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Due to the facile manipulation and non-invasive nature of light-triggered release, it is one of the most
potent ways to selectively and remotely deliver a molecular target. Among the various carrier platforms,
plasmonic nanoparticles possess advantages such as enhanced cellular uptake and easy loading of
“cargo” molecules. Two general strategies are currently utilized to achieve light-induced molecule
release from plasmonic nanoparticles. The first uses femtosecond laser pulses to directly break the bond
between the nanoparticle and the loaded target. The other requires significant photo-thermal effects to
weaken the interaction between the cargo molecules and nanoparticle-attached host molecules.
Different from above mechanisms, herein, we introduce a new light-controlled molecular-release
method by taking advantage of a plasmon-driven catalytic reaction at the particle surface. In this
strategy, we link the target to a plasmon responsive molecule, 4-aminobenzenethiol (4-ABT), through
the robust and simple EDC coupling reaction and subsequently load the complex onto the particles via
the strong Au-thiol interaction. Upon continuous-wave (CW) laser illumination, the excited surface
plasmon catalyzes the formation of 4,4'-dimercaptoazobenzenethiol (DMAB) and simultaneously
releases the loaded molecules with high efficiency. This method does not require the use of high-power
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Introduction

The ability to control the release of molecules at a specific site is
essential when designing targeted drug delivery systems. Such
systems combine safe transportation of high-payload toxic
drugs to the desired location via nano-carriers with a controlled
release mechanism, which can be triggered by a remotely
applied stimuli.* To date, remotely applied triggers such as
electric fields,”* magnetic fields,” light,'*"® and ultrasound***°
have been utilized to design drug delivery systems that achieve
precise molecular release. Light is one of the most attractive
remote triggers because it can provide both high spatial and
temporal precision in controlling the release process. Using
near infrared (NIR) light, for example, several centimeters of
deep tissue penetration can be achieved while avoiding the in
vivo autofluorescence in the UV-vis region.”*** Plasmonic
nanoparticles such as gold nanorods, nanoshells and
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+ Electronic supplementary information (ESI) available: '"H NMR, '*C NMR, and
mass spectrum information of synthesized MPPC molecule, the mass spectra of
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curve of PyA concentration vs. fluorescence intensity at 381 nm, and the
extinction spectrum of the AuNPs. See DOI: 10.1039/c75c02089a
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strategies open a new direction for the designing of next-generation light-triggered release processes.

nanocages, therefore, are favored as molecule carriers not only
because they strongly absorb light in the NIR region on account
of their localized surface plasmon resonance (LSPR), but also
due to the enhanced permeability and retention (EPR) effects
which allow more passive accumulation of nanoparticles within
the desired sites.>*** Additionally, the use of well-established
thiol-Au self-assembly chemistry greatly simplifies the drug-
loading of the plasmonic nanoparticles.

Currently, there are two major mechanisms to manipulate
the release process from plasmonic nanoparticles using NIR
light. The first one utilizes the photo-thermal effect generated
from strongly NIR absorbing plasmonic nanoparticles upon
NIR irradiation. The local heating induces a conformational
change in thermo-responsive polymers at the nanoparticle
surface to achieve the release of the target molecules,*** or
cleave a thermo-labile bond between the loaded molecules and
host moieties on the nanoparticles.’>**** Alternatively, in the
second mechanism, the drug molecule is directly attached to
the nanoparticle surface via a sulfur-Au covalent bond, which is
broken to release the loaded molecules. This approach usually
involves the use of pulsed laser to generate high-energy hot-
electrons from the plasmon decay process and resulting in
the breaking of the metal-sulfur bond.">3*3¢

In this work, we demonstrate a novel method, distinct from
the above mentioned procedures, to release molecules loaded

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Scheme illustrating plasmon-driven molecule release via plas-
mon-assisted catalysis. PyA is coupled with 4-ABT via EDC/NHS
coupling and the product MPPC is loaded onto AuNPs through Au-S
interaction. When the AuNPs loaded with MPPC complex are illumi-
nated by laser, the decaying plasmon drives the formation of DMBA
and the release of the fluorescent molecule PyA.

