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ABSTRACT: Enzyme-linked immunosorbent assays (ELISAs) are widely used
in biology and clinical diagnosis. Relying on antigen−antibody interaction
through diffusion, the standard ELISA protocol can be time-consuming,
preventing its use in rapid diagnostics. We present a time-saving and more
sensitive ELISA without changing the standard setup and protocol, using surface
acoustic waves (SAWs) to enhance performance. Each step of the assay, from the
initial antibody binding onto the walls of the well plate to the target analyte
molecules’ binding for detection�except, notably, for the blocking step�is
improved principally via acoustic streaming-driven advection. Using SAWs, the
time required for one step of an example ELISA is reduced from 60 to 15 min to
achieve the same binding amount. By extending the duration of SAW exposure to
20 min, the sensitivity can be significantly improved over the 60 min, 35 °C
ELISA without SAWs. It is also possible to confer beneficial improvements to
bead-based ELISA by combining it with SAWs to further reduce the time required for binding to 2 min. By significantly increasing
the speed of ELISA, its utility may be improved for a wide range of point-of-care diagnostics applications.

■ INTRODUCTION
Assays are common across many disciplines, including
biology,1,2 chemistry,3,4 clinical diagnostics,5 environmental
monitoring,6,7 and pharmaceutical research.8 Most are
designed to detect and quantify proteins, nucleic acids,
hormones, enzymes, and similar biomolecules in addition to
nonbiological entities like toxins and environmental contam-
inants. The detection principles vary according to the target.
Polymerase chain reaction (PCR) assays9,10 are the best known
among them. Though very popular, PCR assays solely serve to
detect deoxyribonucleic acid (DNA). Surface plasmon
resonance (SPR)11 and isothermal titration calorimetry
(ITC)12 assays identify the interaction between two or more
molecules, such as receptor−ligand binding or protein−protein
binding. There are also assays that involve the separation of
analytes based on size, charge, or other properties, such as the
Western blot (WB).13 Among all these assays, the immuno-
assay stands out as one of the most frequently used methods
because of its versatility, sensitivity, scalability, cost efficiency,
and ease of use.14 Immunoassays take advantage of the specific
interaction between biological reagents, typically antigens and
antibodies, to selectively detect the presence and concentration
of target analytes in complex biological mixtures.
Immunoassays. The detection and quantification of target

molecules at low concentrations have historically been a
significant challenge in immunoassay development. Indeed,

Sheehan and Whitman show from calculations that without
directed transport of biomolecules, individual nanoscale
sensors will be limited to picomolar-order sensitivity for
practical time scales.15 Sensing low concentrations is crucial, as
many biological and clinical applications require the measure-
ment of analytes present at trace levels, ideally in a simple and
fast protocol. Building upon competitive binding principles
from the early 1950s, Berson and Yalow16 developed the
radioimmunoassay (RIA) by introducing radioactively labeled
insulin into a plasma sample, enabling indirect determination
of the unlabeled insulin concentration through competition for
antibody binding and subsequent radioactivity measurement.
The development of RIA revolutionized clinical diagnostics
and research by providing a highly sensitive, specific, and
reproducible method for measuring low concentrations of
analytes in complex biological samples.17 However, the use of
radioactive isotopes raised concerns about safety,18 prompting
a search for alternative labeling methods and detection
techniques. The enzyme-based immunoassay (ELISA) was
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developed in response;19 besides offering a nonionizing
radiation-based assay, it also provided a longer shelf life than
RIA. The ELISA employs enzyme-linked reactions to amplify
the detection signal, making it both highly sensitive and
specific. Fluorescent immunoassays (FIA)20 and chemilumi-
nescent immunoassays (CLIA)21 are also popular assays today,
detecting analytes through fluorescent labeling and light
emission from the chemical reactions, respectively. However,
ELISA offers a simple and easy-to-read colorimetric output for
quantified detection of the target analyte.
Enzyme-based immunoassays can be used to detect a wide

range of analytes, including proteins, antibodies, and
hormones.22 Compared to lateral flow immunoassays (LFIA)
that have been commonplace since the 1970s in their
utilization for pregnancy tests23 and most recently the near-
ubiquitous use in home diagnosis of COVID,24 ELISA offers
far greater sensitivity and reproducibility with the same general
assay conditions and reagents. In good work by some research
groups,25,26 the sensitivity of LFIA has been improved to
nearly compete with ELISA�under certain conditions and for
specific assay targets. In the past few years, CRISPR-based
(CAS-12/CAS-13a) assays have become enormously popu-
lar,27 though there remain important questions as to their
actual sensitivity.28 The wide range of concentration that may
be repeatably quantified using ELISA is another reason it is a
popular assay, as is the fact it can be performed using parallel,
high throughput methods using microplate readers and
automated processing equipment.29,30 While PCR is another
popular method for DNA detection that is likewise automated
in many applications, the cost of ELISA is significantly lower:
PCR analysis requires specialized reagents, such as Taq
polymerase and dNTPs, and specialized equipment, such as

thermal cyclers. Though researchers have made progress in
lowering the cost and effort of PCR31−33 through microfluidics,
ELISA remains less expensive.
Microfluidics Has Improved Assay Cost and Quality.

More generally, microfluidics has had a beneficial impact in
assay quality and cost reduction, reducing sample sizes and
reagent consumption, and reducing the time and effort
required in completing assays.34 The adoption of soft, easily
sealed, and rapidly reproducible materials (polydimethylsilox-
ane, PDMS)35 and paper-based methods36 have continued this
trend toward better assays for lower costs. For the same
reasons, miniaturization techniques have also been improved,
thus allowing the integration of micropumps and micromixers
into devices.37−39 More recently, acoustofluidics has helped to
overcome one of the key remaining problems in microfluidics
used for lab-on-a-chip applications: the propulsion40 and
manipulation of fluids and suspended objects within.41 There
have been demonstrations of its use with PDMS42 and paper,43

and a number of groups have spent the past decade expanding
their understanding44−46 and creative use41,47−49 of the
phenomena.
However, one problem that microfluidics and acoustofluidics

have not helped with�at least in ELISA�is its slowness. It
takes from 3 to 12 h to complete an ELISA: every binding step
from the initial antibody binding to the target analyte binding
is time-consuming. For this reason, LFIA is also far more
common: there are less sensitive versions of LFIA that only
require 15 min.24 If ELISA was faster, it might provide a much
better test for the detection of disease without the drawbacks
of having to wait so long50 and reducing the user’s worry about
potential false positive or negative results.51

