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Abstract

Acoustofluidics, the fusion of acoustics and microfluidic techniques, has recently seen increased
research attention across multiple disciplines due in part to its capabilities in contactless,
biocompatible, and precise manipulation of micro-/nano-objects. Herein, a bimodal signal
amplification platform which relies on acoustofluidics-induced enrichment of nanoparticles is
introduced. The dual-function biosensor can perform sensitive immunofluorescent or surface-
enhanced Raman spectroscopy (SERS) detection. The platform functions by using surface acoustic
waves to concentrate nanoparticles at either the center or perimeter of a glass capillary; the
concentration location is adjusted simply by varying the input frequency. The immunofluorescence
assay is achieved by concentrating fluorescent analytes and functionalized nanoparticles at the
center of the microchannel, thereby improving the visibility of the fluorescent output. By
modifying the inner wall of the glass capillary with plasmonic Ag nanoparticle-deposited ZnO
nanorod arrays and focusing analytes toward the perimeter of the microchannel, SERS sensing
using the same device setup is achieved. Nanosized exosomes are used as a proof-of-concept to
validate the performance of the acoustofluidic bimodal biosensor. With its sample-enrichment
functionality, bimodal sensing, short processing time, and minute sample consumption, the
acoustofluidic chip holds great potential for the development of lab-on-a-chip based analysis
systems in many real-world applications.
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Introduction

Miniaturized biosensors have been recognized as formidable analytical devices for efficient
detection of biomarkers such as cells, microorganisms, and biomolecules. These sensors
play a critical role in monitoring and maintaining the health of human, animal, and plant
communities, as well as aiding in the analysis of environmental and food safety factors.[2-4]
To date, numerous biosensor platforms that allow for the detection of analytes in different
source matrices have been developed, such as enzyme-linked immunosorbent assays, optical
absorbance, chemiluminescence, radioactivity, and electrochemical assays.[>8] Most of
these techniques are still hindered by long processing times, large sample consumption,
and/or extensive labeling procedures. These limitations often render these techniques
impractical for many applications in which the concentration of analytes is low, or a high
detection speed is required.

As an advancement of these methods, microfluidic approaches have recently been developed
to improve biosensor technology by virtue of their low sample consumption and fast
response times.[9-14] One area of microfluidic technology which has shown potential for the
development of precision biosensors is acoustofluidics, which integrates acoustics and
microfluidics. Acoustic waves are well-known for their versatility, biocompatibility, ease of
integration, and precision in manipulating micro-/nano-particles, such as cells, bacteria, and
exosomes.[15-19] These advantages have been leveraged to significantly advance the field of
analytical assays.[20] Specifically, acoustofluidic methods present unique features for
analytical applications, such as simple operation with gentle forces to move suspended
objects, minute sample consumption for serial long-term monitoring, adjustable throughputs
for both fundamental research and practical applications, and low power/instrument
requirements for device miniaturization and outstanding component integration.[21-24]
However, current acoustofluidic biosensor devices are limited to single modality, and the
technology has rarely been utilized in the sensing and detection of subcellular structures.
[19.20,25.26] sjngle-modality biosensors only measure one unique sensing parameter, such as
fluorescence. When used in real-world applications, single-function biosensors often have
limited versatility and accuracy, preventing widespread adoption. Therefore, there is still an
unmet need for developing a flexible, sensitive, and simple lab-on-a-chip acoustofluidic
system toward the sensing of biological targets (especially nanoscale analytes) with two or
more sensing modalities.

Herein, we present an acoustofluidics-assisted bimodal sensing platform that can perform
immunofluorescent and surface-enhanced Raman spectroscopy (SERS) based detection. In
this platform, we used acoustofluidics to concentrate silica nanoparticles that have been
coated with the target of interest at different locations of square-shaped glass capillaries for
signal amplification. Immunoassay enhancement was realized by concentrating fluorescent
analytes and functionalized nanoparticles toward the center of the glass capillary,
significantly enhancing the output fluorescent signal. By simply adjusting the input
frequencies, analytes which are bound to silica nanoparticles can also be focused on the edge
of the capillary microchannel to achieve interaction with plasmonic ZnO—Ag nanorod
arrays coated onto the device's surface. This dual-functionality can be achieved with a
variety of biological samples, with the mechanism remaining the same for either
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immunofluorescent or SERS based detection. We validated the performance of our
acoustofluidic biosensor using exosomes (30-150 nm) as a proof-of-concept. We were able
to successfully detect the presence of these biomarkers in real-time even at minute
concentrations (as low as tens of exosomes puL=1), using both of our sensing modalities.
With its advantages in simplicity, versatility, and flexibility, our acoustofluidic biosensing
platform may shed light on the development of advanced on-chip methodologies for many
practical applications.

Results and Discussion

2.1. Working Concept of Acoustofluidics-Assisted Biosensors

Figure 1 shows a schematic illustration of the acoustofluidics-assisted biosensing platform.
The acoustofluidic device is composed of a transparent piezoelectric lithium niobate
(LiNbO3) substrate with patterned interdigital transducers (IDTs) and a square-shaped glass
capillary bonded to the substrate. When a radio frequency signal is applied to the IDTs,
surface acoustic waves (SAWSs) are generated and propagate toward the glass capillary. As
SAWSs encounter the sample liquid confined inside the capillary microchannel, they will
generate longitudinal leakage waves and cause pressure fluctuations within the liquid. These
pressure fluctuations result in lateral acoustic radiation forces, which drive suspended
particles to either pressure nodes (minimum pressure regions) or antinodes (maximum
pressure regions), depending on the particle and fluid properties.[22:27-30]

