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From Molecule to Aggregate: Designing AIE Nanocrystals
for Low-Power Backward Third-Harmonic Generation

Angiography

Lidong Du, Hanchen Shen, Changhuo Xu,* Xinyan Zhu, Bingnan Wang, Qingqing Zhou,
Chunxi Liu, Herman H. Y. Sung, Ryan T. K. Kwok, Jacky W. Y. Lam,* Quan Zhou,

Tzu-Ming Liu,* and Ben Zhong Tang*

Organic materials featuring third harmonic generation (THG) hold great
promise for deep-tissue bioimaging due to their good biocompatibility and
second near-infrared excitation. However, minimizing photodamage from the
incident light necessitates significant improvements in the third-order
nonlinear susceptibility. Herein, an organic luminogen called OTBP is
developed as a backward THG (BTHG) contrast agent for second near-infrared
(NIR-I1) angiography. OTBP’s intense absorption at 433 nm resonantly
enhances its BTHG efficiency when excited by a 1300 nm femtosecond laser.
In the aggregate state, the robust intermolecular interactions among OTBP
molecules realize excellent crystallinity and the facile preparation of
nanocrystals (NCs) with a high refractive index of 1.78. By leveraging Mie
scattering theory, the best size of OTBP NCs for BTHG collection is attained.
These integrated properties result in a high BTHG efficiency of OTBP NCs.
Encapsulating the NCs with F-127 enables ultralow-power but high-contrast
3D vasculature imaging with negligible photodamage and background
interference. Further elevating the laser power to 60 mW enables the
visualization of microvessels at 500 um with a high SNR of 143. This study
offers insights into material design strategies toward efficient organic BTHG
contrast agents and paves the way for the materials-oriented non-linear optics.

1. Introduction

The research paradigm of molecular
science canonizes that a macroscopic
substance is reducible to a microscopic
molecule inheriting all the natures from
its parental substance. Indeed, it has been
thriving for centuries and has guided the
discovery of basic scientific laws for isolated
molecular constituents.!l An aggregate,
however, is a complex assembly of in-
teractive elementary components in the
mesoscopic realm and could retain emer-
gent properties absent from its building
blocks.[>3] These aggregate-state proper-
ties are intricately governed by various
factors beyond molecular structures,
including quantity, geometry, morphol-
ogy, and interaction at the mesoscale.’!
Aggregation-induced emission (AIE) is a
superb representation that reveals how new
properties can emerge during the aggre-
gation process and how they can be used
to implement extensive applications.!*’]
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AIE luminogens (AlEgens) do not emit or weakly emit light as
single molecules due to their free molecular motions but exhibit
bright emission upon aggregation or otherwise spatial confine-
ment to restrict their molecular motions.!®’] Aggregate science is
growing fast nowadays and breeding several additional new find-
ings due to the great diversity and complexity of mesoscopic ag-
gregates. For example, recent studies have shown that molecular
aggregation can affect and manipulate nonlinear optical (NLO)
properties.[8-10]

NLO phenomena have been discovered in a wide range of
inorganic and organic materials, and their applications have
greatly impacted our daily lives.[!'™3] Third-harmonic genera-
tion (THG) is a third-order NLO phenomenon, where an intense
laser field excites a substance and generates a nonlinear polar-
ization with a tripled optical frequency (one-third the fundamen-
tal wavelength).[*16] As third-order nonlinear susceptibility
is non-zero in all matters without any limitation on structural
symmetry, THG contrast can reveal more biomedical structures
than second harmonic generation (SHG).'’"*] Due to the abil-
ity of THG excitation wavelength to extend into the second near-
infrared window (NIR-II, 1000-1700 nm) and its high excita-
tion confinement, THG microscopy can achieve deep-tissue vir-
tual optical biopsies while maintaining high spatial resolution of
0.5 um,2-22] surpassing other modalities, such as photoacous-
tic imaging (10-50 um).[23] Moreover, THG can be enhanced at
a heterogeneous interface where the Gouy-phase-shift cancella-
tion is greatly mitigated.[>*-2] Based on the sensitivity to the in-
terface of biomolecular aggregates,!”!l THG plays an essential
role in the label-free imaging of lipids, cell membranes, or nerve
contours.[?’] Despite these advantages, THG signal collection for
bioimaging is still practically challenging. Due to the momentum
conservation, the intensity of the forward THG (FTHG) signal is
two orders of magnitude higher than that of the BTHG signal.[?®]
However, an epi-collection scheme is required when imaging op-
tically thick samples. Simply increasing the laser power to achieve
a satisfactory BTHG output can cause irreversible photodamage
to the tissue.[??] Previous research suggested that a safe incident
power at the sample is no more than 20 mW for multiphoton
imaging. To avoid noticeable photodamage, scientists have to re-
duce the excitation power at the cost of poor contrast and length-
ened acquisition time,[?>3% which pose a challenge in obtaining
high-quality and high-speed THG images in vivo.

