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Abstract
Optical trapping (synonymous with optical tweezers) has
become a core biophysical technique widely used for interro-
gating fundamental biological processes on size scales
ranging from the single-molecule to the cellular level. Recent
advances in nanotechnology have led to the development of
‘nanophotonic tweezers,’ an exciting new class of ‘on-chip’
optical traps. Here, we describe how nanophotonic tweezers
are making optical trap technology more broadly accessible
and bringing unique biosensing and manipulation capabilities
to biological applications of optical trapping.
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Introduction
Since Johannes Kepler, and then Leonhard Euler, first
studied the tails of comets centuries ago [1], we have
known that light can exert radiation pressure on matter.
The resulting ‘scattering force’ propels an object in the
initial direction of the light as a result of light absorp-
tion, reflection, and radiation. However, the magnitude

of these forces was thought to be too low to have ap-
plications outside of astronomy and celestial mechanics
[2]. This perception went through a revolutionary
transformation owing to the seminal work by Ashkin [3]
and Ashkin et al [4] in the 1970s to 1980s exploring the
interactions of laser beams with matter. Ashkin and
Dziedzic [5] and Ashkin et al [6] found that a tightly
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focused laser beam can optically trap a dielectric object,
such as a virus or bacterium, near its focal point
(Figure 1a). This led to the discovery of the ‘gradient
force’ that directs the object toward the light focus,
counteracting the scattering force and resulting in stable
3D trapping [3,4]. As a result of Ashkin’s discovery, we
now know that radiation pressure can manifest as not
only the scattering force but also the gradient force that

counteracts the scattering force to allow stable trapping.
Ashkin’s cumulative work in optical trapping has far-
reaching impacts and has paved the way for three Nobel
Prizes in physics, one in 1997 for the use of optical traps
in laser trapping and cooling of atoms, a second in 2001
for the use of magneto-optical traps in cooling atoms
to form BoseeEinstein condensates, and the third in
2018, shared by Ashkin himself, for his contributions to
optical trap applications primarily in single-molecule
biophysics.

Optical trapping (synonymous with optical tweezers) has
now become a core biophysical technique. Its ability to
probe piconewton forces occurring at the nanometer (nm)
scale allows detailed insight into cellular and molecular
interactions [7], including the forces and step sizes of
motor proteins [8e11], protein folding [12], probing the
biophysical properties of DNA [13,14] andRNA [15], and
disruption of proteins bound to DNA [16].

Despite the many successful biophysics applications of
optical tweezers, the requirement for specialized labo-

ratory space and complex tabletop equipment has his-
torically limited broader accessibility to the technology.
A promising solution to these constraints was first sug-
gested by Kawata and Sugiura [17] and Kawata and Tani
[18] in the 1990s. They found that dielectric and
metallic particles could be trapped and propelled by
near-field evanescent waves on the surface of waveguide
on-chip structures. This groundbreaking discovery
initiated the field of nanophotonic trapping, where
waveguide or plasmonic-based nanostructures are used
to trap small biomolecules and particles (Figure 1b).

These new trapping platforms, also referred to as
‘nanophotonic tweezers,’ are highly efficient in trapping
small particles, more compact than traditional optical
tweezers and inherently robust against noise [19,20].
These features open new windows of opportunities to
study individual biological molecules, viruses, and cells
at high throughput.
www.sciencedirect.com
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Figure 1

Comparison of free-space optical tweezers and nanophotonic tweezers. The gradient force directs a dielectric particle to the region of the strongest light
intensity. (a) A dielectric particle is trapped near the focal point of a tightly focused Gaussian-profiled laser beam. (b) A dielectric particle is trapped at the
surface of a nanophotonic waveguide (top), near a defect in a photonic crystal resonator (middle), or in close vicinity to a nanoaperture on a thin metal film
(bottom).
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Now, after almost three decades of development and
innovation, nanophotonic tweezers have begun to so-

lidify their status as a powerful, accessible optical trap-
ping tool with some unique advantages over traditional
free-space optical trapping [20,21]. In the past few
years, there has been substantial development in the
biological applications of nanophotonic tweezers. Here,
we provide a brief overview of the physical principles of
optical trapping and highlight a few recent nano-
photonic devices that have demonstrated potential for
biological applications.
Basic principles of optical trapping
Stable optical trapping requires that all forces on a
particle, including scattering and gradient, are balanced
at the trap center and the particle is directed toward the
trap center upon displacement from the center. A gen-
eral solution of the time-averaged, net optical force

experienced by a particle in an electromagnetic (EM)
field is given by the surface integral of the Maxwell
stress tensor T

��! ��
over the boundary of the particle:

F ¼ 〈
I

T
��! ��

, dS〉 (1)
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Although this formulation is commonly used to obtain
numerical solutions of the optical force, it does not

provide physical intuition of optical forces.

