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ABSTRACT: Stimulus response of polymer-decorated nano-
pores/nanochannels is a fascinating topic both in polymer science
and modern nanotechnology; however, it is still challenging for
standard analytical methods to characterize these switchable
nanopores/nanochannels. In this study, based on the physics of
polymer translocation, we developed an analytical method and
thus for the first time were able to quantitatively measure the
effective thickness of the polymer layer around the rim of
nanopores. As an application example of this method, we studied
the translocation dynamics of fluorescence DNA through poly(N-
isopropylacrylamide)-decorated switchable nanopores in aqueous
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environments. By adding small amounts of ethanol to the aqueous buffer solution, a switch-like response of the DNA translocation
can be observed. It is also observed that a pronounced switching effect can be only realized in a window of moderate grafting
densities of the poly(N-isopropylacrylamide) layer. These are attributed to the cononsolvency effect which causes a collapse of the
polymer layer and thus a transition between “closed” and “open” states of the nanopores for DNA translocation. Our study clearly
transpired that the cononsolvency effect of polymers can be used as a novel trigger to change the size of nanopores, in analogy to the
opening and closure of the gates of cell membrane channels. We envisage that our study will spawn further developments for the

design of switchable nanogates and nanopores.

B INTRODUCTION

Switch-like response in soft matter can be achieved by volume
changes in immobilized polymers such as gels and polymer
brushes in solution, triggered by pH, thermal, and photo-
responses.’ However, harnessing of these effects in applications
generally requires a large change in the environmental
parameters such as temperature and pH. Particularly, when
considering applications in biomaterials, this is inconvenient,
since in living environments, temperature and pH usually have
to be controlled in a narrow range. On the other hand, it is
known that volume phase transitions take place when
biopolymers such as RNA are mixed with multicomponent
solutes/solvents including nonspecific RNA-binding pro-
teins.”’ Another example is re-entrance condensation of
proteins in aqueous solutions observed by the addition of
multivalent salts.* A phenomenon similar to re-entrance
condensation of proteins is cononsolvency first observed in
synthetic polymers.” Here, a mixture of two good solvents
causes the collapse or demixing of polymers such as poly(N-
isopropylacrylamide) (PNiPAAm) in a certain range of
compositions of these two solvents. It is worth noting that
this transition is of first order even for immobilized
macromolecules;’ thus, a small concentration change in the
cosolvent is sufficient to trigger the collapse. Previous studies®
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confirmed that the thickness of a PNiPAAm brush on a flat
surface exhibits a switch-like response when a very small
amount of alcohol (usually termed cosolvent) is added into the
aqueous solutions of polymer brushes. Thus, cononsolvency of
polymer brushes appears as a promising candidate to mimic
the opening and closing of cell membrane channels, but so far,
this is merely supported by coarse-grained computer
simulations” "' and not yet reported in any experimental
investigation.n_15

Meanwhile, we have to realize that it is impossible to do a
rational experimental investigation on the cononsolvency
response of polymer-decorated switchable nanopores, unless
suitable characterizing methods are available. However, it
remains very challenging for standard analytical methods to
characterize stimulus-responsive behaviors of polymer layers in
various confined environments such as nanopores. To the best
of our knowledge, only few studies'®™'® reported that atomic
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force microscopy can be used to qualitatively detect the
hydrodynamic thickness of a polymer layer around the hollow
structures. The lack of analytical methods to quantify the
thickness of a polymer layer around the rim of nanopores
actually impedes further developments for the rational design
of functionalized nanogates and nanopores'*™'¥'*~*' for
applications such as the sensing of single molecules.”*~*’

Hence, it is an important aim of this work to develop a
method to quantitatively determine the thickness of a polymer
layer around the rim of nanopores. In this study, we achieved
this task on the basis of the physics of polymer translocation.
As an application example of this method, we studied the
translocation dynamics of fluorescence DNA through
PNiPAAm-decorated switchable nanopores in aqueous envi-
ronments. We demonstrated that switchable nanopores can be
prepared by harnessing the cononsolvency transition in grafted
polymers. The widening of the PNiPAAm-decorated nano-
channels occurs in a narrow window of about 5% volume
fraction of ethanol in aqueous buffer solution. Experimental
results quantitatively showed that PNiPAAm layers around the
rim of nanopores show solvent-composition-responsive behav-
iors in the range of metabolic pH values and room
temperatures. In the following, the methodology used in this
study will be first described in the section Experiments and
Methods, then experimental results will be discussed in the
section Results and Discussion, and finally, concluding remarks
will be made in the section Conclusions.

