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Abstract

Measuring ligand-protein interactions is critical for unveiling molecular-scale biological processes
in living systems and for screening drugs. Various detection technologies have been developed, but
quantifying the binding kinetics of small molecule to the proteins remains challenging because the
sensitivities of the mainstream technologies decrease with the size of the ligand. Here we report a
method to measure and quantify the binding kinetics of both large and small molecules with self-
assembled Nano-oscillators, each consisting of a nanoparticle tethered to a surface via long
polymer molecules. By applying an oscillating electric field normal to the surface, the nanoparticle
oscillates, and the oscillation amplitude is proportional to the number of charges on the Nano-
oscillator. Upon the binding of ligands onto the Nano-oscillator, the oscillation amplitude will
change. Using a plasmonic imaging approach, the oscillation amplitude is measured with sub-nm
precision, allowing us to accurately quantify the binding kinetics of ligands, including small
molecules, to their protein receptors. This work demonstrates the capability of Nano-oscillators as
an useful tool for measuring the binding kinetics of both large and small molecules.
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Introduction

Molecular interactions are ubiquitous in living systems and responsible for various
biochemical processes, including metabolism,1=3 cell signaling,*~® enzyme regulation,6-8
and gene expressions.®11 To understand living systems at the molecular scale, it is
necessary to measure ligand binding to proteins. Determining molecular binding kinetics is
also critical for drug screening, where the kinetic constants of drug candidate binding to
protein targets are used to rank drug candidates, elucidate drug binding mechanisms, and
determine drug residence time and efficacy.12-13

To measure binding kinetics, especially of small molecule ligands, incorporation of labels
with fluorescent or radioactive labels is often required.14-1> However, most label-based
methods are endpoint assays, and thus unsuitable for kinetics measurements. Additionally,
labeling may alter binding kinetics.1® Label-free methods,17-20 such as surface plasmon
resonance (SPR),21-22 can measure molecular binding kinetics, but their sensitivities scale
with the molecular weights of the ligands, making them difficult to measure small molecule
ligands. Localized surface plasmon resonance (LSPR) has enhanced sensitivity and is
capable of detecting small molecules,23-24 nevertheless the sensitivity is still limited by
mass. To overcome this challenge, several detection technologies have been developed,
including charge sensitive optical fibers?>-26 and membrane deformation of the whole
cells?’. The former is compatible with microplate but not micro-array, and the latter applies
to cells only. We have recently developed a Nano-oscillator detection technology.28 Each
Nano-oscillator consists of a particle (nanoparticles28:29 or virions30) tethered to a surface by
a polymer, which is driven into oscillation with an electric field. Upon ligand binding to the
particle, the oscillation amplitude changes, which is tracked to determine the kinetics.

In this work, we demonstrate that Nano-oscillators self-assembled on a surface are capable
of measuring large and small molecule ligands binding to proteins with sensitivity
independent of the ligand molecular weight. We show that charge change in the particle
associated with binding of ligands is mainly responsible for the change in the Nano-
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oscillator amplitude. We apply the Nano-oscillator technique to measure the kinetics of
bovine serum albumin (BSA) binding to anti-BSA, and small molecule ligand binding to a
Nanodisc encapsulated membrane protein KcsA-Kv1.3. The use of the Nanodisc provides
lipid bilayer environment for stabilization of the membrane protein.

Functionalized DNA primers were purchased from Integrated DNA Technologies (IDT). A
DNA and Phusion High-Fidelity PCR Kit were purchased from New England Biolabs
(NEB). Wizard SV Gel and PCR Clean-Up System was purchased from Promega. Methyl-
PEG,-thiol (MT(PEG),) was purchased from Thermo Fisher Scientific.
Dithiolalkanearomatic PEG6-COOH was purchased from Sensopath Technologies. 540 nm
and 5 um (both are in diameter) streptavidin coated silica particles were purchased from
Bangs Laboratories. Biotinylated KcsA-Kv1.3 Nanodisc, biotinylated empty Nanodisc, 4-(2-
ethylpiperidin-1-yl)-2-methyl-6-phenyl-5H-pyrrolo[3,2-d]pyrimidine (1), ShK, and standard
Nanodisc buffer (20 mM Tris, 200 mM NaCl, 0.5 mM EDTA, pH 7.4) were obtained from
Amgen. Other chemicals were from Sigma-Aldrich. DI water with resistivity of 18.2
MQ/cm, filtrated with 0.45 pum filter, was used in all experiments.

