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Fluorescence emission in the near-infrared-Il (NIR-Il) optical window affords reduced autofluorescence
and light scattering, enabling deep-tissue visualization for both disease detection and surgical navigation.
Small-molecule NIR-II dyes are preferable for clinical bioimaging applications, as the flexibility in their
molecular synthesis allows for precise control of their optical and pharmacokinetic properties. Among
the various types of dye, donor—acceptor—donor-based (D-A-D) dyes demonstrate exceptional
photostability, whereas the frequently used PEGylation approach does not keep their intrinsic brightness
enough in water environments due to their inherent effect of self-assembly. Here, we demonstrate that
the commercially-available surfactants can serve as a dispersant to prevent molecular aggregation of
PEGylated D—-A-D dyes. Due to the favorable energetics for co-assembly between D—A-D dyes and
surfactants, the formed surfactant-chaperoned dye strategy dramatically increases dye brightness.
Accordingly, this effect provides remarkably improved performance for in vivo bioimaging applications.
In parallel, we also investigate the D—A-D dye uptake and signal enhancement properties in the liver of
murine models and demonstrate that the lumen-lining Kupffer cells can potentially disassemble
PEGylated D-A-D aggregates such that their inherent brightness is restored. This phenomenon is similar
to the surfactant-chaperoned dye strategy and our investigations provide a positive addition to better
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fluorophores that emit fluorescence in the visible/NIR-I spectral
region."™ As NIR-II fluorescence-emitting fluorophores typi-
cally have extended hydrophobic m-conjugated groups,'**° the
dyes require modification with additional hydrophilic moieties

Introduction

In the context of in vivo near-infrared fluorescence (NIR) bio-
imaging, imaging with near-infrared-II (NIR-II) small-molecule

dyes is an attractive approach because they afford increased
penetration depth, low autofluorescence, and relatively low
biotoxicity, all of which allows for acquiring images with
enhanced contrast levels when compared to traditional

“State Key Laboratory of Supramolecular Structure and Materials, College of
Chemistry, Jilin University, Changchun, 130012, P. R. China. E-mail: sjzhu@jlu.edu.cn
bJoint Laboratory of Opto-Functional Theranostics in Medicine and Chemistry, First
Hospital of Jilin University, Changchun, 130021, P. R. China

‘Hospital of Stomatology, Jilin University, Changchun, 130021, P. R. China
“Molecular Imaging Program at Stanford (MIPS), Department of Radiology, Stanford
University School of Medicine, Stanford, California, 94305, USA

°School of Chemistry and Pharmaceutical Engineering, Jilin Institute of Chemical
Technology, Jilin, 132022, P. R. China

T Electronic supplementary information (ESI) available: Synthesis and structure
characterization, quantum yield test, NIR-II tumor imaging, etc. See DOL
https://doi.org/10.1039/d2s5c05651h

© 2022 The Author(s). Published by the Royal Society of Chemistry

to impart water solubility and biological biocompatibility. The
commonly used hydrophilic groups include alkyl sulfonates,
alkyl carboxylates, and polyethylene glycol (PEG)**"* moieties
and their numerous derivatives. Although this strategy can
successfully overcome the water-solubility barrier that these
dyes encounter, the quantum yield (&) of these fluorophores is
considerably reduced compared to their unmodified
counterparts.**** Fluorescence quenching upon transitioning
from the oil phase to the water phase for current NIR-II fluo-
rophores remains a major obstacle to their successful trans-
lation into the clinic. This loss in brightness has been attributed
to the phenomenon often referred to as the aggregation-caused
quenching (ACQ)* effect. Thus, investigating the fluorescence
quenching mechanism of NIR-II fluorophores is essential to
improving the imaging capability of current NIR-II
fluorophores.**
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Organic synthesis has allowed for the development of
a diverse range of NIR-II small-molecule dyes, wherein the
quintessential fluorophore types are cyanine** and donor-
acceptor-donor-based (D-A-D) dyes.**® NIR-II fluorescence D-
A-D dyes exhibit exceptional photostability, and thereby elimi-
nate any concerns of photobleaching upon implementation.*
To improve brightness, the use of PEG moieties is commonly
pursued, as they can serve as shielding units (S) that are capable
of modulating the quantum yield (®) and pharmacokinetic
properties of NIR-II fluorescence S-D-A-D-S dyes. Presumably,
extensive PEGylation could alter the solubility of S-D-A-D-S
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dyes such that they are transformed into an amphiphilic
molecule, which consequently inherently tend to self-assemble.
Unfortunately, this unavoidable aggregation effect is a common
issue for all previously reported NIR-II D-A-D dyes.* The self-
assembly quenching behavior of these dyes could occur even
at very low concentrations.

