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ABSTRACT: Skeletal muscle regeneration relies on the tightly
temporally regulated lineage progression of muscle stem/progen-
itor cells (MPCs) from activation to proliferation and, finally,
differentiation. However, with aging, MPC lineage progression is
disrupted and delayed, ultimately causing impaired muscle
regeneration. Extracellular vesicles (EVs) have attracted broad
attention as next-generation therapeutics for promoting tissue
regeneration. As a next step toward clinical translation, strategies to
manipulate EV effects on downstream cellular targets are needed.
Here, we developed an engineering strategy to tune the therapeutic
potential of EVs using nanotopographical cues. We found that EVs
released by young MPCs cultured on flat substrates (fEVs)
promoted the proliferation of aged MPCs while EVs released by
MPCs cultured on nanogratings (nEVs) promoted myogenic
differentiation. We then employed a bioengineered 3D muscle aging model to optimize the administration protocol and
test the therapeutic potential of fEVs and nEVs in a high-throughput manner. We found that the sequential administration first
of fEVs during the phase of MPC proliferative expansion (i.e., 1 day after injury) followed by nEV administration at the stage
of MPC differentiation (i.e., 3 days after injury) enhanced aged muscle regeneration to a significantly greater extent than fEVs
and nEVs delivered either in isolation or mixed. The beneficial effects of the sequential EV treatment strategy were further
validated in vivo, as evidenced by increased myofiber size and improved functional recovery. Collectively, our study
demonstrates the ability of topographical cues to tune EV therapeutic potential and highlights the importance of optimizing
the EV administration strategy to accelerate aged skeletal muscle regeneration.
KEYWORDS: cell-free therapy, exosomes, aging, skeletal muscle repair, nanotopography

INTRODUCTION
Skeletal muscle regeneration is a complex, yet effective, process
that relies on the activity of muscle stem/progenitor cells
(MPCs). During muscle regeneration, MPCs undergo a
carefully orchestrated lineage progression, advancing from
quiescence to activation, proliferation, and myogenic differ-
entiation to form myofibers.1,2 However, with aging, MPC
responses at each of these stages become compromised,3−5

ultimately resulting in diminished muscle regeneration.2,3 Cell-
based strategies, such as cell transplantation, have been
pursued to boost skeletal muscle repair in the setting of
disease or aging.6−8 For example, transplantation of young or
rejuvenated aged MPCs improved the repair of aged muscle

after acute injuries.9 Yet, despite the promising outcomes,
clinical applications of cell-based strategies have been limited
because in vitro cell expansion usually results in a significant
reduction of cellular regenerative capacity.10,11 As such,
increased attention has been given to isolating the pro-
regenerative effects of cellular therapies while mitigating the
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limitations. To this end, growing evidence has shown that a
large portion of the beneficial effects of transplanted cells are
mediated by paracrine factors,12,13 suggesting that harnessing
these paracrine factors may be a promising alternative to cell
transplantation.
Among such paracrine factors, extracellular vesicles (EVs)

demonstrate encouraging potential to promote tissue regener-
ation.14 EVs are membrane-bound vesicles that are secreted by
almost all types of cells.15 EVs contain molecular information
in the form of proteins, lipids, and nucleic acids that can be
transferred to recipient cells to direct cellular responses and
behavior.16 The ability of EVs to efficiently transfer their cargo
to recipient cells makes EVs a promising cell-free therapeutic
tool in regenerative medicine. For instance, EVs released by
different types of stem cells such as mesenchymal stem cells
(MSCs) and MPCs promote the regeneration of a wide variety
of tissues, including skin, bone, and skeletal muscle.17−19

Furthermore, studies have shown that the therapeutic potential
of EVs is dependent on their molecular cargoes, which are
closely associated with the phenotype of the originating cell
source.19−21 For example, EVs released by differentiating, but
not proliferating, human MPCs improved skeletal muscle
regeneration of the 5-week-old mice.19 Therefore, when
generating functional EVs, modulation of the originating cell
phenotype represents a promising approach to manipulate EV
therapeutic performance.
Inspired by nanoscale architectural characteristics of the

native extracellular matrix, substrates fabricated with varying
nanotopographies have been pursued by a number of groups to

control cell behavior for tissue engineering and regenerative
medicine.22−24 Nanogratings or aligned nanofibers have been
widely used to induce alignment and differentiation of MSCs
or myoblasts to drive myotube formation in vitro and promote
muscle regeneration in vivo.25−27 While most of these studies
focused on investigating how nanotopographical cues directly
influence cellular responses, few have explored the potential
effects of nanotopography on EV biomolecular cargoes.28,29
In this study, we used nanotopographical cues to tune the

therapeutic potential of EVs for the treatment of aged skeletal
muscle injury. We demonstrated that nanogratings promoted
MPC myogenic differentiation and myotube formation,
consistent with previous studies.30,31 We further showed that
the enhanced myogenic differentiation of cells on nano-
topological substrates was dependent on EV secretion and
uptake. When we directly compared the downstream effects of
EVs isolated from young MPCs cultured on flat surfaces
(fEVs) versus nanogratings (nEVs), we found that each EV
population elicited distinct effects on recipient aged cells. That
is, fEVs preferentially enhanced aged MPC proliferation while
nEVs promoted myogenic differentiation. We then leveraged
this information to optimize the delivery and timing of fEVs
and nEVs using a high-throughput bioengineered 3D muscle
aging model. We found that only sequential administration first
of fEVs then nEVs improved muscle regeneration in the
engineered muscles. Our protocol was further validated in vivo
using aged mice, in which aged mice treated with fEVs during
the phase of MPC proliferative expansion followed by nEVs
during the phase of differentiation displayed improved

