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B
iological cells sense and respond to
local environmental conditions, includ-
ingphysical features such as nanowires,

nanopillars, nanofibers, and nanotubes.1,2

The presence of such features creates a
“bio-interface” that can enhance cell adhe-
sion and survival,3�5 hinder cell migration
and swimming,6,7 guide cell polarization
and alignment,8�10 alter the structure of
microbial biofilms,11�13 and promote cell
differentiation.14,15 These properties are
important for the performance of medical
devices,16,17 energy recovery devices such
as microbial fuel cells,18,19 and materials
that resist biofouling.12,20

Length scale is a key consideration in the
design of bio-interfaces, especially when
using nanomaterials more than 2 orders of

magnitude smaller than biological cells,
such as carbon nanotubes (CNTs). Cells
naturally make use of subcellular struc-
tures at the scale of tens to hundreds of
nanometers in order to explore and com-
municate with their environment. Exam-
ples include filopodia in mammalian cells
and flagella in bacteria.21,22 Collagen fi-
bers, and other components of the extra-
cellular matrix (ECM), are also produced by
cells at this same scale.1 We therefore
hypothesize that superior bio-interfaces
can be created by addition of secondary
features at the scale of subcellular struc-
tures, that is, tens to hundreds of nano-
meters. Accordingly, we developed a
methodology for addition of a secondary
structure to CNT films. CNTs are of particular
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ABSTRACT Biological cells often interact with their local environ-

ment through subcellular structures at a scale of tens to hundreds of

nanometers. This study investigated whether topographic features

fabricated at a similar scale would impact cellular functions by

promoting the interaction between subcellular structures and nano-

materials. Crinkling of carbon nanotube films by solvent-induced

swelling and shrinkage of substrate resulted in the formation of ridge

features at the subcellular scale on both flat and three-dimensional

substrates. Biological cells grown upon these crinkled CNT films had

enhanced activity: neuronal cells grew to higher density and displayed greater cell polarization; exoelectrogenic micro-organisms transferred electrons more

efficiently. The results indicate that crinkling of thin CNT films creates secondary mesoscale features that enhance attachment, growth, and electron transfer.
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interest due to their distinctive electrical, thermal, and
mechanical properties, their ease of application as
coatings on diverse substrates, and their capacity to
confer topographical cues.23�26 In neural engineering,
both homogeneous and micropatterned CNT-coated
surfaces are known to support neuron attachment,23,27

facilitate measurement of neuronal electrophysiol-
ogy,24,28,29 and guide formation of neuronal net-
works.9,30 In microbial electrochemical systems, such
as microbial fuel cells (MFCs), CNT-coated bioelec-
trodes promote both microbial colonization and col-
lection of electrons.18,19

The morphology of a CNT thin film coating is typi-
cally determined by its fabrication process.31 When
these films are formed by direct growth, the CNTs align
vertically away from the substrate.27,32 When a solu-
tion coating process is used for fabrication of the CNT
film, the CNTs lie flat upon the substrate following
its contours.18,33 Lithography-based methods enable
manipulation of CNT film morphology at the micron
scale, either by patterning of the catalyst for direct CNT
growth or by patterning of an adhesion layer to guide
CNT coating.27,30 Other researchers have used drawing
techniques to orient bundles of CNTs on substrates
intomicron-scale networks.9More recently, a stretching-
based technique for surface topography manipulation
has been applied onto CNT thin films to create micron-
scale anisotropically wavy morphology.34�36 All of

the above methods for modification of CNT film mor-
phology result in micron-scale features.
To improve the CNT bio-interface, secondary fea-

tures that can connect to subcellular structures, such as
filopodia in mammalian cells or flagella in bacteria,21,22

are intriguing to test according to our hypothesis.
The scale of these substructures can be classified
as “mesoscale”: less than the micron-scale features
created by methods described above but larger than
the nanometer diameters of individual CNTs. Topogra-
phical features at this intermediate scale have strong
effects on bacterial colonization.11 Methods for syn-
thesis of mesoscale CNT features are currently lacking,
and we know of no prior reports on the effects of
mesoscale CNT structures upon the nanomaterial bio-
interface. Here, we report a simplemethod for addition
of mesoscale morphology to CNT thin films. We intro-
duce mesoscale topography by crinkling CNT films
on 2D and 3D substrates by solvent- or solution-based
isotropic swelling and shrinking of the substrates.
We then test the resulting bio-interfaces for growth of
neuronal cells and exoelectrogenic micro-organisms.

