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ABSTRACT: Afterglow imaging holds great potential for ultra- % I
sensitive biomedical imaging. As it detects photons after the s St
cessation of real-time light excitation, autofluorescence can therefore
be effectively eliminated. However, afterglow imaging is still in its
infant stage due to the lack of afterglow agents with satisfactory
lifetime, biocompatibility, and high luminescence brightness,
particularly afterglow in the near-infrared region for in vivo
applications. To address these issues, this study for the first time
reports chlorin nanoparticles (Ch-NPs) emitting afterglow lumines-
cence peaking at 680 nm with a half-life of up to 1.5 h, which is
almost 1 order of magnitude longer than those of other reported
organic afterglow probes. In-depth experimental and theoretical studies revealed that the brightness of the afterglow luminescence is
strongly correlated with the singlet oxygen ('O,) capacity and the oxidizability of the chlorins. Benefitting from the ultralong half-life
and the minimized imaging background, small metastatic tumor foci of 3 mm® were successfully resected under the guidance of the
afterglow luminescence generated upon a single shot of activation prior to the injection, which was impossible for conventional near-
infrared fluorescence imaging due to tissue autofluorescence.
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H INTRODUCTION Nevertheless, afterglow luminescence imaging does need
afterglow luminescent agents comprising inorganic or organic
active materials that have been used for tumor imaging,lg_25
lymph node mapping,”>*® imaging of drug-induced hepatotox-
icity,” monitorin§ of drug release,”” specific detection of
cancer exosomes,” imaging of blood vessels,”’ predicting
anticancer efficiency,”” and imaging-guided therapy.”'~*’ In
comparison with the inorganic luminescence materials, better
biosafety profile and easier afterglow luminescence tunability

Optical imaging that capitalizes on the detection of photons to
decipher molecular and biological processes offers powerful
tools for biology and medicine.' ™ However, as a commonly
used optical imaging technique, fluorescence imaging requires
real-time light excitation that induces tissue autofluorescence
and consequently results in a compromised signal-to-noise
ratio (SNR) and a reduced tissue detection depth, unfavorable

for imaging sensitivity and specificity.”” Hence, self-lumines- are expected from the organic counterparts.””*> To date, there
cence imaging approaches including chemiluminescence, are only a few organic afterglow systems reported based on
bioluminescence, and afterglow luminescence that require no either semiconducting polymers or small molecular systems
real-time light excitation have attracted increasing enthusiasm comprising multiple ingredients.23’26’30’36 However, due to the
in recent years to circumvent tissue autofluorescence.” ™"’ short wavelength and the relatively low intensity of the
However, chemiluminescence and bioluminescence imaging afterglow luminescence, efforts including implemental ampli-
rely on reactive species- and enzyme-initiated redox reactions fication, cascade red-shifted strategies, and optimization of the
to trigger luminescence, respectively.'”'* Their imaging signals molecular structure through complex organic synthesis are
are easily perturbed by internal stimuli such as the enzymatic being made.””** Unfortunately, the afterglow agents reported

or redox microenvironment and the availability of the so far exhibit a short half-life of several minutes, and therefore

substrate.' "> In comparison with fluorescence, the afterglow
luminescence only requires preillumination of afterglow Received: September 25, 2021
agents; in comparison with chemiluminescence and bio- Published: April 5, 2022
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luminescence, the afterglow luminescence requires no
particular chemical mediator or exogenous enzyme, which
highlights the advantages of the latter approach for biomedical
applications.'®"”
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Figure 1. Structural characterization and afterglow performance of Ch-NPs. (a) Chemical structures of chlorins and PEG-b-PPG-b-PEG. (b)
Schematic illustration of the preparation of Ch-NPs. (c) Hydrodynamic size distribution profile of NPs-Ce4 in 1X PBS buffer. (d) Representative
TEM image of NPs-Ce4. (e) Bright-field (upper panel), afterglow (middle panel), and fluorescence (bottom panel) images of Ch-NPs of 50 uM
with respect to chlorin molecules in 1x PBS buffer. The afterglow images were captured after the Ch-NPs were illuminated with a 1 cm (radius) 0.1
W/cm? light beam generated by a halogen lamp for 1 min. The fluorescence images were captured with excitation and emission at 430 and 680 nm,
respectively, on an IVIS Spectrum imaging system. (f) Normalized fluorescence spectra of Ch-NPs in 1X PBS buffer under excitation at 400 nm.
(g) Normalized afterglow luminescence spectra of Ch-NPs in 1X PBS buffer. (h) Structural dependency of afterglow and fluorescence, and the

