Nanomedicine: Nanotechnology, Biology, and Medicine
xx (2017) xxx – xxx
nanomedjournal.com

Cerenkov luminescence imaging on evaluation of early response to
chemotherapy of drug-resistant gastric cancer
Muhan Liu, PhD a, b, c , Sheng Zheng, MD d , Xiaojun Zhang, MD e , Hongbo Guo, PhD b, c, f ,
Xiaojing Shi, MSc b, c, g , Xiaoyu Kang, MD h , Yawei Qu, MD d , Zhenhua Hu, PhD b, c, g, i,⁎, 1 ,
Jie Tian, PhD a, b, c, g, i,⁎, 1
a

Engineering Research Center of Molecular and Neuro Imaging of Ministry of Education & School of Life Science and Technology, Xidian University, Xi'an,
Shaanxi, China
b
CAS Key Laboratory of Molecular Imaging, Institute of Automation, Beijing, China
c
Beijing Key Laboratory of Molecular Imaging, Beijing, China
d
Department of Gastroenterology, General Hospital of Chinese People's Armed Police Forces, Beijing, China
e
Department of Nuclear Medicine, Chinese PLA General Hospital, Beijing, China
f
School of Information Sciences and Technology, Northwest University, Xi'an, Shaanxi, China
g
University of Chinese Academy of Sciences, Beijing, China
h
State Key Laboratory of Cancer Biology, Xijing Hospital of Digestive Diseases, The Fourth Military Medical University, Xi'an, Shaanxi, China
i
The State Key Laboratory of Management and Control for Complex Systems, Beijing, China
Received 9 September 2017; accepted 5 October 2017

Abstract
Apoptosis imaging enables a timely and specific assessment of treatment response in cancer patients. In this study, we applied a probe for
positron emission tomography (PET), which served as an optical biomaterial emitting Cerenkov photons, to in vivo optical imaging of tumor
apoptosis, in order to evaluate early response to chemotherapy of drug-resistant gastric cancer. 68Ga-DOTA-Annexin V was prepared as the
apoptosis targeting probe. Wild type human gastric adenocarcinoma cell line SGC7901/WT and drug vincristine-resistant variant SGC7901/
VCR were used to establish normal and vincristine-resistant xenografts to simulate treatment decision situation. Vincristine-resistance of
SGC7901/VCR and apoptosis-induction ability of vincristine and cisplatin were verified. In vitro and in vivo CLI of apoptosis was
performed. Stronger signals of apoptosis of CLI correlated with confirmed higher levels of apoptosis and subsequent changes in tumor sizes.
Our study suggests that CLI is a promising technique for in vivo imaging of apoptosis with radiopharmaceutical-labeled biomaterials.
© 2017 Elsevier Inc. All rights reserved.
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Clinically, the current “gold standard” to detect tumor
treatment response remains measuring changes in tumor size
with computed tomography (CT) and magnetic resonance
imaging (MRI) under the guidelines of the Response Evaluation

