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Abstract
Metallic nanopore arrays have emerged as optofluidic platforms with multifarious sensing and
analytical capabilities such as label-free surface plasmon resonance (SPR) sensing of molecular
binding interactions and surface-enhanced Raman spectroscopy (SERS). However, directed
delivery of analytes through open nanopores using traditional methods such as external electric
fields or pressure gradients still remains difficult. We demonstrate that nanopore arrays have an
intrinsic ability to promote flow through them via capillary flow and evaporation. This passive
“nano-drain” mechanism is utilized to concentrate biomolecules on the surface of nanopores for
improved detection sensitivity or create ordered nanoscale arrays of beads and liposomes. Without
using any external pump or fluidic interconnects, we can concentrate and detect the presence of
less than a femtomole of streptavidin in 10 µL of sample using fluorescence imaging. Liposome
nanoarrays are also prepared in less than 5 minutes and used to detect lipid-protein interactions.
We also demonstrate label-free SPR detection of analytes using metallic nanopore arrays. This
method provides a fast, simple, transportable and small-volume platform for labeled as well as
label-free plasmonic analysis while improving the detection time and sensitivity.
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The emerging field of optofluidics has facilitated on-chip integration of micro- and
nanofluidics with optical sensing and manipulation techniques for a wide variety of
applications.1–3 The analytical tools mainly utilized by these optofluidic platforms have
been fluorescence detection, surface plasmon resonance (SPR), and surface-enhanced
Raman spectroscopy (SERS), which are often combined with trapping and manipulation of
biomolecules and small particles.4–8 The potential advantages offered by optofluidic
platforms include reduced sample consumption as well as improved sensitivity and detection
time. However, demonstrating such benefits using highly miniaturized sensors has been
challenging. In micro- and nanoscale sensors, diffusion-limited binding of low-concentration
analytes to the sensing surface results in reduced sensitivity, prolonged detection time,
artifacts in measured binding kinetics and excessive analyte consumption.9, 10 Thus new
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techniques to enhance targeted delivery of analytes beyond the conventional diffusion limit
are needed. Likewise, rapid transport and site-specific trapping of particles such as beads,
liposomes, or cells is also highly desirable, as it facilitates interrogation of complex
biological molecules and structures over long experimental time scales, improving the depth
and breadth of information obtainable.11 Cells or liposomes trapped on a pre-defined
sensing surface can also be utilized for label-free analysis of ligands interacting with
membrane receptors, which are important targets for drug discovery.12

Among various optofluidic systems, metallic nanohole arrays have been widely investigated
for optical biosensing and spectroscopy13–26 because extraordinary optical transmission
(EOT) through nanohole arrays27 can be exploited to develop SPR biosensors, which can
detect changes in the interfacial refractive index imparted by analyte binding in a real-time
label-free manner. While dead-ended nanohole arrays were initially used, subsequent
development of open-ended nanohole arrays in a free-standing, gold-coated silicon nitride
(Si3N4) membrane enabled “flow-through” plasmonic sensing to address mass transport
limitations.21, 23, 24 Solid-state nanopores have also been useful in DNA sequencing28 and
single-molecule spectroscopy.29, 30 In such open-ended nanopore systems, samples are
typically injected through the nanopores using pressure-driven flow,21, 23 electrokinetic
flow31 or electric field gradient focusing.32 These methods require external sources for
generating pressure gradients, which can often damage the fragile membrane, or a bulky
external power supply for creating an electric field.

In this work, we show that such external driving mechanisms are not required at all for
small-volume concentration of molecules or particle trapping, since each nanopore in the
metallic membrane can act as a nano-capillary and has an intrinsic ability to induce trans-
nanopore solution flow. Techniques based on capillary flow have shown potential in
generating passive flow and improving the sensitivity of assays.6, 33–36 Here we harness
such effects in engineered metallic nanopores to demonstrate a small-volume concentration
and integrated optical detection, which is enabled by metallic nanopore arrays simply acting
as passive “nano-drains” without external pumps. Moreover, because there is no need for
microfluidic interconnects, the system operates with zero dead volume, which drastically
reduces sample consumption. This simple technique also helps prevent damage to the thin
suspended nanopore membrane. Working on the principles of capillary flow and
evaporation, our approach leads to rapid accumulation and local concentration, which
enables arraying and analysis of proteins, polymer and silica beads, as well as phospholipid
vesicles.

