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ARTICLE INFO ABSTRACT

Keywords: Conventional diagnostic methods often involve long incubation times due to limited fluid mixing in confined
Acoustic streaming spaces, despite offering high sensitivity. Therefore, acoustic streaming was employed to enhance microscale
Piezoelectric

advection, thereby improving biomolecular interactions and reducing assay duration. The micromixing capa-
bility was demonstrated by dispersing methylene blue (MB) in deionized water and glycerol solutions, where
homogenization time decreased by approximately 80 % in water and 84-88 % in glycerol under acoustic
actuation. Biomolecule adsorption was modeled using MB adsorbed onto cellulose acetate-graphene oxide (CA-
GO) beads, showing improved adsorption and a reduced time to saturation from 16 to 8 min. Maximum
adsorption occurred at 2 MHz frequency and 20 V amplitude. By using these optimized parameters, voltammetric
immunosensing of Newcastle disease virus (NDV) was performed on PEG-alkanethiol-modified screen-printed
gold electrodes (SPGE). The system incorporating acoustic streaming was compared against one without it.
Results demonstrated a comparable limit of detection (1.46 HA pL~! at 36 m™!) achieved at shorter assay
duration (8 min). These findings underscore the potential of acoustic streaming in electrochemical immuno-
sensors to accelerate diagnostic assays without compromising sensitivity or specificity, particularly for appli-
cations utilizing screen-printed electrodes.

Micromixing
Electrochemical immunosensor

1. Introduction control disease spread and enabling the monitoring of disease progres-
sion [1,2]. Conventional diagnostic techniques including molecular

Disease diagnostics and pathogen detection play a critical role in the methods such as polymerase chain reaction (PCR) and real-time PCR
early identification of infections, facilitating timely interventions to [3], enzyme-linked immunosorbent assay (ELISA) [4] and
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immunofluorescence [5] have been employed. Even though these
methods are recognized for their sensitivity, they suffer from the prob-
lems such as being labor intensive and having long sample-to-answer
duration [6]. For instance, ELISA is typically limited by diffusion-
driven kinetics, resulting in lengthy sample incubation periods [7].
Additional limitations include the need for large sample volumes and
low surface-to-volume ratios, which hinder their suitability for rapid
and sensitive disease and pathogen detection [1].

Electrochemical detection approaches offer a promising alternative
due to their operational simplicity, high sensitivity, rapid response
times, portability, and potential for miniaturization [8,9]. These char-
acteristics are advantageous for point-of-care diagnostics that require
swift detection of target analytes, thereby improving disease manage-
ment and enabling prompt medical decisions [10]. Moreover, the
portability of electrochemical immunosensors supports decentralized
clinical testing, allowing for in situ diagnostics [11,12].

A key limitation of conventional diagnostic methods is the extended
incubation time caused by diffusion-limited analyte transport [13]. In
order to overcome this problem, both passive and active micromixing
strategies can be integrated into sample incubation systems, particularly
in microfluidic platforms where fluids operate at the microscale [14].
Passive micromixers rely on channel geometry modifications to induce
mixing without external energy input [14,15]. In contrast to passive
micromixers, active micromixers utilize external stimuli such as thermal
[16], electric [17], pressure [18] and magnetic [19] fields, as well as
acoustic perturbation [20] to induce the fluid mixing [21]. Among them,
acoustic-induced micromixing or acoustofluidics is particularly attrac-
tive due to its biocompatibility and applicability to a wide range of
liquid viscosities [22]. Besides that, acoustofluidics does not require
labelling of liquid samples as in electric- or magnetic-based methods,
[23].

Acoustofluidics has been widely adopted in various biological ap-
plications for its ability to manipulate biomolecules and nanoparticles,
enabling mixing [24], patterning [25], focusing and enrichment [26],
separation [27], sorting [28], entrapment [29], and cell lysis [23]. Be-
sides that, acoustofluidic also has been applied in the development of
biosensors [30]. For example, Li et al. [31] applied acoustofluidics to
enrich target analytes at the sensing surface, enhancing sensitivity while
reducing incubation time. Similarly, Syamila et al. [32] employed
acoustic streaming generated by a piezoelectric plate coupled to a
screen-printed carbon electrode (SPCE), improving mass transfer of
analytes to the bioreceptor layer and shortening assay duration due to
mechanical vibration. Such reduction in incubation time is desirable for
point-of-care devices that require fast and efficient analyte detection
[33,34]. In addition to SPCEs, acoustic streaming has also been
demonstrated with materials like polystyrene [13], paper [35], poly-
dimethylsiloxane (PDMS) [36] and polymethyl methacrylate (PMMA)
[371.

Another crucial challenge in biosensor development is biofouling,
wherein non-specific protein adsorption occurs on the bioreceptor-
functionalized surface, compromising sensitivity and specificity [38].
Mitigation strategies involve either passive or active antifouling ap-
proaches [39]. Passive methods typically involve coating the sensing
surface with blocking layers using proteins such as bovine serum albu-
min [40] and milk proteins [41], or the formation of hydrophilic layer
by polyethylene glycols [42] and zwitterionic polymers [43]. Active
methods rely on mechanical or acoustic vibrations or pressure-driven
flows to prevent non-specific protein adsorption [39]. For instance,
Pan et al. [44] utilized acoustic streaming to generate microvortexes in
the sample solution, facilitating the removal of non-specific proteins
from the sensor surface.

This study demonstrates that acoustic streaming induced from a
vibrating piezoelectric plate that was placed under the screen-printed
electrode has improved micromixing in a small volume of liquid sam-
ple that was applied to the sensor surface. While the fundamental
characterization of acoustic streaming such as flow pattern
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visualization, acoustic pressure distribution in fluids, and the manipu-
lation of micro- and nanoparticles has been well-documented in previ-
ous literature [45,46], this study focuses on harnessing the effect to
enhance sample mixing and, in turn, improve the analytical perfor-
mance of an electrochemical immunosensor targeting a viral analyte.
Firstly, methylene blue (MB) dye was dispersed in water droplets and
glycerol droplets with varied viscosity to evaluate the improvement of
micromixing by the induced acoustic streaming. Secondly, adsorption of
MB dye onto cellulose acetate-graphene oxide (CA-GO) was studied with
and without acoustic streaming to evaluate the improvement of bio-
molecules adsorption at different incubation duration, as well as at
different actuation frequencies and amplitudes. Subsequently, the
detection of Newcastle disease virus (NDV) was studied in the presence
of acoustic streaming to monitor its improved adsorption onto NDV-
specific polyclonal antibodies (anti-NDV) that were immobilized on
screen-printed gold electrodes (SPGE). The sensitivity, specificity and
selectivity studies of NDV detection were also carried out, as well as the
detection of NDV in diluted allantoic fluid as a real sample candidate.

