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T
here is accumulating evidence that
mechanical forces play essential roles
in tissue embryogenesis, somitogen-

esis, and organogenesis.1�6 One oft-quoted
example is that dynamic shear stress leads to
the formation of a highly branched hierarch-
ical vascular tree.7 As cellsmature, biophysical
forces remain critical in tissue maintenance
and repair.8

Significant progress has been made to-
ward understanding mechanotransduction.
A small modification of physical forces, i.e.,
type, amplitude, and frequency of forces,
can result in alteration of cell fate and func-
tion that far exceeds previous expecta-
tions.9�14 For example, external mechanical
tension applied to cardiac tissue culture can
induce rapid formation of interconnected,
longitudinally oriented cardiac muscle
bundles with morphological features re-
sembling those of adult native tissue.9 Con-
stant perfusion has been found to generate

engineered bones with comparable
composition/properties to native ones.11 It
has been recognized that spatially and
temporally well-defined mechanical force
is critical for cell function.15 This is high-
lighted by the recent demonstration that
imposing a sequence of mechanical cues
at an appropriate time interval can coax a
single stem cell to differentiate into an
organized germ layer.16 Unfortunately, most
existing force-generating systems produce
only a single force format across the entire
cell-seeding substrate.
Abrupt strain changes during phase

transitions such as the melting of poly-
(ε-caprolactone)17 andtheswelling/deswelling
ofpoly(N-isopropylacrylamide) (PNIPAM)when
the temperature fluctuates around its lower
critical solution temperature (LCST)18�20

have been exploited to produce mechanical
forces via strain/deformation. A thermally
driven phase transition is often difficult to
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ABSTRACT We have designed and fabricated a nanocomposite substrate that can deliver

spatially and temporally defined mechanical forces onto cells. This nanocomposite substrate

comprises a 1.5-mm-thick near-infrared (NIR) mechanoresponsive bottom layer of few-walled

carbon nanotubes (FWCNTs) that are uniformly distributed and covalently connected to

thermally responsive poly(N-isopropylacrylamide) and an approximately 0.15-mm-thick cell-

seeding top layer of collagen-functionalized poly(acrylic acid)-co-poly(N-isopropylacrylamide)

that interpenetrates into the bottom layer. Covalent coupling of all the components and

uniform distribution of FWCNTs lead to a large local mechanoresponse. As an example, 50%

change in strain at the point of irradiation on the order of 0.05 Hz can be produced reversibly

under NIR stimulation with 0.02 wt % FWCNTs. We have further demonstrated that the

mechanical strain imposed by NIR stimulation can be transmitted onto cells. Human fetal

hepatocytes change shape with no sign of detrimental effect on cell viability. To the best of our knowledge, this is the first demonstration of a

nanocomposite platform that can generate fast and controlled mechanical force to actuate cells. Since the amplitude, location, and timing of force can be

controlled remotely with NIR, the nanocomposite substrate offers the potential to provide accurately designed force sequences for tissue engineering.

KEYWORDS: macromonomer-grafted few-walled carbon nanotubes . PNIPAM . nanocomposites . optothermal effect .
remote near-infrared actuation . spatiotemporal controlled forces
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confine to a localized region without involving com-
plex fabrication steps to embed resistor-based micro-
heaters.21 Moreover, polymers subjected to repeated
mechanical loading are likely to undergo irreversible
microstructural changes.22,23

Carbon nanotubes (CNTs) have been employed
extensively to create multifunctional polymeric
hydrogel-nanocomposites for tissue engineering.24�28

In particular, CNTs have been used to enhance the
resilience of polymeric hydrogels to mechanical loads
and to extend material lifetime.28�30 Due to their
excellent near-infrared (NIR) absorption properties,
CNTs have also been employed as nanoheaters to
generate localized heating.24,31�33 Few-walled CNTs
(FWCNTs) can absorb NIR light strongly, serving as
nanoheaters that convert NIR photon energy into
localized heat. Without FWCNTs the pure PNIPAM
hydrogel will not absorb NIR light and thus will not
be heated up. The advantages of using FWCNTs are
that (i) they are small, if compared with multiwalled
CNTs, thus can be more readily dispersed; (ii) differing
from single-walled CNTs, whosemechanical properties
can be degraded by the surface functionalization, the
outer wall of FWCNTs can be functionalized with
macromonomers, which in turn are copolymerized

with NIPAM to covalently connect these two dissimilar
materials (i.e., CNTs and the responsive polymer) to
form a true composite; and (iii) the presence of a highly
dispersed and small amount of covalently bound
FWCNTs has been shown to be able to effectively heat
the hydrogel and have no detrimental effect on swel-
ling and deswelling kinetics. As a result, greatly en-
hanced mechanical properties were observed with
only 0.02 wt % CNTs. We have designed and fabricated
a bilayer nanocomposite substrate that can apply
spatiotemporal force patterns to seeded cells. Figure 1
includes conceptual drawings of the substrate and its
formation process. The substrate is made of a 1.5-mm-
thick bottom layer of NIR mechanoresponsive nanocom-
posite and an approximately 0.15-mm-thick cell-seeding
top layer that is intercalated and covalently bound to
the bottom layer. The bottom layer consists of FWCNTs,
uniformly populated and covalently linked to the
thermally responsive PNIPAMmatrix.Mechanical strain
resulting from heating the PNIPAM above its LCST can
be produced remotely via NIR irradiation. Due to the
highly spatial and temporal variability of photostimu-
lation sources, well-defined and engineered force pat-
terns can be created by patterned irradiation. Since
healthy cells and tissues have little absorption in the