Optical forces may be more readily understood under
the Rayleigh limit where the particle is much smaller
than the wavelength l of the EM wave. Considering a
spherical particle of radius r, the response of the particle
to the EM wave can be approximated by an induced
point dipole. Under this limit, the time-averaged scat-
tering force acting on the particle originates from the
linear momentum transfer from the photons:

F scatt ¼ ns〈S〉
c

s (2)

where ns is the refractive index of the surrounding
medium and c is the speed of light. 〈S〉 is the time-
averaged Poynting vector of the EM wave, and thus, the

scattering force is always in the direction of light prop-
agation [22]. The extinction cross section of the particle
s has contributions from both scattering and absorption:
s ¼ sscattþ sabs. When the particle is purely dielectric,
Current Opinion in Chemical Biology 2019, 53:158–166
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s ¼ sscatt ¼ 8
3pk

4r6
�
m2�1
m2þ2

�2

, where kh2p=l and mh

np=ns, with np being the refractive index of the particle.

Furthermore, the time-averaged gradient force acting on
the particle comes from the nonzero Lorentz force due
to the electric field gradient:

Fgrad ¼ a

2
V
�
E2

�
(3)

where a ¼ 4pε0n
2
s r

3

�
m2�1
m2þ2

�
, which is the polarizability

of the dipole, with ε0 being the vacuum permittivity.

The gradient force always directs the particle toward the

point with the highest field intensity.

In conventional tabletop optical tweezers, the diffrac-
tion limit of light is a fundamental obstacle for the
generation of a large gradient force. Two strategies have
been most commonly used to achieve stable trapping.
For single-beam optical tweezers, a strong gradient force

may be achieved via the use of a high numerical aperture
objective that focuses the laser to a tight spot near the
specimen plane, such that the gradient force pulling the
trapping particle toward the laser beam waist is suffi-
ciently strong to overcome the scattering force that
pushes the particle downstream of the laser beam waist.
Alternatively, stable trapping may be obtained by the
use of counter-propagating laser beams whose scattering
forces cancel near the specimen plane [3,13,23].
Although Ashkin [3] and Ashkin et al [4] demonstrated
both implementations, single-beam optical tweezers are

by far more prevalent and comparably easier to imple-
ment and operate.

While the diffraction limit of light significantly restricts
the magnitude of the gradient force in conventional op-
tical tweezers [21], nanophotonic tweezers overcome this
limitation by taking advantage of the high intensity
gradient of the near field in the vicinity of a nanostructure
surface. Although trapping force analysis of nanophotonic
devices is more complex owing to a broad variation of
device configurations, the basic principles behind the

scattering force and gradient force remain unaltered.
Molecular sensing
Nanophotonic tweezers offer tremendous promise for
the biosensing of ultrasmall particles particularly in the
study of protein conformational changes, nucleic acid

denaturation, or proteinebiomolecule interactions [24e
26]. Two types of nanophotonic tweezers, nanoaperture
tweezers and photonic crystal resonator tweezers,
(Figure 1b), have proven to be especially well suited for
studies for molecular sensing. Both types of nano-
photonic tweezers create a strong localized resonance of
the EM field at predefined positions, generating VhE2i
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orders of magnitude higher than the focused laser beam
in free space [27]. In fact, in many cases, the mode
volume is so small that the trapped particle plays an
important role in reshaping the mode distribution,
leading to the self-induced back action, a phenomenon
that is qualitatively different from that described in Eq.
(3) [27,28]. With the ability of nanophotonic tweezers
to generate an ultrastrong field gradient in a tightly

confined space, they can trap single nm-scale particles
and single molecules considerably more readily than
conventional optical tweezers [21].

