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Abstract： Ischemia is a significant factor affecting the repair of peripheral nerve injuries， while exosomes have 
been shown to promote angiogenesis.  To further investigate the detailed processes and efficacy of exosome thera⁃
py for ischemic peripheral nerve injuries， this study utilized glucose-modified near-infrared-II （NIR-II） quantum 
dots （QDs） to label adipose-derived stem cell exosomes （QDs-ADSC-Exos）， enabling long-term in vivo NIR-II 
imaging of exosome treatment for ischemic peripheral nerve damage.  Experimental results confirmed that QDs 
can be used for non-invasive in vitro labeling of exosomes， with QDs-ADSC-Exos exhibiting strong fluorescence 
signals in the NIR-II window and demonstrating favorable NIR-II imaging characteristics in vivo.  Notably， QDs-

ADSC-Exos showed accumulation at the site of nerve injury in cases of ischemic peripheral nerve damage.  Func⁃
tional neurological assessments indicated that QDs-ADSC-Exos effectively promoted neural regeneration.  This 
study highlights the potential of exosomes in treating ischemic peripheral nerve injuries and elucidates the spatio⁃
temporal characteristics of exosome therapy， providing objective evidence for the further optimization of exosome-

based treatment protocols.
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近红外二区量子点标记外泌体治疗伴缺血周围神经损伤过程的体内成像研究
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摘要：缺血是影响周围神经损伤修复的重要因素，而外泌体被证实具有促血管再生作用。为了进一步研究外

泌体治疗伴缺血周围神经损伤的细节过程与疗效，本文利用葡萄糖修饰近红外二区量子点标记脂肪干细胞

来源外泌体（QDs-ADSC-Exos），实现外泌体治疗伴缺血周围神经损伤的活体近红外二区（NIR-II）长时程成像。
实验结果证实量子点可用于体外无创标记外泌体，QDs-ADSC-Exos在NIR-II区间下显示出高强度荧光信号，
在体内具备良好的NIR-II活体成像特性；QDs-ADSC-Exos在伴缺血周围神经损伤中表现为在神经损伤局部的

聚集；神经功能学评估果表明，QDs-ADSC-Exos能促进有效神经功能再生。本研究证明外泌体在伴缺血周围

神经损伤治疗中的潜力，也发现外泌体治疗伴缺血周围神经损伤的时空变化特征，为了进一步优化外泌体治
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疗方案提供了客观依据。
关 键 词：近红外二区成像；量子点；外泌体；周围神经损伤；血管损伤
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Introduction
Peripheral nerve injury （PNI） is a common clinical traumatic condition that leads to functional impairments， such as sensory deficits， loss of motor function， and pain， severely impacting patients' quality of life［1］.  While peripheral nerves possess intrinsic self-repair ca⁃pabilities， clinical cases often involve nerve damage cou⁃pled with ischemia due to accompanying vascular inju⁃ry［2］.  Although peripheral nerves are supported by a com⁃plex interconnected vascular network that provides some compensatory mechanisms， extensive damage can still lead to ischemia， impeding nerve regeneration［3］.  Cur⁃rent research on PNI treatment primarily focuses on iso⁃lated nerve injury models， with limited studies address⁃ing the evaluation of nerve-vascular complex injury mod⁃els. Recent advances in neurobiology and regenerative medicine have opened new avenues for PNI treatment， particularly through cell therapies and the application of biomaterials［4-5］.  Among these， exosomes （Exos） have at⁃tracted increasing attention due to their significant role in regulating nerve regeneration and tissue repair［6］.  Exo⁃somes， extracellular vesicles （EVs） ranging from 50 to 150 nm in diameter， are secreted by cells and carry pro⁃teins， lipids， RNA， and other bioactive molecules that facilitate various biological processes， including cell pro⁃liferation， differentiation， immune modulation， and tis⁃sue repair［7］.  In the context of PNI， exosomes promote nerve regeneration by enhancing neuronal survival， axo⁃nal regeneration， and modulating immune responses［8］.Exosomes can be derived from multiple cell types， including mesenchymal stem cells （MSCs）， neural stem cells （NSCs）， and induced pluripotent stem cells （iP⁃SCs）［9］.  Among these， MSC-derived exosomes （MSC-Exos） have shown remarkable efficacy in promoting neu⁃ronal repair， reducing inflammation post-nerve injury， and enhancing angiogenesis［10］.Although exosomes have shown significant bioactivi⁃ty in vitro， monitoring their behavior and therapeutic ef⁃fects in vivo remains a challenge.  Due to their nanoscale size， exosomes are often cleared by the immune system or rapidly metabolized.  Therefore， improving their target⁃ing， stability， and persistence in vivo is crucial for their successful application.  Developing real-time monitoring methods for exosomes in vivo is crucial for guiding their use in treating nerve-vascular complex injuries.In recent years， near-infrared II （NIR-II） imaging technology has shown great promise in tracking stem cells and EVs like exosomes in vivo［11-12］.  Compared to traditional visible and near-infrared I （NIR-I） imaging， the NIR-II wavelength range （1000-1700 nm） offers stronger tissue penetration and higher signal-to-noise ra⁃tio， allowing clearer and more accurate imaging of deep 

