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ABSTRACT

The increase in bacterial infection and antibiotic resistance has posed a severe threat to the
human health. This threat has warranted an imperative demand for the development of new
and effective bactericidal material to eradicate the antibiotic-resistant pathogenic bacteria. In
this work, we report the wash free imaging of Staphylococcus aureus (Gram-positive) and
Escherichia coli (Gram-negative) bacteria using cationic conjugated polyelectrolyte[9,9-
bis(6’-methylimidazoliumbromide)hexyl)-fluorene-co-4,7-(2,1,3 benzothiadiazole)] (PFBT-
MI) based on aggregation-induced fluorescence resonance energy transfer (FRET). Cationic
imidazolium group strapped on the polymer side chain not only increases its solubility in
water but also helps in binding with the negatively charged bacterial membrane via
electrostatic interactions to turn on its bright yellow emission. The change in the fluorescence
color of conjugated polyelectrolyte in presence of bacteria could be visualized very easily via
naked eyes under a UV lamp (365 nm). Furthermore, the antibacterial activity of PFBT-MI
against both Staphylococcus aureus as well as Escherichia coli was observed because of the
amphiphilic nature of the conjugated polyelectrolyte which in turn is due to the presence of
ionic functionality and conjugated polymer backbone that can intercalate very proficiently
into the bacterial membrane, which disrupts the membrane integrity and thus results in
toxicity. Morphologically, the membrane damage was perceived via FESEM images, which

clearly indicated the disruption of cell membrane upon exposure to PFBT-MI. The PFBT-MI
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acts as an effective antibacterial agent, with an MIC and MBC value of (30 uM or 23.7
ug/mL) and (60 uM or 47.7 ug/mL) for Staphylococcus aureus and for E. coli (60 pM or
47.7 pg/mL) and (100 uM or 79 pg/mL), respectively. Moreover, PFBT-MI shows less

cytotoxicity against mammalian cells at concentration greater than MIC.
INTRODUCTION

In the past few decades, there has been a substantial emergence of bacterial infections which
has engrossed attention of researchers owing to their close association with human illness and
food security. Moreover, extensive and irrational antibiotics use have resulted in the
evolution of bacteria that are antibiotic resistant, posing acute threat to the global health.
Growing resistance of microorganisms towards newly developed drugs is a serious concern
that should be addressed rationally.'"” A recent report published by Center for Disease
Control and Prevention (CDCP) states that the drug resistant bacteria affects the health of 2
million people annually and by 2050 antibiotic resistance would increase the average number
of death to 10 million/year.*To address this globally precarious issue, efforts have been
devoted by researchers worldwide to design probes with antimicrobial activity such as
antibiotics, antimicrobial peptides, hydrogels, and inorganic nanoparticles. >'* Despite their
individual effectiveness their clinical application remains elusive. Thus determined efforts are
needed, to develop simple, sensitive, cost-effective techniques for bacterial identification and
their killing to prevent the bacterial infections as well as outbreak of various epidemic

diseases.

Fluorescence based methods have gained much attention in the field of life sciences and

1316inflammatory

biomedicine and are widely employed for cancer theranostics,
disorders,'’and antibacterial treatments.'™'® In recent years researchers have designed and
used various fluorescent reporters for bacterial imaging and their killing such as
nanomaterials (carbon nanotubes, carbon dots (CD),metal and metal oxides nanomaterials)
and oligomers.”’ However, there are some challenges associated with them that avert its
practical application.”’ For example, CD as a fluorescent probe at times, presents weak
fluorescent signal, unclear and non-uniform bioimaging due to concentration dependent
aggregation caused quenching (ACQ).? Similarly, the use of antibiotic capped nanomaterials
(Ag, Au, ZnO, MgO, TiO, WS,) may led to the growth of drug-resistant bacteria.> Recently,
more advanced materials have been reported for bacterial identification, discrimination and

24-26

killing such as aggregation-induced emission (AIE) luminogens®*2®, conjugated oligomers®”
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* and polymers.30'33 Among them conjugated polymers are the attractive fluorescence probe

for bacterial imaging and killing.

