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ABSTRACT: Near-field optical manipulation has been widely
used for guiding and trapping nanoscale objects close to an optical-
active interface. This near-field manipulation opens opportunities
for next-generation biosensing with the capability of large-area
trapping and in situ detection. In this article, we used the finite
element method (FEM) to analyze the motion mechanism of
nano-objects (50—500 nm) in the near-field optics, especially
localized surface plasmon resonance (LSPR). The size-dependent
optical forces and hydrodynamic forces of subwavelength nano-
particles (<500 nm) in different hydrodynamic velocity fields were
calculated. When the strength of the local electric field was increased, LSPR with two-dimensional gold nanoislands (AuNIs) showed
improved capability for manipulating nano-objects near the vicinity of the AuNI interface. Through the experiments of in situ
interferometric testing 50—500 nm nano-objects with constant number concentration or volume fraction, it was confirmed that the
local plasmonic near-field was able to trap the dielectric polystyrene beads smaller than 200 nm. The plasmofluidic system was
further verified by testing biological nanovesicles such as exosomes (40—200 nm) and high- and low-density lipoproteins (10—200
nm). This concept of direct dielectric nano-objects manipulation enables large-scale parallel trapping and dynamic sensing of
biological nanovesicles without the need of molecular binding tethers or labeling.

[l Metrics & More ’ Q Supporting Information

Bio-Nanoobjects @

o
== Q

Hydrodynamic flow

Plasmofluidic
trapping

-

Plasmonic sensing

‘ Plasmofluidic trapping

Plasmonic sensing

KEYWORDS: evanescent field, plasmonic trapping, optofluidic, finite element method, biosensing, microfluidic device

B INTRODUCTION

The manipulation of nano-objects has attracted widespread
attention in many promising multidisciplinary fields such as
nanomedicines, biomolecular characterization, and selective
nanocatalysis.'~* The key to achieve micro- and nano-
manipulation is to control the motion of nano-objects by
using suitable external fields, such as electric, magnetic, optic,
and acoustic fields."~® Conventional optical trapping techni-
ques based on the focused laser beam requires a bulky

limit.""'* The manipulation with near-field optics permits new
possibilities for large-area deflecting and trapping of micro- and
nano-objects.'>'* It has been demonstrated that optical forces
arising from total internal reflection (TIR) excited evanescent
wave, such as the waveguides and optical resonators, can be
strong enough to hold a single nanoparticle at the dielectric
interface.”> When a two-dimensional plasmonic nanofilm is
employed and the optical wave satisfies the surface plasmon
polaritons (SPP) excitation condition, a dramatic near-field

equipment and expensive high numerical aperture lens.
Moreover, the trapping field generated by the focused laser
has difficulties in manipulating particles with dimensions of
tens of nanometers." On the one hand, the interaction force
between light and the particle becomes remarkably weak in the
nanoscale range, particularly for optical trapping described by
ray optics and without considering the polarization of the
particle and Lorentz force. Objects in optical manipulation
with a focused light beam usually have the size comparable to
the wavelength (i.e.,, 0.5 X 4 to 20 X 1).” On the other hand,
the thermal motion of the nanometric objects is enhanced due
to the reduction of viscous drag.'

The novel domain of near-field optics refers to the coupling
effect of light to form a subwavelength feature, and comes to
the forefront due to the prospect of overcoming the diffraction
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intensity enhancement appears in the immediate vicinity of the
metal-dielectric interface. Due to the associated field enhance-
ment, the SPP mode is used to order and trap colloidal
aggregations.'”"” Generally, the penetration depth of the
plasmonic field (i.e., the spatial length of the evanescent decay
in the dielectric medium) is about several hundred nanometers
(comparable to the excitation wavelength) when using visible
light excitation. Localized surface plasmon resonance (LSPR)
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Figure 1. Optical configuration of the plasmofluidic system. (a) The microfluidic chip consisted of a low-profile chamber with dimensions of 10
mm in length, 2 mm in width and 0.1 mm in height. (b) The AFM morphology of the two-dimensional distributed AuNIs. (c) The schematic CPSI
setup for the plasmofluidic tests. (d) The full interferometric spectra and (e) the enlarged LSPR response region demonstrated the phase difference
of the plasmofluidic test. The plasmonic response toward the nanoparticle trapping or deflection was calculated based on the differential phase

between the two spectra.

