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1. NZMW fabrication
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Supplementary Figure 1: Stepwise Schematic representation of NZMW fabrication process: 1.
LPCVD silicon nitride coating of silicon wafer. 2. SiO, coating on silicon nitride on one side of
wafer. 3. Spin AR-N 7520.11 negative e-beam resist. 4. Expose using EBL and develop resist. 5.
Thermally evaporate 100 nm of aluminum. 6. Liftoff resist. 7. Spin S1818 positive photoresist on
reverse side of the wafer. 8. Expose and develop positive photoresist. 9. Etch silicon nitride
windows with reactive ion etching. 10. Spin and bake protective ProTEK on ZMW surface (on top
of aluminum). 11. KOH etch silicon. 12. Remove ProTEK and deposit ALD SiO, .

To fabricate NZMWs we use 200 um-thick, 4” <100> Si wafers. The wafers were cleaned with
a standard process, rinsed with DIH,O and dried with an N, gun. Prior to fabrication, 35 nm of low
stress silicon nitride (SiNy) was deposited on either side of the wafer using low pressure chemical
vapor deposition (Fig S1, Step 1). We deposited 20 nm of SiO, via atomic layer deposition with
Bis(diethylamino)silane (BDEAS) as a precursor and ozone as an oxidizer (Fig S1, Step 2). One
side of the wafer will be used to fabricate ZMWs on SiN, membranes, which will be etched from
the reverse side with KOH.

ZMWs were then fabricated using e-beam lithography (EBL) using AR-N 7520.11 negative
resist (Allresist GmbH). E-beam resist was spun onto one side of the wafer (3300 rpm for 45 sec)
and baked (60 sec at 90 C) (Fig S1, Step 3). Using a JEOL 6300FS e-beam writer, a ZMW pattern
containing an array of circles (80nm diameter) and an alignment mark was exposed in the resist.
Alignment marks are used to ensure that the ZMW arrays line up with a backside photolithography
mask for etching down to SiNy membranes. After exposure the negative beam resist was
developed with MF321 solution (90 sec), rinsed with DIH,O (120sec) and dried with nitrogen. To
ensure full removal of resist, wafers were descummed in downstream oxygen plasma (100 watts,
60 sec) (Fig S1, Step 4) and 100 nm of thermally evaporated aluminum was deposited
immediately (Fig S1, Step 5). To form ZMWs, a lift-off process was carried out in sonicated 1165
Remover solution (MicroChem, 3 hrs at 68 C) (Fig S1, Step 6) and later it was kept overnight in
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the same solution to ensure complete lift-off. Wafers were rinsed thoroughly with DIH,O and
descummed again with oxygen plasma. To verify proper metallization and lift-off, ZMW patterns
were checked with a scanning electron microscope (SEM) (SEM image shown in figure 1a of
main text) prior to photolithography on the back side of the wafer. A defined pattern was
photomasked then written with photolithography on the back side each wafer for KOH etching of
silicon. Positive photoresist (Shipley Microposit S1818) was spun (4500 rpm, 60 sec) on the back
side of the wafer and baked (115 C, 60 sec) (Fig S1, Step 7), resist was later exposed using a
contact aligner (MA/BA 6, Suss MicroTech). A photomask with alignment mark was used which
aligned to the features on the ZMW pattern. After the alignment resist was exposed and developed
using MF321 solution (60 sec), rinsed with DIH,O and dried with nitrogen (Fig S1, Step 8). The
exposed (back) side of the wafer was treated with SF6 plasma with reactive ion etching to remove
silicon nitride and expose windows for KOH etching down to free-standing SiNy, ZMW membranes
(Fig S1, Step 9). Before KOH etching, ZMWs were protected from KOH with proTEK (Brewer
Science) (Fig S1, Step 10). Following KOH etching and removal of proTEK in solvents (Fig S1,
Step 11), we etched the backside of the ZMW membranes in SFg plasma (Fig S1, Step 12) to
reduce photoluminescence (also see section 2, below). We then fabricated nanopores at ZMW
bases using a 200 kV transmission electron beam.