B EXPERIMENTS AND METHODS

DNA Translocation Experiments. In our experiments, track-
etched polycarbonate membranes (Whatman, with nominal pore
diameters equal to SO nm and thicknesses equal to 6 ym) were used
in DNA translocation experiments. First, the membranes are one-side-
sputtered with a thin layer of gold (EVA 300 Alliance Concept
evaporator, thickness 50 nm, speed of deposit 0.2 nm). A typical
scanning electron microscopy image of the gold-coated nanopores
used in DNA translocation experiments in this study is shown in
Figure 1. The polydispersity of the sizes of the nanopores is rather

Figure 1. Typical scanning electron microscopy image of the gold-
coated nanopores used in DNA translocation experiments in this
study. The dark circles in the image are nanopores.

low, the boundary for the diameter is about 50 & 10 nm, and similar
nanopores were already used in our previous investigations.”® Then,
the gold layer is grafted with a PNiPAAm layer by the grafting-to
synthetic method. In this study, the different samples are named
“higher-graft-15K” and “lower-graft-15K” to discriminate the higher
and lower grafting densities of polymer layers with a molecular weight
of M, = 1.5 x 10* g/mol and a dispersity of M,/M, = 1.18. We
named “higher-graft-30K” and “lower-graft-30K” to discriminate the
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higher and lower grafting densities of polymer layers with a molecular
weight of M, = 3.0 X 10* g/mol and a dispersity of M,,/M, = 1.25.
For the details of preparation of these polymer layers, see Section S1.1
of the Supporting Information.

As for DNA translocation experiments, a dilute solution of A-DNA
(0.1 pM, 48 kbp) in tris buffer solution (tris 10 mM, EDTA 1 mM,
and KCl 10 mM, pH = 7.6) fluorescently labeled with YoYo-1 (Life
Tech) was filled in the cis-chamber where the pressure was applied,
for the experimental details, please refer to our previous publications
such as ref 28. A few hundred DNA translocation events were
observed simultaneously with a time resolution of about 10 ms by
fluorescence microscopy, which was sufficient to resolve each
translocation event. A cartoon depiction of A-DNAs translocating
through PNiPAAm-grafted nanopores is shown in Figure 2.

In our cononsolvency experiments, ethanol is merely added to the
buffer solution in the trans-chamber, see Figure 2b. It is worth noting
that the volume size of the trans-chamber is significantly larger than
that of the cis-chamber; thus, in our study, the solvent-composition
change in the trans-chamber due to buffer solutions (without ethanol)
driven from the cis-chamber can be neglected.

Because the trans-side of the membrane including a part of the
nanochannel is coated with a gold layer, the direct contact between
the solvent and polycarbonate matrix in the trans-side is actually
blocked and the infiltration of ethanol on the polycarbonate matrix
unlikely happens when taking into account that the pressure on the
cis-side of the membrane causes a flow from the cis- to the trans-
chambers. Thus, it is unlikely that the DNA translocation in the
nanochannel is directly affected by the addition of ethanol in the
trans-chamber. This was confirmed by our control experiments for a
blank membrane (without grafting PNiPAAm layers) in various
mixtures of ethanol and tris buffer, for details, see Section S2 of the
Supporting Information. In addition, the analytical method to
determine the thickness of nanopore brushes that we developed in
this work (see the section of Method of Characterizing Nanopore-
Brush Thickness) relies on the system at a steady state under the flow
pressure from the cis- to the trans-chambers. Before collecting data, it
is necessary to wait for a period of time to make sure that the system
is at steady state when the driving pressure is changed in experiments.
In our experiments, this waiting time is about 2 min. This approach
can also help to effectively eliminate the possible influence of ethanol
infiltration on the polycarbonate nanochannel in our cononsolvency
experiments.

Although ethanol addition obviously affects the DNA conformation
in the trans-chamber (after translocation) when the volume faction of
ethanol is high (the threshold value is about 40% in our study when
the solvent becomes poor for DNA), we note that the most
interesting effects occur for very low ethanol concentrations far below
the threshold value of 40%. The poorer solvent quality in the trans-
chamber implies a chemical potential or solubility gradient acting
against the translocation. Since we see a clear re-entrance behavior at
higher alcohol concentrations, this effect is apparently only of minor
importance for the observation of the gating behavior of the pores.

