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Abstract

Extracellular vesicles (EVs) bearing biomolecules from parental cells can represent a novel
source of disease biomarkers and are under intensive study for their clinical potential. Tunable
resistive pulse sensing (TRPS) quantifies the magnitude of a small ionic resistive pulse current to
determine the size, concentration, and zeta potential of EVs. Environmental noise is a common
limiting factor that affects the precision of sensing devices. TRPS is particularly vulnerable to
environmental noise, including both mechanical and electrical. The upper detection limit of the
TRPS relies on the physical size of the elastomeric tunable nanopore. The lower limit relies on the
electrical signal-to-noise ratio. Guided by simulation, we designed an external device to suppress
environmental noise for TRPS measurement. Both mechanical and electrical environmental noise
reductions were observed after using the shield. The study also validated the noise reduction
function of the shield by quantifying EVs from different cell origins. Detection of EVs smaller
than 200 nm was improved by using the shield; which was reported challenging for conventional
quantification methods. The study highlighted a feasible approach to solve environmental noise
challenges for TRPS based EV quantification.
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1. Introduction

Particle size determination is essential for the investigation of bio-molecular analytes.[1]
There are bioparticles in biological fluids that influence physiological function and can
serve as biomarkers for disease. Cells encapsulate intracellular biomolecules into vesicles
and release them to the extracellular environment. The term extracellular vesicle (EV) is
typically used as a generic reference to all types of secreted vesicles. With a phospholipid
bilayer closure, the diameter of EVs range between 50 nm and 5 pm.[2] EVs involved

in exocytosis have many potentials for translational applications as biomarkers and drug
delivery vehicles.[3] Understanding the colloidal properties of EVs is crucial for effectively
using EVs for clinical applications such as diagnostics, therapeutics, and devices.[4] EVs
containing proteins, nucleic acids, and lipids have seen an exponential increase in their use
in biomarker discovery.

There are different methods for the quantification of EVs, such as nanoparticle tracking
analyses[5], flow cytometry[6], ELISA[7], electrochemical detection, microfluidics[8,9],
and dynamic light scattering [10] Tunable.

(TRPS) is one method that quantifies small ionic resistive pulse current to determine the
size, concentration, and zeta potential of EVs. [11] The Izon gNano system from lzon
sciences (Oxford, UK) uses TRPS to determine the size of nanoparticles with a diameter
ranging between approximately 50 nm to 10 um [12]. Size and quantification of biological
colloidal particles is determined using polyurethane nanopores for sensing.[13] In the field
of biosensing, elastic size-tunable pores are relatively new and are fabricated by puncturing
an elastic polyurethane membrane using a micron-sized tungsten needle [14].

TRPS technology applies a trans-membrane DC voltage to drive electrophoresis.[15]
Applying a voltage across the membrane causes ions to drive through the nanopore and
establish an ionic baseline current across the nanopore (schemed in Fig. 1). When a target
particle moves through a nanopore, it blocks the path of ions flow. The blockade causes

a dip in the magnitude of ionic baseline current and is revealed as a small resistive pulse
current. This blockade current is very important to sense and characterize the analyte of
interest. The lower limit detection of the nanopore is determined by the smallest particle size
that can produce detectable blockade current compared to the background noise current [14].

TRPS technology is an emerging technology for EV quantification and can be used in
parallel with dynamic light scattering (DLS), particle tracking analysis, scanning electron
microscopy, and transmission electron microscopy.[12,16] However, these methods all have
their limitations. Quantification of EVs is challenging because the sizes of many vesicles
are less than 100 nm, heterogeneous in size and composition, and their refractive indexes
are low.[18,19] Light scattering detection relies on a high reflective index of scattered light
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and monodisperse distribution of vesicles.[20,21] Flow cytometry is applicable for high
throughput EV detection, but the weak scattered light from EVs with sizes less than 100

nm makes accurate quantification challenging. [22] DLS method, based on the Brownian
motion of vesicles, is more applicable to vesicles of similar size, but limited to monodisperse
distribution.

