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In order to develop and optimize nano drug delivery systems
(NDDSs), it is crucial to understand their in vivo fate. We previously
found that P2 (Aza-BODIPY) and P4 (BODIPY) as aggregation-
caused quenching (ACQ) probes could be used to unravel the
biofate of various nanoparticles owing to their water-sensitive
emission. However, previous studies also found that quenched
ACQ probe aggregates showed repartition into hydrophobic
physiologically relevant constituents, resulting in fluorescence re-
illumination. In this paper, we screened various types of fluoro-
phores for ACQ and their re-illumination performance and focused
on Aza-BODIPY dyes. BODIPY and Aza-BODIPY dyes were ident-
ified to be advantageous over other fluorophores. Some BODIPY
and Aza-BODIPY dyes were selected as potential probes with
improved performance against re-illumination. The best perform-
ing probes were Aza-C7 and Aza-C8. Aza-C7-loaded PMs were
found to have decreased fluorescence re-illumination properties
over P2 and DiR.

Introduction

Over the past three decades, nanotechnology has developed
rapidly and been applied in drug development and clinical
transformations.”™ Nano drug delivery systems (NDDSs),
aiming at providing controlled release of drug ingredients, are
a rapidly developing and remarkable nanotechnique.®’ In
1995, Doxil® was the first NDDS to be approved by the Food
and Drug Administration (FDA) against AIDS-related Kaposi’s
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sarcoma and ovarian cancer."" Though billions of dollars of
investment worldwide have been applied for NDDS, only
dozens of nanomedicines have been approved by the FDA up
to now.”">" Hence, it has been recognized that the low clini-
cal transition ratio is closely related to incomplete understand-
ing of the biological fate of nanocarriers."*

Among various strategies available to unravel the in vivo
fate of nanocarriers (e.g. CT, PET, SPECT, MRI),***™ fluo-
rescence bioimaging of NDDSs has proved to be a valuable
tool to conduct noninvasive, real-time monitoring of drug
nanocarriers both in subcellular levels and in vivo. However,
signals caused by free or dissociated fluorophores in the sur-
roundings interfere with the results and may bias the readout
of fluorescence from nanocarriers. In recent years, environ-
mental-responsive fluorescent probes based on Forster reso-
nance energy transfer (FRET), aggregation-induced emission
(AIE), and aggregation-caused quenching (ACQ) have been
developed to discriminate particle-bound signals from interfer-
ing signals in exploring the dynamics of nanocarriers.®'?*
FRET relies on the switching of the wavelength/intensity of the
fluorescence signal following energy transfer from the donor
to the acceptor depending on the environment/distance. AIE
affords fluorescence enhancement upon restriction of intra-
molecular movement. ACQ involves fluorescence “turn off”
upon aggregation at elevated concentration or declined solubi-
lity. Though ACQ was regarded to be unfavorable for fluoro-
phores due to reduced luminance, it has recently been found
to be valuable for tracking nanocarriers for drug delivery.”>>®
While FRET- and AIE-based fluorophores are well suited for
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Scheme 1 Chemical structures of DiR, P2 and P4.
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in vitro studies, ACQ dyes demonstrate supremacy in explora-
tion of the in vivo behaviors of drug nanocarriers over conven-
tional fluorescent dyes, such as DiR (Scheme 1), as demon-
strated in our previous publications."®*”*° DiR has been used
for NDDS, but it usually gives confusing and misleading
signals when dissociated from nanocarriers.*' ® We accidently
found that a BODIPY dye and a Aza-BODIPY dye (P4 and P2,
Scheme 1) selected from four dyes enable some basic require-
ments for bioimaging, such as high brightness, high photo-
stability and emission at suitable wavelengths.>® P2 and P4
have been successfully applied for studying the in vivo fate of
nanocarriers.’”*® However, repartition of quenched dye aggre-
gates into hydrophobic physiological constituents, and the
consequent re-illumination of fluorescence, may lead to
pseudo-positive interference. Thus, there is a need to develop
environmental-responsive ACQ fluorescent dyes with improved
behavior against re-illumination while maintaining excellent
ACQ properties. In this work, we screened a large library of
fluorescent dyes and identified alternative Aza-BODIPY dyes
with improved performance over P2/P4.

