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A de novo zwitterionic strategy of ultra-stable
chemiluminescent probes: highly selective sensing
of singlet oxygen in FDA-approved phototherapy

i ") Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 12431

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

of Chemistry Yao Lu,? Yutao Zhang,? Xia Wu,? Ruihua Pu, © ¢ Chenxu Yan, @2 Weimin Liu, © ¢

Xiaogang Liu, ©° Zhigian Guo ® *® and Wei-Hong zZhu ®?

Singlet oxygen (*O,), as a fundamental hallmark in photodynamic therapy (PDT), enables ground-breaking
clinical treatment in ablating tumors and killing germs. However, accurate in vivo monitoring of 1O, remains
a significant challenge in probe design, with primary difficulties arising from inherent photo-induced side
reactions with poor selectivity. Herein, we report a generalizable zwitterionic strategy for ultra-stable
near-infrared (NIR) chemiluminescent probes that ensure a highly specific [2 + 2] cycloaddition between
fragile electron-rich enolether units and 1O, in both cellular and dynamic in vivo domains. Innovatively,
zwitterionic chemiluminescence (CL) probes undergo a conversion into an inert ketone excited state
with an extremely short lifetime through conical intersection (Cl), thereby affording sufficient
photostability and suppressing undesired photoreactions. Remarkably, compared with the well-known
commercial 'O, probe SOSG, the zwitterionic probe QMI exhibited an ultra-high signal-to-noise ratio
(SNR, over 40-fold). Of particular significance is that the zwitterionic CL probes demonstrate excellent
selectivity, high sensitivity, and outstanding photostability, thereby making a breakthrough in real-time
tracking of the FDA-approved 5-ALA-mediated in vivo PDT process in living mice. This innovative
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Introduction

Singlet oxygen ('0,), a highly reactive oxygen species (ROS), has
the remarkable capacity to induce oxidative stress in cells.*
This striking property of 'O, has enabled ground-breaking
clinical treatments for ablating tumors and killing germs.**°
The quantification of 'O, in photodynamic therapy (PDT) is the
dominant feature as a dependable gauge of therapeutic effect,
which not only bestows immediate feedback on treatment but
also confers optimal therapy protocols.'*> However, the prog-
ress in monitoring cellular 'O, has been seriously impeded by
the inability to extrapolate an effective solution for the probe.
The exceedingly short lifetime of 'O, (<1 ps),** coupled with
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high-fidelity feedback on 'O, for future biological and medical applications.

interference from other ROS in tumor tissues,’ makes
it extremely difficult to precise 'O, detection across both
cellular and dynamic in vivo domains. To date, the gold
standard for 'O, determination relies upon the rigorous
instrument for feeble phosphorescence signals at 1270 nm and
thereby is merely utilized for in vitro application.’® Hence, there
is an urgent demand to develop a design strategy for highly
sensitive and selective probes for the in vivo detection of singlet
oxygen.

The features of optical probes hold great potential for revo-
lutionizing the accurate in vivo detection of singlet oxygen.'*>*
In general, current 'O, probes predominantly rely on strong
oxidative reactions, thereby inability to discriminate 'O, from
stronger oxidative ROS species, such as commercial 9,10-
anthracenediyl-bis(methylene)-dimalonic acid (ABDA).>> Most
importantly, the contradiction between an undesirable photo-
induced reaction and imperative light irradiation makes it
seriously difficult to search for an effective solution for the in
vivo 'O, probe (Fig. 1A). For instance, the well-known Singlet
Oxygen Sensor Green (SOSG, a commercial probe) suffers from
its self-sensitization, leading to inevitable overestimations of
'0,.2% Indeed, the [2 + 2] cycloaddition reactions between the
enolether and 'O, in chemiluminescence (CL) provide an
effective solution to discriminate 'O, from other ROS,22° but
the highly electron-rich enolether moiety is generally fragile
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Fig. 1 Zwitterionic chemiluminescence (CL) strategy enables accurate sensing of *O,. (A) Previous optical probes for sensing *0, with low
selectivity and photo-induced side reactions inevitably produce misleading responses. (B) In our strategy, zwitterionic ultra-stable CL probes for
accurately sensing 1O, are specifically triggered by the [2 + 2] cycloaddition reaction between the enolether moiety and 1O,; the generation of
inert and short-lived ketone excited states of zwitterionic probes enables the effective suppression of photo-induced side reactions.

