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can be classified as biological,[8] solid-
state,[9] or a combination of the two.[10] 
Biological nanopores include channel pro-
teins such as the product of Curli specific 
gene G (CsgG) from Escherichia coli,[11] 
α-hemolysin (αHL) from Staphylococcus 
aureus,[12] Mycobacterium smegmatis porin 
A (MspA)[13] and Aeromonas hydrophila 
Aerolysin (AeL),[14] which spontaneously 
embed themselves in a lipid bilayer. These 
types of nanopores can be produced in 
large numbers by protein expression 
and purification, have well-characterized 
crystal structures, and have played a crit-
ical role in advancing the resistive pulse 
sensing technique.[15–17] It is, however, 
difficult to generate protein pores with 
diameters that exceed 4 nm. Another limi-
tation is the need to reconstitute these pro-
tein pores into lipid or block copolymer 
membranes, which can be mechanically 
and chemically fragile.[18] Conversely, 
solid-state nanopores can be fabricated 
in various materials such as silicon 
nitride, silicon oxide, aluminum oxide, 
hafnium oxide, or graphene.[9,19] Their 
diameters and geometries can be tuned 

depending on user requirements, and they can be used repeat-
edly for experiments with considerable experimental flexibility 
(e.g., temperature, buffer conditions, presence of detergents 
or solvents, extreme pH values, applied potential differences, 
etc.).[20–22] Despite these attractive characteristics, solid-state 
nanopores suffer from at least three drawbacks. First, they usu-
ally interact nonspecifically with biomolecules, leading to resis-
tive pulse artifacts such as attenuated rotation, translation and 

Nanopore-based resistive-pulse recordings represent a promising approach 
for single-molecule biophysics with applications ranging from rapid DNA and 
RNA sequencing to “fingerprinting” proteins. Based on advances in fabrica-
tion methods, solid-state nanopores are increasingly providing an alternative 
to proteinaceous nanopores from living organisms; their widespread adop-
tion is, however, slowed by nonspecific interactions between biomolecules 
and pore walls, which can cause artifacts and pore clogging. Although efforts 
to minimize these interactions by tailoring surface chemistry using various 
physisorbed or chemisorbed coatings have made progress, a straightforward, 
robust, and effective coating method is needed to improve the robustness of 
nanopore recordings. Here, covalently attached nanopore surface coatings are 
prepared from three different polymers using a straightforward “dip and rinse” 
approach and compared to each other regarding their ability to minimize 
nonspecific interactions with proteins is compared. It is demonstrated that 
polymer coatings approach the performance of fluid lipid coatings with respect 
to minimizing these interactions. Moreover, these polymer coatings enable 
accurate estimates of the volumes and spheroidal shapes of freely translo-
cating proteins; uncoated or inadequately coated solid-state pores do not 
have this capability. In addition, these polymer coatings impart physical and 
chemical stability and enable efficient and label-free characterization of single 
proteins without requiring harsh cleaning protocols between experiments.
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1. Introduction

Nanopores enable the characterization of unlabeled biomole-
cules in their native state on a single-molecule level in aqueous 
solution.[1–4] Nanopore-based approaches for DNA and RNA 
sequencing with long read lengths have progressed to com-
mercially available next-generation DNA sequencing technolo-
gies[5,6] in a portable format.[7] Broadly speaking, nanopores 
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clogging.[23] Second, and often overlooked, nanopores in thin 
insulating windows (e.g., 20 nm thick SiNx) often grow in dia-
meter by slow etching in aqueous electrolyte. And third, mate-
rials best suited for nanoscale fabrication often present surface 
charges that can give rise to flicker noise, electroosmotic flow 
(EOF) and ion current rectification in the presence of electric 
fields.[24,25] Strategies now exist to overcome some of these limi-
tations, including atomic layer deposition (ALD),[26] physisorp-
tion of surfactants,[27,28] polymer coatings,[29] silanization,[30,31] 
fluid lipid bilayer coatings[32–35] and various other surface modi-
fications.[36–38] Emilsson et al. demonstrated that surface coating 
in the form of poly(ethylene glycol) brushes, can be used for 
gating solid-state nanopores.[39] Roman et al. made use of solid-
state nanopore coated with poly(ethylene glycol (PEG) in reus-
able microfluidic devices to achieve more stability for detecting 
gold particles or spherical proteins compared to uncoated sur-
faces.[40,41] Nonetheless, the ideal coating for nanopores would 
minimize nonspecific interactions, reduce surface charge, and 
lower the electrical noise during recording. Moreover, this ideal 
coating would be straightforward to apply, would stabilize the 
diameter of coated pores for extended time in aqueous electro-
lyte and would make it possible to interrogate different ana-
lytes by simply rinsing the coated chips between experiments. 
Finally, this ideal coating would allow tuning the pore diameter 
and incorporating specific functional groups such that specific 
analytes could be captured and interrogated.[38]

