
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
25

/2
02

5 
7:

34
:3

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A membrane inte
aDepartment of Physics, Politecnico di

giuseppemaria.paterno@polimi.it
bDepartment of Materials Science, Universit
cCNR – Istituto di Struttura della Materia, I
dCenter for Nano Science and Technology @

20133 Milan, Italy. E-mail: guglielmo.lanza

† Electronic supplementary information
characterization of BV-1; computational
BV-1 ground and excited states calcul
orbitals of BV-1 calculated at the revP
density difference between the ground an
the ground state (vertical). BV-1 absorpti
Jablonski diagrams of singlet and triplet
in solution (dichloromethane, ethano
dynamics of BV-1 at different probe
absorption (ESA) from the S1 (le panels)
three solvents (dichloromethane, ethanol
BV-1 in different solvents (water, ethano
suspension); time-evolution of the UV-vi
DPBF (50 mM) and BV-1 (5 mM) in DMSO
illumination; transient absorption spectr
in an E. coli cell suspension; AlamarBlue
DOI: https://doi.org/10.1039/d3sc01168b

Cite this: Chem. Sci., 2023, 14, 8196

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 3rd March 2023
Accepted 5th July 2023

DOI: 10.1039/d3sc01168b

rsc.li/chemical-science

8196 | Chem. Sci., 2023, 14, 8196–82
rcalating metal-free conjugated
organic photosensitizer for bacterial photodynamic
inactivation†

Arianna Magni, ad Sara Mattiello, b Luca Beverina, b Giuseppe Mattioli, c

Matteo Moschetta,d Anita Zucchi,b Giuseppe Maria Paternò *ad
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Photodynamic inhibition (PDI) of bacteria represents a powerful strategy for dealing with multidrug-

resistant pathogens and infections, as it exhibits minimal development of antibiotic resistance. The PDI

action stems from the generation of a triplet state in the photosensitizer (PS), which subsequently

transfers energy or electrons to molecular oxygen, resulting in the formation of reactive oxygen species

(ROS). These ROS are then able to damage cells, eventually causing bacterial eradication. Enhancing the

efficacy of PDI includes the introduction of heavy atoms to augment triplet generation in the PS, as well

as membrane intercalation to circumvent the problem of the short lifetime of ROS. However, the former

approach can pose safety and environmental concerns, while achieving stable membrane partitioning

remains challenging due to the complex outer envelope of bacteria. Here, we introduce a novel PS,

consisting of a metal-free donor–acceptor thiophene-based conjugate molecule (BV-1). It presents

several advantageous features for achieving effective PDI, namely: (i) it exhibits strong light absorption

due to the conjugated donor–acceptor moieties; (ii) it exhibits spontaneous and stable membrane

partitioning thanks to its amphiphilicity, accompanied by a strong fluorescence turn-on; (iii) it undergoes

metal-free intersystem crossing, which occurs preferentially when the molecule resides in the

membrane. All these properties, which we rationalized via optical spectroscopies and calculations,

enable the effective eradication of Escherichia coli, with an inhibition concentration that is below that of

current state-of-the-art treatments. Our approach holds significant potential for the development of

new PS for controlling bacterial infections, particularly those caused by Gram-negative bacteria.
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Introduction

The excessive and, in some cases, inappropriate use of antibi-
otics in outpatient clinics, by hospitalized patients and in the
food industry has resulted in the development of numerous
antibiotic-resistant bacterial strains.1–3 Therefore, there is
a pressing need to explore alternative bactericidal strategies
that transcend conventional approaches.4,5 One possibility is
the photodynamic inhibition or photodynamic inactivation
(PDI) of pathogenic bacteria, in which the oxidative stress
following irradiation with visible light leads to microbial death.6

PDI operates through the synergistic action of molecular
oxygen, naturally present in cells, appropriately designed non-
toxic photosensitizers (PS) and light. Upon light excitation,
the PS ends up in a triplet state that can transfer energy/
electrons to molecular oxygen. This process results in the
formation of reactive oxygen species (ROS) or singlet oxygen
radicals, which oxidise biomolecules such as lipids, proteins
and nucleic acids,7–9 ultimately leading to cellular death and
bacterial eradication. The major advantage of PDI lies in its
limited potential for the development of resistance in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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microorganisms,10,11 holding promise for tackling antibiotic
resistance in Gram-negative bacteria, against which no new
class of antibiotics has been approved since the late 1980s.12

