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Abstract

Despite the evolution of targeted therapies in oncology, some challenges such as screening
and early diagnosis of cancer-related biomarkers still remain. The analysis of the Human
Epidermal growth factor Receptor 2 (HER2) in biological fluids provides essential information
for effective treatments. In this work we report the development of an electrochemical
immunomagnetic bioassay for the analysis of the extracellular domain of HER2 (HER2-ECD) in
human serum and cancer cells. Biomodified carboxylic acid functionalized magnetic beads
(COOH-MBs) were used as the capture probe and an antibody labelled with alkaline
phosphatase (AP) as the signalling probe. In the presence of HER2-ECD a sandwich complex
was formed on the MBs, which were magnetically attracted to the surface of a screen-printed
carbon electrode (SPCE). After the addition of 3-indoxyl phosphate and silver ions, used as the
enzymatic substrate, the immunological interaction was detected by linear sweep
voltammetry. Two linear concentration ranges were established: one between 5.0 and 50
ng/mL and another between 50 and 100 ng/mL. The developed assay provided a clinically
useful detection limit (2.8 ng/mL) and has an adequate precision (Vx < 5%). The assay provided
accurate results and was selective towards the target biomarker. Additionally, CTCs were
analysed in human serum and a detection limit of 3 cells/mL was achieved for the HER* breast

cancer cell line SK-BR-3.
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1. Introduction

Screening and early-stage diagnosis of oncological diseases and an adequate follow-up are
critical for successful patient management. This promotes general public health and increases
the survival rate [1,2]. The gold standard procedures established for screening and detection of
breast cancer are based on imaging tools. However, these techniques have limitations such as
the decrease of sensitivity when breast tissue density increases. In addition, invasive
techniques (e.g. biopsies) are required to confirm the presence of the tumour [3,4].
Technological advances in this field include (bio)sensors/assays that provide rapid and
accurate diagnosis and point-of-care detection possibilities by combining the selectivity of
biomolecule interactions with the high sensitivity of modern analytical techniques for non-
invasive analysis [5,6]. Therefore, electrochemical biosensors were already widely employed
for tumour marker recognition and detection [7-9].

Human Epidermal growth factor Receptor 2 (HER2) is a specific cancer related biomarker
used in clinical settings. Abnormal HER2 levels are particularly significant since its
overexpression is related to invasive and aggressive breast cancer-types [10]. HER2 is reported
as a biomarker of interest in the development of non-invasive tests for diagnosis in serum
samples by the European Group on Tumor Markers (EGTM) [11] and the Food and Drug
Administration (FDA) [12]. Besides this, the analysis of circulating tumour cells has risen
attention since biomarkers present on the cell surface can be detected through the analysis of
their extracellular domains (ECDs) [13].

A wide diversity of electrochemical immunosensors for the analysis of HER2 in serum
samples have been published [14-29]. Although simple strategies with non-modified
transducers have been reported [14-18], versatile and innovative transducing platforms,
modified and/or functionalized with nanomaterials [19-22], self-assembled monolayers
[23,24], polymers [25] or sequential layer deposition [26—29] are also part of the described
methodologies. However, this diversity leads to time-consuming sensor surface construction
strategies. A variety of new smart materials, particularly nano- and micro materials, can vastly
improve screening and diagnosis because they increase the assay’s performance, including the
reduction of the analysis time and the enhancement of the sensitivity and/or selectivity [30].
Therefore, magnetic nanoparticles (MNPs) and magnetic beads (MBs) have gained great
interest as sensing platforms in electrochemical immunomagnetic assays for cancer diagnosis
[1]. When using magnetic particles biomolecular interactions are improved, matrix effects are

minimized through efficient washing steps [31] and preconcentration of the analyte is easily



achieved. Thus, by immobilizing antibodies on their surfaces, the effective magnetic separation
and the pre-concentration of an antigen from complex samples can be achieved. In the case of
electrochemical magnetoassays an additional advantage is the fact that the assay is mostly
performed away from the electrode (in microtubes), reducing possible electrode fouling. Only
the detection strategy is carried out on the electrode surface using small magnets with the size
of the working electrode for efficient magnetic attraction before the electrochemical
measurement [32,33].

