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Nanomanipulation using near field photonics
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In this article we review the use of near-field photonics for trapping, transport and handling of

nanomaterials. While the advantages of traditional optical tweezing are well known at the microscale,

direct application of these techniques to the handling of nanoscale materials has proven difficult due to

unfavourable scaling of the fundamental physics. Recently a number of research groups have

demonstrated how the evanescent fields surrounding photonic structures like photonic waveguides,

optical resonators, and plasmonic nanoparticles can be used to greatly enhance optical forces. Here, we

introduce some of the most common implementations of these techniques, focusing on those which

have relevance to microfluidic or optofluidic applications. Since the field is still relatively nascent, we

spend much of the article laying out the fundamental and practical advantages that near field optical

manipulation offers over both traditional optical tweezing and other particle handling techniques. In

addition we highlight three application areas where these techniques namely could be of interest to the

lab-on-a-chip community, namely: single molecule analysis, nanoassembly, and optical

chromatography.
1.0 Introduction

Optically based manipulation techniques are playing an

increasingly important role in the operation of microfluidic and

lab-on-chip devices. Such techniques can be split between direct

methods, whereby light forces are used to directly manipulate

particles in a flow (see a recent review by Grier1 as well as several
aSibley School of Mechanical and Aerospace Engineering, Cornell
University, Ithaca, NY, USA. E-mail: de54@cornell.edu
bApplied and Engineering Physics, Cornell University, Ithaca, NY, USA
cKavli Nanoscience Institute at Cornell University, Ithaca, NY, USA
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other prominent examples2–5), and indirect methods where a light

field can be used to trigger a change in the hydrodynamic or

electrical conditions around a particle and thereby change its

flow path (this includes electro-optic techniques such as that by

Chiou et al.6 as well as other flow manipulation techniques7). In

either of these cases the primary advantages of using optical

methods are that they: are unobtrusive, can be localized to the

single particle level, do not require any on-chip infrastructure

since the light manipulation is done off chip, can be changed

on-the-fly, and are biologically safe at the proper wavelengths.

These traditional techniques however have significant limita-

tions when applied to nanoscale manipulation. As we will expand
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on in greater detail below, practical extension of optical tweezing

below the range of about 100 nm for a dielectric target is

extremely difficult since the trapping force is proportional to the

3rd power of radius. As such the direct manipulation of many

biological and non-biological targets (e.g. small viruses, proteins,

and small nanoparticles) which have sizes ranging from 50 nm to

5 nm are well beyond the range achievable with free space optics.

In an attempt to address this, over the last few years there has

been a push to develop ‘‘lab-on-chip’’ compatible optical

manipulation techniques based on the use of near field photonics.

The conceptual difference between a near-field optical trap8 and

a free space one is illustrated in Fig. 1. In this example a region of

high refractive index (core) between two low refractive index

regions (substrates) is used to confine light through total internal

reflection. When such a system is downscaled to dimensions

similar to the wavelength of light we refer to them as nano-

photonic9,10 waveguides. Analogous to optical fibres, these

waveguides can be used to guide light over very long distances on

a chip with very little lengthwise dilution of the optical energy.

Though the light is confined to propagate in a single direction,

a non-propagating, exponentially decaying, component of this

optical mode (referred to as the evanescent field) extends outside

the waveguide. The degree of this extension depends on the

refractive index contrast between the waveguide and the

surrounding media,9 however is generally on the order of 100 nm

or so. When a particle enters the evanescent field, this optical

gradient partially polarizes it resulting in an extremely strong

Lorenz force analogous to the trapping force in traditional

optical tweezers (Fgrad in Fig. 1(b)). The large contrast in the

refractive index of the waveguide material and the surrounding

fluid medium leads to an extremely sharp decay of the evanescent

field enabling much smaller material can be handled using near

field photonics than with other methods. When this particle is

trapped within the evanescent field, a certain percentage of the

photons which flow through the waveguide are either scattered

(radiated in a random direction) or absorbed when they contact

the particle. These scattering and absorption events result in an
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additional momentum transfer to the particle in the direction of

optical propagation, Fscat and Fabs, and thus a net forward

velocity. As indicated by the force balance in Fig. 1(b) this

forward momentum is impeded by fluid drag on the particle,

which we indicate as Fstokes since it usually occurs within the low

Reynolds number, Stokesian regime.

Fig. 1(c) shows an analogous near field trapping scheme where

the evanescent field is generated by a surface plasmon. Surface

plasmons are electromagnetic waves that exist at the interface

between a metal and a dielectric. These plasmons are excited

when the effective wavelength of an incoming light beam is

matched to the resonant condition, which depends on a variety of

geometric and physical properties of the system. At the reso-

nance condition, these plasmons generate extremely large local

enhancements of the field strength also enabling much smaller

objects to be manipulated. As we will discuss in greater detail in

section 3.3, there exists a number of possible implementation for

this technique. In Fig. 1(c) we show a non-propagating version

where a trapped particle is held in place through the Fgrad force

which acts to attract the particle to a surface bound metallic

nanostructure.

The overall goal of this review is to introduce readers to the use

of near field optical manipulation techniques in microfluidic

devices and some of the new applications which may arise

through their use. In the first section below we will cover in more

detail the limitations of traditional optical manipulation tech-

niques when applied to the nanoscale and alluded to how near

field techniques offer advantages. In this section we also present

a very basic review of the theory of nanoscale optofluidic

transport at the level where it is just sufficient to describe the

advantages/disadvantages. Following this we will review some of

the recent implementations including those which exploit simple

waveguides, optical resonators and plasmonic devices. Finally in

the last section we discuss in detail 3 separate application areas

for which near-field optical manipulation is of likely interest to

the lab-on-a-chip community. These application areas are: single

molecule analytics, nanoassembly, and optical chromatography.
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Fig. 1 Examples of traditional and near field optical tweezing/trapping

techniques showing relevant forces. (a) Traditional single trap free-space

optical tweezer. (b) Dielectric waveguide based near field optical trap.

(c) Plasmonic near field optical trap.
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2.0 Limitations of traditional optical manipulation
systems when applied to the nanoscale

2.1 Brief review of optical trapping physics

Before proceeding we present a few general equations that can

help describe the limitations of existing optical tweezing tech-

niques when applied to manipulating nanoscale materials. As

mentioned above, optical scattering and absorption forces

exerted on a particle result from the momentum transfer of

incident photons and act in the direction of optical propagation.

For a spherical particle whose size is much smaller than the

wavelength of light (a Rayleigh particle, see Svoboda and Block11
This journal is ª The Royal Society of Chemistry 2011
and others12–14 for more details) these propulsive forces take the

form,

Fscat ¼
8p3Ioa23m

3cl4
(1a)

Fabs ¼
2p3mIo

cl
ImðaÞ (1b)

where a¼ 3V(3� 3m)/(3 + 23m), V is the particle volume, c and l are

the speed and wavelength of light, 3 and 3m are the dielectric

constants of the particle and material and Io is the incident

intensity. The dielectric constant is a function of wavelength and

comprises of a real and an imaginary component, 3 ¼ 31 + i32. By

convention, at optical frequencies these dielectric properties are

expressed as a combination of the refractive index, n, and

absorption coefficient, k, as 3¼ (n + ik)2. Conversion from a given

refractive index or absorption coefficient to the complex dielectric

constant can be done simply through the following two relations:

31¼ n2� k2 and 32¼ 2nk. Note that in this paper when we use the

term ‘‘dielectric’’ we are referring to materials in which have

a relatively small absorption coefficient such that 3 z 31 z n2.

