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Abstract

Many biological samples exhibit autofluores-
cence. Its often broad spectra can interfere with
fluorescent labeling strategies. This application
letter demonstrates how autofluorescence can
serve as an intrinsic contrast in fluorescence
lifetime imaging microscopy (FLIM) resulting in
multi-color image stacks. It is also outlined how
to combine spectral imaging with fluorescence
lifetime information to distinguish and potentially
identify different fluorescent species in biologi-
cal samples.

Microscopy meets autofluorescence

In fluorescence microscopy generally autofluo-
rescence is viewed as a detrimental side-effect
inherent to many biological samples. It tends to
overlap with endogenous fluorescence labels
sometimes masking its intensity. It can cause
difficulties with spectral channel separation and
with quantitation of intensities for ratiometric
analysis. The often very broad emission spectra
of autofluorescence can render it intractable by
conventional spectral image recording.

However, autofluorescence as such has its mer-
its, too. Itis an intrinsic form of fluorescent label
which comes for free and is completely non-in-
vasive. The purpose of this application letter is
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to identify several autofluorescent components
by means of fluorescence lifetime imaging mi-
croscopy (FLIM) and to demonstrate their utility
in biomedical research.

Note: For a basic treatment of the FLIM tech-
nique please refer to the application letter FLIM-
FRET (number 35).

Autofluorescence meets science

Most biological samples contain biochemical
species which can give rise to autofluorescence.
For example a cell's redox potential is reflected
in its concentration of NAD(P)H and flavins. The
former are better excited with IR sources, the
latter are accessible with 405 nm as well. Quite a
few structural proteins can deliver lifetime con-
trast as well, such as collagen, elastin and fibril-
lin.

Plant cells are particularly rich in a multitude of
autofluorescent molecules. Very common are
chlorophyll, carotenoids, polyphenols to name
but a few. Often, these compounds can not only
provide label-free contrast, but also provide in-
formation on the metabolic state or pathogen-
ic alterations in cells or tissues. Thus, one can
draw functional conclusions by combining FLIM
and autofluorescence.



Label-free contrast

To exemplify the utility of autofluorescence as
a contrasting strategy in biological samples we
shall examine an example from the animal and
the plant kingdom, respectively.

Let us begin with a scale insect. Different devel-
opmental stages of this plant parasite were col-
lected and immediately mounted. An overview
image of the autofluorescence present at the
excitation wavelength 470 nm was recorded us-
ing a 10x objective (Fig. 1). The intensity image
was created from a FLIM data set and yields a
good representation of the structure of the spec-
imen. Intensity here encodes counted photons
per pixel instead of arbitrary units as customary
for standard intensity images. It is, however, un-
able to distinguish any autofluorescent species
(Fig. 1 A). This information is contained in the
lifetime map (Fig. 1 B) which renders the spatial-
ly resolved lifetime distribution. It gives a good
impression of the different fluorescent lifetime
components. In terms of autofluorescence this
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Label-free FLIM

often represents different molecular species or
combinations thereof. We can distinguish very
well the chitinized exoskeleton around the an-
tennae and the legs (green to blue). Chitin dis-
plays a very short lifetime. The surrounding tis-
sue appears relatively homogenous close to 3 ns
(yellow). Some interspersed regions with longer
lifetimes (orange) could represent other species,
but here, they more likely represent darker re-
gions which simply have a lower precision in
determining the lifetime. What is typically per-
ceived and communicated as a FLIM image is in
fact an intensity modulated lifetime map (Fig. 1 C).
The lifetime information is multiplied by the inten-
sity image. This rendition tends to de-emphasize
the darker regions with poor photon statistics
and it retains more of the structural information
contained in the intensity image. The latter often
facilitates the interpretation of lifetimes as in the
case of the orange regions in the lifetime map.
We can conclude that FLIM allows us to identi-
fy different molecular species in an unperturbed
sample and to study their spatial interrelation.
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Fig. 1 Autofluorescence image of scale insect (ventral view). Intensity image (A), lifetime map (B, background cropped)
and intensity modulated lifetime image (C). The lifetime map shows the spatial resolution of at least three different color-
coded lifetimes. The length is 1.5 mm, the thickness of the section represents 1.3 pm. Scan format 280 x 512, objective lens
10x NA 0.4, excitation with 470 nm, detection of emission from 478 nm to 703 nm (sample courtesy of Kees Jalink, NCI,

