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An optical probe for detecting 
chondrocyte apoptosis in response 
to mechanical injury
Yihui Huang1, Jun Zhou1, Amirhossein Hakamivala1, Jinglei Wu1, Yi Hong1, Joseph Borrelli2 & 
Liping Tang1,3

Cartilage injury induced by acute excessive contact stress is common and mostly affects young adult. 
Although early detection of cartilage injury may prevent serious and lifelong arthritic complications, 
early detection and treatment is not possible due to the lack of a reliable detection method. Since 
chondrocyte injury and subsequent cell death are the early signs of cartilage injury, it is likely that 
cartilage cell apoptosis can be used to predict the extent of injury. To test this hypothesis, a near 
infrared probe was fabricated to have high affinity to apoptotic cells. In vitro tests show that this 
apoptosis probe has low toxicity, high specificity, and high affinity to apoptotic cells. In addition, there 
is a positive relationship between apoptotic cell numbers and fluorescence intensities. Using a mouse 
xiphoid injury model, we found significant accumulation of the apoptosis probes at the injured xiphoid 
cartilage site. There was also a positive correlation between probe accumulation and the number of 
apoptotic chondrocytes within the injured xiphoid cartilage, which was confirmed by TUNEL assay. 
The results support that the apoptosis probes may serve as a powerful tool to monitor the extent of 
mechanical force-induced cartilage injury in vivo.

It is estimated that more than 27 million adults in the United States suffer from osteoarthritis, approximately 
12% of these individuals have a type of osteoarthritis that develops due to a mechanical force-induced cartilage 
injury (also called as post-traumatic osteoarthritis)1, 2. Patients with cartilage injury commonly suffer from joint 
pain and stiffness, reduced mobility and function, poor quality of life, and increased lifetime medical costs3–6. 
Unfortunately, injured cartilage may worsen and remain asymptomatic for years. When symptoms arise, the dis-
ease may have already reached a later, more complicated stage that is compounded by limited treatment options.

The diagnosis of injured cartilage generally begins with a detailed history, a physical examination, and plain 
radiographs of the joint. Certain laboratory tests (e.g., synovial fluid tests, computed tomography scans, magnetic 
resonance imaging) may be useful to confirm the presence of injured cartilage3, 7. Magnetic resonance images 
provide a three-dimensional view of cartilage that may elucidate cartilage irregularities8. Since these structural 
changes can only be appreciated during the intermediate or late stages of cartilage injury, these conventional 
methods cannot be used to detect early changes within the injured cartilage. It is generally believed that the 
early diagnosis and prevention of cartilage injury will improve outcomes while reducing disability and associated 
costs9. Therefore, there is an urgent need for a method that will detect cartilage injury at its early stage.

Noninvasive near-infrared (NIR) fluorescent imaging technology has recently been used for the detection 
of various diseases and physiological conditions, including cancer, arthritis, infection, and cardiovascular dis-
ease10–14. NIR light can penetrate deeper into tissues (up to 10 cm depending on the tissue types) than visible light 
because biological tissues absorb less NIR light15. In addition, due to less autofluorescence with the use of NIR 
imaging, a higher signal-to-background acquisition ratio is possible16. To exploit the unique features of NIR light 
for in vivo imaging, several optical imaging probes have been developed to diagnose cartilage injury during its 
earliest stages. For example, NIR probes have been prepared to detect cathepsin and matrix metalloproteinases 
in synovial fluid, because higher levels of these components were found in patients with arthritis17–19. Hyaluronic 
acid–immobilized gold nanoprobes have been used for the in vivo monitoring of the high local production of 
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reactive oxygen species and hyaluronidase in arthritic joints20. A folate-targeted NIR probe has been used in vivo 
to image rheumatoid arthritis in mice; namely, this is because the synovial membrane in mice with rheumatoid 
arthritis has been shown to accumulate large numbers of activated macrophages, which have upregulated folate 
receptors21. In general, these probes have been developed to detect inflammatory responses and products associ-
ated with inflammatory arthritis.

On the other hand, chondrocyte apoptosis is well recognized as one of the earliest responses to cartilage injury 
caused by mechanical trauma and is linked with injury severity22–25. Chondrocyte apoptosis has been associated 
with the production of reactive oxygen species, the shortage of growth factors, the release of glycosaminoglycan, 
and mechanical injury22, 26. After chondrocyte apoptosis, there is a loss of resident cells in the articular carti-
lage, which results in impaired extracellular matrix and potentially in the development of cartilage injury27, 28. 
Therefore, we believe that the detection of apoptotic chondrocytes soon after cartilage injury can be used to deter-
mine the extent of the cartilage injury that can possibly lead to early treatment and prevention.

Many groups of imaging probes have been developed for the detection of different stages of cell apoptosis. 
Annexin V29, synaptotagmin C2A domain30, and phosphatidylserine-binding peptides31 have been developed to 
recognize phosphatidylserine. It was later found that phosphatidylserine may also be present in the outer leaflets 
of non-apoptotic cells, including activated B and T lymphocytes and mast cells32. In addition, a class of apoptosis 
probes that are classified based on their ability to determine activated caspases have also been described33, 34. 
Despite their high specificity, caspase-based probes only recognize intracellular molecules and must be inter-
nalized for detection, which limits their use for in vivo imaging. A third group of apoptosis probes is a family of 
small molecules that includes N, N′-didansyl-L-cysteine and butyl-2-methyl-malonic acid35, 36. These compounds 
can selectively bind to transport membranes. They then accumulate in the cytoplasm of apoptotic cells following 
the cells’ permanent loss of their membrane potential, membrane acidification, and phospholipid scrambling36.

