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ABSTRACT: Single-molecule (SM) fluorescence mi-
croscopy was used to investigate the photochromic fluo-
rescent system spiropyran-merocyanine (SP < MC)
interacting with gold nanoparticles (AuNPs). We ob-
serve a significant increase in the brightness of the emis-
sive MC form, in the duration of its ON time, and in the
total number of emitted photons. The spatial distribution
of SMs with improved photophysical performance was
obtained with 40 nm precision relative to the nearest
AuNP. We demonstrate that even photochromic systems
with poor photochemical performance for SM can be-
come suitable for long time monitoring and high per-
formance microscopy by interaction with metallic NP.

The interaction of the plasmonic resonant band of gold
nanoparticles (AuNPs) with electronic states of nearby
molecules has been extensively studied not only for a
fundamental understanding but also for its practical im-
plications.l’2 The proximity of an electronically excited
molecule to a metallic nanostructure results in a deeply
modified molecular photophysical behavior,” through
resonant coupling of the electronic transitions of both
parties. This effect operates at characteristic distances on
the order of the nanostructure size, and it is strongly de-
pendent on the chromophore-surface distance, the over-
lap between the plasmon and the molecular transition
bands (absorption and emission), the orientation of the
molecular transition moment, and the molecular fluores-
cence emission quantum yield.4 This results in an in-
crease in the rate of excited state production, as well as
in the rates of radiative and non-radiative deactivation of
the excited state. The latter two cause a decrease in the
excited state lifetime, but the complex interplay between
the distance dependence of the intervening processes

may result in an increase or a decrease in the brightness
of the molecule, depending on which process prevails at
a certain positi0n1’3. In addition, an increase in the fluor-
ophore photostability may be observed.”® This AuNP-
fluorophore interaction is particularly appealing in the
development of molecular sensors and fluorescent
probes for far-field microscopies, which strongly benefit
from the resulting effects of a lower detection limit and a
higher resistance to photodamage that allows imaging
molecules for longer periods of time.’

In recent years there has been renewed interest in the
design of improved fluorescent optical switches or sys-
tems with activatable fluorescence with high brightness,
low fatigue, and high switching reliability,6 leaded by
novel concepts in far-field microscopy with sub-
diffraction resolution. These approaches rely on molecu-
lar systems with two stable or one metastable state with
highly different emission features.” In this regard, pho-
tochromic systems are of particular interest because of
their versatility and the fact that they allow the lowest
levels of irradiation power.8

Here, we use metallic nanostructures to improve the
performance of a photochromic fluorescent system at the
single molecule (SM) level, focusing in three key as-
pects: i) enhance the brightness (B) of the emissive iso-
mer, ii) increase the average ON time of the fluorescent
isomer (zoy, by decrease of the photobleaching efficien-
c¢y), and iii) increase the total number of photons emitted
before photobleaching (Npy). We use well-known spiro-
pyran-merocyanine isomers to quantify the interaction of
AuNPs with single photochromic molecules. This is
achieved by statistical analysis of SM time traces with
high-resolution optical localization of them in the neigh-
borhood of the metallic surface and comparing them
with the performance of a control system in the absence
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of AuNPs. AuNPs were chosen because of their photo
and thermal stability, their low chemical reactivity, and
the plasmonic band located in the center of the visible
spectrum (ca. 532 nm for spherical structures of up to
100 nm diameter). The selected photochrome, 1,3',3'-
trimethyl-6-nitrospiro-[2H-1-benzopyran-2,2'-indoline]
(SP), displays reliable and well characterized thermal
and photo interconversion between isomers.” The cleav-
age of a C-O bond of the spirobenzopyran ring leads to
the merocyanine (MC) form with an absorption band
centered at 550 nm, with a considerable overlap with the
plasmonic band of the spherical AuNPs used in this
work, thus allowing for enhancement of the weak MC
red fluorescence (see Figure S1-A). Spherical AuNPs of
68 + 3 nm in diameter (see Figure S1-B) were prepared
by the seed-mediated growth method,"’ and fixed to or-
gano-silanized glass substrates. The samples were final-
ly covered by spin coating a poly(propyl methacrylate)
(PPMA) film of nm thickness, containing SP dye (10”
mol/kg polymer). The films were characterized by pro-
filometry and AFM (see Figure S2).

Temporal sequences of fluorescence images were ob-
tained in a wide-field microscope irradiating the sample
with 532 nm linearly polarized light (see SI Section 5).
Spontaneous thermal ring opening of SP to MC sufficed
to induce a reasonable frequency of ON events. Analysis
of SM time traces was performed with homemade
MATLAB routines (see SI Section 7) to obtain the dy-
namics of MC single molecules (B, 7oy, and Npy), as
well as the relative distance of each molecule with re-
spect to the nearest NP with nanometric localization pre-
cision.

