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Simultaneous acquisition of time and space information on the picosecond time scale became
feasible with a recent advance in microchannel-plate photomultiplier-tube (MCP-PMT) technology:
we present two novel MCP-PMT detectors for time- and space-correlated single-photon counting
(TSCSPC), featuring a space-sensitive delay-line (DL) anode and quadrant anode (QA), respec-
tively. The linear DL-MCP-PMT is characterized by a spatial instrument response function (IRF)
of 100-um FWHM, resulting in 200 space channels, whereas the QA-MCP-PMT is a 2D imager
with 400 X 400 pixels at 40-um resolution. The detectors have a temporal IRF of 75 ps (DL) and
80 ps (QA) FWHM, sufficient for 10 ps time resolution, at a dynamic range of 10° of the uncooled
detector. A throughput of 10° cps is possible; in the imaging mode without timing, the QA-detector
can achieve 10° cps. We present time-resolved spectroscopy of DNA probes (DAPI, TOTO, C350)
in solution, in micelles, complexed to DNA, protein, and fixed cells. Aging of DAPI stock solutions
is reported. A polarity model for the photophysics of DAPI is proposed. First microscope lifetime
images on the picosecond time scale show a clear potential for dynamic stray-light rejection and
kinetic discrimination of probe—protein and probe-DNA complexes.
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INTRODUCTION

Simultaneous TSCSPC spectroscopy, based on
novel MCP-PMTs, was introduced recently.” By re-
placing the disk anode of a standard MCP-PMT with a
DL or quadrant anode, we gain access to space infor-
mation along x- and xy-directions, respectively. TSCSPC
is a variant of TCSPC,® a well-established method for
the acquisition of fluorescence dynamics on the picosec-
ond time scale of very weakly emitting sources that is
distinguished by its unsurpassed dynamic range. IRF's as
narrow as 16 ps can be achieved in single-channel 6 pm
MCP detectors, resulting in an effective time resolution
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of about 2 ps after deconvolution and indicating the ul-
timate time resolution of this technology.

EXPERIMENTAL

TSCSPC Spectroscopy Systems

Standard MCP-PMT and the novel DL and QA de-
tectors are of identical construction, with the exception
of the anode, as shown in Fig. 1. The determination of
the x-space coordinate in the DL system is based on a
measurement of travel time difference;® the xy-space in
the QA system, in contrast, by measuring charges. In
both detectors the incident photon produces a cone-
shaped cloud of electrons at the output face of the sec-
ond MCP that hits the DL or quadrant anode at a spatial
position identical to that of the photon. The electric pulse
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Fig. 1. Comparison of ELDY’s DL and QA detectors with standard MCP-PMT.

is split into two or four portions, by the DL or quadrant
anode, respectively. The two pulses of the DL system
are amplified, discriminated, and used as the start and
stop pulse in a time-to-amplitude converter (TAC), with
the travel-time difference indicating the x-position. In
the case of the QA system, the collected charges at the
four segments are amplified by charge-sensitive, shaping
amplifiers and read out by analog—digital circuitry and
software.®

There are two ways to gain the time information:
(a) a 2D multichannel analyzer (MCA), equipped with
transputer and local memory, calculates time and space
coordinates from the sum and difference, respectively,
of both TAC outputs in a convoluted scheme (DL);"
and (b) both TACs are independent and sum/difference
calculation is not necessary, and the timing information
is derived from an auxiliary pulse, drawn from the sec-
ond MCP, that is inverted, amplified, discriminated, and
then fed as a start pulse into a TAC, together with a stop
pulse from a photodiode as in standard TCSPC (DL and
QA Fig. 1). The best field data so far for the QA-system
are FWHM(Y) = 80 ps, 400 X 400 space channels, and
10° cps throughput. The present system has a resolution
of FWHM(xy) = 40 pm within the central 16 mm of
the total useful area of 24-mm diameter.® In the imaging
mode without time resolution, 10¢ cps can be obtained.

