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We report nanofabrication of protein dot and line patterns using
a nanofountain atomic force microscopy probe (NFP). Biomolecules
are continuously fed in solution through an integrated microfluidic
system, and deposited directly onto a substrate. Deposition is
controlled by application of an electric potential of appropriate
sign and magnitude between the probe reservoir and substrate.
Submicron dot and line molecular patterns were generated with
resolution that depended on the magnitude of the applied voltage,
dwell time, and writing speed. By using an energetic argument and
a Kelvin condensation model, the quasi-equilibrium liquid–air in-
terface at the probe tip was determined. The analysis revealed the
origin of the need for electric fields in achieving protein transport
to the substrate and confirmed experimental observations sug-
gesting that pattern resolution is controlled by tip sharpness and
not overall probe aperture. As such, the NFP combines the high-
resolution of dip-pen nanolithography with the efficient continu-
ous liquid feeding of micropipettes while allowing scalability to 1-
and 2D probe arrays for high throughput.

arrays � atomic force microscopy � nanolithography � patterning �
nanofabrication

Nanodeposition techniques have many applications in biology
and the life sciences. The ability to spatially orient and

immobilize biomolecules on a substrate is valuable to the
development of genomic and proteomic profiles of cells (1), drug
screening, and biosensing (2, 3), which require precise high-
density arrays of biological material. By reducing array spot size,
less sample volume is needed because statistically, every analyte
molecule will sample the entire capture surface at a greater rate
(4). To fabricate nanoscale structures, biomolecules conjugated
to nanowires can be patterned to direct their assembly (5, 6).
Moreover, nanoscale studies of protein and cell functions, which
are often mediated by ligand–receptor binding, require a device
capable of precisely delivering proteins and observing the re-
sponse (7). For example, immobilized ligand templates for cell
binding can be created by patterning specific adhesive and inert
sites. Here, protein clustering in cell focal adhesion occurs at 5-
to 200-nm length scales; hence, delivery of material at this scale
allows many relevant physiological single cell studies (8).

Functional biomolecule arrays have been realized in a number
of ways. Dip-pen nanolithography (DPN) was used to deposit dry
proteins with sub-100-nm resolution (9, 10). Here, commercial
atomic force microscopy (AFM) probes were chemically modi-
fied to achieve sufficient coverage of proteins dried on the probe
tip. Proteins then diffused from the tip to the substrate as it
transcribed a pattern. The tips required recoating once ex-
hausted of proteins. DPN was also used to pattern chemical
templates upon which proteins were later assembled from solu-
tion (11, 12). Similarly, substrates were locally charged (13) or
ionized (14) by applying an electrical bias to the probe, followed
by protein assembly on the modified regions. Electrically biased
probes have also been used to locally oxidize the substrate,
creating binding sites for proteins diffusing from the probe tip
(15). For direct protein deposition from buffer solution, electric
fields have generally been applied to pipette-type devices to

assist transport by electrophoretic or electro-osmotic flow with
somewhat coarser 450-nm to 2-�m resolution (16–18). Electro-
spray systems using relatively strong electric fields have been
applied to produce submicron features either through creation of
a well-defined electrohydrodynamic jet from a nanopipette (19,
20) or by spraying through a dielectric mask (21) or onto a
surface with localized fields to direct assembly (22).

The nanofountain probe (NFP) (23–25) offers a unique
combination of patterning resolution, efficiency, and generality
in its ability to directly pattern a wide variety of molecular species
in solution. Examples are the direct deposition of gold nano-
particles (26) and DNA (27) with resolution up to 100 nm. Direct
deposition in solution (e.g., buffer) is especially significant when
patterning proteins, whose function can be highly sensitive to
their environment. The NFP incorporates 4 fluid reservoirs,
each supplying 6 cantilevered delivery probes via enclosed
microchannels (Fig. 1A), such that direct parallel molecular
patterning of liquid solutions can be performed uninterrupted
for long periods. The probe tips consist of an aperture formed
from a volcano-like shell surrounding a pyramidal core tip with
a radius of �200 nm (Fig. 1B). The third-generation NFP chips
are batch-fabricated (23–25) on 4-in silicon wafers for use in a
commercial AFM.

