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M
icro- and nanopatterning of bio-
molecules on surfaces attracts
growing attention due to the po-

tential applications in medicine and bio-
technology.1 Applications include produc-
tion and preparation of biochips and
biosensors for diagnostics, drug discovery,
and fundamental studies of biological
processes.1,2 Different techniques have
been developed to accomplish biopattern-
ing at the micro- and nanoscale, such as soft
lithography,3�5 scanning probe
lithography,6�11 nanoimprint
lithography,12�14 and electron beam
lithography.15�17 We have previously dem-
onstrated that metal ions can be transferred
onto fluorescent SAMs using microcontact
printing (�CP) and dip-pen nanolithogra-
phy (DPN) with micrometer and submi-
crometer precision.18 Subsequent modula-
tions of fluorescent signals were visualized
in situ by using a hybrid atomic force fluo-
rescence microscope (AFFM).18,19 A poten-
tial application of metal ion patterns is their
use as a template for selective and con-
trolled immobilization of biomolecules via
a specific metal�protein interaction.20,21

Nickel(II) nitrilotriacetic acid (Ni-NTA) is
used in metal affinity chromatography
(IMAC) for purifying proteins labeled with a
short sequence of histidines.22 This Ni-NTA
system has also been adopted for fabricat-
ing biomolecule patterns on
surfaces8,11,12,23�25 due to the high affinity
(Kd � 10�13 M) of the 6His-tag to Ni-NTA26

and the oriented and reversible binding of
His-tagged biomolecules via the formation
of complexes with Ni(II) ions (or other metal
ions such as Cu(II) or Co(II)).12 However, to
the best of our knowledge, directly fabricat-
ing patterns of metal ions with lithographic
techniques as a template for immobiliza-
tion of proteins has not been reported. In

this paper, we have used NTA-terminated
SAMs (NTA SAMs) on glass substrates to
prove this concept.

In early experiments, we have used mi-
crocontact printing (�CP) to fabricate mi-
crometer scale nickel(II) ion patterns onto
NTA SAM-functionalized glass slides be-
cause of the simplicity and high-throughput
production of the �CP technique.3 The
metal ion patterned substrates were incu-
bated immediately with His-tagged protein
solutions to anchor the proteins onto the
printed areas. Subsequently, we have uti-
lized the AFFM to perform dip-pen nano-
lithography (DPN), a high-resolution pat-
terning technique,9,10,27 to scale down the
size of nickel ion patterns to the submi-
crometer scale, accompanied by direct visu-
alization of the results by AFM and fluores-
cence microscopy. Using metal ion patterns
as a template is an indirect approach to fab-
ricate protein patterns, with the advantage
that denaturation of fragile biomolecules
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ABSTRACT An indirect method of protein patterning by using Ni(II) ion templates for immobilization via a

specific metal�protein interaction is described. A nitrilotriacetic acid (NTA)-terminated self-assembled monolayer

(SAM) allows oriented binding of histidine-tagged proteins via complexation with late first-row transition metal

ions, such as Ni(II). Patterns of nickel(II) ions were prepared on NTA SAM-functionalized glass slides by microcontact

printing (�CP) and dip-pen nanolithography (DPN) to obtain micrometer and submicrometer scale patterns.

Consecutive dipping of the slides in 6His-protein solutions resulted in the formation of protein patterns, as was

subsequently proven by AFM and confocal fluorescence microscopy. This indirect method prevents denaturation

of fragile biomolecules caused by direct printing or writing of proteins. Moreover, it yields well-defined patterned

monolayers of proteins and, in principle, is indifferent for biomolecules with a high molecular weight. This

approach also enabled us to characterize the transfer of Ni(II) ions on fundamental parameters of DPN, such as

writing speeds and tip�surface contact times, while writing with the smallest possible ink “molecules” (i.e., metal

ions).

