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ARTICLE INFO ABSTRACT

Keywords: The host immune response effecting on biomaterials is critical to determine implant fates and bone regeneration
Osteoimmunology o property. Bone marrow stem cells (BMSCs) derived exosomes (Exos) contain multiple biosignal molecules and
Macrophages polarization have been demonstrated to exhibit immunomodulatory functions. Herein, we develop a BMSC-derived
Polyetheretherketone

Exos—functionalized implant to accelerate bone integration by immunoregulation. BMSC-derived Exos were
reversibly incorporated on tannic acid (TA) modified sulfonated polyetheretherketone (SPEEK) via the strong
interaction of TA with biomacromolecules. The slowly released Exos from SPEEK can be phagocytosed by co-
cultured cells, which could efficiently improve the biocompatibilities of SPEEK. In vitro results showed the
Exos loaded SPEEK promoted macrophage M2 polarization via the NF-xB pathway to enhance BMSCs osteogenic
differentiation. Further in vivo rat air-pouch model and rat femoral drilling model assessment of Exos loaded
SPEEK revealed efficient macrophage M2 polarization, desirable new bone formation, and satisfactory
osseointegration. Thus, BMSC-derived Exos—functionalized implant exerted osteoimmunomodulation effect to
promote osteogenesis.

BMSC-Derived exosomes
Bone regeneration

1. Instruction observed, for instance, materials that were beneficial for in vitro osteo-

genesis cannot promote bone regeneration in vivo [3]. Based on the

Healing bone defects using regenerative medicine remains a huge
challenge since bone regeneration is a complex mechanism that requires
the collaboration of a multitude of specialized cells [1]. Recent studies
have deepened our understanding of how immune cells play a vital role
in bone regeneration giving rise to a new research field termed
“osteoimmunology”, suggesting strong crosstalks between immunology
and the skeletal system [2]. Traditional bone substitute materials
possessed the ability to direct osteoblastic lineage cells osteogenesis in
vitro which were developed to facilitate bone regeneration. However,
some inconsistencies between in vitro and in vivo experiments were
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knowledge of osteoimmunology, just emphasizing the direct osteo-
genesis but ignoring the immune reactions caused by biomaterials is
insufficient for researching and developing a new bone biomaterial
[2-4]. Hence, a suitable bone biomaterial should not only be able to
mediate osteogenesis but also has to be able to manipulate the immune
response to exert a synergistic effect for achieving satisfactory osseoin-
tegration [5].

The implanted biomaterials are often identified as foreign substances
by the host immune system and trigger a cascade of immune responses.
Macrophages are identified as important innate immune cells that play
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an essential role as effector cells to initiate and maintain inflammation in
the immune response [6]. In addition, highly plastic macrophages show
polarization states which can switch phenotypes into the
pro-inflammatory M1 and anti-inflammatory M2 phenotype [6,7]. The
implantation of synthetic biomaterials leads to an activated M1
phenotype that subsequently secretes a large number of
pro-inflammatory cytokines, such as interleukin 6 (IL-6), interleukinlfp
(IL-1B), inducible nitric oxide synthase (iNOS) and tumour necrosis
factor alpha (TNF-a) [8]. The prolonged exposure to the
pro-inflammatory cytokines eventually leads to chronic inflammation,
which induces fibrous encapsulation formation around the implantation
materials and finally results in osseointegration failure [9]. The M2
phenotype has a direct role in activating the bone defect regeneration
process by secreting anti-inflammatory cytokines, including arginine
(Arg-1), interleukin 10 (IL-10) which are beneficial for bone regenera-
tion environment formation [3,9]. Therefore, effective modulation of
the macrophage M2 polarization to form a local bone regeneration
environment is tightly linked to osteogenic differentiation and
osseointegration.

Bone mesenchymal stem cells (BMSCs) with strong immunomodu-
latory property have been applied in various inflammatory and degen-
erative diseases [10], as well as in osteoimmunomodulation [11].
Evidence suggests that the direct cell replacement therapeutic effect of
BMSCs is limited. BMSCs exert their therapeutic effect primarily through
paracrine secretion mechanisms [12]. As carriers of paracrine secre-
tions, BMSC-derived exosomes (Exos) contain multiple biosignal mole-
cules, including protein, lipid and small RNAs that can be transferred to
target cells to exhibit the immunomodulatory functions [13,14].
Furthermore, Exos can improve the immunomodulatory capacity by
switching macrophages from the M1 phenotype to the M2 phenotype
[15]. In addition, Exo-based cell-free therapy can also directly induce
the osteogenic differentiation in vitro and new bone formation in vivo
since they contain an abundance of osteogenesis regulation related
miRNAs [14,16]. Hence, BMSC-derived Exos with immunomodulatory
and osteogenic properties are suitable for bioactive coating on bone
substitute materials to stimulate osteogenesis in vitro.

In this study, we investigated the BMSC-derived Exos to reversibly
immobilize onto a three-dimensional (3D) porous polyetheretherketone
(PEEK) surface. PEEK as its good mechanical properties, radiolucency,
and chemical resistance, emerged as a substituted implant to replace
metal materials in bone engineering [17,18]. After etching using
concentrated sulfuric acid, a 3D porous structure was constructed on the
PEEK surface which is not only favorable for Exos loading and delivery
but also beneficial for improving osseointegration [17,19]. Large
amounts of polyphenol groups in tannic acid (TA) can bridge Exos onto
underlying PEEK via reversible hydrogen bond, which ensured that the
Exos exhibited a sustained release effect. Both in vitro RAW264.7
cells/materials co-cultured model and in vivo rat air-pouch model were
performed to assess the immunomodulatory effect of Exo-coated TA-S-
PEEK, which demonstrated that released Exos contained inflammation
regulation related miRNAs which can negatively modulate the NF-xB
pathway to promote macrophages M2 polarization. Meanwhile, in vitro
RAW264.7 cells/BMSCs co-cultured model and in vivo femoral models
were used to evaluate the osteoimmunomodulation of Exo-coated
TA-SPEEK, which demonstrated that sustained release Exos from
TA-SPEEK can create a suitable immune microenvironment which was
beneficial for bone regeneration. In addition, the direct osteogenesis
property of Exo-coated SPEEK was also evaluated by exerting
BMSCs/materials co-cultured model.

