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Pyridinium-substituted tetraphenylethylene
salt-based photosensitizers by varying counter
anions: a highly efficient photodynamic therapy
for cancer cell ablation and bacterial inactivationt
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Cancer and bacterial infection seriously threaten the health of human beings. The development of an
image-guided photosensitizer with a “Two-in-One” function that can be simultaneously used for both
efficient cancer cell ablation and rapid bacterial inactivation is highly in demand. In this project, we
designed and prepared two aggregation-induced emission luminogens (AlEgens) (called TPEPy-l and
TPEPy-PF6) with a strong electron push-pull effect. They have a near-infrared (NIR) emission, a high
'O, quantum yield up to 0.93 and a fluorescence turn-on effect in mitochondria. Upon white light
irradiation, the two mitochondria-targeting AlEgens exhibit a highly efficient photodynamic ablation
of Hela cells as well as excellent photodynamic inactivation of both Gram-positive S. aureus and Gram-
negative E. coli. The time-dependent density functional theory (TD-DFT) results indicate that compared
to TPEPy-PF6, TPEPy-I can easily produce the triplet state that is a prerequisite for 'O, formation.
Moreover, the positive effect of iodide anions gives TPEPy-l a higher photodynamic efficacy in cancer
cell ablation and bacterial inactivation as compared with TPEPy-PF6.

1. Introduction

Cancer and bacterial infectious diseases threaten human health.
Especially, cancer-associated bacteria seriously reduce the efficiency
of cancer treatments." It is important and urgent to develop an
effective method enabling cancer therapy and killing of pathogenic
bacteria simultaneously. Photodynamic therapy (PDT) has emerged
as a promising method to combat cancer and pathogenic bacteria
due to its distinct advantages, such as noninvasiveness, negligible
drug resistance, localized treatment, high spatiotemporal precision
and low side effects.”> For instance, Photofrin is the first FDA-
approved photosensitizer (PS) and is still widely employed in
clinical cancer treatment. Its mechanism is associated with the
generation of destructive singlet oxygen (*0,) or other reactive
oxygen species (ROS) under light irradiation.? Specifically, using
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an emissive PS to realize image-guided PDT is important and
attractive, since it conveniently offers diagnosis and treatment
integration. However, traditional PSs suffer from quenched
fluorescence and reduced ROS production in the aggregated
state because of n-n stacking and the resulting aggregation-
caused quenching (ACQ) effect, which makes the image-guided
PDT unsatisfactory.

In contrast, aggregation-induced-emission PSs (AIE-PSs)
show enhanced fluorescence and efficient photosensitizing
characteristics in aggregate states, which can avoid the ACQ
effect of PSs.*® In addition, some groups revealed that AIE
luminogens (AlEgens) with an electron push-pull effect would favor
'0, generation."” To date, AIE-PSs have been widely employed in
imaging-guided cancer cell ablation, and bacterial detection and
inactivation."®° However, some AIE-PSs are ineffective in PDT
mediated killing of Gram-negative bacteria.’”¢ Particularly in
solution, Gram-negative bacteria are protected from extracellularly
produced singlet oxygen.*' More importantly, porins at the outer
membranes of Gram-negative bacteria can work as ‘molecular
sieves’, which hinder PSs of large size from going through the porin
channels. These synergistic effects make PSs fail to kill Gram-
negative species. Furthermore, bacterial infection as a cause of
cancer has been studied, where the induction of chronic
inflammation and the production of carcinogenic bacterial
metabolites are regarded as possible mechanisms.** The most
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Scheme 1 Synthetic routes to TPEPy-I and TPEPy-PF6.

specific example of the inflammatory mechanism of carcino-
genesis is Helicobacter pylori infection. In addition, skin cancers
are easily induced by bacterial infections. Therefore, the develop-
ment of efficient AIE-PSs that can simultaneously kill cancer cells
and bacteria would be appealing.

