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Abstract

Micro- and nano-electromechanical Systems resonators have been regarded as
powerful tools for precision mass detection, and their abilities to measure these in a
liquid environment open various opportunities for biosensing, chemical analysis, and
environmental monitoring. Apart from overcoming issues of fluidic damping and
electrical interfaces, there is a great challenge of bringing microanalytes to these
devices with the required precision and scaling for high throughput sensing. Herein we
address the above challenges by proposing a self-excited localized acoustic
manipulation methodology based on a piezoelectric micromechanical diaphragm
resonator (PMDR). Such the PMDR integrates acoustofluidics and mass sensing
functions in tandem on a single device. Particle enrichment is realized within tens of
seconds and the limit of detection is enhanced by mitigating common issues such as
low capture rate and non-uniform distribution. The developed PMDR is versatile in its
applicability to a range of particle sizes and densities for both acoustofluidic actuation
and in-situ mass sensing. This work addresses long term technical challenges of
inaccurate and inefficient measurement of liquid phase resonance mass sensing with

great application potentials in biochemical detection and environmental monitoring.
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Introduction

The capability to detect rare microanalytes in a liquid environment is crucial for
numerous applications across a broad spectrum of fields. For example, in the field of
biology, monitoring the changes in cell mass or density during biological processes
including its differentiation, apoptosis, and lesions could reveal its function and growth
status, facilitating the pathological studiest!l. In the field of food safety, it is crucial to
identify specific trace elements in wine production when monitoring the grape
fermentation processt?l. In the field of chemical analysis, the ability to determine the
concentration of harmful heavy metal pollutants in domestic and drinking water could
protect human healthBl. In the field of environmental monitoring, detecting
microplastics in the seawater could alleviate their long-term toxic effects on marine
organisms[¥l. Early studies were performed by immobilizing bioactive molecules on the
surface of a quartz crystal microbalance (QCM) to form a recognition sensitive film,
and then investigating relationship between mass loading and changes of resonance
frequency for biological detection!®, mainly due to QCM’s high quality factor and high
frequency stability.

Micro- and nano-electromechanical (M/NEM) resonators for microanalyte detection
have been widely investigated. These devices are typically processed by semiconductor
fabrication techniques, which provide a high degree of manufacturing precision and
enable miniaturization at a large production scale. By leveraging their low dimensional
scales, M/NEM resonators have shown extraordinary sensitivities that stand-out from
the QCMs, reaching attogram mass resolutions!® or below. But in fluid environments,
M/NEM resonators overarchingly face two inter-related problems of fluidic damping
and electrical interfacing!”). These challenges not only limit mass resolution and signal-
to-noise ratio, but also cause the characteristic electrical signals to be undetectable.
While it is possible to avoid the fluid environment and measure the device in air or
vacuum by desiccating the sample to measure dry mass'®), the results do not provide the
insights from real-time continuous monitoring. Through the implementation of more
efficient electrical interfaces such as piezoelectric transduction® and engineering
unique modes to minimize fluidic damping!', much progress has been made to address

these design-related bottlenecks!! 121131,

Another challenge which has received less attention is to bring the analytes to the
surface of the M/NEMS resonators, bearing in mind that droplet containing the sample
(~ 2-3 mm in diameter) is typically much larger than the resonator. Various methods of

micro-object manipulations have been reported, such as chemically modifying for



adsorption of micro-object!!4I13]

, immobilizing bioactive molecules such as receptors,
antibodies, DNA, and enzymes on the sensor surface to form a sensitive membrane!'®,
integrating dielectrophoresis (DEP) electrodes onto a resonant cantilever beam to
capture micro-objects!!”!, or embedding a MEMS resonator into the microfluidic
channel!'®). However, these methods have their limitations. For example, chemical
adsorption, DEP manipulation and bio-sensitive membranes are applicable only for
specific target microanalytes. Suspended resonant cantilevers embedded with
microfluidic channels have been used to calibrate the buoyancy mass of the suspended
cells, reaching femtogram level accuracy by operating the device in vacuum®1i20121]
Other challenges include limited throughput by having to navigate through multiple
channels when scaling to large arrays and requiring external pumps. The lack of a robust
and scalable electrical readout method is another bottleneck for scale up?2?3l, In all
cases, only a part of the total analytes interacted with the resonator inevitably. As such,
the ability to bring close all the analytes present in the fluid to interact with the resonator

would provide a notable boost to its sensitivity.