Method of Characterizing Nanopore-Brush Thickness. In
this study, to quantitatively estimate the thickness of the polymer
layer around the rim of nanopores, we used the celebrated suction
model for the translocation of polymer in dilute solutions introduced
by de Gennes’”*° Our method is on the basis of the DNA
translocation efliciency which in turn relies on the proven fact that in
the strong confinement regime, the critical force to guide flexible
linear polymer chains through nanopores is independent of the chain
length.”’ We analyzed the variation of the DNA translocation
frequency per pore (fpyna) with the driving force such as the gradient
of flow gressure, see Figure 2b. In the framework of the suction
model,”®**” the translocation frequency is expressed as

AF
Jona =k exp[—k—T]

B

(1)

by assuming that DNA translocation is described as the travel of a
flexible polymer through a free-energy landscape with a barrier of
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Figure 2. Sketch of fluorescence A-DNAs translocating through PNiPAAm-grafted nanopores: (a) three-dimensional view of nanopore structures
and (b) side view of a single nanopore. In this study, based on the DNA translocation efficiency, we developed an analytical method to
quantitatively measure the effective thickness of a polymer layer around the rim of nanopores, that is, the polymer layer in the box region depicted

in (b).

height AF and assuming that the translocation process follows a
Boltzmann statistic. We note that the persistence length of DNA is
about 50 nm which is also the nanopore size in this study; thus, a
flexible polymer-chain assumption for DNA in this study is
reasonable.*”

In eq 1, ky is the Boltzmann constant and T is the thermodynamical
temperature. k; (Hz) is the rate of incidence on the barrier. By
Kramers’ theory®™** for Brownian motion in a field of force, when k;
is dominated by the presence of the barrier AF, k; o J/J, holds with |
being the solvent flux (m® s™') and J, being the solvent-flux threshold.
In the suction model, the energy barrier is AF = kzT(J./]) and the
translocation frequency fpy, finally reads

o = kz[g)e’q’(_%] @)

with k, being a proportionality factor (Hz), P being the gradient of
pressure applied by the equipment where the pressure on the side of
the membrane without coating a gold layer is higher, and the critical
pressure P_ = ry].. The hydrodynamical resistance of the pore ry, equals
to 87L/nR.q* with L being the length of a pore (L = 6 yum in this
study) by Poiseuille’s law, R ¢ being the effective radius of pores, and
1 being the solvent viscosity in the cis-chamber, see Figure 2b. In this
study, 7 is the solvent viscosity of the tris buffer (without ethanol).
Taking into account of the fact that the pore size is significantly
larger than the cross-sectional size of DNA backbone and the
Reynolds number is at the order of about 107, the Poiseuille’s law
and Darcy’s law are still valid for the flow in this study.”**® Keeping in
mind that the solvent-flux threshold (J.) of polymer translocation has
been proven by both theories”*° and experiments®" at the order of

kgT
J. = const X —
¢ ()
then we can use this relation to estimate the thickness of a polymer
layer around the rim of nanopores. Technically speaking, it is
unnecessary to know the numerical prefactor on the right-hand side of
eq 3 in experiments; the effective (hydrodynamic) radius of the
polymer-decorated pore, R, can be calculated in a way of avoiding
the numerical prefactor as mentioned below

1/4
J (4)

where Py and P, are critical pressures of the blank membrane and
when the same membrane is grafted with a polymer layer,
respectively, and T, and T, are temperatures where experiments

P, T
0
< X eff

Reff = RO[ T
0

c,eff
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are conducted for the blank membrane and when the same membrane
is grafted with a polymer layer, respectively. In our cononsolvency
experiments, the temperature is fixed at 298 K; thus, T, = T, holds in
our experiments. R, is the radius of nanopores without grafted
polymers, usually it is insensitive to normal temperature change; in
this study, Ry = 25.0 + 1.0 nm is the corresponding measured mean
value with an average absolute deviation using scanning electron
microscopy (Figure 1).