under light irradiation,**** thereby inevitably leading to unde-
sirable photo-induced side reactions.**** Furthermore, near-
infrared chemiluminescent emission is essential to improving
tissue in vivo penetration.**® Thus, the elaborate strategy of
converting photo-active electron-rich enolether into a photo-
inert state would make a breakthrough in 'O, probe solution
for ultra-stable NIR chemiluminescent probes.

Herein, we present an innovative zwitterionic strategy to
construct ultra-stable NIR chemiluminescent probes, which
covalently bridge cationic chromophores with a phenolic diox-
etane precursor via a short methine chain (Fig. 1B). The unique
zwitterionic configuration endows the probes with the following
key features: Firstly, the “merocyanine configuration” extends
the luminescence of these probes into the NIR region. Secondly,
the highly specific [2 + 2] cycloaddition reaction of the enolether

12432 | Chem. Sci, 2024, 15, 12431-12441

moiety in the probe with 'O, endows excellent selectivity. The
subsequent cycloadducts producing bright chemiluminescence
ensure the ultra-high sensitivity of the probes towards 'O,.
Thirdly, most importantly, the photo-inert ketone excited state
of the zwitterionic probe, coupled with its extremely short
excited-state lifetime, could effectively mitigate undesired
photo-induced side reactions. Compared to the reported CL
probes and commercial SOSG, these zwitterionic probes exhibit
remarkable photostability and superior sensitivity towards 'O,.
Notably, for the first time, utilizing the ultra-stable zwitterionic
CL probes allows us to accurately in vivo monitor 'O, from the
FDA-approved 5-aminolevulinic acid (5-ALA)-mediated PDT
process in living mice. This zwitterionic ultra-stable CL strategy
opens avenues for a new type of in vivo 'O, probe.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussions
Exploring the zwitterionic design strategy for CL probes

As mentioned, insufficient selectivity, low sensitivity, and
inherent photo-induced side reactions become the bottlenecks
for 'O, optical probes. In addressing these challenges, the
enolether unit, a recognized chemiluminescent building block
that imparts chemical energy by the specific [2 + 2] cycloaddi-
tion reaction with "0,,**** was employed as a specific recogni-
tion unit for 'O,. However, constrained by the electron-rich
nature of the enolether unit, these chemiluminophores are
prone to photo-oxidation reactions under light irradiation,
leading to undesirable photodegradation and photo-induced
CL signals.

To address this dilemma between structural requirements
and photostability, we turn our attention to merocyanine with
zwitterionic and quinoid forms, which possess the distinctive
feature of conical intersection (CI) between the ground and
excited-state potential energy surfaces.*” The presence of CI
could greatly shorten the excited-state lifetime of merocyanine,
thereby effectively suppressing self-oxidation reactions. Conse-
quently, we engineered three zwitterionic CL probes (PyCL,
QMI, and InCL) featuring “merocyanine configuration” by
bridging three cationic chromophores (N-ethylpyridine, N-eth-
ylquinoline, and N-ethylindole) with the phenolic luminophore
containing enolether at the para position, respectively (Fig. 2A
and Scheme S17). We anticipated that the zwitterionic probes
would exhibit significant photostability under light irradiation,
thus maintaining a photo-inert response in the chemilumi-
nescent channel.

As shown in Fig. 2B, the CL signals of DCMCL and QMCL
were observed with 181-fold and 46-fold enhancement under
light irradiation, respectively. It was suggested that this
enhancement should be ascribed to the photooxidation reac-
tion. Furthermore, after light irradiation for 21 min, high-
performance liquid chromatography (HPLC) experiments
revealed that QMCL underwent rapid photodegradation, with
up to a 99.4% degradation rate. It is noteworthy that the
retention time of the decomposition product was merely
2.27 min, presumably due to the removal of the adamantane
substituent (Fig. 2C and F). Similar fast decomposition was also
found in the probe DCMCL (Fig. 2F and S17).

