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Fast and reliable identification of pathogenic bacteria is of upmost importance to human health and safety.

Methods that are currently used in clinical practice are often time consuming, require expensive

equipment, trained personnel, and therefore have limited applications in low resource environments.

Molecular identification methods address some of these shortcomings. At the same time, they often use

antibodies, their fragments, or other biomolecules as recognition units, which makes such tests specific to

a particular target. In contrast, array-based methods use a combination of reporters that are not specific to

a single pathogen. These methods provide a more data-rich and universal response that can be used for

identification of a variety of bacteria of interest. In this report, we demonstrate the application of the

excitation–emission spectroscopy of an environmentally sensitive fluorescent dye for identification of

pathogenic bacterial species. 2-(4′-Dimethylamino)-3-hydroxyflavone (DMAF) interacts with the bacterial

cell envelope resulting in a distinct spectral response that is unique to each bacterial species. The dynamics

of dye–bacteria interaction were thoroughly investigated, and the limits of detection and identification were

determined. Neural network classification algorithm was used for pattern recognition analysis and

classification of spectral data. The sensor successfully discriminated between eight representative

pathogenic bacteria, achieving a classification accuracy of 85.8% at the species level and 98.3% at the Gram

status level. The proposed method based on excitation–emission spectroscopy of an environmentally

sensitive fluorescent dye is a powerful and versatile diagnostic tool with high accuracy in identification of

bacterial pathogens.

Introduction

The precise identification of bacterial pathogens is crucial for
safeguarding human health and safety.1 It plays a pivotal role in
facilitating timely disease diagnosis, administering appropriate
treatments, and efficiently containing outbreaks of microbial
infections. Modern methods used in clinical practice include
phenotyping, mass spectrometry, and polymerase chain reaction
(PCR).2 Although these methods are usually precise, they have
several drawbacks such as protracted processing times, elevated
costs, and a need for specialized expertise. Other molecular

identification approaches frequently entail the use of antibodies
or other biomolecules,3–5 thereby incurring substantial expenses
and often requiring meticulous handling protocols.
Consequently, there is an urgent demand for straightforward,
efficient, and affordable diagnostic solutions designed
specifically for use in low-resource settings.

Some organic luminophores, contingent upon their structural
features, can undergo significant spectral changes in response to
various environmental factors such as polarity, pH, and
hydrogen bonding. Upon internalization of such dyes into
bacteria, they may localize in various parts of the cell and exhibit
different spectral responses. This unique feature of
environmentally sensitive luminophores makes them ideal
candidates for sensing applications. Among the variety of
fluorescent dyes sensitive to their microenvironment,6,7

representatives of the 3-hydroxyflavone family stand out due to
their unique spectral feature: the excited-state proton transfer in
these molecules gives rise to two distinct emissive species,8 thus
providing an increased amount of information compared to
conventional dyes with a single emission band. Specifically, 2-(4′-
dimethylamino)-3-hydroxyflavone (DMAF) and its analogs
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emerged as ideal candidates due to their high fluorescence
quantum yields and exceptional solvatochromic properties.9

Unlike antibodies or aptamers, environmentally sensitive
fluorescent dyes do not specifically bind to a particular target
inside bacterial cell. Therefore, their interaction with the
microenvironment is nonspecific and does not provide high
specificity and selectivity. To address this, such dyes are
combined into arrays:10 by creating unique signal patterns in
response to every analyte tested, they offer analysis quality
comparable with conventional single-analyte methods.11

Colorimetric and fluorometric sensor arrays have been used in
analysis of small molecules,12 proteins,13,14 monitoring of food
quality,15–18 as well as identification of bacteria.19–21 In our
previous reports, we described a fluorescent sensor array based
on DMAF and its derivatives and demonstrated its ability to
accurately identify and quantify pathogenic bacteria in
monocultures and mixtures, as well as predict their Gram
status.22–24

Excitation–emission spectroscopy is a powerful fingerprinting
technique that allows for the generation of unique spectral
signatures of the analytes, and thus can also be used in
conjunction with pattern analysis. Due to its inherent
multidimensionality, it is widely used for quality control and
safety monitoring in various sectors including the food
industry25–27 and water treatment.28,29 This technique was also
used for identification of bacteria using their
autofluorescence.30,31 The latter, however, may pose additional
challenges when performing measurements in complex sample
matrices such as blood or blood serum. This is because these
matrices contain components that may exhibit autofluorescence,
which can overlap with the fluorescence signals from bacteria.

