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Abstract: This article describes a novel electrochemical on-chip biosensor that utilizes anti-PSA antibody (Ab)
and silver nanoparticles (AgNPs) to enhance the sensing and detection capability of prostate specific antigen
(PSA) in the blood. The AgNPs are prepared, characterized, and applied onto a silicon photonic on-chip
biosensing receptor platform designed to enhance the accurate detection of PSA. The AgNPs were synthesized
by a chemical reduction method using silver nitrate (AgNOs) as the precursor. Transmission electron
microscopy (TEM), selected area electron diffraction (SAED), energy dispersion X-ray spectroscopy (EDS),
small angle X-ray scattering (SAXS), X-ray diffraction (XRD) and light microscopy were among the methods
used in the characterization and analysis of the AgNPs. Each stage of the immunosensor fabrication was
characterized using cyclic voltammetry. The proposed immunosensor was applied in the detection of PSA, a
prostate cancer biomarker, with a high sensitivity and a limit of detection of 0.17 ng/mL over a linear
concentration range of 2.5 to 11.0 ng/mL. The immunosensor displayed good stability and was selective in the
presence of interfering species like immunoglobulin (Ig) in human serum, ascorbic acid (AA) and diclofenac
(Dic). The detectivity and sensitivity are significantly higher than previous reports on similar or related
technologies.

Keywords: biochemical sensors; nanomaterials; Optical sensor; Prostate Specific Antigens; Receptor
technology; Silicon Avalanche Mode LED; silver nanoparticles

1. Introduction

In recent years, research interest in nanomaterial technology, biosensors, biochemical sensors,
and wearable diagnostic devices have experienced astronomical growth globally [1-4]. The vast
research and market investment in these fields have also led to the development of better sensing
techniques, new nanomaterials, and biomaterials like conducting polymers, copolymers, and sol-gels
[5-7]. Additionally, the uses and application possibilities of these new-generation devices are now
widely varied because they can be multiplexed and reduced to micro- and nano-dimensions and
integrated on standard silicon integrated circuit chip [8-10]. Substantial advances have been achieved
in producing these devices using technology emerging as light emitting devices that are functional
in the silicon reverse-biased avalanche mode light emitting diode (S5i AMLED) mode of operation [11-
14]. An attractive route is to develop optically based sensors using technology where light emitting
devices can be integrated with biosensing devices on chip for various purposes, such as detecting
biomarkers, bacteria, toxins, and drugs [15-17]. The goal of this article is to present a novel means
of PSA detection on a silicon photonic microchip incorporating optical waveguide and reflectometer
technology on a nanomaterial-enhanced platform. This biosensor technology on a microsystem will

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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utilize a specific ptnp+ graded junction type Si AMLED device that was realized in a 0.35 p (micron)
silicon bipolar process with a high-frequency RF application capability [18].

Prostate cancer is the most common cancer that poses a huge risk to men worldwide, and the
lifetime risk for prostate cancer for South Africa men, according to the 2019 National Cancer Registry
(NCR) is 1 in 15 [19]. To ensure survival and good treatment outcomes, it is extremely important to
detect prostate cancer early. Thus, early detection for prostate cancer is achieved by quantifying the
levels of prostate specific antigen (PSA), the biomarker for prostate cancer, in the blood [20]. The
normal level of PSA in human serum is less than 4 ng/mL. A PSA level of more than 20 ng/mL is
generally indicative of the presence of prostate cancer [21]. Generally, the standard method for the
detection of PSA in most clinical settings is the widely known enzyme-linked immunosorbent assay
(ELISA) [22]. However, this method is uneconomical for poorly resourced low-to-medium-income
countries requiring expensive laboratory equipment, well-trained staff, and it takes roughly a day for
results to be available. Therefore, a smart PSA detection technique that obviates these challenges by
promising an effective, rapid and cost-effective detection method that is simple to use and accessible
to low-resourced areas is highly desirable to reduce mortality and increase the rapid detection and
survival rate of prostate cancer patients [23].

