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ABSTRACT: Multicolor fluorescence substantially expands
the sensing capabilities of nanopores by complementing or
substituting the resistive pulsing signals. However, to date
single-fluorophore detection in multiple color channels has
proven to be challenging primarily due to high photo-
luminescence (PL) emanating from the silicon nitride
(SiN,) membrane. We hypothesize that the high bandgap
of titanium oxide (TiO,) would eliminate the PL back-
ground when used as a substrate for a nanopore, and hence
enable individual fluorophore sensing during the fast
passage of biomolecules through the pore. Herein, we
introduce a method for fabricating locally supported, free-
standing, TiO, membranes, in which solid-state nanopores
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can be readily drilled. These devices produce essentially no PL in the blue-to-red visible spectral range, even when excited
by multiple lasers simultaneously. At the same time, the TiO, nanopores exhibit low electrical noise comparable with
standard SiN, devices. Importantly, the optical signal-to-background ratio (SBR) in single-molecule sensing is improved
by an order of magnitude, enabling the differentiation among labeled DNA molecules of similar length based solely on
their labeling scheme. Finally, the increased SBR of the TiO, devices allows detection of single fluorophores conjugated to
the lysine or cysteine residues of short polypeptides, thus introducing the possibility for optical based peptide/protein

discrimination in nanopores.
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olid-state nanopores have emerged as extremely versatile

single-molecule biosensors for biomolecules, such as

DNAs and RNAs.'~ In a nanopore system, the applied
electrophoretic force threads the electrically charged biopol-
ymers through a nanoscale constriction, forcing the biopolymers
to linearize and translocate across an insulating membrane.” The
same electrical voltage that mobilizes the biomolecule generates
an ionic current through the nanopore, which is temporally
altered by the molecule’s cross-section, and/or local structure
during its passage. This sensing principle, commonly referred to
as “resistive pulsing” is employed for genotyping and DNA
sequencing as well as for the study of DNA-—protein
interactions.””'' Building on the learnings from nucleic acid
detection, nanopores are now being used to detect proteins,
demonstrating that ion current traces contain information about
protein size and structure.>~"” However, to date, the challenge
of deconvolving the electrical ion current trace to discriminate
among polypeptides remains unresolved.
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The sensing capabilities of nanopores employing resistive
pulsing are significantly enhanced with the addition of a second
independent means of detection.'®'” One example is optical
sensing, which is used for DNA barcode discrimination,
mapping of epigenetic modifications, and DNA length
discrimination.”** Additionally, as proteins contain modifi-
able lysine and cysteine residues, which can be respectively
tagged with fluorescent dyes, the opportunity exists to
discriminate among proteins,” even in cases in which their
electrical current fingerprints are indistinguishable. However,
despite growing interests in single-molecule protein identi-
fication,”® a method that can scan a linearized peptide or protein
while sensing individual fluorophores has not been reported due
to the strict requirements for extremely low optical background
and high temporal resolution.
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Free-standing silicon nitride (SiN,), is widely used to form
low-stress thin films in solid-state nanopores due to its low
capacitance and high resistance. However, SiN, produces
significant photoluminescence (PL) when illuminated by blue-
green lasers, typically used for single-molecule fluorescence
detection thereby hindering multicolor sensing.”** In contrast,
the large band gap of titanium oxide (TiO,, 3.0 eV for rutile and
3.2 eV for anatase) minimizes its sensitivity to visible light in the
blue to red visible spectrum range, therefore potentially reducing
its PL emission.””>" A thin layer of TiO, has been previously
applied on top of a graphene membrane, as well as on top of SiN,
to improve the electrical and optical performance, respectively,
while permitting the formation of water-filled nanopores.”””"
Accordingly, we postulate that amorphous, free-standing TiO,
membranes will improve the signal to background ratio (SBR) in
optical sensing remarkably by reducing the PL background from
the nanopore membrane, making it a high quality material for
optical sensing in a solid-state nanopore.

