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Thermally-induced softening of PNIPAm-based
nanopillar arrays

Belén Sanz,® Catalina von Bilderling,” Jimena S. Tuninetti,® Lia Pietrasanta,”®
Carmen Mijangos,® Gabriel S. Longo,” Omar Azzaroni® and Juan M. Giussi*©

The surface properties of soft nanostructured hydrogels are crucial in the design of responsive materials
that can be used as platforms to create adaptive devices. The lower critical solution temperature (LCST)
of thermo-responsive hydrogels such as poly(N-isopropylacrylamide) (PNIPAm) can be modified by
introducing a hydrophilic monomer to create a wide range of thermo-responsive micro-/nano-structures
in a large temperature range. Using surface initiation atom-transfer radical polymerization in synthesized
anodized aluminum oxide templates, we designed, fabricated, and characterized thermo-responsive
nanopillars based on PNIPAmM hydrogels with tunable mechanical properties by incorporating acrylamide
monomers (AAm). In addition to their LCST, the incorporation of a hydrophilic entity in the nanopillars
based on PNIPAmM has abruptly changed the topological and mechanical properties of our system. To gain
an insight into the mechanical properties of the nanostructure, its hydrophilic/hydrophobic behavior and
topological characteristics, atomic force microscopy, molecular dynamics simulations and water contact
angle studies were combined. When changing the nanopillar composition, a significant and opposite
variation was observed in their mechanical properties. As temperature increased above the LCST, the
stiffness of PNIPAm nanopillars, as expected, did so too, in contrast to the stiffness of PNIPAM-AAmM
nanopillars that decreased significantly. The molecular dynamics simulations proposed a local molecular
rearrangement in our nanosystems at the LCST. The local aggregation of NIPAm segments near the center
of the nanopillars displaced the hydrophilic AAm units towards the surface of the structure leading to con-
tact with the aqueous environment. This behavior was confirmed via contact angle measurements below
and above the LCST.

and functionality of the modified surface.® Part of the appeal of
these nanostructured systems relies on the strong influence
that their physicochemical properties have on cellular and

Soft nanostructured hydrogel surfaces are increasingly becom-
ing a focus area for both biology and medicine due to their
tunable hydration and rigidity features. Hydrogels, which pos-
sess a remarkable stimuli-responsive nature, represent one of
the most widely used building blocks in adaptive surface
creation.'™ Engineering such nanostructured surfaces® often
involves the integration of soft topographic features, such as
nanopillars or nanoparticles, into planar substrates in order to
control and manipulate the mechanical behavior, adaptability,
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biological interactions. In particular, the influence of hydrogel
film mechanical properties on cellular adhesion, migration,
proliferation, and growth has attracted significant attention in
recent years.” For example, Caruso et al. reported that tuning
the stiffness of thiolated hydrogel films allows mediating
cervical cancer cell adhesion.®

Among the ample variety of stimuli responsive soft materials,
PNIPAm-based hydrogels with triggerable phase transition’
behavior represent the quintessence of thermo-responsive mate-
rials displaying adaptive changes in mechanical properties. In
principle, the large change in PNIPAm mechanical properties at
the transition temperature is related to the amount of water
expelled or absorbed from the hydrogel network. Many thermo-
responsive microgels are biocompatible and have been used in
several areas, such as scaffolding in tissue engineering, drug
delivery, nanomedicine, and cell culture."*™"

Crosslinking PNIPAm with other monomers not only controls
the mechanical properties of the gel, but also significantly affects
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the magnitude of the volume transition.'® For instance, when
cross-linked poly(dimethylsiloxane) (PDMS) is incorporated into a
PNIPAm gel, the mechanical toughness of the gel is increased."”

The lower critical solution temperature (LCST), phase change
kinetics and swelling of NIPAm-based polymers can be controlled
through the incorporation of co-monomers that alter the hydro-
philic-lipophilic balance of the copolymer, introduce steric hin-
drance and influence the morphology of the networks formed.'®
Linear PNIPAm homopolymer solutions and PNIPAm gels expel
much of their water content and, consequently, their hydrogel
properties become significantly altered upon reaching equilibrium
after the LCST phase transition."® Above a critical concentration
and the LCST, they undergo a coil to globule transition resulting in
the depletion of solvent and the formation of a compact associative
gel network (ie., gels shrinkage). Several works dealing with the
mechanical properties of PNIPAM microgel thin films have
reported that the modulus increases monotonically with tempera-
ture,”® and the steepest change occurs near the LCST (~32 °C),
whereas at temperatures well above and below the LCST, the
change in the modulus levels off.>’ Hashmi and Dufresne®
postulated that swollen PNIPAM microgels exhibit Young’s moduli
of ~8 kPa at room temperature, but at or above the LCST, these
microgels stiffen to ~86 kPa in the collapsed state.

On the other hand, it has been widely accepted that the
incorporation of hydrophilic coomonomers, including acrylic acid
(AAc),”?* and polymer conjugates such as poly(ethylene glycol)
(PEG)*® into PNIPAm systems inhibits complete chain collapse
and provides a more porous network, resulting in increased swelling
in the gel phase and a decrease in solvent depletion after thermal
transition.>*”° As a result, the integration of hydrophilic monomers
into the PNIPAm network decreases its compressive modulus due to
the increase in the water content. In this case, water plays a critical
part as a plasticizer of the hydrogel network, generating a significant
decrease in its mechanical properties, e.g., softening.