Nanoaperture tweezers consist of a plasmonic nanoscale
aperture in a thin gold film for generation of high field
gradients [29]. Because of the ability to trap single
biomolecules, nanoaperture tweezers offer unique,
compelling capabilities for exploring biomolecular dy-
namics, conformational changes, and biomolecular in-
teractions [30], without the use of labels or tether

particles that may distort native protein behavior [31].
Small proteins and biomolecules (e.g. streptavidin pro-
teins and 10-bp DNA) may be trapped at low laser
powers (w5 mW) with minimal requirement on polar-
izability of the protein of interest [29,32,33]. Protein
conformational changes or interactions with bio-
molecules can thus be directly and reversibly probed via
the laser power transmission through the nanoaperture
[30,34,35] as solution conditions such as pH or trap
power are varied over tens of minutes [29,34]. This
transmission sensitivity can be understood by examining

the optical transmission T through a subwavelength
circular aperture of radius r in a metal film, approxi-
mated as follows [34]:

T f

�
r

le

�4

; le ¼ l

np
(4)

where the effective trapping wavelength le is the orig-
inal trapping wavelength l reduced by the trapped
particle’s refractive index. Thus, if the aperture was
fully occupied by the particle, the transmission would
increase by approximately a factor of n4p, such that

conformational changes of a protein, for example, which
cause minute changes in np would still provide large
observable signals in the transmission. This discrimi-
natory power of nanoaperture tweezers has recently
been used for identifying different native proteins even
in heterogeneous ‘dirty’ solutions, which may be
encountered in a clinical setting [36]. Such protein
identification would normally require complicated,
protein altering, and expensive gel electrophoresis or
mass spectroscopy [36].

As a specific interesting example, Kotnala and Gordon
[32] showed that nanoaperture tweezers were able to
optically trap a tether-free DNA hairpin and to
www.sciencedirect.com
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quantitatively detect protein interactions with the
hairpin (Figure 2a). Upon entering the nanoaperture
tweezers, the DNA hairpin was found to change its
conformation, which the authors referred to as ‘unzip-
ping,’ based on measurements of a shift in the light
transmission through the nanoaperture. This unzipping
appears to be a result of a transition that unfolds the
hairpin. Although the molecular mechanisms of this

transition under a high EM field remain to be eluci-
dated, local heating was ruled out as an unzipping
mechanism because the temperature increase was only
determined to be 0.1 K [32].

Photonic crystal resonator tweezers are dielectric pho-
tonic resonator cavities that can generate high field
gradients [37] and can be adapted to trap objects
ranging from the size of single-protein molecules up to
the cellular scale. Photonic crystal resonators have
comparable benefits with nanoaperture tweezers for

label-free and high field gradient single-molecule trap-
ping studies because of the ultrahigh gradient force, but
are based on dielectric cavity resonators rather than the
surface plasmon resonances generated in nanoaperture
tweezers. Chen et al. [25] have used photonic crystal
resonator tweezers to trap proteins, and Kang et al. [38]
used a similar device to trap and detect influenza virus
and its binding to antibodies in real time (Figure 2b).
Interestingly, a recent photonic crystal resonator trap-
ping study by Liang et al. [31] found that proteineDNA
interactions could be significantly altered by the pres-

ence of fluorescent labels (Figure 2c).

In summary, these nanophotonic tweezers demonstrate
appealing features for biosensing of individual bio-
molecules. The strong power confinement of these de-
vices allows a single molecule to be trapped at an input
power substantially lower than that used in traditional
free-space laser trapping [21]. The presence of the
Figure 2

Single-molecule detection by nanophotonic tweezers. (a) Scanning electron m
nanohole on a gold substrate. Single biomolecules (such as a DNA hairpin) c
permission from Pang and Gordon [29] and Kotnala and Gordon [32]. (b) De
tweezers formed by a 1D nanophotonic crystal resonator along a waveguide. A
nanophotonic crystal resonator cavity formed by a single 50-nm-diameter gold
(bottom) cartoon illustration of a biofunctionalized gold nanoparticle. XPA pro
mercaptoundecanoic acid (11-MUA) on gold, can interact with DNA. Adapted

www.sciencedirect.com
biomolecule and its conformational changes may be
detected without the need to tag the molecule.
Cellular sensing
The ability to sense trapped cells label-free has enabled
nanophotonic tweezers to be extended to public health,
biomedical, and biological applications. Traditional
diagnostic methods for identifying bacterial infection or
contamination of water or food require large bacterial
samples, use time-consuming bacterial culture pro-
tocols, and deplete samples during testing [39]. In
comparison, nanophotonic tweezerebased assays
generally require smaller sample volumes, offer label-

free, nondestructive measurements for repeatable
sample testing [40], and have the potential to make
faster and more accurate diagnoses.

