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In vivo fluorescence imaging of nanocarriers =
in near-infrared window Il based
on aggregation-caused quenching
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Abstract

Accurate fluorescence imaging of nanocarriers in vivo remains a challenge owing to interference derived

mainly from biological tissues and free probes. To address both issues, the current study explored fluorophores

in the near-infrared (NIR)-Il window with aggregation-caused quenching (ACQ) properties to improve imaging
accuracy. Candidate fluorophores with NIR-Il emission, ACQ984 (A,,=984 nm) and IR-1060 (A.,,= 1060 nm), from
the aza-BODIPY and cyanine families, respectively, were compared with the commercial fluorophore ICG with
NIR-II tail emission and the NIR-I fluorophore P2 from the aza-BODIPY family. ACQ984 demonstrates high water
sensitivity with complete fluorescence quenching at a water fraction greater than 50%. Physically embedding the
fluorophores illuminates various nanocarriers, while free fluorophores cause negligible interference owing to the
ACQ effect. Imaging based on ACQ984 revealed fine structures in the vascular system at high resolution. Moreover,
good in vivo and ex vivo correlations in the monitoring of blood nanocarriers can be established, enabling real-
time noninvasive in situ investigation of blood pharmacokinetics and dynamic distribution in various tissues.
IR-1060 also has a good ACQ effect, but the lack of sufficient photostability and steady post-labeling fluorescence
undermines its potential for nanocarrier bioimaging. P2 has an excellent ACQ effect, but its NIR-I emission only
provides nondiscriminative ambiguous images. The failure of the non-ACQ probe ICG to display the biodistribution
details serves as counterevidence for the improved imaging accuracy by NIR-Il ACQ probes. Taken together, it

is concluded that fluorescence imaging of nanocarriers based on NIR-Il ACQ probes enables accurate in vivo
bioimaging and real-time in situ pharmacokinetic analysis.
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Fig. 1 (See legend on next page.)
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Fig. 1 Spectroscopic properties and ACQ effect of selected probes. (A) Schematic illustration of the differences between ACQ and non-ACQ probes for
fluorescence imaging of nanocarriers. (B) Chemical structures of ACQ984, IR-1061, P2, and ICG. (C) Normalized absorption and emission spectra of the
four probes dissolved in DMSO. (D) Fluorescence spectra of selected probes as a function of the water fraction in the binary DMSO/water system. (E)
Fluorescence intensity vs. water fraction curves that identify the starting point of absolute fluorescence quenching. (F) UV spectra of selected probes in
the binary DMSO/water system as a function of the water fraction. (G) Molecular optimization, dihedral angle calculation, and logP values of four selected
probes. The sequence in plots of (C), (D), (E), (F) and (G) correspond to the sequence of the fluorophores ACQ984, IR-1061, P2, and ICG, whose chemical

structures are displayed in (B)

Introduction

Advances in drug delivery have renovated clinical phar-
macotherapy and the pharmaceutical industry in recent
decades. To protect drug payloads, transport them to tar-
get sites, and release them in a controlled way, carriers,
especially nanocarriers, are often used for drug delivery.
Recent years have witnessed enthusiastic research input
and rapid progress in nanocarrier drug delivery systems
(NDDSs) [1, 2]. However, the translation of NDDSs is not
as successful as expected despite several tens of NDDS
products being officially approved [3, 4]. The ignorance
of in vivo behaviors is believed to be one of the leading
causes of the translation gap [4, 5]. Unveiling the in vivo
fate and underlying mechanisms facilitates preclinical
optimization and accelerates the translation of NDDSs [4,
6,7].

Tracking and imaging of nanocarriers play an indis-
pensable role in the exploration of the in vivo behaviors of
nanocarriers. Among the various imaging tools available,
fluorescence imaging is more sensitive, more accessible,
and easier to implement. Recent years have seen grow-
ing applications of fluorescence imaging in drug delivery.
For instance, it has become routine to validate the biodis-
tribution and targeted delivery of drug nanocarriers due
to the implementation of small-animal in vivo illumina-
tion systems (IVIS) based on fluorescence imaging in the
near-infrared (NIR) region [8—10]. However, the accu-
racy of fluorescence imaging is being challenged because
of the accumulation of deceptive readouts [11-14].

The most remarkable challenge with fluorescence
imaging of nanocarriers (FIN) lies in the inherent draw-
backs of fluorescence imaging, i.e., limited penetration
depth due to tissue absorption and diffraction as well as
interference derived from tissue autofluorescence. For-
tunately, these drawbacks could be greatly mitigated at
longer emission wavelengths. Recently, fluorescence in
the NIR-II (1000-1700 nm) region has been successfully
applied in bioimaging [8, 15] but has not been purposely
applied for FIN. The implementation of NIR-II fluoro-
phores for tracking and imaging nanocarriers in vivo is
highly desirable. Another leading challenge in FIN is the
discrimination of vehicle-bound signals from free-probe
signals [4, 12, 16, 17]. Analysis of nanocarriers requires
the establishment of a robust correlation between fluo-
rescence and drug nanocarriers. If the fluorophores
are secured with vehicles, the signals can be reliably
employed to represent the nanocarriers, and there is not

much concern about non-nanocarrier signals [12]. Nev-
ertheless, if nonencapsulated or released fluorophores
coexist, which is common because drug nanocarriers are
generally designed to be biodegradable for safety consid-
erations, unbound signals may generate a certain degree
of interference (Fig. 1A) [12, 17]. How to preclude this
kind of interference remains one of the leading issues in
FIN.

