
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

6/
11

/2
5 

23
:1

4:
17

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
TADF-based NIR
aDepartment of Applied Chemistry, Natio

Hsinchu, Taiwan 30050. E-mail: yhchan@n
bInstitute of Biomedical Engineering, Natio

Taipei, Taiwan 11221
cInstitute of Chemistry, Academia Sinica, 1

Taipei 115, Taiwan. E-mail: cherri@gate.sin
dNational Center for Theoretical Sciences, 1

Taiwan
eDepartment of Chemistry, Tunghai Univers
fDepartment of Biomedical Imaging and Ra

Engineering, National Yang Ming Chiao Tun
gDepartment of Applied Chemistry, Providen

E-mail: cwlu@pu.edu.tw
hCenter for Emergent Functional Matter Sc

University, Hsinchu, Taiwan 30010
iDepartment of Medicinal and Applied Ch

Kaohsiung, Taiwan 80708

† Electronic supplementary information
NMR spectra, and additional info
https://doi.org/10.1039/d2sc03271f

‡ These authors equally contributed to th

Cite this: Chem. Sci., 2022, 13, 10074

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 13th June 2022
Accepted 8th August 2022

DOI: 10.1039/d2sc03271f

rsc.li/chemical-science

10074 | Chem. Sci., 2022, 13, 10074–
-II semiconducting polymer dots
for in vivo 3D bone imaging†

Keng-Fang Hsu,‡a Shih-Po Su,‡b Hsiu-Feng Lu,‡cd Ming-Ho Liu,a Yuan Jay Chang, e

Yi-Jang Lee,f Huihua Kenny Chiang,b Chao-Ping Hsu,*cd Chin-Wei Lu *g

and Yang-Hsiang Chan *ahi

Intraoperative fluorescence imaging in the second near-infrared (NIR-II) region heralds a new era in image-

guided surgery since the success in the first-in-human liver-tumor surgery guided by NIR-II fluorescence.

Limited by the conventional small organic NIR dyes such as FDA-approved indocyanine green with

suboptimal NIR-II fluorescence and non-targeting ability, the resulting shallow penetration depth and

high false positive diagnostic values have been challenging. Described here is the design of NIR-II

emissive semiconducting polymer dots (Pdots) incorporated with thermally activated delayed

fluorescence (TADF) moieties to exhibit emission maxima of 1064–1100 nm and fluorescence quantum

yields of 0.40–1.58% in aqueous solutions. To further understand how the TADF units affect the

molecular packing and the resulting optical properties of Pdots, in-depth and thorough density-

functional theory calculations were carried out to better understand the underlying mechanisms. We

then applied these Pdots for in vivo 3D bone imaging in mice. This work provides a direction for future

designs of NIR-II Pdots and holds promising applications for bone-related diseases.
Introduction

In fundamental studies, uorescence imaging plays a vital role
in visualizing molecular interactions in complicated biological
processes. In clinical use, the rapid growth and technological
advancement of uorescence image-guided surgery in humans
in these years also highlight the unmet clinical demands of
uorescence imaging techniques in surgery.1–6 The selection of
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the optimal uorescent probe is crucial to achieve higher signal-
to-background ratios in imaging. Absorption/scattering of light
and autouorescence from tissues of living organisms have
been three major obstacles for in vivo imaging in realizing
deeper penetration and higher resolution.7 Short-lived auto-
uorescence from tissues (�ns) can be effectively eliminated by
the use of long-lived inorganic luminescent probes (�ms to ms)
although the potential cytotoxicity of metal ions from these
inorganic probes remains a concern.8–11 In terms of absorption
and scattering of light by biospecies, uorescence imaging in
the second near-infrared (NIR-II) window (1000–1700 nm) has
been recently demonstrated to signicantly attenuate photon
absorption and scattering in living organisms.6,12–25 More
importantly, tissue autouorescence also reduces drastically in
the NIR-II region26,27 so that the necessity for the use of long-
lived photoluminescent probes is weakened. To date, a variety
of NIR-II uorophores including carbon-based nanomaterials,28

small organic dyes,29–32 rare-earth materials,33,34 inorganic or
metal nanocrystals,35 and polymer-based nanoparticles36–43 have
been successfully developed to cover the shortage of commer-
cially available NIR-II dyes.

