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ABSTRACT: Stimuli-triggered wettability of surfaces and
controlled uptake and release of substrates by “smart”
materials are essential for drug delivery and microfluidic
control. A composite “sponge” consisting of bis-aniline-
bridged Au nanoparticles (NPs), functionalized with photo-
isomerizable nitrospiropyran/nitromerocyanine that in-
cludes selective imprinted molecular recognition sites for
N,N0-bis(3-sulfonatopropyl)-4,40-bipyridinium (PVS) was
electropolymerized on a Au electrode. The system is
triggered by photonic and/or electrical signals to yield four
different states exhibiting variable binding/release capacities
for PVS and controlled wettability of the surface. The
electrical/optical uptake and release of PVS to and from
the AuNPs “sponge”, respectively, is followed by CdSe/ZnS
quantum dots, acting as an auxiliary photonic label.

Control of the wettability of surfaces has attracted substantial
research efforts1�4 directed toward the development of self-

cleaning materials,5 the dictated transport of fluids,6 and the preven-
tion of biofouling7 or corrosion.8 Different external triggers, such as
thermal,9,10 electrical,11�13 optical,14�16 or chemical17,18 stimuli,
were used to reversibly switch the wetting properties of surfaces
modified with electroactive, photoactive, or pH-sensitive mono-
layers or functionalized with thermosensitive, photoactive, or
electroactive thin polymer films. The tailoring of signal-triggered
micro-/nanocontainer systems has also evoked extensive research
efforts aimed toward the development of switchable, controlled
uptake and release systems. For example, the phototriggered release
of substrates from mesoporous materials19 and the pH-stimulated
dissociation of supramolecular complexes20 represent stimuli-con-
trolled release from organized nanostructures. Here we report on the
construction of a photochemically and electrochemically triggeredAu
nanoparticles (NPs) composite “sponge” on a surface. We demon-
strate the light/electrical-controlled uptake and release of a substrate
to and from the composite and reveal that the wettability of the
surface is controlled by these external triggers. Furthermore,
since the matrix is activated by two inputs (electrical and optical)
that generate four distinct interconvertable states, one may consider
the system as a four-state automaton.

We have recently introduced a method to imprint molecular
recognition sites in cross-linked Au NPs composites synthesized
on conductive surfaces.21�23 Specifically, we demonstrated that
the electropolymerization of thioaniline-functionalized Au NPs on
thioaniline-functionalized Au surfaces, in the presence of molecular
templates that yield π-donor�acceptor or electrostatic complexes

with the thioaniline units, led to the formation of bis-aniline-
cross-linked Au NPs composites that encapsulated the template
molecules in the matrices.21 Subsequent rinsing-off of the
template molecules yielded molecular imprinted sites with high
affinity for the association of the imprinting templates or their
structural analogues. For example, using picric acid or Kemp’s acid
as imprinting templates, imprinted matrices for the selective and
ultrasensitive detection of trinitrotoluene (TNT)21 or trinitro-
triazine (RDX)22 were developed, respectively. Similarly, the
redox activity of the bis-aniline bridges cross-linking the Au NPs
was implemented to develop imprinted Au NPs composites for
the selective electrochemical uptake and release of substrates.24 For
example, by imprinting molecular recognition sites for the N,N0-
dimethyl-4,40-bipyridinium (MV2þ) electron acceptor in the Au
NPs composite, electroswitchable, reversible uptake and release
ofMV2þ to and from the imprinted sites was accomplished. In this
system, MV2þ was associated to the imprinted sites via π-do-
nor�acceptor interactions with the bis-aniline bridging units,
whereas electrochemical oxidation of the bridges to the respec-
tive quinoid state, exhibiting acceptor features, released the
MV2þ molecules from the matrix. Similarly, the electrochemical
uptake and release of the MV2þ guest substrate to and from the
imprinted Au NPs composite was found to control the wett-
ability of the surface.25 While the association of the charged
MV2þ to the imprinted sites enhanced the hydrophilicity of the
surface, the release of the electron acceptor from the composite
made the surface less hydrophilic.

