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Abstract

Background: Increasing bacterial infections as well as a rise in bacterial resistance call for the
development of novel and safe antimicrobial agents without inducing bacterial resistance.
Nanoparticles (NPs) present some advantages in treating bacterial infections and provide an
alternative strategy to discover new antibiotics. Here, we report the development of novel
self-assembled fluorescent organic nanoparticles (FONSs) with excellent antibacterial efficacy and
good biocompatibility.

Methods: Self-assembly of [-(12-(pyridin-1-ium-1-yl)dodecyl)-4-(1,4,5-triphenyl-1H-imidazol-2-
yl)pyridin-1-ium (TPIP) in aqueous solution was investigated using dynamic light scattering (DLS)
and transmission electron microscopy (TEM). The bacteria were imaged under a laser scanning
confocal microscope. We evaluated the antibacterial efficacy of TPIP-FONSs in vitro using sugar
plate test. The antimicrobial mechanism was explored by SEM. The biocompatibility of the
nanoparticles was examined using cytotoxicity test, hemolysis assay, and histological staining. We
further tested the antibacterial efficacy of TPIP-FONs in vivo using the S. aureus-infected rats.

Results: In aqueous solution, TPIP could self-assemble into nanoparticles (TPIP-FONSs) with
characteristic aggregation-induced emission (AIE). TPIP-FONs could simultaneously image
gram-positive bacteria without the washing process. In vitro antimicrobial activity suggested that
TPIP-FONSs had excellent antibacterial activity against S. aureus (MIC = 2.0 yg mL™"). Furthermore,
TPIP-FON:s exhibited intrinsic biocompatibility with mammalian cells, in particular, red blood cells.
In vivo studies further demonstrated that TPIP-FONSs had excellent antibacterial efficacy and
significantly reduced bacterial load in the infectious sites.

Conclusion: The integrated design of bacterial imaging and antibacterial functions in the
self-assembled small molecules provides a promising strategy for the development of novel
antimicrobial nanomaterials.

Key words: antibacterial materials, self-assembly, aggregation-induced emission, bacterial imaging,
antimicrobial activity.

Introduction

Despite the availability of antibiotics, bacterial  resistance which has become a global health challenge
infections remain one of the major causes of deaths threatening public health [1]. In the United States
worldwide. This is due to the emergence of bacterial  alone, more than 2 million people suffer from
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antibiotic-resistant infections each year, and at least
23,000 people die as a result of these infections [2]. The
bacterial resistance can be attributed to various
mechanisms, such as activation of antibiotic efflux
pumps, inactivation of antibiotic degradation
enzymes, decreased antibiotic permeation and
formation of biofilm [3]. To treat drug-resistant
bacterial infections, numerous antimicrobial materials
have been developed recently, such as cationic
polymers [4-7], antimicrobial peptides [8-13], silver
nanoparticles (AgNPs) [14-19], and metal-containing
NPs [20-22]. Among these, cationic polymers have
some beneficial properties, such as broad-spectrum
antibacterial features and the ability for easy
functionalization. However, they can also cause a
certain degree of hemolysis in vivo and exert some
cytotoxicity to human cells inhibiting their application
as an antibacterial agent [23, 24]. Although
antimicrobial peptides (AMP) are efficient, their
application is still restricted because of the high cost,
limited stability (when composed of L-amino acids),
poor photolytic stability, and poorly-studied
toxicology and pharmacokinetics [25, 26].

AgNPs are popular antimicrobial inorganic NPs
and show a higher antimicrobial activity against
multidrug resistant (MDR) bacteria [27, 28]. However,
the toxic side effects of AgNPs on humans, like
spasms, gastrointestinal disorders, and even death,
limit their therapeutic application [17, 29]. Moreover,
studies indicated that AgNPs could cause potential
immunotoxicity [30, 31]. Other metal-containing NPs
also have limitations for antibacterial treatments in
vivo due to the accumulation of toxicity. Therefore, it
is critical to design and synthesize innovative
antibacterial materials with efficient activity and
decent biocompatibility for clinical treatments.