is a strong localized electromagnetic near-field effect associated
with an array of plasmonic nanostructures.'® The LSPR effect
exhibits an extremely tight confinement of free electrons near
the vicinity of the nanostructures, and the induced field
enhancement is orders of magnitude stronger than the incident
beam.'? Therefore, compared with the nature of evanescent
wave and SPP mode, the LSPR near-field creates a highly
intensive and localized trapping potential close to the interface,
thus providing facile routes for extending the optical trapping
to the nanoscale and allowing the plasmonic field to selectively
trap particles of different sizes.'””” The LSPR near-fields,
exited in designed nanostructures, have been proven to be able
to trap a single nanoparticle down to less than 10 nm.”'~*°
Furthermore, the plasmofluidics which combine the high-
aspect-ratio (with low profile height) microfluidic channels and
the plasmonic near-field has become an efficient and easy-to-
implement platform for bioanalytical and molecular biology
studies.”” With large-scale fabrication of trapping arrays based
on designed nanostructures, the next-generation sensors could
enable massive parallel trapping and dynamics sensing of
nanoscale biomarkers without molecular tethers or label-
ing.'”***’ The plasmofluidic system could perform combina-
tional tasks such as optical trapping, rapid preconcentration,
and label-free detection, thus creating a new set of nano-
plasmonic sensing metrics.”’ Since the microfluidic field and
the plasmonic trapping field coexist in the plasmofluidic
system, it is of great significance to have a better understanding
of the mechanism of dynamic trapping, deflection and
manipulation.
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In this work, we experimentally and theoretically inves-
tigated the near-field plasmonic deflection of nanoscale objects
in a microfluidic geometry. We first compared the theoretical
electromagnetic fields of three different TIR configurations,
namely, (i) evanescent field at the bare dielectric interface, (ii)
SPP field on the Au film, and (iii) LSPR field on the gold
nanoislands (AuNIs) layer. The comprehensive finite-element
method (FEM, COMSOL Multiphysics) simulation of
plasmonic induced near-field deflection force, hydrodynamic
drag force and stochastic Brownian motions of nano-objects
were presented with a model based on the high-aspect-ratio
microfluidic system. Meanwhile, the LSPR photonic chips
which contained large-scale gold nanoislands (AuNIs) were
employed as a plasmonic active interface to perform the in situ
nano-objects trapping and detection, thus confirming the near-
field manipulation of nanoparticles within different hydro-
dynamic flow conditions. Our near-field trapping analysis
provides insights into the dynamic trapping behavior of nano-
objects within a plasmofluidic system, which will empower the
functionalities of the next-generation plasmofluidics sensors.

B MATERIALS AND METHODS

Optical Configuration. The plasmofluidic chip as shown in
Figure la consisted of a plasmonic AuNIs substrate, and a
microfluidic PDMS bonded layer. The tapping mode atomic force
microscopy (TM-AFM) was employed to characterize the topography
of the AuNIs. It was found that the quasi-spherical AuNIs with a
median diameter of 40 nm were closely packed on the substrate and
partially embedded into the BK7 glass substrate, as shown in Figure
1b. The thickness of the sputtered gold nanofilms and the heating
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Figure 2. (a) Schematic illustration of the simulation model for local evanescent filed investigation at the glass/water interface. The calculated
electric field distributions for (b) glass/water interface, (c) SPP of Au/water interface and (d) LSPR of AuNI/water interface (with 40 nm diameter
and 20 nm interparticle gap). (e) Angular distribution of the maximum electric field intensity (Ez) for the glass/water configuration. The insets
show the electric and magnetic field distributions. (f) The maximum electric field intensity (Ez) of Au film/glass configuration as a function of the
incident angle and Au film thickness. (g) The Ez intensity comparison between different configurations with bared glass, Au film (thickness of 45
nm), and Au nanoparticles (mean diameter of 40 nm). The x direction represented the liquid flow direction and y direction referred to the

direction perpendicular to the AuNIs interface.

conditions for AuNI thermal dewetting are the most important
parameters in controlling the plasmonic feature of AuNIs and were
thus precisely regulated in our experiments, allowing us to produce
highly reproducible sensor chips. The optical configuration of the
plasmofluidics for in situ trapping and detection of nanospheres is
shown in Figure Ic. This common-path spectrum interferential
(CPSI) sensing system consisted of a broadband LED source
(Thorlabs, MWWHD3) with the emission spectrum ranging from
480 to 730 nm. An yttrium vanadate (YVO,) birefringent crystal
(BC) introduced a sufficient optical path difference to create the
interferometric patterns as shown in Figure 1d. A BK7 right-angle
prism bonded to the plasmofluidic chip was used to fulfill the TIR
configuration and excite LSPR near-field. The measured optical power
density for LSPR excitation was 1.3 W/m? Based on our recent
research works on dual-functional thermoplasmonic sensing system,
this low incident power density is insufficient to cause a significant
temperature elevation.’’ A temperature-stabilized spectrometer
(Avantes, AvaSpec-ULS2048) covering 350—840 nm was used to
record the common-path spectral interference (CPSI) signal. Spectral
interferograms with and without trapped nanoparticles were given in
Figure 1d,e. The maximum phase response could be retrieved at the
resonance wavelength (i.e., 586 nm).

Theoretical Models for Studying the Nar-Field Trapping
and the Hydrodynamic Flow. The plasmonic near-fields and
microfluidic hydrodynamic interactions were simulated by FEM based
on the commercial software COMSOL (MA, USA). In brief, three
different near-field simulations were conducted, including the TIR
evanescent field at the glass surface, SPP at the interface with a gold
film, and LSPR at the interface with gold nanoparticles. In our LSPR
model, AuNIs were simplified to nanospheres with a diameter of 40
nm, and these AuNIs were partially embedded in the glass substrate to
a depth of 4 nm.*” The Wave Optics Module was used to simulate the
transmission/reflection spectra and electric/magnetic field profiles for
the proposed devices. Based on the experimental condition, the
energy density of the incident light was set to 1.3 W/ m?. Due to this
low optical power density, we did not consider the effect of
thermoplasmonic heating, temperature gradient, and hot Brownian
motion in the simulation works. The hydrodynamic fluid was
modeled using creeping flow from the Microfluidics Module, which
solved for the steady-state fluid dynamics. The Particle Tracing
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Module offers a particle-based approach to solve the particle
trajectory and distribution in the case of purely diffusive motion
(Brownian motion) and combined convective motion and diffusive
motion. More details of the simulation can be found in the
“Methodology” section of the Supporting Information.