KEYWORDS: dip-pen nanolithography (DPN) · self-assembled monolayer
(SAM) · microcontact printing (�CP) · fluorescent protein · atomic force microscopy
(AFM)
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readily observed when printing or writing proteins di-

rectly is avoided.28 Enhanced green fluorescent protein

incorporating a 6His-tag (His-EGFP) was used as a

model protein. EGFP is intrinsically fluorescent when

properly folded and thus can be directly used for opti-

cal recognition. The intrinsic fluorescence is also a

marker of the structural integrity of the protein; mis-

folded or otherwise structurally damaged proteins do

not fluoresce. The AFFM enables both fabrication of

nickel(II) ion patterns and in situ observation of the fluo-

rescence and atomic force microscopy (AFM) topogra-

phy of the protein patterns. AFM measurements pro-

vide a better determination of the real size of protein

patterns as it surpasses the resolution limitation of con-

focal fluorescence microscopy. Despite the difference

in sizes of the proteins and the intermediate metal ions,

fluorescence and topographic results of the protein pat-

terns enabled us to better characterize the transfer

and diffusion on the surface of Ni(II) ions as a function

of fundamental parameters of DPN, such as writing

speeds and tip�surface contact times. In a further dem-

onstration of the general applicability of this method,

we have also patterned a higher molecular weight

histidine-tagged protein, the tetrameric reef coral fluo-

rescent protein (His-DsRed).

RESULTS AND DISCUSSION
The procedure of fabricating protein patterns by us-

ing metal ion patterns as a template is illustrated in Fig-

ure 1. Ni(II) ions were first printed with microcontact

printing (�CP) or deposited with dip-pen nanolithogra-

phy (DPN) onto the NTA-terminated SAM. Subse-

quently, the metal ion patterned substrates were incu-

bated with His-tagged protein solutions to anchor the

proteins onto the printed areas. Since the metal ion pat-

tern itself is difficult to visualize directly, development

with His-tagged visible fluorescent proteins (VFPs) en-

ables a further investigation of fundamental aspects of

the DPN process, such as the effects of varying

tip�surface contact times at fixed positions and writ-

ing speeds.

Fabrication of His-EGFP Patterns by Microcontact Printing

(�CP). Microcontact printing is an easy and fast ap-

proach to prove that Ni(II) ion patterns on NTA sur-

faces can be used as templates for the immobilization

of His-tagged proteins at the micrometer scale. A PDMS

stamp with 5 �m line features, with a spacing of 3 �m,

was coated with Ni(II) ions and brought into conformal

contact with the NTA-modified surface for a contact

time of 3 min before incubating the latter in a 100 nM

His-EGFP solution. In Figure 2a, the fluorescence image

of a patterned surface shows His-EGFP areas with the

expected feature size of the microcontact printed Ni(II)

ion pattern, illustrating that His-EGFP patterns can be

readily obtained by this indirect method of using Ni(II)

ions as templates.

We have previously reported that His-tagged pro-

teins complexed on Ni(II)-NTA SAMs can be easily re-

moved by EDTA solution for reusing the functionalized

substrates.12 To demonstrate that our functionalized

surfaces are reusable, a substrate with a His-EGFP pat-

tern was incubated in an 0.1 M EDTA solution overnight

and then rinsed with water and 10 mM Tris-HCl buffer

(pH 8). Figure 2b shows that there are no apparent fluo-

rescent features on the substrate after it was treated

with EDTA solution. A PDMS stamp with a different fea-

ture size (10 �m line features, separated by 5 �m) was

used for a second microcontact printing of Ni(II) ions on

the regenerated slide. Figure 2c shows that His-EGFP

was successfully attached onto reprinted Ni(II) ion pat-

terns, confirming that the NTA-functionalized surface

can be effectively reutilized. The slight difference in

fluorescence intensities between panels a and c of Fig-

ure 2 may result from the difference in the amount of

Ni(II) ions adsorbed onto the surfaces of the different

PDMS stamps used.

Fabrication of His-EGFP Patterns by Dip-Pen Nanolithography

(DPN). We explored the fabrication of submicrometer

scale metal ion patterns on NTA SAM-functionalized

glass by DPN, a technique which is more flexible and

can create patterns with smaller feature sizes than

�CP.27 DPN can also modify the surface with different

inks, whereas �CP is normally a single ink process. We

Figure 1. Fabrication of Ni(II) ion patterns onto NTA-terminated SAM with microcontact printing (�CP) and dip-pen nano-
lithography (DPN) to immobilize His-tagged proteins.

