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ABSTRACT: A single particle nanofabrication technique was
successfully applied to the fabrication of homogeneous
poly(N-isopropylacrylamide) (PNIPAAm) 1D nanogels over
a large area, using N,N’-methylene-bis-acrylamide (MBAAm)
as a cross-linker. The PNIPAAm 1D nanogels with high aspect
ratio over 130 were formed uniformly on the substrate, and the
mechanical strength and the length of the 1D nanogels can be
easily controlled by adjusting the MBAAm content. The 1D
nanogels were transformed from the non-aggregated to
aggregated forms over a lower critical solution temperature

(LCST) of approximately 32 °C in water. Precise trace of the temperature induced change in the size of the 1D nanogel was well
interpreted by the coil-to-globule transition of PNIPAAm, which was clearly visualized in the present study. This is the first
report of uniform shape change for a 1D nanogel by external stimulus over a large area.
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B INTRODUCTION

Living organisms include various elements of highly organized
biological structures at the nano- and microscales over a large
area. Regular nano- and microstructures of biological materials
exhibit properties such as superhydrophobicity, reversible
adhesion, structural coloration, antireflection, sensory activity,
and actuation.'”® There have been many attempts to fabricate
controlled and homogeneous structures over a large area to
mimic biological materials, and various controlled and
homogeneous nano- and microstructures have been re-
ported.””"” However, there have been few reports regarding
nanostructures with high aspect ratios and large areas, because
nanostructures are generally fragile, and consequently, the
methods for fabrication are limited."*

We have recently proposed a method for the fabrication of
uniformly sized nanowires over a large area using a single
particle nanofabrication technique (SPNT).'*”** High-energy
charged particles induce a non-homogeneous, cross-linking
reaction in nanometer-scale cylindrical areas of the polymer
films along their trajectories. The development of irradiated
samples using good solvents to remove the non-cross-linked
polymer afforded nanowires. This is an excellent method for
the fabrication of homogeneous nanowires with controlled
length; however, it is only applicable to polymers in which the
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cross-linking reaction is effectively induced by high-energy
charged particles.

Poly(N-isopropylacrylamide) (PNIPAAm) is a thermores-
ponsive polymer with a lower critical solution temperature
(LCST) of approximately 32 °C in water.”>** At room
temperature, PNIPAAm absorbs water, which results in
swelling of the polymer and transformation to a hydrophilic
state, whereas at temperatures higher than the LCST,
PNIPAAm shrinks and transforms to a hydrophobic state.
This is also indicative that PNIPAAm 1D nanogels will be
thermoresponsive nanoactuators. As a sophisticated nano-
actuator system, myosin—actin complexes have been well-
developed; myosin is a motor protein, bound into actin
filaments, walking unidirectionally along the filament.*®
Myosin—actin complexes contribute to muscle contraction
and have been much attractive as nanoactuators for several
decades.?® However, the cross-linking reaction does not occur
so effectively in PNIPAAm by irradiation with high-energy
charged particles. Therefore, the addition of the N,N’-
methylene-bis-acrylamide (MBAAm) cross-linker to PNIPAAm
is expected to increase the cross-linking efficiency under
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irradiation and control of the cross-linking density to maintain
nanostructures. Here, we report the fabrication of large area,
highly organized one-dimensional (1D) PNIPAAm nanogels
with sufficient mechanical strength using MBAAm as a cross-
linker.

B RESULTS AND DISCUSSION

A l-um-thick PNIPAAm-MBAAm spin-coated film (PNI-
PAAm/MBAAm = 100/20) was irradiated with a 490 MeV
205%* jon beam at a fluence of 1.0 X 10° ions/cm” The
irradiated film was developed with isopropanol, which has low
surface tension, because nano- and microstructures with high
aspect ratios are easily destroyed by high-surface-tension
solvents, such as water, during the development process.””®
After drying, the surface of the irradiated film was observed by
atomic force microscopy (AFM). The AFM image suggested
that 1D nanogels with cross-linked structures were successfully
fabricated by ion beam irradiation (Figure 1). The range (>30

Figure 1. AFM image of the PNIPAAm 1D nanogels formed by
irradiation of a 1l-um-thick PNIPAAm-MBAAm spin-coated film
(PNIPAAmM/MBAAm = 100/20) with a 490 MeV *20s*** ion beam
at a fluence of 1.0 X 10° ions/cm?.

