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Abstract

This review (with 90 refs.) covers the state of the art in optofluidic devices with integrated solid-
state nanopores for use in detection and sensing. Following an introduction into principles of
optofluidics and solid-state nanopore technology, we discuss features of solid-state nanopore based
assays using optofluidics. This includes the incorporation of solid-state nanopores into optofluidic
platforms based on liquid-core anti-resonant reflecting optical waveguides (ARROWS), methods
for their fabrication, aspects of single particle detection and particle manipulation. We then
describe the new functionalities provided by solid-state nanopores integrated into optofluidic
chips, in particular acting as smart gates for correlated electro-optical detection and discrimination
of nanoparticles. This enables the identification of viruses and A-DNA, particle trajectory
simulations, enhancing sensitivity by tuning the shape of nanopores. The review concludes with a
summary and an outlook.
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Introduction

Optofluidics

The miniaturization and automation of analytical tools is a very active area of research and
development. The appearance of microfluidics has intensified this trend, thanks to
microfluidic devices’ compactness and their ability to control fluid flow. [1-5] Building on
the success of microfluidics, the motivation to append advanced functions and increasing
device sensitivity using optical methods led to a newly emerging field, optofluidics.
Optofluidics is the seamless integration of microfluidics, optical analysis and manipulation
methods. Within a single optofluidic device, the flexibility and controllability of fluid flow
can simplify the transportation of biological samples and modify light propagation by
changing the speed, direction, and refractive index of fluids. At the same time, optical
detection methods bring high sensitivity and excellent spatial resolution. Due to the
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capability of controlling fluid and light at the same time within a miniscule volume, we have
seen optofluidic devices used in a broad range of applications such as on chip lasers,
sensors, optofluidic microscopes, etc. [6-12] Especially in the field of bioanalysis, the rising
interest in point-of-care devices has generated numerous reports of successful applications
of optofluidics in biosensing and bioanalysis, which makes optofluidic devices a great
candidate for substituting conventional bulky equipment.

Integration of functional structures into optofluidic devices

Optofluidic devices are also perfect platforms for integrating modern micro/nano-scale
fluidic or optical structures, which will further boost the performance of optofluidics in the
field of bioanalysis sciences. Microfluidic channels and valve networks can be used for
precise control of liquid flow, which leads to improvements in upstream sample preparation.
[13] At the same time, the integration of optical structures, such as plasmonic
nanostructures, gratings, photonic crystal structures, resonators, etc., [14-19] greatly
increases detection sensitivity and reduces the limit of detection for devices. However, the
functional extension of optofluidics is not only restricted to microfluidic or optical
structures. In recent years, the use of electrical techniques has drawn the attention of many
researchers. [20-22] In addition to being used for manipulating particles or tuning optical
properties, in this article we will show that electrical elements can also be used for sensitive
detection when integrated into optofluidics, offering the potential for multi-modal analysis at
the single particle level.

Solid-state nanopore technology

A solid-state nanopore, which utilizes a characteristic electrical signal for detection, is one
of the powerful nanoscale structures which have promise for integration with optofluidics. A
solid-state nanopore is a tiny opening in a thin inorganic membrane. Both sides of this
membrane are filled with electrolyte solution. When a voltage is applied across this
nanopore, an ionic current will be established through the nanopore. As a particle
translocates from one side of the membrane to the other side through the nanopore, the
nanopore will be blocked for a short period, during which a current drop can be recorded by
a sensitive amplifier (Fig. 1). Theoretically, particles with different sizes, shapes, and electro
chemical properties will generate current blockades with different amplitudes and durations
(dwell times). Therefore, by analyzing the blockades, we can identify and distinguish
different nanoparticles. Because of its extremely high sensitivity, a solid-state nanopore is a
perfect tool for nanoparticle detection and a potential tool for nucleic acid sequencing. [23—
31].

Combination of solid-state nanopore and optofluidics

The combination of solid-state nanopore and optical detection is to some extent inevitable.
Though substantial efforts and progress have been made to improve the performance, low
spatial resolution due to fast particle translocation remains as one of the most important
unresolved issues for solid-state nanopore technology. Limited detection bandwidth, flicker
noise, and fast translocation speeds hinder the measurements of fine molecule structures.
[32-35] Though modifying the properties of nanopores or the experimental parameters can
somewhat address these issues, [36—38] researchers have also sought easier solutions from
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additional technologies. Fortunately, some developed optical detection methods, like
fluorescence spectroscopy, have been demonstrated to be an effective approach to deal with
the challenges that solid-state nanopores are facing.

