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Detection of nanoparticles via droplet capture is experimentally challenging, especially at low particle concen-
trations and small sample volumes. To address this challenge, this study presents an alternating current elec-
trokinetic (ACEK)-integrated interfacial capacitive (AiCap) sensing platform that couples rapid nanofluidic
enrichment at interdigitated electrodes with label-free monitoring of interfacial capacitance. Notably, the same
applied AC excitation simultaneously drives ACEK transport/enrichment and enables capacitive tracking of
nanoparticle adsorption/accumulation at the electrode interface, providing a coupled actuation-readout
mechanism. Using 100 nm PSL nanoparticles, excitation conditions were optimized and a calibration was
established relating the normalized capacitance change rate to concentration across 10% to 10° particles/mL. The
method achieved a limit of detection (LOD) of 23 particles/mL with a 30 s assay. The sensor was subsequently
applied to samples collected from a vertical wind tunnel, where pendant drops were exposed to PSL nanoparticles
under controlled airflow conditions to assess nanoparticle scavenging efficiency quantitatively. Together, this
work provides a rapid, low-cost workflow for quantifying nanoparticle loading in droplet-based scavenging

experiments and for supporting mechanistic studies of droplet-aerosol interactions.

1. Introduction

Nanoparticles are important components of aerosol systems and play
a decisive role in environmental processes through radiative in-
teractions, cloud microphysics, and transport processes [1-5]. These
particles can influence cloud formation and precipitation dynamics via
cloud condensation nuclei as well as radiation scattering and absorption
[6-8]. Their presence also has important implications for human health,
as they can penetrate deep into the respiratory system and transport
harmful chemicals [9-11]. Accurate measurement of nanoparticle con-
centrations in droplets is therefore essential for mechanistic analysis of
droplet—particle interactions and controlled scavenging processes.

While droplet-based scavenging experiments provide controlled
insight into particle-droplet interactions, quantitative measurement of
nanoparticle concentrations within collected droplets remains difficult
due to the small sample volumes and low particle numbers involved
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[12-14]. Traditional analytical techniques, such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and dy-
namic light scattering (DLS), are widely employed for nanoparticle
characterization [15,16]. However, these techniques require offline
sample collection, extensive preparation, and hours of machine time.
Optical counters, such as mass-measurement-type optical particle
counting (M-OPC) and light obscuration and dynamic imaging particle
counters (LOC & DIPC), are commonly employed for particle detection,
but they typically detect particles in the 2-4 pm range but struggle with
nanoparticles (<100 nm), often requiring acquisition times exceeding
one hour and detection limits of 103-10° particles/mL [17,18]. A
nanopore-based single-particle sensing approach has been reported in
which individual nanoparticles are detected through ionic current
blockades during translocation across a solid-state nanopore. Using
nanopores with diameters on the order of 300 nm, polystyrene nano-
particles in the 100-180 nm size range were successfully detected. By
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increasing the electrolyte viscosity up to ~94 mPa-s using water—organic
mixtures, nanoparticle translocation times were prolonged from sub-
millisecond to millisecond timescales [19]. Advanced methods such as
surface-enhanced Raman spectroscopy (SERS), laser-induced break-
down spectroscopy (LIBS), and radiolabel-based assays have been
employed to detect nanoparticles like silver, TiO2 and Polystyrene, but
they are constrained by relatively high detection thresholds (typically
>10° particles/mL), long processing times (ranging from 10 min to
several hours), and complex instrumentation [20-24]. NTA measure-
ments for 100 nm PSL particles typically require concentrations on the
order of ~2 x 107 particles/mL with acquisition times of approximately
40 s, while LIBD-based detection has been reported at concentrations
around ~2 x 10° particles/mL with analysis times extending to several
minutes [25]. Single-particle ICP-MS (spICP-MS) has also been proposed
for nanoplastic quantification through metal-assisted labeling strategies.
For example, Au-labeled polystyrene nanoplastics were quantified with
areported quantification limit of approximately 8.4 x 105 NPTs/L and a
60 s acquisition time [26]. However, such approaches require nano-
particle labeling and additional sample preparation steps. Py-GC/MS-
based approaches have also been investigated for the detection and
quantification of nanoplastics through polymer-specific thermal degra-
dation products. These methods provide valuable compositional and
quantitative information with high chemical specificity. Despite these
advantages, they typically involve multistep analytical workflows and
laboratory-scale instrumentation, which may limit their applicability for
rapid and on-site nanoparticle analysis [27]. Existing analytical tools
often lack the sensitivity, speed, or operational simplicity required to
directly quantify nanoparticle loading under these conditions, hindering
systematic investigation of scavenging efficiency and removal dynamics.
This highlights an urgent need for advanced detection technologies that
combine high sensitivity, rapid response, and operational simplicity to
effectively monitor nanoparticles in both laboratory and field settings.

