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ABSTRACT: Adopting supramolecular chemistry for immobili-
zation of proteins is an attractive strategy that entails reversibility
and responsiveness to stimuli. The reversible and oriented
immobilization and micropatterning of ferrocene-tagged yellow
fluorescent proteins (Fc-YFPs) onto β-cyclodextrin (βCD)
molecular printboards was characterized using surface plasmon
resonance (SPR) spectroscopy and fluorescence microscopy in
combination with electrochemistry. The proteins were assembled
on the surface through the specific supramolecular host−guest
interaction between βCD and ferrocene. Application of a dynamic
covalent disulfide lock between two YFP proteins resulted in a switch from monovalent to divalent ferrocene interactions with
the βCD surface, yielding a more stable protein immobilization. The SPR titration data for the protein immobilization were fitted
to a 1:1 Langmuir-type model, yielding KLM = 2.5 × 105 M−1 and Ki,s = 1.2 × 103 M−1, which compares favorably to the intrinsic
binding constant presented in the literature for the monovalent interaction of ferrocene with βCD self-assembled monolayers. In
addition, the SPR binding experiments were qualitatively simulated, confirming the binding of Fc-YFP in both divalent and
monovalent fashion to the βCD monolayers. The Fc-YFPs could be patterned on βCD surfaces in uniform monolayers, as
revealed using fluorescence microscopy and atomic force microscopy measurements. Both fluorescence microscopy imaging and
SPR measurements were carried out with the in situ capability to perform cyclic voltammetry and chronoamperometry. These
studies emphasize the repetitive desorption and adsorption of the ferrocene-tagged proteins from the βCD surface upon
electrochemical oxidation and reduction, respectively.

1. INTRODUCTION

The immobilization of proteins on chip surfaces plays an
important role in various areas of biomedical and biotechno-
logical research such as biomarker detection,1 proteomic
screens,2 and drug discovery3 and facilitates a systemic
understanding of biological phenomena at the molecular
level.4 In addition, fields such as biosensor development5 and
tissue engineering,6,7 which are not based directly on protein
chips, nonetheless require controlled protein immobilization on
substrates and materials.
Site-specific chemical strategies, as opposed to random

attachment, provide precise control over immobilization of
proteins in homogeneously oriented layers and coatings and
yield improved performance.8 For the immobilization of
structurally sensitive proteins, chemical bonding with high
specificity toward the protein of interest, mild reaction
conditions compatible with the physiological milieu, and
rapid as well as quantitative conversion are essential.8 Exciting
advances are currently being reported on a variety of
bioorthogonal chemical transformations for site-specific co-

valent protein immobilization,8,9 although most of these
methods may lack responsiveness and reversibility.
Alternatively, the use of supramolecular chemistry to achieve

adaptive biomimetic functions is an attractive strategy.10,11

Supramolecular motifs employ well-established noncovalent
interactions that are directional, reversible, and sensitive to
environmental factors.10 Although oriented protein immobiliza-
tion approaches based on biological and synthetic supra-
molecular motifs have been reported in recent years,12 it
remains challenging to design supramolecular protein con-
jugates with functional groups that can orient proteins onto
solid supports and are responsive to external stimuli.13 A recent
report by Grunwald et al.13a accomplished an autoinhibition
strategy in which a surface-bound multivalent chelator head was
tethered with an intramolecular ligand that could initially
compete with and inhibit binding of His-tagged proteins.
Conversely, binding was activated by a photoreaction
separating the intramolecular ligand from the multivalent
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chelator head.13a Hyun et al.13b fabricated stimulus-responsive
elastin-like polypeptide (ELP) nanostructures that undergo a
switchable and reversible hydrophilic−hydrophobic phase
transition at a lower critical solution temperature. This behavior
was used as a switch for reversible immobilization of a
thioredoxin−ELP fusion protein onto the ELP nanopatterns.13b

Wan et al.13c designed a dual light- and pH-responsive
biocompatible interface using the photocontrolled interaction
between an azobenzene-functionalized self-assembled mono-
layer (SAM) and β-cyclodextrin (βCD)-functionalized pH-
responsive poly(acrylic acid) polymers.
Because of the noninvasive and quantitative nature of redox

reactions, electrochemically programmable interfaces function-
alized with proteins hold considerable promise as responsive
substrates.10e,14,15 While a few of the above-mentioned
supramolecular protein immobilization strategies have been
documented in the literature, in cases where functional
attachment of proteins to solid supports with dynamic
properties has been realized, protein conjugates directly
equipped with tags that are responsive to electrochemical
stimuli are still required.16