Materials with high y©® are highly desired to enable a safe ex-
citation laser power when carrying out THG angiography. The
refractive index n is one of the most critical factors for affording
alarge y©, as described by the following semiempirical Equation
(1):[31]

G __A
(4x)*

P (n* —1)* (1)

where A is a constant. This relationship is also true at the
materials interface, where a larger n difference can generate a
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stronger BTHG signal.[*?] Inorganic crystals typically exhibit a
high n and have been adopted as contrast agents for BTHG
bioimaging.[?*33-35] However, due to their poor biocompatibility
and potential toxicity, they are not optimal candidates for in vivo
applications.[**31 In contrast, organic small molecules show bet-
ter biosafety. However, they also encounter difficulties in forming
condensed interfaces with high n in the aqueous phase. We be-
lieve AIEgens are promising candidates to address these issues
for the following reasons. First, red-emissive AIEgens usually fea-
ture 7-electron conjugation and donor-acceptor (D-A) structures
for efficient electronic transitions. Second, conjugated structures
of AlEgens bring intense absorption bands as an extra bene-
fit for BTHG enhancement. Once the real electronic transition
of organic fluorophores matches the virtual excited state of a
BTHG process, the resonance enhancement (RE) effect can al-
ter y© to increase the BTHG efficiency.[***2l The RE factor can
be more than one order of magnitude in some cases.[**] Third,
some AlEgens can orderly assemble into mesoscopic aggregates
with high crystallinity to ensure high n interfaces.[*—*]

In this contribution, we have designed D-A structured
AlEgens namely  4-methoxy-N-(4-methoxyphenyl)-N-(4-(7-
(pyridin-4-yl)benzolc][1,2,5]thiadiazol-4-yl)phenyl)aniline
(OTBP) and N,N-bis(4-methoxyphenyl)-7-(pyridin-4-
yl)benzo[c][1,2,5]thiadiazol-4-amine (ODBP). In terms of
molecular structure, OTBP shows better r-electron conju-
gation and a larger transition dipole moment than ODBP.
Besides, the charge transfer absorption band of OTBP is closer
to the RE wavelength of 1300 nm-excited THG compared to that
of ODBP, thereby contributing to its stronger resonant BTHG
enhancement. These photophysical properties of the molecules
work synergistically to provide OTBP with a strong BTHG efhi-
ciency. In addition, OTBP can readily form nanoaggregates with
superior crystallinity, which can promote interface formation in
the aqueous phase. The crystalline film of OTBP exhibits a high
n of 1.78, and the crystalline nature of OTBP ensures a higher
degree of restriction of intramolecular motions to stabilize the
virtual electronic state for an efficient BTHG process.*’] To
further increase the BTHG yield, we adjusted the size of OTBP
nanocrystals (NCs) for the optimal Mie scattering cross section
at a fixed incident wavelength of 1300 nm, thereby significantly
improving the collection efficiency of BTHG signal. These
optimizations reduce the required laser power to an ultra-low
level, minimize the photodamage, and achieve high-contrast
multi-organ angiography without background interference
(Figure 1). Furthermore, a 1260 nm laser with higher excitation
power is successfully applied to achieve deep-brain imaging
with high SBR. Importantly, OTBP NCs demonstrate very low
systematic toxicity, making it a biocompatible contrast agent for
BTHG angiography.

2. Results and Discussion

2.1. Molecular Design for Enhanced BTHG Efficiency

We designed and synthesized OTBP and ODBP, whose struc-
tures were well characterized through 'H NMR, *C NMR, and
ESI-TOF-MS (Figures S1 and S2, Supporting Information). Both
molecules feature D-A structures with benzothiadiazole and
pyridine moieties as the acceptor (Figure 2a). The blue part stands
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Figure 1. Schematic illustration demonstrating the unique properties of OTBP at the molecular and aggregate levels and low-power multi-organ BTHG

angiography by using F-127-wrapped OTBP nanocrystals.

for the donor, while the red part represents the acceptor. Density
functional theory (DFT) calculations reveal that the highest oc-
cupied molecular orbitals (HOMOs) of both molecules delocal-
ize along the conjugated backbone, while the lowest unoccupied
molecular orbitals (LUMOs) are primarily located on the elec-
tron acceptor, indicating the D-A feature of these two molecules.
Compared to ODBP, OTBP boasts a longer conjugation length
and more z-electrons. Further DFT calculations indicate that
OTBP shows a narrower bandgap (E,. = 2.28 eV) and a larger
transition dipole moment (M, = 3.03) compared to ODBP (E,,
= 2.54 eV, M, = 2.40). These molecular energy levels and elec-
tronic transition properties suggest that OTBP stands out as a
promising candidate for BTHG imaging.[*6-50]

