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ARTICLE INFO ABSTRACT

Keywords: Nanotopographical cues endow biomaterials the ability to guide cell adhesion, proliferation, and differentiation.
Nanotopographic Cellular mechanical memory can maintain the cell status by retaining cellular information obtained from past
PEEK mechanical microenvironments. Here, we propose a new concept “morphology memory of small extracellular
hMSCs . » . s .

. vesicles (sEV)” for bone regeneration. We performed nanotopography on titanium plates through alkali and heat
Small extracellular vesicles . . A
Osteogenesis (Ti8) treatment to promote human mesenchymal stem cell (hMSC) differentiation. Next, we extracted the sEVs

from the hMSC, which were cultured on the nanotopographical Ti plates for 21 days (Ti8-21-sEV). We
demonstrated that Ti8-21-sEV had superior pro-osteogenesis ability in vitro and in vivo. RNA sequencing further
confirmed that Ti8-21-sEV promote bone regeneration through osteogenic-related pathways, including the PI3K-
AKT signaling pathway, MAPK signaling pathway, focal adhesion, and extracellular matrix-receptor interaction.
Finally, we decorated the Ti8-21-sEV on a 3D printed porous polyetheretherketone scaffold. The femoral condyle
defect model of rabbits was used to demonstrate that Ti8-21-sEV had the best bone ingrowth. In summary, our
study demonstrated that the Ti8-21-sEV have memory function by copying the pro-osteogenesis information
from the nanotopography. We expect that our study will encourage the discovery of other sEV with morphology
memory for tissue regeneration.

1. Introduction to promote bone regeneration has attracted considerable attention due

to its customizable structures and desirable properties [8,9]. Poly-

Large-sized bone defects can severely reduce the quality of life of
individuals [1-3]. The preferred treatment is autogenous bone, which is
regarded as the gold standard by clinicians [4,5]. However, the limited
availability of the autografts and the morbidity of the donor site of pa-
tients restricts their wide usage [6]. Synthetic bone substitutes combined
with bioactive factors or human bone marrow mesenchymal stem cells
(hMSC) can enhance the repair efficacy. However, the use of hMSC has
several limitations, including immune rejection, undirected cell differ-
entiation, and low survival rate [2,7].

In recent years, the use of three-dimensional (3D) printing scaffolds
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etheretherketone (PEEK) has appropriate mechanical properties with
much lower elastic modulus than titanium (Ti) (3-4 GPa versus
102-110 GPa), which can avoid the stress-shielding effect [10,11].
Moreover, PEEK is radiolucent and produces no artifacts when
compared with metallic implants [12]. Owing to the above advantages,
PEEK is currently considered an alternative material for Ti and its alloys
[13], and PEEK related materials are being increasingly applied in
clinical practice for various purposes such as hip joint prostheses [14],
intervertebral fusion device [15], and dental implants [16]. However,
PEEK materials are highly hydrophobic, which reduces cell adhesion

E-mail addresses: songyumail@hust.edu.cn (Y. Song), wbsheng@vip.sina.com (W. Sheng), caoyangunion@hust.edu.cn (C. Yang).

1 These authors contributed equally.

https://doi.org/10.1016/j.bioactmat.2022.01.008

Received 6 September 2021; Received in revised form 2 December 2021; Accepted 4 January 2022

Available online 12 January 2022

2452-199X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:songyumail@hust.edu.cn
mailto:wbsheng@vip.sina.com
mailto:caoyangunion@hust.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2022.01.008
https://doi.org/10.1016/j.bioactmat.2022.01.008
https://doi.org/10.1016/j.bioactmat.2022.01.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2022.01.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Ma et al.

and bioinertness, thereby limiting bone tissue regeneration and causing
loosening or even premature failure of the implants [17,18]. Different
methods have been used to modify PEEK to enhance the biomechanical
compatibility of the PEEK scaffold. For example, Torstrick et al.
compared the porous PEEK with plasma-sprayed titanium coated PEEK,
and concluded that the porous PEEK had superior osteogenic differen-
tiation and osseointegration ability than smooth PEEK. In addition, the
radiolucent characteristic of porous PEEK enabled the direct observation
of bone ingrowth through pCT [19]. He et al. combined PEEK with
graphene nanosheets to achieve bone tissue regeneration [20]. Yan et al.
incorporated CuO/Ag micro/nano particles into porous PEEK through
polydopamine and silk, and Gu?>* and Ag® were released through
pH-control to enhance bone regeneration [21]. However, most of those
approaches mainly focused on adding bioactive materials such as cyto-
kines, nanomaterials containing metal ions, and stem cells, which the
security is controversial.

The small extracellular vesicle (sEV) originates from a nano-sized
(30-150 nm) endocytic pathway [22]. Intercellular communication
through sEV is a crucial process for tissue progression [23]. The sEV can
transfer its encapsulated bioactive components such as RNA, proteins,
and lipids to regulate cellular behavior [24].

Physical topographical cues such as the macroscale, microscale, and
nanoscale characteristics of biomaterials exert a profound influence on
the regulation of cell response, including adhesion, proliferation, and
differentiation [25,26]. Recently, Doloff et al. examined the
immune-related complications such as foreign body response and
capsular fibrosis of clinically approved breast implants, which have a
different surface topography, and they concluded that the breast im-
plants with an average roughness of 4 pm can largely suppress the
immune-related complications and provoke the least amount of
inflammation [27]. Hu et al. evaluated the effects of three types of
surface topographies of electrospun membranes on wound healing and
immunomodulatory properties. They revealed diverse immune cellular
heterogeneity through single-cell RNA sequencing [28]. The above
studies indicate that the physical topographical features significantly
affect the behavior of cells. In addition, nanomorphology has a greater
influence on osseointegration. For example, Yao et al. prepared nano-
flake structures through hydrothermal treatment of Ti, and demon-
strated that the nanostructure has superior osteogenesis [29]. Bai et al.
studied the influence of the nanosurface characteristic on the blood clot
property and inflammatory reaction in bone regeneration, and
concluded that a titania nanotube with a diameter of 15 nm facilitates
bone regeneration by manipulating a favorable osteoimmunomodula-
tory environment [30].