In this work, we utilized site-selective incorporation of a
ferrocene (Fc) guest moiety into a protein followed by oriented
reversible immobilization onto a SAM of βCD host molecules.
Supramolecular immobilization of Fc-modified proteins on
SAMs of cucurbit[n]uril (CB[n], n = 7) has been reported.12f,h

Ferrocenium (Fc+) guests form highly stable 1:1 inclusion
complexes with the supramolecular host CB[n] (n = 7, 8),

which upon electrochemical reduction of the guest leads only to
a modest loss in binding affinity on the order of a factor 10.18 In
strong contrast, the complexation of ferrocene with βCD is
strongly diminished upon oxidation of Fc to Fc+.17 The redox
behavior of Fc has been employed to control the positioning of
molecules on βCD SAMs,18 which has been demonstrated, for
example, in the assembly of ferrocene-modified polymers,19

dendrimers20 and peptides.21,22 The reported procedures,
however, can seriously affect the three-dimensional structures
and orientations of the proteins as a result of the utilization of
acidic or organic milieus,19−21 and the adopted strong
multivalent interactions may hamper the reversibility of
immobilization.10f,19−22

The Fc-βCD guest−host supramolecular method presented
in Scheme 1 satisfies important requirements of protein array
preparation, such as mildness, operation under buffered
conditions, bio-orthogonality, specificity, and stable and
reversible assembly. Furthermore, while the stability of the
monovalent supramolecular Fc−βCD complex was relatively
weak, we sought to stabilize the surface assemblies by
employing intrinsic protein dimerization and covalent locking
of protein dimers facilitated by the formation of a disulfide
linkage (Scheme 1B).23 Moreover, we demonstrate reversible
properties of the protein assemblies upon applying an
electrochemical stimulus to the surface assemblies (Scheme
1C).

Scheme 1. (A) Cysteine-Functionalized Ferrocene (Fc) Is Coupled to Thioester-Functionalized Yellow Fluorescent Protein
(YFP) To Give Site-Specifically Fc-Tagged YFP (Fc-YFP) Variants; (B) Covalent Locking (via Disulfide Formation) and Non-
Covalent Locking (via Intrinsic Affinity) Yield Divalent Fc-YFP Variants Starting from Their Monovalent Counterparts; Two
YFP Variants Are Used, One Prone To Dimerize (dYFP) and One Suppressed from Dimerization [Enhanced YFP (eYFP)]; (C)
Thioether-Functionalized βCD Monolayers Are Self-Assembled on Gold Slides, and Variants of Fc-YFP Are Complexed to the
βCD SAMs with Different Binding Affinities; Following Oxidation and Reduction of the Fc Groups, the Proteins Can Be
Desorbed and (Re-)Adsorbed, Respectively (Abbreviations: SS, Disulfide Formation; S, Free Cysteine; SB, Cysteine Reacted
with N-Methylmaleimide)
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2. RESULTS AND DISCUSSION

2.1. Materials. Fluorescent proteins were used in this study
because they provide an intrinsic probe of the structural
integrity of the proteins upon immobilization, as their
fluorescence characteristics are highly sensitive to even minute
changes in their native structure. To functionalize yellow
fluorescent proteins (YFPs) with a supramolecular Fc tag, the
site-selective technique of expressed protein ligation previously
developed by us was adopted to connect a cysteine-modified
ferrocenyl compound to the YFP (Scheme 1A).12h,23 For the
conjugation of cysteine-modified ferrocene (1) to the
respective YFP thioesters, the protein and ferrocene derivatives
were mixed in a reducing buffer in a 1:20 ratio. After overnight
incubation on a rotating wheel at room temperature, the
reactions were typically complete, and the excess ferrocene and
reducing agent were removed, affording the pure protein
constructs (2) (see the Supporting Information). Five different
Fc-YFP constructs with different ferrocene valencies were
generated by making use of the intrinsic affinity for
homodimerization23 and the oxidation state of a cysteine
residue for covalent homodimerization (Scheme 1B).24 The
monovalent variant Fc-dYFPS contained two mutations that
increased the affinity for dimerization (S208F and V224L),
while the enhanced variant Fc-eYFPS did not have any
dimerization-promoting mutations. As shown in Scheme 1A,
the semisynthesis of the supramolecular Fc-YFPs resulted in the
introduction of a cysteine (denoted by the S subscript), which
was amenable to oxidation to form covalent disulfide cross-links
(denoted by the SS subscript); this feature was used to generate
divalent Fc-YFP constructs of both variants, i.e. Fc-eYFPSS and
Fc-dYFPSS (Scheme 1B). In the last variant, Fc-dYFPSB, the
cysteine of the monovalent ferrocene was blocked by reaction
with N-methylmaleimide (Scheme 1B). The different Fc-YFP
variants were assembled on SAMs of βCD (Scheme 1C). To
this end, βCD was modified with seven heptathioether chains
to form highly ordered and densely packed SAMs on gold (so-
called “molecular printboards”).25 βCD has a weak binding
affinity for ferrocene in solution (Ka on the order of 10

