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HEALTH AND MEDICINE

A self-illuminating nanoparticle for inflammation
imaging and cancer therapy

Xiaoqiu Xu'*, Huijie An'*, Dinglin Zhang?, Hui Tao, Yin Dou', Xiaohui Li’,
Jun Huang?, Jianxiang Zhang'*

Nanoparticles have been extensively used for inflammation imaging and photodynamic therapy of cancer. How-
ever, the major translational barriers to most nanoparticle-based imaging and therapy applications are the limited
depth of tissue penetration, inevitable requirement of external irradiation, and poor biocompatibility of the nano-
particles. To overcome these critical limitations, we synthesized a sensitive, specific, biodegradable luminescent
nanoparticle that is self-assembled from an amphiphilic polymeric conjugate with a luminescent donor (luminol)
and a fluorescent acceptor [chlorin e6 (Ce6)] for in vivo luminescence imaging and photodynamic therapy in deep
tissues. Mechanistically, reactive oxygen species (ROS) and myeloperoxidase generated in inflammatory sites or
the tumor microenvironment trigger bioluminescence resonance energy transfer and the production of singlet
oxygen ('0,) from the nanoparticle, enabling in vivo imaging and cancer therapy, respectively. This self-illuminating
nanoparticle shows an excellent in vivo imaging capability with suitable tissue penetration and resolution in di-
verse animal models of inflammation. It is also proven to be a selective, potent, and safe antitumor nanomedicine
that specifically kills cancer cells via in situ 0, produced in the tumor microenvironment, which contains a high
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level of ROS.

INTRODUCTION

Nanoparticles have been used to detect and treat many harmful dis-
eases ranging from cancer (1), obesity (2), diabetes (3), and inflamma-
tory disorders (4) to cardiovascular diseases (5). As well documented,
inflammation is closely associated with the pathogenesis of many
devastating diseases (6-8). Over the past few decades, different nano-
probes have been developed and applied to molecular imaging of
inflammation by computed tomography (9), magnetic resonance im-
aging (10), optical methods (11), positron emission tomography (12),
and multimodal approaches (13). These nanomedicine strategies have
greatly improved our understanding of molecular and cellular pro-
cesses underlying various disease etiologies, thereby facilitating diag-
nosis, stratification, therapeutic evaluation, and drug discovery. Among
these techniques, luminescence imaging is a facile, low-cost, rapid,
straightforward, and highly sensitive approach that enables real-time
detection of a wide variety of cellular, subcellular, or molecular events
during an inflammatory response in unperturbed environments (14-16).
To increase the spatiotemporal resolution, different luminescent nano-
probes, such as polymeric nanoparticles (17), inorganic nanoparticles
(18), and rare earth-based nanophosphors (19), have been developed.
Although these nanoparticles are sensitive luminescent probes for
in vitro detection, their effectiveness for in vivo imaging is limited
in superficial tissues (14, 16, 20). The inadequate in vivo application
of existing nanoparticles in deep tissues is mainly attributed to the
poor penetration of nanoprobes in animal tissues (14, 21, 22). In
addition, because a large number of luminescent nanoprobes are
derived from nondegradable conjugated polymers and inorganic
nanoparticles, their in vivo applications in inflammation imaging
are compromised by their poor degradability and possible proinflam-
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matory effects, although they have shown promising results in tumor
imaging (14, 23-26).

In addition to molecular imaging, nanoparticles have been exten-
sively investigated in targeted cancer therapy (I, 27, 28). Increasing
evidence has demonstrated that nanoparticles can significantly im-
prove the in vivo efficacies of small-molecule photosensitizers con-
ventionally used for photodynamic therapy (PDT) of cancer by
enhancing their intracellular delivery and targeting specificity (29).
To date, diverse arrays of nanoparticles have been developed for PDT
(27, 30). More recently, two-photon excitation nanoparticles (31), up-
conversion nanoparticles (32), and near-infrared photosensitizers
(33) were used to improve tissue penetration for the effective treat-
ment of large and deep-seated solid tumors. Despite their great success
in animal studies, clinical translation of most existing photosensitizers
is largely hindered by the limited penetration depth of external light
required for their activation (27, 32). To overcome this barrier, self-
illuminated PDT has been proposed for tumor therapy in the absence
of external excitation (32, 34-36). In this modality, the photosensitizer
is excited by internal chemiluminescence or bioluminescence trig-
gered by the tumor microenvironment, producing cytotoxins such
as singlet oxygen ('0,) to kill cancer cells. In general, quantum dots
and nanoparticles based on conjugated polymers are combined with
luminescent proteins (such as luciferase and horseradish peroxidase)
to produce self-illuminating systems (20, 26, 35-39). However, only
very few self-illuminating platforms have been investigated for
tumor therapy (35, 36). Moreover, the use of either quantum dots
or conjugated polymer-derived nanoparticles raises in vivo safety
concerns, especially for long-term therapy (40).

To overcome the abovementioned critical barriers to nanoparticle-
based inflammation imaging and cancer therapy, we devised a nano-
particle capable of bioluminescence resonance energy transfer (BRET).
This self-illuminating nanoparticle not only showed excellent imaging
quality in detecting inflammation in diverse animal models but also
demonstrated selective and potent antitumor efficacy in vivo with a
desirable safety profile.
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RESULTS

Design and synthesis of a nanoparticle for imaging

and therapy

We synthesized a nanoparticle using a Ce6-luminol-PEG (CLP) con-
jugate capable of BRET for sensitive in vivo inflammation imaging
and cancer therapy. This CLP conjugate is composed of chlorin e6
(Ce6, a commonly used photosensitizer), luminol, and polyethylene
glycol (PEG) (Fig. 1A) and can self-assemble into a core-shell struc-
tured nanoparticle (Fig. 1B). Under oxidative conditions with excess
reactive oxygen species (ROS) and myeloperoxidase (MPO), the in situ
bioluminescence of luminol excites the photosensitizer Ce6 to gen-
erate fluorescence and 'O, via BRET (Fig. 1B), enabling direct in-
flammation detection and tumor PDT.

The CLP conjugate was synthesized by sequential coupling re-
actions of Ce6, luminol, and PEG (fig. S1A). Infrared spectroscopy
showed characteristic absorption bands of Ce6, luminol, and PEG
in the obtained product (fig. S1B). 'H nuclear magnetic resonance
(NMR) spectroscopy indicated that the proton signals correspond-
ing to the vinyl group of Ce6 [at ~6.2 to 6.4 and 8.2 to 8.3 parts per
million (ppm)] and the phenyl group of luminol (at ~7.3 to 7.6 ppm)
could be observed, while the ethylene proton signals of PEG appeared
at ~3.2 to 3.6 ppm, in a typical spectrum of CLP in DMSO (dimethyl
sulfoxide)-Dg (fig. S1C). These measurements demonstrated the

simultaneous conjugation of luminol and PEG onto Ce6. Successful
synthesis of the CLP conjugate was also confirmed by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (fig. S1,
D and E). The 'H NMR spectrum revealed that the molar ratio of Ce6,
luminol, and PEG in the synthesized CLP conjugate was approxi-
mately 2:1:1. In addition, as expected, the CLP conjugate displayed
the characteristic UV (ultraviolet)-visible absorption (peaked at ~400
and ~660 nm) and fluorescent emission of Ce6 (Fig. 1, C and D).
Different from Ce6, which is hydrophobic and soluble only in
highly polar solvents such as DMSO and dimethylformamide, the
CLP conjugate is very soluble in water and common organic solvents
such as methanol, chloroform, and tetrahydrofuran. Because of its
amphiphilicity, the CLP conjugate can self-assemble into core-shell
structured nanoparticles in aqueous solution, as demonstrated by
transmission electron microscopy (TEM) (Fig. 1E, left panel), with
a mean hydrodynamic diameter of 171 nm (polydispersity index,
0.29 £ 0.02) and a zeta-potential of 19 + 2 mV (Fig. 1E, right panel).
Comparable size distribution profiles were detected for CLP nano-
particles in phosphate-buffered saline (PBS), cell culture medium,
fetal bovine serum (FBS), and rat serum (fig. S2, A to D). Significant
aggregation of CLP nanoparticles occurred only when they were incu-
bated in PBS and culture medium for a relatively long period of time,
which was different from that in deionized water and FBS (fig. S2E).
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Fig. 1. Engineering of a self-illuminating nanoparticle with luminescence, fluorescence, and intrinsic smglet oxygen generation capabilities. (A) Chemical struc-
ture and schematic of a designed amphiphile of a CLP conjugate. (B) Sketch of self-assembly of the CLP conjugate into a core-shell structured nanoparticle. Through BRET
between the luminol and Ce6 units, luminescence originating from the energy donor luminol upon triggering by inflammatory mediators of ROS and MPO may excite the
acceptor Ce6 to produce fluorescence and singlet oxygen ('0,). (€ and D) UV-visible (C) and fluorescence (D) spectroscopic characterization of CLP. (E) Transmission
electron microscopy (TEM) image (left) and size distribution profile in deionized water (right) of assembled CLP nanoparticles.
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In addition, no significant decrease in the mean diameter was detected
upon dilution of CLP nanoparticles in deionized water, although the
scattering intensity was notably reduced (fig. S2F). This suggested
that CLP nanoparticles have good kinetic stability, which is advan-
tageous for in vivo applications. In line with the hydrophobic force-
mediated self-assembly in aqueous solution, both the UV-visible
absorption and fluorescence intensity corresponding to Ce6 of CLP
in water were notably reduced compared to those in organic sol-
vents (fig. S2, G and H). Accordingly, the emission intensity of
CLP in water initially increased with its concentration, peaked at a
critical association concentration (CAC) of ~0.06 mg/ml or 13 puM,
and then started to decrease as its concentration increased further
(fig. S2I), showing an inverted V-shape relationship between the
concentration and the fluorescence (fig. S2J). This decrease in fluo-
rescence at high CLP concentrations was attributed to fluorescence

quenching, resulting from aggregation of the hydrophobic Ce6 units.
Ata CLP concentration above the CAC, the proton signals of Ce6
and the luminol unit in the "H NMR spectrum in D,0 almost dis-
appeared, which was different from the spectrum in DMSO-Ds (fig.
S2K). This is due to the severe attenuation of proton signals of the
lipophilic moieties (i.e., Ce6 and luminol) as a result of hydrophobic
interaction—dominated aggregation in aqueous solution (41).