Recent studies have emphasized the importance of “mechanical
memory” of the cell. “Mechanical memory” means that the cell retains
information from past mechanical microenvironments [31]. For
example, a rigid substrate induced human mesenchymal stem cells to
override the soft signal, and a soft substrate encouraged osteogenic
differentiation, which usually primed adipogenic differentiation [32]. Li
et al. demonstrated that MSC acquired mechanical memory of myofi-
broblast through cultured on pathophysiologically stiff or soft sub-
strates. Although changed the subsequent mechanical stimulus. MSC
still retained the past information for at least two passages, in addition,
MSCs transplanted from soft substrates enhance wound quality [33]. All
the above studies indicate that mechanical microenvironment has an
important effect on cells.

In this study, we demonstrated a new concept “morphology memory
of sEV” for bone defect treatment. “Morphology memory of sEV” means
that the sEV secreted from cells retain the cellular delivery information
on biomaterials with specific morphological characteristics. First, we
applied a specific nanomorphology on Ti, which was capable of pro-
moting hMSC differentiation. Next, we extracted the sEV from cells
cultured on nanomorphologic scaffolds for 21 days (Ti8-21-sEV). We
demonstrated that Ti8-21-sEV had the ability to promote osteogenesis in
vitro and in vivo. Finally, RNA sequencing further confirmed that Ti8-21-
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sEVs promote bone regeneration through certain osteogenic pathways
(Fig. 1).

2. Materials and methods
2.1. Sample preparation and characterization

Commercial Ti plates (purity >99%) with different nanotopography
designs were fabricated through alkali and heat treatment. The Ti plates
were successively polished using SiC papers (240, 400, 800, and 1200
grids). Next, the polished Ti plates were cleaned through sequential
ultrasonication with acetone, ethanol, and DI water. Then, the Ti sam-
ples were immersed in 8 M NaOH at 80 °C for 2 h; this sample was
named Ti8, and unprocessed polished titanium plates were set as the
control group. Finally, the Ti8 plates were washed with ethanol and
water three times.

The characterization of the Ti and Ti8 surface morphologies was
performed through field-emission SEM (ZEISS Sigma 500). The surface
roughness was examined using an AFM device (Solver Nano, NT-MDT,
Russia) in the tapping mode. The wettability of the different samples
was measured through a contact angle goniometer (JC2000D2, Power-
ach, China).

2.2. Cell culture

Human bone marrow mesenchymal stem cells (hMSC) were isolated
from the bone marrow of patients undergoing joint replacement after
obtaining signed informed consent. The cells were incubated in a growth
medium with 15% fetal bovine serum added with 1% penicillin-
streptomycin in a cell incubator with 5% CO5 at 37 °C. The cell super-
natant was changed every three days. The cells were digested through
0.05% trypsin—EDTA.

2.3. Cell morphology on different Ti plates

The hBMSCs were grown on Ti or Ti8 plates. After culturing for 24 h,
the cells were fixed with 2.5% glutaraldehyde for 25 min. Then, we used
ethanol of different concentrations (15%, 30%, 50%, 75%, 95%, and
100%) for gradient dehydration. Next, gold was sprayed on the plates
for 120 s, and the cell morphology was observed through SEM (Zeiss
Sigma 500, Germany). The cell spreading area and cell aspect ratio were
calculated using ImageJ software according to the SEM images. To
observe the cytoskeleton, the cells were fixed with 2.5% glutaraldehyde
for 25 min before using phalloidin to reveal F-actin and DAPI to reveal
the nucleus.

2.4. Cell viability

The viability of hBMSCs cultured on the different Ti samples were
examined using the Cell Counting Kit-8 (CCK-8, Dojindo, Japan). In
brief, 3 x 10* hMSC were seeded on different Ti samples pre-placed in
24-well plates. After 1, 3, and 5 days of incubation, CCK-8 reagent was
added according to the instructions. The samples were washed three
times with PBS, and 10% CCK-8 working solution was added into each
well. Then, the samples were incubated at room temperature in dark for
3 h. Finally, we extracted 100 pL of the solution from each well and
added it to a new 96-well plate. The cell viability was measured based on
the optical density (OD) at the wavelength of 450 nm.

2.5. Live/dead cell staining

The viability of the cells cultured on Ti and Ti8 was further quanti-
fied by calcein-AM/PI (Dojindo, Japan). The Ti group was denoted as the
control. The cells were first rinsed with PBS three times, and then
cultured with 2 pmol/L calcein-AM and 4 pmol/L propidium iodide (PI)
for 15 min at 37 °C under dark conditions. Finally, the live and dead cells
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were observed through a fluorescence microscope (Olympus IX71,
Tokyo, Japan).

2.6. Alizarin red staining (ARS) and quantification

The osteogenic differentiation ability of the cells was measured using
ARS. The hMSC were washed with PBS before fixing with 4% formal-
dehyde for 25 min. Then, the cells were washed with PBS and 1%
Alizarin red was used to stain the cells for 30 min. Finally, the calcium
nodules were observed through an inverted microscope. To quantitative
analyze the mineralized nodules, 10% hexadecyl pyridinium chloride
was incubated with the cells, and measured through a microplate reader
at 562 nm.

PEEK/PDA PEEK/PDA/sEV
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Fig. 1. Scheme illustration of small extracellular vesicles with nanomorphology memory promote osteogenesis.