Alternating current electrokinetics (ACEK) provides the physical
mechanism that enables both nanoparticle manipulation and sensing
within this integrated platform. ACEK is a microfluidic technique that
manipulates particles and fluids using non-uniform AC electric fields
[28-32]. Recent advances in electrokinetic-based sensing technologies,
particularly those utilizing ACEK effects, have shown strong potential
for real-time, ultra-sensitive detection of nanoparticles in liquid samples
[33,34]. In many existing approaches, enrichment and readout are
implemented as separate or sequential steps, often requiring additional
labeling, fluidic manipulation, or transfer between enrichment and
sensing stages. Such multi-step workflows increase system complexity,
introduce variability, and reduce suitability for rapid analysis of tran-
sient or low-volume samples. To overcome these limitations, we
designed a sensor in which electrokinetic enrichment and capacitive
detection occur simultaneously at the same electrode interface. Specif-
ically, we develop an alternating current electrokinetics (ACEK)-driven
interfacial capacitive sensing platform for rapid, label-free quantifica-
tion of nanoparticle concentrations in small liquid samples. In this
approach, nanoparticles are actively enriched at interdigitated electrode
(IDE) surfaces while interfacial capacitance is measured simultaneously
using the same AC excitation signal. As nanoparticles adsorb at the
electrode—electrolyte interface, they perturb the electrical double layer
and interfacial dielectric environment, producing measurable changes
in interfacial capacitance that scale with nanoparticle concentration in
the solution. By continuously monitoring this capacitance during ACEK-
driven enrichment, nanoparticle concentration can be inferred directly
from short transient responses, effectively integrating active transport
and sensing into a single-step one-pot workflow. This coupled operation
distinguishes the present method from approaches that rely on separate
enrichment and detection stages, reducing system complexity while
enabling rapid quantification at low concentrations.

In this work, 100 nm spherical polystyrene latex (PSL) nanoparticles
are employed as model particles to establish quantitative nanoparticle
sensing using the ACEK-integrated capacitive sensing platform. A direct
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quantitative relationship is observed between the normalized capaci-
tance change rate and nanoparticle concentration, enabling rapid
quantification with a 30 s assay time and achieving a calculated detec-
tion limit of 23 particles mL ™}, demonstrating sensitivity suitable for
low-volume, low-abundance samples. The sensor is applied to detect PSL
nanoparticles scavenged from pendant drops in a vertical wind tunnel,
thereby bridging the gap between laboratory calibration and realistic
droplet-based aerosol collection experiments. This integrated approach
combines the strengths of ACEK-based enrichment and dynamic dro-
plet-aerosol interaction studies, providing a proof-of-concept frame-
work for investigating nanoparticle scavenging and capacitive detection
under controlled experimental aerosol conditions. Extension to poly-
disperse and multi-material aerosol systems may further broaden the
applicability of the platform to atmospheric and environmental nano-
particle removal studies. To emphasize the advantages of the developed
sensor, Table 1 provides a concise comparison of existing particle
detection techniques, summarizing their key performance
characteristics.

2. Materials and methods
2.1. Materials and analytical nanoparticle samples

Polystyrene latex (PSL) beads, with a nominal diameter of 100 nm
and a stock concentration of 10° particles/mL, acetone, isopropyl
alcohol (IPA) and phosphate-buffered saline (10x, pH 7.4) were pur-
chased from Thermo Fisher Scientific. PSL nanoparticles are supplied as
a stable aqueous dispersion and exhibit hydrophilic interfacial behavior.
All reagents were of analytical grade. Serial dilutions of PSL beads were
prepared in 0.01 x phosphate-buffered saline (PBS), resulting in working
solutions with concentrations from 102 to 10° particles/mL.

2.2. Sensor preparation

Interdigitated electrodes (IDEs) with a multilayer structure
comprising copper, nickel, and gold were utilized as the electrode
platform in this study. IDEs, as a straightforward and cost-effective
platform, have been widely adopted to generate ACEK effects [36,37].

Table 1
A comparative analysis of different techniques for particle detection.

