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Abstract Urothelial carcinoma (UC) is a common
malignant tumor in the urinary system with high recurrence
rate and low survival rate 5 years after surgery. At present,
imaging examination and other diagnostic methods have
some shortcomings such as invasiveness and non-speci-
ficity. Therefore, it is urgent to develop a simple, rapid,
noninvasive, highly sensitive and highly specific strategy to
diagnose UC. Herein, a high-performance fluorescence
sensor was constructed by the plasmonic gold nanorods
(AuNRs)-enhanced near-infrared (NIR) fluorescence of
silver sulfide quantum dots (Ag,S QDs). The designed
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sensor can be used for the fast and accurate detection of
small molecule single-transmembrane protein (FXYD3),
which is overexpressed in 90% of ureteral cancers and 84%
of high-grade bladder cancers. Due to its high specificity,
the NIR fluorescence sensor achieves the detection of
FXYD3 in the range of 0.25-150 ng-ml~" with a detection
limit of 0.2 ng-ml~". Importantly, it also can be used for
accurate diagnosis of FXYD3 in the urine of patients with
relevant cancers, and the results are consistent with clinical
cystoscopy and pathological analysis. The proposed fluo-
rescence sensor provides a simple, ultrasensitive, reliable
method for UC screening, tumor-grade classification and
postoperative monitoring and will have great potential for
clinical applications.

Keywords Urothelial carcinoma; FXYD3; Plasmonic
enhanced fluorescence; Ultrasensitive; Accurate diagnosis

1 Introduction

Urothelial carcinoma (UC) is a common malignant tumor
in the urinary system, including bladder tumor and upper
urinary tract urothelial carcinoma (UTUC). Bladder cancer
accounts for 90%—-95% of cases, and UTUC (ureteral and
pelvic cancers) accounts for about 5%—10% [1]. Of these,
non-muscle invasive bladder cancer (NMIBC) accounts for
75% of bladder cancers and muscle invasive bladder cancer
(MIBC) accounts for 25% of bladder cancers [2]. Trans-
urethral resection of bladder tumor (TURBT) is the gold
standard for the treatment of NMIBC [3]. However,
according to the European Association of Urology (EAU)
guidelines, 31%—-78% of patients produce tumor recurrence
within 5 years after surgery and require repeat or multiple
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TURBT treatments, and 0.8%—45% of patients progress to
MIBC due to unrecognized tumor recurrence [4, 5]. The
5-year survival rate for MIBC is only 46%—-63%, and up to
90% for NMIBC [4, 5]. The main reason is that MIBC
tumors are more malignant and have a worse prognosis,
with approximately 30%—60% of patients having tumor
infiltration or even invasion of surrounding tissues at the
time of initial presentation [6, 7]. Therefore, early diag-
nosis and treatment are crucial for patients with UC and
will improve their over-all survival.

At present, the variety of clinical diagnostic UC
modalities mainly include imaging (ultrasound, computed
tomography (CT), magnetic resonance imaging (MRI),
intravenous urography), endoscopy examination and
biopsy, urine cytology and tumor marker determination,
etc. [8]. The advantages of imaging are noninvasive, simple
and particularly suitable for the detection of larger tumors.
The disadvantage is less sensitive for the diagnosis of small
tumors, especially for carcinoma in situ [4]. Cystoscopy
and ureteroscopy can clarify the location, number, shape
and size of tumors, which is helpful to decide the next
surgical plan, and biopsy of suspicious lesions can help
clarify the diagnosis if necessary [9]. However, this method
is an invasive examination, which may cause some pain to
patients and cannot effectively identify carcinoma in situ
and microscopic lesions, which may lead to misdiagnosis
[10]. Urine exfoliative cytology is a noninvasive test
commonly used in clinical practice for the diagnosis of UC,
and although possessing a high specificity (85%—-100%), it
has a low sensitivity (28%—-100%) [4]. Furthermore, it is
often difficult to distinguish inflammatory lesions and
epithelial atypical hyperplasia, which can result in a false
positive rate of 1.3%—15% [11]. Fluorescence in situ
hybridization (FISH), in general, has a relatively high
specificity (28%—-89%) and sensitivity (48%—-88%) in the
diagnosis of UC. However, the diagnostic sensitivity in
low-grade tumors remains low (48%—-61%), and its diag-
nostic criteria and overall performance vary from labora-
tory to laboratory, making it difficult to generalize [12, 13].
Therefore, there is an urgent need to find a simple, rapid,
noninvasive and highly sensitive test to diagnose UC.

