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Abstract: In this study, we investigated a label-free time efficient biosensor to recognize growth
factors (GF) in real time, which are of gran interesting in the regulation of cell division and tissue
proliferation. The sensor is based on a system of shear horizontal surface acoustic wave (SH-SAW)
immunosensor combined with a microfluidic chip, which detects GF samples in a dynamic mode.
In order to prove this method, to our knowledge not previously used for this type of compounds,
two different GFs were tested by two immunoreactions: neurotrophin-3 and fibroblast growth
factor-2 using its polyclonal antibodies. GF detection was conducted via an enhanced sequential
workflow to improve total test time of the immunoassay, which shows that this type of biosensor is a
very promising method for ultra-fast recognition of these biomolecules due to its great advantages:
portability, simplicity of use, reusability, low cost, and detection within a relatively short period of
time. Finally, the biosensor is able to detect FGF-2 growth factor in a concentration wide range, from
1-25 ug/mL, for a total test time of ~15 min with a LOD of 130 ng/mL.
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1. Introduction

Growth factors (GFs) are biomolecules which are involved in a variety of cellular
processes, such as proliferation, anti-apoptosis, drug resistance, and angiogenesis [1].
Dysregulated of GFs signaling causes human diseases, such as breast, gastric, and lung
cancer [2]. We selected two GFs (NT-3 and FGF-2) in this study due to the great impor-
tance in medicine, since they intervene in many biological processes related to diseases [3].
Neurotrophin-3 is a protein encoded by the NTF3 gene. This protein was the third neu-
rotrophin discovered [4], being a neurotrophic factor with activity in certain neurons of
the peripheral and central nervous system (CNS) helping the survival and differentiation
of existing neurons [5]. The expression of NT-3 starts with the onset of neurogenesis and
continues in adult life [6]. These proteins exert their effects through interactions with
neuron cell surface receptors, such as specific Trk receptors (receptor tyrosine kinase, TrkA,
TrkB, and TrkC) with high-affinity and p75 receptor with lower-affinity [7]. Neurotrophic
factors are able to control synaptic transmission, differentiation, plasticity, and protect
the nervous system from different types of damage [8]. On the other hand, the growth
factor FGF-2 is a member of a large family of proteins that binds heparin and heparan
sulfate which modulate the function of a wide range of cell types. This protein stimulates
the growth and development of new blood vessels (angiogenesis) that contribute to the
pathogenesis of several diseases (prostate cancer, atherosclerosis), normal wound healing,
and tissue development. FGF-2 binds to fibroblast growth factor receptors (FGFR1-FGFR4),
and they are most commonly promiscuous mitogens [9].

There are a lot of methods to measure biomolecules, such as sensitive detection of
deoxyribonucleic acid [10], grow factors [11], and cells [12]. Many of them have been
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used to detect them for a long time to the present, such as those based on fluorome-
try, spectrophotometry, or chemiluminescence [13], localized surface plasmon resonance
(LSPR) [14], mass spectrometry [15], optical methods [16], the electronic tongue [17], the
voltammetric method [18], and electrochemistry [19]. Almost all of them have showed
great disadvantages such as: high costs, long operating times, and use of labeled molecules.
On the other hand, well-established technologies, such as enzyme-linked immunosorbent
assays (ELISA) and radio-immunoassays (RIA), are not portable and complicated to use for
point-of-care aims. In addition, these techniques have large processing, use many reactives,
and work with high volumes, being, therefore, slow and expensive techniques.

To solve these important inconvenients, in this work, shear horizontal surface acoustic
wave (SH-SAW) immunosensors were used, since they show relevant advantages, such
as high sensitivity, low cost, low power, ultra-fast recognition, and real-time monitoring,
features of great interest for different fields of application [20], such as environment [21],
security, food, and biomedicine [22].