Revealing ultra-stable and highly selective characteristics of
zwitterionic CL probes towards singlet oxygen

For three zwitterionic probes (PyCL, QMI, and InCL), there were
only neglectable CL signal changes under light irradiation
(Fig. 2D), indicating the zwitterionic strategy is beneficial for the
improvement of ultra-stability. Specifically, QMI displayed
excellent photostability under the same light irradiation as
QMCL (Fig. 2E and F). Moreover, high-resolution mass spec-
trometry (HRMS) further confirmed the decomposition process,
which was produced in the chemiluminescent process under
light irradiation (Fig. S1-S3f). In addition, the compared
experiments of QMCL and zwitterionic CL probes in a mixture
of PBS/DMSO with different PBS fractions (f,,) verified that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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zwitterionic CL probes have sufficient stability under light
irradiation (Fig. S4 and S5t). Clearly, these zwitterionic CL
probes ensure a significantly stable electron-rich enolether
moiety, resulting in minimized photo-induced side effects with
outstanding photostability.

Next, we investigated the photophysical properties of the
designed zwitterionic CL probes. Obviously, compared with
PyCL and InCL, the probe QMI has a longer emission, thereby
making it better suitable for in vivo applications (Fig. S6 and
S71). Therefore, we chose QMI as a model for the accurate
detection of 0, in vivo. In fact, the pK, value (pK, = 6.8) implied
that QMI was susceptible to deprotonation at the physiological
pH condition (Fig. S81). Similar to negative-solvatochromic
dyes,” QMI tends to perform an amphoteric configuration in
a large polar solvent such as water (Fig. S9t). Then, the CL
spectrum of QMI was observed extending into the NIR region
(emission peak at 680 nm), which is suitable for in vivo appli-
cations (Fig. 2G).*

The selectivity of QMI toward reactive oxygen species (ROS)
was carried out. As expected, only QMI towards 10, emits
a remarkably enhanced CL signal, while other ROS or only light
irradiation produce negligible responses (Fig. 2H). It means
that the CL signal from QMI could only be specifically activated
in the presence of '0,. Collectively, our simple and generaliz-
able zwitterionic design strategy endows CL probes with ultra-
stability and excellent selectivity for 'O, over other potential
ROS.

Discovering the conical intersection mechanism of
zwitterionic CL probes

Very recently, we demonstrated that the CL probes bring about
reactive radical species under photoexcitation and then react
with oxygen to generate 1,2-dioxetane, thereby initiating light-
induced CL signals.** Thus, we reasonably believed that the
zwitterionic probes should manifest distinct photoexcited
states to intercept reactions in the presence of oxygen (Fig. 3A).
The remarkable photostability of zwitterionic probes motivates
us to gain further insight into their intrinsic mechanism by
utilizing time-dependent density functional theory (TD-DFT)
calculations and femtosecond transient absorption spectros-
copy (fs-TAS).

TD-DFT calculation results indicated that QMCL (photo-
activatable CL probe) has a small energy barrier (0.02 eV) and
possesses a considerable driven force (0.79 eV), thereby entering
the twisted intramolecular charge transfer (TICT) states upon
photoexcitation (Fig. 3B). Simultaneously, the corresponding
oscillator strength (f) decreased to zero, and a total charge
separation was observed between the donor and acceptor frag-
ments in the TICT state (Fig. S10t). Notably, the large optical
gap (between the S; and S, states, 0.39 eV) of QMCL makes its
TICT state have a long lifetime (the energy gap law). Conse-
quently, the complete charge separation in the TICT state led to
the formation of radical compounds. Thus, the highly reactive
and long-lived TICT state ensured that QMCL reacted with
oxygen to form 1,2-dioxetane, triggering subsequent chem-
iluminescence (Fig. 3A).

