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ABSTRACT
nanoagents including semiconducting polymer nanoparticles

In recent years, organic/polymer photothermal

and small-molecule organic photothermal agents-encapsulated
nanoparticles have attracted large attention from researchers in
the biomedical field, owing to their excellent optical properties,
good biocompatibility, easy processability, and flexible surface
functionalization, as well as their combined functions of pho-
toacoustic (PA) imaging and photothermal therapy (PTT). In
this review, we summarize the recent advances in organic/
polymer photothermal nanoagents for in vivo PA imaging and
PTT applications. In particular, we focus on the design stra-
tegies, which are composed of traditional approaches and
emerging mechanisms, especially based on “intramolecular
motion-induced photothermy” strategy to regulate the photo-
physical properties of organic/polymer photothermal na-
noagents for boosted in vivo PA imaging and PTT.

Keywords: photothermal agent, photoacoustic imaging, photo-
thermal therapy, semiconducting polymer nanoparticle

INTRODUCTION

Recently, photothermal agents with the combined func-
tions of photoacoustic (PA) imaging and photothermal
therapy (PTT) have aroused large attention in the bio-
medical field, as they permit real-time diagnosis and
concurrent in situ phototherapy [1-7]. Upon short-pulsed
laser irradiation, photothermal agents absorb the energy
of the laser light and partially convert it into heat, re-
sulting in local instantaneous thermal expansion and
subsequent ultrasonic emission [8-10]. By collecting these
photothermally generated ultrasound signals through a

broadband ultrasonic transducer and transforming them
into images, PA imaging integrates the merits of high
contrast of optical imaging with high spatial resolution of
ultrasound imaging, realizing disease diagnosis in deeper
tissue with high contrast and resolution [11-13]. Owing to
their excellent heat generation ability, photothermal
agents are also widely used in PTT [4,14-17]. Attractively,
the two functions of photothermal agents, PA imaging
and PTT, are complementary [18]. PA imaging could
guide PTT, e.g., in the diagnosis and treatment of tumors,
PA imaging enables the diagnosis of tumor location and
the monitoring of PTT effect in real time [19-22]. While
the strong PTT inhibits the tumor growth effectively
accompanied with a high PA signal [23,24].

The rise of nanotechnology since the 1990s has ad-
vanced the field of cancer theranostics. Nanomaterials, in
particular the nanoparticles (NPs) have shown unique
merits such as improved water-solubility of payload,
prolonged blood circulation time and enhanced perme-
ability and retention (EPR) effect [3,25-27]. To date, a
variety of photothermal nanoagents for PA imaging and
PTT have been reported, including NPs based on noble
metal materials and transition metal dichalcogenides,
carbon nanomaterials and organic/polymer-based NPs
[28-41]. While these photothermal nanoagents have their
own merits, each has a drawback. For instance, noble
metal materials and transition metal dichalcogenides
suffer from long-term toxicity issues in terms of clinical
application, and carbon nanomaterials are restricted by
their flat PA spectra [42,43]. Among these photothermal
nanoagents, organic/polymer-based NPs have gained
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extensive interest due to their excellent optical properties,
good biocompatibility, easy processability, and flexible
surface functionalization [44,45]. The PA and PTT effi-
ciencies of the organic/polymer photothermal nanoagents
are significantly affected by their extinction coefficients,
non-radiative decay efficiencies and Griineisen coeffi-
cients [33]. By improving any of these above parameters,
massive researches have been proven to improve the PA
imaging and PTT effect [34-39]. Organic/polymer pho-
tothermal nanoagents utilized in PA imaging and PTT
could be roughly divided into two main groups: semi-
conducting polymer NPs (SPNs) and small-molecule or-
ganic photothermal agents-encapsulated NPs [46,47].

So far, although there have been many review articles
summarizing the development of photothermal agents for
PA imaging and PTT [2,14,23,48], rather limited ones
focus on the molecular/NP design and recently developed
new mechanisms of the organic/polymer photothermal
nanoagents. In this review, we summarize the recent
advances in the design strategies of organic/polymer
photothermal nanoagents for PA imaging and PTT ap-
plications. The photophysical properties and applications
of organic/polymer photothermal nanoagents are sum-
marized and compared in Table 1. In the following, we
firstly discuss the design strategies to enhance the PA
imaging and PTT effect of both SPNs and small-molecule
organic photothermal agents-encapsulated NPs, respec-
tively. Then, we highlight the new emerging mechanism
to enhance the PA imaging and PTT effects of organic/
polymer photothermal nanoagents based on “molecular
motion in aggregates”. At last, a brief summary is given
along with a perspective in this field.