EXPERIMENTAL SECTION
Nanopore Array Fabrication

Low-pressure chemical vapor deposition (LPCVD) was used to coat low-stress Si3N4 films
(100 nm) on both sides of silicon wafers. Photolithography and anisotropic Si etching with
potassium hydroxide (KOH) created freely suspended Si3N4 membranes. Electron-beam
evaporation was used to deposit a 200 nm-thick gold layer on the nitride surface, along with
a 5 nm-thick Cr adhesion layer. Holes were milled through the suspended gold/nitride stack
using a focused ion beam (FIB). For binding experiments, atomic layer deposition (ALD)
was used to conformally deposit a 10 nm-thick silica layer on the chips. Additional
fabrication details were described by Im et al.22

Sample Injection
During the experiments, the nanopore sensor chip was supported by glass slides, which
acted as spacers as shown in Figure 1(e–f). The chip was placed with the flat surface (trans

Kumar et al. Page 2

Anal Chem. Author manuscript; available in PMC 2014 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



side) facing down. A 1–10 µL drop of solution containing particles or streptavidin R-
phycoerythrin conjugate (SAPE) was placed on the cis side of the chip directly over a single
reservoir. The sample was left undisturbed for 5 to 10 minutes and then covered with a cover
slip for imaging.

Phospholipid Vesicle Preparation
Vesicles were formed by rehydration of dried lipids. Solutions of lipids in chloroform were
obtained from Avanti polar lipids. These solutions were dried in a desiccator for at least 3
hours. Dried lipids were then rehydrated with 0.1 M NaCl overnight at a final concentration
of 0.1 mg/ml. The lipid mixture contained 99% (w/w) Egg-PC (Phosphatidylcholine) and
1% (w/w) 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl, ammonium salt (Rho-PE) as a fluorescent component. After rehydration, the
vesicles were vortex mixed for 30 seconds and sonicated for 10 minutes in a room
temperature water bath. The vesicles were then extruded through a polycarbonate filter (100
nm) to obtain approximately 100 nm-diameter vesicles. For recording the time-lapse movie
(Movie file S1), 10 µL of vesicle solution was added to the chip and a coverslip was placed
on top. Images were recorded at an interval of 5 seconds with an acquisition time of 1
second.

Fluidic Self-Assembly of Beads on Nanopore Arrays
Silica and polystyrene beads were used to observe and confirm the generic and size-
independent nature of the nanopore-induced fluidic self-assembly process. Silica beads
(mean diameter: 700 nm) and fluorescent polystyrene beads – poly (Styrene/
2%DiVinylBenzene/Vinyl-COOH), mean diameter 2.19 µm, were obtained from Bangs
Labs and used at a final concentration of 107 beads/mL in deionized (DI) water. For the
experiment with silica beads, Figure 2(f–h), 5 µL of solution was placed on back of a single
reservoir for 5 minutes and the remaining solution was rinsed off. Four arrays (16 µm × 16
µm) with a 600 nm pore diameter and 1 µm periodicity were used. The sample was then
dried to record images with a scanning electron microscope. For polystyrene beads, (Figure
S1), 10 µL of solution was placed on back of a reservoir for 10 minutes and imaged in
solution. Two arrays were milled on the suspended membrane. The larger array (32 µm × 32
µm) had a 2 µm periodicity and 1.2 µm pore diameter, whereas the smaller one (16 µm × 16
µm) had a 1 µm periodicity and 600 nm pore diameter.

SAPE and Silane-PEG-biotin Binding Assay
Streptavidin R-phycoerythrin conjugate (SAPE, mol. wt. 292.8 kD) was obtained from
Invitrogen and was diluted in PBS to the desired concentration. Silane-Polyethylene glycol
(PEG)-biotin was obtained from NanoCS Inc. Silane-PEG-biotin was diluted in distilled
water to make a 1 mM solution. The nanopore array chips with silica layer were left
submersed in the solution overnight to form a biotinylated self-assembled monolayer on the
surface. The chips were then gently rinsed to remove excess biotin from the sample surface
by submersing in distilled water for 5 minutes. This step was repeated thrice with fresh DI
water.

