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Abstract
Near real-time monitoring of faecal indicator bacteria (FIB) in waters is currently not fea-
sible, and current monitoring methods require field sampling and laboratory testing that 
inhibits decision-making within a relevant timeframe. While recent studies identified the 
potential of using specific fluorescence regions for FIB monitoring, sufficient accuracy 
often requires site-specific calibration due to minor variations in fluorescence peak loca-
tions. In this study, a series of lab experiments were completed to address some of the 
selectivity issues. Specifically, the study explored correlations between wavelength-specific 
fluorescence signals acquired through fluorescence excitation-emission matrices (EEM) 
and the amount of E. coli K-12 (E. coli) and E. faecalis (enterococci) in exponential and 
stationary phase broth cultures. Subsequently, the experiments quantified how the addi-
tion of known concentrations of L-tryptophan amplifies an indole pulse, specifically its 
concentration and the corresponding fluorescence properties. Results show unique peak 
excitation/emission (λex/λem) wavelengths (± 5  nm) in EEMs for E. coli cell pellet and 
in M9 broth (~ 280/ ~ 327  nm), enterococci cell pellet (~ 276/ ~ 324  nm), L-tryptophan 
(~ 278/ ~ 343 nm and ~ 298/ ~ 344 nm), and indole (~ 232/ ~ 321 nm). The findings demon-
strate that L-tryptophan concentrations in E. coli broth were reduced. At the same time, 
the indole content increased throughout the initiation phase to the stationary phase of the 
bacteria growth curve, with the peak indole pulse occurring approximately at the time of 
transition from the exponential to stationary phase. Such unique fluorescence signatures for 
not only FIB but also indole (whose pulse can be triggered by L-tryptophan) provide foun-
dations for developing reliable and near real-time in situ FIB sensors.
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Highlights

• Fluorescence regions specific to common E. coli and enterococci strains, tryptophan 
and indole are identified.

• High accuracy between concentrations and fluorescence intensity are observed.
• E. coli broth with 6 mM L-tryptophan produces 5 mM indole to effectively infer FIB.

Keywords Water quality monitoring · Fluorescence spectroscopy · E. coli · Tryptophan · 
Indole pulse

1 Introduction

Researchers and professionals in the water and sanitary engineering field have long rec-
ognised the need for a rapid and effective method of detecting faecal indicator bacteria 
(FIB). However, traditional tests are time-consuming, and require manual sampling and 
specially equipped laboratories. Using the fluorescence properties of metabolic/cell com-
ponents or products, fluorescence sensors could provide near-instantaneous, non-invasive 
quantification of critical water quality parameters such as E. coli and enterococci if appro-
priate calibration is performed. Such sensor development has been hindered by several fac-
tors, including difficulty in relating its intensity to a concentration for the target FIB, as 
well as poor specificity and sensitivity (Baker et al. 2015; Walck 2017; Fox et al. 2017; 
Sorensen et  al. 2018, 2021; Bedell et  al. 2022; Gunter et  al. 2023). A monitoring tool’s 
ability to discriminate between the target organisms and other substances within a detec-
tion matrix is known as its specificity. On the other hand, sensitivity is the proportion of 
target organisms that can be detected within a test matrix (Offenbaume et al. 2020). While 
there are studies (Fox et  al. 2017) that provide a good indication for an E. coli-specific 
fluorescence excitation/emission (λex/λem) wavelength pair, their results were produced 
within a model system (autochthonous) with specific growth media, growth, and labora-
tory conditions. In recent years, nevertheless, researchers have further explored this oppor-
tunity. Baker et  al. (2015) found a log correlation of r = 0.74 across a 7-log range in E. 
coli enumeration for sewage-impacted rivers when they tested their proposed fluorescence 
excitation/emission region (i.e., λex/λem of 280/350 nm). Walck (2017) used an absorption 
and fluorescence analysis procedure in the laboratory to determine an E. coli fluorescence 
true excitation peak at 280  nm and a target emission wavelength of 338  nm. However, 
the study did not provide broth culture and comprehensive laboratory procedure details, 
a concentration value for E. coli, or address specificity issues, which would make it dif-
ficult to reproduce. Fox et al. (2017) performed laboratory research using non-fluorescent 
minimal media to promote growth within their model system whilst excluding the pres-
ence of proteinaceous material. They were able to develop fluorescence and optical density 
measurements at 600 nm (OD600) data for an E. coli growth curve with time. The peak-
T range Fluorescence Intensity (FI) increased due to an increase in E. coli concentration 
after 360 min. They identified that E. coli had an λex/λem peak in the peak-T region of 
280/300 – 380 nm and concluded peak-T fluorescence was ubiquitous within the bacterial 
cells (either as structural or functional biological molecules) analysed within their study. 
However, they identified peak-T as representative of intracellular material but also of extra-
cellular fluorescent dissolved organic matter (FDOM) and attributed peak-T to the presence 
of amino acid (tryptophan). They reported that tryptophan was produced by E. coli as a 
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result of cell multiplication and metabolic processing. However, it was unclear whether 
the signal in the fluorescence excitation-emission matrix (EEM) was due to E. coli, tryp-
tophan, or both. Because peak-T depended on microbial activity (especially in systems 
with complex microbial communities), they suggested using peak-T only as a proxy for 
microbial activity rather than E. coli enumeration (Fox et  al. 2017). Bedell et  al. (2022) 
used tryptophan-like fluorescence (TLF), like Fox et al. (2017) and Sorensen et al. (2018), 
and coupled that with a machine learning (ML) model to predict E. coli from TLF. Bedell 
et al. (2022) prototype TLF sensor application used ultraviolet light emitting diodes (UV 
LEDs) to excite tryptophan-like fluorophores at 275 nm and a UV photodiode paired with 
a bandpass filter centred around 357  nm. Their method was used to predict > 10 colony 
forming units (CFU)/100 mL E. coli and detected and measured proxies for fouling. How-
ever, the integration of the sensor and its data platform into water systems still needed to 
be considered, as it only triggered an alarm for more extensive traditional testing. In addi-
tion, and importantly, the development of ML models typically requires large amounts of 
data, which will be site-specific, thus requiring field monitoring resources. The Logue et al. 
(2016) study found a close connection between incubations of various bacterial communi-
ties and subsequent changes in fluorescence intensities. Four experimental communities 
decomposed various components of the Dissolved Organic Matter (DOM) pool. However, 
the researchers cautioned that the correlation analysis could not be used to unambiguously 
link a specific bacterial taxon to the degradation and utilisation of a particular DOM. Fur-
ther research was necessary to examine how specific microbial taxa in complex communi-
ties utilise individual organic matter compounds. Consequently, there was no direct link 
between E. coli or enterococci and the degradation of DOM. Thus, while attempts to quan-
tify E. coli through fluorescence have been performed, several issues, mainly in relation to 
specificity (Offenbaume et al. 2020), have thus far limited the development of a generalis-
able fluorescence-based E. coli monitoring approach.

Tryptophan’s blanket term TLF is typically used to identify specific compounds of 
FDOM in the peak-T region of EEMs (Carstea et  al. 2016; Sorensen et  al. 2018, 2021; 
Simões and Dong 2018). Tryptophan concentration and its correlation with fluorescence 
intensity were investigated in a study by Wünsch et al. (2015). They measured tryptophan 
wavelengths at λex/λem 277/350 nm and quantified molar fluorescence, absorbance, Stokes 
shift, and quantum yields. Carstea et  al. (2016) showed tryptophan has a peak fluores-
cence at λex/λem 295/353  nm, though a relationship between peak intensity values and 
concentration was not identified. Simões and Dong (2018) reported tryptophan’s intrinsic 
fluorescence at λex/λem 280/350 nm, though the concentration(s) was not identified. Given 
that the same EEM region seems to correlate both to tryptophan and to E. coli based on 
previous studies, it appears difficult to discern their relative contributions and, in turn, to 
estimate E. coli cell numbers from this region’s fluorescence alone due to these selectivity 
issues.

A more generic use of fluorescence signals was proposed in relation to faecal contami-
nation monitoring. Sorensen et al. (2018) determined that fluorescence spectroscopy tech-
nology was a viable option for the real-time screening of faecal contamination in drink-
ing waters globally. They found FDOM at TLF λex/λem wavelengths 280/360 nm was a 
good indicator of faecal contamination in drinking water; however, the correlations were 
site-specific, implying that the findings did not apply specifically to E. coli but rather to 
site-specific fluorescence properties during faecal contamination events. Nevertheless, they 
explain that if tryptophan were readily available in the environment, E. coli would import 
and hydrolyse tryptophan, almost quantitatively, into indole, which is then excreted. This 
would enhance any peak-T signal because indole fluoresces at a 33% greater intensity on 
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its own than when it forms part of the tryptophan molecule (Gunter et al. 2023). In addi-
tion, peak-T is composed of peak-T1 and peak-T2, where peak-T2 indole has peak λex/λem 
wavelengths different to the peak-T1 tryptophan. This implies that indole’s fluorescence 
signal would be much more significant in the peak-T2 region in the presence of tryptophan, 
given the same amount of E. coli/FIB, thus alleviating E. coli selectivity issues. Despite 
this suggestion, little quantitative analysis (together at once) of separate E. coli, tryptophan, 
and indole fluorescence signals against their concentration was performed.

