Cancer Immunology, Immunotherapy (2020) 69:1833-1840
https://doi.org/10.1007/500262-020-02559-y

ORIGINAL ARTICLE q

Check for
updates

Rapid noninvasive detection of bladder cancer using survivin
antibody-conjugated gold nanoparticles (GNPs) based on localized
surface plasmon resonance (LSPR)

Mir Hadi Jazayeri'? - Tayebe Aghaie? - Reza Nedaeinia® - Mostafa Manian? - Hamid Nickho?

Received: 16 July 2019 / Accepted: 31 March 2020 / Published online: 30 April 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Background Bladder cancer is diagnosed by the use of several biomarkers, including survivin. This protein has an important
role in the cancer progression by controlling the rate of cell apoptosis. Findings show that there is no survivin in normal
tissues, whereas the level of survivin expression increases in tumor cells.

Design The purpose of this study was to specify the reactive antibodies to survivin protein as a biomarker to determine the
bladder cancer stage with ELISA method and using GNPs conjugated with survivin antibody. The serum and urine samples
of patients with bladder cancer were collected among those referred to Sina Hospital, Tehran, Iran. The survivin protein level
was measured in the serum and urine by ELISA technique and in the urine by GNPs conjugated with survivin.

Results Based on the results of ELISA, the serum and urinary levels of survivin increased significantly in T3 and T4 stages
of the disease (high grades), compared with the healthy individuals. Also, using conjugated GNPs, survivin protein was
detected in the urine specimens of patients at all grades (low and high grades).

Conclusion Our findings showed that using the ELISA technique, the increased level of survivin could be identified in high
grades of bladder cancer, but using anti-survivin antibody-conjugated GNPs, bladder cancer can be detected in early stages.
The applied method was found to be a rapid tool, dependent on visible color changes and colorimetric detection, without
any need for reader devices.
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Introduction bladder cancer in 2016, and more than 16,000 people died

due to this disease [2, 3].

Bladder cancer can be considered as the most common
malignancy in the genitourinary tract [1]. In humans, it is the
fifth most common cancer, and among men, it is the fourth
most common cancer. According to the previous reports
from the USA, more than 70,000 people were affected by
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Cystoscopy has been used as a gold standard for bladder
cancer diagnosis for more than 80 years; nevertheless, this
procedure is invasive, unpopular and expensive. Even after
cystoscopy, some patients (5.5%) may develop urinary tract
infections. Moreover, urine cytology is used for the diag-
nosis of bladder cancer with acceptable level of specificity
and sensitivity. But diagnostic sensitivity of this method for
low-grade cancer is not acceptable (30%). Also, it should
be noted that the accuracy of this test is dependent on the
pathologist’s skills [4-7].

Biomarkers such as survivin, genetic loci such as 9p21
locus and natural autoantibodies can be useful in early diag-
nosis, treatment and reduction in mortality in cancer patients
[8, 9]. Survivin is mainly expressed in bladder cancer. Sur-
vivin, with a molecular weight of 16.5 kDa and 142 amino
acids, is described as a member of the inhibitor of apoptosis
protein (IAP) family. This family of proteins contributes
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to the inhibition of caspase-3, 7 and 9. Findings indicate
that survivin expression is usually in embryonic and non-
differentiated tissues, while its overexpression is in many
solid cancers such as bladder cancer. However, it is rarely
present in normal and differentiated tissues. This protein is
a multi-functional protein that leads to suppressing apop-
tosis in response to apoptotic stimuli, the regulation of cell
division and also promotion of angiogenesis. The level of
expression of this protein is related to higher rates of blad-
der cancer, and some of the treatments for this cancer have
led to a decrease in survivin levels in the urine [5, 10-12].