Another class of apoptosis probes is based on a monoclonal antibody that recognizes the La autoantigen, 
which is present only after loss of cell membrane integrity during the later stages of apoptosis37, 38. To improve 
the ability to detect cell apoptosis in vivo during the earliest stages, ApoPep-1—a six-amino-acid peptide 
(CQRPPR)—has been developed. This probe would target apoptotic cells by binding to histone H1, which is 
exposed on the surface of apoptotic cells39, 40. However, it is not clear whether the ApoPep-1 probe can be fabri-
cated for the in vivo detection of injured cartilages.

In the current study, an apoptotic cell–detecting probe was synthesized by sequentially coupling NIR dye and 
CQRPPR into a polyethylene glycol (PEG) polymer. The ability of the probe to bind apoptotic cells was first tested 
in vitro with the use of apoptotic chondrocytes. The effectiveness of the probe to detect chondrocyte apoptosis in 
injured mouse xiphoid explants was further demonstrated. Finally, this probe was tested for its ability to detect 
chondrocyte apoptosis in vivo using our previously described xiphoid injury mouse model25.

Results
The apoptotic cell-detecting probe was prepared, and its structure is schematically shown in Fig. 1A. PEG was 
introduced into the probe to improve biocompatibility of the probe and water solubility, as well as to extend its 
circulation time in the body, as described in previous studies41, 42. Optical measurement of the probe showed that 
the probe had a maximum absorbance peak at 755 nm and a maximum emission peak at 787 nm (Fig. 1B). These 
results showed that the NIR dye was successfully coupled with the probe. Fourier transform infrared spectra 
(FT-IR) were created with the use of a Nicolet 6700 spectrometer to determine the chemical structure of the 
probe. A broad band from 1,620 to 1,660 cm−1 for both the peptide and the probe was identified, and the band is 
typically assigned to the guanidino group of the peptide (Fig. 1C)43, 44. The FTIR results indicated that the apop-
totic cell-binding peptide had been conjugated successfully with the probe.

Next, the cytotoxicity of the probe was tested using bovine chondrocytes and an MTT assay (Fig. 2A). The 
results of this experiment showed that the probe did not induce a statistically significant cytotoxicity to chondro-
cytes under the concentration of 0.25 mg/mL. On the basis of these result, subsequent studies were carried out 
using a probe concentration of 0.05 mg/mL. The binding ability of the probe to apoptotic cells was further eval-
uated using apoptotic bovine chondrocytes. Bovine chondrocytes were first treated with sodium nitroprusside 
(SNP) to induce apoptosis. Apoptotic chondrocytes were confirmed using Annexin V Fluorescence 594 (Fig. 2B). 
Annexin V staining (red color) was found only in SNP-treated cells. Next, to confirm the specificity of the probe, 
SNP-treated apoptotic chondrocytes were co-stained with Annexin V and the probe. Co-localization of two dif-
ferent markers was observed under a fluorescence microscope (Fig. 2C). Merged picture (yellow) of Annexin 
V (red) and the probe (green) demonstrated the probe has great specificity to apoptotic cells. Furthermore, 
apoptosis-associated fluorescence intensity of the probe was determined in vitro (Fig. 2D). One can observe that 
the fluorescence intensity increases with the increase in SNP-treated chondrocyte number. At the same time, 
increasing number of healthy chondrocytes only contributed a slight increase in fluorescence intensity. There is 
a very high positive correlation between the number of apoptotic chondrocytes and the fluorescence intensities 
(Pearson correlation coefficient = 0.998 for apoptotic cells and Pearson correlation coefficient = 0.962 for healthy 
cells) (Fig. 2D). Also, there is a significant difference between the fluorescent intensities of apoptotic and healthy 
cells, when comparing cell numbers ranging from 20000 to 500000 (Student’s t-test, p < 0.05) (Fig. 2D Insert). 
These results support that the probe can be used to detect the numbers of apoptotic cells as few as 20000 cells in 
vitro. To further confirm the role of the peptide portion of the probe in the targeting of apoptotic cells, a competi-
tion binding test was conducted in which peptides, competing for cell targeting, with various concentrations were 
introduced to the culture media before the addition of probes (Fig. 2E). As expected, the fluorescence intensity 
was markedly decreased in the presence of increasing concentrations of peptides. There was an approximate 70% 
reduction in fluorescence intensity when the peptide (5 mg/mL) was added in the competition tests (ANOVA 
with Tukey-Kramer’s test, p < 0.05, # and $ indicates p < 0.05 versus 0 mg/ml and p < 0.05 versus 0.2 mg/ml, 
respectively). The results suggested that probe-to-cell interactions were mediated by the ApoPep-1 peptide: cell 
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membrane interaction rather than by cell phagocytosis of probe. Overall, the in vitro studies demonstrated that 
the probe had a high affinity to apoptotic cells and that it could therefore be used to quantify the amount of apop-
totic cells both ex vivo and in vivo.

We first assessed whether this probe could be used to detect injured cartilage ex vivo with the use of isolated 
injured xiphoid tissue and controls as drawn schematically (Fig. 3A). We found that after incubating the tissues 
with the probe at 37 °C for 2 hours, there was significantly greater florescence intensity from the areas of the 
xiphoid where the clamp had been applied (Fig. 3B). Quantification analysis showed a four-fold greater fluores-
cence intensity in the injured xiphoid as compared to the control tissue (Student’s t-test, *p < 0.05) (Fig. 3C). As 
demonstrated in a previous study, TUNEL staining revealed that the mechanical compression indeed triggered 
chondrocyte apoptosis (Fig. 3D)23. Using a fluorescence microscope, we found that probe accumulation on the 
surface of the injured tissues was much higher than control tissues (Fig. 3D). Correlation analysis showed a 
very high positive relationship between fluorescence intensity and apoptotic (TUNEL+) chondrocyte number 
(Pearson correlation coefficient: 0.919) (Fig. 3E). These results support the notion that this probe could be used as 
an indicator to identify injured cartilage ex vivo early in the degeneration process.