In this article, we report deposition of protein molecules
[positively charged IgG and negatively charged biotinylated BSA
(biotin-BSA)] controlled through application of an electric field
between the NFP and substrate. Initial demonstrations of basic
protein deposition are presented, followed by a study of the
effects of patterning parameters (e.g., applied bias and dwell
time). As we show later through modeling, feature size with the
NFP is controlled by the sharpness of the core tip rather than the
aperture diameter as in pipette devices. Implications of this
finding on fluid transport and ultimate resolution are discussed.

Results and Discussion
In all electric field-driven patterning experiments, the substrate
was grounded while the relative sign and magnitude of the
voltage applied to the NFP reservoir was controlled by using a
voltage source. The applied bias was held constant while the NFP
transcribed the desired pattern as guided by the AFM in contact
mode. Unless otherwise specified, the substrate consisted of a
self-assembled monolayer of 16-mercaptohexadecanoic acid
(MHA) on gold-coated silicon. Patterning was conducted at
35–60% relative humidity (RH), although it is reasonable to
assume that deposition would also be possible beyond this range,
as in the case of DNA patterning via NFP (27).
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Examples of IgG and biotin-BSA patterns generated with the
described field-driven technique are shown in Fig. 1 c–e. Dot
arrays and line features of IgG were initially patterned on MHA
substrates, because IgG is known to electrostatically bind to
carboxyl-terminated thiols such as MHA (11). Although depo-
sition was possible, extraneous aggregates of protein often
formed outside the designed feature locations. We hypothesize
that high protein mobility on the substrate, due to weak elec-
trostatic interactions and complex electric field contours, al-
lowed some of the biomolecules to migrate away from the main
feature. To reduce mobility, stronger antibody–antigen binding
in the form of anti-BSA IgG deposition on BSA-coated sub-
strates was tested in place of electrostatic immobilization. Fig. 1C
shows an array of anti-BSA IgG dots patterned on a BSA
substrate with 8-s dwell times at 5-V bias. These IgG dots were
up to 66% smaller than those patterned under similar conditions
on MHA, likely because of reduced surface mobility with
specific antibody–antigen binding. Rodolfa et al. (18) also ob-
served reduced feature sizes in pipette deposition when exploit-
ing biotin–streptavidin binding in place of electrostatic interac-
tions. Carboxyl-terminated thiols (e.g., MHA) have also proven
effective in immobilizing negatively charged BSA (28, 29). Fig.
1D shows an array of biotin-BSA dots patterned on MHA at
�1.5-V bias. Fig. 1E shows a set of parallel lines of biotin-BSA
patterned on MHA with a translation rate of 80 �m/s at �2-V
bias. After these initial demonstrations of protein deposition
under electric field, a more detailed study of the underlying
transport mechanisms and the effects of patterning parameters
(e.g., dwell time and applied bias) was conducted to better
understand and optimize the process.

Transport of biomolecules through the liquid column between
the probe tip and the substrate can occur because of different
mechanisms. Without application of an electric field (Fig. 2A),
protein deposition was sporadic and not very repeatable. For
example, several lines of IgG were deposited on an MHA
substrate at relatively low speeds of 0.8 �m/s. However, these
lines were discontinuous and nonuniform in width. Further-
more, discrete dot patterns could not be made with dwell times
ranging from 2 to 180 s. When the NFP reservoir was negatively
biased relative to the substrate (Fig. 2B), IgG deposition was not
observed. By contrast, controlled IgG deposition was possible
when the NFP was positively biased (Fig. 2C). These observa-
tions suggest that the dominant protein transport mechanism

through the NFP is not diffusion but rather electrophoretic
(EPF) or electro-osmotic flow (EOF).

The repeatability for a given set of patterning parameters was
tested. Fig. 3 shows a row of dots of biotin-BSA deposited on
MHA with constant dwell time at �2.5-V bias. The dots have an
average diameter of 1.9 � 0.1 �m (n � 11). Their morphology
is also consistent and reflects that of the NFP tip, with the area
where the tip was in contact with the substrate exhibiting a
depression. As shown in Fig. 3C, the dot features were composed
of small, densely packed aggregates of protein similar to those
formed by microcontact printing (3). In general, dot features
larger than �500 nm tended to have this aggregate composition,
whereas smaller features were a solid structure (Fig. 4 A and B).