1.2. Development of IC Integrated SiLED Sensors

The research conducted by Kramer et al. [24] and Snyman et al. [25] have resulted in several
iterations of Light Emitting Devices (LEDs) in Standard Complementary Metal Oxide Silicon (CMOS)
technology. The emission of light from these structures occurs through phonon-assisted intra-band
and inter-band recombination phenomena [24-25]. The subsequent devices that were developed
emitted more light when additional carriers were introduced into avalanching Si n+p light emitting
junctions [25]. Xu et al. designed a series of complementary metal-oxide-semiconductor (CMOS)
integrated LED devices with third terminal gated control [13].

Duttal and Steeneken et al. analyzed the carrier density, temperature, and electric field within
the Si AMLEDs that operate in the forward-biased mode and emit in the 1100 nm region [26]. In a
separate study, Xu and Snyman showed that Si AMLEDs in the 650-750 nm emission spectrum can improve the
intensities of emission from 0.1 to about 200 nW/um?. They accomplished this by utilizing enhanced impurity
scattering and extended E-field profiling in the device. A significant advantage of these devices is their ability to
achieve high modulation speeds ranging into GHz due to the reverse bias configuration of Si AMLEDs [18].

Okhai et al. have reported the results of a detailed study conducted to analyse the dispersion
characteristics of one of these devices per solid angle [27]. The radiation geometrical dispersion
characteristics of a two-junction micro-dimension p+np+ Silicon Avalanche Mode Light Emitting
Device were analyzed for different wavelengths of light (colours) emitted at different emission angles
from the surface of the device. The studies revealed that the dispersion characteristics of this device
are dependent on the structure of the device, the topography of the various surface layers of the
device, and the number of transparent over layers with each layer having a different refractive index
[27] as shown in Figure 1. These studies have further opened novel application possibilities for this
device in the design and development of futuristic on-chip electro-optical devices, which include
micro- and nano-dimensioned biosensors.
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Figure 1. (a) Bright field electron micrograph of the Si Avalanche Mode LED [13], and (b) device
schematic revealing the device’s over layers.

Optical biosensors that use evanescent wave for biomolecular interaction can be used for direct
and rapid measurements in real-time, especially when integrated with optical components like light
emitters, optical detectors, optical waveguides, and other related optical technology on a single
substrate. These devices have the added advantage of allowing the flexible design of compact sensors
and combining many sensors on a single chip. Additional benefits of integration include
miniaturization, robustness, reliability, low energy consumption, low production costs due to mass
production, and ease of aligning individual optical elements [28].

1.3. Waveguide, evanescent field, and receptor layer

An optical waveguide has a core and cladding with different refractive indices which permit
light to be guided through the core due to total internal reflection, resulting in the creation of an
evanescent optical field that diminishes exponentially from the sensor surface. This is illustrated in
Figure 2. The refractive index contrast is modulated by biomolecular binding events, which attenuate
light propagation through the waveguide. Optical biosensors can be constructed that detect specific
molecules using light waves to measure how they move through a specially designed waveguide, as
shown in Figure 2.
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Figure 2. Evanescent wave, waveguide and receptor layer in an optical biosensor design.

The immobilization of capturing probes on the surface to form the capturing spot is a challenge
for integrated biosensors, regardless of the transduction technique used. In order to improve the
target analyte's selective absorption, our design uses AgNPs as an immobilization layer in the
receptor cavity, which is created by etching a receptor cavity through the silicon substrate.