Amsterdam, Netherlands).
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Fig. 2 FLIM z-stack of antenna of scale
insect. 40 z-slices of about 1 ym depth
have been recorded using a 40x NA
1.25 lens (A). A maximum projection of
the organ shows the antenna and some
chitinized hairs (B). Maximum projec-
tion was done using external software.
The Field-0f-View is 388 x 151 ym.

Fig. 3 3D rendering of antenna using
the image stack presented in Fig. 2. The
chitinized structures appear in isosur-
face rendering with shading (green)
overlaid by a volume rendering of the
surrounding tissue. (Visualization was
done using external software).

Fig. 4 Microspore (pollen grain) from
Lilium sp. (lily flower). Autofluores-
cence excitable with 470 nm reveals
two structurally distinct fluorescent
species in the outer layers of the tube
cell. 45 z-slices taken recorded with
a 20 x NAO.7 lens detecting emission
from 482 nm to 744 nm (A), maximum
projection using external software (B)
and 3D isosurface rendering using ex-
ternal software (C). The longitudinal ex-
tension of the spore is 130 pm.
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In depth — 3D FLIM stacks

Taking a closer look at the autofluorescence im-
age (Fig. 1) we recognize that the antennae, for
example, have blue regions outside and green
regions inside. So, does the green region rep-
resent a distinct species or is it rather an (op-
tical) mixture of chitin fluorescence (encoded
in blue) and the surrounding tissue (encoded in
yellow)? To address this question we can use a
higher NA objective on a smaller region. We al-
so have to take into account the z-extension of
the image. To better visualize the interior of the
structure we can record a FLIM z-stack (Fig. 2).
It turns out that the smaller lifetime is caused hy
chitin, since the interior of the antenna has the
same lifetime as the surrounding tissue revealed
by a middle section (Fig. 2 A, white box). Thick
structures can now be viewed in extended focus
using a maximum projection of the z-stack (Fig.
2, B). An even larger appreciation of the 3D to-
pology is facilitated by an isosurface rendering
(Fig. 3). Note, the joints are free of chitin, which is
clearly visible in the FLIM data. Important taxo-
nomic features become visible, such as the hair-
like setae scattered across all body segments.
They clearly also contain a chitin species.

Multi-color autofluorescence

Fluorescence imaging in plants is often some-
what impeded by the presence of a multitude
of fluorescent species, such as chlorophyll and
several cell wall constituents as well as a multi-
tude of endogenous pigments. Here we make use
of these intrinsic autofluorophores to lend con-
trast to otherwise poorly distinguishable struc-
tures. We recorded a z-stack of a pollen grain
(microspore) taken from a lily flower (Fig. 4).
The anthers of the pollen grains have a yellow-
orange color visible by eye as well as in trans-
mission light (not shown). Possible candidates
for such yellow fluorochromes in the plant king-
dom are, for example, carotinoids. \We obtained
lifetimes ranging from 0.5 ns to 1.2 ns. Two main
structural features were clearly contrasted by
lifetime. In green we recognize the net-like outer
layer of the (putative) tube cell, which surrounds
the core rendered in blue (0.5 ns). Z-sectioning
reveals that the core is not filled with the short
lifetime species, but it rather forms a thin inner
layer around the tube cell (Fig. 4 A). Extended fo-
cus (Fig. 4 B) and 3D visualization (Fig. 4 C) help
to clarify the relative topology of both layers to
one another.



