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NIR-II Fluorescence Imaging of Skin Avulsion and Necrosis
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Skin avulsion is commonly seen in individuals exposed to heavy shearing forces. Subcutaneous tissue detachment and bone fractures usually accompany skin avulsion. Thus, the estimation of the extent of damaged tissue is very important. Currently, the viability of skin and subcutaneous tissue is determined by clinical observations, and these observations always underestimate the true extent of the avulsed skin. Herein, we synthesized an innovative probe, CH1055-GRRRDEVDK (CH1055-GK), which can specifically bind to caspase-3 so as to image skin avulsion and define necrotic regions. Our uptake and binding affinity tests in apoptotic cells and evaluation of the probe ex vivo and in vivo showed that the probe has a strong ability to bind caspase-3 in skin avulsion models and that it vividly detected the necrotic area in avulsed skins. Furthermore, the increased fluorescence intensity of the probe in the avulsed skin showed a larger affected area than that determined by clinical observations in live mice. Consequently, our results indicated that observation of the caspase-3-targeted probe CH1055-GK via NIR-II imaging allowed the clear detection of skin avulsion in subjects, indicating its potential as an imaging tool for the early diagnosis of skin avulsion and the determination of necrotic margins.
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INTRODUCTION

The incidence of skin avulsion has increased dramatically due to traffic accidents and machine accidents in modern industry (Tosti and Eberlin, 2018; Weinand, 2018). The large area of skin avulsion injuries, combined with severe shock or fractures, causes severe soft tissue crushing and massive blood loss (Latifi et al., 2014; Weinand, 2018). The skin and subcutaneous tissues were detached from the underlying fasciae and musculoskeletal structures. The clinical treatment of these injuries is time-consuming and is often delayed so that the avulsed flaps easily develop into ischemia and ultimately into secondary skin necrosis because of the damage of blood circulation. Avulsion injuries may lead to high morbidity and even mortality (Olingy et al., 2017; Sakai et al., 2017). It is essential to identify the viability of avulsed skin as accurately as possible in order to efficiently improve the survival rate of avulsed skins. Clinicians usually determine the viability of avulsed skins through examination of cutaneous bleeding, skin color, pressure reactions, and microcapillary refills. However, these clinical symptoms are often not accurate enough to predict the degree of skin avulsion injuries (Gagnier et al., 2013; Latifi et al., 2014; Sen et al., 2017), and this may result in extensive excision of avulsed skins and soft tissue or secondary infection and necrosis. Therefore, imaging techniques have become necessary to assist in the evaluation of the viability of avulsed skin and necrosis. Although current clinical imaging techniques, including computed tomography (CT) and magnetic resonance imaging (MRI), have been used to assess, the location, extent, and severity of acute tissue injuries or applied to detect skin inflammation and skin cancer (MacFarlane et al., 2017; Ueno et al., 2018), they have rarely been involved in evaluating skin avulsion and necrosis. As such, it is meaningful to explore promising imaging techniques that can assist in the early assessment of skin avulsion and necrosis.

In recent years, the significant benefits of molecular imaging have been demonstrated in targeted surgery with preoperative molecular diagnostic screening and fluorescence image-guided surgery (Reinsmith et al., 2013; Iglesias et al., 2014; Walton et al., 2017; Li et al., 2019; Zeng et al., 2019). NIR fluorescence imaging can provide physiological and pathological information at the cellular and tissue levels that can be applied in biology and medicine to diagnose or treat clinical diseases (Ntziachristos et al., 2005; Pansare et al., 2012; Hong et al., 2015; Lin et al., 2019). Based on fluorescence emission, the NIR imaging window is divided into two different imaging windows (the first, NIR-I, 750–900 nm; the second, NIR-II 1,000–1,700 nm) (Hong et al., 2014; Antaris et al., 2017). In comparison with the NIR-I window, the NIR-II window has dramatically improved imaging quality and signal-to-noise ratio due to minimal light scattering and autofluorescence. NIR-II imaging has great potential for deep-tissue imaging with improved spatial resolution and increased contrast (Smith et al., 2009; Sun et al., 2016). At present, a series of fluorescent NIR-II probes including small molecules and quantum dots is being actively employed for cerebral, vascular, and lymphatic imaging and for tumor imaging-guided surgery (Hong et al., 2012; Antaris et al., 2016; Sun et al., 2017b, 2018; Yang et al., 2018; Zeng et al., 2018). In summary, the applications of NIR-II molecular probes are having a direct impact on the field of biomedicine and clinic research.