Although EVs have clinical potential as biomarkers in early disease diagnosis and prognosis,
lacking a sensitive analytical system for EV analysis created barriers for clinical translation.
Quantification methods such as electrochemical, fluorescence, and microfluidic have been
introduced to improve sensitivity. [23,24] The TRPS method provides improved sensitivity
and high-resolution, but faces challenges related to the lower size range.[12] Several studies
have revealed that fluctuating noise levels in the TRPS system cause the quantification of
smaller EVs to be cut off near the noise level.[25] Although challenging, TRPS is expected
to evolve with its potential to study complex conditions with biological fluids [12].

Practical challenges that need to be addressed for nanopore-based sensors include noise,
repeatability in detecting signals, controllability, and large-scale fabrication.[26] Nanopore-
based TRPS technology allows pore size variation by applying a macroscopic axial
stretching force to the elastic membrane. Thus increasing sensitivity for a broader range of
particle size quantification. Nanoparticle quantification using the TRPS method is subjected
to ionic current fluctuations (noise). Past studies have mainly addressed the ionic noise
presence by comparing pH values, coating the nanopore to increase translocation speed,
changing nanopore composition, using a CMOS preampliflyer, and post measurement
signal processing.[27-32] However, environmental mechanical noise was not addressed

in these studies and can cause variation in the quantification of smaller particles close

to the lower pulse limit. The gNano device’s TRPS method has a lower pulse limit of

0.05 nA. This environmental noise interferes with the magnitude of the baseline current,
resulting in a deviation of the relative blockade magnitude (ratio of blockade magnitude

to baseline current). The applied electric field also affects this ratio. Other parameters that
affect the sensitivity of the measuring device are applied bias voltage and the size of the
nanopore. System optimization for precise quantification requires adjusting voltage across
the nanopore, selecting the appropriate nanopore size for the target nanoparticle size, and
controlling pore size by adjusting the strain. Finding a consistent noise reduction strategy is
the challenging part of using TRPS for the quantification of EVs. The noise current across
the nanopore follows a Gaussian distribution and is defined as the root mean square (RMS)
of the trans-membrane current. The RMS value is calculated as the standard deviation of all
current points over the intervals of 100 ms.[33] Noise in the time domain mathematically
can be calculated using the formula,

I, = \ATX(t) &

Where Al (t) indicates the fluctuation of a small ionic current that deviates from its mean
value.[34,35] Signal to noise ratio (SNR) can be evaluated as,

SNR = AIionic/ Irms (2)
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where Alionic stands for the signal current amplitude and I, indicates the magnitude of
noise.[36] The nanopore sensing method is very sensitive, and therefore the influence of
external noise on the sensor’s response cannot be ignored.[37] The detectable size range
and sensitivity rely on the particle to pore size ratio, amplitude of small ionic resistive pulse
signal compared to the magnitude of noise, and off-axial translocation events. The device
often fails to sample data when fast translocation events occur. This leads to sensitivity
decreasing due to the resistive pulse signal being cut off. The resolution of the nanopore
sensor can be enhanced either by slowing the particle translocation or by increasing the data
acquisition frequency of the measurement system. Enhancement in temporal resolution is
closely related to the reduction in electrical noise in nanopore devices. The upper detection
limit relies on the physical size of the pore, and the lower limit relies on the electrical
SNR.[38] To solve the environmental noise challenge, a simulation-guided enclosure

was designed. The external shielding device reduces external noise using a metamaterial
shielding enclosure. Three different shielded enclosure models were proposed to reduce
external noise. Based on the simulation result, model two shielding cage’s performance
was found to be the most efficient. In addition, a spectrum analyzer was used to analyze
electromagnetic interference inside and outside the shielding cage. To evaluate the effect of
shielding the TRPS system on the lower detection limit, size quantification was performed
under shielded and unshielded conditions. The minimum size detection limit has shown
improvement in quantification while shielded.

2. Materials and methods

2.1. Simulation and assembly of the shielding enclosure

Electromagnetic interference and mechanical vibrations are external noise sources that affect
quantification while using the TRPS method. Acoustic insulation was the strategy chosen

to reduce noise coming from vibration. Also, an aluminum sheet was used to laminate the
internal structure of the shielded cage to give the enclosure a Faraday cage feature that can
reduce electromagnetic interference. The selected shielded cage was built to reduce external
noise using furring stripboard, acoustic foam soundproofing, tempered hardboard, black
foam boards, and aluminum sheet. Acoustic metamaterial has been used to reduce acoustic
noise.[39] To reduce low frequency noise in this study, three different foam resonator
patterns, for the metasurface of the shielded enclosure, were designed.[40] From the three
different proposed acoustic foam resonator structures models, model two was chosen based
on simulation results.