In this report, we present a bacterial sensor that uses an
organic fluorescent dye, DMAF, in combination with excitation–
emission spectroscopy. In our approach, DMAF exhibits a
nuanced spectral response upon interaction with bacterial cell
envelopes, providing a data-rich analytical output. This
technique offers an alternative to multiplexing, enabling
increased data collection by recording and analyzing the
complex excitation–emission response from a single fluorescent
dye. Using this approach, we demonstrate successful
differentiation between eight representative bacterial pathogens,
achieving a classification accuracy of 85.8% at the species level
and 98.3% at the Gram status level. The analysis timeframe is
streamlined, requiring less than 30 minutes post-culture. The
sensitivity limit, estimated at ∼107 colony-forming units per
milliliter (CFU mL−1), compares well with other molecular assay
methods reported in the literature.32 This underscores the high
potential of our approach for clinical applications, particularly in
settings where rapid bacterial identification is of paramount
importance.

Materials and methods
Bacterial culture

Eight bacterial species from our lab collection were used in
the study: four Gram-positive bacteria (Staphylococcus aureus,

Staphylococcus epidermidis, Bacillus subtilis, and Enterococcus
faecalis) and four Gram-negative bacteria (Escherichia coli,
Acinetobacter baumannii, Klebsiella pneumoniae, and
Citrobacter freundii). Bacterial cultures were grown in tryptic
soy broth medium (BD Biosciences) supplemented with
0.25% glucose or on plates containing tryptic soy broth and
1.5% agar. The bacteria were collected by centrifugation from
an overnight culture at 15 hours during their stationary
phase of growth, and washed once with 1× PBS. The bacterial
pellets were subsequently resuspended in fresh PBS and
diluted to an OD600 = 20.

Fluorescence spectroscopy

Bacterial suspensions were prepared in disposable
polypropylene cuvettes (l = 10 mm) suitable for fluorescence
spectroscopy. To 2950 μL of 1× PBS, 50 μL of a bacterial stock
suspension (OD600 = 20) were added. To the diluted bacterial
suspension, 20 μL of 2-(4′-dimethylamino)-3-hydroxyflavone33

(DMAF, 1 mg mL−1 in DMSO) was added. After thorough
mixing, each sample was incubated for 15 minutes in dark.
Ten samples were prepared for each bacterial species, and
excitation–emission spectra were recorded five times for each
sample. Spectra were recorded on Aqualog integrated
spectrophotometer-fluorometer (Horiba – Jobin Yvon).
Samples were excited in the range 400–700 nm, and emission
was recorded in the range 420–800 nm. Excitation–emission
spectra for a solution of DMAF in 1× PBS devoid of bacteria
were recorded and used as a reference. Recorded data was
stored in tabular format suitable for further analysis.

Dye–bacteria interaction dynamics

Samples of S. aureus, B. subtilis, and A. baumannii
were prepared as described above. Excitation–emission
spectra were recorded at specific time points: 0, 5, 10, 15, 30,
45, and 60 minutes. The experiment was performed in
duplicate for each bacterial species. The excitation–emission
spectra for a solution of DMAF in 1× PBS devoid of bacteria
was recorded and used as a reference.

