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CrossMark
Abstract
A plasmonic nanopore sensor enabling detection of bimodal optical and electrical molecular
signatures was fabricated and tested for its ability to characterize low affinity ligand-receptor
interactions. This plasmonic nanosensor uses self-induced back-action (SIBA) for optical
trapping to enable SIBA-actuated nanopore electrophoresis (SANE) through a nanopore located
immediately below the optical trap volume. A natural killer (NK) cell inhibitory receptor
heterodimer molecule CD94/NKG2A was synthesized to target a specific peptide-presenting
Qa-1° Qdm ligand as a simplified model of low-affinity interactions between immune cells and
peptide-presenting cancer cells that occurs during cancer immunotherapy. A cancer-irrelevant
Qa-1° GroEL ligand was also targeted by the same receptor as a control experiment to test for
non-specific binding. The analysis of different pairs of bimodal SANE sensor signatures enabled
discrimination of ligand, receptor and their complexes and enabled differentiating between
specific and non-specific ligand interactions. We were able to detect ligand-receptor complex
binding at concentrations over 500 times lower than the free solution equilibrium binding
constant (Kp). Additionally, SANE sensor measurements enabled estimation of the fast
dissociation rate (ko) for this low-affinity specific ligand-receptor system, previously shown to
be challenging to quantify with commercial technologies. The kg value of targeted peptide-
presenting ligands is known to correlate with the subsequent activation of immune cells in vivo,
suggesting the potential utility of the SANE senor as a screening tool in cancer immunotherapy.

Keywords: solid-state nanopore, dual nanohole, plasmonics, dual modality nanosensing, receptor
ligand interactions, binding kinetics, cancer immunotherapy
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Introduction

Single molecule detection methods have been able to quantify
protein-ligand interactions and provide valuable information
that is usually unavailable from ensemble methods such as
ELISA, surface plasmon resonance (SPR) and other assays
[1]. These modalities have utilized either optical or electrical
sensing technologies to differentiate between bound and
unbound reactants. Current single molecule interaction ana-
lysis methods utilizing optical technologies include optical
tweezers, atomic force microscopy, single molecule FRET
and ultra-high resolution microscopy [2]. Electrical sensors
for single molecule analysis predominantly consist of solid-
state nanopores (SSNPs) [3] and electrical break junctions [4],
of which the former are more popular due to their sensitivity
and specificity.

SSNPs are nanometer sized pores milled in suspended
dielectric membranes using focused ion beam (FIB) [5] or
transmission electron microscopy [6] and work as a robust
alternative to biological pores [7]. In nanopore sensing, two
compartments filled with electrolyte solution are joined with
the SSNP at its center. Analyte molecules are added to one
compartment and translocated through the SSNP into the
other using applied bias. The translocation of the molecule
causes changes in the ionic current signatures that define the
data metrics (i.e. translocation current and translocation time).
Translocation behavior of the molecules are dependent on
molecular size, volume and surface charge [8], as well as
solution pH and salt concentrations [9]. SSNPs have been
used to study and characterize biomolecular interactions
[10-16].

On the optical sensing side, an area of focus in recent
years has been the development of metallic nanoaperture
structures that utilize strong plasmonic confinement to enable
using self-induced back action (SIBA) as a mechanism for the
optical trapping of protein-size molecules at low laser powers
(approximately 0.7 mW) [17, 18]. Metallic nanoapertures
circumvent the difficulty of using high laser powers to trap
entities smaller than 100 nm with optical tweezers [19].
SIBA-based optical trapping has been reported to quantify
protein-small molecule interactions by trapping the molecules
in a double nanohole (DNH) structure milled in a gold (Au)
film on a glass substrate [20-22]. However, optical sensor
throughput can be limited by long optical trapping times and
diffusion-limited molecular transport to the sensing region, as
many experiments often use low analyte concentrations.
Plasmonic nanopore structures have been previously sug-
gested as a means of using optical illumination to create local
heating on plasmonic nanoantennas to augment event detec-
tion rate through an SSNP located immediately
below [23, 24].

Recently, we [25, 26] and others [1, 27-30] have
reported on plasmonic nanopores combining the optical
trapping of metallic nanoapertures with the electrical sensing
of SSNPs to augment optical event detection rate with the
help of an external electrical bias, while also slowing down
SSNP event detection by use of the spatially overlapping
optical trapping field. In our prior work [25], a DNH

nanoaperture had an SSNP placed at its center, which enabled
the combination of optical trapping by SIBA with electrical
nanopore sensing. The resulting bimodal sensor technology
was named as a SIBA-actuated nanopore electrophoresis
(SANE). The DNH was milled by neon (Ne) ion FIB and had
tapered walls that excited the wedge plasmons such that the
molecule was trapped above the mouth of the SSNP. In initial
experiments, the presence of the optical trap near the SSNP
extended the translocation time of nanoparticles up to four
orders of magnitude compared to a classical nanopore [3]. In
our subsequent work, we detected high affinity antibody-
ligand interactions using the bimodal optical-electrical data
from the SANE sensor where we were able to identify the
individual proteins, their protein complexes, as well as the
specific and non-specific binding interactions [26]. A major
finding of that work was the SANE sensor enabled the for-
mation and subsequent detection of a much higher antibody-
ligand complex bound fraction compared to that expected for
corresponding bulk solution concentrations.

