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Probing the size of proteins with glass nanopores+t

L. J. Steinbock,1? S. Krishnan,1® R. D. Bulushev,? S. Borgeaud,® M. Blokesch,®
L. Feletti® and A. Radenovic*®

Single molecule studies using nanopores have gained attention due to the ability to sense single mole-
cules in aqueous solution without the need to label them. In this study, short DNA molecules and proteins
were detected with glass nanopores, whose sensitivity was enhanced by electron reshaping which
decreased the nanopore diameter and created geometries with a reduced sensing length. Further, pro-
teins having molecular weights (MW) ranging from 12 kDa to 480 kDa were detected, which showed that
their corresponding current peak amplitude changes according to their MW. In the case of the 12 kDa
ComeEA protein, its DNA-binding properties to an 800 bp long DNA molecule was investigated. Moreover,
the influence of the pH on the charge of the protein was demonstrated by showing a change in the trans-
location direction. This work emphasizes the wide spectrum of detectable molecules using nanopores
from glass nanocapillaries, which stand out because of their inexpensive, lithography-free, and rapid

www.rsc.org/nanoscale manufacturing process.

Introduction

Single molecule DNA detection using the resistive pulse tech-
nique and solid-state nanopores was accomplished in 2001 by
Li et al., partly because of its stability and the long length of
commercially available DNA."? Proteins, which are normally
shorter and more fragile than DNA, were detected several years
later.> Since then, numerous studies were published on the
factors influencing the folding of proteins when they trans-
located,”” including pH,*® applied potential,’ nanopore
diameter,'®"" potassium chloride (KCl) concentration,'* temp-
erature,'”> and denaturing agents such as urea.”'* Some
studies investigated the influence of lipids and the antibody
coating of nanopores which makes the nanopore specific for
the passing molecule and delays their translocation time.">™®
Biologically motivated protein detection mechanisms were
tested by attaching DNA and RNA aptamers to nanopores in
order to selectively detect proteins.'®>* The quantity and spec-
trum of research demonstrates that protein detection with
nanopores is a viable technique currently attracting academic
interest. Because of its sensitivity and parallelization ability,
even the sequencing of long DNA strands are now possible.*®
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The limits with other techniques such as size-exclusion
chromatography (SEC) are its susceptibility to clogging and its
reliance on salt solutions and charged analytes. Although SEC
is not a single molecule technique, its reliability and good sen-
sitivity for the shape and charge of a molecule represents the
gold standard for protein detection using glass nanopores.

A new subclass within solid-state nanopores are glass nano-
capillaries made from laser pulled glass capillaries which can
also detect single DNA molecules.>*** Their fabrication is fast,
cost-effective, and does not require a clean room.>*>® Moreover,
they can be easily combined with optical tweezers and segmen-
ted flow microfluidics which opens novel avenues to measure
forces and develop new lab-on-the-chip applications.>**

In the beginning, classical solid-state nanopores and glass
nanocapillaries were used to detect DNA.>* Yet, protein
sensing is equally interesting because the market of proteomics
which includes techniques like mass spectrometry and 2D gel
electrophoresis for weight determination, is growing. It will rep-
resent several billion dollars in 2014.*® Therefore, the presen-
tation of an alternative detection method for a protein’s
molecular weight with glass nanopores would be a step forward
for commercial applications of the resistive pulse technique
(Fig. 1a). In 2013, Li et al. succeeded for the first time in detect-
ing proteins using laser-pulled glass nanocapillaries for mole-
cular weights ranging from 14 to 465 kDa.>® These experiments
were performed at one single pH, and with different nanocapil-
laries for each protein. Due to low signal-to-noise ratios (SNR),
the detection of the majority of the proteins was made possible
by increasing the Bessel filter frequency from 10 to 50 kHz.