2. Materials and methods

2.1. Rat bone marrow stem cells (BMSCs) and mouse mononuclear
macrophage leukemia cells (RAW264.7 cells) obtained

The BMSCs were obtained from bilateral humeri and femurs of
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female Sprague Dawley (SD) rat (n = 1; 2-weeks old) by rinsing the bone
marrow cavity as described in our previous studies [20]. Obtained cells
were cultured in Dulbecco’s modification of Eagle’s medium Dulbecco
(DMEM, GIBCO) medium containing 10% fetal bovine serum (FBS,
GIBCO) at 37 °C with 5% CO5. RAW264.7 cells were purchased from
ATCC cell bank and cultured in 1640 medium (GIBCO) at 37 °C with 5%
COy

2.2. Isolation and characterization of BMSC-derived Exos

Firstly, the Exo-free FBS was prepared by ultracentrifuging at
120000 g under 4 °C for 14 h in an ultracentrifuge (Optima-90 K,
Beckman Coulter) for further BMSCs culture. The BMSCs medium was
collected 48 h after cultured and subsequently underwent multistep
centrifugation at 2000 g for 20 min, followed by 10000 g for 30 min, and
finally, 100000 g for 90 min to separate Exos (Fig. S1a). Transmission
electron microscopy (TEM, HT7700, HITACHI), gNano® system (Izon
Science), and Western blot were performed to verify the morphology,
particle size, and the surface marker including CD9 (ProteinTech), CD63
(ProteinTech), and TSG101 (Abcam) of Exos, respectively.

2.3. BMSC-derived Exos labeling

Exos were marked with PKH26 red fluorescent dye (Sigma-Aldrich).
Exos from 10x 108 cells were resuspended in 100 pL phosphate buffered
saline (PBS, GIBCO) and incubated in PKH67 which diluted in 20 pL
Diluent C at the concentration of 1:50. After incubation at room tem-
perature for 5 min, an equal volume of Exo-free medium was dripped in
to terminate the labeling reaction. Finally, Exos were re-obtained by
centrifugation at 100000 g for 1 h to remove unbound dye solution.

2.4. Sample preparation

A PEEK disc of 2 cm in diameter was used for the in vitro experiments
and subcutaneous implantation (Fig. S2a). A PEEK disc of 1 cm in
diameter was used for the material science testing and subcutaneous
implantation (Fig. S2b). A PEEK stick of 1.8 mm in diameter and 0.8 cm
in length was used for the femur implantation (Fig. S2c). PEEK was
immersed into 95-98 wt% sulfuric acid solution (Aldrich Chemical
Corp) and stirred for 2 min to form a uniform porous structure. The
sulfonated-PEEK (SPEEK) then underwent hydrothermal treatment
(120 °C, 6 h) to remove residual sulfuric acid. The SPEEK were subse-
quently soaked in 40 mL solution following final concentrations (FeCls
6H,0: 0.1 mg/mL, TA: 0.4 mg/mL). Subsequently, the pH of this solu-
tion was raised to 8 by dripping 1 N NaOH solution and reacted with
samples under magnetic stirring conditions for 10 s to obtain TA-SPEEK.
Afterward, PBS was used to repeatedly rinse the obtained samples to
remove unpolymerized monomer. 127.39 pg/cm? BMSC-derived Exos
were finally dripped onto the TA-SPEEK and cocultured under 4 °C for
24 h to synthesize the Exo-TA-SPEEK sample.

2.5. Surface characterization

The surface morphology of each sample was scanned by field-
emission scanning electron microscopy (FE-SEM, ZEISS) and atomic
force microscopy (AFM, Bruker). The surface roughness measurement
was characterized by the surface Roughness Tester (TR200). Fourier
transform infrared (FTIR, Nicolet6700, Thermo Fisher) was employed to
perform the surface chemical composition analysis. Contact angle was
measured to evaluate the surface hydrophilicity of each sample by using
a contact angle meter (SL200B). The PKH26 (Sigma) labeled Exos were
confirmed to bind onto the surface of the TA-SPEEK by using a confocal
laser scanning microscopy (Leica).
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2.6. Exos release and phagocytosis

To investigate the optimal concentration of Exos loaded on the TA-
SPEEK, varying amounts of Exos (63.69 pg/ em?, 127.39 ug/ cm?,
191.08 pg/cm?) were dripped onto the TA-SPEEK. The amount of Exos
in the supernatant was detected immediately after Exo-TA-SPEEK
immersed into the medium. The total amount of Exos minus the Exos
in the supernatant is the amount of loaded Exos.Three repeat samples
were dropped into 2 mL serum-free medium and cultured for 0, 1, 3, 7,
and 14 days at 37 °C to investigate the Exos release property of Exo-
loaded SPEEK. At each timepoint, the medium was replaced and 100
pl supernatant was diverted into a 96-well plate to detect the concen-
tration of released Exos by using a bicinchoninic acid (BCA) reagent test
kit (Thermo Scientific). Exos release property was also evaluated in an
acidic environment (PH 6.5) to mimic the inflammation state in vivo. The
daily Exos release was expressed as concentration per effective surface
area. The cumulative Exos release was calculated by the total amount of
release Exos compared with the total amount of added Exos. After
RAW264.7 cells and BMSCs cultured on the Exos (PKH26-labeled)
loaded TA-SPEEK for 24 h, 4% paraformaldehyde was used to fixed the
cells which subsequently underwent cytoskeleton staining (phalloidin-
Alexa Fluor, Beyotime) to analyze the phagocytosis of released Exos.

2.7. Invitro studies

2.7.1. Invitro biocompatibility of samples

The live/dead analysis, Cell counting kit-8 (CCK-8, Dojindo), and
cytoskeletal staining were used to analyze the in vitro biocompatibility of
each sample. Calcein-AM/ethidium (CalceinAM/PI, Invitrogen) was
used to evaluate the viability of 5x10° BMSCs and 5x10° RAW264.7
cells one day after they were cultured on each sample in 12-well plate. 2
pM Calcein-AM and 4.5 pM PI was added to the culture medium to
incubate with BMSCs for 20 min at 37 °C in 5% CO,. The micrographs
were captured by a confocal reflection microscope (Leica). The prolif-
eration of BMSCs and RAW264.7 cells was evaluated by CCK-8 solution
after 5x10° cells were cultured on each sample in 12-well plate for 1
day, 3 days, and 7 days. CCK-8 solution was added to 12-well BMSCs/
sample co-culture plates at the concentration of 100 pl/ml. After incu-
bation for 2 h, 100 pL supernatant was transferred into 96-well plates
and the optical density (OD) values were evaluated by an enzyme-
labeling instrument (BioTech) at 450 nm wavelength. After 2.5x10°
BMSCs were cultured on each sample in an 12-well plate for 3 days and
1x10° RAW264.7 cells were cultured on each sample in an 12-well plate
for 3 days and 7 days, the cytoskeleton was stained with phalloidin-
Alexa Fluor. Then the micrographs were captured by a laser confocal
scanning microscope (Leica).

2.7.2. Osteoimmunomodulation effects on BMSCs

To evaluate the osteoimmune environment effect on the osteogenic
differentiation of BMSCs, an Exo-loaded SPEEK/RAW264.7 cells/BMSCs
co-cultivation model was established. As Fig. 4a showed, 1x10°
RAW264.7 cells were cultured on the samples and placed on the lower
plate, and 1x10* BMSCs were cultured in the transwell chamber. A
polycarbonate membrane with 1.0 pm pore size was used to isolate the
two cell types but cytokine exchange was allowed.