The use of PNIPAm microgels as ‘“smart” building blocks
with thermo-responsive mechanical properties has been exclusively
circumscribed to the creation of soft platforms that stiffen when the
environmental temperature is increased above the LCST. In this
regard, Pollock and Healy provided an interesting twist to this
scenario through different research studies on the dynamic mechan-
ical properties of copolymers of NIPAm and methoxy poly(ethylene
glycol) methacrylate (MPEGMA). These authors noticed that the high
concentration solutions of these copolymers did not exhibit the
expected thermo-mechanical behavior, but instead became softer at
higher temperatures as measured by rheometry.** Other interesting
results were accounted for by Janovak et al.>* who observed that,
contrary to expectations, the presence of copolymerized acrylamide
(AAm) in a PNIPAm macrogel led to a significant improvement in
the mechanical properties. This experimental observation through
rheology was ascribed to the strong binding of water molecules via
hydrogen bonds to the AAm monomers (containing hydrophilic
amino groups) resulting in a stronger gel structure.

On the other hand, over the last decade, the use of AAO
templates has attracted increasing interest in polymer science,
due to the possibility of obtaining polymers with different morphol-
ogies, ie., nanofibers, nanorods, and nanotubes with homo- and
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co-polymers by polymer infiltration.>*>° It has also been reported
that a polymer confined to nanocavities exhibits different proper-
ties from those of the bulk, ie., differences in the early stages of
crystallization.””*" Even though extensive literature deals with the
use of AAO templates for nanomolding of polymers, powdered or
film polymers must be infiltrated in the nanocavities at a high
temperature for a relatively long time, from hours to days. Over
such a time period, degradation of the polymer chain could
occur.”® Therefore, recent studies have revealed radical polymeriza-
tion taking place within the cavities of the AAO template.**™*>
Among other advantages, the one-step in situ fabrication of polymer
nanostructures in the AAO nanocavities overcomes the degradation
issues. Chang et al have recently fabricated one-dimensional
polymer nanomaterials through microwave energy.’® Even though
the methods described have successfully achieved the objectives,
the possibility of combining AAO templates with controlled/*living”
radical polymerization techniques leads to more controlled and
friendly polymerization systems. Atom transfer radical polymeriza-
tion (ATRP) and reversible addition-fragmentation chain-transfer
polymerization (RAFT) have been used for some monomer systems
in AAO templates.”’° Cui et al®” have prepared PNIPAm nano-
tubes by ATRP polymerization using AAO as a template. The
diameter of the nanotubes has been controllable and these nanos-
tructures showed a high flexibility.

The aim of this work is two-fold: design, prepare and char-
acterize nanopillars based on PNIPAm microgels with a tunable
LCST through surface initiated-atom transfer radical polymeriza-
tion (SI-ATRP) on laboratory prepared anodized aluminum oxide
(AAO) templates and outline a strategy for tuning the mechanical
properties of nanostructures based on PNIPAm micro-/nano-gels.
To meet these goals, we combined AAO template synthesis with
the SI-ATRP of NIPAm and acrylamide (AAm) monomers in order
to attain low aspect ratio unidimensional micro-/nano-gels (nano-
pillars). Infrared (IR) and Raman spectroscopy were used to
determine the chemical composition of the polymers. Scanning
electron microscopy confirmed the nanostructures obtained and,
through atomic force microscopy (AFM), we evaluated the topol-
ogy and the mechanical properties of our nanopillars, below and
above the LCST. The changes in Young’s modulus values suggest
a local macromolecular rearrangement during transition that was
supported by Molecular Dynamics (MD) simulations. Finally,
contact angle measurements were used to confirm the rearrange-
ment and establish the surface hydrophilicity of these materials.
The use of AAm as a co-monomer allowed tuning not only the
LCST but also the surface mechanical properties and the hydro-
philicity of the nanopillars obtained. These results represent an
important contribution to many areas, such as tissue engineering,
drug delivery, and regenerative medicine, to name a few.

Materials and methods
Materials

N-Isopropylacrylamide (Aldrich, 97%), acrylamide (Fluka, 98%),
(3-aminopropyl)triethoxysilane (APTES) (Aldrich 99%), a-bromo-
isobutyryl bromide (Aldrich, 98%), N,N’-methylenebisacrylamide

This journal is © The Royal Society of Chemistry 2017
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(BIS) (Aldrich, 99%), N,N,N',N’ N”-pentamethyldiethylenetriamine
(PMDTA) (Aldrich, 99%), CuCl (Aldrich, 99.999%), CuCl, (Aldrich,
99%), phosphoric acid (Aldrich, 85 wt% in H,0), and HCI
(Aldrich, 37% in H,0).

Nanopillar synthesis

Nanopillar preparation. Nanopillars were obtained by the
ATRP technique, which allows the polymerization in confinement
because the reaction is conducted on the nanoreactor walls. This
mechanism enables only the polymerization in a confined regime
within the nanoreactor. The complete nanopillar synthesis
requires a number of steps, as depicted in Scheme 1. These steps
are grafting of the ATRP initiator (silanization and reaction with
a-bromoisobutyryl bromide) and the ATRP procedure to obtain
the PNIPAm nanopillars. The alumina template was previously
modified with 3-aminopropyltrimethoxysilane in ethanol for 1
hour according to previous reports.””*® The membrane was cured
for 1 h in an oven at 150 °C and then modified with the ATRP
initiator, 2-bromoisobutyryl bromide, according to the aforemen-
tioned works. In order to tune the LCST to higher values, homo-
and co-polymers of NIPAm and AAm were prepared, and the
general procedure is explained below.