Among the aforementioned uorophores, semiconducting
polymer-based nanoparticles (Pdots) appear to be a promising
type of NIR-II uorescent candidate to be explored due to their
strong absorption, extraordinarily high emission brightness,
phenomenal photostability, and facile surface functionaliza-
tion.44–61 However, there are still several unmet challenges for
the development of NIR-II emissive Pdots with longer emission
© 2022 The Author(s). Published by the Royal Society of Chemistry
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wavelengths. Specically, the main challenge is the difficulty in
the synthesis of stable dye molecules possessing a low bandgap.
The molecular instability is attributed to the oxidation-labile
conjugated system from the raised highest occupied molec-
ular orbital (HOMO) and/or the high electrophilic reactivity
from the decreased lowest unoccupied molecular orbital
(LUMO).62 The other fundamental constraint is dictated by the
energy gap law that radiationless transitions ascend rapidly via
vibrational relaxation owing to decreasing energy separation
between the excited and ground states.63–65 This is attributed to
the fact that, so far, only a few Pdots have been reported to have
emission maxima over 1100 nm with acceptable uorescence
quantum yields (>1%) for bioimaging.66,67 Our group recently
developed two types of NIR-II emissive Pdots: polymethines68

and donor–acceptor–donor based conjugated polymers,69 trying
to overcome the energy gap law and the aggregation-caused
quenching (ACQ) issue. However, the unbalance between the
longer emission wavelength and the higher uorescence
quantum yield remains a bottleneck for exploring the next
generation of NIR-II Pdots.

Inspired by the unique structural and optical properties of
thermally activated delayed uorescence (TADF) materials,70–72

we expect to nd the breakthrough point for this dilemma. A
TADF moiety usually possesses a highly twisted donor–acceptor
molecular framework to separate the HOMO and LUMO in the
donor and acceptor segments, respectively, to realize an ultra-
narrow singlet-triplet energy splitting.73 We speculate that the
highly twisted structure of the TADF molecule could ameliorate
the ACQ phenomenon and the same time the interactions of
HOMO and LUMO of TADF moeity with that of other segments
within a polymer chain might red-shi the resulting emission
wavelength. Additionally, the use of long-lived emission of
TADF-based uorophores in bioimaging can effectively
preclude the detector from collecting the short-lived auto-
uorescence of interference species, thereon enhancing the
Fig. 1 Molecular design of TADF-based conjugated polymers with
NIR-II fluorescence.

© 2022 The Author(s). Published by the Royal Society of Chemistry
signal-to-background ratios. Algar and Hudson's groups
recently developed red-emissive TADF-graed Pdots for time-
gated cellular imaging with high contrast.74 For NIR-II
imaging, fortunately, the autouorescence is less considered
because of the signicantly reduced autouorescence in the
NIR-II window.

Here, we prepared four types of TADF monomers to copoly-
merize with donor and acceptor segments through Stille
coupling (Fig. 1). The TADF-containing semiconducting poly-
mers exhibited NIR-II uorescence with different extents of
redshi and an increase in uorescence compared to the
control polymer without TADF. Density functional theory (DFT)
calculations were performed to investigate the roles of TADF
units. NIR-II real-time imaging in mice was then performed to
realize through-skull vascular imaging and bone targeting at
different time intervals. These results demonstrated the merits
of the incorporation of TADF moieties in NIR-II uorescent
Pdots.
Results and discussion
Rational design of narrow bandgap donor–acceptor type
conjugated polymers incorporated with TADF units