The principle of SH-SAW sensors is that the mass loading and the perturbation on the
viscoelastic properties, due to the join of specific biomolecules to the functionalized sensing
layer, causes a shift of the frequency or phase which are measured with a frequency counter
or network analyzer [23]. However, for biosensing applications in liquid media there is
the inconvenient of the attenuation of the vertical compression for Rayleigh waves into the
environment liquid [24]. This fact causes an important damping and therefore it is necessary
that the acoustic waves have a shear horizontal fluctuation to inhibit it, which consists of
particle displacements parallel to the surface and perpendicular to the direction of the wave
propagation. SH-SAW devices have advantages in this type of biological applications due
to their low acoustic losses in liquid [25] so these sensors have been successfully applied
for detecting different biomolecules such as DNA, bacteria, and virus [26].

Electrochemical [27] and capacitance-free labeling sensors [28] have been used to
detect grow factors (GF) in blood. To our knowledge, in literature, there are not yet
clear developments of SH-SAW as sensors to detect the growth factors, in particular
fibroblast growth factor-2 (FGF-2) and neurotrophin-3 (NT-3), in real-time and dynamic
mode (antigen—antibody) [29].

Therefore, in the present work, we focused our research in demonstrating the feasi-
bility of applying SH-SAW sensors for detecting these two GFs for concentrations where
the cancer processes are produced, given their compatibility with microfluidics systems.
Microfabrication and microfluidics processes play a great role in the development of point
of care diagnostic test.

Among all the sensors described to date SH-SAW are the ones that present a best
technology capable of efficiently developing both fluidic manipulation and biosensing
to manufacture microfluidic biosensors [30]. These SH-SAW sensors are rigged up by
standard micro- and fabrication techniques. Microchannels are made of plastic materials
by replica molding, while the SH-SAWs are built by a comb-like metal structure called
interdigital transducers (IDTs), which are prepared on a piezoelectric material [31].

The compatibility of SH-SAWs with different cells has also been carried out [32],
as well as their improvement of biomolecules binding to surfaces [33]. Therefore, SAW-
based systems are promising candidates for lab-on-a-chip (LoC) development, capable
of realizing both biosensing and microfluidics functions on a single chip, which can also
operate wirelessly [34].

In this paper, we have detected NT-3 and FGF-2 proteins as suitable biological markers
for metastasis using SH-SAW ultra-fast devices with microfluidics systems.

2. Materials and Methods
2.1. Materials
All chemical products and solvents were of analytical grade. The reagents used in this

research are the protein BSA (bovine serum albumin), the buffer TBS (tris-buffered saline),
3-aminopropy-triethoxysilane (APTES, A3648), glutaraldehyde (GA, G7776), toluene, and
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2-butyl alcohol which were supplied by Sigma (St. Louis, MO, USA). Rabbit polyclonal
antibody FGF-2 (500-P18-50 ug, FGF basic), rabbit polyclonal antibody NT-3 (500-P82—
50 nug), FGF-2 and NT-3 growth factors were supplied by Peprotech.

2.2. Assembly of the Biosensor (SH-SAW)

The SH-SAW device (size of 30 x 40 x 0.5 mm) was used for this research (see
Figure 1). SH-SAW is transmitted on the ST-cut quartz, in a perpendicular way to the
x crystallographic axis. The wavelength of 28 um was generated and detected by interdigital
transducers (IDTs). The IDTs were performed through standard lithographic techniques by
depositing an aluminum coating of 200 nm by the RF sputtering technique. The structure
of a double electrode was duplicated 75 times to make each of the IDTs. The characteristic
parameters of the device are as follows. Spacing, among the IDTs, was 225 A, and the
acoustic aperture was 75 A; the sensitive surface area was 7.4 mm? (taking into account
that the microchannel width was 3.4 mm). Finally, a surface acoustic wave of Love type
was attained for guiding the SH-SAW in a SiO; coating deposited by PECVD technique.
The maximum sensitivity was achieved for a thickness of approximately 3.7 pm of this
oxide [35,36].

~ SH-SAW

Electrical contacts

Electrical contacts

40 mm

Figure 1. Devices (SH-SAW) plus PDMS microfluidic chip with the microchannel shape.
2.3. PDMS Chip and Liquid Cell

To achieve a homogenous flow in the device, Comsol software was used considering
the microchannel shape (Figure 1).