RESULTS AND DISCUSSION

To add mesoscale morphology to CNT films, we
begin by solution coating a substrate, such as poly-
urethane (PU), with a CNT thin film (Figure 1a). The
coating layer is conformal and attaches strongly to the

Figure 1. Creatingmesoscale crinklymorphologyon carbonnanotube (CNT) thinfilm. (a) Schematic of the two-step approach
including expansion of CNT-coated substrate in a first solution (e.g., acetone) and shrinkage in a second solution
(e.g., deionized water). Conformally coated CNTs irreversibly stretch with new contact points formed during the expansion
of the substrate. When the substrate recovers to its original size, the CNT thin film buckles upward, formingmesoscale crinkly
ridges. (b,c) Tilt (45�) scanning electron microscope images show the CNT thin film before (b) and after (c) the swelling-and-
shrinking treatment.
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substrate at multiple points of contact. The original
topography is shown in Figure 1b. A simple and
scalable two-step process is then used to generate
mesoscale morphology. In the first step, the CNT-
coated substrate is immersed in a liquid solvent, such
as acetone or an acetone/water solution, and allowed
to swell. Molecules from the liquid phase diffuse into
gaps between polymer chains, and the substrate ex-
pands to a desired size. During expansion, individual
CNTs slide through the CNT film, exposing more CNT
surface to the substrate and creating additional points
of contact (Figure 1a, middle). In step 2, the swollen
substrate is immersed in a shrinkage solvent, such as
deionized water. Molecules exit gaps in the polymer
chains, and the substrate shrinks to its original dimen-
sions.37,38 Shrinkage releases strain, and instead of slid-
ing back to initial flat film morphology, sections of
the CNT thin film buckle upward between points of
contact, creating a crinkly ridge morphology reminis-
cent of anticline folds in geology (Figure 1a, right).39,40

The height of these ridges falls well within the meso-
scale domain, ranging from tens of nanometers inwidth

and hundreds of nanometers in height with lengths of
up to a fewmicrons (Figure 1c). To our knowledge, this
is the first report of a methodology for creation of such
morphology on CNT thin films. Further surface char-
acterization by Fourier transform infrared spectroscopy
(FT-IR) in attenuated total reflectance (ATR) mode and
X-ray photoelectron spectroscopy (XPS) showed no
detectable changes in surface functional groups upon
such morphology generation by acetone treatment,
and no detectable acetone residue was left after the
shrinkage (Supporting Information Figure S1).
The dimensions of the crinkly morphology are tun-

able by controlling the swelling�shrinking process.
For PU, expansion of polymer sheets proceeds to
equilibrium within 2�4 h. Increasing the percentage
of acetone in the swelling liquid increases the extent of
expansion at equilibrium: an increase in acetone levels
from 25 to 100% increases expansion from 3 to 21%
(Figure 2a). Despite these large differences in the
extent of expansion, swollen PU substrates subjected
to different acetone treatments return to their original
dimensionswhen submerged indeionizedwater for 4 h.

