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Section 1: Lowpass Filtering and the Trasnlocation Time

The rise-time of the lowpass filter can be written as

Eq. S1𝑇𝑟 = 0.3321/𝑓𝑐

where  is the cutoff frequency of the filter. Events with trasnlocation time <  are known to be 𝑓𝑐 2𝑇𝑟

seriously attenuated which is ~66 µs ( =10 kHz) in our case. Here we used a calibration method 𝑓𝑐

where the Axopatch 200B (Molecular Devices, USA) was fed with square-pulses of known height 

( ) and width ( ) using a function generator (HP 33120a). The data were filtered using the Δ𝐼𝑓𝑢𝑛𝑐 𝜏𝑓𝑢𝑛𝑐

in-built Bessel low-pass filter of the Axopatch 200B at 10 kHz and recorded using a Digidata 

Digitizer at a sampling frequency of 250 kHz. The trasnlocation time ( ) was calculated using a 𝜏𝑐𝑎𝑙

custom MATLAB script (R2020b) using the two sides of the blockade method (TSB, Figure S1, 

magenta points) and full width at half maximum (FWHM, Figure S1, blue points) methods.1 The 

ideal trend of  with  is shown by the black fitline of Figure S1 (slope =1) where we see a 𝑡𝑓𝑢𝑛𝑐 𝜏𝑐𝑎𝑙

close agreement with the values calculated by the FWHM method whereas the TSB clearly over 

estimates the pulse width as previously observed by Pedone et al.1

Figure S1:  A plot of  against  calculated using the two side of the blockade method (magenta) 𝑡𝑓𝑢𝑛𝑐 𝜏𝑐𝑎𝑙
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and the full width at the half maximum (FWHM) method (blue). The ideal trend is depicted by the solid 

black fitline (slope =1). 

Section 2:  Current Traces

Figure S2:  Current traces (30 s) corresponding to hSTf in (a) 4M LiCl, (b) 1M LiCl and (d) 2M KCl 

under applied voltages noted on each of the figure panels. All electrolytes were buffered at pH ~8.
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Figure S3:  Extended current traces (100 s) corresponding to hSTf in (a) 4M LiCl, (b) 3M LiCl (c) 2.5M 

LiCl and (d) 2M LiCl under an applied voltage of +400 mV at pH ~8
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Figure S4:  Extended current traces (200 s) corresponding to hSTf in (a) 1.5M LiCl, (b) 1M LiCl, and 

(c) 0.5M LiCl under an applied voltage of -400 mV at pH ~8

Figure S5: 25-second current traces corresponding to hSTf translocations in (a) LiCl and (b) KCl under 

(left column) +50 mV and, (right column) -50 mV of applied voltage at pH ~8. The vertical bar at the 

top corresponds to 1000 pA. Scatter plots corresponding to change in conductance as a result of analyte 
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transit with the corresponding translocation time for 4M, 3M, 2.5M, 2M, 1.5M, 1M and 500 mM of (c) 

LiCl and (d) 4M, 3M, 2.5M and, 2M KCl buffered at pH ~8. All experiments were conducted using 

~14 nm diameter pores.

Figure S6:  Extended current traces (900 s) corresponding to hSTf in (a) 4M LiCl, (b) 3 M LiCl and 
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(c) 2M LiCl under an applied voltage of +50 mV at pH ~8

Figure S7:  Extended current traces (600 s) corresponding to hSTf in (a) 0.5M LiCl, (b) 1M LiCl and 

(c) 1.5M LiCl under an applied voltage of -50 mV at pH ~8
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Section 3:  Gaussian Fitting of ΔGhSTf Distribution

Eq. S2𝐴𝑖exp ( ‒ (Δ𝐼𝑖 ‒ 𝜇𝑖)
2/𝜎2

𝑖)

where , ,  and  are the amplitude, mean, standard deviation and change in open-pore current 𝐴𝑖 𝜇𝑖 𝜎𝑖 Δ𝐼

due to analyte trasnlocation of the ith component respectively. The histogrms corresponding to 

change in open-pore current due to hSTf trasnlocation (Figure S9) were fitted using a bimodal 