Chalcogena-diazolobenzotriazole (XBTa) derivatives have been
shown to possess strong electron affinity with low LUMOs75 and
can be used to lower the bandgaps in D–A-type conjugated
polymers. The experimental bandgap and LUMO trends of XBTa
appear to be Te < Se < S but TeBTa is unstable due to its higher
HOMO above �5 eV. Therefore, we selected the SeBTa core (i.e.,
compound 3 in Fig. 2A) as the acceptor building block in the
conjugated polymer. For the selection of the donor, we
employed a strong electron donating segment, alkoxyl-
substituted benzodithiophene with a rigid coplanar conforma-
tion to conjugate with SeBTa-based acceptors. 3-Alkoxy-
substituted thiophene was also used as the conjugated linker
to enhance the p–p intramolecular interactions. The resulting
molecule, compound 4, was then subjected to iodination to
obtain compound SBO, followed by the Stille polycondensation
reaction to form polymers. In view of the high planarity of the
resulting polymers that could induce unwanted ACQ behaviors,
we introduced TADF monomers into the polymer backbones to
investigate the effect of TADF on the photophysical properties of
Pdots. Four different types of TADF monomers (T1–T4 in
Fig. 2B) were synthesized for incorporation into the conjugated
polymer backbones. Finally, four TADF-based NIR-II uorescent
polymers, BDT-SBOT1, BDT-SBOT2, BDT-SBOT3, and BDT-
SBOT4 were synthesized for comparison with the control poly-
mer, BDT-SBO (Fig. 2C).
Preparation and characterization of Pdots

The procedures for the preparation of Pdots from polymers are
depicted in Fig. 3A. Briey, conjugated polymers and amphi-
philic lipids were dissolved in THF and then co-precipitated in
water solution, followed by the evaporation of THF to obtain
Pdot solutions. The amphiphilic lipids with hydrophilic poly-
ethylene glycol segments can effectively reduce the non-specic
Chem. Sci., 2022, 13, 10074–10081 | 10075
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Fig. 2 Synthetic procedures of (A) acceptor SBO, (B) TADF monomers
T1–T4, and (C) the subsequent polymerization by Stille coupling.

Fig. 3 (A) Schematic diagram representing the preparation of lipid-
encapsulated Pdots for in vivo vascular and bone imaging. (B)
Absorption (solid lines) and emission (dashed lines) spectra of BDT-
SBO (black lines), BDT-SBOT1 (red lines), BDT-SBOT2 (blue lines),
BDT-SBOT3 (pink lines), and BDT-SBOT4 (green lines). (C) Hydrody-
namic diameters of BDT-SBOT2 Pdots obtained by dynamic light
scattering with an average size of 27 nm and a zeta potential of
�29mV. The inset shows the transmission electronmicroscopy image
of BDT-SBOT2 Pdots with a scale bar of 100 nm.

Table 1 Summary of the optical properties of Pdots in water

Copolymers labsmax
a (nm) lemmax

b (nm) Size (nm) QYc (%) sd (ns)

BDT-SBO 862 — 29 — —
BDT-SBOT1 898 1084 24 1.17 0.63
BDT-SBOT2 882 1100 27 1.58 0.61
BDT-SBOT3 900 1064 28 0.40 0.54
BDT-SBOT4 870 1067 23 0.54 0.52

a Absorption maximum. b Fluorescence maximum. c Fluorescence
quantum yield in water. d Fluorescence lifetime in CH2Cl2.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

