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Cardiovascular disease-related deaths (one-third of global deaths) can be

reduced with a simple screening test for better biomarkers than the current
lipid and lipoprotein profiles. We propose using a highly atheroprotective
subset of HDL with colocalized PON1 (PON1-HDL) for superior cardiovascular
risk assessment. However, direct quantification of HDL proteomic subclasses
are complicated by the peroxides/antioxidants associated with HDL interfer-
ing with redox reactions in enzymatic calorimetric and electrochemical
immunoassays. Hence, we developed an enzyme-free Nanoparticle-Gated
Electrokinetic Membrane Sensor (NGEMS) platform for quantification of
PONI-HDL in plasma within 60 min, with a sub-picomolar limit of detection,
3-4 log dynamic range and without needing sample pretreatment or
individual-sample calibration. Using NGEMS, we report our study on human
plasma PONI-HDL as a cardiovascular risk marker with AUC~0.99 significantly
outperforming others (AUC-~0.6-0.8), including cholesterol/triglycerides
tests. Validation for a larger cohort can establish PON1-HDL as a biomarker that

can potentially reshape cardiovascular landscape.

Cardiovascular diseases (CVD) are the leading cause of death globally,
with an estimated eighteen million deaths each year'™. CVD generally
involves narrowing of the arteries due to cholesterol plaque buildup
and blockage of blood vessels through atherosclerosis that prevents
the pumping of oxygen and nutrients to vital areas of the body leading
to sudden death. The most widely used biomarker for evaluating car-
diovascular health is high-density lipoprotein cholesterol (HDL-C) and
low-density lipoprotein cholesterol (LDL-C), also known as the good
and the bad cholesterol. These two biomarkers are known to have poor
sensitivity (~0.6), specificity (-0.6), and Area under the ROC curve
(AUC) (<0.7)°%, often leading to unsatisfactory CVD diagnosis. Even
though the deaths due to CVD can be significantly reduced by simple
lifestyle and diet changes, the use of such biomarkers for CVD diag-
nosis can lead to a false sense of security among the at-risk population.
Other markers have been proposed, such as Apolipoprotein Al
(ApoAl)®?, Apolipoprotein B (Apo B)*¢, HDL particle (HDL-P)'>", and
LDL particle (LDL-P)">"" but their AUC is still between 0.6 and 0.8%.

Several reports have shown that a significant portion of the car-
dioprotective properties of HDL comes from the Paraoxonase 1
(PONI1)-containing HDL®*"%, It minimizes LDL oxidation and oxidative
stress”?* as an antioxidant and reduces the accumulation of choles-
terol plague into the macrophages through enhanced reverse choles-
terol transport (RCT)*? with natural binding sites on macrophages for
PONI-HDL*. However, free-floating PON1 does not exhibit ather-
oprotective property to such an extent*>?’. Hence, the quantification of
only the PON1-HDL in plasma or serum is highly relevant for accurate
diagnosis of CVD**?°. Currently, there are no immunoassays to quan-
tify the PONI level on HDL. The presence of lipoprotein-associated
lipid peroxides and antioxidants interferes with the enzymatic reaction
(HRP)**3, making the enzymatic immunoassays unreliable. We have
developed elaborate ELISA workflows as a benchmark in this work that
can overcome these issues, however, their assay time exceeds 24 h.
There are some reports on the quantification of PONI-HDL after iso-
lating HDL from plasma or serum®>* using ultracentrifugation (UC)-
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based techniques. The use of UC renders the assay slow, tedious, and
not scalable for screening of large population. Moreover, upstream
isolation also introduces bias due to variable yield of separation*
methods and dissociation/rearrangement of HDL proteins®. Other
methods include an inactivation assay that measures the slow inacti-
vation of tightly bound PON1 to HDL but suffers from reproducibility®.
Hence, there is a need for a phenotype-independent and enzyme-free
method to quantify PONI-HDL that does not require any upstream
isolation or sample treatment to quantify PON1-HDL, especially if it is
to translate to clinical applications.

In this work, we developed a rapid, simple, robust, and portable
detection platform for quantification of both PON1-HDL and HDL-P in
plasma and serum samples by extending an anion exchange mem-
brane (AEM)-based sensor platform, previously developed to analyze
nucleic acids and proteins in plasma and cell culture media®*°. The
ion-selective property of the AEM allows only counter ions (anion)
entry. Upon application of an electric field, the resulting single-
direction ion flux creates ion depletion on one side of the membrane
surface and ion enrichment on the other side (Fig. 1a). This con-
centration polarization phenomenon is followed by a negative charge
surface polarization phenomenon at a higher voltage which triggers an
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Fig. 1| Schematic showing the overview of the Nanoparticle-gated Electro-
kinetic Membrane Sensor (NGEMS) platform. a The positively charged anion
exchange membrane (AEM) only allows anions to pass, with capture antibodies
covalently linked to its surface. A current/electric field is applied across the mem-
brane such that ion depletion zone is formed over the capture surface in the lim-
iting regime. The controlled wash removes non-specifically bound species. A
portion of a was created with biorender.com. b A general CVC curve showing the
shift after addition of sample and silica reporters that allows target quantification.
¢ Mechanism for the electrokinetic signal produced in the NGEMS platform. The
charged nanoparticles gate the electric field across the depletion layer leading to a
delayed electroconvective instability. This delay shows up as voltage difference in
the overlimiting regime of CVC curve. Due to the signal being of electrokinetic
nature, it is not affected by HDL-associated peroxides/antioxidants that would
generally affect enzymatic immunoassays. Additionally, the depletion zone ensures

interfacial electroconvective vortex instability*>*. The ion depletion
and vortex mixing change the ion current conductance and produce a
current-voltage curve (CVC) with distinct underlimiting, limiting, and
overlimiting regimes, each with a different differential conductance
(Fig. 1b, c). When negatively charged analytes (like DNA or microRNA)
bind to the specific probes covalently linked to the depletion side of
the AEM, the electroconvective instability is suppressed as these
charges are immobile. As a result, the voltage responsible for the over-
limiting current in the CVC is shifted by several volts, while its under-
limiting region remains unaltered”®. The extent of the shift in the
overlimiting regime is directly correlated to the number of targets
hybridized to the sensor surface and, after accounting for probe affi-
nity/mass transfer, the target concentration in the bulk sample.
Because ion depletion amplifies the induced potential of the charged
hybridized species, the voltage shift is much (10-100x) higher than
that observed in electrochemical or field-effect transistor sensors.
Additionally, the ion depletion and controlled wash remove assay
inhibitors and control the ionic strength near the sensing surface, thus
making the sensing signal independent of the ionic strength, pH, and
chemical composition of the original sample. This feature removes the
need to conduct individual-sample calibration and a universal
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identical conditions above the membrane, ensuring that the voltage signal is
independent of bulk ionic concentration/composition—in contrast to field effect
transistor sensors. Moreover, because the voltage signal is based on transfer of
anions across the membrane, it produces a higher signal than electrochemical
assays using electron transfer and is also less susceptible to fouling at the elec-
trodes. d Schematic of microfluidic chip used in our work. The inlet is connected to
a pump to push sample and assay buffers, 0.1x and 4xPBS. The middle reservoir
houses a positively charged anion exchange membrane (AEM) that allows only
counter ions (anions) to pass through it. Working W and Counter C electrodes
apply an electric field that passes from the middle reservoir into the microfluidic
channel that creates a depletion zone on the side facing the microfluidic channel.
Working Sense WS and Reference R electrodes measure the voltage difference
across the membrane.
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standard curve can be used for all samples, including plasma and
serum for a given set of capture and reporter probes. For the detection
of weakly charged species (like HDL), negatively charged silica nano-
particles attached to a detection antibody were used as reporters in a
sandwich design®*% The particle thus brings the necessary negative
charge for the sensing signal to the AEM surface upon binding to
specific proteins (PON1 or ApoAl) on the HDL (Fig. 1b).