Low noise from background signal is critical for optical detection of a single particle, so
suppressing the background light in any optical detection scheme is hugely important. Great
efforts have been made to address this issue for single molecule and bioparticle detection
around nanopores, and several effective solutions have been developed. Total internal
reflection fluorescence excitation can be used to collect optical signals from molecules near
a liqguid-membrane interface. [39] But the refractive index of the buffer in the #rans chamber
(Fig. 1) needs to be selected carefully to ensure the total internal reflection excitation.
Confocal microscopy, which eliminates out of focus light, is another frequently used method
for optical noise suppression. [40, 41] With the help of plasmonic effects, excitation light
can be confined even more tightly. With light focused in a zeptoliter volume, the
combination of zero-mode waveguide and solid-state nanopore has been applied for the
detection of DNA translocation. [42, 43] Ca2* sensitive dyes are also used for optical
detection of DNA. [44, 45] The Ca2" ion gradient across the nanopore ensures a strong
fluorescence signal only within the region close to the nanopore. These successful
demonstrations of electro-optical detection have proven the power of combining nanopores
and optical detection. Furthermore, electro-optical detection of color-coded expanded-DNA
has even demonstrated the ability to provide sufficient spatial resolution to distinguish four
different nucleotides, suggesting a way towards potential electro-optical nucleotide
sequencing with a solid-state nanopore. [46, 47].

Though careful alignment is needed, currently the top-down microscope (Fig. 2a) is still the
most common way to couple light into and gather optical signals from the nanopore area.
Depending on the application, different nanopore geometries may be required. A vertically
oriented solid-state nanopore is good enough for single particle detection, but is not
convenient for particle trajectory tracing. Recently horizontally oriented solid-state
nanopores have been embedded into microfluidic devices (Fig. 2b), and these nanopore-
optofluidic devices make the optical observation of particle movement easier. [48, 49]
However, it is currently still difficult to control the shape of the horizontally oriented
nanopore and to make its diameter as small as the vertical nanopore. Also the advantages of
fluidics control have not been fully utilized. We can predict that after noting the benefits of
the combination of nanopore and optical detection, the trend of making nanopore-optofluidic
devices has only just begun.

In the remainder of this article we will focus on the incorporation of solid-state nanopore
into an ultrasensitive optofluidic platform, based on liquid-core anti-resonant reflecting
optical waveguides (ARROWS), where the precise nanopore shape, flexible arrangement of
waveguides and nanopore, and fluidics flow control are realized within a single device.
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Highly sensitive optofluidic platform

Principle and fabrication methods

The beauty of optofluidics is the integration and interaction of light and fluid flow in the
same device. Most of the optofluidic applications in bioanalysis rely on the interaction of
light and fluids at an interface which is typically implemented with specific binding of a
target to a solid surface and interaction with the evanescent tail of an optical mode that
propagates through a solid waveguide. [10] This approach faces the challenges of efficiently
transporting the target to the surface and utilizing only a small fraction of the input optical
power for particle interaction.

An attractive alternative is, therefore, to implement sensing in flow which requires optical
signals to reach and be transported in the fluidic channels themselves. Thus, the challenge is
to develop a hollow optical waveguide which also allows liquid, whose refractive index is
lower than the surrounding materials, to flow inside. Due to this index mismatch,
conventional guiding by total internal reflection is not easily implemented for this purpose.
Some approaches have been demonstrated, such as Teflon AF waveguides, liquid core liquid
cladding waveguides, nanoporous cladding waveguides, slot waveguides, and photonic
crystal fibers. [50-54] However, these solutions still have some limitations in terms of
fabrication or integration.

