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ABSTRACT: We have recently shown that nanopore zero-mode waveguides are effective tools for capturing picogram levels of
long DNA fragments for single-molecule DNA sequencing. Despite these key advantages, the manufacturing of large arrays is
not practical due to the need for serial nanopore fabrication. To overcome this challenge, we have developed an approach for
the wafer-scale fabrication of waveguide arrays on low-cost porous membranes, which are deposited using molecular-layer
deposition. The membrane at each waveguide base contains a network of serpentine pores that allows for efficient
electrophoretic DNA capture at picogram levels while eliminating the need for prohibitive serial pore milling. Here, we show
that the loading efficiency of these porous waveguides is up to 2 orders of magnitude greater than their nanopore predecessors.
This new device facilitates the scaling-up of the process, greatly reducing the cost and effort of manufacturing. Furthermore, the
porous zero-mode waveguides can be used for applications that benefit from low-input single-molecule real-time sequencing.
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Over the past few decades, researchers have put
tremendous effort into developing new methods for

low-cost, high-throughput DNA-sequencing methods.1−4

Because sequencing is indispensable for probing a variety of
genomic characteristics, the revolution sparked by second-
generation sequencing (SGS) methods has led to unprece-
dented growth in the fields of genomic research, clinical
diagnostics, and personalized medicine.5,6 Some limitations of
SGS include short read lengths,7 short consensus assembly,
and amplification bias.8 Recent developments in the
sequencing of individual DNA molecules have alleviated
some of the drawbacks of SGS methods. In so-called third-
generation sequencing (TGS) platforms, individual DNA
molecules are read in each sensor, which offers longer median
read lengths, consensus maps that are orders of magnitude
longer9 than SGS methods, and the ability to directly detect
epigenetic modifications (e.g., base methylation) in native
DNA molecules.10,11 A pair of notable examples of mature
TGS methods include nanopore-based sequencing12,13 and
single molecule, real-time (SMRT) sequencing.3

In nanopore-based sequencing, ion current through a
nanopore embedded in a membrane is read out during the
passage of DNA molecules, and the local base sequence of the
DNA strand is read out. Using this method, long reads lengths
of 882 kb (N50 > 100 kb)14 were obtained, and the
sequencing and assembly of complete microbial genomes
(500 Mb to 2 Gb) have been demonstrated.15−17 More
recently, nanopore sequencing was successfully used for
challenging projects, such as sequencing and fully assembling
the human Y-chromosome.18,19

In SMRT sequencing, a DNA-polymerase complex is
immobilized by biotin−streptavidin coupling at the bottom
of nanowells (100 nm diameter) called zero-mode waveguides
(ZMWs).20 The ZMWs are produced in a 100 nm thick
aluminum film deposited on a fused silica substrate.21 These
ZMWs are ordered in dense arrays, each having a zeptoliter-
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scale volume. A DNA polymerase that is linked to the base of
the ZMWs is used to replicate a DNA fragment, observed in
real-time using fluorescently tagged DNA base analogs. The
dyes provide a 5−50 ms burst of fluorescence during the
incorporation of a Watson−Crick base followed by their
diffusion away from the ZMW. Emission from each ZMW is
recorded using an optical microscope by wide-field laser
excitation of the ZMW bases, and a time series was recorded
using an electron-multiplying CCD (emCCD) camera. SMRT
sequencing offers maximum read lengths in excess of 60
kb,22,23 a N50 read length of 19 kb, and a contiguous N50 of
26.9 Mb24 and has virtually no GC bias.25 SMRT sequencing
has been used to produce accurate de novo assemblies of
microbial,26 human,24 and plant genomes;27−29 to reconstruct
animal genomes;23 and to uncover human genome structural
variation.30−35

One challenge in SMRT sequencing is that DNA template
loading suffers from steric and entropic limitations due to the
∼100 nm ZMW confinement. In diffusion-based loading,
shorter DNA molecules (approximately a few kilobase pairs)
are typically captured more efficiently than longer molecules
(>10 kbp), resulting in read length bias in a typical sequencing
library that contains fragments of various lengths. While a
magnetic bead assay36 has been developed to improve loading
efficiencies by 1−2 orders of magnitude, capturing very long
DNAs (>10 kbp) is still inefficient, and furthermore,
multinanogram-input DNA levels are required. To overcome
this, we have recently developed nanopore ZMWs (NZMWs),
in which ZMWs are fabricated on top of a freestanding silicon
nitride (SiN) membrane, and nanopores are fabricated at the
ZMW base to allow voltage-driven electrokinetic DNA
capture.37 We have shown that DNA loading is enhanced by
several orders of magnitude when a voltage is applied across a
NZMW. This free-standing SiN membrane is mechanically
stable and has a high inherent photoluminescence (PL)
background. The PL background from the SiN membrane was
reduced by fabricating the ZMWs on a 20 nm thick silicon
oxide (SiO2) film atop SiN, then back-etching the photo-
luminescent nitride layer using reactive ion etching (RIE),
resulting in a sufficiently low PL from the free-standing SiO2
membrane. Using NZMWs, long DNA fragments can be

