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Bio-molecular non-covalent interactions provide a powerful platform for material-specific self-organiz-

ation in aqueous media. Here, we introduce a strategy that integrates a synthetic optically-responsive

motif with a materials-binding peptide to enable remote actuation. Specifically, we linked a photoswitch-

able azobenzene moiety to either terminus of a Au-binding peptide. We employed these hybrid mole-

cules as capping agents for synthesis of Au nanoparticles. Integrated experiments and molecular

simulations showed that the hybrid molecules maintained both of their functions, i.e. binding to Au and

optically-triggered reconfiguration. The azobenzene unit was optically switched reversibly between trans

and cis states while adsorbed on the particle surface. Upon switching, the conformation of the peptide

component of the molecule also changed. This highlights the interplay between the surface adsorption

and conformational switching that will be pivotal to the creation of actuatable nanoparticle bio-interfaces,

and paves the way toward multifunctional peptide hybrids that can produce stimuli responsive

nanoassemblies.

Introduction

Inorganic–organic interfaces are fundamental components of
hybrid materials.1–3 However, these interfaces are typically
static, with ligands rigidly bound to a nanomaterial in a fixed
conformation. Actuatable interfaces,4,5 defined as surface-
bound ligand layers that change conformation in response to
an external stimulus, differ dramatically from these common

inorganic–organic interfaces and provide unique possibilities
for reversible switching of hybrid material properties. Switch-
ing of such surface-bound species could change the accessibil-
ity of the inorganic surface as well as the functional groups
displayed to the surrounding solution to produce corres-
ponding property changes. For example, the nanoparticles
could be catalytically active for two different reactions for the
two different ligand conformations. Such systems would be
ideal for selective and step-wise reaction systems. One can
imagine similar transformative applications in biosensing,
nanoparticle assembly, and plasmonics. Actuatable bio-inter-
faces are particularly desirable in the field of bionano-
combinatorics,6–8 which aims to exploit biomolecular
materials recognition to assemble nanoparticles (NPs) into
ordered arrangements. Actuatable interfaces could enable
externally-triggered reconfiguration of these assemblies;
however, only a handful of biomolecules are mechanically
responsive9 to common external stimuli such as light.

While standard nanoparticle ligands such as alkane thiols
can be used to generate highly stable noble metal nano-
particles, their strong and monovalent interaction with the
metal prohibits changes in configuration at the metal–organic
interface. Even if conformational changes occur in such
ligands, the attachment of the ligand to the surface remains
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unchanged. This strategy has thus produced limited success in
changing structure and properties at the actual inorganic–
organic interface.

Here we introduce the concept of employing ligands with
multiple, weaker non-covalent interactions with the inorganic
surface, along with a stimuli responsive moiety, to create an
actuatable inorganic–organic interface for dramatic ligand
restructuring. We report a strategy that combines peptide-
based materials-specific binding capabilities7,11,12 with a
photoswitchable azobenzene moiety10 that changes confor-
mation upon exposure to light. We employ these new hybrid
molecules as capping ligands for NP generation and stabiliz-
ation, and further demonstrate that the inorganic–organic
interface in these nanomaterials is amenable to manipulation
via external stimuli. Reversible photoswitching of the azo-
benzene moiety between the trans and cis states while adsorbed
on the particle surface induces conformational changes in the
peptide component as well. Such actuatable inorganic–organic
interfaces will find applications in many areas such as nano-
assembly, biosensing, plasmonics, and catalysis. Specifically,
to realize material selective binding and photo-responsive
capabilities, we linked a Au-binding peptide (AuBP1:
WAGAKRLVLRRE)13 to an optically switchable azobenzene at
either the N- or C-terminus. The terminal locations were
selected to minimize changes in the peptide surface reco-
gnition element that would likely occur if the non-natural azo-
benzene moiety were incorporated within the sequence. The
binding and photoswitching of the hybrid biomolecules were
studied experimentally by quartz crystal microbalance (QCM)
analysis, UV-vis absorbance and circular dichroism (CD) spec-
troscopies, and transmission electron microscopy (TEM), and
computationally by molecular dynamics simulations with
advanced conformational sampling. The results show that the
interactions between the azobenzene and the Au NPs actually
enhance specific isomerization rates, leading to dramatic con-
formational shifts of the adsorbed ligands for reconfiguration
of the ligand surface distribution.

