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Semiconducting Polymer Dots with Dually Enhanced NIR-lla

Fluorescence for Through-Skull Mouse Brain Imaging

Zhe Zhang,”? ®! Xiaofeng Fang,® Zhihe Liu,”®! Haichao Liu,"™ Dandan Chen,”® Shuqing He,”! Jie
Zheng,® Bing Yang,' Weiping Qin,"®! Xuanjun Zhang,"® Changfeng Wu*®

Abstract: Fluorescence probes in NIR-Ila region (1300-1400 nm)
show drastically improved imaging owing to the reduced photon
scattering and autofluorescence in biological tissues. However,
organic fluorophores in this region are largely unexplored. Here, we
develop NIR-lla polymer dots (Pdots) by a dual fluorescence
enhancement mechanism. First, we used the aggregation induced
emission of phenothiazine to reduce the nonradiative decay pathways
of the polymers in condensed states. Second, we minimized the
fluorescence quenching by different levels of steric hindrance to
further boost the fluorescence. The resulting Pdots displayed a
fluorescence QY of ~1.7% in aqueous solution, suggesting an
enhancement of ~21 times in comparison with the original polymer in
tetrahydrofuran (THF) solution. Small animal imaging by using the
NIR-lla Pdots exhibited a remarkable improvement in penetration
depth and signal to background ratio, as confirmed by through-skull
and through-scalp fluorescent imaging of the cerebral vasculature of
live mice. This study indicates the promising potential of NIR-Ila Pdots
for in vivo fluorescence imaging.

Introduction

Fluorescent probes play a versatile role in biological imaging
and various bioassays. The development of in vivo fluorescence
imaging has shown significant potential for a wide variety of
molecular diagnostics and therapeutic applications. However,
the majority of organic fluorophores show emissions in the visible
region or the first near-infrared window (NIR-I, 700-900 nm),
where the imaging suffers from substantial photon scattering and
autofluorescence in biological tissues.”! Recent research efforts
reveal a promising imaging window in the second near-infrared
wavelength range (NIR-Il, 1000-1700 nm), resulting in large
penetration depth and high signal-to-noise ratio (SNR) for in vivo
fluorescence imaging.®! Accordingly, NIR-Il fluorescent probes
have attracted considerable attention in the past few years./* For
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instance, Dai and coworkers developed a series of NIR-II
fluorescent probes and demonstrated the superior performance
of in vivo NIR-Il imaging.®! Cheng et al. synthesized a
diketopyrrolopyrrole polymer exhibiting NIR-II fluorescence, and
the corresponding nanoparticles were capable of assisting
accurate image-guided tumor surgery.[! Among those, the NIR-
Ila (1300-1400 nm) window is particularly attractive because the
reduced scattering and avoidance of water absorption above
1400 nm allow for through-skull fluorescence imaging of cerebral
vasculature with unprecedented levels of penetration and
resolution.”! However, organic fluorophores in this wavelength
region have been scarcely explored so far.

Semiconducting polymer dots (Pdots) have demonstrated
practical utilities in biological imaging and biosensing owing to
their tunable optical properties.'#'98  However, the
semiconducting polymers in nanoparticle forms typically exhibit
fluorescence quenching in comparison with the original polymers
in organic solvents. The quenching can be attributed to intense
inter- and intra-chain 1-11 stacking interactions, often resulting in
the formation of non-emissive excimers and exciplexes.®! This
phenomenon is known as the aggregation-caused quenching
(ACQ) effect. In the visible wavelength region, fluorescence
quenching in Pdots is moderate and can be comprised because
they possess extremely large absorption coefficients and per-
particle brightness is determined by the product of absorption
cross section and fluorescence quantum yield (QY). Therefore,
Pdots exhibit high brightness that is valuable for fluorescence
imaging and biosensing applications.['” In many cases, the large
absorption cross sections of Pdots are also favorable for
photoacoustic imaging and photothermal therapy.['" However,
semiconducting polymers are nearly non-fluorescent in the NIR-II
region. The energy gap law predicts that the vibrational overlap
between the ground and excited states largely determines the
nonradiative decay rate.l'? The nonradiative decay rate increases
significantly with a decrease in the emission energy, making it
difficult to obtain NIR-II fluorophores with a high QY. Energy
migration in the large m-conjugated systems of semiconducting
polymers may also lead to energy funneling to the non-emissive
species, amplifying the fluorescence quenching effect. Therefore,
the development of semiconducting polymers with strong
fluorescence in the NIR-Il region remains challenging.