Trapping and Detection of Nanospheres with AuNI-Based
Plasmofluidic Chip. The deionized water was employed as the
reference buffer to build a stable phase reference for the differential
phase detection throughout the tests. The trapping targets (i.e., the
polystyrene (PS) nanospheres) were suspended in deionized water
and, to prevent aggregation, sonicated in an ultrasonic bath for 20 min
before the experiment. PS nanospheres have a density of 1.05 g/cm®
and a refractive index of 1.59 at 589 nm and 25 °C. Compared to
other kinds of nano-objects, such as metal nanoparticles, PS
nanospheres have properties that more closely match those of the
targeted biological nanovesicles. The PS nanospheres suspensions
(Millipore Sigma, Canada) with a constant volume fraction (¢ =
4fm3n/ 3) at 8.37 X 107 or a constant number concentration at 4 X
10%/mL were delivered into the microfluidic device by using a gastight
syringe (Hamilton Laboratory Products, Reno, NV) and an Aladdin
syringe pump (World Precision Instruments, Sarasota, FL). In the
experimental investigation, we carried out plasmofluidic manipulation
of nano-objects at four different flow speeds, namely, v, = 1.39 X 107
m/s (ie, 0.1 mL/h), v, = 6.94 X 10~* m/s (i.e., 0.5 mL/h), v; = 2.08
x 107 m/s (i.e, 1.5 mL/h), and v, = 6.94 X 107> m/s (i.e, S mL/h).
This range of flow speeds was selected as it covers the typical flow
conditions used in most biochemical analysis applications.”*"** To
analyze the plasmonic near-field trapping performance, four types of
PS nanospheres with different diameters of 50, 100, 200, and 500 nm
were studied individually. The bulk refractive index changes and
unstable trappings could be eliminated by dynamic buffer flushing.
The plasmonic CPSI spectra within the whole trapping process were
recorded in real-time and the phase conditions were calculated based
on the windowed Fourier transform (WFT) method.'®** Due to the
localized plasmonic effect, the linear polarized transverse magnetic
light showed significant transition in phase after total internal
reflection on the metal—dielectric interface, and the phase transition
only appeared at the LSPR resonance frequency.'®

Preparation of Biological Nanovesicles. Exosomes were
isolated using a previous published protocol. In brief, the conditioned
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nano-objects were in direct contact with the protruding AuNIL

culture medium was centrifuged at 300 X g for 10 min. Then, the
resultant supernatant was further centrifuged at 16 500 X g for 20 min
followed by filtration of successive supernatant through 0.2 um filter
(to remove apoptotic bodies and microvesicles). The resultant
supernatant was ultracentrifuged at 120 000 X g for 70 min to extract
exosomes.

High- and low-density lipoprotein (HDL and LDL, with diameters
of 10—30 nm) was isolated from the human plasma by KBr-density
gradient ultracentrifugation approach. In brief, 500 yL of plasma was
mixed with 1000 uL of 0.15 M NaCl/1 mM EDTA (d = 1.004) and
500 L of 34.4% KBr (d = 1.2391), and the density was adjusted to
1.068 g/mL. The mixture was ultracentrifuged at 120 000 rpm for 6 h
at 4 °C. Then, 200 uL of the bottom fraction of the ultracentrifuged
sample was mixed with 900 uL of 46.5% KBr solution (d = 1.32), and
the density of the solution was adjusted to 1.21 g/mL. Finally, the
solution was centrifuged at 120 000 rpm for 16 h at 4 °C, and the
upper fraction (15 mm from the bottom) was collected as the
extracted lipoprotein.

B RESULTS AND DISCUSSIONS

Evanescent Fields for Nanoscale Trapping. Evanescent
wave optics are widely used in fiber optic and dielectric
waveguide biosensors.”> The excited near-fields extend to a
short distance from the interface, which allow for real-time
interrogation of binding events. SPP and LSPR also harnessed
the photoinduced near-fields to sense the local changes at the
glass—metal—analyte interface.’® We first simulated the near-
field distributions of these three configurations Figure 2a—d, so
as to understand their feasibility for dynamic nanoparticle
trapping and in situ sensing. In the numerical analysis of the
evanescent wave with a glass—water interface, our three-
dimensional (3D) model consisted of a 1000 nm glass layer
with the refractive index of 1.515 (at 600 nm) and a 1200 nm
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water layer with the refractive index of 1.330 (at 600 nm), as
shown in Figure 2a,b. In Figure 2e, the inclined incident angle
was prescribed to 65° so that TIR occurred at the glass—water
interface, and an evanescent wave with a maximum electric
field intensity (E,) appeared on the water side, linking the
positively and negatively charged magnetic areas in an xy-
plane. With the SPP configuration as shown in Figure 2c, the
electron cloud was excited resonantly and the derived SPR
electric field was apparently stronger than that on the glass—
water interface. At the nominal incident angle of 81°, the
maximum near-field intensity of the SPR evanescent wave on
the water side was about ~2 X 10* V/m. The SPP excitation
condition, however, was still a sensitive function of the incident
angle and Au film thickness as illustrated in Figure 2f.
Generally, the inserted gold nanofilm enhanced the near-field
intensity and doubled the maximum field intensity relative to
the evanescent wave on the glass/water interface.

