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ABSTRACT

EVs have much potential as sensitive, novel biomarkers because they represent the status
of their cells of origin and can be used to detect cancer earlier than alternative biomarkers. The
size of EVs can be determined by tunable resistive pulse sensing (TRPS). However, TRPS is
susceptible to environmental noise, including mechanical and electrical noise that limits
detection precision. To overcome these noises, an external device was designed, guided by flow
simulations, to reduce noises that interfere with TRPS measurements. 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. This study demonstrates innovation in designing shielding enclosures using composite
material to improve the sensitivity of emerging tunable resistive pulse technology to quantify

EVs below 200 nm, which is challenging using traditional quantification methods.
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1. BACKGROUND

Currently, EVs are being investigated for their role in cell signaling and as a potential
biomarker to diagnose diseases. “EV” is a general umbrella term typically used as a generic
reference to secreted vesicles. These vesicles have a wide variety of names such as ectosomes,
microparticles, microvesicles, exosomes, and oncosomes[1]. In recent years, researchers have
investigated the role of EVs in immune response, homeostasis, angiogenesis, thrombosis, tumor
growth, and metastasis[2]-[8]. Although the pathological role of EVs has been intensively
studied, their role in maintaining homeostasis and regulating physiological functions is less
studied[9]. In the 1980s, exosomes were considered organelles, and their release was considered
a simple waste disposal mechanism[10], [11]. In the following years, exosomes, a subtype of
EVs were found to be vesicles that are secreted by cells and released by cells into extracellular
space. Currently, the pathophysiological role of exosomes in cancer-related diseases is being
investigated. Over the past few years, research on different subtypes of EVs including exosomes
has gained attention due to their potential for diagnosis[12].

EVs containing proteins, nucleic acids, and lipids have seen an exponential increase in
their use in biomarker discovery. Biomarkers are indicators of normal physiological processes,
disease stage, or response to treatment[13]. Because of their minimal invasiveness, and their
availability in biological fluids, exosomes have more advantages as biomarkers when compared
to diagnosis that involves tissue biopsies. Information from the more robust lipid content of
exosomes has the potential for early detection of cancer disease. Understanding the colloidal
properties of EVs is crucial for effectively using EVs for clinical applications such as
diagnostics, therapeutics, and devices[14]. Exosomes contain lipids that play a role in biological

activity, transport biologically active molecules between cells, and affect physiological



functions. In addition, exosomes have the potential for drug delivery and cellular function
involving exocytosis[15]. Exosomes are found in circulation and contain cell-derived bioactive
molecules (e.g., mMRNAs, miRNAs, and other non-coding RNAs)[16]. The study of exosomal
contents includes the quantification of exRNA[17]. Investigation of exosome content, such as
protein, lipid, and glycomic content, has been the subject of recent research. Other characteristics
of exosomes that require further analysis include refractive index[18] In the field of
nanomedicine, information about the content of exosomes has the potential to represent the state
of their parent cells, which can aid in diagnosis[19]. Because the informational content of
exosomes has the potential to suggest the state of origin of their parental cells, they have caught
the attention of researchers in this new field of study. Information from distinct EV species
provides unique signatures which are typical for EV populations from different cell origins and
help to regulate stages of disease pathways. Research on EVs can help find biomarkers in the
early diagnosis of disease, as they have the potential to differentiate disease conditions from
health conditions.

Pathophysiological studies have shown that EVs are elevated in disease states including
ovarian cancer, melanoma, kidney cancer, pancreatic cancer, glioblastoma, cardiovascular
disease, malaria, diabetes, systemic lupus erythematosus, lupus erythematosus, rheumatoid
arthritis, and renal failure[15], [19]-[27]. The connection between secretion of tumor-derived
microvesicles and disease stage has been reported for the first time in ovarian cancer disease. In
addition, studies have shown that the staging of cancer diseases has a link with the secretion of
exosomes in cells. Exosomes also act as a molecular cargo carrier and contribute to a
microenvironment that promotes the survival of cancer cells[28]. Previous studies have shown

that the administration of cancerous exosomes to the pancreas of mice elevated metastasis[29].



Characterization of heterogeneous subpopulations of EVs is crucial to use as biomarkers.
Comprehensive characterization of EVs requires investigation of their size, zeta potential, and
their exosome contents. When EV populations are similar in a particularly characteristic feature,
further studies such as surface charge, hydrophobicity, and capacity to transfer hydrogen can be
studied to differentiate them. The quantification of EVs relies on the availability of technologies
and high throughput methods[30]. Heterogeneity of exosomes based on their sizes has been
studied to distinguish exosome subpopulations Classification of EVs based on their sizes are
exosomes, microvesicles, and apoptotic bodies. Exosomes range in size from 30-200 nm,
microvesicles range from 100-1000 nm, and apoptotic bodies exceed 1000 nm[31]. Moreover,
exosome subpopulations are classified as large exosomes for the size of vesicles ranging between
90-120 nm, small exosomes for size ranges between 60-80 nm, and non-membranous
nanoparticles for vesicle size of approximately 35 nm. Because of their small size,
characterization of exosomes such as structural properties and heterogeneity are not well
analyzed. Accurate isolation and quantification of such small nanosized exosomes are required
for biomarker discovery.