efficiently captured and sequenced using SMRT sequencing.38

These loading improvements can, when maturing to a practical
device, benefit applications in which the analysis of precious
samples at picogram levels is needed. However, one drawback
of NZMWs is that fabricating massively parallel arrays of
nanopores is prohibitively expensive and impractical despite
various nanopore-arraying methods that have been developed
recently.39−46

Because a voltage-biased nanopore acts merely to attract
DNA via the electric fields arising from its ion conductivity, we
bypass here the need for making individual nanopores by
developing a scalable process for hosting a novel porous
membrane at the bases of the ZMWs. The porous layer can
transport ions through it, yet it does not allow DNA transport
across it, resulting in efficient electrokinetic capture. We report
here on the properties of this porous layer, also demonstrating
the parallel capture of biomolecules from hundreds of ZMWs
simultaneously. Our results pave the way for sequencing DNA
from picogram levels of input.

Porous Inorganic Films. We have used molecular-layer
deposition (MLD)47,48 to deposit an ultrathin film with
controllable film thickness in the nanometer range on SiN, a
sacrificial membrane support material. The film was deposited
by sequential deposition of trimethylaluminum (TMA) and
ethylene glycol (EG) using an atomic-layer deposition (ALD,
Arradiance GEMStar) tool (see Figure 1a). The resulting film
contains a hybrid organic−inorganic network, so-called
alucone,49,50 the organic component of which disintegrates
when immersed in water at room temperature to produce the
porous inorganic aluminum oxide network.51 A schematic
illustrating the deposition, borrowed from Miller et al.,50 is
shown in Figure 1a. The precursors TMA and EG were
alternately injected, exposing the hydroxylated silicon surface
to TMA, which reacts with the surface (Figure 1a-1), releasing
methane as the byproduct that is purged out. The surface is
later exposed to EG, which binds the accessible functional sites
and regenerates hydroxyl functional groups for the next TMA
exposure (Figure 1a-2). Thus, by repeating the sequence of
TMA and EG, the alucone film was grown to the desired
thickness. The alucone thin films of varying thicknesses were
deposited on top of the silicon substrate at different

Figure 1. Porous membranes for electrokinetic biomolecular capture. (a) Illustration of the surface chemistry of molecular layer deposition (MLD)
using trimethylaluminum (TMA) and ethylene glycol (EG). TMA is deposited on the native hydroxy surface of silicon nitride releasing CH4 as a
byproduct [1], further exposing the surface to EG releasing CH4 as a byproduct, leaving the surface covered with hydroxylated groups [2]. (b)
Thickness measurement of the hybrid organic−inorganic thin film using an ellipsometer as a function of a number of cycles for the same deposition
temperature (error bars represent 1 standard deviation from 8 different samples deposited individually).
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temperatures (125 and 150 °C) to manipulate inorganic
structure in the films, which, in turn, affects the membrane
porosity and film thickness per cycle. The thickness was
measured using an ellipsometer (Rudolph Research AutoEL
II), which revealed the deposition rate decreases with an
increase in temperature. The result of film thickness as a
function of the number of cycles is shown in Figure 1b.
The porosity of the alucone layer was characterized using

neutron reflectometry (NR). A 20 nm layer of alucone was
deposited on a 5 mm thick silicon wafer, followed by the
deposition of a 2 nm SiO2 layer, which has been found to
improve layer stability while maintaining porosity. This oxide
layer also allows us to functionalize the surface using silane
chemistry (see SI Figure 5), necessary for sample immobiliza-
tion on the membrane surface,52 a necessary step in the
sequencing assay. The alucone-coated wafer was mounted in
an NR flow cell so that the alucone surface was in contact with
a 100 μm thick reservoir. The flow cell was mounted on the
MAGIK vertical neutron reflectometer at the National Institute
for Standards and Technology (NIST) Center for Neutron
Research (NCNR).53 The reservoir was then filled with D2O
buffered at pH 8 with 50 mM tris(hydroxymethyl)-
aminomethane, and the reflectivity from the sample was
monitored until full hydration was achieved.
The reflectivity of the alucone-coated silicon surface to 5 Å