Results and discussion
ACQ properties of fluorophores with different structures

Based on the previous studies, the initial evaluation indices
for absolute ACQ fluorophores mainly include the following
aspects: molar extinction coefficients, wavelengths of the
maximum absorption and emission, FWHM (full width at
half-maximum), fluorescence quantum yields, water sensitivity
and re-illumination properties in surfactant.’’*® To validate
the applicability of novel ACQ probes in nanocarriers, in vivo
imaging experiments in polymeric micelles (PMs) need to be
conducted. The primary characteristic of absolute ACQ fluoro-
phores is good fluorescence emission in organic solvent, but
with the increase of water content, its fluorescence emission
rapidly decreases at a certain water content and is completely
quenched in water environment. Based on the above require-
ments, as shown in Scheme 2, we first focused on the core
structures of common fluorescent dyes and selected the follow-
ing examples: 7D4MC (coumarin), Nile Red (benzoxazine dye),
Cy5 DIME (cyanine dye), TMBDY (BODIPY), Rhodamine B
(xanthene dye), TPP (porphyrin) and blue pigment B (phthalo-
cyanine) for testing of the ACQ properties.
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Scheme 2 Chemical structures of fluorophores with various fluor-
escence scaffolds.
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The fluorescence spectra and intensity changes along with
the content of water in acetonitrile are shown in Fig. S1 (ESI{)
and Fig. 1, respectively. Among the dyes, both 7D4MC 1 and
Nile Red 2 showed bathochromic shifts (433 nm to 473 nm,
615 nm to 659 nm, respectively) with the increased water
content while the fluorescence intensity declined gradually.
From Fig. 1a and b, it can be concluded that these dyes were
not sensitive enough to the water fraction and therefore were
not favorable probes. The cyanine dye with polyethene com-
ponent, Cy5 DIME 3, showed no obvious shift of the absorp-
tion band, but the response to water content was insensitive
(Fig. 1b and Fig. Sic, ESIt). TMBDY 4 was more resistant to
the addition of water and only showed a slight decrease of
fluorescence at high water fraction (Fig. 1b and Fig. S1d, ESI¥).
Neither Cy5 DIME 3 nor TMBDY 4 were fully quenched on
fluorescence and are suitable for use as ACQ probe for study-
ing NDDSs. As for Rhodamine B 5 (Fig. 1c and Fig. Sle, ESIY),
it was water soluble and showed strong fluorescence at around
577 nm in the aqueous environment and thus cannot act as an
ACQ probe. As shown in Fig. Sif (ESIf), porphyrin dye 6
showed a complex fluorescence response to water content and
exhibited emission from assembly. Although the fluorescence
intensity changes at 508 nm indicated a relatively good sensi-
tivity to water content (Fig. 1c), the complex spectrum hin-
dered imaging application in NDDSs. As for blue pigment B 7,
the dye had poor solubility and failed to provide useful infor-
mation for ACQ study. In contrast, both Aza-BODIPY (P2) and
BODIPY (P4) responded nicely to water content and showed
complete fluorescence quenching under a high water fraction,
as shown in Fig. 1d and Fig. S1g and h (ESI}). These results
were fully in agreement with our previous discovery and
suggested that both Aza-BODIPY and BODIPY with sufficient
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Fig. 1 Normalized fluorescence intensity (%) change of the (250 nmol
L™) probes in acetonitrile/water systems. (a) For 7D4MC, excitation at
365 nm; for Nile Red, excitation at 535 nm; (b) for Cy5 DIME, excitation
at 580 nm; for TMBDY, excitation at 460 nm; (c) for Rhodamine B, exci-
tation at 510 nm; for TPP, excitation at 460 nm; (d) for P2, excitation at
680 nm; for P4, excitation at 600 nm (slit: 2/5 nm).
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hydrophobicity have potential for use as fluorescence probes
for NDDS.*’

ACQ properties of various BODIPYs

The initial evaluations from the above experiments indicated
that BODIPY-type fluorophores have great potential for use as
ACQ probes for NDDS. To obtain further insight into the struc-
tural preferences of BODIPY, we expanded the diversity of
BODIPY dyes (Scheme 3) to evaluate the ACQ properties. For
rapid screening of the potential absolute ACQ fluorophores, in
this part we simplified the experimental conditions. The fluo-
rescence of each probe was tested in pure acetonitrile and pure
water. Moreover, we also investigated the re-illumination,
which is highly important for ACQ probes, in NDDS in both
1% Tween 80 and 1% Triton X100.%7**