Potential sources of EVs are cell culture medium, blood, urine, and saliva [32]-[37]. The
ability to isolate exosomes from biological fluids facilitates the study of EVs as potential
biomarkers. Since exosomes are smaller in size, their isolation method is challenging[38]. Most
conventional EV isolation methods rely on the physical characteristics of vesicles such as size
and density. As most size-based EV isolation methods are challenging for small exosomes, other
isolation techniques are evolving. Hence, finding an accurate isolation method for the analysis of

exosomes is critical in the evolving field of EVs study.



Exosome isolation methods include ultracentrifugation, ultrafiltration, immunoaffinity
(IF) capture using magnetic beads, microfluidics, and size exclusion chromatography. To explore
the potential of EVs as biomarkers, isolation of small EVs from large vesicles is crucial.
Currently, the most used exosome isolation method is ultracentrifugation[39]. The first step of
the conventional isolation method requires 30 minutes of low-speed differential centrifugation at
about 10000g. This first step removes dead cells as well as large apoptotic debris. The second
process requires ultracentrifugation at speeds up to about 100,000g for about 2-3 hours to
remove larger vesicles and debris. However, isolation using sequences of ultracentrifugation
method is time-consuming, requires a large volume of the analyte, the equipment is not portable,
and is comparatively expensive. Also, the ultracentrifugation method requires multiple washing
steps, which will result in the inevitable loss of some EV populations. Hence, both exosome
yield recovery and purity using this sequence of centrifugation are low[40], [41]. The isolation
can be performed using individual methods or using a combination of different methods. To
enhance the isolation technique, some protocols apply microfiltration in the first centrifugation
process to reduce the time required for isolation as well as to obtain more purified EVs. In this
microfiltration approach, a nano-membrane concentrator helps to enrich exosomal contents. In
addition, size exclusion chromatography after the ultracentrifugation step could provide more
purified EVs. The principle of EVs isolation in size-exclusion chromatography relies on the
physical dimensions of vesicles. Recently, Merchant et al. [42] demonstrated a size-exclusion-
based microfiltration technique using low protein binding filters. Although there are methods for
EVs isolation, the lack of standardization is a problem. This variation in the isolation protocol
results inconsistent results for the yield recovery of EVs. The inconsistency can be attributed to

the difference in viscosity of EVs.



Quantification of EVs requires repeatable and effective isolation methods. Challenges in
exosome isolation methods have given rise to advanced emerging technologies, including
microfluidic devices, magnetic nanomaterials, precipitation techniques, and antibody-coated
magnetic beads. Since EVs consist of specific surface biomarkers, they can be isolated via
immunoprecipitation methods utilizing antibody-conjugated magnetic beads that can then be
analyzed with proteomic methods to study their contents. In the magnetic beads-based isolation
method, anti-EpCAM magnetic beads can capture cancerous EpCAM EVs. This isolation
method helps to discriminate sub-populations of EVs based on their protein contents. Although
the antibody-coated magnetic bead separation method is promising, it yields EVs in small
volumes.

Several biotechnological companies are developing different EVs isolation methods. A
rapid and uncomplicated isolation method for biofluids is important for higher EV yields.
Microfluidic filtration provides a more purified exosome yield and allows the investigation of
biofluid flow in microchannels. Biofluids flowing through microchannels are subjected to
frictional rather than kinetic forces to control the separation. In the microfluidic separation
method, nanoporous membranes can separate vesicles from blood samples and allows integration
with microfluidic chips, where more purified EVs can be obtained by applying DC
electrophoresis to drive particles through the filters. An experimental demonstration of this
microfluidic filtration was carried out by Ryan et al[41]. In this demonstration, EVs from mouse
blood was isolated using a porous polymer monolith membrane as a size-exclusion filter
technique. Microfluidic devices reduce material costs and offer the potential to analyze small
volumes of analytes with high throughput. Moreover, microfluidic cards allow the

characterization of small-sized microvesicles for high throughput. In contrast to antibody-coated



magnetic bead separation, microfluidic isolation requires only one step capture from serum
samples, and this enhances the isolation of EVs from contaminating proteins. Also, the
microfluidic approach reduces the more laborious sequence of ultracentrifugation steps that may
potentially damage the vesicles. Hence, the isolation of smaller-sized EVs from blood using a
microfluidic filtration system provides intact EVs. Also, Exoquick™ is another isolation method
to overcome the challenges of EV isolation. In this method, the mixture from the Exoquick ™ kit
can be added to the target analyte, and the EVs are allowed to settle overnight in the incubator.
Although EVs have clinical potential for early diagnosis, the lack of sensitive analytical
systems for EV analysis created barriers to clinical translation. Translational validation of EVs as
biomarkers requires the study of correlations between disease states and specific EVs
biomarkers. To accomplish this critical validation step, the availability of technologies that can
rapidly characterize EVs is critical. However, quantification of exosomes with low refractive
indices, polydisperse, and heterogeneous in size is challenging. Furthermore, quantifying
exosomes is challenging due to their low mass and high particle number. Small EVs with a
diameter of 150 nm, contains about 10,000 nucleotides of different nucleic acids and up to 100
proteins[43]. To advance improvement in characterization methods of exosome subpopulations,
understanding the advantage and limitations of each technology is important. Also, developing
standards for exosome quantification methods is required for comparative analysis[44].
Developing standards for EVs quantification methods facilitates the translation of exosomal
biomarkers for clinical settings. Webber et al. pointed out another way for normalization using
total protein quantifications[45]. However, this method also requires normalization for each

source of EVs.



