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A nanoporous membrane is coated with catechol-tethered
poly(/V-isopropylacrylamide). The thermosensitive variation of
surface wettability determines the hindered diffusivity of dextran
(40 kDa) through the nanopores.

Surface modification of nanoporous inorganic materials with
functional polymers has received increasing attention because of
a wide range of applications, including nanofluidics, drug delivery,
separation, and biosensors. Two approaches are available for the
polymer coatings of nanoporous structures: direct coatings of
pre-synthesized polymers and reactive polymer coatings. Spin or
dip coatings of pre-synthesized polymers often lead to nanoscale
heterogeneity in surface topography. Reactive polymer coatings,
based on the surface deposition of initiators followed by surface
polymerization, have been also used to modify the surface of
a variety of substrates. To avoid the polymer blocking of
nanopores, the pre-activation of surfaces is essential for the
surface-selective grafting of polymer chains.>

Recently, a mussel-inspired polymer coating was investigated
as a simple and versatile method for a variety of substrates.> To
this end, catechol and its derivatives have been used as biomimetic
adhesion molecules. They are known to have a strong binding
affinity to metal oxide through the metal-catechol coordination,
which is robust enough to resist thermal and hydrolytic decom-
position in an aqueous milien.* In addition, catechol has been
employed as a pendant or end group of a pre-synthesized polymer
for functional polymer coatings of various substrates.’

This study introduces a simple one-step coating method
to modify the surface of nanoporous materials using a
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catechol-functionalized polymer. An anodized aluminium oxide
(AAO) membrane was chosen as a substrate because of the
well-defined nanopore structure. Monodisperse poly(N-isopro-
pylacrylamide) (PNIPAAm) was synthesized by reversible
addition fragmentation chain transfer (RAFT) polymerization.
PNIPAAm has been extensively studied as a thermally-responsive
polymer as it exhibits a sharp coil-to-globule transition at a
lower critical solution temperature (LCST) of ~32 °C in
aqueous solution.® 4-Cyano-4-((thiobenzoyl)sulfanyl)pentanoic
acid (CTPA) was synthesized and used as a RAFT agent to
prepare bi-functional PNIPAAm having carboxylic acid and
dithioester at each end (Scheme 1 and ESIY). The measured
molecular weight of the synthesized PNIPAAm was 12 kDa
with a polydispersity index of 1.09. To graft PNIPAAm to the
surface of nanopores, catechol was conjugated as a binding
moiety to the terminal carboxylic acid of the synthesized
PNIPAAm via a simple amide coupling reaction. Catechol-
conjugated PNIPAAm (denoted ‘PNIPAAm-ct’) was produced
with a yield of 94%. To modify the surface of alumina
nanopores with a nominal diameter of 20 nm, 1 wt% aqueous
solution of PNIPAAm-ct was infiltrated through an AAO
membrane (see ESIt for more details). Compared to dip coating,
filtration is advantageous for the homogeneous deposition of
polymers on the surface of nanopores because convective flow
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Scheme 1 Synthetic scheme of catechol-conjugated PNIPAAm.
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keeps removing unbound and weakly-bound polymers from the
pore surface, minimizing non-specific binding and pore blocking.

FT-IR and XPS analyses indicated the successful surface
modification of an AAO membrane with PNIPAAm-ct. The
FT-IR spectrum of a bare membrane showed only broad
absorption bands of Al-O stretching at 490 cm ™' and 580 cm ™,
while the PNIPAAm-grafted membrane exhibited several
characteristic absorption peaks for catechol and PNIPAAm:
hydrogen-bonded catechol (O-H stretching) at 3280 cm™',
aromatic (C—-H stretching) at 3075 cm™!, methylene (C-H
stretching) at 2889 cm™!, carbonyl (C—O stretching) at
1600 cm™!, and isopropyl (C-H stretching) at 1360 cm '
(Fig. 1a). XPS analysis was also carried out to confirm the
immobilization of PNIPAAm onto the alumina membrane.
The bare membrane had only Al and Ols peaks with peak area
percentages of 37.7% and 46.8%, respectively. The Cls signal of
the bare membrane was ascribed to foreign organic contaminants.
The PNIPAAm-grafted membrane, on the other hand, showed
the appearance of the Nls signal and the increased Cls signal to
28.3%, confirming the immobilization of PNIPAAm (Fig. 1b and
Table S1 in ESIY).

