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N
ature often exploits weak intermo-
lecular interactions to permit the
reversible assembly of macromole-

cular complexes, achieve high binding
specificities, and facilitate functionally im-
portant biomolecular dynamics.1 Although,
in principle, single-molecule fluorescence
(smF) microscopies provide powerful tools
for dissecting the mechanisms of the fun-
damentally important biological processes
that involve weakly interacting target and
ligand biomolecules,2 in practice, these
investigations remain challenging. This is
because the observation of these weak
intermolecular interactions on a time scale
that is experimentally accessible to conven-
tional smF microscopies requires prohibi-
tively high background concentrations of
ligand biomolecules in solution, a condition
that results in high background noise and,

consequently, compromises the quality of
smF data.3

Many strategies have been devised to
reduce the noise arising from high back-
ground concentrations of ligand biomole-
cules in smF microscopy experiments.
Notably, strategies that specifically activate
fluorophores of interest (e.g., fluorescence
resonance energy transfer (FRET),4 photo-
activatable fluorophores,5,6 and photogenic
fluorophores7) or confine the excitation
field (e.g., total internal reflection fluores-
cence (TIRF) microscopy8 and confocal
microscopy9) have been used to selectively
excite only those ligand biomolecules that
are bound to a target biomolecule. Perhaps
the most effective strategy described to
date is the use of metal-based, subwave-
length nanoapertures, often called zero-
mode waveguides (ZMWs), to generate a
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ABSTRACT The optical confinement generated by metal-based nanoapertures fabricated on a silica

substrate has recently enabled single-molecule fluorescence measurements to be performed at

physiologically relevant background concentrations of fluorophore-labeled biomolecules. Nonspecific

adsorption of fluorophore-labeled biomolecules to the metallic cladding and silica bottoms of

nanoapertures, however, remains a critical limitation. To overcome this limitation, we have developed

a selective functionalization chemistry whereby the metallic cladding of gold nanoaperture arrays is

passivated with methoxy-terminated, thiol-derivatized polyethylene glycol (PEG), and the silica bottoms of those arrays are functionalized with a binary

mixture of methoxy- and biotin-terminated, silane-derivatized PEG. This functionalization scheme enables biotinylated target biomolecules to be

selectively tethered to the silica nanoaperture bottoms via biotin�streptavidin interactions and reduces the nonspecific adsorption of fluorophore-labeled

ligand biomolecules. This, in turn, enables the observation of ligand biomolecules binding to their target biomolecules even under greater than 1 μM

background concentrations of ligand biomolecules, thereby rendering previously impracticable biological systems accessible to single-molecule

fluorescence investigations.

KEYWORDS: zero-mode waveguide . nanoaperture . single-molecule fluorescence . microscopy .
fluorescence resonance energy transfer . self-assembled monolayer . translation factor
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confined excitation field near the silica bottom of a
nanoaperture structure, thereby selectively exciting
only those ligand biomolecules that are bound to a
target biomolecule that is localizedwithin the confined
excitation volume.3 While nanoaperture fluorescence
microscopy is currently the only optical confinement-
based microscopy that permits smF measurements
to be made at physiologically relevant, micromolar
background concentrations of ligand biomolecules
(Figure 1), the nonspecific adsorption of these ligand
biomolecules to the metallic and silica nanoaperture
surfaces often compromises the signal-to-background
ratio (SBR) of the smF data. In order to overcome this
problem, an orthogonal surface chemistry process
was developed to selectively passivate the metallic
cladding and silica bottoms of nanoapertures. Unfor-
tunately, this process is quite limited, as it uses nega-
tively charged poly(vinyl)phosphonic acid (PVPA) to
minimize the nonspecific adsorption of negatively
charged, fluorophore-labeled deoxynucleotides for
single-molecule DNA sequencing applications,10 and
it is not generally applicable to other biomolecular
systems. The lack of significant progress in the devel-
opment of more generalizable surface passivation
chemistries has thus far restricted the use of nano-
aperture fluorescence microscopy to only a hand-
ful of biological systems11�13 over the decade since

nanoaperture fluorescence microscopy of biological
systems was first introduced.3