In recent years, the application of environment-respon-
sive probes based on the rationale of Forster resonance
energy transfer (FRET) has made progress toward the
identification of nanocarrier integrity [18-20]. FRET
occurs when a pair of donors/acceptors, such as Cy5.5/
Cy5 and Dil/DiD, are spatially adjacent (e.g., when
embedded in nanocarriers), normally less than 10 nm
in distance [20, 21]. Disintegration or degradation sev-
ers the FRET pair and leads to signal switching, based
on which the structural integrity of nanocarriers can be
estimated [21-23]. However, as FRET runs by an “on-to-
on” mechanism and involves at least two fluorophores,
it is difficult to discriminate nanocarriers from interfer-
ing signals owing to complicated factors such as indi-
vidual illumination and non-FRET-specific excitation [24,
25]. The accuracy of FRET-based bioimaging still awaits
validation [26, 27]. In addition to FRET, other ratiomet-
ric fluorescence imaging strategies also invove two, or
occasionally more, fluorophores and therefore encoun-
ter problems similar to FRET [28]. Fluorophores based
on aggregation-induced emission (AIE) can illuminate
nanocarriers when physically embedded due to “restric-
tion of intramolecular motion” and have been utilized for
bioimaging of different types of nanoparticles [29, 30].
However, the tendency of free or released AIE molecules
to form aggregates and induce emission may cause a cer-
tain degree of interference with the nanocarrier signals,
which is very difficult to eliminate [29, 30]. Many other
environment-responsive probes only respond to one or
a limited number of environmental factors, such as pH
or specific biomarkers, rendering them less flexible and
unreliable to work as a universal tool for FIN [31].

To address the dual challenges of FIN, we used an alter-
native strategy by eliminating the interference caused
by free probes and extending the imaging wavelengths
to the NIR-II window simultaneously. It is hypothesized
that absolute quenching of free or released probes would
function to preclude interfering fluorescence (Fig. 1A).
It is generally recognized that a series of fluorophores
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are able to demonstrate an aggregation-caused quench-
ing (ACQ) effect [17, 32—37], a common phenomenon in
which fluorophores of a certain degree of hydrophobicity
and molecular planarity tend to aggregate in an aqueous
environment with simultaneous fluorescence quenching
[17, 38]. ACQ is always regarded as adverse in bioimag-
ing but functions well as a tool for FIN [17]. Fluorophores
with ACQ properties illuminate nanocarriers when
embedded and dispersed in a molecular state, whereas
free or released fluorophores form aggregates spontane-
ously upon contact with water with fluorescence quench-
ing to near zero [17, 32, 39]. Therefore, the observed
fluorescence could be directly correlated with the nano-
carriers. In this respect, ACQ outperforms FRET because
it involves only one fluorophore and involves simpler
“on-to-oft” signal switching, which corresponds well to
nanocarrier degradation. The complete quenching of the
ACQ probe eliminates the interference caused by leaked
free probes, conquering the drawbacks of imaging based
on conventional non-ACQ probes. ACQ, as a common
environment-responsive phenomenon, can achieve uni-
versal application for nanoparticle labeling. To date,
the ACQ concept has only been explored for FIN in the
NIR-I (700-900 nm) window [32-37, 40—-42].

The current study aimed to identify NIR-II fluoro-
phores with ACQ properties and test their applicabil-
ity in FIN with improved accuracy. In the spectra of
recently reported NIR-II fluorophores, some display a
certain degree of ACQ. IR-1061, a probe belonging to
the cyanine family, demonstrates spontaneous ACQ-like
water sensitivity [43]. On the other hand, a group of aza-
BODIPY-based fluorophores (e.g., NJ1060) that demon-
strate maximum emissions in the NIR-II region [44] may
also possess a potential ACQ effect based on our judg-
ment of their hydrophobicity and planarity. Therefore, in
this study, we tested the probable ACQ effect of selected
fluorophores with NIR-II emission (Fig. 1B) and explored
their potential for FIN in comparison with that of the fre-
quently utilized NIR-I fluorophore P2 and the clinically
available fluorophore indocyanine green (ICG) with NIR-
II tail emission.

Materials and methods
The detailed materials and methods used are provided in
the Supplementary Information.

Spectroscopic studies

All selected probes were dissolved in dimethyl sulfoxide
(DMSO) before determination. The UV spectra were
recorded by a UV-visible spectrophotometer. The fluo-
rescence spectra and intensities were recorded by a fluo-
rescence spectrophotometer. The excitation wavelengths
for ACQ984, IR-1061, P2, and ICG were 808, 808, 650,
and 700 nm, respectively.
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ACQ effect of selected probes

All selected probes were first dissolved in DMSO and
then added to either DMSO/water or acetonitrile (ACN)/
water binary systems with a series of water fractions
ranging from 1 to 99% at a volume ratio of 1:100 and a
final molar concentration of 9.4 uM. The fluorescence of
each sample was determined by a fluorescence spectro-
photometer. Plots of fluorescence intensity vs. water frac-
tion were generated to pinpoint the onset of aggregation
and complete fluorescence quenching.

Evaluation of fluorescence reillumination

The DMSO solutions of selected probes were added
directly to PBS to allow the probes aggregate and quench
completely. Then, the quenched probes were immediately
transferred to PBS, rat plasma, and 1% Tween 80 and
incubated at 37 °C for 24 h to evaluate fluorescence reil-
lumination. To simulate the probe release process more
closely, probes dissolved in DMSO were directly added to
different media and incubated at 37 °C for 24 h.

To evaluate fluorescence reillumination in vivo, the
probes were prequenched following the same proce-
dures as for the in vitro study except that the water was
replaced with 0.9% NaCl solution. The prequenched
probe dispersions (200 pL) were then injected into each
nude mouse via the tail vein and imaged by an IVIS
imaging system at selected time points.