The aminopropylsilane grafted AAO nanoreactor (previously in
a vacuum for 30 min) was immersed in an exhaustively degassed
solution which contained 4.70 mmol of amide (NIPAm and AAm)
and 0.11 mmol of BIS in a mixture of 2 mL of H,O and 2 mL of
MeOH containing 0.105 mmol of CuCl (this compound was added
last after purging with nitrogen, to prevent its oxidation) and
0.502 mmol of PMDTA for 48 hours, at room temperature. After
this time the AAO nanoreactor with the nanopillars inside was
removed from the reaction medium and intensively washed with
water. The samples were stored immersed in degassed water in
closed containers before specific treatment for each study.

Hydrogel thin film synthesis. The hydrogel thin films were
obtained by surface-initiated atom-transfer radical polymeriza-
tion from glass as described by Wei*® and Cui.””

The glass was first modified with a solution of 2% v/v of
3-aminopropyltrimethoxysilane in absolute ethanol. The silanization

Paper

reaction was carried out at 40 °C for 2 hours. After this time, the
reaction was terminated by rinsing the glass with ethanol. The
glass was then cured in an oven at 150 °C for 2 h. The ATRP
initiator, 2-bromoisobutyryl bromide, was then grafted onto the
silanized AAO template by dipping the glass in 6 mL of super-
dry tetrahydrofuran containing dry triethylamine (2%, v/v).
Afterwards, at 5 °C, 0.016 mL of 2-bromoisobutyryl bromide
was added. Then the reaction was continued at room tempera-
ture overnight. After that, the glass was rinsed with ethanol and
acetone and dried with nitrogen.

The ATRP procedure over the glass was achieved by immer-
sing the substrate in a degassed solution of 10 mmol of acrylic
monomer (N-isopropylacrylamide or N-isopropylacrylamide +
acrylamide) and 0.1 mmol of N,N-methylenebisacrylamide in a
mixture of 3 mL of H,O and 3 mL of MeOH containing 0.015 g
of CuBr and 0.075 mL of PMDETA for 5 hours. After polymer-
ization, the hydrogel thin films were rinsed with H,O and then
dried with nitrogen. The estimated thickness of hydrogels by
ellipsometry was 500 nm.

Chemical and morphological characterization

In order to characterize the polymer nanostructures by different
techniques, the samples were subjected to different treatments,
depending on the method used. The steps for sample prepara-
tion are illustrated in Scheme 2.

Scanning electron microscopy. The AAO templates and all
nanopillars obtained were morphologically characterized by
scanning electron microscopy (SEM) (Philips XL30). In order
to perform the analysis of free nanopillars, the aluminum
substrate was treated with a mixture of HCI, CuCl,, and H,0
and the alumina was dissolved in 10% wt H;PO,. Previously, in
order to support the free nanostructures, a coating was placed
over the template; Scheme 2. The samples were lyophilized
before the study in order to preserve the morphology.

IR and Raman spectroscopy. The obtained nanopillars were
chemically characterized by Infrared and Raman spectroscopy,
with a FT-IR Varian 660 and a Renishaw InVia Raman Micro-
scope, respectively. The measurements have been carried out

ATRP procedure
o
HLNJ\
| H
S CuBr/PMDTA
OH 5i—~NH2 >
B H3CO NH, AcONa | —OSi >
po il s i i
B H;CO 0 P
-OH s _0-8i—~NH: ﬁ” HH
-OH Silanization = g
MeOH : H,0
o L o i
Br ~ ~_N
Nanoreactor Br —0Si Br
Surface —o ii o
CH,Cl, '_Q.ANYP .
—0Si Br PNIPAm Nanopillars
Reaction with —0 0 crosslinked with N,N'-

a-bromoisobutyryl bromide

Scheme 1 Steps for the synthesis of PNIPAmM nanopillars.

This journal is © The Royal Society of Chemistry 2017
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1)1,7 % wiv CuCl, in HCI:H,0 50 % v/v
2)H,PO, 5%

SEM, AFM and Contact Angle 10

Scheme 2 Sample preparation for each characterization and study. The coating for SEM and AFM was polymethyl methacrylate films.

with the filled template, that is, the aluminum, alumina and
nanopillars inside the nanocavities. ATR experiments were
performed to obtain the IR spectra.

The Raman scattering was done by exciting with a 785 nm
near-infrared diode laser. A 100x, NA090 objective lens was
used; giving a laser spot diameter of ~1 um. Data acquisition
covered the spectral range 3200-500 cm ' with a spectral
resolution of 4 cm™" for each exposure of the CCD detector.
Depth profiles were obtained by focusing the microscope step-
wise, at 700 nm through the AAO template.

