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We report the synthesis and characterization of a myeloperoxidase (MPO)-responsive, biodegradable,
and luminescent material derived from functionalized cyclodextrin. The nanoparticle based on this
functional material shows notably high and sustainable luminescent signals upon triggering by
inflammatory conditions with abnormally elevated reactive oxygen species and MPO. Activated
neutrophils during inflammatory responses can be selectively imaged using this nanoprobe, with
luminescent signals positively correlated to neutrophil counts. This nanoprobe enables in vivo precise
quantification and tracking of the number and dynamics of neutrophils in both superficial and deep
tissues in various mouse models of inflammatory diseases, including peritonitis, paw edema, colitis,
and acute lung injury. In vitro and in vivo evaluations also demonstrate the safety and biocompatibility
of this newly engineered material in its native and nanoparticle forms.

Introduction

Inflammation has been implicated in the pathogenesis of many
diseases including arthritis, Alzheimer's disease, cancer, and car-
diovascular disease [1-3]. It is also a key feature of metabolic dis-
orders such as obesity and diabetes [4]. As the most abundant
leukocytes in the circulation, neutrophils play an important role
in acute inflammatory responses by exerting their multiple func-
tions [5-8]. Additionally, neutrophils are initiators of chronic
inflammatory disorders, such as chronic obstructive pulmonary
disease [9], arthritis [10], inflammatory bowel disease [11], and
atherosclerosis [12]. Therefore, rapid detection, reliable tracking,
and precise quantification of neutrophils under different condi-
tions can address unmet demands for understanding, diagnosis,
and therapy of inflammatory diseases. Traditionally, histological
or immunohistochemical methods, scintigraphy, and flow
cytometry have been utilized for either qualitative or quantita-
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tive detection of neutrophils. However, these techniques cannot
provide anatomical information with desirable spatiotemporal
resolutions in physiological environments. A common problem
of those existing cell-labeling methods is that they are toxic to
neutrophils. Furthermore, they are time-consuming and labor-
intensive in sampling of tissues and cells. The sampling proce-
dures often require animal sacrifice, eliminating the possibility
to obtain dynamic information of neutrophil trafficking, prolif-
eration, and death.

As a noninvasive, rapid, straightforward, and versatile
approach, luminescence imaging enables direct observation of
in vitro activation of inflammatory cells, longitudinal examina-
tion of neutrophil recruitment in the development of inflamma-
tion, and assessment of therapeutic responses to various
treatments [13-16]. Small molecular luminescent probes, such
as luminol and its analogs, are frequently used for in vivo detec-
tion of inflammation-associated diseases [17-20], via lumines-
cence imaging of myeloperoxidase (MPO) activities in the
presence of reactive molecular species, based on the abundant
expression of MPO in neutrophils [21]. Unfortunately, these
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Design of a myeloperoxidase (MPO)-responsive, biodegradable, and luminescent material and nanoparticle. (a) Schematic of the structure and composition
of the luminescent material derived from luminol (Lum)-conjugated b-cyclodextrin (Lu-bCD). (b) Responsive hydrolysis mechanism of the luminescent
material. (c) Engineering of a MPO-responsive luminescent nanoparticle based on the functionalized cyclodextrin material.

small molecular agents are temporally limited due to the rapid
decay of luminescent signals asa result of instant absorption
and quick excretion [22]. Poor spatial resolution has also been
observed for these probes, particularly for deep tissues, resulting
from nonspecific distribution as well as tissue absorption and dis-
semination upon systemic administration [18]. To circumvent
these issues, different nanoprobes have been developed recently
based on conjugated polymers, inorganic materials, and metal—-
organic frameworks for in vitro and in vivo studies [23-31]. How-
ever, biodegradability and biocompatibility are currently the
major limitation of in vivo applications of these luminescent
nanomaterials. More importantly, their feasibility and quality
of imaging inflammatory diseases remain to be demonstrated.