The Merlin (Zeiss) Scanning Electron Microscope (SEM)
allowed imaging of every glass nanopore before the experiment

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) Schematic of the setup showing a glass nanopore positioned between two Ag/AgCl electrodes. The left electrode is in the cis chamber
and it is grounded. The second working electrode is behind the conical part of the glass nanopore and is connected to the current amplifier, which
allows the application of potentials ranging from —1 to +1 V. (b) Three dimensional structure of a competence protein ComEA-related protein (PDB
ID 2DUY). Visualizing the used ComEA protein. The dashed circle represents the size of the protein simplified as a sphere, whose diameter is dis-
played besides the molecular weight. (c) GFP (PDB ID 1EMA) showing the distinctive barrel structure. Note that the proteins are not in correct scaling
but the dashed circles are. (d) The fusion protein (FP) constituted of the dimer PSCFP2-PAMCherryl is represented by the PDB ID 20KY, which has a
similar structure. Its expression and purification is described in the ESIL.{ (e) Structure of BSA (PDB ID 4F5S). (f) IgG antibody against anti-his tag

mimicked by the PDB ID 1IGT. (g) RNA polymerase (RNAp) protein used in a previous publication (PDB ID 31YD).*°

without the requirement of a coating with a conducting layer.
This only permitted the use of glass nanopores with slightly
bigger diameters than the target protein, thus improving the
signal to noise ratio (Fig. 1a).>” Moreover, SEM allowed the
glass nanopore of the nanocapillary to be shrunken to any size
within minutes, permitting a rapid fabrication.?® In contrast to
the experiment conducted by Li et al, the improved SNR did
not require an increase in the Bessel filter frequency to 50
kHz, but allowed the detection of the protein at a constant
Bessel filter frequency of 10 kHz. A varying Bessel filter fre-
quency changes the amplitude and duration of the current
decrease which is caused by the translocating particle.*®*°
Different Bessel filters complicate the comparison of the
results of different-sized proteins. Since the goal was to detect
a wide range of proteins and examine if their respective
current decrease agreed with their molecular weight when
translocated through the glass nanopore, a constant Bessel
filter frequency was essential. Moreover, we show that the
inversion of the translocation direction is caused by a change
in the pH values. Lastly, our results show the detection of
several proteins and DNA with one single glass nanopore.

In this study a size range of proteins starting from 12 to
480 kDa (Fig. 1b-g) was used. All proteins had a negative
charge at pH 8 estimated by the ProteinCalculator v3.4 soft-
ware (see ESI Table 11). The fractional conductance blockade
(G*) was calculated by dividing the concatenated current traces
by the applied potential (U) and the conductance of the cell
(G). The G* histogram was fitted by a Gauss function to deter-
mine the position of the protein peak. G* equals the fractional
current amplitude for the nanopore for perfectly linear

This journal is © The Royal Society of Chemistry 2014

IV-curves and is used for the investigation of spherical par-
ticles using the resistive pulse technique.*’ In contrast to the
equivalent charge deficit (e.c.d.), the fractional current ampli-
tude used by Wanunu’s and other groups was more appropri-
ate when working with spherical particles like proteins. The
e.c.d. is better suited for long polymers like DNA with a length
which is a multiple of the persistence length (>1000 bp). In
addition, the lower sample and Bessel frequency of the Axon
current amplifier compared to devices such as the Chimera
(Chimera Instruments, NY, USA) decreases the event duration
and would result in an underestimation of the e.c.d. value of
small proteins.***°

The effect of different pH values on the translocation poten-
tial of proteins was further investigated. Their surface charge
becomes either negative or positive depending on the pH and
the isoelectric point (pI) values. In the case of BSA (pI 4.7) at
pH 2.5 and 8 the protein translocated at the opposite poten-
tials of —0.8 V and +0.8 V, respectively.’