Figure 1. (a) Conceptual drawing of the bilayer nanocomposite substrate. (b) Schematic process flow of the formation of the
bilayer nanocomposite substrate. (c) Chemical reaction scheme to graft collagen onto the top layer of a nanocomposite
substrate.
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NIR region, NIR is safer when compared with UV or
visible sources.34,35We have designed amacromonomer
that is grafted onto FWCNTs for the formation of a
nanocomposite in which FWCNTs are evenly distributed.
We have demonstrated that with 0.02 wt % FWCNTs
in the bottom layer, this bilayer nanocomposite can
generate reversible local actuation as large as 50% strain
at the point of irradiation and 30% strain in the adjacent
area at physiologically relevant temperatures.
We have further demonstrated that the shapes

of cells, human telomerase reverse transcriptase-
reconstituted human fetal hepatocytes (hTERT-FHs),
can be changed under NIR stimulation. Since the top
layer is interspersed into the bottom layer with a thick-
ness of one tenth of the bottom layer, forces generated
in the bottom layer nanocomposite are successfully
transmitted onto cells that adhere to the top layer.
Because the extracellular proteins, collagens,36 are cova-
lently attached to the top surface, cells remain on the
substrate during actuation. The result implies that both
the bilayer nanocomposite and the amount of NIR
influx used for actuation do not cause appreciable cell
apoptosis. It is known that achieving functional hepatic
differentiation through chemical induction remains
challenging.37 Engineering mechanical stimulation can
provide an opportunity to achieve functional liver cells.

RESULTS AND DISCUSSION

Synthesis and Characterizations of the NIR Mechanorespon-
sive Bottom Layer. To provide uniform and controlled
strain/deformation, it is essential to populate CNTs
evenly throughout the entire layer. We used few-walled

CNTs as nanoheaters with the following considerations.
Unlike single-walled CNTs, they typically have 2�5
walls. The outer layer can be consumed for surface
functionalization, while the inner walls remain intact.
Therefore, their outstanding mechanical properties as
well as NIR absorption efficacy can be preserved.38�40

Differing from multiwalled CNTs that have more than
10walls, they canbedispersedmore readily. SinceCNTs
act as barriers to prevent the propagation of strain/
deformation, too high a concentration of CNTs will
result in damping of the mechanoresponse. It is thus
important to haveCNTs that are covalently linked to the
hydrogel matrix so that no CNTs will be extruded out
during repeated actuation. For effective reinforcement
purposes, a strong interface between the CNTs and
polymer is also required.

To attain a nanocomposite with minimum amount
of evenly distributed, covalently bound CNTs in the
hydrogel matrix, wemodified the previously published
method that was developed by us to graft polymer
with controlled molecular weight onto CNTs,41,42 for
the synthesis of acrylic acid macromonomers-grafted
few-walled CNTs (macroAA-g-FWCNTs). The synthetic
procedure is depicted in Figure 2a. MacroAA-g-FWCNTs,
in turn, were copolymerized with NIPAM to form a
nanocomposite that serves as the bottom layer.

Acetone, a poor solvent for poly(acrylic acid) (PAA),
was employed to graft low molecular weight PAA
onto FWCNTs. To formmacroAA-g-FWCNTs, an amino-
mercaptan chain transfer agent and subsequent
reaction with methacryloyl chloride were used to
provide each PAA chain with a polymerizable terminal

Figure 2. (a) Synthetic scheme for generating macroAA-g-FWCNTs with a terminal methacrylamidyl group. (b) 1H NMR
comparison between macroAA-g-FWCNTs and a mixture of PAA and FWCNTs. (c) Scanning electron microscopic image of
pure FWCNTs and scanning electronmicroscopic image and transmission electronmicroscopic imageofmacroAA-g-FWCNTs.
(d) Thermogravimetric analysis of PAA only, FWCNTs, and macroAA-g-FWCNTs in N2 (10 �C/min); double arrow demarcates
the weight loss due to macroAA decomposition.

A
RTIC

LE



ZENG AND LU VOL. 8 ’ NO. 11 ’ 11695–11706 ’ 2014

www.acsnano.org

11698

methacrylamidyl group. Sonication in deionized water
followed by filtration was used to remove ungrafted
FWCNTs. The 1H NMR analysis in Figure 2b shows
that the bands associated with methylene groups are
broadened as a result of grafting when compared with
a mixture of PAA and FWCNTs. The scanning electron
microscopic images in Figure 2c show a smooth layer
coated on CNT surfaces. This is indicative that a thin
polymer layer was grafted on CNTs. The thickness of
the grafted polymer layer is around 12 nm based on
the transmission electron microscopic image analysis,
shown in the same figure. According to the thermo-
gravimetric analysis displayed in Figure 2d, grafted
macroAA degrades at higher temperature if compared
with pure PAA. This is another piece of evidence
supporting that about 23wt%macroAA using acetone
as a solvent has been grafted through the precipitation
polymerization.