Microdisplays and Lab-on-a-chip systems are among the applications for Si Av LEDs that have
already been suggested and proven [28-32]. Evaluations of the device's test results provide fresh
insights into how the derived technology might be used in cutting-edge integrated on-chip
optoelectronic and biosensor applications. Of particular importance is the recent success in increasing
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the emission intensity to about 100-fold, reduction of the device’s size to micron emissions, and the
emission areas to submicron dimensions [33]. The different methods used to accomplish these
applications through micro- and nano-lithographic techniques, and to create micro-electronics
processing devices have been discussed in another study [34]. The prepared AgNPs is use in the
biointeraction area that has been etched in the nitrite layer to form a region that allows for the
selective detection of PSA and other biomarker, depending on the material used to construct the
sensing platform. While the AgNPs detection platform's application for the enhancement of PSA
detection is just one possibility, other possible applications have been demonstrated in recent studies.
The use of AgNPs as an effective anticancer agent as deployed in a biosensor platform have been
demonstrated by several studies to date. Hepukur et al. have evaluated the use of silver
AgNPs/capecitabine to treat breast cancer cells [35]. In their study, they showed how the number of
early and late apoptotic cells were considerably increased on MCF-7 cells by drug-bonded AgNPs.
In another study, Majeed et al. used AgNPs capped with bovine serum albumin (BSA). They observed
that the anticancer effect of capped AgNPs (cAgNPs) showed the IC50 value against breast cancer
MCEF-7 at 80 pug/mL, intestinal colon cancer HCT- 116 at 60 pg/mL, and bone cancer osteosarcoma
MG-63 cell at 80 ug/mL while against normal fibroblast cells 3T3 cells showed the IC50 value at 140
ug/mL [36].

2. Materials and methods

In this study, AgNPs were synthesized, characterized, and used to prepare an immunosensor
platform to increase the signal response, thereby creating an intelligent biosensor for the detection of
PSA. The following sections provide further detail about the synthesis techniques, materials utilized,
characterization procedure, and the results.

2.1. Synthesis of silver nanoparticles: materials and methods

The AgNPs were synthesized by a protocol adapted from Muzamil et al, with a slight
modification [37]. The chemicals used were Trisodium citrate (NasCsHsO7, 1%), Silver nitrate (AgNOs,
299%), Sodium hydroxide (NaOH, 299%) and Polyethylene glycol (CanHin+20On+1, 299%). All of these
analytical grade chemicals were purchased from Sigma Aldrich. A chemical reduction method was
used in the synthesis of AgNPs, with silver nitrate (AgNOs3) acting as the silver precursor. The
experiment was performed under room temperature conditions (23 °C). The synthesis of AgNPs was
realised by combining 50 mL of a 1 mM silver nitrate solution with 5 mL of polyethylene glycol and
heated to boiling point on a magnetic stirrer. When the solution started to boil, 4 mL of a 1% trisodium
citrate solution was rapidly introduced while stirring constantly. In about 2 — 3 mins afterwards, the
solution transformed into a yellow colour, confirming the formation of AgNPs. The nanoparticles'
pH was maintained at 7.6 through the addition of 0.5 M NaOH. Afterwards, the solution was cooled
down to room temperature and stored at 4 °C for later use.

2.2. Characterization of the silver nanoparticles

In the characterization of the AgNPs, different analytical instruments and techniques were used.
The JSM-7800F Field Emission Electron Scanning Microscope (FESEM) was used to examine the
surface structure and elemental signature of the silver nanoparticles, paired with energy-dispersive
x-ray spectroscopy (EDS). The study of the nanomaterials' functional groups was carried out on a
Frontier Perkin Elmer fourier reansform infra-red (FTIR) spectrometer (Spectrum 100 spectrometer)
within a wavelength range of 400-4000 cm, utilizing the KBr pellet technique. GIFT software was
used to Fourier-transform the scattering data to achieve the pair distance distribution function
(PDDF) and size distribution spectra. Ultraviolet visible (UV-Vis) spectral data, spanning from 200 to
800 nm, were obtained using a Lambda 650S UV/Visible Spectrometer by Perkin Elma. High-
resolution transmission electron microscope (HRTEM) analysis was completed via a Hitachi H-800
electron microscope, operating at a 200kV acceleration, to establish the elemental composition and
size distribution of the samples. The scanning electron microscope (SEM) images of the samples were
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taken using a JSM-6400 JEOL Scanning Microscope. Small-angle x-ray scattering (SAXS) spectroscopy
was accomplished using an Anton-Paar SAXSpace Spectrometer, sourced from Graz, Austria.
SAXdrive software was employed to generate X-ray scattering spectra. All the data obtained from
the characterization equipment were plotted using Origin 8.0 Software. The SEM, FESEM, HRTEM,
fourier transform infra-red (FTIR) Spectroscopy, and ultraviolet-visible (UV-Vis) spectroscopy
results have been published in our previous work [34]. In this present article, we present only the
SAXS, X-ray diffraction (XRD) and light microscope analysis of the AgNPs.