2. Reducing Nitride Photoluminescence Background
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Supplementary Figure 2. NZMWs (aluminum) are first fabricated on silicon wafers
with 35 nm of silicon nitride and 20 nm of atomic layer deposition silicon dioxide. After
KOH etching to release membranes, most of the luminescent nitride is removed with
SFe reactive plasma. Although the etching should suffice to remove all nitride, residual

Low-stress silicon nitride is known to exhibit photoluminescence under blue and green
illumination, which can prevent single fluorophore detection’. In order to reduce this background,
we fabricated the ZMW array on silicon dioxide. We did, however, wish to use silicon nitride as a
KOH etch mask. For this reason, we deposited 20 nm of silicon dioxide on a wafer with 35 nm of
low-stress silicon nitride. After fabricating ZMWs and back etching, we removed the silicon nitride
with reactive SFg plasma in a Technics micro-RIE 800 system under the following conditions: 300
mTorr, 150 W, and etch times generally 1-2 minutes. Longer times often resulted in fragile
membranes. RIE resulted in the reduced luminescence depicted in Figure 1d of the main text.
The concept is illustrated schematically in Figure S2. The RIE removes much of the nitride,
reducing photoluminescence, and the thin SiO; layer is enough to support the ZMW membrane.



3. Numerical solution for the NZMW'’s DC electric field
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Supplementary Figure 3. The numerical solution for the DC electric field in and around
a 100 nm-high ZMW with a 3 nm nanopore under 500 mV bias. To match the
observed ZMW geometry, it has a 60 nm base diameter with a truncated cone
structure having an 85 nm outer diameter. The electrolyte contains a 400 mM KCI
concentration and the pore has a 5 nm effective height. Color scale represents the
magnitude of the electric field’s z component

4. Analysis of YOYO-1-stained DNA

To obtain the data presented in Figure 2 of the main text we first extracted the fluorescence
traces from each ZMW in ImageJ. The peak fluorescence intensity for each YOYO-1 spike was
calculated as the difference between the average baseline level and the initial height of the
fluorescence spike (see Figure S4a). We then analyzed these traces with Pythion software
(https://github.com/rhenley/Pyth-lon) to extract inter-event times and dwell times for each event.
For Pythion to properly analyze these traces, we had to invert the data and chose an appropriate
threshold for the beginning and end of a molecular event. This resulted in an underestimate of




the dwell time of any molecules that photobleached before escaping the NZMWs. Figure S4a
illustrates the dwell-time for an example 10 kbp spike. Additionally, we fit the exponential decay
for these fluorescence spikes as shown in Figure S4a. The mean and standard deviation of these
decay times are reported in the main text. After collecting dwell times, we assigned a characteristic
time scale for each DNA length and applied voltage by fitting an exponential to the dwell time
histograms, as depicted in Figure S4b for 1 kbp DNA.
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Supplementary Figure 4. a. A sample 10 kbp YOYO-1 event has several parameters of
data analysis illustrated. Peak intensity was computed as the difference between average
baseline fluorescence and peak level. Dwell time was the time between initial spike and
the drop below a chosen threshold. Each event was fit with an exponential. Photobleaching
time was reported as the time constant of the fitted curve, 803 £ 6 ms in this example. b.
Histogram of dwell times and an exponential fit for 1 kbp data.



5. YOYO-stained DNA fluorescence intensity model

We model the dependence of intensity vs. length by considering the anticipated signal
from a fully packed DNA molecule inside the NZMW. First, the illumination intensity decays
exponentially with height z according to I(z) = lhexp(-z//\), where A is a constant determined by
the optical properties of the system (metal type, hole size, coating, illumination wavelength)?. The
total anticipated fluorescence intensity, F, can be expressed as:

F(h) = F, [ e™*/1dz (1)

where Fq is the maximum fluorescence for a uniform-density, fully packed NZMW and h is the
filled NZMW height. If the voltage-induced electric field gradient packs a DNA molecule inside the
NZMW from floor to height h, then substituting h for “packed DNA height” bN (b = packed DNA z-
height per kbp, N = DNA length in kbp), and solving the integral in Eqn. 1, yields:

F(N) = A(1 — e~bN/4) (2)



6. Ribosomal RNA capture

As sample RNA, we used RNA from the 70S ribosome of E. coli (Sigma). To fluorescently
label the molecule for optical NZMW detection, we incubated RNA with SYBR Green Il
(ThermoFisher) using the manufacturer’s standard protocol. In Figure S5, we plot extracted traces
for rRNA capture into an NZMW at 500 and 1000 mV bias.
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Supplementary Figure 5. Ribosomal RNA molecules labeled with SYBR
Green Il produce fluorescent spikes when they enter a biased NZMW. The
figure plots extracted fluorescence traces from an NZMW biased at 500 mV
and 1000 mV.



7. Estimate of biotin-streptavidin binding time

To estimate the necessary binding time for a streptavidin-conjugated sample to a biotin at
the ZMW base, we modeled the reaction as a pseudo-first order process, with the concentrations
of biotin ([B]), streptavidin ([S]), and biotin-streptavidin conjugate ([BS]) obeying the following
equation.