Figure 1. a) Overview of the experimental setup. The test well is 6 mm in diameter containing 200 μL of reagent solution, filling the well to a 6 mm
depth. b) Top view of the IDT structure with 24 finger pairs for the IDT and 48 fingers for the reflector distant from the well side one side (here
working at 60 MHz). c) The complete ELISA protocol used in this study; the SAW was used in the introduction of the primary antibody,
secondary antibody, and analyte. The reason it was not used for the introduction of the blocking buffer is explained in the results.
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Acoustofluidics. One of the attractive aspects of acousto-
fluidics, in particular, is its ability to significantly speed up
phenomena that rely on diffusion. For example, the charging of
batteries relies on the diffusion of lithium ions within the
electrolyte to replace those ions deposited on the anode and
lost from the electrolyte; diffusion is the rate-limiting
phenomenon preventing faster charging. Acoustic streaming-
driven convection was discovered to convect lithium ions and
overcome diffusion limitations, thereby allowing complete and
rapid recharging of batteries in only minutes.52,53 The analytes
in ELISA likewise must diffuse in order to produce the binding
necessary for the assay to complete, again representing the
rate-limiting phenomenon preventing improvements in the
speed of the assay in every binding step. More generally,
surface acoustic waves have already been used for mixing
purposes in biosensors, in particular to speed up the
process.54,55

Surface Acoustic Wave-Enhanced ELISA. Here, we
report a SAW-enhanced ELISA, using acoustic streaming to
drive advection of the binding and target analyte molecules in
each step of the assay. The goal is to accelerate the protein
binding to decrease the ELISA time. We also explored how the
SAW could greatly increase the sensitivity of the reaction.
There is research reporting the use of SAW for detection
improvement, however, they are all done with droplets or
PDMS channels directly on the transducer which is
inconvenient for application.56,57 Here we use the 96-well
plate which is widely used in ELISA. The experimental setup
and protocol are provided in the following sections. Results
achieved with the enhanced device are always compared to
those obtained with the standard ELISA process.

■ EXPERIMENTAL SECTION: DEVICE DESIGN,
FABRICATION, TESTING, AND ASSAYS
SAW Device Fabrication and Operation. Double-side

polished 127.68° Y-rotated cut lithium niobate (LiNbO3) with
a thickness of 500 μm was used as a substrate for the SAW
device. A single port resonator with a wavelength of λ = 100
μm, 65 μm, or 40 μm (i.e., f = 40, 60, or 100 MHz,
respectively) was fabricated upon it to generate Rayleigh SAW.
Individual 400 nm-thick aluminum interdigital transducers
(IDTs) were patterned with 24 finger pairs and 48 reflectors
on one side using a standard lithography and lift-off process.58

The Rayleigh SAW was generated by applying a sinusoidal
electric signal to the IDTs at the resonance frequency using a
signal generator (WF1967 200 MHz single channel multi-
function generator, NF Corporation, Yokohama, Japan) and an
amplifier (403LA, Electronics & Innovation, Ltd., Rochester,
NY, USA) at up to 0.8 W of power. The 96-well plate was laid
on top of the substrate and the wave was transmitted to the
liquid inside the well thanks to a 5 μL acoustic gel droplet
placed between the substrate and the plate (see Figure 1).
SAW Device Design. To produce superior mixing from

the acoustic streaming, the acoustic wave in the fluid should be
attenuated over a length scale comparable to the depth of the
fluid sample in order to avoid reflection from the distal
boundary, thus forming a traveling wave in support of bulk
acoustic streaming from the source. The ideal frequency to use
for the SAW may be typically determined by equating the
attenuation length of the acoustic wave to the size of the fluid
sample to be manipulated. Here, the reagent depth in each of
the 96 wells of the tray was found to be 6 mm after introducing
the requisite fluids (explained in the following section). Using

an expression for the frequency according to this condition
from our past work,52

f c L( )/ 4 ( )saw
3 3= [ + ] (1)

where ρ is the fluid density, csaw is the speed of the surface
acoustic wave in the lithium niobate substrate as 3900 m/s, L =
6 mm is the length scale over which the acoustic wave needs to
be attenuated, and μ and μ′ are the bulk and shear viscosities
for the fluid, respectively. Using this equation, the approximate
frequency was identified to be 100 MHz.
However, a key limitation of the simplistic eq 1 is the fact it

presumes there is no other media along the acoustic wave’s
propagation path. Here, there is also 1 mm of polystyrene
plastic increasing the attenuation, thus likely reducing the
suitable frequency from the estimate produced from eq 1. The
length scale should be longer to compensate for the presence
of the attenuating plastic. With this in mind, we examined two
additional frequencies, 40 and 60 MHz, in addition to the 100
MHz predicted by the equation, and measured the fluid
velocity in the well induced by SAW at the same amplitude in
the substrate at each of these three frequencies. The particle
velocity of the lithium niobate substrate was measured via
scanning laser Doppler vibrometry (UHF−120, Polytec,
Waldbrönn, Germany) and set to 96 mm/s for all three
frequencies by adjusting the input signal amplitude.
We then used 0.2 μm fluorescent microspheres (Fluores-

brite© YG Carboxylate Microspheres 16592−1, Polysciences,
Warrington, PA, USA) to track the flow while operating the
SAW device at 96 mm/s at 40, 60, or 100 MHz using a high-
speed camera (Fastcam Mini UX100, Photron, San Diego, CA,
USA). These particles are sufficiently small to avoid direct
acoustic forces upon them.59 According to the average fluid
flow velocity given by PIVlab, the flow velocity in the well
provided by the 40, 60, and 100 MHz devices were 0.009,
0.004, and 0.0002 m/s, respectively. This illustrates the effect
of the attenuating plastic along the acoustic wave propagation
path: 40 and 60 MHz acoustic waves produced streaming flows
an order of magnitude larger than the 100 MHz choice. Most
important, however, is the effect of frequency choice on the
binding of an analyte on the wall of the well. To test this, we
added 200 μL goat antichicken IgY-HRP solution (immuno-
globulin Y with horseradish peroxidase diluted in PBS, ab7118,
Abcam, Waltham, MA, USA) to the well, then applied the
SAW at 40, 60, or 100 MHz for 15 min, before finally adding
TMB (3,3′,5,5′ tetramethylbenzidine, ab171522, Abcam) to
incubate for 5 min (with or without SAW). Plotted in Figure 2,
the absorbance intensity with and without SAW indicates the
effectiveness of the binding at the three frequencies. It appears
that 60 MHz is superior to the other two frequency choices,
though a check of the data using two-way ANOVA (Analysis of
Variance, p = 0.141) shows no significant difference between
40 and 60 MHz. In the work that follows, we selected 60 MHz
since it shows slightly superior performance overall.
SAW-Based ELISA. The binding assay followed a general

