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ABSTRACT

The physiological origins and functions of extracellular vesicles (EVs) and lipoproteins (LPs) propel advancements in precision medicine by
offering non-invasive diagnostic and therapeutic prospects for cancers, cardiovascular, and neurodegenerative diseases. However, EV/LP diag-
nostics (ExoLP-Dx) face considerable challenges. Their intrinsic heterogeneity, spanning biogenesis pathways, surface protein composition, and
concentration metrics complicate traditional diagnostic approaches. Commonly used methods such as nanoparticle tracking analysis, enzyme-
linked immunosorbent assay, and nuclear magnetic resonance do not provide any information about their proteomic subfractions, including
active proteins/enzymes involved in essential pathways/functions. Size constraints limit the efficacy of flow cytometry for small EVs and LPs,
while ultracentrifugation isolation is hampered by co-elution with non-target entities. In this perspective, we propose a charge-based electroki-
netic membrane sensor, with silica nanoparticle reporters providing salient features, that can overcome the interference, long incubation time,
sensitivity, and normalization issues of ExoLP-Dx from raw plasma without needing sample pretreatment/isolation. A universal EV/LP standard
curve is obtained despite their heterogeneities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0218986

I. INTRODUCTION

Extracellular vesicles (EVs) represent a heterogeneous group
of biomolecular assemblies, all characterized by a distinctive lipid
bilayer and hydrophilic core, instrumental in a myriad of biological
processes.1–7 This umbrella term includes exosomes, which are
30–150 nm in size and originate from endosomal biogenesis, and
microvesicles, ranging from 100 to 1000 nm and emerging through
the outward budding of plasma membranes.1–9 Each plays a
unique, pivotal role in mediating intercellular communication,10–13

inducing immune responses,14–17 and participating in various patho-
logical processes.18–23 Conversely, lipoproteins (LPs), characterized
by a lipid monolayer surrounding a hydrophobic core, are catego-
rized into several broad subtypes: High-Density Lipoprotein24–28

(HDL, 5–12 nm), Low-Density Lipoprotein29–31 (LDL, 18–28 nm),
and Very Low-Density Lipoprotein32–35 (VLDL, 30–80 nm). There is
a new class of recently discovered extracellular amembranous nano-
particles in a similar size range—exomeres (30–50 nm)36 and super-
meres (15–25 nm).37 As both are amembranous in nature, they are
classified as neither LPs nor EVs.

The biological systems capitalize on the distinct hydropho-
bic and hydrophilic cores depending on the nature of the
cargo.4,7–9,24,38–41 The contrasting hydrophilic and hydrophobic
cores of EVs and LPs, respectively, facilitate the transit of both
hydrophobic24–31,33,42–44 and hydrophilic8,9,38 molecules to target
destinations, securely isolating their cargo to prevent the undesired
interactions during transport while ensuring that the cargo remains
in functional and active states.45 For instance, several proteins and
nucleic acids, susceptible to degradation in the extracellular matrix
(ECM), are safely housed within the hydrophilic core of EVs, main-
taining their functionality.46–51 Matrix Metalloproteinases (MMPs)
secreted by metastatic tumor cells remodel the extracellular matrix
(ECM) to enable invasion and proliferation and may inform the
metastatic status of cancers52 and can be on EVs from several bio-
logical sources.39–41,53,54 In contrast, hydrophobic molecules find
their place in the core of LPs, facilitating their transport to and
from the liver.24–26,29–31,33 Additionally, EVs also carry transmem-
brane and surface proteins they inherit from the cell or organelle
membranes, including the signature tetraspanins (CD63, CD9,
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CD81)—the protein composition of their membranes typically
mirrors that of their originating cells and the molecular processes
through which they are formed.55,56 This means that EVs carry
unique signatures from their source cells, including distinct disease
biomarkers, an overabundance of non-coding RNAs, and proteins
related to specific disease pathways, notably those proteins central
to prevalent cancer pathways, such as KRAS,57–61 PI3K,62–64 and
p53.65 Moreover, proteins are considered to be more reliable bio-
markers and the predictor of a disease state or therapeutic outcome
over miRNAs or mRNAs, which participate only in the upstream
pathways, due to the active participation of proteins in immune-
tumor crosstalks66–69 and their functional role in a given pathway
and can also reflect the state of their origin cell.70,71 These proteins
are generally on the surface of the cells and quite often also on the
EVs, which can be actively involved in intercellular communication.

Since EVs emulate numerous characteristics of their parent
cells and carry specific antigens, they can precisely target specific
cells and tissues, aiding in extended-distance communication and
the transport of specialized materials. Several analytical tools have
been developed to map the accessible surface proteins on the EVs
from various sources,72–77 as well as their intercellular targets.
Intriguingly, this capability offers a compelling inspiration for EV
surface protein characterization technologies not just for diagnos-
tics to look at overexpressed cancer markers but also for therapeu-
tics to design and use them to target tissue.18,19,78–80 The designing
is done depending on the hydrophilicity or hydrophobicity of a
drug such that it can be encapsulated within EVs, or sequestered
within the lipid bilayer of EVs, guided by surface markers to its
target tissue, allowing for precise delivery and evasion of the host
immune system.19,80–83 The same can be done with LPs as many
cells express receptors for them, and hydrophobic cargo or drugs
can be transferred inside them.84,85 Both EVs and LPs are biocom-
patible and stable and allow for targeted delivery, albeit with a
greater focus on EVs due to their greater flexibility.

