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Abstract

Fluorescence imaging in the second near-infrared window (NIR-II, 1000—1700 nm) using small-
molecule dyes is highly potential for clinical use. However, many NIR-II dyes suffer from the emission
quenching effect and extremely low quantum yields (QYs) in the practical usage forms. The AIE strategy
has been successfully utilized to develop NIR-II dyes with donor-acceptor (D-A) structures with
acceptable QYs in the aggregate state, but there is still a large room for QY improvement. Here, we
rationally designed NIR-II emissive dye named TPE-BBT and its derivative (TPEO-BBT) by changing
the electron-donating triphenylamine unit to tetraphenylethlene (TPE). Their nanoparticles exhibited
ultrahigh relative QYs of 31.5% and 23.9% in water, respectively. By using an integrating sphere, the
absolute QY of TPE-BBT nanoparticles was measured to be 1.8% in water. Its crystals showed an
absolute QY of 10.4%, which is the highest value among organic small molecules reported so far. The
optimized D-A interaction and the higher rigidity of TPE-BBT in the aggregate state are believed to be
the two key factors for its ultrahigh QY. Finally, we utilized TPE-BBT for NIR-II photoluminescence
(PL) and chemiluminescence (CL) bioimaging through successive CL resonance energy transfer and
Forster resonance energy transfer processes. The ultrahigh QY of TPE-BBT realized an excellent PL
imaging quality in mouse blood vessels, and an excellent CL imaging quality in the local arthrosis
inflammation in mice with a high signal-to-background ratio of 130. Thus, the design strategy presented
here brings new possibilities for the development of bright NIR-II dyes and NIR-II bioimaging

technologies.

1. Introduction

Bioimaging is a technology to visualize biological processes in a real-time and non-invasive manner,
which plays an important role in the development of medicine by monitoring the physiological processes
in the human body. Many imaging modalities have been developed and applied clinically, such as X-ray
computed tomography (CT), nuclear magnetic resonance imaging (MRI), and positron emission
tomography (PET)." 2 However, the present technologies are still suffering from limitations like
radioactivity and low sensitivity and resolution. Compared with these traditional imaging modalities,
fluorescence imaging is a potential technology for dynamic visualization with advantages of great
sensitivity, high resolution, and low cost. * Although the fluorescence imaging has now been widely

used in many in vitro applications, such as immunofluorescence assays and super-resolution imaging,



the poor penetration depth of most fluorescent materials largely impeded their applications in vivo.
During the past few decades, most fluorescent materials generated photoluminescence (PL) signals in
the visible (400650 nm) and the first near-infrared (NIR-I) region (650-950 nm). On the other hand, the
second near-infrared (NIR-II) window (1000-1700 nm) has shown the merits of high signal-to-
background ratios (SBRs) and optical resolutions at depths because of reduced interface reflection,
autofluorescence, and photon scattering.>

Many inorganic NIR-II fluorescent materials have been developed with narrow emission bands and high
photostability. However, their applications are still impeded by inevitable drawbacks like low quantum
yields (QYs), poor reproducibility, and high toxicity.”!* Organic small molecules with NIR-II emission
are potential candidates for bioimaging because of good biocompatibility, well-defined molecular
structures, and ease of synthetic modification. To red-shift the emission wavelength of NIR-II dyes, two
strategies are commonly used.” ' The first strategy is to enlarge the conjugation length. However, it
cannot always work practically because of tedious synthesis, unsatisfactory processability, and instability
(especially for cyanine dyes with extended double bonds). Another strategy is to design dyes with donor-
acceptor (D-A) structures rationally. The D-A strategy can effectively reduce the band gaps through
relatively simple synthesis. Unfortunately, the QY's of NIR-II dyes are always extremely low in practical
usage. This phenomenon is believed to result from: (1) Most dyes with long-wavelength emission adopt
extensively conjugated backbones, and the resultant strong intermolecular interactions may easily cause
aggregation-caused quenching (ACQ) effects in concentrated solutions or the aggregate state.'> (2) The
D-A interactions are normally strong, which may cause severe twisted intramolecular charge transfer
(TICT) to weaken the emission in polar environments.'® (3) The band gaps are incredibly narrow, so the
formed excitons can easily undergo non-radiative decay pathways by molecular motions.!” These
problems severely retarded the development of NIR-II dyes for bioimaging because the physiological
environment is an aqueous medium, where the hydrophobicity of the molecules and the high polarity of
the environment can cause an even worse fluorescence quenching effect.