ELISA protocol, with each well in a 96-well plate coated with
200 μL of antiprotein A antibody60 (5 μg/mL; ab19483,
Abcam, Waltham, MA, USA) in phosphate-buffered saline
(PBS, ThermoFisher Scientific, Waltham, MA, USA) for 1 h at
35 °C, washed three times with PBS, then blocked with 200 μL
of 1X blocking buffer (ab126587, Abcam) in PBS for 1 h at 35
°C and again washed three times with PBS. Then, a 200 μL
goat antichicken IgY-HRP solution was added to each well.
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Some of the wells were mixed using SAW over a range of times
from 1 to 20 min. The no-SAW control wells were left at room
temperature (25 °C) in the same well tray for the same period
of time. The goat antichicken IgY-HRP solution was then
removed after the mixing and the wells were washed three
times with PBS. To achieve a quantitative characterization of
the binding through a color change, 100 μL of TMB solution
as a suitable reactant with HRP was added into the well. After
10 min incubation, 100 μL stop solution (ab171529, Abcam)
was added in the well to stop the reaction. The optical density
results were measured at a wavelength of 450 nm with a
microplate reader (BioTek Synergy H1, Agilent, Santa Clara,
CA, USA). The background absorbance was subtracted from
all reported values.
For bead-based ELISA, we introduced uniform ϕ2.8 μm

superparamagnetic Dynabeads with recombinant Protein A
(∼45 kDa) covalently coupled to their surface (ThermoFisher
Scientific). The well was first pretreated with 200 μL 1X
blocking buffer diluted in PBS for 1 h at 35 °C and then
washed three times with PBS. This step was not explicitly
required by the protocol but was used to avoid background
noise. Then 2.5 μL of Dynabeads (30 mg/mL) was then added
into the well and washed with 50 μL of PBS. The PBS was
removed by using a magnet to attract the Dynabeads onto a
wall of the well. Then 200 μL antiprotein A antibody (5 μg/
mL) was added to incubate with the Dynabeads while being
rotary mixed at 300 rpm and 26 °C for 10 min (ThermoMixer
C, Eppendorf, Enfield, CT, USA). Placing the magnet near the
well once again to trap the magnetic microparticles, the
supernatant with unbonded antibodies was poured out and the
beads and well were washed thrice with PBS. Subsequently,
200 μL goat antichicken IgY-HRP (10 ng/mL) in PBS was
then added to each well. One half of the wells were exposed to
SAW from 2 to 10 min; the remaining wells were left
unexposed to SAW as a control. All the wells were then washed
three times in PBS, followed by the addition of 100 μL TMB

solution to incubate the system for 10 min without SAW and
to create the color change. Finally, 100 μL of stop solution was
used to stop the reaction.

■ RESULTS
Effect of SAW on Antibody−Antigen Binding in

Traditional ELISA. To test the effect of the Rayleigh SAW
on the antigen−antibody binding, we immobilized the
antiprotein A antibody in the wells of the 96-well plate and
added 200 μL of goat antichicken IgY-HRP at 10 ng/mL. The
60 MHz, 0.8 W, 192 mm/s SAW was applied at this step to
mix the solution for a duration of 1 to 15 min, producing both
mixing and heating. While the heating does affect the antigen−
antibody binding, the temperature increase generated by SAW
is less than 35 °C after being applied for 20 min. Notably, the
traditional protocol heats the wells to 35 °C for 1 h, and so
heating is an inherent part of the protocol.
The solution develops a blue color in response to the

binding of the secondary antibody to the first, precipitating a
reaction of HRP with the added TMB. By adding the stop
solution, the enzyme reaction was stopped and turned color
from blue to yellow. The strength of the coloration, quantified
by the absorbance of light passing through the sample in the
wavelength of 450 nm, defines the extent of binding in the
sample. Figure 3(a) shows an example of the absorbance
curves obtained after 1 min of goat antichicken IgY-HRP
incubation in the well. The maximum intensity was 0.083 and
0.168 for the control (no-SAW) and SAW-driven samples,
respectively. Figure 3(b) plots the absorbance of the samples
after an elapsed time of 1 to 15 min with and without SAW.
The horizontal dashed line indicates the absorbance from
ELISA after 1 h without SAW at 35 °C in this step. After 1 or 2
min, the binding efficiency indicated by the absorbance value is
poor with or without SAW, but nonetheless using SAW
significantly (p < 0.05) increases the absorbance over the no-
SAW controls. After 1 min, SAW improves the absorbance by
51%. This trend continues throughout. As the elapsed time is
increased from 5 to 15 min, SAW produces a roughly linear
improvement in the absorbance, growing to exceed the
traditional 1 h no-SAW at 35 °C (red dotted line) after just
15 min of SAW. It is likewise 294% greater (p < 0.01) than the
absorbance of the no-SAW ELISA run for the same amount of
time at a lab temperature of 25 °C. As a result of faster binding,
it took only 10 min to achieve the same binding result as the
standard 35 °C ELISA after 1 h. After waiting 10 min with
SAW, one can obtain an absorbance of twice the ELISA result
without SAW for 10 min.
While there is a correlation between the absorbance and the

maximum measured temperature of each sample, the
absorbance value does not correspond to the maximum
temperature value measured while applying SAW, indicating
that the effects of the SAW are not solely due to temperature
increases alone. From 1 to 5 min of SAW, the maximum
sample temperature increases by 5 °C and the absorbance
improves from 0.093 to 0.15. However, from 5 to 15 min of
SAW, the maximum sample temperature only increases by 1
°C while the absorbance nearly doubles from 0.15 to 0.33.
Effect of SAW on Antibody−Antigen Binding in

