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Abstract: Breast cancer is the leading cancer site for women with 2 million new yearly infections
and more than half a million dead worldwide. Human Epidermal Receptor 2 (HER2) is a prominent
breast cancer biomarker that indicates aggressive cancer and is often associated with a bad
prognosis and low survival rates. However, current detection methods for HER2 are often time-
consuming, expensive, and require a high level of expertise. Biosensors are devices that turn
biological interaction into a readable electronic signal; they are known for their high specificity and
selectivity for low concentration, as well as their low cost and ease of use, thus making them a better
alternative to traditional methods. Also, Saliva is becoming a better alternative for blood for the
detection of biomarkers due to its non-invasive collection in large quantities with simple collection
methods with a richness in disease biomarkers including HER2. Thus this project aims to develop a
label-free, low cost, electrochemical biosensor for the detection of HER?2 in saliva. This was done by
first depositing diazonium salt onto a screen-printed electrode (SPE) through cyclic voltammetry,
then immobilizing anti-HER2 antibodies on the activated SPE using the EDC/NHS protocol [1].
HER2 biomarker concentrations were detected using electrochemical impedance spectroscopy
inside a microfluidic system. The biosensor showed a higher linear detection of HER2 (Y = 0.0062x
+0.1066/R? = 0.9909) in its physiological concentration range of 5 and 40 pg/mL when compared to
other interference proteins: Epidermal Growth Factor Receptor (Y = 0.0016x + 0.0188/R? = 0.8072)
and Human Epidermal Receptor 3 (Y = (0.0035x + 0.0225/R? = 0.1302). The biosensor was then used
to detect 10 pg/mL of HER2 concentration in real saliva using the standard addition methods (Y =
0.0118x + 0.1282/R? = 0.9876).

1. Introduction

With 2 million new cases in 2018, Breast cancer is the leading type of cancer for women
worldwide [1-3].

Human epithelial receptor 2 (HER2, ErbB2) is a receptor protein typically found on the surface
of the cells, it consists of three functional domains: the extracellular domain (ECD) can bind with
other members of HER family; a lipophilic transmembrane domain, and the intracellular domain
containing tyrosine kinase activity. HER2 is amplified in nearly 20% of breast cancer patients and it
is an indicator for a worse prognosis. Regardless, anti-HER?2 therapy (trastuzumab or lapatinib) is
administered to improve patient's survival. HER2 concentrations is determined using
immunohistochemistry (IHC) or fluorescent in situ hybridization (FISH) on tumor tissue following
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biopsy. However, this detection method is fraught with problems, first, due to biopsy’s complex
nature, false negative or positive results are an issue with these techniques, and, biopsy is extremely
invasive technique that carries a lot of risks [4-7].

A solution to the above-mentioned problem is the use a different biological medium for the
detection of HER2; this is possible due to the detachability of the extracellular part into the
extracellular matrix due to proteolytic cleavage that occur on the cell’s surface [8], and while blood is
usually the favored medium for the detection of biomarkers, saliva is seen as a great alternative [9-
12]; saliva has several advantages on other biomarker rich biological mediums due to its availability
in large quantities, its richness in biomarkers and its ease of collection without needles [13,14]. A few
of the hurdles facing salivary detection have unfortunately hindered their use for clinical detection
of a large number of diseases; from the low concentration of HER2 within the fM range [15-17], to
issues and difficulties with the salivary matrix [18]. But above all, the lack of a technique for the low
cost HER?2 detection that is optimized for the detection in the salivary matrix [11].

Biosensors are devices whose function is to turn biological signals into a physical one; biosensors
have shown to exhibit high specificity and selectivity toward their target biomarker in low
concentrations while remaining cost effective and easy to use, making them a better alternative to
traditional techniques for biomarker detection [11,19].

Of all the techniques used in biosensors for the recognition of biomarkers, Electrochemical
impedance spectroscopy (EIS) seems to be one of its most prominent. Its ability to investigate both
bulk and interfacial electrical properties of three electrode systems have been used to determine
quantitative biorecognition in different biosensors [20,21]. The mechanism of which EIS is used in
biosensor detection is rather simple in principle: if biorecognition of the biomarker occurs at the
adapted electrode’s surface, the electrochemical interfacial properties of said electrode changes thus
providing a fingerprint of the above mentioned change, creating a detection signal [22-24].

One of the techniques used to create the above mentioned electrodes used for EIS detection
involves deposition layer-by-layer of a paste or an ink containing electrochemically conductive
materials (gold, silver, carbon...) on a solid surface (ceramic, plastic...) through a screen or a mesh
with a well-defined geometry. Electrodes made from this technique are known as Screen-Printed
electrode (SPE) and they offers a promising approach toward creating easy to use electrochemical
biosensors [25].

