_ ADVANCED

MATERIALS

DOI: 10.1002/adma.200501610

Combinatorial Fabrication of Fluorescent Patterns with Metal Ions

Using Soft Lithography**

By Lourdes Basabe-Desmonts, David N. Reinhoudt, and Mercedes Crego-Calama*

Chemical pattern fabrication is an important issue in many
fields ranging from microelectronics to biological microarray
production, fabrication of sensor arrays, and nanotechnol-
ogy."?l Soft-lithography techniques, such as microcontact
printing (uCP) and dip-pen nanolithography (DPN), are fre-
quently used to pattern surfaces,¥ mainly by immobilizing a
self-assembled monolayer (SAM) onto a bare substrate; the
monolayer acts as an etch resist.’) Conventional pCP is an
efficient, low-cost method for patterning with feature sizes
between 350 nm and a few millimeters.””) The targets printed
on SAMsP! vary from (bio)molecules of different size, to cata-
lysts,”) polymers,® and dendrimers,”! and, only recently, met-
al salts.[®] LCP can also be used to construct functionalized
patterns on a surface through the covalent attachment of mol-
ecules to a reactive monolayer,[m‘lz] or through noncovalent
synthesis using supramolecular interactions for the immobili-
zation of molecules on functionalized surfaces.”]

Many procedures for the direct fabrication and visualization
of functional monolayer patterns often rely on specific bind-
ing between molecules. Specific interactions between antibod-
ies and antigens are often used for the fabrication and visual-
ization of patterned surfaces for biosensing applications.[13]
Smart methods like affinity pCP have been used to produce
reproducible protein arrays.'*! Metal-ligand and other supra-
molecular interactions have been used to build up 3D struc-
tures on a solid substrate.’” Nevertheless, the diversity of
patterned monolayer structures is often restricted by the elab-
orate design and limited number of substrate-ligand pairs
with highly specific interactions. Even though soft-lithography
techniques have been applied to combinatorial methods, the
scope of these studies has been limited to the immobilization
of arrays of proteinsm] or nanocrystalsm] on surfaces, and to
the optimization of the patterning of (molecular) organic
semiconductors by organic vapor jet printing.'8! The proper-
ties of polymers anchored to surfaces have also been studied
by combinatorial methods."! In all these cases, applications
are restricted to a unique, printable substrate, and cannot be
systematically expanded to use different ligand-substrate
combinations. In contrast to these specificity based patterning
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methods, this paper describes a novel combinatorial approach
for the generation of libraries of chemically patterned sur-
faces by nCP based on different combinations of substrate—
adsorbate interactions.

A new sensing paradigm, based on the fabrication of SAMs
on glass for cation sensing, recently developed by us,1?is used
here to prepare fluorescent substrates that are able to retain
different metal-ion patterns. The metal-ion-ligand patterns are
prepared by the deposition of metal salts onto these fluores-
cent materials by uCP. First, a library®” of fluorescent SAMs
(Fx,Ly) (x,y=1,2,3,...,n) (Fig. 1a) are made by the sequential
deposition of fluorophores, Fx (x =1,2,3,...,n), and ligand mole-
cules, Ly (y=12,3,...,n), onto amino-terminated monolayers
on glass. Each component of this library is a fluorescent glass
substrate with different complexing abilities. Modulation of
the fluorescence, that is, different degrees of fluorescence en-
hancement or quenching, is achieved by delivering different
metal ions Mz (z=1,2,3,...,n) onto the monolayer by nCP. This
fluorescence modulation is produced in the contact areas be-
tween the stamp and the fluorescent SAM. In this way, a library
of patterns is obtained, where each pattern P(Fx,Ly,Mz) is the
result of a combination of three building blocks, that is, a fluo-
rophore, a ligand molecule, and a metal ion.

Besides the simplicity of the pattern generation, our ap-
proach offers the advantage of an easy high-throughput
analysis, since the generated patterns can be visualized using
fluorescence microscopy, without additional labeling steps.
Thus, more demanding and sophisticated scanning probe mi-
croscopy techniques, such as atomic force microscopy (AFM),
usually used for the characterization of patterned monolayer
surfaces with high spatial resolution,”! are avoided. Moreover,
depending on the fluorescence technique, small or large areas
of the patterned surface can be imaged with a resolution rang-
ing from nanometers to millimeters.”” Furthermore, these pat-
terns can also be easily erased upon exposure to an appropriate
environment, for example, a solvent or a competitive analyte.

