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ABSTRACT: Detection of a single or small amount of
charges and molecules in biologically relevant aqueous
solutions is a long-standing goal in analytical science and
detection technology. Here we report on self-assembled nano-
oscillators for charge and molecular binding detections in
aqueous solutions. Each nano-oscillator consists of a nano-
particle linked to a solid surface via a molecular tether. By
applying an oscillating electric field normal to the surface, the
nanoparticles oscillate, which is detected individually with ~0.1
nm accuracy by a plasmonic imaging technique. From the
oscillation amplitude and phase, the charge of the nano-
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particles is determined with a detection limit of ~0.18 electron charges along with the charge polarity. We further demonstrate
the detection of molecular binding with the self-assembled nano-oscillators.
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plasmonic imaging technique

harge is one of most fundamental physical properties of

molecules.'™ The ability of detecting single or small
amount of charges and molecules represents the ultimate limit
in analytical science. This has a profound impact on detection
technologies, chemical analysis, and sensors.** Millikan
detected single electron charge based on measuring forces on
oil droplets 100 years ago."* Roukes et al.'>'® achieved single
charge sensitivity using a novel nanoelectromechanical system
(NEMS). The oil drop experiment was performed in air, and
the NEMS experiment was carried out in vacuum at low
temperatures. Detection of the charge of a nanoscaled object
with high sensitivity in aqueous solution is significantly more
challenging. Recently, Krishnan et al.'” developed a geometry-
induced electrostatic trapping method to trap and detect the
charges of the nanoscale objects.'® The method is based on
statistical analysis of the Brownian motion of the objects and
requires ultralow ionic strengths, which is not suitable for
detection of biologically relevant molecules. We have
demonstrated the ability to measure the surface charge density
of a surface by using the electrostatic interaction of ﬂoatin%
microbeads'® or electrochemical impedance microscope.”
Both methods measure the charge on a large surface and
cannot be applied to measure a single or a few charges. Here we
report self-assembled nano-oscillators for charge and molecular
binding detections in aqueous solutions. Each nano-oscillator
consists of a nanoparticle linked to a solid chip surface via a
molecular tether. By applying an oscillating electric field normal
to the surface, the nanoparticles oscillate, which is detected
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individually with ~0.1 nm accuracy by a plasmonic technique.
From the oscillation amplitude and phase, the charge of the
nanoparticles is determined with a detection limit of ~0.18
electron charges along with the charge polarity. We further
report the detection of molecular binding with the self-
assembled nano-oscillators. This self-assembled nano-oscillator
allows us to detect small molecules via their charges, which is
significant because of the difficulty of detecting small molecules
with the traditional technologies.

Each of the nano-oscillators consists of a gold nanoparticle
(AuNP) attached to a gold substrate via a molecular tether,
such as polyethylene glycol (PEG) terminated with proper
linker groups (Figure 1a). An alternating (AC) electric field is
created perpendicular to the gold substrate by applying an AC
voltage between the substrate and a reference electrode inserted
in the solution. The nanoparticle, when charged, oscillates with
the electric field.”' > The molecular tether (PEG) was chosen
to be soft such that it can be stretched from a relaxed
configuration to its fully stretched linear configuration under a
relative small driving force. This ensures large oscillation
amplitude and thus accurate charge sensitivity.