To test this hypothesis, we developed a method for the
fabrication of locally supported, free-standing thin TiO,
membranes, in which solid-state nanopores are drilled either
by focused electron beam in hi%h—resolution transmission
electron microscopy (HR-TEM)>*® or by a controlled
dielectric breakdown (CDB) process.”* The TiO, membranes
are easily drilled and are readily wettable. Remarkably, the TiO,
membranes produce negligible PL that is an order of magnitude
lower than that of a free-standing SiN, of the same thickness at
the typical light intensities and wavelengths used for single-
molecule sensing, while preserving low electrical noise proper-
ties. The highly reproducible and parallel fabrication of the free-
standing TiO, nanopores allowed us to observe electro-optical
signals from individually labeled DNA samples, as well as two
colors photon bursts from a short polypeptide, conjugated with
different fluorophores at the cysteine or lysine residues
respectively, during their translocation through a ~3 nm pore.

RESULTS AND DISCUSSION

Electrical Characterization of Free-Standing TiO,
Nanopores. In order to manufacture free-standing TiO,
nanopores in thin membranes of a controllable thickness, we
describe a wafer-scale fabrication method, utilizing an in-house
photolithographic process and a desktop atomic layer deposition
(ALD) process. Our method is summarized in the Methods
section and Figure la. A detailed step-by-step description is also
provided in the Supporting Information (Figure S1). Briefly, the
free-standing TiO, membrane is formed at the center of a thicker
SiN, membrane serving two functional roles: (1) to mechan-
ically support the local ultrathin (<10 nm) free-standing TiO,
membrane, and (2) to facilitate optical localization of the
nanopore, while positioning the pore at the microscope focal
zone.

Figure 1b (left) shows white light image in reflection mode of
the SiN,/TiO, membrane, taken from the front side. The
thinner, free-standing TiO, membrane is seen as a darker spot in
the membrane. Figure 1b (right-hand panels) show transmission
electron microscopy (TEM) images at low and high
magnifications of the membrane. The free-standing TiO,
membrane is well-defined by a distinct circle formed at the
SiN,/TiO, interface. The high magnification TEM image
displays a 4 nm nanopore that was formed by a focused TEM
e-beam in the TiO, membrane. In addition to TEM drilling, we
could readily use CDB to form nanopores. As can be seen in
Figure lc, and in agreement with previous findings, the
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Figure 1. Fabrication and characterization of the TiO, nanopore
sensor. (a) Wafer-scale fabrication of the TiO, devices (see
Supporting Information, sections S1 and S2 for detailed
description). A thin region is created in the SiN, by selective RIE,
followed by ALD deposition of TiO, (i). KOH and RIE are then used
to expose the free-standing SiN,/TiO, membrane, containing a
freely suspended TiO, circular region (ii). Nanopores are fabricated
using CDB or TEM. (b) (Left panel) reflected white light image of a
22 pm SiN,/TiO, membrane. The thin region is visible as a dark
spot; (middle panel) TEM image of the freely suspended TiO, thin
region, and its interface with the SiN,/TiO, membrane; (right
panel) a high-magnification TEM image of 4 nm TiO, nanopore
drilled by TEM. (c) Wide field illumination images of the entire
membrane using 488 nm laser. Calcium (Ca®*) activated
fluorophores are used for verifying the creation and position of a
nanopore drilled by CDB. At 300 mV calcium is passing through the
pore, and binding Fluo-4, resulting in a fluorescence spot in the thin
region (left panel). The spot disappears when the bias is reversed to
—300 mV (right panel). The membrane position is outlined by white
dashed line.

nanopore forms preferably at the thinnest region of the
membrane.”* This observation is corroborated by wide-field
fluorescence microscopy using Ca®* activated fluorophores.
Upon applying a +300 mV bias, a bright fluorescent spot appears
at the nanopore location (overlapping with the thin region
location, imaged using white light), where Ca’* ions are drawn
through the nanopore and react with the Ca** indicator dyes
(Fluo-4, Thermo Fisher) (left panel). The fluorescent spot
immediately disappears when an opposite voltage bias is applied
(right panel).
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Figure 2. Electrical noise characterization and DNA translocation in free-standing TiO, nanopores. (a) Measured current—voltage (I-V) curve
of a TiO, nanopore. The red line represents a linear fit to the data giving conductance of 14.08 & 0.03 nS. (b) Power spectral density (PSD) of
TiO, nanopore current measured at 300 mV and filtered at 100 kHz. (c) Concatenated DNA translocation events measured at 300 mV.
Zoomed-in event and the parameters used for analysis are shown in the upper panel. (d) Scatter plot (I versus t,) of 428 events measured at 200
mV. Two distinct populations are interpreted as translocation events (green dashed oval) and collision events (red dashed oval). (e) Iy
histogram of all the events measured at 200 mV. The data is fitted by a double Gaussian model to yield the lower peak I;; = 0.48 + 0.01, and the
higher peak Iy = 0.68 + 0.01 (green and red, respectively). f) Dwell time histogram of the translocation events (green column) and the
collision events (red column, insert) at 200 mV. Time constants (7) are extracted by tail fitting with exponential function. (g—i) Scatter plot, I,
histogram (Iy, = 0.49 + 0.01, Iy = 0.69 + 0.01), and a dwell time histogram of 624 events measured at 400 mV.

