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ABSTRACT

Mimicking and extending the gating properties of biological pores is of paramount interest for
the fabrication of membranes that could be used in filtration or drug processing. Here, we build
a selective and switchable nanopore for macromolecular cargo transport. Our approach exploits
polymer graftings within artificial nanopores to control the translocation of biomole-cules. To
measure transport at the scale of individual biomolecules, we use fluorescence mi-croscopy
with a zero-mode waveguide set up. We show that grafting polymers that exhibit a lower critical
solution temperature creates a toggle switch between an open and closed state of the nanopore
depending on the temperature. We demonstrate tight control over the transport of DNA and
viral capsids with a sharp transition (~1 °C) and present a simple physical model that predicts
key features of this transition. Our approach provides the potential for controllable and respon-
sive nanopores in a range of applications.
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The design of bio-inspired nanopores brings the ability to manipulate and control ionic and
molecular transport inside a confined environment and provides insight into ionic and molecu-
lar transport processes of biological channels (1-6). Synthetic nanopores have many advantages
over biological ones, such as their stability, tunable dimensions (size and shape), and the pos-
sibility to integrate into nanofluidic systems (7, 8). By functionalizing the surface of the na-
nopore, their physical and chemical properties (e.g., hydrophobicity, selectivity, surface
charges, and specific molecular recognition) and thus the ionic and molecular transport proper-
ties can be modified (2, 9-15) and modeled using simulations (16-18).

Poly(ethylene glycol) polymers graftings (PEG) have been employed previously to create a
steric repulsive barrier that fills the interior of the nanopore (3, 4, 19, 20). The PEG grafting
collapses by adding proteins in solution that bind to the network and induces a transition be-
tween poor and good solvent conditions. Poly(N-isopropylacrylamide) (PNIPAM) can also be
used to coat the interior of the pore. PNIPAM is known for its hydrophobic-hydrophilic phase
transition at physiological temperatures (1, 6, 21). It has been previously shown that PNIPAM
can be used to reproduce receptor-mediated transport in grafted nanopores (Caspi et al. 2008,
2009). More precisely when grafted onto the pore surface and onto the transported molecule, it
enables selective diffusive transport in an artificial system.

Nevertheless, none of these approaches has led to an efficient, reversible and stable toggle
switch that allows the transport of DNA and viral capsids through artificial membranes to be
controlled in a temperature-modulated manner. In addition, transport in some of the previous
studies was diffusive and molecular transport measurements were limited by aborted-diffusion
events observed with electrical detection or accumulation effects due to adhesion on the mem-
brane observed for simple fluorescence measurements.

To overcome these limitations, we built a thermally switchable nanopore as a gateway for the
transport and filtration of DNA and viral capsids by electrografting temperature responsive pol-
ymers on the nanopore membrane. We have used artificial polymers, poly(2-alkyl-2-oxazo-
line)s, as a new type of grafting inside the nanopore. Specifically, we used two types of poly(2-
alkyl-2-oxazoline)s: hydrophilic poly(2-methyl-2-oxazoline) (PMeOx) and poly(2-n-propyl-2-
oxazoline) (PnPrOx), which becomes hydrophobic at high temperature. For both polymers, we
varied the molecular mass. The thickness of the grafted layer depends on both the type of pol-
ymer grafted and environmental conditions. PMeOx is in good solvent at all temperatures
around room temperature (20 °C) and can be considered an ideal coil. In contrast, PnPrOXx ex-
hibits a lower critical solution temperature (LCST). Below the LCST this polymer is fully solu-
ble in aqueous solution whereas at temperatures higher than the LCST it aggregates and precip-
itates. This temperature dependence in a range compatible with biomolecules allows us to create
a switch between an open and a closed state of the nanopore depending on the temperature
inside the nanopore and thus create a switch for macromolecular transport inside through the
nanopore. We demonstrate how the transport of biomolecules and viral capsids through
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artificial nanopores can be controlled by the type of grafted polymer inside the pore and
switched on and off by an external stimulus.