Recently, Chen’s group reported a powerful combination of
copper-cysteamine nanoparticles with potassium iodide to
inactivate both Gram-positive MRSA and Gram-negative E. coli.”®
In that case, iodide anions showed a positive effect by the
formation of triiodide ions to enhance the bactericidal ability.
Inspired by this, a cationic AIE-PS containing an iodide anion
(TPEPy-1, Scheme 1) was designed and synthesized by a simple and
straightforward synthetic protocol. For comparison, another AIE-
PS containing hexafluorophosphate (TPEPy-PF6, Scheme 1) was
introduced for the same study. Both AIE-PSs have some interesting
features, such as: (1) the AlEgens comprise a TPE segment (working
as a donor), a thiophene fragment (n bridge), and a cationic
pyridinium moiety (acceptor), enabling a broad absorption in the
visible range and 'O, formation through a strong charge transfer. (2)
Mitochondrion is an important site for energy conversion and the
main source of cellular ROS, which plays a crucial role in mediating
cell apoptosis. The presence of cationic pyridinium endows the two
AlEgens with a function of targeting mitochondria that may
improve PDT performance and imaging qualities. Meanwhile, the
cationic pyridinium may help AlEgens penetrate the bacterial
membranes by electrostatic interaction and improve their water
solubility. (3) The D-n-A structure endows AIE-PSs with NIR
emissions, which is highly desirable to achieve image-guided
PDT with a low background noise. Our observations indicate
that both TPEPy-I and TPEPy-PF6 have the “two in one” functions
that can be used simultaneously for cancer cell ablation and
bacterial inactivation. However, TPEPy-I is more efficient as an
AIE-PS than TPEPy-PF6, in which the iodide ions may play some
important roles in the photodynamic performance.

2. Results and discussion
2.1 Molecular design and synthesis

As shown in Scheme S1 (ESIt), compound 2 was prepared by a
Suzuki reaction between TPE derivative 1 and 5-formyl-2-
thiopheneboronic acid. TPEPy-I was obtained by the Knoevenagel
reaction between 2 and pyridinium salt. The anion exchange
between TPEPy-I and hexafluorophosphate generated TPEPy-PF6,
which was expected to avoid the fluorescence quenching effect of
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iodine atoms. The combination of a strong electron donor-
acceptor (D-A) interaction with extended m-conjugation could
facilitate intramolecular charge transfer (ICT), therefore resulting
in low electronic bandgaps, broad absorption and long emission
wavelengths. The two target products were characterized by NMR
and HRMS (see Fig. S1-S6 in the ESIf for the details).

2.2 Solvatochromism and AIE properties

As shown in Fig. S7 and S8 (ESIt), TPEPy-I and TPEPy-PF6 show
obvious solvatochromism, where their absorption and emission
spectra are remarkably affected by the polarity of solvents. For
example, TPEPy-I in THF has a broad absorption from 350
to 550 nm with the absorption maximum at 453 nm (with a
40000 M~ em™ " molar extinction coefficient) and an emission at
744 nm with a large Stokes shift of 191 nm. Similarly, TPEPy-PF6
in THF show a large Stokes shift of 169 nm with a maximum
absorption at 464 nm (with a 44000 M~' ecm ™" molar extinction
coefficient) and an emission maximum at 733 nm. In addition,
the emission intensity of the two AlEgens is greatly reduced or
even quenched in polar solvents such as DMSO and DMF,
suggesting a strong ICT effect in polar media. As compared with
TPEPy-PF6, the heavy atom effect of TPEPy-I slightly weakens the
emission intensity. The Stokes shift for TPEPy-I and TPEPy-PF6
is much larger than that of the commercial NIR fluorophores
(Iess than 50 nm),"® which can avoid light interference from the
excitation light and the self-absorption of emission during
biomedical imaging.