The synthesis of an imprinted Au NPs composite, acting as an
opto-electrical “sponge” for the controlled uptake and release of a
substrate by photonic or electrochemical stimuli, is depicted in
Figure 1. Au nanoparticles (3.5 nm) were functionalized with a
mixed monolayer consisting of thioaniline (1),N-mercaptobutyl
nitrospiropyran (2a), and mercaptoethyl sulfonic acid (3). The
photoisomerizable nitrospiropyran component, 2a, was photo-
converted to the zwitterionic merocyanine isomer state, 2b (λ =
365 nm; Figure 1a). The resulting Au NPs interacted with the
zwitterionic electron acceptor,N,N0-bis(3-sulfonatopropyl)-4,40-
bipyridinium (PVS, 4), and were electropolymerized on a
thioaniline-functionalized Au surface in the presence of 4 as
the imprinting template (Figure 1b). The template molecules 4
interact with the Au NPs by π-donor�acceptor interactions with
the thioaniline donor sites and by electrostatic interactions between
their zwitterionic parts and the zwitterionic merocyanine photo-
isomer. The imprinting template was then washed off of the bis-
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aniline-cross-linked Au NPs composite to yield the PVS-im-
printed matrix. By a similar procedure, merocyanine/thioaniline-
functionalized Au NPs were electropolymerized on a thioaniline
monolayer-modifiedAu surface, in the absence of PVS, to yield the
non-imprinted composite. The bis-aniline bridging units exhibit
a quasi-reversible redox wave at E�0 = 0.32 V vs SCE, at pH 7.4.
The nitro groups of the nitrospiropyran units are irreversibly
reduced to the hydroxylamine state. These properties enabled us
to estimate the average coverage of the matrix with the bis-aniline
units to be 1.1 � 1014 units 3 cm

�2 and with nitrospiropyran to be
8.2� 10�11 mol 3 cm

�2. Coverage of the surface by the AuNPs was
estimated by quartz crystal microbalance to be 4.0 � 1012 NPs 3
cm�2 (for details on the characterization of the surface, see the
Supporting Information (SI)). A (5% reproducibility in the
composite formation was observed in a set of N = 6 experiments.

The imprinted matrix may exist in four different states that
exhibit variable affinities for the zwitterionic electron acceptor 4,
hence resulting in different wettability features of the surface
(Figure 2a). In state I, the bridging units exist in the donor bis-
aniline configuration, while the photoisomerizable units exist in
the zwitterionic structure. Under these conditions, the electron
acceptor PVS binds to the two components by both donor�
acceptor and electrostatic interactions, giving rise to a surface
exhibiting the highest hydrophilicity. Electrochemical oxidation
of the bis-aniline bridges to the quinoid units, state II, prohibits
the binding of PVS to the bridging units by donor�acceptor
interactions, while retaining the electrostatic interactions with
the merocyanine groups. This leads to a surface with intermedi-
ate hydrophilicity. Photochemical isomerization (λ > 495 nm) of
the merocyanine units of the Au NPs in state I to the nitrospir-
opyran (2a) configuration yields state III, where the cross-link-
ing bridges exist in the bis-aniline donor structure, while the
photoactive units are present in the noncharged nitrospiropyran

isomer state. In state III, the PVS binds to the functionalized NPs
only by donor�acceptor interactions, giving rise to intermediate
hydrophilicity of the surface. Electrochemical oxidation of the
bis-aniline bridges cross-linking the Au NPs in state III to the
quinoid structure yields state IV, where both the electroactive bridges
(acceptors) and the photoactive components (nitrospiropyran) lack
binding affinity for PVS. This yields the state with the lowest
hydrophilicity (enhanced hydrophobicity). The different states
of the Au NPs composites can also be generated by other
pathways. For example, state IV can be generated directly from
state I by the application of an oxidative trigger, E =þ0.3 V vs Ag
wire (Ag QRE), and a photochemical input, λ > 495 nm.

Figure 2b depicts the images and contact-angle values of an
aqueous droplet that includes 200 mM PVS upon interaction
with the different states of the PVS-imprinted AuNPs composite.
When the Au NPs composite exists in state I, the water droplet
exhibits a flat shape, demonstrating a contact angle of θ = 20�,
which implies a very hydrophilic surface, consistent with the
effective association of PVS to the matrix. In contrast, in state IV,
where PVS interacts poorly with the composite, the droplet is
repelled by the matrix, leading to a surface of enhanced hydro-
phobicity, θ = 56�. In states II and III, partial association of PVS
to the composite occurs, leading to an intermediate hydrophilicity,
as reflected by contact angle values of θ = 40� and 42�, respectively.

Photo-/electrochemical control of the wettability of the surface is
reversible upon the application of the respective external triggers.