DESIGN STRATEGIES FOR SPNs

Semiconducting polymers (SPs) are optically active
polymers with large m-conjugated aromatic or aromatic
heterocyclic structures [49]. Owing to the intrinsic ad-
vantages such as large absorption coefficient, high pho-
tostability and excellent biocompatibility, SPs have
emerged as one of the most popular photothermal agents
for PA imaging and PTT [50]. Correspondingly, the
regulation of the photophysical properties of SPs for en-
hanced in vivo PA imaging and PTT effects has gained
large attention among researchers in the biomedical field.

Molecular structure screening strategy

Given the critical role of extinction coefficient in the
photophysical property regulation, the molecular struc-
ture screening of the photothermal nanoagents with high
extinction coefficients is an important approach to en-
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hance the PA imaging and PTT effect [33]. Recently, Rao
and co-workers [51] developed two kinds of SPs, poly
(cyclopentadithiophene-alt-benzoth-iadiazole) (SP1) and
poly (acenaphthothieno-pyrazine-alt-benzodithiophene)
(SP2) with different extinction coefficients by introducing
different donor—acceptor (D—A) structures, which also
endowed SP1 and SP2 with near-infrared (NIR) light
absorbing characteristic (Fig. 1a). It is noteworthy that
NIR light absorbing characteristic is also favorable to the
enhanced PA imaging and PTT effect of photothermal
agents in vivo, owing to its strong tissue penetration
ability and high biosecurity [52,53]. To overcome the
hydrophobicity of these two SPs, nanoprecipitation
method was then introduced to afford water-dispersed
SPNs, termed as SPN1 and SPN2, respectively. Due to the
difference in the molecular structures, SPN1 showed 4.65-
times higher peak mass extinction coefficient than that of
SPN2. Moreover, owing to the larger absorption coeffi-
cient, SPN1 also exhibited 5.2 and 7.1-times higher PA
amplitude at the same mass concentration compared with
high-performing single-walled carbon nanotubes and
gold nanorods, respectively, which made SPN1 a better
choice for in vivo PA imaging. With a small hydro-
dynamic diameter of 41 nm, SPN1 demonstrated its
ability to image the main lymph nodes in vivo of mice
with a high PA signal to noise (S/N) ratio. Considering
the critical role of reactive oxygen species (ROS) in the
development of many life-threatening diseases which are
often highly expressed in the disease lesions, the detection
of ROS is very helpful in understanding the disease me-
chanisms and for their early diagnosis [54,55]. Therefore,
an ROS-sensitive dye, IR775S, was then coupled with the
oxidation-inert SPN1 to form the first NIR ratiometric
PA imaging probe (RSPN) for ROS detection (Fig. 1b).
The PA spectrum of RSPN exhibited three main peaks at
700, 735, and 820 nm, with the first one corresponding to
SP1 and the last two to IR775S. By calculating the PA700/
PA820 ratio of RSPN, the specific detection of exogenous
ONOO and CIO was achieved (Fig. 1c). Cell experi-
ments and in vivo mouse experiments also confirmed the
dual-peak ratiometric detection capacity of RSPN for
endogenously generated ROS. This study describes an
important approach for enhanced PA signals of SPs with
high extinction coefficients through molecular structure
screening and a strategy for ROS detection in vivo via
physical doping.

Molecular structure engineering strategy

Although the above-mentioned work confirmed that
enhanced PA signals could be obtained by regulating the
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Figure 1 (a) Chemical structures of SP1 and SP2 and schematic diagrams of their preparation into NPs. (b) Proposed ROS sensing mechanism of
RSPN (ratiometric SPN). (c) Ratios of PA amplitude of RSPN at 700 nm to that at 820 nm (PA700/PA820) in the presence of different ROS
(5 mmol L™"). Reproduced with permission from Ref. [51]. Copyright 2014, Springer Nature.