Synthesis of DNA linkers.

245 nm double stranded DNA linker was from a 721-bp segment of A DNA (position 3717-
4437), which was amplified with polymerase chain reaction (PCR) using 5’ thiol-TAT TCT
GGG CGC GAA CAG TC-3’ and 5’ biotin-TAC GCA GCT CTG CTG TCA CTC-3’, as the
forward and reverse primers, respectively. The DNA linker was separated from PCR
products with affinity column (Wizard SV Gel and PCR Clean-Up System). Prior to
modification on the gold surface, the DNA linkers were treated in 0.1 M dithiothreitol (DTT)
for one hour to cleave the disulfide bond and generate active thiol. Then the DNA linkers
were purified with the affinity column again to remove excess DTT and byproducts. The 245
nm DNA linker was characterized by gel electrophoresis (Figure S1). The concentration was
measured with NanoDrop 2000c Spectrophotometer (Thermo Scientific).

Fabrication of Nano-oscillators.

The gold surface was rinsed with ethanol and DI water twice, and then annealed by
hydrogen flame to remove contaminates. A polydimethylsiloxane (PDMS) cell was mounted
on the surface for holding the solution. The 245 nm DNA linkers and MT(PEG), spacers
were mixed at 1: 6000 ratio (the final concentration of DNA is 0.1 nM) in 1x phosphate-
buffered saline (PBS), and applied to the gold surface immediately. The surface was
incubated in the mixture overnight to allow the assembly of linkers and spacers, and the
modified surface was then rinsed with 1x PBS three times. The gold surface was incubated
with 540 nm or 5 um streptavidin coated silica particles for 30 min, then the surface was
gently rinsed with 6 mM PBS to remove untethered particles. Note that intense wash should
be avoided or the linkers could break. Also, the surface should always be kept wet to prevent
the drying of Nano-oscillators. For BSA modification, the Nano-oscillators were incubated
in 10 nM biotinylated BSA solution for 1 hour. For KcsA-Kv1.3 Nanodisc or empty

Anal Chem. Author manuscript; available in PMC 2020 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 4

Nanodisc modification, the Nano-oscillators were incubated in 8 nM biotinylated KcsA-
Kv1.3 Nanodisc or biotinylated empty Nanodisc for 1 hour.

Experimental setup.

The imaging system was based on an inverted microscope (Olympus IX-70) with a 60x (NA
1.49) oil immersion objective. A fiber-coupled superluminescent light emitting diode
(SLED, QSDM-680-2, Qphotonics) with 680 nm wavelength was used as the light source to
excite surface plasmon on the gold surface. The SPR images of Nano-oscillators were
serially recorded by a CCD camera (Pike F-032B, Allied Vision) at 106.5 frames per second.
A periodic potential was a sine wave, and was applied by a potentiostat (AFCBP1, Pine
Instrument Company) with a function generator (33521A, Agilent) controlling the amplitude
and frequency. A USB data acquisition card (N1 USB-6251, National Instruments) was used
to record the time stamp of the images from the camera and the voltage and the current
signals from the potentiostat, so that the SPR images can be synchronized with the electrical
signals. A standard three-electrode electrochemical system was used to control the gold
surface potential, where the gold surface served as the working electrode, a Ag/AgCl wire as
the pseudo-reference electrode, and a Pt coil as the counter electrode.

Signal processing.

Results

After recording the images, a region of interest (ROI) was selected on each Nano-oscillator.
The mean intensity within the ROI was determined. An adjacent region was selected as a
reference region, and its image intensity was subtracted out to remove background response
and common noise. The particle-surface distance was determined from the reference-
corrected image intensity of the Nano-oscillator.28 To obtain the oscillation amplitude, we
performed fast Fourier transform on the time trace of the oscillation over every one second.