In the case where there exists a significant gradient in the

intensity of the light field (such as in the evanescent field of

a waveguide) the polarization induced force takes the form

shown below.

Fgrad ¼
2pVIoa

c
(2)

We note here that Fgrad is positive when the gradient in intensity,

VIo, and a are of the same sign. In the case of a simple, non-

absorbing, dielectric a is positive when the refractive index of the

particle exceeds that of the surrounding medium. In this case

particles will be attracted to the region of highest intensity (e.g. to

the centre of a focused beam or to the surface of the waveguide).

In the case where its refractive index is lower, it will be forced

away from the region of highest intensity.

By equating the scattering and absorption forces with Stokes

drag (Fdrag ¼ 6phaUo, where h is the viscosity and Uo is the

particle velocity) we obtain,

Uo ¼
3mIo

6ach

�
8p2a2

3l4
þ 2 ImðaÞ

l

�
(3)

which is descriptive of the speed at which a particle can be

transported when it interacts with a electromagnetic field. To

simplify the above we have ignored the contribution that

a gradient force would have to the propulsion velocity.

2.1.1 More detailed theory on near field trapping. As

mentioned, the above represents a very cursory introduction to

some of the theory that governs near field optical trapping and

transport and is mainly presented here to allow us to better

explain some of the scaling advantages of near field optical

transport and trapping. Much more detailed theoretical analyses

of waveguide based propulsion have been presented for both Mie

regime systems15 (for particles much larger than the wavelength)

and the Rayleigh regime systems16 (where the electromagnetic

field around the particle is relatively uniform). Almaas and

Brevik17 and Ng et al.12 also both deal specifically with the
Lab Chip, 2011, 11, 995–1009 | 997
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behaviour of particles in evanescent fields. We have presented

detailed numerical analysis of the conditions which lead to stable

trapping on waveguides18 and comparisons between different

optical resonator designs.19 Those interested in more detailed

theory on near field optical forces are recommended to consult

the excellent work by Novotny8 or some of the relevant refer-

ences within Dholakia and Reece20 (for example Quidant et al.21

and Brevik et al.22).
2.2 Three fundamental limitations of applying free space

trapping techniques to nanoscale manipulation

As mentioned above, traditional free space optical trapping

techniques are difficult to apply directly to nanoscale manipu-

lation. Here we point to three significant limitations that have

particular relevance to the applications we will discuss later on

and discuss how the use of near field techniques can help solve

these limitations.

(1) Diffraction limit. It is well known23 that the diffraction

limit places a lower bound on size to which light can be focused.

This minimum spot size diameter is given by dmin ¼ 1.2l/NA,

where NA is the numerical aperture of the lens and l is the

wavelength. In an aqueous environment, light at 850 nm wave-

length focused through a high numerical aperture lens has a dmin

of approximately 550 nm. From eqn (1) and (2) above it is

apparent that since light intensity is given by the input power

divided by the illuminated area, this places a fundamental limi-

tation on the trapping and propulsive forces that can be applied

to a nanoparticle.

The most important consequence of this is that it essentially

limits the useful range of optical tweezers to dielectric targets

with sizes larger than about 100 nm.24,25 From eqn (2) it can be

seen that extension to trapping of particles smaller than this limit

is extremely difficult because the trapping force is proportional to

the particle volume and therefore the 3rd power of radius. As

such a 10 fold decrease in size to 10 nm requires a 1000 fold

increase in some other parameter to maintain the same force. The

propulsive case is worse still since the scattering force is

proportional to the 6th power of radius (note though that since

Stokesian drag is proportional to radius the velocity dependence

is only proportional to 5th power of radius).

A number of authors have demonstrated optical manipulation

of metallic nanoparticles11,26 and single dimensional nanowires.27

In these cases the trap stability is dependent on exploiting

the high absorption properties metallic structures (large k) or the

structures having at least one micrometre length scale (as in the

nanowires). While manipulation of small highly absorbing

materials is certainly important in a number of cases, most

biomolecules and other biological systems have properties that

are much closer to pure dielectrics and thus this advantage is not

directly applicable to many of the applications of interest here.

As can be seen in eqn (2), the only other ‘‘knob’’ which can be

turned to try and compensate for this fundamental decrease is the

gradient force is the VIo term (given that the material properties

are fixed). This implies that the force can be increased by some

combination of increasing the gradient of the light and/or its

intensity. As we will see, the extremely high gradients in the

evanescent field of nanophotonic devices coupled with the ability
998 | Lab Chip, 2011, 11, 995–1009
of these devices to condense the electromagnetic energy to

extremely small cross sectional areas greatly increases the

magnitude of this term enabling us to apply greater forces to

smaller particles.

(2) Light/species interaction length. Both the diffraction limit

equation above and eqn (1a) and (1b) suggest that a simple way

to increase the propulsive force would be to either reduce the

wavelength of the laser or increase the effective numerical aper-

ture (e.g. solid immersion lenses, SIL). Decreasing the wave-

length to 488 nm would reduce the spot size by slightly less than

half. The SIL technique has been developed in a number of

different flavours28–30 with the general principal being that

increasing the refractive index of the optical head gives one

a nominal improvement in ultimate resolution (1/ni). In either of

these techniques the decrease in the spot size is necessarily offset

by a proportional decrease in the depth of field. As such,

although the spot size can be made smaller, the light/species

interaction length becomes exceedingly small making it impos-

sible to apply these optical forces on the nanoscale over distances

more than a few micrometres.

Fortunately, some nanophotonic devices such as waveguides

are explicitly designed to enable long distance transport of

optical energy through the mechanism of total internal reflection.

Optical fibres for example are designed to transmit light over

kilometre scale distances with almost no dilution of the energy.

As we will show below, the ability to apply optical forces over

extended distances is a critical enabling technology in applica-

tions such as optical chromatography and nanoassembly.

(3) Thermal heating. All of the above equations show that the

imparted force is directly proportional to intensity. Obviously

then, the easiest way to increase these forces is to increase the

optical power. The amount of power than can be applied

however is limited by the thermal heating induced by absorption

of the light in either the surrounding fluid or the target itself. This

heating will eventually boil the liquid but will lead to direct

damage to biological targets such as cells at much more moderate

temperature increases. The amount of heating is strongly

dependent on the conditions of the experiment (for example

wavelengths in the 800 nm to 1100 nm range tend to absorb much

less in water than others) but generally speaking an arrangement

which has more favourable heat transfer characteristics will

result in more rapid rejection of this heat and lower temperature

increases for a given amount of input power.

While there have been a few recent studies examining the

thermal conditions surrounding some near field trapping struc-

tures,31,32 to our knowledge there has not yet been a compre-

hensive study which directly compares the heat transfer

advantages of near field trapping with free space techniques.