Indole fluorophores in proteins fluoresce strongly in the region common for indole-
containing compounds; they are commonly found in wastewaters and are also referred to 
as tryptophan-like (Eftink and Ghlron 1976; Coble et  al. 2014; Carstea et  al. 2016). In 
nature, bacteria are most commonly found in complex communities, and indole production 
occurs and alters bacterial physiology differently (Lee and Lee 2010; Han et al. 2011; Li 
and Young 2013; Gaimster et al. 2014; Gaimster and Summers 2015; Kim and Park 2015). 
It is commonplace to use FIB as a proxy for Total Coliforms (TC) to indicate high-risk fae-
cal contamination in water (Tallon et al. 2005; Bedell et al. 2022; NHMRC and NRMMC 
2022), and the measurement of indole production is a traditional method for the identifica-
tion/differentiation of specific microbial species (Gaimster et al. 2014; Gaimster and Sum-
mers 2015; Kim and Park 2015).

Various Gram-positive and Gram-negative bacterial species have been identified in the 
literature as producing large quantities of indole, including E. coli, E. faecalis (entero-
cocci), and many commensal gut microbes (Gaimster et al. 2014; Han et al. 2011; Lee and 
Lee 2010; NHMRC and NRMMC 2022). Concerning E. coli, it has been shown that dur-
ing the bacterial growth transition from exponential to stationary phase, the indole pulse 
is necessary for long-term stationary phase viability (Gaimster et al. 2014; Gaimster and 
Summers 2015). Li and Young (2013) and Gaimster and Summers (2015) results suggest 
that the total amount of indole (up to 5–6 mM) produced by an E. coli broth is limited 
by the amount of exogenous tryptophan in the growth medium, environmental conditions, 
and nutrient availability. Concentrations of 0.5 to 1  mM indole have been identified to 
modulate biofilm formation, virulence, and stress responses, while concentrations of 4 to 
5 mM indole added exogenously to an E. coli culture have been shown to inhibit growth 
and cell division reversibly (Gaimster and Summers 2015). The duration of an indole pulse 
is somewhat inconsistent due to the complexity of the processes involved, but a pulse can 
occur in ~ 20 to 30 min (Gaimster et al. 2014). Noting that indole production over time can 
be different in terms of production rate than the more instantaneous indole pulse near a 
bacterial broth’s stationary phase. Regarding fluorescence, indole concentration vs inten-
sity has been documented in Wünsch et al. (2015), where they illustrate indole wavelengths 
being λex/λem 269/340 nm, molar fluorescence, molar absorbance, stokes shift and quan-
tum yield. At the same time, Carstea et al. (2016) show that indole has a fluorescence peak 
at λex/λem 230/330 – 350 nm, though they did not identify a relationship between intensity 
and concentration. Sorensen et al. (2018) compared the TLF intensity emitted by dissolved 
tryptophan and indole. They tested solutions containing 0, 10, 20, 50, and 100 ppb of both 
compounds, and found that pure indole fluoresced with 33% greater intensity than tryp-
tophan within the TLF region. However, the TLF wavelengths λex/λem pair 280/360 nm 
were used to collect results for both compounds. A specific λex/λem pair for either tryp-
tophan or indole was not illustrated, and the concentration range was limited to 100 ppb 
(0.0004897 mM tryptophan and 0.0008536 mM indole).

Given that the indole pulse can be noticed in a different region of an EEM than E. 
coli and tryptophan, there seems to be potential to concurrently monitor this to bet-
ter identify/quantify the actual amount of E. coli. Moreover, the same processes with 
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tryptophan and indole are valid for enterococci. Both FIBs demonstrate the ability of 
bacteria to decompose tryptophan to indole, which accumulates in the medium (Lee 
and Lee 2010; Gaimster and Summers 2015; Sigma-Aldrich Pty. Ltd. 2021a; Microbi-
ology Info.com 2022).

Research has shown that the E. coli/enterococci growth rate, tryptophan concentra-
tion and reduction, and indole production are correlated; however, so far, they have not 
been thoroughly identified/quantified concurrently in EEMs to determine correlations 
between their concentrations and fluorescence intensities. Thus, the objectives of this 
research were to identify and measure varying concentrations of E. coli, enterococci, 
tryptophan, and indole in laboratory settings with traditional methods as well as with 
absorbance and fluorescence approaches. To create sufficient evidence that FIB con-
centrations can be more accurately monitored when using both specific fluorescence 
wavelength pairs in conjunction with an indole pulse measurement (caused by exog-
enous tryptophan). Since the TLF region is also a common fluorescence region for 
other substances/contaminants (e.g., oils), the simultaneous monitoring of indole fluo-
rescence would help rule out these types of non-bacterial contamination. In addition, 
triggering an indole pulse with exogenous tryptophan could shed light on the magni-
tude of the faecal contamination event as well as its location since the timing of the 
pulse (e.g., just before/after the stationary phase) will be related to travel time of FIB 
from the contamination source. The evidence arising from this study could support the 
development of more selective and informative in  situ faecal contamination warning 
technologies.

2  Material and Methods

2.1  Bacterial Species

The primary bacterial species cultured for analysis were the E coli K-12 strain and 
Enterococcus faecalis strain ATCC 19433. E. coli presence in waters can indicate 
faecal contamination, and their cells can survive outside the body for a limited time 
(Bogosian et  al. 1996; Reisner et  al. 2003; Maraccini et  al. 2016; UNICEF 2019; 
NHMRC and NRMMC 2022; NHMRC 2022), making them ideal indicator organisms 
for environmental samples. Importantlfy, as previously mentioned, E. coli produces 
fluorescence in the peak-T region of EEMs (Fox et  al. 2017). Whereas enterococci 
form a biofilm, survive harsh conditions and environments, and are the most suitable 
FIB in many water quality guidelines (Kay et  al. 2005; Gilmore et  al. 2014; Khalifa 
et al. 2015; Maraccini et al. 2016; Paul Wood 2020; NHMRC and NRMMC 2022). The 
E. coli and enterococci were stored and refreshed on agar petri plates (See Supplemen-
tary Material SM2).

The laboratory procedures, growth media development, incubation conditions, 
results production, and analysis were reproducible for either bacterial species. Related 
studies (Lee and Lee 2010; Gaimster and Summers 2015) identified that indole pro-
duction was related to tryptophan, growth medium, and growing conditions. However, 
our preliminary research found that E. coli increased more readily to a higher concen-
tration than enterococci, and thus, we focused our results primarily on E. coli.
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2.2  Media

The Escherichia coli K-12 substrate MG1655 Growth Medium: M9 medium with 2% glyc-
erol (See Supplementary Material SM3 and Table SM. 1) was predominately used in this 
research (EcoCyc 2021). The ingredients for the M9 media listed in Table SM. 1, includ-
ing the distilled water  (dH2O), were sourced from the laboratory. Using a tryptophan assay 
kit, the initial tryptophan content of the M9 media was found to be ~ 0 µM. Then, different 
concentrations of L-tryptophan were added to the M9 media to increase the L-tryptophan 
content as required. The nutrient media CM0001B (Thermo Scientific™ 2021a) and nutri-
ent media No. 2 (Thermo Scientific™ 2021b) were used in a few initial experiments for E. 
coli and the enterococci cell pellet. A tryptophan assay kit showed the initial tryptophan 
content in nutrient media No. 2 (N2) to be ~ 170 µM. Similarly, different concentrations of 
L-tryptophan were calculated and added to the N2 media.

Even though the initial tryptophan content in the broth was estimated, such content was 
monitored during the experiments to further prove how much was used or produced by E. 
coli and how that content affected E. coli growth and rate of growth, as well as indole pro-
duction. This was important because, as Li and Young (2013) and Gaimster and Summers 
(2015) reported, the amount of indole produced by E. coli can be determined based on the 
amount of tryptophan in the growth medium, thus making it plausible that indole produc-
tion slows and then stops as the supply of exogenous tryptophan is exhausted. Because of 
this assumption, our laboratory work included experiments with extra tryptophan to help 
predict the indole signal’s timing, duration, and magnitude, using the tryptophan content as 
a guide. Also, the L-tryptophan was added and tested in different amounts to notice differ-
ences in bacterial growth with L-tryptophan depletion and, in subsequent indole analyses, 
to examine the limit to indole production and how this related to the initial L-tryptophan 
content in isolation.

