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Abstract

In this work, we report a novel electrochemical inmosensorbased on gold nanoparticles deposited
on the surface of graphene layers to detect pmstmcific antigen (PSA), a valuable biomarker for
early detection of prostate cancer. The biosensw fabricated using gold nanoparticles supported
graphene oxide (Au-GrO) nanocomposite on platinleoteode and was used for immobilization of
monoclonal anti-PSA antibody via EDC/NHS couplingthod. To confirm the functionality of the
antibody, we performed immunofluorescence stainisgpg human normal prostate epithelial cells,
RWPE-1. Scanning Electron Microscopy (SEM), cycligltammetry, and other electrochemical
techniques were used to characterize the resudtanirode surface. We found that Au nanoparticles
on the electrode surface with a spherical shapettaidsizes of diameters were in the averagerange
of 50-100 nm with a quite symmetric distribution graphene layers.Unlike the previous research,
this novel immunosensor functions very well withow detection limit of 0.24 fgmt at signal to
noise ratio of 3; furthermore, it exhibits a sigraitly increased electron transfer and high sertgit

of 5.4 pA fgmL'with regression coefficient (R2 = 0.99) toward PSAe immunosensor was verified
for selective and accurate detection of PSA in hhuserum with recovery of 97.67 %. Overall, data
suggested that our developed biosensor holds greatise as auseful alternative diagnostic tool for

the detection of different cancer biomarkers, irtipalar PSA present in biological samples.

Keywor ds: Prostate-specific antigen, Immunosensors, Electnmatal Impedance Spectroscopy,
Gold nanoparticles and Graphene oxide.

1. Introduction



Prostate cancer (PCa) is the second most commae azucancer and the sixth leading cause of
cancer death among men worldwide. The worldwide B@den is expected to increase to 1.7 million
new cases and 499,000 new deaths merely due @rakhgah and aging of the global population [1],
whereas the incidence rates of PCa vary by mone Biafold across the world, particularly the
highest rates in North America, Western and NortHeurope. The major concern for increasing the
incidence as well as cancer related death due t@valable any reliable diagnostic and detection
technologies to detect indolent from aggressive. KIthough there has been intense debate to use
human prostate-specific antigen (PSA) test as andmker for the detection of PCa due to

unacceptably high rates of false positive resiilts,still widely used as screening tools.

PSA, also known as kallikrein 3 (hK3) is androgegulated serine proteases secreted by prostatic
glandular epithelial cells. Malignant prostate lpgital cells secrete PSA (above the normal range 4-
10 ng mL-1), which is detectable in serum and delyi used in routine analysis in medical practse i
Enzyme-Linked Immunoabsorbent Assay (ELISA), ascieening tool for the early detection of
prostate cancer as well as to monitor for recueeasfcthe disease [2].Despite the several analytical
detection methods used for screening of PSA, ranfyom optical, frequency to mass, widely used
immunofluorometric assay for the detection of P$Aserum due to low detection limit, high
selectivity, and accuracy, but it is quite expeasand time consuming [3].Recent studies also
reported that the secretion of PSA is affected blarge number of factors, such as several
physiological and pathological conditions. Moregveeveral types of non-carcinoma prostate
epithelial cells also can express PSA, dependinthein microenvironment [4]. Therefore, due to its
significant variability, it is important to have @agate, sensitive and reliable methods for deteatio
PSA within a broad range of protein concentratidnghis regard, biosensor may be the important

rapid screening tools for early diagnosis of PSA.

Recently, electrochemical biosensor for screenihB®A has gained much attention due to its high
sensitivity/selectivity, and longer stability. Mopeecisely, gold nanoparticles (AuNPs) have reakive
remarkable attention in different bio-affinity agsadue to its unique physical and chemical
properties, such as easily controllable size dhstion, long-term stability, superior conductivity,
large surface area, and biocompatibility [5]. Indiéidn, the attachment of catalytic nanoparticles,
such as gold, platinum, or silver, could furthecrease the electrocatalyticactivity of these gri@phi
sheets [6]. Still, there is a significant challerigecontrolling the uniformity of metal nanopargcl
decoration on the graphene surface and espedialgttength of the attachment between the organic
and the inorganic nanostructure. Moreover, oxidifath of grapheme or graphene oxide (GO), 2D
structured material with a large surface area §#,hlso emerged as an alternative to graphene for
selected applications, due to its low cost, prdduactscalability, ease of processing and good

compatibility. Therefore, most graphene-based caitg® are prepared from graphene oxide (GrO)