Experimental
Synthesis of (E)-4,4′-(diazene-1,2-diyl)bis(N-(2-(2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl)ethyl) benzamide) (MAM)

Azobenzene-4,4′-dicarboxylic acid (1) (2.67 g, 9.9 mmol) and
thionyl chloride (60 mL) were refluxed overnight at 85 °C. The
solution was evaporated three times from toluene and the
solid azobenzene-4,4′-dicarboxylic acid chloride (2) was
obtained (yield: 98%). 2 (307 mg, 1 mmol) was dissolved in
methylene chloride (10 mL) and mixed with a solution of N-(2-
aminoethyl)maleimide hydrochloride (620 mg, 3.5 mmol) and
triethylamine (TEA; 0.7mL) in methylene chloride (10 mL).
The mixture was stirred overnight at room temperature and
evaporated. The product was recrystallized from ethanol to
give MAM as an orange powder (yield: 45%). 1H NMR (DMSO-
d6, 500 MHz, ppm): δ 8.76 (t, J = 6 Hz, 2H), 7.95 (s, J = 8H),
7.02 (s, 4H), 3.60 (t, J = 5.5 Hz, 4H), 3.43 (q, J = 5.5 Hz, 4H).

13C NMR (DMSO-d6, 75 MHz, ppm): δ 171.11, 165.72, 153.21,
136.98, 134.55, 128.43, 122.51, 37.73, 37.10. HR-MS (ESI+):
Calculated for C26H22N6O6: 514.50; Found: 514.16.

Peptide synthesis and MAM coupling

The AuBP1C and CAuBP1 peptides were synthesized using
standard FMOC protocols on a TETRAS solid phase peptide
synthesizer (CreoSalus). The peptide was cleaved from the
resin, purified by reverse phase HPLC, and confirmed via
MALDI-TOF mass spectrometry. Once the peptide was con-
firmed, coupling of the MAM at the incorporated cysteine
residue proceeded. In a typical reaction, 27.0 mg of the
peptide (either AuBP1C or CAuBP1) was dissolved in 4 mL of
DMF, which was then added to a MAM solution in DMF
(13.5 mg dissolved in 2 mL DMF). In this reaction, the molar
ratio of MAM : peptide is 1.4 : 1, which promotes coupling of
only one peptide per MAM. Once initiated, the reaction was
stirred for 3 days, after which 150 mL of ethyl ether was added,
resulting in precipitation of a yellow solid. Due to differential
solubilities, ether precipitation resulted in sample purification
from unreacted MAM. The sample was centrifuged to form a
pellet, the supernatant was removed, and more ethyl ether was
added. This process was repeated two more times to increase
peptide final purity. After centrifuge purification, the sample
was purified using reverse phase HPLC and confirmed with
MALDI-TOF mass spectrometry.

QCM experiments

QCM measurements were performed using a Q-Sense E4
instrument (Biolin Scientific) employing standard Au sensors.
The sensors were first cleaned with a 1 : 1 : 5 (v/v/v) 30% H2O2/
ammonium hydroxide/water solution for 5.0 min and then
rinsed with copious amounts of water. The Au surface was
then dried with N2 gas and subsequently subjected to UV/
ozone cleaning. Once finished, the sensors were inserted into
the QCM system, where the frequency change in pure water
was recorded for ∼5 min to determine sensor integrity. Finally,
an aqueous sample solution of a concentration from 2.5 to
15.0 μg mL−1 was flowed over the sensor surface, from which
the frequency change was recorded for ∼30 min or until signal
saturation was achieved. All measurements were completed at
24.2 °C and modeled using previously reported approaches.7,14

To monitor binding of the peptide with the MAM in the cis
conformation, the azobenzene was switched via irradiation
with 365 nm light for 3 h. Switching was confirmed via UV-vis
analysis of the materials. This sample was then studied using
the standard approach, with the solution remaining in the
dark to prevent light-induced isomerization to the trans
conformation.