Figure 1. Nanogratings promoted myogenic differentiation of young MPCs. (A) Scanning electron microscope micrographs of PDMS flat
substrate (Flat) and nanogratings (NGs). Scale bars = 1 μm. (B) Morphology of MPCs and myotubes on flat and nanograting substrates. The
red arrow indicates the nanograting direction. Scale bars = 100 μm. (C) Western blot analysis of MyoD and MyoG expression in MPCs
cultured on flat or nanograting substrates. * p < 0.05, *** p < 0.001, two-tailed Student’s t test (n = 4−5). (D) Immunofluorescent images of
myotubes stained for MHC (red), nuclei (DAPI; blue). The white arrow indicates the nanograting direction. Scale bars = 100 μm. (E)
Quantification of the relative number, length, and fusion index of myotubes formed by MPCs on flat and nanograting substrates. The
myotube fusion index is defined as the percentage of nuclei inside the myotubes. * p < 0.05, *** p < 0.001, two-tailed Student’s t test (n = 3).
Data are presented as means ± SEM.
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functional regeneration to levels comparable to young
counterparts.

RESULTS AND DISCUSSION
Nanogratings Promoted the Myogenic Differentia-

tion of Young MPCs. Myofibers within skeletal muscle are
highly aligned, facilitating the production of contractile forces
while also providing contact guidance for MPC division.32 To
mimic this in vivo aligned fiber feature, we fabricated
nanogratings on PDMS substrates (Figure 1A) to induce
alignment and elongation of MPCs. Engineered nanogratings
were 500 ± 13 nm in line width, 648 ± 28 nm in spacing, and
631 ± 50 nm in height.24 This feature size of nanogratings was
selected based on our previous studies, which demonstrated
that nanogratings of similar dimensions were the most efficient
in modulating cell proliferation and differentiation when
compared to flat substrates.33,34 Moreover, previous studies

have shown that nanogratings of similar feature sizes promoted
myogenic differentiation of both primary and immortalized
myoblasts.30,31
We first confirmed the influence of nanogratings on MPC

phenotype. Young MPCs isolated from 3 to 5-month-old male
mice were cultured on nanogratings or flat PDMS substrates
for 3 days. As shown in Figure 1B, MPCs and formed
myotubes were randomly oriented when seeded on flat
surfaces, while myotubes were aligned along the direction of
the nanogratings. Nanogratings also significantly increased the
expression of MyoD and Myogenin (MyoG), master
regulatory proteins of myogenesis, when compared to flat
controls (Figure 1C). These data confirmed that nanogratings
promoted MPC myogenicity.
We then compared myotube formation across groups by

staining cells for myosin heavy chain (MHC). Compared to
flat substrates, nanogratings enhanced the formation of

Figure 2. Substrate nanotopography altered the biochemical composition of MPC-derived EVs. (A) Representative fluorescence images of
young MPCs cultured on flat or nanograting substrates without or with the treatment of GW4869 or Pitsop2. Magenta: MHC; blue: nuclei.
CTRL: no treatment control. Scale bar: 100 μm. (B) Quantification of the number and (C) length of myotubes formed by MPCs with or
without GW4869 or Pitstop2 treatments. * p < 0.05 (compared to flat CTRL); ## p < 0.01, ### p < 0.001 (compared to nanograting CTRL).
One-way ANOVA. (n = 3−5) (D) Western blot analysis and (E, F) quantification of MyoD and MyoG expression in MPCs cultured on
different substrates with or without GW4869 treatment. * p < 0.05, *** p < 0.001, One-way ANOVA. (n = 3) (G) Western blot analysis and
(H, I) quantification of MyoD and MyoG expression in MPCs cultured on different substrates with or without Pitstop2 treatment. * p < 0.05,
** p < 0.01, *** p < 0.001, One-way ANOVA. (n = 3) (J) Average size and (K) concentration of fEVs and nEVs. EV concentration was
normalized to cell protein abundance. ns: no significance, two-tailed Student’s t test. (EV size: n = 6, EV concentration: n = 3). (L) Average
spectra of fEVs and nEVs acquired from Raman analysis (spectra taken from n = 4/group). (M) Linear Discriminant Analysis of spectra
acquired from fEVs and nEVs. ***p < 0.001, two-tailed Mann−Whitney test. (N) Subtraction spectrum of the differences between average
spectra acquired from fEVs and nEVs. Data are presented as means ± SEM.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c02269
ACS Nano 2023, 17, 19640−19651

19642

https://pubs.acs.org/doi/10.1021/acsnano.3c02269?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02269?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02269?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02269?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c02269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


myotubes, as evidenced by increased myotube number, length,
and fusion index (Figure 1D,E). Furthermore, we found that
nanogratings promoted the expression and phosphorylation of
p38 mitogen-activated protein kinases (MAPK) (Figure S1).
P38 MAPK plays a crucial role in cell mechanotransduc-
tion35,36 and its activation is required for cell myogenesis.37
Previous work showed that discrete nanorods inhibited the
expression of p38 MAPK in C2C12 myoblasts and attenuated
cell fusion,38 in accordance with our current finding. Overall,
our results suggest that, compared to cells seeded on flat
substrates, nanogratings promoted myogenic differentiation of
young MPCs and facilitated myotube formation.
Substrate Nanotopography Altered the Biochemical

