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Pore Dia. Pore
Pore ID (nm) Resistance |DNA sample Voltage (mV)
(MOhm)

1 16 28.9 10 kbp lin +300, +500, £700, £900
5 kbp lin +300, +500, £700, £900
3 kbp lin +300, +500, £700, £900

2 18 33.27 10 kbp lin +300, +500, £700, £900
5 kbp lin +300, £500, +700

3 19 15.27 10 kbp lin +300, +500, £700, £900
5 kbp lin +300, £500, £700, £900
3 kbp lin +300, £500, £700, £900

4 17 14.49 10 kbp lin +300, +500, £700, £900
5 kbp lin +300, +500, £700, £900
3 kbp lin +300, +500, £700, £900

5 19 20.07 10 kbp lin +300, +500, £700, £900
5 kbp lin +300, +500, £700, £900

6 17 29.77 5 kbp lin +300, £500, +700
3 kbp lin +300, £500, £700, £900

7 18 17.5 10 kbp lin +300, +500, £700, £900
5 kbp lin +300, £500, £700, £900
3 kbp lin +300, £500, £700, £900

8 20 13.5 10 kbp lin +300, +500, £700, £900
5 kbp lin +300, +500, £700, £900
3 kbp lin +500, £700, £900

9 19 22.51 5 kbp lin +300
3 kbp lin +300, +500, £700, £900

10 17 17.55 3 kbp lin +300, +500, £700, £900

Table S1: Data Summary. Experimental parameters of all datasets presented in this work.
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Pore | DNA | Voltage Forward Reverse (;hange C.hange
ID used (mV) AG; (nS) AG;(nS) AG; (nS) AG;(nS) 1n0A G 1n0A G
(%) (%)
300 0.72+0.04 | 1.19£0.07 | 0.68 £0.03 | 1.12+0.05 5.8 5.4
10 kbp 500 0.66+0.03 | 1.17+0.05 | 0.59+0.02 | 1.05+0.03 10.4 9.7
700 0.62+0.02 | 1.15+0.04 | 0.55+0.01 | 1.02+0.03 12.3 11.5
900 0.61=0.02 | 1.14+0.04 | 0.52+0.01 | 0.99+0.02 13.6 13.1
300 0.74+0.04 | 1.23+0.07 | 0.67+0.03 | 1.16 £0.05 8.7 5.7
) 5 kbp 500 0.68+0.03 | 1.22+0.05 | 0.59+0.02 | 1.1+0.04 13 9.7
700 0.66=0.03 | 1.2+0.05 [ 0.56+0.02 | 1.07 +0.03 15.5 10.8
900 0.64+0.02 | 1.21+0.05 | 0.53+0.02 | 1.05+0.03 17 13.1
300 0.74+0.04 | 1.24+0.08 | 0.67+0.03 | 1.17+0.06 9.9 53
3 kbp 500 0.69+0.03 | 1.23£0.05 | 0.59+0.02 | 1.11 £0.04 14.6 10
700 0.66+0.03 | 1.21+0.05 | 0.55+0.02 | 1.06 +0.04 16.7 12
900 0.64+0.03 | 1.21+0.05 | 0.53+0.02 | 1.04 +0.04 17.7 14.1
300 0.93£0.04 | 1.62+0.08 | 0.87+0.03 | 1.54+0.04 6.9 5.5
10 kbp 500 0.79+0.03 | 1.49+0.05 | 0.75+0.02 | 1.38+0.04 5.7 7.2
700 0.82+0.04 | 1.54+0.05 | 0.75+0.02 | 1.45+0.04 8.2 6.3
900 0.78=0.03 | 1.5+0.05 | 0.72+0.02 | 1.41+0.04 7.9 6.2
300 0.94+0.04 | 1.64+0.08 | 0.86+0.03 | 1.52+0.06 9.2 7.5
7 5 kbp 500 0.85+0.03 | 1.57+0.06 | 0.76 £0.02 | 1.43+0.04 10.9 8.9
700 0.82+0.04 | 1.53+0.06 | 0.71£0.02 | 1.38+0.04 12.7 9.7
900 0.8+0.04 [ 1.52+0.06 | 0.67+0.02 | 1.33+0.03 15.6 12.3
300 0.92+0.04 ] 1.59+0.09 | 0.87+0.04 | 1.56+0.06 5 2.3
3 kbp 500 0.82+0.04 | 1.52+0.06 | 0.76 £0.03 | 1.43 £0.05 7.1 5.8
700 0.79+0.04 | 1.48+0.06 | 0.71 £0.02 | 1.37+0.05 10.5 7.3
900 0.77+0.03 | 1.46+0.07 | 0.68+0.02 | 1.34+0.04 11.6 8.3
300 0.84+0.03 | 1.44+0.08 | 0.8+0.03 | 1.39+0.05 4.6 3.9
10 kbp 500 0.75+0.03 | 1.34+0.06 | 0.69+0.02 | 1.28+0.04 8.3 4.4
700 0.7+0.04 [ 1.31+0.05 | 0.65+0.01 | 1.23+0.03 7.9 5.9
900 0.69+0.03 | 1.27+0.06 | 0.62+0.02 | 1.21 +£0.03 9.1 4.9
300 0.83+0.04 | 1.42+0.07 | 0.78£0.03 | 1.38 £ 0.06 5.7 2.8
3 5 kbp 500 0.73+0.03 | 1.34+0.05 | 0.69+0.02 | 1.29+0.05 53 3.9
700 0.69+0.03 | 1.3+0.05 [ 0.65+0.02 | 1.25+0.04 6.3 3.6
900 0.68+0.03 | 1.28+0.05 | 0.62+0.01 | 1.21 +0.03 8.1 5.1
300 0.83+0.04 | 1.43+0.09 | 0.78+0.03 | 1.4+0.06 6.5 2
3 kbp 500 0.76£0.04 | 1.4+0.07 | 0.7+0.03 | 1.32+0.05 7.4 5.4
700 0.73+0.03 | 1.36 £0.08 | 0.66+0.02 | 1.28 £0.05 9.6 5.7
900 0.71+0.03 | 1.32+0.08 | 0.63+0.02 | 1.06 +0.26 11 20
Average decrease in AG values (%) in reverse compared to forward 9.9 7.6

