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Patterning of biological molecules was attempted on both gold and glass using fourth generation (G4)
polv(amidoamine) (PAMAM) dendrimer as an interfacing laver between solid surfaces and biomolecules. As
for the patteming of avidin and anti-biotin antibody on gold. PAMAM dendrimers representing anune
functionalities were firstly printed onto the 1l-mercaptoundecancic acid SAM by microcontact printing.
followed by biotinvlation, and reacted with fluorescence-labeled avidin or anti-biotin antibody. Fluorescence
microscopic analysis revealed that the patterns of avidin and anti-biotin antibody were well constructed with
the resolution of < 24tm. The PAMAM dendrimers were also printed onto aldehvde-activated slide glass and
reacted directly with anti-BSA antibodies. which had been oxidized with sodium periodate. As a result, distinct
pattems of the anti-BSA antibodies were also obtained with a comparable edge resolution to that of avidin
pattems on gold. These results clearly show that PAMAM dendrimers can be adopted as an interfacing laver
for the patterning of biological molecules on solid surfaces with micrometer resolution.
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Introduction

Pattemning biological molecules on solid surfaces is
increasingly aftracting aftention in many areas including
biosensors. controlled cell adhesion. and arrays of ligands
and biomolecules."* A number of methods have been report-
ed for the formation of patferns on solid surfaces. and
various kinds of inferfacing lavers have been employed in an
effort to precisely control the physicochemical properties on
solid surfaces.™"" Over the past few years. microcontact
printing. known as a soft lithographic technique. has been of
great interest. because it offers very simple and versatile tool
for the patterning of biomolecules or small compounds on
solid surfaces.~'!"'* In this technique. an elastomer. typically
made of poly(dimethylsiloxane) (PDMS). is used as a stamp.
and printing of molecules onto surfaces generates micro-
scale patterns of the target molecules. Self assembled mono-
lavers (SAMs) on gold and silicon have been widely used as
base substrates for patterning.!~>*#1"11% and recently. differ-
ent kinds of interfacing lavers including linear and co-
polymerized polymers have been developed. extending the
utility of microcontact printing technique to other appli-
cations."*!™" It is generally accepted that interfacing layers
between solid surfaces and biomolecules have a profound
effect on spatial control of the surface or the interface
property. surface density of the molecules. and ¢chemical and
electrochemical surface reactions.

Highly branched dendritic macromolecules (dendrimers)
have been recently recognized as a promising candidate for
building units of molecularly organized nanostructures and
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interfacing materials. =~ With unique characteristics such as
structural homogeneity. integrity. controlled composition.
and multiple homogeneous chain ends available for consecu-
tive conjugation reaction. there have been a number of
approaches for the construction of dendrimer-based com-
posites. e.g.. deposition of dendritic multilayers vig Pt
complexation. electrostatic interaction. construction of mono-
lavers on reactive SAMs. =~ Furthermore. the surface groups
of dendrimers can be chemically functionalized through
synthetic manipulations. extending their applications.="
Recently. dendrimers were also used as an ink for the contact
printing*® and emploved as a linker for the construction of
DNA microarrays.*’

To date. we have shown that modified swrfaces with
PAMAM dendrimer having amine groups can be effectively
made onto SAMs/gold substrates and functionalized with
chemical and biological ligands for the purpose of bio-
sensors.”** In addition. monolavers of biomolecules can be
constructed on the dendrimer layers through simple coupling
reactions. ™ Based on the previous studies and the above-
mentioned characteristics of dendrimers, it is expected that
dendrimers can be emploved as an interfacing layer for the
patterning of biomolecules on solid surfaces. In this study. as
an approach to the patterning of biological molecules on
solid surfaces. we firstly printed dendrimers onto both
reactive SAMs on gold and aldehyde-activated glasses by
microcontact printing. The dendrimers on gold were func-
tionalized with biotin and reacted with avidin or anti-biotin
antibody. and the formation of patterns was investigated by
fluorescence microscopy. Patterning of anti-bovine serum
albumin (BSA) antibody was attempted through direct
reaction with the dendrimers on glass and also examined
using the same method. Details are reported herein.
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Experimental Section