At the beginning of skin avulsion, the soft tissue is severely crushed, and massive blood vessels are suddenly destroyed so that it presents a level of hypoxic and ischemic damage, and thus, cell metabolism is converted to an anaerobic condition (Siemionow and Arslan, 2004). Moreover, following hypoxic and ischemic damage, there is a major phase of cell death involved in cell inflammation and apoptosis, which is regulated by caspase-3 and activated in intrinsic pathways (Taylor et al., 2008; Rogers et al., 2017; Strzyz, 2017; Ponder and Boise, 2019). Caspase-3 is not only a primary pivot or trigger in regulating the initiation and propagation of the early stage of apoptotic concatenation but has a specific recognition site, DEVD (Wu et al., 2019). Notably, this tetrapeptide motif can be bound specifically to the active caspase-3, and many DEVD peptides have been reported to be used to evaluate caspase-3 activation (Srinivasula et al., 2001; Casares et al., 2005; Scabini et al., 2011; Sun et al., 2017a).

Herein, we firstly used a caspase-3-targeting NIR-II probe (CH1055-GK) to detect the skin avulsion and necrosis of avulsed skin in the early trauma stage. According to our results, CH1055-GK was investigated for the accurate detection of skin avulsion and necrosis in skin avulsion mouse models. These positive results for CH1055-GK also make it a promising caspase-3-targeted NIR-II probe for clinical translation.



MATERIALS AND METHODS


Synthesis and Characterization of NIR-II Probes

All chemical reagents were purchased from commercial sources (such as Aldrich, Ameresco, Energy Chemical) and used without further purification unless otherwise noted. HPLC was performed on a Dionex HPLC System (Dionex Corporation) equipped with a GP50 gradient pump and an in-line diode array UV-Vis detector. The peptide GK (1.112 DKa) was purchased from GL Biochem (Shanghai) Ltd. The previous literature can be referred to for details of the synthesis of CH1055 (0.969 KDa) (Antaris et al., 2016). The synthesis of CH1055-GK or CH1055-PEG (as a control) was carried out as follows. A solution of CH1055 (100 μg, 0.103 μmol) in dry DMF (N, N-Dimethylformamide) was stirred for 10 min, and then NHS (N-hydroxysuccinimide) (59.27 μg, 0.515 μmol) and EDCI (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) (98.73 μg, 0.515 μmol) were added to the mixture and stirred for 2 h under N2 protection. Peptide GK (581.44 μg, 0.515 μmol) or COtBu-PEG4-NH2 (Polyethylene glycol, 0.989 KDa, Ponsure Biological) (165.52 μg, 0.515 μmol) and DIPEA (N, N-diisopropylethylamine) (15 μL) was then added to the reaction solutions and stirred overnight. The final product was purified by HPLC. HPLC condition: eluent: water/acetonitrile (containing 0.1% TFA, from 70 to 95%); over 22 min with a flow rate of 1 mL min−1 and detection at 254 nm.



Cell Culture and Cell Apoptosis Induction

Human HACAT, HUVEC, and HSF cells (iCell Bioscience Inc.) were cultured in DMEM (Dulbecco's Modified Eagle Medium)/DMEM-F12 (Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12, Hyclone) supplemented with 10 or 15% FBS (Fetal Bovine Serum, VWR, Radnor, PA) and antibiotics (100 U mL−1 penicillin) at 37°C incubator with 5% CO2. The cells were fed every 1–2 days and sub-cultured when they reached 70–80% confluence. For apoptosis induction, cells were cultured in 6-wells for 24 h, and then 2 mL of culture medium mixed with 20 μmol/L Adriamycin (Thermo Fisher Scientific Inc.) was added to each of the six wells and cultured for 6 and 12 h at 37°C incubator with 5% CO2 (Crowley et al., 2016).



Flow Cytometric Detection of Apoptosis

After treatment with Adriamycin, the culture medium was removed, and then cells were washed twice with pre-cooling PBS (Phosphate-buffered Saline, Gino Biomedical Technology). Next, cells were harvested and resuspended in 300 μl binding buffer containing 5 μl Annexin V-FITC (Fluorescein Isothiocyanate, Sungene Biotech) as well as 5 μl PI (Propidium Iodide, Sungene Biotech), and were then incubated at room temperature (RT) in the dark for 15 min. Finally, we ran each cell sample, and the data were quantified by flow cytometer.