One of the solutions to the above issue is to use anti-resonant reflecting optical waveguides
(ARROWS). [55] When the thickness of each cladding layer is designed to meet the anti-
resonant condition, low transmission through cladding layers can be achieved. As a result,
the high reflectivity in the transverse direction will confine the light to the low-index liquid
core. Optical connection between the liquid-core waveguide and the rest of the chip is
accomplished using solid-core ARROW ridge waveguides that are parallel or vertically
aligned with the liquid-core channel. [56] Fig. 3a(i) shows the original and typical layout
that is used for single particle detection and particle manipulation. When applied to single
particle fluorescence detection, excitation light is coupled into the solid-core waveguide
from an optical fiber. When a target particle passes the excitation volume, the fluorescence
from it will propagate along the liquid-core waveguide, be coupled into the connecting solid-
core waveguide, and finally collected by a subsequent detection setup.

Liquid-core ARROWS have been being continuously optimized to diminish the waveguide
loss, improve the sensitivity, and add new features. For example, single overcoat layers were
introduced to increase the solid- to hollow-core waveguide coupling. [57] Self-aligned
pedestals were used in the chip design to reduce the waveguide loss. [58] The background
noise baseline above the detector dark counts of liquid-core waveguide was reduced by a
factor of 10 by using sputtered Ta,Os instead of vapor deposited SiN as a cladding layer.
[59, 60] The optical properties of ARROWS can also be fine-tuned. Spectral filtering was
implemented by tailoring three bottom layers of the liquid-core waveguide. [61] A dual-core
configuration consisting of the standard analysis channel and a tunable filter section
demonstrated its spectral tunability by tuning both core index and pH. [62] Excellent chip
performance has led to numerous applications in high-sensitivity particle analysis.
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Single particle detection

One of the most important applications of optofluidics is to detect single particles. Various
particles have been detected and analyzed with ARROW based devices.

Single molecule detection with ARROW chips was first demonstrated by on-chip
fluorescence detection and correlation spectroscopy (FCS) measurements of Alexa 647 dye
molecules. [63, 64] Dye solutions with concentrations as low as 10pM were measured.
Concentration values extracted from fits to the autocorrelation traces of the signal revealed
that less than one (0.35) molecule on average was detected within the excitation volume. In
the meantime, a modified autocorrelation function was proposed, which was later used for
lots of ARROW-based on-chip single molecule detection. Shortly thereafter, ARROW
devices showed their ability for high-performance bioanalysis. [65] FCS analysis down to
1.58 nM concentration of liposomes labeled with Alexa dye not only yielded a mean
concentration of 0.64 liposomes in the excitation volume, but also demonstrated the ability
to incorporate electrical bioparticle manipulation, here by electrokinetically driving the
target particles through the fluidic channel. The velocity of liposomes was changed from
around 100 um/s to around 350 um/s by adjusting the voltage across the liquid-core
waveguide.

Later, QP bacteriophages were detected on the single virus level and analyzed using an
ARROW chip. [66] The Qp bacteriophages were labelled covalently with fluorescent dye
molecules so that each of these 26 nm large spherical biomolecules was tagged with a
couple hundred fluorophores. Diffusion coefficient, flow velocity and concentration of QB
bacteriophage were extracted using FCS. A careful FCS analysis of the signals lead to the
conclusion that a partial disassembly of the phage occurred. More complex methods, such as
fluorescence cross-correlation spectroscopy (FCCS), were implemented on these chips as
well. [67] Cy3 and Cy5 fluorescent dyes were placed at the same end of oligonucleotides
after annealing to form a FRET (fluorescence resonance energy transfer) pair. As the
temperature was increased, double-stranded DNA had dissociated into single stranded
oligonucleotides and both FRET and FCCS signals decreased.

Particle manipulation

Besides single particle detection, the ARROW platform is also capable of manipulating and
trapping particles. Different kinds of trapping methods were successfully realized on these
devices. Particles can be trapped by a novel loss-based dual beam trap that is formed by the
liquid-core waveguide loss resulting in decaying optical scattering force along the channel.
Therefore two counter-propagating waves will create a potential well, where individual or
groups of particles can be optically trapped, the latter enabling particle concentration in a
small volume to enhance the signal for optical detection. As a demonstration, Escherichia
colf attached to a latex particle was optically trapped and analyzed using this loss-based trap.
[68, 69].