In this paper we present the development of an electrochemical biosensor for the detection of
HER?2 in human saliva using a biofunctionalized gold integrated SPE; The SPE was functionalized
using Cyclic voltammetry (CV) and EIS was used in HER2 detection. The biosensor managed to
detect HER2 within the range of 5 to 40 pg/mL in PBS, which is within the detection range of previous
articles, all the while showing higher sensitivity toward HER2 when compared to the detection of
other interferences (EGFR and HER3), and finally, HER2 was then detected in real saliva using the
standard addition method.

2. Materials and Method

2.1. Chemical Products

The reagents used in this research are: 4-aminobenzoic acid (ABA), sodium nitrite (NaNO2),
hydrochloric acid (HCI), N-hydroxysuccinimide (NHS),

N-(3-dimethylaminopropyl)-N-ethyl-carbodiimide = hydrochloride (EDC), ethanolamine,
phosphate-buffered saline (PBS), and (Fe2+Fe3+) were purchased from Sigma Aldrich (Lebanon).
HER2, epidermal growth factor receptor (EGFR), and Human epidermal receptor 3 (HER3) antigens
and anti-HER?2 antibody were purchased from R&D System (Lebanon).

2.2. Antibodies (Ab) and Antigen (Ag) Solutions

As per the supplier’s protocol, the antibodies and the antigens have been diluted in PBS (pH 7.4)
to acquire a stock solution with a final concentration of 10 pug/mL. for the antigens (HER2, EGFR,
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HER3) and 0.5 mg/mL for anti-HER2 antibody (anti-HER?2), which were then divided into aliquots
and stored at —20 °C. The stock solutions for HER2 was then further diluted in PBS to form the
standard solutions used in the analysis. The standard solutions of HER2 were prepared by diluting
the appropriate amount of a stock solution (50 ug/mL) in PBS in order to obtain the necessary
concentrations of HER, EGFR, and HER3 (5, 10, 20, 40 pg/mL).

2.3. Screen Printed Electrodes

The biosensor platform that was used for the detection of HER2 is a lab-on-chip made by Micrux,
Spain, with eight units of integrated SPE that make up a contained electrochemical system of one
gold working electrode, one silver/silver chloride reference electrode and one carbon counter
electrode. These chips were previously fabricated and characterized for detection in complex
mediums; an image of it can be seen in Figure 1A [26]. A microfluidic system is then used to place
the chips in for ease of use as seen in Figure 1B.

(A) (B)

CE

Figure 1. (A) Chip platform containing 8 integrated screen printed electrode of a silver/silver oxide
reference electrode (RE) a carbon counter electrode (CE) and a gold working electrode (WE) each. (B)
The microfluidic system used for the management of the experiment.

2.4. Electrochemical Characterization

All measurements were done at room temperature (25 + 2°C) in a Faraday box using a PalmSense
4 potentiostat (Palmsense B.V., Netherlands) the software used is PSTrace (version 5.7, Palmsense
B.V., Netherlands).

CV was used to characterize the SPE using the probe 5mM of Ks[Fe(CN)s]/Ks[Fe(CN)¢] in PBS
buffer at pH = 7.4. The scan rate was 60 mV/s with a window of -0.4 to 0.6 V and was repeated for 3
scans.

EIS was used to characterize the electrochemical properties of the SPE during the measurement
of HER2 concentrations, this was done in 5 mM of Ks[Fe(CN)s]/Ks[Fe(CN)e] in PBS buffer at pH7.4.
The applied potential was kept at 0.174 V versus the integrated reference electrode, an alternative
potential of 10 mV, and a frequency window between 0.5 to 10000 Hz. Data analysis was
accomplished using the open access software EIS spectrum analyzer.

2.5. Bio-Functionalization of the WE

Biofunctionalization of the WE was carried out in two major steps, the first is the
electrodeposition of ABA on the gold surface, the second is the immobilization of the antibody anti-
HER?2 on the -COOH group of the electrodeposited ABA.