We evaluated the functionality of the free-standing TiO,
nanopores, by performing extensive electrical characterizations
and DNA translocation experiments. After fabrication, the chip
was thoroughly cleaned and glued to a matching PTFE cell,
which can be accessed optically for high resolution epi-
fluorescence sensing (see Methods). Prior to performing the
biopolymer translocation experiments, the current—voltage
curve and power spectral density (PSD) were measured, at
100 kHz bandwidth. Figure 2 panels a and b show a symmetrical
and linear I-V curve with conductance (G) of 14.08 + 0.03 nS.
This result agrees with an estimated membrane thickness (I) of
15 nm and nanopore diameter (d) of 3.7 nm according to

-1
G = a[ﬂTz + i] , where the bulk conductance is ¢ = 10.5
S m™! at 23 °C.>® The noise spectra exhibit the typical 1/f
contribution at low frequencies and ~f* rise above ~5 kHz, with
similar values to low-noise SiN, nanopores.***” Next, we added
~0.5 nM of a 5054-bp double stranded DNA solution prepared
in house (see Supporting Information Figure S4) to the
negatively biased chamber, and recorded the ion current as a
function of time at 200 mV, 300 mV, and 400 mV bias. Figure 2¢
displays representative concatenated events at 300 mV. Each

event is characterized by its open-pore current (i,), blocked-
pore current (i), and dwell time (). The fractional blockade
current is calculated as Iy = i,/i, allowing us to directly compare
experiments with different voltages since i, & V, as shown in
Figure 2a. Figure 2d—f and Figure 2g—i show the DNA
translocation results for 200 mV and 400 mV, respectively.
Figure 2d and 2g present the scatter plot of Iy versus tp. As
observed previously for nanopores of similar diameter and DNA
length, the translocation events fall into two distinct
populations: (1) short, low-amplitude and weakly voltage-
dependent events attributed to DNA molecule colliding, but not
translocating through the nanopore (red dashed oval); and (2)
longer, deep amplitude and strongly voltage-dependent events
attributed to full translocation of the DNA molecules through
the nanopores (green dashed circle).***?

Figure 2 panels e and h show the Iy histogram of all the events
at 200 mV and 400 mV, respectively. As seen on the scatter plots,
we discern two peaks: a higher I peaks (low amplitude events,
Igy) attributed to brief DNA collisions with the nanopore, and
lower Iy peaks (high amplitude events, Iy ) attributed to
translocations. The histograms are fitted using a double-
Gaussian model, from which the events are classified into either
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collision (red) or translocation (green). To characterize
collision and translocation events separately, a threshold is
selected to remove >97% collision events from translocation
events. The threshold (Iyy) is defined as Iyy—20y, where oy is
the standard deviation of I Gaussian. Events with Iy smaller or
larger than Iyp are treated as “translocation events” (green
histogram) or “collision events” (red histogram), respectively.
Notably, the translocation peak (I ) values remained constant
in the two experiments 0.48 + 0.01 at 200 mV and 0.49 + 0.01 at
400 mV. Additionally, the percentage of translocation event of
the total number of events increases with voltage (21% at 200
mV to 82% at 400 mV). This result further supports our
interpretation of the low amplitude (green) events as trans-
locations, since higher electrical-field lowers the energy barrier
associated with DNA threading into the nanopore and its
linearization. These values are used to further characterize the
nanopore diameter by approximating the fractional blockade

2
current by Iy, = 1 — (%) indicating the nanopore diameter is

~3.1 nm, where a = 2.2 nm is the DNA diameter.*® This result is
close to our approximation of the pore diameter based on the
open pore conductance, likely suggesting that the local TiO,
thickness is slightly thinner than the ellipsometric measurement.

