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Far-Field Autofluorescence Nanoscopy
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ABSTRACT We demonstrate far-field optical imaging at the nanoscale with unlabeled samples. Subdiffraction resolution images of
autofluorescent samples are obtained by depleting the ground state of natural fluorophores by transferring them to a metastable
dark state and simultaneously localizing those fluorophores that are transiently returning. Our approach is based on the insight that
nanoscopy methods relying on stochastic single-molecule switching require only a single fluorescence on—off cycle to yield an image,
a condition fulfilled by various biomolecules. The method is exemplified by recording label-free nanoscopy images of thylakoid

membranes of spinach chloroplasts.
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any substances in biological tissue display natural

autofluorescence, examples being aromatic amino

acids, lipo-pigments, NADH, NADPH, FADH, col-
lagene, elastin, flavins, carotenoids, or chlorophyll." In
fluorescence microscopy, autofluorescence is perturbing
since the signal is superimposed with the signal from specif-
ically labeled parts of the sample. However, if the cellular
structures of interest themselves are scattering® or fluores-
cent, they can be observed without additional staining.
Autofluorescence far-field imaging has been employed in
diagnostics and microscopy, but in all of these implementa-
tions, the imaging resolution was limited by diffraction to
about half the wavelength of light (>200 nm).

In recent years, several far-field optical microscopy meth-
ods emerged for overcoming the diffraction limit.>~'® There-
fore, the question arises as to whether some of them operate
with autofluorescence. This question is particularly interest-
ing because all methods rely on transferring closely spaced
fluorophores between distinct states to make the fluoro-
phores distinguishable,”*7'> with the most straightforward
pair of states being a fluorescent “on” and a nonfluorescent
“off” state.”*7"'® The illumination is applied in such a way
that not all but only a subset of fluorophores is able to reside
in the “on” state at the time point of detection. For example,
in stimulated emission depletion (STED)’*> and ground state
depletion (GSD)*'° nanoscopy fluorophores are only able to
dwell in the fluorescent on state, when they are in the
subdiffractional proximity of an intensity minimum of the
STED or GSD beam. The other fluorophores residing within
diffraction-limited distances (~200 nm) are transiently kept
dark by STED or GSD, respectively. Although they are
exposed to the excitation light, these fluorophores are
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effectively toggled to a dark off state, which is the ground
state in the case of STED or a metastable dark state in the
case of GSD. Scanning of the intensity minima across the
sample produces the subdiffraction resolution image by
sequentially allowing the other fluorophores to occupy the
on state.

Whereas in STED, GSD, and related®®? nanoscopy meth-
ods the location of the on and off state fluorophores is
predefined by spatially modulated light (i.e., targeted switch-
ing and read-out'>'®), more recent methods switch single
fluorophores randomly in space (stochastic switching).'' ~'*
Within a region defined by the diffraction limit, roughly a
single molecule is stochastically switched to the state; again
the other molecules remain dark, although being exposed
to excitation light. The train of photons emitted by a fluo-
rophore in the on state is recorded by a camera and the
position of the fluorophore determined with subdiffraction
accuracy by localization.'”"'® Afterward, the fluorophore is
turned off and another one is stochastically switched on and
off to perform the same cycle. Registering sufficient fluoro-
phores in this way yields a subdiffraction image. Known as
PALM,'" STORM,'? FPALM,'? and PALMIRA,'* initial imple-
mentations of this stochastic concept relied on photoacti-
vatable markers such as photoactivatable fluorescent pro-
teins or photochromic organic markers. The on states
differed from the off states by molecular conformation or
bonds. Therefore, these versions of stochastic optical nanos-
copy are unlikely to be viable with autofluorescence, because
most natural fluorophores are not photoactivatable. Their
resting state is not an off state but an on state; i.e., they can
instantly emit fluorescence upon proper illumination.

Since stimulated emission is the most basic transition to
reversibly turn “on state” fluorophores off, STED nanoscopy
can in principle accommodate autofluorescent samples.
However, the normally short lifetimes of the fluorescent
states call for rather high STED beam intensities.”"'” Nano-
scopy by GSD*'° requires lower intensities as compared to
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STED because of the longer lifetime of the states involved.'?
However, like STED, GSD nanoscopy employs coordinate-
targeted fluorophore switching which requires the fluoro-
phore to undergo many on—off cycles to form an image.'*'®
This is hard to achieve with autofluorescent molecules
because they are prone to bleaching,”**' meaning that they
can cycle only a few times between the on and an off state.

