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Fluorescence imaging has transformed biological sciences and
opened a window to reveal biological mechanisms in real time
despite the diffraction limit restricting the optical microscope
resolution to ~300 nm. Recently, two ultrahigh-resolution fluo-
rescence microscopic techniques have circumvented the diffraction
limit by stochastically photoswitching fluorophores on and off.' ~*
The current selection of photoswitchable fluorophores for such high-
resolution imaging techniques are extremely limited, and the
photoswitching mechanisms have not been well studied. Two
methods were reported: photoactivatable fluorescence protein (PFP)
and a pair of Cy3 and Cy5 dyes in close proximity. However, the
PFP is much larger than dye molecules, and Cy3—Cy5 pairs suffer
from stringent requirements that the environments must be oxygen
free. These will limit their cellular imaging applications. Thus, new
photoswitchable fluorophore development becomes critically im-
portant to apply such ultrahigh-resolution microscopy broadly.”

The ideal photoswitchable probe should integrate high brightness,
low molecular weight, and flexible chemical modifications into a
single molecule so that it will easily adapt to the cellular
environment. In this paper, spiropyran derivatives having the desired
characteristics are presented as the excellent photoswitchable
fluorophores. Using such a fluorophore, we have achieved photo-
actuated unimolecular logical switching attained reconstruction
(PULSAR) microscopy, with resolution down to 10—40 nm, far
beyond the diffraction limit. Herein, we observe nanostructures on
glass surfaces and cellular organelles in fixed cells, which cannot
be resolved by conventional fluorescence microscopy. Spiropyran
requires no special treatment to cells and can be readily modified
using chemical functional groups for specific targeting.®’

Unlike the photoactivatable green fluorescent protein and the
Cy3—Cys5 pair in very close proximity, the spiropyran—merocyanine
photoswitching mechanism and photochemically induced structures
are well understood (Figure la). ' The spiropyran form has
negligible visible absorption and consequently no fluorescence under
visible excitation (Figure 1b). Its ring-opened form merocyanine,
however, absorbs strongly at 570 nm and emits vivid red fluores-
cence (665 nm) in hydrophobic nanoparticle cores (Figure 1b).5”
UV illumination induces the spiropyran-to-merocyanine conversion
and switches on fluorescence; visible photoexcitation of the
merocyanine accelerates the back conversion and returns the
photoswitching dye into the off state. Such desired fluorescence
photoswitching properties will enable nanometer-resolution PUL-
SAR microscopy provided that spiropyran/merocyanine dyes have
a high emission rate, long photobleaching time, qualified emitted
photon count, and efficient photochemical switching.

Accordingly, the single-molecule photophysics of merocyanine
was studied first. Spin-coating dilute spiropyran and poly (methyl
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Figure 1. (A) Spiropyran (spiro-form) and merocyanine (mero-form) were
polymerized into the hydrophobic cores of polymer nanoparticles, and thus
their photochemical conversion occurs within isolated protected nanopar-
ticles. (B) The optical absorption (left and bottom axes) of spiro- (black)
and mero-form (red) and fluorescence spectra (bottom and right axes) of
the spiro- (black) and mero-form (red) are plotted against the wavelength.
(C and D) Two typical single-molecule intensity trajectories illustrate that
the photoswitching dye in its emissive state; merocyanine behaves very
much like normal high-quantum yield dyes such as rhodamine. (E) The
photobleaching time histogram reveals that the photobleaching reaction
follows first-order kinetics. (F) The histogram of total detected photon
displays the number of photons detected from each individual molecule
and such emission occurrence.

methacrylate) in dichloromethane resulted in thin films containing
isolated photoswitchable dyes. Next, UV illumination converted
the spiropyran dye to the merocyanine fluorophore. The detected
merocyanine photons produce an emission rate of several kHz under
0.6 kW/cm? excitation, comparable to other high-quantum yield
dyes such as rhodamine and strong enough for single-molecule
studies.'?

Figure 1c and d display two representative fluorescence intensity
trajectories from 100 photoswitchable individual merocyanine
molecules, and the trajectories exhibit typical single molecule
signatures such as intensity blinking and one-step photobleaching.
Permanent merocyanine photobleaching is evident. In Figure lc
and d, the molecules were bleached at 10.2 s and at 4.2 s,
respectively. Moreover, Figure le reveals the measured photo-
bleaching times in a histogram, which yields an average photo-
bleaching time of 47 s. The histogram exponential decay suggests
that photobleaching obeys first-order kinetics with a rate constant
of ~0.02 s7".