Despite this we can make a few general comments. First, the

majority of near field trapping experiments are done using a chip

manufactured from a base wafer material of either fused silica or

silicon. The thermal conductivity of fused silica is �2.5 greater

than that of water, quartz is between 10 and 17 times greater

depending on the orientation with respect to the crystal plane,

and silicon is close to 250 times greater. As a result, the thermal

energy generated by absorption of the optical energy in the water

surrounding a near field trap can be better rejected through the
This journal is ª The Royal Society of Chemistry 2011
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underlying substrate than an equivalent amount could be rejec-

ted just through the water in a free space trap. The enhanced heat

transfer effect is analogous to that for joule heating in electro-

kinetically based microfluidic systems33 and was in fact one of the

major cited motivations for development of chip based capillary

electrophoresis systems.

The above argument assumes that the amount of electro-

magnetic energy that is converted to heat is comparable in both

cases. Again, in the absence of a detailed study it is difficult to

provide a direct comparison, but we can again make some

general comments. Firstly, in the case of a dielectric near field

trap (as opposed to a plasmonic one) a significant portion of the

input power flows through the waveguide rather than the water.

These waveguides tend to be made from materials that have

relatively low absorption and thus for a given amount of input

power there is likely to be less heat generated from such a system.

Secondly, due to rapid thermal diffusion the size of the area

which will experience significant temperature increase is likely to

be much larger than the actual area which is illuminated. In such

cases it is common to consider the heating element to be a ‘‘point

source’’ (in the case of heating at a single point such as a free

space trap or a small optical resonator/plasmonic nanoparticle)

or a ‘‘line source’’ (in the case of heating along a line, which

would be the more appropriate case for a waveguide). In these

simplified cases the temperature profile is governed by a pro-

portionality to the total input power. This is subtle but impor-

tantly different than the force equations above which are

proportional to intensity. A major advantage of near field

systems is that they allow one to increase the local intensity by

condensing the light down to a smaller cross sectional area. Via

the argument above then this allows one to increase the amount

of force applied to a target, without increasing the amount of

heat generated.

The above arguments are valid for low absorbing dielectric

systems, but not necessarily for plasmonic trapping systems.

Plasmons are generated using metal substrates which are high

absorbers and therefore very efficient at converting electromag-

netic energy to heat. Metal nanoparticles for example are

proposed for use in a various photothermal therapy techniques

whereby this heating is used as a method to locally kill cells. In

the absence of a detailed comparative study, it is difficult to state

how far this does towards reducing or fully eliminating the heat

transfer advantages discussed above, but it is likely at least

somewhat of a disadvantage.
3.0 Experimental implementations

In this section we review some of the recent experimental

implementations of near field optical trapping focusing on those

that have relevance to microfluidic systems. In each case we begin

with a single or a few short case studies and then briefly review

the state of the art. Although the mechanisms are similar, we split

this section into three subsections with the first two covering

trapping using planar dielectric nanophotonic devices (3.1 covers

standard waveguides while in section 3.2 emphasizes the use of

optical resonators) and plasmonic devices (section 3.3). We have

tried to focus here on techniques which either demonstrate

manipulation of nanoscopic material or show potential to do so
This journal is ª The Royal Society of Chemistry 2011
rather than provide a general review of all near field trapping

implementations.
3.1 Planar waveguiding devices

Solid-core waveguide based devices are of particular interest

because of the advantages they have when integrated with

microfluidic systems. As explained above and shown in Fig. 1,

such systems are designed so that this interaction generates

optical scattering/absorption forces for propulsion and gradient

(trapping) forces for confinement along the waveguide. The

result is a sort of ‘‘optical train tracks’’ for nanoparticle transport

and processing. Additionally, from a practical point of view,

since optical waveguides can be run to the side of a microfluidic

chip, they are relatively easy to couple light into and overlay

microfluidic infrastructure without greatly disturbing either the

optical or fluidic performance.

One of the earliest demonstrations of this technique was pre-

sented by Kawata and Sugiura34 who demonstrated trapping and

propulsion of 6.8 mm spheres in the evanescent field of light

which has been totally internally reflected off a glass surface.

Kawata and Tani35 later extended this work to demonstrate the

propulsion of large particles along a waveguide. The use of these

techniques for true nanoscopic material manipulation was

demonstrated in the 2000s in a series of papers by Ng et al.13,36

who showed the propulsion of colloidal gold nanoparticles

(in the range of 17 nm to 23 nm in diameter) on traditional

channel waveguides. Extensions of the technique to Y-branch

waveguides for sorting of microparticles37 and trapping and

propulsion of biological cells38 using silicon nitride waveguides

were done a few years later.

Although these and other works39,40 have shown propulsion of

dielectric particles along waveguides within static fluid cells,

practical implementation of these techniques in a microfluidic

system requires one to be able to directly capture particles

initially carried within a pressure driven flow in a microchannel

and transport them stably (i.e. without being ‘‘blown off’’) both

perpendicular to and opposite to the imposed flow. We (along

with our collaborators in the Michal Lipson lab at Cornell)

demonstrated this level of integration in 2007 using a platform

based on planar SU-8 waveguides integrated with PDMS

microfluidic channels.41 Note that details on the opto-hydrody-

namic conditions which lead to this stable trapping can be found

in Yang and Erickson.18

As shown in Fig. 2, the platform used in these experiments is

comprised of SU-8 epoxy-based photonic structures, combined

with poly(dimethylsiloxane) (PDMS) microfluidics on a fused

silica substrate. The particles used in this experiment were

polystyrene spheres with refractive index n ¼ 1.574 in a 100 mM

phosphate buffer solution (PBS) with a regulated pH of 7.0. The

light source used for testing was a fibre coupled laser diode

module with a wavelength of l ¼ 975 nm. In the experiment the

dielectric particles are convected along with the pressure driven

flow in the main microfluidic channel. When a particle comes in

contact with the optically excited waveguide it may be captured

in the evanescent field and begin moving in the direction of

optical propagation. Fig. 2(d–e) shows time step images of the

particle becoming trapped on the waveguide and propelled in the

direction opposite the initial flow. More details are provided in
Lab Chip, 2011, 11, 995–1009 | 999
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Fig. 2 Optical trapping and transport in the evanescent field of an optical

waveguide. (a–b) A particle flowing in a microchannel becomes captured

in the evanescent field of the excited waveguide. (c) SEM of two wave-

guides. (d–f) Time step images showing transport of 3 mm polystyrene

particles on a waveguide.

Fig. 3 Silicon ‘‘slot waveguide’’ nanoscale trapping structure. (a) Sche-

matic of waveguide. (b) Mode profile showing trapping location.

Reprinted with permission from Yang et al.46

Fig. 4 Capture and trapping of l-DNA. Images show individual YOYO

tagged 48 kb l-DNA trapped and released over a 60 nm slot waveguide.

Reprinted with permission from Yang et al.46
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the Schmidt et al.41 paper, broadly speaking however this trap-

ping exhibited a dependence on pressure driven flow speed and

the waveguide optical power. In particular, a greater portion of

the particles are captured at lower flow speeds and higher optical

powers. The propulsion speed along the waveguide exhibited

a linear dependence on the excitation optical power reaching

speeds on the order of 10s of mm’s per second. Though the limits

of size trapping stability were not pushed, dielectric particles on

the order of 500 nm in diameter could be manipulated with this

technique.