A polydimethylsiloxane (PDMS) chip was performed with a SU-8 mold with the
microchannel shape. A SU-8 negative photoresist coating (150 um) was deposited on a
silicon wafer; then it was exposed to an optical lithography technique, and finally baked
to attain the master. The microstructure of PDMS and the SH-SAW device were joined by
pressure. In this way, microchannels with a height of 150 pum were formed. Figure 2 depicts
the realization of the mounting of the PDMS chip on the device SH-SAW.

2.4. System Temperature Control

A temperature control system was designed for the Love device for liquids, combining

(Figure 2):

e A Peltier device that allows thermostatization of the socket where the Love device is
located. Said plinth made of aluminum, due to its great thermal conductivity, allows
the temperature of the device to be homogeneous, and also, due to its low heat capacity,
the Peltier device is able to act on its temperature in a short time;
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e A Platinum resistor (Pt100) that is located in a cavity between the socket and the
SH-SAW device, and is capable of measuring temperature with an uncertainty of
+0.1 °C;

e A PID controller, which every two seconds measures the resistance of the Pt100,
processing and storing the temperature data to finally act on the Peltier device through
a power source;

e  An aluminum heat sink that is used to cool and heats in short times, and besides
promotes heat exchange with the environment;

e Afanisnecessary so that the heat exchange between the heat sink and the environment
is faster.

. — - \Microtubes
Pipette tips <=’ l ’L l
- T- < . )

. == Presure piece

PCB with
RF conectors

Methacrylate
support

PDMS chip <———
s> SH-SAW device

SH-SAW

Socket .

==p> Peltier device

Heat Sink <=

Figure 2. Liquid cell diagram showing the different components.

2.5. Activation of the SH-SAW Devices

The preparation of the surface of the SH-SAW devices used for these experiments
was previously described by our group [35]. Briefly, the oxidation of SiO; surface was
performed depositing fresh piranha etch (HySO4:HO», 3:1, v/v) for 5 min, then the device
was washed with water and nitrogen drying. Then, the SH-SAW device was functionalized
by primary amine groups by immersing in a solution of 20 mM of APTES in toluene for
one hour and followed by cleaning in toluene and subsequently in 2-butyl alcohol during
10 min. in each case. The surface activated was treated with glutaraldehyde in water at
20 mM for two hours with shaking, and then washed with water in order to remove all
reagents that did not react [37]. When not being used for the experiment, the device was
stored at 4 °C.

2.6. Experimental Setup

The measurement was carried out with a continuous flow through the microchannel
of the SH-SAW sensor. The biological sample was deposited at one end of the channel by
using a cone, and at the other end of the microchannel there was another cone through
which the solution came out when it was connected to a syring pump (KDScientific 210).
The sample was exposed in a continuous flow mode between 10 and 20 pL/min. After
being injected, the sample passed through the microtubules from the starting cone to the
pump syringes. Unbound biological components were stored in syringes. The pump
controls the test flow. SH-SAW sensors are sensitive to temperature changes during testing.
Thus, the temperature was kept constant at 30 °C using a Peltier device controlled by a PID
system from the PC.
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Each of delay lines of the SH-SAW sensor were joined to an amplifier circuit, forming
an oscillating system that transmitted the signal to a frequency counter. All the components
necessary for the biosensor to work, such as the multimeter that measures the resistance
(Pt100) (Keithley 2001, Madrid, Spain), the frequency counter (Agilent 53131A, Madrid,
Spain), the power supply that controls the temperature (Peltier) (Agilent E3646A, Madrid,
Spain), as well as the acquisition of the results, were controlled in real time by a protocol
performed for this particular experiment (GPIB) [38].

2.7. Detection of the Biomolecules (GFs)

The device was equilibrated with TBS buffer to pH 7.0 at a flow rate of 20 pL/min
using a volume of 100 puL. When the frequency and temperature were constant at a flow
of 10 uL/min, an antibody solution (anti-FGF-2, 80 uL, at 50 pg/mL, or anti-NT-3, 80 uL,
at 50 pg/mL) was passed. Once the decrease in frequency was balanced, the device was
washed with 100 pL of TBS buffer, and in some cases the glutaraldehyde groups of the
support that had not reacted with the antibody were blocked with a 3% of BSA (80 nuL) ata
flow of 10 pL/min. Then, the chip was equilibrated with TBS buffer and a solution of the
biomolecule of interest was added to detect (FGF-2, 80 puL from 1 to 25 ug/mL, or NT-3,
80 uL to 50 pg/mL), at a flow of 10 pL/min until equilibrium. Figure 3 depicts a schematic
of the device sensing the growth factor FGF-2.