Conjugated polyelectrolytes (CPE’s) are organic macromolecules with ionic side chains
which endowing them with water solubility and facilitating numerous interactions towards
innumerable chemical and biological analytes. CPE’s have demonstrated their ability as
outstanding class of materials in interdisciplinary areas such as optoelectronic devices,
chemical, biological and medical science such as sensing, imaging, and theranostics because
of their phenomenal attributes such as excellent photostability, high quantum efficiency,
super sensitivity, amplified quenching effect and biocompatibility.***' Recently, they have
been explored as a novel light activated antibacterial material with remarkable activity in
dark as well. In addition, water-soluble CPE’s with cationic head group offers efficient
targeting and binding on charged cell membrane of bacteria. Moreover, cationic CPEs act
mainly by targeting and disintegrating the bacterial cell membrane via electrostatic attraction
and insertion into the lipid membrane. As a result of this the bacterial cell membrane gets
physically damaged and difficult to repair, therefore, restricting the potential development of
bacterial resistance.**™*” Remarkable advantages of using polymers with antibacterial property
is their easily tailored structures and desired properties achieved by varying side chain
cationic functionality and tuning badgap of the conjugated backbone. The former creates a
difference in hydrophilic/hydrophobic interactions whereas the latter enhances singlet oxygen
generation via increasing triplet state yield.**Schanze and co-workers reported a series of
CPE’s with different backbone structures and side chain functionalities for profound broad
spectrum bacteria  killing. ' #***4>*®%  Qimilarly, Wang and co-workers develop a
supramolecular approach based on cationic conjugated polymer for rapid discrimination and
in-situ detection of pathogens.”” However bacterial detection rely on change in emission
intensity at single wavelength may results in  the various interference such as
autofluorescence, instrument fluctuation and environmental interventions. In this context,
ratiometric technique such as Forster resonance energy transfer (FRET) offers more accurate
results and self-calibration by exterminating various environmental and instrument factors
thereby opening up a new avenue to design dual wavelength probes for real time bacteria
monitoring in aqueous media with high sensitivity and low background signal.ﬂ'53
Furthermore, imaging of bacteria without tedious wash free step forms an important
component for success of antibacterial compounds. Wash free-imaging reduces the time as

well as bacterial loss during bacterial imaging process.”*>* Considering the above challenges
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we designed a simple, cost effective, multifunctional approach for efficient bacterial
detection in aqueous media, along with wash free bacterial imaging and also evaluated its

antibacterial potential using conjugated polyelectrolyte with cationic head group.

Herein, we report a water-soluble CPE Poly[9,9-bis(6’-methyl imidazolium bromide)hexyl)
fluorene-co-4,7-(2,1,3-benzothiadiazole)] (PFBT-MI) for bacterial imaging based on
aggregation induced FRET and explored its antibacterial nature. Decorating the side chains
with imidazolium group provided electrostatic binding sites on the negatively charged
bacterial membrane. Taking advantage of FRET mechanism, the blue emitting CPE PFBT-
MI displayed substantial color change from blue to yellow as well as changes in its
photophysical properties after interaction with bacterial membrane via electrostatic and
hydrophilic interaction which resulted in a very convenient wash free imaging of bacteria, at
the same time demonstrating antibacterial activity as well. To the best of our knowledge, no
FRET-based theranostic approach using single fluorophore for wash free imaging, and

antibacterial activity has been reported to date.

EXPERIMENTAL SECTION

Material and instruments: PFBT-MI was synthesised according to previous literature.” All
the reagents were procured from either Aldrich, Merck, or Ranbaxy (India). Nutrient broth
(NB), brain—heart infusion (BHI), Luria—Bertani (LB), and bacterial growth medium were

obtained from Himedia.

Characterisation: Absorption and emission studies were done on a Perkin Elmer Lambda-25
or JACSO V-630 and Horiba Fluoromax-4 spectrofluorometer, using quartz cuvettes (10 mm
path length, slit width-3 nm at 298 K). Milli-Q water was used to prepare standard solutions.
Fluorescence lifetime study was performed on Edinburgh Life Spec II instrument. DLS based
size and charge measurement studies were performed on a Zeta sizer Nano ZS90, Model No.
ZEN3690, Malvern instrument. Morphological changes before and after incubation of both
the bacteria with PFBT-MI were observed with a Zeiss sigma FESEM at an accelerating
voltage of 2 kV.

Imaging and detection of bacteria: For imaging, bacteria (10° CFU/mL) were treated with
the polymer at the MIC concentration and incubated for 10min at 37 °C. After the treatment
the bacteria was centrifuged for 1 min at 10000 rpm and dispersed in water. The samples

were further drop casted on glass slides and sealed after mounting the cover slip. These
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samples were then observed under a Zeiss LSM 880 confocal microscope (405 nm

excitation).