Single molecule detection was ensured by the low
number of activated MC molecules in the field of view
(i.e average distance between emitter spots larger than a
point spread function, PSF) as well as by the one step
ON-OFF behavior of the emission traces (see SI Sec-
tions 6 to 8). On the first place, we made a statistical
analysis of B, gy, and Npy distribution of single MC
molecules detected in PPMA films in the absence of
AuNPs. Afterwards, we repeated the same measure-
ments but in films deposited on cover glasses where
AuNPs were attached. In these later cases, we restricted
our detection analysis to MC molecules turned ON in an
area of 780x780 nm” around a detected AuNP. This area,
multiplied by the sample thickness, includes in the sam-
ple a volume considerably larger than the volume of a 68
nm diameter AuNP plus the volume of the enhanced
electric field region (see SI Section 6). This latter, origi-
nated on the plasmon interaction with light, can be esti-
mated as a cylinder of 20 nm radius and 10 nm thickness
extending at both sides of the nanostructure in the direc-
tion of the light polarization direction."" Therefore;
many SM traces selected in this way would resemble
those traces of molecules either far from NPs or belong-
ing to films without AuNPs. Owing to this low probabil-
ity, we decided to use the complementary cumulative

distribution function (CCDF)" to perform the quantita-
tive analysis of SM data. The value of the CCDF, @(x),
is related to the integral of the probability distribution
function (f{x)) by:

. (x)=P(X>x)= Tf(x)~dx (1)

x

The CCDF is the probability, P, that a random variable,
x, can have a value above a particular level, X, i. e., P(X
> x). Figure 1 displays the results obtained for the
CCDF of B (left), Npy (center) and 7oy (right) for MC
molecules switching ON in the absence of AuNPs (red)
and in the vicinity of single AuNPs (blue). A clear dif-
ference in the photophysics of these two ensembles is
observed. MC molecules in the presence of AuNP exhib-
it higher probability of longer ON times and higher
brightness compared to isolated molecules. The increase
in these two parameters results in a higher Npy, with a
higher contribution from the increase in 7py. On the oth-
er hand, considering that the thermal average time of
MC molecules in poly-(alkylmethacrylate) films near
room temperature is in the range of minutes,"” the ON
times in the seconds range observed in these experi-
ments are determined by photobleaching. Thus, the
longer 7oy reflect a lower photobleaching probability.
This is due to the excited state lifetime decrease of MC
fluorescent molecules through radiative and non-
radiative rate enhancement by the AuNP plasmonic in-
teraction!®. The higher Npy is essential to increase the
accuracy in localization of the position of the fluorescent
molecule with sub-diffraction limited precision, where-
as, the longer average toy widens the time window to
monitor dynamic processes by SM spectroscopy.
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Figure 1. & for B (A), N,, (B) and 7oy (C) of MC single
molecules embedded in PPMA thin films of 23 £ 3 nm
thickness detected over 68 nm diameter AuNPs (blue).
Similar data collected in the absence of AuNPs (red) are
also shown.

The plots of Figure 1 do not display the spatial infor-
mation of the molecules correlated to their toy. To show
this relation, we concentrate in molecules displaying toy
> 5 s. Considering that the average 1oy of MC molecules
in the absence of AuNP is 0.5 s, the considered ensem-
ble shows more than 10 times more photostability than
the average MC molecule far away from a AuNP. Fur-
thermore, in view of the results displayed on Figure 1,
less than 1% of the MC ON events are above this
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threshold in the absence of AuNP, compared to around
10% of the detected molecules in the vicinity of a
AuNP. The position of this molecular ensemble and the
distance to the corresponding AuNP was determined
with ca. 40 nm uncertainty. This information is dis-
played in Figure 2. The distribution of the ton > 5 s
molecules clusters in the direction of the incident light
polarization at each side of the generic AuNP (which is
located in the center of the image). No molecule of this
ensemble is located at a distance greater than 100 nm
from the center of the nearest AuNP. All these facts are
consistent with the expected distribution of the enhanced
electric field and its consequence on photophgfsical
properties of fluorescent molecules. As expected ', two
maxima at each side of the NP can be outlined. The dis-
tance between maxima in the figure is ca 50 nm, smaller
than the expected value of ca. 80 nm for 68 nm diameter
AuNP, but within the experimental uncertainty of the
experiment."
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Figure 2. Super resolution localization of MC single mole-
cules detected over a single AuNP (2D-histogram, 10 x 10
nm? bins). Their position is referred to the nearest AuNP in
the image field. The histogram was constructed with all the
MC molecules that displayed 7oy > 5 s (data from all the
different film thicknesses). The laser polarization direction
is along the y-axis.

We demonstrated that with one color experiment we
were able to increase the brightness, the ON time, and
the total number of detected photons for single molecule
imagining of a fluorescent photochromic system. Partic-
ularly, the improvement in Npy allowed super localiza-
tion of the individual molecules and the correlation be-
tween location and improved photophysical perfor-
mance. Our approach demonstrates that even with pho-
tochromic systems that display poor photochemical per-
formance for SM spectroscopy and superlocalization,
the use of the plasmonic interaction can turn them useful
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for long time monitoring and nanometric localization,
suitable for high performance microscopy.
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Supporting Information. Gold nanoparticle synthesis de-
tails, slides surface modification, AuNP coating, polymer
film preparation and characterization, and SM time traces
analysis. This material is available free of charge via the
Internet at http://pubs.acs.org.
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(14) The higher detected molecular density does not represent di-
rectly the spatial distribution of the enhanced electric field but is a
result of the effects in the photophysical properties, namely B, 7on,
and Np;, that improve the detectability of the molecules.

(15) The localization uncertainty strongly depends on the number
of detected photons. Typically in these experiments it is between 9
and 40 nm.
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