Under the stimulation of p-polarized light, localized
plasmonic field was generated in the direct vicinity of AuNIs.
Figures 2d and Sla illustrated the photon-induced LSPR near-
fields on the AuNIs substrate. For the plasmonic AuNI-chip
fabricated by the thermal dewetting method, the nanoislands
with a tunable diameter and interparticle gaps could be partly
embedded into the glass substrate and exhibit good stability
and durability. The excited near-field intensity associated with
plasmonic phenomena also depend strongly on the nanoscale
arrangement. In order to provide a comprehensive under-
standing of the AuNI near-field distribution, further detailed
numerical analysis, investigating the impact of the particle
diameter, embedded depth and interparticle gap of AuNI were
discussed in Figure SI1. Generally, based on the TM-AFM
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results shown in Figure 1b, the synthetic AuNIs possessed a
mean diameter of 40 nm with 6 nm embedment, and the
interparticle gap was less than 10 nm. Based on this AuNIs
configuration, the numerical analysis verified the amplified
plasmonic fields and indicated that the maximum near-field
intensity can be elevated to about 1.0 X 10° V/m (Figure S1d).
Compared to the maximum near fields at the glass/water
interface and SPP Au/water interface, LSPR generated by the
AuNTIs led to the highest near-field intensity and gradient as
shown in Figures 2g and S2. In the following section, this
configuration will be used as the standard model for evaluating
the theoretical plasmonic trapping force and potential energy.

Trapping Force and Potential Energy of the LSPR
Near-Field. When the nanoparticle approaches the near-field,
the spatial field-gradient induces a trapping force as shown in
Figure 3a. Based on the FEM plasmon-field simulation, the
near-fleld trapping forces were subsequently calculated by
using the Maxwell’s stress tensor (MST).”” It is worth noting
that the forces are critically dependent upon the intrinsic
characteristics (e.g,, size, shape, and refractive index) of the
trapped particles as well as the envelop external field (i.e., the
plasmonic fields (Figure S2)). As the dielectric PS nanospheres
were selected as the manipulating target in this plasmofluidic
system, the polarization of the nano-objects and Lorentz force
were not considered in this work. The averaged time-
independent electromagnetic force F, exerted on the particle
can be calculated from the integration of the MST over the
surface of the particle,”® and is given as

F,= %&(/T-ﬁ dS) W

where 7 is a normal vector pointing away from the nano-
object surface S, and T is the time-independent MST.'>** We
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defined the surface point closest to the trapping interface as A
(Figure 3a), and designated the tangent plane passing through
A as the plane of nano-object. The trapping potential, U(r),
resulting from the optical forces determines the stability of the
near-field trap, which can be obtained from

() = [ B0 ar o)

where r is the relative gap distance from the plane of nano-
object to the glass substrate. To gain insights into the
deflection mechanisms associated with plasmonic nanostruc-
tures, we first calculated the field distribution for a 50 nm PS
nanoparticle, as illustrated by the dielectric nanosphere in
Figure 3a. The highly localized plasmonic field (Figure S2)
produced steep field gradients which generated a large gradient
optical force and trapping potential, as illustrated in Figure 3b.
The surface of the glass substrate (Figure S2) was defined as
the reference zero-height plane. Considering the height of
AuNTI in the simulation, the minimum distance to the substrate
(36 nm) as shown in Figure 3b—d referred to the protruding
height of AuNI. Figure 3c provided the transverse trapping
force along y-direction for nanospheres with different sizes.
The trapping potentials near the AuNIs substrate were
retrieved with eq 2 and given in Figure 3d. At room
temperature of 300 K, the thermal energy of the nano-object
1KT (where Ky is Boltzmann constant) can be calculated to
be 4.1 X 107> N'm (or 4.1 X 10°*fN-nm). This thermal energy
was utilized as the threshold value for evaluating the optical
trapping: the trapping force produced by the plasmonic near-
field should be sufficient to trap nano-objects against Brownian
motion.*” The offset distance as shown in Figure 3d is defined
as the separation gap between the plane of nano-object and the
glass substrate. It was found that the 50 nm nanospheres could
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Figure S. (a) schematic illustration of the hydrodynamic drag force and optical trapping force for nanoparticles near the plasmonic AuNI chip. (b)
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be captured by the plasmonic near-field within an extended
distance of 239 nm from the AuNI surface. This trapping
volume decreased with the increasing diameter of the
nanospheres as shown in Figure 3d. For instance, the height
of the trapping volume decreased to only 136 nm for the 500
nm nanosphere as shown in Figure 3d. When the nanospheres
cross the threshold, the trapping potential energy is larger than
the thermal energy, therefore the plasmonic near-field trapping
force becomes the dominant factor in the y-axis direction and
pulling the nanospheres to the AuNI surface with even
stronger gradient force.