Moreover, EVs have been implicated in tumor proliferation
and microenvironment modulation. For instance, individuals with
prostate cancer have been observed to possess elevated concentra-
tions of exosomes in their plasma and serum compared to healthy
controls.86 The presence of PD-L1 on exosomes derived from neo-
plastic cells has been identified, allowing such tumor cells to modu-
late cytotoxic T lymphocyte activity and potentially attenuate the
efficacy of immunotherapeutic interventions.87 In a therapeutic
context, there is an observed upregulation of PD-L1 exosome pro-
duction by malignant cells in response to anti-PD-L1 agents,
hypothesized to contribute to a suboptimal patient therapeutic
response.88 Consequently, PD-L1-expressing exosomes may serve
as a salient biomarker for monitoring responses to anti-PD-L1
therapy. Similarly, EVs overexpressing HER2 have implications in
therapeutic resistance mechanisms, particularly against trastuzumab
treatment in breast cancer,89 highlighting the need for convenient,
high throughput, and fast EV characterization methods for design-
ing and monitoring therapy.

Additional major focuses in the quantification of EVs/LPs
are not just the abundance of proteins associated with them but
also in harnessing the information about their parent cells non-
invasively. Beyond mere quantification, it is essential to grasp the
dynamic intricacies of these associated proteins, including their

conformational states to their activity states. Discerning whether
specific proteins, such as integrins,90–93 G Protein-Coupled Receptors
(GPCRs),94,95 Matrix Metalloproteinases (MMPs),39–41,52–54,96,97 and
Epidermal Growth Factor Receptor (EGFR)98 on EVs, are in their
active or inactive states can provide crucial insights into the cellular
functions and mechanisms they are involved in such as the cellular
pathways that trigger conformation/activity. Integrins, for instance,
play a significant role in cell adhesion and signaling, exist in several
forms and conformations, are capable of sending bi-directional trans-
membrane signals,71,90,91,93,99–102 and have several forms present on
EVs.38,54,71,95,103–106 Their presence and state on EVs can be indicative
of cellular migration patterns or tissue repair processes, as well as
pathways that trigger them. On the other hand, GPCRs, which are a
large family of cell surface receptors, can signal cellular responses to
external stimuli.94 Tracking their active or inactive conformations on
EVs could give insights into how a cell is responding to its environ-
ment, which can be especially crucial in understanding pathological
conditions like cancer or inflammation.94 Other examples include
the Epidermal Growth Factor Receptor (EGFR) on EVs that are
present in active/inactive states as well and are a biomarker in
several cancers.72,86,98,107,108 Paraoxonase 1 on HDL is another
example that is only active in their LP-bound conformation,109

and we have shown that it is a significantly better marker than
total PON1 in plasma in diagnosing coronary artery disease
(CAD).110 Furthermore, post-translational modifications, such as
phosphorylation or glycosylation, can further modify the function
and localization of these proteins, providing additional layers of
complexity to their role in EVs/LPs.111 Other information about
these proteins includes their isoforms, such as apolipoprotein E4
isoform on HDL, which is significantly upregulated in neurode-
generative patients.112,113 Similarly, we have also shown that confor-
mationally active EGFR (aEGFR) (mab806) performs significantly
better than ligand-mediated active EGFR (cetuximab) in diagnosing
glioblastoma.98 Therefore, we need to focus not just on the abun-
dance but also on the state of the proteins on EVs.

While quantification is essential for EVs and LPs, the method-
ology and technology for their characterization are still behind and
face significant challenges in order to study EVs and LPs robustly
from real complex samples and be viable in clinical settings.98,110

Our focus in this review is to showcase how an ion-selective mem-
brane sensing platform (ExoLP-Dx) overcomes several of the chal-
lenges associated with the quantification of EV/LP surface markers
while also underlining the major challenges associated with their
quantification.

A. Challenges in EV and LP quantification: Isolation,
colocalization, bias, and non-specificity

The direct quantification of extracellular vesicles (EVs) and
lipoproteins (LPs) in complex biological samples without prior
isolation poses significant challenges. These samples replete with
proteins, lipids, nucleic acids, and other entities can obscure and
interfere with the accurate detection of EVs and LPs.114,115

Instruments and assays can be overwhelmed by the high concentra-
tion of non-target particles, while entities of similar size to EVs
and LPs, such as chylomicrons or protein aggregates, can produce
false signals in size-based detection methods such as Nanoparticle
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Tracking Analysis (NTA).114,115 Additionally, proteins of interest
on the surface of EVs and LPs might have their signals masked by
non-EV and non-LP fractions.55 This interference further compli-
cates the task, as it can lead to underestimation or even misidentifi-
cation of the target.

Therefore, quantitative assessments of EVs and LPs frequently
necessitate an initial isolation step, typically ultracentrifugation or
immunoseparation techniques.6,50,81,114,116 However, isolation
increases the purity and concentration of proteins on EVs/LPs and
reduces interfering agents, enabling traditional assays such as
western blot and ELISA to identify/quantify the total protein con-
centration on EVs/LPs. However, they still pose new sets of chal-
lenges like the larger EVs/LPs carry more cargo than smaller
EVs/LPs in that isolated fraction, thus biasing these bulk assays as
well as the need for advanced and bulky equipment, specialized
training, limited throughput, and practical application barriers
associated with ultracentrifugation or other isolation methods.
Additionally, many isolation methods lead to artifacts that mimic
EVs with similar features, damage EV/LP structural integrity,
cause sample loss, and lead to the co-elution of EV and LP frac-
tions with one another and soluble fractions.117,118 If the purpose
is to quantify surface markers on EVs/LPs, the goal should be to
do it without any isolation, have enough sensitivity to detect it
from plasma and cancer cell media often employed to study
cancer, and be bias-free with respect to the EV/LP size.