Here, we used an optical approach, based on zero-mode waveguide for nanopores (ZMW) (19),
to follow the transport of individual macromolecules in real time and at the scale of the single
nanopore. To this end, the macromolecules were fluorescently labeled and driven through the
nanopore by applying a pressure difference between the two sides of the membrane (Figure 1).
A gold layer was vapor deposited onto the membrane, onto which poly(2-alkyl-2-oxazoline)s
with different degrees of polymerization (Xn) were then electrografted, which either may or
may not exhibit LCST (see Materials and Methods and Supplementary Information S1, S2,
S9 for characterizations).

Polymer grafting inside nanopore creates a thermo-responsive switch for DNA transloca-
tion. With our ZMW for nanopores approach, we were able to directly observe individual DNA
translocation events through polymer-grafted nanopores. We recorded and examined the trans-
location frequency for double-stranded DNA molecules (lambda phage DNA) as a function of
temperature for different polymer graftings inside the nanopore. The heating system we used
controlled the temperature of the entire membrane (see Materials and Methods). The measure-
ments were conducted for the PnPrOx and PMeOx graftings and for a membrane without pol-
ymer grafting as a negative control (Figure 2A, Supplementary Information S10).

In the case of PnPrOx, we observed that the translocation frequency was strongly affected by
temperature. A sharp drop in translocation frequency was observed when lowering the temper-
ature in a narrow range around LCST. In contrast, for PMeOx grafted membranes, the translo-
cation frequency remained unchanged with changes in temperature (Figure 2A). This behavior
is consistent with the fact that PnPrOx possesses a LCST, such that a change in temperature in
a range including the LCST switches the conformation of the polymers in the grafted layer
between an extended and a collapsed phase. We interpret the changes in translocation frequency
as a polymer toggle switch between an open (collapsed polymer) and a closed (extended poly-
mer) state of the nanopore in response to the temperature of the surrounding medium (Figure
1).

To get quantitative results for the mean steepness of the transition m (in °C?) and the mean
transition temperature € (in °C), we fitted the temperature-frequency curves for the PnPrOx
grafting (Figure 2B, Supplementary Information S10) by an error function
f(T)/ f., =1/2-(erf (m-(T —0))+1). The error bars were calculated as the standard errors.

The steepness of the error function m is found to range between (0.58 + 0.03) °C™* for Xn=33
and (0.66 + 0.05) °C* for X,=59 (the complete set of values is shown in Table 2). This shows
that the transition between the open state of the nanopore and the closed state is extremely
sharp. A change of the surrounding temperature of less than 1 °C is already enough to evoke a
conformational change of the polymer grafting and with this, a change in the openness of the
pore from a completely closed pore (no translocation events) to an open pore. The second fitting
parameter is the midpoint position @ that gives the transition temperature. We find that this
temperature is reduced at higher molar masses of the grafting and ranges from (29.4 £ 0.1) °C
for Xn=33 to (24.9 £ 0.1) °C for X,=538 (Table 2, Figure 2B “PnPrOx grafted”). While the
grafting and geometry of the pore make a direct comparison to measurements in free aqueous
3



solution challenging, the measured values are close (26 °C for the PnPrOx X,=33 and 23 °C for
PnPrOx X»=59, measured using optical turbidity). For the PMeOx grafting and the membrane
without polymer grafting, the translocation frequency was found to be temperature-independent
(Figure 2A).

Interestingly, we find that the transition temperature 0 systematically decreases with increasing
chain length for PnPrOx (Figure 2C). A decrease in LCST with increasing chain length or de-
gree of polymerization has been observed for several polymers (22-25). We find that the tran-
sition temperatures for our grafted polymers are overall similar to values determined by Hoo-
genboom et al. (22). For ungrafted PnPrOx in aqueous solution while showing a less steep
dependence on chain length (Figure 2C “PnPrOx bulk”). This difference in scaling behavior
might be due to the effect of grafting the polymer onto gold support, which has been shown to
lead to an altered chain length dependence for PNIPAM previously (24).