Tumor markers are tumor-related substances that can be
detected in blood, body fluids and tissues, and the
immunological properties of these substances can be used
to determine and identify tumors, and reflect tumor
occurrence, development and monitor tumor response to
treatment [14]. Nuclear Matrix Protein 22 (NMP22) and
bladder tumor antigen (BTA) are two tumor markers
approved by the Food and Drug Administration (FDA) for
the diagnosis of UC. A meta-analysis showed that their
specificity and sensitivity were 76%, 79% and 68%, 67%,
respectively [15]. However, their lower specificity and
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higher false-positive rate limit the clinical use, because
urinary tract infections and stones can affect the diagnostic
specificity of NMP22 and BTA [15]. The current study
found that a small class of single transmembrane proteins
(FXYD3) was overexpressed in 90% of ureteral cancers
and 84% of high-grade bladder cancers and in 40% of low-
grade bladder cancers [16]. An analysis of FXYD3 levels
in the urine of 30 UC patients found that FXYD3 levels
were 69-fold and fourfold higher in high-grade UC and
low-grade UC than in healthy groups, respectively [17].
However, this approach still cannot achieve ultrasensitive
detection of FXYD3. Although FXYD3 can be used as a
good specific biomarker for the detection of UC, there are
very few studies on highly sensitive and specific biosensors
for the detection of FXYD3 in urine.

Some technologies including polymerase chain reaction
(PCR), enzyme-linked immunosorbent assay (ELISA) and
colorimetric biosensing have attempted to detect FXYD3
[17-19]. However, the above methods were time-con-
suming, sophisticated and insensitive. With the advantages
of fast response, high sensitivity, nondestructive and real-
time monitoring, fluorescence analysis has been widely
used by constructing various types of biosensing, particu-
larly using near-infrared fluorescent nanoprobes [20].
Among them, NIR Ag,S quantum dots (Ag,S QDs) are
widely used in the biomedical field because of their tunable
spectrum, small size, high stability and good biocompati-
bility [21-24]. However, their low luminescence efficiency
has limited their applications to a certain extent. Although
the improvement of luminescence efficiency can be
achieved by surface modification and assembly, the process
is often lengthy [25]. A large number of studies have
shown that the luminescence efficiency of fluorophores can
be improved easily and effectively by localized surface
plasmon resonance with precious metals [26-29].

Herein, we developed a plasmonic enhanced fluores-
cence based on the Ag,S QDs and gold nanorods (AuNRs)
for sensitive detection and analysis of FXYD3, which were
modified by monoclonal and polyclonal antibodies,
respectively. As shown in Fig. 1, the AuNRs-polyclonal
antibody 1 (AuNRs@Abl) and Ag,S QDs-monoclonal
antibody 2 (Ag,S @Ab?2) were first obtained by Au—S bond
and amination reaction, respectively. Then, the FXYD3
was first captured by Ag,S@Ab2 and then recognized by
AuNRs@ADI to form a sandwich bioassay (AuNRs@Abl1-
FXYD3-Ab2@Ag,S) with fluorescence enhancement.
Importantly, this bioassay can be used to detect the FXYD3
in cancer urine samples with good sensitivity and speci-
ficity. Up to present, this is the first fluorescence-based
bioassay to detect the FXYD3 in UC. Therefore, the
designed sensor is expected to be used for UC screening,
tumor grading and postoperative monitoring.
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Fig. 1 Schematic diagram of a fluorescent analysis method for detection of FXYD3 from UC based on AuNRs-enhanced NIR Ag,S

