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At pH 7 and with the excitation at wavelengths above 315 nm, previously
unreported fluorescence of 5-HT (5-hydroxytryptamine) is observed. Two
fluorescence bands were observed for 5-HT; the first emits at around
390 nm with an associated lifetime near 1 ns, and the other (well known)
emits at 340 nm with an associated lifetime of 2.7 ns. With both static
and time-resolved fluorescences, the spectral and temporal effects of the
excitation wavelength were studied between 285 and 340 nm. With these
basic spectroscopic properties as a starting point, a fiber-optic chemical
sensor (FOCS) was developed in order to measure 5-HT with a single-
fiber configuration, nitrogen laser excitation, and fast digitizing tech-
niques. Temporal effects including fluorescence of the optical fiber were
studied and compared with measurements both directly in cuvette and
through the fiber-optic sensor. Less than thirty seconds are required for
each measurement. A detection limit of 5-HT is reached in the range of
5 uM. Our system, with an improved sensitivity, could therefore be a
possible and convenient “tool” for in vivo determination of 5-HT.
Index Headings: Spectroscopic techniques; Fluorescence; Time-resolved
spectroscopy; Serotonin; Optical fluorometric sensors.

INTRODUCTION

Historically different approaches (anatomical, neuro-
physiological, and pharmacological) have helped to es-
tablish a relationship between the level of brain serotonin
(5-hydroxytryptamine or 5-HT) and the alternation of
the different states of vigilance. New techniques have
offered the possibility of studying the activity of sero-
toninergic neurons throughout the sleep-wake cycle.!
Methods of measuring 5-HT or 5-HIAA (5-hydroxyin-
doleacetic acid) levels in vivo, which allow the investi-
gation of its release and metabolism, are divided into two
categories, voltammetry and dialysis (push-pull perfu-
sion).2* In vivo voltammetry is associated with good an-
atomical resolution because of the small electrode sizes.
Compound specificity, however, is the major limitation
of the voltammetric technique.? Dialysis is also associ-
ated with advantages and limitations. Dialysis allows a
greater specificity of compound detection, but the thick-
ness of the dialysis probe limits anatomical resolution.
In addition, the dialysis probe has a relatively short
“functional” life in vivo, and the necessity for long time
intervals between successive measurements limits the
association of compound release with specific behavioral
events.®
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These limitations lead us to search for an alternative
in vivo monitoring technique which would involve a min-
iature sensor characterized by rapidity, specificity, and
sensitivity of measurements. In this paper, we present
the feasibility of in vitro rapid determination of 5-HT
(less than 30 seconds) by a fiber-optic chemical sensor
(FOCS). The single-fiber configuration is preferred, rath-
er than the double-fiber or multiple-fiber configuration,
despite an increase in white noise associated with single
fibers.” In addition, the injection and collection of light
complicate the setup. For the possible extension to an
in vivo sensor, the interactions between the sensor and
media must be the simplest in order to miniaturize, ster-
ilize, and minimize problems of incompatibility of ma-
terials such as the resins used for the attachment of two
fibers. Detection limit sensitivity depends on experi-
mental parameters. These parameters are critical for the
magnitude of the fluorescence noise and the efficiency of
the single-fiber optical coupler configuration. Specificity
was investigated, and the signal produced by 5-HIAA
was also characterized. Relationships between results and
choice of instrumentation are discussed.

One such choice was the use of the time-resolved flu-
orescence technique. Such a method has been widely
used in fields as diverse as molecular biology, polymer
science, and solid-state physics.? In most cases, the aim
is to provide only qualitative measurements. Neverthe-
less, quantitative methods appear necessary, especially
when the steady-state fluorescence intensity is not suf-
ficient.?!! Two approaches for quantitative applications
have emerged. The first approach uses a fiber optic with
the construction of an extrinsic time-resolved fluores-
cence optrode for remote sensing!? and a semi-intrinsic
optrode for detection of chemical compounds which have

no fluorescence.’®* The second approach involves the

field of time-resolved fluorescence instrumentation in or-
der to obtain a rapid and simplified technique.!!¢
Photophysical properties of 5-HT are mainly due to
the 5-hydroxyindole chromophore. In order to selectively
measure 5-HT by a remote sensor using optical fibers,
we examined specific photophysical properties for this
group with regard to indole compounds (e.g., tryptophan)
and especially between 5-HT and 5-HIAA within the
group of 5-hydroxyindolic compounds. Some differences
in UV absorbance are found in polar solvents between
simple indoles and indoles which are substituted in the
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ring at the five position;" in contrast with the 'L, band
(notation of Platt!®), many differences occur for the 'L,
band, such as a red shift and a decrease in the molar
extinction coefficient.