3 M−1).26

The intrinsic binding constant of ferrocene to a single surface-
bound βCD cavity was found to be comparable to the intrinsic
binding constant of these molecules to βCD in solution.27

In this way, we envisaged the possibility of tuning the weak
supramolecular interaction between Fc and βCD into stable
assemblies as a result of the favorable binding between the
proteins. Moreover, we thought it would be possible to reverse
the assembly of Fc-YFPs onto the βCD SAM using an
electrochemical oxidation trigger as an external stimulus
(Scheme 1C).
2.2. Self-Assembly. To gain insight into the self-assembly

of the ferrocene-tagged YFP constructs onto βCD SAMs,
surface plasmon resonance (SPR) reflectivity measurements
were performed at a constant angle. In all of the SPR
experiments to follow, 1 mM Tween-20 was added to the buffer
to suppress any flow-induced physical adsorption of the
proteins to βCD SAMs (see Figure S1 in the Supporting
Information). No binding was observed when a control YFP
without a ferrocene tag was used at a concentration of 60 μM,
which was 2-fold higher than the highest concentration used for
any of the experiments with Fc-functionalized proteins.
However, clear binding events in the SPR signal were observed
in the case of all five Fc-YFP constructs (Figure 1). These
results indicated that the assembly of YFP occurred specifically

through the Fc−βCD guest−host motif, as envisioned (Scheme
1C).

When the SPR sensorgrams of Fc-dYFPS and Fc-eYFPS at
equal concentration (10 μM) in a a reducing buffer containing
2 mM tris(2-carboxyethyl)phosphine (TCEP) were compared,
no differences in the association were observed (Figure 1, red
and violet curves). This association behavior was in strong
contrast to the case where these protein constructs were
assembled using a buffer without the reducing agent. As shown
by the black and blue curves in Figure 1, both of the covalently
cross-linked constructs Fc-dYFPSS and Fc-eYFPSS exhibited
higher adsorption to the surface. The difference between the
monovalent and divalent Fc-YFP constructs was also visible
upon rinsing with 10 mM βCD for 25 min (Figure 1). After a
sudden increase in SPR signal due to the large change in
refractive index caused by adding a concentrated solution of
βCD, a clear loss in the SPR signal was observed during the
rinsing, which was steeper in the case of the monovalent Fc-
YFPs. After this step, the flow was switched back to the original
running buffer, and the baseline was restored only in the case of
the monovalent Fc-YFPs, whereas a significant residual protein
adsorption was observed after a similar rinsing time when the
divalent ferrocene-tagged YFPs were used. These results
indicate that the interaction between the Fc-tagged YFPs and
the surface was reversible for both the mono- and divalent Fc
variants, with the latter variants being bound more tightly to the
host surface. To test whether the intrinsic affinity of Fc-dYFPS,
which would lead to the formation of divalent Fc-YFP, would
make a measurable contribution to the stability of the surface
assemblies, an SPR experiment was performed with 10 μM Fc-
dYFPSB, in which the thiol groups were blocked by reaction
with N-methylmaleimide to prevent the formation of a disulfide
bridge. In this case, the SPR response during assembly and
disassembly was comparable with those of the two monovalent
YFP variants (Figure 1, green curve).
Taken together, these SPR results are in line with our

hypothesis that the weak interaction of the monovalent Fc-
YFPs with βCD can be stabilized through covalent protein
dimerization to give a divalent Fc-YFP construct. When this
covalent locking was prevented, the mutation sites on dYFP