Here, we report a cost-effective and widely accessi-
ble method for the fabrication and selective functio-
nalization of microfluidic devices containing gold
nanoaperture arrays for smF microscopy investiga-
tions. A key advantage of our approach is the robust
passivation of the nanoaperture surfaces against
the nonspecific adsorption of biomolecules. For the
gold cladding, this is provided by the formation of
self-assembled monolayers (SAMs) on the gold sur-
face usingmethoxy-terminated, thiol-derivatized poly-
ethylene glycol (PEG). SAMs have traditionally been
employed to mitigate nonspecific adsorption, and
expansively ordered, thiolate SAMs readily form on
gold surfaces.15,16 Notably, SAMs with terminal PEG
blockshavebeenshowntoprovideparticularlynonspecific
adsorption-resistant, biocompatible backgrounds,16�18

as PEG chains are extensively hydrated, and the non-
specific adsorption of biomolecules induces enthalpi-
cally unfavorable desolvation and entropic penalties
from compression of a monolayer.19 By combining this
approach for passivating the gold cladding with a fully
orthogonal approach for functionalizing the silica bot-
tom of the nanoapertures using a binary mixture of
methoxy- and biotin-terminated, silane-derivatized
PEG, we have developed a scheme that enables spe-
cific tethering of biotinylated target biomolecules to
the silica bottom of the nanoapertures while robustly
blocking the nonspecific adsorption of ligand biomo-
lecules to both the gold cladding and the silica bottom
of the nanoapertures. As a proof-of-principle, we de-
monstrate that the time-resolved fluorescence signals
from an individual biotinylated, surface-tethered, FRET
donor- and acceptor-fluorophore-labeled protein, bac-
terial peptide chain release factor 1 (RF1);a protein
that has never been shown to be compatible with
PVPA-passivated aluminum-based nanoapertures;
can be easily monitored in the presence of more than
1 μM background concentrations of FRET acceptor-
labeled RF120 without detectable deterioration of the
SBR from excitation cross-talk.

RESULTS AND DISCUSSION

Gold nanoaperture arrays were fabricated on borosili-
cate coverslips using an electron-beam lithography pro-
cess in which nanoapertures are formed in the relief of
metal-embeddedpillars of cross-linkedpolymer (Figure 2).
During thedevelopmentof theelectron-beamlithography
steps of this process, we found that the poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) con-
ductive layer employed (applied to the Ma-N 2403
negative-tone resist in order to prevent charging
during electron beam writing) failed to be completely
removed by water washing following electron-beam
writing. It is possible that this layer, which has a pH of
1.5�2.5 at room temperature, cross-links to the Ma-N

Figure 1. Diagram of concentration ranges accessible by
various microscopy techniques. Red lines represent the
upper limit of the background concentration of ligand
biomolecules that can be employed in smF experiments
using epi-fluorescence microscopy (Epi), TIRF microscopy
(TIRF), and nanoaperture fluorescence microscopy (Nano).
The microscope schematics connected to each red line
provide molecular-level diagrams corresponding to each
technique (upper panel). The histogram shows the distribu-
tion of Michaelis constants (KM), a characterization of the
interactions between enzymes and their corresponding
substrates, of all eukaryotic enzymes in the BRENDA en-
zyme database.14 This distribution is analogous to the
distribution of background concentrations of ligand bio-
molecules required to observe interactions with a target
biomolecule on an experimentally accessible time scale
using smF microscopies (lower panel).
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2403 negative-tone resist layer, which is composed
of a phenolic resin with a bisazide photoactive
compound. Therefore, instead of washing with
water, treatment with acetic acid, which would be
expected to reverse the cross-linking equilibrium,
was used to produce well-defined pillars. Typically,
this process yields ∼80% of the intended nanoaper-
tures, with poor pillar adhesion prior to metaliza-
tion or incomplete lift-off being the most common
causes of defects. Despite these issues, this process
yields nanoapertures with an average diameter of
177 nm, with a relatively narrow diameter distribu-
tion (Figure 2), and a spacing of 1�5 μm. Within
these dimensions, gold nanoapertures exhibit both
the strong electromagnetic confinement responsi-
ble for the reduction in excitation volume and the
gold surface plasmon-mediated fluorescence en-
hancement that is characteristic of smaller dia-
meter gold nanoapertures.21,22