Native fluorescence (called UV fluorescence) of 5-HT
in neutral aqueous solutions was reported as early as
1955—namely, the excitation and emission of the 5-HT
peak at 295 and 340 nm, respectively.’® Another emission
with a maximum near 550 nm (called green fluorescence)
was found in strongly acidic solutions without any change
in the absorption spectrum.?® This unusual fluorescence
with such a large Stokes shift is very specific to 5-hydroxy
or 5-alkoxy indoles* and was widely used for the fluo-
rometric assay of 5-HT.

Finally, at physiological pH levels, native UV fluores-
cence of 5-HT does not seem to be usable for our purpose
because of the lack of specificity. Native green fluores-
cence of 5-hydroxyindole compounds becomes important
at a pH near to 2, which is, according to our goal, difficult
to exploit.

We first studied the photophysical properties of 5-HT
when it was excited at the nitrogen laser band of 337 nm,
despite the fact that this wavelength lies at the extreme
limit of the absorption spectrum. The goal was to choose
a wavelength which avoids absorption (and fluorescence)
of indole compounds such as tryptophan and still allows
an absorption of 5-hydroxyindolic compounds. The 337-
nm excitation produces a broad blue-band fluorescence
emission (maximum: 390 nm, width: 70 nm) which, to
our knowledge, has not been previously reported. In ad-
dition we investigated some photophysical properties of
5-HT with a steady-state technique and with a flashlamp
time-correlated single photon counting (TCSPC) tech-
nique. Actually two fluorescence bands were observed
for 5-HT; the first, well known, emits at 340 nm with a
lifetime of 2.7 ns, and the other emits at around 390 nm
with a lifetime near 1 ns. The spectral and temporal
effects of the excitation wavelength are noticeable.

An extrinsic FOCS with subnanosecond resolution and
rapid evaluation of lifetime ranges has been developed
with UV excitation at the nitrogen laser wavelength at
337 nm. Parent techniques have been previously de-
scribed in the literature, but with visible excitation.??
Additional technical difficulties occur when one is using
UV excitation, such as the great attenuation of the fiber
and the increase in fluorescence noise. Some interfer-
ences generated by the fiber fluorescence are time-fil-
tered by using a time-resolved fluorescence technique.
We describe single-fiber configuration for use at 337 nm
as the excitation wavelength. This method can be applied
for in-line and in vivo analysis when the photophysical
properties of the compounds under investigation are such
that they absorb in the near-UV range and fluoresce with
a Stokes shift of more than 40 nm.

THEORY

If [C*] represents the concentration of excited mole-
cules, we have the following formula:

A= S (e + 4 0

where k, (i = 1, n) are the rate constants for each mode

of deactivation of the excited state, and I, is the flux
of photons absorbed. v ((mole/L)/photon) is the light
efficiency for the molecular excitation.

In case of instantaneous excitation we have:

dC*
BFTE gki[C I (2)

So we can write: [C*](t) = [C*], exp(—t/r,,) with 7, the
measured fluorescence lifetime:

T = 1 . 3)

Sk

i=1

The intensity of the fluorescence observed at a time ¢
after excitation is expressed by:

F(t) = kp[C*] = [C*]iexp(—t/7,)/7° 4)

where k, = 1/7°, k, is the rate constant for the emission
of photons as a mode of deactivation of the excited state,
and 7° is called the intrinsic fluorescence lifetime.

With the Beer-Lambert law, we can write: [C*], = I,
(1-10—<Li€1) where I, is the number of excitation photons,
e the molar absorption coefficient, L the optical path, and
[C] the molar concentration. If the absorbance is low
(eL[C] < 0.05) we can write:

F(t) = 2.3¢L[Cll,exp(—t/t,,)/1°. (5)

From this equation, the integrated fluorescence intensity
(H) is :

2.365:)[07,” (cy. ©)

H([C]) = fm F(t) dt =

H is a linear function of the concentration for small ab-
sorbances. '

With our laser fluorometer, the fluorescence lifetimes
are evaluated by the method based on the numerical
convolution of the instrument response function (IRF)
and a least-squares optimized comparison with the ex-
perimental signal.?? The 512 points of the IRF are con-
voluted with a single exponential decay. The result is
compared to the experimental fluorescence response be-
tween 1 and 10 ns by means of an unweighted x-squared
test. The x-square test is a measure of the goodness of
fit. But the x-square has absolute meaning only if the
weighting factors are specified. In our measurements with
our laser fluorometer based upon the fast digitizing tech-
nique, the noise is not similar to the Poisson distribution,
and so the variance, used to calculate the weighting fac-
tors, cannot be taken to be equal to the experimental
value.23-25 In addition, relative residues r; are set in per-
cent:

=Y y(x) @
Yi
where y; are the experimental data and y(x;) the fitting
function.