In order to observe the effects of ABA electrodeposition, CV was used in the parameters that
were mentioned in part 2.4 in order to characterize the working electrode before and after deposition.
Electrodeposition of ABA was carried out by first: 1 mM ABA solution was dissolved in 0.5 M HCI
through 1 min of sonification, then 1 mM NaNO: was added and the solution was kept on ice for 5
min to form the diazonium radicals. This is directly followed by ABA electrodeposition using CV
with the following parameters: 15 scan cycles with a scan rate of 0.1 V/s from -0.4 to 0.4 [27,28]. The
resulting electrodeposition caused the blocking of the gold surface with ABA, creating a weak
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electron kinetic transfer. This results in the disappearance of the oxydoreduction peaks of Fe2!/Fe3*
that are present in the solution upon characterization of the SPE using CV as seen in Figure 2.
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Figure 2. Effect of the electrodeposition of ABA on the electrode surface. CV of the gold WE in 5 mM
K3[Fe(CN)6]/K4[Fe(CN)6] before (black) and after (red) electrodeposition.

Anti-HER2 was then immobilized on top of the ABA by first activating the carboxylic acid
groups of ABA molecules with EDC/NHS coupling agents through incubating them (electrodes) in
EDC (0.4 M)/NHS (0.1 M) in water for 40 min. Afterwards the device was washed with PBS to
eliminate excess EDC/NHS, and immediately incubated with the antibody anti-HER2 in PBS (10
pug/mL) for 40 min at room temperature, afterwards the remaining carboxylic groups were
deactivated by incubating the SPE in ethanolamine solution (1%. in PBS) at room temperature for 30
min [29].

2.6. HER2 Detection in Real Saliva

To perform the detection in real saliva, 1 pug/mL HER2 stock solution was dissolved in 1 mL of
a real saliva; the real saliva was taken from a healthy male subject aged 28 years at 10 am after
breakfast. This created a solution of real saliva with an HER2 concentration of 1 ng/mL HER?2. This
step is followed by dissolving the above-mentioned saliva solution in equal volume in 4 different
aliquots, then diluting in each aliquot different volumes of the stock HER2 solution of 10 pg/mL in
each aliquot to create the range of concentration (0, 5, 10, 20, and 40 pg/mL of added standard HER?2
concentration).



3. Results

3.1. Detection and Interferences of HER2 in PBS

Detection of HER2 concentrations are presented in Bode plot format in Figure 3A. Bode plot
allows the presentation of both the total impedance described as Z (Ohm) and the phase angle
(degree) shifts in relations to base 10 logarithms of the frequencies (log freq) of a given spectrum. The
equivalent circuit used for the detection can be found in Figure 3A inlet.

Fitting was done using EIS analyzer, an open source program used for the deduction of the value
of each component of a given equivalent circuit. The biosensor is being designed to use the resistive
current, as such the area with the greater significant differences in the resistance between each HER2
concentration is the one used for the detection, in this case, it is the R3. The fitting analysis was
performed on all the EIS Bode plots. This step is followed by the normalization of the data which is
presented in Figure 3B as absolute AR3/R3 (Whereas absolute AR3/R3 = |R3(HER2)-R3(anti-
HER?2)|/R3(anti-HER2)) as a function of HER2 concentrations.

In order to test the sensitivity of the biosensor, the detection of HER2 was tested against the
detection of two interfering proteins EGFR and HER3. Their respective detection yielded the
following curves: HER2 (Y = (0.0062 + 0.0001)x + (0.1066 + 0.0016)/R? = 0.9992); EGFR (Y = (0.0016 +
0.0006)= + (0.0188 + 0.0086)/R? = 0.7214); and HER3 (Y = (0.0035 + 0.0018)x + (0.0225 + 0.0235)/R? =
0.5992).
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Figure 3. (A) Bode impedance plot (Log(frequency) vs -phase (°) vs Z (OHM)) of

K3[Fe(CN)6]/K4[Fe(CN)6] (5mM) in PBS (pH = 7.4) for various concentrations of HER2. (B)
Equivalent circuit used to fit the resulting bode plots.

3.2. Detection of HER2 in Real Saliva

This is then followed by detecting HER2 in saliva through standard addition method as

described in Section 2.4. The results, shown in Figure 4, of the detection of the concentration of the
HER2 in saliva is seen in Figure 4, the linearity (R? = 0.9904) and the detection of the spiked HER2
concentration (Y = (0.0118)x + (0.1282)), meaning the platform can be used in future work for detecting
HER?2 in saliva.



0,45 -
0,40 -

0,35

0,30
0,25 4

0,20

AR/R

0,15 1
0,10 H

0,05 4

0,00

5 10 20 40
Concentration (pg/mL)

Figure 4. Detection histograms for the detection of HER2 (N = 4 times), EGFR (N = 3 times) and HER3
(N =4 times) with the error being the calculated standard deviation for each detected protein.