Nanoparticle synthesis

In a typical synthesis, 10 μL of a 0.1 M aqueous solution of
HAuCl4 was diluted in 3 mL of water and then mixed with
2 mL of a 0.25 mM aqueous solution of AuBP1C-MAM or
MAM-CAuBP1 in a vial, resulting in a Au :MAM-peptide ratio
of 2. The solution was thoroughly mixed for at least 15 min,
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followed by injection of 30 μL of an ice cold, freshly prepared,
0.1 mM NaBH4 aqueous solution. Upon the addition of redu-
cing agent, the color of the solution immediately changed
from pale yellow to wine red. The reaction was allowed to con-
tinue undisturbed for 1 h at room temperature to ensure com-
plete reduction. The size and shape of the Au nanoparticles
were characterized using a JEOL JEM-2010 TEM operating at a
working voltage of 200 kV. The specimen was prepared by
drop-casting 15 μL of the Au NP dispersion onto a carbon-
coated Cu TEM grid. The optical absorbance spectra of Au
nanoparticles were measured using a Shimadzu UV-3101PC
spectrometer employing a 1 cm quartz cuvette. CD spectra were
measured using a Jasco J-815 CD spectrometer. The peptides
were diluted to a concentration of 8 μM in a 1 cm quartz cuvette
and diluted nanoparticle dispersions were prepared with identi-
cal peptide content. Trans peptides were exposed under ambient
light, while cis peptides were irradiated by a 365 nm UV lamp
for at least 30 min prior to the measurements.

Replica exchange with solute tempering molecular dynamics
simulations

Each of the four systems comprised an Au slab (5 atomic layers
thick) presenting the (111) facet on both sides, 15 000 water
molecules, Na+ and Cl− counter-ions (as required to ensure
overall charge neutrality of the simulation cell) and one chain
of either AuBP1C-MAM or MAM-CAuBP1, with the MAM in
either the trans or cis form. The peptide in each molecule was
modeled with zwitterionic N- and C-termini, consistent with
the experimentally synthesized peptides. The protonation
states of each residue were assigned as corresponding with a
pH of 7. We used an orthorhombic periodic cell; the gold slab
had lateral dimensions of 79.1 Å × 76.1 Å, with an inter-slab
spacing perpendicular to the slab surface of ∼78 Å (such that
the dimension of the cell perpendicular to the slab surface was
∼87 Å). This dimension was adjusted such that the density of
water in the center of the inter-slab space corresponded with
the equilibrium density of TIPS3P20 water at 300 K and 1 atm.
Periodic boundary conditions were applied in all three dimen-
sions. All REST simulations were performed using the
GROMACS software package21 in the Canonical (NVT) ensem-
ble at a temperature of 300 K, maintained using the Nosé–
Hoover thermostat,22–24 with a coupling constant of τ = 0.4 ps.
Newton’s equations of motion were solved using the leapfrog
algorithm with an integration time-step of 1 fs. Coordinates
were saved every 1 ps. Long-range electrostatic interactions
were treated using Particle-mesh Ewald (PME) scheme, with a
cut-off at 11 Å, whereas a force-switched cut-off, starting at 9 Å
and ending at 10 Å was used for Lennard–Jones non-bonded
interactions. The recently-derived polarizable GolP-CHARMM
force-field21 was used to model the interactions between the
water (described with the modified TIP3P force-field20) and the
Au slab. The peptide was described using the CHARMM22*
force-field.25,26 The rigid-rod-dipole method for gold atom
polarization was implemented, as per previous versions of the
GolP force-field.27 All metal atoms in the slab were held fixed
in space during these simulations, with only the metal atom

dipoles able to freely rotate. Random initial dipole positions
were used throughout. Our recent tests indicate that there is
very little difference between binding free energies obtained
using a rigid substrate, vs. using a slab where all atoms can
move28 Further details of the MAM force-field parameters and
the REST simulations can be found in the ESI.†

Metadynamics simulations

We performed two well-tempered metadynamics19 simulations
describing the adsorption of the cis and the trans confor-
mations of the MAM unit alone (i.e. without the peptide) at
the aqueous Au(111) interface. The PLUMED29 plugin was
used to apply the metadynamics approach to the cis and trans
adsorption simulations.

