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A high-throughput tetraphenylethylene (TPE)-based fluorescent
sensor array was constructed for the identification and detection
of microorganisms, which utilizes three TPE derivatives with
different numbers of cationic side chains to detect and dis-
criminate various microorganisms at concentrations down to
1x10° CFUmL™.

Introduction

Pathogenic microorganisms are a constant threat to public
health protection.”” Therefore, as the first step in the treat-
ment of pathogenic infections, the detection and identification
of pathogenic bacteria are crucial, playing an important role in
clinical diagnosis, food safety and environmental monitoring.
According to statistics, more than one million deaths are
caused by infectious diseases every year, and this number
might be elevated to 10 million annually by 2050.°
Furthermore, considering that one infectious illness might be
related to various pathogen species, it is vital to determine the
type of pathogen causing the disease before any targeted anti-
microbial therapy to avoid the generation of broad-spectrum
drug resistance.

The most commonly used methods for microbial identifi-
cation are plating and culture to observe the morphological
structures of the microorganisms.> However, the technical
application of these methods is limited and time-consuming
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as they can only detect pathogens with special morphologies.
Enzyme-linked immunosorbent assays (ELISA)*” and polymer-
ase chain reactions (PCR)®™'" are more preferable and accurate
methods to detect the genetic and immunological character-
istics of bacteria, but these detection methods are intricate
and complex, require expensive detection equipment or profes-
sionally trained staff, and cannot be applied in clinically large-
scale situations.'* Hence, there is an urgent need for a rapid
and reliable method to identify various pathogens for the
precise treatment of infectious diseases.

With the continuous development of imaging technology
for modern life sciences, methods involving fluorescence
imaging technology based on fluorescent materials’® have
attracted more and more attention in pathogen detection due
to their real-time,"* in situ, high sensitivity and resolution.'*>"'®
However, most fluorescent probes, including proteins,
organic molecules and inorganic nanoparticles,"™" have the
disadvantages of photobleaching, toxicity and aggregation-
caused quenching (ACQ), resulting in a dramatic drop in their
fluorescence signal, as well as limiting the actual working con-
centration to a very low level and presenting inherent limit-
ations in the development of efficient biological detection
probes for microbes.

Since Tang’s group discovered and proposed the aggrega-
tion-induced emission (AIE) behavior of fluorescent materials
with specific structures,®® these have appealed widely to
researchers in various fields for the design of optical
23729 Among the AIE core structures, tetraphenyl-
ethylene (TPE) and its derivatives can increase the fluorescence
quantum yield by 3 orders of magnitude in the aggregated
state. Furthermore, as a representative AIE material, the TPE

17,18

materials.

series of molecules can well meet the needs of ideal fluo-
rescent sensors due to their highly efficient preparation and
easy functionalization, showing broad application prospects in
the fields of biomolecular sensing and bioimaging.****
Productive artificial tongue®* or fluorescent array sensors®’
based on TPE materials have been reported, which proved that
TPE has potential as an identification material and could
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readily discern microorganisms with the assistance of linear
discriminant analysis (LDA). Nevertheless, low precision and
lack of competence to judge the range of pathogen concen-
trations still limit its development. Consequently, there is still
a pressing demand to simplify the sensor array and improve
accuracy. In the meantime, it is of great significance to design
a sensor array that can determine the concentration range of
pathogenic bacteria under reasonable conditions.

Here, we have translated the fluorescence response of AIE
materials into a general LDA and designed a fluorescent
sensor array that can be used for the detection and identifi-
cation of microbes. This fluorescent sensor array consists of
three TPE materials with various side chains and different
amounts of charges (Scheme 1). It is well known that there are
negatively charged components and different hydrophobic
groups on the surface of pathogens; so, the multiple inter-
actions between different pathogens and TPE materials can be
utilized to create distinguishing degrees of aggregation and
thus trigger changes in the fluorescence signal. With the
assistance of LDA, different bacteria or fungi can be detected
and identified efficiently and accurately.