Yet another type of particle trap was enabled by using ARROWSs with offset solid-core
waveguides. [70] Two solid-core waveguides define two overlapping excitation volumes, the
center of which is the equilibrium position. Deviation from this position results in
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modulations of the fluorescence signal that is used as feedback for electrokinetic forces that
maintain the particle location at the equilibrium position. The use of electrokinetic forces
allowed the trap to be operated at 10° times lower optical power. The bioanalysis application
of this electro-optical trapping method was demonstrated by studying the DNA fluorescence
dynamics in Escherichia colibacteria. An E. colibacterium was trapped, and the
photobleaching process of stained DNA was observed simultaneously. In addition, in an “H”
shaped network of liquid-core waveguides, particles were sorted optically in a pressure-
driven flow. [71] By tuning laser power and flow speed, all particles above a certain size can
be sorted out from the stream optically. Most recently, multi-particle trapping was
implemented on ARROW chips using the characteristic spot patterns produced by a multi-
mode interferometer (MMI) waveguide section. [72].

Integration of functional add-ons

Vertical integration of other microfluidic devices brought the advantage of fluids control to
the platform. The combination of a PDMS-based fluidic handling layer and silicon-based
ARROW chips demonstrated the capabilities of mixing, distribution, and filtering with
optical single particle detection. Combined labeling and detection of single A-DNA
molecules was accomplished in such a hybrid integrated device. [73] Beyond that, a
specifically designed valve-controlled microfluidic layer (automaton) can carry out complex
up-stream sample preparation steps. A hybrid automaton-ARROW device ingeniously
combined sample preconcentration and direct detection of individual viral RNA molecules
within a single device to quickly and accurately detect Ebola virus over more than seven
orders of magnitude and down to 0.2 pfu/mL, covering the entire clinically relevant
concentration range. [74] This achievement was also a first time demonstration of the
possibility of replacing PCR techniques with a compact lab-on-a-chip system.

Very recently, one of the key concepts used in fiber optic communication, wavelength
division multiplexing, was re-envisioned in the context of biomolecule analysis on an
optofluidic ARROW chip. [75] A wide solid-core waveguide, acting as a single multimode
interference (MMI) waveguide creates wavelength-dependent spot patterns along the
intersecting liquid-core waveguide. When particles pass the spots, a series of fluorescence
spikes can be detected. Since the spot width and spot spacing depend on the wavelength, this
device enables the identification of differently labelled targets by deciphering the temporal
fluorescence pattern. Identification of three kinds of single-color labelled and
combinatorially labelled viruses was demonstrated, and more exciting applications with this
technique can be expected.

Optofluidic chips containing integrated solid state nanopores

As stated in the introduction, integration of solid-state nanopore with optofluidics is still an
ongoing area of development with many untapped and unoptimized opportunities. Many
challenges can be resolved when the ARROW-based platform is chosen for the solid-state
nanopore integration. First of all, the top of the liquid-core waveguide is made of SiN and
SiO», which are the materials usually chosen for solid-state nanopores. Since the solid-state
nanopore will be vertically fabricated, all the techniques developed for solid-state nanopore
fabrication can be directly applied. Optical alignment is also ensured easily and with high
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precision, since the light propagation is well defined by the waveguide network. Also, the
planar configuration assures that there will be no false fluorescence signal, which means a
particle that does not get into the liquid-core waveguide will not be excited accidently. Last
but not least, the nanopore location along the liquid channel is flexible, allowing us to fulfill
different detection purposes.

The combination of a solid-state nanopore with an ARROW chip merges two powerful
single particle detection technologies, realizing a novel electro-optofluidic platform for
bioanalysis. After elaborate efforts were made to optimize the fabrication methods of
incorporating solid-state nanopores into ARROW devices, the opto-electrical single
molecule analysis was demonstrated for the first time on an optically and fluidically
integrated chip.

fabrication and their features

The ARROW chip poses unique nanopore fabrication challenges since the top of the liquid-
core waveguide is several microns thick which results in unacceptably high aspect ratios for
direct milling of a nanoscale opening. To address this problem, a two-step fabrication
process was developed for defining nanopores in ARROW channels. [76] At any location
along the liquid-core waveguide channel, a micropore of ~2—4 um diameter is defined with a
dry etch process. This etch is terminated by a metal etch stop layer placed on top of the first
~100 nm thick ARROW cladding layer. After removal of the etch stop layer, the nanopore is
milled with a focused gallium ion beam.