onto plasmonic nanoparticles without the use of expensive
pulsed lasers or reliance on the photo-thermal effect. Our
procedure relies on the plasmon-induced dimerization of 4-
aminobenzenethiol (4-ABT)** into trans-4,4’-dimercaptoazo-
benzenethiol (DMAB) under CW laser illumination. Interest-
ingly, this plasmon-driven reaction happens even when the H
on the -NH, of 4-ABT is substituted by other groups,**** sug-
gesting a general procedure for targeted release. Therefore,
coupling the target molecule with 4-ABT produces a new
molecule that can be robustly attached to the nanoparticle and
can further deliver the target at the point of interest upon illu-
mination. We illustrate the practicality of this process by
coupling a fluorescent molecule, 1-pyrenecarboxylic acid (PyA),
to 4-ABT through a facile EDC/NHS reaction and attach the
product, N-(mercaptophenyl)pyrene-1-carboxamide (MPPC), to
60 nm Au nanoparticles (AuNPs) via robust S-Au interaction.
The MPPC is catalysed to DMAB under 785 nm CW laser illu-
mination resulting in release of PyA into the solution (Fig. 1). By
monitoring the change of the fluorescence intensity in the
aqueous solution, we are able to quantify the amount of PyA
released during the process and evaluate the release efficiency.

Results and discussion

Monitoring the plasmon-driven reaction using surface-
enhanced Raman spectroscopy (SERS)

SERS is a very sensitive probe of chemical and conformational
changes of surface-bound molecules.”**® The plasmon-driven
catalysis of 4-ABT or 4-nitrobenzenethiol (4-NBT) to DMAB, for
example, has been widely investigated using SERS and TERS by
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monitoring the emerging bands at 1144, 1390, and 1443 cm ™"
which are associated with the generation of DMAB.?»***-” For
the case of 4-ABT to DMAB, it is speculated that hot holes
generated from the LSPR decay are directly linked to the
oxidation of 4-ABT to DMAB, where O, is implicated as a hot-
electron capturer to improve the efficiency of hole-electron
separation.*®*® Amazingly, this reaction is not only limited to
aromatic compounds with a -NH, group but is observed in
other compounds where the H of the -NH, is substituted by
other groups.*® Consequently, we hypothesized that the forma-
tion of a diazo bond between two adjacent nitrogen atoms could
release the group originally connected to the nitrogen atom
attached to the phenyl ring.

In order to validate this scheme, MPPC is synthesized by
coupling the fluorescent molecule PyA with 4-ABT via EDC
reaction, and attached to the AuNPs. According to the release
mechanism proposed above (Fig. 1), laser irradiation of the
MPPC modified AuNPs will result in (1) plasmon-driven gener-
ation of DMAB which will be reflected as the appearance of
DMAB bands in SERS spectra, and (2) the simultaneous release
of PyA which can be further confirmed by mass spectrometry
and increase of the fluorescence in the supernatant solution
(vide infra). Therefore, to monitor the conversion from MPPC to
DMAB upon laser illumination, SERS spectra are obtained from
MPPC modified AuNPs aggregates as a function of time. As
Fig. 2a shows, the bands at 1144, 1390, and 1443 cm ' are
initially absent and grow stronger with prolonged 785 nm laser
illumination indicating the generation of DMAB. Single SERS
spectra from 10, 1000, and 2000 s are also displayed (Fig. 2b)
respectively to show how the spectra change over time. The
SERS bands in the shaded region of Fig. 2b correspond to the
formation of DMAB. Before laser illumination (green trace) the
spectra is entirely attributed to MPPC, but over time the DMAB
bands grow. Furthermore, monitoring the SERS intensity vs.
time of the DMAB bands (Fig. 3), we find the reaction is mostly
complete within 600 s. While the appearance of the DMAB
bands is a concrete proof of our proposed light triggered
plasmon-driven reaction, we are careful not to use the SERS
spectra to quantify DMAB formation as the intensity of the SERS
bands rely strongly on the relative Raman cross sections of
MPPC and DMAB and the SERS enhancement factors.