Criteria in Solid Tumors (RECIST). 1 However, such delayed
anatomical changes often fail to timely assess treatment
efficacy. 2 Apoptosis, also known as programmed cell death
(PCD), plays a crucial role in regulating cell proliferation, tissue
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differentiation, cellular homeostasis, and diseases like cancer,
atherosclerosis and neurodegenerative diseases. 3 Moreover,
apoptosis is a prominent mechanism related to the induction of
tumor remission in certain solid tumors. 4 Therefore, molecular
imaging of tumor apoptosis enables a timely and specific
assessment of treatment response in cancer patients. 5
Previous studies have used gamma cameras, 6 single photon
emission computed tomography (SPECT), 7 and positron
emission tomography (PET) 8,9 for nuclear imaging of apoptosis.
Herein, we explored the use of Cerenkov luminescence imaging
(CLI) as a promising technique for imaging of tumor apoptosis.
CLI, inspired by the rediscovery of Cerenkov radiation 10 emitted
by radiopharmaceuticals accumulated in the biological
tissues, 11,12 has been actively explored for various applications:
tumor detection, 13–18 tumor characterization, 19,20 radiation dose
calculation, 21,22 atherosclerosis plaque imaging, 23 etc. Its
advantages of high cost effectiveness, high throughput, wide
availability of FDA approved imaging probe, and unique ability
to visualize the therapeutic pure beta-emitters based radiopharmaceuticals have motivated researchers to pursue its power on
new applications.
Annexin V, a Ca 2+ -dependent phospholipid-binding
protein, has been labeled with 18F, 24 68Ga, 25 111In, 6 and
124 26
I for in vivo nuclear imaging of apoptosis. Because of the
specificity of Annexin V binding to externalized phosphatidylserine on the surface of apoptotic cells, 3 flow cytometry with
Annexin V-FITC and propidium iodide (PI) has been widely
accepted for in vitro apoptosis level assessment. Its established
specificity 9 and availability have attracted researchers exploring
in vivo molecular imaging of apoptosis. 6,8,9
In this study, we explored the feasibility of imaging apoptosis
in vivo with CLI to evaluate early response to chemotherapy of
drug-resistant gastric cancer. 68Ga-DOTA-Annexin V was
prepared and used as the apoptosis targeting probe. Wild type
human gastric adenocarcinoma cell line SGC7901/WT and its
drug (vincristine) resistant variant cell line SGC7901/VCR were
used to establish normal and vincristine-resistant tumor xenografts to simulate treatment decision situation. After verifying
vincristine resistance of SGC7901/VCR, in vitro and in vivo CLI
imaging of apoptosis was performed. Furthermore, apoptosis
imaging results were correlated with the subsequent analysis of
the changes in tumor sizes. Lastly, in situ induced tumor
apoptosis was evaluated with terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay.

Methods

100 μg/ml streptomycin (Life Technologies, Carlsbad, CA) in a
humidified incubator at 37 °C with 5% CO2. For SGC7901/VCR
cells, vincristine (final concentration of 1 μg/ml) was added to
the culture media to maintain the vincristine-resistance phenotype. Vincristine was obtained from Macklin Biochemical
(Shanghai, China). Cis-diammineplatinum (II) dichloride (cisplatin) was obtained from TCI (Tokyo, Japan).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) were purchased from Sigma-Aldrich (Shanghai,
China). 68GaCl3 was provided by the Department of Nuclear
Medicine, Peking University Cancer Hospital (Beijing, China).
Without specific statement, all other reagents were purchases
from Acros (Geel, Belgium).
Synthesis of

68

Ga-DOTA-Annexin V

68

Ga-DOTA-Annexin V was prepared following the protocols
from previous publications with minor modifications. 6,25,27 DOTA
(2 mg, 4.95 μmol) was added to 50 μL of 0.1 M NaOH. 1.2 mg of
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, 5.5 μmol) and
0.9 mg of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 9.1 μmol) were mixed in 30 μL of H2O and added to
DOTA. After adding 0.1 M NaOH to adjust its pH to 5-6,
sulfo-NHS/EDC/DOTA mixture was incubated in the dark at room
temperature (RT) for 30 min. The pH of mixture was adjusted to 8.5
with 0.2 M Na2HPO4 afterwards and the mixture was added to 1 mg
of Annexin V (35.7 kDa, 28 nmol) in 1 mL of phosphate buffered
saline (PBS, pH = 7.4, 10 mM). The reaction mixture was then
incubated at 4 °C for 24 h with end-over-end mixing and dialyzed
against 10 mM Na2HPO4/160 mM NaCl, pH 7.5, at 4 °C for 72 h,
with many times of changing the buffer.
For radiolabeling of the Annexin protein, 68GaCl3 (21.3 ±
2.8 mCi in 2 mL, 0.79 ± 0.10 GBq), eluted from a commercially
available 68 Ge/ 68 Ga generator (ITG Isotope Technologies
Garching GmbH, Garching, Germany), was added to
DOTA-Annexin V solution after its pH was adjusted to
4.5-5.5 with 1.25 M sodium acetate. The reaction was allowed
to stand for 20 min at 43 °C. Unconjugated 68 Ga was removed
using a centrifugal filter (Amicon Ultra-4, MWCO 10 kDa,
Millipore, Billerica, MA) by centrifugation for 15 min at
4000 ×g and rinsing with PBS for three times. The resulting
68
Ga-DOTA-Annexin V conjugate was recovered with 1 mL of
binding buffer (10 mM Hepes/NaOH, pH 7.4, 0.14 M NaCl, 2.5
mM CaCl2). The radiochemical purity of 68 Ga-DOTA-Annexin
V was determined by radio-thin-layer chromatography
(radio-TLC) with 0.1 M trisodium citrate, pH = 4 as the mobile
phase.