Results and discussion

Diverse fluorescence responses of TPE materials after binding
with microbes

Three TPE materials (TTAPE, Z-TPE-9, and E-TPE-9) with
various side chains and different amounts of positive charges
were utilized to construct the fluorescent sensor array. The
structures are shown in Scheme 1. TTAPE has four side chains
with four positive charges, while Z-TPE-9 and E-TPE-9 are cis-
trans isomers with two side chains and two positive charges.
Since different types of bacteria and fungi have diverse, mul-
tiple surface structures and various amounts of negative
charges, when they interact with these three kinds of TPE
materials (TPEs), different degrees of aggregation of TTAPE,
Z-TPE-9 or E-TPE-9 may occur through electrostatic inter-
actions or hydrophobic interactions, leading to significant and
various increases in fluorescence intensity to further achieve
the effect of microbial differentiation.
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Scheme 1 Diagram of the fluorescent sensor array consisting of three
TPE materials for the identification of multiple microorganisms using
LDA analysis.
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Ampicillin-resistant ~ Escherichia coli (Amp" E. coli),
Staphylococcus aureus (S. aureus) and Candida albicans (C. albi-
cans) were selected as representative strains of Gram-negative
bacteria, Gram-positive bacteria and fungi, respectively, to be
incubated with different concentrations of TPE solutions, and
the fluorescence spectra of the TPEs are shown in Fig. 1. It can
be seen from the figure that the fluorescence intensity of the
same TPE material varies significantly in the presence of
different microbes, and the fluorescence response of S. aureus
treated with the same concentrations of TPEs changes the
most obviously. With the increase in concentration, the fluo-
rescence intensity changes more demonstrably to exhibit con-
centration dependence. Although the addition of different
microorganisms to the TPE solution causes obvious changes
in fluorescence intensity, the maximum emission wavelength
of the fluorescence is almost constant (at 461 nm), which pro-
vides great convenience for the detection of microorganisms.
Therefore, this kind of TPE material has the potential to be
used as a fluorescent sensor array to distinguish microbes.

Taking TTPAE as an example, it aggregated to different
degrees resulting in various fluorescence responses when incu-
bated with Amp" E. coli, S. aureus, and C. albicans. S. aureus
caused the strongest fluorescence increase of TTAPE, while
there was little difference between Amp" E. coli and C. albicans.
This may be due to the smaller size and the porous peptidogly-
can structure of S. aureus, which binds more easily to the posi-
tively charged TTAPE in greater numbers. The outer membrane
of Amp" E. coli and the dense cell wall of C. albicans partially
protect them from the absorption of TPEs. The situation is
similar for Z-TPE-9 or E-TPE-9. In order to more intuitively
reflect the fluorescence changes of different TPE materials and
different microorganisms after incubation, photographs were
taken under UV light as shown in Fig. S1.} It could be visibly
seen that the fluorescence of S. aureus upon the addition of
TPE materials was the strongest and those of Amp" E. coli and
C. albicans were comparatively weak. This phenomenon is con-
sistent with the fluorescence intensity displayed by the fluo-
rescence spectra. Thus, the possibility of identifying and differ-
entiating microorganisms using these three TPE materials was
fully demonstrated.

Control E. coli

TTAPE

Intonsity (a.u)

Z-TPE-9

E-TPE-9

Fig. 1 Fluorescence spectra of TTAPE, Z-TPE-9 and E-TPE-9 (5, 10, 25,
50, 75, and 100 pM) with the addition of Amp" E. coli, S. aureus and
C. albicans after 30 min of incubation, respectively.
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C. albicans
Bright field FL channel

Fig. 2 Fluorescence microscopy images of TTAPE, Z-TPE-9 and
E-TPE-9 before and after incubation with E. coli, S. aureus, and
C. albicans, respectively. The scale bar is 10 pm.
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Fluorescence microscopy was used to more directly observe
the binding of TPEs with three representative microorganisms.
From Fig. 2, it can be seen that these TPE materials can not
only effectively stain microbes, but also show diverse response
signals. Clearly, the microorganisms in the blank group were
evenly dispersed and had no fluorescence, while the microor-
ganisms added to TPEs had different degrees of aggregation
and emitted blue fluorescence with varying degrees of inten-
sity. This phenomenon was most obvious for S. aureus, fol-
lowed by C. albicans, while E. coli was almost non-aggregated
and evenly distributed. Moreover, there was little change in the
zeta potentials of Amp" E. coli or C. albicans before and after
binding TPEs, while the zeta potential of S. aureus incubated
with the TPEs displayed a significant positive shift (Table S17).
It was further proved that S. aureus could bind more TPEs
causing a greater aggregation of AIE materials and showing
stronger fluorescence emission. This proved that TPEs could
effectively combine a variety of microorganisms and produce
different degrees of aggregation to distinguish various bacteria
or fungi, and all microorganisms in the field of vision could
be stained, which was also a prerequisite for designing a
sensor array capable of identifying microorganisms.