Here, we use acoustofluidic biosensors to analyze exosomes. Exosomes are membrane-
bound phospholipid vesicles that have a typical size range of 30-150 nm and carry valuable
molecular information, such as nucleic acids and proteins that could directly reflect the cells
of origin for precise disease treatment.[31-34] They are a promising tool for health monitoring
and the diagnosis of human diseases.[3%] To enable exosome concentration and detection, we
bind silica nanoparticles to exosomes for use as a sensing assistant due to their high surface-
to-volume ratio and good biocompatibility.[36] As a result, acoustofluidics-induced
aggregation and exosome enrichment by nanoparticles can enhance our biosensor's
performance by driving exosomes which are bound to silica hanoparticles to desired
locations for achieving different sensing modalities. Enriching biological particles at the
center of the fluid chamber enables enhanced immunofluorescent identification by
concentrating the signal from individual particles in one location, whereas, focusing
biological particles at an edge near a plasmonic surface enables sensitive SERS recognition
(Figure 1).

2.2. Acoustofluidic Device Fabrication and Enrichment Demonstration

To generate SAWSs for sample enrichment and biosensing, a LiNbO3 wafer was employed as
the transparent substrate for IDT deposition by photolithography and e-beam evaporation
techniques (Figure 2A,B). Two IDTSs containing 25 electrodes each were patterned onto the
LiNbO3 substrate. The width of each electrode and the gap distance between two adjacent
electrodes are both 125 um (Figure 2C-D), corresponding to a working wavelength of ~200
pum (at a frequency of ~7.5 MHz) inside the capillary microchannel. A square-shaped
borosilicate hollow glass tube with an inner diameter and outer diameter of 100 and 200 um,
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respectively, was bonded to the LiNbO3 substrate and aligned parallel to the electrodes
(Figure 2E); this capillary was chosen due the fact that its inner diameter roughly matches
the half wavelength of the acoustic wave, improving the concentration effect. When a radio
frequency signal is applied, SAWs will be generated and travel along the X-direction. Then
the acoustic wave can propagate into the glass capillary via the epoxy layer and generate an
acoustic radiation force to concentrate biological particles suspended in the sample fluid
(Figure 2F).[28.37.38]

To demonstrate the sensing capabilities of nanoparticles and to examine the relationship
between particle size and sensing performance, we first performed experiments to
concentrate different-sized silica nanoparticles using our SAW-based acoustofluidic
platform. Solid silica nanoparticles were synthesized by a modified Stéber method using
tetraethyl orthosilicate (TEOS) as a silica precursor and NH3eH,0 as a catalyst in a mixed
solvent of water and ethanol.[39] The sizes of the nanoparticles are conveniently controlled
by the molar ratios of the reaction mixture. As shown in Figure 3A, well-defined silica
nanoparticles with relatively uniform particle sizes and smooth surfaces can be synthesized
on a large scale and imaged under a scanning electron microscope (SEM). By increasing the
molar ratios of TEOS and NH3H,0, the particle sizes of the silica nanoparticles were
gradually increased. Statistical size distributions of 200 silica nanoparticles under SEM were
further analyzed (Figure S1, Supporting Information). The results showed that all three types
of silica nanoparticles exhibit narrow size distributions with mean diameters and standard
deviations of 94 + 5, 206 + 9, and 395 + 12 nm, which are denoted as SNs-100, SNs-200,
and SNs-400, respectively. The sensing performance of each size of silica nanoparticles was
then analyzed using our SAW-based acoustofluidic device. As shown in Figure 3B, after
injecting silica nanoparticle solutions (0.5 L, 200 pg mL~1) into the glass capillary, no
aggregation was observed in the absence of acoustics within 2 min, suggesting that the
particles were well suspended in the solution. On the other hand, when the IDTs were driven
with an applied voltage and frequency of 10 V and 7.5 MHz, respectively, silica
nanoparticles were successfully focused into the center of the glass capillary and formed a
straight-line parallel to the bonded glass capillary. The larger the particle size, the more
obvious the concentration spot and the shorter time necessary for concentration. In addition,
by changing the applied frequency from 7.5 to 7.65 MHz, it was found that the particles can
be focused at the edge of the glass capillary (Figure 3C), indicating tunable settings for
multimodal biosensing applications.

To unveil the behavior of particles inside the microchannel, we analyzed the motion of
nanoparticles by examining the acoustic radiation force and the viscous drag force (the
gravity force and the buoyant force are not calculated since they are similar in magnitude but
opposite in direction, and thus nearly balanced over a short period of analysis time in the
fluid).[27.29.40.41] |n the acoustic field, the viscous drag force (Av) and the acoustic primary
radiation force (/) on the particle can be expressed as[27:29.40-42]