In previous work, we coated solid-state nanopores with fluid 
lipid bilayers, which not only minimized nonspecific surface 
interactions between translocating molecules and the pore 
walls, but also made it possible to estimate physical  parameters 
such as the ellipsoidal shape, volume, and dipole moment of 
single proteins.[32,35] Here, we compare alternative coatings 
based on covalently attached polymers as alternatives to lipid 
bilayer coatings with respect to their ability to minimize non-
specific interaction between protein and the pore wall. We coat 
solid-state nanopores in silicon nitride widows with one of 
three different polymers: i) poly(acrylamide)-g-(poly(2-methyl-
2-oxazoline, 1,6-hexanediamine, 3-amino-propyldimethylsi-
lanol) in short PAcrAm-g-PMOXA, ii) poly(acrylamide)-g-(PEG, 
1,6-hexanediamine, 3-amino-propyldimethylsilanol) in short 
PAcrAm-g-PEG, and iii) a poly(dimethyl acrylamide) copolymer 
with glycidyl methacrylate in short copoly(DMA-GMA-MAPS). 
We confirm the presence of PAcrAm-g-PMOXA, PAcrAm-g-
PEG on the nanopore chips using X-ray photoelectron spectros-
copy (XPS). We also measure the thickness of these polymer 
coatings in the dry state using ellipsometry and estimate their 
thickness in the hydrated state by measuring the pore resist-
ance in aqueous electrolyte before and after coating. We chose 
these polymers because Weydert et  al. already demonstrated 
the stability and antifouling property of PAcrAm-g-PMOXA in 
comparison with the PLL-g-PEG, a commonly used antiadhe-
sive polymer surface coating. They reported better stability and 
antifouling properties of PAcrAm-g-PMOXA in comparison 
to the PLL-g-PEG owing to the simultaneous physical and 
chemical attachment to the surface and antifouling property of 
PMOXA.[42] Moreover, Aramesh et al. recently used PAcrAm-g-
PMOXA to coat solid-state nanopores that were located close to 
the tip of an atomic force microscope (AFM) and these nano-
pore tips made it possible to sense secreted molecules on the 
surface of living cells in culture without clogging.[43] Zilio et al. 

used copoly(DMA-GMA-MAPS), to minimize protein adsorp-
tion onto thermoplastics.[44] Here we show that nanopores 
coated with PAcrAm-g-PMOXA or PAcrAm-g-PEG perform 
almost as well as fluid lipid bilayer coatings with regard to their 
ability to minimize nonspecific interactions and to estimate the 
volume and the spheroidal shape of proteins from free translo-
cations through these coated nanopores.

2. Results and Discussion

Figure  1a illustrates the basic experimental setup for a resis-
tive pulse-based nanopore experiment: a thin insulating mem-
brane with a single nanopore separates two compartments 
and a high-gain, low-noise amplifier applies a potential differ-
ence between them and monitors the ionic current through 
the nanopore. Translocations of macromolecules through the 
nanopore  displace conducting electrolyte and produce char-
acteristic resistive pulses (Figure  1b) that contain information 
about the physical properties of those biomolecules, including 
their volume and length-to-diameter ratio.[32,35,45–47] In order to 
prevent artifacts due to nonspecific adsorption of the biomol-
ecules on the surface of the pore walls, we coated the pores 
with PAcrAm-g-PEG, PAcrAm-g-PMOXA, or P(DMA-GMA-
MAPS) in a straightforward “dip and rinse” approach and com-
pared their ability to minimize artifacts from protein adhesion. 
Figure 1c shows the different steps involved in the coating pro-
cedure. All three polymers contain silane groups to provide 
covalent attachment to surfaces that present silanol groups 
whereas PAcrAm-g-PEG and PAcrAm-g-PMOXA also contain 
positively charged amine groups to enable electrostatic interac-
tions with negatively charged surfaces to attach the coatings to 
the surface. The PacrAm-g-PMOXA polymer also takes advan-
tage of the poly(2-methyl-2-oxazoline) (PMOXA) moiety, which 
provides antifouling functionality to the polymer.[41] Zilio et al. 
reported that the “DMA interacts with the substrates through 
both hydrogen and hydrophobic bonds” in the case of the coat-
ings from copoly(DMA-GMA-MAPS).[44]

