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Optical Trapping with Integrated Near-Field Apertures

Eun-Soo Kwak,"* Tiberiu-Dan Onuta, ™+ Dragos Amarie,"8 Radislav Potyrailo,' Barry Stein,"
Stephen C. Jacobsod,W. L. Schaich? and Bogdan Dragnea*

Departments of Chemistry and Physics, Indianadgmsity, Bloomington, Indiana 47405,
GE Global Research Center, Schenectady, New York, and Indiana Molecular Biology Institute,
Indiana Uniersity, Bloomington, Indiana 47405

Receied: May 7, 2004; In Final Form: June 16, 2004

In recent years, optical micromachines based on forces exerted by strongly focused beams of light have
started to provide unprecedented access to nonintrusive measurement and manipulation of matter on submicron
length scales. However, the sharpness of the present optical tweezers is restricted by the spatial gradients of
light attainable with diffraction-limited optics. Here, we demonstrate a technique for optical trapping of single
particles in a fluid, which is based on the intense near-field gradients around small apertures in a metal film.
Our scheme should be able to trap smaller particles with a fraction of the laser intensity required by conventional
optical tweezers. Detailed simulations of the electromagnetic fields near apertures and the resulting forces
they can produce are described. We also present a proof-of-principle experiment in which the trapping of
latex beads is demonstrated by following the time evolution of their fluorescence. Our scheme allows
containment of particles in free solution in nanometer sized “beakers” opening the way for research on single
nanoparticle chemistry, microrheology in confined environments, and ultrahigh sensitivity sensors.

Introduction a fluid might be stabilized against Brownian moti#d:3 This
idea, although very promising, has not been realized in practice
until now with either aperture-based or apertureless near-field
scanning optical microscopes.

Instead of using a near-field microscope tip to catch a

When a small particle with an index of refraction greater than
that of its environment moves near the waist of a focused beam
of light, forces resulting from the scattering of photons on different
regions of the particle tend to immobilize it in the most intense -
part of the focal zone, i.e., the center. The optical force can nanoparticle, we have used a large ensemble of nanoapertures,

exceed room-temperature Brownian forces if the field gradient or channels, fabricated in a thin metal film. The particles for

across the diameter of the particle is strong enough. This methodz w;g;r:%%fsfheer;egif'fnugesﬁ] I,g'g}l'gh(;%nr::g V\\ll\'/tr?et:z gztea:lglérgm
of three-dimensional position control of a particle in a fluid, :

known as optical tweezers, has led to an enormous number Ofis shone onto the metal film, the particles located inside the
applications ranging from the fundamental physics of ultracold chaqnels are trapped due to the strong near-field Intensity
atoms to subcellular dynamiés® The wide acceptance gained gradients that develop. Although many channels are simuita-

by optcal tweezers in the biology communtggreater than  (okey | PREEEC Y S B TR RS 88 TS A
by any other proximity probe technique, is due to its nonintru- 9 P :

siveness, quasi three-dimensional character, and capability ofWe can thus choose a trap that was incidentally populated when

measuring the very small forces, 28to 10-1° N, relevant for the Iaser.wfas turngd on. ] ]

biological mattef However, the requirement of a strong gradient 10 avoid irreversible particle adsorption onto the nanochannel
of light intensity across the particle implies that particles smaller Walls, the metal surface is functionalized with ionizable chemical
than the diffraction limit ¢250 nm) are difficult to trap. Because ~ 9roups able to provide a short-range repelling force on any
of this limitation, only relatively large viruses, such as the trapped particle. A diluted solution ensures that only a few traps

tobacco mosaic virus{500 nm in length), can be trapped with &€ populated and that there is little chance of a pair of particles
light beams mild enough to preserve their integfity. being trapped in the same hole. We show here that this scheme

To alleviate the particle size problem, several researchers haveOf near-field trapping (NFT) within nanochannels in metal films

proposed use of near-field optical tweezers relying on the is theoretically employable dOWf? toa partic[e si.ze of .10 nm,
strongly enhanced electric fields present close to metal a_nd we present th_e first expe_nr_nental realization with data
nanostructure®: 1! The near-field consists of evanescent com- Mghlighting the main characteristics of the NFT approach.