Figure 2. Controlled crinkling of CNT thin films on polyurethane (PU) sheet and sponge. (a) Dimension changes of the
CNT-coated PU sheets during expansion in acetone�water solutionswith varied acetone compositions (25, 50, 75, and 100%)
followed by shrinking in deionizedwater. The dashed line indicates replacement of the acetone�water solution by deionized
water. SEM images (b�e) and atomic force microscope (AFM) images (f) of the crinkly CNT thin films after the swelling-and-
shrinking process. The percentages of acetone during expansion are noted in the top-right corner of the images. (g) Root
mean square roughness of CNT thin films obtained by analyzing AFM images (f) with the XEI image processing software.
(h) As-prepared CNT-coated PU sponge showing the 3D porous structure. (i�k) SEM images of CNT-coated PU sponge
after swelling and shrinkage. The CNT thin film near the joint area of the sponge framework developed a randomly crinkly
morphology (j), while the CNT thin film far away from the joint area revealed a more aligned wavy morphology with
propagation of ridges normal to the orientation of the struts (k).
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Both the extent of expansion and the initial expansion
rate increase linearly with increasing acetone composi-
tion (Figure S2). Greater expansion results in more
obvious crinkly morphology (Figure 2b�e). As acetone
concentrations increase from 25 to 100%, the width of
the ridges decreases from a few hundreds of nanome-
ters to tens of nanometers, while the height increases to
hundreds of nanometers. Such changes are uniform
across a larger area (Figure S3). No CNTs peel off from
the PU sheets during the swelling-and-shrinking pro-
cess, indicating the strong van der Waals interaction
between the CNTs and the PU substrate. To more
accurately assess changes in ridge height at different
acetone concentrations, we used atomic force micro-
scopy (AFM) to measure the peak-to-peak amplitude
of the crinkly morphology. Values increased from tens
of nanometers at an acetone concentration of 25% to
300�500 nm in pure acetone, while the nontreated
sample is relatively flat and uniform (Figure 2f). The root
mean square roughness of the CNT film (Figure 2g) is
consistent with this trend. Overall, these results indicate
that thedimensions of the surface features canbe tuned
by controlled expansion of the PU sheet, and that the
extent of expansion is a function of the composition
of the liquid used to create swelling and time allowed
for swelling.
The swelling-and-shrinking protocol is also easily

applied to 3D substrates, such as sponge;a preferred
scaffold for tissue engineering and for bioelectrodes.
When a CNT-coated PU sponge (Figure 2h) was sub-
jected to swelling and shrinking, crinkled CNT thin films
formed on both the joints and struts (Figure 2i�k).
Crinkling at joints resulted in randomly aligned ridges
(Figure 2j), and crinkling on struts resulted in waves of
parallel ridges aligned normal to the orientation of the
strut (Figure 2k). A plausible explanation is that these
features are the result of uneven strain distribu-
tion during sponge expansion: multidirectional strain
at the joints generates the random crinkling morphol-
ogy; unidimensional strain within the struts results
in the aligned wavy morphology. To test this hypothe-
sis, we clamped a coated PU sheet so as to con-
strain its expansion to a single direction (Figure S4a).
Constrained expansion results in an aligned wavy
morphology (Figure S4b), while unconstrained expan-
sion retains a random morphology (Figure S4c). These
differences are apparent in orientation maps that use
color to differentiate surface feature angles. Aligned
features appear as a single color (Figure S4d), whereas
random alignments appear as a diversity of colors
(Figure S4f), consistentwith the angle distribution plots
for these samples (Figure S4f).
CNTs are promising nanomaterials for nerve tissue

regeneration,41�43 but an effective bio-interface is cri-
tical for the actual performance. The crinkled ridge
morphology of CNT thin films can potentially facilitate
cellular interaction. Mammalian cells initiate interaction

with nanoscale features, such as CNTs, through filopo-
dia, substructures that are 100�300 nm in diameter and
a few microns in length.21 Crinkled CNT ridge features
have comparable dimensions. To assess the potential
use of crinkled CNT films as nanomaterial�neuron
interfaces, we evaluated neuronal cell growth on CNT
films with crinkled mesoscale topography.
Rat embryonic hippocampal neurons were plated

on four different substrates, including a CNT-coated
PU sheet treated with 100% acetone (CNT-PU-100),
a CNT-coated PU sheet treated with 50% acetone
(CNT-PU-50), an as-prepared CNT-coated PU sheet
(CNT-PU-0), and a plain PU control. After 24 h in vitro