tissues［13］.  Quantum dots （QDs）， as one of the markers for NIR-II imaging， have become widely used as fluores⁃cent probes in biological imaging due to their superior op⁃tical properties， such as high brightness， stable fluores⁃cence signals， and tunable emission wavelengths［14］.  By labeling stem cells or exosomes with quantum dots， re⁃searchers can monitor their distribution， migration， and accumulation in vivo， thereby providing insights into their roles in tissue repair and regeneration.  In the field of peripheral nerve injuries， the combination of NIR-II imaging with quantum dot labeling enhances imaging sen⁃sitivity and resolution， providing valuable imaging sup⁃port for studying the targeting， mechanisms， and thera⁃peutic efficacy of stem cells and exosomes.In this study， glucose-crosslinked QDs were used to label exosomes derived from adipose-derived stem cells 
（ADSC-Exos）.  Ribonuclease-A （RNase-A） encapsulat⁃ed PbS quantum dots （PbS QDs） were labeled on ADSC-Exos， and the imaging properties and stability of QD-la⁃beled exosomes （QDs-ADSC-Exos） were studied in vitro and in vivo using an NIR-II imaging system.  The ap⁃proach was applied to a rat model with femoral artery and vein ligation， accompanied by femoral nerve injury to track exosome distribution in real-time.  The nerve regen⁃eration-promoting effects of the exosomes were evaluated using electrophysiological， behavioral， and histological analyses.  This study aimed to investigate the spatiotem⁃poral characteristics and therapeutic efficacy of exosomes in treating nerve-vascular complex injuries， providing new evidence for the clinical application of exosomes.
1 Experiments 
1. 1　Reagents and materials　Lead acetate trihydrate （Pb（OAc）2·3H2O， 99. 9%， J&K Scientific）， sodium sulfide nonahydrate （Na2S·9H2O， ≥98. 0%， J&K Scientific）， bovine pancreatic RNase-A （MW： 13. 7 kDa， >70 U/mg， Yeason）， sodi⁃um hydroxide （NaOH， 95%， Macklin）， N-hydroxysuc⁃cinimide （NHS， 98%， Adamas Life）， 1-Ethyl-3-（3-di⁃methylaminopropyl） carbon diamine hydrochloride 

（EDC， 97%+， Adamas Life）， D-（+）-glucosamine hy⁃drochloride （2-GF， 98%， Adamas Life）， DMEM/F12 
（Adamas Life）， penicillin-streptomycin solution （100×） 
（Adamas Life）， fetal bovine serum （Adamas Life）， tryp⁃sin-EDTA （0. 25% Trypsin-0. 93mM EDTA， Adamas Life）， collagenase type I （Adamas Life）， 1× PBS （pH=7. 4， Adamas Life）， paraformaldehyde （4% PFA， Ad⁃amas Life）， isoflurane （RWD）， etc.
1. 2　Animals　Female SD rats（6-8 weeks）， SD rats（7 days）， and female nude mice（6-8 weeks） were purchased from Shanghai Lingchang Biotechnology Co. ， Ltd.  （Shang⁃hai， China）.  This work received the approval of ethics by the Animal Care and Use Committee of Shanghai Jiao 
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Tong University School of Medicine， approval number： JUMC2023-067-A-A.
1. 3　Instrumentation　A microwave reactor （Discover， CEM） was used for PbS QDs synthesis； 10 kDa ultrafiltration tubes （Milli⁃pore） were used for PbS QDs and ADSC-Exos extrac⁃tion； an 808 nm semiconductor laser system provided il⁃lumination with an excitation light power of 100 mW/cm²； a 1100 nm long-pass filter was used to filter emis⁃sion light， which was collimated by a 50 mm NIR-II lens 