Most of the research efforts point toward the development of
new and effective PS, exhibiting strong light absorption and
emission features, enabling imaging-guided PDI,13–15 as well as
enhanced intersystem crossing (ISC) from singlet to triplet
states. The introduction of heavy atoms is usually employed as
an efficient strategy to promote spin–orbit coupling and
increase the population of the triplet state.16–19 However, this
approach generally leads to quenching of the emission and
poses toxicity and environmental issues. Another important
challenge to face is the relatively short lifetime of ROS, as they
easily react with biomolecules close to the generation site.
Membrane-intercalating PS are considered an effective tool to
circumvent this problem,20 as the proximity between the PS and
cells would compensate for the short lifetime of the reactive
species. This aspect is extremely relevant for bacteria, as in this
case, the membrane is the core of their bioenergetics since the
synthesis of ATP occurs at this location,21–23 thus representing
an ideal biological target for PDI purposes.

In this study, we report a newly synthesized organic PS,
named BV-1, which is a metal-free donor–acceptor thiophene-
based conjugate molecule. This system affords a series of
advantageous aspects for PDI, thanks to the precise engineering
of its molecular features and excited state pathways, including:
(i) strong optical absorption in the visible range due to p-
conjugation and the donor–acceptor moiety; (ii) non-covalent
affinity for the lipid membrane, facilitated by its amphiphi-
licity, permitting stable and spontaneous partitioning within
the membrane. Notably, membrane intercalation is accompa-
nied by a strong uorescence turn-on, thanks to the suppres-
sion of non-radiative conformational relaxation processes; (iii)
metal-free ISC, a process that is favoured within the
membrane environment as it inhibits competitive and rapid
deactivation of the rst excited state with charge-transfer
character. These properties, which were investigated in detail
and rationalised through ultrafast optical spectroscopies and
calculations, lead to effective light inactivation of E. coli at
a minimum inhibitory concentration (0.12 mM) which is below
the state-of-the-art level (at least one order of magnitude) for
Gram-negative bacteria19,24 thereby highlighting its potential for
broad-spectrum PDI applications.25

Results and discussion
Synthesis of BV-1 and molecular rationale

The molecule, named BV-1, was synthesised according to the
reaction route reported in Scheme 1. Full details about the
synthesis and NMR characterisation can be found in the
Materials section and Fig. S1–S7.† The BV-1molecular structure
(Scheme 1) contains three blocks with different functions: (i)
a p-conjugated electron donor–acceptor pair consisting of
a terthiophene and a pyridinium moiety conjugated through
a trans –C]C– bridge, which provides strong optical
absorption/emission in the visible range; (ii) an alkyl chain
possessing a non-covalent affinity to the lipophilic core of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
lipid membrane that can interact with the phospholipid tails;
(iii) a hydrophilic head consisting of a quaternary ammonium
cation and a hydroxyl-terminated unit, ensuring solubility in
saline solution and with a strong capability to interact with the
phospholipid heads.

BV-1 association with the bacterial membrane

First, we exploited the uorescence properties of the p-conju-
gated block of BV-1 to visualise its localization within the E. coli
cells via uorescence microscopy. Confocal imaging (Fig. 1A)
shows that aer incubation with the molecule, bacterial cells
display an emission that is well localized around the edges of
cells, which is consistent with membrane intercalation of BV-1.
We also took advantage of the relatively strong absorption of BV-
1 to quantify the amount of molecules associated with E. coli
cells. This was evaluated by measuring the absorbance of a xed
amount of BV-1 solution before and aer 1 h of incubation in E.
coli (Fig. 1C). The data show that more than 50% of the mole-
cule is associated with the cells. Starting from an initial
concentration of 10 mMof BV-1 in the solution, the bacteria cells
take up around 80% of the molecules, while increasing the
initial concentration up to 50 mM leads to an uptake of 53%.
This drop is likely related to the saturation of the amount of BV-
1 that can be stored in the membrane of E. coli cells. The
association of the dye with the membrane of E. coli is stable over
24 hours, as shown in Fig. S18.†

Characterizing the spectroscopic properties of molecules in
living cells is challenging. We therefore studied the static
absorption/emission features of the BV-1 in articial lipid bila-
yers, which mimic the plasma membrane. By comparing the
spectra of the molecule in the liposome suspension with the
buffer solution (Fig. 1B), we further proved the affinity of BV-1 for
the biological membranes. Specically, we employed 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposomes, sus-
pended at a concentration of 1 mg mL−1 in an aqueous buffer
solution (10 mM tris(hydroxymethyl)aminomethane, 100 mM
NaCl, pH 7.4). Starting with the absorption, we observed a∼10 nm
shi in POPC liposomes compared to the buffer solution, sug-
gesting a strong interaction of BV-1 with the lipid bilayer. Moving
on to the photoluminescence (PL), we noticed a 50 nm blue shi
when the molecule associates with the lipid bilayer compared to
the buffer solution, accompanied by a ∼1000-fold increase in the
PL quantum yield (PLQY) (see later for more details). These data,
taken together, conrm the spontaneous partitioning of BV-1 into
the cell membrane, primarily driven by its amphiphilicity.

