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ABSTRACT: Manipulation of biomolecules in aqueous solution
has been a critical issue for the development of many biosensing
techniques and biomedical devices. Electrostatic force is an effective
method for increasing both sensitivity and selectivity of various
biosensing techniques. In this study, we employed surface-enhanced
Raman spectroscopy (SERS) as an in situ label-free method to
monitor the motion of biomolecules driven by this manipulation
technique. We present the results of a combined experimental and
simulation study to demonstrate that electrostatic force could
enhance SERS detection of molecules in aqueous solutions with
respect to sensitivity and selectivity. In regards to sensitivity, we
successfully observed the signature of single molecule addition to
individual SERS hot spots, in the form of the stepwise increase of
Raman signal with time. With regard to selectivity, we obtained

ITO

PDMS

Raman Intensity (a.u.)

ITo

100

2004

60

80 100 120 140 160
Time (s)

Raman Intensity (a.u.)

Aupyramids

Si0,

600 800 1000 1200
Raman shift (cm™)

1400

discernible SERS signature of selected families of molecules from a mixture of other molecular families of higher concentration by
driving the specifically charged or polarized molecules toward or away from the electrodes/SERS surface based on their charge
state, polarizability, mass, and environment pH value. We further report the experimental results on how the key factors affect the

selective attraction and repulsion motion of biomolecules.

1. INTRODUCTION

Detection, transportation, assembly, and distinguishing of
biomolecules in aqueous solutions are widely studied with the
development of many biomedical devices. These biomedical
devices have shown a broad range of applications in fields' ~
such as biosensing, cell sorting and selections, advanced drug
delivery, etc. Manipulation of biomolecules is key to perform-
ance improvement of such devices. The methods of molecular
manipulation include chemical functionalization of molecules®
or substrates’ and the use of atomic® or optical force.”'® A
number of novel methods of nanoparticle manipulation have
appeared recently in the literature including 2D assembly by
evaporation-based convection,'" capillary interaction,'” and 3D
self-assembly on liquid/liquid interfaces™ and during droplet
evaporation.'* All these methods have advantages and
disadvantages. For some of them, the potential for practical
use is yet to be demonstrated. One of the alternative
approaches is the use of electrostatic forces'”™'” to draw
charged or dielectrically polarized species (molecules and
proteins) toward the target regions in a solution. A distinct
advantage of electrostatic force'® over the other methods (like
chemical functionalization, optical force (~10* nm), etc.) is the
long-range interaction. All charged molecules exposed to the
electric field are affected by the electrostatic force. It has the
ability to attract, repel, bind, or prevent adsorption of
biomolecules from an electrode.
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A major challenge for this manipulation is the in situ
monitoring of biomolecules during manipulation and assembly
in aqueous solution. The submicrometer length scale of
biomolecules and the liquid environment limit the effective
observation either by the naked eyes or by conventional optical
microscopes. Fluorescence-based methods have been proven to
be highly useful, including single molecule detection inside
living cells.'” ™' However, labeling molecules with fluorophores
can be expensive and time-consuming, and for certain
applications it may not even be feasible.”*** Surface-enhanced
Raman spectroscopy (SERS) based on surface plasmon
resonance (SPR) is one of the most commonly used label-
free methods today.”* >’ In this paper we employ SERS as the
method to monitor the performance of the electrostatic force.
We further demonstrate the use of electrostatic force to
enhance the sensitivity and selectivity of our SERS technique.

As a molecular manipulation method, an electrostatic force
could be used to improve the SERS sensitivity by attracting
molecules to the “hot spots” of a plasmonic surface. Hot spots
are the positions where the SPR enhancements are the
strongest. SERS signal intensity at individual hot spots increases
with increasing density of molecules in the case of small
molecules.”” By employing an electrostatic force, we observed
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Figure 1. Experimental setups. (a) Schematic diagram of the PDMS cell structure. (b, c) SEM image of the Au pyramid—graphene hybrid platform.

Inset: schematic diagram of the Au pyramid—graphene hybrid platform.

significantly increase of SERS signal intensity. We further
observed the Raman signal of a single molecule as well as its
stepwise increase (of equal increments in Raman intensity)
with time, an evidence of the one-by-one addition of the
molecules to the hot spot.