Studies by XPS confirmed successful coating of nanopores  
in the case of PacrAm-g-PMOXA and PacrAm-g-PEG  
(see Figure S1 in the Supporting Information), ellipsometry deter-
mined a thickness of (1.1  ±  0.1) nm for the PacrAm-g-PMOXA 
coating and (2.5 ± 0.5) nm for the PAcrAm-g-PEG coating in the 
dry state and resistance measurements of the  electrolyte-filled 
nanopore before and after coating indicated an apparent thick-
ness of (2.0  ±  0.5) nm for the PacrAm-g-PMOXA coating and 
(5.0  ±  0.5) nm for the PAcrAm-g-PEG coating in the hydrated 
state. Serrano et al. reported the thickness of the polymeric film 
formed by poly(acrylamide)-g-(PEG, 1,6-hexanediamine, 3-amino-
propyldimethylethoxysilane) on silicon dioxide surface to be about 
2.5 nm at a PEG grafting density of more than 2.0 PEG chains per 
acrylate molecule.[48] We observed only a very small change in the 
nanopore resistance before and after coating with copoly(DMA-
GMA-MAPS), suggesting a thin surface layer of polymer.

Because noise characteristics are critical for nanopore-based 
single-molecule studies, we compared the power spectral density 
(PSD) from ionic current recordings through nanopores before 
and after coating them with each polymer. Figure 2 illustrates 
that the PAcrAm-g-PMOXA coating provided the best noise 
characteristics among the three polymer coatings; in fact, this 
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coating slightly decreased the noise likely by the coating-induced 
increase in pore resistance and concomitant decrease in thermal 
noise. In contrast, both PAcrAm-g-PEG and copoly(DMA-GMA-
MAPS) coatings led to recordings with increased 1/f noise at fre-
quencies below 1 kHz (Figure 2b,c).[49] For reference, Figure 2d 
shows that even the benchmark coating in our  laboratory, lipid 
bilayer coating, led to a slight increase in low-frequency noise 

after coating. The change in baseline  root-mean-square (rms) 
current noise due to polymer coating at a cutoff frequency of 
the low-pass filter of 50  kHz was smallest for the PAcrAm-g-
PMOXA coating (decrease by 5%) and the lipid coating (increase 
by 7%), while the PAcrAm-g-PEG coating increased the rms 
noise by 15% and the copoly(DMA-GMA-MAPS) coating by 
21%. The levels of baseline current noise of recordings from 

Figure 1. Schematic of the experimental nanopore setup and protocol for polymer coating. a) Nanopore setup showing a polymer-coated nanopore 
for resistive pulse sensing. b) Illustration of a current versus time trace with resistive pulses as a result of protein translocations through the nano-
pore. The inset illustrates the characteristic resistive pulse amplitude (ΔI), baseline current (I0), and dwell time (td) from the translocation of a single 
protein. c) Schematic illustration the dip and rinse approach for coating a nanopore in a SiNx membrane with a polymer. Chemical structures of  
d) PAcrAm-g-PEG, e) PAcrAm-g-PMOXA, and f) copoly(DMA-GMA-MAPS).
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nanopores coated with any one of the three polymer coatings 
were sufficiently small to resolve resistive pulses generated by 
proteins with sizes ranging from 50 to 150 kDa.

