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a b s t r a c t

Skeletal muscle has a robust regeneration ability that is impaired by severe injury, disease, and aging,
resulting in a decline in skeletal muscle function. Therefore, improving skeletal muscle regeneration is
a key challenge in treating skeletal muscle-related disorders. Owing to their significant role in tissue
regeneration, implantation of M2 macrophages (M2Mø) has great potential for improving skeletal muscle
regeneration. Here, we present a short-wave infrared (SWIR) fluorescence imaging technique to obtain
more in vivo information for an in-depth evaluation of the skeletal muscle regeneration effect after
M2Mø transplantation. SWIR fluorescence imaging was employed to track implanted M2Mø in the
injured skeletal muscle of mouse models. It is found that the implanted M2Mø accumulated at the injury
site for two weeks. Then, SWIR fluorescence imaging of blood vessels showed that M2Mø implantation
could improve the relative perfusion ratio on day 5 (1.09 ± 0.09 vs 0.85 ± 0.05; p = 0.01) and day 9
(1.38 ± 0.16 vs 0.95 ± 0.03; p = 0.01) post-injury, as well as augment the degree of skeletal muscle regen-
eration on day 13 post-injury. Finally, multiple linear regression analyses determined that post-injury
time and relative perfusion ratio could be used as predictive indicators to evaluate skeletal muscle regen-
eration. These results provide more in vivo details about M2Mø in skeletal muscle regeneration and con-
firm that M2Mø could promote angiogenesis and improve the degree of skeletal muscle repair, which will
guide the research and development of M2Mø implantation to improve skeletal muscle regeneration.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The skeletal muscle is the most abundant tissue in the human
body, with more than 600 pieces accounting for nearly half of
the body weight [1–3]. As an important part of the motor system,
skeletal muscle participates in various mechanical activities such
as maintaining posture, movement, and breathing [3,4]. Although
skeletal muscle has robust regeneration ability and can achieve full
functional and structural recovery from mild injury, severe injury
and other related diseases can impair regeneration ability, leading
to decreased motor function and a series of complications. These
disorders that impair the regenerative ability of skeletal muscle
are mainly divided into the following three categories. ① Injury:
As the most common sports injury, skeletal muscle injury accounts
for approximately 50% of all sports injuries [5] and is often accom-
panied by scarring and other poor healing problems manifested by
delayed functional recovery, recurrence, chronic pain, and even
amputation [6,7]. ② Inflammation: Idiopathic inflammatory myo-
pathies (IIMs) are a heterogeneous group of muscular autoimmune
diseases characterized by skeletal muscle inflammation, including
dermatomyositis, polymyositis, inclusion body myositis, and other
specific types of idiopathic myositis [8]. Mild clinical manifesta-
tions include chronic weakness, fatigue, muscle pain, and tender-
ness, whereas patients with severe symptoms cannot complete
basic activities such as dressing, walking, and sitting [9,10].
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Fig. 1. M2Mø fate and neovascularization after M2Mø implantation in injured
skeletal muscle under SWIR fluorescence imaging.
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③ Aging: Skeletal muscle aging, also known as sarcopenia, is char-
acterized by a decreased number, strength, and regenerative ability
of the skeletal muscle [11,12]. Sarcopenia increases the risk of falls,
fractures, cognitive decline, and cardiovascular disease and is asso-
ciated with increased mortality [13]. A common and core issue in
the treatment of all skeletal muscle disorders is improving skeletal
muscle regeneration [14–16], which is presently both an opportu-
nity and a challenge.

Macrophages are present in all tissues and have diverse func-
tional subtypes. They are involved in the development, homeosta-
sis, immune processes, and tissue repair [17] and are considered
one of the primary regulators of skeletal muscle regeneration
[18,19]. In particular, M2 macrophages (M2Mø) are crucial in the
late stage of regeneration [2]. A large body of evidence suggests
that M2Mø can positively promote regeneration by promoting
myocyte regeneration and improving angiogenesis [20,21]. More-
over, M2Mø belong to the non-proliferative cell group and can live
for two to three weeks under suitable conditions, which are safer
after implantation. In conclusion, these characteristics of M2Mø
make it a great candidate with development potential in cell ther-
apy to improve the repair quality of skeletal muscle disorders.
However, the in vivo efficacy of M2Mø transplanted into repaired
skeletal muscle remains to be investigated due to the lack of an
effective in vivo imaging technique to monitor the relevant
dynamic changes after M2Mø implantation in skeletal muscle
regeneration.

Short-wave infrared (SWIR) fluorescence imaging is an emerg-
ing in vivo imaging technique studied since the beginning of the
21st century [22,23]. Compared with conventional optical imaging
technology, SWIR fluorescence imaging has outstanding advan-
tages, including real-time capability, high spatial resolution, and
deep penetration. Therefore, this technology has developed rapidly
in less than two decades, showing great potential in living cell flu-
orescence tracing systems and vascular imaging at the living level.
In our preliminary study, quantum dots (QDs) were prepared as
SWIR fluorescent nanoprobes to label bone marrow mesenchymal
stem cells (BMSCs) and track the in vivo fate of BMSCs injected into
a rotator cuff tear model [24]. QDs have also been injected through
the tail vein of mice to monitor the growth distribution of neovas-
cularization in injured skeletal muscle in both the temporal and
spatial dimensions [25]. All results confirmed the success of this
technique in the field of in vivo imaging of cells and blood vessels.
This work used the technology in the above two aspects of the
application (Fig. 1). M2Mø were first labeled with QDs to monitor
the aggregation site and residence time of M2Mø after implanta-
tion into injured skeletal muscle. Then, SWIR fluorescence imaging
was used to monitor blood vessels in injured skeletal muscle
in vivo to assess the degree of skeletal muscle regeneration. This
method was used to compare the M2Mø implantation group and
the control group, supplemented by pathological staining and
other in vitro detection of neovascularization, which proved that
compared with the control group, M2Mø implantation group sig-
nificantly increased neovascularization and improved the degree
of skeletal muscle regeneration. In a word, this work will provide
more in vivo data for M2Mø therapy and guide the development
of M2Mø implantation to improve skeletal muscle regeneration.
2. Methods