The purpose of this work is to go beyond the initial
nanoparticle tests and high-affinity interaction measurements,
and demonstrate the ability of the SANE sensor to quantify
low-affinity interactions, which is challenging to do with
existing commercial technologies [31]. Moreover, the pro-
teins used in this work represent a simplified model of ligand-
receptor interactions that are relevant to cancer immunother-
apy. CD94 and NKG2A heterodimer receptors are expressed
on the cell surface of natural killer (NK) lymphocyte cells
[32]. These receptors can be cloned and expressed in a
mammalian expression system as a soluble recombinant
protein, CD94 /NKG2A heterodimer (henceforth referred to
as NK receptor). The NK receptor can recognize a specific
peptide-presenting  major  histocompatibility = complex
(pMHC) ligand known as Qdm/ Qa-1° (henceforth referred to
as Qdm) [33], which we use as the specific target ligand in
this work. Usually, expression of the Qdm ligand is asso-
ciated with an inhibitory response from the receptors on the
NK cells. Tumor cells are also known to express the Qdm
ligand to evade an immune system response as, in the absence
of inhibitory ligands, the NK cells can kill the tumor cells
[34]. Cancer-irrelevant ligands (GroEL) were also used in
control experiments. GroEL is an immunodominant epitope
expressed by Salmonella typhimurium and presented by a
Qa-1° MHC molecule. It is specifically recognized by
CD8 + cytotoxic T lymphocytes after natural infection in the
mouse [35, 36].

The SANE sensor bimodal signatures were tested for
their ability to discriminate between individual ligands,
receptors, and specific (Qdm-NK receptor) and non-specific
(GroEL-NK receptor) receptor-ligand interactions in equi-
molar mixtures over a wide range of concentrations. We also
tested the ability of the SANE sensor to detect receptor-ligand
complexes at concentrations much lower than Kp for these
low-affinity interactions. Furthermore, the low affinity of NK
receptors to the human analogue of Qdm resulted in short
binding times that were challenging to quantify in prior SPR
experiments, as documented [37, 38]. Nevertheless, quanti-
fication of short binding times (k.¢ values measured in few
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Figure 1. (a) Scanning electron microscope image of FIB-milled DNH and nanopores structure on the metal-dielectric membrane. (b)
Experimental setup with optical and electrical measurement instruments. LD: Laser Diode, QWP: Quarter Wave Plate, GTP: Glan-Thompson
Polarizer, HWP: Half Wave Plate, 4 x BE: 4x Beam Expander, MR: Mirror, OL: Carl-Zeiss 1.3 N.A. 63 x Objective Lens, CL: Condenser
Lens, PD: Photodiode. (c) PDMS flow cell cross-sectional view with SANE sensor.

sec, or less) is well within the capability of the SANE sensor,
and its measurement of k. was consistent with scant infor-
mation available in the literature for the Qdm-NK [38].

Materials and methods

SANE sensor fabrication

The SANE sensor was fabricated according to a previously
reported procedure [25]. This sensor consists of a metal-di-
electric membrane with nanostructures milled using FIB on a
double-sided polished 4 inch silicon (Si) wafer (100 orienta-
tion). A 500 nm thick silicon dioxide (SiO,) on the wafer was
grown by thermal oxidation, followed by deposition of a
60 nm thick stoichiometric silicon nitride (SizNy), henceforth
referred to as SiN, layer by low pressure chemical vapor
deposition on both sides of the Si wafer. On one side of the
wafer (referred to as backside), square windows of side
786 um were patterned using photolithography process. The
SiN layer exposed in these windows was etched away using
deep reactive ion etching with tertrafluoromethane (CF,) gas
at an etch rate of 1 nmmin ', followed by etching of the SiO,
layer using 6:1 buffered hydrofluoric (BHF). The underlying
Si layer was etched anisotropically using a 22% tetra-
methylammonium hydroxide (TMAH) solution at 90 °C to
create a 100 um window on the front side, leaving SiN/SiO,
layers suspended. On the front side, two thin film layers, a
5nm chromium (Cr) layer, followed by 100 nm Au, were
deposited through an e-beam evaporation method at a
0.1nms~! deposition rate, where Cr was used as an adhesion
layer for Au. Using a photolithography process, alignment
markers were patterned on this Au side to assist in FIB mil-
ling. The Au and Cr layers in these marker regions were
etched away using respective wet etchants (Sigma Aldrich).
The Si wafer was diced into individual chips and the backing

Si0; layer was etched using 6:1 BHF for each chip. These Si
chips with a metal-dielectric membrane were placed inside a
GFIS FIB (Carl Zeiss, ORION Nanofab, Peabody, MA) ultra-
high vacuum chamber to mill the nanostructures. A DNH
nanoaperture (100 nm diameter circles) was milled through
the Au layer with tapered edges having a 15%—18% slope for
optimal plasmon excitation [39]. In the SiN layer, a 25 nm
diameter nanopore was milled using a Ne ion beam such that
it was exactly at the middle of the DNH.

Experimental setup

Figure 1(a) shows a scanning electron microscope image of
the milled DNH and nanopore structures comprising the
SANE sensor. Figure 1(b) shows the schematic of the
experimental setup, which was similar to our previously
reported work [25]. Briefly, a near infrared region laser diode
(820 nm, L820P200, Thorlabs) was collimated and circularly
polarized using a QWP (WPQO5M, Thorlabs) to create a
2 mm diameter beam. This beam was linearly polarized using
a Glan—Thompson linear polarizer (GTH10M, Thorlabs). An
adjustable HWP (WPHOS5M, Thorlabs) was used to select the
polarization that was parallel to the horizontal axis of the
DNH for optimal excitation of wedge plasmons. The beam
was expanded using a 4x beam expander (Newport) and
passed through a periscope to the back aperture of a 63 x oil
immersion objective lens (NA = 1.3, Zeiss C-Apochromat).
The light beam was focused through a cover slip onto the
SANE chip. The chip was enclosed in a transparent PDMS
flow cell (figure 1(b)), fabricated as per previously reported
procedure [25]. This PDMS flow cell was attached to a piezo
stage (MDT6938, Thorlabs) to perform coarse and fine
adjustments and align the short axis of the DNH with the
polarization of the laser beam. A condenser lens was used to
collect the transmitted light from the DNH and then focus it
onto a photodiode (PDA36A, Thorlabs). The PDMS flow cell
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consisted of two chambers, one above the SANE sensor chip
(cis) and the other below the chip (trans). Analytes mixed in
150 mM potassium chloride (KCI) solution were added to the
cis chamber. Similar-molarity, KCl-only solution was added
to the trans chamber. Two silver electrodes were immersed in
bleach solution to form a coating of silver chloride (Ag/
AgCl). One electrode was inserted in the cis and one in the
trans chamber.