Label-free FLIM
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Quick start guide to autofluorescence FLIM

In autofluorescence imaging the fluorophores
are generally not known ab initio. Thus, the first
step often is to determine the optimal excita-
tion wavelength. In the SMD system used three
pulsedlaserswere available: 405,470 and 640 nm.
It turned out that 470 nm excites different spe-
cies. It is very helpful to use the “RunFLIMTest”
option in Step 2 of the FLIM wizard in LAS AF to
generate a FLIM preview image Fig. 5, . This
image is displayed in SymPhoTime. It is based
on estimating the fluorescence lifetime from
the average start-stop times (i.e., half-maximal
decay) of the fluorescence decay histograms.
Here, no curve-fitting is involved and the FLIM
image is displayed in real-time. The color-coded
image reveals the presence of at least two dis-
tinct species in the hyphae. We set a suitable
range for the z-Galvonometer stage to capture
about half the depth of the pollen grain with e.g.
45 sections Fig. 6, . Choices of detectors can
be made in this step as well. Here we are using
internal detectors to record emission light from
482 — 744 nm. We switch to Step 3 (Fig. 5, ®)
and determine the recording time. In this case
we used the automated brightness control fea-
ture (Fig. 7, @) to ensure manageable photon
statistics throughout the stack. Now, it's simply
about pressing “RunFLIM" (Fig. 8, ®) and we are
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Fig 5 Step 2 of FLIM wizard

Fig. 6 Definition of z-stack. All series
options, such as z-stacks, but also time
series or lambda series are accessible
within the FLIM wizard. Full automation
of these acquisition modes guarantees
maximum flexibility and efficiency in
FLIM imaging.

Fig. 7 Definition of FLIM acquisition
time. We can choose from one of three
ways to determine the FLIM acquisi-
tion time: 1) We can explicitly state the
duration of each image acquisition.
2) We can define the number of itera-
tions or “Repetitions” per image, or,
3) we specify the maximum number of
photons in the brightest pixel. This lat-
ter automated brightness control op-
tion is particularly useful in guaran-
teeing constant photon statistics (and
brightness) throughout a z-stack or a
lambda series.
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done. In SymPhoTime we can display the lifetime  a number (Fig. 9, ®). We do the latter and set
distribution (Fig. 9, ®). Both by its two maxima the upper and lower bounds to 0.5 ns and 1.2 ns,
as well as the coloring of the FLIM images we respectively. Clicking on © (Fig. 9) applies these
can clearly distinguish two different species. To  settings to all images which belong to the stack.
maximize contrast we can set two cursorsinthe For publication purposes we can export the im-
lifetime distribution viewer (Fig. 9, @) or type in  ages in common file formats (Fig. 9, 0).

Fig. 8 Step 3 of FLIM wizard. Set up of
FLIM series and duration of FLIM ac-
quisition

[ Overview 7 Setup Imaging _~_Setup FLIM

Fig 9 Distribution of average lifetimes  |r st sewch sen 0 v s soptng wandows wence 1 @
in SymPhoTime software. The user can | 2 © & & sagExnccepio|iLEiEee B G E]<4s

rescale the look-up table for lifetimes oo _&” ek (Ll L SR

-

and apply these settings to multiple im-
ages in one stack. e SOw T shedowf0 3] T Hgten[1e 3] S, 5 0.

Eroe s || eron [127 <] TiveBus T 2] a0 5] b poimgthor:  (10) 5 3

e (Hussroncse 0on, oS 990 MO0 744

= PPl 6114 Oursee 09 103,000 o
@Poler 2 6, Corzax [¥) 17,521 pn
EBPoter 2 6. Intemsiy 13 Court
BEPoler_z 6. M. Litet. 20667 ne
HBPolen 2 6. [FER]
[BFuter_2 6. Amgl 1 -
BBFuter_2 6, L 2 =

