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Extracellular vesicles (EVs) show potential as a therapeutic tool for peripheral nerve injury (PNI), promoting

neurological regeneration. However, there are limited data on the in vivo spatio-temporal trafficking and

biodistribution of EVs. In this study, we introduce a new non-invasive near-infrared fluorescence imaging

strategy based on glucose-conjugated quantum dot (QDs-Glu) labeling to target and track EVs in a sciatic

nerve injury rat model in real-time. Our results demonstrate that the injected EVs migrated from the unin-

jured site to the injured site of the nerve, with an increase in fluorescence signals detected from 4 to 7

days post-injection, indicating the release of contents from the EVs with therapeutic effects.

Immunofluorescence and behavioral tests revealed that the EV therapy promoted nerve regeneration and

functional recovery at 28 days post-injection. We also found a relationship between functional recovery

and the NIR-II fluorescence intensity change pattern, providing novel evidence for the therapeutic effects

of EV therapy using real-time NIR-II imaging at the live animal level. This approach initiates a new path for

monitoring EVs in treating PNI under in vivo NIR-II imaging, enhancing our understanding of the efficacy

of EV therapy on peripheral nerve regeneration and its mechanisms.

Introduction

The incidence of peripheral nerve injury (PNI) is approximately
13 to 23 per 100 000 persons per year,1–3 leading to lifelong
disorders including neural dysfunction, unbearable pain,
paralysis and even permanent disability. Various treatment
modalities such as nerve repair and neural transplantation
have been employed for peripheral nerve regeneration for
decades,4–8 but these therapeutics result in only a 51.6% satis-
factory recovery with slow nerve regeneration and incomplete
recovery of neural function.9 Especially, when nerve crush
injury occurs, the current treatments mainly based on surgical
procedures might ultimately lack scope for their abilities.

Recently, skin precursor (SKP) derived Schwann cells
(SKP-SCs) have been applied to traumatic and degenerative
neurological diseases. They are increasingly qualified as a
favorable tool in neuroregenerative medicine, demonstrating
improved functional recovery in rats with acute and delayed
PNI.10–12 It has gradually become evident that SKPs exploit
extracellular vesicles (EVs) of 40 nm to 1000 nm in size
secreted into extracellular fluids, as a paracrine communi-
cation mechanism to augment endogenous neuroprotection
and improve neurological impairment.13 In recent years, EVs
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have been extensively investigated in the field of peripheral
nerve regeneration due to their ability to transfer cargos
among cells and regulate their activities, exerting regenerative
effects on neurological impairment with assorted mechanisms
involved in neurogenesis, neuronal proliferation, neuronal sur-
vival, neurogenesis, and angiogenesis.14–19 Furthermore, as
EVs are biogenic in nature and in the absence of immunosti-
mulatory activity owing to their biological origin with prime
physicochemical stability, they are typically endowed with
superior tolerance compared to synthetic drugs. In particular,
it was reported that SKP-SCs derived EVs (SKP-SC-EVs) could
regulate cell growth and the death signaling pathway through
cargo transmission to injured motoneurons, contributing to
axonal regrowth and neuronal resurrection.20 Based on
accumulating evidence for the key role of EVs in neuronal
protection, nerve regeneration, remyelination, and synaptic
plasticity,21–24 a cell-free therapeutic therapy based on
SKP-SC-EVs can be postulated as a promising candidate for the
treatment of PNI without indication for surgery.

As the EV therapy is expected to be a novel potential for
optimizing peripheral nerve regeneration in the treatment of
PNI, it is crucial to understand when, where and how the EVs
exert their therapeutic effect. However, the migration time,
spatial distribution, and retention of EVs in vivo, which are
closely related to the effectiveness and efficacy of EV therapy,
during peripheral nerve regeneration remain unknown due to
a lack of real-time monitoring modalities. Moreover, non-inva-
sive analysis and prediction of functional recovery in the course
of treatment are anticipated for timely adjustment of EV admin-
istration. Hence, there is an urgent need for a reliable in vivo
imaging method to quantitatively assess the efficacy of EV
therapy on peripheral nerve regeneration and to guide EV
administration for functional recovery in the treatment of PNI.

In recent years, nanotechnologies have contributed to
advances in in vivo high-resolution imaging to study stem
cells and EV tracking and homing, providing novel insights
into their mechanisms of action.25–27 Notably, fluorescence
imaging is becoming one of the most widely utilized tech-
niques in the field of medical science. The second near-infra-
red window (NIR-II, 1000–1700 nm) fluorescence imaging has
made its debut by virtue of minimal scattering, high signal-to-
noise ratio (SNR) and low self-fluorescence background com-
pared with visible light and NIR-I fluorescence imaging.28–32

Among various NIR-II imaging agents, lead sulfide quantum
dots (PbS QDs) have been adopted to track stem cells and
monitor their fate during rotator cuff repair.33 Moreover, nerve
regeneration after PNI has been demonstrated after surgical
repair combined with injection of adipose tissue derived stem
cells (ADSCs), simultaneously providing long-term and real-
time details on the distribution, migration and clearance of
the injected cells.34 Inspired by these previous discoveries, the
application of QD-based NIR-II fluorescence imaging may
hopefully serve as an excellent strategy for monitoring EVs
in vivo dynamically and longitudinally in real-time.
Furthermore, previous studies found that glucose-coated nano-
particles were uptaken into EVs via an active energy-dependent

mechanism that is mediated by the glucose transporter
GLUT-1.35,36 Therefore, glucose-coated quantum dot (QDs-Glu)
labeling could be a novel path to unveil the relationship
between the therapeutic effects of EV therapy and a possible
illustration of the spatio-temporal changing pattern of EVs
in vivo in a non-invasive and real-time manner, generating a
noteworthy potential for deciphering the underlying mecha-
nisms for peripheral nerve regeneration and predicting neuro-
functional recovery.