The stock solution for detection consists of ImM of PFBT-MI and was prepared in
Milli-Q water. The bacteria (Gram-positive Enterococcus faecalis MTCC 439,
Staphylococcus aureus MTCC 96, Bacillus subtilis MTCC 1305 and Gram-negative
Pseudomonas aeruginosa MTCC 2488, Escherichia Coli MTCC 433, Enterobacter
aerogenes MTCC 2822, Escherichia Coli DH5a) were serially diluted (107, 102, 107
and 10™*) and the fluorescence spectra of PFBT-MI were monitored by adding ImL
each of above mentioned serially diluted bacterial suspensions into glass cuvette
having (0.3uM) solution. Bacillus subtilis, Pseudomonas aeruginosa, Escherichia Coli
433 and Enterobacter aerogenes were grown in NB media, Staphylococcus aureus,
Enterococcus faecalis was grown in BHI and Escherichia Coli DH5a was grown in
LB (all at 37 °C for 12 h at 180 rpm)

Antibacterial activity: In order to carry out assessment of antibacterial activity Gram
positive bacteria (Enterococcus faecalis MTCC 439, Staphylococcus aureus MTCC 96,
Bacillus subtilis MTCC 1305) and Gram negative bacteria (Pseudomonas aeruginosa MTCC
2488, Escherichia Coli MTCC 433, Enterobacter aerogenes MTCC 2822, Escherichia Coli
DH5a) were used. Bacillus subtilis, Pseudomonas aeruginosa, Escherichia Coli 433 and
Enterobacter aerogenes were grown in NB media, Staphylococcus aureus, Enterococcus
faecalis was grown in BHI and Escherichia Coli DH5a was grown in LB (all at 37 °C for 12
h at 180 rpm). The bacteria (10° CFU/mol) were treated with different concentrations of the
polymer (0.0lmMor 10uM to 0.2m Mor 200uM) for 12 hr. The minimum concentration
wherein no visual turbidity is detected was considered as the MIC (minimum inhibitory
concentration) value of the polymer. In order to determine the MBC (minimum bactericidal
concentration), the treated bacterial cultures that did not show visual turbidity were re-
inoculated in fresh media. MBC was taken as the minimum concentration that was
bactericidal. The growth was checked by recording the OD at 595 nm using the UV-visible

spectrophotometer.
FESEM Analysis:

Briefly, for FESEM analysis the bacteria were treated with MIC dose of the PFBT-MI for 6 h
at 37 °C followed by collection of the control and the treated bacteria by centrifugation. The
samples were washed with sterile PBS twice and fixed in 2.5% glutaraldehyde (4 °C for 90
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min). The samples were then washed twice and finally suspended again in sterile MiliQ
water. Thereafter, 5 uL from each sample was drop casted over a fresh aluminium foil
covered glass slides and mounted on a metal stub with carbon tape and double coated with
gold (Au). Finally the samples were analysed on a field emission scanning electron

microscope (Zeiss Sigma 300) at 3.0 KV.

Protein leakage analysis: A standard Bradford assay was performed to analyse the protein
leakage for both control and treated cells. In brief, E.coli and S.aureus cells were treated with
MIC dose of polymer for 6h at 37°C. After centrifugation (15 min at 6000 rpm) the
supernatant was collected and to 200 puL of each supernatant, 800 pL. of the Bradford reagent
was added. The optical density was measured at 595 nm after incubation in dark conditions
for 10 min. Further, the absorbance of supernatants was measured at 280 nm for protein

(before adding Bradford).*®

Nucleic acid leakage analysis: In brief, E.coli and S.aureus cells were treated with MIC
dose of polymer for 6 h at 37 °C. After centrifugation (6000 rpm for 15 min) the absorbance

of the supernatant was recorded at 260 nm.’’

Cell Culture: For cell culture studies HEK 293T (human embryonic kidney) cells were
sourced from NCCS (National Centre for Cell Sciences), Pune, India. For culturing these
cells, Dulbecco’s modified Eagle’s medium, supplemented with streptomycin (50 mg/mL),
L-glutamine (4 mM), penicillin (50 units/mL), and 10% (v/v) fetal bovine serum (FBS; PAA
Laboratories, Austria) was used and the cells were maintained at 37 °C in a 5% CO;

incubator.

MTT Assay: For evaluation of the cell viability, 1 x 10* HEK cells were seeded in a 96-well
plate and cultured overnight at 37 °C in a 5% CO, incubator. The cells were treated with
various concentrations of PFBT-MI for 12 h, followed by 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) assay. MTT is reduced by living cells (mitochondria)
into a colored formazan product. Thereafter, the absorbance was recorded at 570 nm that
related with the number of live or viable cells. The absorbance at 690 nm was subtracted by a

background interference and the percentage of cell viability was calculated via the equation.