Chem. Sci., 2024, 15, 12431-12441 | 12433
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Fig. 2 Construction of ultra-stable and highly selective chemiluminescent probes for singlet oxygen based on a zwitterionic strategy. (A)
Chemical structures of previous and zwitterionic CL probes. (B) The light-induced interference of previous CL probes with potential photo-

oxidation reaction upon white light (120 mW cm™2) irradiation for 1 min
light, 1.6 W cm™2; bubbling oxygen into the solution). (D) Anti-light inte

. (C) Time-resolved HPLC profiles of QMCL under light irradiation (white
rference of zwitterionic CL probes with outstanding photostability upon

white light (120 mW cm™2) irradiation for 1 min. (E) Time-resolved HPLC profiles of QMI under the same test conditions as (C). (F) Quantification
of DCMCL, QMCL, and QMI with light irradiation in HPLC. (G) Chemiluminescence spectrum of QMI. (H) CL signal intensity of QMI (50 uM)
towards 'O, (produced by 10 uM methylene blue), light irradiation (2 min), and other ROS (50 equiv.) in PBS buffer solution. Data with error bars

are expressed as mean + s.d., n = 3.

In contrast, TD-DFT calculation results for QMI revealed the
occurrence of a conical intersection (CI) between the S; and S,
states, so that the photochemical reaction between QMI and
oxygen was efficiently inhibited. Specifically, as # rotates from 0°
to 90° to enter the TICT state of QMI (Fig. S1071), the optical gap
(between the S; and S, states) quickly approaches zero, thereby
resulting in a conical intersection (CI) between the S; and S,
states (Fig. 3C). It should be noted that CI serves as a rapid non-
radiative decay channel and leads to an extremely short-lived
excited state.”>*® Furthermore, the smaller dipole moment (u
= 23.574 D) and the shorter C-O bond length (1.252 A) of QMI
(Fig. S11 and Table S17) verified that the electron transfer from
the phenoxy anion to the positively charged nitrogen atom
brings QMI into the inert ketone form. Similar calculation
results were also observed in the zwitterionic PyCL and InCL
(Fig. S12 and S13%). Clearly, due to the formation of inert and
short-lived excited species, these zwitterionic probes do not
generate chemiluminescence upon light irradiation, thereby
showing the ultra-stable characteristic.

12434 | Chem. Sci,, 2024, 15, 12431-12441

Then, the fs-TAS was employed to validate the excited-state
dynamics of QMIL.**® Transient absorption spectra showed
that QMI had a significantly shorter excited-state lifetime than
that of QMCL and DCMCL (Fig. 3D, E and S14%). The stimulated
emission at 720 nm was selected as a representative band to
evaluate the excited-state lifetimes of the three compounds. As
shown in Fig. 3F, the stimulated emission signal of QMI at
720 nm decayed rapidly, with a lifetime of 14 ps. In contrast, the
stimulated emission decay of QMCL and DCMCL at 720 nm
became significantly slower, with lifetimes of 62 ps and 80 ps,
respectively. Moreover, in water solution, the stimulated emis-
sion lifetime of QMI was even shortened to 7 ps (Fig. S15%).
Furthermore, the transient absorption spectra of QMI in
acetonitrile solution provide solid evidence for the CI mecha-
nism proposed in the TD-DFT calculations, which is consistent
with the results for merocyanine in previous studies
(Fig. S167).*° All of these calculation results and experimental
data agree with our design principle for ultra-stable and high-
selective zwitterionic CL probes, that is, the generation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Insight into the conical intersection mechanism of zwitterionic probes to suppress photo-induced side reactions. (A) Previous CL probes
become reactive and long-lived radical species upon photoexcitation, and then react with oxygen to form 1,2-dioxetane; zwitterionic CL probes
turn into inert and short-lived ketone excited states upon photoexcitation and then rapidly return to ground states, thus suppressing photo-
reaction with oxygen. (B) Schematic illustration of previous CL probes. S; (pink) and Sq (dark blue) potential energy surfaces of QMCL as a function
of rotating angle (6). Note: the dihedral angle (6) is highlighted in orange in Fig. 3A. (C) Schematic illustration of ultra-stable zwitterionic CL probes.
S; (pink) and Sq (dark blue) potential energy surfaces of QMI as a function of rotating angle (6). Transient absorption spectra of (D) QMCL (100 uM,
Aex = 450 nm) and (E) QMI (100 puM, Ao, = 560 nm) were obtained in a mixture of PBS/DMSO (v/v = 1/1). Note: in Fig. 3D, lines indicate transient
absorption spectraat 500 fs,and 1, 2.5, 5, 10, 50, 100, 200, and 300 ps. In Fig. 3E, lines indicate transient absorption spectra at 500 fs,and 1, 2, 3, 5,
7.5, 10, 20, 30, and 50 ps. (F) Kinetic traces of QMI, QMCL, and DCMCL at 720 nm. The solid lines are the fitting curves with a multiexponential
decay function.