Luminescence properties of CLP

We examined the luminescence properties of CLP under different
conditions. In the presence of H,O, and ClO", the luminescence
spectrum of CLP showed two emission peaks: one at 450 nm, corre-
sponding to the luminescence of luminol, and the other at 675 nm,
belonging to the fluorescence emission of Ce6 (Fig. 2A). The second
emission peak was the result of BRET between the donor luminol
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Fig. 2. In vitro characterization of BRET and luminescent properties of the CLP conjugate. (A) Luminescent spectra of a CLP conjugate, a Ce6-PEG conjugate, and
luminol in the presence of 100 mM H,0, and 100 mM CIO™. (B) The luminescence spectrum of luminol in PBS and the absorption spectrum of Ce6 in DMSO. (C) Time-
dependent luminescence of CLP (0.5 mg/ml) upon incubation with various concentrations of H,O,. (D and E) Luminescence at 1.0 mg/ml CLP (D) and time-resolved lumi-
nescent signals of CLP at 0.5 mg/ml (E) in the presence of 50 uM H,0, with or without 15 mU MPO and 50 mM CI". (F and G) Attenuation of the luminescence at 0.5 mg/ml
CLP and in the presence of 50 uM H,0, and 15 mU MPO by a ROS scavenger, Tempol (F), and an MPO inhibitor, 4-aminobenzoic hydrazide (4-ABAH) (G). (H) In vitro tissue
penetration capacity of luminol and CLP. After a black 96-well plate containing CLP or luminol at the same dose of 0.5 mg/ml was covered with 3 mm of porcine muscle
tissue, the penetrating luminescent signals were determined. (I) Time-resolved luminescence imaging of neutrophils. Immediately after 5.4 uM CLP (i.e., 25 ug/ml) was
incubated with neutrophils (5 x 10° cells per well) with (PMA™) or without (PMA") stimulation with phorbol 12-myristate 13-acetate (PMA; 100 ng/ml ) for 1 hour, images
were acquired at predetermined time points. (J) Intracellular and extracellular luminescent signals. The Blank group indicates neutrophils stimulated with PMA and with-
out treatment with CLP nanoparticles. After PMA-stimulated neutrophils were incubated with 5.4 uM CLP for 0.5 hours, luminescence images were acquired and indicated
as the Cells + medium group. Immediately after this imaging, cells and the culture medium containing PMA were separated, and images were separately collected for the
Cells and Medium groups. For all luminescence imaging results (D, F, G, I, and J) measured with an IVIS Spectrum imaging system [exposure time = 5 min, focal length/
stop (f/stop) = 1, binning = 8, field of view (FOV) = 12.8 cm], the left panels are luminescent images, while the right panels show quantitative data. Data in (D) and (F) to
(J) are means + SEM. (n = 3). One-way analysis of variance (ANOVA) was used for statistical analysis. **P < 0.01, ***P < 0.001; ns, no significance.
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and the acceptor Ce6 in the CLP conjugate (Fig. 1B), as there is con-
siderable overlap between the luminescence spectrum of luminol
(Amax = 440 nm) and the absorption spectrum of Ce6 (Amax =401 nm)
(Fig. 2B). The BRET efficiency was ~0.56, as calculated based on a
previously established method (39). By contrast, luminol itself dis-
played only its characteristic luminescent emission, while the Ce6-PEG
conjugate (Ce6-PEG) did not show any luminescence in the absence of
the BRET donor luminol (Fig. 2A). Consequently, these results sub-
stantiated our hypothesis that luminol can function as an effective lu-
minescent donor to excite an acceptor moiety Ce6 under oxidative
conditions to generate fluorescence through a BRET process.

We next tested the time course of luminescence of CLP at different
H,0, concentrations using an ultraweak luminescence analyzer. At a
CLP concentration of 0.5 mg/ml, there was no detectable lumines-
cence when the H,0, concentration was below 10 mM, and at higher
H,0, concentrations (>100 mM), the luminescence exponentially
decreased with time (Fig. 2C). Further analysis via an In Vivo Imaging
System (IVIS) Spectrum imaging system revealed a linear increase in
luminescence as a function of the H,O, concentration (fig. S3A). We
found that the luminescence of CLP at 675 nm was substantially en-
hanced by adding CIO™ (fig. S3B), which is a highly oxidative anion that
is produced in vivo by the H,O,-MPO-CI™ antibacterial system (42).
Accordingly, we further confirmed that adding MPO or MPO/CI™
significantly enhanced CLP luminescence (Fig. 2, D and E), resulting
from the generation of more oxidative C1O~ by the H,0,-MPO-CI”
system, which accelerated oxidation of the luminol unit. As well
demonstrated, ClO™ is able to directly or indirectly oxidize luminol
to produce the blue glow (43). Consistently, among different reac-
tive species of ROS, the luminescence of CLP displayed the highest
sensitivity to CIO™ at either a low or a high level (fig. S3, C and D).

Consistent with the fluorescence results in water (fig. S2,Iand]),
the luminescent signals of CLP in the presence of H,O; initially in-
creased, peaked at 0.5 mg/ml, and then decreased with the increase in
CLP concentration (fig. S3, E and F). This observation was the con-
sequence of the quenching of BRET-derived luminescence at high
CLP concentrations, since hydrophobic aggregation of CLP conju-
gates may occur in these cases. After adding a micelle destabilizing
SDS, to disrupt the assembled micelle-like nanoparticle, the lumi-
nescence of CLP significantly increased (fig. S3G). Disruption of the
core-shell structure exposed the luminol units, which might also con-
tribute to the increased luminescence due to luminol, at least to a
certain degree. In addition, the luminescence of CLP showed a sus-
tainable profile during the examined period of time (fig. S3, Hand I),
which is beneficial for practical applications.

In line with H,O,- and MPO-triggered luminescence profiles
of CLP, adding a ROS scavenger, Tempol, or an MPO inhibitor,
4-aminobenzoic hydrazide (4-ABAH), abolished the luminescence
(Fig. 2, F and G), highlighting the oxidation- and MPO-dependent
illumination. In addition, the tissue penetration capability of the
CLP conjugate and luminol was examined. In this case, they were
separately mixed with aqueous solutions of H,O,/MPO with or with-
out Cl” in a black 96-well plate that was covered by a 3-mm-thick
porcine muscle tissue, and immediately, the bioluminescent signals
were detected. The CLP conjugate showed ~2-fold more tissue pen-
etration than luminol alone (Fig. 2H). The reason is that the wave-
length (~675 nm) of the BRET-derived bioluminescence of CLP is
much longer than that of the luminescence (~440 nm) of luminol.
It is well established that photons with wavelengths between 650
and 950 nm are more penetrative through animal tissues than short-
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wavelength photons, because of reduced absorption and scattering
(21, 22). Consequently, the CLP conjugate displayed deeper pene-
tration than luminol. Further examination revealed a threshold thick-
ness of 5 mm for high-resolution ex vivo imaging under the tested
conditions (fig. S3]). Together, these results substantiated that CLP,
with its expected BRET-derived luminescence, displayed desirable
luminescence performance under varied oxidative conditions.

In vitro luminescence imaging of inflammation

Neutrophils play an important role in both acute and chronic inflam-
matory responses, which produce ROS and MPO upon activation
at inflammatory sites (44). Therefore, we aimed to use our newly en-
gineered CLP nanoparticle to detect inflammation by targeting the
neutrophils. Neutrophils were isolated from peritoneal exudates of
mice to conduct a series of in vitro experiments. First, we tested the
cellular uptake of CLP nanoparticles by neutrophils at different time
points. We found that neutrophils rapidly and effectively took up the
CLP nanoparticles, as demonstrated by flow cytometric and confocal
microscopic analysis (fig. S4, A to C). This is consistent with the pre-
vious finding that neutrophils can internalize different nanoparticles
by endocytosis (45, 46). We also confirmed that CLP exhibited negli-
gible cytotoxicity to neutrophils at working concentrations (<270 pM;
fig. S4D), and the neutrophils still showed ~70% viability even at a
high concentration of 1080 uM. In addition, both time- and dose-
dependent cellular uptake of CLP nanoparticles was observed in mac-
rophages (fig. S4, E and F).

Then, in vitro imaging in neutrophils was examined. Our data
showed that, in the presence of CLP nanoparticles, neutrophils pre-
stimulated with phorbol 12-myristate 13-acetate (PMA) emitted lu-
minescence, whereas unstimulated neutrophils did not (Fig. 2I). The
decrease in luminescence after 15 min in stimulated neutrophils
indicated depletion of intracellular ROS or luminol units in CLP
nanoparticles (Fig. 2I). The luminescence was predominantly from
intracellular CLP nanoparticles (Fig. 2J), which was consistent with
its effective internalization in neutrophils (fig. S4, A to C). In addition,
the luminescence of CLP nanoparticles in neutrophils was positively
correlated with the nanoparticle dose and neutrophil count (fig. 4, G
and H). These findings demonstrated that the CLP nanoparticle can
serve as an effective luminescent probe for imaging inflammation by
self-illuminating in activated neutrophils.