The electrodes were connected to an Axon Axopatch
200B patch clamp amplifier and digitizer equipment (Mole-
cular Devices) through Axon Headstage (CV 203BU) and
operated in voltage clamp mode. The change in resistance
across the chambers was measured as a drop in ionic current
flow when a protein passed through the nanopore while
translocating from cis to trans. A faraday cage was built with
aluminum foil (Reynolds) around the piezo-stage with the
PDMS flow cell to eliminate low-frequency electromagnetic
noise while recording the ionic current traces. Protein trans-
location events were performed at 100 mV voltage bias across
the nanopore.

Generation of ligand and receptor molecules

Qa-lb Qdm ligand (Qdm) [34], an MHC class Ib allotype
from C57BIlk/6 (mouse strain) analogous to HLA-E
(Human), consisted of a purified mouse MHC I heavy chain
Qa-1° (35 kDa) and a human $2m (13 kDa) light chain. The
peptide AMAPRTLLL (1kDa) was derived from leader
sequence of H2D® and synthesized by Genescript, Piscat-
away, NJ and refolded in vitro to create a peptide-presenting
MHC (pMHC) antigen that was purified by size exclusion
chromatography [40]. This Qdm peptide is known to induce a
NK cell inhibitory response when presented by Qa-1” in the
mouse [32, 33]. CD9%4 (~26kDa) and NKG2A (~43 kDa)
were cloned from murine NK cells and expressed as a soluble
recombinant protein in mammalian plasmid in HEK293 cells.
The CD94/NKG2A heterodimers specifically recognize
Qdm/ Qa-1° pMHCs to form complexes [34]. Another ligand
containing a different peptide, GroEL (refolded in Qa-1°
similar to Qdm) [35, 36] was used as negative control. The
plasmid construct was a generous gift from AbeXXa Biolo-
gics Inc., while Dr Weidanz’s group made the Qdm ligand
(~45kDa), GroEL ligand (~45kDa) and the receptors
(~150 kDa) in-house.

Sample preparation

To study the ligand-receptor interactions, stock solutions of
ligands (Qdm/Qa-1" or GroEL/Qa-1°) and receptors (CD94/
NKG2A) were mixed in equimolar concentrations of 1200,
600, 200 and 20 nM in separate experiments and incubated to
react for about 30 min. The reacted mixtures were diluted in a
KCl electrolyte (buffered at pH ~7.4, 150 mM) to achieve
dilutions of 600, 300, 100 and 10 nM range. About 70 pl of
sample solution was dispensed onto the cis side reservoir of
the sensor. The frans reservoir was filled with 1.5ml of
7.4 pH, 150 mM KCI solution.

Experimental data acquisition and analysis

We utilized our previously reported data acquisition and
analysis methodology [26]. Briefly, the optical signals were
detected using a photodiode (PDA36A, Thorlabs), and elec-
trical signals were acquired using Axopatch 200 B (Molecular
Devices). Both these signals were digitally processed through
an analog-to-digital converter, Axon Digidata 1440 ADC,
connected to a computer, where Axon pCLAMP 10.6 soft-
ware was used for recording and analysis. Optical signals
were recorded as changes in transmission amplitude propor-
tional (step increases in voltage (optical transmission (V)) to
the size of the particle in the optical trap. Optical-based
metrics were calculated from the optical signals as percentage
change in optical amplitude (optical step change) from the
baseline and total trapping duration (optical trap time) for
events where a positive step change (entering trap) was fol-
lowed by a negative step change (leaving trap). Electrical
signals were recorded as amplitude changes in the ionic
current proportional to the charge and volume of the particles.
These signals were filtered by a low pass 20 Hz eight-pole
Bessel filter to remove high frequency noise. Electrical-based
metrics calculated from these concurrent ionic current traces
were the drop in current amplitude relative to baseline
(translocation current) and the full width half-maximum of the
current drop trace (translocation time). These concurrently
acquired bimodal metrics were used in this work to char-
acterize protein interactions.

Statistical analyses

We tested the differences in bimodal optical-electrical data
types between unbound proteins (ligand versus receptor) as
well as specific versus non-specific binding events (Qdm
ligand-NK receptor versus GroEL-NK receptor mixtures)
using two-sample, two-dimensional Kolmogorov-Smirnov
(2s-2d KS) tests in MATLAB, with p-value significance set
at 0.01 [26]. We used an independent samples t-test to eval-
uate the differences in the unimodal optical and electrical data
types between individual proteins and their mixtures, with p-
value significance set at 0.05.

Identification of ligand-receptor complexes in a mixture
was based on optical step change magnitude threshold [41]
that was applied consistently across all experiments. This
threshold was identified by first compiling optical step change
data into histograms and fitting three Gaussian curves to
identify the ligand, receptor, and complex populations
(Mathematica). Then, the ligand-receptor optical step
threshold was selected as the point of minimum overlap
between histograms of unbound receptors and likely bound
complexes.

Furthermore, the use of bound Qdm-NK receptor com-
plex threshold enabled subsequent estimation of the bound
fracion (BF) in SANE sensor experiments as
BF = [Qdm-K receptor]/([Qdm] + [Qdm K receptor]),
where square brackets indicate molar concentrations. We also
estimated the free solution BF based on the reported value of
Kp for Qdm ligands interacting with a CD94/NKG2A
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Figure 2. Time traces of individual Qdm ligand (a)—(c) and NK receptor molecules, (d)—(f). Optical transmission (a) and (d), raw ionic current

(b) and (e) and low-pass filtered ionic current (c) and (f).

Table 1. Average optical and electrical metrics of ligand and receptor molecules.

