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ABSTRACT: We designed a strategy to activate fluorescence under the influence of optical
stimulations based on the intermolecular transfer of protons. Specifically, the illumination of a
2-nitrobenzyl derivative at an activating wavelength is accompanied by the release of hydrogen
bromide. In turn, the photogenerated acid encourages the opening of an oxazine ring
embedded within a halochromic compound. This structural transformation extends the
conjugation of an adjacent coumarin fluorophore and enables its absorption at an appropriate
excitation wavelength. Indeed, this bimolecular system offers the opportunity to activate
fluorescence in liquid solutions, within rigid matrixes and inside micellar assemblies, relying
on the interplay of activating and exciting beams. Furthermore, this strategy permits the
permanent imprinting of fluorescent patterns on polymer films, the monitoring of proton
diffusion within such materials in real time on a millisecond time scale, and the acquisition of
images with spatial resolution at the nanometer level. Thus, our operating principles for
fluorescence activation can eventually lead to the development of valuable photoswitchable
probes for imaging applications and versatile mechanisms for the investigation of proton transport.

■ INTRODUCTION

Fluorescence microscopy1 is an invaluable analytical tool for the
structural investigation of materials at the micrometer level. It is
based on the introduction of appropriate fluorescent labels2

within a sample of interest and the subsequent acquisition of
images, after the excitation of the probes and the collection of
their emission. The development of fluorophores with optimal
photochemical and photophysical properties, as well as of
efficient and versatile labeling protocols, is therefore of central
importance for the further advancement of this convenient
imaging technique. In particular, the identification of
mechanisms to photoactivate fluorescence3−8 can facilitate the
elucidation of dynamic processes in real time9−14 and the
visualization of structural features with subdiffraction reso-
lution.15−22 Indeed, probes able to switch from a nonemissive
state to a fluorescent one under optical control offer the
opportunity to monitor the translocation of labeled species
within a material. Similarly, these switching events permit the
separation of spatially indistinguishable labels in time and the
sequential reconstruction of images with resolution at the
nanometer level.
Most photoactivatable fluorophores are designed around the

ability of one or more photocleavable groups to dissociate from
an emissive chromophore, upon illumination at an appropriate
wavelength.3−8 This photochemical transformation alters the
electronic structure of the chromophore, and either enables its
absorption of an exciting radiation or discourages the
nonradiative decay of its excited state. Both mechanisms

translate into fluorescence activation. Inspired by our earlier
work on photoinduced proton transfer,23 we designed an
alternative strategy to photoinduce the activation of fluo-
rescence. Specifically, we envisaged the possibility of combining
a molecule capable of releasing acid upon illumination with an
emissive halochromic compound. In the resulting bimolecular
system, the photoinduced transfer of a proton from the former
to the latter can be exploited to control the electronic structure
of the emissive species and activate its fluorescence. Indeed,
such a mechanism to activate fluorescence demands the
intermolecular communication of two independent compo-
nents, rather than the dissociation of a single molecular species.
Therefore, it offers the unique opportunity to probe the signal
(i.e., a proton) propagating from one component to the other
with fluorescence measurements. In this article, we report the
implementation of these operating principles for fluorescence
photoactivation in liquid solutions, within rigid matrixes and
inside micellar assemblies, as well as the application of this
strategy to monitor the diffusion of protons within polymer
films in real time and to reconstruct fluorescence images with
subdiffraction resolution.
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■ RESULTS AND DISCUSSION
Spectroscopy. The covalent backbone of 1 (Figure 1)

incorporates a coumarin fluorophore and an oxazine switch and

can be assembled in a single synthetic step from known
precursors.24 The absorption spectrum (Figure 1a) of an
acetonitrile solution of this compound shows a band centered
at 412 nm for the coumarin appendage. Upon the addition of a
single equivalent of trifluoroacetic acid (TFA), this band
decreases in intensity, and a new one appears at 593 nm in the
corresponding spectrum (Figure 1b). This pronounced spectral
change is a result of the opening of the oxazine ring with the
formation of 2. Indeed, such structural transformation brings
the coumarin fluorophore in conjugation with the adjacent 3H-
indolium cation and shifts its main absorption bathochromi-
cally. In turn, the illumination of the resulting solution at an
excitation wavelength (λEx) comprised within this band excites
selectively the coumarin fragment of 2 with concomitant
fluorescence. In fact, the corresponding emission band (Figure
1c) can be observed at 685 nm only after the addition of acid,
demonstrating that the halochromic transformation of 1 into 2
can be exploited to activate fluorescence.
The halochromic conversion of 1 into 2 can be encouraged