（Goldeye G-130 TEC1， Allied Vision）.  Fluorescence was detected using an InGaAs camera （NIRvana 640， Teledyne Princeton Instruments） located vertically above the sample on the working stage； transmission electron microscopy （HT7700- HITACHI） was used to observe the morphology of PbS QDs， ADSC-Exos， and QDs-AD⁃SC-Exos； nanoparticle tracking analysis （NTA， Zeta⁃View PMX 110， Particle Metrix） was used to measure particle size distribution and zeta potential； and a Power⁃Lab 8/35 data acquisition system （ADInstruments） was used to detect the compound muscle action potential 
（CMAP） of quadriceps.
1. 4　Extraction and culture of ADSCs　Inguinal fat pad tissues from 7-day-old SD rats were excised， vessels and capsule removed， and the tissues cut into 1x1x1 mm³ pieces.  The tissue fragments were mixed with 0. 15% type I collagenase at a 1：2 ratio， di⁃gested in a 37°C water bath for 1 hour， with inversion ev⁃ery 20 minutes.  After digestion， the solution was centri⁃fuged at 1 500g for 8 minutes， the upper fat and diges⁃tion fluid were discarded， and the precipitate resuspend⁃ed in PBS and transferred to a new centrifuge tube.  The solution was again centrifuged at 1 500g for 8 minutes， and the supernatant removed.  The cells were resuspend⁃ed in complete DMEM/F12 medium containing 10% FBS and 1% penicillin/streptomycin， filtered through 100 μm and 70 μm sieves to remove residual tissue fragments， and cultured in T25 flasks.  The medium was replaced af⁃ter 24 hours and subsequently every two days.  When cell density reached 70-80%， cells were digested with 0. 25% trypsin-EDTA solution and passaged at a 1：3 ra⁃tio.   
1. 5　ADSC-Exos extraction and identification　When the P3 adipose stem cells reached 90% con⁃fluence， the supernatant was discarded， and the cells washed twice with PBS.  Serum-free DMEM/F12 was add⁃ed for 48-hour culture.  The collected supernatant was centrifuged at 3 500 g for 15 minutes to remove dead cells， filtered through a 0. 22 μm filter， and ultrafiltrat⁃ed at 3 500 g to obtain the exosome suspension.  The ul⁃trafiltration tube was washed with PBS and centrifuged again at 3 500 g until the inner liquid was colorless.  Exo⁃some protein concentration was quantified using BCA， morphology was observed with TEM， and size and zeta potential were measured by particle size analysis.
1. 6　PbS QDs synthesis　PbS QDs were synthesized using a modified method based on Dejian Zhou's protocol［15］.  Pb（OAc）2·3H2O 