Aggregation-induced emission (AIE) is a unique photophysical phenomenon where AIE-active
molecules are non-emissive or weakly emissive in the discrete state because of active intramolecular
motions, but show enhanced luminescence upon aggregation due to mechanisms including the restriction
of intramolecular motions (RIM), restricted access to a conical intersection, and restriction of access to

the dark state.'®?3 Various AIE luminogens (AlEgens) have been developed and have shown great



potential for biomedical applications.?*2¢ In NIR-II bioimaging, the AIE strategy is also promising. Many
NIR-II AlEgens with acceptable QY's can act as superior imaging materials (the highest QY approaches
15% using IR26 as the reference fluorophore with a QY of 0.5% in 1,2-dichloroethane).!”> 2’% For
instance, our group reported TPA-BBT in 2019, the nanoparticle of which demonstrated a very high QY
of about 11% in water.>® However, the typical D-A-D structure of TPA-BBT caused a strong TICT effect
and would suppress its QY in the aqueous solution. Hence, there is still a large room to further raise the
QYs of NIR-IT AlEgens by optimizing their molecular structures.

Based on the literature review and experimental experience (Scheme 1), we found that the replacement
of the triphenylamine (TPA) group with the tetraphenylethlene (TPE) group in D-A-D dyes can largely
improve the QYs.3!"** Until now, few studies have systematically explained this intriguing phenomenon,
while we rationally conjecture that this strategy can boost the QY's for NIR-II AlEgens for the following
reasons. (1) The TPE group can weaken the D-A interaction to alleviate the TICT effect in the polar
environment. (2) TPE has less trend of molecular motion in the aggregate state because the bulkier
structure of TPE can bring more intermolecular interactions. (3) There are more covalent bonds attached
to the C atom in TPE than the N atom in TPA, also resulting in a stronger RIM effect. The three factors

may generate more stabilized excitons when using TPE as the donor group.
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Scheme 1. Photophysical parameters of representative D-A-D dyes with TPA or TPE as the electron donor.

Here, we designed and synthesized two NIR-II emissive AIEgens called TPE-BBT and TPEO-BBT by
replacing the TPA group in TPA-BBT with the TPE group (Figure 1a). As expected, the photoluminescent
nanoparticles (PLNPs) of TPE-BBT and TPEO-BBT showed much enhanced QY's, which were measured
to be 31.5% and 23.9% vs. IR26 (QY = 0.5%), respectively. More importantly, the crystals of TPE-BBT

demonstrated an absolute QY of 10.4%, which is the highest absolute QY reported so far. Single-crystal



analysis and theoretical calculations revealed that the optimized D-A interaction and the higher rigidity
of TPE-BBT in the aggregate state are the two key factors for its ultrahigh QY. This ultrahigh QY
rendered TPE-BBT ideal material for NIR-II photoluminescence (PL) bioimaging. Moreover, TPE-BBT
realized NIR-II chemiluminescence (CL) bioimaging, which can avoid the limitation of excitation light
sources through successive CL resonance energy transfer (CRET) and Forster resonance energy transfer
(FRET) processes.® The ultrahigh QY of TPE-BBT ensured a high energy transfer efficiency and
excellent continuous imaging for the local arthrosis inflammation detection in mice. Thus, this work
revealed a promising strategy to design NIR-II dyes with high QYs and provided insights into the

underlying mechanism.