[8]. Electrochemical synthesis of gold nanopartmglaphene composites has recently gained
significant attention because of its simplicity agdeen characteristics. However, very recently
reported an approaches whereby chloroauric acid ggaphene oxide were co-reduced by cyclic
voltammetry to prepare a gold nanoparticles-graphmmposite [9]. Therefore, in order to provide
large surface area with its high sensitivity asraproved effective immunosensors, it is important t
use the nanocomposite of Au nanoparticles (NP)rdézd on graphene oxide (Au-GrO) as a sensor

platform as shown in the schematic diagram of Fdur

Therefore, the aim of this study was to develomwa tost, and highly sensitive electrochemical
immunosensorto detect PSA based on gold nanopartitdposited on the surface of graphene layers
platformusing an electrochemical process. In thiskwAu-GrO electrode is functionalized with the
monoclonal antibody of PSA and thentested the &ffetess of the electrochemicalbiosensor for the
detection ofPSAiIn human serum samples and finadlgraducibility of the electrodes shown
promising results. Thus, graphene-based biosensole by electrochemical process may provide
many potential applications for the detection dfedent cancer biomarkers; in particular, PSA in

clinical settings.

2. Experimental Section:
2.1. Materialsand M ethods:

Recombinant Prostate specific antigen (PSA) prpteionoclonal anti-PSA antibody (produced in
rabbit), bovine serum albumin (BSA), and hydrogetrachloro-auratetrinydrate (HAuCI4.3H20)
were obtained from Sigma. Graphene oxide was psethdrom TCI. All other chemicals unless
mentioned were purchased from Sigma.All electroébaihmeasurements (CV, DPV and EIS) were
recorded using a model Gamry-3000 potentiostatigaistat (USA). In our studies, Ag/AgCI (in
saturated KCI) and a platinum (Pt) wire were usedederence and counter electrodes, respectively.

Scanning electron microscopic (SEM) was used witbdel Carl Zeiss SIGMA.

2.2 Cell culture Human prostate epithelial cells, RWPE-1was puretiasom American Type
Culture Collection (ATCC), USA. This cells wereogm and maintained according to the guidelines
of using appropriate culture medium supplementeti W0 % fetal bovine serum, and 1 % penicillin
streptomycin antibiotic solution at 37 °C in 5 % Z@cubator. Medium in the stock flasks was
changed every 48 hours and the cells were subredltuhen they reached 80-90% of confluence. For
our experiments, cells at a concentration of Bzdlls/well were seeded in 8-well chamber slidesand

performed the immunofluorescence staining as pusiyoused [10].

2.3. Preparation of the Gold (Au) and Au-GrOelectrodes:



The Pt electrode surface was freshly polished prioruse with 0.0m a-Al203 slurry, and
rigorously rinsed with double distilled water. Thalectrode was successively rinsed with
ultrasonicationin 98% 50, 95% ethanol and distilled water for 10 mins edolowed by dried
with nitrogen gas. SmMHAuQ@Nas prepared by dissolving into 0.5 MS3®, solution followed by
sonication for 15 mins. The working platinum eled& was then immersed into the above prepared
HAuClsolution as an electrolyte, and electrochemicabdion of gold nanoparticles was conducted
by the electrochemical scanning rangesat poteatiaD.3V to 1.2V (vs Ag/AgCl) for a selected
number of 20 cycles at scan rate of n2@/s. The electrode surface showed a very visible
yellowcolour Au filmon the surface of electrodesotigh electrochemical process; whereas 0.1 mL of
10.0 mg/mL GO suspension in 10 mL dH20 consistihd mM HAuCl,and 0.5 M HSG, followed

by sonication for 15 mins for the preparation of@&tO electrodes.
2.4 Fabrication of the PSA immunosensor

For activation of the electrode, 50uL of freshlgmared 400 mM EDC and 100 mM NHS in water
were placed onto the Au-GrO electrode and washieafter 10 mins. After activation of the electrode
surface, 5 pL of monoclonal PSA-antibody (300 pdinin 100 mM phosphate buffer (pH 7.0)
containing 0.05% Tween-20 was incubated for 5 258C for attachment onto the electrode surface.
The electrode was then thoroughly washed with 180 phosphate buffer (pH 7.0). The Au-GrO-
antiPSA antibody was then immersed for 3 minuted% BSA+0.05% Tween-20to avoid non-
specific binding of analyte onto the electrode agdin washed thoroughly with100 mM phosphate

buffer (pH 7.0)forsubsequent experimental studies.
3. Result and Discussion
3.1. Cyclic voltammetry studies