2.3. Experimental results and discussion

The TEM image depicted below illustrates that AgNPs are spherical in shape at a nano-scale
level, with an internal crystalline structure. This is confirmed by the accompanying Selected Area
Electron Diffraction (SAED) image in the insert. Moreover, insights from the HRTEM complement
the SAXS findings, confirming that the majority of particles are either spherical or cube-shaped.

Figure 3. (a) TEM image and the SAED pattern insert for the AgNPs (b) SEM photomigrograph image
at x10,000 magnification.

The SAXS analysis displayed in Figure 4 was used to probe the internal composition of the
nanoparticles. It demonstrated that the AgNPs exhibit lattice fringes, solidifying the idea that the
particles have a crystalline nature. Furthermore, they presented a quasi-spherical shaped internal
configuration as anticipated. Within the internal composition, Figure 4 (a) exhibits the intensity-based
size dispersion, while 4 (b) illustrates the volume-based size dispersion.
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Figure 4. SAX space analysis of AgNPs showing (a) the size distribution by intensity and (b) the size
distribution by volume.

Energy dispersion X-ray spectroscopy (EDS) was used to determine the elemental composition
of the AgNPs, as illustrated in Figure 5. The presence of oxygen, carbon, and silver is confirmed by
the EDS spectrum analysis. The strong indication of carbon was a result of the carbon tape that was


https://doi.org/10.20944/preprints202401.0560.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2024 do0i:10.20944/preprints202401.0560.v1

used for collecting and adhering the nano particles during sample preparation for the EDS analyses.

The small presence of sodium seen is possibly due to miniscule impurities in the carbon.
Full scale counts: 6164 AghPs(4)_ptt

Figure 5. EDS spectrum proving that silver, carbon, and oxygen are present.

The EDS analysis reveals that Ag is the predominant element present in the produced
nanoparticles. The observed morphology and elemental analyses are consistent with expected results
for silver nanoparticles that were functionalized/synthesized with polyethylene glycol. Quite a high
spread in particle size was observed ranging from 1.7 nm to 15 nm. The highest average size seems
to be about 15 nm with variation in size on both sides as confirmed by the SAX analysis in Figure 4
(a). The presence of a large number of topographically small particles of 2- 8 nm (Figure 4 (b)) is
particularly relevant and important for our study. The average-sized particle substantially increases
the surface area of the layers produced and is ideal for adhering reactant pathogen species to the
nanoparticles. Some particles at nm scale may penetrate bacterial cell walls during aqua-based
interaction processes and disrupt the enzyme-based reproduction processes inside the cells.

To confirm the crystal structure of the synthesized AgNPs, X-ray diffraction studies were carried
out using PANanalytical XRD machine, and High Score software for analysis. The scanned XRD
pattern is shown in Figure 6. The diffracted intensities were recorded from 20° to 90° at 2 theta (20)
angles. The diffraction peaks match the characteristic crystalline Face Centred Cubic (FCC) silver
lines, which are consistent with the standard powder diffraction card of Joint Committee on Powder
Diffraction Standards (JCPDS), silver file No. 04-0783 [37]. The powdered AgNPs show a cubic
structure with characteristic diffraction peaks at scattered angles 20 = 38.598, 45.183, 64.291, 77.172
and 81.339 which are assigned to (111), (200), (220), (311) and (222) planes respectively [38 —41]. The
peak corresponding to (111) is more intense than the other planes suggesting that (111) is the
predominant orientation and the synthesized AgNPs are crystalline in nature. These results agree
perfectly with similar results that have been reported earlier for AgNPs [37-41]. These peaks indicate
that the AgNPs were well-crystallized. Furthermore, the planes revealed that the AgNPs are face
centred cubic structured (JCPDS 89-3722) [42].
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Figure 6. X-ray diffraction pattern of the synthesized AgNPs.