Figure 1. SPR responses monitoring the adsorption and desorption of
the Fc-YFP constructs depicted in Scheme 1B (10 μM) on βCD
SAMs. Symbols indicate switching of solutions in the SPR flow cell:
(●) buffer 1 or 2; (■) 10 μM protein in buffer 1 or 2; (◆) 10 mM
βCD in buffer 1 or 2. Curves: (black) Fc-dYFPSS in buffer 1; (red) Fc-
dYFPS in buffer 2; (green) Fc-dYFPSB in buffer 1; (blue) Fc-eYFPSS in
buffer 1; (violet) Fc-eYFPS in buffer 2. Buffer 1: PBS with 1 mM
Tween-20. Buffer 2: buffer 1 + 2 mM TCEP.
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were found not to assist in stabilizing the YFP interaction with
the βCD SAM.
To shed more light on the valency of the interaction between

Fc-YFP and the βCD surface, SPR titrations were performed by
adding solutions with different concentrations of covalently
cross-linked Fc-eYFPSS to βCD SAMs (Figure 2). The SPR

data were fitted to a 1:1 Langmuir-type model, which assumes
that the two ferrocene moieties of Fc-eYFPSS simultaneously
interact with CD cavities at the surface (see the Supporting
Information for details). As shown in Figure 2, the SPR data
were satisfactorily fitted to yield an overall binding constant
(KLM) of 2.5 × 105 M−1 for Fc-eYFPSS. The overall binding
constant can be related to the intrinsic binding constant at the
surface for monovalent Fc−βCD interaction (Ki,s) and the
maximum effective concentration at the surface (Ceff,max), as
shown in eq 1:28

=K C K( )LM eff,max i,s
2

(1)

With Ceff,max = 0.2 M,28 Ki,s was calculated to be 1.2 × 103 M−1,
which matches the Ki,s value of 1.2 × 103 M−1 presented in the
literature for the interaction of monovalent Fc with βCD SAMs
in the case of small molecules.27 This indicates that the proteins
and the buffer composition did not influence the Fc−βCD
binding affinity. The overall binding constant KLM for the
divalent Fc−βCD interaction is 2 orders of magnitude higher
than Ki,s and is in agreement with the observations described
above that more stable binding was found between the divalent
ferrocene-tagged protein and the βCD surface. Similar values
were achieved when βCD SAMs were titrated with Fc-dYFPSS.
These results confirmed that a divalent ferrocene−βCD
interaction occurs in the assembly of the Fc-YFP constructs
onto βCD SAMs.
2.3. SPR Simulation. Obtaining a direct estimation of the

monovalent Fc-YFP affinity with the βCD SAM was hampered
by the impractically high concentrations (mM range) required
to perform a reliable SPR titration of monovalent Fc-eYFPS or
Fc-dYFPS (in the presence of a reducing agent). Therefore, a
computer simulation of the SPR experiments was performed.
For the YFP constructs with mono- and divalent ferrocene
binding modes to the βCD SAM, both the assembly and the
disassembly were simulated. The disassembly was simulated in
the case of washing with host competitor βCD present in the
buffer. As shown in Figure 3, in phase I, the adsorption of 10
μM Fc-YFP in the divalent mode covers ∼16% of the βCDs of

the SAM, whereas Fc-YFP in the monovalent mode shows a
much lower adsorption of ∼2% of the βCD SAM, which is
analogous to the experimental SPR sensorgrams (Figure 1).
Because of the steric effect of YFP, the theoretical full coverage
of Fc-YFP on βCD is ∼1.3 × 10−11 mol/cm2, which is indeed
16% of the coverage of the βCD SAM (8 × 10−11 mol/
cm2).25,28 These results imply that the YFP constructs equipped
with two ferrocene moieties cover the βCD SAM more rapidly
and to the maximum extent compared with the monovalent Fc-
YFPs. The surface coverage of the ferrocene groups on the
βCD monolayer was confirmed by integrating the cyclic
voltammetry (CV) scans; this gave a value of 1.4 × 10−11 mol/
cm2 (see Figure S2 in the Supporting Information), which is in
accordance with the simulated value. As shown in Figure 3, in
phase III, upon addition of 10 mM βCD to the solution as a
competitor to binding with the βCD SAM, the baseline was not
restored in the case of divalent Fc-YFP but was completely
restored in the case of monovalent Fc-YFP. Although the
desorption of the proteins was visible in both the experiments
and simulations, the large change in refractive index induced by
the high concentration of βCD was not simulated. Taken
together, the simulation agreeably describes the SPR experi-
ments, supporting the surface assembly of mono- and divalent
ferrocene-tagged proteins by tuning the oxidation state of the
cysteine.

