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ABSTRACT

Metallic nanoparticles are known to experience enhanced optical trap strengths compared to dielectric particles due to
the increased optical volume, or polarizability. In our experience, larger metallic particles (~um) are not easily trapped
because momentum effects due to reflection become significant. Hybrid particles comprised of both metal and dielectric
materials can circumvent this limitation while till utilizing a larger polarizability. Heterogeneous nanosystems were
fabricated by embedding/coating silica nanoparticles with gold or silver in varying amounts and distributions. These
compound particles were manipulated via optical tweezers, and their trapping characteristics quantitatively and
qualitatively compared to homogeneous particles of comparable size. The parameters explored include the dependence
of the trapping force on the percentage of loading of gold, the size of the embedded colloids, and the distribution of
metal within the surrounding matrix or on its surface.
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1. INTRODUCTION

In this work, optical tweezers are used to manipulate metal-silica hybrid nanoparticles with prospects of measuring light-
matter interactions. A surge of advances in recent years™* has made optical tweezers a promising technique for motion
control of mesoscopic systems in physics, chemistry, and biology. Much of the progress has focused on modification of
the laser beam configuration to enable multiple trap positions via time-sharing,® beamsplitting,® using diffractive optical
elements,” or using spatial light modulators.® Other schemes utilize beams with spin or angular momentum, such as
circularly polarized light and Laguerre-Gaussian beams, or rotated asymmetric beam patterns to generate torque on the
trapped particle™ Much less work has been done concerning modification of the trapped particle itself, nonetheless
some developments worth mentioning include schemes for trapping metals,* the optical tweezing of nonspherical
particl &,lgl the optical fabrication and tweezing of alight-driven turbine,® and the optical tweezing of core-shell colloidal
systems.

There is growing interest in the use of hybrid nanosystems such as core-shell colloidal systems outside the field of
optical tweezing.  Single-nanoparticle surface-enhanced Raman scattering (SERS) has been observed using
heterogeneous systems comprised of compound dielectric-metal'? and diel ectric-semiconductor materials™® The effects
of localized surface plasmon resonances which enable such enhanced optical properties have been studied for optically
trapped metal nanoparticles,***® however little has been done on optically trapped hybrid systems. Another application
of hybrid nanoparticles is in subcellular magnetic resonance imaging'’ and chemical imaging with biosensing probes.*®
In particular, fiber-based silica-gold-fluorophore systems have been used as selective nitric-oxide sensors.*#*  Also,
nanosystems consisting of dielectric particles half-coated with metal have been fabricated to alow sensing with
increased signal-to-background ratios and for microrheological studies.?*” Nanoparticle versions of these biosensors
combined with optical tweezing can provide a non-invasive means of intracellular investigation.
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In this paper, we consider the optical tweezing of dielectric-metal core-shell and core-half-shell nanoparticles. To
investigate the trapping of our hybrid particles, we observed their position fluctuation dynamics while held in our optical
tweezers. By comparing trap stiffness among all particle types, we gain information on the light-particle interactions
strengths. Further image analysis provides qualitative effects of asphericity on laser trapping stability.

2. THEORY

The most appropriate theoretical description of neutral particle trapping using single-beam gradient optical tweezers
depends on the particle size relative to the wavelength of the trapping beam. For particle diameters much smaller than
the wavelength (d << ), the particle, described in the Rayleigh regime, is treated as a simple, induced dipole oscillating
in a harmonic electric field.**? In this regime, trapping forces can be resolved into two components:® a scattering
component, in the direction of the incident light, and a gradient component, along the intensity gradient. Stable trapping
for a single-beam gradient trap occurs when the gradient force exceeds the scattering force to generate a potential well
deeper than the particle’s thermal energy due to Brownian motion. It is believed that the scattering force on a
nonabsorbing Rayleigh particle is proportional to its scattering cross section, so the scattering force scales with the
square of the polarizability (volume),?? or as d°. The gradient force scales linearly with polarizability (volume),?"?
thus having a d® dependence. These quadratic and linear dependences on polarizability for the scattering and gradient
forces, respectively, suggest that stable three-dimensional single-beam trapping occurs only for particles smaller than
some maximum threshold size. Svoboda and Block® use this polarizability dependence to explain increased trapping
forces for gold Rayleigh particles over latex particles of similar size surrounded by water. Their analysis contends that
40 nm gold particles are the maximum size for stable three-dimensional trapping.