Besides countering the issue of drug-resistance,
developing a new method for quick bacterial
detection is also important for microbial infection
treatment and controlling the spread of disease [32,
33]. Gram staining has been the standard method to
differentiate bacterial species into two large groups,
gram-positive and gram-negative [34]. However, this
method is prone to generate false positive results [35].
Other  methods, such as  enzyme-linked
immunosorbent assay (ELISA) [36, 37] and
polymerase chain reaction (PCR) [38-39] with high
sensitivity and reproducibility, have been reported for
microbial detection. Nevertheless, these technologies
require lengthy and laborious procedures [40] thereby
delaying the critical diagnosis and response to
infectious emergencies. Recently, fluorescence assay
has been demonstrated as an effective method to
detect bacteria in different biological environments
[41-47]. For example, antibiotics(vancomycin and

daptomycin)-modified fluorophores and
nanoparticles are synthesized for targeted bacterial
detection [12, 41, 48-50]. Multidrug resistant bacteria,
however, would not be detected by the
antibiotic-modified probes thus leading to false
negative results. Furthermore, the administration of
sub-lethal doses of antibiotics may promote
unexpected antimicrobial resistance.[51]

NPs hold great potential for both antibacterial
application and rapid detection of pathogens due to
their unique physicochemical properties that feature a
large surface area to volume ratio and a versatile
surface chemistry [52-55] Specifically, the large
surface area of nanomaterials can enhance their
interactions with microbes. Also, NPs are believed to
be more effective and less likely to induce resistance
in most drug-resistant cases, since their antimicrobial
properties involve direct contact with the bacterial cell
wall, instead of penetrating into the cell, making most
bacterial antibiotic-resistant mechanisms irrelevant
[56-59]. Therefore, the nano-antibacterial agents may
be less prone to induce resistance in bacteria than
traditional antibiotics.

Molecular self-assembly is a spontaneous
association of individual components into
well-ordered structures assisted by non-covalent
interactions  including electrostatic  interaction,
hydrogen bonding, m-m interaction, charge-transfer
interactions, and hydrophobic effect [60, 61]. Among
the reported self-assembled nano-materials, small
molecule self-assembled nanomaterials have received
much  attention for  their  photo-stability,
biocompatibility, diversity, and flexibility in
molecular design [62-64]. However, to the best of our
knowledge, the usage of small molecule
self-assembled nanomaterials in diagnostic and
therapeutic platforms against microbial infections is
still lacking.

Recently, based on tetraphenyl imidazole-cored
molecular rotors, our group developed a novel series
of AlEgens with good photo-stability, high water
solubility, and good biocompatibility. It was reported
that tetraphenyl imidazole derivatives could
self-assemble into nanoparticles for chemical sensing
or imaging of gram-positive bacterial strains [65, 66].
In this study, inspired by the antimicrobial activity of
the imidazole moiety [67-69] and the excellent
antibacterial effect of quaternary ammonium
compounds [70-72], we designed a cationic bola-type
small molecule by combining tetraphenyl imidazole
core with quaternary ammonium group (TPIP) for
fast microbial detection and bacterial infection
treatment. TPIP is composed of three components
(Scheme 1): (1) the substituted imidazole is used as
the AlEgen with antibacterial activity, (2) the alkyl
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chain can tune the spatial positioning of the positive
charge in molecules and reduce the toxicity of small
cationic molecules, and (3) the pyridinium salt group
serving as the hydrophilic terminal group has an
antimicrobial effect. This bola-type molecule can
self-assemble into nanoparticles (TPIP-FONs) in
aqueous solution without fluorescence, while it emits
intense green fluorescence after bonding with
gram-positive bacteria. The in vitro antimicrobial
activity studies revealed that TPIP-FONs have
excellent antibacterial activity. The low cytotoxicity
and negligible hemolysis activity of TPIP-FONs
allowed us to treat bacterial infections in vivo. To the
best of our knowledge, this is the first report on the
small molecule self-assembled nanomaterials
enabling bacterial imaging and antibacterial action.

Experimental section

Materials and instruments

Vitamin By, benzaldehyde, aniline (99.5%), and 1,
12-dibromo dodecane (98%) were purchased from
Energy Chemical Co., Ltd (China). Two compounds
(4-pyridine carboxaldehyde (98%) and pyridine) were
obtained from Sinopharm Chemical Reagent Co., Ltd
(China). Mannitol Salt Agar was purchased from
Beijing Land Bridge Technology Co., Ltd (China). All
bacterial strains were acquired from American Type
Culture Collection (ATCC), USA. Dulbecco’s
Modified Eagle’s Medium, fetal bovine serum,
penicillin G (100 U mL™1), streptomycin (100 U mL1)
and 0.25% trypsin solution were purchased from
Gibco (USA). AT-II cells and L02 cells were from the
Cell Bank of Chinese Academy of Sciences. Ultrapure
water was obtained by using a Millipore water

purification system (Merck Millipore, Germany).
Other chemical reagents and solvents were purchased
from commercial chemical suppliers and used
without further purification.