2.4. Visualization of Protein Assemblies. To visualize
the protein assemblies using fluorescence microscopy and
atomic force microscopy (AFM), the stronger-binding dimeric
protein constructs were selected for patterning employing the
well-established microcontact printing (μCP) method with a
polydimethylsiloxane (PDMS) stamp.29 Such stamps were
inked for 10 min with a 10 μM solution of divalent Fc-eYFPSS
in phosphate-buffered saline (PBS). After inking, the stamp was
blown dry and put into conformal contact with a βCD SAM on
gold for 15 min. After subsequent rinsing with a large amount
of PBS and water, the slide was imaged. As a reference, similar
experiments were performed in which the PDMS stamp was
inked with a 60 μM solution of YFP without the ligated
ferrocene guest moiety. Uniform patterns of Fc-YFP were
clearly visible, as imaged using fluorescence microscopy (Figure
4A). In contrast, no patterns were observed when the control
YFP protein without the ferrocene linker was applied (Figure
4B). After an overnight rinse with βCD, the patterns
disappeared, which is characteristic of reversible supramolecular
interactions between the proteins and the surface. The

Figure 2. SPR titration (●) and corresponding fit to a 1:1 Langmuir-
type model (solid line) for the binding of Fc-eYFPSS to a βCD SAM in
PBS containing 1 mM Tween-20.

Figure 3. Simulation of the SPR experiments. Phase I: injection of a
solution of 10 μM Fc-YFP protein for 40 min. Phase II: injection of
buffer for 20 min. Phase III: injection of a solution of 10 mM βCD for
20 min. Phase IV: injection of buffer for 20 min. Details of the
simulation procedure are given in the Supporting Information.
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patterned Fc-YFP layers on the βCD SAM were also
characterized using tapping-mode AFM experiments (Figure
4C). The height of Fc-YFP was measured to be 3.0 ± 0.2 nm
(Figure 4D), which is consistent with the width of the YFP
barrel.30 The observations made by fluorescence microscopy
and AFM suggest that the monolayers of homogeneously
oriented proteins were fabricated as governed by the specific
and reversible host−guest interactions.
2.5. Electrochemically Controlled Assembly. To

investigate the redox-responsive behavior of the divalent Fc-
eYFPSS proteins assembled on the supramolecular βCD SAM

on gold, an electrochemical signal was used as a mild external
control for the reversible binding of Fc-YFP on the βCD
surface. The desorption and readsorption of Fc-YFP on βCD
SAMs was first visualized using fluorescence microscopy while
performing in situ electrochemical experiments. Next, further
characterization was done using SPR monitoring with in situ
CV measurements.
Fluorescence imaging with in situ electrochemistry was

performed on βCD SAMs with homogeneous 100 μm × 100
μm lines of Fc-eYFPSS, which were prepared on gold surfaces
by μCP as described above. The substrates were then mounted
in a liquid cell equipped for electrochemistry experimentation.
Fluorescence images of the patterned Fc-eYFPSS were recorded
while the liquid cell was filled with buffer.
Figure 5A1−D1 shows a series of fluorescence images of Fc-