In order to compare the anti-adsorption properties of 
these polymer coatings, we carried out protein translocations. 
Figure  3a,b shows current traces for translocations of IgG 
through an uncoated (black) and a polymer-coated (red) nano-
pore, along with representative resistive pulses from each trace. 
In the case of uncoated pores, we observed instability in the 
current baseline after adding proteins. Moreover,  interactions 
between IgG and the uncoated pore wall resulted in par-
tial clogging of the nanopore after 5  min as indicated by an 
increase in resistance of pore. Nonspecific interactions between 
IgG and uncoated pore walls not only resulted in clogging, 
they also limited the rotational mobility of IgG, as shown by 
relatively minor current modulations within individual resistive 
pulses (Figure 3). In the case of polymer-coated nanopores, the 
current baseline remained stable at a constant level for at least 
one hour and resistive pulses produced by translocating IgG 
proteins revealed relatively large modulations in current ampli-
tude. These modulations are consistent with previous observa-
tions with oblate-shaped proteins transiting through nanopores 
in the absence of surface interactions,[32,35] and are expected 
from theory for nonspherical objects rotating inside the electric 
field in the nanopore.[50]

In terms of long-term stability and benefits from these 
polymer coatings, we repeated at least three experiments with 
individual polymer-coated pores over a week and observed 
no significant change in the baseline current or noise (see 
Figure S2 in the Supporting Information). We also did not 
observe any detectable loss of surface coating during dry 
storage based on resistance measurements in the hydrated state 
and we did not observe growth of the diameters of polymer 
coated pores during recordings. This result contrasts our pre-
vious experience with solid-state nanopores, whose diameters 
often increased from experiment to experiment and sometimes 
during experiments. In addition, these coatings eliminate the 
need for harsh cleaning steps between experiments, a signifi-
cant benefit since cleaning with Piranha solutions, for instance, 
can result in unwanted pore growth and surface etching of 
solid-state nanopores.[51,52]

To provide a quantitative comparison between these 
 polymers for their ability to prevent protein adsorption, we 
determined the dwell time (td, i.e., the duration between a 
single protein entering and exiting the nanopore) and analyzed 
td  distributions for hundreds to thousands individual IgG trans-
locations through pores with and without polymer coatings 
(Figure 4). We also compared recordings using these polymer 
coatings to recordings using lipid bilayer coated nanopores. To 
do so, we use the dwell time ratio (number of resistive pulses 

Figure 2. Power spectral density (PSD) plots obtained from 20 s recording of baseline current traces before and after polymer coating of a nanopore.  
a) Power spectral density for baseline current traces before and after coating nanopore with PAcrAm-g-PMOXA. The inset shows the original current traces 
before and after polymer coating. b) Power spectral density for baseline current traces before and after coating a nanopore with PAcrAm- g-PEG. The inset 
shows the original current traces before and after polymer coating. c) Power spectral density for baseline current traces before and after coating nanopore 
with copoly(DMA-GMA-MAPS). The inset shows the original current traces before and after polymer coating. d) Power spectra density for baseline cur-
rent traces before and after coating a nanopore with POPC fluid lipid bilayer. The inset shows the original current traces before and after lipid coating.
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with td10–50 devided by number of resistive pulses with td10–200) 
as explained in Note S1 in the Supporting Information and 
 compare the experimentally determined dwell time ratio with 
the theoretically expected ideal ratio as estimated by the biased 
first passage time theory[53,54] (see Figure S1 in the Supporting 
Information). Table  1 summarizes the dwell time ratios for 
translocation of IgG in the case of uncoated and polymer coated 
nanopores. Remarkably, coatings from PacrAm-g-PMOXA or 
copoly(DMA-GMA-MAPS) resulted in a dwell time ratio that 
deviated by less than 20% from the theoretically expected ratio 
that would be observed in the absence of any nonspecific inter-
actions. This agreement indicates excellent nonadhesive prop-
erties of these coating during IgG translocations.[55] Table 1 also 
shows that these polymer coatings were approaching the per-
formance of lipid bilayer coatings in terms of preventing non-
specific surface interactions.
Figure 5 shows that resistive pulses generated by transloca-