The total number of photons that one molecule can emit before
photobleaching is an important photophysical property because it
determines the ultimate spatial resolution of the PULSAR imaging

J. AM. CHEM. SOC. 2008, 730, 15279-15281 m 15279



http://pubs.acs.org/action/showImage?doi=10.1021/ja805948u&iName=master.img-000.jpg&w=234&h=184

COMMUNICATIONS

(vide infra). Summing all the photons from an individual molecule
until photobleaching while excluding background yields the total
number of detected photons. Figure 1f plots the total detected photon
histogram, revealing that an average merocyanine molecule emits
1.8 x 10° detected photons before permanent photobleaching. Both
the photobleaching time and total photon emission are comparable
to other frequently used dyes in single molecule spectroscopy such
as rhodamine dyes.'*'* In summary, the single-molecule spectro-
scopic studies demonstrate that merocyanine dyes exhibit good
fluorescence brightness and photobleaching resistance, thus making
them useful photoswitching fluorophores for high-resolution PUL-
SAR microscopy.

The fluorescence onset involves the spiropyran-to-merocyanine
conversion and can be photoswitched on very quickly and ef-
ficiently. Because this photochemical conversion proceeds very
easily, a much lower UV laser power of ~1—100 mW/cm?, orders
of magnitudes lower than the power required for normal fluores-
cence imaging, was used to switch on the fluorescence. Although
UV contains high energetic photons, such low power is expected
to induce no more phototoxicity than the visible imaging excitation
at considerably higher power. Unlike the photobleaching kinetics,
the spiropyran dark states switch to the bright states very quickly
and its fast kinetics makes the fluorescence on-switching difficult
to measure. Interestingly, the photobleached merocyanine does not
become spiropyran under these conditions, as subsequent UV
illumination from subseconds to tens of seconds cannot switch on
any detectable red fluorescence when excited at 532 nm. Therefore,
UV pulses cannot reverse the photobleached molecules back into
the fluorescent form, a desirable characteristic for PULSAR
microscopy.

The high-resolution microscope principle has been demonstrated
and described fully. '** A single molecule can be located precisely,
even down to the nanometer scale '>'® as long as its neighboring
molecules within the diffraction limited area are switched off to
the “dark” state. The spiropyran-to-merocyanine photoswitching
property enables PULSAR far field optical microscopy to achieve
nanometer resolution. Under controlled conditions, each image
reveals a limited number of photoswitchable molecules that are
fluorescing; many accumulated images consist of thousands of
single molecule on-switching events. Next, fitting every single-
molecule location in each image frame and finally summing all
the fitted single-molecule frames reconstructs a high-resolution
microscopic image.

First, we used a PULSAR microscope to image 70-nm spiropyran
nanoparticles that have been synthesized previously.®'”~'® Because
the optical diffraction limit restricts resolving any feature on the
scale of wavelength ~300 nm, traditional optical microscopy cannot
resolve such nanoparticles packed within the diffraction limited
region. PULSAR microscopy alternated a short 0.03-s UV pulse
and a regular 532-nm excitation pulse: the former photoswitched
on a limited number of spiropyran molecules into the emitting
merocyanine bright state, and the latter recorded the single-molecule
fluorescence image at a 2-s exposure. The setup is similar to that
published elsewhere.?®*' The isolated single molecules were
photobleached after the first exposure or after several subsequent
exposures. Recording 300-image frames registered a thousand
locations of single-molecule emitters; their precise locations were
determined using the centroid of the experimental single-molecule
image peak fitted by a Gaussian mask."”

Figure 2a illustrates a single molecule image and its centroid
position determined by Gaussian mask. Because multiples photons
were detected from a single molecule, the uncertainty of the centroid
position is much smaller than the image spot size and also much
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Figure 2. (A) Conventional fluorescence image of a single merocyanine
molecule confirms the typical diffraction limited size. The centroid, as
marked by the red spot, was determined by Gaussian mask fitting. (B) Using
70-nm nanoparticles to compare conventional fluorescent microscopy (top)
and PULSAR microscopy (bottom) reveals the resolution difference in the
nanoparticle patterns. The conventional fluorescence microscope resolves
micrometer and submicrometer features, whereas the PULSAR microscope
dramatically improves the resolution by ~25-fold, distinguishing features
effectively at the nanoscale.

smaller than the 160-nm image pixel size. Theoretical calculation
pointed out that the more photons detected from a single molecule,
the more precise this single molecule can be located without any
limitation."> If there was no background noise, detecting 10°
photons would have provided an ultrahigh 1-nm spatial resolution.
But background noise does exist, and the practical resolution will
deviate from the ideal 1-nm uncertainty. We experimentally tested
the uncertainty of the Gaussian mask fitting, revealing a 5-nm
standard deviation and 12-nm fwhm (see Supporting Information).
This uncertainty eventually determines the resolution of PULSAR.
Under cell imaging conditions, the fwhm resolution is estimated
as 10—40 nm based on the experimental data.