There are additional advantages relevant to the PONI-HDL
assay’**. NGEMS does not require any enzymatic reaction to amplify
the sensing signal and is hence compatible with lipoproteins and
antioxidants, and other bioassay interfering entities. The NGEMS signal
comes from the charge on the silica particles and not PON1 or HDL
itself; therefore, phenotype effect on the activity of substrates in
activity-based assays®*** is absent. High charge density on AEM mini-
mizes protein fouling by hydrophobic interaction. Shear from the
optimized wash protocol and the electroconvective instability
removes non-specifically bound species. Thus, the NGEMS platform
does not require any upstream sample pre-treatment step for complex
biosamples like plasma and serum. Its inexpensive reagents and simple
protocol that can be automated also render it suitable for low-resource
settings. Due to the sub-mm dimension of the AEM sensors, PON1-HDL
and HDL-P concentration results can be obtained from a single assay in
less than 60 min, compared to >24 h for an elaborate ELISA assay we
developed for benchmarking. We are not aware of any literature data
on the efficacy of human plasma PON1-HDL (different from total PON1)
in assessing cardiovascular risk directly.

In this work, we performed a blind pilot study on the efficacy of
PONI-HDL in detecting coronary artery disease with 20 clinical sam-
ples (10 each in Control and Coronary Artery Disease group) using
NGEMS. The study shows that CAD samples contain a significantly
lower level of PON1-HDL particles than the control group (AUC 0.99),
whereas significantly lower AUC (-0.65) are observed in the same
cohort for other biomarkers (HDL-P, HDL/non-HDL cholesterol levels,
triglyceride levels, total ApoAl, total PON1, PON1 enzymatic activity,
total ApoB, and Oxidized LDL levels). The free-floating PON1 simulated
using recombinant version does not seem to produce any significant
signal, making NGEMS ideal for identifying proteomic subsets of HDL
such as PONI-HDL, PON1-free HDL, or total HDL.

Results

The sensing platform and sensing strategy

Figure 1d shows the overall architecture of the NGEMS platform con-
sisting of a microfluidic channel and a few openings for inlet, outlet,
electrodes, and a slot to house an AEM sensor at the center of the
channel. To record the sensing signal, a current-voltage (/-V) sweep is
applied between the source electrodes (C and W) and reference
reservoirs (WS and R). For different current ranges, the three distinct
regimes are seen in the current-voltage curve (CVC) of the AEM sensor
(Fig. 1). A schematic CVC signal is shown in Fig. 1b, where the intro-
duction of a charged species causes a voltage shift in the overlimiting
part of the CVC. Since Apolipoprotein Al is the primary protein on HDL
forming over 70% of its overall protein mass* and has around 3-7
ApoAl on HDL**; therefore, to quantify PONI-HDL, AEM surface is
functionalized with monoclonal anti-ApoAl as the capture antibody.
First, the sample is pushed into the biochip and incubated for 20 min
followed by a controlled wash with a high ionic concentration buffer
(4xPBS) for 15s at a flow rate of 0.75 ml/min and then with low ionic
concentration CVC measurement buffer (0.1xPBS) at the same flow
rate till the CVC shifts between subsequent washes converge. CVC of
the AEM is measured and used as a baseline signal. The silica nano-
particle reporter solution in 1xPBS consisting of anti-PONI1 (Si-NP) is
then incubated for another 20 min, followed by the same wash pro-
tocol of 4xPBS and 0.1xPBS. The CVC signal is again recorded and the
presence of a shift in the overlimiting regime from the baseline signal
confirms the presence of the PON1-HDL (Fig. 2f). The hydrodynamic

shear and high ionic concentration buffer (4xPBS) of the wash proto-
col remove non-specifically bound charged non-targets and silica
particles from the AEM surface by Debye screening. For the detection
of PONI1-free HDL, silica nanoparticle functionalized with anti-ApoAl
(Si-NP’) is introduced in the biochip to allow the binding of Si- NP’ to
the unoccupied HDL which is the PON1-free HDL (Fig. 2c). This pro-
duces a second shift for PON1-free HDL (Fig. 2d, f). The Si-NP and Si-NP’
are about 5 to 10 times larger than an HDL particle in size; thus, at most,
only one silica particle can bind to an HDL particle on the AEM surface.
Using this two-step sequential reporter addition strategy, we can also
determine the total HDL concentration (HDL-P) by summing the con-
centrations of PON1-HDL and PONI1-free HDL together which has been
used throughout this work. Alternatively, we can also determine it
directly using a one-step reporter addition strategy (see Fig. 2a, b, e).

Calibration of NGEMS for detection of PON1-HDL, PON1-free
HDL, or the total HDL

The bottlenecks associated with HDL detection in an enzymatic or non-
enzymatic assay are related to the bias in the counting of the HDL due
to higher affinity for HDL with more ApoAl and reporting the target
HDL with the same number of reporters. We overcome the former by
operating in a mass-transfer limited regime to remove the affinity bias
in the kinetically limited regime. The latter is overcome by using a
reporter larger than HDL that only allows one reporter per HDL due to
its larger size. A total of 50 nm size of silica is preferred because it is
smaller than the Debye layer of DI water, thus allowing it to efficiently
gate the electric field with its charge. Smaller reporters like oligop-
robes are avoided because different number of reporter can bind to
different HDLs.

We constructed the calibration plots for PONI-HDL, PONI1-free
HDL, and total HDL particles using different known concentrations of
HDL. These calibration curves allow us to establish one-to-one corre-
spondence between voltage and bulk concentration, and also serve as
a way to account for differences in silica surface charge caused by the
different reporter probes on silica. We observe a limit of detection
(LOD) of 1 pM for PON1-HDL, as shown in Fig. 2h. The LOD is obtained
by first obtaining the limit of blank (LOB), where the experiment is
performed using a blank sample (1xPBS), and LOD is taken as three
standard deviations higher than the mean providing LOD of 150 mV
approximately (see Supplementary Fig. 1). The signal saturates at
around 1nM PONI-HDL concentration, thus providing over a three-
decade dynamic range. Similarly, we constructed a calibration plot for
PONI-free HDL and total HDL particles (Fig. 2i, j). Both show a LOD of
0.5 pM with a dynamic range of four decades, significantly better than
a typical indirect ELISA for total proteins®’. The total assay time is
under 60 min for PON1-HDL and under 90 min for PON1-free and total
HDL. Total HDL can be obtained faster by the one-step reporter
addition strategy in under 60 min. Steric hindrance by the finite-size
silica nanoparticles can contribute to the saturation of the signals,
particularly for a multi-step titration assay. It is hence important to
operate away from saturation. All our experiments are done at 10x
lower than the saturation concentration.

To check whether the CVC shifts are indeed due to the docking of
the target and the formation of Ab-Ag-Ab-Si adduct, we used fluor-
escently labeled silica reporter and captured the confocal image of the
AEM sensor with different target concentrations. Figure 3a-e shows a
gradual increase in the number of labeled silica particles on the AEM
with the increase in PON1-HDL concentration from 1 pM to 10 nM. To
further confirm that the voltage shift is not due to free-floating PONI1,
we created a protein cocktail consisting of rePON1 (recombinant
PON1), reApoAl (recombinant ApoAl), and human serum albumin
(HSA) in 1:40:1000 molar proportions (estimated ratio in human
plasma) with 10 nM rePON1 that corresponds the saturation con-
centration of PONI-HDL for the AEM sensor (Fig. 2h). As shown in
Fig. 3f, only a few fluorescently labeled Si-NP were seen on the AEM
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Fig. 2 | Calibration of voltage shifts to target concentration. a-e Schematic
showing the assay steps of the NGEMS platform. The washing step with 4xPBS and
0.1xPBS buffer is employed after each sample and nanoparticle incubation step
before an CVC is recorded. a Sample is incubated for 20 min on the anti-ApoAl
functionalized AEM surface and then the wash steps employed. b Captured HDL on
the AEM surface that gives a CVC used as the baseline signal. ¢ Addition of silica
particles functionalized with anti-PONI (Si-NP) gives a voltage shift depending on
number of captured PONI-HDL. d Addition of silica particles with anti-ApoAl
(Si-NP') binds to unoccupied HDL in ¢ giving a shift proportional to PONI-free HDL.
e Direct addition of silica reporters with anti-ApoAl (Si-NP') binds to all the HDL

PON1-free HDL(pM)

HDL-P concentration (pM)

giving a shift proportional to HDL-P (total HDL). Silica is significantly larger than
HDL thus allowing only one Silica nanoparticle per HDL. a-e and its key was created
with biorender.com. f Typical CVC of two-step sequential (Si-NP and Si-NP")
reporter addition strategy as shown in ¢ and d for PONI-HDL and PONI1-free HDL.
g Typical CVC of one-step Si-NP' reporter addition strategy as shown in e for HDL-P
(total HDL). Calibration plots for PON1-HDL h, PONI1-free HDL i and HDL-P j shown
as average of at least five replicates of each concentration with the error bars as the
standard deviation. Same sample was measured repeatedly at every given con-
centration on different NGEMS sensors.

surface compared to its PON1-HDL counterpart for 10 nM (Fig. 3e). The
anti-ApoAl probes on the AEM surface cannot capture free-floating
PON1 simulated using rePONI, thus preventing the formation of
immunosandwich. Additionally, the use of a wrong capture antibody,
anti-ApoB, did not show any significant number of fluorescent Si-NPs
on the sensor surface (Fig. 3g), thus further confirming the detection
selectivity of the NGEMS platform.