The L-tryptophan content was added to M9 media using a stock-made 50 mM L-tryp-
tophan solution. Concentrations of 0.5 mM, 1 mM, 2 mM, 5 mM, and 6 mM L-tryptophan 
were achieved within the M9 media (and the N2 media) to grow E. coli over time, take 
samples to produce the OD600 bacteria growth curve and for subsequent analyses. Sam-
pling experiments and testing were conducted over time in triplicate samples under the 
same conditions and time, i.e., multiple M9 media E. coli cultures (and N2 media cultures), 
with and without additional L-tryptophan. The 1  mL samples for tryptophan and 1  mL 
samples for indole measurement were pipetted into 1.5 mL centrifuge tubes, centrifuged as 
described in Sect. 2.3, then frozen at -80 ºC; 3 mL samples were used for OD600 measure-
ments, and 1 mL samples for the EEMs were not centrifuged but directly frozen at -80 ºC 
for subsequent dilutions. The OD600 readings were recorded as described in Sects. 2.3 and 
2.4, the fluorescence EEMs as described in Sects. 2.5 and 2.6, the L-tryptophan concentra-
tions (see Sect. 2.8) were analysed with a tryptophan assay kit and indole (see Sect. 2.9) an 
indole assay kit.

2.3  Bacterial Growth Curves

To evaluate FIB concentrations, OD600 readings were taken as a measure of bacterial 
growth for both E. coli and enterococci (Laplace et al. 1997; Turner et al. 2004; Sezonov 
et  al. 2007; Milo et  al. 2010; Khalifa et  al. 2015; Fox et  al. 2017; Yap and Trau 2019). 
Bacterial growth curves of E. coli (n =  ~ 200) and enterococci (n =  ~ 12) were produced by 
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inoculating 200 mL of the sterile medium using the stored petri plate cultures. The bacteria 
in broth were incubated at 37 °C and shaken at 130 rpm while the samples were collected 
under sterile conditions (See Supplementary Material SM4).

Following OD600 measurement, three 1 mL samples were pipetted into 1.5 mL cen-
trifuge tubes, i.e., one tube for L-tryptophan analysis, one for indole analysis, and one for 
EEM analysis. The tryptophan’s and indole’s 1  mL samples in 1.5  mL centrifuge tubes 
were centrifuged at 12,000 rpm at 4 °C for 10 min. The samples for EEM analysis were not 
centrifuged to capture the entirety of the solution but were placed directly in the freezer at 
-80 °C. Following the 10 min centrifuge of the tryptophan and indole samples, these were 
added to the storable containers, placed in the -80 °C freezer, and immediately frozen. All 
samples were tested, on average, 2–4 weeks later. The frozen samples were subsequently 
thawed for tryptophan, indole, or EEM analyses. The 1 mL samples for EEMs were diluted 
in 10 mL sterile centrifuge tubes with Phosphate Buffered Saline (PBS) accordingly.

2.4  Bacterial Growth Curve Analysis

To measure the FIB concentration, first, the OD600 reading was taken, and then their 
concentration in cell density (Cells/mL) and colony forming units per mL (CFU/mL) was 
approximated using general equations for (1) E. coli and (2) for enterococci, developed 
based on correlations resulting from a number of selected samples that were measured for 
both cell count and absorbance. The calculations were calibrated by taking another series 
of triplicate samples (at the start of an experiment, with low concentrations and a higher 
concentration later) (see Supplementary Material SR1 Tables SR. 1 – SR. 4).

For the concentration calculation to be related to the OD600 values, spread plate counts 
(CFU/mL) were determined for both typical E. coli and enterococci broth dilutions in M9 
media, nutrient broth No.2 (N2) and nutrient broth CM0001B (see Supplementary Mate-
rial SR1 Fig. SR. 1a-b). Based on OD600 and spread plate results shown in Supplementary 
Material SR1 Tables SR. 1, SR. 2, and SR. 3, this enabled the development of a regression 
model between these indicators:

where E.coliOD600 represents the OD600 readings and E.coli
CFU∕mL the respective spread 

plate counts of the analysed broth dilutions.
Due to lower spread plate counts, the enterococci dilutions were documented for nutri-

ent broth No.2 (N2) samples only. The OD600 and spread plate results data shown in 
Supplementary Material SR1 Table SR. 4 enabled the enterococci equation below to be 
developed:

where Enterococci
OD600

 represents the OD600 readings and Enterococci
CFU∕mL the respec-

tive spread plate counts of the analysed broth dilutions.
The correlation (i.e., regression coefficient) between the two different measurement 

methods is similar to those previously reported (Laplace et al. 1997; Sezonov et al. 2007; 
BNID 100985 and BNID 106028 Milo et  al. 2010; Khalifa et  al. 2015; Yap and Trau 
2019). While the accuracy based on mean values is very high (see Supplementary Material 
SR1 Fig. SR. 1a-b), the large standard deviation reflects the high variability in the results, 
which is partially caused by the inherent variability of such biological systems and their 

(1)E.coli
OD600

= 4.0 ⋅ 10
−11

⋅ E.coli
CFU∕mL + 0.0077

(2)Enterococci
OD600

= 2 ⋅ 10
−10

⋅ Enterococci
CFU∕mL − 0.0002
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measurement inconsistency, as well as their growth difference across the different experi-
ments. However, the variation in the relationship between spread plate counts and OD600 
may also imply that such measurement methods are not robust and may support the con-
current use of fluorescence-based investigation techniques. To assess the above Eq. (1) and 
Eq. (2), several triplicate series for E. coli and enterococci OD600 vs spread plates results 
were verified periodically as described in Sect. 2.3 and Supplementary Material SM4.

2.5  Fluorescence Excitation‑Emission Matrices Measurements

Fluorescence EEM data were amassed using a Duetta spectrofluorometer (Horiba 2020). A 
micro quartz cuvette (4 mL) with a 10 mm path length was used throughout.

To obtain reliable EEMs for these experiments where samples contain multiple fluo-
rophores, the blank was subtracted from the EEM in subsequent MS Excel data analysis. 
Additionally, it was deemed appropriate to apply different EEM collection settings for 
other EEM regions. For example, at short wavelength range EEMs, a large bandpass and 
integration time were used, while at longer wavelength range EEMs, a smaller bandpass 
and shorter integration time were applied. Therefore, EEM analysis for the samples in this 
lab investigation consisted of eighteen individual methods setups with specific code names 
(see Supplementary Material SM5 and Fig. SM. 1 – SM. 18). The unique method configu-
rations were slightly different in terms of bandwidth, time steps, excitation/emission, and a 
few other specifics. However, all configurations remained within the same total excitation 
range within 200–400  nm and emission range within 275–500  nm. Also, the excitation 
step increment, emission increment, and detection accumulations remained the same for all 
configurations. The diverse configurations were made to minimise noise and ensure that we 
could isolate/identify the actual fluorescence signal in different regions of the EEM. Mul-
tiple samples were compared/analysed in the same method setup. Then, after the measure-
ments, if required for analysis, we used the peak fluorescence ratio (between the results of 
sample dilutions or between different time series samples with the same method setup) to 
align the data and make comparisons.

2.6  Fluorescence Data Analysis

Using the Duetta software, data extraction, and manipulation techniques, the EEM data 
were saved and investigated. The visual analysis method involved manual interpretation of 
2D and 3D contour plots in the Duetta software. Peak-picking techniques, data manipula-
tion, and statistical analysis were deployed. Peak picking was used to visually discriminate 
real peaks from artifacts and noise (Garrett et al. 1991). This helped identify Rayleigh scat-
tering and noise around the EEM edges. Although there are generalised strategies, such as 
those described by Tan et al. (2020), for robust Rayleigh scattering correction and spectral 
resolution improvement of an EEM. However, in our analysis, to remove the diagonal Ray-
leigh scattering, the Duetta software analysis tool was manually employed (Horiba 2020). 
See Supplementary Material SM6 and Eq. (SM. 1) for more information and alternative 
methods using MS Excel. The EEM visualisation was also performed through the develop-
ment of a dedicated code in R (RStudio 2023.06.01). See Supplementary Material Sec-
tions: SR_MS (Duetta EzSpec Software compilation of main manuscript EEMs figures) 
and SR_SMA (Duetta EzSpec Software compilation of Supplementary Material EEMs 
figures) for better visualisations of the fluorescence intensity in the lower or higher ranges 
(Horiba 2020).
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Peak-picked data was analysed to provide a visual representation of the fluores-
cence development over time. Using the EEM fluorescence and OD600, the relation-
ship between fluorescence at identified wavelength pairs and E. coli concentration was 
estimated.

2.7  E. coli and Enterococci Cell Pellet Measurements

To gather the E. coli and enterococci cell pellet, stationary phase cultures were centrifuged 
in 50 mL centrifuge containers at 5000 × g at 4 °C for 5 min. The supernatant was pipetted 
off and filtered using a 0.22 μm PVDF membrane filter to guarantee all cells were removed 
and immediately frozen. The cell pellet was resuspended and washed five times in 5 mL 
PBS pH 7.4 at 25 °C to ensure that any supernatant or media was no longer present. The 
final cell pellet solution had the OD600 value recorded, and further dilutions in PBS were 
expressed against that value. Finally, the fluorescence EEM of the cell pellet was recorded 
for those dilutions and measured against the OD600 values.