Brownian Motion of Nanosphere in Microfluidics. At
a position far away from the near-field AuNI substrate, two
major factors act on suspended neutrally buoyant nano-objects
and influence their spatial distribution (ie., the Brownian
motion and the hydrodynamic forces).*’ Understanding of
Brownian motion and microfluidic induced forces of nano-
particles may offer precise spatiotemporal control over mass
transport and facilitate the development of plasmofluidic
trapping and optical biosensing. Herein, we initially studied the
Brownian motion of the nano-objects along the y-axis
direction. By using the dynamic light scattering (DLS)
measurement (Figure S3a,b), we first obtained the actual size
of different PS nanoparticles and used these as the input for
Brownian motion simulation and the displacement calculation.
Through the FEM simulation with COMSOL Multiphysics,
the distribution of small nanoparticles (i.e, SO nm PSL) and
large nanoparticle (ie, 500 nm PSL) were theoretically
compared under different hydrodynamic flows. The initial
position of the PS nanoparticles (with fixed number of 5§ X
10%) was fixed at the center of the channel (Figure 4a), which
was used to simulate the source of the PS nanoparticle from
the transport channel (with 0.1 mm width). The random
distribution of 50 nm PS nanoparticles induced in four

different flow velocity fields (i.e, 0, 1.39 X 107 2.08 X 1073,
and 6.94 X 107 m/s) and a fixed time duration (i.e., 10 s)
were schematic illustrated in Figure 4a. These nonzero flow
rates (ie, 1.39 X 107 2.08 X 1073, and 6.94 X 107° m/s)
corresponded to three typical sensing flow rates of 0.1 mL/h,
1.5 mL/h and 5 mL/h used in our microfluidic biosensing
system. In a static microfluidic channel (100 ym X 2000 pm)
without flow, the thermal Brownian motion of 50 nm PS
nanoparticles in the fluid causes the random collisions among
the nano-objects and makes them spread out over time. In
Figure 4b,c, we directly compared the size- and flow-dependent
Brownian motions. Generally, the Brownian motion is more
significant for small nano-objects. For instance, 50 nm PS
nanoparticles demonstrated higher Brownian displacement
than of 500 nm PS nanospheres in water. As shown in Figure
4a,b, the displacement of 50 nm nanoparticles covered a large
aera within the microfluidic channel, which indicated the
random Brownian motion could play an important role in
driving the nanoparticles to reach the AuNI plasmonic-
trapping interface. This random walking in the microfluidics
could be one of the dominating far-field driving factors to
facilitate the near-field tapping of 50 nm particles. With the
same time and temperature condition, the Brownian displace-
ment of 500 nm nanoparticles significantly reduced compared
to 50 nm nanoparticles (Figure 4c). With nonzero flow rates in
the microfluidics, the fully developed laminar flow confines the
nanoparticles and reduces the maximum Brownian displace-
ment. This effect is more significant for large-sized nano-
spheres (i.e,, SO0 nm as shown in Figure 4c), but has a limited
impact on small-sized nanosphere (i.e., SO nm as shown in
Figure 4b). Therefore, in the microfluidic-based plasmonic
trapping channel, smaller nanoparticles demonstrated a larger
Brownian displacement within the channel (Figure 4d), so that
the nanospheres could be trapped through the combined
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Figure 6. (a) Real-time dynamic LSPR responses for trapping 50 nm nanospheres at different flow rates. (b) LSPR responses of trapping
nanospheres with different sizes and under different hydrodynamic flow speeds. V,= 1.39 X 107 m/s; V,= 6.95 X 10™* m/s; V,= 2.08 X 107> m/s;
and V,= 6.95 X 107> m/s. The volume fraction of different nanospheres is constant at ¢ = 8.37 X 107°. All phase sensitive LSPR experiments were
repeated three times (n = 3) and the error bars for each PSL diameter and flow speed represented the error of three repeating tests. (c) Real-time
trapping comparison of nanoparticles of different sizes (with the same volume fraction at 8.37 X 1077) at a constant flow rate of 0.1 mL/hour. (d)
Real-time trapping comparison of nanoparticles with different sizes and same number concentration at 4 X 10° /ml. Real-time LSPR sensorgrams of
plasmofluidic trapping of biological nanovesicles (e) HDL with typical diameter 10—20 nm, (f) LDL with typical diameter 20—30 nm, and (g)
exosomes with diameter range 30—200 nm. The direct nanovesicle interaction region was highlighted in red, and the buffer rinse/flush was given in

blue.

effects of random diffusion and the gradient plasmonic
trapping force. Even at the highest flow rate in our study,
nano-objects with small diameter, e.g., S0 nm, could still diffuse
into the plasmonic field through Brownian motion and be
deflected by the trapping force. Furthermore, the higher the
flow rate (0 m/s< v < 2.08 X 107> m/s), the lower the
Brownian displacement was found for larger nanospheres (e.g.,
500 nm) as shown in Figure 4c. In contrast, the reduction of
the Brownian displacement of small PS nanoparticles (50 nm)
was not significant (Figure 4b). This flow-rate-dependent
Brownian motion further diminished the probability of large
nanoparticle being deflected or trapped in the near-field. At
flow rates higher than 6.94 X 107 m/s, the wall-lift force and
shear gradient lift force of the 500 nm nanoparticles balance
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with each other, resulting in the inertial equilibrium position
and forming an O-shape profile in the flow as shown in Figure
4c.