CHEMICAL Antibody GROWTH FACTOR
FUNCIONALIZATION FGF-2 FGF-2

N# (P9

AIR
CHAMBER

CHAMBER

1
1
SiO2 (GUIDING LAYER)

QUARTZ (SUBSTRATE)

Figure 3. Schematic of the device sensing the growth factor FGF-2.

3. Results and Discussion

The detection of growth factors was performed using gravimetric (mass-sensitive)
biosensors, specifically SH-SAW ones, using microfluidic technology.

NT-3 and FGF-2 proteins were selected as growth factors. To detect these proteins,
the surface of the SH-SAW device was activated with glutaraldehyde to achieve the union
with the anti-growth factors (anti-GF) by the amino groups (-NH3) of the lysine or arginine
residues. The detection was carried out by the resonance frequency changes of the device
due to the increase of mass in its surface. The increment of mass, due to the antibody-
antigen affinity, produced a change in the rate of the surface acoustic wave, and therefore a
change in the resonant frequency.

The complete detection process of the growth factors, NT-3 and FGF-2, are shown
in Figures 4 and 5. First, the activation of the device was carried out as is described
in the method section. Once the frequency was stabilized with buffer, anti-NT-3 was
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163.065

incorporated in the cone, observing a frequency decrease of 12.5 kHz due to the binding
of the amino groups of the anti-NT-3 with the aldehyde groups anchored on the device
surface. Afterward, BSA protein was used to block aldehyde groups not bound to anti-NT3,
but there was hardly any change in frequency. Then, buffer was added to stabilize the
process and NT-3 protein was incorporated producing a shift of frequency of 6.74 kHz
(Figure 4a). The whole experiment was repeated, except that BSA step was skipped, and a
frequency shift of 7.59 kHz was obtained for the same concentration of NT-3 (Figure 4b),
which is a low difference of a 12%. In this way, it has been seen that the BSA is not essential
to block the biosensors before the addition of the GF (Figure 4c), being therefore one of the
facts that makes this test faster than ELISA test.

(c)

—e— With BSA
—a— Without BSA

ANti-NT3 (a)
163.060 *3
1
163.055] 3 BSA
3 01
1630507 3 b el
F 1630457 3§ = Tms At \\
H vy
= 163.040 4 TBS ;4 ;,2_
2.163.035 : ; ; : : = LY
g 0 5 10 15 20 25 73
$ 1624007  AntiNT3 Time (min) 341
& 162.395 e b 5
s (b) 2
162.390 ] T g .
162385 ¢ 7= =
162.380 8BS
: 8 .
162.375 . . ;
0 5 10 15 0.0 05
Time (min)

1.0 1.5

Time {min)

Figure 4. (a) Complete sensing process for NT-3 (50 ug/mL) with BSA. (b) Complete sensing process
for NT-3 without BSA. (¢) Comparison of frequency shift for both processes.
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Figure 5. Complete sensing process for FGF-2 (25 ug/mL) without BSA.

In the case of FGF-2 detection, anti-FGF-2 protein was incorporated in the cone of
the system, with a frequency decrease around 12.6 kHz observed due to the binding of
amino groups of anti-FGF-2 with the aldehyde groups anchored on the device surface,
which was very similar to the case of the anti-NT-3 (both antibodies have similar weight).
Afterward, BSA protein was added to block aldehyde groups not bound to the anti-FGF-2
(Figure 5). As it is shown for NT-3 detection, it was not necessary the use of BSA protein
either, because hardly any change in frequency was observed.

Finally, after rinsing with buffer to stabilize the frequency, a 25 pg/mL FGF-2 pro-
tein concentration was added and was bound with the anti-FGF-2, producing a shift of
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frequency of 20.91 kHz. To optimize the testing flow rate with this type of devices, ultra-
fast recognition assays of FGF-2 at 5 and 10 pL/min were carried out. For 5 pL/min
no-saturation was achieved in 5 min.; therefore, it was decided to make the assays with a
flow rate of 10 uL/min.

