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Abstract

This study aims to determine the thermal quenching properties of pure bacterial cultures as a means of aiding the development of fluorescence
measurement in natural waters. The bacterium Pseudomonas aeruginosa was isolated from the urban River Tame, Birmingham, UK, and planktonic
bacteria were grown in sterile, sealed glass jars, in 100 mL of sterile growth media at 37 °C for a maximum of 24 h. Samples were taken at T=6h
and at 7=24 h, and thermal fluorescence quenching measured at 5 °C increments between 10 and 45 °C over 30 min. 3D excitation—emission matrix
(EEM) plots were generated from the fluorescence analyses over time. It was found that the fluorescence of a microbial culture was significantly
thermally quenched, but the results were dependent on the fluorophore type and the stage of the bacterial growth curve. Quenching was sometimes
non-linear, presumably due to fluorophore production exceeding thermal quenching during the growth phase of the bacteria. Thermal quenching
has the potential to allow us to confirm the importance of microbes in fluorescence signals by the non-linear response to increasing temperature,
and to utilise the thermal fluorescence quenching properties of molecules to differentiate between fluorophores present during bacterial growth.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fluorescence spectroscopy is now a commonly utilised tool
in the characterisation of organic matter (OM) in the environ-
ment [1-4]. In addition, amino acid-like fluorescence has often
been used as an indicator of biological activity in natural waters
[5,6], and in wastewaters [7,8]. Both tryptophan- and tyrosine-
like fluorescence centres have been detected in fresh waters,
marine waters, and wastewaters [9—11]. In addition, higher fluo-
rescence intensities of these compounds correlated with greater
than expected biological activity in coastal and oceanic areas
[10]. It is not known what causes this correlation. However, the
authors tentatively concluded that tryptophan-like fluorescence
from organic matter (OM) is more likely to be a product of bac-
terial metabolism rather than an energy source for bacteria, and
that tryptophan-like fluorescence is an indicator of bacterial-OM
interactions in natural waters.

The relationship between amino acid-like fluorescence and
bacterial activity has also been examined in a number of stud-
ies of cultured bacteria [e.g., 12]. Although fluorescence from
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bacterial cultures has been observed, the biochemical causes of
fluorescence are not known. The fluorescence occurs in the same
optical space as tryptophan and tyrosine [13,2], other reports
have implicated lumazines in the fluorescence [14], while it has
also been indicated that some fluorescence centres (excluding
the tryptophan-like fluorophores) may be artefacts due to the
laboratory culturing process [15].

Uniquely in the aquatic sciences, one recent study used flu-
orescence thermal quenching to improve our understanding
of OM, and provide a method of finger printing and source
apportionment of OM, as well as to provide some structural
understanding of OM. In that work, sample temperature was
systematically varied for a range of environmental waters such
as wastewaters and river waters. The fluorescence of a molecule
may be quenched as temperature is increased because the higher
temperature increases the probability that an excited electron
within the compound will return to their ground state with-
out fluorescing [16]. Fluorescence of tryptophan standards was
quenched by approximately 50%, whereas tryptophan-like fluo-
rescence in untreated sewage was quenched by 30-35%, and by
approximately 20% in treated sewage effluent and river water
samples. As tryptophan in standard solutions is dissolved, i.e.,
exposed to the solution phase, it may be that a significant fraction


mailto:j.r.lead@bham.ac.uk
dx.doi.org/10.1016/j.aca.2006.01.087

220 S. Elliott et al. / Analytica Chimica Acta 564 (2006) 219-225

of tryptophan-like fluorescence in waste and natural waters is
bound to other materials rather than free in solution.

The study reported here aims to investigate the fluorescence
quenching properties of those fluorophores produced by pure
bacterial cultures of Pseudomonas aeruginosa. In this paper we
build on previous work investigating fluorescence in pure bacte-
rial cultures [15] and OM thermal quenching studies [16] in order
to: (1) uniquely determine thermal quenching properties of cul-
tured bacterial fluorescence and (2) compare these results with
thermal quenching properties of OM as investigated by [16], in
order to better understand the source and structure of tryptophan-
like fluorescence in OM. The results from this study will pro-
vide further evidence as to the utility of the thermal quench-
ing of fluorescence in OM fingerprinting and understanding
OM structure.