All of these simulations were carried out in the Canonical
(NVT) ensemble at a temperature of 300 K, using GROMACS
version 4.6.1,30 with the same force-fields and simulation
details as above. The potential bias was applied to the position
of the center of mass of the central N–N bond of the azo-
benzene substituent of the MAM, along the z axis (i.e. the direction
perpendicular to the metal surface). Gaussians of 0.5 Å width
were deposited every 1 ps for 300 ns, and the initial Gaussian
height was set to 0.240 kJ mol−1. A well-tempered meta-
dynamics bias factor of 50 was used. Each system consisted of
the MAM molecule (in either the cis or trans state), the Au(111)
slab and 6093 TIPS3P waters.

Photoswitching experiments

For the reversible photoswitching of the azobenzene moiety,
sample irradiation was performed with 365 nm light from a
UV lamp for the trans-to-cis isomerization and monochromatic
440 nm light from a Xe lamp and monochromator for the cis-
to-trans isomerization. For rate constant measurements, mono-
chromatic 340 or 440 nm light from a Xe lamp and monochro-
mator was employed for the respective isomerizations. UV-vis
spectra were recorded after light irradiation using 1 cm quartz
cuvettes. Before measurement of the nanoparticle suspen-
sions, they were purified by a Centricon filter (3000 MWCO) to
remove any unbound peptides. The photoisomerization pro-
ceeded in a first-order manner and the time dependent
absorption values at 325 nm were fit to a first-order rate
equation (eqn (1)) to obtain rate constants.

ln
A0 � A1
At � A1

� �
¼ kisot ð1Þ

Here A0 is the initial absorbance, A∞ is the absorbance at
the photostationary state, At is absorbance at time t, and kiso is
the observed first-order rate constant.

Results and discussion

The photoswitchable maleimide-azobenzene-maleimide (MAM)
molecule was synthesized as shown in Fig. 1. Azobenzene-4,4′-
dicarboxylic acid (1) was converted to an acid chloride (2) to
facilitate nucleophilic attack on the carbonyl group. Amidation
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with N-(2-aminoethyl)-maleimide produced the MAM. Au-
binding peptides with a thiol-bearing cysteine at either the
C-terminus (AuBP1C) or N-terminus (CAuBP1) were then pre-
pared and mixed with an excess of the MAM. Thiol-maleimide
coupling produced a stable thioether where the use of excess
MAM minimized coupling of peptides at both maleimides of a
single azobenzene unit.

The binding affinities of MAM-CAuBP1 and AuBP1C-MAM
on Au were probed using QCM analysis (ESI, Fig. S1 and S2†).
The biomolecules, with the MAM in the cis or trans state, were
each flowed over the Au-coated QCM sensor at five concen-
trations. Mass adsorbed vs. time was obtained from the
change in the QCM resonant frequency. These data were fit to
Langmuir adsorption kinetics, to obtain a kobs value at each
concentration.7,14 Plotting kobs vs. concentration produces a
straight line for which the slope and y-intercept represent the
association (ka) and dissociation (kd) rate constants, respect-
ively. The Keq and ΔG of binding were then determined using
standard relationships. This gave ΔG of binding values for the
trans isomers of −37.1 ± 1.7 and −34.8 ± 1.1 kJ mol−1 for MAM-
CAuBP1 and AuBP1C-MAM, respectively. When the MAM unit
was isomerized into the cis conformation, the ΔG values were
−34.3 ± 0.7 and −35.5 ± 0.01 kJ mol−1 for the MAM-CAuBP1
and AuBP1C-MAM, respectively. As previously reported, the ΔG
for the parent AuBP1 was −37.6 ± 0.9 kJ mol−1,7 suggesting
that both the location and conformation of the MAM have a
small, but noticeable, effect on Au binding. Incorporation of
the MAM at the C-terminus produced a decreased ΔG of
binding, compared to the parent AuBP1, regardless of the azo-
benzene conformation. Furthermore, while the MAM-CAuBP1
species in the trans state had the same ΔG value as the parent
peptide (within the uncertainty of the measurements), azo-
benzene isomerization to the cis conformation reduced the ΔG of
binding. Note that these results do not provide stringent rules
for manipulation of peptide binding strength, but rather indi-
cate that the position and conformation of the MAM unit can
affect the binding of the peptide.