Composition of MPC-Derived EVs. Next, we sought to
determine whether the effects of substrate nanotopography on
MPC responses were mediated by the function of EVs. For
this, young MPCs cultured on nanogratings or flat surfaces
were treated with either GW4869 or Pitstop2 to inhibit EV
biogenesis and uptake, respectively. GW4869, a neutral
sphingomyelinase inhibitor, inhibits the release of mature

exosomes from multivesicular bodies.39 Pitstop2 blocks
clathrin-dependent endocytosis of EVs.40 As shown in Figure
2A−C, nanograting-induced myotube formation was signifi-
cantly blunted by GW4869, as evidenced by reduced myotube
number and length after GW4869 treatment. Similarly,
inhibiting cellular uptake of EVs attenuated myotube
formation (Figure 2A−C). Furthermore, both MyoD and
MyoG expression were significantly reduced in the cells treated
with GW4869 or Pitstop2 (Figure 2D−I). Previous work
showed that GW4869 or heparin treatment (to inhibit
exosome generation and uptake, respectively) reduced the
myogenic differentiation and myotube formation of C2C12
myoblasts, in agreement with our current findings.41 Overall,
our results indicate that EVs play a critical role in MPC
myogenesis and nanograting-mediated myotube formation.
Studies have shown that nanorough surfaces enhanced the

ability of MSC-derived EVs to induce osteogenesis in vitro and
in vivo, suggesting the potential effects of nanotopography on
EV function.28,29 Therefore, As the next step to investigate
whether nanogratings affected the profile and function of EVs

Figure 3. Cell substrates modulated the function of MPC-derived EVs. (A) EV uptake by aged MPCs. EVs were labeled by PKH26 in red.
Cells were stained by phalloidin in green. Blue: nuclei. Scale bar: 50 μm. (B) Representative fluorescence images and (C) quantification of
Ki-67 positive aged MPCs after EV treatment. CTRL: no treatment. Red: Ki-67; blue: nuclei. Scale bar: 50 μm. * p < 0.05, ** p < 0.01, One-
way ANOVA. (n = 5−9). (D) Western blot analysis and (E) quantification of MHC expression in MPCs after EV treatment. * p < 0.05, One-
way ANOVA. (n = 3). (F) Representative fluorescence images and (G) quantification of myotubes formed by age MPCs after EV treatment.
The maturation index is defined as the percentage of myotubes containing more than five nuclei. Magenta: MHC; Blue: Nuclei. Scale bar:
100 μm. * p < 0.05, ** p < 0.01, *** p < 0.001, nonparametric ANOVA (myotube number) and one-way ANOVA (myotube length, fusion
index, and maturation index) (n = 4). Data are presented as means ± SEM.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c02269
ACS Nano 2023, 17, 19640−19651

19643

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c02269/suppl_file/nn3c02269_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02269?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c02269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


secreted by MPCs, we cultured young MPCs in EV-free media
for 3 days on either nanogratings or flat surfaces. We then
isolated EVs from the conditioned media of the different
groups. The abbreviations, fEVs and nEVs are used to
represent EVs secreted by young MPCs cultured on flat and
nanograting substrates, respectively. Nanoparticle tracking
analysis showed that both fEVs and nEVs had an average
diameter of ∼200 nm, suggesting substrate topology did not
affect the EV size (Figure 2J). The concentration of EVs
secreted by MPCs was also not significantly changed by the
substrate nanotopography (Figure 2K). Both fEVs and nEVs
were positive for CD81 and Alix, two EV-specific markers, and
negative for cytoplasmic protein GM130 (Figure S2).
To gain insights into the influences of nanotopography on

EV biochemical composition, we used Raman spectroscopy
analysis to compare the fEVs and nEVs molecular fingerprints,
including protein, nucleic acid, lipid, and sugar content.42,43 EV
Raman fingerprints mirror the biochemical features and health
status of the parental cell and contain information about the
structural and functional components of the EVs.43 As shown
in Figure 2L, the obtained Raman spectra displayed a good
signal-to-noise ratio and showed the peaks and bands that were
expected for EV components (lipids, proteins, nucleic acids,
and sugars).44 Multivariate statistical analysis of the observed
spectral variations indicated that fEVs and nEVs had significant
differences in their biochemical composition (Figure 2M). We
further compared the levels of different EV components and

found that nEVs displayed reduced levels of lipid and sugar
compositions when compared to fEVs, while the protein and
nucleic acid contents were only modestly changed between the
two EV types (Figure 2N). Studies have shown that
nanotopographical signals regulate cell lipid metabolism and
the membrane distribution of bulky glycoproteins,45,46 which
may contribute to the nanograting-modulated changes in EV
lipid and sugar compositions. However, further investigation is
required to understand the specific EV molecular changes in
response to substrate topographical cues. Overall, these results
suggest that the molecular signals contained within EVs are
modulated by changing the physical features of cell culture
substrates from which the EVs originated.