3.1.1 Advanced waveguiding devices. Increasing the trapping

force to be able to handle materials smaller than those described

above necessarily requires that VIo be increased as can be seen

from eqn (2). Beyond simply increasing the power of the exci-

tation laser, this can be done by either: (1) condensing the optical

power down to a smaller cross sectional area, (2) increasing the

‘‘sharpness’’ of the gradient, or (3) through local amplification of

the field.

One method by which the first two of these methods can be

enhanced is through the use of ‘‘liquid core’’ waveguiding

structures. The commonality between all liquid core structures

used in optical trapping is that rather than interacting solely with

the evanescent field, trapped targets are able to access the direct

optical mode which is normally inaccessible inside the solid core

of a standard ridge waveguide (as shown in Fig. 2b). An early

attempt at this was the use of liquid core photonic crystal fibers42

in which particles were transported for very long distances

(�10 cm) along the axis of the fibre. More recently work has been

done using ARROW type waveguides (see papers by Schmidt

and Hawkins43,44 for a review of the state of the art up to 2008).

While direct optical trapping in these systems is still limited by

the size of the optical mode (on the order of a few micrometres),

such devices can be used for electro-optic trapping of small

materials45 where the guiding properties of the waveguide can be

used to facilitate observation and electrokinetic effects can be

used for target stabilization along the waveguide axis.

One type of waveguide that is perhaps more appropriate for

direct manipulation of nanomaterials are silicon ‘‘slot wave-

guides’’.46,47 These devices consist of a standard single mode

silicon waveguide with a sub-wavelength slot (usually between

50 nm and 120 nm wide) cut through the middle as shown in

Fig. 3. As has been demonstrated48 and is shown in Fig. 3(b) this
1000 | Lab Chip, 2011, 11, 995–1009
slot serves to concentrate the optical energy in the liquid core

region of the waveguide. In 2009 our group and our collabora-

tors in the Michal Lipson group at Cornell, used these slot

waveguides to both trap and transport 75 nm dielectric parti-

cles.46 As shown in Fig. 4 we have also been able to both capture

from solution and stably trap individual strands of YOYO-1

tagged 48 kb long l-DNA molecules. Readers are also referred to

Yang and Erickson for more details on the analysis and trapping

stability of these devices.47 Although capable of handling much

smaller objects, a disadvantage of using silicon devices is that

they are only transparent in the 1550 nm wavelength range where

the absorption in water is relatively high. The enhanced heat

transfer in these devices (see section 2.2) serves to negate this

effect to some degree, but it is certainly sub-optimal to have to

work at this wavelength range.
3.2 Optical resonators

Referring back to the statement at the beginning of section 3.1.1,

pushing the limits of optical force based manipulation can only

be obtained by increasing the intensity of the field and ‘‘sharp-

ness’’ of the gradient, or through local amplification/concentra-

tion of the electric field (i.e. increasing the local intensity above

that which would be expected for a simple ‘‘flow through’’

waveguide). The slot waveguide technique described above

demonstrates the first two of these methods. In these final two
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 SEM images and transmission spectra of microring resonators.

(a,b) SEM image of micro-ring with radii of (a) 5 mm and (b) 10 mm. (c,d)

Transmission spectra of rings with radii of (c) 5 and (d) 10 mm, respec-

tively. Black squares are measured output powers. Lines are the Lor-

entzian fits to the measured data. The quality factor (Q) of the 10 mm

micro-ring is 1515, which is larger than that of the 5 mm micro-ring

(Q ¼ 860) due to a smaller bending loss. Free spectral range (FSR) and

the full width of the half-maximum of the resonance peak (Dl) are also

shown in (c,d). Reprinted with permission from Lin et al.49 Copyright

2010 American Chemical Society.

Fig. 6 WGM-carousel-trap. (a) WGM excited in a microsphere (radius

R ¼ 53 mm) with Q ¼ 1.2 � 106 by a 1060 nm tunable laser using fiber-

evanescent-coupling. The resonance wavelength is tracked from a dip in

the transmitted light (PD). An elastic scattering image shows a poly-

styrene particle (radius a ¼ 375 nm) trapped and circumnavigating at

2.6 mm s�1 using a drive power of 32 mW. (b) A particle is sensed through

resonance wavelength fluctuations Dlr that identify its size/mass. These

fluctuations are recorded from before the particle enters the Carousel-

trap until after it escapes z 6 min later. Copyright Optical Society of

America. Reprinted with permission from Arnold et al.53
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subsections we cover methods for addressing the third, beginning

with the use of optical resonance.

The easiest way to explain the use of optical resonance as it

applies to optical trapping is through the ring resonator example

shown in Fig. 5 presented originally by Lin et al.49 In this case

light at a given wavelength is sent down the bus waveguide.

When the light encounters the ring beside the waveguide,

a portion of the light becomes evanescently coupled into it and

begins to circulate.50 Resonance occurs when the incoming light

is in phase and therefore constructively interferes with the light

already circulating in the resonator. This occurs when the

distance around the ring is an integer multiple of the effective

wavelength of the light in the ring. The end result is that when it is

excited at resonance there exists a stronger optical intensity

confined in the resonant structure relative to the bus waveguide.51

This strong coupling correlates with a sharp drop in the bus

waveguide power output, which can be seen in Fig. 5(c) and (d).

Optical resonators are characterized by the Q-factor which is the

ratio of the energy stored in the resonator divided by the energy

dissipated per cycle (multiplied by 2p). The Q-factor of a reso-

nator can be estimated by dividing the resonant frequency, fr, by

the full width half maximum, Dffwhm, of the peak or dip in the

transmission spectrum (Q z fr/Dffwhm). Though there are

a number of practical difficulties with optical trapping on very

high Q resonators, in principal when two similar device geome-

tries are compared the greater the Q factor the greater the electric

field intensity in the evanescent field of the resonator which leads

to a greater trapping force.

The use of ring resonator or similar devices for optical trap-

ping has been demonstrated by a number of authors. In the paper

discussed above Lin et al.49 demonstrated the trapping of 1.1 mm
This journal is ª The Royal Society of Chemistry 2011
diameter particles on silicon ring structures. The transport speeds

of the particles as they circulated around the rings as a function

of wavelength was characterized with the peak velocities shown

to be slightly redshifted from the resonance condition. The

positional stability in the circular orbit was also characterized.

Yang and Erickson52 demonstrated the trapping of similarly

sized particles on SU-8 rings. In one of the first studies to exploit

this phenomena, Arnold et al.53 demonstrated the trapping and

transport of polystyrene nanoparticles as small as 280-nm in

diameter in a circular orbit around a whispering gallery mode

(WGM) resonator possessing a Q-factors as high as 106. The

system geometry used in this experiment is shown in Fig. 6 below.

They reported polar velocities on the order of 2.6 mm s�1 using

very low excitation powers (32 mW).

While ring resonators and similar devices have significant

advantages in terms of ease of fabrication and potentially very

high Q-factors, a limitation they have is in ‘‘non-localization’’ of

the field. What we mean by this is that if a particle is trapped on

the ring, it is propelled around it and there is no preferential

location where one would expect to find the particle along the

orbit. We have attempted to address this shortfall through the

use of planar photonic resonators similar to that shown in Fig. 7.