A
RT

IC
LE

VOL. 4 ▪ NO. 2 ▪ WU ET AL. www.acsnano.org1084



fabricated metal ion patterns with DPN, followed by

protein incubation, and subsequently monitored fluo-

rescence and AFM topography in situ with the AFFM.

The use of this hybrid instrument avoids the intrinsic

difficulty of finding the written protein patterns after

transferring the sample from the AFM to a fluorescence

microscope. For the purpose of scaling down the size

of Ni(II) ion patterns, a cleaned Si3N4 AFM tip was inked

with Ni(II) ions by dipping into a NiCl2 solution, and

the ink-loaded tip was brought into contact with an

NTA-functionalized surface for writing dot or line pat-

terns directly above the central focus of the objective

lens. The driving forces for the transfer of Ni(II) ions from

an AFM tip to a surface are the dissolution of metal

ions into the aqueous meniscus formed between tip

and surface and the complex formation of Ni(II) ions

with NTA molecules functionalized on the glass sub-

strates. The written Ni(II) ion patterns were then im-

mersed in a protein solution and consecutively visual-

ized by fluorescence microscopy (Figures 3a, 5a, and

7b).

Metal ions are among the smallest ink “molecules”

one can use. It is very difficult to directly characterize

the transferred Ni(II) ions on a surface because of the

small size of the ions. However, the amount of transfer

of Ni(II) ions can be revealed by the subsequent immo-

bilization of His-EGFP and measurement of its intrinsic

fluorescence, allowing the systematic investigation of

metal ion deposition by DPN. Therefore, DPN experi-

ments were carried out, in which either an ink-coated

AFM tip was held at different fixed positions for differ-

ent times (dot patterns) or the AFM tip was moved at
different, but constant, writing speeds (line patterns).

Writing with Different Contact Times. A Ni(II) ion pattern of
18 dots was written with different tip�surface contact
times for each dot, varying between 1 and 60 s. The tip
was brought into contact with the surface for a given
time and was retracted after writing each dot. The con-
tact time was monotonically increased, and the whole
writing sequence was completed without reinking the
tip. The written area was immediately incubated in a
100 nM His-EGFP solution for 30 min and then rinsed
with 10 mM Tris-HCl buffer (pH 8) and Milli-Q water be-
fore drying with N2. The fluorescence image of the His-
EGFP dot patterns is shown in Figure 3a. The observed
His-EGFP dot patterns are consistent with the written
Ni(II) ion patterns, which indicates Ni(II) ions have been
transferred from the AFM tip onto the surface. To eluci-
date the relationship between the fluorescence inten-
sity and tip�surface contact time, the fluorescence in-
tensities of 32 � 32 pixels covering each dot were
averaged. It is known that there is a correlation be-
tween the tip�substrate contact time and the amount
of deposited ink molecules.9,27,29 Normally, longer con-
tact times between the tip and the substrate on a cer-
tain area, or using slower scanning speeds, should result
in higher amount of ink transferred to the substrate. In
Figure 3a, dots deposited for longer times show higher
fluorescence intensity, indicating that more His-EGFP
molecules were attached to the written area. In Figure
3b, a plot of the averaged fluorescence intensities ver-
sus the tip�surface contact time shows a linear relation-
ship, suggesting that the amount of Ni(II) ions trans-

Figure 2. Fluorescence images and average fluorescence intensity profiles of the area inside the rectangle of His-EGFP immobilized on
Ni(II) patterns created after (a) first �CP of 5 �m line features, (b) after rinsing with 0.1 M EDTA solution, and (c) after second �CP of 10
�m line features. The exposure time of the camera for each of the images is the same.
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ferred onto the NTA-functionalized surface increases

linearly with the tip�surface contact time.

