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Abstract: Single-molecule nanopore detection technology
has revolutionized proteomics research by enabling highly
sensitive and label-free detection of individual proteins.
Herein, we designed a small, portable, and leak-free flowcell
made of PMMA for nanopore experiments. In addition, we
developed an in situ functionalizing PLL-g-PEG approach to
produce non-sticky nanopores for measuring the volume of
diseases-relevant biomarker, such as the Alpha-1 antitrypsin
(AAT) protein. The in situ functionalization method allows
continuous monitoring, ensuring adequate functionaliza-
tion, which can be directly used for translocation experi-
ments. The functionalized nanopores exhibit improved

characteristics, including an increased nanopore lifetime
and enhanced translocation events of the AAT proteins.
Furthermore, we demonstrated the reduction in the trans-
location event’s dwell time, along with an increase in
current blockade amplitudes and translocation numbers
under different voltage stimuli. The study also successfully
measures the single AAT protein volume (253 nm3), which
closely aligns with the previously reported hydrodynamic
volume. The real-time in situ PLL-g-PEG functionalizing
method and the developed nanopore flowcell hold great
promise for various nanopores applications involving non-
sticky single-molecule characterization.

Introduction

Recent scientific interest in nanopore-based detection has been
sparked by its ability to detect nano-sized particles and
biomolecules such as nucleic acids,[1–5] proteins,[6–8] and
complexes[9–11] in media without labelling. The presence of a
nanopore in an electrically insulating membrane can serve as a
single-entity detector. Nanopores can be either formed by a
biological channel in high electrical resistance lipid bilayers,
solid-state substrate, and hybrids of both membranes,[11,12] or
they can be drilled as a hole in synthetic materials such as
silicon, graphene, or polymers.[13,14] By developing solid-state
nanopores, the translocations of proteins, nucleic acids, and
small molecules can be studied.[15–17] Nanopore analysis is a
simple approach by inferring information about a molecule‘s
size, shape, charge, and dipole based on the ionic current
blockage results from molecules passing through a nanopore.[18]

An ionic current is monitored through the nanopore by

applying a voltage across the membrane. Biomolecule like DNA
or proteins translocations through the nanopore affects the
current level, which leads to a translocation event signal.[18,19]

In light of the advances in nanopore protein detection,
many studies have been done that improve the sensing
performance of solid-state nanopores due to their robustness
and stability under tough conditions (such as temperature,[21]

pH[22]), as well as the ability to integrate them into embedded
systems and electronics.[23] For instance, the translocation of
more than a million-protein using modified solid-state nano-
pores and a method for restoring clogged pores in real-time
were investigated by Jugal Saharia et al.[24] In the other study,
Matthew O’Donohue et al. were able to distinguish the trans-
ferrin protein and its receptor populations by solid-state
nanopores.[25] Also, a solid-state nanopore was used to
quantify the aggregation of different proteins based on their
non-uniform charge distribution by Mitu C. Acharjee et al.[26]
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Blood components such as Alpha-1 antitrypsin (AAT) play a
critical role in preventing tissue breakdown by proteolytic
enzymes. It protects the lungs from neutrophil elastase, an
enzyme responsible for degrading elastin.[27,28] It has been found
that serum levels of AAT protein increase in some virulent
diseases.[29,30] In addition to being recognized as a biomarker for
Alzheimer’s disease,[31] AAT serum levels are elevated in several
inflammatory diseases and malignancies, including lung
cancer,[32,33] gastrointestinal cancer,[34] and pancreatic cancer.[35]

AAT mutations cause polymerization induced Serpinopathies
and accelerated aggregation.[36] The Alpha 1-Antitrypsin defi-
ciency (AATD) pathogenesis of liver disease is caused by alpha-
1 antitrypsin polymers, which are aggregates of misfolded
proteins associated with hepatocellular carcinoma, hepatocel-
lular injury, and liver fibrosis.[37] A deletion in certain variant of
Cystic Fibrosis (CF) transmembrane regulator (CFTR) that
triggers CF, or AATD missense mutations that cause liver
disease, lung cancer, and misfolding and/or aggregate
formation.[38] Most polymers remain inside hepatocytes, some
are excreted into the bloodstream. In order to determine the
properties of unfolded and disordered proteins, chain size,
shape, and polymer scaling can all be considered.[39] Consider-
ing that aggregated proteins would have greater volume than
singly folded proteins, solid state nanopores can be used to
characterize and estimate the volume of AAT proteins. However,
they have been hampered by difficulties like analytes adhering
to the sidewall nanopore, which may cause irreversible clogging
issues during protein detection.[40–43] The solution to these
problems lies in a variety of strategies that have been reported
for functionalizing solid-state nanopores, including the deposi-
tion of metals[44] and oxides[45,46] to produce nanopore
structures.[47–49] Functionalizing the solid-state nanopore surface
can prevent the target biomolecule from sticking to nanopore
sidewalls. It has been reported that several existing chemicals
acted effectively at inhibiting nonspecific adsorption on SiN
surfaces, such as 3-(aminopropyl) trimethoxysilane (APTMS),[50,51]