short-lived and inert ketone excited species impedes the
potential undesirable photoreaction, thereby effectively elimi-
nating the interference from photo-induced side reactions.

Verifying high-performance zwitterionic CL probes toward
singlet oxygen over commercial probe SOSG

It still remains critical and challenging to track transient 'O,
with sufficient sensitivity in living organisms.*>** We investi-
gated whether the zwitterionic CL probe QMI could meet the
demand for 'O, for efficient signal transduction. As shown in
Fig. 4A, through the [2 + 2] cycloaddition reaction, the electron-
rich enolether specifically traps 'O, to generate an unstable
high-energy 1,2-dioxetane structure, and subsequent decom-
position of the 1,2-dioxetane leads to NIR emission. This
mechanism was confirmed by HPLC-MS analysis (Fig. S17 and

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

S18%). It is worth noting that there was no significant change in
the fluorescence emission spectra of QMI before and after the
reaction with 'O, (Fig. $191), making it difficult to trace 'O, by
fluorescence. Based on this activated process, we evaluated the
capability of QMI for sensing 'O, produced by methylene blue
(MB), a widely utilized photosensitizer (PS) for PDT of solid
tumors. As expected, QMI exhibited a remarkable CL signal in
response to 'O, from MB under light irradiation, achieving an
ultra-high S/N ratio (approximately 488-fold) (Fig. S2071) with
a typical glow-type CL kinetic profile. In contrast, no CL signal
was observed from QMI without light irradiation. The fact that
the CL intensity increased linearly with the light irradiation
time provided ultra-sensitive feedback on 0, generation by the
photosensitizer MB. In addition, for other commercial photo-
sensitizers such as rose bengal (RB) and porphyrins (chlorin e6,

Chem. Sci., 2024, 15, 12431-12441 | 12435
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Fig. 4 Zwitterionic CL probes enable ultra-sensitive detection of singlet oxygen. (A) Sensing mechanism of QMI as the O, probe. Linear
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different concentrations of MB (C) or ICG (F). CL signal intensities of QMI + MB (D) and QMI + ICG (G) with NaN3 (*O, scavenger, 1 mM). MB
experiment: the mixed solution was exposed to a 690 nm laser (200 mW cm~2) for 1 min. ICG experiment: the mixed solution was exposed to an
808 nm laser (200 mW cm™2) for 3 min. Data with error bars are expressed as mean + s.d., n = 3.

Ce6; hematoporphyrin monomethyl ether, HMME; protopor-
phyrin IX, PpIX), we also observed similar properties. Impor-
tantly, the CL signal intensity of QMI displayed an excellent
linear relationship with the concentration of these photosen-
sitizers (Fig. S217). This observation underscored its capacity for
accurately detecting the level of '0, produced by the
photosensitizers.