Taking into account the fact that the polymer layer was grafted
around the rim of nanopores, the relation of R,y < R, always holds.
Then, the effective thickness of the polymer layer around the rim of
nanopores can be obtained as

H=R, - Ry

©)

that is, the effective thickness of the polymer layer in the box region is
depicted in Figure 2b. It is remarkable that eq 4 is a fourth-order
power law, and this implies that the change of critical pressure is
sensitive to the change of pore size and thus the effective thickness of
the polymer layer around the rim of nanopores can be estimated in a
relatively high accuracy. It is noted that we measure H under flow
conditions which leads to the fact that the estimated thickness (H)
may not coincide with the thickness of equilibrium polymer layers.
DNA translocation frequency per pore fpy, is calculated as

_ Nona
fDNA - oAt

pore

(6)

The DNA translocation efficiency, that is, the number of DNA
translocation events (Npy,) through a fixed area (A = 135 ym X 13§
um) of membranes and in a fixed period of time (¢ = 30 s) observed in
the trans-chamber is counted by a combination of both visual
inspection by human eyes and using an in-house script coded in
Python. Examples to determine the number of DNA translocation
events are shown in Figure S1 of the Supporting Information and
Video Supporting Information. For the details of how to count the
number of DNA translocation events and process these data, see
Sections S1.2—1.4 of the Supporting Information.

The pore density in eq 6 is with a value of p,,.. = 6 X 10® pores/
cm? in this study. The average number of pores in the fixed area is
about 1.1 X 10% thus, the observed number fluctuation of DNA
translocation events in this study actually can be neglected. As shown
in eq 6, the number of translocation events (Npy,) observed in this
study only differs from the translocation frequency (fpna) by a
constant multiplicatory factor. In this study, the critical pressure (P.)
is obtained by fitting the nonlinear equation eq 2, the detail of using
eq 2 to process experimental data in this study is shown in Section
S1.4 of the Supporting Information.
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Figure 3. Translocation frequency of DNA per pore with respect to pressure. (a) Grafting-density effect of different PNiPAAm layers with a shorter
polymer chain in tris buffer, the molecular weight of PNiPAAm layers is M, = 1.5 X 10* g/mol, and dispersity is M,,/M, = 1.18. (b) Grafting-
density effect of different PNiPAAm layers with a longer polymer chain in tris buffer, the molecular weight of PNiPAAm layers is M,, = 3.0 X 10* g/
mol, and dispersity is M,,/M, = 1.25. The pH value of the buffer is about 7.6, and measurement temperature is 25 °C. The dotted lines in the

figures are guides to eyes.

We note that the driving force for DNA translocation through
nanopores/nanochannels can be an electric field'”*” which is widely
used in translocation experiments and still lack quantitative methods
to characterize, and our experimental method can be extended and
formulated to this case. Following a rationale in analogy to the case of
pressure driving as shown above, for the case of electric field as the
driving force, the translocation frequency fpy, reads as®®

Joxa = k3[§c]em(_%] )

with k; being a proportionality factor (Hz), E being the strength of
the electric field applied to drive DNA translocation, and E, being the
electric field threshold. In experiments, the voltage strength V = EL is
usually used instead of the electric field strength (E) with L being the
length of a pore (such as L = 6 ym in this study).

It is remarkable that from experimental observations,”***~** DNA
translocation behavior can be qualitatively separated by the free-
energy barrier of translocation into two distinct regimes. When the
driving force is lower or comparable to the free-energy barrier,
diffusive and slow dynamics can be approximated by an exponential
increase with the external force. When the driving force is significantly
larger than the free-energy barrier, it asymptotically approaches a
linear increase. This heterogeneous behavior is also verified by the
hydrodynamic derivation of eqs 2 and 7. The applicabilit(?r of eq 7 can
be verified by experimental data reported by refs.**™*° It is worth
noting that one can estimate the free-energy barrier for a successful
polymer translocation using eqgs 2 and 7; it is at the order of several
kgT and agrees with the prediction of the scaling theory as already
reported in our previous work.”®

For the case of electric field as the driving force, the electric field
threshold (E.) to overcome the free-energy barrier of polymer
translocation is bias-equivalent to the critical flux in the suction model
and is scaled at the order of

T

E_. = const X
C qR3

(8)

with R being the pore radius.’® Taking into account that for
controlled experiments, the surface charge density (q) of polymer
“blobs” in the nanopore usually is a constant and insensitive to normal
temperature change; the effective (hydrodynamic) radius of the
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polymer-decorated pore, R.g can be calculated in a similar way like eq

4
T 1/3

X Zeff.