Another experiment explored the DNA-binding capabilities
of ComEA. This small protein is expressed by V. cholerae and
other naturally transformable bacteria. In these organisms
ComEA plays an important role in horizontal gene transfer as
it is required for the uptake of extracellular DNA from the
extracellular media, thereby contributing to genome plasticity
and bacterial evolution.*” The protein has two lysine residues,
which are positively charged and shown to be crucial for DNA-
binding. The total charge of recombinant tagged ComEA with
ProteinCalculator v3.4 gave a total charge of —3 at pH 8.0.*?
Until now, DNA-protein interactions were only studied using
classical silicon-nitride nanopores which examined proteins

Nanoscale, 2014, 6, 14380-14387 | 14381
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such as RecA (38 kDa), P19 (16 kDa) and the histone monomer
(14 kDa).**>**™*> This is therefore the first detection of such a
small DNA-binding protein of only 12 kDa, using glass
nanopores.

Materials and methods

The quartz capillaries were purchased with an inner and outer
diameter of 0.3 and 0.5 mm (Hilgenberg, Germany). The capil-
laries were pulled with the laser pipette puller P-2000 (Sutter,
USA). The pulling parameters were heat 620, filament 0,
velocity 30, deletion 140, and pull 200 resulting in a single pull
after an activated laser for approximately 1.1 seconds. This
resulted in nanocapillaries with a taper length of approxi-
mately 4 mm. A detailed description of the capillary pulling
can be found in previous publications.>*?%%#

The resulting nanocapillaries from the pull were imaged
under a field emission scanning electron microscope (FESEM).
The Merlin SEM (Zeiss, Germany) did not necessitate the pres-
ence of a conducting layer on the glass nanocapillaries when
imaging took place with the in-lens detector. The SEM
imaging and shrinking were performed at a working distance
of approximately 3 mm, magnifications between 100 kX and
250 kX, beam currents of about 500 pA and acceleration vol-
tages of 2 kv.*®

The nanocapillaries were assembled into a PDMS cell,
whose two reservoirs were connected only by the glass orifice.
The bottom of the PDMS cell was sealed with a 0.15 mm thick
cover glass (Menzel-Glisser, Germany). The reservoirs were
filled with a KCI solution of 1 mol L' (M), 1 mM Tris, and
0.1 mM ethylenediaminetetraacetic acid (EDTA) buffered at pH
8. The solution was cleared from any contaminating particles
using an Anotop 25 filter (Watman, USA). To ease filling with
the KCI buffer, a quartz glass was rendered hydrophilic by
oxygen plasma cleaning for five minutes. After the addition of
the buffer solution, the PDMS cell was degassed inside a desi-
ccator using a vacuum pump, which removed obstructing air
bubbles inside the conical part of the glass nanopores.>® The
conductance of the cells was measured by taking a standard
current-voltage (IV) curve. Voltages up to +800 mV were
applied with incremental steps of 50 or 100 mV. The linear fit
of the resulting ionic current revealed the conductance (G).

An Axopatch 200B current amplifier was used (Axon Instru-
ments, USA) to apply potentials up to +1 V and measure ionic
currents up to 200 nA. The Bessel filter frequency was held
constant at 10 kHz. A PXI-4461 DAQ card (National Instru-
ments, USA) was used to sample the filtered current at a fre-
quency of 100 kHz which was recorded by a custom LabVIEW
program. The silver electrodes were chlorinated (Ag/AgCl) by
applying a DC potential of 2 V in a 1 M KCl solution to reduce
the surface resistance of silver. The grounded electrode was
positioned on the cis side in front of the glass nanopore while
the working electrode was placed on the opposite, trans side
(Fig. 1a). The IV curves and events were recorded using the
custom LabVIEW program which also allowed the recording
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of the full ionic current trace or trigger recording once the
ionic current depreciated under a user-defined level. The
recorded events were analyzed using the free OpenNanopore
software.*®

The DNA translocation experiments were carried out in a
KCl solution of 1 M, 1 mM Tris, and 0.1 mM EDTA buffer at
pH 8. 48.5 kbp long A-DNA was purchased from New England
Biolabs (USA) in a concentration of 0.5 pg uL ™' and diluted to
2.5 ng uL ™" in the 1 M KCl buffer solution. 50 pL were added
to the cis chamber and a potential of +0.5 V was applied to the
electrode in the opposite trans chamber.