Technology / Particle size LOD Test time Ref.

device

M-OPC 2 pm (PSL) 1.194 x 10° Several [17]
particles/mL hours

SEM 2 pm (PSL) 1.168 x 10° Several [17]
particles/mL minutes

LOC & DIPC 4 um (PSL) 10 particles/ 2h [18]
mL

SERS 60 nm (Ag) 10° particles/ 24 min [21]
mL

NTA 100 nm (PSL) 2 x 107 40s [25]
particles/mL

LIBD 100 nm (PSL) 2 % 10° Several [25]
particles/mL minutes

spICP-MS 135 nm (PSL) 840 particles/ 60 s [26]
mL

spICP-MS 60 nm (Au) 212 particles/ - [35]
mL

Radiolabeling 21 nm (TiO3) 2.5 x 10° 5 min [24]
particles/mL

ACEK (IDE chip) 30 nm and 10 nm 32 particles/mL 30s [33]

(mixed SiO,/Au)
ACEK (SAW 50 nm (Cu) 102 particles/ 60s [34]
chip) mL
ACEK (SAW 10 nm (SiO,) 10* particles/ 60 s [34]
chip) mL
ACEK (IDE chip) 100 nm (PSL) 23 particles/mL 30s This
work
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Each IDE consisted of finger widths and inter-finger gaps of 100 pm.
Initially, the surface of the electrodes was mechanically polished using
fine polishing pads to ensure a uniform, smooth finish. The electrodes
were then subjected to a sequential cleaning protocol, which included
rinsing with acetone, followed by IPA, and finally deionized Milli-Q
water, ensuring the removal of any surface contaminants. After each
rinse step, the electrodes were gently dried under ambient conditions.

A thin gold coating was electroplated onto the surface, ensuring
consistent surface conductivity, stability and compatibility with subse-
quent experiments. Following electroplating, the electrodes underwent
an additional cleaning cycle with acetone, IPA, and Milli-Q water to
remove any residual plating agents or debris and were again air-dried
thoroughly. To enhance surface hydrophilicity and promote uniform
droplet spreading during measurements, the electrodes were treated
with UV-ozone. Finally, a silicone chamber 2 mm in diameter was
carefully attached to the electrode surface, forming a stable well struc-
ture for sample holding and analysis.

2.3. Aerosol sample preparation

The samples were prepared by exposing pendant drops to a
controlled aerosol stream of PSL nanoparticles within a vertical wind
tunnel. PSL nanoparticles were selected as standardized model aerosol
particles due to their highly uniform size distribution and well-defined
physicochemical properties, which have led to their widespread use as
calibration and validation standards in aerosol instrumentation and
characterization studies [38-40]. Our experimental setup simulated the
scavenging process under realistic airflow conditions. The pendant
drops were allowed to interact with the aerosolized PSL particles for a
defined period. The system details are provided in the Supplementary
Material. After the exposure, the drops were carefully collected and then
diluted in 0.01x PBS solution. Before measurement, the samples were
treated in an ultrasonic water bath for 30 min to ensure homogenous
dispersion of the nanoparticles (Fig. 1), thereby minimizing aggregation
and facilitating consistent sensor performance. The resulting suspension
was subsequently analyzed using the fabricated ACEK-based sensor.
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2.4. Measurement and data processing

Electrical measurements were performed using a precision LCR
meter (Keysight® E4980A, Santa Rosa, CA, USA), enabling accurate
acquisition of interfacial capacitance under AC excitation (Fig. 1). For
each detection trial, 10 pL of the prepared colloidal suspension was
dispensed into the silicone chamber mounted over the IDE surface.
Following the sample introduction, an AC signal at 10 kHz with an
amplitude of 75 mV was applied across the electrodes to induce ACEK
effects and facilitate nanoparticle enrichment at the electrode interface.

During the 30 s measurement period, interfacial capacitance (Cin)
was continuously monitored in real time. The detection strategy is based
on the principle that particles collected at the electrode surface alter the
local dielectric environment, leading to a measurable change in Ciy;. This
capacitive change reflects nanoparticle enrichment and enables label-
free, real-time detection of scavenged nanoparticles from pendant
droplets. To quantify the sensor response, the normalized capacitance
change rate (expressed as dC/dt, %/min) was calculated by performing
linear least-squares fitting on the time-dependent normalized capaci-
tance data. To ensure statistical robustness and reproducibility, each
sample was tested in three independently fabricated sensors, each used
for a single measurement. The results are reported as the mean +
standard deviation of the sensor responses. To minimize potential
memory effects associated with residual nanoparticle adsorption and to
ensure reproducible interfacial conditions between measurements, each
independently fabricated IDE sensor was used for a single measurement.
The employed sensing platform is based on low-cost gold-plated PCB
interdigitated electrodes, which provide advantages in cost-
effectiveness, scalability, and manufacturing reproducibility through
standardized large-scale fabrication processes established in the elec-
tronics industry. Moreover, PCB-based IDEs can serve as disposable
sensors with an average fabrication cost lower than $1 per sensor [37].