To demonstrate the ultra-sensitivity of QMI towards "O,, two
well-known commercial 'O, probes, ABDA and SOSG, were
selected as references. Herein, for the contrast experiments,
photosensitizer MB was chosen as a typically efficient 'O,
generator. As shown in Fig. 4B, there was a good linear corre-
lation (R*> = 0.996) between the CL intensity of QMI and the
concentration of MB, indicating that the 'O, generated by MB
can be intuitively detected and quantified by CL signal changes.
Similarly, commercial probe SOSG based on fluorescent
changes was observed for the detection of 'O, generated from
MB. It was noteworthy that QMI had a significantly lower limit
of detection (LOD) for 'O, in comparison to SOSG (LODqy; =
4.3 nM, LODggpsg = 42.4 nM). Especially, the S/N ratio (SNR) of
QMI towards 'O, was much higher than that of SOSG at the
various concentrations of MB (Fig. 4C). Additionally, SOSG has

12436 | Chem. Sci, 2024, 15, 12431-12441

the propensity to self-sensitize, thus producing unexpected
additional 'O, under light irradiation. This inherent charac-
teristic of SOSG inevitably gives rise to false positive signals,
thereby providing misleading information (Fig. S221). Another
commercial probe, ABDA, based on absorbance intensity
changes, displayed the lowest SNR under the same condition
(Fig. $231). Furthermore, the introduction of NaNj; (*O,-specific
scavenger) led to a substantial 74% decrease in the CL intensity
of QMI (Fig. 4D), serving as robust evidence that the specific [2 +
2] cycloaddition reaction between QMI and 'O, initiated the CL
signal change.

To further assess the sensitivity of zwitterionic probes for
'0,, we evaluated the capability of QMI to detect and trace the
low-efficiency photosensitizers during PDT. Indocyanine green
(ICG), an FDA-approved clinical reagent, was selected as
a representative of low-efficiency photosensitizers, and was
documented for PDT as early as 20 years ago.**> The photo-
sensitive efficiency of ICG is ca. 7.7%, and it is difficult to be
recognized by traditional probes due to its self-consumption of
0,.%3-%% Excitingly, QMI demonstrated a quantitative response
to even subtle 'O, produced by ICG (1 uM), achieving an
impressive 35-fold SNR with a LOD as low as 30.9 nM (Fig. 4E

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01915f

Open Access Article. Published on 24 junio 2024. Downloaded on 1/11/2025 5:02:14 am..

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

(cc)

View Article Online

Edge Article Chemical Science
(A) . A
pre-incubation
|
I 1
-24h -1h Oh Wash Irradiation CL detection
ik . r Y & S Y
= @ A4 \ 4 7 rd
4 L 4 CL

intracellular
metabolism

® 5-ALA

QM

5-ALA

_ e ° "a , 5-ALA

5. o,
W

. h

///

¢ PpIX 4+ ami
(D)
3x108
=) [ Dark
z [ Light
= 2x10°
2z
‘®
3
£ 1x10°%
-
O
0 F r
Qmi 5-ALA  QMI+5-ALA

Fig. 5 Lighting up endogenous 10, from FDA-approved 5-ALA phototherapy in living cells. (A) Schematic illustration of cell treatment and
imaging procedure. (B) Confocal fluorescent images of Hela cells incubated with QMI (10 uM) for 1 h and 5-ALA (1 mM, PplX precursor) for 24 h,
respectively. QMI group excitation at 520 nm and collection at 600-700 nm; 5-ALA group excitation at 410 nm and collection at 620-710 nm.
Scale bar = 50 um. (C) Hela cells were incubated with QMI (20 uM), 5-ALA (1 mM) alone, or 5-ALA followed by QMI, and then the CL images were
obtained with or without 635 nm laser (200 mW cm™2) irradiation for 3 min. (D) Quantification of CL intensity emitted from the Hela cells. Data

with error bars are expressed as mean + s.d., n = 3.

and F). In contrast, under the same condition, there was
negligible signal change for SOSG and ABDA, respectively
(Fig. 4E and S23t). Following the addition of NaNj, the CL
signal intensity of QMI decreased to 27% of the initial CL
intensity, confirming that ICG sensitizes oxygen to produce
certain 'O, under light irradiation (Fig. 4G). In addition, the CL
signal of QMI increased continuously with the extension of
irradiation time at a given ICG concentration (Fig. S247).
Importantly, similar results for sensing 'O, were also observed
in the pentamethine cyanine dyes (Cy5) (Fig. S251). Taken
together, these results highlighted the remarkable advantages
of QMI in terms of detection sensitivity and contrast ratio over
commercial probes.