The standard 12 um MCP-PMT detector (Fig. 1,
left) can achieve an IRF of FWHM = 36 ps, indicating
the domain that might eventually be reached by DL and
QA systems.

Materials and Methods

POPOP, PPO, SDS, and spectrograde solvents were
from Aldrich, DAPI and TOTO from Molecular Probes,

C350 from Lambda, DNA (herring sperm) from Sigma,
A-DNA from Eurobio, and albumin from Bovine Serum.
Monkey kidney cells were grown as monolayers and
fixed at room temperature.

Second (385 nm) and third (257 nm) harmonics of
a Ti-Saph laser (Lexel) with a pulse width of 1 ps were
used for UV excitation (IRF FWHM = 75 ps) and an
argon ion laser of 150 ps pulse width for excitation in
the green at 514 nm (IRFWWHM = 300 ps). The time
window in most measurements was 10 ns at a time res-
olution of 10 ps/channel.

Two DL systems were employed: one for spectros-
copy, equipped with a polychromator (370-nm band-
pass), and one for microscopy, utilizing a modified Leitz
Orthoplan fluorescence microscope. Software for kinetic
global analysis was from Globals Unlimited.

RESULTS

Reference Systems

Figure 2 shows three kinetic reference systems,
used to characterize the performance of the DL detector
in Fig. 1. The contour map and global analysis of PO-
POP is shown at the top left. We obtain 7 = 1.06 =
0.02 ns, in agreement with the literature.” The retrieved
lifetimes of the individual space channels are within the
global error across the sensitive area of the detector;
slight deviations at the fringes are due to small back-
ground contributions that influence the lifetime at weak
signal strengths. The binary reference system PO-
POP/PPO is shown at the bottom left, demonstrating a
lifetime separability of 20%, i.e., 1.1 and 1.3 ns. Recov-
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Fig. 2. Reference systems. Top left: Contour map and global analysis
of POPOP/cyclohexane (undegassed), ¢, = 3 X 1075 M, ex = 375
nm, 1 ch(x) = 2.5 nm, 1 ch(s) = 10 ps. Time axis (5 ns), top to
bottom. Right: Contour map and three-exponential global analysis of
1 X 10-* M FAD in water with decay-associated spectra (DAS). Bot-
tom left: Contour map (top), integrated emission spectrum (center),
and 80-channel global analysis with DAS of the binary reference sys-
tem 3 X 10-¢ M POPOP/PPO in cyclohexane (undegassed), 1 ch(x)
= 2.5 nm. To avoid energy transfer, both species were mixed elec-
tronically, by repetitive exchange of two cuvettes during the acquisi-
tion. Background was fixed to zero.

ered lifetimes and vibrational structures coincide with
literature values.” Figure 2 (right) represents FAD as an
example of a three-exponential decay. Note the IRF of
375 nm excitation in the fluorescence intensity contour
map. Global analysis reveals three distinct lifetime com-
ponents, whose individual values of single-channel anal-
ysis fall within the error given by global analysis
(dashed lines). The deviations at the red side of the emis-
sion band are due to background contributions.
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Photophysics of DAPI

Figure 3 displays three contour maps of an aging
DAPI stock solution (methanol). The contribution of the
slow, 2.4 ns component at the blue side of the emission
band increases with the age of the stock solution and
amounts to 7, 18, and 42%, respectively, of the total
fluorescence intensity. Figure 3 (right) represents static
emission spectra, monitoring the progress of decompo-
sition at two temperatures and pH 5.3 in water. The dra-
matic increase in fluorescence intensity with time is
accompanied by a blue-shift of the emission maximum.
The insets show the corresponding first-order kinetic
analyses of product formation at 40 and 75°C. The de-
composition process at pH 3 is much slower, indicating
that hydroxy-catalyzed hydrolysis® is the cause of the
observed aging effect. It is recommended, therefore, to
keep the stock of DAPI at pH 3 (H,0/HCI) and 5°C.
Glycine buffer should be avoided, since the amino acid
tends to replace the NH, groups in DAPI, leading to
spectroscopically similar products of probably deviant
binding properties to DNA.