2.1. Extraction and polarization of mouse bone-marrow-derived macro-
phages (BMDMs)

The method of extraction and polarization of BMDMs was mod-
ified from that described in Ref. [26]. Bone marrow was isolated
from the femurs and tibia of Institute of Cancer Research (ICR)
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female mice of 6–8 weeks. Cells were differentiated into BMDMs
by culturing in Roswell Park Memorial Institute (RPMI)-1640 med-
ium (Servicebio, China) added 10% fetal bovine serum (FBS), 1%
penicillin and streptomycin solution (100�; HyClone, USA), and
1% sodium pyruvate (HyClone) by volume. Cells were added to a
Petri dish, and then granulocyte–macrophage colony-stimulating
factor (GM-CSF; PeproTech, USA) was added at 20 ng�mL�1 and
placed in a cell incubator (37 �C, 5% CO2, saturated humidity) for
culture. Half of the volume and all of the culture medium in each
Petri dish were replaced on days 2 and 3, and the new culture med-
ium was supplemented with GM-CSF at 40 and 20 ng�mL�1. On day
6, all culture media in each Petri dish were replaced. The cells in
the Petri dishes were bone marrow-derived macrophages (M0
type), and their morphology was observed under a microscope
and photographed. Interleukin 4 (IL-4) (10 ng�mL�1) was then
added to the fresh medium. On day 8, M2Mø were obtained, and
their morphology was observed under a microscope and
photographed.
2.2. Quantitative real-time polymerase chain reaction (qRT-PCR)

After M2Mø were rinsed with ice-cold phosphate-buffered sal-
ine (PBS), 1 mL RNA Extraction was added to each 3.5 cm diameter
Petri dish to directly dissolve the cells. Total RNA was extracted
and reverse-transcribed into complementary DNA (cDNA) by add-
ing the following reagents into a sterile, nuclease-free tube on ice
in the indicated order: template RNA 2 lg, Primer Oligo (dT) 18
primer 0.5 lL and Random Hexamer primer 0.5 lL or gene-
specific primer 1 lL, 5� Reaction Buffer 4 lL, Servicebio�RT
Enzyme Mixa 1 lL, and water nuclease-free to 20 lL. The primer
information is shown in Table S1 in Appnedix A. For each 15-lL
reaction, prepare the following reaction mix 7.5 lL: F/R primers
(2.5 lmol�L–1) 1.5 lL, cDNA 2.0 lL, water nuclease-free 4.0 lL.
After PCR amplification, gene expression was normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was
used as a housekeeping gene. The messenger RNA (mRNA) abun-
dance was quantified using the threshold cycle values by the
2�DDct comparative method.
2.3. Flow cytometry

Cluster of differentiation 11b (CD11b) and F4/80: The suspen-
sion of the polarized M2Mø on day 8 after culture was added into
the flow tube to ensure that the number of cells per tube was more
than 1 � 106. The supernatant was discarded after centrifugation at
1500 r�min�1 for 5 min. The precipitation was mixed with 50 lL of
diluted primary antibody (CD11b and F4/80), and 2 mL PBS was
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added after incubation at 4 �C for 30 min in the dark to terminate
the reaction. After centrifugation at 1500 r�min�1 for 5 min, the
supernatant was discarded, and the precipitate was resuspended
in 1 PBS and tested on the machine.

CD206: 100 lL intracellular (IC) fixation buffer was added to the
cell precipitate and kept in the dark for 45 min. Add 2 mL 1� perm
buffer, centrifuge 1500 r�min�1 for 5 min, and remove supernatant.
Next, 100 lL 1� perm buffer was used to suspend the cells, intra-
cellular antibody CD206 was added, and the cells were incubated
for 30 min in the dark. Add 2 mL 1� perm buffer, centrifuge
1500 r�min�1 for 5 min, and remove supernatant. The cells were
suspended with 500 lL staining buffer and tested on the machine.

2.4. Preparation of M2Mø labeled with QDs

The method for preparing QDs has been described previously
[25]. Briefly, 500 lL of 50 mg�mL�1 ribonuclease-A from bovine
pancreas (Sigma-Aldrich, USA) was mixed with 500 lL of
10 mmol�L–1 lead (II) acetate trihydrate, then 50 lL of 1 mol�L–1
NaOH solution and 50 lL of 10 mmol�L–1 Na2S aqueous solution
was added in sequence. The mixture was reacted at 70 �C for
30 s in a microwave reactor (Discover SP; CEM, USA) with an input
power of 30 W. The as-prepared QDs were dialyzed three times to
remove excess reagents and neutralized. The prepared QDs have an
emission peak of around 1300 nm, fluorescent quantum yield (Uf)
of 17.3, and an average size of (4.35 ± 0.07) nm [27].