In vivo luminescence imaging of inflammation

We then tested the application of the CLP nanoparticle as a probe
for inflammation in mouse models. We first examined it in a mouse
peritonitis model, which is a well-characterized model of acute in-
flammation extensively used in mechanistic and drug screening
studies (47). After intraperitoneal administration of 5 mg of CLP
nanoparticles (i.e., 1.08 umol CLP) or free luminol at the same dose
of the luminol unit to each mouse with zymosan-induced peritonitis,
we found that the luminescent signal from the nanoparticles is much
stronger than that from the luminol molecules (Fig. 3A). Flow cyto-
metric analysis indicated that the locally administered CLP nano-
particles were mainly illuminated in neutrophils (CD11b"Ly-6G™)
of the peritoneal exudate cells from peritonitis mice (fig. S5A), due
to their abundance in the peritoneal cavity in the acute phase of
peritonitis and their high expression of MPO (47, 48). Therefore, the
CLP nanoparticle can function as an effective nanoprobe for lumines-
cence imaging of peritonitis via local administration. After receiving
intravenous injections, both CLP nanoparticle-treated healthy mice
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Fig. 3. In vivo imaging in mouse models of inflammation. (A) Luminescent imaging of mice with peritonitis immediately after intraperitoneal administration of differ-
ent formulations. To induce peritonitis, a saline solution containing 1 mg of zymosan was intraperitoneally injected into each mouse at 6 hours before imaging. Mice in
the saline group were treated with saline, while those in the CLP and luminol groups were each administered with 5 mg of CLP nanoparticles or free luminol at the same
dose of the luminol unit, respectively. (B) Luminescence imaging of peritonitis in mice at 0.5 hours after intravenous injection of different probes. In the Peritonitis CLP*
group, healthy mice were treated with CLP nanoparticles. Peritonitis mice in the Peritonitis"Luminol® and Peritonitis*CLP* groups were administered with free luminol
and CLP nanoparticles (5 mg in each mouse) at the same dose of the luminol unit, respectively. (C) Imaging of acute liver injury in mice at 24 hours after challenging
via intraperitoneal injection of acetaminophen at 300 mg/kg. Mice in the saline group were intravenously injected with saline, while mice in the luminol and CLP
groups were separately intravenously administered with free luminol and CLP nanoparticles (5 mg in each mouse) at the same dose of the luminol unit. After 0.5 hours,
imaging was conducted. (D) In vivo luminescence imaging of mice with colitis induced by drinking water containing 3% (w/v) dextran sulfate sodium (DSS) for 7 days.
(E) Ex vivo luminescent images of colonic tissues isolated immediately after in vivo imaging. In both cases, the control group represents healthy mice treated with CLP
nanoparticles, while the model group denotes diseased mice administered with saline. In the luminol and CLP groups, mice with colitis were treated with free luminol and
CLP nanoparticles (5 mg in each mouse) at the same dose of the luminol unit per mouse, respectively. At 15 min after different treatments via enema, luminescent images
were acquired. Then, the mice were euthanized, and their colonic tissues were excised for ex vivo imaging. (F) Time-lapse in vivo luminescence imaging of mice with
DSS-induced colitis after local administration of 5 mg of CLP nanoparticles or free luminol at the same dose of the luminol unit in each animal. In all images, the left panels
show representative luminescent images, while the right panels illustrate quantified intensities. Data are means + SEM (A to Cand F, n =4; D and E, n = 5). One-way ANOVA
was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.

and luminol-treated peritonitis mice showed no notable lumines-
cence (Fig. 3B, the left and middle mice in the left panel). By contrast,

nanoparticle can be used as a suitable probe for high-resolution lumi-
nescence imaging of acute liver injury, owing to its passive targeting

strong luminescence was observed at the peritoneal sites of mice intra-
venously administered with CLP nanoparticles (Fig. 3B, the right
mouse in the left panel). In this case, CLP nanoparticles yielded
31-fold higher luminescent intensity than luminol molecules (Fig. 3B,
right panel), highlighting the sensitivity and specificity of CLP
nanoparticles for inflammation imaging.

In an acute liver injury mouse model that is related to inflamma-
tion and the hepatic infiltration of neutrophils, intravenous injec-
tion of CLP nanoparticles in mice also resulted in significantly higher
luminescence than treatment of mice with luminol molecules (Fig. 3C),
consistent with the ex vivo luminescence imaging results of excised
hepatic tissues (fig. S5B). These results demonstrated that the CLP

Xu et al., Sci. Adv. 2019; 5 : eaat2953 9 January 2019

effect, as illustrated by the accumulation of CLP in the liver (fig. S5C).
By contrast, currently available small-molecule luminescent probes
such as luminol showed poor resolution due to their limited tissue
penetration capability and systemic distribution after intravenous
administration.

We then tested the in vivo imaging capability of CLP nanoparticles
in ulcerative colitis, which is a common inflammatory bowel disease
(49). Dextran sulfate sodium (DSS)-induced colitis in mice was estab-
lished as another inflammation model in the deep tissue of the colon.
Compared to the saline group, the group locally administered with
luminol molecules showed luminescence at the colonic site of mice
bearing colitis (Fig. 3D, left panel), and the group treated with CLP
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nanoparticles exhibited significantly stronger luminescence. Quanti-
tative analysis showed that there was a significant difference between
luminol molecules and CLP nanoparticles (Fig. 3D, right panel). Con-
sistent results were obtained using ex vivo imaging of isolated colonic
tissues (Fig. 3E). CLP nanoparticles showed much higher lumines-
cence than luminol molecules in both experiments (Fig. 3, D and E).
Generally, diseased mice with ulcerative colitis had shorter colons
than healthy mice (49). Moreover, the CLP nanoparticle could also be
used for fluorescence imaging via external excitation by taking ad-
vantage of the fluorescence of the Ce6 component (Fig. 1A and fig.
S5, D and E). Diseased mice displayed significantly higher fluorescence
intensity than normal mice treated with the same dose of CLP
nanoparticles. This can be attributed to the enhanced distribution of
the CLP nanoparticle in diseased colonic tissues with injured epithelial
cells and mucosal barrier (50). Both the BRET-based luminescence and
regular fluorescence measurements consistently proved precise target-
ing of inflammation by the CLP nanoparticle. Our BRET nanoparticle
can prevent false-positive signals with this double sensing effect. We
further tested the dynamics of CLP-based luminescence in inflamma-
tion. After enema administration of 5 mg of CLP nanoparticles or free
luminol at the same dose of the luminol unit in each mouse, real-time
imaging revealed substantially strong and sustainable luminescence in
CLP nanoparticle-treated mice (Fig. 3F). This sustained lumines-
cence of the CLP nanoparticle was attributed to its accumulation and
gradual hydrolysis in inflamed colonic tissues (50), as a considerable
amount of CLP remained even at 3 hours after administration (fig. S6).
By contrast, small-molecule luminol was rapidly absorbed and dis-
tributed through molecular diffusion (fig. S6A).

We further used the CLP nanoparticle to monitor the develop-
ment of colitis in mice at different stages of pathogenesis in vivo. At
days 1, 3, 5, and 7 after stimulation with DSS, the luminescence of
CLP nanoparticles gradually increased (Fig. 4, A and B). In a sepa-
rate study without CLP nanoparticle treatment to avoid its possible
effects on colitis development, the disease activity index (DAI), the
levels of MPO and ROS, and the count of neutrophils were deter-
mined at varied time points corresponding to real-time luminescence
imaging (Fig. 4, C to G). We found that the luminescence intensity
was well correlated with DAI (Fig. 4H), which is a common param-
eter for evaluating the degree of colitis (49). Similar positive cor-
relations were observed with the MPO and H,0, levels, as well as
the neutrophil count, using sigmoidal fitting. The increased lumi-
nescence was a collective effect of enhanced MPO, H,0,, and neu-
trophils, and therefore, it showed a more substantial increase as
separately compared to MPO, H,0,, and neutrophils. These data
are consistent with histological analyses of hematoxylin and eosin
(H&E)-stained sections of colonic tissues (Fig. 41). In this aspect,
normal microstructure was observed at days 0 and 1, with the straight
luminal surface, tightly packed tubules closely approximating the
muscularis mucosae and numerous goblet cells. At day 3, epithelial
erosion and crypt damage occurred, which were more serious at day 5.
Nearly complete loss of crypts, significant injury of mucous mem-
brane, and a high level of inflammatory cell infiltration were found
at day 7. Furthermore, the histological activity index (HAI) was eval-
uated based on the epithelium and infiltration (51), which showed
notably increased scores after 3 days of DSS challenge (Fig. 4]).