Figure 4 (top) shows the pH dependence of DAPI
fluorescence dynamics. The short component of 135 +
5 ps lifetime dominates the decay and is absolutely in-
dependent of pH for 1 < pH < 9./ The long-lived com-
ponent (7T = 1.8-2.4 ns; weakly dependent on pH end
A" at the blue side of the emission band is caused by
decomposition products of DAPI (Fig. 3) and overlaps
in emission wavelength and lifetime with the DAPI an-
ion, whose contribution can be seen in the three-expo-
nential analysis of the dynamics at pH 9.9. The
fluorescence dynamics at higher pH values is more com-
plex, due to the presence of two anionic species.®

Figure 4 (bottom) shows the analysis of the fluo-
rescence dynamics of DAPI in methanol-water mixtures.
The fluorescence dynamics in the various solvent
mixtures are strictly one-exponential (disregarding the
impurity contribution) and increase in lifetime with
methanol content. We observe an excellent fit (r =
0.995) when plotting the corrected fluorescence lifetime
against the polarity parameter, E-(30), strongly indica-
tive of a polarity model of DAPI photophysics.

We did not observe any fluctuations of the DAPI
fluorescence lifetime with pH for 1 < pH < 9, lifetime
distributions, deprotonation kinetics caused by water, or
ground-state conformational equilibria.

Kinetics of DAPI-DNA and DAPI-Cell Suspensions

Figure S (left) shows the contour map and three-
exponential global analysis of a DAPI-DNA(X) suspen-
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Fig. 3. Aging of DAPI stock solution. Left: Contour map of 1 X 10-% M solution, prepared from fresh (top), l-week-old (middle), and 5-week-
old stock (bottom). Time axis (5 ns), top to bottom. The IRF of 375 nm excitation can be seen at top left. Right: Decomposition of DAPI at 40
and 75°C at pH 5.3. First-order kinetic analysis: the rate constants of product formation are 0.0075 h=! and 0.027 min~! at 40 and 75°C, respectively
(insets). The analysis assumed same radiative lifetime for educt and product; @ = 1 X 10-¢ M DAPI stock, x = concentration of product.

sion. The short component, of 135 ps lifetime, is caused
by free probe; the 1.1 ns component by bound DAPI;
and the long-lived component, of 8.5 ns lifetime, at the
red side of the emission band, by dimers or aggregates
(see below). Four-exponential behavior was observed for
DAPI-<ell suspensions, with lifetimes of 140 ps, 0.9 ns,
2.5 ns, and 9 ns, accompanied by a red-shift of the in-
dividual emission maxima.

Models with one or two lifetime distributions
(Gaussian or Lorentzian)!V yielded fits always worse
than that obtained by three- or four-exponential fitting.

DAPI-SDS Micelie System

Figure 5 (right) shows the static emission spectra
of DAPI-SDS solutions. Initially, upon the addition of

small quantities of SDS (1-§ pl), the emission -is
strongly quenched,® and the blue fluorescence turns yel-
low. At higher SDS concentrations (20-100 pi) the blue
emission retumns; the reversible color switch can be
clearly seen by the unaided eye. This behavior is anal-
ogous to that observed for 3,3'-diethylthiacarbocyanine
iodide?® and explained by dimer and aggregate for-
mation of the dye in the premicellar region.(?» At higher

. SDS concentrations micelles form and the aggregates are

dissolved.

