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Abstract: Human epidermal growth factor receptor-3, human epidermal growth factor-receptor-
4, and heregulin-α are some of the biomarkers related to gastric cancer currently being used for
early detection, personalized treatment, and evaluation of the efficiency of the treatment. Two
stochastic sensors based on graphene decorated with TiO2 and/or Au modified with maltodextrin
were proposed for the screening of two types of whole blood and tissue samples for the simultaneous
recognition and analysis of the three biomarkers. The sensitivity of the two sensors showed high
values, whereas the limits of determination were of fg mL−1 magnitude order. Thus, the proposed
screening method can perform the quantitative analysis of both of the biomarkers of interest in whole
blood and tissue samples, with recoveries higher than 96.00% and relative standard deviations lower
than 1.00%.

Keywords: stochastic sensors; human epidermal growth factor receptor-3; human epidermal growth
factor-receptor-4; heregulin-α

1. Introduction

Heregulin-α (HRG-α) is known to be involved in both pathological and physiological
processes of epithelial cells from various types of organs [1]. Human epidermal growth
factor receptor-3 (HER-3) and human epidermal growth factor-receptor-4 (HER-4) belong to
the Her/ErbB family and are known for their involvement in a series of pathways which are
related to angiogenesis and cell migration [2]. HER-3 is present in various types of tumors
due to its somatic mutations [3]. HER-4 is the only type of receptor with growth-inhibiting
properties [4]. Compared to the expression of HER-3, which is present in the final stages of
various types of cancer, HER-4 is downregulated [5]. Therefore, their simultaneous assay
in whole blood and tissue samples is of high importance.

Throughout the years, stochastic sensors have been utilized for the purpose of ana-
lyzing a variety of biomarkers from biological samples in order to diagnose diseases such
as diabetes [6] and lung cancer [7]. Multiple matrices, including graphene, carbon nan-
otubes, single- and multi-wall carbon nanotubes, graphite powder, and diamond paste, as
well as modifiers, including α-cyclodextrin, 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine
manganese (III) chloride, and chitosan, were used to design these types of sensors.

Two stochastic sensors were proposed in this paper for molecular recognition and
quantification of HER-3, HER-4, and HRG- in whole blood and tissue samples. The
stochastic sensors were based on graphene decorated with TiO2 and/or Au modified with
maltodextrin. Stochastic sensors [8–11] have many advantages; they are capable of assaying
samples both qualitatively and quantitatively; they can perform a reliable quantitative
analysis, no matter the complexity of the matrix; they are easy to use; and they are cost-
effective. Graphene materials ensure a stable environment for the channels of maltodextrin
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needed for stochastic sensors [12]. Furthermore, the addition of TiO2 and/or Au improved
the conductivity property of the graphene [12].

2. Materials and Methods
2.1. Chemicals

HRG-α, HER-3, HER-4, maltodextrin (MD), monosodium phosphate and disodium
phosphate were purchased from Sigma Aldrich (Milwaukee, WI, USA); the paraffin oil
was purchased from Fluka (Buchs, Switzerland). Monosodium phosphate and disodium
phosphate were used for the preparation of phosphate buffer (PBS), pH = 7.40. The obtained
PBS was used for the preparation of the HRG-α, HER-3 and HER-4 solutions.

The standard solutions had the following concentrations: HRG-α 4.09 × 10−9 to
5.00 µg mL−1, HER-3 and HER-4 1.00 to 1.00 × 10−9 µg mL−1; these solutions were diluted
using the serial dilution method up to fg mL−1 magnitude order. The solutions were used
for one month; when not in use, they were kept at a temperature of 2–8 ◦C.

2.2. Instruments

In order to record all measurements, an EmStatpico (Houten, The Netherlands) con-
nected to a personal computer with a PSTrace (Version 5.9) software was used. An electro-
chemical cell, containing a three-electrode system, was also employed. The three-electrode
system is made out of: the counter electrode, represented by a platinum wire; the working
electrode, which in our case is represented by the two proposed stochastic sensors; and the
reference electrode, which is also known as the Ag/AgCl electrode.