3. Sensing mechanism

The sensing performance of the ACEK-integrated capacitive platform
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Fig. 1. Experimental procedure of sample preparation and ACEK-integrated capacitive sensing.
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arises from the coupling of two key physical processes: modulation of
interfacial capacitance at the electrode—electrolyte interface and ACEK-
driven nanoparticle enrichment. The following subsections outline the
principles of each mechanism and their roles in enabling single-step
nanoparticle detection.

3.1. Interfacial capacitance sensing

Interfacial capacitive sensing provides the electrical transduction
mechanism by which nanoparticle accumulation at the electrode surface
is converted into a measurable signal. Interfacial capacitance sensing is
based on monitoring the electric double layer (EDL) formed at the
interface between the electrode surface and the surrounding electrolyte
solution. When an alternating current (AC) electric field is applied across
IDEs, counter-ions in the solution accumulate near the electrode surface,
generating an EDL that contributes to the measured Ci, [33]. EDL
formed at the bare electrode surface is illustrated in Fig. 2b, where dgp;
represents the thickness of the EDL. Upon exposure to the nanoparticle-
containing solution, PSL nanoparticles accumulate at the electrode
interface under the applied AC electric field, leading to the formation of
an additional dielectric layer, as shown in Fig. 2c. In this case, dy, de-
notes the effective thickness of the nanoparticle-induced dielectric layer.
The accumulation of PSL nanoparticles increases the overall interfacial
dielectric layer thickness and alters the local dielectric properties,
thereby modulating the capacitance of the sensor.

The interfacial capacitance (Cy,) is described by:
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8sAint

G, = —nt

int dEDL
where ¢ is the dielectric permittivity of the solution, Ay, is the effective
surface area of the electrode accessible to the electrolyte, and dgp.is the
thickness of the dielectric layer at the interface. As nanoparticles adsorb
onto the electrode surface, they can displace the EDL toward the bulk
electrolyte, effectively increasing the thickness of the interfacial region
and thereby decreasing Ci,;. Following nanoparticle deposition, inter-
facial capacitance (Cfing) can be expressed as:

ssAint

Cint‘ﬁnal = d
EDL,final

where dgp;, fina is the effective surface area of the final capacitor.

To interpret the interfacial capacitance response, an equivalent cir-
cuit model of the IDE system is used, as illustrated in Fig. 2c. The
complete circuit comprises the dielectric capacitance of the electrode,
Cs, and resistive components, including Rjeax and Rs. Here, Rpqx repre-
sents the leakage resistance at the interface, while R; denotes the bulk
resistance of the electrolyte solution. Under measurement conditions
where the influence of Ri4 and R, can be considered negligible relative
to Ciy, the circuit simplifies to the right-hand configuration shown in
Fig. 2c, where Cj, is connected in series with R,. This simplified model
effectively captures the primary electrical behavior of the IDE system,
enabling efficient real-time monitoring of Cj, during nanoparticle
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Fig. 2. (a) Printed circuit board interdigitated electrode (PCB IDE). (b) Schematic illustration of the capacitive sensing mechanism based on modulation of the
dielectric layer at the bare electrode surface. (¢) Modification of the EDL layer thickness due to nanoparticle accumulation at the electrode surface under AC
excitation. The orange arrows in EDL represent the DEP force. (d) Equivalent circuit models used for interfacial capacitance measurements. The left side represents
the detailed circuit, while the right shows the simplified circuit used for capacitance analysis at the measurement frequency.
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detection [41].

This modeling approach provides a quantitative relationship be-
tween the measured interfacial capacitance and the dynamic adsorption
of nanoparticles at the electrode surface, thus supporting real-time
analysis of particle interactions.

3.2. Nanofluidic enrichment of NPs

Alternating current electrokinetics (ACEK) provides the active
transport mechanism that drives nanoparticles toward the sensing
interface, thereby amplifying interfacial capacitance changes. ACEK
includes a range of phenomena, including dielectrophoresis (DEP), AC
electroosmosis (ACEO), and AC electrothermal (ACET) flows that can
enrich nanoparticles at electrode surfaces by exploiting local electric
field gradients [42-46]. These mechanisms significantly improve the
sensitivity and speed of detection by increasing the probability of
nanoparticle deposition at the sensing interface. DEP arises from the
polarization of particles in a non-uniform electric field, resulting in a net
force that drives particles toward regions of higher field intensity,
particularly near the IDE edges. The DEP-induced velocity of a spherical
particle can be expressed as:

em@Re[K(w) |V |E|)?