The precursor solution for the bottom layer
comprises 0.025 wt % macroAA-g-FWCNTs, which is
equivalent to 0.02 wt % FWCNTs, NIPAM, a tri-
acrylate polyethylene glycol cross-linker (SR415), am-
monium persulfate (APS) initiator, and an accelerator,
N,N,N0,N0-tetramethylethylenediamine (TEMED). To
achieve controlled deformation under NIR illumination
while maintaining a flat surface for high-resolution
optical imaging and for effective cell actuation,
3-(trimethoxysilyl)propyl methacrylate (MAPTS) is
employed to functionalize the glass coverslip surface

with methacryloyl groups, as illustrated in Figure 3a1.
Consequently, covalent linkages between the coverslip
and PNIPAM and FWCNTs within the nanocomposite
can be established during the polymerization, as
illustrated in Figure 3a2. The average thickness of this
nanocomposite is about 1.5 mm. As seen in the optical
image shown in the same figure, the nanocomposite
displays a uniform shade of gray. This suggests that
CNTs are uniformly distributed in the nanocomposite.
On the contrary, FWCNTs without macroAA grafting
agglomerate into clusters that are visible to the
naked eye, as evidenced by optical images shown in
Figure S1.

Since CNTs can efficiently convert NIR photon en-
ergy to thermal energy, localized heating is expected
from a “point” laser source instead of heating the
entire substrate and culture solution. Figure 3b1 is a
schematic drawing depicting our experimental setup,
while Figure 3b2 is a set of conceptual drawings
illustrating the strain/deformation of this nanocompo-
site under conditions of localized heating and cooling.
To examine the optothermal effect, we imprinted the
surface of the nanocomposite with a series of patterns
that includes a feature of a 150 μm square, 10 μm
in depth, using a silicon mold. When the laser is on,
the substrate that is exposed to illumination will be
deswollen as a result of the optothermally induced
temperature rise above the LCST, as manifested by the
lateral shrinkage of the imprinted patterns. During the

Figure 3. (a) Schematic drawings show the activation of a glass coverslip (a1) and the formation of a bottom layer
nanocomposite (a2). (b) Cartoons demonstrate the setup for studying the nanocomposite optothermal response (b1) and
the reversible shrinkage of the bottom layer nanocomposite upon NIR pulsing (b2). (c) Lateral shrinkage produced by the
cyclic NIR irradiation (980 nm, 200mW, 0.033 Hz), calculated from the square area (delineated in white) of the optical images
of the patterned surface (c1). Scale bar: 100 μm. Black curve is the nanocomposite generated with macroAA-g-FWCNTs;
red curve is the nanocomposite generated with pure FWCNTs (c2).
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NIR pulsing (980 nm, 200mW, 0.033 Hz), the amount of
shrinkage was calculated based on the optical images
captured throughout the cyclic actuation and was
plotted against time as displayed in Figure 3c. There
is a baseline shift in Figure 3c2 as internal stress is
released during the initial cycles and heat builds up
due to the relatively high frequency of NIR pulsing.
After extended cycles, a lateral shrinkage close to 40%
is observed repeatedly. Due to the relatively large
pattern compared to the laser beam, the lateral shrink-
age is lower than what we expected. Hence, we used
a lower irradiation frequency to let the surface pattern
complete each swelling/deswelling cycle, where a
50% lateral shrinkage was observed, as can be seen
in Figure S2. We attribute the observed efficient and
reproducible actuation, offered by this nanocompo-
site, to the combination of effective NIR absorption
by the uniformly distributed FWCNTs and covalent
linkages between FWCNTs and the PNIPAM matrix.
No FWCNTs were secreted out after extended cycling.
In contrast, FWCNTs were extruded out after repeated
hydrogel swelling and deswelling for the samples
consisting only of physical mixtures of FWCNTs and
PNIPAM, i.e., without covalent bonding between
PNIPAM and CNTs. This results in reduced shrinkage
in response to the same dose of NIR irradiation, as
can be seen in the plot. Nevertheless, the amount of
FWCNTs being secreted out is too small to measure
since the total loading in each piece of nanocomposite
is merely 0.02 wt % (ca. 0.08 mg). Since pure PNIPAM
hydrogel is “transparent” to NIR, we did not observe
any dimensional change upon NIR pulsing.

The observed appreciable deformation in the re-
gion under laser illumination suggests that a loading of
0.02 wt % FWCNTs is sufficient to heat the hydrogel
matrix above the LCST, and the presence of aminiscule
amount of FWCNTs does not attenuate the hydrogel's
mechanoresponsive behavior. Figure S3 is a compar-
ison of the UV�vis transmission at 600 nm of PNIPAM
hydrogels with and without CNTs. As expected, the
nanocomposite is more opaque in both the swelling
and deswelling states. Doping with a small amount of
CNTs leads to a more gradual transition.