polyethylene glycol (PEG),[52–54] and molecular weight modified
ethylene glycol chains.[55] Moreover, ex-situ polyacrylamide-
based polymer surface functionalizing has been shown to
prevent protein interactions with solid-state nanopores.[56] In
addition, apart from focused ion beam and focused electron
beam imaging to visualize the morphology of the nanopore
functionalizing layer structure, which are expensive and time-
consuming methods, a controllable molecular functionalizing
that approaches the nanometer scale is mandatory for reducing
protein adsorption. It has been shown that in situ layer-by-layer
deposition of poly(l-lysine) (PLL) and PLL-g-PEG-biotin modu-
lates the ionic selectivity of a conical nanopore and can be used
to design biosensors.[57] However, due to the electrostatic
interaction of the positive PLL backbone with silicon nitride
nanopore (negatively charged), PEG chains could float in the
nanopore, reducing surface protein adsorptions.[54,58–61]

In this work, we designed and fabricated miniaturized Poly
(methyl methacrylate) (PMMA) nanopore flowcell as shown in
Figure 1(A, B). Then, we measured SiN nanopore conductance
at different concentrations of Phosphate-buffered saline (PBS),
nanopore size, ion current rectification, and noise level at

different voltages. Furthermore, we proposed an in situ ap-
proach to functionalize the SiN nanopore by PLL-g-PEG at
physiological pH to minimize sticking nanopore behavior. Also,
the noise level of non-functionalized and PLL-g-PEG functional-
ized nanopores were compared. In addition to the decrease in
the diameter of the nanopore, improvements in the lifetime,
storage capacity, and reusability of the nanopore were also
demonstrated. We used functionalized nanopore to facilitate
detecting, counting, and estimating the AAT protein volume in
fluids, which can serve as a biomarker for a wide range of
diseases and cancers. The PLL-g-PEG chains drive to nanopore
by applying voltage and allowing them to adhere to sidewall
nanopore electrostatically. As opposed to the ex-situ, by in situ
functionalization method, the PLL-g-PEG thickness could be
monitored. Figure 1(D) shows the chemical structure of a (PLL-
g-PEG) copolymer as well as the functionalization of a flat glass
surface to estimate the PLL-g-PEG thickness by atomic force
microscopy (AFM).

Results and Discussion

The conductivity measurements, PLL-g-PEG functionalization,
and protein translocation were investigated, after chlorinating
the reference electrodes of our proprietary nanopore flowcell
by 50% NaOCl for 2 minutes, as shown in Figure 1(B). In order
to remove contaminants and activate the surfaces, Piranha pre-
treatment and wetting by mixing IPA and water was used
before the functionalizing step.

Figure 2 presents I� V curves and conductance of a non-
functionalized 20 nm SiN nanopore in 0.125×PBS, 0.25×PBS,
0.5×PBS, and 1.0×PBS solutions at physiological pH. According
to the cylindrical model, the open-pore conductance (G) is
calculated as follows:[62,63]

G ¼ sð
4 L
pd2 þ

1
dÞ
� 1

(1)

d ¼
G
2 s

1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
16sL
pG

r !

(2)

In equation 1, S represents the solution conductivity, and L
represents the membrane thickness. A 20 nm pore with 30 nm
thickness showed a conductance of 9.8 nS in 1.0×PBS. Based
on equation 2 and the calculated nanopore conductance from
equation 1, the 18.7 nm diameter of the nanopore is achieved,
which is close to the actual values.

Moreover, when the PBS concentration is relatively low, the
I� V curve is not linear, and lower conductivity in the positive
voltages can be seen in Figure 2(A) (the inset represents the I� V
curve of 0.125×PBS). This non-linear I� V curve is renowned as
ionic current rectification (ICR), which can be observed in
different current levels at the same voltage with different
polarity. A precise theoretical knowledge of this nonlinear
phenomena plays a key role in designing and fabricating
nanopores for different applications.[64] In summary, on the tip
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of the nanopore, positively charged ions form, followed by a
group of counter-charged ions known as the electric double
layer (EDL). Meanwhile, the majority of negative ions (anions)
remain near the nanopore‘s core. Thus, at low values of the
Debye length (λD), EDL does not overlap; therefore, it does not
affect ion migration. As a result, the applied potential bias
drives the ions at the nanopore‘s core.

