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ABSTRACT

Novel proximity-type Time- and Space-Correlated giinPhoton Counting (TSCSPC) crossed-delay-line){nd
multi-anode (MA)-systems of outstanding performamecel homogeneity were developed, using large-asgactbr
heads of 25 and 40 mm diameter. Instrument respiomstions IRF(space) = (60 = fn FWHM and IRF(time) = (28
+ 3) ps FWHM were achieved over the full 12°canea of the detector. Deadtime at throughput 6fcp8 is 10% for
“high-resolution” system and 5% in the “video”-syst at 16 cps, at slightly reduced time- and space resaiuti
fluorescence lifetime of (3.5 * 1) ps can be recegefrom multi-exponential dynamics of a singleirly
cyanobacterium Acaryochloris marina).The present large-area detectors are particulasgful in simultaneous
multichannel applications, such as 2-colour anigmtror 4-colour lifetime imaging, utilizing dual+ guad-view image
splitters. The long-term stability, low- excitatigmtensity (< 100 mW/cR) widefield systems enable minimal-invasive
observation, without significant bleaching or pritoamic reactions, thus allowing long-period oba&on of up to
several hours in living cells.
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1. INTRODUCTION

Widefield-TSCSPC is the minimally invasive imagingriant of standard scanning-TCSPC (time-correlatiedle
photon counting), frequently used in FLIM (fluoresce lifetime imaging microscopy), distinguished \mry low-
excitation levels that allow simultaneous multichaly long-period observation of living céffs. This method uses
widefield MCP-PMT (micro-channel plate photomuligsl tubes) detector heads with space-resolving esosuch as
linear or crossed delay-line (DL) or charge-sepagaguadrant- (QA) and multi-anodes (MA), where tinging signal is
derived from the MCP stack, resulting in excelllRIEs (instrument response function) for time andcgp This MCP-
timing had been developed by EuroPhoton GmbH adg Eid and implemented in the linear-DL and firsh ®Qystem,
thus representing a clear advantage over previthsnses” that employed anode signals. TSCSPC systems arel no
widefield-FLIM applications were developed by Eunofon since 1995, initially applying a proximity head with
linear, internal DL (Eldy Ltd.) for time-resolvegexctroscopy with an IRF(time) = 50 ps FWHM and rdagenon-
proximity QA system with auxiliary ring-anode (Kinatov Institute) for 2D imaging with IRF(time) = A%s FWHM
and IRF(space) = 80 — 126m FWHM (deterioration at edge). After introducingopimity heads (Photek Ltd.,
Proxitronic GmbH), IRF(time) = 28 ps FWHM and IRpé&se) = 60nm FWHM over the full detector area were
achieved, as described in the present work, usiteyreal DL- and MA-anodes, based on the Inducticethdd™. The
time-resolution of present imaging TSCSPC detedtovery close to the best obtained by TCSPC2Rgps FWHM?2
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2. THE TSCSPC-METHOD AND ITS DETECTORS

We present results obtained by the latest generaifostate-of-the-art widefield imaging detectoos ficro- and
macroscopic applicationsSFSCSPCis a background-free (TOcts/pix/s), non-scanning, minimal-invasive imaging
method, yielding currently 1300x1300 pixel of highality fluorescence dynamics (up to 4 componeuwitsinsurpassed
dynamic range (> ) with IRF of 28 ps FWHM for time- and 68m FWHM space-resolution, resulting in 3 ps time-
resolution at the diffraction-limit. TSCSPC is tineaging variant of the classical TCSPC meftipdsing imaging anode
readouts. TCSPC and TSCSPC are still unsurpassaatyiniring highest-quality fluorescence lifetimeajavith down to

2 ps time-resolution after deconvolution. The dleesadvantages of a non-scanning widefield miaspgcenvironment
can be fully exploited by applying widefield MCP-AMletector heads with up to 40 mm diameter of actirea (Fig.
2). Proximity-heads (Fig. 1) have much reducedsitaime spread, resulting in much smaller FWHMRIF(time).