culture, cells were stained by membrane marker Cell-
Mask Deep Red and nucleus marker Hoechst 33342 for
morphology visualization and cell counting. Figure 3a
shows the stained nucleus of cells attached to dif-
ferent substrates. The quantity of the nucleus marker
is proportional to the number of cells. For control
substrates, more cells attached to CNT-U-0. This is
consistent with previous reports of enhanced cell
attachment to CNT-coated surfaces.27,30,44�46 After
crinkly morphology generated by acetone treatment,
even though the same number of cells was plated on
all substrates, appreciably more cells attached to
crinkled CNT films than to CNT-PU-0. Moreover, as
the number of crinkled ridge features increased, more
cells attached. Neuron density of CNT-PU-50 was 1.3-
fold that of CNT-PU-0 and that of CNT-PU-100 was 1.7-
fold greater than CNT-PU-0 (Figure 3d). A similar trend
was observed for the cell membrane marker (Figure
S5). These results indicate that addition of mesoscale
morphology using crinkled CNT thin films facilitates
the attachment and survival of neurons.
Another important aspect of neuronal interactions is

polarization of shape. Neuronal cells are highly polar-
ized with numerous protrusions. In a typical in vitro

culture of hippocampal neurons on flat substrates, a
polarized morphology gradually establishes after 48 to
72 h.47 Neuronal cells cultivated on a crinkled CNT
substrate establish a highly polar morphology after
just 24 h (Figure 3b). Numerous neurites protrude from
the cell body on the crinkled surfaces CNT-PU-50
and CNT-100, whereas cells grown on noncrinkly sub-
strates (PU only and CNT-PU-0%) retained a round,
unpolarized morphology. These differences indicate
that the mesoscale ridge features of crinkly CNT films
are beneficial to neuron development. Others have
reported outgrowth of neurites on “flat” noncrinkly
CNT films,23 but crinkly mesoscale ridge morphology
in CNT-PU-100 stimulates neurite outgrowth, with an
increasing number of neurites and greater extension
as compared to CNT-PU-0 (Figure 3b of zoomed-in
area and Figure S5 of broader view). Higher-resolution
SEM images (Figure 3c) also support the conclusion
that mesoscale CNT ridge features stimulate polari-
zation. We speculate that neuron polarization and
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axon formation might be stimulated when filopodia
extended from unpolarized hippocampal neurons en-
counter crinkled CNT ridges of similar scale.48,49 This
could explain why neuron cells cultured on crinkled
CNT substrates undergo polarization more rapidly
than those grown on smooth CNT surfaces. Our spec-
ulation is supported by high-resolution SEM images
of neuron cells cultured on CNT-PU-100 (Figure 3e),
where the neurites connect to crinkled CNT ridges but
not to neighboring flat CNTs.
The conductive feature of the CNT networks enables

the crinkled CNT thin film to be applied as a bioelec-
trode in bioelectrochemical systems, such as microbial
electrochemical cells. Microbial electrochemical cells
convert chemical energy into electrical energy by the
catalytic activity of micro-organisms referred to as
exoelectrogens.50�53 Exoelectrogens growing on a
bioanode collect electrons by oxidizing electron do-
nors (e.g., glucose) and transfer electrons extracellu-
larly to the bioanode. An affinitive electrode surface
with high conductivity and biocompatibility for ex-
tracellular electron transfer is essential to bioelec-
trode performance. The CNT-coated substrates used
for the fabrication of bioanodes provides a surface
that is attractive for both attachment and collection of
electrons.18

To investigate the effect of the crinkled CNT films
with mesoscale ridge features on extracellular elec-
tron transfer, we prepared four different bioelectrode
samples, including CNT-PU-100, CNT-PU-50, CNT-PU-0,
and PU control. We monitored current over 40 days
of operation with these samples as the bioanodes in
a traditional H-shaped two-chambered MFC with a
platinum cathode for oxygen reduction (Figure 4a).
The results indicate that crinkled CNT films improve the
collection of electrons fromexoelectrogens and enable
greater current generation. Bioanodes with crinkled
CNT films achieved higher current densities than the
CNT-coated PU anode. The charge flow supported
by the CNT-PU-50 anode was 38% greater than the
CNT-PU-0 anode, and the charge flow supported by
the CNT-PU-100 anode was 68% greater. Using linear
staircase voltammetry, maximum current densities
were 0.9 A/m2 for the CNT-PU-0 anode, 1.4 A/m2 for
the CNT-PU-50 anode, and 2.4 A/m2 for the CNT-PU-
100 anode. The CNT-PU-50 anode was 1.5-fold higher
than the CNT-PU-0 anode, and the CNT-PU-100 anode
was 2.6-fold higher (Figure 4b). Maximum current
densities of these CNT-coated PU electrodes are com-
parable to that of the previous reported CNT-coated
sponges when normalized to the actual electrode
surface.19