Conversely, by increasing the λD, resistive forces arise at the
nanopore‘s tip, dampening the ionic current.[65,66] Compared to
long nanopores, short nanopores have considerable advan-
tages, including a higher ionic permeation coefficients and
increased biosensor sensitivity.[67] In order to improve energy
conversion, desalination, and biosensor sensitivity, it is essential
to achieve significant ICR in nanopores. The ICR ratio is

generally defined as the ratio of forward and backward ionic
current for equivalent potential biases. Based on recent
research, most rectifying nanopores have a length of
�500 nm,[68] but this event was rarely observed in nanopores
with less than 200 nm length.[63] For instance, a nanopore
prepared from SiO2 pyramidal membranes with 30 nm thickness
had an ICR ratio of less than 2.[69] Different concentrations of KCl
solutions from 1 to 1000 mM did not indicate rectification in
the current by using 55 nm-long truncated pyramidal silicon
nanopores.[70] Moreover, a strongly charged conical pore with a
200 nm length was simulated with an ICR ratio of 2.[71] As
indicated in the inset of Figure 2A, the ICR clearly appeared at a
low salt concentration of 0.125×PBS. The ICR ratio at low salt
concentrations of 0.125×PBS is 1.25. This ICR phenomenon can

Figure 1. (A) The schematic of the nanopore flowcell pieces, and (B) the assembled nanopore flowcell, the inset image displays the real size of the nanopore
flowcell compared to a coin. The nanopore fluidic setup and its structure, consisting of thicknesses of 200 μm Silicon, 60 nm SiO2, and 30 nm SiN layers is
shown in (C) and the non-functionalized 20 nm SiN nanopore (c1), in situ PLL-g-PEG functionalization (c2), and protein translocation (c3) are depicted. The
PLL-g-PEG chemical structure and thickness measurement on a flat glass coverslip are seen in (D), along with the PLL-g-PEG chemical structure (d1),[20] an AFM
topography image of a lithography area on glass functionalized with PLL-g-PEG (d2), and profiles of representative lithography scraped areas (d3) are
presented.
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be explained by decreasing electrolyte concentration causing
increases in Debye length. The Debye length (λD) in 1.0×PBS
and 0.125×PBS were assumed to be approximately 0.7,[72] and
2.2 nm,[73] respectively. Anions (negative ions) tend to stay near
the nanopore‘s core, which can lead to EDL overlapping at low
electrolyte concentrations, and dampening ion migration. By
lowering the salt concentration, the potential bias drives the
ions to the nanopore‘s core, and this ion migration imitation
will appear as ICR with a different polarity at the same
voltage.[74,75] The EDL become thicker, and non-linear I� V curves
were observed as the PBS concentration decreased.[76]

The calculated and experimental conductance in 0.125×
PBS, 0.25×PBS, 0.5×PBS, and 1.0×PBS solutions at physiolog-
ical pH were plotted in Figure 2B (by respect to 1.0×PBS
conductivity of 1.6 s/m and equation 1). As a result, standard
equations can precisely explain the trend of nanopores
conductance and a slight difference between the calculated
and experimental conductance value is caused by the
rectification effect on the I� V curve‘s slope at low salt
concentrations. As shown in figure 2(C), the PSD noise level of
non-functionalized 20 nm SiN nanopores was raised by
increasing stimulus voltage from 200 to 600 mV, especially at
frequencies less than 10 kHz. Figure 2(D) shows the PSD noise
versus frequency curve for 600 and � 600 mV. Surprisingly, the
polarity of the stimulus voltage on the nanopore base side
effect the PSD noise level and the rms noise for 600 and

� 600 mV, were 0.14 and 0.5 nA, respectively. The structure
and shape of the nanopore may have been responsible for
these differences.

AFM imaging and lithography was performed on PLL-g-PEG
on a glass surface to give an indication of the layer thickness,
by increasing the force (voltage) and time with which a 1 μm2

area was scraped away with the AFM tip, until the depth
reached a saturated level. As shown in figure 1(d3), the PLL-g-
PEG layer is roughly around 3.5 nm when allowed to attach to a
flat surface. To prevent proteins from adhering to nanopore
walls, we used the in situ PLL-g-PEG functionalization process.
As PLL-g-PEG chains flow through the nanopore by driven
voltage, it was expected to see a thinner and more uniform
PLL-g-PEG layer created by in situ method than was founded
during ex-situ functionalization. Considering the ~3.5 nm
length of PLL-g-PEG, it was expected that the nanopore
diameter would be reduced by less than 7 nm. After ex-situ
functionalizing the nanopore, there were several layers of PLL-
g-PEG on the nanopore side walls (~11 nm) which was neither
repeatable nor controllable. In this study, by using the in situ
method, the 20 nm SiN nanopores were functionalized with
PLL-g-PEG in a well-controlled manner. In a physiological buffer
solution, positively charged PLL backbones adsorb onto neg-
atively charged SiN surfaces[77,78] through electrostatic
interactions.[52–54,79] Figure 1(c2) shows a schematic of nanopore
functionalization, when 800 mV is applied to the Cis chamber,

