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Effective treatment of ovarian cancer depends upon the early detection of the malignancy.
Here, we report on the development of a new nanostructured immunosensor for early detection
of cancer antigen 125 (CA-125). Gold electrode was modified with mercaptopropionic acid
(MPA), then consecutively conjugated with silica coated gold nanoparticles (AuNPs@Si0O,),
CdSe quantum dots (QDs) and anti CA-125 monoclonal antibody (mAb). The engineered
MPA|AuNPs@SiO,|QD|mAb immunosensor was characterised using transmission electron
microscopy (TEM), atomic force microscopy (AFM), cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). Successive conjugation of AuNPs@SiO,,
CdSe QD and anti CA-125 mAb onto the gold electrode resulted in sensitive detection of CA-
125 with a limit of detection (LOD) of 0.0016 U/mL and linear detection range (LDR) of 0-0.1
U/mL. Based on the high sensitivity and specificity of the immunosensor, we propose this
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highly stable and reproducible biosensor for the early detection of CA-125 of the disease.

1. Introduction

Development of novel ultra-sensitive biosensor(s) provides
great opportunity for quick specific sensing of cancer molecular
markers (CMMs) whose early detection is of great importance
for the success of cancer therapy.! Technically, a biosensor is
an analytical device which can translate a simple biological
function (e.g., interaction of two biomolecules) into a
detectable electrical signal. CMMs-detecting biosensors should
ideally exhibit high specificity, lower LOD and robust
performance when used for determination of the desired
biomarker(s) in biological fluids. Up until now, a large number
of investigations have been devoted for development of highly
efficient, specific and sensitive biosensors using advanced
nanomaterials (NMs) and nanoparticles (NPs).>® Yet,
biosensors remain to become substantially simplified analyzing
systems for the cost-effective and robust clinical uses. One of
the most important issue that needs to be taken into
consideration in design and engineering of effective biosensors
is the amplification of faint optical and electrochemical signals
using a diverse set of advanced NMs/NPs.”®
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Of various NMs, AuNPs and QDs have successfully been
exploited for the amplification of faint sensing signals,'*'? even
though little is known about their synergistic/additive benefits.
Various diagnostic methods have been used for detection of
CMMs involved in initiation/progression of different types of
malignancies on the basis that the earlier the detection of the
cancer, the higher the survival rate and the lower the morbidity
rate.'® Despite the importance of early detection of cancer,
however, the conventional analytical methods such as
immunoassays used for quantitative determination of CMMs in
clinic, have often failed to provide reliable outcomes. Despite
providing some benefits, an immunoassay approach appears to
be a time consuming process with poor precision and some
difficulties towards automation. Such shortcomings may be
resolved using simple and specific biosensing approaches with
real time high precision capacities.'* Among several types of
biosensors, electrochemical immunosensors appear to provide
promising features (e.g., high specificity, simplicity and
reproducibility) resulting in cost- and time-effective analysis'’.
In fact, EIS is an attractive, simple and highly sensitive
approach, by which the impedance is monitored as the
frequency function of an applied alternative voltage showing
the interfacial changes and determining the low levels of the
analyte(s) bound to the surface of immunosensor.'® To improve
the sensitivity of impedimetric biosensors, a vast variety of
advanced NMs/NPs have been exploited.!”” '* Of theses,
immobilization of biomolecules with NPs was reported to
efficiently improve the stability and to successfully preserve
the activity of biomolecules.”” Of various advanced NMs,
AuNPs that possess interesting physicochemical and
photoacoustic properties as well as potential for surface
modification (e.g., by thiol-ended entities) have been exploited
for development of biosensors. While AuNPs were reported to
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preserve the bioactivity of biological species,”® they can also
facilitate the direct electron transfer between redox species and
bulk electrode materials and thereby enable the improved
electrochemical sensing with no necessity for the electron
transfer mediators. In addition to AuNPs, QDs capped with
organic linkers have been reported to amplify the signals
generated from the EIS analysis, upon which they offer great
possibility for the covalent and efficient immobilization of
biological entities with different functional groups.'* ?!
Although the foremost hurdle in the early detection of cancer is
related to the lack of suitable CMMs, implementation of robust
sensing methods with high precision and low LOD may
revolutionize the treatment strategies of life-threatening
malignancies such as ovarian cancer. Of various oncomarkers
involved in the initiation and/or progression of ovarian cancer,
mucin 16 (MUC16 or CA-125) is a blood-circulating antigen
(Ag) which is a high molecular weight glycoprotein found on
the surface of ovarian cancer cells.”??* Given that the early
sensitive detection of CA-125 is crucial for the success of
ovarian cancer therapy, in the current investigation, we aimed
at engineering a novel highly sensitive immunosensor specific
to CA-125. To this end, we capitalised on covalent
immobilization steps to construct separation free, highly stable
and reproducible EIS-based immunosensor for highly sensitive
detection of CA-125. Our main goal was to lower the LOD of
immunosensor through simultaneous amplification of the faint
signals by silica coated AuNPs and QDs.