In the present work, an innovative approach for EV labeling
that preserves their morphology and physiological character-
istics and longitudinal monitoring of EVs in vivo was per-
formed, providing a spatio-temporal map of EVs and allowing
for in-depth interpretation of nerve regeneration after EV
therapy (Scheme 1). First, our prepared QDs were conjugated
to glucose (QDs-Glu), which acted as an effective target for
QDs to label rat SKP-SC-EVs obtained and expanded in vitro
and to track them in vivo. Then, the fluorescence properties
and stability of QD-labeled EVs (QDs-Glu-EVs) were studied
both in vitro and in vivo. Subsequently, a cell-free therapy
research platform based on EVs was constructed, which was
applied to the crushed nerves in rat models of sciatic nerve
injury, with NIR-II fluorescence recorded in a time course
in vivo. Furthermore, the therapeutic effects of EV therapy were
verified through immunofluorescence and behavioral tests,
evaluating axonal outgrowth and regrowth as well as motor
and sensory recovery. Additionally, pathological analysis was
employed to testify the biosafety of QDs-Glu-EVs. The current
work proved peripheral nerve regeneration after the EV therapy
and provided long-term and real-time details through NIR-II
fluorescence imaging on the fate of injected EVs, verifying
their therapeutic effects in the treatment of PNI and an overall
interpretation of functional recovery at the living level, paving
the way for future clinical applications of EV therapy.

Materials and methods
Reagents and materials

Chemical reagents, including bovine pancreatic ribonuclease-
A (RNase-A), lead acetate trihydrate (Pb(OAc)2·3H2O), sodium
sulfide nonahydrate (Na2S·9H2O), N-hydroxysuccinimide
(NHS),and (D-(β)-glucosamine hydrochloride (2GF) were pur-
chased from Sigma-Aldrich, and 1-ethyl-3-(3-dimethyl-
aminopropyl) carbon diimine hydrochloride (EDC) and Sulfo-
SMCC were purchased directly purchased from Thermo Fisher
Scientific, and used without further purification. Additionally,
97% sodium hydroxide (NaOH) obtained from Maclin and
sterile 1× phosphate buffer solutions (PBS) with a pH of 7.4
were employed in all experiments.

Animals

All the experimental animals including 6- to 8-week-old female
Sprague-Dawley (SD) rats (weight: around 180 g) and 6- to
8-week-old female nude mice were provided by the Animal
Care Facility of Shanghai Jiao Tong University, School of
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Medicine (Shanghai, China). All animal experiments were
carried out under aseptic conditions after the rats were anesthe-
tized by isoflurane inhalation. The animal study protocols were
performed according to the Chinese Guidelines for the Care
and Use of Laboratory Animals and approved by the Animal
Care Committee of the Laboratory Animal (201903001S).

Instrumentation

Deionized water was obtained using an ELGA Purelab classic
ultraviolet filter system. The cultured EVs were observed using
a Leica TCS SP8 microscope. Animal model establishment was
performed under a SMOIF SXP-1C microscope. A biosafety
cabinet of 1300 SERIES A2 from Thermo SCIENTIFIC was
used. PbS quantum dots were produced using a Discover
microwave reactor (CEM, USA) equipped with a cooling system.
After synthesis, ultracentrifugation with Amicon ultra centrifu-
gal filter tubes (MWCO: 10 kDa) was conducted to refine the
PbS quantum dots. An NS1 NanoSpectralyzer fluorimetric ana-
lyzer was used to measure NIR-II fluorescence spectra of the
PbS quantum dots, with an excitation wavelength of 808 nm.
To capture NIR-II fluorescence images, an in vivo imaging
system (MARS, Artemis Intelligent Imaging, Shanghai, China)
was employed. A fiber-coupled 808 nm laser was used as the
excitation source, providing shadowless illumination. A
1250 nm long-pass filter was used to filter the emitted light,
which was then collimated using a 50 mm focal length SWIR
lens (MARS-FAST, Artemis Intelligent Imaging, Shanghai,
China). The fluorescence was detected using a NIRvana 640

liquid-nitrogen-cooled InGaAs camera (Teledyne Princeton
Instruments) positioned vertically above the working stage to
irradiate the subject.

Synthesis of PbS QDs

The procedure for synthesizing PbS quantum dots was based
on a previously published paper.37 Initially, a solution of Pb
(OAc)2 (10 mM) and RNase-A (50 mg mL−1) was mixed to
obtain the RNase-A/Pb2+ solution, which was then added to a
reaction tube. The pH of the system was adjusted to 9–11 by
stirring the mixture with 50 μl of NaOH solution (1 M) for
5 minutes. Subsequently, 50 μl of freshly prepared Na2S solu-
tion (10 mM) was added, and the mixture was stirred with a
stir bar to ensure even heating before being inserted into the
microwave reactor. The solution turned into a transparent dark
brown when the PbS quantum dots were freshly prepared.
Finally, the solution was purified using ultrafiltration and rinsed
with PBS to remove any excess reagents. The prepared PbS
quantum dots were stored in the dark at 4 °C after synthesis.