2.7. Alkaline phosphatase (ALP) staining and activity measurement

The osteogenic differentiation ability was further measured through
ALP staining and quantitative analysis. For the ALP staining, the cells
were fixed with 4% formaldehyde for 25 min. Then, the cells were
stained with BCIP/NBT Kit (Beyotime, China) and the images were
observed through an inverted microscope. In addition, an alkaline
phosphatase assay kit (Nanjing Jiancheng Bioengineering Institute,
China) was used for the quantitative analysis of ALP and the total
amount of protein was determined using a bicinchoninic acid (BCA)
protein assay kit (Boster Biological Technology Co., Ltd., China). The
quantitative result was then calculated based on the ALP content and
total protein content according to the manufacturer’s guidance.
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2.8. RNA extraction and quantitative reverse-transcription polymerase
chain reaction (qRT-PCR)

Total RNA was extracted from the hMSC by using a trizol reagent
(Invitrogen). Then, the RNA concentration was obtained by utilizing the
NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The extracted RNA was reverse-transcribed using a cDNA syn-
thesis kit (TaKaRa, Japan) followed by qRT-PCR using RT SuperMix for
gPCR (TaKaRa, Japan). The results were calculated with the 2744 CT
method normalized to GAPDH. The primers used in our study are listed
in Table S1.

2.9. Isolation of hMSC-derived sEV

The hMSCs were cultured with exosome depleted fetal bovine serum
which purchase from Shanghai XP Biomed Ltd, and the supernatant was
collected. Then, the sEV were isolated through a differential centrifu-
gation method. First, the cell debris was removed through low-speed
centrifugation at 300g and 2000 g for 20 min. Then, centrifugation at
10,000 g was used to remove the large extracellular vesicles (500-1000
nm). Finally, centrifugation at 100,000 g was used for 70 min to pre-
cipitate the sEV. The EVs were resuspended in 100 pL PBS and stored at
—80 °C. The protein concentration in the EV was determined using the
BCA protein analysis kit.

2.10. Transmission electron microscopy (TEM)

The size of the sEV was measured through transmission electron
microscopy (TEM). The sEV were fixed with 2.5% glutaraldehyde for 25
min and incubated on a carbon-coated copper grid for 15 min. Then, 1%
uranyl acetate solution was used to stain the samples for 2 min at room
temperature. Finally, the sEV images were obtained using transmission
electron microscopy (FEI Tecnai G20 TWIN, USA). The size of the sEV
was measured using a NANOSIGHT NS300 system (Malvern, UK). The
results were analyzed using the NTA software.

2.11. Western blot assay

The markers of sEV, namely, CD9 (Abcam) and CD63 (Abcam), were
identified through western blotting assay. The protein content was
measured using a BCA protein assay kit. Then, the proteins of the cells
and sEV of equivalent amounts were separated on a 10% SDS-PAGE gel
and transferred to 0.22 pm PVDF membranes. Finally, the membrane
was visualized by using an enhanced chemiluminescence system (Bio-
Rad).

2.12. sEV internalization experiments

We first incubated the cells with PKH26 (Sigma-Aldrich) labeled sEV
for 24 h. Then, the cells were fixed with 4% paraformaldehyde for 25
min and DAPI was used to label the nucleus. Finally, a microscope
(Olympus, Japan) was used to observe the PKH26-sEV internalization.

2.13. Immunofluorescence (IF)

The hMSC were seeded on slides and incubated with 50 pg/mL
control-sEV, Ti-21-sEV, and Ti8-21-sEV for 3 days. The sEV secreted
from hMSC, which were cultured on a cell culture dish, were denoted as
the control. After 7 days, the cells were fixed with 4% paraformaldehyde
for 25 min and washed with PBS three times. Then, the cells were per-
meabilized with 0.2% Triton X-100 and blocked with bovine serum al-
bumin for 30 min before incubating overnight at 4 °C with primary
antibodies such as RUNX2 (Abcam), OCN (Abcam), and ALP (Abcam).
Furthermore, fluorescent-conjugated secondary antibodies were incu-
bated with the cells for 1 h, and F-actin was stained with FITC-
phalloidin. The nuclei were stained using 4-6-diamidino-2-phenylindole
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(DAPI, Beyotime Biotechnology, China) for 5 min. Finally, the images
were observed through a fluorescence microscope (Olympus, BX53;
Melville, NY, USA). The fluorescence intensity was calculated using
ImageJ (National Institute of Health, USA).

2.14. Mice femoral fracture model and sEV treatment

A total of 60 Mice (10 W C57BL/6J; male) were obtained from the
Institute of Laboratory Animal Science of Huazhong University of Sci-
ence and Technology (Wuhan, China). All animal studies were approved
by the Animal Experimentation Committee of Huazhong University of
Science and Technology (Wuhan, China). To construct the mice fracture
model, we first administered intraperitoneal anesthesia to the mice
using 1% pentobarbital sodium. The right femoral middle segment
fracture was constructed using a diamond disk and 23-gauge syringe
needle to stabilize the fracture and four mice died during surgery. On the
second day after surgery, 50 pg/mL, 200 pL PBS, Ti-21-sEV, and Ti8-21-
sEV were injected at the fracture site for five consecutive days and the
group injected with PBS was denoted as the control group. The femur
specimens were collected after 14 days and 21 days for follow-up
experiments.

2.15. RNA sequencing

RNA sequencing was conducted after culturing hMSC with Ti-21-sEV
and Ti8-21-sEV for 21 days. we used the stem cells from same person of
P2, and we did not add osteogenic induction medium. Cells that did not
receive any treatment were the control group, denoted as A; cells
incubated with Ti-21-sEV were denoted as B, and cells incubated with
Ti-21-sEV were denoted as C. RNA sequencing was repeated three times
for each group. The total RNA was isolated using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA). One microgram of RNA per sample was used
as the input material for RNA sample preparation. We used NEBNext®
Ultra™ RNA Library Prep Kit (Illumina, NEB, United States) as the
sequencing library.