Even with an isolation step involved, there is a need to assay
the surface proteins of EVs intact without lysing them. Looking at
multiple proteins on the surface of EVs, i.e., colocalization on EVs,
allows for a deeper analysis of its parent cells. For example, looking
at tissue-specific markers with upregulated oncogenic proteins can
aid in determining the specific cancer type—markers such as NCAM
or ASGR1 can suggest neuronal119 or hepatic120 origin, while the
simultaneous presence/colocalization of these tissue-specific markers
with overexpressed cancer biomarkers20,40,72,75,121–123 such as EGFR
may help predict a range of cancer types. This can be further
enhanced by targeting specific conformations/different states of the
protein using specific antibodies such as the conformationally active
version of EGFR98 greatly increasing the diagnostic potential.
Additionally, the identification of another target could indicate the
tumor environment by looking at, for example, pro-angiogenesis
proteins, such as the extracellular matrix glycoprotein developmental
endothelial locus-1 (Del1), that have their role in promoting
tissue-specific angiogenesis in cancer progression.124 In neurodegen-
erative diseases, neuronal markers such as NCAM119 colocalized
with amyloid beta and phosphorylated tau111,113,119 proteins can
provide a way to look at neurodegenerative diseases accurately.
By analyzing such colocalizations, we can uncover the specific com-
binations of proteins that work synergistically in EV-mediated inter-
cellular interactions or even metastatic markers of cancer.39,70 This
can aid in identifying potential biomarkers for various diseases,
understanding EV biogenesis’s molecular mechanisms, and optimiz-
ing therapeutic strategies that utilize EVs. Finally, colocalization assay
enables a normalization strategy to enhance measurement reproduc-
ibility, despite variations in the EV production rate and sample size.
For example, the fraction of CD63-positive EVs that have an
EGFR should be the EV number and sample size independent.
In summary, there is a need to use methods that can look at the

colocalization of proteins on EVs and LPs and not just a single
protein.

Traditional downstream methods, such as western blot and
enzymatic immunoassays, are not ideal for detecting colocalization
as they employ a lysing step. While one might argue in favor of
enzymatic immunoassays for this purpose by using a sandwich
scheme, they often lack sensitivity and can be disrupted by redox
interference,125–128 such as lipids/antioxidants enriched in intact
EVs and LPs. Newer methods, including nanoflow cytometry129–131

and exoview,132,133 purport to detect colocalization, but they are
hindered by the non-specific signals from unbound fluorophores.
Additionally, nanoflow cytometry is less effective for smaller EVs
and LPs, and both techniques necessitate stringent isolation steps
beforehand. The organic fluorophores employed in these new
methods are further compromised by interference from protein
autofluorescence, photobleaching, degradation, and non-specific
absorption.134–136 More expensive semiconductor reporters such as
quantum dots are not as susceptible to interference from autofluor-
escence than organic fluorophores but still suffer from false posi-
tives due to non-specific adsorption.137 Therefore, the challenge is
not only to quantify EVs/LPs directly from complex biological
samples but also to develop a suitable method that does not suffer
from the typical drawbacks of traditionally used methods—such as
redox interference from lipids, signal coming from non-specifically
attached reporters, and last, an interference-free signal from
untreated complex biological media, such as plasma and serum.
This drove our lab to put significant efforts into developing
ExoLP-Dx, and we will describe how ExoLP-Dx overcomes these
challenges.

II. ION-EXCHANGE MEMBRANE EV/LP
IMMUNO-SENSORS (ExoLP-Dx)

We have recently developed an ion-exchange membrane
sensor to directly quantify highly charged molecules like nucleic
acids and endotoxin,138–143 while weakly charged proteins,144 EVs98

and LPs,110 using a charged silica nanoparticle reporter approach
in untreated biological samples. We review here why this electroki-
netic membrane immunosensor (ExoLP-Dx) can overcome the
various obstacles that listed in Sec. I A.

A. Working principle behind membrane sensors:
Why go with charge?

Charge sensing provides notable advantages over traditional
colorimetric or fluorescent methods. Many proteins that interfere
with these traditional methods are weakly charged and do not
produce a strong signal in charge sensing.144 However, these proteins
can interfere with colorimetric or fluorescent methods due to aromatic
amino acids such as tryptophan, tyrosine, and phenylalanine.145–147

Furthermore, several amino acids on proteins have oxidative or antiox-
idative properties,148 meaning that they can influence electron transfer
in electrochemical sensing techniques. To navigate these challenges,
membrane sensor was designed to use charge sensing but utilize ion
transfer over electron transfer.98,110,138–141,143,144 This minimizes the
complications of electrochemical sensing, which uses electron transfer
or enzymatic immunoassays and reduces potential interference from
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redox reactions with the enzymatic proteins/lipids of the EVs/LPs or
the redox agents present in biological media.125–127

Charge sensing is typically connected with field-effect tran-
sistors (FETs),149 which has not found significant application
even though it has been around for 20 years. Fabrication cost is
often a concern with microelectronic or nanoelectronic FET
sensors. While highly sensitive, like electrochemical sensors, the
electrical signal of the FET sensor is severely affected by the ionic
strength and the Debye screening length, making it difficult to
tune. The Debye length is less than a few nm in high-ionic
strength physiological samples, thus rendering most of the charge
of the EVs/LPs undetectable by the sensor. Recent efforts to
resolve this Debye screening effect are largely unsuccessful or too
elaborate to be practical.150 More importantly, the detectable
charge of each EV is a function of ionic strength of the buffer,
which is difficult to control. In addition, the EV charge is a function
of pH, making it difficult to calibrate for fluids like urine, whose pH
can fluctuate between 5 and 8. We have, hence, designed a new
charge-based sensor to overcome these limitations.