neutrons, multiplied by Qz
4 for clarity (see the Neutron

Reflectometry section) is shown in Figure 2a. Model fits are
shown as solid lines, while the residuals are displayed in Figure
2b. The corresponding scattering length density (SLD) profiles
are shown in Figure 2c, while the underlying molecular
composition is shown in Figure 2d. The model components
include a native SiO2 layer on the silicon surface, a dense “first
layer” forming the interface between the alucone and the
substrate, the alucone layer itself, and the SiO2 deposited by
ALD on the alucone surface. The volume fraction occupied by

each component, as well as its material-specific SLD, were free
parameters in the optimizations. The interfacial roughnesses
are described by two additional parameters: one for the
substrate-proximal layers and one for the components on the
substrate-distal surface of the alucone. Important structural
parameters are presented in Table 1. The water-accessible
porosity of the alucone film is found to be 28%.

Freestanding Alucone Membranes. To demonstrate the
DNA-capturing ability of the freestanding porous layers, we
prepared SiN membranes that contain a small region that has a
free-standing alucone membrane (see the Fabrication section).
This was achieved by deposition of an alucone film on a SiN
membrane that has premade (3 μm wide) circular regions in
which the SiN is thinner than the surrounding bulk membrane.
Following deposition, the SiN membrane is back-etched using
RIE until SiN in the circular regions is thoroughly removed,
leaving a pair of 3 μm diameter freestanding conducting
porous membranes on an otherwise multilayer nonconducting
membrane (Figure 3a). We observe that 3 μm porous
membranes maintain their structural integrity over time for
at least 24 h. Next, the alucone membrane’s PL was measured
using a Renishaw Ramascope setup equipped with a 100×
objective, and all spectra were measured using a 488 nm
excitation laser. The PL spectra from the circular membranes

Figure 2. Neutron reflectivity of alucone on silicon. (a) Neutron reflectivity of alucone in buffers based on D2O, H2O, and a 2:1 mixture of D2O/
H2O. Reflectivity is multiplied by Qz

4, successive curves are offset by a factor of 10,2 and error bars are shown sparsely for clarity. Error bars
represent 68% confidence intervals arising from Poisson counting uncertainty. (b) Residuals of volume occupancy model optimization to
reflectivity curves. (c) SLD profiles of the alucone layer derived from the optimized volume occupancy model. Dashed lines are 95% confidence
intervals. (d) The optimized underlying volume-occupancy model, showing good agreement with a free-form model (green curve; dashed lines are
95% confidence intervals or CI).

Table 1. Important Structural Parameters of Aluconea

parameter value

alucone thickness 204.7−4.4
+4.1 Å

water fraction in hydrated alucone 0.284−0.007
+0.011

alucone rmsb surface roughness 9.3−2.6
+5.1 Å

average alucone SLD 3.813−0.040
+0.074 × 10−6 Å−2

aUncertainties are 95% confidence intervals. brms = root-mean
square.
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before and after nitride thinning was measured. It can be seen
from Figure 3b that upon thinning, the nitride the PL intensity
continues to decrease. After etching of the entire SiN, the
freestanding porous membrane emits a very weak PL signal,
which makes it suitable for the detection of single-molecule
fluorescence events for sequencing applications.
The necessary requirements for a porous membrane

intended for DNA sequencing are porosity and conduction
of ionic current, mechanical and chemical stability, and low
photoluminescence (PL). To measure the membrane’s
conductance, capture DNA, and to record fluorescence burst
from the tagged DNA, the membrane-supporting chip is
mounted in a cell and placed in a Faraday cage on top of a
fluorescence microscope that is coupled to a patch clamp
amplifier, excitation lasers (blue, green, and red), and an
imaging system38 (Figure 3c). Applying a voltage bias across
this membrane generates a localized electric field and
electrophoretically draws charged molecules to the porous

membranes. Figure 3d displays a current−voltage (I−V) curve
measured with 10 mM KCl (10 mM Tris, 1 mM EDTA, pH
8). The linear I−V curve indicates the membranes are porous
enough to allow the ions to pass through them. The minor
hysteresis observed is due to the capacitance from the porous
structure. The conductance of the chip was measured over
time for 4 h, and the average conductance during an
experiment was observed to be 0.31 ± 0.218 μS/μm2 (the
error bar is one standard deviation from the mean). No
electrochemical reaction was observed on the porous
membrane, evidenced by the steady baseline current observed
throughout the experiment. This chip was further used to
demonstrate capture of picomolar concentrations of DNA.
YOYO-1-stained DNA was prepared from 3500 bp DNA and
YOYO-1 intercalating dye with a 10:1 base pair-to-dye molar
ratio. A total of 10 pM of YOYO−DNA was loaded into the
chamber, and membranes were continuously excited by a blue
laser (488 nm). A 100 mV bias was applied across the