One important factor in determining the resolution

in DPN experiments is how ink molecules diffuse from

a tip to a surface via a water meniscus.30 Our DPN ex-

periments were operated at �60% relative humidity

(RH), and it has been reported that, at this RH, a water

meniscus of �1.5 �m in diameter is formed between tip

and substrate.31 The size of the water meniscus may

suggest that the maximum size of the Ni(II) ion spot and

its corresponding His-EGFP pattern is also �1.5 �m in

diameter. The diameters of His-EGFP dot patterns writ-

ten with tip�surface contact times longer than 10 s

shown in Figure 3a are in fact between �1.0 and � 1.4

�m. Besides, a gradient in fluorescence intensity was

observed; that is, each dot exhibits higher emission in

the center and a lower emission at the borders. One ex-

ample is exhibited in Figure 3c, which is the enlarge-

ment of the fluorescent dot pattern written with a

tip�surface contact time of 60 s. The average fluores-

cence intensity profile (Figure 3d) of the area inside the

rectangle as indicated in Figure 3c clearly highlights

the gradient of fluorescence intensity. This profile can

be fit well with a Gaussian function, which suggests that

the gradient phenomenon may be attributed to the ra-

dial diffusion of the nickel ions from the contact posi-

tion of tip and surface to the border of the spot (see

Supporting Information Figure S1 for a plot of full width

at half-maximum values of intensity profiles of each

spot in Figure 3a as a function of the tip�surface con-

tact times).

AFM imaging reveals topographic information of

the protein patterns adhered to metal ion sites. To

avoid contaminations, a new Si3N4 AFM tip was brought

to the original position in the DPN experiments, di-

rectly above the central focus of the objective lens. The

topography measurements were performed in tapping

mode and are shown in Figure 4a. The 18-dots protein

pattern shown in the AFM height image corresponds

well to the pattern in the fluorescence image. It can be

observed that the spots with higher fluorescence inten-

sity have more distinct AFM patterns, suggesting the

denser packing of His-EGFP. The diameters of these

more densely packed protein dots are between �300

and �800 nm. The height profile of protein patterns

generated with the tip�surface time of 10, 28, and 48 s

is shown in Figure 4b. The reported size of EGFP in the

literature is a cylinder of �2 nm in diameter and �4 nm

in height.32 Figure 4b indicates that a monolayer of pro-

tein patterns was achieved.

Writing at Varying Speeds. We were also able to success-

fully generate line patterns by fabricating Ni(II) ion pat-

terns as a template. A Ni(II) ion pattern of five 10 �m

long lines with five different scan speeds varying be-

tween 10 and 0.1 �m s�1 was written. Each line was

scanned once, and the tip was retracted after finishing

each line. The same tip was used without reinking to

fabricate a second, identical, five-line pattern. The writ-

Figure 3. (a) Fluorescence images of His-EGFP patterns acquired after incubating slides with deposited metal ion areas with
the protein solution. The dot patterns were successively generated by using an AFM tip inked with Ni(II) ion using
tip�surface contact times listed above the dot patterns. The exposure time used for obtaining the images was 0.25 ms per
pixel. (b) Plot of average fluorescence intensity of each dot within 32 � 32 pixel region around the dot versus tip�surface
contact time. The intensity with a contact time of 0 s was obtained by averaging a 32 � 32 pixel area which was not in con-
tact with the ink-coated tip; the observed fluorescence can be attributed to the nonspecific binding effect of protein on NTA-
functionalized surface. A linear fit to the data is plotted in red. (c) Zoom-in of His-EGFP dot pattern written with tip�surface
contact time of 60 s shown in panel a. (d) Average fluorescence intensity profile of the area inside the rectangle indicated in
c (black line) and its Gaussian fit profile (red line).
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ten area was incubated with a His-EGFP solution to de-

velop the Ni(II) ion pattern. The fluorescence image of

the fabricated His-EGFP lines is shown in Figure 5a. We

again observe that the protein line patterns corre-

spond to the designed metal ion patterns. A gradient,

in-plane and orthogonal to the writing direction, in the

fluorescence intensity could also be observed in the

line patterns, suggesting that a similar diffusion of Ni(II)

ions takes places as observed in the dot patterns. Fig-

ure 5b shows the average fluorescence intensity pro-

files of each line in the first five-line pattern which were

fit well with Gaussian functions. The lines with higher

fluorescence intensity have more distinct AFM line pat-

terns with a line width of �700 nm. The corresponding

AFM tapping mode height image of the His-EGFP line

pattern is exhibited in the accompanying Supporting

Information (Figure S2).