6/
11

/2
5 

23
:1

4:
17

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
biomolecular adsorption and prolong the blood circulation
time of Pdots for efficient in vivo bone targeting. The resulting
Pdots can be used to visualize whole-body vasculature and bone
in mice at different points of time. The absorption (solid lines)
and emission (dashed lines) spectra of these ve Pdots are
displayed in Fig. 3B and their optical properties are summarized
in Table 1. We found that BDT-SBO Pdots appeared to be non-
uorescent with an absorption peak at �860 nm. Surprisingly,
the TADF moieties incorporated into the copolymers all showed
red-shied absorption/emission with enhanced uorescence to
10076 | Chem. Sci., 2022, 13, 10074–10081
different extents depending on the chemical structures of TADF
monomers. These Pdots exhibited sizes of 23–29 nm in diam-
eter (Fig. 3C and S1 in the ESI†) and negative zeta potentials of
�23 to �34 mV. We also measured the uorescence quantum
yields (QYs) of Pdots by using IR-1061 in CH2Cl2 as the reference
(Table 1). It was found that the QY of BDT-SBOT2 Pdots was
1.58%, about 4 times higher than that of BDT-SBOT3. To better
understand the roles of TADF units in the polymer backbones
and the mechanisms underlying their interaction with the
donor/acceptor, we conducted in-depth DFT calculations (vide
infra). In terms of photostability, a signicant factor for long-
term imaging, the four types of TADF-based Pdots exhibited
superior photostability under continuous 254 nm UV light
illumination (Fig. S2†). Their uorescence intensities remained
over 80% of their original intensities even aer 15 min of
intense UV irradiation (10 W). In contrast, conventional organic
dyes including NIR-I emissive indocyanine green (ICG) and NIR-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The HOMO–LUMO gap (Egap, eV) and the calculated (lcal)
absorptionwavelengths (nm) ofmodel molecules in THF based onDFT
calculations

Egap lcal Egap lcal

D–A 3.199 743 D–A–D 2.988 814
T1–D–A 3.153 751 T1–D–A–D 2.954 823
T2–D–A 3.198 744 T2–D–A–D 2.985 816
T3–D–A 3.180 747 T3–D–A–D 2.973 819
T4–D–A 3.139 751 T4–D–A–D 2.946 824

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

6/
11

/2
5 

23
:1

4:
17

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
II uorescent IR-1061 all showed a drastic decrease in emission
intensities, especially for IR-1061 which photo-decomposed
completely within merely 3 min. To further investigate
whether delayed uorescence was involved, the emission life-
times of four Pdots were measured, which exhibited only
prompt emission (0.52–0.63 ns, Fig. S3†) without the observa-
tion of delayed emission for all Pdots. This result implied that
thermally activated delayed uorescence didn't participate in
the emission processes of these Pdots. We also measured the
QYs of these conjugated polymers under air and inert condi-
tions and no signicant difference was observed (Table S1†),
further conrming the absence of TADF properties. It is worth
mentioning that prolonged emission lifetimes might not be
advantageous in the NIR-II window because of the existing low
autouorescence in this region.
Structure–performance relationship of Pdots

To gain insights into the relationship between the structures of
polymer chains and their performance in Pdots, we studied the
effects of TADF moieties with DFT and time-dependent DFT by
using the Tamm-Dancoff approximation76 (TDDFT-TDA)
calculation.

Model molecules BDT-SBO (D–A and D–A–D) BDT-SBOTn
(Tn–D–A and Tn–D–A–D, n ¼ 1–4) were considered in the
present work. The structures and basic properties (HOMO,
LUMO, excitation energies) are included in the ESI.† When
a second D moiety is attached to the oligomer, there is
a reduction in the energy gap as well as a red-shi in absorption.
In Fig. 4, it is seen that the HOMOs are much more delocalized
across the D–A–D region, while the LUMO remains localized to
A. However, the lower bandgap is mainly due to a lower LUMO
energy. From Table 2, it is seen that the wavelengths of
maximum absorption of D–A–D and Tn–D–A–D are red-shied
from their corresponding D–A and Tn–D–A models, which are
also close to the experimental values listed in Table S1.† The
natural transition orbitals (NTOs)77 for particles and holes for
the S1 state are included in Fig. 4, where the case for T2 is shown
and those for others are in the ESI.† It is seen that the excitation,
as described by the hole and particle orbitals, is very similar to
the HOMO and LUMO, respectively.

In order to understand the reason behind the red shi and
increased uorescence quantum yield in Pdots as compared to
those in a solvent, we built simple dimeric models and
Fig. 4 The electron density contours of HOMO and LUMO, and
computed natural transition orbital (NTO) pairs for S1 of T2–D–A–D
based on DFT calculations. The isosurface value was set at 0.02 a.u.