Figure 2. (A) I� V curves of 20 nm SiN nanopore in 0.125×PBS, 0.25×PBS, 0.5×PBS, and 1.0×PBS at physiological pH, The inset displays the ion current
rectification in 0.125×PBS. (B) Comparison of estimated (dashed line) and measured (orange line) nanopore conductance at different PBS buffer
concentrations. PBS time of 1 indicates PBS without dilutions, and 0.125 means eight times the dilution. (C) Current PSD at 200, 400, 600 mV stimulus voltages
and (D) comparison of nanopore PSD noise at +600 and � 600 mV in 1.0×PBS, pH 7.4.
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where positively charged chains of PLL-g-PEG enter the nano-
pore tip and form a thin layer of PLL-g-PEG.

Real-time in situ 20 nm SiN nanopore functionalization is
shown in Figure 3(A), including: opening the Faraday cage to
inject PLL-g-PEG solution (O), 3 times PLL-g-PEG solution
injecting in order to completely replace the previous buffer
with PLL-g-PEG, closing the Faraday cage (C), PLL-g-PEG
diffusion (related to the movement of polymer chains towards
the nanopore‘s tip), and finally the nanopore‘s sidewall

functionalization. As shown in Figure 3(A), It should be noted
that after 1st PLL-g-PEG injection, the current level was dropped
about %15 which is probably due to the difference in the
solution conductivity of Cis and trans chambers. The current
level was stabilized by completing PLL-g-PEG Functionalization
on the nanopore sidewalls after 50 to 70 seconds by 31.8%
(3.5 nA) decreasing in the real time ionic current level, which is
expected from the PLL-g-PEG layer. The I� V curves of a 20 nm
solid-state nanopore chip in 1.0×PBS buffer solution are

Figure 3. (A) Real-time ionic current trace during PLL-g-PEG functionalizing 20 nm SiN nanopore at 800 mV: open Faraday cage (o), 3 times PLL-g-PEG
injection, close cage (c), PLL-g-PEG diffusion, and nanopore’s sidewall functionalization. (B) The I� V curves of in situ, ex-situ, and non-functionalized nanopore.
(C) PSD noise of non-functionalized (Blue) and PLL-g-PEG functionalized (Orange), dashed lines show the 100 Hz line. Normalized G vs. Storage times for in situ
functionalized and non-functionalized nanopore (D), Inset displays schematic of the nanopore storage in 0.1×PBS, and repeating conductance measurement.
Normalized conductance curves of non-functionalized and in situ functionalized nanopore over a course of 5 hours at 600 mV stimulus voltage (E), and the
inset represent their I� V curves before and after 5 hours (Nf: non-functionalized, f: in situ functionalized). All measurements were done in 1.0×PBS at
physiological pH.
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recorded to estimate the conductance of the nanopore before
and after PLL-g-PEG functionalizing by in situ and ex-situ
methods as shown in Figure 3(B). The nanopore conductance
was reduced more than 80.7% after ex-situ coating. Based on
AFM image analysis, and considering the PLL-g-PEG thickness
of ~3.5 nm functionalized on a flat coverslip, the maximum
expected reduction in conductance of an 18.7 nm pore by PLL-
g-PEG would be 55.1% (from 9.8 nS to 4.4 nS). The ionic current
slopes of a linear fitting of the experimental results yielded a
decrease of about 37.7% in the nanopore’s conductance (ΔG=