Herein we report a new luminescent material that is able to
address above challenges. This functional material is derived
from luminol-conjugated cyclodextrin, a molecule responsive
to inflammation characterized by overproduction of reactive
oxygen species (ROS) and MPO (Fig. 1). The nanoparticle (NP)
based on this biodegradable luminescent material showed nota-
bly high and sustainable luminescence, compared with luminol
itself in both in vitro cell culture and in vivo murine models of
inflammatory diseases. Also, this luminescent nanoprobe effi-
ciently illuminated deep tissue inflammation in an acute lung
injury mouse model. Luminescent signals were well-correlated
with neutrophil counts, in a large linear dynamic range, enabling
in vivo precise quantification of neutrophil dynamics in inflam-
matory diseases or disorders.

Results and discussion

Synthesis of a MPO-responsive material and fabrication of a
luminescent nanopatrticle

The MPO-responsive luminescent material was synthesized by
chemical modification of b-cyclodextrin (b-CD), a cyclic

oligosaccharide with good in vivo safety [32]. This was achieved
by activation of b-CD via 1,1’-carbonyldiimidazole (CDI), fol-
lowed by conjugation of luminol (Lum) units on b-CD
(Fig. S1a). While the covalently linked Lum units are relatively
hydrophilic, the remained imidazole moieties are hydrophobic
components, thereby giving rise to an amphiphilic material.
Characterization by Fourier transform infrared (FT-IR) as well as
'H and "*C NMR spectrometry confirmed successful conjugation
of Lum units in b-CD molecules (Fig. S2a—c). Thus obtained
material Lu-bCD displayed similar UV-Visible absorption and
fluorescence emission spectra as compared to those of free
luminol (Fig. S2d-e). Measurement by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry also
affirmed the synthesis of Lu-bCD (Fig. S2f). Calculation based
on the 'H NMR spectrum and UV-Visible absorbance suggested
about 1 Lum and 3 imidazole units were covalently linked to
each b-CD molecule.

The NP based on the luminescent material Lu-bCD was pro-
duced by a nanoprecipitation/self-assembly method, leading to
spherical Lu-bCD NP as observed by transmission electron micro-
scopy (TEM) (Fig. 2a). Measurement of Lu-bCD NP from different
batches by dynamic light scattering revealed mean diameter of
228p19nm (n=15), with polydispersity of 0.11p0.04
(n=15). A representative size distribution profile is illustrated
in the right panel of Fig. 2a. The relative small size observed in
the TEM image might be due to dried particles under TEM condi-
tions, while particles were swollen to a certain degree in aqueous
solution. In the existence of H,O,, Lu-bCD NP could be slowly
hydrolyzed (Fig. S3a), while hydrolysis was considerably acceler-
ated upon incubation with CIO™ (Fig. S3b). This indicated that
hydrolysis of Lu-bCD NP is more sensitive to CIO~. Analysis by
'H NMR and mass spectrometry suggested that Lu-bCD may be
hydrolyzed to its parent compound b-CD (Figs. S3c-d and S1b).
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Characterization of the MPO-responsive luminescent nanoparticle. (a) TEM image and size distribution profile of Lu-bCD NP. (b and c) Luminescent spectra (b)
and time dependent luminescent intensity (c) of luminol and Lu-bCD NP in the presence of H,0, at 0.5 or 5 mM, respectively. In both cases, Lu-bCD NP and
free luminol with the same content of Lum were used. (d and e) The effect of H,0, (d) or MPO (e) levels on luminescence of Lu-bCD NP. In both cases, the left
panel shows ex vivo luminescent images, while the right panel indicates quantitative analysis. (f) Enhanced luminescence of Lu-bCD NP by MPO and Cl™. The
left panel shows typical ex vivo images, while the right panel illustrates quantitative results. (g) The influence of ROS types on luminescence of Lu-bCD NP. (h
and i) Typical luminescent images (left) and quantitative results (right) illustrating attenuation of Lu-bCD NP luminescence by a ROS scavenger Tempol (h) a
MPO inhibitor 4-ABAH (i). Error bars, mean p s.d. (n = 3).