Based on the theoretical prediction, we experimentally inves-
tigated the optical properties of OTBP and ODBP. As shown in
Figure S3 (Supporting Information), both OTBP and ODBP ex-
hibit typical AIE characteristics when they form aggregates in the

Adv. Mater. 2025, 37, 2414419 2414419 (3 of 13)

DMSO/water mixture at high water volume fraction (f,). Notably,
OTBP demonstrates a more obvious AIE effect than ODBP, indi-
cating the stronger restriction of intramolecular motion (RIM)
effect in OTBP aggregates. We then evaluated their solid-state
NLO efficiency using a multiphoton microscope (4., = 1300 nm).
Obviously, OTBP powders exhibit a stronger two-photon fluores-
cence (2PF) and a higher BTHG efficiency compared to ODBP
powders (Figure 2b). Similar results can be observed in their ag-
gregates formed at f, = 90% (Figure S4, Supporting Informa-
tion), where stronger 2PF of OTBP aggregates results from its
more robust RIM effect. To rationally explain the difference in
the BTHG intensity, we evaluated the RE effects of OTBP and
ODBP because matching the absorption band of the AlEgen to
the virtual energy level of the BTHG process can enhance its
efficiency.’!l It was found that OTBP shows stronger absorp-
tion than ODBP at the wavelength range of 410-433 nm, indicat-
ing a stronger RE effect of THG in OTBP aggregates when the

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) Chemical structures of OTBP and ODBP and DFT calculations for their frontier molecular orbitals. b) Bright-field, 2PF (4., = 1040 nm, A,
= 570-750 nm), and BTHG (4., = 1300 nm, A, = 425-475 nm) imaging of pristine powders of OTBP and ODBP. c) Absorption spectra of OTBP and
ODBP in the DMSO/water mixture with a water volume fraction (f,,) of 90%. [OTBP] = [ODBP] = 10 um. d) Plots of relative 2PF and BTHG intensity
(I/ly) of OTBP versus f,, in the DMSO/water mixtures, where |, means the signal intensity in DMSO. e) BTHG spectra of OTBP at different incident

wavelengths (4, = 1230, 1260, and 1300 nm).

fundamental wavelength falls in a range from 1230 to 1300 nm
(Figure 2c).

Inspired by the superior AIE and BTHG characteristics of
OTBP aggregates, we further explored its size and NLO prop-
erty changes during the aggregation process in the DMSO/water
mixtures. As shown in Figure S5a (Supporting Information),
OTBP demonstrates the largest particle size at f, = 60%, sug-
gestive of its highest aggregation degree. Further increasing f;,,

Adv. Mater. 2025, 37, 2414419 2414419 (4 of 13)

however, results in a dramatic decrease in particle size, con-
sistent with the previously reported results.’?l We then mea-
sured and compared the one-photon fluorescence (1PF), 2PF,
and BTHG of OTBP at different f,. OTBP generates the strongest
1PF and 2PF signal at f,, = 60%, while the BTHG signal remains
strong at both f,, = 50% and 60%. Additionally, the 1PF, 2PF,
and BTHG intensities of OTBP decrease with decreased particle
size. These results indicate that the NLO effects of OTBP closely
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relate to the aggregation degree (Figure 2d; Figure S5b,c, Sup-
porting Information). For both 1PF and 2PF, it is easy to under-
stand that upon forming aggregates, the RIM effect can stabilize
the excited state of OTBP, thus leading to the highest efficiency
at f,, = 60%. However, as a unique process without electronic
transitions, THG is still heavily influenced by the RIM effect,
probably due to the increased y©®) when OTBP molecules form
condensed aggregates.|*’] Therefore, we speculate that the syner-
gistic effect of RE and aggregation leads to a strong BTHG sig-
nal of OTBP in the aggregate state. Meanwhile, the above dis-
cussions highlight the importance of aggregation to both linear
and non-linear optics, though they are fundamentally different,
reflecting the synergism in aggregate science.[*l We also evalu-
ate the BTHG wavelength under different excitation wavelengths,
which offers flexibility in wavelength selection for diverse appli-
cation environments. When the incident wavelength varied from
1230 to 1300 nm, the corresponding BTHG wavelength of OTBP
showed a redshift accordingly (Figure 2e).

