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Two styryl BODIPY derivatives, BOH and BOE, with different hydrophilic properties, were investigated for
their reaction mechanisms in lipid bilayers against aqueous ClO™, by both experimental and theoretical
methods. Density functional theory (DFT) calculations confirmed their identical conformations in
solution. Fluorescence spectra and high-resolution mass spectra corroborated the central vinyl group as
a common antioxidation moiety against ClO™ oxidation. In giant unilamellar vesicles (GUVs), distinct

reaction kinetics with ClO™ suggested that BOE provided superior protective effects compared to BOH

iig:gé% glglk?AAanguosféom on lipids. Molecular dynamics simulations indicated that the lipophilic octyloxy group in BOE led to its
deeper localization within the lipid phase, bringing it closer to the corresponding lipid target group. This

DOI: 10.1035/d4ra03433c study establishes the two styryl BODIPYs as promising fluorescent probes for detecting aqueous ClO™ in

Open Access Article. Published on 11 September 2024. Downloaded on 12/14/2025 5:34:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances lipid-water polyphasic systems.

1 Introduction

Hypochlorous acid (HOCI), recognized as a highly efficient and
universal disinfectant in clinical practice," also plays a vital role
in the immune systems of animals and humans.>* Endoge-
nously generated HOCI serves as a significant reactive oxygen
species (ROS), with concentrations in vivo ranging from 20 to
400 pM per hour,” which reacts with various biologically
important molecules™® and contributes to the pathogenesis of
numerous diseases.”” The development of rapid and effective
methods for detecting HOCI, particularly in situ in vivo, holds
significant implications for understanding its biological
functions.'™ Among the various approaches to detect HOCI,
fluorescence molecular probes stand out prominently.
Boradiazaindacene (BODIPY) derivatives, characterized by
their highly fluorescent quantum yield, robust photo-stability,
biocompatibility, and facile chemical modification, have
emerged as one of the most appealing structural platforms.
Specifically, styryl BODIPYs, featuring extended m-conjugation
systems and chemically sensitive groups, have garnered
considerable attention for their probing capabilities. For
instance, oxidation of the central vinyl group in styryl phenol
BODIPY derivatives enables their use as colorimetric and
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ratiometric fluorescent probes for selectively detecting Fe**1%1¢

and Au*"."” Another derivative serves as an ‘on-off’ fluorescent
probe for Hg®" by modulating the intramolecular charge
transfer process.” Thiolysis of protective groups activates fluo-
rescence emission, allowing styryl BODIPY derivatives to selec-
tively probe H,S™ and cysteine® in living cells and tissues.
Furthermore, reduction of nitro groups to amine groups under
hypoxic conditions triggers a ‘turn-on’ fluorescence response,
enabling imaging of hypoxic cells.** Other applications include
two-photon fluorescent probes for dynamic imaging of redox
balance® and near-infrared photoacoustic probes for reversible
imaging of the C1O /GSH redox cycle in vivo.*® Different strat-
egies were reported to develop fluorescent probes based on
BODIPY structures for selective detection of various ROS and
RNS (reactive nitrogen species), e.g. H,0,,>*** NO,***” HNO,**
hydroxyl radical,® and HOCL***” in vitro and in vivo. Among
them, a bi-styryl-BODIPY derivative was proved to be a fluores-
cent probe for HOCI imaging in living cells.**

Giant unilamellar vesicles (GUVs), ie. liposomes with
a diameter of 10-100 pm, can readily be viewed with conven-
tional optical microscopy in an iz situ and real-time manner.***
Therefore, they have been widely employed as the model to
study the physicochemical properties’™* and photooxida-
tion*>** of biomembranes.

In this study, two styryl BODIPYs with differing hydrophilic
substituents at the ortho-position of the C8-phenyl group,
denoted as BOH and BOE, respectively, were synthesized. In
comparison to in homogeneous ethanol-water solutions, the
mechanisms of these two molecules embedded in giant uni-
lamellar vesicles (GUVs) reacting with aqueous ClO~ were
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investigated using experimental and theoretical approaches.
The findings address key questions regarding the differential
behaviours of these two molecules embedded in lipid bilayers
when reacting with aqueous ClO™ and elucidate the underlying
mechanisms governing their performance differences. This
work provides valuable insights for designing related fluores-
cent probes.