For SAPE binding, 10 µL of sample solution was added to a reservoir and left for 10
minutes. A cover slip was placed on the backside of the chip and it was placed on a glass
slide to be quickly imaged. The chip was then gently rinsed by submersing in fresh DI water
for 5 minutes. This step was repeated thrice with fresh DI water to remove unbound SAPE
before fluorescence imaging of the sensor chip.
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Label-free SPR Detection
For SPR sensing, nanopore chips with a gold layer deposited on the cis side were used. The
suspended nitride area had 4 nanopore arrays, two (16 µm × 16 µm) and two (8 µm × 8 µm),
each with nanopore diameter 200 nm and period 500 nm. A monolayer of silane-PEG-biotin
was formed on the chips after silica coating, as mentioned above. Optical transmission
spectra through the nanopores were measured in phosphate buffered saline (PBS) before
addition of SAPE. 10 µL SAPE solution was added to the chip and left undisturbed for 10
minutes. This solution was then replaced with fresh PBS thrice to remove unbound SAPE
molecules. Spectra through the nanopore arrays were measured again and used to calculate
the shift caused by binding of SAPE.

Choleratoxin Binding Assay
For preparation of phospholipid vesicles containing ganglioside functional group, vesicles
were prepared as stated but with 1% (w/w) GM1 and extruded to 200 nm. For formation of a
vesicle array, 5 µL of 0.1 mg/mL vesicle solution was placed over a single reservoir for 5
minutes. The cis side of the sample was rinsed with PBS to wash off excess solution and
then blocked against nonspecific binding by adding bovine serum albumin (BSA; 2 mg/mL).
The setup was left undisturbed for 30 minutes. The chip was rinsed with PBS to wash off
excess BSA and 50 nM choleratoxin (CTX) was added to the cis side of the chip. Again the
chip was left undisturbed for 30 minutes to allow the CTX to bind with GM1. The chip was
washed with PBS again to remove unbound CTX. An upright microscope was used to
capture fluorescence images through the trans side of the chip.

Microscope and Software
The images and optical transmission spectra were recorded using a Nikon Eclipse LV 100
upright microscope and a 50× objective. In the SPR experiments, a MATLAB™ script was
used which fits a second-order polynomial function around the measured peaks and
calculates their centroid. This script is used to track the shift of the desired peak.
Photometrics CoolSNAP HQ2 CCD was used in combination with Voodoo software to
record the images. ImageJ software was used for analysis and coloring of the images. Data
plots were prepared using GraphPad Prism version 5.04. (GraphPad Software, Inc.)

RESULTS AND DISCUSSION
The chip design and schematic of action are shown in Figure 1. A 1 inch × 1 inch chip
containing 9 sensing areas was fabricated in a silicon wafer by photolithography and
anisotropic etching with KOH (Figure 1a). The visible openings form a truncated pyramid
reservoir with sides of ~1 mm which converge to a suspended Si3N4 area with sides of
approximately 150 µm (Figure 1b). For clarity, we refer to the surface of the chip with
visible reservoir openings as the cis side and the opposite surface as the trans side. A single
chip contains 16 sensing areas, each of which can be used independently. A 200 nm gold
layer was deposited on the Si3N4 film to make the platform amenable to analytical
techniques such as SPR,22 SERS,37 and electrochemistry.38 Figure 1c shows the suspended
nitride area with 4 arrays milled using FIB. Scanning electron micrograph (SEM) of an array
is shown in Figure 1d. The schematic (Figure 1e) shows a single drop of solution (1–10 µL
in volume) placed on a single etched reservoir leading to nitride and gold layers with milled
nanopore arrays. Figure 1f demonstrates the proposed passive convection mechanism for
local concentration and assembly of particles at the nanopore array site. Evaporation of
solution through the open end of the nanopores from the trans side of the chip can act as a
passive pump to drive flow of solution towards the nanopores. The spontaneous flow of
liquid towards the nanopore arrays directs particle migration and accumulation at the array
site. Any loss of solution volume in the chamber due to evaporation and fluid flow also
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concentrates the particles and brings them closer to the nanopore arrays. Once the particles
are close to the nanopore arrays, convection directs them to the array region where they are
trapped (Figure 1f).