molecular structures of photothermal agents, theoretical
guidance was still lack in designing photothermal agents
with enhanced PA imaging and PTT effect. To overcome
this limitation, a molecular structure engineering ap-
proach was proposed by Liu and co-workers [56] to de-
sign high-performing SPs with D—A structures. A planar
donor, 4H-dithieno [3,2-b:2",3'-d] pyrrole (DTP) was
copolymerized with three electron-deficient acceptors,
benzothiadiazole (BT), pyridal[2,1,3]thiadiazole (PT), and
diketopyrrolopyrrole (DPP) respectively to construct
SP3-5 with an increasing D—A strength in sequence
(Fig. 2a). 1,2-Distearoyl-sn-glycero-3-phospho-ethanola-
mine-N-[amino(polyethylene  glycol)-2000]  (DSPE-
PEG,qq), was then introduced as the amphipathic poly-
mer matrix to afford SPN3-5 with good water dis-
persibility (Fig. 2b). Owing to the strong intramolecular
charge transfer (ICT) introduced by high D—A strength,
SP3-5 have an increasing red-shifted absorption peak at
703, 748, and 858 nm, respectively. In addition, benefiting
from the rigid planar structures, these three SPs have long
conjugation length and subsequent large extinction
coefficients. The extinction coefficients of SPN4 and
SPN5 at 780 nm are 1.6- and 2.2-times higher than that of
SPN3. Moreover, the fluorescence quantum yields of
SP3-5 are very low and decrease with the enhancing D—A
strength. Since fluorescence emission, intersystem cross-
ing (phosphorescence and/or ROS generation) and ther-
mal deactivation are the main three dissipation pathways
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of the light excitation energy absorbed by photothermal
agents [57-59], the quenched fluorescence emission thus
contributes to amplifying PA signal ratios of SPN4 and
SPN5 to SPN3 (2.8 and 5.8, respectively). On account of
the best in vitro PA performance, SPN5 was selected for
in vivo PA imaging of mouse tumor (Fig. 2c¢), with an
extremely high S/N ratio of 47 at 3.2 mm depth, while the
S/N ratio of indocyanine green (ICG, a commonly used
organic small molecule photothermal agent) was 5. Ow-
ing to the excellent photothermal conversion capability,
SPN5 also exhibited an extraordinarily low half maximal
inhibitory concentration (ICs,) value of 0.88 ugmL
upon 5-min laser irradiation at 808 nm (0.8 W cm ) and
an impressive in vivo PTT effect with U87 tumor totally
eliminated. This study highlights a general molecular
structure engineering design guideline to enhance the PA
imaging and PTT effect of organic photothermal agents
by increasing their D—A strength, which simultaneously
aggrandizes their extinction coefficients and non-radia-
tive decay efficiencies.

Nanoengineering approach

Thanks to the guidance of molecular structure en-
gineering approach, lots of organic/polymer photo-
thermal nanoagents with outstanding photothermal
conversion capability have been developed, realizing
better applications in PA imaging and PTT [60,61].
However, molecular structure engineering approach also
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Figure 2 (a) Molecular structures of SP3-5. (b) Schematic of the preparation of SPNs through nanoprecipitation. (c) Schematic diagram of the
application of SPNs in the PA imaging and PTT of tumors in live mice. Reproduced with permission from Ref. [56]. Copyright 2017, American

Chemical Society.