= []FPoter 27 ampt 2

+ PPl 2 7_1.p0 [F ] =

PPl 2 7 20 Al 3 =

+ MPober_2_7_3p Lot 4

+ FPolen 2 7100 Auret 4 =

* [Foler_2 7 S0 Backg, -

* [Fuler_2_ 7Bl

= FPolen 2 7700
@Foter o T,
BFolen_2 7,
BFolen 2 7,
Pt 2 7.

w PlPoler_2_T_Bpl Eiby Unee I om0 2] rn|w o P Overall F Aves LT W Exl B Ex2 W Ens W 0o

= P2 7 390 Cokon Code =
=w;- ﬁ femoprtiome 7] £
ngmm (|] £ I s
[Folera 7, 2 P - =

= PPuler_2_ 7104 gm F Upslin {12 3| m

= PPober 2711 'm' @ Delres Cobours._

 BPoter_2_T.121 -l e |

& WPsee s 134 75l Tetsruiy Moshision

= PlPaer_2_7 10y . - I o el

= WP oer 7 154 05 n 15 20 25 EL] E 40 45 50 I Lovetint [ 3]

- Ay — A |

.Mg‘g:_ Sivs (4} | 135,817 ym | 1B$17ym Pk iy} | 2% | 2% Zoom| 1:1__ Tineper Pt | 0013 s FLIW =

o e _'IJ
TR Sige PO YE [ T80T um (135307 wn  Paoels pe [ 356 [(26 Zoeen| 101 Time pes Piost 001 3ma__ [fast FLIK

6 Confocal Application Letter



Functional interactions

So far, we mostly used FLIM as a label-free con-
trasting method, which is a good tool to study the
3D topology of a sample or distinguish different
structures. But now that we have got all play-
ers on stage we can take the next step and ana-
lyze the fluorophore composition in an unlabeled
sample in more detail. We remain in the plant
kingdom and study the interactions between the
host tissue and a pathogenic fungus inside a to-
mato fruit.

We record an overview image using 405 nm exci-
tation. Invading fungal hyphae,chromoplasts, and
some (putative) parenchymal tissue are clearly
visible. Using a broad detection range from 413 —
766 nm a poorly contrasted intensity image is ob-
tained (Fig. 10 A). The corresponding FLIM image
dramatically highlights the wide range of lifetime
species present in this sample (Fig. 10 B). Very
prominently chromoplasts (colored in blue) dis-
play a lifetime around 0.5 ns. The main constitu-
ent contributing to this short lifetime are possi-
bly carotenoids (compare spore example above).
The invading hyphae are contrasted by their cell
walls showing rather homogenous lifetimes.
The autofluorescence of cell walls appears at
around 0.9 ns, clearly shown in Fig. 10 B. The
central structure in Fig. 10 B represents a part of
parenchymal tissue left during the preparation.
It has a lifetime which is distinct from the other
two structures in the image. Evidently, all struc-
tures are intricately interwoven and the sample
contains a wide range of different lifetimes. As
in most biological samples autofluorescence is
given rise to by a multitude of biochemical spe-
cies. How can we disentangle this inherent com-
plexity?

Label-free FLIM

Fig. 10 Hyphae of pathogenic fungus
invading host tissue of tomato fruit.
The fungus had afflicted the joint at
the base of the fruit leading to subcu-
taneous lesions. The skin was gen-
tly peeled off and its inner face was
studied by FLIM using 405 nm excita-
tion. Intensity image (A) showing ROls
used for quantification and FLIM image
(B). Functionally different structures
like chromoplasts, hyphae and paren-
chyma display clearly distinguishable
fluorescence lifetimes as visualized in
false-colors (blue, green and yellow,
respectively).