Uppp R —————
61

where ¢, is the permittivity of the suspending medium, a is the particle
radius, Re[K(w)] is the real part of the Clausius-Mossotti factor, and
V|E[%is the gradient of the square root-mean-square electric field
strength, 1 is the dynamic viscosity of the medium. The electric field
lines are enhanced at the edges of the electrodes because of geometric
field enhancement. As a result, the spatial variation of |E|? becomes very
sharp. Therefore, the maximum value of V|E|? occurs at the edges of the
electrodes, and the DEP force is larger at the edges than in the gap re-
gion. Prior studies have demonstrated that even small DEP forces can
locally enrich nanoscale bioparticles and modulate the interfacial
capacitance at even low voltages, enabling effective detection using
capacitive sensing approaches [47,48].

ACEQO refers to the fluid flow induced by the movement of counter-
ions within EDL under the influence of the tangential component of
the electric field. This mechanism effectively drags particles toward the
electrodes and enhances deposition at the surface. The ACEO velocity
(uacro) can be estimated as [34]:

emV? Q?

Upceo =~ A 8t m

where A is an empirical coefficient, V is the amplitude of the applied
voltage, r is the distance to the center of the gap between adjacent IDE
fingers and Q is a dimensionless frequency parameter dependent on the
EDL charging time and electrode geometry. This phenomenon is
particularly effective in solutions with low ionic strength and low con-
ductivity, where double-layer formation is stable and strong. ACEO is
known to lose efficacy when the solution conductivity exceeds approx-
imately 0.085 S/m [26]. In this study, 0.01x PBS was used, with an
electrical conductivity of approximately 0.015 S/m, well within the
range where ACEO is expected to operate effectively. Under these con-
ditions, ACEO can contribute to particle enrichment at the electrode
surface, complementing other electrokinetic mechanisms.

ACET results from Joule heating of the solution, leading to temper-
ature gradients that induce bulk fluid motion. The ACET velocity (uacer)
can be approximated by [49]:

emoV*
knr

100
o dT

Upcer ~5X 1074

where o is the solution's electrical conductivity, k is the thermal con-
ductivity, and T is the absolute temperature. While ACET effects can
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play a prominent role in high-conductivity media, at frequencies below a
few megahertz, their influence is primarily governed by the applied
voltage amplitude rather than frequency [46]. ACET contributions are
considered negligible compared to DEP and ACEO, as demonstrated in
previous studies [33,34].

The interplay of ACEK mechanisms underpins the enrichment of
nanoparticles at the electrode surface in this study. The DEP velocity at
the electrode edge was estimated to be 7.4 x 10~8m/s. Modified PSL
nanoparticles can exhibit positive DEP at low to intermediate fre-
quencies in dilute electrolytes due to surface conductance and electrical
double-layer polarization, with a crossover to negative DEP at higher
frequencies where core permittivity contrast dominates [50]. ACEO
velocity was calculated as 1.81 x 10~8m/s. Decreasing C response may
be attributed to ACEO. ACEO weakens as you go into several kHz and
above (Supplementary Materials). The ACET-induced velocity was
found to be much smaller, on the order of 1.1 x 10 ®m/s. The
microflows generated by ACEO make it easier for the convective trans-
port of particles toward the electrodes, which enables local enrichment
even at low voltages and conductivities. However, once the particles are
close to the electrodes, DEP becomes the dominant force that traps the
particles due to polarization in the non-uniform electric field. Given the
low-conductivity conditions employed here, ACET effects are expected
to remain limited and are not considered the dominant contributor to
the enrichment process. This integrated understanding of ACEK effects
supports the development of reliable and sensitive detection methods for
nanoparticles using interfacial capacitance sensing.

4. Results and discussion
4.1. Optimization of detection parameters

The operational parameters of voltage and frequency influence the
balance of electrokinetic phenomena, including DEP and ACEO, that
drive nanoparticle enrichment at the electrode interface. Optimizing
these conditions is critical to enhancing sensor sensitivity and ensuring
reproducible detection in low-conductivity environments. The influence
of frequency and voltage on sensor performance was evaluated by
measuring the normalized capacitance change rate (dC/dt, %/min), a
quantitative indicator of particle accumulation and interfacial changes.

