Tricyclic 2-Aminopyridinium Derivatives with Aggregation-Induced
Emission for Concomitant Bacterial Discrimination and Inhibition
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ABSTRACT: The development of new ionic compounds with aggregation-induced emission (AIE) has been widely noticed.
They can not only effectively solve the problem of aggregation-caused quenching (ACQ) encountered in conventional fluores-
cent dyes, but also exhibit promising applications in biological imaging, diagnosis and therapy, etc. However, such AIE system
should be further developed. In this work, a series of novel cationic AIE luminogens (AIEgens) of tricyclic 2-aminopyridinium
derivatives with seven-membered rings were designed and synthesized via a simple multi-component reaction, which exhibit
the ability to specifically stain gram-positive bacteria. Meanwhile, they also possess excellent bacteriostatic ability for S. au-
reus in liquid medium and solid agar plates, of which the minimum inhibitory concentration (MIC) value is between 4 and 8
pg/mL. In addition, these molecules showed mitochondria-targeting capability in hydrophilic AIEgens and specific staining
lysosomes in lipophilic AIEgens by wash-free process in living cells. These AlEgens with bacteriostatic activity hold great

promise for distinguishing bacteria and inhibiting bacterial infection in clinical trial.

Introduction

Bacterial infections usually cause serious illnesses such
as dermatosis, pneumonia and septic arthritis, which have
increasingly raised and threatened the public health.! Reli-
able and rapid diagnosis and effective therapy of bacterial
infection are two key steps in clinical research.? The drug-
resistant bacteria have been generated due to the overuse
of antibiotics in therapeutic process. For example, Gram-
positive methicillin-resistant S. aureus (MRSA) is resistant
to multiple antibiotics and causes common infectious dis-
eases in hospital.3# Therefore, it is of great significance for
the research of pharmacology and biomedicine to develop
new structures of bacteriostatic activity.

Diagnosis of bacterial infection is the precondition of ef-
fective and precise treatment. At present, Gram-staining
method is a traditional way for distinguishing Gram-posi-
tive bacteria from Gram-negative bacteria, while the Gram-
staining process is extremely complicated and in situ detec-
tion of living bacteria is impossible. Other generally adopted
methods for bacteria identification include gene microar-
ray,” immunological analysis,® polymerase chain reaction,’
and biochemical sensing,® which are time-consuming, com-
plexin operation and request sophisticated instruments. To
overcome these shortcomings, new methods to achieve fast
and accurate bacterial identification are essential.

Recently, fluorescence technology has been rapidly de-
veloped and applied in bacterial identification,®17 because

of its remarkable advantages of simplicity and superior sen-
sitivity, etc.1® However, the majority of traditional fluores-
cent materials are lipophilic and tend to aggregate in the bi-
ological aqueous environment, and thus exhibit aggrega-
tion-caused quenching (ACQ) effect, where fluorescence in-
tensity is quenched or weakened in the aggregate state or at
high concentration. The ACQ effect confines operating levels
at lower concentrations and limits long-term tracking due
to labeling degrees, which restrict their applications in bio-
logical imaging, accurate diagnosis and photodynamic ther-
apy.19.20

Aggregation-induced emission (AIE), an exactly opposed
phenomenon to the conventional ACQ effect, was proposed
by our group in 2001, which shows stronger emission of a
luminogen in the aggregate state than that in solution.?! Up
to now, multifarious AIE luminogens (AIEgens) have been
synthesized under the guidance of the AIE mechanism of re-
striction of intramolecular motion (RIM), which includes re-
striction of intramolecular motion (RIR), and restriction of
intramolecular vibration (RIV). It is worth mentioning that
cationic AlEgens, as a main component, are outstandingly
developed in bioimaging, biosensing, biological diagnosis
and treatment,?!-2° resulting from their admirable charac-
teristics of high quantum yields in aggregate state, good wa-
ter solubility, large Stokes shift, turn-on feature in bioassay,
high signal-to-noise ratio, and admirable photostability.30-38
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Figure 1. (A) Molecular structures of the designed materials. (B) Normalized absorption spectra of BMTAPC-5, BMTAPC-7, BMTAP-
7, TMTAP-7 and DTTAP-7 dissolved in DCM or THF. (C) Normalized PL spectra of five molecules in solid. (D) Normalized PL spectra
BMTAPC-5, BMTAPC-7, BMTAP-7, TMTAP-7 and DTTAP-7 in DCM or THF.