Our charge-based sensor is based on ion current through an
anion-selective membrane [Figs. 1(a) and 1(d)]. It is the same
low-cost ion-exchange membrane used in desalination and waste-
water treatment.142,151,152 With a direct current (DC) bias, a
counterion flux through the membrane disrupts the equilibrium
Donnan potential jump across the membrane surface. Since the
counterion flux exceeds the co-ion flux in an ion-selective mem-
brane, there is a net flux of total ions across the membrane
[Fig. 1(c)]. The result is an external concentration polarization
phenomenon with ion depletion on one side of the membrane
(entry side for the counterion) and ion enrichment on the other.
The depletion zone can reach de-ionized (DI) water ionic strength
and introduces the highest resistance to ion current flux through
the membrane. The ion depletion action is very long-range—
spanning a depletion region roughly the size of the membrane or
even through an entire channel if the membrane is sufficiently
large.142,151,152 The resistance of the membrane increases dramati-
cally in this limiting current region introduced by ion depletion
[Fig. 1(b)]. Since the charge analytes are associated with the
probes, they are not mobile and cannot produce a resistive signal
in the depletion zone. However, at a sufficiently high voltage, the
depletion becomes so severe that the potential in the depletion
region is below the Donnan potential of the membrane.153

The resulting negative field pulls out some mobile charge from
the membrane to maintain a monotonic gradient in the potential
to sustain a current through the membrane. As this amount of
external space charge is proportional to the normal field, it is a
non-equilibrium-induced charge phenomenon that is different
from the classical equilibrium space charge in the Debye layer
that compensates for the surface charge. This external space
charge buildup can partially screen the normal field to produce a
tangential field and a tangential-induced electroosmotic flow.
For membranes with a curved membrane, the induced space
charge and electroosmotic flow vary along the surface such that
some flow will be deflected in the normal direction to produce
vortex pairs.154 For flat membranes, a vortex pair train instability can
appear spontaneously. This vortex instability convectively enhances
the ion flux to reduce the resistance to produce an overlimiting

current. As this electroconvective instability involves a tangential
electroosmotic flow, the presence of surface charges can sensitively
control the onset voltage [Fig. 1(e)]. Since the overlimiting current
transition occurs in the DI water condition of the depleted region,
surface charges are minimally screened. Moreover, the sensitivity of
the electro-convective instability to surface charges and the sensitivity
of the ion current to convection in the depletion layer further
amplify the detection signal and sensitivity. With additional design
strategies, we can, hence, harness this uniquely non-equilibrium
phenomenon for charge-based sensing to avoid major hurdles of
EV quantification and significantly improve the signal-to-noise
(S/N) ratio.

B. Maximizing the signal in S/N ratio: Silica
nanoreporters and bias mitigation in EV/LP analysis

The signal-to-noise (S/N) ratio is critical in deciding whether
a platform can characterize its target in complex biological samples
and significantly affects its limit of detection and dynamic range.
Maximizing the signal while minimizing noise is the go-to strategy
for any biosensor,155–158 as one would aim to register a signal even
when a smaller fraction of probes are occupied. The signal compo-
nent is the signal produced by only the target, which we want to
maximize, while the noise part is determined by interference from
soluble proteins, non-specific binding of reporters, and non-targets
to the surface. This section will discuss the signal component,
while the noise component is discussed in Sec. II C.

Like most proteins, EVs and LPs are weakly charged, with a
zeta potential of about −20 mV;98,159 they do not produce a signal
by themselves on the membrane sensor as the sensor is only sensi-
tive to charge. Therefore, even though the membrane sensor immu-
nocaptures a protein on EVs or LPs, it does not produce any signal
[Fig. 1(b)].98,110 Similarly, for complex biological samples, such as
plasma and serum, although the sensor captures the proteins on
non-EV/non-LP fractions or non-specifically adsorbs soluble pro-
teins like albumin the sensor does not produce any significant
signal. This unique charge sensitive characteristics of our mem-
brane sensor, hence, allow us to directly use the plasma samples
without requiring any prior sample pretreatment. After this, we
incubate our membranes with silica nanoparticle reporters with a
zeta potential of −50 to −40 mV toward a second protein on the
EVs/LPs. This allows us to achieve two things—first, we are able to
produce a signal only from EV/LP fractions without interference
from its soluble counterparts, and second, the signal comes from
the colocalization of two proteins on EVs/LPs, which is one of the
major objectives in EV/LP characterization. Figures 2(a)–2(c) show
varying concentrations of EVs with limit of detection lower than
105 EVs/ml.

Additionally, the size of the silica reporters is essential.
Unlike conventional colorimetric or fluorescent signals, the size of
silica particle can be adjusted over a broad range (10–1000 nm).
Larger particles yield stronger signals due to the increased surface
area, but a smaller dynamic range due to fewer reporters can be
accommodated over the membrane surface. To achieve a maximum
signal and ensure an optimal dynamic range for the sensor, we have
selected a silica nanoparticle reporter size of 50 nm. This size is of
the order of the Debye layer length prevalent under DI conditions,
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FIG. 1. (a) The positively charged anion exchange membrane (AEM) only allows anions to pass, with capture antibodies covalently linked to its surface for sensing. The
controlled wash removes non-specifically bound species. (b) A general current-voltage characteristics curve showing the shift after the addition of sample and silica report-
ers that allows target quantification. (c) Mechanism for the electrokinetic signal produced in the ExoLP-Dx platform. The charged nanoparticles gate the electric field across
the depletion layer leading to a delayed electroconvective instability. (d) Schematic of microfluidic chip used in our work. The inlet is connected to a pump to push samples
and wash buffers. The middle reservoir houses a positively charged anion exchange membrane (AEM). Working W and counter C electrodes apply an electric field that
passes from the middle reservoir into the microfluidic channel creating a depletion zone on the side facing the microfluidic channel. Working sense WS and reference R
electrodes measure the voltage difference across the membrane. Reproduced with permission from Kumar et al., Nat. Commun. 14, 557 (2023).110 Copyright 2023 Author
(s), licensed under a Creative Commons Attribution (CC BY) license. (e) Asymmetric bifurcation of microvortices and transition to OR with vortices in the ohmic region
(0.1 V), near the transition to overlimiting region (1.75 V, 2 V) and overlimiting region (4 V). Reprinted with permission from Sensale et al., J. Phys. Chem. B 125 (7), 1906–
1915 (2021).139 Copyright 2021 American Chemical Society.
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FIG. 2. (a)–(c) The voltage shift associated with known amounts of EV using both anti-CD63 capture and reporter. (d) and (e) The results using human plasma and PBS
as positive and negative controls, respectively, highlighting a minor shift caused by the EV-free PBS sample. (f ) reveals that the shift induced by human plasma is minimal
when using the isotype control capture antibody. EVs were sourced from a DiFi cell-conditioned medium. The lack of signal form isotype control using human plasma as a
sample in (f ) demonstrates the robustness of our sensor emphasizing the high signal-to-noise ratio. Reproduced with permission from Maniya et al., Commun. Biol. 7, 677
(2024).98 Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (g)–(k) incubated with increasing concentrations of HDL (1 pM,
10 pM, 100 pM, 1 nM, 10 nM) and incubated with total HDL fluorescent silica reporter. (g) Silica particles on the overall surface at our membrane surface and the ability of
ExoLP-Dx to have a very high signal-to-noise ratio. (l) and (m) Negative controls with (l) using solubilized proteins as control and (m) using wrong capture antibody
(anti-ApoB).110 Reproduced with permission from Kumar et al., Nat. Commun. 14, 557 (2023).110 Copyright 2023 Author(s), licensed under a Creative Commons Attribution
(CC BY) license.
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which extends from 100 to 1000 nm. Notably, after binding to larger
EVs/LPs, it continues to reside within the Debye layer, effectively
gating the electric field due to its surface charge. With this, we can
register a signal three standard deviations above the limit of blank
when there is roughly one silica nanoparticle present every
20 × 20 μm2 on the membrane surface or less than 1000 total silica
nanoparticles on the membrane [Fig. 2(g)], thus allowing us to regis-
ter a signal with less than 1000 EVs/LPs getting captured on the
surface with a fM-pM bulk concentration with a large dynamic range
[confocal images in Figs. 2(g)–2(k) correspond to the calibration plot
in Fig. 3(c)]. In perspective, enzymatic immunoassays and western

