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Collagen is a key fibrous protein in biological systems, character-
ized by a complex structural hierarchy as well as the ability to
self-assemble into liquid crystalline mesophases. The structural
features of collagen influence cellular responses and material
properties, with importance for a wide range of biomaterials and
tissue architectures. The mechanism by which fibrillar collagen
structures form from liquid crystalline mesophases is not well
characterized. We report positive printing of collagen and a
collagen-like peptide down to 30–50-nm line widths, using the
atomic force microscopy technique of dip-pen nanolithography.
The method preserved the triple-helical structure and biological
activity of collagen and even fostered the formation of character-
istic higher levels of structural organization. The ‘‘direct-write’’
capability of biologically relevant molecules, while preserving their
structure and functionality, provides tremendous flexibility in
future biological device applications and in proteomics arrays, as
well as a new strategy to study the important hierarchical assembly
processes of biological systems.

The controlled construction of supramolecular inorganic,
organic, and biological materials is an area of intense re-

search. Nature accomplishes the construction of well organized
materials through the process of self-assembly, relying on non-
covalent and covalent interactions between relatively small
precursor molecules (1). This ‘‘bottom-up’’ approach to su-
pramolecular organization, driven by self-assembly, leads to
unusual and important properties in biologically derived mate-
rials. Although these processes are not well understood, they
seem to be critical in the biological assembly of complex material
systems such as tough mineralized matrices (organic-inorganic)
in shells and bone to complex architectures in extracellular
matrices (organic-organic).

One approach that can be taken to gain additional insight into
these processes is to simplify complex three-dimensional assem-
blies into two-dimensional (2D) patterns. Patterning a mono-
layer of precursor ‘‘director’’ molecules on length scales ranging
from nanometer to micrometer should simplify the interpreta-
tion of supramolecular assembly formation and organization (2,
3). As an example of 2D assembly, the influence of self-
assembled monolayers on cell attachment and spreading is of
fundamental and applied importance (4). These processes are
mediated by proteins in the extracellular matrix (ECM), such as
fibronectin, laminin, and collagen. Command over attachment of
cells to a surface relies on orientational control of ECM protein
surface adsorption and molecule conformation (5–7). This re-
lationship between surface features and cells directly influences
cell metabolism, communicated from membrane (integrin) re-
ceptors via cytoskeletal and biochemical networks to influence
cell growth and extracellular matrix formation. This control has
important implications in areas such as single cell manipulation,
toxicology, and drug screening, as well as biomaterial structures
and function (8).

Collagen is a useful molecule to pattern because of its fibrillar
assembly and organization in vivo and in vitro, an ability to form
liquid crystalline mesophases, and its architectural influence on

a wide range of biomaterials and tissue architectures ranging
from fibrous connective tissues and bone to mesh-like basement
membranes (9). The basic helical repeat (glycine-proline-
hydroxyproline and variants on this repeat) drives hierarchical
assembly programmed at the level of primary sequence leading
to complex structural arrays. Additionally, collagen-like model
peptides, in lieu of the larger native proteins, have the advantage
of being ‘‘sequence-specific’’ while at the same time mimicking
the triple-helical nature of the collagen molecule, often stimu-
lating the same cell behavior as the native and longer counter-
parts (10–12). Thus, valuable insights into collagen patterning
behavior can be examined by constructing various collagen-like
model peptides whose repetitive sequence is altered in a sys-
tematic pattern (13).