error bars represent the standard deviation (n = 3).

repeated in situ light irradiation is required to reactivate
afterglow luminescence during the imaging process, which
hampers its feasibility for long-term imaging.”**”** Thus,
organic afterglow agents showing intrinsic near-infrared
emission with a long lifetime are highly demanded not only
for fundamental study but also for potential clinical
applications.

In this study, we report the first series of chlorin-based
afterglow agents showing an extraordinarily long lifetime for
ultrasensitive imaging of tumors in vivo. Different from
previous multicomponent afterglow systems, the current
small molecular chlorin simultaneously acts as both an 'O,
initiator and an afterglow producer that emits intrinsic near-
infrared afterglow luminescence with a half-life of up to 1.5 h.
To show the underlying mechanism, a series of chlorin
derivatives were carefully selected to prepare chlorin nano-
particles (Ch-NPs) for comparing their afterglow lumines-
cence. By combining the absorption spectroscopy, high-
performance liquid chromatography (HPLC), and mass
spectroscopy (MS) results with theoretical calculations, the
unique afterglow behaviors of chlorin molecules were
investigated. The application of Ch-NPs for imaging-guided
resection of small metastatic tumor foci was further
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demonstrated to show the advantage of afterglow lumines-
cence over conventional fluorescence with respect to imaging
sensitivity.

B RESULTS AND DISCUSSION

Structural Dependency of Chlorin Derivatives for
Afterglow Luminescence. Originally, we discovered that
chlorin e6 (Ce6) was able to generate afterglow luminescence
upon light irradiation. To show the underlying mechanism and
optimize the afterglow performance, a series of chlorin
derivatives including pyropheophorbide a (Ppa), chlorin p6
(Cp6), Ce6, and chlorin e4 (Ce4) were selected, as given in
Figure la, to construct Ch-NPs for the mechanistic study of
the afterglow luminescence. Among them, chlorin p6 was
synthesized according to the route reported in the literature
(Scheme S1),*” and the MS analysis is given in Figure SI.
Because all of these chlorins are hydrophobic, an amphiphilic
triblock copolymer (PEG-b-PPG-b-PEG) was used as a surface
capping agent to obtain aqueous-dispersible Ch-NPs as
described in Figure 1b. Taking the particle formed by Ce4
(denoted as NPs-Ce4) as an example, the hydrodynamic size
of NPs-Ce4 was 149 + 1.2 nm (Figure Ic). Under
transmission electron microscopy (TEM), they are quasi-
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J. Am. Chem. Soc. 2022, 144, 6719-6726


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10168/suppl_file/ja1c10168_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10168/suppl_file/ja1c10168_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10168?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10168?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10168?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10168?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a 3o 300 b 2
- | Afterglow "/ T @ NPs-Ce4+SOSG
[
2 Max 151 @ NPs-Ce4
5 20 1200 . lesosc { % t
59 = w ‘%
5 Min = T 101
%5810 t100 ~ 5 $
o L,
X , a & ¢ 3 3
0.0 23 ) 1o ols—
THF ACN CHCl, 0 1 2 3 4 5
Time (min)
C 40 i d o % a HMax
T 301 cd | WK T nm@
55 Min N ; M|n
59 201 IR NPs:Ce4 Pre-irradiation Afterglow
23 : nees | o HMaX
<Le 104 H L
= m m (00eseng)) S
X PEG-b-PPG-| NPs-Ce4- M'n
COI"ltrOI 0‘2 '\jz NaIN3 b-PEG NCBs re-irradiation Afterglow

