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Scheme 3. Illustration of one-dimensional self-aggregation in the case of
sodium N-acyl aminocarboxylate compound 15. R represents a pendant
aliphatic chain or aromatic group.

prepare in large amounts and at low cost. These features open
exciting perspectives toward the development of functional
material based on this family of organogelators.

Experimental Section

The synthesis of compounds 1, and 2—16 was performed according to
classical procedures and will be published elsewhere. Chemicals and
solvents were used as received.
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A New Method toward Microengineered
Surfaces Based on Reactive Coating**

Jorg Lahann, Insung S. Choi, Jinwook Lee,
Klavs F. Jensen, and Robert Langer*

The control of engineered microenvironments on device
surfaces has been addressed by several approaches including
soft lithographic methods, such as microcontact printing
(uCP) and micromolding (MIMIC).!I These procedures have
been used for the formation of a wide range of surface
patterns, for example protein and cell arrays,?! and for micro-
and nanofabrication of devices. Potential applications include
the regulation of cell shapes?! the development of micro-
electronic elements, such as optical displays,™ circuits, or
lasers,’! and the fabrication of complex three-dimensional
microstructuresl® or microfluidic devices.! A key step is
generally the spatially controlled self-assembly of monolayers
on a substrate.’l Although several systems have been inves-
tigated, only assemblies of siloxanes on silicon oxide! and of
alkanethiolates on gold!'" are widely exploited. Biomedical
devices are however mostly manufactured from polymers and
metals other than gold. For these materials, the microeng-
ineering of patterns is very challenging and only addressed in
a few cases."! The main limitation is the lack of sufficient and
homogeneously distributed functional groups on the substrate
surface being necessary for the build-up of further structural
elements. Treatment with high-energy sources, such as plas-
ma,[?! laser,'* or ion beams,'*! has been used to create
functionalized surfaces for biomedical systems. Recently,
poly(ethylene terephthalate) was surface modified via a
multistep synthesis to generate a surface for the uCP of
biological ligands.['’] Alternatively, CVD-based polymer coat-
ings were used in order to provide amino- or hydroxyl-
functionalized surfaces for the conjugation of biomolecules.[']
Although CVD polymerization has been known for more
than 30 years,['”) the exploitation of functionalized [2.2]para-
cyclophanes for CVD polymerization was realized only
recently.['®!

Amino- or hydroxyl-functionalized poly(para-xylylene)
coatings require an additional activation step for linkage of
proteins or ligands. Typically, bivalent spacers, such as
hexamethylene diisocyanate, are used for amino- or hydrox-
yl-functionalized polymers.l'J The additional activation step
not only limits the feasibility of microengineering but also
causes the contamination of the substrate with organic
solvents and volatile chemicals. These contaminations reduce
crucial advantages of CVD coatings, such as their low intrinsic
cytotoxicity due to the absence of harmful solvents, initiators,
or accelerators during polymerization. Therefore, an one-step
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coating procedure that provides linkable reactive groups is
highly desirable.

Herein, we report an approach toward engineered micro-
environments based on coating with poly(para-xylylene
carboxylic acid pentafluorophenolester-co-para-xylylene)
(5). The technique is applicable to all substrates that are not
affected by reduced pressure. For simplicity, we suggest
“reactive coating” for polymers like compound 5. Reactive
coating S5 provides active ester groups on the surface being
suitable for straightforward linkage of biomolecules present-
ing amino groups. As a proof-of-principle, we used uCP of
biotin-based ligands. The evaluation was done by means of
fluorescein-conjugated streptavidin.

[2.2]Paracyclophane-4-carboxylic acid pentafluorophenol-
ester (4) was synthesized from [2.2]paracyclophane (1)
via a three-step synthesis. Friedel-Crafts acylization of 1
with trifluoroacetic acid anhydride using an excess of
AICl; resulted in 4-trifluoroacetyl [2.2]paracyclophane (2)
in 92% yield. Hydrolysis of 2 to 4-carboxy [2.2]para-
cyclophane (3) (93% yield) and subsequent conversion
with pentafluorophenol trifluoroacetate led to the final
product 4.