2.7.3. Alkaline phosphatase (ALP) staining and quantification

A 5-bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium
(BCIP/NBT) ALP color development kit (Beyotime) and ALP assay kit
(Beyotime) was used to stain and quantify the ALP activity of BMSCs,
respectively. After BMSCs were fixed in 4% paraformaldehyde for 30
min, pre-prepared BCIP/NBT dyeing was added and incubated with
samples for 1 h to stain ALP. BCIP/NBT dyeing was removed and rinsed
by distilled water to terminate the staining reaction. The images of ALP
staining were captured by a digital camera (Canon). For ALP quantifi-
cation, BMSCs were lysed by using 1% v/v Triton X-100 (Biofroxx) on
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ice for 30 min. The cell-lysis solution was centrifuged for 30 min at
12000 rpm under 4 °C and then the supernatant was collected. After-
ward, 50 pL supernatant was mixed with equal volume ALP assay
working solution and incubated for another 30 min. The ALP activity
was measured at 405 nm wavelength by using an enzyme-labeling in-
strument (BioTech).

2.7.4. Alizarin red S (ARS) staining and quantification

ARS staining was used to measure the property of mineralized nodule
formation. Briefly, BMSCs were fixed in 75% ethanol for 1 h. Afterward,
2% ARS solution (pH 4.2, Sigma-Aldrich) was dripped onto the samples
and incubated for 10 min. Unreacted ARS was rinsed thoroughly using
distilled water. The images of deposited calcium were captured by a
digital camera (Canon). Then the stained samples were soaked into 1 w/
v% hexadecylpyridinium chloride (Merck) for 1 h under shaking con-
dition. 100 pl suspension was transferred into 96-well plates and
quantified at 570 nm wavelength by an enzyme-labeling instrument
(BioTech).

2.7.5. TRAP staining

1 x 10° RAW264.7 cells were incubated in a TRAP staining kit
(BestBio) after culture for 1 and 7 days. Briefly, the cells were fixed in
TRAP fixative for 1 min and then stained in TRAP incubation solution for
50 min. After washing three times, samples were stained with hema-
toxylin staining solution for 5 min. Finally, the images of TRAP staining
were captured by a digital camera (Canon).

2.7.6. Gene expression

The total mRNA was harvested by total RNA kit (Omega) and
reversely transcribed into ¢cDNA by using a reverse transcription kit
(Takara). Real-time qPCR (RT-qPCR) was performed with LightCycler
480 SYBR Green I Master (Roche) and implemented by using the
LightCycler® 480II (Roche). This assay was repeated in triplicates and
quantitatively calculated by using the 2 ~22¢* method. The primers of
each gene are listed in Table S1.

2.7.7. Immunofluorescence analysis

Cells or tissues were fixed in 4% paraformaldehyde for 30 min, and
then permeabilized using 0.2% Triton X-100 (Biofroxx) for 1 h at room
temperature. After blocking in 3% bovine serum albumin (BSA, Bio-
froxx) for 1 h, corresponding primary antibodies (Table S2) propor-
tionally diluted in 3% BSA were added for incubation at 4 °C overnight.
Corresponding secondary antibodies were added to combine with the
primary antibody for 1 h. Finally, Nuclei were stained by Hoechst
(Sigma) for 5 min the micrographs were captured by using a confocal
reflection microscope (Leica).

2.7.8. Western blot assay

Cells or tissues were lysed in radio-immunoprecipitation assay
(RIPA) lysis buffer (CWBIO) with phosphatase and protease inhibitors
(Thermo Fisher) on ice for 30 min. The concentration of each protein
was measured by using a BCA protein assay kit. After protein denatur-
ation by heating at 100 °C for 10 min, 40 pg protein suspension was
loaded on SDS-PAGE gels for gel electrophoresis to separate proteins,
and subsequently transferred onto polyvinylidenefuloride (PVDF,
Thermo Fisher) membranes. The membranes were blocked in 5%
skimmed milk for 1 h and then incubated with the primary antibodies
overnight at 4 °C. After incubation using secondary antibodies (CST) for
1 h, an enhanced chemiluminescence (ECL) kit was used to visualize
immunoblots. ImageJ software was used to quantitatively analyze the
density of each protein band.

2.8. In vivo studies

2.8.1. Ethics statement
Animal experiments were approved by the Animal Care and
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Experiment Committee of South China Agricultural University. Animal
maintenance and all experimental procedures were done in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

2.8.2. Rat air-pouch model

Twelve eight-week-old female SD rats were assigned into four groups
(PEEK group, SPEEK group, TA-SPEEK group, and Exo-TA-SPEEK group,
n = 3). Briefly, 10 mL sterile air was subcutaneously injected into the
back of the rat to form a dorsal air-pouch. Three days and six days later,
5 mL sterile air was reinjected to maintain the air-pouches, respectively.
Rats were anesthetized by intraperitoneal injection of 6 mg/kg xylazine
and 70 mg/kg ketamine seven days later following the formation of a
stable air-pouch. After the skin above the air-pouch was shaved and
disinfected, a 1 cm incision was created at the edge of the air-pouch to
implant each sample. The incision was sutured and disinfected
subsequently.

2.8.3. Rat femoral model

Twelve eight-week-old female SD rats were assigned into four groups
(PEEK group, SPEEK group, TA-SPEEK group, and Exo-TA-SPEEK group,
n = 3). Xylazine (6 mg/kg) and ketamine (70 mg/kg) were intraperi-
toneally injected to anaesthetize each rat. The left leg was shaved and
sterilized thoroughly using povidone iodine. The femoral condyle was
exposed by cutting the medial patellar skin and muscles under a sterile
condition. Afterward, a 2 mm diameter hole was drilled along the lon-
gitudinal axis of the femur through the femoral condyle using a 15 G
needle. After each sample was inserted into the prepared holes, the
incision was sutured and disinfected again. The rats were then housed in
separate cages and allowed to freely obtain food and water. All rats were
euthanized at 8 weeks postoperatively.

2.8.4. Microcomputed tomography (Micro-CT) evaluation

The rats were sacrificed by carbon dioxide asphyxiation to obtain the
femur. In vivo new bone formation induced by implants was observed by
a Micro-CT device (LCT-200, Aloka) at 8 weeks. The 2D and new bone
reconstructed 3D models were analyzed by Latheta v3.61 software. The
grey threshold value used for newly formed bone analysis was Hu value
from 650 to 1800. The bone volume/total volume (BV/TV), bone min-
eral density (BMD), trabecular number (Tb.N), trabecular thickness (Tb.
Th), and trabecular separation (Tb.Sp) was quantitatively calculated
using Analyze 14.0 software.