Following nanofabrication, the gold nanoaperture
arrayswerepassivatedwith aSAMformedusingmethoxy-
terminated, thiol-derivatized PEG (mPEG-SH) and a SAM
formed using a binary mixture of methoxy-terminated,
triethoxy-functionalized, silane-derivatized PEG (mPEG-Si)

andbiotin-terminated, triethoxy-functionalized, silane-
derivatized PEG (biotin-PEG-Si) to create biomolecule
adsorption-resistant backgrounds on the gold clad-
ding and the silica nanoaperture bottoms, respectively
(Figure 3). As silanes have a propensity to covalently
bond to gold,23 thiolation of the gold cladding was
performed prior to silanization of the silica nanoaper-
ture bottoms to yieldmore homogeneously passivated
nanoapertures. Following extensive substrate clean-
ing, the passivation process begins with a 12 h incuba-
tion in a solution prepared by dissolving mPEG-SH in
anhydrous ethanol to a final PEG concentration of
1 mM, thereby ensuring sufficient time for SAM forma-
tion.16 The substrates were then silanized for 24 h in a
solution of 100 μM biotin-PEG-Si and mPEG-Si in
anhydrous toluene at the specified molar ratio of
biotin-PEG-Si to mPEG-Si.
Microfluidic devices were then assembled by mount-

ing substrates comprising fully passivated, gold nano-
aperture arrays onto quartz microscope slides that had
been drilled to form sets of inlet/outlet ports, cleaned
and passivated with mPEG-Si using a previously pub-
lished procedure,24 and divided into multiple, separate
reaction flow cells using adhesive spacers (Figure S1).25

Figure 2. Schematic diagram of the nanoaperture fabrication process. Negative-tone electron-beam lithography cross-links
patterns in the negative resist on a silica coverslip; excess electrons are removed to a ground via a conductive layer. Pillars of
patterned, cross-linked resist remain following substrate exposure to aqueous developer. The top panel shows a wide-field,
optical microscope image of a premetalization pillar array. An optically transparent adhesion layer of titanium is then
deposited with electron-beam evaporation. Subsequently, a layer of gold is deposited with electron-beam evaporation, such
that the cross-linked resist remains solvent exposed. Nanoapertures are formed in the relief of the pillars following solvent-
based liftoff. Themiddlepanel shows an atomic forcemicroscope image cross-sectionof a typical nanoaperture; the red line is
a boxcar function fit with a 115 nm step length. The bottom panel shows a scanning electron microscope image of a
nanoaperture array, postfabrication; the average diameter of the nanoapertures in this array is 177 ( 16 nm (1σ, n = 499).
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Once the substrates had been mounted onto the
adhesive spacers, epoxy was used to seal the sides of
the flow cells. This multiple flow cell geometry allows
for several independent experiments and controls to
be performed in the same microfluidic device, thereby
eliminating device fabrication and processing as a
source of experimental variation.
To assess the robustness of our gold nanoaperture

passivation scheme, we performed several nanoaper-
ture fluorescence microscopy experiments using a
biotinylated, Cy3 FRET donor- and Cy5 FRET acceptor-
labeled, double-cysteine mutant of the Escherichia coli
RF1 (bio-RF1Cy3,Cy5). The ability to specifically localize
a biotinylated target biomolecule from solution to
the silica bottom of a nanoaperture is dependent upon
the formation of a biotin�streptavidin�biotin bridge
between the biotin-PEG-Si on the silica bottom of the
nanoaperture, streptavidin, and the biotinylated target
biomolecule, in this case, bio-RF1Cy3,Cy5. After incuba-
tion of a flow cell with1 μM streptavidin for 5 min at
room temperature, washing with Tris-polymix buffer,
incubation with 1 pM bio-RF1Cy3,Cy5 for 5 min at room
temperature, and washing with Imaging buffer, wide-
field fluorescence imaging of the flow cell yielded
fluorescence emission from bio-RF1Cy3,Cy5 in a well-
defined pattern corresponding to the nanoaperture
array (Figure 4A, top panel). When performing the
same experiment in a neighboring flow cell, but in
the absence of streptavidin, no fluorescence emission
was detected from the nanoaperture array. Even ima-
ging of regions of bulk silica just proximal to the
nanoaperture array revealed only minimal fluores-
cence emission from spatially localized bio-RF1Cy3,Cy5,

which we attributed to the nonspecific adsorption of
bio-RF1Cy3,Cy5 to defects in the borosilicate surface of the
coverslip substrate (Figure 4A, bottom panel). Thus,
the passivating SAMs resisted the nonspecific adsorp-
tion of bio-RF1Cy3,Cy5 to both the gold cladding and
the silica bottoms of the gold nanoaperture arrays,
while the presence of streptavidin at the bottom of the
nanoaperture arrays allowed the specific localization of
bio-RF1Cy3,Cy5 to the nanoaperture arrays. In addition
to demonstrating the robustness of our SAM-based
passivation scheme, these results show that the pre-
sence of neither the gold cladding nor the mPEG-SH
SAMs interferedwith passivation of the silica regions of
the substrates with the biotin-PEG-Si and mPEG-Si
SAMs.
We expect that the biotin-PEG-Si that is responsible