Gaussian mixture model (GMM) with each in the form of Eq. S2 using the in-built 

FindDistributionParameters function of Mathematica 11.0.1.0. The two peaks of the fit were 

assigned as  and  respectively in order of increasing ΔI. The  was attributed to the ∆𝐼𝑝,𝑐 ∆𝐼𝑝,𝑓 ∆𝐼𝑝,𝑐

unfolded conformation whereas  to the pseudo-folded conformation. The term pseudo-folded ∆𝐼𝑝,𝑓

was coinded since the conformation would be deviated from the native globular state due to voltage 

application. The  and  can be trasnlated into change in conductance components (  and ∆𝐼𝑝,𝑐 ∆𝐼𝑝,𝑓 ∆𝐺𝑝,𝑐

 respectively) by dividng each from the appropiate applied voltage.∆𝐺𝑝,𝑓
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Figure S8:  Scatter Plots of change in conductance vs trasnlocation time correspondings to (a) 2M KCl, 

(b) 4M LiCl, and (c) 1 M LiCl at applied voltages indicated in each pannel. All experiments were carried 

out pH~8 using ~14 nm diameter nanopores.
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Figure S9:  Histograms and the corresponding Gaussian mixture model (GMM) fits corresponding to 

change in conductance as a result of hSTf trasnlocation in (a) 2M KCl, (b) 4M LiCl and (c) 1M LiCl. 

The y axis represents normalized counts. All experiments were carried out pH~8 using ~14 nm diameter 

nanopores.



11

Section 4:  ζpore, σhSTf and Electrolyte Concentration

The surface charge density ( ) of the nanopore is tightly correlated with EO and can be 𝜎𝑝

approximated as , where , , , ,  are the 
|𝜎𝑝|≅

𝐶𝑒𝑓𝑓

𝛽𝑒
𝑊( 𝛽𝑇𝑒

𝐶𝑒𝑓𝑓
exp ((𝑝𝐻 ‒ 𝑝𝐾𝑎)ln (10) + 𝑙𝑛(𝑒Γ))) 𝑊 𝐶𝑒𝑓𝑓 𝑒 𝛽𝑇 𝑝𝐾𝑎

Lambert W function, effective Stern layer capacitance, elementary charge, inverse of thermal 

energy and -log of the dissociation constant of the surface chargeable head group, respectively.2 

The surface parameters are also sensitive to electrolyte composition and Grahame’s equation 

captures this dependence through  where ,  and  are the permittivity 
𝜎𝑝 =

2𝜖𝑟𝜖0𝜅

𝛽𝑒
𝑠𝑖𝑛ℎ(𝛽𝑒𝜙𝑝𝑜𝑟𝑒

2 ) 𝜖𝜖0 𝜙𝑝𝑜𝑟𝑒 𝜅

of the solution, the surface potential of the pore and Debye screening length, respectively. Debye 

length ( ) can be calculated from  where  is the numerical concentration of the 𝜅 ‒ 1
𝜅2 =

𝛽𝑒2𝑛𝑀𝑋

𝜖𝑟𝜖0 𝑛𝑀𝑋

electrolyte MX. 3-5 It is somewhat customary to assume  where  is the zeta potential 𝜙𝑝𝑜𝑟𝑒 ≈  𝜁𝑝𝑜𝑟𝑒 𝜁𝑝𝑜𝑟𝑒

of the nanopore surface.3, 6 For lower potentials, Grahame equation can be approximated to 

 Eq. S3
𝜁𝑝𝑜𝑟𝑒 =

𝜎𝑝

𝜖𝑟𝜖0
𝜅 ‒ 1

since

 Eq. S4
sinh (𝛽𝑒𝜁𝑝𝑜𝑟𝑒

2 ) =
𝛽𝑒𝜁𝑝𝑜𝑟𝑒

2
+

(𝛽𝑒𝜁𝑝𝑜𝑟𝑒

2 )3

3!
+ …~

𝛽𝑒𝜁𝑝𝑜𝑟𝑒

2

since  and  have an inverse relationship, as electrolyte concentration decreases,  would 𝜅 ‒ 1 𝑛𝑀𝑋 𝜅 ‒ 1

increase and thereby  would increase too for a given operational pH. Therefore, when the 𝜁𝑝𝑜𝑟𝑒

electrolyte concentration is low enough to satisfy the  condition, the hSTf translocation 𝜁ℎ𝑆𝑇𝑓 < 𝜁𝑝𝑜𝑟𝑒
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would be EO-dominant and events would be observed for negative voltage polarities instead of 

positive polarities. 