To determine the appropriate concentration of the TPE
sensor array, the fluorescence intensity variations of TPEs to
microorganisms were calculated at various concentrations (5,
10, 25, 50, 75, and 100 pM). A high-throughput technique was
used to record the relative fluorescence intensities of TPEs
before and after the addition of E. coli, S. aureus or C. albicans.
The fluorescence intensity of the TPE solutions added to the
microbes at 461 nm with excitation at 330 nm was denoted as
I, while the PBS solution of TPEs at the same concentration
was used as the control group, the fluorescence value of which
at 461 nm was measured as I,. The relative fluorescence inten-
sity of TPE combined with three microorganisms is expressed
by (I — I,)/Iy, and the results are shown in Fig. 3. The diversity
of the side chains and the charges of TPEs caused specific
interactions with microbe strains, which resulted in different
fluorescence feedbacks. These biological characteristics of
TPEs provided a basis for constructing a fluorescence finger-
print to achieve a microbiological classification. S. aureus
showed high relative fluorescence intensity after binding with
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Fig. 3 Histograms of the fluorescence ratio of different concentrations
of (a) TTAPE, (b) Z-TPE-9 and (c) E-TPE-9 bound with three microorgan-
isms. (/ is the fluorescence intensity value of TPEs with the addition of
microorganisms at 461 nm and /o is the fluorescence intensity value of
TPEs alone at 461 nm at the same concentration.)

TPEs, while for Gram-negative bacteria and fungi, the differ-
ence in the fluorescence response before and after incubation
with TPEs was comparatively small. This result was consistent
with fluorescence microscope characterization studies. And a
very favorable result was that for all materials mentioned,
there was no significant difference in the fluorescence
response signal for different microorganisms combining with
TPEs at low or high concentration. Even for Z-TPE-9 and
E-TPE-9, the difference in fluorescence response at higher con-
centrations became less pronounced, which demonstrated that
TPEs could achieve the effect of distinguishing microorgan-
isms at extremely low concentrations. Therefore, 5 pM and
10 pM were selected as the test concentrations of the TPE fluo-
rescent sensor array, which has the dual advantages of cost
saving and accuracy.

Minimum detectable concentration of the TPE fluorescent
sensor array

Five different microbial strains were selected as targets for
further discrimination demonstration. Amp" E. coli,
Pseudomonas aeruginosa (P. aeruginosa), S. aureus, Bacillus
licheniformis (B. licheniformis) and C. albicans are representa-
tives of bacteria and fungi. The fluorescence intensities of the
TPEs (5 pM and 10 pM) combined with five microorganisms
were obtained by using a microplate reader and then we distin-
guished between different microorganisms based on the calcu-
lated relative fluorescence intensity values for the interaction
of TPEs with a variety of microorganisms. The plus and minus
signs were used to describe the strength of the relative fluo-
rescence intensities. One minus (—) sign represents the
weakest fluorescent response signal and four plus signs (++++)
denote the strongest response. The data are summarized in
Fig. S2.7 According to the evaluation criterion, Gram-positive
bacteria (S. aureus or B. licheniformis) could be distinguished
by using only 5 pM Z-TPE-9 or E-TPE-9 (++) and B. licheniformis
(+) could be more accurately discerned from other microorgan-
isms by TTAPE (5 pM). When the concentration of TPEs was
increased to 10 pM, only Z-TPE-9 could distinguish
B. licheniformis (+++), S. aureus (++) and E. coli (+), while the
fluorescence signals of other microorganisms were weaker (—)
for accurate identification, which meant that the ability to dis-
tinguish the relative fluorescence intensity histograms did not
fully meet our expectations.

This journal is © The Royal Society of Chemistry 2022
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Subsequently, an alternative method (LDA) was introduced
to more accurately analyze the diverse fluorescence response
patterns of microbes generated by the TPE sensor array, which
was a very powerful statistical method that could be widely
used in pattern recognition.*****” The fluorescence patterns
of microbes before and after adding TPEs (Fig. 4a) could be
transformed into a 2D canonical score plot by LDA (Fig. 4b). A
5 pM TPE fluorescent sensor array was able to clearly dis-
tinguish E. coli, P. aeruginosa and S. aureus without interfering
with each other, but for B. licheniformis and C. albicans, the
identification areas overlapped and the distinction was less
satisfactory. We therefore proceeded to convert the fluo-
rescence pattern of the 10 pM TPE fluorescent sensor array
(Fig. 4c) into a 2D canonical score plot (Fig. 4d), at which
point B. licheniformis and C. albicans could be further com-
mendably separated. Fascinatingly, the distribution of five
microorganisms in the 2D canonical score plot correlated
clearly with their categories, where fungi were on the lower
left, Gram-positive bacteria were on the upper left, and Gram-
negative bacteria were on the right. Therefore, this TPE fluo-
rescent sensor array using LDA analysis could accurately dis-
tinguish microbial species even at very low concentrations
(10 pM), which was momentous for the rapid and simple
differentiation of microbial species and targeted clinical
treatment.