ponents, which decay over much shorter distances than the NFT has several unique advantages: (a) possibility of large-

ods, (b) reduction of the observation volume allowing for higher

ligand concentrations than those required in traditional single-
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Figure 1. (a) Schematic of the NFT method: the incident beam illuminates from above a few nanoholes in an opaque metal screen. The nanoholes
are spaced widely enough to allow single nanohole selection by high numerical aperture collection optics from below. (b) Vertical cross-section
with density map of the p-polarized electric field intensity, inside a one-dimensional channel through a 50-nm-thick, free-standing gold film. The
laser wavelength is 750 nm.

sensing by integrating many traps on the same chip while using
trap transducers with different specificities. We therefore believe
that the NFT platform provides a promising basis for future
biophotonic sensors with subwavelength-sized structures and
new possibilities for ultrasensitive measurements of hydrody-
namic properties of particles in confined environments.
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NFT Theoretical Considerations

Axial optical force (fN)
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Figure la illustrates the aperture-based NFT principles. The
main question is whether the trapping force generated on a i . : .
particle inside a nanochannel is strong enough to overcome -400 -200 0 200
Brownian motion and to keep the particle from drifting away. Distance along the axis (nm)

We Sh_OW in the following that field enhar_lce_ments and strong Figure 2. Axial force on a gold particle of 10-nm diameter exerted
intensity gradients are expected to occur inside such a channelgjong a 50-nm-wide channel in a gold film. The laser beam is incident
opening the possibility for optical trapping of particles as small on the film from the left. The film limits are given by the dotted
as 10 nm diameter. It is essential to perform a detailed rectangle. The dots represent a linear fit to the restoring force.
electromagnetic analysis to understand and predict the forces . . . . . .
inside a near-field optical trap. The result of such a calculation, vicinity. If we make a Ilnea_r fit to the restoring force near the
done by the finite-difference time-domain method (FDTD), top of the ch_e_mnel_, we_obtam an effective spring constant which,
is shown in Figure 1b. by equipartition, !mplles a root-meqn-square displacement of

For this channel we have analyzed the simple model of an less t_ha_n 50 nm, 1., less than the size of the channel. O_nIy the
infinitely long slit, 50 nm deep and 50 nm wide. Optical possibility of axial escape from the trap has been considered

parameters of Au at 750 nm wavelength have been used forhere because, as seen in Figure 1b, the maximum gradierjts are
the metal film, which is surrounded by vacuum. The calculation reached close to the metal edges and therefore the particle is

is two-dimensional, but it is expected to capture well the essenceMOSt likely to escape along_the middle of t.he chann_el.
of the phenomenon since it has worked satisfactorily in Furthermore, the channel walls limit the lateral motion. Trapping

discussions of near-field scanning optical microscope aper- of ;uch Sm‘ﬂ: parttl.clelsfshoqld therefore tt’ﬁ posbsmlt?.th ticl
turesl®17 A rapid spatial decay of the light intensity in the ecause the oplical force Increéases as the cube of the particie

channel, characteristic for the near-field, can be noticed within diametgr while it is c_)nly linearly proportional to the intensity
~20 nm from the channel boundaries. With the field distribution of the field, the particles trapped by the nanochannel method

inside the channel determined, one can use the dipole ap_wnl be limited in size to above-10 nm diameter. However to

proximation for the particle’s response to estimate the force obtain_ stable_r trapping for a 30 nm diameter particle, the incident
induced by the intensity gradient laser intensity could be reduced to onh8 x 10° W/mn¥, at

least 2 orders of magnitude less than that for classical optical
tweezers. This intensity is low enough to allow, for example,
real-time investigations of the self-assembly process of delicate
biological nanoparticles such as small virus capsids around
wherea is the polarizability of the particlé? trapped nanoparticle corés.

Now consider a spherical gold particle of 10 nm diameter ~ We next describe results from a full, three-dimensional,
and an average laser intensity incident on the film of 10 FDTD calculation for the fields near a hole in a gold film on a
W/mn, a typical intensity for classical optical tweezers. (Note glass substrate and immersed in water. With the light incident
that this is the light intensity above the film, not inside the from the glass side, we show in Figure 3 typical behaviors. An
channel.) Figure 2 plots the force exerted on the gold particle intriguing feature predicted by the theory is a relatively uniform
along the central axis. The force is negative (it points toward confinement of the light emerging from the aperture for distances
the channel) close to the entrance of the aperture for distancescomparable to twice the channel diameter. This characteristic
smaller tham~100 nm. This means that the nanochannel should predicted by our computations has been directly confirmed
act as a funnel for particles undergoing Brownian motion in its experimentally as follows. Nanochannels were fabricated in a
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properties of the channel. In this way, pinning of the particle at
the channel edges can be avoided (or utilized, if it turns out to
be advantageous).