Fy = — 6znro (@)
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Equation (1) expresses the viscous drag force on a particle related to its inherent properties,
in which 7, 1, and v correspond to the medium viscosity, particle radius, and the relative
velocity, respectively. Equation (2) shows the primary acoustic force exerted on a particle,
which depends on several parameters including acoustic pressure amplitude (/~y),
compressibility of medium (By), particle volume (V;), wavelength (1), wave number (),
and distance from a pressure node (x). Importantly, the location at which the particles are
focused is dictated by the value of the acoustic contrast factor (¢) defined in Equation (3),
where the density and compressibility of the particles and the medium are denoted as (pop,
Bp) and (om, Bm), respectively. Particles with higher densities and lower compressibilities
relative to the fluid tend to focus along the pressure nodes (9>0), whereas particles with the
opposite properties tend to focus along the pressure antinodes (¢<0). Given the relatively
higher density and lower compressibility of silica particles than those of the aqueous
solution in this study, the positive acoustic contrast property of silica nanoparticles renders
them to focus along the pressure nodes (Figure 3D).[29.43] Specifically, when the transducer
is active, a standing wave will be generated in the capillary microchannel and create pressure
nodes, where the primary radiation force can drive particulate objects of the fluid to
aggregate. Once a cluster is formed, the secondary radiation force and the lateral component
of the primary radiation force will keep the objects together and counteract the drag force on
the cluster while new objects can be transported to the pressure nodes (Figure 3E).[4445] In
addition, all silica particles in the experiments have the same density and compressibility,
but are different in size. Since the viscous drag force and the acoustic radiation force are
proportional to the particle radius (7 and the particle volume (73), respectively, larger-sized
particles should experience much stronger net forces and thus move faster toward the
pressure nodes than smaller ones, which theoretically supports the observations from Figure
3B. Furthermore, the wavelength of the acoustic signal is given by A = v/f, where vand 7
indicate the acoustic velocity and frequency, respectively. Since the acoustic velocity is fixed
(»1495 m s71),[46] the wavelength of the acoustic waves can be altered by changing the
applied frequency. Therefore, by changing the frequency from 7.5 to 7.65 MHz in the
experiments, the focused region of silica particles can be relocated from the center to the
edge of the glass capillary (Figure 3B-D).

2.3. Signal Amplification of Immunofluorescent Assay via the Acoustofluidics-Assisted
Biosensor

To realize an enhanced immunoassay of exosomes, we used our acoustofluidic device for
signal enhancement. As demonstrated above, our device enables the concentration of
different-sized silica nanoparticles with a simple setup in a contactless and rapid manner. To
validate the feasibility of the acoustofluidics-based immunoassay, we functionalized silica
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nanoparticles with exosome-specific aptamers for recognition and concentration of
exosomes. As shown in Figure 4A, streptavidin molecules were first immobilized on the
silica surface directly by the aid of A, VV-carbonyldiimidazole (CDI). The CDI was used to
activate the silanol groups on the silica particle surface, promoting the conjugation process
to the primary amine groups of streptavidin molecules.[4748] The resultant particles were
then modified with biotinylated CD63 aptamer, containing a sequence of 32 bases
(CACCCCACCTCGCTCCCGTGACACTAATGCTA),[49] for specific recognition of
exosomes. As such, if fluorescent-labeled exosomes are present in a solution that is mixed
with aptamer-conjugated silica particles, they will be captured by the silica particles. After
applying acoustic waves, the exosome-bound particles can be concentrated at the center of a
glass capillary for fluorescent analysis. The presence of silica particles significantly
enhances the fluorescent signals as compared to randomly distributed signals (Figure 4A).

To reveal the immunofluorescent sensing performance of our acoustofluidic platform, we
utilized a standard ExoStd human urine exosome sample that was labeled with green
fluorescence from BioVision (Figures S2 and S3, Supporting Information). After mixing
aptamer-conjugated silica nanoparticles (SNs-400) with fluorescent-labeled exosomes for 10
min, we injected the mixture into the glass capillary and applied a voltage and frequency of
10 V and 7.5 MHz, respectively. As shown in Figure 4B, particle aggregation was observed
at the center of the glass capillary. When excited by the fluorescent light (488 nm), strong
green fluorescent signals were detected (Figure 4C), suggesting the rapid and efficient
capture of exosomes by CD63 aptamer-conjugated silica nanoparticles. Comparatively,
when the acoustics was off, there was no obvious particle aggregation observed under the
microscope (Figure S4, Supporting Information), and the fluorescent signal was uniformly
distributed across the capillary microchannel (Figure S5, Supporting Information). In
addition, when silica particles were mixed with only phosphate buffer solution (PBS) (i.e.,
absence of exosomes), no fluorescent signal was detected (Figure S6, Supporting
Information). These results not only successfully demonstrated fluorescent signal
enhancement by our acoustofluidic platform, but also showed a straightforward and simple
method for detecting the presence of the target molecules without introducing any
unnecessary manual steps such as centrifugation, washing, and pipetting.

To further validate the immunofluorescent assays, we examined a series of experimental
parameters and quantified the relative fluorescent intensity under different conditions. The
focusing time was first evaluated with CD63 aptamer-conjugated SNs-400 and fluorescent-
labeled exosomes at an input voltage of 7.5 V (Figure 4D). Since the exosomes which are
bound to silica nanoparticles were gradually concentrated until reaching a maximum level at
the center of the glass capillary, the fluorescent intensity was therefore continuously
increased to a near-steady value. This interval of increasing fluorescent intensity represents
the focusing time. We also examined the effect of applied voltage on the focusing time. As
shown in Figure 4E, the higher the input voltage, the shorter the focusing time. It is noted
that our acoustofluidic device can achieve successful concentration with an input voltage as
low as ~3.75 V, though the focusing time was prolonged to roughly 1 min due to a reduction
of acoustic radiation efficiency. In addition, the effect of particle size on the
immunofluorescent sensing performance was investigated. As shown in Figure 4F, larger-
sized particles generate a stronger fluorescent signal owing to the relatively higher acoustic
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radiation force, which is also in agreement with the results from Figure 3B. The fluorescent
intensity of the SNs-400 exosome sensing substrate is nearly 10 times higher than that of the
SNs-100 particles. Furthermore, we tested the immunofluorescent performance of the
acoustofluidic setup with different quantities of exosomes from 10 to 108 (Figure 4G). The
fluorescent signal was found to be linearly related to the quantities of exosomes (A2 =
0.973), and a limit of detection of 1.3 x 102 exosomes uL~1 was achieved, revealing the
excellent performance of such acoustofluidics-assisted immunoassay (Table S1, Supporting
Information). With a sample volume of only 0.5 uL required for analysis, such an
acoustofluidic platform demonstrates promising potential in point-of-care applications.