T

Ec,O

Reff = RO
c,eff

)

where E ., and E . are electric field thresholds of the blank
membrane and when the same membrane is grafted with a polymer
layer, respectively. Note that the exponent difference between eqs 4
and 9 implies that a pressure-controlling experiment is preferable;
compared with the change of electric field threshold, the change of
critical pressure is much sensitive to the change of pore size.
Nevertheless, one advantage of translocation experiments by electric
field driving is that the translocation frequency (fpna) can be easily
and accurately obtained via the analysis of electric current signals with
respect to time trace.

Let us mention that our experimental method is an ensemble-
average approach and the statistical quality of the results depends on a
sufficiently high pore density in the membrane. The basic assumption
of our method is that the DNAs have a radius of gyration larger than
the pore diameter and they are in the dilute regime of the DNA
solution. We also note that in the translocation experiments, other
polymers can also be used such as proteins™ > and synthetic
polymers,*"** in principle, our experimental methods can be extended
without difficulty to these cases; however, this topic is beyond the
scope of this study.

B RESULTS AND DISCUSSION

Results of DNA Flux through (PNiPAAm-Decorated)
Nanopores. Our experimental results of the translocation
frequency of DNA per pore in a tris buffer solution as a
function of pressure are displayed in Figure 3. We compare the
results for blank membranes (with a gold layer) and for
different grafting densities of PNiPAAm. For different grafting
densities, the translocation efficiency, that is, the translocation
frequency of DNA per pore at a given pressure, is reduced
dramatically as compared to the bare or blank membrane. At
higher pressure, the higher grafting density leads to a higher
reduction of the translocation efficiency in accordance with the
fact that higher grafting densities lead to thicker polymer layers
when the chain lengths of grafted polymers are the same. With
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the help of a scaling analysis, we can show that the polymer
layers displayed in Figure 3a are in a brush state, while the
polymer layers displayed in Figure 3b are below the brush
state; for details, see Section S1.5 of the Supporting
Information.

As shown in Figures 4 and 5, for each membrane with a
PNiPAAm layer, the translocation frequency of DNA per pore
first increases with an increase of ethanol concentration. With
further increase of ethanol concentration, the translocation
frequency of DNA per pore decreases again. This implies that
the size of the nanopores first increases under the stimuli of
increasing ethanol concentration, later the nanopore size
reduces by further increasing ethanol concentration. This
indicates that grafted PNiPAAm shows re-entrance signature of
cononsolvency transition in the ethanol/tris buffer mixtures, as
observed for flat brushes.” This observation is clearly
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supported by a study of the normalized translocation frequency
of DNA per pore which is plotted with respect to the change of
ethanol concentration under different driving pressures, see
Figures 6 and SS (Supporting Information). Solvent-
composition-responsive behaviors shown in Figures 4—6 and
SS indicate that the cononsolvency effect of grafted PNiPAAm
can be used to control the size of nanopores.

In Figures 4b and Sa, it is noted that for polymer layers with
moderate-grafting densities, when the applied flow pressure is
low and in a certain range, DNA can translocate through
PNiPAAm-decorated nanopores at very low concentrations of
ethanol (4.76 and 1.96% vol, respectively) but not at much
higher concentrations of ethanol and in tris buffer. This
phenomenon is unavoidably attributed to the cononsolvency
effect which causes a collapse of the polymer layer and thus a
transition between “closed” and “open” states of the nanopores

https://doi.org/10.1021/acs.macromol.1c00215
Macromolecules 2021, 54, 4432—4442


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00215/suppl_file/ma1c00215_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00215/suppl_file/ma1c00215_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00215/suppl_file/ma1c00215_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00215/suppl_file/ma1c00215_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00215?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00215?fig=fig5&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00215?rel=cite-as&ref=PDF&jav=VoR

Macromolecules

pubs.acs.org/Macromolecules

4.0 - (a) y

| sample name:
higher-graft-15K

Pressure
60 mbar ||
80 mbar
100 mbar |
130 mbar
150 mbar 4

3.5

3.0

C/\b’
S =
E=I)
8 25fF -
o 3
® (8
c s
S o 20 1
5 &
B2
N5 15F -
T o
Ez
25 10 i
>
2z
=2
=

LLLLL L L LLLLLLLLLLLLL L LLLL A

The normalized translocation

A T T T T T Y

A T R O Y
VLl el v a2 A

AR ©

N

2

5 10
The volume fraction of ethanol (tris-buffer solutions, vol%)