Formation of Bilayer Nanocomposite Substrate to Improve
Cell Adhesion. PNIPAM-based surfaces have beenwidely
explored for cell sheet harvesting in tissue engineer-
ing.35,43,44 A tissue-like cellular monolayer of homo- or
hetero-type cells can be harvested from the “smart”
PNIPAM surfaces by lowering the cell culture tempera-
ture from 37 �C to 25 �C. In contrast, cells need
to be anchored on the substrate in order to “sense”
NIR-induced actuation. Figure S4 (left) is a fluorescence
image of calcein AM-stained hTERT-FHs on the mech-
anoresponsive bottom layer nanocomposite. Cells
survived after a three-day incubation at 37 �C. How-
ever, after being stored at 30 �C for nomore than 5min,
cells began to detach as the PNIPAM surface turns

hydrophilic when the temperature is below the LCST,
as evidenced by the rounded cell shapes.

We thus designed a cell-seeding layer. Figure 1c
is the schematic process flow for the formation of
collagen-grafted PAA-co-PNIPAM as the top layer for
cell seeding, which is intercalated and covalently
bound to the bottom layer nanocomposite. For suffi-
cient force to be transmitted onto cells, it is important
to have a very thin top layer that not only offers
sufficient cell adhesion but also interpenetrates into
the bottom layer so that these two layers can act as
one. We adjusted the concentration and amount of the
precursor solution so that the final thickness of the top
layer is about 0.15 mm. To form a strong interface, the
top layer precursor was introduced during the poly-
merization of the bottom layer. These two layers are
interspersed near the interface and connected through
covalent linkages via copolymerization.

With 1-ethyl-3-(3-dimethylamino)propyl carbodiimide
(EDC)/N-hydroxysuccinimide (NHS) as coupling agents,
carboxylates (�COOH) from PAA and primary amines
(�NH2) fromcollagen formcovalent linkages. As a result,
collagen is strongly bound to the rest of the nano-
composite substrate and does not detach from the
surface during repeated localized deformation caused
by pulsed NIR irradiation. Thus, cells can be “anchored”
onto the surface36 and subjected to repeated mechan-
ical strains. To understand the importance of having
covalently grafted collagen, we compared the cell ad-
hesion on a surface coated with collagen without using
EDC/NHS, i.e., physisorbed collagen, shown in Figure S4
(right), with surfaces coated with covalently grafted
collagens, shown in Figure 4a. After 5 min at 30 �C, cells
exhibited spherical shapes indicating that the cells were
readily detached from the substrate. This suggests that
physically attached collagens might have delaminated
from the substrates during swelling. Hence physisorbed
collagen could not offer enough adhesion for cells
during mechanical actuation.

Figure 4a is a set of fluorescence images of calcein
AM-stained hTERT-FHs showing the effect of top layer
formulation on cell adhesion before and after ex-
tended actuation. The top layers were prepared by
copolymerization of AA and NIPAM with the molar
ratio of 1:0, 1:1, and 1:2, respectively. After being
cultured for 3 days, cells were spread out and healthy
as shown in Figure 4a (top panel), except for the case of
the AA:NIPAM molar ratio of 1:2. To further demon-
strate the cellular behavior in response to mechanical
deformation induced by NIR, in our future work we will
perform immunostaining to visualize any change of
focal adhesions in response to force imposed by this
nanocomposite in conjunction with NIR. Nevertheless,
after sitting for 2 h at 30 �C and experiencing repeated
mechanical deformation by pulsed NIR, cells still ad-
hered well to the substrates, with the exception of
the one whose top layer has a high content of PNIPAM
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(AA:NIPAM= 1:2). The failure of the 1:2 ratio substrate is
due to the combination of an insufficient amount
of grafted collagen on the surface, which results from
a low concentration of PAA, and a large-volume ex-
pansion, which results from a high concentration of
PNIPAM swelling below the LCST. Consequently, in-
adequate cell adhesion and large dimensional change,
together with greater hydrophilicity at the swollen
state, lead to poor cell adhesion.

Figure 4b1 contains a set of thermal images taken
by an IR camera showing the temperature maps of the
top surface of the bilayer nanocomposite substrate
during cyclic irradiation. Figure 4b2 displays the tem-
perature measured at the center of the exposed area.
As can be seen, the temperature profile of the bilayer
nanocomposite in water can be readily adjusted by NIR
pulsing.

Water will be secreted out during deswelling when
the substrate is heated above its LCST under NIR
irradiation. As a result, more FWCNT-doped PNIPAM
will be pulled into the area that is under laser illumina-
tion. This leads to faster heating and a higher tempera-
ture rise. In the absence of NIPAM in the precursor that
forms the top layer, there is only a small amount of
shrinkage above the LCST and consequently even less
PNIPAMwill be exposed to the NIR irradiation and thus
be heated. This results in a factor of 3 reduction in
temperature rise in response to NIR exposure, as can be
seen in Figure 4b2. Nevertheless, if there is too much
PNIPAM and not enough PAA in the top layer, cells will
not adhere well due to insufficient collagen for ade-
quate cell adhesion and large and abrupt shrinkage
upon cooling below the LCST as demonstrated in
Figure 4a in the case of AA:NIPAM = 1:2. We have
found the optimized formulation is a 150-μm-thick
top layer prepared from a monomer solution with
the molar ratio of AA:NIPAM = 1:1. In order to have
force effectively transmitted from the bottom layer to
the top surface and then onto the cells, it is important

that the entire nanocomposite can mechanically de-
form in response to NIR as one, as depicted in Figure 3b2.