2.8.5. Histological evaluation

7 days after samples implantation, animals were sacrificed by carbon
dioxide asphyxiation. The skin tissues surrounding the samples were
removed and fixed in 4% paraformaldehyde for 3 days. After the tissue
samples gradient dehydrated, they were embedded in paraffin and
sectioned by a Leica RM2245 electric slicer. Sections were stained by
Hematoxylin & Eosin (HE) stain and Masson Trichome stain for general
thickness analysis of the inflammation layer and collagen evaluation
respectively. Rat femurs were fixed in 4% paraformaldehyde for 3 days
and subsequently dehydrated in graded ethanol to change the tissue
from the aqueous stage to the organic stage. After embedding samples in
methylmethacrylate (Tokyo Chemical Industry), they were cut into
sections with a thickness of 200 pm using a slicer (EXAKT CP300), and
then grinded into sections 15-20 pm thick using a grinding machine
(EXAKT CS400). Afterward, the sectioned samples were stained with
methylene blue/acid fuchsin (Merck) stain and observed using an op-
tical microscope (OLYMPUS CX43). The length of the bone in contact
with the implant was determined according to the histological image.

2.8.6. Statistical analysis

At least three samples were used in each group, and the results were
shown as mean + standard deviations (SD). Statistical product and
service solutions software (SPSS, version 22.0) was used for the
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statistical analyses. One-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test was used to measure the statis-
tically significant difference (p) among groups, and a p-value < 0.05 was
recognized as a difference.

3. Results and discussion
3.1. Production and characterization of Exos

The process of Exos production was showed in Fig. S1a. TEM images
revealed that the obtained spherical particles exhibited a cup-shaped
morphology (Fig. S1b). The size of spherical nanoparticles was around
97.6 + 50.2 nm as showed by the gNano® system, which was consistent
with the size of TEM analysis (Fig. S1c). Western blot analysis displayed
a significant increase in surface markers, including CD9, CD63, and
TSG101 proteins on the obtained nanoparticles when compared to
BMSCs (Fig. Slcd). Together, these results confirmed that the BMSC-
derived Exos were successfully obtained.

3.2. Characterizations of materials

Samples preparation is showed in Fig. 1a. The surface morphology of
samples was detected by FE-SEM and AFM images (Fig. 1b and c). After
PEEK was treated by sulfuric acid, a 3D network porous morphology
structure replaced the originally smooth structure (Fig. 1b). Sulfonation
is an effective and common way to fabricate a porous structure on PEEK.
As previous reported that Gel permeation chromatography analysis
revealed no significant differences in apparent molecular weights be-
tween the samples with or without sulfonation [21,22]. The molecular
weights of PEEK before and after sulfuric acid treatment was around
100000 g/mol [22].The pore size was similar to previous studies that
reported pores between 0.5 and 2.0 pm in diameter which was favorable
for delivery of biological factors [22-24]. Meanwhile, the surface
roughness of SPEEK was significantly increased from (Ra = 0.05 + 0.02
pm) to (Ra = 1.50 + 0.15 pm) (Fig. S3a). SPEEK was then dipped into
Fe3* and TA solutions to form the TA layer through hydrogen bonding.
The pH of the solution was also kept at 8 to maximize the interactions
[25]. TA molecule with high content of trihydroxyphenyl and dihy-
droxyphenyl anchor groups has attracted widespread attention in sur-
face engineering [26]. Fe®* can interact with up to three 3,
4-dihydroxy-L-phenylalanine (DOPA) catechol functionalities to pro-
mote TA crosslinking [27]. As numerous TA nanoparticles dopped into
SPEEK, a Fe>*-TA particulate film formed into the porous structure of
SPEEK (Fig. 1b). The surface roughness was increased (Ra = 1.86 + 0.20
nm) but showed no obvious difference when compared to SPEEK
(Fig. S3a). Furthermore, an Exos containing solution was dripped onto
the TA-SPEEK. As FE-SEM, AFM and immunofluorescence images show,
densely and uniform Exos were deposited onto the TA-SPEEK surface
(Fig. 1b, ¢, d). Interestingly, the varying amounts (63.69 pg/cm?
127.39 pg/cm?, 191.08 pg/em?) of loaded Exos all exhibited continuous
and slow release from the TA-SPEEK for up to 14 days (Fig. S3b).
However, the amount of released Exos was significantly higher in
127.39 pg/cm? and 191.08 pg/cm? groups when compared to 63.69
pg/cm? group in each timepoint. 68.37 + 3.89 ug/cm? Exos was released
immediately after Exo-TA-SPEEK immersed into the medium in the
191.08 pg/cm? group. The daily Exos release curve of the 191.08
pg/cm? group almost coincided with the 127.39 pg/cm? group from day
1 and onwards, indicating that adding an increased amount of Exos does
not increase its effective load concentration. The number of hydrogen
bonds in tannic acid limited the graft of Exos (Fig. S3b). Meanwhile, the
Exos released from the SPEEK exhibited a significant aggregation in the
first three days when compared to those released from the TA-SPEEK
(Fig. 1e and f). As Fig. S3c also showed that the amount of Exos
loaded on the samples exhibited continuous decrease over time. IF
image showed that almost no Exos remained on the sample surfacel4
days after initial release. In addition, Exos also showed continuous and
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Fig. 1. Characteristics of different samples. (a) Illustration of surface modification of PEEK. Fe?*
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acts as an ionic cross-linker that can interact with up to three 3,4-

dihydroxy-1-phenylalanine (DOPA) catechol functionalities to promote TA crosslinking. BMSC-derived Exos were reversibly bound to TA-SPEEK via hydrogen bond
formation between phosphate groups in Exos phospholipid and polyphenol groups in the TA molecule. (b) FE-SEM images of PEEK, SPEEK, TA-SPEEK and Exo-TA-
SPEEK. Scale bar represents 500 nm. (c) AFM images of PEEK, SPEEK, TA-SPEEK and Exo-TA-SPEEK. (d) 3D immunofluorescence images show an even distribution of
Exos on the TA-SPEEK surface. Scale bar represents 200 pm. (e) The daily Exos released from SPEEK and TA-SPEEK within 14 days (n = 3). (f) Cumulative Exos
release curve of SPEEK and TA-SPEEK up to 14 days (n = 3). (g) Immunofluorescence images show PKH26 labeled Exos were phagocytized by the BMSCs. Scale bar
represents 200 pm. (h) Water contact angles of each sample (n = 3). ANOVA followed by Bonferroni’s multiple comparison test was used for statistical analysis (*p <

0.05, **p < 0.01, ***p < 0.001).