Temporal multimodal broadening is negligible in our
application because of the small length of the optical
fiber.? A small time shift of the fluorescence response is
necessary because of the difference between the transit
times for fluorescences collected at different wave-
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Fic. 1. Representation of the setup used for time-resolved fluores-

cence measurements with the optical fiber: F, filter; M, mirror; L, lens;
PMT, photomultiplier; PD, photodiode.

lengths. This shift is due to the fiber-core refractive index
change with wavelength.

MATERIALS AND METHODS

Reagents. 5-HT hydrochloride (97 %) and 5-HIAA free
acid (98-100% ) were obtained from Sigma Chemical Co.
5-HT hydrochloride (99%) from Aldrich was also used
for static fluorescence and TCSPC experiments with no
noticeable change. Solutions were prepared by using
commercial phosphate buffer (Merck) for solutions at
pH 7. Solutions were freshly prepared each day.

Absorption Measurements. The apparatus used was a
Kontron Model 860 connected to a microcomputer by
RS232 to transfer data.

Steady-state Fluorescence Measurements. An 1.S-50 lu-
minescence spectrometer from Perkin-Elmer was used,
with 1 s as the time integration and 1- and 5-nm band-
widths for the excitation and emission monochromators,
respectively.

Time-resolved Fluorescence Measurements. The time-
resolved fluorescence of 5-HT at different excitation
wavelengths was studied with the use of a Model 299T
time-domain fluorometer from Edinburgh Instrument,
equipped with a nitrogen flashlamp. The excitation and
emission bandwidths were set at 10 nm and 20 nm, re-
spectively. The TCSPC technique, however, is poorly
suited to the fast measurements required for our FOCS
purpose, because a count rate of less than 0.01 photo-
electron per laser pulse is desirable in order to avoid
distortions caused by the occurrence of more than one
photoelectron per counting cycle. A specific setup using
nitrogen laser excitation and a real-time method utilizing
a transient digitizer was developed to overcome the
TCSPC limitations.

A diagram of the experimental setup used with laser
excitation is shown in Fig. 1. The nitrogen laser (Model
LN120C, PRA Laser Inc., Laser Photonics Company)
delivers subnanosecond pulses of 300 ps (FWHM) and
70 ud/pulse. The 337.1-nm radiation is first filtered by a
black filter (Type UG 1, Schott, France) to eliminate
visible light generated by some nitrogen plasma dis-
charges between the electrodes of the cavity. A small
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mirror is placed on the border of the light beam and
focused on a fast photodiode (EG&G Model UV 1B),
which is used as a trigger for the digitizer. The laser
beam is reflected by a mirror (Model 614, Schott) iden-
tified as M,, and focused on the optical fiber by a small
lens with a focal length determined in such a way that
the input aperture is less than the numerical aperture of
the optical fiber. The optical fiber is a step index mul-
timode Model PCS 1000 from Quartz et Silice (plastic-
clad silica fiber optic, core-plus-cladding diameter of 1260
pm with a 1000-um core, numerical aperture equal to
0.4). The single-fiber configuration of the FOCS uses the
same fiber to transmit the excitation radiation to the
sample and to guide the collected fluorescence to the
detection system. The fluorescence signal goes through
the mirror M,. This mirror has a reflectance of more
than 90% for wavelengths lower than 370 nm and a trans-
mittance of more than 90% for wavelengths more than
415 nm. The fluorescence signal is focused on the en-
trance slit of the monochromator (Jobin Yvon) with a
lens identical to that used for injection of the laser into
the fiber. The fixed slits provide a 4-nm resolution. The
photomultiplier (PMT) is an R3810 from Hamamatsu,
with the gain selected to obtain such a response that
single events are easily detected by 50-Q input fast elec-
tronics. The voltage divider is an E850-13 MOD from
Hamamatsu. The overall response time of the PMT and
divider is 0.8 ns (FWHM). The main limitation of this
photodetector is the saturation which occurs at a typical
flux of ten photons within the time window of 1 ns. The
50-Q output of the PMT is sent to a transient digitizer
(Tektronix Model 7912 AD mainframe, Model 7A19 am-
plifier unit, Model 7B90P time base unit), which is trig-
gered by the above-mentioned fast photodiode. Each in-
dividual point of the sample fluorescence decay is
transferred by a GPIB bus to a microcomputer with the
use of a program written by ourselves. For the time win-
dow used (10 ns), temporal memory resolution is around
20 picoseconds, i.e., much shorter than the digitizer rise-
time (0.7 ns).