After quality assessment, the library preparations were sequenced on
an Illumina Hiseq platform. Differential expression analysis was selected
with fold change >|2| and p value < 0.05. GO enrichment and KEGG
were used to identify the potential pathways.

2.16. Fabrication and modification of 3D-printed PEEK scaffold

PEEK scaffolds of 5 mm diameter and 10 mm height were fabricated
layer-by-layer through fused deposition modeling (FDM) by using PEEK
filament from Evonik Industries AG (Germany) with diameter of 1.75
mm. To decorate Ti8-21-sEV on the PEEK scaffolds, the scaffolds were
firstly coated with PDA by immersing them in 2 mg/mL dopamine so-
lution (10 mM Tris-HCl, pH 8.5, Sigma-Aldrich, St. Louis, MO) and
shaking for 24 h at 37 °C. Then, the scaffolds were washed three times in
an ultrasonic cleaner with distilled water to remove the unattached
dopamine, and subsequently sterilized in 75% ethanol and washed with
PBS. Finally, the PEEK/PDA scaffolds were immersed in 50 pg/mL sEV
solution for 24 h at 4 °C.

2.17. In vivo imaging system

In vivo fluorescence imaging of the PEEK scaffolds and PEEK/PDA/
sEV scaffolds was performed. PEEK and PEEK/PDA/sEV were placed
into the skin on the right and left side of the body of C57BL/6J mice,
respectively. After 1, 3, 5, 7 days, the mice were imaged with an FX PRO
imaging system (BRUKER, Karlsruhe, Germany) with excitation at 550
nm and emission at 600 nm. For EVs remained at the injury site in mice
femoral fracture, DID label sEVs were injected for five consecutive days
at the fracture site, the mice were imaged with excitation at 640 nm and
emission at 700 nm.
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2.18. In Vivo evaluation of the osteogenesis of PEEK/PDA/Ti8-21-sEV were procured from the Institute of Laboratory Animal Science of
scaffolds Huazhong University of Science and Technology (Wuhan, China). All
animal studies were approved by the Animal Experimentation Com-

To evaluate the bone regeneration ability of the PEEK/PDA/Ti8-21- mittee of Huazhong University of Science and Technology (Wuhan,

sEV scaffolds, 20 New Zealand white rabbits (male, 2.5 kg, 6 months old) China). After anesthesia with Sumianxin (0.15 mL/kg), we used a drill to
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Fig. 2. Characterization of nanotopographic on titanium (Ti) and morphological changes of hMSCs on corresponding surfaces. (A) Surface morphologies charac-
terization of different samples under SEM, Scale bars = 1 pm (first panel) and 200 nm (second panel). (B) Contact angles of different samples. (C) AFM images of the
different samples. (D, E, F, G) Ra, Rq, Maximum peak depth and Minimum peak depth of the different Ti samples. (H) SEM of morphologies of hMSCs on different Ti
samples, Scale bars = 20 pm (first panel) and 10 pm (second panel). (I) Fluorescent images of cell morphologies on different Ti samples, Scale bars = 100 pm. (J)
Quantitative cell spreading area based on SEM images. (K) Quantitative cell aspect ratio based on SEM images. (L) Cell viability based on CCK 8. (M) Live-Dead
staining of hMSCs cultured on different Ti samples, Scale bars = 500 pm. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 versus the Ti group, n.s.
not significant.
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create two femoral condyle defects (® =5 mm, H = 10 mm) on each side
of the rabbits and the various PEEK scaffolds were implanted. Antibi-
otics were administered continuously for the first three days after sur-
gery to prevent bacterial infection. The group with the PEEK scaffolds
was set as the control group.

2.19. Micro-CT

The bone was scanned using a Micro-CT system (SkyScan 1176,
Bruker, Germany). The scanning thickness was 9 pm for mice and 18 ym
for rabbits. CT-Vox software was used to reconstruct the 3D images for
further analysis. Parameters such as BV/TV, Tb.Th, Tb.N, Tb.Sp, and
BMD were analyzed using CTAN software.

2.20. Biomechanical test

Mechanical test for fracture-healing quality were investigated using
three-point bending by a testing machine (Electronic Universal Testing
Machine, WDW-20, Changchun, China) equipped with a 2000 N load
cell. A pushing rod with diameter 2 mm was used to load the sample
vertically downward with speed of 1 mm/min.

2.21. Histologic and immunohistochemistry evaluation

Fracture samples of the mice were first decalcified and stained with
H&E, Masson’s trichrome, and Safranin-O and Fast Green staining.
thresholds was used to demonstrate the new bone and to distinguish
fibrous tissue, Masson’s trichrome staining was used to observe newly
formed bone tissue and collagen fiber, Safranin-O/Fast Green staining
was used to demonstrate the endochondral ossification. Then, the
stained samples were observed and photographed by an optical micro-
scope (Nikon H600L, Tokyo, Japan). In addition, immunohistochemical
staining of OCN was applied for the evaluation of new bone. As our
previous studies [34], Van Gieson staining was used for the rabbit
femoral condyle specimen to evaluate the bone tissue regeneration, and
red color denoted as new bone.

2.22. Statistical analysis

Each experiment was repeated at least three times. The data were
evaluated as mean =+ standard deviation (SD) and were analyzed using
GraphPad Instant Software (GraphPad Prism Software, Inc., USA). One-
way analysis of variance (ANOVA), two-way ANOVA, and t-test were
used to evaluate the statistical significance of the variance. *P < 0.05,
**P < 0.01, and **P < 0.001 was considered statistically significant.