Metric Qdm ligand

NK receptor

Optical step change (%)
Optical trap time (s)

Translocation current (pA)
Translocation time (ms)

3.02% £ 0.37%
2.69s £2.71s

625.12 pA + 246.08 pA
35.26 ms £ 4.42 ms

Group 1 = 3.04% + 0.51%
Group 2 = 5.06% + 0.44%
Group 1 =21.32s + 18.92s
Group 2 = 60.96s + 14.20 s
600.72 pA + 277.08 pA
36.63 ms + 6.15 ms

receptor [42] to compare and contrast with the SANE sensor
results.

We compiled observed ligand-receptor binding duration
times into histograms and natural log values of these event
frequencies were determined and fitted to a linear equation to
verify if they were consistent with first order off-binding
kinetics, i.e. exp(—kog £). The slope of this line corresponded
to the fitted k¢ value of the ligand-receptor bound complex.

Results

Firstly, we tested individual solutions of specific ligand and
NK receptor to identify their characteristic bimodal metrics
measured by the SANE sensor. This was a necessary step for
subsequently distinguishing individual proteins from the
complexes they formed in a mixture. Figure 2 shows typical
optical, raw electrical, and low-pass filtered electrical traces
for each of these reactants. The average optical and electrical
metrics of these ligand and receptor molecules are listed in
table 1. The NK receptor molecules showed a bimodal dis-
tribution for the optical step change, with population fractions

of events consisting of single molecules (74.47% of total
population, group 1) and likely agglomerates (25.53% of total
population, group 2) with the two groups separating clearly in
the vicinity of a 4% optical step change threshold. The optical
step change magnitudes of Qdm ligands and group 1 of NK
receptors were statistically indistinguishable (table 1, row 2,
p = 0.29), but the optical trapping times of the Qdm ligands
were significantly lower than those of the NK receptors
(table 1, row 2, p = 3.32 x 1077).

The protein molecules with higher optical step change
(Qdm ligands), longer optical trapping time, or both (group 2,
NK receptors) are hypothesized to represent aggregates that
formed during the in vitro refolding protocol described above.

The average electrical data types, which included the
translocation current and translocation time, were similar
between the Qdm ligand and all the NK receptors (table 1).
All electrical data types of Qdm ligand and NK receptor
(figures 3(a) and (b)) and the equimolar mixtures of Qdm-NK
receptor and GroEL-NK receptor (figures 3(c) and (d)), were
pooled into histograms. Based on the distribution of the event
data, the histograms were fitted to a single gaussian curve, or
a sum of two gaussian curves. The overlapping histograms
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suggest that the individual ligands and their mixtures had
similar electrical characteristics. A small secondary peak was
seen for all event types for the Qdm ligand, possibly aggre-
gates. The fact that all the electrical metrics plotted in figure 3
did not enable distinguishing any bound fraction in the pro-
tein mixtures suggested the need for further analyses based on
bimodal electrical-optical metrics.

Figure 4 shows the compiled results for the bimodal
metrics plotted in pairs for all performed measurements.
Figures 4(a)—(d) show a comparison of all data types from
separate experiments of Qdm ligand (blue circles) and NK
receptor (yellow circles) molecules at concentrations of
300nM in 150 mM KCI solution buffered at pH ~7.4. The
difference between the pairs of optical-electrical metrics was
tested using a 2s—2d KS test. For figures 4(b)-(d), both the
groups of NK receptors were tested separately (group 2,
inside red dotted ovals, figures 4(b)—(d)) to differentiate them
from the Qdm ligands, and two sets of p values are reported in
each figure. Figure 4(a) shows that electrical metrics alone
could not discriminate between ligand and receptor
(»p = 0.54). Figure 4(b) clearly distinguishes between the
ligand and receptor molecules, where group 2
(p = 8.00 x 10~°) was separable for both the optical metrics
and while group 1 (p = 1.85 x 1077) relied heavily on the
differences in trapping times as most of the group 1 receptor
events had similar optical step change values as ligands
(table 1). The similarity in the optical step change of Qdm
ligand to NK receptors despite their different molecular
weights is possibly due to a stronger trapping of Qdm
molecules due to their elongated protein structure, resulting in
a shape-based increase in optical polarizability and therefore
scattering strength [17] inside the DNH. The combined
optical step change and electrical metrics did not show clear
separation between ligands and group 1 receptors events for
both the translocation current (figure 4(c), p = 0.13) and
translocation time (figure 4(d), p = 0.54), but separated
clearly from the group 2 receptor molecules (figures 4(c), (d),
p = 3.86 x 1077). Though optical step change could clearly
distinguish only 25.53% of receptor (group 2) events from
Qdm ligands, it presented the best available combination of
metrics in this work, compared to optical trapping time, or
any of the electrical metrics. Based on the results from
figures 4(b)—(d), we chose to explore further the feasibility of
using the optical step change metric to define a threshold and
distinguish between bound and unbound receptors for all
subsequent experiments.

Optical step change data pooled from equimolar mixtures
of Qdm-NK receptor was distributed into histograms
(figure 5) and fit to the sum of three gaussian curves. The first
gaussian (left) represented a mixture of Qdm ligand and NK
receptor molecules, the second one (middle) represented Qdm
ligand-NK receptor complexes, and the third one (right)
represented likely NK receptor agglomerates and receptor
complexes with two Qdm ligands. The data could not support
fitting more than three gaussian curves to resolve all five
possible sub-populations. The point of minimum overlap
between unbound protein populations and Qdm-NK receptor

30 -
Qdm ligand —
25 4 NK receptor
complexes
a Qdm ligand
£ 20- and NK
g receptor
T molecules
2 154 Likely larger
= complexes and
T NK receptor
® 404 agglomerates
w
5 -
T 1 I I

Optical Step Change (%)

Figure 5. Histogram of optical step change for ligand-receptor
(Qdm-NK receptor) equimolar mixtures. A threshold of 3.15% (red
dashed line) was defined for classifying events as bound complex
(middle gaussian) versus unbound ligand and receptor (left gaussian)
and likely larger complexes or receptor agglomerates (right
gaussian).

complexes was chosen as the threshold (3.15%) of optical
step change.