2. Experimental methods
2.1. Sample site

The bacterium used was P. aeruginosa, chosen because of
its ubiquitous nature and environmental relevance, and isolated
from the River Tame, Birmingham, UK. The river runs alongside
a major motorway, is in close proximity to a heavily urbanised
area in the West Midlands, UK, and is downstream of a conflu-
ence between the river and two major tributaries. Water quality
of the Tame is well documented [e.g., 17,18]. The sample site is
located at UK Ordnance Survey national grid reference 401575,
295450.

2.2. Bacterial isolation and growth

Water samples taken were incubated at 25 °C in phosphate
buffered saline solution (Oxiod: 8.0 g L~ NaCl,0.2 g L1 KCl,
12¢g L~ NayHPOy4, 0.2 g L~ KH,POy,) in an orbital shaker, at
110 rpm. After 24 h, the samples were plated out onto P. aerug-
inosa selective agar (Oxoid, UK) and incubated at 37 °C for a
further 24-48 h. For the purposes of experimentation, P. aerugi-
nosa was grown in a sterile media minimal salts medium (MSM)
containing 0.79 g L' (NHy)>S0y4, 0.12 g MgS04-7H,0, 2.67 g
KHPOy4, 11.40 g NagHPOy4, and 1.80 g glucose. Bacteria were
grown in planktonic form in sterile glass flasks. 100 mL of sterile
MSM was inoculated with P. aeruginosa and grown overnight
in an orbital shaking incubator at 110rpm, at 37 °C, at a pH of
approximately 7.2. The following morning, 1 mL of overnight
culture was transferred into 99 mL of sterile media, and the bac-
teria were then incubated at 37 °C, at 110 rpm, for the remainder
of the experimental period. The time of this final dilution is
defined as 7=0. The samples were exposed to natural light con-
ditions, but not to direct sunlight. Serial dilutions in phosphate
buffered saline solution of 10~! and 10~2 for T=6h cultures
(exponential phase), and between 10~ and 10~ (in a series of
steps) for =24 h cultures (steady state phase) were performed
as fluorescence intensity of the initial samples was not within
the linear range of the detector. The exponential and steady state
phases were previously identified by cell counts as a function of
time under identical conditions.

2.3. Fluorescence analysis

Fluorescence measurements were conducted using a Varian
Cary Eclipse Fluorescence Spectrophotometer equipped with a
Peltier temperature controller, allowing precise temperature con-
trol. Emission scans were performed from 280 to 500 nm at 2 nm
steps, with excitation slit width of 5 nm, and both excitation and
emission filters open. Excitation was between 200 and 400 nm
at 5 nm steps. The scan rate was 9600 nm/min, with an averaging
time of 0.0125 s, resulting in an analysis time of approximately
60 s per sample. The Raman peak intensity at excitation of 348
and 5nm slits was repeatedly analysed throughout the analy-
sis period as an instrument standard to permit inter-laboratory
comparison and to check machine stability. Mean intensity was
21.74 £ 0.74 (n=128) arbitrary units.

Samples were gently heated from 10 to 45 °C slowly over a
period of 30 min, and analysis performed every 5 °C. The slow
increase in temperature helped to stop bubbles forming in the
cuvette. The temperature of 10 °C reduced condensation on the
outer walls of the cuvette, which can interfere with emission and
excitation signals, was also limited. The upper limit of 45 °C
was chosen to minimise evaporation of the sample (which could
lead to sample concentration), and in an attempt to minimise
any increase in microbial activity due to temperature increase
and to avoid structural changes to the DOM. Structural changes
to DOM can occur at temperatures above 60 °C and below 1 °C
[16]. It is also possible that changes in fluorescence may occur
at temperatures close to freezing due to changes in matrix vis-
cosity. Thermal quenching fluorescence analysis was conducted
at T=6h (during the exponential phase of bacterial growth), and
24 h (steady state phase), to account for the potentially differ-
ent fluorescent behaviour at different parts of the growth phase.
The maximum fluorescence intensity of each fluorophore was
measured.