Much effort has been put forth in attempts of developing and
employing effective strategies that are capable of overcoming
the intermolecular aggregation of current PEGylated S-D-A-D-
S dyes. Here, we synthesized two S-D-A-D-S small-molecule
dyes that serve as model systems for investigating the
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Fig. 1 Chemical structure of S-D-A-D-S dyes and their photophysical properties. (a) Chemical structure of IR-FH4P and IR-FH3P. (b)
Calculation of the optical bandgap for IR-FH4/IR-FH3 isomers using Gaussian (b31yp/6-31g(d)). (c) Calculation of dihedral angle for IR-FH4/IR-
FH3 isomers through Gaussian (b31yp/6-31g(d)). PEG chains were replaced by a methyl group to simplify the calculation. (d) Fluorescence
emission spectra of IR-FH4P (10 pM) in DMSO and PBS buffer. (e) Absorption spectra of IR-FH4P and IR-FH3P in DMSO, PBS, and CHCls.
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intermolecular assembly and the consequent quenching of
their NIR-II fluorescence emission. Rational donor substitution
enabled the improvement of the NIR-II quantum yield of S-D-
A-D-S fluorophores. Commercial surfactants were found to
efficiently prevent the aggregation/self-assembly of our
prepared PEGylated S-D-A-D-S dyes. As such, surfactant-
chaperoned S-D-A-D-S dyes demonstrated a remarkable
enhancement in their quantum yields in aqueous solution and
upon performing in vivo imaging. We also found that the
commonly-observed liver uptake and signal enhancement upon
intravenous administration of S-D-A-D-S dyes may originate
from dye disassembly by liver-lining Kupffer cells (KCs).2o41-*
These investigations both provided (i) insight into the effect of
self-assembly of PEGylated S-D-A-D-S dyes and (ii) the devel-
opment of a facile and efficacious surfactant-chaperoned
strategy to overcome the inherent issue of intermolecular
aggregation. This strategy will fundamentally promote the
imaging efficiency that NIR-II fluorophores provide by signifi-
cantly improving their brightness in aqueous media.
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Results and discussion