Literature reports have shown that system noise in the TRPS at the trans-membrane

current noise appeared to follow a Gaussian distribution.[33,41] For this Gaussian noise,
flow simulation tools were used to simulate the effect of shielding on the TRPS system.
Three different panel structure designs were proposed for sound absorption capability

and acoustical performances to reduce acoustic noise. The designed acoustic metasurface
consists of an array of multiple absorption unit cells. The simulation was conducted using
the flow simulation package of SolidWorks 2020, which enabled the prediction of broadband
noise. The sound-absorbing acoustic performance of the acoustic foam metasurface was
simulated using acoustic polyurethane conglomerate metamaterial. In the simulation, 30-unit
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cells were selected to evaluate the acoustic power level of polyurethane metasurface under
the shielded condition. The unshielded condition was simulated by removing the front panel.

2.2. Electromagnetic and acoustic noise evaluation

To evaluate electromagnetic interference, Agilent technologies E4407B ESA-E series
spectrum analyzer was used to measure power spectral density (PSD) within the shielded
and unshielded conditions. Electrical and magnetic probes were connected to the spectrum
analyzer in the PSD measurement, and measurement data was recorded. A noise level
meter that could display noise data was used to record acoustic noise. Input transducer in
the microphone converted environmental noise data to an electrical signal. After recording
the noise data, MAT-LAB was used to obtain amplitude impulse response over time and
spectrum level over frequency.

2.3. Preparation of polystyrene beads nanoparticle suspensions

Colloid particle suspension was prepared using polystyrene beads that have a mean
diameter of 210 nm. The stock concentration of polystyrene beads consisted of 7.3 x 1011
particles/mL. The stock solution was diluted to a dilution factor of 250 using measuring
electrolyte. The measuring electrolyte was prepared using 15 mL PBS and 45 puL wetting
solution (lzon Science).

2.4. Cell culture, extracellular vesicle collection, and sample preparation

Malignant cells were seeded approximately at a density of 4 x 104 cells/mL onto 100 mm
tissue culture plates. [42,43] These plates contained 10 mL high glucose DMEM medium
supplemented with 10 % FBS. The plates were incubated at 37 °C under 5 % CO, for 48

h or until the cells reached 80 % confluency. When the cells reached 80 % confluency,
culture media was discarded, and the cells were washed twice with PBS. 10 mL of DMEM
medium containing 10 % exosomes depleted FBS was added to the plates. The plates were
incubated at 37 °C under 5 % CO» for 48 h. After the incubation period, the culture medium
was collected and filtered through a 0.22 um filter. Following filtration, the culture medium
was ultracentrifugation at 49,000 rpm for 70 min. The EVs were collected by discarding the
supernatant and resuspending the pellet in 100 uL PBS.

2.5. TRPS instrument setup

The TRPS device (gNano, Izon sciences) was connected to the computer that has been
installed with analysis software (Control Suite V3.4) via a USB port. The control suite
software allows users to adjust different voltage settings to get optimal baseline current. The
signal trace window displayed the magnitude of baseline and noise current.

The nanopore and the upper fluid cell was washed with deionized water, and the lower fluid
cell was wetted with measuring electrolyte followed by quickly removing the electrolyte.
The nanopore was then mounted on the device and stretched to the experimental conditions.
To establish a baseline current, a solution of 70 L PBS was dispensed carefully in

the lower fluid cell without introducing air bubbles that could cause a spike in noise
current. Subsequently, 30 pL of PBS was added carefully into the upper fluid cell without
introducing air bubbles. The solution in the upper fluid cell was adjusted by repetitive
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pipetting until a stable baseline current was established. Optimization of baseline current
was done by selecting different DC bias voltages, stretching the nanopore at different
lengths, and applying pressure at different ranges until the baseline current reached around
120 nA. The Polystyrene beads calibration particle was then aspirated into the upper fluid
cell to begin the translocation event. Translocation events of 500 calibration particles were
measured under the set conditions. After measurement, the upper fluid cell was washed
with deionized water. Upon washing, 30 pL of EVs samples from malignant cells and
nonmalignant cells were diluted appropriately using PBS and 0.05 % of Tween 20. Then a
30 pL sample was dispensed into the upper fluid cell to measure the magnitude of blockade
current. The blockade current was recorded by the control Suite V3.4 software for further
analysis.