In order to investigate how to optimize their dimensions, nanopores with different diameters
and thicknesses have been tested and compared, with the aim of finding how the diameter
and thickness influence the electrical signal. Many models have also been developed to
simulate the behavior of solid state nanopores. [77-81] While the aperture size and thickness
of the solid-state nanopore are probably the most important characteristics, the fabrication-
dependent shape has a noticeable influence on its behavior as an electrical sensor. However,
in most of the experiments or simulations, the solid-state nanopore was approximated simply
as a regular cylindrical opening.

This correlation was investigated experimentally by defining nanopores of 50 nm diameter
in three different ways: direct milling (DM), ion-beam (IB) and electron-beam (EB) assisted
shrinking. [82] After single particle current blockade measurements were done with these
nanopores, they were cross sectioned using a focused ion beam for shape characterization.
At last, the simulated electrical behaviors based on these shapes were compared with the
experimental results. The cross-sections of three types of nanopores were imaged and are
shown in Fig. 4a. The shape of the DM nanopore is close to a cylinder, save for some
rounding of the edges on the top and the bottom of the cylinder. The size of DM nanopore is
also as expected, 50 nm wide and 50 nm long. The EB-shrunk nanopore has a cylindrical
shape, too. However, after the EB scanning, deposition of hydrocarbons in the vacuum
chamber thickens the membrane from 50 nm to 130 nm, thus elongating the nanopore
significantly. The deposition of hydrocarbons was further confirmed by element-specific
EDS spectroscopy. IB-shrunk nanopores, finally, deviate strongly from a cylindrical shape.
Being close to a cone, they have a wider opening on the top and a narrower opening on the
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bottom. The resulting current blockades can be modeled very well. Figure 4c (i) shows the
distribution of blockade depth and duration for the three pore types. Clear differences are
observed despite their nominally identical aperture size. These differences are fully
reproduced by taking into account the full 3D shape of the pore. Changes in blockade
amplitude and dwell time under different voltages are compared using experimental and

The most straightforward way to model the current blockade is to calculate the resistance
change by calculating the excluded volume when a particle is present in the nanopore, while
assuming the nanopore has a regular shape. Here, we further compared experimental results
and our simulation with a recently corrected analytical solution for the relative conduction
change: AG/G = BI[(L+nDI4) %], where G, d, L and D are nanopore conductance, particle
diameter, nanopore length and nanopore diameter, respectively. [83].

In the analytical model, DM and IB shrunk nanopores with 50 nm diameter and 50 nm
length were used, and EB shrunk nanopore with 50 nm diameter and 130 nm length was
used. Compared to the numerical simulation, the analytical solution deviates more from the
experimental data (Fig. 4d). The DM nanopore is the one that is closest to the ideal shape of
a 50 nm wide and 50 nm long cylinder, thus the analytical solution can approximately
predict the relative conductance change. When the shape of the nanopore deviates a lot from
an ideal cylinder, the analytical solution gives a large difference between calculation and
experimental data, which is the case of IB shrunk nanopores. Therefore, the numerical
method is more powerful when an accurate estimation is needed for a nanopore with an
irregular shape.

The nanopore as a smart gate

The first demonstration of incorporating electrical sensing of single biomolecules into
optofluidic devices was given by detecting single ribosomes. [85] A nanopore with a 40 nm
aperture was defined in an ARROW chip using ion-beam assisted shrinking as described
above. The arrangement on the chip is schematically shown in Fig. 5a(i) along with a
photograph of a nanopore-ARROW device (inset). A solution containing 50S ribosomal
subunits was introduced into the fluid reservoir placed on top of the nanopore, and potentials
on the order of 1 V were applied to move the ribosomes into the fluidic channel in single
file. The observed electrical signal for different applied voltages is shown in Fig. 5a(ii); and
the inset shows a characteristic blockade signal caused by a single ribosome. Blockades of
~4 % of the total ionic current were well resolved. Notably, the rate of translocations
depends strongly on the applied potential as is shown in Fig. 5a(iii). The detection rate can
be varied from thousands per seconds to zero over the span of ~250 mV. This strong
dependence can be used in future devices to rapidly turn the nanopore gate on and off
between experiments.