In order to determine the pH of the solutions, a pH meter (Mettler Toledo Seven
Compact pH meter S210) was employed.

2.3. Sensors Design

Two types of graphene decorated with TiO2 and with TiO2-Au were mixed with paraf-
fin oil, until two homogeneous pastes were obtained. Solutions of 100 µL of maltodextrin
(10−3 mol L−1), were added to 100 mg of each of the graphene pastes to obtain the modified
paste for the stochastic sensors: MD/Gr-TiO2 and MD/Gr-TiO2-Au (Scheme 1). Each
modified paste was placed in a non-conducting plastic tube, 3D printed in the laboratory,
presenting an internal diameter of 100 µm. In order to connect the pastes and the external
circuit, a silver wire was used. Before and after each measurement, the sensors were
cleaned with distilled water. When not in use, the proposed stochastic sensors were kept at
room temperature.
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2.4. Stochastic Mode

All measurements presented in this paper were obtained when a chronoamperometric
method was employed, at a constant potential of 180 mV. The principle of the stochastic
sensors is based on the channel conductivity, when a constant potential is applied and the
current is recorded [9]. For these sensors, the optimization of the current was necessary
in order to find the right potential that offers the desired response, and 180 mV was used
for all of these measurements. No stochastic response was obtained when other potentials
(between 0 and 179 mV and between 181 and 500 mV) were applied. The parameters
of interest are toff and ton. Using the toff values, which are specific for each biomarker,
each analyte was identified on the recorded diagrams (Figures 1 and 2). Calibration
equations were obtained using the linear regression method; for each equation of calibration,
12 points were considered. The unknown concentrations for HRG-α, HER-3 and HER-4
were determined using the ton values, which were identified in the obtained diagrams.
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Figure 2. Pattern recognition of HRG−α, HER−3 and HER−4 in tissue samples using stochastic
sensors: (a) MD/Gr−TiO2, (b) MD/Gr−TiO2−Au.

When a constant potential of 180 mV is applied, the current flowing through a channel
is modified when the analytes of interest bind with the wall channel. In order for the
analytes of interest to be molecularly recognised, two phases need to be completed. The first
phase is known as the molecular recognition phase; the analytes of interest are extracted
from the solution into the membrane-solution of the interface and block the channel;
because of this, the intensity of the channel decreases to around 0 for a certain period
of time, which is known as toff and which represents the signature of the biomarkers;
its value is used for the qualitative analysis of the analytes of interest and is unique for
each biomarker.
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The second phase Is known as the binding phase and takes place when the analytes
interact with the wall channel. During the second phase, the following equations of
equilibrium are obtained:

Ch(i) + HRG-α(i)↔ Ch • HRG-α(i)

Ch(i) + HER-3(i)↔ Ch • HER-3(i)

Ch(i) + HER-4(i)↔ Ch • HER-4(i)

where Ch represents the channel and i represents the interface. The quantitative parameter,
also known as ton, represents the equilibrium time necessary for the interaction between
the analytes and the wall channel. The ton values are determined in accordance with the
following equation 1/ton = a + b × CHRG-α/HER-3/HER-4 (Table 1).

Table 1. The response characteristics of stochastic sensors used for the assay of HER-3, HER-4 and
HRG-α.

Stochastic Microsensor
Modified with MD

and Based on

toff
(s)

Equation of
Calibration *,

r

Sensitivity
(s−1/g mL−1)

LOQ
(g mL−1)

Linear Concentration
Range (g mL−1)

LOD
(g mL−1)