2.2. Aggregate-State Mechanistic Studies for Enhanced BTHG
Efficiency

Our speculation toward the rigidification effect of OTBP can
provide an explanation for enhanced BTHG efficiency from the
molecular view. However, as many classic studies have pointed
out, the THG process closely relates to the bulk property of mate-
rials. For example, the interface geometry could greatly improve
the THG performance.??1¢ Because it is not a molecular-level
mechanism, we tried to further understand the THG enhance-
ment mechanism of OTBP from the aggregate view. Here, we
want to know whether the aggregation of OTBP molecules, if
crystallization is possible to occur, can concurrently form an in-
terface with a high refractive index for efficient THG. Transmis-
sion electron microscopy (TEM) was utilized to attain the micro-
scopic structural details of OTBP aggregates. TEM images re-
veal that OTBP exhibits excellent crystallinity in various aggre-
gation environments (Figure 3a; Figure S6, Supporting Informa-
tion). The neatly arranged lattice structures observed under TEM
were confirmed by selected area electron diffraction. To prove the
relationship between crystallinity and BTHG, we compared the
BTHG intensities of various materials. As shown in Figure 3b,
OTBP crystals demonstrate a much higher BTHG efficiency than
pristine powders of OTBP under the excitation of 1300 nm. To
our delight, these organic materials show much stronger BTHG
than silicon dioxide glass, a classic inorganic THG material with
n = 1.46,>3] implying the advantage of z-electron conjugation
in boosting the THG signal of organic molecules. Additionally,
we observed a stronger BTHG intensity from OTBP crystals
than a previously reported top-tier THG contrast agent called
TPETPAFN,! which further proves that OTBP can be a highly
competitive BTHG bioimaging agent. We then prepared thin
films of OTBP by spin-coating to measure its refractive index. Po-
larized optical microscopy (POM) reveals that the obtained OTBP
films form regular crystalline structures (Figure S7, Supporting
Information), and they have a high refractive index of n = 1.78 at
633 nm measured by an ellipsometer (Figure 3c). These results
indicate that OTBP can easily form crystals, ensuring the forma-
tion of a high refractive index interface for strong BTHG.
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Single crystals of OTBP were grown via the diffusion method
and then investigated by X-ray diffractometer (Table S1, Support-
ing Information). The single crystal analysis reveals a staggered
layer-by-layer arrangement (Figure 3d), where OTBP molecules
within the same layer are closely connected, demonstrating ex-
cellent intermolecular interactions. Using the sulfur—sulfur dis-
tance between neighbouring benzothiadiazole units as a marker,
two types of molecular arrangements of OTBP were identi-
fied within a layer (d,, d, in Figure 3d). Interestingly, OTBP
molecules in the interlayer also exhibit the same molecular ar-
rangement pattern (Figure S8, Supporting Information), indicat-
ing that OTBP molecules are tightly interconnected in both di-
rections and implying their superior crystallinity. Notably, OTBP
molecules exhibit three distinct types of pairwise interactions
within the crystal lattice. Figure 3e shows that a single OTBP
molecule exhibits strong interactions with neighbouring ben-
zothiadiazole (d,, d,, and d,), triphenylamine (d, and d), and
pyridine moieties (dy and d,). As shown in Figure 3f, there ex-
ist 7—x interactions with a distance of 3.443 A (d,), and C—H---x
interactions with distances of 2.941 A (d,), 2.917 A (d;), 2.804
A (d,), 2.903 A (ds), and 2.752 A (d;). Meanwhile, as shown in
Figure 3g, multiple interactions exist in the interlayer, includ-
ing T-shaped C—H---x interactions between the benzothiadiazole
and triphenylamine moieties with distances of 2.983 and 2.794 A
(d, and d,), z—= interactions between the benzothiadiazole core
and pyridine rings with distances of 3.444 and 3.373 A (d, and d,),
C—H--N interactions between benzothiadiazole moieties with a
distance of 2.815 A (d;), and interactions between triphenylamine
units with distances of 2.841, 2.947, and 2.973 A (4, d,, and d).
Therefore, the high crystallinity of OTBP originates from its dis-
tinct intermolecular interactions. With orderly molecular pack-
ing, OTBP molecules can form stable interfaces with a high re-
fractive index, resulting in its exceptionally high BTHG efficiency.