Cell lines and reagents
Wild-type human gastric adenocarcinoma cell line SGC7901/
WT (obtained from Academy of Military Medical Sciences,
Beijing, China) and its vincristine-resistant variant SGC7901/
VCR (established and maintained in State Key Laboratory of
Cancer Biology, the Fourth Military Medical University, Xi'an,
China) were used to establish tumor models. Cells were cultured
in RPMI 1640 medium (Gibco, Life Technologies, Carlsbad,
CA) supplemented with 10% fetal bovine serum (Gibco,
Life Technologies, Carlsbad, CA), 100 U/mL penicillin and

MTT assay
Resistance to vincristine of SGC7901/VCR was evaluated
with the ratio of half maximal inhibitory concentrations (IC50) of
SGC7901/VCR to that of SGC7901/WT. Cisplatin was used as
non-resistant drug. Cells (5 × 10 3) were seeded in 96-well plate,
allowed to attach overnight, treated with various concentrations
of vincristine or cisplatin in triplicate, and then incubated for
48 h. Culture media were replaced with fresh culture media
containing MTT (250 μg per well) and incubated for 4 h. Formed
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Figure 1. Schematic representation of experimental workflow using 68Ga-DOTA-Annexin V CLI/PET imaging on evaluation of early response to chemotherapy
of drug-resistant gastric cancer.

formazan crystals were dissolved with dimethyl sulfoxide
(DMSO). The absorbance at 490 nm was measured with a
microplate reader (Synergy HT, BioTek, Winooski, VT).
Flow cytometry
To validate apoptosis induced by vincristine and cisplatin and
quantify the percentage of apoptotic cells, flow cytometry with
Annexin V-FITC and PI staining was performed according to the
protocol of Pharmingen Annexin V FITC Apoptosis Detection Kit
(556547, BD, Franklin Lakes, NJ). SGC7901/WT and SGC7901/
VCR cells (1 × 10 5) were seeded in 24-well plates, allowed to attach
overnight, treated with/without vincristine (27 μM) or cisplatin
(27 μM), and also incubated for 48 h. Supernatant and cells dispersed
with EDTA-free trypsin (Sigma-Aldrich, Shanghai, China) were
collected, centrifuged at 1000 rpm for 5 min, rinsed twice with
ice-cold phosphate-buffered saline (PBS), and then resuspended in
binding buffer (100 μL). Annexin V-FITC (5 μL) and PI (5 μL)
were added, and the mixture was incubated at 25 °C in the dark.
Samples were diluted with binding buffer and underwent flow
cytometry with BD Accuri C6 (BD, Franklin Lakes, NJ). Data were
collected and analyzed with BD Accuri C6 software.
In vitro Cerenkov luminescence imaging of induced apoptosis
5

SGC7901/WT and SGC7901/VCR cells (1 × 10 ) were seeded
in 24-well plates, allowed to attach overnight, treated with/without
vincristine (27 μM) or cisplatin (27 μM) and incubated for 24 h.
After rinsing gently twice with ice-cold PBS, some cells were
incubated with 100 μg of unlabeled Annexin V for blocking at RT
for 15 min. After rinsing gently with PBS, cells were incubated with
68
Ga-DOTA-Annexin V (10 μCi, 0.37 MBq, ~2 μg) in binding
buffer at RT for 15 min. Lastly, cells were rinsed gently twice with
PBS again to remove unbound 68Ga-DOTA-Annexin V. Cerenkov
luminescence from the cells was then acquired by IVIS Spectrum
(PerkinElmer, Waltham, MA) with exposure time of 5 min, f/stop of
1 and binning of 4. Each group was conducted in three replicates and