To determine the reflective property of the AgNPs, several photomicrograph images of the silver
nanoparticles were obtained at different magnifications.

The Leica DMi8A Inverted microscope was used. AgNPs were placed in a glass slide and
positioned on to the microscope for observation at different magnifications from x20 to x100. The
Leica Application Suites (LAS) Software was used to process the images obtained. The images
obtained in Figure 7 show high optical reflection with increasing magnification from (a) to (f).

Figure 7. Photomicrographs from the Leica DMi8 Inverted microscope.

3. Development of PSA biosensor using AgNPs

To demonstrate the application of AgNPs as an effective sensing platform for prostate cancer
detection, an immunosensor was prepared and characterized using electrochemistry experimental
methods to determine its key sensing parameters like stability, interference, selectivity, and
sensitivity. The monoclonal anti-PSA antibody (Ab) produced from human serum, PSA from human
semen, and bovine serum albumin (BSA) that were used in this application were all purchased from
Sigma Aldrich. To prepare the immunosensor, first 0.1M PBS (Phosphate buffer solution) of pH 7.4
was prepared. Then, 5 ml of this PBS was measured into a glass vial and cyclic voltammetric (CV)
studies were run on a bare glassy carbon electrode (GCE) at scan rate of 30 mV/s in the potential
window -2 to +2 V. After obtaining the CV plot, the bare GCE was modified with AgNPs and left to
dry overnight at room temperature. Then, CV of the GCE/AgNPs was run at scan rate of 30 mV/s in
the potential window -2 to +2 V. Same was done after modification with GCE/AgNPs and Ab. The
GCE//AgNPs/Ab was modified with BSA to form the immunosensor GCE/AgNPs/Ab/BSA. A further
CV of this immunosensor was obtained and plotted. Lastly, 0.5 uG of PSA was prepared and dropped
into the 0.1 M PBS at pH 7.4, following which the CV of the immunosensor (GCE/AGNPs/Ab/BSA)
was run at scan rate of 30 mV/s in the potential window -2 to +2 V. A plot of the
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GCE/AGNPs/Ab/BSA/PSA was then obtained. A schematic representation of the electrochemical
immunosensor fabrication process is shown in Figure 8.

EDC NHS
| (1 1)
\
) o / AgNPs
il Antl PSA
Bare glassy carbon
electrode (GCE) GCE|AgNPs GCE|AgNPs|Ab
—
PSA
GCE|AgNPs|Ab|BSA|PSA GCE|AgNPs|Ab|BSA
Immunosensor

Figure 8. Electrochemical immunosensor fabrication flow process.

Figure 9 shows the CV measurements that compare the characteristic features of (a) bare GCE,
(b) GCE| AgNPs, (c) GCE|AgNPs| Ab, (d) GCE|AgNPs| AbIBSA, and (e)
GCE|AgNPs| AbIBSAIPSA in 0.1 M PBS of pH 7.4 at scan rate of 30 mV/s at the potential window -
2 to 2 V. As seen in the plot, the bare GCE showed no response. But when modified, the presence of
the AgNPs on the bare GCE modified electrode (curve b) resulted in a significant increase in the
current response. One prominent oxidation peak at 0.25 V as well as two reduction peaks at -0.74 V
and -0.27 V are observed for (c) GCE| AgNPs| Ab (curve c). The peaks are assigned to the interactions
between carboxylic and amino groups from polyethylene glycol (PEG) capped AgNPs and antibody
[43]. Such an enhancement is associated with an enhanced electron transfer from the electrode to
buffer solution.
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Figure 9. CV measurements of immunosensor platform for (a) Bare GCE (b) GCEIAgNPs, (c)
GCE|AgNPs!|Ab, (d) GCE|AgNPs| AbIBSA, and (e) GCE| AgNPs| AbIBSAIPSA in 0.1 M PBS of pH
7.4 at scan rate of 30 mV/s in the potential window -2 to 2 V.