2.3. Size Optimization for Enhanced BTHG Collection

When conducting THG bioimaging in deep tissues or thick sam-
ples, collecting the BTHG signal is practically required. How-
ever, only 1% of the total THG signal can be directly generated
in the backward direction due to momentum conservation.>*!
Therefore, optimizing the backward scattering of all THG sig-
nals through rational crystal engineering becomes crucial. Since
the Mie scattering cross section closely relates to particle size,>’!
we tried to maximize the BTHG collection by tuning the size of
OTBP NCs. By controlling the aggregation environment and ag-
ing time, the size of OTBP NCs can be finely tuned (Figure 4a).
In the DMSO/water mixtures, decreasing f, can enlarge the size
of NCs. By lengthening the aging time, the size of NCs can hold
a general upward trend due to crystal growth upon dynamic dis-
solution and precipitation of OTBP molecules at the interface.
At the same time, the BTHG signal was also found to fluctuate
over aging time (Figure 4b; Figure S9, Supporting Information).
These findings imply the underlying interplay between the NC
size and the BTHG signal. By integrating the experimental data
in Figure 4a,b, an optimal size point stands out among all the
tested aggregation environments and aging times (Figure 4c).
The oscillations of the backward scattering signal against the NC
size agree well with the Mie scattering theory: scattering intensity
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Figure 3. a) TEM image and selected area electron diffraction pattern of OTBP aggregates formed in a DMSO/water mixture at f,, = 70%. b) BTHG
spectra of different BTHG contrast agents, including glass, TPATPEFN, OTBP crystals, and its pristine powders. 4., = 1300 nm; integration time =
0.099 s; Zoom = 100. c) Refractive index (n) and extinction coefficient (k) spectra of the spin-coated thin film of OTBP. d—g) Molecular packing and

intermolecular interaction analysis of single crystal of OTBP.

oscillates with particle size, typically observed when r/4 > 0.1 (r
is the radius of particle size and A is the emission wavelength
of the THG).>>58] At the best size point, where the strongest
BTHG is observed in Figure 4c, the radius r of OTBP NCs is
124 nm, and thus r/A is calculated to be ~ 0.28, representing
a typical Mie scattering feature. This result also indicates the
effectiveness of size optimization of OTBP NCs for the BTHG
enhancement.

Adv. Mater. 2025, 37, 2414419 2414419 (6 of 13)

To clarify that the enhanced BTHG signal does result from
the size-wavelength matching rather than the crystallinity vari-
ation caused by aging process, the crystallographic properties
of OTBP NCs with or without the treatment of aging were
studied by powder X-ray diffraction (PXRD). The results show
that OTBP NCs show similar and obvious diffraction patterns
even after 1 h-aging. Therefore, it is concluded that the ag-
ing process only induces size change without changing the
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Figure 4. a) Size changes of OTBP NCs over time in DMSO/water mixtures with different f,,. b

mixtures with different f,,. ¢

) BTHG changes of OTBP over time in DMSO/water

) Oscillating relationship between the BTHG intensity and the size of the NCs. d) Schematic illustration of size tuning

strategy for the optimization of BTHG performance of OTBP NCs and their encapsulation with F-127. e) Size distribution of the F-127-wrapped OTBP

NCs. Inset: TEM image of the OTBP NCs. f) Luminescence spectra of the prepared OTBP NCs under different excitation powers. i, =

1300 nm. g)

Fitting lines of 2PF and BTHG intensities (/) against excitation power (P;,) of 1300-nm laser. Both the horizontal and vertical axes are taken logarithms.

crystallinity of OTBP NCs (Figure S10, Supporting Informa-
tion). In addition, POM images support the same conclusion
(Figure S11, Supporting Information). Of note, the pristine
powders of OTBP can only reveal faint PXRD peaks, prov-
ing that the high crystallinity of OTBP NCs is successfully in-
duced in the DMSO/water mixture (f, = 70%). In addition to
the backward-emitted THG, the backward-scattered FTHG sig-
nal also contributes to the BTHG signal. Accordingly, we fur-
ther acquired the BTHG and FTHG images of OTBP NCs dur-

Adv. Mater. 2025, 37, 2414419 2414419 (7 of 13)

ing aging process at f, = 70% and analyzed their mean in-
tensity via Image | (Figure S12, Supporting Information). The
BTHG change maintains a trend similar to the data presented
in Figure 4b, while the FTHG signal constantly boosts over ag-
ing time, which is attributed to the increased size and concentra-
tion of OTBP NCs (Figure S13, Supporting Information). Hence,
the above results clearly expound the significant contribution of
backward-scattered FTHG to the total backward-collected THG
signal.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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After optimizing the size of OTBP NCs and ensuring their
crystallinity, we encapsulated the NCs prepared at the best size
point with a widely used surfactant namely F-127 to yield water-
soluble NCs for bioimaging applications (Figure 4d).>*-!l As
confirmed by dynamic light scattering (Figure 4e), the F-127-
wrapped NCs reveal an average particle size of 224 nm. Their
morphology and size distribution were further validated by TEM.
According to reports, glomerular capillaries show pores rang-
ing from 60 to 80 nm in diameter, while capillaries in the liver
and spleen can feature fenestrations up to 150 nm.[%2] Therefore,
from a perspective of in vivo transport of nanoparticles, this op-
timal particle size is also conducive to prolonging the systemic
circulation time of the F-127-wrapped NCs. The BTHG perfor-
mance of the water-soluble NCs was investigated upon 1300-
nm laser irradiation. As shown in Figure 4f, a significant BTHG
signal was generated at a very low excitation power of 2.5 mW
(pulse energy of ~30 pJ). The intensity of the THG spectra is
proportional to the cube of the incident laser power (Figure 4g),
proving that the 433 nm emission is due to the THG process
rather than other luminescent phenomena. We can also observe
clear but much weaker 640 nm 2PF signals, which are proved
by the square relationship with the incident intensity. These re-
sults demonstrate that the BTHG signal outperforms the 2PF
signal when the NCs are irradiated by 1300 nm laser, and the
encapsulation of the NCs using F-127 does not affect the BTHG
performance.