Preparation and labeling of various nanocarriers
PMs were prepared by a thin-film hydration method.
mPEG,,-PDLLA,, was loaded with P2, ICG, IR-1061
or ACQ984 at mass ratios of 1000:1, 2500:1, 800:1 or
400:1. PCL and PEG-PCL nanoparticles were prepared
by an emulsification/solvent evaporation method. PCL
nanoparticles were loaded with P2, IR-1061 or ACQ984
at mass ratios of 2000:1, 450:1 or 340:1. PEG-PCL
nanoparticles were prepared by the same method except
for the addition of 29% (w/w) mPEGg -PCL,g to PCL.
The morphology of the nanocarriers was observed via
transmission electron microscopy (TEM). The hydrody-
namic size and zeta potential of the different nanocarri-
ers were characterized by a nanosizer. The fluorescence
spectra of the different formulations were recorded by a
fluorospectrophotometer, and the corresponding fluores-
cence images were visualized by an IVIS imaging system.
Fluorescence stability was evaluated in 0.01 M PBS (pH
7.4) and plasma by an IVIS imaging system. The encap-
sulation efficiency (EE%) of ACQ984-PMs was measured
by ultrafiltration. EE% was calculated as the remaining
percentage of fluorescence intensity in the ultrafiltration
centrifuge tube. The EE % of the ICG-PMs was measured
following the same procedures except that the fluores-
cence measurements were replaced by ultraviolet absorp-
tion measurements. ICG leakage was also measured by
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ultrafiltration, and the ultraviolet absorption of the fil-
trate was measured to calculate the amount of released
ICG.

Optical penetration study in tissue phantom
Optical tissue penetration was investigated utilizing 1%
Intralipid® as an imitating tissue because of their similar
scattering properties. Capillaries filled with PM disper-
sion were immersed in 1% Intralipid® at different depths
and then imaged by an IVIS imaging system (Perki-
nElmer, UK) and a NIRvana SWIR camera (Princeton
Instruments Inc.). The scattering effect was calculated as
the ratio of the full width at half-maximum (FWHM) to
the measured width of the capillary, which was expressed
as follows: Scattering effect=pixelpyg i/ Pixelypiitary wideh-
The fluorescence intensity of each image was set to a
similar value.

In vivo imaging of blood and lymphatic vessels

PM dispersions (0.2 mL) were intravenously injected
into nude mice. For ACQ984-PMs and IR1061-PMs, the
mean fluorescence intensity (under the same optical con-
ditions) before injection was adjusted to the same value.
The fluorescence intensity (FI) profiles across the marked
(red) line of interest were plotted. For the SNR calcula-
tion, the background noise area was selected from posi-
tions 0-0.2 and 0.8-1.0 (normalized position), and the
average fluorescence intensity was calculated as the back-
ground signal. The SNR of the liver region was calculated
by the mean fluorescence intensity (MFI) ratio between
the liver and the blank area below. The calculation is
briefly expressed as follows:

SI\IRvessel = Maximum FI/Average 1:‘Iposition: 0-0.2 and 0.8-1.0°
SNRIiver =mean l:Iliver/rnean l:Iblank area below*

Vascular and main organ imaging for in vivo-ex vivo
correlation

Male nude mice (20 g) were purchased from Shanghai
Laboratory Animal Center (Shanghai, China). For long-
term imaging, animals were anesthetized by intraperi-
toneal injection of tribromoethanol (Avertin, 1.25%, 0.4
mL), while for temporary imaging, animals were anesthe-
tized by isoflurane.

A small animal IVIS system (PerkinElmer) was used
for NIR-I bioimaging. For NIR-II bioimaging, a custom-
built imaging setup integrating an InGaAs SWIR cam-
era (NIRvana 640, Princeton Instruments, US; 640x512
pixel), a camera lens (SWIR-35, Navitar) and various
emission filters (ThorLabs) was used. An external 808 nm
diode laser (MDL-N-808-10 W BJ00373, Changchun
New Industries Optoelectronics Tech. Co., Ltd.) coupled
into a 450-pm core metal-cladded multimode fiber was
selected for excitation. The InGaAs camera was cooled to
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—80 °C, and different exposure times were used to allow
sufficient signal. All images were background corrected
within the LightField imaging software and processed
with Image] (Fiji).

The experimental data are presented as the
meanststandard deviations. The statistical significance
of differences between the control and experimental
groups was analyzed by ¢ test or one-way ANOVA utiliz-
ing GraphPad Prism 8. The full width at half-maximum
(FWHM), correlation coefficient and linear fit were
analyzed by Origin 64. All images were manipulated by
Image]. The mean fluorescence intensity of in vivo blood
vessels was automatically calculated by ImageJ-macro.
Related PK parameters were calculated by DAS 2.0.

Results and discussion

Spectroscopic properties and the ACQ effect

ACQ984 is a newly synthesized probe with an aza-
BODIPY parent structure that resembles that of NJ1060
[44]. The synthetic procedures and structural identifica-
tion data are provided in the Supplementary Informa-
tion. The chemical structures and fluorescence spectra of
all selected probes are presented in Fig. 1B&C. ACQ984
showed maximum excitation (1,,) and emission (1,,,) at
873 nm and 984 nm, respectively, in DMSO (Fig. 1C).
The photophysical parameters of all selected probes are
presented in Table S1. The quantum yields of ACQ984 at
850-1500 nm and 1000—1500 nm were 3.09% and 0.43%,
respectively. Its quantum yield is higher than that of mar-
keted IR-1061 under maximum emission wavelengths
and comparable under longer imaging wavelengths
(>1000 nm). Although ICG has the highest quantum
yield, its water solubility limits its ACQ effect. Compared
to our previously synthesized BODIPY-structured probe
P2, the quantum yield of ACQ984 significantly increased.
In contrast to IR-1061 and ICG, whose fluorescence is
attenuated after continuous excitation, two aza-BODIPY-
structured probes, ACQ984 and P2, show superior pho-
tostability (Fig. S1D).