Figure 2 panels f and i present the dwell time histograms for
the low amplitude events (green) and higher amplitude events
(red) in inserts. The time constants, obtained by tail fitting of the
histograms with exponential function, are 158 + 26 us at 200 mV
and 63 + 2 us at 400 mV for the green events, and 33 + 1 s at
200 mV and 22 =+ 1 ps at 400 mV for the red events. The strong
reduction in the dwell time at higher voltage is consistent with
our interpretation of DNA translocation events, whereas the rest
of the event (red groups) dwell times are weakly dependent on
voltage and may correspond to DNA collisions.

Photoluminescence (PL) Properties of the Free-Stand-
ing TiO, Membranes. For our studies, PL is more important
than reflectance since the former heavily determines the SBR for
single-fluorophore sensing, while the latter can be effectively
excluded using cutoff optical filters. To that end, two nearly
identical chips were fabricated possessing either a free-standing
15 nm thick SiN, or TiO, membrane as schematically shown in
Figure 3a. The membrane thicknesses were confirmed by
ellipsometry (Film Sense, FS-1). Since the PL levels of the thin
films (in water solution) are extremely small, we constructed a
custom confocal apparatus, described schematically in the
Supporting Information Figure S3, which includes three laser
sources (532, 561, and 640 nm), a high numerical aperture water
immersion microscope objective (X63/1.15), and the ability to
either acquire the signal using a spectrometer (Ocean Optics) or
by single photon counting Avalanche photo diodes (APDs) at
two spectrally separated bands at 650 nm.

We first measured the characteristic spectral emission when
illuminating using a green laser (532 nm). The two chips were
carefully positioned at the laser focal point using an X—Y—Z
nanopositioner to ensure accurate placement at the peak
reflected intensity. Note that integration time of ~5 s was
required to obtain the full spectra. Our results (Figure 3a), show
that both materials exhibit a broad PL emission distributed in
the range of 600—900 nm, with a peak around 700 nm.
Noticeably, however, the total TiO, PL intensity (estimated by
the area under the corresponding spectra) appears to be roughly
an order of magnitude smaller than the SiN, PL. Typical photon
emission time traces of the Green channel (570—650 nm) and
the Red channel (650—750 nm), measured at 150 yW laser
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Figure 3. PL characterization of free-standing SiN, and TiO,
membranes. (a) Top panel shows the structures of free-standing
SiN, and TiO, membranes with a thickness of 15 nm. Bottom panel
presents PL intensity spectral emission of SiN, and TiO,
membranes when illuminated with a 532 nm laser. SiN, emits
higher PL intensity than TiO, in large wavelength bandwidth. (b)
PL intensity in the green channel (green color) and the red channel
(red color) when illuminated with 561 and 640 nm lasers of 150 yW
each. The top panel shows the PL intensity time traces. The bottom
panel presents the histogram of the PL emission in the red and the
green channels, which are fitted with Poisson distributions. Fittings
values: A, = 1.81 + 0.03, A, = 0.52 + 0.01, A; = 1.85 + 0.02, A, =
13.78 + 0.06, for the TiO, green channel, the TiO, red channel, the
SiN, green channel, and the SiN, red channel, respectively. (c) PL
emission in the two APD channels when the membranes are
illuminated with a 561 nm laser as a function of the laser intensity
(additional data is provided in the SI). The four traces show a linear
dependency of the PL on the laser intensity, while the TiO, PL
intensity increase per yW is 10-fold lower than in the SiN, device.
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intensity using the APD single-photon counting modules, are
shown in Figure 3b for the SiN, and TiO, membranes. Two
salient features are apparent: first, the red-channel background
PL of the SiN, membrane is significantly increased as compared
to the corresponding TiO, background PL. Second, the green
channel of the background PL of the SiN, membrane is only
slightly larger than the corresponding TiO, background PL.
These signals are further quantified by evaluating the photon
intensity histograms shown in the lower panels of Figure 3b. In
all cases, the photon histograms can be fitted well by Poisson
functions as indicated in the figure caption.