The dependence of biotin-BSA feature size on applied bias
and dwell time was investigated with voltages ranging from 0 to
�5 V. At voltages from 0 to �1.5 V, no deposition was observed
for dwell times as high as 20 s on MHA, suggesting that a

A B D

C E

Fig. 1. NFP chip and example protein patterns. (A) Optical image of a quarter section of the NFP chip. (B) SEM image of a probe aperture at the end of a
cantilever. (C) SEM image of a 2 � 4 array of anti-BSA IgG dots patterned on a BSA substrate (46% RH). (D) Tapping-mode AFM image of a 3 � 3 array of biotin-BSA
dots patterned on MHA (50% RH, height scale is 25 nm). (E) Tapping-mode AFM image and height profile of parallel lines of biotin-BSA patterned on MHA at
a translation rate of 80 �m/s (50% RH, height scale bar in profile is 20 nm).

Fig. 2. Schematic of NFP tip and possible protein-transport mechanisms.
Proteins are shown as Y-shaped IgG and are assumed to be positively charged.
The NFP walls are negatively charged (45). (A) With zero applied field, the
molecular transport is through diffusion. (B) NFP is at negative potential
relative to substrate; little or no deposition is expected. (C) NFP is at positive
potential relative to the substrate; deposition of positively charged molecules
is expected. Note the ‘‘�’’ at the NFP walls indicates positive countercharge
ions in the double layer. The estimated Debye length (�3 nm) for our solution
is much less than the microchannel dimensions (�780 nm). Therefore, the NFP
will not display ion permselective transport.
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minimum threshold voltage is required for deposition. At �1.5
V (near the required threshold), the dot diameter and height did
not depend strongly on dwell time. For example, the dots in Fig.
1D were patterned with dwell times (dot diameters) of 3 s (117 �
19 nm), 4 s (118 � 5 nm), and 5 s (151 � 12 nm) in the first,
second, and third rows, respectively. The liquid meniscus be-
tween the NFP tip and substrate takes time to reach an equi-
librium width (30). Thus, the relatively small bias and short dwell
times may allow only smaller menisci that are less stable and have
larger fluctuations [f luctuations may even be greater than their
average width (31)]. Within a �1.5- to �2.5-V range, biotin-BSA
deposition was controlled. Fig. 4 shows a row of 5 biotin-BSA
spots deposited at �2.0-V bias with decreasing dwell times. The
height of the features decreases monotonically with dwell time
and approaches that of a monolayer of protein [BSA is 4 � 4 �
14 nm (32)]. The diameter of the dots also decreases with dwell
time. Unlike the larger dots shown in Fig. 3, these comprised a
single, solid feature (see lower row of Insets in Fig. 4). Beyond
�3 V, biotin-BSA deposition became uncontrolled, with solu-
tion tending to flood a large area around the tip.

To ensure that the patterned features were composed of
protein rather than residual salt from the buffer solution, all
substrates were rinsed first in pure buffer then in NanoPure
water. Before rinsing, the height of the deposited features varied
from 9 to �80 nm, depending on their lateral size. This was due
either to protein agglomeration on the substrate or salts accu-
mulating from the buffer solution. After rinsing, the height
decreased significantly. For smaller dots, the height was consis-
tent with that of a monolayer of protein (Fig. 4A). Initially,
samples were rinsed and imaged multiple times to ensure that the
feature size did not continue to decrease with further rinsing.
The fact that the features remained intact and stable through
repeated rinsing suggests that the patterned features were, in
fact, composed of protein rather than salt from the buffer,
because the latter would have been dissolved in rinsing.