um) of the incident particles was far longer than the thickness
of PNIPAAm-MBAAm film, and the particles were passing
through the polymer layer, and stopped deeply into the Si
substrate. Because of the mismatch of the materials density of
the PNIPAAm-MBAAm (p ~ 0.9 g/cm®) and Si (p = 2.3 g/
cm?), back scattering of the secondary electrons knocked-out
by incident particles causes proximity effects at the polymer/Si
interface, leading to the accumulation of reactive intermediates
at the interface. This is the case giving the tight binding of the
nanogels onto the substrate surfaces via covalent bonds.

The ATR-FTIR spectrum of the PNIPAAm 1D nanogel was
compared with those of PNIPAAm powder and PNIPAAm-
MBAAm gel produced from PNIPAAm and MBAAm by the
radical cross-linking reaction under UV irradiation to examine
the chemical change induced by heavy ion irradiation (Figure
2). The IR peaks at 1630 and 1525 cm™" were assigned to the
amide group, and those at 1385 and 1365 cm™" were assigned
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Figure 2. ATR-FTIR spectra of (a) PNIPAAm powder, (b) PNIPAAm
1D nanogels formed by ion beam irradiation, and (c) PNIPAAm-
MBAAm gel formed by UV irradiation.

to the isopropyl group. These results indicate that the
temperature-responsive sites of PNIPAAm were not changed
by heavy ion irradiation. The IR spectrum of the ion beam-
irradiated PNIPAAm 1D nanogel was very similar to that of the
PNIPAAm-MBAAm gel produced under UV irradiation.
Therefore, it is most likely that heavy ion irradiation generated
radicals, so that the radical cross-linking reaction of PNIPAAm
and MBAAm occurred in a similar way to that for UV
irradiation.

To examine the homogeneity of PNIPAAm 1D nanogels
formed from a 1-ym-thick PNIPAAm-MBAAm film, the
lengths of the PNIPAAm 1D nanogels were estimated from
AFM observation, and the length distribution is shown in
Figure 3. There was little variability in the length among the
PNIPAAm 1D nanogels and the average length was 2.58 pm,
which was not same as the film thickness (1 ym).
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Figure 3. Length distribution of the PNIPAAm 1D nanogels (n = 100)
formed from a 1-pm-thick PNIPAAm-MBAAm nanogel film.

The discrepancy in length must be attributable to swelling of
the PNIPAAm 1D nanogels in isopropanol, where the lengths
in the swollen state were maintained due to the strong
interaction between the PNIPAAm 1D nanogels and the Si
wafer during the drying process. The result indicates that highly
homogeneous PNIPAAm 1D nanogels were successfully
fabricated. The diameter of the 1D nanogels was approximately
40 nm, which is compatible with the size of motor proteins
such as actin-myosin (ca. 20—30 nm).*’

The effects of the MBAAm content on the length and the
radius of the PNIPAAm 1D nanogels were examined using
AFM (Figure 4a—c). The length of the 1D nanogels decreased
with increasing MBAAm content, while the radius increased
with the MBAAm content (Figure 4d). It is reasonable that the
length and the radius changed inversely. For a lower MBAAm
content, the length was long and showed rather wide variability.
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Figure 4. AFM images of the PNIPAAm 1D nanogels formed by 490
MeV 205 jon beam irradiation (1.0 X 10% ions/cm? fluence) of 1-
pum-thick PNIPAAm-MBAAm spin-coated films with MBAAm
contents (PNIPAAm/MBAAm) of (a) 100/S, (b) 100/10, and (c)
100/30). (d) Dependence of the length and radius of the nanogel on
the MBAAm content of the film.

It is likely that these 1D nanogels broke in several parts because
of low mechanical strength caused by low degree of cross-
linking and were removed during the development process. For
a higher MBAAm content, the length was short and the
variability was narrow due to higher mechanical strength as a
result of a higher degree of cross-linking. In general, the degree
of cross-linking increased with increasing the MBAAm content
of the PNIPAAm gels.’® These results indicate that the
mechanical strength of the 1D nanogels can be controlled by
adjusting the MBAAm content.

