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I Molecular boxes

Molecular Boxes on a Molecular Printboard:
Encapsulation of Anionic Dyes in Immobilized

Dendrimers**

Steffen Onclin, Jurriaan Huskens, Bart Jan Ravoo,* and David N. Reinhoudt*

Fifth-generation poly(propylene imine) dendrimers, modified with 64

apolar adamantyl groups, have been immobilized on cyclodextrin host
monolayers (“molecular printboards”) on glass by supramolecular
microcontact printing. The immobilized dendrimers retain their guest-
binding properties and function as “molecular boxes” that can be filled
with fluorescent dye molecules from solution. Alternatively, part of the
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immobilized dendrimers were filled with dye molecules by cross-micro-
contact printing while the remaining, empty dendrimers were filled with a
different dye from solution, resulting in alternating patterns of dye
molecules. In addition, we demonstrate that encapsulation of dyes in im-
mobilized dendrimers is reversible: immobilized molecular boxes can be
filled with a dye, emptied, and subsequently refilled with a different dye.

1. Introduction

Dendrimers are highly branched, well-defined macro-
molecules consisting of a core, an interior region, and nu-
merous end-groups. In recent years, this class of molecules
has attracted increasing attention because of their molecu-
lar-recognition properties.'* Moreover, dendrimers can be
tailored into biocompatible compounds with low cytotoxici-
ty, which makes them promising candidates as drug-delivery
systems.’! The molecular-recognition properties are based
on the presence of voids in the interior of the dendrimers
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and/or on interactions with functionalities at the periphery.
Higher-generation dendrimers, in particular, can efficiently
encapsulate guests as the densely packed end-groups se-
clude the internal voids. Meijer has introduced the term
“molecular box” for a dendrimer that encapsulates one or
more guest molecules, and there are numerous examples
of guest encapsulation inside dendrimers. One well-known
example is the complexation of anionic dyes by dendrimer
hosts."%] Tt is believed that this recognition process is pri-
marily governed by favorable electrostatic interactions be-
tween protonated tertiary amines in the dendrimer core and
the anionic dyes. However, a recent study has suggested
that a good match in shape is also required.'! Dendrimers
modified with an apolar periphery can be employed as ex-
tractants of anionic dye molecules from water into organic
solvents,® although there has been some discussion regard-
ing the maximum number of dye molecules that can be en-
capsulated inside a dendrimer molecular box.**101413] Ney-
tral molecules can be bound inside dendrimer molecules by
hydrophobic interactions,'*"! or by hydrogen bonds.""*?
The controlled immobilization of dendrimers on a sur-
face provides a handle to study and manipulate these mole-
cules at a fixed position in space and could be of considera-
ble importance for future applications, such as the develop-
ment of biochips. Immobilization of dendrimers on a surface
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has been reported based on covalent chemistry,!"?! physi-

sorption,” and by hydrogen-bond formation. Chen et al.
have studied the complexation behavior of immobilized
dendritic molecules by surface plasmon resonance.'!! Re-
cently, our group has reported the immobilization of single
dendrimer molecules on gold by insertion of dendrimer
molecules or dendrimer precursors in a monolayer,”**” and
by host—guest interactions on a “molecular printboard” on
gold.”! A molecular printboard is a monolayer of cyclodex-
trin (CD) host molecules that can bind suitable guest mole-
cules (such as adamantyl derivatives) by hydrophobic inclu-
sion.®?! The interaction of the guest molecules with the
immobilized hosts can be tuned and controlled according to
the principles of multivalency.”*! We introduced the con-
cept of “supramolecular microcontact printing” for a form
of microcontact printing (LCP) where guest molecules are
printed in patterns on a molecular printboard.F>** Den-
drimers with multiple guest end-groups can be used for
nanofabrication with gold and silica nanoparticles.*>*! In
this paper, a molecular printboard on glass® is used to bind
adamantyl-terminated dendrimer molecules by specific
supramolecular interactions. The dendrimer boxes are im-
mobilized in microscale patterns by supramolecular pCP.
The dendrimers can subsequently be employed as hosts for
the encapsulation of fluorescent molecules.