Because of the above-mentioned advantages, some electrochemical immunomagnetic assays
have already been reported. These assays were based on the use of ‘self-made’ nanoparticles
or commercially available MBs as sensing platforms, containing distinct functional groups or
recognition elements on their surfaces [34—38]. In these works, modification of the magnetic
particles’ surfaces with the biorecognition element was achieved, either through covalent
binding or affinity processes, in a short time (1h) when compared to the reported
immunosensors in which the immobilization procedure usually occurs overnight.

To avoid the misclassification of HER2-positive patients, the evaluation of circulating tumour
cell overexpression is of utmost importance. Detection of HER2-positive cell-lines can greatly
contribute to early status assessment and to monitor the patients’ treatments. In this work we
report the development of an electrochemical immunomagnetic assay for the detection of
HER2-ECD in human serum using carboxylic acid functionalized magnetic beads (HOOC-MBs)
and screen-printed carbon electrodes (SPCEs). The HOOC-MBs constituted a versatile tool for
the construction of the magnetic immunosensing platform and stabile immobilization of a
large amount of antibodies was achieved through covalent binding. After this step, the
sandwich assay consisted of the addition of HER2-ECD and biotinylated detection antibodies,
which were then labelled with (streptavidin-)alkaline phosphatase (AP). This resulted in a
bioconjugate that was attracted to the surface of the SPCE by placing a magnet (d = 4 mm)
below its WE. The combination of 3-indoxyl phosphate (the enzymatic substrate) and silver
nitrate allowed the detection of the immunological interaction by linear sweep voltammetry
(LSV) (Scheme 1). Additionally, the assay was also tested for the analysis of live breast cancer
cells (HER2*: SK-BR-3; HER2: MDA-MB-231). This is the first electrochemical immunomagnetic

assay for HER2-ECD and cancer cell analysis using this detection strategy.



2. Materials and methods

2.1. Reagents and solutions

Albumin from bovine serum (BSA), 3-indoxyl phosphate (3-IP), ethanolamine (EA),
streptavidin-alkaline phosphatase (S-AP) from  Streptomyces  avidinii, N-(3-
dimethylaminopropyl)-n'-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS),
MES monohydrate, Tween® 20, and tris(hydroxymethyl)aminomethane (Tris) were obtained
from Sigma-Aldrich. Monoclonal capture and detection antibodies and recombinant HER2-ECD
were purchased from Sino Biological Inc. Dynabeads™ MyOne™ Carboxylic Acid (MBs, 10
mg/mL) were acquired from Life Technologies.

The following solutions were used: 0.1 M MES pH 6 (buffer 1, B1), for MBs activation (200 mM
EDC and 50 mM NHS) and to prepare the capture antibody (Ab-C) solution; PBS pH 8.3 (buffer
2, B2) to prepare the blocking solution (EA, 1 M); 0.1 M Tris-HNOs pH 7.4 (buffer 3, B3) to
prepare working solutions of the detection (Ab-D) antibodies and the antigen (HER2-ECD); 0.1
M Tris-HNOs pH 7.4 with 1% BSA (m/V) (buffer 4, B4) to prepare the S-AP solution; 0.1 M Tris—
HNOs pH 9.8 containing Mg(NOs), (2.0x10% M) (buffer 5, B5) to prepare the solution
containing 3-IP (1.0x103 M) and silver nitrate (4.0x10* M) (stored at 4 °C and protected from
light). For the washing steps 0.01% of Tween 20 (T) was added to the distinct buffers. These
buffers were used according to the specifications of the suppliers of the biomolecules and the
MB:s.

All solutions were prepared in Type | purified water (resistivity = 18.2 MQ.cm).

2.2. Modification of the HOOC-MBs and Immunoassay

All the steps of the immunomagnetic assay were performed at room temperature, under
continuous vortex stirring (950 rpm) and protected from light. The washing steps consisted of
the addition of 100 uL of the adequate buffer containing Tween-20 and subsequent
continuous stirring for 2 min. After each washing step, the MBs were attracted using a
magnetic rack and the supernatant was discarded after 1 min. A 6-ul aliquot of the HOOC-MBs
suspension (10 mg/mL) was placed in a 1.5-mL tube and the MBs were washed once with B1
(100 pL, 5 min) before proceeding.

The main steps of the assay are represented in Scheme 1.