（10 mM） and RNase-A （50 mg/mL） solutions were 

mixed in a reaction tube.  The mixture （1 mL） was com⁃bined with 50 μL of 1 M NaOH to adjust pH to 9-11.  Then， 50 μL of 10 mM Na2S solution was added， mixed， and reacted in a microwave reactor at 70 °C for 30 sec⁃onds.  After cooling to room temperature， the solution was purified using a 10 kDa ultrafiltration tube， and the prepared PbS QDs were stored at 4°C.
1. 7　PbS QDs labeling of ADSC-Exos　The pH of the PbS QDs solution was adjusted to 5-6.  0. 24 mg EDC and 0. 24 mg NHS were added to 1 mL of PbS QDs solution， and the mixture was shaken at room temperature for 40 minutes.  Then， 0. 175 mg of 2-GF was added and incubated at 4 ° C overnight.  The un⁃bound impurities were removed using an ultrafiltration tube.  The ADSC-Exos were incubated with glucose-cross⁃linked PbS QDs at 4 °C overnight to prepare PbS QDs-la⁃beled ADSC-Exos （QDs-ADSC-Exos）.
1. 8　Preparation of experimental animal models　After one week of adaptive feeding， healthy female rats were anesthetized via inhalation of isoflurane and po⁃sitioned supine.  The left femoral artery and vein were ex⁃posed， and the vascular sheath was separated to free the femoral vein.  The femoral artery and vein were ligated with 6-0 sutures at the groin.  Using the bifurcation of the femoral nerve as a reference point， the femoral nerve trunk was clamped with a spring-loaded forceps 3 mm proximally for 30 seconds to induce a 2 mm nerve crush injury.  Immediately following the nerve crush， 5 μl of QDs-ADSCs-Exosomes was injected into the proximal site of the nerve injury， while the control group received 5 μl of Phosphate buffered saline （PBS）.  After the injec⁃tion， the incision was sutured， and the rats were regular⁃ly cared for after ethanol disinfection.
1. 9　In vivo NIR-II imaging　Nude mice were anesthetized with isoflurane and fixed in a prone position.  Different concentrations of QDs-ADSC-Exos （0. 5 mg/mL， 0. 1 mg/mL， 0. 05 mg/mL） and PbS QDs were subcutaneously injected.  NIR-II imaging was performed at 0， 1， 2， 3， 5， and 7 days post-injection.  In a rat ischemic femoral nerve injury model， 5 μL of 0. 5 mg/mL QDs-ADSC-Exos was inject⁃ed， and imaging was conducted immediately， then at 6， 12， 24， 48， and 72 hours.  The PL intensity was mea⁃sured from the site of the injury of collected NIR-II imag⁃es using Fiji
1. 10　Electromyography　Under isoflurane anesthesia， the left femoral nerve and quadriceps muscle were exposed.  A stimulating elec⁃trode was placed on the proximal end of the injured femo⁃ral nerve， while a recording needle electrode was insert⁃ed into the quadriceps muscle， and a ground electrode was connected to the rat's tail.  Electrical stimulation was set at 1. 5 mA， and the electrical signals from the quadri⁃ceps muscle were recorded to measure the amplitude of the muscle's response.
1. 11　Behavioral tests　Behavioral tests were conducted following the evalu⁃ation methods for femoral nerve motor function as de⁃scribed by A.  Irintchev et al［16］. All behavior experiments 
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were conducted in a blinded fashion in a quiet room （tem⁃perature （22 ± 1） ° C）.  Prior to surgery， each rat was placed at one end of a 1. 5 m long， 15 cm wide， and 5 cm thick wooden board， with a cage at the opposite end to encourage movement.  The rats were trained to walk to⁃ward the cage， and the step length ratio （SLR） and foot-base angle （FBA） during locomotion were recorded one day before the surgery， and again at days 1 and 28 post-injection.  The recovery index （RI） was calculated to evaluate the restoration of femoral nerve motor function using the following formula：

RI = Y28 - Y1
Y0 - Y1

× 100%， （1）
Y0 is the value recorded one day before surgery， Y1 is the value on day 1 post-injection， and Y28 is the value on day 28 post-injection.

1. 12　Statistical analysis　ImageJ was used to analyze imaging data.  OriginPro 2024 for statistical processing.  All numerical data were presented as mean ± SD and analyzed using Student’s t-test.  P<0. 05 was considered statistically significant.
2 Results and discussions 
2. 1　Characterization of PbS QDs and QDs-ADSC-
Exos　Synthesized PbS QDs appeared as well-dispersed particles under TEM， presenting as high-contrast black dots with a near-spherical shape and an approximate diam⁃eter of 10 nm.  High-resolution images showed distinct and regularly arranged lattice fringes （Figure 1（a））.  Particle size analysis revealed an average diameter of 13 nm， slight⁃ly larger than observed under TEM， possibly due to some aggregation in the solution （Figure 1（b））.  The average zeta potential was found to be -0. 13 mV （Figure 1（c））.Glucose was encapsulated onto PbS QDs through glucose modification， forming QDs-Glu complexes， which were then incubated with exosomes to label the quantum dots on the exosomes.  Transmission electron microscopy revealed that QDs-ADSC-Exos retained a dis⁃coid concave structure with a diameter of approximately 100 nm.  Compared to ADSC-Exos alone， multiple black 