Similarly, the confocal images of the membrane with fluorescently
labeled Si-NP’ for total HDL (Fig. 2a, b, e) are shown for 1pM, 10 pM,
100 pM, 1nM and 10 nM in Fig. 3h-I respectively, showing a gradual
increase in fluorescent Si-NP” with HDL-P for PON1-HDL. To ensure that
only HDL particles are detected and not free-floating ApoAl that could
also be present in samples, the same monoclonal antibody on the silica
reporter is used that we also used on the AEM surface. This ensures
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Fig. 3 | Confocal images using red fluorescent silica nanoparticles. a-g Use

fluorescent Si-NP and h-n uses fluorescent Si-NP' both added directly after sample
incubation. All the images of membranes had anti-ApoAl as the capture antibody
except for g and n that had Anti-ApoB. The images show the state of membrane for
sample containing a1pM, b 10 pM, ¢ 100 pM, d 1 nM and e 10 nM of PON1-HDL and
h1pM,il0 pM,j100pM, k1nM and 110 nM of HDL-P. A protein cocktail containing

(f) ()]
— —

)
— ——

(b)
—
(U]

rePONI, reApoAl and HSA (1:40:1000) that contained an equivalent protein in

10 nM PON1-HDL and total HDL respectively, i.e., f 10 nM rePON1 + 400 nM reAp-
0Al+10000 nM HSA and m 1nM rePON1 + 40 nM reApoAl + 1000 nM HSA were
used as controls. g and n used 10 nM of HDL as sample but with anti-ApoB, thus
providing no signal. Scale bars are 100um. Imaging was done once for each case.

that immunosandwich will not form with a single ApoAl-containing
species as the epitope of captured ApoAl will be occupied by the
capture anti-ApoAl. Figure 3m shows no fluorescently labeled Si-NP’ of
the immunosandwich on AEM when a protein cocktail of rePONI,
reApoAl, and human serum albumin (HSA) in 1:40:1000 molar pro-
portions with 40 nM reApoAl (roughly equivalent to ApoAl in 10 nM
HDL-P) is used. Additionally, the use of a non-target capture antibody
such as anti-ApoB also does not show significant fluorescent Si-NP’ on
the membrane (Fig. 3n). Hence, these confocal findings conclude that
free-floating proteins do not produce any signal on the NGEMS plat-
form, demonstrating the high specificity of the platform. Moreover, all
three calibration curves are statistically identical, despite different
detection antibodies, indicating unbiased reporting of HDL by the
silica nanoparticle reporters (Fig. 2h-j).

Mass-transfer limited regime: short incubation time and
robustness

We have measured several concentrations of PON1-HDL and HDL-P at
twenty minutes and one hour incubation times at the low and high
concentrations and conclude that 20 min is enough to reach a steady
state signal as shown in Fig. 4a-d. The reason we require only 20 min
for a steady signal is because we operate in the mass-transfer limited
regime and never reach the true adsorption equilibrium. For a small
sensor of size a (-100 um), depletion of analyte within a depletion
volume above the membrane of radius a occurs within a time of a?/D
where D is the diffusivity of the analyte if the on-rate of

antigen-antibody interaction is high enough*®*’, After this time, the
flux is significantly lower and the analyte concentration above the
sensor asymptotically reaches the true adsorption equilibrium expo-
nentially over a very long time. This is verified by changing the surface
antibody concentration to one-twentieth of its original value and at a
concentration close to saturation. Because the adsorption kinetics
depends on the surface concentration of the antibody, but mass-
transfer does not, the signal only changes with lower probe con-
centration if our platform is in kinetically limited regime. We observe
that the signal remains unchanged at the higher end of the dynamic
range (Fig. 4e). This confirms we are in the mass-transfer limited
regime. With a small sensor, we only capture analyte within 10-100 nL,
thus, the sensor needs to be very sensitive to detect the small number
of captured analytes. This is possible for our sensor because of silica
nanoparticle and the ion-depletion action of the membrane amplify
the voltage signal and may not be possible for other sensors operating
in this mass-transfer limiting regime. Working in the mass-transfer
limited region also means that the platform is more robust—the signal
is less sensitive to interfering agents that reduces the affinity of the
antibody. Individual-sample calibration becomes unnecessary due to
this insensitivity to the binding kinetics.

We have also conducted some numerical simulation of this rapid
depletion (Fig. 4f-i). As can be seen, majority of the depletion occurs
within the first few minutes, and the surface concentration of the
analyte away from the depletion volume above the membrane does
not change over time significantly. The concentration profile directly
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Fig. 4 | Variation of signal with time and effect of mass-transfer limitation for a
small sensor. a-d shows the signal at different times for 2.15 pM PON1-HDL,

215 pM PON1-HDL, 1.97 pM HDL-P, and 1000 pM HDL-P showing almost identical
signals between 20 and 60 min. e Effect of antibody surface coverage on the overall
signal with 100%, 5% and 0% coverage. Similar signal between 100% and 5% sug-
gests we are in mass-transfer limited regime. f, g shows the concentration at the
channel center along the channel and directly above the membrane (membrane
located at origin), and how the concentration gradient decreases over time. Shared
figure legend for both f and g shown in the latter. h Surface concentration of

analyte on membrane surface and non-dimensional flux with time. i Zoomed-in
snapshots of the microfluidic channel from numerical simulations in mass-transfer
limited regime (irreversible reaction on the membrane surface). j Theoretical sig-
nal increase over time showing a pseudo-steady state after t*=1. Each case in
a-e was measured three times independently except for 20 min case of b, c where
they were independently measured five times with error bars as one standard
deviation. Same sample was measured repeatedly at every given concentration on
different NGEMS sensors.

above the membrane and at the center of the channel are also shown.
From our work on how surface charge affects the voltage shift*, the
voltage signal is 2RT/FIn(zsCy/cod)where Cs is the surface con-
centration of the analyte on the surface, z, is the charge on silica
nanoreporters, ¢, is ionic concentration of water (10~’M) and
A=100nm is the debye layer at DI conditions. Due to logarithmic
dependence on the concentration, this theoretical signal also mostly
saturates after a%/D reaching a psuedo-steady state (very slow diffusive
flux towards true equilibrium*’) as seen in Fig. 4j.

Control experiments through HDL delipidation and pooled
human plasma samples

As the voltage signal of the NGEMS for PONI1-HDL, PONI1-free HDL and
total HDL comes from the negatively charged silica nanoparticle
reporter attached to the HDL, the signal should then disappear if we

dissolve the HDL particle using a detergent solution (0.05% Tween 20,
1% BSA in 1xPBS). As shown in Fig. 5a, the CVC returns close to the
baseline when sequentially treated AEM sensor with SI-NP and SI- NP’
was exposed to the detergent solution. Further sequential addition of
Si-NP and Si-NP’ should not produce any shift as there is no HDL on the
AEM surface, which is confirmed in Fig. 5a. However, the delipidation
leaves the ApoAl-anti ApoAl adduct on the AEM, where anti-ApoAl
antibody is covalently attached to the AEM surface. Hence, adding Si-
NP” (polyclonal anti-ApoAl) produces a shift as the particle can now
bind to a different epitope on ApoAl-anti ApoAl adduct. We also per-
formed the confocal imaging of delipidation step. Figure 5b, ¢ shows
significantly fewer fluorescent silica reporters on the AEM surface after
delipidation. Furthermore, the addition of pre-delipidated HDL (dilu-
ted in detergent solution) and fluorescently labeled Si-NP/Si-NP’ also
shows a negligible fluorescence signal on the AEM surface (Fig. 5d, e)