© 2022 The Author(s). Published by the Royal Society of Chemistry
simulated the stacking of Pdots using the smallest systems, D–A
and Tn–D–A (n¼ 1–4). While Tn–D–A–D is a better model for the
optical properties, it is computationally difficult and tedious to
optimize and analyze the dimeric structures. Therefore, we aim
to gain insights from the spectral changes with Tn–D–A dimers.
The full details of the dimer structure and basic properties are
included in the ESI.† Briey, the parallel and antiparallel
stacking structure of Tn–D–A was studied by assuming a large
overlap in the whole oligomer model to allow the steric effect of
TADF on the stacking structure, as shown in Scheme 1. The
optimized low-energy structures of D–A dimers are displaced
from each other along both the long- or short-molecular axis to
various degrees, both in parallel and antiparallel arrangements,
as shown in Fig. S10.† The energy of most stable parallel- and
antiparallel-stacked dimers is lower by 1� kcal mol�1 as
compared to other arrangements, and such most-stable struc-
tures are used for further studies. The molecular orbital ener-
gies of the calculated results, the energy differences between the
HOMO and LUMO and LUMO+1, and the absorption wave-
length, oscillation strength and occupations of the NTO pair are
listed in Tables S2–S4,† and 3, respectively.

The molecular orbitals and their energy gaps, as well as the
low-lying excited states for the stacked dimers are calculated in
a nonpolar solvent setting, for modeling the effect of mPEG-
DSPE in the Pdot. We note that the vertical transition of
monomeric D–A and Tn–D–A is red shied in this nonpolar
setting, and the energy difference between the HOMO and
LUMO is also smaller, as seen from the data listed in Table 3, as
compared to THF as a polar solvent (Table 2). This implies that
the ground states of Tn–D–A are more polarized than its excited
state.

In Fig. 5, we include the sketch of optimized stacking
structures of Tn–D–A dimers, with TADF groups employed in
the search of structure replaced by a methyl group in the graph.
It is seen that the parallel D–A dimers are shied on the short
axis (Fig. S10 and S11†). For T1 and T3, the dimers are rotated
Scheme 1 Schematic diagram of the (A) parallel and (B) antiparallel
Tn–D–A dimer stacking strategy.

Chem. Sci., 2022, 13, 10074–10081 | 10077
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Table 3 The HOMO–LUMO gap (Egap, eV) and the calculated (lcal) absorption wavelengths (nm) of model molecules in n-C15H32 based on DFT
calculations

Monomer Parallel dimer

Egap lcal Egap
lcal
(oscillator strength)

D–A 3.133 768 2.942 895(0.0063), 887(0.0561), 805(0.1716), 728(2.0200)
T1–D–A 3.093 774 3.020 871(0.1711), 843(0.2831), 776(0.1109), 687(1.6088)
T2–D–A 3.134 767 2.941 854(0.9182)
T3–D–A 3.108 772 2.820 975(0.0836), 825(0.2059), 753(0.7187), 715(1.4608)
T4–D–A 3.066 778 2.871 873(0.8813)
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and twisted, and for T2 and T4, they are shied along the long
axis. In the antiparallel cases, the D–A dimer maintains a good
p–p contact, while all other dimers have various degrees of
large shi, mainly on the long axis, as shown in Fig. S11.†

The dimers exhibit a signicant red shi in their excitations,
for the parallel dimers but not so much for anti-parallel stacked
ones, as listed in Tables 3, S3 and S4.† The parallel D–A dimer
has a large red shi in excitation (895 and 887 nm) but with
a small oscillator strength, and the higher excited state has
a large optical activity (728 nm, f ¼ 2.0200), and it is a blue-
shied transition, consistent with the H-aggregate
properties.78,79