% viable cell = (A570 — A690)of treated cells % 100
o Viable cell = (A570 — A690)of control cells

RESULT AND DISCUSSION
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The structure of Poly[9,9-bis(6’-methylimidazoliumbromide)hexyl)-fluorene-co-4,7-(2,1,3-
benzothiadiazole)] (PFBT-MI) is illustrated in Scheme 1. The neutral conjugated polymer
PFBT was synthesized via Suzuki cross coupling reaction using fluorene as the donor and
incorporating 20 mol% of benzothiadiazole as acceptor. The PFBT was then post-
functionalized with N-methylimidazole to obtain cationic conjugated polyelectrolyte PFBT-
MI. The cationic imidazolium group endows PFBT-MI with good solubility in a polar solvent
like water, dimethyl sulfoxide, methanol and helps in binding with the negatively charged
bacterial membrane. The zeta potential value for PFBT-MI was found to be 15 mV (Figure
S1). The PFBT-MI displays maximum absorption at 350nm and a weak band ranging from
415-530 nm characteristic of fluorene and benzothiadiazole unit respectively. The emission
spectra of PFBT-MI exhibited a prominent fluorescence emission peak at 410 nm (ex. 350
nm) for fluorene unit (Figure 1a) and a weak emission band ranging from520-560nm
(Figure 1b) corresponding to benzothiadiazole moiety, which indicates that PFBT-MI

exhibits weak intra-chain FRET in dilute solution or non-aggregated state.

N N
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Scheme 1: Structure of Poly[9,9-bis(6’-methylimidazoliumbromide)hexyl)-fluorene-co-4,7-
(2,1,3-benzothiadiazole)] (PFBT-MI).
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Figure 1: (a) UV-vis and (b) Fluorescence spectra of PFBT-MI in water.

The molecular state of PFBT-MI in water (good solvent) was studied by DLS that presents an
observed distribution of ~12 nm which can be assigned to the hydrodynamic diameter of a
single polymer chain. As the fraction of THF increases the polymer chain starts to form large
aggregates (FigureS2). This unimolecular state of polymer in water explains the presence of
weak FRET efficiency from fluorene to the BT unit since inter-chain FRET is negligible as
the molar ratio of the acceptor to donor moiety is low. The initial emission peak at 560 nm
increases gradually on adding increasing fraction of THF (poor solvent) to the PFBT-MI in
water (Figure 2a-b). Remarkably, the color of this solution got modified to yellow (from
blue) in water and water-THF mixture respectively, realized clearly by the naked eye and
under UV-light (lamp excitation-365 nm)(Inset of Figure 2b). The color change of PFBT-MI
in water upon introducing the increasing fraction of THF indicates the appearance of an
efficient inter-molecular FRET from fluorene (donor) to BT (acceptor) units of PFBT-MI due

to polymeric chain’s self-aggregation which increases the local concentration of BT units.

Furthermore, there is an overlapping spectral region between the emission of the donor
(fluorene) and the acceptor (BT) absorption, a prerequisite for the phenomenon of FRET to
occur (Figure 3a). To confirm the phenomenon of FRET, the lifetime of the conjugated
polyelectrolyte in water and water-THF mixture was examined and the decay curves for
PFBT-MI at 410 nm and 560 nm has been fitted mono-exponentially and bi-exponentially
respectively (Figure S3). Upon exciting by a laser pulse of 375 nm, the decay monitored for
PFBT-MI at 410 nm in pure water (0.743 ns) shows a reduction in the lifetime after
introducing a fraction of THF (0.636ns) (Figure 3b). Whereas the average lifetime of PFBT-

MI observed at 560 nm in water THF mixture (2.63 ns) increases as compared to the polymer
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solution in pure water (0.29ns) (Figure 3c¢). Thus the above investigation explains the
occurrence of FRET from fluorene unit to BT moiety with the help of aggregation induced by

increasing the fraction of poor solvent into a good solvent.
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53 unit of PFBT-MI (10uM) in water. Time resolved photoluminescence of PFBT-MI (10uM)
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excitation of 375 nm.
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Imaging and Sensing of Bacteria