In another series of experiments (Supplementary Information S4), we cooled the system
down until the translocation frequency reached zero. These results demonstrate the reversibility
of the system and show that, at low temperature, the pore reaches a state that efficiently blocks
DNA molecules.

Having established thermal gating by heating the entire device, we were also able to demon-
strate an even simpler and more elegant alternative heating method: local heating using a fluo-
rescence lamp (Supplementary Information S3). We found that adsorption of heat from the
light source by the membrane can indeed be used to locally control the transition between coil
and globule and modulate transport through the pore.

A simple polymer model can account for the gating experiments. To provide a deeper un-
derstanding of the polymer phase transition inside the nanopore, we compared the temperature
gating observed in our experiments to a simple theoretical model. Our theoretical description
of the gating phenomenon is based on the work of Halperin on grafted polymer chain collapse
in poor solvent and the suction model (26, 27) (see Supplementary Information S5 for more
details). Briefly, the configuration of the grafted chains is modeled by a mean field theory. We
assume that the free energy F of the chains is composed of two main contributions: Fe; which
accounts for the configurational entropy and Fmix Which accounts for the interaction of the mon-
omer units with the solvent and with the other monomer units. The total free energy can then
be expressed as a function of the number of monomer units per chain N, the coil radius R, as
well as v and w, the second and third virial coefficients which quantify respectively the 2-mon-
omer and 3-monomer interactions, respectively. The coil radius was then determined by the
numerical minimization of the polymer chain free energy for each temperature. From this value,
R. s s the effective radius of the pore and the critical pressure of translocation P¢ are determined.
Using the suction model, f the frequency of translocation as a function of temperature was fi-
nally calculated as:

Reff p Pco Rpore
= k(—)* = exp(——(—)*
f (Rpo.re) PCO p( P (Reff ) )

with R, the radius of the pore without polymer grafting and P2 the critical pressure without
polymer grafting (i.e for Resr = Rpore)-



The model predicts that the translocation frequency as a function of temperature exhibits a sharp
transition between no translocation at low temperature and full transmission at high temperature
(Figure 3A and see Supplementary Information S5 for details about the choice of parame-
ters). The sharpness of the transition is dominated by the influence of the third virial coefficient
w may be varied by chemical modification of the polymer (change of side groups etc.). For w
values, used here as a fitting parameter, between 102 to 10 comparable to values from the
literature, this model reproduces well the transition observed experimentally for individual
measurements with grafted polymers of different molar masses (Figure 3B).

This result shows that the key features of the temperature induced gating can be readily recov-
ered by a simple physical model including the collapse of the polymer inside the pore and the
relation between the effective diameter of the pore and the energy barrier of transport.

Flow-driven DNA translocation experiments provide a tool to characterize grafted poly-
mer layers inside nanopores. To examine the correlation between translocation frequency and
the spatial extension of the polymer layer grafted inside the nanopore, we performed single-
molecule ZMW experiments and measured the translocation frequency of DNA molecules
through the membrane as a function of the applied pressure. Since the critical pressure of trans-
location depends strongly on pore radius P. ~ Rpore_4 (see Supplementary Information S6),
a small change in the pore radius is expected to result in a large difference in the critical pres-
sure.