Cell Uptakes and Binding Affinity Studies

The CH1055-GK probe was dissolved in PBS with 5% dimethyl sulfoxide (DMSO, Gino Biomedical Technology) to a concentration of 0.5 nm μL−1. For the uptake study, apoptotic cells were randomly assigned to each group and incubated with CH1055-GK (2 nM probe per 200 μL PBS per sample) in 6-well cell culture plates (Costar, Corning, NY). For the blocking group, 1 h incubation with peptide GK (200 nM) was performed before the incubation with CH1055-GK. At different incubation times (0–24 h), cell samples were washed three times with cold PBS, and then the apoptotic cells were collected using an enzyme-based cell detachment solution in the PCR tubes (250 μl). Furthermore, the PCR tubes were centrifuged for 3 min at 400 r/min. The supernatant was then removed using a NIR-II system purchased from Suzhou NIR-Optics Technologies (Suzhou, China). The binding affinity was tested by preparing different concentrations of peptide GK in PBS (1 × 10−3-10−9 M per 200 μL PBS per sample) as the blocking agents for CH1055-GK. Apoptotic cells were incubated with the blocking agent for 1 h and then incubated with CH1055-GK (2 nM probe per 200 μL PBS per sample) for 8 h. The subsequent steps were performed as described above for the cell-uptake experiment. Finally, NIR images were collected with a NIR-II system.



Introduction of the Skin Avulsion Model

Female BALB/c (nu/nu) mice were obtained from Charles River Laboratories (Beijing Vital River Laboratory Animal Technology Co., Ltd.) and kept under sterile conditions before establishing the skin avulsion model. The animals were housed in cages with sawdust bedding in an air-conditioned room and were fed a standard laboratory diet.

Twenty female BALB/c (nu/nu) mice (aged 7–8 weeks, 20–25 g) were used to establish the skin avulsion mouse models according to previous protocols (Milcheski et al., 2013; Chin et al., 2017). Anesthetized mice were fixed in a stable plane. After removing the hair on the dorsal side of the mouse with an electric razor, the surgical region was disinfected by 75% ethyl alcohol. A full-thickness (4 × 5 cm) skin wound was created on the dorsal skin. Afterward, all of the skin was separated from the subcutaneous tissue with a scalpel handle, and then the skin was affixed with a small wooden rod with one hole. The skin was then carefully pulled with a tension machine (15 N) for 10 s. Finally, the full-thickness injured skin was intermittently sutured back to the primordial area. The same method was used for all mice. All mice received an injection of the same amount of saline before they were placed back in the cages, and the respiration and body temperature of the mice were recorded. The mice were housed in separate cages and prepared for NIR-II imaging experiments.



In vivo and ex vivo NIR-II Imaging of Skin Avulsion

In order to evaluate the NIR-II imaging of skin avulsion in vivo study, 100 μL CH1055-GK (0.5 nM μL−1) was administered into the mice via tail-vein injection as the experiment group. 100 μL CH1055-GK blocking (with 1 μM blocking agent) and 100 μL CH1055-PEG were also injected into the mice as the blocking or control group respectively. All of mice were skin avulsion model and were randomly divided into three groups (experimental group, control group and blocking group) (n = 3 for each group). During injection and imaging, mice were anesthetized using a 2 L min−1 oxygen flow with 2% isoflurane. In ex vivo imaging, fresh avulsed skin samples (~3 mg wet weight) were obtained with surgical scissors, and then these samples, randomly allotted to the experimental, blocking, and control groups, were incubated with CH1055-GK, blocking agent, or CH1055-PEG, respectively. The incubation protocol was the same as that used in the cell uptake experiment. For imaging in the NIR-II window, a 1,000 LP filter was used for obtaining fluorescence imaging, and the suitable exposure time was 20 ms. Mice and samples were imaged at different time points (2, 6, 12, 24 h).