Design and synthesis of D-A-D molecules by rational donor
substitution

The literature has reported that the S-D-A-D-S structure
underlying many NIR-II fluorophores allows for exceptional
photostability, thereby providing the potential for long-term
visualization of biological events for extended-duration in vivo
imaging applications.”® Recently, the alkyl isomerization of
donor groups has attracted much attention.*® This idea of
donor-specific modification to overall electron delocalization of
acceptor electrons and further enhancing emission wavelength
has also recently attracted the interest of researchers.*
However, such an adjustment also reduces the molecular twist
angle. This may lead to less charge transfer character which
emphasizes the very strong acceptor effect, eventually leading
stronger tendency to assembly quenching. To further confirm
these conjectures, we designed and synthesized a pair of S-D-
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Fig. 2 Self-assembly of IR-FH4P in PBS and disassembly of surfactant-chaperoned dye system. (a) TEM image of IR-FH4P (10 uM) in CHClz and
PBS solution. (b) 3D model of IR-FH4P assembly in PBS. (c) *H-NMR spectra of IR-FH4P (1 mg) in D,O, 90% DMSO-10% D,0, and CDCls,
respectively. (d) 3D model of IR-FH4P disassembly and subsequently co-assembly with surfactant molecules. (e) DLS size distribution of IR-FH4P
(10 uM) with modified Triton-X100 concentration. (f) Dynamic light scattering (DLS) analysis and NIR-Il brightness of IR-FH4P (10 uM) with
changing Triton-X100 concentration. All data are expressed as mean + SD.
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A-D-S structural isomers (Fig. 1a), IR-FH4 (n-hexyl substituent
at the 4C-position) (Scheme S1t), and IR-FH3 (n-hexyl substit-
uent at the 3C-position) (Scheme S21). These modifications
provide us the ability to investigate the effect of placing an alkyl
side chain at the 3C, and 4C-position of the thiophenes. Poly-
ethylene glycol-2000 (PEG,q0)-alkyne (terminal functionalized)
was used to impart these two molecules with solubility in
aqueous media via using a click-reaction scheme (Scheme
S37).2%*” According to gel exclusion chromatography (SEC) data,
the average molecular weight (M,,) of PEGylated product was
5500, indicating that PEGylation did not occur quantitatively.
The incomplete occurrence of this click reaction may be due to
the steric hindrance between the backbone structure and the
PEG chain. This phenomenon has also been confirmed in
similar dye structures.®* Gaussian calculation revealed that IR-
FH4 with alkyl groups substituted on 4C-position had
a smaller optical band gap and ground state dihedral angle
(Fig. 1b and c).** Results show that the 4C-dye has a smaller
dihedral angle in the ground state, indicating that the electronic
structure of this structure is more delocalized. The dihedral
angle between BBTD and thiophene in the 4C-dye is only 0.8°,
resulting in a longer absorption, emission wavelength (Fig. S1a,
b, d, e, g, h, j and kf), and higher fluorescence quantum yield
(Fig. Sic, f, i, 1, S2a-d and Table S1}). However, fluorescence
spectra characterization revealed that IR-FH4P showed a 20-fold
decrease in aqueous solution versus that of DMSO (Fig. 1d). And
the absorption spectrum also shows a strong blue shift in
aqueous solution versus that of DMSO (Fig. 1e).

Commercial surfactants efficiently conquered the inherent
aggregation/assembly of PEGylated S-D-A-D-S dyes

Using transmission electron microscopy (TEM) characteriza-
tion, we validated that IR-FH4P inherently formed relatively
large nanoparticles (~80 nm) (Fig. 2a) when dissolved in PBS
buffer, consistent with the dynamic light scattering (DLS) data
(Fig. S3at). While the IR-FH3P shows a smaller size (~55 nm)
according to DLS data (Fig. S3bt). Conversely, it was well
dispersed in organic solvents, such as the tested chloroform.
Basically, IR-FH4P formed large spherical nanoparticles,
resulting in fluorescence quenching in the aqueous environ-
ment. Even at very low concentrations, D-A-D fluorescent NIR
dyes still form the aggregation/assembly of nanoparticles.
However, the isomerization of the donor group of IR-FH4P
amplifies this aggregation/assembly effect by reducing the
structural twisting angle. This behavior was further confirmed
by "H NMR. The typical chemical shifts of IR-FH4P in a D,O and
DMSO-D,0 system substantially diminished with the
increasing of the peak width, in contrast to the predicably
accurate signal in CDCl; (Fig. 2¢). This phenomenon is in line
with the previous self-assembly of macrocyclic molecules and
aggregate-induced emission (AIE) molecules,*** indicating the
aggregation feature of IR-FH4P. With a generalized under-
standing of the relationship between fluorescence quenching
and molecular aggregation, it prompted us to resolve this
pressing challenge via utilizing solubilizing technology such as
a surfactant. Thus, we adopted a commonly used surfactant,

