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Abstract
Nanoaperture optical tweezers (NOTs) can trap single proteins using local electromagnetic field
enhancements at metal surfaces and therefore they are also subject to surface interactions. To
probe these interactions, we consider the power dependence of the trapping stiffness at the limit
of zero power, where an attractive or repulsive static force remains. We analyze various proteins
with different charge and find that negatively charged proteins are attracted to the gold surface
and positively charged proteins are repelled. We interpret this attraction as coming from local
positive image charges on the gold adjacent to the negatively charged glass-water interface, as
confirmed by finite-element Poisson equation simulations. This work shows a way to quantify
the important impact of surface interactions in nanophotonic single molecule sensors of
biomolecules and nanoparticles and to gauge their surface charge.

Keywords: single molecule, optical tweezers, label-free, surface interactions,
electrostatic interactions

1. Introduction

Various methods have been used to localize nanoparticles,
including proteins, for long-term single-particle studies
without escape from diffusion, including electrokinetic
traps [1], electrostatic traps [2], and nanoaperture optical
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tweezers (NOTs) [3]. By engineering the shape of the
nanoaperture to have a strong local field intensity, NOTs have
been shown to be capable of trapping dielectric objects in the
single digit nanometer range (including single proteins) [4–
22]. With this stable trapping, NOTs can be used to study
unmodified individual proteins and their interactions without
the need for labels or tethers for hours.

NOTs benefit by having significantly lower heating than
their plasmonic particle antenna counterparts [23, 24]; how-
ever, they are still subject to surface interactions that have
received only limited attention in past works. For example,
polyethylene glycol surface layers were used to ensure that
protein sticking was not contributing when the trapping of
single proteins was demonstrated [5]. At the same time, it is
interesting to note that the typical delay in the time to achieve

1 © 2025 The Author(s). Published by IOP Publishing Ltd
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trapping is of the order of minutes, so the particle takes a long
time to enter the trap; in contrast, based entirely on diffu-
sion and the concentration of nanoparticles, a trapping time
many orders of magnitude shorter would be expected. This
discrepancy suggests that surface electrostatic (ES) repulsion
and/or thermophoresis are working against the optical trap-
ping. Various strategies have been considered to overcome this
limitation. For example, dielectrophoresis has been used in
combination with NOTs to speed up the time to trap [25].
Electro-osmotic flow and thermally induced flow have also
been used to assist in the manipulation of nanoparticles and
biomolecules [11, 26].

Some part of the long time to trap may be attributed to
thermophobic interactions with the higher local temperature
at the trap [13, 27]. Another possible contribution to the inter-
action comes from ES effects at the surface [2]; however,
quantification of this effect for NOTs has been lacking. Both
optical tweezer and thermophoretic effects depend linearly on
the intensity of the laser beam as this creates strong electro-
magnetic and thermal gradients; however, in the limit of zero
laser intensity, only the ES response remains. Here, we ana-
lyze the dynamics of the NOT intensity fluctuations as a func-
tion of power and extrapolate to zero power to quantify the
static interaction. We find that negatively charged proteins are
attracted to the surface by ES effects and the opposite occurs
for positively charged proteins, which we attribute to attract-
ive image charges in the gold film that screen out the negative
surface charge of the glass substrate in aqueous solution. This
interpretation is supported by finite-element Poisson equation
simulations.

2. Results

2.1. Spectral analysis

The usual theory accounting for the stochastic trajectory
dynamics of optical tweezers considers a harmonic poten-
tial in the low Reynold’s number (inertia free) limit for
position x:

γẋ+ kx= F(t) , (1)

where F(t) is the Langevin random thermal force term, γ is
the Stokes’ drag, and k is the spring constant. Harmonic ana-
lysis of this equation gives a Lorentzian power spectral density
with corner frequency (i.e. the frequency at which the power
spectral density is half of its low frequency value): [28]

f3−dB = 1/τ = k/(2πγ) (2)

where f3−dB is the corner frequency of the power spectral dens-
ity Lorentzian fit. The relation to τ , the autocorrelation expo-
nential decay time constant, is given by the Wiener–Khinchin
theorem.

A generalization of this approach to include thermophoretic
and ES interactions gives:

k= ks +
dko
dI
I+

kt
dI
I (3)

where ks,ko and kt are the surface ES, optical tweezers, and
thermophoretic spring constants, and I is the optical intensity.
The thermophoretic contribution is linearly proportional to the
intensity because the temperature gradient scales linearly with
the local heating from the laser [13]. If the Soret coefficient
is negative, this is a thermophilic force; however, it is often
reported that proteins are thermophobic at physiological tem-
peratures [29]. The optical forces are also linearly proportional
to the local intensity.