Figure 3c displays the PL in the two fluorescence channels
when excited by the yellow laser (561 nm) as a function of laser
intensity for the SiN,, (solid circles) and TiO, (empty triangles)
devices. In all cases, a linear dependency of the PL intensity on
laser power is observed, as expected. Importantly, however,
there is >10-fold difference in the PL background intensity per
UW of laser intensity between the SiN, and TiO, devices.
Finally, linear-regression fits to the red data channel give 111 + 3
Hz/uW and 3.0 + 0.1 Hz/uW for the SiN, and TiO, devices,
respectively, which is an improvement by nearly a factor of 40.

Electro-Optical Discrimination among Two-Colors
Labeled DNA Molecules. The highly reduced PL background
of the TiO, membrane, presented in Figure 3, is noteworthy and
suggests that an improved SBR for single-molecule fluorescence
measurements will be obtained during the translocation of a
labeled biomolecule through the nanopore. Importantly, the
measurement of photon bursts emanating from fluorophore-
conjugated biomolecules during their fast translocation through
the nanopore is a much more demanding task than the static
background PL measurements: first, the former requires time
synchronization between the pore blockade and the photon
bursts and second, it involves consideration of additional
sources of noise due to out-of-focus molecules. To evaluate the
performance for opti-nanopore biopolymer detection, we
produced two different ~1.9 kbp PCR amplicons and labeled
them using either yellow or red fluorophores (dUTP-AttoSS50 or
dUTP-Atto647N) by the nick translation method. Our labeling
procedure and verification are shown in the Supporting
Information, Figure S4. Based on UV—vis analysis we estimate
that on average there are either 14 yellow or 10 red fluorophores
per DNA molecule. The two labeled DNA molecules were
mixed at equal molar concentration and subjected to analysis
using a TiO, nanopore, as described in the methods section.

Figure 4b shows a representative concatenated series of
electro-optical events. Our acquisition software analyzes the
electrical signal in real-time and saves the corresponding signal
buffers (synchronized electrical and optical) only if a trans-
location event is observed, by setting a current threshold at 0.85
of the open pore level. As shown in Figure 4b, DNA
translocation produces either a green or red photon burst. The
optical signal overlaps in time with the electrical signal (zoomed-
in image shown in the figure insert). Furthermore, an analysis of
a larger data set (N = 90) of yellow- or red-labeled DNA using
2D scatter plots shows a single pattern for the electrical events
diagram (I versus tp, left panel, Figure 4c) indicating that the
two DNA molecules cannot be distinguished by the electrical
signals due to their nearly identical lengths. However, the optical
signals acquired from the same events, easily distinguishes the
two differently labeled DNASs, as shown in the red versus green
scatter plot (right panel).

Next, data analysis was performed off-line (see Methods) to
evaluate the electrical/optical dwell times (¢, and ¢,) based on
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Figure 4. Two color electro-optical sensing of DNA translocation
through TiO, nanopore, and SBR measurements. (a) Schematic
representation of the two color electro-optical sensing. Two DNA
samples, 1994 bp DNA labeled with Atto550, and 1827 bp DNA
labeled with Atto647N, were added to the cis chamber at the
concentration of 50 pM each. The two lasers (561 and 640 nm, P =
150 W) were focused on the TiO, nanopore simultaneously. (b)
Concatenated electro-optical events measured at 300 mV. Each
electrical event (black line) was accompanied by an optical spike in
the green or red channel. A close-up view of a representative electro-
optical event is shown on the right. (c) Electrical and optical scatter
plots. (Left panel) the electrical scatter plot showing only one
population due to DNA length similarity (1827 bp and 1994 bp).
(Right panel) the optical scatter plot of green channel versus red
channel, presenting two distinct populations, allowing differ-
entiation between the two DNA samples. (d) Optical SBR
measurements using red or green labeled DNA translocations
through SiN, (green) and TiO, (yellow) nanopores in the green (left
panel) and red (right panel) channels (Atto550-labeled 1994 bp
dsDNA and Atto647N-labeled 1827 bp dsDNA, under 150 yW 561/
640 nm laser illumination). Poisson fitting values are indicated in
each case.