For measurements performed directly with cuvettes,
after removal of the optical fiber, mirror M,, and lenses
L,, the laser beam is focused after the M, mirror with a
cylindrical lens. The cuvette is placed in front of the slit
of the emission monochromator.

We have chosen a transient digitizer since it is very
flexible due to its ability to account for single or multiple
events as well as allowing the time-filtered fluorescence
of the optical fiber and compounds. In addition, it is less
expensive than a laser TCSPC system. In this paper, our
aim is not to obtain the best accuracy on fluorescence
lifetimes but to characterize relative concentrations
within less than thirty seconds. In practice it was suffi-
cient to collect and average signals for 25 s at 15 Hz for
either instrumental or fluorescence responses.

RESULTS AND DISCUSSION

Absorption of 5-HT. In a buffer at pH 7, absorption
spectra of 5-HT and 5-HIAA exhibit no measurable dif-
ferences. Figure 2 (curve a, top) displays the absorption
spectrum between 240 and 340 nm of 5-HT in the Merck
buffer at pH 7. Low molar extinction, however, can be
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Fic. 2. Results in cuvette: (a, top) absorption spectrum of 5-HT in

Merck buffer pH 7; (b, bottom) emission spectra of 5-HT fluorescence

in Merck buffer pH 7 at different excitation wavelengths (concentration

equal to 66 uM). Black solid arrows refer to the right ordinates.

measured since 5-HT is very soluble in water. Special
attention is given to molar extinction of 5-HT at 337 nm:
a typical value is on the order of 2.5 M~!-cm™1, i.e., one
thousand times less than the maximum value of the 'L,
band. Therefore, the nitrogen laser wavelength lies in the
extreme limit of the absorbance of 5-HT. This fact is
probably the reason why 5-hydroxyindole compounds
were never studied at this wavelength.

Fluorescence of S-HT in Cuvette. In Fig. 2 (curve b,
bottom), the emission spectra of the 5-HT fluorescence
in Merck buffer pH 7 (concentration is set at 66 uM) is
reported with different excitation wavelengths. When the
range of excitation wavelength is less than 320 nm, emis-
sion spectra of 5-HT correspond to the well-known UV
spectrum.'® Above the 320-nm excitation wavelength, a
new band appears with a maximum at nearly 390 nm
and a bandwidth around 70 nm. Tryptamine (10 mM)
was chosen to investigate whether a comparable phe-
nomenon could be found for indole compounds not hy-
droxylated at the five position of the ring. In such a case,
no fluorescence was detected for the same excitation. On
the other hand, 5-HIAA, in the same conditions, exhibits
the same spectral properties for its emission fluorescence
(maxima and bandwidth) as compared to 5-HT. How-
ever, emission intensity of 5-HT is greater than the one
of 5-HIAA by a factor of about ten.

We have investigated the time-resolved fluorescence

TABLE 1. Bi-exponential analysis of 415-nm emission fluorescence of
5-HT in Merck buffer pH 7 at different excitation wavelengths (A,,.).2

Nexe a, 6 At Ay ty At X2 Dw f fa
(nm) (%) (ns) (%) (ns)

285 189 055 002 811 2.8 001 120 154 44 956
295 188 0.87 0.02 812 26 005 1.14 1.8 7.2 928
300 240 096 003 760 28 001 127 161 97 903
305 316 0.85 0.07 684 2.6 004 1.11 179 131 86.9
310 47.8 0.85 0.01 522 28 002 151 136 21.6 784
315 7562 1.00 003 248 32 010 1.11 173 488 512
320 793 0.84 0.02 207 18 0.09 1.23 182 64.0 36.0
326 985 099 0.01 15 133 68 112 190 83.0 17.0
336 96.0 1.00 001 40 65 14 1.09 190 79.4 20.6