Our current design, consists of a silicon (Si) waveguide with a 1D

photonic crystal54 micro-cavity55 that lies adjacent to the wave-

guide. For the case shown here the side resonator consists of
Lab Chip, 2011, 11, 995–1009 | 1001
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Fig. 7 Photonic crystal resonator for enhanced optical trapping. (a) 3D

schematic of the one-dimensional photonic crystal resonator optical

trapping architecture (b) 3D FEM simulation illustrating the strong field

confinement and amplification within the one-dimensional resonator

cavity. The black arrows indicate the direction and magnitude of the local

optical field gradients. Reprinted with permission from Mandal et al.56

Fig. 8 Trapping of nanoparticles on photonic crystal resonator. The

waveguide is excited at the resonant wavelength while 60-nm particles

flow through a microfluidic channel running over the resonator and the

waveguide. The yellow circle tracks the 60-nm particle which is trapped

(indicated by orange circles) on the resonator. Turning the laser power off

releases the particle from the trap. Reprinted with permission from

Mandal et al.56 Copyright 2010 American Chemical Society.
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a central defect cavity with 8 holes on either side which form the

1-D photonic crystal. Analogous to the ring resonators, when

light at the resonant wavelength is coupled into the bus-wave-

guide, a stationary interference pattern is formed within the

photonic crystal resonator resulting in a tight confinement and

amplification of the optical field in an extremely small volume as

illustrated in Fig. 7b. To demonstrate the technique, we con-

ducted an experiment similar to those shown above for the slot

waveguide. As can be seen in Fig. 8 when the resonator is opti-

cally excited the 60 nm polystyrene spheres flowing by are

captured in the cavity and held there until either the wavelength

is changed (taking the device off resonance) or the optical power

is reduced.
3.3 Plasmonics

The behaviour of light about metallic nanostructures has been

long investigated starting with Mie’s (1908) and Ritchie’s (1957)

seminal works.57,58 It is now well understood how coherent

oscillation of valence electrons in metals (surface plasmons or

plasmon polaritons) lead to field enhancement and absorption.59

These excitations come in two types, surface pasmons resonance

for flat surfaces, and localized plasmon resonance for nanometre

scale metal structures. Thanks to recent advances in nano-

fabrication,60 plasmonics found applications in diverse fields

such as chemistry,61 photonics,59,62 optical manipulation,63 and

are used in commercial products such as pregnancy tests. In near

field manipulation, the diversity of plasmonic effects appears as

a driving factor of plasmonic trapping.

Both surface plasmon resonance (SPR) and localized surface

plasmon resonance (LSPR) have been used to enhance trapping

forces without generating much unwanted heat. The trapping

forces of conventional optical tweezers can be enhanced about

40 times, at a given incident intensity, by SPR according to the

experiment done by Volpe et al. using photonic force microscopy

(PFM).64 To utilize the surface plasmon-enhanced optical forces

to trap particles at specific locations, either a patterned incident

light65 or a patterned metal surface is required to provide an

additional in-plane field confinement.66–68 Instead of using

a highly focused laser beam, which is normally used in conven-

tional optical tweezers setup, surface plasmon-based optical

traps can provide enough trapping with non-focused illumina-

tion, and the required light intensity is significantly lower than

that of conventional ones. By exciting surface plasmons on gold
1002 | Lab Chip, 2011, 11, 995–1009
discs on the top of a glass substrate, parallel and size-selective

trapping of polystyrene particles has been demonstrated.66,67

However, because of the illumination asymmetry in the experi-

mental geometry in the aformentioned papers by Righni

et al.,66,67 the enhanced local field is also asymmetric, and a stable

trapping of Rayleigh particles is prevented. To demonstrate the

potential of plasmonic trapping for lab-on-a-chip applications,

similar plasmonic nanostructures have been integrated with

microfluidic channels to trap yeast cells.69 In addition to using

SPR to enhance 2D confinement, LSPR in gold and silver

particles, which exhibit strong plasmon resonance, have also

been used to increase the gradient forces of 3D optical traps.

Grigorenko et al.68 demonstrated that, for example, by illumi-

nating pairs of gold nanodots with a focused laser beam, the

localized plasmon resonance between two closely spaced nano-

dots can generate a strong optical trap that can improve the

positioning of particles by almost an order of magnitude as

compared to conventional optical tweezers. In another experi-

ment, plasmonic dipole antennas where used as a field

enhancement mechanism to trap 10 nm gold particles.70 In these

3D traps, particularly high performances are achieved due to the

fact that the particle experiences the full field strength rather than

an evanescent field. Since the resonance frequency of the local-

ized surface plasmon is very sensitive to changes in the dielectric

constant of the gap, the antennas can also work as sensors for

detecting trapping events.

Other plasmon-based phenomena have been investigated for

trapping. For example, surface plasmons contribute to the

trapping mechanism in the particularly successful self-induced

back-action trap published by Juan et al.71 in 2009. The authors

demonstrate trapping figures of merit an order of magnitude

higher than the state of the art. They make use of the induced

resonance when a particle enters a small aperture in a metal film

being illuminated at a wavelength just below its cutoff frequency.

Another example is the propulsion of gold nanoparticles above

a gold stripe, where the propelling forces arise from the propa-

gation of a SPR and from the near-field coupling between two

gold structures rather than the evanescent field from a dielectric

surface.72 In a later paper, Wang et al.73 experimentally use the

superposition of two counterpropagating SPRs to achieve

tunable localization of a dielectric particle on the surface of

a gold stripe, as shown in Fig. 9. When illuminating the gold

stripe at two different positions, the radiation pressures resulting

from the two counterpropagating SPRs cancel out at a certain

position. By changing the relative intensities of the illuminating

sources, the position where the two forces balance each other,

which is essentially the trap center, can be tuned along the gold
This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 (a) Schematic of plasmonic trapping device, consisting of a gold

stripe in a microfluidic channel formed on a microscope glass slide. (b)

Schematic of prism coupling of counterpropagating SPPs on gold stripes.

(c) Schematic of optical setup: LP filter, long pass filter; SP filter, short

pass filter. Reprinted with permission from Wang et al.73 Copyright 2010

American Chemical Society.
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stripe. This design is potentially very useful because it provides

more flexibility on the manipulation of trapped objects.
4.0 Applications

In this section, we will expand on some of the potential new

applications that nanophotonic based optical manipulation

could enable. Although numerous applications can be envi-

sioned, we focus here on the three areas that we feel are most

promising. In each of these cases we begin with a small amount of

background on the topic, describe the potential advantages that

nanophotonic manipulation could offer and then, cover any

relevant preliminary work that has been done in the area.
4.1 Biological trapping of single molecules

As reviewed by Borgia et al.,74 Moerner,75 Schuler and Eaton76

and Uversky et al.77 there are a number of significant challenges

in single molecule analysis. One prohibitive one is that the

diffusion of small molecules in solution is extremely fast and thus

it is difficult to observe the target in free solution for longer than

the time required for it to move across a microscope field of view.

