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Methods for the administration of drugs and physiological
compounds at high spatiotemporal resolutions in living systems are
useful for studying intertwined inter- and intracellular signal
transduction networks. Some of the most powerful tools are caged
compounds, whose activities are suppressed by the covalent linkage
of photocleavable protecting groups but are restored upon
photoirradiation.' * However, there are only a limited number of
commercially available products, and their de novo construction
often requires precise design, complex synthesis, and purification.
In addition, a change in solubility due to caging has been
troublesome in some cases. As an alternative approach, nanocarriers
with photoresponsive cargo-releasing features have been developed
to expand the repertoire of targets; these are especially focused on
the delivery of plasmid DNA and anticancer drugs on time scales
of minutes and hours.’”'> We demonstrate herein colloidal gold
nanoparticles (GNPs) presenting a photocleavable succinimidyl ester
that allows for the delivery of amines to study cellular signaling
on the millisecond to second time scale. Under this molecular
design, we expected that the GNP would function as a bulky caging
group that suppressed the activity of the cargo as well as a solid-
phase support that facilitated the synthesis and purification of the
caged compounds. In addition, the conjugation of cargoes to self-
assembled monolayers (SAMs) on the GNP surface should be
advantageous in minimizing release-rate variations among the
molecules. As a proof of concept, caged histamine was developed
and its ability to evoke intracellular signaling examined by fluo-
rescence imaging.

The GNPs (caging-GNPs) bear mixed SAMs of disulfide 1
[bis(12-(4-(1-(succinimidyloxycarbonyloxy)ethyl)-2-methoxy-5-ni-
trophenoxy)dodecyl) disulfide] and disulfide 2 [a condensation
reaction product of w-methoxy-poly(ethylene glycol) (PEG) amine
(MW = 5000) and disuccinimidyl 11,11'-dithiobisundecanoate] on
its surface (Figure 1). Disulfide 1 reacts with an amine via the
succinimidyl ester and releases it as the corresponding carbamate
via the photocleavage reaction of the 2-nitrobenzyl group upon near-
UV irradiation.'*'* The released carbamate decarboxylates quickly
and becomes the original amine. Meanwhile, disulfide 2 introduces
PEG to the GNP surface and prevents self-aggregation of the GNPs
and nonspecific adsorption of proteins and other biological species
on their surface.

Caging-GNPs were prepared by the place-exchange reaction of
citrate-capped GNPs with disulfides.'> Commercial citrate-capped
GNPs (¢ = 5.8 nm) were reacted with disulfides 1 and 2 (both at
0.96 mM) in 9:1 DMSO/water at room temperature. The GNPs
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Figure 1. Capture and release of amines on GNPs having a photocleavable
succinimidyl ester. Disulfides 1 (right) and 2 (left) are shown in their thiol
forms for clarity. The average value of n is 113.

were washed with DMSO and water by centrifugation (see the
Supporting Information). We also prepared control GNPs whose
surfaces were modified only by disulfide 2 (PEG-GNPs).

Caging-GNPs and PEG-GNPs showed similar absorption peaks
at ~520 nm, corresponding to the surface plasmon resonance of
gold nanoparticles, but showed a difference in the near-UV region
(Figure 2a). This difference was attributed to the presence of
disulfide 1 on the caging-GNP surface, as their difference spectrum
resembled the absorption spectrum of disulfide 1 (Figure S7 in the
Supporting Information). On the basis of the molar extinction of
disulfide 1 (12 000 at 345 nm) and the GNPs (1.7 x 107 for 5.8
nm GNPs),'® the number of caging ligands (thiol form of disulfide
1) per caging-GNP was 200. Thermogravimetric analysis (TGA)
of caging-GNPs yielded 34% weight loss (Figure S8). From these
results, the number of PEG per caging-GNP was 95, and the loading
ratio of the caging ligand and PEG was 200:95.
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Figure 2. Characterization of the GNP having a photocleavable succin-
imidyl ester. (a) UV—vis spectra of (black) PEG-GNPs and (red) caging-
GNPs. (b) IR spectra of the caging-GNPs (i) before and (ii) after
immobilization of the azidoamine and (iii) after photoirradiation.