for localizing streptavidin, and therefore bio-RF1Cy3,Cy5,
to the silica nanoaperture bottoms via a biotin�
streptavidin�biotinbridge shouldbePoisson-distributed
throughout the nanoapertures; thus, whereas individual
nanoaperturesmay contain zero, one, two, three, ormore
surface-tethered bio-RF1Cy3,Cy5 molecules, the exact dis-
tribution that is observed is dependent upon the ratio of
biotin-PEG-Si to mPEG-Si employed during passivation:
the larger the ratio, the greater the probability of obser-
ving multiple surface-tethered bio-RF1Cy3,Cy5 molecules
per nanoaperture. To demonstrate this tunable control
over nanoaperture occupation, we characterized the Cy3
fluorescence emission from single nanoapertures con-
taining surface-tethered bio-RF1Cy3,Cy5 in flow cells that
have been passivated using our passivation schemewith
particular ratios of biotin-PEG-Si to mPEG-Si. Normalized
histograms were constructed of the intensity of Cy3

Figure 3. Molecular-level schematic diagram of thiol- and silane-passivated surfaces. The gold surfaces of the nanoaperture
arrays were passivated with a SAM formed using mPEG-SH, and the borosilicate surfaces of the nanoaperture arrays were
passivated with a SAM formed using a binary mixture of biotin-PEG-Si and mPEG-Si.
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fluorescence emitted from individual nanoapertures in
flow cells passivated with 1:600 (n = 173, where n is the
number of nanoapertures that were characterized) and
1:300 (n = 195) biotin-PEG-Si:mPEG-Si that were both
incubated with 1 μM streptavidin for 5 min at room
temperature, washed with Tris-polymix buffer, incu-
bated with 100 nM bio-RF1Cy3,Cy5 for 5 min at room
temperature, and washed with Imaging buffer to re-
move all unbound bio-RF1Cy3,Cy5 (Figure 4B). As ex-
pected, the distributions of the average Cy3 fluores-
cence intensity per nanoaperture are resolved into
discrete peaks that correspond to discrete numbers
of bio-RF1Cy3,Cy5 molecules per nanoaperture. By cor-
relating the number of individual Cy3 photobleaching
events observed in the Cy3 fluorescence intensity
versus time trajectories to the Cy3 fluoresence intensity
observed per nanoaperture, we determined the abso-
lute number of bio-RF1Cy3,Cy5 molecules that corre-
sponded to each peak in the histogram; the peaks
in the histogram of Cy3 intensities correspond to
nanoapertures that contain either one, two, or three
biotin�streptavidin�biotin-tethered, fluorescing bio-
RF1Cy3,Cy5 molecules (Figure 4B, insets). As expected,
doubling the biotin-PEG-Si:mPEG-Si ratio from 1:600 to
1:300 increases the populations of Cy3 fluorescence
intensities corresponding to higher numbers of bio-
RF1Cy3,Cy5 molecules per nanoaperture. In addition,

control over the distribution of bio-RF1Cy3,Cy5 mol-
ecules per nanoaperture can be achieved by altering
the concentrations and incubation times of streptavi-
din and bio-RF1Cy3,Cy5. For the nanoaperture arrays of
the dimensions used here, we find that a 1:1000 ratio of
biotin-PEG-Si:mPEG-Si with a 5min incubation at room
temperature in 1 μM streptavidin followed by a 5 min
incubation at room temperature in 10�100 pM bio-
RF1Cy3,Cy5 yields a maximal population of nanoaper-
tures that contain a single bio-RF1Cy3,Cy5 molecule.
Taken together with the streptavidin dependence
shown in Figure 4A, our ability to predictably control
the distribution of bio-RF1Cy3,Cy5 molecules per nano-
aperture by altering the ratio of biotin-PEG-Si:mPEG-Si
demonstrates that the tethering of bio-RF1Cy3,Cy5 mol-
ecules to the silica nanoaperture bottoms is specifically
dependent on the presence of a biotin�streptavidin�
biotin bridge. Moreover, the chemistries employed are
general enough to produce similar results in different
nanoaperture geometries (e.g., squares) andwith other
metallic claddings that can form thiol SAMs (e.g., silver).
High background concentrations of ligand biomole-

cules and/or the nonspecific adsorption of ligand bio-
molecules cause deterioration of the SBR in FRET-based
smF experiments used to characterize weak biomole-
cular interactions, a limitation of FRET-based smF ex-
periments that we expect our passivated, gold-based