Culture of SKPs and differentiation towards SCs

Rats at postnatal day 1 were used for primary culture of SKPs
as described previously.38 Briefly, back skin samples from neo-
natal SD rats were cut into 1–2 mm2 pieces, followed by careful
removal of tissue underlying the dermis. Skin tissue was
digested with 0.1% trypsin or 1 mg mL−1 collagenase for
45–60 min at 37 °C, and then mechanically dissociated, fol-
lowed by filtration through a 40 μm cell strainer. The cells were

Scheme 1 Schematic of the experimental process.
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plated at a density of (1–2.5) × 104 cells per mL in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 medium (Corning
Cellgro, Manassas, VA, USA) containing 0.1% penicillin/strep-
tomycin (Beyotime, Shanghai, China), 40 ng mL−1 fibroblast
growth factor 2 (FGF2; R&D System, Minneapolis, MN, USA),
20 ng mL−1 epidermal growth factor (EGF; R&D), and 2% B27
supplement (Gibco, Brooklyn, NY, USA), with a 1–2 mL
medium containing sufficient supplements was added every 3
days. For differentiation towards SCs, SKP spheres were disso-
ciated and cultured on plates coated with poly-D-lysine (PDL;
Sigma-Aldrich, St Louis, MO, USA) and laminin (Corning,
Brooklyn, NY, USA) in SKP-SC differentiation medium I,
namely DMEM/F12 medium containing 0.1% penicillin/strep-
tomycin, 40 ng mL−1 FGF2, 20 ng mL−1 EGF, 2% B27 sup-
plement, and 5–10% fetal bovine serum (FBS; Gibco, Carlsbad,
CA, USA). After 3 days, the medium was changed to SC differ-
entiation medium II, namely DMEM/F12 (3 : 1) containing
0.1% penicillin/streptomycin, 5 µm of forskolin (Sigma-
Aldrich, St Louis, MO, USA), 50 ng mL−1 heregulin-1β (R&D),
2% N2 supplement (StemCell Technologies, Vancouver, BC,
Canada), and 1–5% FBS. Once the proliferating SCs showed an
identifiable morphology, the cell colonies were isolated and
cultured in SC proliferation medium (the same as SC differen-
tiation medium II) for passage culture.

Isolation and identification of SKP-SC-EVs

First, the EVs released from SKP-SCs were isolated. The
SKP-SCs were incubated in the proliferation medium without
FBS for 2 days at about 80% confluence (cell density). The har-
vested conditioned culture medium was centrifuged at 500g
for 10 min, followed by collection of the supernatants. EVs
were purified from the cell culture supernatant of SKP-SCs that
were cultured in differentiation medium. After the cell density
reached 80% confluence, the medium was switched to serum-
free medium for 48 h. The supernatant, namely conditioned
medium, was collected and went through sequential ultracen-
trifugation at 500g for 10 min to remove the cell debris, fol-
lowed by filtering through a 0.22 μm filter (Millipore). EVs
were isolated using the exoEasy kit (Qiagen, Germantown, MD,
USA) from 15 mL of the cell culture supernatant with detailed
experiment steps in the manufacturer’s protocol. The mor-
phology of the EVs was observed under a transmission electron
microscope (TEM, Hitachi, Tokyo, Japan), and nanoparticle
tracking analysis (NTA, Particle Metrix, Ammersee, Germany)
was utilized to measure the concentration and size distri-
bution of SKP-SC-EVs. The protein concentration was
measured using bicinchoninic acid (BCA) protein assay
(Thermo Scientific), and exosomal markers CD9, CD63, and
CD81 as well as tumor susceptibility gene 101 (TSG101) were
detected by western blot analysis.

EV labeling by QDs-Glu

The pH of the PbS QD solution was adjusted to 5–6 using
NaOH and HCl. 0.24 mg of EDC and NHS were added into
1 mL of PbS QD solution, and the mixture was vibrated at
room temperature for 40 min. 0.175 mg of glucose-2 (2GF) was

added to the mixture.39 After the overnight reaction at 4 °C,
the mixture was centrifuged using an ultrafiltration tube to
remove the unbound free impurities. Then, the EVs were co-
incubated with QDs-Glu overnight at 4 °C.

Preparation of experimental animal models

After at least 1 week of habituation, SD rats were randomized
for the experimental group and surgical procedures were per-
formed under isoflurane anesthesia (3% induction and 2%
maintenance) with the rats placed properly in the prone posi-
tion. The left sciatic nerve was exposed just below the sciatic
notch under sterile conditions and then crushed using
Dumont #5/45 forceps for 30 s under a microscope. After the
nerve injury, the incision was closed and sterilized, and the
rats were allowed to recover on heated pads before being
returned to their home cage.

In vivo observation

The rats were anesthetized by isoflurane inhalation and fixed
in the prone position for NIR-II imaging. 10 μl of the QDs-Glu-
labeled EVs at different concentrations (5 × 107, 2.5 × 107 and
5 × 106 EVs) were first injected subcutaneously on the back for
observation. The control group was treated with the same
volume of PBS. Next, the QDs-Glu-labeled EVs were injected in
sciatic nerve injury models. After the crushed sciatic nerve was
exposed, 10 μl of the QDs-Glu-labeled EVs (5 × 107 EVs) were
injected into the proximal side of the injured nerve. An NIR-II
fluorescence imaging system was then used to observe the
migration of the injected EVs with images taken in a time
course (0 d, 2 d, 4 d, 7 d, 14 d and 21 d post-injection). The PL
intensity was measured from the site of the injury of collected
NIR-II images using Fiji.

Immunofluorescence staining

To determine cell survival, axonal regeneration and myelina-
tion by the transplanted cells, nerve tissue including distal to
the repair site was harvested after 28 days with samples fixed
in 4% paraformaldehyde (PFA) (Beyotime, Shanghai, China) at
room temperature (RT) for 15 min and then washed 3 times
with PBS. Next, the cells were closed with the blocking solution
(Beyotime) at RT for 1 h, and then incubated with the primary
antibody at 4 °C overnight, followed by incubation with the
secondary antibody at RT in the dark for 2 h. Finally, the cells
were counterstained with 4′,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, MO, USA), and the photomicrographs
were taken using a confocal microscope (SP5, Leica,
Mannheim, Germany). Schwann cells were labeled with anti-
S100β, nerve fibers were labeled with anti-NF200, and nuclei
were stained with DAPI.