Fig. 11 Spectrally resolved FLIM image
series (A) and single cell of fungal hy-
pha (B). A FLIM lambda stack was re-
corded in 7 contiguous wavelength
bands at 50 nm width each from 415
nm to 755 nm. The central wavelength
is given in white. Different components
light up selectively in different spec-
tral bands. Some show strong spectral
overlap between, for example, fungus
and parenchyma. underlining the in-
herent complexity. (B) reveals subcel-
lular detail inside the hypha contrasted
by FLIM.
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Fig. 12 Normalized intensity spectra
(=Vis-spectra) of chromoplasts (blue
line), fungal hyphae (green) and paren-
chymal tissue (orange). Colors corre-
spond to ROIs shown in Fig. 7 A. Strong
overlap makes it impossible to sepa-
rate all autofluorescence components
spectrally only.

Fig. 13 Fluorescence lifetime spectra of
chromoplasts (blue line), fungal hyphae
(green) and parenchymal tissue (or-
ange). For each region of interest mean
lifetimes were determined and plotted
over wavelength. Colors correspond
to ROIs shown in Fig. 7 A. Each life-
time component stays rather constant
within the spectral range defined by its
underlying fluorescent species (pla-
teau in each curve). Outside this con-
stant range contamination with other
species leads to a distortion of detect-
ed lifetimes.
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Intensity spectra
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Spectral separation

As a first approximation we can try to spectral-
ly separate the different fluorescence compo-
nents. To do so, we can record a FLIM lambda
series using internal SP detectors (Fig. 11 A). The
autofluorescence of both parenchyma and hy-
phae show a strong overlap, as evident from im-
ages ranging 440 — 590 nm (central wavelength).
The fluorescence from chromoplasts still ap-
pears to be contaminated at 640 nm and above.
We can make the interpretation more quantita-
tive by plotting fluorescence intensities against
wavelength (Fig. 12). To this end mean intensi-
ties are read from the intensity image. For each
different structure regions of interest (ROI) were
selected as shown in Fig. 10 A (for details please
refer to Application Letter 35, FLIM-FRET). The
lifetime distribution histogram contains all pho-
tons belonging to a given ROI. So its integral is
equivalent to the intensity in this region. Thus,
for each ROl and each wavelength band the
lifetime distribution is exported in ASCII format
from SymPhoTime and the photon numbers were

summed up resulting in 7 detection bands x 3
ROIs = 21 intensity values. These were plotted
over the corresponding central wavelength to
result in the intensity spectra shown in Fig. 12.
The spectral overlap between hyphae (green)
and parenchyma (orange) becomes very obvious
here, particularly from 440 — 590 nm. Some spec-
tral overlap above 640 nm also prevails between
fungal hyphae (green) and chromoplasts (blue).
So, a purely spectral separation of all compo-
nents as in traditional fluorescence microscopy
is impossible. This is one of the main reasons
why autofluorescence is dreaded by many
microscopists.

Lifetime spectra

We are, however, in the position to make use of
lifetime information as well, we even have the
data already available. The lifetime histograms
which were exported before can be interpreted
by their mean or median lifetime. Here, the most
frequent lifetime was determined as the mean
lifetime and confirmed graphically as the (single)
peak in the histogram of lifetime distributions
as displayed in SymPhoTime. So, again we ob-
tain 7 values per ROl which can be plotted as a
function of wavelength (Fig. 13). The structure of
these fluorescence lifetime spectra differs from
the intensity spectra in that there are no clearly
defined peaks. Rather, the lifetime remains close
to a maximal value over a much larger wave-
length range. While this confirms the robustness
of fluorescence lifetimes we still need to use ad-
ditional information when it comes to separating
all the species. The next paragraph will outline a
strategy how to do this.