Aggregation-induced emission (AIE) is a phenomenon wherein
the fluorophore shows an emission boost when it transforms from
an isolated molecule state to aggregated state.['¥ Mechanistic
studies have suggested that, for an isolated AIE molecule in the
excited state, energy is consumed by the free intramolecular
motion, thereby quenching the emission.['"¥ Such a nonradiative
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transition would be prevented in the aggregated state, wherein
the free rotations are inhibited.!'5 Based on this mechanism, AIE
molecules can be constructed by incorporating typical AlEgens,
such as tetraphenylethene, hexaphenyisilole, and
distyreneanthracene, into the molecular structure.''s! The strong
fluorescence intensity in the aggregated state and the variety of
potential synthetic routes make AIE molecules one of the most
important classes of fluorophores. The AIE fluorophores in
nanoparticles provide promising platforms for fluorescence
imaging.['d Several reports have demonstrated the development
of AIE nanoparticles for NIR-Il imaging applications.l'’! Tang and
coworkers developed short-wave infrared AIE dots, denoting real-
time high-resolution imaging in live mice.['® However, fluorescent
probes in the NIR-lla window are still highly preferable owing to
the superior imaging quality in this region.

Herein, we describe a molecular engineering strategy towards
the development of semiconducting polymers in the NIR-II region.
We designed nine polymers to propose a dual fluorescence
enhancement mechanism to boost the NIR-II fluorescence of
Pdots. On one hand, we use the AIE character of phenothiazine
unit to reduce the nonradiative decay pathways of the polymer in
aggregated states. On the other hand, we introduce bulky side-
chain groups to weaken the intense inter- and intra-chain -1
stacking interactions via steric hindrance, further enhancing the
fluorescence QY. Based on this dual enhancement strategy, the
resulting NIR-II Pdots displayed a fluorescence QY of ~1.7% in
aqueous solution, suggesting an enhancement of approximately
21 times in comparison with the original polymer in
tetrahydrofuran (THF) solution. One of the resulting Pdots exhibits
a fluorescence spectrum that strides the NIR-lla region. Small
animal imaging showed significant improvement in through-skull-
scalp fluorescent imaging of the cerebral vasculature of live mice,
indicating the promising potential of such a dual enhancement
strategy for designing NIR-II fluorophores for in vivo fluorescence
imaging.

Results and Discussion

We design the semiconducting polymers according to a classic
donor-acceptor (D—A) structure. In D—A polymers, the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) after orbital hybridization are mainly
located at the donor and acceptor units, respectively.''” Therefore,
a narrow bandgap between the HOMO and LUMO could be
realized by using strong donor and acceptor units. The specific
molecular engineering strategy is illustrated in Figure 1.

We choose phenothiazine as the donor because of several
properties of this chromophore. First, the sulfur and nitrogen
atoms endow phenothiazine with superior electron-donating
ability, suggesting a suitable HOMO energy level. Second, the
phenothiazine ring is an excellent nonplanar building block that
can impede T-stacking aggregation and excimer formation in
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conjugated polymers.?? Third, phenothiazine also possesses
multiple reaction sites and excellent chemical reactivity, which
facilitate the synthesis of the polymers and modification of the
side-chain groups. More importantly, recent studies indicate that
phenothiazine based small molecules show an apparent AIE
feature.?! The heterocyclic ring in phenothiazine presents a
dihedral angle of 153° because of the sp*-hybridized sulfur and
nitrogen atoms.?? This geometric configuration guarantees the
flexibility of the polymer, which implies that phenothiazine might
induce AIE for the resulting polymers in aggregation state.
Therefore, we attempt to use phenothiazine as the donor unit in
the polymer synthesis to enhance the NIR-II fluorescence.
Furthermore, benzothiazole and its derivatives (benzothiazole,
BT; naphtho[2,3-c][1,2,5]thiadiazole, NT; and
benzobisthiadiazole, BBTD) with different electron affinities were
employed as acceptors to endow the polymers with highly shifted
fluorescence wavelengths. Particularly, we anticipate to drive the
fluorescence emission to the NIR-lla window by using the
extremely strong acceptor BBTD.