CVD polymerization of 4 resulted in a vacuum-deposited
film of polymer 5 on the substrate (Scheme 1). Carefully
purified 4 (dimer) was sublimated under a reduced pressure of
0.2 mbar at temperatures between 120 and 130 °C. Sublimated
4 was transferred to the pyrolysis zone, which was heated to
600°C to ensure cleavage of the C—C bonds resulting in the
corresponding quinodimethanes (monomers). In the last step,
monomers were adsorbed on the substrate at temperatures
around 45°C and spontaneously polymerized. The CVD
polymerization of 4 resulted in transparent and topologically
uniform polymer films of thicknesses between 90 and 600 nm.
The film thickness is mainly determined by the amount of 4
used for polymerization. The thickness of a film produced by
the deposition of 30 mg of 4 was determined by means of
spectroscopic ellipsometry (SE) to be 190.0(+5.8) nm. Atom-
ic force microscopy was used to characterize the surface
topology: The root-mean square roughness was determined to
be 0.4 nm (1 um? spot). The reactive coating showed excellent
chemical stability in a dry-air environment. No significant
change in composition or chemical behavior was found for

O 600 °C, 0.2 mbar
PyronS|s

samples stored under dry air for several weeks as compared to
freshly prepared samples.

The elemental composition of 5§ was determined by X-ray
photoelectron spectroscopy (XPS) to be in good accordance
with the theoretical composition. Decomposition of the
pentafluorophenol ester group was negligible when pyrolysis
temperatures under 600°C and a working pressure between
0.1 and 0.2 mbar were chosen. At higher pyrolysis temper-
atures, however, significant loss of fluorine due to decom-
position of the pentafluorophenol ester group was detected by
means of XPS. The IR spectrum of polymer 5 confirmed the
presence of the intact ester bond, as indicated by a character-
istic signal at 1762 cm~!. Further evidence is provided by
characteristic bands of the C—F stretching vibrations between
997 and 1036 cm~! and of symmetric and asymmetric C-O-C
stretching vibrations at 1176 and 1246 cm~'. The reactive
coating showed excellent adhesion on various substrates, such
as poly(dimethylsiloxane) (PDMS), poly(tetrafluoroethy-
lene), poly(carbonate), chrome nitride, gold, and silicon.
Polymer 5 is insoluble in common solvents, such as dimethyl-
formamide, chloroform, acetone, ethanol, or aqueous solu-
tions. Incubation of a gold substrate coated with polymer 5 in
an aqueous PBS buffer (pH 74) for seven days at room
temperature did not affect its mechanical stability. Similarly,
the reactive coating showed excellent adhesion after Soxhlet
extraction for six hours in acetone. Adhesion of the reactive
coating to the gold substrate was examined by gently pressing
a 1 cm? area of a Scotch tape onto the polymer coating. After
subsequently peeling off the tape, the sample was examined
by optical microscopy and infrared spectroscopy and was
mechanically and chemically intact.

(+)-Biotinyl-3,6,9-trioxaundecanediamine (6) was used for
uCP of different patterns on gold substrates coated with
polymer 5 (Scheme 2). Biotin-based ligands were chosen since
biotin is a prototype of a small ligand. Its interaction with
streptavidin is characterized by strong noncovalent interac-
tion and allows the facile patterning of streptavidin on the
surface. Streptavidin is a widely used immobilization protein
that has two pairs of binding sites on opposite faces and
therefore represents a universal platform for further pattern-
ing of biotin-labeled biomolecules. In this study, fluorescein-
labeled streptavidin was used to examine the micropatterns. A
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Scheme 1. Reactive coating with polymer 5 by means of CVD polymerization of paracyclophane 4; polymerization involves quinodimethanes intermediates

being in equilibrium with the corresponding diradicals.
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Scheme 2. Spatially controlled surface modification of the reactive coating covering a substrate using uCP. A PDMS stamp, manufactured as a replica from a
silicon master, is used for printing ligand 6 onto polymer 5. The remaining surface area is passivated by reaction with compound 7.