2. Results and discussion

Synthesis and characterization

To investigate the role of different donors, TPA-BBT, TPE-BBT, and TPEO-BBT were synthesized using
TPA, TPE, and methoxyl-TPE as electron donors. Their structures were well characterized by 'H NMR,
13C NMR, and high-resolution mass spectra (Figures S1-S6). All three compounds possessed a typical
D-A-D structure, where the benzobisthiadiazole (BBT) acted as a strong electron acceptor, and the hexyl
unit at the ortho position of thiophene ensured the distorted backbones. We first evaluated the
photophysical properties of TPE-BBT and TPEO-BBT. They showed high absorption at 500—800 nm in
DMSO, with the molar absorption coefficients larger than 1.4 x 10* M! ¢cm™! (Figure S7). TPE-BBT
PLNPs encapsulated by F127 showed a similar absorption and a strong PL in the region of 900—1200
nm, indicating the potential application of TPE-BBT as a NIR-II imaging agent (Figure 1b). TPE-BBT
was weakly emissive in its good solvent DMSO, but was highly emissive in aggregates formed by
gradually increasing the fraction of water, suggesting its typical AIE property (Figures 1c and 1d). TPEO-
BBT also demonstrated an obvious AIE characteristic in the DMSO/water mixture (Figure S8). The
absorption and emission spectra of TPEO-BBT were slightly redshifted relative to those of TPE-BBT,
indicating that the electron-donating ability of methoxyl-TPE is stronger than that of TPE. The relative
QYs of TPE-BBT, TPEO-BBT, and TPA-BBT in F127 PLNPs were measured using IR26 (QY = 0.5%)
as the reference. TPA-BBT PLNPs exhibited a relative QY of 12.7%, which was consistent with out
previous result (11%).3° TPE-BBT and TPEO-BBT PLNPs showed ultrahigh relative QYs of 31.5% and

23.9%, respectively, which are among the highest reported QY's in the aqueous solution (Figure 1e). The



relatively lower QY of TPEO-BBT PLNPs resulted from the stronger D-A interaction, demonstrating the
importance of the optimization of the D-A interaction.

The measurement of relative QYs strongly depends on the absolute QYs of reference fluorophores.
However, the presented references for NIR-II dyes, such as IR26 and SWCNT, exhibited low QYs.
Therefore, the documented QY values of the references would have large deviations, and there is a
discrepancy among the documented QY values for the same reference.’® Thus, the measurement of
relative QYs for NIR-II dyes is not accurate. Based on the ultrahigh QY of TPE-BBT, we precisely
measured its absolute QY in different states using an integrating sphere (Table 1). Compared to the
undetectable absolute QY of TPA-BBT PLNPs, the absolute QY of TPE-BBT PLNPs was detected to be
1.8%, which was an extremely high value for NIR-II dyes. According to the changes in PL intensity in
different water fractions (fv), TPE-BBT demonstrated a sharp increase in PL intensity at the £, = 20%,
and the PL intensity gradually decreased afterwards. The size distributions and morphologies of TPE-
BBT nanoaggregates at f, = 20%, 50%, and 99% were characterized by dynamic light scattering (DLS)
and scanning electron microscope (SEM), respectively (Figures 1f and 1g). TPE-BBT began to form
large aggregates with a mean diameter (d) of 629 nm at f,, = 20%, and the size of formed aggregates
decreased when the f;, increased to 50% (d = 203 nm) or 90% (d = 82 nm). The absolute QY's of three
aggregates in different f, were measured. The largest aggregates at f,, = 20% showed the highest QY of
4.6%, while smaller aggregates displayed reduced QY values of 3.4% at f,, = 50% and 2.1% at fi, = 99%
(Figure 1g). This phenomenon suggested that the QY of TPE-BBT was related to the size of aggregates.
It is understandable because when the size of aggregates decreases, there will be more free molecules on
the surface of the aggregates. They will undergo active molecular motions because of the lack of spacial
restriction, resulting in an enhanced non-radiative decay and a relatively lower QY.3” Similarly, both
powders and crystals of TPE-BBT demonstrated higher absolute QYs than its PLNPs and aggregates

