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Abstract The combination of supramolecular chemistry
with interfaces enhances the development of supramolecular
chemistry as well as colloid and interface science. Supramolecular
chemistry at interfaces allows for the construction of various
smart and soft surfaces that can adapt to environmental changes,
such as biomimetic surfaces and self-cleaning surfaces. In this
article, we discuss strategies for the transfer of supramolecular
complexes of azobenzene and cyclodextrin from solution to
surfaces for the fabrication of stimuli-responsive surfaces with
novel interfacial functions including tunable surface wettability,
reversible protein adsorption and resistance, and photo-switchable
bioelectrocatalysis. It is anticipated that these concepts can be
extended to other supramolecular systems in order to engineer
functional surfaces with designed structures and functions.

Key words interfacial supramolecular assembly;
stimuli-responsive biosurface; host-guest interaction; protein

immobilization and release; bioelectrocatalysis

Received Aug. 27, 2011
*Corresponding author e-mail: xi@mail.tsinghua.edu.cn

Prof. Zhang Xi was born in 1965. He received
his B.S. degree (1986), M.Sc. degree (1989)
and Ph.D. degree (1992) at Jilin University
under supervision of Prof. Shen Jiacong.
During his Ph.D. study, he worked at
University of Mainz, Germany with Prof.
Helmut Ringsdorf. He was lecturer and then
promoted as a full professor at Jilin University
from 1992 to 1993. He is a professor of
chemistry at Tsinghua University since 2004.
His research interests include supramolecular
chemistry in solution and at interfaces,
controlled self-assembly and disassembly,
organic molecular films, and single-molecule
force spectroscopy of polymers. In 2007,
he was elected Academician of Chinese
Academy of Sciences. Currently, he serves
as a Senior Editor of Langmuir and advisory
board members of several scientific journals,
including Chemical Communications, Polymer
Chemistry, Polymer and ACS Applied
Materials & Interfaces. He has also served
as a Vice President of the Chinese Chemical

Society since 2010.



2 - W F

# R 524 3

1 Introduction

Supramolecular chemistry refers to the behavior of
molecular assemblies formed through noncovalent inter-
actions. In other words, it is an area of chemistry that
looks beyond the single molecule, aimed at studying
molecular assemblies and revealing the physical inter-
actions behind the formation of these molecular assem-
blies. As initiated by J. M. Lehn, supramolecular
chemistry has led to some unique concepts and sys-
tems, resulting in a new subdivision in the family of
chemistry. In the meantime, it heralds many promises
that range from biomimetics to the engineering of con-
trollable supramolecular soft materials and devices''.

In nature, many biotransformation, matter trans-
portation, and energy transduction processes begin with
interfacial molecular recognition. The understanding of
interfacial molecular recognition allows for regulation
and control of these processes, leading to the develop-
ment of new materials and medicines. In addition, the
need for improved miniaturization of microelectronics
and molecular devices has inspired many investigations
into molecular assemblies, and the performance of
these devices can be influenced significantly by the
composition of the interface.

The combination of supramolecular chemistry with
interfaces enhances the development of supramolecular
chemistry as well as colloid and interface science. Su-
pramolecular chemistry at interfaces allows for the con-
struction of various smart and soft surfaces that can a-
dapt to environmental changes, such as biomimetic

2780 Generally,

surfaces and self-cleaning surfaces
the various properties of interfaces facilitate the forma-
tion of molecular assemblies with controlled structures
and architectures over a broad range of complexity. It
should be noted that whereas many device functions
work well in solution, there are issues when the same
systems are transferred onto solid surfaces and other in-
terfaces.

The use of supramolecular chemistry for fabrica-
tion and functionalization of interfacial supramolecular
structures is desirable for many potential applications.
The most commonly used methods for fabricating supra-

(LB)

molecular interfaces are Langmuir-Blodgett

films'”’ | Layer-by-layer (LbL) assembly'® and self-
assembled monolayers ( SAM ).

formation of SAMs through chemisorptions of surface-

Particularly, the

active molecules at the liquid-solid interface is a pow-
erful method for modifying the physical and/or chemi-
cal properties of surfaces.

