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a b s t r a c t

An air-treated G4.5 poly(amidoamine) (PAMAM) dendrimer displayed the enhanced fluorescence enough
to be utilized as a fluorescence marker to visualize avidin–biotin affinity: On a fluorescence microscopic
image, the avidin labeled by a fluorescent G4.5 PAMAM dendrimer was observed to be selectively bound
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on the biotin pattern that was prepared by amide-bonding of biotin on a carboxylic acid-terminated
self-assembled monolayer and in turn by UV-irradiation with a photomask on the monolayer.

© 2010 Elsevier B.V. All rights reserved.
luorescent dendrimer

. Introduction

It has been found that the family of N-branched dendrimers
howed the fluorescence [1,2]. Recently, this luminescent property
f these dendrimers is taking attention and it was anticipated that
hese dendrimers can be used as a fluorescence marker on sev-
ral potential applications. For instance, the fluorescence of these
endrimers and dendrons was used to visualize the cotton fibrils,
ydrogels, porous silica, etc. [3–5]. These dendritic fluorescence
arkers can also be expected to label the biomaterials owing to

io-compatible, nonimmunogenic, and water-soluble characters
f N-branched dendrimers [6], which allow us easily to monitor
he properties of biomaterials and their assemblies, e.g., molecular
ecognition [7].

The well-known avidin–biotin system was selected as a model
o visualize its affinity, because the association constant (Ka) of

arious biotin molecules towards avidin is in the high order
uch as 1013–1015 M−1 [8]. A few studies were performed to
haracterize the avidin–biotin affinity by using fluorescent dyes
sulforhodamine, fluorescein) on a fluorescence microscopy with
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plasmon spectroscopy, atomic force microscopy, and cyclic voltam-
metry [8,9]. However, the rapid and facile methods are still to be
developed to recognize the avidin–biotin affinity. Therefore, it is
expected that the affinity of avidin on the biotin can be visual-
ized easily by labeling of fluorescent N-branched dendrimers as
a fluorescence marker on avidin molecules.

In this preliminary report, we visualize the avidin–biotin affin-
ity by using the enhanced emission of G4.5 poly(amidoamine)
(PAMAM) dendrimer as a fluorescence marker. An air-treated den-
drimer was labeled on an avidin molecule through the formation
of amide chemical bond. The affinity of dendrimer-labeled avidin
on the biotin surface was determined by means of a simple fluores-
cence microscopy.

2. Experimental

G4.5 PAMAM dendrimer, avidin and amine-PEO2-biotin
were purchased from Aldrich, Invitrogen, and Pierce chem-
icals, respectively. 11-Mercaptoundecanoic acid (11-MUA), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-
hydroxysuccinimide (NHS) were purchased from Aldrich, Dojindo,

and Wako chemicals, respectively. Avidin and amine-PEO2-biotin
were used as received. Doubly distilled and deionized water
(18 M� cm) were used throughout this work. A phosphate-
buffered saline solution was prepared from 10 mM phosphate,
2.7 mM KCl, 138 mM NaCl, and 0.05% (v/v) Tween 20 (PBS, pH 7.2).

dx.doi.org/10.1016/j.colsurfb.2010.10.043
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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Scheme 1. (a) Procedure for labeling of a fluorescent G4.5 PAMAM dendrimer on an
avidin molecule. The light-blue color on avidin represents fluorescent characteristics
adjected by the fluorescent G4.5 PAMAM dendrimer. (b) A scheme for examina-
tion of affinity of biotin surface with fluorescent G4.5 PAMAM dendrimer-labeled
ig. 1. Emission (solid line) and excitation (dotted line) fluorescence spectra of
ristine (black color) and aged (blue color) 0.5 mM G4.5 PAMAM dendrimer. (For

nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

. Results and discussion

Prior to the label of G4.5 PAMAM dendrimer on avidin molecule,
n air-purged solution of G4.5 PAMAM dendrimer was kept for
ight days under an air atmosphere in order to enhance its fluores-
ence property [2,5]. Fig. 1 shows the comparison of emission and
xcitation fluorescence spectra for air-treated and pristine 0.5 mM
4.5 PAMAM dendrimers in an aqueous solution. The pristine G4.5
AMAM dendrimer showed a weak emission band at 460 nm with
n excitation wavelength at 360 nm which increased steeply after
ir-treated. Similarly, a weak excitation band observed at 380 nm
ith an emission wavelength at 462 nm for the pristine dendrimer

lso increased remarkably by the air-treatment.
This air-treated G4.5 PAMAM dendrimer was labeled on an

vidin molecule through amide chemical bond, as shown in
cheme 1a. Briefly, the peripheral carboxyl groups of fluorescent
4.5 PAMAM dendrimer (100 �l, 5 wt%) were converted into active
sters (semi-stable amine-reactive NHS ester groups) by react-
ng for 15 min with sulfo-NHS/EDC in a PBS saline buffer solution.
he activated G4.5 PAMAM dendrimer was separated from unre-
cted sulfo-NHS and EDC by using a PBS buffer in desalting NAP-10
olumn. The activated fluorescent G4.5 PAMAM dendrimer was fur-
her reacted with avidin (10 mg/ml in a PBS buffer) for 2 h at room
emperature. Then, 20 �l of a 10% glutamate solution was added to
erminate the labeling reaction.

Amine-PEO2-biotin patterns on a gold coated glass substrate
Nihon Laser Electronic Co., Ltd. 20 mm × 13 mm × 0.7 mm) were
repared by producing the self-assembled monolayer (SAM)
nd adopting the photolithography in order to visualize the
vidin–biotin affinity. Prior to the patterning of amine-PEO2-biotin
n a gold coated substrate, the gold substrates were cleaned care-
ully by ultrasonication for 5 min each in a piranha solution, water,
cetone, and ethanol, followed by drying at oven.