Figure 4. (A) Streptavidin dependence of nanoaperture occupation. After incubating bio-RF1Cy3,Cy5 in a flow cell with
streptavidin, Cy3 fluorescence was observed in a pattern corresponding to that of the nanoaperture arrays, demonstrating
that bio-RF1Cy3,Cy5 was specifically localized to the silica bottoms of the nanoapertures (upper panel); the nanofabrication
defects described in the text result in the lack of fluorescence in some of the regions where nanoapertures should be located.
After incubating bio-RF1Cy3,Cy5 in a second flow cell without streptavidin, Cy3 fluorescence was not observed from the
nanoaperture array under the same imaging conditions; moreover, only minimal Cy3 fluorescence emission was observed
from regions of bulk silica just proximal to the nanoaperture array (lower panel). (B) Tunable nanoaperture occupation.
Histograms show the distributions of Cy3 fluorescence intensities observed over 100 s from nanoapertures in flow cells that
had been passivated with a 1:300 or a 1:600 ratio of biotin-PEG-Si:mPEG-Si and then incubated with both bio-RF1Cy3,Cy5 and
streptavidin. Insets showdiscrete photobleaching events in Cy3fluorescence intensity versus time trajectories that contribute
to the histogram peaks and correspond to the occupancy of bio-RF1Cy3,Cy5 in individual nanoapertures.
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nanoapertures to overcome. In order to simulate the
conditions of such an experiment without the usual
complications to the FRET efficiency versus time trajec-
tories that are introduced by the binding and dissocia-
tion of FRET acceptor-labeled ligand biomolecules
from solution to individual, surface-tethered, FRET
donor-labeled target biomolecules, we performed
the FRET-based titration experiment diagrammed in
Figure 5A. Briefly, we used a biotin�streptavidin�biotin
bridge to specifically tether bio-RF1Cy3,Cy5 to the silica
nanoaperture bottoms of a fully passivated (1:1000
biotin-PEG-Si:mPEG-Si) nanoaperture array and imaged
a single flow cell at successively higher background
solution concentrations of a Cy5 FRET acceptor-labeled
variant of RF1 (RF1Cy5). To observe FRET signals arising
from individual bio-RF1Cy3,Cy5 molecules tethered to
the silica nanoapertures bottoms, the Cy3 and Cy5
fluorescence intensities from individual, single bio-
RF1Cy3,Cy5 occupancynanoapertures (ICy3 and ICy5, respec-
tively) were converted into FRET efficiency, EFRET = ICy5/
(ICy3þ ICy5), which is a ratiometric measure of acceptor-
fluorophore fluorescence. Although we were able to
observe FRET signals arising from nanoapertures con-
taining single bio-RF1Cy3,Cy5 molecules, the resulting
EFRET versus time trajectories were characterized by a

very low SBR (Figure 5B). It is possible that this reduc-
tion in the SBR of EFRET versus time trajectories is caused
by quenching of Cy3 and/or Cy5 that arises from close
proximity of these fluorophores to the gold surface, by
a red-shift of the fluorescence emission of Cy5 past our
filter bandwidth, or that our bio-RF1Cy3,Cy5 construct
exists mostly in a conformation where Cy3 and Cy5 are
too far away from each other so as to undergo appreci-
able energy transfer, an unlikely explanation, as we
have observed energy transfer between Cy3 andCy5 in
TIRF-based FRET experiments using this same bio-
RF1Cy3,Cy5 construct (Pulukkunat, D. K.; Gonzalez, R. L.,
Jr., unpublished results).
In order to quantify the ability of our nanoapertures

to resist the SBR deterioration caused by high ligand
biomolecule concentrations in solution and/or non-
specific adsorption of ligand biomolecules to the
nanoaperture surfaces, we calculated the SBR distribu-
tions of Cy3 fluorescence intensity observed during this
experiment. As a reference, the SBR of the analogous
TIRF microscopy experiment drops prohibitively low
with greater than ∼50 nM RF1Cy5 in solution. After
nonlinear least-squares fitting a step function to each
Cy3 fluorescence intensity versus time trajectory ob-
served in singlebio-RF1Cy3,Cy5occupancynanoapertures,

