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Abstract: Nanoscale surface patterning and polymerization of caffeic acid on 4-aminothiophenol-
functionalized gold surfaces has been demonstrated with dip pen nanolithography (DPN). The diphenolic
moiety of caffeic acid can be polymerized by biocatalysis with laccase or horseradish peroxidase. In the
present study, the DPN patterned features were polymerized in situ through the use of the peroxidase.
Using samples prepared by DPN, microcontact printing, and adsorption on macroscopic substrates, the
products were characterized by electrostatic force microscopy (EFM), MALDI-TOF, X-ray photoelectron
spectroscopy (XPS), UV—vis, and FT-IR. The in situ surface polymerization resulted in the formation of a
quinone structure, while the phenyl ester formed in bulk polymerization reactions was not detected. A different
coupling site was observed when comparing the polymers obtained from solution (bulk) vs the surface
DPN reactions. The structural differences were attributed to surface-induced preorganization and orientation
of the monomers prior to the enzymatic polymerization step. The results of this study expand the application
of DPN technology to surface modification and surface chemistry reactions wherein stereoregularity and
regioselectivity can be exploited.

Introduction compared to traditional phenolic materials used in resin forming

Enzyme-based reactions are often carried out under ambienf€actions. . . .
conditions, such as neutral pH, room temperature, and in DiP pen nanolithography (DPN) is a convenient method to
aqueous or nontoxic solvents. In the past few years, a numberPerform surface patterning on the nanometer length Scéle.
of studies of enzymatic polymerization have focused on phenolic INitially, the ink and corresponding substrates used in DPN were
monomers for polymer resifds? Recently, catechol derivates limited to small organic thiols, such as 16-mercaptohexadecanoic
have attracted attention because of their diphenolic structure@cid (MHA) and 1-octadecanethiol (ODT), on gold surfaces.
that can be oxidized and then polymerized by the action of The use of DPN has rapidly expanded in recent years.
horseradish peroxidase (HRP) and lacéaBke polymer resins ~ Eléctrochemical dip pen nanolithography (E-DPN) was devel-
obtained in these reactions can be further functionalized by OPed by applying electrochemical methods to create reactive
controllable oxidation, cross-linking, or graftifgAnother ~ lithography. By using the DPN technique, varieties of bio-
application for these types of enzymatic reactions is the Mmacromolecules, such as peptides, proteins and DNA, have been
conversion of renewable resources into value-added products Patterned on modified gold or silicon surfaces to study nano-
such as by treatment with tyrosindseA large number of  Structures, biophysical properties, or molecular recogniiotf.
catechol derivatives are nontoxic, water-soluble, natural products Further, reactive materials and initiators have been patterned

with potential green chemistry benefits, an advantage when t0 induce surface reactions and polymerizafiot. The use of
DPN is not restricted to making patterns or arrays; the SPM tip
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movement can be used to align long macromolecules while illustrates the process. This report demonstrates the important
patterns are made to improve molecular combing approdéhes. capability of obtaining regioselective control in DPN-patterned
In a previous study, we reported surface patterning via DPN nanosystems using surface-mediated reaction control. The
and HRP-catalyzed aromatic ring coupling reactions of 4-ami- resulting structures should lead to new opportunities for
nothiophenol and tyrosine ethyl ester hydrochloride to form improved function in areas of molecular recognition, conductiv-
conducting nanowire¥ In the present study, caffeic acid has ity, and related applications.
been used as a model compound to study surface-induced ) )
orientation and subsequent biocatalysis reactions on theEXPerimental Section
nanometer Iength scale under environmentally friendly reaction  Materials. Horseradish peroxidase (HRP) (EC 1.11.1.7) (200 units/
conditions. Caffeic acid (3,4-dihydroxycinnamic acid) is found mg) and hydrogen peroxide (30 wt % water solution) were purchased
in many fruits, vegetables, seasonings, and herbs, principallyfrom Sigma (St. Louis, MO), and a stock solution of 10 mg/mL in 0.1
in conjugated forms such as chlorogenic &€i@innamic acid M phosphate buffer was prepared. Aminothiophenol and 3,4-dihy-
and its derivatives are used as components in flavors, perfumesdroxycinnamic acid were purchased from Aldrich (Milwaukee, WI)
synthetic indigo, and pharmaceuticals. Caffeic acid is a lipoxy- and used_ as rece_zlved. All other _chemlcals and solvents used were
genase inhibitor and radical scavenger, which may explain its commerually available, of analytical grade or better, and used as
protective action against cancer céllsCaffeic acid and its rece'VEd_' . ) o -
derivatives, such as chlorogenic acid and caftaric acid, are Reactions in Solution.HRP-catalyzed polymerization of caffeic acid