Due to this great response for FGF-2, two lower concentrations of this GF were tested:
2.5and 1 pg/mL, obtaining a good and discriminated response in a few minutes (Figure 6).
The frequency shifts were: 2.89 kHz and 1.22 kHz, respectively. Moreover, the noise was
10 Hz/min; thus, as for 1 ug/mL, when the signal was 232 Hz/min then it would be
possible to detect a 130 ng/mL concentration, which would be the limit of detection (LOD).

0 "t\ t 1.22 kHz
-5

25 pg/ml (data)

2.5 pg/ml (data)

1 ng/ml (data)
—— 25 pg/ml (fit)
— 2.5 ug/mi (fit)
— 1 pg/ml (fit)

Frequency Shift (kHz)
>

Time (min)
Figure 6. Responses for different concentrations of FGF-2.

To obtain an optimized and fast process to detect concentrations of GFs from the sensor
responses during the immunoreaction, these ones could be fitted by means of a plateau
followed by two phase decays (Figure 7). The R? values were higher than 0.99 for the three
concentrations, which reflects a very good agreement with the measurements carried out
(Figure 7).

= 100,000 5
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Figure 7. Fitted responses for the three concentrations of FGF-2 detected.
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For all cases, the SH-SAW sensor operated in dynamic mode with an adequate flow
at 10 uL/min when using micro-channels to detect the biomolecules in a very short time.
The dynamic mode promotes the binding between the anti-GF and GF in a fast time and in
addition, this sensing system is label free.

4. Conclusions

This article describes the detection of GFs, in a very fast and sensitive way and without
the need for labeling, using SH-SAW sensors. In addition, these biosensors have the great
advantage of observing in real-time the binding interactions of anti-NT-3/NT-3 and anti-
FGF-2/FGF-2. BSA is not essential to block the functional groups on the biosensors before
the addition of the GF, therefore performing this test in a faster way than the ELISA test.
For FGEF-2, three concentrations (1, 2.5, and 25 pug/mL) were detected, obtaining a good
response and discrimination among them. The LOD for FGF-2 was 130 ng/mL.

Efficient and reusable biosensors have been developed to detect the concentration lev-
els that there are in human blood when processes of metastasis exist. Therefore, the SH-SAW
biosensor technology is a hopeful analysis tool for applications in clinical test and it can
compete with the already well-established ones but much more complex techniques, such
as SPR (surface plasmon resonance) and ELISA (enzyme-linked immunosorbent assay).

Author Contributions: Conceptualization, M.C.H. and D.M.; methodology, A.B. and D.M.; formal
analysis, D.M. and M.C.H.; writing—original draft preparation, M.C.H. and A.B.; supervision, M.C.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Ciencia, Innovacién y Universidades,
under the projects: PID-2019-105337RB-C21 and RT1-2018-095856-B-C22.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Isabel Gracia (IMB-CSIC) for manufacturing the microma-
chined quartz substrates.

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

References

1. Kim, Y.S; Lee, H.-].; Han, M.-H.; Yoon, N.-K.; Kim, Y.-C.; Ahn, J. Effective production of human growth factors in Escherichia coli
by fusing with small protein 6HFh8. Microb. Cell Fact. 2021, 20, 9. [CrossRef] [PubMed]

2. Katoh, M. Therapeutics targeting fgf signaling network in human diseases. Trends Pharmacol. Sci. 2016, 37, 1081-1096. [CrossRef]
[PubMed]

3. Mehrotra, P. Biosensors and their applications—A review. J. Oral Biol. Craniofac. Res. 2016, 6, 153-159. [CrossRef]

4.  Butte, M.; Hwang, PK.; Mobley, W.C; Fletterick, R.J. Crystal structure of neurotrophin-3 homodimer shows distinct regions are
used to bind its receptors. Biochemistry 1998, 37, 16846-16852. [CrossRef] [PubMed]

5. Kumar, S. Nerve growth factor. Nature 1973, 244, 471. [CrossRef]

6.  Ernfors, P.; Wetmore, C.; Olson, L.; Persson, H. Identification of cells in rat brain and peripheral tissues expressing mRNA for
members of the nerve growth factor family. Neuron 1990, 5, 511-526. [CrossRef]

