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Quantum dot-based fluorescent probes for targeted imaging
of the EJ human bladder urothelial cancer cell line
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Abstract. QDs are a type of inorganic nanoparticle with unique
optical properties. As a fluorescent label, QDs are widely used
in biomedical fields. In the present study, fluorescent probes of
quantum dots (QDs) conjugated with a prostate stem cell antigen
(PSCA) monoclonal antibody (QD-PSCA) were prepared to
study the targeted imaging of QD-PSCA probes in EJ human
bladder urothelial cancer cells and analyze the feasibility of
QD-based non-invasive tumor-targeted imaging in vivo. QDs
with an emission wavelength of 605 nm (QD605) were conju-
gated with PSCA to prepare QD605-PSCA fluorescent probes by
chemical covalent coupling. The optical properties of the probes
coupled and uncoupled with PSCA were measured and assessed
using an ultraviolet spectrophotometer and a fluorescence spec-
trophotometer. Direct immune-fluorescent labeling was utilized
to detect and analyze imaging of the probes for EJ cells. The
results revealed that QD605-PSCA probes retained the fluores-
cent properties of QD605 and the immunogenicity of the PSCA
protein. The probes were able to specifically recognize the PSCA
protein expressed in bladder cancer cells, while fluorescence
was stable and had a long duration. The present study suggests
that QD-PSCA fluorescent probes may be useful for specific
targeted labeling and imaging in bladder urothelial cancer cells.
Furthermore, the probes possess good optical stability and may
be useful for research into non-invasive targeted imaging, early
diagnosis and targeted in vivo tumor therapy.

Introduction
Bladder cancer is the ninth most common malignant tumor in the

world (1). In 2015, there were ~74,000 newly diagnosed cases and
~16,000 bladder cancer-associated mortalities in the USA (2). In
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China, 80,500 cases of bladder cancer were newly diagnosed
and ~32,900 people succumbed to the disease in 2015 (3). Over
90% of cases are bladder urothelial cancer (BUC) and the typical
biological behavior characteristics of BUC include recurrence
and progression (4). Enabling the early detection of tumor recur-
rence and metastasis is a major problem faced by researchers and
is of great significance for timely and appropriate clinical treat-
ment and judging tumor prognosis. Therefore, feasible in vivo
non-invasive visualization of tumors would be advantageous for
early diagnosis and monitoring of BUC.

Quantum dots (QDs) are a type of inorganic nanoparticle
with unique optical properties. Compared with traditional
organic fluorescent probes, QDs possess wide absorption spectra,
anarrow emission peak, high fluorescence intensity, long fluores-
cent duration, stable long-term fluorescence and strong resistance
to photobleaching (5-8). Due to their optical properties, QDs have
a broad range of potential applications in molecular and cellular
labeling, imaging and tracking in vitro and in vivo.

Prostate stem cell antigen (PSCA) is a type of prostate
tumor-associated antigen, which is homologous to the cell
surface antigen of the Thy-1/Ly-6 family (9). In normal
prostate and bladder epithelium, the expression of PSCA is
low; however, PSCA is overexpressed in prostate, kidney and
bladder cancer (9-11).

In the present study, QD fluorescent probes with an emis-
sion wavelength of 605 nm (QD605) conjugated to the PSCA
monoclonal antibody (QD605-PSCA) by covalent coupling
were prepared. QD-fluorescence labeling was used to observe
the specific imaging of the QD605-PSCA probes in the EJ
human bladder urothelial cancer cell line. The results were
used to analyze the feasibility of in vivo non-invasive targeted
imaging of the probes in bladder cancer.

Materials and methods

Materials and instruments. The human bladder urothelial
carcinoma cell line EJ was a gift from the Urology Department,
Zhongnan Hospital of Wuhan University (Wuhan, China), which
is known to be cross-contaminated with the T24 bladder carci-
noma cell line (12,13). Fetal bovine serum (FBS), RPMI-1640
and 0.25% trypsin were purchased from Hyclone (GE Healthcare
Life Sciences, Logan, UT, USA). The mouse anti-human
monoclonal antibody PSCA (cat. no. ab56338) was purchased
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from Abcam (Cambridge, MA, USA). The QD605 Antibody
Conjugation kit was purchased from Qingdao Jiayuan Group Co.,
Ltd. (Wuhan, China). Succinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC), dithiothreitol (DTT) and
2-(N-Morpholino) ethanesulfonic Acid (MES) were purchased
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). The
fluorescence microscope and inverted fluorescence microscope
were purchased from Olympus Corp. (Tokyo, Japan). The
fluorescence spectrophotometer was from PerkinElmer, Inc.,
(Waltham, MA, USA). The ultraviolet spectrophotometer was
from Shimadzu (Kyoto, Japan).