For P_T2–D–A, the observed strong red-shi and high
quantum yield of T2-based Pdots as seen in Table 1 can be
supported by the large red-shi excitation with a large oscillator
strength. It is seen that the T2–D–A dimer has a large shi on
the long axis (Fig. 5), leading to a J-aggregate dimer where the
oscillator strength of the lowest excited state of the dimer is the
largest. Similar effects can be seen in T4–D–A, but the quantum
yield and red shi are not as signicant in experimental
observation. We note that different TADF moieties result in
different structural stackings, as T1 and T3 are the dimers with
an angle of rotation in the molecular plane, instead of being
shied. The optical behavior has been closer to that of column
aggregation and displays typical absorption and emission
features with red-shi properties.80 As shown in Fig. 5, when
viewed from the side, the molecule is much twisted, not only in
the dihedral angle between D–A itself, and the molecular plane
of acceptor (A) is also distorted. Such twisted, atypical dimeric
interaction increases the optical activity of the low-energy
absorption regions originating from standard H-aggregates,
such as the 871 nm (f ¼ 0.1711) and 843 nm (f ¼ 0.2831) exci-
tations seen for P_T1–D–A and 825 nm (f ¼ 0.2059) for P_T3–D–
A. Taking T3 as an example, the main transition is found to be
Fig. 5 Depicted structures of parallel dimers. For clarity, TADF is
replaced by a methyl group in this representation. Donors and
accepters are depicted in blue and red respectively, and the corre-
sponding lighter colors are used in the lower layers.

10078 | Chem. Sci., 2022, 13, 10074–10081
HOMO�1 to LUMO, and both intermolecular and intra-
molecular transitions are involved, as shown in Fig. S12(c).†
This is consistent with the experimental observation that P_T3–
D–A shows a red shi and decreased activity in Pdots.

Our simple dimer models are a rather limited set of repre-
sentation for the chromophore Pdots. Nevertheless, there is still
a chance for the formation of J-aggregates, with red-shied,
brighter states, as seen in the parallel dimers. Another possi-
bility is forming distorted dimers that are similar H-aggregates,
but the low-lying excitonic states are allowed due to the struc-
tural distortion. From the theoretical results, it can be inferred
that the experimental red shi and QY increase of TADF-
containing Pdots are likely due to the interchain aggregated
structure, including both J-aggregates and distorted H-
aggregate-like structures, which are strongly affected by the
structure and interaction in the TADF moieties.
In vivo real-time imaging of vasculature and bone in mice

