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ARTICLE INFO ABSTRACT

Keywords: Prostate Cancer Associated 3 (PCA3) as a promising biomarker to replace serum prostate-specific antigen (PSA)
Graphene oxide for differential diagnosis of benign and malignant prostate diseases. However, the detection of PCA3 in urine
94RT-PCR requires the collection of digital rectal examination (DRE) urine, which limits the application of PCA3 in
Prostate Cancer Associated 3 . . s . .

Noninvasive screening prostate diseases. In the present study, a new reverse transcription quantitative real-time polymerase

chain reaction (qQRT-PCR) method was developed for PCA3 detection in non-DRE urine. The method uses the
nanomaterial Graphene oxide (GO) to effectively prevent nonspecific amplification in qRT-PCR. GO-based qRT-
PCR produced no nonspecific amplification. Receiver operating characteristic curve (ROC) results showed that
the area under curve (AUC) of PCA3 to discriminate normal control subjects from prostate cancer (PCa) was
0.869 (95% confidence interval [CI], 0.689-1.000), and using 2.711 as the cutoff value of PCA3, the sensitivity
was 81.8% and the specificity was as high as 88.9%. For prostatitis (PTIS) and PCa, the AUC value of PCA3 to
distinguish them was 0.636 (95% CI, 0.396-0.877), with 81.8% sensitivity and 58.3% specificity. Compared with
the 8.3% specificity of PAS, the specificity of PCA3 was improved by 50%, which suggested that PCA3, in non-

Prostate diseases

DRE urine, has a significant potential application in the differential diagnosis of prostate diseases.

1. Introduction

The prostate gland, as an important component of the male repro-
ductive system, plays a crucial role in male fertility. Several benign and
malignant prostate diseases, including prostatitis (PTIS) and prostate
cancer (PCa), can not only lead to impaired male fertility but also
threaten the life and health of men. PTIS, the most common urological
disease among men aged < 50 years, is considered the most significant
factor of infertility (Wagenlehner et al., 2013). By contrast, PCa, a ma-
lignant tumor that develops in the prostate epithelium, is one of the most
common malignant tumors of the male reproductive system. Although
PTIS is benign, PCa is malignant and poses a serious threat. At present,
they are primarily screened based on abnormal serum prostate-specific
antigen (PSA) levels (Vickers et al., 2013), and final diagnosis is made
via a puncture biopsy of the prostate. However, both PTIS and PCa result
in elevated PSA levels (Robles et al., 1988). The positive diagnostic rate

of a puncture biopsy for prostate cancer is approximately 21 % based on
a PSA threshold of 4 ng mL™}, suggesting that negative biopsies are as
high as 60 %-75 % (Attard et al., 2016; Matlaga et al., 2003). Thus, an
inessential puncture biopsy, which is an invasive procedure, increases
pain and risk of infection in patients. Therefore, there is an urgent
clinical need for new biomarkers that are more tumor-specific and
suitable for the mass screening of prostate diseases to reduce unnec-
essary puncture biopsies. Because of the location of the prostate gland,
tumor cells are shed and their associated tumor biomarkers are excreted
in the urine (Mengual et al., 2016), offering the possibility of noninva-
sive mass screening.

Prostate Cancer Associated 3 (PCA3) is a long-stranded noncoding
RNA. It is present in 95 % of PCa tissues and significantly overexpressed
in malignant cancerous tissues. Previous analyses found that PCA3 levels
were 10- to 100-fold higher in PCa than in nonmalignant prostate tissues
and that PCA3 was not detected in any other normal human tissues
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(Hessels et al., 2003). Moreover, PCA3 expression does not appear to be
greatly affected by patient age, inflammation, trauma, or prostate vol-
ume (Truong et al., 2013), suggesting that it is a possible marker for the
differential diagnosis of prostate diseases. Based on the exponential
amplification capability of polymerase chain reaction (PCR), trace
amounts of nucleic acid markers can generate a large number of copies
for analysis. However, when it is present in urine at a concentration of <
10 copies, it is undetectable, yielding a false-negative result (Huskova
etal., 2020; Hendriks et al., 2016). At present, to improve the sensitivity
of PCA3 detection, urine is usually collected after digital rectal exami-
nation (DRE) (Hessels et al., 2003). DRE varies according to the clini-
cians’ procedure maneuvers and causes discomfort to the patient,
restricting the clinical application of PCA3.