UV-vis absorption spectra were performed on a
UV-2550 scanning spectrophotometer (Shimadzu,
Japan). Fluorescent spectra were recorded on a
Shimadzu RF-5301 equipped with a 1 cm quartz cell.
Dynamic light scattering measurements were
performed at 25 °C on Zestier Nano ZS (Malvern
Instruments Ltd, UK). The morphology of
TPIP-FONs was characterized by JEM-2100
transmission electron microscope with an accelerating
voltage of 200 kV. The morphology of bacteria was
characterized by S-3400N  scanning electron
microscope (Hitachi, Japan) with an accelerating
voltage of 15 kV. TH NMR and ¥C NMR were
measured on a Bruker AVII-400 MHz or 500 MHz
spectrometers with chemical shifts reported in ppm
(in DMSO-d6 or CDCl3, TMS as internal standard).
HRMS was obtained on an Orbitrap Velos Pro LC-MS
spectrometer (Thermo Scientific, American).

Preparation of TPIP-FONs

A stock solution of TPIP (1x102% M) was
prepared from dimethyl sulfoxides. Thirty microliters
of this solution was added to phosphate buffer (3 mL)
maintained at pH 7.4, and the solution (10 pM) was
kept at room temperature. Nanoparticles formation
was confirmed by DLS and TEM analyses for which
the solution was dropped casting on freshly cleaved
mica surface or carbon-coated copper grid (400 mesh),
respectively, after drying under vacuum.

Bacterial cultures and staining assays
A single colony
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(ODsno). Subsequently, 10° colony forming unit (CFU)
(ODsoo = 10° CFU mL™1) of bacteria was transferred to
a 1.5 mL EP tube. Bacteria were harvested by
centrifuging at 5000 rpm for 3 min. After removal of
the supernatant, 500 pL. TPIP-FONs were added to
the EP tube with PBS, making the final concentration
of TPIP-FONs to 20x10°¢ M). After vortexing to
disperse, the bacteria were incubated at room
temperature for 10 min. S. aureus samples were
diluted into various concentrations (from 3x107 to
3x108 CFU mL") by using sterile saline, then 10 pL
TPIP-FONs (50x10¢ M) was added to the 90 uL
bacterial solutions, and incubated for 10 min. The
fluorescence of solutions was recorded by
fluorescence spectrophotometer.

Bacterial imaging

For fluorescence images, 10 uL of the stained
bacterial solution was transferred to a glass slide and
covered with a coverslip. The bacteria were imaged
under a laser scanning confocal microscope using
400-440 nm excitation filter, and 490 nm long pass
emission filters.

Kirby-Bauer antibiotic testing

The antibacterial efficacy of TPIP-FONs against
P. aeruginosa or S. aureus was examined by
Kirby-Bauer antibiotic testing. P. aeruginosa or S.
aureus were diluted to approximately 1.0x107 CFU
mL-! with LB broth, and 50 pL of the bacterial
suspension was inoculated on LB agar plates. The
same disk containing different concentrations of
TPIP-FONs solution was placed at the center of the
plates, and cultured overnight at 37 °C. The diameter
of the inhibition zone around the disk indicated the
antibacterial activity.

Bacterial kinetic test: Bacteria in the log phase
(1x10° to 1x107 CFU mL™) treated with different
concentrations of TPIP-FONs were seeded in 96-well
plates and cultured at 37 °C. During the culture
process, the optical density at 600 nm of each well was
monitored at different times.

Mannitol salt agar plate

The TPIP-FONs were mixed with mannitol salt
agar medium at various concentrations (0—-8 pg/mL).
After the agar was cooled to room temperature, S.
aureus suspensions (1x105 to 1x10¢ CFU mL™) were
plated onto the above agar plates and incubated at
37 °C.

SEM characterization of bacteria

The bacteria in the logarithmic phase were
treated with TPIP-FONs (2 pg/mL) for 2 h at 37 °C on
a shaker bed at 200 rpm. Bacteria were collected by
centrifugation at 5000 rpm for 3 min and washed with

sterile saline three times, fixed with 2.5%
glutaraldehyde overnight at 4 °C and dehydrated
with a sequential treatment of 50%, 70%, 85%, 90%,
and 100% ethanol for 10 min each, and gold
sputter-coated and observed by SEM.