Figure 2. Elucidation of the role of 'O, in the afterglow of chlorins. (a) Afterglow intensity of Ce4 of 30 ug/mL in THF, ACN, and CHC,
recorded after illumination with a halogen lamp for 1 min together with the corresponding 'O, lifetimes borrowed from refs 38—40. (b) Temporal
concentration of 'O, generated by NPs-Ce4 (2 ug/mL), represented by the fluorescence enhancement (F/F,) of a singlet oxygen sensor SOSG (1
UM), as a function of the halogen lamp irradiation time. (c) Afterglow intensities of NPs-Ce4 (30 pg/mL) recorded before and after being purged
with O, and N,, and introducing 50% w/w of NaNj into the aqueous system. (d) Schematic illustrations for generating the afterglow from NPs-
Ce4 and NPs-Ce4-NCBS after irradiation with an 808 nm laser (1 W/cm?) for 1 min.
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Figure 3. Mechanistic study of the afterglow of chlorins. (a) Ultraviolet—visible (UV—vis) absorption spectra of NPs-Ce4 (S pg/mL) recorded
before and after radiation with a halogen lamp for 30 min in 1X PBS buffer. (b) HPLC traces detected according to the absorption at 280 nm
before and after Ce4 was irradiated for 30 min in ACN. (c) Mass spectrum of the newly formed substance with a retention time of 17.6 min and the
structure shown in the inset. (d) Schematic illustration for showing the effect of low-temperature storage time on the retention of afterglow
luminescence of NPs-Ce4 (30 pug/mL). (e) Afterglow luminescence decay of NPs-Ce4 (30 pg/mL) recorded at 37 °C. (f) Possible mechanism
proposed for afterglow luminescence of Ce4 (S, S;, T}, and ISC represent singlet ground state, first excited singlet state, first excited triplet state,
and intersystem crossing, respectively). The embedded error bars represent standard deviation (n = 3).

spherical as given in Figure 1d. Other Ch-NPs exhibited very
comparable hydrodynamic diameters (Figure S2). Moreover,
the aqueous dispersions of the resulting Ch-NPs formed by
different types of chlorins were very colloidally stable (Figure
le), and no precipitates were observed in the PBS buffer for
over a month.

The optical properties of these chlorins were then carefully
compared. In tetrahydrofuran (THF) solution, they all showed
sharp Soret bands at about 400 nm, according to the
ultraviolet—visible (UV—vis) absorption spectra shown in
Figure S3a. But Ppa presented a broadened Soret band after
forming nanoparticles (Figure S3b), which may be attributed
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to the impact of the substituents on the chlorin backbone on
the stacking structure of chlorin molecules. Before collecting
the afterglow signals, the light irradiation time was optimized
(Figure S4), taking Ce4 as an example. As given in Figure le—
g, all Ch-NPs including NPs-Ppa, NPs-Cp6, NPs-Ce6, and
NPs-Ce4 showed obvious afterglow luminescence with the
maximum wavelength centered between 660 and 680 nm, very
close to the fluorescence peak positions of the corresponding
mother molecules but with different intensities. For example,
NPs-Ppa exhibits the strongest fluorescence but the weakest
afterglow luminescence. Although NPs-Ce4 show moderate
fluorescence intensity, they show the strongest afterglow

https://doi.org/10.1021/jacs.1c10168
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luminescence, as quantitatively shown in Figure 1h. These data
imply that the chlorin backbone plays a determining role in the
generation of near-infrared afterglow luminescence and the
substituents on the chlorin backbone can be optimized with
respect to the afterglow brightness.