Toluidine blue staining

After functional and behavioral tests were completed, a 0.5 cm-
long piece of the sciatic nerve at the 1 cm distal end of the
lesion was separated and removed from the rats (n = 4 per
group). The nerves were then sliced into 5 μm-thick cross-sec-
tions. The segments were stained with 1% toluidine blue at
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room temperature for 30 min, washed gently in water, and con-
secutively soaked in 95% ethanol and 100% ethanol for 2–3 s.
Images were acquired at 400× magnification using a dissecting
microscope. The axon and fiber diameters were measured
using Image J software. The myelin thickness and g-ratio were
calculated as follows: myelin thickness = (fiber diameter −
axon diameter)/2. G-Ratio = axon diameter/fiber diameter.

Hematoxylin and eosin staining

The sciatic nerves were dissected and postfixed overnight after
28 days. Samples were embedded in paraffin and sectioned at
8 µm. Slides were washed in xylene for 5 min followed by two
washes in 100% ethanol (5 min) and 95% ethanol (2 × 5 min).
Tissues were then dipped in distilled water for 2 min and
immersed for 10 min in Harris hematoxylin. After that the sec-
tions were differentiated in 1% acid alcohol for 30 s, quickly
washed with water for 1 min, and blued in 0.2% ammonia
water for 30 s before a 3 min rinse in tap water. After that the
sections were quickly immersed in 95% ethanol (1 min) and
stained with eosin solution for 1 min. The slides were then de-
hydrated by successive incubations in 95% ethanol, 100%
ethanol and xylene (two incubations of 4 min at each step) and
mounted using cytosol. Images were captured with a NIKON
ECLIPSE 80i microscope and a NIKON DS-Qi1MC camera (4×)
using NIS-Elements AR 3.10 software.

Transmission electron microscopy

Sections of the regenerated nerves were fixed in precooled
2.5% glutaraldehyde for 3 h followed by postfixation in a 1%
osmium tetroxide solution for 1 h, washed, dehydrated,
embedded in Epon 812 epoxy resin, cut into ultrathin sections
at 60 nm, and stained with lead citrate and uranyl acetate. The
stained sections were observed under a transmission electron
microscope (JEM-1200, JEOL Ltd, Tokyo, Japan).

Wet weight rate of the gastrocnemius muscle

Gastrocnemius muscles were collected from both the injured
and uninjured sides after 28 days. Blood vessels and the deep
fascia covering the surfaces of the muscle were removed and
discarded. The gastrocnemius muscles were then weighed. The
wet weight rate was calculated using the following equation: the
wet weight rate of the gastrocnemius muscle = wet weight of the
injured muscle/wet weight of the uninjured muscle.

Behavioral tests

All behavior experiments were conducted in a blinded fashion
in a quiet room (temperature 22 °C ± 1 °C) from 9 AM to 6 PM.
For motor recovery, the sciatic functional index (SFI) was calcu-
lated. Briefly, the rats were trained to walk across a custom-
made walking box (100 cm long, 12 cm wide, and 10 cm high),
leading to a darkened box. White paper (12 cm × 100 cm)
lined the bottom of the track. The rats’ hind paws were dipped
in red dye before it walked the track at each timepoint. Each
rat was then allowed to walk the track three or four times until
five measurable footprints were collected. The length between
the third toe and the heel (PL), the first and fifth toes (TS),

and the second and fourth toes (ITS) were measured on the
experimental side (EPL, ETS, and EITS, respectively) and the
contralateral normal side (NPL, NTS, and NITS, respectively).
Then, the SFI was measured and calculated using the follow-
ing formula: SFI = (−38.3 × (EPL − NPL)/NPL) + (109.5 × (ETS
− NTS)/NTS) + (13.3 × (EIT-NIT)/NIT) − 8.8. A plantar test
apparatus was used to assess heat hyperalgesia. The forepaw
withdrawal latency responding to heat stimulation (Woodland
Hills, CA, USA) was measured.40 Testing was performed using
a blind performer. Assessments were made including baseline
and different time points after treatment. The baseline values
of paw withdrawal were calculated by an average of 4 consecu-
tive withdrawal latencies of injured hind paws detected at
15 min intervals. The completion of each test may be indicated
either by the sudden withdraw of the paw or lick the leg.

Statistical analysis

Statistical analyses were performed with Graph Pad Prism 8.0.
All values are expressed as the mean ± SD. Two-tailed unpaired
Student’s T-test was used to compare a single measurement
between two groups. One-way ANOVA followed by Dunnett’s
multiple comparisons post-hoc test was used for time course
analysis of a single group. Two-way ANOVA followed by Sidak’s
multiple comparison post-hoc test was used for the analyses of
time course experiments comparing two groups. In all tests,
P-value <0.05 was considered statistically significant.

Results and discussion

The schematic demonstrating the synthesis of QDs-Glu, iso-
lation and labeling of SKP-SC-EVs and internalization by 293T
cells is shown in Fig. 1a. The QDs were first prepared accord-
ing to the previous protocol.37 Then, the as-prepared QDs were
conjugated to glucose (GLUT-1) forming QDs-Glu using the
EDC–NHS method.41 After co-incubated with SKP-SC-EVs iso-
lated from SKP-SCs overnight, the QDs-Glu-EVs were success-
fully prepared.