Electrostatic force can also be used to a certain extent to
selectively attract (or repel) one type of molecule in an aqueous
solution to (or from) an electrode based on the differences in
their charge, polarizability, mass, and acidity. To explore this
possibility, we performed attraction/repulsion cycles of a
mixture of more than one type of molecule by varying the
magnitude and the polarity of the electrostatic bias. With one of
the two electrodes being the SERS active surface, the intensity
and the spectral signature could be used as an indication of the
presence or absence of certain types of molecules.

This paper is organized as follows: section 2 describes the
experimental setups; section 3 describes the theory and
simulation method we employed for understanding the physics
and the limitations of this approach; section 4 presents the
experimental results of the motion of a single type of molecule
under electrostatic force by performing attraction/repulsion
cycles while monitoring the SERS signature; also, we present
the observation of selective attraction and repulsion in the
mixture of more than one type of molecule by varying the key
factors in molecular motion.

2. EXPERIMENTAL METHODS

Here we describe a study of SERS-based biosensing and use
this as a vehicle to demonstrate molecule manipulation. The
experimental setup consists of three components: a poly-
dimethylsiloxane (PDMS) cell that allows electrostatic bias
across a liquid, a SERS active substrate, and Raman
spectroscope.

The PDMS cell is shown in Figure la. Detailed process flow
can be found in the Supporting Information. The cell is
constructed of two glass slides coated with 200 nm of indium
tin oxide (ITO) and a circular PDMS wall for containing the
analyte. The separation between the plates is 5 mm. The
diameter of the cell is 1 cm. A dc voltage source is connected to
the ITO contacts. Because it is transparent in the visible range,
the ITO layer allows us to illuminate the cell from the top with

a X50 long working distance microscope objective (numerical
aperture ~0.5). An applied voltage between the plates polarizes
the solution, giving rise to an electric field perpendicular to the
plates.

The SERS active substrate is Au pyramid—graphene hybrid
platform,”" which has an ultrahigh Raman enhancement. The
fabrication process flow of the hybrid platform and the
calculation of the enhancement factor can be found in the
Supporting Information. Recent investigation revealed that
graphene possesses unique features as a SERS substrate.””>*
Figure 1b is the scanning electron microscope (SEM) image of
this substrate. The Au nanopyramid—graphene hybrid platform
has been shown to render a remarkable Raman enhancement
factor of up to 10'%. The periodic Au nanopyramid structure
with tunable size and sharpness can be fabricated via a wafer-
scale bottom-up templating technology. In our experiments, the
base dimension of the pyramids is 250 nm, and the center-to-
center distance between adjacent pyramids is S00 nm (Figure
Ic).

The Raman spectra were taken using a Renishaw inVia
Raman spectroscope under ambient conditions. The laser
excitation wavelength was 633 nm from a He—Ne laser. The
power of the lasers was kept at S mW to avoid sample heating.
The diameter of laser spot was ~1 pm.

As shown in Figure la, aqueous analyte was introduced into
the PDMS cell with a voltage bias between the ITO glass and
the hybrid SERS platform. Raman spectroscopy was employed
to monitor the change of molecular concentration with time at
individual SERS hot spots after switching on the bias voltage.

3. THEORETICAL METHODS

First we present the theory we employed here for under-
standing the physics governing the molecular motion in the
solutions under electrostatic force. Three forces are involved
during the molecular motion: (1) electrostatic force, (2)
Brownian motion force, and (3) drag force. For the
electrostatic force

-

E

electrostatic

= 4E + (¢aE-V)E (1)

where ¢ is the charge of molecules, E is electrical field intensity,
€ is the dielectric constant, and a is the polarizability of
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molecules. The first term represents the electric force on a
point charge, and the second term represents the electric force
on dipoles.

For the Brownian motion force and drag force™

R S 127rkBuTrp

ESrownian - é‘ At (2)
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oo = —m (i — V) = 6mur,(ii — V), 1,=

drag Tp p( H p( ] p 9/4

€)
where Z is a Gaussian random number with zero mean and unit
variance, u is viscosity, T is temperature, 7, is the radius of
particles, m, is the mass of particles, p, is the density of
particles, and # and ¥ are the velocity of the medium and
particles, respectively (in most cases i = 0).

These equations indicate that the molecular motion highly
depends on the properties of molecules (such as the charge,
mass, and radius) and the external factors (voltage, temper-
ature, viscosity, etc.). By varying the external factors, the
attraction or repulsion velocity could be changed. In the
meantime, different responses of molecules to the external field
enable selective attraction and repulsion.