MRI of Mice

All subjects were scanned on a Bruker 7T/20 cm MRI system (Ettlingen, German), using a body coil with a diameter of 72 mm to transmit a radio-frequency pulse and a quadrature surface coil with a diameter of 40 mm to receive signals. During the MRI scan, mice were anesthetized with 1.5–2.5% isoflurane. MRI scout films were used to confirm that the knees were parallel to the axis of the femur and that the acquisition of slices was directly perpendicular to the articular cartilage surfaces of the medial tibial plateau. All images were acquired using a conventional T2*-weighted gradient-recalled echo (GRE) sequence with a flip angle of 180 degrees, a repetition time of 500 ms, and an echo time of 12 ms. The scan time was 16 min, using a 3.6 cm field of view and a slice thickness of 1 mm. After the MRI scan, the data were processed by MRI software version 1.40.



In vitro and in vivo Cytotoxicity of CH1055-GK

The cytotoxicity of CH1055-GK was evaluated by cell counting kit-8 (CCK-8) assay (Thermo Fisher Scientific Inc.) in human HUVEC, HSF, and HACAT.

Firstly, 100 μL of DMEM/F12 supplemented with 10% FBS was added to each 96-well, and then these cells were cultured overnight at 37°C incubator with 5% CO2. Secondly, cells were incubated with CH1055-GK at different concentrations (0, 2, 4, 8, 16 μmol/L) from 2 to 24 h. Thirdly, 10 μL of CCK-8 solution was added to each 96-well and incubated for another 2 h. After adding 200 μL of DMSO (VWR, Radnor, PA) and shaking for 15 min at low-speed (50 rpm), cell viability was determined using an auto ELISA detector (DR-200Bs, Diatek) at 450 nm. All samples were repeated five times. For in vivo cytotoxicity, the probe CH1055-GK (10 mg kg−1) was injected into mice through the tail vein as the experimental group, and an equal volume of PBS was administrated to the control group. After that, mice were euthanized, and their major organs (Heart, Liver, Spleen, Stomach, Lung, Kidney, Brain, and Intestine) were harvested 24 h post-injection, and H&E staining was performed to evaluate toxicity in vivo.



Immunofluorescence Staining

For the immunofluorescence staining, the cell suspension was added to a glass coverslip and incubated at 37°C incubator with 5% CO2 for 2 h, followed by washing in PBS for 3 × 5 min. Cells were then placed into 4% paraformaldehyde for 30 min at RT and washed 3 times with PBS. Next, cells were incubated with 50–100 μl permeabilization buffer (0.5% Triton X-100 in PBS) for 10 min at RT and washed 3 times with PBS for 5 min each. Cells were then incubated with 3% hydrogen peroxide solution for 20 min in the dark at RT, followed by three PBS washes. After that, 5% BSA (Bovine Serum Albumin, Roche) was used to block cells for 1 h at room temperature. Primary mouse anti-human antibody (1:1,000 dilution, Abcam, ab49822) was added to each well and incubated overnight at 4°C. After rinsing with PBS, cells were incubated with CY3-conjugated goat anti-mouse antibody (1:50 dilution, Aspen, AS-1109). After another incubation for 2 h at 37°C, the cells were again washed three times with PBS and treated for 5 min with 50–100 μl DAPI (No. AS1075; Aspen Biotechnology) to stain the cell nuclei. Finally, the results were examined under a fluorescence microscope (MircoPublisher, Q-IMAGING).



Statistical Analysis

The NIR fluorescence signals were quantitated with ImageJ 1.38x software (National Institutes of Health, Bethesda, MD). The region-of-interest (ROI) was manually defined around the joint, and the average signal within the ROI was obtained. The data are given as the mean ± SD (standard deviation). Statistical analysis was performed using a two-tailed Student's t-test. Statistical significance was assigned for P-values < 0.001, 0.01, and 0.05.




RESULTS AND DISCUSSION


Design and Detection Mechanism of CH1055-GK

As previously reported, skin avulsion leads to damage to soft tissues and blood vessels, which may be associated with different biological processes including ischemia and hypoxia (Ballestin et al., 2018). Therefore, apoptosis pathways mediated by caspase-3 are induced and may exert an immediate influence on the viability of the avulsed skin (Liu et al., 2015). In recent years, probes have been used to target and monitor the activity of caspase-3 (Shaulov-Rotem et al., 2016), but no studies have demonstrated a small-molecule probe that can be used to discover skin avulsion and even to distinguish necrotic regions via targeting caspase-3. Hence, we hypothesized that if a small molecular probe is good enough to enter the skin to detect skin avulsion and necrosis. On the one hand, applications of the small-molecule NIR-II fluorophore CH1055 have reportedly made great progress in molecular tumor imaging and image-guided surgery (Zhang et al., 2016; Yang et al., 2017). Moreover, several unique advantages of CH1055, including its low auto-fluorescence, high signal–background ratio, and deeper tissue penetration, may make it suitable for skin avulsion imaging. On the other hand, the peptide GK is a caspase-3 recognizable peptide linker with the specific site DEVD and is considered as a specific peptide sequence that can be used to quantitatively detect the activity of caspase-3 in apoptotic cells (Yan et al., 2014).