Correlated electro-optical detection and discrimination of nanoparticles

As a proof of principle demonstration, correlated electro-optical detection of single 500 nm,
200 nm, and 100 nm nanoparticles were achieved, respectively. A nanopore with the size of
520 nm was used for measuring 500 nm nanoparticles. When 4 V voltage was applied
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between reservoirs 1 and 3, 500 nm nanoparticles were driven through the nanopore. When
the nanoparticles got into the channel, they were immediately excited by the laser, resulting
in clear, correlated fluorescence signals. Similarly, 200 nm and 100 nm nanoparticles were
measured with 260 nm and 160 nm nanopores as well.

Next, a mixture of fluorescent nanoparticles of different diameter (100 and 200 nm) was
introduced to a 250 nm wide nanopore. [86] Once translocated through the pore by a 3 V
applied voltage, the particles were moved along the liquid-core ARROW channel with
negative pressure. Figure 5b(ii) shows the resulting electrical and optical signals. In both
cases, clean signatures from individual nanoparticles are observed with high signal-to-noise
ratio. The strong correlation peak at 5.8 s confirms the correlated electro-optical detection of
single nanoparticles, and suggests the flow velocity inside the liquid-core channel is 270
um/s given a nanopore-excitation spacing of about 1.5 mm. Thus, the correlated single-
particle measurements allow for immediate extraction of the flow speed in the ARROW
channel.

It is expected that two kinds of nanoparticles can be distinguished using either electrical or
optical signal. However, the bead subpopulations did not get resolved in the histogram of
optical signal intensity, due to the variation of the exact locations of particles within the
optical excitation volume. With the help of the solid-state nanopore, electrical blockades of
two kinds of nanoparticles could be clearly identified due to their different amplitudes (Fig.
5b(v)). Because of the one-to-one correlation relationship, now the optical signal of each
nanoparticle can be recognized with the help of the electrical signal. With this information in
hand, each optical peak can be assigned to a particle type and a histogram of the optical
brightness distribution for each particle type can be created (Fig. 5b(iv)). Both Fig. 5b(iv)
and Fig. 5b(vi) suggest that within a certain intensity region the nanoparticles cannot be
discriminated using the optical signal alone, verifying the advantage of the correlated
electro-optical detection.

Detection and identification of viruses and A-DNA molecules

A mixture of 100 nm fluorescent beads and ~100 nm large influenza (H1N1) viruses was
investigated using a ~ 150 nm wide integrated nanopore. [86] The viruses were labeled to
fluoresce in the red (~670 nm) while the bead fluorescence is in the blue, so the particles
could be identified directly using the optical signals. The resulting electrical and optical
signatures for this mixture are shown in Fig. 6¢(ii). Again, clear blockades and optical spikes
are resolved, representing the first demonstration of detection of single virus particles using
two modalities on a single chip. Moreover, the single particle nature of the optical detection
can be unambiguously proved as each particle has to transverse the nanopore in single file.
Because of the similar sizes of two kinds of particles, analyzing the blockade amplitude
alone will not help distinguish different particles. However, the data points naturally form
two subpopulations with different durations, which are likely caused by different electrical
properties of different particles. Now the clearly discriminated optical signals enable the
distinct identification of the electrical blockades. The blockades were then separated into
two subpopulations (blockades with short and long durations) with the dashed line in Fig.
6¢(iii). The cross correlation functions between electrical blockades in two subpopulations
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(short and long) and optical signals in two channels (red and blue) immediately show that
viruses (red) have long durations (>4 ms) while the nanoparticles (blue) have shorter (<4
ms) durations. These results prove again that individual labeled viruses can be counted and
identified unambiguously from a particle mixture using the combination of electrical and
optical signal channels.

The solid-state nanopore has been considered as a potential tool for next generation nucleic
acid sequencing, and ARROW chips have been demonstrated to be sensitive enough to
detect single DNA molecules. [74] Therefore, the next step was to prove the feasibility and
the advantages of the integrated nanopore-ARROW device for single DNA molecule
detection. A.-DNA molecules were introduced into the liquid-core channel through a 20 nm
wide nanopore. [87] Under voltages of 4.5V, 5.4 V and 6.3 V, clear electrical blockades
were observed. By analyzing the trends of blockade amplitude and duration changes,
information about the trans-location dynamics can be revealed (Fig. 6d(iv)). The average
blockade amplitude increases linearly with incremental voltage, following the linear fitting
function at a rate of 540 pA/V. The x-intercept of 2.8 V suggests there is a diffusion limited
capture region above a threshold voltage of 2.8 V. [88] The duration decreases exponentially
with the voltage, pointing towards interactions between the molecules and the nanopore.
[89] A linear dependence of the capture rate on rising voltage across the nanopore with a
rate of 0.1 s™1 V=1 indicates the capture process is governed by thermal diffusion. [90]
Again, the cross correlation function between electrical and optical signals shows a strong
cross correlation peak at 0.18 s (Fig. 6d(iii)), indicating L-DNA travels with a rather uniform
velocity of 8.3 mm/s between the nanopore and the waveguide intersection.