encounters some limitations, such as difficult synthesis
and time-consuming screening process. Thus, simple and
effective means to improve the PA imaging and PTT ef-
fect of photothermal agents are still highly demanded.
Recently, Pu and co-workers [62] reported a convenient
intraparticle nanoengineering approach to amplify the PA
signals of photothermal agents for in vivo pH detection,
considering the close association of aberrant pH with
many diseases ranging from inflammation to cancer
[63,64]. By nanodoping of a semiconducting oligomer
(SO) and a boron-dipyrromethene dye (pH-BDP), which
is pH-sensitive due to the protonation of the hydroxyl
group upon acidification, an activatable semiconducting
oligomer nanoprobe (SON) was obtained utilizing am-
phiphilic  poly(ethyleneglycol)-block-poly(propylenegly-
col)-block-poly(ethyleneglycol) (PEG-b-PPG-b-PEG) as
the encapsulating matrix (Fig. 3a). In addition to be a pH
indicator, pH-BDP also acts as a PA enhancer. Due to the
higher electron affinity and ionization potential of SO
with a low molecular weight (F-DTS) compared with that
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of pH-BDP, photoinduced electron transfer (PET) was
induced between those two optical components, resulting
in quenched fluorescence of F-DTS and consequent am-
plifying PA brightness of SONs (Fig. 3b). Along with a
decreasing pH, the absorption spectra of SONs exhibited
a distinct decreasing peak at 750 nm, while the peak at
680 nm changed slightly (Fig. 3¢). Owing to the direct
association of PA brightness with the absorption coeffi-
cients of photothermal agents, this spectral response to-
ward pH endows SONs with dual-peak ratiometric
detection ability for pH (PA680/PA750). To achieve the
optimal PA imaging effect, the relationship between the
PA brightness of SONs and the doping ratio of pH-BDP
was also researched. With the increasing doping ratio of
pH-BDP, the fluorescence of SONs gradually decayed,
leading to a continuous increasing PA signal until the
doping ratio of pH-BDP to be 75% (SONj;). SON;, was
then selected for the subsequent PA imaging owing to the
highest S/N ratio and the close PA brightness to SON;.
The ratiometric PA signal of SONj, solution at pH 5.5 is

November 2019 | Vol.62 No. 11
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Figure 3 (a) Molecular structures of F-DTS, pH-BDP and PEG-b-PPG-b-PEG. (b) Schematic of the preparation of SONs and the PET mechanism
between F-DTS and pH-BDP. (c) Schematic illustration of the PA amplification induced by doping and the mechanism for pH detection. Reproduced
with permission from Ref. [62]. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.8- and 3.1-times higher than that at pH 6.4 and 7.4,
respectively. Especially, there existed a good linear cor-
relation between pH and the ratiometric PA signal of
SONj, with R* = 0.991 in the range of pH 7.4 to 5.5,
endowing SON;, with an excellent capacity to quantify
the pH of tumors in vivo. This new intraparticle na-
noengineering strategy through modulating the energy
levels of binary components, which hence increases the
non-radiative decay efficiencies, provides a facile ap-
proach to amplify the PA imaging and PTT effect of
organic/polymer photothermal agents.

However, in spite of the convenience and effectiveness,
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intraparticle nanoengineering strategy also suffers from its
own limitation: this strategy is only applied to fluorescent
photothermal nanoagents, and the fluorescence of pho-
tothermal nanoagents quenches after doping, which sup-
presses the potential for simultaneous fluorescence
imaging. To address this restriction, Pu and co-workers
[65] further developed a general surface nanoengineering
strategy to concurrently enhance the fluorescence and PA
signals of photothermal nanoagents. By coating of tetra-
ethyl orthosilicate (TEOS) on the surface of SPN6, which
was prepared by the assembly of fluorescent poly(cyclo-
pentadithiophene-alt-benzothiadiazole) (SP6) with PEG-
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b-PPG-b-PEG, multilayered SPN6-SiO, with a thin opti-
cally inner silica shell on the surface was constructed.
Owning to the critical role of the molecular structures of
SPs in the regulation of the absorption and photothermal
conversion efficiencies of SPNs, SPN6 and SPN6-SiO,
have similar absorption spectra curves and maximum
photothermal temperatures. However, the temperature of
SPNG6 increased lower than that of SPN6-SiO, in the initial
stage of continuous laser irradiation, indicating the higher
heat interfacial conductance and hence the smaller inter-
facial heat diffusion resistance of silica to water as com-
pared with that of the SP6 core to water. Since the heat
diffusing rate of NPs to water also plays an important role
in the control of the PA performance of photothermal
nanoagents, SPN6-SiO, with higher heat diffusing rate
exhibits a 1.4 higher PA amplitude than uncoated SPN6 at
the same SP6 mass concentration. Specially, due to the
effective suppression of the interactions between SP6
molecules and water caused by silicon coating, SPN6-SiO,
also shows a 5.22-times elevated fluorescence quantum
yield than SPN6. This characteristic of surface nanoengi-
neering strategy is different from that of the above in-
traparticle nanoengineering strategy, wherein the PA
brightness is amplified along with a quenched fluores-
cence. To demonstrate the universality of this surface
nanoengineering strategy, a non-fluorescence SP analo-
gue, poly(cyclopentadithiophene-alt-diketopyrrolo-
pyrrole) (SP7), was also utilized to prepare the SPNs.
Similar to SP6, silica-coated SPN7-SiO, also performed a
higher PA amplitude than the corresponding uncoated
SPN7, affirming the universality of this surface na-
noengineering strategy for enhanced PA signals of pho-
tothermal nanoagents. By conjugation of cyclo(Arg-Gly-
Asp-D-Phe-Lys(mpa)) (c-RGD) peptides to the surface of
SPN1-Si0O,, the proof-of-concept application of the sur-
face nanoengineered SPN was demonstrated for targeted
PA imaging of tumor in vivo. This study highlights a
general surface nanoengineering strategy to concurrently
amplify the PA brightness and fluorescence of organic/
polymer photothermal nanoagents by increasing the heat
interfacial conductance from the nanoagents to water and
suppressing the interactions between the fluorescent
photothermal molecules and water.