Particle Array Assembly
We investigated the time course of particle concentration by taking timelapse images. A
drop of a solution of 0.1 M NaCl containing ~100 nm-diameter phospholipid vesicles was
added on a single reservoir and images were taken every 5 seconds. A movie created using
the time-lapse images can be viewed in the supplementary section (Movie S1). Figure 2a
shows a bright-field image of the suspended nitride area with five nanopore arrays. The
larger 4 arrays (16 µm × 16 µm) have a 400 nm pore diameter and 1 µm periodicity (pore
center-to-center distance), whereas the smaller array (8 µm × 8 µm) has a 200 nm pore
diameter and 500 nm periodicity. Figures 2b–d were taken from the time-lapse sequence and
demonstrate the fluorescence increase over the nanopore arrays as more vesicles aggregate
on them. The mean fluorescence intensity for each array area was measured and plotted as a
function of time (Figure 2e). There was no significant change in fluorescence from the area
in between the arrays. The plot also indicates that the rate of increase of mean fluorescence
was approximately linear over the course of 10 minutes. The process is independent of the
physical and chemical nature of the particle, as similar results were obtained for lipid
vesicles extruded to 100 nm, silica beads (mean diameter: 700 nm) (Figure 2f–h) and two
samples of fluorescently tagged polystyrene beads (mean diameters: 2.19 µm and 1.8 µm)
(Figure S1 and S3). These results were obtained consistently with our experiments.
Furthermore, during the observed interval, there was a steady flow of particles towards the
arrays, which indicates that while the nanopores may be obscured by previously arriving
particles, convective particle flux is not drastically reduced.

Effective particle aggregation was observed for pore diameters ranging from 200 to 1200
nm. 8 µm × 8 µm arrays with a 200 nm pore diameter and 500 nm periodicity showed
favorable results. Metallic nanopore arrays with these dimensions were previously used for
SPR sensing.22

Dependence of the passive assembly process on evaporation was supported by a test where
particle accumulation over the nanopore arrays was significantly reduced upon placing the
chip in a humidity chamber. (Figure S3) The effect of cis/trans addition as well as surface
modification by deposition of silica on particle accumulation was studied. The samples were
incubated with 10 µL solution of fluorescent polystyrene beads for 10 minutes and then
imaged. (Figure S4) Although changing between cis and trans addition of solutions resulted
in relatively small variations in particle accumulation, changing the surface characteristics
had a much more prominent influence. The nanopore chips with conformal ALD silica
coating demonstrated increased particle concentration as compared to unmodified Au/Si3N4
chips. This is likely due to improved wetting of the nanopores and increased surface area of
the sample droplet on the more hydrophilic silica surface, which promotes faster
evaporation.

Nanopore-directed convection can also be used for passive, spontaneous self-assembly of
particles using the right combination of array parameters, concentration of particles used and
time allowed for aggregation. (Figure 2f–h) For optimal packing of the particles into arrays,
the pore diameter was tuned to be slightly smaller than the particle diameter and the edge-to-
edge distance between pores was less than the pore diameter. The silica beads had a mean
diameter of 700 nm whereas the nanopores had a diameter of 600 nm and periodicity of 1
µm. The resultant bead arrays were very stable and they remained immobilized after
overnight water submersion. Furthermore, the areas outside of the nanopore arrays were
completely devoid of adsorbed beads.
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Time-lapse sequences, which recorded accumulation of 1.8 µm polystyrene beads over
nanopore arrays, were used to generate an estimate of solution flow rate through the arrays.
Trans addition of solution was used for two kinds of chips, type A with nitride surface
exposed on the trans side and type B with 10 nm-thick silica deposited all over the chip. For
an array (size 32 µm × 32 µm) with a 1.2 µm pore diameter and 2 µm periodicity, we
obtained an estimated flow rate of approximately 6 nL/min for type A and 14 nL/min for
type B. Individual arrays (size 16 µm × 16 µm) with a 600 nm pore size and 1 µm periodicity
were estimated to have a flow rate of ~3 nL/min for samples type A and ~5 nL/min for type
B. Similarly, arrays (8 µm × 8 µm) with a 200 nm pore size and 500 nm periodicity had an
approximate flow rate of ~1 nL/min for sample type A and ~2 nL/min for type B. Using this
mechanism and by increasing the number of arrays, it should be straightforward to achieve
passive flow through speeds in the order of 0.1 µL/min through suspended membrane
nanopore arrays. Patterning large-area nanopore arrays can further increase the flow rates.