BV-1 steady-state photophysics

Initially, we investigated the linear absorption and emission
properties of BV-1 as a function of solvent polarity (sol-
vatochromism). The objective was to acquire fundamental
insights into the potential photophysical pathways undergone
by BV-1, including charge-transfer transitions, singlet deacti-
vation and ISC. With this in mind, we employed different
solvents with dielectric constants spanning approximately one
order of magnitude. Specically, we utilized dichloromethane
(DCM, 3 = 8.93), ethanol (EtOH, 3 = 24.5), and water (3 = 80.1).
Chem. Sci., 2023, 14, 8196–8205 | 8197
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Scheme 1 Synthetic route to BV-1. The reaction pathway followed to synthesize BV-1.

Fig. 1 (A) Confocal fluorescence image of the E. coli culture exposed to BV-1 [2 mM] to evaluate themembrane incorporation of BV-1. Scale bar 5
mm. (B) Absorbance and PL spectra of BV-1 [25 mM] in POPC liposomes suspension (solid line) and in its aqueous buffer solution (dashed lines). (C)
Cell association (uptake) of BV-1with E. coli cells. Samples were stained with BV-1 at the specified concentrations and maintained at 37 °C for 60
minutes in the dark. The absorbance of the supernatant was measured at 470 nm. Control samples (PBS buffer) with no cells were treated the
same and their absorbance values represented the total as a reference. All conditions and controls were measured in triplicate.
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We started looking at ground state absorption (Fig. 2A),
observing a negative (hypsochromic) solvatochromism, with the
main absorption peak shiing from 507 nm in DCM to 470 nm
in water. The strong absorption of BV-1 in the visible range
corresponds to an excited state having a charge transfer char-
acter, with charge density moving from the donor terthiophene
chain to the acceptor pyridinium unit. This conclusion was
8198 | Chem. Sci., 2023, 14, 8196–8205
further substantiated by simulations (Fig. S8†). The sol-
vatochromism is a consequence of the polar nature of the
ground state, which shis to lower energy in the presence of
solvents of increasing polarity. Accordingly, the blue-shi of the
absorption peak is larger for saline water solutions of increasing
ionic strength (Fig. S9†), from 470 nm (pure water) to 439 nm
([NaCl] = 1 M). In the excited state, a similar stabilization
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Normalized absorption spectra (left) and emission spectra (right) of BV-1 (25 mM) in different solvents. (B) Absorption and PL spectra of
BV-1 in a few solvents (dichloromethane, ethanol and water) as calculated by TDDFT.
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mechanism is less effective as some charge density is displaced
to partially screen the net positive charge of the pyridinium
block, thus lowering the molecular dipole (e.g. from 18.1 D to
10.8 D in water).

In contrast to absorption, the PL spectrum (Fig. 2A) remains
almost unaltered upon increasing solvent polarity (peaking at
∼670 nm), while the PLQY is strongly reduced. This result is
attributed to the complex interplay between two opposite
effects: (i) a relatively higher stabilization of the ground state
compared to the excited state in polar solvents, which leads to
an increased S0–S1 transition energy (blue-shi); (ii) solvent
cage reorganization that lowers the excited state and produces
a red-shi of the transition. However, despite similar transi-
tion energies in a polar solvent, the interaction of the molecule
with the environment is larger, leading to more efficient non-
radiative decay. Accordingly, in lipid bilayers, which are
known to have a low polarity (3 ∼ 4), we observe a ∼1000-fold
increase in the PLQY compared to the polar water environ-
ment. This favourable feature allows mapping of the BV-1
membrane localization easily via common uorescence
microscopies. Both the hypsochromic solvatochromism trend
in absorption and the decrease in the PLQY can be rationalized
by the simulation reported in Fig. 2B, which was computed
using time-dependent density functional theory (TDDFT)
calculations.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Time-resolved spectroscopy

We conducted transient absorption (TA) and time-resolved
photoluminescence (TRPL) experiments to study BV-1
excitation/de-excitation dynamics in different media, namely
water, ethanol, dichloromethane, and sodium dodecyl sulphate
(SDS) micelle suspension. The rst three solvents allowed us to
explore how the behaviour of the molecule, particularly its
donor–acceptor nature, is inuenced by polarity, while SDS
micelles were chosen to mimic the biological membrane envi-
ronment. At this stage, SDS micelles were preferred over lipo-
somes, as they produce – due to their characteristic dimensions
– a relatively high scattering signal, which is not optimal for
transmission measurements.