Fig. 3a presents the time-dependent normalized capacitance re-
sponses measured over a 30 s interval at different AC frequencies
(10-75 kHz) under a voltage of 50 mV at a constant particle concen-
tration of 10° particles/mL, and Fig. 3b presents the impact of frequency
on the normalized capacitance change rate (dC/dt). At 10 kHz, the
sensor exhibited the highest response, with a dC/dt value of —6.24%/
min (standard deviation: +0.1). This result aligns with theoretical ex-
pectations that ACEO dominates at low frequencies in low-conductivity
solutions (0.01x PBS, conductivity ~0.015 S/m). ACEO induces
tangential electric fields that generate microvortices in the electrolyte,
effectively convecting nanoparticles toward the electrode surface. As the
frequency increased, dC/dt decreased progressively. This trend is
consistent with the attenuation of ACEO effects at higher frequencies,
where the capacitive reactance of the double layer increases, limiting
ion movement and microvortex formation. Although DEP contributions
are expected to be relatively weak for nanoparticles at these length
scales due to the strong dependence of DEP force on particle volume,
frequency-dependent ACEK behavior may still arise from coupled elec-
trokinetic and interfacial polarization effects. Nonetheless, the highest
enrichment efficiency observed at 10 kHz highlights the interplay be-
tween ACEO-driven convective transport and DEP-assisted trapping at
the electrode edges. In aerosol mixtures containing particles with
different dielectric properties and sizes, similar bulk interfacial capaci-
tance responses may arise from different particle-loading conditions.
Therefore, frequency-dependent ACEK measurements may help improve
discrimination between different particle types by exploiting differences
in enrichment behavior and interfacial responses across the applied
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Fig. 3. Frequency and voltage optimization for ACEK-based capacitive sensing of PSL nanoparticles (10° particles/mL), assessed through the transient curve and its
change rate (dC/dt, %/min). (a) Normalized capacitance versus time at different AC frequencies (10-75 kHz) (b) Effect of AC frequency on the normalized
capacitance change rate (dC/dt) at 50 mV, revealing a maximum response at 10 kHz. (c) Normalized capacitance versus time at different voltage amplitudes (10-100
mV) at a fixed frequency of 10 kHz. (d) Dependence of dC/dt on voltage amplitude, highlighting enhanced ACEO-driven enrichment at intermediate voltages, with a
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frequency range.

The normalized capacitance variation as a function of time for
different voltages (10 mV-100 mV) at the optimal frequency of 10 kHz
and the impact of voltage on the dC/dt are given in Fig. 3c and Fig. 3d,
respectively. An increasing trend in dC/dt was observed with rising
voltage: —3.73 + 0.18%/min at 10 mV, —4.75 + 0.89%/min at 25 mV,
—6.24 + 0.1%/min at 50 mV, and —8.65 + 0.10%/min at 75 mV. This
behavior can be attributed to the voltage dependence of ACEK phe-
nomena: higher voltages enhance the strength of the tangential electric
fields that generate ACEO flows, promoting more efficient particle
transport toward the electrode surface. At 100 mV, however, a slight
decrease in dC/dt (—7.35 4+ 0.53%/min) was observed. This decline
may result from changes in the ACEO-dominated enrichment process
under higher electric-field conditions. Because ACEO velocity scales
with the square of the applied voltage, stronger electrohydrodynamic
flows at elevated voltages may alter near-electrode transport behavior
and reduce net particle accumulation efficiency. Additionally, as parti-
cles increasingly accumulate at the electrode interface under high-field
conditions, electrostatic repulsion and crowding effects may begin to
limit further particle deposition, thereby reducing the enrichment
observed at 100 mV relative to 75 mV. The observed voltage-dependent
behavior underscores the necessity of selecting appropriate AC excita-
tion parameters to maximize ACEO-driven enrichment efficiency while
maintaining stable interfacial enrichment conditions. Taken together,
the results presented in Fig. 3 demonstrate that optimal nanoparticle

enrichment was achieved at 10 kHz and 75 mV under the low-
conductivity conditions tested. These operational parameters yielded
the most efficient combination of ACEO-induced convective transport
and DEP-driven trapping, thereby maximizing sensor response, as re-
flected in the normalized capacitance change rate.

4.2. Calibration of sensor response to particle concentration

The influence of analyte concentration on the sensor response was
investigated through real-time interfacial capacitance measurements
under optimized conditions. In the experiments, PSL nanoparticle so-
lutions at concentrations ranging from 10? to 10° particles/mL were
introduced to the sensor, and the temporal evolution of normalized
capacitance was recorded over a 30 s detection interval (Fig. 4a). As
expected, the rate of change of normalized capacitance demonstrated a
linear correlation with the PSL nanoparticle concentration, which can be
attributed to the enhanced accumulation of nanoparticles at the elec-
trode surface. This trend aligns with the enrichment behavior of the
particles driven by AC electrokinetic phenomena, which effectively
transport and concentrate analytes at the electrode interface. At a con-
centration of 107 particles/mL, the sensor exhibited a decreased
response, suggesting a potential saturation of nanoparticle adsorption at
the electrode interface. This phenomenon likely reflects the limited
availability of active sites for further particle enrichment under high
particle-loading conditions. The surface footprint of a 100 nm PSL
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applied. (b) Sensor response quantified as the rate of normalized capacitance
change (dC/dt, %/min). The black symbols represent the response from the PSL
sensors, and the control is 0.01x PBS, represented as a blue symbol. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