 C (M) 0.5 1 1.5 2 2.5 3 4
LiCl  (mV)𝜉𝑝𝑜𝑟𝑒 -52.3±3.8 -37.0±2.7 -30.2±2.2 -26.1±1.9 -23.4±1.7 -21.4±1.6 -18.6±1.3
KCl 𝜉𝑝𝑜𝑟𝑒 (𝑚𝑉) -50.5±5.9 -35.7±4.2 -29.1±3.4 -25.2±3.0 -22.6±2.6 -20.6±2.4 -17.9±2.1

Table S1:  Zeta potential of the nanopore surface ( ) calcualted using Eq. S3 through  obtained 𝜁𝑝𝑜𝑟𝑒 𝜎𝑝

using open-pore conductance survaying using LiCl and KCl.

Electrolyte Zeta Potential ( )𝑚𝑉

50 mM LiCl -4.7±0.8

50 mM KCl -6.2±1.3

KCl at 50 mM LiCl conductivity -5.6±0.8

Table S2: The zeta potential measured using the Zetasizer in 50 mM LiCl, 50 mM KCl and KCl 

with conductivity equivalent to 50 mM LiCl.

Section 5:  Quantification of Capture Rate

The three commonly used methods for quantification of capture rate are i) averaged inter-event 

time, ii) events per unit time, and iii) slope of events versus absolute time. Since there is some 

latent time before event frequency reaches its maximum value, calculation of (i) or (ii) would lead 

to a considerable standard deviation of the averaged values. However, this variability could be 

easily reduced through approach (iii) as the plot would show the lag phase clearly through a slow 

increase in event count with time and; once the capture rate reaches its optimal value, the event 

count would increase linearly with time. The slope of this phase is taken and presented as the 

capture rate. 
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Figure S10 :  Event count with absolute time. The magenta line is a linear fit made to the data shown in 

black.

 

Figure S11:  Event rate of hSTf in 4 M to 0.5M LiCl in response to +50 mV (black) and -50 mV (red). 

Experiments were conducted at pH ~8 using ~14 nm diameter and the solid lines are a linear fit to the 

raw data.

Section 6:  Derivation of Equation 5
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Change in bulk resistance (ΔR) due to the passage of a sphere with a radius rp, through a 

channel with length L and radius r0 filled with an electrolyte with a conductivity of  is given by,7𝐾

Eq. S5
∆𝑅 =

2𝑟3
𝑝

𝐾𝜋𝑟4
0

Therefore, the conductance change of the bulk component,  will be,∆𝐺𝐵,𝑃

 Eq. S6
∆𝐺𝐵,𝑃 = 𝐾

𝜋𝑟4
0

2𝑟3
𝑝

For a channel with length L and radius r0, the open-channel conductance (Gchannel) while 

considering the end effect is given by,8

                        Eq. S7
𝐺𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝐾

𝜋𝑟2
0

(𝐿 + 1.6𝑟0)

Dividing Eq. S6 from Eq. S7 leads to,

             Eq. S8

 ∆𝐺𝐵,𝑃

𝐺𝑐ℎ𝑎𝑛𝑛𝑒𝑙
=

2𝑟3
𝑝

(𝐿 + 1.6𝑟0)𝑟2
0

Thus,

             Eq. S9
∆𝐺𝐵,𝑃 =

2𝑟3
𝑝

(𝐿 + 1.6𝑟0)𝑟2
0

𝐺𝑐ℎ𝑎𝑛𝑛𝑒𝑙

Substituting Eq. S7 to Eq. S9,

                  Eq. S10
∆𝐺𝐵,𝑃 =

2𝑟3
𝑝

(𝐿 + 1.6𝑟0)𝑟2
0

∙ 𝐾
𝜋𝑟2

0

(𝐿 + 1.6𝑟0)
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           Eq. S11
∆𝐺𝐵,𝑃 = 𝐾

2𝜋𝑟3
𝑝

(𝐿 + 1.6𝑟0)2
= 𝐾

2
4/3

4
3

𝜋𝑟3
𝑝

(𝐿 + 1.6𝑟0)2
= 𝐾

1.5·Λ

(𝐿 + 1.6𝑟0)2
=  𝐾

𝛾·Λ

(𝐿 + 1.6𝑟)2

The assigment of 1.5 for  for a sphere arises from Eq. S11.𝛾

The fundamental problem with using this equation for a nanopore lies with Eq. S7 which is derived 

for a micron-scale tube. However, for a nanopore, the open pore conductance is given by

                     Eq. 