with the assistance of a compound able to release acid under
illumination at an appropriate activation wavelength (λAc).
Indeed, a molecule capable of transferring a proton to 1 upon
irradiation can mediate the photochemical formation of 2 and
activate fluorescence. For example, the established photo-
chemistry of the 2-nitrobenzyl group4,5 can be adapted to
photogenerate acid.25 Specifically, the photolysis of 3 (Figure
2) results in the formation of 4 and hydrogen bromide.
Consistently, the absorption spectra, recorded before (Figure
2a) and during (Figure 2b−f) the course of irradiation at λAc in
acetonitrile, reveal a decrease in the absorbance associated with
3 at 249 nm and the concomitant appearance of a new band for
4 at ca. 400 nm. In the presence of equimolar amounts of 1 and

under otherwise identical conditions, the photolysis of 3 causes
essentially the same bathochromic shift observed for 1 after the
addition of TFA.26 Once again, the initial absorption spectrum
(Figure 3a) shows a band at 412 nm for the coumarin

appendage of 1. After illumination at λAc (Figure 3b), the
absorbance of this band decreases with the concomitant
appearance of a new band at 595 nm for the extended cationic
chromophore of 2. Irradiation of the resulting solution at λEx
excites selectively the coumarin fragment of the protonated
species and is accompanied by the appearance of a character-
istic emission band (Figure 3c) of 2 at 687 nm. Thus, the acid
released during the course of the photochemical conversion of
3 into 4 encourages the protonation of 1 with the formation of
2 and activates fluorescence.
The photoinduced transformation of 1 into 2 can be

reproduced within a rigid polymer matrix, once again, under the
assistance of 3. As observed in acetonitrile, the absorption
spectrum (Supplementary Figure S1a) of a poly(n-butyl
methacrylate) (PBMA) film, doped with equimolar amounts

Figure 1. Absorption spectra of a solution (0.1 mM, MeCN, 25 °C) of
1 recorded before (a) and after (b) the addition of TFA (1 equiv).
Emission spectrum (λEx = 590 nm) of the acidified solution (c).

Figure 2. Absorption spectra of a solution (0.1 mM, MeCN, 25 °C) of
3 recorded before (a) and after irradiation (λAc = 365 nm, 0.4 mW
cm−2) for 1 (b), 2 (c), 3 (d), 4 (e), and 5 min (f).

Figure 3. Absorption spectra of an equimolar solution (0.1 mM,
MeCN, 25 °C) of 1 and 3 recorded before (a) and after (b) irradiation
(λAc = 365 nm, 0.4 mW cm−2, 5 min). Emission spectrum (λEx = 590
nm) of the irradiated solution (c).
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of 1 and 3 and spin-coated on quartz, shows a band at 399 nm
for the coumarin chromophore of 1. After irradiation at λAc
(Supplementary Figure S1b), the absorbance of this band
decreases, and a new one develops at 606 nm in agreement
with the formation of 2.26 Irradiation at λEx excites the
coumarin appendage of the protonated species and results in
the appearance of the characteristic emission band (Supple-
mentary Figure S1c) of 2 at 685 nm. Thus, the acid generated
during the photochemical conversion of 3 into 4 can diffuse
within the relatively rigid and hydrophobic polymer matrix to
encourage the halochromic transformation of 1 into 2 with
concomitant fluorescence activation.
Ensemble Imaging. Confocal laser-scanning fluorescence

images of PBMA films doped with 1 and 3 reveal the
appearance of fluorescent patterns only after photoinduced
activation. In particular, the image (Figure 4a) recorded with a
λEx of 514 nm, where neither 1 nor 3 absorb, does not show any
significant fluorescence. After illumination at a λAc of 405 nm
exclusively within a circular spot at the center of the imaging
field, however, the image (Figure 4b) recorded with the same
λEx clearly reveals fluorescence activation.