The relationship between the amount of deposited

Ni(II) ions and scanning speeds derived by measuring

the average fluorescence intensity of each line versus

writing speed is shown in Figure 6a. Comparing the av-

erage fluorescence intensities of these two five-line pat-

terns, we note that the lines written with lower speeds

in the first five-line pattern have slightly higher fluores-

cence intensity than the ones in the second five-line

pattern. This decrease of fluorescence intensity might

result from the depletion of Ni(II) ions coated on the

AFM tip surface while performing DPN experiments

Figure 4. (a) AFM tapping mode height image of His-EGFP attached to Ni(II) ion patterns fabricated with dip-pen nanolithography.
Some (white) spots shown in the image may result from dust particles or dried salt crystals from the buffer solution. (b) Height pro-
file of protein dots generated with tip�surface contact times of 10, 28, and 48 s (from left to right).

Figure 5. (a) Fluorescence images of His-EGFP patterns acquired after incubating metal ion written areas with protein solu-
tion. The upper five-line pattern was written first. The pattern includes five horizontal lines (10 �m in length) that were suc-
cessively generated by using an AFM tip inked with Ni(II) ions, using scanning speeds of 10, 5, 1, 0.5, and 0.1 �m s�1, from
top to bottom. The camera exposure time for these images is 0.25 ms per pixel. (b) Average fluorescence intensity profiles
and Gaussian fit (in red) of each line in the first five-line pattern.
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continuously, that is, without reinking. From Figures 5

and 6a, it is clear that Ni(II) ion lines written at a lower

scanning rate show higher fluorescence intensity,

which indicates that more His-EGFP molecules were at-

tached to the written area. To convert the relation be-

tween the fluorescence intensity versus writing speed to

the fluorescence intensity versus tip�surface contact

time, the fluorescence intensities over the area of each

line (142 � 14 pixels) were averaged. The tip�surface

contact time is the time taken to finish the scan of one

line. Figure 6b shows the average fluorescence intensity

versus tip�surface contact time of these two five-line

patterns. A close to saturation fluorescence intensity

was observed while depositing Ni(II) ions with the slow-

est scanning speed. A similar result has been reported

by Deng et al., observing the saturation of fluorescence

emitted from 6His-GFP when the Cu(II) ion density on

polyether-functionalized glass substrates is more than

�1.5 � 1014 cm�2.33

It is interesting to notice the difference between Fig-

ure 3b (steady state) and Figure 6b (writing), although

the values of the fluorescence intensity in these two fig-

ures are not easily compared with each other due to dif-

ferent experimental conditions. Figure 6b shows that

the average fluorescence intensity saturates gradually,

while the average fluorescence intensity in Figure 3b

does not show a tendency to saturate even after depos-

iting Ni(II) ions for 60 s. This difference is probably due

to the different amounts of Ni(II) ions on the tip surface

at the beginning of DPN experiments. There are practi-

cal difficulties in reproducibly creating different tips

with the same amount of Ni(II) ions. To allow a more

thorough investigation of the fundamental DPN param-

eters, it would be useful to overcome the ink depletion

and imperfect coating of ink molecules, for example, by

exploiting fountain pen nanolithography34 or function-

alized tip surfaces35 as an alternative approach for fu-

ture experiments.

Fabrication of His-DsRed Patterns by �CP and DPN. We have

utilized His-EGFP to demonstrate successfully that pro-

teins can be immobilized onto metal ion templates fab-

ricated with �CP and DPN. To further demonstrate the

general applicability of this method, we have also pat-

terned tetrameric reef coral fluorescent protein incor-

porating a His-tag (His-DsRed). Figure 7a,b shows that

His-DsRed was attached well onto the Ni(II) ion pat-

terns fabricated by �CP and DPN, respectively. A tap-

ping mode AFM topography image of the region dis-

played in Figure 7b is shown in Figure 7c. From the

cross section profile of the AFM height image (Figure

7d), it can be seen clearly that the line width and height

of the His-DsRed line pattern are �400 and �4 nm, re-

spectively. The AFM topographic information again

demonstrates the formation of a monolayer of pro-

Figure 6. (a) Average fluorescence intensities of each line versus the writing speeds. (b) Plot of average fluorescence
intensity of each line within 142 � 14 pixels (�10 �m in length and �1 �m in width) in panel a versus tip�surface con-
tact time.