A variety of surface-patterning molecular lithographic tech-
niques has been explored to achieve two-dimensional organiza-
tion of molecules (14). Microcontact printing (�CP; refs. 15–17),
atomic force microscopy (AFM)-based techniques of dip-pen
nanolithography (DPN; refs. 18–20), and scanning probe lithog-
raphy (21, 22) have been used successfully in the preparation of
structures on the nanometer- to micrometer-length scales. We
report positive printing at the nanometer scale of large free-
standing collagen and collagen-like peptide molecules by means
of DPN. These molecules have been patterned with line widths
as small as 30–50 nm, the largest molecules thus far positively
printed on a surface at such small-length scales. Additionally,
hierarchical self-assembly may be induced by means of the DPN
method as a result of the combination of AFM tip contact and
surface frictional forces. It is hypothesized that a localized
concentration of solution occurs as the tip translates the surface.
The thin needle-like shape of the tip is able to induce a confined
liquid crystalline-like organization in a process similar to fiber
drawing. Writing with large polymers, such as collagens and
collagen-like peptides, provides new options in materials
patterning and function, as well as insight into molecular
self-assembly.

Materials and Methods
Preparation of Au (111) Substrates. Substrates were prepared by
using muscovite green mica wafers (Ted Pella, Redding, CA).
The mica was coated with �300 nm of 99.99% Au (Electron
Microscopy Sciences, Fort Washington, PA) by means of evap-
oration with a thermal evaporator. The Au substrates were either
used immediately or stored under dry sterile conditions for no
longer than 10 days.
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Preparation of Thiolated Collagen. Thiolation of the collagen was
achieved by using lyophilized rat tail tendon collagen (Roche
Molecular Biochemicals) at a concentration of 2 mg�ml recon-
stituted in 1.0 mM HCl, pH 3.0 (23, 24). The pH was maintained
throughout the experiment to sustain collagen solubility. Cys-
tamine (Sigma) was added to a concentration of 1.0 M, and
initiation of the reaction was through the addition of 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (ECD) (Sigma) to a con-
centration of 2.0 M. The reaction ran for 3 h at 4°C with stirring
and then was dialyzed extensively against 4 liters of 1.0 mM HCl
also at 4°C. The collagen was then reduced by addition of DTT
(Sigma) to a final concentration of 6.0 mM for 20–30 min at 4°C.
Again, extensive dialysis against 4 liters of 1.0 mM HCl (pH 3.0)
was performed. Collagen concentrations of �1.0 mg�ml were
used for DPN experiments.

Solid Phase Ab Binding. Collagen-patterned substrates were
washed with 3% BSA in PBS, pH 7.4, containing 0.02% sodium
azide as blocking buffer. Substrates were then soaked in the
blocking solution for 20 min at room temperature. Rabbit
anti-mouse collagen primary Ab (Research Diagnostics,
Flanders, NJ) solution at a 1:50 dilution in blocking buffer was
incubated with the substrates in a humidified atmosphere for
2 h. The substrates were again washed with blocking buffer
solution as before. Alexa Fluor 488 goat anti-rabbit IgG (H �
L) conjugate (Molecular Probes) secondary Ab solution at 5
�g�ml in blocking buffer was incubated with the substrates as
with the primary Ab for 20 min. The substrates were washed
extensively after incubation with the blocking buffer to remove
any unbound Ab.

Circular Dichroism (CD) Spectroscopy of Collagen and Collagen-Like
Peptides. The triple-helical structure of collagen and collagen-
like peptides was monitored by means of CD studies. Solution-

state CD studies were performed on a Jasco (Easton, MD) J-710
Spectropolarimeter. Solution concentrations were 1 mg�ml of
protein in water, with a path length of 0.1 cm at 25°C. For the
collagen, spectra were taken before and after thiolation to detect
structural changes. CD spectra were analyzed by using a neural
network-based deconvolution program, CDNN (25), and com-
pared with literature values.

Preparation of Collagen Peptide. A collagen-like peptide
[Cys(Glu)5(GlyAlaHypGlyProHyp)6(Glu)5, where Hyp is hy-
droxyproline] was synthesized via f-moc chemistry (Tufts Univ.
School of Medicine Core Protein Chemistry Facility) and dis-
solved in �40 mg�ml of aqueous solutions. The triple-helical
content of the peptide was determined by CD as described
earlier.