Add 1 mL 0.1 mol�L–1 2-(N-morpholino)ethanesulfonic acid
(MES) solution to 0.5 mL QDs solution to adjust the system pH to
5.5–6.5, add 2.4 mg 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDC) and 2.4 mg N-hydroxysuccinimide
(NHS), and stir for 20–40 min. Add 1 mg sulfo-smcc dissolved in
dimethyl sulfoxide (DMSO) to the system, stir for 2 h, and add
1 mg trans-activator of transcription (TAT) peptide overnight at
4 �C. Transfer to 10 kilodalton (kDa) ultrafiltration tube, centrifuge
to 0.5 mL. Add 2.0 � 105 M2Mø, co-incubated for 2–4 h, then cen-
trifuge at 1200 r�min�1 for 5 min, discard the supernatant, resus-
pend in 1� PBS, and repeat three times to wash the unreacted
QDs in the system. Finally, the precipitation was suspended to a
volume of 100 lL (2.0 � 105) M2Mø with 1� PBS.

2.5. Model

All experimental animals were 6–8 weeks ICR female mice pro-
vided by Shanghai Jie Si Jie Laboratory Animal Co. Ltd. (China). The
study protocol was approved by the Institutional Animal Care and
Use Committee of the Medicine School of Fudan University.

The establishment of the cardiotoxin (CTX)-induced skeletal
muscle injury mouse model was based on published methods in
Ref. [28]. A dose of 120 lL CTX solution (10 lmol�L–1) was injected
into the gastrocnemius, soleus, and tibialis anterior muscles. After
the mice were euthanized, hind limb skin was exposed to observe
skeletal muscle necrosis.

2.6. SWIR fluorescence imaging

The in vitro imaging of M2Mø labeled with QDs was performed
using a SWIR fluorescence microscopic imaging instrument devel-
oped by the Shanghai Institute of Materia Medica, Chinese Acad-
emy of Sciences. Before each in vivo imaging, the mice (n = 3 per
time point) were fixed in the supine position with the lower abdo-
men and hind limbs depilated after anesthesia. The excitation light
source was an 808 nm diode laser. The light emitted from the mice
was filtered using a 1250 nm long-pass filter and collected using a
two dimensional (2D) InGaAs camera (Photonic Science, UK) at
exposure times of 50–100 ms for SWIR fluorescence imaging.
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2.6.1. Tracking the fate of implanted M2Mø in vivo using SWIR fluores-
cence imaging

We injected 100 lL cell suspension of M2Mø labeled with QDs
(2.0 � 105 M2Mø) into the injured area of the mouse hindlimb on
day 3 post-injury. Subsequently, SWIR fluorescence imaging of the
injured hind limb was performed on days 3, 9, 15, and 17 post-
injury.

2.6.2. Monitoring the blood vessels in skeletal muscle using SWIR
fluorescence imaging

QDs (0.3 mL) were injected intravenously before the SWIR flu-
orescence imaging of blood vessels in the skeletal muscle. Before
M2Mø implantation, normal and injured hindlimb muscles were
imaged on days 1 and 3 post-injury. After M2Mø implantation,
the injured hindlimb muscle was imaged on days 5, 9, and 13
post-injury.

2.7. Analysis of SWIR fluorescence imaging results

The fluorescence intensity (FL) was measured using the ImageJ
software. The total value of FL was calculated as the integrated
density using ImageJ software. The normalized mean and total val-
ues of FL on days 9, 15, and 17 post-injury were normalized for the
value on day 3 post-injury.

The signal-to-noise ratio (SNR) was calculated in the same way
as Ref. [25], and Eq. (1) can be expressed as

SNR ¼ FLðSÞ
r ð1Þ

where FL(S) represents the mean FL corresponding to the sample of
QDs, and r represents the standard deviation of FL of the back-
ground without the sample.

Calculation of the relative perfusion ratio was based on the
method described by Ma et al. [29], and Eq. (2) can be expressed as

Relative perfusion ratio ¼ FL of CTX injection area
FL of control area

ð2Þ

The relative perfusion growth rate was used to reflect the rate of
new blood vessel growth in the skeletal muscle, as shown in Eq. (3)
can be expressed as

Relative perfusion growth rate ¼ DRelativeperfusion ratio
DTime

ð3Þ

where DRelative perfusion ratio represents the difference value of
relative perfusion ratio between this time point and the last time
point, and DTime represents the difference in days between this
time point and the last.

2.8. Immunohistochemistry and quantitative analysis

The following primary antibodies and dilution multiples were
used for immunohistochemistry: CD163 (Ab182422, 1:500;
Abcam, UK), platelet endothelial cell adhesion molecule-1 (CD31;
Ab182981, 1:2000; Abcam), a-smooth muscle actin (a-SMA;
14395–1-AP, 1:3000; Proteintech, China), and von Willebrand fac-
tor (VWF; 11778–1-AP, 1:250; Proteintech). The skeletal muscle
tissue was placed in 4% paraformaldehyde before routine paraffin
embedding. First, 4-lm cross-sections were deparaffinized and
rehydrated. Then they were immersed in sodium citrate antigen
retrieval solution, blocked in 3% H2O2, covered with 10% normal
rabbit serum at room temperature for 30 min, incubated overnight
with rabbit anti-CD31 antibody (ab182981, 1:1,000; Abcam),
followed by secondary antibody horseradish peroxidase
(HRP)-conjugated goat anti-rabbit immunoglobulin G (IgG;
GB23303, 1:200; Servicebio). Immunohistochemical (IHC)
quantification was performed for each high-power field
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(magnification 200�). The IHC H-scores were calculated as
reported [30].
2.9. Statistical analysis