For particles with diameters much larger than the trapping wavelength (d >> 1), conventional theory assumes the
geometrical optics regime in which trapping forces can be attributed to momentum exchange due to the refraction and
reflection of plane waves™® In this size regime, dielectric particles are readily trapped in three dimensions whereas
metallic particles are difficult to trap three-dimensionally because scattering, reflection, and absorption are increased.

To quantify trap strength, one can analyze the particle’ s position behavior as the particle falls in the trap,®** while the
trap is moved relative to the surrounding medium,*3*% or as the particle experiences dynamic position fluctuations due
to Brownian motion in a stationary trap.****"* The last method, which we utilize in the current work, assumes a
particle surrounded by a medium of viscosity /7 trapped in a harmonic potential well subject to a microscopic random

thermal force. The small Reynolds numbers of practical systems indicate that viscous forces dominate over inertial
forces, thus the particle’s motion can be described by the reduced Langevin equation:

P+ Rx=F () "

where X and X are the particle position and velocity, respectively, s the hydrodynamic drag coefficient equal to
3/md |, and K isthe trap stiffness or harmonic force spring constant. Fourier domain solutions of this system are well
known and deviations often present in experiment have been studied in great detail **“°*! One finds that the power
spectral density (PSD) of the position fluctuations follows a Lorentzian profile:

f2
fc2+f2’

S(f) =% )

with low-frequency PSD amplitude S, = 4}k, T/ and corner frequency f, = k/271y, where K is Boltzmann's

constant and T is absolute temperature. Note, for a given solvent, the corner frequency is proportiona to the trap
dtiffness. If the particle is isotropic and trapped stably in three dimensions, the gradient force dominates the scattering
force and is given by**
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where & is the vacuum electric permittivity, x is the particle susceptibility (or polarizability for Rayleigh particles) and

E?is proportional to the laser beam power. Equating this to a harmonic restoring force — KX , we see that if the gradient
force dependence on laser power islinear, the corner frequency will also be proportional to laser power.

If atrapped particle remains close to the minimum of the potential well created by the laser beam, a harmonic potential
isexpected. The positions visited by the particle will then be Boltzmann-distributed as given below:

KXZ
N(x) =N - ) 4
(x) =N, exp( 2kBT] 4

Our core-shell hybrid nanosystems consist of particles considered in the Rayleigh regime or the geometrical optics
regime individually. Precise electromagnetic theory has not been found in the literature to describe such systems;
however, some effects are expected. Asthe shell layer contains 40 nm metal Rayleigh colloids, the total polarizability of
the system will be increased compared to pure silica while reflection is decreased compared to pure metal, potentially
increasing trap strength. Since the metal colloids likely provide a small perturbation bound to a macroscopic 1 pm silica
particle, position fluctuations for the system should follow macroscopic behavior with adjustments due to increased
scattering and absorption, and due to induced material anisotropy. For our half-shell hybrid nanoparticles, the layer
thickness is kept below the skin depth; therefore, reflection is again reduced. The material anisotropy is more severe,
and, consequently, more drastic changes in trapping behavior are expected.

3. MATERIALSAND METHODS

To investigate the effects of metal composition on hybrid-particle optica trapping, various particle configurations were
fabricated and characterized. Single particles from each sample were then optically trapped, and their motion dynamics
recorded. The data was then analyzed to gain qualitative and quantitative information about the trap’s properties.

3.1. Sample preparation

All of our sample particle-systems comprised a spherical dielectric core surrounded by an outer layer or shell of metal.
The core consisted of commercially available silica microspheres while the outer shell isincorporated either by attaching
gold or silver colloids, or via evaporation.