2. Results and Discussion
2.1. Patterning with Dendrimers

Fifth-generation poly(propylene imine) (G5 PPI) den-
drimer 1, functionalized with 64 adamantyl groups,'’ was
selected for immobilization on B-cyclodextrin ($-CD) mono-
layers on glass.’” The molecular structure of this dendrimer
is shown in Figure 1A. Dendrimer 1 contains 62 tertiary
amines that can be protonated to attract and encapsulate
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anionic guest molecules by electrostatic interactions. To
solubilize 1 in water, an acidic solution (pH2) was em-
ployed to protonate the tertiary amines. This results in im-
proved water solubility and also ensures that the dendrimer
adopts a fully extended conformation due to electrostatic
repulsion. In addition, the hydrophobic adamantyl groups
were complexed with B-CD.'*¥1 By this method, stable
aqueous dendrimer solutions could be prepared with con-
centrations of up to 0.15 mmM. Immobilization of 1 on a f3-
CD monolayer was accomplished by supramolecular micro-
contact printing (WCP)P?~* using an oxidized PDMS stamp
and an aqueous solution of 1 as ink. The pCP procedure is
depicted schematically in Figure 1B. The ink solution used
for uCP contained 0.15 mm of 1 and 10 mm of B-CD in aque-
ous solution at pH2. pCP was performed with PDMS
stamps with a relief of 10-um lines spaced 5 pm apart. Prior
to inking, the stamps were oxidized to improve the wettabil-
ity of the stamp with the aqueous ink solution.

Bringing the inked stamps into conformal contact with
the molecular printboard for one minute resulted in the
transfer of dendrimers from the stamp to the surface, as ob-
served by atomic force microscopy (AFM; Figure 2). A reg-
ular pattern of 10-pum lines spaced 5 pm apart was observed
both in the height and the friction images. We could there-
fore conclude that uCP of the dendrimers results in a faith-
ful replication of the stamp features on the printboard.
AFM indicated the transfer of more than one monolayer of
dendrimer, but extensive rinsing with an acidic f-CD solu-
tion resulted in a decreased height consistent with approxi-
mately one monolayer of dendrimers. The height observed
by AFM was about 1 nm, indicating that the dendrimers are
in a flattened conformation on the surface, or are flattened
by the load of the AFM tip. In contrast to uCP with divalent
molecules, as reported previously,*>>" rinsing with $-CD so-
lution did not result in removal of the patterns, even after
prolonged rinsing (Figure 2). This is a strong indication that
1 interacts by multiple supramolecular interactions with,
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Figure 1. A) Molecular structure of a fifth-generation adamantyl-terminated PPl dendrimer 1. B) Solubilization of 1 in water with B-CD at pH 2.
() Schematic representation of microcontact printing of 1 on a B-CD molecular printboard.
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Figure 2. Contact-mode AFM images (50 x 50 um? after microcontact
printing of the B-CD complex of dendrimer 1 on the molecular print-
board. The z-scale is 20 nm in the top-left image and 10 nm in the
bottom-left image. Friction forces (a.u.) increase from dark to bright.
Images were obtained directly after printing (top row) and after rins-
ing with 300 mL of 10 mm aqueous B-CD solution (bottom row).

and binds in a quasi-irreversible fashion to, the molecular
printboard of B-CD. In fact, recent electrochemical meas-
urements, using a G5 PPI dendrimer with 64 ferrocene end-
groups, suggest that approximately seven out of 64 end-
groups are involved in binding to the molecular printboard
on gold.F”

2.2. Encapsulation of Fluorescent Anionic Guests

To encapsulate anionic dye molecules in immobilized
dendrimers, the dendrimers were printed on the molecular
printboard. After uCP, the patterns were rinsed extensively
with aqueous B-CD solutions at pH?2 and subsequently
dipped in a 10™*m aqueous dye solution for one minute. To
remove physisorbed dye molecules the substrates were
rinsed with an aqueous phosphate buffer solution (pH 7).
This procedure is outlined in Figure 3.