As shown in the Scheme 1b, first, the self-assembled monolayer
f 11-MUA was prepared onto the well-cleaned hydrophobic gold

ubstrates (contact angle, � = 76 ± 2◦) by immersing the substrate
or 16 h in an 11-MUA solution, and thus the gold substrate became
ydrophilic, having carboxylic acid groups on its surface which
educes the contact angle of pure water to be 40 ± 2◦. Amine-PEO2-
iotin was immobilized on the SAM of 11-MUA using an NHS/EDC
avidin. The biotin patterns were prepared by irradiation of UV light for 20 min with
photo mask. (For interpretation of the references to color in this legend, the reader
is referred to the web version of the article.)

solution by the covalent (amide) bond. For details, the carboxylic
acid-terminated gold substrate was immersed into a freshly pre-
pared aqueous solution of NHS/EDC (2 mM each in a PBS buffer) to
convert carboxyl group into active ester group [10]. After rinsed by
a PBS buffer and water, the activated ester substrate was reacted
with an amine-PEO2-biotin solution (2 wt% in a PBS buffer) at room
temperature, so that the amine terminal group of biotin formed the
amide covalent linkage with carboxyl group of 11-MUA. Then the
final concentration of biotin was adjusted about 20 mM.

The biotin-modified gold substrate was patterned further by
photolithography: The substrate was irradiated for 20 min by UV
light through a photomask in the presence of oxygen so as to com-
pletely remove biotin/11-MUA in the selected area [11]. The UV
irradiation was carried out at a pressure 1.5 × 102 Pa with a prox-
imate gap of <10 nm between the substrate and the photomask.
Then the biotin-patterned substrate was immersed for 24 h in a
PBS solution of fluorescent G4.5 PAMAM dendrimer-labeled avidin
(100 �g/ml). The modified substrate was washed with a PBS buffer
and water, dried under vacuum, and then examined by an opti-
cal (Halogen lamp, LHS-H100P-1, 12 V, 100 W) and a fluorescence

(super high pressure mercury lamp, Model C-SHG1, 100 W, Nikon-
Eclipse TE 2000-U) microscope. For imaging by a fluorescence
microscope, the patterned substrates were irradiated at excitation
wavelength at 365 nm using DM 400 and RA 400 filters.
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ig. 2. Images of fluorescence (a) and optical (b) microscope of G4.5 PAMAM
endrimer-labeled avidin on biotin patterns.

The image of fluorescence microscope shows clearly dis-
inct bright-and-dark regions, as shown in Fig. 2a. The bright
rame region is indicative of fluorescent G4.5 PAMAM dendrimer-
abeled avidin on the biotin pattern. This indicates that fluorescent
endrimer-labeled avidin molecules were bound selectively on the
mine-PEO2-biotin surface by the affinity, displaying the strong flu-
rescence frame patterns. However, no such affinity was observed
n the UV light-irradiated regions, that is, rectangular closed
egions, due to the absence of biotin, and therefore there is no flu-
rescence in these regions. In other words, the well-defined dark
egions suggest that the biotin moieties were selectively removed
uring the UV light irradiation, which leaves the patterned biotin
urfaces on the gold substrate. Similar patterns are slightly defined
n the image on an optical microscope of G4.5 PAMAM dendrimer-

abeled avidin/biotin patterns. However, it was not as clear as an
mage on a fluorescence microscope, as seen in Fig. 2b. Therefore,
t can be mentioned that the observation by a fluorescence micro-
cope is the highly excellent technology to detect the avidin–biotin
ffinity.

[
[
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The most attractive feature of the present simple technique
is the visualization of the avidin–biotin affinity by using fluores-
cence of PAMAM dendrimer as a marker. The pattern of G4.5
PAMAM dendrimer-labeled avidin on the biotin substrate fabri-
cated through this technique is extremely reproducible, suggesting
that the family of fluorescent PAMAM dendrimers can be available
to label on biomaterials. This allows us to monitor the properties of
the targeted systems. The G4.5 PAMAM dendrimer-labeled avidin
can be valid as a sensing element to recognize the affinity with
sensing surfaces, e.g., biotin surfaces. Kim et al. [9] have prepared
the regenerable affinity-sensing surface consisting of avidin and
biotin molecules and have examined by cyclic voltammetry. In the
present study, we visually detected the avidin–biotin affinity on a
fluorescence microscope by using fluorescent G4.5 PAMAM den-
drimers. Especially, labeling of a biocompatible fluorescent probe,
such as PAMAM dendrimer, enable us the visual adaptation to bio-
science such as the separation of biomolecules, the determination
of biomolecular interactions and affinity biosensing.

4. Conclusions

In conclusion, the affinity between avidin and amine-PEO2-
biotin was visualized by using air-treated G4.5 PAMAM dendrimer
as a fluorescence marker. The air-treated G4.5 PAMAM dendrimer
showed the enhanced fluorescence, different from the pristine one.
Fluorescent G4.5 PAMAM labeled-avidin molecules were selec-
tively bound on the patterned biotin surface, which displays strong
fluorescent pattern. Air-treated PAMAM dendrimers with unique
luminescent property can be labeled to biomaterials, as a fluo-
rescence marker that gives the information about the properties
of biomaterials, such as interactions, assembling, and so on. This
method of visual observation should potentiate to further develop-
ment of biosensors and biochips.
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