Figure 2. Validation of resistance to vincristine of SGC7901/VCR. Inhibition
curve obtained from MTT assays with SGC7901/WT and SGC7901/VCR
cell lines against (A) vincristine and (B) cisplatin.

luminescence signals were analyzed with regions of interest (ROIs)
covering the wells.
In vivo tumor response to chemotherapy treatment evaluation
To demonstrate the ability of Cerenkov luminescence of
Ga-DOTA-Annexin V for evaluating tumor response to chemotherapy treatment, in vivo studies were designed (Figure 1) and
performed. Female Balb/c athymic nude mice were purchased from
Vital River (Beijing, China). Animal studies were conducted in
compliance with the guidelines of the Institutional Animal Care and
Use Committee of Chinese PLA General Hospital. Cells (1 × 10 7)
suspended in 80 μL of Matrigel (Corning, Corning, NY) were
68
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Figure 3. Validation of apoptosis-induction ability of vincristine and cisplatin. (A) Representative results of flow cytometry with Annexin V-FITC and
propidium iodide on SGC7901/WT and SGC7901/VCR cells with/without 27 μM of vincristine or cisplatin. Quantified comparison of apoptosis-induction
(both early-stage, i.e. apoptosis, and late-stage, i.e. necrosis) ability of (B) vincristine and (C) cisplatin on the two cell lines. Baseline of apoptosis obtained from
control group was subtracted from measured apoptosis levels. ***: 0.0001 b P ≤ 0.001.

injected subcutaneously into the right flank of each mouse. Tumor
sizes were measured with a caliper every day. When the tumor
volume reached 100 ± 20 mm 3 (calculated by the equation: tumor
volume = length × width × depth × 0.5236),28 about twenty days
after implantation of the cells, the mice (n = 4 in each group) were
injected intravenously (i. v.) with vincristine (1 mg/kg, 100 μL),
cisplatin (3 mg/kg, 100 μL), or saline (100 μL). After 24 h, the mice
were injected i. v. with 68Ga-DOTA-Annexin V (50-100 μCi, 1.8-3.7
MBq, ~20 μg) and subjected to Cerenkov luminescence imaging and
5 min static PET scans consecutively 1 h later. The blocking groups
received unlabeled Annexin V (100 μg) i. v. 1 h before injection of
the radiolabeled counterparts. Settings of acquisition of Cerenkov
luminescence were the same as in vitro studies. Ellipse ROIs around
tumor areas were selected to analyze the acquired data with Living
Image 4.4 (PerkinElmer, Waltham, MA) for CLI. PET scan was
conducted with G4 PET (PerkinElmer, Waltham, MA). PET values
in Bq/mL were converted to normalization of standardized uptake
values for subject body surface area (in cm 2/mL). 29 Maximum
normalized standardized uptake values (SUVmax) in ellipsoid ROIs
covering tumor volumes were used to quantify the uptake of probes in
tumors. One mouse was randomly picked from each group and its
tumor was excised and subjected to TUNEL assay. Other mice were
euthanized seven days after imaging.
TUNEL assay
Excised tumors were snap frozen and sliced. TUNEL assay was
performed with In Situ Cell Death Detection Kit, POD (Roche Applied
Science, Indianapolis, IN) following the instructions of the manufac-

turer: slices were fixed with 4% polyformaldehyde at RT for 20 min,
rinsed with PBS, blocked with 3% H2O2 in methanol at RT for 10 min,
rinsed again with PBS, and incubated in 0.1% Triton X-100 (MP
Biomedicals, Shanghai, China) and 0.1% sodium citrate (InnoChem,
Beijing, China) at 4 °C for 2 min. TUNEL mixture was prepared with
450 μL label solution (vial 2 in the kit) and 50 μL enzyme solution (vial
1 in the kit). Slices were rinsed with PBS and incubated with 50 μL
TUNEL mixture at 37 °C for 60 min in a humidified atmosphere in the
dark. Slices were rinsed with PBS, incubated with 50 μL of
converter-POD (vial 3 in the kit) at 37 °C for 30 min in a humidified
chamber, rinsed again with PBS, incubated with 50 μL of DAB
substrate (Thermo Fisher Scientific, Shanghai, China) at RT for 10 min.
Slices were rinsed with PBS, counterstained with hematoxylin
(Sigma-Aldrich, Shanghai, China), dried with ethanol, mounted under
coverslip with neutral balsam (Aladin, Shanghai, China) and observed
with light microscope (Leica, Buffalo Grove, IL).
Statistical analysis
Data was provided as mean ± standard deviation. GraphPad
Prism 6 was used to perform statistical analysis. Student's t test
was applied to determine the statistical significance of different
groups. Exact P values ≥0.0001 was reported.
Results
Synthesis and characterization of