Recently, the use of nanoscale materials, especially gold
nanoparticles (GNPs), has progressed vastly in various bio-
medical fields, because of their unique and special phys-
icochemical, optical and electronic properties [13—15]. The
gold nanoparticle solution displays different colors accord-
ing to the particles’ size and shape. This color spectrum
is related to a situation called surface plasmon resonance
(SPR). It is known that these free electrons are responsible
for the optical and conductive properties of these particles.
In the case of metal nanoparticles, the motion of these elec-
trons is localized and leads to strong absorption, which is
called localized surface plasmon resonance (LSPR). LSPR
is responsible for creating different colors of the nanoparticle
solution. Spherical gold nanoparticles show different colors,
including red, purple and blue, depending on the size of the
core and the aggregation of particles (network formation).
It has been determined that the solution of nanoparticles
with a size of about 20 nm is red. The aggregation of these
particles leads to redshifting of frequency and change in
color from red to blue, which can be useful in identifying
various analytics with high sensitivity, based on colorimetric
detection [13, 16, 17].

Therefore, the purpose of this study was synthesizing
anti-survivin-coated gold nanoparticles to be used as a new
technique for the diagnosis of bladder cancer and comparing
this technique with ELISA method used for detection of this
cancer. This new method is used according to the aggrega-
tion of GNPs and might be used as a faster, high accuracy
and inexpensive diagnostic tool which does not require com-
plicated instrument and can be examined by the naked eye
and used as a rapid test in bladder cancer.

Patients, materials and methods

Reagents

Human survivin ELISA kit was purchased from Abcam
Company (ab183361 lot: GR278827-1 UK). Chloroauric
acid (HAuCl4) and polyethylene glycol 20,000 were pre-

pared from (Sigma-Aldrich, Philadelphia, USA). K,CO; and
sodium citrate were from (Merck, Darmstadt, Germany).
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N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) were
prepared (Thermo Scientific Company, Iran, Tehran).
Anti-survivin antibody was supplied by Abcam, EP2880Y-
ab76424, UK.

Study design and data collection

Serum and urine samples were obtained from 30 healthy
individuals (8 females and 22 males) and 41 patients with
bladder cancer (12 females and 29 males) who signed the
consent form and attended the Sina Hospital, Tehran, Iran.
The clinical features of the patients were examined by stag-
ing systems, TNM classification, by the assessment of the
primary tumor (T) extent, by considering regional lymph
node metastasis (N) presence, absence or extent and also
by distance metastasis (M) presence, absence or extent. The
growth of the tumor in the bladder wall and its influence on
adjacent tissue were determined by sorting Tx, TO, Ta, T1,
T2, T3 and T4 [18].

Measurement of survivin in samples by ELISA test

Serum and urine samples were stored at — 80 °C for short-
term storage until analysis. (Urine samples were col-
lected before cystoscopy.) Urine samples were centrifuged
(at 200 g for 10 min) to remove debris. EILSA was per-
formed for detecting the survivin protein (ab183361, lot:
GR278827-1, Abcam, UK); protocol was used according to
the manufacturer’s instructions for the determination of the
quantity of survivin protein. Briefly, 50 ul survivin stand-
ards and serum and urine samples were added to the wells.
Then, 50 pl antibody cocktail was added to the wells. After
incubating at room temperature for 1 h and washing three
times, 100 ul TMB was added to each well. For 10 min, the
plate was incubated on a plate shaker at room temperature.
Then, substrate solution was added to the wells. After 1-min
shake, the absorption of each well was determined at 450 nm
by an ELISA plate reader (Bio-Rad, Hercules, California,
USA). The levels of survivin protein were reported pg/ml.
All experiments were carried out in triplicate.