particles were observed attached to the surface of QDs-ADSC-Exos （Figure 2（a），（d））.  Particle size analysis indicated that the average diameter of QDs-ADSC-Exos was 114. 7 nm， slightly larger than that of ADSC-Exos 
（108. 2 nm）， likely due to the surface modification by PbS QDs on ADSC-Exos and minor aggregation of ADSC-Exos in the cross-linking agent solution （Figure 2（b），
（e））.  The average Zeta potential of QDs-ADSC-Exos was measured at -1. 64 mV， suggesting interactions be⁃tween PbS QDs and the ADSC-Exos surface， altering the Zeta potential from -35. 36 mV of ADSC-Exos alone （Fig⁃ure 2（c），（f））.The QDs-Glu complex was formed by encapsulating the QDs with glucose modification， and then incubated with the exosomes to label the ADSC-Exos.  The optical properties of the QDs-ADSC-Exos complexes were ana⁃lyzed using an NIR-II imaging device to capture varia⁃tions in fluorescence intensity at different exposure times.  Under 808 nm excitation light and with an 1100 nm long-pass filter， the photoluminescence （PL） intensi⁃ty of QDs-ADSC-Exos increased with longer exposure times， approaching maximum fluorescence intensity at 50 ms exposure （Figure 3）.  The results indicate that QDs-ADSC-Exos exhibit high-intensity fluorescence im⁃aging in the NIR-II range.
2. 2　In vivo imaging of QDs-ADSC-Exos　To verify the in vivo imaging stability and sensitivity of QDs-ADSC-Exos， three concentrations （0. 5 mg/mL， 0. 1 mg/mL， 0. 05 mg/mL） and PbS QDs as control were subcutaneously injected into the back of nude mice.  NIR-II imaging was performed at 0， 1， 2， 3， 5， and 7 days post-injection.  As shown in Fig.  4， immediately after subcutaneous injection， four points （I， II， III， IV） ex⁃hibited varying fluorescence intensities， and the intensi⁃ty at points I， II， and III was linearly correlated with the exosome concentration （Figure 4（d））.  Analysis of fluo⁃rescence area and intensity over time revealed a gradual decrease at all points， with signals persisting at points I， II， and IV until day 7 （Figure 4（b）， （c））.  These re⁃sults indicate that quantum dot-labeled exosomes enable stable in vivo imaging.Specifically， the concentration of 0. 5 mg/mL dem⁃

（a） （b） （c）

Fig. 1　Characterization of PbS QDs: (a) the TEM image(scale bar = 100 nm; inset scale bar = 5 nm); (b) particle size and distribution; 
(c) average zeta potential of PbS QDs
图 1　PbS QDs 材料表征：（a）透射电镜图像（标尺=100nm，右上方小图中标尺=5nm）；（b）粒径大小和分布；（c）平均 Zeta 电位
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onstrated the highest fluorescence signals with the lon⁃gest duration， indicating that QDs-ADSC-Exos were most effectively detected at this concentration using the NIR-II imaging system.  Both PL intensity and fluorescence area analysis revealed that QDs-ADSC-Exos at 0. 5 mg/mL ex⁃hibited a gradual decrease in signal， suggesting pro⁃longed retention at the injection site with stable fluores⁃cence maintained throughout the 7-day observation peri⁃od （Figure 4（b）， （c））.  Consequently， 0. 5 mg/mL was identified as the optimal concentration and was selected 

for subsequent in vivo experiments.To observe the spatiotemporal dynamics of QDs-AD⁃SC-Exos in ischemic peripheral nerve injury， we estab⁃lished a rat model with femoral artery and vein ligation combined with femoral nerve clamp injury.  Immediately after injury， 5 μl of 0. 5 mg/ml QDs-ADSC-Exos was in⁃jected subepineurally at the proximal end of the injured femoral nerve.  Near-infrared （NIR） fluorescence imaging was conducted at 0 h， 6 h， 12 h， 24 h， 48 h， and 72 h post-injection.  As shown in Fig.  5（a1）-（a2）， a strong 

（a）

（d）

（b）

（e）

（c）

（f）

Fig. 2　Characterization of ADSC-Exos and QDs-ADSC-Exos: (a) the TEM image(scale bar = 100 nm); (b) particle size and distribution; 
(c) average zeta potential of ADSC-Exos; (d) the TEM image(scale bar = 100 nm); (e) particle size and distribution; (f) average zeta poten‐
tial of QDs-ADSC-Exos
图 2　ADSC-Exos 及 QDs-ADSC-Exos 材料表征：ADSC-Exos 的（a）透射电镜图像（标尺=100nm）；（b）粒径大小和分布；（c）平均 Zeta
电位；QDs-ADSC-Exos 的（d）透射电镜形态（标尺=100nm）；（e）粒径大小和分布；（f）平均 Zeta 电位

（a） （b）

Fig. 3　Optical property of the QDs-ADSC-Exos: (a) QDs-ADSC-Exos with NIR-II fluorescence imaging at different exposure times (10 
ms, 25 ms, 50 ms, 80 ms, 100 ms, λex: 808 nm); (b) PL intensity in NIR-II imaging across different exposure times
图 3　QDs-ADSC-Exos 光学特征：QDs-ADSC-Exos（a）在 10 ms、25 ms、50 ms、80 ms、100 ms 的曝光时间下的 NIR-II 区荧光成像