Next, we used a mouse model to investigate whether the probe was able to detect apoptotic chondrocytes 
using a mechanically-triggered injured xiphoid model in vivo. Four days after the xiphoid was injured, the apop-
tosis probe (100 μL at 0.05 mg/mL) was administered intraperitoneally. In vivo images were captured on the fifth 
day after xiphoid injury (Fig. 4A). We found that the probe accumulated considerably more in injured xiphoid tis-
sues than in control specimens. Fluorescence intensity in the injured xiphoid was approximately five times higher 
than that of the control group. To further verify that the signal came from the xiphoid, mice were euthanized, 
and their xiphoids were isolated for additional ex vivo imaging. Although the signal intensity for ex vivo imaging 
was a little lower than that of the in vivo imaging, the signal-to-noise ratio was profoundly higher (8×, Student’s 
t-test, *p < 0.05) (Fig. 4B) as compared with that of the in vivo imaging (5×, Student’s t-test, *p < 0.05) (Fig. 4A). 
TUNEL staining was performed to quantify the numbers of apoptotic chondrocytes and TUNEL-positive cell 
numbers were normalized to 1 mm2. Approximately 8 times more TUNEL-positive cells (apoptotic cells) were 
observed in the injured xiphoid tissue as compared with the control tissue (Fig. 4C). These experiments con-
firmed that the apoptosis probe could be used to detect injured cartilage undergoing injury-related degeneration 
in an otherwise intact animal.

We examined the potential use of apoptotic probes to monitor recovery after xiphoid injury. The probes were 
administered 24 hours before the in vivo imaging detection was performed. As predicted by our early obser-
vations, strong fluorescence appeared only at the injured xiphoid sites but not at the control sites (Fig. 5A). 
Interestingly, strong fluorescence signals were able to be observed at the injured xiphoid sites between Day 1 
and 7 after injury (Student’s t-test, * indicates p < 0.05 versus control) (Fig. 5A and B). The reduced fluorescence 
intensity that occurred after Day 14 suggested the reduction of the apoptotic cartilage cells and the recovery of 

Figure 1. The preparation and characterization of the apoptotic cell-detecting probe. (A) Schematic illustration 
of the probe structure. (B) The optical properties of the probe. (C) Fourier transform infrared spectra of the 
peptide, the polyethylene polymer, and the probe, respectively.
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the cartilage tissues; these findings concur with the histological evaluation results (TUNEL assay, Student’s t-test, 
*p < 0.05) (Fig. 5C).

Discussion
The molecular design of the NIR imaging probe was very critical for in vivo imaging. In this investigation, a 
histone H1-targeting peptide—CQRPPR—was chosen as a targeting ligand for apoptotic cells. Previous studies 
have demonstrated that the H1-targeting peptide can bind H1 that is exposed on the surface of apoptotic cells39, 40.  
Based on the peptide, several probes had been designed for the diagnosis of tumor apoptosis, myocardial cell 
death, and cell apoptosis associated with ischemia45, 46. To fabricate apoptosis probes for injured cartilage detec-
tion, PEG polymer was included as a carrier to reduce nonspecific binding and to enhance bioavailability and 
clearance. An NIR dye, Sulfo-Cyanine7, was selected for its deeper penetration depth and its lower rate of absorb-
ance into the gaps of tissues with improved probe sensitivity16.

In vitro binding tests of apoptotic cells demonstrated that the probe had strong binding ability to apoptotic 
chondrocytes. Competition experiments further revealed the critical role of the targeting peptide for the probe 
to bind apoptotic cells. These results suggest that the binding of the probe to apoptotic cells occurred through 
their interactions with histone H1 on the surfaces of apoptotic chondrocytes, which concurred with the results 
of previous studies45–47. Our xiphoid injury model was used to investigate whether apoptotic chondrocytes could 
be detected using the probe25. Ex vivo imaging experiments confirmed that the probe could be used to identify 

Figure 2. In vitro study to assess the cytotoxicity of the probe to cells and to evaluate the binding ability of the 
probe to apoptotic chondrocytes. (A) Cytotoxicity study of the probe on the cells using an MTT assay. (n = 5, 
# and $ indicate p < 0.05 versus 0 mg/ml and 0.0625 mg/ml, respectively. ANOVA p < 0.05). (B) Annexin 
V staining: apoptotic cells (left) and healthy cells (right). Scale bar: 50 μm. (C) Co-staining of SNP-treated 
apoptotic chondrocyte with Annex V (left), the probe (middle) and their superimposed image (right). Scale 
bar: 100 μm. (D) The effect of the apoptotic bovine chondrocyte number and healthy bovine chondrocyte 
number on the fluorescence intensity. Cell apoptosis induced by SNP (1 mM) for 24 hours and probe incubation 
(0.05 mg/mL) for 30 minutes. (n = 5, Apoptotic cells: Pearson coefficient = 0.9984 Healthy cell: Pearson 
coefficient = 0.9506). (E) The effect of free peptide in various concentrations on reducing the binding of 
apoptosis probes to apoptotic cells (500,000 cells per well). Unconjugated peptides were added to block Histone 
H1 on apoptotic cells prior to addition of apoptosis probe (0.05 mg/mL, 30 minutes incubation) to test probes’ 
specificity to apoptosis cells (n = 5, ANOVA p < 0.05 among groups, # and $ indicate p < 0.05 versus 0 mg/
ml and 0.2 mg/ml, respectively). All the experiments were confirmed statistically using ANOVA with Tukey-
Kramer test or Pearson coefficient. All the statistical data were presented as mean ± standard deviation.
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and assess the extent of chondrocyte apoptosis induced by mechanical compression. There is also a positive rela-
tionship between the extent of fluorescence intensity and the number of apoptotic chondrocytes. These results 
suggest that the probe could be used not only to detect chondrocyte apoptosis but also to estimate the extent of 
the apoptotic chondrocytes.