The TA spectra (Fig. 3A–D) show different convoluted
features. First, the positive peak between 450 and 550 nm,
which overlaps with the main absorption band of BV-1, can be
attributed to the ground state bleaching (GSB). Additionally, we
observed two other positive bands peaking around 630 nm and
750 nm, which are related to stimulated emission (SE). Inter-
estingly, the higher energy SE band appears immediately upon
excitation, while the lower energy band emerged aerwards.
This suggests the presence of two separate emissive states of BV-
1, both contributing to the steady-state PL spectra shown in
Fig. 2A. This mechanism is further supported by TRPL data
(Fig. S13†), which reveals the existence of two uorescent states
Chem. Sci., 2023, 14, 8196–8205 | 8199
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Fig. 3 Transient absorption spectra of BV-1 in water (A), ethanol (B), dichloromethane (C) and SDS micelle suspension [100 mM] (D). The system
was excited at 490 nm and probed with two different white light super-continuums to probe both the visible and the NIR range. The solutions
were flowed using a peristaltic pump, to avoid photobleaching of the samples.
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of BV-1: the rst one is populated as soon as the photoexcitation
occurs, whilst the other, which lies at lower energy, is populated
at a slower timescale (∼10 ps in water, ∼100 ps in DCM). It is
worth noting that the rise time is far too long to be due to
intraband vibrational relaxation, and is most likely due to
conformational relaxation of the molecule as suggested by
TDDFT results (see Fig. S10†).26

Conversely, the negative transient bands located at 580, 700,
and 900 nm and above 1000 nm are associated with excited state
absorption (ESA) from various optical transitions. With the
support of TDDFT calculations, we related the rst three tran-
sitions to the absorption from the rst singlet excited state S1 to
higher singlet states (S1 / Sn, additional details are reported in
Fig. S10†). The transition at lower energy is likely related to
triplet state absorption. The blue shi (10–20 nm) observed in
the singlet state ESA bands at longer probe delays provided
further evidence of the conformational relaxation of S1, which
lowers the energy of the state and increases the transition
energy. This relaxation process was also reproduced through
TDDFT calculations. The computed ESA spectra for both the
singlet S1 and triplet T1 states are reported in Fig. S12.†

We recognized nearly identical features across different media,
with slight shis in wavelengths and dynamics. The conforma-
tional relaxation seems to occur faster in water and becomes
slower in ethanol and DCM. Moreover, we did not observe relax-
ation features in the SDS micelle suspension, likely due to
conformational constraints experienced by the molecule when
partitioned within the micelles. Furthermore, we carried out TA
experiments also in an E. coli cell suspension (Fig. S15†), revealing
that both spectra and dynamics are substantially identical to those
8200 | Chem. Sci., 2023, 14, 8196–8205
observed in SDS micelles, despite the relatively high scattering
noise in cells. Notably, this conrmation supports the suitability of
SDS micelles as appropriate models for spectroscopy experi-
ments,27,28 thus indicating that the BV-1 excitation landscape
observed in micelles can be reliably translated to E. coli, thereby
facilitating the rationalization of the PDI mechanism in cells.
Summary of BV-1 photophysics

The optical spectroscopy data provide insights into the photo-
physical characteristics of BV-1, which are summarized in the
sketch in Fig. 4. Upon excitation at 490 nm, the molecule rea-
ches the rst singlet excited state S1, which is recognized by the
three ESA transitions observed at 600, 720 and 900 nm. As
revealed by the calculations (Fig. S10†), these ESA bands
correspond to the transitions S1 / S15, S1 / S7, and S1 / S2,
respectively, all having high oscillator strength. From the S1
state, BV-1 undergoes three competitive deactivation pathways:
(i) decay to the ground state, associated with uorescence
around 600–650 nm which is observed as the stimulated emis-
sion signal in the TA spectra; (ii) conformational relaxation to
a long-living state, S1

R, associated with the blue-shied ESA
bands (at 590, 700, and 890 nm) and emission in the NIR range;
(iii) ISC to the triplet manifold, leading to an ESA band above
1000 nm. These pathways highlight the intricate photophysical
behaviour of BV-1 and provide a comprehensive understanding
of its excited state dynamics.