fEVs and nEVs Play a Distinct Role in Modulating
Aged MPC Behavior. To assess the direct effect of fEVs and
nEVs on aged MPC responses, we isolated MPCs from the
hindlimb muscles of aged male mice (21−23-month-old) and
treated aged MPCs with fEVs or nEVs. Immunofluorescent
labeling confirmed that EVs were taken up by cells 4 h after
treatment (Figure 3A). As aging induces the impairment of
MPC proliferation and differentiation potentials,4,47,48 we
focused on evaluating the roles of fEVs and nEVs in regulating
these two features in aged MPCs. After 24 h of treatment, fEVs
increased the percentage of proliferating cells (Ki-67 positive)
compared to both nEVs and no treatment controls (Figure
3B,C). Cell proliferation was not significantly influenced by the
presence of nEVs. These results were further confirmed using

Figure 4. Optimization of EV treatment strategies using bioengineered aged muscle constructs. (A) Schematic illustration of 3D muscle
construct preparation. (B) Schematic illustration of EV administration strategies and timeline. Aged muscle constructs were injured by CTX,
followed by EV treatments for a total of 7 days. At 7 DPI, myotube regeneration and muscle construct force recovery were evaluated. In
control group (CTRL), injured muscle constructs were cultured in EV-free differentiation media (DM). (C) Representative confocal images
of injured muscle constructs (7 DPI) stained for sarcomeric α-actinin (SAA) to show myotube regeneration without or with EV treatment.
Red: SAA; blue: nuclei. Scale bar = 100 μm. (D) Quantification of myotube number and (E) myotube diameter of injured muscle constructs
without or with the EV treatment at 7 DPI. * p < 0.05, *** p < 0.001, one-way ANOVA. (n = 4) (F, G) Relative twitch and tetanic forces of
injured muscle constructs (7 DPI) without or with EV treatment. Force data were normalized to the CTRL group. ** p < 0.01, *** p <
0.001, one-way ANOVA. (n = 4−10). Data are presented as means ± SEM.
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an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay (Figure S3).
We then evaluated the myogenic differentiation of aged MPCs
that were treated with fEVs or nEVs for 3 days. As shown in
Figure 3D,E, nEV treatment significantly increased MHC
expression in the cells when compared to the no treatment
control cells. We also observed that fEVs increased MHC
expression, although the increase was not statistically
significant. This increase may be due to fEVs-induced increase
in cell number, which would result in enhanced cell−cell
contact and, thus, myogenesis.49,50 Indeed, fEV treatment
increased the number of myotubes and the fusion index in
MPCs compared to control cells (Figure 3F,G). However,
myotubes were generally small, with ∼50% of the myotubes
containing less than 5 nuclei (Figure 3F,G). By comparison,
nEVs significantly increased the numbers of myotubes,
myotube length, and myotube maturation as compared to
both control and fEVs groups (Figure 3F,G). Taken together,
our results suggest that fEVs and nEVs display distinct effects
in mediating aged MPC behavior, which may result from
nanotopography-induced EV composition change.
A Bioengineered Muscle Aging Model Identified an

Optimal EV Administration Protocol for Improved
Functional Muscle Regeneration. Having demonstrated
the capabilities of both fEVs and nEVs in mediating different
aspects of aged MPCs lineage progression, we next tested
whether one or both of these EV populations could enhance
aged muscle regeneration in vivo. Tibialis anterior (TA)
muscles of aged mice were injured by cardiotoxin (CTX), then
received local administration of fEVs or nEVs 5 and 7 days

after injury, similar to our previous protocol.51 However, we
found that neither the administration of fEVs nor the
administration of nEVs significantly improved the regeneration
of aged muscles when compared to controls (Figure S4).
Since aged MPCs display impairment in both proliferation

and differentiation,3−5 we posited that the failure of fEVs or
nEVs to promote functional regeneration in vivo might be
because neither EV population in isolation promotes multiple
phases of MPC lineage progression. That is, while fEVs may
have promoted MPC proliferation, differentiation potential in
the later stages of regeneration was unaffected. In contrast,
nEVs may have precociously promoted MPC differentiation
before MPCs were sufficiently amplified in number. Previous
studies have shown that this temporal dysregulation of MPC
lineage specification contributes to impaired regeneration.52
Therefore, we hypothesized that an EV treatment strategy
designed to enhance both proliferation and myogenic differ-
entiation of age MPCs may enhance outcomes.
To test our hypothesis, we utilized a 3D bioengineered

muscle aging model with the goal of identifying the optimal EV
therapeutic strategy in a time-efficient and high-throughput
way. Our recent study systematically characterized the muscle
aging model and found that 3D aged muscle constructs
recapitulated age-related declines in myofiber function and
regeneration when compared to young muscle constructs.53
Previously, we found that, while young muscle constructs
showed increased MPC amplification 1 day post injury (DPI),
increases in MPC number were only detected in aged muscle
constructs until 7 DPI.53 More importantly, the aged muscle