The MBs’ biomodification consisted of the following steps: (i) activation of the MBs by adding
EDC/NHS (100 pL, 15 min), followed by a single washing step with B1-T; (ii) addition of 100 pL
of a Ab-C solution (25 pg/mL, 60 min) (this leads to an average amount of 0.047 ug antibody

per MB, which is in accordance with the amount recommended by the MBs supplier) followed



by washing with B1-T and B2-T; (iii) incubation of the MBs with EA (100 pL, 10 min) after
washing steps with B2-T and B3-T. The MBs were resuspended in B3-T and stored at 4 °C until
use.

For the optimized immunoassay (iv) HER2-ECD or cancer cells (variable concentration) and Ab-
D (2 pg/ pL) were previously mixed and a 100-pL aliquot of this mixture was added for 60 min.
Then, the MBs were washed with B3-T. Afterwards, the MBs were incubated with (v) a S-AP
solution (5.0x10° M in B4, 100 uL, 30 min), and finally washed twice with B5-T and

resuspended in 50 uL of B5.
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Scheme 1. Representation of the immunoassay.

2.3. Electrochemical measurements

The MBs were attracted to the WE of the SPCE (DRP-110, DropSens) using a 4-mm magnet. A
25-ulL aliquot of the re-suspended MBs (corresponding to 30 ug of MBs) was placed on the
SPCE and the MBs were magnetically attracted for 2 min. The solution was then removed and
(vi) 40 pL of the enzymatic substrate solution (3-IP, 1.0x103 M) containing silver nitrate
(4.0x10* M) was added for 20 min. The detection was performed by linear sweep voltammetry
(LSV) through the analysis of the deposited silver (potential range: -0.03 V to +0.4 V, scan rate:
50 mV/s). A potentiostat/galvanostat (PGSTAT101, Metrohm Autolab) and the NOVA software

package (v.1.9; Metrohm Autolab) were used to record the voltammograms.



2.4. Analyses of human serum samples

To evaluate the applicability of the developed assay, Human serum (from male AB clotted
whole blood, Sigma-Aldrich) was spiked with HER2-ECD (1 pL of a HER2-ECD standard solution
was added to 49 pl of serum) and analysed without any pre-treatment or further dilution. The
results were compared with the ones obtained with a commercial Human ErbB2 (HER2) ELISA

kit (Thermo Scientific, Invitrogen).

2.5. Cell culture and detection

The breast cancer cell line MDA-MB-231 (HER2-negative cancer cells) was obtained from
ATCC® and SK-BR-3 cells (HER2-positive cancer cells) were provided by the Department of
Biomedicine - Unit of Biochemistry of the Faculty of Medicine of the University of Porto. The
cells were cultured in RPMI medium. For detection experiments, cells were seeded on 21 cm?
plastic cell culture dishes (TPP®). On the day of the experiment, the cells were harvested with
Trypsin-EDTA 0.25% and counted using an automated cell counter (Countess™, Thermo
Scientific, Invitrogen). A trypan-blue exclusion assay was performed using automatic cell
counting to confirm cell viability, which was between 91% and 96%. The distinct cells
concentrations (1x10? - 1x10° cells/mL) were prepared in human serum and analysed using the

optimized immunoassay (sections 2.2 and 2.3.).

2.6.Magnetic bead and cell analysis

FEI Quanta 400FEG ESEM / EDAX Genesis X4M equipment was used to obtain the SEM images.
Imagel) open source software was used to determine the particles’ average size and histograms
were obtained with SPSS (v.20.0; SPSS Inc.). The cell lines used in this study were imaged by a

Nikon TMS microscope.

3. Results and discussion

3.1. Electrode Surface characterization

The MBs were magnetically attracted to the SPCE and the electrode surface was characterized
by SEM (Fig. 1). In the obtained images no agglomeration of the magnetic particles was
observed, and they were perfectly distributed on the electrode surface. The average size was
1094 + 32.5 nm which is in agreement with the size indicated by the supplier. The organization
and linear distribution of the MBs on the electrode’s surface are excellent features for the

detection of the biomarker.



Fig. 1. SEM image of the SPCE covered with HOOC-MBs and the respective size distribution.