Particle trajectory simulation and particle location determination

The optical signal is not just correlated with the corresponding electrical signal and flow
velocity, but also the location of the particles in the optical excitation area. After particles are
loaded into the channel, where they are interacting with the exciting light is of great interest
and importance, since it is potentially helpful for more efficient optical detection in the
future. The mode location of the excitation light can always be acquired by taking a mode
image at the end of output solid-core waveguide; however, where the optical mode is located
inside the liquid-core channel cannot be acquired directly without destroying the chip.

Figure 6a(iii) shows the intensity distribution of optical signals obtained from the
experiment. A Poisson distribution fitting reveals the experimental expected intensity is 2.7.
In order to simulate the particle distribution in the ARROW device, a 3D model consisting
of a liquid core channel and a nanopore inlet is built with COMSOL. Laminar flow in the
channel is simulated based on the Navier-Stokes flow. 100 Newtonian particles are
introduced through the nanopore inlet. The positions of the particles at the excitation area
are obtained from the simulations and imported in Matlab. Optical excitation and collection
mode profiles are combined to obtain the signal intensity of each particle, depending on its
position. At last, a histogram plot is created based on the intensity statistics. A good match
between experimental and simulated intensity distributions will not be found until the optical
mode is 3.6 um high (Fig. 6a(iv)). Most importantly, this analysis serves as proof that the
intensity variation in the optical detection of single particles in an ARROW device is due to
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fluctuations in particle locations and not other effects such as non-uniform labeling or
particle aggregation.

Sensitivity enhancement by tuning nanopore shape

The shape of a nanopore shrunk by FIB-assisted SiO, deposition was characterized. It can
be seen from Fig. 6b(i) that a thin layer of deposited SiO, protrudes from the top of the
initial nanopore and forms a pointed end. In order to simulate what kind of electrical
blockade we can get from a nanopore with such a cross section shape, a structure with a
similar shape was modelled in COMSOL (inset in Fig. 6b(ii)). The minimum diameter of the
structure was 20 nm. The blue particle formed by two connected cylinders is meant to
imitate a folded DNA molecule. The radius of the thicker cylinder is twice as large as that of
the thinner cylinder (R, = 2R;). After moving the particle through the nanopore and
calculating the ionic current at each point, we got a step-like blockade (Fig. 6b(ii)). We also
found that the ratio between the amplitudes of two steps equals the ratio of the cross section
areas of two cylinders (I5/11 = TR,2/mR12 = 4). However, when the same particle was moved
through a regular cylinder, step-like blockades are not observed, indicating that the fine
structure was not detected. The cross section analysis and the simulation suggest that the
nanopore sensitivity can be enhanced by using a nanopore shrunk by SiO, deposition due to
the introduction of a limiting aperture that is very sharply defined in the vertical direction.
The simulation matches well with some experimentally observed blockades, as seen in Fig.
6b(iii). Because Io/11 ~ 4, based on the above discussion, we can deduce it could be caused
by a folded A-DNA molecule of which the thicker part is twice as thick as the thinner part.