The investigation of the AIE feature in DMSO/water mixtures
with different water fractions was carried out and it was found
that their emissions were almost totally quenched in DMSO.
Their photoluminescence (PL) intensities are gradually enhanced
with increasing the fraction of water (Fig. S9, ESIt). The strongest
PL intensity was observed at a 90% fraction of water, in which the
PL intensities of TPEPy-I and TPEPy-PF6 were enhanced to about
6.5- and 5.9-fold, respectively, as compared with that of the
DMSO solutions. DLS revealed that the average hydrodynamic
diameters of nanoaggregates that formed in DMSO/water (1/9, v/v)
are around 179 and 301 nm for TPEPy-I and TPEPy-PF6, respec-
tively (Fig. S10, ESIt). Meanwhile, TPEPy-I and TPEPy-PF6 also have
strong fluorescence in the solid state, and their powder samples
show emission peaks at 720 and 718 nm, respectively, (Fig. S11a,
ESIt). The emission spectra of TPEPy-I and TPEPy-PF6 solids in
PMMA films are shown in Fig. S11b (ESIt) and their absolute PL
quantum yields were found to be 16% and 45%, respectively. All
these results demonstrate that both TPEPy-I and TPEPy-PF6 are
typical AIE-active molecules.

2.3 ROS and singlet oxygen generation

Because the two AIEgens have a strong absorption in the visible
light region, they can be activated by visible light for PDT. The
ROS generation was evaluated under white light excitation using
a commercial ROS indicator, 2’,7'-dichlorodihydrofluorescein
diacetate (H,DCF-DA), which is capable of emitting a green
fluorescence at around 525 nm when oxidized by ROS. As shown in
Fig. 1, for the mixture of each AlEgen and H,DCF-DA in aqueous
solution, the emission at 525 nm was gradually intensified with
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Fig. 1 Change of PL intensity at 525 nm of H,DCF-DA in the presence or absence of (a) TPEPy-1 (10 pM) and (b) TPEPy-PF6 (10 uM). (c) The fluorescence
enhancement ratio of 525 nm of H,DCF-DA in the presence of the two AlEgens or RB upon light irradiation for different time durations.

increasing irradiation time duration. The 525 nm emission
reaches its maximum value after 5 min activation with a 193-fold
fluorescence enhancement, suggesting that the two AlEgens have
an extremely high capability for ROS generation. Such a change,
however, was not observed for each AlEgen or H,DCF-DA alone
under the same conditions.

It is well known that many types of ROS including type I
(radicals or radical ions such as 0,°~, OH*, and 0,>") and type II
(*0,) are involved in the PDT process.>* 'O, is generally identified
as the primary species for PDT due to its higher diffusion and
stronger interaction with tissues than free radicals.® Thus, we
measured 'O, production by TPEPy-I and TPEPy-PF6 upon white
light irradiation using 9,10-anthracenediylbis(methylene)dimalonic
acid (ABDA) as a 'O, probe. ABDA can selectively undergo oxidation
by 'O, to yield endoperoxid, resulting in a corresponding decrease
in its absorbance. As shown in Fig. 2a and b, the characteristic
absorption peaks of ABDA decrease promptly with prolonged light
irradiation. After 3 minutes exposure to white light, only 40% ABDA
degraded in the presence of Rose Bengal (the most widely used PS
in PDT), compared to 87% and 85% ABDA consumption in the
presence of TPEPy-I and TPEPy-PF6 aggregates, respectively (Fig. 2c
and d). When Rose Bengal (RB) was employed as the standard PS
(0.75 in water), the 'O, quantum yields of TPEPy-I and TPEPy-PF6
were calculated to be 0.89 and 0.93, respectively, indicating a high
'0, generation efficiency by the two AlEgens (Fig. S12, ESIY).
Their 0, efficiencies are even higher than those of clinically used
PSs such as Photofrin (0.28) or Laserphyrin (0.48).%¢

We further detected ROS formation by TPEPy-I and TPEPy-PF6
inside HeLa cells upon white-light activation using H,DCF-DA. As
shown in Fig. S13 (ESIt), an obvious green fluorescence signal was
observed inside the cells from H,DCF-DA when it was incubated
into the cells with either of the two AlEgens, indicating the
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formation of ROS inside the cells. The superior ROS and 'O,
generation efficacy suggests that the two AlEgens are ideal PS
candidates for PDT applications.