The large m-conjugated backbones of semiconducting
polymers tend to have strong intermolecular interactions, inducing
the formation of non-emissive excimers and exciplexes (ACQ
phenomenon).®2% |t is worth noting that AIE and ACQ can exist
simultaneously in one polymer owing to their different
mechanisms. The intense intermolecular interactions may still
attenuate the fluorescence in the aggregated state, even in AIE
molecules. Therefore, the fluorescence intensity of AIE Pdots
could be further improved by suppressing the ACQ effect in the
semiconducting polymers. Toward this end, we introduce side
groups on the nitrogen atoms of phenothiazine via nucleophilic
substitution. The steric hindrance generated by the bulky side
groups weakens the inter- and intra-chain interactions in the
aggregated state, which is referred to as anti-ACQ. To examine
the effectiveness of anti-ACQ, we choose three side groups that
provided different levels of steric hindrance in polymer synthesis.
Specifically, nine polymers were designed, namely P1a, P1b, P1c,
P2a, P2b, P2c, P3a, P3b, and P3c, as shown in Figure S1. In the
naming convention, the number 1, 2, or 3 distinguishes the main
chain structures, whereas the letter a, b, or ¢ represents the side
chain groups.

Density functional theory calculations were first performed to
predict the energy levels (Figure S14). The LUMOs were mainly
distributed on the acceptors. As the electron affinity increased
from P1c to P3c, the LUMO energy level decreased obviously.
The combination of the lower LUMO energy level and constant
HOMO energy level resulted in a narrow bandgap, suggesting a
red-shift in the emission peak of the polymer. The HOMOs
exhibited major delocalization on phenothiazine units with
minimal overlap with the LUMOs, indicating typical intramolecular
charge transfer within the polymer. All side chain groups exhibited
almost no molecular orbital distribution, indicating that the side
groups would not interfere with the fluorescence radiation
transition.
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b)

Molecular Engineering

Figure 1. a) Synthetic route and conditions: ia) DMSO/NaOH, 1-bromooctane, RT; ib) 4-bromo-N,N-di-p-tolylaniline, HPtBusBF4, NaOtBu, Pdz2(dba)s, toluene, reflux;

ic) 2-bromo-9,10-diphenylanthracene, HPtBusBF4, NaOtBu, Pdz(dba)s,

toluene, reflux; ii) NBS, toluene, acetic acid, RT; iii) Bis(pinacolato)diboron, Pd(dppf)Clz,

KOAc, dioxane, 80°C; and iv) Pd(PPha)s, toluene, K2CO3, 85°C. b) Schematic of the general approach of molecular engineering for NIR fluorescence enhancement:
i) acceptors with different electron affinities were employed to adjust the emission wavelength; ii) flexible phenothiazine enabled the generation of AIE character;
and iii) fluorescence QY was further considerably improved by varying the side-chain groups. c) Spatial distributions of HOMO and LUMO along with their orbital

energies for P1c, P2c, and P3c polymers.

Based on the molecular engineering strategy, the synthetic
route was devised and implemented (Figure 1). The target side
group was attached to phenothiazine via nucleophilic substitution
(M2), and this intermediate product was brominated (M3) and
boronized via Miyaura reaction (M4). Finally, M4 and brominated
acceptors were polymerized by the Suzuki reaction. Detailed
synthetic information and nuclear magnetic resonance
spectroscopy data can be found in the Supporting Information.
The number-average molecular weight (Mn) and polymer
dispersity index (PDI) were evaluated by gel permeation
chromatography, and the results are listed in Table 1.