Figure 7. Fluorescence images of His-DsRed immobilized on Ni(II) ion pattern created by (a) microcontact printing and (b) dip-pen
nanolithography. (c) AFM tapping mode height image of panel b. (d) Cross section profile of His-DsRed line pattern shown in panel
c.
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teins. In principle, the indirect writing method puts
no limits regarding the molecular weight of the mol-
ecule (e.g., protein) to be immobilized, which offers
an important flexibility and advantage as a pattern-
ing technique.

In general, the approach of using DPN to write metal
ions gives us the possibility to reuse the NTA substrate
by stripping the patterned metal ions and repatterning
with arbitrary geometries, and it may further provide
the possibility to generate multiple protein patterns, for
example, using EDTA to selectively remove some re-
gions of preimmobilized proteins and then backfilling
with another kind of His-tagged protein.

CONCLUSIONS
In summary, we have developed a general method

of fabricating Ni(II) ion patterns on NTA SAM-
functionalized glass substrates as templates for the im-
mobilization of His-tagged biomolecules at micrometer
and submicrometer scale by microcontact printing or
dip-pen nanolithography. The advantage of this

method is that it allows the oriented and reversible at-
tachment of biomolecules while avoiding protein dena-
turation because no direct printing or writing of bio-
molecules is needed. Moreover, this method furnishes
well-defined single-molecule layers. The main driving
force for the transfer of material from a PDMS stamp or
an AFM tip to a substrate is the formation of com-
plexed Ni(II) onto the NTA-functionalized monolayer
on glass substrates. The smallest size in diameter or
width of His-EGFP or His-DsRed patterns that we can
presently achieve by using DPN is around 400 nm. This
indirect approach is, in principle, capable of fabricating
multiple protein patterns, experiments which are cur-
rently underway. We have used a hybrid atomic force
and fluorescence microscope to perform direct
write�read DPN experiments and obtained in situ fluo-
rescence images and AFM topography information of
the fabricated patterns. By utilizing the intrinsic fluores-
cence property of His-EGFP, we could study the rela-
tionship between tip�surface contact time and depos-
ited amount of Ni(II) ions.

EXPERIMENTAL METHODS
General Procedures. All glassware used to prepare the monolay-

ers was cleaned by sonicating for 60 min in a 2% v/v Hellmanex
II solution in high purity water (Milli-Q, 18.2 M�cm) and then
rinsed thoroughly with Milli-Q water and dried in an ambient en-
vironment. Microscope glass slide substrates were cleaned in pi-
ranha solution for 20 min (concentrated H2SO4 and 33% aque-
ous H2O2 in a 3:1 ratio). [Warning: Piranha solution should be
handled with caution: it has been reported to detonate unex-
pectedly.] The glass slides were then rinsed several times with
Milli-Q water and dried gently under a nitrogen stream before
forming the monolayer.

NTA and Ni-NTA Monolayer Preparation. The NTA monolayer was
prepared by following the procedures reported by Paik et al.36

The freshly cleaned substrates were immersed into a distilled
toluene solution containing 1% (v/v) 3-glycidyloxypropyl tri-
methoxysilane under argon for 2 days. After the substrates were
removed from the solution, they were rinsed with distilled tolu-
ene and dried under a nitrogen stream. The substrates function-
alized with epoxy-terminated SAM were incubated in 10 mM
Tris-HCl buffer (pH 8.0) containing 2.5 mM N,N-bis(carboxy-
methyl)-L-lysine (NTA) at 60 °C for 4 h. The substrates were rinsed
with Milli-Q water and dried in preparation for �CP and DPN ex-
periments. Ni-NTA surfaces were obtained by immersing the
NTA-functionalized substrates into 10 mM Tris-HCl buffer (pH
8.0) containing 0.1 M NiCl2 for 30 min. They were then rinsed sev-

eral times with Milli-Q water and dried under a nitrogen stream.
The scheme of SAM fabrication is shown in Figure 8. The forma-
tion of the monolayers was examined by water contact-angle go-
niometry and ellipsometry. The results are consistent with the
values reported in the literature.12,37 The theoretical value of NTA
SAM density is �6 � 1014 molecules · cm�2, which suggests
that the maximum density of Ni(II) ions will have a similar value.38