Depending on the size of the molecule and the numerical aper-

ture of the lens, this can be less than a millisecond. To prolong

this observation time numerous physical immobilization

methods have been developed including: substrate tethering,78

electrostatic pinning,79,80 spin-casting in biopolymers,81 nano-

vesicle confinement82,83 or confinement within nanochannels.84–86
This journal is ª The Royal Society of Chemistry 2011
As is discussed in detail by Moerner,87 however the act of using

these physical confinement methods perturbs the natural, free

solution, behaviour of the molecule. For example, in protein

folding studies surface tethering directly disrupts the molecular

structure, and physical confinement in structures with charged

walls will induce electrostatic interactions. Nanovesicle confine-

ment and some spin casting techniques which enclose the target

molecules inside a confined but comparatively large volume

minimize this but complicate other aspects of single molecule

analysis. Since the confining volumes are by definition sealed off

with these techniques, they have limited applicability to studies

related to understanding how interactions differ in response to

changes in external environmental conditions. As a result of this

there has been significant interest in developing ‘‘free solution’’

immobilization techniques which can enable long term study of

single molecules.

The ideal tool to facilitate these single or few molecule inter-

action studies, would be one that could: (1) capture and suspend

small molecules in free solution for an indefinite period of time, (2)

allow rapid modulation of the external environmental conditions,

and (3) effectively ‘‘concentrate’’ the set of molecules of interest to

a point where intermolecular interactions can be studied. The

latter of these is critically important since few-molecule experi-

ments are normally performed at extremely low concentrations

(between 10�9 M and 10�12 M) to separate molecules spatially for

optical detection. As such waiting for two molecules to come close

enough to interact can take an incredibly long time. The devel-

opment of a system which meets these three criteria could find

application not only in the study of protein-protein interactions

but also in protein folding/aggregation studies (to help elucidate

binding mechanisms in the development of pharmaceuticals) and

enable the more rapid analysis of individual nucleic acids for

direct sequencing and haplotyping.88–90

4.1.1 Opportunities for nanophotonic trapping in single

molecule analysis. In this context, nanophotonic devices have

several important advantages over the state of the art, which we

list and discuss here.

(1) Extremely high trapping stability. From eqn (2) the

trapping force is proportional to the gradient in the intensity.

The extremely high decay rate of the optical energy outside these

devices leads to the very high trapping force. To enable long

timescale trapping of molecule however, what is required is not

just a large absolute force but rather the work required for the

particle to escape from the trap should be much greater than the

random thermal energy kbT. One way this can be quantified is

through the following relation,

S ¼

ðN

ro

Fgraddr

kbT
(4)

Where r is spatial coordinate that describes the path of least

resistance for a trapped particle to move from its equilibrium

position, ro, to some distance far away. S is a value we have

referred to as the stability factor18 for simplicity, but should be

understood to simply be the ratio above. In eqn (4) we use

include just the Fgrad component of the force since this is likely to
Lab Chip, 2011, 11, 995–1009 | 1003
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Table 1 Trapping Stability for a 100 nm diameter polystyrene bead

Trapping Method
Stability factor
at 300 K (W�1)

Decay
length (nm)

Microcavity design (MD) 9000 60
Mode gap design (MG) 26000 55
Microcavity plus hole (MH) 44000 50
Slot waveguides, 65 nm

diameter particle
875 50–100

Fig. 10 Optical resonator designs compared in Table 1. Reproduced from

Serey et al.19 Copyright Institute of Physics.
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be the most significant, but in principal all relevant optical forces

should be accounted for.

An example of the use of the practical application of the

stability factor is presented in Serey et al.19 who used it to

compare a number of resonator designs to determine which

would exhibit the most stable trapping for small dielectric

objects. Table 1 shows an example of the results for the 3 1D

silicon optical resonator designs shown in Fig. 10, normalized by

1 watt of input optical power compared with the result for a 65

nm particle trapped in a slot waveguide. These cases are all for

relatively large particles which would rest on top of the resonator

and not be trapped within the ‘‘hole’’ for the MG and MH

designs. The decay length is the 1/e decay length for the

evanescent field in each of these cases. The study went on to show

that for a 40 nm polystyrene particle the ‘‘microcavity plus hole’’

design would have a stability on the order of 70 000 W�1 (for a

particle which enters the hole, as opposed to resting on top of it).

While at this point it is difficult to expand this theory to predict

what the ultimate size limit would be, the extremely high stability

numbers above do suggest that it is well below what has already

been achieved and likely below 10 nm.

Physically, the stability factor is representative of the magni-

tude of the potential barrier which a particle must surmount in

order to be released from the trap. It can therefore, in principal,

be used as a predictive measure as to what the average amount of

time a particle is likely to be trapped for (see Yang et al.46 for an

example). Due to the lack of detailed theory at the very small

scale however, the stability factor as presented above is likely best

used as a comparative value rather than a quantitative measure

of trapping time.

(2) Ability to dynamically change the local environment.

Unlike some of the other single molecule confinement tech-

niques, nanophotonic traps provide direct access to the solution

which can be modulated microfluidically. Doing this would be

conceptually a relatively simple extension of the trapping

experiments demonstrated above. Other fluid dynamically based

trapping techniques also have this capability. For example

Cohen and Moerner91 developed an electrokinetically based

trapping system which, with the aid of an extensive optical-

electrical feedback mechanism, was able to trap single semi-

conductor quantum dots (diameter � 10 nm) for over 10 s in

a glycerol–water solution. This system relies on an active feed-

back mechanism in which manipulation of a series of high

strength electrical fields are used to ‘‘beat’’ Brownian motion and

the use of glycerol to increase the solution viscosity. This tech-

nique has recently been improved upon92 to the point where

single proteins can be trapped in buffers, however the technique
1004 | Lab Chip, 2011, 11, 995–1009
remains complicated and requires extensive feedback control to

maintain stability.

(3) Ability to reject heat more efficiently. As mentioned in

section 2.2 above, since the trapping occurs near a surface the

effective thermal conductivity is higher and the heat can be

rejected more efficiently.
4.2 Directed nanoassembly

Self-assembly93–95 is the easiest possible manufacturing tech-

nique. Put simply, the idea is one begins with a set of assembly

elements (for example nanoparticles, small molecules or elec-

tronic components) with some inter-element attraction affinity

relationship. When the assembly elements are mixed together

and then allowed to settle to their equilibrium state, this affinity

relationship uniquely determines both how the elements will

assemble and, in principle, what the final structure will be. By

extension then, in an engineered system a manufacturer should

be able to design the affinity relationship between the assembly

components and produce a desired structure. This approach

forms the basis of most self assembly techniques and has

successfully demonstrated using a large number of different

affinity relationships some of which include: nucleic acid recog-

nition,96–101 geometric/surface tension based interactions102–107

and a variety of charge or surface energy based techniques108–113

(see reviews by Grzybowski et al.93 or Glotzer et al.95 for more

details). In practice, the types of structures that can be best

created with the above ‘‘hands-off’’ technique tend to be either:

very regular (such as with the photonic crystals assembled from

colloidal particles114–116), very irregular (as with DNA poly-

mers117) or involve the assembly of only a small number of

different components (as with fluidically driven assembly of

small circuits and LEDs104,118).