Atomic force microscopy. AFM measurements were per-
formed in aqueous solution (50 mM KCI) using a Multimode
8 AFM (Nanoscope V Controller, Bruker, Santa Barbara, CA).
Images were acquired in the peak force tapping mode
(PeakForce-Quantitative NanoMechanics, PF-QNM). V-shaped
SNML AFM probes (with 0.07 N m™" cantilever nominal spring
constant, 20 nm tip radius, and 19° half-open angle of the tip)
were used (Bruker). The exact spring constant of the cantilever
was determined before each experiment using the thermal
tuning method,® and the deflection sensitivity was determined
in fluid using a Sapphire sample (Bruker) as an infinitely stiff
reference material. Force curves were acquired using a PF-QNM
AFM, with a maximum applied loading force of 5 nN. From PF-
QNM maps, force curves corresponding to nanopillar surfaces
were selected to perform quantitative analysis. The contact
point was determined according to a published algorithm.®*
Stiffness was obtained, using the Oliver and Pharr method,**®
through the slope of each curve calculated by performing a
linear fit to the upper part of the approach force curve (range
was selected according to the thickness of the sample and the
characteristics of the force distance curves: typically between 3
nN and 5 nN for nanopillars and between 0.1 and 0.5 nN for
films). Poisson’s ratio was assumed to be 0.5. Image processing
was performed using commercial Nanoscope Analysis software
(Bruker). Force curve analysis was performed using custom-
written Matlab (Mathworks) routines.

Contact angle measurements. Contact angles were mea-
sured using a Ramé-Hart contact angle system (Model 290) at
different temperatures. In a typical measurement, 1 pL droplet
of water at a defined temperature was dispensed onto the
surface of the sample. The average contact value was obtained
at five different positions of the same sample. The tempera-
tures of the plate and sample were set to the temperature of

4 | Soft Matter, 2017, 00, 1-12

each measure. Scheme 2 depicts the sample preparation for
determining the contact angle on the surface of the nanopillars. 15
Contact angle measurements have allowed determining the wet-

ting surface properties below and above the LCST using literature

values of NIPAm and NIPAm-AAm random copolymers.®*®> These

values were around 31, 37 and 42 °C for 100:0 NIPAm:AAm
(PNIPAM,; o), 90:10 NIPAm:AAm (P(NIPAMgy-co-AAm,,)) and 20
80:20 NIPAm : AAm (P(NIPAmyg,-c0-AAm,,)) respectively.

Results and discussion

Sample preparation and characterization

[\
93]

AAO nanoreactors were prepared via a two-step electrochemical
anodization process in phosphoric acid at a controlled tem-
perature of 0 °C, as described elsewhere.*® The dimensions of

the AAO templates obtained by Scanning Electronic Microscopy 30
(SEM) were 200 nm of pore diameter and ~700 nm of pore
length. Fig. 1 depicts the SEM images of the nanoreactors
obtained.

Thermo-responsive poly(N-isopropylacrylamide)-based nano-
pillars were synthesized by SI-ATRP on functionalized AAO 35
nanoreactors. In order to tune the LCST, different compositions
of NIPAm and AAm were polymerized. For this purpose, Hamner
et al. proposal was followed, obtaining co-polymer brushes of
NIPAm and AAm with a tunable LCST through the incorporation
of small amounts of AAm.** The LCST value was heightened due 40
to an increase in the hydrophilic characteristics of the system. In
the first place, FT-IR spectra were employed at different synthesis
steps to monitor the grafting of the ATRP initiator onto the AAO
nanoreactor. The ATRP procedure to obtain nanopillars was also
monitored by FT-IR and Fig. 2 shows the FT-IR spectra, between 45
1450 and 4000 cm ™!, for the AAO nanoreactor without reactions,
the AAO nanoreactor after the silanization procedure and the
AAO nanoreactor with the ATRP initiator (o-bromoisobutyryl
bromide) and the detailed FT-IR spectra of PNIPAm,, close to
2500 and 3200 cm ™.

FT-IR spectra show that the —Br groups have been success-
fully introduced onto the AAO nanoreactor by silanization and
acylation. This methodology was used to characterize the
chemical composition of the template along with the grafting
of the ATRP initiator procedure. Compared with that of the AAO
nanoreactor, an additional peak of the methylene group (-CH,)

50

9
w1

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Morphological characterization of AAO nanoreactors by SEM. The study by SEM allows examining the surface as well as the length of AAO
templates. The dimensions of the nanoreactors were ~200 nm (A) of pore diameter and ~700 nm of pore length (B).

4000

-
Wavenumber, cm

AAO Nanoreactor
ATRP
Synthesis
PNIPAM 100
w
S 5xg
AAO Nanoreactor N R
+ a-Bromobutyrate
39 3000 2750
Sk Wavenumber, cm
3500 3000 2500 2000 1500

Fig.2 The FT-IR spectra of AAO membrane, AAO membrane with APTMS and AAO membrane with a-bromoisobutyrate. On the right side, a

magnification of PNIPAM; oo spectra is presented. Below 1450 cm™

appears at 2934 cm ™' in the FTIR spectrum of membrane with
APTMS. In the spectrum of the AAO template with o-bromo-
isobutyrate, the peak of the carbonyl group (C=O) at 1650
em ' is the characteristic peak of 2-bromoisobutyryl bromide.
After the ATRP procedure, the characteristic peaks of PNIPAm,
especially the newly emerged methyne (-CH-) and methyl
(-CH3) groups at 2972 and 3075 cm™ ', indicate that PNIPAm
in the AAO nanoreactor has been successfully fabricated by the
ATRP method.