Values for measurements are expressed as mean ± standard
deviation (SD). The significance between the two groups was
analyzed using a two-tailed Student’s t-test. Statistical analyses,
including Pearson’s correlation matrix and multiple linear
regression analyses, were performed using GraphPad Prism 8.
p < 0.05 was considered at p < 0.01 to be highly statistically
significant.
Fig. 2. Polarization of M2Mø and SWIR fluorescence performance of M2Mø labeled wit
M2Mø on day 8 of culture in the 100� magnification microscope field (scale bar, 100 l
(c) CD206 antibody in polarized M2Mø on day 8 of culture. (d) The qRT-PCR expression l
culture. (e) Labeled M2Mø diluted with PBS solution in Petri dishes under visible light an
M2Mø in a 1.5 mL centrifuge tube under visible light and SWIR fluorescence at exposure
450 ms, respectively. P2: F4/80 + CD11b+; PB450-A: pacific blue 450-A; APC-A: allophy
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3. Results

3.1. In vitro polarization and SWIR fluorescence labeling of M2Mø

M2Mø were extracted and polarized from BMDMs and were
labeled with SWIR QDs in vitro to prepare for subsequent intra-
muscular implantation and in vivo SWIR fluorescence tracing. Cell
morphology significantly changed on day 8 of culture compared
with that before the addition of IL-4 on day 6 of culture, which pre-
liminarily suggested that macrophages were polarized to M2Mø
(Fig. 2(a)). The results of flow cytometry and qRT-PCR further con-
firmed the success of M2Mø polarization. Furthermore, flow
cytometry results showed that 98.74% of M2Mø on day 8 of culture
h QDs in vitro. (a) Unpolarized macrophages on day 6 of culture and the polarized
m). Results of flow cytometry staining for (b) F4/80 and CD11b antibody, and for

evel of iNOS, CD80, CD86, ARG1, retnla, and YM1 in the polarized M2Mø on day 8 of
d SWIR microscope (20� magnification), respectively (scale bar, 50 lm). (f) Labeled
times of 50–450 ms. (g) FL and (h) SNR of labeled M2Mø at exposure times of 50–

cocyanin-A; SSC-A: side scatter-A; PE-A: phycoerythrin-A; a.u.: absorbance unit.
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were positive for F4/80 and CD11b (Fig. 2(b)), and 96.81% were
positive for CD206 (Fig. 2(c)). Meanwhile, the results of qRT-PCR
showed that compared to the M1Mø markers such as inducible
nitric oxide synthase (iNOS; < 1-fold), CD80 (<1-fold), and CD86
(<1-fold), the expression level of M2Mø markers such as arginase
1 (ARG1; 19-fold), retnla (84-fold), and chitinase 3-like 3 (YM1;
137-fold) was exponentially higher (Fig. 2(d)). After confirming
polarization, M2Mø were labeled with SWIR QDs for SWIR fluores-
cence imaging. The SWIR fluorescence profile of the labeled M2Mø
was consistent with that observed under visible light in the same
field at 20� magnification (Fig. 2(e)), indicating that M2Mø were
successfully labeled by SWIR fluorescence. In addition, as shown
in Fig. 2(f), the labeled M2Mø were white precipitates in PBS solu-
tion under visible light. They showed strong SWIR fluorescence sig-
nals at an 808 nm excitation laser. In addition, the FL gradually
increased with an increase in exposure time from 50 to 450 ms
Fig. 3. M2Mø labeled with SWIR QDs implanted into injured skeletal muscle was traced v
with QDs, designed for tracking the fate of implanted M2Mø in injured skeletal muscl
without M2Mø implantation on day 3 post-injury (the arrow pointed to the necrotic area)
bright field, the 808 nm SWIR laser (at exposure times of 80 ms), and merge on days 3, 9
(d) mean and (e) total value of FL of the fluorescence area on the injured skeletal muscle o
day 17 post-injury (scale bar, 100 lm).
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(Fig. 2(g)). In contrast, the SNR first increased and then remained
relatively stable when the exposure time exceeded 100 ms
(Fig. 2(h)). These results indicated that M2Mø were successfully
isolated, polarized, and then labeled by SWIR QDs, suggesting
labeled M2Mø ready for following SWIR fluorescence imaging.