Finally, via the intraperitoneal administration of the apoptosis probe, in vivo imaging was carried out to eval-
uate the effectiveness of the probe for the detection of chondrocyte apoptosis in vivo. Our results have shown 
that there was significantly more probe accumulation at the injury sites as compared to control sites. By contin-
uously monitoring the probe’s affinity for xiphoid tissue at different time points, we found that apoptotic cells 
were most prominent between day 1 and day 7 after injury. The probe accumulation at the injured xiphoid sites 
was drastically reduced after day 14, which suggests loss of apoptotic chondrocytes from the xiphoid tissue after 
clamp-induced mechanical injury.

Figure 3. Ex vivo study to assess the targeting ability of the probe to apoptotic chondrocytes of injured xiphoid. 
(A) A schematic illustration of ex vivo injured xiphoid model. (B) Ex vivo imaging of injured xiphoid tissue. 
Probe incubation (0.05 mg/mL) for 2 hours. Scale bar: 2 mm. (C) Quantification analysis (n = 5, Student’s t-test, 
*p < 0.05). (D) TUNEL staining of injured cartilage explants and control tissue, and near-infrared fluorescence 
images of injured and healthy (control) xiphoid tissues sections (Scale bar: 100 μm. Arrow heads indicate 
TUNEL positive cells). (E) Correlation between fluorescence intensity and TUNEL positive chondrocyte 
number per 1 mm2. Pearson correlation test was performed (Pearson coefficient = 0.9193). All the statistical 
data were presented as mean ± standard deviation.
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Our results show great promise regarding the use of the probe for the in vivo identification of chondrocyte 
apoptosis. However, it should be noted that xiphoid injury is not completely identical to articular cartilage injury 
that would occur in a joint such as the knee. Further experiments will need to be performed using an animal 
model of articular cartilage injury to investigate whether the probe can detect apoptotic chondrocytes in recently 
injured articular cartilage. Furthermore, the limited tissue penetration depth of the NIR signal (could be up to 
10 cm depending on the tissue types)15 may hinder the probe’s application in clinical practice. To overcome such 
deficiencies and to directly visualize the injured cartilage, the probe may be labeled with radionucleotide and 
specific contrast agents for other imaging modalities (e.g. positron emission tomography, and magnetic resonance 
imaging)42, 45, 48.

In conclusion, an apoptotic cell-detecting optical imaging probe based on a histone H1-binding peptide has 
been developed to target apoptotic cells. The probe has a high affinity for apoptotic chondrocytes in vitro and 
for the mechanical force–associated cartilage explants ex vivo. With the use of a xiphoid injury model in mice, 
we found that the probe was able to detect apoptotic cells associated with injured xiphoid in vivo. These results 
demonstrate that the probe may provide a rapid noninvasive imaging technique for the diagnosis of cartilage 
apoptosis associated with post-traumatic OA.

Figure 4. In vivo imaging of the xiphoid injury mouse model. (A) The merged fluorescence signal with a white-
light image captured on the fifth day after xiphoid injury. Probe injection was performed at concentration of 
0.05 mg/mL 24 hours before imaging (top) and the quantification analysis of signal intensity (bottom). Scale 
bar: 1.0 cm. (B) Ex vivo imaging of xiphoid tissue (top) and the quantification analysis (bottom). Ex vivo xiphoid 
samples were isolated from in vivo mouse model after imaging. Scale bar: 2.0 mm. (C) TUNEL staining of 
xiphoid (left) and the quantification analysis (right) (Arrow heads indicate TUNEL positive cells). Number of 
TUNEL positive cells was counted and normalized to 1 mm2. All the data were calibrated with Student’s t-test 
(n = 5, *p < 0.05). Scale bar: 100 μm. All the statistical data were presented as mean ± standard deviation.
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Methods
An apoptotic cell-binding peptide (CQRPPR) (United BioSystems Inc., Herndon, VA); a sulfo-cyanine7 
N-hydroxysuccinimide ester (Cy7®, Lumiprobe Corp., Hallandale Beach, FL); and a heterobifunctional maleim-
ide polyethylene glycol amine (Mw:3.5k, Mal-PEG-NH2) (JenKem Technology USA, Plano, TX) were purchased. 
All other chemicals used in this investigation were purchased from Sigma-Aldrich Corporation (St Louis, MO).

Preparation of the apoptotic cell-detecting probe. The apoptotic cell-detecting probe was prepared 
by the conjugation of CQRPPR and NIR dye onto both ends of the polyethylene glycol. Specifically, dye and 
Mal-PEG-NH2 were dissolved in phosphate-buffered saline (PBS; pH 8.5) at a 2:1 molar ratio and incubated 
at room temperature overnight. After removing the unconjugated dye by dialysis against deionized water, 
dye-labeling PEG was collected via freeze-drying. The dye-labeling PEG and peptide were dissolved in PBS (pH 
7.2) at a 1:20 molar ratio and incubated overnight at 4 °C. After dialysis against deionized water, the probe was 
lyophilized and stored at 4 °C for further use. Absorbance and fluorescence spectra of the probe were measured 
with the use of an ultraviolet-visible spectrophotometer (Lambda 19 Spectrometer, Perkin Elmer, MA) and an 
Infinite M200 microplate reader (Tecan, San Jose, CA), respectively. The probe was further analyzed with the use 
of a Nicolet 6700 FT-IR spectrometer (Thermo Nicolet Corp., Madison, WI). To stain cells for microscope obser-
vation, some apoptosis probes were also prepared with Cy5® dye (sulfocyanine7 N-hydroxysuccinimide ester).