Graphene oxide (GO) is a carbon nanomaterial with a two-
dimensional structure that has the ability to adsorb nucleic acids via
the n-x stacking effect (Novoselov et al., 2004; He et al., 2022), enabling
it to serve as a good nucleotide carrier (Lei et al., 2011; Hsieh et al.,
2015). GO has been reported to protect nucleotides from degradation
(Lu et al., 2010). As a derivative of graphene, GO has a large specific
surface area and more oxygen-containing functional groups, such as the
hydroxyl, carboxyl, and epoxy groups, compared with graphene (Dreyer
et al., 2010; Hummers and Offeman, 1958). These groups can interact
with positively charged species such as metal ions and polymers (Mishra
and Ramaprabhu, 2011; Yang et al., 2010), making them common in
drug delivery (Zhang et al., 2010), biodetection (Choi et al., 2014; Sun
et al., 2008), bioimaging (Sun et al., 2008), sensors (Lin et al., 2012),
antimicrobial compounds, and pathogenic bacteria detection (Abdel-
hamid and Wu, 2013; Shahnawaz et al., 2015). Oxygen-containing
functional groups also make GO significantly more hydrophilic, form-
ing stable aqueous colloids in aqueous solutions (Dreyer et al., 2010).
The present study used GO prepared via the modified Hummers’ method
with improved water solubility and larger sp? size (Hummers and
Offeman, 1958). Therefore, in this study, a GO-based qRT-PCR system
was developed to detect PCA3 expression in non-DRE urine for prostate
disease screening. Moreover, the role of GO in this method was evalu-
ated, which may contribute to the application of carbon nanomaterials
in diagnostics in the future.

2. Materials and methods
2.1. Materials

Graphite (crystalline powder, 100 mesh) was purchased from Qing-
dao Laixi Colloidal Graphite Factory (Qingdao, China). potassium ni-
trate (KNOgs), Potassium permanganate (KMnO4), 98 %sulfuric acid
(H2S04), and 30 % hydrogen peroxide (H202) were afforded by Chengdu
Kelong Chemical Reagent Factory (Chengdu, China). The 3500 Da
dialysis bag was purchased from Shanghai Yuanye Biological Science &
Technology Company (Shanghai, China). Trizol™ Reagent was pur-
chased from Thermo (USA). TransScript® First-Strand ¢cDNA Synthesis
SuperMix and Perfect Start™ II probe qPCR SuperMixUDG were affor-
ded by TransGen Biotech (Beijing, China). All primers, probes, and
ssDNA templates were synthesized by Shanghai Sangon Biological Sci-
ence & Technology Company (Shanghai, China). The ultrapure water
(>18 MQ x cm resistivities at 25 °C) was used to prepare all aqueous
solutions. All the reagents used in this study were of analytical reagent
grade.

2.2. Synthesis and characterization of GO

Using an analytical balance, one part of 3.000 g KMnOy4, one part of
0.5000 g graphite powder, and two parts of 0.5000 g NaNO3 were
weighed. First, NaNO3 was separately stirred with 98 % H2SO4 in two
beakers (A and B) at 25 °C. Second, KMnO4 was slowly added to beaker
A and stirred well at 25 °C to prepare MnO7 solution. At the same time,
graphite powder was added to beaker B and stirred well. Finally, the
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MnO4 solution was slowly added into beaker B to obtain the manganese-
embedded graphite. GO stock solution was obtained by adding 30 %
H,0, to the manganese-embedded graphite. The ratio of sp? to sp°,
which is related to the adsorption and hydrophilicity of GO, was
adjusted using the volume of HyOs.

The GO stock solution was used for transmission electron microscopy
(TEM) (Tecnai G2 F30, FEI, USA), atomic force microscopy (AFM)
(Dimension Lcon, Bruker, Germany), and ultraviolet-visible (UV-vis)
absorption spectra analysis (MAPADA UV6300 UV-visible spectropho-
tometer, Mapada, China). The freeze-dried GO powder was subjected to
Raman spectroscopy (Renishaw in Via, Renishaw, UK), X-ray photo-
electron spectroscopy (XPS) (Escalab 250XI, Thermo, USA), and Fourier
transform infrared spectroscopy (FT-IR) spectra analyses (iS10 FT-IR
spectrometer, Nicorette, USA).