2. Experimental
2.1. Materials and instrumentation

NDV LaSota strain and rabbit polyclonal anti-NDV were obtained
from the Virology Laboratory, Faculty of Biotechnology and Biomole-
cular Sciences, Universiti Putra Malaysia. Carboxy-polyethylene glycol-
undecanethiol (CEGU, IUPAC name: 20-(11-mercaptoundecanyloxy)-
3,6,9,12,15,18-hexaoxaeicosanoic acid) for SAM formation on SPGE
was purchased from Dojindo Laboratories (Kumamoto, Japan). 1-Ethyl-
3-(3'-dimethylaminopropyl)carbodiimide hydrochloride (EDCeHCI) was
purchased from Beijing Solarbio Science & Technology Co., Ltd. (Bei-
jing, China). Dimethyl sulfoxide (DMSO) and undenatured absolute
ethanol were purchased from Merck (Massachusetts, USA). Cellulose
acetate (CA), potassium hexacyanoferrate(Ill) (KsFe(CN)e) powder,
ammonia solution (25 %), N-hydroxysuccinimide sodium salt (NHS) and
acetic acid solution (100 %) were purchased from Sigma-Aldrich (Mis-
souri, USA). Both SPGE and SPCE were purchased from Metrohm
Dropsens (Parque Technologico de Asturias, Spain). Ultrasonic gel was
purchased from Parker Laboratories Inc. (New Jersey, USA). Electro-
chemical measurement was done on Metrohm 910 PGSTAT mini (Her-
isau, Switzerland) portable potientiostat. Deionized water (dH20) was
obtained from Elga Purelab Classic water purification system (Illinois,
USA) where the resistivity was at least 18.2 MQ.cm.

2.2. NDV propagation and clarification

NDV propagation and clarification procedures were adapted from
previous study [47]. Briefly, NDV suspension (20 HA, 100 pL in PBS) has
been inoculated in 9-day old specific pathogen free (SPF) embryonated
chicken eggs. Incubation of NDV-inoculated eggs were done in a hu-
midified incubator at 37 °C for 2 days. The eggs were then transferred
into a chiller (4 °C) for 1 h. Next, allantoic fluid that contains NDV was
clarified by opening the air sac of chicken embryo by using a sterilized
spatula. The allantoic fluid was then aseptically transferred into sterile
50-mL centrifuge tubes and centrifuged twice at 8000 rpm (7741 xg,
4 °C) for 10 min to remove any cellular debris, and once at 20000 rpm
(48,384 xg, 4 °C) for 4 h to pellet the NDV. The pellet was resuspended
in PBS (50 mM, pH 7) and subsequently tested using the HA assay to
determine the stock NDV concentration. From the HA assay that was run
in triplicate, it was determined that the stock concentration of NDV
suspension to be at 64 HA pL’l.

2.3. Evaluation of micromixing induction by acoustic streaming through
dispersion of MB dye in water droplet

The induction of micromixing through acoustic streaming actuation
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was adapted from previous studies [48,49]. Firstly, the apparatus
needed for the study was assembled as shown in Fig. 1(A), where SPCE
was placed directly on the lab bench surface for the incubation without
acoustic streaming, and a separate SPCE was temporarily affixed to a
piezoelectric plate using ultrasonic gel and supported by a holder, as
shown in Fig. 1(B). Subsequently, dH20 (39 pL) and MB (1 %, 1 pL) were
dropped onto the working electrode of the SPCE, representing micro-
mixing induction on a carbon-based screen-printed electrode. By
continuously observing the dispersion of MB in the liquid droplet using
naked eyes and a magnifying glass, the time required for the MB dye to
disperse homogeneously within the dH20O droplet was then measured
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and recorded in triplicate under two incubation conditions, i.e., with
and without acoustic actuation from a piezoelectric plate placed beneath
the SPCE. Acoustic streaming actuated by piezoelectric was applied at
the frequency of 2 MHz and an amplitude of 20 V. The study was
repeated using SPGE and silver-electrodeposited SPCE (SPCE/Ag) to
represent a metal-based screen-printed electrode and metal
nanoparticle-electrodeposited screen-printed electrode, respectively.
Additionally, the dH2O droplet was replaced with glycerol at varying
concentrations to assess micromixing efficiency in viscous liquids. All
incubation procedures were conducted at room temperature.

39 L dH,0 droplet

Incubation without 1Pt TS ME drop{c‘et

acoustic streaming Working electrode -,

surface

Sine wave
generator

Connecting
wire

SPCE

Thin layer of
ultrasonic
gel

Acoustic off

O T T T T

Acoustic on

Incubation with
acoustic streaming

0

7

Holder
7 (for electrode support)

Piezoelectric plate

Fig. 1. Experimental set up for evaluation of micromixing induction by acoustic streaming through dispersion of MB dye in water droplet. (A) Photograph of actual
set up of experiment. (B) Schematic diagram of MB mixing in liquid droplet on SPCE working electrode. SPCE was placed directly on the lab bench for incubation
without acoustic streaming, whereas another SPCE was placed on a piezoelectric plate by temporarily fixing with ultrasonic gel for incubation with acoustic
streaming. SPCE was later replaced with SPGE and SPCE/Ag, and dH,O droplet was replaced with glycerol droplets with varied concentrations.
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2.4. Fabrication of CA-GO beads

CA-GO beads fabrication methodology was adapted from the previ-
ous study done by Eltaweil et al. [50]. Firstly, CA (1 g) was dissolved in
DMSO (5 mL) by using magnetic stirrer for 30 min in a beaker, while GO
(10 % w/v) was dispersed in DMSO (5 mL) by using ultrasonic waterbath
for 30 min in a separate beaker. After that, GO suspension was gradually
added into CA solution while being stirred vigorously for 30 min. Next,
the CA-GO composite solution was dispensed drop by drop into distilled
H»0 (250 mL) using a syringe to form the beads. These beads were then
left (15 min) to cure before being collected and thoroughly washed with
distilled H,O.