LCST, Surface Modulus, and Visualization of Dynamic NIR
Response with Polystyrene Beads. The effect of an addi-
tional top layer and collagen grafting on the LCST was
studied by measuring the change of optical transmis-
sion as a function of temperature as shown in Figure 5a.
The LCST was estimated from the cloud point data and
was defined as the temperature that exhibits a 50%
change in transmittance.45 Since the top layer is inter-
penetrated into the bottom layer, as expected, the
presence of hydrophilic PAA shifts the LCST to higher
temperature from 33 �C to 35 �C, which is more
physiologically relevant. The collagen grafting has little
impact on the LCST.

The net change in surface modulus controls the
amount of strain and mechanical force that can be
generated. Surface moduli were obtained from the ball
indentation data onwetted substrates belowand above
the LCST. The force�displacement curves frommeasur-
ing the contact force required to cause the indentation
(displacement)46 are shown in Figure S6. The surface
moduli displayed in Figure 5b were estimated after the
corrections to address the overestimation of the mod-
ulus from the Hertz contact model when applied to thin
samples and the consideration that samples are bound
to a rigid substrate (i.e., glass coverslip).47,48 Owing to
covalent linkages and uniform distribution, as little as
0.02 wt % FWCNTs in the mechanoresponsive bottom
layer can lead to almost 3 times enhancement of the
elastic modulus, i.e., from 36 kPa to 100 kPa at 25 �C and
from 164 kPa to 406 kPa at 37 �C. There is a marginal
reduction of surface stiffness after adding the thin top
layer and grafting collagen. Nevertheless, these surfaces
are much softer than conventional polystyrene Petri
dish (5.4 GPa from the same measurement technique)
for stem cell culture and differentiation. Table S1 tabu-
lates the elastic modulus of each substrate below and
above the LCST.

Figure 4. (a) Fluorescence images of calcein AM-stained hTERT-FHs on the bilayer nanocomposite with the collagen-grafted
top layer that was prepared using different monomer compositions (AA:NIPAM= 1:0, 1:1, and 1:2). Images were taken before
and after a 2 h actuation at 30 �C after incubating for 3 days. (b1) Thermal images of the bilayer nanocomposite in response to
pulsed laser irradiation (980 nm, 200 mW, 0.033 Hz). (b2) Temperature profiles of the bilayer nanocomposites with the top
layer prepared from AA:NIPAM = 1:0, 1:1, and 1:2.
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We employed green fluorescent polystyrene latex
beads with a diameter of 10 μm to determine if NIR
pulsing can induce spatial- and temporal-specific force.
It is known that cells will generate traction force in
response to stiffness change and strain,49�51 leading
to complexity in the evaluation of the dynamic NIR
response of a substrate. Beads can move passively
under a force field. Figure 5c contains a set of fluores-
cence images showing the relative bead position with
the laser on and off. Beads can be moved apart and
back reversibly under a pulsed NIR of 0.05 Hz. At the
heating center, the strain can reach 60% within 10 s,
indicated by the point-to-point distance between bead
1 and 2 with ImageJ (version 1.48). The displacement
between bead 2 and 3 in the peripheral region is
observed to be 30%, whereas the overall constriction
(i.e., elastic deformation of the image, as defined by the
ImageJ plugin bUwarpJ)52 in the field of view is only
10%. The analysis images are shown in the Supporting
Information, Figure S8. This result confirms that spa-
tiotemporal force can be generated reproducibly
using the nanocomposite substrate in conjunction
with NIR. To the best of our knowledge, this is the first
demonstration of a material platform enabled by
nanotechnology that can generate spatially controlled
force sequences.

Beam Spreading and Intensity Attenuation from Theory
and Experiments. Since NIR was used to induce strain/
deformation produced by deswelling PNIPAM in an
aqueous media, the effect of water on heat transfer
and beam spread was investigated. A thermal influx
with a beamdiameter of 3mm and a power of 200mW
was used to emulate the optothermal effect of a NIR
laser. Figure 6a is a COMSOL (version 4.3) simulation
result comparing temperature profiles of a dry (in air)
vs hydrated (in water) substrate (porous PNIPAM

matrix, thermal conductivity 0.025 W/(m 3 K), heat ca-
pacity 1395 J/(kg 3 K), density 1100 kg/m3) under NIR
irradiation.

When the dry substrate is placed in air, within a 15 s
irradiation, the temperature of the bottom will rise to
41 �C. The top surface can also reach 41 �C. The beam
spot size will remain more or less the same. On the
other hand, when the same substrate is immersed in
water, due to higher thermal conductivity of water
(0.6 W/(m 3 K) (water) vs 0.025 W/(m 3 K) (air)), the tem-
perature of the bottom will rise to 40 �C after a 15 s
irradiation, and the effective beam size was 1.5 times
greater than the original spot size. The highest tem-
perature that the top surface can reach is about 36 �C.

In addition to the thermal-related intensity loss,
various optical factors such as scattering and refraction
can further attenuate the intensity and thus lower the
temperature rise, and also diffuse the beam. We chose
a 1.5-mm-thick bottom layer, the minimum thickness
to provide sufficient deformation. Figure 6b1 contains
the temperature profiles of the top surface of our
current bilayer nanocomposite substrate in air and in
water. After 15 s, the central temperature at the surface
of the substrate in air can reach 42 �C, whereas the
central temperature at the surface of the substrate in
water is about 37 �C. Since the aforementioned simula-
tion did not consider the optical effect, one would
expect that the experimental data that include both
thermal and optical factors should show noticeably
less temperature rise. On the contrary, the experimen-
tal temperature rise (37 �C) is slightly higher than what
the simulation predicts (36 �C), suggesting that the
optothermal effect generated by CNTs is more effec-
tive than conventional thermal influx.