tions of IgG through uncoated nanopores led to overestimates 
of volume and to length-to-diameter ratios that were skewed 
toward m values of 1. In contrast, experiments with two (i.e., 
with PAcrAm-g-PMOXA and PAcrAm-g-PEG) of the three 
polymer coatings led to a good agreement of the estimates of 
both parameters with the expected reference values. Volume 
 estimation of IgG was slightly smaller than reference values 
for experiments with nanopores coated with PAcrAm-g-PEG, 
while PAcrAm-g-PMOXA coated nanopores produced the best 

 agreement for both the length-to-diameter ratio and volume 
with reference values and with values determined with a lipid 
bilayer coated nanopore. On the other hand, experiments with 
copoly(DMA-GMA-MAPS) coated nanopores led to overestima-
tion of the volume of IgG and length-to-diameter ratios corre-
sponding to slightly more pronounced oblate shapes than the 
expected value. We attribute inaccurate estimates of length-
to-diameter ratio in experiments with uncoated nanopores to 
inadequate or biased sampling of those protein orientations 
that result in the minimum and maximum current blockade 
because of nonspecific interactions with the pore walls. In 
other words, because the IgG proteins were adsorbing to the 
pore walls (Figure 4a), they were unable to sample all possible 
orientations within the pore (Figure  5a). We hypothesize that 
wall interactions favor orientations with maximum contact 
area. Hence, the lengthwise orientation for both oblates and 
prolates are likely favored leading to an under-representation of 
ΔImax and over-representation of ΔImin. This effect would skew 
m values toward 1 as observed with uncoated pores. Moreover, 
in prior work,[35] we demonstrated that off-axis effects from 
translocations near the pore wall lead to overestimations of 
volume and m values biased toward 1.

In order to determine the performance of these polymer 
coatings for estimating the length-to-diameter ratios and vol-
umes of several unlabeled single proteins with different shape, 
we carried out translocation experiments with anti-biotin Fab 

Figure 3. Comparison of resistive pulses from single-molecule translocations of IgG through an uncoated and a polymer-coated nanopore. a) Original 
current traces (in black) for an uncoated nanopore before (i.e., baseline trace) and after the addition of IgG at a final concentration of 400 × 10−9 m. The 
two 60 s traces after adding IgG presented here show the initial current trace and a trace that we recorded 5 min after protein addition. Reduction of 
the current through the nanopore indicates partial clogging of the uncoated nanopore. The inset show individual translocation events of IgG recorded 
with the uncoated nanopore. b) Current traces (in red) for polymer-coated (PAcrAm-g-PEG) nanopore before (i.e., baseline current) and after the addi-
tion of IgG at a final concentration of 400 × 10−9 m. The two 60 s traces after adding IgG presented here show the initial current trace and a trace that 
we recorded 5 min after protein addition. The baseline current recorded with this polymer-coated nanopore was typically stable at a constant level over 
long recording times (>60 min). The inset shows individual translocation events of IgG through the polymer-coated nanopore.
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fragment, hemoglobin (Hb), immunoglobulin (IgG), and 
streptavidin (SA) proteins. Figure  6 shows results of these 
shape estimates for translocations through nanopores coated 
with PAcrAm-g-PEG and PAcrAm-g-PMOXA; these estimates 
agreed within ±17% with reference values (also see Table S1 in 
the Supporting Information). These results indicate that the 
estimates of volume and shape of single proteins that resulted 
from PAcrAm-g-PMOXA and PAcrAm-g-PEG polymer coated 
nanopores were almost as accurate as with the lipid bilayer 
coated nanopores and far superior to estimates from uncoated 
nanopores. We were able to use the same nanopore to carry 
out several experiments using different proteins such as Fab, 
Hb, SA, and IgG. In addition, we could use the same pore for 
at least three experiments within one week without detectable 
loss of polymer coating or change in baseline current or perfor-
mance of the coated nanopore.

We previously demonstrated that fluid lipid bilayer coat-
ings can be used to tailor surface properties and the size of 
nanopores.[33] While these lipid coatings provide the best per-
formance in minimizing nonspecific surface interactions of 
pore walls with proteins,[32–34] we have unfortunately struggled 
with poor success rates (≈10%) when attempting to coat nano-
pores with lipid bilayers.[32] Experiments often failed because 
the lipids did not form a supported lipid bilayer on the walls 
of the nanopore or because they appeared to coat the walls in 
the pores unevenly resulting in a noisy and unstable baseline 
current after coating.[32] In addition to lipid bilayer coatings, 

Table 1. Comparison of the theoretically predicted ratios between 
the expected probability of IgG translocation events with a dwell time  
of 10–50 µs (td10–50) and translocation events with a dwell time of  
10–200 µs (td10–200).

