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1. Materials and Methods 

Solid-state nanopores were fabricated as previously described
1,2

. Nanopores were treated with oxygen 

plasma for 1 min on both sides, before each measurement. Nanopore containing membranes were mounted 

into PMMA or PEEK flowcells containing separate aqueous reservoirs on each side of the chip into which 

Ag/AgCl electrodes were inserted. The flowcell and the amplifier headstage were placed into a Faraday 

cage. The ionic current was recorded with an Axopatch 200B amplifier with the low-pass filter set to 100 

kHz, the resulting signal was digitized at 500 kHz. Unless otherwise noted the traces were digitally filtered 

with a 10 kHz Gaussian low pass filter. All analysis was done with a set of custom Matlab scripts with GUI 

front ends, to be described elsewhere. Event rates were calculated by doing an exponential fit to the 

distribution of times between the leading edges of events. All buffers used 10 mM Tris-HCl with 1mM 

EDTA at the pH values given in Supplementary Section S2. 

Aprotinin (Bovine lung), Ovalbumin (Hen egg), Ferritin (Horse spleen), and Thyroglobulin (Bovine 

thyroid) were all purchased from GE Healthcare. β-Amylase (Sweet potato) was acquired from Sigma-

Aldrich. β-Galactosidase was purchased from Roche Applied Science. hCG (human pregnancy urine) was 

from Abcam. Streptavidin and Avidin were from Invitrogen. BSA, RecA, and λ-DNA were from New 

England Biolabs. 
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2. Experimental translocation data for proteins and dsDNA 

The following three tables provide the experimental data used in Figure 2. Experiments without a 

reference indicate work done as part of this study. 

Table S1 - Experimental parameters for protein translocation experiments. 

Protein 
c 

Buffer pH 
rp V Jobs JSmo Jobs /JSmo Ref. 