Figure 5. Sequential administration of fEVs and nEVs enhanced aged muscle regeneration in vivo. (A) Schematic illustration of EV
administration. (B) Representative cross-sectional images of injured TA muscles (12 DPI) with or without EV treatment. Young CTRL:
injured TA muscles of young mice injected with PBS; Aged CTRL: injured TA muscles of aged mice injected with PBS; (f+n)EVs: injured
TA muscles of aged mice injected with an EV mixture containing 5 × 108 fEVs and 5 × 108 nEVs at both 1 and 5 DPI; (f →n)EVs: injured
TA muscles of aged mice injected with fEVs (1 × 109) and nEVs (1 × 109) at 1 and 5 DPI, respectively. Green: laminin; blue: nuclei. Scale
bar = 100 μm. (C) Size distribution of myofibers of injured TA muscles with or without EV treatment (n = 5−6). (D) Relative twitch and (E)
tetanic force of TA muscles with or without EV treatment (12 DPI). Force data were normalized to the aged CTRL group. * p < 0.05, *** p
< 0.001, ns: no significance, one-way ANOVA (n = 5−12). Data are presented as means ± SEM.
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constructs recapitulated the regenerative responses of aged
muscles to different interventions, including EVs.53
Aged muscle constructs were prepared by culturing aged

MPCs in a 3D hydrogel mixture of fibrin and Matrigel and
maintained in a PDMS chamber containing two posts that
provided physical anchors for attachment to induce the
development of aligned myotubes (Figure 4A, S5A, S5B).
After 14 days of myotube induction, muscle constructs
produced twitch and tetanic contractions upon 1 and 40 Hz
electric stimulation, respectively (Figure S5C). To evaluate
muscle regeneration, we injured aged muscle constructs by
treating the constructs with 0.4 μM CTX for 5 h, as we
previously described.53
With the goal of enhancing both MPC proliferation and

differentiation to maximize muscle regenerative responses, we
designed two strategies to treat injured aged muscle constructs:
1) administration of a mixture consisting of 1/2 fEVs and 1/2
nEVs ((f+n)EVs); and 2) sequential administration first of
fEVs to promote proliferation followed by nEVs to induce cell
differentiation ((f→n)EVs), as shown in Figure 4B. Injured
muscle constructs without treatment were used as controls.
Another two groups of injured constructs were treated with
solely fEVs or nEVs, respectively, replicating the protocol we
had performed in vivo (Figure S4). At 7 DPI, we evaluated
muscle construct regeneration by quantifying myotube
number, myotube size, and force recovery. Similar to our in
vivo results (Figure S4), the regeneration of aged muscle
constructs was not improved when muscle constructs were
treated with only fEVs or nEVs (Figure 4C−G). Similarly, the
mixture of fEVs and nEVs yielded no improvement in
regeneration compared to control counterparts (Figure 4C−
G). However, muscle functional recovery was significantly
improved when muscle constructs were treated sequentially,
first with fEVs and then nEVs (Figure 4F-G). This increase in
force production was concomitant with an increased number,
but not size, of regenerated myotubes in the muscle constructs
(Figure 4D,E). Regenerative outcomes were also dependent on
EV dose (Figure S6). Of note, the sequential administration of
fEVs and nEVs from aged MPCs also promoted muscle
construct regeneration (Figure S7), though the degree of
improvement was lower than using young EVs (42% (aged
EVs) vs 85% (young EVs) based on tetanic force data). This
further highlights nanotopography as a robust platform to
modulate EV function. Taken together, our results suggest that
the sequential administration of fEVs then nEVs may be a
promising approach for improving aged muscle regeneration.
Sequential Administration of fEVs and nEVs Pro-

moted Aged Muscle Regeneration In Vivo. Lastly, we
revisited our in vivo model and evaluated the physiological
relevance of the combined fEV and nEV administration
protocol tested in the aged muscle constructs. TA muscles of
aged male mice were again injected with CTX to induce injury.
One group of mice received intramuscular injections of a
mixture of 1/2 fEVs and 1/2 nEVs at both 1 and 5 DPI.
Another group of mice received intramuscular injections of
fEVs at 1 DPI and nEVs at 5 DPI (Figure 5A). The time points
were selected based on previous reports demonstrating that
activated MPCs proliferate at 1−3 DPI and undergo myogenic
differentiation from 5 DPI.54,55 Injured TA muscles of young
and aged male mice without EV treatment (PBS injection
only) were used as controls. Myofiber regeneration and
contractile force production of injured muscles were assessed
at 12 DPI. While administration of a mixed population of fEVs

and nEVs improved myofiber regeneration and increased the
size of regenerating myofibers compared to aged controls
(Figure 5B,C), there was no improvement in functional
recovery (Figure 5D,E). By comparison, TA muscles received
sequential treatment of fEVs and nEVs displayed even greater
improvements in regeneration and to levels comparable to the
young mouse TA muscles, as evidenced by significantly
increased myofiber size and contractile forces (Figure 5B−E).
To further characterize the effects of sequential EV

treatment on muscle regeneration, we also evaluated the
inflammation, cell proliferation, and cell apoptosis at the
treated site of muscle injury. We observed no significant
difference in inflammation or cell apoptosis following (f→
n)EV treatment (Figure S8, S9). However, (f → n)EV-treated
muscle did contain fewer proliferating cells than the aged
control (Figure S10). Given that the number of proliferating
cells increases during the early stages of regeneration and
decreases as the regenerative cascade progresses, we interpret
these findings to suggest that our sequential EV treatment
strategy may have accelerated the overall regeneration progress
of aged skeletal muscle.