Preparation of gold nanoparticles and conjugated
with anti-survivin antibody

Gold nanoparticles (25 nm) were synthesized with citrate
reduction reaction of HAuCl4 using the Frens method [19].
This method in our previous work was expressed in detail
[20]. In short, 1% HAuCl, solution (25 ml) was adjusted
on a hot plate with a magnetic stirrer, and when the solu-
tion got boiled, 1% trisodium citrate (1 ml) was added to
the solution quickly. Covalent binding of nanoparticles to
antibodies could be mediated linkers such as EDC/NHS
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[20]. Then, a combination of the 0.5 mM EG6 —-COOH-
(HS(CH,),,(OCH,CH,)c;OCH,CO,H) and the 0.5 mM EG3
—OH(HS(CH,),,;(OCH,CH,);OH) was added to suspension
of HAuCl, with a ratio of 1:10. The combined solution
containing carboxylated GNPs was centrifuged at room
temperature after 25 h in order to apart the unbound and
carboxylated GNPs and carboxylate-based self-assembled
monolayers on GNPs. For the removal of the unbound
GNPs, the pellet was suspended again in 0.1 M phosphate-
buffered saline (pH 7.4). Next, 100 ml of 0.1 M EDC was
mixed with 10 ml of carboxylated GNPs, followed by adding
100 pl of 0.1 M NHS in order to activate the GNP solution
as a coupling agent. After that, 100 g ml~! anti-survivin
polyclonal Ab (1 ml) was added to the EDC/NHS-activated
GNP solution. To remove the unbound anti-survivin pAb,
the solution was centrifuged for 50 min at 14 000 RPM after
24 h. In the end stage, the obtained anti-survivin pAb-conju-
gated GNPs (GNPs—survivin pAb) were suspended again in
0.1 M phosphate-buffered saline (5 ml) (pH 7.4).

Using anti-survivin antibody-conjugated GNPs
for detection of survivin

Survivin levels in patients with bladder cancer and in healthy
control subjects of the study were examined with anti-sur-
vivin antibody-conjugated GNPs. For data collection from
the patients and healthy urine sample, 10-mL medistream
urine was collected and centrifuged at 3000 RPM for 5 min.
A supernatant liquid was obtained and divided into aliquots,
and then, the samples were frozen at — 20 °C until final diag-
nosis. The test was carried out with adding 20 pL of urine
sample to 80 uL GNPs-antibody-conjugated solution. The
results were read after 15 min. Each urine sample was ana-
lyzed at least twice on two different occasions.

Statistical analysis

The experiments were conducted in triplicate and individu-
ally repeated at least twice. All experiments were repre-
sented in the form of mean values + SEM (standard error
of mean). Data analysis was conducted by GraphPad Prism
software (version 6.01). Obtained data were assessed using
Mann—Whitney and Kruskal-Wallis test. P values were sta-
tistically significant (<0.05).

Results
Serum and urine levels of survivin protein
In this study, serum and urine levels of survivin with

enzyme-linked immunosorbent assay method were deter-
mined after collection of serum and urine samples from

bladder cancer patients and healthy individuals. According
to staging classification of bladder cancer, patients were
classified into Ta—T1-T2-T3 and T4 groups (Ta, n=38; T1,
n=38; T2, n=11; T3, n=8 and T4, n=06). Statistical analy-
sis of serum level showed a significant increase in serum
concentrations of T3 and T4 compared with healthy control
group (P =0.0002), but Ta, T1 and T3 groups did not show
any significant increase (Fig. 1a). In general, according to
these data, the comparison of the group of bladder cancer
patients with healthy control group shows a significant dif-
ference in survivin concentration and indicated that the
level of this protein in patients group was higher than in the
healthy group. Also, analysis of urine samples showed that
the levels of this protein in T3 and T4 groups were signifi-
cantly higher than in the healthy group, and in general, the
survivin urine concentration in this disease was increased in
comparison with healthy individuals (Fig. 1c, d). Compari-
son of survivin concentration in serum samples with urine
samples shows that increased serum level of this protein
(P=0.0002) was higher than urine (P=0.019) (Fig. 1b, d).
Protein level in bladder cancer patients was higher than that
of healthy subjects. Also, according to data of ELISA test,
serum and urine levels in patients with low-grade bladder
cancer were significantly lower than that in patients with
high-grade bladder cancer. The statistical descriptions of
serum and urine levels of survivin in bladder cancer and
healthy control groups are shown in Table 1.