Next, we examined the reactivity of the caging-GNPs with an
amine and their response to near-UV irradiation via IR spectrometry
by using a KBr pellet (Figure 2b and Figure S9). As an example,
we used 11-azido-3,6,9-trioxaundecan-1-amine because the azide
group has a characteristic IR absorption at ~2100 cm™'. The caging-
GNPs showed absorption peaks typical of succinimidyl ester at
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1743, 1790, and 1811 cm™' [Figure 2b(i)].!” These peaks were
replaced with those of carbamate (1722 cm™")'® and azide (2100
cm™!) after mixing with the azidoamine [Figure 2b(ii)]. The
observed IR absorption changes indicated that the azidoamine
reacted with the succinimidyl ester. Irradiating the GNPs at 365
nm and removing the released amine by spin filtration caused the
azide peak to disappear and the nitro group (1525 ¢cm™') to be
replaced with the nitroso group (1512 cm™!) [Figure 2b(iii)]. These
results indicate that upon near-UV irradiation, immobilized azi-
doamine was released from the GNP surface by the photochemical
reaction typical of the 2-nitrobenzyl group.

We prepared caged histamine simply by mixing the amine with
the caging-GNPs and spin filtering. The rate of uncaging was
determined from the fluorescence of the derivatized product of
released histamine with o-phthalaldehyde (OPA) and 2-mercapto-
ethanol (2ME)."® As Figure 3a shows, the near-UV irradiation
caused a dose-dependent increase in the histamine concentration.
On the basis of this time profile, the quantum yield (¢) of the
uncaging reaction was calculated to be 0.028,%° and the product of
the quantum yield and molar extinction (¢¢) was 170. These values
were comparable to those of caged compounds with the DMNPE
caging group.” Therefore, conjugation of the photolabile group to
the GNP surface did not significantly alter its photochemical
properties.
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Figure 3. Photorelease of histamine from the GNPs. (a) Dose-dependent
histamine release determined by OPA—2ME derivatization (A.x = 350 nm,
Aem = 450 nm). (b) Fluorescence change of Fluo 3-loaded HeLa cells in
response to various exposure times. (c) Fluorescence (pseudocolor) images
of the cells in response to the 1000 ms UV irradiation. The upper-right cell
shows an oscillatory action.

To evaluate the biological activity of the uncaged histamine, we
investigated the intracellular Ca>* concentration in HeLa cells. This
cell type exhibits histamine-induced Ca?" oscillations and Ca?*
waves due to stimulation of the endogenous histamine H; receptor.?'
HeLa cells were loaded with the Ca®" indicator Fluo 3 AM, and
their fluorescence images were obtained under an inverted fluo-
rescence microscope. The histamine-immobilized GNPs were added
to the extracellular medium of the cells, and imaging was conducted
immediately after the addition (at time —25 s in Figure 3b). The
cells exhibited larger responses to near-UV irradiation as the
exposure time was increased from 10 to 1000 ms (A = 365 nm,
100 mW/cm?; Figure 3b,c). Similar results were obtained for cells
where histamine solution was added to the extracellular culture at
various concentrations, but their dose dependency was not a simple
progression because of the low spatiotemporal resolution in the
histamine application (Figure S10). On the other hand, Ca?t did
not increase by the addition of the caging-GNPs or by irradiation
of the cells in the presence of PEG-GNPs (Figure S11). These

results demonstrate that histamine has no biological activity during
its linkage to the GNP surface but becomes active only when it is
released from the GNP; that is, the GNP actually serves as a caging
group for histamine’s function. To our knowledge, this is the first
report of caged histamine. It will be useful to study the spatiotem-
poral dynamics of histamine in the nervous system.**

In this study, we have demonstrated GNPs with a photocleavable
succinimidyl ester as a photoresponsive nanocarrier for amines.
Caged compounds for other amines, such as neurotransmitters,
peptides, and inhibitors, will become available. The present app-
roach will be useful for constructing caged compounds via a
simple procedure (i.e., mixing and centrifuging), thus enabling
researchers to prepare them immediately prior to use. Further-
more, since it is easy to add chemical functionalities to GNPs
through thiol linkages, we will be able to deliver the GNPs inside
living cells by introducing membrane-translocating peptides such
as oligoarginines.>*** Such modifications could lead to new
possibilities for the direct regulation of intracellular signaling.
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