Cytotoxicity of the probe. The cytotoxicity of the probe to cells was determined via MTT assay as 
described previously49, 50. Bovine chondrocytes were isolated from the patella-femoral grooves of calves using 
previously established protocols51. Briefly, calf knee joints were harvested from a local abattoir less than 36 hours 
after slaughter. Articular cartilage for in vitro study was collected from the patella-femoral grooves of only one 
donor, minced to approximately 1 mm3 pieces, and digested with 2 mg/mL collagenase type II (Worthington 
Biochemical Corp., Lakewood, NJ) in Dulbecco’s Modified Eagle’s Medium with 1% penicillin–streptomycin–
fungizone (Life Technologies Corp., Carlsbad, CA) at 37 °C overnight. The chondrocyte solution was filtered 
through a 70 μm cell strainer, centrifuged, and then cultured in Dulbecco’s Modified Eagle’s Medium (DMEM). 
Six thousand cells were plated into each well of a 96-well plate and incubated overnight (37 °C), and then probes 
at various concentrations were added to the plate. After 24 hours of probe incubation (0 to 0.5 mg/ml), the MTT 
assay was carried out with the use of a SpectraMax 340 spectrophotometer (Molecular Devices, Sunnyvale, CA).

Figure 5. Dynamic monitoring of chondrocyte apoptosis in the xiphoid injury mouse model. (A) In vivo 
imaging over time. Sequential images were captured from the same mouse. Scale bar: 4.0 mm. (B) Fluorescence 
intensity changes at different time points after probe injection (n = 5, Student’s t-test, * indicates p < 0.05 versus 
control). (C) Quantitative analysis of apoptotic xiphoid cells. Xiphoid injury was created at Day 0. After the NIR 
images were taken at the specific time points (Day 5 or Day 28), the animals were sacrificed and xiphoid tissues 
were isolated for histological analyses. TUNEL positive cells were counted and then normalized to cell number 
per mm2. (n = 5, Student’s t-test, *p < 0.05). All the statistical data were presented as mean ± standard deviation.
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Fluorescence microscopy. To stimulate chondrocyte apoptosis, sodium nitroprusside (SNP) was used as 
described previously52. Briefly, bovine chondrocytes were incubated with SNP (1 mM) in DMEM for 24 hours. To 
determine SNP-induced apoptosis, these SNP-treated chondrocytes were stained with Annexin V Fluorescence 
594 (Molecular probes, Eugene, OR) following manufacturer’s protocol. Further, the SNP-treated apoptotic chon-
drocytes were co-stained with Annexin V and the Cy5-labeling probe (0.05 mg/mL, 30 minutes). After washing 
twice with PBS, cells were observed on a Leica DMi8 Fluorescence microscope (Leica, Wetzlar, Germany). Cy3 
and Cy5 channels were used in detecting Annexin V Fluorescence 594 and Cy5-probe, respectively. All the micro-
scopic images were captured under 200x magnification and analyzed with ImageJ.

In vitro assessment of the probe’s affinity for apoptotic cells. To assess the ability of the probe to 
detect apoptotic bovine chondrocytes in vitro, the SNP-treated apoptotic chondrocytes and untreated chondro-
cytes (from 20,000 to 500,000 cells per well) as described above were incubated with the probe (10 μL at 0.05 mg/
mL) at 37°C in the 96-well plate. After 30 minutes of probe incubation, each well was washed three times with PBS 
(pH 7.4) to remove the unbound probes. Apoptosis-associated fluorescence intensities were then determined via 
the Infinite M200 microplate reader at an excitation wavelength of 760 nm and an emission wavelength of 830 nm. 
For blocking tests, various concentrations of CQRPPR peptides (without NIR dye conjugation) were added to the 
chondrocyte-seeded wells (500,000 cells per well) and incubated for 10 minutes before the addition of the probe 
(10 μL at 0.05 mg/mL). After 30-minute incubation with the probe, the fluorescence intensity was then measured 
after excessive probes were removed with 3-time PBS washing.