because of the higher degree of aggregation (Table 1).
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Figure 1. (a) Chemical structures of TPA-BBT, TPE-BBT, and TPEO-BBT. (b) Normalized absorption (dashed line) and PL (solid
line) spectra of TPE-BBT photoluminescent nanoparticles (PLNPs) encapsulated by F127 in water. (c) Photoluminescence (PL)
spectra of TPE-BBT in DMSO/water mixtures at different water fractions (f,,). Molecular concentration: 10 M; e = 660 nm. (d)
Plots of relative PL intensity of TPE-BBT at 955 nm (I/,) versus f,. Molecular concentration: 10 M; Le, = 660 nm; I, = emission
intensity in DMSO (f,, = 0%). (e) Plots of the integrated PL spectra of TPA-BBT, TPE-BBT, TPEO-BBT PLNPs (850-1600 nm in
water) and IR26 (850—1600 nm in 1,2-dichloroethane, QY = 0.5%) at five different concentrations. (f) Size distributions of TPE-
BBT aggregates in DMSO/water mixtures with f,, of 99%, 50%, and 20%. (g) SEM images of TPE-BBT aggregates in DMSO/water
mixtures with f,, of 99%, 50%, and 20%, respectively. Absolute QY (850-1600 nm) of TPE-BBT in different states were measured

by an integrating sphere. Jex = 808 nm.



Table 1. Absolute QYs of TPE-BBT and TPA-BBT

AIEgen QYI’LNP (%)h QYAggregale (%)(‘ QYPowder (%)d QYCryslal (%)
TPE-BBT 1.8 2.1 4.9 10.4
TPA-BBT <1 <1 1.8 33

“Absolute QYs measured by an integrating sphere. A, = 808 nm. “TPE-BBT and TPA-BBT PLNPs (d < 30 nm). ‘Aggregates of
TPE-BBT formed in the DMSO/water mixture (f, = 99%) and aggregates of TPA-BBT formed in THF/water mixture (f, = 99%).

“Powders generated via a precipitation process in methanol.

The QYs of TPE-BBT in all states are higher than those of TPA-BBT (Table 1). To gain deeper insights
into the photophysical properties of TPE-BBT and TPA-BBT, their single-crystal structures were
obtained and analyzed. Both TPE-BBT and TPA-BBT had a layer-by-layer packing mode (Figures 2a
and 2d). The BBT cores of both molecules were immobilized by S-S, N--N, and S:**7 interactions,
while there were more intermolecular interactions between two closely contacted TPE-BBT within one
layer (di1—d14) than those in TPA-BBT (d\—ds) (Figures 2b and 2¢). In TPE-BBT crystals, the molecular
motions of alkyl chains were strongly restricted by C-H:--S, C-H::*N, and C-H:**m interactions (ds—d1o
and di>—d14). In comparison, the flexible alkyl chains in TPA-BBT were less affected by these interactions,
which provided a liquid-like environment for active molecular motions. In addition, the comparison of
their intermolecular interactions between two closely contacted molecules in two nearby layers revealed
that both molecules had 5 short-range interactions and thus had a similar degree of restriction of
molecular motions (Figures 2¢ and 2f). Considering the intermolecular interactions of two closely
contacted molecules in different directions, it is clear that TPE-BBT boasted stronger intermolecular
interactions, while TPA-BBT would undergo more vigorous molecular motions upon photoexcitation.

Thus, TPA-BBT showed a lower QY than TPE-BBT in the crystalline state.



§--8:d, =3.539 A o A
N-N: d, =3.021 A
S d;=3.162 A

/

dy=3.124 A

d, =2.923A

dip=3.012A d;=2.993 A

dy; =3.043 A dy=3.020 A

dp =291 A CoH-N: C-H-S: d, =3.020 A
d,,=3.027 A d,=2.827 A C-H-N: ds=2.823A
dyy =2.800 A dp =2.899 A C-H--: dy =2.715 A

C-H-N:d, =2.842 A
C-H-r: dy =2.655 A

- C-H-8: \ /
’ d;=3.001A | /~ \ _ C-H--s
g%/\:" CHew: 4,=3120A |\ b < /) 5 d,=2.867 A
d;=2.743A  C-H-N: a r— 2N\ d, =3.028 A

ds=2719A  d;=2743A c dy;=3.016 A a

Figure 2. Single-crystal analysis of TPE-BBT and TPA-BBT. (a) Molecular packing and (b and c) intermolecular interactions of
two closely contacted TPE-BBT in different directions. (d) Molecular packing and (e and f) intermolecular interactions of two

closely contacted TPA-BBT in different directions.