Figures 6(a)-(d) represent equimolar mixtures of Qdm-
NK receptor at concentrations of 600, 300, 100, and 10 nM.
Applying an optical step change threshold of 3.15%, the
fraction of detected Qdm-NK receptor complexes were
90.90%, 77.58%, 66.66%, and 56.52% respectively. Larger
optical step changes than the threshold value and corresp-
onding higher optical trapping times were observed among
likely complex events in both figures 6(c) and (d) at con-
centrations of 100nM and 10 nM compared to higher con-
centrations of the mixtures (600 and 300 nM). It is presumed
that these events could be NK receptors agglomerates or
Qdm-NK receptor complexes that had both binding sites of
the NK receptor molecule occupied with Qdm ligands chan-
ging the overall charge on the molecule. Some NK receptors
also show higher optical trapping time with optical step
changes below the threshold. However, as these events were
very few, no additional threshold criterion was applied for the
discrimination of complexes in these data based on optical
trapping times, although this will be evaluated further in
future work.

The SANE sensor’s capability to distinguish between
binding of specific (Qdm) and non-specific (GroEL) ligands
to NK receptor was evaluated in separate experiments.
Figure 7 shows the typical time traces for both optical and
electrical signals for these experiments. Figure 7(a) shows a
trapping event for a Qdm-NK receptor complex, where the
NK receptor was trapped at the DNH (Region A) resulting in
an optical step change of 2.27% followed by binding of the
Qdm ligand (Region B), resulting in a total optical step
change of 4.54%. Just prior to entering Region A and Region
B in figure 7(a) high frequency electrical transients were
detected that are attributed to bobbing motions near the bot-
tom of the optical trap, while proteins hover just above the
nanopore [25, 26]. The total duration for that event was
approximately 12 s and the complex translocated through the
nanopore at the end of the trapping event. Though we
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Figure 6. (a) Event scatter plots of optical metrics for equimolar mixtures of Qdm and NK receptor at (a) 600 nM (b) 300 nM, (c) 100 nM and
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Table 2. Average bimodal optical and electrical metrics of events from specific and non-specific mixtures.

Metric

Qdm-NK receptor complex

GroEL-NK receptor mixture

Optical step change (%)
Optical trap time (s)
Translocation current (pA)
Translocation time (ms)

4.48% + 0.98%

20.99s + 12.38 s
808.83 pA £ 381.97 pA
39.09 ms £+ 11.08 ms

3.35% + 0.83%

33.39s +24.995s
824.45 pA + 449.24 pA
35.89 ms £+ 12.08 ms

observed two translocation events in the trace, we consider
only the second one that coincides with the optical signal,
confirming the bound complex exited from the trap. After
applying a low-pass 20 Hz filter, the translocation event was
electrically detected (figure 7(c), Region B), concurrently
with an optical step change (figure 7(a), Region B), denoting
a binding event between Qdm and NK receptor. After
unbinding, receptor and ligand translocated through the
nanopore separately, the Qdm ligand (figure 7(a), Region C)
was the first to leave the optical trap followed by NK receptor
(figure 7(a), Region D).

Figures 7(d)—(f) show typical optical and electrical traces
from the non-specific GroEL-NK receptor mixtures.
Figure 7(d) shows the trapping event of a receptor (Region A)
resulting in an optical step change of 2.38%, followed by the
interaction of a GroEL ligand (Region B) with the NK
receptor, leading to a total optical step height change of
4.76%. In contrast, the GroEL-NK receptor binding duration
lasted longer than Qdm events (figure 7(d), between Regions
B and C, ~135). Subsequently, the GroEL molecule tended
to exit the optical trap first (figure 7(d), Region C) and
translocate through the nanopore (figure 7(e), dip in electrical
current, Region C), while the receptor continued to stay
trapped for longer (figure 7(d), between Regions C and D,
~12s) before leaving the trap too (figure 7(d), Region D).
Like the events from specific mixtures, bobbing motions were
also observed here as high frequency electrical transients in
the raw ionic current (figure 7(e), Region A and Region B)
whenever a particle entered or left the optical trap.

Table 2 shows the average bimodal metrics of events
from Qdm-NK receptor complexes and the GroEL-NK
receptor mixture. The large amounts of variation observed in
the translocation current and translocation time of Qdm-NK
receptor complexes is likely due to the fact that the NK
receptor is a heterodimer molecule with high flexibility in its
two arms that affects the overall shape, number of sites
saturated with ligands, and finally the effective surface charge
on the molecule during translocation through the nanopore.
The optical metrics and the translocation current of Qdm-NK
receptor complexes were significantly different from free
ligands or free receptors (p < 0.05, table 3). In addition, the
translocation time of Qdm-NK receptor complexes were
significantly different from free ligands (p < 0.05) and
showed no separation with respect to free receptors
(p > 0.05). This provides strong evidence that the binding is
dynamic where the ligand-receptor binding duration is shorter
and they dissociate into individual proteins before translo-
cating through the nanopore (figures 7(a) and (d), Region C
and Region D). The GroEL-NK receptor events did not show

any statistically significant differences with the free receptors
and were only different for their optical trapping time in
comparison to free ligands (p < 0.001, table 3).

To answer the question of whether the SANE sensor can
separate specific from non-specific binding, we performed
measurements on equimolar mixtures of Qdm-NK receptor
(specific mixture) and GroEL-NK receptor (non-specific
mixture) prepared at 600, 300, 100 and 10 nM. We pooled
optical-electrical metrics from experiments across all con-
centrations and created a scatter plot to differentiate between
these mixtures as shown in figures 8(a)—(d). In these scatter
plots, the 3.15% optical step change threshold was applied for
these mixtures where the specific binding data (above-
threshold, green circles, figure 8) was compared to the non-
overlapping events of the non-specific mixture (below-
threshold, orange circles, figure 8). A 2s-2d KS test was used
to evaluate the differences between these mixtures. Figure 8
shows that even the optical step data that was clearly separ-
able by optical metrics (figure 8(b), p < 0.01) was still not
distinguishable by electrical metrics (figure 8(a), p > 0.01).
Therefore, combinations of optical-electrical metrics
(figures 8(c), (d), p < 0.01) provided clearest separation
between the green and orange circles.