The detection principle of Nano-oscillators.

Each of the Nano-oscillators is a silica nanoparticle tethered to the surface of a gold film by
double-stranded DNA (Figures 1a and 1b). The DNA molecule is bifunctionalized with a
thiol terminal for binding to the gold surface and a biotin terminal for conjugating with
streptavidin coated on the silica nanoparticle. The surface density of DNA is controlled by
mixing the DNA molecules immobilized on the gold surface with short polyethylene glycol
(PEG) spacers. To drive the Nano-oscillators, an alternating electric field is applied to the
gold surface using a three-electrode electrochemical setup. Since the nanoparticles are
charged in solution, the Nano-oscillators oscillate with the electric field.

To track the oscillation amplitude and phase, we excite surface plasmonic waves on the gold
surface with a setup shown in Figure 1a. The nanoparticles in the Nano-oscillators scatter
the plasmonic waves, generating a parabolic pattern for each nanoparticle, which is imaged
with the setup (Figure 1c). Because the evanescent field associated with the plasmonic
waves decays exponentially from the gold surface into the solution, the scattering strength is
extremely sensitive to the distance between the nanoparticle and the gold surface. The
dependence of image intensity (/) on the oscillation amplitude (zp) is given by,
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where /pis a constant and /is the decay constant of the evanescent field intensity, which is
~100 nm. By measuring the image intensity, the nanoparticle-surface distance can be
determined with ~1 nm precision.28 Figure 2a shows four plasmonic image snapshots of a
Nano-oscillator. The corresponding particle-surface distance extracted from the image
intensity oscillates with the applied potential as shown in Figure 2b. The phase between
nanoparticle-surface distance and electric potential (field) is ~180°, which is expected
because streptavidin coated particles are negatively charged at pH 7.4.

Equation of motion.

The oscillation amplitude (zg), determined from the equation of motion (Supporting
Information), is given by
E (U,

Zo=q o(ko f)’ )
where Eg, Up, and fare the amplitude of electric field, amplitude of potential, and frequency
of applied potential (or electric field), respectively. g is the effective charge of the
nanoparticle and kis the spring constant of the DNA. £pis a function of U, and 7, which
can be calculated using the Randles equivalent circuit3! (Figure 3a), given by,

pU,

1 .
RS(R—p + j27fC d,) +1

E = B
0 ®)

where R, R, and Cy represent the solution resistance, double-layer resistance, and
capacitance, respectively, jis the imaginary unit (j = /~1) representing 90° phase shift and S8
is a constant.

To validate Egs. 2 and 3 the dependence of oscillation amplitude (zp) on Upand fwas
investigated (Figures 3b and 3c). Figure 3b shows that the oscillation amplitude increases
linearly with £ywhen Ujis between 200-450 mV (vs. Ag/AgCl), which is expected by Eqgs.
2 and 3. When Uy < 200 mV, the oscillation amplitude is small because the electrical force is
not strong enough to overcome the van der Waals interaction between the particle and
surface (see discussion section). When Uy > 450 mV, the oscillation amplitude reaches a
plateau, corresponding to a full length of the DNA molecule. The oscillation amplitude
decreases with frequency and follows Eq. 2 closely, which further validates Egs. 2 and 3
(Figure 3c).

Detection limit.

The detection limit of Nano-oscillators was determined by the noise level in the oscillation
amplitude in the absence of applied electric field. Figure 2c shows the oscillation amplitude
of a Nano-oscillator with and without applied field. By recording the nanoparticle-surface
distance over 1 second and performing fast Fourier transform (FFT), the oscillation
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amplitude without modulation was measured to be 1.5 nm, corresponding to 7.5 electron
charges according to Eq. 2.32 Considering the size of a Nano-oscillator, the detection limit is
~7.5 electrons per um2, corresponding to 4.0 fg/mm? for small molecule 1 (Figure 4b),
which is ~25 folds better than traditional SPR (0.1 pg/mm?) (Supporting Information).