Characterization of QDs-Glu-EVs, SKP-SC-EVs and QDs-Glu
was performed to verify their morphological and physico-
chemical properties. Transmission electron microscopy (TEM)
and dynamic light scattering (DLS) were used to study the size
and shape of QDs-Glu-EVs in comparison with the other two.
As shown in Fig. 1b1, the QDs-Glu accumulated and formed a
spherical structure alongside with the membrane of EVs, com-
paring to pure Glu-QDs and pure SKP-SC-EVs (Fig. 1b2 and
b3). The data of DLS showed that the average size of QDs-Glu-
EVs was around 166.5 nm compared with SKP-SC-EVs of
around 161.6 nm and QDs-Glu of 100.9 nm (Fig. 1c1–c3). For
further evidence, the zeta potentials of QDs-Glu-EVs,
SKP-SC-EVs and QDs-Glu were recorded and compared. As
shown in Fig. 1d1–d3, the original SKP-SC-EVs had a surface
potential of −17.9 mV and QDs-Glu had a surface potential of
−1.54 mV, which could result from the negatively charged
chemical groups in the protein ligand such as carboxyl or
hydroxyl. In comparison, QDs-Glu-EVs showed a zeta potential
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Fig. 1 Preparation and characterization of QDs-Glu-EVs. (a) Schematic of the synthesis of QDs-Glu and labeling of SKP-SC-EVs. (b1–b3) TEM
images, (c1–c3) DLS measurement and (d1–d3) Zeta-potential measurement of SKP-SC-EVs, QDs-Glu and QDs-Glu-EVs. (e1–e3) Internalization of
QDs-GLU-EVs by 293T cells under NIR-II fluorescence imaging (λex: 808 nm, exposure time: 50 ms).
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of −2.82 mV. The changing of the surface charge indicated the
interaction occurring in the process of uptake.

Additionally, whether the QDs-Glu-EVs with robust fluo-
rescence properties and stability could be transferred to 293T
cells was examined (Fig. S1†). After co-culture with 293T cells
for 3 h–12 h, the morphology of 293T cells with QDs-Glu-EVs
showed no obvious abnormality, indicating the internalization
of EVs by motoneurons as expected (Fig. S2†). Moreover, the
NIR-II fluorescence signals inside the EVs observed at 3 h of
co-culture also suggested that the internalization functions of
EVs were well preserved after labeling (Fig. 1e1–e3). This could
also be applied to validate the endocytosis and exocytosis
effects during in vivo observation and the biosafety of QDs-Glu
when labeling EVs.

In summary, NIR-II fluorescence imaging based on QDs-
Glu demonstrated favorable fluorescence properties and is
capable of labeling EVs in vitro. These results suggested that
EVs preserved their morphology and physiological character-
istics after labeling, and QDs-Glu had promising potential for
tracking EVs in vivo, achieving real-time migration, distri-
bution and retention data of EVs.

The fluorescence properties of QDs-Glu-EVs compared with
QDs-Glu were verified and are in Fig. 2. As shown in Fig. 2a,
NIR-II fluorescence images of 1 mL of QDs-Glu-EVs and 100 μl
of QDs-Glu were obtained with an excitation wavelength of
808 nm under increasing exposure time (1 ms, 3 ms, 5 ms,
7 ms, 10 ms and 15 ms). The solution of QDs-Glu could be
clearly observed even at a short exposure time of 1 ms, with an
increasing PL intensity from 1 ms to 3 ms and remaining high
from 3 ms to 15 ms (Fig. 2b), confirming the excellent fluo-
rescence intensity and sensitivity of this imaging agent as
reported in the previous studies.33,37 On the other hand, it was
shown that the PL intensity of QDs-Glu-EVs increased steadily
from 1 ms to 15 ms and reached the same level as that of QDs-
Glu, indicating that exposure time over 15 ms should be
adopted for the fluorescence signals to be maximized during
the observation. Furthermore, the normalized PL spectra of
both QDs-Glu and QDs-Glu-EVs shared a similar emission peak
at around 1300 nm, locating within the range of NIR-II window
(Fig. 2c). Interestingly, a slight red shift of the peak of QDs-Glu-
EVs was discerned compared to that of QDs-Glu, which could
be attributed to the growing size of a QD–protein composite
after uptake by EVs with a smaller interplanar spacing of the
crystalline structure.42–48 This phenomenon could be further
verified by the NIR-II fluorescence images under a microscope.
As shown in Fig. 1e, fluorescence signals were detected from
the EVs showing fluorescent dots, which should be the accumu-
lated QDs-Glu uptake by EVs after co-culture for 3 h.

Despite the effectiveness of labeling EVs by QDs-Glu
in vitro, further validation of the sensitivity and stability of
labeled EVs in vivo was required. As shown in Fig. 2d, three
concentrations of QDs-Glu-EVs (5 × 107, 2.5 × 107 and 5 × 106

EVs) and PBS (pH = 7.4) compared with QDs-Glu were subcu-
taneously injected into four different sites on the dorsum of a
nude mouse with NIR-II images recorded in a time course (0 d,
7 d, 14 d, 21 d and 28 d post-injection). Overall, the fluo-

rescence signals decreased gradually at the four points with
injected QDs-Glu-EVs and QDs-Glu as the observation time
increased. It was demonstrated that the NIR-II imaging system
was able to visualize as low as 5 × 106 EVs and fluorescence
signals could only be detected at the first two points with 5 × 107

EVs and 2.5 × 107 EVs at 28 d post-injection. Specifically, the
injection site with the highest EVs concentration (5 × 107 EVs)
showed the highest fluorescence signals for the longest time,
demonstrating that EVs could be best detected at this concen-
tration using the NIR-II imaging system. Furthermore, the corres-
ponding PL intensity was measured from Fig. 2d at 0 d post-injec-
tion, which exhibited a linear relationship with the EV concen-
tration (Fig. 2e). Moreover, the area and PL intensity measured
from the four injection points on Fig. 2d were shown in Fig. 2e–f,
in accordance with the fluorescence signals. These results con-
firmed again that the QDs-Glu-EVs were successfully labeled and
could be tracked in vivo with high sensitivity and stability.