Coating Estimates of td10–50/td10–200 Deviation of experimental 
from theoretical [%]

Theoreticala) Experimental

Uncoated 0.96 0.37 61

PAcrAm-g-PMOXA 0.86 0.74 14

PAcrAm-g-PEG 0.86 0.58 33

copoly(DMA-GMA-MAPS) 0.94 0.78 17

POPC lipid bilayer 0.99 0.89 10

a)Theoretical estimates based on the biased first passage time theory using the rel-
evant parameters for each experiment including pore length, pore diameter, charge 
of the protein at the pH of recording buffer, and applied voltage and diffusion coef-
ficient inside a confinement. We assumed no electroosmotic flow.

nanopore. The inset shows the td distribution for resistive pulses with td 
values <200 µs (N = 1297, i.e. 51%). b) Dwell time (td) distributions of 
IgG translocations through nanopore coated with PAcrAm-g-PMOXA. The 
inset shows resistive pulses with td values <200 µs (N = 2945 i.e. 85%). 
c) Dwell time distribution of the IgG translocations through nanopore 
coated with PAcrAm-g-PEG. The inset shows the td distribution for resistive 
pulses with td value <200 µs (N = 476 i.e. 61%). d) Dwell time distribution 
of IgG translocations through nanopore coated with copoly(DMA-GMA-
MAPS). The inset shows the td distribution for translocation events with 
td values <200 µs (1511 i.e. 93%). e) Dwell time distribution of IgG trans-
locations through lipid bilayer coated  nanopore. The inset shows the td 
distribution for resistive pulses with td values <200 µs (N = 1011 i.e. 95%). 
We used a bin size of 25 µs for the main figure and a the bin size of 5 µs 
for the insets showing resistive pulses with td values <200 µs.

Figure 4. Comparison of dwell time (td) distributions from resistive pulses 
from the translocation of individual IgG proteins through uncoated and 
polymer or lipid bilayer-coated nanopores. a) Experimentally measured 
dwell time (td) distribution of IgG translocations through an uncoated 
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we recently also explored the possible benefits of coating nano-
pores with the detergent Tween-20 with regard to its ability 
to minimize nonspecific surface interactions.[28,35] We found 
that Tween-20 coated pores produced volume estimates in 
agreement with reference values, but length-to-diameter esti-
mates with these pores were skewed toward m values of 0.5 
as reported by Houghtaling et  al.[35] As with the results from 
uncoated pores, a large fraction of the dwell times observed 
with Tween-20 coated pores lasted much longer than theoreti-
cally predicted suggesting that Tween-20 did not sufficiently 
reduce nonspecific interactions between the nanopore walls 
and proteins. Therefore, the polymer coatings presented here, 
especially PAcrAm-g-PMOXA and PacrAm-g-PEG, provide 

robust and versatile alternatives to lipid bilayers and other 
 previously reported nonstick coatings for characterizing single 
proteins in solid-state nanopores.

3. Conclusion

Covalently attached polyacrylamide-based polymer surface 
coatings address at least four key challenges associated with 
label-free characterization of single proteins using solid-state 
nanopores. These coatings: 1) minimize nonspecific surface 
interactions between biomolecules and the pore walls favoring 
free translocation of proteins, 2) enable repeated and prolonged 
experiments of protein translocation without clogging and 
baseline shifts, 3) eliminate the need for stringent cleaning pro-
tocols of nanopores between experiments, and 4) enable esti-
mates of volume and length-to-diameter ratio of untethered, 
unlabeled proteins that are in close agreement with reference 
values. These polymer coatings are thus well suited for a variety 
of protein biophysics and protein analysis applications, in par-
ticular when solution-based analyses are favorable, for instance 
for characterizing heterogeneous populations of natively folded, 
unlabeled single proteins or for interrogating dynamic assem-
blies of protein-protein complexes.