To fluorescently tag PNIPAAm-ct, the dithioester end
group of PNIPAAm-ct was reduced to a free thiol end group
by sodium borohydride. PNIPAAm-ct (4) was converted to a
mixture of thiol-PNIPAAm-ct and its dimers linked by a
disulfide bond (see Scheme 1b). The disulfide-bonded dimer
showed a higher molecular weight, as shown in Fig. 1c. Tris-
(2-carboxyethyl)phosphine hydrochloride (TCEP) was used as a
reducing agent to dissociate the dimer of thiolated compounds,
finally exposing a free thiol group at the end of PNIPAAm (5) for
the conjugation to fluorescein-5-maleimide.” The confocal fluores-
cence images of the membrane treated with the fluorescein-labeled
PNIPAAm (6) showed that PNIPAAm-ct was homogeneously
grafted to the internal surface of nanopores within the membrane
(Fig. 2a and b). The AAO membrane treated with free fluorescein-
5-maleimide did not show any significant fluorescence signals from
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Fig. 1 FT-IR (a) and XP (b) spectra of the PNIPAAm-grafted and
bare membranes. The XP spectra were calibrated with the Cls
emission peak for sp>-hybridized carbons at 284.5 eV (c) GPC
diagrams of the synthesized PNIPAAm-ct (4) (red), NaBH,-treated
PNIPAAm-ct (orange), and HS-PNIPAAm-ct (5) (yellow).
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Fig. 2 (a) Schematic illustration of the PNIPAAm grafted AAO
membrane; (b) confocal fluorescence images of the AAO membrane
treated with fluorescein-labeled PNIPAAm-ct: surface (upper panel)
and cross-section (lower panel); (c) static oil-contact angle images of
the bare and PNIPAAm-grafted AAO membranes at temperatures
below and above the LCST.

Cross-section

the cross-section of the membrane (data not shown), indicating
that the small fluorescent dye penetrated the pore without
binding to the pore surfaces. This result suggests that the
catechol moiety of the polymer is responsible for the successful
grafting of PNIPAAm to the AAO nanopores.

The static oil-contact angle was measured to examine the
temperature-responsive modulation of the surface wettability
of the PNIPAAm-grafted AAO membrane (Fig. 2c). The
surface of a bare AAO membrane was very hydrophilic —
the static contact angle of silicone oil () was ca. 120° (the
water contact angle is known to be below 10°) and almost
independent of temperature change. By contrast, the contact
angle of the PNIPAAm-grafted surface was highly affected by
temperature variation presumably through the conformational
changes of the grafted PNIPAAm chain. The PNIPA Am-grafted
AAO membrane maintained the hydrophilic surface below the
LCST (0 = 102° at 15 °C); however, at 42 °C the contact angle
dramatically decreased to 0 = 61°, indicating the increased surface
hydrophobicity induced by the shrinkage of the PNIPAAm chains.

We determined the thermally-induced changes of molecular
diffusivity of a solute within the PNIPA Am-grafted nanopores.
A fluorescein—dextran conjugate (FITC—dextran, 40 kDa) with
an equivalent hydrodynamic diameter of 7.5 nm was chosen as
a solute.® The effective diffusivity within the membrane was
measured using a Franz-type diffusion cell at temperatures
above and below the LCST. It was expected that the diffusion
rate of FITC—dextran within the membrane would be responsive
to temperature variation via the conformational change of the
grafted PNIPAAm chain;’ however, it was not simply predictable
because hindered diffusion through a pore of comparable size can
be affected by the hydrodynamic factor for the interaction
between solutes and pore surface as well as the steric hindrance
due to the pore blocking.
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Fig. 3 Permeability of unmodified (blue circle), PNIPAAm-grafted
(red triangle) and 4-zert-butylcatechol (green diamond), 20 nm pore
AAO membrane measured using FITC—dextran at temperatures below
(a) and above (b) the LCST of PNIPAAm; (c) thermally responsive
permeability of the PNIPAAm-grafted, 20 nm pore AAO membrane
(eqn (S1) used for this plot is described in ESI¥).