Materials. Poly(dimethvlsiloxane) (Sylgard 184) and its
curing agent are manufactured by Dow Chemical. 1.2.2-
(Tridecafluoro-1.1.2 2-tetrahydrooctyl)-1-trichlorosilane  was
purchased from UTC In¢.. Amine-terminated fourth gener-
ation (G4 poly(amidoamine) (PAMAM) dendrimer is
manufactured by Dendritech. In¢c. (Midland. MI) and was
purchased from Aldrich. 1-Ethy1-3-(3-dimethy] aminoprop-
vlcarbodiimide hydrochloride (EDAC). sodium cyanoboro-
hydride. fluorescein isothiogyanate (FITC). and fluorescein
isothiocvanate-labeled avidin (Avidin-FITC. 3.0-3.3 mol
FITC/mol protein) were from Sigma and used as received.
11-Mercapto-1-undecanol (MUQH). 11-mercaptoundecanoic
acid (MUA). pentafluorophenol (PFs). sodium cyanoboro-
hydride (3 M in 1 N NaOH). and 2-(2-aminoethoxy)ethanol
(AEE) were purchased from Aldrich. Sodium (meta)-perio-
date and octadecanethiol (ODT) were from Fluka. Biotinyl-
g-amidocaproic acid AN-hydroxysulfosuccinimidy]l ester
(sulfo-NHS-biotin). biotiny1-3 6-dioxaoctanediamine (biotin
PEO-LC-amine) and immunopure avidin were purchased
from Pierce. Anti-biotin monoclonal antibody (mouse
monoclonal 2F3. isotype 1gGix) as well as its fluorescently
labeled form (Alexa Fluor 488 conjugate. 3.0-6.0 mol label/
mol protein) was obtained from Molecular Probes. Anti-
bovine serum albumin (anti-BSA) antibodsy developed in
rabbit was from Sigma and used as received. Fluorescent
polystyvrene microbead solution (aldehyde-coated beads. 2%
solids). whose bead diameter was 20 nm. was received from
Molecular Probes and used after proper treatment as
recommended by manufacturer.

Thin film gold surfaces were prepared by resistive evapo-
ration of 200 nm of gold (Au. 99.999%) onto titanium-
primed (Ti. 20 nm) silicon wafers (Si[100]). Aldehvde-
activated glass slides were purchased from Telechem
(Sunnyvale. CA).

Preparation of stamps for microcontact printing. For
the patterning of biomolecules on solid surfaces. poly(di-
methylsiloxane) (PDMS) stamps having desired features
were made and used for the microcontact printing according
to the method developed by Whitesides group.” Briefly.
micropatterns of 4 X 4 arrays with feature sizes of 100 or 30
Am square corrals were designed by AutoCAD software (see
Figure 2). Masks of the designed micropattems were made
by photolithography. and the masters. that were used to cast
the PDMS stamps. were fabricated by photoresistor spin-
coating and processing. The depth of the relief was
controlled at about 6 um. Patterned stamps were made by
pouring a 10 : 1 mixture of Sylgard 184 PDMS prepolymer
and curing agent (wt. ratio) over the silane pretreated master
surface in a petri dish. and curing at 70 “C overnight. The
silanization reaction was performed in a desiccator under
reduced pressure by placing the master with a few drops of
1.2.2-(Tridecafluoro-1.1.2. 2-tetrahy drooctyl)- 1-trichlorosilane
for 20 min. After overnight curing. the hardened PDMS
stamp was peeled off from the master and washed with
ethanol and ddw (doubly distilled water). The master could
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be repeatedly used without severe contamination when the
silanization process was performed satisfactorily. Thickness
of the resulting stamps was controlled at about 3-7 mm for
the ease of inking and microcontact printing.

Printing amine-terminating dendrimers onto gold and
glass. For the printing on gold. MUA SAM was prepared on
gold and activated as described elsewhere. " Methanolic
dendrimer solution (0.7 mM) was used as an ink material for
the microcontact printing process. A newly prepared PDMS
stamp was inked by scrubbing the surface with a cotton swab
soaked with the dendrimer solution and subjected to an
argon flow for solvent evaporation. After drving. the inked
stamp was brought into conformal contact with the PF;-
activated and dried SAM/Au surface. The duration of the
contact between the stamp and the activated SAM was
adjusted to 3 min for the effective transfer and reaction of
dendrimer molecules on the solid surface. The stamp was
peeled off with care for not fouling the printed pattems.
After peeling off the PDMS stamp. the surfaces were rinsed
with methanol. dried with a stream of argon. and immersed
in a bicarbonate buffer (0.1 M. pH 9.5) for 20 min to hydro-
lvze the remaining fluorophenyl esters.