CONCLUSION
The temporal regulation of MPC proliferation and differ-
entiation is critical for skeletal muscle regeneration but is
impaired with aging. EV administration is increasingly
recognized as a promising therapeutic strategy to promote
tissue regeneration. Given that EV therapeutic efficiency is
highly impacted by cell culture conditions, in the present work,
we utilized nanotopography to tune the therapeutic potential
of MPC-derived EVs for aged muscle regeneration. We found
that EVs released by young MPCs cultured on flat substrates
(fEVs) or nanogratings (nEVs) elicited distinct effects on aged
MPC behavior, with the fEVs promoting cell proliferation and
nEVs driving myogenic differentiation. By leveraging the
advantages of the 3D biomimetic muscle aging model, we
optimized a protocol of sequential administration of fEVs
followed by nEVs to enhance aged muscle regeneration. The
beneficial effects of this sequential EV treatment strategy were
further validated in vivo in aged skeletal muscle. Collectively,
this study not only provides an effective approach to tune the
therapeutic potential of EVs through extrinsic topographical
cues but also emphasizes the importance of optimizing EV
administration strategy for skeletal muscle regeneration.

Study Limitations. While our study demonstrated the
promise of modulating EV therapeutic function by using
nanotopographical cues, we only evaluated a single shape and
dimension of nanotopography. Whether and how nano-
topography shape and dimension influence EV function
represents an interesting future direction. Furthermore, we
collected EVs from the conditioned media of the cells cultured
on PDMS substrates for 3 days. We chose this time since it was
the time point at which we found differences in the influence of
nanotopographical cues on MPC phenotype and function in
vitro. Given that EV cargoes may also be influenced by cell
culture time,28 it is worth investigating the influence of cell
culture time on EV therapeutic performance. Lastly, our in vivo
experiments were based on aged male mice. The effects of EV
administration on muscle regeneration of aged female mice
remain to be investigated.
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MATERIALS AND METHODS
Animals. C57BL/6 young (3−6 months) and aged (21−25

months) male mice were selected for inclusion in our study. We chose
these age ranges because mice older than 3 months are generally
sexually mature and because mice at 21−25 months of age display
well-documented declines in skeletal muscle regeneration. All mice
were received from the National Institute on Aging (NIA) rodent
colony. All procedures were approved by the Institutional Animal
Care and Use Committee of the University of Pittsburgh and Mass
General Hospital. The animals were given access to food and water ad
libitum.
Cell Isolation. MPCs were isolated from young and aged mice

based on a published protocol using a preplating technique.53 Briefly,
forelimb and hindlimb muscle tissues were minced and digested using
collagenase II and Dispase to collect all populations of cells. The cells
were then cultured in a collagen-coated T-flask. After 24 h of culture,
the media containing floating cells was transferred to a Matrigel-
coated T175 flask and maintained for 2−3 days to allow MPC
adhesion. The cells were cultured in growth media consisting of high
glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Grand
Island, NY, USA), 20% fetal bovine serum (FBS, Gibco), 0.5%
chicken embryo extract (CEE, USBiological, Salem, MA, USA), 5 ng/
mL basic fibroblast growth factor (bFGF, Peprotech, Cranbury, NJ,
USA), and 1% penicillin-streptomycin (Gibco).
PDMS Substrate Preparation and Cell Culture. PDMS

nanogratings were prepared through soft lithographic approaches.33
Briefly, a mixture of PDMS resin and curing agent (Sylgard 184 kit,
Dow Corning, Midland, MI, USA) in a 10:1 w/w ratio was poured
onto a silicon mold and cured at 70 °C for 4 h. PDMS flat substrates
were prepared by pouring PDMS uncured mixture on Petri dishes and
cured at 70 °C for 4 h. Before seeding cells, the PDMS substrate
surfaces were hydrophilized by air plasma treatment and coated with
fibronectin (50 μg/mL, MilliporeSigma, St. Louis, MO, USA) for at
least 1 h.

MPCs were seeded on flat or nanograting substrates at the density
of 5000 cells/cm2 in the growth media. When evaluating myotube
formation, cells were cultured in growth media overnight to allow
adhesion, followed by culturing in differentiation media for 3 days.
The differentiation media consists of high glucose DMEM (Gibco),
2% horse serum (Gibco), and 1% penicillin-streptomycin (Gibco).
Treatment of GW4869 and Pitstop2. MPCs were seeded on

flat or nanograting substrates at the density of 5000 cells/cm2 in the
growth media. After overnight incubation, the cells were then cultured
in differentiation media containing either 5 μM GW4869 (Milli-
poreSigma) or 25 μM Pitstop 2 (MilliporeSigma) for another 3 days.
Immunostaining. Cells or tissue sections were fixed with 2%