Multi-Parameter Acquisition of Single Photons
hv = [X, Y, Dtrac, taps | em Multi-flags]
Xy = spatial coordinateftensity image
Dtrac = laser-correlated time differenges/ns fluorescence dynamics
taps = absolute arrival timdracking of ms diffusion and blinking of single emliles
| em = €mission wavelengttime-resolved emission spectra
multi-flags = position of shutterster-wheel, dichroic turret, CCD-camera, etc

Scheme 1. TSCSPC and simultaneous acquisitionvefraleparameters in list- mode. In replay-mode display of
combination of parameters is possible and simaltas synchronised acquisition in several char{eetsssion colour,
excitation wavelength, CCD-camera, etc) is achieved

Detector calibration data will be presented of hiogel proximity large-area TSCSPC systems and cosapt that of
the QA-system. Several application measurementsjraal previously by the non-proximity QA-systenig(FL), will
be presented together with crossed-DL and MA resflthe novel proximity systems.

Figure 1. Comparison of non-proximity (Kurchatowstitute, top) with proximity (Photek, bottom) versi both with internal
QA/ring-anode. The protective rubber shield is reetb to expose the ceramic body, housing the auxilimg anode
(patentedf). Note that five vacuum throughputs are requirattie anode. The diameter of the active imagieg & 25 mm,
each. The successor of the QA-model is the MA- lowBriant with much improved image quality and tinesolution.



Figure 2. Proximity 40DL TSCSPC detector head of Bkatd, using an internal Ge-anode together witteral DL or MA
(Fig. 3, 4). The diameter of the active imagingaai®40 mm. No anode signal cables are requiresthjtieg in a very robust
construction.

Novel anodes, laser-microscope coupling in widefield dete systems, fitting considerations, minimal-invas
acquisition, and calibration measurements (timagsplong-term) will be presented in the followsegtions.

2.1. Novel Widefield Imaging Anodes
In recent years, novel internal (Fig. 3a) and ebk(Fig. 3b) MA have been developed, next to Dbdes, adopted to

the particular detector Ge-heads used (Fig. 4)hBaternal and external MA achieve similar perfonoa (Fig. 5),
where the internal MA is handicapped by the higmber of required electrical contacts.

Figure 3b. Diverse external MA configuoatens: (i) early experimental QA with ring (topghtt), (i) 9-anode with central
anode (left), (iii) 3x3 MA (bottom). Invented at EdPhoton (patent pending). Fig. 5 (right) is digplg early results with
excellent space resolution.



Figure 4.Variant of crossed-DL anodes, following the orididasign by Roentdek Ltf, using same-size x- and y-elements,
positioned on same side of the anode. Excellertespsolution with perfectly circular hole-imageasmbtained (Fig. 5, left).

2.2. Two principles of TSCSPC operation

Measurements of (i) time-differences (DL-anode, Bigand (ii) charge-separation on individual aro@@A/MA, Fig.

3) are performed. Consequently, two different s#t®lectronics are required and modules from RaEnt@mbH,

Fastcomtec GmbH, Canberra Ltd, Kurchatov Instiartd EuroPhoton GmbH are in use, where identicah&sels can
be utilised for both types of anodes.

2.3. Laser-microscope coupling

Several ps/fs lasers of (1-20 MHz) were coupled $iameously to the TE2000 microscope by EPI and T(R&l
internal reflection fluorescence) optics (Fig. 9,Mide-field laser-microscope coupling requieekaser beam expander,
two adjustment-mirrors and a tube lens for centened collinear laser-microscope alignment and taklyi prepared
fluorescence microscope (modified body witlf-@@ned dichroic mirror or the Nikon TE2000/sucae$sObservation
of the changing Airy-pattern upon focusing/defoogsihe image of the excitation laser (reflectedfscad from a
mirror) is required and walk from the image cergheuld be absent. Such coupling results in IRFshasvn in Fig. 6,
free of any significant pre- and afterpulses ttat be used in deconvolution fitting over the futhé range, including
the rising part induced by laser excitation. TIRBupling utilises the Nikon TIRF fibre-port, locatéd a second
dichroic-plane of the TE2000 (Fig. 10), which cam dbserved in an alternating fashion with the E&t-pvith both
ports illuminated by different lasers, if required.