For the printing of dendrimers on glass. aldehvde-acti-
vated slide glasses were used and subjected to microcontact
printing without preactivation. The resulting glasses were
incubated in AEE ethanol solution (1 M) for 2 h to block the
aldehvde functionalities remaining in non-patterned regions.
The Schiff bases formed by amine-aldehyde coupling were
reduced by adding 10 gL of 3M sodium cvanoborohydride
in 1 N NaOH per | mL reaction volume. and the reaction
proceeded for 2 h. followed by thorough washing with
ethanol and ddw. To this step. the patterning of dendrimers
was completed for further bio-functionalization.

Mixed-SAM supported pattern preparation. For printing,
ODT was used as the ink. because this compound showed a
sufficient hydrophobicity for wetting the untreated PDMS
stamp (not treated with oxygen plasma). and presented a
good pattemn of ligands. After microcontact printing with
ODT. which is essentially the same procedure to that with
dendrimers. the resulting surfaces were treated with a mixed
solution of thiols containing reactive functionality. A mixture
of MUGOH and MUA (10 : 1. w/w) was prepared and used to
back-fill the remaining surface regions after ODT printing
because this composition was found to show the best result
when avidin-specific monolavers are made on the biotinvlated
mixed-SAM.* After filling reaction with a thiol-mixture and
washing. biotinylation reaction was proceeded with biotin
PEQO-LC-amine v/a PFs activation of the surface carboxylate
groups from adsorbed MUA.

Association of fluorescence-labeled and aldehyde-func-
tionalized microbeads onto the printed surface. To confirm
the printing of amine-terminated dendrimers on either gold
or glass. pattern visualization vig fluorescence microscopy
was conducted by reacting with aldehyde-coated fluorescent
microbeads (diameter = 20 nm). Bead solution was freshly
prepared before each experiment by diluting it with ddw to
0.2% solid content. Aggregates were removed by centrifug-
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ing the solution for 3 min under 10.000 g and decanting
precipitate. following manufacturer’s recommendation. The
resulting fluorescent microbead solution was applied to gold
or glass surfaces representing printed dendrimers. After one
hour of amine-aldehyde swrface reaction. the resulfing
surface was dipped into sodium cyanoborohydride solution
(3 mM in ddw. 20 min) for the reduction of Schiff bases
formed. The resulting surfaces were subjected to thorough
washing steps with ddw and PBST (pH 74. 10 mM
phosphate. 2.7 mM KC1. 138 mM NaCl. and 0.03% (v/v)
Tween 20). followed by visualization experiment using
fluorescence microscopy.

Patterning avidin and anti-biotin antibody. To form the
patterns of avidin and anti-biotin antibody on either gold or
glass. the printed dendrimers were firstly biotinylated using
sulfo-NHS-biotin as described in our previous work *! For
pattemming of avidin. FITC-avidin solution (1 #M. based on
the avidin concentration) in PBST was applied to the
pattermed/biotinylated surface for 20 min in the dark after
rinsing with PBST. The surfaces were then thoroughly
washed with PBST and ddw. Subsequently. the fluorescent
patterns of the surface were investigated using fluorescence
microscopy. Similar procedure was emploved for the
patteming of anti-biotin-antibody. and Alexa488-labeled
antibody was used. Antibody solution in PBST (0.02 mg
antibody/mL) was applied for 30 min in the dark. and the
resulting surface was thoroughly rinsed with PBST and ddw
before pattern analysis.

Patterning anti-BSA antibody. Anti-BSA antibody was
firstly labeled with FITC as described elsewhere.” and
FITC-labeled antibodies were used immediately in the
following experiments. To directly couple the antibody with
the amine-terminated dendrimer molecules. the carbohy-
drate moieties of anti-BSA antibody were oxidized with
sodium periodate.**** Briefly. sodium periodate (20 mM)
was added to anti-BSA-FITC antibody solution (0.4 mg/mL)
in sodium acetate buffer (150 mM. pH 3.2). The reaction
proceeded in the dark for 1 h at room temperature with mild
stirring. and was quenched by addition of 10 gL ethylene
glyeol for 30 min. The modified antibody molecules were
purified in Centriprep® (Millipore. MA) following manu-
facturer’s instruction through 8-time buffer changes. and
finally. the solution was concentrated fo 1 mg antibody/ml.
For the patterning of FITC-labeled anti-BSA antibody on
either gold or glass. the dendrimer-printed surfaces were
rinsed several times with PBST buffer before binding reaction.
The surface was immersed in the anti-BSA-FITC (with
exposed aldehyde functionality on the carbohydrate moiety’)
solution (0.02 mg antibody/mL in PBST) for 20 min in the
dark. Then. the surface was rinsed thoroughly with PBST
and ddw before observation with fluorescence microscope.