Dynabead-Based ELISA. Functionalized beads are also
commonly used in ELISA, providing increased surface area
and mixing of the beads in the solution, in turn leading to
greater sensitivity and, for that matter, multiplexing capa-
bilities.61 Here, we also explored whether SAW can enhance

Figure 2. Binding efficiency in terms of light absorbance plotted with
respect to the application of 40, 60, and 100 MHz SAW at a particle
velocity of 96 mm/s (see Experimental Section: Device Design,
Fabrication, Testing, and Assays). The 96-well plates were coated
with 200 μL of the goat antichicken IgY-HRP (250 ng/mL) in PBS
with SAW for 15 min. Subsequently, TMB was incubated in the well
for 5 min without SAW. The numbers at the bottom of each bar are
the maximum temperature in the sample, in Celsius, during each run;
with SAW, the temperature increased from 25 to 34.2 °C in 15 min.
For the no-SAW condition, the ELISA was run at 25 °C from the
start. Error bars represent the standard deviation of 6 independent
trials. All data was confirmed to be normally distributed via the
Shapiro-Wilk test; **p < 0.01, ***p < 0.001.
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binding in the bead-based ELISA system. Using ferromagnetic
2.8 μm diameter Dynabeads at a concentration of 0.375 mg/
mL, we applied SAW at the antibody−antigen binding step for
2 to 10 min. As expected, using Dynabeads produces a faster
ELISA: Dynabeads reduces the time required to produce the
same absorbance from 1 h (red dotted line) to 5 min (Figure
4a). However, using 60 MHz, 192 mm/s, 0.8 W SAW with the
Dynabeads reduces the time necessary to perform the ELISA
to just 2 min.
Put another way, in the bead-based approach to ELISA,

SAW stimulation is found to significantly (Figure 4b; p < 0.05)
increase the absorbance compared to the no-SAW, bead-based
control after 10 min incubation. Using Dynabeads also
significantly improves the absorbance value (Figure 4b; p <
0.001). By combining the accelerated binding kinetics from
SAW and the transport of the roughened binding surface in the

form of Dynabeads through SAW-driven mixing, the
absorbance was found to be over six times greater than the
no-SAW, no-bead control after 10 min incubation. Moreover,
after just 10 min, the combination of SAW and Dynabeads
produces an absorbance value twice the 1 h no-SAW, no-bead
result (Figure 4a).
Effect of SAW on Antibody-Well Binding: A Required

Coating Step in Traditional ELISA. We have verified that
SAW stimulation can significantly enhance the efficiency of
antigen−antibody binding, regardless of whether the antigen/
antibody was previously bonded to the well or to the beads.
The antigen/antibody must first be bound to the well in
traditional ELISA, and this takes considerable time in the
overall assay. Even if SAW improves the performance of the
antigen−antibody binding, the net benefit of doing so is
reduced if the antibody-well wall binding still takes a long time.
Therefore, we next examine the effect of SAW on the antibody-
well binding as a required step in standard ELISA.

Figure 3. a) Absorbance plotted with respect to wavelength after 1
min with and without SAW already indicates a difference at about 450
nm, with the SAW producing a greater absorbance value. Repeating
the (60 MHz, 0.8 W, 192 mm/s) SAW and no-SAW (control)
protocols six times for 1 to 15 min describes b) the effect of time on
the ELISA protocol. For these cases, there was no externally applied
heating, and the temperature of the samples was at the lab
temperature of 25 °C, initially for the SAW-driven samples, and
throughout for the no-SAW (control) samples. The application of
SAW also heats the samples, as indicated by the temperature values
provided at the bottom of each bar. However, the heating is generally
less than the standard protocol: heating of the sample to 35 °C. As a
basis for comparison, the dotted red line represents the absorbance via
the standard ELISA protocol of 1 h at 35 °C without SAW. Error bars
represent the standard deviation of 6 independent trials. All data was
confirmed to be normally distributed via the Shapiro-Wilk test; *p <
0.05, **p < 0.01.

Figure 4. Using a bead-based ELISA a) vastly improves the speed to
produce an absorbance comparable to the standard 1-h, no-SAW, 35
°C ELISA protocol (red dashed line) after only 5 min, with 2.5 μL of
Dynabeads (30 mg/mL) coated with 200 μL antiprotein A antibody
(5 μg/mL) and dilution of the goat antichicken IgY-HRP stock
solution to 10 ng/mL in PBS for this experiment. Adding 60 MHz,
192 mm/s, 0.8 W SAW to the bead-based ELISA significantly
improves the speed to obtain the same results as the traditional
protocol after only 2 min. Comparing the results after 10 min
incubation, b) either introducing beads into the system or introducing
SAW into the bead-based system significantly improves the
absorbance. As before, the maximum temperature of the samples in
Celsius is provided at the bottom of each bar. There was no externally
applied heating, and the temperature of the samples was at the lab
temperature of 25 °C, initially for the SAW-driven samples, and
throughout for the no-SAW (control) samples. Error bars represent
the standard deviation of 6 independent trials. All data was confirmed
to be normally distributed via the Shapiro-Wilk test; *p < 0.05, **p <
0.01, ***p < 0.001.
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We used goat antichicken IgY-HRP as the surface binding
molecule for the well. This allowed us to utilize the HRP-TMB
reaction as a measure of binding efficiency. As presented in
Figure 5, our findings indicate that SAW stimulation can

enhance the antibody-well binding efficiency, producing a two
to 3-fold increase in efficiency over the no-SAW control. In
comparison to the traditional ELISA protocol of waiting 1 h at
35 °C for binding of the antibody to the well, using SAW
produces a comparable absorbance after only 15 min.
The ELISA typically involves two to three steps of antigen−

antibody binding and antibody-well binding. Through the
application of SAW stimulation, our results indicate a
reduction in the overall time required to complete traditional
direct sandwich ELISA from approximately 5 h to 1.5 h. Using
SAW helps accelerate the binding in both antigen−antibody
and antibody-well interactions, thereby streamlining the ELISA
process. SAW may also be useful in promoting the speedy
deposition of the blocking molecules used to surround the
binding sites. However, in our experiments, the use of SAW for
this step produced inconclusive results, and so we retained the
traditional blocking protocol using blocking buffer in PBS at 35
°C for 1 h, as detailed earlier.
Effect of SAW on ELISA Sensitivity. After promising

results regarding the time reduction thanks to the SAW, we
next focused on improving the sensitivity. We investigated the
feasibility of utilizing SAW to facilitate antibody−antigen
binding under varying concentrations of the antigen. The goat
antichicken IgY-HRP was diluted with PBS to create a
concentration range from 0.1 ng/mL to 10 ng/mL, and 0.8
W, 60 MHz SAW was applied for a duration of 20 min to
ensure sufficient antigen−antibody binding. For both cases
(with and without SAW), results indicate that the binding is
linearly dependent upon concentration of the antigen with
calculated slopes of 0.0289 and 0.0529 for traditional ELISA
for 1 h and SAW for 20 min, respectively (Figure 6). This also
demonstrates the improvement in sensitivity of ELISA with