th . tho-dioh i ds in olant d twals carried out at room temperature in 10 mL of MeO¥IH1:1 by
among the major ortho-diphenolic compounds In piants and act, |, e ratio) mixed solvent, which contained 180 mg of caffeic acid.

as SUbSt.r"f‘tes for polyphenol oxidases or peroxialaéfe. ~ Two hundred microliters of HRP stock solution was added. A
In addition to the study of the enzymatic polymerization via stoichiometric amount of $D, dilute solution (0.2 M) was added
DPN, regioselective aspects of the surface polymerization of incrementally under vigorous stirring over 1 h. After the addition of

caffeic acid on modified gold surfaces are observed. Scheme 1hydrogen peroxide, the reaction was left stirring for an additional 2 h,
and the precipitates were collected.

(17) Nyamjav, D.; Ivanisevic, AAdv. Mater. 2003 15, 1805. Reactions via DPN.Polished silicon chips were coated with 50 nm
83; élljt‘hgf'; ﬁagénﬁgin';;dvb“ﬂgt?rk;%% 1\1/|6’B?2ﬁiutr 2001 131 66 of titanium followed by~300 nm of 99.99% gold (Ted Pella, Redding,
(20) Yagasaki, K.: Miura, Y.; Okauchi, R.; Furuse, Tytotechnology200q CA) by thermal evaporation. The gold substrates were immersed into
1 %/I3 229. K Takahashi H.: Mivake. Y. Fuk ~etrahed 1 mM 4-aminothiophenol-ATP) THF solution for about 30 min. The

( )Leet‘tt_sfgg%t%o é,'lsg_a ashi, H.; Miyake, v.; Fukuyama, Tetrahedron aromatic primary amine functionalized surfaces were rinsed with
(22) Cheynier, V.; Basire, N.; Rigaud, J.Agric. Food Chem1989 37, 1069. acetone several times to remove unbound molecules. A 0.1 M monomer
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stock solution was prepared by dissolving caffeic acid in MeOGB&YH  bonds or hydrogen bonding provided strong affinity between
(1:3 viv) for the DPN “writing ink”. The AFM tip was dipped intothe  patterns and substrates. The in situ polymerization of the
caffeic acid solution for about 20 s and allowed to air-dry. The AFM  monomer patterns was achieved by the catalysis of HRP in the
was used in the “scratching mode” to make patterns, but the piezo yresance of hydrogen peroxide. In the present work, caffeic acid
voltage was limited such that no actual scratches were made. ParallelWas used as a model compound to study surface patterning and

lines were drawn on the amine-modified surface at a scratch rate Ofenz matic polvmerization via DPN on bositivelv charged
0.1 Hz. The caffeic acid was also neutralized by 0.1 M sodium y poly P y 9

hydroxide at 1:1 molar ratio and patterned on ammonium-functionalized surfaces.
surfaces (Novascan, Ames, IA) in a similar manner aspeNTP The affinity between the ink materials and the substrate plays
surfaces. HRP-catalyzed polymerization was carried out on the DPN- an important role in surface patterning. The crystalline nature
patterned monomers by dipping the substrate inte@fenzyme stock  of the caffeic acid, due to hydrogen bonding, prevents it from
solution, which was prepared by mixing 10 mL of 0.01 M®4 stock being adsorbed on substrates. Therefore, it is necessary to find
solution with 200uL of HRP stock solution. an appropriate solvent to disrupt the hydrogen bonding to permit
Reactions Based on Microcontact Printing 4CP).uCP was used  iaractions with substrates used for patterning. A series of
o enlarge the DPN reactions to_be_ able t© Cone.Ct enough polymer solvents, such as DMF, methanol, THF, water, and their
product for analysis. Instead of dipping a silicon tip, a PDMS rubber L . L
combinations, was studied to reduce crystallinity in order to