individual thresholds levels. To circumvent the deviation of long
dwell time to optical signal, the fluorescence intensity is defined
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Figure S. Real-time discrimination among labeled polypeptides is enabled due to the higher SBR in TiO, nanopores. (a) Concatenated events of
optical peptide translocations at 300 mV under 500 W 561/640 nm laser illuminations. Two identical 45 amino-acid peptides were labeled by
either three green and one red fluorophores (Atto565 and Atto633, respectively) or by three red and one green fluorophores, as shown
schematically. Inset shows two representative events of the primarily green (left) or red labeled peptide (right). (b) Electrical scatter plots. (Left
panel) the electrical scatter-plot shows only one population. (Right panel) dwell time distribution shows one exponential decay with a time
constant of 136.9 + 9.1 us. (c) Optical scatter plot of green channel versus red channel. (Left panel) the optical scatter-plot presents two distinct

populations, allowing to differentiate between the labeled peptides.

(Right panel) dwell time distribution for each population reveals slower

translocation for the CP-2 peptide (175.4 & 23.1 us) as compared with the CP-1 peptide (120.5 + 11.5 ps), resulting from the differences in
their net charge due to the Atto633 dye, which adds a +1 charge upon conjugation.

as the total photon counts during electrical/optical dwell time
divided by the electrical/optical dwell time. Figure S6 shows the
histograms of the electrical and the optical dwell times. The time
constant is calculated by tail fitting of the histogram by
exponential function. Similar to our previous study, the optical
dwell time (25.6 + 2.4 ms) is much longer than the electrical
dwell time (0.13 + 0.01 ms).”>*" This is expected, since the
DNA macromolecule slowly diffuses in the vicinity of the pore
and fluorophores are excited before and after its translocation.

TiO, Nanopores Have Higher SBR Compared to SiN,
Nanopores. To date, nanopore sensing of a single fluorophore
during the passage of a labeled polypeptide has been challenging
due to an insufficient SBR. As shown in Figure 3¢, a laser
intensity above ~100 pW would produce sufficient PL
background in SiN, membranes to completely inhibit single-
fluorophore sensing (at this intensity, the expected single
fluorophore signal is <10 kHz), while lower laser intensities
would not produce sufficient photon fluxes for single-
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fluorophore sensing. Thus, to quantify the potential advantage
of the TiO, nanopores in terms of their ultralow PL background,
a detailed measurement of the SBR was performed with the
above labeled dsDNA macromolecules. For each DNA trans-
location event, the total optical background was obtained by
averaging the photon counts before and after optical dwell time.
Then the optical signal was evaluated as the mean photon count
during the optical dwell time minus the optical background. The
ratio of the two numbers is defined as the SBR during each
biomolecule’s translocation. Figure 4d displays the SBR
distributions calculated in the green and red channels (right
and left panels, respectively) for the SiN, or the TiO, nanopores
(green and yellow bars, respectively). Solid lines represent
Poisson fits expected for single-molecule fluorescence intensity
histograms, with mean values indicated for each case. In the
green channel, a mild increase in SBR of only ~40% is noted,
whereas in the red channel, in which the PL of SiN, is
substantial, we observe about a 8-fold net increase in the SBR,
and in some cases SBR > 20 are detected.

Polypeptides Discrimination Using High SBR TiO,
Nanopores. The marked increase in SBR translates to better
sensing resolution, and thus opens up additional opportunities
for peptide detection. To demonstrate this enhanced sensing
capability, we synthesized a 45 amino-acids long polypeptide
harboring a single cysteine and two lysines residues for specific
two-color labeling. This polypeptide was designed to lack
secondary structures in aqueous solution and hence, with the
appropriate adjustment of pH, this peptide linearly translocates
through the nanopore. The polypeptide translocated through
and was readily discernible using a 4 nm nanopore (see
Supporting Information, Figure S8). Next we produced two
variants of the same polypeptide (CP-1 and CP-2) by coupling
either three green fluorophores (Atto5S65 NHS-ester) to the
three available primary amines in the molecule (the N-terminus
and the two lysines) and a single red fluorophore (Atto633
maleimide) to a thiol group on the cysteine residue; or
conversely three red fluorophores and a single green
fluorophores on the polypeptide using the same chemistries
(see Supporting Information Figure S7 and corresponding text
for HPLC and MALDI data on peptide purity and composition,
respectively). A schematic illustration of the two variants is
shown in Figure Sa, right. As not limited by the high PL
background of the SiN, nanopores, we used the TiO, nanopores
with an increased laser power of 500 yW. Notably, despite this
high laser intensity, the optical background remains below ~1.5
kHz, allowing facile detection of single fluorophore during the
passage of the CP-1 and CP-2 with SBR > 10. Moreover, it was
readily possible to distinguish among the two peptide variants in
real-time as shown in the concatenated representative event sets
(Figure Sa left panel). The individual fluorophores (green or
red) were resolved during the translocation of the peptide
through the TiO, nanopore. Interestingly, we noticed that even
though CP-1 and CP-2 have the same sequence, the dwell time
of the CP-2 in the nanopore was slightly longer. This
observation could be attributed to the difference in net charge
in these two peptides as the Atto633 dye adds a +1 charge upon
conjugation. Therefore, conjugation of the Atto633 reduces the
overall negative charge of CP-2 from —9 to —7. The two
populations could not be distinguished by the electrical signals
(Figure Sb, left panel), or by the dwell times (Figure Sb, dwell
time histograms right panel). However, the obtained optical
signals allowed us to readily separate the events into two
populations of higher green signals (representing CP-1) and