Theoretical calculation

Molecular dynamics (MD) simulations were first conducted to better understand the molecular stacking
mode in the aggregate state. 20 molecules of TPE-BBT and TPA-BBT were placed in a cubic box with a
length of 10 nm and relaxed to obtain the amorphous aggregate conformation. The aggregates were then
solvated by water molecules to study their behaviors in water (Figures 3a and Figure S9). The properties
of single molecules in different environments were also investigated, and the details of these simulations
are shown in the supporting information. To investigate the molecular motions of TPE-BBT and TPA-
BBT under different conditions, we calculated the dihedral angle between the thiophene and BBT core
of the innermost molecule, which represented a major rotor. Dihedral angles of the innermost molecules

in TPE-BBT and TPA-BBT aggregates showed a wide distribution in the single-molecule state, which



suggested their free rotations (Figure S10). However, the distributions became narrow when they formed
under vacuum, indicating the effect of RIM. Interestingly, when the aggregates were solvated by water,
the distribution of the dihedral angles for TPE-BBT was further narrowed, while that of TPA-BBT
became broader (Figure 3c). To explain the change of dihedral angles, the inner part of TPE-BBT and
TPA-BBT aggregates were studied (Figure S11). Water molecules could hardly be found inside TPE-
BBT aggregates. However, water molecules appeared close to the core part of the innermost TPA-BBT.
The penetration of water molecules not only loosened the aggregates to reduce the RIM effect, but also
provided a more polar environment for TPA-BBT, which should cause a severe TICT effect to reduce the
fluorescence intensity. The atomic contact ratios of the innermost TPE-BBT and TPA-BBT were also
calculated (Figure 3d). TPE-BBT showed a higher contact ratio, which meant that a higher ratio of atoms
in TPE-BBT interacted with surrounding organic molecules and the atomic fluctuations could be
restricted. This result indicated a higher degree of RIM for TPE-BBT aggregates in water. Finally, to
quantitatively evaluate the intermolecular interactions, the interaction energy (composed of electrostatic
energy and van der Waals energy) of the innermost molecule with surrounding organic molecules was
calculated (Figures 3e and S12). The innermost TPE-BBT had much higher interaction energy than TPA-

BBT, further proving the higher extent of RIM for TPE-BBT aggregates in water.
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Figure 3. (a) Molecular conformation of TPE-BBT. The red arrow indicates the dominant dihedral angle between the thiophene
and the BBT core. (b) Molecular dynamics simulation snapshot of TPE-BBT aggregates in water. The innermost molecule was
shown in spacefill style, while the other molecules were shown in ball and stick style. (¢) The distributions of the representative
dihedral angle (between the thiophene and the BBT core) of the innermost molecules in TPE-BBT and TPA-BBT aggregates in
water. (d) The atomic contact ratio distributions of the innermost molecules in TPE-BBT and TPA-BBT aggregates in water. (e)
The total interaction energy (composed of electrostatic energy and van der Waals energy) of the innermost molecules in TPE-BBT

and TPA-BBT aggregates at different times.

Furthermore, density functional theory (DFT) calculations were conducted to show its electronic
properties. The ground-state geometries of TPE-BBT and TPA-BBT were optimized first (Figure S13).
The highest occupied molecular orbitals (HOMO) of both molecules were delocalized along the
conjugated backbone, while the lowest unoccupied molecular orbitals (LUMO) were located mainly on
the BBT core (Figures 4a and 4d). The energy gap between HOMO and LUMO in TPE-BBT was slightly
larger than that of TPA-BBT, because the electron-donating ability of TPE moiety is weaker than that of
TPA moiety. The weaker D-A interaction in TPE-BBT can intrinsically reduce the dark TICT effect and
ensure a high QY. Besides, we also quantitatively analyzed the intramolecular motions of TPE-BBT
(Figures 4b and 4c) and TPA-BBT (Figures 4e and 4f) in both the gas phase and crystalline phase by

reorganization energy calculation. Normal modes in the low-frequency region are contributed by the



changes of dihedral angels and are closely related to non-radiative decay.’® For both molecules, the
contribution from dihedral angles largely decreased in the crystalline, compared with that in the gas phase.
However, the decrement of TPE-BBT (from 32.94% to 10.94%) was obviously larger than that of TPA-
BBT (from 20.87% to 12.36%). Thus, the above results also proved that TPE-BBT possessed a stronger

RIM effect than TPA-BBT, contributing to its higher QY's in aggregate and solid states.
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reorganization energy vs. normal mode wavenumber of TPA-BBT in the (e) gas and (f) crystalline phases.