3.2. Optimization of the experimental parameters of the immunoassay

The effect of the amount of MBs used in the assay was evaluated between 7.5 and 90 pg using
the following conditions: Ab-C: 25 pug/mL; EA: 1 M; HER2-ECD: O (blank) and 50 ng/mL; Ab-D: 2
ug/mL; S-AP: 5.0x101° M with BSA 1% (m/V). The obtained results are presented in Fig. 2A.
With the increase of the amount of MBs, from 7.5 to 45 ug, an increase of the analytical signal
(peak current intensity (ip)) was observed, after which it slightly decreased. The lowest amount
of MBs (7.5 pg) led to the lowest i, due to the reduced amount of capture antibodies.
However, for the highest amount of MBs (90 ug) a slight decrease of the peak current intensity
was observed, which can be due to a higher electron transfer resistance and thus lower
current intensity. The best signal-to-blank ratio (S/B) was verified for 30 pg of MBs. This
amount was used for the optimization of the other experimental parameters.

The Ab-C and Ab-D concentrations were subsequently optimized using the following
conditions: HOOC-MBs: 30 pg; Ab-C: 10 and 25 pug/mL; HER2: 0 (blank) and 50 ng/mL; Ab-D: 1,
2 and 4 pg/mL; S-AP: 5.0x10%° M with BSA 1% (m/V). As can be seen in Fig. 2B, the highest i,
was obtained for Ab-C 25 pug/mL and Ab-D 4 ug/mL, however with a lower precision when

compared to the other tested combinations. Although the combination of Ab-C 25 pug/mL and



Ab-D 2 pg/mL provided a slightly lower sensitivity, a better precision of the results was

achieved. Therefore, this combination was used in the subsequent optimizations.
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Fig. 2. Optimization of (A) the amount of magnetic beads and (B) the Ab-C and Ab-D concentrations (HER2-ECD: 0
and 50 ng/mL).

To improve the total assay time, the incubation times of the several reagents were tested
using the ‘step-by-step’ approach (Sl Fig. S1): (1) HER2-ECD 30 min, Ab-D 30 min, S-AP 30 min;
(2) HER2-ECD 30 min, Ab-D 60 min, S-AP 60 min; (3) HER2-ECD 60 min, Ab-D 60 min, S-AP 60
min; (4) HER2-ECD 30 min, Ab-D 60 min, S-AP 30 min. The alternatives 3 and 4 led to the
highest sensitivity, however, in approach 4 the shorter incubation time of the enzyme led to a
lower blank signal. To further reduce the blank signal, and using alternative 4, 0.5% (m/V) of
BSA was added to the following solutions: (i) antigen (HER2-ECD), (ii) Ab-D and (iii) both the
antigen and the Ab-D, with the purpose of blocking nonspecific adsorption. The addition of
BSA 0.5% (m/V) to the Ab-D solution (alternative (ii)) clearly reduced the blank signal while
maintaining the signal for the analyte (50 ng/mL), leading to the best S/B ratio (SI Fig. S2).

Furthermore, in immunoassay protocols where enzyme conjugates are used, the addition of a
blocking agent is usually advantageous to improve the S/B ratio. For this purpose, DEA 0.1 M
and BSA 1% (m/V) were tested, according to previously published works [19,37]. As can be
seen in Sl Fig. S3A, although the use of both blockers resulted in excellent blank values, the
highest analytical signal was obtained when BSA 1% (m/V) was used. Subsequently, four
different S-AP solutions (with BSA 1% (m/V)) were tested: 2.0x10%°; 5.0x10%°; 1.0x10° and
5.0x10° M (Sl Fig. S3B). As can be observed, higher S-AP concentrations led to higher i, values.

The 5.0x10°1° M concentration was chosen because it provided the best S/B ratio.



In order to reduce the analysis time of the immunoassay even further, a combination of
several steps, by pre-incubation of the reagents, was studied. The tested alternatives were: (A)
step-by-step assay, (B) pre-incubation of HER2-ECD + Ab-D during 60 min and (C) 120 min; (D)
pre-incubation of Ab-D + S-AP (60 min); and (E) pre-incubation of HER2-ECD + Ab-D + S-AP (60
min). The obtained i, values are presented in Fig. 3. Alternatives B and C led to the highest
analytical signals, with alternative B providing a better precision among these two alternatives.
On the other hand, the results obtained for alternatives D and E revealed a low signal and are
not suitable for appropriate HER2-ECD detection. Thus, the pre-incubation of HER2-ECD and
Ab-D (containing BSA 0.5% (m/V)) for 60 min was used for the analysis of HER2-ECD in Human
serum. To complete the optimization of the experimental parameters, the assay was tested at
different temperatures (20, 25 and 30 °C). As can be seen in S| Fig. S4A the optimum
temperature was 30 °C. The affinity of the MBs to the antigen, i.e. without the use of capture
antibody, was also tested and no significant interaction was observed (S| Fig. S4B). Table S1