2.4. Acoustofluidic Engineering of 3D Plasmonic ZnO—Ag Nanoarray

To realize the SERS sensing assay of exosomes with enhanced optical scattering, we
generated Ag nanoparticles-coated ZnO nanorod array on the inner surface of the square-
shaped glass capillary. To ensure relatively uniform patterning of the plasmonic nanoarray
during fabrication, rapid and efficient mixing of reactants is required.[50-541 Here, we utilized
an acoustofluidic sharp-edge mixer with two inlets and one outlet for mixing reactants
(Figure 5A; and Figure S7, and see the Supporting Information for the optimization process
of device parameters). Upon the actuation of the acoustic transducer with a frequency of
4.25 kHz, the sharp-edge structures oscillate. These oscillations can generate a pair of
counter-rotating vortices in the fluid (acoustic streaming) around the tip of each sharp-edge
(Figure 5B). COMSOL simulation results confirm that no acoustic streaming pattern is
observed when the acoustic transducer is OFF, whereas, the acoustic streaming phenomenon
arises around the tips of the sharp-edges when the transducer is activated (Figure S8,
Supporting Information). To visualize the mixing performance of the acoustofluidic sharp-
edge mixer, we injected Rhodamine B dye solution into one inlet and water into the other
(see the Supporting Information for the details of operating conditions). As shown in Figure
5C, when the acoustic transducer is OFF, no obvious mixing was observed as revealed by the
clear side-by-side laminar flow profile. In contrast, when the acoustic transducer is ON,
rapid and homogeneous mixing of the dye and water fluids was achieved even only flowing
through the first two sharp-edges (Figure S9, and see the Supporting Information for the
mixing details).

Since the acoustofluidic sharp-edge mixer drastically enhances the mass transport across the
microchannel by perturbing the bulk fluids and breaking the interface of the laminar fluids,
it provides great potential for engineering functional 3D plasmonic nanoarrays inside a
square-shaped glass capillary. As shown in Figure 5D, the acoustofluidic sharp-edge mixer
was employed to mix two reactant fluids and coat plasmonic nanoarrays on the inner wall of
the glass capillary. A two-step seeding and growth approach was first adopted to pattern a
Zn0 nanorod array inside a capillary, and then Ag nanoparticles were deposited onto the
nanorods (Figure 5E). To seed the ZnO layer, the two inlet fluids, one containing zinc
acetate and the other sodium hydroxide, were pumped to fill the capillary. Meanwhile, the
acoustic transducer was activated with an applied voltage and frequency of 10 V and 4.25
kHz, respectively. The growth step of the ZnO nanoarray was similar to the seeding step
except that the reactants were replaced by zinc nitrate and hexamethylenetetramine. As
shown in Figure 5F, a relatively dense and uniform ZnO nanorod array can be successfully
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patterned inside the square-shaped glass capillary due to the efficient mixing at both the
seeding and the growth steps (Figure S10, Supporting Information). The length and diameter
of the ZnO nanorods are around 3 um and 200 nm, respectively, and the very smooth surface
of the nanorod structures can be observed (Figure 5F-iv). However, it is noted that there was
no regular ZnO array formed in the absence of acoustics (Figure S11, Supporting
Information) and that prolonging the reaction time during the growth step can significantly
change the structural morphology from nanorod to nanosheet (Figure S12, Supporting
Information). To construct the plasmonic nanoarray, we deposited Ag nanoparticles on the
Zn0 nanorods by replacing the reactants with silver nitrate and sodium borohydride in the
acoustofluidic sharp-edge mixer. As shown in Figure 5G, SEM images demonstrate that the
nanorod structures were well maintained after Ag particle deposition, but the smooth surface
of the ZnO nanorods became coarse. After scratching samples from the inner wall of the
glass capillary, TEM characterization further confirmed that a large number of small-sized
nanoparticles had adhered to the surface of the ZnO nanorods (Figure S13, Supporting
Information). Element mapping profiles verified the existence of Ag, O, and Zn elements
and also showed the intensive distribution of Ag nanoparticles on ZnO nanorods (Figure
5H). Energy dispersive X-ray spectroscopy (EDS) analysis further revealed that a 5.8 wt%
Ag content was adhered to the ZnO nanoarray, and that the sizes of the Ag nanoparticles
were mainly distributed in the size range of 20-40 nm in diameter (Figure 5I).

2.5. Signal Amplification of SERS Assay via the Acoustofluidics-Assisted Biosensor

To validate the structural design of the 3D plasmonic nanoarray for SERS sensing, finite-
difference time-domain (FDTD), a numerical tool for modeling computational
electrodynamics, was utilized.[55] The electromagnetic field distribution was simulated over
two identical ZnO nanorods and ZnO—Ag nanorods with different patterns. The
electromagnetic field enhancement is minimal on parallel pristine ZnO nanorods without Ag
nanoparticles (Figure 6A-i). Comparatively, electromagnetic field enhancement starts to
appear when Ag nanoparticles are attached to the surface of ZnO nanorods due to the
excitation of the localized surface plasmon resonance on the Ag metal surface (Figure 6A-
ii). In addition, the electromagnetic field is further magnified if the ZnO—Ag nanorods
approach each other (Figure 6A-iii). Moreover, since the ZnO—Ag nanorod array inside the
capillary is not in a parallel-aligned pattern (as evident from Figure 5), we also simulated a
model where the ZnO—Ag nanorods lean toward each other. The results reveal a
dramatically enhanced electromagnetic field, especially from the neighboring regions
(Figure 6A-iv), arising from the attractive “hot-spots” in the field intensity.[56. 571 As a
result, the 3D ZnO—Ag inside the glass capillary induces numerous SERS “hot-spots”
among neighboring Ag nanoparticles on both the same and adjacent ZnO nanorods (Figure
S14, Supporting Information). This finding not only highlights the importance of structural
design when applying plasmonic materials to biosensing applications, but also reveals the
great potential of our 3D plasmonic nanoarray system for serving as an excellent SERS
substrate.