NIR-II PL performance of PLNPs for blood vessel imaging

The NIR-I absorption and NIR-II emission made TPE-BBT a potential candidate for NIR-II bioimaging
in vivo. Here we evaluate the performance of TPE-BBT PLNPs for NIR-II vascular imaging. The DLS
spectrum and TEM image proved that TPE-BBT PLNPs had a homogeneous spherical structure (d < 30
nm) (Figure 5a). Besides, the cytotoxicity assay using human umbilical vein endothelial cells (HUVEC)
demonstrated that TPE-BBT had negligible toxicity even when the molecular concentration reached 1

mg/ml (Figure 5b). In addition, both TPE-BBT and TPEO-BBT PLNPs showed superior photostability



to the commercial NIR contrast agent indocyanine green (ICG) (Figure 5c¢). These results confirmed the
potential of TPE-BBT in biological applications. TPA-BBT PLNPs were also prepared, and the NIR-II
imaging qualities in mouse models were compared using TPE-BBT PLNPs, TPA-BBT PLNPs, and ICG,
respectively. The PLNPs and ICG were intravenously injected (100 puL, molecular concentration = 1
mg/mL), and an InGaAs camera recorded the angiographies with 850 and 1000 nm long-pass (LP) filters
(Figure 5d-f). All three dyes showed good imaging clarity of blood vessels in the hindlimbs, while TPA-
BBT PLNPs showed better imaging resolution than ICG, which was consistent with our previous
conclusions.’*® TPE-BBT PLNPs demonstrated the best imaging quality, with the smallest full width at
half maximums (FWHM) of 0.23 mm and the highest SBR of 1.76 (Figure 5g—h). This result implied

that higher brightness in the NIR-II window is essential for better imaging quality.
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Figure 5. (a) Size distribution (d = 25 nm) of TPE-BBT PLNPs. Insets: schematic diagram and TEM image of TPE-BBT PLNPs.
(b) Cell viability of human umbilical vein endothelial cells (HUVECs:) treated by different concentrations of TPE-BBT PLNPs for
24 h. Data represent means + standard deviation (SD). (c) Plots of relative photoluminescence intensity (///p) at corresponding

emission peaks (TPE-BBT: 950 nm; TPEO-BBT: 950 nm; ICG: 900nm) under continuous irradiation (0.9 W/cm?), where I, and 1



were the fluorescence peak intensity before and after laser irradiation, respectively. (d—f) NIR-II fluorescence imaging of blood
vessels in hindlimb post the intravenous injection of 100 puL (d) TPE-BBT PLNPs, (e) TPA-BBT PLNPs, and (f) ICG, respectively.
Molecular concentration: 1 mg/mL; 4., = 808 nm; power density = 30 mW c¢m?; 850 and 1000 nm LP filter; exposure time = 100
ms. (g—i) Cross-sectional fluorescence intensity profiles along the red lines in blood vessels treated by (g) TPE-BBT PLNPs, (h)

TPA-BBT PLNPs, and (i) ICG, respectively. Gaussian fits are shown in red dashed lines.