Fluorescence investigation of PyA and MPPC

In our hypothesis, release of the loaded PyA will give rise to the
fluorescence intensity in the supernatant solution. However,
one could speculate that desorption of MPPC from AuNPs
might also contribute to the fluorescence increase, which would
potentially undermine the quantification of released PyA. To
eliminate this possibility, we check the fluorescence properties
(Aex = 342 nm) of both PyA and MPPC under same concentra-
tion (1.89 uM) in water and find that MPPC exhibits negligible
fluorescence (Fig. 4a, red trace) while PyA shows several orders
of magnitude stronger fluorescence (Fig. 4a, blue trace). This is
probably due to the lone pair electrons on the nitrogen donating
to pyrene ring, which causes the quenching effect.”® Advanta-
geously, the lack of MPPC fluorescence excludes the possibility

Chem. Sci., 2017, 8, 5902-5908 | 5903
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(@) SERS spectra obtained from MPPC modified AuNPs during over 2000 s of laser illumination. The horizontal and vertical axes

correspond to the Raman shift (cm™?) and time (s) respectively, and the intensities of SERS peaks are indicated by the color. (b) SERS spectra of
MPPC modified AuNPs from 10, 1000, and 2000 s exposure time to 785 nm laser (2 mW) extracted from entire time series. The formation of
DMAB is clearly indicated by the emergence of bands at 1140, 1391, and 1440 cm™*.
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Fig. 3 SERS intensities of the 1140, 1391, and 1440 cm ™! bands versus
time. The plasmon-driven release is mostly complete after 600 s.

that an increase in fluorescence intensity after laser illumina-
tion results from the direct desorption of MPPC from the
AuNPs. We further measure the fluorescence intensity of the
MPPC solution without AuNP (1.89 pM) after heating to 60 °C or
after laser illumination (45 mW, 785 nm, 2 h) (Fig. 4b). The
fluorescence intensity of the control solution (no heat or laser
illumination), the laser illuminated sample, and the heater
sample are all the same within the experimental uncertainty;
thereby, illustrating the photo- and thermal-stability of MPPC
under our test conditions. This result is a solid evidence that

5904 | Chem. Sci., 2017, 8, 5902-5908

neither light nor heat can trigger the release of PyA from MPPC
without the presence of plasmonic nanoparticles.

Monitoring 785 nm CW laser-induced release using
fluorescence and MS

Although the conversion from MPPC to DMAB is demonstrated
by the SERS spectra (Fig. 2a and b), we still need to confirm the
release of the PyA into the solution through more direct
methods. As mentioned above, PyA release will cause an
increase in fluorescence intensity of the supernatant solution,
which can be used to validate and quantify the release process.
Samples placed in the glass vials under stirring are subject to
defocused laser irradiation (45 mW 785 nm) for 1-180 minutes
and after centrifugation the fluorescence intensity in the
supernatant solution is measured (Fig. 5a). It is clear that after
30 min illumination, the fluorescence intensity stabilizes indi-
cating the maximal release of PyA has been achieved. For clarity,
we also show the complete fluorescence spectra from samples
after laser irradiation (Fig. 5b).

To further confirm that PyA is the release product, super-
natant solutions from samples subject to 180 and 0 min irra-
diation are checked with mass spectrometry. We find a peak at
247.0138 in the irradiated sample which corresponds to
[PyAH]', while no such peak is found in the sample without
laser exposure (Fig. S4 and S5, ESIt). The results from fluores-
cence and MS are solid proof of releasing PyA through our
proposed scheme. In order to quantify the amount of PyA
released, we construct a calibration curve (Fig. S6, ESIT) using
the fluorescence intensity of the peak at 381 nm, which shows
a linear relation between fluorescence intensity and concen-
tration. Through our calculation, the amount of PyA released is