2.5. Evaluation of adsorption by using acoustic streaming through the
adsorption of MB dye on CA-GO beads

The evaluation was adapted from previous studies [51,52] with
modifications. A similar experimental setup was employed as described
previously in Fig. 1 (Section 2.3), except that the dH20 (39 pL) and MB
(1 %, 1 pL) were replaced with MB solution (100 mg L%, 40 pL) and CA-
GO beads, respectively. Firstly, dried CA-GO beads with a total weight of
4 mg, were placed and arranged on the SPCE working electrode surface.
Subsequently, MB (100 mg L%, 40 puL) solution was added to the same
electrode surface, fully submerging the CA-GO beads. Next, the sine
wave signal generator was activated with an AC frequency of 2 MHz and
an amplitude of 20 V to initiate acoustic actuation from the piezoelectric
plate. The adsorption of MB onto the CA-GO beads was allowed to
proceed for 1 to 16 min. After incubation, the remaining MB solution
was removed using a micropipette. The resulting beads, referred to as
CA-GO/MB, were then washed twice with dH,0 (40 pL) to eliminate any
excess MB dye from the electrode surface. The CA-GO/MB beads were
subsequently fixed onto the SPCE working electrode surface using PVDF
(5 %, 2 pL) solution. All steps were repeated under vibration-free con-
dition on a laboratory bench to incubate the MB solution with CA-GO
beads without acoustic streaming. Finally, all electrodes with fixed
CA-GO/MB were subjected to electrochemical characterization via cy-
clic voltammetry (CV) analysis to evaluate the improvement in beads
conductivity following MB adsorption. The CV was performed within a
potential window of —1.0 to 1.0 V, at a scan rate of 50 mV s, using an
electrolyte solution containing Fe(CN)g’/ 4 (5 mM) as the redox probe in
KCl (0.1 M) as the supporting electrolyte. The adsorption of MB onto CA-
GO beads was run in triplicate. Next, the anodic peak changes (Al,,) and
cathodic peak changes (Al,) from CV analysis were calculated as
described in Eq. 1 and Eq. 2, respectively.

Al = (Ipa ca-Go — Ipa CA—GO/MB)/Ipa ca-go X 100 (9]
ALy = (Tpe ca-co — Ipe ca-co/ms) /Tpe ca—co X 100 2

where, Ipa ca-go and Ipe ca-o are Ip, and I values that were produced by
bare CA-GO fixed on the electrode, while Ip; ca-co/ms and Ipe ca-Go/mB
are I, and I, that produced by CA-GO/MB fixed on the electrode.

2.6. Applicability of acoustic streaming in improving the sensing of NDV
through direct detection immunoassay

2.6.1. Fabrication of NDV sensing electrode

The fabrication method for this sensing platform was adapted from a
previous study [53] with modifications. Firstly, the SPGE was thor-
oughly cleaned with dH,O and air-dried. Next, the working electrode
surface of the SPGE was modified with a self-assembled monolayer
(SAM). This was done by overnight incubation of ethanolic CEGU (1
mM, 20 pL) solution at room temperature. After the incubation period,
the SPGE was rinsed with undenatured absolute ethanol (5 mL), fol-
lowed by dH,0 (5 mL), and then air-dried. The resulting electrode now
be referred to as SPGE/CEGU. The SPGE/CEGU was subsequently
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incubated with a carboxyl groups activation solution (20 pL) containing
EDCeHCI (0.2 M) and NHS (0.1 M). The incubation lasted for 1 h at room
temperature. Then, the electrode was rinsed with dH,0 (5 mL) and air-
dried and referred to as SPGE/CEGU/EDC:NHS electrode. For the opti-
mization of anti-NDV as a bioreceptor, anti-NDV (10 pL) at different
concentrations (10 to 1000 ng pL’l) was incubated on the SPGE/CEGU/
EDC:NHS electrode for 1.5 h in an ice bath. Following the anti-NDV
incubation, the electrode was rinsed with dH,O (5 mL) and air-dried.
After determining the optimal concentration of anti-NDV to be used as
bioreceptor, the electrode was referred to as SPGE/CEGU/EDC:NHS/
anti-NDV. The fabrication of anti-NDV-functionalized platform was
completed by incubating the SPGE/CEGU/EDC:NHS/anti-NDV elec-
trode with BSA (3 %, 10 pL) to block the free and empty spaces for
binding on the electrode, where the incubation was carried out under
the same conditions as the anti-NDV incubation. The completed elec-
trode was referred to as SPGE/CEGU/EDC:NHS/anti-NDV/BSA. The
finalized SPGE/CEGU/EDC:NHS/anti-NDV/BSA biosensors were
analyzed electrochemically through differential pulse voltammetry
(DPV) analysis in an electrolyte solution comprising of K3Fe(CN)g (0.1
M, 100 pL) as redox probe and ammonium acetate buffer (pH 4, 1 mL) as
supporting electrolyte in dH20 (10 mL), at potential window of —0.3 to
0.4 V, pulse potential of 10 ms and scan rate of 20 mV s~ '. All experi-
ments were done in triplicate.

2.6.2. Detection of NDV on fabricated sensing platform

NDV solution (0.156 to 20 HA pL ™! in PBS, 10 pL) was incubated on
the SPGE/CEGU/EDC:NHS/anti-NDV/BSA biosensors for 20 min at
room temperature, for incubation without acoustic streaming. For in-
cubation with the application of acoustic streaming, the optimum pa-
rameters of acoustic streaming (incubation time, and acoustic actuation
frequency and amplitude) from adsorption of MB onto CA-GO beads
study were used in the incubation of NDV on SPGE/CEGU/EDC:NHS/
anti-NDV/BSA biosensors. Subsequently, the electrodes were rinsed
with dH,0 (5 mL) and air-dried before electrochemical characterization
via DPV as described in Section 2.6.1. Next, the Al,, from DPV analysis
were calculated as described in Eq. 3.

AIpa = (Ipa bioreceptor — Ipa target) / Ipa bioreceptor X 100 (3)

where Ipa bioreceptor iS Ipa Value that produced by SPGE/CEGU/EDC:NHS/
anti-NDV/BSA, biosensors while I, target is the Ip, that produced after
the formation of immunocomplex between anti-NDV and NDV on the
electrode surface. After that, Langmuir adsorption isotherm (Eq. 4) has
been used to fit the plot of Al,, against NDV concentration and to
determine the binding adsorption or Langmuir constant (K;) between
anti-NDV and NDV at different concentrations [47].