Nature Communications | (2023)14:557



Article

https://doi.org/10.1038/s41467-023-36258-w

] 1 ]
45—
3 304 L 100pM HDL-P 100pM HDL-P
£ Fluorescent Si-NP' Fluorescent Si-NP'
2 PBS PBS-Tween20
3
Baseline
% -===fF----  Si-NP (Anti-PON1)
15 ] —a— siNP (Anti-ApoAl) [
g| ----%---- PBS-Tween20
of - Demeem Si-NP (Anti-PON1)
S o Oreeene Si-NP' (Anti-ApoAl)
| Si-NP" (polyclonal
anti-ApoAl)
0 T T T
0 Voltage (V)2 3 Delipidated 100pM PON1-HDL Delipidated 100pM total HDL
9 Fluorescent Si-NP Fluorescent Si-NP'
0.60 . : .
Y ' : ; D Si-NP (Anti-PON1)
)
1} 1 1
o ) | 1
0.45-] H : : |:| Si-NP' (Anti-ApoAl |
’ E ' ' monoclonal)
g E E E D Si-NP" (Anti-ApoAl
&= E i i polyclonal)
5 0.30 : E E —
1
g s a a
£ H ! |
> 9154 e B = =R o ¥ My RN R A T Joooenanenneennnes LoD, [
[} 1} 1
1 | |
H \ \ o
5 5 8223 5 olo.cdo
0.00 --d mrdectcccdalcadaama - - o - - - ey .
1 | |
1} 1 1
[} L} 1
1} 1 1
[} L} 1
1} 1} 1
015 | H| Al Y -
1 \ \
Sample: Human Plasma (diluted) Human Plasma (diluted) PON1+ApoAl+HSA(1:40:1000) Human Plasma (diluted)
Capture Antibody: Anti-ApoAl Anti-ApoAl Anti-ApoAl Anti-ApoB

Fig. 5 | Control experiments using NGEMS. a Effect of delipidation on the CVC.
Delipidation brings back the shifted CVC close to its baseline. Further addition of Si-
NP/Si-NP' does not cause any shift but an addition of Si-NP" (silica attached to
polyclonal anti-ApoAl) does cause a shift because of the presence of lipid-free
ApoAl on the surface. Confocal image of the AEM surface b when treated with
100 pM HDL followed by addition of fluorescent Si-NP' and treated with PBS for
30 min as the control, ¢ when treated with 100 pM HDL-P followed by addition of
fluorescent Si-NP' and treated with PBS-Tween20 for 30 min for delipidation,

d when predelipidated 100 pM PONI-HDL is used followed by addition of

fluorescent Si-NP, and e when predelipidated 100 pM HDL-P is used followed by
addition of fluorescent Si-NP'. For both d, e, detergent treatment is done at higher
HDL concentration and then diluted with PBS to achieve desired concentration.

f Control experiments with 50000x diluted pooled human and plasma protein
cocktails at different orders of Si-NPs, and different capture antibodies and sam-
ples. Error bars represent one standard deviation and each case in f are triplicated
with same sample measured repeatedly on different NGEMS sensors. Scale bars are
100um for b-e and were only repeated once.

demonstrating only intact HDL can produce a fluorescence signal
confirming the high detection selectivity of the NGEMS platform.
Additional control experiments with diluted pooled human
plasma are presented in Fig. 5f and are divided into four subgroups
(I-1V). In the first subgroup, an experiment is conducted detection of
PONI-HDL and PONI-free HDL by sequential addition of Si-NP and Si-
NP’ reporters, but at the end of the experiment, Si-NP” reporters are
added. This produced a signal from free-floating ApoAl (see I of Fig. 5f).
Next, we changed the order of silica reporter addition and first added
the Si-NP’ reporter. In that case, as shown in Il of Fig. 5f, the first shift is
synonymous with the one-step scheme for quantification of total HDL
concentration (Fig. 2a, b, e). The addition of Si-NP after Si-NP’ does not
produce a shift due to one silica per HDL condition and all HDL being
occupied by Si-NP’ in the first step. Si-NP”, on the other hand, can still
produce a shift from the free-floating ApoAl captured on the surface.
With a protein cocktail with a similar concentration of total PONI1,

ApoAl and Albumin as in the plasma (to mimic free-floating proteins),
no signal is seen, as shown in Il of Fig. 5f with Si-NP and Si-NP’. With the
addition of Si-NP”, a signal will still be produced with reApoAl simu-
lating free-floating ApoAl in the cocktail due to capture and binding of
reporter to different epitopes. Lastly (see subgroup IV of Fig. 5f), if a
non-target antibody anti-ApoB was used as a capture antibody, none of
the Si-NP, Si-NP’, and Si-NP” produce any shift as no target species was
captured on the surface.

Benchmarking of NGEMS against other techniques using human
plasma

As there are currently no other assays for PONI-HDL to benchmark
against NGEMS, we developed a new ELISA scheme, ELISA-1 (described
in detail in the methods section). Briefly, both free-floating PON1 and
PONI-HDL in plasma samples are first allowed to bind with anti-PON1
antibodies attached to an ELISA microwell. Then polyclonal anti-PON1
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All the points are measured in triplicates from 20 independent human plasma
samples. Thick dashed line represents the best fit with zero intercept for each case
where the dotted line represents the 99% confidence band.

with inactivated HRP is introduced that selectively binds with the free-
floating PON1 as the PON1 on PONI-HDL is sandwiched between HDL
and capture surface (ELISA microwell) and hence PONI-HDL is not
accessible. The HDL is then delipidated, which makes the PON1 on HDL
accessible and is allowed to bind with HRP-conjugated polyclonal anti-
PONI, thus producing a signal for PON1-HDL (see methods section for
detailed protocol and Supplementary Fig. 2a in the supplementary
information). As shown in Fig. 6a, both NGEMS and ELISA-1 techniques
correlate well and show a slope of almost one. This also shows that
NGEMS does not need to be calibrated for a given set of probes due to
the highly robust electrokinetic signal that is, unlike ELISA-based
techniques, not affected by environmental noise and variations.
Interestingly, PON1-HDL does not correlate well with total PON1 due to
the presence of free-floating PON1 in the plasma as shown in Fig. 6d. It
must also be noted that ELISA-1 took over 24 h for quantification of
PONI1-HDL, while the NGEMS platform required only less than an hour.
For benchmarking of HDL-P, we use 1H-NMR (a gold standard techni-
que for HDL-P but known to overpredict)*®, a commercially available
competitive ELISA scheme, and ELISA-2, which uses a competitive
capture strategy during HDL delipidation to capture one ApoAl per
HDL (see methods and Supplementary Fig. 2b). We see a good corre-
lation between HDL-P (total HDL) from NGEMS and other techniques
as shown in Fig. 6b, c, e.

Additionally, we use the unique structural property that the HDL
contain 2-8 ApoAl per HDL to evaluate our platform by plotting total
ApoAl against HDL-P from our platform in Fig. 6f, which is a standard
evaluation test for HDL platforms. A slope of 3-5 is expected if the
platform counts HDL-P correctly. HDL-P from NGEMS predicts roughly
4-6 ApoAl per HDL as shown in Fig. 6f, which is very close to the actual
reported number of ApoAl per HDL**¢, and is very difficult to get with
NMR or lon Mobility Analyzer-based methods due to bias towards
overprediction and underprediction of HDL-P, respectively®.

Blind pilot study with patients and controls of coronary artery
disease (CAD) and comparison to other commonly used
biomarkers

To test the efficacy of the NGEMS platform for PON1-HDL, PONI1-free
HDL, and HDL-P, we designed a pilot study with 10 CAD and 10 control
group samples. Apart from NGEMS, other platforms routinely used to
assess cardiovascular risk were also compared along with our novel
ELISA schemes ELISA-1 and ELISA-2 (see methods and Supplementary
Fig. 2). Figure 7 summarizes the results from the study, where each
subfigure is labeled with the biomarker, assay/technique used, and
their corresponding AUC values from the respective ROC plot (Sup-
plementary Fig. 3). The pilot clinical study clearly shows that the PONI-
HDL outperformed the other biomarkers with PON1-HDL AUC of 0.99
with NGEMS and 0.90 with ELISA-1. The lower AUC values of ELISA-1
can be attributed to the incomplete inactivation of reporter antibodies
used to block free-floating PON1, thus producing an unwanted signal
from the enzymatic reaction at those partially inactivated sites.
Moreover, ELISA-1 takes >24 h for PON1-HDL compared to 60 min with
NGEMS. The total PON1 using a sandwich ELISA got AUC ~0.83, and the
activity-based PONI1 assay received an AUC -~ 0.67, thus showing that it
is the PONI-HDL that has the highest efficacy in an accurate risk
assessment and not the measured PONI activity or the total PON1.
Moreover, PON1 activity assays are affected by chelating agents such as
EDTA commonly added to plasma for storage and stability®. Choles-
terol/Triglyceride levels, the most widely used biomarker for cardio-
vascular risk assessment, performed worse than PONI-HDL in
distinguishing the two groups with AUC ~ 0.65. HDL-P was measured
using four different techniques—NGEMS, Competitive ELISA, 1H-NMR,
and ELISA-2 showing AUC ~ 0.55-0.65 for the first three and 0.775 for
ELISA-2. The 1H-NMR method for HDL-P quantification, also the most
well-established method for HDL-P quantification, showed a similar
AUC to that of NGEMS. The AUC for these already established
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Fig. 7 | Blind study with clinical samples comparing PON1-HDL to other bio-
markers from different platforms. a PON1-HDL using NGEMS (AUC = 0.99).