A major advantage of the NFP is its ability to preserve the
liquid state of the solution during deposition. Not only does this
greatly simplify deposition of nanoparticle sols, it is significant
for biomolecule patterning as they may be deposited in their
natural hydrated state. In previous work, the biological activity
of NFP-patterned single-stranded DNA was confirmed by hy-
bridization with complementary DNA-functionalized gold nano-
particles (27). In the present study, the activity of the deposited
biotin-BSA proteins was investigated by observing an increase in
biotin-BSA feature size due to molecular recognition after
immersion in streptavidin then biotin-IgG solutions. Biotin-BSA
was first patterned on MHA (Fig. 4, lower row of Insets). Then
the substrates were immersed in a streptavidin solution to
provide streptavidin at the biotin on the surface of the features.
Finally, the substrates were immersed in biotin-IgG solution.
Interestingly, the diameter of the patterned dots increased an
average of 29 � 4 nm (n � 7) after drying (Fig. 4, upper row of
Insets), whereas negligible height increase was observed. This
increase in diameter is consistent with a monolayer of strepta-
vidin and biotin-IgG surrounding the features (streptavidin is
5.4 � 5.8 � 4.8 nm (33) and IgG is Y-shaped 14.5 � 8.5 � 4.0
nm (34), giving a predicted diameter increase of 17.6–40.6 nm
depending on the orientation of the biotin on the IgG). We
hypothesize that the IgG lays flat upon drying of the substrate,
which is likely a favorable conformation because of the electro-
static attraction between the positively charged IgG and nega-
tively charged MHA [see supporting information (SI) Text for
further discussion and Figs. S1 and S2]. Further tests of pre-
served biological activity will be the focus of future work in which
the electric field-assisted protein-deposition technique is applied
to cell-adhesion studies.

Parallel lines were patterned by scanning the NFP at a
constant rate (Figs. 1E and 5). For example, biotin-BSA lines of
uniform width were rapidly patterned at a rate of 80 �m/s by
using an applied bias of �1.5 V or lower at 55% RH. Lines
deposited at �1.5-V bias (Fig. 5) were �170 nm in width and
composed of small, densely packed aggregates similar to those
observed in larger dot features (Fig. 3C) and in lines patterned
by microcontact printing (3). As above, patterned substrates
were immersed in streptavidin then biotin-IgG to investigate
their biological activity. Comparing Fig. 5 B and C, there is a

A

B

C

Fig. 3. Assessing uniformity of patterned features. (A and B) Height profile
(A) and tapping mode (B) AFM image of a row of dots of biotin-BSA deposited
with 5-s dwell times (50% RH). (C) SEM image of an individual spot.

Fig. 4. Effects of dwell time. (A) Height profile and (B) tapping mode AFM
image of a row of 5 biotin-BSA dots deposited with decreasing dwell times (57%
RH). The Insets above A are tapping-mode AFM images showing the diameter of
the corresponding dots before (lower row) and after (upper row) immersion in
streptavidin and then in biotin-IgG solutions (height scale is 15 nm).

A

B

C

Fig. 5. Tapping-mode AFM images of protein lines. (A) Biotin-BSA lines
patterned at 80 �m/s. Arrows indicate the translation direction. (B and C)
Images of the boxed region in A before (B) and after (C) incubation in
streptavidin and biotin-IgG. (All height scales are 25 nm).
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clear increase in the diameter of the aggregates upon immersion,
which is consistent with that observed for dot features (Fig. 4).
Deposition at rates �80 �m/s was not tested, although it is 3
orders of magnitude faster than that demonstrated by using
direct-write DPN of IgG [250-nm line widths written at 0.08 �m/s
(10)]. We believe that even higher deposition rates and, thus,
high-throughput patterning will be possible by further control-
ling the applied potential, humidity, and temperature.

To gain insight into the geometry of the liquid meniscus at the
NFP tip, a study of the equilibrium liquid–air interface at the tip
was conducted. Here, the meniscus shape and width not only
determine the lower bound of the NFP resolution but also
whether deposition occurs at all. In considering the mechanics
of protein deposition, the effects of probe tip geometry, liquid–
tip and liquid–substrate contact angles, and RH were assessed.
In the absence of external forces, the equilibrium shape of a given
volume of liquid can be determined by minimizing the total
surface energy, which is given by,

E � �
T

�TdS � �
S

�SdS � �
F

�FdS, [1]

where � denotes the surface tension, and subscripts T, S, and F
refer to the liquid–tip, liquid–substrate, and liquid–air interfaces,
respectively. Numerical computations to investigate this energy
landscape were performed by using Surface Evolver (35) to
determine the equilibrium configuration of the liquid surface as
shaped by surface tension and other energies.