Samples for protein translocations were prepared specifi-
cally for each protein. RNA polymerase was purchased from
New England Biolabs (USA). RNAp was diluted in 1 M KCl,
Tris-EDTA with a pH of 8.0 to a concentration of 0.6 pM. BSA
was purchased by Acros Organics (USA). The protein was
diluted in 1 M KCl, buffered in Tris EDTA (pH 8.0 or pH 2.5)
to a concentration of 0.6 uM. Green fluorescent protein (GFP)
was purchased from Evrogen (Russia) as rTurboGFP in a con-
centration of 1 pg pL™" (0.037 M) and stored at 4 °C. For the
translocation experiment, the GFP (27 kDa) was diluted to a
concentration of 37 uM in a 1 M KCIl, 1 mM Tris, 0.1 mM
EDTA, and pH 8.0 solution. The fusion protein was PSCFP2-
PAmCherryl. Its gene was cloned into an expression cassette
downstream of a T7 promoter and a 6XHis region into a
PRSET A vector. The construct was purchased from DNA 2.0
(DNA 2.0 plasmids ID 65603). More details of the purification
of the PSCFP2-PAmCherry1 can be found in the ESL{ The puri-
fied FP was diluted to 9 pM in 1 M KCl, 1 mM Tris, 0.1 mM
EDTA, and pH 8.0. IgG anti TAG antibody was purchased from
BioConcept (Switzerland) and diluted to 0.6 uM in 1 M KCl,
1 mM Tris, 0.1 mM EDTA, and pH 8.0. ComEA was provided by
the group of Blokesch and was diluted to a 0.6 pM by a 1 M
KCl,1 mM Tris, 0.1 mM EDTA, and pH 8.0 solution.”> The
protein was mixed with 800 bp long DNA before translocating
it with a potential of 0.5 V.

Results and discussion

The charge of a protein depends on its environment. In par-
ticular, the pH of the buffer in which the protein is main-
tained plays a crucial role. The pI of the protein is the pH of
the buffer where the net charge on the amphoteric molecule is
neutral. When the protein is placed in a buffer solution above
its pI value, the net charge is negative and below the pI value
the protein exhibits a net positive charge. When the pH of a
solution is charged, it can reverse the translocation direction
of a protein as shown by Firnkes et al. and Han et al. with
avidin and BSA in silicon nanopores, respectively.®” Fig. 2
demonstrates the use of glass nanopores to detect the reversal
of surface charges on BSA at different pH levels.?” At this pH,
the BSA has a negative charge and therefore shows no trans-
location events at —0.8 V (Fig. 2a), while showing spikes at a
positive potential (Fig. 2b). At pH 2.5 BSA has a net positive
charge reversing the previous observation, which is visible in

This journal is © The Royal Society of Chemistry 2014
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a b positive potential. GFP (27 kDa), fusion protein (54 kDA), and
pH 8,-0.8V

< - lambda DNA was successfully translocated through the same

- T = glass nanopore, revealing differences in the blocked conduc-

El AN j/—N\ tance (Fig. 3a, b and c). Electron irradiation from an SEM was

700 ms ’ pH 8, +0.8 V used to shrink a 130 nm glass nanopore to 14 nm (see inset in