Hydrodynamic Drag Force Applied on the Nano-
particles. Microfluidic flow can also exert hydrodynamic drag
force on the nano-objects, enabling their actuation and
transport. The hydrodynamic drag force exerted on the
spherical nano-objects with very small Reynolds numbers in
the viscous fluid can be described by Stokes law (F,q = 67uav).
As shown in Figure S4, the flow velocity in the microfluidic
channel is nonuniform, with a lower velocity close to the
boundary of the channel and higher at the center of the
channel. When the nano-objects are close to the AuNI
substrate, the hydrodynamic drag forces Fy4 are highly
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dependent on the distance between the particle and the
substrate. Thus, the Faxen correction factor*> was used here to
predict the hydrodynamic force around the near field:

F,4 = 6mpav
9 a 1(a)3 45 (a)4 1 (a)s
l———+ |- ——|| — =+
16 h  8\h 256\ h 16\ h
©)

where y is the viscosity, v is the particle velocity, a is its radius,
and h is the distance from the center of the particle to the
substrate. As the nanoparticles approach the plasmonic
trapping interface, they could be directly affected by the
plasmonic near-field and the hydrodynamic flow fields (Figure
Sa). For instance, when the nano-objects approach the AuNI
interface, the significantly increased electromagnetic field
produced a trapping force due to the gradient field distribution.
In the process of nanoparticle trapping, the plasmonic gradient
force should surpass the flow-induced net lift force (composed
of the shear-gradient lift force, wall lift force, Saffman force and
Magnus force) in the vertical direction. For the nanoparticles
used in this work, the diameters (<500 nm) were significantly
smaller than the channel hydraulic diameter (190 um), so the
flow induced net lift force can be considered negligible
compared to the h[?fdrodynamic drag force (Figure S4) in the
vertical direction.””** Therefore, as discussed previously,
trapping criterion in the vertical direction is based on the
plasmonic near-field gradient force and Brownian motion. In
the horizontal direction, the periodic plasmonic near-fields
generated by the AuNIs (Figure S2) exert a gradient force on
the dielectric nano-object and potentially balance the hydro-
dynamic drag force. Since the plasmonic near-field in the
horizontal direction shows a comparable or an even stronger
gradient than that in the vertical directions (Figure S2), for
nanoparticle with the similar size as AuNIs, the hydrodynamic
drag force can be balanced by the plasmonic gradient force in
the horizontal direction. As shown in Figure Sb, when the
dielectric nano-object (50 nm) approached to the AuNI
surface (<140 nm), the plasmonic gradient force can surpass
the hydrodynamic drag force (exerted by 1.39 X 107* m/s
fluid) in the horizontal direction and trap the nano-object.

For large dielectric particles, their bottom surface overlaps
multiple electromagnetic field periods in the horizontal
direction, thereby reducing the gradient trapping force.

In addition, the hydrodynamic force was highly dependent
on the particle size (Figure Sc). Under the same flow velocity
of 1.39 X 107™* m/s, the maximum hydrodynamic drag force
dramatically increased from 150 fN (50 nm PS) to 3500 fN
(500 nm PS) in the vicinity of the AuNI surface. Therefore, the
hydrodynamic force dominated the movement of these large
nano-object and prevented them from being stably trapped.
Moreover, by changing the flow rate (Figure 5d, i.e, 0.1 mL/h
(1.39 x 107 m/s), 0.5 mL/h (6.95 X 107* m/s), 1.5 mL/h
(2.08 x 107 m/s) and 5 mL/h (6.94 X 10~ m/s)), the
hydrodynamic drag force can be adjusted, so as to control the
physical behavior of different nano-object in the vicinity of the
AuNTI surface.

Direct Trapping and Sensing of Dielectric Nano-
Objects with the Plasmofluidic AuNI-Chips. To confirm
the practical trapping capability with the AuNI-based
plasmofluidic chip, tests with dielectric PS nanospheres and
biological nanovesicles (i.e, HDL, LDL and exosomes) were
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executed. The spectral phase response was modulated with the
CPSI system. By subtracting the initial phase reference, which
was established at the beginning of the blank buffer rinse, we
calculated the temporal phase difference for each second
during the plasmofluidic trapping tests. The real-time
interferometric phase response of trapping 50 nm PS
nanospheres was given in Figure 6a, depicting the process in
which the nanosphere samples were injected into the detection
flow channel at different flow rates (i.e., 0.1 mL/hour (1.39 X
107* m/s), 0.5 mL/h (6.95 X 107 m/s), and 5 mL/h (6.95 X
107 m/s)). When the nanospheres were trapped by the
plasmonic field, the local refractive index change produced a
phase shift. For instance, the 50 nm PS nanospheres solutions
injected at 0.1 and 0.5 mL/hour produced a differential LSPR
phase shift by 0.08 and 0.31 rad, respectively (Figure 6a). In
contrast, the nanospheres dissociated from the trapping field
under a higher flow rate of S mL/hour.