paraformaldehyde (PFA, ThermoFisher Scientific, Waltham, MA,
USA) for 10 min at room temperature, permeabilized and blocked
using a PBS solution containing 0.03 g/mL BSA (ThermoFisher
Scientific), 10% goat serum (Gibco), and 0.2% Triton-X 100 (Sigma-
Aldrich) for 1 h. The samples were then incubated with primary
antibody (in PBS solution with 5% goat serum) overnight at 4 °C,
then incubated with secondary antibody (1:200) for 1 h at room
temperature. Nuclei were stained with DAPI (1:500, Invitrogen,
Waltham, MA, USA) for 5 min. F-actin was stained with Alexa Fluor
488 phalloidin (1:400, Invitrogen). Details regarding the antibody
information and dilution are listed in Table S1. During staining, at
least one sample was incubated with the secondary antibody but not
the primary antibody. These were used as negative controls to rule out
the influence of nonspecific secondary antibody binding. Fluorescent
images were captured using a Zeiss-Axiovision microscope. The
confocal images were captured using a Nikon Confocal Microscope.
Image analysis was performed using ImageJ (https://imagej.nih.gov/
ij/) or Fiji (https://imagej.net/software/fiji/).
Western Blotting. Cells were lysed by using RIPA buffer

containing protease inhibitor for 30 min on ice, and the obtained
proteins were separated with a 4−12% Bis-Tris gel electrophoresis
(Invitrogen) and then transferred to polyvinylidene difluoride
(PVDF) membranes (EMD Millipore, Burlington, MA, USA). The

PVDF membranes were blocked with blocking buffer (LI-COR
Biosciences, NE, USA) for 1 h at room temperature, blotted with
primary antibodies at 4 °C overnight, and then incubated with
fluorescent dye-conjugated secondary antibodies (LI-COR Bioscien-
ces) for 1 h at room temperature. Details about the antibodies and
their dilution are listed in Table S1. Protein membrane images were
acquired using LI-COR ODYSSEY CLx and LI-COR Image Studio
Acquisition Software (LI-COR Biosciences). The quantification of
protein band densitometry was analyzed by using ImageJ software.
Full blots are presented in Figure S10.

EV Isolation and Characterization. For EV isolation, young
MPCs seeded on flat or nanograting substrates were cultured in EV-
free growth media for 3 days. EVs were isolated either by using the
total exosome isolation reagent (ThermoFisher Scientific) by
following the manufacturer’s protocol, through ultracentrifugation,
or using size-exclusion chromatography (SEC) columns (ICO-35,
Izon Science, Medford, MA, USA). To isolate EVs through
ultracentrifugation, the conditioned media were collected and
centrifuged for 30 min at 3,000g, followed by centrifuging the
supernatant at 100,000g (Beckman Coulter Optima L-90K Ultra-
centrifuge) at 4 °C for 70 min. The EV pellet was then resuspended in
PBS. To isolate EVs using SEC columns, the conditioned media was
centrifuged for 30 min at 3,000g to remove debris and concentrated
to a volume of approximately 150 μL using centrifugal filters (100
kDa, Amicon UFC910024). The concentrated media was then run
through the SEC columns and the 1.25−2.25 mL fraction was
collected. The size and concentration of EVs were measured by a
NanoSight NS 300.

Raman Spectroscopy. For the Raman spectroscopy analysis of
EVs, 8 mL of cultured media was concentrated with Amicon 3 kDa
Centrifugal Filter Unit (Millipore, Merck KGaA, Darmstadt,
Germany) to 1 mL. SEC was performed using qEV columns
(Gen2, 70 nm, Izon Science, Christchurch, New Zealand) and
Automatic Fraction Collector (AFC; Izon Science) following the
manufacturer’s instructions. Briefly, 2900 μL of eluted buffer was
discarded and 1600 μL of fractions containing EVs was retained. EVs
from 4 samples were pooled together and then concentrated by
ultracentrifugation (100,000g × 70 min, 4 °C, L7-65; Rotor SW60;
Beckman Coulter, Brea, CA, USA). The concentrated EVs were
analyzed by Raman spectroscopy (LabRAM, Horiba Jobin Yvon
S.A.S. Lille, France) following a previously published protocol.42,43
Briefly, 5 μL of the concentrated EVs were laid on a calcium fluoride
disk and acquisitions were performed in the spectral ranges 600−1800
cm−1 and 2600−3200 cm−1 with the following parameters: 532 nm
laser line; 50× objective; grating 1800; 400 μm entrance slit; 30 s of
acquisition for 2 repetitions. Instrument calibration was done using a
reference sample (Si) at 570.7 cm−1 prior to running the experiment.
Twenty-five spectra per sample were collected randomly at the border
of the EV drops, spectra with no signal or saturated signals were not
considered for the subsequent analysis. The spectra were analyzed
using LabSpec6 (Horiba) software. Spectra were aligned, and the
baseline was corrected using a fifth-order polynomial curve and
normalized dividing by the data set maximum value. The average
spectrum was calculated for both experimental groups. A preliminary
comparison of spectra was performed by multivariate statistical
analysis. Principal component analysis (PCA) was used to minimize
the variables, followed by Linear Discriminant Analysis performed by
using the first 10 Principal Components. Canonical variable scores
obtained for the two groups were compared using a nonparametric
Mann−Whitney test.