To develop sensitive acoustofluidics-assisted SERS biosensors, we adopted a nanoparticle-
assisted strategy that makes exosomes bind to silica particles for manipulation via SAWS.
Before testing exosomes, we found that nanoparticles can be concentrated at different
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locations of the decorated capillary by simply adjusting the applied frequency (Figure S15,
Supporting Information), further confirming the robust capability of our acoustofluidic
bimodal system. When mixing exosomes and nanoparticles under a mild sonication
treatment, the viscosity of the exosome membrane significantly decreases and thus create
cavities in the exosomal lipid bilayer, promoting attachment to nanoparticles.[58-60] As
shown in the SEM images of Figure 6B, after treatment, the smooth particle surface of and
clear boundaries among the silica nanoparticles disappeared, indicating the presence of an
irregular layer of organic vesicles on the particle surface.[1] These results indicate the
successful attachment of exosomes to silica particles, enabling enhanced acoustic focusing
and SERS sensing of exosome analytes at the edge locations (Figure 6C). To demonstrate
this, we injected the mixture of exosomes which are bound to silica nanoparticles (SNs-400)
into a ZnO—Ag-coated square-shaped glass capillary. As shown in Figure 6D, there was a
relatively uniform distribution of exosomes which are bound to silica nanoparticles in the
absence of acoustics; whereas, an obvious agglomeration can be observed at the edge of the
glass capillary when the acoustics are activated with an applied voltage and frequency of 10
V and 7.65 MHz, respectively.

To demonstrate the SERS sensing performance of our acoustofluidics-assisted plasmonic
nanoarray system, we measured the SERS spectra of standard human urine exosomes with
and without the assistance of nanoparticles using a Raman spectrophotometer. For the label-
free SERS detection of exosomes (without the assistance of nanoparticles), a 0.5 uL sample
with different concentrations (x10%-108 exosomes L1 that were determined by
nanoparticle tracking analysis, Figure S16, Supporting Information) was directly injected
into the ZnO—Ag capillary. As shown in Figure 6E, in the absence of Ag nanostructures
(i.e., ZnO nanorod array only), there were no observable SERS peaks, which is also well in
agreement with our simulation results (Figure 6A). However, many sharp peaks were
observed using the plasmonic nanoarray-coated capillary at a concentration as low as 10*
exosomes UL~1 (Figure 6E), which can be attributed to the significantly enhanced Raman
scattering induced by the localized surface plasmon resonance effect in the proximity of Ag
nanostructures.[82] The major peaks shown in the Raman spectra are located at 642 cm™!
(weak, protein), 667 cm~11 (weak, nucleic acid), 749 cm™1 (medium, nucleic acid), 819 cm
~1 (medium, protein), 889 cm=1 (medium, tryptophan), 910 cm™1 (medium, protein), 950 cm
1 (weak, lipid, protein), 1070 cm™1 (medium, lipid), 1111 cm~1 (weak, phenylalanine),
1148 cm1 (weak, fatty acids), 1167 cm™1 (weak, protein), 1214 cm™1 (strong, protein),
1241 cm™1 (strong, lipid), 1286 cm~1 (strong, lipid, protein), 1339 cm™1 (strong,
phospholipid), and 1356 cm™ (strong, lipid).[63-6%] These typical peaks mainly come from
proteins, nucleic acids, and lipids, which are the main components of exosomes. In addition,
without the presence of silica nanoparticles, there was no obvious difference in the intensity
of Raman peaks between the acoustic ON and OFF status, suggesting the relatively uniform
distribution of exosomes (Figure 6E-inset). Comparatively, exosomes which are bound to
silica nanoparticles, even at a very low concentration, can be easily focused on the inner wall
of a glass capillary (Figure 6D), which may significantly improve the SERS sensing
performance. As shown in Figure 6F, there were no apparent peaks when only silica
particles were present.[66-68] However, after we injected a mixture of exosomes which are
bound to silica nanoparticles (SNs-400) into the ZnO—Ag-coated capillary and applied the
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acoustic signals, the intensity of all SERS peaks was dramatically increased because of the
effective nanoparticle-assisted enrichment of exosome samples closer to the “hot-spots” of
the plasmonic nanoarray. In addition, the SERS peaks were observed even at concentrations
as low as ~102 exosomes uL 1. To further demonstrate the applicability of our
acoustofluidic platform, we tested human plasma-derived exosomes that were isolated using
our previously developed acoustofluidic exosome isolation technique.[%9] A linear detection
range of 102-108 exosomes uL~1 was achieved and the detection limit was shown to be
nearly 20 exosomes pL~1 (Figure S17, Supporting Information). These results not only
successfully demonstrate the efficient label-free SERS detection of exosomes using a
plasmonic nanoarray capillary, but also validate the greatly enhanced performance of
acoustofluidics-assisted nanoparticle-enabled SERS sensing system (Table S1, Supporting
Information).