3. Results and discussion

3.1. Shielding effect on mechanical noise reduction

3.1.1. Metacage design and simulation—Major noise sources of the TRPS system
are external electrical sources, mechanical sources, and intrinsic noise of electronic circuits
(Hz to MHz).[44] Three different panel structure designs were proposed to reduce acoustic
noise. The three differing fagcade systems were compared to the unshielded control and
simulated to show deviation (Fig. 2a—c). The sound-absorbing acoustic performance of foam
acoustic metasurface was simulated using polyurethane conglomerate acoustic metamaterial,
which was acquired from the flow simulation package (SolidWorks). The acoustic power
levels (APL) were calculated to predict noise. The difference in APL, between the shielded
and unshielded conditions, was used to forecast soundproof performance. According to the
simulation result, the average APL achieved a 70 dB difference for model one design, 71 dB
difference in the second model, and 65 dB difference in the third model. All three models
revealed the capability of the metastructure design to reduce acoustic noise. As shown in
Fig. 2e, the model two acoustic foam pattern showed more difference in acoustic power level
compared to the difference obtained in the other two proposed models, and thus was selected
for assembly.

3.1.2. Shielding effect on external acoustic interference—Numerical simulation
to understand factors that influence the current response during translocation events, such
as nanoparticle analyte surface charge, non-uniform electric fields, forces on individual
particles, is crucial for accurate nanoparticle analysis. The ability to obtain accurate
nanoparticle characterization is crucial in applications such as the analysis of viruses

and nanoparticles. Focusing on reducing external noise in a TRPS setup using flow
simulation computational fluid dynamics tools, different models have been reported in
published studies, including the Multiple lon Model (MIM) using finite element analysis.
Our shielding simulation’s performance is based on the metamaterials’ ability to reduce
external electric field noise. Among the three abovementioned design models, model two
(Fig. 2d), with the highest sound insulation performance in the simulation, was used to
build the wrapper enclosure. The noise reduction performance of the shielding enclosure
was tested. Sound levels, a logarithmic measure of effective sound pressure relative to a
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reference noise value, were recorded and evaluated. The data in the time domain and the
spectral analysis result were plotted in Fig. 3.

The sampled time-domain sound levels under the shielded and unshielded conditions
were compared in Fig. 3b. The sound levels measured inside the shielded enclosure
showed a reduction compared to the unshielded condition. Frequency response analysis
was conducted, and the spectrum periodograms were given in Fig. 3c. Reduced spectrum
levels were observed when comparing the shielded enclosure to the unshielded enclosure.
Particularly, at the low-frequency range, 0-6.6 kHz, the spectrum level of the shielded
condition was significantly lower than the unshielded condition. However, the spectrum
level difference at other frequency ranges was relatively constant in comparison. This
suggests that the enclosure selectively filtered low-frequency noise. To confirm the
reproducibility of the soundproof effect, 50 random recordings (5 s each, Fig. 3d) were
analyzed for root mean square (RMS) noise level. The minimum, maximum, and average
of the 50 RMS values suggested that the shielded condition had lower RMS noise levels
(Fig. 3e). The mean value of RMS noise inside the shielded enclosure shows a reduction
compared to the unshielded condition (3.236 v.s. 4.886 dB), which can be considered
statistically significant by t-test (Fig. 3f). These results validated the soundproof effect of the
enclosure as expected in the simulation.

3.1.3. Shielding effect on external electrical interference—The external
electromagnetic field can directly interact with ions in the electrolyte during translocation
events, thus affecting the TRPS system noise. When the RMS noise level exceeds 20 nA,
the possible cause is due to electrical interference.[45] To reduce interference of external
electromagnetic fields, the enclosure was laminated with grounded conductive aluminum
sheet inside. A spectrum analyzer was used to investigate electromagnetic noise inside

and outside the shielding environment. Lower power spectral density was observed under
the shielded condition over the tested frequency (Fig. 4a). The power spectral density
difference between the shielded and unshielded conditions varied with the frequency range
(Fig. 4b). The two frequency ranges, 400-600 MHz and 900-1200 MHz showed significant
differences. Wireless communication carriers are operating near the two frequency ranges.
Therefore, the shielding cage can be used to reduce external noise coming from a device
working at 600 MHz and 900 MHz frequency range.