Then we examined luminescent properties of Lu-bCD NP. Anal- luminescent signals than free luminol at 1 mM H,0, (Fig. 2b).
yses by a fiber optic spectrometer showed that, at the same con- Furthermore, Lu-bCD NP exhibited sustainably higher time-
centration of Lum, Lu-bCD NP displayed notably higher lapse luminescent intensities during the examined time period
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of 1 h, as compared to luminol with the same dose of Lum
(Fig. 2¢). This sustainable and enhanced luminescence of Lu-
bCD NP was also detected by imaging via an IVIS Spectrum sys-
tem (Fig. S4a). Upon incubation with both low and high levels of
H,O,, luminescent signals of Lu-bCD NP were increased asa
function of the H,0, level (Figs. 2d and S4b). In addition, lumi-
nescence was linearly increased with the Lu-bCD NP concentra-
tion (Fig. S4¢). Also, we found enhanced luminescent intensity as
the MPO level was increased (Fig. 2e). Independent of varied
doses of H,O,, the presence of MPO remarkably potentiated
luminescence of Lu-bCD NP, with additional strengthening by
Cl™ (Fig. 2f), which may be due to the generation of a strong oxi-
dizing anion ClO~ via the MPO-H,0,-Cl™ system [33]. In line
with this, the luminescent signal of Lu-bCD NP was selectively
enhanced by ClO™ (Fig. 2g). Notably, luminescence of Lu-bCD
NP was significantly attenuated by eliminating ROS or inhibiting
MPO activity using a ROS scavenger Tempol or a MPO inhibitor
4-ABAH, respectively (Fig. 2h and i). Collectively, these findings
demonstrated that the MPO-responsive luminescent NP can be
successfully developed using the material derived from Lum-
functionalized b-CD. More importantly, luminescent signals
were notably amplified by the nanoprobe as compared to free
luminol. This enhanced luminescent strength and efficiency by
the assembled NP should be attributed to increased peripheral
presentation of Lum on the NP surface, which may increase effi-
ciency of the reaction between Lum and oxidative species, result-
ing from increased encounter probability.

In vitro luminescence imaging of neutrophils

To examine whether our newly developed luminescent nanop-
robe can be used to detect activated neutrophils that excrete both
MPO and ROS, in vitro cell culture tests were conducted using
neutrophils isolated from the peritoneal cavity of mice induced
by intraperitoneal (i.p.) injection of thioglycollate (Fig. 3a). Fluo-
rescence microscopy after staining with a fluorescent probe 2',7'-
dichlorofluorescin diacetate (DCFH-DA) revealed the generation
of ROS after stimulation of neutrophils by phorbol 12-
myristate 13-acetate (PMA) (Fig. 3b). Consistently, we observed
significant luminescence in PMA-stimulated neutrophils using
Lu-bCD NP (Fig. 3¢). By contrast, only negligible luminescent sig-
nals appeared in the non-stimulated control. Consistent with the
luminescence profile in the presence of H,O,, Lu-bCD NP
showed sustained and strong signals for activated neutrophils
(Fig. 3d and e), while free luminol displayed a rapidly decayed
curve. Importantly, no significant luminescent signals were
detected for PMA-stimulated RAW264.7 murine macrophages
(Fig. 3f), although the production of ROS was found (Fig. 3g).
The selectivity of Lu-bCD NP luminescence to activated neu-
trophils should be associated with the generation of both ROS
and MPO, in line with the finding that luminescence of Lu-
bCD NP may be intensified by MPO and MPO/CI". Finally, we
found that the luminescent signals in the cultured neutrophil
system were positively associated with the number of neu-
trophils and the dose of Lu-bCD NP (Fig. 3h and i). Accordingly,
our neutrophil culture experiments demonstrated that Lu-bCD
NP can serve as an efficient luminescent nanoprobe for selective
imaging of activated neutrophils in vitro.