However, there are some potential issues that need to be
addressed. In terms of water-soluble elements, cationic
AlEgens are mainly pyridine, triphenyl phosphorous and
quaternary ammonium salts,3%-43 which are uneasy to sepa-
rate by column chromatography and particularly modify
their structures. Notably, most of AlEgens are synthesized
according to mechanism of RIR, while few functional groups
were reported by RIV as a mechanism. For applications of
integrated diagnosis and treatment, bacterial discrimina-
tion has been found recently,**4> but the AlEgens with the
capacity of discrimination and pharmacologic activity for
bacteria are rarely reported.

Based on the above issues, we synthesized a series of cat-
ionic tricyclic 2-aminopyridinium derivatives with 1,8-di-
azabicyclo[5.4.0Jundec-7-ene (DBU), an organic base com-
monly used in organic chemistry, which is a functional
group featuring the mechanism of RIV,#¢ and discussed their
photophysical properties, theoretical calculations, orga-
nelle specific imaging, ability of bacterial discrimination and
inhibition. Meanwhile, the bacteriostatic mechanism was
further explored by control experiment to find possible tar-
gets. This study not only provides novel cationic AlEgens
with the capacity of discrimination and inhibition for bacte-
ria, but also promotes the development of bacteriostatic
materials.

Results and Discussion
Design and synthesis of molecular structures

Compounds BMTAPC-5, BMTAPC-7, BMTAP-7, TMTAP-7
and DTTAP-7, whose structures are shown in Figure 14,
were designed and synthesized by simple organic reactions
as reported in literature.*’” Experimental procedures and
structural characterization data are provided in the Sup-
porting Information.

These compounds are composed of electron acceptor of
tricyclic 2-aminopyridinium moiety, electron donor of tri-
phenylamine (TPA), bromine, m-bridge and electron donor
of benzene ring, and/or electron donor of methoxyl group.
As a result, they demonstrate electron donating-accepting
interactions and change of conjugated length. For BMTAPC-
5 and BMTAPC-7, when the five- and seven membered-ring
are introduced into the two molecules, respectively, the lu-
minescent properties of them are dramatically different in
solutions and solid states.*6 Moreover, the positively
charged tricyclic 2-aminopyridinium moiety not only act as
electron acceptor, but also endow these compounds to po-
tentially apply in imaging of negatively charged bacteria
and antibacterial activity.#8 Meanwhile, for BMTAP-7,
TMTAP-7 and DTTAP-7, triphenylamine segments are grad-
ually added to the molecular structures as an



Table 1. Photophysical properties of five compounds 2

Aabs [nm] Aem [nm] DOr[%] T (ns)
soln soln solid film soln solid film soln solid film
BMTAPC-7 361 471 494 3.5 21.7 0.7 3.0
BMTAPC-5 359 457 492 31.3 1.6 2.4 1.3
BMTAP-7 361 469 469 3.4 28.5 0.8 4.1
TMTAP-7 365 450/607 534 8.3 16.5 0.9 16.4
DTTAP-7 360 450/603 550 5.0 10.2 2.0 13.6

aPhotophysical properties of BMTAPC-7 and BMTAPC-5 were tested in DCM solution, which for BMTAP-7, TMTAP-7 and DTTAP-7

were tested in THF solution.

electron-donating group, which affect their luminescent
properties and hydrophilicity. Through comparison of the
photophysical property of BMTAP-7, TMTAP-7 and DTTAP-
7, the property-structure relationship could be explored in
depth and it would be attractive to investigate the effects of
hydrophilic and hydrophobic interactions on bacterial im-
aging and antibacterial activity.

Photophysical properties

After confirming their structures, the photophysical
properties of five compounds were investigated. Figure 1B-
1D shows the UV/Vis absorption and photoluminescence
(PL) spectra in their different states and Table 1 summa-
rizes the corresponding data. The absorption peak (Aabs) at
361 nm of BMTAPC-7 is close to that (Aabs of 359 nm) of
BMTAPC-5 in dilute dichloromethane (DCM) solutions.
TMTAP-7 shows a slightly red-shifted absorption peak (Aabs
at 365 nm) compared with those of BMTAP-7 and DTTAP-7
(Aabs of 360 nm) in dilute THF solutions (Figure 1B). From
the PL spectra of compounds in solid states (Figure 1C), we
can find the maximum emission peaks of BMTAPC-5 and
BMTAPC-7 are at 493 nm, while TMTAP-7 and DTTAP-7
show redder emission peaks (Aem at 534 and 550 nm) than
that of BMTAP-7 (Aem of 469 nm), which is caused by the ad-
dition of triphenylamine segments to increase the molecular
conjugation. In solutions, these five compounds have a sim-
ilar emission wavelength from 400 to 500 nm, but TMTAP-
7 and DTTAP-7 exhibit longer wavelength emission peaks
atabout 607 nm (Figure 1D). The difference in their absorp-
tion and emission peaks is probably due to their different
conjugation.