The volume of a 100 nm diameter ZMW is 7.9 x 10" liters. Having one molecule (1.7 x 10
moles) in this volume corresponds to a ~uM concentration of ~uM. Using measured biotin-
streptavidin association rate of 4.5 x 10’ M s™ for the first binding site of a streptavidin®, the
above equation suggests that the amount of time necessary to produce a 2 yM concentration of
BS is roughly:

(1x10°M)/(4.5x10'M"'s"x1x10°Mx 1 x 10° M) = 0.022 s.

8. NZMW array loading at 1V

NZMWs (5x5)
ZMWs

1V pulse (5 sec)

Supplementary Figure 6. Voltage loading YOYO-1 stained DNA into a 5x5 NZMW array
using two 5 s, 1V pulses, results in 92% efficiency ([DNA] = 96 pg/ul).

After two subsequent 1 V pulses of 5 seconds, we loaded YOYO-1 stained, biotinylated, 48.5 kbp
DNA into 23 out of 25 NZMWs in an array. In Figure S6, we present an image of the array before
voltage pulse and an integrated stack of images during and after the pulses. Presence of
immobilized DNA in a ZMW is verified by the fluorescence from the waveguide, which persisted
after voltage was changed to 0 V.



9. Raw data and extracted sequence

Range 1: 7327 to 7353 Graphics ¥ Next Match
Score Expect Identities Gaps Strand
21.1 bits(13) 0.59 20/27(74%) 0/27(0%) Plus/Plus
Query 35 ACAGTGTGCTCAGCCCTGACAACACCA 61

| | \ \
Sbjct 7327 ACAATGTCTTCAGGCATAGCAACACCA 7353
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Supplementary Figure 7. Sequence of frames (top to bottom, left to right) acquired for the 20
kbp SMRTbell template, as well as a read that corresponds to the sequence. Movie that shows
this sequence of frames is also in the Supplementary Information.
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10. Sequencing Details and base-calling algorithm

1) Analysis details

a. Pulse sensing: Our base-calling algorithm was carried out in the following 3-step
process: The active ZMW is first located and two regions of interest are defined for the
top and bottom portions of the spectra, which correspond to the G, T and C, A bases
respectively. A threshold based algorithm adapted from the Pyth-lon software written
in the Wanunu lab (https:/github.com/rhenley/Pyth-lon/) was then run on each of the
signals produced by the two regions of interest to identify start and end times for
fluorescence pulses produced in each region. The two signals are then compared
against one another to decouple their signals and ensure only one region is deemed
as incorporating at any given time.

b. Inter-pulse sensing: In the event where multiple pulses appear as a single pulse due
to the framerate being too slow to detect the inter-pulse time, a peak detection
algorithm is then run to look for sudden changes in fluorescence intensity within
pulses. If multiple peaks are detected then the pulse is separated into multiple pulses.

c. Base Calling: Finally, the frames from each of the detected pulses are combined by
taking the median value of each pixel during the pulse. This composite image is then
categorized by taking the dot product of the image with the dNTP standard images.
Depending upon if the pulse comes from the top half or bottom half of the image, it will
be assessed against either the dGTP and dTTP controls or the dCTP and dATP
images respectively. The identity of the base is then determined based upon which
control image gives the highest value.

2) Sequence alignment
a. LAST Alignment: Sequences were aligned using the LAST alignment software.*
Sequence alignments of up to 1.6 kbp were achieved, producing sequence identity of
67% from a single read. Obtaining sequence identity on par with Pac Bio accuracy
levels (85-90%) will require further mitigation of intrinsic SiN photoluminescence and
further software refinement, but is beyond the scope of this work. An example of one
read is shown below (obtained from a 10-minute read):
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AACTATCGGTAATATGGCTCTACARCCGCGC--ATAARGT-AACAG-ATCTCTGAACTATTGAGT————-——-—~ TC----- TA-GGATTATTATC-TATT
AAGTATCGGG--TGTTGCTG---ARCCGTGTTGATACA-TCAACTGCA-C-CTGA--TATTGAGTGGCCTGCTGTCCCTGTTATGGAGTA--ATCGTTTT
Fx kEhAE A * * AEk FhEhh A ThE h h AkkE Kk ok xhkE  AkrhkEhAE o kx kEk kk kEh ok =k