2 Materials and methods

2.1 Materials and instruments

2,4-Dimethylpyrrole (97%), 4-n-octyloxybenzaldehyde, 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 98%), p-hydrox-
ybenzaldehyde (98%), n-octanol (99.5%), glacial acetic acid
(99.5%); and triethylamine (Et;N), boron trifluoride ether (BF;
OEt,), sodium hypochlorite solution, piperidine, trifluoroacetic
acid (TFA), and tetrahydrofuran (THF) all in analytical reagents
(99%) were purchased from Aladdin Industries (Shanghai,
China). t-alpha-phosphatidylcholine (PC, 14-29%, a mixture of
various phospholipids) was purchased from Sigma Aldrich (St.
Louis, Missouri, USA); Agarose with gelling range of 37 + 1.5 °C
was purchased from Baygene (Shanghai, China); Sucrose
(=99.5%) was purchased from Innochem (Beijing, China). All
other reagents and solvents were obtained from Beijing Tong-
guang Fine Chemicals Company (Beijing, China) and were
utilized without additional purification.

Synthesis of BOH and BOE, were briefly described as follows
(Scheme 1). 4-(Octyloxy) benzaldehyde (or 4-carbox-
ybenzaldehyde) and 2,4-dimethylpyrrole with the molar ratio of
1:2 were dissolved in dry tetrahydrofuran (or dichloromethane)
under nitrogen atmosphere. Catalytic amount of trifluoroacetic
acid (TFA) and 1 molar equivalent of 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) were added in the reaction solution.
After stirred for 3 hours, Et;N and BF; OEt, were successively
added into the reaction mixture, and then were treated by water,
brine, and anhydrous Na,SO, successively. The crude product
was purified by silica gel column chromatography to obtain
BOE' (or BOH'). BOE' (or BOH') and 3 molar equivalents of p-
hydroxybenzaldehyde were mixed with toluene, piperidine and
acetic acid, and the working solution were refluxed for 17 hours.
After cooling to room temperature, the reaction mixture was
treated, dried and concentrated. The crude compound was
purified by silica gel column chromatography to give BOE (or
BOH). More detailed information was shown in ESL¥
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Scheme 1 The synthetic routes of target compounds.
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The 'H NMR was recorded by Bruker AM-400 MHz NMR
spectrometer (Bruker, Karlsruhe, Germany) and *C NMR
spectra was recorded by Bruker AM-600 MHz NMR spectrometer
(Bruker, Karlsruhe, Germany). High Resolution Mass Spec-
trometry (HRMS) data were obtained by Thermo Fisher Q
Exactive (Waltham, MA, USA) using positive mode electron
spray ionization (ESI). The UV-vis spectra were measured using
a Cary 60 UV-vis spectrophotometer (Agilent, California, USA).
Fluorescence spectra were collected with a FS5 Spectrofluo-
rometer (Edinburgh Instruments, Edinburgh, UK). Bright field
microscopic images were recorded by TE-2000U inverted fluo-
rescence microscope (Nikon Corporation, Tokyo, Japan).

The confocal fluorescent images were recorded by the Leica
TCS SP8 confocal machine (Leica, Wetzlar, Germany). HPLC-MS
spectra were obtained using Acquity UPLC-Xevo G2 QTof
(Waters, Milford, MA). And the chromatography experiment was
conducted using a Waters UPLC HSS T3 column with dimensions
of 2.1 mm internal diameter and 100 mm length, and a particle
size of 1.8 pm. The mobile phases were composed of phase A
(acetonitrile : water = 6 : 4, containing 0.1% formic acid and 5 mM
ammonium formate) and phase B (isopropanol : acetonitrile =9:
1, also containing 0.1% formic acid and 5 mM ammonium
formate). The data analysis for this chromatography experiment
was performed using the Thermo Scientific Xcalibur software.