To verify the size-dependent trapping behaviors, we used
AuNI plasmofluidic chips to individually test PS nanospheres
with different diameters and record the LSPR phase responses
caused by the local in situ plasmofluidic trapping. In each test,
the PS nanosphere solution with the same volume fraction (¢
= 837 X 107% Table S1) was flowed into the AuNI
plasmofluidic chip at a designated flow rate for 300s, followed
by the reinjection of water buffer to flush the interface. The
AuNIs trapping responses toward different nanospheres at
various flow rates were illustrated in Figure 6b. The statistical
data on the phase-sensitive LSPR responses of trapping
different dielectric nano-objects were calculated from the
results of three replicate tests (n = 3). The temporal responses
of the PS nanospheres with different nanoparticle sizes (i.e., 50,
100, 200, and 500 nm) were compared. At a constant flow rate
of 0.1 mL/hour, the solution of S0 nm PS nanospheres
exhibited a high LSPR phase response of 1.06 rad (Figure
6b,c), which indicated the plasmofluidic trapping and the
increase of the local refractive index. In comparison, the 100
nm PS nanospheres with the same volume fraction reported a
weak response at about 0.46 rad. When the nanoparticle
diameter increased to 500 nm, no obvious phase responses
were found as shown in Figure 6b,c. This can be explained by
the decrease trapping potential energy (Figure 3d) and the
increased flow-induced force (Figures 4 and Sc) for a nano-
object larger than 500 nm. By gradually elevating the flow rate
from 1.09 X 107* to 2.08 X 10~ m/s, 50 and 100 nm neutral
nanospheres demonstrated a reliable trapping behaviors and
the responses slightly increased as more nano-objects were
delivered to the plasmofluidic trapping surface by the flow. In
general, smaller nanoparticles (<100 nm) are more likely to be
captured by the plasmofluidic surface, and the in situ sensing
system provided a reliable response for evaluating the size-
dependent near-field trapping of dielectric nanoparticle when
the volume fraction was constant. In the current microfluidic
system (Figure 1a), high flow speeds demonstrate the ability to
confine nano-objects to the center of the laminar flow and thus
reduce the mass transfer efficiency as illustrated in Figure 4.
Therefore, for a nanosphere sample with a fixed number
concentration, a high flow rate will reduce the biosensing
response caused by the localized plasmonic manipulation.
Since LSPR is sensitive to the mass or refractive index change
in the vicinity of the plasmonic nanoparticles, a higher phase
response referred to a higher volume of PS nanospheres were
trapped by the plasmonic near-field. Therefore, a stronger
phase response indicated a higher trapping efficiency and vice
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versa. It is worth noting that the LSPR sensing region (or the
penetration depth of the localized plasmonic near-field) cannot
envelop the entire trapped nanosphere, especially for larger
nano-objects. Therefore, the differential phase responses
cannot be directly used to determine the number of tapped
nano-objects and calculate the quantitative trapping efficiency.
Furthermore, PS nano-objects solutions with the same number
concentration (4 X 10°/mL, Table S1) were also tested by
using the plasmofluidic trapping platform. It was found that PS
nano-objects smaller than 200 nm can produce positive in situ
trapping responses as shown in Figure 6d, while there was still
no obvious positive response for the large nanoparticles (500
nm PS nanospheres) even if the volume fraction has increased
to 2.09 X 107,