Determination of the minimum discrimination concentration
of microorganisms by the TPE fluorescent sensor array

In addition to perfectly distinguishing the types of microor-
ganisms, this TPE fluorescent sensor array was also tested and
implemented for the identification of microbial species at
different concentrations. One representative strain each of
Gram-positive bacteria, Gram-negative bacteria and fungi was
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Fig. 4 Fluorescence response patterns of five microbes stained by (a)
5 pM or (c) 10 uM TPE materials, respectively. Canonical score plot for
the fluorescence response patterns determined by LDA using (b) 5 uM or
(d) 10 pM TPE fluorescence arrays. (Ellipses represent the 95% confi-
dence intervals for the corresponding microorganisms.)
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selected for the experiment. The fluorescence intensity of the
TPE fluorescent sensor array was measured before and after
binding to different concentrations of microbes (1-1 x 10° CFU
mL~") using a microplate reader. Then the relative fluo-
rescence intensity was calculated to obtain histograms
(Fig. S31). Regrettably, these did not differ significantly
from each other and therefore did not meet the basic
needs for classification. Hence, the histograms were trans-
formed into 2D canonical score plots again (Fig. 5). The
results showed that excellent differentiation of the various
species could be achieved at a minimum concentration of
1 x 10° CFU mL™'. However, the areas of different types
of microbes in the 2D canonical score plots overlapped
each other when the concentration of the microorganisms
decreased to 100 CFU mL ™. This analysis proved the high sen-
sitivity of the TPE fluorescent sensor array, which could
achieve 100% identification accuracy even at microbial concen-
trations as low as 1 x 10*> CFU mL ™.

Detection of the microbial concentration range

To investigate whether the actual concentration of a particu-
lar strain could be accurately determined by this TPE fluo-
rescent sensor array, different concentrations (1 x 10°-1 x 10°
CFU mL™") of S. aureus were selected as representative bac-
teria for the experiment. The TPE fluorescent sensor array
(5 pM, 10 pM) was added with S. aureus and subsequently
tested for fluorescence intensity at 461 nm after excitation at
330 nm using a microplate reader. Then, as shown in
Fig. S4f, the relative fluorescence intensity was obtained.
There was no doubt that the histograms made it almost
impossible to determine the actual concentration of microor-
ganisms; so, the more intuitive 2D standard score plot was
applied to accurately analyze the difference in the fluo-
rescence responses of various concentrations of S. aureus to
TPEs (Fig. 6). The concentration range of S. aureus above 1 x
10° CFU mL™" was readily determined regardless of whether
the concentration of the TPE fluorescent array sensor was
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Fig. 5 2D standard score plots of the fluorescence response trans-
formed by LDA at microbial concentrations of (a) 1 x 10° CFU mL™, (b) 1
x 10%* CFU mL™, (c) 1 x 10® CFU mL™, (d) 100 CFU mL™, (e) 10 CFU
mL™, and (f) 1 CFU mL™". (Ellipses indicate 95% confidence intervals for
each microorganism.)
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Fig. 6 2D standard score plots obtained by LDA analysis after incu-
bation with (a) 5 pM or (b) 10 pM TPE fluorescent sensor arrays with
different concentrations of S. aureus. (Ellipses depict the 95% confi-
dence limits for each pathogen.)

5 pM or 10 pM, which was vital for rapid clinical determi-
nation of microbial concentrations and appropriate drug
dose.

Conclusions

In summary, we successfully constructed a sensor array con-
sisting of TPEs (TTAPE, Z-TPE-9, and E-TPE-9) with different
positive charges and hydrophobic chains, which could be
designed to modulate the interaction between the TPEs and
microorganisms with diverse surface structures. Meanwhile,
TPEs with AIE properties provided a unique fluorescence
response pattern for different microorganisms. With the help
of LDA, microbes could be efficiently identified at very low con-
centrations of TPEs (10 pM). Importantly, this sensor array rea-
lized 100% accuracy with distinguishable microbial concen-
trations as low as 1 x 10° CFU mL™" within just 40 min.
Moreover, this identification procedure is able to determine
the actual concentration range of a particular microbe, provid-
ing clinical assistance in targeting pathogenic bacteria and in
appropriate dosage of drugs that are not likely to cause the
development of drug-resistant bacteria or fungi. Thus, this
TPE fluorescent sensor array is a simple and high throughput
microbial identification platform that has great potential for
the detection and identification of microorganisms in the
clinical setting.
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