Particle size determination is essential for analyzing biomolecular analytes[46]. One of
the important criteria for identifying cell-derived EVs is using their size[47]. In vesicles size
determination, it is assumed that vesicles are spherical in their native state, and thus size
quantification is in diameter. The reproducibility, sensitivity, and dynamic range of devices that
can quantify exosomes is an area that requires further research. Current particle size
quantification methods use independently NIST-certified calibration particles. However, there is
a lack of concentration standards to calibrate exosome counting devices. There are different
conventional ways to quantify the size of EVs, but there is a need for a fast, sensitive, and high-
throughput method. Qualitative analysis of small EVs could be analyzed using transmission
electron microscopy (TEM) and atomic force microscopy (AFM) methods. However, these
methods are incapable of providing information related to the number of particles Also, size
determination using the TEM method requires sample preparation procedures. The steps involve
fixing the sample and dehydrating it. These sample fixing processes could potentially affect the
natural morphology of EVs[48]. Other EV quantification methods include flow cytometry,
ELISA, electrochemical detection, microfluidics, and dynamic light scattering[49]-[53].
Electrochemical, fluorescence, and microfluidic EVs quantification methods have been
introduced to improve sensitivity. To further study the biology of small nanoscale vesicles, new
technological advances that enable better isolation and characterization are required.
Nanoparticle-driven biosensors are constantly being developed to meet the need for fast and
convenient quantification of vesicles. Therefore, other methods such as nanoparticle tracking
analyzer (NTA) and TRPS technology have emerged for EVs analysis[54]-[56].

Quantification of EVs is challenging because the sizes of many vesicles are less than 100

nm, heterogeneous in size and composition, and their refractive indices are low[57], [58].



However, the current research on exosomes requires the quantification of sizes ranging from 30
to 150 nm. The ability to characterize heterogenous exosomes is important to study their
difference, investigate their content, and understand their role in physiology. The small size of
exosomes is important for drug delivery as it facilitates rapid clearance by phagocytes[59].
Hence, the ability to characterize small nanoscale exosomes will contribute to the development
of nucleic acid encapsulation therapy. Several studies have reported challenges in developing an
analytical system that can distinguish between distinct types of EVs[60].

Coulter counters are resistive pulses sensing devices designed for the quantification of
cells and colloidal particles. The first automated Coulter counter detection method principle uses
impedance characteristics of the cell that passes through an orifice[61]. In 1953, Wallace Coulter
demonstrated the quantification of micrometer-sized targets such as bacteria, cells, and other
particles. ‘Coulter counting Principle’ has also been used in research settings for the
measurement of air bubbles created due to dissolution. Deblois et al. were the first to apply the
Coulter counting principle for size profiling of 60 nm diameters extracellular virus particles and
90 nm diameters of polymer particles[62]. More recently, Crooks et al. reported the advanced
Coulter counter-resistance pulse method, which utilizes a polydimethylsiloxane membrane that
contains an array of specific carbon nanotubes of about 130 nm in diameter[63].

Another version of the Coulter counting resistive pulse sensing is microfluidic resistive
pulse sensing. The technology enables the analysis of samples on a lab-on-a-chip platform.
Currently, a microfluidic device is being introduced for the quantification of the size and
concentration of cells in a chip, and particles suspended in a buffer[64]. Microfluidic devices are
related to the original cell counter devices; however, they are limited to the quantification of

micrometer-sized particles[65]. Similar to TRPS, a microfluidic device uses two electrolyte-



filled chambers. These chambers are separated by a microscopic conduction channel.
Microfluidic resistive pulse sensing quantifies the size of an analyte by detecting changes in
resistance in a microchannel as particles in an electrolyte pass through it. This change in
resistance appears as a resistive pulse current. The magnitude of pulsed current and its duration
characterize the size, shape, concentration, and zeta potential of the target particles. Microfluidic
devices have the potential to meet the demand for portable and low-cost diagnostic tools[66].
Also, microfluidic systems have simplicity and flexibility due to the availability of parts that
enable troubleshooting. However, commercializing microfluidic technology require
improvements on unstable cell viability in the chip. For cell quantification research, recent
strategies use microfluidic chip systems in parallel with traditional cell counting methods. To
fully replace the recent cytometers with the emerging microfluidic technology, advancements in
analyte preparation and detection strategies are required.

Multiplexed resistive pulse sensing is the future of microfluidic resistive pulse sensing.
Resistive pulse sensors with multiple apertures increase throughput in particle analysis. The
multi-channel resistive pulse sensing adopts the principle of cellular telecommunication. In
cellular communications, many cell phone users can communicate with each other at the same
time through a base station using the same channel via Time Division Multiple Access (TDMA).
Similarly, a microfluidic device replicates the same principle to multiplex the signal coming
from various microfluidic channels. Then, for particle analysis, a single-data acquisition is used
by reconstructing signals coming from each different channel. An experimental demonstration of
this principle was first carried out by Gihoon et al.[67]. In this demonstration, the size and
concentration of polystyrene beads were evaluated using an eight-channel microfluidic device.