4. Experimental Section
Materials: TEM grids on silicon scaffolds (4  ×  4  mm frame) with 

30  nm thick free-standing silicon nitride windows (10  ×  10  µm) 
were purchased from Norcada Inc., Canada. Polymers designed to 
minimize protein adhesion, namely, poly(acrylamide)-g-(PMOXA, 
1,6-hexanediamine, 3-amino-propyldimethylsilanol) in short PAcrAm-g-
PMOXA and poly(acrylamide)-g-(PEG-azide, 1,6-hexanediamine, 3-amino-
propyldimethylsilanol) in short PAcrAm-g-PEG were obtained from SuSoS 
AG, Switzerland,[42,43,56] and a poly(dimethyl acrylamide) copolymer 
with glycidyl methacrylate (GMA) in short P(DMA-GMA-MAPS) was 
synthesized by the Istituto di Scienze e Tecnologie Chimiche (SCITEC), 
Italy. Antigen-binding fragment (Fab) of anti-biotin IgG (800-101-098) was 
purchased from Rockland Immunochemicals. Other proteins, such as 
antibiotin immunoglobulin G (IgG) (B3640), hemoglobin (Hb) (H7379), 
and streptavidin (SA) (4152800), were obtained from Sigma-Aldrich. All 
other chemicals and buffers were purchased from Sigma-Aldrich unless 
otherwise stated. The nanopores used in this work (see Table S2 in the 
Supporting Information) were fabricated either by drilling with helium ion 
milling (HIM)[57] controlled dielectric breakdown (CBD)[58,59] or ion beam 
sculpting.[60] Proteins were used in buffer solution with concentration in 
the range of (300–400) × 10−9 m.

Surface Coating: For the PAcrAm-g-PEG and PAcrAm-g-PMOXA 
polymers, chips were cleaned using oxygen plasma (Diener Nano, 
90% power, O2 atmosphere, 0.3 mbar) for 30 s on each side prior to 
coating. Coating solutions were prepared with a polymer concentration 
of 0.1 mg mL−1 in ultrapure water (18.2 MΩ cm) containing 10 × 10−3 m 
HEPES buffer with pH 7.4. Samples were immersed in the coating 
solution and incubated for 60  min at room temperature followed by 
rinsing the chips thoroughly with ultrapure water three times by dipping 
them in microwells filled with ultrapure water using a microwell plate 
before drying with a stream of N2. Samples were analyzed using X-ray 
photoelectron spectroscopy (XPS) to confirm the presence of a surface 
coating by the polymer.

For the copoly(DMA-GMA-MAPS) polymer, samples were cleaned 
with Piranha solution (i.e., a 3:1 (v/v) freshly prepared, hot mixture of 
concentrated H2SO4 and 30% (v/v) aqueous H2O2) for 15  min prior 
to coating followed by copious rinsing with ultrapure water. Coating 

Figure 5. Comparison of volume and length-to-diameter ratio approxi-
mation of IgG as they translocated through uncoated nanopores or 
through pores coated with three different polymers copoly(DMA-GMA-
MAPS), PAcrAm-g-PEG, and PAcrAm-g-PMOXA or with a POPC lipid 
bilayer. a) Volume estimates from translocation events of single IgG 
proteins through uncoated and coated (i.e., copoly(DMA-GMA-MAPS), 
PAcrAm-g-PEG, PAcrAm-g-PMOXA, and POPC lipid bilayer) nanopores. 
b) Estimates of the length-to-diameter ratio of single IgG proteins as 
determined from translocations through uncoated and coated nano-
pores. The diamonds show parameter estimates from single event 
analysis with horizontal lines in the box representing the median and 
quartile values. The median values (“Med”) for the volume and the 
length-to-diameter ratio of each protein estimated using nanopore are 
shown. The reference values (“Ref”) of length-to-diameter and volume 
as determined from the 3D structure of IgG obtained from the Protein 
Data Bank (PDB) are marked with a green dotted line. The open circles 
show the mean values for each data set with whiskers spanning from 
the 10th to the 90th percentile.
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solution of 1 mg mL−1 polymer concentration was prepared in ultrapure 
water. The chips were immersed in the coating solution and incubated 
for 30 min at room temperature. After incubation, they were copiously 
rinsed with ultrapure water followed by drying with a stream of N2 and 
baking at 60 °C in an oven for 30  min followed by mounting them in 
PDMS scaffolds for use in resistive pulse sensing experiments.