The photophysical properties of these BODIPYs, as well as
P2/P4, are presented in Table S1 (ESI}). These BODIPYs
covered visible to near infrared region and showed large
absorption coefficients and nice fluorescence quantum yields
in acetonitrile (except BDP-4). The fluorescence response and
fluorescence re-illumination are shown in Fig. 2. Similar to
TMBDY, introduction of a 4-hydroxymethylphenyl substituent
at the meso position (compound BDP-1) did not improve the
ACQ property. In contrast, replacement of the two fluorine
atoms on the boron with a phenylacetylene moiety signifi-
cantly improved the water-responsive behavior to achieve com-
plete fluorescence quenching in water. The re-illuminating be-
havior of BDP-2 was similar to P4 with insignificant re-illumi-
nation in 1% Tween 80 aqueous solution, but obvious re-illu-
mination in 1% Triton X 100. Though hydrophobic modifi-
cation of TMBDY resulted in ACQ, the short absorption of
BDP-2 was unfavorable. Placing a phenyl group at the 1 posi-
tion of P2 (compound BDP-3) led to slightly longer absorption
maxima, nice ACQ and improved property against re-illumina-
tion over P2 (Fig. 1), but the fluorescence quantum yield and
absorption coefficient were lower with much declined bright-
ness (Table S1, ESIf).

With extended conjugation, BDP-4 maintained the nice
ACQ property of hydrophobic BODIPY and exhibited similar
re-illumination to P2. Unfortunately, even though it possessed
favorable absorption maxima, the low fluorescence quantum
yield and poor solubility in acetonitrile precluded its appli-
cation in NDDS. We also tested a series of non-symmetric thio-
phene-fused BODIPYs (BDP-5 to BDP-10). For the thieno[3,2-b]

Scheme 3 Various BODIPY cores included for ACQ studies.
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Fig. 2 (a) Normalized fluorescence intensity (%) of the probes
(250 nmol L™ in acetonitrile and water. (b) Normalized fluorescence re-
illumination of novel ACQ probes in surfactants 1% Tween 80 and 1%
Triton X100 compared with acetonitrile. The excitation was set at the
wavelength blue-shifted by 20 nm compared to the maximal absorption
wavelength of each probe (slit: 5/5 nm).

pyrrole- and 2,4-dimethylpyrrole-derived BODIPY (BDP-5), the
fluorescence was not completely quenched in water. For con-
formation-restricted BDP-7, obvious fluorescence was also
noticed in water. For the 2,4-diphenylpyrrole-derived BODIPY
(BDP-6), the ACQ property was favorable and re-illumination
was minimal, but unfortunately, the short absorption
maximum hindered its use for in vivo study of NDDS. Placing a
phenyl group on the thiophene moiety (BDP-8), or on the con-
formation-restricted pyrrole (BDP-9), or on both (BDP-10), led
to improved ACQ behavior and acceptable re-illumination
property. Therefore, the investigations suggested that aryl-sub-
stituted BODIPY was the prerequisite structure to obtain good
ACQ behavior. Interestingly, the re-illumination of P2 in 1%
Triton X 100 was insignificant, but it was more obvious in 1%
Tween 80. Compared with BODIPY dyes, Aza-BODIPY P2 pos-
sessed favorable spectroscopic properties as an NIR dye and
presented excellent ACQ behavior. These results indicate that
the NIR BODIPY and Aza-BODIPY dyes possess excellent ACQ
behavior and were more likely to provide a solution for the re-
illumination problem. Therefore, our next focus was evaluation
of NIR BODIPY dyes with various substituents and rigidities.
The selected examples are shown in Scheme S1 (ESIf) and the
re-illumination investigations are shown in Fig. 3. The corres-
ponding spectroscopic data are collected in Table S2 (ESI{).