Instrumentation. Olympus BX40 laboratory microscope
with URA fluorescence attachment was used for the fluores-
cence microscopy. Images were collected by a cooled Photo-
metrics SenSys CCD camera (Roper Scientific GmbH.
Germany) and saved on an Apple PowerMac through Photo-
metrics SCSI A25 Box (Roper Scientific GmbH. Germany).

Bull. Korean Chem. Soc. 2003, Vol. 24, No. 8 1199
Results and Discussion

Printing PAMAM dendrimer on gold. For the patterning
of biomolecules on gold. PAMAM dendrimers representing
amine functionalities were firstly printed onto SAMs of 11-
mercaptoundecanoic acid by microcontact printing. The
procedure is schematically shown in Figure 1. The reaction
between amine groups from the dendrimer chain-ends and
the surface ester groups from the activated-SAMs was
confirmed through an electrochemical method as reported in
our previous studies ' SPR analysis revealed that the
covalent coupling vield of dendrimers to the ester-activated
SAMs by microcontact printing is about 80% of that by
simple immersion reaction (data not shown).

It might be noteworthy that in addition to the anticipated
merits from the nature of dendrimers. there were some
unexpected advantages in using dendrimer as a printing ink
material. For the successful construction of micropatterns on
surfaces by microcontact printing. enough amount of ink
material should be delivered to the surfaces. and the efficient
wetting of stamps with ink is a crucial factor. In case of
PDMS stamp. oxy gen plasma treatment is usually conducted
to render the surface more hydrophilic for the purpose. '
However. when PAMAM dendrimer was used as the ink
material. stamp surface could be readily wetted by a
methanolic solution of dendrimer. and the oxygen plasma
reatinent was not necessary.

To examine the printing of dendrimers on reactive SAMs
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Figure 1. Schematic representation of the microcontact printing
and patteming of biomolecules on gold and glass. The dimensions
of the components are not drawn to scale for simplicity (MUA: 11-
mercaptoundecanoic acid, PFs: pentafluorophenol, EDAC: 1-ethyl-
3-(3-dimethyl aminopropyljcarbodiimide hydrochloride, PAMAM:
polyv(amidoamine), PDMS: polv(dimethylsiloxane)).
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Figure 2. I'luorescence images of the dendrimer-printed  gold
surface incubated with tfluorescent microbeads. Positive (A) and
negalive (B) patterns with the leature sizes of 100 tm and 50 ym
are shown with scale bars. Also shown are luorescence profiles
across the white lines drawn on images.

on gold, the printed surface was incubated with fluorescent
microbeads having amine-reactive aldehyde groups at the
beads surtaces. The microbead has tluorescent dves in its
cavity and surface aldehyde groups. which can react with the
amine — terminating dendrimers for coupling reaction. Figure
2 shows the images of the patterned surfaces. The 4 x 4
arrays of rectangles with side lengths of 100 g#m and 50 ym
were successfully constructed and could be clearly seen.
Stamps of positive and negative patterns were made from the
same photomask. and each stamp was used to print dendri-
mers on the activated-SAMs/gold substrate simultaneously.
The estimated resolution of this patterning technique is < 2
um. which is similar to that reported elsewhere.'' This level
ot resolution is sufticient for most biotechnological appli-
cations.” Recently, sub-100 nm scale patterning of dendrimers
on silicon through contact printing was reported.*

To form the patterns of biomolecules on the dendrimer-
printed gold. the surface was functionalized with biotin
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Figure 3. Fluorescence images of the avidin pattems construcled
on the dendrimer-printed gold surface (A and B) and on the mixed-
SAM (C) which had been moditied with biotin ligands. FITC-
labeled avidin was used. Positive (A and C) and negative {B)
patterns with the feature sizes ot 100 tm and 30 tim are shown
with scale bars and fluorescence profiles across the white lines
drawn on images.
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groups. and FITC-labeled avidin was applied to the biotinyl-
ated surface as described in the experimental section. Figure
3 shows the image of the patterned surface under fluores-
cence microscopy. and distinctive patterns of avidin were
observed. The edge resolution of the patterns was estimated
to be about 2 ttm. As a control set for comparison with the
dendrimer-assisted pattems. a mixed-SAM supported pattems
were also prepared and imaged with FITC-labeled avidin.
For the mixed-SAM supported patterns (C). the patterns
were also readily discernible. but. the fluorescence intensity
was weaker compared to that of the dendrimer-assisted
patterns. The dendrimer-assisted patterns were estimated to
result in about 3-3.5 times stronger intensity (that is. the
amount of immobilization) of biospecific interaction com-
pared to the mixed-SAM assisted pattems.