3.2. Shielding effect on the quantification

3.2.1. Shielding effect on the quantification of polystyrene beads—The
shielding effect on the TRPS quantification method was first evaluated by testing standard
nanoparticles, known as polystyrene beads, commonly used as a quantification and
characterization reference.[46] The RMS value of translocation current (nA) was then
recorded for noise assessment. In Fig. 5a, the RMS noise was significantly reduced (>

30 %) with the shielded enclosure when using TRPS to quantify polystyrene beads.

The impact of the noise reduction on the quantification was analyzed through the size
profiling of the standard polystyrene beads with a mean diameter of 210 nm. The beads
were quantified using TRPS with and without the shielding. The size distribution curve
exhibited a downward (left) shift from the unshielded to the shielded condition (Fig.
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5b). The center of distribution under the shielded condition was proximate to the actual
diameter of the standard polystyrene beads used for the test, suggesting the shield ensured
precise quantification. Together with the abovementioned noise reduction result (mechanical
and electromagnetic), the reduction of low-level noise current led to better quantification
performance for lower-sized nanoparticles, which affirmed the benefit of using the shielded
enclosure for TRPS based particle quantification.

3.2.2. Shielding effect on the quantification of EVs—To evaluate the impact of
shielding on the quantification of bio-originated particles, EVs from malignant (Mia PaCa-2)
and nonmalignant (HPNE) cells were profiled by TRPS with and without the shielding. Like
the polystyrene beads (Fig. 5a), the RMS noise was significantly reduced with the shielding
cage when using TRPS to quantify the EVs from both cells (Fig. 6a and c). However, the
RMS change from the shielded to unshielded condition of the nonmalignant EVs is more
dramatic (>30 %). Correspondingly, the size distribution curve exhibited a downward (left)
shift from the unshielded to the shielded condition (Fig. 5b and d). Nevertheless, consistent
with the RMS change, the distribution shift of nonmalignant EVs is more observable.

Quantifying EVs within the shielded enclosure reduced the noise, which enhanced the
minimum size detection limit. The advanced detection limit of minimum-sized particles,
therefore, enabled a broader size range of the TRPS profiling. The ability to quantify
minimum-size particles in the sample improves the precision of TRPS, and thus empowers
a more accurate size comparison of EVs from malignant and nonmalignant cells. The
advanced size profiling facilitates the diagnostic application of TRPS in discriminating
tumor-derived EVs from other EVs. For EV quantification, nanopore has substantially more
application and accuracy than other methods such as dynamic light scatter (DLS). The
range of nanoparticles that DLS and nanopore overlap in is 20-250 nm. DLS relies on

the scattering of light from these nanoparticles and fails to identify nanoparticles near the
lower spectrum range while larger nanoparticles are present.[47] Nanopore measurement is
more accurate at differentiating nanoparticles and has a much wider range of quantification.
Through the application of a known voltage and pore stretch, nanoparticles can be measured
in concentration by size through a change in current [48].

3.2.3. Shielding effect on translocation events—In the TRPS system, when a
target analyte passes through a pore with a focused electric field, a drop of ionic current
reveals itself as a resistive pulse signal in an event known as translocation or blockage. For
size profiling, at least 500 translocation events must be recorded to obtain a statistically
meaningful size evaluation of the particles. A resistive pulse signal can be covered by noise
when the resistive pulse magnitude of the small particle is less than the magnitude of noise.
To observe blockade events in the TRPS system, a noise level less than 10 pA is required.
[49] The shielding cage reduced the noise and in turn filtered unintended translocation
events from being counted due to noise. This led to a longer recording time to reach the
minimum statistical count. The recording time was compared with and without the shield
on polystyrene beads and EVs (Fig. 7). All shielded conditions manifested longer recording
time, which is consistent with the aforesaid.
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Literature reports have shown that the electric field intensity is an important parameter

for controlling the particle transport velocity and the current fluctuation amplitude. [50]

To accurately profile the particle size, it requires the particle to pass through the Z-axis

in the nanopore. Off-axial particle translocation event is a phenomenon where particles do
not traverse through the center of the pore. This results in a deviation from the expected
resistive pulse magnitude. Reducing the influence of unwanted fluctuating external electric
field noise in the vicinity of the nanopore device retains particle translocation to the center of
the pore’s Z-axis. Enclosing TRPS with the shielded cage reduces the coupling of external
electric field noise to the non-uniform electric field established due to electrophoresis. This
facilitates the passage of particles through the center of the pore.