7. DeChant, G; Tsoulfas, P; Parada, L.F,; Barde, Y.-A. The neurotrophin receptor p75 binds neurotrophin-3 on sympathetic neurons
with high affinity and specificity. J. Neurosci. 1997, 17, 5281-5287. [CrossRef]

8.  Ma, L,; Reis, G.; Parada, L.F,; Schuman, E.M. Neuronal NT-3 is not required for synaptic transmission or long-term potentiation in
area CA1 of the adult rat hippocampus. Learn. Mem. 1999, 6, 267-275. [CrossRef]

9. Xie, Y;Su, N,; Yang, J.; Tan, Q.; Huang, S.; Jin, M.; Ni, Z.; Zhang, B.; Zhang, D.; Luo, F,; et al. FGF/FGFR signaling in health and
disease. Signal Transduct. Target. Ther. 2020, 5, 181. [CrossRef]

10. Hur, Y.; Han, J.; Seon, J.; Pak, Y.E.; Roh, Y. Development of an SH-SAW sensor for the detection of DNA hybridization. Sens.
Actuators A Phys. 2005, 120, 462-467. [CrossRef]

11.  Son, KJ.; Gheibi, P; Stybayeva, G.; Rahimian, A.; Revzin, A. Detecting cell-secreted growth factors in microfluidic devices using
bead-based biosensors. Microsyst. Nanoeng. 2017, 3, 17025. [CrossRef]

12.  Trivedi, S.; Nemade, H.B. Coupled resonance in SH-SAW resonator with 51813 micro-ridges for high mass sensitivity biosensing
applications. Sens. Actuators B Chem. 2018, 273, 288-297. [CrossRef]

13.  Freeman, R.; Girsh, J.; Jou, A.F.-].; Ho, J.-A.A.; Hug, T.; Dernedde, ]J.; Willner, I. Optical Aptasensors for the Analysis of the

Vascular Endothelial Growth Factor (VEGF). Anal. Chem. 2012, 84, 6192-6198. [CrossRef]


http://doi.org/10.1186/s12934-020-01502-1
http://www.ncbi.nlm.nih.gov/pubmed/33413407
http://doi.org/10.1016/j.tips.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27992319
http://doi.org/10.1016/j.jobcr.2015.12.002
http://doi.org/10.1021/bi981254o
http://www.ncbi.nlm.nih.gov/pubmed/9836577
http://doi.org/10.1038/244471a0
http://doi.org/10.1016/0896-6273(90)90090-3
http://doi.org/10.1523/JNEUROSCI.17-14-05281.1997
http://doi.org/10.1101/lm.6.3.267
http://doi.org/10.1038/s41392-020-00222-7
http://doi.org/10.1016/j.sna.2005.01.027
http://doi.org/10.1038/micronano.2017.25
http://doi.org/10.1016/j.snb.2018.06.040
http://doi.org/10.1021/ac3011473

Biosensors 2022, 12,17 90f9

14. Zandieh, M.; Hosseini, S.N.; Vossoughi, M.; Khatami, M.; Abbasian, S.; Moshaii, A. Label-free and simple detection of endotoxins
using a sensitive LSPR biosensor based on silver nanocolumns. Anal. Biochem. 2018, 548, 96-101. [CrossRef]

15.  Li, H,; Hitchins, V.M.; Wickramasekara, S. Rapid detection of bacterial endotoxins in ophthalmic viscosurgical device materials by
direct analysis in real time mass spectrometry. Anal. Chim. Acta 2016, 943, 98-105. [CrossRef]

16. Wu, J.; Zawistowski, A.; Ehrmann, M.; Yi, T.; Schmuck, C. Peptide functionalized polydiacetylene liposomes act as a fluorescent
turn-on sensor for bacterial lipopolysaccharide. J. Am. Chem. Soc. 2011, 133, 9720-9723. [CrossRef] [PubMed]

17.  Heras, ].Y.; Pallarola, D.; Battaglini, F. Electronic tongue for simultaneous detection of endotoxins and other contaminants of
microbiological origin. Biosens. Bioelectron. 2010, 25, 2470-2476. [CrossRef] [PubMed]