The ACQ effect of the selected fluorophores was vali-
dated by observing fluorescence quenching as a function
of the water fraction in a binary DMSO/water system [32,
38, 39]. The fluorescence of all four probes decreased with
a slight wavelength shift in response to the increase in
water content (Fig. 1D). ACQ984 is completely quenched
at a water fraction less than that of P2 (50% vs. 55%), indi-
cating a higher water sensitivity or a better ACQ effect
(Fig. 1E) [38]. With the same parent structure, both dis-
play similar absorption spectra with a slight redshift and
peak broadening at a water fraction above 20% (Fig. 1F),
which is indicative of the formation of J-aggregates [32,
45]. IR-1061 was also completely quenched when the
water fraction increased to 60% or more (Fig. 1E). The
emergence of blueshifted peaks between 700 and 900 nm
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and intensified absorption in response to the increase in
the water fraction suggest the formation of H-aggregates
(Fig. 1F) [46, 47]. ICG, a hydrophilic probe, also exhib-
its a certain degree of water sensitivity, but its fluores-
cence remains at 30% of its original value in pure water
(Fig. 1E). The absorption spectra were not indicative
of the formation of either H- or J-aggregates (Fig. 1F).
The decreased fluorescence and absorption may result
from concentration-caused quenching [48]. The ACQ
effect was further confirmed in an ACN/water binary
system (Fig. S1A-C) for all selected probes. The similar
performance in different solvent systems underlines the
determining role of water, rather than the solvent envi-
ronment, in their aggregation behaviors.

The exploration of NIR-II fluorophores with ACQ
properties was also expanded to include the DAD-struc-
tured probe IR-FTE analog [49] and another commer-
cially available cyanine fluorophore, IR-26 (Fig. S2A).
Both probes are sensitive to water, showing a gradual
decrease in fluorescence with increasing water content
in both the ACN/water and DMSO/water binary systems
(Fig. S2). However, the IR-FTE analog cannot quench
completely in pure water, with 15% fluorescence remain-
ing (Fig. S2B&C). IR-26 only displays complete fluores-
cence quenching at a relatively high water fraction above
75—-80% in the ACN binary system and shows very differ-
ent quenching behaviors in different solvent systems (Fig.
S2D&E), which implies high variation when utilizing this
probe to label nanocarriers. Taken together, these pre-
liminary spectroscopic data suggest the potential utility
of these materials as NIR-II ACQ probes.

Theoretical calculations using a B3LYP/6-31+G (d, p)
basis set were utilized to examine the geometric prop-
erties of the selected fluorophores. Considering the low
contribution of alkyl moieties to the geometric proper-
ties of ICG, those chains were removed to reduce the
complexity of the theoretical calculations. As shown in
Fig. 1G, the P2 molecule indicates good planarity with
peripheral phenyl rings at a slight dihedral angle with the
aza-BODIPY core, which is consistent with its superior
ACQ properties. Compared with that of P2, the dihedral
angle between the 1-, 5-, and 7-phenyl rings and the aza-
BODIPY core was lower in the ACQ984 molecule, indi-
cating increased planarity, which may have contributed
to the enhanced conjugation of the ACQ984 moieties
from 4-methoxybenzene or julolidine moieties to the
aza-BODIPY core. The slight increase in torsion between
julolidine at the 3-position and the aza-BODIPY core is
ascribed to the absence of the constraint of ethylene in
P2. IR-1061 also shows superior planarity, which cor-
responds to its high water sensitivity. LogP is another
important parameter that influences the ACQ effect
(Fig. 1G). Although the ICG core exhibits excellent pla-
narity, which favors the ACQ effect, the hydrophilic
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chains render it water soluble, hampering the formation
of aggregates. Similarly, ACQ984, which has the highest
logP value, has the greatest hydrophobicity, which indi-
cates its high water sensitivity.

Fluorescence reillumination

Another important characteristic of ACQ probes is
the stability of the quenched states. Ideally, quenched
probes should maintain a complete quenching state
for an extended time. Otherwise, any fluctuation in the
quenched state may lead to a biased readout. Unfortu-
nately, quenched probe aggregates tend to repartition
into hydrophobic domains such as membrane structures
and protein pockets in complex biomedia and can be
reilluminated to create artifacts if their cohesion is less
than that between the probe molecules and the docking
domains. Instantaneous quenching and maintenance of
a stable quenched state with minimal reillumination are
key factors for ensuring imaging reliability.

ICG was excluded for evaluating reillumination
because it was not quenched in water first. As illustrated
in Fig. 2A, all probes quench immediately upon disper-
sion in plasma. The remaining fluorescence for ACQ984
was only 0.5%, whereas it was approximately 1% for P2
(Fig. 2A). After the addition of prequenched probes to
plasma, P2 had the highest reillumination of approxi-
mately 4.5% after 24 h of incubation at 37 °C, while
ACQ984 and IR-1061 showed negligible fluorescence
reillumination of less than 1% (Fig. 2B).

Probe prequenching is an ideal model to simulate the
processes of liberation of probes from nanocarriers
and subsequent aggregation and quenching. In fact, a
small fraction of probes may evade these processes and
be directly transferred to hydrophobic constructs. To
simulate this situation, probes dissolved in DMSO were
added directly to plasma (1:100). After 24 h of incuba-
tion, P2 retained 20.28% of its original fluorescence
(Fig. 2B). Under such extreme conditions, ACQ984 still
showed little fluorescence reillumination (~4.3%) and
superior quenching stability (Fig. 2B). IR-1061 showed
the lowest fluorescence transfer of approximately 0.13%
(Fig. 2B). The quenching stability of the selected probes
in PBS and surfactant was also tested (Fig. S3). Compared
to P2, ACQ984 shows comparable stable quenching in
PBS but less fluorescence reillumination in 1% Tween 80.
The much greater reillumination in 1% Tween 80 than in
plasma indicates that fluorescence reillumination could
be very high if there is enough opportunity for the probes
to partition into the hydrophobic constructs. Reduc-
ing reillumination represents one of the future goals in
molecular optimization. IR-1061 consistently underwent
the least amount of reillumination.