2.4. Nonlinear least-square fitting: the TSCSPC sysm-quality parameter D&

Fitting in the present work is performed includithg full rise by laser excitation of the fluorescerdynamics (Fig. 19).
This feat is possible of an adequate laser-micqps@mupling is achieved (Sec. 2.3). The IRF is aeduwsing a front-
face mirror with scratches for proper focusing. Tdrag-pass cut-filter is replaced by a suitable banof neutal density
(ND)-filters. When working with the QA system, anthione or erythrosine IRF was acquired from agsesalution
and observed through the desired bandpass filteeference-deconvolution fittidg In contrast, DL- and MA-systems
are free of colour-dependent IRFs and the mirrothoek works perfectly well in this case. Globals ithited and SST
global software was applied for comparative nomméast-square global analysis. Quality controltlef system
alignment was performed by comparative 1- and Ze&ptial fitting of a well-known 1-exponential clnmophore
(R6G/ethanol) in homogeneous solution, using aimoped magic angle alignment. System quality patemec? e =



0.05, could be achieved at*iieak counts and 4.000 time channels, whérg,, - C%.exp = DCer. Any additional decay
component that is improving the fitting by cleanfipre than 0.05 (e.g., 0.1), can be taken as béjngfisant, therefore.

2.5. Minimal-invasive acquisition

Image acquisition at ultra-low excitation intensdtiin fluorescence microscopy was pioneered irlaheof Maite and
Jacques Coppey-Moissan around T89@vith excitation intensities fOtimes less than standard. Consequently,
observation of AO-intercalation in DNA, free of t@tigions by photodynamic reactions by AO, was pgussiln the
present widefield FLIM data 5-100 mW/énare used, about iGtimes less than occurring in scanning-FLIM
experiments, rendering it particularly useful falidate samples. In photosynthesis studies, amauidil-free acquisition

of sensitive photosynthetic systeffis (Fig. 14) is possible and long-term observatiompto 10 hours is demonstrated
in the non-bleaching environment, using high-stgbdlectro-optical systems (Fig. 7).

2.6. Calibration and system parameters of widefield SCSPC detectors

This section presents calibration measurementheohovel detectors that were performed for (i) spasolution, (ii)
time resolution, (iii) long-period stability, (iMRF colour-dependence (50 ps throughout visiblgeaior QA and < 5 ps
for proximity detectors), (v) throughput (1.2X¥1€ps), and (vi) homogeneity (< 10% for full area).

The overall TSCSPC-FLIM systems were designed aadufiactured by EuroPhoton and are commerciallylaviai.
The present versions are based on the Inductiohdd@étreadout and uses an in-house built crossed-DLegrizabed on
the original design by RoentD®kas well as external-MA developed by EuroPhotatdpt pending). MA-electronics
were jointly developed with Kurchatov Institute it the EC project “SingleMotorFLIN”. The Germaniutetector
heads were from Photek Ltd and Proxitronic GmbH laadi 40 and 25 mm diameter bialkali or S20 photudg with <
20 cps and < 100 cps dark counts for the full 15 enf area, respectively. The MCP-timing DL-readout &tetics
consisted either of an optimized combination of iRdek, FastComtec, Canberra, and EuroPhoton NIMufesd*high-
resolution” model) or of Roentdek’s ATR19 (“videwibdel). The MCPs of the 40 mm detector hadmiOpore size and
achieved world-leading instrument response funstitRF(space) = 60 + Bm FWHM and IRF(time) = 28 + 5 ps
FWHM for widefield TSCSPC detection, over the fidl cnf area of the detector. The deadtime at throughpl®bcps

is 10% for “high-resolution” system and 5% in theideo”-system at 10cps, at slightly reduced time- and space
resolution. The present high-resolution systenesighed for minimal-invasive applications at lovwciation intensities
(< 100 mW/cr), operating at a collection rate of*16ps and 10% deadtime, but 3.5%Xps are possible, where
deadtime is not critical. A near-video system islavelopment that can achieve > tfs at < 10% deadtime, sacrificing
super-resolution for time and space. Deadtimedgtrcentage of time, where the system is unaldedaire photons.