The horizontal cross-section of the trap shown in Figure 3
for fixed polarization of incident light has a quasi-elliptical
shape. This may be smoothed into a circular shape if the field
polarization is rapidly rotated around the symmetry axis. One
needs only to impose a rotation frequency higher than the cut-
off frequency for mechanical response. This is similar to
procedures used in ion trap or quadrupolar mass spectrometry
in which rotating fields define a time-averaged stable pseudo-
500 nm potential well.

NFT Experiments with Fluorescent Latex Beads

NFT experiments have been carried out with commercially
available 200-nm fluorescent latex beads in water (carboxylate-
modified P#*-porphyrin FluoSpheres, Molecular Probes, Inc.;

Figure 3. Calculated light iso-intensity surfaces for a 500-nm-diameter

channel in a 220-nm film irradiated by an 800-nm-wavelength laser
from below. The intensity for the iso-surface in (b) is five times greater
than for that in (a). Inset: light intensity profiles within cross-sections
cutting through the center of the channel and either in the polarization

excitation maximum 390 nm, emission maximum 650 nm) and
500-nm-diameter nanochannels fabricated in a 250-nm-thick Au
film deposited on glass. The Au film has been evaporatively

coated at deposition rates larger than 50 A/s onto a 4-nm-thick
Cr adhesion layer. The Au and Cr thicknesses were measured
in situ using a calibrated quartz crystal microbalance. The
average nanochannel surface density has been chosen to
correspond to an average distance~0 um between two
nanochannels. This distance is significantly larger than the
surface plasmon attenuation length measured for evaporatively
coated Au films?! and therefore, the holes are not expected to
exhibit any electromagnetic coupling via surface wai#d2ior
to the experiment, the Au film was coated with a self-assembled
monolayer of mercaptosuccinic aétiSurface functionalization
was routinely checked by FTIR spectroscopy and wetting angle
experiments. Without this molecular layer, the experiments
described below were not possible, due to irreversible adsorption
of the polystyrene (PS) beads on the Au film through probably
hydrophobic or van der Waals interactions. NaCl was added to
the solution to control the range of electrostatic repulsion
Figure 4. Polymeric resist replica of the light intensity emerging from  patween the surface and a bead.
a near-fielq aperture. The p_olymer pillarsl.6 um high. Th(_a shape, T light h b d: the f _doubled
aspect ratio, and weak divergence are features predicted by the Wwo light sources have been used. the irequency-double
numerical simulations of the iso-intensity surfaces of Figure 3. output of an ultrafast regenerative amplifiér< 400 nm, 300
kHz repetition rate, 150 fs) and a near-infrared Ti/sapphire laser

250-nm-thick Au film on glass by the nanosphere lithography (800 nm, 76 MHz repetition rate, 130 fs). The sample was
method?° The nanochannel sample was then coated with 10- mounted in a fluid cell in a confocal inverted microscope
um-thick negative tone photoresist layer and the film was (Nikon, TE-300 Eclipse) fitted with a piezo-scanning stage (P!I-
exposed from the other side to UV light (36850 nm, exposure ~ 517CL, Polytec PI), a photon-counting avalanche photodiode
~10 mJ/cm). After developing, the exposed areas of the resist (SPCM-AQR-16 FC, PerkinElmer Optoelectronics), and an
were imaged by scanning electron microscopy (SEM), Figure imaging grating spectrometer (300 mm, SpectraPro 300i, Acton
4. The cross-linked polymer structures of the exposed areasResearch). Detection of fluorescence from individual nanochan-
represent a replica of the exposure iso-intensity surface whichnels by the fast avalanche photodiode, instead of changes in
corresponds to the polymerization threshold. There is a cleartransmission, facilitates the realization of a proof-of-principle
similarity between the polymer replicas in Figure 4 and the experiment.
simulation in Figure 3a. Another conclusion emerging from this  Figure 5 shows successive trapping events recorded by
experiment is that the symmetry, smooth surface, and sharpmonitoring the fluorescence emitted from a single nanochannel.
height distribution of the light intensity polymer replicas indicate In this case, the trapping and the excitation laser were the same.
that the nanosphere lithography is suitable for generating near-When the laser is on, a small fluorescence background (100
field nanochannels with reproducible properties. cts/s) coming from remote patrticles passing through the scattered