68

Ga-DOTA-Annexin V

The decay corrected radiochemical yield of 68Ga-DOTA-Annexin
V was 27.0% with a synthesis time of 90 min. At the end of synthesis,
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1.40 ± 0.24 mCi (51.7 ± 9.0 MBq) of Ga-DOTA-Annexin V was
recovered as an intravenously injectable solution with a radiochemical
purity of N95% determined by radio-TLC. The specific radioactivity
was 1.84 ± 0.32 MBq/nmol.
Validation of resistance to vincristine of SGC7901/VCR cell line
MTT assays showed that IC50 concentration of vincristine for
SGC7901/WT at 48 h was 30.7 μM, while that for SGC7901/
VCR was 605.8 μM (Figure 2, A). SGC7901/VCR showed a
relative degree of resistance to vincristine of 19.7-fold
comparing to SGC7901/WT. In the case of cisplatin, IC50
concentrations for SGC7901/WT and SGC7901/VCR at 48 h
were 8.1 μM and 9.6 μM (Figure 2, B), respectively. The
relative degree of resistance to cisplatin shown by SGC7901/
VCR was only 1.2-fold comparing to SGC7901/WT.
Assessment of apoptosis-induction ability of vincristine and
cisplatin on SGC7901/VCR and SGC7901/WT
Flow cytometry with Annexin V-FITC and PI assessed the levels
of apoptosis induced by vincristine and cisplatin on SGC7901/VCR
and SGC7901/WT at 48 h. As shown in Figure 3, A, control group
showed the baseline of apoptosis (early-stage apoptosis) and
necrosis (late-stage apoptosis) for SGC7901/WT cells and
SGC7901/VCR cells as 1.4% and 3.7% of total cells, and 1.4%
and 2.4% of total cells, respectively. Sum of apoptosis and necrosis
cells induced by low concentration of vincristine (27 μM) in
SGC7901/WT cells (11.3% + 21.7%) was significantly higher
(P = 0.0003) than that in SGC7901/VCR cells (7.0% + 4.2%), as
shown in Figure 3, B. Meanwhile, there was no significant difference
between levels of apoptosis and necrosis induced by the same molar
concentration of cisplatin in SGC7901/WT cells (16.5% + 37.2%)
and that in SGC7901/VCR cells (24.4% + 25.1%), as shown in
Figure 3, C.

Figure 4. In vitro apoptosis imaging. (A) CLI of 24-well plate with
SGC7901/WT and SGC7901/VCR cells treated with/without 27 μM of
vincristine or cisplatin. Blocking groups were added to verify in vitro specific
binding of the apoptosis probe. Quantified comparison of CLI signal
intensities of 68Ga-DOTA-Annexin V to (B) SGC7901/WT and (C)
SGC7901/VCR cells with different treatments. Non-significant (NS):
P N 0.05, *: 0.01 b P ≤ 0.05, ****: P b 0.0001.