The oscillation amplitude of each oscillator is detected
individually by a surface plasmon resonance imaging
technique®* >’ (Figure 1b). The technique creates a planar
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Figure 1. (a) Schematic illustration of nano-oscillators self-assembled on a Au-substrate and plasmonic imaging of their oscillations. Each nano-
oscillator consists of a AuNP and a soft molecular tether attached to the substrate. The figure on the right side has shown the zoomed in area in the
left side image, and molecular structure of PEG tether molecule has been drawn. Note that for clearance purpose, not all the polyethylene glycol
repeating subunits are shown in the figure on the right side. The dark yellow, red, white, and blue dots represent thiol, carbon, hydrogen, and biotin
atoms or molecules, respectively. (b) Plasmonic image of individual nano-oscillators (30 nm diameter AuNP, PEG molecular tether with molecular
mass of 3400 g/mol and linear length of 33 nm. Scale bar, S ym. (c) Plasmonic image intensity of a nano-oscillator as a function of AuNP—substrate
distance. (d) Fourier spectrum of the oscillation amplitude of a nano-oscillator (blue curve) showing a peak at S Hz, the frequency of the applied
electric field. The equivalent noise due to the Brownian motion (red curve, Fourier spectrum from a nano-oscillator without any potential
modulation) at § Hz is 0.08 nm. (e) Oscillation of a nano-oscillator (blue) and corresponding driving electric field (red) in time domain. Snapshots
of several plasmonic images during the oscillation are shown (top). Scale bar: S ym. The experimental condition used in (d,e) is 1 mM phosphate
buffer with applied electric field amplitude of ~137 V/m and frequency of 5 Hz.

surface plasmon wave on the gold substrate, and the presence
of a AuNP scatters the plasmonic wave, leading to a parabolic
shape pattern in the image.””*® The evanescent field associated
with the surface plasmons decays exponentially from the gold
substrate into the solution,”””* resulting in an extremely
sensitive dependence of the plasmonic image intensity on the
nanoparticle oscillation amplitude (Figure 1c). The imaging
technique allows us to detect the amplitude of each nano-
oscillator with an accuracy of ~0.1 nm (Figure 1d) (see
Supporting Information). This high accuracy leads to precise
monitoring of the charge of each nanoparticle as well as
random fluctuations in the charge over time. Note that accurate
distance between a metal nanoparticle and a gold film has been

determined by analyzing optical absorption spectrum of
localized SPR in the nanoparticle.*** Unlike the localized
SPR, the present approach works for both metallic and
dielectric nanoparticles and is fast to allow tracking of rapid
oscillation.

When molecules bind to the nano-oscillators, the effective
charge changes, which can be monitored in real time, such that
each nano-oscillator acts as a nanosensor for detection of
molecular binding processes. A high-density array of such
nanosensors (e.g, 100000 per mm?®) can be self-assembled
onto the gold surface in aqueous solution, which can be driven
into oscillation and detected in parallel with the plasmonic
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imaging method, thus promising a potential for high
throughput study of molecular interactions.*~>’

The AuNPs with diameter 30 nm were coated with
streptavidin and the substrate was prepared by coating a
microscope cover slide with 47 nm Au film. A molecular tether
(PEG with molecular weight of 3400) was used to link each
AuNP to the substrate. Each molecular tether was terminated
with a biotin on one end to link the streptavidin coated AuNPs
and a thiol on the other end to bind onto the gold substrate
(Figure la). In order to control the density of the nano-
oscillators, the molecular tethers were mixed with thiol-PEG,-
OCH; spacers with appropriate ratios before self-assembly onto
the gold substrate. In addition to serving as spacers between the
individual molecular tethers, the thiol-PEG,-OCH; molecules
also block nonspecific adsorption of AuNPs directly onto the
gold substrate and reduce charging effect that arises from the
dependence of the surface plasmons resonance on the surface
charge density.”” To avoid multiple tether molecules binding to
one particle, the ratio of tether molecule and spacer molecule
was carefully controlled and optimized (see Supporting
Information). Note that because the nano-oscillators are over
damped, the tether molecule (single or multiple) did not affect
the oscillation of the nanoparticles (see eq 1).