2.3. Establishment of GO-based qRT-PCR system

The TagMan probe real-time fluorescence quantitative PCR was used
for experiments (TL 988, Shaanxi, China). Probes were designed using
Primer Express 3.0.1 software and assessed via NCBI Blast. Primers were
designed from previous studies (Htoo et al., 2019). All primers, probes,
and ssDNA templates were synthesized by Shanghai Sangon Biological
Science & Technology Company (Shanghai, China). The primer se-
quences are shown in Table 1. The 25-uL. GO-based qRT-PCR system
comprised 12.5 pL Perfect Start™ II probe qPCR SuperMix UDG, 0.5 pL
10 uM probe, 0.5 pL 10 uM R-primer, 1 pL F-primer mixture, 1 pL. cDNA,
and 9.5 pL ddH3O. First, the 10 uM F-primer and diluted GO were
incubated at a ratio of 1:1 (control group used ddH,0 instead of diluted
GO) at 58 °C for 40 min. Second, the mixture was centrifuged at 13,400
x g for 5 min to remove the upper GO layer that did not adsorb the
primer (1/2 of total volume of the mixture). Finally, 1 uL of the mixed
substrate mixture was collected and added into qRT-PCR with the
following reaction sequence: denaturation at 94 °C for 30 s, followed by
45 cycles of 94 °C for 5 s and 58 °C for 30 s.

After development, the GO-based qRT-PCR system was optimized.
First, the sheet size of GO was adjusted by subjecting the GO stock so-
lution to different ultrasound time periods (5, 10, 15, 30, and 60 min).
After determining the optimum ultrasonic time of GO, the GO concen-
tration-absorbance standard curve was established and the optimum
working concentration of GO was screened using a series of stock so-
lution dilutions to obtain different concentrations (4.01, 5.33, 6.67,
16.00, and 80 pg mL_l).

2.4. The specificity and sensitivity of GO-based qPCR

To test the sensitivity and specificity of the GO-based qRT-PCR sys-
tem, synthetic ssDNA was diluted into several concentration gradients,
which were then detected using conventional qRT-PCR and GO-based
qRT-PCR. The cDNA synthesized via reverse transcription from the
urine of patient with PCa was used as a template for qRT-PCR reaction,
and the products were analyzed using 1.5 % agarose gel electrophoresis.

2.5. Go-based qRT-PCR assay using non-DRE urine

Random urine (50 mL) was collected from patients after obtaining

Table 1
Primers and probes used in this study.
Name Sequence (5' — 3)
PCA3 F-primer GCTGACTTTACCATCTGAGG
PCA3 R-primer GATCTCTGTGCTTCCTTTTG
PCA3 Probe HEX-AATTAACATCACTAGAAACAGCAAG-BHQ1
GAPDH F-primer CAGCCTCAAGATCATCAGCA
GAPDH R-primer TGTGGTCATGAGTCCTTCCA
GAPDH Probe HEX-ATACCAAAGTTGTCATGGATGACCT-BHQ1
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their written informed consent at the 416th Nuclear Industrial Hospital
(Chengdu, China) from April 2023 to September 2023. The inclusion
criteria of subjects were as follows: abnormalities detected via DRE;
serum PSA level of > 10 ng mL "}, 4 ~ 10 ng mL~! with free to total PSA
(f/t PSA) of < 0.16, or PSAD of > 0.15ng mL™'; and diagnosis confirmed
using puncture biopsy. The exclusion criteria included patients with any
previous history of prostate electrosurgery, recent prostate drug treat-
ment, or other serious systemic diseases. All patients were Chinese.