The size-dependent plasmofluidic trapping tests of standard
dielectric PS nano-objects demonstrated a good agreement
with our simulation. Herein, three different extracellular
biological nanovesicles (i.e, HDL, LDL, and exosomes) were
used to validate the proposed plasmofluidic-based near-field
optical trapping and sensing system. HDL and LDL are two
types of plasma lipoprotein nanoparticles in extracellular fluids,
with a typical diameter range of 10—20 nm and 20—30 nm,
respectively. These two nanovesicles transport hydrophobic
molecules in blood play an important role in atheroscle-
rosis.”>*® In our near-field plasmofluidic trapping test, both
HDL and LDL samples (10000x dilution of isolated
specimens, Figure SS) produced a strong phase response at
the constant flow rate of 1.5 mL/h as shown in Figure Ge,f.
After flushing the AuNI chips with buffer solution, a small
portion of unstable trapped dielectric nanovesicles can be
removed and the final differential phase signals were found to
be 0.54 and 0.80 rad for HDL and LDL, respectively.
Furthermore, the decrease of LSPR biosensing signal also
proved that the trapped nanoparticles were not firmly
anchored on the AuNI chips, as is the case for covalent
immobilization in conventional biosensing systems. Trapping
(i.e,, the control of nano-object movement) was a dynamic
process. Nano-objects enriched near the AuNI interface can
cause alterations in the refractive index and plasmonic phase
response. Meanwhile, a fraction of the nano-objects could also
move slowly near the interface and eventually escape from the
trapping zone of the plasmonic near-field. Exosomes are
another type of extracellular nanovesicles produced by most of
the eukaryotic cells, with a typical diameter range of 30—200
nm."” The direct plasmofluidic trapping and parallel sensing
test of exosomes (10 000X dilution of purified specimens with
mean diameter at 172 nm, Figure S6) as shown in Figure 6g
also provided a positive phase signal and the equilibrium
response after buffer flushing was found to be 0.59 rad. By
adjusting the hydrodynamic flow rates, different extracellular
vesicles (e.g, exosomes and microvesicles) can be distin-
guished with the AuNI chip.’ In the flow speed tests (Figure
S7) we also found that the exosome trapping efficiency
decreased at elevated microfluidic flow rates (S mL/h) when
compared to lower flow rates (e.g,, 1.5 mL/h). The real-time
biosensing phase response decreased from 0.59 to 0.36 rad
after sample injection. This low response was caused by
reductions in mass transfer and trapping efficiency at the high
flow rate. Additionally, the phase response further decreased to
0.08 rad during the buffer flushing process. These experimental
results indicate that exosomes and other targeted biological
nano-objects could be removed from the interface by tuning
the hydrodynamic flow fields.

The experimental results of these biological nanovesicles
proved the feasibility of our proposed in situ near-field
plasmofluidic trapping and sensing system. First, under a
suitable hydrodynamic flow condition, near-field plasmonics
excited by low irradiation power exhibited the ability to
trapping dielectric nano-objects (i.e, HDL, LDL, and
exosomes) smaller than 200 nm and achieved in situ
monitoring through the LSPR transduction. By reasonably
optimizing the electric field distribution and intensity, as well
as the direction and form of the hydrodynamic fluid, the LSPR-
based plasmofluidic system can be potentially used for label-
free large-scale manipulating and trapping of dielectric
nanoparticles, including the fast dielectric biological nano-
vesicles fractionation and on-site optical characterization. The
proposed AuNI-based plasmofluidic nano-object manipulating
system is currently unable to distinguish nanoparticles of
similar sizes, as the LSPR near-field transduces refractive index
alterations in the vicinity of the nanoparticle. Additional in situ
biosensing characterization and fingerprinting techniques, such
as surface enhanced Raman spectroscopy, could be used for
selective sorting and screening.

B CONCLUSIONS

Based on our computational and experimental investigation,
we predicted and practically achieved the size-selective (<200
nm) plasmonic trapping and transducing of dielectric nano-
objects within the microfluidic environment based on the
AuNI plasmofluidic chip. The dynamic forces of nanospheres,
ranging from 50 to 500 nm, were numerically analyzed under
different TIR near-field optics and flow-induced hydrodynamic
fields based on the finite element simulation. Specifically,
plasmonic near-fields produced by LSPR coupling effect of
nanoislands demonstrated stronger field gradient and intensity
than that of the SPR configuration and dielectric TIR
configuration. When the dielectric nano-objects flow into the
designed microfluidic system (a high aspect-ratio microfluidic
with 2 mm width and 0.1 mm profile height), the gradient
force generated by the LSPR near-field, the flow-induced force
and Brownian motion were considered as the main factors for
the plasmofluidic trapping. It was found that smaller nano-
objects (50 nm) were more likely to be enveloped by the LSPR
near fleld, thus producing a stronger gradient force and
trapping potential. The flow-induced lift forces and hydro-
dynamic drag force of small nano-objects can be balanced by
the plasmonic trapping force. In addition, the Brownian
motion was considered as the main far-field driving factor to
facilitate the nano-objects to reach the AuNI surface and be
trapped by plasmonic near-fields. The plasmofluidic trapping
of nano-objects were further verified with the optimized AuNIs
chips and differential phase sensing system. Experimental
results confirmed that the PS nanospheres with diameter of
50—200 nm can be trapped by the localized near-fields, and the
LSPR phase sensing system can monitor the in situ
manipulation process in a real-time manner. Additional tests
with biological nanovesicles, including HDL (approximate 10—
20 nm), LDL (20—30 nm), and exosomes (30—200 nm)
further validated the concept of large-scale optical trapping and
parallel dynamic sensing without using complex optics and
molecular tether. Therefore, we believe that this plasmofluidic
concept, which offered a nondestructive method for sensing
and manipulating of various dielectric nano-objects, can be a
potential bioanalytical approach for developing the new
generation biosensor, which combining the capability of

https://doi.org/10.1021/acsami.2c12651
ACS Appl. Mater. Interfaces 2022, 14, 47409—47419


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c12651/suppl_file/am2c12651_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c12651/suppl_file/am2c12651_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c12651/suppl_file/am2c12651_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c12651/suppl_file/am2c12651_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c12651/suppl_file/am2c12651_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c12651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

optical trapping, in situ manipulation, paralle]l nontether
sensing, and on-site characterization.
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