The plasmonic detection was carried out on a modified
inverted optical microscope with a high numerical aperture
objective (Figure 1a).%° The individual nano-oscillators can be
imaged with high contrast because of the scattering of the
planar plasmonic waves on the gold surface by the AuNPs of
the nano-oscillators. The scattering generates circular plas-
monic waves centered at the individual AuNPs, which interfere
with the planar plasmonic wave propagating on the surface and
form the distinct parabolic shape images of the AuNPs (Figure
1b). The length of parabolic shape is about a few micrometers
(for incident light with wavelength of 680 nm), which reflects
the propagation length of the surface plasmon wave. The image
intensity of AuNP is sensitive to the distance between the
AuNP and gold surface.”*® To determine the actual distance,
we obtained a calibration curve by measuring the image
intensity as a function of the AuNP—substrate distance (Figure
Ic). The distance was controlled by coating the gold surface
with a layer of CYTOP polymer with different thicknesses
(Supporting Information, Figure Sla). CYTOP was chosen
because its refractive index is 1.34,>° close to that of the
aqueous solution, which can control the distance between a
AuNP and the gold substrate without affecting the distribution
of the evanescent field. The result for the 30 nm AuNPs is
plotted in Figure lc, which can be fitted with an exponential
function with a decay length of 90.3 nm. The decay constant is
consistent with a theoretical estimate based on a simplified
model presented in the Figure S1b (Supporting Information).
Note that the coupling of the local SPR of AuNP with the metal
film leads to more complicated intensity versus distance
relationship than the simple exponential decay,*®*' but this
complication occurs at a distance (a few nanometers) smaller
than the smallest AuNP—substrate distance (determined by the
spacer and relaxed molecular length of PEG) in the present
work.

To drive the nano-oscillators into oscillation, a sinusoidal
electric field normal to the gold surface was created via the
standard electrochemical three electrode setup (only two
electrodes are shown in Figure la for clarity).***** The
electric field moved the charged AuNPs up and down, which
was observed as a periodic oscillation in the image intensity for
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Figure 2. (a) Oscillation of a nano-oscillator in pH = 3.8 (blue) and
8.0 (red) acetate buffer (1 mM). The applied electric field amplitudes
are 75 and 100 V/m at pH = 3.8 and 8.0, respectively. (b) Dependence
of the oscillation amplitude on the applied electric field amplitude,
where the red line is a linear fit to the data. (c) Dependence of the
oscillation amplitude on the applied electric field frequency, where the
red curve is a fit to the data with eq 1.

each AuNP (Supporting Information Movie S1). Figure la
shows the oscillating image intensity profile (blue curve) of a
AuNP over time, together with the applied field (red curve).
Note that the linear length of the molecular tethers used in the
experiment is ~33 nm, so the amplitude of the oscillation can
vary from 0 to ~33 nm.

A few snapshots of the plasmonic image of the AuNP are
shown as insets of Figure le. The dynamics of the nano-
oscillators can be described by a damped harmonic oscillator
model. Because the AuNPs are small and the molecular tethers
are soft, both the inertia and spring restoring terms are
negligible in the viscous aqueous solution, and the nano-
oscillators are thus overdamped (see Supporting Information
for more details). This approximation leads to a simplified
relation between the displacement amplitude (x,) of the
AuNPs and charge (g), given by

dx.doi.org/10.1021/n1501805e | Nano Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showImage?doi=10.1021/nl501805e&iName=master.img-002.jpg&w=178&h=420

Nano Letters

d -
-E)- -35¢
Q@
2
©
e
O .30
[}
=
3
= -25
L
100 150
Cycle
2.1 | m Rootmean square of -
— amplitude variation
5 g 1.8 I — Linear fitting
© £ sl
& 5k
3 2
P g 1.2+
c @©
g > 09F
[}
E Zos}
83
¢ E 03}
m 0_0 " 1 L

Electric field (V/m)

L 1 i L 1 1 n 1 i
0 30 60 90 120 150 180

O
S

Frequency
o o

o

%5 ) -32 -34 -38)
Effective charge (e)

Figure 3. (a) Effective charge of a nano-oscillator (30 nm diameter AuNP) over time (time resolution, 0.2 s per cycle). (b) Histogram of effective
charge variations of the nano-oscillator (data from (a)), where the red curve is a Gaussian fit. (c) Relationship between oscillation amplitude
fluctuation and applied electric field. (d) Average effective charges for different nano-oscillators. The image was obtained by taking the imaginary part
of the Fourier transform for each pixel over S s of period. Applied electric field amplitude = 22.75 V/m and frequency = 5 Hz. Buffer: 10 mM
phosphate buffer solution. Molecular tether: PEG with molecular mass of 3400 g/mol. Scale bar: 5 um.