Figure 1. (a) Reversible photochemical isomerization of the nitrospir-
opyran (2a)-modified Au NPs to the merocyanine (2b) photoisomer by
UV irradiation (λ = 365 nm), and back to 2a by irradiation with visible
light (λ > 495 nm). The Au NPs are capped with a mixed monolayer of
thioaniline (1), mercaptobutyl nitrospiropyran (2a), and mercaptoethyl
sulfonic acid (3). (b) Schematic presentation of the electropolymeriza-
tion of the bis-aniline-cross-linked AuNPs composite and the imprinting
of the zwitterionic electron acceptor, N,N0-bis(3-sulfonatopropyl)-4,40-
bipyridinium (PVS, 4), into the composite. Figure 2. (a) Optical/electrochemical transitions between the four

possible states of the bis-aniline-cross-linked 2a/2b-modified Au NPs
composite and the respective association of PVS to the different states.
(b) Images showing changes in the contact angle, θ, for a droplet
containing 200 mM PVS on the PVS-imprinted bis-aniline-cross-linked
Au NPs electrode upon the application of four different triggers on the
electrode for the generation of four different states: (I) E =�0.3 V vs Ag
QRE and λ = 365 nm; (II) E =þ0.3 V and λ = 365 nm; (III) E =�0.3 V
and λ > 495 nm; (IV) E = þ0.3 V and λ > 495 nm.
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For example, Figure 3a-i shows the photostimulated cycling of the
wettability properties of the composite upon photoisomerization of
the nitrospiropyran units to the zwitterionic configuration and back,
while the cross-linking bridging units are in the bis-aniline state.
Evidently, the contact angles are cycled between low and high
values, respectively. Similarly, Figure 3a-ii shows the cyclic electro-
chemical control of the wettability of the surface for a case where the
Au NPs are functionalized by the nitrospiropyran photoisomer and
the bis-aniline bridges are reversibly oxidized and reduced to the
quinoid and bis-aniline states, respectively. Parts iii and iv of
Figure 3a correspond to the reversible electro-/photochemical
cycling of states Ih IV and states IVh III, respectively, (For the
reversible cycling of the wettability properties of the surface upon
cycling the system between the other pairs of states, states IVh II,
states Ih II, and states IIIh I, see SI Figure S3.)

Furthermore, one may cycle the system from any state to all
other states by application of the appropriate optical/electrical
signals. Figure 3b-i exemplifies the stepwise transitions across the
different states, where the initial configuration of the system is fixed at

state IV (which includes the bridges in the oxidized quinoid form and
the photoactive components in the nitrospiropyran isomer state).
This composite does not bind PVS, which results in the high contact
angle value. Reduction of the bridges to the bis-aniline state yields
state II, which corresponds to intermediate hydrophilicity. Further-
more, photoisomerization of the nitrospiropyran to the merocyanine
photoisomer generates state I, having higher binding affinity for
PVS, and this results in the composite of highest hydrophilicity (θ =
20�). Finally, state I is converted to state III by oxidation of the bis-
aniline units to the quinoid state. This leads to the association of PVS
only to the zwitterionic merocyanine isomer, giving rise to a surface
of intermediate hydrophilicity (θ = 40�). Similarly, parts ii, iii, and iv
of Figure 3b depict the sequential transitions between states IIf IV
f IIIf I, states IIIf IVf IIf I, and states IIIf If IIf IV,
respectively. (For the cyclic activation of the system between states
IIIf IIf IVf I, see SI Figure S4-i.)

Several control experiments that demonstrate the significance
of the imprinting process for generating the effective photonic/
electrochemical “sponge”, and which also reveal selective control
of the wettability, were performed: (i) The non-imprinted com-
posite consisting of the bis-aniline-cross-linked Au NPs modified
with the photoisomerizable units shows only minute contact
angle changes upon interaction with PVS. (see SI Figure S4-ii).
These results indicate that PVS exhibits low affinity for associa-
tion to the non-imprinted matrix, leading to the very small
changes in the contact angle values. Indeed, complementary
chronocoulometric experiments that followed the charge asso-
ciated with the reduction of PVS on the PVS-imprinted matrix
(in state I) versus the non-imprinted matrix enabled us to
evaluate the association constant of PVS to the imprinted sites,
Ka

IM = 6.4� 104M�1, and to compare it to the weaker affinity of
PVS to the non-imprinted composite, Ka

NI = 8� 103 M�1 (see SI
Figure S5). The higher association constant of PVS to the
imprinted composite facilitates the significant contact angle changes
observed upon the application of optical/electrical triggers.
(ii) The effect of the interaction of N,N0-dimethyl-4,40-bipyridi-
nium (MV2þ, 5) with the PVS-imprinted composite, subjected
to the different optical/electrical signals, was similarly examined
(see SI Figure S4-iii). We find that the interaction of MV2þ with
the PVS-imprinted matrix has only minute effects on the contact
angle values of the droplet subjected to the different states of the
composite. These results indicate that the imprinted sites are
specific for PVS and that the structurally related electron acceptor 5
reveals poor affinity for the PVS-imprinted sites.