Limit of detection (LOD) and limit of identification (LOI)

Two representative bacterial species (one Gram-positive, S.
aureus, and one Gram-negative, E. coli) were used for these
experiments. Samples with varying concentration of bacteria
were prepared using the general procedures described above,
with several modifications. To a volume of 1× PBS needed to
maintain the overall sample volume at 3 mL, decreasing
volumes of bacterial stock suspensions were added: 500, 250,
100, 50, 25, 10, 5, 1, 0.1 (10 μL of 1 : 100 dilution of stock
suspension), and 0.01 (10 μL of 1 : 1000 dilution of stock
suspension) μL. To the diluted bacterial suspension, 20 μL of
DMAF (1 mg mL−1 in DMSO) was added. Each sample was
incubated for 15 minutes in dark. Excitation–emission
spectra were recorded 5 times for each sample. The same
spectra for a series of solutions of DMAF in 1× PBS devoid of
bacteria were recorded and used as a reference.
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Fluorescence microscopy

To visualize the localization of DMAF in bacterial cells,
fluorescence microscopy imaging was performed using S.
aureus and E. coli as representative Gram-positive and Gram-
negative species. The bacteria were collected from the
overnight cultures, washed twice with 1× PBS, and
resuspended in fresh 1× PBS at OD600 = 5.72. DAPI and FM
4-64 were used as cytoplasm and membrane stains,
respectively. Solutions of DMAF (1 : 50 dilution of 2 mg mL−1

stock solution in DMSO), DAPI (1 : 200 dilution of 5 mg mL−1

stock solution in PBS), and FM 4-64 (1 : 100 dilution of 10 μg
mL−1 stock solution in DMSO) were individually added to
bacterial suspensions and incubated for 15 min in the dark.
Concurrently, 1% agarose in deionized water was prepared
and placed in a 55 °C water bath. After incubation, the non-
interacted dyes were removed by centrifugation at 15 000 rpm
for 1 min and resuspension in 100 μL of 1× PBS.
Subsequently, 50 μL of 1% agarose was added to each tube,
vortexed, and mixed well. Each sample (10 μL) was placed on
a slide, covered with coverslips, and sealed. The fluorescent
and differential interference contrast (DIC) micrographs were
collected on a Zeiss 710 confocal laser scanning microscope
at λex = 515 nm and λem = 604–758 nm for FM 4-64, λex = 400
nm and λem = 450–550 nm for DAPI, and λex = 400 nm and
λem = 500–600 nm for DMAF. The images were obtained using
a Plan-APOCHROMAT 63×/1.4 oil DIC objective, with 5.2×
zoom and 0.5 μm pinhole. Each sample was imaged in five
independent replicates and processed using Zeiss Zen 3.5
(Blue edition) software.

Data analysis

Custom procedures for manipulation of excitation–emission
spectra (scattering removal, normalization, background
correction, etc.) developed in the MATLAB software were used
to prepare the raw spectral data for use with neural network
classification algorithm. Built-in convolutional neural
network (Fig. S1†) classification algorithm available in
MATLAB was used for pattern recognition analysis and
classification of spectral data. Leave-one-out cross validation
was used to assess the classification accuracy. The
classification accuracy (CA) was used as a primary measure of
the sensor's performance.

Results and discussion

To demonstrate the ability of DMAF to provide differentiating
information about various bacteria, its spectral signature was
initially examined in pure PBS and upon the addition of
bacterial cells. Due to the excited-state intramolecular proton
transfer (ESIPT), the fluorescence of DMAF usually exhibits
two distinct emission bands corresponding to the normal
and phototautomeric forms. In an aqueous environment
(Fig. 1, fluorescence in PBS), DMAF exhibits fluorescence
characteristics indicative of highly hydrogen-bonded
molecular species: a strong emission often attributed to the

anionic form of the dye or its H-bonded complex with the
solvent34 is observed between the emission bands of the
normal and tautomer forms. This can be further illustrated
by comparing DMAF excitation–emission profiles in aprotic
acetonitrile (Fig. 2) that shows two distinct bands
corresponding to the normal (N*) and phototautomeric (T*)
forms to the protic methanol demonstrating a strong
contribution of the H-bonded form. Emission of the latter is
similar to that of the anion of DMAF (A*) generated upon
addition of NaOH to its solution in methanol.