Thus, desirable sensitivity and stability of QD-based NIR-II
imaging both in vitro and in vivo proved that it was promising
for visualization and monitoring of the long-time translocation
of EVs for medical applications in vivo. As the concentration of
EVs capable of taking effects in vitro was reported to be
approximately 108 EVs per mL,49 then 5 × 107 EVs (10 μl of 5 ×
109 EVs per mL) were chosen for the subsequent EV therapy
in vivo to ensure therapeutic concentration of EVs in the
injured nerve tissues.

The schematic of in vivo monitoring of EVs based on NIR-II
fluorescence imaging is shown in Fig. 3a. SKP-SC-EVs were
first labeled with QDs-Glu in vitro to prepare QDs-Glu-EVs with
biosafety and the internalization ability was confirmed. After
the sciatic nerve of the rat was exposed and crushed in the
middle (Fig. S3†), 5 × 107 of QDs-Glu-EVs were injected into
the proximal section of the injured nerve (Fig. 3b1) compared
with pure QDs-Glu injection (Fig. 3c1). Then, longitudinal
observation of the same area of interest by NIR-II imaging was
initiated, with NIR-II fluorescence images obtained in a time
course (0 d, 2 d, 4 d, 7 d, 14 d and 21 d post-injection).

Strong NIR-II fluorescence signals were clearly detected at
both the proximal and distal sections of the crushed sciatic
nerve at 0 d post-injection in both the QDs-Glu-EV and the
QDs-Glu groups (Fig. 3b2 and c2). This indicated that most of
the injected QDs-Glu-EVs and QDs-Glu were instantly excessive
in the injection site covering both proximal and distal sections
at first. Then, in the QDs-Glu-EV group, the fluorescence
signals remained detectable and moved gradually from the
proximal and distal sections (both ends) to the crushed site of
the nerve (the center) throughout the 21-day observation,
suggesting the migration of EVs from the uninjured site to the
injured site of the nerve (Fig. 3b2–b7). In particular, the ten-
dency to gather at the injured site turned most obvious from 4
d to 7 d post-injection, which suggested a release of contents
from EVs, exerting a therapeutic effect on the injured
nerve.50,51 In contrast, the fluorescence signals in the QDs-Glu
group remained at the same site after injection and decreased
steadily around the injection site without obvious change of
the location (Fig. 3c2–c7).
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Specifically, about the location of NIR-II fluorescence
signals, the signals first appeared at both ends of the region of
interest, which indicated the distribution of EVs at the
initiation of the EV therapy. Then, the change of the signal

location from the uninjured site to the injured site suggested
the migration of EVs as drug vehicles for intercellular com-
munication and for the transfer of materials including pro-
teins, nucleic acids and even synthetic therapeutic agents.52

Fig. 2 Validation of the sensitivity and stability of QDs-Glu-EVs in vitro and in vivo. (a) NIR-II fluorescence images (λex: 808 nm, exposure time: 1 ms,
3 ms, 5 ms, 7 ms, 10 ms and 15 ms), (b) PL intensity and (c) normalized PL spectra of QDs-Glu-EVs and QDs-Glu. (d) NIR-II fluorescence images of
QDs-Glu-EVs (5 × 107, 2.5 × 107 and 5 × 106 EVs) and PBS injected subcutaneously in a nude mouse in a time course (0 d, 7 d, 14 d, 21 d and 28 d
post-injection). (e) The linear relationship between the PL intensity measured from (d) and the concentration of injected EVs. (f–i) The area and PL
intensity measured from the four injection points on (d).
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Fig. 3 In vivo monitoring of EVs based on an NIR-II fluorescence imaging strategy in rat models of sciatic nerve injury. (a) Schematic illustration of
the in vivo monitoring of EVs. Bright field photograph of the region of interest and NIR-II fluorescence images (λex: 808 nm, exposure time: 200 ms)
of (b1–b7) the QDs-Glu-EV group compared with (c1–c7) the QDs-Glu group in a time course (0 d, 2 d, 4 d, 7 d, 14 d and 21 d post-injection). Mean
(d1) fluorescence area and (d2) PL intensity of the injured nerve section, and the ratio of (e1) the fluorescence area and (e2) the PL intensity of unin-
jured/injured nerve sections between the QDs-Glu-EV group and the QDs-Glu group. (f1) Concentration of EVs in vivo calculated and conversed
from the PL intensity based on Fig. 2e and (f2) estimated in a time course.
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Finally, the fluorescence signals lasted for 21 days, showing
the retention of EVs in the injured site with therapeutic
effects. On the other hand, no obvious change of fluorescence
signals was detected in the QDs-Glu group, which further veri-
fied that pure QDs-Glu not encapsulated in the EVs would not
display a dynamic migration pattern but was gradually metab-
olized in situ. The comparison indicated that the EVs with
active motion would migrate with an increase in time, thus
resulting in a change in the location of fluorescence signals.
It is worth noting that the nerve healing process leads to the
release of numerous chemokines to promote nerve regener-
ation.53 Therefore, it was postulated that chemotactic factors
released during nerve regeneration might guide the
migration of EVs to the injured site, where the Wallerian
degeneration began and the regeneration would gradually
initiate.54,55

