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Deep tissue imaging in the near-infrared Il
autofluorescence and scattering provides an important modality to visualize various biological events.
Current commercially used contrast agents in the near-infrared spectrum suffer from severe
photobleaching, high tissue scattering, and background signals, hampering high-quality in vivo

bioimaging, particularly in small animals. Here, we applied a NIR-llb quantum dot (QD) probe with

(NIR-11) window with significantly reduced tissue

greatly suppressed photon scattering and zero autofluorescence to map inflammatory processes. Two-
layer surface modification by a combination of amphiphilic polymer and mixed linear and multi-armed
polyethylene glycol chains prolonged probe circulation in vivo and improved its accumulation in the
inflammation sites. Compared to indocyanine green, a widely applied dye in the clinic, our QD probe

showed greater photostability and capacity for deeper tissue imaging with superior contrast. The longer
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mechanisms of the inflammation microenvironment. Our proposed NIR-Ilb in vivo imaging modality

DOI: 10.1039/d0ra06249a proved effective for the visualization of inflammation in small animals, and its use may be extended in
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Introduction

Inflammation is a very important physiological process that
represents an adaptive response to noxious events following
infection and tissue injury.* Although the types of inflammatory
processes and their interrelations have been described in detail,
the physiological mechanisms of inflammation, particularly
during chronic infections, are not completely understood. Such
mechanisms are especially complicated for systemic chronic
inflammation, which is associated with diseases such as
metabolic disorder and cardiovascular diseases.'” Inflamma-
tion in response to infection is mediated by the components of
the innate immune system, such as local macrophages and
mast cells.®* Mapping in detail the processes and microenvi-
ronment of inflammation by an in vivo imaging modality®'®
enables to characterize the key events in the induction of
inflammatory response, activation of inflammatory pathways,
parainflammation processes and other related phenomena.
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future to studies of immunity and cancer.

Modern biomedical techniques employ a variety of imaging
modalities to visualize biological events and disease states.*™**
Compared to magnetic resonance imaging, computed tomog-
raphy, positron emission tomography, or single-photon emis-
sion computed tomography, optical imaging, especially
fluorescence-based imaging, has several advantages with
regard to the real-time imaging mode, multicolor labeling, and
high resolution.*** Fluorescence imaging has been used with
several advanced techniques, such as small animal imaging
platform, confocal laser scanning microscopy, and light sheet
microscopy, to investigate various biological processes. Fluo-
rescence imaging navigation system has been also applied in
the clinical setting, e.g., indocyanine green is successfully used
for near-infrared imaging-guided surgery.’*"” Given that
imaging penetration depth is greatly limited by tissue auto-
fluorescence and light scattering, current fluorescence imaging
probes for small laboratory animals mainly focus on the red to
near-infrared I (NIR-I) range (~600-1000 nm).** Imaging at
longer wavelengths, particularly in the NIR-II window, enhances
visualization of inflammation in vivo, affording greater tissue
penetration and imaging contrast.**°

In several recent studies, donor-acceptor-donor dyes with
NIR-II peak emission®° and cyanine dyes with both NIR-II
peak®-** and tail emission®° have been successfully applied
for NIR-II imaging. However, increasing amount of evidence
suggests that the true advantage of NIR-II imaging is achieved
in the NIR-IIb sub-window (>1500 nm),**** in which the emis-
sion light penetrates different types of tissues with little energy
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loss and scattering, and with nearly zero autofluorescence. Due
to water absorbance at ~1400 nm, the NIR-IIb window can also
avoid this usually unavoidable disturbance although it has been
claimed that imaging at the peak absorbance of water (near
1450 nm) may provide the highest image contrast in the
shortwave infrared.* Thus, NIR-IIb imaging has been used to
achieve high resolution of mouse vasculature, tumors, lymph
nodes and visualize immune therapy process.*"*>***® More
importantly, broadening the NIR window from 700 to over
1500 nm may potentially integrate multiple channels for
imaging complex biological events.