Finally, the quantitative uptake and release of PVS to and from
the different states of the composite were evaluated. Toward this
goal, the Au NPs composite-modified electrode was introduced
into a solution of PVS, and following the optical/electrical
triggered uptake/release of PVS to/from the composite, the
solution was interacted with CdSe/ZnS quantum dots as aux-
iliary optical labels (the QDs were capped with the zwitterionic
glutathione 6, Figure 4a). Using the fact that PVS quenches the
luminescence of the modified QDs, and extracting the appro-
priate calibration curve (see SI Figure S6), the concentration of
PVS in the solution could be determined for each state of the
composite. In state IV, where neither the quinoid bridges nor the
nitrospiropyran photoisomer units bind PVS, the quenching of
the QDs is high, implying that the acceptor is concentrated in the
solution [Figure 4b, curve (d)]. Photoisomerization of the nitrospir-
opyran units to the zwitterionic merocyanine groups and reduc-
tion of the bridges to the bis-aniline state results in state I, which
exhibits the highest affinity for PVS. This is reflected by the high

Figure 3. (a) Cyclic switching of the contact angle of an aqueous
droplet containing 200 mM PVS on a PVS-imprinted bis-aniline-cross-
linked Au NPs electrode upon the application of (i) photochemical
pulses [(a0) λ = 365 nm and (b0) λ > 495 nm], (ii) electrochemical pulses
[(a0) E = 0.3 V and (b0) E =�0.3 V], (iii) combined photochemical and
electrochemical triggers [(a0) λ = 365 nm and E =�0.3 V (input 1) and
(b0) λ > 495 nm and E = 0.3 V (input 4)], and (iv) combined
photochemical and electrochemical triggers [(a0) λ > 495 nm and E = 0.3 V
and (b0) λ > 495 nm and E = 0.3 V (input 3)]. (b) Contact angle values for
the droplet in (a) upon the application of the four different combinations of
electrochemical and optical triggers in different orders: (i) 4 f 2 f
1f 3; (ii) 2f 4f 3f 1; (iii) 3f 4f 2f 1; (iv) 3f 1f 2f 4. Input
2 corresponds to λ = 365 nm and E = 0.3 V.
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luminescence of the QDs that implies the uptake of PVS by the
Au NPs matrix [Figure 4b, curve (a)]. From the luminescence
changes of the QDs and the respective calibration curve, we
estimate that ca. 1.8� 10�13 mol 3 cm

�2 of PVS were uptaken by
the composite in state I. Upon conversion of the Au NPs
composite into states II and III, the luminescence of the QDs
reveals intermediate intensity values [Figure 4b, curves (b) and
(c), respectively]. These luminescence values indicate that the
uptake of PVS by the bis-aniline-bridged Au NPs composite in
state II corresponds to 1.3 � 10�13 mol 3 cm

�2, whereas the
uptake by the merocyanine groups in state III is 1.1 � 10�13

mol 3 cm
�2. Also, when the non-imprinted Au NPs composite

was subjected to the different signals, generating states I�IV,
only small luminescence changes of the QDs were observed
(Figure 4c). This is consistent with the low binding capacity of
PVS to the non-imprinted matrix. Furthermore, the reversible
uptake and release of PVS to and from the imprinted composite
were followed by the luminescence of the QDs. For example,
Figure 4d shows the cyclic uptake and release of PVS upon
transforming state IV to state I and back.

To conclude, the present study has introduced a new type of
optoelectronic “sponge” consisting of imprinted Au NPs. The
different states of the Au NPs composite generated surfaces of
controlled wettabilities.
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Figure 4. (a) Photonic imaging of the photochemical/electrochemical
uptake and release of PVS to and from the PVS-imprinted bis-aniline-
cross-linked Au NPs composite using CdSe/ZnS QDs as auxiliary
optical labels. (b) Emission spectra corresponding to CdSe/ZnS quan-
tum dots, 10�10 M in HEPES buffer solution (10 mM, pH 7.4),
following their interaction for 20 min with a 200 pM PVS solution that
was reacted with the PVS-imprinted Au NPs composite and upon the
application of (curve a) E = �0.3 V vs Ag QRE and λ = 365 nm (state I),
(curve b) E=þ0.3 V and λ = 365 nm (state II), (curve c) λ > 495 nm and E
=�0.3V (state III), and (curve d) λ> 495 nm andE=þ0.3 V (state IV) on
the composite-modified electrode. (c) Same as in (b), for the non-imprinted
Au NPs composite. (d) Emission spectra corresponding to the cyclic
switching between states IV h I. Inset: The maximal fluorescence values,
at λ = 612 nm, measured for the different states.