slow release properties in an acidic environment (PH 6.5, Fig. S3d). The
cumulative Exos release curve showed that nearly 90% of the Exos were
release from both SPEEK and TA-SPEEK in vitro (Fig. 1f). The difference
is that the time to reach the release equilibrium, in SPEEK was 3 days
while it was 14 days in TA-SPEEK (Fig. 1f). These results demonstrate
that TA is a suitable choice for achieving stable and sustainable Exos
release, mainly due to the fact that Exos can reversibly bind to TA-SPEEK
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via hydrogen bond formation between phosphate groups in Exos mem-
brane and polyphenol groups in the TA molecule [28,29]. Also, this
natural cell membrane of Exos could lead to a series of BMSC-relevant
functions such as immune escape and prolonged circulation [30-32].
The sustained release of Exos loaded on TA-SPEEK ensured biomaterials
have a more effective therapeutic effect. To investigate whether the
process of implant placement could lead to disruption of loaded
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exosomes, we took out the implants immediately after placement and
observed the cumulative Exos release curve. As shown in Fig. S3e, more
than 80% of the Exos were released from Exo-TA-SPEEK, suggesting that
the process of implant placement did not obviously damage the loaded
exosomes (Fig. S3e). In addition, the Exos released from TA-SPEEK can
be normally phagocytized by the BMSCs (Fig. 1g). The hydrophilic
property of each sample was estimated by the water contact angle
(Fig. 1h). The contact angle of SPEEK was significantly reduced to 41.63
+ 2.66° when compared to PEEK (62.53 + 5.00°), indicating that a
rough surface morphology becomes more hydrophilic [33]. After hy-
drophilic TA molecular dropped onto SPEKK, the contact angle was
further reduced from 41.63 + 2.66° to 26.27 + 2.14°. No significant
difference was detected between the TA-SPEEK (26.27 + 2.14°) and
Exo-coated TA-SPEEK (26.87 + 5.75°), which indicated that additional
Exos did not significantly change the contact angle. Fig. S3f shows FTIR
spectra of PEEK, SPEEK, TA-SPEEK and Exo-TA-SPEEK membranes. In
comparison with PEEK and SPEEK substrate, the TA-SPEEK has
stretching vibration peaks of hydroxyl groups (single bond-OH) and
carbonyl groups (C=0) at ~3374 em~!and ~1705 cm ™, respectively,
which indicated that TA was successfully grafted onto the surface of
SPEEK. Moreover, the Exo-TA-SPEEK showed stretching vibration peaks
of hydroxyl groups at ~3284 cm ™, but stretching vibration peaks of the
carboxyl group was not observed. Concealing the characteristic peaks of
the carbonyl group of TA and more prominently reflecting on the
characteristic of the hydroxyl group peaks suggested a successfully

a C @ cowol mpeex @ e
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loading of Exos onto the surface of TA-SPEEK.

3.3. In vitro biocompatibility of Exo-coated TA-SPEEK

This study aimed to investigate the effect of samples on RAW264.7
cells, we hence seeded RAW264.7 cells on each sample and analyzed the
in vitro biocompatibility. Meanwhile, since BMSCs proliferation and
adhesion are also fundamental to in vivo tissue reconstruction [19].
Herein, BMSCs were also seeded on each sample to analyze the in vitro
biocompatibility of samples. The proportion of living and dead cells was
evaluated by staining BMSCs and RAW264.7 with CalceinAM/PI 24 h
after culture. Few dead cells were detected on the surface of each sam-
ple, which indicated there were no cytotoxic effects caused by the sur-
face of any sample (Fig. 2a-b, and Figs. S4a-b). The proliferation of
BMSCs and RAW264.7 cells on samples was evaluated by CCK-8. The
results revealed that cell viability of BMSCs or RAW264.7 cells on the
Exo-coated TA-SPEEK was significantly higher compared to the other
four groups starting from the third day following culture (Fig. 2c and
Fig. S4c), which indicated that BMSC-derived Exos on the sample can
interact with BMSCs and RAW264.7 cells to rapidly promote cells pro-
liferation [34]. BMSC-derived Exos have been demonstrated to induce
rapid phosphorylation of extracellular regulated protein kinase (ERK)
and protein kinase B (AKT) pathway which plays an essential role in
promoting cell proliferation and migration [35]. The actin-tracker green
and Hoechst were used to stain cytoskeleton and cell nuclei of BMSCs 3

Fig. 2. Biocompatibility of each sample. (a) Live/
dead assay of BMSCs cultured on each sample surface
for 1 day. The red staining indicated dead cells and
green staining indicated live cells. Scale bar repre-
sents 100 pm. (b) Quantitative analysis of live/dead
assay (n = 3). (c) CCK8 assay was used to evaluate the
proliferation of BMSCs cultured on the surface of each
sample for 1, 3 and 7 days (n = 5). (d) Immunoflu-
orescence images showed the adhesion of BMSCs
cultured on each sample after 3 days following cul-
ture. The green staining indicated cytoskeleton and

*%

*kk

!

O Exo-TA-SPEEK TA-SPEEK

1200
800
400

CalceinAM/PI

the blue staining indicated nuclei. Scale bar repre-
sents 200 pm. (e) Quantitative analysis of cell spread
area (n = 9). ANOVA followed by Bonferroni’s mul-
tiple comparison test was used for statistical analysis
(*p < 0.05, **p < 0.01, ***p < 0.001).
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days after being cultured on different samples. As shown in Fig. 2d and e,
BMSCs stretched better and even interconnected with each other on
Exo-coated TA-SPEEK when compared to that on the PEEK, SPEEK, and
TA-SPEEK, which indicated a better cell adhesion-enhancing property of
Exo-coated TA-SPEEK. In addition, BMSCs cultured on TA-SPEEK
showed a more spread morphology when compared to SPEEK and
PEEK, indicating that the porous surface and hydrophilic properties of
TA-SPEEK were beneficial for cell adhesion [2].