The transfer of azobenzene and cyclodextrin (CD)
complexes from solution to surfaces for fabrication of
stimuli-responsive surfaces with novel interfacial func-
tions is discussed in this article. Stimuli-responsive su-
pramolecular assemblies formed on the basis of the

host-guest interaction of azobenzene and CD have been
10—16]

well established in solution® . For example, stimu-
li-responsive vesicles formed from an azobenzene deriv-
ative and CD can undergo reversible assembly and dis-
assembly by the photocontrolled inclusion and exclu-
sion reaction of an azobenzene-containing surfactant
with a-CD""). We have been attempting to employ the
supramolecular chemistry between azobenzene and CD
to fabricate functional surfaces with different proper-
ties, including tunable surface wettability, reversible
protein adsorption and resistance, and photo-switchable

bioelectrocatalysis (Fig. 1) [18—22]
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Fig. 1

benzene and CD from solution to surface

Stimuli-responsive supramolecular assembly of azo-

2 Photocontrolled
shuttle for tunable surface wettability

interfacial molecular

Artificial molecular shuttles formed on the basis of
host-guest interactions of azobenzene and o-CD are
mostly studied in solution'™'. These systems are termed
artificial molecular shuttles, because a ring can slide
back and forth like a shuttle between two stations in re-

[24,25]

sponse to external stimuli . We have demonstrated

the fabrication of an interfacial photocontrolled molecu-
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lar shuttle based on SAMs of the a-CD/azobenzene in-
clusion complex on rough gold surfaces, which can re-
versibly switch the surface wettability'”®’. As shown in
Fig. 2, an azobenzene-containing building block with a
mercapto end-group ( CF;AzoSH) is pre-assembled
with a-CD (a-CD/CF;AzoSH) in water as a result of
the host-guest interaction between azobenzene and «-
CD. Meanwhile, the fluorocarbons of the fluorinated
azobenzene may act as a blocking group for -
CD®). This a-CD/CF,AzoSH inclusion complex is
able to form a mixed SAM with n-butylthiol ( n-
C,H,SH) on a gold substrate. The purpose of the
mixed SAM is to ensure that there is enough free space
for the photoisomerization of CF;AzoSH between the cis
and the trans form, which is necessary for the photo-
controlled up-down motion of a-CD in the CF;AzoSH
SAMs on the gold substrate upon UV/Vis irradiation.

o PRiy VYV o~ - FsC‘Q‘N*N@o(cHZ)wSH

n-C4HgSH cD

CFaAzoSH

Fig. 2  Photocontrolled reversible molecular shuttles on a

rough surface™’.

2008 The Royal Society of Chemistry

Reproduced with permission. Copyright

The motion of the molecular shuttles at the inter-
face is influenced by the structure of the SAMs, which
is indicated by the different surface wettability chan-
ges. As shown in Fig. 3a, after the chemisorption of
the pure inclusion complex of a-CD/CF,AzoSH on a
rough gold surface, the surface is superhydrophilic be-
cause of the hydrophilic outside of a-CD and the am-
plification of contact angles by the rough surface (Fig.
3a) .
superhydrophilic because the densely packed a-CD/