13204 | Chem. Sci, 2022, 13, 13201-13211

View Article Online

Edge Article

Triton-X100 (Triton), to disassemble the IR-FH4P nano-
particles.>*** DLS data verified that Triton-X100 chaperoned IR-
FH4P underwent an intermediate state (large diameter in DLS
test), and eventually changed into a disassembly state with
a hydrodynamic diameter of ~8 nm, similar to its fully dissolved
state in the organic phase (Fig. 2e). Plotting the DLS size of
seven cocktails of IR-FH4P and Triton-X100 at various concen-
tration allowed us to identify the minimum Triton-X100
concentration (0.1% w/w) for completely disassembling the
IR-FHAP in the aqueous solution (Fig. 2f). To further verify the
feasibility of our strategy, concurrently, five common surfac-
tants were employed to test for brightness enhancement.
Consistent with our experimental design, we found that most of
the tested surfactants, including the anionic, cationic, and non-
ionic surfactants, can effectively enhance the NIR-II brightness
of IR-FH4P, restoring the same brightness level as its organic-
phase counterpart (Fig. 3a). Notably, the isomer IR-FH3P only
exhibited 3-fold brightness enhancement when adding the
same amount of Triton-X100, indicating the differences of
solubility using surfactants for diverse S-D-A-D-S structures
and that structure optimization is necessary (Fig. 3b). To
investigate the disassembly mechanism of the surfactant and
dye system, we tested the size evolution through a set of samples
by IR-FH4P mixing with three typical surfactants (Fig. 3c). As
expected, surfactant-chaperoned dyes preferentially formed co-
assembled nanoparticles at lower surfactant concentration
while when free of surfactant they essentially failed to self-
assemble in the aqueous solution.

Interestingly, a similar intermediate state of large-size
distribution was observed in the mixed solution of different
ratios of DMSO/PBS (from 10% DMSO to 100% DMSO, v/v).
From the results of DLS (Fig. 3d) with the change of DMSO
content in DMSO-PBS mixed solution, the particle size of the
dye aggregates showed a similar trend in change to that of
gradient-concentration surfactant systems. This result sug-
gested that previous reports actually did not prevent the self-
assembly and NIR-II signal quenching of S-D-A-D-S dyes by
using DMSO to dissolve dyes as a stock solution and subse-
quently diluting them into PBS buffer even at low concentra-
tions. For co-assembled small nanoparticles, toluene or THF
rather than DMSO has been widely used in previous reports.>
We repeated the experiment with THF and found a similar trend
of particle size variation in smaller ratios of THF/PBS (Fig. S3ct).
As surfactants are generally toxic to living systems, we next
conducted cell toxicity experiments using pure dye, pure
surfactant, and a dye/surfactant mixture. To our surprise, the
results showed that the toxicity of the dye/surfactant mixture
was significantly lower than that of the single surfactant at the
equivalent administered dosage (Fig. 3e and f). The dramati-
cally reduced toxicity of the dye/surfactant probe further proved
that surfactant and IR-FH4P co-assembled into a stable
companion, thereby eliminating the toxicity concern for their in
vivo application. To further confirm the low toxicity of this
strategy, pathology analysis of liver from saline, IR-FH4P, and
IR-FH4P/Triton administered cohorts of mice by hematoxylin
and eosin (H & E) staining also verified that there was no
obvious abnormal morphology (Fig. 3g).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Commercial surfactant efficiently circumvented inherent aggregation/assembly effect(s) of IR-FH4P. (a) Fluorescence intensity of IR-
FH4P (10 uM) by adding a set of five commercial surfactants in PBS, compared to the equivalent amount of IR-FH4P in PBS, BSA, and DMSO. (b)
NIR-1I brightness of IR-FH4P (10 uM) and IR-FH3P (10 pM) in pure PBS and pre-mixing Triton-X100 (10 uM) with PBS buffer. (c) DLS at different
concentrations of Triton-X100, SDS, and CTAB with and without adding IR-FH4P (10 uM). (d) DLS of IR-FH4P (10 uM) in DMSO and DMSO/PBS
mixture solutions. (e and f) Cell viability of IR-FH4P, Triton, and IR-FH4P/Triton-X100 co-assembly particles using L-02 and 4T1 cell lines. (g)
Histological evaluation of the liver after intravenous administration of 24 hours of PBS, IR-FH4P, and IR-FH4P/Triton. All FL Intensity data are
expressed as mean + SD. The MTT data are expressed as mean + SEM.