20

30 |
(b) Pressure
- V2222 50 mbar |
25 sample name: ENXN] 60 mbar
[ lower-graft-15K 722 70 mbar
= : I X7 80 mbar | |
3 T 7773 90 mbar
Q 77) m
w20 Wl | #
™ @l |+
3 77! /
2 i, \
g [\
o 15}k 7N T
e N AN
1o} AN AN
o o ey
3 0 a7 AN BN
|
5 W
7
2 A U
g 05 N N Y
L ] W
N N Y
-5 0 5 10

The volume fraction of ethanol (tris-buffer solutions, vol%)

Figure 6. Normalized translocation frequency of DNA per pore is plotted with respect to ethanol concentration change under different driving
pressures. (a) For a higher grafting density of PNiPAAm-grafted nanopores, data are the same as in Figure 4a. (b) For a lower grafting density of
PNiPAAm-grafted nanopores, data are the same as in Figure 4b. Note that fpy, is the observed translocation frequency of DNA per pore in tris
buffer solutions (no addition of ethanol). From the left-hand to the right-hand sides of the figure, column bars arrange the pressure in increasing

order.

swollen PNiPAAm layer
in tris buffer solution

(op¥(el

addition of ethanol
>

(2

open

A-DNA

collapsed PNiPAAm layer
in around 5%vol ethanol

e

swollen PNiPAAm layer
in around 16%vol ethanol

(NG

addition of ethanol
>
close

T uomanpmoy T
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cononsolvency effect which causes a collapse of the polymer layer and thus a transition between “closed” and “open” states of the nanopores.

for DNA translocation. Under the condition of flow pressure, a
depiction of DNA translocation and ethanol concentration-
induced phase transition of a PNiPAAm layer around the rim
of nanopores is shown in Figure 7.

In Figure 8, we display the results for both grafting densities
at the opening of PNiPAAm-grafted nanopores at 4.76% vol of
ethanol. Comparing results for both grafting densities in tris
buffer (Figure 3) and 4.76% vol of ethanol (Figure 8), we
observe a consistent increase of DNA translocation efficiency
with decreasing grafting density of the polymer layer. We made
control experiments for nanopores which had no grafted
PNiPAAm and verified that the direct effect of ethanol on the
translocation behavior of DNA was actually negligible, see
Figure S6 (Supporting Information); also, ethanol has no
swelling effect on the matrix material (gold-coated polycar-
bonate) used to manufacture nanopores in this study. It should
be particularly pointed out that the observed re-entrance
behaviors of DNA translocation in Figures 4 and 5 can hardly
be ascribed to the possible infiltration of ethanol on the
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polycarbonate nanochannels because the ethanol infiltration
can merely lead to a monotonous change with an increase of
ethanol concentration and therefore the re-entrance behaviors
of DNA translocation shall not be observed at all on account of
ethanol infiltration. Therefore, the origin of the non-
monotonous opening/closing behavior of the nanochannel
can be merely the solvent response of the grafted PNiPAAm.
These results are in agreement with our previous studies of flat
brushes, where a nonmonotonous change of the brush height
reaches a minimum at low alcohol concentrations.”

Let us add some remarks about the effect of polydispersity of
bare pore size on our results. The polydispersity of the bare
membrane in our study is rather low (with a boundary of
diameter about SO & 10 nm, see Figure 1) and thus smaller or
larger pores should not lead to a qualitatively different
translocation behavior. Nevertheless, a priori averaging over
all translocation events through the membrane reduces the
contrast between “open” and “closed” pores in the
cononsolvency response. Thus, our ensemble-averaged meas-
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Figure 8. Translocation frequency of DNA per pore with respect to pressure. Grafting-density effect of different PNiPAAm layers in 4.76% vol
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Table 1. Reference Values for the Swollen Thickness of PNiPAAm Layers Around the Rims of Nanopores in Mixtures of Tris
Buffer Added with Various Concentrations of Ethanol”

grafting density tris buffer 1.96% vol 4.76% vol 9.09%vol 13.04%vol 16.67%vol
sample name (chains/nm?) (nm) (nm) (nm) (nm) (nm) (nm) Morphology
higher-graft-15K ~0.30 10.0 £ 1.0 85+ 0.1 9.0 +£ 0.5 brush
lower-graft-15K ~0.15 7.0 £ 0.1 3.8 +£0.1 63 +0.1 75+ 05 brush
higher-graft-30K ~0.05 53 +0.1 3.5+0.1 43 + 0.1 42 + 0.1 4.5 + 0.1 mushroom/brushb
lower-graft-30K <0.05 1.6 + 0.1 12+ 0.1 14 £ 0.1 2.1 +£0.1 mushroom