Upon UV light irradiation, the surface is still

CF; AzoSH-containing SAMs prohibit the photoisomer-
ization of CF;AzoSH which results in downwards mo-
tion of a-CD in CF;AzoSH SAMs. By introducing the
enormous spacer n-C,HySH into the a-CD/CF,AzoSH-
containing SAMs, the surface becomes superhydropho-

bic from the mixed SAM containing very few of the a-
CD/CF;AzoSH complexes (Fig. 3b). Under UV light

irradiation, the photoisomerization of CF,AzoSH and
the subsequent up-down motion of a-CD in CF,AzoSH
SAMs is allowed, however, the surface wettability
change is slight. Optimization of the mixed SAMs yiel-
ded successfully with a ~5:1 ratio of n-C,HySH to a-
CD/CF,AzoSH. With this optimized SAM, the surface
wettability can be switched between 70 £2° and 120 =
2° reversibly upon UV/Vis light irradiation, indicating
the photo-induced up-down movement of «-CD in
CF,AzoSH-SAMs on the gold substrate from the forma-
tion of the interfacial molecular shuttles (Fig. 3c). Tt
is anticipated that such a line of research may provide a
way to visualize microscopic molecular motions by ob-
serving the change of a macroscopic property and also
applications in molecular motors and energy convert-

€rs.

a
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Fig. 3

Surface wettability changes from different mixed

SAMs containing photocontrolled interfacial molecular shut-

9]

tles upon UV/Vis irradiation"’. Reproduced with permis-

sion. Copyright 2008 The Royal Society of Chemistry

3 Dual-controlled reactivated biointerface

for reversible protein immobilization

The attachment of CD onto polymers can lead to
the fabrication of polymeric surfaces capable of molecu-
lar recognition. By optimizing the chain length of alkyl-
thiol spacers and the ratio of spacer to azobenzene-con-
taining alkylthiol, cyclodextrins or polymer-grafted cy-
clodextrins ( polymer-g-CD) can be reversibly assem-
bled and disassembled from the azobenzene-containing
SAMs due to the photocontrolled inclusion and exclu-
sion reaction between azobenzene and CD ( Fig. 4).

Because of the good biocompatibility of cyclodextrin
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and many polymers, this light-driven surface reactiva-
tion can be developed in diverse interfacial biological
and medical applications for controllable biomacromole-

cule adsorption and desorption.
ﬁ\//("t‘

o,
o

Fig. 4

grafted cyclodextrins from the azobenzene-containing SAMs

Reversible assembly and disassembly of polymer-

Effective immobilization of proteins on surfaces
without inducing conformation change and denaturation
is crucial for applications in the areas of protein elec-
and bioengi-

trochemistry, bioassays, bioseparation,

%) Recently, numerous attempts have been

neering
focused on carboxylic-acid-terminated SAM-modified
gold electrodes to irreversibly adsorb cytochrome ¢

(Cyte),

entrapped into the mitochondrial membrane and act as

a heme-containing metalloprotein that can be
an electron carrier in the respiratory chain*'’. Howev-
er, in spite of advances in the fields of biosciences and
biotechnology, it remains a challenge to design flexi-
ble, functionalized biocompatible interfaces that can
reversibly immobilize bioactive proteins or carry out
other biomimetic biomembrane functions ™.

We have demonstrated the fabrication of a light or
pH dual-responsive reactivated biocompatible interface
using the reversible host-guest interaction between pho-
to-responsive  azobenzene-containing  self-assembled
monolayers ( Azo SAM) and the pH-responsive poly( a-
crylic acid) polymer grafted with B-cyclodextrin moie-
ties (PAA-g-CD). These assemblies are used for re-
versible immobilization of redox proteins triggered by
'. First, the Azo SAM
(Fig. 5A) can be formed through chemisorption of the

These SAMs

dual external stimuli (Fig. 5) "

thiol groups onto gold-coated surfaces.

can reversibly assemble with PAA-g-CD through the
host-guest interaction of azobenzene and CD to allow
photoactivated switching between a bare Azo SAM and
PAA-g-CD-protected interface ( PAA-g-CD/Azo SAM,
Fig. 5B). Second, the PAA-g-CD protected interface
can be switched between its electronegative (Fig. 5B)
and electroneutral states ( Fig. 5C) by pH variation.
Third ,
faces can be used for light-activated adsorption ( Fig. 5
from B to D) and release (Fig. 5 from D to A) of Cyt
¢ along with the reversible attachment and detachment
of PAA-g-CD. Last,