Gr-TiO2-Au

HER-3

2.2
1/ton = 0.11(±0.02) +
6.03(±0.04) × 1010 C

r = 0.9999
6.03(±0.04) × 1010 10−15 10−15–10−11 3.7 × 10−16

HER-4

0.8
1/ton = 0.09(±0.01) +
4.94(±0.03) × 1010 C

r = 0.9992
4.94(±0.03) × 1010 10−15 10−15–10−6 2.0 × 10−16

HRG-α

1.4
1/ton = 0.05(±0.01) +
2.33(±0.02) × 1012 C

r = 0.9998
2.33(±0.02) × 1012 2.05 × 10−14 2.05 × 10−14–5 × 10−6 2.0 × 10−14

Gr-TiO2

HER-3

1.1
1/ton = 0.22(±0.03) +
2.32(±0.02) × 109 C

r = 0.9992
2.32(±0.02) × 109 10−14 10−14–10−10 2.8 × 10−15

HER-4

1.4
1/ton = 0.27(±0.03) +
6.43(±0.02) × 1011 C

r = 0.9997
6.43(±0.02) × 1011 10−14 10−14–10−10 3.7 × 10−15

HRG-α

1.7
1/ton = 0.28(±0.02) +
1.69(±0.03) × 1010 C

r = 0.9996
1.69(±0.03) × 1010 5.12 × 10−13 5.12 × 10−13–

1.28 × 10−11 1.2 × 10−14

* <C> = g mL−1 <ton> = s.

2.5. Samples

For this study, five whole blood and five tissue samples were received from the County
Emergency Hospital from Targu-Mures. These samples belonged to confirmed patients
with gastric cancer and were collected according to the procedures specified by the Ethics
committee, approval number 32647/2018, awarded by the County Emergency Hospital
from Targu-Mures. When not in use, both types of samples were kept at a temperature of
−80 ◦C. Written consent was obtained from all patients. Moreover, no sample pre-treatment
was performed.
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3. Results and Discussion
3.1. Response Characteristics of Stochastic Osensors

Chronoamperometry made possible the use of a constant potential of 180 mV, which
was applied for all measurements. The biomarkers of interest enter the channel of the used
electrodes when the mentioned potential is applied; at this stage, the intensity of the current
drops to zero (the necessary time to enter and exit the channel is known as the signature of
the analyte and it is marked on the diagrams as toff). As long as the biomarkers stay inside
the channel, they undergo both redox and binding processes—the time required for these
is marked as ton.

The response characteristics of the proposed stochastic sensors are shown in Table 1.
The results are the average of ten determinations. The molecular recognition of the biomark-
ers of interest from the assayed biological samples was made possible by their different
toff values.

The widest linear concentration ranges were obtained for the sensor based on MD/Gr-
TiO2-Au. The best sensitivities were: for the assay of HER-3 6.03× 1010 s−1/g mL−1 and for
the assay of HRG-α 2.33 × 1012 s−1/g mL−1, when the sensor based on MD/Gr-TiO2-Au,
while for the assay of HER-4 the best sensitivity (6.43 × 1011 s−1/g mL−1) was obtained
using the sensor based on MD/Gr-TiO2. The lowest limits of quantification for all three
biomarkers were obtained when the sensor based on MD/Gr-TiO2-Au was used.

3.2. The Reliability and Stability of the Stochastic Sensors

Ten stochastic sensors from each of the two types were designed, and the sensitivity
was determined for each of them. These determinations performed for each type of
microsensor proved that there are no significative changes in the sensitivity, its variation
being for each type of microsensor lower than 0.08%; this proved the reproducibility of the
design of each type of stochastic sensor. The stochastic sensors were tested for a period
of one year, to check their stability in time. During this period of time, their sensitivity
varied, with 1.2% for the sensor based on MD/Gr-TiO2-Au and 1.5% for the sensor based on
MD/Gr-TiO2, proving good stability in time and that the proposed design is also reliable.

3.3. Selectivity of the Sensors

The selectivity of the stochastic sensors is given by the difference between the signa-
tures (toff values) recorded for HER-3, HER-4 and HRG-α and those obtained for other
biomarkers/substances from the biological samples. The possible interfering species se-
lected were: p53, maspin and CA19-9. The values obtained for the signatures proved the
selectivity of the proposed sensors (Table 2).