These hybrid biomolecules were then used in the trans
conformation as ligands for preparation of Au NPs.15 For this,
2 equiv. of Au3+ ions were mixed with the biomolecules in water
at room temperature, followed by addition of 6 equiv. of
NaBH4. The products were characterized by UV-vis absorbance
in comparison to the biomolecules alone (Fig. 2a). Both bio-
ligands have a strong absorbance at 320 nm, arising from the
symmetry allowed π–π* transition of the azobenzene, and a
weaker absorbance at 450 nm from the corresponding sym-
metry forbidden n–π* transition.10 In comparison, the peptide-
capped NPs show reduced azobenzene absorbances; the inten-

sity of the 320 nm peak is significantly decreased, while the
450 nm absorbance is unresolved. The weak n–π* transition is
masked by the absorbance of the Au NPs. The localized
surface plasmon resonance (LSPR) near 530 nm is more
intense in the AuBP1C-MAM-capped NPs, but is also evident
for the MAM-CAuBP1-stabilized NPs.

TEM imaging (Fig. 2b and c) showed spherical particles
with average diameters of 2.4 ± 0.5 nm and 2.7 ± 0.6 nm for
the MAM-CAuBP1- and AuBP1C-MAM-capped Au NPs, respect-
ively. Interestingly, these particles are significantly smaller
than those prepared with the parent AuBP1 sequence (4.2 ±
1.1 nm) using identical methods, indicating that other mole-
cular-level events beyond the absolute binding affinity (i.e. ΔG)
control particle formation and size. In previous work,6 we
noted a possible broad connection between the number of
strong peptide-surface anchor points and the resulting nano-
particle size and morphology. The simulation results, dis-
cussed below, provide further support for the hypothesis that
the hybrid MAM-peptide molecules possess more anchor
points than the AuBP1 peptide alone.

Following NP formation, photoactuation of the adsorbed
hybrid biomolecules was examined. Note that this system is
quite unique in the sense that the azobenzene unit is posi-
tioned in direct contact with the surface rather than being sep-
arated from the metal interface by a spacer (e.g. displayed at
the end of an alkanethiol).4,5 Our peptide-based approach
allows the inherently hydrophobic azobenzene moiety to be
dispersed in an aqueous environment and to maintain direct
contact with the Au NP surface. This allows the interactions of
the switchable azobenzene with the NP surface to propagate
through the rest of the ligand structure (i.e. the peptide chain).
In contrast, nearly all prior reports studied the azobenzene
spaced away from the metallic interface, such that any changes
in the azobenzene conformation do not affect the rest of the
ligand structure or the ligand-NP interaction. Here, direct
contact of the azobenzene with the metal surface could
enhance, inhibit, or even prevent isomerization. Upon azo-
benzene isomerization, the interaction with the Au NP surface
will change, and that, in turn, can change the entire adsorbed
peptide structure, driving complete reconfiguration of the
inorganic–organic interface.

To study this process we illuminated the hybrid bio-
molecules at the specific wavelengths needed to trigger iso-

Fig. 1 Scheme for the synthesis of the light actuated MAM.