2. Materials and Methods

2.1 Apparatus and reagents

Electrochemical measurements were performed using
Potentiostat-Galvanostat Autolab station, Echo Chemie B.V.,
AutoLab PGSTAT302N (Metrohm Co., Schiedam,

Netherlands). All experiments were carried out using a
conventional three-electrode system, consisting of a gold
electrode (¢ = 3mm) as the working electrode, a platinum wire
as the counter electrode and Ag/AgCl (sat. KCl) as the
reference electrode. All potentials were referred to the reference
electrode. All experiments were performed at room temperature
(20 °C). All fluorescence measurements were recorded using a
RF-5301PC spectrofluorophotometer (Shimadzu Corporation,
Kyoto, Japan). UV-VIS spectroscopy was fulfilled by Cecil
7500 (Cecil instruments, Cambridge, UK). The working gold
electrode and pH Lab meter (827 models) were from Metrohm
Co. (Schiedam, Netherlands). Hydrogen tetrachloroaurate (III)
trihydrate (ACS, 99.99% metals basis, Au 49.5% min) was
prepared from Alfa Aesar®. Anti-MUC16, OCI125, antibody
(ab693) and CA-125 oncomarker were purchased from Abcam
(Cambridge, MA, USA) and Fujirebio Diagnostics, Inc.
(Malvern, PA, USA), respectively. Aminopropylsilane (APS),
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, EDAC
or EDCI), N-Hydroxysuccinimide (NHS), , L-cysteine (L-
Cys), 3-mercaptopropionic acid (MPA) and phosphate buffer
saline (PBS), sodium chloride, sulfuric acid, potassium
ferrocyanide  (K4[Fe(CN)g]), borate buffer, potassium
ferricyanide (K;[Fe(CN)g]), ethanol and trisodium citrate were
purchased from Merck Co., (Darmstadt, Germany). Cadmium
chloride, selenium, sodium borohydride, sodium hydroxide, tris
(hydroxymethyl) aminomethane, bovine serum albumin were
obtained from Sigma-Aldrich Co., (Taufkirchen, Germany).
The double distilled filtered (0.2 um) water (ddfH,O) used in
all the experiments in this study was prepared using Millipore
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Co. (Billerica, MA, USA). Sodium silicate solution was
purchased from Panreac Co. (Barcelona, Spain).

2.2 Synthesis of AuNPs

Synthesis of citrate-capped AuNPs was carried out using a
previously reported method,”™ 2* with slight modifications.
Colloidal AuNPs were prepared according to the standard
sodium citrate reduction method. Briefly, 18 mg of hydrogen
tetrachloroauric acid (HAuCl;) was dissolved in 100 mL of
boiling deionised water and then 3 mL of sodium citrate
solution (1% W/V) was rapidly added. Upon the addition of
sodium citrate, the color of solution started to change from
yellow to dark, which quickly subsequently turned into the
bluish- gray or purple within few min. The solution was boiled
for 30 min, allowing the reaction to complete and subsequently
reach ambient temperature. The final color of the solution was
deep wine-red. The solution contained NPs with an average size
range of 15 nm in diameter characterised by TEM and UV-Vis
spectrophotometry. The size and the concentration of AuNPs
were also determined directly from UV-Vis absorption spectra
using a method reported previously.?’

2.3 Preparation of AuNPs@SiO,

For the synthesis of AuNPs@SiO,, we used a simple method
reported previously,”® with some modifications. Briefly, a
freshly prepared aqueous solution of APS (0.4 mL, 1.0 mM)
was added to 100 mL of the AuNPs solution under vigorous
magnetic stirring for the attachment of amine groups onto the
surface of AuNPs. After 15 min, under vigorous magnetic
stirring, 3.2 mL of sodium silicate solution (0.54% v/v, pH 10-
11) was added to the colloidal mixture to coat an ultrathin layer
of amorphous silica on the surface of AuNPs. The resulting
dispersion (pH 8-9) was left at 80 °C for 48 h to achieve silica
shell thickness of ~2-4 nm. Afterward, to remove the unreacted
silicate, the colloidal mixture was centrifuged at 24000 xg for
30 min, avoiding further co-precipitation of silica nuclei. After
centrifugation, AuNPs@SiO, were redispersed in 100 mL
ddfH,0.

2.4 Synthesis of L-Cys capped CdSe QDs

For the synthesis of L-Cys capped CdSe QDs, we used a
versatile method previously described with  minor
modification.” Briefly, 10 mL of ddfH,O was added into flask
(I) and de-aerated with argon gas for 20 min under magnetic
stirring. The equal molar ratio of Se and NaBH, was also added
into a 100 mL round-bottom flask II, and then the oxygen free
ddfH,0O of flask (I) was added to the flask (II) to complete the
reaction at 40 °C for 30 min (reaction [1]). Also, a designated
amount of 0.02 M CdCl, and 0.0012 M L-Cys (20 mL each)
were added into another 100 mL round-bottom flask (III) and
pH of solution was adjusted at 11. This solution was also de-
aerated with argon gas for 30 min by stirring (reaction [2]).
Finally, an adequate amount of reaction [1] was added into
flask (IIT) to make the Se/Cd molar ratio of 0.75, and then the
flask (III) was sealed and refluxed for 60 min. The L-Cys
capped CdSe QDs were obtained through ethanol precipitation
(1:1 v/v) by centrifugation at 4000 xg for 5 min. The QDs were
then washed (3%) with absolute ethanol. The size and
concentration of CdSe nanocrystals were determined using a
method published previously.*

2.5 Gold electrode cleaning

The working electrodes were orderly polished by slurry
alumina (0.05, 0.3 and 1.0 um) and polishing cloth for 2 min.
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Then, the electrodes were rinsed with ddfH,O, and cleaned
ultrasonically in a 1:1 mixture of ethanol:water for 5 min to
remove the residual of alumina particles that might be adsorbed
on the surface of electrodes. To remove any possible impurities,
the electrodes were further immersed in a piranha solution (3:1,
sulfuric acid:hydrogen peroxide) for 10 min, and subsequently
rinsed with a mixture of ethanol and ddfH,O (1:1 v/v). The
electrodes were then subjected to potential cycling (0.0-1.5 V,
100 mVs ') in a 1.0 M aqueous HCIO, for 20 cycles.