3.2. Implanted M2Mø accumulated in the injured area for 14 days

Then, the polarized M2Mø were implanted into the injured
skeletal muscle on day 3 post-injury (Fig. 3(a)). Compared with
the white necrotic tissue observed in the control group without
M2Mø transplantation, the area of necrotic tissue in the skeletal
muscle after M2Mø transplantation was significantly reduced
(Fig. 3(b)). This result suggested that skeletal muscle repair could
be improved after M2Mø implantation. As shown in Fig. 3(c),
extensive fluorescence was observed immediately after
ia SWIR fluorescence imaging in vivo. (a) Schematic representation of labeling M2Mø
e. (b) Gross morphology of injured skeletal muscle on day 9 post-injury with and
. (c) Injured skeletal muscle after implantation of M2Mø labeled with QDs under the
, 15, and 17 post-injury (the yellow arrow points to the injection site). Normalized
n days 3, 9, 15, and 17 post-injury. (f) H&E staining of different tissue and organs on
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intramuscular injection of labeled M2Mø into the injured skeletal
muscle on day 3 post-injury, while the intensity and area of fluo-
rescence decreased significantly on day 9 post-injury, and the flu-
orescence only remained in a small area, which might be the
severely injured area. Finally, the fluorescence of labeled M2Mø
disappeared on day 17 post-injury. Quantitative analysis showed
that the normalized mean and total value of FL had a significant
decrease from day 3 to day 9 post-injury (90.2% ± 4.9%; 97.6% ±
2.2%) and a small decrease from day 9 to day 17 post-injury
(6.7% ± 3.6%; 2.0% ± 1.8%) (Figs. 3(d) and (e)). This indicated that
M2Mø persisted in the skeletal muscle for 14 days after implanta-
tion, and the main actuation time of M2Mø was within 6 days after
implantation. Hematoxylin and eosin (H&E) staining of skeletal
muscle and organs on day 17 post-injury showed that the accumu-
lation of implanted M2Mø did not cause inflammation in the tis-
sues and organs (Fig. 3(f)). This suggests that the implanted
Fig. 4. (a) Normal skeletal muscle before injury and skeletal muscle on days 1 and 3 pos
normal and injured skeletal muscle on days 1 and 3 post-injury (the arrow pointed to the
(d) SWIR fluorescence imaging of normal skeletal muscle tissue and injured skeletal musc
SWIR fluorescence imaging. (f) H&E staining of normal skeletal muscle tissue and injured
field number (No.) assessed by H&E staining. (h) Masson staining of normal skeletal musc
(i) CVF assessed using Masson staining.
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M2Mø could accumulate and remain in the injured areas for up
to 14 days without causing tissue and organ inflammation.

3.3. Monitoring blood vessels by SWIR fluorescence imaging could be
used as a sensitive indicator to evaluate degree of skeletal muscle
regeneration

To investigate the outcome of M2Mø implantation in promoting
skeletal muscle regeneration as a sensitive indicator to evaluate
skeletal muscle, blood vessel evaluation in SWIR fluorescence
imaging was introduced here to verify whether it was applicable
to evaluate skeletal muscle regeneration in real time. As shown
in Fig. 4(a), the normal skeletal muscle before the injury and the
skeletal muscle of days 1 and 3 post-injury were compared, and
no necrotic tissue was observed on day 1 post-injury by direct
observation, while obvious necrotic tissue (necrotic area ratio =
t-injury were imaged and harvested. (b) At direct observation, gross morphology of
necrotic area). (c) Necrotic area ratio directly observed was quantitatively assessed.
le on days 1 and 3 post-injury. (e) Relative perfusion ratio quantitatively assessed by
skeletal muscle on days 1 and 3 post-injury (scale bar, 100 lm). (g) Myofibers per

le tissue and injured skeletal muscle on days 1 and 3 post-injury (scale bar, 100 lm).
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0.64 ± 0.10) was observed on day 3 post-injury (Fig. 4(b) and (c)).
The necrotic area was largest on day 3 post-injury (Fig. S1 in
Appendix A). In SWIR fluorescence imaging, considering that FL
gradually weakens with an increase in time after QDs injection,
the stability of calculating the relative perfusion ratio with the
injection time was studied first. The relative perfusion ratio
increased linearly with the increase in injection time within 35 s
post-injection but remained stable at approximately 0.75 within
35 s to 4 min post-injection and was unaffected by the decrease
in FL with injection time (Fig. S2 and Movie S1 in Appendix A).
After confirming the stability of the relative perfusion rates as
measured by SWIR fluorescence imaging, the skeletal muscle was
imaged at the corresponding time points.

In contrast to the results of direct observation, the lowest relative
perfusion ratio obtained by SWIR fluorescence imaging occurred on
day 1 post-injury (Figs. 4(d) and (e)), indicating that the peak vascu-
lar injury occurred on day 1 post-injury (Fig. S3 in Appendix A). This
was also confirmed by observation within 13 days post-injury. H&E
staining of injured skeletal muscle confirmed the results of direct
Fig. 5. In vivo and ex vivo comparison of M2Mø implantation group and control group. (a
in vivo SWIR fluorescence imaging and ex vivo testing were performed on days 5, 9, and
vessels, H&E, and Masson staining between the control group and M2Mø implantation
(d) relative perfusion ratio, (e) myofibers with CLN No., and (f) CVF of the control group a
difference.
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observation, and lower normal myofibers per field on day 3 post-
injury compared to day 1 post-injury indicated that skeletal muscle
injurywasmore severe on day 3 post-injury (Figs. 4(f) and (g)).Mas-
son staining showed that the collagen volume fraction (CVF) on day
1 post-injurywas the highest among the time points analyzed, indi-
cating that tissue repair began to be active on day 1 post-injury
(Figs. 4(h) and (i)). In conclusion, vascular changes accompany the
onset of repair and takeprecedenceover thedevelopmentof skeletal
muscle changes. It could be seen that monitoring vascular changes
through SWIR fluorescence imaging could be used as a sensitive
indicator tomonitorM2Mø involvement in skeletalmuscle regener-
ation in real time.