The cyclic voltammetry studies of bare platinum)(fAtodified gold (Au) and gold graphene oxide
(Au-GrO) electrodes in 100mMPBS (pH 7.4) with SmM{EN)]** solution at different scan rate
ranging from 5 to 50 mVswere studied (Figure 2). Our results revealedasigeversible diffusion-
controlled behaviour with an electron transfer pssc However, in Pt electrode, peaks were observed
at 0.27 V and reverse peak at 0.16 V; butafter miedification of Pt electrode with gold
nanoparticlessimilar peaks as Pt electrode wererebd on 0.25 V and reverse peak at 0.17 V, in
addition to another oxidation peak at 0.86 V duétio(0) to Au (lIl), and a reduction peak potential
at 0.42 V due to Au (Ill) to Au (0) as shown in &ig 3 (I, curve b). We also observed the current
characteristic of GrO in Au matrix (Au-GrO) was radhan 3 times of Au as observed in Figure 3 (|,
curve c), suggesting that GrO sheets supporteditnahoparticles have higher conductive properties,
as expected. This enhancement of current may btwike electrocatalytic effect of anAu-GrO

modified electrode may be attributed et stacking interaction and the sp2 hybridized carlyon



graphene, which makes the electron transfer faaglREF). Then we were interested to immobilize
anti-PSA monoclonal antibody onto the electroddaser. After immobilization of monoclonal anti-
PSA antibody onto the Au-GrO electrode, currenipsieas decreased from 14.QiAmVs-1 to
1.51pAmVs-1 with regression coefficient (R2 = 0.99) fimear fit due to slow redox process during
the bio-electrochemical reaction.The anodic antatiit peak currents both are linearly proportional
to the square root of the relevant scan rate (Eigutl and 1V), andAE increases with increase in
scan rate (data are not shown).We confirmed thetifumality of the antibody by performing
immunofluorescence staining using normal prostaithelial cells, RWPE-1 (Figure 4). To further
confirm the effective immobilization of antibody ton the electrode surface, we
accomplisheddifferential pulse voltammetry (DPVudies.DPV is a very useful technique for
measuring trace levels of organic and inorganiciggen which the height of the measured current is
directly proportional to the conductivity of elemtle and concentration of the corresponding analytes
[11,12].In the observed current-voltage resportse,pieak potential (Ep) can be used to identify the
species as = E1/2 -AE/2, where E1/2 is the polarographic half-wave ptig¢ andAE is the pulse
amplitude used in the DPV measurements. Resulisatedthat the addition of GrO in Au matrix
increased the current corresponding to the peadngiat as compared with that in Au matrix. For all
DPV measurements, we have used the potential rdrages-0.3 to 1.2V with 5 mV pulse height, 85
mV amplitude, and 60 Hz frequency.DPV measuremehtsare Pt, Au, Au-GrO and Au-GrO-anti-
PSA were also characterized with varying potersitans from -0.2 to 1.2 V as shown in Figure 3 II.
Overall, these two independent studies confirmedetifective immobilization of PSA antibody onto

the Au-GrO electrode surface.
3.2. Electrochemical impedance spectroscopic studies

To get the information about the stepwise assembllie immunosensor from the view of impedance
changes of the electrode surface, we performediretdmical impedance spectroscopy (EIS)
studies, whereas the semicircle diameter equaleldaron-transfer resistance (Ret). To re-confirm
the proper capturing of antibodies onto the Au-Gié€ctrode surface, we carried out EIS studies,
have shown Nyquist plots of bare Pt and modifiettebdes in the presence of 100mM (pH 7.4) with
5mM[Fe(CN)6]-3/4 solution as shown in Figure 5 heTelectron transfer resistance of bare Pt, Au,
Au-GrOwere Ret = 1.49+0.1XKk Ret = 0.343+0.03®, andRet = 0.132({+0.01 as shown in Figure
5, curve a-c respectively. However, immobilizat@ihmonoclonal anti-PSA antibody onto the Au-
GrO electrode surface shown a drastic differencelettron transfer resistance, Ret = 2.89€1 k
(Figure 5, curve d). Thisdifference of Ret may e do the immunocomplex layer on the electrode
acts as the electron communication and mass-traplsfeking layer, further insulating the conductive
support and hindering the access of redox probertwhe electrode surface. The gradually EIS

changes of the modified process prove that monatl@nti-PSA antibody are successfully



immobilized on the surface of Au-GrO electrode, atthis in good agreement with the CV and DPV

results as shown in Figure 3.