27 Indeed, the beam at
λAc induces first the transformation of 3 into 4 and then that of
1 into 2 within the illuminated spot, while that at λEx excites
selectively the photogenerated species 2 and produces
fluorescence in the activated area. Furthermore, the very
same fluorescent pattern can be observed again in the image
(Figure 4c) recorded after 5 min from activation, demonstrat-
ing that 2 cannot diffuse within the polymer film.
The observed activation of fluorescence is indicative of

proton diffusion within the polymer matrix. Indeed, the
hydrogen bromide released from 3 upon irradiation must be
able to travel within the film and reach 1 in order to encourage
the formation of the fluorescent species 2. In fact, proton
diffusion can be monitored in real time with the sequential
acquisition of frames under simultaneous illumination at λAc
and λEx to activate 3 and excite 2, respectively. Specifically, the
irradiation at λAc of a rectangular area at the top edge of the
imaging field generates acid only within the illuminated region.
As a result, the simultaneous irradiation of the entire imaging
field at λEx reveals fluorescence only within the activated area in
the initial frame (Figure 5a). The subsequent acquisition of
frames (Figure 5b,c) at intervals of 50 ms under these
illumination conditions, however, show a gradual increase in
fluorescence outside the activated area.28 This behavior
suggests that a fraction of the photogenerated hydrogen

bromide eventually diffuses out of the activated area and
encourages the formation of the fluorescent species 2 along its
path, until it is completely consumed over the course of a few
seconds.

Single-Molecule Imaging. The photoinduced proton
transfer from 3 to 1 can be a valuable alternative to the
mechanisms for fluorescence switching currently employed to
acquire subdiffraction images with far-field optics.15−22 In
particular, the emission properties of the coumarin fluorophore
incorporated within the resulting protonated form 2, which
allow its detection at the single-molecule level,24b and the
thermal stability of this species (i.e., the irreversibility of the
switching-on process), suggest the application of this
bimolecular system in stochastic single-molecule localization

Figure 4. Confocal laser-scanning fluorescence images (λEx = 514 nm, 40 μW, λEm = 600−800 nm, scale bar = 5 μm) of a PBMA film, doped with 1
(2% w/w) and 3 (1% w/w) and spin-coated on a glass slide, recorded before (a), immediately after (b), and 5 min after (c) laser illumination (λAc =
405 nm, 1 mW, 1 s) of a circular spot within the imaging field.

Figure 5. Confocal laser-scanning fluorescence images (λEx = 514 nm,
7 μW, λEm = 600−800 nm, scale bar = 5 μm) of a PBMA film, doped
with 1 (2% w/w) and 3 (1% w/w) and spin-coated on a glass slide,
recorded during laser illumination (λAc = 405 nm, 1 mW) of a
rectangular area at the top edge of the imaging field with a frame
interval of 50 ms (a = frame 1, b = frame 250, and c = frame 500).28
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superresolution schemes. In order to test this possibility, 1 and
3 were incorporated within the hydrophobic core of micellar
assemblies of an amphiphilic copolymer (5 in Supplementary
Figure S2). This particular macromolecular construct incorpo-
rates multiple hydrophilic poly(ethylene glycol) and hydro-
phobic decyl chains along a common poly(acrylate) backbone
and forms micelles with a diameter of ca. 14 nm that are able to
encapsulate hydrophobic dyes in their interior.29 Furthermore,
the polymeric envelope provides an environment to its guests
similar to that experienced by 1 and 3 within the PBMA films
employed for the ensemble activation experiments (Figures 4,
5, and S1). These micelles were spin coated onto a glass slide
and imaged in a home-built wide-field epi-fluorescence
microscope, equipped with two illumination sources and a
fast and sensitive electron multiplying charge couple device
(EMCCD) camera. One of the light sources was operated at
405 nm to activate the photoacid 3 and the other at 532 nm to
excite the protonated species 2. Typical measurements
consisted in an independent running acquisition scheme30