PDMS stamp was casted from a photolithographically pro-
duced silicon master.! Prior to use, the PDMS stamp was
oxidized by means of an oxygen plasma.?”l Ligand 6 was
printed via a PDMS stamp on the substrate surface coated
with polymer §; the contact time was 60 s. Subsequently, the
remaining pentafluorophenol ester groups were treated with
2-(aminoethoxy)ethanol (7) to passivate nonprinted areas of
the surface. The covalent nature of the linkage of the amino
ligands to the reactive coating was examined by IR spectro-
scopy. After uCP of ligand 6 for 60s, the IR spectrum of
polymer 5 showed characteristic bands at 1653 and 1578 cm™!
indicating primary amide bonds. By patterning the substrate
into regions that alternately
promote or prevent the binding
of streptavidin, spatially con-
trolled self-assembly was ex-
pected to occur. A patterned
substrate was then incubated
with fluorescein-conjugated
streptavidin in an aqueous
phosphate buffer (pH 7.4) con-
taining 0.1% (w/v) bovine se-
rum albumin and 0.02% (v/v)
Tween 20. Fluorescence micro-
scopy was used to visualize the
microengineered patterns. As
shown in Figure 1, the fluores-
cein-labeled streptavidin was
spatially restricted to the bio-
tin-coated areas of the substrate
surface. Sharp contrasts were
observed. Both micrographs
demonstrate homogeneity and
reproducibility of the reactive
coating on the substrate.

50pm

Figure 1. Fluorescence micro-
graphs of fluorescein-labeled
streptavidin bound to the li-
gand 6, which was patterned
onto the reactive coating by
u#CP. a) Dot profile with a dot
radius of 25 um; b) line profile
with a line width of 50 pm.
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An unique and basically substrate-independent technique
toward reactive coatings has been developed and used for
spatially designed microenvironments. The resulting surfaces
may have value for several biomedical applications, such as
tissue engineering, drug development, or molecular diagnos-
tics.

Experimental Section

2: Trifluoroacetic acid anhydride (6.75 mL, 47.75 mmol) dissolved in
dichloromethane (30 mL) was added to a suspension of AICl; (5.7 g,
43.13 mmol) in dichloromethane (120 mL) at 0°C. After 15min, 1 (5 g,
24.03 mmol) was added while the temperature was held under 5°C. After
stirring for 30 min at room temperature, the reaction mixture was quenched
at 0°C by adding concentrated aqueous HCI (4.4 mL). Extraction with
dichloromethane and subsequent column chromatography delivered 2 in
92% yield. '"H NMR (300 MHz, CDCl;, TMS): 6 =2.90-3.25 (7H; CH,),
3.95 (1H; CH,), 6.47 (4H; CH), 6.63 (1H; CH), 6.78 (1H; CH), 7.11 (1H;
CH); BC NMR (75 MHz, CDCl;, TMS): 6 =34.54, 35.07, 35.09, 36.31,
118.47, 130.10, 131.36, 132.42, 132.98, 134.67, 136.96, 138.87, 139.39, 139.92,
140.26, 145.41, 145.21, 182.00; IR (KBr): 7=23844, 986, 1136, 1204, 1708,
2857, 2928, 3047 cm~'; MS (70 €V): m/z: 304 [M*], 235 [C;sH;sCO"], 200
[CsH,COCF;*], 131 [CgH,CO™], 105 (100) [CsHyt], 78 [CsHg*], 77 [CeHs].