2.4 TD-DFT calculation

As we know, there are inherent relationships between ROS
generation and intersystem crossing (ISC). ISC between the
singlet and triplet excited states of molecules is a prerequisite
for 'O, generation. It has been recognized that small singlet-
triplet gaps appreciably boost ISC rates. The ISC rate (kisc) can
be estimated from an empirical formula based on perturbation
theory: kisc o€ |{Sm|Hso|T.)|*/(AEs1)*. Hso is the spin-orbit
perturbation Hamiltonian and (S,,|Hgso|T,) is the spin-orbit
matrix element (SOCME) between the mth singlet excited state
and the adjacent nth triplet excited state. AEs_r is the singlet-
triplet energy gap of the ISC channel of interest, which can play
a crucial role in enhancing the ISC rate, as well as the high 0,
generation efficiency. To gain a mechanistic understanding of
the extremely high 'O, quantum yield of the two AIEgens, we
carried out time-dependent density functional theory (TD-DFT)
calculations to optimize their excited states structures and
calculate AEs_t using the Gaussian 09 program and compute
SOCME under scalar relativistic effects at the level of the zero-
order regular approximation (ZORA) as implemented in the
ORCA 4.2.1 program (more detail is provided in the ESI}). The
conductor-like polarizable continuum model (C-PCM) for water
was employed to account for the implicit solvent effect of water
in experiments.

We firstly found through natural transition orbital (NTO)
analysis (Fig. S14, ESIt) that the lowest singlet excited state (S,)
of TPEPy" is mainly a local transition (LT) in the acceptor with a
minor participation in the donor. It has a strong light adsorption,

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) UV-vis absorption spectra of ABDA (100 x 10~ M) in (a) TPEPy-1 and (b) TPEPy-PF6 solutions (5 x 10~° M) irradiated for different durations with white
light irradiation (30 mW cm™2). (c) UV-vis absorption spectra of ABDA (100 x 10~ M) irradiated for different durations with white light irradiation (30 mW cm™32).
(d) Absorbance of ABDA at 380 nm in TPEPy-I, TPEPy-PF6 and Rose Bengal (RB) aqueous solutions for different durations with white light irradiation.

indicated by an oscillator strength ( f) of 1.94. Similarly, the lowest
spin-forbidden triplet state (Ty) is also a LT in the acceptor part.
Considering Kasha’s rule, we assume that all types of transitions
(fluorescence, thermal relaxation, and ISC) after excitation of
this molecule will start from S,. We found that the third lowest
triplet state (T;) is the most adjacent triplet state to S;. They can
form effective ISC channels, thanks to the small AEs - (S; — Ts:
—0.22 eV), albeit the SOCME is small (S; — Ts: 0.33 cm™"). The
intrinsically small spin-orbit coupling is typical for pure organic
chromophores. To further strengthen the ISC, we replace PFy~
with an iodide ion (I"), based on well-accepted experience that
halogen atoms can effectively boost ISC of organic molecules
because of their prominent relativistic effect. I~ and TPEPy" form
a weakly bound complex, with I~ being ca. 3.7 A away from the
center of the pyridine ring. As clearly shown in Table 1, the
introduction of I" greatly increases the SOCME of the S; — T;
ISC channel by two orders of magnitude. This is because of the
contribution of the 5p orbital of I to S; and T; (Fig. S14, ESIT),
which enables efficient spin-orbit coupling. The reduction of
AEs 1 also helps to boost the ISC from S; to T;. Furthermore,
the T,-S, gaps of both TPEPy-PFs and TPEPy-I are sufficiently large
(1.17 eV and 1.62 eV) to supply the energy needed to activate *0,,
because previous studies revealed that the molecule should have a
T, state with an energy higher than 0.98 eV to convert ground-state
molecular oxygen into excited state singlet oxygen.>” Therefore,
compared to TPEPy-PFs, TPEPy-I can more easily generate a triplet
state that is a prerequisite for *0, sensitization to produce O,.