As pointed out before, the behaviour of BV-1 is strongly
affected by the polarity of the solvent, owing to its di-cationic
nature and distinct donor–acceptor structure. Indeed, in polar
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic of the photophysics of BV-1 as suggested by the TA data together with calculations.
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environments, such as water, the relaxation process of the S1
state occurs more rapidly due to solute–solvent interactions
which permit dissipation paths responsible for the more effi-
cient radiationless deactivation resulting in a lower PLQY.
Consequently, relaxation into S1

R is favoured in polar solvents,
whereas ISC towards the triplet state becomes more predomi-
nant in low-polarity environments. Consistently, in apolar SDS
micelle suspensions and E. coli cells, we did not observe any
signs of the relaxation process to S1

R. This prompted us to verify
whether BV-1 is capable of transferring energy to molecular
oxygen, leading to the production of singlet oxygen for potential
applications in the photodynamic inactivation of bacteria. To
asses this, we exploited the reaction of 1,3-diphenylisobenzo-
furan (DPBF) with singlet oxygen, resulting in the formation of
an endoperoxide and the subsequent disappearance of its
characteristic absorption band at 415 nm.29 We put under illu-
mination a solution of DPBF (50 mM) and BV-1 (5 mM) with
a 470 nm LED for 20 minutes and monitored the absorption
spectrum of the solution (Fig. S14†). The more rapid decom-
position of DPBF in the presence of BV-1 indicates that the
Fig. 5 (A) Histogram representing the biocidal activity of BV-1 against
conducted by exposing the colonies to 470 nm light for 10 minutes, follo
were loaded with 0.5 mg mL−1 BV-1 and exposed to 470 nm light at di
obtained by computing the ratio of the number of colonies grown in the d
and controls were measured in triplicate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
molecule indeed functions as a photosensitizer for singlet
oxygen, demonstrating that the triplet state of BV-1 can transfer
its excitation energy to molecular oxygen. By tting the dynamic
traces, we determined the decay rates kDPBF = 0.21 min−1 and
kDPBF+BV1= 0.32min−1, in case of pure DPBF and DPBF together
with BV-1, respectively. Thus, we were able to estimate the BV-1
singlet oxygen production rate, which is kO�

2
= 0.11 min−1.
Photodynamic antibacterial activity

Finally, we evaluated the minimum inhibitory concentration
(MIC) of BV-1 against E. coli under both dark conditions and
light (470 nm) (Fig. 5A). The data reveal that illumination at
470 nm does not signicantly affect the number of colony
forming units (CFU) in the BV-1-free sample. However, upon
illumination the addition of 0.12 mM BV-1 leads to a substantial
decrease of CFU by 50%. Further increasing the BV-1 concen-
tration up to 0.64 mM and 0.96 mM causes a CFU reduction of
65% and 82%, respectively. Conversely, under dark conditions
BV-1 does not exhibit any signicant toxicity up to 1.3 mM, with
a 30% decrease in CFU at 2.6 mM. These ndings indicate that
E. coli under dark and light conditions. Illumination/dark cycles were
wed by 10 minutes under dark conditions (3 times). (B) E. coli cultures
fferent wavelengths (same illumination protocol). The action curve is
ark to the number of colonies grown under illumination. All conditions

Chem. Sci., 2023, 14, 8196–8205 | 8201

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc01168b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
25

/2
02

5 
7:

34
:3

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
illumination enhances the antibacterial activity of BV-1, as the
MIC decreases from 2.6 mM to 0.12 mM. Additionally, we
assessed mammalian cell viability (HEK-293T cells) upon
exposure to BV-1 and light using the well-established Ala-
marBlue viability assay (Fig. S16†). In this case, we observed
a phototoxic effect at a concentration of 5 mM, a value which is
more than 30 times higher than the MIC in E. coli cells.

To test whether this strong light-activated antibacterial
action is related to the excited state pathways of BV-1, we
recorded a “BV-1 action curve” (Fig. 5B). This experiment was
conducted by calculating the ratio of the CFU in the dark to the
CFU under illumination at a xed concentration of BV-1 (0.64
mM) as a function of the excitation wavelength (OFF/ON ratio).
Remarkably, we observed an almost perfect overlap of the action
spectrum with the absorption spectrum of BV-1, providing
further conrmation that the photodynamic antibacterial
activity is solely attributed to the photoactivation of BV-1.