stamp was immersed in a 0.1 M caffeic acid MeOkIH(1:3 v/v) . . . .
solution and stamped onto an ATP-covered gold substrate to generateenhance ink substrate interaction. A metharakater mixture

surface features. The micron-scale caffeic acid features mageBy ~ (1:3 by volume) was used as the optimized solvent.

on p-ATP-modified gold surfaces were treated with 10 mL of 0.01 M Caffeic acid nanofeatures were formed on primary amine
H20; containing 200uL of HRP stock solution for about 3 min,  functionalized gold surfaces (Figure 1). The surfaces were
followed by rinSing with water to remove the enzyme and unreacted pr|med by immersing the go'd_coated s|||Con Ch|ps in 10 mM
H20,. The polymerized features were treated with dilute hydrochloric of 4-aminothiophenol tATP) THF solution for about 1 h,
acid solution to break ionic and hydrogen bonding between caffeic acid followed by complete rinsing with acetone. The primed surface
and p-ATP monolayer. The resulting polymer was eluted from the was then functionalized via DPN with caffeic acid. lonic

surface by THF/water (1:1 by volume ratio) mixed solvent for MALDI- . ) . . . .
TOF analysis. interactions between the carboxylic acid groups of caffeic acid

AFM and EFM Conditions. All imaging and lithography were ~ @nd primary amine groups of-ATP layers overcome the
performed in tapping mode using MPP-13100 probes with a Dimen- intermolecular hydrogen bonding of caffeic acid in the crystal-
sion 3100 SPM equipped with Nanoscope Ill or IV controllers (Digi- line state and facilitate bonding between the caffeic acid and
tal Instruments, Santa Barbara, CA). The MPP-13100 probe canti- the surface. As described previously, the DPN patterning was
lever length was 12m with a resonant frequency of 525150 kHz, performed with nominal 525 kHz tips. Attempts were made to
used to measure high-aspect ratio features. Parallel lines were made afjse |ower force constant tips, such as Tap300 (300 kHz), but
forces varying from 0.35 nN and step point of 0.05 N to 0.1 nN with g patterns were observed. To avoid scratching with the higher
a scratch rate of 0.1 Hz. Imaging was achieved at a scan rate of 1.0t5rce constant tip, a low threshold was used, and the step point

Hz. All EFM-phase images were obtained in tapping mode using : ;
MESPs (magnetic etched silicon probes). The MESP probe cantilever\évt?tsai:qn:(;eased gradually until reasonable DPN pattems were

length was 22%m with a resonant frequency of 6B3 kHz. The tip o ) ] o
was raised 30 nm during EFM scanning with+&V voltage applied. As a catechol derivative, caffeic acid can be oxidized and

Spectroscopic AnalysesBruker Proflex Il MALDI-TOF mass polymerized by catalysis with HRP in the presence of hydrogen
spectrometer (Billerica, MA), equipped with a nitrogen laser of 337 peroxide> The caffeic acid surface patterns were polymerized
nm and 5 ns pulse width, was used for molecular weight measurements.in situ by immersion into dilute bD,/HRP solution. Topography
Dithranol and 2,5—dihydr0xybenzoic acid were used as matrixes. X—ray and phase images were recorded before and after the p0|ym_
photoelectron spectroscopy (XPS) was carried out with a VG ES- grjzation reaction. The parallel lines are 250 nm wide and 58
CALAB MK Il photoelectron spectrometer (VG Scientific, UK) nm high on average (Figure 1, left). After the enzymatic
equipped with a concentric hemispherical electron energy analyzer andtreatment, the lines are partially overlapped. The apparent line