This multichannel approach is low-cost and allows quantification even in the event of a few



channels clogging through other available channels. This approach addresses the most
challenging problem of nanopore clogging in resistive pulse sensing technology.

Nanopores are nanoscale Coulter counter devices. The nanopore fabrication applies a
polyurethane membrane. The pore is tunable and punctured using a micrometer size tungsten
needle. Fabrication of such elastic tunable pore is a comparatively recent technology[68]. In this
TRPS technique, size quantification of colloidal particles is performed using polyurethane
nanopores[69]. Nanopore fabrication technology has seen significant development over the past
10 years. This advancement in nanopore fabrication technology has brought back the use of the
Coulter counter resistive pulse method for rapid particle-by-particle analysis. Since EVs possess
unique electrical, optical, and magnetic properties, the past decade has seen rapid growth in
developing new devices for their quantification. In addition to the quantification of EVs,
nanopores can also detect proteins and DNASs[70]. The TRPS technique is one of the emerging
technologies that have the potential to quantify biological fluids[69].

Recently, the gNANO device uses TRPS technology to quantify nanoparticles.
Nanopore-based TRPS technology allows controlling the pore size. This technique applies
macroscopic axial stretching force to the elastic membrane to improve sensitivity for quantifying
a wide range of particle sizes. The device can analyze nanoparticles ranging from 40 nm to 10
um[72]. TRPS technology applies a trans-membrane DC voltage to drive electrophoresis[73].
Applying a voltage across the membrane causes ions to drive through the nanopore and establish
an ionic baseline current across the nanopore (schemed in Figurel). This particle motion
prevents the flow of ionic current through the pore. This blockade causes a small resistive pulse
current. The blockade current provides information to quantify the magnitude of a nanopatrticle.

The TRPS method uses this working principle for size analysis and determination of EV

10



concentrations. Resistive pulse sensing is most helpful for studying cellular function and uptake.
This method is applicable for the quantification of biological fluids such as DNA, proteins, small
biomolecules, and artificial polystyrene nanoparticles as proof-of-principle.

The TRPS technique is suitable for use in parallel with other quantification methods such
as nanoparticle tracking analyzer, transmission electron microscopy, and dynamic light
scattering. Light scattering detection relies on a high reflective index of scattered light and
monodisperse distribution of vesicles[74]. Flow cytometry is applicable for high throughput EVs
detection, but the weak scattered light from EVs with sizes less than 100 nm makes accurate
quantification challenging[75]. In dynamic light scattering, the quantization principle relies on
the Brownian motion of particles. Hence, this method is only applicable to the monodisperse
distribution of particles. System optimization for precise quantification requires setting voltage
across the nanopore, selecting the appropriate nanopore size for the target nanoparticle size, and
controlling pore size by adjusting the strain. Practical challenges for nanopore-based sensors
include noise, repeatability, controllability, and large-scale fabrication[76]. Nanoparticle
quantification using the TRPS method is subjected to ionic current fluctuations.

System overall noise is one of the challenges in the TRPS method for the quantification
of EV. 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). This interference
can cause changes in the quantification of smaller particles close to the lower limit of detection.
The determination of the lower detection limit of TRPS relies on the ability to detect the
minimum amplitude of the resistive pulse current signal comparable to the system’s overall
noise[77]. Furthermore, the ratio of particles to pore size and the path of the particles through the

nanopore determine the detectable size range.
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Nanopore sensors often fail to sample data when fast translocation events occur. This
leads to a decrease in sensitivity due to the resistive pulse signal being cut off near the noise
level. The noise current across the nanopore follows a Gaussian distribution and is defined as the
root mean square (RMS) of the trans-membrane current. RMS noise current value is obtained
from the standard deviation of all current measurements during translocation events[78]. Noise

in the time domain mathematically can be calculated using the formula,

where AI(t) indicates the fluctuation of a small ionic current that deviates from its mean
value[79], [80]. Signal to noise ratio (SNR) can be evaluated as,

SNR = Alipnic/ Lrms:
where Alionic Stands for the signal current amplitude and Iims indicates the magnitude of noise[81].
The upper detection limit relies on the physical size of the pore, and the lower limit relies on the
electrical SNR[82]. Since the nanopore sensing method is very sensitive, external noise affects
the sensor’s response[83].

Reducing the influence of external noise requires a shield to be designed. A shield is an
enclosure that separates two regions of space to control the path of incoming electric and
magnetic waves. There are two approaches for reducing the effects of electromagnetic wave
interference. The first strategy is to contain external noise by surrounding the noise source with
shielding material. The other strategy, which was chosen, is to surround a measuring device with
a shield. Ideally, all noise sources should be shielded but due to impracticality surrounding the
device was chosen.

Shielding effectiveness is described as the capacity of shielding material to reduce the

strength of an electromagnetic wave. Shielding effectiveness (total attenuation) can be measured
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in decibels (dB). Parameters that affect shielding effectiveness are frequency of striking
magnetic field, the geometry of a shield design enclosure, properties of shielding material,
direction, and polarization of propagating fields.