These latter data (non-specific mixture) had mixed dis-
tinguishability, with some events being clearly distinguish-
able from specific interactions (below-threshold optical step
change, orange circles, figure 8) and others that were over-
lapping with them (above-threshold optical step change, pink
circles, figure 9). Therefore, we considered only the over-
lapping data points (pink circles, figure 9) of the non-specific
mixture and evaluated the differences with the specific
binding data (green circles, figure 9) using the 2s—2d KS test.
We found that no combination of metrics, including optical
ones, separated the pink from the green circles. The fraction
of optical step data overlapping between specific and non-
specific interactions can be made clearly separable by further
consideration of the differences in the binding time durations
of the ligand-receptor interactions. Figure 10(a) shows a
typical optical signature of a specific binding event, where the
entry of ligand (Qdm, Region B in figure 10(a)) is seen as a
rise in optical amplitude above the existing optical step
change of the receptor (NK receptor, Region A in
figure 10(a)). The total duration of this interaction (Region B
to Region C) before the ligand left (Region C) the optical trap
was considered as the effective binding duration. Qualita-
tively similar step changes observed in the non-specific
mixtures (figure 10(b)), were used to define an effective
binding duration for GroEL. The binding time of Qdm-NK
receptor (3.35s £ 2.05s) was shorter than GroEL-NK
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Table 3. The p-values from independent sample t-tests comparing molecules from each mixture type with the free ligands and receptors (significance set at p = 0.05).

Qdm-NK receptor complex versus Qdm-NK receptor complex versus NK  GroEL-NK receptor mixture versus GroEL-NK receptor mixture versus
Metric Qdm ligand (p value) receptor (p value) Qdm ligand (p value) NK receptor (p value)
Optical step change (%) p < 0.001 p < 0.001 0.15 0.01
Optical trap time (s) p < 0.001 p < 0.001 p < 0.001 0.66
Translocation current (pA) 0.002 p < 0.001 0.004 0.002
Translocation time (ms) 0.018 0.15 0.72 0.69
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Figure 8. Event density plots comparing the specific mixture (Qdm-NK receptor, green circles (n = 132)) with the non-specific mixture

(GroEL-NK receptor, orange circles (n = 41)) for all data types. (a) Electrical nanopore translocation times and translocation current for an
NK receptor targeting a specific Qdm ligand and a non-specific GroEL ligand are highly overlapped. (b) Optical metrics alone. (c), (d) Event
density plots comparing optical transmission data with electrical nanopore data to enable discrimination between specific and non-specific
binding. Some events showed clear separation (optical step change <3.15%, orange circles) from the specific mixture. Bimodal metrics were

tested for statistical differences using a 2s—2d KS test (p < 0.01).

receptor (14.92s £ 6.43 s) with clear statistical significance
(» < 0.05), where binding durations extracted from the
optical data were pooled from experiments across all con-
centrations. Figure 10(c) shows the corresponding total opti-
cal step change data for all these binding events as an event
frequency histogram. In figure 10(d), we plotted the data
overlapping in figure 10(c) for optical step change of non-
specific and specific mixtures as a function of their binding
duration metrics. Figure 10(d) indicated that plotting optical
step change versus binding duration could help sperate spe-
cific from non-specific interactions.

To further verify the SANE sensor’s ability to use
binding duration as an additional metric for separating spe-
cific from non-specific interactions, we also plotted optical
step change versus the natural log of the event frequency,
which would be proportional to In(exp(—kos'7)), i.€. a linear
slope for first order kinetics. The inverse of this slope repre-
sented the mean residence time of this binding interaction,
koge = 1/(mean residence time). Figure 10(e) shows that
Qdm-NK receptor binding duration values followed a log-
linear dependence. The slope of the line, or ko, Wwas
0.403s~', which is consistent with the known value of
0.42s" (kinetic data averaged over 2-5 experiments with
several batches of refolded protein) for a human analogue of
Qdm [38]. In contrast, figure 10(f) shows that the GroEL
binding durations to NK receptor did not have any discernible
pattern, consistent with non-specific interactions.
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A unique advantage of this nanosensor is that it enables
detection of low-affinity interactions, which require high
protein amounts in bulk solution, to be observed at much
lower concentrations. The key to this technological ability is
an electric-field-induced protein crowding within a nano-
scopic optical trap volume immediately over the SANE sen-
sor (figure 11(a)). Proteins can interact at much higher
concentrations locally, just before translocating through the
sensor, which enabled us to use very low amounts of ligands
to detect a much higher bound fraction than would have been
predicted at that concentration for bulk solution measure-
ments. Figure 11(b) shows the bound fraction for Qdm-NK
receptor complexes detected by the SANE sensor as a func-
tion of concentration in equimolar mixtures, using the 3.15%
optical step threshold criterion, as in figure 5. At the lowest
concentration tested of 10nM, the SANE sensor detected
bound events by a factor of >500 higher than the bound
fraction estimated from free solution conditions based on the
Kp value reported in literature (17 & 2.8 uM) [42]. An
important clue to help explain the increased bound fraction
can be seen in figure 11(c), where at the very beginning of an
experimental run it takes several seconds with no events
detected before individual proteins and protein complexes are
detected, one after the other. These data suggest that proteins
converge to the optical trap of the SANE sensor and can
interact locally before they have a chance to translocate
through the nanopore below.
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Figure 9. Event density plots comparing the overlapping events of non-specific mixture (GroEL-NK receptor, pink circles (n = 55)) with
specific mixture (Qdm-NK receptor, green circles (n = 98)) for all data types. The overlapping events (optical step change >3.15% in non-
specific mixture) were identified as non-specific binding through ligand-receptor binding duration, to be discussed below. (a) Electrical

nanopore translocation times and translocation current for an NK receptor targeting a specific Qdm ligand and a non-specific GroEL ligand
are highly overlapped. (b) Optical metrics alone. (c), (d) Event density plots comparing optical transmission data with electrical nanopore
data to enable discrimination between specific and non-specific binding. Bimodal metrics were tested for statistical differences using a 2s—2d

KS test (p < 0.01).