2.2 Experimental methods

2.2.1 Preparation of giant unilamellar vesicles (GUVs)
samples. GUVs were prepared using an electroformation
method with modifications.** The cell used for GUV preparation
consisted of two indium tin oxide (ITO) glass substrates sepa-
rated by a Teflon spacer with a thickness of ~3 mm. PC reagent
dissolved in chloroform at a concentration of 4 mg mL ™" con-
taining BOH (or BOE) (10> M) pre-dissolved in ethanol was
mixed at a 1:1 ratio by volume, and 100 uL of the mixed solu-
tion was dropped onto each ITO plate. After drying in vacuum
for 1.5 h to remove residual solvent, two such ITO plates were
glued to a polytetrafluoroethylene frame to form a closed cell.
Subsequently, 1.0 mL of sucrose solution (0.1 M) was injected
into the cell, which was sealed using silicone grease. Alternating
electrical fields from a Rigol DG1022U function generator (Rigol
Technologies, Beijing, China) were applied to the cell to
generate a turbid GUV suspension with a volume of approxi-
mately 1.0 mL. The experiments were conducted at ambient
temperature (25 %+ 2 °C).

2.2.2 Morphological characterization of GUVs. Real-time
morphological changes of GUVs were monitored by bright
field image mode using an inverted fluorescence microscope,
with images examined by a Cascade II 512 semiconductor-
cooled CCD (Photometrics Inc., Tucson, USA) with a resolu-
tion of 512 x 512 pixels. A 200 pL liposome suspension was
added to a Costar 24-well cell culture cluster (Corning Incor-
porated, Corning, USA) and placed on the microscope table.
After adding NaClO, morphological images of GUVs were
collected every 1 s over 30 min. GUVs without antioxidant were
used as blank samples, and those with BOH (or BOE) were used
as experimental groups, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2.3 Fluorescence imaging of GUVs samples. Confocal
microscopy was used to observe fluorescence changes of GUVs
containing BOH (or BOE) at different time points (1, 5, 10, 15, 25
minutes) after the addition of NaClIO (5 x 10> M), photographs
were taken every minute for a total of 30 times. Excitation light
sources were 488 nm and 552 nm, corresponding to detection
ranges of 500-550 nm and 570-600 nm, respectively. A 60x oil
immersion objective lens was used for observation. The
captured images were analyzed using Leica simulator SP8
software with a resolution of 1024 x 1024. GUVs were fixed
using agarose. All experiments were repeated for observation on
at least three GUVs by confocal imaging.

2.2.4 Fluorescence kinetics of BOH (or BOE) reacting with
NacClO by stop-flow method. Kinetic studies of the reactions of
BOH and BOE with NacClO, respectively, were carried out using
the RX2000 Rapid-Mixing Stop-Flow Unit (Applied Photophysics
Ltd, Surrey, UK) combined with an FS5 Spectrofluorometer. One
syringe contained NaClO aqueous solution with a final
concentration of 5 x 10> M, while the other syringe contained
BOH or BOE ethanol solution or GUVs solution with a final
concentration of 5 x 10~7 M. The peaks of raw materials and
products were detected respectively. In the ethanol-water (1:1)
homogeneous system, detection wavelengths for BOH were
592 nm and 520 nm, and those for BOE were 586 nm and
530 nm. In the GUVs heterogeneous system, detection wave-
lengths for BOH were 592 nm and 530 nm, and those for BOE
were 595 nm and 530 nm.

2.2.5 Theoretical studies. Conformations of fluorophores
in ethanol at the ground state were optimized via DFT calcula-
tions at the B3LYP/6-311G+(d, p) level of theory using the
Gaussian 16 computational package.”® The self-consistent
reaction field (SCRF) method combined with the integral
equation formalism (IEF) polarized continuum model (PCM)
solvation model was employed, with an ethanol solvent model.
These optimizations ensured the absence of imaginary
frequencies, confirming that the optimized structures repre-
sented energy minima. To analyze the behavior of BOH and
BOE in lipid membranes, classical molecular dynamics (MD)
simulations were performed. The structural libraries of lipid
molecules and bilayers used in Membrane Builder are available
at the CHARMM-GUI website. A single molecule of either BOH
or BOE was embedded in a 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) bilayer consisting of 128 lipid mole-
cules (64 in each leaflet) and 5960 water molecules (2980 for
each side). DOPC bilayers are commonly used as minimalistic
models of cell membranes. Simulated DOPC bilayers had
a membrane thickness of 37.0 + 0.2 A. The formal concentra-
tion of fluorophores in the membrane was thus <1 mol%.*
Several pulling trajectories with varying orientations of the
inserted molecules were performed, and stable insertion
geometries were considered for further production runs. While
the BOH molecule was not stably localized inside the bilayer
and desorbed to the lipid-water interface, the BOE molecule
was stably localized inside the bilayer. Each MD trajectory of
membranes with an embedded fluorophore was simulated for
100 ns. Stabilization of fluorophore localization depth and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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orientation in the bilayer were used as the main equilibration
criteria. Typical parameters for MD simulations of lipid bilayers
were employed, including periodic boundary conditions, semi-
isotropic Parrinello-Rahman barostat with 1 bar pressure, and
Nose-Hoover thermostat with a temperature of 303 K.*** All
classical MD simulations were performed using the GROMACS
(version 2020.6) software suite.