3.3. Validation of anti-PSA antibody immabilization on the Au-GrO surface by Scanning

electron microscopyand immunofluor escence studies

The surface morphology of the electrodes was exaanloy SEM, as illustrated in Figure 6. Au-
GrOshowsnumerous spherical nanoparticles on thacguiof the electrodes.Gold nanoparticles of
different sizes with diameters varying from 50 @0Inm were deposited on the surface of graphene
layers and made a large accessible surface arethdosubsequent electro-catalytic reaction of
analytes.Moreover, transformation to highly acddesilarger surface area with bright streaks
morphology is observed after immobilization of anaolonal anti-PSA antibody onAu-GrO surface
(Figure 6, II), indicating high loading of the maronal anti-PSA antibodycan efficiently interact
with the analytes in the samples. To reconfirmitmobilization of anti-PSA antibody on the surface
of Au-GrO, we performed immunofluorescence stainisgng secondary antibody of goat anti-rabbit
Alexa-fluor 594. Results shown that the dottedgratof immobilization of anti-PSA antibody onto
the electrode surface with red fluorescenceas shoviigure 6, Ill, whereas there is no detectable
signal in two negative controls of only bare eled& with secondary antibody of goat anti-rabbit
Alexa-fluor 594(Figure 6, IV) and only anti-PSA inofvilized antibody on Au-GrO(Figure 6, V),
suggesting the confirmation of the immobilizatiohamti-PSA antibody onto the Au-GrO surfaces
consistent with our SEM images. This validated wugkelectrode was used for subsequent

experiments.
4. Electr oanalyticallmmunaosensor performance

In order to determine the concentration of PSA Iivdifferential pulse voltammetry studieswere
adopted. Our results shown that the current enlnagrcein terms of oxidation peak at 0.15 V (Figure
7, ) in presence of lower to higher concentratioisPSA using developed immunosensor. The
sensitivity calculated with the calibration curviecoirrentvs PSA concentrationsranging from 0.001
fgmL™ to 0.02 pgmt* (Figure 7, Il). The detection limit for PSA wasufwl to be0.24 fgmt We

have compared our experimental data with the poslyareported literatures as shown in Table 1
5. Validation and Reproducibility characteristics of PSAimmunosensor in serum samples:

We performed with a standard method of recoverggrgage (97.67 %) to check for the existence of
interferences of PSA in serums as shown in Tabladi¢ating that there was no significant cross-
reaction of the components of the serum with thenumosensor. In this study, we obtained RSD
values for PSA in PBS and in serum were 2.43 % 28d % respectively (Table 2). The Relative

Standard Deviation (RSD) of the five measurememt$) for the electrode was 2.43 %, suggesting



the precision and reproducibility of the immunosensvas quite good.Moreover, it has shown
considerable repeatability and reproducibility d@&aure 5, II), confirming a promising alternative
approach for the direct determination of PSA indmacal fluids with minimum interferences.In order
to test the stability, we stored theimmunosensdraE for two weeks. After a storage period, the

immunosensor still retained 85% of its initial @nt response, indicating satisfactory stability.

Conclusion:

In summary, an easy to fabricate and sensitiveAD#@munosensorwas developed to detect PSA
with an Au-GrO based PSA immunosensor employing aimfized anti-PSA monoclonal antibody
strategy. The signal amplification was achievedulgh the generation of large surface area by
electrochemical process on the electrode surfabe. @Biosensor showed excellent selectivity and
satisfactory stability and also shown a low deteclimit of 0.24 fgmL* at signal to noise ratio of
3.The performance and effectiveness of the PSA inusensor were evaluated in the serum. We also
found satisfactory selectivity, reproducibility, castability of this immunosensor.We anticipate that
this high sensitive and selective biosensor hagnpial to be applied in clinical applications.
Moreover, this biosensor may serve as a usefulndstie tool for accurate quantification of other
proteins by simply changing the respective antieedind has the potential future for reliable point-

of-care cancer diagnostics.
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Figure captions:

Figure 1.Schematic illustration of the fabrication proceses &n electrochemical sensor (Au-GrO)
based on Monoclonafti-PSA antibody immobilized on AuGrO electrode.

Figure 2. Cyclic voltammograms of (I) Pt (II) Pt-Au; (III) tFAU-Gro(1V) Pt-Au-GrO-monoclonal
anti PSA antibody electrodes in PBS (100 mM, pH €ahtaining 5 mM [Fe(CN)6]3-/4- at scan rate
ranges 05 mVs-1 to 50 mVs-1

Figure 3. CV of (I) & DPV of (ll) for (a) Pt, (b) Pt-Au (clPt-Au-GrO and (d) Pt-Au-GrO-monoclonal
anti PSA antibody in PBS (100mM, pH 7.4) containthg'M [Fe(CN)6]3-/4- and (lll) and (V) for
the higher potential side the dependence of reslu@nd oxidation peak current with square root of
scan rate.