EO
Xy = ——————
0 j127r277afq (1)

where E; and f are the amplitude and frequency of the applied
electric field, # is the viscosity of the solution, and a is the
radius of AuNP. The relation allows us to determine the charge
of the nano-oscillator from the measured oscillation amplitude
and phase. Maximum forces exerted on the particles by the
electric field estimated from eq 1 is 1 pN (with 300 effective
charges under +0.5 V potential at S Hz.). Note that this force is
much smaller than the forces that are needed to break long
PEG molecules (>300 pN).**

In order to validate the working principle, it is essential to
examine the predictions of eq 1. The streptavidin-coated
AuNPs are negatively charged as confirmed by zeta potential
measurement performed under the same buffer condition
(Supporting Information). According to eq 1, the oscillation
displacement of a negatively charged particle should lead the
applied electric field by 90° in phase. The observed phase shift
as shown in Figure le is ~94°, which is in good agreement with
the model prediction. Detailed analysis of many other AuNPs
also shows ~90° phase shift. Another prediction by eq 1 is that
the phase changes by 180° with the charge polarity. To verify
this prediction, we measured nano-oscillator response in buffers
with different pH values. Because the isoelectric point of
streptavidin is between 5 and 6,* the AuNPs should be
negatively charged for pH > 5—6, and positively charged for pH
< 5—6, which has been confirmed by zeta potential measure-
ment as well (see Supporting Information). Figure 2a plots the

displacement of a nano-oscillator in buffers with pH = 3.8 and
8.0, respectively, which indeed reveals ~180° phase shift
between the two measurements.

Equation 1 further predicts that the oscillation amplitude is
proportional to the amplitude and inversely proportional to the
frequency of the applied electric field. To validate these
predictions, we measured the nano-oscillators by varying the
amplitude and frequency of the applied electric field. The
oscillation amplitude increases linearly with the applied electric
field as shown in Figure 2b. The relation between the
oscillation amplitude and frequency is plotted in Figure 2,
which can be approximately fit with eq 1. At low frequencies
(1-2 Hz), it shows some deviations from eq 1, which is
because the oscillation amplitude is too large and the molecular
tether is stretched to its full limit.

From the measured oscillation amplitude, we can obtain the
charge of the AuNPs with eq 1 provided the electric field
strength is known. We determined the electric field by
measuring the current density of the gold substrate, which is
related to the electric field by | = oE, where ¢ is the
conductivity of the buffer. From the measured oscillation
amplitude and electric field, the effective charge of a single
nano-oscillator with 30 nm diameter AuNP was determined in
10 mM PBS buffer over time (Figure 3a). For an oscillation
frequency of S Hz, the corresponding time resolution was 0.2 s.
The average effective charge of the AuNP was found to be
—33.2¢, where the polarity of the charge was determined from
the phase shift.
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Figure 4. (a) Effective charges of nano-oscillators (#1 and #2 marked in (c)). Solution: acetate buffer with pH = 5.3. (b) Histogram of the charge
over time for the two nano-oscillators, where the black curves are Gaussian fittings. (c) Image of effective charges for different nano-oscillators. The
image was obtained by taking the imaginary part of the Fourier transform for each pixel over S s of period. Scale bar, S gm. (d) Fourier spectra of the
oscillation (with potential modulation) and Brownian motion (without potential modulation) of a nano-oscillator (data averaged over 1 s). Scale bar:
S pm. Inset: The effective charge of the nano-oscillator (blue) and equivalent effective charge due to the Brownian motion noise (red) over time (see
Supporting Information for details). Applied electric field: amplitude = 137 V/m and frequency = S Hz. Molecular tether: PEG with molecular mass

of 3400 g/mol. Buffer: 1 mM acetate solution.