Subsequently, the PL spectra of BMTAPC-5 and BMTAPC-
7 in DCM/n-hexane mixtures with different n-hexane frac-
tions (fn) were measured to study the source of the AIE
property (Figure S1 and Table 1), since BMTAPC-5 and
BMTAPC-7 are more soluble in DCM and could not be dis-
solved in n-hexane. When fi is 99%, the PL intensity of
BMTAPC-7 enhanced sharply. However, the PL intensity of
BMTAPC-5 decreased with the increase of fi. This phenom-
enon is because the molecules form aggregations in high fi,
which limits intramolecular seven-member ring vibration

and leads to the PL enhancement.*¢ The absolute PL quan-
tum yield (®r) measurement further confirms above phe-
nomenon. BMTAPC-7 showed a lower ®r value (3.5%) in
DCM solution than in solid film (21.7%), whereas BMTAPC-
5 showed a higher ®r value (31.3%) in DCM than in the solid
film (1.6%). These results demonstrate the main reason of
AIE is that intramolecular seven-member ring vibration is
restricted in solid or aggregate state.

Thanks to their donor-m-acceptor structures, TMTAP-7
and DTTAP-7 exhibit obvious solvatochromic effect. The PL
intensity decreased with the increase of solvent polarity
(Figure S2). Solvatochromic effects of TMTAP-7 and
DTTAP-7 lead to a significant PL enhancement for the two
molecules in low polar solutions, so DCM/n-hexane system
is not suitable for testing AIE properties of TMTAP-7 and
DTTAP-7. We thus change the solvent mixture to
THF /water, which could avoid the problem of PL enhance-
ment caused by solvatochromic effect. As shown in Figure
S1 and Table 1, for BMTAP-7, TMTAP-7 and DTTAP-7, their
AIE effects also are activated in THF /water mixtures with
high water fractions and show higher ®r values in solid
state than those in THF solution. Moreover, PL lifetime
measurements reveal that these seven-member ring
AlEgens show longer lifetime in solid state than in solution
(Table 1) because the nonrediative transition is limited in
solid states.*¢

Theoretical calculations

To better understand the distinction of the photophysical
properties caused by structural modifications, BMTAP-7,
TMTAP-7 and DTTAP-7 were further investigated via den-
sity functional theory (DFT) calculations. The geometries of
BMTAP-7, TMTAP-7 and DTTAP-7 were optimized with
B3LYP/6-31G** level (Figure 2). The highest occupied mo-
lecular orbitals (HOMOs) of these AIEgens are mainly local-
ized at TPA moiety or 4-methoxyphenyl group, whereas
their lowest unoccupied molecular orbitals (LUMOs) are
distributed at the tricyclic 2-aminopyridinium or whole
molecules. Moreover, the calculated HOMO-LUMO energy
gaps of TMTAP-7 and DTTAP-7 are smaller than BMTAP-7,
because there are stronger electron donating-accepting
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Figure 2. Molecular orbital amplitude plots of HOMO and
LUMO energy levels of BMTAP-7, TMTAP-7 and DTTAP-7 in
cationic state calculated at the B3LYP/6-31G** level.

interactions between TPA and tricyclic 2-aminopyridinium,
which are in good accordance with the redder emission peaks.

In vitro fluorescence imaging

For bio-related applications, the biocompatibility of com-
pounds is a key issue. We thus tested the cytotoxicity of
BMTAP-7, TMTAP-7 and DTTAP-7 by standard MTT assay.
The cell viabilities of these AIEgens are over 80% at concen-
trations below 2 pM (Figures S3), exhibiting a good biocom-
patibility and facilitating their application in biological im-
aging. Indeed, after the AIEgens were added to the medium
to incubate with HeLa cells for 30 min, fluorescence signals
recorded by confocal laser scanning microscopy (CLSM) were
observed for BMTAP-7 and TMTAP-7 in the cytoplasm, re-
vealing their good membrane permeability. However, obvi-
ous fluorescence was found in HeLa cells when DTTAP-7
was used after 4 h (Figures S4), which suggested a relatively
weak ability to cross cell membranes. The reason might be
that strong hydrophobicity of DTTAP-7 leads to the for-
mation of large nanoparticles in the solution.