b PONI-HDL using ELISA-1 (AUC = 0.90). ¢ Total PON1 using sandwich ELISA
(AUC = 0.83). d PONI1 activity assay using rate of reaction with substrate (AUC =
0.67). e Non-HDL cholesterol (AUC = 0.645), f HDL cholesterol (AUC = 0.64) and
g cholesterol ratio (AUC = 0.65) from cholesterol assay. h Triglyceride levels from
triglyceride assay (AUC = 0.65). Total HDL particle concentration HDL-P from

i competitive ELISA (AUC = 0.62), j ELISA-2 (AUC = 0.775), K NGEMS as sum of PON1-
HDL and PONI1-free HDL (AUC = 0.645) and | IH-NMR (AUC = 0.61). m PON1-free

HDL from NGEMS (AUC = 0.52). n ApoAl from sandwich ELISA (AUC = 0.69). 0 ApoB
from sandwich ELISA (AUC = 0.60). p OXLDL from commercial ELISA (AUC = 0.67).
p-values are calculated from unpaired parametric one-tailed t-test with Welch’s
correction. AUC values calculated from ROC plots (see Supplementary Fig. 3 for
ROC plots). Each datapoint was average of several replicates. Every sample in the
figures are measured in triplicates except in e-g where they are duplicated. Each
plot is a standard box and whisker plot with central line being the median, box
being the 25" and 75" quantile and whiskers representing 0™ and 100™ quantile.
Both controls and CAD groups had ten samples (n =10) each.

biomarkers matched very well with literature values suggesting the
cohort is representative®*’. Nevertheless, none of these methods for
HDL-P approach the AUC values of PONI-HDL from NGEMS. Other
biomarkers, including ApoAl, OxLDL, and ApoB also significantly
underperform compared to PON1-HDL. Importantly, PONI-HDL varies
by two orders in the cohort, with its median between control and CAD
groups different by one order of magnitude, which is significantly
higher than all other biomarkers. The results for PON1-HDL suggest
>95% sensitivity and specificity. On the contrary, PONI1-free HDL

showed an AUC -~ 0.5, indicating that PON1-free HDL may not have any
distinguishing power between the two groups.

Discussion

A Nanoparticle-Gated Electrokinetic Membrane Sensor (NGEMS) plat-
form is developed to overcome several challenges for the quantifica-
tion of PONI-HDL, PONI-free HDL, and the total HDL particle
concentration (HDL-P). Free-floating PON1 does not produce a signal
with NGEMS, allowing us to measure the concentration of PON1-HDL
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specifically, resulting in AUC = 0.99. The other biomarkers commonly
used to assess the cardiovascular risk, such as HDL-C, non-HDL-C, tri-
glycerides, ApoAl, ApoB, and HDL-P, were compared to PON1-HDL and
performed poorly in distinguishing the two groups, with most of them
having AUC in the 0.6-0.7 range. Interestingly, PONI1-free HDL was
found to be incapable of distinguishing the two groups (AUC - 0.5). We
are currently pursuing a significantly larger cohort of patients with a
longitudinal study. With the results validated for a larger pool of
patients from independent studies, PONI-HDL could potentially
change the cardiovascular landscape and perhaps even correlate it
with future risk.

Moreover, due to its microfluidics nature, our platform can be
fully automated with peristaltic pumps and potentiostats/galvano-
stats. A voltage or current sweep across the IV curve which is <4 V and
<200 microamperes means that the power requirement of such a
setup can be supplied with the help of a small power supply for both
the pumps and the potentiostat. A first-generation prototype is cur-
rently in development. Turn-key operation, low cost and fast mea-
surement is the end-goal in terms of automation of this platform. After
receiving feedback from clinicians for the first prototype, we plan to
develop a second-generation prototype to conduct a large-scale clin-
ical study that would demonstrate the usefulness of our platform and
the validity of PON1-HDL as a marker. Our platform can also, in theory,
identify any other proteomic subclass of HDL in their native form,
which cannot be done by any of the commonly used techniques -
often relying on surrogate measurement of the interested subclass®®.

Methods

Ethics statement

Received coronary artery disease and control group samples from
Precision for Medicine, and unlabeled and randomized immediately
upon arrival. An approved IRB protocol is already in place at Precision
for the collection of plasma samples from patients. Precision for
Medicine works with regulatory authorities and accrediting organiza-
tions around the world to ensure that the sample collection process
and protocol follow the latest FDA, EMA, and MHRA guidelines. The
pooled healthy plasma samples were obtained from Innovative
Research. All procedures performed in studies involving human par-
ticipants were in accordance with the ethical standards of the Uni-
versity of Notre Dame.

Fabrication of biochip

A microfluidic chip with a channel of 3 mm x30 mm x 0.3 mm was
constructed, as shown in Fig. 1. Three layers of polycarbonate sheet of
0. 3 mm thickness is used to fabricate the biochip using our reported
protocol®. The sensor is fabricated by embedding a small piece of
anion exchange membrane (Mega a.s., Czech Republic) of dimension
0.3mm? in an epoxy resin (TAP Quik-Cast, Tap plastic)*. The fabri-
cated AEM-based sensing module is then housed at the center of the
channel with an inlet, outlet at the two ends, and two reservoirs for a
four-electrode potentiometry, as shown in Fig. 1. The working (W) and
counter (C) electrode reservoirs were used to pass an electric current
across the AEM sensor while the reference (R) and working sense (WS)
reservoirs were used to measure the voltage difference across the
membrane using a Gamry potentiostat 500. A peristaltic pump is
connected to the inlet to pump the sample and assay buffers.

Antibody functionalization (silica reporter/AEM surface)

The antibodies are functionalized on the ANM surface using the opti-
mized protocol reported earlier®. Briefly, the carboxyl groups on the
AEM surface were first created by UV treatment of 3,3,4,4’-benzo-
phenonetetracarboxylic acid solution followed by 2 h of incubation of
the AEM at low pH 2-3. The AEM sensor was then treated with 8% EDC
(Life Technologies 24510) in MES buffer for 20 min, followed by the
addition of 0.lug (0.02mg/mL) anti-ApoAl (Abcam ab52945).

The membrane is hydrophilic; therefore, no further blocking steps are
required. For altering the surface coverage of antibodies on the surface
to five percent, an isotype control antibody was allowed to compete
with the actual target antibody for EDC/NHS crosslinking reaction with
only 5% of the total antibody for the target and the rest as isotype
control, while maintaining the total amount (isotype + target antibody)
the same. Similarly, the reporter particles were prepared by conjugat-
ing antibodies with 50 nm carboxylated silica particles using the EDC-
NHS coupling chemistry. First, silica particles were suspended in MES
buffer (ThermoFisher BupH #28390) and washed thoroughly by cen-
trifuging at a 15000-17000 g and resuspension (by sonication), fol-
lowed by treatment with 4% EDC and 4% Sulfo-NHS (ThermoFisher
#24510) for one hour with continuous mixing to activate the carboxyl
group. The excess EDC and Sulfo-NHS were removed by centrifugation
and resuspension like before. The silica particles were then incubated
overnight with 2 ug anti-PON1 for PON1-HDL (Abcam ab24261) or anti-
ApoAl for total HDL (Abcam ab52945) in 1xPBS for covalent linkage of
antibodies. In some cases, where polyclonal anti-ApoAl was used dur-
ing control experiments, same amount of polyclonal anti-ApoAl was
added. Fluorescent silica particles (DNG-L0O83) were also functionalized
similarly. All antibodies were conjugated in azide-free environment.