2.6 Self-assembled monolayer of MPA on the gold electrode
surface

All the fabrication steps of CA-125 specific immunosensor are
schematically illustrated in Fig. 1. The cleaned bare gold
electrode was immersed in 20 mM aqueous solution of MPA
(pH 7.4; adjusted by 1.0 M sodium hydroxide solution) under
shaking (60 rpm) at room temperature and dark for 18 h.
During this period, self-assembly of MPA monolayer on the
gold electrode surface was formed through thiolation reaction
(Fig. 1, step 1).

Nanoscale

2.7 Covalent conjugation of amine-functionalized
AuNPs@SiO,

AuNPs@SiO, (4.0 mL) was first functionalised with amine
groups (Fig. 1, step 2) by treating with 100 uL of 1.0 mM APS
for 15 min, as reported previously.*' Then, the carboxyl groups
of MPA on the surface of gold electrode were activated using
EDC and NHS chemistry. Briefly, the MPA-modified electrode
was washed with ddfH,0, and then activated using EDC (20
mg/mL) and NHS (10 mg/mL) and kept under shaking (60 rpm)
at room temperature and dark for 1 h. The activated surface was
conjugated with amine-functionalised AuNPs@SiO, at room
temperature and dark overnight, forming the
MPA|AuNPs@SiO, modified gold electrode (Fig. 1, step 3).

2.8 Covalent attachment of L-Cys capped CdSe QDs to the
AuNPs@SiO, modified electrode

For the covalent binding of the acid-terminated L-Cys capped
CdSe QDs, the carboxylic groups of QDs (4 mL) were
activated using 50 pL EDC (20 mg/mL) and NHS (10 mg/mL)
in borate buffer solution (pH 9) under shaking (60 rpm) at room
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Gold electrode modified electrode modified electrode
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Fig. 1 Schematic representation for the engineering processes of CA-125 immunosensor. Step 1, the surface of gold electrode was functionalized with
mercaptopropionic acid (MPA) to present carboxylic groups. Steps 2, AUNPs@SiO, were functionalized to present amine groups. Steps 3, amine-
functionalized AUNPs@SiO2 were covalently conjugated onto the MPA modified gold electrode. Step 4, acid-terminated QDs were covalently conjugated
onto the MPA|AuNPs@SiO, modified gold electrode. Step 5, CA-125 mAbs were covalently conjugated onto the MPA|AuNPs@SiO, | QD modified gold

electrode to engineer the MPA|AuNPs@SiO,| QD | mAb modified gold electrode.

This journal is © The Royal Society of Chemistry 2012
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temperature and dark for 1 h. For the covalent conjugation of
the activated QDs, the MPA|AuNPs@SiO, modified gold
electrode was incubated with the activated QDs at room
temperature and dark overnight, forming the
MPA|AuNPs@SiO,|QD modified gold electrode (Fig. 1, step
4).

2.9 Antibody conjugation

Carboxylic functional groups of L-Cys on the surface of
MPA|AuNPs@SiO,|QD modified gold electrode was activated
using 50 pL EDC (20 mg/mL) and NHS (10 mg/mL) in borate
buffer solution (pH 9) under shaking (60 rpm) at room
temperature and dark for 1 h. For the covalent conjugation of
anti-CA-125 mAb, the activated electrode was incubated with
the mADb at room temperature and dark overnight, forming the
MPA|AuNPs@SiO,|QDImAb modified gold electrode (Fig. 1,
step 4). Furthermore, the non-specific bonding sites at the
surface of MPAJAuUNPs@SiO,/QDmAb modified gold
electrode were blocked by incubation of the electrode in 2%
BSA solution at 4 °C for 60 min.

2.10 AFM analysis

To perform AFM analysis, all the fabrication steps of biosensor
were simulated on the glass slide. First, the glass slide was
cleaned with acetone and rinsed with Milli-Q water (18.2
MegaQ-cm at 25 °C). Then, the glass slide was dried under
nitrogen flow and further necessary modifications were applied.
Firstly, the glass slide was immersed in the solution of
carboxymethyl triethoxysilane (20 mM) at room temperature
for 48 h in order to react the silane with hydroxyl groups on the
surface of glass slide. Carboxyl groups of silanizing agent at the
surface of glass were activated by EDC/NHS (1:1, 20 mM) for
1 h and reacted with amino functionalised silica coated AuNPs
at room temperature for 24 h. Secondly, using EDC/NHS (1:1,
50 uM) activation process, L-Cys capped QDs were attached to
the AuNPs@SiO, modified glass slide to form
AuNPs@SiO,|QD modified glass slide. For the conjugation of
anti-CA-125 mAb (to form the AuNPs@SiO,/QDmADb
modified glass slide), 500 pL of mAb (0.2 pg/uL) were
conjugated onto the modified glass slide using EDC/NHS
activation process through incubation at 8 °C overnight. All
AFM experiments were performed at contact mode by
Nanowizard AFM (JPK Instruments AG, Berlin, Germany)
mounted on Olympus Invert Microscope 1X81 (Olympus Co.,
Tokyo, Japan). We used silicon nitride cantilever (length of 200
pm, width of 22 pm and thickness of 0.6 um, Applied Nano
Structures, Inc., Mountain View, CA, USA) and silicon tip
(HYDRAG6V-200N, Applied Nano Structures, Inc., Mountain
View, CA, USA) with spring constant of 0.045 N/m and 17— 21
kHz resonant frequencies. All images were acquired in air at
ambient condition with the scan rate of 1-2 Hz, and processed
by image leveling to eliminate the background slope and adjust
the contrast and brightness using Nanowizard software (JPK
Instruments AG, Berlin, Germany).