Table S2: AG values in forward and reverse direction. Data is shown for Pore-1, Pore-7 & Pore-3. We can
see a decrease in both AG; and AG, values in reverse translocation across all voltages and DNA lengths. The
data has been used in Figure 3, Figure S4.
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C_forward per C reverse per
C forward bp C reverse bp
P1 | 3 kbp DNA 124.18 0.04 152.06 0.05
5 kbp DNA 179.01 0.04 277.66 0.05
10 kbp DNA 321.86 0.03 743.12 0.08
P3| 3 kbp DNA 107.04 0.04 107.54 0.04
5 kbp DNA 206.11 0.04 252.75 0.05
10 kbp DNA 414.05 0.04 546.92 0.06
P4 | 3 kbp DNA 133.55 0.04 166.99 0.06
5 kbp DNA 227.27 0.04 317.77 0.06
10 kbp DNA 426.88 0.04 747.41 0.08

Table S3: Coefficients of the fit of Figure 4c to equation y = C/x. Fitting values of C_forward and C reverse
are listed for different DNA lengths measured in different nanopores. C values per base-pair are also evaluated
by dividing by total number of basepairs in the DNA.
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At,
Pore | Voltage A_tf
ID (mV) | 10kbp | 5kbp | 3 kbp
DNA DNA DNA
300 2.18 1.51 1.19
i 500 2.36 1.58 1.22
700 2.32 1.52 1.19
900 2.38 1.43 1.22
300 1.37 1.26 1.01
3 500 1.4 1.2 1.02
700 1.25 1.21 0.99
900 1.22 1.16 1.03
300 2.03 1.46 1.28
4 500 1.57 1.36 1.19
700 1.74 1.38 1.13
900 1.57 1.28 1.14
Average 1.8 14 1.1
At,
)