3 Results and discussions

Scheme 2 illustrates the molecular structures (a) and the opti-
mized conformations (b) of BOH and BOE. The dihedral angles
between the dipyrrole plane and styryl group are depicted in (a),
with the phenol styryl group highlighted in a dashed square.
The conformational optimization, based on DFT calculations,
reveals that both BOH and BOE in ethanol solution adopt
similar conformations characterized by the C8-phenyl group
being perpendicular to the styryldipyrrolic w-systems (Scheme
2b). This implies that the C8-substituent group primarily
contributes to the BODIPY 7t-systems through electronic effects
rather than conjugation effects.

3.1 Physicochemical properties and the reaction mechanism
of two styryl BODIPYs with ClIO™

Fig. 1 displays the absorption and fluorescence emission
spectra of BOH (red) and BOE (black) measured in ethanol
solution. These two molecules exhibit almost identical conju-
gation structures and conformations, resulting in similar
spectral patterns, as indicated in Scheme 2. Compared to their
synthetic precursors (BOE' and BOH'), they demonstrate
significantly red-shifted (~70 nm) absorption maxima due to
the introduction of conjugated styryl groups. Both molecules
emit orange fluorescence. The ortho-C substituents of the C8-
phenyl group, octyloxy for BOE and carboxyl for BOH, possess
different electron-donating capabilities, resulting in slight
shifts in spectral maxima (Ayax(abs) or Anax(em)) between the
two molecules (as observed in Fig. 1 and summarized in
Table 1). The fluorescence quantum yields of both styryl
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Scheme 2 The molecular structures (a) and the optimized confor-
mations (b) of BOH and BOE. The dihedral angles between dipyrrole
plane and styryl group were present in (a). The conformational opti-
mization was performed based on DFT calculations. The phenol styryl
group were shown in dashed square.
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Fig. 1 Normalized absorption (dashed lines) and fluorescence emis-
sion (solid lines) spectra of BOH (red) and BOE (black) measured in
ethanol solution. For fluorescence spectra measurement, all samples
were excited at 400 nm.

BODIPYs exceed 80%, indicating their potential as fluorescent
probes. Lipophilicity, evaluated by the oil-water distribution
coefficient (Log P) (see Table 1), reveals that BOE is more lipo-
philic than BOH due to the hydrophobic n-octyloxy group
introduced instead of the hydrophilic carboxyl group at the
ortho-position of the C8-phenyl.

Fig. 2 compares the fluorescence spectra of BOH (and BOE)
before (red) and after (black) reacting with ClIO™ in ethanol/PBS
buffer (1:1, v/v, pH = 7.2-7.4) mixing solution and in GUV
suspensions, respectively. The spectra of synthetic precursors
for the two fluorescent probes are also presented as references
(gray). The concentration of ClIO™ is 100 times that of the fluo-
rophores. In both reaction media, oxidation of the fluorescent
probes by ClO™ generates two spectral species. The longer-
wavelength emitting species corresponds to the unreacted
styryl BODIPY, while the shorter-wavelength emitting species
corresponds to the oxidized product. TLC analysis confirmed
this assignment. The oxidized products exhibit similar spectral
characteristics to their synthetic precursors, emitting green
fluorescence. These results suggest that these fluorophores may
be developed into fluorescent probes with color-change mech-
anisms upon reaction with ClO™ in either homogeneous solu-
tion or heterogeneous liposome suspensions. Additionally, in
ethanol solutions, the unreacted fluorophores exhibit slightly
blue-shifted spectra compared to those before the reaction,
attributed to the environmental change from pure ethanol
(before reaction) to the ethanol/PBS buffer mixture (after reac-
tion). In GUVs (pH = 7.0), the unreacted fluorophores show
slightly red-shifted spectra compared to those before the