2.11 Electrochemical measurements

All electrochemical measurements were performed using a PC
controlled PGSTAT302N Autolab equipped with frequency
response analyzer (FRA) module. CV and EIS experiments
were performed in the solution containing 5 mM
K;3[Fe(CN)s])/Ky[Fe(CN)g] (1:1) and PB (0.1 M, pH 7) using a
conventional three-electrode configuration system. For the CV
analysis, the potential was cycled from —0.1 to 0.6 V with the
scan rate of 100 mVs . The EIS measurements were performed
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within a frequency range of 0.1 Hz to 100 kHz at the formal
potential of redox couple Fe(CN)s **~ (0.17 V). The
impedance data were represented in the form of complex plot
(Nyquist plot), and the fitting program of AUTO-LAB (Nova
1.8) was used to analyse the impedance spectra through an
appropriate equivalent electrical circuit.

2.12 Characterization of immunosensor by CV and EIS
analyses

The fabrication process of CA-125 specific immunosensor in
each step was evaluated by CV and EIS analyses. The surface
of working electrode monitored by CV and EIS analyses in
each step of modification included bare gold electrode, MPA
modified gold electrode, MPA|AuNPs@SiO, modified gold
electrode, MPA|AuNPs@SiO,|QD modified gold electrode,
MPA|AuNPs@SiO,|QD|mAb modified gold electrode and Ag
incubated electrode (MPA|JAuNPs@SiO,/QDmAb modified
gold electrode interacted with CA-125 molecules.

2.13 Specificity of the biosensor

In order to investigate the specificity of the prepared CA-125
specific immunosensor, EIS analysis was conducted to measure
the response of immunosensor towards its cross reactivity with
other ovarian cancer markers including carcinoembryonic Ag
(CEA, 50 ng/mL) and a-1-fetoprotein (AFP, 50 ng/mL) in the
presence/absence of human albumin serum (HSA, 10 mg/mL)
in comparison with CA-125.%

2.14 Stability and reproducibility of the biosensor

The stability assessment of the immunosensor was carried out
by recording the R, values at a fixed concentration of CA-125
(50 mU/mL) for a designated period of 1-3 weeks. For the
physicochemical stability assessment, the immunosensor was
stored in 10 mM PBS buffer solution and 0.1% sodium azide at
4 °C. The reproducibility of CA-125 immunosensor was
evaluated with intra- and inter-assay precision. The intra-assay
precision was assessed by measuring a fixed concentration of
CA-125 for six times by a single immunosensor after
regenerating. The inter-assay precision was determined by
measuring the same sample of CA-125 with six different CA-
125 specific immunosensors fabricated at one batch, as reported
previously.*

2.15 Precision of the CA-125 immunosensor

For the precision assessment, we capitalised on the variation
coefficient (CV) of the intra-assay and inter-assay. For the
intra-assay CV, the engineered CA-125 immunosensor was
assessed via determining the CA-125 content of five different
samples with CA-125 concentrations at 10, 30, 50, 70 and 90
(mU/mL) for three replicates after regenerating the
immunosensors each time. For the inter-assay CV analysis, six
CA-125 immunosensors were selected from different batches
and evaluated with one fixed concentration of CA-125 (60
mU/mL), as reported previously.**

2.16 Regeneration of immunosensor

The regeneration assessment of any immunosensor using rapid
and easy method(s) is a critical step. Because of the non-
covalent nature of Ab and Ag interaction, it should be pointed
out that such immunoreaction is the basis of the regeneration
process. Further, the regenerating reagents and solutions must
preserve the bio-function of immobilised Ab and/or Ag without
any destructive impact(s) on the structure and function of
immunosensor. Among different regenerating reagents, the

This journal is © The Royal Society of Chemistry 2014
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regeneration efficiency of H3;PO,, Gly-HCI, acetonitrile (30%),
DMSO (50%) and NaCl (0.5 M) have been examined in some
studies previously,* ** which were the basis of the regeneration
assessment in this study.

2.17 Calibration and LOD of the immunosensor

Under an optimised experimental condition, calibration graphs
were plotted for the CA-125 specific immunosensor in the
buffer solution (5 mM K;[Fe(CN)4]/K4[Fe(CN)4] in PB, pH 7).
A standard addition method was recruited for determination
diluted or undiluted real samples by addition of designated
amount of CA-125. The slope of calibration graphs in the
buffer solution, diluted or undiluted real samples were
compared through t-test assay or one-way ANOVA followed by
a post-hoc multiple comparison analysis. Based on the CA-125
detection range of the immunosensor (0.001-10 U/mL) and the
concentration range of CA-125 in clinical samples (0-400
U/mL), it is necessary to compare the diluted and undiluted real
samples calibration curves to obtain a validated calibration
graph for real laboratory analysis. Three times standard
deviation of the blank divided to the slope of calibration plot
was calculated as a LOD in two different kinds of sample
analyses.’® A LOD with 10-fold difference was considered as
the limit of quantification.

2.18 Determination of CA-125 in human serum samples

Two assays were exploited to evaluate the diagnostic
applicability and precision of the CA-125 specific
immunosensor towards detection of CA-125 in human serum
samples obtained from Nomooneh Laboratories (Tabriz, Iran).
In the first assay, the determination of CA-125 was performed
in spiked human serum species and the concentration of CA-
125 was calculated from the related calibration graph. In the
second experiment, the patient's samples diluted with buffer (5
mM; K;[Fe(CN)s]/Ky4[Fe(CN)4]) in PB, pH 7.0) was used to
attain the content of CA-125. The CA-125 quantification results
obtained by the immunosensor (with consideration of the
dilution factors) were compared with that of the analogous
samples measured by the enzyme-linked immunosorbent assay
(ELISA) kit, CanAg (Fujirebio Diagnostics, Inc., Malvern, PA,
USA) as a conventional clinical method for the analysis of CA-
125.