blot require three to four orders of magnitude higher bulk concentra-
tion (pM to nM)160–162 since the reporter molecules do not produce
a strong enough signal. Last, we do not prefer smaller reporters since
we produce weaker signals per EV/LP. Additionally, it is easier to
wash non-specifically bound silica using simple flow due to the large
drag force experienced by them, as discussed later.

Moreover, since the silica nanoparticle reporters will repel a
second reporter binding to the LPs/EVs over their Debye length
(∼100–1000 nm under DI conditions), it also prevents a bias by
reporting uniform signal from all targeted LPs/EVs irrespective of
their size—these plague western blot, enzymatic immunoassays and

FIG. 3. Universality in ExoLP-Dx. (a) Multivalency on EVs can lead to mass-transfer limitation due to multivalent capture, multiple binding sites, and low diffusivity of EVs
(Da≫ 1). Schematic shown for EVs but true for LPs as well. (b) CD63 capture and CD63 reporter. Reproduced with permission from Maniya et al., Commun. Biol. 7, 677
(2024).98 Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (c) ApoAI-capture and ApoAI reporter with the fM-pM limit of detec-
tion using ExoLP-Dx. Reproduced with permission from Kumar et al., Nat. Commun. 14, 557 (2023).110 Copyright 2023 Author(s), licensed under a Creative Commons
Attribution (CC BY) license. (d) Universal slope observed for multiple tissue proteins and also consistent with (b) and (c). Reprinted with permission from Sensale et al.,
J. Phys. Chem. B 125 (7), 1906–1915 (2021).139 Copyright 2021 American Chemical Society.
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even proteomic approaches since larger EVs/LPs will carry more
cargo, thus masking the effects of other smaller EV/LP populations.

C. Minimizing the noise in S/N ratio: Controlled wash
to enhance specificity

Our platform’s design emphasizes optimizing the signal-to-
noise (S/N) ratio. This involves a delicate balance between enhanc-
ing the signal and minimizing unwanted noise, a crucial aspect of
our main objective of directly quantifying extracellular vesicles
(EVs) from complex media such as plasma without sample isola-
tion. One primary challenge in biosensor operation arises from
non-specific protein binding on surfaces driven by hydrophobic
interactions. This sometimes includes non-EV/non-lipoprotein
(LP) fractions that possess the target protein, resulting in mislead-
ing signals. It is worth noting that while non-specific protein
binding does not produce a signal with our membrane sensor, it
can pave the way for silica nanoreporters to bind, especially if the
target protein is abundant in non-EV/non-LP fractions that non-
specifically bind to the surface. In traditional assays, detergents are
used to counteract non-specific binding, but their use with EVs is
limited as they can disrupt lipid bilayers, leading to EV lysing—
something we want to avoid, as discussed before. Fortunately, our
membrane, due to being of hydrophilic nature, reduces the need
for such detergents, significantly reducing such non-specific inter-
actions with the surface.

The second issue concerns the physical behavior of antibodies
on the surface. Due to van der Waals forces, antibodies often exhibit
an affinity for a broad spectrum of substances. However, their stron-
gest attraction is unequivocally reserved for their primary target. This
widespread affinity means that many proteins have the potential to
bind non-specifically to antibodies, a process driven by both van der
Waals and sometimes even potential electrostatic interactions
between the two. It is worth noting that non-specific antigens, when
bound to an antibody, generally display an off-rate163 of 0.01 s−1

compared to their targets, typically 0.0001 s−1. This suggests that a
wash of around 1min effectively mitigates these unsought interac-
tions without removing the targets. In fact, with a higher ionic con-
centration buffer, this off-rate driven wash is reduced to only about
10 s since the off-rate at higher ionic concentration is increased due
to the Debye screening of electrostatic attractions. Therefore, with
the use of a high-conducting wash buffer, like phosphate-buffered
saline (PBS) for a minute, the vast majority of non-specific targets
to the antibodies can be removed. We can utilize a similar strategy
to differentiate HER2 from its isomer,164 with a similar equilib-
rium immuno-dissociation constant as well as different serotypes
of dengue virus,143 by using a similar wash methodology due to
the difference in the off-rate of the isomers/serotypes.