The relationship between the thickness of the PNIPAAm-
MBAAm spin-coated film and the length of the PNIPAAm 1D
nanogels formed by ion beam irradiation was examined for a
PNIPAAm/MBAAm (= 100/20) film. The nanogel length
increased in direct proportion to the film thickness (coefficient
of variation R* = 0.989) (Figure Sa), which confirms that
homogeneous cross-linking occurred in the film, even if the film
thickness increased. For a 2-pm-thick film, the aspect ratio of
the PNIPAAm 1D nanogels formed was reached up to 130
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Figure 5. (a) Length of the 1D nanogels (n = 30) as a function of the
PNIPAAm-MBAAm spin-coated film thickness. (b) AFM image of
high aspect ratio 1D nanogels (length:radius = 130:1).

(Figure Sb), where the nanogels formed from the 0.5- and 1-
um films shows the aspect ratio of 28 and 75, respectively.
The linear correlation between the aspect ratio and the initial
film thickness also supports the homogeneous distribution of
cross-links along the major axis of 1D nanogels, leading to
negligible change in the diameter at any cross sections of the
nanogels. Following equation was proposed to give appropriate
theoretical estimate for the diameter (2r) of 1D nanogels
produced by cross-linking reactions induced by high energy
single particle releasing its energy along the trajectory with the

averaged energy deposition of linear energy transfer (LET, eV
-1731,32
nm~')>Y

, LETTG(x)mN e’
ro= In

4007pA . (1)

where A is Avogadro’s number, e is Napier’s constant, m is the
mass of a monomer unit, p (g/nm®) is the density of the
polymer, N is the degree of polymerization, G(x) (100 eV)™ is
number of cross-links induced by a radiation-deposited energy
of 100 eV, r. and r, are the radii of the core and penumbra
areas, defined from the equipartition theorem of collisions of
charged particles with matter.*"** Assuming spatial homoge-
neous distribution of MBAAm cross-linker, the estimate of
diameter derived from eq 1 depends only on the value of LET
of the incident particle. The value of LET is calculated as 12000
eV nm™! for 490 MeV ?0s** in a PNIPAAm/MBAAm (=
100/20) film, and the value is almost constant (less than 1%
decrease) over the trajectories of incident particle as long as 4
um. This is the case giving homogeneous cross-linking in the
PNIPAAm 1D nanogels and linear correlation between aspect
ratio and the initial film thickness. The cross-linking efficiency
of G(x) is also derived from eq 1 from observed values of r,
estimated as G(x) = 045, 1.6, 1.7, and 2.8 (100 V)™ for the
film with varying contents of MBAAm (PNIPAAm/MBAAm)
at 100/S, 100/10, 100/20, and 100/30, respectively. The value
of G(x) has been reported to depend strongly on the LET
values of the incident particle, because radical coupling and/or
the other second order reactions often control the cross-linking
reaction in polymer materials without cross-linkers.>*** In the
present case, primary the cross-links were introduced by
pseudofirst order reactions via MBAAm cross-linker molecules,
giving the less dependence on the LET values.

In spite of identical set of a polymer and a cross-linker, the
efficiency dramatically increases with an increase in mixed
contents of MBAAm, leading to the higher density of cross-
links in the PNIPAAm 1D nanogels and mechanical strength.
The nanogel with a low cross-linking density and a high aspect
ratio has poor mechanical strength; however, by adjusting the
film thickness and the MBAAm content, we can fabricate
PNIPAAm 1D nanogels with any aspect ratio and adequate
mechanical strength.

The form of the 1D nanogels incubated in water at various
temperatures was examined (Figure 6a—c). The 1D nanogels
transformed from the non-aggregated form to the aggregated
form with increasing temperature (Figure 6d). The trans-
formation was likely to be due to dehydration of the 1D
nanogels. The morphologies slightly changed over 40 °C
(Figure 6b,c), suggesting that the dehydration of the 1D
PNIPAAm nanogels is still in progress over LCST.

Panels a and b in Figure 7 show the length and radius
distributions of 1D nano gels incubated in water at 25 °C, 40
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Figure 6. AFM images of PNIPAAm 1D nanogels treated in water at
(a) 25 °C, (b) 40 °C, and (c) SO °C. The 1D nanogels were formed by
irradiation of a 1-um-thick PNIPAAm/MBAAm (= 100/20) spin-
coated film with a 490 MeV ?0s3* jon beam (1.0 x 10% ions/cm?
fluence). (d) Schematic image showing the transformation of
PNIPAAm 1D nanogel from nonaggregated to aggregated forms in
response to increasing temperature.
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Figure 7. (a) Length (n = 30) and (b) radius distributions (n = 100)
of the PNIPAAm 1D nanogels at 25 °C (blue), 40 °C (green), and 50
°C (red).