3: Compound 2 (5 g, 16.45 mmol) was incubated in aqueous KOH (10 %
(w/v), 125 mL) and heated under reflux for 4.5 h. The solid residue was
separated by filtration and subsequently washed with chloroform. The
organic phase was then extracted with water. Titration of the aqueous
phase with concentrated aqueous HCI delivered a precipitate 3 that was
purified by recrystallization from a mixture of acetic acid and water (9/1,
v/v) (yield 86 %). '"H NMR (300 MHz, CDCl;, TMS): 6 =2.86-3.25 (7H;
CH,), 422 (1H; CH,), 6.52 (2H; CH), 6.59 (3H; CH), 6.71 (1H; CH), 7.28
(1H; CH), 14.03 (1H; COOH); "*C NMR (100 MHz, DMSO, TMS): 6 =
34.79, 34.81, 34.99, 35.79, 131.45, 131.92, 132.36, 132.99, 133.45, 135.56,
136.23, 136.34, 139.53, 139.72, 139.84, 142.27,168.47; IR (KBr): 7 = 867, 928,
1304, 1686, 2854, 2938, 3010, 3425 cm™'; MS (70 eV): m/z: 252 [M], 148
[CsH,COOH*], 105 (100) [CgHy*] 104 [CgHgt], 91 [CH; ], 78 [CeHgt].
4: A solution containing 3 (1 g, 3.94 mmol), pentafluorophenol trifluoro-
acetate (0.7 mL, 4.07 mmol), and pyridine (0.4 mL, 5.0 mmol) in tetrahy-
drofuran (10 mL) was stirred at room temperature for 12 h. The solution
was concentrated under reduced pressure and the remaining crude product
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was dissolved in ethyl acetate (35 mL). Extraction with ethyl acetate and
subsequent column chromatography delivered 1.15 g of product 4 (88%).
'H NMR (300 MHz, CDCl;, TMS): 6 =2.92-2.99 (1H; CH,), 3.07-3.23
(6H; CH,),4.10 (1H; CH,), 6.51 (1H; CH), 6.54 (1H; CH), 6.60 (1H; CH),
6.65 (1H; CH), 6.68 (1H; CH), 6.81 (1H; CH), 7.39 (1H; CH); *C NMR
(75 MHz, CDCl;, TMS): 6=34.80, 35.32, 35.45, 36.38, 125.79, 127.50,
131.74, 132.51, 133.28, 133.53, 136.59, 136.81, 138.01, 138.52, 139.71, 139.94,
140.10, 140.12, 140.80, 141.24, 143.50, 145.10, 159.51; IR (KBr): 7 = 513, 630,
693, 790, 852, 902, 994, 1040, 1122, 1163, 1255, 1516, 1757, 2853, 2898, 2926,
2955, 3015 cm™!; MS (70 eV): m/z: 418 [M*], 314 [CsH,CO,CGFs*], 251
[Ci6H,5CO, "], 235 [C,(H;sCO*], 131 [CH,CO*], 104 (100) [CsHg'], 77
[CH, ).

5: Compound 4 was polymerized using a self-designed CVD installation
consisting of a sublimation zone, a pyrolysis zone, and a deposition
chamber.?'! Compound 4 (30 mg, 0.07 mmol) was placed in the sublimation
zone and a sample, such as a gold-coated silicon substrate, was fixed in the
deposition chamber at 45 °C. The pressure was adjusted to 0.2 mbar and the
pyrolysis zone was heated to 600 °C. Subsequently, 4 was sublimated slowly
by increasing the temperature of the sublimation zone from 120 to 130°C.
Under these conditions, the deposition rate was 0.4 As L

The spectroscopic ellipsometry was done on a variable-angle spectroscopic
ellipsometer (J. A. Woollam Inc., USA) using a Cauchy model for curve
fitting. AFM studies were conducted in tapping mode on a NanoScope III
(Digital Instruments Inc., USA).

XPS (atomic ratios): Fi/Cy: 31.7% (caled: 21.7%), O,/Cy,: 7.4 % (caled:
8.7%), C—F/C—C: 28.3% (calcd: 31.3%), C—O/C—C: 5.7 % (calcd: 6.3%),
C=0/C—C: 5.4% (calcd: 6.3%); IR (grazing angle 85°): 7= 658, 829, 997,
1036, 1176, 1246, 1450, 1471, 1497, 1523, 1762, 2862, 2931, 3025, 3054 cm™".
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Hapten-Functionalized DNA -Streptavidin
Nanocircles as Supramolecular Reagents in a
Competitive Inmuno-PCR Assay**

Christof M. Niemeyer,* Ron Wacker, and
Michael Adler

The self-assembly of small building blocks to form struc-
tural and functional elements is an important goal of
molecular nanotechnology.!!! In this respect, DNA is a
promising construction material which has already been
employed in the fabrication of nanometer-scale scaffolds
and surface architectures,? to selectively position proteinsP!
and nanoclusters,™ and to generate mechanical molecular
devices.! We recently reported the nanostructured oligomer-
ic conjugates 3, formed by self-assembly of bisbiotinylated
DNA 1 and the biotin-binding protein streptavidin (STV) 2
(Scheme 1).F! Despite its tetravalent binding capacity for
biotin, the STV molecules are predominantly present as bi- or
trivalent linkers between double-stranded DNA (dsDNA)
fragments within 3. Because of this remaining biotin-binding
capacity, the DNA —STV oligomers 3 are powerful reagents
for immuno-PCR (IPCR; PCR =polymerase chain reac-
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