Electroactive charged bare glassy carbon electrode surfaces can be used to immobilize antibodies
in a way that is sensitive and specific. This makes them a good choice for developing electrochemical
biosensors [44]. Therefore, the GCE|AgNPs surface serves as a good environment for antibody
immobilization. This leads to improved PSA sensing limitations [45]. Additionally, there is a decrease
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in the electrochemical current response for the GCE|AgNPs| AbIBSA (curve (d)). Furthermore, a
resistance in charge transfer is expected at this point because of the insulating property of BSA. This
also confirms that the BSA is effectively immobilized on the surface of the electrode thereby blocking
most non-binding sites. The blockage leads to a reduction in the available electroactive surface that
is accessible, which further results in a reduction in the magnitude of the current [46]. In curve (e),
the current decreased due to hindrance in electron transfer caused by the capture of PSA by its
antibody in GCE| AgNPs| Ab|BSA IPSA for 10 ng/mL PSA. It is noteworthy that the capture led to a
slight shift of the reduction peak due to the immunosensor surface modification [47].

3.1. Stability studies of AgNPs immunosensor

The storage stability of the GCE| AgNPs| Ab|BSA sensor was examined by CV in 0.1 M PBS (pH
7.4) containing 5 pG of PSA. Two storage conditions were investigated: darkroom storage at room
temperature, and refrigerated storage at 4 °C. In the first experiment, the sensor was stored at room
temperature in a darkroom for 5 days. After this period of storage, the result indicates a 55% decrease
in the peak current of the sensor compared to the initial response (Figure 10 (a)). In the next
experiment, the sensor was stored in a refrigerator at 4 °C. After 5 days of storage under this
condition, the result indicates that the sensor retained 93% of its initial response (Figure 10 (b)). With
these results, it is clear that the sensor retains its integrity much better when stored in a refrigerated
condition at 4 °C. Therefore, the results show that the sensor was stable for PSA detection over a 5-
day storage period.

Current (uA)
Current {pA)

T T T T T - r
10 o5 o0 a5 10 1,0 0,5 0,0 0,5 1,0

Potential (V) Potential (V)

Figure 10. Stability Studies: CV of immunosensor in 0.1 M PBS of pH 7.4 at scan rate 30 mV/s in the
potential window of -2 to 2 V after adding 5 uG PSA at day 1 and after day 5, showing a retention of
45% in dark room storage (a), and 93% in refrigerated storage (b).

3.2. Sensitivity studies

To determine the sensitivity, the prepared immunosensor was used to detect different concentrations of
PSA ranges from 2.5 to 11.0 ng/mL.

The exponential plot in Figure 11 (a) shows that the analyte of interest has reached a saturation
point. Figure 11 (b) is the linear regression plot with the linear region having less points fitted in line
as derived from the exponential plot.
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Figure 11. Exponential plot (a) and linear regression plot (b) of current versus concentration derived
from the exponential plot for the PSA immunosensor.

As expected, the response signal decreased with the increase of PSA concentration. The current
change was proportional to PSA concentration in the range from 2.5 to 11.0 ng/mL with a sensitivity
of 0.29 (+ 0.20) A/(ng/mL), and the limit of detection was calculated as 0.17 ng/mL. The R? value is
given as 99.99%. The normal level of PSA in human serum is less than 4 ng/mL. A PSA concentration
value over 20 ng/mL in human serum is indicative of the presence of prostate cancer [48]. Table 1
shows the proposed method with already reported PSA immunosensors.

Table 1. Comparison of the proposed method with already reported PSA immunosensors.