Control measures were placed on the E. coli and enterococci cell pellet to provide con-
fidence that the resultant pellet was pure. Gram staining of diluted E. coli and enterococci 
cell pellet were monitored under a microscope for samples at regular bacteria growth phase 
intervals. See Supplementary Material SR2 Fig. SR. 2 and Fig. SR. 3, which represent the 
gram staining of stationary phase (a) E. coli and (b) E. faecalis (enterococci) cell pellet 
samples. Additionally, OD600, 16-streak plate counts, and spread plate counts were pro-
duced for the bacteria broth in triplicate at regular intervals, noted in laboratory notebooks, 
and for future reference photographed.

Before fluorescence EEM analysis, the chosen E. coli and enterococci cell pellet and 
supernatant samples were diluted tenfold, 100-fold, and 1000-fold in PBS. Then, the cell 
pellet and supernatant samples produced fluorescence EEMs as described in Sects. 2.5 and 
2.6 and concentrations expressed with the general equations for (1) E. coli and (2) entero-
cocci, as described in Sect. 2.4.

2.8  Tryptophan Measurements

The L-tryptophan (LTP) reagent grade 25 g was sourced through Sigma-Aldrich Pty. Ltd. 
(2021b) and processed in the laboratory in  dH2O to achieve calculated concentrations. An 
initial solution was developed using ~ 2.3 g of the weighed powder in 225 mL  dH2O in a 
glass bottle with a lid, then sterilised by autoclaving at 121 °C for 20 min. This provided a 
50 mM L-tryptophan solution further diluted in  dH2O to 10 mM / 5 mM / 2 mM / 1 mM 
/ 0.5 mM / 0.2 mM / 0.1 mM / 0.05 mM / 0.02 mM / 0.01 mM / 0.005 mM. Additionally, 
an L-tryptophan standard 1000 uM (from the tryptophan assay kit) was diluted tenfold, 
100-fold, 1000-fold, and 10000-fold for analysis. A tryptophan assay kit, described later, 
was subsequently used to confirm the accuracy of the dilutions. Then, multiple EEMs were 
acquired for those diluted solution samples using the Duetta analysis methods described in 
Sects. 2.5 and 2.6.

The L-tryptophan content was determined using the Bridge-It® L-Tryptophan Fluores-
cence Assay kit protocol and fluorescence microplate reader (Mediomics 2021). Following 
the assay protocol and methods from Sect. 2.3 of this report, the frozen E. coli broth sam-
ples (-80 °C) were thawed for L-tryptophan analyses in the PC2 laboratory.
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2.9  Indole Measurements

Indole for synthesis was sourced through Sigma-Aldrich Pty. Ltd. (2021c) and processed 
in the laboratory in Ethanol to achieve calculated concentrations. An initial indole solu-
tion was developed using the Indole bottle contents (25 g) and Ethanol (500 mL). This 
provided a ~ 426.8  mM indole solution subsequently diluted in ethanol to 100  mM / 
60 mM / 30 mM / 17 mM / 10 mM / 8.5 mM / 6 mM / 5 mM / 4 mM / 3 mM / 2 mM / 
1 mM / 0.5 mM / 0.2 mM / 0.1 mM / 0.005 mM solutions, in 10 mL centrifuge tubes 
wrapped in aluminium foil and masking tape stored without light. Additionally, the 
10  mM indole standard from the indole assay kit was diluted in Ethanol to 1  mM / 
0.1 mM / 0.01 mM / 0.001 mM / 0.0001 mM for analysis. Excitation-emission matrices 
were then acquired for those diluted solution samples using the methods described in 
Sects.  2.5 and 2.6. Relationships between fluorescence at identified wavelength pairs 
and indole concentration were used to inform the following research tasks.

To understand how much E. coli grows over time and when to expect and maximise 
indole signalling, testing was conducted with different M9 media E. coli culture sam-
ples, with and without L-tryptophan addition, with and without additional M9 medium 
and compared over time (See Sects. 2.2 and 2.10). We examined how the initial L-tryp-
tophan concentration in an E. coli broth relates to the indole magnitude over time (Gaim-
ster et al. 2014; Gaimster and Summers 2015) and whether to expect the concentration 
of indole, the timing and duration of the shift from exponential to stationary phase to 
differ depending on initial L-tryptophan concentration in media. According to Gaimster 
and Summers (2015), there are two distinct modes of indole signalling, i.e., pulse sig-
nalling with high transient levels of indole and persistent signalling due to long-lasting 
levels of indole. They reported that the cell-associated indole, which peaks and falls 
rapidly, is much higher than the free indole. Therefore, to provide a broad assessment 
of the levels of indole, our sampling for free indole started every ~ 4 h before, during, 
and after the exponential phase until E. coli went into its stationary phase; from that 
point, the sampling frequency was once every 24  h until the death phase. The 1  mL 
samples for indole measurement were pipetted into 1.5 mL centrifuge tubes, centrifuged 
as described in Sect. 2.3, and then frozen at -80 ºC. The OD600 readings were collected 
as identified in Sects. 2.3, and the EEMs produced as identified in Sects. 2.5 and 2.6.

Another experiment tested whether a 5 mM indole signal was produced after adding 
three 2 mM L-tryptophan supplements to an E. coli broth over time. This was to test 
whether (i) we could get more than 5 mM of indole and (ii) whether adding L-trypto-
phan in smaller amounts over time provides different results than altogether at the start. 
Adapted from Gaimster and Summers (2015), a fresh E. coli culture was inoculated into 
a fresh M9 medium. Subsequently, two different triplicate broths were incubated at 37 
°C with shaking at 130 rpm for 24 h. The supernatant indole concentration in the sta-
tionary phase broths was assayed. One sub-culture triplicate was incubated at 37 °C 
with shaking for a further 192  h. The other sub-culture triplicate was also incubated 
with shaking at 37 °C, but three 2 mM supplements of L-tryptophan were added at 52, 
76 and 100 h (for a total of 6 mM added L-tryptophan). Samples were taken from each 
broth every 24 h for 72 h, and the supernatant was assayed for indole at 76 / 100 / 124 
and 194 h.

Two indole assay kits were used (Cell Biolabs Inc. 2021; Sigma-Aldrich Pty. Ltd. 
2021a) for measuring free indole in samples in a bacterial growth medium. Both assay 
kits made use of typical laboratory procedures and a fluorescence microplate reader. 
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The kit from Cell Biolabs Inc. (2021) was a colorimetric assay that measured the total 
amount of free indole present in bacterial samples. The sample indole concentrations 
were determined by comparison with a known indole standard, and the kit had a detec-
tion sensitivity limit of 31  µM indole. The second kit from Sigma-Aldrich Pty. Ltd. 
(2021a) was based on a version of Ehrlich’s and Kophanovac’s reagents. The intensity 
of the produced coloured compound was directly proportional to the indole in the sam-
ple, and this indole assay kit has a linear detection range of 3 to 100 µM indole. Follow-
ing the related assay protocols (Cell Biolabs Inc. 2021; Sigma-Aldrich Pty. Ltd. 2021a) 
and Sect. 2.3 of this report, the frozen 1 mL centrifuged E. coli broth samples (-80 °C) 
were thawed for indole analyses. The assay method protocols were followed and con-
ducted in the PC2 laboratory. The fluorescence microplate reader was set up according 
to each indole assay kit protocol. Subsequently, the indole concentration data was saved 
and investigated using the fluorescence microplate reader software and data extraction 
and manipulation techniques.

2.10  E. coli and Enterococci Bacterial Broth Measurements

Before fluorescence EEMs vs concentration analysis, the chosen E. coli and enterococci 
broth samples (stationary phase samples and time series samples) were not filtered to cap-
ture the entirety of the solution, i.e., the bacterial cell pellet in the broth with biochemicals 
produced over time. These samples were thawed, vortexed and diluted tenfold, 100-fold, 
and 1000-fold in PBS. Then, these samples produced fluorescence EEMs, as described in 
Sects. 2.5 and 2.6, and concentrations expressed with the general equations for (1) E. coli 
and (2) enterococci, as described in Sect. 2.4.

2.11  Exploratory Lab Representation of Field Monitoring Potential

As E. coli and enterococci in the environment are not typically found in their exponen-
tial growth phase but in the stationary phase, additional laboratory experimentation was 
conducted to further understand the relationship between E. coli, tryptophan, and indole. 
We specifically assessed whether a predetermined indole pulse produced from a stationary 
phase E. coli broth with additional L-tryptophan supplementation could be triggered. The 
justification was that if such an indole pulse could be achieved, there would be potential for 
a fluorescence-based field sensor to be developed, which applies L-tryptophan in the field 
to confirm E. coli presence through E. coli and indole fluorescence EEM regions. These 
samples were analysed and developed using methods identified in previous Sects.  2.1 
– 2.10.