(a) Space- and time-resolutionfig. 5 shows the results, obtained by an optiealch, used for determination of space
resolution, employing a custom-made projection m&§k70 + 5nm were measured (Fig. 5, left), resulting inrfii
space resolution after Gaussian correction withitkdependently determined real size (M) of the projected holes,
using a Nikon D40 camera (7m8n resolution): (68— 40)*? = 60nm. Alternatively, the front exit of the Nikon TE200
was used, with the 40DL attached to a 2.5x magmifyadaptor, in order to cover the full 12 Tarea of the
photocathode. The microscope calibration target avasstom-made 2D array with 0.5 — 20 hole diameter at 5-20
mm separation and up to 2x2 mm field size, to achi@40mm diameter projected area with sub-resaldicuctures,
e.g., 1mm holes at 10 spacing, together with a 10x objective and a 2dxera adaptor, yield 2Bn holes at 250m
spacing on the photocathode over a projected dré@ cnm diameter. lllumination was Kéhler-optimizednsmission
light, attenuated by additional ND filters. Focalriss were applied to determine the real camerasfdlat does not
necessarily coincide exactly with the ocular focus.



Figure 5. Analysis of space-resolution of the 408stem (left): 60 + Bm for full area and slightly higher for the extdr8a3
MA (Fig. 3b) system (right), using jointly-develapelectronics from Kurchatov Institute (E.V. Turpi€ustom-made hole-array
masks were used. &n FWHM corresponding to about 1300x1300 pixel @GD camera.

Figure 6. Time-resolution with IRF = 28 ps FWHNIhe selected ROI (region of interest) should be gengll, in order to avoid
broadening of IRF, due to lateral diffusion of eteot across the MCP. This IRF is able to resolve [ffgtimes (Fig. 19).



(b) Long-Term Stability: long-period observation (LPO): at low excitatiorteinsities (< 100 mW/cfjy minimal-
invasive observation over several hours is possilerequisite for LPO is a high-stability electptical system (Fig.
7), including microscope focus that can displayyvemall time- and intensity jitter. Within 7 houod continuous
acquisition, the time jitter was less than 11 ps e amplitude jitter less than 2.5% (see Fig. 7).
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Figure 7. Pre- and afterpulse-free IRF on expanded &xis: 40 ps + 5 FWHM. Long-period-observatia® @) of up to 10
hours, showed excellent stability of 10 ps timiagd 2.5% intensity-jitter over the full detectoear Note that the “shoulder” is
typical for MCP-PMT systems. A-Y represent curveguied at 17 minutes time interval.

(c) homogeneity:homogeneity was better than 10% for all the relepanameters, within the 12 érarea of the 40 mm
diameter detector area (not shown). Global analffyimulti-exponential fluorescence dynamics showedrmsistency of
< 1%. The IRF in Fig. 7 displays a variation of pdonly over the full detector area.



3. MULTICHANNEL WIDEFIELD FLIM

Simultaneous 2-ch acquisition is commonly used wittall-area detectors, such as CCD cameras, agpgimmercial
modules like OptoSplit (Cairn Ltd.) or DualView (€@gal Insights, LLC), as schematically shown in Ry Required
adaptation to large-area detectors of 25-40 mm eli@nwas jointly performed by Cairn Ltd. and Eurofeim GmbH.

idefield TSCSPC detector

plitting

mirror .
/ / mirror

| | synchronised filter wheel

Figure 8. Multi-Channel Acquisition of single phot basic scheme for multi-channel imaging, usirsgléting mirror (such as
in dual- and quad-imagers) together with a synuisea filter wheel.