The fluorescence exhibited by all three species is notably
sensitive to the nuances of their microenvironment, and the
overall spectral signature of the dye represents the
combination of fluorescence of all three species.22 Upon
interaction with the bacterial cell envelope, the fluorescence
of DMAF changes. To better visualize these changes,
difference matrices were generated by subtracting the
normalized excitation–emission spectrum (EES) of the dye in
pure PBS from the normalized EES of DMAF incubated with
a suspension of bacteria in PBS (Fig. 1). The blue and red
colors represent a relative decrease and increase of the
fluorescence intensity, respectively. In the difference matrices
obtained upon interaction of DMAF with S. aureus and E. coli,
the drastic decrease in the contribution of the hydrogen-
bonded species is manifested by the decrease of the emission
around 550 nm,35 particularly at the longer excitation
wavelengths. This decrease unequivocally indicates the
penetration of the dye from PBS into the bacterial cell
envelope. The increase in fluorescence around 490 and 580
nm indicates an increased contribution of the normal and
phototaumeric forms of DMAF, respectively, in the overall
EES. Interestingly, a very similar behavior was shown in our
earlier report, where the dynamics of internalization of DMAF
and its derivatives into hydrophobically-modified hyaluronic
acid nanoparticles was studied by tracking the evolution of
the dye's fluorescence.36

While the interaction of DMAF with bacteria leads to
notable changes in its fluorescence, it is crucial to
determine whether these changes will significantly differ
among various bacterial species. Most importantly, the
question was whether the interaction of DMAF with
different bacteria would yield unique spectral signatures,
enabling their reliable identification. The premise for this
assumption was similar to the hypothesis that we used
earlier in developing the sensor array based on DMAF and
its derivatives:22 the dye's localization within the bacterial
cell envelope will differ among various bacterial species,
thereby leading to different microenvironments. This will
lead to a unique combination of the dye's emissive species
(normal form, phototautomeric form, and externally
H-bonded complex exhibiting anion-like emission), which in
turn will generate a spectral signature unique for a
particular bacterial pathogen. The difference between the
fluorescence spectra of DMAF incubated with S. aureus and
E. coli is shown in the left column of Fig. 1: the difference
matrix in the bottom visualizes a significant difference in
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the dye's response to these bacteria, with the long-
wavelength portion of the emission spectrum more
pronounced in the case of S. aureus, and more intensive
emission in the areas related to the normal and H-bonded
forms of DMAF prevailing in the case of E. coli.

Therefore, our experiments show that upon interaction
with the components of the bacterial cell envelope, DMAF
exhibits a distinctive and species-specific response with
discernible alterations in the spatial distribution of the
fluorescence intensity over the excitation–emission surface.
Higher-level differences in the structure of the bacterial cell
envelope exist at the Gram status level, which are also
reflected in the characteristic response patterns of DMAF
upon interaction with a series of Gram-positive and Gram-
negative bacteria (Fig. S2–S4†). Notably, for the Gram-

negative microorganisms, fluorescence is shifted towards the
area of the hydrogen-bonded complex emission (around 540–
550 nm) and farther into longer-wavelength excitation (past
440–450 nm). This also can be distinctively observed upon
comparison of the excitation–emission profiles of S. aureus
and E. coli in Fig. 2. It is worth noting that the similarities in
the response patterns of DMAF and its derivatives to
interactions with bacteria of the same Gram status were
highlighted in our earlier report,22 and were used to
accurately predict the Gram status of unknown species (i.e.
those that were not included in the training data). The
localization of DMAF in the bacterial cell envelopes of both
Gram-positive and Gram-negative bacteria was confirmed by
fluorescence microscopy (Fig. S5†). These results support the
hypothesis that the structural differences in bacterial cell

Fig. 1 Changes in spectral responses of DMAF upon interaction with E. coli and S. aureus (horizontally), and difference between the spectral
signatures of E. coli and S. aureus (vertically).
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envelopes lead to unique spectral responses upon DMAF's
interaction with bacteria.

Dye–bacteria interaction dynamics were studied to
establish the optimal incubation time. In this experiment, we
considered the overall change of fluorescence intensity across
the excitation–emission surface as a measure of the
excitation energy redistribution over time. For each pair of
adjacent time points, a difference matrix was generated
(shown in panels in Fig. 3 are those for S. aureus), and the
sum of absolute values of the matrix elements was calculated.
These data are presented on the y axis of Fig. 3. In the initial
period (0–5 minutes), a significant increase of the
fluorescence intensity is observed across the entire emission

range of DMAF, with a notable prevalence of the tautomeric
emission. This corresponds to the penetration of DMAF from
PBS into the bacterial cell envelope: a decrease in the dye's
interactions with water (a polar protic solvent) and an
increase in interactions with large molecules within the
bacterial cell lead to less intensive solvent-induced
fluorescence quenching37,38 and an increase of the emission
intensity in a more rigid surrounding.