The last and perhaps the most important optimization resides
with the silica nanoparticle. The first two issues are problematic
because they can potentially create binding sites for silica nanopar-
ticles by letting the targeted protein on non-EV/non-LP fraction
non-specifically bind to the surface/antibody; however, the signal
is always produced by the silica nanoparticle reporter. Silica nano-
particle reporter can also non-specifically bind to the surface.
Nonetheless, our size selection for nanoparticle reporters ensures
that removing non-specifically bound silica on the surface is

possible using simple shear flow with higher ionic concentration
buffers to weaken the electrostatic interactions. This stands in con-
trast to platforms using fluorophores or enzymes; their small size
makes them very resistant to removal by drag force.

Therefore, the microfluidic chip platform allows us to include a
flow component in the assay protocol rather than buffer replacement
in batches since the latter do not have significant drag applied to the
surface. We employed a wash step of about a minute to allow for
off-rate mediated removal of non-targets and employed high-ionic
concentration buffers to screen electrostatic interactions—all without
relying on detergents and without any surface passivation of the
membrane sensor. Adopting this approach, we have successfully
approached the limit of detection to the thermal noise of approxi-
mately 50mV, as observed in blank experiments and isotype con-
trols, allowing us to observe a discernable signal with ∼fM levels of
EVs/LPs [Figs. 3(b) and 3(c)]. This also allows us to have a larger
dynamic range and look for subfractions in as small as 0.01% of the
EVs. In general, we use 4× PBS for 10 s and 1× PBS for 60 s to
screen any electrostatic attraction between the oppositely charged
nanoparticle and membrane surface and to increase the off-rate of
the non-target dissociation. We, hence, have achieved a robust,
interference-free, and sensitive EV sensor. The remaining issues are
normalization due to endogenous variability in the EV concentration
and variations due to long transport-controlled irreversible associ-
ation. Figure 2(d) shows that while human plasma with CD63
capture and reporter produces very high signals, its isotype
control [Fig. 2(f )], blank [Fig. 2(e)], soluble proteins [Fig. 2(l)],
or non-target antibody [Fig. 2(m)] does not produce any signifi-
cant signal showing minimal noise in ExoLP-Dx.

D. Probe affinity independence: Using transport
limitation over kinetics and fast pseudo-equilibrium

Antibody–antigen binding is commonly modeled as an equi-
librium reaction, using the forward on-rate kon and backward
off-rate koff . The dissociation constant, KD, is defined as koff /kon.
While this model is universally recognized, it often overlooks the
transport dynamics, such as how antigens must diffuse to the
antibody-functionalized surface. A more comprehensive model
integrates these transport limitations108,161 with the antibody–
antigen kinetics, introducing the concept of a rate-determining
step. The slower two processes dictate the reaction rate: transport
or binding kinetics. This relationship is expressed by the
Damkohler number, which is the rate of reactive to diffusive flux,
Da ¼ konCprobeδ/D, where δ represents the characteristic depletion
layer length scale and D denotes the diffusivity of a target, like EVs
or LPs.

If Da � 1, transport is the rate-limiting step. On the other
hand, if Da � 1, the binding kinetics becomes the bottleneck.
Operating in a regime where Da � 1 has advantages: it reduces the
reliance on kinetic parameters linked to antibodies, addressing the
reproducibility challenges that have long vexed researchers.
However, this also introduces a bias as the diffusivity of EVs/LPs
can vary over an order and lead to larger EVs/LPs having a smaller
flux than the smaller EVs/LPs, leading to surface capture not being
representative of the bulk. We overcome this by maintaining a
Peclet number Pe ¼ 0 during incubation. In this 3D point sensor
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FIG. 4. Mass-transfer limitation in ExoLP-Dx: (a)–(d) Signals at various times for 2.15 pM PON1-HDL, 215 pM PON1-HDL, 1.97 pM HDL-P, and 1000 pM HDL-P, with iden-
tical signals between 20 and 60 min. (e) The influence of antibody surface coverage on the overall signal with 100%, 5%, and 0% coverage; the similarity between 100%
and 5% indicates a mass-transfer limited regime from the probe density independence. (f ) and (g) Concentration at the channel’s center, both along the channel and
directly above the membrane (with the membrane at origin), and the decreasing concentration gradient over time; a shared legend for both is in (g). (h) The analyte’s
surface concentration on the membrane and the non-dimensional flux over time. (i) Zoomed-in images of the microfluidic channel from numerical simulations, showcasing
an irreversible reaction on the membrane in a mass-transfer limited regime. ( j) The theoretical signal progression over time, indicating a pseudo-steady state after t* = 1.
For reference, each scenario in (a)–(e) was measured independently three times, except for 20 min cases in (b) and (c), which were measured five times. Error bars
denote one standard deviation. The same sample was consistently assessed at each specific concentration on different ExoLP-Dx sensors. Reproduced with permission
from Kumar et al., Nat. Commun. 14, 557 (2023).110 Copyright 2023 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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limit with Pe ¼ 0 and Da � 1, the radially focusing diffusive flux
toward the sensor rapidly produces a depletion zone of all the targets
within a few sensor radii from the sensor. So even though the larger
particles will diffuse to the surface slowly, all the targets in a given
volume (few sensor radii from the sensor) will be depleted irrespec-
tive of their diffusivity, thus keeping the surface captured proportions
of different-sized EVs as representative of the bulk. Additionally,
since the depletion volume is controlled by the sensor size, it does
not require us to have very precisely fabricated microfluidic chips, as
the change in their dimensions does not change the signal.
Moreover, the sample volume, irrespective of the input volume, is
also guided by the sensor size, thus not requiring any complex
pipetting or precise syringe or peristaltic pumps. We can only do
this because the membrane sensor has enough sensitivity to perform
these experiments in the static state and does not necessitate flow,
exposing the sensing surface to a larger sample volume.