--TTAGT-TATTATATAGGGCT-ATTATAAGTACCTGTACG-GGCAAG-ATT-T

TGRARTARCGTTCTGCGGTTAGTTAGTATATTGTAAAG--CTGAGTATTGGT---T-TATTTGGCGATTATT

PR T S Y = =% D

TCTCTAGCAAGTATA--GGATAGTTCCGAATAT-ATTCACTATATATT-ATAGTATAATTA-ATCA-—-—— ATTATATGGGCATATATATTARGCCT-AT
T-TC-AGGA-GAATAATGGA-AGTTC----TATGACTCA--AT-TGTTCATAGTGT--TTACATCACCGCCA--AT-TG--C-T-T---TTARGACTGA-

Fokk kE K Kk xhk xhk Arhkw R I R Arhkr xh x

A-GTAT-ATATTTAGGTTTGTTCTCTCCTGCGGACTTTC-GTC-GACTATAGATACTTGGC-A---TC--TTTGGGACCTTCTAATTAGTATCCTTTA-C
ACGCATGARATAT-GGTTT-TTCG-TCATGT--—--TTTGAGTCTG-CTGTTGATATTT--CTARAGTCGGTTT--——-—~ TTTTTCTTCGTTTTCTCTAAC

F ok wk w xk 2 khkEd whE w2k Ak D *x kkx B

-—-ATGAA-TACAAAGTCTTAR--ATGCTTTGAGGAGCCTAGTGCG-TCT-CCt-—-—-tett-ct t et ATT-TTGG--TT--ATGATAT-GCTT
T-ATTTTCCATGAAATACAT--TTTTGAT TATTATTTGA--ATCA-ATTCCAAT-TACCTGRAGTCTTTCATCTATARTTGGCATTGTATG-TATTGGTT
* * ThkEE Ak h R e e T ThhE w krhkAkE Ak k  kx hkE Kkxh h wH
C---GGAGT----- CTAA-TTATCTATGGGCAACT--CTCTTATTA-CTATTATTGATGTTCGTCATTAGG-ATTTCATCTTATTATGGAT-TG--AGGT

TATTGGAGTAGATGCTTGCTTTTCT--GAGCCA-TAGCTCTGAT-ATCCA--AATGAAG--C--CAT-AGGCATTTG---TTATTTTGGCTCTGTCAGCT
hhE o Ax xrkhk ok kx ok ok kxkk kx ok h h h whkE K x xhk keh whAkH ThEhE AAE x Kkx hk
GC-=-——- GCGGRAARATA-ATTTCCTCATCAG--TGAGC--CATGTAAGTTATTGTCTCTTGGAGTACGAAAGAA--GGATA-ARGAGCGGA-CATCGAG
GCATAACGCCAAAARAATATAT -—-ATCTGCTTGATCTTCA---AA--TGTTGTAT -GATTA--ARATCAATTGGATGGAATTGTTTATCATAAAA
> *h  krhhAAkr Arhx D I = A T e * oExrE o
ATATCGTAATTTCTT-ACA-GAGAGAG--G--CTTATAAGTAAGGAGGTTC--CATTCTAGGATATATATT-ATCTGCAGTCTTCTGTCGATTTGATAT:

A-AT--TAATGT-TTGA-ATGTGATAACCGTCCTT-TAAARAAGTCGTTTCTGCAAGCTTGGCTGTATAGTCAACTA-ACTCTTCTGTCGAAGTGATATT

* okk krkr ok kk k h o w2k * A kExk kkx hkE x xkk kx hk hx h AkEhk k x kh  h rhrhkrhkAAE  xhrihs

TATATGCGAACCTCTTATCT-CTTCA-TTTCTAGAGGAAATTTAGAGTTATCAGAGATT--GGCACTTACATCCTCGTTATCTCTC-TATGGGA-CTATA
--CTTATCTAC--CAGTTT-TAGACGCTCTTTA-A--TATC- --AT--T--TTAT-TGTCATATTGTATC-ATG

* okE FhhkEhh Kk kx khk hhkEh A D Fh wk w kx ko xkkE x kx kAkk * x ox kx

CTTRAA-GACTCTTAAATCCTGATGGTAAGGAATCTGATTAGTTCTCTTCATCGGTATGAGTACTAGAAATTATTATCTCC---CTATCGA GGTAAT
C-TRAATGACAATT---TGCTTATGG--AGTAATCT-TTTARATT TTAT--TCTCCTGGCT-TC-ATC----AA-