®* Note: «; are the pre-exponential weighting factors in percent; ¢, are
the decay times in ns; At are the estimated errors on t; from the
Edinburgh Instrument program; x2 is the reduced x-square; DW is
the Durbin Watson parameter; f; are the fractional contributions to
the total emission for each component:

at;

2 at; )

i

fi=

of 5-HT at 415-nm emission wavelength and at different

excitation wavelengths from 285 to 335 nm with the flash-
lamp fluorometer. The emission wavelength was chosen
at 415 nm in order to totally avoid the Raman band of
water and to remain near the best signal for the 390-nm
peaked fluorescence band. The 5-HT concentration was
set at 500 uM. No concentration quenching was found
for this concentration. With the Edinburgh Instrument
software, bi-exponential fits gave best results. Table I
shows the bi-exponential analysis where the pre-expo-
nential weighting factors (in percent) are «;, the lifetimes
are ; (in ns), the estimated errors on ¢; of the Edinburgh
Instrument program are At, the reduced x-square is %2,
the Durbin Watson parameter is DW, and the fractional
contributions to the total emission for each component
are ;77

ot

E at; .

i

fi= (8)

The first component has a decay time of approximately
1 ns and the second of 2.7 ns. With the 290-nm excitation
wavelength and 340-nm emission wavelength, Chen et
al.?® previously reported a decay time of 5-HT equal to
2.7 ns, which corresponds to our second component. The
reduced x-square x2 and the Durbin Watson parameters
are satisfactory except in the case of the analysis at the
310-nm excitation wavelength, which exhibits a high x?
and a bad DW for the bi-exponential model due to an
undetermined origin. When excitation wavelength in-
creases, the fractional contribution of the first compo-
nent also increases. At the 315-nm excitation wavelength
and 415-nm emission wavelength, the fractional contri-
butions are also quite equal. Below 295 nm of excitation
wavelength, the first component is too much reduced,
and least-squares fitting loses its accuracy. On the con-
trary, above 320 nm, the second component becomes so
weak that large errors occur in its lifetime calculated by
least-squares fitting; the associated pre-exponential
weighting factors are less than 5%, but, because of larger
lifetime values, the fractional contributions are in the
range of 20%.
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Fic. 3. Laser time-resolved fluorescence of 5-HT in Merck buffer pH
7 at different concentrations in cuvette. The emission wavelength is
430 nm with a 4-nm bandwidth.

The existence of two distinct fluorescence bands hav-
ing different decay times, together with their respective
intensities changing with the excitation wavelength, im-
plies clearly that two different emitting states of 5-HT
are involved. The first decays through a 1-ns lifetime and
390-nm centered emission wavelength and the other
through a 2.7-ns lifetime and 340-nm centered wave-
length.

With nitrogen laser excitation, the temporal depen-
dence of the signal vs. concentration of 5-HT is clearly
shown in Fig. 3. Due to the saturation of the photomul-
tiplier restricting its linear operating range, the distor-
tion of the fluorescence response function appears on the
curve associated with 300 uM 5-HT concentration. On
the other hand, at low intensities the detection is limited
by parasitic fluorescence. Therefore, the analysis of life
times has to take into account these two opposing limi-
tations. In Fig. 4, experimental results and convolution
calculation for 5-HT and 5-HIAA are displayed. The
concentrations of 5-HT and 5-HIAA are 30 uM and 600
uM, respectively. These concentrations have been found
to be optimal in our conditions in view of the above-
mentioned opposing limitations. A noticeable difference
between lifetimes of 5-HT and 5-HIAA was found: 1.2
+ 0.15 ns for 5-HT and 2.1 + 0.2 ns for 5-HIAA. As for
the emission intensity of 5-HT, it was found to be greater
than that of 5-HIAA by a factor of twenty. The higher-
range concentration of 5-HIAA, in comparison with 5-HT,
does not involve an inner filtering because of the low
absorption extinction coefficient of these two compounds
at 337 nm. With our laser time-resolved fluorometer, the
5-HT lifetime is found to be equal to 1.2 + 0.15 ns, which
is compatible with the 1-ns value obtained with the
TCSPC Edinburgh Instrument for the same excitation
wavelength. For 5-HIAA, further experiments with
TCSPC would be necessary to measure with accuracy its
fluorescence lifetime.