The absorption and fluorescence spectra of the semiconducting
polymers in organic solvent were investigated (Figure 2a). The
emission of the polymers was successfully shifted from red (~600
nm) to NIR-II (~1300 nm) by varying the electron affinity of the
acceptors. Polymers P3a, P3b, and P3c in THF exhibited two
emission peaks at approximately 1130 and 1270 nm and
absorption peak at approximately 740 nm (Figure S11). The
fluorescence emission of P3c polymer strides the spectral range
from 1000 to 1450 nm, indicating their great potential in NIR-lla
fluorescence imaging.

In our design, AIE is one of two key factors in realizing high
fluorescence QY of the Pdots. To examine the AIE feature of the
polymers, fluorescence images and spectra of the polymers in
THF/water mixtures with different water volume fractions (f,) were
collected (Figure S13). In the fluorescence images, the solutions
with higher f,, showed brighter signals (Figure 2b), indicating
apparent AIE character. For a quantitative demonstration, the

ratio of the fluorescence peak intensity of the polymer in the
THF/water mixture to that of the polymer in pure THF (//lo) was
calculated. As an example, for P3c, the fluorescence intensity
decreased slightly when 10 vol% of water was added to the THF
solution. This effect was attributed to the interaction between
water and the polymers and the change of the hydrophobic
environment. However, as f,, increased further, the fluorescence
intensity increased continually until £, = 80 vol%, revealing that
the AIE signature prevails in the system.

Another key factor in dual fluorescence enhancement is the
anti-ACQ effect. The fluorescence images of the three NIR-II
polymers (P3a, P3b and P3c) and small dye molecule IR26 were
collected in different states under the same imaging conditions
(Figure 2c). The anti-ACQ effect was verified through the
comparison of the samples from the same row in Figure 2c. By
increasing the steric hindrance of side-chain groups, the mean
fluorescence intensity was noticeably enhanced among the three
polymers in the THF solution, whereas the AIE character was
ineffective. Other effects of the side groups on the radiative
transition could be excluded based on the results of the density
functional theory calculations and the same backbones of the
polymers possessing the similar spectra (e.g., P3a, P3b, and P3c).
This anti-ACQ effect becomes even more pronounced in the
Pdots forms because the bulky side group of P3c effectively
prevents Tr-stacking aggregation and excimer/exciplex formation
in the Pdots with densely packed polymer chains (Figure 2d). As
a further evidence, solid polymer powders demonstrated even
brighter NIR-II fluorescence than the Pdots (Figure 2c), revealing
great potential for applications requiring solid-state fluorescent
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materials. Again, P3c polymer powder exhibit stronger NIR-II
fluorescence than P3a and P3b, further confirming the anti-ACQ
effect by engineering the side chain groups.
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Figure 2. a) Absorption and fluorescence spectra of P1c, P2c, and P3¢ polymers in THF. b) Fluorescence intensity changes of P3a, P3b, and P3c in THF/water
mixtures containing different water fractions. The 100% water fraction indicates the bare Pdots (without encapsulation) in water. //lo is the ratio of the fluorescence
peak intensity of the polymer in the THF/water mixture to that of the polymer in pure THF. The inset shows the fluorescence images of P3c in THF/water mixtures
(100 pg/mL) containing different water fractions. The images were obtained using a 1250-nm long-pass filter under laser excitation at 808 nm (50 mW-cm™). ¢)
Fluorescence images of IR26 and Pdots in different states. Bottom row: IR26 in DCE and P3a, P3b, and P3c in THF (100 pg/mL); Middle row: Pdots of P3a, P3b,
and P3c in water and IR26-doped polystyrene nanoparticles in water (100 pg/mL); Top row: IR26, P3a, P3b, and P3c powders. The images were recorded by using
a 1250-nm long-pass filter under laser excitation at 808 nm (30 mW-cm™2). d) Schematic illustration of the formation of Pdots. A functional polymer PS-PEG was
used for surface PEGylation that can increase blood circulation time for in vivo fluorescence imaging. The greater steric hindrance in P3c weakened the Tm—1r

stacking interaction, resulting in the anti-ACQ effect and a higher fluorescence QY.