‘‘Directed’’ self-assembly attempts to expand the complexity of

the systems which can manufactured via self-assembly by adding

another degree of freedom that the designer can manipulate in

time as the assembly progresses. This additional degree of

freedom can take two forms: either the inter-element affinities

can be dynamically switched or the position of the elements

themselves can be externally manipulated. The former of these

has been demonstrated using switchable hydrophobic/hydro-

philic surfaces,104,119–121 magnetic forces122–124 and thermal/fluid
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0lc00482k


Table 2 Comparison of stiffness’ for several trapping devices recently
published

Device
Trapped particle,
size (nm)

Trapping stiffness
(pN nm�1 W�1)

Microcavity design (MD) Polystyrene, 100 3.30
Polystyrene, 200 7.93

Mode gap design (MG) Polystyrene, 100 13.1
Polystyrene, 200 26.85

Microcavity plus hole (MH) Polystyrene, 100 22.3
Self induced back action71 Polystyrene, 100 8.2

Polystyrene, 50 6.6
Slot waveguides46 Polystyrene, 100 0.2
Plasmonic tweezer68 Polystyrene, 200 0.013
Conventional tweezer14 Polystyrene, 500 0.16

Fig. 11 Directing an assembly using optically resonant particle traps.

Experimental demonstration of a controlled nanoparticle assembly using

the resonator architecture. (a) Adding a particle to the assembly. (b)

Removing one. Further details are provided in the text. Reprinted with

permission from Mandal et al.56 Copyright 2010 American Chemical

Society.
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conditions.121,125–127 While these techniques provide much greater

degrees of flexibility, the difficulty in manufacturing assembly

elements with sufficient infrastructure that enables one to control

the local affinity largely limits the techniques to relatively large

elements (typically between 100 mm and 5 mm). Smaller than

this, the second option must be used and the assembly guided by

direct manipulation of the assembly elements themselves.

On the microscale the most precise method of directing

assembly processes is through the use of traditional optical

tweezers24,128,129 which can manipulate and assemble particles in

a way analogous to what we think of as ‘‘pick-and-place’’

assembly on the macroscale. Independent of the specific imple-

mentation it is ultimately the precision and parallelity with which

the process can be carried out that makes this technique so

attractive. Taking advantage of this researchers have recently

demonstrated optically driven assembly of 2D130 and 3D131–133

photonic crystals, nanowires arrays134 and a variety of functional

fluidic components.135

4.2.1 Opportunities for nanophotonic trapping in directed

nanoassembly. As described in section 2.2 the useful range of

optical tweezers to dielectric targets with sizes larger than about

100 nm.24,25 Their applicability to the directed assembly of

general nanoscale materials is therefore limited in the same way

that they are for the other applications discussed here. As such

we will not expand on that further here but will instead focus on

the additional challenges directed assembly brings.

(1) High trap stiffness and positional certainty. The first

additional complication involved in directed assembly is that

extremely high positional certainty is required in order to create

accurate assemblies. In optical trapping the positional uncer-

tainty is usually described in terms of the trap stiffness or the

slope of the force-displacement relationship about the equilib-

rium point as shown in eqn (5),

khx2i ¼ kbT (5)

where k is the effective stiffness of the trap and <x2> is the mean

deviation of a trapped particles position along one axis. Since kbT

is fixed for a given temperature, it is obvious from eqn (5) that the

greater the trap stiffness, the lower the uncertainty in the position.

Table 2 below compares the normalized trap stiffnesses for

some recently demonstrated nanophotonic trapping techniques
This journal is ª The Royal Society of Chemistry 2011
in comparison with that for a standard optical tweezer (from

Serey et al.19). The resonator designs are the same as those shown

in Fig. 10. As can be seen nanophotonic techniques offer as much

as two orders of magnitude greater stiffnesses than what can be

accomplished with traditional optical tweezers, making them

more appropriate for such applications.

(2) Ability to perform complex handling manoeuvres by

exploiting frequency dependence of trapping. The second addi-

tional challenge is that directed nanoassembly, by its nature,

requires the ability to actively handle materials rather than just

trap (as with single molecule analysis) or transport them (as with

optical chromatography). With free space systems, the light field

can be sculpted relatively easy to provide this level of positional

control. Nanophotonic devices however are hard wired into the

substrate and thus arbitrary placement is not possible.

This limitation can be compensated for by exploiting the other

handle that the use of optical resonators provide, which is

frequency. As discussed in section 3.2 by tuning the wavelength

of the excitation light we can essentially turn on and off optically

resonant traps. Using evanescently coupled resonators equiva-

lently enables one to turn on and off individual trap sites at

different points along a single waveguide. An example of how

this can be accomplished is shown in Fig. 11 and uses the same

1D optical resonator structure shown in Fig. 7. Here the wave-

guide is excited at the resonant wavelength with the guided mode

propagating upwards (in the figure). In Fig. 11(a), a 500-nm

particle is trapped on the waveguide (yellow circle) and is

transported towards the resonator. When the particle arrives in

the vicinity of the resonator centre it hops from the waveguide

onto the resonator centre and remains trapped on the resonator

(orange circles). After evaluation of the particle and the deter-

mination of its suitability to join the assembly we de-tune the
Lab Chip, 2011, 11, 995–1009 | 1005
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wavelength away from resonance and this releases the particle

from the resonator back onto the waveguide (since the flow is

from left to right) after which it continues to be transported

upwards and joins the assembly. In Fig. 11(b) it is shown that

simply by reversing the direction of flow in the microfluidic

channel the particle can be rejected into the fluidic channel after

it is initially transported and trapped at the resonator centre.
Fig. 12 Transport of dielectric nanomaterials in slot waveguides. Time

lapse image of trapped 100 nm nanoparticles in 120 nm slot waveguides

are transported a short distance by radiation pressure. Reprinted with

permission from Yang et al.46
4.3 Optical nanofluidics and optical chromatography

The final application area we will discuss here relates to the use of

nanophotonic devices for species transport. We separate this

subsection into two areas the first discussing the advantages of

optical transport in place of traditional nanofluidics and the

second discussing the advantages of optically based chroma-

tography.

4.3.1 Opportunities for ‘‘optical nanofluidics’’. To begin let’s

consider the case for the development of an alternative nanoscale

transport technique, that I will refer to herein as ‘‘optical nano-

fluidics’’. Nanofluidics is often defined as the study of fluid

mechanics and transport in systems where the fundamental

length scale is less than 100 nm. From a transport point of view,

this length scale actually has no actual physical importance and

so it perhaps more appropriate to define nanofluidics as fluid

flow and transport in channels where electrical double layer

overlap becomes significant. We will expand on this a little later,

but those unfamiliar with electrokinetics may want to consult

one of a number good texts on the subject for more details.136–138

Like much of what has been discussed here, the most well

developed applications for nanofluidics revolve around sensing,

detection, and species handling in single or ‘‘few’’ molecule

environments. Put simply, the advantage of using nanofluidics is

that it allows for the volume in which the target is confined to be

matched to the same spatial scale as that of the target itself.

Unfortunately, the characteristic that makes nanofluidics so

interesting is also what limits its practical implementation; size.