In vivo luminescence imaging of acute inflammation in mice

Subsequently, we performed in vivo studies to test the biolumi-
nescence imaging potential of Lu-bCD NP in acute inflamma-
tion. First, mouse models of peritonitis were induced by i.p.
injection with different stimulators including lipopolysaccharide
(LPS), thioglycollate, and zymosan. Flow cytometry analyses
revealed the number of neutrophils in peritoneal exudates was
dependent on the type of stimulators (Fig. 4a). Concomitantly,
we found increased production of MPO and ROS as well as
inflammatory cytokines (TNF-a and IL-1b) in the cell-free lavage
fluid (Figs. 4b and S5). After i.p. administration of Lu-bCD NP,
in vivo imaging showed significant luminescent signals in mice,
with a clear dependence on the stimulators (Fig. 4c). Of note, a
good correlation was found between the number of neutrophils
and the luminescent intensity (Fig. 4d). Additionally, lumines-
cent signals were remarkably attenuated by either Tempol or 4-
ABAH (Fig. 4e), well consistent with in vitro results (Fig. 2h and
i). Also, Lu-bCD NP displayed sustained luminescence after only
a single i.p. administration, while signals of free luminol at the
same dose of Lum decayed exponentially (Fig. 4f). After i.p. injec-
tion of zymosan, gradually enhanced luminescent intensities
were detected at 2, 4, and 6 h by Lu-bCD NP administered at
the corresponding time points (Fig. 4g), which is consistent with
the increased number of neutrophils in peritoneal exudates
(Fig. 4h). Moreover, a good correlation was found between the
luminescent signal and the neutrophil count (Fig. 4i). These
experiments showed that the progression of peritonitis can be
detected by luminescence imaging with Lu-bCD NP.

In another acute inflammation model of paw edema induced
by intradermal (i.d.) injection of carrageen, which is also related
to the infiltration of neutrophils [34], local administration of Lu-
bCD NP showed longer and brighter luminescent signals com-
pared to the same dose of free luminol (Fig. S6a). Comparatively,
an exponential decay of luminescence was observed for luminol
(Fig. S6b). After treatment with an anti-inflammatory drug dex-
amethasone (DEX), the luminescent intensity of Lu-bCD NP sig-
nificantly decreased (Fig. S6c-d). This suggested that Lu-bCD NP
luminescence is closely related to the degree of inflammation.
We also examined the luminescence of Lu-bCD NP in mice with
dextran sodium sulfate (DSS)-induced ulcerative colitis, which is
characterized by excessive recruitment and accumulation of acti-
vated neutrophils in the colon as well as overproduction of MPO
and ROS [11]. After administration of Lu-bCD NP by enema, sig-
nificant luminescence was detected in mice with colitis (Fig. S7a-
b). This is in accordance with the significant increase in MPO and
ROS levels (Fig. S7c-d). By contrast, imaging with free luminol
enema at the same dose of Lum failed to show significant differ-
ence between the normal and colitis animals (Fig. S7e). This
might be due to the indiscriminate distribution and rapid absorp-
tion of small molecules, while NPs are able to specifically accu-
mulate in the inflamed colon [35].

Taken together, Lu-bCD NP showed strong and long-lasting
in vivo luminescence in the microenvironment of acute inflam-
mation, clearly distinct from the weak and decaying signals of
small molecular probes, therefore providing significant
advantages for future basic research and clinical applications.
These experiments demonstrated that Lu-bCD NP is an effective
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experiment in (i), 5 x 10° neutrophils were used. Error bars, mean p s.d. (n=3); P <0.001.

luminescent nanoprobe for the detection of acute inflammation exposure, both pulmonary tissues and bronchoalveolar lavage

by imaging neutrophil dynamics in vivo. of ALI mice showed remarkably high levels of MPO and ROS as

well as high expression of inflammatory cytokines TNF-a and
Luminescence imaging of acute lung injury in mice IL-1b (Fig. S8a-b). The neutrophil counts in pulmonary tissues
To expand the applications of Lu-bCD NP for luminescence imag- and bronchoalveolar lavage were also significantly increased
ing of neutrophils in other diseases, we established a mouse (Figs. 5a and S8c). Hematoxylin and eosin (H&E) stained
model of acute lung injury (ALI) that is histopathologically char- pathological sections showed the patchy nature of injury, inflam-
acterized by neutrophilic alveolitis, with the most severe manifes- matory infiltration, and vascular congestion for the ALI mice