Based on these findings, we hypothesized that a small-molecule fluorescent dye CH1055 conjugated with peptide GK would target caspase-3 and visually reflect skin avulsion as well as necrotic regions (Scheme 1).


[image: Scheme 1]
SCHEME 1. Schematic of GK-based NIR-II probe (CH1055-GK) binding to caspase-3 during the progression of skin avulsion in live mice and in apoptotic cells. The probe was diffused into avulsed skin after tail-vein injection and consistently retained in the skin. The probe then specifically bound to caspase-3 in apoptotic cells.




Synthesis and Characterization of NIR-II Probes

NIR-II probes CH1055-GK and CH1055-PEG (as a control) were synthesized with CH1055 and the peptide GRRRDEVDK or its control COtBu-PEG4-NH2 (Chart 1 and Figure S1). As reported in our previous work, the NIR absorption bands of CH1055-WYRGRL (CH1055-WL) exhibited high stability and photostability, which would allow the probe to emit stable fluorescence in living organisms for a long time (Yi et al., 2019). Similarly, in this study, we designed the CH1055-GK probe, and the MALDI-TOF-MS measurement result for CH1055-GK was 2.064 KDa, while the expected M.W. is 2.063 KDa (Figure 1). Furthermore, the measured result of MALDI-TOF-MS for CH1055-PEG was 1.958 KDa, while the expected M.W. is 1.957 KDa (Figure S2).


[image: Chart 1]
CHART 1. Chemical structure of CH1055-GK and control CH1055-PEG.



[image: Figure 1]
FIGURE 1. Measured MALDI-TOF-MS results for CH1055-GK.




Probe Cell Uptakes and Binding Affinity in Apoptotic Cells

We performed cell uptakes and binding affinity tests of the small-molecule probe (CH1055-GK) with three apoptotic cells (HACAT, HUCEC, and HSF).

As shown in the images displayed at the top in Figures 2A–C, normal and apoptotic cells had different cell morphologies under light microscope. In addition, the results of flow cytometry revealed that Adriamycin induced apoptosis (Q2 plus Q3) in 43% of HACAT, 55.7% of HUVEC, and 54.5% of HSF. Figure 2D shows that the NIR intensity of HUVEC and HSF significantly increased within 2 h and that a strong signal could be observed at 2 h (5.63 ± 0.259 × 104) (4.52 ± 0.629 × 104). After that, the fluorescence intensity continued to increase gradually until reaching a plateau at 12 h (6.29 ± 0.272 × 104) (6.21 ± 0.095 × 104). For the fluorescence intensity of HACAT, the fastest increase occurred during the period 2–4 h so that a strong signal could be detected at 4 h (5.99 ± 0.683 × 104), and then fluorescence intensity similarly continued to increase until reaching the summit at 12 h (6.17 ± 0.098 × 104). By contrast, while co-incubating with blocking agent (GK), the fluorescence intensity increased slowly, and the maximum intensity was 50% lower than that without blocking agent. The binding affinity assay was then performed by using different concentrations of the blocking peptide GK, after which the fluorescence intensity of cells significantly decreased when the concentrations of the blocking agent were increased before adding CH1055-GK (Figure 2E). In short, our results mainly demonstrated that probe CH1055-GK is so efficient for caspase-3 targeting because there are high accumulations of CH1055-GK in apoptotic cells, and such high uptakes were obviously reduced by the blocking agent.


[image: Figure 2]
FIGURE 2. (A–C) Observation of cell morphology under a light microscope and representative flow cytometry results in normal (left) and apoptotic cells (right). (D) Cell uptakes and binding affinity of the NIR-II probe (CH1055-GK) in apoptotic cells (HACAT, HUVEC, and HSF) at different incubation times (0–24 h). (E) The binding affinity of CH1055-GK was measured using peptide GK (1 × 109-1 × 103 M) as the blocking agent. Mean ± SD, x-axis: incubation time (h) and blocking agent (M), y-axis: average NIR-II fluorescence intensity of the apoptotic cells.