Overall, the results described above demonstrate that the CLP
nanoparticle is an effective nanoprobe for in vivo luminescence
imaging of different inflammatory disorders that are associated with
high MPO and ROS expression.
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In vitro antitumor activity of the CLP nanoparticle

Oxidative stress can lead to inflammation and cancer (52). In addi-
tion to using the CLP nanoparticle as a nanoprobe for the detection
of inflammation, we further explored its antitumor applications. We
examined whether the CLP nanoparticle was able to produce '0,, a
high-energy form of oxygen, under oxidative conditions. To monitor
the generation of 'O,, we used 9,10-diphenylanthracene (DPA) to
chemically trap 'O,. In the presence of 'O, the absorption of DPA
at 355 nm will be irreversibly attenuated (53). After incubating dif-
ferent concentrations of CLP nanoparticles with 100 mM H,O, for
6 hours, we detected reduced DPA absorbance at 355 nm, and the
decrease was proportional to the concentration of CLP nanoparticles
(fig. S7A and Fig. 5A). At a constant CLP nanoparticle dose of 20 uM,
the absorbance of DPA at 355 nm decreased with increasing H,0,
concentration (fig. S7B and Fig. 5B). These results demonstrated the
ROS-induced generation of 'O, by CLP nanoparticles under oxida-
tive conditions.

As extensively demonstrated, 'O, a highly reactive product gener-
ated from a photochemical reaction during PDT, causes rapid cytotox-
icity, leading to cell death via apoptosis or necrosis (54). Accordingly,
we hypothesized that the CLP nanoparticle can be used for cancer
treatment via PDT in the absence of external light. Before using the
self-illuminating CLP nanoparticles for PDT in cancer, we examined
the endocytosis of CLP nanoparticles using a human lung carcinoma
cellline, A549 (Fig. 5C). In addition to a time-dependent increase in
red fluorescence from CLP nanoparticles in A549 cells, we observed
their localization in late endosomes and lysosomes by probing with
LysoTracker Green DND-26 (Lyso). This indicated that the inter-
nalized CLP nanoparticles were mainly transported via the endo-
lysosomal pathway. Then, we tested the in vitro antitumor activity
of CLP nanoparticles in cancer cell lines, including mouse melanoma
cells (B16F10), human breast cancer cells (MCF-7), and A549 cells,
while the RAW264.7 murine macrophage and MOVAS (mouse aor-
tic vascular smooth muscle cell) lines were used as normal control
cells. We found that the cell viability in all examined cells was dose
dependent (fig. S7C) and that the half-maximal inhibitory concentra-
tion (ICs) was 498.8,414.2,267.9, 153.0, and 123.7 uM for RAW264.7,
B16F10, MOVAS, MCEF-7, and A549 cells, respectively (Fig. 5D).
Flow cytometric quantification using a ROS-sensitive fluorescent
probe, 2’,7'-dichlorofluorescin diacetate (DCF-DA), to stain the cells,
showed different ROS levels for different cell types (fig. S7D and
Fig. 5E). The intracellular ROS expression was well correlated with
the antitumor activity of the CLP nanoparticles in cancer cells
(Fig. 5F), with the most notable activity in A549 cells with the high-
est ROS level. Low cytotoxicity was found for B16F10 cells because
of their low intracellular ROS level (Fig. 5E), which is consistent
with the low cytotoxicity detected in RAW264.7 and MOVAS cells
(fig. S7, C and E, and Fig. 5D). For A549 cells with relatively high
intracellular ROS, treatment with CLP nanoparticles could further
increase the ROS level in cells (fig. S7, F and G). This agrees with the
ROS-induced generation of 0, (Fig. 5, A and B).

Together, our results demonstrate that CLP nanoparticles gen-
erate 'O, through intramolecular BRET in an oxidative cellular en-
vironment. CLP nanoparticles exhibited significant cytotoxicity to
cancer cell lines with high intracellular ROS levels.

In vivo antitumor studies of the CLP nanoparticle
We then examined the in vivo antitumor efficacy of CLP nanoparti-
cles in mice bearing A549 xenografts. Inmunofluorescence analysis
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Fig. 4. In vivo luminescence imaging of the development of colitis in mice. (A and B) Luminescent images (A) and quantitative analysis (B) of mice with colitis induced
by drinking water containing 3% (w/v) DSS for different periods of time. For each time point, images were acquired at 15 min after enema administration of 5 mg of CLP
nanoparticles in each mouse. (C to E) Changes in DAI (C) and the levels of MPO (D) and H,0; (E) during colitis development. DAl is defined as the summation of the stool
consistency index, fecal bleeding index, and weight loss index. Colonic tissues were excised from mice subjected to drinking water containing DSS at specific time points
to quantify MPO and H,0; levels. (F and G) Representative flow cytometric profiles (F) and quantitative data (G) of neutrophil counts. At different time points after mice
were treated with drinking water containing DSS, they were euthanized, and cells in colonic tissues were isolated for analysis. (H) Correlation analyses of luminescent
intensities with DAI, MPO, and H,0; levels and neutrophil count. All data were fitted with a sigmoid growth function. (I and J) Microscopic images (I) and HAI scores (J) of
H&E-stained sections of colonic tissues isolated from mice stimulated with DSS for different periods of time. Scale bars, 200 um. Data in (B) to (E), (G), and (J) are means +

SEM (n = 4). One-way ANOVA was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.

showed the infiltration of neutrophils and production of MPO in tu-
mors (fig. S8A). Further quantification revealed the presence of a con-
siderable amount of MPO and H,0, in tumor tissues (fig. S8B). After
intratumoral administration of the CLP nanoparticles at 3.25 mg/kg of
Ce6 (fig. S8C), tumor growth was significantly suppressed for a treat-
ment period of 30 days (Fig. 5G). At day 30, the CLP nanoparticle-
treated group exhibited significantly reduced tumor size and weight
compared to the saline control group (Fig. 5, H and I). H&E-stained
histological sections of isolated tumors showed marked fragmenta-
tion of the nucleus and notable cell death in the CLP nanoparticle-

Xuetal, Sci. Adv. 2019; 5 : eaat2953 9 January 2019

treated group but not in the saline control group (fig. S8D). Using
the TUNEL (terminal deoxynucleotidyl transferase-mediated de-
oxyuridine triphosphate nick end labeling) assay, we detected con-
siderable cell apoptosis in the sections of tumor tissues from CLP
nanoparticle-treated mice. By contrast, negligible TUNEL-positive
cells appeared in the saline control (Fig. 5] and fig. S8E). Immuno-
fluorescence analysis also showed that treatment with CLP resulted
in markedly decreased proliferating cell nuclear antigen (PCNA), a
marker of cell proliferation in various cancers (Fig. 5K). In line with
these results, we detected significantly enhanced ROS levels in tumors
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Fig. 5. In vitro and in vivo antitumor activity of CLP nanopatrticles. (A and B) The effects of CLP dose (A) and H,0, concentration (B) on the generation of '0,, as quan-
tified using DPA as a probe. In both cases, the images show the reduction in DPA absorbance at 355 nm using that at 0 hours as the baseline. For the dose effect, quanti-
fication was performed after CLP nanoparticles were incubated with 100 mM H,0, for 6 hours. To examine the influence of the H,0, concentration, absorbance was
measured after 6 hours of incubation with 20 uM CLP nanoparticles. (C) Confocal microscopy images illustrating time-dependent endocytosis of CLP nanoparticles in
A549 lung carcinoma cells. Images in the lower panel display quantitative analysis of fluorescent intensities corresponding to indicated yellow lines in single cells of the
upper fluorescence images. After A549 cells were cultured with 10.8 uM CLP nanoparticles for predetermined time periods, nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI), while endolysosomes were labeled with Lyso. Scale bars, 20 um. (D) The half-maximal inhibitory concentration (ICsq) values of different cells [includ-
ing RAW264.7 murine macrophages, B16F10 mouse melanoma cells, MOVAS (mouse vascular aortic smooth muscle cell), MCF-7 human breast cancer cells, and A549 cells]
after incubation with various doses of CLP nanoparticles for 24 hours. (E) Quantification of intracellular ROS levels in different cells by flow cytometry. After cells were in-
cubated with 10 uM DCF-DA for 20 min and washed with PBS, measurements were performed. The ROS level is proportional to the mean fluorescence intensity (MFI) of
a fluorescent probe DCF-DA. (F) Correlation between ICsq values and ROS levels. (G) Changes in tumor volume during treatment by intratumoral administration of saline
or CLP nanoparticles at 3.25 mg/kg of Ce6 every 3 days in nude mice bearing A549 xenografts. (H and I) Digital photos (H) and quantified tumor weight (I) of excised
tumors at day 30 after different treatments. (J) DAPI and TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling) double-
labeling assay of cell apoptosis in paraffin sections. (K) Immunofluorescence analysis of proliferating cell nuclear antigen (PCNA) in tumor sections. (L) The ROS level in
tumor tissues after treatment via intratumoral injection of saline or CLP nanoparticles. (M) Ex vivo fluorescence images (left) and quantitative data (right) of the distribu-
tion of CLP nanoparticles in A549 xenografts. At day 7 after the last intravenous injection of CLP nanoparticles at 5 or 25 mg/kg of Ce6, tumors were excised forimaging.
(N) Tumor volume changes during treatment with intravenously administered saline or CLP nanoparticles at 5 or 25 mg/kg of Ce6. The control group was treated with
saline. (O) DAPI/TUNEL double-labeling assay of apoptotic cells in tumor sections after 30 days of treatment with saline or CLP nanoparticles. Scale bars, 20 um. Data are
means + SEM (A, B,D, E,and Lto N, n=4; Gand |, n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. (Photo credit: Huijie An, Third Military Medical University).

Xu et al., Sci. Adv. 2019; 5 : eaat2953 9 January 2019 80of16



SCIENCE ADVANCES | RESEARCH ARTICLE

for the CLP nanoparticle-treated animals compared to those adminis-
tered with saline (Fig. 5L). For intratumoral administration, we mainly
detected the fluorescent signals of CLP nanoparticles in the tumor tis-
sue but not in other major organs of the mice (fig. S8, F and G),
suggesting that the CLP nanoparticles were maintained in the tumor
and that their diffusion into other tissues was negligible.