To confirm the intracellular location of the AlEgens, co-
localization imaging experiments were performed with Mi-
toTracker Red (MTR), a commercial mitochondria dye. The
results indicated that BMTAP-7 and TMTAP-7 showed ex-
cellent overlap with MTR (Figures S4), and the Pearson’s
correlation coefficients were deduced to be as high as
0.91and 0.93 because of the interaction between positively
charged organic molecules and negative membrane poten-
tial of mitochondria.#>5° While the Pearson’s correlation co-
efficient of DTTAP-7 is only 0.08 (Figures S5). DTTAP-7
might locate in the lysosome through endocytosis. DTTAP-
7 is similar regional distributions (Pearson’s correlation co-
efficient of 0.63) in HeLa cells with commercial lysosome
dye LysoTracker® Deep Red by colocalization experiments.
These phenomena are closely related to the hydrophobic
properties of organic molecules due to the introduction of
hydrophobic TPA moiety.

Selective microorganism imaging of AIEgens and expla-
nation studies

Inspired by the specific organelle staining of HeLa cells
with BMTAP-7, TMTAP-7 and DTTAP-7, we further studied
whether these AlEgens could be applied in selective imag-
ing of microorganism. First, we chose S. aureus (Gram-posi-
tive bacteria) and E. coli (Gram-negative bacteria) as the
bacteria models. As illustrated in Figure 3, after incubating

BMTAP-7

TMTAP-7 DTTAP-7
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Figure 3. Fluorescence images of bacteria stained with
BMTAP-7, TMTAP-7 and DTTAP-7 for 20 min.

with S. aureus in PBS for 20 min, the AIEgens showed excel-
lent staining ability even without the washing process. Hy-
drophilic BMTAP-7 could be uniformly stained every bacte-
rium, showing unexceptionable image effect contrast with
the background. For TMTAP-7 and DTTAP-7, with the in-
crease of their hydrophobicity, their staining ability toward
S. aureus decreased obviously. As a sharp contrast, we found
itis quite difficult for these AlIEgens to stain E. coli under the
same experimental conditions probably because of their
multi-layer outer membrane structures. These results re-
veal that BMTAP-7, TMTAP-7 and DTTAP-7 could be used
to distinguish between S. aureus and E. coli.

It has been confirmed that outside surfaces of Gram-posi-
tive and Gram-negative bacteria were negatively charged.**
Electrostatic adsorption is the main reason for the interac-
tion between cationic AIEgens and bacteria, but it is not the
key issue for the selective imaging behavior. We proposed
that this behavior might relate to the bacterial outer mem-
brane structures and permeability. Compared with the com-
plex multilayer membrane structures of Gram-negative bac-
teria,*> the thick peptidoglycan and loose layer membrane
of Gram-positive bacteria make the cationic AIEgens more
easily enter. To verify this hypothesis, BMTAP-7 was used
to stain dead and live E. coli and P. aeruginosa because the
membrane of dead bacteria is more permeable than that of
live ones. The results showed that live bacteria could not be
stained (Figures 3 and S6), whereas the dead bacteria were
all lit up (Figure 4A and 4B). Next, to verify the effect of spe-
cific discrimination for different microorganisms. BMTAP-7
was used to stain the dead and live fungus of S. cerevisiae.
And the results showed that the imaging phenomena



BMTAP-7

Figure 4. Fluorescence and merged images of A) dead E.coli B)
dead P. aeruginosa C) dead S. cerecisiae D) S. cerecisiae incu-
bated with BMTAP-7 and PI for 20 min.
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(Figures 4C and S6) were similar to those of gram-negative
bacteria. Notably, we also found that BMTAP-7 could distin-
guish S. cerevisiae in dead and live states by co-staining ex-
periment with propidium iodide (PI). We thus conclude that
the differences in the membrane structures of microorgan-
isms lead to selective fluorescence imaging for these
AlEgens.

Bacteriostatic experiment and mechanism study

Thanks to the unique structure of tricyclic 2-amino-
pyridinium derivatives and the ability of specific discrimi-
nation for Gram-positive bacteria, we further studied their
bacteriostatic activity. First, the growth curves of bacteria
were tested at various concentrations in the presence of
BMTAP-7, TMTAP-7 and DTTAP-7 (Figure S7). The results
showed that these AlEgens possess a significant inhibitory
effecton S. aureus, but not on E. coli. Compared with DTTAP-
7, BMTAP-7 and TMTAP-7 showed effective bacteriostatic
effect for S. aureus, possibly ascribed to their stronger bind-
ing ability as revealed by the fluorescence imaging results.

Second, the bacteriostatic experiments of these AIEgens
were performed in solid agar medium. DTTAP-7, BMTAP-7
and TMTAP-7 were added into the melted agar medium to
make agar plates with different concentrations from 0 to 16
ug/mL, respectively. After the agar plates were coated with
bacteria for 24 hours, it was found that BMTAP-7 with min-
imum inhibitory concentration (MIC) value between 4 and
8 pg/mL showed obvious bacteriostatic effect compared
with that of TMTAP-7 and DTTAP-7 (Figures 5). In addition,
the bacterial colony size of BMTAP-7 gradually decreased
with the increase of concentrations (Figure 5A1 to 5C1).