Conclusions

In this work, we designed and thoroughly characterised a new
photosensitizer, namely BV-1, which exhibits some intriguing
features for the effective eradication of bacterial pathogens.
First, BV-1 possesses a strong ability to associate with bacterial
cells and readily partitions into their plasma membrane, which
serves as the bio-target for reactive oxygen species to induce
effective photodynamic inactivation (PDI). In addition, its
localization at the membrane level is accompanied by a strong
uorescence turn-on, making BV-1 suitable for imaging-guided
PDI and other surface disinfection applications. Through
detailed optical spectroscopy measurements, corroborated by
calculations, we determined that BV-1 behaves as an intra-
molecular donor–acceptor chromophore upon light excitation,
exhibiting strong solvatochromic properties. Specically, we
observed that in polar environments the deactivation from the
lowest-energy singlet state, which possesses a charge-transfer
character, occurs preferentially through conformational relax-
ation and rapid deactivation. Conversely, in the apolar solvents
and within the membrane environment, BV-1 prefers to
undergo intersystem-crossing towards a triplet state. In turn,
the triplet state can efficiently transfer energy to molecular
oxygen, making BV-1 a suitable intramembrane photosensi-
tizer. Indeed, following illumination with visible light, BV-1
effectively inhibits the E. coli proliferation at a low minimum
inhibitory concentration (0.12 mM), which is below state-of-the-
art values.30,31 For this reason, this study provides a novel
strategy for the development of innovative tools to combat
infections caused by multidrug-resistant bacteria.

Materials and methods
BV-1 synthesis

Reagents and solvents were bought from TCI, BLDpharm, and
Sigma-Aldrich, and used as received. Chromatographic puri-
cations were performed using Davisil LC 60A silica gel (pore size
60 Å, 70−200 mm). NMR spectra were collected on a Bruker NMR
Avance 400 NEO.
8202 | Chem. Sci., 2023, 14, 8196–8205
Synthesis of intermediate 1. In a microwave test tube, 5-
bromo-2-thiophencarboxaldehyde (1.48 g, 7.75 mmol) and 4-
picoline (1.07 g, 11.3 mmol) are dissolved in a mixture of acetic
acid (2.8 mL) and acetic anhydride (1.2 mL). The solution is
heated by microwave treatment for 6 hours at 140 °C, and then
allowed to cool down to room temperature. 4.0 mL of deionized
water are added, followed by 4.36 g of NaOH. The mixture is then
extracted with DCM (3× 15 mL). The organic phase is dried over
Na2SO4, then ltered and concentrated under reduced pressure.
The solution is then passed over a silica plug, eluting with DCM
(to remove unreacted 5-bromo-2-thiophencarboxaldehyde), and
subsequently with AcOEt to recover the product. Aer evapora-
tion of the solvent under reduced pressure, 1.04 g of product 1
are recovered as a brown powder (3.91 mmol, 50% yield).

Synthesis of intermediate 2. In a 50 mL roundbottom ask, 1
(1.000 g, 3.757 mmol), 2-(5′-hexyl-[2,2′]bithiophenyl-5-yl)-4,4,5,5-
tetramethyl-[1,3,2]dioxaborolane (1.505 g, 3.999 mmol), and
Pd(dtbpf)Cl2 (52.0 mg, 0.0798 mmol) are dispersed in 7.5 mL of
2 wt% Kolliphor EL/toluene 9 : 1 emulsion. The mixture is stirred
at room temperature for 5 minutes, then warmed at 60 °C. Et3N
(810 mg, 8.00 mmol) is then added, and the reaction is stirred for
two hours and then warmed to room temperature. 50 mL of
AcOEt are added, and the mixture is extracted. The organic phase
is dried over Na2SO4, then ltered and concentrated under
reduced pressure. The solution is then passed over a silica plug,
eluted with AcOEt. Aer evaporation of the solvent under reduced
pressure, the crude is crystallized from iPrOH to afford 1.360 g of
product 2 (3.122 mmol, 83% yield) as a brownish-orange powder.

Synthesis of intermediate 3. In a 50 mL roundbottom ask, 2
(560 mg, 1.29 mmol) is dissolved in 20 mL of reuxing aceto-
nitrile. When 2 is completely dissolved, 1,6-dibromohexane
(2.203 g, 9.030 mmol) is added, and the reux continued for 6
hours. A deep red precipitate forms, which is ltered off and
washed with toluene. The powder is dried in a vacuum until
weight stabilization. 800 mg (1.18 mmol), 91% yield.