Stimuli-controlled NP regrowth

Stimuli-controlled NP regrowth is another efficient
approach to activate and enhance the PA imaging and
PTT effect of photothermal agents. For instance, Pu and
co-workers [66] reported a semiconducting PA probe
with target-enhanced signal for in vivo ROS detection. By
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covalent linking phthalocyanine and PEG with phe-
nylboronic acid pinacol ester group, a ROS-responsive
amphiphilic SP (PCBP) was synthesized. Owing to the
excellent amphiphilicity, PCBP formed stable NPs with
small average hydrodynamic sizes of 20 nm. While under
ROS-stimulated conditions including H,0, and ONOO,
the phenylboronic acid pinacol ester group of PCBP self-
immolated to cleave hydrophilic PEG from PCBP, leaving
hydrophobic phthalocyanine behind, which subsequently
self-assembled and regrew into larger NPs with large
average hydrodynamic sizes of 350 nm (Fig. 4). Owing to
the accelerated heat transfer within large NPs compared
with corresponding small NPs [58,67-69], such an ROS-
responsive regrowth of PCBP eventually generated am-
plified PA signals for ROS detection. In vitro PA ex-
periment showed a linear relationship between PA
amplitude of PCBP solution and the concentration of
H,0, or ONOO, confirming the feasibility of PCBP for
the quantification of H,0, and ONOO . In contrast, the
PA amplitude of PCBP changed slightly upon other ROS
including ‘OH, '0,, CIO™ and O,. Moreover, the PA
amplitude of the control probe without ROS linker
changed slightly for all ROS. Benefitted from the pro-
longed retention time and enhanced PA signals of re-
generate large NPs, PCBP had an outstanding
performance in the detection of the ROS level at the tu-
mor sites in vivo. This study provides a supramolecular
approach to enhance the PA signals of organic/polymer
photothermal nanoagents by stimuli-controlled NP re-
growth, which increases the rate of heat transfer within
nanoagents.

Extending absorption wavelength to NIR-II window

Moreover, since photons need to penetrate tissues to
supply energy to photothermal agents during in vivo
application, extending the absorption wavelength with
stronger tissue penetration ability is also an effective way
to enhance the PA imaging and PTT effect of photo-
thermal agents. Recently, Liu and co-workers [69] de-
veloped a kind of SPNs with strong absorption in the
second near-infrared (NIR-II) window for enhanced PA
imaging and PTT of brain tumor. By alternatively poly-
merization of an electron-rich donor and an electron-
deficient acceptor, a planar donor-acceptor structured SP
(P1) with a broad NIR-II absorption peak near 1064 nm
was constructed (Fig. 5). To overcome the hydrophobicity
of P1, amphipathic DSPE-PEG,;,-Mal was then in-
troduced to afford P1 NPs with good water dispersibility.
In vitro tissue penetration experiments demonstrated the
superior tissue penetration ability of 1064 nm laser over

November 2019 | Vol.62 No. 11
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Figure 4 Schematic illustration and mechanism of the ROS-induced regrowth of PCBP NPs for enhanced PA imaging. Reproduced with permission
from Ref. [66]. Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