An electromagnetic wave that strikes a metallic shield is susceptible to a loss. The first
type of reflection loss occurs when the wave is partially reflected from the surface of a shield.
The second absorption loss occurs when components of the wave pass through the boundary that
separates two regions of space. The third loss is due to the thin shield design. This thin shield

design causes the reflected electromagnetic wave to be re-reflected.
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2. INTRODUCTION

Studies have shown that pancreatic cancer is the third deadliest disease in the united
states. Statistical data shows patients diagnosed with pancreatic cancer have a 5-year survival
rate of 9%[84]. The projected statistical model shows pancreatic cancer could potentially become
the second deadliest disease in the United States by 2030[85]. Furthermore, pancreatic cancer is
the only cancer disease showing an increase in mortality rate. This increase can be attributed to
pancreatic cancer’s lack of early diagnosis when compared to other forms of cancer.

Commonly used traditional biomarkers such as plasma metabolites, cytokines, and
physical parameters are not enough to monitor stage-dependent disease. The poor prognosis of
pancreatic ductal adenocarcinoma (PDAC) results in highly metastatic disease[86]. Also, PDAC
is resistant to chemotherapy. Previous studies have shown that most patients receive treatment at
an advanced stage of pancreatic cancer. Consequently, the poor prognosis of pancreatic cancer
leads to unsuccessful treatment outcomes in the late stages of a cancer diagnosis. By early
diagnosis of pancreatic cancer, the survival rate could be improved 6-fold (5-year survival rate of
41.6%), but there is no useful clinical test that can help to identify patients with early pancreatic
cancer[87]. Therefore, there is a need to find sensitive biomarkers with the potential for early
detection of cancer. To address this need, researchers have been collaborating on finding
biomarkers that can aid the early diagnosis of pancreatic cancer.

Small extracellular vesicles are potentially great candidates for early cancer detection
because their contents have useful information to represent the status of their parental cells.
Previous studies have revealed that different diseases including cancer have an association with
the quantity of EVs and contents[88], [89]. Therefore, monitoring the secretion and release of

exosomes is crucial for the early diagnosis of cancer.
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Size quantification of small vesicles is essential for discriminating them based on their
parental cells. Furthermore, studying the relationship between EV numbers in body fluids and
disease is critical for biomarker discovery. However, the quantification of EVs such as exosomes
is challenging because of their size. Hence, various methods of quantifying EVs have emerged.
TRPS is one of the evolving techniques to quantify EVs of various sizes. TRPS technology has
the potential to quantify small ionic resistive pulse currents to determine EV size, concentration,
and zeta potential in one device but there are practical challenges related to the quantification in
the lower size range. This limitation in sensitivity may justify the cause for variability in the
quantification results of EVs[90]. The improvement of temporal resolution is closely related to
the method of reducing noise. Strategies capable of reducing the magnitude of noise facilitate the
quantification of smaller nanoscale EV populations[91]. Improving the size range limitations and
sensitivity in TRPS requires introducing new device designs.

The development of new electronic devices for different advanced engineering
applications requires innovations in the design of shielded enclosures to reduce electromagnetic
interference[92]. There have been several investigations on newly proposed composite materials
for electromagnetic shielding. The idea of choosing a composite material for a new shield design
is to combine two or more different materials to improve shielding effectiveness Cezar et al.
compared the shielding performance of composite materials with metal and investigated that
composite materials are more efficient. Magnetic materials are applicable to shield low-
frequency magnetic fields whereas good conductors are suitable to shield electric fields and
high-frequency magnetic fields. Over the past two decades, acoustic metamaterials have been
studied for low-frequency noise attenuation, and polyurethane is one of them with good sound-

absorbing properties[93]. Combining materials with different electrical and mechanical
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properties improves shielding effectiveness. A shielded enclosure that combines a metal covered
with an insulator provides the largest reflection for the striking electric field. A shielding
material with shielding effectiveness (SE) of less than 10 dB is considered a poor shield.

In this investigation, to improve the lower detection limit of tunable resistive pore
sensors, an aluminum-coated metamaterial shield enclosure was designed to mitigate external
noise. Using simulation as a guide, three different shield enclosure models were proposed to
reduce external noise. A spectrum analyzer was used to analyze electromagnetic interference
inside and outside the shielding cage. Moreover, to evaluate the effect of shielding on the TRPS
system for the lower detection limit, size quantification of EVs was performed under shielded

and unshielded conditions.
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3. MATERIALS AND METHODS
3.1. Simulation and assembly of the shield enclosure

Previous studies have shown that the trans-membrane noise current in TRPS
measurements appears to follow a Gaussian distribution[78]. For this Gaussian noise, a flow
simulation computational fluid dynamics package was used to simulate the shielding effect of the
polyurethane foam acoustic metamaterial. The simulation was performed using SolidWorks 2020
software, which has a plugin to perform flow simulation for broadband noise prediction. 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. In the simulation, 30-unit 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.