an Al Ko X-ray source (n = 1486.6 eV). For XPS analyses, the . . . . .
substrates were not patterned. Instead, macroscopic3igoid-coated width, defined as the distance between two adjacent troughs in

samples were sequentially immersed in ATP, caffeic acid, and enzyme the Cross section of the lines, is essentially unchanged after
solutions, as described previously. The base pressure of the instrumenPolymerization (Figure 2, left). The line height, however,
was ca. 2x 107° mbar, and photoelectrons were detected normal to decreases from 58 to 47 nm. The actual line width increases if
the sample plane with a pass energy of 20 eV. To prevent charge deconvolution of the cross section is applied, which is attributed
buildup on the sample during X-ray irradiation, vacuum-compatible to surface diffusion. This may also explain why the image looks
silver paint was used to electrically connect the edges of the sample tofuzzy after polymerization. The patterned molecules tended to
the sample stub (which was held at electrical ground). The spectrometermigrate on the surface due to solvation, resulting in decreased

was calibrated using the Au 4f binding energies of clean gold. Because line height and line broadening, as we have previously
the organic films were thin and the sample surface was electrically reporteoﬂs '

grounded, it was not necessary in postanalysis to reference the XPS . . . .
spectra to a particular peak. FTIR and UV spectra were acquired ona  Other surfaces were also investigated as controls, including
Bruker Equinox 55 FT-IR spectrometer (Billerica, MA) and HP 8452A  gold and ammonium or MHA (16-mercaptohexadecanoic acid)
diode array spectrophotometer (Palo Alto, CA). modified gold. Poor surface patterns were obtained on MHA-
coated surfaces due to weak hydrogen-bonding interactions.
Ammonium-modified surfaces were better than the carboxylic
In our previous studies, 4-aminothiophenol and tyrosine ethyl acid functionalized surfaces, but the caffeic acid tended to
ester hydrochloride were successfully patterned on gold or aggregate, resulting in the formation of discontinuous lines.
modified-gold surfaces. The formation of thioAu covalent Sodium hydroxide neutralized caffeic acid was also used to draw

Results and Discussion

J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005 11747
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Figure 1. AFM images of caffeic acid monomer patterned @ATP-modified gold surfaces: (left) topography image and (right) phase-lag image.
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Figure 2. AFM images of caffeic acid patterns @rATP-modified gold surfaces after HRP-catalyzed polymerization: (left) topography image and (right)
phase-lag image.

lines on ammonium surfaces, and the patterns are shown indecreases from 30260 4.4 after the HRP/HO, treatment,
Figure 3. These results are similar to those of Figure 1, but consistent with polymerization of the caffeic acid (Figures 1
there are some discontinuities along the lines. In the case ofand 2, right). Thep-ATP self-assembled monolayer without
neutralized caffeic acid on ammonium surfaces, trenches werecaffeic acid patterns was exposed to HRfKas a control
formed, apparently due to the relatively poor adhesion between(Figure 4). There is no significant change in phase lag after
the neutralized caffeic acid and ammonium layers. These resultstreatment. This indicates that the decrease of phase lag of the
demonstrate that the ATP and caffeic acid system has optimum patterns is not caused by interferencgg@ATP monolayer but
interfacial affinity. is due to polymerization of caffeic acid.

AFM phase lag images were acquired simultaneously with ~ To confirm the formation of caffeic acid polymer, electrostatic
the topography images. Phase signals are more sensitive thafiorce microscopy (EFM) phase images were acquired before
the amplitude signals that were used to plot the height imagesand after the oxidative coupling of the surface-patterned caffeic
and record the sinusoidal lag caused by the changes in theacid (Figure 5). The average phase lag decreased frotnts.8
physical properties of the surfaces, such as the hardness an@.7° to 4.1° + 0.5° due to the ring coupling. The more extended
viscosity. The polymerized caffeic acid would be expected to conjugated structure of the polymer is expected to result in a
be more rigid than the monomer, since the diphenolic moiety more conductive surface. Since the gold substrate is conductive,
is coupled to form a rodlike macromolecule. The phase lag value more charge removed from the pattern is expected to decrease

11748 J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005
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Figure 3. AFM images of sodium hydroxide-neutralized caffeic acid patterns on ammonium-functionalized surfaces: (left) topography and (right) phase-
lag image.