Cationic dyes reside on the negatively charged
surface of SDS micelles. The polarity of the multi-
anion surface had been determined to be E(30) =
57.5,0% coincident with observed lifetimes of 1-3 ns
in the micelle systems and the present polarity model
in Fig. 5.
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Fig. 4. Photophysics of DAPL. Left: pH dependence of 1 X 10-3 M DAPI at pH 7.1 and 9.9. The behavior at pH 7.1 is representative for the pH
region | < pH < 9. Right: Polarity model of DAPI photophysics. Top: Plot of corrected fluorescence lifetimes of DAPI in methanol-water mixtures
vs £(30) of the mixed solvents."'® The observed lifetime of T = 2.76 ns in weakly polar ethanol was assumed to represent k, + k. Shown next
to the data points are the observed lifetimes, with methanol concentrations in parentheses. Bottom: Polarity-dependent process, such as charge

separation, dominating the excited-state kinetics.
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Fig. 5. DAPI-DNA(A) and DAPI-SDS systems. Left: Contour map
and three-exponential global analysis with DAS of the fluorescence
kinetics of DNA-DAPI suspensions. c{DAPI)/c(DNA) = 0.15,
¢(DAPI) = 3 X 10-° M, pH 8.1. Note the first (top lefi)- and second-
order (top right) IRF in the contour map at 375 and 750 nm, respec-
tively, used for calibration of the wavelength axis. Right: Static
emission spectra of the DAPI-SDS system: successive addition (ul)
of 0.04 M SDS stock solution to 2 ml of 3 X 10-¢ M DAPI at pH 7.

Microscopic Imaging of C350-DNA and C350-
Protein Complexes at Picosecond Time Resolution

Figure 6 (top) displays the image lines (schematic)
seen by the DL detector of two test samples. Silk fibers
and fungus tissue were stained by C350, excited at 514
nm, and observed through a 10 X objective at >600
nm. Figure 6 (middle) represents the corresponding con-
tour maps and the results of global analysis. Both sam-

ples decay two-exponentially, with a common fast

lifetime of 220 ps. The contribution of the slower com-
ponent depends strongly on the spatial location in the
case of the silk fiber sample (0.65 ns) but is independent
(1.3 ns) within the fungus tissue. Figuré 6 (bottom)
shows time profiles, cut at the peak of a silk fiber (85%
fast) and at the valley between two fibers (<5% fast).
The rise of 140 ps, observed in the valleys, is attributed
to multiscattered stray fluorescence and the associated
decay time of 0.65 ns, therefore, is regarded as back-
ground.

From the above results, we conclude that the life-
time of the protein complex (silk) is 200 ps, whereas the
DNA complex (fungus) shows a longer lifetime of 1.3
ns. Corroboration for this assignment was obtained by
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Fig. 6. Subnanosecond imaging. Top: Microscope images of silk fibers
(left) and fungus tissue (right). Middle: Contour maps and global anal-
ysis of top. Bottom: Left—Dynamic background rejection. Two time
profiles of middle left, cut at the peak of a fiber and at the valley
between two fibers. Right—Structural formula of C350. The fluores-
cence lifetime in water is estimated to be 50 ps, originating in fast
isomerization (arrow) in low-viscosity solvent, such as water.

the examination of protein—probe and DNA-probe sus-
pensions, using C350 and TOTO as probe molecules.
We observed short lifetimes of 50 ps (C350) and 150 ps
(TOTO) in the case of protein (albumin), whereas DNA
(herring sperm) displayed much longer lifetimes of 1.6
3.4 ns (two-exponential, C350) and 0.4-4.6 ns (three-
exponential, TOTO).

Kemnitz, Pfeifer, Paul, and Coppey-Moisan

SUMMARY

Picosecond time resolution is indispensable for dy-
namic stray-light rejection and kinetic discrimination of
probe-protein and probe-DNA complexes. Since most
molecular probes do not probe an individual physical
property exclusively—EB, for instance—has a consid-
erable sensitivity for polarity and does not only indicate
the presence of water,!¥ we are currently developing a
complementary multiprobe approach, utilizing kinetic
information on the picosecond time scale of probe com-
plexes together with improved understanding of under-
lying probe photophysics.
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