Electromagnetic interference and mechanical vibrations are external noise sources that
affect electrical measurements. The acoustic insulation was the strategy chosen to reduce noise
arising from vibration. To reduce low-frequency acoustic noise in this study, three different foam
resonator facade design patterns, for the metasurface of the shielded enclosure, were proposed.
Of the three different proposed acoustic foam resonator structures models, model two was
chosen based on simulation results. The selected shielded cage was built to reduce external noise
using furring stripboard, acoustic foam soundproofing, tempered hardboard, and black foam
boards. Also, an aluminum sheet was used to laminate the internal structure of the shield to

replicate a Faraday cage that can reduce electromagnetic interference.
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3.2. 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. The input transducer in the microphone
converted environmental noise data to an electrical signal. After recording the noise data,
MATLAB was used to obtain amplitude impulse response over time and spectrum level over
frequency.

3.3. Preparation of polystyrene nanoparticles suspension

Colloid particle suspension was prepared using polystyrene beads that have a mean
diameter of 210 nm. The stock concentration of polystyrene beads consisted of
7.3x10™ particles/mL. The stock solution was diluted to a dilution factor of 250 using a
measuring electrolyte. The measuring electrolyte was prepared using 15 mL PBS and a 45 pL
wetting solution (Izon Science).

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

Malignant cells were seeded at a density of 4 x 10* cells/mL onto 100 mm tissue culture
plates[94], [95].[95] 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 hours 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

hours. After the incubation period, the culture medium was collected and filtered through a 0.22
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pum filter. Then, the filtered culture medium was centrifuged at 10,0009 for 30 min to remove
dead cells and large apoptotic debris. Following filtration, the culture medium was
ultracentrifugation at 100,000 rpm for 70 minutes to remove larger vesicles and debris. The EVs
were collected by discarding the supernatant and resuspending the pellet in 100 puL PBS.
3.5. 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.

C

Figure 1. Schematic diagram of the TRPS nanopore setup.

The nanopore and the upper fluid cell were washed with deionized water, and the lower
fluid cell was wetted with a 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 uL PBS was dispensed carefully in the lower fluid
cell without introducing air bubbles that could cause a spike in noise current. Subsequently, 30
ML 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 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
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then aspirated into the upper fluid cell to begin the translocation event. Translocation events of
500 calibration particles were tracked under the set conditions. After measurement, the upper
fluid cell was washed with deionized water. Upon washing, 30 puL of EVs samples from
malignant cells and nonmalignant cells were diluted appropriately using PBS and 0.05 % of
Tween 20. Then a 30 puL sample was dispensed into the upper fluid cell to measure the
magnitude of the blockade current. The blockade current was recorded by the control Suite V3.4

software for further analysis.
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4. RESULTS AND DISCUSSION
4.1. Shielding effect on mechanical and electrical noise reduction

4.1.1. Metacage design and simulation

(a) (b)

(c)

Figure 2. Model 1 metacage design and acoustic power level (APL) simulation result.
(a) Model 1 facade design pattern. (b) APL in shielded condition. (¢c) APL in unshielded
condition.

Major noise sources of the TRPS system include external electrical sources, mechanical
sources, and intrinsic noise of electronic circuits (Hz to MHz)[96]. The shielding performance of
the acoustic metasurface was evaluated by selecting polyurethane conglomerate metamaterial

from the flow simulation package. The three differing facade design patterns were compared to
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the unshielded control and simulated to show deviation (Figures 2,4 and 5). The acoustic power
levels (APL) were calculated to predict noise as shown in Table 1. The difference in APL
between the shielded and unshielded conditions was used to predict shielding 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 shielding performance of the metastructure in reducing acoustic noise.

Table 1. Simulation result of acoustic power levels.

Model APL (unshielded) dB  APL (shielded) dB  Difference between
unshielded and shielded dB
Model 1 74.034 3.735 70
Model 2 77.289 6.135 71
Model 3 67.078 2.112 65
72+
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Figure 3. The differences in APL for the three models between shielded and unshielded
conditions.

As shown in Figure 3, the model two acoustic foam pattern showed more difference in
acoustic power level compared to the difference obtained in the other two proposed models, thus

model 2 was selected for assembly.
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(c) (d)

Figure 4. Model 2 metacage design and acoustic power level (APL) simulation result.
(a) Model 2 facade design pattern. (b) APL in shielded condition. (¢c) APL in unshielded
condition. (d) 3D design of model 2 shield enclosure.
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(b)

Figure 5. Model 3 metacage design and acoustic power level (APL) simulation result.
(a) Model 2 facade design pattern. (b) APL in shielded condition. (¢c) APL in unshielded
condition.

4.1.2. Shielding performance of acoustic metacage for low-frequency noise

Numerical simulation is crucial for accurate nanoparticle analysis to understand factors
that influence the current response during translocation events, such as nanoparticle analyte
surface charge, non-uniform electric fields, and forces on individual particles. The ability to
obtain accurate nanoparticle characterization is crucial in applications such as the analysis of
viruses and nanoparticles. To simulate this complex physics of translocation events, different

models have been reported in published studies, including the Multiple lon Model (MIM) using
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finite element simulations. In this study, the use of flow simulation scope is to evaluate the
shielding performance of acoustic metamaterial to mitigate external noise interference during
TRPS measurement. Among the three abovementioned design models, model two (Figure 4d),
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. The
logarithmic measurement of sound level relative to a reference noise was recorded in shielded
and unshielded conditions. The data in the time domain (Figure 6) and the spectral analysis result

(Figure 7) were plotted.
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Figure 6. Time-domain representation of measured sound signals under the shielded and
unshielded conditions.