nM nm mV Hz Hz 

MBP 1560 1M KCl 7.5 10 50 11 4400 2.5E-3 3 

MBP 780 1M KCl 7.5 10 50 8 2200 3.6E-3 3 

Aprotinin 1000 1M NaCl 7.5 20 50 0.3097 9850 3.1E-5  

Ovalbumin 1000 1M NaCl 7.5 20 50 0.77 5030 1.5E-4  

β-Amylase 1000 1M NaCl 7.5 20 50 1.69 2760 6.1E-4  

Ferritin 1000 1M NaCl 7.5 20 50 4.13 2440 1.7E-3  

Thyroglobulin 1000 1M NaCl 7.5 20 50 11.95 1810 6.6E-3  

β-Galactosidase 0.92 1M KCl 8 10 50 0.465 1.23 3.8E-1  

β-Galactosidase 2.3 1M KCl 8 10 50 0.704 3.06 2.3E-1  

β-Galactosidase 4.6 1M KCl 8 10 50 0.825 6.13 1.3E-1  

β-Galactosidase 9.2 1M KCl 8 10 50 1.037 12.3 8.5E-2  

β-Galactosidase 23 1M KCl 8 10 50 3.2 30.6 1.0E-1  

β-Galactosidase 46 1M KCl 8 5 50 5.96 30.6 1.9E-1  

β-Galactosidase 46 1M KCl 8 10 50 12.66 61.3 2.1E-1  

β-Galactosidase 46 1M KCl 8 15 50 20.76 91.9 2.3E-1  

β-Galactosidase 46 1M KCl 8 20 50 29.23 123 2.4E-1  

β-Galactosidase 92 1M KCl 8 10 100 24.8 123 2.0E-1  

β-Galactosidase 230 1M KCl 8 10 50 34 306 1.1E-1  

hCG 270 1M KCl 8 10 100 0.34 666 5.1E-4  

hCG 540 1M KCl 8 10 100 1.18 1330 8.9E-4  

hCG 1350 1M KCl 8 5 100 1.6 1670 9.6E-4  

hCG 1350 1M KCl 8 10 100 2.32 3330 7.0E-4  

hCG 1350 1M KCl 8 15 100 3 5000 6.0E-4  

hCG 1350 1M KCl 8 20 100 1.67 6660 2.5E-4  

hCG 2700 1M KCl 8 10 100 2.92 6660 4.4E-4  

Streptavidin 566 1M KCl 8 10 100 2.82 1440 2.0E-3  

Streptavidin 1000 1M KCl 6.6 10 150 2.54 2540 1.0E-3  

Avidin 40 1M KCl 8 10 100 9.84 106 9.3E-2  

Avidin 40 1M KCl 8 10 50 8.48 106 8.0E-2  

Avidin 40 0.05M KCl 8 10 150 40 106 3.8E-1 4 

BSA 1500 1M KCl 8 28.5 100 17 9590 1.8E-3 5 

BSA 100000 0.4M KCl 7 9 200 111 202000 5.5E-4 6 

BSA 4200 0.15M KCl 8 23 50 0.21 21700 9.7E-6 7 

Importin-Beta 2900 0.15M KCl 8 23 50 0.27 12200 2.2E-5 7 

BSA 400 1M KCl 8 10 100 12.96 897 1.4E-2  

BSA 2000 1M KCl 8 10 50 0.8 4480 1.8E-4  

BSA 2000 1M KCl 8 10 100 1.532 4480 3.4E-4  
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Table S2 - Protein information. 

Protein 

M.W. Stokes 

Radius 

(Rs) 

Radius of 

Gyration  (Rg) PDB ID 

Diffusion 

Constant  (D) 

kDa nm nm m
2
/s 

MBP 42 3.0 
8
 2.2 

9
 1URD 7.45E-11 

Aprotinin 6.5 1.64 1.34 
10

 3LDM 1.30E-10 

Ovalbumin 45 3.05 
11

 2.7 
12

 1OVA 6.65E-11 

β-Amylase 200 4.8 
13

 5.4 
14

 1BTC 3.65E-11 

Ferritin 450 6.1 
11

 5.33 
15

 1FHA 3.22E-11 

Thyroglobulin 660 8.5 
11

 8.5 
14

  2.39E-11 

β-Galactosidase 540 6.86 
16

 4.2 
17

 1BGL 3.52E-11 

hCG 36.7 3.3 
18

 3.0 
19

 1HRP 6.52E-11 

Streptavidin 53 3.69 
20

 2.5 
21

 2GH7 6.72E-11 

Avidin 66 3.37  2.14
*
 1AVD 7.00E-11 

BSA 66.46 3.48 
22

 2.98 
23

 3V03 5.93E-11 

Importin-Beta 97  3.97 
24

 2P8Q 4.82E-11 
* Determined using HydroPro25. 
 

 

With the exception of Avidin, all diffusion constants were determined using the equation of He and 

Niemeyer
26
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where M is the molecular weight of the protein . 

 

Table S3 - dsDNA translocation experimental data. 

DNA length c 
Buffer pH 

rp V Jobs JSmo Jobs /JSmo Ref 

bp nM nm mV Hz Hz 

2200 3.44 1M KCl 8 10 100 4.4 1.35 3.2697  

2200 7.2 1M KCl 8 4.75 100 7.83 1.34 5.8526  

48514 0.155 1M KCl 8 10 50 0.65 0.0129 50.3402  

48514 0.155 1M KCl 8 10 100 1.03 0.0129 79.7698  

48514 0.3124 1M KCl 8 7.65 120 4.3 0.0199 215.9877  

48514 0.12496 1M KCl 8 10 120 2.1 0.0104 201.7350  

48514 0.06248 1M KCl 8 7 120 0.9 0.00364 247.0225  

15000 1 1M KCl 8.5 3 100 1 0.0449 22.2497 27 

48514 0.156 1M KCl 8 7.5
*
 200 0.22 0.00975 22.5720 28 

48514 0.156 1M KCl 8 7.5
*
 300 0.35 0.00975 35.9100 28 

* This study used Al2O3 membranes. 
 

Using the worm-like chain model in the limit p cl l<< , the radius of gyration is given by 

3

p c

g

l l
R =  . (Eq. S2) 
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From the Zimm model for linear polymers we have the ratio between the radius of gyration and the 

hydrodynamic radius as 

8
1.51

3

g

H

R

R
π= ≅  . (Eq. S3) 

 

Combining these two with the Stokes-Einstein equation 

8 8
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and using values of 50 nm for the persistence length lc of dsDNA and 48.9 10 Pa sη −= ⋅ ⋅ for 1M KCl we 

obtain 

18 151.155 10 8.947 10

g c

D
R l

− −× ×
= =  . (Eq. S5) 

 

Dynamic light scattering measurements were performed on several proteins in the same high salt (1 M) 

buffer used in the nanopore experiments. The measured radii, shown in Table S4, were consistent with 

values reported in literature and no evidence of aggregation was observed. Additionally the diffusion 

constant was calculated from the measured hydrodynamic radii using the Stokes-Einstein equation.    

 

Table S4 – The hydrodynamic radii of several proteins in 1 M salt, as measured by DLS. 