Among various manipulation techniques, acoustic tweezers have recently been shown
as a label-free, non-contact manipulation tool for biology and analytical chemistry with

(241231 In our recent attempt to bring acoustic tweezing methods to

exceptional dexterity
M/NEMS resonant sensors, we coupled the acoustic waves generated from a surface
acoustic wave (SAW) device into a separate MEMS resonator chip. Randomly
dispersed particles in a droplet were acoustically focused onto the MEMS resonator by
micro-centrifugation, enabling nanogram mass measurement?®/2”). Notwithstanding,
micro-centrifugation is limited to one target site per chip. Thus, even though
microfabrication of arrays of MEMS resonators allows for multiplexed sensing, this
limitation of micro-centrifugation presents a bottleneck for scaling up throughput on a
single chip. As such, highly localized and scalable particle manipulation techniques that

are truly compatible with MEMS resonators are lacking.

Recent studies by Cheng et al. and Vachon et al. have demonstrated the generation of
guided waves on a chip using transversely vibrating microfabricated diaphragms![?®/(2”]
to enable highly localized particle control in a fluid. As such, these results imply the
possibility to collocate the fluidic actuator with the resonant sensor on the same
substrate/chip. By considering the mode of vibration, herein, we demonstrate that the
same transversely vibrating microfabricated diaphragm provides both the fluidic
actuator and resonant sensor. Such the microfabricated diaphragm is based on a
piezoelectric micromechanical diaphragm resonator (PMDR) driven to oscillate in a
higher order transverse mode. By actuating the PMDR at a higher voltage (12-24 Vyp),

randomly dispersed micro-objects inside the droplet were trapped around the anti-nodes



of the vibration mode. Then by decreasing the voltage (0.7 Vpp) and using the same
vibration mode for sensing, the trapped particles from the actuation phase are
conveniently coincident with the most sensitive spatial regions, benefiting accurate
mass sensing. The interaction between micro-objects and the PMDR can be monitored
through the shift in the device’s resonant frequency in liquid.

We further studied acoustic enrichment effects and the durations of a single cycle with
particles of different diameters and densities under various excitation input power levels.
The differences in shifts of resonant frequencies between sparsely distributed particles
and acoustically focused particles reveal the importance of acoustic localization for
highly sensitive detection. Using the PMDR, we demonstrated concentration
identification and density classification as a prospective in-situ analysis tool. We
believe that the developed PMDR holds great potential applications in the fields of

biological detection, chemical analysis, food detection, environmental monitoring.
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Fig. 1 Design, fabrication and work principle of the PMDR. (A) Schematic diagram showing a
perspective view of the PMDR and working principle for acoustic manipulation and liquid-phase
mass sensing of micro-objects by actuating the transverse (2, 0) resonant mode. (B) Side view
schematic of the PMDR showing the various layers including the electrode, piezoelectric film and
etched cavity, which defines the clamped boundary of the free-standing diaphragm. (C) Top view
of the PMDR under an optical microscope. (D) Electrical connection of acoustic enrichment and

gravimetric sensing (fully differential configuration).



Results and Discussion

Structure design and work principle of PMDR.