Ga-DOTA-Annexin V to apoptotic cells

In vivo CLI/PET of apoptosis and correlation with changes of
tumor volumes

In vitro specificity of 68Ga-DOTA-Annexin V to apoptotic
cells was assessed with in vitro CLI and further quantification of
intensity of Cerenkov Radiance (CR). For SGC7901/WT cells,
radiance from those treated with vincristine [(12.7 ±
3.7) × 10 3 p/s/sr/cm 2] was significantly higher (P b 0.0001)
than radiance from the control group [(1.5 ± 1.0) × 10 3 p/s/sr/
cm 2 ] and vincristine-treated group with blocking [(2.3 ±
0.7) × 10 3 p/s/sr/cm 2]. In contrast, there was no significant
difference ( P = 0.2811) between control group and
vincristine-treated group with blocking agent (Figure 4, A and
B). In the case of SGC7901/VCR cells, radiance from those
treated with cisplatin [(15.0 ± 3.7) × 10 3 p/s/sr/cm 2] was much
stronger (P b 0.0001) than that from the control group [(1.9 ±
1.2) × 10 3 p/s/sr/cm 2 ], vincristine-treated group [(3.5 ±
1.0) × 10 3 p/s/sr/cm 2], and cisplatin-treated group with blocking
[(3.0 ± 1.2) × 10 3 p/s/sr/cm 2 ]. Interestingly, signal from
vincristine-treated group was still significantly stronger (P =
0.0152) than that from the control group, though it was much
weaker than that from cisplatin-treated group. Intensity of
radiance emitted from cisplatin-treated group with blocking
showed no significant difference (P = 0.1343) from that emitted
from the control group (Figure 4, A and C).

In vivo apoptosis imaging with CLI/PET showed apoptosis level in
SGC7901/WT and SGC7901/VCR tumors induced by vincristine and
cisplatin. Vincristine-treated SGC7901/WT tumors and
cisplatin-treated SGC7901/VCR tumors emitted much stronger CR
than other groups of tumors in CLI images, as shown in Figure 5, A
and B. Results of quantitative analysis of ROIs in CLI images
confirmed that radiance from vincristine-treated tumors [(3.1 ±
1.0) × 10 4 p/s/sr/cm 2] and cisplatin-treated tumors [(3.4 ±
1.2) × 104 p/s/sr/cm 2] were significantly stronger (P b 0.0001) than
other groups (Figure 5, C and D). Accordingly, stronger PET signals
[(0.288 ± 0.082) cm2/mL and (0.294 ± 0.084) cm 2/mL] could be
observed from tumor areas (indicated by white arrows in PET images)
in the corresponding PET images (Figure 5, A and B). Quantitively, as
shown in Figure 5, C and E, the difference of radiance of CLI from
vincristine-treated SGC7901/WT tumors with blocking [(2.2 ±
0.5) × 104 p/s/sr/cm2; (0.123 ± 0.041) cm 2/mL] and the control
group of SGC7901/WT tumors [(2.1 ± 0.4) × 10 4 p/s/sr/cm 2;
(0.105 ± 0.031) cm 2/mL] was non-significant (P = 0.9453 for CLI;
P = 0.3694 for PET); radiance of CLI from cisplatin-treated
SGC7901/VCR tumors with blocking [(2.4 ± 0.5) × 104 p/s/sr/
cm 2; (0.136 ± 0.045) cm 2/mL] was not significantly different (P =
0.5771 for CLI; P = 0.2147 for PET) from that from control group of

In vitro specificity of

68
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Figure 5. In vivo apoptosis imaging by CLI/PET. Representative CLI and PET imaging of SGC7901/WT (A) and SGC7901/VCR (B) tumor-bearing mice (n = 4) treated
with/without vincristine or cisplatin. Blocking groups were added to verify in vivo specific binding of the apoptosis probe. Quantified comparison of CLI and PET signal
intensities of targeted probes to (C, E) SGC7901/WT and (D, F) SGC7901/VCR tumors with different treatments. PET values in Bq/mL were converted to body
weight-normalized standardized uptake values (SUV). Non-significant (NS): P N 0.05, *: 0.01 b P ≤ 0.05, **: 0.001 b P ≤ 0.01, ****: P b 0.0001.