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) The fluorescence intensity of 1.89 uM PyA and 1.89 uM
MPPC under 342 nm excitation. The fluorescence intensity of PyA is
roughly two orders of magnitude larger than MPPC. (b) The fluores-
cence intensity of 1.89 uM MPPC after exposure to 785 nm laser illu-
mination (45 mW) or heating to 60 °C for 2 hours. No significant
change in fluorescence is observed indicating MPPC does not degrade
to PyA under the conditions of our experiments without the presence
of the AuNPs.

about 38.5 nM. Since the concentration of the AuNPs used is
about 10° particles per mL, it is calculated that ~23 000 PyA
molecules are released from one single AuNP. Taking account
the size of AUNPs (60 nm) it is estimated that about 2.04 x 10**
PyA per cm ™~ is released. If we adopt the packing density of 4-
biphenylthiol (3 x 10" molecules per cm™ >)* as the packing
density of MPPC, it suggests that >66% of the loaded PyA is
released. Given the fact that MPPC molecule is significantly
larger than 4-biphenylthiol, our above estimate represents
a worst-case scenario and the release efficiency is likely much
higher.

As our laser excitation wavelength (785 nm) is well removed
from the maximum of the AuNP extinction spectrum (534 nm,
Fig. S71), our procedure differs from the usual photo-thermal

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) The fluorescence intensity (Aeyy = 381 NM, Aex = 342 Nm) of
the supernatant solutions after irradiation (785 nm, 1-180 min) and
centrifugation of the MPPC-functionalized nanoparticles. The error
bars represent the relative standard deviations (RSD) from 3 replicate
samples. (b) The average fluorescence spectrum from the supernatant
of the samples irradiated for between 1 and 30 minutes.

release mechanism which requires the LSPR band of the
nanoparticles to overlap with the laser wavelength. To verify this
statement, we expose the MPPC modified AuNPs samples to
both 532 nm and 785 nm CW laser under the same power (45
mW) and utilize an IR camera to record the temperature
change. As Fig. 6a shows, a 1.8 °C increase is observed in the
sample illuminated with 532 nm laser while no such change is
observed in the sample exposed to 785 illumination. The fluo-
rescence of the supernatant solution resulting from the irradi-
ated samples are measured after centrifugation (Fig. 6b).
Interestingly, the intensity of fluorescence obtained from both
the 532 nm and 785 nm samples are the same within experi-
mental uncertainty indicating similar amounts of PyA are
released from plasmon-driven process. However, when MPPC
modified AuNPs are heated to 60 °C for 2 hours, no fluorescence
is observed (Fig. 6b, blue trace) from its supernatant solution

Chem. Sci., 2017, 8, 5902-5908 | 5905
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Fig. 6 (a) The heat profile of MPPC modified AuNPs solution under
illumination of 532 nm (45 mW) and 785 nm (45 mW) CW laser. (b) The
fluorescence intensity (Aem = 381 NM, Ao, = 342 Nm) of the supernatant
solutions after irradiation (785 nm, 532 nm) or heating (60 °C), and
then centrifugation of the MPPC-functionalized nanoparticles.

after centrifugation illustrating neither heat nor the AuNPs
itself is the key factor in the release process. This provides
additional evidence that our results are not obtained from the
photo-thermal effect.

Conclusions

We have introduced a novel way to release molecules from
plasmonic nanoparticles in an efficient manner. The release
mechanism is based on breaking the bond between 4-ABT and
a loaded molecule through a plasmon-driven reaction which
converts the 4-ABT-target-molecule complex into DMAB. Unlike
the most common release methods, our scheme does not rely
on producing significant photo-thermal effect by overlapping
the extinction band of the nanoparticles with the laser wave-
length, or resort to expensive pulsed lasers. Moreover, the
availability of facile and sophisticated amine modification

5906 | Chem. Sci,, 2017, 8, 5902-5908
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chemistry makes it easy to couple desired molecules like drugs,
DNA, and proteins to our plasmon-responsive host molecule, 4-
ABT.** We envision our method will open a new field in
designing the systems that utilizes the idea of plasmon-driven
release and inspire more researchers to be involved with
designing the related drug release systems.