Protein 

Hydrodynamic 

Radius (RH) 

Diffusion 

Constant  (D) 

nm m
2
/s 

Ovalbumin 3.25 6.9E-11 

β-Amylase 5.05 4.4E-11 

Ferritin 6.75 3.3E-11 

Thyroglobulin 9.1 2.5E-11 

hCG 3.5 7.0E-11 
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3. Tracking Adsorption by Monitoring Changes in the Event Rate over Time 

As a way to asses the amount of adsorption on to the flowcell walls and the SiN membrane, we tracked 

the event rate as a function of experimental time. Current traces were split up into 3 second segments and 

the event rate was determined within each of these segments. The positively charged protein Avidin, 

showed the largest drop over time, with the event rate reduced from 8.5 Hz at the start of the experiment to 

3.4 Hz after 1233 seconds, as can be seen in Figure S1b. This was exceptional as there were no significant 

changes in event rates of other proteins, as shown for example in the Ferritin trace in Figure S1a. 

 
 

Figure S1. - The event rate as a function of time for (a) Ferritin and (b) Avidin translocation experiments.  

4. Protein Charge Measurements 

In order to determine the charge of the proteins and calculate their electrophoretic drift velocities, the 

protein’s zeta-potentials were measured using a Malvern Instruments Zetasizer Nano ZS, see Table S5. 

Table S5 – Zeta-potential, net valence, and electrophoretic drift velocity. 

Protein 

Zeta 

Potential 

(ζp) 

Protein 

Valence 

Electrophoretic 

Drift Velocity (v) 

mV |z| m/s 

Ovalbumin -11.7 0.83 2.96E-3 

β-Amylase -12.3 2.05 4.63E-3 

Ferritin -11.4 2.99 5.32E-3 

Thyroglobulin -8.9 4.44 5.67E-3 
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The zeta potential (ζp) is related to the net valence of the protein (z) through the equation
29
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+ +
=

+
 , (Eq. S6) 

 

where Rb is the average radius of the salt ions (taken to be 0.25 nm), ε  is the dielectric constant of the 

medium, and κ is the Debye–Hückel inverse screening length given by 3.289 Iκ = in units of nm
-1

, 

where I is the ionic strength in M. The values of the net valence were not rounded to nearest integer, due to 

the possibility that multiple populations with different charged states may exist simultaneously (although β-

Amylase and Ferritin valence values clearly correspond to -2e and -3e respectively). This has been 

observed previously for Avidin
30

 and was attributed to heterogeneity caused by various post-translational 

protein modification processes. The electrophoretic drift velocity is determined using 

6

p p

p p

t H t

V e z V
E

h R h
ν µ µ

πη
= = =  , (Eq. S7) 

 

where Vp is the portion of the applied voltage that drops over the pore (taking into account the access 

resistance) and ht is the effective thickness of the pore. 

 

 
 

Figure S2. a) Zeta-potential measurements of the proteins used in this experiment as a function of 

increasing NaCl concentrations with pH 7.5. The largest ionic strength which could be measured was 

200mM NaCl. No data could be taken for Aprotinin due to its small size. b) The event rates observed as a 

function of the protein’s zeta-potential.   
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5. First Passage Time Model 

The distributions shown in Figure 3b of the main paper were generated by using the diffusion constants 

and electrophoretic drift velocities calculated earlier and the cumulative distribution function of the 1D first 

passage time model as derived by Talaga et al.
31

 

1
( )

2 2

t
FPTD

h vt
CDF t erfc

Dt

− 
=  

 
 . (Eq. S8) 

 

with an effective membrane thickness of 20 nm. Next the PDF(t) was recovered by inverse transform 

sampling this cumulative distribution a total of 1,000,000 times. A histogram of this data was generated and 

normalized. The surface plot shown in Figure 3c was calculated by computing the value of CDFFPTD(20 µs) 

over the parameter space shown. 

 

6. Filtering Effects 

The effects of filtering on the resulting capture rates were investigated. The dependence of the event rate 

on the filtering frequency for the set of experiments in Figure 4a of the main paper, is shown in Figure S3. 

While the amplitude of the event rate for each protein varies with the filter frequency, all of the proteins 

show the same behavior. This means that the trend seen in the event rate the dependence on protein size 

(Figure 4a) remains the same for all filter settings and with only the absolute values of the event rates 

changing. The experimentally measured detection level for the 40 nm pores used in these measurements is 

shown in Figure S4 as a function of the filtering frequency. This shows the minimum amplitude necessary 

to detect an event. Any events with an amplitude below the threshold (red line) will not be detected.  
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Figure S3. The event rate as a function of the filtering frequency used in the analysis. 