In vivo fluorescence reillumination was further evalu-
ated to highlight the advantages of the newly synthesized
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NIR-II probe ACQ984. After injecting the prequenched
probe dispersion, reillumination occurs mainly in the
liver (Fig. 2C). Live imaging by ACQ984 demonstrated
two-fold less reillumination than did imaging by P2
(Fig. 2D). However, IR-1061, which was not as stable as
that tested in vitro, showed two times greater reillumi-
nation in the first hour and remained unchanged after
24 h of incubation. The greater complexity of the in vivo
environment may account for this phenomenon. Ex vivo
imaging of the liver further validated the low reillumina-
tion of ACQ984 (Fig. 2C). Both in vivo and ex vivo results
support the better quenching stability of ACQ984, imply-
ing better imaging reliability.

Reliability of NIR-Il ACQ probes for FIN

To highlight the superiority of the effect of ACQ on
FIN, in vivo imaging was performed following the use
of a labeling model nanocarrier, methoxy poly(ethylene
glycol)y-poly(D, L-lactic acid)y, (mPEG,-PDLLA,)
polymeric micelles (PMs), with ACQ984 in comparison
with the commercial probe ICG. ICG was chosen for
comparison because of its NIR-II emission and non-ACQ
properties.

Owing to its high hydrophobicity, ACQ984 can be
loaded into PM with a high loading efficiency of 97.6%.
Despite its good water solubility, ICG can still be effi-
ciently embedded in PMs with a loading efficiency of
approximately 87%. ICG-loaded PMs displayed intense
fluorescence (Fig. S4A). Although a small fraction of
the ICG probes leaked after dilution and incubation for
1 h, the fluorescence intensity of the ICG-PM generally
remained stable after the next 24 h of incubation (Figure
S4B). Dilution always causes the burst release of PM; as
a soluble molecule, ICG leaks easily. ICG leakage seems
to alleviate the concentration-induced quenching of ICG
loaded in PMs because of the fluorescence enhancement
observed after a one-hour incubation [50]. Compared to
that of ACQ984, severe self-quenching limits the ability
of ICG to label PMs.

The biodistribution vs. time profiles of ACQ984-PMs
and ICG-PMs differed greatly (Fig. 3A). The integra-
tion of signals from regions of interest (ROIs) indicated
sustained hepatic and blood retention of the PMs by
ACQ984, which corresponds to the long-circulating
effect of PEGylated PMs (Fig. 3B&C). However, the
behaviors of ICG-PMs and ICG probes are somewhat
similar, demonstrating high hepatic accumulation and
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rapid hepatic and blood elimination (Fig. 3B&C). The
results demonstrated that ICG may have leaked in vivo.
The signals observed are more likely derived from free
probes and fail to represent the behaviors of the nanocar-
riers. This assumption is supported by the similar elimi-
nation pathways of the ICG-PM and free ICG groups,
which are typically indicated by bile excretion begin-
ning at 0.5 h (Fig. 3A, yellow arrow). The above find-
ings prove that the wrong choice of probes may lead to
disastrous readouts. Therefore, ICG was not further
evaluated because of its inappropriate labeling abil-
ity demonstrated. The labeling capability of the selected

ACQ probes was further tested for three kinds of nano-
carriers with different structures or degrees of hydro-
phobicity, i.e.,, mPEG,-PDLLA,, PMs, polycaprolactone
(PCL, Mn=45,000) nanoparticles, and PEG-decorated
PCL (PEG-PCL, with 29% mPEG;-PCL,5, adulterated)
nanoparticles. TEM revealed a well-dispersed and spher-
ical morphology. Both TEM and dynamic laser scatter-
ing analysis revealed a uniform particle distribution, and
probe loading did not result in an apparent alteration in
the particle size (Fig. S5A; Table S2). IR-1061 lost approx-
imately 40% of its fluorescence when loaded in PMs, and
the fluorescence of the PCL and PEG-PCL nanoparticles
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was more significantly quenched (Fig. 3D). Although
PCL-based materials have good affinity for IR-1061 [48],
the handling procedures may have increased the oppor-
tunity for exposure to the water phases during prepara-
tion and led to premature quenching [43]. Belonging to
the same aza-BODIPY family, ACQ984 shows a robust
loading capacity similar to that of P2 irrespective of the
type of nanocarrier (Fig. 3D). Higher illumination is
achieved when ACQ984 is loaded in PCL or PEG-PCL
nanoparticles, probably due to the greater core rigidity
of these nanocarriers compared to that of PMs, which
restricts probe mobility and reduces nonradiative decay
[51]. Further challenging by plasma did not decrease
the fluorescence stability of ACQ984-PMs, in contrast
with the significant fluorescence loss and UV absorption
disappearance observed for IR-1061-PMs (Fig. 3E&F).
The UV spectrum also revealed a greater peak inten-
sity at 950 nm for IR-1061 in the PMs (Fig. 3F), indicat-
ing the possible formation of lower quantum vyield probe
dimers in the PM cores [52], which accounted for the
fluorescence loss of IR-1061 when loaded in the PMs.
The dynamic equilibrium of PMs with their surround-
ings renders IR-1061-PMs more susceptible to fluores-
cence destabilization than more rigid nanoparticles, such
as PCL and PEG-PCL nanoparticles (Fig. S5B-E) [43, 53,
54]. Probe leakage together with high sensitivity to envi-
ronmental changes may account for these phenomena.
The low fluorescence signal intensity of IR-1061-PMs in
vivo further validated the low stability of IR-1061 label-
ing (Fig. 3G). Stable fluorescence was maintained in the
nanocarriers after they were dispersed in PBS and plasma
for up to 24 h for ACQ984, confirming the reliability of
the representation of the intact nanocarriers by ACQ-
based fluorescence (Fig. 3H&S5F). In contrast, IR-1061
gradually attenuated the fluorescence of nanocarriers
dispersed in PBS, indicating continuous probe leakage
or environment-induced quenching (Fig. 3H&S5F). This
attenuation is aggravated by plasma components. All the
above results support the use of ACQ984 as a potential
NIR-II probe for FIN. IR-1061, which has extraordinarily
high environmental sensitivity, is too fragile to be utilized
to determine the integrity of nanocarriers, especially
under physiological conditions.