SGC7901/VCR tumors [(2.3 ± 0.5) × 104 p/s/sr/cm2; (0.121 ± 0.039)
cm2/mL], as shown in Figure 5, D and F. Notably, vincristine-treated
SGC7901/VCR tumors displayed minor level of apoptosis, with
radiance [(2.7 ± 0.4) × 104 p/s/sr/cm2; (0.157 ± 0.057) cm2/mL]
significantly stronger (P = 0.0109 for CLI; P = 0.0035 for PET) than
the control group [(2.3 ± 0.5) × 10 4 p/s/sr/cm 2; (0.121 ± 0.039)
cm 2/mL], but much weaker than that from cisplatin-treated
SGC7901/VCR tumors (Figure 5, D and F). Besides the signals
observed in ROIs covering the tumors, strong signals were also
detected in the abdomens.
Furthermore, volume changes of tumors from different
groups were tracked. In the case of SGC7901/WT tumors, as
shown in Figure 6, A, vincristine treatment suppressed the

growth of tumors. The treated tumors grew mildly to (191.4 ±
32.9)% of original tumors, comparing to control groups, which
grew to (541.5 ± 73.6)% of original tumors. In the case of
SGC7901/VCR tumors, though the growth of tumors was
slowed by vincristine treatment ((214.2 ± 35.6)% vs. (322.1 ±
33.5)%), cisplatin treatment effectively reduced the volume of
tumors to (26.7 ± 6.2)% of original tumors (Figure 6, B).
In situ validation of apoptosis with TUNEL assay
TUNEL assays of slices from dissected tumors validated the
levels of apoptosis in situ. No TUNEL-positive cells were detected in
slices from tumor of either SGC7901/WT control group or SGC7901/
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Figure 6. Tumor responses to chemotherapy. The growth of SGC7091/WT
tumors (A) treated with vincristine and SGC7901/VCR tumors (B) treated with
cisplatin was suppressed as predicted by previous apoptosis imaging signals.

VCR control group (Figure 7, A, left, and B, left). In contrast,
extensive TUNEL-positive cells (with brown nucleus) could be
observed in vincristine-treated SGC7901/WT tumor (Figure 7, A,
right) and cisplatin-treated SGC7901/VCR tumor (Figure 7, B, right).
Meanwhile, much less TUNEL-positive cells could be detected in
vincristine-treated SGC7901/VCR tumor (Figure 7, B, middle).
Discussion
Herein, we demonstrate use of CLI as a promising tool for
apoptosis imaging on mice to evaluate early response to
chemotherapy of gastric cancer tumors. We have established
vincristine-resistant gastric cancer tumor model to simulate the
situation of selecting optimal treatment of cancer patients.
The resistance to vincristine of SGC7901/VCR has been
validated with 19.7-fold of relative degree of resistance calculated
from IC50 concentrations of vincristine for SGC7901/WT and
SGC7901/VCR cells (Figure 2, A). SGC7901/VCR does not
possess the resistance to cisplatin, as the relative degree of
resistance to cisplatin was only 1.2-fold compared with SGC7901/
WT (Figure 2, B). The relative resistance ratio is consistent with
previous reports of drug-resistance studies with SGC7901/
VCR, 30,31 This study has shown that the cell line retained its
vincristine-resistance during its culture in vincristine-preconditioned
environment.