For the NFP tip shown in Fig. 1B, we modeled the flow of
liquid by determining the equilibrium shape of the liquid surface
for a series of prescribed volumes starting from an arbitrary
reference volume. In this way, we obtained a series of snapshots
of a quasi-equilibrium flow of liquid to the probe tip because of
capillary force. The low-concentration protein solution was
modeled as water (36) and the contact angles of the liquid–tip
and liquid–substrate taken as variables. Fig. 6A shows the
computed total energy E as a function of prescribed volume
when both contact angles are 30°. A gap of 2 nm between the
bottom of the tip and the substrate was used in the calculations.
The volume was computed from an arbitrary reference height
and therefore should not be taken as the absolute volume of fluid
in the NFP.

The plot in Fig. 6A indicates two minimum-energy states, with
an energy well depth �E that must be overcome for the transition
to the global minimum. The corresponding sequence of liquid
configurations with increasing volume is shown as Insets in Fig.
6A. As the liquid flows along the probe aperture, the liquid–air
interface stretches across the aperture from the shell to the
protruding tip. The two minimum-energy states labeled 1 and 4
show distinctly different configurations. In state 1 there is no

liquid bridge from the tip to the substrate. Further increase in
liquid volume causes the liquid to contact the substrate (state 2)
and form a continuous column of liquid between the probe and
substrate (state 3). In state 4, the global minimum-energy state,
the column of liquid has spread to the outer shell. This state is
similar to that of pipette-type devices (16–18), and the function
of the sharp tip in preserving resolution is lost. The energy well
�E that separates states 1 and 3 is 3.71 � 10�7 erg, much too
large to be overcome by thermal fluctuations at room temper-
ature, which are on the order of kBT � 4.1 � 10�14 erg. The
height of the liquid at the tip in state 1 is 0.315 �m above the
substrate, and therefore under these conditions, there is no fluid
connecting the probe to the substrate.

In actuality, there will always be a small liquid meniscus
between the tip and substrate because of capillary condensation
if the tip is close enough to the substrate. Capillary condensation,
which corresponds to condensation of liquid bridges across small
gaps, occurs because of the pressure difference across the
interface of a curved surface (31, 37–39). It can be described by
the Kelvin equation

kBT
v

ln
p
p0

� �L� 1
r1

�
1
r2
� �

�L

rK
, [2]

where v is the molecular volume, T is the temperature, p is the
equilibrium vapor pressure, p0 is the saturated vapor pressure, r1
and r2 are the two principal radii of the curved liquid surface, and
rK is the Kelvin radius. Thus, the relative vapor pressure p/p0
plays an important role, and the water meniscus is a direct
consequence of the RH.

The largest meniscus due to capillary condensation occurs at
100% RH (p/p0 � 1). The computed liquid menisci that form
because of capillary condensation at 100% RH are shown in Fig.
2A. The heights of the menisci from the substrate are 0.20 and
0.22 �m for liquid–tip contact angles of 30° and 10°, respectively.
These heights are still too small to reach the bulk liquid in state
1. At 90% RH, the meniscus is dramatically smaller, with a height
from the substrate of 2.5 nm and a diameter on the substrate of
26 nm for a liquid–tip contact angle of 30°. These dimensions are
comparable with the lattice gas Monte Carlo simulation results
of Jang et al. (31), who reported meniscus height and width
values of �3.2 and 20 nm for an elliptic tip with a tip–substrate
distance of 2 nm at 90% RH.

Therefore, at equilibrium, there is still a substantial portion of
the tip that is not covered with liquid. This provides a plausible
explanation of the need for electric fields and EPF/EOF effects to
pattern proteins, where passive diffusion does not seem to take
place in the presence of a discontinuity in the liquid at the tip. The
experimental results confirm the meniscus stability (resolution) and
the effect of electric fields on transport. In fact, the biotin-BSA spots
ranged from �70 nm to 2 �m in diameter, which falls within the

Fig. 6. Modeling the liquid surface energy landscape. (A) Total surface energy of the liquid as a function of increasing volume. Insets show the evolution of
the liquid as a function of increasing volume. (B) Surface energies for liquid–tip contact angles of 30° (squares) and 10° (circles), for the probe tip geometry of
Fig. 1. (C) Surface energies for core tip protrusion lengths of 0.62 �m (squares), 0.5 �m (circles), 0.3 �m (diamonds), and 0.2 �m (triangles). The liquid–tip contact
angle is 30°.
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predicted meniscus diameter on the substrate through condensa-
tion (�20 nm) and the NFP aperture (2.2 �m).