We proposed a fully anchored diaphragm structure to fully seal the top of the device
from the bottom cavity (Fig. 1) to meet the structural requirements of micro-resonant
devices in acoustofluidics. This design effectively prevents any potential leakage of
sample droplets, loaded on the top side of the diaphragm, during acoustic manipulation.
As illustrated in Fig. 1(A), the proposed PMDR is comprised of four 90-degree sector
electrodes which are excited to generate the transverse (2,0) resonance mode!*”). Fig.
1(B) shows a cutaway view of multilayer structure of the PMDR, including a 400 um
thick silicon substrate, 1 um thick buried oxide layer, 10 um thick silicon device layer
(n-doped top layer to create an Ohmic contact with the deposited 1 um thick top Al
electrode, acting as the bottom electrode), 0.2 um thick SiO2 layer, and 0.5 um thick
AIN piezoelectric thin film. An optical microscope of the fabricated PMDR is shown
in Fig. 1(C). The electrode contact pad is designed in the form of ground-signal-ground
(GSQ) to reduce the parasitic feedthrough effect. Typically, there is a slight beveling of
the sidewalls with roughly a 30 um over-extension when the backside cavity is etched
to create a nearly trapezoidal cavity. A microliter liquid sample (i.e., about 2 pL)
containing microanalytes is placed on the PMDR surface forming a droplet with a
diameter of about 1 mm as the electrode surface is naturally hydrophobic
(supplementary information S1).

When performing acoustofluidic particle manipulation, the piezoelectric transducer
allows the effective conversion of input RF signals (12-24 Vpp applied around the
resonance frequency of the PMDR in liquid) into output acoustic waves by actuating
the diaphragm to resonate in the transverse (2,0) mode. Here, two adjacent sector
electrodes are driven by the RF signals (e.g., using DC probes to the respective signal
pads) with a signal generator shown in Fig. 1(D). The highly localized acoustic waves
generated directly interact with the micro-droplet on the PMDR, minimizing energy
attenuation associated with long-distance propagation of acoustic waves in the liquid
medium as in the case of SAW devices.

To measure the resonance frequency of the PMDR, the swept frequency response of the
PMDR is obtained through the driving and sensing all four electrical ports differentially
using the GSG probes. We input RF signals via differential voltages (+Vin and -Vin) to
drive one pair of adjacent sector electrodes. The driving electrodes generate anti-phase
mechanical strains because of the reverse piezoelectric effect. Meanwhile, the other

adjacent two electrodes generate the opposing field polarities in response to the



associated mechanical strains governed by the direct piezoelectric effect. The opposing
polarization fields are sensed as the differential currents (i.e., +lout and -Iout). Fig. S2 (in
the supplementary information) shows the series resonant RLC equivalent circuit
model with the parasitic feedthrough elements which represents the electromechanical
response of PMDR. Fig. 1(A) and Fig. 1(D) show the fully differential configuration
(i.e., power splitting with a 180° phase shift applied to both the input and output ports)
to reduce the parasitic feedthrough of the RF signals and enhance electrical
characterization in the liquid phase when measuring the resonance. Feedthrough
generally plagues all the electrical measurements of resonators in a liquid environment.
There are various mitigation methods which are outlined in supplementary
information S3. The fully differential (including differential input and differential
output) configuration provides a two-stage feedthrough cancellation scheme, whereby
any remnant feedthrough after the differential input stage is further reduced when
summed differentially at the outputs®IH, This allows for feedthrough cancellation via
differential signals within a single device without invoking a second unreleased twin
structure.

The PMDR with a diameter of 560 pm shows a high quality factor (Q) of 211 and a low
dynamic (i.e. motional) resistance (Rm) in the liquid phasel*’l. Finite element analysis
(FEA) simulations were performed using the commercial software of COMSOL 6.0
based on a diaphragm radius of 280 um, after accounting for a 30 um over-extension of
the cavity from the backside etch in the fabrication. The simulated quarter-section view
of the deformation profile and the corresponding lateral strain profile of the (2, 0)
resonant mode are shown in Fig. 2(A). The generated acoustic pressure field
distribution within a modelled sessile droplet (e.g., with a height of 300 um and a radius
of 500 um) is shown in Fig. 2(B), for a given phase of the generated wave, inverting in
the next half cycle of oscillation.
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Fig. 2 Theoretical simulation of the PMDR resonance for acoustic enrichment and mass sensing.
(A). Simulation of the deformation profile and lateral strain profile of the transverse (2, 0) mode
excited in a circular diaphragm with the diameter of 560 um. (B) Sectional view of the induced
acoustic pressure by the resonance of PMDR in a sessile droplet. (C) Particle trace simulation model
shows the direction and velocity of particles in a droplet under the treatment of acoustic radiation
force (applied at the position of the bold grey line), while the trajectory of particles is animated in
Video S1 (Multimedia available online).