Because the channels are so small, the speed and volumetric flow

rate with which liquids can be transported through them is

excruciatingly low. Traditional transport methods such as pres-

sure drop139 or electroosmosis33,136–138,140 are not effective

(see Stone et al.141 for an excellent review). The velocity that can

be achieved by a pressure drop is proportional to the square of

the channel diameter and thus the flow rate become vanishingly

small in small channels. Electroosmosis, where flow and trans-

port is induced through the interaction of an applied electric

field, has a similar limitation in that velocity scales as 1�1/kd,

where kd is proportional to the channel height. When kd is on the

order of 1 (as it is in a nanofluidic systems with double layer

overlap) the flow is nearly entirely impeded. Beyond the size

limitations these techniques have additional limitations. For

example, the parabolic velocity profile associated with pressure

driven flow is well known to induce strong sample dispersion142

which is undesirable in separation applications. In practice

electrokinetic techniques are also compatible only with a limited

class of fluids (low ionic concentration, aqueous solutions),

exhibit extreme sensitivity to surface conditions and generally

cannot be used with semiconductor substrates such as silicon.
1006 | Lab Chip, 2011, 11, 995–1009
In section 3.1 we demonstrated the use of slot waveguides for

trapping of DNA. Analogous to what was demonstrated in Fig. 2

for ridge waveguides, because these slots support a propagating

mode they can be used to transport small nanoparticles as well.

An example of this for 100 nm particles in a 120 nm slot wave-

guide is shown in Fig. 12. As reported in Yang et al.46 transport

velocities were on the order of 1.5 mm s�1. Although these

experiments are relatively preliminary, there are a couple of

reasons why further development of this technique may lead to

an advantageous nanofluidic transport technique compared with

the state of the art. Many of the advantages discussed above also

apply here (in particular the ability to dynamically manipulate

the external environment) and there are a few other ones as well.

(1) Favourable transport scaling laws. As mentioned above,

the optical transport velocity is proportional to the local intensity

which itself is inversely proportional to the cross sectional area

over which the light is spread (see eqn (3)). As such as the device

size gets smaller (in this case the slot waveguide), the transport

velocity increases! This is in direct contrast to all other transport

methods described above. Using slot waveguide type photonic

devices it is possible to shrink the accessible optical energy down

to as little as 100 nm by 50 nm. At these scales absolute transport

velocities on the order of millimetres per second or greater are

achievable.

(2) Insensitivity to surface/solution conditions. As mentioned

above, electrokinetic techniques are compatible only with

a limited class of fluids, exhibit extreme sensitivity to surface

conditions and are difficult to use with semiconductor substrates

such as silicon (as it relies on an insulating substrates). Nanoscale

optofluidic transport is much less dependent on these conditions

and can be used in a broader class of systems. This advantage is

also similarly apply to many of the other applications listed

above.

4.3.2 Opportunities for nanophotonic trapping in optical

chromatography. Modern optical chromatography originates

from a series of papers by Imasaka and coworkers143–146 who
This journal is ª The Royal Society of Chemistry 2011
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Table 3 Comparison of bioanalytical separation techniques

Technique Operating principle Separation velocity

Optical Scattering force dependence on particle size and refractive index. Vop f I. Vop f a5, Vop f (3p � 3m)2 (l > a)
Electrophoresis Differences in species charge to drag ratio represented by electrophoretic

mobility. Vep f E.
Vep f z s f(a) a (thin EDL)
Vep f 1/a a (thick EDL)

Dielectrophoresis Lorenz force dependence on particle size and polarizability. Vdep f V(E2). Vdep f a2

Vdep f (3p � 3m)
Centrifugation Differences in density. Driving force is gravitational or centrifugal

acceleration field, Vcent f g.
Vcent f (rp � rm)a2 z a

Size exclusion
chromatography

Size dependence on permeability through packed column.
Typically VSEC f DP

VSEC f �log(a3) b

a For free solution electrophoresis. Gel based electrophoresis results in a non-linear drag which can increase the dependence of Vep on a. b Approximate,
based on assumption of proportionality between hydrodynamic volume and molecular weight.
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provided the initial foundations for optically driven separation

techniques (see a recent review by Zhao et al.147). The basic idea

behind such systems is that when an initially mixed group of

particles is subjected to an intense optical field, they can be

separated out (fractionated) into different homogeneous groups

due to differences in the propulsion velocity based on size or

dielectric constant. These works have recently been extended by

a number of other researchers including Hart et al. who have

demonstrated refractive index separation of colloids148 and other

bioparticles.149 They have also recently integrated this into

a microfluidic device format for pathogen detection,150 demon-

strating very precise separation between very closely related

bacteria Bacillus anthracis and Bacillus thuringiensis and milli-

metre scale separation.151

There are a number of reasons why optical chromatography is

of practical interest. As with the other applications, we review

two of them here.

(1) Extreme sensitivity of propulsion velocity to particle size.

The most fundamental advantage of using optics for separations

comes from the velocity relations shown in Table 3. This table

directly compares the fractionalization resolution of various

chromatographic techniques with optical methods. As can be

seen in the table for the a < l regime the 5th power dependence

on the particle size exceeds the nearest competitor (dielec-

trophoresis) by 3 powers suggesting an optofluidic system should

be able to achieve higher resolution.

The most common way to quantify separation resolutions is to

compare the spatial separation between two species at some

point downstream and divide the difference between the width of

the concentration profiles. If we assume that the peak widths will

be roughly the same for all systems, it can be shown that the

spatial separation divided by the distance travelled, describing

the non-dimensional separation resolution, R, is given by
R ¼ |l1(r ¼ a) � l2(r ¼ a + Da)|/l1(r ¼ a) (6)

where l1 and l2 are the distances travelled by particles of radius

a and a + Da. Using the separation velocities from Table 1 the

following relations can be derived for optical, Rop, and electro-

phoretic separations, Rep,
Rop ¼ (1 + Da/a)5 � 1 (7a)
This journal is ª The Royal Society of Chemistry 2011
Rep ¼ 1 � a/(a + Da) (7b)

which is valid for the a � l case. We compare the separation

resolution with electrophoresis, rather than dielectrophoresis for

reasons that will be explained in the next paragraph. For Da/a ¼
0.01 (1% size difference) we obtain Rop ¼ 0.051 and Rep ¼ 0.0099

whereas for Da/a¼ 0.1 (10% size difference) yields Rop¼ 0.61 and

Rep ¼ 0.09. This represents a 500% improvement in fractional-

ization resolution over the state of the art in the small size

difference regime and 680% improvement in the large size

difference regime.

(2) Very long interaction length. Despite this relatively poor

comparison in terms of resolution, the reason why techniques

such as electrophoresis are successful is not because they

fundamentally very size sensitive but rather that the separation

impulse can be applied over very long distances. Electrophoresis

for example is carried out in capillaries that are 10s of centimetres

long. As mentioned in section 2, the use of waveguiding allows us

to apply the optical impulse over indefinitely long distances

allowing the optical separation impulse to be applied over very

long distances as well. Recent works demonstrating the transport

of particles in liquid core photonic crystal fibers have shown

transport well over cm scale distances.42 This combined with the

fundamental resolution improvements described above, the

achievable optofluidic separation resolution should be at least an

order of magnitude greater than the state of the art.

5.0 Summary

In this article we have reviewed near field optical trapping

techniques and their applicability to the direct manipulation of

nanoscale materials. We have attempted to show there are

significant advantages to the use of these techniques for the direct

handling of dielectric targets between 5 nm and 100 nm in

diameter. In addition to reviewing the state of the art in photonic

and plasmonic implementations, we have speculated on a few

application areas in which these techniques could have significant

technological impact.
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