Rats infection model: SD rats (200-230 g in weight)
were purchased from the Hunan SJA Laboratory
Animal Co. Ltd. (Hunan, China). All animal
experimental procedures were performed according
to the Guidelines for Animal Experimentation with
the approval of the animal care committee of Central
South University. To evaluate the in vivo antibacterial
effect of TPIP-FONSs, the S. aureus-infected rat model
was developed. 200 puL of log-phase S. aureus cells
(1x10° CFU mL™) resuspended in sterile saline was
injected into the rats. Two days after infection, 100 pL
PBS with or without 200 pg/mL of TPIP-FONs was
injected into the infectious site once a day. All rats
were sacrificed after 2 days of treatment, and the
infectious tissues and major organs (heart, liver, lung,
kidney, and spleen) were processed for further
analysis. To determine the number of bacteria, the
infectious tissues were separated and homogenized in
normal saline (0.5 mL). Aliquots of diluted (1:10, 1:100
and 1:1000) homogenized tissues were plated on
mannitol salt agar plates (six plates per sample), and
the number of colonies was counted.

Hemolysis assay

Hemolysis assay was conducted on RBCs.
Human whole blood (2 mL) was donated by a healthy
male volunteer. RBCs were centrifuged for five times
and re-suspended using 10 mL PBS. 0. 4 mL of
different concentrations (0, 2, 4, 8, 16, 32, and 64 pg
mL™1) of TPIP-FONs dissolved in PBS were added to
0.1 mL of RBC solution. After incubation at 37 °C for 2
h, the supernatant was obtained by centrifugation at
4000 rpm for 5 min. The absorbance value of the
supernatant was measured at 570 nm. RBCs in PBS
and water were used as negative and positive
controls, respectively. All samples were prepared in
triplicates. The hemolysis percentage was calculated
using the following formula:

Hemolysis (%) = (sample absorbance - negative
control absorbance)/ (positive control absorbance —
negative control absorbance) x100.

Histological staining

All SD rats were randomly divided into two
groups. PBS-treated (control) group and TPIP-FONs-
treated group (100 pL, 200 pg/mL) once daily. After
administration for 2 d, major organs were separated
and fixed in 4% formalin solution, then stained with
hematoxylin and eosin (H&E), and examined using a
digital microscope.
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Figure 1. (a) Synthetic route of the bola-type molecule TPIP. (b) Fluorescent spectra of TPIP in THF-water mixtures with different THF fractions (fw). (c) Plots
of fluorescent intensity vs. THF fractions of TPIP. (d) DLS analysis of TPIP (10 pM) assemblies obtained from water. (e) TEM analysis of TPIP (10 yM) rectangular

assemblies obtained from water.

Results and Discussion

Synthesis and characterization of TPIP

The bola-type molecule TPIP was synthesized as
shown in Figure 1a. 2-hydroxy-1,2-diphenylmethane
(compound 1) was prepared by thiamine
hydrochloride-mediated ~ benzoin = condensation
reaction. Oxidation of compound 1 afforded the
corresponding benzil (compound 2). The tetraphenyl
imidazole (compound 3) was obtained by a one-pot
two-steps multicomponent reaction of
4-pyridinecarboxaldehyde, primary aromatic amine,
benzyl, and ammonium acetate. Compound 3 was
reacted with 1, 12-dibromo dodecane to yield the
intermediate 4. The reaction of this intermediate with
pyridine afforded the final TPIP. All compounds were
characterized by NMR and MS.

To determine the characteristics of AIE, we used
water and THF as the solvent and non-solvent. As

shown in Figure 1b and Figure 1c, TPIP showed weak
fluorescence in aqueous solution and fluorescent
quantum efficiency (¢F) was 0.023. While the THF fw
> was 80 (fraction by volume %), the emission of TPIP
dramatically increased. This phenomenon resulted
from the aggregations formed by TPIP which led to
blocking the non-radiative relaxation pathways of its
excited state, indicating that TPIP had a significant
AIE effect. It is well known that some parameters,
such as conductivity, surface tension, and
fluorescence intensity of the solution significantly
change around the critical aggregation concentration
(CACQ) [73, 74]. Therefore, CAC value of TPIP could
be measured readily by the method of conductivity
and fluorescence variation. When TPIP was dissolved
in water, the conductivity (k), as a function of the
concentration of TPIP, was measured to determine its
CAC in water (Figure Sla). The conductivity
increased linearly as the concentration of TPIP

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 7

1916

increased up to 20 pM. However, when the
concentration was higher than 20 pM, the plot was
linear with a lower slope. The two linear segments in
the curve and a sudden decrease of the slope
indicated that the CAC value was approximately 20
uM. The fluorescence intensity at 500 nm versus the
corresponding TPIP concentration is plotted in Figure
S1b. The fluorescence of TPIP gradually arose with
the increase in the concentration. Obviously, one
inflection point appeared at around 20 uM (equal to
the CAC obtained from the conductivity test), thus
suggesting a change in the aggregation state.