NIR-II Imaging of Skin Avulsion in vivo and ex vivo

Based on photographs of skin avulsion in the mouse models, the irregular necrotic area (1 × 2 cm) in the avulsed skin of mice was observed at 2 h, and the necrotic area was expanded to 4 × 4 cm at 24 h (indicated by the red circle in Figure 3A). Interestingly, NIR images of CH1055-GK showed that fluorescence intensity gradually increased from 2 to 24 h post-injection and that the detected regions were wider in comparison with corresponding photographs, which meant that CH1055-GK not only allowed the rapid and accurate detection of injuries in the avulsed skin but assisted in distinctly observing the potential necrotic regions (Figures 3A,B, p < 0.001). In addition, it was noteworthy that control groups (CH1055-PEG) exhibited a much lower fluorescence intensity from 2 to 24 h and that blocking groups (CH1055-GK plus peptide GK) had a slower fluorescent signal growth trend than experimental groups (Figures 3A,B, p < 0.001). For ex vivo images of skin avulsion, statistical results were also obtained from 2 to 24 h and were almost consistent with our in vivo study, which indicated that CH1055-GK could penetrate into skin tissue and perform accurate detection in ex-vivo model of avulsed skin (Figures 3A,C, p < 0.01). As shown in Figures 3D–F, although differences could be observed between fluorescence intensity in vivo and ex-vivo, these results mutually supported the hypothesis that CH1055-GK can bind to caspase-3 for detecting skin avulsion and necrotic skin. Overall, our results suggested that the non-invasive small-molecule probe CH1055-GK provides a significant breakthrough in the detection of skin avulsion and necrosis in skin avulsion mouse models. Impressively, the potential necrotic regions in avulsed skin could also be detected precisely so that NIR-II imaging may provide assistance while determining necrotic regions in avulsed skins.


[image: Figure 3]
FIGURE 3. NIR-II imaging of CH1055-GK, PEGylated CH1055, and the blocking agent in vivo and ex vivo. (A) Representative photographs and NIR-II images (CH1055-GK, CH1055-PEG, and Blocking) at 2, 6, 12, and 24 h after tail-vein injection in skin avulsion models. Ex vivo imaging was also carried out at the same time intervals. (B,C) Quantitative comparison of NIR intensity in the avulsed skin of different groups. N = 6, mean ± SD. ***P < 0.001, **P < 0.01. The x-axis indicates time intervals, and the y-axis is fluorescent intensity. (D–F) Comparison between mean fluorescent intensity in vivo and ex vivo. The x-axis represents time intervals; the y-axis is the average of fluorescent intensity counts. 80 mW cm−2, 20 ms, LP 1000.




Comparison of Skin-Avulsion Detection by NIR and MRI Imaging

The results of in vivo NIR imaging demonstrated increased fluorescence intensity of CH1055-GK in necrotic regions of skin avulsion compared with normal skin (Figures 4A,C, p < 0.001). Like NIR-II imaging, MRI analysis could identify the ruptured skin and verify some palpable differences between the avulsed and the normal skin, but it was difficult to determine the necrotic regions in the early stage of skin avulsion (Figure 4A, red arrow). Additionally, H&E staining indicated that there were obvious biological differences in avulsed skin compared with normal skin, such as disarrangement of skin tissue structure (Figure 4A). Furthermore, TUNEL positive stained cells showed an increase in apoptotic cells in avulsed skin (Figure 4A). Western blotting analysis also showed high expression of active caspase-3 in avulsed skin at 3 h and 6 h (Figure 4E). After the probe was administered into the mice via tail-vein injection, high retention of CH1055-GK appeared in avulsed skin as well as in other organs including the liver and spleen (Figures 4C,D, p < 0.001). Taken together, these results not only indicate that apoptosis might lead to irreversible damage in skin avulsion and result in necrosis but also showed that the caspase-3 targeting NIR-II probe (CH1055-GK) could better visually detect early skin avulsion and necrosis in skin avulsion mouse models compared to typical MRI analysis. In our study, high or overexpression of caspase-3 could recognize GK peptide, and caspase-7 might also be able to recognize this peptide, which will be clarified in further studies.