BSA - anti-BSA binding kinetics.

To demonstrate the capability of the Nano-oscillator detection platform, we first applied it to
measure protein-protein binding kinetics. We chose BSA and anti-BSA as a model system
since it has been well studied by SPR. Because the nanoparticles of Nano-oscillators are
streptavidin-coated, we modified Nano-oscillators with biotinylated BSA via streptavidin-
biotin conjugation. A sinusoidal wave of amplitude 0.4 V and frequency 5 Hz was applied to
drive the Nano-oscillators, and 6 mM PBS buffer was flown over the gold surface at flow
rate of 300 pL/min using a homemade drug perfusion system (Figure 1a). After recording
the oscillation for one minute to establish a signal baseline, anti-BSA solution was
introduced into the cell. Because both BSA functionalized Nano-oscillators and anti-BSA
were negatively charged at pH 7.4, the binding of anti-BSA led to more negative charges on
the nanoparticles, thus an increase in the oscillation amplitude. We note that the DNA
linkers also experience an electrostatic force, but we measure changes in the overall charge
associated with binding rather than the absolute charge. As such, the charge on DNA does
not affect the binding study. To study the dissociation of anti-BSA from BSA, the buffer was
re-introduced into the cell, which led to a decrease in the oscillation amplitude (Figure 4a).

By fitting the binding curves of the association and dissociation processes for different
concentrations of the ligands globally with the first order kinetics model, association rate
constant, &, dissociation rate constant, & and equilibrium constant, K, were determined to
be 1.6x108 M~1s71, 8.7x1074 s~ and 0.53 nM, respectively, which are in agreement with
literature.33 To confirm the signal was due to specific binding, a negative control experiment
was performed using Nano-oscillators without biotinylated BSA on the surface (Figure 4a,
grey curve). In this case, the introduction of anti-BSA did not change the oscillation
amplitude. Low frequency noise is apparent in the Kinetic curves, which can be attributed to
several factors, including charge fluctuation, particle-surface interactions, and Brownian
motion, as discussed in the discussion section.

Membrane protein—small molecule binding kinetics.

To examine the capability of the Nano-oscillator platform for measuring small molecule
binding kinetics and demonstrate its potential application in drug screening, we studied the
binding of a small molecule drug candidate 1 (4-(2-ethylpiperidin-1-yl)-2-methyl-6-
phenyl-5H-pyrrolo[3,2-d] pyrimidine, MW = 320 Da) to a chimeric ion channel protein
KcsA-Kv1.3 (Figure 4b), which plays an important role in autoimmune diseases.3* To
stabilize the membrane protein in aqueous solution, KcsA-Kv1.3 was encapsulated in a
Nanodisc consisting of a nano-scale lipid bilayer disc fastened by a membrane scaffold
protein. A biotin group was incorporated on membrane scaffold protein for conjugation with
streptavidin. The synthesis and characterization of KcsA-Kv1.3 Nanodisc are described in
literature3*. The binding of 1 to KcsA-Kv1.3 Nanodisc induced a decrease in oscillation
amplitude, indicating decreased net charge. The binding kinetic curves are shown in Figure
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4b. Note that the binding signal is plotted as the absolute value of amplitude change. By
fitting the curves with the first order kinetics, &, & and Kpwere determined to be 3.8x10°
M=1s71 1.4x1072 571, and 38 nM, respectively. The results are close to the values in
literature2: 34, To confirm the oscillation amplitude was due to the specific binding between
KcsA-Kv1.3 and 1, we performed a negative control experiment using empty Nanodisc
modified Nano-oscillators. The empty Nanodisc has the same component as KcsA-Kv1.3
Nanodisc but no KcsA-Kv1.3 protein encapsulated. As expected, no detectable change in the
oscillation amplitude was detected (Figure 4b, grey curve).