5.0 0

12,5 @

o.0®

1} .00 pm [} 5.00 um

0.0

|

-10.0
L
-10.0

2.5 5.00 o 2.50 5,00
r It

Figure 4. AFM phase-lag images gi-ATP self-assembled monolayer: (left) before and (right) after HR@Hreatment as control.

the sampletip capacitance. The reduced electrostatic force leads  Since only a very small amount of product is formed during
to a decreased phase lag of the sinusoidal signals applied to theenzymatic polymerization of nanoscale patterns generated by
AFM tip.Z These results support the conclusion of successful DPN, microcontact printing can be used to simulate the reaction
polymerization of caffeic acid after the HRP/B, treatment. at a larger scale in order to collect enough polymers for
As a control, the EFM images of theATP monolayer before  characterization and structural analysis. During the DPN process,
and after HRP/HO, treatment have also been recorded (Figure he function of the AFM tip is not limited to transport of ink.
6). The very small phase lag values and the identical profiles g g 1face patterned molecules may be aligned when the tip
of the cross sectpn of s_,elected areas indicate that th? decreasﬁavels over the surface and writes the patterns. This can help
of the phase lag signal is only caused by the polymerization of . . .
caffeic acid rearrange the ink molecules into a more organized structure
' along the DPN patterns when they bond to the surfa€&P
(23) Lei, C. H. Das, A.: Elliott, M.: Macdonald, J. Bppl. Phys. Lett2003 would have this benefit since the drlvm_g fqrce is mduc_:ed _by
83, 482. the SAM surface. To understand the in situ polymerization

J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005 11749
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Figure 5. EFM phase images of caffeic acid patternedpeATP-modified gold surfaces: (left) before and (right) after HREKtreatment.
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Figure 6. EFM phase images qi-ATP self-assembled monolayer: (left) before and (right) after HR®sHreatment as control.

behavior and the effects of surface orientation, further charac- in decreased thickness and allowing HRP to penetrate. It may
terization was performed. be expected that low molecular weight species would form
Dithranol was used as a matrix for MALDI-TOF analysis of deeper in the caffeic acid layer, since less HRR/HSs expected
the polymer. The polymerized caffeic acid from microcontact to penetrate those regions. The MALDI spectrum shows that
printed patterns contained molecular masses up to at least 110@he polymeric product contains dimer, trimer, larger oligomers,
Da (Figure 7). In the MALDI spectrum, the large peak at around and higher molecular weight species. The trimer is dominant,
230 Da is the matrix peak. The difference between each groupconsistent with HRP-catalyzed free radical induced polymeri-
of peaks is the molecular mass of the monomer, caffeic acid. zation of phenolic compound4.
Small peaks adjacent to the major peak of each mer are the Analysis of the chemistry of the in-situ polymerized surfaces
fragment peaks caused by the loss of end groups, such aswvas performed with XPS. Because of the technique’s spatial
hydroxy or carboxylic acid groups. The microcontact printed resolution limitations, the experiments were performed on
features typically have a thickness of 25800 nm. It is unlikely macroscopic (1 ciix 1 cn?) gold-coated silicon wafer samples.
that HRP/HO, can penetrate this deeply. But when the patterns While the main subject of this paper is the patterning of

are exposed to HRPAD,, some loosely bound or (initially) ;4"\, b kumar, 3. Samuelson, L.: Cholli, A. Biomacromolecule2002
unpolymerized molecules may diffuse into solution, resulting 3, 889.

11750 J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005
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peroxide is required to induce polymerizatibnp polymer is

present in the control sample. The similarity of the control and

polymer samples suggests that nonspecifically bound HRP is

present on the surface of both the control and polymer sample.

2007 This conclusion is substantiated by the corresponding N 1s data.

Forp-ATP assembled on gold, the N 1s spectrum has maximum

] intensity at 399.06 eV (fwhrs 1.50 eV). The HRP-only control

150 and polymer spectra are similar to each other and peaked at ca.