3.4. In vivo and ex vivo results confirmed that M2Mø implantation in
injured skeletal muscle could enhance angiogenesis and promote
repair

After SWIR fluorescence imaging was proven to assess the qual-
ity of skeletal muscle regeneration, it was used to evaluate the effi-
) After implantation of M2Mø into the injured skeletal muscle on day 3 post-injury,
13 post-injury. (b) Comparison of gross morphology, SWIR fluorescence imaging of
group on days 5, 9, and 13 post-injury (scale bar, 100 lm). (c) Necrotic area ratio,
nd the M2Mø implantation group on days 5, 9, and 13 post-injury. ns: no significant
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cacy of M2Mø implantation in injured skeletal muscle in vivo, and
ex vivo testing was performed to validate its efficacy. Briefly, the
gross morphology, SWIR fluorescence imaging of vessels, H&E
staining, and Masson staining of injured skeletal muscle were
compared between the M2Mø implantation group and the control
group on days 5, 9, and 13 post-injury (Figs. 5(a) and (b)). Accord-
ing to the gross morphology, compared to the control group, the
M2Mø implantation group had a significantly lower necrotic area
ratio on days 5 (0.05 ± 0.05 vs 0.32 ± 0.04; p < 0.01) and 9
(0.01 ± 0.01 vs 0.04 ± 0.01; p = 0.04) post-injury, and comparable
necrotic area ratio on day 13 post-injury (0 ± 0 vs 0.01 ± 0.02;
p = 0.37) (Fig. 5(c)), indicating that the degree of repair of skeletal
muscle injury significantly improved after M2Mø implantation. As
for SWIR fluorescence imaging of vessels in skeletal muscle,
relative perfusion ratio in the M2Mø implantation group were
higher on day 5 (1.09 ± 0.09 vs 0.85 ± 0.05; p = 0.01) and day 9
(1.38 ± 0.16 vs 0.95 ± 0.03; p = 0.01) post-injury, whereas the
relative perfusion ratio between the two groups had no significant
difference on day 13 post-injury (1.23 ± 0.13 vs 1.23 ± 0.30;
p = 0.99) (Fig. 5(d)). The richer blood flow perfusion in the M2Mø
implantation group reflected greater angiogenesis on days 5 and
9 post-injury. As shown in Fig. 5(e), regenerating myofibers with
centrally localized nuclei (CLN) numbers (No.) of the M2Mø
implantation group was significantly more on day 5 post-injury
(92.3 ± 30.1 vs 13.8 ± 4.0; p = 0.01), but there was no significant dif-
ference between the M2Mø implantation group and the control
group on day 9 post-injury (48.4 ± 8.9 vs 40.7 ± 21.9; p = 0.60),
and then became significantly less on day 13 post-injury
(3.4 ± 1.8 vs 40.7 ± 11.8; p < 0.01). This gradual decrease indicated
that the regeneration time of newborn myofibers was advanced by
M2Mø implantation. Finally, from the results of Masson staining,
CVF of the M2Mø implantation group showed no significant differ-
ence from that of the control group on day 5 post-injury (14.2 ± 5.2
vs 9.5 ± 2.2; p = 0.22), then significantly increased on day 9 post-
injury (16.7 ± 3.6 vs 5.8 ± 3.5; p = 0.02) and significantly decreased
on day 13 post-injury (3.4 ± 1.8 vs 11.2 ± 3.5; p = 0.03) (Fig. 5(f)).
Fig. 6. Representative IHC images and quantitative analysis of (a, b) CD163, (c, d) CD31, (
and 13 post-injury. Scale bar, 100 lm.
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The relative perfusion ratio in SWIR fluorescence imaging signifi-
cantly correlated with the necrotic area ratio in gross morphology
and CVF in Masson staining (Figs. S4(a)–(c) in Appendix A), sug-
gesting that the relative perfusion ratio was inextricably linked
to the degree of repair of skeletal muscle injury and collagenation.
In conclusion, the M2Mø implantation could promote angiogene-
sis, increase collagenation, and thus advance the process of new-
born myofibers regeneration and increase the degree of skeletal
muscle regeneration.

3.5. IHC confirmed that implantation of M2Mø into injured skeletal
muscle could enhance angiogenesis

IHC staining of CD163 and neovascularization biomarkers such
as CD31, VWF, and a-SMA were used to quantitatively verify the
number of M2Mø and neovascularization in the injured area of
the skeletal muscle and confirm that implantation of M2Mø into
injured skeletal muscle could enhance angiogenesis. Based on the
CD163 immunohistochemical staining (Fig. 6(a)), the M2Mø
implantation group had a higher mean of H-score values than
those of the control group on days 5 (18.8 ± 7.5 vs 11.6 ± 2.0),
9 (12.6 ± 2.9 vs 9.7 ± 3.9), and 13 (16.2 ± 10.0 vs 12.5 ± 3.7)
post-injury (Fig. 6(b)). Immunohistochemical staining of CD31
(Fig. 6(c)), the CD31 positive microvessel density (MVD) was com-
parable between the two groups on days 5 (220.8 ± 148.3 vs
198.4 ± 95.8; p = 0.84) and 9 post-injury (256.5 ± 87.2 vs 291.4 ±
43.1; p = 0.57); it only was significantly lower in the M2Mø
implantation group on day 13 post-injury (294.0 ± 25.6 vs 690.3 ±
112.4; p < 0.01) (Fig. 6(d)). However, VWF positive H-scores were
significantly higher in the M2Mø implantation group on days 5
(65.0 ± 12.1 vs 16.2 ± 21.4; p = 0.03) and 9 (80.4 ± 6.9 vs
3.5 ± 5.1; p < 0.01) post-injury (Figs. 6(e) and (f)). And according
to the quantitative result of a-SMA IHC staining, the mean of a-
SMA positive MVD in the M2Mø implantation group was higher
on day 5 post-injury (116.0 ± 70.8 vs 30.6 ± 18.3; p = 0.11), was sta-
tistically significantly higher on day 9 post-injury (92.4 ± 32.4 vs
e, f) VWF, and (g, h) a-SMA of injured skeletal muscle in the two groups on days 5, 9,
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31.3 ± 9.0; p = 0.03), and had no significant difference with the con-
trol group on day 13 post-injury (172.3 ± 95.1 vs 202.4 ± 49.3;
p = 0.65) (Figs. 6(g) and (h)). In conclusion, CD163, VWF, and
a-SMA in the M2Mø implantation group were higher than those
in the control group on days 5 and 9 post-injury, indicating that
M2Mø implantation significantly increased neovascularization
within nine days post-injury, and speed up the regeneration
process.
Fig. 7. (a) Correlation among CD163 positive H-score, CD31 positive MVD, VWF positiv
among post-injury time, relative perfusion ratio, myofibers per field No., CVF, CD163 pos
necrotic area ratio. (c) Multiple regression equation with post-injury time, relative perfusi
dependent variable. (d) Multiple regression equation with post-injury time and relative p
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3.6. Post-injury time and relative perfusion ratio were important
indicators to evaluate degree of skeletal muscle regeneration