Synthesis of BV-1. In a 50 mL roundbottom ask, 3 (600 mg,
0.883 mmol) and 2-dimethylaminoethanol (886 mg, 9.94 mmol)
are reuxed in 10 mL of acetonitrile. Aer 9 hours, the red
precipitate is ltered off and dried in a vacuum until weight
stabilization. 503 mg (0.653 mmol), 74% yield. Anal. calcd for
C35H48Br2N2OS3: C, 54.68; H, 6.29; N, 3.64. Found: C, 54.70; H,
6.15; N, 3.41.

Quantum chemical calculations

The most stable congurations of BV-1 in solution have been
found using a conformer–rotamer search algorithm based on the
GFN2-xTB tight-binding Hamiltonian.32–34 Lowest-energy congu-
rations have been used as starting points for (time-dependent)
density functional theory studies, carried out using the ORCA
suite of programs.35,36 All simulations have been performed using
the revised PBE0 functional together with the def2-TZVPP basis set.
Further details of computational methods are provided in the ESI.

Chemicals

All chemicals (dimethyl sulfoxide, acetonitrile, ethanol,
dichloromethane, chloroform, methanol and sodium dodecyl
© 2023 The Author(s). Published by the Royal Society of Chemistry
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sulphate (SDS)) were purchased from Sigma-Aldrich. BV-1
solutions were prepared in the different organic solvents to
reach a concentration of 25 mM, unless otherwise specied. SDS
micelle suspension in Milli-Q water was obtained by suspend-
ing SDS above its critical micellar concentration (100 mM).
POPC was purchased from Avanti Polar Lipids.

POPC liposomes

Liposomes were prepared through a standard extrusion proce-
dure. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
in chloroform solution mixed with methanol (1 : 1) was dried
out under high vacuum with the use of a rotary evaporator, and
the resulting thin lipid lm was kept overnight at −20 °C. The
lm was then hydrated with a buffer solution (10 mM Tris,
100mMNaCl, pH 7.4) and subjected to seven freeze–thaw cycles
and extrusions through a polycarbonate membrane (pore size
100 nm) at room temperature. The samples were kept at 4 °C, at
a liposome concentration of 5 mg mL−1 and diluted at 1 mg
mL−1 for the experiments. The vesicles were used within the
week of preparation.

Steady-state UV-vis and PL measurements

UV-vis absorption measurements were performed employing
a Perkin ElmerLambda 1050 spectrophotometer, with deute-
rium (180–320 nm) and tungsten (320–3300 nm) lamps,
a monochromator and three detectors (photomultiplier 180–
860 nm, InGaAs 860–1300 nm, and PbS 1300–3300 nm).
Absorption spectra were normalized according to a reference
spectrum taken at 100% transmission (without the sample), 0%
transmission (with an internal shutter), and in the presence of
the reference solvent. For the PL measurements, an iHR320-
Horiba NanoLog uorometer was used, equipped with a xenon
lamp, two monochromators, and two detectors (photo-
multiplier and InGaAs). Samples were excited at 480 nm.

Transient absorption measurement

For the femtosecond TA measurements, we used an 800 nm Ti :
Al2O3 laser with a repetition rate of 1 kHz and a pulse width of
100–150 fs. We excited the solutions with a 490 nm pump beam
that was generated by means of a nonlinear optical parameter
amplier. For probing in the visible range, we generated a white
light beam with a 2 mm Ti : Al2O3 plate ltered with a BG39,
while probing in the NIR was done by generating white light
exploiting a 4 mm YAG crystal, together with an LP850 lter to
remove the laser fundamental wavelength.

The excitation energy density was about 1.7 mJ mm−2. To
avoid photobleaching, the solutions were circulated by means
of a peristaltic pump (∼30 rpm).

E. coli cultures

Experiments were conducted using Escherichia coli (E. coli)
strain ATCC25922. For bacterial growth, a single colony was
inoculated in Luria–Bertani (LB) broth and incubated overnight
at 37 °C with shaking at 215 rpm, until the stationary phase was
reached. Then, the bacterial suspension turbidity (expressed as
© 2023 The Author(s). Published by the Royal Society of Chemistry
optical density at 600 nm; OD600) was diluted to OD600 = 1 in LB
broth, without antibiotics. Bacteria were then centrifuged, and
the obtained pellet was resuspended in a phosphate-buffered
saline (PBS) aqueous solution.