presents the main experimental variables, the tested range and the selected values.
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Fig. 3. Results of different assay strategies. (A) step-by-step assay, (B) pre-incubation of HER2 + Ab-D (60 min) and
(C) pre-incubation of HER2 + Ab-D (120 min); (D) pre-incubation of Ab-D + S-AP (60 min); and (E) pre-incubation of
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3.3. Analytical characteristics of the assay

The analytical performance of the assay was evaluated under the optimized conditions. After
verification of the suitability of the magnetic immunoassay to detect HER2-ECD in buffer
solutions (0.1 M Tris-HNOs pH 7.4 (buffer 3); linear range 7.5 — 75 ng/mL (n=5), i, = 1.05 + 0.08
[HER2-ECD] + 55.2 + 3.5, r = 0.993 (SI Fig. S5)), experiments using Human serum as the matrix



were carried out. The precision of the assay was evaluated for the analysis of 50 ng/mL HER2-
ECD using three different SPCEs, on the same day and different days. Relative standard
deviations (RSDs) of 4.0% and 3.4% were obtained, indicating that the developed assay
provided precise results.

For calibration purposes, the electrochemical signal for different HER2-ECD concentrations (5 -
100 ng/mL) were studied (Fig. 4). The peak current intensity increased proportionally to the
HER2-ECD concentration in two distinct ranges: between 5.0 and 50 ng/mL (1) and between 50
and 100 ng/mL. At the lower HER2-ECD concentrations the sensitivity was higher, which
implies that the developed method can detect small variations in the cancer biomarker
concentrations at the early stage of the disease. For the higher concentration range a different
analytical behaviour was observed which can be explained by the near saturation of the
antibody binding sites. The figures of merit for both ranges are indicated in Table 1. The linear
relationship between i, and [HER2-ECD] were: (1) i, = 0.81 £ 0.03 [HER2-ECD] + 2.46 + 0.94 (r =
0.997) and (2) i, = 0.19 £ 0.01 [HER2-ECD] + 32.6 + 1.1 (r = 0.997). The limits of detection (LOD)
and quantification (LOQ) were calculated using the respective calibration data, using the
equations: LOD = 3 s,/m and LOQ = 10 s,/m, where s, is the standard deviation of the blank
and m is the slope of the calibration plot. The obtained LODs were 2.8 ng/mL and 11.8 ng/mL
and the LOQs were 9.3 ng/mL and 39.2 ng/mL, for concentration ranges 1 and 2, respectively.
For both ranges the LODs were clearly lower than the established cut-off value (15 ng/mL). The
analytical characteristics are better for range 1, however, the usefulness for both ranges are
evident since they allow primary diagnosis (screening and/or early detection) and the
evolution of the patient’s treatment (follow-up). The coefficient of variation of the method
(Vxo) was 1.20% and 0.29% for the ranges 1 and 2 respectively, demonstrating adequate
precision of the method (Vyo < 5%).

When the calibration plot was constructed in serum a clear matrix effect was observed. The
slopes of the calibration plots in serum were 1.3 (range 1) and 5.6 (range 2) times lower than
the slope obtained with the measurements in buffer. This could be due to globulins, especially

immunoglobulins G (IgG) present in the serum [39,40].
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Table 1. Figures of merit of the developed magnetic immunoassay for the analysis of HER2-ECD in Human serum.