This also has an added advantage—a faster steady state.
Since EV/LP depletion volume does not extend beyond the
dimension of the sensor radius, a steady state is reached, where
the flux to the sensor slows down considerably. Hence, a given
fraction of EV within the depletion volume associates rapidly
during this transient and additional EV flux to the sensor
becomes negligible. This physical phenomenon is due to the con-
verging diffusive flux lines of the point sensor. A steady state solu-
tion does not exist for weakly converging or non-converging
cylindrical and planar geometries in an unbounded domain—a
steady state is only achieved if all the analytes of the sample are
depleted by the irreversible association reaction. We estimate the
diffusion time to be ∼20 min for our 500 mm membrane sensors

for EVs [see Figs. 4(f)–4( j)], and the voltage signal should not
change appreciably after that. We have, indeed, verified experimen-
tally that the signal does not change by more than one standard
deviation several hours after this characteristic diffusion time [see
Figs. 4(a)–4(d)]. Hence, the signal is from a fixed fraction of EVs
within the depletion volume, which is only a function of membrane
size and not the sample volume size. If we can fabricate the point
sensors reproducibly with identical dimensions, the captured EVs
are always from the same volume of fluids above the sensor.

Many properties of EVs/LPs and membrane sensors can help
us achieve Da ¼ konCprobeδ/D � 1 at Pe ¼ 0. For example, the dif-
fusivity of EVs/LPs is several orders lower than the typical diffusiv-
ity of proteins, thus increasing Da while having a high probe
density on the membrane surface also helps increase Da. Last,
although one cannot always find high-affinity antibodies, the multi-
ple copies of proteins on EVs/LPs can lead to multivalent capture of
these proteins [as shown schematically in Fig. 3(a)]. For example,
HDL has multiple ApoAI,165 while EVs have multiple copies of tetra-
spanins166 and some other markers, such as glypican 1 in cancer
patients.167 This, when coupled with high probe density, can lead to
multivalent capture, i.e., multiple paratopes of antibodies on the
membrane surface bind to multiple copies of the proteins on the
EV/LP surface, leading to an avidity-enhanced kon and koff . All these
factors can contribute to Da � 1, thus removing the biases as well
as affinity dependence. Da � 1 can be verified experimentally in a
variety of ways, but the easiest of which is to look at probe surface
concentration dependence. If changing the probe concentration
while keeping every other parameter fixed changes the overall signal,
it implies that it is not in the transport limitation. However, if it is

FIG. 5. (a) Universal scaling of ExoLP-Dx. (b) Comparison of orthogonal enzymatic immunoassays with universal scaling and individual calibration plots for PON1 on
HDL. Reproduced with permission from Maniya et al., Commun. Biol. 7, 677 (2024).98 Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC BY)
license. (c) For 20 human plasma samples, a comparison of PON1-HDL concentration from an orthogonal method (ELISA-1) from ExoLP-Dx. The orthogonal method took
>24 h, while ExoLP-Dx took 30 min for the same characterization. Reproduced with permission from Kumar et al., Nat. Commun. 14, 557 (2023).110 Copyright 2023 Author
(s), licensed under a Creative Commons Attribution (CC BY) license.
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the other way around, it is in the transport limitation [Fig. 4(e)].
One must be careful when using 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide
(NHS) to alter the probe concentration as often the antibody is
taken in large amounts, instead one can alter the probe density by
using competing target antibodies with isotype control (while
keeping total IgG constant) during EDC/NHS.110

E. Subfraction quantification: Universal scaling despite
heterogeneity in complex media

The charged silica reporter produces a voltage shift in response
to the Gouy–Chapman zeta potential, especially at high surface
charge densities.168 This voltage shift is influenced by the logarithm
of the reporter’s charge concentration. This logarithmic dependency
of the voltage on either EV or reporter concentration accounts for its
large dynamic range. If it had scaled linearly, a 4-log dynamic range
would produce unrealistic thousand volt signals and would not be
achievable due to the onset of other physical phenomena such as
water splitting.143 The essence of this logarithmic signal comes from
Debye screening. Even after reducing the ion concentration close to
that of DI water, some ions persist, screening the charged report-
ers.139 The counterion concentration equals the reporter charge on
the membrane surface. However, because of diffusion, more counter-
ions accumulate toward the surface. On a highly charged surface,

this results in enhanced screening, consistent with the classical
Boltzmann equilibrium theory for Debye screening, and it yields the
scaling that the voltage signal scales as the logarithm of the reporter
concentration.139,169 We have, indeed, found this logarithm scaling
for signals produced by molecules captured by oligo or antibody
probes on the membrane experimentally [see Figs. 3(b)–3(d)] as well
for LPs110 and EVs.98 Their standard curves all have the same slope
in a semi-log plot. The observed shift is due to different affinity of
the capture antibody–target or reporter–target association reactions.
This large dynamic range facilitates the detection of incredibly small
fractions, down to 0.01%. In practical terms, even if just 1 out of
10 000 captured EVs carries our target protein, it can still produce a
signal discernible above the detection threshold as seen in the
spike-in data of Fig. 5(a).

We selected the nanoparticle size so that only one reporter can
occupy each EV/LP, independent of the EV/LP size, and also that
the reporter of one EV does not interfere with the reporter associa-
tion with another EV. As such, each reporter registers one EV with
colocalized capture protein and reporter proteins. Additionally,
because the concentration of reporters is typically �KD, the report-
ing antibody also has probe affinity independence and saturates the
EVs with target proteins that were captured producing a reporter
probe affinity independent parameter. We can use this and logarith-
mic scaling to our advantage by proposing a universal scaling.
Assuming that we are interested in the colocalization of proteins X