2.4. In Vivo Bio—-Application

When conducting multiphoton in vivo imaging, photodamage re-
mains a critical issue. If incident optical power exceeds 20 mW,
photodamage increases linearly with laser power.[*! To circum-
vent this issue, we employed an ultra-low 8-mW (100-p]) excita-
tion laser power (pulse energy) at 4., = 1200-1300 nm for non-
invasive THG angiography in vivo. At this wavelength range,
laser excitation did not induce noticeable background interfer-
ence at THG detection band (425-475 nm, blue curves in Figure
5a) in various tissues (Figures S14-S16, Supporting Informa-
tion). By contrast, obvious autofluorescence of tissues appeared
at 4., = 700-1200 nm. These results confirm that the NIR-II exci-
tation window of 1200-1300 nm is advantageous to high signal-
to-background ratio (SBR) BTHG imaging.[??!

Leveraging the exceptional BTHG efficiency of water-soluble
OTBP NCs, we successfully captured in vivo images of murine
ear vasculature upon 1300 nm laser excitation at low excitation
power (Figure 5b). Concurrently, OTBP NCs render a typical
AIE signature of large Stokes shift with an emission wavelength
of 640 nm, which enables the separation of BTHG from 2PF,
thereby allowing for dual verification of signal information while
providing opportunities for multimodal imaging. Apparently, the
BTHG signal provided by OTBP NCs exhibited more superior
contrast compared to their 2PF signal under 1040 nm excita-
tion at an equivalent post-objective laser power of 8 mW. This
high contrast further benefits the exploration of OTBP NCs for
3D vascular reconstruction in tissues. Consequently, 3D Z-depth
coding images of 38-um-thick murine ear vasculature and 18
um-thick renal cortex vasculatures were finely reconstructed with
low background noise (Figure 5¢), suggesting that OTBP NCs
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can serve as a versatile contrast agent for angiography. To verify
the deep tissue imaging capability of OTBP NCs, we conducted
low-power BTHG cerebral angiography. Even at a post-objective
laser power of 15 mW, the imaging contrast of BTHG still out-
performs that of 2PF (Figure 5d). More importantly, under such
low power, the imaging depth of OTBP NCs can still reach up to
130 um (Figure Se), demonstrating their excellent capability in
BTHG imaging. In comparison, a 100 mW post-objective power
is typically required for deep brain imaging.!*! Moreover, the
image clarity and intensity of 2PF rapidly diminished at such a
low excitation power, while the BTHG imaging could visualize
small vessels at 80 um depth (Figure 5f; Figure S17, Supporting
Information).

With increased pulse energy, we then explore the poten-
tial of OTBP NCs in deep-brain vascular imaging. As the
pulse energy is increased to 30 mW (=375 pJ), the imaging
depth can reach 300 um (Figure 6a). If the energy doubles to
60 mW (~750 pJ), brain vessels can still be observed at 500 um
(Figure 6b). For a more comprehensive assessment of image
quality, we constructed vascular transects at different depths and
plotted pixel intensity profiles for white lines across tiny capil-
laries (Figure 6¢,d). By virtue of the high BTHG efficiency of
OTBP NCs, we can clearly visualize 4.6-um microvessel at a
300 um depth and 6.8-um microvessel at a 500 pm depth with
high SNRs of 114 and 143, respectively, indicative of strong vascu-
lar confinement. Notably, our BTHG imaging performance sur-
passes previous BTHG studies, where using a similar low-power
laser only achieved superficial skin imaging.® Besides, lever-
aging the 1300-nm excitation can effectively mitigate water ab-
sorption to result in less energy attenuation.[] Hence, the op-
timized third-order nonlinear excitation window, coupled with
the high efficiency of the prepared BTHG contrast agent, enables
us to achieve superior image quality while under low pulse en-
ergies. When applying diverse pulse energies to conduct cere-
bral angiography with the NCs, we observed a linear relationship
between the imaging depth and the logarithm of pulse energy,
which is consistent with previous reports (Figure 6e).??] Suppos-
ing that the NCs receive sufficient pulse energy, they have the
potential to achieve deeper imaging depths. Based on our exper-
imental data, an imaging depth of 1.35 mm can be actualized
when the pulse energy is increased to 20 nJ, which is typically
used for deep-brain imaging.[%¢%7] These calculations are elabo-
rated in the Supporting Information. At last, the biocompatibility
of OTBP NCs was assessed in mice by intravenous administra-
tion with OTBP NCs once a day for one week. Histological exam-
ination by H&E staining revealed no discernible organ damages
or inflammatory responses. The mice maintained normal organ
morphology (Figure S18, Supporting Information), affirming the
good biocompatibility of OTBP NCs.