tation of acute respiratory distress syndrome [36]. ALI in mice was (Fig. 5b). We then compared the luminescence imaging between
induced by intratracheal (i.t.) inoculation of LPS. After 6 h LPS free luminol and Lu-bCD NP in ALI mice. Notably, i.v.
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Luminescence imaging of peritonitis using Lu-bCD NP. (a) Quantification of neutrophils in peritoneal lavage of mice induced by intraperitoneal (i.p.) injection
of different stimulators. The left panel shows representative flow cytometric profiles, while the right panel indicates the quantitative data. (b) The levels of
MPO and H,0, in cell-free peritoneal lavage of mice with peritonitis induced by i.p. injection of zymosan. (c) Typical in vivo images (left) and quantitative
analysis (right) illustrating luminescence of mice with peritonitis induced by different stimulators. (d) Correlation between the neutrophil count and
luminescent intensity. (e) Attenuation of Lu-bCD NP luminescence by a ROS scavenger Tempol or a MPO inhibitor 4-ABAH. The left and right panels
separately show representative in vivo images and quantitative data. (f) Time dependent changes of luminescent signals in mice with peritonitis induced by i.
p. zymosan. A single dose of either luminol or Lu-bCD NP at the same dose of the Lum unit was administered by i.p. injection at 6 h after stimulation with
zymosan, and then, in vivo imaging was performed at different time points. Left panel, luminescence images; right panel, quantitative data. (g) Representative
images (left) and quantitative results (right) illustrating in vivo luminescent intensities at various time points after i.p. injection of zymosan. Immediately after i.
p. injection of Lu-bCD NP at 20 mg per mouse at the examined time points, in vivo imaging was conducted. (h) Quantification of neutrophils at various time
points after i.p. injection of zymosan. (i) Linear correlation between the neutrophil count and luminescent signals. Error bars, mean p s.d. (n =6, a-b, h; n =4,
¢, e-g); P < 0.05, P <001, P <0.001.

administration of Lu-bCD NP in normal mice showed negligible nals were observed at the pulmonary sites of mice at different
luminescent intensities (Fig. 5¢), which might be important for time points (the left panel, Fig. 5f), following a parabolic pro-
accurate diagnosis of ALI. For luminol, quantitative analysis file peaked at 6 h (the right panel, Fig. 5f). Consistently, flow
showed no differences before and after intravenous (i.v.) injection cytometric analysis showed a similar trend of neutrophil
(Fig. 5d). By contrast, Lu-bCD NP offered much better dynamics in the lung tissues (Fig. 5g and h). Also, the levels
luminescent signals. Consistently, we demonstrated pulmonary of MPO and H,0O, changed accordingly at the examined time
accumulation of Lu-bCD NP, labeled with a near infrared fluores- points (Fig. 5i). Again, the luminescent signals were well-
cent dye Cy7.5 (Figs. S9 and 5e). Therefore, the luminescent correlated with the counts of neutrophils and the levels of
nanoprobe Lu-bCD NP can be utilized to detect ALI by targeting MPO and ROS during ALI process (Fig. 5j). Together, these
the neutrophils of the injured sites. results substantiated that Lu-bCD NP is an efficient lumines-