Confocal imaging

For confocal imaging, the E. coli culture was incubated at
a concentration of 5 mM (from a 2mM stock solution) in the PBS
samples, prepared as described above. BV-1 was incubated for
1 h at 37 °C. Aer incubation, bacteria were centrifuged, and the
obtained pellet was resuspended in PBS solution in order to
remove cell unbound molecules. 2 mL of the E. coli suspension
was then dropped on a ∼1 mm LB pad and covered with a glass
microscope slide, to reduce bacteria movement during image
acquisition. The glass slide was then mounted on an inverted
confocal laser scanning microscope (Nikon Eclipse Ti2, Nikon
Instruments). Acquisitions were performed using an Olympus
60× oil objective.

Cell association experiments

E. coli cells suspended in PBS were stained with different
concentrations of BV-1 (50, 10 and 0 mM) and kept at 37 °C for 60
minutes in the dark. The samples were then centrifuged and
200 mL of each supernatant was transferred to a clean 96-well
plate for UV-vis absorption with a Tecan Spark10M plate reader.
Absorbance was measured at 480 nm. Control samples with no
cells were treated the same, and their absorbance values rep-
resented the complete molecule for reference. All conditions
and controls were measured in triplicate.

MIC

E. coli cultures in LB broth (OD600 = 0.005) were loaded with
different concentrations of BV-1 (2.6, 1.3, 0.96, 0.64, 0.13 and
0 mM). Half of the samples were exposed to light (LED 470 nm)
using the following illumination protocol: 10 minutes of light
followed by 10 minutes under dark conditions, repeated three
times (light power density 14mW cm−2). The samples were then
seeded on LB agar plates and kept in the dark at 37 °C over-
night. The number of colonies grown under the different
conditions was then counted and normalized to the control
sample (grown in the dark and not loaded with BV-1). All
conditions and controls were measured in triplicate.

Action curve

E. coli cultures in LB broth (OD600 = 0.005) were loaded with
0.64 mM BV-1. Half of the samples were exposed to light (LED at
405, 470, 530 or 660 nm) using the following illumination
protocol: 10 minutes of light followed by 10 minutes under dark
conditions, repeated three times. The samples were then seeded
on LB agar plates and kept in the dark at 37 °C overnight. The
number of colonies grown under the different conditions was
then counted. The action curve is obtained by computing the
ratio of the number of colonies grown in the dark to the number
of colonies grown under illumination. All conditions and
controls were measured in triplicate.
Chem. Sci., 2023, 14, 8196–8205 | 8203
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AlamarBlue viability assay on HEK-293T cells

HEK and C2C12 cells were cultured in T-25 asks containing
Dulbecco's modied Eagle's medium (DMEM) supplemented
with fetal bovine serum (10%), glutamine (2 mM), penicillin
(100 IU mL−1) and streptomycin (100 mg mL−1). Culture asks
were maintained in a humidied incubator at 37 °C with 5%
CO2 and, when at conuence, plated at a density of 3000 cells
per cm2. Aer being exposed to BV-1 for 5 minutes at concen-
trations of 0, 1, 5 and 10 mM, some samples were exposed to
light for 30 seconds (470 nm, 300 mW mm−2). Cell proliferation
was checked with a standard AlamarBlue assay performed 0, 48
and 96 hours aer exposure to BV-1. Briey, the AlamarBlue
reagent (Invitrogen) was diluted 11 : 1 with DMEM without
phenol red. 1 mL of the obtained solution was added to each
well. The solution was incubated for at least 3 h in the incu-
bator. Once removed from the well, the emission at 590 nm of
three aliquots per well was measured. The emission value was
acquired 3 times per aliquot to obtain a reliable measurement.
All conditions and controls were measured in triplicate.
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G. M. Paternò, Membrane targeted azobenzene drives
optical modulation of bacterial membrane potential, Adv.
Sci., 2023, 2205007, DOI: 10.1002/advs.202205007.

24 A. L. Santos, D. Liu, A. K. Reed, A. M. Wyderka, A. van
Venrooy, J. T. Li, V. D. Li, M. Misiura, O. Samoylova,
J. L. Beckham, C. Ayala-Orozco, A. B. Kolomeisky,
L. B. Alemany, A. Oliver, G. P. Tegos and J. M. Tour, Light-
activated molecular machines are fast-acting broad-
spectrum antibacterials that target the membrane, Sci.
Adv., 2022, 8(22), eabm2055, DOI: 10.1126/sciadv.abm2055.

25 P. Xiao, Z. Shen, D. Wang, Y. Pan, Y. Li, J. Gong, L. Wang,
D. Wang and B. Z. Tang, Precise molecular engineering of
type I photosensitizers with near-infrared aggregation-
induced emission for image-guided photodynamic killing
of multidrug-resistant bacteria, Adv. Sci., 2022, 9(5),
2104079, DOI: 10.1002/advs.202104079.
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