higher red ones (representing CP-2). Analyzing each sub-
population separately revealed a slightly slower translocation for
the CP-2 peptide (175.4 + 23.1 ys) as compared with the CP-1
peptide (120.5 + 11.5 us), as expected.

CONCLUSIONS

A method for fabricating locally supported, free-standing, TiO,
nanopore sensors is described. This wafer-scale fabrication
method produces hundreds of highly robust TiO, devices at a
relatively low cost. The TiO, chips exhibit comparable electrical
noise and signals during DNA translocations to the widely used
SiN, nanopores. Importantly, PL measurements demonstrate
that the TiO, membranes produce extremely low PL, even at
relatively high laser intensities in both the green and the red
wavelengths. This low level of PL is likely due to the inherently
larger energy bandgap of the amorphous TiO, membrane as
compared with the SiN, membrane.

To highlight the advantages of these TiO, nanopore devices,
we demonstrate both DNA and polypeptide discrimination
based solely on the optical signals. The much-reduced PL
background of the TiO, chips translates directly to a high SBR
allowing for single fluorophore sensing, during the fast passage
of a polypeptide through the nanopore. Importantly, this opens
up the possibility of multicolor excitation including green,
yellow, and red lasers, simultaneously. The ability to
discriminate between two differently labeled, nearly identical-
length, dsDNA molecules can be directly applied in single-
molecule DNA methylation quantification involving multiple
methyltransferase labeling enzymes,” each conjugating a
specific color coded tag. Using site-specifically two-color labeled
polypeptides, the high SBR allows identification of two variants
of the same polypeptide, strictly by their labeling scheme. These
results establish the basis for development of a protein
characterization method based on the abundance and the
location of specifically labeled amino acid residues (e.g., lysines
and cysteines) within a peptide or protein,”> which will be a
subject of future studies.

METHODS

Free Standing TiO, Membranes and Nanopores Fabrication.
Chips were fabricated from a double-sided polished Si wafer coated
with 500 nm thermal SiO,, on which 50 nm low-stress SiN, layer was
deposited using low pressure chemical vapor deposition (LPCVD,
Cornell CNF). The fabrication included the following steps: first, a
thinner region is formed at the SiN, by either e-beam or direct-write
photolithography (MicroWriter ML3, DMO), followed by selective
etching of the circles pattern using reactive ion etch (RIE, Diener
Electronic). Next, the wafer was cleaned thoroughly, and atomic-layer
deposition (ALD, GEMStar XT, Arradiance) was used to deposit TiO,
with required thickness on both sides of the wafer. Then photo-
lithography was used again to form the hard-mask for KOH wet etch of
the Si. To remove the thin layer of SiN, left in the thin region after the
KOH etch, RIE etching was applied on the back side, taking advantage
of the fact that SiN,, etch rate is at least 10 times faster than the TiO,
(see Figure S1 and S2 in the Supporting Information for detailed chip
fabrication description). Finally, a nanopore was drilled in the TiO, thin
region using either controlled dielectric breakdown (CDB), or high-
resolution transmission electron microscopy (TEM). For CDB we used
the voltage-pulsed strategy as described before.** Pulses of 6 V (60 ms
long) were applied on the membrane. Current jump, indicating pore
formation, was observed in less than 10 min.