Table 2. Selectivity of the stochastic sensors.

Stochastic Microsensor Modified
with MD and Based on

Signatures (toff Values), s

HER-3 HER-4 HRG-α p53 Maspin CA19-9

Gr-TiO2-Au 2.2 0.8 1.4 3.4 2.7 0.3

Gr-TiO2 1.1 1.4 1.7 3.2 2.5 0.5

3.4. Determination of HER-3, HER-4 and HRG-α in Whole Blood and Tissue Samples

Five whole blood and five tissue samples were screened according to the method
previously described. By using the specific signatures of each biomarker, they were iden-
tified on the diagrams, which can be found in Figures 1 and 2. The most important step
is represented by the identification of the signature of the biomarkers; after this, the ton
values were also identified. Very good correlations between the results were obtained when
both sensors were used. The results presented in Tables 3 and 4 proved that HER-3, HER-4
and HRG-α can be determined from biological samples (whole blood and tissue) using the
proposed stochastic sensors.
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Table 3. Determination of HER-3, HER-4 and HRG-α in whole blood samples.

Sample No. Biomarker

Stochastic
Microsensor Based
on MD/Gr-TiO2-Au

Stochastic
Microsensor Based

on MD/Gr-TiO2

ELISA

pg mL−1

1

HER-3 385.61 ± 0.08 383.23 ± 0.10 385.00

HER-4 7.75 ± 0.14 7.83 ± 0.12 7.78

HRG-α 32.45 ± 0.12 32.51 ± 0.11 32.50

2

HER-3 156.09 ± 0.10 157.80 ± 0.12 157.00

HER-4 8.23 ± 0.03 8.95 ± 0.08 8.20

HRG-α 28.34 ± 0.09 28.73 ± 0.10 28.30

3

HER-3 268.81 ± 0.15 263.34 ± 0.14 264.00

HER-4 136.86 ± 0.10 139.80 ± 0.12 135.95

HRG-α 57.14 ± 0.08 57.11 ± 0.09 57.00

4

HER-3 91.47 ± 0.13 91.33 ± 0.18 91.20

HER-4 0.49 ± 0.07 0.45 ± 0.05 0.40

HRG-α 4.11 ± 0.03 4.39 ± 0.08 4.10

5

HER-3 148.50 ± 0.18 143.45 ± 0.12 145.40

HER-4 0.68 ± 0.05 0.70 ± 0.04 0.60

HRG-α 1.63 ± 0.12 1.76 ± 0.21 1.62

Table 4. Determination of HER-3, HER-4 and HRG-α in tissue samples.

Sample No. Biomarker

Stochastic
Microsensor Based
on MD/Gr-TiO2-Au

Stochastic
Microsensor Based

on MD/Gr-TiO2

ELISA

pg mL−1

1

HER-3 211.73 ± 0.21 211.96 ± 0.14 211.12

HER-4 5.34 ± 0.14 5.43 ± 0.12 5.30

HRG-α 27.09 ± 0.12 25.48 ± 0.14 26.03

2

HER-3 685.21 ± 0.11 684.18 ± 0.12 684.00

HER-4 6.91 ± 0.08 7.34 ± 0.10 6.95

HRG-α 16.35 ± 0.05 16.11 ± 0.08 16.12

3

HER-3 6.85 ± 0.12 6.43 ± 0.13 6.80

HER-4 4.44 ± 0.10 4.26 ± 0.08 4.40

HRG-α 8.03 ± 0.12 8.98 ± 0.15 8.00

4

HER-3 147.52 ± 0.11 143.45 ± 0.10 146.00

HER-4 18.36 ± 0.12 18.98 ± 0.09 18.80

HRG-α 27.50 ± 0.11 25.48 ± 0.13 26.93

5

HER-3 56.86 ± 0.10 57.82 ± 0.13 56.95

HER-4 6.91 ± 0.05 6.98 ± 0.08 6.90

HRG-α 7.55 ± 0.03 7.91 ± 0.04 7.63

For further validation, real samples of whole blood and tissue were spiked with known
amounts of the three biomarkers, and recovery tests were performed. The results are shown
in Table 5.
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Table 5. Recovery of HER-3, HER-4 and HRG-α in whole blood and tumoral tissue samples.

