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Nanostructured Ordering of Fluorescent
Markers and Single Proteins on Substrates

Juergen Groll,*™@ Krystyna Albrecht,” Peter Gasteier,” Silke Riethmueller,”

Ulrich Ziener,™ and Martin Moeller*®

Highly ordered hexagonal nanopatterns of gold clusters on glass
substrates were used as anchoring points for the specifc attach-
ment of fluorescence dyes and proteins labeled with fluorescence
dyes. Thiol- or disulfide-containing linker molecules were used for
the binding to the gold dots. In order to ensure specific binding
on the gold dots only, the surface area in between the dots was
protected against unspecific adsorption. For the attachment of
polar low-molecular-weight fluorescence dyes, an octadecyltri-

Introduction

Immobilization of proteins on surfaces in ordered patterns is a
very active field of research."™ In contrast to DNA chips,
where the general shape, charge, immobilization chemistry,
and detection method are essentially the same for the various
oligonucleotides, proteins differ considerably in all these prop-
erties. Therefore, the prevention of unspecific interactions and
the specific immobilization of different proteins on the molec-
ular level in their native and functional conformations are chal-
lenging tasks."® Technically, despite possibilities like ink-jet
technology,” photolithography,® selective self-assembly,” or
microcontact printing,'®'? the production of microarrays is
mainly achieved by spotting techniques."*' Attempts to pro-
duce patterns with resolutions in the submicron range are
harder to realize. Microcontact printing has been used to gen-
erate protein patterns with single-protein resolution,™ but the
regularity of the pattern is not perfect. Dip-pen nanolithogra-
phy"®"¥ is a promising method but it is limited to the pattern-
ing of very small sample areas. The generation of regular nano-
patterns over large surface areas can be accomplished by self-
assembly, for example, of block-copolymer micelles on sub-
strates."”?” This method enables the generation of gold nano-
clusters on substrates in regular hexagonal patterns.?'**! The
applicability of such patterns for biological studies has recently
been demonstrated by Spatz and co-workers, who used the
gold dots as anchoring points for the specific attachment of
cells.”¥

Fluorescent molecules adsorbed on metallic surfaces exhibit
strong quenching of their fluorescence due to electromagnetic
coupling between the metal and the dye molecules.**? In ad-
dition, fluorescence dyes at metal surfaces change their fluo-
rescence rate, their fluorescence lifetime, and their fluores-
cence yield.””~*) This process has been studied extensively for
metal films, but the situation differs for nanoparticles. Two de-
cisive parameters are the size and geometry of the particles
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chlorosilane self-assembled monolayer was prepared on the sur-
face in between the gold dots, whereas a layer prepared from
star-shaped poly(ethylene oxide-stat-propylene oxide) prepoly-
mers was used to prevent unspecific adsorption of proteins be-
tween the gold dots. Fluorescence microscopy proved the specific
binding of the dyes as well as of the proteins. Scanning force mi-
croscopy studies show that each gold dot is only capable of bind-
ing one protein at a time.

and the distance between the dye molecule and the particle.
Whereas a lissamine dye coupled to a gold nanoparticle by a
thioether group at a distance of 1 nm exhibits pronounced
fluorescence quenching,®” the fluorescence of the same dye
with a longer thioether spacer, which keeps the dye-nanopar-
ticle distance at 2 nm when attached to gold nanoparticles on
a solid substrate, resulted in an easily detectable fluorescence
intensity.®" In other work, an unsymmetrical bis(perylene bis-
imide) dye bearing a disulfide functional group undergoes self-
assembly to form aggregated structures on gold surfaces. In-
tense fluorescence from these dye aggregates is observed on
surfaces decorated with hexagonal gold patterns, whereas the
fluorescence is only weak on plain gold substrates.®