Protein Preconcentration for Fluorescence and SPR Analysis
Protein preconcentration for biochemical assays is highly desired for early detection of low-
concentration disease biomarkers. Micro- and nanofluidic channels in combination with
applied electric field have been previously utilized for preconcentration and increased
sensitivity for immunoassays.39, 40 We utilized our setup to demonstrate passive and rapid
detection of low concentration analytes in small-volume droplets. The experiment was
performed on a nanopore array chip with ALD silica coating. The chips were placed in a 1
mM silane-PEG-biotin solution overnight to form a monolayer of exposed biotin over the
entire surface. The silane moiety covalently links the PEG-biotin to the silica surface and
leaves the biotin free to interact with fluorescent SAPE (Figure 3a). A homogeneous
monolayer of PEG-biotin ensures that SAPE can bind anywhere on the chip, not only on the
nanopore array.

To confirm that the preconcentration process originates from trans-nanopore solution flow,
we used an array of partially milled, dead-ended pores as control. (Figure 3b–d) The dead-
ended pores were exposed to the focused ion beam for around two-thirds of the time
compared to the completely milled arrays. Upon adding a 10 nM SAPE solution, intense
fluorescence was exclusive to the completely milled arrays. As the dead-ended pores could
not display capillary action, SAPE binding in them was dependent on diffusion of
molecules. Comparison of the fluorescence intensities in the completely milled and partially
milled pores demonstrates that the directed convection in the open nanopores significantly
increased the analyte concentration and binding (Figure 3b–d).

To quantify the concentration response of the nanopore arrays, we used SAPE
concentrations of 1 nM, 500 pM and 100 pM and measured the fluorescence of the nanopore
array region after an allowed binding time of 10 minutes and rinsing with DI water. We
were able to detect fluorescence from nanopore arrays for all the samples. (Figure 3e–h) For
100 pM, the small concentration combined with the small volume (10 µL) means that 1
femtomole of SAPE molecules were added to the cis side of the chip. (Figure 3f–h) A
fraction of the solution was transported through the nanopores and detected within 10
minutes of concentration. For all the samples used, the background fluorescence from the
region surrounding the nanopore arrays was not significantly larger than that observed
before addition of SAPE. Also, a control sample, which had not been treated with silane-
PEG-biotin solution, did not exhibit fluorescence from any region of the suspended
membrane for all concentration values, indicating that SAPE does not strongly adsorb to
silica. The mean fluorescence value per nanopore array was plotted against concentration of
SAPE for the samples (Figure 3e). The biotinylated sample shows a linear response in terms
of measured fluorescence to the concentration of the SAPE used. The observed fluorescence

Kumar et al. Page 6

Anal Chem. Author manuscript; available in PMC 2014 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



intensity was not dependent on the pore diameter and periodicity, so we can negate the
possibility of the fluorescence enhancement being due to plasmonic effects.41

Analysis of SAPE binding to the nanopore arrays as compared to diffusion-limited dead-
ended nanohole arrays has been further demonstrated in Figure S2. Directed convection of
analyte solution to the nanopore arrays leads to accumulation of molecules and enhancement
of fluorescence at the array site with time (Figure S2a). In comparison, there is no
significant change in fluorescence measurements from the dead-ended nanohole arrays. For
concentration-dependent binding analysis, SAPE concentrations of 1, 10, and 25 nM were
added to the nanopore samples whereas the dead-ended nanoholes were used with SAPE
concentrations of 25, 50, and 100 nM. The mean fluorescence values per nanohole array
were obtained after a 10-minute binding interval and subsequent washing with DI water.
Analysis of fluorescence measurements clearly demonstrates the enhanced binding response
obtained from the nanopore array samples (Figure S2b).

Nanopore arrays with gold deposited on the cis side were used to measure SAPE binding by
SPR. The diameter of the nanopores and periodicity of the array are 200 and 500 nm,
respectively (Figure 4a inset). These dimensions were chosen to position optical
transmission peaks through nanopore arrays in the visible regime for spectral measurements.
As previously shown, the nanopore array made in metallic films can couple the incident
light to surface plasmons, giving optical transmission peaks at specific wavelengths
determined by the geometry of the array as well as the interfacial refractive index. The peak
transmission wavelength is sensitive to the interfacial refractive index changes caused by
molecular binding, and thus enables label-free SPR biosensing.22 Normalized transmission
spectra obtained through the nanopore array is shown in Figure 4a. A transmission peak at
approximately 800 nm, which is associated with surface plasmons at the gold-water
interface, was used for sensing. The plot (Figure 4b) shows an increase in spectral shift with
SAPE concentration for the biotinylated sample, whereas the control sample with no silane-
PEG-biotin shows very little shift because of negligible nonspecific binding of SAPE to the
surface, which agrees with the fluorescence measurements.