Figure 3. Experimental setup and DNA capture. (a) A Schematic of porous membrane on a free-standing SiN chip. The porous layer is deposited
on top of the silicon nitride membrane, and back-etching the nitride exposes the thin porous region (shown as I and II). SiO2 is deposited atop
porous layer using ALD technique for better surface chemistry, low noise, and low background signal. (b) Photoluminescence spectrum of the
porous layer before and after nitride thinning. (c) A porous thin-region chip mounted on a fluorescence microscope with an integrated Faraday
cage and patch clamp amplifier and reimaged via a 60×, 1.2 NA water immersion objective. (d) The I−V curve of the porous thin-region
membrane in 10 mM KCl (error bars represent one standard deviation from 5 measurements). (e) The kymograph shows a time series of DNA
capture in two thin regions (shown as I and II); red and green boxes show the area of interest. Images are projections of all frames before (ON) and
after (OFF) the application of voltage during an experiment and are both of the same fluorescence-intensity scale. Fluorescence intensity traces
from two different porous thin regions (red and green rectangles) is seen when a voltage is applied (ON). In the absence (OFF) of bias, DNA is
not captured, and no fluorescence activity is observed.
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membrane to electrophoretically load YOYO−DNA to each
porous membrane. Figure 3e shows the kymograph of the
fluorescence intensity in the areas of interest marked as I and II
and indicated by red and green rectangles. When a voltage bias
is applied (ON) (indicated by the blue arrow) the
accumulation of YOYO−DNA at the porous regions is
observed, as confirmed by the continuous increase in
fluorescence intensity from the labeled DNAs. After the
voltage is turned off (indicated by purple arrow), both of the
porous regions show a drop in the fluorescence intensity level
indicating DNA escape by diffusion. The porosity of the
membrane enables ion transport across it, but due to the small
pore size, DNA passage cannot take place, resulting in
electrokinetic DNA trapping. After the experiment, the chip

was stored in DI water and its conductance was measured
again 24 h later. The conductance showed only a 5% increase,
which confirmed the membrane is still stable and conductive.

Picogram DNA Capture Using Porous ZMWs. After the
successful preliminary experiment of capturing labeled DNA
molecules using porous membranes, ZMWs were fabricated as
described previously,38 on top of an alucone layer capped with
SiO2, deposited atop SiN layer on a 4 in. silicon wafer (see the
Supporting Information). Briefly, we use electron-beam
lithography and negative resist to make an array of 100 nm
pillars in wafer scale. Next, we evaporate a 100 nm thick layer
of aluminum on the wafer and use the lift-off technique to form
the aluminum wells. After ZMWs are made, photolithography
is performed on the back side of the wafer and nitride is etched