3. Conclusion

In summary, we developed an acoustofluidics-assisted nanoparticle-enabled signal
amplification platform as immunofluorescent and SERS bimodal exosome biosensors. The
SAW-based acoustofluidic device was used to concentrate different-sized silica nanoparticles
(100-400 nm) at the center or perimeter locations of a glass capillary by simply adjusting
the input frequency. The larger the particle size, the faster the focusing time. The center-
focused immunofluorescent assay was achieved by concentrating CD63 aptamer-conjugated
silica particles and fluorescently-labeled exosomes. The immunoassay was realized within
just a few seconds by applying a voltage of 10 V and above, but it can also be operated with
an input voltage as low as 3.75 V. Larger-sized silica particles provide a more readable
fluorescent signal, and a linear detection range from 104 to 108 exosomes pL~1 was
obtained. Edge-focused SERS sensing was demonstrated by driving exosomes which are
bound to silica nanoparticles toward the edge of a plasmonic nanoarray-coated glass
capillary. An acoustofluidic sharp-edge mixer device designed for ultrafast and active
mixing was utilized to engineer the Ag nanoparticles-deposited ZnO nanoarray inside the
square-shaped glass capillary. FDTD simulations theoretically demonstrated the greatly
enhanced electromagnetic field distribution of 3D ZnO—Ag plasmonic structural patterns.
Label-free SERS sensing can recognize 10% exosomes uL~1, whereas, our acoustofluidics-
assisted nanoparticle-enabled strategy can significantly amplify the signal for sensitive
detection of exosomes at as low as 102 exosomes pLL. In addition, a detection limit of ~20
exosomes L1 was achieved from human plasma-derived exosome samples. Given its
unique features such as its high sensitivity, fast response time, simple configuration, minute
sample consumption, and multiple modalities, our acoustofluidic device holds great promise
for advancing the development of point-of-care analysis and diagnosis platforms across a
variety of biomedical applications.

4. Experimental Section

Materials and Reagents:

128° Y-Cut X-propagating lithium niobate (LiNbO3) substrate was obtained from Red
Optronics. Square borosilicate hollow glass tubes with an inner diameter and outer diameter
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of 100 and 200 um, respectively, were obtained from VitroCom. TEOS, ammonium
hydroxide (NH3*H,0, 25%), 200-proof ethanol, N, -carbonyldiimidazole (CDI),
streptavidin, dimethyl sulfoxide (DMSO), Rhodamine B, potassium permanganate
(KMnQy), 1-butanol, zinc nitrate (Zn(NO3),) hexahydrate, zinc acetate (Zn(OAc),)
dihydrate, hexamethylenetetramine (HMTA), sodium hydroxide (NaOH), 1H,1H,2H,2H-
Perfluorooctyl trichlorosilane (PFOCTS), silver nitrate (AgNO3), and sodium borohydride
(NaBHg,) were purchased from Sigma-Aldrich. Polydimethylsiloxane (PDMS, Sylgard 184
kit) was obtained from Dow Corning. Biotinylated CD63 aptamer with a sequence of 32
bases (CACCCCACCTCGCTCCCGTGACACTAATGCTA) was provided by Integrated
DNA Technologies. Acoustic transducer was obtained from PUI Audio (AB2720B-LW100-
R). Fluorescent polystyrene beads (1 um) were provided from Bangs Laboratory. ExoStd
human urine fluorescent exosome and ExoStd human urine exosome standard samples were
purchased from BioVision. Human plasma from a healthy donor was bought from ZenBio.

IDT Device Fabrication:

Sharp-Edge

The acoustofluidic enrichment device used in the experiments is composed of a LiNbO3
substrate with IDTs patterned on top surface and a square-shaped glass capillary that is
bonded via UV epoxy. Two IDT structures that have 25 pairs of electrodes were fabricated
on a LiNbO3 substrate with an identical 125 pm spacing distance between two adjacent
electrodes. Briefly, the LiNbO3 wafer was first patterned with photoresist, two metal layers
(Cr/Au, 50/500 A) were then deposited on the wafer by a photolithography process and an e-
beam evaporation process successively. A lift-off process was finally used to remove the
photoresist and the attached metals to obtain the IDTs for acoustic wave generation. The
glass capillary was aligned parallel to the IDTs above the LiNbO3 substrate and bonded by
exposure of UV epoxy to UV light for 20 min. To keep the glass capillary level during the
bonding process, adhesive tape with a thickness of ~100 um was first placed on the LiNbO3
substrate as a spacer. Then, a small volume of UV epoxy was dripped between the glass
capillary and the LiNbOg substrate. After filling the gap between the glass capillary and the
substrate via the capillary effect, the UV epoxy was exposed to UV light to cause it to
solidify.

Device Fabrication:

The acoustofluidic mixer is composed of a glass coverslip, an acoustic transducer, and a
PDMS channel with four sharp-edge structures. In brief, after designing the sharp-edge
pattern with AutoCAD software, a film mask was obtained to fabricate the master silicone
mold using standard photolithography. After treatment with PFOCTS, the PDMS replica
was obtained by pouring PDMS precursor onto the silicone mold. The inlet and outlet of
PDMS channel were punched to bond with the cover glass through oxygen plasma
treatment. Finally, an acoustic transducer was bonded near PDMS to make the acoustofluidic
mixer device.

Devices Setup and Operation:

Both acoustofluidic devices were driven by sinewave signals from Tektronix AFG3011C
function generator. IDTs-based acoustofluidic enrichment device was mounted on the stage
of an inverted microscope (Eclipse T /U, Nikon, Japan), which is equipped with a CCD
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camera for recording the motion of the particles inside the glass capillary. For the
acoustofluidic sharp-edge mixer device, the reagents were delivered to the microchannels by
BD Bioscience syringes, which were operated by an external automated neMESYS syringe

pump.