Nanopores were coated with lipid bilayer coatings using small 
unilamellar vesicles (SUVs) prepared in 150 × 10−3  m KCl and  
10 × 10−3 m HEPES at pH 7.4 as explained previously.[32–34] These SUVs 
were deposited on one side of the nanopore and incubated for 20 min 
to form the supported lipid bilayer followed by washing the chips by 
flushing the surface with copious volumes of ultrapure water.

Resistive Pulse Sensing: All resistive pulse sensing experiments were 
carried out as described by Yusko et  al.[32] and Houghtaling et  al.,[35] 
using a recording buffer containing 2 m KCl and 10 × 10−3  m HEPES  
(pH 7.4). Polymer-coated nanopores were allowed to hydrate and 
equilibrate for 15  min in the recording buffer before initiating protein 
translocation. Ag/AgCl pellet electrodes were used to apply potential 
differences of +0.1 or –0.1  V across the nanopore using an AxoPatch 
200B patch-clamp amplifier (Molecular Devices) with an effective 

bandwidth of 57  kHz.[61] All the data were recorded at a sampling rate 
of 500 kHz, approximately ten times of the bandwidth of the amplifier. 
Resistive pulses were defined as the translocation of single protein 
if we observed a reduction of the absolute magnitude of the baseline 
current by more than five times the standard deviation of the noise.[35,53] 
Analyses of resistive pulses were carried out to determine the dwell time, 
shape, and volume using custom MATLAB (MathWorks) software. After 
use, the polymer-coated nanopores were rinsed with ultrapure water, 
dried under a flow of N2, and then they were stored dry. To reuse these 
coated chips, the polymer-coated pores were again rinsed with ultrapure 
water, dried with a stream of N2, and were mounted in the experimental 
setup using PDMS to define and contain the top and bottom liquid  
compartments.

For quantitative analysis of resistive pulses, we analyzed all events 
that were at least 10 µs long for dwell time (td) and we analyzed all 
events that were at least 150 µs for ΔI/I0 determination.[35] Volume 
and length-to-diameter ratios were determined by analyzing individual 
translocation events of proteins with dwell times between 150 and 
2000 µs, as described previously.[32,35,58] The theoretical estimations of 
td distributions were carried out based on the biased first passage time 

Figure 6. Volume (∧) and length-to-diameter ratio (m) of four different proteins with a range of ellipsoidal shapes, i.e., antigen-binding fragment 
(Fab), hemoglobin (Hb), immunoglobulin (IgG), and streptavidin (SA) as determined using polymer-coated nanopores and comparison of the deter-
mined values with the reference values. a) Volume approximations from single-molecule translocations of Fab, Hb, IgG, and SA proteins through 
PAcrAm-g-PEG and PAcrAm-g-PMOXA coated (for IgG) nanopores. b) Length-to-diameter ratio (m) estimates for Fab, Hb, IgG, and SA as determined 
using polymer-coated nanopores. Median (“Med”) and reference (“Ref”) values for the volume of these proteins are shown. Reference values for 
the length-to-diameter ratio and volume as determined from the 3D structure of these proteins obtained from PDB. The diamonds show parameter 
estimates from single event analysis with horizontal lines in the box representing the median and quartile values. The mean values are shown as open 
circles for each data set with the whiskers spanning from the 10th to the 90th percentile. c) Comparison of the approximate shape of four different 
proteins as determined by analysis of resistive pulses (blue spheroids) with the 3D structure from the PDB (immunoglobulin G, 1HZH; hemoglobin, 
1GZX; antigen binding fragment Fab, 1F8T; and streptavidin, 3RY1).
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theory reported by Ling and Ling.[62] In order to estimate the diffusion 
coefficient of IgG protein inside the confinement of a nanopore, the 
diffusion coefficient of IgG in bulk water at 20 °C (3.9 × 10−7 cm2 s−1) 
was divided by a factor of 5 as proposed by Dix and Verkman.[63] The 
net charge of IgG protein at the pH of the recording buffer (pH 7.4) was 
−3.6 × e.[32] No electroosmotic flow was assumed in the pore for this 
theoretical prediction of td distributions.
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