“The layer thickness and its error bars are calculated based on the data of the translocation frequency of DNA per pore reported in Figures 3-5.
These data are calculated by the analytical method developed in this study, for details, see the section Method of Characterizing Nanopore-Brush
Thickness. “It is hard to determine the exact morphology for this sample merely based on a scaling analysis.
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Figure 9. Ethanol-concentration response of grafted PNiPAAm polymers around the rim of nanopores, and the relative polymer thickness is
calculated by the data reported in Table 1. (a) Membranes with the molecular weight of PNiPAAm layers M, = 1.5 X 10* g/mol and dispersity M,,/
M, = 1.18. (b) Membranes with the molecular weight of PNiPAAm layers M, = 3.0 X 10* g/mol and dispersity M,,/M,, = 1.25. The pH value of the
buffer is about 7.6, and measurement temperature is 25 °C. The dotted lines in the figures are guides to eyes.

urements give a lower boundary for the quality of the switching
response which could be achieved under ideal monodisperse
condition. An interesting and may be somewhat counter-

intuitive conclusion can be drawn from the interplay between
the grafting-to synthetic method and the variation of bare pore
size: Since larger pores lead to less geometric constraints for
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Figure 10. Study of in situ vis-spectroscopic ellipsometry for equilibrium swollen brush thickness on grafting-density effect in the cononsolvency
transition of PNiPAAm brushes in ethanol/tris buffer mixtures on the flat surface, at the temperature of 25 °C and the pH value of the buffer is
7.45: (a) absolute swollen brush thickness and (b) normalized swollen brush thickness. Experiments were conducted with the molecular weight of
M, = 6.1 X 10* g/mol and M,,/M, = 1.40 for all polymer brushes. The dotted lines in the figures are guides to eyes.

the polymer grafting reaction, a higher grafting density and
thus a larger height of the resulting polymer layer can be
expected. This reduces the effective size variation of the
polymer-coated pores.

Comparative Study between Nanopore Brushes and
Flat Brushes. While our experimental results of DNA flux
through nanopores are in agreement with our present
understanding of the cononsolvency effect in grafted polymer
layers for flat surfaces, the abovementioned discussions are still
qualitative so far. To get some quantitative insights, we used
the experimental results in Figures 3—5 to calculate the
reference values for the absolute height of PNiPAAm layers
around the rim of nanopores using eqs 2, 4, and S, and the
results are displayed in Table 1. The grafting densities and
morphological regimes of polymer layers in this study were
also estimated, see Table 1; for details, see Section S1.5 of the
Supporting Information.

In Figure 9, we also display the normalized swollen thickness
of polymer layers which are grafted around the rim of
nanopores. It is observed that in Figure 9a, an increase of
grafting density of nanopore brushes weakens the collapse
transition of the brush layer in ethanol/tris buffer mixtures, this
follows the analytic prediction of a mean-field model for
cononsolvency transition by our previous studies.”** Also, as
shown in Figures 5b and 9b, a PNiPAAm polymer layer with
very low grafting density below the brush state still displays re-
entrance behavior; however, the corresponding phase-
transition behaviors are not pronounced. It becomes clear
that a pronounced switching effect can only be realized in a
window of moderate grafting densities.

From Figure 9b, we observed that a decrease in grafting
density weakens the collapse regarding the normalized swollen
polymer thickness, in contrast to the behavior shown in Figure
9a. The reason behind this observation is that the grafting-to
synthetic approach leads to much lower grafting densities for
the high-molecular-weight polymers, see the second column of
Table 1. This in turn leads to particular morphologies in the
collapsed state such as octopus-shape micelles or collapsed
globules,44_47 see the last column of Table 1. In turn, the
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hydrodynamic thickness variation of such sparsely grafted
polymer layers displays only weak variation as compared with
the dense brush regime. Nevertheless, it is interesting to
observe that regardless of whether the polymer layer is in a
brush state, the grafting density has only a very small effect on
the solvent-composition location of the maximum collapsed
state. All these abovementioned cononsolvency behaviors are
also observed for grafted PNiPAAm polymers on the flat
surface both in ethanol/water mixtures’ and in ethanol/tris
buffer mixtures, see Figures S7 and S8 (Supporting
Information).