 
 

Figure S4. The level of the detection threshold, set as 4.5σ, as a function of the filter frequency as 

determined experimentally for 40 nm SiN nanopores. This level can be lowered by painting the membrane 

with a layer of PDMS
32

 to reduce the noise.  

Furthermore, Figure S5a shows the effect of filtering pulses having an initial amplitude corresponding to 

the expected blockade for Thyroglobulin (based on its excluded volume). In other words, we generate 4.32 

nS pulses ranging in duration from 1 µs to 100 µs. Each of these pulses is then filtered with a 10 kHz 

Gaussian filter and the resulting filtered pulse amplitude is determined. The intersection of this curve with 

the threshold line provides the minimum detectable pulse duration (MDPD). This value is determined to be 

25 µs for Thyroglobulin. Figure S5b compares all aspects of the experiment from a theoretical perspective. 

First, the black squares show the expected dependence on the diffusion constant, for the five proteins 
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measured in Figure 4a of the main paper, as predicted by the Smoluchowski rate equation. We see the event 

rate increase with the diffusion constant. Secondly, the red circles represent the prediction of the one-

dimensional first-passage time-distribution obtained by multiplying the event rates given by the 

Smoluchowski rate equation with the probability that an event will translocate within a time larger than 20 

µs, the amplifier’s temporal limit: 

[ ](20 )
1 (20 )

FPTD s Smo FPTD
J J CDF sµ µ= −  . (Eq. S9) 

 

This also predicts an increase in the event rate as the diffusion constant increases. Finally, the blue 

triangles show the same dependence when the SNR ratio is taken into account. The MDPD was determined 

for Thyroglobulin and Ferritin and used to define the limit in the first-passage time-distribution: 

[ ]( )
1 ( )

FPTD MDPD Smo FPTD
J J CDF MDPD= −  . (Eq. S10) 

 

We now see a decrease in the event rate as the diffusion constant increases, which matches the 

experimentally observed trend (Figure 4a).  

 
 

Figure S5. a) Pulses calculated for Thyroglobulin, ∆G = 4.32 nS are Gaussian low-pass filtered to 10 kHz 

and 5 kHz. The amplitude of the filtered pulse is shown versus pulse duration and compared to the 

detection threshold. Any event with a pulse duration smaller than the point at which the curve drops below 

the threshold level will not be detected. b) A comparison of three theoretical models: the Smoluchowski 

rate equation (black squares), the first-passage time-distribution with amplifier limit of 20 µs (red circles), 

the first-passage time-distribution with the temporal limit given by the limited SNR of each protein (blue 

triangles).  
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For Thyroglobulin the expected amplitude was determined to be 4.32 nS using a shape factor
33

 of 1.55 and 

a partial specific volume
34

 of 0.723. For Ferritin the expected amplitude was determined to be 2.86 nS 

using a shape factor of 1.5 and a partial specific volume
35

 of 0.738. In both cases a conductivity of 9.24 S/m 

was used for 1M NaCl and the expected current drop for each protein was calculated using the same 

method as Yusko et al.
36

 

Table S6 – The data used in Figure S5b. 

Protein 
D JSmo 1-CDF(20 µs) 

JFPTD(20 µs) MDPD 
1-CDF(MDPD) 

JFPTD(MDPD) 

m
2
/s Hz Hz µs Hz 

Aprotinin 1.30E-10 4.4      

Ovalbumin 6.65E-11 7.83 0.223546 1123.9    

β-Amylase 3.65E-11 0.65 0.028665 79.1    

Ferritin 3.22E-11 1.03 0.008055 19.6 70 7.76E-08 1.89E-4 

Thyroglobulin 2.39E-11 4.3 0.001272 2.3 25 2.17E-04 3.92E-1 

 

 

7. Noise Floor 

The noise floor of our system is defined by the rate of false events due to the noise inherently present in 

the system. For Gaussian distributed noise, the rate of false events is given by
37

 

2

2
2

False cJ kf e
σ

 Φ
−  
 =  , (Eq. S11) 

 

where k is a constant (0.849 flat noise; 1.25 f
2
 noise), fc is the bandwidth (10 kHz), Φ is the detection 

threshold, and σ is the rms current at this bandwidth. In our experiments the false event rate is expected to 

lie between 0.34 and 0.5 Hz. A detection threshold of 4.5σ was used in our analysis in order to capture as 

many low SNR events as possible.  
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