] 400.10 eV with fwhm of 1.90 eV. The lower signal-to-noise
ratio in the case of the ATP-covered gold surface (bottom
spectrum) is due to having only a single monolayer of molecules.

o= The control and polymer samples exhibit higher N 1s signals
due to the thicker nitrogen-containing organic layers resulting

from adsorbed HRP protein.

* Figure 9 displays corresponding XPS data for a monolayer

1 of p-ATP self-assembled on gold which was immersed for 3

] min in a 0.1 M caffeic acid monomer MeOH{8 (1:3 v/v)

o T T T T T solution and then rinsed. The bottom spectra refer to the samples
Figure 7. MALDI-TOF mass spectrum of poly(caffeic acid). prior to polymerization, Qnd the middle and upper ones
correspond to the HRP (without,B,) control and the HRP/
polymeric caffeic acid op-ATP, the latter is also a substrate H»O, polymerized surfaces, respectively. The O 1s XPS spectra
for HRP, and the possibility of the-ATP monolayer being are also included. In the case of the C 1s data, the spectra

13

100

17

involved in the reaction must also be considered. broadened after exposure to HRP and polymerization. Caffeic
It was demonstrated previously that HRRPO4induced acid adsorbed on ATP exhibia C 1gpeak at 284.00 eV (fwhm

polymerization of monolayer ATP occutsFigure 8 shows C = 2.35 eV). For the control sample, the spectrum (overall fwhm

1s and N 1s XPS spectra of a monolayer mATP self- = 2.90 eV) is similar to what was observed in the case of the

assembled on a gold surface. The C 1s binding energy at 284.20ATP without caffeic acid. Deconvolution shows peaks at 284.58,
eV (fwhm = 2.06 eV) is associated with the hydrocarbons 286.04, and 287.77 eV with fwhm of 2.07, 1.72, and 3.11 eV,
within the p-ATP monolayer. Immersion of the ATP-covered respectively. In the case of the polymer, the spectrum is broader
gold sample in 10 mL of 0.01 M aqueous®} solution mixed (overall fwhm= 3.20 eV), and deconvolution shows only two
with 200 uL of HRP stock solution for 3 min, followed by  peaks at 285.34 and 287.15 eV, with fwhm of 2.34 and 4.20
rinsing with water, resulted in dramatic changes in both the eV, respectively.

carbon and nitrogen XPS peaks (top spectra in Figure 8). In the case of the nitrogen spectra, very weak N 1s intensity
Deconvolution of this C 1s peak (fwhm 2.70 eV) shows three  is observed for the caffeic acid/ATP sample. This is due to the
components at 284.45, 285.80, and 287.78 eV, with fwhm of nitrogen of the ATP being covered by a thick enough layer of
2.45, 1.18, and 2.39 eV, respectively. The middle spectra caffeic acid such that the photoelectrons in the ATP layers are
correspond to a control experiment in which an ATP-covered almost completely attenuated. HRP immersion leads to an
gold sample was immersed in 10 mL of water containing 200 enhancement in the N 1s signal (peak at 400.20 eV with fwhm
uL of HRP stock solution (without bD>). In the case of the C = 1.80 eV) due to HRP adsorption on top of the caffeic acid
1s peak (fwhm= 2.50 eV), deconvolution also shows three layer. The polymerized spectrum shows a slight shift and
components at 284.42, 285.88, and 287.42 eV, with fwhm of broadening (peak at 400.50 eV, fwhm2.00 eV). In the case
1.93, 1.83, and 3.60 eV, respectively. Because hydrogen of the oxygen XPS data, the ATP/caffeic acid surface and this
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Figure 8. Al Ko XPS spectra of the C 1s and N 1s regionpATP self-assembled on gold, a similar sample immersed in an aqueous HRP solution
(without H,05), and the polymerized ATP sample formed by immersion in HR®AHThe dashed lines show the deconvolutions of the C 1s peaks. The
binding energy is referenced to the spectroscopic Fermi level.
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Figure 9. Al Ko XPS spectra of the C 1s, N 1s, and O 1s regions of a caffeic acid monomer-covered ATP/Au sample, a similar sample immersed in an

aqueous HRP solution (without,B,), and the polymerized sample formed by immersion in HRP#1The dashed lines show the deconvolutions of the

C 1s peaks. The binding energy is referenced to the spectroscopic Fermi level.