3.4. Acute inflammatory response of RAW264.7 cells

As shown in Fig. 3a, the pro-inflammatory cytokines such as TNF-a
and iNOS are considered as the M1 phenotype markers, while the anti-
inflammatory cytokines such as Arg-1 and IL-10 are referred to as the M2
phenotype markers [33]. BMSC-derived Exos released from TA-SPEEK
can be phagocytized by RAW264.7 cells to exert immunomodulatory
function (Fig. 3b). RAW264.7 cells were incubated with lipopolysac-
charide (LPS) to induced inflammatory conditions before each experi-
ment. The gene expression, immunofluorescence staining and Western
blot analysis were used to assess the inflammation regulation function of
each sample after RAW264.7 cells were cultured on samples for 3 days.
As RT-qPCR and immunofluorescence result show, the Arg-1 and IL-10
gene and the percentage of Arg-1-positive cells were lower while the
iNOS and TNF-a gene and the percentage of iNOS-positive cells were
higher in PEEK group when compared to the control and SPEEK group
(Fig. 3c-g), which indicated that PEEK, as an exogenous implant, can
activate the majority of macrophages polarization from MO to M1
phenotype to induce detrimental host immune response. However, the
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difference between PEEK and SPEEK groups showed no significance. As
previously reported, the interactions between material surfaces and cells
were important for cellular functions and behaviors [36]. However, the
most effective surface modification method was the nanostructure for-
mation which has been used to modulate wettability, surface asperity,
and matrix elastic modulus of bone biomaterials to give it osteoimmu-
nomodulatory properties [5,8]. Hence, the immunomodulatory function
of the additional porous structure of SPEEK was not obvious which is
consistent with previous researches [2,37]. With the addition of TA,
TA-SPEEK promoted the gene expression of M2 surface markers (Arg-1
and IL-10), but suppressed the gene expression of M1 surface markers
(TNF-o and iNOS) when compared to that of the SPEEK group, which
would suggest that TA-SPEEK has an anti-inflammatory effect (Fig. 3c).
TA molecular with good antioxidant and anti-inflammatory capacities
can moderate immunity [38]. The RAW264.7 cells culture on the
Exo-coated TA-SPEEK significantly inhibited the TNF-a gene and iNOS
gene, simultaneously promoted Arg-1 gene and IL-10 gene expression
from LPS-activated RAW264.7 cells when compared to the other four
groups (Fig. 3¢). Similarly, cells on the Exo-coated SPEEK group featured
a higher percentage of Arg-1-positive cells and a lower percentage of
iNOS-positive cells than other groups (Fig. 3d-g). Western blot analysis
further verified that Exo-coated SPEEK inhibited the iNOS expression
while promoting Arg —1 expression when compared to the other four
groups (Fig. 3h and i). All these results suggested that Exo-loaded
TA-SPEEK can promote macrophages M2 polarization. Exos are nano-
particles ranging from 30 to 100 nm in diameter which are widely
recognized as intercellular messengers, especially in immunomodula-
tion [12]. Plenty of signal molecules including proteins, mRNA, and
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Fig. 3. Invitro RAW264.7 cells polarization. (a) An illustration of Exos loaded TA-SPEEK modulating macrophage polarization. (b) Immunofluorescence images show
PKH26 labeled Exos phagocytized by RAW264.7 cells. Scale bar represents 50 pm (c) Effects of each sample on the expression of anti- and pro-inflammatory genes
were evaluated by RT-qPCR (n = 3). (d) IBa-1 and Arg-1 immunofluorescent staining of RAW264.7 cells on each sample surface are shown three days following
culture. IBa-1 was stained green, Arg-1 was stained red and nuclei was stained blue. Scale bar represents 50 pm. (e) Quantitative analysis of immunofluorescent
staining (n = 3). (f) IBa-1 and iNOS immunofluorescent staining of RAW264.7 cells on each sample surface three days after culture. IBa-1 was stained green, iNOS
was stained red and nuclei was stained blue. Scale bar represents 50 pm. (g) Quantitative analysis of immunofluorescent staining (n = 3). (h) Western blot analysis of
Arg-1 and iNOS protein expression. (i) Quantitative analysis of Western blot (n = 3). (j) Western blot analysis of protein expression (IKBa, p- IKBa, P65, p-P65) of the
NF-xB pathway. (k) Quantitative analysis of Western blot (n = 3). ANOVA followed by Bonferroni’s multiple comparison test was used for statistical analysis (*p <

0.05, **p < 0.01, ***p < 0.001).
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non-coding RNAs are present in Exos, particularly non-coding RNAs
which are key mediators of cell-to-cell communication and possess po-
tential therapeutic effects [39]. MicroRNAs (miRNAs) as small
non-coding RNAs can coordinate several important molecular pathways
orchestrating proliferation, apoptosis and inflammation [40]. The NF-xB
pathway is a key regulator of the inflammatory response, especially, the
receptor activator of NF-kB ligand that plays a major role in immune
diseases affecting bone regeneration and is considered a critical factor
that links the skeletal system to the immune system [41]. Exos has been
demonstrated to negatively modulate the NF-xB pathway via miRNAs,
such as miR199a, miR146, miR99a, miR181b, miR155 and miR411
leading to the inhibition of pro-inflammatory cytokines release [42].
The RT-qPCR result showed that the miRNAs, including miR199a,
miR99a, miR146a, miR181a, and miR411, were expressed in the
BMSC-derived Exos (Fig. S5a). After RAW264.7 cells ingested the Exos,
the relative miRNAs were all increased in RAW264.7 cells, especially
miR199a which increased by more than 2-fold (Fig. S5b). To further
reveal the potential mechanisms of the osteoimmunomodulatory prop-
erties of Exo-loaded TA-SPEEK, the activation of the NF-kB pathway was
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investigated. The expression of phosphorylated IkB (p-IkB) was signifi-
cantly down-regulated in the Exo-TA-SPEEK group compared to the
other four groups (Fig. 3j and k). The p-IkB is the activator of the nuclear
factor NF-kB, which plays a vital role in modulating the expression of
pro-inflammatory genes [5]. As shown in Fig. 3j and k, protein phos-
phorylation degree of the downstream factors NF-kB p65 was also
significantly down-regulated in the Exo-TA-SPEEK group. To further
prove that Exos loaded SPEEK promoted macrophage M2 polarization
via the NFkB pathway, we cultured RAW264.7 cells on Exo-coated
TA-SPEEK and added the NF-kB pathway activator, LPS. As shown in
Fig. S6, p-IKBa, p-P65 were significantly up-regulated, while IKBa was
down-regulated in the LPS group when compared to the Exos loaded
TA-SPEEK group. Together, these data indicate that Exo-coated TA-S-
PEEK may modulate macrophage polarization through downregulating
the NF-kB pathway via miRNAs in Exos.