3.1.1. Aminated silica cores

A tota of 212 mg of 0.97 um diameter dry silica microspheres (Bangs Labs, Fishers, Indiana) were suspended in 40 mL
of ethanol (99.5%, A.C.S. reagent grade, absolute, 200 proof) in a 100 mL round bottom flask. In order to provide
amine groups to the surface of the silica, 1 mL of 3-aminopropyltriethoxysilane (99%, Aldrich, St. Louis, Montana) was
added to the suspension. Amine functionalization of the silica particles is known to facilitate synthesis of silica-noble
metal core-shell microspheres.*> The reaction was allowed to run for 2 hours and 15 minutes in the sealed 100 mL round
bottom flask with constant magnetic stirring to provide even distribution of the amine functionalization to the silica
particles. The particles were filtered using a 0.8 um ATTP lIsopore™ Membrane filter (Millipore, Billerica,
Massachusetts). They were re-suspended in ethanol to wash off any unreacted material and then filtered again. The
particles were suspended in 10 mL of MilliQ de-ionized water for use.

3.1.2. Silica-gold core-shell microspheres
1mL of a 5nm diameter gold colloid (Ted Pella, Inc., Redding, California) suspension was added to a 20 mL

scintillation vial. Because the colloid is certified to have been washed of al reactants during synthesis, citrate must be
added to enable attachment of the colloids to the amine groups on the silica microspheres.”> A 1 mL aliquot of 34 mM
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sodium citrate solution (99%, A.C.S. reagent grade, Alfa Aesar, Ward Hill, Massachusetts) was added in order that the
citrate ion would ligate the 5 nm gold colloid. After mixing, 1 mL of the amine functionalized silica microspheres was
added to the scintillation vial. The mixture color changed from light red to deep red. The suspension was sonicated to
re-suspend dark red particles that may have settled out of solution. After sonication, the suspension was centrifuged at
5000 rpm for 10 minutes. All of the particles at the bottom of the centrifuge tube, post-sonication, were deep-red in
color while the solution was clear suggesting little unattached gold colloid had suspended. The clear solution was
removed using a Pasteur pipette, and the particles were re-suspended in 10 mL of ethanol. Centrifugation and re-
suspension in ethanol was repeated once more. The particles were filtered with the 0.8 /m ATTP Isopore™ filter until
dry and re-suspended in 10 mL of de-ionized water for use.

For silica-gold core-shell particles containing larger gold colloids, a similar fabrication procedure was performed with
the initial volumes being 0.100 mL of the amine functionalized silica combined with 1.00 mL of the 34 mM sodium
citrate solution. A 10 mL aiquot of 40.3 nm diameter gold colloids (Ted Pella) was added, and the suspension was
placed in an ultrasonic bath for 90 minutes. Upon removal from the bath, dark red particles quickly began to settle.

3.1.3. Silica-silver core-shell microspheres

Silver colloids of <5 nm diameter were synthesized according to the method described in the literature.*® A 100 mL
round bottom flask was cleaned with Alconox (White Plains, New Y ork), rinsed, and dried thoroughly. After drying,
47.5 mL of MilliQ de-ionized water was added. The de-ionized water was de-oxygenated by bubbling with nitrogen gas
for 30 minutes. Subsequent reactions all took place under vigorous stirring (1200 rpm).

After de-oxygenation, a 0.500 mL aliquot of 30 mM sodium citrate was added to the water and allowed to mix for
several seconds. Next, 1.00 mL of 5 mM silver nitrate solution (EM Science, Gibbstown, New Jersey) was added to the
mixture and allowed to mix for several seconds. After 0.500 mL of 50 mM sodium borohydride solution (99%, Aldrich)
was added, the solution immediately turned a pale yellow color. The solution was then stirred for 30 seconds more
before adding 0.500 mg/mL of poly(vinyl)pyrrolidone (M,, = 55,000 g/mol, Aldrich). The suspension turned dark
yellow in color and was stirred an additional 30 minutes.

A 1 mL aliquot of the <5 nm silver colloid suspension was added to a scintillation vial, along with 1 mL of de-ionized
water. The 34 mM sodium citrate was not needed (as in the preparation of silica-gold samples) because the citrate ion
was still present from the colloid synthesis. 1 mL of the amine functionalized silica microspheres was added to the
colloid suspension, immediately making the solution cloudy. Over time, all of the silica-silver core-shell particles came
out of suspension and collected on the bottom of the scintillation vial. This mixture was filtered using the 0.8 tm ATTP
Isopore™ filter. The particles were washed with several ethanol rinses, and dry particles were re-suspended in 10 mL of
de-ionized water for experiments.