We recorded the frequency of translocation of DNA molecules for different graftings (PMeOx
and PnPrOx) and degree of polymerization as a function of pressure (Figure 4A-B). Notably,
the grafted polymers remained stable over a 6-month period (Supplementary Information
S11)

For the DNA translocation experiments using membranes with a PMeOx grafting, the experi-
ments were performed at room temperature (20 °C) as the surrounding temperature had no in-
fluence on the translocation frequency for this grafting (Figure 2). For the experiments using
membranes with a PnPrOx grafting of various polymerization degrees (Xn=33, Xn=59, X,=210,
Xn=538), we heated the system to a temperature higher than 30 °C. Heating the system made
the grafted polymers collapse and as a result, partially opened the pore (Figure 2). As a control
experiment, we performed the same measurements with membranes with PnPrOx graftings at
room temperature (20 °C). In the same pressure range, we recorded no translocation events
confirming the assumption that the pores were indeed closed at 20 °C.

All the pressure-frequency curves were fitted with the suction model (27) and the results were
then compared to the findings originating from membranes without a polymer grafting (19).
For the track-etched pores used here, the radius measured by electron microscopy (see Supple-
mentary Information, S9), R, = 21 £ 0.25 nm, Auger et al. found the critical pressure to
be P® = 82 4 4 mbar in the absence of grafting polymers. We used these values to calculate
the thickness of the grafted polymer layer. As shown in S6, the effective thickness of the poly-
mer layer (R,) can indeed be expressed as:

Rp = Rpore 1- (PCO/PC)1/4)



With P., the critical pressure through the pore grafted with polymers. This relation was checked
with mPEG graftings by measuring the critical pressure Pc for different molecular masses of
the grafted polymer (see S6).

The systematic variation in critical pressures with polymer type and length (Table 1) shows
that the translocation of DNA through nanopores is strongly influenced by the grafting inside
the pore. The observed trends are consistent with the additional polymer layer controlling the
translocation by reducing the diameter of the nanopore. As a result, the DNA molecules to be
transported must be spatially confined even further, and consequently, the critical pressure in-
creases with increasing thickness of the polymer grafting.

For both PMeOx and PnPrOx, the increase of grafted polymer thickness R, with polymerization
degree X, are well-described by power-law fits of the form R, = aX,,” (Figure 4C). For
PMeOx, we have used the scaling exponent v= 0.5, as expected for the end-to-end distance of
an ideal polymer chain. The fitted Kuhn length a = 0.32 nm for PMeOXx is in the same order of
the theoretical monomer length obtained from its chemical structure (0.428 nm). These findings
suggest that grafted PMeOx behaves like a flexible polymer chain in good solvent, similar to
PMeOx in free solution. In contrast, while the grafted polymer thickness for PnPrOx above the
critical temperature (Figure 4C) also increases with increasing chain length, the observed val-
ues are much smaller. In this case, we have used the scaling exponent v= 0.33, as expected for
the end-to-end distance of a collapsed polymer in bad solvent. The fitted apparent monomer
length a = 0.43 nm, which is as expected larger than PMeOx.

These results support not only the idea that the PnPrOx polymers exhibit a reversible coil-glob-
ule transition inside the pore when heated above the LCST, but also that our nanopore method-
ology can be used as a precise tool to determine grafted polymer thickness in nanoporous mem-
branes.

Thermo-switchable nanopores control the translocation of viral particles. As an applica-
tion of the gating behavior observed for DNA molecules, we extended our approach to gating
viral capsids derived from Adeno-Associated Virus (AAV) as a model system. We translocated
viral particles (with a diameter of 25 + 3 nm (28)) through grafted membranes (PMeOx and
PnPrOx) and measured the translocation frequency as a function of the temperature. In this
case, the pore diameter was chosen to be 200 nm in order to avoid self-interaction between viral
capsids. The switching phenomenon observed for DNA molecules was also observed for AAV
for PnPrOx grafting, but not for PMeOx grafting (Figure 5 and Supplementary Information
S10). Remarkably, the critical temperature measured for viral particles (Teit = 25.5 °C for
PnPrOx X,=210) was very close to the one observed for DNA molecules (Tcrit = 25.8 °C for
PnPrOx X,=210). This result strengthens the idea that the grafted polymers of PnPrOx undergo
a global reorganization during the coil-globule transition and that the toggle switch phenome-
non observed is not limited to one type of transported biomolecule but has far-reaching rele-
vance for a wide range of biological and non-biological systems.