In the later time intervals (5–10 minutes and later), a
consistent decrease of the fluorescence intensity is observed
in the area of the tautomer emission, with a simultaneous
increase of the fluorescence in the spectral range of the
normal and hydrogen-bonded forms of DMAF. This is
consistent with the dye's interactions with specific
components of the bacterial cell envelope, such as
peptidoglycan in the Gram-positive bacteria or
lipopolysaccharides in the Gram-negative bacteria. From the
changes in the overall fluorescence intensity, it can be seen
that the process becomes more notable around the 30 minute
time point. At the same time, in the period around 10–20
minutes, a local minimum of intensity change is observed for
all three investigated bacteria. The choice of the incubation
time within this window is dictated by practical
considerations: if the method is applied in practice,
performing a measurement when the changes in the signal
(shape of the excitation–emission spectrum) are minimal will
ensure better reproducibility and help minimize potential
errors. Therefore, it was determined to use 15 minutes as the
incubation time for further experiments.

The concentration of bacteria used in the majority of the
experiments was based on the success of our previously-
reported solution-based sensor.22 Spectra were recorded for a
series of samples with increasing content of DMAF to
determine the optimal dye concentration that will generate
the signal intensity in the middle of the instrument's
dynamic range for the bacterial strains used. The aim was to
prevent the oversaturation of the detector, while ensuring
that the signal intensity was at least five times greater than
the background intensity.

The primary objective of this work was to demonstrate the
capability of DMAF to effectively differentiate between various
pathogenic bacteria. To achieve this, an extensive library of
spectral responses from 8 bacterial species was generated,
comprising 50 independent measurements for each
bacterium. This comprehensive dataset was crucial for
training the pattern recognition software and ensuring a
robust foundation for subsequent classification (Fig. 4).
Classification accuracy was chosen as the main measure of
the sensor's performance and was determined in a series of
cross-validation experiments where ∼20% of the data was
randomly used as a testing dataset, and the remaining part
of the response library was used for training of the neural
network classifier. As seen in Table 1, the classification
accuracy achieved in this experiment exceeded 98%.

Interestingly, the analysis of the confusion matrices
showed that more than half of the false positive

Fig. 2 Excitation–emission spectra of DMAF in non-polar (toluene),
polar aprotic (acetonitrile), polar protic (methanol) and basic (methanol
+ NaOH) environments, as well as in PBS with addition of S. aureus
and E. coli. The lines serve as guides to the eye for the positions of
emission maxima of the normal (N*), anionic/H-bonded (A*) and
phototautomeric (T*) forms of DMAF.
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misclassifications occurred within the same Gram status.
This observation aligns with the logical premise discussed
above that the Gram status represents the highest level of
structural distinction among bacteria: presence or absence of
the outer membrane, as well as significant differences in the
structure and composition of the peptidoglycan layer, should
be reliably discerned by the dye upon interacting with the
bacterial cell envelope. Consequently, the same dataset
showed a 99+% classification accuracy when discerning Gram
status, further reinforcing its efficacy in the discrimination of
bacterial species (Table 2).

To further validate the classification model, additional
independent measurements were performed to collect
responses from all eight bacteria. Using those as unknowns
and the previously compiled response dataset for training,
the classification accuracy at the species level was
determined to be 85.8% (Fig. 5A). The decrease of the
accuracy compared to the cross-validation results may be due

to limited training data. Acquiring data for each bacterial
species during several measurement sessions will also
increase the model's tolerance to slight variations in the
response signals. At the same time, the classification
accuracy at the Gram status level remained exceptionally high
at 98.3% (Fig. 5B), which underscores the robust differences
in the response patterns between Gram-positive and Gram-
negative bacteria due to the structural differences in their cell
envelope discussed above.