Mechanistic Study of Afterglow. It is worth mentioning
that all aforementioned chlorins also showed similar afterglow
luminescence in THF (Figure SS), even with the same
intensity order as that for the corresponding Ch-NPs in
aqueous media, suggesting that the afterglow luminescence is
an intrinsic property of the chlorins although the afterglow
brightness is largely affected by the substituent on the aromatic
ring. It was also observed that Ce4 exhibited afterglow
luminescence with different degrees of brightness in different
organic solvents such as THF, acetonitrile (ACN), and
trichloromethane (CHCI,). The afterglow intensity of Ce4 in
CHCl; was 3.0-fold and 8.8-fold that in ACN and THEF,
respectively, well consistent with the lifetime of 'O, in these
organic solvents according to literature reports (Figure
2a),** indicating that the 'O, plays an important role in
the afterglow luminescence of chlorins. To verify this
hypothesis, a singlet oxygen sensor green (SOSG) was used
to detect 'O, during the light irradiation process. As shown in
Figure 2b, the fluorescence intensity of SOSG at 528 nm was
increased by 14.9-fold after irradiation for 5 min, while no
obvious fluorescence enhancement was presented by either
SOSG or NPs-Ce4 as the control group. Furthermore, the
afterglow luminescence of NPs-Ce4 was increased by 1.40-fold
after the solution was purged with O, but decreased by 1.85-
fold when the solution was purged with N, or by 1.83-fold
when 'O, scavenger NaN; was introduced (Figure 2c). All of
these experiments demonstrate that 'O, plays a determining
role in the afterglow luminescence of chlorins, which provides
opportunities to irradiate the Ch-NPs with different sources.
As shown in Figure 2d, the afterglow luminescence from
chlorins can also be triggered by an 808 nm laser with the aid
of a photosensitizer silicon 2,3-naphthalocyanine bis-
(trihexylsilyloxide) (NCBS), as quantitatively shown in Figure
S6. As 808 nm light can penetrate tissues deeper than visible
light, the afterglow luminescence of chlorin particles triggered
by 808 nm laser significantly broadens the biomedical
applications of the current system. In short, the above studies
suggest that 'O, is necessary for the afterglow luminescence of
chlorins irrespective of the way it is generated.

To determine the molecular mechanism for Ce4 to generate
the afterglow involving 'O,, the structural variation of Ce4 was
studied after light irradiation. According to the absorption
spectra given in Figures 3a and S7, the main absorption of Ce4
peaking at about 400 nm was substantially decreased upon
irradiation, indicating that an obvious decomposition of Ce4
occurred, which was accompanied by the generation of a new
substance upon exhausted irradiation as indicated by HPLC
results shown in Figure 3b. Further, MS analysis indicated that
the newly formed substance had a molecular ion peak at m/z =
333.20 ([M + H]*), and in combination with literature studies,
it can be identified as Ce4-F as given in Figure 3c.*'™*
Therefore, it could be concluded that the conjugated structure
of Ce4 was partly broken into tiny fragments along with the
afterglow luminescence. As the afterglow could remarkably be
retained, e.g, 95.9 and 57.5% room-temperature luminescence
intensity was retained when the solution was kept at —20 °C
for 8 and 24 h, respectively (Figure 3d), it can be deduced that
the light energy is stored by an active intermediate species
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whose decomposition rate is greatly suppressed at low
temperature. The most striking feature of the afterglow of
Ch-NPs is the ultralong half-life (Figure 3e), e.g,, 1.5 h for NPs-
Ce4, 1 order of magnitude higher than those reported for
organic semiconducting polymeric afterglow systems,*
suggesting that the active structure generated by chlorins has
a much slower decomposition rate, which was also observed
from a number of Schaap’s adamantylidene-1,2-dioxetane-
based chemiluminescent agents reported in the literature.” >
Based on these results, we propose the following mechanism
for the afterglow of chlorins taking Ce4 as an example, i.e, Ce4
passes the absorbed energy to oxygen to produce 'O,, which
subsequently oxidizes the vinylene bond (C=C) via [72 + 72]
cycloaddition to form a Ce4—dioxetane intermediate, and the
decomposition of the Ce4—dioxetane intermediate finally leads
to the afterglow luminescence from chlorins. As the afterglow
luminescence highly resembles the fluorescence of the
corresponding chlorins, it is deduced that the spontaneous
decomposition of Ce4—dioxetane transfers proper energy to
promote Ce4 to its excited-state Ce4* that is eventually relaxed
to its ground state by emitting afterglow luminescence;
meanwhile, Ce4-F is generated, as depicted in Figure 3f.