SAW stimulation. Notably, under SAW stimulation, the total
antigen−antibody binding is found to increase by 83%.
Increasing the SAW exposure time to 20 min, causes the
total amount of antibody binding to reach equilibrium, the
maximum possible in our study. By comparing these results to
the traditional 35 °C, 1-h ELISA protocol, it is evident that the
improvement in ELISA due to SAW is not simply due to
heating, because after 15 min of SAW the sample is at a lower
temperature�34.2 °C�yet produces a greater absorbance.

■ DISCUSSION
Although there are several acoustically driven ELISA platforms
reported in the literature,62,63 our approach offers notable
advantages. The total time for the standard ELISA protocol is
3 h at 35 °C or 5 h at room temperature. By using SAW as
described here, the complete ELISA protocol can be run at
room temperature in 1.5 h. It fits into the normal ELISA
workflow, using 96-well trays instead of expecting a laboratory
to change its operations to accommodate the technology and
to deal with the myriad drawbacks of microfluidics in practical
laboratory operations.64 In our approach, each well can be
individually addressed and controlled by a single IDT in a
format compatible with multiplexing to drive all 96 wells at
once, in a manner that can be performed using commercially
available plates without special training. Past acoustofluidic
devices require custom fluidic designs and skilled operators
accustomed to acoustofluidics and microfluidics, altogether
problematic for adoption in a typical biology lab.
By using the standard bead-based assay, the time required to

perform the ELISA protocol for a useful sensitivity is much
shorter, a well-known result. A total of about 20 min is
required for the standard room-temperature assay, including
the time to prepare the beads. The beads are ready-to-use with
the antibody binding and blocking steps already completed
before purchase, and the bead-based kit is expensive as a
consequence. Nonetheless, using SAW in the antigen-binding
step in combination with the beads halves the required time for
this step to produce a similar absorbance value�from 5 to 2
min. To be consistent, we retained the 5 min bead
resuspension step required at the beginning of the standard
bead-based ELISA protocol. We also used the 1 h blocking
step for the 96-well tray per the standard protocol to avoid

Figure 5. Time course of antibody-well binding with and without 60
MHz, 0.8 W SAW control. 96-well plates were coated with 200 μL of
the goat antichicken IgY-HRP (250 ng/mL) in PBS at 35 °C for 1 h,
room temperature for 5, 15 min and SAW was applied for the
indicated time as 5 and 15 min; TMB was then introduced and
incubated without SAW for 5 min. Error bars represent a standard
deviation of 5 independent trials; *p < 0.05, **p < 0.01, ***p < 0.001.
The maximum temperature of the samples in Celsius is provided at
the bottom of each bar. There was no externally applied heating, and
the temperature of the samples was at the lab temperature of 25 °C,
initially for the SAW-driven samples, and throughout for the no-SAW
(control) samples. Comparing the traditional 35 °C, 1-h ELISA
protocol shows that the improvement of the ELISA due to SAW is not
due solely to heating.

Figure 6. Absorbance indicated binding versus target antigen
concentration with and without 60 MHz, 0.8 W SAW. SAW improves
the absorbance for the same concentration of the target antigen. Error
bars represent the standard deviation of 3 independent trials.
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background noise, but this can be done in advance. In any case,
it is likely that the bead resuspension step could simply be
eliminated, reducing the total time required for the bead-based
ELISA protocol from 20 min to just 2 min.
These improvements are due to effects beyond SAW-driven

heating of the samples. We report the maximum temperature
achieved during SAW use, and in every case the temperature
never reached the 35 °C used for the traditional 1 h ELISA
protocol, yet still we see greater absorbance values after a
shorter period of time. For example, after 15 min in Figure 3.
Moreover, there is no direct correlation between the
temperature and absorbance across the SAW ELISA tests.
The mechanism must rely in part upon another effect.
Notably, diffusion responsible for aiding the binding in

ELISA in the absence of SAW-driven convection is well-known
to be slow. Antigens near the well walls will quickly bind,
leaving a depletion zone that must be repopulated by
additional antigens from the bulk of the fluid sample via
diffusion. If the SAW-driven flow was merely laminar, there
would be no advantage in driving the flow: the time to bind a
given number of antigen molecules from a fluid sample with
laminar flow is identical to a fluid sample with no flow at all.65

However, fast acoustic streaming46 of the sort present in this
system produces nonlaminar flow and mixing,66 suggesting that
a combination of convection-dominated binding phenomena
together with the mixing of the sample fluid is a significant
reason for the improvement in binding seen with the use of
SAW.

■ CONCLUSIONS
By utilizing acoustic streaming produced by high frequency
surface acoustic waves, we developed a time-saving and
improved sensitivity ELISA that may be directly applied to
standard protocols in use today in biology, chemical tooling,
and diagnostic laboratories to reduce the time required for the
full protocol from 3−5 to 1.5 h. It does not require any
modifications to the existing ELISA protocol. Instead,
operators simply place the ELISA plate on top of our device
and allow acoustic streaming generated in the fluid sample to
facilitate faster and more sensitive detection of the target
biomarkers. We demonstrated that SAW can be applied in the
antibody-well and antigen−antibody binding steps of the
protocol, leaving the blocking step unmodified. One may also
combine SAW with bead-based ELISA to reduce the total time
required for the antigen−antibody binding step in that
protocol from about 10 to 2 min. The total antigen−antibody
binding is increased by 83%, thus increasing the detection
sensitivity. With its high sensitivity and efficiency, this
approach to ELISA may produce important benefits in the
development of diagnostic and therapeutic applications
wherever ELISA and its derivatives are used.