Before in vivo bioimaging, we rst assessed the cytotoxicity of
Pdots. As shown in Fig. S13,† MTT assays were performed in
HeLa cells with different Pdot concentrations, indicating the
high biocompatibility of Pdots in cells. For in vivo bioimaging,
we used a 793 nm laser (50 mW cm�2) as the excitation source
and a 1200 nm long-pass lter in which BDT-SBOT2 Pdots were
taken as an example due to their high QY. We found that BDT-
SBOT2 Pdots exhibited much higher uorescence brightness
(�9 times higher) as compared to ICG under the same optical
conditions (Fig. 6A). We then carried out time-lapse whole-
blood imaging in living mice by intravenously injecting Pdots
through the tail vein. From Fig. 6B, we can nd that Pdots
owed throughout the whole body in 5 min and started to
accumulate in the excretory system and bones aer 2 h post-
injection. There have been several bone targeting mechanisms
reported using small uorophores or uorescent nano-
materials.18,81–84 It was found that the bone targeting efficiency is
associated with PEGylation and the modication degree of PEG
on the probe.85 Wu's group also demonstrated that small sizes
of Pdots (<50 nm) tended to accumulate in endothelium cells of
sinusoidal vessels in bone marrow.23 Here we used BDT-SBOT2
Pdots with a diameter of �30 nm and these Pdots were capped
with PEGylated 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE) phospholipids on the surface. A
high signal to background ratio of the spine was observed,
which is in agreement with the reported results.23 To better
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Mean fluorescence intensities of ICG in water and BDT-SBOT2 Pdots in water under a 793 nm laser (50 mW cm�2) with a 1200 nm
long-pass filter. The inset represents the corresponding photographs and NIR-II fluorescence images. (B) Real-time whole-body imaging of
vascular structures and bones in BALB/c mice (n¼ 5) intravenously injected with BDT-SBOT2 Pdots in the prone position at certain time intervals
from 5 min to 24 h. The bottom-right panel shows reconstructed 3D mapping of a whole-body mouse at 24 h post-injection of BDT-SBOT2
Pdots. (C) The magnified view of vasculature around the spinal cord in the blue square in (B) at 5 min post-injection. (D) Cross-sectional intensity
profile along the yellow line in (C). I The enlarged view of spine in the blue square in (B) at 24 h post-injection. (F) Cross-sectional intensity profiles
along the yellow lines in mice at 30min (black line), 8 h (blue line), and 24 h (red line) post-injection of Pdots. (G) Bright-view image and (H) NIR-II
fluorescence imaging of the whole skeletal system in mice in the prone position. (I) Bright-view image and (J) NIR-II fluorescence imaging of the
whole skeletal system in mice in the supine position. (K) Bright-field image and (L) NIR-II fluorescence imaging of different organs excised from
the mouse at 48 h after tail-vein injection of BDT-SBOT2 Pdots. Li: liver; Int: intestinal, Sp: spleen; Pa: pancreas; Ki: kidney; St: stomach. NIR-II
fluorescence imaging of (M) lumbar vertebra, the spinous/transverse process, (N) dorsal rib, thoracic vertebra, (O) tibia, femur and patella. The
scale bars are 10 mm and 2 mm for (B)/(C)/(E)/(H)/(J)/(L) and (M)/(N)/(O), respectively.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

6/
11

/2
5 

23
:1

4:
17

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
visualize the precise positions of bones, 3D whole-body
mapping was performed at 24 h post-injection (Fig. 6B and
video in the ESI†). A high signal-to-background ratio (SBR) of
1.34 with a spatial resolution of 0.52 mm was obtained for the
blood vessel around the spinal cord (Fig. 6C and D). Vertical
analysis along the yellow line in Fig. 6E for the spine shows the
facile discrimination of different vertebrae (Fig. 6F). To better
observe the whole skeletal system, the skin and internal organs
were removed as shown in Fig. 6G–J. Pdot distribution in major
organs was also investigated, showing the large accumulation of
Pdots in liver and spleen (Fig. 6K–L). This indicates that the
hepatobiliary clearance system is the main metabolic pathway
of Pdots. The details of bones at different positions were then
imaged, revealing the distinct skeletons of lumbar vertebra, the
spinous/transverse process, dorsal rib, thoracic vertebra, tibia,
femur and patella (Fig. 6M–O). The above results indicate that
these Pdots can be efficiently targeted to bones and can be
further used for bone-related disease imaging and study in bone
metastasis.
Conclusions

Here we described a series of TADF-incorporated Pdots with NIR-
II uorescence for in vivo imaging. These Pdots show low cyto-
toxicity in cells and exhibit quantum yields up to 1.58% in pure
water. In contrast, bare Pdots without the incorporation of TADF
© 2022 The Author(s). Published by the Royal Society of Chemistry
moieties show nonuorescence under the same conditions. We
found that delayed uorescence was not observed for all Pdots,
indicating that the increase in quantum yield was not attributed
to the delayed uorescence. From in-depth DFT calculations, we
are surprised to nd that the emission red shi and quantum
yield increase of TADF-containing Pdots are in fact due to the
interchain aggregated structure, including both J-aggregates and
distorted H-aggregate-like structures. To demonstrate their in
vivo bioimaging ability, whole-body vascular imaging and 3D
bond mapping were performed by using these Pdots. This study
highlights the unique role of the TADF unit in the Pdot system
and thereon opens a new avenue of future molecular design of
highly bright NIR-II uorescent Pdots.

Data availability
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data directly saved from the instruments of this study are
available from the corresponding authors upon reasonable
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