Discussion

This work presents the use of a bimodal optical-electrical
SANE sensor to quantify low-affinity protein interactions and
discriminate between individual free ligand and free receptor
molecules, and complexes formed by receptors through
interaction with specific or non-specific ligands. Optical data
(optical amplitude change and trapping duration) and elec-
trical data (translocation current and translocation time) were
recorded to differentiate between these individual molecules
and their various binding interactions. The NK receptor
molecules presented a bimodality in their optical metrics
representing two populations, where about ~25% of events
had a significantly larger optical step change and longer
trapping times (group 2). A few Qdm ligands also displayed
similar behavior along with higher translocation currents. We
attribute all these events as agglomerates formed during the
in vitro protein refolding protocol described above. Like in
our previous work on high-affinity protein interactions [26],
using electrical metrics alone did not help in separating
individual ligands from both the receptor groups (figures 3(a),
(b), 4(a)).

Moreover, Qdm ligands with smaller molecular weight
than NK receptors had similar optical step change mean value
(table 1, p > 0.05) as 74.74% of the receptor molecules
(group 2, figure 4(b)), but the optical trapping times were
shorter (p < 0.05). This modulation in optical trapping

behavior is hypothesized to be an effect of stronger optical
trapping due to the shape of a molecule in the optical trap than
just simple molecular weight based trapping behavior that
assumes spherical proteins. Previous studies have shown
increased optical polarizability [17] based on the shape of the
protein molecule leading to a stronger trapping and increased
light transmission through the DNH for more oblong-shape
proteins. We hypothesize that a similar optical polarizability
phenomenon is causing the oblong shape of Qdm ligands [42]
to have matched optical step change as NK receptors (group
1). We tested the optical metrics, optical step change
(figures 4(c), (d)) and optical trapping time (not shown for
brevity) in combination with electrical metrics for bimodal
comparison and found that optical step change provided a
clearer separation. Based on these findings we selected optical
step change, the change in optical transmission intensity
through the DNH structure of the SANE sensor, as the metric
to identify bound complexes.

We used a 3.15% optical step change threshold, calcu-
lated as a point of minimum overlap (red dashed line,
figure 5) from the gaussian curve fit (figure 5) to the histo-
gram of pooled events from Qdm-NK receptor mixtures.
Using this as a definitive metric, we separated Qdm ligand-
NK receptor complexes (middle gaussian, beyond the red
dashed line, figure 5) from a mixture free ligands and free
receptors (left gaussian, figure 5). Events beyond 4.8% optical
step change were separated in into a third gaussian (right,

12
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Figure 10. (a) A typical binding duration observed for low-affinity (¢M) interactions of Qdm-NK receptor complexes at 10 nM concentration
(~2s). (b) Typical binding interaction of Groel-NK receptor at 10 nM concentration (~13 s). (c) Event frequency histograms of optical step
change for all the specific binding events (green columns) and overlapping events (pink columns) from non-specific mixture. (d) Scatter plot
separating the non-specific mixture events (pink circles, n = 55) from specific binding events (green circles, n = 132) based on binding
duration and optical step change. Natural log plot of event frequency of ligand-receptor binding interaction duration for (e) specific mixture
and (f) non-specific mixture. In contrast to (e), the data could not be fit to a linear curve in (f). The slope of the line equation is the k.

figure 5) consisting of NK receptor agglomerates and likely
complexes with both the binding sites of receptor saturated
with two Qdm ligands. Though we could not show all the five
sub-populations in the gaussian fitting, we were able to
clearly distinguish all the Qdm-NK receptor complexes based
on their ligand-receptor binding duration in subsequent ana-
lyses (figure 10) discussed below.

Another interesting observation was the apparent
increase of the Qdm-NK receptor complex translocation
current, reflective of surface charge, (table 2) and its sig-
nificant differences compared to its two constituent molecules
(table 3). Previous reports have shown that protein interac-
tions can lead to changes in the overall charge of the bound
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complex due to conformational changes [16]. However, the
slowing down of translocations by the opposing optical force
may have contributed to minimizing the effect of any charge
differences would have on the translocation times for these
molecules.

In addition to detecting and characterizing the individual
molecules and likely complexes, the SANE sensor was also
tested for its ability to differentiate specific binding events
(Qdm-NK receptor complexes above the optical threshold of
3.15%) from non-specific interactions between the same NK
receptor molecule and a non-targeting ligand (GroEL).
Figure 8(a) shows that event data of non-specific mixture
(orange circles, figure 8) could not provide clear separation
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Figure 11. (a) Schematic of the protein crowding effect created by the applied electric field immediately over the SANE sensor. (b) The
observed Qdm-NK receptor bound fraction is significantly higher than corresponding values at the same bulk Qdm-NK receptor
concentrations, due to the sensor-induced protein crowding. (c) Zoomed out time-series plot showing no trapping events for several seconds

at the beginning of an experiment.

using electrical metrics alone while the optical alone
(figure 8(b)) or optical-electrical metrics (figures 8(c), (d))
could provide clear separation. The non-specific ligand
(GroEL) was selected to have similar molecular weight to the
specific (Qdm) ligand, and we also found through our
experiments (not shown for brevity) that its electrical char-
acteristics were not significantly different from either of the
free molecules (ligands or receptors, p > 0.05). As a result,
some of the events from the non-specific mixture
(figures 9(a)—(d), pink circles) could not be separated from the
Qdm-NK receptor complexes (figures 9(a)—(d), green circles)
using any combination of the metrics. We therefore subse-
quently explored using binding duration (figure 10(d)) as an
additional metric to optical step change to help separate
specific from non-specific binding.