Based on above background, in the present study we applied
a NIR-IIb probe with for ultrahigh contrast imaging of inflam-
mation, enabling future expansion for studies of inflammation
microenvironment. The NIR-IIb quantum dot (QD) probe with
the core-shell structure was synthesized by using a protocol
similar to that described in our previous work.***” The amphi-
philic polymer oleylamine-poly(acrylic acid) (OPA) was used to
deliver the oil-soluble QDs to a water-soluble phase and
a combination of m-polyethyleneglycol (PEG)-amine and 8-arm
PEG-amine was used to improve the biocompatibility and in
vivo circulation time of the QD probe. The as-prepared QDs
enabled high-quality vessel imaging, whereas the prolonged
circulation also improved probe accumulation in the sites of
inflammation. We demonstrated that our NIR-IIb QD probe
provided high imaging quality in a small laboratory animal
(inflammation imaging in this work). We also outlined the key
challenges that will shape the future application of the probe,
particularly with regard to clarifying the origin and physiolog-
ical roles of the inflammation.

Results and discussion

NIR-IIb probes with extremely low tissue scattering and auto-
fluorescence have afforded ultrahigh imaging contrast and
penetration depth.***"* We initially tested the optimal surface
modification and identified a two-layer-surface coating that
improved biosafety of QDs (the dynamic light scattering (DLS)
size of QDs is about 35 nm and the zeta potential of the QDs is
about —1.4 eV). The coated QDs possessed superbright NIR-IIb
emission with peak emission at 1600 nm.** The QDs also
exhibited outstanding photostability during the exposure to
a high-power 808 nm laser, eliminating quantification prob-
lems that could be caused by signal decay. The large Stokes
shift, widely recognized to be critical for background signal
reduction, improved imaging quality (Fig. 1a). We used a 1%
intralipid solution to simulate the tissue to test the penetration
depth of the QDs with that of indocyanine green (ICG), a probe
used in the clinic.* QDs imaging signals were collected in the
>1500 nm region. From the fluorescence images of capillaries
filled with QDs or ICG solutions, we observed that the former
penetrated deeper and significantly improved contrast in the
NIR-IIb window (Fig. 1b). Multilayer surface modification with
both OPA and PEGylation layers can significantly improve in
vivo stability and in vivo circulation time of QDs. We further
optimized the surface coating of PbS/CdS core-shell QDs and
proved that the two-layer surface coating by OPA and
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Fig. 1 Imaging with a NIR-IIb probe with extremely low tissue scat-
tering and autofluorescence affords ultrahigh imaging contrast and
penetration depth. (a) Scheme of “the large Stokes shift accounts for
low background signal and superior imaging quality”. (b) Fluorescence
images of capillaries filled with aqueous solutions of quantum dots
(QDs) and indocyanine green (ICG), covered by a 1% intralipid solution
at varying depths. QDs imaging signals were collected in the >1500 nm
region. Data was plotted from previous report.#’ (c) Scheme of the
PbS/CdS core-shell QDs after coating by OPA and PEGylation. The
two-layer surface coating significantly improved the stability and
biosafety of QDs. (d) Whole-body rotating images after administration
of the NIR-IIb probe into the tail-vein (100-150 uL of 3 pM solution of
coated QDs).*

PEGylation dramatically improved the stability and biosafety of
QDs (Fig. 1c). As shown in Fig. S1,1 OPA-coated QDs had short
vessel circulation time, whereas further PEGylation greatly
enhanced the circulation time and in vivo stability of the NIR-IIb
QD probe. The rotated whole body imaging of mice after tail
vein administration of the NIR-IIb probe provided high-quality
360° omnidirectional visualization of mouse vessels (Fig. 1d, S2,
S3 and Video S1-S3t). The extremely low background signal
enabled super-high imaging contrast.

With a well-established NIR-IIb probe in hand, we first tested
whether it was suitable for high-quality and high-contrast vessel
imaging. To this end, a shaved mouse was immobilized in the
supine position with the left leg exposed under the imaging
field of view for video-rate hind limb vessel imaging (Fig. 2a and
Video S47). Following an injection of 100-150 puL of 3 uM two-
layer coated QDs, the vessel structure was visualized clearly
and with extremely low background signal by video-rate
imaging under the 1500 nm long pass filter. The hind limb
vein was visualized first, and the NIR-IIb signal spread in both
the veins and arteries, highlighting the potential of the probe
for real-time monitoring of inflammatory processes. Addition-
ally, we performed high-quality vessel imaging in other parts of
the body, including leg, backside, abdomen, tail, and others
(Fig. 2b). In all cases, our probe allowed for high-quality vessel
imaging under surgical light exposure with maximal vessel
signal to background (muscle) ratio. Multiplexed NIR-II
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Fig. 2 NIR-llb probe enables high contrast vessel imaging. (a) The
mouse was fixed on the operation platform with the left leg exposed
under the imaging field of view. Video-rate images were recorded
under 1500 nm long pass filter after tail vein injection of coated NIR-Ilb
probe. (b) High-quality vessel images visualized at various body parts:
leg, abdomen, backside, tail, and lateral side. NIR-Il imaging was
conducted at the excitation power density of 150 mW cm~2 and
808 nm wavelength.35473138-60 Qe to the energy loss after passing
through the 850/1000 nm SP excitation-filter set, the actual exposure
power received by the mice was weaker. All 2.5x high-magnification
data were simultaneously collected using the same cohort of mice
when conducting 1x whole-body imaging during the previous and
current projects.#”