Preparation of the GNPs and conjugation
with anti-survivin antibody

The GNPs were synthesized and conjugated with anti-sur-
vivin antibody and then characterized by ultraviolet absorp-
tion spectroscopy and TEM (Fig. 2b—e). To determine the
distribution of the particles, the GNPs were measured by
DLS. Based on DLS results, the average hydrodynamic
diameter over 90% of GNPs was ~25 nm. After conjuga-
tion, to increase the stability of the nanoparticles, GNPs
were pegylated with PEG 20,000. Zetasizer ZS was used
to determine the stability of the GNPs. The approximate
zeta potential of the bare GNPs was about 44 3 mV. GNPs
zeta potential was reduced (27 +2 mV) after conjugation
and pegylation. In the determination of the value of solu-
ble compounds by X-ray diffraction (XRD), there was 71%
GNPs and 60% sodium chloride concentration.

Detection of surviving protein with anti-survivin
antibody-conjugated GNPs

For detection of survivin protein with anti-survivin anti-
body-conjugated GNPs, after the separation of medistream
urine, the amount of 20 pl of urine sample was added
to 80 pl of gold nanoparticle solution conjugated with
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Fig. 1 Serum and urine survivin concentrations. a Significant differ-
ence was seen in serum survivin concentrations of T3 and T4 groups
in comparison with healthy control, b serum survivin concentration
in bladder cancer group was significantly increased compared to
healthy control, ¢ significant difference was seen in urine survivin

anti-survivin antibody. Finally, results were obtained by
changing the color of the solution (from red to gray) vis-
ible with the naked eye (Table 2) and also by changing
the absorption of the gold nanoparticle solution (Fig. 3)
due to the antibody binding to the survivin antigen. The
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concentrations of T3 and T4 groups in comparison with healthy
control, d urine survivin concentration in bladder cancer group
was significantly increased compared to healthy control. *P <0.05;
**P<0.01; ***P<0.001

sensitivity and specificity of test are 92.68% and 93.33%,
respectively (healthy controls = 30; patients, n =41; false
positive =2; false negative =3). According to the results,
the color change observed by the naked eye was exactly
compatible with changes in LSPR peak wavelength.
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Table 1 The statistical descriptions of serum and urine levels of survivin in groups
ELISA test Healthy control Patient
Mean SD 95% CI lower—upper Median Mean SD 95% CI lower—upper Median
Urine survivin 28.50 7.357 25.75-31.25 28.00 35.93 15.80 30.94-40.91 37.00
Serum survivin 39.53 9.96 35.81-43.26 39.00 55.32 22.92 48.08-62.55 51.0030
SD Std. deviation
Diam. (nm) % Number Width (nm)
A C Peak1:  23.46 100.0 4.361
Size Distribution by Number
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Fig.2 Synthesis and characterization of the unconjugated GNPs and
anti-survivin Ab-conjugated GNPs. a Schematic image of antibody
binding to gold nanoparticles via EDC/NHS linkers, b transmission
electron microscopy (TEM) image of unconjugated gold nanopar-

Discussion

Diagnosis of bladder cancer, based on different biomark-
ers, particularly urine-based biomarkers, is necessary, as
urine samples are suitable noninvasive diagnostic tools.
It has been reported that the sensitivity of survivin test
is higher than that of cytology test, especially in patients
diagnosed with low-grade bladder cancer. BioDot test and
ELISA are commercially available to detect and measure
survivin, although these tests have not been approved by
FDA [4, 21, 22]. Considering the high recurrence and mor-
tality of this cancer, research is needed to propose suitable

12008=

1000 =

LSPR Absorbanc

Size (d.nm)

Record 409 :9305-773-1996 1

survivin X Ab labeled GNPs
1200 ——— Ab labeled GNPs
Buffer

®
o
S

600

510 520 530 540 888

Wavelength (nm)

ticles (GNPs), ¢ GNPs size distribution by dynamic light scattering
(DLS), d wavelength changes in the GNPs before and after conjuga-
tion with anti-survivin antibody, e LSPR absorbance of bare GNPs,
buffer, Ab-labeled GNPs and survivin-Ab-labeled GNPs

methods with acceptable sensitivity and specificity for
early diagnosis.