ALy, = Al max K, [NDV]/(1 +K; [NDV]) @

where, [NDV] and Al; max is the concentration of NDV, and maximum
Alp, produced from the immunocomplex formation between immobi-
lized anti-NDV and NDV at different concentrations, respectively.

2.6.3. Selectivity and specificity study of NDV sensing platform

NDV in PBS (20 HA pL_l, 10 pL) as positive control, and NDV in
1:1000 diluted allantoic fluid (20 HA pL™!, 10 pL) as test sample was
allowed to be incubated on the SPGE/CEGU/EDC:NHS/anti-NDV/BSA
biosensors, separately with and without acoustic streaming applica-
tion. After that, the electrodes were rinsed with dH,O (5 mL) and air
dried prior to electrochemical characterization by DPV as described in
Section 2.6.2. The Al,, was then calculated as in Eq. 3.

2.6.4. Detection of NDV in diluted allantoic fluid

NDV was spiked into 1:1000 diluted allantoic fluid for real sample
analysis. This was done as allantoic fluid in embryonated chicken eggs
was used for NDV viral isolation, as recommended by the World Orga-
nization for Animal Health. In this method, clarified supernatants from
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tissue suspensions or feces swabs are inoculated into the allantoic cavity
of nine- to eleven-day-old embryonated chicken eggs. Then, the allan-
toic fluid was harvested and analyzed through the hemagglutination
(HA) assay for viral detection and quantification [54].

Each prepared concentration (0.156 to 20 HA pL_l) was incubated
(10 pL) on the fabricated SPGE/CEGU/EDC:NHS/anti-NDV/BSA bio-
sensors, separately with and without acoustic streaming application.
Following that, the electrodes were rinsed with dH>0 (5 mL) and air-
dried before electrochemical characterization via DPV as described in
Section 2.6.2. Then, Alp, was calculated as in Eq. 3. The relative stan-
dard deviation (RSD) values for each concentration of NDV incubated
were calculated to compare the Al},, values obtained from the detection
of NDV spiked in 1:1000 diluted allantoic fluid with those from the
control (NDV spiked in PBS, as described in Section 2.6.2).

3. Results and discussion

3.1. Evaluation of micromixing induced by acoustic streaming through
dispersion of MB dye in water droplet

The micromixing induced by acoustic streaming was evaluated by
dispersion of MB dye in dH»0 droplet. Based on the time required for MB
dye to disperse and achieve homogeneity in dH20 (0 % glycerol, Fig. 2),
it was found that the application of acoustic streaming successfully
reduced the mixing time needed by approximately 80 %. Notably,
regardless of the incubation method, whether with or without acoustic
streaming, the time required for MB and dH3O to reach homogeneity
was nearly identical across all three tested electrodes (Fig. S1). For
instance, the average time needed for MB to homogenously disperse in
dH,0 is 232 s, compared to just 46 s with acoustic streaming, for all
electrodes (SPCE, SPGE, and SPCE/Ag). This observation suggested that
the electrode surface material did not influence the dispersion or mixing
of the sample, indicating that the enhancement in mixing was solely
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attributed to the application of acoustic streaming. From another
perspective, acoustic streaming can be universally applied to various
electrode surface materials to enhance mixing efficiency, thus reducing
the mixing time in the development of electrochemical biosensors.

Specimen collection for disease diagnostics is usually performed
using both non-invasive and invasive methods, such as extraction of
body fluids [55,56] and tissue biopsies [57]. For example, various
specimens have been used in the diagnosis of COVID-19 including saliva,
sputum, blood plasma and serum, nasopharyngeal and oropharyngeal
swabs, stool and urine samples [55]. These specimens exhibit viscosities
higher than that of water, which has a viscosity of 1.0 cP [58]. For
instance, blood viscosity ranges from approximately 3.5 to 5.5 cP [59],
plasma viscosity is around 1.2 to 1.3 cP [59], and saliva viscosity ranges
from 1.01 to 1.21 cP [60]. For that reason, MB dye was dispersed in
liquid droplets with varying viscosities, both with and without the
application of acoustic streaming. The variation of liquid viscosities
were manipulated by mixing glycerol with dH;O at concentrations
ranging from 6.25 % to 50 %, corresponding to viscosities (at 25 °C) of
1.08 to 6.86 cP [61]. The results (Fig. 2) show that the average time
required for homogeneous mixing of MB dye in glycerol at different
concentrations was reduced by approximately 84 % to 88 % when
acoustic streaming was applied, compared to mixing without acoustic
streaming. This reduction was observed across all tested electrodes
which are SPGE, SPCE, and SPCE/Ag (Fig. S1). These findings are
consistent with previous study [62] which demonstrated that acoustic
streaming reduces the time for fluid mixing. The application of acoustic
streaming also has improved the overall analyte micromixing perfor-
mance and diffusion rate in a sample compared to an incubation system
without it [63].

1600 With acoustic streaming
1200 Without acoustic streaming
1 797
L 800 i 638
= 1
= 352 o
400 232
s = v 7 & %)
2 N M i
£ 120 s o Sk
2 1 & >
o 100 ‘;3:“ &
2 e & 7 1i;
I 80 1 @5 v 66
o K4
60 -V 55
12 1 46
g 40
e
0 . , . :
0% 6.25% 12.5% 25% 50%

Concentration of glycerol

Fig. 2. Average time required for methylene blue (MB) dye to achieve homogenous dispersion in liquid droplets of varying viscosity, with and without acoustic
streaming. Viscosity was adjusted by mixing glycerol (6.25-50 %) into dH»O, while 0 % glycerol comprises of pure dH>0. Acoustic streaming application has reduced
dispersion time across all viscosity levels by approximately 80-88 %, compared to passive incubation. No apparent difference in mixing behavior was observed
between electrode platforms (SPGE, SPCE, SPCE/Ag; Fig. S1) due to similar geometry and bulk ceramic composition, therefore, data shown represents the average of
all platforms. Error bars indicate the standard deviation (N = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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3.2. Evaluation of adsorption by using acoustic streaming through the
adsorption of MB dye on cellulose-acetate graphene oxide (CA-GO) beads

After sample mixing capability was evaluated, the impact of acoustic
streaming on the adsorption of biomolecules was assessed. Specifically,
the adsorption of MB dye onto CA-GO beads was monitored in both the
absence and presence of acoustic streaming. The measurement was
conducted electrochemically through CV characterization (Fig. S2). The
principle behind this study is that MB, being a cationic dye [64], en-
hances the conductivity of CA-GO beads upon adsorption [65]. In this
study, acoustic streaming was applied for varying incubation durations
[66] to investigated the impact of enhanced MB adsorption on the CA-
GO beads. The difference in MB adsorption, with and without acoustic
streaming, was assessed electrochemically by comparing the Al}, (Fig. 3
(A)) and AL, (Fig. 3(B)). Overall, the conductivity of CA-GO beads
following MB adsorption was higher with the application of acoustic
streaming compared to adsorption without it. For adsorption with
acoustic streaming, the conductivity of the CA-GO beads increased with
longer incubation times, reaching a plateau after 8 min, beyond which
no apparent improvement was observed up to 16 min. This indicates
that 8 min is the optimal duration for MB adsorption under these con-
ditions. In contrast, the conductivity of the CA-GO beads remained low
after MB had been adsorbed in the absence of acoustic streaming, even
after incubation for 16 min.