Subsequently, we examined the antitumor efficacy after intravenous
administration of CLP nanoparticles. First, an in vivo pharmacokinetic
study showed that the circulation half-life of CLP nanoparticles was
approximately 0.9 + 0.1 hours after intravenous injection in mice
(fig. S9A), and no CLP was detected after 72 hours. For the examined
major organs, the CLP contents were considerably reduced after
24 hours (fig. S9, B to F), which revealed that most of the nanoparticles
could be eliminated within 1 day. The gradually decreased accu-
mulation in the kidneys suggested that the disassembled CLP mol-
ecules were mainly eliminated via glomerular filtration due to their
low molecular weight. Correspondingly, considerable urinary excre-
tion was detected, particularly at day 1 after administration (fig. S9G),
with a total elimination of 39.0% at day 7. Nevertheless, relatively low
levels of CLP were found in feces (fig. SOH), exhibiting a cumulative
excretion of 2.7%. Consequently, CLP is mainly eliminated through
urinary excretion. Whether it can be eliminated in the form of its
metabolites remains to be addressed, since the cumulative urinary
and fecal excretion of CLP was less than 50%. On the other hand,
these results indicated that CLP might be accumulated in different
tissues and organs.

Then, ex vivo fluorescence imaging was conducted to examine the
biodistribution profile after intravenous administration of CLP nano-
particles containing 5 or 25 mg/kg of Ce6 units. We found intratumoral
accumulation of CLP in mice bearing A549 xenografts (Fig. 5M), which
was due to the enhanced permeability and retention effect (55). In
addition to tumor sites, CLP nanoparticles (as indicated by fluores-
cence) were mainly distributed in the liver, lung, and kidney (fig. S10),
consistent with the quantified biodistribution data in different or-
gans (fig. S9). Although intravenous injection of CLP nanoparticles
at 5 mg/kg of Ce6 every 6 days did not reduce tumor volumes (fig.
S11A and Fig. 5N), therapy with CLP nanoparticles at 25 mg/kg of
Ceo effectively attenuated tumor growth during 30 days of treatment.
Histological analysis showed substantial fragmentation of the nuclei
in tumor sections of CLP nanoparticle-treated mice (fig. S11B). In
addition, notable cell apoptosis was observed in tumor sections from
mice treated with CLP nanoparticles containing 25 mg/kg of Ce6
(Fig. 50 and fig. S11C). It should be emphasized that the relatively
weak fluorescence of CLP in the immunofluorescence image might
be due to fluorescence quenching by in vivo biomolecules or metal
ions since the tumors were isolated at day 7 after the last injection of
CLP nanoparticles.

In a separate study, we compared in vivo efficacy of CLP nano-
particles with a typical chemotherapy drug cisplatin (CDDP) in mice
with A549 tumors. After treatment by intravenous administration,
CLP nanoparticles at a dose equivalent to 25 mg/kg of Ce6 showed
antitumor activity comparable to CDDP at 6 mg/kg (CDDP-H), with
respect to delaying tumor growth and reducing tumor weight (fig.
S$12, A to C). However, no significant effects were found at 1 mg/kg
CDDP (CDDP-L). Treatment with CDDP caused significant side
effects, as indicated by abnormal changes in the body weight, organ
index, and number of platelets (fig. S12, D to F), particularly for mice
treated with CDDP (6 mg/kg). Moreover, increased plasma levels
of aspartate aminotransferase and urea were detected for CDDP
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groups (fig. S12, G and H). These results revealed that CDDP treat-
ment led to varied degrees of toxic effects on the hemopoietic system,
liver, and kidney. By contrast, no severe side effects were observed for
the CLP group.

Consequently, these preliminary results demonstrate that the
CLP nanoparticle may serve as a potentially effective and safe nano-
medicine for PDT via the intravenous route in the absence of external
excitation, although its efficacy remains to be enhanced by different
strategies such as increasing targeting efficiency.

In vivo safety tests in mice

We further tested the safety profile of CLP nanoparticles adminis-
tered to mice. After intratumoral injection of CLP nanoparticles con-
taining 3.25 mg/kg of Ce6, we observed a moderate increase in the
body weight of the mice treated with the CLP nanoparticles com-
pared to that of the untreated mice (fig. S13A). At day 30 after treat-
ment, the CLP nanoparticle-treated mice showed comparable organ
index values and plasma levels of typical biochemical markers rele-
vant to liver and kidney functions to the control animals (fig. S13, B
to D). Histological analyses indicated no notable injuries or inflam-
matory responses in H&E sections of different organs (fig. S13E).
These data suggest that the CLP nanoparticle is safe for local ad-
ministration. In addition, during treatment with CLP nanoparticles
by intravenous administration at 5 or 25 mg/kg of Ce6, all mice
displayed comparable body weight changes (fig. S14A). In addition,
the CLP nanoparticle-treated groups showed no abnormal varia-
tions in the organ index values and H&E sections of typical major
organs (fig. S14, B and C).

Moreover, preliminary in vivo studies were conducted to evalu-
ate the acute toxicity of CLP nanoparticles in healthy mice. After
intravenous injection of CLP nanoparticles in mice at either 65 or
130 mg/kg of Ce6, all mice behaved normally, without notable side
effects. In addition, all mice showed gradually increasing body weight
(fig. S15A). Excluding the reversible change in the liver index at the
high dose, no significant differences in organ index were detected
for the other examined organs between the saline control and CLP
nanoparticle-treated groups (fig. S15B). Quantification of typical
biomarkers associated with liver (alanine aminotransferase and aspar-
tate aminotransferase) and kidney (urea and creatinine) functions
showed no abnormally increased levels for the CLP nanoparticle-
treated animals in comparison to those of the saline group (fig. S15,
C and D); notably increased markers generally reveal liver and kid-
ney injuries. In addition, inspection of H&E sections revealed indis-
cernible pathological changes in various major organs (fig. S15E).
Consequently, these data showed that CLP nanoparticles exhibited
a good safety profile for intravenous administration, even at a single
dose as high as 1000 mg/kg of CLP nanoparticles (i.e., 130 mg/kg
of Ce6). Nevertheless, in combination with the excretion and tissue
distribution results (figs. S9 and S10), the possible chronic toxicity
to CLP-accumulated tissues (such as the liver) needs to be examined
by in-depth studies, after short-term and long-term treatment.

Mechanism of CLP nanoparticle-mediated

antitumor activity

We further probed the possible mechanism of CLP nanoparticle-
mediated antitumor activity in A549 cells. We found that the apoptosis
of A549 cells increased with the dose of CLP nanoparticles (fig. S16,
A and B), indicating that apoptosis might be the major cause of cell
death. Our data further revealed that CLP nanoparticles targeted the
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mitochondria of A549 cells. As shown by confocal microscopy, the
accumulation of CLP nanoparticles was observed even after 0.5 hours
of incubation, and the amount continuously increased with time
(Fig. 6A). In addition, CLP nanoparticles induced mitochondrial mem-
brane depolarization in a dose- and time-dependent manner (fig. S16,
Cand D, and Fig. 6, B and C). Since the loss of mitochondrial mem-
brane potential is an early event in mitochondria-triggered apoptosis,
our results suggest that CLP-induced apoptosis is mediated by the
mitochondrial pathway of apoptosis. To test this hypothesis, we per-
formed Western blotting analysis, and our results revealed a signif-
icant increase in cleaved caspase-3 level after treating A549 cells
with CLP nanoparticles (Fig. 6D). The level of cleaved caspase-3 was

linearly correlated with the dose of CLP nanoparticles (Fig. 6E) and
the percentage of apoptotic cells (Fig. 6F). Similarly, reduction in total
caspase-8 and caspase-9 (particularly caspase-9) and considerable
increase in cleaved caspase-9 were detected after treatment with CLP
nanoparticles (Fig. 6, G and H). In the caspase-mediated apoptosis,
caspase-8 and caspase-9 are molecules responsible for the initiation
of apoptosis, while caspase-3 is a downstream execution molecule.
The activation of these molecules collectively revealed that CLP
nanoparticles induced cell death through the apoptotic pathway.
Together, these data demonstrate that CLP nanoparticle-induced
cell apoptosis is largely mediated via the intrinsic mitochondrial
pathway (Fig. 61).
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Fig. 6. In vitro mechanistic studies of the antitumor activity of CLP nanoparticles in A549 cells. (A) Confocal microscopy images showing the mitochondrial localiza-
tion of CLP nanoparticles. Images in the lower panel display quantitative analysis of the fluorescent intensities in the single cells as highlighted by the yellow lines in the
upper fluorescence images. After cells were incubated with 10.8 uM CLP nanoparticles for different periods of time, mitochondria were stained with MitoTracker Green
FM (MitoTracker). Scale bar, 20 um. (B and C) The effects of the CLP nanoparticle dose (B) and incubation time (C) on mitochondrial membrane potential as analyzed by
flow cytometry using a fluorescent probe tetramethylrhodamine ethyl ester (TMRE). For the dose-response experiments, cells were incubated with different doses of CLP
nanoparticles for 12 hours, while they were cultured with 64.8 uM CLP to examine the time effect. FCCP (carbonyl cyanide p-trifluoromethoxy phenylhydrazone) was used
as a positive control that can effectively depolarize the mitochondrial membrane potential. (D and E) Representative Western blot bands (D) and quantitative analysis (E)
of total and cleaved caspase-3 in A549 cells after treatment with different doses of CLP nanoparticles for 24 hours. (F) Correlation between the percentage of apoptotic
cells and the level of cleaved caspase-3. (G and H) Western blot analysis of total and cleaved caspase-8 (G) and caspase-9 (H) in A549 cells after 24 hours of incubation with
CLP nanoparticles. (I) Schematic illustration of the antitumor mechanisms of CLP nanoparticles. Data are means + SEM (n = 3). *P < 0.05, ***P < 0.001.
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DISCUSSION