■ AUTHOR INFORMATION

Corresponding Author
James Friend − Medically Advanced Devices Laboratory,
Center for Medical Devices, Department of Mechanical and
Aerospace Engineering, Jacobs School of Engineering, and the
Department of Medicine, School of Medicine, University of
California San Diego, La Jolla, California 92093, United
States; orcid.org/0000-0003-0416-2165;
Email: jfriend@ucsd.edu

Authors
Lei Zhang − Medically Advanced Devices Laboratory, Center
for Medical Devices, Department of Mechanical and
Aerospace Engineering, Jacobs School of Engineering, and the
Department of Medicine, School of Medicine, University of
California San Diego, La Jolla, California 92093, United
States

Shuai Zhang − Medically Advanced Devices Laboratory,
Center for Medical Devices, Department of Mechanical and
Aerospace Engineering, Jacobs School of Engineering, and the
Department of Medicine, School of Medicine, University of
California San Diego, La Jolla, California 92093, United
States

Cécile Floer − Université de Lorraine, Centre national de la
recherche scientifique (CNRS), Institut Jean Lamour, F-
54000 Nancy, France; Medically Advanced Devices
Laboratory, Center for Medical Devices, Department of
Mechanical and Aerospace Engineering, Jacobs School of
Engineering, and the Department of Medicine, School of
Medicine, University of California San Diego, La Jolla,
California 92093, United States

Sreeya Anjana Raj Kantubuktha − Medically Advanced
Devices Laboratory, Center for Medical Devices, Department
of Mechanical and Aerospace Engineering, Jacobs School of
Engineering, and the Department of Medicine, School of
Medicine, University of California San Diego, La Jolla,
California 92093, United States; Materials Science and
Engineering Program, University of California San Diego, La
Jolla, California 92093, United States

María José González Ruiz Velasco − Medically Advanced
Devices Laboratory, Center for Medical Devices, Department
of Mechanical and Aerospace Engineering, Jacobs School of
Engineering, and the Department of Medicine, School of
Medicine, University of California San Diego, La Jolla,
California 92093, United States; Materials Science and
Engineering Program, University of California San Diego, La
Jolla, California 92093, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.4c01615

Author Contributions
§S.A.R.K. and M.J.G.R.V. contributed equally to this work.
Conceptualization: JF, SZ, CF. Data curation: LZ, JF.
Investigation: LZ, SZ, CF. Methodology: SZ, CF, LZ, JF.
Validation: LZ. Visualization: LZ, JF. Writing − Original Draft:
LZ, SZ, CF. Funding Acquisition: CF, JF. Project Admin-
istration, Resources, Supervision, Visualization, and Writing −
Review & Editing: JF.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful to the University of California, the
Qualcomm Institute, and the NANO3 facility at UC San Diego
for provision of funds and facilities in support of this work.
This work was performed in part at the San Diego
Nanotechnology Infrastructure (SDNI) of UCSD, a member
of the National Nanotechnology Coordinated Infrastructure,
which is supported by the National Science Foundation (Grant
ECCS−1542148). The work presented here was generously
supported by Kratos Defense via gift R−86X16−VX16 and the
NIH via grant R01NS115591. The authors are also grateful to

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.4c01615
Anal. Chem. 2024, 96, 9676−9683

9682

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Friend"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0416-2165
mailto:jfriend@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ce%CC%81cile+Floer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sreeya+Anjana+Raj+Kantubuktha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Jose%CC%81+Gonza%CC%81lez+Ruiz+Velasco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01615?ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c01615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the French National Center for Scientific Research (CNRS)
for the IEA (International Emerging Actions) grant supporting
the collaboration between the University of California San
Diego and the Université de Lorraine.

■ REFERENCES
(1) Shan, S.; Lai, W.; Xiong, Y.; Wei, H.; Xu, H. J. Agric. Food Chem.
2015, 63, 745−753.
(2) Udenfriend, S. Fluorescence assay in biology and medicine;
Academic Press: London UK, 2014; Vol. 2.
(3) Sagot, M.-A.; Heutte, F.; Renard, P.-Y.; Dollé, F.; Pradelles, P.;
Ezan, E. Anal. Chem. 2004, 76, 4286−4291.
(4) Zhang, Q.; Lian, M.; Liu, L.; Cui, H. Anal. Chim. Acta 2005, 537,
31−39.
(5) Di Nardo, F.; Chiarello, M.; Cavalera, S.; Baggiani, C.; Anfossi,
L. Sensors 2021, 21, 5185.
(6) Rogers, K. Anal. Chim. Acta 2006, 568, 222−231.
(7) Brecht, A.; Abuknesha, R. Trends Anal. Chem. 1995, 14, 361−
371.
(8) Findlay, J. W.; Smith, W.; Lee, J.; Nordblom, G.; Das, I.; DeSilva,
B.; Khan, M.; Bowsher, R. J. Pharm. Biomed. Anal. 2000, 21, 1249−
1273.
(9) Mullis, K. B.; Faloona, F. A. Methods Enzymol. 1987, 155, 335−
350.
(10) Saiki, R. K.; Scharf, S.; Faloona, F.; Mullis, K. B.; Horn, G. T.;
Erlich, H. A.; Arnheim, N. Science 1985, 230, 1350−1354.
(11) Löfås, S.; Johnsson, B. J. Chem. Soc., Chem. Commun. 1990,
1526−1528.
(12) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L.-N. Anal.
Biochem. 1989, 179, 131−137.
(13) Towbin, H.; Staehelin, T.; Gordon, J. Proc. Natl. Acad. Sci. U. S.
A. 1979, 76, 4350−4354.
(14) Vashist, S. K.; Luong, J. H. Handbook of immunoassay
technologies: approaches, performances, and applications; Academic
Press (Elsevier): London UK, 2018.
(15) Sheehan, P. E.; Whitman, L. J. Nano Lett. 2005, 5, 803−807.
(16) Yalow, R. S.; Berson, S. A.; et al. J. Clin. Invest. 1960, 39, 1157−
1175.
(17) Skelley, D.; Brown, L.; Besch, P. Clin. Chem. 1973, 19, 146−
186.
(18) Ekins, R. P. Clin. Chem. 1998, 44, 2015−2030.
(19) Engvall, E.; Perlmann, P. Immunochemistry 1971, 8, 871−874.
(20) Dandliker, W.; Feigen, G. Biochem. Biophys. Res. Commun.
1961, 5, 299−304.
(21) Patel, A.; Campbell, A. K. Clin. Chem. 1983, 29, 1604−1608.
(22) Crowther, J. R. The ELISA guidebook, second ed. ed.; Springer:
New York, NY USA, 2009.
(23) Chard, T. Hum. Reprod. 1992, 7, 701−710.
(24) Chu, V. T.; et al. JAMA Int. Med. 2022, 182, 701−709.
(25) Xia, X.; Xu, Y.; Zhao, X.; Li, Q. Clin. Chem. 2009, 55, 179−182.
(26) Jiang, J.; Luo, P.; Liang, J.; Shen, X.; Lei, H.; Li, X. Anal. Chim.
Acta 2022, 1192, 339360.
(27) Kaminski, M. M.; Abudayyeh, O. O.; Gootenberg, J. S.; Zhang,
F.; Collins, J. J. Nat. Biomed. Eng. 2021, 5, 643−656.
(28) Avaro, A. S.; Santiago, J. G. Lab Chip 2023, 23, 938−963.
(29) Wang, S.; Zhao, X.; Khimji, I.; Akbas, R.; Qiu, W.; Edwards, D.;
Cramer, D. W.; Ye, B.; Demirci, U. Lab Chip 2011, 11, 3411−3418.
(30) Murdock, R. C.; Shen, L.; Griffin, D. K.; Kelley-Loughnane, N.;
Papautsky, I.; Hagen, J. A. Anal. Chem. 2013, 85, 11634−11642.
(31) Wang, C.-H.; Lien, K.-Y.; Wang, T.-Y.; Chen, T.-Y.; Lee, G.-B.
Biosens. Bioelectron. 2011, 26, 2045−2052.
(32) Dong, X.; Liu, L.; Tu, Y.; Zhang, J.; Miao, G.; Zhang, L.; Ge, S.;
Xia, N.; Yu, D.; Qiu, X. TrAC Trends in Anal. Chem. 2021, 143,
116377.
(33) Shu, B.; Zhang, C.; Xing, D. Anal. Chim. Acta 2014, 826, 51−
60.
(34) Sia, S. K.; Whitesides, G. M. Electrophoresis 2003, 24, 3563−
3576.