Quantitative optical characterizations were performed to
investigate the fluorescence dual enhancement in Pdots. The
NIR-II fluorescence QYs were measured by using IR-26 in 1,2-
dichloroethane (DCE) as a reference (QY = 0.5%).24 Table 1
shows the optical parameters of the semiconducting polymers
and corresponding Pdots. Owing to the AIE character, all the QYs
of Pdots are higher than that of the corresponding polymer in THF

solution, with most of them exhibiting a superior increase of
approximately two times. In THF solution, the anti-ACQ effect of
the side groups was not fully active because of the weak
aggregation. In contrast, the tighter aggregation of Pdots
accentuated the effect of fluorescence enhancement by the side-
chain groups. The QYs of Pdots increased obviously from side
group Ra to side group R, confirming the function of the side

This article is protected by copyright. All rights reserved.
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groups. Among the three side groups, diphenylanthracene
significantly weakened the intermolecular interactions, resulting in
the best anti-ACQ effect.
Table 1. Optical Properties of Semiconducting Polymers and the Resulting Pdots.
Aabs P M2 Aem(®) THF[Nm, %]°  Aem(®P) P [nm, %] PPUots/pTHF EgleV]® Ma[kDal®  PDI®  Size [nm]f

P1a 456 674 (9) 699 (23) 2.6 1.53 5.0 3.21 16

P1b 509 649 (15) 687 (25) 1.7 1.53 6.3 3.1 18

Pic 482 669 (11) 685 (25) 2.3 1.55 44 417 18

P2a 537 683 (10) 740 (11) 1.1 1.36 44 157 14

P2b 522 659 (8) 732 (17) 2.1 1.46 45 155 16

P2c 538 717 (6) 731 (19) 3.2 1.46 5.2 258 17

P3a 736 1113, 1284 (0.08) 1090 (0.1) 1.3 0.90 3.2 3.51 24

P3b 759 1115, 1279 (0.3) 1088 (0.6) 2.0 0.89 49 156 14

P3c 746 1123, 1272 (0.6) 1083 (1.7) 2.2 0.89 2.8 168 16

a) Absorption maximum; b) emission maximum and fluorescence quantum efficiency; c) the optical bandgap was calculated from the intersection of the absorption
and emission spectra; d) number-average molecular weight; e) polymer dispersity index; f) sizes of Pdots in water.

Based on this dual enhancement strategy, the P3c Pdots
exhibited a NIR-II fluorescence QY of ~1.7% in aqueous solution,
corresponding to an enhancement of approximately 21 times as
compared to P3a in THF. It represents the highest QY reported
so far for NIR-Il Pdots. It is worth noting that the brightness of the
fluorescent probes is determined by the product of absorption
cross section and fluorescence quantum yield.'dh UV-Vis-NIR
absorption measurements were performed for P3c Pdots, IR26,
and Indocyanine Green (ICG) to compare their brightness. The
results indicated that the peak absorption cross section of P3c
Pdots (~16-nm-diameter) at 746 nm was ~180 times larger than
that of IR26 at 935 nm, and ~60 times higher than that of ICG at
780 nm, respectively. Considering the same excitation
wavelength at 808 nm, the absorption cross section of P3c Pdots
(~16 nm) was ~190 times higher than that of IR26, and ~100 times
higher than that of ICG, respectively. Combined with the QY
values, the NIR-II fluorescence brightness of single P3c Pdot is
over 500 times higher than single dye fluorophores. We also
compared the fluorescence brightness of the three probes at the
same weight concentration in solutions under 808 nm excitation.
As indicated in Figure S16, the P3c Pdots in water is ~2 times
brighter than IR26 in DMSO and ~15 times brighter than ICG in
water for the emission collected by a 1250 nm long-pass filter.
Based on these results, the Pdots outperform the fluorescent dyes
at both single probe level and bulk solutions.