Figure 6b2 contains the radial temperature profile
of the substrate surface and the corresponding

Figure 5. (a) Transmittance vs temperature. (b) Surfacemoduli using indentationwith a ball radius of 1.5mmand indentation
depth of 90 μm. The standard deviation is calculated from five different samples for each substrate. (c) Fluorescent bead
spatial distribution under NIR pulsing (980 nm, 200 mW, 0.05 Hz). Beads are labeled for clarity. Scale bars: 20 μm.
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modulus profile calculated from the experimental
elastic moduli data. Due to a nonlinear response, the
area generated by strain is smaller than, if not similar to,
the NIR exposed area. Since state-of-the-art optical
tools can readily produce the beam diameter of a laser
in the submicrometer region, it is expected that sub-
cellular force can be applied to cells for polarization as
an example.

Cell Shape Changes in Response to NIR Actuation. While a
great deal of research has been focused on the influ-
ences of shear flow and surface stiffness on cell behavior,
few approaches have been developed to engineer
spatially and temporally controlled forces that canmimic
the in situ environment towhich cells are exposed. Using
NIR stimulation of the bilayer nanocomposite substrate
creates engineered forces with spatiotemporal control.
Figure 7 contains representative fluorescence images
demonstrating that cell shape is expanded and con-
tracted in sync with NIR-induced nanocomposite swel-
ling and deswelling. Thermal energy induced by NIR
irradiation will heat the bottom layer nanocomposite
above the LCST and thus cause shrinkage around
the laser-exposed area. The generated compression
force can be transmitted onto cells and lead to cell shape
changes. Consistently, an average of 50% lateral shrink-
age in the image sets (Figure 7) is obtained at the center
of irradiation, while in the adjacent area roughly 30%
shrinkage is observed. (The analysis details can be found
in Figure S9.) Cells were still alive after extended NIR
actuation, implying that both the substrate and the NIR
influx do not cause significant cell apoptosis throughout
the culturing and actuation process.

A platform that can exert programmed time- and
space-dependentmechanical forces is highly desirable
for a fundamental investigation of mechanical cues on
phenotypic development and regulation of cell func-
tion. For example, it has been hypothesized that low

shear force coupled with continuous perfusion, mim-
icking the native hemodynamics, can promote the
maintenance of liver function in vitro.53 In the current
experiment, a single “point” laser was employed to
apply localized stimulation. A spatial light modulator
allows the formation of time-specific force patterns that
are otherwise difficult to create. This platform, which
can generate localized heating and impose spatiotem-
poral forces, offers at least four distinct advantages over
the electrical resistive heating approach. First is the
ability to induce localized heating from nanoscale
domains without involving complicated fabrication
of a pixelated heating pad array required for electrical
heating. Second is fast heating and cooling due to
uniform distribution of highly thermally conductive
CNTs. Third is nanoheaters being covalently bound
with the polymeric hydrogel so that they can act as

Figure 7. Fluorescence images of calceinAM-stained hTERT-
FHs on the bilayer nanocomposite substrate upon laser
illumination (980 nm, 200mW) for 1min. Scale bars: 100 μm.

Figure 6. Temperature profile of the bilayer nanocomposite. (a) Modeling results of the effect of water on beam dispersion
and heat loss. (b) Experimental results of heat loss and the beam dispersion and calculated modulus profile of the bilayer
nanocomposite's top surface.
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one to produce a large and reversible mechanore-
sponse under NIR stimulation. Fourth, the effective
heating spots can be obtained with a much higher
resolution (i.e., with evenly distributed nanotubes)
than that of a pixelated heating pad (typically 150
by 150 μm). The creation of this platform thus paves
a pathway to recapitulate the dynamic cellular environ-
ment to study cell differentiation. This NIR mechano-
responsive nanocomposite can be exploited for differ-
ent biomedical applications such as drug delivery,
biopumps, and biovalves, all of which will benefit from
remote/versatile NIR actuation.

CONCLUSIONS

Wehave designedmacromonomer-grafted FWCNTs
for uniform dispersion of FWCNTs and for the forma-
tion of covalent linkages between FWCNTs and a
thermoresponsive PNIPAM matrix. Only 0.02 wt %

FWCNTs is needed to reinforce the polymeric hydrogel,
e.g., a 36 kPa (pure hydrogel) to 100 kPa (0.02 wt %
FWCNT loading at 25 �C) improvement in elastic mod-
ulus, and to generate an appreciable and reversible
mechanoresponse. We have fabricated the bilayer nano-
composite substrate by incorporating a cell-seeding
layer that interpenetrates into the bottom layer with
the top surface functionalized with collagens. We have
demonstrated that mechanical deformation can be
generated reproducibly by monitoring the motion of
fluorescent polystyrene beads under NIR pulsing. More
significantly, we have demonstrated that cell shapes
can be altered with no apoptosis and that cells remain
attached to this substrate during extended cyclic
mechanical deformation. To the best of our knowledge,
this is the first demonstration of a nanomaterial platform
that can generate engineered physical forces with high
spatial resolution with remote NIR stimuli.