Next, we investigated the photo-physical
characteristics of TPIP-FONs. As shown in Figure S2a,
the maximum absorption wavelength of TPIP-FONs
was at 385 nm, and the TPIP-FONSs solution exhibited
weak fluorescence emission (©=0.023) (Figure S2b).
The aggregate of TPIP had weak emission because of
its loosely packed characteristics with enough free
volume to consume radiative energy by
intramolecular  rotation. Subsequently, the
self-assembled behavior of TPIP in aqueous solution
was investigated by using dynamic light scattering
(DLS) and transmission electron microscopy (TEM).
The DLS studies showed that the aggregates of TPIP
(10 uM) had an average diameter of 313 nm (PDIL:
0.296) and a broad size distribution (Figure. 1d)
indicating that these aggregates may not be simple
spherical assemblies. Furthermore, the TEM
experiments were conducted to assist the
visualization of nanostructures self-assembled from
TPIP in water. Figure le shows a rectangular
structure of the aggregates and the average diameter
of 100-300 nm for TPIP-FONSs. This aggregate of TPIP
had weak emission owing to its loosely packed
characteristics and still had enough free volume to
consume radiative energy by the intramolecular
rotation.

Detection of bacteria

Given that TPIP has two quaternary ammonium
structures with a positive charge while the cell wall of
bacteria is negatively charged, we hypothesized that
the electrostatic interaction between TPIP and the
bacterial cells might alter the aggregation state of
TPIP resulting in fluorescence emission, which could
be used for the detection of bacteria. We, therefore,
explored the fluorescence sensing ability of
TPIP-FONs towards different species of bacteria. As
shown in Figure 2a, the solution of TPIP-FONs
exhibited weak fluorescence emission in the absence
of bacteria while, upon addition of S. aureus cells, 8
times higher emission intensity was observed than
that of TPIP-FONs alone. In sharp contrast, the
fluorescence intensity of the solution was almost
unchanged in the presence of the gram-negative E. coli
cells. The selective “turn-on” detection was due to the
strong interaction between TPIP-FONs and cell walls
of gram-positive bacteria, S. aureus. Since the cell wall
is mainly composed of negatively charged teichoic
acids and a thick peptidoglycan layer, they are more
likely to bind to quaternary ammonium compounds
than gram-negative bacteria which is composed of a
lipopolysaccharide-linked outer membrane [71, 75].
We then investigated the fluorescence response of
TPIP-FONSs to different concentrations of S. aureus. As
shown in Figure 2b, upon addition of S. aureus cells,
the fluorescence intensity constantly increased with
the maximum emission wavelength blue-shifted from
~510 nm to ~490 nm. Importantly, the fluorescence
intensity of TPIP-FONs showed an almost linear
relationship between S. aureus concentrations in the
range of 3x107 to 3x108 CFU mL"! (Figure 2c). The
limit of detection was determined to be 5.2x10> CFU
mL-? which was calculated by 30/k (o is the standard
deviation of blank measurements, n=11, and k is the
slope of the linear equation). We performed
additional experiments and detected the bacteria from
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P —With E. coli
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Figure 2. (a) Fluorescence emission spectra of TPIP-FONSs (5 pM) with/without 3x108 CFU mL-! of S. aureus or E. coli. Excitation wavelength: 380 nm. (b)
Fluorescence intensity of TPIP-FONSs aqueous solution upon addition of varying amounts of S. aureus cells. (c) Fluorescence intensity (I-lo/lo) at 490 nm against

concentrations of S. aureus cells.
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8. aureus

P. aeruginosa

Antimicrobial activity of
TPIP-FONs in vitro

Considering the excellent

antibacterial activity of
quaternary ~ammonium  and
imidazole compounds, we

hypothesized that TPIP-FONSs
has potent antibacterial activity.
To this end, the activity of
TPIP-FONs was measured by
agar diffusion test, a test of the
antibiotic sensitivity of bacteria.
Figure 4a and Figure 4b show
the results of inhibition zones
treated with different
concentration of TPIP-FONs for

Figure 3. Confocal fluorescence images of (a-c) S. aureus and (d-f) P. aeruginosa bacteria after incubation with 5

UM TPIP-FON:Ss for 10 min and visualized under bright field; excitation at 380 nm, and the overlay. P.

aeruginosa and S. aureus,

0 to 3x107 CFU mL?. As shown in Figure S3, the
fluorescence intensity of TPIP-FONs showed an
almost linear relationship between S. aureus
concentrations in the range of 9x10° to 3x107 CFU
mL. The R? presented a better linear relationship in
the wide range as compared to the short range. The
fluorescence “turn-on” detection of bacteria with
good accuracy and large linear relationship region
enabled its further application for detecting bacteria
in the clinic.