Table S4: Ratios of translocation time in reverse to forward direction (Atf across multiple voltages. Data
is shown for Pore-1, Pore-3 & Pore-4. The data is used in Figure 4d, Figure S6b and S6d.
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% of unfolded events

Applied voltage

Pore | [ [ +300 [ 300 | +500 | -500 | +700 | 700 | +900 | -900
1D mV mV mV mV mV mV mV mV
10kbplin | 50| 4403 | 2158 | 5070 | 23.03 | 53.02 | 27.82 | 56.74
P koplin | 4% | 4271 | 3051 | 50.82 | 3201 | 5541 | 37.20 | S6.64
3kbplin | 77 | 5238 | 37.60 | 63.17 | 4537 | 64.40 | 4794 | 6786
L | 10keptin | 97| 4264 | 1870 | 4852 | 2403 | 5192 | 2664 | 55.94

5 kbp lin 23;6 5674 | 3054 | - | 3721 | - - .
10kbplin | 137 | 3838 | 2078 | 4274 | 1991 | 46.05 | 2529 | 36.77
P koplin | 5% | 4054 | 2801 | 43.45 | 3373 | 4977 | 37.34 | 4927
3 kbp lin 3;'1 S1.16 | 4575 | 56.24 | 4928 | 59.99 | 5133 | 57.84
10kbplin | 3% | 3357 | 1713 | 4093 | 2206 | 36.08 | 27.71 | 5355
Y koplin | 7 | 4086 | 28.07 | 47.17 | 3279 | 4940 | 35.31 | 52.26
3kbplin | 22% | 47.87 | 3947 | 58.87 | 4351 | 60.99 | 49.74 | 60.32
s | 10kbplin 165'3 3099 | 23.00 | 36.74 | 2432 | 43.48 | 26.61 | 47.09
5 kbp lin 2(;'2 40.69 | 3022 | 45.74 | 33.84 | 52.67 | 4034 | 5427

o | skoptin | 2ET | asss | s0s7 |~ | s | - . -
3kbplin | 257 | 5531 | 4146 | 5485 | 5107 | 6276 | 48.63 | 63.15
1okbplin | 'O | 2580 | 1458 | 3532 | 22.88 | 47.70 | 2009 | 49.42
T Kbplin | 237 | 37.41 | 2885 | 4539 | 33.50 | 51.22 | 38.98 | 54.20
3kbplin | 0 | 4546 | 4152 | 5025 | 4375 | 57.83 | 4928 | 59.31
8 | 10kbplin | 37| 27.08 | 1857 | 3830 | 2625 | 4472 | 2534 | 44.07
skoplin | 21 | 3436 | 2897 | 4177 | 3350 | 4477 | 3737 | 47.68
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Skbplin | — | - | 4591 | 57.11 | 4993 | 60.00 | 51.75 | 6549
9 | 3kbplin |30 | 5208 | 3824 | 58.90 | 43.09 | 6231 | 47.68 | 6546
10 | 3kbplin | 250 | 4847 | 4167 | 5323 | 4252 | 5827 | 5091 | 60.89

Table SS5: Percentage of unfolded events. The total number of events is ~1000 for each experiment. This data is
used in Figure 5 & Figure S8. Data shows a clear trend of the unfolded percentage increasing with applied voltage
and decreasing with DNA length. It also shows excellent reproducibility across multiple pores.