METHODS
Synthesis of MacroAA-g-FWCNTs. FWCNTs were kindly provided

by J. Liu (Duke University). To purify and render surfaces more
hydrophilic, FWCNTs were put into 5 M HNO3 and sonicated
for 30 min, followed by rinsing with deionized water. Samples
were isolated using a 0.22 μm filter paper (PVDF Durapore
Membrane Filter, Millipore) and subsequently vacuum-dried.
Acrylic acid (AA, Sigma-Aldrich) was purified by distillation prior
to use. The synthetic approach for macroAA-g-FWCNTs was
adapted from our previously published method for PAA-g-
CNTs.41 Briefly, purified FWCNTs were mixed well with purified
acrylic acid and acetone. Cysteamine (Sigma), an aminomer-
captan chain transfer agent, and azobis(isobutyronitrile) (AIBN,
Sigma-Aldrich) were then added to perform the precipitation
polymerization at 70 �C under N2 overnight. To further modify
the polymer chain with a terminal methacrylamidyl group,
the product was redispersed in tetrahydrofuran (THF, Sigma-
Aldrich) and reacted for 2 h with methacryloyl chloride
(Fluka Analytical) and triethylamine (Sigma-Aldrich). MacroAA-
g-FWCNTs were filtrated, rinsed with THF followed by deionized
water, and then vacuum-dried.

Characterizations of MacroAA-g-FWCNTs. 1H NMR analysis was
performed on an Avance 500 spectrometer (500 MHz, Bruker)
in CDCl3; tetramethylsilane (1H NMR) was used as the internal
standard. Morphologies of macroAA-g-FWCNTs and FWCNTs
were viewed under scanning electron microscopy (SEM) using
a FEI XL30 (Philips) operating at 20 kV. Transmission electron
microscopy (TEM) was also performed on macroAA-g-FWCNTs
with a JEM-2010 FEF microscope (JEOL) working at 200 kV.
Thermogravimetric analysis of the powder of macroAA-g-
FWCNTswas carried out on an SDTQ600 system (TA Instruments)
under N2 flow at a ramping rate of 10 �C/min. Purified FWCNTs
and PAA (MW 1800, Aldrich) were also tested.

Bottom Layer Formation. To fabricate the NIRmechanorespon-
sive bottom layer only, a glass coverslip was dabbed with
3-(trimethoxysilyl)propyl methacrylate (Aldrich) and baked
at 90 �C for 30 min. The macroAA-g-FWCNT (0.025 wt %)
suspension was blended into a precursor solution of NIPAM
(Sigma-Aldrich), ethoxylated (20) trimethylolpropane triacrylate
SR415 (Sartomer Co.), and N,N,N0 ,N0-tetramethylethylenediamine
(Sigma-Aldrich). The concentration of NIPAM is 1.2 mol/L. After
purging with N2 for 30 min, the solution was poured into a
Teflon mold with a flat silicon wafer placed on the bottom.
Subsequently, ammonium persulfate (Sigma-Aldrich), the initia-
tor, was added before placing the treated coverslip on the top.
To generate patterns, a patterned Si wafer was used in the mold
instead of the flat one. A series of patterns (150 μm square with

the height of 10 μm) on the Si wafer were transferred onto
the substrate surface via imprinting. To facilitate lifting after the
substrate formation, both the flat and the patterned Si surfaces
were coated with RainX to render them more hydrophobic. The
PNIPAM hydrogel blended with FWCNTs and the pure PNIPAM
hydrogel were also prepared using the same procedure.

Examination of Optothermal Effect of the Bottom Layer Nanocompo-
site. The patterned bottom layers fully swollen in PBS solution
(pH 7.4) were subjected toNIR pulsing (980 nm, 200mW) using a
laser (LDC 210C, series 200, Thorlabs) at a frequency of 0.033 Hz,
illuminating from the bottom surface (as shown in Figure 3a).
The snapshots were taken by an Infinity X-32 digital camera
(Lumenera Corporation), and area fluctuations were measured
with the Infinity Analyze software (version 6.1.0) for the calcula-
tion of lateral shrinkage.

Bilayer Nanocomposite Fabrication. The top layer precursor solu-
tion was prepared by mixing purified AA with NIPAM, SR415,
ammonium hydroxide (BDH Chemicals), and isopropyl alcohol
(BDH Chemicals). The AA:NIPAM molar ratio in the precursor
solution was 1:0 (the concentration of acrylic acid is 1.8 mol/L),
1:1, and 1:2, respectively. In a Teflon mold, the top layer pre-
cursor solution was evenly applied to the bottom, followed
by adding APS. After 5 min, the bottom precursor solu-
tion mentioned above mixed with APS was placed onto the
partially polymerized top layer. A treated coverslip was
then gently applied. All the precursor solutions were degassed
with N2 prior to placing them into the mold. The bilayer
nanocomposite consisting of a gray-colored bottom layer
with a thin whitish surface was formed after 3 h. After rinsing,
the bilayer nanocomposite was stored in PBS solution at room
temperature.