（λex: 808 nm）；（b）不同曝光时间下 NIR-II 成像的 PL 荧光强度
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fluorescence signal appeared on the proximal side of the injured femoral nerve， indicating that QDs-ADSC-Exos were injected at the site of femoral nerve injury.  Over time， the fluorescence area gradually decreased， reach⁃ing 50% at 12 hours and less than 10% at 72 hours （Fig⁃ure 5c）.  Fluorescence intensity initially increased within the first 12 hours， followed by a gradual decline， nearly disappearing by 72 hours， indicating that exosomes accu⁃mulated at the proximal end of the nerve injury within the first 12 hours and were subsequently metabolized， with signals lasting up to 72 hours （Figure 5（d））.  Analysis of the centroid position of NIR fluorescence spots， with the 0 h centroid as the origin， showed that movement toward the proximal end was marked as positive and toward the distal end as negative.  Over 72 hours， the centroid re⁃mained proximal to the injury site， further demonstrating that in ischemic femoral nerve injury， exosomes primari⁃ly accumulate at the proximal end of the nerve injury 
（Figure 5（e））.  These findings indicate that PbS QDs can serve as NIR-II fluorescent probes for labeling ADSC-Exos， enabling the observation of their metabolic charac⁃teristics in ischemic peripheral nerve injury.  NIR-II im⁃

aging of QDs-ADSC-Exos reveals the spatiotemporal dis⁃tribution of ADSC-Exos in the femoral artery and vein li⁃gation model with femoral nerve injury in rats.
2. 3　 QDs-ADSC-Exos promote regeneration in 
ischemic peripheral nerve injuryTo assess the role of QDs-ADSC-Exos in nerve re⁃generation， CMAPs were measured in the quadriceps muscle on day 28 post-injection.  The amplitude in the QDs-ADSC-Exos group was （5. 17 ± 0. 11） mV， signifi⁃cantly higher than the （4. 14 ± 0. 35） mV observed in the PBS group （P < 0. 01）.Further evaluation of motor function recovery was performed by measuring FBA and SLR before surgery， and at days 1 and 28 post-injection （Figure 7（a））.  The recovery indices for FBA （RI FBA） and SLR （RI SLR） were calculated for day 28.  Rats in the QDs-ADSC-Exos group exhibited an RI FBA of 61. 25% ± 7. 00% and an RI SLR of 43. 92% ± 6. 00%， whereas the PBS group showed an RI FBA of 78. 3% ± 3. 51% and an RI SLR of 60. 67% ± 4. 04%.  The QDs-ADSC-Exos group demon⁃strated significantly better outcomes in both RI FBA and RI SLR compared to the PBS group （Figure 7（b），（c）， 

（a）

（b） （c） （d）

Fig. 4　Validation of the sensitivity and stability of QDs-ADSC-Exos in vivo: (a1-a7) NIR-II fluorescence imaging of QDs-ADSC-Exos 
and PbS QDs injected subcutaneously into the dorsal region of nude mice at 0, 1, 2, 3, 5, and 7 days post-injection. Regions I, II, III, and 
IV correspond to injection sites of 0.5 mg/ml, 0.1 mg/ml, 0.05 mg/ml exosomes, and PbS QDs, respectively (λex: 808 nm, exposure time: 
300 ms); (b) longitudinal comparison of the fluorescence area at different injection sites; (c) longitudinal comparison of PL intensity at dif‐
ferent injection sites; (d) the linear correlation result between fluorescence intensity and exosome concentration at the injection site on day 0
图 4　QDs-ADSC-Exos 体内敏感性和稳定性验证：（a1-a7）QDs-ADSC-Exos 和 PbS QDs 注射到裸鼠背部皮下后 0 d、1 d、2 d、3 d、5 d
和 7 d 的 NIR-II 区荧光成像结果。I、II、III、IV 分别代表 0.5mg/ml，0.1mg/ml，0.05mg/ml 外泌体及 PbS QDs 注射部位（λex: 808 nm,曝
光时长: 300 ms）。（b）不同注射位点的荧光面积进行纵向比较。（c）不同注射位点的荧光强度进行纵向比较。（d）0d 时注射位点荧光
强度与外泌体浓度的线性相关结果
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P ＜ 0. 01）， indicating that QDs-ADSC-Exos promote re⁃generation of the ischemic femoral nerve， enhancing the reinnervation of the quadriceps muscle.
2. 4　 Biocompatibility and Safety of QDs-ADSC-
Exos　To assess the biocompatibility of QDs-ADSC-Exos， rats were sacrificed on day 28， and major organs， includ⁃ing the heart， liver， spleen， lungs， and kidneys， were harvested for NIR-II imaging and HE staining.  As shown in Fig.  8（b）， the kidney exhibited higher fluorescence 

intensity than other organs （P < 0. 001）， suggesting re⁃
nal metabolism of the labeled exosomes.  No significant 
inflammation or other pathological changes were ob⁃
served in the HE-stained sections of these organs （Figure 
8（d））， confirming that QDs-ADSC-Exos possess good 
biocompatibility and safety.
3 Discussion 