ACQ984-based NIR-Il imaging defines the ROI well
The accuracy of FIN depends strongly on the resolution
of imaging, which in turn depends on reliable ROI selec-
tion and a higher signal-to-noise ratio (SNR) for better
semiquantification. In concert with the ACQ-based ratio-
nale, FIN in the NIR-II window overcomes the inher-
ent drawbacks of traditional fluorescence imaging and
improves the accuracy of FIN.

The in vivo imaging quality of the NIR-I and NIR-
II probes was compared. First, the anti-scattering and
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penetrating capability of the probes was studied by a
reported capillary immersion method [55, 56]. Fluores-
cence was recorded after filling labeled PMs into a capil-
lary and then immersion in a 1% Intralipid® emulsion at
different depths (Fig. 4A). The boundary of the ACQ984-
PM-filled capillary can be clearly outlined even at a ber-
rying depth of 7 mm under a 1300 nm longpass filter,
while that of the P2-PM-filled capillary is hardly discern-
able at depths greater than 3 mm (Fig. 4B). The scatter-
ing degree, displayed at a depth of 3 mm, decreases in
response to the increase in the emission wavelength from
1000 nm LP to 1300 nm LP (Fig. 4B). To avoid systemic
errors associated with the equipment, the ratio of the full
width at half-maximum (FWHM) to the capillary length
(L. is utilized to compare the scattering effect. With
increasing penetration depth, only a slight change in the
FWHMY/L, is observed for the ACQ984-based systems
under 1300 and 1200 nm LP, while a more than fourfold
increase is observed for the P2-based system in the NIR-I
region, highlighting the superior resolution of NIR-II
imaging (Fig. 4C).

High-resolution NIR-II imaging provides clear visual-
ization of vascular systems, including both blood vessels
and lymphatics. The optimal NIR-II imaging conditions
were selected, with the 1300 nm LP showing the best
discrimination of blood vessels (Fig. S6A&B). ACQ984-
based NIR-II imaging revealed the distribution profiles
of PMs in different vascular systems, e.g., the skin sur-
face vessels, external jugular veins, and femoral arteries
(Fig. 4D). Nevertheless, P2-based NIR-I imaging only
exhibits intensity-relevant distribution throughout the
body with a resolution too low to identify various vessels
or organs (Fig. 4D). Jugular veins imaged with ACQ984
showed a narrower distribution with an FWHM of
0.35, in contrast to the 1.91 obtained with P2 (Fig. 4E).
A greater SNR was also achieved for ACQ984 than for
P2 (2.94 vs. 1.20) (Fig. 4F). Similarly, the femoral arter-
ies had narrower FWHM and greater SNR (Fig. S6C
and S6D). ACQ984 achieves high-resolution imaging of
extremely thin blood vessels. The cross-sectional inten-
sity distribution of the abdomen showed several sharp
peaks that represent skin surface vessels, demonstrating
the ability of ACQ984 to image tiny vascular structures
(Fig. 4G). High-contrast imaging of vascular systems
enables accurate localization and continuous online
detection and thereby probable in situ real-time moni-
toring of pharmacokinetics (PK). The improved imaging
depth of NIR-II enables the observation of deeper organ
structures. Compared to NIR-I imaging, ACQ984-based
imaging distinctly identifies major and branched blood
vessels. Therefore, the vascular structures within various
tissues, especially the mononuclear phagocytosis system
(MPS), can be partially visualized due to abundant blood
perfusion (Fig. 4H, left panel, yellow arrow). Even distal
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tissues, such as the brain (Fig. 4H, right panel), can be The lymphatic system could also be clearly visual-
clearly visualized. The transverse (lower arrow) and sag-  ized by NIR-II imaging. After injection in the paws and
ittal sinuses (upper arrow) of the brain were also clearly tail root, as shown in Fig. 41, the popliteal lymph node
imaged (Fig. 4H) [57, 58]. and inguinal lymph node are clearly visible (Fig. 4], yel-

low arrows) [59, 60]. Regional lymphatics (afferent and
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efferent lymph vessels) and internodal collecting lym-
phatics became apparent with time (Fig. 4], red arrows).
After 12 h, the systemic circulation is illuminated fol-
lowing transport of the PMs from the lymphatics to the
blood vessels (Fig. S7).

NIR-II imaging also clearly outlines the boundaries
of organs such as the liver, making ROI selection more
objective (Fig. S6E&F). The fluorescence decreased
abruptly from the hepatic to the blank regions at
1300 nm FP, with a slope significantly greater than that
of the 1000 nm FP and P2-based NIR-I imaging, reinforc-
ing the contrast between the ROIs and non-ROIs (Fig.
S6F&@G). Ideally, the organ boundaries can be localized
by the fluorescence descendance slope-based mathemati-
cal calculation of the ROIL. An improved resolution makes
ROI selection more rational. The SNR calculated from
the liver region to the lower blank region at 1300 nm was
significantly greater than that of P2-based imaging (2.35
vs. 1.59) (Fig. S6E). The improved SNR contributes to
more accurate semiquantification.

Real-time in situ PK study and establishment of in vivo-ex
vivo correlation

In view of the high imaging resolution of blood vessels,
we propose that in situ real-time fluorescence monitor-
ing could be utilized for PK analysis, avoiding tedious
sampling procedures involved in traditional PK studies
such as orbital blood collection and processing.

First, the correlation between fluorescence and nano-
carriers was investigated. Good linearity between
particles, expressed as material concentration, and fluo-
rescence was established in blood in vitro for all three
kinds of nanocarriers (Fig. S8A). Furthermore, the lin-
earity is evaluated at different depths by employing cap-
illary immersion protocols. Good linearity can also be
observed with regression coefficients (%) of 0.997, 0.986,
0.972, and 0.981 at depths of 0, 2, 3, and 4 mm, respec-
tively, after the immersion of ACQ984-PM-filled capil-
laries in a 1% Intralipid® emulsion (Fig. 5A&S8B). Due
to the interference caused by reflection of the capillaries
themselves, the detection limit increased from 0.125 mg/
mL to 0.75 mg/mL. The linearity is not influenced by the
immersion depth (Fig. 5A&S8B).