2.4. Filtration

A selection of samples were filtered at 7=24h to determine
the proportion of ‘free’ and bacterially bound amino acid-like
fluorescence. Millipore polycarbonate membrane filters were
used with a nominal pore size of 0.2 pm, using a vacuum fil-
tration system, to separate ‘free’ amino acids from those associ-
ated with bacterial cells. Flow rates were minimised to prevent
cell rupture and other system perturbations. The fluorescence
from the initial sample and the permeate were measured. Sub-
sequently, 7=24h samples were filtered and then thermally
quenched to establish whether the thermal properties of the dis-
solved fraction were different to those of the unfiltered samples.

3. Results and discussion

Thermal quenching properties of three fluorescence centres
were measured. Although a fourth fluorophore, in a similar
region of optical space to that of tyrosine, was observed in some
samples, it was not present consistently over time. This is pos-
sibly due to the rapid production and consumption of tyrosine,
and similar processes may be relevant to the other fluorescent
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Fig. 1. 3D excitation—emission matrix fluorescence intensity plots showing: (a) fluorescence intensities of measured fluorophores as measured at 10 °C, at T=24h
(107! dilution). Tryptophan-like fluorescence is seen at 340 nm emission, and 220/280 nm excitation. Peak A is shown at an emission wavelength of 460 nm,
and excitation of 250, 300, and 380 nm; (b) fluorescence intensities of measured fluorophores as measured at 45°C, at T=24h (10~! dilution). Tryptophan-like
fluorescence can be observed at an emission wavelength of 340 nm, but only at 220 nm excitation. Peak A is observed at an emission wavelength of 460 nm, and

excitation of 250, 300, and 380 nm.

peaks discussed. Nevertheless, this does not seem to be domi-
nant (trends are consistent and at much higher overall intensity
values for other fluorophores) but may be responsible for some
of the uncertainty in the data. Two tryptophan-like centres were
observed and measured, the first excites at 220 nm, the second at
280 nm, and both emit at 320-370 nm (see Fig. 1) [19]. For the
purposes of this discussion, “tryptophan-like” refers to the fluo-
rescence centre at 220 nm, unless otherwise stated, as this is the
more intense fluorophore. The third fluorophore was observed
in a similar region of optical space to fluorophores reported by
Giana et al. [20] and Smith et al. [21] for Bacillus spores, and
observed in P. aeruginosa [15], although it has been little charac-
terised in the literature. This fluorescence centre emits at 460 nm,
and has three excitation centres at 250, 300, and 380 nm (as illus-

trated in Fig. 1). This discussion refers to the centre at 250 nm
excitation, unless stated otherwise, and is referred to as Peak A.

3.1. Thermal quenching of bacterial samples at T=24h

At T'=24h, all fluorophores exhibit a general linear decrease
in fluorescence intensity with increasing temperature. Both
tryptophan-like fluorescence centres exhibited fluorescence
intensity quenching (Fig. 2(a)). Each line in Fig. 2(a) (and
subsequent figures) represents an individual replicate. The repli-
cates showed the same general trend but did not overlie each
other. The variability in data was due to intrinsic natural dif-
ferences in bacterial growth. Presentation of averaged data
reduced the information content and rendered the trends less
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Fig. 2. Quenching of fluorescence intensity with increasing temperature during stationary phase of growth cycle (T=24h): (a) 220 nm tryptophan-like fluorescence
intensity; (b) Peak A fluorescence intensity. Each line shows individual replicates. Differences in absolute numbers are to be expected due to the natural variability

of bacteria, but show the same trend.

easy to observe, and so replicates are presented individually.
The quenching of tryptophan-like fluorescence can be observed
qualitatively by the comparison of Fig. 1(a) and (b); the for-
mer illustrates fluorescence intensity when measured at 10 °C,
and the latter the intensity at a 45°C measurement temper-
ature. The mean decrease in intensity for 220nm excitation
tryptophan-like fluorescence was 41% (£9), and 45% (£2)
for 280 nm excitation tryptophan-like intensity. These results
are much higher than the thermal quenching of fluorescence
data given in Baker [16] for untreated sewage (approximately
30-35%) and rural rivers (approximately 23-25%), and slightly
lower than the tryptophan standard figure (approximately 50%)
quoted by the same author (results are compared in Table 1).
These comparisons would indicate that whilst some of the
tryptophan in our experiments was bound to bacterial cells,
some of it is again likely to be in solution, as quenching
is related to exposure to the solution phase as discussed in
Section 1.