visualization of metastatic tumors and sentinel lymph node
resection with full light exposure surgery has been achieved
previously.”” The current study also proves that NIR-IIb imaging
modality enables universal navigation under surgical light
exposure for both preclinical and clinical procedures.

We next carried out whole body NIR-IIb imaging and traced
signal accumulation locations of the coated QDs probes.
Because two-layer coated QDs showed improved in vivo phar-
macokinetic properties compared to those of previous probes
with suboptimal surface modifications, we assumed that our
probe would remain in blood circulation for longer and would
have lower skin uptake in the whole-body imaging mode. Fig. 3a
illustrates NIR-IIb imaging of mice in the supine position after
administration of QDs under 1500 nm long pass filter and
808 nm laser excitation. Vessels were clearly observed even at
>12 h post-injection. NIR-IIb imaging of mice in the lateral
position provided even better vessel visualization with
extremely low background signals and allowed to map small
vessels (Fig. 3b). Statistical analysis of the long-term and short-
term liver, skin, and vessel signals at different post-injection
time points (Fig. 3c and d) indicated that coated QDs had very
low skin uptake due to the rational surface coating with favor-
able in vivo pharmacokinetics. In contrast, low amount of
PEGylation precluded high-quality NIR-IIb imaging, particularly
during later post-injection time points, and the skin signal
appeared at 4 to 20 h post-injection time points (Fig. S47). It's
very hard to rule out the possibility of the QDs being degraded
within the body, which needs further investigation. However,
previous study indicated that “~76% of injected QDs were
excreted from the body with feces after 4 weeks”,** which was
roughly consistent with current study.

33604 | RSC Adv, 2020, 10, 33602-33607

View Article Online

Paper

t=36h t=48 h

L)

t=36h t=48 h

c  60.0k d 60.0k

5 —e— Liver signal 5 —e— Liver signal

© SN —=— Sin signal o —— Skin signal

=40.0k : o essel sonal =40.0k~ . T vesselsond

© Y [] A

= Y c T

3, : 2 K

.520 Ok . 620 Ok B

E JE -

= 0.0r"":** . ~ 2 0.0,..,:7 N— S —
20 40 60 80 100120140160 0 3 6 9 12 15

Post-injection time points / h Post-injection time points / h

Fig. 3 Circulation and excretion properties of the NIR-Ilb probe allow
long-term whole body imaging. (a and b) NIR-Ilb imaging of a mouse
in the supine (a) and lateral (b) positions after administration of the QD
probe under 1500 nm long pass filter and 808 nm laser excitation. (c)
Magnitude of the liver, skin, vessel signals at different post-injection
time points. (d) Rapid absorption dynamics of the QD probe in the liver,
skin, and vessels post-injection.

Inflammation is an adaptive response during which chem-
ical and biological substances are released into the blood to
protect specific sites of the body, causing increased blood flow
in the inflamed areas. The increased number of cells and
inflammatory substances within the sites of inflammation
augments accumulation of foreign substances.' Because large
numbers of immune cells accumulate in the sites of inflam-
mation, we hypothesized that they could take up coated QDs
probes, enabling targeted high-quality NIR-IIb inflammation
imaging. To verify this assumption, a mouse with on-going
inflammation was injected with the QD probe through the tail
vein (Fig. 4a). NIR-IIb imaging of this mouse at both the supine
and lateral positions after the administration of the QD probe
under 1500 nm long pass filter and 808 nm laser excitation
clearly visualized relatively fast QD probe accumulation with the
signal in the inflammation site reaching the peak at around 4-
6 h (Fig. 4b and c). Organ distribution of QDs at 24 h post-
injection indicated that besides the accumulation in site of
inflammation, the QD probe also accumulated in high amounts
in the liver, spleen, and lung (Fig. 4e and f).