In addition to incubation time, the effect of acoustic actuation fre-
quency and amplitude on biomolecule adsorption was also assessed.
This study also employed the concept of MB dye adsorption onto CA-GO
beads as an adsorption model. The results demonstrated that both the
Alp; and Al,e from the CV analysis (Fig. 4(A)) increased with the
increment of actuation frequencies, peaking at 2 MHz (Fig. 4(C)). This
trend indicates that higher acoustic streaming frequencies enhanced the
adsorption of MB onto the CA-GO beads. However, after the frequency
was further increased to 4 MHz, both Al,, and Al decreased, indicating
a reduction in conductivity, which indicated a decrement in MB
adsorption. These observations were attributed to the resonance of
piezoelectric transducer at 2 MHz. In other words, actuating the trans-
ducer at its resonance frequency will allow the piezoelectric plate to
vibrate at largest amplitude [67], thus delivering optimum acoustic
power into solution. This will then create an optimum acoustic
streaming inside the solution which increased the adsorption.

Next, the amplitude of acoustic streaming was evaluated by exam-
ining the adsorption of MB onto CA-GO beads. CV analysis (Fig. 4(B))
was used to indirectly assess adsorption by measuring the improvement
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in conductivity following MB adsorption. The results, as indicated by the
changes in Alp, and Al (Fig. 4(D)), showed that the conductivity of CA-
GO beads increased with the increment of acoustic streaming ampli-
tudes. This improvement can be attributed to the enhancement of fluid
flow within the sample, which facilitated better mixing and promoted
more effective adsorption of biomolecules as the amplitude increased
[68].

3.3. Applicability of acoustic streaming in improving the sensing of NDV
through direct detection immunoassay

This part of the study aimed at evaluating the use of acoustic
streaming to enhance the detection of NDV through a direct detection
immunoassay strategy. The optimized parameters for acoustic stream-
ing, including an 8 min application duration, a frequency of 2 MHz, and
an amplitude of 20 V, as determined in Section 3.2, were applied in this
study. The amplitude of 20 V was specifically chosen because it pro-
duced a stable and consistent acoustic streaming effect that was easily
observable to the naked eyes, unlike other tested amplitudes (16 to 19
V), which were less visually discernible [32].

3.3.1. Fabrication of NDV sensing electrode

The NDV sensing platform fabrication started with the optimization
of anti-NDV concentration as a bioreceptor on SPGE/CEGU/EDC:NHS.
Based on the results (Fig. S3), the optimal concentration of anti-NDV
was determined to be 40 ng pL~l. The DPV characterizations
confirmed the immobilization of anti-NDV on SPGE/CEGU/EDC:NHS
(Fig. 5(A)). The formation of the CEGU SAM on the SPGE working
electrode resulted in an I, reduction of 35.97 £ 2.76 %, attributed to
the carboxylic groups of CEGU, which hindered electron transfer at the
electrode-electrolyte interface [69]. Additionally, a shift in the oxidation
potential peak of the Fe(CN)é’ anion was observed, moving from 0.115
V (bare SPGE) to —0.025 V (SPGE/CEGU). This shift was associated with
improved oxidation of Fe(CN)¢ ™~ due to the presence of oxidative species
contributed by the carboxyl-end groups of CEGU. Consequently, the Fe
(CN)s*~ oxidation occurred earlier during the DPV potential sweep on
SPGE/CEGU (—0.025 V) compared to the bare SPGE (0.115 V) [70,71].
The coupling reaction of EDC:NHS that activated the carboxyl end of
CEGU (SPGE/CEGU/EDC:NHS) caused the Ip, to increase by 112.53 +
6.47 %. This increment of I,, was attributed to the reduction of carboxyl
groups, which reduced the electrostatic repulsion between the carboxyl
groups and the [Fe(CN)6]3’/ 4 anion, thereby enhancing electron
transfer at the electrode-electrolyte interface [72]. Anti-NDV
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Fig. 3. CV response upon MB adsorption onto CA-GO beads on SPCE at different incubation times. (A) Al,, of CV response after MB adsorption on CA-GO beads. (B)
Al of CV response after MB adsorption on CA-GO beads. Adsorption of MB improved the conductivity of the CA-GO beads. For incubation with acoustic streaming,
current responses increased as the increment of incubation time went from 1 to 8 min, with no apparent increment can be seen up to 16 min. For incubation without
acoustic streaming, the current response steadily increased from 1 min to 16 min of incubation duration. The current response for the incubation with acoustic
streaming was significantly higher than incubation without acoustic streaming actuation. Error bars indicate the standard deviation (N = 3).
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Fig. 4. CV response upon MB adsorption onto CA-GO beads under different acoustic streaming conditions. A) CV characterization of CA-GO/MB incubation at
different actuation frequencies ranging from 0.5 to 4 MHz. (B) CV characterization of CA-GO/MB incubation at different actuation amplitudes ranging from 16 to 20
V. (C) AI of MB adsorption onto CA-GO beads at different acoustic actuation frequency. From the CV current responses, MB adsorption was optimally seen at the
actuated frequency of 2 MHz. (D) AI of MB adsorption onto CA-GO beads at different acoustic actuation amplitude with a constant frequency of 2 MHz. From the CV
current responses, MB adsorption was increased from supplied amplitude of 16 to 20 V. Error bars indicate the standard deviation (N = 3).
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Fig. 5. Electrochemical analysis of anti-NDV immobilization on SAM-modified electrode through DPV. (A) DPV characterization in 5 mM K3Fe(CN)g and K4Fe(CN)g
as redox probe and 0.1 M KCl as supporting electrolyte. Bare SPGE (black line), SPGE/CEGU (red line), SPGE/CEGU/EDC:NHS (green line), SPGE/CEGU/EDC:NHS/
anti-NDV (blue line), SPGE/CEGU/EDC:NHS/anti-NDV/BSA (cyan line). (B) Reduction of I, in DPV characterization after the incubation of 20 HA uL’1 NDV on
SPGE/CEGU/EDC:NHS/anti-NDV/BSA showing the functionality of the sensing platform in detecting the target analyte. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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immobilization on SPGE/CEGU/EDC:NHS has produced a reduction in
I,a by 12.63 & 1.80 %. The blocking of free and empty spaces by BSA
caused the I, to reduce for 29.77 + 7.88 %. Reduction of I, by both
anti-NDV and BSA were due to the non-conductive nature of proteins,
which hindered the electron transfer at the electrode-electrolyte surface
[72,73]. After a complete anti-NDV sensing platform (SPGE/CEGU/
EDC:NHS/anti-NDV/BSA) was assembled, an evaluation for NDV
detection was performed. This was done by incubating NDV in PBS (20
HA pL™!) for 20 min at room temperature. DPV analysis revealed a
further reduction in I,, (Fig. 5(B)), indicating the formation of an
immunocomplex between immobilized anti-NDV and NDV on the elec-
trode surface [74].