Table 1 Physicochemical properties of BOE and BOH

Compound 2208 @/nm Armax/mm Long /%
BOE 569 586 2.25 81.85
BOH 574 594 1.00 87.73

“ The photophysical property data were actl]]uired in an ethanol solution,
and @ is the fluorescence quantum yield. ° The photophysical property
data were acquired in an octanol solution of the corresponding
compound. Log P is the oil/water distribution coefficient.
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Fig. 2 Normalized fluorescence emission spectra of BOH (a and ¢)
and BOE (b and d) reaction without and with CIO™/HCIO in ethanol
solution (a and b) and in GUVs (c and d), respectively. The concen-
tration of fluorophores was adjusted as 5 x 10~ M, and ClO~/HCIO
was 5 x 107> M prepared in PBS buffer (pH = 7.2—7.4). The spectra of
BOE’ and BOH’ (in gray), the synthetic precursors of BOE and BOH,
respectively, were present as reference. The excitation wavelength for
all the measurements were at 400 nm. All spectra were measured after
reaction for 1 min.

reaction, attributed to the polarity change of lipid bilayers upon
oxidation by CIO™ (the mechanism will be discussed later).

High-resolution mass spectrometry (HRMS) was employed to
explore the reaction mechanism of BOH and BOE oxidized by
ClO™ in ethanol solutions. The deduced intermediate structures
are listed and displayed in Scheme 3, indicating that the reac-
tion with ClO™ primarily occurs at the central vinyl group (on
the styryl group) to yield chlorohydrin (or epoxide) for BOH (or
BOE). Subsequent cleavage of the C-C bond produces the
dipyrrolic aldehyde and phenols. Similar mechanisms were
proposed for other styryl-BODIPY derivatives.*

3.2 Fluorescent kinetics of two styryl BODIPYs reaction with
Clo™

Fig. 3 illustrates the early-stage kinetics (within several tens of
seconds) of the oxidation reaction of two fluorophores by CIO™
in ethanol/buffer mixing solution and in GUVs, measured by
fluorescent spectra combined with stop-flow method. Repre-
sentative fluorescence wavelengths were selected to monitor the
evolution of unreacted fluorophores and the oxidized product.

c00

cHo

-HCl, H,0 I t+ ©
el L o B N5 N

NaCIO/HCIO R S0 OH

[M#Na]' = 4271012 [M+Na]* = 145.0259

10 ). v 0
NaCIO/HCIO =MgN om

[M+H)'= 573.3094

= [M+Na]'=489.2489  [M+Na]'= 145.0260
on

Scheme 3 Proposed reaction mechanisms of CIO™/HCLO with BOH
(a) and BOE (b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Reaction kinetics probing at representative emission wave-
lengths by fluorescence spectrophotometer combining stop-flow
technique. The working solution with NaClO (5 x 10~> M) and fluo-
rophores (5 x 1077 M) in ethanol solution (a and b) and in lipid bilayers
sucrose solutions (c and d), respectively. The probing wavelengths
were 592 and 520 nm (a), 586 and 520 nm (b), 592 and 530 nm (c), and
595 and 530 nm (d), respectively.

Overall, similar kinetic correlation patterns were observed
across all samples. The decrease in orange fluorescence species
was synchronous with the increase in green fluorescence
species, indicating kinetic correlation between the two fluo-
rescent species. Additionally, the kinetic curves for each sample
could be perfectly fit by the same mono- or bi-exponential
functions. The reaction rates (in s~ ') and their corresponding
amplitudes (in %) are listed in Table 2. For BOH, bi-exponential
kinetics were observed, with the major component (~89% in
amplitude) exhibiting a much larger reaction rate (eight times
that obtained in homogeneous solution) than the minor one
(~11% in amplitude, with a rate approximately two-thirds of
that measured in homogeneous solution). For BOE, mono-
exponential kinetics were observed, with the reaction rate
determined to be approximately one-sixth of that measured in
homogeneous solution. This difference will be further
explained and discussed in the next section, considering the
various locations of the two styryl BODIPYs in lipid bilayers.
It's worth noting that the fluorescence intensity of unreacted
fluorophores measured in GUVs only decayed to 40% (or 20%)
of their original levels within the measuring time range. Further