In this study, we report a thermally switchable and reversible gate for the transport and filtration
of macromolecules and viral particles. The properties of this nanogate are controlled by a net-
work of electro-grafted polymers. We systematically characterize the effects of the chemical
composition and molar mass of the grafted macromolecules on the opening of the pore. In ad-
dition, we show that the transport properties of the membrane can be controlled by changes in
temperature induced by light illumination via heating up the membrane.

The temperature switch between the extended and the collapsed state observed in this work for
PnPrOx polymers occurs in a well-defined and sharp temperature range (~1 °C). Because of
the limitation of our temperature measurement and averaging effects (see Supplementary In-
formation S8) we think that the steepness of this effective transition is in fact higher and may
depend on grafted polymer molar mass. The difference of transport properties between the two
types of polymers at low temperature may be interpreted, beyond a simple coil-globule transi-
tion, as a difference of cohesivity of the network induced by the different chemical nature of
the monomer units. A detailed investigation with polymers composed of a mixture of these two
monomers might enable to probe these effects in the future.

Future works may use this approach to investigate other viral capsids tolerance and plasticity
and benefit from the proposed model to engineer the shape of critical transition. Overall, we
believe that nanopores grafted with thermo-switchable polymers have the potential to enable
smart filters, act as sensors, and provide a new dimension of control over translocation, with
possible applications in drinking water treatment, pharmaceutical production, and more.
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TABLES

Table 1: Critical pressure and grafted polymer thickness extracted from our experimental

data

For the track-etched pores used here, the radius was measured by electron microscopy,
(Rpore = 21 £ 0.25 nm), and Auger et al. found the critical pressure to be P, = 82 & 4 mbar
in the absence of grafting polymers(19). For PnPrOx graftings, the experiments were carried
outat T (31 °C) >LCST. The contour length, L. (i.e., maximum length of the molecule), is the
number of monomers multiplied by their size (MeOx and PnPrOx monomers are about 428

pm).
Polymer type PMeOx | PMeOx PMeOx PMeOx | PnPrOx | PnPrOx | PnPrOx
Xn 61 83 178 387 33 59 538
L. (nm) 26 36 76 166 14 25 230
Pcyrafteqa (mbar) 13543 150+4 22344 327+7 96+4 104+2 | 185+4
Ry, polymer thick- | 2.5+0.5 3+0.6 4.6+0.6 6.1+0.7 | 0.840.5 | 1.2+0.6 | 3.9+0.6
ness (nm)

Table 2: Transition temperature @ and steepness m for different degrees of polymeriza-
tion of PnPrOx grafting.