We also measured a peptide blocker of KcsA-Kv1.3, ShK, which is more potent than 1 and
has been considered as a model by pharmaceutical companies for developing
immunosuppressant drugs.3® The binding curves and fittings are shown in Figure 4c, and &,
ky and Kpwere determined to be 2.0x107 M~1s71, 4.0x1073 571, and 0.20 nM, respectively.
The kinetic constants are comparable with values in literature28: 34, To verify the specific
binding of ShK, two additional experiments were carried out by adding ShK to empty
Nanodisc and adding 1gG to KcsA-Kv1.3 Nanodisc, and neither of them produced
detectable oscillation amplitude changes (Figure 4c, curves marked with control 1 and
control 2, respectively).

Multiplexed detection with improved signal to noise ratio.

To improve the signal to noise ratio, we used larger particles (5 um particles and 245 nm
DNA linkers), which reduced noise by 5-fold, leading to the increased detection limit.
Simultaneously imaging and analyzing multiple Nano-oscillators also made it possible to
perform multiplexed binding kinetics measurement. To demonstrate this capability, we used
a prism based plasmonic imaging setup (SPRM 200, Biosensing Instrument Inc) and
measure KcsA-Kv1.3 — 1 interaction with multiple Nano-oscillators. Compared to the
microscope setup that has a viewing window of 79 pm x 59 um, the prism setup has a view
size of 1.2 mm x 0.8 mm, allowing detection of up to 200 Nano-oscillators simultaneously
(Figure S1). From the binding curves of 20 individual Nano-oscillators (Figure 5), A, kg Kp
are determined to be (2.3+0.7)x10° M~1s71, (3.7£0.6)x1073 s71, and 17+4 nM, respectively.

Discussion

Charge screening effect.

The charge measured with Nano-oscillators should be regarded as effective charge because
of ionic screening, as shown in our previous work.3% In 1x PBS (ionic strength ~150 mM),
99% of the total charges are screened. In the present work, we used 6 mM PBS and 40-fold
diluted Nanodisc buffer (ionic strength ~3 mM, see Methods), which reduced the effective
charges to 61% and 49%, respectively. Although the use of low concentration buffers led to
larger signal (less charge screening), its effect on binding kinetics should be examined.36-37

Charge fluctuations.

Intrinsic charge fluctuations due to dynamic binding and unbinding of ions to the
nanoparticle surface is an important source of the noise. To estimate this effect, we measured
the oscillation amplitude of a 540 nm Nano-oscillator over one minute at 0.3 V and 5 Hz.
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The mean value (signal) and standard deviation (noise) were determined to be 52.1 nm and
6.3 nm, corresponding to 426 e and 52.5 e charges after considering the ionic screening
effect. For a Nano-oscillator with N charges, the charge fluctuations are expected to scale
with ~VN. Therefore, the noise from charge fluctuations is ~V426 e= 20.6 e, which is a
significant contribution to the total noise of 52.5 e. Other sources of noise, such as Brownian
motion and associated random particle-surface interactions, may also contribute to the
observed noise. We discuss both effects below.

Particle-surface interactions.

When a particle is driven close to the surface, it will interact with the surface and thus affects
the oscillation. We observed an intermittent decrease in the oscillation amplitude of 540 nm
oscillators (Figure S2a, top panel). Careful examination of the oscillation cycles reveals that
the decrease occurs when the particle moves towards the surface, indicating particle-surface
interactions. This intermittent particle-surface interaction contributes to the noise in the
oscillation amplitude determined by performing FFT on the particle displacement (Figure
S2a, bottom panel).

Because the silica particles are negatively charged at pH 7.4, electrostatic interaction
between the particle and the surface is expected. This electrostatic interaction is repulsive by
coating the surface with negatively charged spacers. To test this hypothesis, we studied
Brownian motion of free particles (no DNA linker) on a neutral spacer (MT(PEG),) coated
surface and a negative spacer (dithiolalkanearomatic PEG6-COQOH) coated substrate, and
found that the Brownian motion in z-direction on neutral surface was smaller than that on
negative surface (Figure 6a). This observation suggests that introducing a repulsive force
helps to prevent the particles from interacting and sticking to the surface, causing the noise
described above. To test this, we fabricated Nano-oscillators on a negative surface and found
that indeed reduced the chance of a sudden decrease in the oscillation amplitude (Figure
S2b). Reducing salt concentration can also increase electrostatic repulsion, and thus
reducing the sudden decrease in the oscillation amplitude (Figure 6b). Similarly, one can
also control the charge of particles by changing the pH, and the polarity of the charge is
determined by the isoelectric point of the protein modified on the particle (Figure 6c).