Fluorescence lifetime fingerprinting

We still have not made full use of the data which
we obtained so far. To produce Fig. 12 and Fig.
13 we aggregated the data either to obtain the
integral of all photons (as for the intensity spec-
tra) or we used the mean lifetime to produce
Fig. 13. What we really have here, however, are
photon counts as a function of both wavelength
and lifetime. Consequently, we could use the life-
time distribution data to generate a table (or ma-
trix, mathematically speaking) containing these
function values. A convenient way to visualize
such a data set is a two-dimensional contour
plot. This was realized in Fig. 14. Here, photon
counts are color-coded (i.e. dependent variable)
and x- and y-coordinates represent wavelength
(i.e. different images in the lambda series) and
fluorescence lifetimes, respectively. For each
ROI seven lifetime distributions were exported
(corresponding to each wavelength band) and
hence, for each ROl a 7 (wavelengths) x 103 (life-
times) matrix was obtained. All three ROls were
summed to underline their relative positions in
the lifetime-wavelength plane. Each sum of life-
time distributions likewise stands for one col-
umn in this diagram. The sum along the y-axis
would result in the total intensity spectrum. All
three structures, chromoplasts, hyphae and pa-
renchyma, can be separated in two-dimensional
parameter space. The spectra are seenin Fig. 14,
A-C. In this way it is possible to identify fluores-
cence species corresponding to subsets of this
data space. Each peak constitutes a fingerprint
reminiscent of protein bands in 2D PAGE analy-
sis. With both fluorescence lifetime and spectral
information combined we have a tool at our dis-
posal which reveals much more about the origin
of fluorescence in complex mixtures than previ-
ously possible. Such multidimensional data sets
are now generated using the SMD series in a
straightforward way. The data is just waiting to
be mined.

Lifetime [ns]

Lifetime [ns]

Lifetime [ns]

Label-free FLIM

2D Lifetime spectrum of chromoplasts (counts)

540 590 640 690 740
Wavelength [nm]

2D Lifetime spectrum of fungal hyphae (counts)

550 600 650 700
Wavelength [nm]

2D Lifetime spectrum of parenchyma (counts)

540 590 640 690 740
Wavelength [nm]

Fig. 14 2D lifetime spectra of chro-
moplasts (A), fungal hyphae (B) and
parenchyma (C), respectively. For each
type of structure seven lifetime distribu-
tions were exported (corresponding to
each wavelength band). Lifetimes were
scaled from 0 to 3.5 ns and subdivided
into 103 discreet values. The resulting
matrices were visualized individually
using external software. Photon counts
are color-coded. Three distinct peaks
are discernible corresponding to each
structure found in the sample.
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Autofluorescence — from curse to blessing?

In this application letter we roughly outlined the
potential of autofluorescence imaging in con-
junction with FLIM. This is by no means intended
to replace extrinsic labeling with conventional
fluorescent dyes. Those have evolved towards a
much larger quantum yield and molecular bright-
ness while usually having a more narrow emis-
sion spectrum than most autofluorescence spe-
cies. Nevertheless, this application letter intends
to demonstrate that autofluorescence can com-
plement fluorescent labels in FLIM imaging as it
is much easier to separate fluorescent species
using lifetimes than spectral detection alone.
Moreover, in some cases, it can even be used to
identify multiple functional substructures.

Potential clinical outlook

FLIM makes elegant use of autofluorescence, so
it can also serve as label-free contrast in tissue.
As reported by Gallety et al. (1) FLIM is capable
of providing contrast to fresh biopsy samples
where it can help to distinguish precancerous
neoplasias from neighboring tissue. Still, re-
search has to be done exploring the parameters
and molecular species which define these dif-
ferences. The utility of FLIM in this field has been
demonstrated, so it may develop into a more
common tool for clinical research in the future.

Information-rich imaging

2D lifetime-emission spectra allow research-
ers to dissect the overlapping contributions to
overall fluorescence along the dimensions of
both lifetime as well as wavelength. Each auto-
fluorescent species can be identified by its po-
sition and intensity in this parameter space like
a fingerprint — with much less overlap than us-
ing either wavelength or lifetime alone. By work-
ing out the fingerprints of a larger number of
autofluorescent species researchers have the
opportunity to obtain much more informative
images: Every region of interest contains the in-
formation which was formerly only available by
using a larger “zoo” of spectroscopic devices.
Therefore, it is now possible to measure many
biophysical parameters in the same sample in a
spatially resolved fashion — in a comparatively
short time.
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