Animportant insight is that stochastic methods can produce
an image with just a single on—off cycle per molecule, because
in order to be localized on a camera, it is enough for a single
molecule to assume the on state just once.'>'® Therefore, the
most direct pathway to nanoscale imaging of autofluorescent
samples is to apply a stochastic switching modality. Thus, in
conjunction with a molecular mechanism that produces an
off—on—off succession, far-field nanoscopy of autofluorescent
samples should become viable.

A switching mechanism that fulfills this condition is GSD,
since it can be realized with basically any fluorophore. For
this reason, it has also been exploited in the stochastically
operating method called GSDIM (ground state depletion with
individual molecule return).**~2” Contrary to photoactivation,
GSD acts on bright, regular fluorophores which are first turned
off by transferring them to a metastable dark state, such as the
triplet*'® or a redox state.*” The transfer occurs via an excited
state, usually a fluorescent state, which is why fluorescence is
generated during the process (inset Figure 1a).

GSDIM can be conveniently implemented with continu-
ous illumination at a single wavelength** performing both
the switching and the fluorescence read out. If the intensity
is sufficiently high and the dark state lifetime 7 sufficiently
extended, virtually all markers are turned off for a charac-
teristic duration 7. This ensures that ideally just about a single
marker remains in the bright on state within a diffraction
limited region, so that its position can be localized and
registered. Afterward, the marker reenters a dark state,
whereas another marker reassumes the bright on state, in a
stochastic fashion.**

To demonstrate the viability of the concept, we used the
autofluorescence of chlorophyll in spinach chloroplasts to
obtain subdiffraction resolution GSDIM images of thylakoid
membranes in the chloroplasts (Supporting Information). It
is known that chlorophyll features several metastable dark
states.”®*? Transferring most of the chlorophyll into these
off states should therefore enable GSDIM. Upon irradiation
with excitation light of 488 nm with up to 100 kW/cm? we
found that the majority (~70 %) of the fluorescent molecules
in the chloroplasts can be turned off (Figure 1a). Most
importantly, the fluorescence signal of the molecular en-
semble was largely recovered when switching off the excita-
tion light (Figure 1b). The average recovery time, i.e., the
average lifetime of the dark states of chlorophyll, 7 =1.2 s,
is about 3—6 orders of magnitude longer than that of typical
triplet states in organic dyes in most biological samples.

This transient off-switching of endogenous fluorophores
by GSD was applied for nanoscale imaging of chloroplasts.
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FIGURE 1. Ground state depletion (GSD) of autofluorophores. (a)
Depletion of the fluorescent (on) state of chlorophyll with increasing
intensity L. of the 488 nm excitation light. The residual fluores-
cence was read out (100 us, 1 kW/cm? of 488 nm light) after
illumination for 100 ms with I.. Inset, GSD is based on an optical
transfer into metastable dark states: following optical excitation
(Exc) from the ground to the excited (fluorescent, Em) state, crossing
to metastable dark states with lifetimes 7 occurs with probability
®. (b) Recovery of fluorescence of chlorophyll after GSD (black
squares). The recovered signal was read out (100 us, 5 kW/cm? of
488 nm light) at different times ¢ after illumination for 100 ms with
Ixe = 95 KW/cm?. An exponential fit (solid line) to the data resulted
in a characteristic recovery time r = 1.2 s.

To reduce the background light from the out-of-focus layers,
75—100 nm thick cryosections of purified chloroplasts were
used (Supporting Information). Figure 2a shows a typical
electron microscopy image of our chlorophyll samples
displaying thylakoid membrane stacks in the chloroplasts.
[lluminating an area of approximately 15 um in diameter
with 28 kW/cm? of 488 nm laser light turns approximately
50% of the autofluorophores dark at a time (compare Figure
1a). Due to limited available laser power, higher intensities
were not possible in our wide-field microscope, meaning that
the fraction of molecules remaining in the on state was still
too large for slices of the chosen thickness. The signal of the
fluorescing molecules was still overlapping and single-
molecule signatures could not be detected. However, after
illumination for 60 s, enough molecules turned dark due to
further dark state transitions or photobleaching, so that
roughly a single emitter could be detected per diffraction
region (Figure 2b).
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FIGURE 2. Subdiffraction resolution imaging of autofluorescent
chloroplasts. (a) Electron micrograph pinpointing (arrow) the thy-
lakoid membranes (darker areas) in the chloroplasts. (b) Typical
single camera frame image showing single chlorophyll molecules.
(c, d) Autofluorescence wide-field (c) and GSDIM (d) images of
thylakoid membranes in the chloroplasts and selected (white line)
line profiles (e). The wide-field images were created by summing
up all camera frame images after background subtraction. Optical
images recorded with a 488 nm wavelength continuous wave beam
of 28 kW/cm? focal intensity. Scale bar 1 ym.