The motion of molecules under electrostatic bias was
simulated with Comsol Multiphysics to clearly show the
distribution change of the analyte. In the following sections, we
present the calculation results of the molecular distribution
change of the molecules with time and compared the
simulation results with the experiment results. The detailed
simulation method and results can be found in the Supporting
Information.

4. RESULTS AND DISCUSSION

4.1. Observation of Individual Molecules under
Electrostatic Force. We now focus on the SERS experiments
performed using the PDMS cell. The basic idea is to attract/
repel the molecules to/from the SERS substrate by applying a
voltage bias. The analyte was the solution of Rhodamine 6G
(R6G), a highly fluorescent Rhodamine family dye that is
positively charged. The concentration of the solution was 1077
M. The SERS signal of the analyte was monitored in situ while
cycling the bias voltage across the cell. From 0 to 20 min, we
applied a voltage bias of +1 V from the top electrode to the
bottom electrode, and the voltage bias direction was changed
every 20 min. To maximize the performance of electrostatic
force, the cycle time was determined to be 20 min. There are
several ways to shorten the time duration like reducing the cell
size (such as the cases in Iab—on—a—chip36), increasing voltage
bias, changing operating temperature, etc.

Figure 2a shows the SERS intensity of four different Raman
modes as a function of time. The laser was focused on the
hybrid platform, and the Raman spectra were measured every
20 s. The SERS activity is fairly homogeneous for the different
modes of the sample and the repulsion motion is faster than the
attraction motion. During the cycles, the G peak of graphene
stays constant, which can be interpreted as an evidence of the
stability of the SERS activity. Figure 2b shows the Raman
spectra at 0, 20, and 40 min, corresponding to the initial point,
maximum point (forward bias), and minimum point (reverse
bias) in Figure 2a. By attracting the molecules onto the
substrate, the Raman spectra intensity could be dramatically
enhanced as shown in the spectra. There is more than 2 orders
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Figure 2. (a) Raman spectra intensity of R6G molecules under
attraction and repulsion cycles. Different curves represent different
spectral modes of R6G Raman spectrum (611, 773, 1360, and 1507
ecm™). The intensity of each spectral mode is normalized to its
maximum intensity during the attraction/repulsion cycles. (b) Raman
spectra of R6G at 0, 20, and 40 min, corresponding to the initial
points, maximum intensity points, and minimum intensity points in
(a) with the intensity of G peak unchanged.

of magnitude difference between the Raman intensity at
forward bias and reverse bias.

The simulation results are consistent with the experimental
results. Figure 3a shows the simulation model (for details see
Supporting Information). The substrate is Au pyramid array
arranged in hexagonal lattice. The particle model (the particle
radius and mass) is based on R6G molecules. The driving force
of this model is based on functions (1), (2), and (3). Figures
3b—d show the molecular distribution at 0, +1, and —1 V,
respectively. We could see that at 0 V particles are uniformly
distributed, and at +1 and —1 V particles are attracted to or
repelled from the electrode. Figure 3e shows the comparison
between simulation results and experiment results when
applying different voltage bias (2, +1, and +0.5 V). The
quantity of particles that attracted to the hot spots (solid lines,
Figure 3e) was calculated and compared with Raman signal
intensity (open circles, Figure 3e), which shows the same trend.
It should be noted that for forward bias the saturation rate of
the simulation results is faster than that of the experimental
results. The reason is that in the experiments the Raman signal
came not only from the hot-spot regions although they
contributed to most of the SERS signal but also from the
molecules attracted to other regions. However, in the
simulation model only the particles that attracted to the hot-
spot regions were counted, so it saturated faster than the
experimental result. Simulation results also show the trend
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Figure 3. Simulation method and the results of molecular distribution. (a) Comsol Multiphysics simulation model diagram. (b) Simulation results of
molecular distribution at voltage bias of 0 V. The colors of the particles represent their different velocity. (c) Simulation results of molecular
distribution at voltage bias of +1 V. (d) Simulation results of molecular distribution at voltage bias of —1 V. (e) Comparison between simulation
results (solid line) and experiment results (open circles, Raman signal intensity at 1507 cm™") when applying different voltage bias (+2, +1, and
+0.5 V). The Raman signal intensity is normalized to the maximum intensity at +2 V during attraction/repulsion cycles.
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Figure 4. (a) Stepwise increase of Raman signal intensity with the increase of time at very low concentration (10~° M). (b) Raman spectra of R6G at
30, 80, and 120 s, corresponding to the three stages in (a) marked by the dotted lines. To clearly show each spectrum, we added a constant offset

between each line.

where the repulsion motion is faster than the attraction motion,
which is identical with the observation in the experiments. The
reason is that the repulsion motion is resulted from the

combined effect of electrostatic force and gradient force since

the molecular concentration in the region close to the substrate
surface region is much higher than that in other positions. But
for the attraction motion the electrostatic force is partially

counteracted by gradient force. As a result, the saturation rate
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Figure S. Raman spectra of 4-MBA at 0, 2, 4, and 6 min.

of the repulsion motion is faster than that of the attraction
motion.