To elucidate the structural impact on the afterglow
brightness, the frontier molecular orbitals of the four different
chlorins aforementioned were calculated. As shown in Figure
4a,b, the highest occupied molecular orbital (HOMO) levels of
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Figure 4. HOMO levels and 'O, production capacities of various
chlorins. (a, b) HOMO molecular orbitals (a) and HOMO energy
levels (b) of chlorins. (c) Concentration of 'O, generated by Ch-NPs
(3.5 uM), represented by the fluorescence enhancement (F/F,) of
SOSG (1 uM), as a function of irradiation time. The error bars
represent standard deviation (n = 3).

Ppa, Cp6, Ce6, and Ce4 locate at —5.13, —5.55, —5.37, and
—5.08 eV, respectively. Thus, their oxidizability should follow
the order of Ce4 > Ppa > Ce6 > Cp6. The high oxidizability is
apparently favorable for the formation of the dioxetane
intermediate through the reaction between chlorin and 'O,
and the subsequent afterglow luminescence, which can find
supportive evidence from the afterglow brightness order shown
in Figure le, except for Ppa. In fact, there are two important
processes involved in the afterglow luminescence, ie., the
generation of 'O, and the dioxetane intermediate. The results
given in Figure 4c reveal that Ppa presents the lowest
generation rate for '0,, while those for Ce4, Ce6, and Cp6
are rather comparable, which well explains the exceptionally
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Figure S. Afterglow imaging of tiny metastatic tumors in vivo together with the histological analysis of the tumors extracted. (a) Comparison of
afterglow and fluorescence imaging through NPs-Ce4 (25 ug/mL, SO uL) subcutaneously injected (left) and the quantified SNR was defined as
SNR = Ior 1 — Iror 3/Iror 2 — Iror 3 (n = 3) (right). (b) Schematic illustrations showing the detailed procedures of the abdominal metastatic tumor
detection through the afterglow imaging of NPs-Ce4. (c) Typical afterglow luminescence images recorded at different time points after NPs-Ce4
were intravenously injected into mice, together with the average luminescence intensities of the region of interest (ROI) (n = 3). (d) Afterglow and
bright-field images of mice that received intravenous injection of NPs-Ce4 (200 pg/mL, 200 uL). (e) Bright-field (top) and afterglow (bottom)
images of tumors excised under the guidance of the afterglow signal (the scale bar represents S mm). (f) H&E staining images of tumor slices
numbered according to those in (e) (the scale bar represents 400 ym).

low afterglow brightness of Ppa although its HOMO level is
considerably high among all chlorins.

In Vivo Afterglow Imaging. It was demonstrated that the
afterglow luminescence intensity of NPs-Ce4 was linear against
the particle concentration, as shown in Figure S8, indicating an
ideal capacity of the afterglow for quantitative imaging. As
expected, NPs-Ce4 showed no obvious cytotoxicity to cells
(Figure S9). In addition, NPs-Ce4 presented a blood
elimination half-life of up to approximately 60 min, determined
through the fluorescence assays of the blood samples (Figure
S10). These advantages encouraged us to carry out animal
studies on afterglow imaging of tumors in vivo.

