-based

therapy and scaffold fabrication.39 For example, 3D-printed

polyetherketoneketone scaffolds with human synovial fluid

MSCs cultured on top showed superior bone regeneration

compared with polyetherketoneketone control.40 In addi-

tion, a Phase I/II randomized clinical trial also suggested

that a stem cell-based therapeutic method can accelerate

craniofacial bone defects regeneration compared with the

traditional guided bone regeneration therapy.41 However,

long-term safety of MSCs-derived therapy and its potential

tumorigenicity remains poorly explored.42 Exosomes are

nano-sized, membrane-enclosed vesicles derived from

endosomal origin, capable of transferring important macro-

molecules, such as proteins, lipids and nucleic acids (DNA,

mRNA, microRNAs (miRNA) and long non-coding RNA

Figure 7 The effect of different scaffolds on the osteogenic differentiation of

hBMSCs. (A) Representative confocal microscopy images of hBMSCs supplemen-

ted with osteogenic differentiation medium and co-cultured with PCL/PDA (a),

PCL/PDA + GSNO (b), PCL/PDA + exosome (c), and PCL/PDA + GSNO +

exosome (d) scaffolds. Cells were stained by Alexa Fluor 594-conjugated phalloi-

din (red), alkaline phosphatase (ALP; green), and DAPI (blue). All scale bars: 200

μm. (B) Relative expression of osteogenic-related genes from samples treated as

(A) and collected at 3 d post-seeding. Error bars denote mean ± SD. *p < 0.05,

**p < 0.01, ***p < 0.0005 relative to PCL/PDA control. (C) hBMSCs were co-

cultured with different scaffolds as (A) and ALP activity measured after 7 d in

culture. Error bars denote the mean ± SD (n = 3). **p < 0.01 relative to PCL/

PDA control.
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(lncRNA)) from parental cells to recipient cells.43 Being

non-living, non-replicative and cell free, exosome-mediated

therapeutic methods represent a cheaper and safer treatment

than conventional MSC-based methods.44 Exosomes

derived from MSCs have the potential in becoming essen-

tial players in bone regeneration due to their important

immune- and osteogenesis-regulatory potential. Many stu-

dies have demonstrated the therapeutic potential of MSC-

derived exosomes. For example, exosomes isolated from

human adipose-derived MSCs can significantly promote

angiogenesis in vitro and in vivo.45 The efficacy of MSC-

derived exosomes in the treatment of temporomandibular

joint osteoarthritis (TMJ-OA) has also been investigated

recently.46 The results indicated MSC-derived exosomes

can significantly reduce inflammation and restore matrix

expression in TMJ-OA animal models.46 Recent progress

also demonstrated wide-ranging therapeutic potential of

MSC-derived exosomes in liver injury,47 lung injury,48

traumatic brain injury.49

Therefore, in this study, we isolated exosomes fromMSCs

using a commercially available kit. Several different methods

have been developed for exosome isolation over the past

decade, which have mostly involved ultracentrifugation.50

For example, one study compared the results in exosome

yield, purity and quality using four commercial kits and con-

ventional ultracentrifugation. Each method produced different

exosomes yields and size-distributions of which the kit from

Invitrogen generated the largest exosome yield.50 In order to

ensure a sufficient concentration of MSC-isolated exosomes

in our study, all conditioned medium was subjected to isola-

tion using the commercially available kit. It is well-known that

several different criteria like TEM, NTA, flow cytometry, and

exosome-specific markers (eg CD9, CD63, and CD81) are

frequently used to characterize exosomes. In this study, we

used TEM and NTA for characterization studies. Most reports

reveal that exosomes exhibit a cup-shaped morphology with

expression of exosome-specific markers.51 Using TEM ana-

lysis, we observed the presence of cup-shaped exosomes.

However, in addition to TEM, other characterization methods,

such as testing for exosome-specific markers are still needed

for exosome characterization in the future. A previous study

demonstrated MSC-derived exosomes range between 60 nm

and 150 nm in size,52 while another study demonstrated 98 nm

in diameter.53 By using NTA, we found the exosomes isolated

in this study fell into two major size peaks; approximately 50

nm and approximately 120 nm in diameter. Exosome uptake is

widely believed to be a multi-mechanism guided internaliza-

tion process where particle size distributions can significantly

affect the extent of exosome internalization.54 In the present

study, exosome uptake analysis using the membrane marker,

PKH67 and confocal microscopy, revealed internalization of

exosomes by macrophages and hBMSCs demonstrated

a similar exosome uptake pattern. Following 12h of co-

culture with scaffold-immobilized exosomes, green fluores-

cence puncta accumulated inside cells.

We next investigated whether MSC-derived exosomes

would regulate inflammation and promote tissue regeneration.

Theoretically, MSC-derived exosomes can interact with dif-

ferent scaffolds, forming exosome layers with different releas-

ing properties that are responsible for regulating cellular

behavior. Previous studies have demonstrated MSC-derived

exosome-modified scaffolds significantly enhanced osteogen-

esis and improved bone healing.55 For example, exosomes

isolated from human-induced pluripotent stem cell-derived

mesenchymal stem cells (hiPS-MSC-Exos) could signifi-

cantly enhance osteogenesis and osteoinductivity of trical-

cium phosphate (β-TCP) via the PI3K/Akt signaling

pathway.55 A recent study also revealed MSC-derived extra-

cellular vehicles (EVs) immobilized titanium (Ti) surfaces

demonstrated enhanced MSC adhesion and proliferation

after exosome immobilization56 revealing the regulatory

potential of MSC-derived exosomes on cellular behavior. By

conducting in vitro exosome immobilization onto PCL/PDA

and PCL/PDA + GSNO scaffolds, we measured the interna-

lization of MSC-derived exosomes into macrophages and

hBMSCs. Ideally, different concentrations of exosomes

should be applied to generate concentration-dependent scaf-

folds however, to the best of our knowledge, no specific and

consistent concentration are known so far.57,58 We observed

a significant reduction in the expression of inflammatory

genes in the GSNO-modified PCL/PDA scaffold compared

with PCL/PDA control. Upon immobilization with exosomes

onto the scaffolds, inflammatory gene expression was further

decreased suggesting there may be a synergistic effect on

inflammatory gene expression in the GSNO and MSC-

derived exosomes group. It may also indicate that immobi-

lized MSC-derived exosomes have a regulatory effect,

possibly owing to microRNA cargos inside the exosomes.53

Conclusion
In summary, the present study demonstrates a novel way to

modify conventional PCL surfaces. Constructing a PCL scaf-

fold with immunoregulatory potential was developed by

combining GSNO and MSCs-derived exosomes. We were

able to confirm it could significantly reduce the inflammation

stimulated by inflammatory macrophages and importantly,
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this modification further accelerated osteogenic differentia-

tion of mesenchymal stem cells. The results obtained in this

study provides us with a better understanding of GSNO- and

exosome-based scaffold modifications and supports the

hypothesis that this one-step modification technique may

hold clinical translational promise for guiding osteogenesis

and improving the repair and regeneration of skeletal tissues.

However, further research is required to evaluate its biologi-

cal activity with in vivo studies.
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