3.7 nS), which is a sign of 2.3 nm PLL-g-PEG functionalization
layer on the nanopore’s sidewall. Therefore, a nanopore of
diameter ~18.7 nm SiN is estimated to become ~14.1 nm after
PLL-g-PEG functionalization. The in situ PLL-g-PEG functional-
ized thickness (~2.3 nm) is about one nanometer thinner than
flat glass surface PLL-g-PEG functionalized as shown in Fig-
ure 1(d3) by AFM (~3.5 nm), and quite thinner than the ex-situ
nanopore functionalized one (~11 nm) as shown in Figure 3(B).
Aside from that, the charge of the nanopore’s tip wall after
functionalization was slightly positive due to the PLL-g-PEG
chains charge,[80–82] resulting in a parabolic I� V curve. In general,
the measured currents depend less on bulk ionic concentrations
than would be expected from ionic conductivity. In the
positively charged nanopore’s tip, the flow of cations through
the nanopore is limited, which lowers pore resistance, deter-
mines its ionic selectivity, and appears as the rectification of
ionic current.[83,84] We can assume that the current ion
rectification of about 1.7 compared to the linear I� V curve
before functionalization is due to a change in charge and
nanopore shape or size. The power spectral density noise for
bare and PLL-g-PEG functionalized nanopores are also com-
pared as shown in Figure 3(C). These results show that PLL-g-
PEG functionalizing has increased the power spectral noise in a
low-frequency domain (less than 100 Hz) which is related to the
polymer’s subunits adhered to nanopore side walls that lead to
an increase in noise at low-frequencies. Also, the creation of
nanobubbles inside the nanopore can increase the power
spectral noise which is in line with the previous studies.[56,85,86]

Figure 3(D) shows the normalized conductance of non-function-
alized and in situ PLL-g-PEG functionalized 20 nm SiN nano-
pores over 10 times storage. As shown in Figure 3D inset,
between each storage step of nanopore chips (PLL-g-PEG
functionalized and non-functionalized 20 nm SiN nanopores) in
PBS, IV curves were recorded. The non-functionalized nanopore
conductance remained stable with a slight decrease over
storage time due to the water-based buffer in contact with our
SiN nanopore, which agrees with previous studies.[87] As a result
of in situ functionalization, PLL-g-PEG layers remained stable for
up to 5 times of storage in PBS (described in experimental
section) and reusing. It is obvious that after six storage time,
washing process, and reusing, a portion of the PLL-g-PEG layers
begun to disassemble from the SiN sidewall and the nanopore
conductance increased. Eventually, after ten times of storage in
PBS, the nanopore conductivity reached 8.27 nS, near that of
the bare nanopores (9.8 nS).

In Figure 3(E), the normalized conductance of a 20 nm non-
functionalized and PLL-g-PEG functionalized nanopore is shown

over 5 hours of continuous experiment under 600 mV, at
pH 7.4. The conductance of the non-functionalized nanopore
was constant by the first hour, but it was raised from 9.8 to
11.16 nS after 5 hours, due to an alteration in structure and
chemistry around the nanopore‘s edge.[88] In contrast, the PLL-
g-PEG layer on the nanopore sidewall was stable for ~4 hours
which was prevented the changing or expanding of the SiN
nanopore structure under high stimulus voltage, In the other
words, the lifetime of nanopore was enhanced by using PLL-g-
PEG layers.

A control experiment using ~16.5 nm non-functionalized
pores was conducted by injecting 25 nM AAT protein into Cis
chamber in 1.0×PBS at physiological pH by applying 600 mV
stimulus voltage. Occasionally, the non functionalized nanopore
becomes irreversibly jammed after adding proteins, and only a
few proteins were translocated by sticking to the sidewalls as
shown in Figure 4(A). The ~16.2 nm nanopore were used to
functionalize with PLL-g-PEG for 5 minutes to be sure to fully
functionalize the side walls of the nanopores, with ~9.5 nm
final estimated pore size after PLL-g-PEG functionalizing was
used to test the unsticking behavior of the PLL-g-PEG nano-
pores. The same AAT protein concentration was injected to the
Cis chamber using the same experimental environment and
conditions, and we observed about 15 events/s translocation
through the functionalized nanopores as shown in Figure 4(B),
which is 15 times more than that through non-functionalized
nanopore as shown in Figure 4(C) translocation histogram. AAT
protein translocations through non-functionalized nanopores
takes about 105 times longer than through PLL-g-PEG function-
alized nanopores (with mean dwell time about 0.4 ms) as
depicted in the scatter plot in Figure 4(C). in addition, we
observed increasing of translocation events amplitude about
25% (from 0.24 to 0.3 nA) due to smaller nanopore diameter
after PLL-g-PEG functionalization which led to higher trans-
location events amplitude for the same protein translocation.
This change is roughly close to the nanopore volume changes
before and after functionalization with PLL-g-PEG. The vast
number of translocations observed without pore-clogging and/
or sticking behavior indicates that a PLL-g-PEG functionalized
pore is ideal for AAT protein translocations. The Single PLL-g-
PEG layer effectively prevents the protein from continuous
interactions with sidewall nanopores, as shown in this study.