Side-by-side, Figure 2B compares the traditional fluorescence
images to the corresponding high-resolution PULSAR images.
Obviously, PULSAR microscopy provides a dramatic resolution
improvement. While traditional fluorescence microscopy cannot
resolve four 70-nm nanoparticles arranged in a row, PULSAR
microscopy clearly resolves the nanostructure composed of four
juxtaposed nanoparticles on glass. Figure 2B demonstrates that
PULSAR microscopy has the ability to resolve nanostructures.

Second, PULSAR microscopy was developed to image complex
subcellular structures at the nanoscale. To demonstrate that the
PULSAR microscope has the ability to image subcellular compo-
nents, we decorated the nanoparticle surfaces with HMGA1 protein.
Such modified nanoparticles effectively bind to the HMGAI1
receptor on HeLa cells. The cells subsequently endocytoses the
nanoparticle cargoes, delivering the photoswitchable spiropyran
nanoparticles into early endosomes. When a cell binds to nano-
particles, the initial nanoparticles exist as discrete particles. The
endocytosed spiropyran nanoparticles are enclosed in endosomes
and transported by motor proteins and eventually reach lysosomes,
where their transportation stops. During this transportation, the cell
has organized multiple particles into a single lysosome.

An important criterion of PULSAR microscopy utility is imaging
cellular organelles at the nanoscale resolution. To demonstrate
PULSAR microscope capability, we fixed HeLa cells, selected a
subcellular area of interest (Figure 3a), zoomed into this region
(Figure 3b), and collected both white light images and conventional
fluorescence imaging. At this stage, most nanoparticles were
transported into lysosomes, and as a result, lysosome fluorescence
intensified. Using 532-nm light to switch off the merocyanine
emission and photobleach most interfering fluorophores prepared
the sample for PULSAR measurement. PULSAR microscopy
alternated a UV fluorescence on-switching pulse and a 532-nm
probe pulse. This pulse and probe pattern repeated many cycles to
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Figure 3. PULSAR images detect spiropyran nanoparticles in a fixed
cellular organelle. Bright field image of a fixed HeLa cell (A) provides an
area of interest (red box). (B) Zooming in the white light image indicates
nanostructures scattering light, and conventional wide-field fluorescence
imaging reveals that most of these features comprise photoswitchable
nanoparticles. (C) The PULSAR image of these spiropyran nanoparticles
produces a much higher resolution, separating fuzzy clusters into distinct
bright spots. Careful examination reveals that these bright spots are not
circular, hinting at possible multiple nanoparticles in a single spot. (D)
Zooming-in on one bright area in (C) divulges resolved two overlapping
spots, corresponding to at least two nanoparticles. Lines drawn along the
two overlapping spots reveal the fluorescence intensity profile and yield a
center-to-center distance of ~69 nm (E).

accumulate hundreds of single-molecule emission events; these
events were processed as described above to reconstruct the final
high-resolution image as displayed in Figure 3c. The conventional
image detects all single molecule fluorescence intensities. PULSAR
image intensity, however, measures the number of photoswitching
events. Thus, there is no proportional scaling factor to relate these
two techniques; this explains why one bright spot becomes dim in
the PULSAR image.

Figure 3c and d display the PULSAR images of the nanoparticles
in a lysosome of a fixed cell. Traditional wide field optical
microscopy cannot resolve multiple nanoparticles residing in a
lysosome when and because the organelle size is smaller than the
diffraction limit. The PULSAR microscope, however, has resolved
the nanoparticles inside a single organelle. The PULSAR images
prove these bright spots are not spherical, suggesting multiple
nanoparticles residing in a single lysosome. The nonregular feature
of these PULSAR images matches and further confirms the typical
heterogeneous nature of lysosomes.

Figure 3d reveals that there are at least two particles residing in
this single lysosome. Three parallel lines drawn along the elongated
direction of the spot reveal the profiles of fluorescence intensity of
these two bright features. Figure 3e definitely resolves these two
bright features and yields a measured peak-to-peak distance of 50,

55, and 70 nm, respectively. Fitting the intensity profile (blue line)
yields the projected nanoparticle center-to-center distance 69 nm
between these two bright features, coincidentally matching the
center-to-center distance of two tangent ~70-nm nanoparticles.
Again, these data demonstrate that PULSAR microscopy can resolve
subcellular organelles down to the nanoscale.

To conclude, we have demonstrated single-molecule spiropyran-
to-merocyanine photoswitching imparts strong red fluorescence and
the resulting merocyanine offers good photophysical characteristics
including a high emission rate, long photobleaching time, and large
total detected photon count for single-molecule imaging. Such
fluorescence photoswitching enables nanometer spatial resolution
PULSAR microscopy. Significantly, the nanoparticles containing
photoswitchable spiropyran molecules were delivered into cells,
and multiple particles residing within a single cellular organelle
were resolved. PULSAR microscopy, thus, emerges as a new high-
resolution method to study biological events and mechanisms at
the nanoscale.
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