The sampled time-domain sound levels under the shielded and unshielded conditions
were compared in Figure 6. 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 Figure 7. Reduced spectrum levels were observed
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when comparing the shielded enclosure to the unshielded condition. Particularly, at the low-
frequency range, 0-6.6 kHz, the spectrum level of the shielded condition was significantly lower
than the unshielded condition, while the spectrum level difference at other frequency ranges was

noticeably constant. This suggests that the enclosure selectively filtered low-frequency acoustic

noise.
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Figure 7. Frequency response of measured sound signals under the shielded and unshielded
conditions.

To confirm the reproducibility of the soundproof effect, 50 random recordings (5s each,
Figure 8a) 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
(Figure 8b). The mean value of RMS noise inside the shielded enclosure shows a reduction
compared to the unshielded condition (3.236 vs 4.886 dB), which is statistically significant by t-
test (Figure 8c). These results validated the shielding performance of the acoustic metamaterial

as expected in the simulation.
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Figure 8. RMS noise measurements of low-frequency noise.

(a) RMS noise (dB) of 50 repeated measurements. (b) Comparison of the min, average, and
maximum value of measured RMS noise. (¢) The statistical test result of RMS noise level under
shielded and unshielded conditions. ****P < 0.0001. a.u.: arbitrary units.
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4.1.3. Shielding effectiveness test for external electromagnetic interference
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Figure 9. 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.

The external electromagnetic field can directly interact with ions in the electrolyte during
translocation events, thus affecting the TRPS measurements. When the RMS noise level exceeds
20 nA, the possible cause is due to electrical interference[97]. To reduce interference of external
electromagnetic fields, the enclosure was laminated with a 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 (Figure 9a). The power spectral density difference between the
shielded and unshielded conditions varied with the frequency range (Figure 9b). The two
frequency ranges, 400-600 MHz and 900-1200 MHz showed significant differences. Wireless
telecommunication carriers operate near these 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 (GSM) frequency ranges.
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4.2. Shielding effect on resistive pulse current sensing of nanoparticles
4.2.1. Shielding effect on the quantification of polystyrene nanoparticles

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[98]. The RMS value of translocation current (nA) was then recorded
for noise assessment. In Figure 10a, the RMS noise was significantly reduced (> 30 %) with the
shielding when using TRPS to quantify polystyrene nanoparticles. 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
unshielded to the shielded condition (Figure 10b). 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 small resistive pulse current sensing of nanoparticles.

In resistive pulse current sensing of nanoparticles, a bias voltage establishes current due
to electrophoresis. Then particles pass through a nanopore under the influence of electrokinetic
forces. Gaurav et al. [99] demonstrated the higher potential due to the applied positive voltage
results in a larger ratio of the change in ionic current to the baseline current, while the applied
negative bias results in a smaller value of the resistive pulse signal to the baseline current. In this
study, the same DC bias voltage was maintained during resistive pulse sensing in a shielded and

unshielded environment, to evaluate the impact of external EMI on electrical measurements.
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Figure 10. Shielding effect on the noise reduction and quantification of polystyrene
nanoparticles.

(a) RMS noise of TRPS measurement inside and outside the shielded enclosure. (b) Size
distribution of polystyrene beads when quantification was performed inside and outside the
shielded enclosure. Data points represent mean = SE (n=5). **P <0.01.

4.2.2. Shielding effect on EVs quantification

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 using TRPS with
and without the shielding. Similar to the polystyrene beads (Figure 10a), the RMS noise was
significantly reduced with the shielding cage when using TRPS (Figures 11a and b). However,
the RMS change from shield to the unshielded condition of the nonmalignant EVs is dramatic

(>30 %).
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Figure 11. RMS noise measurements during resistive pulse sensing of EVs.
Data points represent mean + SE (n=4). *P <0.05.

Correspondingly, the size distribution curve exhibited a downward (left) shift from
unshielded to the shielded condition (Figures 12a and b). However, consistent with the RMS
change, the distribution shift of nonmalignant EVs is more observable. When quantifying EVs

inside the shielded enclosure, the noise was reduced which enhanced the minimum size detection

limit.
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Figure 12. Size distribution of nonmalignant and malignant EVs.
(a) Size distribution of EVs from nonmalignant cells inside and outside the shielded enclosure.
(b) Size distribution of EVs from malignant cells inside and outside the shielded enclosure.

The advanced detection limit of nanosized particles, therefore, enabled a broader size

range of the TRPS profiling. This has increased the precision of nanoparticles quantification, and
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thus empowers a more accurate size comparison of EVs from malignant cells and nonmalignant
cells. The advanced size profiling facilitates the diagnostic application of TRPS in discriminating

tumor-derived EVs from other EVs (Figures 13a and b).
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Figure 13. Size distribution of EVs collected from the malignant and nonmalignant cells with
and without the shielded enclosure.

(a) Size distribution of EVs from malignant and nonmalignant cells quantified under the
unshielded enclosure. (b) Size distribution profile of EVs from malignant and nonmalignant cells
quantified under the shielded enclosure.