Figure 4. Immunofluorescence staining of PSA (green fluozese) using monoclonal anti-PSA
antibody in human RWPE-1 cells.

Figure 5. (I) & (Il) for the lower potential side the depeamte of reduction and oxidation peak
current with square root of scan rate; (lll) EISqNist plots of (a) Pt, (b) Pt-Au (c) Pt-Au-GrO and
(d) Pt-Au-GrO-monoclonal anti PSA antibody in PB30@mM, pH 7.4) containing 5mM
[Fe(CN)6]3-/4-; and (IV) Reproducibility of immunessor in presence of PSA concentration i.e. 5 x
10 ngmL-1.

Figure 6. Validation of anti-PSA antibody immobilization ohet Au-GrO surface. SEM micrograph
of (I) Au-GrO (II) Monoclonal anti PSA antobody orAu-GrO after immobilization.
Immunofluorescence images of immunosensor (lll) obitized with monoclonal anti-PSA antibody
on Au-GrO (red fluorescence), whereas two negatiostrols of (IV) only bare electrode with
secondary antibody of goat anti-rabbit Alexa-fl&®4 and (V) only anti-PSA immobilized antibody
on Au-GrO.

Figure 7. (I) DPV plots of Immunosensor with bare electr@iel different concentrations of PSA
ranges 0.001 fgmL-1 to 0.02 pgmL-1. (ll) Calibratigplots showing current for different

concentrations of PSA 0.001 fgmL-1 to 0.02 pgmlndl amset showing the at higher magnification of
DPV curve.
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Table 1. Summary of the various metal/metal oxide nanoglagiand metal composites based PSA
immunosensor reported in the literature, along withexperimental data.

SNo. | Electrode Range LOD Ref.
1. (MWCNTs-PAMAMY 0.001 to 30 ng mt 0.7 pg mL* 24

2. MWCNTs-AuNPS 1.0 pgml' to 10.0 ng mL’ | 0.40 + 0.03 pg mLt | 25

3. GO-GQDs@Ag 1 pg mL*to 20 ng m* 0.3 pg mL* 26

4. Ag@Pb(I1)$-CD* 0.001-50 ng mtt 0.34 pgml* 27

5. KNbO3-Au 0.005-5 ng mt* 3 pg mL* 28

nanoparticles@Bi2S3

6. rGO-MWCNT-PH 0.5 pgmL'to 15 ng mL* 0.17 pgml* 29

7. NPG-HSM$ 0.01-10 ng mL* 6.00 pgmL* 30

8. Au-chitosah 5.0 to 30 ng mL: 1.0 ng m* 31

9. Pt@AUNP's 0.02 to 2.5ng miL. 0.017ng mL* 32

10. | AU@PtNHS 5-500 pgmL’ 2.9 pgml* 33

11. | CuSNPS 0.5 pgml*to 50 ng mL* 0.1 pgmL* 34

12. | Au-GrO 0.001 fgmt: to 0.02 pgmL | 5.4fgmL™* Present

! Work

*Multiwalled carbon nanotubes/poly(amidoamine) déndrs nanohybrids
®Multiwall carbon nanotubes (MWCNTS)/gold nanopdetic

‘Graphene oxide quantum dots@silver core-shell ngatads

Ysilver nanoparticles-doped Pb (II) metal-organanfework
*potassiumniobate-Au nanoparticles@bismuthsulfidd{@3—-Au NPs@Bi2S3)
'reduced graphene oxide-multiwalled carbon nanopaledium nanoparticle (NP) nanocomposite
nanoporous gold (NPG) and hollow mesoporous silizaospheres (HSMs)
"Nano-Au Modified Chitosan Membrane

'Platinum supported gold nanoparticles

!(gold core)@(platinum shell) nanohybrids

*CuSnanoparticles

Table 2.Percentage recovery of PSA in serum samples basBiP¥ measurements (n = 5) using our
developedmmunosensor

Concentration Current lA) (n=5) Average| SD RSD ¢
PSA in PBS (5 x 1&fg mL™) 113.8,115.7, 118.5, 116.3, | 116.0 1.68 2.43
115.7
PSA in Serum (5 x I8fgmL™") | 112.1, 115.0, 115.1, 108.2, | 113.3 3.30 2.91
116.5
Recovery = 97.67%