Figure of merit

1

2

Concentration interval (ng/mL)

Correlation coefficient (r)

Slope (m) (WA / (ng/mL))

Standard deviation of the slope (Sm) (WA / (ng/mL))
Intercept (b) (LA)

Standard deviation of the intercept (Sa) (LA)
Standard deviation of the linear regression (Sy)
Standard deviation of the method (Sxo)

Coefficient of variation of the method (Vo) (%)
Limit of detection (LOD) (ng/mL)

Limit of quantification (LOQ) (ng/mL)

5.0-50 50-100

0.997
0.81
0.03
2.46
0.94
1.29
0.26
1.20

2.8

9.3

0.997
0.19
0.01
32.6
1.09
0.49
0.16
0.29
11.8

39.2

To evaluate the accuracy of the developed immunoassay, spiked sera with 15 and 50 ng/mL

HER2-ECD were tested and recoveries were found to be 98.7% and 95.3%, respectively. The

recovery obtained with the ELISA kit was 111.3% for 15 ng/mL (Table 2) (note: the sample



containing 50 ng/mL could not be analysed using the ELISA kit because the measured
absorbance was outside the calibration range). When comparing the results of both assays a
relative deviation of -11.4 % was obtained, which confirmed that the developed assay provides

accurate results.

Table 2. Recovery values, relative standard deviations (RSD) and relative deviation obtained in the analysis of HER2-

ECD using the developed immunoassay and a commercial ELISA kit.

. Added Found Recovery RSD Relative Sample
Technique (ng/mL)  (ng/mL) (%) (%)  Deviation (%) Dilution
Elisa Kit 16.7 111.3 0.033 4-fold

15 11.4
14.8 98.7 2.8
Electrochemical .
Undiluted
Immunoassa
" v 50 47.6 95.3 3.7 .

* The absorbance value for 50 ng/mL obtained using the ELISA kit, was outside of the calibration range.

The storage stability of the MBs, modified with the capture antibody and blocked with
ethanolamine, was also tested. The anti-HER2-ECD-MBs were stored at 4 °C in 100 pL of PBS-T.
The immunomagnetic assay (in buffer solution) was performed on the same day and after 1, 7,
15, 21, 30 and 60 days using 0 and 50 ng/mL HER2-ECD. No significant difference in the
measured blank and analytical signals was apparent over 60 days, obtaining 99.7% of the initial
signal (Sl Fig. S6), which indicates the stability of the MBs during this period. Furthermore, the
use of these previously prepared MBs reduces the time required for the biomarker detection
to 110 min.

The selectivity of the assay towards HER2-ECD was tested with distinct human proteins
(analysed in human serum): an analogous breast cancer biomarker (CA 15-3, 30 U/mL), a
kidney function biomarker (cystatin C, 565 ng/mL) and Human serum albumin (HSA, 35
mg/mL). As can be seen in Fig. 5, the tested proteins showed an extremely low electrochemical
signal, even at higher concentrations, confirming the selectivity of the assay towards HER2-

ECD. In addition, this study allowed to confirm the specificity of the monoclonal antibodies.
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3.4. Analysis of live breast cancer cells

Monitoring HER2-overexpressed cancer cells is actually a huge challenge from the clinical point
of view. To test the performance of our immunoassay, two distinct breast cancer cell-lines
were used: the HER2* SK-BR-3 cell line and the HER2® MDA-MB-231 cell line. As can be
observed in Fig. 6, HER2" cancer cells provided a concentration-dependent signal which was 5x
higher than the signal obtained with HER2 cells, confirming the high selectivity of the
optimized assay for the detection of HER2 biomarkers. The calibration curve (i, vs. log[cells])
for SK-BR-3 cells was established in the linear range between 1x10? - 1x10° cells/mL (i,= 3.38
0.15 log[SK-BR-3] - 2.81 + 0.55), r = 0.996). The coefficient of variation of the method (Vx) was

found to be 2.4% and a limit of detection of 3 cells/mL was achieved.



(A) 20 (B) 20

OSK-BR-3 ip = (3.38 £ 0.15)log[SK-BR-3] - (2.81 + 0.55)
r=0.996
[JMDA-MB-231
16 16
@ @
12 A 12

20

16 -1x10°cells

iy (HA)
O
——
iy (HA)
i(HA)

s 8 12 %
§
s 5% \
a4 @ 4 4 @ 4 Ocells | N /
—. — /" \\ ™M
[=] B I A
) & 0 ;
| o 01 o2
E(V)
0 T T T T T 0 T T T
0 1 2 3 4 5 6 1 3 5 7
Log [cells] (cells/mL) Log [cells] (cells/mL)

Fig. 6. (A) Calibration plots for the analysis of SK-BR-3 and MDA-MB-231 breast cancer cell lines in human serum; (B)
Calibration straight for the analysis of SK-BR-3 (HER2+ cancer cells): 1x102, 1x103, 1x10% and 1x10° cells/mL, Inset:

Examples of linear sweep voltammograms.