Bengal Rose and fluorescein were chosen for encapsula-
tion in the dendrimer boxes as both are known to interact
with PPI dendrimers modified with apolar groups.!”! Bengal
Rose and fluorescein are doubly negatively charged dyes,
thus assuring an electrostatic interaction with the protonat-
ed interior of the dendrimers. Both dyes are water-soluble

|
| I

Figure 3. Schematic representation of the filling of immobilized
dendrimer patterns with anionic dyes.
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and fluorescent at neutral and high pH. After exposure to
the dye solution and extensive rinsing, the substrates were
imaged with a laser scanning confocal microscope (LSCM).
Bengal Rose was excited at 543nm and fluorescein at
488 nm. The LSCM images in Figure 4 show an accurate
replication of the stamp features, indicating that dye com-
plexation takes place selectively in the areas where the den-
drimers were deposited by the stamp.

Fluorescein

Bengal Rose

Figure 4. Confocal microscopy images (65 x 65 um?) after micro-
contact printing of 1 on a molecular printboard, followed by filling
of the immobilized dendrimers with Bengal Rose and fluorescein.

To demonstrate the wider scope of this methodology a
more sophisticated procedure was carried out. After print-
ing the dendrimers in 10-um lines on the molecular print-
board, a second identical stamp was inked with an aqueous
10~*m Bengal Rose solution. This stamp was brought into
contact with the substrate perpendicular to the printed den-
drimer pattern (“cross-printing”), causing the transfer of
Bengal Rose molecules from the stamp to the surface both
on the bare $-CD monolayer and on the dendrimer-modi-
fied monolayer. Next, the substrate was briefly rinsed with
water. Following the double uCP procedure, the substrate
was dipped into an aqueous 10~*m fluorescein solution and
finally rinsed with an aqueous phosphate buffer solution
(pH 7). Imaging of the cross-printed substrate was per-
formed by simultaneously exciting both dyes and monitoring
the emission at different wavelengths (Figure 5). The left-
hand image in this figure was obtained by exciting at
543 nm and monitoring the emission above 600 nm, both of
which are suitable wavelengths for Bengal Rose. The image
shows that Bengal Rose has been selectively deposited only
in the regions where dendrimers are immobilized and where
Bengal Rose was cross-printed. The center image was ac-
quired by exciting at 488 nm and monitoring the emission
between 500 and 530 nm, where fluorescein emits. It is evi-
dent that adsorption of fluorescein takes place mainly in the
dendrimers at the areas where Bengal Rose is not printed,
that is, in “empty” immobilized dendrimers. Simultaneous
imaging (right) shows alternating parts of dendrimer pat-
terns selectively filled with the two dyes.

This experiment demonstrates that, in addition to com-
plexation from solution, immobilized dendrimers can also
be filled by uCP of anionic dyes. The observation that dip-
ping the substrate in a fluorescein solution results in prefer-
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Figure 5. Confocal microscopy images (50 x 50 pm? after microcontact printing of 1 on a molecular print-
board, followed by cross-printing of Bengal Rose and subsequent filling with fluorescein. The substrate
was simultaneously excited at 488 nm and 543 nm and images were recorded by measuring the emis-
sion above 600 nm (left), between 500 and 530 nm (center), and both simultaneously (right).

ential deposition in the “empty” dendrimers is an indication
that uCP of Bengal Rose results in efficient filling of the
dendritic molecules. Also, it suggests that the dyes are
bound fairly strongly inside the dendrimers, as only limited
exchange of the two dyes is observed under these experi-
mental conditions.

One potential application of dendrimers is in controlled
drug release.”! For this purpose, the encapsulation process
needs to be reversible and the dendrimers should be able to
release their guests upon an external stimulus. One clever
example has been reported by Paleos etal.,'”) who were
able to release encapsulated pyrene molecules from the in-
terior of dendrimers by lowering the pH of the solution.
Here, the reversibility of the encapsulation process was
tested with dendrimers immobilized on the molecular print-
board. Printed dendrimers were filled with fluorescein by
dipping in an aqueous fluorescein solution (Figure 6, left
image). Next, the substrate was rinsed with an aqueous
100 mm phosphate buffer solution at pH 9 to deprotonate
the dendritic molecules and/or exchange the fluorescein
molecules for nonfluorescent phosphates. LSCM indicated a
large decrease in fluorescence intensity (Figure 6, center),
reflecting the reversibility of the complexation process. Sub-

Fluorescein fill Emptied

Figure 6. Confocal microscopy images (60 x 60 pm?) after microcontact printing of 1 on a molecular print-
board, followed by filling of the immobilized dendrimers with fluorescein (left). The dendrimers were sub-

small

Printed dendrimer sequently, the substrate was
l l l rinsed with an aqueous HCI

solution to protonate the
tertiary amines in the interi-
or of the dendrimer, and

dipped in an aqueous
Bengal Rose solution. The
image on the  right

(Figure 6) shows the sub-
strate after refilling with
Bengal Rose. Clearly,
Bengal Rose is adsorbed in
the dendrimer patterns, thus
demonstrating the reversibil-
ity of guest encapsulation on
a surface. In addition, these
experiments indicate that
the immobilized dendrimer
boxes allow many consecu-
tive handling and rinsing steps without degradation of the
uCP pattern.