[image: Figure 4]
FIGURE 4. Evaluation of skin avulsion detection via NIR and MRI imaging. Images were taken in a supine position. (A) NIR images of CH1055-GK in skin avulsion and normal skin; T2-weighted MRI analysis of skin avulsion and normal skin; H&E or TUNEL staining of skin avulsion and normal skin. (B) Distribution of fluorescence intensity in the following organs (indicated by number): 1, heart; 2, liver; 3, spleen; 4, stomach; 5, lung; 6, kidney; 7, avulsed skin; 8, normal skin (N = 2). (C) Quantitative comparison of fluorescence intensity in skin avulsion and normal skin. N = 2, mean ± SD, ***p < 0.001. (D) Quantitative comparison of fluorescence intensity in the following organs (indicated by number in B): 1, heart; 2, liver; 3, spleen; 4, stomach; 5, lung; 6, kidney; 7, avulsed skin; 8, normal skin (N = 2). ***p < 0.001. (E) Western blot analysis indicated the expression of caspase-3 in normal and avulsed skin. 80 mW cm−2, 20 ms, LP 1000. Scale bar, 100 μm.




Immunofluorescence Staining for Specific Binding of CH1055-GK to Caspase-3 in Apoptotic Cells

Our immunofluorescence staining results validated the binding affinity of probe CH1055-GK to caspase-3. The green fluorophore dye (FITC) was used to label CH1055-GK, and the red fluorophore dye (Cy3) with goat anti-mouse secondary antibody was applied to label caspase-3 (Figures 5A–C). While co-incubating with FITC-CH1055-GK and caspase-3-Cy3, apoptotic cells with high expression or overexpression of caspase-3 could also display green fluorescence, which indicated that the probe was bound to caspase-3 (Figure 5D, red arrows). In contrast, non-apoptotic cells could not show green fluorescence. Therefore, our immunofluorescence staining results indicated that the probe could be specifically bound to caspase-3 in apoptotic cells.


[image: Figure 5]
FIGURE 5. Immunofluorescence staining of CH1055-GK binding to caspase-3 in apoptotic cells. The following immunofluorescent signals are shown: (A) blue fluorescence staining represents the nucleus; (B) green fluorescence signals show the FITC-labeled probe (FITC-CH1055-GK); (C) red fluorescence signals reveal the combination of caspase-3 with mouse anti-human antibody and of Cy3 with goat anti-mouse secondary antibody; (D) superimposed images. Scale bar, 100 μm.




In vitro Cytotoxicity and in vivo Toxicity

The in vitro cytotoxicity of CH1055-GK was assayed in the human cell lines (HACAT, HUVEC, and HSF). According to the results, there was no obvious cytotoxicity in these normal cells incubated with different concentrations of the probe for 2–24 h (Figure 6A). For in vivo toxicity, CH1055-GK was administered to the mice via tail-vein injection at a dosage of 10 mg kg−1. The results of H&E staining of the main organs (Heart, Liver, Spleen, Stomach, Lung, Kidney, Brain, and Intestine) indicated that there was no diagnostic damage or inflammation in normal skin compared with the control group (Figure 6B). Although biocompatibility and biosafety were not investigated in our study, CH1055-GK displayed a potential for early detection of skin avulsion and determination of skin necrosis.


[image: Figure 6]
FIGURE 6. Cytotoxicity of CH1055-GK in vitro and in vivo. (A) Cytotoxicity of CH1055-GK was evaluated by CCK-8 assay in human cells (HUVEC, HSF, and HACAT). (B) H&E staining of organs (Heart, Liver, Spleen, Stomach, Lung, Kidney, Brain, and Intestine) in normal and CH1055-GK groups. Scale bar, 100 μm.





CONCLUSION

In summary, we have synthesized a novel NIR-II fluorescent probe CH1055-GK, and our results proved that the probe emitted high levels of fluorescence in apoptotic cells and in skin avulsion models in vivo and ex vivo, which indicated that CH1055-GK had strong binding affinity for caspase-3. We hypothesize that this probe is a promising early skin avulsion diagnostic tool and can be used to differentiate potential necrotic regions from surrounding healthy or inflammatory tissues.

Our future studies will be devoted to consistently exploring the possible application of this probe to the diagnosis of skin avulsion in the early stages and in therapeutic monitoring in the clinic. Certainly, the toxicity of the probe in vivo and the study of diffusion kinetics should be further investigated before the probe can be admitted for use in clinical trials.
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