HDL concentration for calibration

To calibrate voltages against known concentrations of PON1-HDL and
HDL-P, commercially available HDL solution was used (Sigma Aldrich
SAE0054-10MG). The pure HDL does not contain any free-floating
PONI, therefore total PON1 was used as the concentration of PONI-
HDL. For HDL-P, ELISA-2 was used to obtain the concentration.

Cholesterol, triglyceride, and other assays

Cholesterol assay (Abcam ab65390), triglyceride assay (Abcam
ab65336), PONI1 activity (Abcam ab241044) assay, Oxidized LDL ELISA
Kit (Abcam ab242301), ApoB ELISA kit (Fisher Scientific EH34RB) and
HDL competitive ELISA kit (Novus Biologicals NBP2-60508) were
obtained commercially and performed according to manufacturers’
guidelines.

In-house total protein ELISA kits

The in-house ELISA kits were created by first coating high binding
microwell plates with 2-5ug/mL of anti-ApoAl (Life Technologies
MIA1402) for ApoAl ELISA and anti-PON1 (Abcam ab24261) for PON1
ELISA overnight followed by blocking with Casein buffer (Bioworld
# 40320020-1) for both total ApoAl and total PON1 ELISA. Commer-
cially obtained recombinant proteins for ApoAl (Novus Biologicals
NBP2-34869-100ug) and PONI1 (Biovision P1556-10) were used as
standards for ELISA. The microwells were always washed with PBS-T
(0.1% Tween20 in PBS), and samples were always diluted in assay
diluent (2% BSA, 0.05% Tween20 in PBS). The sample was incubated for
12 h overnight, followed by three washes with PBS-Tween solution.
Reporter antibodies with Horseradish Peroxidase (HRP) for ApoAl
(VWR 10680-872) or PON1 (VWR 10408-588) at manufacturer’s sug-
gested dilution were then added and incubated for an hour, followed
by a wash and addition of o-Phenylenediamine dihydrochloride
(Sigma-Aldrich P9187) with 0.4 mg/mL OPD, 0.4 mg/mL urea hydrogen
peroxide in 0.05 M phosphate-citrate buffer as the substrate.

ELISA-1

This method’s assay diluent consists of only 2% BSA in 1xPBS. The
microwell is coated with anti-PON1 as mentioned in the previous sub-
section, and the sample is diluted in 2% BSA-PBS to ensure HDL remains
intact while allowing free-floating PON1 and PONI-HDL both to bind to
the capture antibodies on the microwell surface. Following sample
incubation for 24 h and washing with 1xPBS, PON1 on PONI-HDL is
sandwiched between the capture surface and the HDL, and thus its
epitopes are inaccessible to any new antibodies we add. Therefore,
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we add anti-PON1 (VWR 10408-588, 1:1000 dilution) with inactivated
HRP, which allows these antibodies to bind to all the free-floating PON1
captured on the surface and not to PON1 on PON1-HDL. After incubating
these antibodies for 2 h, we add 2%BSA with 0.05% Tween 20 in the
microwell for 3 h, allowing the HDL to delipidate, followed by several
washes with 0.05% Tween 20. Anti-PON1 (VWR 10408-588) with active
HRP is then added to the wells, which binds to PONI1, which was inac-
cessible before delipidation for one hour, followed by wash and reac-
tion with substrate. Therefore, the reaction only occurs at the locations
where antibodies with active HRP are present, and thus only PON1-HDL
produces a signal. For the PONI standard, the addition of inactivated
antibodies is skipped and instead incubated with active HRP antibodies
in the end. See Supplementary Fig. 2a for the proposed workflow.

ELISA-2

The microwell surface is coated with anti-ApoAl (Life Technologies
MIA1402) as described for ELISA-1, and detergent-free assay diluent
(2% BSA in 1xPBS) is used to dilute the samples to ensure HDL remains
intact. Following 24-h incubation, the microwells are washed with
1xPBS, followed by the addition of 2% BSA, 0.05% Tween20, and
20 pg/mL of capture antibody in 1xPBS to the microwell. The ApoAl
from HDL bound to the surface remains bound during the delipida-
tion, but the other ApoAl on HDL (-3-7) get solubilized. These ApoAl,
once released, will experience competition to bind with the capture
antibody on the surface and the same capture antibodies in the
solution (added with the delipidation solution). The high concentra-
tion of antibodies in the solution outcompetes the surface antibodies
allowing only one ApoAl per HDL to remain on the surface, whose
concentration can then be determined by the addition of HRP-
conjugated anti-ApoAl (VWR 10680-872, 1:1000 dilution), wash steps,
and the substrate reaction with OPD. The standard is treated identi-
cally. This method produced a signal with free-floating ApoAl but they
are generally not present in large quantities even in plasma samples.
See Supplementary Fig. 2b for the proposed workflow.

Confocal imaging

The membranes from the fluorescent silica experiments were moun-
ted on a glass slide with a coverslip as imaged using an Upright Nikon
C2 + Laser Scanning Confocal Microscope at 561 nm laser line (Texas
red) using z-stacking to take a series of images that are then converted
into EDF focused image. The settings are kept the same across all the
images taken using a 10x objective. Image] is then used to enhance the
image brightness and contrast 4x times, and it is made sure that less
than ten percent of the pixels are saturated even at the highest
concentration.

1H-NMR

1H-NMR was performed using a 500 MHz Bruker instrument at the
NMR facility at the University of Notre Dame using standard pre-
saturation pulses (zgpr). The peak deconvolution was carried out as
per previous studies>***°. Plasma was separated into 15 different
subfractions based on its density using Density Gradient Ultra-
centrifugation as per Chapman et al.””, and reference NMR methyl
peaks were constructed. The plasma peaks were then deconvoluted
using these reference peaks using MATLAB and a few digitally shifted
references to obtain the methyl peak in different lipoprotein fractions,
which were then converted to lipoprotein particle concentration based
on the known composition®®,

Human patient sample

All the clinical plasma samples were obtained commercially from
Precision for Medicine that consisted of 10 samples in each control and
coronary artery disease group, with half of them biological males and
the other half biological females in the age group of 60-70 and Non-
Hispanic/Non-Latino White ethnicity and were non-smoker or former

smoker. The pooled plasma samples were also obtained commercially
(Innovative Research # IPLAK2EIOML).

Numerical simulations

Simulations were carried in COMSOL using ‘Transport of Diluted
Species’ module to solve Nernst-Plank equation with irreversible
reaction on the membrane surface located at the center of a 2D
microfluidic channel. The two ends of the microfluidic channel were
given open boundary conditions.

Softwares used

All the analysis was performed on Graphpad Prism, ImageJ 1.53k, and
MATLAB R2020b. Plots were created using Graphpad Prism and Adobe
lllustrator while schematics were created using Autodesk 3ds Max,
biorender.com and Adobe lllustrator. Proprietary software to Gamry
Potentiostat was used for CVC curve acquisition. COMSOL was used
for numerical simulations. Topspin was used for NMR acquisition.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All the data supporting the
findings of this study are available in the article, the supplementary
information and from the corresponding authors upon
request. Source data are provided with this paper.

References

1. Mathers, C., Stevens, G., Hogan, D., Mahanani, W.R. & Ho, J. Global
and Regional Causes of Death: Patterns and Trends, 2000-15. in
Disease Control Priorities: Improving Health and Reducing Poverty
(eds. rd, et al.) (Washington (DC), 2017).

2. Mathers, C.D., Boerma, T. & Ma Fat, D. Global and regional causes of
death. Br. Med Bull. 92, 7-32 (2009).

3. Mortality, G.B.D. & Causes of Death, C. Global, regional, and
national life expectancy, all-cause mortality, and cause-specific
mortality for 249 causes of death, 1980-2015: a systematic analysis
for the Global Burden of Disease Study 2015. Lancet 388,
1459-1544 (2016).

4. Mortality, G.B.D. & Causes of Death, C. Global, regional, and
national age-sex specific all-cause and cause-specific mortality for
240 causes of death, 1990-2013: a systematic analysis for the
Global Burden of Disease Study 2013. Lancet 385, 117-171 (2015).

5. Holewijn, S., den Heijer, M., Swinkels, D. W., Stalenhoef, A. F. & de
Graaf, J. Apolipoprotein B, non-HDL cholesterol and LDL cholesterol
for identifying individuals at increased cardiovascular risk. J. Intern
Med. 268, 567-577 (2010).

6. Liem, A. H. et al. ApoB/A1 and LDL-C/HDL-C and the prediction of
cardiovascular risk in statin-treated patients. Curr. Med Res Opin.
24, 359-364 (2008).