To show the advantages of the near-infrared afterglow
luminescence over conventional fluorescence with respect to in
vivo imaging applications, the afterglow and fluorescence
images were acquired after subcutaneous injection of NPs-Ce4
into living mice. The SNR of NPs-Ce4 was then determined as
depicted in Figure Sa. The quantified results reveal that the
SNR of the afterglow is more than 26-fold that of the
corresponding fluorescence. The high SNR is conducive to
distinguishing tiny tumors that are difficult to identify through
fluorescence imaging during clinical surgery, and the ultralong
half-life helps save the light reirradiation step, thereby
simplifying the imaging process for imaging-guided surgery.
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To show these advantages, NPs-Ce4 were used to detect
intraperitoneal 4T1 tumors of different sizes in mice. The
detailed procedures are given in Figure Sb. It is worth
mentioning that NPs-Ce4 were activated only once with light
prior to the intravenous injection through the tail vein of mice.
The afterglow signal from the abdomen region was then
continually monitored through afterglow imaging after the
NPs-Ce4 were intravenously injected (Figure Sc). In general,
the signal intensity of the region of interest is governed by the
natural decay of the afterglow luminescence and the gradually
increased accumulation of NPs-Ce4 through the enhanced
permeability and retention effect.”’ ™>* After careful optimiza-
tion through the above afterglow imaging studies, laparotomy
was performed at 2 h postinjection of NPs-Ce4, followed by
afterglow and near-infrared fluorescence imaging to show the
possibility of precise tumor resection under the guidance of
afterglow luminescence and the advantage of afterglow over
conventional fluorescence in this respect. According to the
results in Figures Sd and S11, strong afterglow signals were
presented by part of the intestines where no identifiable
fluorescence signal was observed, and the SNR of the afterglow
is more than 18-fold that of the corresponding fluorescence.
Under the guidance of the afterglow signal, six pieces of
suspicious lesions were resected. The results in Figure Se reveal
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that all of these tissues can still emit afterglow signals after
reactivating NPs-Ce4 with light, and the subsequent
histological analysis through hematoxylin and eosin (H&E)
staining demonstrated that the tissues harvested under the
guidance of the afterglow signals are tumorous tissues and the
smallest identifiable tumor is 3 mm?® (Figure Sf). Apart from
the cancerous lesions, the major organs were also extracted and
reactivated. The imaging results in Figure S12 revealed that the
lung presented a stronger signal than tumors. However, the
lung signal is remarkably shielded by the ribs, muscles, and skin
tissues of the chest. In addition, the liver, kidney, gallbladder
also exhibited weak afterglow signals. The histological analysis
in Figure S13 revealed that no noticeable changes in the major
organs were presented after the intravenous administration of
NPs-Ce4, verifying the excellent biocompatibility of the
chlorins.

B CONCLUSIONS

In this study, we have for the first time demonstrated that
chlorins can generate near-infrared afterglow luminescence
suitable for the imaging of tiny metastatic tumors in vivo. The
structural analysis of the product, performed after exhausted
irradiation with the same light source used for generating the
afterglow luminescence, allowed us to clearly depict the
molecular mechanism of the afterglow luminescence, i.e., the
chlorin molecule transfers its absorbed photoenergy to oxygen
to generate 'O, that subsequently attacks chlorin to form a
metastable dioxetane intermediate structure, and the slow
decomposition of the dioxetane structure eventually transfers
energy to the adjacent chlorin molecules to emit light. Using
Ce4 as an example, we have further demonstrated that the
near-infrared afterglow, with a half-life of up to 1.5 h, can
enable successful resection of metastatic tumors as small as 3
mm® with a single shot of excitation, which shows well the
promising potential of chlorins as afterglow agents. Although
the afterglow behavior is an intrinsic nature of chlorins, the
above molecular mechanism suggests that the afterglow
performance can further be optimized through the substituents
on the backbone.
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