QDs by metal-enhanced fluorescence (MEF)
2 Experimental
2.1 Reagents and materials

Gold (III) chloride trihydrate (HAuCly-3H,0, 99.9 wt%),
cetyltrimethylammonium bromide (CTAB, 99.0 wt%), (3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrowere
(EDC, 98 wt%) and N-hydroxysulfosuccinimide sodium
salt (NHS, 97 wt%) were purchased from Sigma-Aldrich
Co., Ltd. (Beijing, China). Sodium borohydride (NaBHy,,
99.0 wt%), ascorbic acid (AA, 99.7 wt%), 3-mercapto-
propionic acid (3-MPA, 98 wt%), silver nitrate
(AgNO3, > 99.0 wt%), sodium hydroxide (NaOH, 99
wt%) and hydrochloric acid (HCl, 37 wt% in water) were
obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). The recombinant human FXYD3 anti-
gen, recombinant human CD44 protein, recombinant
human NMP22 protein, recombinant human BTA, human
FXYD3 ELISA kit and anti-FXYD3 polyclonal antibody
were purchased from CRK Pharma Co., Ltd. (Wuhan,
China). The anti-FXYD3 monoclonal antibody was pur-
chased from Abcam (Shanghai, China). All chemicals were
used without further purification.

2.2 Characterization

Ultraviolet—visible (UV—Vis) absorption spectra were col-
lected on TU-180 UV-Vis spectrophotometer (Purkinje

aQ

General Instrument Co., Ltd.) (Shanghai, China). Trans-
mission electron microscopy (TEM) was performed on
JEOL HT-7700 electron microscope operating at 200 kV
(Hitachi, Japan). Photoluminescence spectra were recorded
on an Edinburgh FLS 980 fluorescence spectrophotometer
(Edinburgh, England).

2.3 Synthesis of AUNRs

AuNRs were synthesized according to our previous reports
with slight modification [30-34]. The process involves two
steps: seed germination and growth. (1) Seed solution:
0.25 ml of 0.01 mol-L™" HAuCl, was mixed with 9.75 ml
of 0.1 mol.L™" CTAB. Ice-cold NaBH, solution
(0.01 mol-L™", 0.60 ml) was then injected quickly into the
mixture solution under vigorous stirred for 2 min and kept
at 30 °C for at least 2 h for further use. (2) Growth solu-
tion: HAuCl, (0.0l molL™",  0.5ml), AgNO;
(0.01 mol-L™", 0.1 ml) and CTAB (0.10 mol-L™', 10 ml)
were added to a 15-ml glass bottle. After gentle mixing,
0.08 ml of 0.1 mol-.L™" fresh AA solution was added,
which resulted in the solution from dark yellow to trans-
parent. Then, 0.2 ml of 1 mol-L~! HCl solution was added.
The final step was that 20 pl of the seed solution was added
to the growth solution, gently stirred for 10 s and standing
at 30 °C for at least 6 h. AuNRs solution was centrifuged at
7500 r-min~" for 10 min and dispensed in deionized (DI)
water.
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2.4 Synthesis of AUNRs@ADb1

100 pl of 2 ugmr1 FXYD3-Abl was added to 100 pl of
AuNRs and incubated at 37 °C for 30 min. AuNRs@F-
XYD3-Abl was purified by centrifugation (6500 r-min~',
8 min) and redispersed in 200 pl phosphate buffer (PB)
(0.01 mol-L™1, pH 7.4) and stored at 4 °C.

2.5 Synthesis of Ag-S@Ab2

The aqueous synthesis of Ag,S QDs followed previous
reports [21-23]. The carboxyl of Ag,S QDs was activated
by EDC and NHS. Then, the amino group on the antibody
surface formed an amide bond with the activated carboxyl
group. 1 ml Ag,S QDs in 4 ml PB (0.01 mol-L™', pH 6.8)
was activated by adding 5 ul EDC and 5 mg NHS and
stirred for 30 min at 30 °C. Then, 50 pl of 2 ug-ml™!
FXYD3-Ab2 was added to 500 pl activated Ag,S QDs and
incubated at 37 °C for 30 min. The prepared Ag,S@Ab2
was kept at 4 °C for further use.