2.5 Mitochondria-specific targeting bioimaging

The intracellular distribution of TPEPy-I and TPEPy-PF6 in
living HeLa cells was studied by using confocal laser scanning

This journal is © The Royal Society of Chemistry 2020

Table1l The singlet—triplet energy gap (AEs_1) between S; and T, through
Ts and their corresponding spin—orbit coupling matrix elements (SOCMEs)
for TPEPy-PF¢ and TPEPy-I|

Species Transition AE(s_1)/lev SOCME/cm !
TPEPy" S, - T, 1.27 0.04

S, - T, 0.76 0.32

S, = T, —0.22 0.33

Sy = Ty 117 0.19
TPEPy-I S, > Ty 1.30 5.45

S, > T, 0.47 5.21

S, — Ts —0.03 33.18

Sy — Ty 1.62 0.98

Note: for simplicity, TPEPy-PFg, is modeled by its cation part, i.e. TPEPy",
in TD-DFT calculations. All energies are computed using the ®B97XD
functional in conjunction with the TZVP basis set for all light elements
and SDD pseudopotential for iodine. The implicit solvent effect of water
is treated by the C-PCM solvation model.

microscopy (CLSM). After treatment with TPEPy-I and TPEPy-
PF6 for 1 h, HeLa cells exhibited a strong red fluorescence in
the cytoplasm, suggesting a fast permeability of AIEgens into
living cells. To realize the specificity of the AlEgens for cell
imaging, co-localization experiments were then carried out
with MitoTracker Deep Red, which is a commercial probe for
mitochondrial imaging. It is interesting to find that TPEPy-I
and TPEPy-PF6 can specifically stain the mitochondria. The
perfect overlapping of their images with that of MitoTracker
Deep Red gives rise to high overlap coefficiencies (0.97)
(Fig. 3), indicating their superior specificities for staining mito-
chondria. The excellent mitochondria-targeting specificity
could be attributed to the suitable lipophilicity and cationic
property of AlEgens.”®
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Fig. 3 Co-localization imaging of Hela cells stained with MitoTracker Deep Red (MTDR), and TPEPy-I and TPEPy-PF6. (A and B) Confocal images of
Hela cells stained with (A1) TPEPy-I, (A2) TPEPy-PF6, and (B1 and B2) pseudo-color of MitoTracker Deep Red. (C1 and C2) Bright field. (D1 and D2)
Merged images of panels (A)—(C). (E1 and E2) Scatter plot indicating the correction coefficient between panel (A) and (B). Zex: 405 nm. Concentration:
10 uM (TPEPy-l and TPEPy-PF6), 50 nM (MTDR). MitoTracker Red, Aex = 543 nm, Aem = 548-683 nm, TPEPy-I and TPEPy-PF6, /., = 488 nm,

Jem = 600-650 nm.

2.6 PDT in cancer cell ablation

TPEPy-1 and TPEPy-PF6 exhibit a negligible dark cytotoxicity at
concentrations up to 50 pM with 90% viability of HeLa cells
(Fig. S15, ESIt), which means they have a good biocompatibility.

In contrast with their low dark cytotoxicity, TPEPy-I and
TPEPy-PF6 exhibit a high phototoxicity (Fig. 4). For example,
the cell viabilities are found to be 88.8% vs. 93.6%, 70.4% vs.
92.6%, and 58.2% vs. 66.6% at 0.05, 0.1 and 0.5 uM for TPEPy-I
and TPEPy-PF6, respectively. This indicates that TPEPy-I is
more efficient in cancer cell ablation than TPEPy-PF6 at low
concentrations less than 0.5 uM. As the concentration of the
two AlEgens reaches 1 uM, there is no actual difference between
them; both are effective in cancer cell ablation with the cell
viability lower than 5% upon white light irradiation. The
dependence of cell viability on the PS dose is in line with the
characteristics of PDT. The high potency at low concentration
indicates that TPEPy-I and TPEPy-PF6 outperform most con-
ventional PSs, such as porphyrin, chlorin, BODIPY, or their
respective derivatives.> As we know, mitochondrion is the main
organelle targeted by PDT, and the mitochondria-specific targeting
capability”® and rapid 'O, generation of TPEPyI and TPEPy-PF6
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make them ideal for photodynamic applications, which cause
damage in situ to exert excellent therapeutic efficiency.