Binding Energy (eV)

surface following immersion in HRP solution are similar, with
peak binding energy at ca. 532.1 eV (fwhm2.40 eV). This
peak broadens (fwhn¥ 2.90 eV) and shifts to 532.8 eV
following polymerization. The shift and broadening of the O
1s spectrum possibly may be associated with polymerization
and trapped hydrogen peroxide within the film. Peak integration,
weighted by appropriate sensitivity factors, indicates O/C atomic
ratios of 0.29 and 0.41 for the caffeic acid monomer and polymer
films, respectively.

The XPS studies indicate that HRP is adsorbed on both ATP
and ATP/caffeic acid surfaces. The C 1ls spectrum of the
polymerized sample shows a broadening of the high binding
energy component at 287.15 eV and is likely due to the coupling
of adjacent benzene rings or oxygen incorporation (from
hydrogen peroxide) and the formation of-O or C=0
bonds?>:26

UV —vis absorbance of poly(caffeic acid) obtained by in situ
surface polymerization, the subject of this paper, and solution
polymerization is compared in Figure 10. Also included is a

—— (1) Monomer
------- (2) Monomer + H,0,
~——— (3) Surf. Poly.
——————— (4) Soln. Poly.
i
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Figure 10. UV—vis absorbance of the caffeic acid and its polymeric
products: (1) solid line, monomer; (2) dashed line, monomer exposed to

monomer spectrum; in this case, the monomer was patternedHz0: without the presence of HRP; (3) dotted line, in situ surface

on p-ATP monolayer byuCP without any treatment. In the

monomer spectrum (1), the absorbance peak at 286 nm is,

attributed to ther conjugation of the double bond and benzene
ring in caffeic acid. The monomer patterns were treated with
H,0, without the presence of HRP as a control (spectrum 2).
The spectrum retains a similar profile and no peak shift is
observed. After the caffeic acid is polymerized in solution (spec-

trum 4), the peak at 286 nm broadens and red shifts to 296 nm,

indicating the increment of the conjugation length which was
induced by the oxidative coupling polymerization. A new peak
appears at 326 nm and can be associated with the*n
transition due to the €0—C coupling?’-28 The absorbance
spectrum of caffeic acid monomer at 286 nm exhibits a red-
shift to 292 nm following in situ surface polymerization, which
is attributed to the increased conjugated structure caused by th
ring coupling reaction. With the increased conjugation length
and formation of polymers, less energy is required forther*

and n—z* transition or electron delocalization, which results

(25) Goldberg, M. J.; Clabes, J. G.; Kovac, C.JAVac. Sci. Technol. A98§
6, 991.

(26) Briggs, D.Surface Analysis of Polymers by XPS and static SI®bridge
University Press: Cambridge, 1998.

(27) Hulubei, C.; Cozan, V.; Bruma, Mdigh Performance Polym2004 16,
405

(28) Radziszewski, J. G.; Gil, M.; Gorski, A.; Spanget-Larsen, J.; Waluk, J.;
Mroz, B. J.J. Chem. Phys2001, 115, 9733.
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polymerization; and (4) dashedlotted line, polymerized in solution.

in the red-shift. The peak is much broader than that of the
monomer and its control at 286 nm, indicating the presence of
many polymeric species with different molecular weights,
consistent with the MALDI-TOF mass spectrometry results.
Note that spectrum 3 is not as broad as observed for solution
polymerization. This indicates a lower degree of polymerization
of the product obtained in the surface reactions compared to
solution polymerization. In spectrum 3, new peaks at 252 nm
and a plateau from 326 nm t9384 nm are observed. These
new peaks are attributed to the formation of @guinone
structure, which is consistent with the results of the oxidation
of caffeic acid?® But in spectrum 4, no quinone absorption was

éound. The plateau at about 244 nm was attributed to the red-

shift from 230 nm (monomer spectrum) due to the extended
conjugation.