AFM Tip Preparation. The AFM tips were ‘‘inked’’ by dipping into
aqueous solutions of the modified protein or the peptide. The
AFM tip was immersed in a �40-mg�ml aqueous solution of
peptide or �1 mg�ml of 1 mM HCl aqueous solution of the
thiolated native collagen (pH 3.0). For most experiments, coat-
ing the Si tip was unnecessary, and the tip was immersed in the
solution for �2 min (26).

Atomic Force Microscope Imaging and Manipulation. All imaging and
lithography were performed in TappingMode on a Dimension
3100 Nanoscope III with TappingMode etched silicon probes
(TESP), rotated TESP, or IBM Super cone probes (ISCP)
(Digital Instruments, Santa Barbara, CA). TESP probes have a
cantilever length of 225 �m and a spring constant of 1–5 N�m.
Rotated TESP AFM tips have the same spring constants and
cantilever lengths as the TESP probes except that the tips rotated
at a 15° angle so that high-aspect ratio features can be more easily

Fig. 1. Phase image of thiolated collagen on Au substrate. The uniform deposition and 120 � 1.6 nm line widths can be easily visualized. The AFM tip was
immersed in �1 mg�ml of 1 mM HCl aqueous solution of the thiolated native collagen (pH 3.0). DPN was performed at a force 0.1 nN with a scan rate of 0.002
Hz. Imaging was achieved in a 6-�m scan width at a rate of 2.0 Hz on Au-evaporated surfaces. Repeated scanning in tapping mode did not disturb the patterned
images.
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visualized. ISCP probes cantilever length is 125 �m with a spring
constant of 50–200 N�m developed specifically to measure
high-aspect ratio features. Parallel lines were made at forces
varying from 0.50 nN and a step of 0.05 nN with a scan rate of
0.002 Hz. Imaging was achieved in a 3-�m scan width at a rate
of 2.0 Hz.

Near-Field Scanning Optical Microscopy (NSOM). NSOM ref lective
mode images of the collagen patterns were obtained with an
NSOM operating under ambient temperatures and pressures
by using an NSOM-100 Digital Instruments Interface Module
and Integrator (Nanonics, Phoenix) coupled with a Nikon
optical microscope under electronic control of a Nanoscope
IIIa Scanning Probe Microscope Controller (Digital Instru-
ments). Scanning probe cantilevered near-field optical tips
(Nanonics) at an average resonant frequency of 139 kHz were
used. The f luorescence was excited through the NSOM tip with
the 488-nm line of a Coherent Innova Enterprise II argon ion
laser (Coherent Radiation, Palo Alto, CA). Imaging of mol-
ecule patterns was obtained in tapping mode at an approxi-
mate rate of 1.0 Hz.

Results
Nanolithography of Collagen. The spatially controlled patterning
of thiolated collagen molecules is evident in Fig. 1. Lithography
of the collagen molecule on a variety of length scales was
accomplished indicating that large-molecule patterning can
cover a range up to �100 �m in length and �800 nm in width
per line. Small-dimension lines of 30–40 nm in width and 100 nm
in length were written on the gold substrates at a spacing of 250
nm by using DPN techniques in Fig. 2; however, higher levels of

organization at these line widths were not observed. The thio-
lation modification of collagen was necessary to ensure coupling
to the gold surface. The sulfhydryl addition results in firm
attachment of the collagen to the gold substrate as verified by
repeated washing of the surface, creating a stable surface
pattern. No persistent patterning was observed in the absence of
the thiolation.

The use of tapping-mode AFM for the imaging and lithogra-
phy was essential as a result of the sensitivity of proteins to the
shear and frictional forces required to interrogate the surface in
contact mode. The results demonstrate that tapping mode can be
successfully used with DPN to fabricate large biological mole-
cules on surfaces. Complementary in sensitivity to the friction
image obtained with the AFM operating in lateral force mode or
contact mode (27) is the phase image obtained in tapping mode.
Because both phase and friction images are highly sensitive (28),
it is important to verify that the desired molecules are deposited
and that the image is not a result of solvent deposition during the
lithography process (27).