Multichannel acquisition such as 4-channel simdtars or 8-channel pseudo-simultaneous observaideasible by
the configuration in Fig. 8, using a quad-imagehe Tplitting mirror can be a dichroic, 50:50 inignsnirror, or a
polarization splitter. Two excitation lasers can dmupled by an external dichroic and equipped wsighchronized
shutters, where individual diode stop pulses asal dsr both lasers. In addition, microscope emissilber wheels and
dichroic-mirror turrets can be synchronized witlqaisition electronics and excitation lasers. Bighows the versatility
of a classical widefield microscope periphery, vitiree detector systems being coupled by beantesplit

The quad-imager for multi-channel FLIM has beendali@wed by EuroPhoton and Cairn Ltd. and is holdiiter two
dichroic mirrors for 4-colour splitting (Fig. 12 @ri3) or one dichroic plus one polarizing splifir simultaneous dual-
anisotropy imaging (Fig. 17). The quad-imager canrdéplaced by an imaging polychromator (Fig. 1@yuiting in
multiple time-resolved emission spectra along thage diagonal (Fig. 14). An application to photdbkgtic bacteria is
shown in Fig. 19-21.

Pseudo-simultaneous observation, where a synclafilser wheel is switched between different staat down to 50
ms time-intervals, is completely satisfactory foe bbservation of slow processes. For the observaf fast processes
in two or more emission bands, however, truly stamgous multi-channel observation is required,qudimal- and quad
imagers.



Figure 9. Demonstration of wide potential and viiiigaof multi-detector widefield configuratioi§ using the classical periphery
of a widefield microscope set-up. Three DL- or MAtektor systems, two of which are equipped withuadldimager and an

imaging polychromator, respectively, are coupledsiogple beam splitters. A Nipkow disk, for exampian be employed in the
widefield TSCSPC system.

Quad-imagers for large-area detectors can produgeifhages of about 18x18 mm each that can be avoaiaited on
the 40 mm diameter detector photocathode, resutifggher image quality, when compared to a 25 datector. Fig.

9 shows a schematic combination of three detegstems, depicting the potential of synchronizedl-diegector use,
such as a full-area TSCSPC imager (top) togethtdr an imaging polychromator (left) or quad-imageght) Fig. 10

shows the very useful combination of a quad-ima&yerdystem with a synchronized colour-CCD. Fig. Lingnarizes
the potential combination of polarization and celobannels, available in dual- and quad-imageresyst Fig. 12 shows
details of a quad-imager, set up for simultanedaseovation of four emission bands, using two exgkable dichroic
mirrors, where the second mirror is of the dualebeariety.



Figure 10. Nikon TE2000 with dual-laser, dual ogtigath tube, dual-detector and Quad-Imager setup.

Figure 11. Multi-channel widefield-TSCSPC: simultane 2- and 4-ch methods, as well as pseudo-sinadtes 4-ch and 8-ch
variants, using a dual- or quad-imager and a symibed filter wheel.
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Figure 124-ch widefield spectral lefieTSCSPC. Bnultaneous 4-channel method for 4-colour or 2-
colour/2-polarization (dual-anisotropy) applicatidssing external filter-wheels or shutters, psesiultaneous 8-
channel acquisition is possible. Inset left: Holexg sample illuminated by white transmission mgoape light and

photographed at quad-entrance (see Fig. 10).

Figure 13. Coumarin test beadsnfh) with colour-dependent fluorescence dynamicse lftap-left) contains 415 nm scatter from
laser excitation. Inset right-bottom: colour-CCD iraagimultaneously obtained with DL-image (left) éydual CCD/quad-DL

system (see Fig. 10).



Figure 14. Imaging polychromator with a 40DL detecObserved are several single cells of A. Magneh as seen in Video 1
and Fig. 18, simultaneously observed by a colour-C&@mbera. Fluorescence dynamic curves (top-left) fitmree ROIs (bottom-
left) selected within the x-axis/wavelength plame displayed together spectral (top-right) andiap@bottom-right) integrated
profiles. The detailed analysis is displayed inufeg19-21.