B * kx whAkE Ak hkEhE kA *x o o=k Ak FhEh  krhkw Ar Ak xhh *x

TGTTATAGGAGGCTCGATTCACRACTGGCGAAATATTCTATAT-AT-A-CGATTCGAARACTATGTAGATAT-CATGACTCAAGCTTAGAGGTTA-~
--ATA-RAGAG--TCGAATGA-TGTTGGCGAAA---TC-ACATCGTCACCCATTGGA---T-TGTTTATTTGTATG-C-CAAG---AGA-GTTACAGCAG

R Thk Ak kA Hh ok kE K Kk ok xhk ke B I N FhE kA

CGGGCTACCTAG--AA--CTTATGTTCTAATATACTTCCTTAARTTTTGT
TA--TAGCTAAGGC--ATG---TAATA-A-TT-CGTAATCT--T

TA---TATATCGCGTTA-CCTTCGTCTA
TAGCGTAT-TAGCG--ACCCATCGTCTT

I FhEEE K KK K KAkEE x Ak Eh Thh k kkE ok xk xh Ak
TGGCAGaatatacttactatatcttgettCTACTT-ATTARGAATGCGGCTAATTTCTTTTGCGTTG-ATA-TCTGAGTTACTTTT-——-~ CCAATTCGG
T--CTG-ATTTA-ATAATAGA---TGATTC-AGTTAAATATGAA---GG-TAATTTCTTTTG---TGCA-AGTCTGACTRACTTTTTTATACCAAT---G

B e T Ar kkk ok xk ko h Ak Fx kEhAEAEAAEAE B T FhEh *

TCTTCTTTAGATAC-AACGRAT--TAA-AGATTGaa-g--atTGTCGCTCTT--ATATAATAGTGATTTGAGAGTTA-CCTTCAAT-CCTTTCGCTATAC

T----TTAACATACTTTC-ATTTGTAATAAACTCAATGTCATT-T---TCTTCAATGTAAGA-TGAAATAAGAG-TAGCCTT---TGCC--TCGCTATAC
* PR P B I T T SR S *hhkE  wk kkE x kxh Kk hkEh Ak KAk R
--TTCGAGATCGGGCATCTGGCACCCTATCTTATATCTGARTTCGCGAGTGAA-ATTTAGGTGGCAA---ATT-AT-GACTTTCATATTAATT--ATATT

ATTTCTAARTC--GC--CTTG----- T-TTTTCTATC-GTATT-GCGA--GAATTTTTAG--CCCAAGCCATTAATGGA- -~ TCAT-TT--TTCCATTTT
hhka ok kah kA ks Bk sk AEE % RRE RAEE AER REhA shk KRR kR 2k AAAE KR Rk Rk A%
TC-GTAR-ATTTCTAATAGAGATTCGATATGACATAT-CTCCTCATCTGCG-———— (e GARTGAGAGAATCG-TATTAGTT-----— GTTT---
TCAATARCATT----ATTGTTATACCAAATGTCATATCCT-ATAATCTG-GTTTTtgt tttt t TGAATAATA-AAT-GTTACT-GTTCTTGCGGTTTGGA
Kr akk Axk KE K kxR ok ARE ARRRE AR K REEAE X * shkx X K KRR 2 AE x ARH PR
--CATCTGA-TC--ATTCTA--TARACGGTTC--GGT----AT-TCTARGCAAT-CAGTTC-TCTT-AGC-CTTTCGATAGATTCATTGCGAAGTAGGAT
GGAAT-TGATTCAAATTCARGCGAAATAATTCAGGGTCAARATATGT-ATCAATGCAG--CAT-TTGAGCARGTGCGATA-ARTCTTT--~AAGT--~CT

kx krk Ak khkE & *hw *rk kEH Fh ko w krkk Ak h ko h ek B N Fhwh *

TCTRATGT-CGA-GG-CTACCACGATCAGAGAGACTAT-CAGTT
TCT--T-TCCCATGGTTTTTTA-G

P T S S S S *

-CTAGGATT-CCCGCT-GTATGAAGATATCTTTATA-A--TAARTARATATTAAAT
GATAGG-TTGCATGCTAG-ATGCTGATAT. T-TAGAGGTGATAAA-ATTAACT

Frhh hh Kk Kkxk ok xhk  whkrhk Ak kx x o hhkrh rhEAA

TGTATTAGGATCCGTACTAGCTATTATTCTGGTAT-TTTTACCAT-TA-AAAATT 1938
--GATC--T--TTGCAATGATTCT--TATCAGAAACCATATAGTAAATT 4149

% o * kkEah *hh kx xEkEE ok k hk kx Axhkkx  hkx e
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