To mimic the particle trajectories under the actuation of localized acoustic waves within
a droplet, we established a simple axisymmetric model (Fig. 2(C) and supplementary
material Video S1) in the X-Z plane corresponding to Fig. 2(B). In the axisymmetric
model, to simulate the acoustic radiation forces arising from the deformation of the
underlying diaphragm resonating in the transverse (2,0) mode, we applied a z-direction
wave radiation at the bottom droplet boundary. The radiation wave was applied within
the interval corresponding to a non-zero diaphragm deformation (> 90% of the
maximum amplitude). More specifically, the radiation wave was applied between 127-
177 um from the origin center of droplet (indicated by the bold grey line in Fig. 2(C)).
The direction of each arrow indicates the direction of the particle motion, while its color
denotes the corresponding velocity magnitude. A simulated animation of particle
enrichment trajectories under the acoustic treatment is provided in the supplementary
material Video S1. The patterns of the arrows show that the particles are clustered and
localized (with the reference to Fig. 2(C)) at the positions of highest acoustic pressure
(with the reference to Fig. 2(B)).

Generally, resonators can be simplified into a mass-damper-spring mechanical



resonance system. The resonance frequency of the transverse (2,0) mode PMDR is
given by the equation (1):

1 k

fo=5|= (1)

21 m

where m denotes the dynamic mass, and k denotes the spring constant'*?, By inputting
the RF signals with the resonant frequency to excite transverse flexure mode in this
case, the acoustic pressure field is generated on the diaphragm to induce formation of
gradient forces inside the droplet and move the microanalyte. The acoustic radiation
force drives the particles towards the center region of each sector electrode (e.g., the
highest displacement), pulling the particles down to the surface of the diaphragm as
visualized by Fig. 2(C). This is an inherent feature of acoustofluidic enrichment that
broadly applies across different acoustic tweezing devices (e.g., SAWES CMUTE4,
PMUTI?81 SAW coupled to silicon, and SAW coupled to TPoS[?]). We have selected
particle materials that are denser than water (i.e. the medium containing the different
particles), such that their inertia is greater than the buoyancy. Furthermore,
intermolecular attractive forces (e.g., electrostatic, capillary, and van der Waals forces)
further induce further surface adhesion®®I¥7] ensuring that the particle clusters remain
attached to the surface of the electrodes of the PMDR even after acoustic waves have
been switched off. The resulting loading on the PMDR causes the downshift of the
resonant frequency of the PMDR.

Characterization of acoustofluidics on the PMDR.

Fig. 1(A) shows the liquid-phase electrical characteristics of the transverse (2,0) mode
diaphragm resonator. The MEMS chip was mounted on the probe station and
electrically connected to a network analyzer (with an internal RF signal of 10 dBm)
using four G-S-G probes. The electrical transmission signals (S21) of the PMDR with
different diameters were measured. Results show that the resonant frequency of the
PMDR in the water is much lower than that in air (supplementary information S4).
The PMDR with a diameter of 560 um shows the strongest resonant peak as it has the
lowest Rm and highest Q values as shown in S5 (supplementary information). It is
worth noting that all these measurement results in the liquid phase show a higher Q
factors compared to those in air. A detailed discussion of the above phenomenon is
provided in the supplementary information S6.

Figs. 3(C-F) show the particles’ enrichment results induced by self-excited Lamb wave
generated from the PMDR resonance, in which the diameters of PMDR (e.g., 560 pum,
660 pm, 760 um and 860 pm) show no apparent effect on the performance of
acoustofluidic concentration. The covered area from the micro-liter droplet is typically

larger than that of the diaphragm area (or the resonant sensing area). The microanalyte
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associated particles are sparsely dispersed in the initial state. However, they are quickly
focused onto the sensing area and adhered to the electrode surface under the internal
gradient force induced by the acoustic pressure field from the transverse flexure
diaphragm. Instead of being uniformly distributed all over the entire diaphragm, the
focused particles form four major clusters when viewed from the top, which matches
well with the transverse (2, 0) resonant displacement profile of the PMDR. This
phenomenon is exactly opposite to what has been typically observed in the SAW device
manipulation. The underlying mechanism for acoustofluidic actuation based on