Fiber-optic Time-resolved Fluorescence Sensor. Spec-
tral and Temporal Effects of the Optical Fiber. Two
different quartz optical fibers with high numerical ap-
ertures (0.4) were tested: “TECS fiber” from 3M, and
“Quartz et Silice” fiber. With 337 nm as the excitation
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Fic.4. Time-resolved fluorescence of: (a, top) 5-HT (30 uM) in Merck
buffer (pH 7) in cuvette. The emission wavelength is 450 nm with a
4-nm bandwidth. The excitation wavelength is 337 nm from a nitrogen
laser. Curve a: instrument response function; Curve §: emission fluo-
rescence response; Curve v (dotted line): calculated response with a
1.2-ns lifetime. (b, bottom) 5-HIAA (600 xM) with the same conditions
used for part a, and calculated response with a 2.1-ns lifetime.

wavelength, the TECS fiber exhibits a high fluorescence
in the near-UV and visible range. The Quartz et Silice
fiber exhibits a much lower fluorescence level with a max-
ima below 400 nm. This parasitic fluorescence appears
significant only at the injection of the laser into the fiber.
In Fig. 5, the time-resolved fluorescence of Quartz et
Silice fiber Model PCS 1000 is reported to illustrate the
signal generated. A fiber length of several meters (typi-
cally 6 m) was chosen both to assess realistic use of future
in vivo applications and to get enough separation be-
tween the fluorescence generated at the laser injection
into the fiber from that collected at the tip of the fiber.
However, further increasing the length of the fiber would
lead to a noticeable attenuation of the laser beam. From
data supplied by the manufacturer, at 337 nm and for
6.2 m of PCS 1000, the fiber transmittance is approxi-
mately 80%. For in vivo or in-line monitoring, this length
allows the apparatus and the measurement devices to be
placed in different rooms. The emission wavelength at
415 nm is chosen because the signal-to-noise ratio is at
an optimum. When we consider the three principal fac-
tors (i.e., the UV excitation, the fluorescence emission,
and the optical fiber use), the main advantage of time-
resolved fluorescence over steady-state fluorescence is to
decrease the effect of the parasitic light generated by the
optical fiber by temporal separation. The time taken by
light to travel the round-trip distance through 6.2 m of
the fiber (L) is around 65.5 ns (see Fig. 5). At 415 and



Intensity (Arb. Unit)

L L L . 1 L . L ! L L L 1

0 20 40 60 80 100
Time (ns)

Fic. 5. Emission intensity (log scale) at 415 nm through a 6.2-m-long
PCS 1000 optical fiber with the exit end (end B) dipped into the Merck
buffer at pH 7. Peak A is due to retrofluorescence of optical fiber mainly
at the laser beam injection. Retrofluorescence of the fiber tip generates
peak B.

337 nm, the refractive indexes (n, and n,) of the core
fiber are, respectively, 1.467 and 1.479. The numerical
aperture (NA) is 0.4. With the geometric model of guided
waves,? we can express this with the following equations:

At pox = ———Ii—(n + ny 9)
max e /(1 — NA_Z) 2 1
Atmin = %(nZ + nl) (10)

where At,,;, = 60.9 ns and At,,,, = 66.4 ns, which is in
agreement with the measured time. Choosing a time win-
dow of 10 ns by division allows a characterization of the
fiber fluorescence. In practice, photobiochemical signals
take place in a narrow time window close to the exit
fluorescence. With a time window (1 ns by division), the
noise is reduced to the fluorescence generated at the end
of fiber in contact with the measured media. This fluo-
rescence at 415-nm emission wavelength kept the same
decay time with the use of different media (even in air).
By time-resolved fluorescence, the single-fiber configu-
ration can be used to optimize the FOCS, especially if
detectability is the main goal. In order to measure 5-HT,
a major difference of the extrinsic FOCS with respect to
the voltammetric and dialysis methods is the reliance
upon the different types of interactions between the tis-
sue and apparatus. Voltammetric interactions between
electrons and 5-hydroxyindole compounds either in tis-
sue or in a bath of an electrode® involve the surface of
an electrode. For dialysis methods, interactions between
5-HT of an extracellular liquid and dialysat are through
a membrane and are also limited to the surface. For the
extrinsic FOCS used in vivo, the nature of the inter-
actions between endogenous 5-HT (intracellular and
extracellular compartments) and light remains to be
determined.