4.2.3. Shielding effect on particle translocation events arrival time

In resistive pulse current sensing, when a target analyte passes through a pore with an
electric field, it results in a dip in ionic current. Such changes in the ionic current manifest as
resistive pulses and these events are called translocation events. Size profiling using gNANO
TRPS requires at least 500 translocation events to obtain a statistically meaningful size
evaluation. A resistive pulse signal can be covered by noise when the resistive pulse magnitude
of a small particle is less than the magnitude of noise. To observe blockade events in the TRPS
system, a noise level of less than 10 pA is required[100]. The designed shield enclosure reduced
environmental noise and in turn enabled the detection of smaller nanosized signals (nA) that

were covered due to the high magnitude of noise current. This led to a longer recording time to
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reach the minimum statistical count. The recording time was compared with and without the
shield using polystyrene beads and EVs (Figures 14 and 15). All shield conditions manifested
longer elapsed time, which is consistent with the aforementioned.

*

o
o
1

Translocation events
recording time (S)

Shield Unshield

Figure 14. The time required to record the current trace of polystyrene particles translocation
events
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Figure 15. Elapsed time to record current traces during translocation events of EVs
(a) Elapsed time to record current trace when nonmalignant EVs traversed through the nanopore.

(b) Elapsed time to record current trace when malignant EVs traversed through the nanopore.
Data points represent mean = SE (n=4). *P <0.05; **P <0.01; ****P <(0.0001.
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The electric field intensity is an important parameter for controlling the particle transport
velocity and the current fluctuation amplitude. To accurately profile the particle size, the particle
is required to pass through the Z-axis (centerline) of the pore. Off-axial particle translocation
events are phenomena in which particles do not pass through the center of a pore and result in a
higher-than-expected resistive pulse size. This issue affects measurement sensitivity and
detection range. Reducing the influence of unwanted fluctuating external electric field noise in
the vicinity of the nanopore device facilitates particle translocation to the center of the pore’s
axial axis. Enclosing the resistive pulse sensing device with the shielded cage reduces the
coupling of external electric field noise to the non-uniform electric field established due to
electrophoresis. Previous studies by Lener et al. [88] have introduced hydrodynamic focusing to
keep the particle path at the centerline of the microfluidic channel in microfluidic resistive pulse
sensing. However, the assumption that translocation events occur only in the pore center may
also lead to underestimation in determining particle size. Choi et al. [101] demonstrated the
variation in the arrival time of translocation events from channel to channel in microfluidic
resistive pulse sensing. This suggests that particles prefer specific channels for translocation
events.

The resolution of the nanopore sensor could also be enhanced either by retarding the
particle translocation or by increasing the data acquisition frequency of the measurement system.
Conventional Bessel filters for data acquisition in TRPS fail to track short-lived translocation
events[102]. Furthermore, most existing nanopore sensors use a single channel to track
translocation data. The ability to record fast translocation data enables high data throughput.
However, tracking undetectable short-lived translocation events requires a novel filter design for

resistive pulse sensors to reduce electrical noise. In addition, ion concentration and applied DC
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bias voltage can affect particle translocation events[103]. Moreover, translocation events per
minute decrease when the analyte concentration increases. In this study, the same concentration
was maintained when quantification was performed with and without the shielded cage, and all
other conditions were set identical, thus ruling out the impact of parameters other than the noise.
Also, in 2013, Goyal et al. [104] published a paper in which they described that electrokinetic
forces acting on nanoparticles require additional force such as applied pressure to analyze high
particle motion in very short-range nanopore sensors. Such pressures can be used to counter-
balance electrokinetic forces in TRPS measurements. This optimization helps to slow down the
velocity of nanoparticles and allows to record more translocation events for a longer time. The
ability to record more translocation events over longer periods improves the lower limit of
detection. In this research, the same pressure was maintained under shielded and unshielded
conditions to investigate the effect of shielding in detecting smaller resistive pulse signals.

A previous study has shown that in physiological salt environments, individual particles
can diffuse through nanopores without an electric field, a phenomenon known as a diffusion
event[99]. Diffusion events allow the characterization of biological nanoparticles independent of
the electrodynamic forces generated by the electric field. Electrokinetic-independent particle

motion facilitates the characterization of biological nanoparticles in their native state.
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5. CONCLUSION

Maintaining a noise-free setup is essential for elaborated analysis equipment. However,
inevitable environmental noise is a common challenge deteriorating the sensitivity of resistive
pulse current sensing. In this study, a shielded enclosure was designed to reduce the impact of
environmental noise (mechanical and electromagnetic) on the TRPS measurement. The acoustic
insulation function of the enclosure was achieved using a patterned facade design metasurface
which has been optimized by simulation. Electromagnetic noise interference was weakened by
coating grounded conductive aluminum sheets inside the enclosure. As a result, the external
noise was significantly reduced, and the signal-to-noise ratio was improved when using the
shielded enclosure. The precision improvement was validated by using standard polystyrene
nanoparticles. To validate the advanced detection limit on bio-originated particles, EVs from
malignant cells and nonmalignant cells were profiled using TRPS with and without the shielding
enclosure. Shielding significantly reduced the noise and improved the lower detection limit of
TRPS. This enhances a more accurate comparison of the size of EVs derived from malignant and
nonmalignant cells. The shield design facilitates the search for a sensitive analytical system to

quantify small EVs and improves the sensitivity of the TRPS.
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