The present study shows the binding of fluorescence dyes
and proteins to highly ordered gold-nanodot arrays on sub-
strate surfaces. Since the arrays are prepared by dip-coating
into micellar block-copolymer solutions, large sample areas can
be patterned easily. The selective immobilization of nitrilotri-
acetic acid (NTA) groups to the gold dots was visualized by
complex formation with nickel(i1) chloride and the fluorescence
dye Newport Green. To prevent unspecific dye adsorption in
this case, the substrate between the gold dots was modified
by a hydrophobic octadecyltrichlorosilane (OTS) self-assembled
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monolayer (SAM). In order to se-
lectively bind avidin-Texas-Red
conjugate to the gold dots, N-
[6-(biotinamido)-hexyl]-3"-(2'-
pyridyldithio)propionamide (bio-
tinHPDP) was attached to the
gold dots through the disulfide-
containing spacer. The surface
between the gold dots was
modified in this case by a star-
shaped poly(ethylene oxide-stat-
propylene oxide) prepolymer
(Star PEG) coating that prevents
the unspecific adsorption of
proteins and preserves the
native conformation of surface
bound proteins.?**¥ The selec-
tive binding of avidin to the
biotin was visualized by fluores-
cence microscopy and addition-
ally by scanning force microscopy.

Results and Discussion

The preparation of gold-nanoparticle-decorated substrates is
based on micellar solutions of poly(styrene)-block-poly(2-vinyl-
pyridine) (PS-b-P2VP) in toluene. Block-copolymer micelles are
size tunable and can easily be used as colloids for the nano-
structuring of surfaces.'" The block copolymers self-assem-
ble in selective solvents to form micelles, which serve as com-
partments for the formation of nanoparticles. The micelles in
this study are loaded with HAuCl,. After dipping of the sub-
strate, the resulting monomicellar film can be removed by
means of an oxygen or hydrogen plasma. The resulting sub-
strate is decorated by a well-ordered hexagonal pattern of
gold nanodots with a narrow size distribution. The size of the
gold dots, as well as the distance between the particles, can
thereby easily be varied, mainly by alteration of the block
lengths of the block copolymer. In order to properly visualize
the specific immobilization of the dye molecules on the gold
dots, glass substrates were halfway dipped into the gold-salt-
loaded solution prior to plasma treatment. The resulting sam-
ples are only decorated with gold dots on one half of the
sample. After loading of the substrates with the fluorescence
dyes, the difference between specific attachment to the gold
dots and unspecific dye adsorption can be visualized at the
dipping edge where the gold-dot decoration of the substrate
ends. The prevention of unspecific adsorption of the polar
fluorescent dye molecules was achieved by formation of a
SAM of OTS on the area between the gold dots. A SFM image
of the gold-dot-decorated surface, as well as arepresentation
of the sample-preparation process, is shown in Figure 1.

NTA is widely used as a complexing agent for the purifica-
tion of recombinant proteins that bear a sequence of histidines
(a His tag) at the N or C terminus.® Nickel(11) is mainly used as
central ion for the complex. Since Ni' forms complexes with
octahedral geometry and the NTA group can only fill up four
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Figure 1. Left: SFM image of a gold-dot-decorated surface derived from HAuCl,-loaded PS(1350)-b-P2VP(400) mi-
celles. Right: Illustration of the specific immobilization of fluorescence dyes on such a sample passivated with an
OTS SAM to prevent unspecific binding of the fluorescent dye molecules between the gold dots.

coordination sites, the two empty sites are taken by weakly
bound water molecules. If a recombinant protein with a histi-
dine tag approaches this complex, the nitrogen atoms of the
imidazole rings replace the water molecules and the protein is
immobilized. The complex can later be destroyed by addition
of excess imidazole or by complexation of Ni' with ethylene-
diaminetetraacetate (EDTA). In the case of Newport Green, the
nitrogen atoms of the pyridine rings replace the water mole-
cules in the Ni'-NTA complex (Scheme 1).
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Scheme 1. Immobilization of Newport Green through formation of an octa-
hedral complex with nitrilotriacetic acid and Ni" as the central ion.

Figure 2b shows a fluorescence microscopy image of a glass
sample decorated with NTA receptors and subsequently im-
mersed into a nickel(i) chloride solution and a solution of
Newport Green in ethanol. The difference between the gold-
dot-decorated part of the sample (bottom) and the part with-
out gold dots (top) is clearly visible. As a comparison, a dark-
field image of the border area between the gold-dot-covered
glass and the unmodified glass of a sample prior to SAM depo-
sition is shown (Figure 2a).
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Figure 2. a) Dark-field image of the border area between the gold-dot-covered and unmodified surfaces of a glass
sample prior to SAM deposition. b) A fluorescence image of a glass sample after SAM deposition, binding of the
NTA to the gold, and complexation with NiCl, and Newport Green. The line on the left side of (b) shows the fluo-

rescence intensity profile.