Figures 4(D and E) show current traces for 500 nM AAT
protein translocation through ~9.5 nm functionalized nano-
pores in different voltages (200, 400, and 600 mV) using 1.0×
PBS at physiological pH. Figure 4(F) shows the scatter plots of
500 nM AAT protein translocation events under different
voltages together with their dwell time and amplitude distribu-
tion. As illustrated in the scatter plots in Figure 4(F), the
Gaussian distribution fitted curve on histogram data and inset
plots indicates that by increasing the voltage from 200 mv to
400 and then 600 mv, the dwell time decreased from 3.6�
1.6 ms to 1�0.5 and 0.473+0.3 ms, respectively. on the other
hand, increasing the voltage led to an increase in the current
blockade’s amplitude from 0.09�0.06 nA to 0.18�0.09 and
0.28�0.08 nA for 200, 400, and 600 mV stimulus voltage
respectively. The AAT protein translocation event’s frequency
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enhanced by increasing the voltage as demonstrates in Fig-
ure 4(F), the events number for 200, 400, and 600 mV are 26, 47,
and 129 respectively. All these observations are in line with the
previous research.[89–93]

AAT protein as one of the important globulin proteins in
serum, has a 46 kDa with a density of 1.02 gr/cm3 at 300 K.[94,95]

Its volume can be calculated to be 74.9 nm3, by concerning its
46 kDa and using mass to density ratio (V=M/d), however by
using 60 kDa as SDS-PAGE MW for AAT protein, the estimated

volume would be around 97.7 nm3. On the other hand, AAT
protein structural features such as those with length (7–8 nm)
and width (4–5 nm) could be estimated by applying its crystal
model which was introduced by Maria Gaczynska et al.[96] A
volume of 231 nm3 was reported by J. K. Armstrong assuming a
3.81 nm AAT protein hydrodynamic radius.[97] Since the meth-
ods used for the crystal structure-based volume and the
experimental one was based on different principles and some
parameters such as water shells weren’t incorporated, such a

Figure 4. (A) 25 nM AAT protein translocation through 20 nm non-functionalized and (B) PLL-g-PEG functionalized SiN nanopores (30 nm thick) and (C) their
Scatter plots of dwell time vs. blockade amplitude, and current blockade events histogram, represent the vertical (Dwell) axis scale change in the scatter plot
of protein translocation through un-functionalized nanopore. Comparison of 500 nM AAT protein translocation events under different stimulus voltages (200,
400, and 600 mv) (D) during 500 ms and (E) 10 ms measurements. (F) 500 nM AAT translocation Events scatter plot of current blockage vs translocation time
in different voltages, the inset displays the events dwell time and amplitude changes with stimulus voltage based on the fitted Gaussian distribution curves
with variance σ2, and the # represent the total number of translocations events in each stimulus voltages. All measurements were done by using 1.0×PBS at
physiological pH.
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discrepancy was expected. The PLL-g-PEG functionalized nano-
pores allow us to estimate AAT molecular volume. As protein
with volume L is translocated through a pore with diameter of
d and effective thickness of heff, the conductance blockade (ΔG)
can be calculated from previous reports as follows:[98,99]

DG ¼
sgL

ðheff þ 0:8dÞ2
Sðd; aÞ (3)

The 1.0×PBS buffer at 25 °C has 1.6 (S/m) electrolyte
solution conductivity. Based on DeBlois and Bean,[100] the
correction factor S (d, a) depends on d and a, can be
insignificant and close to one,[101] if the protein diameter (dm) is
smaller than the estimated nanopore diameter,[97] and the
length of fully folded AAT can be smaller than the effective
length of the nanopore (lm<heff). On the other hand, the
orientation of the AAT protein can affect the shape factor (γ).
Where γ is the electrical shape factor of 1.5 for a spherical
molecule[102] and should result in normal distributions of ΔI
values.[103]

The conductance blockage vs dwell time of AAT protein
translocations is depicted as a scatter plot in Figure 4(F) under
different voltages. The average DG for a single AAT protein is
about ~0.43 nS when the average current blockade under
600 mV stimulus voltage is ~0.26 nA and the background
current level of 2.2 nA is concerned. Therefore, the calculated
volume and hydrodynamic radii of AAT protein at pH 7.4 are
253 nm3 and 3.92 nm, respectively, which is close to the AAT
volume reported by J.K. Armstrong (231 nm3).[97] The hydration
shell thickness, surrounding water molecules, and counterions
bind to the proteins more tightly, which may explain the
difference between measured and estimated volumes (density
ratio).[104,105]