Figure 5. (A) Schematic diagram of a nanoaperture fluorescence microscopy experiment designed to simulate the effect of
increasing background concentrations of a FRET acceptor-labeled ligand biomolecule on a FRET-based nanoaperture
fluorescence microscopy experiment. (B) Typical FRET signal from a single bio-RF1Cy3,Cy5 in a nanoaperture. Cy3 and Cy5
fluorescence intensities versus time trajectories are plotted on top, and the corresponding EFRET versus time trajectory is
plotted below. (C) Distributions of Cy3 SBRs (calculated as the change in Cy3 fluorescence intensity due to photobleaching
divided by the standard deviation of pure background fluorescence) imaged with 0 nM (n = 136), 1 nM (n = 137), 10 nM
(n = 155), 100 nM (n = 131), and 1000 nM (n = 146) background concentrations of RF1Cy5. Representative Cy3 fluorescence
intensity versus time trajectories at specific SBRs from the 1000 nM RF1Cy5 data set are shown below. The inset shows the
average SBRs with bootstrapped, 1σ error bars (n = 1000).
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we calculated the SBR as the Cy3 fluorescence intensity
differencedue tophotobleachingdividedby the standard
deviation of pure background fluorescence (measured
using the last 50 photobleached time points of each Cy3
fluorescence intensity versus time trajectory) and plotted
the SBR distribution of ∼130�150 single bio-RF1Cy3,Cy5
molecules per background concentration of RF1Cy5 that
was tested (Figure 5C). We observed an insignificant
decrease in the average SBR at the highest background
concentrationofRF1Cy5we tested (1μM), andpresumably
the fully passivated, gold nanoaperture arrays reported
here would continue to enable detection of single bio-
RF1Cy3,Cy5moleculeswith adequate SBR at concentrations
of RF1Cy5 much greater than 1 μM. Notably, this robust
passivation would also be particularly effective in fluo-
rescence co-localization-type smF experiments inwhich
fluorophore-labeled ligand biomolecules in solution are
directly excited by a laser excitation source and are
observed to interact with either unlabeled or differen-
tially fluorophore labeled target biomolecules tethered
to the bottoms of the nanoapertures.

CONCLUSION

The significant SBR deterioration caused by the
nonspecific adsorption of ligand biomolecules onto
the metallic and silica surfaces of nanoaperture arrays
and difficulties in the nanofabrication, passivation,
and microscopy of nanoaperture arrays have been
major limiting factors for the widespread adoption of

nanoaperturefluorescencemicroscopy for smF studies of
biological systems. By combining a facile and effec-
tive procedure for fabricating and functionalizing gold
nanoaperture arrays, we have generated a microfluidic
device that can enable powerful new smFexperiments of
weakly interacting biological systems that were pre-
viously impracticable with microscopy techniques such
as TIRF. We have demonstrated that our passivated
nanoaperture arrays can be used to probe biological
interactions under physiological concentrations of ligand
biomolecules with a protein of interest, RF1; notably,
straightforward extensions of these experiments enable
the structural dynamics of RF1 to be characterized as it
weakly interacts with ribosomes programmed with non-
stopmRNA codons, previously impracticable smF experi-
ments that will allow us to investigate the mechanisms
governing the fidelity with which RF1 recognizes stop
codons and terminates protein synthesis. Moreover, the
well-documented, robust nature of the nonspecific ad-
sorption resistance of PEG SAMs15�19 suggests that the
passivation scheme presented here should be resistant
to the nonspecific adsorption of many other types of
biomolecules. Furthermore, the plasmon-mediated fluo-
rescence enhancements that are attainablewith a variety
of gold nanoaperture geometries21 are fully compatible
with the surface functionalization approacheswepresent
here, a benefit that we will attempt to exploit in future
developments of thenanoaperture array design reported
here.