Raman spectroscopy was employed to characterize the
chemical composition of nanopillars within AAO nanoreactors
as previously reported for a similar system.°® To analyze the
presence of the AAm monomer in the PNIPAm nanostructures
inside pore nanocavities, the confocal methodology was
employed. Fig. 3 illustrates the normalized Raman spectra of
PNIPAM; o, P(NIPAmgy-c0-AAm;,) and P(NIPAmgy-co-AAm,).
The signal at 1650 cm ™' corresponding to the carbonyl group
present in both monomers and the signal at 2920 cm ™'
corresponding to the Raman shift of the methyl group present
only in the NIPAm®” monomer allowed examining qualitatively

This journal is © The Royal Society of Chemistry 2017

, alumina did not allow determining the signals.

the change in the nanopillar composition. The Icys/Ic—o ratio
was 1.78 for PNIPAM , 1.50 for P(NIPAmg,-co-AAm,,) and 1.37
for P(NIPAmg,-co-AAm,,), indicating the decrease in the value
and an increment of the AAm monomer in the copolymer
network.

Unlike the compositional study inside the nanocavity via the
confocal approach using Raman spectroscopy, SEM microscopy
permitted the evaluation of the morphology of the nanostruc-
tures obtained. To this end, the samples were lyophilized before
the study in order to preserve morphologies. Fig. 4 provides the
details of SEM images for PNIPAM,y, P(NIPAmg,-co-AAmM;)
and P(NIPAmMg,-co-AAmyy).

Fig. 4 confirms that nanopillars were formed through SI-ATRP
in the AAO template. Fig. 4 also evidences that the nanopillar sizes
are comparable to the size of the AAO nanoreactor.

Mechanical properties

Atomic force microscopy (AFM) has been proved to be a unique
tool to probe the nonmechanical properties of hydrogel
films.2*%%® The mechanical properties of the nanopillars were

Soft Matter, 2017, 00, 1-12 | 5
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Fig. 3 Raman spectra of PNIPAmMgo, P(NIPAMgg-co-AAMe) and

P(NIPAmMgo-co-AAmM,e) and the relationship between the carbonyl group
signal at 1650 cm™* present in both monomers and the methyl signal at
2920 cm™* corresponding to the Raman shift of the methyl group present
only in the NIPAm monomer.

examined through AFM at different temperatures below and
above the LCST. Fig. 5A shows the in situ aqueous AFM three-
dimensional topography images of PNIPAm;,, nanopillar sur-
faces at 27 °C and 35 °C and those of P(NIPAmg,-co-AAm,)
nanopillar surfaces at 40 °C and 45 °C. Fig. 5A also presents the
representative AFM force-distance curves and the frequency
histograms of the Young’s modulus of PNIPAm,,, nanopillars
at 27 °C (black) and 35 °C (red) and the same analysis for
P(NIPAmg,-co-AAm,,) nanopillars at 40 °C (black) and 45 °C
(red). Additionally, Fig. 5B shows the in situ aqueous AFM three-
dimensional topography images, typical force curves and fre-
quency histograms of the Young’s modulus of PNIPAm,q,

Soft Matter

hydrogel thin films at 27 °C and 35 °C; and those of
P(NIPAmMg,-co-AAm,,) hydrogel thin films at 40 °C and 45 °C.

The stiffness of PNIPAm,,, was shown to increase consider-
ably from approximately 0.9 MPa to 3 MPa as solvent tempera-
ture did from 27 to 35 °C. This behavior is in agreement with
the chemical rearrangement due to the crosslinked network
deswelling as temperature increased the expulsion of solvent.
In contrast, the stiffness of P(NIPAmg,-co-AAm;,) was shown to
decrease considerably from approximately 8.4 to 3.3 MPa when
the solvent temperature increased from 40 to 45 °C. According
to Xia et al.,' the Young’s modulus increases above the LCST in
PNIPAm microgels due to an increment in the density of the
polymeric networks. On the other hand, when a hydrophilic
monomer was introduced, the behavior of the system changed
and the Young’s modulus of P(NIPAmg,-co-AAm,,) decreased
above the LCST. These interesting and novel outcomes suggest
that the mechanical properties in the collapsed state of nano-
pillars are determined by the thermo-responsive monomer,
NIPAm, since the hydrophobic interaction inside the nano-
structure produces a packaging thereof, and the values of the
Young’s modulus above the LCST are the same for both systems,
PNIPAM; o, and P(NIPAmgy-co-AAm,,). On the other hand, when
the values of the Young’s modulus below the LCST were com-
pared, P(NIPAmgy-co-AAm,,) resulted an order of magnitude
stiffer than PNIPAm,,,. According to Sousaa’s explanation,” a
smaller average free volume radius and size of the AAm monomer
permit more effective interaction between the segments in the
polymeric network. This results in an increase in polymeric net-
work density, yielding a higher Young’s modulus value.