Photonic crystal resonators can be used to trap micro-
meter (mm)-scale cells with properly designed resonator
defects [41]. The presence of a trapped cell introduces a
small change in the refractive index near the trap center
and causes a change in the frequency of the optical
mode in the photonic crystal resonator. Based on the
analysis previously laid out [42,43], here, we define the

following figure of merit to characterize a resonator de-
vice’s biosensing sensitivity:

FOMh
Dur

Dn

1

2ur
Q (5)

where ur is the cavity resonance frequency and Dur is
the shift of the resonance frequency in response to a

change in refractive index Dn in the trapping region due
to the analyte. Dur=Dn is proportional to the fractional
mode volume of the perturbed region. Q is the quality
factor of the resonator. A larger Q value corresponds to a
higher figure of merit. Typical Q values of photonic
icroscopy (SEM) image of nanoaperture tweezers formed by a double
an be trapped at the center, which has a high field gradient. Adapted with
tection of binding of an antibody to an influenza virus using nanophotonic
dapted with permission from Kang et al [38]. (c) (Top) SEM image of a 1D
particle (orange arrow) located in the central grating of a nanocavity and

teins, which are immobilized to a self-assembled monolayer of 11-
with permission from Liang et al [31].
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Figure 3

Detection of a single bacterium by nanophotonic tweezers. An SEM image
of a 2D hollow photonic crystal resonator cavity and illustration of the
experimental setup. The presence of a bacterium (green) when trapped
near a cavity (red) is determined by an intensity change of the transmitted
light. Adapted with permission from Therisod et al [41]. SEM, scanning
electron microscopy.
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crystal resonators for biological, dual trappingesensing
applications are in the range of 1000e10,000 [37,44].

After the first demonstration of bacterial trapping in a
photonic crystal resonator tweezer by van Leest and
Caro [45], Tardif et al. [44] used a combination of
Brownian motion and optical transmission observations
to differentiate between bacterial species trapped on a

photonic crystal. Therisod et al. [41] further stream-
lined this concept by using 2D photonic crystal reso-
nator cavity tweezers to rapidly, accurately, and
nondestructively identify whether a trapped bacterium
was a gram-positive or gram-negative one (Figure 3) by
simply quantifying the relative change in the power
transmission of the device. Accurately determining the
gram type of a bacterial population is essential for the
selection of appropriate antibiotics; however, traditional
gram-type identification methods require toxic and
carcinogenic chemicals and a large volume of bacteria

[46]. Yao et al. [47] trapped an individual bacterium in
one of the cavities of an array of plasmonic
structures and then used surface-enhanced Raman
scattering to detect bacterial spore biomarkers,
demonstrating the potential for detection sensitivity at
the ultralow zeptomoleeattamole range. Lotan et al.
[48] further explored highly sensitive, fluorescently
labeled single-cell bacterial detection using nano-
photonic tweezer technology. Specifically, the authors
demonstrated the potential for microscope-free, low
volume detection of bacteria using plasmonic V-groove

waveguides that could transmit the fluorescent emission
light of trapped bacteria to an output detector [48].
Nanophotonic tweezers are not limited to trapping
bacteria as researchers have shown red blood cells may
be trapped on a waveguide and transported along it
[49e51]. Ahluwalia et al. [50] and Ahmad et al [51]
have used this capability to study how compression
forces generated by the waveguide evanescent field
affect blood cell deformation and cellular structural
changes. These initial cellular applications of nano-
photonic tweezers suggest significant promise for using
this technology in both biomedical research and the

clinical setting.
Precision molecular manipulation
While nanophotonic tweezers have demonstrated
promise for biosensing, the ability to manipulate bio-

molecules with precision [20] in a controlled manner is a
critical need for nanophotonic tweezers. An ideal device
should encompass the full capabilities of traditional
optical tweezers for precision manipulation and mea-
surement experiments, including nm-precision manip-
ulation resolution, comparable trap stiffness to
traditional optical tweezers, mm-scale long-range
manipulation, low heating, and biocompatibility
[52,53]. Enabling these capacities in nanophotonic
Current Opinion in Chemical Biology 2019, 53:158–166
tweezers would make optical tweezers more accessible
to a larger scientific community.

These requirements are not readily attainable via the

most commonly used nanophotonic structures.
Traveling-wave waveguides represent the simplest
nanostructure for trapping, where a particle of interest is
captured at the surface of the waveguide and then
transported unidirectionally along the waveguide [54],
but precision control of the particle position is not
possible. Photonic crystal resonators and nanoaperture
tweezers, discussed previously, are excellent in trapping
a particle at a fixed location for interrogation [29,37];
however, this trapping location also cannot be relocated
in a controllable fashion. Other tunable nanophotonic

structures, such as loss-based devices [55,56] and near-
field mode-beating optical lattices [57], can achieve trap
control, but only at mm precision.