3. Conclusion

In conclusion, we have developed an ultra-efficient BTHG con-
trast agent called OTBP synthesized by linking an electron-rich
4,4'-dimethoxytriphenylamine donor to electron-deficient ben-
zothiadiazole and pyridine moieties. Compared to ODBP, OTBP
demonstrates better z-electron conjugation and a larger transi-
tion dipole moment, which benefit the BTHG enhancement. In
the excitation window of 1230-1300 nm, the absorption band of

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. a) Autofluorescence intensity changes at various excitation wavelengths in different tissues. 4., = 700-1300 nm; A, = 425-475 nm, 500—
550 nm, 570-620 nm, 663-738 nm. b) 2PF and BTHG imaging of mouse ear at a post-objective laser power of 8 m\W after intravenous injection of OTBP
NCs. The green signal obtained upon 1040-nm excitation or the red signal obtained upon 1300-nm excitation is the second-harmonic generation from
collagen fibers; 4., = 1040 nm for 2PF; 4., = 1300 nm for BTHG. c) 3D Z-depth coding reconstruction of 40-um-thick mouse ear and 20-um-thick kidney
vessels enabled by BTHG imaging. d) 2PF and BTHG imaging of brain vessels using OTBP NCs at a post-objective laser power of 15 mW. The mean
intensity of 2PF and BTHG are also shown; A, = 1040 nm for 2PF; 4., = 1260 nm for BTHG. e) BTHG imaging of brain vessels at different depths. A,
= 1260 nm. f) 2PF and BTHG signal profiles along the dashed line across the brain vessel at different depths. The dashed lines are shown in Figure S15
(Supporting Information).
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OTBP is in proximity to its RE region, thus contributing to the
BTHG improvement. In addition to the BTHG enhancement at
the molecular level, the bulk properties of OTBP have also been
investigated in detail. Thanks to the high crystallization tendency
of OTBP, the NCs can be easily prepared upon aggregation in
the DMSO/water mixture, thereby providing a high refractive in-
dex interface for further BTHG enhancement. Altering the ag-
gregation environment and aging time can lead to adjustable
size and BTHG intensity of OTPB NCs. A best size point that
perfectly matches the incident wavelength has been successfully
identified among the oscillating curves, where the Mie scattering
cross-section is maximized to achieve optimal BTHG collection
efficiency. Based on the OTBP NCs with the highest BTHG ef-
ficiency, we fabricated water-soluble BTHG contrast agents us-
ing F-127 as a surfactant. This enables 3D reconstruction of tis-
sue vasculature with high SBR and biocompatibility at extremely
low 100-p] pulse energy (8-mW excitation power), thus dramat-
ically mitigating the risk of photodamage. At a high laser power
of 60 mW, the BTHG signal of OTBP NCs enables the visu-
alization of microvessels at 500 um with a high SNR of 143.
By taking the NLO enhancement effect at both the molecular
and aggregate levels into consideration, we rationally construct
a promising BTHG contrast agent for low-power THG angiogra-
phy in vivo. This methodology is expandable to the development
of other functional aggregates, ultimately contributing to the ad-
vancement of aggregate science.

4. Experimental Section

Materials:  All the chemicals and reagents were commercially avail-
able, and the solvents for chemical reactions were distilled before use. All
air and moisture-sensitive reactions were carried out in flame-dried glass-
ware under a nitrogen atmosphere. Dulbecco’s modified eagle medium
(DMEM) cell culture and fetal bovine serum (FBS) was purchased from
Gibco. Trypsin (0.25%) and penicillin-streptomycin solution (100x) were
purchased from MesGen Biotechnology.