Fig. 5B shows a similar behavior for non-nanostructured
PNIPAm, o, hydrogel thin films. The stiffness of PNIPAm,,
microgel films was shown to increase considerably from approxi-
mately 1.8 MPa to 25.6 MPa as solvent temperature did from 27
to 35 °C. Here, it is possible to see the nanostructure influence
in the PNIPAm based microgels: the nanopillars showed a

coooona®

Thopooonod®
c €

Fig. 4 SEM images of PNIPAmM;oo nanopillars (A) top view, (B) side view, (C) P(NIPAmMgg-co-AAmM;o) and (D) P(NIPAmMgg-co-AAmM,o).
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Fig. 5 (A) In situ AFM three-dimensional topography images of PNIPAmM,qo nanopillar surfaces at 27 °C and 35 °C, representative force—distance curves and
frequency histograms of the Young's modulus of PNIPAmM;qq nanopillars at 27 °C (black, mean stiffness = 0.88 MPa, Std = 0.29 MPa, N = 567 force curves from
7 nanopillars) and at 35 °C (red, mean stiffness = 3.0 MPa, Std = 1.5 MPa, N = 563 force curves from 8 nanopillars). And images of P(NIPAmMgp-co-AAM,0)
nanopillar surfaces at 40 °C and 45 °C, force—distance curves and frequency histograms of the Young's modulus of P(NIPAmgg-co-AAmM,e) nanopillars at 40 °C
(black, mean stiffness = 8.4 MPa, Std = 11.2 MPa, N = 575 force curves from 11 nanopillars) and at 45 °C (red, mean stiffness = 3.3 MPa, Std = 22.1 MPa, N = 623
force curves from 11 nanopillars). (B) AFM 3D images of PNIPAmM;oo hydrogel film surfaces at 27 °C and 35 °C, representative force—distance curves and
frequency histograms of the Young's modulus at 27 °C (black, mean stiffness = 1.8 MPa, Std = 0.9 MPa, N = 590 force curves) and at 35 °C (red, mean stiffness =
25.6 MPa, Std = 12.3 MPa, N = 589 force curves). Images of P(NIPAmMggo-co-AAmM,) hydrogel surfaces at 40 °C and 45 °C, force—distance curves and frequency
histograms of the Young's modulus at 40 °C (black, mean stiffness = 3.2 MPa, Std = 0.4 MPa, N = 590 force curves) and at 45 °C (red, mean stiffness = 5.1 MPa,
Std = 0.6 MPa, N = 582 force curves). All images were acquired in solution in the PF-QNM mode; scan size: 1 pm x 1 um, z-scale indicated on each image.

higher soft behavior. In contrast to the nanostructured system, 5.1 MPa when the solvent temperature increased from 40 to 45 °C.
the stiffness of non-nanostructured P(NIPAmg,-co-AAm,,) The increment in the stiffness values for non-nanostructured
microgels was shown to increase from approximately 3.2 to PNIPAm;,, microgels is considerably higher (14 fold/23.8 MPa)
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than non-nanostructured PNIPAm;,, microgels (1.6 fold/1.9 MPa).
In the nanostructured PNIPAm,, this effect decreases (3.4 fold/
2.1 MPa) and for nanostructured P(NIPAmg,-co-AAm,,) the effect
is in the opposite direction (2.7 fold decrease/—5.1 MPa), and the
material becomes a softer system.

Based on our results, a hypothesis is proposed about hydro-
philic surface domains during transition. Specifically, P(NIPAmg-
co-AAm,,) could experience a subtle monomer rearrangement
during transition. Below the LCST, the nanopillars presented a
random distribution of monomers in the polymer network. This
distribution provided greater stiffness, due to a more efficient
interaction between the segments in the polymer network given
the presence of randomly distributed smaller monomers. When
the temperature increased above the LCST, the monomer distribu-
tion changed; NIPAm monomers concentrated in the center of the
nanopillars giving the mechanical properties of NIPAm and the low
concentration of AAm monomers was exposed to an aqueous
environment. The Young’s modulus of P(NIPAmg,-co-AAm,,) above
the LCST = 3.3 MPa is similar to the Young’s modulus of
PNIPAmM,, above the LCST = 3.0 MPa.

Molecular dynamics simulations

To support our hypothesis and understand the possibility that the
aggregation of NIPAm segments can occur near the center of the
nanopillars displacing locally hydrophilic AAm units towards
the surface, we performed Molecular Dynamics (MD) simulations
of a cylindrical NIPAm-AAm random copolymer network using
Gromacs 4.5.5.”° This copolymer network had a diamond-like
topology.”" Every crosslinking unit was connected to four random
copolymer chains having 100 segments each. All polymer chains
were connected to two crosslinks, except those chains that were
closer to the cylindrical surface of the nanopillar, which had one
of their ends free in solution. Some of these boundary chains were
shorter than 100 segments long, such that in the fully extended
conformation of the network the radius of the cylinder was
500 nm. The diameter of a segment was 1 nm. In the MD
simulations, we imposed a periodic boundary condition in the
z-direction. Thus, we modelled a cylindrical nanopillar whose
axial length was much larger than its diameter. The network
macromolecule was also periodic in the z-direction.

Once the cylindrical polymer network was constructed, each
segment, except crosslinks, was randomly labeled as NIPAm or
AAm, such that the NIPAm : AAm ratio was 80 :20%. This ratio
applies to the whole network, even though it may differ for
individual chains. As a result, the simulated system contained
113 crosslinks, 4621 AAm units, and 18483 NIPAm segments.
We also performed MD simulations where all units, except
crosslinks, were NIPAm.

The force field used in these MD simulations had been
previously described.”>”® Bonded units interacted with a finite
extensible nonlinear elastic (FENE) potential

k .2
Upene (rj) = ¢ 2 Ry

o0 rij > Ry

rij < Ro

8 | Soft Matter, 2017, 00, 1-12
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where 7 is the distance between bonded segments i and j. Non-
bonded AAm units interact with a repulsive (shifted) Lennard-
Jones potential:

o\ o\’ 1
OROE
Ure (i) = i y

0 Fip > 21/6g

rj < 21/64

In this case, r; is the distance between non-bonded segments i
and j. Non-bonded NIPAm-AAm interactions are also described
with Ugp. If the temperature is below its LCST, non-bonded
NIPAm segments also interact with this repulsive potential. In
contrast, for temperatures above the LCST, NIPAm units
become hydrophobic. To describe this behavior these segments
interact with a Lennard-Jones having a —¢ well:

Uaae(ry) = 4 K%) - (%) T

In this work, we used ¢ = kgT, where T is the temperature, and ¢
& . .