micromachined structures is discussed in the supplementary information S7.
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Fig. 3 Performance characterization of acoustofluidics enabled by PMDR. (A). Electrical
transmission measurements of PMDRs with different diameters characterized in liquid phase. (B).
Duration of acoustic enrichment at various input voltages (12 V-24 V) acting on different diameters
(4-20 pm) and types of particles using the 860 pum-diameter PMDR (346.75 kHz). (C-F).
Demonstration of acoustic particle enrichment actuated by PMDRs of different diameters
(Multimedia available online). (G-K). Demonstration of acoustic enrichment with different
diameters and type of particles using the 860 um-diameter PMDR (Multimedia available online).

Dyed particles were diluted in DI water to obtain the same concentration of 0.375 mg/mL.



The duration required for particle enrichment completion was identified as one of the
key qualitative evaluation criteria for the acoustofluidic effect of the PMDR. The
enrichment process is regarded as completed once there are no more moving particles
and the size of cluster centered on each top no longer changed visibly. As shown in Fig.
3(B), the durations of particle enrichment are inversely proportional to the input voltage
and also to the particle diameters, when using the same 860 pm-diameter PMDR and
different types of particles. The results of particle enrichment patterns of different types
of particles generated on the PMDR at 24V, are shown in Figs. 3(G-K). They all show
well-formed patterns of accumulated particles of different sizes and different densities.
For example, using 9 um PS particles, the acoustic enrichment time was shortened from
79 s to 20 s when the input voltage was increased from 12 Vpp to 24 Vpp. In terms of
particle size effects, for the same input voltage of 24 Vyp, the acoustic enrichment time
was about 47 s for the 4 um-diameter PS particles but reduced to 13 s for 20 pm-
diameter PS particles. Meanwhile, the acoustic enrichment durations for the higher
density particles (e.g., silica) are slightly longer than those of lower density particles
(e.g., PS). The results of acoustic enrichment and concentration of particles of different
sizes and types using the PMDR with a diameter of 860 um are shown in the
supplementary material Video S2 (Multimedia available online). It is worth noting
that the acoustically enriched particle size should be larger than or at least equal to 4

pum.

As demonstrated in supplementary information S8, we discovered an alternative
electrical driving method, in which the RF signal was connected to one single sector
electrode (i.e., using DC probes) with signal pad and ground pad, and circumferential
propagation of Lamb waves excited the transverse (2,0) mode of the PMDR. However,
it takes longer to enrich particles when driving a single electrode compared with driving

two adjacent sectors.
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Fig. 4 Acoustofluidic-assisted liquid-phase mass sensing by the PMDR. (A-D). Complete sequence
of acoustic particle (9 um silica particles) enrichment from initiation to deactivation using chip A.
(A) The droplet of 2 pLL was placed on the surface of the PMDR with a diameter of 560 pm, and the
particles inside the droplet were sparsely dispersed everywhere. (B) When measuring the electrical
transmission (Sz1) of the PMDR, only a few particles moved slightly to show a tendency to
enrichment. (Multimedia available online) (C) When performing the acoustofluidic experiment with
24 V RF signal, all the particles were enriched to form four clusters to match the resonance modes.
(D) The acoustically focused particle cluster remained intact after turning off the RF signal. (E)
Electrical transmission (Sz1) of the PMDR in three conditions, DI water without particles, DI water
with sparse particles and DI water with acoustic focused particles. (F) Frequency shift from before
and after the acoustic particle enrichment for different diameters of PMDRs using the same particle
sample conditions (silica particles with a concentration of 0.75 mg/mL). Labeled values refer to the
mean of repeated readings recorded (N =3) while the error bars refer to the maximum and minimum

values recorded.

Demonstration of liquid-phase mass sensing of PMDR.