Instruments:  "H and '*C NMR spectra were measured on a Bruker
AVIII 400 NMR spectrometer. High-resolution mass spectra (HRMS) were
recorded on a Water’s Xevo G2-XS Tof mass spectrometer with an Elec-
trospray source. UV—vis—NIR absorption spectra were measured using a
Shimadzu UV-vis Spectrophotometer UV-2600i. PL spectra were recorded
on a Horiba Fluorolog-3 Spectrofluorometer. The dynamic light scattering
(DLS) data were recorded by Malvern Zetasizer Pro. Transmission Electron
Microscope (TEM) images were recorded on a JEM 2100F microscope.
Two-photon and BTHG images were taken by using a wavelength-tunable
(700-1300 nm) near-infrared femtosecond laser (InSight X3, Spectra-
Physics) as the light source, and each image was captured using a Nikon
Eclipse Inverted Multiphoton Microscope (ATMP + Eclipse Ti-2E, Nikon
instrument Inc., Japan) with a water-immersed 40x (NA = 1.15) objec-
tive. Multiphoton spectra were collected by a CCD-cooled spectrometer
(iDus 401 plus shamrock 193i, ANDOR, Oxford Instruments) attached on
the backside port of the multiphoton microscope. Ellipsometric measure-
ment was performed by RC2 Ul (). A. Woollam Co., Inc). Powder X-Ray
Diffractometer (PXRD) patterns were carried out in the reflection mode
at room temperature using a 2.2 kW Empyrean X-ray Diffraction System
(PANalytical, Netherland). 3D organ slicing was processed by a vibratome
(VT1200S, Leica Biosystems Nussloch GmbH). Polarized optical micro-
scope (POM) images were taken through Olympus BH-2. Particles con-
centration was processed by Particle Metrix ZetaView NTA.

Crystal Growing:  OTBP powders were completely dissolved in a glass
bottle vial using DCM. The obtained solution was placed in a hexane envi-
ronment outside. The slow evaporation of hexane into the DCM solution
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resulted in the formation of OTBP crystals, which were further collected
for X-ray crystallographic analysis. CCDC 2369657 (OTBP) contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.UK/data_request/cif.

Preparation of Crystalline Thin Films of OTBP and Ellipsometry Mea-
surement: OTBP powders were completely dissolved in a dichloroben-
zene/DMAC mixture at a concentration of 25 mg mL~" (1:1, v/v).
Large particles in the solution were filtered out using a 0.4 um mem-
brane filter. Subsequently, spin-coating was done by slowly adding
40 ulL of the filtered solution on a silicon wafer at a spin speed of
500 rpm and the spin-coating time was 40 s. The wafer was dried at
80 °C. Eventually, the dried silicon wafer was tested on an ellipsome-
ter with an incident angle of 75° and a fitting refractive index range of
300-1700 nm.

Animal Model:  Balb/C mice aged 6-8 weeks were used for the experi-
ments and all procedures were approved by the Animal Research Core of
the Faculty of Health Sciences, University of Macau. All animals are used
and maintained in accordance with the NIH Guide for the Care and Use
of Laboratory Animals, PHS Animal Welfare Policy, and Animal Welfare
(Ethics number: UMARE-063-2023). Before imaging experiments, all mice
were anesthetized through the abdominal injection of avertin. Three mice
were independently investigated for each group of imaging experiments.

Autofluorescence Imaging of Organs:  The organs were harvested from
the mouse model and stored in the cold PBS. Afterward, they were cut
into 200-um-thick slices with a vibratome within 1 h. For the detec-
tion of autofluorescence, the laser power was fixed at 8 mW (100 pJ)
and then captured fluorescent images under an excitation wavelength of
700-1300 nm.

In Vivo Imaging of Mouse Ear Vessels: F-127-wrapped OTBP NCs
(1 mm) in phosphate-buffered saline (PBS) were prepared. 100 L of the
NC solution was injected into the mice through the tail vein. After 30 s of
injection, the BTHG and second harmonic generation (SHG) signals were
epi-collected by the same objective, reflected by a multiphoton dichroic
beam splitter, and detected by four photomultiplier tubes (PMTs). In the
BTHG and two-photon (2PF) imaging experiments, the laser power was
equalized to 8 mW (100 p)).

3D Reconstruction of Renal Cortex and Brain Vessels:  After OTBP NCs
were intravenously injected into the mouse model, organs were harvested
from the mouse model and stored in the cold PBS. Afterward, they were
cut into 800-um-thick slices with a vibratome within 1 h. The excitation
wavelength and laser power were selected for individual 3D reconstruc-
tion (P, = 8 mW, E;, = 100 pJ and 4, = 1300 nm for renal cortex ves-
sel imaging; P,, = 15, 30, or 60 mW, E;, = ~200, 375, or 750 pJ and
Aex = 1260 nm for brain vessel imaging). The flat was a 2 X 2 large
image under a 40 X objective (Image pixels = 512 X 512 and dwell time =
1.15s).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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