Brownian motion.

The particles tethered by the soft DNA linkers are subject to Brownian motion, which can
contribute to the noise in the oscillation amplitude (Figure S3a). To minimize Brownian
motion, we carefully controlled the density of DNA linkers on the surface to make each
particle tethered to the surface by multiple linkers. For example, the average Brownian
motion distance in z-direction with linker/spacer ratio 1:30000 was ~52 nm, and reduced to
~8.8 nm with linker/spacer ratio 1:6000 (Figure S3b). The linker/spacer ratio should not be
lower than 1:1000, because too many DNA molecules will increase the steric hindrance and
make the DNA molecules inflexible. We have compared different linker/spacer ratios and the
corresponding Brownian motion and conclude that 1:6000 is suitable for our experiments.
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Towards high-throughput screening of small molecules.

The present technology uses the same instrumentation as the traditional SPR, which
provides high-throughput detection when array and automatic injections are used. Also, the
nano-oscillators are more sensitive to small molecules than other label-free techniques,
which allows accurate quantification of small molecule binding kinetics. We expect this
unique capability enable nano-oscillators as a useful tool in fragment-based drug discovery,
where thousands of small molecules need to be screened.38 For example, to study
Alzheimer’s disease, we could immobilize hundreds of relevant protein receptors to different
nano-oscillators, flow drugs or biomarkers over the sensor surface, and measure the
interactions simultaneously.

Conclusions

We have demonstrated self-assemble Nano-oscillators as a label-free detection technology
for studying molecular interactions. Unlike most existing label-free detection technologies,
this detection platform is charge sensitive rather than mass sensitive, which is capable of
detecting binding kinetics of both proteins and small molecules. We have performed
experiments to validate the working principle of the Nano-oscillator detection technology
and applied the technology to measure the binding kinetics between BSA and anti-BSA, a
small molecule drug and a peptide to the Nanodisc encapsulated membrane protein KscA-
Kv1.3. We have further shown multiplexed detection by simultaneously measuring many
Nano-oscillators and proposed ways to improve the signal to noise ratio. We anticipate that
the Nano-oscillator detection platform will contribute to the study of molecular interactions
in various biochemical processes, and open a capability for screening drug candidates of
small and large molecules by quantifying the binding kinetics with drug targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Principle and setup of Nano-oscillators.
(a) The Nano-oscillators are assembled on a gold surface and driven into oscillation by an

alternating electric field which is applied via a three-electrode system, where the gold
surface, a Pt coil, and a Ag/AgCl wire serve as the working, counter, and reference
electrode, respectively. The oscillation is tracked with a plasmonic imaging setup. A drug
perfusion system is used to flow ligand or buffer into the system for binding kinetics
measurement. (b) Each Nano-oscillator is a particle tethered to the gold surface by DNA
linkers. The particle is functionalized with protein molecules which can bind the ligand
molecules introduced into the system. The binding or unbinding of the ligand molecules
induces charge change of the particle, leading to oscillation amplitude change. (c) The
oscillation of Nano-oscillators are recorded by camera as an image sequence, from which
the oscillation amplitude of each individual Nano-oscillator is determined. (d) The binding
curves are obtained by measuring the oscillation amplitude change of each Nano-oscillator,
and the association rate constant &, dissociation rate constant &, and the equilibrium
constant Kpare determined from the binding curves.

Anal Chem. Author manuscript; available in PMC 2020 November 05.

v

Evanescent

field



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ma et al.