2.6 AuNRs@Ab1 and Ag,S@Ab2 for FXYD3
sensing

A sandwich structure consisting of AuNRs@Ab1-FXYD3-
Ab2@Ag,S was performed as follows: predetermined
amount of mixture of AuNRs@Abl (50 pl,
0.25 nmol-L™") and Ag,S@Ab2 (250 pl, 2.28 mg-ml™")
was incubated together with different concentrations of
FXYD3 antigen at 37 °C for 30 min, the final solution was
adjusted to 2 ml by adding PB (0.01 mol-L™", pH = 7.4),
and the fluorescence spectrum was recorded with the
excitation of 468 nm. NMP22, BTA and CD44 were tested
as possible interference substances, which was in order to
research the specificity of the sandwich structure.

2.7 Sandwich structure for UC diagnosis

Fourteen patients diagnosed with UC by the pathological
report were enrolled in our study. The clean catch mid-
stream urine specimens from 10 patients with bladder
tumor, 4 patients with UTUC, and 7 patients with other
diseases were centrifuged at 2000 r-min~' for 10 min at
4 °C. The precipitate was collected and stored at — 80 °C
for further analyses. Freeze thawing (3 times) was used to
split membranes and cell walls, and FXYD3 protein could
be released. Then the urine samples were centrifuged again
at 12,000 r-min~! for 10 min at 4 °C before use and the
supernatant was collected. ~AuNRs@Abl (50 pl,
0.25 nmol-L™") and Ag,S@ADb2 (250 pl, 2.28 mg-ml™"),
as well as 0.7 ml PB, were incubated together with 1 ml
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urine sample at 37 °C for 30 min, and the fluorescence
spectrum was recorded with the excitation of 468 nm. The
written informed consent was approved by all patients, and
this study was approved by the Institutional Ethical Com-
mittee of the Ningbo First Hospital (approval number:
2021-R114).

3 Results and discussion
3.1 Characteristics of AuNRs and Ag,S QDs

AuNRs were widely used in sensing fields due to its
adjusted longitudinal plasmon resonance absorption peak
from the ultraviolet region to the NIR region [35]. In this
work, the prepared AuNRs (aspect ratio = 3.5) had uniform
size and morphology with the average size of 18 nm in
width and 63 nm in length and the maximum absorption
peak was observed at 800 nm (Fig. 2a, b). At the same
time, NIR Ag,S QDs with a maximum emission of 808 nm
and an average particle size of 1.82 nm were also prepared
(Fig. 2c, d). No absorption peak in the UV—-Vis absorption
spectrum for Ag,S QDs was observed due to its special
electronic property [36]. All these preliminary data
demonstrate the successful synthesis of AuNRs and Ag,S
QDs. Moreover, the matching of the maximum absorption
peak of AuNRs and the position of the maximum emission
peak of NIR Ag,S provides a possible basis for plasmon
resonance-enhanced fluorescence between the AuNRs and
Ag,S QDs [37, 38].

3.2 Conjugation of AuNRs and Ag,S QDs with
FXYD3-antibody

It is known that the protein has a characteristic UV
absorption peak around 280 nm due to the presence of
tryptophan [39]. Moreover, due to the presence of many
different amino acids, protein structural molecules gener-
ally contain a large number of sulfhydryl (-SH) and amino
(-NH,) functional groups [39]. Therefore, based on the
Au-S bond, AuNRs were successfully labeled by Abl
modification (Fig. 3a). As shown in Fig. 3c, AuNRs@Abl
had a distinct protein characteristic absorption peak at
280 nm relative to the bare AuNRs. Similarly, Ab2 was
successfully coupled to NIR Ag,S QDs based on the
amidation reaction to obtain Ag,S@ADb2 (Fig. 3b, d), and
the coupling of Ab2 did not negatively affect the fluores-
cence of Ag,S QDs (Fig. 3e). The successful modification
of AuNRs and NIR Ag,S QDs by Abl and Ab2, respec-
tively, laid the foundation for the subsequent specific
detection of FXYD3.
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3.3 Optimization of detection