The mechanism of protein patterning by NFP therefore seems
to be distinctly different from the double molecular layer model
proposed by Cho et al. (40) for DPN processes. In DPN, the
molecules exist on the AFM tip in the solid phase, and an
adsorbed layer of water promotes formation of a thin mobile
layer of molecules on top of the solid layer. In NFP patterning,
protein solutions are deposited entirely in liquid form. Although
an adsorbed water layer will form on the exposed parts of the
hydrophilic tip in addition to the condensed meniscus, the
proteins are likely too large and immobile to easily diffuse across
the thin adsorbed layer of water to reach the liquid meniscus and
therefore the substrate. An additional driving force in the form
of an electric field is required in order for the proteins to gain
sufficient mobility.

We note here an additional possible transport mechanism in
NFP patterning where the field may alter the meniscus and
thereby reduce or eliminate the gap between liquid bodies on the
tip. Electrowetting describes electric field-induced changes in
surface energy of the liquid–air and liquid–solid interfaces (41)
that alter the contact angles of the liquid and, in turn, result in
a different equilibrium position of the meniscus. This effect has
been exploited in the past, for example, to alter capillary flow in
a channel (42). Inclusion of this effect in the modeling is beyond
the scope of this work; however, it will be explored in future
studies. In more extreme cases, liquid may be ejected from the
probe by an electrospray mechanism as used for protein mass
spectrometry (43), patterning (19–22), and some forms of inkjet
printing (44). This effect is driven by the accumulation of
repulsive charges within a solution, causing an effective outward
motion of the fluid from the capillary. Although the electric
fields required for this to occur are relatively large, the locally-
concentrated fields occurring within the NFP tip may result in a
similar process. Future studies will be needed to explore this
possibility.

The presence and dimensions of the discontinuity of bulk
liquid at the NFP tip can be controlled by varying the tip
geometry and buffer chemistry and the ambient temperature
and RH. This allows us a measure of control over the stability
of equilibrium state 1 (Fig. 6A) and, by extension, the threshold
electric potential required for deposition to occur. This is
demonstrated in Fig. 6 B and C, where the effects of contact
angles and core tip protrusion distances on the total energy are
plotted. Smaller liquid–tip contact angles �T result primarily in
lower total surface energy (Fig. 6B). The depth of the energy
well, �E, does not change dramatically. However, the bulk liquid
reaches down the tip to a height from the substrate of 0.253 �m
for �T � 10°, versus 0.315 �m for �T � 30°. Including the liquid
meniscus heights calculated at 100% RH, the width of the gap
between the upper liquid body and the meniscus is reduced from
115 to �30 nm by the smaller contact angle. This suggests that
the use of a better wetting buffer would lower the electric field
required for patterning.

The core tip protrusion length affects the energy well depth
more significantly, and for a protrusion length of 0.2 �m, �E is
reduced to 5.29 � 10�8 erg from 3.71 � 10�7 erg at 0.62 �m
protrusion. In addition, at a protrusion length of 0.2 �m, the
liquid body reaches down the tip to a height of 0.107 �m above
the substrate, and therefore, at sufficient RH, the entire tip will
be covered by bulk liquid. Thus, for certain tip geometry and
buffer chemistry, passive protein patterning becomes possible
under high-humidity conditions. The above results explain the
relatively large voltages required to pattern IgG compared with
biotin-BSA, because NFPs with greater tip protrusion were used
in those experiments. For this reason, we do not make compar-
isons in the magnitudes patterning parameters between different
protein solutions. Instead we emphasize the experimental trends

within a given protein solution and NFP chip. These results
provide a framework for directing further experimental inves-
tigation toward a better understanding of the NFP patterning
mechanisms.

Conclusions
Rapid direct deposition of IgG and BSA proteins from solution
into submicron dot and line arrays was demonstrated by using a
nanofountain probe with an applied electric field. The biomol-
ecules were transported in buffer solution through an integrated
microfluidic system to an apertured probe tip. Patterning reso-
lution was found to depend on the magnitude of the applied
voltage. Resolution also depended on the type of biomolecule–
substrate interaction, with antibody–antigen binding exhibiting
more effective immobilization than electrostatic interactions.
This technique, which combines strengths of high-resolution
DPN and continuously fed micropipettes, is readily scaled to 1-
and 2D probe arrays for high throughput.