Having established the reliability of utilizing fluores-
cence to analyze nanocarriers, the PK of various nano-
carriers can be studied by in vivo live imaging based on
an ROI strategy (Fig. S8C for ROI selection). Figure 5B
shows snapshots of the blood vessels (external jugular
vein) captured at different time points after the intrave-
nous administration of PMs. Each kind of nanocarrier
showed a distinct elimination profile (Fig. 5B). In partic-
ular, rapid and continuous data acquisition within a few
seconds makes it feasible to capture the C,,, point, which

max

is an important parameter for PK analysis, especially for
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fast elimination systems, and is usually very difficult to
capture by manual sampling (Fig. 5C). The fluorescence
readouts are displayed as normalized data by setting the
signals at 2 min to 100%, which corresponds to the first
collection point ex vivo (Fig. 5D). A comparison of the
data acquired by live imaging and ex vivo blood sam-
pling at corresponding time points (2, 5, 15, 30, 60, and
120 min) confirmed the establishment of an in vivo-ex
vivo correlation. ACQ984-PMs exhibited relatively stable
fluorescence within 2 h, fluctuating within the 90-100%
range both in vivo and ex vivo (Fig. 5D). No significant
differences were observed between the in vivo and ex
vivo data (Fig. 5E). For the fast-eliminating ACQ984-PCL
and ACQ984-PEG-PCL nanoparticles, a good correlation
was also established between the in vivo and ex vivo data.
The ACQ984-PEG-PCL nanoparticles exhibited a strong
linear correlation with Pearson’s R=0.96 and r*=0.91
(Fig. 5E). Although PCL nanoparticles undergo extraor-
dinarily fast blood elimination, they still correlated well
(R=0.95) and showed an acceptable fit of 0.90 (Fig. 5E).

Blood PK parameters are calculated by both statisti-
cal moment and compartmental approaches. PK analy-
sis requires enough time points to display different
disposition phases. PMs are not included for calculation
because their elimination phases cannot be detected due
to the short sampling time limited by animal anesthesia.
Notably, the parameters calculated here are relative val-
ues based on semiquantification. For the ACQ984-PCL
nanoparticles, no significant differences were observed
between the in vivo and ex vivo data for MRT,_, and
AUC,_, (Table S3). For the ACQ984-PEG-PCL nanopar-
ticles, the values of MRT,,_, also showed nonsignificant
differences. However, due to the bias caused by fluctua-
tions in the fluorescence value, differences existed for
the AUC,_, (54.3+5.2 vs. 78.2+7.0) (Table S3). Both in
vivo and ex vivo data are perfectly fitted to a two-com-
partment model. Although the inevitable bias between in
vivo and ex vivo curves makes hybrid parameter predic-
tion difficult, important basic parameters such as £y,
tijopp AUC, and CL can partially correspond, some of
which exhibit no significant differences (Table S4).

Biodistribution and hepatic/splenic PK

The in vivo biodistribution of different types of nanopar-
ticles was investigated with the newly established imag-
ing tool. After entering systemic circulation, most
nanocarriers are captured by MPS organs such as the
liver and spleen. Their high fluorescence accumulation
makes it feasible for robust online detection to real-
ize good in vivo-ex vivo correlation. mPEG,-PDLLA,;
micelles (PMs), which are small and decorated with
PEG, have long circulation times, as visualized by the
fluorescence remaining in blood vessels for more than
12 h (Fig. 6A, S9A&B). A decrease in the number of
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Fig. 5 ACQ984-based NIR Il imaging realized good linear correlation betweenin vivo and ex vivo blood pharmacokinetics. (A) Fluorescence images of

capillaries filled with different concentrations of ACQ984-PM dispersions at

a 2 mm depth; linear relationship between particle concentration and fluo-

rescence intensity at a certain depth. For the immersion capillaries filled with different concentrations of ACQ984-PM dispersions in 1% Intralipid®, the
fluorescence intensity was calculated by subtracting the background of the blank capillary. (B) Online detection of changes in the blood fluorescence
intensity of the ACQ984-PM, ACQ984-PEG-PCL and ACQ984-PCL nanoparticles. (C) Changes in the fluorescence intensity of the ACQ984-PM, ACQ984-
PEG-PCL and ACQ984-PCL nanoparticles in the blood after perfusion to equilibrium and elimination. (n=3 for the PM group; n=4 for the ACQ984-PEG-
PCL and ACQ984-PCL groups; the SDs are provided in Data Sheet 1.) (D) Blood fluorescence intensity changes (expressed as percentages) of ACQ984-PM,
ACQ984-PEG-PCL and ACQ984-PCL in vivo and ex vivo. For in vivo imaging, the first time point (2 min) was selected to be the same as that for in vitro
blood collection. (E) In vivo and ex vivo correlation of the blood pharmacokinetics of ACQ984-PM, ACQ984-PEG-PCL and ACQ984-PCL. For ACQ984-PM,
each point was compared to test whether a significant difference existed between the in vivo and ex vivo results. n.s.: nonsignificant

blood vessel particles is accompanied by corresponding
hepatic enrichment. As the main distribution organ, the
liver exhibited maximum fluorescence at 8 h, which sus-
tained for more than 12 h (Fig. 6B). Fluorescence with a
well-defined image shape appears in the gastrointestinal
tract, suggesting that bile excretion from intact particles
is a potential elimination pathway for PMs (Fig. S9D).
The hepatic fluorescence slowly decreased from 12 h to