2.7 Observation of cell death and morphological changes
during PDT

The live- and dead-cell staining experiments were used to further
justify the photodynamic efficacy of TPEPy-I and TPEPy-PF6. The
representative images are presented in Fig. 5 and Fig. S16 (ESIT),
where live and dead cells were stained by calcein AM (green
fluorescence) and propidium iodide (red fluorescence), respectively.
Under white light irradiation for different time durations, the
population of dead cells, as indicated by red fluorescence, increased
while the live cell population as indicated by green emission
decreased. More cells were destroyed in both cases with the increase
of the irradiation duration. After white light irradiation for 5 min,
almost all HeLa cells were killed in both cases, indicating the high
PDT efficacy of TPEPy-I and TPEPy-PF6.

In addition, we found that laser irradiation induced a
dramatic change in the cell morphology. Interestingly, bubble
generation was present during the CLSM observations,
where calcein AM was used to detect cell survival for labeling.

Dark
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80
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D
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Fig. 4 Effect of (a) TPEPy-1 and (b) TPEPy-PF6 with and without room-light irradiation on cell proliferation of Hela cells evaluated by the MTT assay.

Light power: 30 mW cm2.
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Fig. 5 Live/dead staining of TPEPy-1 (10 pM) treated Hela cells with light
irradiation for 30 s, 1 min, 2 min, 3 min, 4 min and 5 min. The live cells were
stained by calcein-AM (green), whereas dead cells were stained by PI (red).

Before irradiation, regular and normal cell morphology was
observed. However, upon laser stimulation, swelling and blebbing
appeared on the cells. More bubbles formed with increasing laser
duration (Fig. 6a). As we know, cell morphological changes, such
as blebbing, are a sign of cell death.** When the cells were
irradiated by laser for desired time (20 scanning cycles) and then
left for 5 min for PI staining, the red emission from PI in the cell
nuclei was obviously present due to the PI intercalating with the
DNA from the nuclei. These changes can be attributed to the fact
that the ROS generated from the AlIEgen considerably disrupted
the rigidity and permeability of the plasma membrane, causing
cancer cell apoptosis and necrosis. The bright field images also
confirmed that the shape of the cell changed dramatically after
HeLa cells were stained by AlEgens under white light irradiation
(Fig. 6b). The shrinkage and fusion of cell walls as well as the
appearance of multiple protuberances were found, providing
direct and strong evidence for the toxicity on HeLa cells.

2.8 Bacterial elimination

Since TPEPy-I and TPEPy-PF6 are positively charged, it is
expected that they can target bacteria through electrostatic

This journal is © The Royal Society of Chemistry 2020

View Article Online

Journal of Materials Chemistry B

(a) 1 scan 10 scans 20 scans

(b)

TPEPy-I

TPEPy-PF6

Fig. 6 (a) The CLSM images of TPEPy-I-pretreated Hela cells stained by
calcein-AM after (A) 1, (B) 10, and (C) 20 scans. (D) The CLSM images of
TPEPy-I-pretreated Hela cells stained by Pl after 20 scans. (E) Merged
image of (C and D). (b) The bright field images of irradiated TPEPy-I and
TPEPy-PF6-pretreated living Hela cells. [TPEPy-1] and [TPEPy-PF6] =
10 uM, irradiation for 5 min.

interactions.>® The bacterial staining performance of the two
AlEgens on various bacteria was observed by using CLSM.
Gram-positive S. aureus and Gram-negative E. coli were selected
as representatives, because they are negatively charged and
facilitate the positively charged AIEgens to stain bacteria. The
bright red fluorescence in S. aureus incubated with TPEPy-I and
TPEPy-PF6 was readily observed with high contrast relative to
the background (Fig. S17, ESI{), indicating that both AIEgens
can bind to Gram-positive bacteria efficiently. However, the two
AlEgens failed to stain E. coli, where scarcely any fluorescence
signals could be detected under CLSM (Fig. S18a, ESIT). The
selective imaging behavior of Gram-positive bacteria verses
Gram-negative bacteria could be ascribed to their differences
in surface structures and chemical components.