=1 nm, R, = 1.5¢ and k = 30— to avoid bond crossing.
o2

We considered three different temperatures, including situa-
tions below (73) and above (T, and T3; T3 > T,) the LCST of
NIPAm. For each temperature, 10 ns long (after equilibration)
NVT MD simulations were performed using a Berendsen ther-
mostat and a 1 fs timestep. For non-bonded interactions, a
spherical cutoff of 2¢ was applied.

Fig. 6 displays typical network conformations of NIPAm and
NIPAm-AAm nanopillars at each of the temperatures consid-
ered. While the pure NIPAm structure collapses at 7, > LCST,
the collapse of the copolymer nanopillar requires a higher
temperature, T3 > T,. Thus, as observed in our experiments,
the presence of the AAm co-monomer increases the collapse
temperature of the nanopillar, with respect to that of a pure
NIPAm network.

To quantify this behavior, the local (total) polymer distribu-
tion p,(r) was used. It measures the average number of network
segments (including crosslinks and NIPAm and AAm units)
contained in a volume element at a distance r from the nano-
pillar center of mass. This density was calculated constructing a
histogram using 10 000 time steps of our MD simulations. Using
this polymer density, the radius of the nanopillar, Ryp, can be
defined as twice the first moment distribution:

_ jgcrpp(r) (2r)dr
Rp = jgcrpp(r)dr

Fig. 7A shows 2nrp,(r) for PNIPAm, o, and P(NIPAmg,-co-AAm,,)
nanopillars at the different temperatures considered. Note that
the area under these curves must be identical, since

N :J 2nrp, (r)dr
0

where N, is the average number of segments per unit of axial
length. Below PNIPAm,,, LCST (T}), both nanopillars showed a
wide polymer distribution that extended for several nanometers
(Ryp = 55 nm), which indicates a water-soluble network. At
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NIPAM

T,>LCST

T>T,

NIPAM-AAm

,>LCST T>T,

Fig. 6 Scheme showing the side (above) and top (below) views of typical
network conformations resulting from our MD simulations at different
temperatures of NIPAm (A) and NIPAm—-AAm (B) nanopillars. Blue spheres
correspond to AAm units and red spheres represent NIPAm segments.

temperature 7, > LCST, pure PNIPAm,,, nanopillars showed a
narrow polymer distribution with Ryp = 12 nm, where most of
the polymer was contained within few nanometers (see Fig. 7A),
which is a sign of a collapsed network. Conversely, the
P(NIPAmg,-co-AAm,,) nanopillar featured a wider polymer dis-
tribution with Ryp = 36 nm, which implies that this structure is
soluble at this temperature. To observe the collapse of the
NIPAmM-AAm structure (Ryp = 10 nm), a temperature T5 higher
than T, is required. The pure PNIPAm network also collapsed at
this higher temperature (Ryp = 9 nm).

The NIPAm-AAm network collapsed when temperature
increased due to the aggregation of hydrophobic units. The
main goal of our MD simulations was to show that NIPAm
segment aggregation displaced hydrophilic units towards the

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (A) Plot of the total density of the polymer, py(r), as a function of the
distance from the center of the nanopillar, r, for both NIPAm—-AAm (solid
lines) and pure NIPAm (dashed lines) nanopillars. At T;, both networks
present identical total density profiles. (B) AAm (blue) and NIPAm (red) local
density profiles for copolymer nanopillars below the LCST (T3, solid lines)
and above the collapse temperature (T3, dashed lines).

surface. To quantify the excess fraction of AAm units near the
surface, we defined

y; f?ﬁp_ap P aam (r)dr
AAm = 5o
" fRprapV(PAAm(V) + pripam(r))dr

where paam(7) and pnpam(7) are the local distributions of AAm
and NIPAm units, respectively, and ¢, is a penetration depth
that measures the length of the water-nanopillar interface.

In our MD simulations, fyam = 0.12 was calculated when T =
Ty, faam = 0.27 when T = T, and fyam = 0.33 when T = T; using
0p = 5 nm (a similar trend can be obtained using J, = 2 and
10 nm). Thus, as temperature increased above the LCST, we
predicted a higher concentration of hydrophilic units near the
surface. Thus, as P(NIPAmg,-co-AAm,,) nanopillars collapsed
when the temperature increased, a higher concentration of
hydrophilic units was predicted near the surface.

Water contact angle measurements

According to the higher concentration of hydrophilic units near
the surface, nano-structured hydrogels were prepared with
tunable wettability properties through the introduction of a
hydrophilic monomer. In order to analyze this proposal, the
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Fig. 8 Contact angle pictures of PNIPAmMyoo (A and B, 27 and 35 °C respec-
tively) and P(NIPAMgo-co-AAm,g) (C and D, 40 and 45 °C respectively) nano-
pillars below and above the LCST. The nanopillars were supported on glass.

nanopillar properties on the surface were evaluated by water
contact angle measurements at different temperatures (Fig. 8).