Electro-Optical Setup. The electro-optical measurement system
consists of two parts: (1) Confocal microscopy to detect optical signals.
A high NA objective is used to focus 3 collimated, expanded lasers (532,
561, and 640 nm, iFlex-Viper) on the nanopore, as well as to collect the
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emitted light. After passing through the appropriate filters and a
pinhole, the emitted light is split (cutoff wavelength of 650 nm) and
recorded by two APDs; (2) The ionic current is measured by immersing
two Ag/AgCl electrodes into the cis and the trans chambers, linked to
an Axon Axopatch 200B patch-clamp amplifier filtered at 10 kHz. The
optical signals and analogue electrical signals are obtained using
National Instruments NI-6602 and NI-6154 DAQ _cards, respectively.
The two acquisition cards were synchronized via a hardware connection
and fully controlled using a custom LabVIEW program. For the Ca*
activators based imaging of the pore we used wide field illumination of
the membrane using a 488 nm laser as described by Zrehen et al.>*

Experimental Flow. Chips were cleaned by acetone, methanol,
isopropyl alcohol and deionized water, followed by oxygen plasma or
UV/ozone treatment. The chips were then mounted on a homemade
PTEFE cell using fast-curing PMDS. Nanopores were drilled by CDB
after filling the two chambers with 1 M KClI buffer containing 40 mM
Tris, and 1 mM EDTA, pH 8. The DNA and peptides translocation
experiments were conducted using the same buffer. The labeled
biomolecules were added to the cis chamber, facing the front side of the
membrane. The electrical events were recorded under 200, 300, and
400 mV at the concentration of 0.5 nM. For the optical sensing, the
nanochip PTFE cell was mounted on a XYZ nanopositioner stage
(Physik Instrumente) above the objective. Translocation events were
measured under a bias of 300 mV at the concentration of 0.1 nM.
Yellow (561 nm) and red (640 nm) lasers were focused on the pore
with intensity of 150 yW each for DNA sensing, and 500 yW for the
peptides. Simultaneous electrical and optical events were detected,
indicating that the CDB-drilled nanopore was located exactly in the thin
region of the membrane, in agreement with the calcium indicator
experiment.

Data Analysis. An offline LabVIEW program was used to analyze
each event separately by two consecutive steps: (i) An electrical
threshold was applied on the electrical trace to extract the dwell time
(tp), and the amplitude drop (I = ig/iy) of the event. (ii) An optical
threshold was then applied on the optical signals, detected at the same
period of time, to extract the optical dwell time, the optical background
in each channel, and the photon flux in each channel during the optical
event (Iop i Topt cho)- The calculated values of the electrical and the
optical parameters were then used to create histograms of each
parameter or a heat map of t, vs Iy and oy ey VS Iope cho- The photon
flux during the event and the background were used to estimate the
optical signal to background ratio (SBR) in each channel for each event.

Sample Preparation. A 1994 bp DNA fragment was amplified
from a 5000 bp NoLimits DNA (Thermo Fisher Scientific), and a 1827
bp DNA fragment was amplified from CDKN2A gene in genomic DNA
using PCR. The 1994 bp DNA and 1827 bp DNA samples were purified
using the PCR cleanup kit (Macherey-Nagel), and labeled using Nick
Translation with Aminoallyl-dUTP-AttoSS0 (Sigma) and Aminoallyl-
dUTP-Atto647N (Sigma), respectively. Finally, the labeled samples
were purified by QIAQuick PCR cleanup kit (Qiagen) and ethanol
precipitation.

Synthetic peptides were purchased from Genscript (Piscataway, NJ,
USA), and dissolved in the reaction buffer at a concentration of 1 mg/
mL. The peptides were labeled using two labeling reactions. Malemide
dyes (ATTO633/565 GmbH, Germany) were first used to label the
thiol groups on the cysteines. The amine groups on the peptide (the N-
terminus and two lysines residues) were then labeled with NHS ester
dyes (ATTOS65/633 GmbH, Germany). Each labeling step was
followed by purification using gel filtration chromatography (GE
Healthcare, USA). Detailed sample preparation description of the
dsDNA and the peptides as well as their sequences, are provided in the
Supporting Information.
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