Figure 3. Culturing hippocampal neurons on PU sheets with crinkly CNT thin film. Immunostaining of hippocampal neurons
with (a) Hoechst 33342 as nucleus marker for cell counting and (b) CellMask Deep Red as membrane marker for cell
morphology visualization on substrates with gradient crinkly morphology (from left to right: PU only, CNT-PU-0, CNT-PU-50,
and CNT-PU-100). (c) SEM images of hippocampal neurons cultured on the above substrates. (d) Cell density of the above
substrates measured by nucleus staining (error bar: standard error of the mean; p value: t test). (e) High-magnification SEM
images of neurites on CNT-PU-100 substrates (left) and the zoom-in images of its contacting point (right). (Neurite is in
pseudocolor.)
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To investigate the electron transfer properties of
different bioanodes, we carried out electrochemical
impedance spectroscopy tests.54 Resistance to elec-
tron transfer, as indicated by the semicircle diameter in
the Nyquist curves (Figure S6a), was significantly less
with crinkled CNT thin films compared to uncrinkled
films.Without inoculation, theNyquist curves for crinkled
and uncrinkled films were the same (Figure S6b),
but after inoculation, the curves changed, indicating
enhanced interaction between exoelectrogens and the
crinklyCNT thinfilm. SEM images indicate that the crinkly
CNT thin film morphology is rough and facilitates exo-
electrogen attachment, enabling strong interactions
with the CNT film (Figure 4c�f and Figure S7). Microbial
bio-nanowires and CNT ridge structures at the same
scale interconnect to form an integrated network.

Bio-nanowires are known to be highly conductive
and can directly and efficiently transfer electrons from
attached micro-organisms to an electrode.55�58 Micro-
bial growthwas not observed on theplain PU sheet, and
the plain PU sheet control anode showed little activity
for electron transfer or current generation.

CONCLUSION

We conclude that crinkling of carbon nanotube
films by swelling and shrinking of CNT-coated sub-
strates creates mesoscale ridge features (300�500 nm
in height and tens of nanometers in width). These
features can serve as a useful interface to subcellular
components, enhancing cell attachment, growth, dif-
ferentiation, and electron transfer. We envision a wide
range of applications.

EXPERIMENTAL METHODS
Carbon Nanotube Ink Preparation and Coating. Aqueous carbon

nanotube ink was prepared by dispersing single-walled CNTs
(1 mg/L, Carbon Solutions, Inc., P3-SWNT) in water with sodium
dodecylbenzenesulfonate (10 mg/L, Sigma-Aldrich) as a surfac-
tant. The dispersion process includes 5 min of bath sonica-
tion and 30 min of probe sonication. Polyurethane sheets or
sponges (McMaster-Carr) were first pretreated with oxygen
plasma for about 5 min to improve the surface hydrophilicity.
Coating CNTs onto PU sheets were conducted by a simple
Meyer rod coatingmethod, while CNT-coated PU sponges were
prepared by a dipping-and-drying approach.18,59

Swelling and Shrinking. To create crinkly morphology of the
CNT thin film, CNT-coated PU sheets or sponges were first
dipped into an acetone�water solution with various acetone
compositions (25, 50, 75, or 100%). The CNT-coated PU sheets
or sponges swelled along with time. After equilibrium, they
were immerged into deionized water until recovering to their
original sizes. Finally, treated PU sheets or spongeswere dried in
air for more that 24 h. Scanning electron microscope (SEM)

images of the CNT thin film before and after the treatments
were taken by FEI Nova NanoSEM. Alignment analysis of SEM
images was performed using ImageJ with OrientationJ plug-
in.60,61 Surface scanning for morphology analysis was done in
Park AFM (XE-70) with noncontact mode. The AFM images were
analyzed by XEI image processing software. XPS and FT-IR were
performed by XPS/ESCA (SSI S-Probe, monochromatized Al KR
radiation at 1486 eV) and Thermo Scientific Nicolet iS50 FT-IR
spectrometer, respectively.