Table 2 Fluorescent kinetics fitting results of BOH (BOE) (5 x 10~ M)
reacting with CLO~/HCILO (5 x 10> M) measured in ethanol solution or
in GUVs suspension, respectively

Sample Rate (s~ ') (amplitude, %)
BOH in ethanol 0.24 (100)
BOE in ethanol 0.26 (100)
BOH in GUVs 2.00 (88.7)
0.16 (11.3)
BOE in GUVs 0.042 (100)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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kinetic evolution of the fluorophores will be studied using
different methods and discussed over longer time frames.

To investigate the probing effect of the two styryl BODIPY
derivatives in GUVs on aqueous ClO™, real-time fluorescence
microscopic images were captured using a fluorescence
confocal microscope, as shown in Fig. 4a and b. The same
concentrations of fluorophores and CIO™~ were used as in the
stop-flow measurement. The fluorescence kinetics over a much
longer time range (30 minutes) were recorded based on the
fluorescence intensity. Images captured at the red and green
channels corresponded to unreacted fluorophores and the
oxidative product, respectively.

For BOH (Fig. 4c), the fluorescence intensity measured in the
red channel gradually decreased to zero over 30 minutes. The
fluorescence intensity measured in the green channel exhibited
a two-phase kinetics pattern. Initially, for the first 17 minutes,
the oxidative product increased accompanied by the decay of raw
materials (red channel species). Subsequently, in the remaining
time, the green channel species also decayed, implying that the
oxidized product of BOH was further oxidized to non-fluorescent
species due to the excess amount of CIO™ added.

For BOE (Fig. 4d), the fluorescence intensity measured in the
red channel linearly decayed by approximately 70% over 30
minutes. Concurrently, a linear and slower decay of the green
channel species occurred, attributed to the combined kinetics
of the green channel species, including both the generation and
reoxidation of the oxidized product. Since fluorescent confocal
imaging measurements required at least two minutes for
preparation and focusing, the very early-stage kinetics couldn't
be accurately observed.

In summary, for both BOH and BOE in GUVs, the fluores-
cence change of the raw material was more sensitive than that
of the oxidized product in reflecting reactions with aqueous
ClO™. BOE appears to be more stable than BOH in GUVs against
oxidation by aqueous CIO™.

3.3 Protective effect of two styryl BODIPYs on lipid bilayers
against oxidation by ClO™

To monitor the protective effect of these two fluorophores on
liposomes, the morphological changes of GUVs over time upon
oxidation by ClO™, with and without the presence of BOH or
BOE, were measured using bright-field mode on an inverted
fluorescence microscope. The concentration of NaClO was
increased by 20 times compared to previous measurements to
induce obvious morphological changes in liposomes within 30
minutes. Oxidation by ClO™ caused the collapse of GUV struc-
ture in less than 4 minutes, as observed in Fig. 5b. In compar-
ison, the presence of embedded BOH or BOE significantly
delayed the onset of observable morphological changes in
GUVs. With 5 x 10”7 M BOH, the same concentration of CIO™ (1
x 10~* M) started to induce surface roughening and budding of
GUVs after more than 10 minutes (Fig. 5¢). In contrast, with the
same amount of embedded BOE, the GUV remained intact until
30 minutes later (Fig. 5d). These results demonstrate that BOE
exhibits a more excellent protective effect than BOH on GUVs
against oxidation by ClO™.
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Fig. 5 Bight field microscopic images of GUV morphological change
induced by CIO™/HCILO oxidation over time. (a) Blank GUV (control); (b)
blank GUV oxidized by NaClO (1 x 10~* M); (c) GUV containing BOH
(5 x 1077 M) oxidized by NaClO (1 x 1073 M); (d) GUV containing BOE
(5 x 1077 M) and NaClO (1 x 10~* M). Scale bar = 10 pm.

3.4 Protective mechanisms of two styryl BODIPYs on lipid
bilayers against oxidation by ClO™

To further understand why BOE exhibits a much better
protective effect than BOH, investigations into the oxidation
mechanism of lipids by CIO™ were conducted using the HPLC-
MS method. The results, depicted in Fig. S8 in the ESI,} led to
the proposed mechanism outlined in Scheme 4. The lipids used
in this study contain 14-29% r-a-phosphatidylcholine, with

28962 | RSC Adv, 2024, 14, 28957-28964

HOC1 / ClO-
v

PLPC

)

)

)
N
%)

{

N
!