3.3.2. Sensitivity study of NDV sensing platform

Following the fabrication of SPGE/CEGU/EDC:NHS/anti-NDV/BSA
as the sensing platform, NDV spiked in PBS (0.156 to 20 HA pol)
was incubated to determine the limit of detection (LoD). The NDV in-
cubation was performed under two conditions, with and without
acoustic streaming. For incubation with acoustic streaming, optimized
parameters (20 V amplitude, 2 MHz frequency, and 8 min sample in-
cubation duration) were applied. In contrast, incubation without
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acoustic streaming was conducted for 20 min, similar to the incubation
conditions done in a previously published study [47]. A negative control
(avidin in PBS, 500 ng uL.~, 10 pL) was incubated on SPGE/CEGU/EDC:
NHS/anti-NDV/BSA prior to NDV detection at different concentrations
for LoD determination. This test was done to ensure all free and empty
spaces for binding on the electrode were blocked by BSA. The result
(Fig. S4) showed that there was no apparent Alp, (0.70 + 1.08 %)
following avidin incubation on the fabricated electrode, indicating
adequate BSA blocking.

Following that, NDV at different concentrations were incubated on
separate SPGE/CEGU/EDC:NHS/anti-NDV/BSA. DPV characterization
after immunocomplex formation revealed the decrement in I, as the
NDV concentration increased from 0.156 to 20 HA pL~ for both incu-
bation with (Fig. 6(A)) and without (Fig. 6(B)) acoustic streaming. This
was due to the non-conductive properties of proteins including viruses,
which hindered the electron transfer at the electrode-electrolyte inter-
face [72]. From the plot of Al,,, versus [NDV] for NDV detection without
acoustic streaming, fitted with the Langmuir model (Eq. 4, Fig. 6(C)), the
Alpa max was calculated as 54.38 + 0.79 %, while the K, between anti-
NDV and NDV at different concentrations was determined to be 0.45
+ 0.05 pL HA™! (R? = 0.99), indicating a good binding affinity.
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Fig. 6. Sensitivity of NDV detection in PBS through a direct detection immunoassay with SAM chemistry. (A) DPV characterization for NDV detection at different
concentrations with acoustic streaming application. (B) DPV characterization for NDV detection at different concentrations without acoustic streaming application.
[NDV] = (a) 0.156 HA L, (b) 0.313 HA pL ™, () 0.625 HA pL. ™%, (d) 1.25 HA pL. ™}, (e) 2.5 HA uL. ™", (f) 5HA pL.~%, (g) 10 HA pL. ™%, and (h) 20 HA pL~?. (C) Binding
isotherm for anti-NDV at different concentrations of NDV in PBS based on the Langmuir model. (D) Linear relationship plot between Al,, and log;o concentration of
NDV for detection with acoustic streaming (Alp, = 24.101 log;o [NDV] + 25.704, R? = 0.99) and without acoustic streaming (Alp, = 24.9 log;o [NDV] + 18.389, R?

= 0.99). Error bars indicate the standard deviation (N = 3).
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However, Alp, max and Ki, for NDV incubation with the application of
acoustic streaming was determined to be at 54.76 + 1.47 % and 1.01 +
0.06 pL HA™! (R2 = 0.99), respectively. From these results, it was found
that acoustic streaming improved Ky, by 124.4 % while having similar
Alpa max value, despite the sample incubation time being reduced by 60
% compared to 20 min incubation without acoustic streaming. The LoD
(at 30 m ') was then determined from plotted linear relationship (Fig. 6
(D), where NDV incubation without acoustic streaming produced a LoD
of 1.57 HA pL~%, while the same incubation with acoustic streaming
produced a 7 % lower LoD (1.46 HA pL’l). The observed improvement
especially in Kj, value, along with nearly the same Alp; max and LoD,
despite the shorter incubation duration in NDV detection with acoustic
streaming. Shortening the assay duration while achieving nearly similar
or better LoD is highly desirable in any biosensing application, as it
enables faster throughput and more rapid diagnosis of diseases or in-
fections [75,76]. These findings are consistent with previous study [77]
which demonstrated that the incorporation of acoustic streaming im-
proves the overall electrochemical sensing performance.

A comparative analysis between the present sensing platform and
previously reported NDV and other target analytes detection is pre-
sented in Table 1. As shown in the table, previous studies [78,79] have
demonstrated improved LoD through the incorporation of acoustic
streaming, provided that the incubation duration was maintained for
both conditions of with and without acoustic streaming. In contrast to
their findings, the voltammetric NDV detection strategy in this study
shows that a comparable LoD can be achieved in both incubation con-
ditions. However, the incorporation of acoustic streaming has shortened
the assay duration. This observation is consistent with findings reported
by Zhang et al. [80] where acoustic streaming application has been
demonstrated to be able in reducing the antigen-antibody incubation
duration in conventional ELISA performed in 96-well microplates. While
other biosensor studies [81-84] typically require at least 60 min for
target analyte incubation, and a recent study by Lee et al. [85] indicated
that a minimum of 20 min is required to ensure sufficient interaction
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between the target analyte and the bioreceptor, the present voltam-
metric detection approach demonstrates that the incubation time can be
reduced to only 8 min through the incorporation of acoustic streaming.