3  Results and Discussion

3.1  Excitation‑Emission Matrices vs Concentration

3.1.1  E. coli and Enterococci Cell Pellet

E. coli and enterococci cell pellets contain material/biochemicals that fluoresce in 
the peak-T region of EEMs. Our analysis suggests E. coli have a peak λex/λem pair 



 K. L. Offenbaume et al.

1 3

   21  Page 12 of 29

of ~ 280/ ~ 327 nm (± 5 nm) while enterococci have a peak λex/λem pair of ~ 276/ ~ 324 nm 
(± 5 nm) (see Supplementary Material SR2 Tables SR. 5 and SR. 6). Their EEM peak λex/
λem values and regions are almost identical. However, our results suggest that in typical 
broths, E. coli predictably concentrated higher (both in terms of CFU/mL and OD600) than 
enterococci. Their bacteria profile could be the direct cause (see Supplementary Material 
SR2 Fig. SR. 2, gram staining): E. coli are rod-shaped, form long strands, chain-like struc-
tures, and clumps, whereas enterococci (see Supplementary Material SR2 Fig. SR. 3, gram 
staining) are circular/oval shaped and as seen under the microscope gram staining, they did 
not form long clumps, chains, or strands. Still, when moving away from broths and devel-
oping both cell pellet solutions, the concentrations became highly comparable (See Fig. 1a, 
b).

The E. coli and enterococci cell pellets were diluted tenfold, 100-fold, and 1000-fold; 
EEMs were analysed for all method setups. For both E. coli OD600 = 1.8 (Fig. 2a-c) and 
enterococci OD600 = 1.9 (Fig. 3a-c) cell pellet, the EEMs (method M34) provide a visual 
representation of the typical mean fluorescence reduction resulting from a dilution series, 
as well as the cell pellet peak λex/λem value and region similarities.

Fig. 1  The Method M34 EEMs of (a) E. coli cell pellet (tenfold dilution OD600 = 0.18) and (b) enterococci 
cell pellet (tenfold dilution OD600 = 0.19). (See SR_MS Fig. SR_MS. 1) 

Fig. 2  The Method M34 EEMs of E. coli cell pellet (a) tenfold, (b) 100-fold and (c) 1000-fold dilutions
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The reader can refer to Supplementary Material SR_MS Fig. SR_MS. 2a-b-c and Fig. 
SR_MS. 3a-b-c for better visualisation of the fluorescence intensity in the low range for 
dilutions 100-fold and 1000-fold.

The mean results of the dilution series (tenfold, 100-fold, and 1000-fold) were used 
to determine the mean peak λex/λem pair for E. coli presence. For mean OD600 values 
of 0.178, 0.018, and 0.0020. Subsequently, the mean peak fluorescence for E. coli cell 
pellet and Eq. (1) (see Sect. 2.4) were used to develop the FI vs concentration (Conc.) 
relationship (R2 = 0.99). This is presented with the standard deviation of the method M4 
mean results for E. coli cell pellet (Fig. 4a). Similarly, the enterococci cell pellet was 
analysed using mean values derived from multiple dilution series (tenfold, 100-fold, 
and 1000-fold) for mean OD600 values of 0.131, 0.013, and 0.001. This allowed the 
identification of the mean peak λex/λem pair for enterococci presence. The mean peak 
fluorescence for enterococci cell pellet and Eq. (2) (see Sect. 2.4) were used to develop 
the FI vs Conc. relationship (R2 = 0.99) and is presented with the standard deviation of 
the method M4 mean results for enterococci cell pellet (Fig. 4b). As the sample became 
more diluted, there was typically less fluorescence. However, our analysis found that the 

Fig. 3  The Method M34 EEMs of enterococci cell pellet (a) tenfold, (b) 100-fold and (c) 1000-fold dilu-
tions

Fig. 4  Method M4 peak FI vs concentration results (with standard deviation) for the (a) E. coli cell pellet 
dilution series (tenfold, 100-fold, and 1000-fold) and the (b) enterococci cell pellet dilution series (tenfold, 
100-fold, and 1000-fold)
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presence of E. coli and enterococci in the EEMs remained. Although the peak fluores-
cence reduced, it did so relative to its surroundings.

Additionally, when combined, the E. coli and enterococci cell pellet mean peak λex/
λem pair was ~ 278/ ~ 326 nm (± 5 nm), and their concentration(s) was determinable using 
OD600 and Eq. (1) or Eq. (2).

The cell pellet development(s) were a combination of broths centrifuged and washed 
together. The FI and CFU/mL were higher or larger depending on the cell pellet concentra-
tion. The significant standard deviation for the high concentration results in Fig. 4a, b is due 
to a combination of multiple samples with different OD600 values (E. coli between ~ 1.0 
and ~ 2.0). Similarly, the enterococci cell pellet saw one of the triplicate samples with a 
higher OD600 value (between ~ 1.1 and ~ 1.9) and, therefore, concentration. However, both 
curves follow a similar trend (See Fig. 4a, b).

3.1.2  L‑tryptophan

The mean results for the method M4 set up (Fig. 5a, b) found the mean λex/λem wavelength 
pair to predict concentrations between 0.001 to 0.2 mM L-tryptophan was ~ 280/ ~ 343 nm 
(± 5 nm) with R2 = 0.91. Similarly, the mean λex/λem wavelength pair of method M200400 
results (Fig. 6a, b) between 0.001 to 0.2 mM L-tryptophan was ~ 275/ ~ 344 nm (± 5 nm) 
with an accuracy of R2 = 0.90. The mean λex/λem of both methods, M4 and M200400 (see 
Supplementary Material SR3 Table SR. 7) was ~ 278/ ~ 343  nm (± 5  nm) for concentra-
tions between 0.001 to 0.2 mM L-tryptophan. A smaller peak (see Fig. 6a and Supplemen-
tary Material SR3 Fig. SR. 4a) occurred at lower, indole-like excitation wavelengths in the 
peak-T2 region, though with proportionally much lower fluorescence intensity.

As the concentration between 0.001 and 0.2 mM L-tryptophan increased, so did the 
fluorescence intensity (Fig. 5 and Fig 6). For higher concentrations (0.5 to 6 mM, see 
Supplementary Material SR3 Table SR. 8, Fig. SR. 4a-b, SR. 5a-b and SR. 6d-f), the 
peak mean λex/λem wavelength pair shifted slightly (~ 298/ ~ 344  nm (± 5  nm)), and 
fluorescence intensity decreased. We surmise that this is due to the inner filter effect and 
fluorescence quenching, including collisional quenching or even apparent quenching 
of the sample (Eftink and Ghlron 1976; Knappskog and Haavik 1995; Lakowicz 2006; 

Fig. 5  The (a) Method M4 EEM of 0.1 mM L-tryptophan, and (b) the peak FI vs concentration trend for 
the peak λex/λem ~ 280/ ~ 343 nm (± 5 nm) pair and L-tryptophan concentrations between 0.001 to 0.2 mM 
with standard deviation. (See SR_MS Fig. SR_MS. 4)
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Wang et al. 2017; Zu et al. 2017; Chen et al. 2018; Kumar Panigrahi and Kumar Mishra 
2019) not automatically accounted for in the EEMs collection phase, and it occurred for 
concentrations high enough not to be expected in freshwater environments (Sorensen 
et  al. 2018). According to the literature (Eftink and Ghlron 1976; Joshi et  al. 1990; 
Knappskog and Haavik 1995; Lakowicz 2006), various substances and molecular inter-
actions act as fluorescence quenchers. A decreasing trend is common for many organic 
dyes and carbon dots; the fluorescence decreases when the concentration increases 
above certain thresholds (Zu et al. 2017). Molecular oxygen is one of the best-known 
collisional quenchers (which quenches almost all known fluorophores), and there is also 
apparent quenching caused by the optical properties of a sample (Lakowicz 2006).

Tryptophan falls within a specific TLF excitation and emission range contained 
within peak T (T1 and T2), and our identified λex/λem peak wavelength pair evolution is 
seen in the literature (Baker et al. 2015; Bridgeman et al. 2015; Wünsch et al. 2015; Car-
stea et al. 2016; Fox et al. 2017; Yin et al. 2020). Baker et al. (2015) identified that fluo-
rescence at 280 nm excitation and 350 nm emission wavelengths was attributed to TLF. 
Bridgeman et al. (2015) determined that TLF fluorescence was emitted at 340–370 nm 
under excitation at both 220–240 nm and 270–280 nm. Wünsch et al. (2015) illustrated 
that the wavelengths for tryptophan were λex/λem 277/350  nm. Carstea et  al. (2016) 
presented tryptophan’s λex/λem being 295/353 nm, with potential sources in wastewater 
being proteins, peptides, and livestock wastewater. Fox et al. (2017) discussed FDOM 
protein-like fluorescence within the λex/λem 230–280/330–360 nm range. Referred to 
as peak T, protein-like FDOM of microbial origin λex/λem 275/340 nm was tryptophan-
like and 230/305  nm tyrosine-like. At the same time, Fox et  al. (2017) identified the 
fluorescence peak for tryptophan presence as being λex/λem 280/300–380  nm. Yin 
et  al. (2020) identified two typical fluorescence peaks in freshwater aquatic samples: 
peak T1-tryptophan-like λex/λem 275/340–350  nm and peak T2-tryptophan-like λex/
λem 225–237/340–381  nm. Peak-T1 materials were related to/associated with soluble 
microbial products and peak-T2 materials proteins of aromatic structures. Our results in 
terms of novel λex/λem fluorescence intensity peaks align with previous research find-
ings; identifying EEM peak features with varying concentrations is a novel output of 
our work.