2.2. Analysis of past work on polystyrene(PS) nanoparticles

Past work considered the power dependence of trapping effi-
ciency by looking at autocorrelation time and the data from
that work are reproduced in figure 1(A) [30]. In that work,
NOTs were used to trap 20 nm diameter PS particles. A linear
extrapolation of 1/τ to zero power shows a negative intercept.
This means that the laser intensity has to be increased in order
to achieve sufficient trapping force to overcome the surface ES
force.

2.3. Analysis of proteins

We consider the trapping of three different proteins in PBS
solution: Bovine serum albumin (BSA), Carbonic anhydrase
(CA), Cytochrome C (CTC), ovalbumin, and trypsin. The
schematic setup of trapping is shown in figure 1(B). Details
are provided in the Methods section. Figures 2(A) and (B)
shows the trapping events and corner frequencies for BSA.
The dark blue curves use a moving with a window size of 0.1 s
to reduce the high-frequency fluctuations. The trapping event
is noted by increases in noise level and sometimes a step—
although the step is dependent on exact alignment. The corner
frequency can be found by two separate methods, first by fit-
ting the power spectral density to a Lorentzian, by taking the
autocorrelation and fitting the initial decay to extract a time
constant using equation (2). We investigated whether plasma
cleaning the sample prior to trapping, which makes the gold
surface more hydrophilic, would impact the results. We found
it did not change the intercept results.

The telegraphing observed in the BSA is typical for that
protein as it undergoes conformational changes [5, 31, 32].
Considering that BSA has multiple states, we have taken the
corner frequency combining all the data, but when we extract
particular sections, we note the lower and higher states are
nominally the same (to within 2.2%). The results of figure 2(C)
were obtained from the three different authors by using two
different optical trapping setups. We found the y-intercepts
of the corner frequencies from 3 different experiments were
around 10Hz. In all cases, the analysis found a positive inter-
cept for the corner frequency (and equivalently the inverse of
the autocorrelation time constant) at zero laser power.

Figure 3 exhibits positive interceptions of CA, BSA, and
ovalbumin with an isoelectric point smaller than 7. CA has an
intercept of 13.80Hz, BSA has an intercept of 7.25Hz, and
ovalbumin has an intercept of 2.51Hz.
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Figure 1. Extrapolated corner frequency at zero power for trapping of polystyrene nanoparticles. (A) Corner frequency extrapolated to zero
power based on past work for trapping a 20 nm polystyrene sphere in a NOT. (B) Schematic of NOT setup. A scanning electron microscope
(SEM) image of the double nanohole (DNH) structure (top right) and a CCD camera image of the sample region (bottom right) are shown
for reference. LP = linear polarizer, HWP = half waveplate, BE = beam expander, CCD = charge coupled device, D = dichroic mirror, OI
MO = oil immersion microscope objective, L = lens, ODF = optical density filter, APD = avalanche photodiode [30].

Figure 2. BSA Trapping experiments with data analysis and post-experiment substrate surface morphology characterization. (A) APD
voltage measuring transmission through DNH with trapping of BSA; (B) power spectrum density and Lorentzian fitting curve, the dashed
red lines show the 3 dB corner frequency at 47.5Hz; (C) Corner frequency versus power of trapped BSA performed by three different
authors using two optical tweezer setups with laser wavelengths of 850 nm (red) and 980 nm (yellow and blue), three solid lines are linear
fits between power and corner frequency; (D) SEM image of a DNH gold substrate taken after usage for BSA trapping experiments.
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Figure 3. Extrapolated corner frequency to zero power with positive intercept for three different proteins. Corner frequency versus power
plot of trapping (A) CA (R2 = 0.955), (B) BSA (R2 = 0.911), (C) ovalbumin (R2 = 0.984).

Figure 4. Extrapolated corner frequency to zero power with negative intercept for two different proteins. Corner frequency versus power
plot of trapping (A) CTC (R2 = 0.953), (B) trypsin (R2 = 0.794).

Figure 4 shows negative interceptions of CTC and trypsin
with an isoelectric point larger than 7. CTC has an intercept
of −6.56Hz, and trypsin has an intercept of −4.60Hz. The
corner frequency values cross through zero are around 2mW,
showing that this is the minimum power for the attractive
optical trapping potential to overcome the electrostatic forces
pulling the particle out of the trap. It should be noted that there
is no physical meaning for negative corner frequency values.

A summary of the results for the five proteins analyzed is
shown in table 1.

2.4. Numerical simulations

Details of the numerical simulation are found in the Methods
section. In aqueous solution, the surface of silica glass adopts
a large negative charge [33]. Gold has both negative [34] and
positive [35] charge reported, but it has significantly less than
glass, so we defined it as having no charge and a constant

Table 1. Properties of proteins used in the experiment.