Collagen Grafting onto the Top Surface of the Bilayer Nanocomposite.
To graft collagen, the bilayer nanocomposite was first soaked
for 2 h in a PBS solution of 1 mg/mL N-hydroxysuccinimide
(Aldrich) and 10 mg/mL N-(3-(dimethylamino)propyl)-N0-
ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich), in
order to fully activate the carboxylic groups from PAA on the
surface of the top layer. The nanocomposite was then trans-
ferred into a bovine collagen type I solution (PureCol 3.1mg/mL,
Advanced Biomatrix) and let sit overnight at room temperature.
The collagen-grafted bilayer was sanitized in 70% ethanol for
30 min first and was then exposed to germicidal UV irradiation
(UV�C 30 W, USHIO) in a biosafety cabinet (Labconco) for
30 min. The sterilized nanocomposite substrate was preserved
in PBS solution at 37 �C in a CO2 incubator (VWR) prior to use.
The bilayer nanocomposite without EDC/NHS activation was
also prepared and soaked in a collagen solution.
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Determination of the LCST. Optical transmission as a function
of temperature was measured using a UV�visible absorbance
reader (SpectraMax M2e, Molecular Devices). Each substrate
was immersed in PBS (pH 7.4) in a cuvette until equilibrium was
reached. The temperature was increased in 0.5 �C increments,
and the transmittance at 600 nm was recorded 5 min after
the temperature had reached the designated temperature. The
LCST was defined as the temperature that offers a 50% change
in transmittance. The average LCST was calculated from three
independent scans.

Surface Modulus Measurements. Swollen (25 �C) and deswollen
(37 �C) substrates are tested in a custom-built ball-on-flat
tribometer with the interface software written in LabVIEW
(National Instruments) by A. Martini (University of California�
Merced). A silicon nitride beadwith a radius of 1.5mmwas used
as the ball indenter. Each loading/unloading cycle was carried
outwithin 10 s. Amodified Hertzmodelwas employed to obtain
the surface modulus using contact force curves plotted against
indentation depth. The fitting equations are as follows.

E ¼ ψEH

EH ¼ 3(1 � ν2)Findenter
4R1=2δ3=2

ψ ¼ 1þ 2:3ω

1þ 1:15ω1=3 þR
R

h

� �
ωþ β

R

h

� �
ω2

where R is the radius of indenter, δ is the indentation depth, and
h and ν are the thickness and Poisson's ratio of the substrate,
respectively. A correction factor ψ was applied to adjust the
Hertz modulus (EH).
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Cyclic Temperature Profiles of Bilayer Nanocomposites. The surface
temperature of a bilayer nanocomposite substrate with differ-
ent top layer prepared from the AA:NIPAMmolar ratio of 1:0, 1:1,
and 1:2 was monitored by an IR camera (SC600, FLIR Systems)
during NIR pulsing (980 nm, 200 mW, 0.033 Hz). The change of
temperature at the center of the laser exposure was recorded.

NIR Actuation of Fluorescent Beads. Green fluorescent poly-
styrene latex beads with a diameter of 10 μm (Magsphere Inc.)
were added into the top layer precursor solution before poly-
merization. The bilayer nanocomposite in PBS solution was
subjected to NIR pulsing (980 nm, 200 mW, 0.05 Hz) at 30 �C.
Images of bead movement due to the lateral shrinkage of
PNIPAM above the LCST were captured using a confocal laser
scanning microscope system (Eclipse Ti, Nikon).

Investigation on Heat Transfer by Simulation. A porous PNIPAM
matrix (thermal conductivity 0.025 W/(m 3 K), heat capacity
1395 J/(kg 3 K), density 1100 kg/m3) was built with COMSOL
(version 4.3, COMSOL Inc.) to visualize the heat transfer process
for both dry and hydrated conditions by finite element analysis.
A 3-mm-diameter thermal influx (200 mW) was confined at
the bottom for 15 s. Both size and dose are identical to the
laser power used in the experiment. The surface temperature
contour was then constructed accordingly. The strain profile
was demonstrated using the surface modulus as a function of
temperature, as shown in Figure S7.

Cell Seeding and Actuation. Human telomerase reverse tran-
scriptase-reconstituted human fetal hepatocytes from M. Zern
(University of California�Davis) were seeded on the top of
sterilized nanocomposite substrates and then incubated at
37 �C in 5% CO2 for 3 days. The culture medium composed of
Dulbecco's modified Eagle's medium (DMEM, Invitrogen) con-
taining 10% fetal bovine serum (FBS, Invitrogen), 2.4 μg/mL
hydrocortisone (Sigma), 5 μg/mL insulin (Sigma), 50 units/mL
penicillin, and 50 μg/mL streptomycin (Invitrogen)54 was re-
freshed on a daily basis. On the fourth day, cells were stained
with cell viability dyes, comprising 2 μmol/L calcein AM and
4μmol/L EthD-1 (Invitrogen), at 37 �C for 30min.Nanocomposite
substrates were then washed with PBS before subjected to NIR
irradiation (980 nm, 200mW) at 30 �C. Cell imageswere acquired
using a Nikon Eclipse Ti confocal microscope. Cell morphology
change was calculated with ImageJ (version 1.48, NIH).
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