Real-time, noninvasive luminescence imaging holds promise in the
future for the detection, diagnosis, and monitoring of a plethora of
inflammation-associated diseases (4, 11, 24). However, effective, sen-
sitive, safe, and reliable luminescent agents remain to be developed.
Herein, we engineered a luminescent material, CLP, with near-infrared
light emission based on intramolecular BRET between a donor, lumi-
nol, and a fluorescent acceptor, Ce6. Because of their amphiphilicity,
CLP molecules can self-assemble into a core-shell structured micelle-
like nanoparticle in aqueous solution. The luminescence of CLP
nanoparticles is positively related to the levels of environmental ROS
and MPO, two proinflammatory mediators commonly detected in
both acute and chronic inflammatory conditions. After being inter-
nalized into neutrophils, CLP nanoparticles self-illuminated the
activated neutrophils that produced ROS and MPO, showing a CLP
dose- and cell number-dependent luminescence profile. In mouse
models of inflammatory diseases, including acute peritonitis, acute
liver injury, and ulcerative colitis, CLP nanoparticles delivered via
local or intravenous administration showed significantly higher sen-
sitivity than luminol, a frequently used small-molecule luminescent
probe. Furthermore, our newly engineered CLP nanoparticles can be
used to track the initiation and progression of colitis and possibly
other inflammation-related diseases.

Compared to luminol molecules, our CLP nanoparticles showed
a markedly enhanced luminescent signal, which should be attributed
to their increased vascular permeability and high accumulation rate
at inflammatory sites (4, 50). In addition, translocation via inflam-
matory cells (such as monocytes/macrophages and neutrophils) also
contributed to the accumulation of nanoparticles administered via
different routes at inflamed sites. This has been demonstrated by pre-
vious studies in atherosclerosis (56-58), a chronic inflammatory dis-
ease. By contrast, small-molecule probes are systemically absorbed,
indiscriminately distributed, and rapidly excreted after delivery, lead-
ing to an undesirable signal-to-noise ratio and poor imaging quality
in diseased sites (16). BRET contributes to the enhanced luminescence
of the CLP nanoparticles by increasing tissue penetration through
the long-wavelength, red-shifted emission (14, 17, 25, 26). Most ex-
isting luminescent agents capable of BRET or chemiluminescence
resonance energy transfer, however, are mainly limited to in vitro
biosensing applications (59-61), and their effectiveness and safety for
in vivo applications remain to be validated. In comparison, our CLP
nanoparticle offers high detection sensitivity, excellent specificity,
superior imaging quality, and satisfactory safety for in vitro and in vivo
applications across a broad range of cell types and mouse models, rep-
resenting a major advance in this promising field.

In addition to producing bright and sustainable luminescence for
in vivo real-time imaging and tracking, our CLP nanoparticle can also
serve as a fluorescent probe for inflammation using flow cytometry
and fluorescence microscopy. Compared with many other luminescent
nanoprobes derived from conjugated polymers and inorganic materi-
als (14, 20, 26), our CLP nanoparticle is highly biocompatible and safe
for basic research and therapeutic assessments of inflammation-
associated diseases. It was easily hydrolyzed, quickly disassembled,
and completely excreted from the body. No significant side effects
were found during and after local or intravenous administration of
CLP nanoparticles to mice. The desirable in vivo biocompatibility
and safety profile of CLP nanoparticles provide additional advantages
over most currently developed self-illuminating systems, which con-
tain toxic, inorganic nanomaterials (20, 36, 37), for both imaging and
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therapeutic applications. Although the distribution of our CLP nano-
particle in inflamed tissues is largely dominated by passive accumu-
lation, its targeting efficiency and specificity can be further improved
by adding functional moieties such as antibodies to specifically target
molecules and/or cells involved in inflammation to realize precision
imaging and therapy. In combination with aggregation-induced emis-
sion luminogens (62-64), it should be able to considerably improve the
fluorescence efficiency of this type of self-illuminating nanoparticles.

As extensively demonstrated, oxidative stress, inflammation, and
cancer are closely linked (52). Whereas cancer cells generally show
enhanced ROS defense systems by their increased expression of free-
radical scavengers that contribute to tumor radioresistance and drug
resistance (65), significantly increasing the ROS level by targeting the
oxidative stress-response pathway or PDT represents an effective
strategy for cancer treatment (54). Unfortunately, clinical applications
of numerous nanotherapies for the PDT of solid tumors have been
considerably limited in spite of their promising efficacies in preclini-
cal studies (27, 29, 30). The requirement of exogenous radiation is
one of the major translational barriers for PDT, particularly for deep-
seated solid tumors (32). By contrast, our CLP nanoparticle can gen-
erate 'O, in the absence of external excitation, which is achieved by
in situ excitation of the photosensitizer Ce6 via luminescence of the
luminol unit under oxidative conditions in the tumor microenviron-
ment. The CLP nanoparticle showed high in vitro antitumor activity
in cancer cells expressing high ROS, such as A549 cells. Both intratu-
moral and intravenous injections of CLP nanoparticles significant-
ly inhibited tumor growth in nude mice bearing A549 xenografts.
In vitro mechanistic studies and in vivo examinations indicated that
the anticancer activity of CLP nanoparticles is largely mediated by
a mitochondria-mediated caspase activation pathway-triggered cell
apoptosis. As compared to typical chemotherapeutic agents, the CLP
nanoparticle showed a more desirable in vivo safety profile.

Treatment with the CLP nanoparticle via either intratumoral or
intravenous injection cannot completely abrogate tumor growth, and
its in vivo efficacies are not as highly effective as expected. This can be
largely attributed to the low level of 0, generated at tumor sites, result-
ing from the relatively low content of luminol in the CLP conjugate that
causes low BRET efficiency. The low ROS in the tumor microenvironment
and limited targeting efficiency (in the case of intravenous injection)
also contribute to undesirable therapeutic effects. Nevertheless, differ-
ent strategies can be applied to further potentiate in vivo efficacies of
this PDT approach. First, the number of luminol and Ce6 units in-
corporated in this type of self-illuminating nanoparticles should be
markedly increased to enhance the 'O, production efficiency, which
can be achieved by using macromolecules containing much more re-
active groups (such as graft or multiblock copolymers and dendrimers)
as scaffolds. Second, the local ROS level may be intentionally amplified
by simultaneously using ROS-generating agents that can be easily
loaded into the core of CLP nanoparticles (30, 66). Third, it is possible
to enhance targeting efficiency by decoration with active targeting
moieties or decreasing particle size. Moreover, our self-illuminating
nanoparticles can be used in combination with chemotherapeutic
drugs to achieve synergistic effects.

In summary, we developed an amphiphilic luminescent polymer
that can self-assemble into a nanoparticle for inflammation imaging
and cancer therapy. This self-illuminating nanoparticle can be used
for the stratification of inflammation-associated diseases and high-
content screening of anti-inflammatory therapeutics. The nano-
particle can simultaneously function as an effective photodynamic
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nanotherapy for solid tumors expressing high ROS levels without the
need for external excitation and achieve combination therapy by load-
ing it with different anticancer drugs.

MATERIALS AND METHODS

Synthesis of a CLP conjugate

An amphiphilic conjugate based on Ce6, luminol, and PEG (abbre-
viated as CLP) was synthesized by conjugating both luminol and PEG
with Ce6 using a standard N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS)-
activated condensation reaction. Briefly, 50 mg (0.08 mmol) of Ce6
was dissolved in 10 ml of anhydrous DMSO, into which EDC [236 mg
(1.23 mmol)] and NHS [144 mg (1.25 mmol)] were sequentially added.
The reaction mixture was stirred at 50°C in the dark for 17 hours.
Then, luminol [28 mg (0.16 mmol)] was added to the activated solu-
tion. After 3 days, monomethyl-terminated PEG monoamine with a
molecular weight of 2000 [320 mg (0.16 mmol)] was added. Reaction
was conducted at 50°C in the dark for 4 days. Last, the reaction mix-
ture was dialyzed (molecular weight cutoff, 3500) against deionized
water to remove unreacted reagents and by-products. After filtration
through a 0.22-um syringe filter, the obtained aqueous solution was
lyophilized to give rise to a dark green powder.

Luminescence properties of the CLP conjugate

Luminescent curves were directly acquired with a fiber optic spec-
trometer (AvaSpec-HS, Avantes Inc., The Netherlands) in the pres-
ence of H,O; and ClO™. The photon counts and time-dependent
changes of luminescent signals of CLP were quantified by a BPCL-
2-KGC ultraweak luminescence analyzer under different conditions.

In addition, luminescent signals of CLP in different solutions were
examined using an IVIS Spectrum imaging system (PerkinElmer,
USA). To this end, CLP at 0.22 mM (i.e., 1.0 mg/ml) was mixed with
H,0, at different concentrations in a black 96-well plate. Alterna-
tively, various doses of CLP were mixed with 50 uM H,0, in a black
96-well plate. After thorough mixing, the plate was immediately put
into the imaging system to acquire luminescent signals, with an expo-
sure time of 5 min [focal length/stop (f/stop) = 1, binning = 8, field
of view (FOV) = 12.8 cm, no optical filter]. Similarly, luminescent
signals in the existence of HO,/MPO or H,O,/MPO/Cl™ were de-
tected. In another experiment, the attenuated luminescence of CLP
was quantified after incubation with a ROS scavenger, Tempol, or
an MPO inhibitor, 4-ABAH, in the presence of H;O,/MPO.