Fig. 6  The (a) Method M200400 EEM of 0.1 mM L-tryptophan, and (b) the peak FI vs concentration trend 
for the peak λex/λem ~ 275/ ~ 344  nm (± 5  nm) pair and L-tryptophan concentrations between 0.001 to 
0.2 mM with standard deviation. (See SR_MS Fig. SR_MS. 5)
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Table  1 illustrates the mean primary and secondary (Method M200400) fluorescence 
peak percentage differences between 0.1 and 6 mM L-tryptophan. Results show that for 
0.1 to 0.2 mM L-tryptophan, the fluorescence peaks had a difference of approximately half, 
for 0.5 mM L-tryptophan one-third and for 6 mM L-tryptophan four-fifths, respectively. At 
concentrations ≥ 0.5 mM, the difference is partly due to/affected by fluorescence quenching 
and the inner filter effect.

In summary, L-tryptophan peak excitation wavelength(s) differ depending on concentra-
tion, but the peak emission remains at ~ 345 nm. There is also a secondary peak excitation 
at ~ 230 nm, but this has a significantly lower intensity than that for an equivalent concen-
tration of indole, which has a similar excitation wavelength peak.

3.1.3  Indole

For six methods setups and indole concentrations between 0.05 to 5 mM (see Supplemen-
tary Material SR4 Table SR. 9), the mean λex/λem pair was ~ 232/ ~ 321 nm (± 5 nm), also 
showing good consistency in the EEM area of detection at higher concentrations. A smaller 
peak (Supplementary Material SR4 Fig. SR. 9a and Fig. SR. 10a) occurred at higher, TLF-
like excitation wavelengths, though with proportionally much lower fluorescence intensity.

As the indole concentration increased from 0.1 to 0.5  mM, so did the fluorescence 
(Fig. 7b) for Method MR1 with R2 = 0.90 (for concentrations between 0.1 to 1 mM, see 
Supplementary Material SR4 Fig. SR. 7b).

For Method M200400, as indole concentrations increased from 0.05 to 0.5  mM. so 
did the fluorescence (see Supplementary Material SR4 Fig. SR. 9b). The results for three 
method setups (MR1, M200400 and IND3) showed that fluorescence decreased steadily 
for indole concentrations beyond 0.5 mM, up to 5 mM (see Supplementary Material SR4 
Table SR. 10, Fig. SR. 8b, Fig. SR. 10b, Fig. SR. 11b and Fig. SR. 12a-f) due to the inner 
filter effect and fluorescence quenching of the material (not automatically accounted for in 
the EEMs collection phase) (Eftink and Ghlron 1976; Joshi et al. 1990; Lakowicz 2006; 
Wang et al. 2017; Zu et al. 2017; Chen et al. 2018; Kumar Panigrahi and Kumar Mishra 
2019).

Interestingly, (see Supplementary Material SR4 Fig. SR. 9a-b, Fig. SR. 10a-b 
and Fig. SR 12 a-f) between 0.05 to ≤ 3  mM with increased indole concentra-
tion, the primary fluorescence peak λex/λem remained at ~ 230/ ~ 320  nm, while 
a secondary (lower fluorescence) peak at λex/λem ~ 270/ ~ 323  nm shifted to λex/
λem ~ 296/ ~ 322 nm (between ~ 0.5 to ≤ 6 mM). From 0.2 to 0.5 mM, the primary peaks’ 
(λex/λem ~ 230/ ~ 320 nm) fluorescence increased. Above concentrations of 0.5 mM, it 

Table 1  The fluorescence intensity comparison between L-tryptophan concentrations and λex/λem peaks 

L-tryptophan 
[mM]

λex/λem 229/341 λex/λem 275/344 λex/λem 295/344 Difference [%]
Fluorescence Intensity [Counts/µA]

0.1 25,949 41,185 - 0.37
0.2 20,753 41,928 - 0.51
0.5 32,574 - 22,756 0.30
2 6588 - 14,300 0.18
6 1560 - 9868 0.84
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decreased but remained the most dominant fluorescence up to concentrations of 3 mM, 
when the fluorescence fell sharply, in comparison to the secondary peak levelling off. 
If such result was consistent even after accounting for the inner filter effect and fluores-
cence quenching, the indole peak could be considered concentration-dependent. This 
result could be a way to identify indole in solution and to determine its concentration in 
correlation with the fluorescence intensity maximum. While the focus of this work was 
analysing the same relationship for E. coli (concentration vs fluorescence), these results 
seem to be promising and set the foundation for further work in this regard, though 
fieldwork should complement lab work to ensure that potential selectivity and sensitiv-
ity issues are identified and addressed.

Table 2 illustrates an assessment of the (Method M200400) λex 229 nm peak mean 
fluorescence differences between 0.1 to 5 mM indole and L-tryptophan.

At 0.1 mM, the two peaks differed by ~ 70%; at 0.5 mM, they differed by ~ 60%; at 
5 mM, they differed by ~ 80%. It is important to note that this difference is in part due 
to/affected by fluorescence quenching and the inner filter effect at high concentrations 
(≥ 0.5 mM). Even though the indole fluorescence intensity was much stronger, we could 
also distinguish the tryptophan peak due to its λem maximum being located in a dif-
ferent spot. It was discovered that the λem peak for L-tryptophan was ~ 341 nm rather 
than ~ 321 nm, and therefore, the difference lies not only in the magnitude of fluores-
cence but also in the wavelength at which the peak occurs.

Fig. 7  The (a) Method MR1 EEM of 0.5 mM indole, and (b) the peak FI vs concentration trend for the 
peak λex/λem ~ 228/ ~ 320 nm (± 5 nm) pair and indole concentrations between 0.1 to 0.5 mM with standard 
deviation. (See SR_MS Fig. SR_MS. 6)

Table 2  The fluorescence 
intensity comparison between 
indole and L-tryptophan at 
λex ~ 229 nm

Concentration
[mM]

Indole L-tryptophan Difference
[%]λex/λem 

229/321 nm
λex/λem 229/341 nm

Fluorescence Intensity [Counts/µA]

0.1 83,623 25,949 0.69
0.5 86,138 32,574 0.62
5 5217 918 0.82
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The study by Wünsch et  al. (2015) illustrated the optical properties of DL-trypto-
phan and indole. Molar fluorescence was provided for the absorbance maximum, and 
the quantum yield was (stated as) the percentage of the estimated quantum yield. The 
quantum yield result for DL-tryptophan was 0.15 (± 7%), while for indole, the result 
was 0.28 (± 10%). These results were higher than those of Sorensen et al. (2018), who 
illustrated that the intensity of indole on its own was 33% greater than when it formed 
part of the tryptophan molecule. They used a general TLF λex/λem pair of 280/360 nm 
to collect fluorescence results for both compounds, and the concentration range was lim-
ited to 100  ppb (0 to 0.0004897  mM tryptophan and 0 to 0.0008536  mM indole). In 
comparison, in terms of peak fluorescence intensity difference (%), Wünsch et al. (2015) 
results were more consistent with ours (see Tables 2 and 3, Method M200400 results). 
Between 0.05 to ≤ 0.5 mM, examining the L-tryptophan and indole peaks, indole had a 
mean ~ 59% (standard deviation ~ 13%) higher FI, given the same concentration. Not-
ing that our results were drawn from the peak fluorescence intensity in EEMs without 
an absorbance maximum correlation. The inner filter effect and fluorescence quenching 
were mentioned to contribute at higher concentrations (≥ 0.5 mM) but were not further 
investigated.

However, the likely range of values for FIB-related indole in the environment 
depends upon indole production from tryptophan. As identified by Sorensen et  al. 
(2018), Tryptophan-like thresholds for individual risk categories for drinking water 
studies are low 1.3  ppb (0.0064  µM), medium 2.4  ppb (0.0118  µM), high 6.9  ppb 
(0.0338 µM) and very high 27.1 ppb (0.1327 µM). Nowicki et al. (2019) identified TLF 
as a measure of microbial contamination risk in groundwater by risk class (correlated to 
E. coli risk class) from low to very high using the thresholds of 1 ppb (0.0049 µM) and 
3.9 ppb (0.0191 µM). These thresholds were well below our tryptophan values. There-
fore, indole values > 0.5 mM are not expected in waters like those above.

In summary, indoles’ prominent peak λex slightly differs (~ 228/ ~ 232 nm) depending 
on concentration, but the peak λem remains consistently ~ 321 nm. Indole also showed a 
second peak λex/λem at ~ 280 to 295/ ~ 320 nm (± 5 nm), but the fluorescence intensity 
was much lower than the equivalent L-tryptophan concentrations’ FI when tested by 
the same method setup. Moreover, the peak-T2 range (λex/λem ~ 232/ ~ 321  nm) is of 
most interest because this region offers a point of difference to E. coli/enterococci and 
tryptophan.