erfaces can be employed for pH-responsive reversible

the photoactivated reversibly-protected inter-

pH-responsive switchable bioint-

immobilization (Fig. 5 from B to D) and release ( Fig.
5 from D to C) of Cyt c. The integration of pH-sensi-
tivity and photoactivated switching to form dual-respon-
sive reactivated biointerfaces for reversible adsorption
and release of electroactive Cyt ¢ meets the modern re-
quirements of bioscience and biotechnology, and is an-
ticipated to provide an excellent platform for potentially
wide-ranging applications in biomimetics, biomem-
branes, stimuli-responsive biomedical technologies,
and optobioelectronic devices.

cytochrome c
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Fig.5 Dual-controlled reactivated biointerface and reversi-

ble protein immobilization’

Copyright 2009 John Wiley and Sons

. Reproduced with permission.

4 Nearly complete and reversible interfa-
cial resistance of cytochrome c

The effective resistance of proteins on surfaces is
very desirable for potential applications, including bio-
medical implants, in vitro diagnostics, biosensors,
coatings for ship hulls, carriers for targeted drug deliv-

[33 . . .
ery, and more' . Among various protein-resistant ma-
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terials, poly(ethylene glycol) (PEG)-based materials
have been extensively employed for decades to prevent
nonspecific protein adsorption and cell adhesion. Re-
cently, numerous attempts have been focused on using
PEG-coated surfaces to resist protein adsorption irre-

71
(3] However,

versibly it still remains a challenge to
design reactivated flexible biointerfaces that can revers-
ibly prevent protein adsorption in response to external
stimuli

By introducing protein-resistant PEG into the main
chain of pH-responsive PAA-g-CD, we have success-
fully fabricated a pH-responsive reactivated biointerface
through the inclusion complex between an azobenzene-
containing SAM ( Azo SAM ) and a pH-responsive
PEG-PAA block copolymer grafted with cyclodextrin
(PEG-PAA-g-CD ). First, the pH-responsive block
copolymer PEG-PAA-g-CD can be assembled on Azo
SAM by the host-guest interaction between azobenzene
and CD (Fig. 6). The interface of PEG-PAA-g-CD
and Azo SAM can be reversibly switched between an e-
lectronegative state to immobilize Cyt ¢ (Fig. 7A) and
an electroneutral state to resist Cyt ¢ adsorption ( Fig.
7B). The pH-responsive interface can be switched be-
tween an extended state and a relaxed state for com-
plete resistance of Cyt ¢ adsorption in cooperation with
protein-resistant PEG, compared to only ~ 80% re-

lease of immobilized Cyt ¢ under pH variation reported

uvvvr-oj-o = HSWo@h?N@

WV =HS A A OH O=NH

PEG43-PAA153-g-CDse,

PEG-PAA-g-CD/Azo SAM

Fig.6 pH-responsive reactivated biointerface by the inclu-
sion reaction of PEG-PAA-g-CD on Azo SAM modified sur-
face. Reproduced with permission. ' Copyright 2010

American Chemical Society

in our previous work *'’. This type of interfacial supra-
molecular chemistry can be further extended to fabri-
cate different functional biointerfaces by combining

PEG and other stimuli-responsive materials.

cytochrome ¢

repulsion

pH4.0 €T3
repulsnon

e‘?’:’é’?fe’? i e‘?fé’é’e"f W

Fig.7 Nearly complete and reversible interfacial resistance

of Cyt ¢ on pH-responsive reactivated biointerface’’. Re-
produced with permission. Copyright 2010 American Chemi-

cal Society.

5  Host-guest chemistry at interfaces for
photoswitchable bioelectrocatalysis

The construction of signal-triggered bioelectroca-
talysis attracts substantial research efforts because of
the potential applications in many fields, such as stim-
uli-responsive biosensors, optoelectronic systems, en-
ergy conversion, and information storage and process-
ing™'. Recently, stimuli-responsive monolayer coated
electrodes integrated with redox enzymes for controlled
bioelectrocatalysis have been well established .
Compared to monolayer surfaces, smart polymer sur-
faces can provide more flexibility and enable the inclu-
sion of functional groups.