The bola-type amphiphilic molecule TPIP
contained positively charged amines and the long
alkyl  chain  signifying  hydrophilicity = and
hydrophobicity, respectively. At the concentrations
below CAC, TPIP-FONs showed very weak
fluorescence in aqueous solution, and were able to
turn on their fluorescence after binding with gram-
positive bacteria. Due to their AIE characteristics, the
unbound molecules of TPIP exhibited faint

fluorescence and only those bounded to bacteria lit up.

This unique property provides an opportunity for the
direct identification of bacteria without washing
process. We next applied TPIP-FONSs for imaging the
bacteria. As shown in Figure 3, TPIP-FONSs could be
used to selectively image the gram-positive S. aureus
bacteria while the gram-negative P. aeruginosa bacteria
were rarely stained. Furthermore, we also used
TPIP-FONs  for imaging three additional
gram-positive  (S. epidermidis,  E. faecalis, =~ and
Streptococcus) and three gram-negative bacteria (A.
baumannii, K. pneumoniae, and E. coli). The results
shown in Figure S4 and Figure S5 further confirmed
that TPIP-FONs specifically stained gram-positive
bacteria. This selective imaging of gram-positive
bacteria was due to the different cell wall structures of
gram-positive and negative bacteria.

respectively. When the
concentration of TPIP-FONs was 8 pg mL7, the
inhibition zone for P. aeruginosa and S. aureus was 0.6
cm and 0.9 cm, respectively. The concentration of
TPIP-FONs was as low as 32 pg mL?! showed
significant antibacterial activity against S. aureus (The
inhibition zone close to 1.25 c¢cm). However, at the
same concentration, the inhibition zone for P.
aeruginosa was only 0.85 cm. Also, when the
concentration of TPIP-FONs reached 128 pg mL-, the
antibacterial ring diameter of S. aureus (1.7 cm) was
significantly larger than that of P. aeruginosa (1.3 cm).
The results suggested that TPIP-FONs have better
antibacterial activity against S. aureus than P.
aeruginosa because gram-positive bacteria have more
negative charge [77] resulting in the stronger
interaction with TPIP-FONs than gram-negative
bacteria.

To quantitatively evaluate the antibacterial
activity of TPIP-FONSs, the growth kinetics of P.
aeruginosa and S. aureus in liquid media were studied.
Bacterial growth was monitored by measuring the
optical density at 600 nm (ODego is recognized as the
characteristic peak for determining the bacterial
number) at different incubation times. The results
showed that TPIP-FONs could inhibit the growth of S.
aureus within 24 h at a concentration of 2 pg mL™?
(Figure 4c). In contrast, even at a concentration of 32
ug mL, the growth of P. aeruginosa was not inhibited
for 24 h (Figure 4d). To further explore its
antibacterial activity, we also measured the growth
kinetics of E. coli and C. albicans. In case of E. coli,
when the concentration of TPIP-FONSs reached 8 g
mL-1, the bacterial growth was significantly inhibited
within 24 h (Figure S6). The growth of C. albicans was
also completely inhibited by 2 pg mL-? TPIP-FONs
(Figure S7). The MICs (minimum inhibitory
concentration) of TPIP-FONs against different
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bacteria are shown in Table S1. The results further
confirmed that TPIP-FONs exhibited an excellent
antibacterial activity which could be observed with

A P aeruginosa 8. aureus
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® 32 ,ugmL
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—a— 2 ug/mL {
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Figure 4. (a) Inhibition zones of different concentrations of TPIP against P. aeruginosa and S. aureus. (b) The
bacteriostatic ring diameters of different samples. (c) Inhibitory effect of different concentrations of TPIP on the
growth of S. aureus as a function of incubation time. (d) Inhibitory effect of different concentrations of TPIP on the
growth of P. aeruginosa as a function of incubation time. (e) Photographs of the agar plates of S. aureus after

treatments with different concentrations of TPIP.