Processing of the Signal. Figure 6 exhibits the inte-
grated intensity of 5-HT and 5-HIAA emission fluores-
cences collected in the same time window vs. concentra-
tion of each compound. The difference of emission
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Fic. 6. Integrated intensity of emission fluorescence pulse in the Merck
buffer at pH 7, guided and collected by the same optical fiber. (@)
5-HT fluorescence; (O) 5-HIAA fluorescence). The emission wavelength
is 415 nm with a bandwidth of 4 nm. The excitation wavelength is 337
nm.

fluorescence measured through our FOCS appears be-
tween these two compounds. For the same signal (inte-
grated intensity), the concentration of 5-HT is around
twenty times more than that of 5-HIAA. With 415 nm
as the emission wavelength, and a bandwidth of 4 nm, 5
uM for 5-HT and 100 uM for 5-HIAA are the concen-
tration limits determined with the use of the integrated
fluorescence signal. It is well known that the normal
baselines of extracellular endogenous 5-HT and 5-HIAA
in the brain are in the range of 1 nM to 100 nM and 100
nM to 5 uM, respectively.3! At the present stage of de-
velopment of our system, the sensitivity level is not yet
adequate for in vivo brain measurements of endogenous
5-HT. Further improvements by typically two orders of
magnitude are therefore needed.

The simplest way to overcome this difficulty would be
to adopt a double-fiber configuration (as already studied
in other groups at longer wavelength?). Indeed, the major
difficulties arising from the parasitic signal generated at
the fiber tips and from the fluorescence generated along
the fiber by the UV excitation beam (see Fig. 5) would
be solved. Nevertheless, we believe that large improve-
ments are possible with the use of the single-fiber con-
figuration, which remains a more satisfactory geometry
for future in vivo applications (i.e., in terms of probe size
and reliability). The first improvement may actually come
from the fiber itself, which may imply even the use of
specially developed ones. If we look first at the trans-
mission itself, it will remain in the best case limited by
the Rayleigh scattering. Quartz et Silice gives an exper-
imental attenuation coefficient () at 350 and 300 nm
equal to 120 and 250 dB/Km, respectively. By interpo-
lation we take an attenuation coefficient of 160 dB/Km
at 337 nm. The Rayleigh diffusion is expressed by: T =
0.8\~¢ with T in dB/Km and XA in um. The theoretical
attenuation is therefore equal to 62 dB/Km at 337 nm.

For six meters of PCS 1000, the formula I(Ix) = 1Q—ex/10
0

gives an experimental transmission of 80% and a theo-
retical transmission of 92% at 337 nm (J, is the initial
flux of photon, I(x) is the transmitted flux of photon
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Fic. 7. Instrument response functions (IRF) at a wavelength of 337

nm. ;

through x Km of optical fiber). Therefore, transmission
fiber improvement does not appear critical, but it would
lead in principle to a fiber fluorescence reduction. In fact
one of the main improvements would consist in using a
fiber having a much more reduced cladding fluorescence.
A factor of more than one order of magnitude seems
attainable.

Preliminary tests of other fused-silica fibers with high
transmission properties in the UV, with low-fluorescence
fused-silica cladding, are now in progress. In particular
it seems that looking at fibers having a numerical ap-
erture of 0.2 greatly widens the choice. Such a choice is
not well suited to an optimal injection. Actually the ni-
trogen laser beam quality is rather poor and the large
divergence (>10 mrad) is not adapted to a “silent” in-
jection. This observation has been checked with the use
of a much better collimated beam (YAG + harmonics
divergence < 1 mrad), which nevertheless is not adapted
from the point of view of time resolution. In addition it
has been pointed out that the 337-nm nitrogen laser
wavelength is not optimal and that a 325-nm excitation
wavelength must increase the signal-to-noise ratio by a
combining a high-quality tunable subnanosecond UV
laser beam with high-quality fibers would be sufficient
to reach an in vivo capability of the system. Further
improvements towards short-wavelength pulsed laser
diodes could be an interesting alternative in the near
future.