3. Results and discussion
3.1. Surface physicochemical properties of Ti and cell morphology

Nanomorphology was developed on titanium plates through alkali
and heat treatment with 8 M NaOH, and the resulting structure was
denoted as Ti8. Firstly, scanning electron microscopy (SEM) was used to
observe the morphology of the titanium plates. We can clearly observe
that the nanomorphology on Ti8 is similar to the trabecular bone
morphology (Fig. 2A). Then, we tested the hydrophilicity of the Ti8
samples. The results showed that the Ti8 sample had better hydrophi-
licity than Ti, which supported cell adhesion (Fig. 2B). We used atomic
force microscopy (AFM) to further characterize the Ti8 morphology
(Fig. 2C); the results were consistent with the SEM images. The statistics
show that the root-mean-squared (Rq) and absolute (Ra) roughness
differed significantly between Ti8 and Ti (Fig. 2D and E). This indicated
that the roughness of the titanium plates increased significantly after
alkali heat treatment. The maximum and minimum peak depths were
also calculated; the results showed that Ti8 had greater maximum peak
depth than Ti (P < 0.05), and there was no difference in the minimum
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peak depth between Ti8 and Ti (Fig. 2F and G).

The initial adhesion of stem cells on the surface of the biomaterial is
important for cell proliferation and differentiation. After culture on Ti
and Ti8 for 24 h, we used SEM to observe the morphology of the cells.
We can see that after culture on the Ti sample, the cells show an elon-
gated shape with long protruding pseudopods, but in the Ti8 sample, the
cells show extensive spreading and have a relatively polygonal shape
(Fig. 2H). F-actin fluorescent images of the cell spreading morphology
after culturing for 24 h was consistent with the SEM image (Fig. 2I). The
quantitative results of the cell spreading area showed that cells growing
on Ti8 have better spreading tendency than those growing on Ti
(Fig. 2J). The quantitative results of the cell aspect ratio indicated that
cells growing on Ti8 spread extensively (Fig. 2K). The results of the cell
viability test showed that the cells proliferate gradually with increase in
time, and Ti8 has the same effect on cell viability as Ti; this indicated
that the Ti8 nanotopography does not promote cell proliferation
(Fig. 2L). Live/dead staining further demonstrated that there was no
difference in cell activity between Ti8 and Ti (Fig. 2M).

3.2. Enhancement of osteogenesis by nanotopography and sEV
characterization

Cells can sense mechanobiological cues such as stiffness and topo-
graphical signals [35]. In particular, nanotopographical cues have been
incorporated into biomaterials to regulate the cell response. Next, we
investigated whether nanotopography can induce hMSC osteogenesis,
and studied the characteristics of SEV secreted from hMSC cultured on Ti
and Ti8 (Fig. 3A). After culturing hMSCs on Ti and Ti8 for 7, 14 and 21
days, respectively, alkaline phosphatase (ALP) and Alizarin red S (ARS)
staining results indicated that nanotopography on Ti8 could signifi-
cantly promote hMSC differentiation after 21 d (Fig. 3B and Fig. S1A).
The quantitative results showed that Ti8 significantly promoted stem
cell differentiation when compared with Ti after 21 d, and the difference
was statistically significant (Fig. 3C and D). As shown in Figs. S1B and C,
there were also statistically significant differences between Ti and Ti8
after 14 d. In order to further verify the osteogenic ability of nano-
topography on Ti8, osteogenesis makers including RUNX2, OPN, ALP
and OCN were conducted by qRT-PCR. As shown in Figs. S1D, E, F and
G, after 21 d, nanotopography on Ti8 significantly promotes osteo-
genesis of hMSC. Zhuang et al. demonstrated that alkali- and
heat-treated Ti with a nanoporous network has better cell proliferation
and higher osteogenesis activity [36]. Popat et al. indicated that nano-
porous alumina surfaces have superior ability to promote osteogenic
differentiation [37]. Cai et al. found that alkali- and heat-treated Ti
substrates have great potential for differentiation of MSC [38]. Then, we
investigated the effect of nanomorphology on the characteristics of SEV
secreted by hMSC. Transmission electron microscopy (TEM) images
with higher and lower magnification showed that Ti-21-sEV and
Ti8-21-sEV had spherical particles (Fig. 3E and Fig. S2). Surface markers
were used to confirm the sizes of sEV through WB and NTA, which
further confirmed the presence of sEV (Fig. 3F and G). The sizes of the
sEV were approximately 50-150 nm, which was consistent with the
results reported in previous studies [39,40]. Subsequently, we investi-
gated whether nanotopography-derived sEV could be internalized by
hMSC. We used PKH 26 to label Ti-21-sEV and Ti8-21-sEV, and incu-
bated them with hMSC for 24 h. We can see that most of the sEV were
internalized after 24 h, and there was no difference in the number of SEV
internalized through cells (Fig. 3H).