The degree of skeletal muscle regeneration, an important obser-
vational index in this study, was also the most important clinical
monitoring result. Correlation analysis and multiple regression
analysis of the observational factors of neovascularization and
the degree of skeletal muscle regeneration were performed to
e H-score, a-SMA positive MVD and relative perfusion growth rate. (b) Correlation
itive H-score, CD31 positive MVD, VWF positive H-score, a-SMA positive MVD and
on ratio, and a-SMA positive MVD as independent variable and necrotic area ratio as
erfusion ratio as independent variable and necrotic area ratio as dependent variable.
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explore the factors related to skeletal muscle regeneration and
facilitate the assessment of the degree of regeneration. Among
the IHC results of angiogenesis-related markers, only the VWF
positive H-score was significantly correlated (r = 0.51, p = 0.03)
with the relative perfusion growth rate (Fig. 7(a)), indicating that
VWF might be an ideal option as an IHC angiogenesis-related mar-
ker for labeling neovascularization in skeletal muscles. And only a-
SMA positive MVD was significantly correlated (r = 0.45, p = 0.03)
with CD163 positive H-score (Figs. S4(d)–(f) in Appendix A). As
shown in Fig. 7(b), post-injury time (r = –0.46, p = 0.02), relative
perfusion ratio (r = –0.44, p = 0.03), and a-SMA positive MVD
(r = –0.46, p = 0.02) were significantly related to necrotic area ratio.
Using these three indicators as independent variables (post-injury
time—x1, relative perfusion ratio—x2, a-SMA positive MVD—x3) for
multiple linear regression analysis showed excellent fitting degree
(the control group: y = 0.5586 – 0.0608x1 + 0.0204x2 + 0.0010x3,
R2 = 0.9240; the M2Mø implantation group: y = 0.2479 –
0.0025x1 –0.1364x2 –0.0003x3, R2 = 0.7143) (Fig. 7(c)). Among the
three independent variables, because a-SMA positive MVD was
assessed in vitro, only post-injury time and relative perfusion ratio
were used as independent variables for binary linear regression
analysis to evaluate the degree of skeletal muscle regeneration
by in vivo monitoring indicators. The results showed that although
the fitting degree was slightly worse than that of the multiple lin-
ear regression analysis for three independent variables, the binary
linear regression equation still had a good fitting degree (the con-
trol group: y = 0.3580 – 0.0460x1 + 0.1777x2, R2 = 0.8286; the
M2Mø implantation group: y = 0.1613 – 0.0056x1 – 0.0728x2,
R2 = 0.5239) (Fig. 7(d)). In summary, the post-injury time and rela-
tive perfusion ratio were important indicators to evaluate the
degree of skeletal muscle regeneration. These two parameters
could be used to assess the degree of skeletal muscle regeneration.
4. Discussion

In three days after injury before M2Mø implantation, the early
stage of CTX-induced skeletal muscle injury was evaluated by
direct observation, SWIR fluorescence imaging for vessels in skele-
tal muscle, H&E staining, and Masson staining. Among the four
methods, SWIR fluorescence imaging of skeletal muscle vessels
was the only indirect method for evaluating skeletal muscle qual-
ity. The severity of the vascular injury can be quantitatively
assessed by calculating the relative perfusion ratio. SWIR fluores-
cence imaging showed that the relative perfusion ratio was the
lowest on day 1 post-injury, indicating that vascular injury associ-
ated with skeletal muscle injury appeared rapidly and significantly
and that monitoring vascular injury might indirectly monitor
skeletal muscle injury on day 1 post-injury. Masson’s staining sup-
ported the observation of vascular injury on SWIR fluorescence
imaging. The fiber volume ratio on day 1 post-injury was higher
than on day 3 post-injury, suggesting that collagenation was most
active on day 1 post-injury. Nevertheless, both direct observation
and H&E staining revealed that the severity of skeletal muscle
necrosis was higher on day 3 than on day 1 post-injury. This sug-
gests that although both vascular injury and skeletal muscle necro-
sis were caused by injury, the peak time of vascular injury occurred
earlier than that of skeletal muscle necrosis. An obvious vascular
injury could be detected by SWIR fluorescence imaging at the early
stage of injury, proving that monitoring vascular injury could
achieve an early diagnosis of skeletal muscle injury.