Cell culture. EJ cells were cultivated in RPMI-1640 medium
containing 10% FBS and 1% penicillin-streptomycin in an
incubator with humidified air under an atmosphere of 5% CO,
and a temperature of 37°C. When the cells reached at least 80%
confluence, they were subcultured. EJ cells were maintained at
37°C with in an atmosphere containing 5% CO,.

Preparation of QD605-PSCA probes. QD605-PSCA antibody
probes were created using the QD605 antibody conjugation kit
according to the manufacturer's protocol (all reagents and equip-
ment mentioned subsequently were included in this kit). The
first step involved the activation and purification of QDs. A total
of 100 ul of amino QD605 (amine-functionalized CdSe/ZnS)
at a concentration of 8 yM was thoroughly mixed with 11 ul
SMCC at a concentration of 10 mM in a 2 ml centrifuge tube.
Following 1 h of shaking at room temperature, the reaction
liquid was transferred to a desalination column. The colored
elution was then collected with the MES elution buffer. The
second step involved the antibody reduction and purification.
A total of 300 pl of the PSCA monoclonal antibody (1 mg/ml)
was thoroughly mixed with 6.1 pl of DTT (1 M) in a 2 ml
centrifuge tube. Following 30 min of the reduction reaction, the
colored solution was collected by elution from the desalination
column. The next steps involved conjugation and purification.
The elution solutions collected in the first two steps were mixed
for 1 h in the conjugation reaction. Then, according to different
molecular sizes, molecular sieve column chromatography and
ultrafiltration were used to separate the unreacted antibody.
Finally, the QD605-PSCA probes were obtained.

Detection of the optical properties of QD605-PSCA
probes. The absorption and emission spectra of QD605 and
QD605-PSCA were measured with the ultraviolet spectro-
photometer and fluorescence spectrophotometer, respectively.
The UV scanning wavelength range was 400 to 700 nm
with a 0.5 nm scanning interval. The fluorescence excitation
wavelength was 380 nm with a 1 nm scan step. The reference
solution was 10 mM PBS with a pH of 7.2.

Specific fluorescent labeling of EJ fixed cells with
QD605-PSCA probes. EJ cells in the logarithmic phase were
trypsinized and resuspended in RPMI 1640 medium. A 0.1 ml
cell resuspension (3x10° cells) was inoculated onto a 6-well
culture plate and cells were cultivated in an incubator at 37°C
with 5% CO,. When the growth density was 50-70%, the cover
glass was removed, EJ cells were fixed by adding an ice-cold
acetone solution to cover each cover glass and the acetone
underwent natural drying. The slides were stored at -20°C.
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The slides containing the EJ fixed cells were washed lightly
with TBS twice, incubated at 37°C with 0.1% Triton-X 100
for 10 min, washed twice with double distilled H,O, washed
twice with TBS and blocked with 2% bovine serum albumin
purchased form Wuhan Jiayuan Quantum Dot Technological
Development Co., Ltd. (Wuhan, China) for 30 min at 37°C.
Each cover glass was divided into two parts and the cells on
each cover glass were divided into three groups. 0.05 ml of
the QD605-PSCA probe solution that was diluted with TBS
(1:50) was added the surface of the cover glass in the experi-
mental group. The labeling solution was replaced with an equal
volume of free QD605 or TBS in the control groups I and II,
respectively. Each group was set up in triplicate. The cells were
incubated at 4°C overnight. The labeling solution was washed
off and cells were lightly washed with TBS-T and TBS three
times to remove the unbound QD605-PSCA and QD605. A
total of 0.05 ml DAPI solution was then diluted with TBS
(1:300) and added to the surface of the cover glass in all groups
for 5 min at 37°C and cells were lightly washed with TBS three
times to remove unbound DAPI. Finally, slides were placed on
a glass slide with neutral glycerin and a fluorescence micro-
scope was used to observe the labeling (magnification, x400).