All these BODIPY dyes exhibited excellent fluorescence
quantum yields in acetonitrile. Thus, conformation restriction
affords longer absorption maxima and larger absorption coeffi-
cients in general. For the substitution effect, it can be con-
cluded that an electronic-rich moiety always favors the absorp-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Chemical structures of BODIPYs (upper panel) and normalized
fluorescence re-illumination of novel ACQ probes (250 nmol L™) in sur-
factants 1% Tween 80 and 1% Triton X100 compared with acetonitrile
(lower panel). The excitation was set at the wavelength blue-shifted by
20 nm compared to the maximal absorption wavelength of the probe
(slit: 5/5 nm).

tion at longer wavelength. The fluorescence of these BODIPYs
can be completely quenched in water (data not shown). In the
test of fluorescence re-illumination (Fig. 3), all of the investi-
gated BODIPY dyes emitted extremely strong fluorescence after
incubation in 1% Triton X100. Overall, these BODIPYs showed
similar re-illumination behavior to P2, but with inferior bright-
ness. Unfortunately, structure variations on the BODIPY dyes
did not seem to provide hints to overcome the re-illumination
issue.

ACQ property and fluorescence re-illumination of Aza-
BODIPYs

Considering the favorable NIR absorption, high fluorescence
quantum yield, and excellent ACQ property of Aza-BODIPY P2,
we then investigated a large number of Aza-BODIPYs, aiming
to identify Aza-BODIPY dyes with better behavior against re-
illumination. The structures of Aza-BODIPY dyes with no con-
formation restriction (Type A), conformation restricted on one
side (Type B), and conformation restricted on two sides (Type
C) with various substitutions are shown in Scheme 4 and
Schemes S2-S4 (ESIt). The spectroscopic data for these Aza-
BODIPYs are presented in Tables S3-S5 (ESIT). Compared with
the properties of the BODIPYs, the maximum absorption and
emission wavelengths of the Aza-BODIPYs were red-shifted
into the NIR region with slightly diminished fluorescence
quantum yields owing to the increased internal conversion. All
of the Aza-BODIPY dyes revealed good to excellent ACQ behav-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Normalized fluorescence re-illumination of novel ACQ probes
(250 nmol L™ compared with acetonitrile, (a): Type A Aza-BODIPY; (b):
Type B Aza-BODIPY; (c): Type C Aza-BODIPY) in surfactant 1% Tween 80
and 1% Triton X100. The excitation was set at the wavelength blue-
shifted by 20 nm compared to the maximal absorption wavelength of
the probe (slit: 5/5 nm).

ior as desired (Fig. S3, ESIt). From the re-illumination patterns
shown in Fig. 4, we were pleased to observe that many of them
showed much declined re-illumination in surfactant solution
compared with P2. Among the non-rigidified Aza-BODIPY dyes
(Type A), Aza-A4, Aza-A5, Aza-A7, Aza-A9, Aza-A13, Aza-A14,
Aza-A15 were all minimally re-illuminated (Fig. 4a). These dyes
all had absorption maxima longer than 680 nm and strong
fluorescence (@ > 0.20), and were suitable for NDDS appli-
cations. Of particular note, Aza-A9 (732/757 nm, &; of 0.22,
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brightness of 25 696) possessed preferred NIR absorption and
emission. Among the one side rigidified Aza-BODIPYs (Type B)
with identical scaffold to P2, compounds Aza-B3, Aza-B5, Aza-
B7, Aza-B13-Aza-B18 were found to have preferable re-illumi-
nation property. These dyes absorb in the NIR region with
absorption maxima longer than 710 nm and emit strongly in
the NIR region with fluorescence quantum yields greater than
0.14. Especially notable dyes were Aza-B3, Aza-B5, and Aza-B7
with high brightness in the NIR region (Table S47). As for the
dual sides conformationally rigidified Aza-BODIPYs (Type C),
we were also fortunate to find that Aza-C1, Aza-C5, Aza-C7, Aza-
C8, Aza-C9, Aza-C10, Aza-C23 and Aza-C24 could possibly be
used to replace P2. However, these types of dye often encoun-
tered solubility problems, especially for those dyes containing
pyridine moiety. Considering the overall balanced properties of
absorption maxima, fluorescence brightness and solubility, Aza-
C7 and Aza-C8 were advantageous (4,,s > 730 nm, brightness
>37 000) over P2 (4,ps > 703 nm, brightness 36 750).