To quantitatively evaluate the migration, distribution and
retention of the injected EVs, the mean fluorescence area and
the PL intensity in the injured section of the nerve were
measured and are in Fig. 3d1 and d2. Compared with the QDs-
Glu group with a constant decrease, the PL intensity and fluo-
rescence area of the QDs-Glu-EV group decreased at first and
then increased, followed with a decrease afterwards. It was
indicated that the injured section was saturated with excessive
EVs when first injected, which were then metabolized,
showing a decrease in the concentration. Notably, the injected
EVs from the uninjured sections gradually migrated to the
injured section at 4 d to 7 d post-injection, causing an increase
in the PL intensity and fluorescence area, and again were
metabolized along with time. To demonstrate the result more
clearly, the ratios of the injured/uninjured fluorescence area
and the PL intensity of both groups were calculated and are
presented in Fig. 3e1 and e2, the increasing ratio revealed an
accumulation of EVs in the injured section of the nerve
accompanied by reduction in the uninjured section (where the
cells were initially injected) of the QDs-Glu-EV group in com-
parison with the QDs-Glu group. Additionally, as shown in
Fig. 3f1, the in vivo EV concentration was calculated and con-
versed through the PL intensity according to Fig. 2e, based on
which the in vivo EV concentration was estimated in a time
course (Fig. 3f2). It was shown that the EV concentration
increased from 2 d to 7 d and decreased from 7 d to 21 d post-
injection, demonstrating a wave pattern with a peak at 7 d
post-injection. Notably, this result was in accordance with the
previous results that the EVs first migrated from the uninjured
site to the injured site, causing an increase in the concen-
tration and reaching a peak along with the release of contents.
After that, the EVs could follow a fate of being broken
and metabolized, leading to a gradual decrease in the
concentration.

These results were believed to have shown that a spatio-tem-
poral pattern of EVs in rats with sciatic nerve injury was visual-
ized by QDs based NIR-II imaging in vivo. On this basis, it was
reasonable to regard QDs as a candidate for monitoring the
pharmacokinetics of EV therapy in peripheral nerve regener-
ation in clinical practice in future.

Pathological analysis based on immunofluorescence stain-
ing (neurofilaments in green and S100 in red) of the injured
sciatic nerve from rats with (the QDs-Glu-EV group) (Fig. 4a)
and without (the QDs-Glu group) (Fig. 4b) EV therapy was con-
ducted at 4 weeks post-injection. Immunofluorescence histo-
pathological analysis demonstrated a normal nerve fiber mor-
phology in both groups with an insignificant difference in the
number of nerve fibers per field, proving the occurrence of
nerve regeneration after crushed injury (Fig. 4c). However, the
QDs-Glu-EV group showed a significantly higher percentage of
the S100 positive SCs (P = 0.0421) and muscle wet weight (P =
0.0152), which implied significantly superior nerve regener-
ation after the EV therapy (Fig. 4d and e).

In both preclinical and clinical settings, pathologic myelin
abnormalities are often identified by studying the myelin ultra-
structure. Hence, toluidine blue (TB) staining and TEM of nerve
cross sections were performed to achieve qualitative and quanti-
tative assessments of the sciatic nerve, enabling visualization of
the morphology, the number of axons and the degree of myeli-
nation. The TB staining displayed less necrotic debris in the
QDs-Glu-EV group (Fig. 4f1) than the QDs-Glu group (Fig. 4f5),
confirming the therapeutic effects of EV therapy on nerve regen-
eration. As shown in Fig. 4f2–f4 compared with Fig. 4f6–f8, a
more regular and organized morphology of myelin was shown
in the QDs-Glu-EV group, along with a significantly larger
average diameter of the myelinated nerve fiber (P < 0.0001) and
myelin (P < 0.0001) (Fig. 4g and h). Specifically, the G ratio
(axonal diameter/outer diameter of the whole nerve fiber) was
adopted as a metric for the relative thickness of the myelin
sheath in the cross-sectional micrographs, which was signifi-
cantly lower (P = 0.0254) in the QDs-Glu-EV group (Fig. 4i). It is
well-known that myelination of nerve fibers occurs during the
regeneration of injured nerve fibers in an individual’s lifetime
(remyelination). The relationship between Schwann cells and
axon directly influences the conduction velocity of the nerve
fiber. An increase in the axonal diameter stimulates thickening
of its myelin sheath, which is associated with the elongation of
the internodal segment and a consequent increase in the salta-
tory conduction velocity of the nerve impulse.20,56 Therefore,
these results elucidated that a significantly superior remyelina-
tion was found after the EV therapy, indicating that the success-
ful peripheral nerve regeneration resulted from the EV therapy.

Consistent with the successful anatomical regeneration,
after 28 days of nerve crushed injury, promising signs were
shown in the rats with EV therapy to reestablish functional
recovery, as assessed by the behavioral tests depicted in
Fig. 5a, b and Fig. S4a.† Confirmed by the Hargreaves test with
latency analysis, an almost full recovery of sensory function in
the QDs-Glu-EV group was observed, showing an obvious ten-
dency of returning to the pre-injury level at 28 d post-injury
compared with the QDs-Glu group. Most importantly, the rats
treated with QDs-Glu-EVs demonstrated a significantly shorter
plantar test reaction time at 28 d post-injection than those
injected with QDs-Glu regarding temperature sensation (P =
0.0432) (Fig. 5d). However, no significant difference was found
regarding pain sensation (Fig. S4b†), indicating a slower pain
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sensation recovery than that of temperature sensation.
Furthermore, the rats treated with QDs-Glu-EVs demonstrated
significantly higher sciatic functional index (SFI) scores at 21 d

(P = 0.0401) and 28 d (P < 0.0001) post-injection than those
injected with QDs-Glu (Fig. 5c, e and Fig. S5†), illustrating a
superior recovery of neural function after the EV therapy.