Synthesis of Silica Nanoparticles:

Different-sized silica nanoparticles were synthesized by a modified Stéber method using
TEOS as asilica precursor and NH3eH,0 as a catalyst.[3%] Briefly, NHz¢H,0 was added into
a mixture of water and ethanol with stirring for 10 min. TEOS was then added with vigorous
stirring for 2 h at room temperature. The size of silica nanoparticles was controlled by the
molar ratios of the reaction mixture. Here, the molar ratios of the reaction mixture
(H20:CH3CH,0OH:NH3+H,0: TEOS) for the synthesis of SNs-100, SNs-200, and SNs-400
are 1400:850:27:7, 1400:850:40:14, and 1400:850:60:25, respectively. Different-sized silica
nanoparticles were collected by centrifugation and then washed several times with ethanol
and water. The solid products were dried at 65 °C for further use.

Immunofluorescent Assay:

Streptavidin molecules were first immobilized on the silica surface directly by the aid of
CDI without any further intermediate chemical modifications.[4748] Typically, silica
nanoparticles (10 mg) and CDI (1 mg) were dispersed into anhydrous DMSO (20 mL). After
stirring for 2 h at room temperature, the CDI-activated silica nanoparticles were collected by
centrifugation and washed with several times with DMSO and PBS (pH 7.4). The particles
were redispersed into PBS (10 mL) and then streptavidin (0.2 mg) was added. The mixture
was vigorously stirred for 12 h at 4 °C. After centrifugation and thoroughly rinsing with
PBS several times, the solid samples were mixed with biotinylated aptamer (10 x 1072 wm)
and incubating at 4 °C for 30 min for preparing aptamer-conjugated silica nanoparticles. For
the immunoassay, the quantification of exosomes was determined by using Nanosight LM10
nanoparticle tracking analysis (NTA, Malvern Panalytica). In general, fluorescent-labeled
exosome suspension (10 pL) was mixed with aptamer-conjugated silica nanoparticles (10
uL). The mixture was placed at room temperature for 10 min with gentle shaking to finish
the binding, and then an aliquot of the solution was injected into glass capillary for
fluorescent analysis. The relative fluorescent intensity was analyzed by ImageJ software
(NIH, Bethesda, MD).

Development of Plasmonic ZnO—Ag Nanoarray-Coated Glass Capillary:

The construction of plasmonic ZnO—Ag nanoarray-coated glass capillary is relied on the
acoustofluidic sharp-edge mixer device. Specifically, ZnO nanoarray was first engineered
inside glass capillary via a two-step seeding and growth approach.[70.71]1 The glass capillary
was activated by freshly prepared KMnO, (5 x 1073 m, containing 50 uL 1-butanol per 20
mL solution) at 65 °C for 15 min. ZnO seeds were then patterned using one inlet containing
Zn(OAc), (2.5 x 1073 m) and the other NaOH (5 x 1073 m). Both were operated at the same
flow rate of 1 uL min~L. During the pumping process, the acoustofluidic sharp-edge mixer
device was driven with an applied voltage and frequency of 10 V and 4.25 kHz, respectively.
After placed at 75 °C for 1 h, the capillary was transferred to the growth stage using aqueous
solutions of Zn(NO3), (2 x 1073 m) and HMTA (2 x 1073 m) and a reaction temperature of
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90 °C. When the reaction was complete after 30 min, 3D ZnO-patterned capillary was
cleaned with water and dried at 65 °C.

Plasmonic ZnO—Ag nanoarray was then realized using a similar acoustofluidic setting as
mentioned above by a direct reduction of AgNO3 with NaBH,. In brief, two inlet flows, one
containing AgNO3 (1 x 1073 m) and the other NaBH, (3 x 1073 m), were delivered into the
sharp-edge device with an flow rate, applied voltage, and frequency of 1 uL min~2, 10 V, and
4.25 kHz, respectively. After continuously reacted for 30 min, the capillary device was
rinsed thoroughly, and the resulting black-colored capillary was dried for future use.

Materials Characterization:

The size and morphology of silica nanoparticles and nanoarray materials inside
microchannel were investigated using a Thermo Scientific Apreo SEM. Square-shaped glass
capillaries were broken into ~0.5 cm pieces before characterization. EDS equipped on SEM
was used to evaluate local composition distribution of the nanoarray samples. FEI Tecnai G2
Twin TEM was employed to characterize the samples that were scratched from the inner
wall of glass capillary.

FDTD Simulation of Electromagnetic Field Enhancement:

The FDTD method was utilized to simulate the electromagnetic field distribution of
nanoarray inside glass capillary. The plasmonic nanostructures were simplified as ZnO
cylinders functionalized by spherical Ag nanoparticles. As revealed by SEM, ZnO cylinders
with a height of 3000 nm and a radius of 100 nm were used to imitate the ZnO nanorods. Ag
nanoparticles with a radius of 15 nm were randomly placed on the ZnO rods. For reflecting
the practical sensing conditions, a plane wave was utilized to illuminate the whole structure
immersed in a water solution.

SERS Sensing Assay:

In general, ExoStd human urine exosome standard samples (10 pL) with different
concentrations that were determined by NTA system were first mixed with silica
nanoparticles (10 pL). The quantity ratio of exosomes to nanoparticles was kept at around
1:1. The mixture was placed at room temperature for 30 min with mild sonication (240 W, 6
cycles of 30 s on/off for 3 min with a 2 min cooling period between each cyclel8:59) for
evaluating the SERS sensing performance of ZnO—Ag capillary. The analytes (0.5 uL) were
injected into the capillary microchannel containing plasmonic ZnO—Ag nanoarrays. Human
plasma-derived exosomes, which were isolated by the previously developed acoustic
method, 891 were treated by a similar way with silica particles before SERS analysis. The
concentrations of exosomes were determined by Nanosight NTA analysis. A Horiba Jobin
Yvon LabRAM Aramis Raman spectrophotometer was used to collect Raman scattering
spectra. A diode laser was used for excitation at 785 nm, and the accumulation time was 15
s.