As shown in Fig. S18b (ESIf), G' bacteria only have a
cytoplasmic membrane covered by a loose and poriferous cell wall,
and a crosslinked and thick peptidoglycan layer about 20-80 nm in
size with acidic residues in the outer walls. In contrast, G~ bacteria
have a thinner peptidoglycan layer, which is embedded in the
phospholipid bilayer. Meanwhile, G~ bacteria possess an additional
outer membrane, which performs a barrier function.?” These
differences in the two types of pathogens allow AIEgens to
penetrate their cell membrane and thus localize in them in

J. Mater. Chem. B, 2020, 8, 5234-5244 | 5239
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different microenvironments. No fluorescence signals detected
under CLSM were observed for E. coli, while S. aureus presented
bright red fluorescence with high labeling efficiency, indicating
the distinct binding affinities of the two AIEgens to the two
pathogens. Lacking the protection of an outer membrane, TPEPy-I
and TPEPy-PF6 can readily penetrate the cell membrane and enter
the inside of S. aureus. The two AlEgens are restricted effectively by
the internal environment, which turns on their emission. For
E. coli, it is possible that the outer membrane (phospholipid layer)
inhibits the insertion of the two AIEgens or the inserted part is
easily removed due to weak interaction between E. coli and the two
AlEgens. Several references reported selective imaging of G over
G~ with AlEgens.*® The bacterial imaging results indicate that
TPEPy-I and TPEPy-PF6 have the potential to selectively recognize
Gram-positive bacteria over Gram-negative ones.

Next, we examined the antibacterial activity of TPEPy-I and
TPEPy-PF6 upon white light irradiation. The standard plate
colony-counting method was used to determine the percentage
of live bacteria. The two AIEgens display a dose-dependent anti-
bacterial efficiency toward both S. aureus and E. coli. Regarding the
ability of TPEPy-I and TPEPy-PF6 to kill S. aureus, the inhibition
percentage is more than 92% and 97% at 0.5 puM AlEgens,
respectively (Fig. 7a and b). When the concentration of the two

a mmlight
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TPEPy-I
TPEPy-PF6
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AlEgens reached 1 uM (Fig. 7c), the inhibition percentage reached
nearly 100%. For commercial PSs, the concentration of Toluidine
blue O used to kill more than 99.0% S. aureus is up to 80 uM.>* For
chlorin e6 (Ce6), the concentration required to kill 99.9% of S. aureus
is 40 pM.* This comparison strongly suggests that TPEPy-I and
TPEPy-PF6 are excellent antibacterial PDT agents for S. aureus.
Meanwhile, TPEPy-I exhibits a better antibacterial activity
toward E. coli than TPEPy-PF6 at low concentrations less than
1 uM. About 97% E. coli was eliminated at the concentration of
5 uM AlEgens (Fig. 8). The killing effect of TPEPy-I and TPEPy-
PF6 on S. aureus is more efficient than that on E. coli because
Gram-negative bacteria have an additional protecting layer in
the outer membrane. Similar findings have been reported in
previous studies.*® Photographs of bacteria cultured on agar
plates further confirmed the results mentioned above. Almost no
bacterial colony was observed on the agar for S. aureus and E. coli
in the presence of 1 and 5 pM AlEgens, respectively, which showed
better antibacterial activity than that of commercial Ce6 (Fig. 8c).
Some control experiments were carried out. In the dark or
AlEgens alone or light alone, no obvious drop in the survival
rate of bacteria was found, which suggests that the potent
antimicrobial activity is entirely a consequence of the intrinsic
ROS generation induced by AlEgens and white-light irradiation
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Fig. 7 The killing efficiency of (a) TPEPy-I and (b)TPEPy-PF6 on S. aureus. (c) Photographs of S. aureus cultured on an agar plate supplemented with

TPEPy-I, TPEPy-PF6 and Ce6 at different concentrations.
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Fig. 8 The killing efficiency of (a) TPEPy-1 and (b) TPEPy-PF6 on E. coli. (c) Photographs of E. coli cultured on an agar plate supplemented with TPEPy-I,

TPEPy-PF6 and Ce6 at different concentrations.

(Fig. S19, ESIt). All results indicate that TPEPy-I and TPEPy-PF6
possess excellent antibacterial activity towards both Gram-
positive and Gram-negative bacteria at low PS concentrations
compared to reported data (Table S1, ESIt), suggesting that
they are excellent broad-spectrum antibacterial agents.