Generally, the enhancement of fluorescence by precious
metals is affected by the distance between particles and
fluorescence molecules, and 5-30 nm is currently consid-
ered as an appropriate distance for fluorescence enhance-
ment [40]. In this distance range, the electromagnetic field
and radiation delay rate around the gold nanoparticles will
increase, resulting in a substantial increase in fluorescence
of the fluorophore [41]. However, there are also some other
studies that show a good fluorescence enhancement effect
with the other distance range. Luo et al. found that 15 nm
and 34 nm of silica shell on AuNPs had less fluorescence
enhancement compared with the 22 nm with fivefold
enhancement [41]. Niu et al. [42] showed that the Au
nanobipyramids @SiO, @Cyanine7 NPs reached the best
enhancement factor (10.7) at approximately 17 nm of silica
shell. The molecular weights of antibody and antigen are
150 and 27.8 kDa, corresponding to sizes of about 10 and
2 nm, respectively [43]. The linear length of the AuNR-
s@Abl1-FXYD3-Ab2@Ag,S sandwich structure can be
theoretically deduced to be about 12 nm. At this distance,
there will still be some plasmon resonance enhance fluo-
rescence. In our study, although the distance between
AuNRs and Ag,S QDs could not be modulated, we further
optimized the concentrations of AuNRs and Ag,S QDs to
improve the sensitivity of FXYD3 detection to some
extent. Because the AuNRs@Abl-FXYD3-Ab2@Ag,S
can be viewed as core—shell—satellite structure that binds
multiple receptors, the fluorescence enhancement factor
was calculated by the ratio of fluorescence intensity of
AuNRs@Ab1-FXYD3-Ab2@Ag,S QDs to the fluores-
cence intensity of bare Ag,S QDs combined with AuNRs at
the same concentrations of QDs. As shown in Fig. Sla—c
and Fig. S2a, b, the best enhancement factor (2.9) was
obtained at the concentrations of 0.5 nmol-L~' AuNRs and
285 pg-ml~'Ag,S QDs.

3.4 Sensitive and specific detection of FXYD3

Under the optimized condition, AuNRs@Abl and
Ag,S@ADb2 were used for the analysis of FXYD?3 detection
(Fig. 4a). As shown in Fig. 4b, c, the fluorescence of
Ag,S@ADb2 was enhanced with increasing concentrations
of FXYD3 (0.25-300 ng-ml~"). A good linear relationship
was observed between the concentrations of FXYD3 in the
range of 0.25-150 ng-ml~', with a detection limit of
0.2 ng:-ml~" (Fig. 4d). Based on the previous report, the
concentrations of FXYD3 from low-grade and high-grade
UC urine samples are (7.23 £ 2.35) and (30.72 &+ 18.32)
ng-ml~", respectively. Therefore, this biosensor can be
used to directly detect the real urine sample of the UC.
Additionally, the specificity of sandwich biosensor for
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recognizing the FXYD3 was further studied by comparing
with the possible interfering molecules (CD44, BTA, and
NMP22) (Fig. 4a). The results of Fig. 4e showed that the
fluorescence intensity of CD44, BTA and NMP22 was
similar to the control group, while the FXYD3 group
showed an obvious enhancement when the concentrations
of FXYD3 were 100 ng-ml~". These results proved that the
sandwich biosensor had excellent sensitivity and remark-
able specificity for the detection of FXYD3.