METHODS
Nanoaperture Array Fabrication. Borosilicate coverslips (No. 1.5,

VWR) were degreased in piranha solution (3:1 H2SO4/30%H2O2)
for 15 min, rinsed with Milli-Q ultrapure water, sonicated for
15 min in ethanol, and then sonicated for 15 min in Milli-Q
ultrapure water. Degreased coverslips were exposed to an O2

plasma for 2 min, and, immediately thereafter, a thin layer of
Ma-N 2403 (Micro Resist Technology GmbH)was depositedwith
a spin-coater. Coverslip substrates were then prebaked at 90 �C
for 1 min. Next, 2.5% poly(2,3-dihydrothieno-1,4-dioxin)-poly-
(styrenesulfonate) (PEDOT:PSS) (Sigma-Aldrich) was filtered
through a 0.2 μm Acrodisc syringe filter (VWR), deposited with
a spin-coater as a conductive layer, and then prebaked at 90 �C
for 5min. Arrays of circles were patterned on the substrate using
an FEI Sirion SEM with a 30 kV electron beam adapted with the
Nanometer Pattern Generation System (JC Nabity Lithography
Systems). Patterns were developed by immersion in 8.74 M
acetic acid for 5 min, followed by mild agitation in Milli-Q
ultrapure water and mild agitation in ethanol. The emergent,
∼500 nm cylindrical columns were metalized with ∼100 nm of
gold (Kurt J. Lesker, Co.) with a 50 Å thick, optically transparent,
titanium (Kurt J. Lesker, Co.) adhesion layer using electron-beam
deposition with an Angstrom EvoVac Deposition System. Liftoff
was performed by sonication for 2 min in 1 M KOH, yielding
nanoapertures in the relief of the columns. Nanoapertures were
characterized with an Agilent 8500 FE-SEM and a Digital Instru-
ments AFM and analyzed with ImageJ.26

Nanoaperture Functionalization. Nanofabricated substrates were
cleaned with 1.5 h-aged piranha solution (3:1 H2SO4/30% H2O2)
and an O2 plasma. Substrates were then incubated for 12 h in
1 mMmPEG-SH (MW = 350 g mol�1) (Nanocs Inc.) in anhydrous
ethanol (Sigma) and then rinsed with ethanol and dried with N2.

Substrates were then silanized for 24 h in 100 μM solutions
of biotin-PEG-Si (MW = 2000 g mol�1) and mPEG-Si (MW =
3400 g mol�1) (Laysan Bio Inc.) in anhydrous toluene (Sigma)
with 10 mM glacial acetic acid (Sigma), rinsed thoroughly with
ethanol, Milli-Q ultrapure water, and isopropyl alcohol, and then
dried with N2.

Recombinant Gene Construction. The Escherichia coli (E. coli) prfA
gene encoding wild-type polypeptide chain termination factor
1 (RF1) was previously cloned into the pPROEX-HTb expression
vector (Life Technologies, Inc.) downstream of an N-terminal
hexa-histidine affinity purification tag and a Tev protease
cleavage site; additionally, all native cysteines were removed
and a single cysteine was introduced at amino-acid position
167 with a serine-to-cysteine mutation (RF1S167C) using site-
directedmutagenesis.20 Startingwith this RF1S167C construct, an
N-terminal enzymatic biotinylation tag (GLNDIFEAQKIEWHE)
was subcloned downstream of the Tev protease cleavage site,
and site-directedmutagenesis was used to introduce a glutamic
acid-to-cysteine mutation at amino acid position 256 (biotag-
RF1S167C,E256C).

Protein Expression. RF1 proteins were overexpressed in E. coli
cells, purified using affinity chromatography, Tev protease
treated, and purified away from the cleaved hexa-histidine tags
and Tev protease using previously published protocols.20

Briefly, electrocompetent BL21(DE3) E. coli cells cotransfected
with pPROEX-HTb expression vectors carrying either RF1S167C or
biotag-RF1S167C,E256C and pET-26b(þ) expression vectors carry-
ing the gene prmC;a methyltransferase that modifies RF1;
were grown under ampicillin and kanamycin selection, and RF1
protein overexpression was induced by addition of 1 mM
isopropyl β-D-1-thiogalactopyranoside. Cells were lysed with a
French press, and RF1 proteins were purified using affinity
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chromatography with a Ni-NTA agarose bead column. Purified
RF1 proteins were subsequently incubated with hexa-histidine-
tagged Tev protease overnight, and the proteolyzed RF1 pro-
teins were purified from the cleaved hexa-histidine tags and the
hexa-histidine-tagged Tev protease using a second passage
through a Ni-NTA agarose bead column. Biotag-RF1S167C,E256C
was biotinylated (bio-RF1S167C,E256C) using recombinant E. coli
BirA biotin-ligase (plasmid obtained from AddGene) that was
overexpressed, purified, and used following a previously pub-
lished protocol.27