2.19 Statistical analysis

For the statistical analysis, we capitalised on either t-test or
one-way ANOVA followed by a multiple comparison analysis
(using SPSS ver. 19.0) with a p value less than 0.05.

3. Results

3.1 Characterization of engineered NPs

Fig. 2 shows the UV—Vis absorption spectra of AuNPs before
and after coating with silica shell. TEM micrograph confirmed
a size range of ~20 nm for the engineered AuNPs with fine
silica shell (Fig. 2, inset). Once coated with SiO,, AuNPs
showed a red shift to 550 nm (from 530 nm) in the UV—Vis
absorption spectra. Fig. 3 represents the UV—Vis absorption
spectra of CdSe QDs indicating a distinguished excitonic
absorption peak at 460 nm, which were further analysed using
TEM (Fig. 3, inset a) and fluorescence spectroscopy captured
after 2 h reflux time indicating emission peak at 560 nm (Fig. 3,
inset b). It should pointed out that the size of engineered QDs is
tunable with the reflux time (see Fig. S1, Electronic
Supplementary Information).

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 UV-Vis absorption spectra of AuNPs and AuNPs@SiO,. Inset: TEM
micrograph of AUNPs@SiO, and the maghnification of single AUNPs@SiO,.
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Fig. 3 UV-Vis absorption spectra of CdSe QDs. Inset: TEM micrograph (a) and
fluorescence spectrum of CdSe QDs (b).

3.2 AFM analyses

Figs. 4, 5 and 6 respectively represent the surface architecture
of AuNPs@SiO,, AuNPs@Si0,|QD, and
AuNPs@SiO,|QDmAb modified glass slides. The AFM
micrographs substantiated the morphological arrangement of
AuNPs, QDs and mAbs on the surface of glass slides. To fully
characterise the surface modification of the immunosensor, we
capitalised on the contact mode AFM analysis to acquire high-
resolution images, including: (a) height, (b) deflection (error
signal), (c) line profile, and (d) three dimensional (3D) images.
AuNPs were found to be successfully conjugated on the surface
of the glass slide through an amide bound (Fig. 4). We
performed AFM using the contact mode to ensure upon the
architecture and dimension of the modification though mode
may somewhat distort the samples. The height of AFM images
(Figs 4A, 5A and 6A), the deflection images (Figs 4B, 5B and
6B) together with 3D images (Figs. 4C, 5C and 6C) all
confirmed the well-oriented modifications of the surface by
AuNPs, QDs and mAbs, respectively. These results were
revalidated using non-contact mode imaging (data not shown).

Nanoscale, 2014, 00, 1-3 | 5



Nanoscale

© 7

Fig. 4 Contact mode AFM topography of MPA|AuNPs@SiO, modified gold
electrode. A) The height measured image. B) The error signal image. C) The
3D image with line profile format (inset). White arrow (panel A) indicates
the edge detection pattern and horizontal numbered line 1 (panel A) refers
to the path of line profile image whose histogram is shown in panel C (inset).
Images were acquired using JPK AFM instrument equipped with silicon tip
(HYDRA 6V-200N) at a scan rate of 1-2 Hz.

33 CV analyses
The surface properties of the gold electrode at each
modification step were characterised by means of

electrochemical analyses. The cyclic voltammogram of a fairly
reversible redox couple (i.e., Fe(CN)¢**") was selected as a
probe to investigate the characteristics of gold electrode in each
assembly step.

As presented in Fig. 7, Fe(CN)s*"*~ showed the reversible
behavior on the bare gold electrode (Fig. 7, curve a). Moreover,
MPA effectively blocks the interfacial electron transfer
between the redox couples in the solution and the gold
electrode surface (Fig. 7, curve b).

Once the MPA modified gold electrode was functionalised with
AuNPs@SiO,, the electron transfer rate was improved
efficiently (Fig. 7, curve c). Additional increase in current was
observed upon the conjugation of MPA|AuNPs@SiO, modified
gold electrode with CdSe QDs (Fig.7, curve d). However, the
current of redox couple was decreased by the immobilization of
anti CA-125 mAb onto the MPA|AuNPs@SiO,/QD modified
gold electrode (Fig. 7, curve e).

3.4  EIS analyses

The EIS data can be interpreted by fitting with Randles
equivalent circuit (see Table S1, Electronic Supplementary
Information). As shown in Fig. 8 (inset), this circuit consists of
(a) ohmic resistance of the electrolyte solution (R;) in series
with the parallel combination of the double-layer capacitance
(C4) and (b) an impedance of a faradaic reaction (R,,) which is
in series with Warburg impedance (Zy).
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Fig. 5 Contact mode AFM topography of MPA|AuNPs@SiO,|QD modified
gold electrode. A) The height measured image. B) The error signal image. C)
The 3D image with line profile format (inset). Numbers (1 and 2 in panel A)
refers to the path of line profile image whose histograms are shown in panel
C (inset). Images were acquired using JPK AFM instrument equipped with
silicon tip (HYDRA 6V-200N) at a scan rate of 1-2 Hz.