The collagen type I triple helix is �3000 Å long and �14 Å

Fig. 2. Phase image of patterned collagen at 30 � 4.6-nm line widths. Lines
were achieved by using probes with a cantilever length of 125 �m with a
spring constant of 50–200 N�m developed specifically to measure high-aspect
ratio features. Phase images are obtained by mapping the phase of the
cantilever oscillation during the tapping-mode scan. Therefore, phase imag-
ing detects variations in composition, adhesion, friction, and viscoelasticity.
Imaging was achieved in a 3-�m scan width at a rate of 2.0 Hz.

Fig. 3. Top and surface plot views of a topography image of modified
collagen molecules deposited on Au substrates at varying forces by using the
same tip inked once in collagen solution. Note the 35°, 65-nm periodicity
observed along the long axis of the lines, as well as the 300-nm height of the
molecules. Rotated TESP AFM tips have a cantilever length of 225 �m and a
spring constant of 1–5 N�m rotated at a 15° angle so that high-aspect ratio
features can be easily visualized. Parallel lines were made at forces varying
from 0.50 nN and a step of 0.05 nN with a scan rate of 0.002 Hz. Imaging was
achieved in a 3-�m scan width at a rate of 2.0 Hz. Scan angle did not change
the directional orientation of the patterns.
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wide. Topography image data revealed heights up to �300 nm
(Fig. 2). Because the triple helix of the collagen molecule can
be modeled as a rigid rod, the length of the molecule ener-
getically favors orientation along the long axis of the AFM tip.
Although the higher height values observed correspond to the
collagen height recognized for the length that can be main-
tained as rigid rods (50–200 nm) (9), it is possible for the
molecules to sample a variety of orientations relative to
the surface as a result of the multiple thiol groups decorating
the chains. This conclusion is supported by the helical repeat
observed in Fig. 3.

The helical architecture of the patterned two-dimensional
assembled proteins is particularly striking (Fig. 3). A periodicity
of 65 � 3.4 nm at a 35 � 0.7° angle is evident along the long axis
of the patterned lines, suggesting that the patterning process
drives the regular helical structural organization of the molecules
(29). One explanation for this observation is that as a first
molecule comes into contact with the gold substrate through a
diffusive process, a large portion of the molecule is still inter-
acting with tip-associated molecules. As the tip translates across
the surface, the next molecule is pulled into alignment with the
previous molecule already on the surface based on natural
self-assembly mechanisms involved during the hierarchical as-
sembly of collagen in vivo. Furthermore, the similarity of this
observed higher-order helical pattern, with the characteristic
64-nm repeats observed for native collagen assemblies by elec-
tron microscopy, suggests that native-like hierarchical assembly
of the collagen is preserved and perhaps even facilitated during
the nanopatterning process. When compared with AFM images
of the same collagen solution dropped from bulk solution onto
the Au surface, no regular patterns or periodicities were ob-
served (data not shown). The additional fact that the helical
periodicity of the lines does not change with alterations in tip
force further suggests a native assembly process arising from the
lithographic technique.

Verification of Active Collagen Conformation via NSOM. To deter-
mine whether the patterned proteins retained native collagen-
like structure, and thus biological activity, reactions with a
collagen-specific primary Ab and a secondary f luorescent Ab
specific for the primary were used to probe the nanopatterns.
Preliminary f luorescence studies demonstrated that the mod-
ified collagen was specifically labeled (data not shown), ver-
ifying that the protein retained specificity and epitope display
after thiolation. Patterned images taken after Ab labeling via
NSOM revealed f luorescence image spacing matching the line
spacing obtained in the original topography image of the
pattern before Ab binding (Fig. 4), confirming retention of Ab
reactivity after lithographic patterning as well. This specificity
in recognition by a collagen-specific Ab after thiolation and
nanopatterning is critical as a segue into advanced materials
patterning with biological relevance. These data also suggest
a means for ‘‘trapping’’ or ‘‘docking’’ molecules that otherwise
might present difficulties in patterning directly, but in which
organized arrays are desirable. In other words, nanopatterns
could be used to guide the deposition and assembly of addi-
tional assemblies into three dimensions.