The measured diffusivities of FITC dextran within the bare
membrdne were 8.48 x 107° cm? s~! at 15 °C and 1.02 x
1078 cm? 57! at 42 °C. The slightly higher diffusivity at 42 °C
seems to be caused by the increased thermal motion of
FITC-dextran. Within the nanopores grafted with PNIPAAm-ct,
the diffusivity at 15 °C was 7.94 x 10~° em? s™!, which is similar to
the value of the bare membrane though the actual pore size of the
PNIPAAm-grafted membrane was reduced to 64% of the size
of the bare pore. The diffusivity of FITC—dextran through the
nanopores was calculated using a ‘hindered diffusion’ model
equation to clarify the contribution of the partial unblocking
to the increased diffusivity. The effective diffusion coefficient is
determined by both the steric restriction resulted from the pore
blocking and the interaction between the surface of the pore
wall and solutes, as described in ESIf in more detail. The
calculated diffusivity in the polymer-grafted pores at 15 °C was
6.11 x 1072 ecm? s~!, which was only 77.0% of the experi-
mental value, indicating that the hydrodynamic effect is more
significant than pore blocking in the hindered diffusion
through the PNIPAAm-grafted nanopores. Very interestingly,
the diffusivity of FITC—dextran at 42 °C greatly increased
to 2.03 x 1078 cm? s~!, which is 2.5 times larger than that at
15 °C (Fig. 3). The dramatically increased diffusivity at 42 °C
is not only attributed to the reduced size or blocking of
nanopores, which is the reason widely adopted in the similar
systems.z‘9 In our system, the extended length of PNIPAAm
used in this study was much smaller than the size of nano-
pores. The calculated grafting density of the PNIPAAm chain
on the AAO surface was 3.94 nm? per chain (eqn (S3) in ESI?).
As its radius of gyration is ca. 1.0 nm based on a random
coil model, the grafted PNIPAAm chains seem to form a

brush-type layer having a thickness of only about 2.0 nm. Based
on this model, the hydrodynamic effect was about six times more
significant as compared to the effect of pore enlargement. There-
fore, instead of the change of the pore size, it is likely that the
rapidly increasing diffusivity is induced by the hydrophobicity of
the PNIPAAm-grafted surface. On a hydrophobic pore surface,
dextran molecules become less hydrogen-bonded, decreasing
the interaction with the PNIPAAm coated surface that can
enhance the effective partitioning of FITC—dextran into the
nanopore.'? To additionally confirm the effect of hydrophobic
coating on dextran diffusion, the diffusivity through the
nanopores modified with 4-terz-butylcatechol was also exam-
ined. The diffusion through PNIPAAm-grafted nanopores
was as fast as that through 4-rert-butylcatechol modified
nanopores at 42 °C (2.31 x 1078 cm? s~ '), which obviously
demonstrates that the hydrophobic transition of surface wett-
ability in response to the temperature change is responsible for
such dramatic increase in the diffusion of FITC-dextran
through the PNIPAAm-grafted nanopores.

We have described a facile method to thermally control the
surface wettability of nanopores by grafting catechol-tethered
PNIPAAm to the surface of alumina. The thermosensitive
change of surface wettability was used as a means of controlling
the diffusional permeability of a solute through nanopores. This
new underlying mechanism of grafting is distinct from the
previously reported systems based on the physical pore blocking
of entangled polymer chains.” Although optimal conditions need
to be further explored, it is expected that the simple surface coating
for temperature-sensitive grafting of nanoporous materials can be
applied to chemical separation or biological sensors.
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