As a proof of principle, the printing of several metal ions,
Cu®*, Co*", Ca*", and Pb**, onto differently functionalized
fluorescent SAMs, TM1, TM2, and LO (Fig. 1), has been stud-
ied using a poly(dimethylsiloxane) (PDMS) stamp. For the
fabrication of the fluorescent glass substrates, an amino-termi-
nated SAM N-[3-(trimethoxysilyl)propyl]ethylenediamine
(TPEDA) (Fig. 1b) was functionalized with different pairs of
fluorophore-ligand molecules. This allowed for parallel gen-
eration of multiple fluorescent monolayers with different
complexing and sensing properties for a variety of metal
ions."!! For example, reaction of the TPEDA monolayer with
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Figure 1. a) Representation of a generic fluorescent SAM library. SAM (Fx,Ly) (xy=1,2,3,...,n) created by the combination of fluorophores (F1, F2,...,

Fn) and ligand molecules (L1, L2,...,

Ln). The dot arrays are microcontact printed using different metal-ion inks (M1, M2,..., Mn) to create a library of

patterned glass surfaces P(Fx,Ly,Mz). b) Synthetic scheme of four different fluorescent SAMs. i) TPEDA, toluene, room temperature, 3.5 h, ii) 5(6)-
TAMRA and Lissamine, to yield TMO and LO SAMs, respectively (acetonitrile, room temperature, 4 h), and iii) hexanoyl chloride and hexyl isocyanate,
to afford the layers TM1 and TM2, respectively (chloroform, room temperature, 16 h).
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the fluorophores 5(6)-TAMRA (5(6)-carboxytetramethylrho-
damine, succinimidyl ester) and Lissamine (rhodamine B, sul-
fonyl chloride) yielded the fluorescent SAMs, TMO and LO,
respectively (Fig. 1b). The remaining free amino groups were
subsequently functionalized with smaller ligand molecules.
Reaction of the fluorescent layer, TMO0, with hexanoyl chlo-
ride or hexyl isocyanate resulted in the formation of the layers
TM1 and TM2, respectively. After fabrication of the fluores-
cent monolayers, a PDMS stamp was used to deliver the metal
ions by uCP onto the specific areas where the stamp was
brought into contact with the functionalized substrate.

Four different metal ions, Cu?*, Co?*, Ca>*, and Pb**, were
transferred by nCP onto the TM1 SAM. The printing experi-
ments were performed using freshly prepared PDMS stamps
with 10 um dot features separated by a distance of 5 pm,
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inked with different metal-ion solutions.?>** After the uCP
process, the layers were imaged using fluorescence microsco-
py.- The images showed that the fluorescence-emission inten-
sity of the glass substrate areas where the metal ion was
printed had changed. Comparing the patterns produced by
1CP of the different metal ions (Fig. 2a) shows that Pb®" and
Ca®" induce an enhancement of the fluorescence intensity of
the native monolayer, creating a pattern with brighter dots,
while Co®" and Cu®* metal ions quench the initial fluorescence
intensity, resulting in a pattern with darker dots.” Remark-
ably, Ca®* ions produced a higher fluorescence-intensity en-
hancement than Pb** ions. Furthermore, the quenching effect
produced by Cu**-ion deposition was slightly higher than the
quenching by the Co** ions. Additionally, the fluorescent
patterns could be easily erased by washing away the printed
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Figure 2. a) Fluorescence microscopy images of a TM1 SAM onto which Cu®*, Ca®*, Co®, and Pb** ions (107w, acetonitrile) were printed using a
PDMS stamp with 10 um diameter dot features, separated by a distance of 5 um. The image without dots corresponds to the initial fluorescence im-
age of the TM1 SAM before printing of the metal ions. The color bar on the left represents the fluorescence-emission-intensity scale of the images.
b) Fluorescence microscopy images (and the fluorescence-intensity profile of its cross sections defined by the white line) of TM1 and TM2 SAMs onto
which Ca®* (107w, acetonitrile) has been microcontact printed with a 10 um-dot-array-featured PDMS stamp. For comparison, the images were nor-
malized, the black horizontal line shows the initial fluorescence of the layers before printing of the analyte.
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metal salt with HCI (0.1 M, aqueous solution), resulting in the
recovery of the initial fluorescence.