Table 3  The fluorescence intensity comparison between indole and L-tryptophan λex/λem peaks

Concentration
[mM]

Indole L-tryptophan Difference [%] Standard 
devia-
tion

λex/λem 
229/321 nm

λex/λem 275–298/344 nm

Fluorescence Intensity [Counts/µA]

0.05 72,622 25,877 0.64
0.1 83,623 40,119 0.52
0.2 79,431 42,823 0.46
0.5 86,138 21,423 0.75
5 5217 10,621 (0.51)
Mean 0.59 0.13
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3.1.4  E. coli and Enterococci in Media

E. coli grown in minimal media M9 is represented in the method M24 EEM (Fig.  8b). 
Results show that when M9 media (Fig. 8a) diluted tenfold is compared to (Fig. 8b) E. coli 
in M9 media (OD600 ~ 0.7) diluted tenfold there is a significant difference in region inten-
sity. This implies that it can be stated that the region-specific fluorescence is due to E. coli 
rather than the media. Similarly, enterococci broth in N2 media was distinguishable when 
manually subtracted from the N2 media alone, and the analysed EEM peak λex/λem pair 
and intensity were comparable to enterococci cell pellet alone (see Supplementary Material 
SR5 Fig. SR. 13a-b).

3.2  Excitation‑Emission Matrices vs Concentration Evolution over Time

The method M4 EEMs for E. coli in M9 media broths were used to analyse the E. coli 
growth region over time (see Fig. 9 and Supplementary Material SR6 Fig. SR. 14a-f and 
Fig. SR. 15a-f results for all samples, taken at 6 h, 24 h, 30 h, 54 h, 76 h and 102 h). The 
accuracy (R2 = 0.81) of the method M4 mean results was determined from the mean E. 
coli M9 media broth FI vs Eq. (1) E. coli concentration, and is presented with the standard 
deviation of both (Fig. 9). The FI increases with E. coli concentration, demonstrating the 
effectiveness of the determined mean E. coli λex/λem pair, and the magnitude of the rela-
tionship is in line with the values shown for the pellet alone (Fig. 4a).

Nutrient media type affects E. coli growth. This is evident from the different growth 
curves observed for E. coli grown in M9 and N2 media broths under the same incuba-
tion conditions (see Fig. 10 and Supplementary Material SR6 Fig. SR. 16a-b for break-
down of media type results). The mean E. coli OD600 value in the N2 media broth 
peaks at OD600 ~ 1.5, while the M9 media broth peaks at OD600 ~ 0.8. In addition, the 
average difference in mean OD600 values for M9 media and N2 media E. coli broths 
was ~ 51% over time. However, the exponential and stationary phases occur similarly. 
Higher concentrations of L-tryptophan in media are also reflected in their respec-
tive E. coli growth OD600 vs time charts (Fig.  10). Findings show that if additional 

Fig. 8  The (a) Method M24 EEM of the M9 media solution (tenfold dilution) compared against the (b) 
Method M24 EEM of the stationary phase E. coli M9 media broth (tenfold dilution). (See SR_MS Fig. 
SR_MS. 7)
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L-tryptophan was initially present within either medium M9 or N2, the growth of E. coli 
over time was lower than that for the broth developed in that media alone. The average 
percent difference in OD600 values between the straight M9 media broth and (i) the M9 
media + 0.5 mM L-tryptophan broth was 27%; (ii) the M9 media + 1 mM L-tryptophan 
broth was 19%; (iii) the M9 media + 2 mM L-tryptophan broth was 22%; (iv) the M9 
media + 5  mM L-tryptophan broth was 18%; (v) the M9 media + 6  mM L-tryptophan 
broth was 19%. The average percent difference between the straight N2 media broth 
and the N2 media + 6  mM L-tryptophan broth was 49%. Therefore, these results sug-
gest that the addition of L-tryptophan consistently reduced the E. coli concentration in 
the growth medium. Otherwise, as previously identified, indole production contributed 
to this OD600 reduction. Concentrations of 4 to 5 mM indole added exogenously to an 
E. coli culture were shown to reversibly inhibit growth and cell division (Gaimster and 
Summers 2015). This remained true; however, in our experiments, we extended this to 
include lower indole concentrations between 0.5 and 5 mM.

Fig. 9  The trend seen in the 
Method M4 E. coli M9 media 
broth FI vs E. coli concentration 
with standard deviation (sampled 
over time) results using the peak 
λex/λem pair ~ 280/ ~ 327 nm 
(± 5 nm) and Eq. (1)

Fig. 10  E. coli broth OD600 growth curves with standard deviation for straight M9 media, M9 + 0.5 mM, 
M9 + 1 mM, M9 + 2 mM, M9 + 5 mM, and M9 + 6 mM L-tryptophan; straight N2 media and N2 + 6 mM 
L-tryptophan
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Throughout these experiments, indole production was detected; we found specific 
regions in EEMs to monitor both indole and E coli. Our results showed that the indole 
pulse concentration was maximised at the end of the exponential phase/onset of the sta-
tionary phase. Further, the indole pulse concentration in FIB broths was related to the ini-
tial exogenous tryptophan content in media, obtainability of growth media and conditions 
for growth. Specifically, E. coli converted, almost quantitatively, exogenous tryptophan to 
indole for exogenous tryptophan concentrations up to 5 mM. A comparison of OD600 vs 
concentration results for E. coli, L-tryptophan, and indole in E. coli (a) M9 broths and 
E. coli (b) M9 + 6 mM L-tryptophan broths illustrates this conversion (see Supplementary 
Material SR6 Fig. SR. 17 for a breakdown of results). Mean OD600 values for E. coli and 
mean concentrations for indole in M9 media broths are shown in Fig. 11 and in N2 media 
broths Fig. 12 throughout time (also see Supplementary Material SR7 Fig. SR. 22). While 
a clear peak is not noticeable, indole consistently increased and reached its maximum lev-
els at the start of the stationary phase.

Furthermore, concentrations of E. coli and indole in media are reflected in their 
respective FI vs concentration charts (see Figs. 13 and 14 and Supplementary Material 
SR6 Fig. SR. 18). The Indole FI vs concentration downward trend seen in both Figs. 13i 
and 14f is due to the inner filter effect and fluorescence quenching (Eftink and Ghlron 
1976; Joshi et  al. 1990) for concentrations over 500 µM (0.5 mM) indole. It can also 

Fig. 11  E. coli broth OD600 growth curves with standard deviation for (a) straight M9 media, (b) 
M9 + 2 mM L-tryptophan and (c) M9 + 6 mM L-tryptophan, compared against indole concentrations with 
standard deviation

Fig. 12  E. coli broth OD600 growth curves with standard deviation for (a) straight nutrient media No.2 
(N2) and (b) N2 + 6 mM L-tryptophan, compared against indole concentrations with standard deviation
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be noticed that, with the addition of L-tryptophan, the magnitude of the relationship 
between FI and E. coli concentration and between FI and indole concentration changes 
substantially (e.g., Fig. 13b, c vs e, f vs h, i, Supplementary Material SR6 Fig. SR. 18b-
c, and Fig. 14b-c vs e-f).

This is likely due to a combination of the following opposite effects, i.e., overlapping 
fluorescence in the same region due to L-tryptophan itself (and indole) and quenching 
for high concentrations/intensities. Interestingly, however, such an FI and concentra-
tion relationship is instead more consistent for those experiments with the same exog-
enous L-tryptophan, regardless of the media (e.g., no L-tryptophan addition: Figs. 13b 
and14b; 6 mM L-tryptophan addition: Figs. 13h and 14e), confirming the above hypoth-
esis stating that L-tryptophan is a cause of changes in the E. coli FI-concentration rela-
tionship due to its fluorescence contribution. However, there was also the possibility 
that more L-tryptophan was already converted to indole in the 2 to 6 mM L-tryptophan 
concentrations range; the FI magnitude increased with L-tryptophan concentration (and 
indole concentration) and then after a certain concentration, the self-quenching mecha-
nisms of L-tryptophan and indole reduced the FI magnitude, after that point.

Fig. 13  E. coli (a-c) M9 media, (d-f) M9 + 2  mM L-tryptophan, and (g-i) M9 + 6  mM L-tryptophan 
broth (a, d,  g) OD600 growth curves compared against indole concentrations with standard deviation, 
(b, e, h) the trends seen in the Method M4 E. coli λex/λem ~ 280/ ~ 327 nm (± 5 nm) pair peak FI vs E. 
coli concentrations with standard deviation, and (c, f, i) the trends seen in the Method MR1 indole λex/
λem ~ 232/ ~ 321 nm (± 5 nm) pair peak FI vs indole concentrations with standard deviation
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Some examples in the literature show that E. coli broth-derived indole is produced 
rapidly. Gaimster and Summers (2015) saw peak results between 120–180 min and 2–8 h 
while identifying that the peak indole production rate occurred during stationary phase 
entry and could last only 10–15 min. However, due to our sampling program, indole pro-
duction typically peaked between 24 and 48 h (onset of stationary phase). There were a 
couple of reasons for this: (i) the media—the higher nutrient media N2, produced larger 
OD600 values and saw the completion of the growth curve phases slightly more rapidly 
than the M9 minimal medium, which provided a bare-bones complement of nutrients (Eco-
Cyc 2021); (ii) broth volume—our broths were originally 200 mL because the sampling 
program required 6 mL samples per time step, 1 mL for the indole assay, 1 mL for the 
tryptophan assay, 1  mL for E.coli fluorescence EEMs and 3  mL for OD600. Incubating 
and shaking the Erlenmeyer flasks with lower volumes produced growth more rapidly. 
Initial experiments with ~ 25 mL M9 and N2 media saw E. coli broths reaching the sta-
tionary phase within ~  < 8 h. However, this was not a viable option due to our sampling 
requirements.