with a frame time of 20 ms. The samples were continuously
excited in wide-field mode with the 532 nm beam, and an
activation pulse of 405 nm was used, during the camera readout
time, to keep a sparse distribution of bright molecules in the
observation area. High excitation intensity was applied in order
to bleach the observed fluorophores with an average character-
istic time of the order of the frame time. In a representative
image (Figure 6b) reconstructed with this approach, fluorescent
objects can clearly be observed with a significant improvement
in resolution relative to the diffraction-limited counterpart
(Figure 6a). The profiles (Figure 6c) of the emission intensity
measured along one of the objects in the two images reveal an
improvement in spatial resolution from ca. 270 nm to ca. 40
nm. These physical dimensions are in accordance with the
values expected on the basis of the detection wavelengths
(centered at 640 nm), numerical aperture (1.25) of the
objective lens, and the average number (76) of detected
photons per event. The time evolution (Figure 6d) of the
single-molecule events detected per frame shows a clear
decrease over the course of the experiment. The activation
dose was increased sequentially (indicated with black arrows)
to speed the measurements by sustaining a reasonable amount
of events, while keeping the emissive species at an average
distance considerably larger than the resolution of the
microscope. Normally, a measurement was terminated when
the amount of events reached a very low value and could not be
enhanced by increasing the activation dose. Further represen-
tative images (Figure 7) show that the increase in resolution
translates into the opportunity to distinguish pairs of
fluorescent objects that are otherwise blurred in their
conventional diffraction-limited counterparts. Thus, this mech-
anism for fluorescence activation can, indeed, overcome
diffraction and permit the imaging of objects with spatial
resolution in the nanoscale. Furthermore, the absorption
properties of the photoacid 3 allow fluorescence activation
with visible light and therefore offer the opportunity to avoid
altogether ultraviolet radiations and their harmful consequences
on biological specimens.

■ CONCLUSIONS
Our results demonstrate that the release of acid from a 2-
nitrobenzyl derivative, upon irradiation at an activating
wavelength, can be exploited to induce a halochromic
transformation within a coumarin−oxazine dyad. The coumarin

appendage within the halochromic product can then be excited
selectively with concomitant fluorescence, under illumination at
an appropriate excitation wavelength. In fact, this bimolecular
system offers the opportunity to photoactivate fluorescence in
liquid solution, within rigid matrixes and inside micellar
assemblies, relying on the interplay of activating and exciting
beams. Furthermore, fluorescent patterns can be imprinted
permanently in PBMA films doped with both the photoacid
generator and the emissive halochromic compound. This
choice of functional components permits also the monitoring
of proton diffusion from one component to the other within
the relatively rigid and hydrophobic polymer matrix in real
time. In addition, this bimolecular system can be exploited to
overcome diffraction and reconstruct images with resolution at
the nanometer level, relying exclusively on far-field optics and
visible wavelengths. Thus, our operating principles for
fluorescence activation can ultimately lead to the development
of valuable probes for imaging applications and the
investigation of proton transport in a diversity of materials.

Figure 6. Conventional (a) and superresolution (b) images (scale bar
= 500 nm) of micellar assemblies (diameter = 14 nm) of 5, doped with
1 and 3 and spin coated on a glass slide. Emission intensity profiles (c)
measured along the bright object shown in the yellow inset (average of
3 lines); Gaussian fits indicate full-widths at half-maximum of 270 and
42 nm, respectively, in agreement with the expected values. Frequency
count (d) of the events localized during a frame-series recording; the
activating laser (405 nm) was switched on with an initial low dose and
a pulse width of 20 μs, which was then increased to 200 μs, 400 μs, and
2.5 ms, respectively, at the frames indicated by the black arrows.
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■ EXPERIMENTAL PROCEDURES