The FT-IR spectra of caffeic acid and the products of the
1CP surface and solution polymerization samples are shown in
Figure 11. The caffeic acid monomer patterns were also treated
with H,O, without the presence of HRP as a control. The
spectrum of the control sample exhibits similar profiles as the
monomer. The absorption peaks between 1450 and 1626 cm

(29) Cheynier, V.; M., M.J. Agric. Food Chem1992 40, 2038.
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Figure 11. FT-IR spectra of caffeic acid and its polymeric products: (1) monomer, (2) in situ surface polymerization, and (3) solution polymerization.

are associated with the aromatic ring=C stretching vibration HO OH A
bands. The vibration bands of the carboxylic group appeared DPN patterning ~ HRP/H0, > z \

at 1660 cnl. The absorption peak at 1280 chis attributed p-ATP modified surfaces  pH6~7 N\ 7/ /n

to the C-O stretching vibration bands. The absorption peaks

at 1200 and 1160 cm are the phenolic ©H deformation and —\COOH _\COOH
stretching vibration bands, respectively. Particularly, in the (4)

spectrum of solution polymerized caffeic acid (spectrum 3), the HO OH HO

C—0O—C stretching vibration peak of the phenyl ester is HRP/H,0, / 7\
observed at 1255 and 1065 ch?*° which is not found in pHO-7 -

spectrum 2. However, the existence of phenolic structures is \ n
observed in spectrum 2. These results support the above —\COOH _\COOH

conclusion that hydroxy groups within the benzene ring are not
involved in the surface polymerization reaction. In the benzene foure 12, Th d struct  the final bol i ducts (A)

. - . . 1 gure f € proposed structures o € Tinal polymeric proaucts

ring fingerprint Ijeglon (909650 cn), the peaks at 360 gnd obtained by surface polymerization and (B) obtained by solution polym-
810 cnt! associated with the out-of-plane deformation vibra- erization.

tions band (1 isolated H atom) are observed in spectrum 2, which

indicates that the formation of pentasubstitution in the benzene Conclusions

ring is due to C-C ring coupling. Spectrum 3 has a similar — \3no5cale surface patterning of caffeic acid was successfully
profile as spectrum 1. The absorptions at 850, 840, and 800 5chieved onp-ATP modified gold surfaces by DPN. HRP-

cm? are attributed to the out-of-plane deformation vibrations - catalyzed polymerization was applied on the patterned caffeic
of two isolated H atoms. This suggests that the formation of 4¢iq features, and EFM data indicated increased conjugation

(B)

the polymeric product is mainly through~C ring coupling in  |ength as a result of enzymatic reaction. The polymeric products
the sur_face reactlo_n, while a _maJorlty of-©—C aromatic were determined by MALDI-TOF mass spectroscopy, and
ethers is observed in the solution polymer spectrum. molecular masses up to 1200 Da were found. XPS surface

The C-O—C coupling, which is well-known from enzymatic  analysis indicated that nonspecifically bound HRP is also present
polymerization of phenolic monomers in solution, was not in the surface-polymerized sample. Comparison of the polymeric
observed in the surface reactions. The proposed structures ofroducts obtained from surface and solution polymerization was
the polymeric products are shown in Figure 12. Surface performed with UV-vis and FT-IR. UV absorbance and FT-
organization plays an important role in templating monomers IR spectra indicated that the hydroxyls within the caffeic acid
and restricting some reaction positions. On tRATP mono- benzene ring, which form quinone structures during in situ
layer, caffeic acid was bonded by ionic interactions with the surface polymerization, were not involved in building the
diphenolic moiety away from the surface. According to free POlymer backbone. €0—C coupling was observed in the
radical resonance, the formation of the quinone features solqtion-polymerized products._ Th_is structur_al diff_erence was
facilitates G-C ring coupling. The structural difference of the ~attributed to the surface organization and orientation provided
polymeric product was dictated by the stereoregularity and the 2 the DPN process.
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