4. SELECTED APPLICATIONS OF MULTICHANNEL WIDEFIELD- FLIM

4.1. FRET-Verification and quantitative FRET

A wide spectrum of artefacts can be encoudterd-6rster resonance energy transfer (FRET) measents that are
limited to single-channel donor-observation in niyi cells: (i) A-dependence of donor radiative lifetime, (ii) non-
exponential donor dynamics, (iii) 100 ps contribatiby FAD autofluorescence, (iv) over-expressiom aimer
formation with reduced lifetimes, (v) photodynanm&actions, even during focusing, (vi) asymmetrigpression or
preferential loss of donor or acceptor, (vii) atheSo, at least two dynamic channels (Fig. 15¢ttogy with the intensity
ratio of donor and acceptor are required for mimmRERET-verification. For advanced quantitative FREldies dual-
excitation of the acceptor is a powerful tool todst the donor-acceptor FRET complex (Fig. 16),sasimultaneous or
pseudo-simultaneous dual-anisotropy acquisitiog. (Bi7) or DAS spectroscopy, available in a polgcmator system.

A true rise of the acceptor dynamics (Fig., e of IRF- artifact effects, is a clear pro6HRET but the absence of
such a rise cannot be taken as an indication fa&T-Rbsence, since fluorescence rise is frequettbgured or even
over-compensated by fast decay components thab@weed in the acceptor dynamics, when the accdygimig part of
the FRET-complex (Fig. 16).



Figure 15. FRET-Verification: donor decay-time = eutor rise-time. Dual-FRET in living neurons: 24Kisaphir-DsRed
construct (sample from R. Hartig and W. ZuschratfelfN). QA detector and 440 nm diode laser with IRA80 ps FWHM.
Two FRET components of 0.43 ns and 2.2 ns coulégaved in decay and rise by global analysis.

Figure 16. Dual-laser excitation of YFP acceptottie CFP-YFP FRET-complex, showing the differencdasér- and FRE-
excited acceptor dynamics, obtained by alternafidgser excitation for pseudo-simultaneous obsematyielding important
information, when quantitative FRET is desired.



4.2. Dual-Anisotropy Imaging

Simultaneous acquisition of parallel and perperidity polarized fluorescence dynamics in two entissbands is
extremely useful, e.g. in simultaneous observadRRET donor and acceptor anisotropy fluorescetyremics (Fig.
17).

Figure 17. Dual-Anisotropy Imagingsimultaneous dual-polarisation- (dual-imager) corab with pseudo-simultaneous dual-
colour-observation (synchronized filter wheel). ekiatively, simultaneous 4-ch dual-anisotropy imggtan be achieved by the
novel quad-imager (Fig. 11-12). Cameleon was afigifn J.W. Borst!, and had been stored in the dark%€5or several months,
resulting in potential annealing effects.

Dual-colour anisotropy imaging can be useBRET-alternative in studies of protein-complex fatimn, when small
proteins (with moderate rotational times) are ladddy small chromophores.

Observation of homo-FREwith its short depolarization times can be appfidmonitoring protein aggregation in
living cells and can be observed in multi-exporedranisotropy decays, in addition to classicaltiotel times of up to
about 100 ns.



4.3. Photosynthesis Studies

Minimal-invasive studies by widefield non-scannisgstems are of particular value in examinationigifittsensitive
samples, such as photosynthetic systems that ane po singlet-singlet annihilation and other plgttamic reactions.