Surfactant-chaperoned S-D-A-D-S dyes demonstrated D-S dyes, the next goal was to assess their ability to afford
remarkably-enhanced NIR-II brightness in vivo effective contrast levels in vivo. We first assessed whether
bovine serum albumin (BSA) and mouse blood could disas-
semble the IR-FH4P, and we found that neither can enhance
the NIR-II brightness significantly, indicating that there was

After establishing the surfactant-chaperoned strategy for
overcoming the issue of aggregation/self-assembly of S-D-A-

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2022, 13, 13201-13211 | 13205
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no disassembly process. Next, 100 uM IR-FH4P/Triton-100X
was diluted in PBS aqueous solution, BSA, and mouse whole
blood from rat, respectively (10 uM), and no additional
quenching phenomenon was observed before and after dilu-
tion (Fig. S3df). Both IR-FH4P/Triton-100X and IR-FH3P/
Triton-100X show a red shift in the absorption spectrum
(Fig. S3e and ff). With the increase of dye concentration, IR-
FH4P/Triton did not appear obvious aggregation quenching
until 300 pM while the pure dyes were quenched at about 50
uM (Fig. S3gT). Both IR-FH4P and IR-FH4P/Triton-X100 show
strong photostability under 808 nm laser excitation in PBS
solution, BSA, and mouse blood (Fig. S4a and bt}). To ensure
the stability of the dye/surfactant complex, the as-prepared
complex was stored for 14 days at room temperature. The
changes in the absorption spectrum and fluorescence inten-
sity were monitored by spectrophotometer spectra and InGaAs
camera. No significant changes in optical properties were

View Article Online
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observed during 14 days of storage in a 4 °C environment.
(Fig. S4c-ff).

As our interest was to evaluate the enhanced brightness of
surfactant-chaperoned dyes in vivo, we intravenously injected
the surfactant-chaperoned IR-FH4P and surfactant-free IR-
FHA4P to compare their in vivo performance (Fig. 4a and b).
The NIR-II signals of the IR-FH4P/Triton-X100-administered
cohort were much higher than that of the surfactant-free IR-
FHA4P group within a short timeframe (approximately 12-fold
enhancement at 60 s time point for the IR-FH4P/Triton-X100
model). The liver and skin/muscle signals of the surfactant-
free IR-FH4P-injected cohort increased over time and reached
an identical range to the IR-FH4P/Triton-X100 group at the 24 h
time point (Fig. 4c-f). Long-term monitoring indicated that IR-
FHA4P could eventually be excreted out of the body within 7 days
post-injection (Fig. S5t). Collectively, surfactant-chaperoned IR-
FH4P provided a substantially enhanced brightness over a 24 h
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Fig. 4 Surfactant-chaperoned IR-FH4P enhancement of NIR-II brightness of S-D—-A-D-S dyes in vivo. (a) NIR-II fluorescence time points
(imaging condition: 808 nm laser excitation with 88 mW cm™2 power density, 900 + 1100 nm long-pass filter) of mice in the supine position after
intravenous administration of IR-FH4P and IR-FH4P/Triton-X100 taken within the short time window (injection dosage, 0.55 mg mL™, 200 uL).
(b) NIR-II fluorescence signal of the liver for IR-FH4P and IR-FH4P/Triton-X100 as a function of injected time points. (c) Selected time points
from NIR-Il imaging of mice in the supine position after intravenous administration of IR-FH4P. (d) Fluorescence intensity of both liver and skin
for IR-FH4P/Triton-X100. (e) Comparison of the liver signal as a function of injection time points for surfactant-free IR-FH4P and IR-FH4P/
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term time points. All data are expressed as mean + SD.
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Fig.5 Surfactant-chaperoned NIR-II fluorophore enables bioimaging of tumor and lymph nodes with enhanced contrast levels. (a) NIR-II lymph
node imaging of IR-FH4P/Triton-X100 injected into the right footpad and surfactant-free IR-FH4P into the left footpad at equivalent dye dosage
(Imaging condition: 808 nm laser excitation with 88 mW cm™2 power density, 1100 nm long-pass filter). (b) Plotting lymph node signals as
a function of post-injection time points for IR-FH4P/Triton-X100 and surfactant-free IR-FH4P at equivalent dye dosage. (c) NIR-II lymph node
imaging of IR-FH4P/Triton-X100 injected in the right footpad and ICG in the left footpad at equivalent dye dosage. (d) Plotting lymph node
signals as a function of post-injection time points for IR-FH4P/Triton-X100 and surfactant-free ICG at equivalent dye dosage. (e) Selected time
points from NIR-1l imaging of 4T1 tumor-bearing murine model after intravenous injection of IR-FH4P and IR-FH4P/Triton-X100. The maximum
accumulation at the tumor site was recorded at ~24 h for IR-FH4P and ~72 h for IR-FH4P/Triton-X100. (f) Tumor-to-muscle ratios were
recorded for two cohorts of mice throughout 144 h. All data are expressed as mean + SD.