The particle size, morphology, photostability, and
biocompatibility of the Pdots were further characterized to
evaluate their application potential. P3c Pdots was selected for
further investigations based on their outstanding fluorescence
QYs. The fluorescence spectrum of the P3c Pdots in aqueous
solution was somewhat different from that of P3c in THF because
of aggregated conformation (Figure 3a). Still, the emission profile
strides the broad wavelength range from 1000 to 1400 nm. The
emission intensity in the NIR-Ila region was relatively decreased
as compared to that of the polymer in THF solution (Figure 2a).
Dynamic light scattering demonstrated that the Pdots were well
dispersed in water with an average hydrodynamic diameter of ~16
nm. Transmission electron microscopy (TEM) imaging indicated
the spherical morphologies of the well-dispersed nanoparticles
(Figure 3b). Photostability was examined by monitoring the
fluorescence intensity under continuous laser illumination (808
nm, 1.0 W/cm?). The fluorescence of the P3c Pdots remained
nearly 70% of the original intensity after 120 min of laser exposure,
while the IR26 and ICG dyes were completely photobleached in
10 min (Figure 3c). This comparison clearly indicated the superior
photostability of Pdots as compared to the small dye molecules.
Biocompatibility is a vital consideration for biological applications.
As shown in Figure 3d, the Pdots showed low cytotoxicity, even
at high concentrations (100 pg/mL), indicating their biocompatible
feature. Collectively, these results indicate that the Pc3-Pdots are
an excellent NIR-II fluorophore for bioimaging.
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Figure 3. a) Absorption and fluorescence spectra of P1c, P2c and P3c Pdots in water. b) Distribution of hydrodynamic diameter of the P3c Pdots determined by
dynamic light scattering. The inset shows a representative TEM image of the P3c Pdots. c) Photostability of bare P3c-Pdots(without encapsulation) in water, ICG
in water, and IR26 in dimethyl sulfoxide under continuous 808 nm radiation (1.0 W/cm?). I/l is the ratio of the mean fluorescence intensity of the samples after
radiation to that of the original mean fluorescence intensity. The inset shows the corresponding fluorescence images, using a 1250-nm long-pass filter under laser
excitation at 808 nm (30 mW-cm™). d) Results of a cellular toxicity study in which HeLa cells were incubated with different concentrations of Pdots.

Optical imaging of the brain in the traditional wavelength region
(400-900 nm) is severely constrained by the light penetration
depth in biological tissues.?? Recent studies have demonstrated
that fluorescence collection in the 1.3-1.4 ym NIR-lla window led
to drastically improved imaging of mouse cerebral vasculature
because of the minimal scattering by rejecting photons
wavelengths shorter than 1.3 pm while avoiding an increase in
light absorption from water vibrational overtone modes above
~1.4 ym.'" We performed in vivo non-invasive fluorescence
imaging of live mouse brain with the PEGylated P3c Pdots. A
solution of the Pdots was injected into a mouse via the tail vein,
and the head of the mouse with intact skull and scalp (hair shaved
off only) was imaged by a small animal imaging setup. Low
excitation power density (70 mW-cm™, 808 nm) was used to
minimize damage to the mouse while maintaining image quality.