Two representative bacterial species (one Gram-positive, S.
aureus, and one Gram-negative, E. coli) were selected to
characterize the performance of the sensor at lower
concentrations of bacteria. The sensor's performance
threshold is not only important for understanding the
sensitivity of the method, but also for practical applications.
Being able to analyze samples with lower concentrations of
bacteria translates into shortened culture times, thereby
decreasing the overall time from sample collection to a

Fig. 3 Total change in fluorescence intensity across the excitation–emission surface over time for S. aureus, B. subtilis and A. baumannii (graph)
and evolution of excitation–emission spectra of DMAF upon its interaction with S. aureus at different time intervals (panels).
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reliable diagnostic decision. The signal intensity appears to
be significantly dependent on the concentration of bacteria
(Fig. 6): an increase in the latter leads to a dramatic rise of
the fluorescence. At the same time, as discussed above,
DMAF that had no interaction with bacterial cells remains
quenched by the solvent and aggregation, thus mitigating its

possible interference with the signal from the dye molecules
inside the bacterial cell envelope.

The minimal concentration of bacteria at which the
sensor can reliably detect their presence in the sample
(limit of detection, LOD) and the minimal concentration
at which the sensor achieves the identification of the
bacterial species present in the sample (limit of
identification, LOI) were determined. To assess the LOD,
the accuracy of classification between the responses from
DMAF to pure PBS and a sample containing bacteria was
studied. As can be seen from the Table 3, the
classification accuracy rises from 60–70% at ∼3 × 104

CFU mL−1 to 80+% at concentrations reaching
approximately 107 CFU mL−1. The LOI was assessed by
studying the accuracy of classification between two
different bacterial species. In this case, the model's
performance starts around 50% (which means that the

Table 1 Cross-validation results for the classification model of the
sensor's response to 8 different bacterial species

Bacteria Total Correct % correct

A. baumannii 76 75 98.7
B. subtilis 74 69 93.2
C. freundii 66 66 100
E. coli 65 65 100
E. faecalis 69 67 97.1
K. pneumoniae 77 75 97.4
S. aureus 86 86 100
S. epidermidis 82 81 98.8
Total 595 584 98.2

Fig. 5 Results of the classification model testing using unknown
samples at the species level (A) and at the Gram status level (B).
Confusion matrices are obtained from five test runs using 24 samples
equally representing all eight bacterial species.

Fig. 4 Workflow of the classification experiment using 8
representative bacterial species: the main dataset of 400 excitation–
emission spectra was used to train a neural network classifier, and its
accuracy was determined for classification at the Gram status and
species levels.

Table 2 Classification accuracy based on the cross-validation of the
model differentiating the Gram status of bacteria

Bacteria Total Correct % correct

Gram-positive 308 308 100
Gram-negative 292 291 99.7
Total 600 599 99.8
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accuracy is close to random) at lower concentrations and
rises to 90+% at concentrations around 5 × 107 CFU
mL−1. As discussed above, there is a significant difference
between the dye's response to the sample containing any
bacteria compared to its signal in pure PBS. The spectral
differences between the samples containing two different
bacterial species are relatively less notable (Fig. 1). This
explains the lower observed performance of the model in
identification of bacterial species compared to the
detection of their presence in the sample at lower
concentrations.

Conclusions

The integration of the excitation–emission spectroscopy of an
environmentally sensitive fluorescent dye and pattern analysis
using machine learning presents a promising approach for
developing a streamlined and cost-effective diagnostic solution.
Interaction of the dye with components of the bacterial cell
envelope generates unique data-rich spectral responses for
each bacterial species. This multidimensional fluorescent
sensor stands out for its non-specificity to a particular target
and its high accuracy in distinguishing between various
pathogenic bacteria. In our experiments with eight species of
pathogenic bacteria, we achieved the classification accuracy of
the unknowns over 85%. With the potential for substantial
expansion of the pathogen library in the future, this versatile
platform holds promise for enhancing diagnostic capabilities
in low-resource settings. These findings contribute to the
advancement of diagnostic technologies, emphasizing the
potential impact on timely disease diagnosis, appropriate
treatment administration, and effective containment of
microbial infections.
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