(a)

Page 13

S
(b) 80
T 03
)
© 0.0 40
.
o)
2 03
g
< o0 05 1.0
Time (s)
_60 59 nm —03V
_5 E —0oV
B 8 30-
@ = 1.5 nm
0 20 40
Frequency (Hz)

Particle-gold distance

Figure 2. Oscillation of Nano-oscillators and detection limit.
(a) Nano-oscillators (540 nm silica nanoparticles and 245 nm DNA linkers) are driven into

oscillation by an applied potential and the images are recorded. A video showing the
oscillation of Nano-oscillators can be found in Supporting Information. The bottom panel
shows four snapshot images of an individual Nano-oscillator (marked by the red squared)
during different phases of an oscillation cycle, where the image intensity reflects the
particle-gold surface distance. The buffer is 6 mM PBS, pH = 7.4. (b) Particle-gold surface
distance (red) of the Nano-oscillator squared in (2) and applied potential with frequency 5
Hz (black). (c) FFT of particle-gold surface distance showing a pronounced peak at 5 Hz,
and the height of the peak is the oscillation amplitude (red). The detection limit is 1.5 nm as
determined by the oscillation amplitude at 5 Hz without applied potential (black).
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() The Randles circuit was used to model the system, where Uy, Rs, Rpand Cyyrepresent
the applied potential, solution resistance, double layer resistance, and double layer
capacitance, respectively. (b) Potential dependence of oscillation amplitude. Frequency: f=
5 Hz. Buffer: 6 mM PBS and pH = 7.4. (c) Frequency dependence of oscillation amplitude.

Applied potential: Upy= 300 mV. Buffer: 6 mM PBS and pH = 7.4.
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Figure 4. Measuring binding kinetics with Nano-oscillators.
(a) Sensor response curves of BSA — anti-BSA binding at different concentrations. Solid

curves are global fitting of the data to the first order kinetics. The grey curve shows control
experiment by introducing 7 nM anti-BSA to streptavidin coated Nano-oscillators. Applied
potential: Up= 0.4V, f=5 Hz. Buffer: 6 mM PBS and pH = 7.4. (b) Sensor response curves
of KesA-Kvl.3 — 1 binding. The grey curve shows control experiment by introducing 3 uM
1 to empty Nanodisc coated Nano-oscillators. (c) Sensor response curves of KcsA-Kv1.3 —
ShK binding. The grey curves marked with control 1 and control 2 represent control
experiments by introducing 1 nM ShK and 670 nM IgG to empty Nanodisc coated Nano-
oscillators, respectively. In figure (b) and (c), the applied potential is Uy=0.4 V and =5
Hz. Buffer: 3 mM Nanodisc buffer and pH = 7.4. The data for each concentration in (a), (b)
and (c) are averaged over at least 5 individual Nano-oscillators.
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Figure 5. Multiplexed detection with Nano-oscillators.
(a) Multiple Nano-oscillators were measured simultaneously with a prism based plasmonic

imaging setup. (b) KcsA-Kv1.3 — 1 binding kinetics was measured with 20 individual Nano-
oscillators (marked in (a)) in parallel, and the curves were fit with the first order kinetics
model. The concentration of 1 injected into the system was 10 nM. (c)-(e) Distributions of
k4 kg and Kpobtained from the fittings of 20 Nano-oscillators in (b).
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Figure 6. Factorsthat affect the performance of Nano-oscillators.
(a) Distributions of the average particle-substrate distance of free particles (without DNA

linker) on the gold surface coated with neutral spacer (red) and negative spacer (blue), where
the solid curves are Gaussian fitting to the data. Particle diameter, 5 um; recording time, 5
seconds; buffer, 6 mM PBS, pH = 7.4. (b) Dependence of oscillation amplitude on salt
concentration. Oscillation amplitude increases with salt concentration before reaching the
maximum value at ~2 mM, which is due to increased conductivity of the solution. Further
elevating salt concentration leads to significant ionic screening effect, thus reducing the
oscillation amplitude. Applied potential: Uy= 0.3V, =5 Hz. Buffer pH = 7.4. (c)
Dependence of oscillation amplitude on pH. Up= 0.3V, f=5 Hz, and the buffer is 6 mM
PBS, pH = 7.4. For (b) and (c), at least 5 Nano-oscillators were measured to generate the
error bar.
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