An additional advantage of the SANE sensor is its ability
to detect low-affinity (uM Kp range) binding durations
resulting from fast dissociation kinetics that are difficult to
detect by conventional plasmon resonance systems [37]. It
was previously reported that fast translocation times for
antigen—antibody complexes make it difficult for them to be
detected through nanopores [16], as reactants are in the bound
state infrequently at low affinities. Also, molecules can be
trapped optically for prolonged times, limiting the detection
of these interactions [17, 43]. Using the SANE sensor, the
presence of the electric field limits the optical trapping time
duration and reduces the probability to trap multiple mole-
cules within the sensing volume. The importance of slowing
down a SSNP event allows more time for low-affinity ligand-
receptor interactions to occur in the optical trap, thus
increasing the probability of detecting such events translo-
cating through the SSNP. Therefore, we were able to estimate
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the binding duration of ligand to receptor from the optical
transmission signals (figures 10(a) and (b)) which aided in the
discrimination of overlapping events (pink circles,
figures 9(a)—(d)) of non-specific mixture from the Qdm-NK
receptor bound complexes (figure 10(d)). Therefore, the
SANE sensor helped confirm the presence of non-specific
binding, by being able to measure simultaneously optical step
intensity changes and binding duration data.

Furthermore, the time interval distribution resulting from
the binding duration data did not show any discernible pat-
terns for GroEL-NK receptor interactions (figure 10(f)), in
contrast to specific Qdm-NK receptor interactions
(figure 10(e)) that were consistent with a single-exponent off-
binding interval distribution and led to the estimation of k.
It is likely that the bound complex gets pulled by the optical
field gradient [18] (figure 10(a), Region C) while it is forced
to translocate. It is possible that this pulling effect could
increase the apparent kg value compared to bulk solution
conditions. However, the reported value of ko = 0.42 s~ ! for
a human analogous [44, 45] compared to the k¢ = 0.403 s !
measured in this study indicates that this effect may not be
significant.

In addition to detecting specific binding, one of the
potential advantages of the SANE sensor is that molecules
can stay within the optical trap for many seconds before the
competing electrical bias forces them through the nanopore.
This arrangement does not only allow for much prolonged
electrical sensing of molecules, as we have previously
reported [26], but also presents an interesting molecular
crowding effect (figure 11(a)) that was particularly useful for
the low-affinity protein interactions studied here. As the
electrical field syphoned proteins towards the center of the
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SANE sensor, we hypothesize that a ‘traffic jam’ occurred as
the optical trap reduced the underlying nanopore throughput.
The lack of detected events at the very beginning of experi-
ments (figure 11(c)), while proteins were converging to the
SANE sensor, is consistent with this hypothesis. Even though
reduction of throughput is generally a disadvantage, in this
case it provided the advantage of enabling much higher col-
lision frequencies between reactant proteins within a small
volume over the nanopore. We speculate that it is this
crowding effect that enabled us to detect a significant bound
fraction at reactant concentrations that were lower by up to a
factor of over 500 below the free solution Kp.

Importantly, given that typical binding durations for
Qdm-NK receptor complexes at 10 nM concentration (~2 s)
were much shorter than the NK trapping duration (~12s),
one can deduce that those binding events must have occurred
mostly within this crowding environment near the SANE
sensor. In contrast, if the ligand-receptor complexes formed
further afield from the SANE sensor, they would likely
unbind before having a chance to translocate though the
nanopore. Being able to detect low-affinity interactions not
near their Kp (17 uM in this case), but at much lower con-
centrations (down to 10 nM in this work) offers good promise
for testing biologically relevant interactions with great sav-
ings in the protein amounts needed. Furthermore, the constant
electrical bias directs protein reactants towards the SANE
sensor, which significantly reduces the time one has to wait
for a single molecule event to be detected at low protein
concentrations compared to relying on diffusion alone to
bring proteins to the optical trap.

Use of electrical metrics alone (figures 3(c), (d)) could
not discriminate the presence of bound complexes. Compar-
ison with the optical data in figure 5 suggests that these same
data points also had the largest optical step changes, con-
sistent with a larger protein complex mass, i.e. aggregates. In
contrast, use of optical metrics in figure 5, clearly suggested a
bound fraction for Qdm-NK receptor complexes (~80%). We
interpret these results to mean that optical metrics offer higher
sensitivity compared to electrical ones, enabling detection of
ligand binding to NK receptors. The higher sensitivity of
optical metrics performed by the SANE sensor, versus elec-
trical ones, is consistent with our prior findings on high-
affinity anti-RAH antibody binding to RAH ligands [26]. A
noteworthy contribution of this work is that it shows the
feasibility of using optical step changes to identify binding
and unbinding events (figure 11(c)) for low-affinity (uM
range) interactions occurring in the SANE sensor as an
additional optical metric to separate clearly complexes from
monomers, agglomerates and non-specific interactions.

Conclusion

In this work, we have demonstrated the feasibility of using a
bimodal SANE senor to quantify low-affinity kinetics
between specific ligand-receptor interactions. Optical and
electrical metrics from the concurrent bimodal signals were
used to differentiate specific from non-specific binding. Our
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results suggest the feasibility of estimating the dissociation
rate (kog) of low-affinity interactions at concentrations sig-
nificantly below their free solution Kp. With further char-
acterization and scale-up considerations, the SANE sensor
could be used as a potential screening tool for receptor-ligand
interactions at much lower reactant concentrations compared
to what is possible with current methods, which presents
significant potential savings in the purified protein amounts
needed to perform binding assays, while also enabling
enhanced detection of non-specific binding.
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