Lighting up endogenous singlet oxygen in living cells

The ultra-high sensitivity, excellent selectivity, and outstanding
photostability of this zwitterionic CL probe QMI encouraged us
to further evaluate its capability for intracellular 'O,. The cyto-
toxicity of QMI toward the HeLa cells was investigated by the
methyl thiazolyl tetrazolium (MTT) assay. In the presence of
various concentrations of QMI, the cell survival rate was esti-
mated to be over 95% after incubation for 24 h, indicating its
favorable biocompatibility (Fig. S267). Then, the internalization

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

of HMME (hematoporphyrin monomethyl ether, an exogenous
porphyrin photosensitizer) was assessed by fluorescence
confocal microscopy (Fig. S277). After the incubation of cells
with HMME, a distinct fluorescence characteristic was clearly
observed within the cells, indicating its effective penetration of
the cell membrane.

Subsequently, we validated the ability of QMI to visualize
intracellular 'O, generated by internalized HMME in living
cells. Specifically, cells were incubated with QMI and HMME
individually or in combination in 96-well plates. Due to the
absence of 'O, generation, no signals were detected in the dark
groups. Similarly, groups incubated with only QMI or HMME
did not emit CL signals even under light irradiation. In contrast,
after being co-incubated with QMI and HMME together, an
unambiguous CL signal was observed following light irradia-
tion, suggesting that the zwitterionic probe QMI enables the
sensing of intracellular 'O, in living cells (Fig. S277).

Furthermore, we utilized the zwitterionic probe QMI to track
endogenous "0, produced during the cellular photosensitizing
process. 5-Aminolevulinic acid (5-ALA), a naturally occurring
amino acid, is approved by the U.S. Food and Drug Adminis-
tration (FDA) for cancer diagnosis and treatment as photody-
namic therapy.®*” It can be metabolized to the bioactive

Chem. Sci., 2024, 15, 12431-12441 | 12437
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photosensitizer protoporphyrin IX (PpIX) through the heme
biosynthesis pathway (Scheme S27).® As shown in Fig. 54, 5-
ALA was initially added to HeLa cells for 24 hours to establish
an endogenous PpIX cell model. Subsequently, the probe QMI
was added to HeLa cells and allowed to incubate for 1 hour.
Following the incubation, HeLa cells were washed three times
with PBS to remove residues of 5-ALA and QMI. Finally, the CL
signal from the cells was promptly collected after light irradia-
tion. The observed characteristic fluorescence of PpIX in HeLa
cells within 620-710 nm indicated the successful establishment
of the endogenous PpIX cell model (Fig. 5B). As expected,
a conspicuous CL signal appeared in the QMI and 5-ALA
pretreatment groups after irradiation, which was a 46-fold
increase compared to the corresponding dark group (Fig. 5C). In
contrast, cells treated with either QMI or 5-ALA alone displayed
no recognizable CL signals even under light irradiation (Fig. 5C
and D). In addition, QMI only consumed a small amount of

12438 | Chem. Sci., 2024, 15, 12431-12441

singlet oxygen; therefore, it did not affect the efficiency of 5-ALA-
mediated PDT treatment (Fig. S287). All these results provide
strong support that the zwitterionic CL probe QMI successfully
and effectively tracks the intracellular 'O, generation during the
PDT process.