The collected urine was centrifuged at 13,400 x g for 20 min at 4 °C.
The supernatant was discarded, and 1 mL of Trizol™ reagent was added
to the urinary sediment, followed by storage at — 80 °C until RNA
extraction. The above thawed mixture was transferred to a 1.5 mL EP
tube, incubated for 5 min at 25 °C. Next, 0.2 mL of chloroform was
added, securely capped the tube, then thoroughly mixed by shook for 15
s and incubated at 25 °C for 5 min. Followed by centrifuged at 13,400 x
gat 4 °C for 15 min. Transferred 0.4 mL of the aqueous phase to a new
1.5 mL EP tube. Then, added 0.4 mL of isopropanol and incubated at
—20 °C for 20 min before centrifuged at 13,400 x g at 4 °C for 10 min.
Discarded the supernatant and washed the sedimentation with 1 mL of
75 % ethanol, vortex the sample briefly, then centrifuged for 10 min at
7500 x g at 4 °C. Finally, discard the supernatant and air dried the RNA
pellet for 5 min. Resuspended the pellet in 20 uL of RNase-free water.

ND5000 ultra-micro UV-vis spectrophotometer was used to evaluate
the extracted RNA. The validated RNA was reverse-transcribed to cDNA
using TransScript® First-Strand ¢cDNA Synthesis SuperMix. cDNA was
used in the subsequent qRT-PCR reaction. GAPDH, as the internal
reference gene, was used in clinical samples to normalise the test for the
number of prostate cells in the urine sediment. whereas ddH,O and
synthetic ssDNA were used as the template for the negative and positive
controls, respectively. This optimized GO-based qRT-PCR was used to
detect the relative expression of PCA3 non-DRE urine.
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2.6. Function of GO in qRT-PCR

The F-primer was mixed with the high (80 ug mL™') and optimal
concentrations (6.67 ug mL™!) of GO at a ratio of 1:1 and incubated at
58 °C for 40 min; the control contained ddH,O instead of GO. The
mixture was then centrifuged at 13,400 x g for 5 min. The supernatant
(1/2 of the total volume) was aspirated for detecting primer concen-
tration by ND5000 ultra-micro UV-vis spectrophotometer. The lower
part of the mixture was used for qRT-PCR. Moreover, the products of
conventional qRT-PCR and GO-based qRT-PCR were analyzed using 1.5
% agarose gel electrophoresis.

2.7. Data analysis

Data are presented as mean + standard deviation. The relative
expression of PCA3 was analyzed via 2722, and differences in the
relative expression of PCA3 among normal subjects, patients with PTIS,
and those with PCa were analyzed using one-way analysis of variance.
Biomarker diagnostic sensitivity, specificity, accuracy, and area under
the receiver operating characteristic (ROC) curve (AUC) were calculated
via the ROC curve. Maximization using the Jordon’s index (specificity +
sensitivity — 1) was used to calculate the cutoff value of PCA3. All data
were analyzed using the SPSS statistical package (Version 23.0; IBM
Company, Chicago, IL, USA).

3. Results
3.1. Characterization of GO

AFM indicated that the size of the synthesized GO was approximately
2 x 1.2 ~ 3.07 x 2.13 pm and the thickness was about 0.5 ~ 1.7 nm
(Fig. 1A). The internal structure of GO was detected using HR-TEM
(Fig. 1B): the regular lattice dark regions were the functional sp? re-
gions and the disordered bright regions were the sp® regions. The sp?
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Fig. 1. Characterization of GO. (A) AFM image. (B) TEM image. (C) UV — vis absorption spectrum. (D) FT-IR spectra. (E) Raman spectrum. (F) High-resolution XPS

Cls spectra.
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region lattice spacing was approximately 0.23 nm, which is consistent
with a previous report (Hu et al., 2021). The UV-vis spectra demon-
strated a main absorption peak at 230 nm, which is caused by the
characteristic n-1* conjugated system structure (C = C) of GO. The n-t*
leaps of carbonyl (C = O) or carboxyl (-COOH) group produced a
shoulder peak at 303 nm (Fig. 1C). According to FT-IR (Fig. 1D), the
vibrational absorption peak caused by the hydroxyl group (-OH) and the
deformation absorption peak were detected at 3396.76 cm™! and
1384.45 cm ™!, respectively. The vibrational absorption peak detected at
2339.98 cm ! was caused by the carbonyl group (C = O) and the epoxy
group at 1278.62 cm™! (C-0). The stretching vibration peak detected at
1089.65 cm ! was caused by the alkoxy group (C-O), and the vibration
absorption peak detected at 1627.01 cm™' was caused by (C = C).
Finally, the peak at 1627.01 cm ™! was the deformation vibration peak of
adsorbed water molecules, and these oxygen-containing groups made
GO extremely water soluble. Raman spectroscopy showed that the
synthesized GO contained the characteristic peaks D and G at 1349.16
em~! and 1605.60 cm’l, respectively, and that the Ip/Ig (used to
characterize the sp®/sp? bond ratio) was approximately 0.82 (Fig. 1E).
The XPS of GO showed that C1s comprised five peaks located at 289.08
(0 = C-0), 287.88 (C = 0), 287.08 (C-0), 285.48 (C-C), and 284.68 (C
= Q) (Fig. 1F).