3.5. Promoting rat BMSCs differentiation by M2-polarized macrophages

To confirm that RAW264.7 cells did not differentiate into osteoclasts,
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Fig. 4. Macrophage polarization effect on BMSCs osteogenesis. (a) A representative illustration of the co-culture system used. (b) ALP staining of BMSCs cultured for
7 days in a co-culture system. Scale bar represents 200 pm. (c) Quantitative analysis of ALP staining (n = 5). (d) ARS staining of BMSCs cultured for 7 days in the co-
cultured system. Scale bar represents 200 pm. (e) Quantitative analysis of ARS staining (n = 5). (f) The expression of osteogenesis-related genes, such as Col I, RunX2,
OCN, and OPN, was estimated by RT-qPCR after BMSCs co-culture for 7 days (n = 3). (g) RunX2 and OPN immunofluorescent staining of BMSCs was showed 7 days
after being cultured in the co-culture system. RunX2 and OPN were stained red and the nuclei was stained blue. Scale bar represents 50 pm. (h) Quantitative analysis
of immunofluorescent staining (n = 3). (i) The expression of RunX2 and OPN protein was evaluated by Western blot at 7 days. (j) Quantitative analysis of Western
blot (n = 3). ANOVA followed by Bonferroni’s multiple comparison test was used for statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001).
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we used cytoskeleton staining and TRAP staining on day 1 and day 7 to
evaluate the differentiation degree of the macrophages. As shown in
Fig. S7, each group contained only a few cells with three or more nuclei
or were stained dark red on day 7, suggesting that RAW264 did not
differentiate into osteoclasts after 7 days of culture. To evaluate the
osteoimmunomodulation effect on osteogenesis, the crosstalk between
BMSCs and RAW264.7 cells was evaluated by a samples/RAW264.7
cells/BMSCs co-cultured system (Fig. 4a). The samples/BMSCs co-
culture model was set as controls. After 7 days of co-culture, ALP
staining and ARS were performed to assess osteogenic differentiation of
the BMSCs. As previously reported, macrophages were recognized to
balance the osteogenesis and osteoclastogenesis processes by regulating
the molecules release [9]. Plenty of anti-inflammatory cytokines pro-
duced by M2 macrophages were known to induce osteogenesis [43].
Anti-inflammatory factors including IL-10, and TGFp were found to
prevent excessive inflammation and result in new bone tissue formation
[44]. Exos promoted anti-inflammatory factors release, including Arg-1
and IL-10, which may induce BMSCs osteogenic differentiation. As
shown in Fig. 4a, the highest ALP expression was detected in the
Exo-coated TA-SPEEK group, followed by the TA-SPEEK, SPEEK, control
and PEEK group (Fig. 4b and c). Similar to the trend of ALP staining, ARS

TA-SPEEK Exo-TA-SPEEK d
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staining revealed that Exo-TA-SPEEK macrophage-conditioned medium
significantly increased the mineralized nodules formation of BMSCs
when compared to the other four groups (Fig. 4d and e). Meanwhile,
BMSCs co-cultured with RAW264.7 cells on the Exo-coated SPEEK
resulted in higher gene expression, including collagen I (Col I), Runx2,
Osteopontin (OPN) and osteocalcin (OCN, Fig. 4f), and higher protein
expression, including Runx2, OPN when compared to other four groups
(Fig. 4g—j). These results showed that a more favorable environment for
osteogenesis was constructed when immune cells were cultured on
Exo-coated TA-SPEEK. On the contrary, ALP, ARS, and osteogenesis
related gene and protein expression in PEEK groups were even lower
than in the control group (Fig. 4b—j). It seemed that excessive inflam-
mation inhibited osteogenic differentiation. Pro-inflammatory cytokines
secreted by M1 macrophages may hinder the osteogenic gene expression
of osteoblast-related cells [45]. TNF-a has been demonstrated to have an
inhibitory effect on the expression of osteogenesis-related protein and
mineralization of osteoblastic cells [3]. Due to highest M1 macrophage
polarization and highest induction of pro-inflammatory cytokines, the
osteogenic effect was lowest in the PEEK group. Here, we uncover Exos
as a novel biocompatible coating that can provide a promising
osteoimmunomodulatory environment to improve the bio-surface
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Fig. 5. Samples promoted osteogenic differentiation (a) ALP and ARS staining of BMSCs cultured for 7 days on the surface of the samples. (b) Quantitative analysis of
ALP and ARS staining (n = 5). (c) Osteogenesis-related gene expression of BMSCs cultured on the surface of the samples at day 7 (Col I, RunX2, OCN, and OPN, n =
3). (d) RunX2 and OPN immunofluorescent staining of BMSCs was showed after 7 days cultured on the surface of the samples. RunX2 and OPN were stained red and
the nuclei was stained blue. Scale bar represents 50 pm. (e) Quantitative analysis of immunofluorescent staining (n = 3). (f) The expression of RunX2 and OPN
protein was evaluated by Western blot at 7 days. (g) Quantitative analysis of Western blot (n = 3). ANOVA followed by Bonferroni’s multiple comparison test was

used for statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001).
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activities of PEEK resulting in enhanced osteogenic performance.
3.6. The direct osteogenic differentiation of BMSCs on different samples

The direct effect of the rough surface and Exos on the osteogenic
differentiation of BMSCs were also evaluated. The surface roughness and
hydrophilicity can enhance cell spreading, protein adsorption, and for-
mation of bone-like matrix [18]. After 7 days of co-culture, ALP staining
and ARS were performed to assess osteogenic differentiation of the
BMSCs. ALP and ARS data showed that TA-SPEEK and SPEEK, which
have a rougher surface, were more effective in stimulating the expres-
sion of ALP and mineralized nodules formation when compared to PEEK
(Fig. 5a and b). Osteogenesis-related genes, such as Col I, RunX2, OPN,
and OCN, and Osteogenesis-related proteins such as RunX2 and OPN
were both higher in TA-SPEEK and SPEEK groups when compared to the
PEEK group (Fig. 5c-g). It has been widely accepted that the rough
surface of the materials is more beneficial for bone formation [24,46]. In
addition, Exo-coated SPEEK exhibited the highest ALP expression and
the most mineralized nodules formation (Fig. 5a and b). Similarly,
additional Exos coated on the TA-SPEEK significantly promoted
osteogenesis-related genes and proteins expressions when compared to
the other four groups (Fig. 5c-g). Exos from the pre-differentiated
BMSCs as a cell-free therapy have been demonstrated to promote the
ALP activity and mineralization accumulation resulting in osteogenic
differentiation of the BMSCs [14,16,47]. Exos containing various types

HE staining Masson’s trichrome staining C
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of non-coding RNA, especially miRNAs can modulate osteogenic dif-
ferentiation of the BMSCs [48]. miRNAs, such as miR218, miR146a-5p,
miR129-5p, miR483-3p, miR503-5p, can induce the osteogenic differ-
entiation of BMSCs by activating the mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3 kinase (PI3K)/Akt signaling
pathway [16,47]. Herein, we found that surface chemistry together with
Exos can exert a direct synergetic modulatory effect on bone formation.
In conclusion, Exos simultaneously exerted direct bone formation
property and osteoimmunomodulation effect which synergistically
promote osteogenesis.