Fig. 3a, b and c). The corresponding IV curve displayed a con-
ductance of 36 nS which agrees with previous work.*® GFP was
added to the cis side and a potential of 0.5 V was generated to
induce the passage of the protein through the glass nanopore.
Again, the average amplitude was determined using a Gauss fit
to the histogram, returning a value of —0.22% (Fig. 3a). The cis
Fig. 2 (a) Current trace measured across the pore at pH 8 and a nega- chamber was flushed with a 1 M KCI solution to remove the
tive voltage of —0.8 V. Note the absence of events as BSA is negatively protein. Its removal was tested by an event-less current base-
charged at this pH and does not enter the pore \.Nhen a negative field ?S line, when the potential of 0.5 V was applied (see ESI Fig. 1b¥).
applied. (b) Trace of the current when a positive voltage of 0.8 V is L
applied at pH 8. Numerous events show the passage of BSA molecules ~FP Was then added to the cis side and translocated to the trans
through the pore. Inset shows a magnified typical event. (c) Current side by applying a potential of 0.5 V, which triggered events
trace at an applied potential of +0.8 V and pH 2.5. At a pH below the pl  caused by the transient blocking of the current by the protein
of 4.7, the BSA protein is positively charged and hence the protein does  jjgide the glass nanopore (Fig. Sb). The average position of
not translocate. (d) Current trace with pulses at —0.8 V and pH 2.5. o . . . .
Events are present in the form of peaks rather than dips at negative vol- —0.48% was determlne.d by f1tt1ng the s.mal.l peak H,l the histo-
tages. Inset shows typical event of positively charged BSA passing gram to a Gauss function (see dashed line in the histogram of
through the pore. Fig. 3b). This increase in the blocked conductance relative to
the smaller GFP protein was anticipated since FP is twice as
big as GFP. As before, the cis reservoir was washed with a 1 M
the eventless baseline at +0.8 V (Fig. 2c¢) and translocation KCI solution resulting in an event-less current baseline (see
events at a potential of —0.8 V (Fig. 2d). ESI Fig. 1c and df). As a positive control, .-DNA was trans-
Based on this finding, the same pH of 8 was used to detect located (2.5 ng pL~' in 1 M KCl), which is known to show
negatively charged proteins with different molecular weights quantized events.”* They occurred in a step-like pattern which
by translocating them through the glass nanopore using a is visible in the histogram of Fig. 3c. The first peak has a con-

pH 2.5, -0.8 V

o ]
. FP 54 kDa L | Lambda'DNA |
1E-4 0.01
d . . :
9
4 BSA. 66 kDa . o 4 ) IIgG 145 I'(Da 10 RNAp 480 I'(Da /
0 10 20 30 1E3001 ¢ 10 20 30 1E4001 9 10 20 30 1E4 0.01
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Fig. 3 All translocations were done at 0.5 V in a 1 M KCl solution. For better comparison with the other translocated proteins the ionic current is
displayed as concatenated traces divided by the base line current (G*). All scale bars in the SEM image are 50 nm long. (a) Addition of the GFP to the
cis side caused translocation of the protein detectable by the spike-like depreciations of the ionic current. The right graph shows the histogram of
the G* curve revealing a small peak at 0.22% fitted with a Gaussian function (dashed line). The inset shows the respective 14 nm nanopore. (b) G*
trace while translocating FP through the glass nanopore. Again peaks are observed, which is apparent in the right histogram with a peak at around
0.48%. The inset shows the same glass nanopore as in (a). As a positive control experiment, A-DNA was translocated across the identical glass nano-
pore, revealing clear translocation events observed in the step-like decrease in the G* trace apparent, as peaks in the adjacent histogram. Again the
SEM inset is the same as in (a) and (b). (d) G* trace with BSA translocation peaks. Fitting of a Gauss function to the side peak in the histogram posi-
tioned the BSA peak at 0.44%. The inset shows the shrunken glass nanopore with a diameter of 21 nm. (e) G* trace displaying IgG translocation, the
corresponding histogram shows a peak at 0.71% revealed by the Gauss fit (dashed line). Inset shows SEM image of the glass nanopore after shrinking
to a diameter of 16 nm. (f) G* curve after the addition of RNAp to the cis side. The broad peak caused by the RNAp translocation in the adjacent
histogram was located at 2.52% using a Gauss fit. Inset shows the SEM image of the glass nanopore after shrinking, revealing a diameter of 13 nm.
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ductance value around —3% or 1.3 nS. This conductance value
for a 14 nm nanopore falls in the expected range with a pre-
viously published value of 1.7 nS for a similar small glass
nanopore.’” This confirms the small size of the glass nanopore
and supports the ability to detect minuscule molecules such
as GFP with only 27 kDa.