Ex vivo and in vivo evaluation of the apoptotic probe using the xiphoid injury model. To inves-
tigate whether the probe could detect apoptotic chondrocytes in injured cartilage, we employed a previously 
validated model that made use of mouse xiphoid cartilage explants25. All animal experiments were approved by 
the University of Texas at Arlington Animal Care and Use Committee (IACUC), in accordance with the Animal 
Welfare Act, and consistent with the Guide for the Care and Use of Laboratory Animals. In addition, all research 
involving animals must comply with the Public Health Service “Policy on Humane Care and Use of Laboratory 
Animals”. The animal procedure is summarized below. Briefly, Balb/c mice (6 to 8 weeks old) were obtained 
(Taconic Farms, Inc., Germantown, NY) for each study. To trigger xiphoid chondrocyte apoptosis in vivo, the 
mice were anesthetized, and an incision (1 cm) was created in the midline of the upper abdomen to expose 
xiphoid. The xiphoid was then injured by clamping for 2 minutes with a modified Kelly hemostatic clamp (tip, 
9.2 mm long × 4.6 mm wide; item no. BH443R; Aesculap, Inc., Center Valley, PA), as previously described25. For 
control purposes, identical incisions were made on additional mice without clamping of the xiphoid. For ex vivo 
analysis, several of the animals were euthanized, and the xiphoid tissue was harvested. The injured and uninjured 
(control) xiphoid tissues were incubated with probes (0.05 mg/mL) for 2 hours. The injured cartilage was washed 
three times with PBS (pH 7.4), and then ex vivo imaging was performed with a Kodak In Vivo FX Pro system at 
an excitation wavelength of 760 nm and an emission wavelength of 830 nm. For in vivo evaluation, mice were first 
divided into injured and control groups. In vivo injured xiphoid model was created by clamping the xiphoid struc-
ture for 2 minutes, and no damage was made in control groups. On the fourth day after injury, the probe (100 μL 
at 0.05 mg/mL) was injected intraperitoneally into two groups of mice. 24 hours later, in vivo images were taken 
and xiphoid cartilages were obtained from mice. To confirm probe accumulation, ex vivo images of xiphoid were 
also captured. For long-term observation, xiphoid injury in mice was created and then images were immediately 
taken at Day 0. For the next few weeks, the probe (100 μL injection at 0.05 mg/mL) was administered every time 
24 hours before each image was taken with a Kodak In Vivo FX Pro system.

Immunohistochemistry and histology. To directly assess the xiphoid tissue for evidence of apoptosis, 
injured and uninjured specimens were embedded in the optical cutting temperature compound. The xiphoid 
sections (8 μm in thickness) were made in a rostrocaudal manner. TUNEL staining was carried out to deter-
mine the presence of apoptotic cells. Apoptotic cells were then labeled in accordance with the manufacturer’s 
instructions (TUNEL Apoptosis Detection Kit; GenScript, Piscataway, NJ). In brief, sections were first fixed 
in 4% paraformaldehyde (in phosphate buffered saline, PBS), and then sections were incubated with TUNEL 
Reaction Mixture following blocking process (3% H2O2) and permeabilization step (0.1% Triton X-100 in 
0.1% sodium citrate). After reacting with anti-fluorescein Antibody Solution, sections were incubated in DAB 
substrate solution. Between all the steps, sections were washed with PBS for several times. TUNEL Apoptosis 
Detection Kit contains most of the reagents except fixation buffer, blocking solution, and permeabilization 
solution. Hematoxylin was used for counterstaining. The images were taken under a microscope (Leica). Using 
ImageJ, TUNEL positive cells were counted per field of view (200x magnification) under the same area (1 mm2) 
from different sample sections as cell density. All quantification data for histological analysis were normalized 
to cell number per mm2.

Statistical analysis. ANOVA with Tukey Kramer’s test was used to perform the statistical analysis for all the 
data obtained from the different treatment groups. All the in vitro, ex vivo and in vivo experiments were repeated 
5 times. Differences were designated as statistically significant when P ≤ 0.05 (Student’s t-test). Pearson correla-
tion coefficient was also conducted to reflect the relationship between fluorescence intensities and apoptotic cell 
numbers in vivo. All the statistical results were presented following the format of mean ± standard deviation. 
ANOVA with Tukey-Kramer test was analyzed in Fig. 2A and Fig. 2E. Pearson coefficients for Fig. 2D and Fig. 3E 
were calibrated. Student’s t-test was performed in Fig. 2D Insert, Fig. 3C, Fig. 4, Fig. 5B and Fig. 5C.



www.nature.com/scientificreports/

9ScienTific RepoRTs | 7: 10906  | DOI:10.1038/s41598-017-10653-y

References
 1. Lawrence, R. C. et al. Estimates of the prevalence of arthritis and other rheumatic conditions in the United States. Part II. Arthritis 

Rheum. 58, 26–35 (2008).
 2. Brown, T. D., Johnston, R. C., Saltzman, C. L., Marsh, J. L. & Buckwalter, J. A. Posttraumatic osteoarthritis: a first estimate of 

incidence, prevalence, and burden of disease. J. Orthop. Trauma 20, 739–744 (2006).
 3. Nuki, G. Osteoarthritis: a problem of joint failure. Z. Rheumatol. 58, 142–7 (1999).
 4. Felson, D. T. et al. Osteoarthritis: new insights. Part 1: the disease and its risk factors. Ann. Intern. Med. 133, 635–46 (2000).
 5. Losina, E. et al. Lifetime risk and age at diagnosis of symptomatic knee osteoarthritis in the US. Arthrit. Care Res. 65, 703–711 

(2013).
 6. Felson, D. T. The epidemiology of knee osteoarthritis: results from the Framingham osteoarthritis study. Semin. Arthritis Rheu. 20, 

42–50 (1990).
 7. Mathiessen, A. et al. Imaging of osteoarthritis (OA): what is new? Best Pract. Res. Clin. Rheumatol. 30, 653–669 (2016).
 8. Borthakur, A. et al. Sodium and T1ρ MRI for molecular and diagnostic imaging of articular cartilage. NMR Biomed. 19, 781–821 

(2006).
 9. Chu, C. R., Williams, A. A., Coyle, C. H. & Bowers, M. E. Early diagnosis to enable early treatment of pre-osteoarthritis. Arthritis 

Res. Ther. 14, 212 (2012).
 10. Ntziachristos, V., Bremer, C. & Weissleder, R. Fluorescence imaging with near-infrared light: new technological advances that enable 

in vivo molecular imaging. Eur. Radiol. 13, 195–208 (2003).
 11. Tang, E. N., Nair, A., Baker, D. W., Hu, W. & Zhou, J. In vivo imaging of infection using a bacteria-targeting optical nanoprobe. J. 