Fig. 4 Peripheral nerve regeneration of the injured sciatic nerve from rat models with and without EV therapy. Representative immunofluorescence
staining images with neurofilaments (NF200, green) and SCs (S100, red), and stained and merged images (yellow) (scale bars represent 100 μm) of
(a) the QDs-Glu-EV group and (b) the QDs-Glu group. (c) Number of nerve fiber calculation, (d) percentage of S100 positive SCs and (e) muscle wet
weight between the QDs-Glu-EV group and the QDs-Glu group. (f1) and (f5) Toluidine blue staining (scale bars represent 50 μm) and (f2–f4) and
(f6–f8) TEM images of the myelination of the peripheral nerve fiber in the QDs-Glu-EV group and the QDs-Glu group. (g) Diameter of the myeli-
nated nerve fiber, (h) diameter of myelin and (i) G ratio between QDs-Glu-EV group and the QDs-Glu group.
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A variety of newly emerging therapies for PNI mainly includ-
ing neural tissue engineering focusing on different types of
nerve guide conduits and cell therapies using mesenchymal
stem cells (MSCs) or EVs.57–60 SKP-SCs were recently demon-
strated to benefit the recovery of spinal cord injury and
improve the behavioral recovery in rats with acute and delayed
PNI, especially PNI with motor dysfunction.10,20 SKP-SC-EV
treatment was reported to be a novel promising strategy with a
pronounced therapeutic potential for improving the axonal
outgrowth and regeneration of motoneurons, in which study
transection of the sciatic nerve due to crush injury in rats
was effectively repaired by treatment with SKP-SC-EVs.20

Theoretically, the successful transfer of EVs into target cells
would provide RNA, protein, and lipids,61 although the infor-
mation reservoir of SKP-SC-EVs has not been identified yet.
Nevertheless, the current results suggested that these rats with
injected SKP-SC-EVs regained functional recovery with
superior motor recovery than sensory recovery at an earlier
time of 28 d post-injection.

In short, the special therapeutic effects on the motor recov-
ery of SKP-SC-EV therapy were verified, along with a recovery
time of 28 days at an EV concentration of 5 × 107 EVs, demon-
strating the major factors of the pharmacodynamics of EV
therapy under the circumstances. Most importantly, the func-
tional recovery could be reflected by a specific NIR-II fluo-

rescence imaging pattern in the current work, which might
possibly realize the real-time dynamic prediction of peripheral
nerve regeneration in future.

The major organs of the rats in the QDs-Glu-EV group and
the QDs-Glu group were harvested at 4 weeks post-injection to
study the biosafety of QDs-Glu-EVs. The bright field photo-
graphs of freshly dissected organs are shown in Fig. 6a1 and
b1, and no obvious abnormality was discovered. As shown in
Fig. 6a2 and b2, most of the organs, including brain, cerebel-
lum, heart, liver, spleen, lungs, kidneys and nerve showed
subtle NIR-II fluorescence signals, indicating the clearance
of injected QDs-Glu-EVs and QDs-Glu out of the body.
Interestingly, it was worth noting that the signals detected in
the kidneys (P < 0.0001), liver (P < 0.0001) and spleen (P =
0.0023) were significantly lower in the QDs-Glu-EV group than
that of the QDs-Glu group, while in the nerve were significantly
higher (P < 0.0001) (Fig. 6c). Regarding the previous
studies,37,62 the QDs mainly were metabolized through the
liver and excreted through the kidneys and the digestive tract,
which agreed with the current results. Furthermore, the
relationship between signals in the metabolic organs and the
nerve indicated a longer retention of QDs-Glu-EVs in the
injured nerve than purely QDs-Glu, which drew a spatio-tem-
poral picture of retention, metabolism and excretion of the
injected EVs. In addition, the biosafety was further testified by

Fig. 5 Behavioral tests of functional recovery in rat models of sciatic nerve injury with and without EV therapy. Schematic illustration of (a) sensory
recovery based on temperature sensation, (b) motor recovery based on the SFI test of rats between the QDs-Glu-EV group and the QDs-Glu group.
(c) SFI picture of rats in the uninjured rats, the QDs-Glu-EV group and the QDs-Glu group at 28 d post-injury. (d) Plantar test reaction time and (e)
SFI test of rats after injury between the QDs-Glu-EV group and the QDs-Glu group.
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hematoxylin and eosin (H.E.) staining (Fig. 6d). The represen-
tative images demonstrated major organs collected at 4 weeks
post-injection from the rats injected with QDs-Glu-EVs in com-
parison with QDs-Glu. No noticeable injury or inflammation
was observed, which further ensured the biosafety of EV
therapy.

Conclusions

In this study, in vivo dynamic monitoring of SKP-SC-EVs based
on NIR-II fluorescence imaging during sciatic nerve regener-

ation was successfully achieved. By labeling EVs with QDs,
accurate, reliable and real-time records of the migration, distri-
bution, metabolism and excretion in vivo were obtained, and
the therapeutic effects of EV therapy in peripheral nerve regen-
eration were confirmed. The in vivo results demonstrated that
the NIR-II fluorescence signals of QDs-Glu-EVs in the unin-
jured site of the crushed nerve decreased steadily accompanied
by a gradual increase in the injured site during the 21-day
observation, indicating the migration of EVs from the injected
site of the nerve to the injured site, and then the possibly
released contents from 4 d to 7 d post-injection. The histo-
logical analysis demonstrated remyelination during enhanced
nerve regeneration with EV therapy. The behavioral tests
showed nerve functional recovery when EVs were administered,
especially the motor recovery at 28 d post-injection. The
mapping relationship between functional recovery and the
NIR-II fluorescence imaging change pattern was decoded and
depicted. Our findings indicated that sciatic nerve injury
treated with the SKP-SC-EV therapy resulted in nerve regener-
ation and neurofunctional recovery, the process of which
could be precisely deciphered by NIR-II fluorescence imaging
in vivo, displaying considerable potential for future PNI treat-
ment under real-time monitoring.
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Fig. 6 Biosafety of EV therapy based on QDs-Glu-EVs. (a1 and b1)
Bright field photographs and (a2 and b2) NIR-II fluorescence images of
the major organs harvested from the rats in the QDs-Glu-EV group and
the QDs-Glu group at 4 weeks post-injection. (c) PL intensity analyzed
from (a2 and b2). (d) Representative H.E. staining of the major organs
collected from the rats in the QDs-Glu-EV group and the QDs-Glu
group at 4 weeks post-injection (scale bars represent 100 μm).
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