window, which may serve as a promising strategy in resolving
the inherent intermolecular aggregation and fluorescence
quenching issue for NIR-II fluorescence-emitting S-D-A-D-S
dyes.

Surfactant-chaperoned NIR-II fluorophore enabled high-
performance tumor and lymph node imaging

After establishing the in vivo bioimaging ability of our
surfactant-chaperoned dye strategy, we studied whether the IR-
FH4P and IR-FH4P/Triton-X100 could provide high-quality
lymph nodes (LNs) imaging in murine models.”* For this
purpose, the shaved Balb/c mouse was set primely for popliteal
and sacral LNs imaging. IR-FH4P/Triton-X100 mixture was
intradermally injected (100 uM, 25 pL) on the right footpad
while surfactant-free IR-FH4P of equivalent dye dosage was

© 2022 The Author(s). Published by the Royal Society of Chemistry

injected on the left footpad. As shown in Fig. 5a and b, very
disparate NIR-II fluorescence intensities were apparently
recorded, and roughly 3-fold brightness enhancement was
quantitively plotted between using IR-FH4P/Triton-X100 and
surfactant-free IR-FH4P in the first 30 minutes.”®* We also
studied whether the IR-FH4P/Triton-X100 dye maintained the
D-A-D dyes' excellent photostability in LN imaging. Equivalent
dosage of ICG (OD 808 nm = 0.5) in PBS and IR-FH4P/Triton-
100X mixture were intradermally injected and compared
through the same condition described above (Fig. 5¢ and d).
The NIR-II signals of ICG injected left side quickly diminished
in the first 30 minutes, while the LN signals of IR-FH4P/Triton-
X100 injected on the right side remained consistent, providing
potential for using IR-FH4P/Triton-X100 for long-term visuali-
zation of LN and image-guided surgical navigation.
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Next, we imaged the tumors of two cohorts of 4T1 tumor-
bearing mice with intravenously-administered IR-FH4P/Triton-
X and surfactant-free IR-FH4P (Fig. S6a and bt). Due to the
decrease in particle size from IR-FH4P to IR-FH4P/Triton-X100,
it could be presumed that they would exhibit different tumor-
enhanced permeability and retention (EPR) effects.”” Plotting
tumor signal in two groups against post-injection time point
revealed that the peak accumulation of IR-FH4P/Triton-X100
was much delayed compared to the surfactant-free IR-FH4P-
injected group (72 h versus 24 h) (Fig. 5e). Notably, IR-FH4P/
Triton-X100-injected cohort exhibited approximately 2-fold
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enhancement of signal-to-muscle ratio (Fig. 5f).°**® The
surfactant-chaperone strategy not only effectively enhances the
fluorescence intensity of D-A-D dyes, but also provides better
biocompatibility for D-A-D NIR-II fluorescence dyes by
affecting their particle size, which further expands the imaging
potential of a surfactant/dye cocktail.