Figure 4. DNA loading using PZMW. (a) Scheme of the PZMW chip before and after etching silicon nitride. (b) Schematic representation of DNA
loading on the cis side of the PZMW chip and applying a voltage bias. The panels represents an array of PZMWs in the same device during DNA
loading at positive voltage bias. (c, d) An entire PZMW membrane (21 × 8 array), the image is a projection of all frames before applying voltage
bias (0 mV). Red, green, and blue boxes show the area of interest for different PZMWs. The YOYO−DNAs were excited using 488 nm laser (5
mW laser power at objective plane, 60× water immersion), and the fluorescence traces from these PZMWs were recorded using emCCD over time
are shown. In the absence of electric field, YOYO-I stained dsDNA are not captured (red and green traces), but over time, due to diffusion or
voltage offset, DNA are seen to be captured (blue trace). (e, f) In the presence of applied voltage bias (70 mV), DNAs are immobilized in all of the
PZMWs and is confirmed by the increase in the fluorescence intensity followed by photobleaching over time, captured using a emCCD camera and
60× objective lens. The intensity trace shows the activity of DNA capture in marked PZMWs. (g) I−V curves of the a PZMW chip in 10 mM KCl
before and after the experiment is shown (error bars represent 1 standard deviation from 10 measurements). (h) The capture rate of varying length
of YOYO−DNA into PZMWs at 200 mV is plotted in units of millivolts per picomoles per minute (error bars represent 1 standard deviation) and
is compared against the previously reported NZMW data38 at V = 200 mV (error bars are 1 standard deviation).
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selectively from the photo window. The back side of the silicon
wafer is etched by KOH, and finally, the SiN layer is removed
using RIE (Figure 4a), giving access to the porous layer within
each ZMWs. This new device, called the porous ZMW
(PZMW), contains an inorganic low-photoluminescence
porous membrane that allows the electrokinetic capture of
biomolecules (see the Supporting Information) in a facile and
scalable manner. A schematic illustration of a PZMW device is
shown in Figure 4b. A solution of 10 pM 10 kbp dsDNA-
labeled YOYO-1 dye was used, and the change in fluorescence
intensity as a function of time at each PZMW (21 × 8 array)
was recorded using an emCCD camera. In the absence of
voltage bias (0 mV), no activity is seen at the base of PZMWs,
indicated by red, green, and blue boxes (Figures 4c,d).
Nonetheless, DNA capture is observed over time in a few
PZMWs, owing to the diffusion loading and possibly an
existing voltage offset. Applying a voltage bias (70 mV) across
the PZMW membrane resulted in electrophoretic focusing of
individual YOYO-1-stained DNA molecules within the
illumination volume of PZMWs, where the DNA molecules
are excited using a blue laser. The DNA loaded PZMWs are
visible with notable fluorescence bursts (Figure 4e). Figure 4f
shows distinct entry of individual DNA molecules into the
PZMWs, as indicated by the intensity spikes after each capture
followed by photobleaching over time. Each molecule stays in
the waveguide for specified time before it escapes by diffusion.
The fluorescence traces from all PZMWs are shown in Figure
S2. Throughout the experiment, the steady capture of DNA
molecules was observed for an extended time (>8 h). This
indicates that DNA neither accumulates in the waveguides nor
irreversibly blocks the entrances to the porous network.
PZMW chips can successfully be reused after a day for DNA
capturing. In Figure 4g, I−V curves of the PZMW chip before
and after the experiment are shown. An increase in
conductance over time was observed indicating continuous
disintegration of the organic compound in the alucone during
the experiment. The average conductance after the experiment
was observed to be 0.20 ± 0.09 μS/μm2. Here, conductance
was obtained by fitting a line to the I−V curves below 50 mV
(the linear regime) and averaging over 10 measurements (error
represent are one standard deviation from 10 measurements).
The nonlinear I−V curve above 100 mV suggests concen-
tration polarization54 at the porous membrane, which limits
ion transport at higher voltages.
The capture rate of DNA molecules in the picomolar

concentration range as a function of DNA length, from 500 bp
to 48 kbp, was measured using the PZMWs. In these
experiments, the concentration of DNA molecules shorter
than 10 kbp was 10 pM, and a 1 pM concentration was used
for molecules equal to or longer than 10 kbp. The experiments
were carried out at 200 mV applied bias, and the interspike
duration for different DNA lengths in each PZMWs was
measured from which the capture rates (Rc) were calculated.
The capture rates normalized by DNA concentration are
presented in Figure 4h and compared with our previously
reported DNA capture data using NZMWs,38 which were
measured under the same experimental conditions (V = 200
mV). DNA packaging in nanometer size geometric confine-
ments, such as virus capsids, requires substantial energy to
overcome the entropic barriers during DNA compression. In
this case, the electric field applied across the PZMW
membrane provides the energy required for DNA packing.
The capture rate of PZMWs is only slightly dependent on

DNA length. PZMWs display at least 1 order of magnitude (2
for shorter molecules) of enhancement in capture rate over the
NZMWs across the entire range of tested DNAs. We note that
the capture trend observed for NZMWs and PZMWs for
increasing DNA lengths appears to have opposite trends:
whereas there is a slight increase for longer DNA molecules in
the case of NZMWs, for PZMWs, there is an apparent
decrease. These noticeable and opposite trends may be
somewhat skewed by the fact that capture of DNA into
NZMWs and PZMWs have fundamentally different fates:
while in NZMWs, there is a finite possibility of eventual
translocation, in PZMWs, this is not possible because the small
and tortuous pore structure does not allow DNA to traverse
the membrane. Therefore, capture is negatively skewed by the
fact that PZMW occupancy precludes the capture of other
molecules, whereas in NZMWs, there is a sink provided by
translocation.
In summary, we have successfully demonstrated second-