3.7. Results of in vivo rat air-pouch model

The in vivo immune response of each sample was measured using a
rat air-pouch model [49]. Histological examinations, including HE,
Masson’s trichrome, and immunofluorescence, were performed to stain
air-pouch tissue sections 7 days after sample implantation. HE staining
and Masson’s trichrome showed a thick continuous fibrous layer sur-
rounding both PEEK (2120.56 + 324.72 pm) and SPEEK (1900.50 +
196.64 pm) implants, while the TA-SPEEK group showed a thinner
fibrous layer (1263.01 + 180.76 pm) which suggests lower in vivo
inflammation (Fig. 6a and b). Exo-coated TA-SPEEK implants showed
the thinnest fibrous layer (625.90 + 132.86 pm), indicating the
anti-inflammation properties of Exo-TA-SPEEK. Further, iNOS (M1
macrophages) and Arg-1 (M2 macrophages) immunofluorescence
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Fig. 6. Results of rat air-pouch model. (a) HE staining and Masson’s trichrome staining of rat air-pouch skin. Scale bar represents 1 mm. (b) Quantitative analysis of
the thickness of the fibrous layer (n = 3). (c) Immunofluorescent staining of Arg-1 and iNOS in air-pouch skin. Arg-1 and iNOS were stained red and the nuclei was
stained blue. Scale bar represents 200 pm. (d) Quantitative analysis of immunofluorescent staining (n = 3). (e) The expression of Arg-1 and iNOS protein was
evaluated by Western blot at 7 days. (f) Quantitative analysis of Western blot (n = 3). ANOVA followed by Bonferroni’s multiple comparison test was used for

statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001).
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staining of fibrous layers revealed that more M1 macrophages and fewer
M2 macrophages were present in PEEK and SPEEK groups when
compared to the TA-SPEEK group (Fig. 6¢ and d). Addition of Exos in
Exo-TA-SPEEK further increased the M2 macrophage proportion and
inhibited M1 macrophage proportion when compared to TA-SPEEK
group. Western blot results revealed that the trend of Arg-1 protein
was Exo-TA-SPEEK > TA-SPEEK > SPEEK ~ PEEK, while the trend of
iNOS protein was the opposite: PEEK ~ SPEEK > TA-SPEEK > Exo--
TA-SPEEK (Fig. 6e and f). Therefore, the in vivo rat air-pouch model data
were in accordance with the in vitro results demonstrating that
Exo-coated TA-SPEEK can induce macrophage M2 polarization and
produce an anti-inflammatory environment.
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3.8. Results of in vivo new bone formation

The surgical procedure of sample implantation was shown in Fig. 7a.
Eight weeks after the operation, the extracted femurs bone specimens
were photographed by a photomicrograph system (Anyty) and evalu-
ated by using a Micro-CT, which can provide both 2D and reconstructed
3D images and quantitative analyses data of newly regeneration bone.
Micrographs showed that the obvious bone tissue healing was observed
in the Exo-TA-SPEEK group (Fig. 7b). As the 2D images of the vertical
sections of the samples show, the volume of new bone around the Exo-
loaded TA-SPEEK was significantly higher than that around the other
three implants as red arrows indicate (Fig. 7c). 3D reconstructed images
showed a similar osteogenesis trend (Fig. 7d). Large amount of new bone

PEEK

SPEEK

A5

TA-SPEEK Exo-TA-SPEEK

O PEEK
= SPEEK
= TA-SPEEK

*xk _ _ = —
— £ 300 — E120 =3 Exo-TA-SPEEK

Fig. 7. In vivo new bone regeneration property of different implants. (a) An illustration of the rat femur surgical procedure. (b) General photos of the implantation
site on the rat femur. Scale bar represents 2 mm. (c) Micro-CT images showing bone regeneration around the implants. The red arrows mark the new regeneration
bone. (d) Reconstructed 3D images of samples and new bone. Yellow color indicates samples and red color indicates new regeneration bone. (e) Quantitative analysis
of new bone 8 weeks after implantation (n = 3). (f) Histological images of methylene blue/acid fuchsin staining show the new regeneration bone around each sample
8 weeks post-operatively. Black arrow indicates collagen fiber formation. Red arrow indicates new bone formation. Scale bar represents 200 pm. ANOVA followed by
Bonferroni’s multiple comparison test was used for statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001).
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was observed around Exo-TA-PEEK, while little bone was present
around TA-SPEEK and SPEEK, and nearly no bone was found around
PEEK. The quantitative analyses of new bone, including BV/TV, BMD,
Tb.N, Tb.Th, and Tb.Sp are shown in Fig. 7e. The BV/TV, BMD, Tb.N,
and Tb.Th were all highest in the Exo-TA-SPEEK group, followed by the
TA-SPEEK and SPEEK groups and lowest in the PEEK group. Addition-
ally, Exos coated TA-SPEEK implant showed the lowest Tb.Sp. Hence,
Exo-loaded TA-SPEEK exerted the most positive effect on bone regen-
eration. Additionally, integration between implants and bone tissue was
examined by methylene blue/acid fuchsin staining (Fig. 7f). The im-
mune response plays a critical role in modulating the activities of tissue-
resident cells, thereby regulating tissue regeneration [50]. Inappropriate
immune reaction will lead to a chronic inflammation resulting in the
fibrous encapsulation formation around the implant which ultimately
caused osseointegration failure [3]. As the larger magnification image
(Fig. S8a) shows, due to the excessive inflammation caused by untreated
PEEK and SPEEK, histological staining revealed an obvious fibrous
capsule indicated by the black arrow, which formed between the native
bone and implants resulting in osseointegration failure. In contrast, no
obvious fibrous formation was detected around Exo-TA-SPEEK implants.
Moreover, Exo-loaded TA-SPEEK implants were tightly in contact with
the newly regenerated bone, as indicated by the red arrow. For the
TA-SPEEK group, although a lot of new regeneration bone bonded to the
implants (red arrow), a few fibrous tissues were seen between the im-
plants and newly formed bone (black arrow). A further quantitative
analysis of the percentage of bone implant contact area also revealed
that the bone implant contact of Exo-TA-SPEEK was significantly larger
(64.28 + 9.26%) than that of TA-SPEEK (37.55 + 4.99%), SPEEK (11.95
+ 2.63%) and PEEK (13.36 + 4.01%, p < 0.001, Fig. S8b). These find-
ings are consistent with our in vitro results and further confirms that
addition of Exos onto TA-SPEEK can significantly enhance osseointe-
gration between the implant and the new bone in vivo mainly due to its
osteoimmunomodulation properties.

4. Conclusion

In summary, BMSC-derived Exos were densely and uniformly
deposited onto the TA-SPEEK surface and exhibited continuous and slow
release from the TA-SPEEK for up to 14 days. Due to phagocytosis of
Exos, BMSCs cultured on the Exo-TA-SPEEK showed better proliferation
and adhesion abilities. Both in vitro and in vivo results revealed that Exo-
loaded TA-SPEEK can modulate macrophages M2 polarization (an anti-
inflammatory phenotype) via the NF-kB pathway. Furthermore, Exo-TA-
SPEEK provides a more favorable bone immune microenvironment that
is beneficial for further BMSCs osteogenic differentiation. In addition,
our results showed that Exo-coated TA-SPEEK can promote the direct
osteogenic differentiation of BMSCs. More importantly, our rat femoral
drilling model demonstrates that Exo-TA-SPEEK implantation has
immunomodulatory and direct osteogenic properties that can ultimately
promote osseointegration and new bone formation in vivo. Altogether,
we showed that Exos is an effective and potent additive to produce
advanced immunomodulatory and bone regeneration materials.
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