3.3. Nanotopography-derived sEV promotes osteogenesis in vitro

sEV have attracted considerable attention for tissue engineering
because of their bioactivity [41]. MSC-derived sEV with biocompati-
bility and immunomodulatory properties have become therapeutic
carriers for bone regeneration [42,43]. Using sEVs from surfaces with
certain design elements has been studied for several years. Liang et al.
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found that endothelial cells morphology can affect the function of
themselves and then regulated the inflammatory response of monocytes.
They demonstrated that endothelial cells with elongated morphology
cultured on microgrooves surface can significantly suppressed the ac-
tivity of the monocytes in comparison with a cobblestone shape [44].
Francesco et al. analyzed a porous scaffold to promote the astrocytes to
grow, survive and differentiate. They revealed that astrocytes adhere,
grow well on the scaffolds and the extracellular vesicles secreted from
astrocytes were compatible in size with exosomes [45]. Wan et al.
developed a one-step nEV isolation platform which included a nano-
structures with sEV size-matched silica and a surface-conjugated lipid
nanoprobe, and this platform can improve the cancer diagnosis [46]. Liu
et al. showed that Micro/nano materials regulate endothelial cells
morphology and transferred sEV to smooth muscle cells and regulate
their phenotype [47]. However, the ability of topographic signals to
regulate the sEV function of hMSC has not yet been reported. In this
study, we collected Ti-21-sEV and Ti8-21-sEV, and investigated whether
nanotopography-trained stem cells could secrete sEV with
pro-osteogenic potential (Fig. 4A). ALP and ARS staining showed that
compared with the control, Ti-21-sEV and Ti8-21-sEV have superior
pro-differentiation ability, and Ti8-21-sEV has better ability to promote
osteogenesis (Fig. 4B). To further verify the pro-osteogenic ability of
Ti8-21-sEV, we then used immunofluorescence (IF) to further investi-
gate the pro-osteogenic ability of Ti8-21-sEV. The result was consistent
with the results of ALP and ARS staining. Osteogenesis related markers
including RUNX2, OCN and ALP showed that Ti8-21-sEV had remark-
able ability to induce differentiation of hMSC (Fig. 4C). As our previous
study [3], we selected early osteogenesis related marker OPN, a master
determinant of osteoblast differentiation of transcription factor RUNX2
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[48] and osteoblast marker genes ALP [49] to further verify the
pro-osteogenic ability of Ti8-21-sEV through qRT-PCR. After incubation
with Ti8-21-sEV for 7 days, the expression of OPN, RUNX2, and ALP was
significantly higher than that in the control group (Fig. 4D, E, F). In
summary, our data suggested that nanotopography could train stem
cells to secrete SEV with pro-osteogenic potential.

3.4. Nanotopography-derived sEV promotes osteogenesis in vivo

In order to validate the osteogenesis ability of sEV. We used a mouse
fracture model to verify the pro-osteogenic effect of Ti8-21-sEV by
injecting them at the fracture site for 5 consecutive days (Fig. 5A). EVs
remained at the injury site were explored using imaging system, as
shown in Fig. S3, after five consecutive days of injection, we can see that
many DID label sEVs accumulated at the fracture site, and when we
stopped injection after 24 h (6 D) and 48 h (7D), DID labeled sEVs began
to decrease. Therefore, we found that five consecutive days of injection
ensured that the vesicles accumulated well at the fracture site and
remained there for at least 48 h. Micro CT observations showed that
after 14 days, Ti8-21-sEV significantly promoted new bone formation
when compared with the control group. After 21 days, new bone
remodeling was evident and cortical bone was formed gradually when
compared with the control group (Fig. 5B). Mechanical test for detecting
the fracture-healing quality were performing through three-point
bending biomechanical test, the result indicated that compared with
control group, injection of Ti8-21-sEV obviously improved fracture
healing at either 14 or 21 days (Fig. 5C). Quantitative analysis of tissue
volume (TV) indicated that 14 days after fracture, the formation of new
callus gradually decreased and new bone was formed after treatment
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with Ti8-21-sEV. After 21 days, there were no significant differences
among the groups (Fig. 5D). Bone volume (BV)/TV results showed that
Ti8-21-sEV has superior ability to promote new bone after 14 and 21
days (Fig. 5E). The results of trabecular thickness (Tb.Th) and trabecular
separation (Tb.Sp) indicated that after 14 and 21 days, there was no
significant difference among the three groups (Fig. 5F and G), possible
explanation is that the fracture period we studied was three weeks,
which may too short to show significant changes on Tb. Th and Tb. Sp in
the early stages of osteogenesis. Dou et al. demonstrated that cerium
nano-system attenuated bone loss in osteoporotic OVX mice through
selectively eliminated mature osteoclasts without affecting pre-
osteoclasts [50]. The model we used in our study is a fracture model,
which may require a longer observation time, therefore, we will

‘

Fig. 4. Pro-osteogenesis ability of Ti8-21-sEV in vitro. (A) Scheme illustration of SEV secreted from hMSC cultured on Ti nanotopographic after 21 days (Ti8-21-sEV)
and Ti8-21-sEV promote osteogenesis. (B) ALP and ARS staining of hMSC after inculbated with Ti8-21-sEV and Ti-21-sEV for 7 days, Scale bars = 200 pm. (C)
Immunofluorescence staining (IF) of osteogenic makers including RUNX2, OCN and ALP of hMSC after inculbated with Ti8-21-sEV and Ti-21-sEV, Scale bars = 200
pm. (D, E, F) Osteogenesis-related makers OPN, RUNX2 and ALP were detected through qRT-PCR. *p < 0.05, **p < 0.01.
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continue to try to use the osteoporotic OVX mice to verify this in the
future. To further strengthen the evidence of pro-osteogenic ability of
Ti8-21-sEV, we measured the regeneration of fractured site using same
mouse model and the same fracture site after 14 and 21 days through
Micro CT. Laperre et al. conducted two micro-CT protocols for offering
the unique information of bone mass and structure changes in living
mice over time, and they demonstrated that bone structure in living
mice can be monitor using micro-CT over 4 weeks without significant
side effects when exposure by X-ray [51]. Consistent with measurement
results of killed mouses over time using micro-CT in Fig. 5B, Ti8-21-sEV
have excellent pro-osteogenic ability after 21 days compared with
control group (Fig. S4). Meanwhile, histological staining results of mice
femur also showed significant formation of new bone 14 and 21 days
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after treatment with Ti8-21-sEV (Fig. 5H). osteogenesis, transcriptomic RNA analysis of hMSC incubated with cell
medium (A), Ti-21-sEV (B), or Ti8-21-sEV (C) was conducted with A as
control (Fig. S5A). Correlation analysis based on Pearson correlation
showed that samples from the same group had good consistency
(Fig. S5B). The Venn diagram showed differences in gene expressions