In-Well Western for EV Characterization. In-well western was
performed to confirm EV purity.51 Briefly, 1 × 109 EVs isolated
through ultracentrifugation or SEC were fixed in 2% PFA for 10 min,
followed by washing with PBS once. EVs were then blocked in PBS
solution containing 3% BSA for 1 h at room temperature. After
washing twice with PBS solution, EVs were incubated with Alex Fluor
647-labeled CD81(ThermoFisher Scientific), GM130 (Santa Cruz,
Dallas, TX, USA), or ALIX (Proteintech, Rosemont, IL, USA)
overnight at 4 °C, followed by incubating with fluorescent dye-
conjugated secondary antibody for 1 h at room temperature. EVs were
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washed twice with PBS, resuspended in 150 μL of PBS, and loaded to
a 96-well plate. The fluorescent imaging was performed using LI-COR
ODYSSEY CLx and LI-COR Image Studio Acquisition Software (LI-
COR Biosciences). Young MPCs were used as the positive control for
GM130.
Aged Muscle Construct Preparation. The preparation of aged

muscle constructs was conducted by following our previous study.53
Briefly, 2 × 106 cells were suspended in 71.2 μL growth media
followed by adding 0.8 μL Thrombin (Millipore Sigma, 100 U/mL in
PBS containing 0.1% bovine serum albumin), 20 μL Matrigel
(Corning), and 8 μL Fibrinogen (MP Biomedicals, Solon, OH,
USA). 85 μL of the mixture of cells and hydrogels was then added to
the sterilized PDMS frame and incubated for 25 min at 37 °C for
gelation. Muscle constructs were cultured in the growth media
containing 1.5 mg/mL 6-aminocaproic acid (ACA; Sigma-Aldrich)
for 4 days, followed by culturing in differentiation media
supplementing with 2 mg/mL ACA for another 14 days to induce
myotube formation and construct maturation. The contractile (twitch
and tetanic) forces were measured and analyzed as previously
described.53
In Vitro EV Treatment. For the EV uptake experiment, aged

MPCs cultured on glass chamber slides (ibidi, Fitchburg, WI, USA)
were treated with PKH-26-labeled EVs at the concentration of 1 ×
109 EVs/mL for 4 h in EV-free media. The cells were then fixed in 2%
PFA and stained for phalloidin.

To evaluate cell proliferation, aged MPCs were cultured either on
glass chamber slides (ibidi) for 24 h (for Ki-67 staining) in the
presence of EVs or in 96-well plates for 72 h (for MTS assay). MTS
assays were performed using a CellTiter 96 AQueous One Solution
Cell Proliferation Assay based on the manufacturer’s instruction. To
evaluate cell differentiation, aged MPCs were cultured on glass
chamber slides (ibidi) and treated with EVs for 3 days in EV-free
differentiation media (2% EV-free FBS (Gibco) and 1% penicillin-
streptomycin in high glucose DMEM). Cells were then stained for
MHC (Abcam, Waltham, MA). Myotube number, length, fusion
index, and maturation index were then evaluated. The myotube fusion
index was defined as the percentage of nuclei inside the myotubes,
while the maturation index was defined as the percentage of myotubes
containing more than five nuclei.56−58

For muscle construct regeneration assays, aged muscle constructs
were first treated with CTX (0.4 μM) for 5 h on a shaker at 37 °C to
induce myotube fragmentation. After CTX treatment, muscle
constructs were cultured in the EV-free differentiation media
containing 1 × 108 −5 × 109 of fEVs and/or nEVs isolated from
young or aged MPCs. The EV-containing media was changed every
other day. Contractile force and regenerated myotubes of muscle
constructs were evaluated at 7 DPI.
In Vivo Muscle Regeneration. Young or aged male mice

received bilateral TA muscle injuries by intramuscular injections of 10
μL CTX (1 mg/mL), as we previously described.51 Animals were then
randomly assigned to each group. For fEV or nEV treatment
experiments, animals received 10−15 μL bilateral intramuscular
injections of 1 × 109 fEVs or nEVs at 5 and 7 DPI. For combined EV
treatment experiments, animals received 10−15 μL bilateral intra-
muscular EV injections at 1 and 5 DPI. In the mixed EV treatment
group ((f+n)EVs), mouse TA muscles were injected with an EV
mixture containing 5 × 108 fEVs and 5 × 108 nEVs (total EVs: 1 ×
109). In the sequential EV treatment group ((f →n)EVs), the mouse
TA muscles were injected with fEVs (1 × 109) and nEVs (1 × 109) at
1 and 5 DPI, respectively. In the control group, the mouse TA
muscles were injected with the same amount of PBS as the EV
solution. In situ contractile testing was performed by a blinded
investigator at 12−14 DPI based on our previously described
protocol.59 TA muscles were collected and cryo-sectioned for
histological analysis of myofiber regeneration. Muscle sections were
stained for laminin and imaged using a Nikon confocal microscope.
The cross-sectional area of myofibers was then quantified using
MyoVision software (version 1.0).60 TUNEL staining was performed
using Click-iT Plus TUNEL assay (Invitrogen) by following the
manufacturer’s protocol.

Statistical Analysis. Data are presented as mean ± standard error
of the mean (SEM). The sample size was calculated a priori by
GPower software (Version 3.1). A Shapiro-Wilk test was initially
performed to check the data normality. When normality conditions
were met, the statistical significance was analyzed based on the two-
tailed Student t test or one-way analysis of variance (ANOVA)
followed by Tukey’s HSD (honestly significant difference) for two-
group and multiple-group comparisons, respectively. Otherwise,
groups were compared using a Mann−Whitney U test or non-
parametric ANOVA with Dunn’s multiple comparisons. The statistical
analyses were performed using GraphPad Prism 9 or JMP Pro
(version 16.0). Statistically significant differences were considered at a
level of p < 0.05.
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