Mechanism of NIR-II S-D-A-D-S fluorophore fluorescence
enhancement in liver and Kupffer cells

We and previous reports repeatedly observed that the liver
signal gradually increased after intravenous administration of
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Fig. 6 NIR-II brightness enhancement of IR-FH4P through KCs' phagocytosis and disassembly. (a) Suggested model of inherently aggregated
NIR-1I dye phagocytosed and subsequently disassembled by Raw-264.7 KC bioactivity. (b) NIR-II fluorescence of trypsinized Raw 264.7 KCs and
4T1 cells after incubation with IR-FH4P (10 uM) and IR-FH4P/Triton-X100 for different periods (1 x 10° cells were used for each time point). (c)
and (d) Variation trend of NIR-II brightness of IR-FH4P and IR-FH4P/Triton-X100 in cultured Raw 264.7 and 4T1 cells was compared with liver
signals after intravenous injection of IR-FH4P. (e) Fluorescence intensity of IR-FH4P (10 uM) incubated with cell lysate from 4T1 and Raw 264.7
(10 mg mL™Y). (f) Fluorescence intensity of IR-FH4P (10 uM) incubated with cell lysis buffer (CeLytic M, the concentration of CeLytic M was slightly
tuned to match their counterparts in 4T1/RAW lysate solutions). All data are expressed as mean + SD.
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a series of PEGylated S-D-A-D-S fluorophores. Previous reports
exclusively attributed this phenomenon to their large size and
long blood circulation. The above surfactant-chaperoned
strategy prompted us to restrategize these attributions, and
thus we considered that macrophages may also disassemble the
S-D-AD-S fluorophores (which would lead to an enhancement
in their NIR-II brightness). In this case, the signal enhancement
in the liver could be roughly divided into two stages over time:
a fluorophore accumulation stage and a fluorophore disas-
sembly stage. Both stages can enhance the NIR-II fluorescence
signal of accumulated fluorophores in the liver. In the first
stage, the free dye accumulates in the liver (e.g., Kupffer cells) as
it circulates, resulting in a certain brightness enhancement. The
dye is further disassembled by Kupffer cells in the second stage,
and the liver showed a further enhanced fluorescence signal
(Fig. 6a). Based on this hypothesis, Kupffer cells, the main
macrophages localized within the lumen of the liver, were used
to examine their disassembly performance of IR-FH4P and IR-
FH4P/Triton in vitro. By culturing KCs and incubating them
with IR-FHA4P for a set of typical periods (1, 3, 6, 12, 24, 48, 72 h),
the trypsinized and collected KCs were subjected to NIR-II
brightness testing (Fig. 6b). The quantified signal increased as
a function of incubation time, positively correlating with liver
signal after intravenous injection with IR-FH4P at the corre-
sponding time points (Fig. 6¢ and d). Collectively, these results
verified the accumulated IR-FH4P in the liver was potentially
disassembled by KCs cells, which is consistent with our
surfactant-chaperoned dye strategy. Interestingly, when we fol-
lowed the same protocol using 4T1 cells, there was no further
enhancement.