% of unfolded events

Applied voltage
DNA used
+300 mV +500 mV +700 mV +900 mV
10 kbp 16.47+1.56 | 19.20+2.66 | 23.21+1.83 | 25.64+2.45
5 kbp 23.88+1.85 | 2947+1.04 | 33.89+144 | 37.76+1.57
3 kbp 3547+321 | 40.83+289 | 45.51+3.24 | 49.36+1.45
% of unfolded events
Applied voltage
DNA used PP g
-300 mV -500 mV -700 mV -900 mV
10 kbp 3464+ 672 | 41.89+542 | 46.14+£5.26 | 49.08+6.62
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5 kbp 41.11+6.5 4572 +£2.86 | 50.54+326 | 5239+3.08
3 kbp 50.39 +3.07 56.5 + 3.69 60.94+2.11 | 62.12+3.28

Table S6: Percentage of unfolded events averaged over all the nanopores used in this study. (a) Average
percentages of unfolded events across multiple pores in forward and (b) in reverse directions. The error bars
present standard deviation of multiple datasets measured in multiple nanopores.

Pore | Voltage | 10 kbp | Skbp | 3 kbp
ID (mV) DNA DNA | DNA
1 300 1.84 1.25 1.01

500 1.98 1.30 1.01
700 2.00 1.28 1.02
900 2.01 1.24 1.01
3 300 1.18 1.13 0.93
500 1.12 1.09 0.97
700 1.14 1.07 0.92
900 1.09 1.08 0.93
4 300 1.57 1.28 1.15
500 1.44 1.26 1.12
700 1.45 1.22 1.09
900 1.41 1.24 1.13

ECD

r

Table S7: ECD ratios (ZCPf of different DNA at different voltages. ECD ratios follow a similar trend to At
ratios. Data is shown for Pore-1, Pore-3 & Pore-4.
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L. Values (nm)

Applied voltage (mV)

PI"];" lzsl\i‘s 300 | -300 | 500 -500 700 700 900 -900
1 113.7 | 715 | 1212 | 631 | 1769 | 758 | 1802 | 95.1
2 603 | 387 | 915 675 | 1254 | 89.7 | 1647 | 1287
3 543 | 602 | 99.6 96.7 | 117.8 | 1013 | 141.9 110
4 | 10kbp | 945 | 60.7 | 1194 | 991 | 1292 | 857 | 170.6 | 146.8
5 625 | 509 | 93.1 67.9 126 876 | 1748 | 109.1
7 791 | 57.8 116 1123 | 1388 | 1124 | 1323 | 1166
8 123.1 | 61.6 | 1265 | 67.8 | 1328 | 1294 | 1652 | 1273

Avg + 839+ | 573+ | 109.6+ | 821+ | 1353+ | 97.4+ | 161.4< | 119.1 =

SD 252 | 95 13.4 18.5 18.0 17.0 16.3 15.5
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Table S8: Sensing Length (L) values with voltage and translocation direction for multiple nanopores.
This data is used in Figure 7 and Figure S11-13.

Result from
model

Result from experiments

Pore 1
-300 mV

Pore 7
+300 mV

Pore 4
+300 mV

Slopel

(4.1 %0.15) x10°3

(5.3 +0.82) x10°3

(7.6 £ 1.41) x10-

(5.4 +1.12) x10°3

Slope2

(1.35 £ 0.00) x106

(0.90 = 1.14) x10°S

(5.19 £ 2.67) x10°5

(3.76 = 2.01) x10°5
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Legr

71.7

71.5

79.1

94.5

Table S9: Comparison of Sensing Length (L) values from experimental estimation and analytical model.
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1 2 3 4
1 kbp Linear | Linear | Linear
ladder | 3 kbp 5 kbp 10 kbp

Figure S1: Gel Electrophoresis image of 3, 5 & 10 kbp linear DNA. Lane 1 shows a 1kb ladder. Lane 2-4
shows 3, 5 & 10 kbp linear DNA. The exact base pair numbers are 3025, 5094 and 9546 bp respectively.
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Pore 1 — 16 nm Pore 2 — 18 nm Pore 3 — 19 nm Pore 4 — 17 nm