Xn 33 59 210 538
m (1/°C) 0.58+0.03 0.66+0.05 0.61+0.05 0.52+0.03
6(°C) 29.4+0.1 28.4+0.2 25.8+0.1 24.9+0.1
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Figure 1: Zero mode waveguide setup for nanopore with grafted polymer. A, B) Schematic
of the zero-mode waveguide (ZMW) for nanopores setup. It uses a nanoporous array coated
with a gold layer for near-field enhancement. When illuminated with a laser, the fluorescent
molecules in the cis chamber do not receive any light because of metal whereas downstream
molecules are unfocused and bleached by the laser. Only the fluorescent molecules in the pore
in the vicinity of the metal film are exposed to an enhancement of the electromagnetic field
which leads to reinforcement of the fluorescence. This methodology enables the detection of
single molecules translocation events with a high parallelization. In the case of nanoporous
arrays functionalized with grafted polymers, the translocation of the transported molecule can
be modulated by closing and opening the grafted channels. An examplary video recording of
the translocation events can be found in Supplementary Information S12. C) Left: Schematic
of how grafted polymers modulate the pore diameter. Polymers that do not exhibit a lower
critical solution temperature (LCST) limit the channel size but cannot completely close the pore.
Pores grafted with polymers with an LCST can be triggered by changing the temperature to
switch from an open state at high temperature to a closed state at low temperature. Right:
Poly(2-alkyl-2-oxazoline)s structure. The -R group corresponds to -CHz for PMeOx and for
-CH2-CH2-CHs for PnPrOx.
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Figure 2: Normalized translocation frequency as a function of temperature for differently
grafted pores. A) Comparison of the frequency of translocation of 1-DNA as a function of
temperature for PMeOx (X» =61), PnPrOx (X,=59), and ungrafted membrane. Pore diameter
42+40.5 nm. Applied pressure: 80 mbar. The blue solid line represents the fitting by the error
function. The dashed black line represents the constant f/fmax=1. Unaveraged curves are shown
in Supplementary Information S8. B) Comparison of the frequency of translocation of A-
DNA as a function of temperature for different number-average degree of polymerization of
PnProx (Xn=33, Xn=59, Xn=210, X,=538). Pore diameter 42+0.5 nm. Applied pressure: 80
mbar. Solid lines represent the fitting by error function. Unaveraged curves are shown in Sup-
plementary Information S8. C) Transition temperature @ for different polymerization degrees
Xn. Red stars correspond to the PnPrOx graftings used in this study. Yellow diamonds corre-
spond to a study from Hoogenboom et al. (22). Solid lines represent model fitting with a power
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law 8 = a - X,,” + 6.,. The exponent b is equal to -0.3 for our data and -0.9 for Hoogenboom
etal.
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Figure 3: Theoretical modeling of the gating phenomenon. A) (main) Modeling of the fre-
quency of translocation normalized by the suction model prefactor k. This prefactor corresponds
to the frequency of translocation for P=Pc. (inset) Modeling of the effective radius of the grafted
nanopore, Resr, as a function of temperature difference T-8with the critical temperature. Dif-
ferent values of the third virial coefficient w are represented by different colors. B) Comparison
between the coarse-grained model and individual translocation experiments (numbers 1 to 3)
for different PnPrOx graftings (Xn=33 and X,=59) normalized by the maximum frequency fmax.
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Figure 4: Averaged translocation frequency as a function of the applied pressure for dif-
ferent graftings. Frequency of translocation of A-DNA was measured for membranes grafted
with A) PMeOx: X,=61 in light blue and X,=83 in dark blue and B) PnPrOx: X,=33 in blue
and Xnx=59 in purple at high temperature (T=30 °C). Pore diameter (42+0.5) nm. The solid lines
correspond to the suction model which provides the critical pressure P¢ as well as the constant
k. The different polymers grafting inside the pore lead to a change in translocation frequency
implying a different state of openness of the nanopore that can be related to an effective radius
of the pore. Each experiment was repeated at least 3 times. Error bars are standard errors.
Unaveraged curves are shown in Supplementary Information S8. C) Evolution of the grafted
polymer thickness Rp as a function of polymerization degree X, for various graftings. Black
circles represent PMeOx graftings and red stars represent PnPrOx graftings. Solid lines corre-
spond to a fit with a simple scaling law: R, = a - X,,” with v = 0.5 for PMeOx and v = 0.33 for
PnPrOx. We found a(PMeOx)=0.32 nm and a(PnPrOx)=0.43 nm.
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Figure 5: Controlled translocation of viral particles. Normalized frequency of translocation
of AAV viral particles as a function of the temperature for two different graftings: black stars
are PMeOx and green diamonds are PnPrOx. Pore diameter (220+1.8) nm. Applied pressure:
4 mbar. The green solid line is the result of fitting by an error function. Black solid line is the
constant (f(T)-fw)/( feo-fo)=1. N>2 for each experiment. Errors bars are standard errors. Insert:
Scheme of an AAV virus at the entry of a grafted nanopore.
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