3.5. Osteogenesis mechanism of Ti8-21-sEV
To understand how nanotopography-derived sEV promotes
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and the samples shared 123 genes (Fig. S5C). Heat map analysis and
volcano plot data showed that when compared with the hMSCs incu-
bated with cell medium, 1566 genes were up-regulated and 1328 genes
were down-regulated in the Ti-21-sEV group, and 1635 genes were up-
regulated and 1517 genes were down-regulated in the Ti8-21-sEV group.
In comparison with the Ti-21-sEV group, 111 genes were up-regulated
and 236 genes were down-regulated in the Ti8-21-sEV group
(Figs. S5D and E). These results demonstrate a wide range of different
gene expressions. Next, the thresholds of fold change >|2| and p value <
0.05 were used to show differentially expressed genes, and such genes
were used to perform gene ontology (GO) analysis of the biological
process, cellular components, and molecular function. In comparison
with the control, the genes in the Ti-21-sEV group exhibited better
developmental process, anatomical structure development, extracellular
region, vesicle, carbohydrate derivative binding, and cytoskeletal pro-
tein binding (Fig. S6). In comparison with the control group, the
differently expressed genes in the Ti8-21-sEV group exhibited better
developmental process, anatomical structure development, extracellular
region, cytoskeleton, carbohydrate derivative binding, and cytoskeletal
protein binding (Fig. S7). To further demonstrate the nanotopographic
regulation of hMSC, we compared the cells treated with Ti8-21-sEV or
Ti-21-sEV. In comparison with the Ti-21-sEV group, Ti8-21-sEV treat-
ment could induce the participation of different genes in anatomical
structure development, positive regulation of cellular process, and cell
differentiation (Fig. S8). These cues indicate that Ti8-21-sEV might have
superior pro-differentiation ability. To further focus on the effect of
vesicles on cell differentiation, we screened for GO term associated with
cell differentiation and we displayed the top 10 GO terms associated
with cell differentiation using bubble plot. The results showed that in
comparison with the control, Ti-21-sEV treatment could regulate Oste-
oblast differentiation, regulation of cell differentiation, positive regu-
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differentiation (Fig. 6A). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis further indicated that multiple pathways are
associated with osteogenesis, including the Ras, PI3K-AKT, and p53
signaling pathways, mineral absorption, FoxO signaling pathway, focal
adhesion, ECM-receptor interaction, and cell cycle (Fig. 6B). We then
compared the Ti8-21-sEV-treated hMSC with the control. The result
suggested that Osteoblast differentiation, positive regulation of osteo-
blast differentiation, positive regulation of cell differentiation, regula-
tion of stem cell differentiation, regulation of cell differentiation might
play a major role in promoting osteogenesis (Fig. 6C). The KEGG
pathway analysis indicated that Ti8-21-sEV may be involved in regula-
tion of the Ras, PI3K-AKT, and p53 signaling pathways, mineral ab-
sorption, MAPK signaling pathway, focal adhesion, ECM-receptor
interaction, and cell cycle (Fig. 6D). Finally, we compared Ti-21-sEV
with Ti8-21-sEV treated hMSC. The GO term showed that Ti8-21-sEV
treatment could induce positive regulation of cell differentiation and
cell differentiation (Fig. SOA). KEGG analysis indicated that cytoki-
ne—cytokine receptor interaction might be involved in bone regenera-
tion (Fig. S9B). Potential molecular signaling pathways by sEV which
secreted from hMSC cultured on nanotopography on Ti surface influence
osteogenic differentiation were also depicted (Fig. 6E).

Xu et al. investigated the effects of hydroxyapatite with a different
hierarchical structure on the biological responses, and the RNA-seq
result indicated that the hierarchical structure of the hydroxyapatite
particles could stimulate the osteogenic differentiation of stem cells. In
addition, the increased calcium ion endocytosis through lysosomes
activated possible Ras/cAMP/Rapl/MAPK signaling pathways, which
are involved in osteogenic differentiation [52]. Feng et al. suggested that
HMGBI can induce the secretion of various cytokines by stem cells and
promotes osteogenic differentiation through activation of the Ras/-
MAPK signaling pathway [53]. Liu et al. showed that immune regulation
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Fig. 6. Mechanistic analysis of Ti8-21-sEV promote osteogenesis. (A, C) GO term associated with cell differentiation and we displayed the top 10 GO terms associated
with cell differentiation using bubble plot. (B, D) Top 20 KEGG pathways of differentially expressed genes. (E) Potential molecular signaling pathways by sEV which
secreted from hMSC cultured on nanotopography on Ti surface influence osteogenic differentiation.
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macrophage polarization through PI3K/AKT signaling, causing them to
secrete VEGF and BMP-2 for enhanced osteogenesis [54]. Dou et al.
found that the cerium nanosystem can promote osteogenesis of stem
cells and angiogenesis of endothelial progenitor cells through PI3K-Akt
activated focal adhesion kinase [50]. Li et al. showed that the
ALKBH5-PRMT6 axis could modulate the osteogenic differentiation of
stem cells via the PI3K-Akt signaling pathway [55]. Iyer et al. suggested
that FOXOs could attenuate Wnt signaling to decrease the number of
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osteoblasts and amount of bone mass, thereby causing osteoporosis
[56]. Vermeulen et al. indicated that natural surfaces improved the
TopoChip design space and ensured consistency with the distinct
morphological and focal adhesion profiles of mesenchymal stem cells.
They demonstrated that holy lotus has strong potential for bone regen-
eration of stem cells [57]. Ye et al. demonstrated that Mg could enhance
the repair of critical-size bone defect through the CGRP-FAK-VEGF
signaling axis [58]. In summary, RNA sequencing results indicated
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Fig. 7. 3D printed PEEK scaffolds loaded with sEV for bone regeneration. (A) Scheme illustration of implantation of 3D printed PEEK scaffolds loaded with sEV into
femoral condyle defect of rabbit. (B) SEM images of PEEK plates, PEEK/PDA plates and PEEK/PDA/Ti8-21-sEV plates. Black arrow: Ti8-21-sEV, Scale bars = 1 pm.
(C) 2D (transverse, coronal, and sagittal) and 3D reconstruction images based on Micro CT after 12 weeks. (D, E, F, G, H, I) Quantitative results of BV, BV/TV, Tb. Th,
Tb. N, Tb. Sp and BMD among the different groups. (J) Van-Gieson (VG) and Toluidine blue staining of histological sections after implanted for 12 weeks. **p < 0.01,
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*p < 0.001, ns, not significant.
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that nanotopography triggered the stem cells to secrete sEV to promote
osteogenesis via the Ras signaling pathway, PI3K-AKT signaling
pathway, p53 signaling pathway, MAPK signaling pathway, mineral
absorption, FoxO signaling pathway, focal adhesion, ECM-receptor
interaction, and cell cycle.