Fig. 2 Characterization of the Au NPs capped with photoactuatable
peptides. Part (a) presents the UV-vis analysis, while parts (b and c)
present TEM images of the Au NPs capped with the MAM-CAuBP1 and
AuBP1C-MAM peptides, respectively.
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merization, both as free molecules and adsorbed on the Au
NPs. Irradiation of the trans-MAM-CAuBP1-capped Au NPs for
30 min at 365 nm switched the azobenzene to its cis confor-
mation, as shown by a decrease in the intensity of the π–π*
transition absorbance at 320 nm (Fig. 3a). Typically, an
increase in the n–π* transition absorbance would also be
noted; however, due to the absorbance of the Au NPs, no peak
at 450 nm was observed. When the sample was subsequently
irradiated with 440 nm light for 30 min, an increase in absor-
bance at 320 nm was noted, arising from the photoswitching
of the azobenzene back to the trans conformation (Fig. 3b).
The surface adsorbed molecule could be reversibly switched
many times (Fig. 3c), confirming its facile and reversible
photoactuation. The AuBP1C-MAM on Au NPs could similarly
switch between the trans and cis conformations (Fig. 3d and
ESI, Fig. S3†). In both cases, the NPs remained stably dis-
persed in solution after multiple switching cycles with no evi-
dence of aggregation induced by switching.

To examine the effects of the interactions of the azobenzene
moiety with the Au NP surface on photoswitching, isomeriza-
tion rates for the MAM unit in solution, before and after
peptide conjugation, and upon being bound to the Au NP were
compared (Fig. 4). For the MAM unit alone (in dimethyl-
formamide, DMF), the first-order rate constants for trans to cis
and cis to trans isomerization were 0.05 ± 0.006 and 0.01 ±
0.006 s−1 respectively (ESI, Fig. S4†). Unlike the MAM alone,
the MAM-peptide hybrid biomolecules are water soluble, thus
for these compounds, switching experiments were performed
in water. The rates were similar to those of the MAM alone,

with trans to cis switching being faster than the reverse
process. This suggests that the switching is not significantly
perturbed by the peptide.

Interestingly, for the biomolecules adsorbed onto Au NPs,
the cis to trans switching rate increased notably, while the
trans to cis isomerization rates significantly decreased. As a
result, when adsorbed on the Au NP surface, cis to trans
switching was faster than trans to cis, in stark contrast to the
trend for the free molecules in solution. Thus, interactions
with the aqueous Au interface greatly affect the MAM isomeri-
zation kinetics, likely through changes in the interactions
between the metal surface and the MAM based upon the azo-
benzene structure. Note that such effects cannot be observed
using standard ligands (e.g. alkanethiols) that space the azo-
benzene away from the surface, but require molecules like
those developed here, which produce direct interactions
between the NP and azobenzene.

Although the UV-vis data strongly indicate that changes in
the bound molecular structure occur as a function of the azo-
benzene isomerization state, CD spectroscopy was also
employed to confirm that these changes propagate to the
peptide component of the hybrid molecules. The CD spectra
of both unbound and Au NP-bound MAM-peptides in cis and
trans conformations (ESI, Fig. S5†) show clear changes in ellip-
ticity of the major peak at ∼198 nm, a peak position mainly
attributed to the random coil peptide secondary structures.
This suggests that illumination induces changes in the confor-
mation of the peptide component of the hybrid biomolecules
as well as changes in the azobenzene conformation. In con-
trast, no such changes in ellipticity were observed in CAuBP1

Fig. 3 Observation of (a) trans to cis and (b) cis to trans photoswitching
of the MAM-CAuBP1-capped Au NPs. Switching is shown by the change
in the absorbance at 320 nm upon illumination at 365 nm (blue regions)
or 440 nm (pink regions) for (c) MAM-CAuBP1-capped Au NPs and (d)
AuBP1C-MAM-capped Au NPs.

Fig. 4 Analysis of the MAM switching kinetics.
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peptides that had not been conjugated to the MAM unit,
whether in solution or on the Au NP surface (ESI, Fig. S6†). For
the hybrid biomolecules, the changes in ellipticity upon
switching differ qualitatively between the bound and unbound
states, demonstrating that the interaction of the peptide with
the surface influences the conformation changes that occur
upon switching of the azobenzene moiety.