Biomed. Nanotechnol. 10, 856–863 (2014).
 12. Lim, N. H. et al. In vivo imaging of matrix metalloproteinase 12 and matrix metalloproteinase 13 activities in the mouse model of 

collagen‐induced arthritis. Arthritis & Rheumatology 66, 589–598 (2014).
 13. Chen, J. et al. In vivo imaging of proteolytic activity in atherosclerosis. Circulation 105, 2766–2771 (2002).
 14. Weissleder, R., Tung, C.-H., Mahmood, U. & Bogdanov, A. In vivo imaging of tumors with protease-activated near-infrared 

fluorescent probes. Nature Biotechnol. 17, 375–378 (1999).
 15. Weissleder, R. A. clearer vision for in vivo imaging. Nature biotechnol. 19, 316–316 (2001).
 16. Frangioni, J. V. In vivo near-infrared fluorescence imaging. Curr. Opin. Chem. Biol. 7, 626–34 (2003).
 17. Vermeij, E. A. et al. In vivo molecular imaging of cathepsin and matrix metalloproteinase activity discriminates between arthritic 

and osteoarthritic processes in mice. Mol. Imaging 13, 1–10 (2014).
 18. Ryu, J. H. et al. Measurement of MMP activity in synovial fluid in cases of osteoarthritis and acute inflammatory conditions of the 

knee joints using a fluorogenic peptide probe-immobilized diagnostic Kit. Theranostics 2, 198–206 (2012).
 19. Lee, S. et al. Dark quenched matrix metalloproteinase fluorogenic probe for imaging osteoarthritis development in vivo. Bioconjugate 

Chem. 19, 1743–1747 (2008).
 20. Lee, H., Lee, K., Kim, I. K. & Park, T. G. Synthesis, characterization, and in vivo diagnostic applications of hyaluronic acid 

immobilized gold nanoprobes. Biomaterials 29, 4709–4718 (2008).
 21. Chen, W. T., Mahmood, U., Weissleder, R. & Tung, C. H. Arthritis imaging using a near infrared fluorescence folate-targeted probe. 

Arthritis Res. Ther. 7, R310–R317 (2005).
 22. Hwang, H. S. & Kim, H. A. Chondrocyte apoptosis in the pathogenesis of osteoarthritis. Int. J. Mol. Sci. 16, 26035–26054 (2015).
 23. Loening, A. M. et al. Injurious mechanical compression of bovine articular cartilage induces chondrocyte apoptosis. Arch. Biochem. 

Biophys. 381, 205–212 (2000).
 24. Huser, C., Peacock, M. & Davies, M. Inhibition of caspase-9 reduces chondrocyte apoptosis and proteoglycan loss following 

mechanical trauma. Osteoarthr. Cartilage 14, 1002–1010 (2006).
 25. Davis, C. G. et al. Posttraumatic chondrocyte apoptosis in the murine xiphoid. Cartilage 4, 345–53 (2013).
 26. Zamli, Z., Adams, M. A., Tarlton, J. F. & Sharif, M. Increased chondrocyte apoptosis is associated with progression of osteoarthritis 

in spontaneous guinea pig models of the disease. Int. J. Mol. Sci. 14, 17729–17743 (2013).
 27. Thomas, C. M., Fuller, C. J., Whittles, C. E. & Sharif, M. Chondrocyte death by apoptosis is associated with cartilage matrix 

degradation. Osteoarthr. Cartilage 15, 27–34 (2007).
 28. Hashimoto, S., Ochs, R. L., Komiya, S. & Lotz, M. Linkage of chondrocyte apoptosis and cartilage degradation in human 

osteoarthritis. Arthritis Rheum. 41, 1632–1638 (1998).
 29. Blankenberg, F. G. In vivo detection of apoptosis. J. Nucl. Med. 49, 81s–95s (2008).
 30. Jung, H. I., Kettunen, M. I., Davletov, B. & Brindle, K. M. Detection of apoptosis using the C2A domain of synaptotagmin I. 

Bioconjugate Chem. 15, 983–987 (2004).
 31. Shao, R., Xiong, C., Wen, X., Gelovani, J. G. & Li, C. Targeting phosphatidylserine on apoptotic cells with phages and peptides 

selected from a bacteriophage display library. Mol. Imaging 6, 417–426 (2007).
 32. Smrz, D., Draberova, L. & Draber, P. Non-apoptotic phosphatidylserine externalization induced by engagement of 

glycosylphosphatidylinositol-anchored proteins. J. Biol. Chem. 282, 10487–10497 (2007).
 33. Zhang, H.-Z. et al. N-Ac-DEVD-N‘-(polyfluorobenzoyl)−R110: novel cell-permeable fluorogenic caspase substrates for the 

detection of caspase activity and apoptosis. Bioconjugate Chem. 14, 458–463 (2003).
 34. Liu, J. et al. Fluorescent molecular probes V: a sensitive caspase-3 substrate for fluorometric assays. Bioorg. Med. Chem. Lett. 9, 

3231–3236 (1999).
 35. Aloya, R. et al. Molecular imaging of cell death in vivo by a novel small molecule probe. Apoptosis 11, 2089–2101 (2006).
 36. Grimberg, H. et al. Monitoring of tumor response to chemotherapy in vivo by a novel small molecule detector of apoptosis. Apoptosis 

14, 257–267 (2009).
 37. Al-Ejeh, F. et al. APOMAB, a La-specific monoclonal antibody, detects the apoptotic tumor response to life-prolonging and DNA-

damaging chemotherapy. Plos One 4, e4558 (2009).
 38. Ayukawa, K. et al. La autoantigen is cleaved in the COOH terminus and loses the nuclear localization signal during apoptosis. J. Biol. 