3.3.3. Specificity and selectivity studies of NDV sensing platform

The specificity of the fabricated NDV sensing platform was evaluated
by incubation of 1:1000 diluted allantoic fluid from embryonated
chicken eggs on the fabricated sensing platform. The proteins contained
in the allantoic fluid such as fibronectin, ovotransferrin, alpha-
fetoprotein, serum albumin, and ovalbumin [86] acted as the in-
terferences in this specificity study.

The I,, of DPV showed a reduction after the fabricated sensing
platform had been incubated with 1:1000 diluted allantoic fluid (Fig. 7
(A)), NDV in PBS (Fig. 7(B)) and NDV in 1:1000 diluted allantoic fluid
(Fig. 7(Q)), respectively. However, the incubation of 1:1000 diluted
allantoic fluid on the sensing platform produced Al,, values of only 2.73
% and 5.69 % for incubation with and without acoustic streaming,
respectively (Fig. 7(D)). Considering the calculated LoDs for NDV
detection, which corresponded to Al,, values of approximately 29.63 %
and 23.23 % (based on the linear equations in Fig. 6), and the lowest
tested NDV concentration (0.156 HA pL’l), which yielded Al values of
7.32 % and 6.18 % for incubation with and without acoustic streaming
respectively, the lower Alp, values observed during allantoic fluid in-
cubation confirmed the specificity of the fabricated sensing platform.
This indicates that the platform is selective only for NDV and not reac-
tive to proteins in the allantoic fluid, i.e. no apparent cross-reactivity has
been observed in allantoic fluid. Furthermore, the incorporation of
acoustic streaming reduced the Al,, caused by allantoic fluid by
approximately 3 % compared to incubation without acoustic streaming.
This reduction can be attributed to the anti-biofouling effect of acoustic
streaming. The latter enhanced microconvection within the fluid, which
resulted in the increment of fluid movement causing the removal of low-
affinity non-specific biomolecules, thereby promoting more specific
binding interactions of immobilized anti-NDV with NDV [39]. In

Table 1
Sensing strategies and performance of other published biosensors and immunoassays.
Detection method Bioreceptor Target analyte Linear range LoD Assay Acoustic Reference
duration streaming
(min)* incorporation
Biosensor (CV voltammetric Anti-NDV IgY NDV 102 to 10° 5 EIDsq 60 No [81]
electrochemical EIDso mL~? mL~!
immunosensor)
Biosensor (DPV voltammetric Chitosan-AuNPs-conjugated NDV 10%13 to 10%%° 70 No [83]
electrochemical monolclonal anti-NDV and copper- 10> EIDs,  EIDg in
immunosensor) chitosan-graphene-conjugated in 0.1 mL 0.1 mL
polyclonal anti-NDV
Immunoassay (ELISA) Ferritin-fused nanobody and NDV 2°t0 28 HA  22HA 110 No [82]
nanobody-fused reporter
Immunoassay (ELISA) Anti-protein A antibody HRP-conjugated n.a. n.a. 60 No [80]
goat anti-chicken
antibody
Immunoassay (ELISA) Anti-protein A antibody HRP-conjugated n.a. n.a. 15 Yes [80]
goat anti-chicken
antibody
Biosensor (fluorescent-based Aptamer sequences targeting Thrombin 0.1 to 200 139 pM 45 No [78]
microfluidic aptasensor) thrombin nM
Biosensor (fluorescent-based Aptamer sequences targeting Thrombin 0.1 to 200 15 pM 45 Yes [78]
microfluidic aptasensor) thrombin nM
Biosensor (chronoamperometric ~ Nanozyme Dopamine 0.5 to 100 0.382 pM 6.7 No [79]
electrochemical biosensor) pM
Biosensor (chronoamperometric =~ Nanozyme Dopamine 0.2 to 100 0.084 pM 6.7 Yes [79]
electrochemical biosensor) pM
Biosensor (DPV voltammetric Anti-NDV NDV 0.313 to 20 1.57 HA 20 No This
electrochemical HA pL~! pLt study
immunosensor)
Biosensor (DPV voltammetric Anti-NDV NDV 0.156 to 20 1.46 HA 8 Yes This
electrochemical HA pL! uLt study
immunosensor)

n.a. = not applicable as the study did not incorporate the linear range of detection and calculate the LoD.
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Fig. 7. Selectivity and specificity study of NDV sensing platform utilizing the modified SPGE/CEGU/EDC:NHS/anti-NDV/BSA electrode. (A) DPV characterization for
the incubation of 1:1000 diluted allantoic fluid on SPGE/CEGU/EDC:NHS/anti-NDV/BSA with and without acoustic streaming application. (B) DPV characterization
for the incubation of NDV in PBS on SPGE/CEGU/EDC:NHS/anti-NDV/BSA with and without acoustic streaming application. (C) DPV characterization for the in-
cubation of NDV in 1:1000 diluted allantoic fluid on SPGE/CEGU/EDC:NHS/anti-NDV/BSA with and without acoustic streaming application. (D) Al,, for each
sample incubation with and without acoustic streaming on fabricated SPGE/CEGU/EDC:NHS/anti-NDV/BSA. Error bars indicate the standard deviation (N = 3).

reference to the recent published study by Abd Muain et al. [47], which
highlighted a reduction in non-specific binding through the application
of polyethylene glycol-containing alkanethiol in their sensing platform
assembly, the present NDV detection study demonstrates a synergistic
effect when combining the same alkanethiol with acoustic streaming. In
other words, the integration of acoustic streaming with a hydrophilic
layer in the biosensor development has shown an enhanced ability to
mitigate non-specific binding problems.

The fabricated sensing platform was incubated with NDV (20 HA
pL™1) spiked in 1:1000 diluted allantoic fluid to evaluate its selectivity
performance. The incubation was done both with and without the
incorporation of acoustic streaming. The results (Fig. 7(D)) demon-
strated that the sensing platforms successfully detected the presence of
NDV in the sample, with relative standard deviation (RSD) values of
0.72 % and 1.41 %, respectively, when compared to their respective
positive control Al,,. These findings confirm that both incubation stra-
tegies were effective in detecting NDV in 1:1000 diluted allantoic fluid.
However, the incorporation of acoustic streaming resulted in a higher
Alp,, which is consistent with the sensitivity study shown in Fig. 6,
indicating more immunocomplexes have formed on the sensing surface
compared to incubation without acoustic streaming. This trend was
observed for NDV spiked in both PBS and 1:1000 diluted allantoic fluid.