Next, we examined the accumulation of the QD probe in
tumors. SKOV3 tumor cells were inoculated subcutaneously
into the armpit of mice, which were monitored until the tumor
size reached 0.5 x 0.5 cm. The QD probe was administered to
mice with tumors (Fig. S5t) and was found to provide high-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 NIR-1lb probe enables high-quality inflammation imaging. (a)
Mouse with an inflammation focus at the base of the tail. (b and c) NIR-
llb imaging of the mouse with inflammation in the supine (b) and lateral
(c) positions after administration of the QD probe under 1500 nm long
pass filter and 808 nm laser excitation. (d) The magnitude of the signal
in the inflammation site after tail vein injection of the QD probe. (e and
f) Organ distribution of QDs.

quality NIR-IIb tumor imaging in room light conditions. The
2.5x magnification of the tumor site at early time points after
QD probe injection visualized tumor structure in detail
(Fig. S5bt). Although a previous study indicated much higher
accumulation of the QD probe in the U87 tumor model,* it had
relatively low accumulation in the SKOV3 tumor model in our
present experiments. Whole body NIR-IIb imaging of SKOV3
tumor-bearing mouse (1x magnification) with surrounding
inflammation sites at different post-injection time points indi-
cated that the accumulated signal was stronger in the sites of
inflammation than in the tumor site. We speculated that
inflammation site was looser than the solid-tumor site. In the
same conditions of injection dose and imaging set-up, the
abundant accumulation of NIR-IIb QDs in the inflammation
sites will possibly result in bright NIR-II signal. This point needs
further investigation.

Conclusions

Inflammation comprises many physiological and pathological
processes." Mechanisms of the acute inflammatory response to
the infection are becoming increasingly elucidated. Contem-
porary experimental and clinical evidence suggests that
inflammation has close relationship with many normal and
pathological processes, such as metabolism, immunity,” meta-
bolic disorders,®> cancer progression,*® atherosclerosis,”> auto-
immune disease,® Alzheimer's disease,” and others. However,
the exact details of the interrelationships between inflamma-
tion and these processes are often not known. Therefore, it is
essential to be able to reveal important constituents in the local
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microenvironment that mediate inflammatory responses and to
develop efficient therapeutic approaches on the basis of this
knowledge. The present study describes an important imaging
probe for clear visualization of the inflammation process.
Application of the proposed NIR-II imaging in combination
with confocal®*** and light sheet microscopy*>*® in future will
enable detailed studies of the inflammation microenvironment
and mechanisms of cancer-related inflammation.

Our NIR-IIb imaging modality provides a potential solution
to investigate complex biological events in the real-time
manner. A previous study has demonstrated application of
dual-channel NIR-II probes for simultaneous metastatic tumor
imaging and sentinel lymph node resection with full surgery
with light exposure and in vivo vessel imaging from both macro-
and micromicroscopic dimensions.*>*” Our probe for imaging
at >1500 nm NIR-IIb window with extremely low tissue auto-
fluorescence and scattering affords great penetration depth,
high spatial resolution, and real-time imaging speed.*” NIR-II
molecular imaging at longer wavelengths is favorable for
muscle, brain, skin and subcutaneous tissues.** Our NIR-IIb
probe yielded greater spatial resolution and penetration depth
by tissues in the NIR-IIb window due to a combination of factors
such as low-autofluorescence, minimized photon scattering,
water absorption, and large Stokes shift (excitation at 808 nm
and signal collection at >1500 nm)."”

It is widely accepted that imaging at the NIR region has
several advantages, particularly for studies in vivo and clinical
imaging-guided surgery.'**>**” Current commercial NIR
probes mainly focus on the narrow NIR-I window between 700
and 1000 nm. It is very important to extend the imaging emis-
sion range for multicolor channels with non-overlapping
emission spectra to label different biological processes and
objects simultaneously without any crosstalk between chan-
nels.*” This increased wavelength range will provide sufficient
space to integrate multiplexed channels and enable real-time
visualization of complex biological events with unprecedented
imaging contrast and penetration depth in the true NIR-II
transparent imaging windows.
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