Stochastic Microsensor Modified
with MD and Based on

Biological Sample
%, Recovery

HER-3 HER-4 HRG-α

Gr-TiO2-Au Whole blood 98.78 ± 0.02 99.03 ± 0.01 99.16 ± 0.03

Gr-TiO2 Tumor tissue 96.98 ± 0.03 97.95 ± 0.05 98.04 ± 0.05

The results shown in Table 5 proved that the proposed stochastic sensors can be used
reliably for the molecular recognition and for the quantification of HER-3, HER-4 and
HRG-α in whole blood and tumor tissue samples.

4. Conclusions

The purpose of this paper was to develop a reliable screening test for molecular
recognition of three gastric cancer biomarkers (HER-3, HER-4 and HRG-α) from biological
samples. Two stochastic sensors were used in order to perform the analysis of the samples
and the obtained results showed high sensitivity, low limits of determination and high
reliability. This method is for implementation in clinical study for better understanding of
the correlation between HER-3, HER-4, with HRG-α quantities, in order to facilitate the
early detection of gastric cancer, to adopt a personalized treatment, and to determine as
soon as possible if the treatment given to the patient is efficient or not.

Author Contributions: Conceptualization, R.-I.S.-v.S.; methodology, R.-I.S.-v.S. and D.-C.G.; valida-
tion, D.-C.G. and R.-I.S.-v.S.; formal analysis, R.-I.S.-v.S.; investigation, D.-C.G.; writing—original
draft preparation, D.-C.G., R.-I.S.-v.S.; writing—review and editing, R.-I.S.-v.S., D.-C.G.; supervision,
R.-I.S.-v.S.; project administration, R.-I.S.-v.S.; funding acquisition, R.-I.S.-v.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by a grant of the Ministry of Research, Innovation and Digitiza-
tion, CNCS/CCCDI—UEFISCDI, project number PN-III-P4-ID-PCCF-2016-0006 within PNCDI III.

Institutional Review Board Statement: Ethics committee, approval number 32647/2018 was awarded
by the County Emergency Hospital from Targu-Mures.

Informed Consent Statement: Informed consent was obtained from all patients.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Breuleux, M. Role of heregulin in human cancer. Cell. Mol. Life Sci. 2007, 64, 2358–2377. [CrossRef] [PubMed]
2. Ahmed, A. Prevalence of Her3 in gastric cancer and its association with molecular prognostic markers: A Saudi cohort based

study. Libyan J. Med. 2019, 14, 1574532. [CrossRef] [PubMed]
3. Hyman, D.M.; Piha-Paul, S.A.; Won, H.; Rodon, J.; Saura, C.; Shapiro, G.I.; Juric, D.; Quinn, D.I.; Moreno, V.; Doger, B.; et al.

HERkinase inhibition in patients with HER2- and HER3-mutant cancers. Nature 2018, 554, 189. [CrossRef] [PubMed]
4. Segers, V.F.M.; Dugaucquier, L.; Feyen, E.; Shakeri, H.; De Keulenaer, G.W. The role of ErbB4 in cancer. Cell. Oncol. 2020, 43,

335–352. [CrossRef] [PubMed]
5. Naresh, A.; Long, W.; Vidal, G.A.; Wimley, W.C.; Marrero, L.; Sartor, C.I.; Tovey, S.; Cooke, T.G.; Bartlett, J.M.S.; Jones, F.E. The

ERBB4/HER4 intracellular domain 4ICD is a BH3-only rote in promoting apoptosis of breast cancer cells. Cancer Res. 2006, 66,
6412–6420. [CrossRef] [PubMed]