It is apparent from Figure 3 that a trapped particle is likely light from the empty aperture can be observed. More than a
to reside somewhere inside the structure in Figure 3b and will 3-fold increase in the fluorescence intensity and a characteristic
probably be attracted toward one of the two hot-spots on the fluctuation pattern accompany the arrival of a particle. Turning
channel edge which are aligned with the incident electric field off the laser leads to the particle release when the aperture is
polarization. The presence of a material wall with which the functionalized with negatively charged moieties. Turning on the
trapped particle can interact is another characteristic thatlaser again leads to a new capture. When the laser intensity is
distinguishes NFT from the classical optical tweezers. Care mustincreased to~30 mW/mn#, an exponential decay signature
be taken to control this interaction by tuning the surface (bleaching) indicates a signal coming from a single particle (data

plane (p), or perpendicular to it (s).

500 nm
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Figure 5. Fluorescence emission recording from a single 500-nm-diameter nanochannel corresponding to the arrival and release of a particle and
to the trapping of a new one. The arrows mark the instants of turning off and turning on the laser. The dashed line on the experimental schematic
represents a self-assembled molecular layer with the role of preventing the adsorption of carboxylated PS beads onto the Au film. A, emitting
particle; and B, particle contributing to the fluorescence background.
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Figure 6. Fluorescence spectra collected from a single bead inside a

channel (solid curve) and from a few beads within the confocal volume

in the absence of a metal film (dashed curve). The spectra are 0.0
normalized to the excitation linel (= 400 nm).

Intensity time-correlation function

not shown). For all other experiments we used lower intensities
so that the photochemical decay did not obscure the dynamics
of fluorescence fluctuations. At large particle concentrations e I e
(~10 times larger than the 0.2Zm~3 concentration used in 0 61 0'1 1 10
these experiments), the simultaneous arrival of two particles is ' '

a possible event; nevertheless, it is easily distinguishable by Lag time (s)

mtensﬁy C(_)n_S|derat|ons. In Figure 5, the partlc_:le remains Figure 7. Comparison between the correlation function of fluorescence
confined within the nanochannel for at least 3 min. It would f,cqations from a trapped bead (open squares), a free bead (open
take about 40 ms for a 200-nm bead to diffuse away from the circles), and a fixed (adsorbed) bead (continuous line). Inset: part of

main field emitted by the aperture if it were in free Brownian the original recording of fluorescence fluctuations for the trapped bead
motion (see below). vs time at 10 ms resolution.

Figure 6 shows the fluorescence spectrum for an occupied
hole as compared with the fluorescence spectrum in the absenceomes from a single bead. Thus, a more correct enhancement
of the metal film. The two spectra are normalized to the estimate should account for the larger number of particles
excitation light intensity £ = 400 nm). An enhancement is  contributing to the signal when the film is absent. These
apparent for the fluorescence coming from the nanochannel.considerations lead to an enhancement facterId. However,
Such enhancements have been predicted theorefitalhd different regions of the depth of focus have different intensities,
experimentally observéd? for a variety of chromophores so this is just an approximate number.
inside metallic wall nanoapertures. We thus infer that the  While from Figures 5 and 6 it is clear that one can obtain
enhancement in the fluorescence yield comes from regions of particles immobilized inside laser-irradiated holes, the question
the particle immersed in the near-field of the nanochannel. The is: what is the laser’s role in this immobilization? This question
factor of 4 enhancement in Figure 6 is probably an underestimatecan be addressed using our experimental setup by analyzing
since when the metal film is absent, the confocal microscope the fluorescence intensity fluctuations coming from a trapped
probes a~20um? volume containing an average of 5 fluorescent bead. Assuming that the bead acts as a reporter for the local
beads; while in the case of the nanochannel, the fluorescenceexcitation field, the fluorescence intensity fluctuations come
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of the Brownian particle,T is the temperature, anlz is

800 - 800 |I‘ Boltzmann’s constant. For a sphere wih= 100 nm moving
2 A3 hJ in water we obtaiD = 2.5 x 10-8 cn?/s. The correlation time,
s 7% 8001 h “T | & Teom fEpresents the average time required for the fluorescent
8 &0l 4001 . ;ﬂ.‘“‘ H{\F particle to diffuse through the focus and is related to the
8 -’z‘* L ¥l diffusion coefficient byzcor = L%4D, wherelL characterizes
@ 501 2001 ﬁ"‘ ¢ t ".““ the transverse size of the focal sgoErom Figure 7 we extract
§ 400 4 5 T A Teor ~ 40 ms. It then follows thal ~ 0.6 um, which is
S time (s) comparable to the size of the diffraction limited spot. Hence,
E 300 + we have a consistent picture.
200 4 For trapped particles the interpretation is more difficult.
Although it is evident from Figure 5 that particles can be
100 trapped, the trapping process and final configuration are not
T clear. Faster recordings (5-ms resolution) of the initial stages
0 . S
10 105 110 15 10 15 130 135 of the trapping event seem to indicate that the bead explores at
Time (s) first for a short period of time different zones of the channel