Three PMDR devices on separate dies (named chips A, B, C, with the same parameters)
were selected to demonstrate integrated acoustic actuation and mass sensing of particles
on the same batch of micromechanical device. Figs. 4(A-D) show the entire sequences
of acoustic particle enrichment using the chip A. The self-excited Lamb wave generated
by the PMDR drives the particles inside the droplet to rapidly accumulate in the four

most sensitive regions to form four compact clusters under an input voltage of 24 V.



After turning off the RF signals, the particle clusters are maintained in their initially
trapped positions. As such, the acoustofluidic localized particle cluster pattern will still
be at the maximum sensitivity regions of the PMDR for the next step (i.e., resonant
sensing of the particle cluster in the liquid phase). This new methodology solves the
common problem of uncertainty and uneven distribution of microanalytes loaded on
the resonator during the detection of low-concentration samples. At low concentrations,
unfocused particles inevitably lead to blank measurement results caused by no particle

loaded and notable measurement errors caused by random distribution.

To investigate interferences of the frequency response measurement experiment on
acoustofluidic manipulation, we characterized the particles’ motions when the PMDR
device was driven by the network analyzer. When a voltage of 0.7 Vpp (i.e., or 10 dBm
and 0.4 Vims) was applied to the two adjacent actuation electrodes, only a few particles
were moved and only just slightly. There is no indication of particle delocalization and
enrichment as shown in the supplementary material Video S3 (Multimedia available
online). Therefore, we confirm that the swept frequency response measurement
experiment has no effect on acoustofluidic manipulation. As plotted in Fig. S5, to
analyze the measurement uncertainty, we performed multiple frequency sweep
measurements over 5-6 minutes for PS particles, which shows the lowest density and
thus the highest probability of delocalization over time. The results show that the
resonant frequency has not been changed for the first 3 min and only begins to change
after 5 min (possibly indicating onset of delocalization). However, we should address
that 3 min is ample for multiple measurements.

The electrical transmission (S21) signals in the following three conditions are plotted in
Fig. 4(E), i.e., in DI water without particles, DI water with sparse particles, and DI
water with acoustic focused particles, respectively. The analytical equation for the
resonant frequency shows that the resonant frequency is inversely proportional to the
square root of the dynamic mass. The experimental results are consistent with the
theoretical analysis, as observed from the down shift in the resonant frequency of the
PMDR due to the mass loading effect. It should be noted that the fractional frequency
shift after focusing particles (0.407% relative to only DI water on the PMDR) is much
larger than that when the sparse particles are unfocused (0.068%). We have performed
repeated resonance frequency sweep measurements both before and after enrichment
process (i.e., triplicates in each case). In the case of Fig. 4(F), the volume of the p-
droplet was 2 pL and the concentration of the silica particles in the p-droplet was
estimated to be 0.75 mg/mL. The dry and buoyant masses, calculated from the
equations in supplementary information S10, were 1.5 pg and 750 ng, respectively.

Accordingly, the loading mass of 750 ng was calibrated based on the measured



fractional frequency shift of 0.407% for the 560 pm diameter PMDR as well as the shift
of 0.305% for the 860 pum PMDR. Specifically, the 560 pum-diameter PMDR
demonstrated the largest fractional frequency shift among the different diameters of
PMDRs tested as shown in Fig. 4(F), in which the magnitude of resonant frequency
shift was decreased monotonically with increasing the resonator diameter.

While the position dependence of the resonant frequency is well-documented for single
particlest®], we have not found this to be the case here. Despite the clear differences in
the cluster distribution, the corresponding variation in the resonant frequency is nearly
indistinguishable compared to the resonant frequency prior to the localization (see the
supplementary information S11). In brief, based on the above results, we have verified
the feasibility of calibrating the loading mass of the enriched particles based on the

measured resonance frequency offset before and after the acoustofluidic actuation.
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Fig. 5 Demonstration of the PMDR for concentration measurement and density identification
of micoanalyte. (A-C). Results of acoustic enrichment with different concentrations (0.1875
mg/mL, 0.375 mg/mL, 0.75 mg/mL) of PMMA particles using chip B. (D). Electrical
transmission (S»1) of the PMDR capturing the increase in frequency shift with the increase in
particle (PMMA) concentration added. (E-G). Results of acoustic enrichment with the same
concentration (0.75 mg/mL) of PS particles, PMMA particles and silica particles using chip C.
(H). Electrical transmission (S21) of the PMDR capturing the increase in frequency shift with
the increase in particle mass density (using different particle materials) added at the same

concentration.