The bare gold electrode exhibited a small semicircle in the
Nyquist plot (Fig. 8, curve a). Once MPA assembled on the
bare gold electrode, a higher interfacial R,, was observed in the
impedance spectrum (Fig. 8, curve b). Next, the covalently
attached amine-functionalised AuNPs@SiO, with carboxyl
group of MPA was found to promote the electron transfer
process (Fig. 8, curve c). Further, the R, value was decreased
by the conjugation of carboxylic acid functionalised CdSe QDs
(Fig. 8, curve d). Once the CA-125 mADb conjugated onto the
electrode surface (Fig. 1), the R, value was significantly
increased (Fig. 8, curve e).

3.5  The effect of the incubation temperature and time

The effect of incubation temperature on optimum Ag-Ab
immunoreaction was explored by the immersing of
immunosensor in 50 mU/mL of CA-125 oncomarker for 60 min
at different incubation temperatures (i.e., 8, 20, 30, 37, 40 and
50 °C). Based upon impedimetric electrochemical responses,
the best temperature was found to be 37 °C (see Fig. S2,
Electronic Supplementary Information). To investigate the
influence of the incubation time on the performance of the
immunosensor, the finally modified electrode was immersed in
50 mU/mL of CA-125 at 37 °C for different time points (20, 40,
60, 90, 120 and 150 min) under shaking at 60 rpm. An increase
in the incubation period was found to enhance the
electrochemical response. The plot reached a plateau when the
immunological reaction time was longer than 60 min, hence
this time period (60 min) was determined as an optimum time
(see Fig. S3, Electronic Supplementary Information).
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Fig. 6 Contact mode AFM topography of MPA|AuUNPs@SiO,|QD|mAb
modified gold electrode. A) The height measured image. B) The error signal
image. C) The 3D image with line profile format (inset). Numbers (1 and 2 in
panel A) refers to the path of line profile image whose histograms are shown
in panel C (inset). Images were acquired using JPK AFM instrument equipped
with silicon tip (HYDRA 6V-200N) at a scan rate of 1-2 Hz.

3.6 Specificity of the biosensor

For further evaluation of immunosensor, the specificity of the
immunosensor was evaluated in the presence of HSA, CEA and
AFP. Fig. 9 shows the EIS analysis of the immunosensor in the
presence of these counterparts. The R, values for HSA, CEA
and AFP were significantly (p<0.05) lower than that of the CA-
125, similar to that of the blank samples (R,=992.97+2.59).
The impedimetric response of the immunosensor to CA-125
was also found to correlate with an increase in the
concentration of CA-125. These data clearly imply that the
immunosensor can specifically sense the target oncomarker,
CA-125.

25

20 A

g o
=
——Gold electrode
-10 4 b—— MPA modified gold electrode
.15 - c—— MPA|AuNP@SiO2 modified gold electrode
d——MPA|AuNP@Si02 | QD modified gold electrode
20 1 €——MPA|AuNP@SiO2 | QD | mAb modified gold electrode
25
-0.15 -0.05 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75

E(V)
Fig. 7 CV spectra of different modification steps. CV analyses were
performed at -0.1 to 0.6 V in 5 mM Ksz[Fe(CN)]/Ks[Fe(CN)¢] in phosphate
buffer, pH 7.
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Fig. 8 Electrochemical impedance spectroscopy of different modification

steps. EIS measurements were performed in 5 mM Ks[Fe(CN)s]/Ks[Fe(CN)s]

in phosphate buffer, pH 7, using a bios voltage of 0.17 V and the frequency

range of 0.1 Hz to 100 kHz. The inset is the equivalent circuit used to model

impedance data in the form of R, Z, R and CPE, respectively.

3.7  Stability and reproducibility of the immunosensor

The stability and reproducibility of the immunosensor were
tested during a period of 3-week. The reactivity of the
immunosensor with the target oncomarker CA-125 was found
to show exactly similar profile during this period of storage.
The R, values showed less than 10 % (n=5) deviation,
revealing that the engineered immunosensor possesses long-
term and acceptable stability (see Fig. S4, Electronic
Supplementary Information).

3.8 Precision of the CA-125 immunosensor

To analyse the detection accuracy of immunosensor, we
performed both intra-assay and inter-assay. Fig. 10 represents
the immunosensor responses (based on EIS data) to various
concentrations of CA-125. The intra-assay CV% for the
immunosensor at CA-125 concentrations of 10, 30, 50, 70 and
90 (mU/mL, n=3) were respectively 3.3, 4.9, 4.3, 5.2 and 4.6%.
The inter-assay CV% of six different CA-125 specific
immunosensors used independently was 6.2% at 60 mU/mL
(n=5). Taken all, it is clear that the precision and the

reproducibility of the engineered immunosensor were
satisfactorily adequate.
1600 1 mca-125
DIHSA *
1500 A = CEA
WAFP
1400 [ Control (blank)
g 1300
5
e 1200
1100
1000
900

25 50 75 100
Concentration (ng/mL)

Fig. 9 Specificity assessment of MPA|AuNPs@SiO,|QD|mAb modified gold
electrode immunosensor. R, of CA-125 specific immunosensor for CA-125,
CEA, HSA, AFP and blank samples was measured to show the specificity of
the immunosensor. Asterisk represents significant difference (p<0.05) of the
Ret of CA-125 analysed by the engineered immunosensor.
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Fig. 10 The response of EIS-based immunosensor to various concentrations
of CA-125. The diameter of the semicircle of Nyquist plot represents a direct
correlation with the concentration of CA-125.

3.9  Regeneration of immunosensor

For the regeneration of engineered immunosensors, we utilised
glycine-HC1 (0.15 M, pH 2.0) in two regeneration cycles for 3
min. The immunosensor displayed regeneration efficiency of
98% + 1.2 (n=5) up to 22 cycles with an acceptable
reproducibility and precision. In our study, the engineered
immunosensors were regenerated in the fixed concentration of
CA-125 (i.e., 40 mU/mL).