By means of an energetic argument, the quasi-equilibrium
liquid–air interface at the probe tip was determined. This,
together with a Kelvin condensation model, provided insight
into the possible mechanisms for biomolecular transport from
the NFP to the substrate. Likewise, the need for electric fields
to achieve transport of charged proteins emerged from the
analysis. Much modeling work remains to quantify the effect of
all of the variables involved in the transport, deposition, and
binding kinetics of biomolecules in fountain probe patterning
mode. However, the quasi-equilibrium analysis provides a first
step in rationalizing the experimental observations and assessing
the effect of thermal fluctuations on meniscus stability and
consequently pattern resolution.

Materials and Methods
Materials. MHA (90%), polyclonal anti-BSA IgG from rabbit, biotin-labeled
BSA, streptavidin from Streptomyces avidinii, biotin-labeled anti-mouse IgG
from goat, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), PBS,
Tween-20, and NanoPure water were purchased from Sigma–Aldrich. Alexa
Fluor 488-labeled BSA was purchased from Invitrogen.

Protein Solution Preparation. Solutions of polyclonal anti-BSA IgG were pre-
pared to a final concentration of 15 �g/ml in 10 mM Hepes buffer (pH 7.4)
with 0.02% Tween-20 nonionic surfactant. The solutions were filtered
through a 0.2-�m pore syringe filter to remove large aggregates. Alexa
Fluor 488-labeled BSA was prepared to a final concentration of 35 �g/ml in
10 mM Hepes buffer. These values are typical of protein concentrations
used in DPN studies (11, 12). Solutions of biotin-BSA, streptavidin, and
biotin-IgG were prepared to a final concentration of 50 �g/ml in 10 mM PBS
(pH 7.4). The solutions were filtered through a 0.2-�m pore syringe filter.
To test biological activity, biotin-BSA-patterned substrates were rinsed in
buffer, followed by NanoPure water. After imaging by tapping-mode AFM,
they were immersed in streptavidin solution at room temperature for 30
min, rinsed in buffer then NanoPure water, immersed in biotin-IgG for 30
min, and rinsed again.

Substrates. Substrates were prepared by evaporating �80-nm gold onto a silicon
wafer, with a titanium or chromium adhesion layer. The wafer was then cut into
pieces of desired dimensions. MHA monolayers were formed on the gold by
immersing the substrates in a 1.5 mM ethanol solution for 1–2 h, followed by
copious rinsing with ethanol. The RMS roughness of the MHA-coated substrates
was 1.3 nm as measured by tapping-mode AFM. For patterning of anti-BSA IgG
on BSA, gold substrates were directly incubated in a solution of Alexa Fluor
488-labeled BSA at room temperature for 1 h. The substrates were then rinsed in
a 10 mM Hepes buffer solution with 0.5% Tween-20 to remove protein multi-
layers before being rinsed in deionized water and allowed to dry. The substrates
were then fixed to an insulating glass slide.

Patterning and Characterization. A layer of gold �30 nm thick was sputtered
(Denton Vacuum) onto the reservoir side of the NFP (back side of the canti-
levers) to act as an electrode, whereas the volcano tips were left nonconduc-
tive. Patterning experiments were conducted in contact mode at room tem-
perature (�25°C) by using a Veeco DI 3100 AFM (Veeco Instruments) equipped
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with an nPoint 100-�m closed-loop two-axes scanner (nPoint.) and NanoScript
software (Veeco Instruments). A Keithley 4200 Semiconductor Characteriza-
tion System (Keithley Instruments) was used to apply voltage and measure
current between the gold-coated NFP reservoir and substrate. Humidity was
controlled with a commercial humidifier (Kenmore).

Unless otherwise noted, substrates were rinsed in buffer and then in
NanoPure water and dried with compressed air before imaging. Tapping-
mode AFM images were taken on a Veeco DI 3100 AFM (Veeco Instruments).
SEM images were taken by using a LEO Gemini 1525 SEM.
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