FIG. 6. (a) and (b) Diagnosing Glioblastoma multiforme with conformationally active EGFR (mab806) over total EGFR (CTX) gives much better sensitivity using
ExoLP-Dx. Reproduced with permission from Maniya et al., Commun. Biol. 7, 677 (2024).98 Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC
BY) license. (c)–(e) Diagnosing coronary artery disease (CAD) with active PON1 on HDL over PON1-free HDL or total HDL, respectively, gives significantly better sensitiv-
ity, specificity, and area under the curve (AUC) values. Reproduced with permission from Kumar et al., Nat. Commun. 14, 557 (2023).110 Copyright 2023 Author(s),
licensed under a Creative Commons Attribution (CC BY) license. All were calculated using ExoLP-Dx.
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and Y, we put antibodies for X on the surface and report with Y.
Interestingly, if we were to normalize with a generic protein Z,
which is most abundant on the target, it could act as a reference.
If we write the equations, then V targetjYX ¼ 2RBTln(CX,Y )/F and
V ref jZX ¼ 2RBTln(CX,Z), where RB, T , α are constants—universal
gas constant, temperature, and constant related to zero potential
reference and charge valency, respectively, and CY

X , CZ
X are

the surface captured concentrations of EV populations that
contain proteins X and Y and proteins X and Z, respectively.
This yields CY

X /C
Z
X ¼ exp(�(V ref � V target)F/2RBT). Using Z as a

standard marker like CD63 or ApoAI, this essentially measures
the percentage of EVs or LPs with protein X that also contain
protein Y. Since we are not dependent on any affinity, this ratio is
also representative of the bulk. The semi-log plot of this normal-
ized EV fraction with the disease marker is a universal standard
curve independent of the total number of EVs.

By using an EV marker for capture and a disease marker for
reporting, we can, hence, estimate the fraction of a particular
family of EV that has the diseased markers. That both the capture
and reporter association reactions are irreversible stipulates that the
standard calibration curve of this fraction with respect to the
voltage signal ΔV ¼ V ref –V target is a universal one, where Vref uses
the capture antibody as the reporter antibody and Vtarget uses the

disease biomarker antibody. We are able to collapse the data for
EVs and HDL on this universal calibration curve in Fig. 5(a).
The spike-in data are obtained by the serial dilution of isolated EVs
spiked into plasma. Only two voltage measurements are required to
obtain the fraction of EVs, captured with an EV-specific marker,
with a particular disease protein. We have compared our colocal-
ized percentage obtained from the membrane sensor using univer-
sal scaling for PON1-HDL from several orthogonal methods
providing similar values despite a significantly longer time (>24 h)
compared to the membrane sensor (30 min) as seen in Fig. 5(b) as
well as for 20 independent human samples directly from plasma
compared to the orthogonal method [Fig. 5(c)]. This universality of
all EVs/LPs data is strong evidence that the membrane sensor has
overcome the myriad of heterogeneities in EV diagnostics with
untreated plasma. Using our method, we successfully quantified
various forms of EGFR, including the conformationally active
EGFR (aEGFR) and the total EGFR (tEGFR) found on EVs [see
Figs. 6(a) and 6(b)]. We also identified different versions of PON1,
such as the active PON1 on HDL, PON1-free HDL, and total HDL
[see Figs. 6(c)–6(e)]. Our findings show that focusing on the spe-
cific states and conformations of proteins, instead of just their
abundance, can lead to significantly improved diagnostics when
measured directly from plasma without bias.

FIG. 7. (a) Automated prototype that can also run in multiplex mode with three sensors at a time. (b) and (c) Monitoring tissue marker ET-1 using a membrane sensor
with benchmarking against ELISA. Reprinted with permission from Ramshani et al., Talanta 225, 122021 (2021).144 Copyright 2021 Elsevier.
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III. CONCLUSIONS AND FUTURE OUTLOOK

The primary objective of this review is to pivot the ExoLP-Dx
domain from individual EV/LP analysis to bulk EV/LP assays that
can overcome the various heterogeneity issues related to EV varia-
tion and complex samples. Our analysis primarily focuses on how
membrane sensors provide a reliable means to quantify specific EV
subclasses based on surface proteins. While it is feasible to conduct
intra-EV protein assays, they must be fluorescence-based and
necessitate a method for reporter insertion. Another approach
involves lysing the EVs, although this may result in some analyte
loss and may require some initial immunocapture to look at coloc-
alization. An intriguing direction is to utilize surface-enhanced
Raman spectroscopy (SERS) to obtain single-EV Raman spectrum
of both surface and intra-EV proteins. While this technique is
label-free and probe-free in theory, the abundance of EVs suggests
that the immunocapture of a subset of EVs is necessary to enable
the Raman characterization of a reasonable number of EVs.
Consequently, an integration of the membrane sensor with an SERS
setup and/or an optical reporter insertion protocol may offer the
most comprehensive assay of the heterogeneous EV/LP families.

The EV membrane sensor, despite its potential, faces some
commercialization barriers. The main challenge is the fabrication
of the membrane sensor. While we have developed a 3D printing
process for sensor fabrication, its mass production might best be
achieved through injection molding. Incorporating in situ membrane
synthesis can eliminate manual membrane assembly. We have also
worked in that direction and recently developed an in situ membrane
synthesis process.154 Another noted shortcoming is the short shelf
life of membrane-functionalized antibodies, typically around the
half-life of the antibodies that are prone to proteolytic degradation.
Ideally, biotinylated antibodies paired with pre-functionalized strep-
tavidin membranes (which have longer shelf lives) should be used.
Furthermore, we still need to fine-tune wash protocols for various
EVs. The introduction of a surface acoustic wave module141 might
minimize or eliminate the wash step, negating the need for a micro-
fluidic chip, thus simplifying manufacturing.

In our continued research efforts, we have made progress in
addressing the identified challenges. We have developed multiplex-
enabled automated prototypes, as depicted in Fig. 7(a), and pro-
ceeded with validation using tissue markers, as shown in Figs. 7(b)
and 7(c). These advancements aim to streamline the operation of
membrane biochips. Our objective is to introduce a refined auto-
mated ExoLP-Dx capable of processing physiological samples,
such as plasma, without the need for prior treatment. We antici-
pate that this could represent a notable shift in non-invasive
screening methodologies, leveraging the capabilities of EV/
LP-transported protein biomarkers.
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