To overcome these challenges, a standing-wave
waveguideebased trapping platform has been devel-
oped by Soltani et al. [19], Ye et al. [58,59], and Badman
et al. [60] (Figure 4a). The nanophotonic standing-wave
array trap (nSWAT) has two coherent lasers that
counter-propagate along a single-mode waveguide,
forming an array of trapping centers at the antinode

positions of a standing wave [19]. To stretch an array of
www.sciencedirect.com
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Figure 4

Single-molecule manipulation by nanophotonic tweezers. (a) Schematic of the design of an nSWAT device. Laser input to the waveguide is partitioned
into two nSWATs using a Mach–Zehnder interferometer (MZI). Each nSWAT has a 50/50 waveguide beam splitter with output arms connected to
generate counter-propagating waves. Three microheaters are located above the waveguides, one above the MZI to control partitioning of the laser into
the two nSWATs and two above the two nSWATs to independently control the trap position of each nSWAT. Adapted with permission from Soltani et al
[19]. (b) Tilted-angle SEM image of the fluid pool region of an nSWAT device. Adapted with permission from Soltani et al [19]. nSWAT, nanophotonic
standing-wave array trap.
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DNA molecules, two copies of an nSWAT were incor-
porated into a single device, each controlled indepen-
dently by its own microheater (Figure 4b). DNA
dumbbells d single molecules of DNA with a bead
attached at each end d were trapped between the two
nSWATs via beads at the DNA ends and smoothly
stretched via control of the microheaters [19]. This
experiment is analogous to DNA stretching in conven-
tional optical tweezers [61e63], except that manipula-
tion was performed on multiple DNA molecules
simultaneously, thus highlighting the potential for

nSWAT-based high-throughput on-chip precision
manipulation.

Besides being high-throughput, an nSWAT device has
several notable advantages in comparison with conven-
tional tabletop tweezers. The counter-prorogating lasers
cancel out the scattering force, allowing stable trapping
www.sciencedirect.com
by the gradient force. This resulting standing wave
naturally creates an array of traps by recycling the laser
power without the need to proportionally increase
trapping laser power with an increase in the trap number
[20]. The elimination of the scattering force allows
high-refractive-index particles to be stably trapped [60],
which would be challenging for single-beam conven-
tional optical tweezers, and because of the short optical
paths creating the trap array on chip, the nSWAT device
is inherently robust against drift [19].
Future outlook
Nanophotonic tweezers offer an exciting alternative to
conventional optical tweezers, presenting unique ad-
vantages that include on-chip, label-free, ultrasensitive
single-molecule biosensing and high-throughput preci-

sion manipulation. As nanophotonic tweezer devices are
used for broader biological applications, a greater variety
Current Opinion in Chemical Biology 2019, 53:158–166
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of more complex experiments may be realized. Indeed,
increasingly impactful biological and biomedical exper-
imentation, beyond just a proof of principle, is already
being performed using nanophotonic trapping
technology.

This expansion also requires development of nano-
photonic tweezers with further enhanced capabilities.

While label-free and tether-free sensing methods
(nanoaperture tweezers and photonic crystal resonator
tweezers) minimally alter the native state of the mole-
cule of interest, the molecule cannot be interrogated via
controlled application of forces to gain additional insight
via mechanical perturbation. Conversely, the precision
manipulation allowed by the nSWAT critically relies on
the use of trapping particles as handles to manipulate
the molecule of interest and thus does not afford some
of the advantages of the label-free techniques. New
platforms that integrate label-free and precision

manipulation would significantly broaden the applica-
bility of nanophotonic tweezers.

In addition, the advent of nanophotonic tweezers re-
quires increased comprehensive understanding of the
interactions between a trapping laser and biological
systems. For example, nanoaperture tweezers present
unique opportunities to not only trap biomolecules but
also induce their molecular conformational changes
[29,32,34]. Elucidating the mechanism inducing these
changes will allow better assessment of how to best use

the technology. For another example, a trapping laser is
also known to potentially induce photodamage to the
molecule of interest as a result of photon absorption
[64] and singlet oxygen formation [65,66]. This is of
particular importance, given the high local field in-
tensity of nanophotonic tweezers [40]. The exact
mechanism inducing the photodamage requires better
understanding and characterization to develop methods
and devices that minimize this impact.

Although nanophotonic tweezers have begun to move
beyond proof of concept, this technology still has sig-

nificant potential that is just beginning to be unlocked.
The full realization of their capabilities will allow
increased accessibility and expansion of application to a
wide range of biological and biomedical research
topics and encourage broad adoption of these dynamic
platforms.
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