Fluorescent labeling of EJ living cells with QD605-PSCA
probes. Exponentially growing EJ cells (1x10° cells/well) were
inoculated onto a 12-well plate. These cells were cultivated in an
incubator at 37°C with 5% CO,. When the growth density was
~70%, the fluorescent labeling experiment of living cells was
initiated. The key steps were as follows: The original culture
medium was discarded and cells were lightly washed with PBS
three times. Cells were divided into three groups. 0.1 ml of the
QD605-PSCA probe solution (10 nM) diluted with PBS (1:50)
was added to each well in the experimental group. The labeling
solution was replaced with an equal volume of free QD605 or
PBS in control groups I and II, respectively. Each group had
three equal wells. The cells were incubated in an incubator at
37°C with 5% CO, for 30 min. Then, the labeling solution was
discarded and the cells were lightly washed with PBS three
times to remove unbound QD605-PSCA or QD605. An inverted
fluorescence microscope was used to observe the labeling.
After capturing images of the cells, RPMI 1640 medium was
added to the experimental group for continued culturing and
EJ living cells were observed with the inverted fluorescence
microscope at 6, 24 and 48 h (magnification, x200).

Statistical analysis. All statistical analyses were performed
using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). The statistical
differences between the groups were analyzed using the Rank
sum test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Preparation of QD605-PSCA probes. The coupling products
were analyzed using Ready Pouch™ Agerose Gels which was
from Invitrogen (Carlsbad, California, USA) The migration
velocity is associated with the surface charge, with more negative
charges resulting in a faster speed of moving to the anode (14). In
the activated reaction, the cationic amino group of QD605 was
bound to the carboxyl group on SMCC, which neutralized the
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positive charges of QD605. In addition, SMCC was negatively
charged in water solutions due to the anionic sulfonic group.
Therefore, the migration speed of QD605-SMCC was faster
than QD605. The thiol group on reductive PSCA was connected
with the maleimide group on the intermediate of QD605-SMCC
to produce the QD605-PSCA complex, increasing the
molecular weight and resulting in a slower migration speed for
QD605-PSCA compared with QD605-SMCC (Fig. 1).

Optical properties of QD605-PSCA probes. The absorption
and emission spectra of the QD605 and QD605-PSCA probes
were determined using the ultraviolet spectrophotometer
and fluorescence spectrophotometer, respectively. Following
QD605 coupling with PSCA, the absorption spectrum of
the QD605-PSCA probes was wide and continuous. The
absorbance spectrum of QD605-PSCA was higher compared
with that of QD605 (P<0.05; Table I; Fig. 2A). The emission
spectrum of QD605-PSCA was narrow and symmetrical
with an obvious fluorescence emission peak at ~608 nm. No
significant difference was observed between the fluorescence
intensities of QD605-PSCA and QD605 (Table I; Fig. 2).

Specific fluorescent labeling of EJ fixed cells with QD605-
PSCA probes. The fluorescence of EJ cells labeled with
QD605-PSCA was examined using fluorescence microscopy.
Orange-red fluorescence of the QD605-PSCA probes was
observed in the cell membrane and cytoplasm, whereas the
cell nucleus fluoresced blue following DAPI staining (Fig. 3A).
In the control group, QD605 was not conjugated with the
PSCA antibody. Due to repeated washing, nonspecific adsorp-
tion of QDs and unbound QDs was removed and no obvious
orange-red fluorescence was observed (Fig. 3B). Labeled slides
were stored at 4°C and fluorescence was observed every 24 h.
The blue fluorescence of the nuclei disappeared following 48 h,
whereas orange-red fluorescence of the QD605-PSCA probe
signal was still visible on the seventh day (data not shown).

Fluorescent labeling of EJ living cells with QD605-PSCA
probes. The fluorescence of EJ living cells labeled with the
QD605-PSCA probes was observed using an inverted fluo-
rescence microscope (Fig. 4). The orange-red fluorescence of
the QD605-PSCA probes was observed in the cell membrane
(Fig. 4A). In the control group, QD605 was not conjugated
with PSCA and QD605 was not labeled with EJ cells directly;
as such, the fluorescence was consistent with the background
(Fig. 4D). Over time, the QD605-PSCA probes were taken up
into the cytoplasm. Due to the influence of cell division and the
culture medium, the average fluorescence intensity was weak-
ened gradually but remained visible after 48 h (Fig. 4B and C).

Discussion

In recent years, with the development of synthesis technology
and surface chemical modification, the toxicity, biological
compatibility and biological molecular coupling of QDs have
been effectively improved (15). QD-based fluorescent probes
are widely used in chemistry, biology, medicine and other fields
due to their favorable optical properties and biological compat-
ibility (16,17). Studies have revealed that QDs are the most
ideal fluorescent probes for surface receptor imaging in cellular
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Figure 1. Agarose gel electrophoresis of (A) QD605-PSCA, (B) QD605
and (C) QD605-SMCC. The results demonstrated that the migration
speed of QD605-SMCC was faster than QD605 and the QD605-PSCA
complex. However, the speed of QD605-PSCA complex was faster than
QD605. QD, quantum dot; PSCA, prostate stem cell antigen; SMCC, suc-
cinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate.

labeling (18-20). In imaging studies, QDs are able to produce
biological effects through modifying antibodies, peptides,
proteins, nucleic acids or other biological molecules (21-23).