3.3  Exploratory Lab Representation of Field Monitoring Potential

Supplementary Material SR7 provides the resulting chart (Fig. SR. 19) for a triplicate 
stationary phase E. coli broth with 2  mM, 2  mM, and 2  mM L-tryptophan sequentially 
added at 52 h, 76 h and 100 h from the start of the experiment. Our results show that addi-
tional supplementation of 2 mM L-tryptophan alone without additional media up to 6 mM 
L-tryptophan did not produce an increase in mean OD600. There was, however, a smaller 
mean indole pulse, with a maximum of ~ 469 µM at 76 h, ~ 542 µM at 100 h, ~ 622 µM at 

Fig. 14  E. coli (a-c) nutrient media No.2 (N2) and (d-f) N2 + 6  mM L-tryptophan broth (a, d) OD600 
growth curves compared against indole concentrations with standard deviation; (b, e) the trends seen in the 
Method M4 E. coli λex/λem ~ 280/ ~ 327 nm (± 5 nm) pair peak FI vs E. coli concentrations with standard 
deviation, and (c, f) the trends seen in the Method MR1 indole λex/λem ~ 232/ ~ 321 nm (± 5 nm) pair peak 
FI vs indole concentrations with standard deviation
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124 h and ~ 590 µM at 194 h. Therefore, following additional L-tryptophan supplementa-
tion to the stationary phase E. coli broth there was a potentially measurable indole produc-
tion. We suggest that the smaller than expected indole amount can be because in the E. 
coli broth, being in stationary phase, individual cells had stopped growing/multiplying and 
were moving towards their death phase, or additionally, the growth media was exhausted 
before L-tryptophan supplementation (and not enough nutrients/growth media was left for 
the remaining live bacteria).

Consequently, we then tested whether E coli regrowth could be reproduced in a station-
ary phase broth with additional sterile M9 media and L-tryptophan supplementation and 
whether, in turn, an indole pulse could be triggered. The E. coli M9 broth grown to station-
ary phase (Fig. SR. 20), with additional M9 media and 6 mM L-tryptophan (Fig. SR. 21a-
b-c) and with additional M9 media and 5 mM L-tryptophan (Fig. SR. 21d) are presented 
in Supplementary Material SR7. The different tests show that although the volume of the 
fresh media was not exceedingly high in comparison to the original volume, the most sig-
nificant media addition of 20  mL had similar OD600 reproduction but slightly different 
indole than the 10 mL and 15 mL fresh media results. The most successful setup was the 
addition of ~ 6 mM L-tryptophan with 10 mL fresh M9 media. This produced an increas-
ing amount of indole from ~ 147 μM at 2 h to ~ 594 μM after 48 h; thus, it seems that in the 
field, the addition of the right amount of tryptophan could trigger a small but detectable 
indole pulse even if E. coli is already in stationary phase.

Regardless of the potential of the in  situ addition of tryptophan to trigger an indole 
pulse, it may be that indole was already produced (and therefore detectable) by the E. coli 
cells in the water source, depending on the amount of tryptophan. As previously summa-
rised, tryptophan concentrations in freshwater sources are relatively low, with thresholds 
for the highest microbial contamination risks identified as 0.1327 µM (27.1 ppb) for drink-
ing water by Sorensen et al. (2018) and 0.0191 µM (3.9 ppb) for groundwater as reported 
by Nowicki et  al. (2019). These thresholds are below our tested tryptophan values for 
waters. This makes a high-selectivity (i.e., confirming that E. coli, acting as the FIB of the 
total population of bacteria, is present by simultaneously detecting indole) real-time fluo-
rescence monitoring of E. coli potentially possible since tryptophan fluorescence would be 
marginal and not substantially affecting a fluorescence-based E. coli concentration estima-
tion, as instead, it occurred in some of our experiments (e.g., Figs. 13 and 14). In addi-
tion, since E. coli cells typically need several hours in a broth with tryptophan to use it 
and produce indole, a direct field detection of E. coli and indole would likely imply a dis-
tant source of contamination and may contribute to microbial source tracking endeavours. 
Despite similar, partially overlapping fluorescence peaks, which could cause a false detec-
tion of E coli due to the in-field tryptophan addition, future work could further quantify the 
fluorescence of tryptophan at varying suggested concentrations. The results could then be 
"discounted" from the collected fluorescence of the in situ sensor to ensure that only E. coli 
contribution is estimated.

An important issue with a potential in  situ E.  coli monitoring device of this kind is 
that it will detect TLF and indole fluorescence also in the case of no faecal contamination 
(i.e., background fluorescence) due to the microbiological community ordinarily present 
in the water course. While this can be perceived as a strong limitation, a suitable monitor-
ing approach could focus on the relative difference between ambient and contamination 
event conditions. This is because if there were indeed a faecal contamination event, then 
TLF and indole fluorescence would suddenly and dramatically increase, as can be expected 
(Lee and Lee 2010; Han et al. 2011; Gaimster et al. 2014; NHMRC and NRMMC 2022; 
NHMRC 2022) to detect much more bacteria (especially FIB) in case of contamination. 



Multi‑wavelength Fluorescence Monitoring of Faecal…

1 3

Page 25 of 29    21 

This would allow us to provide early warning of faecal contamination and, based on the 
timing of the triggered indole pulse, a rough estimation of the distance of the contamina-
tion source. While not directly quantifying E. coli concentration, this could be done by 
site-specific calibration, i.e., by collecting a number of TLF and indole peak fluorescence 
intensities during contamination events and correlating that with corresponding laboratory 
E. coli results: we would expect the number of site-specific field data required for calibra-
tion to be much smaller than the dataset needed for a site-specific machine learning predic-
tion model. Our lab results presented herein, correlating E. coli, exogenous tryptophan, and 
indole concentrations, could also be used to shorten the site-specific calibration process. 
Alternatively, another sensing technology such as Enzyme-Linked Immunosorbent Assay 
(ELISA), Biosensors, or Microfluidic Devices (Offenbaume et al. 2020) could be used and 
adapted (i.e., miniaturised, automated) for remote use, jointly with the TLF and indole 
fluorescence sensors. Importantly, by having an indole fluorescence sensor, non-bacterial 
contamination types (e.g., oil) can be excluded, thus reducing selectivity issues, and saving 
the application of potential reagents to only very specific events (i.e., deemed highly likely 
contamination events by the fluorescence sensors). As such, the need for reagent refills, and 
in turn, for either bigger sensors or more regular field visits, would be kept to a minimum, 
making the adaptation of other sensing technologies to remote use more feasible. While the 
findings are promising, we caution readers that at this stage, they should only be used for 
framing future laboratory and field experiments before definitive conclusions can be made 
about the development of any multi-spectral fluorescence sensing device.

4  Conclusions

Laboratory experiments compared growth, concentrations, and related fluorescence signa-
tures of E. coli, enterococci and indole produced under different media and L-tryptophan 
addition scenarios. Key results include:

• We identify an λex/λem peak fluorescence pair for E. coli presence being ~ 280/ ~ 327 
(± 5 nm). An λex/λem peak fluorescence pair for enterococci presence is ~ 276/ ~ 324 
(± 5  nm). An L-tryptophan peak excitation wavelength depends on concentra-
tion (between ~ 280 and ~ 298  nm), but the peak emission remains ~ 344  nm. While 
for indole, the primary λex/λem peak pair for concentrations between 0.05 to 6 mM 
is ~ 232/ ~ 321 nm (± 5 nm). These λex/λem peak pair combinations offer a clear point 
of difference between E. coli/enterococci, tryptophan, and indole.

• Fluorescence spectrophotometer results show fluorescence quenching of L-tryptophan 
and indole above 0.5 mM for all method setups under laboratory conditions.

• High accuracy is achieved when correlating wavelength-specific fluorescence with con-
centrations of E. coli and indole.

• E. coli converts exogenous tryptophan into a similar amount of indole. Indole produc-
tion by E. coli depends directly on the amount of growth media and tryptophan in the 
external growth medium. Higher concentrations of indole are seen at the end of the FIB 
exponential/stationary phase.

These results are promising in relation to the development of a remote, in  situ FIB 
monitoring tool. While monitoring only the E. coli fluorescence region would offer poor 
selectivity, concurrently monitoring the fluorescence region for indole would exclude 
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non-bacterial contamination events. At the same time, higher selectivity in relation to fae-
cal contamination could be achieved by combining simple site-specific assessments and 
calibration, additional sensors, and/or fluorescence signal variation analysis.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s40710- 024- 00696-5.
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