Preparation and characterization of Aza-BODIPY-labeled
nanocarriers

From systematic evaluation of BODIPYs and Aza-BODIPYs for
ACQ and re-illumination, we identified various structures with
the Aza-BODIPY scaffold to be potentially suitable for NDDS
studies, and Aza-C7 and Aza-C8 were recommended for in vivo
studies. To demonstrate the advantage of the selected probes,
we used Aza-C7 as an example for further investigations com-
pared with P2 and DiR. In order to evaluate the compatibility
of the fluorescent dye with commonly used nanocarriers,
probe-encapsulated  poly(ethylene  glycol),-poly(p,L-lactic
acid), 5k (MPEG,PDLLA, 5,) PMs nanocarriers were prepared
and characterized. The particle size, polydispersity index (PDI),
zeta potential, and encapsulation efficiency (EE(%)) of the PMs
were measured in an aqueous environment (Table S6 and
Fig. S4, ESIt). The particle size of the PMs was determined to
be about 55 nm and the zeta potential was found to be in the
range of +10 mV.

Under a low concentration of fluorescent dye, the standard
curve was tested (Fig. S5, ESIt), and the EE(%) of the nano-
carriers was determined. The nanocarriers had high EE(%),
which could effectively encapsulate the probe into nano-
carriers for study. Stable encapsulation is an important prere-
quisite for nano-tracer fluorescence imaging. The fluorescence
and particle size of the dye-labeled nanocarrier PMs in water
were also tested. It could be seen from Fig. S6t that the nano-
carriers remained stable for up to 48 h, which further verified
the stability of the nanostructure and packaging. This would
eliminate the possibility of premature leakage of the physically
encapsulated dye, and avoid false signals in vivo.

In vivo live imaging and evaluation of re-illumination

To determine the suitability of the preferred dye in NNDSs,
biodegradable PMs were selected as nanocarriers. Dye-labeled
PMs were studied using the IVIS system, and the fate of the
nanocarriers in rats was examined after injection through the
tail vein. As shown in Fig. 5, after intravenous administration,
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Aexsem = 745/800 nm. (d) Normalized fluorescence intensity of quenched
dye in the abdominal area (n = 3).

the fluorescence signals of the Aza-C7- and P2-labeled PMs
rapidly spread throughout the whole rat, and were significantly
distributed in the mouth, genitals and hind legs. In the DiR-
labeled group, the fluorescence signal of the peripheral tissues
reached the maximum value at 5 min after administration,
and continued to decrease up to 48 h, while the fluorescence
intensity of liver fluctuated within 2 h and reached the peak
value at 8 h. Although the overall biodistribution pattern of the
ACQ probes was similar, the P2-and DiR-labeled nanocarriers
enhanced and amplified the accumulation of PMs in the
extremities compared with Aza-C7, which had some impli-
cations for nanocarrier fate studies. In addition, the P2- and
DiR-quenched groups had obvious fluorescence recurrence,
which also interfered with the normal test. As shown in
Fig. 5d, Aza-C7 was found to have decreased fluorescence re-
illumination properties over P2 and DiR. A detailed step-by-
step description and discussion of in vivo live imaging has
been published.*

Conclusions

ACQ fluorescent dyes have an “ON — OFF” signal conversion
mode, which has broad application prospects in the field of
NDDSs. Our previous studies have demonstrated the appli-
cation value of ACQ dye P2; however, multiple components in
the biological environment may cause the re-illumination of
the quenched fluorescent aggregates. To further diminish the
potential impact of fluorescent probe-associated artefacts, we
studied the quenching properties of different ACQ dyes first.
From in vitro studies, it was found that Aza-BODIPY dyes have
superior ACQ ability. We chose Aza-C7-loaded PMs for further
investigation. Compared with the analogues of P2 and DIiR,
Aza-C7-loaded PMs have decreased fluorescence re-illumina-
tion properties. In vivo studies confirmed that Aza-C7 has
advantages over P2 and commercialized probe DiR. Taken
together, novel ACQ probes are promising tools for more accu-
rate bioimaging.