Afterwards, BSA (66 kbDa), IgG (145 kDa), and RNAp
(480 kDa) were translocated across similar sized glass nano-
pores. The insets in Fig. 3d, e and f show the electron induced
shrinking of the glass nanopores to diameters of 21, 16, and
13 nm, respectively. This diameter range is slightly bigger than
the proteins having diameters of 5.4, 6.9, and 10.5 nm when
approximated as a sphere (see ESI Fig. 27 for illustration). The
IV-curves indicated a conductance of 97, 127, and 11 nS,
respectively. As for the previous proteins, BSA, IgG, and RNAp
were translocated at a potential of 0.5 V. The fit with the Gauss
function revealed values of 0.44% for BSA, 0.71% for IgG and
2.52% for RNAp (see dashed line for fit in the histogram
Fig. 3d, e and f).

Reassured by the detection of this wide spectrum of pro-
teins, the ability of the protein ComEA to bind DNA was tested.
Recombinant ComEA has a molecular weight of only 12 kDa.
In order to detect its DNA-binding capabilities, a nanopore
was shrunk from 260 to 21 nm (Fig. 4a). The linear fit to the
IV-curve revealed a conductance of 51 nS (Fig. 4b). First, only
800 bp DNA was translocated using a potential of 0.5 V. This
caused spike-like events showing decreases in the current,
which was anticipated due to the small length of the dsDNA
molecule (Fig. 4¢). This is the shortest DNA molecule detected
until now using glass nanopores. A Gauss function was used
to fit the peak caused by the translocation molecule, locating
it at —0.42%. Then, the DNA was incubated with ComEA and
flushed into the cis reservoir. A potential of 0.5 V was applied,
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which caused the translocation of the ComEA-DNA complex
(Fig. 4d). The fractional conductance blockade was determined
using a Gauss fit at —0.7% (see dashed line in histogram
Fig. 4d). This showed a difference of 0.28% in the G* value
between the bare DNA and the DNA-ComEA complex.

The proteins were analyzed quantitatively by calculating the
duration and peak amplitudes for the previously discussed
proteins. The latter was calculated by dividing the deepest con-
ductance drop by the total conductance of the nanocapillary.
This value is referred to as the normalized conductance drop.
As expected, their distribution shifts to larger normalized con-
ductance drops with higher molecular weights (Fig. 5a-e). GFP
representing the smallest protein shows a narrow distribution
from 0 to 0.5 ms whereas larger proteins such as BSA, IgG, and
RNAp show broader distributions from 0 to 1 ms, 0 to 1.5 ms,
and 0 to 3 ms, respectively. To display the center of highest
density, an R script was used to assign each point a value
depending on its number of neighbors. Red depicts a region
of high density while blue shows a region with low density.
The center for each distribution was determined by calculating
its mean as well as variance and was plotted for all five
proteins in Fig. 5f. A clear trend is observed showing higher
normalized conductance drops with increasing molecular
weights. The same trend is observed for the duration except
for the GFP and the FP, where the latter show a smaller dur-
ation. This discrepancy may be due to the fact, that GFP and
FP are small proteins compared to BSA, 1gG, and RNAp. The
small size of a couple of nanometers in combination with the
glass nanopores having diameters of about 20 nm could
impede the correct determination of the duration of the
events. Better results for similar sized proteins could be
obtained by classical nanopores embedded in thin membranes
as shown previously by Larkin et al.*® Another reason for the

e ]
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b 180 200 220
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Fig. 4 (a) SEM image of the glass nanocapillary before (diameter 260 nm) and after shrinking (diameter 21 nm). Both white scale bars are 100 nm.