To check the practicability of PFBT-MI for visualization of bacteria live confocal laser
scanning microscopy (CLSM) was performed (Figure 4). PFBT-MI successfully stained both
Gram-positive bacteria and Gram-negative bacteria after incubation at MIC of PFBT-MI for
10 min. The unbound PFBT-MI does not emit in the yellow channel (560 nm) which, as a
unique outcome, prominently eliminates the background emission while as the polymer
chains get attached to the bacterial membrane, it turns on the bright yellow emission.
Adhesion of PFBT-MI to the bacterial membrane via electrostatic interactions between the
cationic PFBT-MI and the negatively charged bacterial surface as well as the lyophilic
interactions between PFBT-MI backbone and lipid membrane of the bacteria increases the
concentration of the polymer on the bacterial membrane. Consequently, the concentration of
the acceptor moiety in the polymer around the donor units increase locally, which results in
the efficient FRET from the fluorene (donor) to BT (acceptor) thus PFBT-MI emits in the
yellow channel. Using this easy approach, the bacteria could be visualized without involving
any washing process via the phenomenon of FRET thus, preventing loss of bacteria during

washing and simplifying the process of imaging rapidly.

Bright Field Fluorescent

Merge

a Staphylococcus aureus

b Escherichia coli

Figure 4: Confocal laser scanning fluorescence images (live) of (a) Staphylococcus aureus
and (b) Escherichia coli after incubated with MIC of PFBT-MI for 10 min at 37°C. The

fluorescence images were collected at 530-570 nm in confocal microscopy analysis.
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To gain further insight into bacterial quantification fluorescence response of PFBT-MI with
different bacterial strains was recorded in aqueous media. The fluorescence emission signals
were measured by adding serially diluted bacterial suspension (1mL) into the glass cuvette
containing PFBT-MI (0.3 uM) solution. Initially, PFBT-MI solution emits only at 410 nm
(Aex 350 nm). Upon adding bacterial strains to PFBT-MI solution a new 560 nm peak appears
and 410 nm peak diminishes reflecting the energy transfer process from donor fluorene to the
acceptor BT unit. This shift in emission peak of PFBT-MI solution from 410 nm to 560 nm is
evident from the color change of the polymer solution observed on irradiating UV-lamp (Aex-
365 nm) upon adding bacteria as shown in Figure 5a. Furthermore, the FRET ratio I-lo/Io
(where I= Isqo/l41ofor different bacterial strains and Io= Iseo/1410 for the PFBT-MI only) of the
polymer for different bacterial strain was calculated as shown in FigureSb.It was observed
that different signal response was obtained with different strains of same bacterial species
although having the same charge which may because of the reason that each strain possesses
specific surface structures. This method thereby provides a simple, rapid technique for
determining the presence of bacteria in a sample. The minimum concentration of bacteria that

was able to shift the emission from blue to yellowish green is ~10* CFU/mL.

a 1 b

Enterococcus faecalis

Bacillus subitilis
Staphylococcus aureus
Escherichia Coli DH5a
Escherichia Coli 433
Pseudomonas aeruginosa

Gram Positive Gram Negative
Figure 5: (a) Color of PFBT-MI (0.3 uM) solution from (i) blue to (ii) yellow upon adding
bacterial strain (10™). (b) FRETratio of PFBT-MI (0.3 pM) with different bacterial strain.

Antibacterial Activity

The antibacterial activity of PFBT-MI was examined against both Staphylococcus aureus and

Escherichia coli as representative Gram-positive and Gram-negative bacteria respectively.
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The MIC and corresponding MBC value of polymer PFBT-MI for Staphylococcus aureus are
(30uM or 23.7pg/mL) and (60uM or 47.7ug/mL) and for E. Coli are (60uM ord7.7pg/mL)
and (100uM or 79pug/mL), respectively. The growth curve was monitored up to 12 h. It was
observed that the growth was inhibited at MIC concentration and no growth was observed in
case of MBC (Figure 6). Furthermore, when compared to earlier reports the observed MIC

values for the antibacterial polymer in the present context are much lower (Table S1).

184 0.304
08 a —— Control b ——Control
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Figure 6: Growth curves of (a) S.aureus and (b) E.coli incubated with different

concentration of PFBT-MI.

Table 1: MIC and MBC values of polymer PFBT-MI against Staphylococcus aureus and

Escherichia coli.