7. Fujihara, K. et al. Carotid artery plaque and LDL-to-HDL cholesterol
ratio predict atherosclerotic status in coronary arteries in asymp-
tomatic patients with type 2 diabetes mellitus. J. Atheroscler.
Thromb. 20, 452-464 (2013).

8. Mahrooz, A. et al. Improved risk assessment of coronary artery
disease by substituting paraoxonase 1 activity for HDL-C: Novel
cardiometabolic biomarkers based on HDL functionality. Nutr.
Metab. Cardiovasc Dis. 31, 1166-1176 (2021).

9. Florvall, G., Basu, S. & Larsson, A. Apolipoprotein Al is a stronger
prognostic marker than are HDL and LDL cholesterol for cardio-
vascular disease and mortality in elderly men. J. Gerontology: Ser. A
61, 1262-1266 (2006).

10. Kim, D. S. et al. Concentration of smaller high-density lipoprotein
particle (HDL-P) is inversely correlated with carotid intima media

Nature Communications | (2023)14:557



Article

https://doi.org/10.1038/s41467-023-36258-w

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

thickening after confounder adjustment: the multi ethnic study of
atherosclerosis (MESA). J. Am. Heart Assoc. 5, e002977 (2016).
Kontush, A. HDL particle number and size as predictors of cardio-
vascular disease. Front Pharm. 6, 218 (2015).

Blake, G. J., Otvos, J. D., Rifai, N. & Ridker, P. M. Low-density lipo-
protein particle concentration and size as determined by nuclear
magnetic resonance spectroscopy as predictors of cardiovascular
disease in women. Circulation 106, 1930-1937 (2002).

Cromwell, W. C. et al. LDL particle number and risk of future
cardiovascular disease in the Framingham offspring study -
implications for LDL management. J. Clin. Lipido. 1, 583-592
(2007).

Pichler, G. et al. LDL particle size and composition and incident
cardiovascular disease in a South-European population: the
Hortega-liposcale follow-up study. Int J. Cardiol. 264,

172-178 (2018).

Walldius, G. & Jungner, |. Apolipoprotein B and apolipoprotein A-I:
risk indicators of coronary heart disease and targets for lipid-
modifying therapy. J. Intern Med. 255, 188-205 (2004).
Freedman, D. S. et al. The relation of apolipoproteins A-l and B in
children to parental myocardial infarction. N. Engl. J. Med. 315,
721-726 (1986).

Duparc, T. et al. Serum level of HDL particles are independently
associated with long-term prognosis in patients with coronary
artery disease: the GENES study. Sci. Rep. 10, 8138 (2020).
Davidson, W. S. et al. Proteomic analysis of defined HDL sub-
populations reveals particle-specific protein clusters: relevance to
antioxidative function. Arterioscler Thromb. Vasc. Biol. 29,
870-876 (2009).

Gonzalez, F. E. M. et al. PON1 concentration and high-density lipo-
protein characteristics as cardiovascular biomarkers. Arch. Med Sci.
Atheroscler. Dis. 4, e47-e54 (2019).

Hafiane, A. & Genest, J. High density lipoproteins: Measurement
techniques and potential biomarkers of cardiovascular risk. BBA
Clin. 3, 175-188 (2015).

Litvinov, D., Mahini, H. & Garelnabi, M. Antioxidant and anti-
inflammatory role of paraoxonase 1: implication in arteriosclerosis
diseases. N. Am. J. Med. Sci. 4, 523-532 (2012).

Rosenblat, M., Karry, R. & Aviram, M. Paraoxonase 1 (PON1) is a more
potent antioxidant and stimulant of macrophage cholesterol efflux,
when present in HDL than in lipoprotein-deficient serum: relevance
to diabetes. Atherosclerosis 187, 74-81 (2006).

Vaisar, T. et al. High concentration of medium-sized HDL particles
and enrichment in HDL paraoxonase 1 associate with protection
from vascular complications in people with long-standing type 1
diabetes. Diabetes Care 43, 178-186 (2020).

Rozenberg, O., Rosenblat, M., Coleman, R., Shih, D. M. & Aviram, M.
Paraoxonase (PONT1) deficiency is associated with increased mac-
rophage oxidative stress: studies in PON1-knockout mice. Free
Radic. Biol. Med. 34, 774-784 (2003).

Efrat, M. & Aviram, M. Paraoxonase 1 interactions with HDL,
antioxidants and macrophages regulate atherogenesis - a pro-
tective role for HDL phospholipids. Adv. Exp. Med. Biol. 660,
153-166 (2010).

Efrat, M. & Aviram, M. Macrophage paraoxonase 1 (PONT1) binding
sites. Biochem. Biophys. Res. Commun. 376, 105-110 (2008).
Draganov, D. I. et al. Human paraoxonases (PON1, PON2, and PON3)
are lactonases with overlapping and distinct substrate specificities.
J. Lipid Res. 46, 1239-1247 (2005).

Blatter Garin, M. C. et al. Quantification of human serum para-
oxonase by enzyme-linked immunoassay: population differences in
protein concentrations. Biochem. J. 304, 549-554 (1994).
Kujiraoka, T. et al. A sandwich enzyme-linked immunosorbent assay
for human serum paraoxonase concentration. J. Lipid Res. 41,
1358-1363 (2000).

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

Pedone, D., Moglianetti, M., Lettieri, M., Marrazza, G. & Pompa, P. P.
Platinum nanozyme-enabled colorimetric determination of total
antioxidant level in saliva. Anal. Chem. 92, 8660-8664 (2020).
Thomas, P. D. & Poznansky, M. J. A modified tetramethylbenzidine
method for measuring lipid hydroperoxides. Anal. Biochem. 188,
228-232 (1990).

Natella, F., Nardini, M., Ursini, F. & Scaccini, C. Oxidative modifica-
tion of human low-density lipoprotein by horseradish peroxidase in
the absence of hydrogen peroxide. Free Radic. Res. 29,

427-434 (1998).

Francis, G. A., Mendez, A. J., Bierman, E. L. & Heinecke, J. W.
Oxidative tyrosylation of high density lipoprotein by peroxidase
enhances cholesterol removal from cultured fibroblasts and mac-
rophage foam cells. Proc. Natl Acad. Sci. USA 90, 6631-6635 (1993).
Munroe, W. H., Phillips, M. L. & Schumaker, V. N. Excessive cen-
trifugal fields damage high density lipoprotein. J. Lipid Res. 56,
1172-1181 (2015).

Zheng, J. J. et al. Isolation of HDL by sequential flotation ultra-
centrifugation followed by size exclusion chromatography reveals
size-based enrichment of HDL-associated proteins. Sci. Rep. 11,
16086 (2021).

Gaidukov, L. & Tawfik, D. S. The development of human sera tests
for HDL-bound serum PON1 and its lipolactonase activity. J. Lipid
Res. 48, 1637-1646 (2007).

Ramshani, Z. et al. A multiplexed immuno-sensor for on-line and
automated monitoring of tissue culture protein biomarkers. Talanta
225, 122021 (2021).

Senapati, S. et al. An ion-exchange nanomembrane sensor for
detection of nucleic acids using a surface charge inversion phe-
nomenon. Biosens. Bioelectron. 60, 92-100 (2014).

Ramshani, Z. et al. Extracellular vesicle microRNA quantification
from plasma using an integrated microfluidic device. Commun.
Biol. 2, 189 (2019).

Yossifon, G. & Chang, H. C. Selection of nonequilibrium overlimiting
currents: universal depletion layer formation dynamics and vortex
instability. Phys. Rev. Lett. 101, 254501 (2008).

Slouka, Z., Senapati, S. & Chang, H. C. Microfluidic systems with
jon-selective membranes. Annu Rev. Anal. Chem. (Palo Alto Calif.) 7,
317-335 (2014).

Sensale, S., Ramshani, Z., Senapati, S. & Chang, H. C. Universal
features of non-equilibrium ionic currents through perm-
selective membranes: gating by charged nanoparticles/mac-
romolecules for robust biosensing applications. J. Phys. Chem. B
125, 1906-1915 (2021).

Drescher, O. et al. Methylmercury exposure, PON1 gene variants
and serum paraoxonase activity in Eastern James Bay Cree adults. J.
Expo. Sci. Environ. Epidemiol. 24, 608-614 (2014).