particle is approximately 7.85 x 10~> pm?2. Although the geometrical
IDE surface can theoretically accommodate a large number of particles,
ACEK-driven enrichment is primarily localized near electrode-edge
high-field regions rather than uniformly distributed across the entire
electrode surface. Therefore, progressive occupation of these active re-
gions at high particle concentrations kinetically limits further particle
accumulation, leading to a leveling-off of the capacitance response.
Mechanistically, this limitation is also coupled with structural changes
at the interface. At low-to-moderate nanoparticle concentrations, ACEK-
driven enrichment primarily results in relatively uniform near-
monolayer accumulation at the electrode interface, enabling a system-
atic and approximately monotonic relationship between nanoparticle
accumulation and interfacial capacitance change. However, at higher
particle-loading conditions, progressive nanoparticle accumulation can
lead to the formation of more complex interfacial topologies, including
clustering, multilayer accumulation, and heterogeneous surface struc-
tures. Under these conditions, the electrode—electrolyte interface no
longer behaves as a simple uniformly perturbed dielectric layer. Instead,
local electric-field distribution, electrical double-layer structure, and
interfacial dielectric organization become increasingly heterogeneous,
which may disrupt the approximately linear relationship between
nanoparticle accumulation and capacitance change. Consequently, the
observed decrease in dC/dt at high concentrations is attributed not only

Microchemical Journal 227 (2026) 118750

to localized enrichment saturation near high-field regions, but also to
the evolution of complex nanoparticle interfacial structures that alter
the capacitance transduction behavior.

To provide a quantitative assessment of the sensor response, the
normalized capacitance change rate (dC/dt, %/min) was calculated for
each concentration using linear least-squares regression of the time-
dependent normalized capacitance curves (Fig. 4b). The results are
summarized as follows: —0.33 + 0.89%/min (background), —3.22 +
0.43%/min (102 particles/mL), —5.84 + 0.31%/min (103 particles/
mL), —7.48 + 1.03%/min (10* particles/mL), —8.65 + 0.10%,/min (10°
particles/mL), and —10.49 + 0.40%/min (10° particles/mL). As shown
in Fig. 4b, a linear relationship was established between dC/dt and the
logarithmic PSL nanoparticle concentration (particles/mL), as expressed
by the calibration equation: y = —0.20-1.74logx (nanoparticle concen-
tration, particles/mL). The resulting linear relationship, with a corre-
lation coefficient (Rz) of 0.981, demonstrates the sensor's high
sensitivity and reliability in quantifying PSL nanoparticles across a wide
concentration range (102 to 10° particles/mL). To determine the sensor's
LOD, three times the standard deviation of the background response was
used as a cut-off line. This yielded a threshold value of —2.58%/min. By
substituting this cut-off into the calibration equation, the LOD was
calculated to be 23 particles/mL. This low detection limit highlights the
ACEK-enhanced sensor ability to detect ultra-trace levels of PSL nano-
particles with high reproducibility and robustness.

Particle size and shape are known to influence electrokinetic trans-
port and interface deposition; therefore, these parameters can also affect
the measured signal magnitude. Nanoparticles with different diameters
or non-spherical geometries may exhibit different enrichment effi-
ciencies and surface interaction dynamics near electrode edges, which
can alter the response slope and detection sensitivity. While the un-
derlying sensing mechanism remains applicable, extension of the
method to particles with different sizes, shapes, or surface chemistries
would require system-specific recalibration and parameter optimization
[33,34]. In our previous study, the linear detection range for 30 nm SiO:
nanoparticles was (10%-10°) particles/mL, whereas when the particle
size decreased to 10 nm, the linear range extended up to 10 particles/
mL. This behavior can be explained by the ability of smaller particles to
occupy a greater number of available adsorption sites on the electrode
surface. In addition, the signal response obtained from 30 nm particles
was higher than that from 10 nm particles, which is consistent with the
fact that DEP velocity is proportional to the particle cross-sectional area
[33]. For nanoparticles, electrokinetic behavior is often strongly influ-
enced by surface conductance and electrical double-layer polarization
effects due to the large surface-area-to-volume ratio. Under such con-
ditions, the effective dielectric response may become less dependent on
bulk material permittivity alone and more governed by interfacial sur-
face properties and particle size. This may partially reduce material-
dependent variability in ACEK enrichment behavior for nanoscale par-
ticles, which is consistent with the concentration-dependent responses
previously observed in mixed nanoparticle systems [33]. In addition,
simple pretreatment approaches such as filtration or centrifugation
could be employed to roughly fractionate particles by size before
sensing, thereby reducing heterogeneity in complex environmental
samples.