Chem. 275, 34465–34470 (2000).
 39. Wang, K. et al. In vivo imaging of tumor apoptosis using histone H1-targeting peptide. J. Control. Release 148, 283–291 (2010).
 40. Jung, H. K., Wang, K., Jung, M. K., Kim, I. S. & Lee, B. H. In vivo near-infrared fluorescence imaging of apoptosis using histone H1-

targeting peptide probe after anti-cancer treatment with cisplatin and cetuximab for early decision on tumor response. Plos One 9, 
e100341 (2014).

 41. Jokerst, J. V., Lobovkina, T., Zare, R. N. & Gambhir, S. S. Nanoparticle PEGylation for imaging and therapy. Nanomedicine 6, 
715–728 (2011).

 42. Zhou, J. et al. In vivo evaluation of medical device-associated inflammation using a macrophage-specific positron emission 
tomography (PET) imaging probe. Bioorg. Med. Chem. Lett. 23, 2044–2047 (2013).

 43. Liu, W. G., Zhang, J. R., Cao, Z. Q., Xu, F. Y. & Yao, K. D. A chitosan-arginine conjugate as a novel anticoagulation biomaterial. J. 
Mater. Sci. Mater. Med. 15, 1199–1203 (2004).

 44. Jermakowicz-Bartkowiak, D., Kolarz, B. N. & Serwin, A. Sorption of precious metals from acid solutions by functionalised 
vinylbenzyl chloride-acrylonitryle-divinylbenzene copolymers bearing amino and guanidine ligands. React. Funct. Polym. 65, 
135–142 (2005).

 45. Kwak, W. et al. Apoptosis imaging studies in various animal models using radio-iodinated peptide. Apoptosis 20, 110–21 (2015).



www.nature.com/scientificreports/

1 0ScienTific RepoRTs | 7: 10906  | DOI:10.1038/s41598-017-10653-y

 46. Acharya, B. et al. In vivo imaging of myocardial cell death using a peptide probe and assessment of long-term heart function. J. 
Control. Release 172, 367–73 (2013).

 47. Lee, M. J., Wang, K., Kim, I. S., Lee, B. H. & Han, H. S. Molecular imaging of cell death in an experimental model of Parkinson’s 
disease with a novel apoptosis-targeting peptide. Mol Imaging Biol. 14, 147–155 (2012).

 48. Guermazi, A. et al. Synovitis in knee osteoarthritis assessed by contrast-enhanced magnetic resonance imaging (MRI) is associated 
with radiographic tibiofemoral osteoarthritis and MRI detected widespread cartilage damage: the MOST study. J. Rheumatol. 41, 
501–8 (2014).

 49. Zhou, J., Tsai, Y. T., Weng, H., Baker, D. W. & Tang, L. Real time monitoring of biomaterial-mediated inflammatory responses via 
macrophage-targeting NIR nanoprobes. Biomaterials 32, 9383–90 (2011).

 50. Tsai, Y. T. et al. Optical imaging of fibrin deposition to elucidate participation of mast cells in foreign body responses. Biomaterials 
35, 2089–96 (2014).

 51. Meretoja, V. V., Dahlin, R. L., Kasper, F. K. & Mikos, A. G. Enhanced chondrogenesis in co-cultures with articular chondrocytes and 
mesenchymal stem cells. Biomaterials 33, 6362–9 (2012).

 52. Chen, Q. et al. SNP-induced apoptosis may be mediated with caspase inhibitor by JNK signaling pathways in rabbit articular 
chondrocytes. J. Toxicol. Sci. 37, 157–67 (2012).

Acknowledgements
We thank Drs. Hong Weng and Chris Chen, and Ms. Qinglan Yang for technical assistance on cell culture 
and animal model, respectively. A portion of this work was supported by a grant from Texas Health 
Arlington Memorial Hospital. Part of this work was also supported by Translational Research Award No. 
W81XWH-14-1-0459 from the Defense Health Program through the Department of Defense Peer Review 
Orthopaedic Research Program. Opinions, interpretations, conclusions, and recommendations were those of the 
authors and are not necessarily endorsed by the Department of Defense.

Author Contributions
Y.H., J.Z., J.B. and L.T. designed research. Y.H. performed animal study and histological evaluation. J.Z. 
performed probe fabrication, characterization, and all imaging analyses. A.H. conducted in vitro apoptotic cell 
characterization. J.W. and Y.H. performed chondrocyte cell isolation and characterization. Y.H., JZ., and L.T. 
analyzed data. J.B. performed the first group of animal surgery. Y.H., J.Z., J.B., and L.T. wrote the manuscript. All 
authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	An optical probe for detecting chondrocyte apoptosis in response to mechanical injury
	Results
	Discussion
	Methods
	Preparation of the apoptotic cell-detecting probe. 
	Cytotoxicity of the probe. 
	Fluorescence microscopy. 
	In vitro assessment of the probe’s affinity for apoptotic cells. 
	Ex vivo and in vivo evaluation of the apoptotic probe using the xiphoid injury model. 
	Immunohistochemistry and histology. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 The preparation and characterization of the apoptotic cell-detecting probe.
	Figure 2 In vitro study to assess the cytotoxicity of the probe to cells and to evaluate the binding ability of the probe to apoptotic chondrocytes.
	Figure 3 Ex vivo study to assess the targeting ability of the probe to apoptotic chondrocytes of injured xiphoid.
	Figure 4 In vivo imaging of the xiphoid injury mouse model.
	Figure 5 Dynamic monitoring of chondrocyte apoptosis in the xiphoid injury mouse model.