18. Liu, T.; Meng, E; Cheng, W.; Sun, H.; Luo, Y.; Tang, Y.; Miao, P. Preparation of a peptide-modified electrode for capture and
voltammetric determination of endotoxin. ACS Omega 2017, 2, 2469-2473. [CrossRef] [PubMed]

19. Fetter, L.; Richards, J.; Daniel, ].; Roon, L.; Rowland, T.].; Bonham, A.J. Electrochemical aptamer scaffold biosensors for detection
of botulism and ricin toxins. Chem. Commun. 2015, 51, 15137-15140. [CrossRef]

20. Lange, K.; Rapp, B.E.; Rapp, M. Surface acoustic wave biosensors: A review. Anal. Bioanal. Chem. 2008, 391, 1509-1519. [CrossRef]
[PubMed]

21. Zhang, X; Fang, ].; Zou, L.; Zou, Y.; Lang, L.; Gao, F; Hu, N.; Wang, P. A novel sensitive cell-based Love Wave biosensor for
marine toxin detection. Biosens. Bioelectron. 2015, 77, 573-579. [CrossRef] [PubMed]

22. Ji,]J.; Pang, Y.; Li, D.; Huang, Z.; Zhang, Z.; Xue, N.; Xu, Y.; Mu, X. An aptamer-based shear horizontal surface acoustic wave
biosensor with a CVD-grown single-layered graphene film for high-sensitivity detection of a label-free endotoxin. Microsyst.
Nanoeng. 2020, 6, 4. [CrossRef] [PubMed]

23.  Voiculescu, I; Nordin, A.N. Acoustic wave based MEMS devices for biosensing applications. Biosens. Bioelectron. 2012, 33, 1-9.
[CrossRef] [PubMed]

24. Ricco, A.; Martin, S.; Zipperian, T. Surface acoustic wave gas sensor based on film conductivity changes. Sens. Actuators 1985,
8, 319-333. [CrossRef]

25. Tom-Moy, M.; Baer, R.L.; Spira-Solomon, D.; Doherty, T.P. Atrazine measurements using surface transverse wave devices. Anal.
Chem. 1995, 67, 1510-1516. [CrossRef]

26. Borodina, I.; Zaitsev, B.; Burygin, G.; Guliy, O. Sensor based on the slot acoustic wave for the non-contact analysis of the bacterial
cells—Antibody binding in the conducting suspensions. Sens. Actuators B Chem. 2018, 268, 217-222. [CrossRef]

27. Vasudev, A.; Kaushik, A.; Bhansali, S. Electrochemical immunosensor for label free epidermal growth factor receptor (EGFR)
detection. Biosens. Bioelectron. 2013, 39, 300-305. [CrossRef]

28. Shin, D.-M,; Shin, Y.-C,; Lee, ] -H.; Kim, T.-H.; Han, D.-W.; Kim, J.-M.; Kim, H.K,; Kim, K.; Hwang, Y.-H. Highly sensitive detection
of epidermal growth factor receptor expression levels using a capacitance sensor. Sens. Actuators B Chem. 2015, 209, 438—443.
[CrossRef]

29. Purohit, B.; Vernekar, PR.; Shetti, N.P.; Chandra, P. Biosensor nanoengineering: Design, operation, and implementation for
biomolecular analysis. Sens. Int. 2020, 1, 100040. [CrossRef]

30. Cecchini, M.; Girardo, S.; Pisignano, D.; Cingolani, R.; Beltram, F. Acoustic-counterflow microfluidics by surface acoustic waves.
Appl. Phys. Lett. 2008, 92, 104103. [CrossRef]

31. Greco, G.; Agostini, M.; Tonazzini, I.; Sallemi, D.; Barone, S.; Cecchini, M. Surface-acoustic-wave (SAW)-driven device for dynamic
cell cultures. Anal. Chem. 2018, 90, 7450-7457. [CrossRef]

32.  Greco, G.; Agostini, M; Shilton, R.; Travagliati, M.; Signore, G.; Cecchini, M. Surface acoustic wave (SAW)-enhanced chemical
functionalization of gold films. Sensors 2017, 17, 2452. [CrossRef]