3.5. Comparison with other electrochemical immunomagnetic assays

The developed immunomagnetic assay was compared with other electrochemical
methodologies for cancer biomarker analysis (HER2, ErbB2, EGFR, CA 15-3, exosomes and o-
LA) using a wide variety of functionalized MBs (e.g. protein A functionalized MBs (ProtA-MBs),
streptavidin functionalized MBs (Strep-MBs), carboxylic acid functionalized MBs (HOOC-MBs))
or ‘self-made’ iron nanoparticles (FesO;s NPs) [34-38,41-45] (Table 3). The ‘self-made’
magnetic particles required a time-consuming procedure and expensive characterization
techniques leading to lengthy and costly preparation of the material. This is a key factor in
favouring the use of commercially available MBs, enabling not only a faster but also a cheaper
and more sustainable sensor preparation. Moreover, compared with the construction of
immunosensors, magnetic assays can improve the antibody orientation on the particles’
surfaces in a rapid manner (1 h), allowing appropriate antigen binding. In addition, the
described assays allow studies to be carried out using (extremely) low volumes and
concentrations, and, due to the efficient washing steps and analyte pre-concentration, reliable
analysis in serum samples can be achieved with excellent limits of detection. Although only a
few studies concerning cell analysis were reported [38,44], CTC analyses for the evaluation of
HER2-positive patients are of utmost importance to help the decisions of clinical teams for

effective personalized therapy. The immunomagnetic assay developed in this work can



effectively contribute to distinguish positive and negative HER2 cell-types with a competitive
assay time that is surpassed only by two works [38,41]. However, one of these works [38]

didn’t include a stability study and the other showed a much shorter stability [41].

Table 1. Electrochemical immunoassays for breast cancer detection using magnetic beads (MBs).

Sensing surface construction Assay strategy
" Analyte LOD Cell analysis Ref
Transducer Preg;r:::on Stability Detection scheme Assay time
3 LSV performed after addition of ) SK-BR-3; This
SPCE/ HOOC-MBs 1h 15 min 60days HER2-ECD 3-IP/Ag". AP used as label 1h 50 min 2.8 ng/mL MDA-MB-231 work
. CC recorded before and after the
GrE/Nitrocellubse- 2h n.d. HER2 nitrocellulose-modified electrode 3h 1fMm n.a. [34]
Strep-MBs
exposure to cellulase
Hyd-AuNPs-Fe;O: NPs used as 2.0x10°
Fe:0:-APTM >Sh HER h .a.
GCE/Fe:0 s 5 10days Er2 label. Silver detection by DPV 2 ng/mL na (5]
8x SPE/ . 5 .
12h 1Smin Hydrolysis of 1-NP catalysed by 2 h 51 min 18;2.56;
Strep-MBs or 1 week HER2 . T n.a. [36]
4
ProtA-MBs 1h AP and detected by DPV 1h 51 min 3.4 ng/mL
Detection of 1-NP performed by .
SPCE/ ProtA-MBs 1h 10days HER2 DPV. AP used as label. 2h 05 min 6.0 ng/mL n.a. [37]
HRP used as label HQ allow to SK-BR-3;
SPCE/ HOOC-MBs 1h 40 min nd. ErbB2 obtain the amperometric ih 26 pg/mL MCF-7; [38]
response MDA-MB-436
AuNPs used as signalling probe.
GCE/ Strep-MB: 1h 7d EGFR ih 50 L .a. 41
/ Strep s ays Detection accomplished by DPV pg/m n-a (41]
Au microelectrodes/ Strep-MBs conjugated with biot- 15x10°
>24h 15d CA15-3 Sh .a. 42
Strep ays HRP. HQ measured by SWV U/mL n-a (42]
Strep-MBs used as carriers and
SPCE/ P(1,5DAN)- >14h nd. CA15-3 HRP as label. DPV performed to 1h 30 min 0.02 n.a. [43]
PPy NWs u/mL
measure HQ
Cd** detection carried out by 100 BT474;
- i .d. h i : 44
GCE/ Strep-MBs 30min n.d Exosomes SWASV. CdSe QDs used as label 1h S0 min exo/s::[nes SW-48 [44]
Ferrocene-modified AuNPs used 0.07
SPCE/ Lys-Fe:0:NPs 13h 1month a-LA to obtain the amperometric 4h anL n.a. [45]

response

* Overnight incubations were considered as a 12 h period for comparison purposes.