In photosynthetic organisms the fluorescence ismipamitted by the pigments of the light-harvestBygtems whose
function it is to collect the light and to funnéktabsorbed energy via singlet—singlet excitatiergy transfer (EET) to
the reaction centers of Photosystem | and Il (P8Sl,Il) where it is used to drive photosynthetghtireactiong,. In
green plants these pigments are mainly chloroplf@id a and Chl b) which are located in membrangnisic light-
harvesting and core complexésCyanobacteria also have membrane extrinsic pliljjaiein (PBP) complexes to
utilize the light in the spectral ‘green gap’ oftlehlorophylls between 550 and 650°*inThe fluorescence lifetime
depends not only on the radiative and non-radiateeay channels of the excited singlet state cfetlemtenna pigments
but also on the EET between the pigments, on tgping of electronic excitation by the reactiontees and the
functional state of the PS Il reaction cefftein time-domain FLIM methods where the excitatisrperformed with ps
or fs laser pulses which are focused on the satmptbe microscope objective, the photon densitysisally very high.
In this case one has to take into account thetfettthe measurements can be drastically affeatedmly by processes
like photobleaching, carotenoid triplet accumulatiand photoinhibition but also by singlet—sindi8+S) annihilation,
which is known to drastically shorten the fluoresme lifetime in multichromophoric systefhdt can occur at high peak
intensities at the sample even if the average ligknsity is rather low. Due to their antenna eyst with large numbers
of chlorophyll molecules coupled by EET, photoswtih samples are particularly prone to S-S annibilaeffectg?

Video 1. Figure 18 shows colour-CCD image of indieidAcaryocloris Marina. Yellow frame depicts imagipolychromator
slit. Analysis is shown in Fig. 14 and 21.

Fig. 19-21 show théuorescence dynamics and its analysis of a nurab@icaryochloris marinaafter excitation at 415
nm. The cyanobacteriud. marinahas a unique composition of the photosynthetic egips, which allows it to survive
in environments, depleted of visible radiation amith enhanced NIR. It is the only known photosytith@rganism
which contains the far-red absorbing ChlorophyCéhl d) as the major photosynthetic pigment. In addittaalso has a
phycobiliprotein (PBP) light harvesting complex it special structure, which enables a much fa3@®P-Chl
excitation energy transfer (EET) than in typical @ltontaining cyanobacteffa The 630 nm fluorescence (Fig. 20 top),
which originates from the PBP complex of A. mariizsacharacterized by two main decay components hf@times of
16 ps and 77 ps. The 77 ps component can be adsigrthe EET from the PBPs to Céhl The 16 ps component is
observed here for the first time in living cellsAfmarina. In agreement with femtosecond pump-pralisorption



Figure 19. Annihilation-free, ultra-short lifetinnd 3.5 + 1 ps, displayed by living individu&@l. Marina,when excited at 415 nm.
This outstanding time-resolution is due to an IREround 30 ps FWHM (Fig. 6).

measurements on isolated PBP-complexes of A. afrithis component can be assigned to an excitati@rgy
transfer within the PBP light harvesting complekeT480 nm fluorescence (Fig. 19 und 20, bottondpisinated by a
decay component with a lifetime of 3.5 ps. Withreasing measuring time, the lifetime of this veagtfcomponent and
the quantum yield of the 480 nm fluorescence irs@eaThe origin of this “green” fluorescence reraambe clarified.
This photodynamic reaction (see video of Fig. $8nanifest in the emission spectra in Fig. 21 (tht).
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Figure 20. Two-channel FLIM measurement of the fiscence dynamics of a number of Acaryochloris maadyanobacteria
after excitation at 410 nm. Left panels: Fluoreseeintensity images of the 630 nm and the 480 nissom (top) and instrument
response function (IRF, bottom). Right panels: Fdsoence decay kinetics at 630 nm (top) and 480bmttofn) of the cells in

the marked area together with the instrument respéumction. Insets: Results of a 3-exp. fit ofdieeay curves.

To obtain information about the wavelengthetesd fluorescence dynamics of a number of indigldcells as a
function of the measuring time, the fluorescenceaafumber of individual cells was measured for 70.msing an
imaging polychromator in connection to 40 mm CDLted¢or. The fluorescence of the cells was simuliasby
monitored with aolour-CCD camerattached to a different port of the microscopée TCD camera data obtained during
the 70 min. measuring session are shown in FigantBvideo 1. According to this video the cells &ihat the beginning
a red fluorescence which is initially intensifiedngewhat. Later during the measurement the interdityhis red
fluorescence decreases and at the end of the 7énedsuring session, most of the cells exhibit amgfeiorescence. The
fluorescence dynamic of some of the cells in thkoweframe of Fig. 18 is summarized in Fig. 21. Th#&rescence
exhibits the fastest decay at 490 nm and the skodexay at 630 nm (see fig. 20 for an analysis).