𝐺𝑛𝑎𝑛𝑜𝑝𝑜𝑟𝑒 = 𝐾( 1

𝜋𝑟2
0

𝐿
+

𝜇|𝜎|
𝐾

∙
2𝜋𝑟0

𝐿

+
2

𝛼 ∙ 2𝑟0 + 𝛽 ∙
𝜇|𝜎|

𝐾
) ‒ 1 = ( 1

𝐺𝑏𝑢𝑙𝑘 + 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒
+

1
𝐺𝑎𝑐𝑐𝑒𝑠𝑠

) ‒ 1

S12

Unlike DNA, proteins do not have a uniform charge and the shape is dependent on a host of factors. 

Therefore, estimation of charge as a function of its geometry requires computations outside the 

scope of this study. Thus, in this work we neglect any contributions from the surface charge of 

proteins. Given this approximation, conductance change as a result of protein confinement can be 

written as,

           Eq. S13
Δ𝐺𝑝 = 𝐺 ‒ ( 1

𝐺 '
𝑏𝑢𝑙𝑘 + 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒

+
1

𝐺𝑎𝑐𝑐𝑒𝑠𝑠
) ‒ 1

 is the bulk conductance as a result of the protein confinement which can be written as,7𝐺 '
𝑏𝑢𝑙𝑘

           Eq. S14
𝐺 '

𝑏𝑢𝑙𝑘 = 𝐾𝑒𝑓𝑓

𝜋𝑟2
0

𝐿
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where  the effective conductivity. Using Maxwell’s approximation,  can be written in terms 𝐾𝑒𝑓𝑓 𝐾𝑒𝑓𝑓

of volume fraction ( ) of an insulating sphere  in a solution with conductivity,  can be 𝑓 ( 4𝑟3
𝑝

3𝑟2
0𝐿) 𝐾

expressed as,9

           Eq. S15

𝐾𝑒𝑓𝑓 =
𝐾

(1 +
3
2

𝑓 + …)
Thus, 

           Eq. S16

𝐺 '
𝑏𝑢𝑙𝑘 =

𝐾

(1 +
3
2

𝑓 + …)
𝜋𝑟2

0

𝐿

Thus using Eq. S13 through Eq. S16, the  can be expressed asΔ𝐺𝑝

           Eq. S17

Δ𝐺𝑝 = 𝐺 ‒ 𝐾𝑒𝑓𝑓( 1

 
𝜋𝑟2

0

𝐿
+

𝜇|𝜎|
𝐾𝑒𝑓𝑓

∙
2𝜋𝑟0

𝐿

+
2

𝛼 ∙ 2𝑟0 + 𝛽 ∙
𝜇|𝜎|
𝐾𝑒𝑓𝑓

) ‒ 1

We note, considering the nanopore to be an ionic conductor (where in-series and parallel resistance 

contributions must be considered appropriately as outlined in Eq. S17), the drop in one component 

does not contribute in the same magnitude to the drop in the total resistance of the pore. Therefore, 

the linear addition of contributions for the final  must be done with utmost diligence. That is, Δ𝐺𝑝,𝑓

if ΔG due to physical blockage of the nanopore volume from the analyte is , and nanopore Δ𝐺𝑏,𝑎

surface charge and particle are  and  respectively, then total change in conductance, Δ𝐺𝑠,𝑛𝑝 Δ𝐺𝑠,𝑎

rather  where ‘ ’ indicate parallel ionic Δ𝐺𝑝,𝑓 ≠ Δ𝐺𝑏,𝑎 + Δ𝐺𝑠,𝑛𝑝 +  Δ𝐺𝑠,𝑎 Δ𝐺𝑝,𝑓 = Δ𝐺𝑏,𝑎 ∕∕ (Δ𝐺𝑠,𝑛𝑝 ∕∕  Δ𝐺𝑠,𝑎) ∕∕

resistor contributions. For simplicity, we would only consider the first six terms of the volume 

fraction and neglect contributions from the protein charge.
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Figure S12 :Histograms corresponding to the change in conductance originating from translocation of 

hSTf (scatter plots shown in Figure S5) under experimental conditions outlined in respective legends.
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Figure S13:  The with LiCl conductivity corresponding to distributions shown in Figure S12 with ∆𝐺 

black and magenta points representing  and  respectively.∆𝐺𝑝,𝑐 ∆𝐺𝑝,𝑓
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