°C, and 50 °C. The average lengths at 25 °C, 40 °C, and 50 °C
were 5.72 + 040, 3.56 + 0.65, and 325 + 0.35 um,
respectively. Swollen and shrunken states were observed at 25
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°C and 50 °C, respectively, and at 40 °C, both states were
observed. The variation in length for the swollen state at 25 °C
(0.40 um) and the shrunken state at SO °C (0.35 um) could be
attributed to the variation in the gyradius with the LCST. The
results are compatible with previous reports regarding the coil-
to-globule transition of PNIPAAm.**** The average radii at 25
°C, 40 °C, and 50 °C were 27.6 + 2.7, 34.8 + 3.5, 36.8 + 3.4
nm. The average volumes at 25 °C, 40 °C, and 50 °C were
calculated from the length and radius to be 1.36 X 107, 1.35 X
107, and 1.38 X 107 nm’, respectively. The similar volumes of
the 1D nanogels suggest that the radius of the 1D nanogels
does not reflect the swollen/shrunken state, in contrast to the
1D nanogel length, and this is why the variation in the radius at
50 °C was larger than that at 25 °C. To the best of our
knowledge, this is the first report to show that the shape of each
1D nanogel is uniformly changed by external stimulus over a
large area. Thus, an assembly of PNIPAAm 1D nanogels in
water could be expected to act as a nanoactuator. Solvent
swelling ratio of PNIPAAm-based gel systems has been
reported to depend not only on the temperature but also on
ionic strength. ® The pH-responsive properties of the present
nanogel systems were also examined, showing the lower
swelling ratio in the acidic conditions (see Figure SI in the
Supporting Information).

Contact angle measurement is a useful technique to evaluate
the hydrophobicity of a surface. The contact angles of the
surface of 1D nanogels (PNIPAAm/MBAAm = 100/20) on a
Si wafer were measured at different temperatures. The contact
angle of the PNIPAAm 1D nanogel surface at 40 °C was larger
than that at 25 °C (Figure 8). The change in contact angle after

80

70 F

[
60

50

Contact angle / degree

40

10 20 30 40 50 60
Time / sec

0

Figure 8. Contact angles of the PNIPAAm 1D nanogel surface at 25
°C (@) and 40 °C (O).

1 min at 25 °C was larger than that at 40 °C. These results
suggest that the PNIPAAm 1D nanogels absorb water, which
results in a hydrophilic surface under LCST. However, at
temperatures over LCST, the nanogels do not readily absorb
water, and the surface remains hydrophobic. Interestingly, time
course of the contact angle at 25 °C exhibited curve, although
that at 40 °C exhibited straight line. This fact might be
attributable to difference in water absorption of the 1D
nanogels between 25 °C and 40 °C. At 25 °C, the contact angle
dramatically decreased because of high water absorption of the
1D nanogels, and variation of contact angle was gradually
decreased. On the other hand, at 40 °C, low water absorption
of the 1D nanogels caused slight decrease of contact angle.
Each PNIPAAm 1D nanogel has little effect on the surface
properties; however, an assembly of the 1D nanogels would
cause a macroscopic change in the surface properties.

dx.doi.org/10.1021/am3014086 | ACS Appl. Mater. Interfaces 2012, 4, 5492—5497



ACS Applied Materials & Interfaces

Research Article

Bl CONCLUSION

PNIPAAm 1D nanogels were successfully fabricated using the
SPNT with a cross-linker. PNIPAAm 1D nanogels with
diameters from 20 to 40 nm were obtained, which is compatible
with the size of motor proteins, such as the actin-myosin
complex. This fabrication method can be used to control the
length and cross-linking density of the 1D nanogels. The 1D
nanogels swell uniformly at temperatures under LCST and
shrink over LCST. The 1D nanogels have sufficient mechanical
strength not to break even in water. To date, the SPNT has
been applied only for the fabrication of polymers with high
cross-linking efficiency. Application of the SPNT with
combination of a cross-linker and a functional polymer, such
as a biopolymer, is expected to be very effective for the
fabrication of various functional 1D nanogels and should
contribute to the development of nanoactuators and highly
sensitive sensory devices.