Fig. 21 shows the observation of several sirglls in the yellow frame of Fig. 18 with thedhescence intensity plot
(wavelength vs. polychromator slit axis) in thet lednel. The beams radiating to the right repre@nfluorescence of
individual cells. The right-top panel represents fhuorescence spectra at three different timeshef measurement,
whereas the right-bottom panel shows the fluoresatynamics at t = 0 for the four different wavefgmintervals,
marked in the left panel. Note that the spectrahges (red-green transition) appear far less prarealin the red part of
the spectrum, due to the much reduced sensitiitigeobi-alkali photocathode used.
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Figure 21. Fluorescence dynmics in several singlis Acaryochloris marinaafter excitation at 415 nm, followed for 70 mirsite
and cut in three time slices. The data were obtliryeusing the imaging polychromator with a 40 Ddtettor.

4.4. Further Applications

(i) Long-Period Observation of Single Moleculas photocathode quantum-efficiencies af0%, observation of single
molecules (SM) becomes possible and observatioestimcrease from currently seconds to several hatinminimal-
invasive excitation levels: in TIRF-mode, single momers, dimers, and aggregates of adsorbed dyecuhedeon
surfaces could be distinguished by their typicahkdhg behaviour and fluorescence dynamics. Adsonfdesorption
and diffusion could be observed and tracked at Accaracy’.

(ii) Near-Video TSCSPGwith 1¢° cps throughput and almost zero deadtime, using¢hecrossed-DL electronics from
Roentdek, near-video FLIM is possible at very gtiote- and space-resolution. However, little is kmowat present,
about detector-head longevity and exact performpacameters. Early experiments at EuroPhoton iteligalecrease of
resolution by about two times only, still suffictefor the low-statistic data of the video syst&m

(iii) 2-Photon-Widefield TIRRvith minimal-invasive TSCSPC detection becomes iptssat > 100 mW near-IR
laser excitation and a field-of-excitation of c& @m diameter. Wide-field, minimal-invasive, switchabl- and 2-

photon excitation has been implemented at EuroRfibto
(iv) FLIN: Fluorescence Lifetime Imaging Nanoscopy (FLIM)ented at EuroPhoton GmBHis the combination

of TSCSPC-FLIM and PSF-localization with nano-resioh (10 nm)*.

(v) FLIN-AFM: novel video-rate hybrid-nanoscopy, FLIN-AFM, for apditative synchronous observation and
manipulation of both structure/topography and fiowality of surface-nanostructures of living celisd artificial
NanoSystems is possible, using minimal-invasivey-pmwer, widefield laser excitation and video-ré&tEN systems
with xy-cantilever scanning. The synergetic combara of non-scanning fluorescence lifetime imagimgnoscopy
(FLIN) and atomic force microscopy (AFM) enablemsitaneous acquisition of structural and functicimfbrmation
down to the 10 nm domain: quantitative functioryaié derived from the nano-environment of fluoreggerobes, using



FLIN, and correlated with the morphology of the géamobtained by AFM. The simultaneous applicatiéfLIN and
AFM results, therefore, in an all-encompassing tjtetive image of the NanoWorld. In addition to qtitative
observation, direct nano-manipulation and force sueament on surfaces of living cells and artificiaho-systems are
possible, synchronously monitored by FLIN. WidefiERET-AFM, in a FLIM-AFN variant, would be an edttive
method to independently verify Forster distanced abtain more information about the true FRET-campBD
structure.

4. CONCLUSIONS

We presented a panoramic view of divers novel whéinnel applications, made possible by novel lamge- widefield
FLIM detector systems, based on the TSCSPC technite non-scaning imaging variant of classical PCS 3ps
lifetime resolution in multiexponential decays Bspible at diffraction-limited spatial resolutidn. addition, macroscopic
applications such as ultrafast plate reading iroggos and proteomics, utilising lifetime informaticseem within reach
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