After M2Mø implantation, mean blood perfusion (relative per-
fusion ratio in SWIR fluorescence imaging), skeletal muscle quality
(necrotic area ratio in direct observation), and regenerating myofi-
bers (myofibers with CLN No. in H&E staining), and collagen (CVF
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in Masson staining) in the M2Mø implantation group were all
higher than those in the control group, regardless of whether there
were statistical differences on days 5 and 9 post-injury. This sug-
gested that M2Mø significantly improved both angiogenesis and
skeletal muscle regeneration quality during the first six days
post-implantation. On day 13 post-injury, these indicators either
did not differ significantly between the two groups or were
reversed to significantly lower levels in the M2Mø implantation
group. Moreover, these values were closer to normal skeletal mus-
cles (Fig. 4), indicating that the skeletal muscle on day 10 post-
implantation had been repaired to a state much closer to that of
the normal skeletal muscle than the control group. Therefore,
M2Mø implantation promotes skeletal muscle regeneration,
improves the quality of repair, and accelerates skeletal muscle
regeneration.

Notably, the quantitative differences in CD31, one of the most
commonly used and well-established markers [31], between the
two groups contradicted those of VWF and a-SMA and were even
higher in the control group than in the M2Mø implantation group
on day 9 post-injury. Opposite levels of angiogenesis-related mark-
ers between the two groups have also been reported. Bösmüller
et al. [32] compared microvessel density assessed by positive
staining for CD31 and vascular endothelial growth factor receptor
2 (VEGFR-2) between intrahepatic cholangiocellular carcinoma
and matched control tissue. Intrahepatic cholangiocellular carci-
noma had significantly fewer VEGFR-2-positive microvessels (high
power field (HPF): 15.4 (2.0–77.0)) than the matched control tissue
(42.3 (4.6–109.0)), whereas microvessel density with CD31 was
comparable between them (32.1 (5.3–78.0) vs 28.0 (5.3–57.0);
p = 0.89). Different angiogenesis-related markers are expressed at
different sites. For example, CD31 expresses on endothelial cells
[31], a-SMA is found in pericytes that wrap around endothelial
cells in the capillaries [33], and VWF is present in the subendothe-
lial matrix [34]. Even for the two types of angiogenesis-related
markers expressed on endothelial cells, the immunohistochemical
expression of different antigens varied greatly. Figueiredo et al.
[35] used the angiogenic-related markers CD31 and CD105 anti-
bodies, expressed on endothelial cells, for double IHC labeling of
polyether polyurethane-induced angiogenesis in mice and found
that the number of blood vessels labeled by CD31 was significantly
lower than that of CD105.

Moreover, the number of blood vessels stained with both mark-
ers was significantly lower than that of blood vessels counted in
H&E staining. Figueiredo et al. [35] deemed these findings to show
the limitation of double immunofluorescence of CD31 and CD105
in labeling neovessels in implants. This may also reflect the limita-
tions and uncertainties of immunohistochemical staining. Further-
more, the status of CD31 as the most representative angiogenesis-
related marker has been questioned, possibly because its expres-
sion levels may be affected by tissue and model types, even during
angiogenesis. Van Amerongen et al. [36] found that CD31 was not,
but collagen IV was, the best angiogenesis-related marker in the
subcutaneous collagen type I disc model; and VWF, MECA-32,
and endomucin antibodies frequently failed to stain newly formed
blood vessels in this model. These results document the instability
and limitations of in vitro assays, such as immunohistochemistry,
and demonstrate the reliability of in vivo assays. Finally, we found
that the variance in immunohistochemical statistics was large,
which was also one of the main reasons for the lack of statistical
difference between the two groups. However, the means of some
marker expression levels seemed to be very different. In conclu-
sion, the results of the immunohistochemical analysis of
angiogenesis-related markers were affected by various factors
and showed great uncertainty. This suggests that in vivo tests
always precede selection when both in vivo and in vitro tests are
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available. Therefore, multiple markers are preferred to replace
single-marker staining to comprehensively analyze the results
and obtain more comprehensive information.

Finally, a regression equation was used for the necrotic area
ratio based on the post-injury time and relative perfusion ratio in
SWIR fluorescence imaging. As an intuitive result of skeletal mus-
cle regeneration after injury, the necrotic area ratio was difficult to
access directly because the skeletal muscle was covered under the
skin and was observed by exposing the skin in this study. However,
in clinical practice, invasive exposure cannot directly assess skele-
tal muscle injury; therefore, imaging methods such as magnetic
resonance imaging (MRI) and computed tomography (CT) are often
needed to evaluate [37,38]. Compared with the two latter methods,
SWIR fluorescence imaging vascular indirect assessment of skeletal
muscle quality can avoid high prices, radiation, long appointments,
and imaging; and facilitate doctors to realize real-time, rapid, and
low-cost diagnosis in the consulting room. According to this equa-
tion, the necrotic area ratio can be calculated using the post-injury
time and the measured relative perfusion ratio to determine the
repair of the skeletal muscle. In conclusion, this study not only
proved the effectiveness of M2Mø implantation in treating skeletal
muscle injury but also used SWIR fluorescence imaging to evaluate
the blood vessels in skeletal muscle to assist in assessing skeletal
muscle regeneration quality. This paved the way for novel
approaches to treating and evaluating skeletal muscle
regeneration.
5. Conclusions

M2Mø implanted into the skeletal muscle on day 3 post-injury
would accumulate in the injured area for up to 14 days. The
implanted cells promote angiogenesis and accelerate the regenera-
tion process to improve the degree of skeletal muscle regeneration.
Time after injury, relative blood perfusion, and VWF-positive H-
scores on IHC are important predictors of skeletal muscle regener-
ation. This study provides a novel strategy for in vivo monitoring
and evaluating implanted M2Mø to improve skeletal muscle
regeneration. It will pave the way for further research and applica-
tion of M2Mø in the treatment of skeletal muscle diseases in the
future, and future optimizations of devices and probes will help
further extend biomedical applications.
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