] ) ) o and then abruptly settles into a stable position, Figure 8.
Figure 8. Fast recording (10 ms integration time) of fluorescence The i bef tli . h terized by st d
fluctuations occurring at the initial stages of trapping. Inset: close-up _e Ime Dbelore settiing 1S ¢ grac erlz.e y strong an
on a fluctuation exhibiting oscillations. relatively slow fluorescence fluctuations, while the fluorescence

after settling is characterized by rapid bursts and a slowly

from two sources: (a) temporal fluctuations of the excitation decaying baseline. An intriguing feature of the rapid bursts
field and (b) spatial fluctuations of the bead position within the Structure is its resemblance to a set of nested exponential decays,
excitation field. However, the laser fluctuations are totally Figure 9. Itis plausible that the location for stable trapping is
uncorrelated even for the minimum time step that we use (5 at one of the “hot spots” on the edge of the nanochannel (Figure
ms). Hence, the only correlations that we can observe for a 9). However, it is not obvious how the particle approaches a
nonzero lag time will be set by the bead’s motion. stable location. The duration of the preliminary, slow wandering
We compare in Figure 7 the correlation functions of thrqugh Fhe near-fleld.mtensny profile suggested by Figure 8
fluorescence intensity fluctuations under the same buffer and Varies with each trapping event and often does not even occur.
laser intensity conditions for a bead that is either trapped inside  To change the trapping conditions, we have added a second,
a hole or freely crossing the focus in the absence of a metal near-infrared (NIR) laseri(= 800 nm, 26-100 mW/mn?) to
film. The widths of the two correlation functions differ by about  vary the trapping forces, while maintaining the same excitation
an order of magnitude. Before analyzing these functions in detail intensity for fluorescence. The extra field intensity suppressed
we remark that for a motionless, adsorbed bead we expectedthe preliminary settling phase. The beads appeared to go
(and observed) that the intensity correlation function vanishes immediately to the stable location with a modified spectrum of
(within measurement errors) for nonzero lag times. Hence, we fluctuations. We observed that (1) the rate of the fluorescence
may conclude that an entrapped bead is not adsorbed temporariljoursts decreased with the NIR laser power, while (2) the decay
on the walls or silica top of the nanochannel for the duration of time of these bursts increased. The behavior is as if the friction
laser irradiation. has been increased, perhaps because the stronger trapping forces
Now consider the correlation function for the free particle, are pulling the beads closer to a wall.
which is determined by its diffusive motion across the laser  The variation of the correlation function with the near-infrared
focus2® With large spherical particles for which we can assume power was completely reversible, i.e., after turning the NIR
that the fluid sticks to the particle’s surface, the diffusion beam off, the correlation function regained its initial shape. This
coefficient is given by the Stoke€instein formula:D = kgT/ feature indicates that sticking of the latex beads to the gold edges
6mtna, wherey is the shear viscosity of the fluid,is the radius due to localized heating of the film is an improbable event both

IT=70ms 80| ¢ '_,
I 700 u .
QBOD- ‘ b em_' il
: || o
E I
% | |
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3
[T
20 40 60 80 100
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Figure 9. Left: numerical simulation of the cross-sectional light intensity with a sketch of the hypothetical trapping configuration on one of the
near-field “hot” spots and possible degrees of freedom. The physical configuration is the same as in Figure 3. Fluorescence bursts from a settled,
trapped bead look like nested exponentials (right). Inset: close-up of the burst marked by arrows.
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because the laser power is significantly less than the reportedpossible area of NFT application because of its unique features
values in previous sticking experimem® and because the of reduced background, possibility of parallel addressing, and
observed sticking of latex beads on laser-heated scanning probesanoscopic transducer size.
was irreversiblé® in contrast to our findings. We do not exclude ) .
at this point the presence of thermal effects, although theoretical Acknowledgment. Supp_ort for this project comes from NSF
estimates of temperature changes due to similar laser intensitied Nt BES 0322757' B.D.is thankful to Richard Martel for his
irradiating metallic scanning probe tips seem to indicate that comments regarding the manuscript.
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