48 h, as shown in Figure S9E, indicating metabolism by
the hepatic tissue. In vivo imaging further revealed par-
ticle transport to peripheral compartments, with the skin
being gradually illuminated after 8 h (Fig. S9A). Further
ex vivo inspection of skin tissues revealed this periph-
eral distribution for as long as 24 h (Fig. S9C). Unlike the
ACQ984-PMs, the ACQ984-PCL and ACQ984-PEG-
PCL nanoparticles showed faster blood elimination.
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the corresponding correlations. (F) Changes in the mean fluorescence intensity of ACQ984-PEG-PCL in the liver between in vivo (n=3) and ex vivo (n=3)
conditions. (G) Distribution proportion correlation between in vivo and ex vivo data. The distribution proportion was calculated as the mean fluorescence
intensity ratio between the spleen (MFlg,es) and liver (MFl,,) at each selected time. The high correlation of the distribution proportion made accurate
predictions of targeting efficiency if the spleen was assumed to be the targeting tissue and the liver was assumed to be the nontarget tissue. The target-
ing efficiency was calculated as the ratio of the AUC of the g, e../AUC of the .. (H) (I) Changes in the mean fluorescence intensity of ACQ984-PCL in the
liver and spleen in vivo (n=3) and ex vivo (n=3) and the corresponding correlations
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ACQ984-PEG-PCL nanoparticles were more prone to
accumulation in the spleen and were even retained for
several days (Fig. 6C, D&S9F-H). The ACQ984-PCL
nanoparticles showed stronger fluorescence intensity
in the liver but exhibited increased fluorescence within
30 min to 1 h, after which they were rapidly elimi-
nated in the spleen (Fig. 6C and D, S9I & S9J). The in
vivo behaviors of the three types of nanoparticles cor-
respond to their own properties. PMs with a small size
and dense PEG coverage could avoid capture by the MPS
and be retained in blood for a long time. They can pass
through the space between liver sinusoidal endothelial
cells and mainly accumulate in the liver due to the high
tissue blood supply. PCL nanoparticles, which are much
larger and have highly hydrophobic surfaces, are prone to
opsonization by complement proteins and capturing by
macrophages located in organs of the MPS, especially the
liver, resulting in rapid blood elimination and rapid liver
accumulation. PEG-PCL nanoparticles with partial PEG
coverage showed a moderate in vivo elimination rate.
Compared to that of the PCL nanoparticles, the longer
blood circulation time of the mPEG-PCL nanoparticles
may increase the likelihood of accessing MPS organs
other than the liver, such as the spleen. The fact that
PEGylation aids in hepatic evasion but facilitates splenic
trapping was consistent with earlier findings [61].

The distribution behaviors of nanocarriers are com-
monly demonstrated by fluorescence imaging of ex vivo
tissues with semiquantification. The current study tests
the plausibility of in vivo imaging of nanocarrier distribu-
tion and in situ real-time PK analysis. For ACQ984-PMs,
the semiquantified in vivo fluorescence of hepatic tissues
changed almost in parallel with that of ex vivo tissues,
showing good correlation with Pearson’s R=0.97 and
a strong linear fit with 7#=0.93 (Fig. 6B). For ACQ984-
PEG-PCL, the major accumulating organ, the spleen, also
showed good in vivo-ex vivo correlation, with Pearson’s
R=0.95 and *=0.88 (Fig. 6E). Assuming that the spleen
is the target organ, the ratio between the target and non-
targeting organs, such as the liver, exhibited good in
vivo-ex vivo correlation, with a high Pearson’s R of 0.95
and a 7* of 0.88 (Fig. 6G). The targeting efficiencies cal-
culated ex vivo or in vivo were not significantly differ-
ent (1.91+0.49 vs. 1.81+0.29), which makes this method
promising for direct in vivo prediction of tissue targeting
efficiency. Although the large fluctuation in hepatic fluo-
rescence caused by individual animals makes it difficult
to establish linearity, a strong in vivo-ex vivo correlation
could still be achieved with Pearson’s R=0.79 (Fig. 6F).
The ACQ984-PCL nanoparticles also exhibited good cor-
relation in both the liver and spleen. In the liver, Pearson’s
R and the r* reached 0.96 and 0.91, respectively (Fig. 6H).
In the spleen, Pearson’s R and the > also reached 0.91 and
0.79, respectively (Fig. 6I).
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These results support the idea that ACQ984-based
NIR-II imaging reflects or even allows direct in vivo
semiquantification of the particle distribution in major
organs, such as the liver and spleen, making it a promis-
ing tool for FIN in vivo. Due to the high spatial resolution
of ACQ984-based NIR-II imaging, in vivo detection and
real-time semiquantification have become more acces-
sible and accurate. Compared to traditional ex vivo sam-
pling, this non-invasive online detection method may be
more promising for PK analysis.

Taken together, the newly developed NIR-II fluoro-
phore demonstrate more favorable features than other
selected probes for FIN, which are summarized in Table
S5.

Conclusions

In summary, the BODIPY-structured NIR-II ACQ probe
ACQ984 was synthesized for in vivo nanoparticle track-
ing. Compared to other selected fluorescence probes,
ACQ984 has NIR-II emission, better ACQ effects,
and excellent fluorescence stability. More importantly,
ACQ984 exhibited the lowest reillumination in the com-
plex endogenous environment. Although ACQ984 can be
efficiently loaded into polymeric micelles and nanopar-
ticles, IR-1061, which has a comparable ACQ effect, is
too sensitive to environmental changes to efficiently label
nanocarriers, especially under physiological conditions.
Following intravenous administration of the ACQ984-
labeled nanocarriers, the main organs and vascular sys-
tems were clearly outlined by an IVIS system. In contrast,
labeling by the NIR-I probe P2 only results in intensity-
relevant fluorescence but not intricate microstructures of
the vascular system. ACQ984-based NIR-II imaging has
good in vivo-ex vivo correlation with blood pharmacoki-
netics and fluorescence accumulation in the main organs
of the MPS. It is concluded that the NIR-II and ACQ fea-
tures of the newly developed fluorophores enable in vivo
tracking and analysis of nanocarriers with higher resolu-
tion and enhanced accuracy.
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