Protein Mass (kDa)
Isoelectric

point Charge (pH 7) y-intercept

BSA 66 5.4 − +
CA 29.2 5.5 − +
Ovalbumin 45 4.5 − +
CTC 14.3 9.6 + −
Trypsin 23.3 10.5 + −

potential. We observed that there is a screening in the gold of
the field from the negative charge at the silica-water interface,
which sets up a potential that will attract negatively charged
particles towards the gold surface provided that they are small
enough to avoid the repulsion by the glass-water interface.
The special distribution of the simulated trapping potential is
shown in figure 5.
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Figure 5. Finite element Poisson solutions showing the trapping potential towards the gold surface at the tips of a DNH for a negatively
charged particle. The DNH structure in (A) and (B) is based on structure obtained by colloidal lithography (see Methods section) with
70 nm gold on 7 nm titanium on glass substrate immersed in an aqueous solution in a microwell. A scanning electron microscope image of
the sample is shown in figure 1(B). 2D electric potential in the y-direction (C) and the z-direction (D).

3. Discussion

We note that the extrapolation to zero has also been used in
past works that quantify the role of surfactant on thermophobic
interactions in nanoaperture optical tweezers [13]. Here we
have added an offset to account for interactions that are not
dependent on the laser power (i.e. electrostatic interactions)
[2]. We are unable to perform experiments at lower powers
because the protein escapes from the trap due to thermal dif-
fusion, as has been reported previously [36].

As shown here, early work on PS particles, which are neg-
atively charged, had a negative intercept in the measurements,
indicative of repulsive interactions. This was not discussed in
that previous work [30]. The glass-water interface is negat-
ively charged [33]. This induces positive image charges in the
gold. However, the attractive region at the corner is too small
for large particles like PS nanoparticles to enter, so they exper-
ience repulsion instead. Previous simulations have shown that
the attractive optical trapping potential is concentrated near
the corner of the nanostructure [37]. The voltage values, i.e.
the ES potentials, are shown in figures 5(A)–(D) for different
planes and 1D cuts. The potential a charged particle experi-
ences is the product of the charge and voltage. Figure 5(C)
shows that a negatively charged particle will be repelled from
the central position between the cusps towards the gold sur-
face at −10 nm or +10 nm along the y-direction. The poten-
tial energy will depend on the magnitude of the charge on the
particle. For example, if the charge is that of a single electron,
the difference in the potential at position y= 0 nm and y = 10
nm is 0.07 eV, which is 3 times the thermal energy of 0.025 eV.
Similarly, figure 5(D) shows that a negatively charged particle

at y= 0 nm will be pushed to positive z values (it cannot go
to negative z values due to the pressence of the glass sub-
strate). There is a flat part in the potential towards the top of
the gold gap at 70 nm, the attractive potential for negatively
charged particles toward the gold is weaker at this position.
A positively charged particle will be attracted away from the
gold surface where the optical field is highest by the negative
charge of the glass-water interface, thereby pulling the particle
out of the optical trap and requiring additional force to over-
come the attraction towards the glass. Proteins, like BSA and
CA, are attracted to the nanohole corner due to their small size
and negative charge near neutral pH. As a result, a positive y-
intercept is obtained in the trapping data analysis, demonstrat-
ing a residual attractive potential even when the laser power
is zero. In contrast, CTC, which is positively charged, is elec-
trostatically repelled from the gold surface due to the posit-
ive image charges induced in the metal, resulting in a negative
y-intercept in the analysis so that additional optical power is
required to overcome the ES repulsion.

By analyzing the power dependence on the trapping stiff-
ness and extrapolating it to zero power, we quantified the static
interactions that govern the behavior of the protein near the
gold surface. Negatively charged proteins are attracted to the
gold surface, while positively charged proteins are repelled,
which we attribute to local positive image charges on the
gold. By establishing a method to measure these effects, this
study provides insight into the fundamental forces governing
nanoscale trapping, helping to improve the design of nano-
photonic biosensors and enabling better control of optical trap-
ping for the study of biomolecules and nanoparticles. It is pos-
sible to envision extending this experiment to a flow-cell setup

5
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where the pH is varied to determine the isoelectric point of the
trapped protein by determining for which pH the y-intercept
crosses zero.

4. Conclusion

In this work, we have probed the interaction between sur-
face charge and trapping of proteins in a NOT by extrapol-
ating the trapping power spectral density corner frequency
to its value at zero laser power. We observe that negatively
charged proteins have a residual attraction and vice versa for a
positively charged protein. We interpret this effect as coming
from a positive screening in the gold due to the strong neg-
ative charge accumulation at the water-glass (substrate) inter-
face. This work not only reveals the surface interactions rel-
evant to nanophotonic trapping, but may also be used in the
future to probe the charge properties of individual proteins
with changes in environment.