Small. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hao et al. Page 14

Statistical Analysis:

NTA results were obtained as means and standard errors of means of five independent
measurements. All immunoassay and SERS tests were evaluated at least three times, and the
data were presented as means and standard deviations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram showing the working mechanism of the acoustofluidic biosensor

(Objects are not drawn to scale). The bimodal platform functions by using surface acoustic
waves to concentrate target of interest at either the center or perimeter of a glass capillary.
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Development of the SAW-based acoustofluidic enrichment platform. A) Schematic of the
fabrication process showing the formation of IDTs on a piezoelectric LiNbO3 substrate for
surface acoustic wave generation. Objects are not drawn to scale. B) A photograph of the
SAW-based acoustofluidic device used in the experiments with a ruler for scale. C)
Structural pattern of IDTs under optical microscope. D) Design parameters of SAW-based
acoustofluidic enrichment setup. E) Schematic diagram showing the integration process of
the glass capillary onto the LiNbO3 substrate. F) Schematic of surface acoustic wave
propagation for sample enrichment inside the glass capillary.
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Figure 3.
Demonstration of the acoustofluidic enrichment of different-sized silica nanoparticles inside

the glass capillary. A) SEM images of SNs-100, SNs-200, and SNs-400 with particle sizes
around 100 nm (i, ii), 200 nm (iii, iv), and 400 nm (v, vi), respectively. B) Top view of
particle solution inside the glass capillary when the acoustics is OFF and ON at 7.5 MHz.
Scale bar = 100 pm. C) Top view of solution with SNs-400 when the acoustics is OFF (left)
and ON by changing the applied frequency from 7.5 to 7.65 MHz (right). Scale bar = 100
um. D) Schematic illustration showing the use of acoustics for directed transport of silica
nanoparticles. E) Typical acoustic particle trapping configuration when interdigital
transducers emit sound in a direction perpendicular to the flow. /¢ and Fgc indicate the
primary radiation forces and the secondary forces, respectively.
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Figure 4.

Ac?oustofluidics-assisted immunofluorescent detection of exosomes. A) Schematic diagram
showing the immunoassay process. B) Top view microscope image of solution with
exosome-conjugated SNs-400 when the SAW was ON. The inset is a SEM image showing
the interactions of exosomes with SNs-400. C) Enlarged image of solution when excited by
a 365 nm laser. D) Relative fluorescent intensity changes of exosomes-conjugated SNs-400
as enrichment time increased when using an input voltage of 7.5 V. The dashed line
indicates the focusing time when the fluorescent intensity reached the maximum level. E)
Focusing time changes of exosomes-conjugated SNs-400 as the input voltage increased. F)
Comparison of different-sized nanoparticles for immunofluorescent detection of exosomes.
G) Relative fluorescent intensity of exosomes-conjugated SNs-400 at different
concentrations of exosomes and the fitted linear relationship between exosome quantity and
fluorescent intensity (y = 24.12x — 96.2, R2 = 0.973). The concentrations of exosomes and
silica particles in (B—F) were 106 exosomes pL=1 and 0.2 pg uL =1, respectively. The driving
voltage and frequency are 10 V and 7.5 MHz, respectively, in these tests unless otherwise
stated.
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Figure5.

Agoustofluidic synthesis of functional plasmonic nanoarray inside square-shaped glass
capillaries. A) A photograph of an acoustofluidic sharp-edge mixer device with a ruler for
scale. B) The design parameters and the proposed acoustic streaming pattern of the sharp-
edge micromixer. C) Fluorescent images for comparing the mixing performance of water
fluid and dye fluid (Rhodamine B) when the acoustic transducer is OFF (top) and ON
(bottom). D) Schematic diagram showing the operation of the acoustofluidic sharp-edge
mixer for plasmonic nanoarray synthesis. E) Schematic workflow showing the synthesis
process of the plasmonic nanoarray inside the glass capillary. F) SEM images showing the
structures of the ZnO nanoarray. The inset in (F-iv) indicates the smooth surface of the ZnO
nanorods. G) SEM images showing the structures of the ZnO—Ag nanoarray. H) SEM
image (i) and the corresponding element mapping profiles of Ag ii), O iii), and Zn iv). I)
EDS spectrum of ZnO—Ag nanoarray, and the inset is the size distributions of Ag from 200
random particles under TEM.
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Figure®6.

Acoustofluidics-assisted SERS detection of exosomes. A) FDTD simulations showing the
electromagnetic field distributions of different nanoarray structures. i) pristine nanorods with
a gap distance of 200 nm with limited electromagnetic field enhancement; ii) ZnO—Ag
nanorods with a gap distance of 200 nm showing strong electromagnetic field enhancement;
iii) ZnO—Ag nanorods with a gap distance of 100 nm showing further magnified
electromagnetic field enhancement; iv) Tilted plasmonic nanorods with ends clustered
together showing dramatically enhanced electromagnetic field. B) SEM images of SNs-400
after interaction with exosomes under mild sonication treatment. C) Schematic diagram
showing the nanoparticle-assisted SERS sensing mechanism of the ZnO—Ag capillary
toward exosomes. D) Top view microscope image of solution with exosomes which are
bound to silica nanoparticles (SNs-400) when the SAW was OFF and ON (10 V, 7.65 MHz).
E) SERS spectra of exosomes with concentrations ranging from ~10% to 108 uL~1 using
ZnO—Ag capillary without the assistance of silica particles (10 V, 7.65 MHz). F) SERS
spectra of exosomes with concentrations ranging from ~102 to 10% L= using the
nanoparticle-assisted acoustofluidic method (10 V, 7.65 MHz).
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