Conclusions

A miniaturized, leak-free, easy-to-assemble, and portable nano-
pore flowcell was designed and fabricated. We demonstrated
that by decreasing buffer salt concentration from 1.0×PBS to
0.125×PBS, the ion current rectification ratio was changed from
around 1 to 1.25 in a 20 nm SiN nanopore with 30 nm thickness.
PLL-g-PEG polymer chains could easily self-assembled into the
SiN nanopore’s tip to prevent stickiness and interaction
between the AAT protein with the SiN sidewall nanopore.
Increasing stimulus voltage led to increases in the current rms
noise level, however, the polarity of stimulus voltage affected
the current noise level (when the base side of nanopore is
positive, the noise level was 4 times lower than its negative
polarity). In situ functionalization of PLL-g-PEG nanopores
increased the continuous measurement time (nanopore life-
time) up to four hours without any significant change in
nanopore conductance, compared to non-functionalized SiN
nanopores. in situ PLL-g-PEG functionalized SiN nanopore can
be stored in 1.0×PBS at pH 7.4, for 5 times (each for 6 hours).
The monitorable and real-time in situ functionalizing of PLL-g-
PEG nanopore’s tip surface has been proposed and developed

to translocate the non-sticky single AAT protein through solid-
state nanopores. In addition, the amplitude of AAT protein
translocation events was enhanced, also the decline in the
dwell time and significantly increase in the number of trans-
location events were observed compared to the non-functional-
ized nanopore. In particular, the capability of the PLL-g-PEG
functionalized nanopore to characterize single protein mole-
cules was demonstrated, and the molecular volume of 253 nm3

was measured for the AAT protein. This in situ functionalizing
method can be used more efficiently and universally to
characterize any type of nanoscale particles and biomolecules.

Materials and methods

Materials

Norcada (Canada) supplied 20 nm SiN nanopore chips with a
30 nm thick SiN layer. Phosphate-buffered saline (PBS) tablets,
Methanol (MeOH), Sodium hypochlorite (NaOCl), Sulfuric acid
96% ultrapure (H2SO4), Calcium chloride (CaCl2), Sodium
chloride (NaCl), Tris, Isopropanol (IPA), and Hydrogen peroxide
(H2O2) were supplied by Sigma Aldrich. SuSoS AG provided
PLL(20)-g[3.5]-PEG(2) (poly(l-lysine)-g-poly-(ethylene glycol)).
EprediaTM coverslips were purchased from Fisher Scientific
(#1.5). Fastscan-B AFM probes were acquired from Bruker. A
recombinant Human Serpin A1/alpha-1-Antitrypsin Protein was
purchased from Bio-Techne.

Nanopore preparation

A schematic diagram of 20 nm solid-state nanopore chips with
two window sizes of 10×10 μm and 250×250 μm are illustrated
in Figure 1(c1). The flowcell frame consists of two Poly (methyl
methacrylate) (PMMA) pieces. Nanopore chips were immersed
in Piranha solution (1 :3 mixture of H2O2 and H2So4) for
5 minutes, washed with deionized water, followed by drying at
60 °C for 5 minutes to remove contaminants. As presented in
Figure 1(A), the nanopore chips were sandwiched between two
gaskets to prevent liquid leakage between PMMA chambers
and compacted together with a white ring. As a result of the
gaskets being completely stuck to the nanopore chip and
completely isolating the two chambers from each other, there
was no buffer solution leakage between the two chambers, so
no current leakage was observed (extremely high current level)
during all the experiments.

Wetting the nanopore

To completely wet the nanopore, both chambers were fully
filled with mixture of IPA and water (1 : 1 in volume) for
15 minutes. After each 5 minutes the mixture solution was
gently replaced with fresh one, and at the end by injecting pure
water for 5 times the alcohol was removed completely.
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Pseudo-reference electrodes preparation

The pseudo-reference electrodes were made by immersing the
silver wires in 50% NaOCl for 2 minutes to chlorinate the Ag
wires and dry them at room temperature.

Nanopore operation and experiments

The time-resolved current measurement under constant voltage
(V) was done using Nanopore reader from Elements Srl. The
data acquisition was performed using Elements data reader
(EDR) software (Elements srl, Italy), and all current traces were
recorded at 100 kHz. The current blockades were detected by
using EDR software feature “Event detection”. The nanopore
chips was first immersed in the Piranha solution and then
washed with deionized water as explained above in “Nanopore
preparation” section. Flowcells with a size of 1.6×1.6×0.8 cm
are mounted on a printed circuit board (PCB) designed to
facilitate the connection of terminals to a current measurement
device to start nanopore experiments as illustrated in Fig-
ure 1(B). The quasi-references were then connected to the PCB
terminals and placed in flowcell chambers and IPA solution was
introduced into the chambers for 15 minutes, followed by
deionized water injection, as explained above. Finally, the buffer
solution injected into both chambers and the flow cell was
inserted inside to nanopore reader.