To further demonstrate visually the different fluores-
cence intensities of AuNRs@Abl-FXYD3-Ab2@Ag,S
sandwich, the experimental results are investigated using
the specific binding of different concentrations of FXYD3.
TEM images of AuNRs@Abl-FXYD3-Ab2@Ag,S at
different concentrations of FXYD3 are shown in Fig. 5.
Remarkably, the different numbers of Ag,S@Ab2 QDs
surrounding AuNRs@Abl can be intuitively observed.
With the increase in concentrations of FXYD3, more
Ag,S@Ab2 QDs can be attached to the AuNRs@Abl1
(Fig. 5a—c). In other words, compared with the low con-
centrations of FXYD3, the high concentrations of FXYD3

made the AuNRs@Abl recognize the more Ag,S
QDs@ADb2 with stronger fluorescence enhancement
(Fig. 5d).

3.5 Detecting FXYD3 in different samples

To further validate the application of this biosensor in real
sample detection, the reliability was further verified by
adding different concentrations of FXYD3 to PB and urine
samples. As shown in Table 1, the spiked recoveries ranged
from 97.26% to 101.80%. All recoveries were within the
range of reliable detection, indicating the potential appli-
cation of this biosensor in real sample detection.
Encouraged by the outcomes above, urine samples
including 10 bladder tumor patients (7 patients diagnose
with high-grade UC, 3 patients diagnosed with low-grade
UC), 4 UTUC patients (high-grade UC) and 7 patients with
other diseases were collected. Based on the cystoscopy,
12.5% (2/16) patients would suffer from surgery, and two
of these patients diagnosed with bladder tumor by cys-
toscopy were chronic cystitis (confirmed by pathology). If
this biosensor can be applied to directly detect the FXYD3
in cancer sample for UC diagnosis and tumor-grade clas-
sification, 12.5% (2/16) patients will avoid the pain caused
by overtreatment. All the results are shown in Table 2, and
the mean concentration of FXYD3 was 0.73 ng-ml~" in the
control group. The mean concentrations of FXYD3 were
57.32 and 8.60 ng-ml™" in high-grade UC and low-grade
UC, respectively, which have an approximately 78-fold
and 12-fold overexpression than control group (Fig. S3). In
all, the diagnostic results obtained from this fluorescence
sensing of FXYD3 expression levels were consistent with
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e enhancement factor of Ag,S@Ab2 and AuNRs@Ab1 incubated with different target antigens

the tumor grade confirmed by clinical cystoscopy as well as
pathology. This indicates that this fluorescent biosensor is
expected to be used for the diagnosis and identification of
UC in the clinical setting.

Next, the fluorescent biosensor is applied for postoper-
ative monitoring. The urine of two high-grade UC was
collected again at 3 months postoperatively (high-grade

Q

UTUC and high-grade bladder cancer with number 4), in
which the concentrations of FXYD3 decreased from 93.54
and 93.50 ng-ml~" to 0.55 and 3.12 ng-ml~' by ELISA Kkit,
respectively. And no recurrence phenomenon was observed
by imaging and cystoscopy. The same results were also
accurately quantified and determined by this fluorescent
biosensor (0.52 and 3.55 ng-mlfl). And at the same time,
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Table 1 Analytical results of FXYD3 in PB and urine samples

Samples Concentration /  Fluorescence / Recovery /
(ng-mi~) (ng-mi~" %
PB 10 10.15 + 041 1015
50 48.63 £+ 0.61 97.26
125 124.97 + 1.67 99.98
Human urine 10 10.18 £ 045 101.80
50 49.07 + 0.84 98.14
125 124.40 + 3.25 99.52

one patient (high-grade bladder cancer with number 4) that
the concentration of FXYD3 drop to 3.55 ng-ml~" need to
be monitored every 3 months. If the FXYD3 level con-
tinues to rise, imaging and cystoscopy should be per-
formed. Collectively, this fluorescent biosensor can be used
to rapidly monitor FXYD3 expression levels in urine in

Rare Met. (2022) 41(11):3828-3838

real time to inform patients to avoid unnecessary imaging
and cystoscopy.