Materials. Chemicals were purchased from commercial
sources and used as received with the exception of MeCN,
which was distilled over CaH2. Compounds 1 and 5 were
prepared according to literature procedures.24a,29a Doped
polymer films were prepared by spin coating CH2Cl2 solutions
of PBMA (Mw = 337 × 103, 156 mg mL−1) and 1 (3.0 mg
mL−1) with and without 3 (1.5 mg mL−1) with a Chemat
Technologies KW-4A spin coater at 390 rpm for 18 s and then
at 790 rpm for 60 s on quartz disks for the spectroscopic
measurements and on glass coverslips for the imaging
experiments. The thickness of the polymer films (<10 μm)
was measured with a Mitutoyo digital micrometer. Doped
polymer micelles were prepared by combining CHCl3 solutions
of 1 (0.1 mg mL−1, 50 μL), 3 (0.1 mg mL−1, 50 μL), and 5 (2.5
mg mL−1, 200 μL) and heating the resulting mixture at 40 °C
in an open vial. After the evaporation of the solvent, the residue
was purged with air and dispersed in phosphate buffer saline
(PBS, 1 mL, pH = 7.0). After vigorous shaking, the dispersion
was filtered, and the filtrate was spin coated at 1000 rpm for 20
s with a Laurell Tech. Corp. WS-400B-6NPP/lite spin coater
on glass coverslips that were previously cleaned with O3 for 20
min using a Jelight Company Inc. UVO Cleaner 42.
Methods. Absorption spectra were recorded with a Varian

Cary 100 Bio spectrometer, using quartz cells with a path
length of 0.5 cm. Emission spectra were recorded with a Varian
Cary Eclipse spectrometer in aerated solutions. Custom-built
sample holders were used to record the absorption and
emissions spectra of the polymer films. Samples were irradiated
at 365 nm (0.4 mW cm−2) with a Mineralight UVGL-25 lamp.
Ensemble fluorescence images were recorded with a Leica SP5
confocal laser-scanning microscope. Single-molecule fluores-
cence images were recorded with a custom-built wide-field epi-
fluorescence microscope. Excitation was performed with a
continuous-wave (CW) diode-pumped solid-state Shanghai
Dream Lasers Technology Co. SDL-532-LM-200-T laser
operating at a 532 nm with an intensity of 7 kW cm−2

calculated at the focal plane. Activation was performed with a
CW diode Shanghai Dream Lasers Technology Co. SDL-405-
LM-20-T laser operating at 405 nm with an intensity lower
than 100 W cm−2. While the excitation laser was continuously
running, the activation laser was switched on for short periods
during camera read-out. The duration of the activation pulse
was changed from 50 to 500 μs and, therefore, the longest
pulses had some overlap with the frame recording. Never-
theless, no increase in background signal was observed because
of the low activation intensity. The lasers were combined in one
beam with a Chroma Technology Corp. ZT405rdc dichroic
mirror, and illumination was performed in wide-field mode by
focusing both lasers in the back focal plane of a 63× oil-
immersion Olympus objective lens with a numerical aperture of
1.25. The fluorescence signal was collected by the same
objective, separated from activation and excitation light by a
Chroma Technology Corp. ZT532rdc dichroic mirror, further
cleaned with a Semrock Inc. NF01-532U-25 notch filter and a
Semrock Inc. FF01-640/40 bandpass filter and then detected
by an Andor Technology IXON-DU-897 EMCCD camera.
Typically, sets of 20 000−50 000 frames were collected, and
localization of single-molecule events and image reconstruction
were performed as previously described.30

■ ASSOCIATED CONTENT
*S Supporting Information
Absorption and emission spectra of a PBMA film doped with 1
and 3; movie of a PBMA film doped with 1 and 3; structure of
the amphiphilic copolymer 5; ref 30. This material is available
free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-Mail: mariano@qi.fcen.uba.ar (M.L.B.); fraymo@miami.edu
(F.M.R.).

Notes
The authors declare no competing financial interest.

Figure 7. Conventional and super-resolution images (scale bar = 300 nm) of micellar assemblies (diameter = 14 nm) of 5, doped with 1 and 3 and
spin coated on a glass slide, together with profiles of the emission intensity measured along the indicated lines. The brightest objects may be
agglomerates of a few micelles, unresolved in both images, while the dimer ones are presumably single micelles.
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