Peak A exhibited linear fluorescence thermal quenching at
T=24h (as illustrated in Fig. 2(b)), the mean decrease in flu-
orescence intensity being 19%. This is much lower than the
41% and 45% decreases quoted for 220 and 280 nm excitation
(respectively) tryptophan-like fluorophores above. It may be the

case that Peak A is much less exposed than the tryptophan-
like fluorophores, as the amount of quenching is related to
exposure of each fluorophore to the light source [16]. This con-
firms initial ideas [15] that Peak A and the tryptophan-like

Table 1

Comparison of P. aeruginosa thermal fluorescence quenching and thermal
quenching properties of river and wastewater samples (river and wastewater
data from Baker (in press))

Tryptophan-like fluorescence
(220 nm excitation), thermal
quenching (%), mean

T=6h* —17+4
T=24h* —384+3
Urban rivers? —2243
Rural rivers® —23+4
Storm drain® —33+38
Wastewater treatment —20+£5
works (influent)®
Wastewater treatment —20+4
works (final
effluent)®
Tryptophan standard® —48

2 Refers to data from this study.
b Refers to data from [16].
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fluorescence centres are very different molecules. It appears
that either Peak A is a compound of bacterial origin produced
during the exponential phase of growth (T'=6h; see next sec-
tion), but not during stationary phase (7'=24h) [16], or that
the fluorophore is being produced and consumed very quickly.
It also seems that Peak A is a relatively large molecule — or
is associated with large molecules — compared to tryptophan,
explaining its lower energy of excitation (thus higher wave-
length) and lower thermal quenching values. However, Peak A is
not seen in EEMs from natural river water and wastewater sam-
ples, suggesting that it is an artefact of growth under laboratory
conditions.

3.2. Thermal quenching of bacterial samples at T=6h

Both tryptophan-like fluorescence centres exhibited an over-
all decrease in fluorescence intensity with increasing tempera-
ture after growth of 6 h in batch culture (Fig. 3). However, the
decrease is non-linear, as after 30—45 °C, fluorescence intensity
begins to increase, contrary to results reported in Baker [16]
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(see Fig. 3(a)) and here in Section 3.1. For example, 220 nm
excitation tryptophan-like fluorescence was measured at 30 °C
as ca. log3.6a.u., and again at 45°C approximately 3.7 a.u.
(see Table 1). It is likely that this is a result of the quench-
ing effect being outweighed by growth of bacterial cells, as
the higher temperatures (30—45°C) would increase bacterial
growth (at T=6h the growth curve is in the exponential phase).
Cell growth, and therefore increased bacterial fluorescence, may
become dominant over the thermal quenching effect, leading
to the observed increase in fluorescence intensity later in the
experiment.

As discussed, the non-linear decrease in fluorescence is
in contrast to the experiments performed at T=24h, where
the increase in fluorescence after 30—40°C (at T=6h) is not
observed. After 24 h, the cells were no longer exponentially mul-
tiplying even at the higher experimental temperatures, because
the sample was taken from a solution where the bacteria were
already at the steady state phase of growth. At T=6h, the
mean overall thermal fluorescence quenching effect on 220 nm
excitation tryptophan-like fluorophore is 15%, and 12% for
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Fig. 3. Quenching of fluorescence intensity with increasing temperature during exponential growth phase (7= 6 h): (a) 220 nm tryptophan-like fluorescence intensity;
(b) Peak A fluorescence intensity (each line indicates a replicate of the experiment). Each line shows individual replicates. Differences in absolute numbers are to be