To examine the sensitivity to different components of ROS, CLP
nanoparticles at 0.5 mg/ml were separately incubated with different
ROS at 50 or 500 uM in a black 96-well plate. Aqueous solutions con-
taining either H,O, or OCl™ were prepared based on commercially
available agents. Peroxynitrite (ONOO™) was obtained by the reac-
tion of H,O; and nitrite. Hydroxyl radical (¢«OH) was generated by
the Fenton reaction between ferrous acetate and H,O,, while super-
oxide anion was produced by the xanthine-xanthine oxidase system.
Luminescence imaging was immediately performed as aforementioned
to determine the luminescent intensities.

Tissue penetration efficiency study

To demonstrate the capability of CLP nanoparticles for deep-tissue
imaging, the relative bioluminescence intensity of CLP nanoparticles
and luminol was compared. Briefly, CLP nanoparticles (0.5 mg/ml) or
luminol in aqueous solution was mixed with 50 uM H,0, and 15 mU
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MPO with or without 50 mM CI” in a black 96-well plate, which was
covered with porcine muscle tissue with a thickness of 3 mm. The
same samples without covering with muscle tissue were used as con-
trols. In another study, the in vitro luminescence penetration threshold
of CLP nanoparticles was examined. To this end, CLP nanoparticles
(1 mg/ml) in aqueous solution was mixed with 100 pM H,0O,, 30 mU
MPO, and 100 mM CI" in a black 96-well plate, which was covered
with muscle tissues with different thicknesses. In all cases, the bio-
luminescent signals were quantified by an IVIS Spectrum imaging sys-
tem (exposure time = 5 min, f/stop = 1, binning = 8, FOV = 6.6 cm).

Detection of the generation of singlet oxygen

The generation of singlet oxygen ('O5) was characterized by chemical
trapping 'O, with DPA (67). The decrease in UV absorbance between
300 and 450 nm of the corresponding thermostable endoperoxide
DPAO, was detected. The decreased absorbance at 355 nm was quan-
tified to analyze the amount of produced 'O,. Specifically, DPA was
dissolved in a solvent mixture of acetonitrile and deuterium oxide
[1:1 (v/v)] to obtain a saturated solution. The dose-dependent changes
in the presence of 100 mM H,0, before and after 6 hours of incubation
were recorded. Subsequently, 20 uM CLP was incubated with various
concentrations of H,O, and a DPA stock solution. After 6 hours,
absorption spectra were recorded on a UV-visible spectrometer.

Studies on intracellular uptake of CLP nanoparticles

To observe cellular internalization behaviors by confocal laser scanning
microscopy (CLSM), A549 human lung carcinoma cells were incubated
with CLP nanoparticles at 50 pg/ml (i.e., 10.8 pM) for different time pe-
riods (0, 0.5, 2, 4, 8, or 12 hours). Then, cells were washed with PBS,
stained with 75 nM Lyso for 1 hour, rinsed with PBS, fixed, and counter-
stained with 4',6-diamidino-2-phenylindole (DAPI). CLSM observation
was performed using a confocal microscope (LSM 800, Zeiss, Germany).

Observation of mitochondrial localization of

CLP nanoparticles

A549 cells were incubated with CLP nanoparticles at 50 ug/ml (i.e.,
10.8 uM) for 0, 0.5, 2, or 4 hours at 37°C, respectively. Cells were then
treated with MitoTracker Green FM (MitoTracker) at 100 nM for
30 min. After the cells were washed three times with PBS, they were
observed by CLSM immediately.

In vitro cytotoxicity evaluation

Mouse melanoma cell B16F10, human breast cancer cell MCF-7, A549,
mouse vascular aortic smooth muscle cell MOV AS, and RAW264.7
murine macrophage cells were seeded in a 96-well plate at 1 x 10*
cells per well and incubated for 12 hours, respectively. Then, cells
were treated with the medium containing CLP nanoparticles at var-
ious doses for 24 hours. Cell viability was quantified by the thiazolyl
blue tetrazolium bromide (MTT) assay using a microplate reader
(EMax Plus Microplate Reader, Molecular Devices, USA). The rela-
tive viability of the untreated controls was normalized to be 100%,
while the medium served as the background control. According to
the improved Karber’s method, ICs, values were calculated.

Detection of intracellular ROS levels

B16F10, MCF-7, A549, MOVAS, and RAW264.7 cells were seeded
in a 12-well plate at 1 x 10° cells per well in 1 ml of growth medium.
After 12 hours, 10 uM DCF-DA was added and incubated for 20 min.
Then, cells were washed with PBS, digested with trypsin, collected by
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centrifugation, and resuspended in PBS for detection by flow cytom-
etry (BD Accuri C6, Becton Dickinson, USA). The corresponding cells
without staining with DCF-DA were used as controls.

Western blot analysis of activation of caspases in A549 cells
A549 cells were seeded into a six-well plate at 3 x 10° cells per well.
After 12 hours, cells were treated with CLP nanoparticles at doses of
0, 65, or 173 uM for 24 hours. Then, cells were washed three times
with ice-cold PBS and lysed in ice-cold radioimmunoprecipitation
assay buffer containing protease inhibitors. The supernatant was
collected by centrifugation at 12,000g for 5 min at 4°C. The concentra-
tion of total protein was quantified by the bicinchoninic acid (BCA)
method. The protein samples were loaded into SDS-polyacrylamide
gel electrophoresis. The separated proteins were transferred to poly-
vinylidene fluoride membranes, followed by blocking in tris-buffered
saline-Tween 20 (TBST) containing 5% nonfat dry milk at room tem-
perature for 2 hours. Subsequently, each membrane was incubated
at 4°C overnight with respective primary antibodies. Membranes were
washed three times with TBST, followed by incubation with appro-
priate horseradish peroxidase-labeled antibodies at room tempera-
ture for 1 hour. Last, membranes were washed and then detected
using chemiluminescence reagents.

Measurement of mitochondrial membrane potential
Tetramethylrhodamine ethyl ester (TMRE) was used to analyze
changes of mitochondrial membrane potential. Specifically, A549 cells
were seeded into a 12-well plate and treated with CLP nanoparticles
at various concentrations for 12 hours or at 65 uM for predetermined
time periods. Then, cells were incubated with 100 nM TMRE for 30 min.
The incubated cells were washed twice with PBS, collected, and sub-
sequently assayed by flow cytometry, with FCCP (carbonyl cyanide
p-trifluoromethoxy phenylhydrazone) used as a positive control.

Apoptosis assays

A549 cells were seeded in a 12-well plate at 1 x 10° cells per well for
12 hours. After incubation with CLP nanoparticles at various doses
for 24 hours, cells were collected, washed with PBS, and stained with
annexin V-fluorescein isothiocyanate (FITC) and propidium iodide.
Cells were further incubated for 15 min at room temperature in the dark.
The percentage of apoptotic cells was quantified by flow cytometry.

Animals

All animal experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals proposed by the National
Institutes of Health. All procedures and protocols were approved by
the Animal Ethics Committee at Third Military Medical University
(Chongging, China). Male Kuming, C57BL/6, BALB/c, and BALB/c
nude mice were obtained from the Animal Center at the Third Mili-
tary Medical University. Before further experiments, all mice were
acclimatized for at least 7 days.

Studies on intracellular uptake of CLP nanoparticles

in neutrophils

Neutrophils were isolated from the peritoneal exudates of BALB/c
mice after 4 hours of stimulation with thioglycollate (3.0 weight %).
Cellular uptake profiles of CLP nanoparticles in neutrophils were
analyzed by the fluorescence-activated cell sorting technique. Specif-
ically, neutrophils were seeded in a 12-well plate at 5 x 10° cells per
well in 1 ml of sterile Hanks’ balanced salt solution (HBSS) and incu-
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bated for 10 min. After washing with fresh HBSS, cells were incubated
with 1 ml of growth medium containing 21.6 uM CLP nanoparticles
for predetermined time periods. In another study, cells were incu-
bated with various concentrations of CLP nanoparticles for 2 hours.
After cells were washed three times with PBS, blew down, and col-
lected by centrifugation, they were resuspended in PBS for analysis
by flow cytometry. To observe cellular internalization behaviors by
CLSM, neutrophils were treated with CLP nanoparticles at 21.6 uM
for different time intervals. After washing three times with PBS, cells
were fixed and stained with DAPI. CLSM observation was performed
by a fluorescence microscope.

Ex vivo bioluminescence imaging of neutrophils

Neutrophils were seeded in a 12-well plate at 5 x 10° cells per well in
1 ml of HBSS and washed with fresh HBSS after 10 min. After incu-
bation in 900 ul of HBSS with or without PMA (100 ng/ml) for 1 hour,
100 pl of aqueous solution containing 54 uM CLP nanoparticles was
added, followed by luminescence imaging at predetermined time
points. To separate intracellular and extracellular bioluminescence,
100 pl of aqueous solution containing 54 uM CLP nanoparticles was
added and incubated for 30 min with neutrophils that were stimu-
lated with PMA (100 ng/ml). Immediately after luminescence imag-
ing, the extracellular medium was collected, and additional imaging
was performed for the separated cells and culture medium contain-
ing PMA. Neutrophils stimulated with PMA and without treatment
with CLP nanoparticles served as the Blank group. In another experi-
ment, various concentrations of CLP nanoparticles were incubated with
neutrophils prestimulated with PMA to examine the dose-response
luminescence. Similarly, the effect of neutrophil count was investi-
gated. In all cases, the plates were imaged using an IVIS Spectrum im-
aging system (exposure time = 5 min, f/stop = 1, binning = 8, FOV =
12.8 cm). In all cases, the quantitative analysis was performed using
the Image Analysis Software provided by the manufacturer. For all
data obtained with the Image Analysis Software, the corresponding
background values were deducted.