Neuron Cell Culture. Embryonic hippocampal neurons were iso-
lated from E18 rats according to previously published protocols62

and then dissociated and plated on 0.2mg/mL poly-L-lysine-coated
CNT films, where the CNT films were presterilized in 70% ethanol.
After beingmaintained in neurobasal medium supplemented with
B27 and L-glutamine for 24 h, theneuronswere stainedbyCellMask
Deep Red and Hoechst 33342 and then fixed by 4% paraformalde-
hyde. Optical and fluorescent imageswere taken by Leica DMI6000
B microscope. Samples for SEM were pretreated by a fixing and
critical point drying process18 and imaged by field emission scan-
ning electron microscope (FEI Nova NanoSEM).

Figure 4. Use of PU sheets with crinkled CNT thin films as anodes in amicrobial fuel cell (MFC). The H-shaped two-chambered
MFCwas inoculatedwith domestic wastewater and fed a glucosemedium (1 g/L). Four anodes include a CNT-coated PU sheet
treatedwith 100%acetone (CNT-PU-100), a CNT-coated PU sheet treatedwith 50%acetone (CNT-PU-50), an as-preparedCNT-
coated PU sheet (CNT-PU-0), and a plain PU control. (a) Current generation of different anodes for 40 days. The red arrows
indicate replacement of the glucose medium. The total charge flows achieved by the CNT-PU-100 and CNT-PU-50 are 68 and
38% greater than that achieved by CNT-PU-0. (b) Linear staircase voltammograms of different anodes indicate maximum
current densities. Compared to CNT-PU-0, the CNT-PU-100 and CNT-PU-50 achieved 2.6-fold and 1.5-fold higher current
output. (c�f) SEM images of micro-organisms on the crinkly CNT thin film, showing strong interaction between themicrobial
bio-nanowires and the buckled CNT ridge structures.
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Microbial Fuel Cell Setup, Operation, and Characterization. A tradi-
tional H-shaped two-chambered microbial fuel cell was con-
structed as described previously.18 Four anode samples (1 cm�
1 cm), including a CNT-coated PU sheet treated with 100%
acetone (CNT-PU-100), a CNT-coated PU sheet treated with 50%
acetone (CNT-PU-50), an as-prepared CNT-coated PU sheet
(CNT-PU-0), and a plain PU control, were tested simultaneously
in the same anode chamber. Stainless steel meshes were
applied as current collectors. The cathode was carbon cloth
(2 cm� 5 cm, projected area of 20 cm2, Fuel Cell Earth LLC, MA)
with a catalyst layer (0.5 mg/cm2 10 wt % Pt on XC-72). The MFC
was inoculated with domestic wastewater from the Palo Alto
Regional Water Quality Control Plant and fed a glucose solution
(1 g/L). The anolyte was replaced when the current production
was significantly declined, indicating the depletion of glucose.
Voltages across 1 kΩ external resistors were recorded. Electro-
chemical characterizations on the four anodes (WE) were carried
out using a BioLogic VMP3 potentiostat�galvanostat. The coun-
ter electrode was Pt, and the reference electrode (RE) was a
double junction Ag|AgCl|KCl (3.5M) electrode. Linear staircase
voltammetries were applied by increase the WE potential from
�0.5 to 0.5 V vs RE by 25mV each time and recording the current
after 3min for equilibrium. Electrochemical impedance spectros-
copy tests were conducted at the OCV in the frequency range of
105 to 0.1 Hz with a 10 mV peak-to-peak sinusoidal potential
perturbation, and the results were reported as Nyquist plots.
Anode samples for SEM were pretreated by a fixing and critical
point drying process18 and explored by FEI Nova NanoSEM.
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