PDT can target both external and internal structures of bacteria,
and it does not really require the PSs to enter the bacteria, thus the
sterilization mechanism of PDT is different from traditional anti-
biotics. It has been proposed that the cationic PS can penetrate the
outer membrane of Gram-negative bacteria by the “self-promoted
uptake pathway” in which the divalent metal cations Ca®>" and Mg>*
are gradually displaced by the PS, and the lipopolysaccharide in the
outer membrane permeability barrier is destabilized.*” In our case,
the two AlEgens exhibited remarkable 'O, generation ability (up
93%) under illumination of white light. So, the proposed
molecules can provide an efficient bacterial inactivation route
toward E. coli. Some white light triggered PDT methods using
AlEgens with highly efficient cancer cell ablation and bacterial
inactivation have been reported.>®

2.9 The mechanism of cancer cell ablation and bacterial
elimination

From the results discussed above, TPEPy-I is more efficient in
cancer cell ablation and bacterial elimination than TPEPy-PF6.

This journal is © The Royal Society of Chemistry 2020

The proposed mechanism can be ascribed to several possibilities.
First, TPEPy-I may produce more triplet states in favor of 'O,
formation from the TD-DFT calculations. Second, more ROS can
be generated through iodide anions involved a type-I electron-
transfer photochemical mechanism. Third, the iodide anion can
be oxidized to molecular iodine I, or I;~ by both type-I and type-II
ROS.* The higher generation of toxic species, such as H,0,,
triiodide ions, and singlet oxygen from TPEPy-I may be the major
killing mechanism for its enhanced cancer cell ablation and
bacterial elimination activity. Some groups have reported similar
results that the combination of triiodide with H,O, can promote
cell and microbial killing.*

The decrease of mitochondrial membrane potential (MMP)
is a crucial indicator to assess the dysfunction of mitochondria
and it plays an important role in the release of the pro-apoptotic
proteins to trigger caspase activation and cell apoptosis.*’ The
change of mitochondrial membrane potential was determined
using JC-10 dye as the indicator, which tends to aggregate with
red fluorescence with a high MMP but becomes monomeric
with green fluorescence with a low MMP. Therefore, the change
of JC-10 fluorescence can be used to assess the status of
mitochondria. As shown in Fig. S20 (ESIt), under irradiation
from white light, HeLa cells incubated with TPEPy-I and TPEPy-
PF6 display enhanced green fluorescence. The ratio of Iyreen/Ired
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in the presence of the two AlEgens was higher than that of light
alone, proving that the generated ROS by the two AlEgens injured
the cellular mitochondria and resulted in the loss of the MMP.

As we know, cationic fluorescent dyes preferr to stain mitochon-
dria in living cells through electronic interaction due to the negative
charge of the mitochondrial inner membrane.*> We assume that
TPEPy-1 and TPEPy-PF6 could be taken up by cancer cells through
endocytosis. Then, the two AlEgens selectively accumulated into the
mitochondria, thereby inducing efficient mitochondrial dysfunction
and intrinsic cancer cell apoptosis by PDT.

3. Conclusions

In summary, two NIR AlEgens (TPEPy-I and TPEPy-PF6) based on an
electron push-pull framework are synthesized and characterized.
Due to their AIE backbones with D-A structural units, both the
AlEgens show broad absorption in the visible range, while a cationic
group is introduced into the molecular design for mitochondria-
specific targeting and bacterial membrane anchoring. They can
generate ROS efficiently inside cancer cells and bacteria, causing
oxidative damage to the mitochondria of cancer cells and cell walls
of bacteria. It was demonstrated that low concentrations of AIEgens
(1 pM) almost completely kill cancer cells upon white light irradia-
tion. Moreover, benefitting from the enhanced membrane interac-
tions and photosensitizing ability, TPEPy-I and TPEPy-PF6 exhibited
efficient antibacterial capability in destroying S. aureus and E. coli at
a low concentration (0.5 uM). These results revealed the great
potential of these AlEgens with NIR emission, a high yield of ROS
generation, and low dark toxicity to serve in image guided PDT.
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