generation ZMW devices that consist of a porous membrane at
the base of each ZMW for efficient loading of single molecules
from small input quantities. These devices are stable and can
be used for more than 1 day. Combining ZMWs with a porous
membrane allows the low-cost fabrication of these devices at
the wafer scale without a need for techniques such as
transmission electron microscopy to drill a nanopore at the
base of each ZMW. The electrokinetic capture of YOYO−
DNA reveals loading rates independent of DNA length, while
we expect that other biomolecules can also be captured in a
facile and scalable manner. PZMWs provide ion-conductive
pathways across the entire membrane in the form of tortuous
and straight channels and effectively immobilize the sequenc-
ing molecule at their base. We have also demonstrated that
silane chemistry can be used to immobilize labeled
streptavidin, laying the groundwork for future work focused
on parallelizing low-input DNA sequencing. We have
demonstrated that these PZMW devices can be used with an
existing DNA sequencing setup and is a replacement for our
previously reported NZMW devices for SMRT sequencing.

Experimental Details of Neutron Reflectometry. For
reflectivity measurements, a monochromatic beam of wave-
length 5 Å impinged on the interface between the coated
surface of the sample wafer and the liquid in a 100 μm thick
reservoir. The pre-sample collimating slits were chosen to
maintain a constant illuminated interfacial area for each
measured angle θ. The post-sample collimation was chosen to
allow the entire reflected beam to impinge on the detector,
which was positioned at an angle 2θ relative to the incoming
beam direction to measure specular reflection. Each reflectivity
curve covered a range in scattering vector Qz = 4πλ−1 sin (θ)
from 0.008 to 0.25 Å−1.
The reflectivity was calculated as R = (I(Qz) − IB(Qz))/

I0(Qz), where I(Qz) is the measured count rate (normalized to
a much larger monitor count rate to account for fluctuations in
beam intensity). IB(Qz) is the background intensity, which
arises primarily from incoherent scattering from the liquid
reservoir and is calculated by linear interpretation of the
intensities measured with the detector positioned at 1.5θ and
2.5θ. I0(Qz) is the incident-beam intensity (also normalized to
the monitor count rate) and is directly measured through the
silicon substrate at θ = 0 with the detector positioned in line
with the incident beam.
To reconstruct the SLD profile of the alucone, NR data were

collected in buffer solutions using three aqueous solvents: D2O
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(SLD of 6.33 × 10−6 Å−2), H2O (SLD of −0.56 × 10−6 Å−2),
and a 2:1 mixture of D2O and H2O (SLD of 4.03 × 10−6 Å−2).
Differences in the SLD profiles of the alucone-coated surface in
different solvents gives information about the volume
occupancy of the aqueous medium in the alucone layer. NR
data were modeled using the composition space modeling
procedures described previously.55 Simultaneous optimization
of the composition space model for the three solvent
conditions was performed on the Bridges56,57 high-perform-
ance computing system using the DREAM Markov Chain
Monte Carlo algorithm58 implemented in the software package
Bumps.59 Confidence intervals on parameters and model
predictions were calculated from sparse sampling of 2.9 million
DREAM samples after the optimizer had reached steady state.
The optimization achieved a reduced χ2 of 2.1.
Fabrication. The SiN membranes with locally thinned

circular regions were made by deposition of 50 nm low-stress
SiN on 500 μm thick silicon wafers. Next, using photo-
lithography, 3 μm diameter circular regions separated by 25
μm each were masked on one side of the silicon wafer. After
development, 20 nm of SiN from circular regions was removed
using RIE. Later, the other side of the wafer was masked using
square photo windows separated by 5 mm each and developed,
and SiN was removed from square photo windows followed by
etching of the silicon wafer in the <100> plane by KOH at 65
°C, leaving behind a SiN membrane with a pair of 3 μm
circular regions.
Sample Preparation. YOYO-labeled dsDNA was pre-

pared using either λ-DNA or NoLimits dsDNA frag-
ments (ThermoFisher Scientific) of different lengths (500 bp
to 20 kbp) and YOYO-1 intercalating dye (Life Technologies,
Carlsbad, CA). dsDNA and YOYO-1 dye were mixed together
at 10:1 (base pair/dye) molar ratio and incubated for 20 min
at 50 °C.
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