To further prove the reliability of the fluorescent
biosensor as a clinical tool in UC diagnosis, the sandwich
bioassay results for 21 urine samples were compared with
ELISA assay. The schematic diagrams of two methods to
detect FXYD3 in urine are shown in Fig. 6a, b. Firstly, the
standard curve of FXYD3 obtained from ELISA kit is
shown in Fig. 6¢c. Then the Passing—Bablok regression
analysis revealed a slope of 1.008 (95% confidence interval
(CI), 0.98 to 1.03) and an ordinate intercept of 0.02 (95%
CI 0.02 to 0.07) in Fig. 6d and Table S1. And the good
conformity between two methods (P =0.7) further
demonstrated that the reliability of this fluorescent
biosensor. In addition, Bland—Altman plot showed the 1/21
(< 5%) of points were outside of 95% limits of agreement,
indicating the excellent conformity between two methods
once again (Fig. 6e) while compared with ELISA assay,
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Table 2 Behavior of cystoscopy, pathology and FXYD3 in detecting UC

Patients Number  Cystoscopy Pathology FXYD3 ELISA assay /  Fluorescence assay /
(ng-mi~") (ng-mi~")
High grade UTUC 1 Positive Positive Positive 74.70 74.02
2 Positive Positive Positive 21.80 20.22
3 Positive Positive Positive 30.07 28.48
4 Positive Positive Positive 93.54 95.42
High grade bladder cancer 1 Positive Positive Positive 11.66 10.66
2 Positive Positive Positive 85.38 84.48
3 Positive Positive Positive 50.14 51.50
4 Positive Positive Positive 93.50 92.90
5 Positive Positive Positive 73.14 71.20
6 Positive Positive Positive 12.96 14.00
7 Positive Positive Positive 14.82 13.68
Low grade bladder cancer 1 Positive Positive Positive 3.18 3.74
2 Positive Positive Positive 7.17 6.54
3 Positive Positive Positive 15.45 16.22
Prostate cancer 1 Negative Negative Negative 2.02 1.98
Adrenal adenoma 1 Negative Negative Negative 1.15 1.04
2 Negative Negative Negative 1.24 1.24
Renal tumor 1 Negative Negative Negative 0.25 0.24
Pelvic tumor 1 Negative Negative Negative 0.87 0.82
Cystitis 1 Positive Negative Negative 1.19 1.34
2 Positive Negative Negative 0.21 0.20
High grade UTUC (postoperative) 4 Negative Not available  Negative 0.55 0.52
a ™ b \‘ ° N 5
(VB substrate \ A
| ¥ | ';:. | l Ab2@QDs / Au NRs@Ab1 ¢ ¢
Stop( Split tumor Eell R if ! A
;- Centrifugatign " !
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Y Capture  pyypgly Biotn- - @@ HRP- g Urine FXYD3 released into urine  Fluorescence enhancement
antibody antibody streptavidin
e
c diooF T 3F
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Fig. 6 a, b Schematic diagram of detecting FXYD3 by ELISA and this fluorescence biosensor; ¢ standard curve of FXYD3 assay
obtained by ELISA kit; d, e Passing—Bablok regression analyses and Bland—Altman plot between ELISA Kit and fluorescence analysis
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our method improved the detection speed and accuracy. In
summary, this fluorescent biosensor enables real-time rapid
and accurate monitoring of FXYD3 expression levels in
urine for cancer determination, tumor-grade classification
and postoperative monitoring.

4 Conclusion

In summary, we developed a simple fluorescent biosensor
for fast and accurate detection of FXYD3 in the urine of
cancer patients by plasmon-enhanced fluorescence. A good
linear relationship was obtained between the concentra-
tions of FXYD3 in the range of 0.25-150 ng-ml~"', with a
detection limit of 0.2 ng-ml~". All results demonstrate the
high sensitivity, specificity and accuracy of this simple
fluorescent biosensor. Importantly, the approximate results
obtained with 21 urine samples by the ELISA kit and this
fluorescent biosensor endows it with certain practical
potential. Namely, this fast, ultrasensitive and precise flu-
orescent biosensor is expected to be used for UC screening,
tumor-grade classification and postoperative monitoring.
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