NIR-II CL performance of CLNPs for arthrosis inflammation imaging

CL imaging, especially NIR-II CL imaging, can conquer the limitation of excitation light to ensure deep
tissue penetration, high SBR, and high sensitivity.’> 34> However, there is still big space for improving
the QY of the CL imaging systems. This problem could be solved by utilizing NIR-II dyes with high
QYs as energy acceptors. Here we designed an efficient NIR-II CL imaging system, which was realized
by successive CL resonance energy transfer (CRET) and Forster resonance energy transfer (FRET)
processes (Figure 6a). The TPE-BBT chemiluminescent nanoparticles (CLNPs) were dispersed by F127
in water, co-encapsulated with bis[3,4,6-trichloro-2-(pentyloxycarbonyl)phenyl]oxalate (CPPO) and a
D-A-D fluorescent dyes named BTD540. CPPO was chosen as the peroxyoxalate. Theoretically, CPPO
would first react with H,O» to generate 1,2-dioxetanedione intermediate (DOD), and then BTD540 would
be excited by the high-energy DOD. Successively, NIR-II photons could be generated through a FRET
process between NIR-I emissive BTD540 and NIR-II emissive TPE-BBT. The DLS data and TEM image
showed that TPE-BBT CLNPs were successfully prepared with an average diameter of 30 nm (Figure
6b). BTD540 and TPE-BBT in nanoparticles showed large Stokes shifts, and the emission of BTD540
presented perfect spectral overlap with the absorption of TPE-BBT (Figure 6¢). These results ensured an
efficient FRET process between BTD540 and TPE-BBT. To verify the FRET process, we measured the
PL spectrum of the mixture of BTD540 and TPE-BBT in nanoparticles in water (Figure 6d). The
nanoparticles showed no PL signals at 600—800 nm, while the nanoparticles containing only BTD540
showed strong PL signals at the same wavelength range. The disappeared PL signals of BTD540 in the
mixture proved the efficient FRET process between BTD540 and TPE-BBT. The prepared TPE-BBT
CLNPs could generate a strong NIR-II CL signal upon the addition of H>O,. The CL spectrum of TPE-
BBT CLNPs matched well with the PL spectrum of TPE-BBT, suggesting the successful energy transfer
process in this CL imaging system (Figure 6¢). To study the importance of the QY of NIR-II AlEgens in

building an efficient NIR-II CL imaging system, TPA-BBT CLNPs were also prepared through a similar



method to TPE-BBT CLNPs, except that TPA-BBT was used as the NIR-II energy acceptor. The spectral
studies also indicated an efficient FRET process between BTD540 and TPA-BBT (Figure S14). Then,
the response to H>O, of these two prepared CLNPs were tested, respectively. Both CLNPs were
effectively lightened at room temperature upon the addition of H>O,, and the CL intensity increased at
higher concentrations of H>O, (Figure S15). The CL intensities and CL persistency of TPE-BBT and
TPA-BBT CLNPs in 2.73% H,0, aqueous solutions were compared (Figures 6f and 6g). The CL signals
of both CLNPs were strongest at 50—100 min after the addition of H>O». The CL signal from TPE-BBT
CLNPs was about three times stronger than that of TPA-BBT CLNPs at 90 min, which is consistent with
the difference between two NIR-II AlEgens in QY. These results suggested the importance of NIR-II
energy acceptors with high QY's in the CL imaging systems, and proved that TPE-BBT CLNPs were a

potential candidate for CL imaging.
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Figure 6. (a) Schematic illustration of the fabrication of TPE-BBT chemiluminescent nanoparticles (CLNPs) using F127 as the

surfactant. (b) DLS spectrum (d = 32 nm) and TEM image of TPE-BBT CLNPs. (c) Normalized absorption (dashed line) and

emission (solid line) spectra of BTD540 (purple line) and TPE-BBT (red line) in nanoparticles in water. (d) Photoluminescence

(PL) spectra of BTD540 and BTD540/TPE-BBT (molar ratio = 1:1) in nanoparticles in water. (¢) PL and chemiluminescence (CL)



spectra of TPE-BBT CLNPs in a 2.73% H,0, aqueous solution. A.x = 808 nm. (f) Time-dependent CL intensity of TPE-BBT and
TPA-BBT CLNPs in 2.73% H,0, aqueous solutions. (g) Time-dependent CL imaging of TPE-BBT CLNPs and TPA-BBT CLNPs

in 2.73% H,0, aqueous solutions.