To further explore whether the disassemble mechanism
exclusively depends on living cells, the cell lysate of KCs and 4T1
cells were incubated with equivalent IR-FH4P for pre-
determined periods (Fig. 6e). The NIR-II fluorescence intensity
of dye-incubated cell lysates was similar with dye in pure lysate
buffer (CeLytic M), indicating that the enhancement was solely
caused by surfactant components in pure lysate buffer (Fig. 6f).
These results verified that only living cells can enhance the NIR-
II brightness of IR-FH4P, and we speculate that the endocytic
process in KCs plays a role in solubilizing the dye similar to that
of surfactants for disassembly of the IR-FH4P in aqueous
solution.

Conclusion

We designed and synthesized a pair of NIR-II S-D-A-D-S dyes
and investigated the influence of the alkyl chain substitutions at
the C3- and C4-positions of the thiophene linker on their fluo-
rescence properties. We found that alkyls substituted at the C4-
position of the thiophene donor had better quantum efficiency
compared with commonly used C3-position substitution. Our
results will influence chemists and researchers in biomedical
optics to reconsider the S-D-A-D-S design from the standpoint
of substituting the donor. Previously synthesized D-A-D and S-
D-A-D-S dyes were severely quenched when using PEGylation
to impart water solubility.>® Consistent with previous results,
the as-prepared IR-FH4P automatically formed homogeneous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles with a size of ~80 nm in PBS buffer, inducing
dramatic fluorescence quenching. To solve this issue, we
developed a surfactant-chaperoned solubilization strategy, in
which the surfactant can serve as a dispersant to disassemble
and deliver the payload (aggregated dyes). Using this strategy,
the S-D-A-D-S dyes were compelled to co-assemble with the
surfactant to prevent intermolecular aggregation. A very small
concentration of surfactant was sufficient to achieve ten-fold
fluorescence enhancement of the PEGylated S-D-A-D-S fluo-
rophore. Notably, the surfactant-chaperoned dye system dis-
played much lower cell toxicity compared to an equivalent
amount of surfactant, thereby eliminating the toxicity concern
for in vivo bioimaging.

The NIR-II brightness enhancement from using surfactant-
chaperoned S-D-A-D-S dye enabled remarkedly improved
imaging contrast, especially within the short imaging window.
In the short-term, surfactant-chaperoned IR-FH4P provided 3-
to 10-fold fluorescence enhancement compared to that of the
surfactant-free IR-FH4P group when used in in vivo applica-
tions. For lymph node mapping applications, our surfactant-
chaperoned dye strategy provided increased imaging contrast
(3-fold enhancement). Also, our strategy afforded a higher
tumor-muscle ratio. The surfactant-chaperoned S-D-A-D-S dye
was eventually excreted out of the body within 6 days post-
injection, similar to that of the surfactant-free fluorophore.
Our surfactant-chaperoned strategy is facile, low-cost (which
may be universal to other various NIR-II dyes), and appears to
circumvent the inherent fluorescence ACQ issue for in the lab,
preclinical, and clinical usage.

Our investigations revealed that commonly observed NIR-II
fluorescence enhancement in mice liver was partially attrib-
uted to the disassembly of NIR-II fluorophore by activity within
liver Kupffer cells. Here, the inherently self-assembled NIR-II
dyes first accumulated in the liver and were subsequently dis-
assembled by Kupffer cell activity, thus further increasing the in
vivo brightness. In parallel, this mechanism was further verified
by the macrophage Raw cell experiment, in which the S-D-A-D-
S dye incubated Raw cells showed a time-dependent brightness
enhancement. Conversely, the cell lysate mixed and incubated
with S-D-A-D-S dye did not increase the NIR-II brightness,
indicating that the process of fluorescence enhancement
exclusively depends on living cells and their corresponding
biological processes. Our observations therefore explain the
mechanism of liver enhancement by accumulating NIR-II fluo-
rophores, guiding a direction of imaging liver and KCs using an
inherent aggregated dye or even a hydrophobic dye structure.
The inherent aggregated dye could function as a “turn-on”
probe in the liver and KCs, which is much more favorable
towards improving the bioimaging contrast levels.
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