QD coupling with biological molecules is typically divided
into non-covalent and covalent coupling. Non-covalent
coupling primarily includes electrostatic interactions and the
avidin-biotin complex method. Electrostatic interactions are a
type of early biological coupling method, where the positively
charged proteins are connected with the negatively charged
QDs by electrostatic attraction (24). This method is quite
simple, but vulnerable to the effects of pH and ionic strength
in biological environment (24). The avidin-biotin method is
one of the most widely applied biological coupling technolo-
gies, which exhibits high selectivity and strong bonding (25).
However, this method usually causes an aggregated reac-
tion (24-26). The combination of the two factors may increase
the molecular weight of the product with worse tissue perme-
ability, which would reduce the labeling efficiency (27).

The reaction between carboxyl and amino vs. maleic imide
and sulfur is commonly used for covalent coupling. The former
typically comprises the coupling of carboxyl on the QDs with
the amino on the molecules via an amide bond based on the
EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide]/NHS
(N-hydroxy-succinamide) (28). The carboxyl and amino func-
tional groups are rich in biological molecules and can be easily
introduced into the surface of the QDs (28-30). However,
during the binding reaction, EDC and its intermediates will
rapidly hydrolyze in the aqueous medium and the total effi-
ciency of the binding reaction is not high (28). In addition, most
peptides and proteins containing a free carboxyl acid and/or
amino acid are not easy to use in the binding reaction due to
unnecessary cross-reaction between the constituents (28). The
covalent bonding of maleic imide and thiol depends on the
formation of the thioether bond. The binding reaction has high
efficiency and strong specificity neutral pH conditions (28).
The commercially available maleic imide reagent can be
directly combined to be exposed to a certain amino acid group
in the QDs, which enables these QDs to couple with biological
molecules, including thiol groups (28).

In the present study, the covalent binding of QD605 and
the antibody was based on an SMCC coupling agent (31).
SMCC is a type of cross-linking agent with double functional
groups that can activate the amino groups of the QD605 to
produce the QD605-SMCC polymer (31). In addition, under
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Table I. Absorbance and fluorescence intensity of QD605 and QD605-PSCA probes.

Group Number Absorbance (mean rank) Fluorescence intensity (mean rank)
QD605 601 56243 596.36
QD605-PSCA 601 640.57 606.64*
“P>0.05 vs. QD605 group. QD, quantum dot; PSCA, prostate stem cell antigen.
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Figure 2. (A) Absorption and (B) emission spectra of QD605 and QD605-PSCA probes. QD, quantum dot; PSCA, prostate stem cell antigen.

Figure 3. Imaging of EJ fixed cells labeled with (A) QD605-PSCA and
(B) QD605. Magnification, x400. QD, quantum dot; PSCA, prostate stem cell
antigen.

the action of DTT, the antibody fragments were reduced to
expose thiol groups. The covalent bonding of antibodies onto
QD605-SMCC occurred via the thiol and maleic imide groups.
Finally, QD605-PSCA was obtained. The optical properties
revealed that QD605-PSCA fluorescent probes retained the
original basic optical characteristics of QD605, including
a wide and continuous excitation spectrum, a narrow and
symmetrical emission spectrum, good fluorescence stability
and long fluorescence duration. The immune-fluorescence
results revealed that the QD605-PSCA probes retained the
PSCA protein immune activity and the PSCA was able to
combine specifically with bladder cancer cell surface antigens.
In addition, in the living cell labeling experiment, orange-red
fluorescence was visible on the cell membrane and bright fluo-
rescence was still visible after repeated laser irradiation. Over

Figure 4. Fluorescence imaging of EJ living cells labeled with QD605-PSCA
probes at (A) 30 min, (B) 24 h and (C) 48 h. (D) Fluorescence imaging of
EJ living cells labeled with QD605. Magnification, x200. QD, quantum dot;
PSCA, prostate stem cell antigen.

time, the fluorescence of QD605 appeared in the cytoplasm,
which was considered to be indicative of cellular proliferation
and endocytosis. The results of the present study demonstrate
that QD605-PSCA probes are able to achieve targeted labeling
and their fluorescence intensity is high and stable. The excel-
lent optical properties and molecular targeting of QD-antibody
probes may be useful for in vivo non-invasive targeted imaging
and may contribute to early diagnosis, imaging localization
and targeted therapies for tumors.
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