B EXPERIMENTAL SECTION

Materials. Poly(N-isopropylacrylamide) (M,, = 20 000—25 000 g/
mol) and N,N’"-methylene-bis-acrylamide were purchased from Sigma-
Aldrich Corporation (St. Louis, USA). Methanol was purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Isopropanol was
purchased from Kishida Chemical Corporation, Ltd. (Osaka, Japan).

Fabrication of PNIPAAm 1D Nanogels on Si Wafers.
PNIPAAm-MBAAm blend films were prepared on Si wafers (1.5 X
1.5 cm?) by spin-casting PNIPAAm with variable MBAAm contents
(PNIPAAm/MBAAm = 100/0, 100/S, 100/10, 100/20, and 100/30)
in methanol at 2000 rpm for 1 min. The thickness of the films was
adjusted to 0.5, 1, and 2 pum, which was confirmed using a stylus
surface profiler (Dektak 150, Ulvac, Inc., Japan). The spin-cast nanogel
films were irradiated in a vacuum chamber (<1 X 10~* Pa) with a 490
MeV 205 jon beam from the cyclotron accelerator at Takasaki
Advanced Radiation Research Institute, Japan Atomic Research
Agency. The fluence of the incident ions varied from 1 X 10° to 1
X 10° ions/cm®. After irradiation, the samples were developed in
isopropanol for 30 min and dried at room temperature overnight. The
irradiated part of the film was insoluble in isopropanol.

AFM Observation of 1D PNIPAAm Nanogels. The PNIPAAm
1D nanogels on Si wafer were observed by atomic force microscopy
(AFM). AFM images were obtained in air and at room temperature
using a microscope (SPA-400, SII, Japan) operated in the tapping
mode. The radius of the cross-section (r) in any given nanowire was
estimated from the following equation

r= /1
where r; and r, are the half-width and half-height at half-maximum
from the AFM trace of the cross-section, respectively.

ATR-FTIR Observation of the PNIPAAm 1D Nanogels.
Attenuated total reflectance-Fourier-transform infrared (FTIR-ATR;
Spectrum 100 FT-IR, Perkin-Elmer Japan) spectra of the PNIPAAm
1D nanogels formed by ion beam irradiation of a 1-um-thick
PNIPAAm-MBAAm spin-coated film (PNIPAAm/MBAAm = 100/
20) with a fluence of 1.0 X 10° ions/cm? as well as those of the
PNIPAAm powder and PNIPAAm-MBAAm gel formed by UV
irradiation of a 1-um-thick PNIPAAm-MBAAm spin-coated film
(PNIPAAm/MBAAm = 100/20) were measured. The interferograms
were coded 16 times and Fourier-transformed at a resolution of 4
cm™.
Temperature-Responsivity of PNIPAAm 1D Nanogels by
AFM Observation. PNIPAAm 1D nanogels formed on a Si wafer by
ion beam irradiation of a 1-gm-thick PNIPAAm-MBAAm spin-coated
film (PNIPAAm/MBAAm = 100/20) with a fluence of 1.0 X 10% ions/
cm? were incubated in water at 25 °C, 40 °C, and 50 °C for 10 min.
The PNIPAAm 1D nanogels were then dried at the same respective
temperatures for 1 h prior to AFM observation.
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Static Contact Angle Measurements of the PNIPAAm 1D
Nanogels on Si Wafer. The static contact angle of PNIPAAm 1D
nanogel surfaces (1-ym-thick PNIPAAm/MBAAm = 100/20 spin-
coated film on Si wafer irradiated at a fluence of 1.0 X 10° ions/cm?)
were measured at 25 °C and 40 °C for 1 min using a contact angle
meter (DropMaster 500, Kyowa InterFACE Science Co., Ltd., ]apan).
A 0.5 uL water droplet was placed on a sample and the average of
three identical measurements was taken.

B ASSOCIATED CONTENT

© Supporting Information

Figures showing morphological changes of PNIPAAm-based
nanogels under a variety of pH conditions. This material is
available free of charge via the Internet at http://pubs.acs.org.
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