3.2. Establishment and optimization of GO-based qRT-PCR system

The volume of added H,0, was adjusted (5 or 10 mL) to prepare two
types of GO (GOs 1, and GO 10m1). GOs 1, was found to reduce Ct value
more effectively (Fig. 2C). TEM revealed that GOs ;. had a large sp® area
(Fig. 2A). Meanwhile, the Raman image showed that GOs ,;, had a D
peak of 1527.72 a.u. and an Ip/Ig of 0.82, whereas GO ¢ 1, had a D peak
of 1508.22 a.u. and an Ip/Ig of 0.69 (Fig. 2B). These results indicated
more oxidized groups on the surface of GOs p1.. Second, the results of the
GO lamellar size exploration showed that the best effect of GO lamellar
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size was observed under sonication for 15 min (Fig. 2D). Finally, the
results of several GO dilutions showed its optimal working concentra-
tion at 6.67 pg mL ™! (Fig. 2E). The optimized GO-based qRT-PCR could
reduce the Ct value by approximately 1.5 relative to conventional RT-
PCR (Fig. 2F).

The results of conventional qRT-PCR and GO-based qRT-PCR for the
different concentrations of ssDNA showed that the detection range of
conventional qQRT-PCR was 10° ~ 10! copies pL ™!, with a linear rela-
tionship within 10 ~ 10! copies pL™!; the coefficient of determination
was 0.95. By contrast, the detection range of GO-based qRT-PCR could
reach 10° ~ 10° copies uL.™}; the coefficient of determination was 0.92.
(Fig. 2G). Agarose gel electrophoresis confirmed that GO-based gRT-
PCR produced no nonspecific amplification, whereas conventional qRT-
PCR generated apparent nonspecific amplification (Fig. 2H).

The designed PCA3 primers detected the PCR amplification product
of 167 bp PCA3 only in LNCaP and VCaP cell lines, whereas no ampli-
fication was observed in RWPE-1, K562, and MDA-MB-436 cell lines
(Htoo et al., 2019; Yamkamon et al., 2020).

3.3. Relative expression of PCA3 in different prostate diseases

A small sample volume (n n¢c = 1, n pyis = 1, 0 pcyg = 1; Notes: NC,
normal control.) was used to perform a preliminary investigation into
the relative expression differences of PCA3 in non-DRE urine. A patient
underwent puncture biopsy as their plasma PSA level was > 4 ng mL ",
The HE staining of the biopsy revealed abnormal structures and CK
positivity, suggesting intact basal cells of the glandular follicles and PTIS
(Fig. 3A-C). The GO-based qRT-PCR results demonstrated a 46-fold
relative expression of PCA3 compared with NC (Fig. 3I). HE staining
in the tissue of a patient with PCa revealed anisotropic cells and an
abnormal alveolar structure. PSA positivity confirmed the tissue as
prostate, Ki67 positivity indicated cellular proliferation, and CK nega-
tivity suggested the absence of basal cells, which led to the diagnosis of
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Fig. 3. Histopathologic images of the prostate tissue and qRT-PCR assay. (A) HE-stained pathological images of prostate tissue with PTIS. (B) Immunohisto-
chemical staining of CK (HMW) of prostate tissue with PTIS. (C) Amplification curves of PCA3 and GAPDH genes in PTIS urinary sediment by GO-based qRT-PCR (D)
HE-stained pathological images of prostate tissue with PCa. (E) Immunohistochemical staining of CK(HMW) of prostate tissue with PCa. (F) Amplification curves of
PCA3 and GAPDH genes in PCa urinary sediment by GO-based qRT-PCR. Immunohistochemical staining of PSA (G) and Ki67 (H) of prostate tissue with PCa. (I)
Relative expression of PCA3 in Nor-DER urine of different subjects (n nc = 1, n pris = 1, n pca = 1; Notes: NC, normal control.).