Immunosensor/Electrode Detection Linear LOD References
material method range (ng/mL)
(ng/mL)
AuNPs/CHI/SPE Cyv, 1-18 1.0 x 10- 49
SWV 3
GS-QD-Ab2 SWV 50x 10 3.0x10- 50
3.10 3
GS-MB-CS Cv 50x10- 1.3 x10- 51
2 5 2
BSA/Ab/TGA/OsTe2QD/PPy CV 0-15 3.6 x10- 52
1
Anti-KLK3/APBA/6-PICA SWV 50x10- 1.1 x10- 53
1-100 1
GC/rGO-Chit/Ab/PSA/ EIS 50x10- 5.0x10- 54
AuNPs-PAMA-Aptamer 3-35 3
HQ@CuNPs-reduced- CV, EIS 5.0x10- 2.0 x10- 55
fullerene-C60/GCE 3-20 3
HDT.SAM/AuNPs/anti-PSA SWV 20x10- 1.0x10- 56
1-200 2
AuNPs-Gr/GCE Amperometry 0-10 59x10- 57
1
MWCNTs EIS 0to500 1.18 58
GCE/AgNPs/Ab/BSA cv 25-11 1.7 x10- This work

1

The LOD values reported by Gupta et al. [52], Oliveira et al. [57], and Jang et al. [58] are 3.6 x 10-
1,5.9 x 10! ng/mL and 1.18 ng/mL, respectively. These reported values are respectively 2.1, 3.5 and
6.9 orders of magnitude higher than the LOD obtained in this current work. These results show that
the proposed immunosensor in this study is very sensitive for PSA detection. The detection range
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and sensitivity of the prepared sensor are within the range to diagnose the early stage of prostate
cancer (> 4 ng/mL of PSA). The sensor can be manufactuired in micro dimensions on a microchip,
making it of extremely small size and very cost effective. The optical and noise-free architecture,
sensitivity and rapid detection ability (results can be available within an hour), are additional
advantages of the proposed immunosensor. The detection limit of 1.7 x 10! is also about 10 times
higher than ELISA, which has a PSA detection limit of less that 1 ng/mL [59-60]. These attractive
properties make the proposed immunosensor more advantageous than ELISA for deployment in
poorly resourced rural settings for the rapid detection of PSA.

3.3. Interference studies

The interfering species employed include immunoglobulin (Ig) in human serum, Ascorbic acid
(AA) and Diclofenac (Dic), a commonly used anti-inflammatory drug. In terms of methodology, two
options for determining the effects of interfering species on the sensor | PSA were adopted. The first
method was to study the effect of addition of the interferents separately on the Sensor| PSA and
record the CV for each interferent. The second option, which was the method used in this study, was
to do a CV run for Sensor | PSA, with successive addition of equal volumes of the interfering species,
i.e., Sensor| PSA |Ig, Sensor IPSA |Igl AA and Sensor | PSA IIgl AA | Dic.

Figure 12 shows the interference bar graph. To evaluate the selectivity of the sensor
(GCE | AgNps| AbIBSA |PSA), the effect of some potential interferents on the determination of 10 nM
PSA was investigated. As shown in Figure 12, the electrochemical response of the immunosensor
with each addition showed a slight progressive downward change in the peak current in the potential
window -2 V to +2 V in the presence of the interfering species. It was found that these compounds
impact slightly on PSA detection when all three interfering drugs are present in equal volumes as the
PSA. Thus, the results indicate that the stability of the proposed sensor is slightly decreased when all
three interfering species are present in equal volumes as the PSA.

600 4

500 4

e

=

=
1

Current (mA)

200 4

100 4

T T T
-0.2 0.0 0.2 0.4 0.6 0.8
PSA PSA+IG PSA+IG+AA PSA+IG+AA+Dic

Figure 12. Interference studies, CV of immunosensor in 0.1M PBS of pH 7.4 at scan rate 30 mV/S in

the potential window -2 to 2 V (a) after adding PSA to immunosensor (Sensor | PSA (b) Sensor | PSA |Ig

(c) Sensor IPSAIIGIAA (d) Sensor | PSAIIGIAA|Dic.
4. Application in the design of microelectronic optical and chip-based biosensors

This section outlines the design of the device and its potential use as a PSA immunosensor
platform incorporated on-chip.
4.1. Application in new micro- and nano-dimensioned devices