Simultaneous

3. Conclusions

Fifth-generation PPI dendrimers have been immobilized
on B-CD molecular printboards on glass. The dendrimer
molecules are anchored to the substrate by multiple supra-
molecular interactions and form an essentially irreversible
bond in aqueous solutions. The host potential of the immo-
bilized dendrimers was investigated by encapsulating anion-
ic dyes like Bengal Rose and fluorescein, and confocal mi-
croscopy images showed that dendrimers can also function
as molecular boxes when they are immobilized. Moreover,
more sophisticated strategies are possible: dyes were deliv-
ered to dendrimers by pCP, and the remaining areas with
empty dendrimers could be filled selectively with a different
dye from solution. Additionally, we have shown that the en-
capsulation process on the (-CD surface is reversible by
emptying fluorescein-filled dendrimers and subsequently re-
filling them with Bengal Rose.

This work shows that dendrimers remain versatile mole-
cules when immobilized
onto a surface. Since these
macromolecules can carry
many functionalities, their
application as  building
blocks and templates in
nanofabrication is promis-
ing.’>%! In addition, the re-
versibility of the encapsula-
tion process makes these
types of immobilized molec-
ular boxes attractive as po-
tential drug-delivery sys-
tems.

Bengal Rose refill

sequently emptied by rinsing with an aqueous buffer solution at pH 9 (center), reprotonated by rinsing
with an HCl solution, and refilled by dipping in a Bengal Rose solution (right). The left and center images

were obtained at identical confocal microscope settings.
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4. Experimental Section

Materials and methods: The G5 PPl dendrimer with 64 ada-
mantyl groups was prepared following the procedure reported by
Meijer et al.?? According to MALDI-TOF, the dendrimer is mono-
disperse and contains only a very small fraction with less than
64 adamantyl groups. Aqueous dendrimer solutions were pre-
pared by adding a B-CD solution (10 mm, pH 2) to the dendrim-
ers, followed by extensive sonication."®! Dyes were obtained
from Aldrich and used as received.

Substrate preparation: B-CD monolayers on glass were prepared
as described previously.?”!

Microcontact printing: uCP stamps (10-um lines, spaced 5 pum
apart) were prepared by casting a 10:1 (v/v) mixture of poly(di-
methylsiloxane) and curing agent (Sylgard 184, Dow Corning)
against a silicon master. After overnight curing at 60°C the
stamps were mildly oxidized in a UV/ozone reactor for 30 to
60 min to improve wetting by aqueous ink solutions, and subse-
quently inked by soaking them in an aqueous adsorbate solu-
tion for at least 5 min. The stamps were inked in a dendrimer so-
lution (0.15 mm) containing B-CD (10 mm) followed by drying in
a stream of nitrogen. Printing was performed for 60 s by bringing
the stamp into conformal contact with the substrate by hand,
without the use of external pressure.

Atomic force microscopy: AFM experiments were carried out with
a Nanoscope Il multimode AFM (Digital Instruments, Santa Bar-
bara, CA, USA) in contact mode using V-shaped Si;N, cantilevers
(Nanoprobes, Digital Instruments) with a spring constant of
0.1 Nm~. Images were acquired in ambient atmosphere (~30-
40 % relative humidity, 25°C).

Laser scanning confocal microscopy: Confocal microscopy
images of the microcontact-printed substrates were taken on a
Carl Zeiss LSM 510 microscope. The beam was focused on the
substrate using an oil immersion lens (N.A. 1.4, 63 x). Bengal
Rose was excited at 543 nm, while fluorescein was excited at
488 nm. The emitted fluorescence was collected on a PMT
R6357 spectrophotometer. All confocal microscopy images were
acquired in air.
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