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Abstract: Photo-switching of the NIR emission of gold
nanoparticles (GNP) upon photo-isomerization of azoben-
zene ligands, bound to the surface, is demonstrated. Photo-
physical results confirm the occurrence of an excitation energy
transfer process from the ligands to the GNP that produces
sensitized NIR emission. Because of this process, the excitation
efficiency of the gold core, upon excitation of the ligands, is
much higher for the trans form than for the cis one, and t—c
photo-isomerization causes a relevant decrease of the GNP
NIR emission. As a consequence, photo-isomerization can be
monitored by ratiometric detection of the NIR emission upon
dual excitation. The photo-isomerization process was followed
in real-time through the simultaneous detection of absorbance
and luminescence changes using a dedicated setup. Surpris-
ingly, the photo-isomerization rate of the ligands, bound to the
GNP surface, was the same as measured for the chromophores
in solution. This outcome demonstrated that excitation energy
transfer to gold assists photo-isomerization, rather than com-
peting with it. These results pave the road to the development of
new, NIR-emitting, stimuli-responsive nanomaterials for thera-
nostics.

Stimuli-responsive molecular, supramolecular, and nano-
structured systems are drawing increasing attention, in view
of their application in fields of high economic and social
impacts as materials and life sciences."! Light!?! offers several
advantages compared to other forms of stimulation (such as
electrical,®! thermal,™ pH,®' pressure[® redox).! Light
beams, in fact, are minimally invasive, remotely addressable,
and focusable with high spatio-temporal resolution. More-
over, wavelength selection can permit multiplexed detec-
tion.® Additionally, multi-functionality can be achieved by
combining photo-activatable and photoluminescent compo-
nents. This approach is typically exploited in nanomedicine to
design theranostic nanoparticles (NPs) suitable both as
luminescent contrast agents for imaging® as well as inducible
vectors for the delivery of therapeutic cargos."”! For this kind
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of application, the development of NPs with tailored emission
in the near-infrared region (NIR) is essential because the
transparency of biological tissues is optimal in this spectral
window.!"!!

The photo-isomerization (PI) of azobenzene!™? (AB) has
been widely exploited to control and tune the properties of
materials!'™™ in order to perform different functions, including
drug controlled release.®™ A large variety of hybrid nano-
systems that join the unique optical and electronic properties
of gold nanoparticles (GNP) to the photochemical activity of
AB have been developed."*31Yl Nevertheless, examples of
architectures that combine the well documented NIR emis-
sion of small (d <2 nm) GNP™! to the photo-responsivity of
AB are very rare' and, in particular, the possibility of
switching the NIR luminescence of GNP upon PI of surface-
bound AB units has never been demonstrated before.

Herein, we report the photophysical and photochemical
properties of a newly synthesized class of luminescent GNP,
stabilized with the AB-containing thiolate A (Scheme 1). Our
results demonstrate that, upon excitation of the ligands,
sensitized NIR emission of the GNP is observed thanks to an
efficient energy transfer (ET) process.'”! As a consequence,
the NIR luminescence of GNP can be switched ON/OFF by
alternating from UV to blue irradiation. Furthermore, the
isomerization state of the NPs can be monitored by ratio-
metric detection of the NIR luminescence (Scheme 1).
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Scheme 1. Chemical formula of the trans azobenzene tA and of its cis
isomer ¢A bound to GNP. When the ligands are in the trans form (left,
tA-GNP, ON state) ET from tA to the GNP produces NIR-sensitized
emission upon ligand excitation. Such contributions, owing to sensiti-
zation, are lost upon Pl in cA covered NPs (right, cA-GNP, OFF state).
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The thermodynamically stable, A trans isomer, (A
showed, in CHCI; solution, the typical absorption band of
AB dyes with a maximum at 360nm and &=2.7x
10°m~'em 1.1 A gradual decrease of the intensity of this
band was observed, as reported for similar molecules, upon
irradiation at 360 nm, because of t—c PI. At the photo-
stationary state (PSS), the absorbance at 360 nm was
decreased to about 5% of the initial one. This observation
allowed us to conclude that: i) almost complete r—c con-
version occurred at the PSS, and ii) the molar absorption
coefficient of cA at 360 nm was negligible with respect to the
one of rfA.

Going more into detail, the absorption spectra recorded at
different irradiation times (see the Supporting Information)
showed two isosbestic points at 320 nm and 429 nm. This
behavior demonstrated that only the two species fA and cA
were present in the solution, while no side photo-products
were formed upon irradiation. Moreover, the absorption
spectrum at the PSS strongly resembles cA. This spectrum
showed two peaks at 314nm and 448nm (e=1.0x
10*M'em™ and £=3.0x10°M~'cm™ respectively). The
measured PI quantum yield was @_.=0.15, as reported for
analogous AB derivatives.'” No fluorescence was observed
either for A (4. =360 nm) or for cA (4., =480 nm).