Scheme 4 Proposed reaction mechanisms of ClIO™/HCIO with two
main phosphatidylcholines species in GUV, ie. DOPC and PLPC,
respectively, based on the HPLC-MS results shown as Fig. S8 in ESI.{

PLPC (with linoleic acid, 60%) and DOPC (with oleic acid, 10%)
being the main components. Based on the HR-MS results of the
main products observed in the HPLC profile, the oxidation
mechanism was proposed. Clearly, the oxidation of DOPC and
PLPC by ClO~ predominantly occurred at the vinyl groups
located at the center of hydrophobic fatty acid tails, resulting in
mono-and bi-adducts of chlorohydrins, epoxides, and aldehyde
derivatives (chain broken products). The generation of much
polar oxidative products causes a turnover of hydrophobic fatty
acid tails, leading to GUV roughening, budding, and eventual
collapse. Similar mechanisms have been reported for GUVs
oxidized by other ROS.>**!
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Further quantitative analysis of the oxidative products of
lipids under the protection of BOH (or BOE), shown in Fig. S9 in
the ESLT indicated that with embedded BOH (or BOE), the
amount of lipid oxidized product decreased significantly.
Specifically, for BOH, the reductions were 60% (DOPC-CIOH),
61% (DOPC-Cl,(OH),), and 51% (PLPC-Cl,(OH),), whereas for
BOE, they were 72% (DOPC-CIOH), 84% (DOPC-Cl,(OH),), and
80% (PLPC-Cl,(OH),), respectively. Clearly, the protective effect
of BOE is superior to that of BOH.

Based on all the aforementioned results, we endeavoured to
discuss why BOE has a better protective effect than BOH on
GUVs against oxidation by ClO™. To address this question,
molecular dynamics simulations were performed, and the
results are shown in Fig. 6. A 100 ns dynamics simulation of
one fluorophore embedded in a lipid-bilayer model was con-
ducted. After equilibration, the results indicated that: (1) BOH
(in BO™ form) stays at the interface of lipid-water phases, with
the vinyl group, the most reactive group of styryl BODIPYs as
determined above, approximately 5.8 + 0.3 A below the polar
surface of phosphatidylcholine (PC). (2) BOE, due to its more
hydrophobic property, resides deeper in the lipid phase than
BOH. The vinyl group is approximately 12.3 + 0.2 A below the
polar surface of PC, which is comparable to the unsaturated
vinyl groups of fatty acids on lipids. Since the unsaturated
double bonds on fatty acids were their main oxidative targets
of CIO™ as proved above, BOE would provide more protective
effect on GUVs than BOH, as evidenced by the morphological
imaging results of GUVs.

4 Conclusions

In this research, two styryl BODIPY derivatives with different
hydrophilicity were synthesized and studied for their reaction
mechanisms with CIO™ in homogeneous ethanol solutions and
in heterogeneous GUVs, respectively, using experimental and
theoretical methods. DFT calculations confirmed that the
optimized conformations of these two derivatives were the

© 2024 The Author(s). Published by the Royal Society of Chemistry

same. Fluorescence spectra and high-resolution mass spectra
revealed that the central vinyl group was the common anti-
oxidation group for them against oxidation by ClIO™. In homo-
geneous ethanol/water mixing solutions, the two derivatives
exhibited similar mechanisms and kinetics of reaction with
ClO™. Conversely, in GUVs, these two styryl BODIPYs demon-
strated different kinetics. BOE was found to provide more effi-
cient protection than BOH to GUVs. Assisted by molecular
dynamics simulation, the underlying mechanism was
proposed. Due to the introduction of the more lipophilic octy-
loxy group, BOE remains deeper in the lipid phase than BOH,
where its vinyl group is located more proximately to the corre-
sponding target group of lipids, i.e., the unsaturated double
bond on fatty acids, thus providing better protection. This work
not only establishes the two styryl BODIPYs as promising
candidates for fluorescent probes for the detection of CIO™ in
various environments but also offers guidance for molecular
design in this field.
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