We also observed the stepwise increase of the R6G Raman
signal (Figure 4). The concentration of the R6G solution under
detection was 10~ M. At such low concentration, there are
only 2—6 molecules within the area that the laser spot could
cover (~pum?®), which indicates single-molecular level attraction
and detection. To obtain the stepwise increase of Raman signal,
the Raman spectra was collected every 3 s and the collection
time of one spectrum was 2 s. In Figure 4b, we present the
Raman spectra of R6G at 0 (background signal), 30, 80, and
120 s, corresponding to the time point shown in Figure 4a. The
signal-to-noise ratio (S/N) is not very good since the
concentration is much lower compared to previous experiments
(1077 M). With the time increases, the signal intensity
approaches to a limit, since the quantity of molecules within
the detection volume is extremely low. We also simulated the
molecular motion at low concentration (for detailed calculation
results see the Supporting Information), and the results are
consistent with what we observe in experiments. The stepwise
increase phenomenon is a direct proof to the single-molecule
level Raman sensitivity and the capability of electrostatic force.

4.2. Selective Attraction by Electrostatic Force:
Influence of Charge State. Equation 1 indicates that the
molecules with different charges have different responses to the

R6G
4-MBA

Normalized Raman Intensity
Number of Particles

10 15 17 19 min

Figure 7. Comparison of the simulation results and experimental
results of the Raman signal intensity with increasing time. The red line
and black line are the simulation results of 4-MBA and R6G,
respectively. The open circles represent the experimental results. The
Raman signal intensity is normalized to the maximum intensity during
attraction/repulsion cycles.

external electrical field. Particularly for opposite charges, they
will move in opposite directions under the same electric field.
To show this effect, we added another type of molecule, 4-MBA
(4-mercaptobenzoic acid) molecules (pK, ~ 4.79, molecular
mass ~154 g/mol), into the solution. First, we tested the
change of 4-MBA Raman spectra under electrostatic force
(Figure S). The solution concentration was 10~/ M. The
voltage bias was —1 V from the top electrode to bottom
electrode. The Raman intensity of 4-MBA greatly changed with
time. We observed the similar phenomena as those in R6G
solution. However, there are two differences: (1) the voltage
bias is opposite to that in R6G solution since 4-MBA and R6G
have opposite charges; (2) the intensity change of 4-MBA is
faster since the molecular mass of 4-MBA is smaller.

Figure 6 shows the selective attraction and repulsion in the
mixture solution when alternating the applied voltage (the cycle
time is about 10 min). Figure 6a represents the Raman
spectrum of mixture solution at 10 min with the voltage bias at
+1 V. R6G was attracted to the SERS substrate and 4-MBA
repelled from the substrate. The black arrows indicate the
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Figure 6. Selective attraction of 4-MBA and R6G mixture solution. (a) Spectrum at 10 min under positive voltage bias. (b) Spectrum at 20 min
under negative voltage bias. The red arrows mark the Raman modes of 4-MBA, and the black arrows mark the Raman modes of R6G. (c) Raman
signal intensity change of R6G (black, 1360 cm™") and 4-MBA (red, 1590 cm™") with time. The Raman intensity of each species is normalized to its

maximum Raman intensity during the attraction/repulsion cycle.
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Raman modes of R6G, and the red arrows indicate the Raman
modes of 4-MBA. Figure 6b shows the Raman spectrum at 20
min with voltage bias at —1 V. R6G was repelled from the
substrate, and 4-MBA was attracted to the substrate. As shown
in Figure 6b, the R6G’s signal is almost overwhelmed by the 4-
MBA’s signal. The Raman peaks at 1309, 1360, and 1508 cm™"
are the strongest modes of R6G; the hint of these Raman
modes could still be observed at negative bias. Figure 6¢ shows
the Raman intensity change of R6G (black line) and 4-MBA
(red line) with time. The relative intensity of the Raman modes
of each species keeps consistent during the attraction/repulsion
cycles.