(b) IV curve of the shrunken nanopore shown in (a) whose linear fit revealed a conductance of 51 nS. (c) After the addition of 800 bp long DNA,
translocation events with decreasing G* values were observed at a potential of 0.5 V in 1 M KCL. The right histogram shows the frequency count of
the recorded trace with a peak besides the baseline current. This was fitted with a Gauss curve (grey dashed line) with a center at —0.42%. (d) After
flushing with 1 M KCl and adding 800 bp long DNA incubated with ComEA protein to the cis side, translocation events with decreasing G* values
were observed at a potential of 0.5 V. The smaller side peak in the right histogram was fitted with a Gauss curve (grey dashed line) having a center at
-0.7%.
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Fig. 5 Scatter plots resulting from the translocation of the five proteins GFP (a), FP (b), BSA (c), IgG (d), and RNAp (e) showing 60, 49, 236, 168, and
92 events, respectively. Although the event number for the first two proteins is relatively low. Rigorous control experiments included washing and
detecting A-DNA to support the validity of the data (see Fig. S37). The x-axis represents the duration in seconds while the y-axis shows the normal-
ized conductance drop. The latter is calculated by dividing the peak current amplitude of each event with its potential and the overall conductance
of the cell. An algorithm written in R to calculate a density heat plot allowed a color for the assignment of every event, depending on its distance
from the center. (f) The centers of gravity for GFP (27 kDa), FP (54 kDa), BSA (66 kDa), IgG (145 kDa), and RNAp (480 kDa) obtained from the previous

scatter plots show a continuous increase in the normalized conductance

discrepancy in the duration may be the surface of the nano-
pores, which is extremely important for the interaction
between proteins and nanopores. These interactions can deter-
mine the sensitivity and the duration of protein translocations.
The discrepancy in duration may also be the low number of
events for GFP and FP of 60 and 49, respectively. Nevertheless,
the overall trend of a longer duration and higher normalized
conductance drops for higher molecular weights are clearly
visible for the proteins BSA, IgG, and RNAp. An alternative
analysis, supporting this trend, was done by fitting a Gauss
function to the normalized conductance traces showing trans-
location events of the proteins (see ESI Fig. 3t). The fit showed
an increasing conductance drop for larger proteins in line with
the results from the scatter plot, where bigger proteins cause
bigger conductance blockades.

Conclusions

This research demonstrates the capability of glass nanopores
to measure the size of proteins by detecting the fractional con-
ductance drop. The ability to shrink the glass nanopores to

This journal is © The Royal Society of Chemistry 2014

drop with increasing molecular weights.

similar dimensions as the protein size by electron irradiation,
was essential. The detection of proteins using shrunken glass
nanopores for proteins ranging from 12 to 480 kDa was
demonstrated. This range is slightly larger than the protein
size range used in a similar setup using glass nanocapillaries
published by Li et al., while our measurements were done at a
constant Bessel filter frequency of 10 kHz.*® The ability to
shrink glass nanopores has important advantages like tailor-
ing the glass nanopore diameter to the size of the target mole-
cule (ESI Fig. 21). Besides demonstrating the ability to detect
the size of the protein using the fractional conductance block-
ade, it was also possible to flip the translocation direction of
the protein by changing the pH. The research also showed the
possibility of investigating DNA-protein interactions between
DNA and the ComEA protein. In the future nanopores will be
shrunk using techniques such as helium ion microscopes or
atomic layer deposition (ALD) to dimensions below 5 nm. More-
over, the high bandwidth and low noise of the novel current
amplifier, Chimera, will be used to detect even smaller single
molecules such as single stranded DNA.*® All these measure-
ments will improve the SNR allowing detection of short single
stranded DNA molecules and proteins smaller than 10 kDa.***°

Nanoscale, 2014, 6, 14380-14387 | 14385
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