Figure 10 shows measurements of in situ vis-spectroscopic
ellipsometry for equilibrium swollen thickness of two
PNiPAAm brushes with different grafting densities on the
flat surface which are immersed in tris buffer/ethanol mixtures,
for more results, also see Figures $S8—S10 (Supporting
Information). The methods of preparing these flat brushes
and conducting ellipsometry experiments were reported in our
previous studies.*® The ellipsometry study clearly indicates that
PNiPAAm brushes undergo a collapse with respect to an
increase of ethanol concentration; also, at higher concentration
of ethanol, the PNiPAAm brushes show re-entrance behavior.
It also indicates that an increase of grafting density of
PNiPAAm flat brushes weakens the collapse transition of flat
brushes in ethanol/tris buffer mixtures provided that the
collapsed brush displays a homogeneous morphology. In
addition, it is of interest to see that from the right branch of the
re-entrance transition for the relative brush thickness (Figures
9a and 10b), both nanopore brushes and flat brushes show
similar re-entrance behaviors regarding the change of grafting
density. These ellipsometry observations qualitatively cross-
verified our DNA translocation experiments.

From the comparison of Figures 9 and 10, it should however
be noted that the phase-transition window detected by
translocation experiments through nanopores under non-
equilibrium conditions differs from the window detected by
ellipsometry experiments at equilibrium states. The reason for
this discrepancy may be attributed to the fact that the brush is
subjected to flow fields, osmotic pressure induced by the
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translocating DNA, and hydrostatic pressure effects. From the
theoretical description of the cononsolvency transition in
brushes and in solutions,”** it is known that densification of
the polymer due to external forces shifts the cononsolvency
transition to smaller cosolvent (ethanol) concentrations. It is
worthy of addressing that from the comparison of Figures 9a
and 10b, it can be seen that despite the shift in the transition
window, the reduction of relative height in the flat brush
corresponds to the change of the radius of the polymer-grafted
nanopore when the grafting density is at the same level, see the
data of blue circles in Figure 9a and data in Figure 10Db, this can
be analytically predicted by our previous theoretical studies for
brush layers;7’43 readers who are interested in theoretical
details, please refer to our previous publications.”*’

B CONCLUSIONS

In summary, one contribution of our study is that we
demonstrated that small amounts of ethanol admixed to an
aqueous solution can regulate the translocation of DNA
through polymer-decorated nanopores. We can identify the
cononsolvency effect as being responsible for this observation
which causes an abrupt collapse of the brush by increasing the
alcohol content of the aqueous solution followed by reswelling
at higher alcohol concentration. Regardless of the grafting
density of a grafted PNiPAAm polymer layer around the rim of
nanopores, in the alcohol—tris buffer mixtures, the polymer
layer displays solvent-composition-responsive behaviors in the
range of metabolic pH values and room temperatures. Our
study also shows that a pronounced switching effect can be
only realized in a window of moderate grafting densities of
PNiPAAm layers. Although in this study, PNiPAAm was
chosen as a model synthetic polymer, due to the universality of
the cononsolvency effect in competitive solvents, the
conclusions made for PNiPAAm can be extended to other
synthetic polymers as well as to biopolymers.**° As a proof of
concept of using synthetic polymers to mimic biological
functions of cell membrane channels,”*" our study clearly
transpired that the cononsolvency effect of polymers can be
used as a novel trigger’” to change the size of nanopores in
analogy to the opening and closure of the gates of cell
membrane channels. We note that achieving any optimization
of the concept for some applications requires a quantitative
understanding and characterization of the cononsolvency
response of nanopore brushes which is the main subject of
our work.

Another contribution of our study is that using the suction
model for the pressure-driven translocation of the DNA chains
and on the basis of the DNA translocation efficiency, for the
first time, we were able to quantitatively measure effective
hydrodynamic thickness of a polymer layer which is grafted
around the rim of nanopores. We envisage that our study will
spawn further developments for the design of switchable
nanogates and nanopores which are also based on other
stimulus-responsive effects such as thermal and pH responses.
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on the flat surface both in the ethanol/water mixture and
in the ethanol/tris buffer mixtures (PDF)

Identification and counting of DNA translocation events
(ZIP)

Python source code to realize the method of processing
data (ZIP)
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