According to the previous reports, 90% of patients who
had bladder cancer of non-muscle invasive type present with
Ta and T1 stages of bladder cancer [23], which necessitates
the use of proper diagnostic methods for diagnosis at low
stages. On the other hand, nanotechnology has major impacts
on medicine, with great potentials for cancer diagnosis and
treatment. Nanoparticles can interact with biomolecules
inside and at the surface of cells. One of the most studied and
suitable types of nanoparticles in nanotechnology is GNP,
which is widely used in different fields of medicine and biol-
ogy due to its unique features including biocompatibility,
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Table2 The characterization of detection of survivin protein with
anti-survivin antibody-conjugated GNPs in urine samples

Groups Number Frequency (n) Percent (%)
per group - o - -
Negative Positive Negative Positive
Healthy control 30 28 2 93.3 6.7
Bladder cancer 41 2 39 4.9 95.1

Subgroups of bladder cancer

B.C. stage Ta 8 2 6 25 75

B.C. stage T1 8 1 7 12.5 87.5
B.C.stage T2 11 0 11 0 100
B.C. stage T3 8 0 8 0 100
B.C. stage T4 6 0 6 0 100

Negative, no change in the color of the GNPs solution; positive,
change in the color of the GNPs solution from red to gray

simple synthesis and size-dependent optical and electronic
properties [13, 14, 24-27]. These nanoparticles have been
strongly studied in the colorimetric detection of different
analytes such as protein, DNA and ions including mercury
(Hg?") and lead (Pb**) [28]. Colorimetric detection using
GNPs is on the basis of the aggregation of GNPs in the pres-
ence of target analyte and GNP solution color change (red
to blue-gray) that can be observed by the naked eye, with
no need to use complicated technical tools [26, 27]. Gold
nanoparticles also have a variety of therapeutic applications
in medical science such as diagnosis and drug delivery. They
have been shown to reduce neuronal damage and improve
neurological deficits in neurodegenerative diseases. In the
previous study, we examined the possible effects of these
particles on experimental autoimmune encephalomyelitis
(EAE), a mouse model of multiple sclerosis (MS) disease,
and observed positive effects, including a decrease in the
severity of the disease by these nanoparticles [29, 30].
Hyaluronidase (HAase) is one of the bladder cancer
markers, which can be detected in urine. The HAase activity
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was studied using GNPs based on the aggregation of these
particles and finally color change in the solution. In this
method, the enzyme activity is characterized with high sen-
sitivity within a shorter period, and the results are quickly
determined without any need for complex technical equip-
ment. This method is suggested as a valuable method in
diagnosis of bladder cancer [31]. Generally, these particles
are conjugated to aptamer [26, 32, 33] or specific antibod-
ies [17, 34] for increasing the specificity and sensitivity of
colorimetric detection based on GNPs.

Conjugation of GNPs is possible with antibodies and bio-
molecules through covalent bonds [20]. Di Pasqua reported
conjugation of GNPs with anti-E. coli O157:H7 antibod-
ies [35]. In the previous study, we increased the detection
sensitivity of prostate-specific antigen (PSA) by combining
GNPs conjugated with anti-PSA antibody. Conjugated GNPs
aggregation in the presence of PSA antigen, based on anti-
body—antigen interactions, caused the change in the solution
color (red to gray) [17].

Findings of the present study showed that anti-survivin
antibody-conjugated GNPs could be used to detect survivin
protein. Survivin measurement in patients with bladder can-
cer, based on ELISA technique, indicated that identification
of this biomarker is more sensitive at higher grades of blad-
der cancer, compared with lower grades. Also, identification
is more sensitive in urine samples in comparison with serum
samples. With the use of GNPs conjugated with specific
antibodies, which exhibit aggregation characteristics in the
presence of target antigens and cause subsequent changes in
the solution color, survivin can be detected at low grades in
urine samples. The proposed method does not require any
sophisticated equipment and can be carried out by observing
the change in the solution color by the naked eye. In fact,
it can be applied as a new approach to detect survivin bio-
marker in the urine of bladder cancer patients, even at low
grades of the disease.
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Fig.3 The absorption curve of anti-survivin Ab-conjugated GNPs
solution after adding urine samples. Change in color and absorption
curve of positive and negative samples; a healthy control, b bladder
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