PCa (Fig. 3D-H). The relative expression of PCA3 in this case was 58-fold
higher than that of NC (Fig. 3I). To better assess the efficacy of PCA3 in
random urine for the differential diagnosis of PTIS versus PCa, the
sample size was increased.

GO-based qRT-PCR was used to detect the relative expression levels
of PCA3 in NC (n = 9), PTIS (n = 12), and PCa (n = 11). The charac-
teristics of the Subjects were presented in Table 2. The results revealed
that PCA3 was differentially expressed in the three types of subjects (P <
0.05) (Fig. 4A). ROC curves were used to assess the diagnostic value of
PCA3 in non-DRE urine. The results demonstrated that the AUC value of
PCA3 for the differential diagnosis of NC versus PCa was 0.869 (95 %
confidence interval [CI], 0.689-1.000; sensitivity, 81.8 %; specificity,
88.9 %) (Fig. 4D). The AUC value of PCAS3 for the differential diagnosis
of NC versus PTIS was 0.713 (95 % CI, 0.491-0.935; sensitivity, 50.0 %;
specificity, 88.8 %) (Fig. 4C) and the AUC value of PCA3 for the dif-
ferential diagnosis of PTIS with PCa was 0.636 (95 % CI, 0.396-0.877;
sensitivity, 81.8 %; specificity, 58.3 %) (Fig. 4E). Considering the clin-
ical diagnostic criterion of TPSA > 4 ng mL™}, the specificity of PSA to
discriminate PTIS and PCa was only 8.3 % (1/12) in the included study
subjects (Fig. 4B), resulting in 91.7 % of patients with inflammation
experiencing unnecessary biopsy.

3.4. Chain reaction of GO to improve sensitivity and specificity of qRT-
PCR

GO-based qRT-PCR improved the detection sensitivity and specificity

Table 2
Characteristics of research subjects.

Characteristics PCa (n =11) PTIS (n = 12) NC(m=9)

Age

Mean + SD
Gleason Score
6

7

8

9

10

75£9 66 + 10 48 £ 25

=== o N

because of a combination of various factors. When the F-primer is
incubated with GO, the nucleobase of the primer that contains a benzene
ring is adsorbed perpendicularly on the surface of GO through n-n
stacking with the benzene ring in GO (Fig. 5A), which was confirmed by
the F-primer concentration in the supernatant of mix being inversely
proportional to GO concentration (Fig. 5E). The F-primer, thus adsorbed
on the surface of GO, becomes less likely to hybridize nonspecifically
with the R-primer, increasing the propensity of the template binding to
the primer and triggering the amplification reaction (Fig. 5B). However,
overabundant GO may occupy the template binding site of primer,
making the primer ineffective and preventing amplification (Fig. 5C).
Moreover, high GO concentration is more likely to collide with the re-
porter dye, quenching its fluorescence (Fig. 5D). The combined effect of
these factors prevents the fluorescence signal in a system with high GO
concentration (Fig. 5F). In the conventional qRT-PCR system, nonspe-
cific hybridization between the primers results, in part, because primers
do not bind to the template, preventing amplification (Fig. 5G). Based on
appropriate GO concentration, GO-based qRT-PCR decreased the Ct
value by approximately 1.5 compared with the conventional qRT-PCR.
Moreover, 1.5 % agarose gel electrophoresis of the PCR product
revealed clearer target bands in GO-based qRT-PCR without nonspecific
amplification (Fig. 5H).

4. Discussion

Previous reports have revealed that ssDNA can be strongly adsorbed
on the GO surface based on the strong n-r stacking effect between the
bases of ssDNA and sp2 atoms of GO (Novoselov et al., 2004; Lei et al.,
2011). During GO preparation, the added H»05 adds abundant carboxyl,
hydroxyl, and epoxy groups to the surface of GO lamellae by consuming
the sp? region, but these groups increase the solubility of GO in water
(Lu et al., 2010; Dreyer et al., 2010). Therefore, the volume of Hy05
added is critical to balance the adsorption and hydrophilicity of GO. The
study results showed that GO prepared by adding 5 mL H203 could
balance the two properties.