Broad NIR-II emission spectrum of the P3c Pdots gives multiple
choices on the fluorescence acquisition range. Despite the
relatively small emission profile of Pdots beyond 1300 nm,
fluoprescence imaging by a 1319 nm long-pass filter produces
much sharper image than that by a 1250 nm long-pass filter
(Figure 4a). The comparison of intensity profiles of cerebral
vessels collected by the two filters confirms the high signal to
background ratio (SBR) in the NIR-Ila region (Figure 4b, 5c). The
P3c Pdots allowed clear visualization of the cerebrovascular
structures under the intact skull and scalp (Figure 4a), indicating
the large penetration depth enabled by the unique NIR-lla
emission. Thanks to the distinct fluorescence of Pdots and low
autofluorescence in this region, high-quality imaging yielded well-
resolved distance between cerebral blood vessels (Figure 4c). As
seen from time-lapse imaging, the high SBR remains relatively
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constant in 180 min because of the relatively long circulation half-
life (~6.6 hours) of the PEGylated Pdots (Figure S17). In contrast,
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small molecule dyes such as ICG was usually cleared in ~5
minutes,?® which led to a very short imaging window.
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Figure 4. a) In vivo NIR-II fluorescence imaging of mouse brain at designated time points after intrvenous injection of P3c Pdots (100 pL, 1 mg/mL). The top panel
shows the images collected by a 1250 nm long-pass filter, while the bottom shows those collected by a 1319 nm long-pass filter. b) Cross-sectional intensity profile
along the white line in images collected by a 1250 nm long-pass filter with the peak fitted to a Gaussian function (red curve). c) Cross-sectional intensity profile
along the white line in images collected by a 1319 nm long-pass filter with the peak fitted to a Gaussian function (red curve). d) In vivo NIR-II fluorescence images
of mouse hindlimb vasculature 5 min after intravenous injection of P3a Pdots (100 pL, 1 mg/mL) and P3c Pdots (100 pL, 1 mg/mL), respectively. e) Cross-sectional
intensity profile along the white line in c) #1 with the peak fitted to a Gaussian function (red curve). f) Cross-sectional intensity profile along the white line in c) #2
with the peak fitted to a Gaussian function (red curve). g) Mean fluorescence intensity of the heart (H), lung (Lu), kidney (Ki), spleen (Sp), blood (Bl), and liver (Li)
at 24 h after the injection of the P3a and P3c Pdots, respectively. The inset shows the fluorescence images of the heart, lung, kidney, spleen, blood, and liver of the
injected mouse. The images in d) and g) were obtained using a 1319-nm long-pass filter under 808-nm laser excitation (70 mW-cm™2).

Whole-body NIR-lla fluorescence imaging was  finally
performed to reaffirm the superior performance of the Pdots
achieved by molecular engineering. P3a and P3c Pdots were
used for whole-body imaging and compared under the same
conditions. In the image obtained using P3a Pdots, the mouse
body was nearly invisible (Figure 4d). In contrast, the P3c Pdots
with AIE and stronger anti-ACQ effects resulted in much higher
SBR and more details were achieved from the image (Figure 4e,
5f). This comparative imaging clearly demonstrated the
improvement provided by the P3c Pdots with respect to the P3a
Pdots, revealing the successful dual fluorescence enhancement
based on the AIE and anti-ACQ effects. The major organs were
dissected from the mouse 24 h after injection and quantitatively
analyzed by fluorescence imaging (Figure 4g). The analysis
results indicated that the Pdots were mainly distributed in the liver,
blood, and spleen. The in vivo imaging results reveal that the

unique optical properties of P3c Pdots are promising NIR-lla
fluorophore for small animal studies.

Conclusion

In summary, a molecular engineering strategy was proposed to
identify new NIR-II fluorophores for bioimaging. Specifically, nine
semiconducting polymers were designed and synthesized to
validate a dual fluorescence enhancement mechanism. The
adjustment of electron affinity realized tunable excitation and
emission wavelengths, with emission in the range of 600-1400
nm. The donor unit phenothiazine endowed the polymers with a
narrow bandgap along with AIE character, leading to strong
emission in the corresponding Pdots. Side groups provided
different levels of steric hindrance to weaken the intermolecular

This article is protected by copyright. All rights reserved.
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interactions. This anti-ACQ effect further improved the
fluorescence QY based on the AIE character. Under the dual
enhancement by AIE character and anti-ACQ effect, the NIR-II
fluorescence QY of P3c Pdots was approximately 21 times higher
than that of P3a in THF. We used the P3c Pdots for in vivo NIR-II
fluorescence imaging of mouse brain. Because the unique
emission strides the NIR-lla region, the through-scalp and
through-skull imaging show clear visualization of cerebral
vasculature. This study reveals the great potential of dual
fluorescence enhancement based on the AIE and anti-ACQ
effects for obtaining superior NIR-II fluorophores.
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We demonstrate a molecular engineering strategy to enhance NIR-lla fluorescence
of polymer dots by managing the aggregation-induced emission (AIE) and
aggregation-caused quenching (ACQ) effects. The polymer dots enabled a
remarkable improvement in penetration depth and signal to background ratio in

through-skull and through-scalp fluorescent imaging of the cerebral vasculature of
live mice.
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