Fig. 8 displays the variation of the contact angles as a
function of the monomer composition of the nanopillars and
temperature. For PNIPAm,,, the behavior shows an increment
in the hydrophobicity surface when temperature is increased,
from Fig. 8A to B. In contrast, P(NIPAmg,-co-AAm,,) maintains
the opposite behavior, the hydrophilicity surface increases as
temperature does from Fig. 8C to D.

In order to evaluate the potential wettability of the nanos-
tructures, the contact angles over PNIPAmM,; o, and P(NIPAmg,-
co-AAm,,) hydrogel thin films obtained by surface-initiated atom-
transfer radical polymerization from glass were evaluated. Fig. 9
illustrates the higher values of contact angles for all cases of
hydrogel thin films, demonstrating the interpenetration effect in

Heatin%

B

S9:+1° 65+1°

Al

Q 44+1° D 36+1°
Below LCST Above LCST

Fig. 9 Contact angle pictures of PNIPAM;oo (A and B, 27 and 35 °C

respectively) and P(NIPAmMgo-co-AAmM,o) (C and D, 40 and 45 °C respectively)
hydrogel thin films below and above the LCST. The hydrogel thin films were
obtained by surface-initiated atom-transfer radical polymerization from glass.
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the nanostructured films. Moreover due to the accumulation of
AAm monomers on the surface and the interpenetration effect,
the A0 values for P(NIPAmg,-co-AAm,,) nanopillars was higher
than those for P(NIPAmg,-co-AAm,,) thin films.

Several systems based on PNIPAm hydrogels have been used
as biomedical devices. An important parameter to define a
biomaterial is its interaction with water on the surface. As a
consequence, it is central to understand and characterize water
uptake by our nanopillars. Ko et al. designed thermo-responsive
chemical connectors based on hybrid nanowires.”* NIPAm
presence in these materials provided thermally tunable surface
wetting properties and the transition of the water contact angle
showed important changes below and above the LCST of
NIPAm. This result allowed the authors to design programma-
ble fasteners based on hybrid nanowires that reversibly change
their wet adhesion strength by around 170 times in response to
a thermo-responsive interpreter. On the other hand, Yang
et al.”® reported the development of a thermo-responsive block
copolymer based on PNIPAm as a switch for controllable water
transportation through AAO membrane.

Considering that the application of 5 nN in the AFM measure-
ment gives information about the mechanical properties between
50 and 110 nm inside the nanopillar (taking into account the
spring constants of the AFM probes used) and that contact angle
measurements do so up to 10 nm, we evaluated the surface
properties by contact angle measurement and the properties
within the material by AFM. Our nanopillars presented a peculiar
and interesting behavior. Contrary to the results obtained by
AFM, which suggest that the mechanical properties inside the
nanopillars were determined by the thermo-responsive mono-
mer, NIPAm, the water contact angle over the nanopillars surface
was determined by the non-thermoresponsive monomer, AAm
(hydrophilic monomer). These results give information about the
spatial distribution of monomer units in the nanopillar structure
below and above the LCST. Specifically, P(NIPAmgy-co-AAm,)
could experience a monomer rearrangement during transition.
Below the LCST, nanopillars presented a random distribution of
monomers in the polymer network. This distribution, not only
provides a more hydrophilic character to nanopillars with respect
to NIPAm nanopillars, but also greater stiffness, due to a more
effective interaction between the segments in the polymer net-
work given the presence of smaller monomers being randomly
distributed. When temperature increased above the LCST, the
monomer distribution changed; NIPAm monomers concentrated
in the center of nanopillars, imparting the mechanical properties
of NIPAm and AAm monomers were exposed to an aqueous
environment, leading to higher affinity to water.

Conclusion

A promising nanomaterial based on poly N-isopropyl-
acrylamide nanopillars with thermally-induced softening was
designed and prepared through surface initiation atom-transfer
radical polymerization in synthesized anodized aluminum
oxide templates.

This journal is © The Royal Society of Chemistry 2017
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The introduction of a more hydrophilic co-monomer, acryla-
mide, in the nanostructures obtained produced an interesting
change in their mechanical properties and provided a strategy to
tune these features. When temperature was increased above the
LCST, the stiffness of PNIPAm nanopillars increased as well, as
opposed to the stiffness of PNIPAm-AAm nanopillars that
decreased. Based on this behavior, we formulated a hypothesis:
a possible local molecular rearrangement in our nanosystems at
the LCST. Below the LCST, the copolymer nanopillars presented
a random distribution of monomers in the polymer network but,
when temperature increased, the aggregation of NIPAm seg-
ments occurred near the center of the nanopillars displacing
hydrophilic AAm units towards the surface.

The molecular dynamics simulations performed described
the increase of the nanostructure’s LCST. These results sup-
ported the hypothesis proposed that as temperature increases
above the LCST a higher concentration of hydrophilic units
near the surface results in enhanced hydrophilicity.

Finally, the determination of the contact angles below and
above the LCST allowed confirming the presence of AAm units
towards the surface due to an increment in the wettability after
transition in the nanopillars with the hydrophilic monomer.

We believe that the novel and interesting system shown by
PNIPAM-based nanopillars could have strong implications for
the use and application of thermo-responsive surfaces in multi-
ple fields. Moreover, it could be especially important for the
molecular design of polymer-based vehicles for tissue engineer-
ing, drug delivery, and regenerative medicine among others.
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