10

3.3.4. Detection of NDV in diluted allantoic fluid

The ability of the NDV sensing platform to detect the target analyte
in real samples was done by the incubation of NDV spiked in 1:1000
diluted allantoic fluid. The NDV concentrations were the same as in the
sensitivity study (Section 2.6.2), and the incubations were done in the
presence and absence of acoustic streaming. As expected, I,, in DPV
analyses for both incubation with (Fig. 8(A)) and without (Fig. 8(B))
acoustic streaming have shown a decrement in trend as the NDV con-
centration incubated on SPGE/CEGU/EDC:NHS/anti-NDV/BSA
increased. The Langmuir model (Eq. 4) fitting to the plot of Al,,
against [NDV] (Fig. 8(C)) for NDV detection without acoustic streaming
provided a Alj; max to be 54.96 + 2.14 %, while K;, between anti-NDV
and NDV at different concentrations was at 0.40 + 0.02 pL HA ! (R?
= 0.98). However, the corresponding data but with the application of
acoustic streaming displayed Al,, max and Kj, values to be at 59.24 +
1.16 % and 0.65 + 0.08 pL HA™! (R? = 0.99), respectively. These
demonstrated that the incorporation of acoustic streaming in the
detection of NDV has improved both Alp, max and Kj values by
approximately 7.8 % and 62.5 %, respectively. Moreover, these also
proved the ability of acoustic streaming in enhancing target analyte
detection, even in a complex sample matrix like embryonated chicken
eggs allantoic fluid. However, the improvements observed with acoustic
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Fig. 8. Detection of NDV in 1:1000 diluted allantoic fluid with and without the application of acoustic streaming. (A) DPV characterization for NDV detection at
different concentrations with acoustic streaming application. (B) DPV characterization for NDV detection at different concentrations without acoustic streaming
application. [NDV] = (a) 0.156 HA pL~!, (b) 0.313 HA pL~}, (c) 0.625 HA pL ™%, (d) 1.25 HA pL 7, (e) 2.5 HA uL ™%, (f) 5 HA uL ™%, (g) 10 HA pL ™}, and (h) 20 HA
pL’l. (C) Binding isotherm for anti-NDV at different concentrations of NDV in 1:1000 diluted allantoic fluid based on Langmuir model. (D) Linear relationship plot
between Alp, and log;o concentration of NDV for detection with acoustic streaming (Al,, = 23.989 log;o [NDV] + 25.491, R? = 0.99) and without acoustic streaming
(Aly, = 24.693 log;o [NDV] +17.812, R? = 0.99). RSD values were calculated to be in the range of 0.23 to 2.07 % and 0.56 to 4.31 % for NDV detection with and
without acoustic streaming, respectively. Error bars indicate the standard deviation (N = 3).

streaming were less pronounced than those achieved in NDV detection
in PBS (Section 3.3.2), particularly for the value of K;. This reduction
was likely attributed to interference from non-specific proteins in the
allantoic fluid, which could disrupt the formation of immunocomplexes
between immobilized anti-NDV and NDV on the electrode. The LoDs (at
36 m~!) were then determined from the fitted linear relationship be-
tween Al,, against log;o [NDV] (Fig. 8(D)). NDV detection with acoustic
streaming produced an LoD of 1.45 HA pL~!, compared to the detection
without acoustic streaming which resulted in an LoD of 1.62 HA pL L.
These LoD values were equivalent to those reported in Section 3.3.2,
where the incorporation of acoustic streaming produced a lower LoD
compared to detection approach without it.

The reproducibility [87], as well as precision and accuracy [73] of
Alp, measurements for NDV detection in diluted allantoic fluid were also
evaluated through the RSD values determination (Table 2) for each
incubated NDV concentration, based on results obtained in Section
3.3.2.

These findings highlight the ability of both detection strategies,
whether with the incorporation of acoustic streaming or not, to reliably
detect NDV spiked in diluted allantoic fluid. However, the incorporation
of acoustic streaming in the detection strategy has enhanced the
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Table 2
RSD value for each NDV concentration incubated with and without the appli-
cation of acoustic streaming.

[NDV] / HA pL~! RSD / %

With acoustic streaming Without acoustic streaming

0.156 2.07 3.4

0.313 0.43 1.22
0.625 0.68 2.32
1.25 0.54 4.31
2.5 1.53 3.02
5 0.35 0.56
10 0.23 0.67
20 0.72 1.42

detection performance in terms of the ability to achieve a lower LoD
while having shorter period of sample incubation.

4. Conclusion

Acoustic streaming has been incorporated into a biosensing system



M.F. Abd Muain et al.

by placing a piezoelectric plate beneath a SPGE to generate mechanical
forces that enhance convective transport in incubated samples. The ul-
trasonic vibrations initiated fluid flow in the incubated samples which
improved both fluid micromixing and adsorption of biomolecules.
Micromixing efficiency was assessed by dispersing MB dye in liquid
droplets at varying concentrations on different electrode surfaces.
Acoustic streaming reduced the time required for homogeneous
dispersion of MB in the liquid droplets by approximately 80 to 88 %,
regardless of the electrode surface type. From the adsorption analysis by
using MB dye solution and CA-GO beads, it was found that the incor-
poration of acoustic streaming in the adsorption process shortened the
duration (8 min) needed to achieve maximum adsorption of MB by CA-
GO beads compared to the same adsorption without acoustic streaming
application, while the optimum applied frequency and amplitude for
acoustic actuation was found to be at 2 MHz and 20 V, respectively. An
electrochemical immunosensor was then developed for NDV detection,
utilizing anti-NDV immobilized on PEG-containing alkanethiol-modi-
fied SPGE as bioreceptor. The detection system with acoustic streaming
achieved a lower LoD, despite a shorter incubation time of 8 min
compared to 20 min for the detection system without acoustic stream-
ing. This improvement was due to the microconvection facilitated by
acoustic streaming, which enhanced the interaction between the NDV
and the anti-NDV on the sensing platform. Additionally, the integration
of acoustic streaming reduced non-specific binding of proteins on the
sensing platform, thus enhancing the detection selectivity. This could
also be due to microconvection providing a fluid flow which may have
constantly removed the non-specific biomolecules from being adsorbed
onto the sensing surface. Based on the results shown in this study, the
incorporation of acoustic streaming in biosensor development offers a
promising approach in achieving comparable LoD and improving
selectivity and specificity, while reducing the total assay duration.
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