To highlight the possibilities of this combinatorial ap-
proach,?® similar printing experiments were performed with a
different fluorescent glass substrate, TM2, which, compared to
TM1, contains the same fluorophore but a different ligand
molecule, that is, hexylurea instead of hexylamide. Fluores-
cence images of TM1 and TM2 SAMs were taken after uCP of
Ca®*, Cu**, and Pb** ions (perchlorate salts, acetonitrile) using
a stamp with a 10 pm dot array. Comparing the patterns creat-
ed on both substrates upon printing, for example, of the Ca**
ions (107 M, acetonitrile), shows that the largest fluorescence
enhancement is obtained for the TM1 layer (Fig. 2b). Similar-
ly, the quenching produced by the Cu** ink (107,
acetonitrile) was much more intense for the TM1 SAM
(100 %) than for the TM2 SAM (50 %). However, when Pb**
ink (107 M, acetonitrile) was used, both substrates displayed a
pattern with almost the same fluorescence intensity (images
not shown, see Supporting Information). These differences in
the fluorescence intensity are remarkable since the TM1 and
TM2 substrates differ only in the presence of amido (TM1) or
ureido (TM2) groups. The mechanism for the perturbation of
the fluorescence properties of the monolayers by the metal
ions is not well understood yet. The type of ligating functional-
ity and its distribution across the layer, together with possible
steric constraints or additional surface interactions, such as
monolayer packing, van der Waals forces, and cation—n, and
n-7 interactions, may determine the properties of the layers,
and therefore the response towards different metal ions. Cat-
ion-controlled photoinduced processes, such as photoinduced
electron transfer and charge transfer, may be responsible for
the fluorescence perturbation.””? On the other hand, the fluo-
rescent monolayers that are well populated with other binding
groups may very well act as a chemical ensemble, wherein a li-
gating-group/fluorophore assembly is selectively dissociated
by the addition of an appropriate competitive analyte. This
analyte may be able to interact efficiently with the ligating
group, resulting in a detectable response from the fluorophore.
Therefore, if the ligating groups are already quenching the
fluorescence, it is possible that “unquenching” can be induced
by the addition of an analyte, resulting in an increased fluores-
cence. If the binding groups are not quenching, the fluores-
cence is already at a maximum and no increase is expected.
Therefore, modulation of the initial fluorescence may differ
depending on the layer composition and the applied analyte.

Blank experiments have been performed to rule out any in-
fluence of the printing process on the fluorescence of the sur-
face. Printing experiments using neat acetonitrile solution
(without metal ions) yielded nonpatterned surfaces. Addition-
ally, a set of experiments where the metal concentration in the
ink solution was changed revealed that the intensity of the
fluorescent patterns was dependent on the metal-ion concen-
tration (see Supporting Information).

The same printing procedure has been applied to a different
substrate—metal-ion combination, that is, an LO SAM as the
substrate, which comprises a TPEDA SAM functionalized
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with the Lissamine fluorophore (Fig. 1b), and Cu®** (107 wm
Cu(ClOy), in water)®! as the metal ion. A stamp with circuit
features was used for printing. Figure 3 shows sections of the
fluorescence image of a glass substrate coated with an LO
SAM after successful transfer of a circuit-shaped pattern of
Cu** ions onto the monolayer. The ionic pattern created with
features ranging from 2-100 pm was well defined and could
be directly visualized using fluorescence microscopy, owing to
the fluorescence quenching of the layer where the deposition
of Cu?* ions took place.
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Figure 3. Different sections of a fluorescence confocal microscopy image
of a glass slide coated with an LO SAM in which Cu®** (107 m Cu(ClO,),
in water [28]) was printed with a PDMS stamp with circuit features rang-
ing from 2 to 100 um. The blue features correspond to areas where the
fluorescence is quenched upon the deposition of Cu®* ions.

This experiment showed that the transfer and direct visual-
ization of any pattern on an elastomeric stamp is possible by
simply inking the stamp with metal ions and printing onto a
fluorescent surface. Additionally, fluorescence microscopy al-
lows the visualization of large patterned monolayer areas
more easily than other surface analytical techniques, such as
AFM, which is limited to smaller-sized images®” (see Sup-
porting Information).