The excellent CL imaging ability of TPE-BBT CLNPs in vitro encouraged us further to explore its
application for NIR-II CL imaging in vivo. As shown in Figure 7a, the arthrosis inflammation model of
mice was established by intra-articular injection of 70 uL of H>O, solution (100 mM). Then, 0.66 mg of
TPE-BBT or TPA-BBT CLNPs were injected into the arthrosis of mice. After the injection of two CLNPs
for 2 min, strong CL signals appeared in both inflammation areas (Figure 7b). The intensity profiles along
the arthrosis position (Line 1 and Line 2 in Figure 7b) showed that TPE-BBT CLNPs had a stronger CL
intensity (Figure 7d), and provided more specific imaging for arthrosis inflammation. We then set the
arthrosis inflammation as the region of interest (ROI) and recorded the CL signals for a longer time
(Figures 7b and 7¢). The SBRs in the ROI at different time points were also calculated and recorded in
Figure 7e. The CL imaging using TPE-BBT CLNPs demonstrated an extremely high SBR of about 130
at the beginning. Strikingly, the SBR of the CL signal still remained larger than 10 even at 62 min post-
injection. The high SBR ensured an excellent imaging quality for long-term tracking. On the other hand,
TPA-BBT CLNPs also showed good CL imaging quality, with an SBR of about 10 at 42 min post-
injection. However, TPE-BBT CLNPs emitted much stronger CL signals in the whole CL imaging
process, and the SBRs were also much larger. These results proved that NIR-II dyes with high QYs

played a vital role in NIR-II CLNPs, and TPE-BBT had great potential for clinical CL imaging.
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Figure 7. (a) Schematic illustration of chemiluminescence (CL) imaging of the arthrosis in mice. (b) /n vivo NIR-II CL imaging
using 0.66 mg of TPE-BBT (Line 1) and TPA-BBT (Line 2) CLNPs after injection for 2 min. (¢) /n vivo NIR-II CL imaging of
arthrosis inflammation using TPE-BBT and TPA-BBT CLNPs at different post-injection times. Exposure time: 10 s. (d) Cross-
sectional CL intensity profiles along Line 1 and Line 2 in (b) after injection for 2 minutes. (e) Signal-to-background ratios (SBRs)
of the CL intensity in the ROI as a function of post-injection time after the injection of TPE-BBT and TPA-BBT CLNPs. Data

represent means + SD.

3. Conclusions

In summary, we designed and synthesized NIR-II AIEgens with ultrahigh QYs based on the donor
engineering. By thorough experimental and theoretical calculations, we revealed the two key factors for
obtaining dye molecules with ultrahigh QYs by constructing D-A structures using TPE as a donor. The
optimized D-A interaction could mediate the strong TICT effect as the TICT effect would severely
quench the luminescence in the aqueous environment. Thus, the mitigation of TICT effect would
effectively raise the QY. Because TPA-BBT and TPEO-BBT showed stronger D-A interaction than TPE-
BBT, TPE-BBT thus demonstrated the highest QY's in all the states. On the ohther hand, the results of
single-crystal analysis, MD simulations, and reorganization energy calculations proved that TPE-BBT

demonstrated a stronger RIM effect in aggregates because of the stronger intermolecular interactions.



The enhanced RIM effect of TPE-BBT was beneficial in stabilizing the exciton to result in its ultrahigh
QY.

The NIR-I absorption and NIR-II luminescence of TPE-BBT were ideal for the NIR-II photo- and
chemiluminescence imaging. TPE-BBT PLNPs were fabricated for blood vessel imaging in the mice
model. The results showed that TPE-BBT showed a better SBR and imaging quality than those of TPA-
BBT and commercially available ICG, indicating the high potential of TPE-BBT as a PL imaging agent.
In the arthrosis inflammation imaging experiments using NIR-II CLNPs, TPE-BBT successfully
generated strong NIR-II CL signals. The highest SBR of TPE-BBT CLNPs in the inflammation area was
about 130, and the SBRs remained larger than 10 even after 62 min. The CL imaging quality using TPE-
BBT CLNPs outperformed that using TPA-BBT, which demonstrated the importance of the QY's of NIR-
IT energy acceptors. These results also demonstrated that TPE-BBT showed great potential for CL
imaging and sensing.

In this work, the mechanism to achieve an ultrahigh QY revealed a possible strategy to develop more
bright NIR-II dyes. Also, the ultrahigh QY of TPE-BBT could accelerate the development of excitation-
free imaging technologies, including chemi- and bioluminescence imaging and afterglow luminescent

imaging.
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