3.6. Tissue engineering application of nanotopography-derived sEV

In order to exploit the sEV for bone tissue engineering, we used a 3D
printed PEEK scaffold to load the Ti8-21-sEV to investigate bone
regeneration using the classic rabbit femoral condyle defect model
(Fig. 7A). First, the morphological characteristics of different PEEK
scaffolds were observed through SEM. We can see that the scaffolds have
a porous structure (Fig. S10A). Then, the morphology of the stem cells
on different PEEK scaffolds after culturing for 24 h were observed using
SEM. The cells showed satisfactory growth on the scaffolds, and the
polydopamine (pDA) coating benefited the adhesion and stretching of
the stem cells (Fig. S10B). Next, we used circular PEEK plates to observe
the loaded vesicles. After pDA coating, we could observe the dopamine
aggregated in the particles. We further observed that the sEV were
distinct from the dopamine particles and were dispersed on the PEEK
plates (Fig. 7B). DID labeled sEV also confirmed that sEV evenly
distributed on PEEK plates surface through the observation of confocal
laser scanning microscope (Fig. S10C). Next, we investigated the ab-
sorption of Ti8-21-sEV in vivo. We concluded that Ti8-21-sEV is slowly
released and absorbed after 7 days (Fig. S10D). We continued to
investigate the ability of Ti8-21-sEV decorated on PEEK/pDA scaffolds in
vivo using the classic rabbit femoral condyle defect model. After im-
plantation of different PEEK scaffolds for 6 and 12 weeks, new bone
regeneration was evaluated through micro-CT and histological analysis.
After 6 weeks, the reconstructed micro-CT images revealed that new
bone regeneration was significantly greater in the PEEK/PDA/Ti8-21-
sEV group than that in the other groups (Fig. S11A). Quantitative BV
results and the BV/TV ratio showed that after decoration with Ti8-21-
sEV, the osteogenic ability of the PEEK scaffolds was significantly
enhanced, and a greater amount of new bone tissue was generated
(Figs. S11B and C). The quantitative results showed significant increase
in the Tb. Th (Fig. S11D). There was no significant difference in the
number and separation of the trabecular bone (Tb. N and Tb. Sp) and
bone mineral density (BMD) among the groups after 6 weeks
(Figs. S10E, F, G). Van Gieson (VG) and Toluidine blue staining further
revealed the new bone tissue regeneration, and several new bones were
observed in the PEEK/pDA/Ti8-21-sEV group 6 weeks after scaffold
implantation (Fig. S11H). After 12 weeks, there was significant new
bone formation in the PEEK/PDA/Ti8-21-sEV group based on micro-CT
observation (Fig. 7C). Quantitative results of BV and BV/TV indicated
that the PEEK/pDA/Ti8-21-sEV group had significant pro-osteogenesis
ability and showed statistically significant differences from the control
group (Fig. 7D and E). There was no significant difference in Tb.Th
among the groups, which suggested that new bone remodeling was
complete after 12 weeks (Fig. 7F). Quantitative results of the trabecular
number (Tb.N) and Tb.Sp further demonstrated that in comparison with
the control group, Ti8-21-sEV could significantly increase the number of
trabecular bones and decrease the degree of separation of the trabecular
bone (Fig. 7G and H). Quantitative results of BMD showed that there was
no significant difference among the four groups (Fig. 7I). The VG and
Toluidine blue staining assays further indicated that the PEEK scaffolds
decorated with Ti8-21-sEV could significantly induce new bone forma-
tion owing to a large number of new bones growing along the scaffold
(Fig. 7J). Overall, the above findings suggest that Ti8-21-sEV can be
used for bone tissue engineering to induce bone regeneration.

In summary, compared with traditional titanium (Ti) metals, PEEK is
considered a potential substitute for traditional Ti implants owing to
appropriate elastic modulus, natural radiolucency, and chemical resis-
tance. However, the poor bioactivity impedes bone ingrowth after im-
plantation [59-61]. In this study, we used the 3D printing technology to
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manufacture PEEK scaffolds with a porous structure. Further, polydop-
amine not only acts as an intermediate for sEV immobilization but also
provides a powerful route for enhancing cell adhesion [2,62].

4. Conclusion

In this work, we successfully performed nanotopography on Ti plates
through alkali and heat treatment, and demonstrated that Ti8-21-sEV
have memory function by copying the pro-osteogenesis information
from nanotopography. It was also revealed that Ti8-21-sEV-loaded 3D
printing PEEK scaffolds have better bone ingrowth ability than the other
scaffolds based on the application of the scaffolds to the femoral condyle
defect model of rabbit. However, there are still some limitations. First,
osteogenesis related signaling pathways have been predicted by RNA
sequencing, in the following study in the future, we will verify these
possible osteogenic signaling pathways in cellular and animal level, and
we will continue to explore whether other nanomorphologies have
similar pro-osteogenesis functions and possible altered signaling path-
ways. Second, the more important question is regarding the cargo of the
EVs which carrying miRNAs, proteins, lipids and DNA, continued to
explore what kind of cargo of the vesicles are changed by the nano-
topography are important in the following study. We believe our study
can inspire the design of other sEV with morphology memory function
for tissue regeneration.
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