Again, silica-silver core-shell particles containing larger silver colloids were aso fabricated with a similar procedure.
Starting volumes were 0.100 mL of the amine functionalized silica and 1.00 mL of the 34 mM sodium citrate solution.
10 mL of 40 £ 5 nm silver colloids (Ted Pella) were added, and the suspension was sonicated. After sonication, yellow
particles started to settle.

3.1.4. Silica-metal core-half-shell microspheres

MOONSs (MOdulated Optical Nanoprobes) can be fabricated by coating one hemisphere of nanoparticles with an opaque
metal as illustrated in Figure 1. Our procedure utilizes commercially available silica nano- and microspheres (Bang's
Labs) in combination with a gold sputter chamber.

Silica particles with a diameter of 1.0 gm and 2.0 m were separately suspended in water and deposited onto a glass
microscope dide with a micropipette. The solutions dried on the microscope slide leaving near single layers of
microspheres. The dide was then inserted into a Vacuum Desk-11 Cold Sputter-Etch Unit (Denton Vacuum, Inc., Cherry
Hill, NJ) and gold was sputtered onto the slide for 40 and 80 seconds, respectively. Sputtering was performed under
vacuum, which allowed the gold to travel in a linear fashion, coating only the top hemisphere of the particles. This
creates a material anisotropy, the top hemisphere of the spheres being metallic and the bottom hemispheres being silica
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Figure 1. Fabrication process of gold coated polystyrene spheres. Figure 2. Wavelength dependent attenuation of light
caused by the gold coating. The dashed line represents
a40 sduration while the solid line representsan 80 s
duration.

The coated particles on the microscope slide have a long shelf life and can be removed from the microscope dide long
after they have been coated. We removed the gold coated particles by using an artist’s paintbrush. To suspend the coated
particles, we sonicated the brush in water for a short amount of time.

3.2. Sample characterization

For our MOONSs, in order to find the thickness of gold that corresponds to a specific duration of sputter coating, we used
an optical microscope (Olympus IMT-II) interfaced via LabVIEW with a spectrometer (Acton Research Corp., Acton,
MA) to measure transmission of bright field light through the gold coated slide. Attenuation caused by the presence of
the gold was then determined by dividing the intensity of light transmitted through the coated dide by the intensity of
light transmitted through an uncoated region of the same dlide (see Figure 2). From this attenuation and given that the
skin depth of gold is 17 nm at a wavelength of 589 nm,* we calculated that the gold layer was approximately
6.7 £ 0.5 nm for a 40 s coating (dashed line) and 12 + 1 nm for 80 s (solid ling). The error corresponds to the standard
deviation estimated by measuring at different points on the gold coated slide. It isworthwhile to note that rough surfaces
are not coated as easily as smooth surfaces. So, the actual gold layer thickness on the silica microspheres will most likely
be smaller than our calculated value.

Hybrid nanoparticles in solution were dried and characterized using scanning and transmission electron microscopy
(SEM, TEM). Examples of silica-silver core-shell particles are shown in Figure 2. So as to not obscure the presence of
the gold half-shell, MOONSs were not coated with an additional metal, as is typica prior to SEM imaging. Enough
contrast remained to distinguish the boundary of the gold coating against the silica matrix.

Figure3. TEM (a b) and SEM (c, inset) images of 1 micron silica-40 nm silver core-shell particles.
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Figure4. Experimental schematic optical tweezers setup. The apparatusis aconventiona system with
both reflection and transmission illumination capabilities.