In the following, 174000 camera frames of on—off blink-
ing fluorophores were taken with an exposure time of 10
ms. About 10° single-molecule events were registered in
total, and a high-resolution GSDIM image reconstructed from
their molecular positions (Figure 2d).The thylakoid mem-
brane stack can be clearly observed as well as narrow
connections between different stacks. Under the conditions
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applied, the average number of photons detected per single
molecule was about 90, resulting in a localization accuracy
of ~35 nm.*° The actual spatial resolution may have been
slightly lower (>40 nm) due to experimental imperfections
such as sample drift during the 30 min recording time;
nonetheless the level of detail in the GSDIM imaging sur-
passes by far that of a conventional wide-field image (Figure
2c,e). Similar results were obtained from GSDIM images of
other chloroplast samples (Figure S1), even when using 655
nm for excitation (Figure S2).

Despite the rather long illumination period before starting
the measurement (during which quite a substantial number
of the chlorophyll molecules turn dark or become pho-
tobleached), we can safely assume that the localization of
only a subset of chlorophyll molecules was adequate to
produce a faithful subdiffraction resolution image of the
chloroplast (compare Figure S1). On the other hand, short-
ening of the preillumination period should allow the record-
ing of less densely packed samples. Unlike in a photoacti-
vation scheme where the density of active fluorophores per
diffraction volume can be regulated by the activation light,
in GSDIM the regulation of the density of bright molecules
has to occur via prebleaching or via a deliberate engineering
of the dark state lifetime.**~**?7 Here we used the chloro-
plast slices without further preparation.

In basically all current nanoscopy methods, the resolution
depends on the transition (cycling) rates to and from the
dark states under the chosen illumination intensity.'>' '
In a stochastic method such as GSDIM, the population of the
transient dark state has to be large enough to enable just
about a single bright state molecule within the diffraction
zone. Clearly, this ratio also depends on the local concentra-
tion of autofluorescent molecules. On the molecular level,
this ratio is optimized by a long dark state lifetime and/or a
large probability of crossing to the dark states. Unfortunately,
a too long lifetime or a too large crossing probability to dark
states result in a too sparse number of on state molecules
(and thus a long image acquisition time) or a too low number
of emitted photons (i.e., a low localization precision),
respectively.

The average dark state population of our chlorophyll
samples was ~70% (Figure 1) and thus lower than the
>90—95 % populations experienced for conventional organic
dyes in previous GSDIM experiments.>® This seemingly
incomplete fluorophore off-turning most likely stems from
other autofluorescence background, such as from f3-carotene,
or from other not entirely dark chlorophyll states, or be due to
the complex set of state transitions in chlorophyll.*®*? We note
that the population of the dark states may be controlled by
additional illumination with another wavelength,** and of
course also by specific embedding media, by additives*>***”
or by any other means that changes the balance between the
on—off and the off—on transition rates. In fact, we observed
that near-UV illumination increased the return of the chloro-
phyll fluorescence and thus accelerated the imaging process.
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This acceleration is specifically useful at later camera frames
where, due to photobleaching and transitions to long-lived dark
states, the density of on molecules becomes very sparse.

It will be interesting to investigate which other autofluo-
rophores and autofluorescent samples provide the right
conditions in terms of dark state lifetimes and molecular
density to apply GSDIM. Here, we have used neither additional
UV illumination nor a specific embedding medium nor added
reducing and oxidizing agents nor measured at cryogenic
temperatures as in previous GSDIM or GSD recordings
applying conventional fluorescence markers.**~**?7 Fol-
lowed by a final washing step only, the cryosliced chloroplast
samples were directly employed on the microscope and mea-
sured at room temperature (Supporting Information). Hence,
one can imagine a number of improvements of the recording
strategy, including variations in irradiation intensity and wave-
length to further perfect the recording and increase the ap-
plicability range. In any case, in the light that all far-field optical
nanoscopy approaches have so far relied on fluorescently
modified samples, we have now demonstrated that this rapidly
emerging field can be extended to the investigation of speci-
mens with molecular constituents left unaltered.
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Supporting Information Available. Detailed experimen-
tal methods for isolation and cryo-sectioning of the chloro-
plasts and Figures S1 and S2 displaying further GSDIM
images of chloroplasts following excitation at 488 and 655
nm, respectively. This material is available free of charge via
the Internet at http://pubs.acs.org.
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