7

Meanwhile, flow cytometry with Annexin V-FITC and PI has
assessed the ability of apoptosis induction of vincristine and
cisplatin on SGC7901/WT and SGC7901/VCR. Amount of
vincristine used to induce apoptosis (27 μM) was around the
IC50 concentration of SGC7901/WT and 4.5% of that of
SGC7901/VCR. Levels of apoptosis (including both early and
late stage) induced by vincristine differed significantly in
SGC7901/WT and SGC7901/VCR (Figure 3, B), while same
molar concentration of cisplatin showed no significantly
different ability of induction of apoptosis in these two cell
li nes (Figure 3, C ). As we have confirmed t he
vincristine-resistance of SGC7901/VCR, it is consistent that
low concentration of vincristine should have a weak
apoptosis-induction effect on SGC7901/VCR cells.
In vitro CLI of apoptosis further shows that radiance of
apoptosis-targeting probe correlates with the apoptosis levels
induced by the chemotherapy. Higher levels of apoptosis verified
with flow cytometry correspond to stronger CR of
vincristine-treated SGC7901/WT and cisplatin-treated
SGC7901/VCR (Figure 4). Interestingly, the presence of
induced-apoptosis or not (SGC7901/VCR control vs.
vincristine-treated group) can be distinguished even though the
apoptosis level is mild (Figure 4, C). Blocking groups
corresponding to high level of apoptosis show no significantly
stronger signal from the control groups (Figure 4, B and C),
which also confirm the apoptosis-targeting specificity of
68
Ga-DOTA-Annexin V.
In vivo CLI of apoptosis results were consistent with its
in vitro counterparts. Significantly stronger CR emitted from
vincristine-treated SGC7901/WT tumors and cisplatin-treated
SGC7901/VCR tumors demonstrate higher levels of apoptosis
induced by effective chemotherapies (Figure 5). Not-so-effective
vincristine treatment for SGC7901/VCR tumors still induces
some levels of apoptosis (Figure 5, B and D). Besides the minor
level of apoptosis observed in previous flow cytometry assays
directly caused by vincristine, another factor could also attribute
to this observation: SGC7901/VCR may slowly lose its
resistance to vincristine after xenograft implantation as it has
no longer in the vincristine-preconditioned environment. Comparisons of body surface area-normalized standardized uptake
values derived from PET values showed consistent results with
comparisons of radiance of in vivo CLI. Because of the
biodistribution and clearance of 68Ga-DOTA-Annexin V, strong
optical and PET signals have also been observed to present in
normal organs such as livers and kidney of the mice, which are
consistent with previous publications. 6,8,32 Such strong signals
of labeled Annexin V in the abdomen area may hinder
applications of its apoptosis imaging of orthotopic xenograft
models and clinical translation. In this study, CLI apoptosis
imaging with 68Ga-DOTA-Annexin V serves as a proof-ofconcept example for application of CLI in early response to
treatment assessment.
Further treatment outcome was recorded as tumor volume
changes. SGC7901/WT tumors treated with vincristine, which
showed stronger CR in previous in vivo imaging, grew much
slower than the control group (Figure 6, A), while in the case of
SGC7901/VCR tumors, cisplatin-treated tumors shrunk to
26.7% (Figure 6, B), which verifies the effectiveness of cisplatin
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Figure 7. In situ verification of apoptosis. TUNEL assays showed levels of apoptosis in dissected (A) SGC7901/WT tumors and (B) SGC7901/VCR tumors.
Apoptotic cells (brown-stained) were indicated with yellow arrows. Magnification was 100×.

against SGC7901/VCR cells and correlates with previous strong
apoptosis imaging signals. Uneffective treatment of vincristine to
SGC7901/VCR tumors only slows the growth of the tumors,
rather than inhibits the progression (Figure 6, B). In situ
apoptosis levels detected in apoptosis imaging have been further
validated with TUNEL assays. Effectively treated tumors display
more TUNEL-positive cells with brown-stained nuclei, which
are absent in control groups (Figure 7). Apoptotic cells can be
occasionally found in the slices of vincristine-treated SGC7901/
VCR tumor (Figure 7, B, middle, indicated with yellow arrows),
while unlike the case of cisplatin-treated SGC7901/VCR tumor
(Figure 7, A, right) that apoptotic cells are abundant in the tumor.
Annexin V has been adopted as apoptosis-targeting probe in
this study because of its established specificity 9 and its
availability, though its biodistribution is not perfect. However,
our goal of this study is to demonstrate the feasibility of using
CLI as an apoptosis imaging tool to aid trial-and-error treatment
decision with patient-derived xenograft (PDX) models and drug
discovery. PDX models have been served as an effective way to
help make treatment decisions by selecting the most promising
therapy. 33 High throughput of CLI makes it a promising
alternative imaging method for apoptosis imaging with
radionuclide-labeled apoptosis probes. If probes based on

Annexin V are optimized for its biodistribution profile or
novel alternative probes arise, the imaging methodology can be
applied with the new probe, and wider applications may be
realized.
Cerenkov luminescence imaging can quantify apoptosis level
in vivo and may assist evaluation of early response of tumors to
chemotherapy. Our study highlights that CLI is a promising tool
for in vivo apoptosis imaging using radionuclide-labeled probes
such as 68Ga-DOTA-Annexin V.
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