Varying environmental parameters such as ionicity and applied voltage (or equivalently
direction of the externally applied E-field) affect translocation.[51] Translocation events per
minute decreases when the analyte concentration increases.[52] However, in our experiment,
the same concentration was maintained when quantification was performed within and
outside the shielded cage. The voltage was manipulated to achieve a baseline current of 120
nA for analysis. The range in the voltage was due to pore stretch, pore size, pressure applied,
electrolyte used, and was within a range of 0.2-1.0 V. All other conditions were set identical,
thus ruling out the impact of parameters other than noise.

4. Conclusion

Maintaining a noise-free setup is essential for elaborated analysis equipment. However,
inevitable environmental noise is a common challenge deteriorating the precision of
analysis. In this study, we designed a shielded enclosure to reduce the impact of
environmental noise (mechanical and electromagnetic) on the TRPS measurement. The
sound insulation function of the enclosure was achieved using a patterned metasurface
facade insulation structure which was optimized by simulation. Electromagnetic noise

was weakened by coating grounded conductive aluminum sheet inside the enclosure.

The external noise was reduced, and the signal-to-noise ratio was improved when using

the shielded enclosure, thus improving the lower detection limit of TRPS. The precision
improvement was validated by using standard polystyrene beads. To validate the advanced
detected limit on bio-originated particles, EVs from malignant and nonmalignant cells were
profiled using TRPS with and without the shielded enclosure. The ability to determine the
minimum size particles in the sample improved the precision of TRPS. This enables a more
accurate comparison of the size of EVs derived from malignant and non-malignant cells,
which aids the search for analytical systems for diagnostic applications.
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Fig. 1.
Schematic diagram of the TRPS nanopore setup.
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Fig. 2.

Metacage design and acoustic power level (APL) simulation results. (a-c) The
metastructures and APL simulation results for model 1-3. (d) 3D design of model 2. (e)
The differences in APL for the three models between shielded and unshielded conditions.
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Fig. 3.

Sound shielding test result. (a) Wrapper enclosure. (b) Time-domain representation of
measured sound signals under the shielded and unshielded conditions. (c) Frequency
response of measured sound signals under the shielded and unshielded conditions. (d) RMS
noise (dB) of 50 repeated measurements. (¢) Comparison of the mean, average, maximum
value of measured RMS noise. (f) The statistical test result of RMS noise level under

shielded and unshielded conditions. **** P < 0.0001. a.u.: arbitrary units.
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Fig. 4.
Electromagnetic interference test result. (a) Power spectral density of noise within and

outside the shielded enclosure. (b) The change in power spectral density between the
shielded and unshielded conditions, suggests a reduction of external noise at the 600 MHz
and 900 MHz frequency range.
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Shielding effect on the noise reduction and size measurement of TRPS. (a) RMS noise
of TRPS measurement inside and outside the shielded enclosure. (b) Size distribution

of polystyrene beads when quantification is performed inside and outside the shielded
enclosure. Data points represent mean + SE (n = 5). ** P < 0.01.
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Shielding effect on the noise reduction and size measurement of EVs collected from
malignant and nonmalignant cells. (a, b) RMS noise and size distribution of EVs from
nonmalignant cells inside and outside the shielded enclosure. (c, d) RMS noise and size
distribution of EVs from malignant cells inside and outside the shielded enclosure. (e, f) Size
distribution of EVs collected from the malignant and nonmalignant cells with and without
the shielded enclosure. Data points represent mean + SE (n =4). * P < 0.05.
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Fig. 7.

Recording time of translocation events. (a) Polystyrene beads. (b) EVs from nonmalignant
cells. (c) EVs from malignant cells. Data points represent mean + SE (n = 4). * P < 0.05; **
P <0.01; **** P < 0.0001.
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