As far as the NPs are concerned, the absorption spectrum
of the tA-coated nanoclusters tA-GNP (average diameter of
the gold core 1.7 nm, estimated formula Au,,#A,) presented,
in CHCI;, both the band at 360 nm of the tA chromophore
and the weak surface plasmon resonance band of the gold
core,™® with the latter one dominant in the region above
550 nm (Figure 1). More precisely, the absorption spectrum of
tA-GNP matches the one calculated for Auj A4 as the
linear combination of the spectra of tA and of a reference
sample of CH,;(CH,);;SH-stabilized GNP (Figure 1). This
spectral matching, and thus the lack of spectral perturbation,
showed that electronic interactions between adjacent A
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Figure 1. Continuous lines: absorption spectra of the thermodynami-
cally stable tA-GNP in CHCl; (red) of the photo-isomerized NPs cA-
GNP (green) and of reference CH;(CH,),;SH stabilized GNP (black)
Dashed lines: linear combinations of the absorption spectrum of the
reference GNP with those of the ligands tA (red) and cA (green).
Inset: Absorption spectra of a CHCl; solution of tA-GNP during
irradiation at 360 nm.
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units, as well as between A and the gold core, were weak in
the ground state.

To investigate the influence of the binding to the GNP on
the PI t—c process, tA-GNP were irradiated at 360 nm in the
same conditions used for the reference compound tA. As
shown in Figure 1, the peaks at 314 nm and 448 nm, typical of
cA, were observed at the PSS. Moreover, the same two
isosbestic points at 319 nm and 430 nm, observed during the
PI of the free ligand tA, were maintained during the
irradiation of tA-GNP. In particular, at the PSS, the absorp-
tion spectrum of the NPs (cA-GNP) perfectly matched the
one expected in the case of > 95 % t—c conversion. The large
extent of photoswitching was the result of specific engineering
of the ligand, according to studies previously reported for
analogous 4,4'-dialcoxiazobenzene derivatives."”) Interest-
ingly, the PI quantum yield measured for rA-GNP was
®..=0.15, a value that matched the one observed for the
reference compound rA.

As far as luminescence is concerned, a broad emission
band in the NIR region, with maximum at about 930 nm, was
observed upon excitation of either tA-GNP or cA-GNP in
CHCI;. The emission spectral profile was, for both of the
samples, independent of the excitation wavelength, in the
300-600 nm range, and consistent with data reported for
similar gold NPs.!> To investigate the effect of ligand PI on
the NIR luminescence, we compared the emission spectra of
the same sample of NPs recorded first at the thermodynami-
cally stable state (tfA-GNP) and then at the PSS (cA-GNP).
The emission spectra acquired upon direct excitation of the
gold core (d..» =550 nm, where absorption by the ligands is
negligible) were identical within the experimental error (see
the Supporting Information). On the contrary, upon excita-
tion at 360 nm, a decrease of about 60 % of the intensity of the
emission band was observed going from tA-GNP to cA-GNP
as an effect of the r—c PI (Figure 2). These observations
allowed us to conclude that: i) the emission quantum yield of
the gold NP did not change because of the PI, and ii) part of
the excitation energy adsorbed by fA was transferred to the
gold leading to sensitized emission. Sensitization was con-
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Figure 2. Continuous lines: excitation spectra of the thermodynami-
cally stable tA-GNP in CHCI; (black) and of the photo-isomerized NPs
cA-GNP (red). Dashed lines: luminescence spectra (4, =360 nm) of
the thermodynamically stable tA-GNP in CHCl; (black) and of the
photo-isomerized NPs cA-GNP (red).
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firmed by the excitation spectrum of the NIR emission
(Figure 2), where the band corresponding to the absorption of
tA was clearly detectable in the tA-GNP. In contrast, the
typical absorption band at 450 nm of the cis form cA was not
observed in the excitation spectrum of the photo-isomerized
NPs cA-GNP (Figure 2), indicating a poor contribution due
to sensitized emission.

Although the mechanism of excitation ET toward GNP is
still debated,? the poor sensitization observed in the case of
cA-GNP is consistent with the following observations: i) cA
electronic transition centered at 450 nm is forbidden (n-mt),"*
and thus its contribution to the overall excitation efficiency of
the cA-GNP is minor. ii) MD simulation (see the Supporting
Information) demonstrated that a major fraction of AB
molecules are closer to the metal core in £A-GNP than in cA-
GNP. iii) Much shorter excited state lifetimes have been
reported for the cis than for the trans form of AB.'? As
a consequence, independent of the model,®”! ET efficiency is
expected to be much lower for the same ET constant rate in
the case of cA with respect to tA (Supporting Information).