3.10 Calibration and recovery of immunosensor

To calibrate the immunosensor, impedimetric responses were
measured in various concentrations of CA-125 from 1.0 to 10.0
U/mL (see Fig. S5 and Table S2, Electronic Supplementary
Information). The EIS analysis was performed using Fe(CN)¢>
" in PB solution and the results revealed that the response of
immunosensor was proportional to the concentration of CA-
125. Hence, it can be inferred that the higher the concentration
of CA-125, the greater the diameter of the semicircle part in the
Nyquist plot.

Further, recovery ranges of the immunosensors were between
91.2 and 100.5% with RSD 0.94-1.68%, which are within
acceptable range. It should be pointed out that the acceptable
recoveg}; of 10 ppm level is around 80—110% with RSD of 7.3—
11.3%.

3.11 Real sample analysis

The potential application of developed immunosensor was
investigated by measuring the CA-125 concentration in the
serum of ovarian cancer patients. The engineered
immunosensor showed great detection potential in comparison
with ELISA (Table 1). We found that there is no significant
difference between the results obtained from the engineered
EIS-based immunosensor and ELISA method (p< 0.05).
Further, it should be highlighted that the presence of proteins
other than CA-125 in the serum showed no remarkable effect(s)
on the sensitivity and specificity of the EIS-based biosensing of
CA-125.
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Table 1 Quantification of CA-125 in human serum samples by the EIS-
based immunosensor (considering dilution factor, DF) in comparison
with ELISA method (n=3)

Patients ELISA RSD EIS (U/mL) DF RSD (%)
samples  (U/mL) (%)

1 83 2 81 1000 2

2 168 3 164 10000 2.5
3 240 1 243 10000 3.2
4 105 4 103 10000 2

5 155 2 154 10000 1.2
6 452 1 451 10000 3.3
7 95 1 92 1000 2.1
8 133 3 133 10000 1

9 344 2 348 10000 4.1
10 198 1 197 10000 3

4. Discussion

Cancer is a multifaceted-disease with unique molecular
biosignature,*®** whose clear-cut detection at the early stage of
disease using a simple and effective diagnosis method may
significantly enhance the survival of cancer patients. Ovarian
cancer, as one of the most life-threatening malignancies among
women worldwide, is usually diagnosed at the late stage despite
upregulation of molecular markers such as CA-125 at the early
stages of the malignancy.

Up until now, several quantitative methods have been
developed for the determination of CA-125 within serum
samples of ovarian patients. Currently, ELISA and
chemiluminescence are common methods for the quantification
of CA-125 in clinic.*"* ** Although these methods are reliable
and reproducible diagnostic approaches, they demand tedious
laborious works and may also associate with nonspecific
binding as well as inappropriate LODs. Further, the routine
techniques used in clinic for the quantification of CA-125
provide LODs at a range of 1.0 U/mL, therefore they are hardly
able to detect low concentration of CA-125 important for the
early diagnosis of malignancy. To improve the CA-125 LOD
value, in the current study, we designed and developed a
sensing platform by capitalizing on a gold electrode decorated
with AuNPs, CdSe QDs and anti CA-125 mAb (Fig. 1). We
assumed that such immunosensor can amplify the faint signals,
which is a critical step for the detection of trace amount of CA-
125.

The synthesised NPs were characterised using UV-Vis
absorption spectroscopy and TEM analyses. Upon coating
AuNPs with SiO,, their UV—Vis absorption peak was shifted to
550 nm from 530 nm (Fig. 2), indicating an increase in the
intensity of plasmon absorption by AuNPs@SiO,. This
observation is in accord with the previous reports, highlighting
the impact of silica shells on the enhancement of the local
refractive index around AuNPs.** The UV-Vis absorption
analysis showed a distinguished excitonic absorption peak at
460 nm for CdSe QDs (Fig. 3), whose epitomic nanostructured
morphology was confirmed by TEM micrographs (Fig. 3 inset).
We used the powerful AFM method (Figs. 4, 5, and 6) as well
as CV (Fig. 7) and EIS (Fig. 8) analyses to study the surface
architecture of the immunosensor.

It should be stated that MPA forms a covalently tight packed
film on the gold electrode surface and effectively blocks the
interfacial electron transfer between the redox couple in
solution and the gold electrode surface, resulting in decreased
redox current of the gold electrode modified with MPA as a
self~assembly monolayer. Once the MPA modified gold
electrode was functionalised with AuNPs@SiO,, the electron

This journal is © The Royal Society of Chemistry 2014
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transfer rate improved efficiently in part due to the increased
surface area of the modified electrode. We speculate that the
greater size of AuNPs shown in AFM micrographs are due to
possible aggregations of NPs with each other or the proximity
of the functionalised spots on the surface in part due to the non-
ordered primary silanisation (Fig. 4A, inset). CV results were
confirmed by the EIS analyses, in which Nyquist plots
displayed the same changes in the electron transfer process at
the electrode-solution interface similar to that of the CV
analyses. Based on the results obtained by EIS, the bare gold
electrode exhibited a small semicircle in the Nyquist plot,
which is a clear characteristic of the facile electron transfer of
redox couple in the electrochemical process. Once MPA
assembled on the gold electrode, it acted as an insulating layer
that disturbed the interfacial electron transfer process between
the electrode and the redox probe in the solution. The EIS data
highlighted successful formation of MPA self-assembly on the
electrode and also confirmed the results obtained by the CV
analyses.

Next, the covalently attached amine-functionalised
AuNPs@SiO, with carboxyl group of MPA trough the
formation of an amide bond was found to promote the electron
transfer process.