Identification of micoanalyte concentration and density using PMDR

We further demonstrated the potential applications of the PMDR in measuring and
identifying the concentrations and types of microanalytes (e.g., their densities). As
shown in Fig. 5 and supplementary information S12, the frequency shift was
positively correlated with particle concentration for the same particle type and the
particle material densities at the same concentration. Therefore, the direct relationship
between the frequency shift of the PMDR and the loaded mass (i.e., the focused
particles in the micro-droplet) could be identified. As shown in Figs. 5(A-D), the
PMMA particles with different concentrations (i.e., 0.1875 mg/mL, 0.375 mg/mL, and
0.75 mg/mL) are distinctly clustered at each of the four sectors on the PMDR surface.
The respective loading buoyant mass values (i.e., 57.2 ng, 114.4 ng, 228.8 ng) are
corresponding well to the resulting frequency shifts of 0.625 kHz, 1.25 kHz, 2.25 kHz
(or 0.068%, 0.1136%, 0.272%), respectively. As shown in Figs. S(E-H), various types
of particle samples (e.g., PS particles, PMMA particles and silica particles) with the
same concentration (0.75 mg/mL) are all distinctly clustered in each of the four sectors
on the PMDR surface. Similarly, the respective loading buoyant mass values (71.4 ng,
228.8 ng, 750 ng) are corresponding well to the resulting frequency shifts of 1.48 kHz,
2.37 kHz, 3.82 kHz (or 0.161%, 0.258%, 0.415%), respectively. All the extracted
parameters for the Chips A, B and C prior to adding the particles and after acoustically
focusing particles of different types or densities are summarized in the supplementary

information S13.

We further embedded the PMDR in a phase-locked loop (PLL) for self-oscillation, to
demonstrate the possibility of the PMDR to be efficiently implemented in a close loop
to track the frequency in real-time for liquid-phase sensing applications. As depicted in
Fig. 6, the PMDR can be locked into oscillation under two conditions, i.e., (1) in the
pure water droplet, or (2) in the droplet with enriched particle clusters. To evaluate
stability, reliability and accuracy of measured frequency shifts caused by the loaded
buoyant masses of particle samples, we recorded the oscillation frequencies over a
period of 5Smin at a sampling time of 1.16 ms. The results shown in Fig. 6(A)
demonstrate that the frequency noise and drift over time are much smaller than the
frequency shift detected after focusing the particles. The Allan deviation®*! of the
frequency outputs in a short time window of 100 seconds was also calculated (e.g., by
normalizing the values over the respective resonant frequencies). The results show that
the minimum Allan deviation was 1.9 ppm at 0.5 s. With a minimum frequency shift of
1.7 Hz calculated from the Allan deviation, the PLL-operated PMDR reaches an
equivalent limit of detection (LOD) of approximately 1.03 ng/uL (all the detailed
calculations are provided in supplementary information S14). The LOD value of the



PMDR is comparable well with those reported in other literatures“?l4l and meet the
requirements of mass analysis of ultra-low concentration particle samples. The shape
of the Allan deviation curves indicates that the frequency stability is dominated by
temperature-related frequency drift as no temperature compensation was applied in the

measurement setup.
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Fig. 6 Embedding the PMDR in a phase-locked loop for self-oscillation towards real-time sensing
applications. (A). The PMDR were locked into oscillation for long-term frequency tracking without
particles and with enriched silica particles (B). The corresponding Allan deviation normalized with

resonance frequency during the integration time.