Liposome Nanoarray
The results obtained with particles demonstrate that this method can be used to create
particle nano- or microarrays without the need for chemical modification of the surface or
particle. The successful application of microarray technology in high throughput analysis of
biological particles has now led to tremendous interest in development of nanoarrays, which
focus on immobilization of biomolecules in a small volume with very high spatial
density.42–45 In the method presented here, once the particles are in position and adhered to
the walls of the nanopores, they could be utilized to perform statistical studies or create
random particle arrays for multiplex biosensing experiments.46, 47 Accumulation of a
monolayer of particles over 300 nm-deep nanopores enables study of the arranged particles
from both the cis and trans sides of the chip. (Figure 5a) As seen in the schematic viewed
from the trans side, each pore acts as a window with the ability to analyze the particle
immobilized inside a nanopore. Thus we end up with an orderly assembly of particles in a
nano- or microarray format without the requirement of any external chemical modification,
which may alter the properties and behavior of the objects being tested. This method of
analysis, where a thin membrane is used as a shadow mask to create an impression of arrays,
can be utilized for single particle studies.

For analysis of an array of single particles from both sides, the simplest case would be as
visible in Figure 2f–h where the particle size is homogeneous, larger than the pore diameter
and results in a monolayer thus enabling single particle analysis. The process is also efficient
for physiologically relevant cases where the particle immobilization might be less uniform
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owing to size variability. We demonstrate this method using lipid vesicles and test them for
a membrane-bound receptor. Lipid bilayer vesicles act as models for cell membranes and
this method could be utilized for study of membrane components including membrane-
bound proteins, which are targets for the action of many drugs.12, 48 Vesicles with
ganglioside GM1 (monosialotetrahexosylganglioside) were extruded to 200 nm and used for
this assay. The B-subunit of cholera toxin (CTX) binds GM1 with high affinity. Nanopore
arrays with a 600 nm pore diameter and 1 µm periodicity were used. The vesicle solution
and subsequently Alexa 488-conjugated CTX were both added from the cis side. The images
were obtained from the trans side utilizing each nanopore as a viewing window. Figure 5b
shows that we can utilize the advantages of two open surfaces with this design, with the
vesicles and their reaction with CTX being recorded in a visible array format.

CONCLUSION
We have demonstrated a fast, passive, and small-volume method of directed immobilization
of particles in orderly arrays using a suspended Au/Si3N4 membrane perforated with
nanopores. Our experiments demonstrate that nanopore arrays can act as nano-drains,
spontaneously draining solutions from the reservoir via capillary flow and evaporation at the
open end of the nanopores. This process, in turn, promotes molecular concentration and
particle accumulation around the nanopores. This simple setup improves analyte transport
by directing convection to the sensor area, obviating the need for other complicated
techniques or external power sources. The ease of experimentation, analysis and minimal
sample consumption (less than 10 µL) make these nanopore arrays a powerful optofluidic
platform for point-of-care sensing of biomarkers, which occur in low concentration. The
simplicity of the passive sample injection and concentration makes the platform potentially
useful for diagnostic applications in the developing world, as particle array formation or
molecular concentration and subsequent fluorescence readout and analysis requires minimal
setup and expertise. In addition, we have shown that the nanopore-directed binding of
molecules at the array site can be detected via SPR. The setup can also be used to obtain a
periodic arrangement of monolayer of particles, aimed to gather statistical information from
small-volume assays. These results make a strong case for nanopore arrays as integrated
optofluidic platforms, with their application demonstrated in label-free sensing, fluorescence
assays, concentration and particle trapping. Efficient and large-scale fabrication of the
nanopore platform is possible based on recent advances in high-throughput fabrication of
metallic nanoholes.17, 25, 49 Our platform can readily be combined with nanohole-based
SPR,13, 15, 19, 50 SERS,14, 37 and electrochemical sensors38 for improved chemical
selectivity and lower detection limits for molecules of biological and physiological
relevance.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Nanopore array chips and schematic of assembly process. (a) A 1 inch × 1 inch chip with
nine etched reservoirs leading to suspended nitride sensing regions. A single reservoir has
been circled. (b) Bright-field image showing a single truncated pyramidal reservoir leading
to suspended membrane. The opening on the cis side has sides ~1 mm leading to a Si3N4
membrane with sides of ~150 µm. (c) Brightfield image of the suspended membrane after
milling 4 nanopore arrays. Scale bar is 20 µm. (d) Scanning electron micrograph of a
nanopore array (pore diameter: 600 nm, periodicity: 1 µm) milled using focused ion beam.
Scale bar is 5 µm. (e, f) Schematics of a single reservoir and suspended Si3N4 membrane
region showing spontaneous accumulation of particles onto the nanopore array.
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Figure 2.
Rapid, highly specific, and materials-general particle assembly over nanopore arrays,
demonstrated using lipid vesicles and silica beads. (a–d) Bright field and time-lapse images
of a suspended nitride area showing assembly of fluorescent liposomes over the array
region. The larger 4 arrays (16 µm × 16 µm) have a 400 nm pore diameter and 1 µm
periodicity, whereas the smaller array (8 µm × 8 µm) has a 200 nm pore diameter and 500
nm periodicity. (e) Graph showing the rate of increase of mean fluorescence of each array
with time. (f–h) Scanning electron micrographs showing assembly of 700 nm silica beads
over nanopore arrays. The arrays (16 µm × 16 µm) have a 600 nm pore diameter and 1 µm
periodicity. (f) Suspended nitride membrane with silica beads assembled over four nanopore
arrays with no beads visible elsewhere on the membrane. (g) SEM image demonstrating
alignment of particles on an array having 600 nm pores with 1 µm periodicity. (h) A tilted
and zoomedin image of the array. Scale bar is 20 µm for figures (a–f), 5 µm for figure (g)
and 1 µm for figure (h).