In order to immobilize proteins on the gold nanodots, the
surface in between the gold dots has to be modified to pre-
vent unspecific protein adsorption. An OTS SAM is not suited
for this purpose, since the hydrophobic character of the dense-
ly packed alkyl chains rather promotes protein adsorption.
Therefore, the area between the gold dots was coated with a
Star-PEG layer. We have demonstrated in previous publications
that these coatings prevent the unspecific interaction of pro-
teins with the surface.®**¥ With the PS(800)-b-P2VP(600) block
copolymer used for these experiments, particles with about
10 nm diameter are generated. The idea was not only to pre-
vent unspecific protein adsorption between the gold dots but
also to adjust the thickness of the Star-PEG layer in such a way
that only the very top of the gold dots is sticking out of the
layer. Since proteins are rather big molecules of several nano-
meters in diameter, it can hence be ensured that only one pro-
tein is tethered to one gold dot. An illustration of this model is
displayed in Figure 3. To achieve this goal, several gold-dot-
decorated samples were coated with different Star-PEG layer

L | s Star PEG
SRRERADX Y

Aminosilane layer

Figure 3. Schematic representation of the coating of the substrate between
the gold dots with a Star-PEG film in such a way that only the very top of
the gold dots is sticking out. This means that, due to geometric confine-
ment, only one protein is immobilized per gold dot.
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thicknesses (Table 1). SFM pic-
tures of gold-dot-decorated
glass substrates without Star
PEG and with increasing Star-
PEG layer thicknesses in be-
tween and finally on the gold
dots are shown in Figure 4. With
increasing Star-PEG layer thick-
ness, the gold dots seem to sink
into the surrounding layer; in
Figures 4c and 4d, the gold dots
are detected as holes in the
layer. This shows that the Star-
PEG coating dewets the gold
dots if possible. Even the
17.7 nm thick coating, which is
almost twice as thick as the
height of the clusters, contains

Table 1. Variation of the concentration of the Star-PEG solutions prior to
spin coating and the resulting layer thicknesses.

Star-PEG concentration [mgmL™"] Layer thickness [nm]

3.0 7.8
54 1.2
7.8 17.7

holes at the positions where the gold dots are covered. The
phase images show this even more clearly. These experiments
underline the fact that, amongst the other advantages of these
coatings, the thicknesses of the Star-PEG layers can be easily
controlled.

The samples as displayed in Figure 4b were chosen for the
successive binding of biotinHPDP and the avidin-Texas-Red
conjugate to the gold dots, since in this case not much of the
dots is sticking out of the layer but they are still accessible for
the biotinHPDP molecules. It turned out that the crucial part of
the binding procedure is not the binding of the biotinHPDP to
the gold or of the avidin-Texas-Red conjugate to the biotin
but the washing of the samples after the first step. Obviously,
the biotinHPDP gets easily entangled within the Star-PEG net-
work and extensive rinsing of the samples is indispensable in
order to prevent protein adsorption between the gold dots.
The fluorescence microscopy image of avidin-Texas-Red conju-
gate bound to the biotin-modified gold dots is presented in
Figure 5a. The fluorescence intensity of this image was low,
and integration times of 40 s were necessary to obtain unam-
biguous pictures. Since the distance between the gold dots
and the dye molecules is big enough in this system to avoid
major quenching effects, the small but homogeneously distrib-
uted fluorescence intensity indicates that only a monolayer of
dye molecules and hence proteins are present on the gold-
dot-decorated part of the substrate. Figures 5b and 5c¢ show
height images for this sample monitored by SFM before and
after treatment with biotinHPDP and avidin-Texas-Red conju-
gate. The height profiles reveal that the gold dots after protein
immobilization show a height increase of 4-6 nm per gold dot.
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Figure 4. SFM images of a gold-dot-decorated surface derived from PS(800)-
b-P2VP(600) without further modification (a) or coated with Star-PEG layers
of 7.8 (b), 11.2 (c), or 17.7 nm (d) thickness. The scan size is 1 pm. For each
thickness, a height image is displayed on the left and a phase image on the
right. Layer thicknesses were determined by ellipsometry by film deposition
on an aminosilylated silicon wafer from the same solution as that used for
the experiments presented here.

These numbers correspond to the size of avidin, a result indi-
cating the binding of single proteins to the gold dots. A study
with gold-dot patterns at optically resolvable distances that
enables direct proof of single-protein attachment to the gold
dots by single-molecule fluorescence microscopy is currently in
preparation.