Summary and outlook

In this paper, we reviewed the current progress of the combination of solid-state nanopore
and optofluidics, especially the integration of solid-state nanopores into ARROW-based
optofluidic devices. The capabilities of this liquid-core waveguide platform were illustrated
in detail, and various applications in single particle detection and particle manipulation were
discussed. After the fabrication methods of forming solid-state nanopores into ARROW
chips were investigated and compared, we presented a series of electro-optical detection
examples on nanopore-ARROW devices. Single polystyrene nanoparticles, HIN1 viruses,
and A-DNA were successfully detected simultaneously with ionic current blockades and
fluorescence signals. Moreover, information about the fluid flow and molecular
configurations were extracted by using both electrical and optical signals. We also proposed
and demonstrated that the sensitivity of the device can be further improved by using a SiO»
deposition-shrunk nanopore. Nanopores in optofluidic chips face the same challenges as
solid-state nanopores used purely for electrical sensing. Care has to be taken to minimize
electrical noise. The fabrication of extremely small apertures on the order of ~2 nm for
advanced single nucleic acid analysis is challenging, requiring thin membranes and exquisite
control over the milling and reshaping process. Moreover, the incorporation of nanopores
with microfluidic channels requires additional considerations, such as balancing the
impedance of the narrow, but short nanopore with that of the wider, but much longer fluidic
channel. Finally, care has to be taken to design the nanopore placement and interface in such
a way that the desired optical properties of the device are not compromised.
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Although the sensitive electro-optical detection of single nanoparticles have been
demonstrated, the application of nanopore-optofluidics in bioanalysis has just begun. In the
near future, the expansion of this approach to incorporate feedback control is compelling.
Deterministic introduction of one, and only one nanoparticle into the fluidic channel at a
time can be accomplished by adjusting the potential across the pore upon translocation.
When combined with advanced particle trapping capabilities, [69, 70] such a gated nanopore
device can form the basis of a simple to use, high throughput instrument for single molecule
studies. Moreover, the electrical signal provided by the nanopore can be used as a decision
tool for subsequent routing and processing of the translocated particles in the optofluidic
channel network. As both nanopore and optofluidic technology continue to mature, more
novel and exciting applications will emerge.
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Fig. 2.
Commonly used experimental setups for electro-optical detection with solid-state nanopore.

a Vertical nanopore with top-down microscope. b Horizontal nanopore with top-down
microscope
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a Scanning electron micrographs of 50 nm nanopores made on 50 nm membranes. b The
shapes of hanopores built in the model. ci. Scatter plot of events detected by three kinds of
nanopores when the voltage is 100 mV; ii. The change of blockade amplitude versus the
voltage; iii. Normalized experimental and simulated dwell time versus voltage. d The
comparison between relative conductance changes predicted by numerical and analytical

solutions, and experimental results. [84]
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Fig. 5.
ai. Schematic view of intersecting solid-core (orange) and liquid-core (blue) optical

waveguides on a silicon chip with particles and electrodes in reservoirs (inset: photograph of
chip); ii. The observed electrical signal for different applied voltages; iii. Translocation rate
versus applied voltage. b i. Fluorescent 100 nm and 200 nm nanoparticles are translocated
through a 250 nm nanopore; ii. Electrical blockade (top) and fluorescence (bottom) signals
showing correlated single-particle detection events; iii. Cross-correlation of electrical and
optical signals; iv. Histogram of the optical brightness distribution for each particle type; v.
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Scatter plot of electrical blockades; vi. Multi-parameter analysis enabling assignment of
optical properties to particle subpopulations. Dashed lines: optical signal range with
ambiguous particle size assignment. ¢ i. Schematic view of the virus/nanoparticle mixture
and nanopore; ii. Electrical blockade (black) and spectrally resolved optical fluorescence
signals from viruses (red) and nanoparticles (blue); iii. Scatter plot of electrical signals; iv.
Cross-correlation of optical and electrical virus detection signals for various combinations of
duration/spectral subpopulations. d i. Schematic view of the A-DNA molecule and nanopore;
ii. Electrical blockades (black) and optical signals (red); iii. The cross correlation function
between electrical and optical signals; iv. Blockade amplitude versus voltage. Duration
versus voltage. Capture rate versus voltage
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ai. The calculated trajectories of 100 particles in the liquid-core channel; ii. Top: a cross

section view of the particle distribution. Bottom: the optical mode in the solid-core

waveguide; iii. Experimental intensity distribution (line: Poisson fit); iv. Simulated intensity
distribution when center of the optical mode is located 3.6 pm above the bottom of the
channel (line: Poisson fit). b i. The cross section image of a nanopore shrunk by SiO,
deposition; ii. A simulated blockade caused by a particle going through a nanopore with
pointy edge. Inset: the structures of nanopore and particle; iii. An experimentally observed

blockade; iv. A simulated blockade caused by a particle going through a cylindrical

nanopore. Inset: the structures of nanopore and particle

Mikrochim Acta. Author manuscript; available in PMC 2017 April 01.