Kumar et al. Page 12

Anal Chem. Author manuscript; available in PMC 2014 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Schematic, flow dependence and low concentration analysis of SAPE-biotin binding. (a)
Schematic showing all surfaces of the chip covered with silica and a monolayer of silane-
PEG-biotin. SAPE is directed towards the nanopore arrays where it binds with the biotin. (b)
Bright-field image of a suspended nitride region with one partially milled nanopore array
and an array with completely milled pores. The arrays (16 µm × 16 µm) have a 600 nm pore
diameter and 1 µm periodicity. Scale bar is 10 µm for (b–d). (c) Fluorescence image of the
sample after addition of 10 nM SAPE solution demonstrating nanopore-induced pre-
concentration. The partially milled pores are not open on the trans side of the chip and hence
cannot act as capillaries. (d) Fluorescence image of the sample after rinsing the chip with DI
water. (e) A graph showing linear relationship between the mean fluorescence over the
nanopore arrays as a function of the concentration of SAPE. (f) Bright-field image of a
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suspended nitride region with 4 nanopore arrays. Larger arrays (16 µm × 16 µm) have a 600
nm pore diameter and 1 µm periodicity. Smaller arrays (8 µm × 8 µm) have a 200 nm pore
diameter and 500 nm periodicity. (g) Fluorescence image of the sample after addition of 100
pM SAPE solution. (h) Fluorescence image of the area after rinsing the chip with DI water.
Scale bar is 20 µm for (f–h).
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Figure 4.
Surface plasmon resonance detection of SAPE-biotin binding. (a) Normalized transmission
spectra as recorded from an array of 200 nm nanopores. The transmission peak at
approximately 800 nm corresponds to the gold-water interface and was used to measure the
shift in transmission. (Inset) SEM image of nanopores (diameter: 200 nm, periodicity: 500
nm) used for spectral measurements. Scale bar is 1.5 µm. Four arrays were milled on the
suspended nitride area for measuring the transmission spectra, two large (16 µm × 16 µm)
and two smaller (8 µm × 8 µm). (b) A graph showing shift of transmission spectra through
the nanopore arrays upon SAPE binding as a function of SAPE concentration.
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Figure 5.
Suspended nanopore arrays for biological assays. (a) Schematic showing that lipid vesicles
immobilized in nanopores are accessible from both sides for analysis. (b) Two suspended
nanopore arrays on a chip where vesicles were added from the cis reservoir side and images
were collected from the trans side. The vesicles contained ganglioside GM1, which is bound
by fluorescently tagged cholera toxin. The arrays (16 µm × 16 µm) have a 600 nm pore
diameter and 1 µm periodicity. Scale bar: 5 µm.
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