RSoft BeamProp optical simulation software was used to simulate the interaction between
evanescent waves and biological samples within a biointeraction region etched into the nitrite layer
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illuminated by light waves moving through the waveguide. Radiated light is steered through the
waveguide resulting in an evanescent wave which depreciates on an exponential scale as the distance
from its origin increases. Figure 13 illustrates the optical biosensor design with the evanescent wave,
waveguide and receptor region enhanced with nanomaterials. It also illustrates how this wave travels
through the waveguide to the etched biointeraction region to interacts with a particular analyte
material attached to nanomaterials inside the cavity. Microdisplays and novel biosensor devices are
among the applications for Si Av LEDs that have been suggested [29-31].

Examining the test outcomes from our tool reveals promising prospects for the practical use of
the developed technology in forward-thinking integrative on-chip optoelectronic and biosensor
design for PSA identification. As shown in Figure 13, the synthesized AgNPs is deployed in the
biointeraction region within the device to form a highly sensitive biosensor platform for selective
detection of analytes like PSA. While the application of AgNPs detection platform for enhancement
of PSA detection is just one possibility, other possible applications have been demonstrated in recent
studies.

Target molecules

Evanescent wave

Ag NPs layer

Waveguide

Silicon substrate

Figure 13. Optical biosensor design with evanescent wave, waveguide, and receptor layer enhanced

with nanomaterials.

The use of AgNPs as an effective anticancer agent as integrated in a biosensor platform in this
study is comparable to several studies which have demonstrated the efficacy of AgNPs and its
composites for cancer therapy [35-36].

5. Conclusions

In this work, an immunosensor based on GCE|IAgNPs| Ab|BSA as sensing platform has been
successfully prepared for integration in a recessed cavity on a silicon photonic chip for the detection
of PSA, a prostate cancer biomarker. The prepared immunosensor showed satisfactory stability,
reproducibility, and selectivity. The detection range of 2.5 — 11 ng/mL, and a detection limit of 1.7 x
10'ng/mL were achieved, making it attractive for the diagnosis of the early stages of prostate cancer
(>4 ng/mL of PSA). When choosing a design for detecting PSA, the difference in sensitivity is not the
only thing to consider. Conventional tests have problems with accuracy and consistency, which can
lead to incorrect results [23]. To be useful in a clinical setting, a sensor must produce reliable and
consistent results. This is why nanotechnology, combined with an optical, noise-free, silicon photonic
architecture is being researched for this application, as it has the potential to produce more accurate
and reliable results. This proposed design also solves some of the problems faced by currently
available ELISA test used in clinical settings. The PSA detection test is simple, non-invasive, easy to
use and does not require skilled personnel or expensive laboratory equipment or space. It has the
advantage of rapid deployment in remote rural settings or in the doctor’s office. In addition, once
validated and optimized, this sensor can be easily fabricated and produced inexpensively at
commercial scale as a lab-on-a-chip device due to the micro- and nano dimensions of the microchip.

What we have demonstrated in this study is proof of concept. Future perspective will include
(1) extending this work to utilize real human samples from body fluids for PSA detection, (2) broaden
the application to include the detection of other cancer biomarkers such as carcinoembryonic albumin
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(CEA), a biomarker for colorectal cancer, epidermal growth factor receptor (EGFR), a biomarker for
lung cancer, and alpha fetoprotein (AFP) a biomarker for liver cancer, and (3) detect a host of other
biomolecules by using other bio-specific materials. In our design, we have proposed further
application in developing a new generation of biosensors integrated on a silicon photonic microchip.
These sensors can detect a variety of analytes by combining a receptor cavity interaction layer,
evanescent waves propagated through a waveguide, and an array of detectors. Optical signal change
unique to the absorbed species is detectable from either the difference in refractive indices or through
the coupling of evanescent radiation fields with sample analytes in the recessed cavity. The sensitivity
and selectivity of these biosensor devices can be greatly enhanced by creating a layer of nanomaterials

in the receptor cavity, as demonstrated in this work.
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