4. Discussion

4.1. Bode Plot and the Equivalent Circuit

Due to the vast quantity of value a single measurement of EIS provides, several forms of
representations were designed in order to show the value of any given measurement. In our case,
bode plot proved to be more useful in terms of presentation of our measurement as it allowed us to
deduce the equivalent circuit used to fit the data presented through the presentation of the number
of peaks shown in the phase shift part of the graph [30]. From the Figure 3A, two distinct phase shift
peaks are observed: the first starts at log freq of 5 and ends at log freq of 2.5; in this range, the phase
angle peaks shift lower when the concentration of HER? is increased. The other peak starts at log freq
2.5 and ends at log freq of 0; in this range the shift in the phase angle peaks increases with the increase
concentration of HER2. Below the log freq of 0 there is a leveling off of the phase shifts indicating the
end of the detection peaks. What this means is that the equivalent circuit of the system is made up of
three charge resistances, two constant phase elements (CPE), and a Warburg element W as seen in
Figure 3B.

In comparison, the impedance part of the plot shows a decrease with the increase concentration
of HER2 in each of the steps presented in the graph, this decrease is most pronounced with the second
step that corresponds with the second phase shift peak.

A similar circuit was described in the Nouira 2012 article [31] that highlights the presence of two
electrochemical layers due to the presence of inter and intra nanoparticle regions. The observation of
these two layers in these electrode confirms with the nature of the gold ink used in these screen
printed electrode as them being porous electrodes as discussed in Barhoumi 2019’s work on these
electrodes [26,32].

The explanation of the circuits components are as follows: The charge resistances presented are
as follow the solution resistance R1, the inter-gold particles resistance R2 which is presented in the
high frequency peaks and the intra-gold particles R3 which is presented in the low frequency peaks.
The CPE for the inter- gold particle is Q1 which is presented in the high frequency peaks, and for the
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intra-gold particle Q2 which is presented in the low frequency peaks, and finally the Warburg
diffusion W.

4.2. Detection of HER2 in PBS

The biosensor’s ability to detect HER?2 is the responsiveness of the impedance response toward
the increasing concentrations of HER2 in PBS. The concentration range chosen is perfect for the
detection of salivary HER2 concentrations in healthy individuals and breast cancer patients alike
[17,33]. The resulting fit of the bode plot showed excellent response to the concentrations of HER?2,
while repeated detection of HER2 have yielded a similarly repeatable curve of Y = (0.0055 +0.0003)x
+(0.1127 + 0.0052) \ R? = 0.9909 with high linearity, indicating high repeatability.

In order to test the biosensor’s selectivity, additional tests were carried out using the same bio-
functionalization steps as mentioned before only with the detection of biomarkers other than HER2.
For that purpose, EGFR and HER3 were chosen. These biomarkers have a similar structure to HER2
[7,34], while several studies have found the presence of EGFR in saliva [17,33] it remains unclear
whether HER3 is also present there. The result of the detection of the interferences shows that the
biosensor is quite selective at this low concentration; the biosensor managed to detect HER2 with a
sensitivity that is 4 times higher than that of EGFR (Y = (0.0018 +0.0005)x + (0.0166 + 0.0049)\R? =
0.8072) and twice higher than that of HER3 (Y = (0.0020 +0.0169)x + (0.0530 + 0.0151) \R? = 0.1302), thus
proving the biosensor’s selectivity toward HER2.

4.3. Detection of HER2 in Saliva

Standard addition method is one of the main analytical techniques used in determining an
unknown concentration of analyte in complex matrices (biological fluids, soil samples, etc.).
However, this detection only works if it’s linearity continue for the entire working range of the
analyte. [35]. The detection of HER2 through standard addition method have good linearity (R? =
0.9904) while also showing a detection of the concentration of around 10.86 pg/mL of HER?2 in the
real saliva. Thus proving that the biosensor can be used for the detection of HER?2 in saliva.
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Figure 5. Result of the standard addition method for the detection of HER?2 in real saliva (N = 1).



5. Conclusions

In conclusion, we would like to report the development of a label-free biosensor for the detection
of HER? in saliva. The biosensor uses integrated gold scree printed electrode as transducer, the
biosensor is then biofunctionalized first by electrodeposition of ABA on the gold surface, followed
by the immobilization of anti-HER2 antibody on the electrode surface. The biosensor uses EIS to
detect the impedance of the biosensor in Fe?*/Fe3. The result of the detection is a biosensor that is
sensitive toward HER2 with high linearity that is 4 times more sensitive than the interference
molecules EGFR and twice more sensitive than HER3. This is then followed by detecting HER2 in
real saliva using standard addition method which proved to have great linearity (R?=0.9904) proving
that this technique can be used to detect HER2 solution with real patients.
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