Nanolithography of Collagen Model Peptides. Nanolithography of a
collagen-like peptide was also accomplished at line widths of
�30–40 nm and lengths of 100 nm with a 250-nm spacing, as
well as for larger surface areas (Fig. 5). The central region of
the peptide, similar to the primary amino acid sequence found
in native collagen, corresponds to the triple-helical domain
and contains a glycine at every third position and a high
proportion of proline and hydroxyproline in the second and

Fig. 4. AFM topography image of collagen patterns without Ab binding (A);
an NSOM topography image of same collagen pattern with Ab binding (B);
and an NSOM image of same collagen pattern with Ab binding (C). NSOM
fluorescence image was obtained at an excitation wavelength of 488 nm, and
lines observed in C correspond to Ab fluorescence. Fig. 5. Topography image of a collagen-like peptide for lines 1 �m in length

and 30-nm in width. The collagen-like peptide [Cys(Glu)5(Gly-
AlaHypGlyProHyp)6(Glu)5, where Hyp is hydroxyproline] was dissolved in �40
mg�ml of aqueous solution. The triple-helical content of the peptide was
determined by CD before patterning. The uniform height observed in the
topography images corresponds to the �15-nm height of the peptide triple
helix. DPN was performed in the same manner as described for the collagen
molecule.
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third positions. An N-terminal cysteine was incorporated for
chemisorption to the Au substrate. Attachment was estab-
lished by means of washing and reimaging experiments of the
patterned regions, resulting in both reproducible topography
and phase images.

The collagen-like peptides spontaneously assembled into
homotrimeric triple helices in aqueous solution as confirmed
by CD. These peptides may, therefore, be modeled as rigid rods
and are expected to behave in much the same manner as the
collagen molecule with respect to orientation along the long
axis of the AFM tip. A simple calculation of rise per residue,
as compared with that of the native collagen triple-helical
domain, results in an estimated height of �15 nm for the
polypeptides. This height corresponds to the 12–17-nm heights
observed in topography images of the collagen-like peptide-
patterned Au substrates, indicating the presence of these
molecules in the nanoarrays and the terminal end contact of
the molecules with the surface.

Discussion
The suggestion that the DPN lithographic process might facili-
tate native self-assembly processes could lend further insight to
how such processes occur and offer options for extending this
capability to other self-assembling molecules. The nature of the
molecular organization in the patterns should be influenced by
humidity, temperature, and concentration, and future work
should explore these variables in a systematic manner.

Additionally, nanopatterning of collagen molecules has
significant implications in extending DPN technology to mol-
ecules of biological importance as well as polymers in general.
The sensitivity of these types of biological molecules to
thermally induced structural changes (e.g., denaturation)
makes the DPN lithographic method ideal in comparison to
harsher techniques such as ion-beam-based lithography.
Specific nanopatterned arrays of collagen might be used to
induce an assembly network of collagen scaffoldings to medi-
ate cell attachment processes, organized as optical gratings
because of their ability to form liquid crystalline phases, and
as guest-host systems for other biological or nonbiological
components. For example, recent success with high-density
spatial arrays of proteins at �0.2 mm resolution (30) to study
protein function would benefit from the orders of magnitude-
improved resolution described in the present study for higher
density arrays achieved by ‘‘writing.’’ The findings that DPN
can be used to pattern collagen and collagen-like peptides at
the nanoscale offers new options for this technique in a variety
of fundamental and applied areas of materials science and
biology.
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