As an extension of the approach to other biomolecules.
FITC-labeled anti-biotin antibody molecules were applied to
the dendrimer-printed surface using identical procedure as
shown in Figure 1. As a result. fluorescence microscopy
image of the pattemed antibody was clearly observed (Figure
4(A)). A high contrast between pattemed and non-patterned
regions. similar to that of the surfaces pattemed with FITC-
labeled avidin molecules as in Figure 3. was obtained.
However. the edge resolution and overall signal intensity of
the antibody patterns were not as good as that with avidin
molecules. This result might be attributed to the low
association constant of the biotin/anti-biotin pair compared
to that of the avidin/biotin couple **

Based on the above results. it is expected that dendrimer
molecules can be printed on reactive-SAMs on gold in a
relatively simple and straightforward way. thereby acting as
a plaform for patteming of biomolecules. This seems to
come from the unique characteristics of highly branched
dendrimer molecules with high-density functional groups
for further modification or immobilization of biomolecules.
For example. the fourth generation (G4) PAMAM dendrimer
used in this work has 64 amine functional groups at its
surface. and amine is a very versatile functionality in bio-
conjugation chemistry. Other amine-polymers. such as
poly(L-lysine) and poly(arvl)amine were also tested. but
dendrimer was found to result in more favorable platform for
further biofunctionalization.™

Patterning of antibody on glass. To examine the useful-
ness of dendrimer as an interfacing layer for the patterning
of biomolecules on glass. we emploved aldehyde-activated
glass slides. In this case. the dendrimers can be directly
printed and coupled with aldehyde functional groups on the
glass as depicted in Figure 1. As a typical antibody. anti-
BSA antibody was used after labeling with FITC. The
carbohydrate moieties of the anti-BSA antibody were
oxidized with periodate.* and reacted with the dendrimer-
printed glass surfaces. Non-pattemed region was filled with
hydroxyl-terminating molecule. 2-(2-aminoethoxy)-ethanol
(AEE). by considering its characteristic resistance against
non-specific protein binding ' Figure 4(B) shows the result
of fluorescence microscopic analysis from the surface. and a
distinct pattern was observed. However. the overall fluores-
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Figure 4. (A) Fluorescence image of the anti-biotin antibody
pattern fabricated on the dendrimer-printed gold surface which had
been biotinvlated. Alexa Fluor 488 — labeled antibody was used.
Also shown is the tluorescence profile across the white line drawn
on the image. (B) Fluorescence image of the anti-BSA antibody
pattern constructed on the dendrnimer-printed glass. FITC-labeled
anti-BSA antibody was oxidized with sodium periodate and
directly coupled with the dendrimer-printed glass. A positive
pattern with 100 gm rectangles is shown with a scale bar and the
fluorescence profile across the white line drawn on the image.

cence intensity and especially the contrast between pattern-
ed and non-patterned regions were relatively low compared
to those of the avidin/biotin couple. This seems to be due to
low fluorescent labeling vield of the protocol emploved (0.3-
1.0 F/P in general. ™ compared to 3.0-3.3 for avidin and 5.0-
6.0 for anti-biotin antibody) and/or to the sticky nature of the
antibody. which promotes non-specific binding. In addition,
self-conjugation between modified antibodies might lead to
low coupling vield of antibody molecules onto the printed
dendrimers.

Conclusions

We have described a method for the patterning of
biological molecules such as protein and antibody on gold
and glass surfaces by using PAMAM dendrimers as an
interfacing laver. Printing of the PAMAM dendrimers was
readily carried out on the reactive SAMSs on gold as well as
on the aldehyde-coated glass by the microcontact printing
method. Visualization of the dendrimer-printed surface
indicated that the PAMAM dendrimers could be efficiently
transferred to the gold and glass surfaces even without
pretreatment of the PDMS stamp. forming the uniform
layvers on the surfaces. Fluorescence microscopic analyvses
also revealed that the pattemms of biological molecules such
as protein and antibody were well constucted on the
dendrimer-printed surfaces with micrometer resolution.
Based on these observations. it is plausible that PAMAM
dendrimers can be effectively adopted as an interfacing layer
for the patterning of biomolecules on solid surfaces in a
relatively simple way.
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