We further tracked the dynamic progression of ALI in mice cent nanoprobe to detect the progression and development
by Lu-bCD NP. After i.t. inoculation of LPS, luminescent sig- of ALL
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Luminescence imaging of acute lung injury (ALI) in mice induced by intratracheal (i.t.) inoculation of LPS. (a) Representative flow cytometric profiles (left) and
quantitative analysis (right) of neutrophil counts in pulmonary tissues of ALI mice. (b) H&E stained histological sections illustrating infiltration of inflammatory
cells into the lungs. (c) In vivo luminescence images of normal mice before and after i.v. injection of Lu-bCD NP. (d) Representative in vivo images (left) and
quantitative results (right) of luminescence imaging in ALl mice before and after i.v. injection of luminol or Lu-bCD NP at the same dose of Lum. (e) Ex vivo
fluorescence imaging indicates pulmonary targeting by Lu-bCD NP. (f) In vivo luminescence images of ALl mice at different time points after iv.
administration of Lu-bCD NP. The left panel shows representative images, while the right panel indicates normalized luminescence intensities. (g and h)
Representative flow cytometric profiles (g) and quantitative analysis (h) showing neutrophil counts in pulmonary tissues isolated from mice at defined time
points after i.t. inoculation of LPS. (i) The relative levels of luminescent intensities, neutrophil counts, MPO, and H,0, in the lungs from mice at defined time

points after i.t. inoculation of LPS. (j) Correlation analysis of luminescent intensities with the neutrophil count as well as the level of H,0, or MPO. Error bars,

XXk

mean p s.d. (n =6, a, h—i; n = 4, d-f); "P < 0.05, P < 0.01, P < 0.001.

Safety studies

Finally, in vitro and in vivo evaluations were conducted to test the
safety of Lu-bCD NP applications. In both normal and tumor cell
lines, even 500 Ig ml™! of Lu-bCD NP did not cause noticeable
cytotoxicity (Fig. S10). Since previous studies indicated that pla-
telets may be activated by some nanomaterials [37-39], possible
effects of Lu-bCD NP treatment on platelets were examined.
Treatment of whole blood with various doses of Lu-bCD NP
did not induce notable platelet aggregation (Fig. S11a-b). Quan-
tification of representative blood coagulation parameters, includ-
ing the plasma level of fibrinogen (FBG), prothrombin time (PT),
thrombin time (TT), and activated partial thromboplastin time
(APTT), revealed no significant changes after incubation of plate-
lets with varied concentrations of Lu-bCD NP (Fig. S11c-f). Con-
sistently, immunofluorescence analysis suggested that platelets
were not activated by Lu-bCD NP (Fig. S11g). It should be

emphasized that 30 mgml~' of Lu-bCD NP is dramatically
higher than its plasma level after i.v. administration for in vivo
imaging in ALI mice.

After a single i.v. injection at 600 mg kg~! in model mice, no
significant changes in the body weight and organ index of major
organs were observed (Fig. S12a-b). Complete blood count
revealed no abnormal variations in the number of red blood
cells, white blood cells, and platelets as well as the level of hemo-
globin (Fig. S12c). Clinical biochemistry analysis did not find
abnormal changes for biomarkers related to hepatic and kidney
functions (Fig. S12d). Analysis on H&E stained sections also
showed no histological abnormity appeared in major organs
(Fig. S12e). Together, these data demonstrated Lu-bCD NP is safe
for in vivo applications at the examined dose that is at least
sixfold higher than those required for in vivo imaging by i.v.
administration. This is consistent with in vitro results that
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Lu-bCD NP can be completely hydrolyzed into biocompatible
small molecules, and the resulting metabolites are then more
readily excreted. It is also in line with the fact that b-CD and
its derivatives have been broadly employed in pharmaceutical
formulations administered via different routes [32,40,41], and
luminol itself has been used as a drug for the treatment of alope-
cia areata [42].

Conclusion

In summary, we have developed a luminescent nanoplatform by
facile self-assembly of a b-CD-derived amphiphile, with ampli-
fied and sustained luminescence. Activated neutrophils were
selectively imaged using this nanoprobe. Responding to neu-
trophil counts as well as abnormal levels of ROS and MPO, this
newly engineered nanoprobe showed desirable luminescence
for the detection of different inflammatory disorders in both
superficial and deep tissues, enabling noninvasive and real-time
detection of initiation, progression, and resolution of inflamma-
tion. This strategy can also provide important information for
high-throughput and high-content screening of anti-
inflammatory therapeutics. In addition, this nanoplatform can
be used as a MPO-triggerable nanovehicle for site-specific deliv-
ery of a large number of therapeutic or contrast agents for com-
bination therapy or multimodality molecular imaging.
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