During all ionic current measurements, the base side of
nanopore chamber was connected to the ground electrode of
the amplifier and the electrode of the nanopore’s tip side
chamber was connected to the working electrode of amplifier.
Each nanopore chip was soaked for 5 minutes in water, ethanol,
and chloroform following each experiment. When chips were
not being used, they were stored in chloroform.

Nanopore in-situ functionalization

PLL-g-PEG was diluted in 1.0×PBS to 0.01 mg/mL and stored at
5 °C. The nanopore functionalization was performed by apply-
ing 800 mV stimulus voltage and adding 37 μl of PLL-g-PEG
solution (directly into the nanopore’s tip side chamber contain-
ing 1.0×PBS at pH 7.4 as depicted in Figure 1(c2). The tip side
and base side of the nanopore chamber is filled with buffer
containing PLL-g-PEG, and pure 1.0×PBS, respectively. Electro-
statically binding of the PLL-g-PEG to the sidewall performs
in situ functionalizing of the nanopore during their trans-
location. The structure and dimensions of the nanopore chip
are shown in Figure 1(c1). The in situ PLL-g-PEG functionaliza-
tion approach is shown in Figure 1(c2). A schematic image of
protein translocation through functionalized PLL-g-PEG nano-
pore is illustrated in Figure 1(c3). For the ex-situ coating, the
nanopores were deep coated in 1xPBS buffer containing
0.1 mg/mL PLL-g-PEG for 20 minutes.

Protein samples preparation

Recombinant Human Serpin A1/alpha-1-Antitrypsin proteins
were reconstituted at 100 μg/mL in sterile 50 mM Tris, 10 mM
CaCl2, and 150 mM NaCl at pH 7.4. After diluting to 1 μg/mL, the
protein solution was maintained at � 20 °C for further use.
Before the protein translocation experiment, the chamber was
rinsed three times with 1.0×PBS to remove the residual and
non-interacted PLL-g-PEG chains.

Nanopore and PLL-g-PEG lifetime characterization

The non-functionalized and in situ PLL-g-PEG functionalized
20 nm SiN nanopores over 10 times was stored (each storage
time 6 hours) in 1.0×PBS at pH 7.4. The nanopore chips were
immersed in 0.1×PBS for 6 hours, then washed for five minutes
with DI water before and after I� V measurements to remove
any PBS or other contaminants and dried by nitrogen gas
between each storage process. To prevent buffer evaporation
during storage, the entire chamber was sealed with parafilm.

AFM imaging and lithography sample preparation

The thickness and uniformity of PLL-g-PEG functionalized on
glass coverslips were determined using AFM. Glass coverslips
were rinsed in 99% ethanol and glow discharged (25 mA,
45 seconds) before being placed with the glow discharged side
of the coverslip facing a droplet (50 μL) of PLL-g-PEG (0.1 mg/
mL in 1×PBS) on parafilm for 30 minutes. It was subsequently
washed profusely in Milli-Q water and blow-dried with N2. AFM
imaging of the PLL-g-PEG functionalized coverslip was per-
formed in 1xPBS buffer using a Dimension Fastscan AFM
(Bruker, USA) in PeakForce Qantitative Nanomechanical Map-
ping (QNM) mode, with a scan rate of 1.5 Hz, 256 lines and a
PeakForce setpoint of 1 nN. For AFM lithography, the scanning
mode was switched to contact mode and the surface scraped
with the AFM tip using a scan size of 1 μm, a fast scan rate of
68 Hz and varying setpoints and times up to 9.5 V and
10 minutes, reaching a saturated depth where no more PLL-g-
PEG could be scraped off. Imaging of the lithographic patterns
was performed by switching back to QNM mode, using the
aforementioned settings. Both imaging and lithography were
performed with a Fastscan-B probe (nominal spring constant:
4 N. Final AFM images were analyzed using Nanoscope Analysis
software (Bruker, USA) by flattening the images and measuring
cross sections of the scraped squares.
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In-situ functionalization of thin PLL-
g-PEG on SiN nanopores based on
the self-assembly and electrostatic
interaction between the nanopore
and PLL backbone of PLL-g-PEG is
reported. This functionalization of
SiN nanopores leads to non-sticky
protein translocation and volume es-
timation of individual proteins. Most
significantly, our in situ method is
monitorable for direct evaluation of
functionalization before non-sticky
protein translocation.
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