(35) Xia, Y.; Whitesides, G. M. Angew. Chem., Int. Ed. 1998, 37,
550−575.
(36) Martinez, A. W.; Phillips, S. T.; Butte, M. J.; Whitesides, G. M.
Angew. Chem. 2007, 119, 1340−1342.
(37) Rupp, J.; Schmidt, M.; Münch, S.; Cavalar, M.; Steller, U.;
Steigert, J.; Stumber, M.; Dorrer, C.; Rothacher, P.; Zengerle, R.; et al.
Lab Chip 2012, 12, 1384−1388.
(38) Lynn, N. S., Jr; Bocková, M.; Adam, P.; Homola, J. Anal. Chem.
2015, 87, 5524−5530.
(39) Capretto, L.; Cheng, W.; Hill, M.; Zhang, X. In Micromixing
Within Microfluidic Devices; Microfluidics; Lin, B., Ed.; Topics in
Current Chemistry; Springer: Berlin, Heidelberg, 2011; pp 27−68.
(40) Stone, H. A.; Stroock, A. D.; Ajdari, A. Annu. Rev. Fluid Mech.
2004, 36, 381−411.
(41) Rufo, J.; Cai, F.; Friend, J.; Wiklund, M.; Huang, T. Nat. Rev.
Methods Primers 2022, 2, 30.
(42) Langelier, S.; Yeo, L.; Friend, J. R. Lab Chip 2012, 12, 2970−
2976.
(43) Ho, J.; Tan, M. K.; Go, D.; Yeo, L.; Friend, J.; Chang, H.-C.
Anal. Chem. 2011, 83, 3260−6.
(44) Friend, J. R.; Yeo, L. Y. Rev. Mod. Phys. 2011, 83, 647−704.
(45) Zhang, N.; Horesh, A.; Manor, O.; Friend, J. Phys. Rev. Lett.
2021, 126, 164502.
(46) Orosco, J.; Friend, J. Phys. Rev. E 2022, 106, 045101.
(47) Sritharan, K.; Strobl, C.; Schneider, M.; Wixforth, A.;
Guttenberg, Z. v. Appl. Phys. Lett. 2006, 88, 054102.
(48) Zhang, N.; Zuniga-Hertz, J. P.; Zhang, E. Y.; Gopesh, T.;
Fannon, M. J.; Wang, J.; Wen, Y.; Patel, H. H.; Friend, J. Lab Chip
2021, 21, 904−915.
(49) Chen, X.; Zhang, C.; Liu, B.; Chang, Y.; Pang, W.; Duan, X.
Lab Chip 2022, 22, 3817−3826.
(50) Serrano, M. M.; Rodríguez, D. N.; Palop, N. T.; Arenas, R. O.;
Córdoba, M. M.; Mochón, M. D. O.; Cardona, C. G. J. Clin. Virol.
2020, 129, 104529.
(51) Jones, H. E.; Mulchandani, R.; Taylor-Phillips, S.; Ades, A. E.;
Shute, J.; Perry, K. R.; Chandra, N. L.; Brooks, T.; Charlett, A.;
Hickman, M.; Oliver, I.; Kaptoge, S.; Danesh, J.; Di Angelantonio, E.;
Wyllie, D. eBioMedicine 2021, 68, 103414.
(52) Huang, A.; Liu, H.; Manor, O.; Liu, P.; Friend, J. Adv. Mater.
2020, 32, 1907516.
(53) Huang, A.; Liu, H.; Liu, P.; Friend, J. Adv. Energy Sustainability
Res. 2023, 4, 2200112.
(54) Renaudin, A.; Chabot, V.; Grondin, E.; Aimez, V.; Charette, P.
G. Lab Chip 2010, 10, 111−115.
(55) Ducloux, O.; Galopin, E.; Zoueshtiagh, F.; Merlen, A.; Thomy,
V. Biomicrofluidics 2010, 4, 011102.
(56) Liu, J.; Li, S.; Bhethanabotla, V. R. ACS Sens. 2018, 3, 222−229.
(57) Agostini, M.; Lunardelli, F.; Gagliardi, M.; Miranda, A.;
Lamanna, L.; Luminare, A. G.; Gambineri, F.; Lai, M.; Pistello, M.;
Cecchini, M. Adv. Funct. Mater. 2022, 32, 2201958.
(58) Mei, J.; Zhang, N.; Friend, J. J. Visualized Exp. 2020, 160,
e61013.
(59) Shilton, R.; Tan, M. K.; Yeo, L. Y.; Friend, J. R. J. Appl. Phys.
2008, 104, 014910.
(60) Tripathi, K.; Driskell, J. D. ACS Omega 2018, 3, 8253−8259.
(61) Zhang, P.; Yang, J.; Liu, D. Electrophoresis 2019, 40, 2211−
2217.
(62) Li, X.; Huffman, J.; Ranganathan, N.; He, Z.; Li, P. Anal. Chim.
Acta 2019, 1079, 129−138.
(63) Gao, Y.; Tran, P.; Petkovic-Duran, K.; Swallow, T.; Zhu, Y.
Biomed. Microdevices 2015, 17, 79.
(64) Duncombe, T. A.; Tentori, A. M.; Herr, A. E. Nat. Rev. Mol.
Cell Biol. 2015, 16, 554−567.
(65) Squires, T. M.; Messinger, R. J.; Manalis, S. R. Nat. Biotechnol.
2008, 26, 417−426.
(66) Connacher, W.; Zhang, N.; Huang, A.; Mei, J.; Zhang, S.;
Gopesh, T.; Friend, J. Lab Chip 2018, 18, 1952−1996.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.4c01615
Anal. Chem. 2024, 96, 9676−9683