This journal is © The Royal Society of Chemistry 2023
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Experimental section
Spectrum measurement procedure

A stock solution of the probe (1 mM) was prepared and all
absorption (759S UV-visible spectrophotometer) and fluo-
rescence (F98 fluorescence spectrophotometer) measurements
were performed in MeCN at room temperature. For the fluo-
rescence measurements, excitation was set at the wavelength
blue-shifted by 20 nm compared to the maximal absorption
wavelength of the probe (slit: 5/5 nm). The molar extinction
coefficient was calculated using the Beer-Lambert law.

The quantum yield was calculated using the following
method recommended by Varian (https:/www.jobinyvon.com/
usadivisions/Fluorescence/applications/quantumyieldstrad.
pdf, accessed on May 9th, 2022) and was compared with the
method reported by Fery-Forgues et al.>°

2
P W e (1)

@, F, A and n refer to the fluorescent quantum yield, fluo-
rescent area, absorption and solvent refractive index for the
unknown (U) or standard (S), respectively. The fluorescent
quantum yield of simple BODIPY is the relative fluorescence
quantum yield estimated by using Rhodamine B (@ = 0.65 in
ethanol) as a fluorescence standard. Fluorescent quantum
yields of BODIPY were determined via eqn (1) in acetonitrile
using P4 (@ = 0.65, in acetonitrile) as a reference and the fluo-
rescent quantum yields of Aza-BODIPY use P2 (& = 0.35, in
acetonitrile) as a reference.

Evaluation of ACQ effect

The ACQ properties were determined by measuring their fluo-
rescence spectra in acetonitrile/water binary systems with
different water contents on an F98 fluorescence spectrophoto-
meter. The acetonitrile stock solutions with probe concen-
trations of 50 pmol L™ were prepared, and 20 pL of stock solu-
tion was added into the acetonitrile/water binary systems with
different water contents (total 4 mL), so that the final probe
concentrations were consistent (250 nmol L™").

Evaluation of in vitro fluorescence re-illumination

To test the fluorescence re-illumination, pre-quenched fluoro-
phore dispersions were prepared by diluting the MeCN stock
solutions with ultrapure water by 200-fold. Quenched samples
were diluted by 10-fold in 1% Tween-80 solution or 1% Triton
X100 (the final probe concentration was 250 nmol mL™"), and
incubated at 37 + 0.5 °C to monitor the changes in their fluo-
rescence intensity over time (0 h and 4 h) via an F98 fluo-
rescence spectrophotometer.

Preparation of dye-loaded nanocarriers

Taking P2 as an example, probe-encapsulated poly(ethylene
glycol),-poly (p,i-lactic acid), sk (MPEG, PDLLA, 5.) PM nano-
carrier was prepared by thin-film dispersion method. 100 mg
of mPEG,PDLLA, 5, and 100 pg of P2 were dissolved in 10 mL

This journal is © The Royal Society of Chemistry 2023
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of dichloromethane and evaporated at 60 °C to form a homo-
geneous film. The film was hydrated in 20 mL of deionized
water at 60 °C under mild stirring (500 rpm) for 1 h. The dis-
persion was filtered through a 0.22 pm filter to obtain the PM
solution. All formulations were stored at 4 °C for future use.

Characterization of fluorescently labeled nanocarriers

The particle size and zeta potential of all fluorescent formu-
lations were measured at ambient temperature (Malvern
Zetasizer Nano ZSP). All measurements were performed after
diluting the formulations to an appropriate concentration with
deionized water. The EE% was measured by an ultrafiltration
method. The details of this method were provided in the pre-
vious work.?”

In vivo imaging

Male SD rats weighing 180 + 20 g were selected. All animal pro-
cedures were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Fudan University and
approved by the Animal Ethics Committee of Fudan
University. Before the experiment, to reduce the autofluores-
cence from the hair, the abdominal hair of the rats should be
removed. After that, all animals were fasted but allowed free
access to water for 12 h. Fluorescent dye-labeled PMs and their
pre-quenched dispersions were injected through the tail vein.
The injection volume was calculated as 0.04285 pmol per kg of
rat, and three rats were selected for each group. An IVIS real-
time imaging system was used to detect the fluorescence
signals at 5 min, 0.5 h, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 36 h, and
48 h after drug administration. The excitation/emission wave-
length of Aza-BODIPY probes (P2 and Aza-C7) was set at 710/
760 nm, and that of DiR was set at 745/800 nm.
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