To elucidate the atomic-level events occurring at the NP
interface due to the isomerization process, the surface-bound
ligand structures were modeled using molecular simulation.
The most likely conformations of the biomolecules, adsorbed
at the aqueous Au interface in both the cis and trans states,
were predicted using advanced sampling molecular dynamics
(MD) simulations. These simulations employed Replica
Exchange with Solute Tempering (REST),16,17 a computation-
ally-efficient Hamiltonian-based Replica Exchange approach.
REST simulations can predict the Boltzmann-weighted ensem-
ble of conformations in the adsorbed state. Currently, Hamil-
tonian-based replica exchange is significantly more efficient
than traditional temperature-based replica exchange
approaches when modeling systems that explicitly describe
liquid water,16 although there are promising developments in
this area.18 For all four biomolecules, extensive contact
between the adsorbate and the substrate was predicted. In the
trans state, the MAM unit was found to consistently lie flat
against the Au(111) surface (97% and 96% of the reference
replica REST trajectory for MAM-CAuBP1 and AuBP1C-MAM,
respectively), with both phenyl groups in the MAM unit
making direct surface contact. In contrast, the biomolecules in
the cis state showed a reduced degree of surface contact (88%
and 87% for MAM-CAuBP1 and AuBP1C-MAM, respectively),
where only one of the two phenyl rings in the MAM unit could
assume close contact with the surface at any one time. Fig. 5
shows representative snapshots of the most likely adsorbed
structures for AuBP1C-MAM and MAM-CAuBP1 in the trans
and cis states (structures for all molecules are shown in ESI,
Fig. S7†). Note the significant differences in the structure of
the AuBP1 peptide on the Au interface based upon the
different isomerization state of the azobenzene at either the N-
or C-terminus. Estimates of the free energy of adsorption of
the unconjugated (i.e. free) MAM unit at the aqueous Au inter-
face, obtained using well-tempered metadynamics simu-
lations,19 confirmed significantly stronger binding of the MAM
in the trans conformation (ESI, Fig. S8†). The enhanced inter-
facial contact of the MAM predicted for the trans state is con-
sistent with the kinetic data, indicating that the presence of
the Au interface favors the trans state of the MAM unit, and
thus increases the cis to trans switching rate.

To further elucidate the influence of the MAM position and
isomer structure with respect to the modes of peptide-surface
contact, the average degree of surface contact for each peptide
residue, and the MAM unit as a whole, were calculated and
compared with data previously generated for the parent
peptide,6,7 as summarized in Fig. 6. These data show that the
covalent attachment of the MAM into the peptide sequence
does not automatically enhance the affinity of the peptide

component for the aqueous metal interface. Along with the
QCM data, this shows that the overall degree of peptide-
surface contact was actually diminished for the hybrid bio-
molecules, while the MAM unit itself maintained very strong
non-covalent contact with the Au surface. This strong contact
was maintained regardless of the MAM position and confor-

Fig. 5 Representative snapshots from the REST simulations showing:
(a) the close contact of the rings in the AuBP1C-transMAM state and (b)
only one ring in surface contact for the AuBP1C-cisMAM state, and
illustrative examples of how the MAM conformational change can
influence peptide conformation for the most likely conformations of (c)
transMAM-CAuBP1, and (d) cisMAM-CAuBP1. Water is not shown for
clarity.
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mational state, providing a plausible explanation for the obser-
vation of only small differences in the free energies of binding
of the azobenzene-containing biomolecules, compared with
the parent peptide. Although the peptide component had
diminished contact with the Au surface, the MAM unit main-
tained significant non-covalent contact, producing ΔG values
similar to those of the parent AuBP1 peptide. Thus, the MAM
directly modulates peptide binding (as seen by the influence
on residue-surface adsorption for residues located away from
the MAM conjugation site). Attachment of the MAM to the
C-terminus was also found to directly diminish the binding of
residues close to that terminus. Overall, the adsorbed confor-
mations of the peptide were substantially influenced by the
switching of the MAM conformational state. These molecular
simulations are consistent with the CD experiments, with both
indicating that the surface adsorbed conformation of the
peptide component can be externally actuated and modulated
by the isomerization event in the MAM unit.