Vickers, K. C. & Michell, D. L. HDL-small RNA export, transport, and
functional delivery in atherosclerosis. Curr. Atheroscler. Rep. 23,
38 (2021).

Davidson, W. S. HDL-C vs HDL-P: how changing one letter could
make a difference in understanding the role of high-density lipo-
protein in disease. Clin. Chem. 60, e1-e3 (2014).

Huang, R. et al. Apolipoprotein A-l structural organization in high-
density lipoproteins isolated from human plasma. Nat. Struct. Mol.
Biol. 18, 416-422 (2011).

Zhang, S., Garcia-D’Angeli, A., Brennan, J. P. & Huo, Q. Predicting
detection limits of enzyme-linked immunosorbent assay (ELISA) and
bioanalytical techniques in general. Analyst 139, 439-445 (2014).
Pattnaik, P. Surface plasmon resonance: applications in under-
standing receptor-ligand interaction. Appl. Biochem. Biotechnol.
126, 79-92 (2005).

Lemay, S. G. & Moazzenzade, T. Single-entity electrochemistry for
digital biosensing at ultralow concentrations. Anal. Chem. 93,
9023-9031 (2021).

Nature Communications | (2023)14:557

12



Article

https://doi.org/10.1038/s41467-023-36258-w

50. Teiber, J. F., Draganov, D. . & La, Du,B. N. Lactonase and lactonizing
activities of human serum paraoxonase (PON1) and rabbit serum
PONB3. Biochem Pharm. 66, 887-896 (2003).

51. Okazaki, M., Usui, S., Fukui, A., Kubota, |. & Tomoike, H. Component
analysis of HPLC profiles of unique lipoprotein subclass choles-
terols for detection of coronary artery disease. Clin. Chem. 52,
2049-2053 (2006).

52. Bogavac-Stanojevic, N., Jelic-lvanovic, Z., Spasojevic-Kalima-
novska, V., Spasic, S. & Kalimanovska-Ostric, D. Lipid and inflam-
matory markers for the prediction of coronary artery disease: a
multi-marker approach. Clin. Biochem. 40, 1000-1006 (2007).

53. Jelic-lvanovic, Z. et al. Circulating sTWEAK improves the prediction
of coronary artery disease. Clin. Biochem. 42, 1381-1386 (2009).

54. Zhao, X. et al. Low-density lipoprotein-associated variables and the
severity of coronary artery disease: an untreated Chinese cohort
study. Biomarkers 23, 647-653 (2018).

55. Rasouli, M., Kiasari, A. M. & Mokhberi, V. The ratio of apoB/apoAl,
apoB and lipoprotein(a) are the best predictors of stable coronary
artery disease. Clin. Chem. Lab Med. 44, 1015-1021 (2006).

56. Johnston, N., Jernberg, T., Lagerqvist, B., Siegbahn, A. & Wallentin,
L. Improved identification of patients with coronary artery disease
by the use of new lipid and lipoprotein biomarkers. Am. J. Cardiol.
97, 640-645 (2006).

57. Dierkes, J. et al. The diagnostic value of serum homocysteine con-
centration as a risk factor for coronary artery disease. Clin. Chem.
Lab Med. 36, 453-457 (1998).

58. Furtado, J. D. et al. Distinct proteomic signatures in 16 HDL (High-
Density Lipoprotein) subspecies. Arterioscler Thromb. Vasc. Biol.
38, 2827-2842 (2018).

59. Freedman, D. S. et al. Relation of lipoprotein subclasses as mea-
sured by proton nuclear magnetic resonance spectroscopy to
coronary artery disease. Arterioscler Thromb. Vasc. Biol. 18,
1046-1053 (1998).

60. Kuller, L. et al. Nuclear magnetic resonance spectroscopy of lipo-
proteins and risk of coronary heart disease in the cardiovascular
health study. Arterioscler Thromb. Vasc. Biol. 22, 1175-1180 (2002).

61. Otvos, J. Measurement of triglyceride-rich lipoproteins by nuclear
magnetic resonance spectroscopy. Clin. Cardiol. 22, 1121-1127 (1999).

62. Otvos, J. D. Measurement of lipoprotein subclass profiles by nuclear
magnetic resonance spectroscopy. Clin. Lab 48, 171-180 (2002).

63. Otvos, J. D., Jeyarajah, E. J. & Bennett, D. W. Quantification of
plasma lipoproteins by proton nuclear magnetic resonance spec-
troscopy. Clin. Chem. 37, 377-386 (1991).

64. Otvos, J. D., Jeyarajah, E. J., Bennett, D. W. & Krauss, R. M. Devel-
opment of a proton nuclear magnetic resonance spectroscopic
method for determining plasma lipoprotein concentrations and
subspecies distributions from a single, rapid measurement. Clin.
Chem. 38, 1632-1638 (1992).

65. Otvos, J. D. et al. Relationships between the proton nuclear mag-
netic resonance properties of plasma lipoproteins and cancer. Clin.
Chem. 37, 369-376 (1991).

66. Soedamah-Muthu, S. S. et al. Lipoprotein subclass measurements
by nuclear magnetic resonance spectroscopy improve the predic-
tion of coronary artery disease in Type 1 diabetes. A prospective
report from the Pittsburgh Epidemiology of Diabetes Complications
Study. Diabetologia 46, 674-682 (2003).

67. Chapman, M. J., Goldstein, S., Lagrange, D. & Laplaud, P. M. A
density gradient ultracentrifugal procedure for the isolation of the
major lipoprotein classes from human serum. J. Lipid Res. 22,
339-358 (1981).

68. Shen, B. W., Scanu, A. M. & Kezdy, F. J. Structure of human serum
lipoproteins inferred from compositional analysis. Proc. Natl Acad.
Sci. USA 74, 837-841 (1977).

Acknowledgements

This work was partially supported by the NIH Commons Fund,
through the Office of Strategic Coordination/Office of the NIH
Director, TUH3CA241684-01 (H.C.C. &S.S.), National Heart, Lung, and
Blood Institute (NHLBI) under award number ROTHL141909 (H.C.C. &
S.S.). We would also like to acknowledge the core facilities at Uni-
versity of Notre Dame - confocal microscopy at Notre Dame Inte-
grated Imaging Facility (Nikon C2+ Laser Scanning Confocal
Microscope), NMR at NMR core facility (500 Hz Bruker Manual),
Density Gradient Ultracentrifugation at Biophysics Core (Optima XPN-
90), and zeta potentials were measured at CEST core (Nanobrook
Omni). We would like to thank Dr. Jennifer Szymanowski and Actinide
Research Facility at Notre Dame for allowing us access to Density
Meter (Anton-Paar) and Dr. Sara Cole at NDIIF, Dr. Giselle Jacobson at
BICF, and Dr. Evgenii Kovrigin at NMR core for helpful discussions and
training at core instruments.

Author contributions

S.K., 8.S., and H.C.C. conceived the idea. S.S. and H.C.C. led and
organized the project. S.K. and S.S. designed the experiments and
fabricated the microfluidic chip. S.K. and C.W. did ELISA microwell
functionalization and blocking. S.K. conducted all experiments,
including clinical samples in blind and developed the figures for the
manuscript. S.K. and N.M. fabricated the sensors, and membrane
functionalization was carried by S.K. All authors contributed to writing
the manuscript.

Competing interests
Authors declare no conflict of interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36258-w.

Correspondence and requests for materials should be addressed to
Satyajyoti Senapati or Hsueh-Chia Chang.

Peer review information Nature Communications thanks Jorge Camps
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:557

13


https://doi.org/10.1038/s41467-023-36258-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Quantifying PON1 on HDL with nanoparticle-gated electrokinetic membrane sensor for accurate cardiovascular risk assessment
	Results
	The sensing platform and sensing strategy
	Calibration of NGEMS for detection of PON1-HDL, PON1-free HDL, or the total HDL
	Mass-transfer limited regime: short incubation time and robustness
	Control experiments through HDL delipidation and pooled human plasma samples
	Benchmarking of NGEMS against other techniques using human plasma
	Blind pilot study with patients and controls of coronary artery disease (CAD) and comparison to other commonly used biomarkers

	Discussion
	Methods
	Ethics statement
	Fabrication of biochip
	Antibody functionalization (silica reporter/AEM surface)
	HDL concentration for calibration
	Cholesterol, triglyceride, and other assays
	In-house total protein ELISA kits
	ELISA-1
	ELISA-2
	Confocal imaging
	1H-NMR
	Human patient sample
	Numerical simulations
	Softwares used
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