=)
o

Bacteriostatic ring diameter (mm)

20

B S. aureus
B 7. aeruginosa

8 128
Concentration (ug/mL)

—— 32 ug/mlL P. aeruginosa
—e—8 ug/mL
—4— 2 ug/mbL
—+—05pug/mL_z
06{ —+0pg/ml

0.8

0.4 4

0.2

0.0

Time (h)

8 pg/mL

Figure 5. (a) SEM images of E. coli without treatment of TPIP-FONSs. (b) SEM images of E. coli with the treatment
of 2 ug/mL TPIP-FON:s for 2 h. (c) SEM images of S. aureus without treatment of TPIP-FONs. (d) SEM images of
S. aureus with the treatment of 2 ug/mL TPIP-FONs for 2 h. Red arrows indicate the damage of bacterial cells. Blue

arrows show the formation of outer membrane vesicles (OMVs) on the surface of bacteria cells.

naked eyes. The agar plate experiments for S. aureus
were also carried out (Figure 4e). Compared to the
group without treatment, 0.5 pg mL-! of TPIP-FONs

showed a slight inhibitory
effect on S. aureus. When the
concentration of TPIP-FONs
was increased to 2 pg mL,
the number of S. aureus
colonies significantly
decreased, but some bacteria
were still alive. In the
presence of 8 pug mL™?
TPIP-FONs, S. aureus was
killed effectively and almost
no colony formed on the plate.
These results proved the
excellent antibacterial efficacy
of TPIP-FONs against S.
aureus.

Antimicrobial mechanism

Having  demonstrated
the excellent antimicrobial
activity of TPIP-FONs, we
further investigated their
antibacterial mechanism. To
this end, we tested the
morphological changes of E.
coli and S. aureus before or
after incubation with
TPIP-FONs (2 pg mL™) by
SEM observations. As shown
in Figure 5a and Figure 5c,
both E. coli and S. aureus
without TPIP-FONs
treatment exhibited integrity
of the membrane structure
with a smooth surface. After
incubation with TPIP-FONs
for 2 h, the cell walls of S.
aureus became wrinkled and
damaged, and the leakage of
intracellular contents could be
observed (Figure 5d).
Moreover, some outer
membrane vesicles (OMVs)
formed on the cell membrane
after incubation with
TPIP-FONs, which could be
ascribed to the instability of
cell membranes. [79] The
formation of OMVs was also
observed in bacteria treated
with cationic antibiotics such
as polymyxin and gentamicin.
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[78, 79] In contrast, after the treatment of E. coli cells
with TPIP-FONSs at the same concentration, almost no
morphological changes could be observed between
treated and untreated cells (Figure 5a and 5b). These
results indicated that TPIP-FONs could exhibit better
antibacterial activity against S. aureus than E. coli.
Normally, gram-positive bacteria have a single
phospholipid membrane and a thicker cell wall
composed of peptidoglycan, whereas gram-negative
bacteria are encapsulated by two cell membranes and
fairly thin peptidoglycan. Therefore, quaternary
ammonium compounds and other
membrane-targeting antiseptics tend to exhibit
decreased activity against gram-negative species. [70]
The ability of bacterial cell wall disruption enables
TPIP-FONs to effectively combat bacterial drug
resistance, making it difficult for bacteria to develop
drug tolerance. We believe that the possible
antimicrobial mechanism of TPIP-FONs is through
the following sequential events. First, electrostatic
interactions  between  the  positively-charged

Treatment Treatment

A Bacterial

inoculation

1 1 1 3

Day o0 1 2 3 4

B Control TPIP treated C

Control

TPIP treated

6x10°

4x10°

Control

3x10° o

2x10° o

Counts (CFU/g tissue)

TPIP

1x10° o

Harvest

pyridinium head and the negatively-charged teichoic
acids are followed by the permeation of alkyl chain of
TPIP into the intramembrane region of gram-positive
bacteria. Subsequently, increase of microbial cell
membrane permeability, osmotic damage, and
leakage of cytoplasmic material out of the cell
eventually lead to cell death.

In vivo antimicrobial activity

We further evaluated the antibacterial efficacy of
TPIP-FONs in vivo using the S. aureus-infected rats.
The rats were divided into two groups, the
PBS-treated group (control) and the TPIP-FONs-
treated group. The drugs were injected once a day.
During the therapy, no obvious change in the activity
and body weight was observed. Obvious skin
infection could be observed in the PBS-treated group
(Figure 6b and Figure S8a), whereas the TPIP-
treated group exhibited slight skin infection after the
4th day of treatment. We next examined the treatment
effect by hematoxylin and eosin staining (H&E
staining). As shown in Figure
6c, a large number of
inflammatory  cells  and
fragmentary epidermal layer
appeared on the skin tissue of
infection sites in the control
groups, while fewer
inflammatory  cells  were
observed on the skin tissue of
rats treated with TPIP-FONs
for 2 days (Figure 6d).
Therapeutic  efficacy —was
further evaluated by
enumerating the bacterial
counts in the mannitol high
salt agar medium for the
homogenized tissue
dispersions from the
infectious site (Figure 6e). The
number of S. aureus colonies
from the infected tissues was
4.78x106 CFU g' after
treatment with PBS. Tissues
of rats treated  with
TPIP-FONSs showed a
bacterial burden of 7.2x10°
CFU g, which was a
significant reduction (with 85%