The effective charge of the AuNP fluctuated over time as
shown in Figure 3a. The charge fluctuations are more clearly
shown in a histogram plot in Figure 3b. The distribution can be
fit with a Gaussian (red curve) with a standard deviation of
~2.3e. In aqueous solution with a fixed pH, the charge of the
AuNP is determined by the dynamic balance between
protonation and deprotonation, which is expected to fluctuate
with time. For a AuNP with N charges, the random fluctuation
in the charge is N\/ Ne, where N for the AuNP shown in Figure
3a is about 86, determined from the measured effective charge
after considering ionic screening in 10 mM PBS*Y (see
Supporting Information). The estimated charge fluctuation
based on the above relation is 9.3e, corresponding to an
effective charge fluctuation of ~3e, which agrees well with the
experiment result. The observation of charge fluctuations is
further supported by the analysis of the fluctuations in the
oscillation amplitude as a function of the applied electric field.
According to eq 1, the fluctuations in the oscillation amplitude
caused by charge fluctuations should be proportional to the
applied electric field. Figure 3c plots the root-mean-square of
the oscillation amplitude, which indeed increases linearly with
the applied electric field.

The plasmonic detection technique allows us to analyze
charges of multiple nano-oscillators simultaneously. Figure 3d is
the imaginary part of the Fourier transform of the imaging
intensity, which is proportional to the charge according to eq 1.
It shows the effective charges for 11 nano-oscillators, whose
effective charges and locations are labeled with filled circles.
The data show that all the AuNPs are negatively charged, but
the amount of charges varies over a wide range.

To examine the capability of the self-assembled nano-
oscillator method for the detection of a small amount of
charges, we tuned the buffer pH to 5.3, close to the isoelectric
point of streptavidin so that each AuNP carried only a few
charges. We also lowered the buffer (acetate) concentration to
1 mM to decrease the ionic screening effect on the charge.
Figure 4a plots the effective charges of two nano-oscillators, 1
(red) and 2 (blue). The effective charge of nano-oscillator 1 is
about 1.7¢, and the corresponding charge after the correction of
the screening effect is 2.3e. In addition to charge screening,
another reason for the observed fractional effective charges is
time averaging due to the limited bandwidth of the detection
(02 s for S Hz), which could wash out discrete charge
fluctuations associated with the fast dynamics of protonation
and deprotonation. Note that PEG linkers are uncharged,
which should not contribute to the detected charge. The
fluctuations in the effective charges of the two nano-oscillators
are plotted in Figure 4b with standard deviations of 0.31e and
0.59¢, respectively. We have also studied charges of other nano-
oscillators. Figure 4c is the imaginary part of the Fourier
transform of the imaging intensity, which is proportional to the
charge according to eq 1. The image shows that the charges of
different AuNPs in pH = 5.3 vary from —1.7e to —4.9e.

The detection limit of the present method is mainly
determined by the Brownian motion of the nano-oscillators.
Figure 4d plots the noise spectrum of the Brownian motion of a
nano-oscillator (red) together with the frequency spectrum of
the electric field-driven oscillation of the nano-oscillator (blue
curve). The standard deviation of the Brownian motion noise at
the oscillation frequency is equivalent to about —0.06e (from
inset of Figure 4b), which is much smaller than the charge

dx.doi.org/10.1021/n1501805e | Nano Lett. XXXX, XXX, XXX—XXX
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Figure S. (a) Response of a nano-oscillator to the binding of biotin-PEG-COOH, where the arrow points the introduction of the sample molecule.
The nano-oscillator is marked by a white arrow in (c,d). Inset: Zooming-in of the oscillation. (b) Effective charge of the nano-oscillator during the
molecular binding process. Note that the spikes at 16 and 24 s in (a) were caused by mechanical perturbation associated with sample introduction.
(c,d) Effective charges of different nano-oscillators before and 90 s after the introduction of the molecules. The images were obtained by taking the
imaginary part of the Fourier transform for each pixel at t = 0 and 90 s, respectively. Applied electric field: amplitude = 5 V/m and frequency = S Hz.
Buffer: 10 mM PBS solution. Molecular tether: PEG with molecular mass of 3400 g/mol. Sample introduction: 1 yL of 1 mM biotin-PEG-COOH

added to 300 L of 10 mM PBS buffer solution. Scale bars: S pym.

fluctuations of nano-oscillators #1 and #2. This indicates that
the fluctuations of nano-oscillators #1 and #2 in Figure 4b were
due to charge fluctuations rather than Brownian motion. The
inset of Figure 4d compares the effective charge of a nano-
oscillator and the equivalent charge noise due to Brownian
motion, which shows that the current detection limit is
sufficient to detect a single electron charge. In fact, if taking the
detection limit as 3 times of the Brownian motion noise, then
the present method can detect 0.18e charge.