Peripheral nerves are supplied by intrinsic and ex⁃

（a）

（b） （c） （d） （e）

Fig. 5　 In vivo monitoring of QDs-ADSC-Exos based on an NIR-II fluorescence imaging strategy in rat models of ischemic femoral 
nerve injury: (a1-a7) NIR-II fluorescence imaging at various time points (0 h, 6 h, 12 h, 24 h, 48 h, and 72 h) following the injection of 5 
µl of 0.5 mg/ml QDs-ADSC-Exos near the proximal region of the femoral nerve in a rat model with femoral artery and vein ligation com‐
bined with femoral nerve injury (λex: 808 nm, exposure time: 300 ms); (b) schematic representation of fluorescence signal distribution at 
different time points, with black dots indicating the fluorescence centroid position and yellow boxes denoting the site of femoral nerve in‐
jury; (c) longitudinal comparison of the fluorescence area at different time points; (d) longitudinal comparison of PL intensity at different 
time points; (e) the centroid positions at different time points were determined, using the centroid position at 0h as the origin. The distanc‐
es of centroid movement at 0h, 6h, 12h, 24h, 48h, and 72h were then calculated
图 5　近红外二区成像下 QDs-ADSC-Exos 在大鼠伴缺血股神经损伤中的体内动态监测：（a1-a7）5 ul 0.5 mg/ml QDs-ADSC-Exos 注
射于伴缺血股神经损伤大鼠股神经近端后 0 h、6 h、12 h、24 h、48 h 和 72 h 的 NIR-II 区荧光成像结果。（λex:808 nm,曝光时长:300 ms）;

（b）不同时间节点 NIR-II 区荧光信号分布示意，黑点表示荧光光斑质心位置，黄框表示股神经损伤部位;（c）不同时间节点荧光面积
的纵向比较;（d）不同时间节点荧光强度进行纵向比较;（d）不同时间节点质心位置，并以 0 h 质心位置为原点，计算 0 h、6 h、12 h、
24 h、48 h 和 72 h 质心移动距离

（a） （b） （c）

Fig. 6　CMAP of quadriceps muscle measured by electromyography: (a) rats with QDs-ADSC-Exos and (b) PBS injection at 28d post-in‐
jection; (c) histogram of signal intensity measured from (a) - (b)
图 6　股四头肌 CMAP 测量结果： (a)注射 QDs-ADSC-Exos 及(b)PBS 28 天后大鼠； (c) (a-b) 中测得信号强度统计直方图
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trinsic vascular networks that ensure metabolic activity.  The intrinsic network consists of longitudinally distribut⁃ed arteries and veins， while the extrinsic network origi⁃nates from large adjacent vessels， connecting to the in⁃

trinsic system via spiral vessels， allowing for nerve move⁃ment and extension［17］.  This complex vascular network al⁃lows the nerve to maintain function even when some ves⁃sels are damaged.  However， its compensatory ability has 

（a） （b） （c）

Fig. 7　Postoperative gait analysis in the rat model of ischemia femoral nerve injury: (a1) foot angle relative to the track during move‐
ment, (a2) ipsilateral step length, and (a3) contralateral step length at 1 day post-injury; (a4) foot angle relative to the track during move‐
ment, (a5) ipsilateral step length, and (a6) contralateral step length at 28 days post-injury. (b) RI FBA and (c) RI SLR comparisons be‐
tween the QDs-ADSC-Exos and PBS groups at 28 days
图 7　大鼠伴缺血股神经损伤模型的术后步态分析： 损伤后 1 天(a1)大鼠爬行足底相对跑道角度，(a2) 患侧步幅及(a3)健侧步幅； 损
伤后 28 天(a4) 大鼠爬行足底相对跑道角度，(a5)患侧步幅及(a6)健侧步幅于；QDs-ADSC-Exos 组与 PBS 组在术后 28 天（b）RI FBA
及(c)RI SLR 比较