One critical factor for this method is the layer thickness of GO. The
study results revealed that the synthesized GO monolayer had a
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of different subjects (nn¢ = 9, npris = 12, npcy = 11; Notes: NC, normal control, *P < 0.05, NS, not significant.) The p-value is measured by a two-sided ANOVA
analysis. (B) Serum PSA concentration of patient with PTIS. (C) ROC curve of PCA3 in Nor-DER urine in distinguishing PTIS from NC. (D) ROC curve of PCA3 in Nor-
DER urine in distinguishing PCa from NC. (E) ROC curve of PCA3 in Nor-DER urine in distinguishing PCa from PTIS.
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Fig. 5. Chain reaction of GO to improve sensitivity and specificity of qRT-PCR. (A) Primers adsorbed to GO surface by n-r stacking action between Nucleobase
and benzene ring. (B) Amplification reactions for GO-based qRT-PCR with optimum concentration of GO. (C) High concentrations of GO invalidate the primer by
occupying the functional site where the primer binds to the template. (D) Amplification reactions for GO-based qRT-PCR with high concentration of GO. (E) F-primers
concentration in supernatant after F-primers and GO incubated at 58 °C for 40 min, centrifuged at 13,400 x g for 5 min. (F) Amplification curves of GO-based qRT-

PCR with different concentration of GO. (G) Amplification reactions for conventional qRT-PCR. (H) Amplification curves and agarose gel electrophoresis of GO-based
qRT-PCR and conventional qRT-PCR.
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thickness of 1 ~ 2 nm and that it was well dispersed in the aqueous
phase (Stankovich et al., 2006; Li et al., 2008). Next, the optimum
concentration of GO can adsorb the primer without occupying the
binding site of the primer and template. The appropriate concentration
at which GO maximized primer adsorption without quenching the
fluorescence of the reporter group in the system was 6.67 pg mL ™.

A preliminary exploration of the role of GO in qRT-PCR revealed that
its role can be mainly attributed to its adsorption of F-primers, which
attenuated the competitive inhibition of primers against low template
concentrations. From the amplification process, it was concluded that
the F-primers preadsorbed on the GO surface has a better dispersal in the
system and that each GO layer adsorbed with the primer is equivalent to
an independent reaction system. The adsorbed GO layer pairs with the
added templates as well as the R-primer and reduces mutual interfer-
ence. At the later stage of the amplification reaction, because of com-
plementary pairing, the nucleobases are encapsulated within the double
helix and their interaction with GO is weakened (Park et al., 2014),
thereby detaching from the GO surface. The detached dsDNA will sub-
sequently be used again as the template for the next round of amplifi-
cation reaction.

In addition to the above mechanism, there are other roles of GO in
qRT-PCR. It is well known that in each round of amplification reaction,
deoxyribonucleotide triphosphates (ANTPs) in the reaction system are
added to the 3’ end of the primer under the action of DNA polymerase
and other by-products, such as pyrophosphates (PPis), are released at
the same time. The adsorption property of GO may enable the promotion
of synthesis reaction in the positive direction through the adsorption of
PPis and other by-products. Moreover, it is possible that GO works by
adsorption and by bringing DNA polymerase, dNTPs, and other reaction
components closer to each other. However, as the qRT-PCR reaction is a
continuous and closed process, relevant evidence to prove these afore-
mentioned conjectures is lacking and will be investigated in a future
study.

5. Conclusions

The current study provided a new method to solve the problem of
nonspecific hybridization of primers in qRT-PCR and optimized the qRT-
PCR system. The GO-based qRT-PCR was used for the detection of PCA3
in non-DRE urine. The ROC results showed that the AUC of PCA3 to
discriminate NC from PCa was 0.869 (95 % CI, 0.689-1.000), and using
2.711 as the cutoff value of PCA3, the sensitivity was 81.8 % and the
specificity was as high as 88.9 %. For PTIS and PCa, which are currently
difficult to identify from serum PSA, the AUC value of PCA3 to distin-
guish them was 0.636 (95 % CI, 0.396-0.877), with 81.8 % sensitivity
and 58.3 % specificity. Compared with the 8.3 % specificity of PSA, the
specificity of PCA3 was improved by 50 %. All these results suggest that
PCA3, in non-DRE urine, has a significant potential application in the
differential diagnosis of prostate diseases.
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