Conclusion
This study demonstrates the selective attachment of low-

molecular-weight fluorescence dyes and proteins to highly or-
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Figure 5. a) Fluorescence microscopy image of the avidin-Texas-Red conju-
gate tethered to the gold-dot-decorated part of a Star-PEG-modified glass
sample through biotinHPDP. The integration time was 40 s, a fact indicating
the low fluorescence intensity. b) and c) SFM images (1 x 1 um) of the gold-
dot-decorated part of the sample before (b) and after (c) the binding of
avidin. The profile height for both pictures is 10 nm. This indicates selective
binding of one avidin per gold dot, since the height increase is 4-6 nm per
gold dot.

dered arrays of gold nanodots on surfaces. Depending on the
molecules, the substrate area between the gold dots has to be
modified to prevent unspecific adsorption. For polar low-mo-
lecular-weight molecules such as fluorescence dyes, this can
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be accomplished by deposition of a hydrophobic OTS SAM. It
was shown that the specific binding can be visualized by fluo-
rescence dyes, although the gold nanoparticles partially
quench the fluorescence. Experiments with proteins require
other surface modifications that prevent unspecific adsorption,
such as Star-PEG layers. This system has the advantage of easy
adjustability of layer thickness, so that gold-dot-decorated
glass samples could be coated with Star PEG in such a way
that only the very top of the gold dots was sticking out. Fluo-
rescently labeled avidin was tethered to the gold dots of such
a sample through biotinHPDP. The resulting fluorescence mi-
croscopy image shows specific binding of avidin to the gold
dots, and the low intensity supports the assumption that only
one protein is bound per gold dot. In addition, SFM studies on
substrates before and after protein attachment also indicate
the binding of individual proteins on the gold dots. Since the
distance between the gold dots can be increased to distances
that are accessible to optical methods, these results enable ap-
plications for this system such as nanoarrays of individually ad-
dressable proteins and the analysis of single proteins that are
immobilized on the surface.

Experimental Section

Materials: Six-armed star-shaped isocyanate-terminated PEG pre-
polymers have been obtained from SusTech and used as received.
The poly(styrene)-block-poly(2-vinylpyridine) block copolymers PS-
(800)-b-P2VP(600) and PS(1350)-b-P2VP(400) were synthesized by
living anionic polymerization.”? Tetrachloroauric acid (HAuCl,-
3H,0, Fluka, pure), nickel(i) chloride hexahydrate (Aldrich,
99.9998%), Newport Green dipotassium salt (Molecular Probes,
78%), trifluoroacetic acid (Merck, >98%), and phosphate-buffered
saline (PBS) tablets (Sigma) were used as received. Acetone and
isopropanole (Merck, selectipure) were stored in a class 100 clean-
room and used as received. Tetrahydrofuran (THF) and toluene (Al-
drich, p.A.) were distilled from LiAIH,. Octadecyltrichlorosilane
(OTS; ABCR, 98%) was filtered prior to use. N-[6-(Biotinamido)-
hexyl]-3"-(2'-pyridyldithio)propionamide (BiotinHPDP; Pierce) was
stored at —20°C and used as received. Avidin-Texas-Red conjugate
(Molecular Probes) was stored at —20°C. Solutions were made in
PBS buffer (pH 7.4) with a concentration of 20 ugmL™" prior to use.

Methods: SFM investigations were performed with a nanoscope IlI
instrument (Digital Instruments, Santa Barbara, CA, USA) operating
in Tapping ModeTM. The oscillation frequency for Tapping
ModeTM was set in the range of 320-360 kHz depending on the Si
cantilever (k~50 Nm~'; Nanosensors, Neuchatel, Switzerland). Dip
coating was performed by means of a homemade dipping device.
Microwave plasma etching experiments were carried out in a
TePla 100 plasma etcher (TePla AG, Asslar Germany). Layer thick-
nesses were examined by using a spectral MM-SPEL-VIS ellipsome-
ter (OMT, Ulm, Germany). Measurements were performed in the
wavelength range from 450-900 nm. The azimuthal angle was
kept at 15°, and the integration time was dependent on the layer
thickness as well as the resulting signal intensity. Ultraflat D263T
glass plates with a thickness of 170 um were purchased from
Schott-Desag AG (Griinenplan, Germany). Fluorescence microscopy
was performed by using an Axioplan2 Imaging microscope (Zeiss,
Oberkochen, Germany) combined with an NXBO75 lamp (Zeiss)
and the Zeiss fluorescence filter set 31 for avidin-Texas-Red conju-
gate. For Newport Green, the filter set F41-018 from AHF Analy-
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sentechnik AG (Tubingen, Germany) was used. Pictures were taken
with a NTE/CCD 512EBFT camera (Princeton Instruments, Trenton,
NJ, USA). The intensity for fluorescence measurements is given as
counts per second (cps).