Experimental
Synthesis of MPPC

4-Pyrenecarboxylic acid (0.29 mmol), N-hydroxysuccinimide
(0.43 mmol) is dissolved in dry DCM (5 mL) under nitrogen
atmosphere in a 25 mL round bottom flask. At 0 °C, EDCI
(67 mg, 0.43 mmol) is added into the flask. The mixture is kept
stirring at 0 °C for 30 minutes, then removed from the water
bath and stirred at room temperature until the starting material
disappears. The reaction mixture is directly used for the next
reaction without further purification. 4-Amino benzenethiol
(0.43 mmol) and trimethylamine (0.43 mmol) is added into the
reaction mixture and stirred at room temperature for 10 hours.
After that, the reaction mixture is washed with water and
extracted with ethyl acetate. The dark green solid product is
purified by silica gel column chromatography (10-50% EtOAc in
PE) in 75% yield for two steps. "H NMR (400 MHz, CDCl;): 6 =
3.92 (s, 2H), 6.82 (d, 2H, Ar-H), 7.41 (d, 2H, Ar-H), 8.04-8.29 (m,
7H, Ar-H), 8.68 (d, 2H, ArH), 8.89 (d, 2H, Ar-H). "*C NMR (400
MHz, CDCl,): 6 = 155.1, 136.7, 134.4, 131.4, 130.8, 130.0, 129.9,
128.8, 127.4, 125.7, 125.6, 125.4, 124.8, 124.3, 115.9. HRMS:
found 354.0964 [M + H]", calculated for [Cy3H1sNOS]" 354.0947
(NMR and MS details in Fig. S1-S3, ESIT).

Functionalization of AuNPs with MPPC

2 uL of freshly prepared 0.5 mg mL~" MPPC solution is added
into 3 mL AuNPs (10° particles per mL, 60 nm, purchased from
Nanopartz) and the mixture is stirred overnight in a dark
environment. The excess MPPC is removed by centrifugation
(6500 rpm for 10 min) and resuspension in ultrapure water. The
modified AuNP solution is stored at 4 °C before use.

SERS spectra

The laser beam (2 mW, measured at the sample) is focused onto
aggregated Au colloids (aggregated by 100 uL 1 M NaBr added
into 1 mL of modified Au colloid solution in order to get decent
SERS signal) using an inverted microscope objective (Nikon
20x, NA = 0.5). The scattered light is collected by the same
objective and, after passing through a Rayleigh rejection filter
(Semrock), was dispersed in a spectrometer (PI Acton Research,
f=0.3 m, grating = 600 g mm ). Light is detected with a back-
illuminated deep-depletion CCD (PIXIS, Spec-10, Princeton
Instruments). Winspec 32 software (Princeton Instruments) is
used to operate the spectrometer and CCD camera. The SERS
spectra is acquired every 10 s for total time of 2000 s.

785 nm laser stimulated release study

3 mL of above MPPC modified AuNPs is stirred in a glass vial on
a stirring plate. Each sample solution is irradiated from the side

This journal is © The Royal Society of Chemistry 2017
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with 785 nm CW laser beam (45 mW, diameter 1 mm) for 1, 2, 4,
6, 8, 10, 15, 20, 25, 30, 60, 90, 120, 150, and 180 min. Afterwards,
a 1.5 mL aliquot is removed and immediately centrifuged at
10 000 rpm for 10 min. 1 mL of the supernatant is collected and
fluorescence is measured for all samples.

Temperature study of MPPC modified AuNPs

3 mL of above MPPC modified AuNPs is stirred in a glass vial on
a stirring plate. Each sample solution is irradiated from the side
with 785 nm and 532 nm CW laser beam (45 mW, diameter 1
mm) for 2 hours respectively. The temperature is recorded using
a thermal imaging camera (ICI, USA). Another sample without
the laser illumination is also recorded during the process using
the IR camera to calibrate the change in the room temperature.
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