The merits of the proposed PMDR to integrated acoustofluidic manipulation and mass
sensing for microanalyte detection are highlighted in the supplementary information
S15. Among various particle localization techniques, the PMDR enabled acoustofluidic
device presents excellent particle enrichment outcomes in the shortest time. It is
compatible with a wide range of sizes and densities of microparticles, and reusable after
rinsing with DI water. However, the damping of the transverse (2,0) mode in the liquid
could significantly affect the resolution of the mass measurement. Tao et al. previously
proposed a hybrid mode, i.e., fluidic actuation using Lamb waves and biosensing using
the thickness shear waves!*?! on a conventional cm-scale SAW device substrate. As such,
the next line of innovation would be designing novel structures that incorporate two
different modes in a micromechanical resonator, i.e., one mode favoring acoustic

actuation and the other mode favoring resonant sensing'*’],

Conclusion

In conclusion, this work verifies that the self-excited acoustofluidic localization effect
on the PMDR drives the rapid accumulation of microanalytes in mass sensitive regions
of the PMDR within a droplet. This greatly enhance nanogram-scale liquid phase mass



sensing, which is a breakthrough solution that addresses issues of trapping failure,
measurement inaccuracy, and low accuracy in liquid phase resonance mass sensing.
The PMDR with a diameter of 560 um was well able to acoustically manipulate a wide
range microparticles (4-20 um) in addition to high sensitivity for mass sensing of
microanalytes. The loaded buoyancy mass of the enriched particles with different
concentrations and types was directly calibrated by the resonance frequency shift before
and after acoustic localization. The stability, reliability and accuracy of the mass sensing
were confirmed by embedding the PMDR in a real-time phase-locked loop for self-
sustained oscillation. The proposed PMDR holds promise as a scalable compact
integrated solution to benefit the field of rapid disease diagnosis, food production

processes, and environmental pollution monitoring.

Experimental Section

A. Fabrication of the PMDR. The PMDR was fabricated by MEMSCAP® using the
standard PiezoMUMPs process!**], which was started with a silicon-on-insulator (SOI)
wafer including of a 400 um thick silicon substrate, one um thick buried oxide layer,
and 10 pum thick silicon device layer. Firstly, a 0.2 pm thick SiO:2 layer was thermally
grown on the SOI wafer and etched using the reactive ion etching (RIE) process to form
a designed pattern. Secondly, a 0.5 pm thick AIN layer was deposited using the
magnetron sputtering and patterned by wet etching. Next, a Cr/Al (20 nm/1000 nm)
metal layer was deposited and then patterned to form the contact pad and electrodes.
Finally, a backside cavity was etched using a deep-RIE (DRIE) process after using
hydrofluoric acid-based etching of the buried oxide layer to release the diaphragm

structure defined by the silicon device layer.

B. Sample preparation. Solutions of commercial PS particles (p=1.05 g/cm’, DaE
Scientific, China) with different diameters (4 pm, 9 pum, 13 pm, 20 pm), PMMA
particles (p=1.15 g/cm?®, DaE Scientific, China) and silica particles (p=2 g/cm?®, DaE
Scientific, China) were diluted into deionized (DI) water in a certain proportion.

C. Experimental setup and measurement system. A vector signal generator (FY 6900,
FeelElec, China) was firstly applied the RF signals to the PMDR for performing
acoustofluidic experiments. Then a network analyzer (Agilent ES061A, USA) was used
for the frequency response measurement. The MEMS chip with the PMDR device was
mounted on a probe station (C-2, EVERBEING, Taiwan) for electrical connection with
the GSG probes. A digital microscope (AM7515MZTL, Dino-Lite, Taiwan) was

assembled on the probe station for observation and recording of acoustofluidic behavior.



A fully differential driving and sensing connection of PMDR was enabled by two RF
power splitters (Mini Circuits ZFSCJ-2-1-S+, 1-500 MHz). A sample droplet of
microanalyte (approximately 2 pL) was pipetted (JOAN LAB, 10 pL, China) on top of
the PMDR. The oscillation frequency of PMDR was measured using a digitally
configurable phase-locked loop (UHF LI, Zurich Instruments). The contact angle of a
DI water droplet of 2 uLL was measured using a droplet shape analyzer (OCA 15EC,
Dataphysics, Germany).

SUPPLEMENTARY MATERIAL
See the additional detailed experimental data and demonstration videos to support the

conclusions of the main manuscript.
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