Pore 5— 19 nm Pore 6 — 17 nm Pore 7— 18 nm Pore 8 — 20 nm

Pore 9 — 19 nm Pore 10 — 17 nm

T

Figure S2: SEM image of nanopores used in the experiments. Shows the SEM images of all the nanopores
used in this study. Scalebar (100 nm) is same for all images.
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Computer

Figure S3a: Image of a typical nanopore device used in this study. The nanopore mounted on a Teflon flow-
cell (see zoomed image below) using glue. The flow cell has approximately 100 pl in volume, combining both
chambers, which are filled with nanopore buffer (NPB). Two Ag/AgCl electrodes are connected across the
nanopore. The DNA is added to the cis side at first for forward translocation. The voltage and current
measurements are done by the Axon 200B amplifier and recorded in the PC by custom LabView software and
proceeded for further analysis.
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Figure S3b. I-V curves of nanopores. (a-c) shows the [-V curves of three representative nanopores of 19 nm, 18
nm & 19 nm diameters respectively measured in the NPB buffer (with 4M LiCl). Solid lines are linear fits to the
I-V curves (goodness of fit parameter (R2 values) > 0.99 for all).
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Figure S3c. I,,s noise of the nanopore baseline current measured prior to exchange of every sample. I,
values were recorded (at 25 kHz) for all the voltages (used in this study) before exchange of every DNA sample.
Measurements were proceeded only when the noise values (see black dotted line) were found to be stable.
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Figure S4: Additional dataset showing reproducibility of Figure 3. Figure a, b & c correspond to Pore-3 and
Figure d, e, & f correspond to Pore-4. Plots show the Gaussian fit of AG data with DNA length (a & d),
translocation direction (b & e¢) and applied voltage bias (c & f) respectively for two additional nanopores.
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Figure S5: Characterization of AG by G-histograms. Here the AG values are estimated using G-histograms.
(a) G-histogram for 3, 5 & 10 kbp linear DNA taken at +500 mV. The solid lines are Gaussian peak fits. (b) G-
histogram for 5 kbp linear DNA at +500 mV and -500 mV. (c¢) G-histogram for 5 kbp linear DNA at +300 to
+900 mV. (d) AG values calculated from the mean values of the G-histogram, AG; = G; — Gy & AG; = G; — Gy,
respectively. The calculated AG values are plotted against the voltage.
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Figure S6: Characteristics of the translocation time. This figure shows the reproducibility of Figure 4b and 4d
in Pore-3 and Pore-4. (a) & (c) Bar plots showing the mean translocation time of the unfolded population with
different DNA lengths and voltages. (b) & (d) Ratio of the translocation time in the reverse to the forward direction
with applied voltage and DNA length.
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Figure S7: Reproducibility of Figure 4c¢ in Pore-3 and Pore-4. (a) & (b) Atyusidea @s @ function of applied
voltage for 3, 5 & 10 kbp linear DNA. The data is fitted with an inverse function y~1/x and the coefficients are
given in Table S3.
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Figure S8: Percentage of unfolded events. (a), (c) & (¢) show unfolded events decrease with DNA length. (b),
(d) & (f) show unfolded event percentage increases with applied voltage. The plots show individual data of
Figure 5¢ & 5d. The data is shown top to bottom for Pores 1, 3 & 4, respectively.
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Figure S9: ECD characteristics with DNA length. (a) & (b) The mean ECD values plotted against 3 different
DNA lengths for forward and reverse translocation.
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Figure S10: Estimation of L. (a) shows histogram of DNA fold length (L) measured for 10 kbp DNA. (b)
shows histogram of start position of folded region relative to the beginning of the event for 10 kbp DNA. (c)
Scatter plot of AG vs L; for 3, 5 & 10 kbp DNA. (d) Piecewise linear fit for determination of sensing length for
the 10 kbp sample in Pore-1 for +300 mV (dark blue) & -300 mV (light blue).
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Figure S11: AG vs L; plots with piecewise linear fit for multiple voltages. Data shown for Pore-1 with 4
voltages in both forward and reverse directions (300 mV, =500 mV, £700 mV, +900 mV). The L.« values
calculated from the fittings are given in Table S8.
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Figure S12: AG vs L plots with piecewise linear fit for multiple voltages. Data shown for Pore-2 with 4
voltages in both forward and reverse. The L. values calculated from the fittings are given in Table S8.
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Figure S13: Bar plots of sensing length (L) values with increasing voltages across multiple nanopores. (a)-
(f) The datasets correspond to Pore 2, 3, 4, 5, 7 & 8 respectively. The values are given in Table S8.
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Details of the model for the simulation of sensing length