expected due to the natural variability of bacteria, but show the same trend.
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280 nm excitation tryptophan-like fluorophore. If we calculate
the decrease in fluorescence intensity between 10 and 35°C
(rather than 45 °C to account for uncertainty due to cell growth),
thermal quenching is 20% and 25% for the 220 and 280 nm
tryptophan-like fluorescence, respectively. If these unexpected
data values between 35 and 45 °C are removed, a linear regres-
sion line can be fitted to the remainder of the results, and the
220 nm tryptophan-like fluorophore would exhibit a mean hypo-
thetical thermal quenching of fluorescence of 56% (1% =0.88) if
the remainder of the results are extrapolated. This can also be
expressed as a 1.9% decrease in fluorescence intensity for every
1°C increase in temperature. This value is close to the tryp-
tophan standard value reported by Baker [16], as well as our
results in Section 3.1. When the same procedure is applied to
the 280 nm tryptophan-like fluorophore, the decrease in fluores-
cence becomes 18 + 5% (uncorrected value, i.e., over entire tem-
perature range = 12% decrease), which is a relatively small value
compared to 220 nm excitation tryptophan, possibly because
the intensity of the 280 nm peak is generally lower from the
start of the experiment. While this does take the value closer to
that reported by Baker [16], it is still a small decrease in com-
parison to the 220 nm excitation tryptophan-like fluorophore.
The difference in quenching between the two tryptophan fluo-
rophores suggests that there are two sources of tryptophan-like
fluorophores: one free (exudates) and one bound (cells), and that
one has relatively more sensitivity to 220 nm excitation than the
other.

Peak A did not exhibit any quenching of fluorescence with
increasing temperature and fluorescence at 7= 6. In fact, inten-
sity increased as a function of temperature in a sigmoidal
manner (Fig. 3(b)). The increase in fluorescence intensity is
small between 10 and 30°C (mean intensity at 10°C was
ca. log3.2a.u., and ca. log 3.4 a.u. at 30°C), increases rapidly
between 30 and 40°C (mean intensity was approximately
5000 a.u. at 40 °C), followed by a smaller comparative increase
to 45°C (mean intensity ca. log3.7 a.u.). The mean increase
in fluorescence intensity over the experiment was 71%. It is
possible that the amount of this molecule being released into
solution due to cell multiplication is a more dominant factor
than the quenching effect. Thus, the increase in fluorescence
due to these factors will outweigh the potential decrease through
quenching. In previous research, there has been some question
as to the identity of Peak A [15] but these results suggest that
Peak A and the tryptophan-like molecule are two different com-
pounds. Dalterio et al. [14] investigated bacterial fluorescence
at higher wavelengths (430 nm excitation, emission at 514 nm)
and put forward some suggestions as to the identity of this fluo-
rophore. As the fluorophore identified by Dalterio et al. [14]
occupies a similar region of optical space as our Peak A, it
is possible that the compounds may be similar. Dalterio et al.
[14] suggest that compounds which fluoresce at higher wave-
lengths may be flavins, pyridine coenzymes, and heterocyclic
pteridines, of which pterins are highly fluorescent and lumazines
are moderately fluorescent. In comparison to tryptophan-like
fluorescence, Peak A is highly fluorescent, so it is possible
to speculate that Peak A may be one of the afore-mentioned
pterins.

3.3. Thermal quenching of filtered samples (T =24 h)

Filtration, without subsequent thermal quenching (Table 2),
has suggested that approximately 50% of the 220 nm tryptophan-
like is dissolved, i.e., will pass through a filter of nominal
pore size 0.2 pwm. For instance, the mean intensity of 220 nm
tryptophan-like fluorescence in the filtration experiments at
T=24h was approximately log4.3a.u., and the intensity of
220 nm excitation tryptophan-like fluorescence in the filtrate was
log 3.9 a.u.. These results suggest that approximately half of the
tryptophan-like fluorescence is ‘free’ tryptophan in solution and
half is bound to bacterial cells. These results are not in total
agreement with the work of Reynolds [3], which proposed that
most tryptophan found in river and wastewaters is dissolved,
and also helps to explain the results of Baker [16], where clean
river waters exhibited tryptophan quenching of approximately
10-25%, whereas wastewaters showed quenching of approxi-
mately 30-40%. This suggests that wastewaters may be a mix
of microbially derived ‘free’ tryptophan (e.g., exudates) together
with microbially bound tryptophan. The proportion of the flu-
orescence intensity that is quenched is similar to that of free
tryptophan reported in [16], thus suggesting that the bacterially
bound tryptophan may have similar thermal properties to the
free fluorophore.