5. Methods

5.1. Colloidal lithography of DNH

The glass slides (76× 25.4× 1.0mm3) were divided into
thirds using a diamond scribe and cleaved. They were cleaned
with 99% ethanol and dried with nitrogen gas. The slides
were then sonicated in ethanol for 10 min, followed by rins-
ing with acetone, deionized water, and ethanol, with dry-
ing in between each step. A 1:100 mixture of 300 nm PS
beads (Sigma-Aldrich, MFCD00131491 LB3) and ethanol
was applied evenly to the slides, left to sit overnight for
the ethanol to evaporate, leaving behind a mask of ran-
domly arranged beads, including some dimers. The slides were
plasma etched (Mantis QUBE system) for 170 s to control
the cusp size. Next, a 7 nm titanium layer and a 70 nm gold
layer were sputtered onto the slides. After 10 min of sonica-
tion in ethanol, the beads were removed using adhesive tape.
The samples were rinsed with ethanol and dried with nitrogen
gas, then cut into quarters using a diamond scribe and cleaned
again.

5.2. Trapping solution

A 10 µl portion of a 10 mgml−1 protein solution (BSA,
Sigma-Aldrich, MWGF70-1KT; CA Sigma-Aldrich, C3943-
100MG; CTC, Sigma-Aldrich, C7752-50MG; ovalbumin,
Sigma-Aldrich, S7951-1MG; Strypsin, Sigma-Aldrich,
A5503-1G) solution in 10µM PBS was added to a microw-
ell formed by placing a 0.1mm thick image spacer (Grace
BioLabs, GBL-654 008-100EA) onto a glass slide (Globe
Scientific Inc., 1419-10). The microwell was then sealed with
the DNH sample, with the gold surface facing downward.

5.3. Optical tweezers

For each experimental setup (two different laser wavelengths
were used: 850 nm and 980 nm), the laser was collimated from

the fiber to a beam size of 2mm and passed through a lin-
ear polarizer and a half-wave plate to allow for selection of
any linear polarization state. The beam was then expanded
to approximately 7mm using a beam expander before being
focused by an oil immersionmicroscope objective onto a DNH
in the gold film inside of a microwell containing the nano-
particle solution. The polarization state was selected to max-
imize the transmission through the nanohole, as collected by
a second microscope objective and focused onto an avalanche
photodiode. An LED was used to illuminate the sample and
allow for viewing the location of the nanoholes on the CCD
camera. Dichroic mirrors were used to filter out the laser
light from the LED and the camera paths. The laser power
was measured with a photodetector prior to the microscope
objective.

5.4. Software, statistical analysis, and data acquisition

All data analysis was performed using custom Python and
MATLAB code. Data was collected at a sampling rate of
kHz. The total number of trapping signals analyzed was 24.
The root-mean-squared-deviation (RMSD) was calculated by
dividing the same 5 s portion of the trapped signal into sections
based on a window length of 5000. The RMSD was then
divided by the mean of the trapped signal and an average of
all the sections was taken. The coefficient of determination
(R2) was calculated to evaluate the goodness of the linear fit
between corner frequency and trapping power.

5.5. Numerical simulations

A commercial finite element modeling COMSOL
Multiphysics version 6.2 was used for the ES potential sim-
ulations. A 3D model was established to solve the ES prob-
lems. The modeling process was governed by the fundamental
Poisson’s partial differential equations describing a connec-
tion between the electric field, E, the volume charge density,
ρ, and the ES potential, V. Poisson’s equation is given by
∇2V=−ρ/ε where ε is the relative permittivity, and the E-
field serves as the gradient of the potential V, E=−∇V. The
entire 3D ES domain was set at 2.0 × 2.0 × 2.0µm3 cube,
consisting of a single DNH at the center of the unit cell. Zero
charge conditions were used on all outer ES domain’s bound-
aries. The surface charge density of the silica-water interface
within the DNH region was taken from experimental observa-
tions, and set as ρs =−0.3mCm−2, approximately 2000 elec-
tronsµm−2 [33]. The thicknesses of gold and titanium metals
were 70 nm and 7 nm, respectively. These full-metal domains
are highly conductive; therefore, we set floating voltages over
the entire metal’s surfaces to be constant potential of 0V.
The relative permittivities of water and silica were taken
from the material libraries of the ES module in COMSOL
Multiphysics. The 3D model required 100GB of memory
to perform the calculation. The simulation solved Poisson’s
equation, which gave the potential felt by an infinitesimal
charge.
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