Preparation of the micellar solution: A 0.5 wt% solution of the
block copolymer in dry toluene was mixed with 0.5 of an equiva-
lent of HAuCl,:3H,0 per pyridine unit. The mixture was stirred for
at least 24 h to allow complete solubilization of the tetrachloro-
auric acid in the cores of the block copolymer micelles. Prior to dip
coating, the solution was filtered through a syringe filter with 1 pm
pore size.

Preparation of dipcoated films: The preparation of samples was
carried out in a class 100 clean-room. Glass samples were cut to
10x15 mm pieces and cleaned by sonication in acetone, water,
and isopropanole for 1 min each. After activation by oxygen
plasma (110 W, 10 min, 0.5 mbar), the substrates were fixed on a
substrate holder, dipped halfway into the micellar solution with a
velocity of 16 mmmin~', and pulled out of the solution with the
same velocity. After solvent evaporation, the samples were subse-
quently treated with oxygen plasma (110 W, 30 min, 0.5 mbar) on
both sides. The samples were then stored under clean-room condi-
tions until further use. PS(1350)-b-P2VP(400) was used to generate
gold-dot patterns for attachment of fluorescence dyes. Samples for
specific avidin immobilization were prepared from PS(800)-b-P2VP-
(600).

Passivation of the samples with OTS SAMs: All glassware used
for monolayer preparation was immersed in freshly prepared pira-
nha acid. Subsequently, the glassware was stored in Millipore
water. The water was changed every 3 h until the pH value stayed
above 5.5. The glassware was then dried and stored under clean-
room conditions. The gold-dot-decorated substrates were treated
with UV/ozone for 12 min, transferred into a glove box, and im-
mersed into a 107> m solution of octadecyltrichlorosilane in dry tol-
uene.’** After 12 h, monolayer formation was finished and the
substrates were removed from the solution, extensively rinsed with
dry toluene, and stored in dry toluene.

Passivation of the samples with Star PEG: Activation and amino-
silylation of the substrates, as well as spincoating of Star-PEG-
(12000) prepolymer solutions in water/THF (9:1), was done accord-
ing to the procedures published earlier.®*3*¥ In order to obtain
Star-PEG layers with different thicknesses, the concentration of the
Star-PEG solutions prior to spin coating was varied (Table 1).

Attachment of the NTA thiol to OTS passivated samples: Gold-
dot-decorated samples passivated by an OTS SAM on the glass sur-
face between the gold dots were immersed into an aqueous solu-
tion of the NTA thiol over night. After extensive rinsing of the sam-
ples with Millipore water, the samples were immersed into a solu-
tion of nickel(1) chloride (50 mg) in Millipore water (10 mL) for
10 min. The samples were then rinsed again several times with Mil-
lipore water and immersed into a solution of Newport Green
(5 mg) in ethanol (15 mL). After thorough rinsing with ethanol, the
samples were dried in a stream of nitrogen and examined by fluo-
rescence microscopy.

Attachment of BiotinHPDP to Star-PEG passivated samples:
Gold-dot-decorated samples passivated by Star PEG on the glass
surface between the gold dots were immersed into a solution of
5mg BiotinHPDP in N,N-dimethylformamide (DMF, 10 mL) over-
night. The samples were then gently shaken in absolute DMF at
50°C for 3 days. The DMF was changed several times per day. The
samples were then rinsed once with DMF and three times with Mil-
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lipore water and dried in a stream of nitrogen. The samples were
then immersed into a solution of avidin-Texas-Red conjugate in
PBS buffer (20 ugmL™", pH 7.4) for 20 min. After rinsing with PBS
buffer several times, the samples were dried in a stream of nitro-
gen and examined by fluorescence microscopy.
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