DNA AT
______ ‘g ETI.
P 0 92,
_ :
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Figure S14: Detailed schematic of the double cone model used for modelling the sensing length. The capillary
consists of two cones of angles 8 and 6,. L is the length of the first cone and L is the pore length. The tip diameter
of the nanopore is dp and the diameter at the base of the first cone is Ds. The DNA is shown as a cylindrical rod
of diameter dp. The length of the DNA is given by Lp.

Details of the model for the simulation of sensing length

We have used an axially symmetric double conical model as shown in Figure S13. To
simulate the sensing length of a pore (L.¢), we have analytically estimated AG with varying
lengths of folded DNA (Ly¢). In our model, the nanopore is simplified as a connected double
conical geometry with cone angles 6 and 0,. The diameter of the pore at the tip is denoted by
dp and the diameter of the base of the first cone is D,. The DNA 1is considered as a solid
cylinder (shown in red) with cross-sectional diameter dp. L and Lp are the length of the first
cone and the pore length respectively. Lyp is the total contour length of the DNA. o is the
conductivity of the buffer. The values of the parameters used in our model are given below:

0c=18.05 S m’!
dp=2.5 nm
dp=15 nm
Lp=2000 nm
Lp=0:1500 nm
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Lc=300 nm
0 = 5*pi/180 = 0.087 rad
0, = 2*pi/180 = 0.035 rad

The open-pore conductance (G,) of the two cones is estimated as the summation of the
conductance of the individual cones, given by,

1 1 1
G, G, Gy,
c
1 _, _Vv4 1
G, " Lno\d,()*d, D] ere 40 = dp + 2itari
pl i=1 where %) =dp + than.z__.e'
Lp
(O 4 1
G_Z_sz_ no\d (D) *d (i + 1)
p i=L, +1 P P . where 4p(D) = Dy + 2itanii62.
1
P R, +R,

The conductance with DNA (GP_WD) is given by,
dp(i) =dp+ 2itan 6, uptoi =L,
and, dp(i) =dp+ 2itan 0,(i) ,inrangeof i=L.+ 1to L,

Case-I:

When the DNA length is shorter than the length of the first cone, Lp<L,&Lp<L,

Lp

1 4 1
= R = —
Gpwp 0 0wl 1(¢<d§,(i) - 2dp) *V(d3(i + 1) - 2d,§)) N

o o).
o +1\/(d2(1) dZ) * \/(d2(1+1) d)
L

P

4 1
Ei =L+ 1(‘/(df;(i) - dp) * ‘/(df,(i +1) - dlz)))
Case-II:

When the DNA length is longer than the length of the first cone, Lp<L,&Lp>L,
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Le

1 4 1
= Rpwp=— ( 2 2 2 2 )
Gowp 7 OTEAWN(A() - 2d5) *V(dy(i + 1) - 2dp))
L

D
4 1
oT, =§+ 1(\/((1;(1) —2xdp) xV(do(i+ 1) -2 * d,g)) N
23 : |
o 4, 1 W(dy(0) - dp) * V(dy(i + D) - dp)

Therefore, the drop in conductance (AG) is,

AG=G,- G, p

We plot the simulated AG with L¢(Figure 7d) and fit the data using a piecewise linear
function. From the intersection, we calculate the sensing length L.sas given in Table S7 &
S8.
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