A dedicated experimental setup, suitable for simultane-
ously detecting light transmitted and emitted by the NPs
samples during irradiation (Figure 3, inset), was developed in
order to demonstrate, definitively, the correlation between
the PI process and the NIR luminescence changes.
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Figure 3. Changes in the photophysical properties of tA-GNP during
irradiation at 360 nm in CHCl;. The setup used for the measurements
is shown in the inset. The fraction of irradiation light (l,) transmitted
by the sample I, is used to measure the absorbance in real time
(A=—log ly/l,, red line). Luminescence at 780 nm is also measured in
real-time (I, blue line). The absorbance changes of a CHCl; solution of
tA during irradiation at 360 nm were also measured (green dots).

Absorbance and emission data recorded for tA-GNP
during irradiation were compared with the absorbance values
measured for A in the same conditions (Figure 3). The good
overlap between the normalized absorbance and lumines-
cence plots for tA-GNP confirmed the correlation between
the PI process and the decrease of the luminescence intensity
of the GNP.

Both absorbance and luminescence plots could be fitted
with an exponential decay with a rate constant k=0.43+
0.03 min~". Interestingly, absorbance changes measured for
the reference compound #A showed the same kinetics as tA-
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GNP (Figure 3), with a decay constant k =0.42 +0.03 min .
These results confirmed that the rate of the —c PI process for
tA, bound to the GNP surface, was identical to one measured
for the molecule free in solution.

Upon irradiation of cA-GNP at 480 nm, c—t PI occurred
and about 70% of cA was converted into A at the PSS. To
further investigate the reversibility of the system, we per-
formed a series of PI cycles by detecting the GNP emission
intensity upon excitation either at A..; =360 nm or Ay, =
550nm (I, and I, respectively). Thus, we calculated the
concentration-independent ratiometric signal I;/I,, which is
potentially useful for theranostic applications (Figure 4, red
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Figure 4. NIR luminescence intensity ratio upon excitation at A,
(Aexer =360 nm for the red tracks and 4,., =480 nm for the blue
tracks, intensity |, is measured at 780 nm) and 4., =550 (intensity I,
at 780 nm) of tA-GNP in CHCl;. Squares show the emission intensity
at the beginning (green) and at the end (red) of each irradiation cycle
at 360 nm (t—c PI).

lines). Regeneration of the trans form was achieved by
irradiation at A, ; =480 nm (Figure 4, blue lines). As shown
in Figure 4, the NIR emission decreased upon irradiation/
excitation at 360 nm. In particular, starting from tA-GNP, an
intensity decrease of about 70% was observed in the first
240 s, because of the isomerization of A and the consequent
loss of the sensitized emission. During the following 240 s of
irradiation/excitation at 480 nm, the NIR emission intensity
increased slightly, because only poor sensitization of the gold
emission occurred. After that, 360 nm excitation was restored
and a strong increase of the ratiometric signal, with respect to
the final value of the previous UV irradiation cycle, was
observed.

To summarize, the NIR emission of the GNP can be
reversibly switched from ON (Figure 4, green squares) to
OFF (Figure 4, red squares) by alternating between UV and
Vis irradiation. Moreover, the I,/1, value at A,,.; =360 nm and
Aexc2 =550 nm can be clearly used as an isomerization state
indicator.

In conclusion, we demonstrated that PI of the AB
derivative tA bound to GNP occurred efficiently in our
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system. The conversion of tA-GNP into cA-GNP took place
almost quantitatively (> 95 %) with a quantum yield identical
to the one measured for #A in solution (upon irradiation at
360 nm). Regeneration of 70% of tA-GNP was, in turn,
achieved by irradiation of cA-GNP at 480 nm. Photolumi-
nescence measurements showed that tA-GNP emitted in the
NIR region upon direct excitation of the gold core (Ae.,=
550 nm) and that, upon excitation of the fA ligand (Ae; =
360 nm), an ET process from the molecular ligand to the
metal core occurred, producing sensitized NIR emission.
Thanks to this process, the ratio of the emission intensity,
measured in the two different excitation conditions (either
Aexe1 OF Agye o) could be used to detect the isomerization state of
the NPs. Ratiometric detection offers several advantages with
respect to single-wavelength detection, including concentra-
tion-independent responses. Surprisingly, the lack of any
effect of the binding to GNP on the PI rate of tA suggested
that the ET process to gold assisted the PI rather than
competing with it.

Finally, although the typically modest luminescence
quantum yield of GNP needs to be improved to make
them competitive with other systems for invivo applica-
tions,['*?l we believe that the results we reported here pave
the road to the development of new NIR-emitting stimuli-
responsive nanomaterials for combined diagnostics and
therapeutics.
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Reversible photo-isomerization of azo-
benzene ligands bound to the surface of
gold nanoparticles (GNP) induces ON/
OFF switching of the metal core NIR
luminescence. An excitation energy
transfer process from the ligands to the
GNP, which produces sensitized NIR
emission, is shown to be the basis of the
phenomenon.
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