8 ug/mL 16 pg/mL

Figure 5. Bacterial inhibition tests of BMTAP-7, TMTAP-7 and DTTAP-7 in agar plates of different concentrations ranging from 0

pg/mL to 16 pg/mL in petri dish.
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Figure 6. A) Bacteriostasis tests of three AlEgens against S. aureus in Nutrient Broth culture or B) agar plates of different AIEgens
concentrations. C) Surface bacteriostatic experiments: BMTAP-7 and S. aureus were coated on the surface of the agar plates in turn.
D) Morphological change of S. aureus for various treatments by SEM. E) ITC results of BMTAPC-7 with lipoteichoic acid (LTA).

[BMTAPC-7] = 2.0 mM [LTA] = 0.2 mM

To more accurately reflect the bacteriostatic ability of
BMTAP-7, TMTAP-7 and DTTAP-7, their MIC were tested in
liquid medium. The MIC values of BMTAP-7 and TMTAP-7
are between 4 and 8 pg/mL (Figure 6A), while DTTAP-7
showed no significant antibacterial activity. Notably,
TMTAP-7 with significant bacteriostatic activity in liquid
medium showed little inhibitory effect in agar plates (Fig-
ure 6B), which might be caused by the poor hydrophilicity
and non-uniform dispersion in agar plates. Moreover, to
prove antibacterial ability of BMTAP-7 by surface contact,
BMTAP-7 and S. aureus were coated on the surface of the
agar medium in turn. As shown in Figure 6C, bacterial colo-
nies become visible in the control group, but not in the
group with BMTAP-7, revealing that it could inhibit repro-
duction through surface contact on S. aureus.

To explore the bacteriostatic mechanism of BMTAP-7 to-
ward S. aureus, the morphological changes of bacteria with
various treatments were studied by scanning electron mi-
croscope (SEM). After S. aureus were cultured with 8 pg/mL
of BMTAP-7 in liquid medium for 24 hours, it was found that
the outer membrane of bacteria became out of shape and
folded, while the S. aureus in the control group kept a

smooth outer membrane surface. Thus BMTAP-7 could de-
stroy the outer membrane of bacteria to achieve bacterio-
static behavior (Figure 6D). Furthermore, considering that
the activity of inhibitory reproduction by surface contact is
related to the outer membrane surface structure, and lipo-
teichoic acid (LTA) is the main component in the outer
membrane of S. aureus, the binding activity of BMTAPC-7
and LTA were studied by isothermal titration calorimetry
(Figure 6E), which showed that their binding affinity is
quite strong. Thus, it is concluded that BMTAP-7 could in-
hibit bacterial growth through electrostatic interaction with
LTA of outer membrane on S. aureus in surface of medium.

Conclusion

A series of AlE-active cationic tricyclic 2-amino-
pyridinium derivatives were designed and synthesized via
an efficient multi-component reaction. The investigation of
the photophysical properties of BMTAPC-7 and BMTAPC-5
revealed that the RIV of seven-membered ring is the cause
of the AIE effect. The increase in the hydrophobicity from
BMTAP-7 to TMTAP-7 and to DTTAP-7 resulted in changes
from mitochondria to lysosomes imaging in live cells,



demonstrating good targeting toward organelles. Moreo-
ver, BMTAP-7, TMTAP-7 and DTTAP-7 can be used for spe-
cifically staining gram-positive bacteria, and BMTAP-7
could distinguish dead and live Gram-negative bacteria and
fungi. The specific imaging is related to the structures and
permeability of the outer membrane of Gram-negative bac-
teria and fungi. Furthermore, the MIC value of BMTAP-7 is
between 4 and 8 pg/mL for S. aureus in liquid and solid me-
dium, suggestive of excellent bacteriostatic ability. The SEM
measurements indicate that the damage of outer membrane
is one of the reasons to inhibit bacterial reproduction in lig-
uid medium, and data of ITC indicated that LTA on outer
membrane of S. aureus could be the target of bacterial inhi-
bition through surface contact. Thus, this work demon-
strates that the AlE-active tricyclic 2-aminopyridinium de-
rivatives are a “one for all” system enjoys the multiple func-
tions, such as organelle targeting, bacterial discrimination
and inhibition in a single fluorescent molecule, which is of
great significance to visualize the in-situ bacteriostatic pro-
cess for bacteria in pharmacology.
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