Time-resolved fluorescence methods allow, in princi-
ple, a more refined signal analysis than integrated in-
tensity. Temporal data lead to another parameter: flu-
orescence lifetime. In practice, the fluorescence response
is temporally shifted as compared to the IRF, essentially
because of the temporal chromatic shift. This factor forc-
es us to move fluorescence responses forward in order to
start with an identical time origin. The IRF was taken
at 337 nm by measuring backscattered light. This was
done by tuning the monochromator at 337 nm. No par-
ticles were added to increase scattering. Complications
appear when measuring the IRF by reflection of the laser
light at the fiber tip (i.e., band broadening, as reported
in Fig. 7). The IRF therefore cannot be registered sys-
tematically before and after each measurement. To ex-
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Fic. 8. Scaled fluorescence responses of 5-HT in the Merck buffer at
pH 7. The curve with the white symbol is obtained with 5-HT in a
cuvette at 430 nm. Other pulses come from fluorescence of 5-HT at
415 nm collected with the single-fiber configuration.

tract the lifetime from our signal, we used an IRF reg-
istered with the cuvette system, which does not suffer
from the above-mentioned drawback. This approach may
decrease the accuracy of lifetime results because we did
not take into account possible slight time variations of
the electronics. If accurate lifetime must be measured
with our system, the method of internal calibration with
the use of reference lifetimes of 'POPOP (p-bis[2-(5-
phenyloxazolyl)] benzene) or PPO (2,5-diphenyloxazole)
could be applied.?

Emission fluorescence pulses collected with a single
fiber are presented in Fig. 8. We have scaled some flu-
orescence pulses in order to show temporal difference
from noise (corresponding to the signal registered for
buffer alone) to the fluorescence signal with various 5-HT
concentrations. With 415 nm as the emission wavelength
and 4 nm as the bandwidth, experimental lifetimes for
5-HT (27.7 uM) and 5-HIAA (200 M) are 2 ns and 3
ns, respectively. These apparent lifetimes are therefore
longer than those measured in the cuvette. Our principal
aim when using optical fibers is not to measure with
accuracy the lifetime fluorescence of 5-HT but, rather,
to extract from the signal an evaluation of the lifetime
range, in addition to its integration, giving qualitative
information. This method is expected to be an efficient
tool for in vivo signal identification.

The in vivo application has been initiated. Fluores-
cence (excitation wavelength: 337 nm; emission wave-
lengths: 390 to 530 nm) in the cortex and in deep tissue
of unanesthetized rats has been actually observed. Chem-
ical dependence of such an in vivo signal is now under
determination. The results will be published elsewhere.3?
Our technique seems to be powerful and promising for
developing a FOCS adapted to perform biochemical
analysis in the brain.

CONCLUSIONS

The static fluorescence emission spectra at different
excitation wavelengths, the analysis of the lifetimes, and
the fractional weighting factors vs. excitation wave-
lengths for the use of a flashlamp TCSPC system estab-



lish the existence of two emitting states for 5-HT; the
first emits at around 390 nm with a lifetime near 1 ns,
and the other (well-known) emits at 340 nm with a life-
time of 2.7 ns. :

With our time-resolved laser fluorometer, we show the
feasibility of a FOCS for 5-HT determination. The spec-
ificity of the measurement is based on three parameters:
the excitation wavelengths, the emission wavelengths,
and the range of fluorescence lifetime. No signal has been
observed for indole compounds such as tryptamine. 5-HT
and 5-HIAA give a fluorescence signal with the same
spectral properties, but their fluorescence lifetimes are
different. In addition, the 390-nm fluorescence of 5-HT
is twenty times more intense than that of 5-HIAA, which
could permit measurements of 5-HT in the presence of
5-HIAA with a ratio of up to one thousand. With only
the integrated fluorescence intensity, the detection limit
of 5-HT of our FOCS is in the range of 5 uM. Noise
limits our detectability and depends mainly on technical
choices such as the excitation wavelength and the single-
fiber configuration. Moreover, the optical fiber model
choice appears to be critical, and therefore improvements
may be expected. Normal baselines of extracellular en-
dogenous 5-HT and 5-HIAA in the brain are known to
be in the range of 1 nM to 100 nM and 100 nM to 5 uM,
respectively. Further improvements to our system are
necessary in order to increase the signal-to-noise ratio
by one hundred times. The main drawback of our choices
for the determination of 5-HT is the low value of the
molar extinction of 5-hydroxyindole compounds at the
nitrogen laser excitation wavelength used. Another sub-
nanosecond source emitting near 320 nm would allow a
better detection limit.

In addition to the characterization of two emission
states of 5-HT (excitation and emission wavelengths and
lifetimes), this paper demonstrates the capability of our
method as an extrinsic FOCS for the in vitro determi-
nation of 5-HT within less than thirty seconds. We de-
scribe our investigation to solve the specific problems
occurring by the use of a single-fiber configuration at an
excitation wavelength in the near-UV range. In practice,
the benefit of using a time-resolved fluorescence method
to develop a FOCS is clearly demonstrated.
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