Once again it is obvious that the movement of 4-MBA is
faster than that of R6G. The qualitative analysis (for details see
Supporting Information) shows that the directional movement
velocity of molecules is highly dependent on its molecular mass.
This trend is supported by the comparison between the
experimental observations and the simulation results assuming
the Raman signal intensity is proportional to the number of
molecules attracted to the substrate. Figure 7 shows the
comparison of the motion between R6G and 4-MBA. Solid
lines represent the simulation results, and open circles
represent the experiment results. The attraction rate of 4-
MBA is faster than that of R6G, which is consistent with our
expectation. While the actual value is different by <12% for 4-
MBA and <24% for R6G, the similarity of the overall trend
lends support to our model being correct.

4.3. Selective Attraction by Electrostatic Force:
Influence of Molecular Mass and Dielectric Polar-
izability. Molecular mass could be an important factor
influencing the motion of molecules under electrostatic force.
It is possible to achieve the selective attraction of the smaller
molecules while the bigger molecules are almost kept still. The
principle is very similar to a mass spectrometer which uses a
magnetic field to separate out gaseous molecules based on their
charge—mass ratio. The influence of mass can already be seen
from the above experiments and simulation. However, to
clearly show the influence of molecular mass, we chose
lysozyme (isoelectric point ~10.5) as the compared molecule.

Its molecular weight (about 14 000 g/mol), comparing with the
4-MBA (154 g/mol) and R6G (479 g/mol), is much bigger,
while still having the same charge as R6G. The concentration of
lysozyme was 10 M, 10 times larger than the other two
species. Figure 8 shows the Raman spectra of the mixture
solution of these three molecules. Figures 8a and 8b show the
spectra at S and 20 min with the voltage bias at +1 V (lysozyme
and R6G are both attracted to the SERS substrate). Although
the concentration of lysozyme is larger than that of R6G, the
signal of R6G is more pronounced than lysozyme since R6G
moves faster than lysozyme at S min. Figure 8c shows the
spectrum with voltage bias at —1 V. At this voltage bias, the 4-
MBA was attracted to the substrate while the other two
molecules were repelled from the substrate. So we could see
that the signal of 4-MBA with lysozyme and R6G disappeared
at 30 min.

Therefore, by combining the influence of molecular charge
and mass, we could achieve the selective attraction among
different molecules which gives us the ability to study certain
class of molecular species. This is especially useful when the
concentration or Raman cross section of one molecule is much
smaller than that of the other molecules in the mixture solution.
In our experiments, we employed R6G as an indicator to show
that even though it has a lower concentration, we could still
observe its signal under selective attraction, which is not
possible in a normal situation. The selective attraction will also
be useful when the Raman cross section of certain kind of
molecule is much lower than other molecules.

5. CONCLUSION

In this study, we demonstrate that the electrostatic force is an
effective method for increasing the sensitivity of biosensing
techniques. In the aqueous solution of R6G molecules, the
SERS intensity changes by more than 2 orders of magnitude
during the attraction/repulsion cycles under electrostatic force.
Furthermore, observation of the Raman signal of single
molecules and its stepwise increase with time gives a direct
support to the capability of this technique. We also
demonstrate that the electrostatic force can be used to improve
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the selectivity of biosensing techniques. We show the influence
of charge state and molecular mass on selective attraction and
repulsion. In the mixture of 4-MBA and R6G, which have
opposite charges in aqueous solution, we successfully observe
their different responses to the electrostatic force. In the
mixture of 4-MBA, R6G, and lysozyme, even though R6G has a
lower concentration, we could still observe its Raman signatures
since R6G molecules have a faster response to the external
electrical field. The selectivity of electrostatic force gives a
possible way to obtain discernible SERS signature of selected
molecular families from an array of other molecules with
potentially higher concentration or larger Raman scattering
cross section. The electrostatic force constitutes a much more
direct “handle” on the analyte than other options that have
been proposed in the literature, and we try to explore the
extreme of this technique in our study. The ultimate application
would be to solve the basic problems of remote SERS sensing
by drawing specific molecules onto the hot spots. It will enable
in vitro study of protein with extremely low concentrations or in
an environment when more than one proteins are present, such
as the aggregation dynamics of amyloid beta, tau protein, etc.
This technique will help deepen our understandings on
biological processes and facilitate the development of various
biomedical devices.
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