Bacteria MIC (pg/mL) MBC (ng/mL)
Escherichia coli 47.7 79
Staphylococcus aureus 23.7 47.7

The values of MIC and MBC are slightly higher for Gram-negative Escherichia coli than
Gram-positive Staphylococcus aureus (Table 1). This heterogeneity could be due to
difference in membrane structures of two species. The cell wall of Gram-positive bacteria has
a porous thick layer of three dimensional cross linked peptidoglycan networks while Gram-
negative has an additional outer membrane of lipopolysaccharide as well as thin
peptidoglycan layer. The presence of auxiliary lipopolysaccharide layer complicates the

binding and killing ability of PFBT-MI for Gram-negative Escherichia coli.
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To validate the killing efficiency of PFBT-MI, plating experiment was performed. Control
samples lacking PFBT-MI have dense bacterial growth as shown in Figure S4. The growth
of Staphylococcus aureus and Escherichia coli are appreciably suppressed on treatment of
these samples with polymer at respective MIC concentrations. However, at MBC

concentrations of polymer, complete inhibition of bacterial growth is observed.
Mechanism of antibacterial activity

To investigate the mechanism of antibacterial activity of PFBT-MI, morphological changes
of Staphylococcus aureus and Escherichia coli as models for Gram-positive and Gram-
negative were examined before and after the treatment of conjugated polyelectrolyte by
FESEM imaging at their respective MIC concentrations. For the control population of both,
(Escherichia coli and of Staphylococcus aureus) the cell surface morphology appeared
smooth and regular with clear edges that indicates a viable state of the bacteria. On the other
hand in case of treated bacteria disintegration of the cell membrane was observed. It was
concluded from FESEM results that PFBT-MI successfully caused bacterial cell death by
disruption of the cell membrane as shown in Figure 7 & Figure 8. It has been previously
reported that imidazolium molecules and polymers can have antibacterial activity towards
both Gram-positive and Gram-negative bacteria.”>**° Therefore, due to the cationic nature
of PFBT-M]I, it can possibly interact with the negative cell membrane of the bacteria thereby
leading to disruption of the membrane and leakage of intracellular constituents as presented

in the schematic of Figure 9.

M’mbm;e Damage

Figure 7: FESEM images of E.coli (a-b) and E.coli (c-d) incubation without and with PFBT-

Treated

\':\

g 7~
f

MI respectively.
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Figure 8: FESEM images of control S.aureus (a,b) and treated S. aureus (c,d) incubation

without and with PFBT-MI respectively.

To gain additional insight on mechanism of bacterial killing protein and nucleic acid leakage
studies has been carried out. In the protein leakage study both Bradford (Figure S7) as well as
OD measurement at 280 nm suggested that there was an increased amount of protein present
in the supernatant of the treated cells signifying membrane damage due to which proteins are
released in the supernatant. Also the nucleic acid leakage analysis showed increased OD at
260 nm in case of the treated cells indicating likely release of nucleic acid into the
supernatant due to the damage of the membrane (Figure S8). This data corroborates with the

FESEM analysis which also suggested bacterial cell death due to membrane disruption.
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Figure 9: Proposed schematic representation of bacterial membrane with PFBT-MI and its

antibacterial activity.
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Cytotoxicity results

The use of antibacterial agents for biomedical application is gaining interest, as they
selectively kill the pathogenic bacteria over mammalian cells. Thus, they can be applied as an
antibacterial coating or bactericidal surface for medical devices. In this regard, the
cytotoxicity nature of PFBT-MI was examined by MTT assay. The cell viability assay of
PBFT-MI shows that approximately 80% of the cells were viable at the 100uM concentration
(which is the maximum dose used in antibacterial studies) after 12 h of treatment (Figure S9).
This indicates that the polymer PFBT-MI is less toxic in nature towards mammalian cells and
shows pronounced killing activity towards bacterial cells (Gram-positive and Gram-

negative).
CONCLUSION

In summary, we have developed and explored the potential application of cationic conjugated
polyelectrolyte PFBT-MI in wash free bacterial imaging as well as its antibacterial activity.
The side chain strapped imidazolium group of PFBT-MI makes the solution phase
quantification and imaging process simple. The imaging process is wash free as the PFBT-MI
underwent aggregation induced FRET from fluorene unit to the BT on binding with the
negatively charged bacterial surface. The PFBT-MI exhibited effective antibacterial activity
against Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative)
bacteria. The killing efficacy was higher for Staphylococcus aureus bacteria compared to
Escherichia coli. The MIC value for Gram-positive and Gram-negative bacteria were
23.7pg/mL and 47.7pg/mL respectively. The antibacterial action of PFBT-MI was due to the
disintegration of the bacterial cell membrane that resulted in leakage of all the intracellular
constituents and ultimately cell death. This conclusion was well supported by FESEM

analysis as well as by performing protein and nucleic acid leakage studies.
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