N

Figure 6. (a) The schematic diagram of S. aureus-infected rat model and the therapeutic evaluation TPIP-FON:s. (b)
Photographs of S. aureus-infected rat treated with PBS (control) or TPIP-FONs solution. (c & d) Histological images
of the skin from the control group and from the group treated with TPIP-FON's. (e) Photographs of the bacterial
colonies and corresponding statistical histogram derived from the homogenized tissue dispersion of the infected
sites injected with PBS and TPIP-FONs. The tissue dispersions were diluted (10, 100 and 1000 times) and plated on

mannitol high salt agar medium at 37 °C for 12 hours.

Control TPIP

bactericidal efficacy)
compared to the control
group. Thus, it can be
concluded that TPIP-FONSs
exhibited an excellent
antibacterial effect in vivo.
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Figure 7. (a) Hemolysis assay of TPIP-FONs at several concentrations on human RBCs for 30 min at 37 °C. The mixture was centrifuged to detect the cell-free
hemoglobin in the supernatant. RBCs incubated with PBS and water were used as negative (—) and positive (+) controls, respectively. (b) Histological evaluation of
different organs (heart, liver, spleen, lung, and kidney) from rats treated with PBS and TPIP-FON's.

Biological safety of TPIP-FONs

For therapeutic use of antibacterial drugs, it is
important to ensure that they have significant activity
against bacteria but exhibit low toxicity to
mammalian cells, in particular, red blood cells (RBCs).
[29, 80] To determine the cytocompatibility of
TPIP-FONSs, the cytotoxicity of TPIP-FONs to AT II
(normal lung cells) and L02 (normal liver cells) cells
was evaluated by the MTT assay. As shown in Figure
S9, the cell viability of AT-II or L02 cells was over 80%
at a concentration of up to 64 pg mL-!, which was
much higher than the MICs for S. aureus. The
hemolytic activity of TPIP-FONs against red blood
cells was also tested. In this experiment, RBCs in PBS
and water solution were used as negative and positive
controls, respectively. At a concentration of up to 64
pug mL™1, no obvious hemolytic activity (hemolysis
rate: 5.22%) of TPIP-FONs was observed (Figure 7a).
The results demonstrated that TPIP-FONs had good
biocompatibility with mammalian cells and human
RBCs. Finally, the in vivo toxicity of TPIP-FONs was
also evaluated. The main organs of rats including the
heart, lung, liver, kidney, and spleen were collected
and examined histopathologically. TPIP-FONs
treatment showed negligible effects on the normal

anatomical structures of various organs compared to
untreated controls (Figure 7b), demonstrating the
safety of TPIP-FONSs as a potential therapeutic agent.

Conclusion

In summary, we constructed, for the first time, a
bola type of molecule TPIP with AIE property, high
water solubility, and antibacterial effect. TPIP can
self-assemble into a rectangular structure of
nanoparticles in aqueous solution. Due to the superior
optical properties, TPIP-FONs can recognize and
image gram-positive bacteria without any washing
procedure. The imaging mechanism can be explained
by the synergistic electrostatic and hydrophobic
interactions between the negatively charged gram-
positive bacterial cell wall and the self-assembled
nanoparticles of TPIP-FONs. SEM observations
indicate that the nanoparticles cause disruption of the
cytoplasmic membrane and leakage of cytoplasm. In
vitro antimicrobial activity suggests that TPIP-FONs
have excellent antibacterial activity against S. aureus.
Most importantly, TPIP-FONs exhibit intrinsic
biocompatibility towards mammalian RBCs. Because
of the low cytotoxicity and negligible hemolysis
activity, TPIP-FONs can be used as an antibacterial
agent in wvivo. The integrated design of bimodal
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bacterial imaging with the antibacterial function of the
self-assembled small molecules represents a novel
strategy towards the construction of next-generation
“theranostics” system in the field of bacterial
prevention/treatment. Thus, TPIP-FONs exert a
futuristic impact on the development of
self-assembled  small ~ molecule  antimicrobial
nanomaterials for biomedical applications.
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