After filtration, all fluorophores were detected in the per-
meate, but at lower fluorescence intensity. The mean decrease
in fluorescence intensity of the 220 nm intensity tryptophan-
like fluorophore with temperature in the filtrate was 35 + 10%
(Table 3). The quenching of fluorescence intensity was not com-
pletely linear (data were not corrected for this) although the
overall trend is negative. The decrease in the unfiltered fraction
is41 % 9% which was not significantly different to the 35 + 10%
quenching observed in the filtered samples. The loss of fluo-
rescence after heating the filtrate was similar to those reported
by Baker [16] for untreated sewage (30-35%), and also higher
than the 20% quenching reported for treated sewage effluent.
The thermal quenching of the filtered samples is a priori more
comparable with the work of Baker [16] because the samples
were filtered prior to quenching in that work also. However,
no significant quantitative difference in thermal quenching was
observed between filtered and unfiltered samples. Presumably,
the less than expected quenching observed in the filtrate, com-
pared with the free tryptophan standard, is due to the protective
effect of larger molecules such as exudates present in the perme-

Table 2

Fluorescence of filtered and unfiltered samples of P. aeruginosa grownatT=24h

Unfiltered/ log 220 nm 280 nm tryptophan-like ~ Peak A

filtered tryptophan-like  fluorescence intensity fluorescence
fluorescence (a.u.) intensity (a.u.)
intensity (a.u.)

Unfiltered 4.3 3.8 6.7

Filtered 39 3.6 54

Difference (%) 51 70 56

Tryptophan-like fluorescence intensity is shown at 102 dilution, Peak A fluo-
rescence intensity at 103 dilution.
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Table 3
Fluorescence of filtered, quenched 7'=24 h samples
log 220 nm tryptophan-like log Peak A
fluorescence fluorescence
Unfiltered 4.3 £0.09 4.73 £0.08
Temperature (°C)
10 434 £ 0.6 458 £0.1
15 403 £0.1 459 £0.1
20 397 £ 0.1 458 £0.1
25 3.94 + 0.1 458 £0.1
30 397 £ 0.1 4.56 £ 0.1
35 3.90 £ 0.2 454 £0.1
40 390 + 0.2 451 £0.1
45 390 £ 0.2 449 £ 0.1
Thermal quenching (%) 35+ 10 18 £ 2.5

‘Unfiltered sample’ refers to the fluorescence on the sample before filtration.
Samples were filtered and subsequently thermally quenched. Shows both 220 nm
excitation tryptophan-like fluorescence intensity, and that of Peak A.

ate. A similar decreasing trend in fluorescence intensity to that
of the 220 nm intensity tryptophan-like compound is observed
for 280 nm intensity tryptophan-like fluorophore. The mean
decrease in fluorescence intensity is 30 &= 5%, again close to
the values reported by Baker [16], and is somewhat lower, but
not significantly lower, than the thermal quenching value for the
unfiltered sample of 41 4= 9%. Importantly, the 30-35% thermal
quenching observed in the filtrate is lower than 50% thermal
quenching in tryptophan standard indicating that at least a pro-
portion of the fluorescent moieties in the filtrate are bound to
other chemical species and therefore partially protected from
quenching as stated above.

Peak A also exhibits a more linear decrease in fluores-
cence intensity than the two tryptophan-like fluorophores, and
is quenched by approximately 18 £ 2.5% after filtration. This is
similar to the values for Peak A at T=24h (19 4= 5%) obtained
from the unfiltered samples, suggesting that Peak A is largely
associated with the larger material, protecting it from thermal
quenching.

4. Conclusions

In this work we have shown that the technique of thermal
quenching produces information which improves quantifica-
tion of fluorescence signatures from bacterial sources which in
turn improves our ability to fingerprint fluorescent compounds,

identify their sources and provide structural information about
the fluorophores. The results have significant implications for
fluorescence analysis in the fields of microbiology and environ-
mental sciences.
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