9683

https://doi.org/10.1021/jf5046415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf5046415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac030395f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.aca.2005.01.027
https://doi.org/10.1016/j.aca.2005.01.027
https://doi.org/10.3390/s21155185
https://doi.org/10.1016/j.aca.2005.12.067
https://doi.org/10.1016/0165-9936(95)97065-9
https://doi.org/10.1016/0165-9936(95)97065-9
https://doi.org/10.1016/S0731-7085(99)00244-7
https://doi.org/10.1016/S0731-7085(99)00244-7
https://doi.org/10.1016/0076-6879(87)55023-6
https://doi.org/10.1016/0076-6879(87)55023-6
https://doi.org/10.1126/science.2999980
https://doi.org/10.1039/C39900001526
https://doi.org/10.1039/C39900001526
https://doi.org/10.1016/0003-2697(89)90213-3
https://doi.org/10.1016/0003-2697(89)90213-3
https://doi.org/10.1073/pnas.76.9.4350
https://doi.org/10.1073/pnas.76.9.4350
https://doi.org/10.1021/nl050298x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1172/JCI104130
https://doi.org/10.1172/JCI104130
https://doi.org/10.1093/clinchem/19.2.146
https://doi.org/10.1093/clinchem/19.2.146
https://doi.org/10.1093/clinchem/44.9.2015
https://doi.org/10.1016/0019-2791(71)90454-X
https://doi.org/10.1016/0006-291X(61)90167-X
https://doi.org/10.1016/0006-291X(61)90167-X
https://doi.org/10.1093/clinchem/29.9.1604
https://doi.org/10.1093/oxfordjournals.humrep.a137722
https://doi.org/10.1001/jamainternmed.2022.1827
https://doi.org/10.1373/clinchem.2008.114561
https://doi.org/10.1016/j.aca.2021.339360
https://doi.org/10.1016/j.aca.2021.339360
https://doi.org/10.1038/s41551-021-00760-7
https://doi.org/10.1039/D2LC00852A
https://doi.org/10.1039/c1lc20479c
https://doi.org/10.1021/ac403040a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2010.08.083
https://doi.org/10.1016/j.trac.2021.116377
https://doi.org/10.1016/j.trac.2021.116377
https://doi.org/10.1016/j.aca.2014.04.017
https://doi.org/10.1016/j.aca.2014.04.017
https://doi.org/10.1002/elps.200305584
https://doi.org/10.1002/elps.200305584
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5<550::AID-ANIE550>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5<550::AID-ANIE550>3.0.CO;2-G
https://doi.org/10.1002/ange.200603817
https://doi.org/10.1039/c2lc21110f
https://doi.org/10.1021/ac504360d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac504360d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.fluid.36.050802.122124
https://doi.org/10.1146/annurev.fluid.36.050802.122124
https://doi.org/10.1038/s43586-022-00109-7
https://doi.org/10.1038/s43586-022-00109-7
https://doi.org/10.1039/c2lc40085e
https://doi.org/10.1039/c2lc40085e
https://doi.org/10.1021/ac200380q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/RevModPhys.83.647
https://doi.org/10.1103/PhysRevLett.126.164502
https://doi.org/10.1103/PhysRevLett.126.164502
https://doi.org/10.1103/PhysRevE.106.045101
https://doi.org/10.1063/1.2171482
https://doi.org/10.1039/D0LC01012J
https://doi.org/10.1039/D0LC01012J
https://doi.org/10.1039/D2LC00541G
https://doi.org/10.1016/j.jcv.2020.104529
https://doi.org/10.1016/j.jcv.2020.104529
https://doi.org/10.1016/j.ebiom.2021.103414
https://doi.org/10.1002/adma.201907516
https://doi.org/10.1002/adma.201907516
https://doi.org/10.1002/aesr.202200112
https://doi.org/10.1002/aesr.202200112
https://doi.org/10.1039/B911953A
https://doi.org/10.1063/1.3310930
https://doi.org/10.1021/acssensors.7b00876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202201958
https://doi.org/10.3791/61013
https://doi.org/10.3791/61013
https://doi.org/10.1063/1.2951467
https://doi.org/10.1063/1.2951467
https://doi.org/10.1021/acsomega.8b00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/elps.201900007
https://doi.org/10.1002/elps.201900007
https://doi.org/10.1016/j.aca.2019.05.073
https://doi.org/10.1016/j.aca.2019.05.073
https://doi.org/10.1007/s10544-015-9987-0
https://doi.org/10.1038/nrm4041
https://doi.org/10.1038/nrm4041
https://doi.org/10.1038/nbt1388
https://doi.org/10.1038/nbt1388
https://doi.org/10.1039/C8LC00112J
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c01615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