In conclusion, a new methodology for pattern generation
and visualization has been presented. The process is based on
a combinatorial approach,*! where a proper combination of
fluorescent SAMs and metal ions and the use of uCP results
in the fabrication and screening of metal-ion patterns. The
strength of this new combinatorial lithography is its potential
implementation as a high-throughput process for the genera-
tion of metal-ion and fluorescent patterns. This results from
the use of simple and easily accessible technologies, such as
monolayer chemistry to produce fluorescent complexing glass
substrates, LCP to transfer metal ions to the monolayers, and
fluorescence microscopy to analyze the created patterns. We
are currently attempting to scale down this approach to the
nanoscale level by using DPN to write and erase fluorescent
and ionic patterns on surfaces. Experiments to fabricate high-
resolution and high-contrast patterns of metals by electroless
depositionm] are being carried out in our laboratories.

Experimental
Synthesis of the TPEDA SAM: Formation of the TPEDA SAM was

achieved in a glovebox under an atmosphere of dry nitrogen. The
freshly cleaned substrate (15 min in piranha solution (concentrated
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H,S04/33% aqueous H,O; in a 3:1 ratio) Caution: piranha is a very
strong oxidant and reacts violently with many organic materials) was
immersed in TPEDA (5 mm) in dry toluene (freshly destilled over so-
dium) for 3.5 h. When the substrate was taken from the solution, it was
rinsed twice with toluene (under a nitrogen atmosphere) to remove ex-
cess silane and avoid polymerization. The substrates were then re-
moved from the glovebox and rinsed with EtOH and CH,Cl, to remove
physisorbed material. The following protocol was repeated twice: stir-
ring of the slide in a beaker filled with EtOH, then rinsing with a stream
of EtOH, followed by stirring in CH,Cl,, then rinsing with a stream of
CH,Cl,. The slides were then dried under an air stream.

Synthesis of the TM0 and LO SAMs: The attachment of the fluoro-
phores to the TPEDA SAM was achieved by immersing the slide for
4 h in a 0.23 mmM acetonitrile solution of the fluorophores 5(6)-TAM-
RA, SE (*mixed isomers) and fluorophore Lissamine (rhodamine B,
sulfonyl chloride) to yield TMO and LO. EtzN (100 pL) was added to
the Lissamine solutions. All reactions were carried out in a glovebox
under an atmosphere of dry nitrogen. After the substrates were taken
out of the solution they were rinsed with CH;CN, EtOH, and CH,Cl,
to remove physisorbed material. The slides were then dried under an
air stream.

Synthesis of the TMI and TM2 SAMs: The TMO-functionalized
slides were immersed in a CH;CN solution of hexanoyl chloride
(50 mm) and hexyl isocyanate (12 mm) to afford TM1 and TM2, re-
spectively. Et;N (100 uL) was added to the hexanoyl chloride solution.
All reactions were carried out under an atmosphere of dry nitrogen
for 16 h. When the substrates were taken out of the solution they were
rinsed sequentially with CH;CN, EtOH, and CH,Cl, to remove physi-
sorbed material. The slides were then dried under an air stream.

Characterization of the Monolayers: All the layers were character-
ized by contact-angle goniometry, ellipsometry, and fluorescence
spectroscopy. Additionally and to assure the introduction of the bind-
ing groups, X-ray photoelectron spectroscopy (XPS) measurements
were performed. Values of the individual advancing/receding contact
angles (0,/6;,), as well as the hysteresis values (6,-0;) reflect a variation
in the surface hydrophobicity, and therefore variation in the surface
functionalization (6,/6,[°]) TM0=69/32, TM1=_89/75, TM2=55/35,
L0=63/35). Ellipsometry measurements were performed on silicon
wafers. The experimental monolayer thicknesses are in good agree-
ment with the thickness modeled with CPK models (software WebLab
Viewer v2.01) The experimental thicknesses obtained were
TM0=1.33+0.04 nm, TM1=128+0.30 nm, TM2=1.13£0.28 nm,
L0=1.32£0.15 nm. Fluorescence spectroscopy confirmed the intro-
duction of the fluorophores, maximum emission peaks appeared at
A=588 nm for LO and 4=585 nm for TMO. To investigate the surface
coverage of the samples after functionalization with the binding mole-
cules, we marked the binding molecule with an XPS-sensitive label.
The XPS spectrum confirmed successful functionalization of the fluo-
rescent monolayer with binding molecules [10].
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