6. Stefan-van Staden, R.-I.; Popa-Tudor, I.; Badulescu, M.; Anghel, A. Fast screening method for molecular recognition of islet
amyloid polypeptide from whole blood samples collected from diabetic patients with disposable stochastic sensors obtained
by nanolayer, and nanolayer by nanolayer deposition using cold plasma. Anal. Bioanal. Chem. 2020, 412, 4135–4141. [CrossRef]
[PubMed]

7. Stefan-van Staden, R.-I.; Comnea-Stancu, I.R.; Surdu-Bob, C.C. Molecular Screening of Blood Samples for the Simultaneous
Detection of CEA, HER-1, NSE, CYFRA 21-1 Using Stochastic Sensors. J. Electrochem. Soc. 2017, 164, B267–B273. [CrossRef]

8. Stefan-van Staden, R.-I.; Ilie-Mihai, R.M.; Pogacean, F.; Pruneanu, S. Graphene-based stochastic sensors for pattern recognition of
gastric cancer biomarkers in biological fluids. J. Porph. Phthal. 2019, 23, 1365–1370. [CrossRef]

http://doi.org/10.1007/s00018-007-7120-0
http://www.ncbi.nlm.nih.gov/pubmed/17530167
http://doi.org/10.1080/19932820.2019.1574532
http://www.ncbi.nlm.nih.gov/pubmed/30915908
http://doi.org/10.1038/nature25475
http://www.ncbi.nlm.nih.gov/pubmed/29420467
http://doi.org/10.1007/s13402-020-00499-4
http://www.ncbi.nlm.nih.gov/pubmed/32219702
http://doi.org/10.1158/0008-5472.CAN-05-2368
http://www.ncbi.nlm.nih.gov/pubmed/16778220
http://doi.org/10.1007/s00216-020-02646-0
http://www.ncbi.nlm.nih.gov/pubmed/32296903
http://doi.org/10.1149/2.1621706jes
http://doi.org/10.1142/S1088424619501293


Micromachines 2022, 13, 1749 8 of 8

9. Ilie-Mihai, R.M.; Stefan-van Staden, R.-I.; Lungu-Moscalu, A.; Pogacean, F.; Pruneanu, S.M. Sulphur Doped Graphenes Based
3D-Needle Stochastic Sensors as New Tools for Biomedical Analysis. J. Electrochem. Soc. 2021, 168, 037509. [CrossRef]

10. Ilie-Mihai, R.M.; Gheorghe, S.S.; Stefan-van Staden, R.-I.; Bratei, A. Electroanalysis of interleukins 1β, 6, and 12 in biological
samples using a needle stochastic sensor based on nanodiamond paste. Electroanalysis 2021, 33, 6–10. [CrossRef]

11. Stefan-van Staden, R.-I.; Negut, C.C.; Gheorghe, S.S.; Ciorît,ă, A. 3D stochastic microsensors for molecular recognition and
determination of heregulin-α in biological samples. Anal. Bioanal. Chem. 2021, 413, 3487–3492. [CrossRef] [PubMed]

12. Coros, M.; Pruneanu, S.; Stefan-van Staden, R.-I. Recent progress in the graphene-based electrochemical sensors and biosensors.
A review. J. Electrochem. Soc. 2020, 167, 037528. [CrossRef]

http://doi.org/10.1149/1945-7111/abec92
http://doi.org/10.1002/elan.202060118
http://doi.org/10.1007/s00216-021-03295-7
http://www.ncbi.nlm.nih.gov/pubmed/33763747
http://doi.org/10.1149/2.0282003JES

	Introduction 
	Materials and Methods 
	Chemicals 
	Instruments 
	Sensors Design 
	Stochastic Mode 
	Samples 

	Results and Discussion 
	Response Characteristics of Stochastic Osensors 
	The Reliability and Stability of the Stochastic Sensors 
	Selectivity of the Sensors 
	Determination of HER-3, HER-4 and HRG- in Whole Blood and Tissue Samples 

	Conclusions 
	References