Protein Labeling. Cysteine 167 in RF1S167C was reduced by
incubation with 1 mM tris(2-carboxyethyl)phosphine hydro-
chloride at room temperature and labeled by reaction with
15�molar excess ofmaleimide-derivatizedCy5 (G.E. Lifesciences)
using a previously published protocol.20 Bio-RF1S167C,E256C was
reduced and labeled following a similar protocol, but using
equivalent concentrations of both maleimide-derivatized Cy3
and Cy5. Labeled RF1 proteins were purified from unreacted dyes
using size-exclusion column chromatography with a HiLoad
16/600 Superdex 75 pg chromatography column (GE Lifesciences)
andwere subsequently purified from unlabeled RF1 proteins using
hydrophobic interaction column chromatography with a TSKgel
Phenyl-5PW column (Tosoh Biosciences) using previously pub-
lished protocols.20 The purification yielded pure, 100% Cy5-labeled
RF1S167C (RF1Cy5) and pure, 100% 1:1 stoichiometrically Cy3- and
Cy5-labeled bio-RF1S167C,E256C (bio-RF1Cy3,Cy5).

Fluorescence Microscope. Nanoaperture arrays were illumi-
nated by epi-fluorescence through a Nikon, water-immersion
60� NA = 1.2 PlanApo objective using a 50 mW, 532 nm diode-
pumped solid-state laser (CrystaLaser) through a 552 nm, single-
edge dichroic beamsplitter (Semrock) and a downstream
533 nm (fwhm = 17 nm) notch filter (Thorlabs) using a Nikon
Ti-U inverted microscope. To increase incident illumination
intensity, only a quarter of the field of view was illuminated;
this area contained ∼1000 to 4500 nanoapertures depending
on the spacing employed between the nanoapertures. Fluores-
cence emissions were collected through the objective and
imaged through a Photometrics DV2 wavelength splitter con-
taining a 630dcxr dichroic beamsplitter and HQ575/40m and
HQ680/50m emission filters (for Cy3 and Cy5, respectively) onto
a 512� 512 pixel Andor iXon3 897E electron-multiplying charge-
coupled-device camera. Movies were recorded at a 100 ms
acquisition rate without binning using Metamorph software
(Molecular Devices).

Microscopy Buffers. Tris-polymix buffer consisted of 50 mM
Tris-acetate (pH25 �C = 7.0), 100 mM KCl, 5 mM ammonium
acetate, 0.5 mM calcium acetate, 0.1 mM EDTA, 10 mM 2-
mercaptoethanol, 5 mM putrescine, 1 mM spermidine, 15 mM
magnesium acetate, and 1% (w/v) β-D-glucose. Imaging
buffer consisted of Tris-polymix buffer supplemented with
300 mg mL�1 glucose oxidase (Sigma-Aldrich), 40 mg mL�1

catalase (Sigma-Aldrich), 1 mM1,3,5,7-cyclooctatetraene (Sigma-
Aldrich), and 1 mM p-nitrobenzyl alcohol (Fluka).

Nanoaperture Fluorescence Microscopy. Flow cells were prepared
for imaging by incubationwith ultrapure bovine serum albumin
(Ambion) and a 50-nucleotide oligomer of random-sequence
duplex DNA (IDT) and, when specified, a subsequent incubation
with 1 μMstreptavidin (Invitrogen) using a previously published
protocol.20 Bio-RF1Cy3,Cy5 was diluted to the specified concen-
tration in Tris-polymix buffer, loaded into the flow cells, and
incubated for 5 min at room temperature, and untethered bio-
RF1Cy3,Cy5 was removed bywashing the flow cells with 200 μL of
Tris-polymix buffer. Immediately prior to imaging, flow cells
were washed and filled with Imaging buffer and, when speci-
fied, various concentrations of RF1Cy5.

Data Processing. All analyses were performed with Python
using NumPy and SciPy,28Matplotlib,29 and the Python Imaging
Library. Individual Cy3 or Cy5 intensity versus time trajectories
were constructed by selecting those pixels on the Cy3 half of the
initial frame with intensities exceeding three standard devia-
tions of the mean pixel intensity, clustering neighboring pixels
into regions, calculating the center of mass (COM) of each
region, and mapping those COM coordinates onto the Cy5 half
of the frame when applicable. The intensity of a region in each
frame of amovie was then obtained by summing the four pixels

neighboring the region COM, linearly scaled by distance to the
COM, such that the total pixel area employed in the sum was
one pixel. The x- and y-coordinates for each region COM were
drift-corrected in each frame of each movie by the drift of the
COM of the entire illumination profile in that movie.
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