The degree of surface contact for each site in the MAM unit
was also calculated (five such sites were defined: two malei-
mide rings, two phenyl rings, and the central N–N group). All
five sites were classified as anchors (with a degree of surface

contact of 60% or greater) for the hybrid biomolecules with
the MAM in the trans state, while four out of the five sites were
found to be anchors in the cis conformation (missing one of
the two phenyl rings as an anchor). This analysis of surface
contact indicates a substantial increase in the number of
anchor sites for the hybrid biomolecules compared with the
parent peptide (9, 10, 8, and 9 anchor points for transMAM-
CAuBP1, AuBP1C-transMAM, cisMAM-CAuBP1, and AuBP1C-
cisMAM respectively, vs. five anchor points for the parent
AuBP1 peptide). These data further support the hypothesis
that the number of anchor points in peptide-based capping
ligands influences the morphology and particle size for NPs
grown in the presence of biomolecular surface passivants. The
biomolecules with the MAM units possessed more anchor
points and produced smaller NPs compared to the MAM-free
parent peptide.

Our results advance fundamental understanding of the
effects of actuatable ligands on peptide structural confor-
mation, binding affinity, ability to control NP growth, and
actuation of the surface-bound species. The modified peptides
remain sufficiently bound during switching to maintain the
colloidal stability of the Au NPs; however, based upon the CD
experimental data and the computational modeling results,
the equilibrium conformation of the peptides changes upon
isomerization of the MAM unit. Prior studies of photoswitch-
able azobenzene moieties linked to Au NPs have kept the azo-
benzene separated from the Au surface, extending this
group into a non-polar solvent in which azobenzene is
soluble.4 Here, in contrast, this moiety is placed in direct
contact with Au, as shown by modeling and inferred from the
UV-vis experimental data, and as expected based upon the
hydrophobicity of the phenyl groups and the aqueous environ-
ment of these experiments. Close contact with the surface
could, in principle, have inhibited photoswitching, but we
have shown here that it does not. In fact, the switching rates
were altered by the metallic interface, via specific interactions
between the Au and the azobenzene. This suggests that recon-
figuration of the biomolecules at the inorganic interface is
possible without destabilizing the NPs, allowing reversible
bioactuation at the metallic surface. This is quite important
for the design of nanomaterials with multiple activities as dic-
tated by the ligand interface, and these results indicate that
the interface can be directly and externally manipulated to
present different functionalities for selected activities, all
while maintaining particle structural integrity and colloidal
stability in water.

Conclusions

In summary, we have introduced a new class of hybrid bio-
molecules that integrate biotic material-specific binding pep-
tides with abiotic photoswitchable motifs. These hybrid
molecules retain both the peptide’s material binding ability
and azobenzene’s reversible optically-triggered cis–trans iso-
merization. Notably, reversible molecular switching occurs

Fig. 6 Degree of surface contact predicted from REST simulations,
indicated by colored circles for all four variants of the hybrid AuBP1/
MAM molecules, compared with the parent peptide. The trans and cis
forms for the MAM unit are indicated by ellipses marked as trans and cis,
respectively.
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both in aqueous solution and while adsorbed on Au NPs. Inter-
action with the metallic surface significantly enhances the rate
of the cis to trans isomerization while diminishing trans to cis
switching rates. Furthermore, the isomerization event actually
causes reconfiguration of the entire surface adsorbed peptide
conformation, resulting in actuation and mechanical motion
at the NP interface. Such effects are directly controlled by the
interactions of the bioligands with the Au interface. Au NPs
grown in the presence of, and capped with, these hybrid bio-
molecules remain stable in water through multiple switching
cycles. Such light-actuatable biointerfaces, generated using
photoswitchable components, open new vistas for remotely
actuatable nanomaterials. These effects could find immediate
use in applications including catalysis, sensing, and the
creation of reconfigurable 3D multi-material nanoassemblies.
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