（a）

（d）

（b） （c）

Fig. 8　Biocompatibility and Safety of QDs-ADSC-Exos: (a) bright field photograph and (b) NIR-II fluorescence image of the major or‐
gans harvested from the rats 28 days post-injection of QDs-ADSC-Exos; (c) quantification of NIR-II fluorescence signals from the organs 
shown in (b); (d) histological analysis with H&E staining of the major organs harvested from the the rats in the QDs-ADSC-Exos group 
and the PBS group at 28 days post-injection (scale bar = 100 µm).
图 8　QDs-ADSC-Exos 生物相容性和安全性检测： (a) 注射 QDs-ADSC-Exos 大鼠主要脏器明场及(b) NIR-II 区荧光图像； (c)主要
脏器 NIR-II 区荧光信号定量；(d) 注射后 28 天， QDs-ADSC-Exos 组和 PBS 组主要脏器 HE 染色组织学分析 (比例尺 = 100 µm)。
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a limit， and extensive vascular destruction can still result in ischemia.Ischemia triggers necrosis， macrophage activation， and upregulation of endothelial adhesion factors， leading to a pro-inflammatory microenvironment， which is a sig⁃nificant factor hindering complete nerve regeneration［18］.  MSC-derived exosomes carry various proteins， miRNAs， and mRNAs that facilitate axonal regeneration， myelin debris clearance， neuronal protection， and immune mod⁃ulation during peripheral nerve injury［19］.  Studies have shown that ADSC-Exos can promote angiogenesis and ex⁃ert anti-inflammatory effects via miRNA regulation［20］.  This study further explores the metabolic characteristics of ADSC-Exos and their role in promoting nerve regenera⁃tion in ischemic peripheral nerve injury.Previous studies on exosomes mainly relied on in vi⁃tro cellular experiments and ex vivo tissue sections， pro⁃viding limited understanding of the real-time spatiotempo⁃ral distribution of exosomes in vivo.  Research indicates that glucose-modified nanoparticles can be labeled on exosomes through the active transport function of glucose transporter 1（Glut-1） on the exosome surface［21］.  In this study， glucose-modified PbS QD-labeled exosome com⁃plexes were successfully constructed， enabling real-time， long-term in vivo imaging through NIR-II technolo⁃gy.  The findings indicate that QDs-Glu can noninvasive⁃ly label ADSC-Exos， maintaining their morphology and function.  In vivo imaging showed stable imaging for over 7 days with high clarity and signal-to-noise ratio， and the fluorescence intensity correlated with exosome concentra⁃tion.  NIR-II imaging results of QDs-ADSC-Exos in the femoral artery and vein ligation model with femoral nerve injury indicate that ADSC-Exos accumulate at the proxi⁃mal end of the nerve injury in ischemic peripheral nerve damage， aligning with previous findings showing that exosomes aggregate at injury sites during tissue repair［22］.  Notably， in cases of isolated nerve injury， exosomes are capable of migrating from the proximal end of the injury， crossing the damaged region， and moving distally［23］.  However， in ischemic nerve injuries， exosomes consis⁃tently accumulate at the proximal end of the nerve inju⁃ry， potentially due to the relatively static metabolic envi⁃ronment of the nerve in ischemic conditions， which may facilitate the localized retention of exosomes.  Electro⁃physiological and behavioral assessments confirmed the nerve regeneration-promoting effect of ADSC-Exos， along with good biocompatibility.While this study provides robust evidence for the therapeutic applications of ADSC-Exos in ischemic pe⁃ripheral nerve injury， certain limitations should be ad⁃dressed.  For instance， NIR-II imaging， while providing superior tissue penetration and reduced autofluores⁃cence， is currently unable to achieve cellular-level reso⁃lution or identify exosome localization within specific cell types.  Further advancements in imaging technologies may be required to address these challenges.  Additional⁃ly， modifications to the exosome-labeling process will be essential for clinical translation， including the develop⁃ment of scalable production protocols and compliance 

with clinical-grade standards for therapeutic applica⁃tions.In conclusion， ADSC-Exos facilitate the regenera⁃tion of ischemic peripheral nerve injuries， with PbS QDs serving as NIR-II fluorescent probes for real-time， pre⁃cise imaging of ADSC-Exos in vivo.  This study provides direct imaging support for the therapeutic applications of exsomes in ischemic peripheral nerve injury， offering new evidence for their clinical use.
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