Each of the nano-oscillators can serve as a sensor to detect
molecular binding events. When a charged molecule binds onto
the AuNP of a nano-oscillator, the total charge of the AuNP
changes, which can be readily detected. Even in the case of
uncharged molecules, the binding may affect the surface charge
distribution of the AuNP, which may also be detected. To
demonstrate the ability of the nano-oscillators for molecular
detections, we studied the binding of biotin-PEG-COOH
molecules to the nano-oscillators. To evaluate the nano-
oscillator’s potential biosensor applications, we used 10 mM
PBS as buffer solution. Although ionic screening due to the
buffer lowers the oscillation amplitude, we are still able to
detect the charge of nano-oscillators at relative high ionic
strengths (e.g,, 20 mM; see Supporting Information). Figure Sa
shows the oscillation of a 30 nm diameter nano-oscillator
(marked by an arrow in Figure Sc,d) during the binding
process, where the spikes pointed by the arrow are due to the
introduction and mixing of the sample solution in 10 mM PBS.
Despite the mechanical perturbation, the oscillation signal is
not affected by the introduction of the sample solution. As the
binding takes place, the oscillation amplitude increases,
corresponding to the increase in the negative charges of the
AuNP. This is expected because biotin-PEG-COOH molecules

are negatively charged. Figure Sb shows the change of the
AuNP during the binding process. Before the binding, the
nano-oscillator has about —16.5 charges. After the binding
process, the charge of the nano-oscillator changes to —80e.
From the change of the charge, we estimate that the number of
biotin-PEG-COOH molecules is about 166 after considering
ionic screening.

The oscillation of other nano-oscillators has also been
followed over time. Figure Sc shows the effective charges of 4
nano-oscillators before exposure to biotin-PEG-COOH. The
binding of biotin-PEG-COOH causes effective charge changes
for all the nano-oscillators, but the amount of the changes and
detailed kinetics are different for different nano-oscillators. The
surface density of the nano-oscillators was controlled to be
~1500/mm* in the present work by introducing spacers
between the nano-oscillators. The limit is determined by the
spatial resolution of the imaging technique, which is about 300
nm. So in principle, much higher density arrays of nano-
oscillators can be prepared and detected simultaneously with
the plasmonic imaging technique. The high-density array and
parallel plasmonic detection, together with single charge
detection limit, promise high throughput and sensitive
detection and study of molecular interactions.

In conclusion, nano-oscillators have been fabricated by
attaching nanoparticles to a surface with molecular tethers. By
applying an electric field applied perpendicular to the surface,
the individual nano-oscillators are driven into oscillations,
which can be measured individually with ~0.1 nm accuracy
with a plasmonic imaging technique. From the oscillation
amplitude and phase, the charge of each nano-oscillator has
been determined with an accuracy of ~0.18 electron charges
along with the charge polarity. In aqueous buffer solutions,

dx.doi.org/10.1021/nl501805e | Nano Lett. XXXX, XXX, XXX—XXX
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ionic screening of the charge affects the oscillation amplitude,
but sensitive detection of charges at relative high ionic strength
buffers (e.g, 20 mM) is still possible, which is useful for
potential biological applications. To demonstrate applications,
the self-assembled nano-oscillators have been used to detect
molecular binding onto the nanoparticles. These capabilities
will open the door to the detection of molecules, including
small molecule binding and post-translational modification of
proteins without labels. The work demonstrates a bottom-up
approach to fabricate high-density NEMS, and a sensitive
method to detect the individual NEMS in parallel.
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