3.3. Experiment

A schematic of the instrumental apparatus is shown in Figure 4. A titanium:sapphire laser system (Tsunami pumped by
aMillenia X sJs, Spectra Physics) is used to trap samples. The laser was set to emit continuous-wave near infrared (NIR)
radiation at 760 nm, accomplished by reducing the bandwidth enough to inhibit pulsed radiation. The trapping beam
then passed through an adjustable neutral density filter wheel to control power. The beam diameter was expanded by a
factor of about 4 to just overfill the back aperture of the trapping optics. Beam steering mirrors directed the laser light
through a dichroic mirror into a commercia inverted optical microscope (1X71, Olympus). Custom-assembled detection
and illumination optics were attached to the microscope above the stage using mechanical rails. Upon entering the
microscope, the beam was deflected by a hot mirror. The hot mirror reflects NIR, is partially reflective for ultraviolet
light, but transmits visible. The NIR beam was then focused by a 100X (NA = 1.3) oil immersion objective (UPlanF,
Olympus), thus forming the optical trap near the sample plane. Light forward-scattered by the trapped object interfered
with the incident laser light and was then recollected by a condenser comprised of another oil immersion objective
(PlanApo 60X, NA = 1.4, Olympus). The back focal plane of the condenser was imaged onto a quadrant photodiode
(Pacific Silicon Sensor, Inc., Westlake Village, CA) for position detection measurements.”® Difference voltage signals
for the x- and y-axes, as indicated in the inset of Figure 4, and sum voltages from the quadrant diode were amplified and
fed into a digitizing oscilloscope (TDS 420, Tektronix) which was interfaced to a computer via LabVIEW. To aid in
alignment, light impinging upon the quadrant diode was also split using a non-polarizing beamsplitter and viewed using
a ccd camera (Watec ). Samples were placed on the trandation stage in a chamber consisting of two #0 coverdips
separated by double stick tape (~100 zm thick) and sealed with grease to reduce evaporation and convection currents.
Two separate regions were formed for a given pair of coverdips, one containing blank silica particles, the other
containing hybridized forms of the silica particles (either core-shell or half-shell). Two methods of illumination were
possible: (1) transmission from above using an LED of visible wavelength (usually green, max. intensity = 525 nm) and
(2) reflection from below using a mercury arc lamp. The sample plane could be imaged in either mode using another
ccd camera (CoolSnap) placed on the trinocular tube above the eyepiece of the microscope. Reflection mode was
especially helpful by providing more contrast compared to regular bright-field transmission to distinguish metallic
coated particles from blank particles near the sample plane. Reflection and fluorescence images of 2 ym and 3.4 pm
MOONSs, respectively, undergoing Brownian motion are shown in Figure 5.
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Figure5. (a) 2 um MOdulated Optical Nanoprobe (MOON) undergoing Brownian motion in reflection mode. The time
between imagesis approximately 0.3 s (b) 3.4 um MOONSs in epifluorescence. Time between imagesis seconds.

Core-shell hybrid particles were trapped in water approximately 10 pm above the bottom coverdip and their position
fluctuations in time were recorded. Each particle was held for severa seconds to ensure stable laser tweezing before the
time trace was started. To make certain we were operating in the linear regime, 5-10 particles were trapped at
approximately 8-10 different laser beam powers. Half-shell particles could not be stably trapped using our single-beam
gradient optical tweezers; nevertheless, position trajectories were imaged and recorded.

4. DATA ANALYSIS

The following data analysis procedure was performed at a series of laser powers for each particle type. Quadrant diode
voltage fluctuation time traces were acquired in three channels: two difference voltage traces for the radial dimensions (x
and y), and one sum voltage trace for all diodes. For each radial dimension, a histogram of the voltages was recorded to
ensure a Boltzmann distribution. Note, a Boltzmann distribution is expected for position; however, if the particle is
close to the trap center, the relationship between position and voltage can be assumed linear.* Curves that exhibited
behavior that deviated from a Boltzmann distribution were discarded.

The x- and y-dimension curves were both normalized by dividing by the sum voltage trace. For each radial dimension,
the power spectral density (PSD) estimate was calculated using the “ periodogram” function of MATLAB. The resulting
PSD’s were averaged, and the final mean PSD was binned logarithmically in frequency, a noise reduction technique
otherwise known as “blocking”.**** Using least squares curve-fitting, a Lorentzian profile was fit to each PSD curve
according to EqQ. (2). To avoid effects due to low frequency errors from beam pointing fluctuations and high frequency
errors from detector response®* or aliasing,® only points with abscissa between 10" Hz and about half the Nyquist
frequency were used in the fit. Fit parameters were the corner frequency, in Hz, and the PSD amplitude S, in units

V?/Hz. S can be converted to nm?/Hz after calibrating volts to nanometers, either by inducing a known spatial

Figure 6. Typica voltage fluctuation time traces. Figure 7. Histograms of visited voltages. For particles
Channels 1, 2 and 3 are the x-difference, y-difference and closeto the trap focus, the voltage, which is proportional
sum voltages, respectively to position, is Boltzmann distributed.
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