In complex heterogeneous aerosol mixtures, particles with different
sizes and material properties may exhibit distinct frequency-dependent
electrokinetic responses. While these material-dependent differences
may remain latent or minimized under single-frequency operation
because ACEK enrichment is strongly influenced by surface conductance
and electrical double-layer polarization effects, they may become more
apparent across a broader frequency range because of differences in DEP
crossover characteristics and effective particle polarizability. Accord-
ingly, incorporation of multi-frequency ACEK or impedance measure-
ments could provide additional discrimination capability for complex
particle systems by exploiting these frequency-dependent dynamics.
Furthermore, systematic validation using nanoparticles with different
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sizes, dielectric properties, and surface chemistries would provide
deeper insight into particle-dependent enrichment dynamics and inter-
facial capacitance responses. The present platform is primarily devel-
oped for rapid quantification of nanoparticle loading under controlled
calibration conditions, while improved particle discrimination capabil-
ities will require further investigation.

4.3. Detection of nanoparticles in scavenged droplet samples

The ACEK-based capacitive sensor was used to quantify nanoparticle
concentrations in droplets collected after controlled scavenging expo-
sures, applying the previously established calibration relationship to
convert capacitance change rates into particle concentrations. This
enabled calculation of droplet collection efficiency for different droplet
diameters under otherwise consistent exposure conditions. The devel-
oped sensing approach links dynamic aerosol-droplet interaction ex-
periments with rapid, label-free nanoparticle quantification in the
collected liquid sample. Collection efficiency, E, is defined as the ratio of
the number of nanoparticles measured in the collected droplet to the
number of particles the droplet was exposed to during its residence time
in the flow. This quantity depends on droplet cross-sectional area,
airflow velocity, exposure time, and aerosol number concentration. In
this study, the collection efficiency serves primarily as a practical metric
linking the ACEK sensor- measured nanoparticle concentration in the
droplet to the controlled exposure conditions in the wind tunnel, rather
than as a full characterization of droplet-aerosol interaction physics.

Fig. 5 shows the resulting collection efficiency as a function of
pendant drop diameter. A decreasing trend in efficiency is observed as
droplet diameter increases from 2.8 to 3.5 mm. The highest collection
efficiency is found for the smallest droplet, while larger droplets exhibit
reduced collection efficiencies, indicating an inverse relationship be-
tween droplet size and aerosol collection performance under the tested
conditions. This trend is qualitatively consistent with established wet
scavenging theory [51-53], which attributes reduced efficiency at larger
droplet sizes to wake formation and flow separation.

Importantly, the agreement between the sensor-derived results and
theoretical expectations supports the reliability of the ACEK-based
capacitive sensing approach in resolving physically meaningful differ-
ences in nanoparticle loading. While a full mechanistic analysis of dro-
plet-flow interactions and electrohydrodynamic effects is beyond the
scope of this study, the sensor clearly distinguishes variations in scav-
enging performance across droplets formed under controlled geometric
conditions.

5. Conclusion

In this work, we developed an alternating current electrokinetics
(ACEK)-integrated capacitive sensing platform for rapid, label-free
quantification of nanoparticle concentrations in small liquid samples.
By coupling ACEK-driven enrichment and interfacial capacitance
transduction at the same electrode interface, the method enables
simultaneous nanoparticle concentration and sensing using a single low-
voltage AC excitation. This one-step, one-pot operation eliminates the
need for labeling, external preconcentration, or multi-stage fluidic
handling, while maintaining a short assay time of 30 s and a calculated
detection limit of 23 particles mL™!. Using 100 nm PSL nanoparticles,
we established a quantitative relationship between the normalized
capacitance change rate and nanoparticle concentration over several
orders of magnitude. The platform's performance was further demon-
strated through application to droplets collected from pendant-drop
scavenging experiments in a controlled wind tunnel. The sensor-
resolved collection efficiency trends were qualitatively consistent with
theoretical expectations for diffusion-influenced nanoparticle capture,
supporting the physical relevance and reliability of the measurement
approach in complex, microliter-scale samples.

These results demonstrate the feasibility of ACEK-integrated
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Fig. 5. Collection efficiency is plotted against pendant drop diameter. The
measurement of which is made possible by ACEK sensing.

capacitive sensing for detecting nanoparticles in aerosol-exposed
droplet samples without additional labeling or enrichment steps.
While this proof-of-concept study used monodisperse PSL particles
under controlled experimental conditions, future studies involving
polydisperse and multi-component aerosol systems will be important to
demonstrate the practical environmental applicability of the proposed
platform.
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