In situ monitoring of singlet oxygen from FDA-approved 5-ALA
in living mice

Motivated by the excellent in vitro performance of the zwitter-
ionic CL probe, we further explore the sensing capabilities of
QMI for '0, in living mice. As shown in Fig. 6A, the CL signal
exhibited neglectable enhancement in the QMI-only group
upon light irradiation. Notably, there was an exponential
increase of approximately 72.3-fold in the chemiluminescence
signal for 'O, from the co-injected group of the zwitterionic QMI
and photosensitizers (rose bengal, RB) under light irradiation
(Fig. 6B and S297). In contrast, the photoactivable probe QMCL,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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even without the photosensitizer, displayed a significant CL
signal (31-fold enhancement) under light irradiation in living
mice (Fig. 6C), due to its inherent photoinduced activation
characteristic. Consequently, suffering from severely photoin-
duced interference, the CL enhancement of QMCL towards 'O,
was limited to a modest 7.6-fold with the presence of photo-
sensitizer (Fig. 6D). Similar photo-induced side effects were
found in the previously reported CL probe CL-SO (Scheme S2+)
towards '0,,” with the exception of a slight decrease rather
than enhancement in CL signals with photosensitizer (Fig. 6E
and F). These results collectively suggest that the zwitterionic
strategy for QMI can effectively mitigate photo-induced side
reactions and therefore enable accurate in vivo detection of *O,.

Furthermore, we undertook a comparison with the
commercial probes SOSG and ICG, and the in vivo capability of
the zwitterionic probe QMI to sense 10, in vivo was evaluated in
living mice. Notably, the fluorescence signal of SOSG in
response to 'O, generated from photosensitizers was merely
1.2-fold higher under light irradiation in living mice (Fig. S307),
primarily due to its photo-induced strong background fluores-
cence. This slight increase was much lower than the SNR of
QMLI. Subsequently, we explored and validated the sensitivity of
QMI in detecting 'O, during the ICG-based PDT process. A
remarkably enhanced signal was observed in the QMI and ICG
groups upon 808 nm laser irradiation (Fig. S317), which could
not be observed using the available probes. Indeed, the zwit-
terionic probe QMI possesses the capability to effectively sense
even slight amounts of 0, in living mice. Similarly, a bright CL
signal was also obtained in the QMI and Cy5 groups under
635 nm laser irradiation (Fig. S3271). All these in vivo imaging
results indicated that the zwitterionic CL probe QMI has an
ultra-high sensitivity towards in vivo '0,.

We further investigated the practical application of QMI in
PDT treatment. As shown in Fig. 6G, the FDA-approved photo-
therapeutic drug 5-ALA was pre-injected into the tumor for 6 h,
followed by the intratumoral injection of the zwitterionic probe
QMI for 10 minutes prior to light irradiation. In this context, 5-
ALA serves to induce the tumor to produce endogenous PpIX for
subsequent PDT, while QMI functions as an indicator, offering
real-time feedback on therapeutic efficacy. Upon light irradia-
tion, a distinct CL signal was evident in the tumor tissue,
showing an approximately 19-fold enhancement. The clinical
PDT results demonstrated that the zwitterionic probe QMI
could efficiently identify in vivo '0,, thus enabling immediate
feedback on PDT treatment effectiveness and guiding person-
alized therapy.

Conclusions

We present a de novo zwitterionic design strategy to construct
ultra-stable NIR chemiluminescent probes, making a break-
through in an effective solution for resolving inherent photo-
induced side reactions with poor selectivity towards 'O,. TD-
DFT calculation and transient absorption spectroscopy
confirmed that the zwitterionic CL probes undergo conversion
into an inert ketone excited state with an extremely short life-
time (14 ps) through conical intersection (CI), impeding the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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undesirable photoreaction. Fundamentally, the ultra-stable
zwitterionic strategy ensures transforming the [2 + 2] cycload-
dition between the enolether unit and 'O, into a distinctive
recognition process against other strong oxidative ROS.
Compared with the well-known commercial probe SOSG, the
zwitterionic probe QMI displays ultra-high selectivity and
sensitivity (SNR over 40-fold) towards 'O,. This zwitterionic
chemiluminescence strategy breaks the bottlenecks of photol-
ysis and fragility from the electron-rich enolether moiety. Of
particular significance is that the zwitterionic NIR probe QMI,
with excellent selectivity, high sensitivity, and outstanding
photostability towards 'O,, successfully monitored the FDA-
approved 5-ALA-mediated in vivo PDT process in living mice
in real time. We anticipate that this straightforward and
versatile zwitterionic design strategy opens a new avenue for
high-performance chemiluminescent probes, thereby contrib-
uting to the expansion of the in vivo toolbox.
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