A limited nonspecific binding effect of His-tagged protein to
the NTA SAM was observed (see details in Supporting Informa-
tion Figure S3). However, there is sufficient fluorescent contrast
between Ni-NTA SAM and NTA SAM when His-EGFP is used to
develop the pattern, showing the NTA SAM to be a suitable sur-
face for fabricating Ni(II) ion patterns with microcontact print-
ing and dip-pen nanolithography techniques.

Microcontact Printing (�CP). A 10:1 (v/v) mixture of poly(dime-
thylsiloxane) (PDMS) and curing agent (Sylgard 184, Dow
Corning) was cast against a patterned silicon master to pre-
pare PDMS stamps with 5 �m line features, with a spacing of
3 and 10 �m line features and a spacing of 5 �m. The non-
oxidized PDMS stamps were incubated in 10 mM Tris-HCl
buffer (pH 8.0) containing 0.1 M NiCl2 for �1 h and then dried
with a nitrogen stream. The stamps were brought into con-
tact with a NTA-terminated substrate for 3 min. After peeling
off the stamp, the Ni(II)-printed substrates were incubated
in � 200 �L of 25 mM Tris-HCl buffer (pH 7.5) containing 100
nM of His-EGFP or His-DsRed for 30 min and then rinsed

Figure 8. Scheme of fabrication of Ni-NTA-terminated SAMs.
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with 10 mM Tris-HCl buffer (pH 8.0) and Milli-Q water to re-
move excess protein. The substrates with protein patterns
were dried under a nitrogen stream before imaging with a
fluorescence microscope (TE2000, Nikon).

Dip-Pen Nanolithography (DPN) and Visualization with AFFM. A
custom-built atomic force fluorescence microscope (AFFM) de-
scribed in detail by Kassies et al.19 was used to perform dip-pen
nanolithography and to observe the results of patterning in situ
without having to change to another instrument. Commercial
Si3N4 AFM cantilevers (Veeco Probes) with nominal spring con-
stant of 0.54 N m�1 were used. Immediately before a DPN experi-
ment, the cantilever was rinsed rigorously with ethanol and
dried under a stream of N2. Cleaned cantilevers were then im-
mersed into 10 mM Tris-HCl buffer (pH 8.0) containing 0.1 M
NiCl2 for at least 15 min and dried with N2. The Ni(II) ion coated
cantilever was mounted on the AFM head and used to carry out
DPN experiments on NTA SAM substrates in contact mode in-
side a custom-built chamber with a controlled humidity (�60%)
at a temperature between 20 and 22 °C.18,39 The force applied
by the AFM tip on the substrate was adjusted between 30 and
50 nN in all experiments to avoid damage of the fluorescent
SAMs. Immediately after DPN, �5 �L of 100 nM His-EGFP or His-
DsRed solution was placed onto the written area for 30 min
and rinsed with 10 mM Tris-HCl buffer (pH 8.0) and water to re-
move excess protein. Before fluorescence imaging of the DPN
patterns, the substrate was carefully dried with a N2 stream in situ
to avoid displacement of the patterned area from the observa-
tion range of the objective. The His-EGFP and His-DsRed patterns
were excited with the 488 nm line of an argon ion laser (163-D
Laser System, Spectra Physics), and the emission of the fluores-
cence was recorded by an avalanche photodiode (APD) (SPCM-
AQR-14, Perkin-Elmer Optoelectronics). The original ink-coated
tip was replaced by a new Si3N4 AFM tip to prevent contamina-
tion of the patterned areas during subsequent imaging. AFM
tapping mode was used to obtain topographic information of
the protein patterns. Fluorescence and topographic images were
analyzed and prepared with the commercial software SPIP (Im-
age Metrology, version 4.4.3.0).
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