Additional increase in current was observed upon conjugation
of the MPA|AuNPs@SiO, modified gold electrode with CdSe
QDs, which indicates formation of CdSe QDs-based conductive
layer on the surface of the MPA|AuNPs@SiO,/QD modified
gold electrode. In fact, owing to great optical characteristics,
QDs offer various applications for biosensing and bioimaging
of various CMMs involved in different malignancies,**
nonetheless they need to be properly functionalised and
conjugated with appropriate targeting probes.*’

It should be expressed that the CdSe QDs (4 nm) were smaller
than AuNPs@SiO, (20 nm). Hence, based upon interaction of
CdSe QDs with AuNPs@SiO,, it could be speculated that CdSe
QDs randomly (with no pattern) settle on the AuNPs@SiO,
modified gold electrode. Decoration of the MPA|AuNPs@SiO,
modified gold electrode with CdSe QDs were found to increase
the surface area and also act as a mediator because of their
individual electronic characteristics, which in turn facilitates the
electron charge transfer process by applying an effective
potential at the surface of electrode (Fig. 8, curve d).

The R,, value was increased upon the conjugation of CA-125
mADb onto the electrode surface, perhaps due to the formation of
an insulating protein layer on the surface of electrode. The
immunosensor resulted in high specificity to CA-125 even in
the presence of other competing proteins (Fig. 9). It also
showed significant discrimination to various concentrations of
CA-125, i.e., the higher the concentration of the CA-125, the
larger the diameter of the semicircle of Nyquist plot (Fig. 10).
The immunosensor displayed regeneration efficiency of 98.0%
+ 1.2% (n=5) up to 22 cycles with an acceptable reproducibility
and precision. Likewise, Fu ef al. have used glycine-HCI (0.1
M, pH 2.0), acetonitrile (30 %), sodium hydroxide (50 mM)
and sodium chloride (1.0 M) as regenerating reagents and
showed that 0.1 M glycine-HC1 (pH 2.0) could successfully
regenerate CA-125 immunosensor up to 20 cycles with an
acceptable reproducibility and precision.** Nano-architecture of
the immunosensor constructed through the successive
conjugation of AuNPs@SiO,, CdSe QDs and anti CA-125 mAb
onto the surface of the gold electrode enabled the sensitive
detection of CA-125 with a LOD of 0.0016 U/mL and LDR of
0-0.1 U/mL as compared to some other CA-125 detecting
biosensors (Table 2).
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Table 2 Analytical characteristics of the immunosensor in comparison
with different CA-125 detecting immunosensors

Immunosensor LOD LDR Method Ref.
materials (U/mL)  (U/mL)

AuNPs@SiO,, 0.0016 0-0.1 Impedimetric Present
CdSe QDs biosensor biosensor
AuNPs Screen- 6.7 0-100 Impedimetric 46
printed electrode immunosensor
Carbon paste 1.8 10 - 30 Amperometric
interface; AuNPs;

Thionine

Label-free 0.1 0.1-40  SPR 2
immunosensor 0.05 0.05-40  Capacitive

Molecular 0.5 0.5-400  DPV-EIS 7
imprinted biosensor

Cellulose acetate; 1.73 0-30 DPV 8
Colloidal AuNPs

Microfluidic 0.0074  0.01-100 ECL ®
origami device

Screen-printed

electrodes

Multiwall carbon 0.36 1.0-30 (6)% 50
nanotubes 30- 150

NafionTris(2,2 bip

yridyl)cobalt(I1I)

Carbon nanofiber 1.8 2-75 Amperometric '
Prussian blue NPs, ~ 0.71 2.0-40  DPV 2
Colloidal AuNPs 40 - 100

DPV: Differential pulse voltammetry; ECL: electrochemiluminescence;
SPR: Surface plasmon resonance.

5. Conclusions

The early diagnosis of ovarian cancer is the cornerstone for the
success of cancer treatment strategy.’> To tackle this issue,
several investigations have been accomplished to develop
immunosensors for specific sensitive detection of CA-125,% *
31, 3456 wwhich is an important CMM found in the serum of
ovarian cancer patients.’’ Despite enormous efforts deployed to
identify novel serum markers, no single marker has emerged as
a serious competitor for the CA-125 as the most studied CMM
expressed by 50-60 % of patients with early stage disease.™
Although these studies resulted in promising diagnostic
outcomes, most of them appeared to be sophisticated systems
that often failed to provide a clear-cut detection of CA-125.4
For example, Ravalli et al. reported a label free CA-125
detection based on gold nanostructured screen-printed method
with LOD of 6.7 U/mL. In the current study, we have
engineered a novel nanostructured immunosensor based on a
simple cost-effective EIS method for the early detection of
important oncomarker, CA-125. We have capitalised on a label
and separation free EIS method to sense the faint
electrochemical signals that were amplified through
AuNPs@SiO, and CdSe QDs covalently conjugated onto the
MPA-modified gold electrode. We found that the oncomarker
CA-125 can specifically and sensitively be detected with LOD
value of 0.0016 U/mL even in the presence of counterparts such
as HSA, CEA and AFP. In comparison with other sensing
methods (Table 2), the engineered immunosensor in our study
resulted in very low LOD value with high reproducibility. As
this immunosensor was decorated with AuNPs and CdSe QDs
through covalent amide bond formation, we were able to detect
faint signals of CA-125 complexation with the conjugated
mAb. Based upon our findings, we envision the engineered
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immunosensor as a potentially powerful diagnostic tool for the
precise quantification of CA-125 in blood samples of ovarian
cancer patients as well as any other malignancies that
overexpress this oncomarker.
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