a-LA - a-lacalbumin; 1-NP — 1-naphthol; 3-IP — 3-indoxyl phosphate; Ag” — silver ions; AP — alkaline phosphatase; APTMS — 3-aminopropyltimethoxysilane; AuNPs - gold
nanoparticles;, CA 15-3 — cancer antigen 15-3; CC — chronocoulometry; CdSe QDs — Cadmium selenide quantum dots; Cd** — cadmium ions; DPV - differential pulse
voltammetry; ECD - extracellular domain; EGFR - epidermal growth factor receptor; Fe:0.: — magnetite nanoparticles; GCE — glassy carbon electrode; GrE — graphene
electrode; HER2, ErbB2 — human epidermal growth factor receptor 2; Hyd — hydrazine; HOOC- Bs — carboxylic acid functionalized magnetic beads; H Q — hydroquinone; HRP
- horseradish peroxidase; Lys —lysozyme; LSV - linear sweep voltammetry; n.a. — not applicable; P (1,5DAN) - poly(1,5diaminonaphthalene); PPy — NWs polypyrrole nanowires;
ProtA-MBs — Protein A-modified magnetic beads; SPE — screen-printed electrode; n.d. — no data; SPCE — screen-printed carbon electrode; Strep4d Bs — streptavidin-modified
magnetic beads; SWV — Square wave vottammetry; SWASV - square wave anodic stripping votammetry.

As far as we know, to date no electrochemical immunomagnetic assays were reported for the
detection of HER2-ECD using screen-printed carbon electrodes, MBs-COOH, 3-indoxyl
phosphate (3-IP) and silver ions (Ag*). Only the magnetic bioassay for the assessment of ErbB2
status directly in intact breast cancer cells employed SPCE and HOOC-MBs, achieving an
excellent limit of detection [38]. The assay construction and the simplicity of this method can
be compared with the present work and allows the use of a small-size (portable) equipment.
This allows in situ analysis, requiring reduced reagent/sample volumes. Like this, the assay
developed in this work could allow non-invasive screening and follow-up, according to the
requirements of the clinical teams, and facilitates the monitoring of patients with reduced
mobility or difficult access locations.

The FDA-approved HER2 diagnostic tests and the recently updated guidelines from the
European Group on Tumor Markers (EGTM) reported that the main tests available to measure

HER2 gene amplification/protein overexpression are immunohistochemistry (IHC), in situ



hybridisation (ISH) and ELISA [11,12]. These tests are mostly performed by clinical
professionals from oncological centres or specialized clinics, which makes their accessibility
limited to the availability of specific technicians and / or equipment. Despite the evolution in
this area and the significant investments and continuous development, it is still verified that
the available tests have high costs for the national healthcare systems. Furthermore, only
three biomarkers are mandatory to be analysed for all patients with breast cancer (oestrogen
receptor (ER) and progesterone receptor (PR) for endocrine therapy and HER2 for the anti-
HER2 therapy). Recommendations for further research not only involve the identification of
additional markers but also analytical techniques capable of detecting the disease. Therefore,
the constant development of electrochemical biosensors/assays could contribute to this field

of research.

4. Conclusions

An electrochemical magnetic immunoassay, using HOOC-MBs and a disposable SPCE as
transducer, for the detection of HER2-ECD, a breast cancer biomarker, was developed.
Sensitive and precise detection of the biomarker and an LOD well below the cut-off value was
achieved in a total assay time assay of 110 min (actual hands-on-time: 20 min). The
applicability and selectivity of the bioassay was demonstrated through the analysis of spiked
human serum samples and distinct non-target proteins and possible serum interferents:
Cancer Antigen 15-3 (CA 15-3), Cystatin C and Human Serum Albumin (HSA). The storage
stability of the MBs was at least 60 days, which is much better than previously reported. The
immunomagnetic assay exhibited an excellent analytical performance and was successfully
applied to spiked serum samples and may be applicable in the clinical practice. Additionally,
the assay was also tested for the analysis of live breast cancer cells (HER2*: SK-BR-3; HER2™:
MDA-MB-231) and it was possible to distinguish the different HER2 expression levels, showing

high selectivity for HER2-positive cells.
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