One can employ the following four steps to fabri-
cate a photoswitchable bioelectrocatalyzed oxidation of
glucose by GO, using a ferrocene-labeled polymer,
which can be reversibly immobilized on surfaces by ir-
2. First, PAA-g-CD can be as-
sembled onto an Azo SAM modified gold surface
through the host-guest interaction of azobenzene and

CD (Fig. 8 from A to B). Although some CDs in
PAA-g-CD were immobilized onto the surface, there

radiation with ligh

were still many free CDs left to incorporate the electron
mediator ferrocene-methanol (Fc) on the basis of host-
guest interactions between Fc¢ and CD (Fig. 8 from B

to C). As a result, ferrocene-labeled polymer coated
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surfaces (PAA-g-CD-Fc/Azo SAM) were formed. The
ferrocene-coated surfaces could be deactivated by the
release of PAA-g-CD-Fc¢ from Azo SAM through the
photocontrolled exclusion between cis-azobenzene and
CD upon UV light irradiation ( Fig. 8 from C to D).
Finally, cis-Azo SAM was isomerized by visible light ir-
radiation to trans-Azo SAM (Fig. 8 from D to A), re-
starting the cycle of reversible immobilization of PAA-

g-CD-Fe.

" PAAz1g-g-CDiay |

.4»;4_ =N +5? i

/ \ OH O NH:
e ——

1vis e _ lo
ffffififif?fifiif ‘_ffffifffé?fffifs?

................ BT B

Fig.8 Photocontrolled reversible immobilization of ferro-

cene-labeled PAA-g-CD. Reproduced with permission. "’

Copyright 2011 The Royal Society of Chemistry

The ferrocene-labeled polymer-coated surfaces can
be used as mediators to provide an oxidative electron
path from glucose oxidase (GO, ) for bioelectrocata-
lyzed oxidation of glucose to gluconic acid (Fig. 9A).
after light-driven release of PAA-g-CD-

Fe, glucose cannot be oxidized to gluconic acid be-

Meanwhile ,

cause of the lack of the ferrocene mediator in PAA-g-
CD-Fc (Fig. 9B). Therefore, the activation and deac-
tivation of the surface’s redox activity by the reversible
immobilization and release of PAA-g-CD-Fc can be
employed for the photoswitchable bioelectrocatalyzed
state.

oxidation of glucose with GO, in an “on-off”

This avenue of research allows for improved applica-
glucose glucose

gluconic acid gluconic acid

. e-L e-

a”:"fs’f:"a"a“fi 3@? e Fcffffe”f !’fi}i’?fa‘?

Fig. 9  Photoswitchable interfacial bioelectrocatalysis. Re-
produced with permission. 2! Copyright 2011 The Royal So-
ciety of Chemistry

tions using functional switchable biosurfaces such as
photoswitchable biofuel cells, controlled biosensors,

and other stimuli-responsive biomedical technologies.
6 Conclusions

Based on the host-guest interaction of azobenzene
and CD, we have shown that stimuli-responsive sur-
faces with a variety of tunable or reversible properties
can be achieved by transferring supramolecular chemis-
Similar methods should
In addi-

tion, the marriage of supramolecular chemistry and pol-

try from solution to interfaces.

hold true for other supramolecular systems.

ymeric systems at the interface can provide a rich
structural diversity that can enhance the stability of the
system. This line of research extends the horizon of su-
pramolecular chemistry, and provides a new avenue for
fabrication of functional surfaces. Further applications
for the research covered in this article which are greatly
anticipated include photoswitchable biofuel cells, stim-
uli-responsive biochemical information storage and pro-
cessing, controlled bioseparation, optobioelectronic de-
and other areas of bioengineering.
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