eYFPSS during CV scans, which are presented in Figure 6A.
Both the fluorescence intensity and the oxidation peak intensity
decreased gradually after every CV scan, indicating the release
of the proteins from the surface. When the ferrocenyl groups
are oxidized to ferrocenium cations, they no longer form
inclusion complexes with βCD, leading to desorption of the
ferrocene-tagged proteins from the βCD surface and diffusion
into solution. Because of the large volume of solution for the
CV measurements, only Fc-YFPs remaining close to the surface
could readsorb to the surface during subsequent reduction,
resulting in a continuously decreasing intensity of the redox
peaks. Another patterned surface with Fc-eYFPSS was subjected
to chronoamperometry (CA) experiments with simultaneous
fluorescence microscopy imaging. After a potential step of +0.3
V was imposed, the ferrocenyl groups were oxidized to
ferrocenium cations. This resulted in full dissociation of Fc-
eYFPSS from the βCD surface, as indicated by the decrease of
the oxidation current to zero (Figure 6B). As shown in the
Figure 6B inset, the recorded current was found to decay
continuously in time, and a plot of its value versus t−0.5 was
linear, as expected for rapid processes in which the current is
diffusion-limited.31 The in situ fluorescence images (Figure
5A2−D2) show a significant decrease in fluorescence intensity
after just a few seconds of CA, which suggests that the majority
of ferrocene-tagged proteins were desorbed from the βCD
monolayer within this period.
To investigate further the electrochemical desorption and

readsorption of Fc-eYFPSS on βCD SAMs, CV measurements

Figure 4. Fluorescence microscopy images of (A) Fc-eYFPSS and (B)
control YFP without Fc at the βCD SAM patterned by μCP after
rinsing with PBS and water. (C) AFM image of the patterned Fc-
eYFPSS and (D) line scan along the Fc-eYFPSS pattern.

Figure 5. in-situ fluorescence images of patterned Fc-eYFPSS on βCD monolayers upon (A1−D1) cyclic voltammetry or (A2−D2)
chronoamperometric oxidation. The scale bars in all images represent 100 μm.
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were performed while the SPR response was recorded. As
shown in Figure 7, a decrease in the SPR reflectivity was

recorded from the moment that the onset of the oxidation
potential was passed. As the oxidation peak potential was
passed, the SPR signal kept on decreasing while Fc groups were
oxidized. This observation indicates the desorption of Fc-YFPs
away from the βCD SAM and is in agreement with the results
of the fluorescence imaging experiments. When the potential
was gradually changed to below the reduction peak potential
during the backward part of the CV cycle, an increase in the
SPR reflectivity was observed. This result indicates the
readsorption of Fc-YFPs on the βCD SAM from the stationary
solution in the liquid cell above the βCD SAM. The
readsorption of Fc-YFP continued until the onset of the
oxidation peak potential of the subsequent CV scan was
reached. The cycle of adsorption and desorption could be

repeated as long as CV measurements were performed. Three
such repetitive CV scans are presented in the dashed box in
Figure 7; they show similar increases in SPR signal between
reduction and oxidation and similar decreases between
oxidation and reduction. With a scan rate of 5 mV/s, the
time between oxidation and reduction was sufficient to allow
the reformation of a complete monolayer of Fc-YFP on the
βCD SAM between scans, while 5 mV/s allowed for the
desorption of 60−70% of the Fc-YFPs upon oxidation as
estimated from the loss in SPR signal. The combined results
show the reversible immobilization of Fc-YFPs onto a βCD
SAM using a specific electrochemical signal as an external
stimulus.

3. CONCLUSIONS
We have developed a supramolecular method for orientation-
ally controlled immobilization of site-specifically ferrocene-
modified proteins onto βCD-modified surfaces. Character-
ization using SPR experiments and simulations showed that the
proteins self-assemble specifically and through monovalent and
divalent ferrocene interactions at the βCD interface. Covalent
locking of two proteins by disulfide formation created a divalent
ferrocene-tagged protein construct that bound with an overall
binding constant of 2.5 × 105 M−1 and an intrinsic binding
constant of 1.2 × 103 M−1, the latter of which is in agreement
with the binding constant found in the case of small-molecule
ferrocene−βCD binding at the surface. The divalent ferrocene-
tagged protein was successfully used to fabricate uniform
fluorescent patterns with a thickness of one protein molecule,
as visualized using fluorescence microscopy and atomic force
microscopy. Reversible protein immobilization was demon-
strated upon oxidation of the ferrocene moieties.
The results of this study describe a biomimetic system that

merges the possibilities of controlling the orientation, valency,
affinity, reversibility, and responsiveness. Such systems are
currently of interest for fabricating adaptive biomimetic
interfaces.32 Accessibility to protein biosurfaces to intervene
with spatial and temporal resolution is important in, for
example, detailed studies of biological processes at the cellular
level.
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