33. Agostini, M.; Greco, G.; Cecchini, M. Full-SAW microfluidics-based lab-on-a-chip for biosensing. IEEE Access 2019, 7, 70901-70909.
[CrossRef]

34. Lurz, E; Ostertag, T.; Scheiner, B.; Weigel, R.; Koelpin, A. Reader architectures for wireless surface acoustic wave sensors. Sensors
2018, 18, 1734. [CrossRef]

35. Matatagui, D.; Fontecha, J.; Fernandez, M.; Oliver, M.; Hernando-Garcia, J.; Sanchez-Rojas, J.; Gracia, I.; Cané, C.; Santos, J.;
Horrillo, M. Comparison of two types of acoustic biosensors to detect immunoreactions: Love-wave sensor working in dynamic
mode and QCM working in static mode. Sens. Actuators B Chem. 2013, 189, 123-129. [CrossRef]

36. Matatagui, D.; Moynet, D.; Fernandez, M.; Fontecha, J.; Esquivel, ].; Gracia, I.; Cané, C.; Déjous, C.; Rebiére, D.; Santos, J.; et al.
Detection of bacteriophages in dynamic mode using a Love-wave immunosensor with microfluidics technology. Sens. Actuators B
Chem. 2013, 185, 218-224. [CrossRef]

37. Lo, X.-C,;Li,]J.-Y,; Lee, M.-T,; Yao, D.-]. Frequency shift of a SH-SAW biosensor with glutaraldehyde and 3-aminopropyltriethoxysilane
functionalized films for detection of epidermal growth factor. Biosensors 2020, 10, 92. [CrossRef] [PubMed]

38. Matatagui, D.; Fontecha, ].L.; Fernandez, M.].; Gracia, I.; Cane, C.; Santos, ].P,; Horrillo, M.C. Love-wave sensors combined with
microfluidics for fast detection of biological warfare agents. Sensors 2014, 14, 12658-12669. [CrossRef]


http://doi.org/10.1016/j.ab.2018.02.023
http://doi.org/10.1016/j.aca.2016.09.030
http://doi.org/10.1021/ja204013u
http://www.ncbi.nlm.nih.gov/pubmed/21615123
http://doi.org/10.1016/j.bios.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20434900
http://doi.org/10.1021/acsomega.7b00495
http://www.ncbi.nlm.nih.gov/pubmed/30023666
http://doi.org/10.1039/C5CC05933J
http://doi.org/10.1007/s00216-008-1911-5
http://www.ncbi.nlm.nih.gov/pubmed/18265962
http://doi.org/10.1016/j.bios.2015.07.062
http://www.ncbi.nlm.nih.gov/pubmed/26476015
http://doi.org/10.1038/s41378-019-0118-6
http://www.ncbi.nlm.nih.gov/pubmed/34567619
http://doi.org/10.1016/j.bios.2011.12.041
http://www.ncbi.nlm.nih.gov/pubmed/22310157
http://doi.org/10.1016/0250-6874(85)80031-7
http://doi.org/10.1021/ac00105a005
http://doi.org/10.1016/j.snb.2018.04.063
http://doi.org/10.1016/j.bios.2012.06.012
http://doi.org/10.1016/j.snb.2014.12.001
http://doi.org/10.1016/j.sintl.2020.100040
http://doi.org/10.1063/1.2889951
http://doi.org/10.1021/acs.analchem.8b00972
http://doi.org/10.3390/s17112452
http://doi.org/10.1109/ACCESS.2019.2919000
http://doi.org/10.3390/s18061734
http://doi.org/10.1016/j.snb.2013.02.003
http://doi.org/10.1016/j.snb.2013.04.118
http://doi.org/10.3390/bios10080092
http://www.ncbi.nlm.nih.gov/pubmed/32764513
http://doi.org/10.3390/s140712658

	Introduction 
	Materials and Methods 
	Materials 
	Assembly of the Biosensor (SH-SAW) 
	PDMS Chip and Liquid Cell 
	System Temperature Control 
	Activation of the SH-SAW Devices 
	Experimental Setup 
	Detection of the Biomolecules (GFs) 

	Results and Discussion 
	Conclusions 
	References