In vivo imaging of peritonitis in mice

To induce peritonitis, male BALB/c mice (6 to 8 weeks old) were
injected intraperitoneally with 0.5 ml of sterile zymosan solution
(2 mg/ml). At 5.5 hours after challenge, each mouse was intra-
venously injected with 0.1 ml of saline containing CLP nanoparticles
[50 mg/ml (i.e., 10.8 mM)] or luminol at the same dose of the luminol
unit. For CLP nanoparticles, the dose was equivalent to 250 mg/kg.
The luminescence images were acquired after 30 min (exposure time =
5 min, f/stop = 1, binning = 8, FOV = 21.8 cm). In separate experi-
ments, after 6 hours of stimulation with zymosan, mice were intra-
peritoneally injected with 0.1 ml of saline containing CLP nanoparticles
(50 mg/ml) or luminol at the same dose of the luminol unit. Imme-
diately, bioluminescence imaging was performed. The quantitative
analysis was conducted as aforementioned.

To verify cellular distribution of CLP nanoparticles in the ab-
dominal cavity, mice were euthanized and injected with 5 ml of ice-
cold PBS. Cells in the peritoneal exudates were separated, stained
with anti-mouse V450-CD11b and PE-Ly-6G antibodies, and re-
suspended in PBS for detection by flow cytometry.

In vivo imaging of acute liver injury in mice
Acute liver injury in mice was established by intraperitoneal injection
of acetaminophen at 300 mg/kg. After 24 hours, mice were randomly
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divided into three groups. Mice in the saline group were intravenously
administered with 0.1 ml of saline. The CLP group was treated with
intravenous injection of 0.1 ml of saline containing CLP nanoparti-
cles (50 mg/ml) in each mouse, while the luminol group was admin-
istered with the same dose of the luminol unit. Immediately after
injection, in vivo bioluminescence imaging was performed. In addi-
tion, ex vivo images of isolated liver tissues were acquired.

In vivo imaging of ulcerative colitis

Ulcerative colitis in C57BL/6 mice was induced by free feeding of
drinking water containing 3% (w/v) DSS for 7 days (49). At pre-
determined time periods, mice were administered with 0.1 ml of
saline containing CLP nanoparticles (50 mg/ml) or luminol at the
same dose of the luminol unit via enema after they were anesthetized
with isoflurane. After mice were held in a vertical position for 1 min,
in vivo imaging was performed after 15 min. Then, mice were eutha-
nized and colons were isolated for ex vivo imaging. In addition, in vivo
and ex vivo fluorescence images were collected by excitation at 430 nm,
with emission at 680 nm.

Evaluation on the degree of colitis

Animals were monitored every day for observation of water consump-
tion, piloerection, stool consistency, the presence of gross blood in
feces and near the anus, and morbidity. DAI was defined according
to a previously established method (68). According to the calculated
DAI values, the degree of colitis can range from 0 (unaffected) to 12
(severe colitis). At predetermined time periods, animals were euth-
anized, and the entire colon was quickly isolated to measure colonic
length. In addition, segments of colon tissues were fixed in formalin
and embedded in paraffin, and H&E-stained sections were prepared
for histological analysis.

In vivo antitumor therapy with CLP nanoparticles after
intratumoral delivery

A549 xenografts in BALB/c nude mice were established as aforemen-
tioned. When the tumor volume reached ~100 mm?’, mice were ran-
domly divided into two groups (n = 6). The saline group was treated
with 0.1 ml of saline, while animals in the CLP group were treated
with 0.1 ml of saline containing CLP nanoparticles at 3.25 mg/kg of
Ce6 by intratumoral injection every 3 days. The first day of intratu-
moral injection was considered as day 1. After administration, body
weight and tumor size were monitored every 3 days for a total of
30 days. Tumor volume was estimated by the formula a x b%/2, where
a and b refer to the major and minor axes of the tumor measured by
a caliper, respectively. After treatment, mice were euthanized to col-
lect blood for serum biochemistry assays. Tumor tissues and major
organs were also harvested. Histological sections were prepared for
H&E staining and detection of apoptosis by TUNEL assay. Immu-
nofluorescence analysis was also performed by staining sections with
FITC-labeled PCNA antibody and DAPL

In vivo pharmacokinetic, biodistribution, and elimination
profiles of CLP after intravenous injection

BALB/c mice (6 to 8 weeks) were intravenously injected with 0.1 ml
of saline containing CLP nanoparticles at 25 mg/kg. At predetermined
time periods, whole blood and major organs were collected after
mice were euthanized. The plasma was obtained by centrifugation
at 2000g for 10 min. After the proteins were precipitated via methanol,
the plasma CLP concentrations were quantified by high-performance
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liquid chromatography (HPLC; Prominence-i LC-2030C, Shimadzu),
using a Shim-pack GIST C18 column (250 mm by 4.6 mm; particle
size, 5 um) and an RF-20A fluorescence detector. The excitation
wavelength was set at 401 nm, while the emission wavelength was
set at 660 nm. The mobile phase consisted of water and methanol at
a volume ratio of 10:90, with a flow rate of 1.0 ml/min. The column
temperature was 40°C. For different organ tissues, they were homog-
enized in PBS and centrifuged, and the supernatant was collected.
The CLP concentrations were also determined by HPLC.

In another study, excretion of CLP was examined in BALB/c mice
that were housed individually in metabolic cages. Briefly, after CLP
nanoparticles were administered via intravenous injection at 25 mg/keg,
urine and feces were separately collected at predefined time points.
Urine samples were precipitated via methanol, while feces were extracted
with methanol. The CLP concentrations were quantified by HPLC.

Tumor targeting after intravenous injection in mice bearing
A549 xenografts

CLP nanoparticles at 5 or 25 mg/kg of Ce6 were intravenously injected
in mice with subcutaneous A549 xenografts for 30 days. At day 7
after the last administration, tumors and major organs were isolated
and rinsed with cold PBS. Ex vivo imaging was carried out via an IVIS
Spectrum imaging system. Quantitative analyses were performed to
determine the distribution of CLP nanoparticles in different tissues.

In vivo antitumor efficacy of CLP nanoparticles after
intravenous delivery

Mice with subcutaneous A549 xenografts were randomly divided into
three groups (n = 4). The control group was treated with saline by in-
travenous injection every 6 days, while the other two groups were sep-
arately administered with CLP nanoparticles at 5 or 25 mg/kg of Ce6.
The tumor volume and body weight were monitored every 3 days.
After 30 days, mice were euthanized. Tumor tissues and major organs
were collected for further analyses.

In a separate study, in vivo antitumor efficacy and safety of CLP
nanoparticles were compared with a typical chemotherapy drug, CDDP.
A549 xenograft-bearing mice were randomly assigned into four groups
(n=5). The control group was treated with 0.1 ml of saline. The dose
of CLP nanoparticles was equivalent to 25 mg/kg of Ce6. Mice in two
CDDP groups were administered with CDDP at 1 or 6 mg/kg, which
were labeled as CDDP-L and CDDP-H, respectively. All treatments
were performed once every 3 days by intravenous injection. Tumor
volume and body weight were measured every 3 days. After 14 days,
mice were euthanized for additional analyses.

Statistical analysis

All data are presented as means + SEM. Student’s t test or one-way ANOV A
was used to determine significance with Statistical Product and Service
Solutions (SPSS) 19.0. Statistical significance was considered at P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/1/eaat2953/DC1

Supplementary Materials and Methods

Fig. S1. Synthesis and characterization of a CLP conjugate.

Fig. S2. Characterization of the CLP conjugate and its nanoparticles.

Fig. S3. Luminescence properties of the CLP conjugate under different conditions.

Fig. S4. Intracellular uptake of CLP nanoparticles and in vitro luminescence imaging in
neutrophils.

Fig. S5. In vivo imaging in different mouse models of inflammation.
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Fig. S6. The retention of CLP and luminol in the colon after enema administration in colitis mice.

Fig. S7. In vitro antitumor activity of CLP nanoparticles.

Fig. S8. Tumor therapy after intratumoral administration of CLP nanoparticles in mice bearing
A549 xenografts.

Fig. S9. In vivo pharmacokinetic, tissue distribution, and elimination profiles of CLP after
intravenous administration.

Fig. $10. Tissue distribution of CLP nanoparticles after intravenous administration in mice
bearing A549 xenografts.

Fig. S11. Tumor therapy after intravenous administration of CLP nanoparticles in mice bearing
A549 xenografts.

Fig. S12. Comparison of in vivo efficacy and safety of CLP nanoparticles with CDDP.

Fig. S13. Safety study after intratumoral administration of CLP nanoparticles in A549
xenograft-bearing mice.

Fig. S14. Safety profiles of CLP nanoparticles in A549 xenograft-bearing mice during and after
30 days of intravenous injection.

Fig. S15. Acute toxicity evaluation of CLP nanoparticles after a single intravenous injection in
healthy mice.

Fig. S16. Mechanistic studies of in vitro antitumor activity of CLP nanoparticles in A549 cells.
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