808 nm laser, which was the commonly used NIR-I laser,
with 46% light energy lost for 1064 nm laser and 70% lost
for 808 nm through 2 mm chicken tissue. Owing to the
strong tissue penetration capacity of NIR-II laser and
high absorption of P1 NPs in the NIR-II window, P1 NPs
exhibited excellent deep tissue imaging performance with
PA signals clearly detected under even 8 mm chicken
tissues upon 1064 nm pulsed laser irradiation [70]. In
order to apply P1 NPs to the diagnosis and treatment of
brain glioblastoma, which disheartened many photo-
theranostic agents with short wavelength absorption due
to the severely attenuate light caused by dense skull and
scalp, the surfaces of P1 NPs were further decorated with
c-RGD peptides, affording PIRGD NPs with dual-tar-
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geting ability for endothelial cells in the glioblastoma
angiogenic vasculatures and glioblastoma cells as well.
Benefitted from the enhanced tumor cellular uptake and
the strong absorption in NIR-II window, PIRGD NPs
showed an outstanding performance in the PA imaging of
orthotopic glioblastoma with S/N ratio to be 90, while the
S/N ratio of P1 NPs was 61, both far higher than the S/N
threshold of 5 to clearly distinguish glioblastoma from
surrounding tissues [38,71]. Moreover, PIRGD NPs also
performed well in PA image-guided PTT, with effective
tumor growth suppression upon low safety therapeutic
power of 1064 nm laser, while the power of 808 nm laser
utilized in the reported glioblastoma PTT was almost far
beyond the safety limit [72,73]. This study highlights an

1064 nm

\J
P1RGD NPs

Figure 5 Schematic illustration of the preparation of PIRGD NPs and the in vivo PA imaging and PTT of brain tumors. Reproduced with permission
from Ref. [69]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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effective approach to enhance the in vivo PA imaging and
PTT effect of organic/polymer photothermal nanoagents
by extending the absorption wavelength to the NIR-II
window, which increases the light energy harvested by
photothermal nanoagents at deep tissues. This approach
is believed to bring about a revolution in organic/polymer
photothermal nanoagents and promote their better ap-
plication in PA imaging and PTT.

DESIGN STRATEGIES FOR SMALL-
MOLECULE ORGANIC PHOTOTHERMAL
AGENTS-ENCAPSULATED NPs
Small-molecule organic photothermal agents have long
been a research hotspot in the biomedical field due to
their rich variety. However, small-molecule organic
photothermal agents often suffer from poor hydro-
philicity, short blood circulation time and low tumor
targeting ability, which severely restrict their in vivo PA
imaging and PTT effect [74]. To overcome this limitation,
amphiphilic co-polymers have been introduced to en-
capsulate small-molecule organic photothermal agents
into the hydrophobic core of self-assembly NPs, endow-
ing small-molecule organic photothermal agents with
high hydrophilicity and prolonged half-life in serum, as
well as active and passive tumor-targeting capability via
ligand—receptor interactions and EPR effect, respectively
[75-77]. These amphiphilic polymers are generally com-
posed of a hydrophobic portion and a hydrophilic por-
tion (e.g., PEG, and zwitterionic material, etc.), with the
former forming a stable hydrophobic core, while the
latter forming a hydration layer to reduce nonspecific
serum protein adsorption [78,79]. Benefitted from the
prolonged blood circulation time resulting from the re-
duced serum protein adsorption as well as the EPR effect,
organic/polymer photothermal NPs exhibited an en-
hanced tumor accumulation compared with small-mole-
cule organic photothermal agents themselves. However,
on account of the exogeneity, NPs were still largely re-
cognized by the immune system and mostly cleared by
the liver and kidney [80-82], resulting in a relatively low
NPs accumulation in the tumor sites and hence a non-
ideal PA imaging and PTT effect. Therefore, designing
biomimetic organic/polymer photothermal NPs with re-
duced accumulation in the liver and kidney and increased
enrichment at the tumor sites could be an effective ap-
proach to enhance the PA imaging and PTT effect of
tumor in vivo.

Increasing tumor accumulation via biomimetic approach
Recently, Cai and co-workers [83] reported a kind of
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cancer cell membrane-coated photothermal NPs (ICNPs)
based on the fusion of PEGylated cell membrane vesicles
self-assembled by the extracted MCF-7 cancer cell
membranes and DSPE-PEG on the surface of ICG-loaded
poly(lactic-co-glycolic acid) (PLGA) cores (Fig. 6a). Ow-
ing to the outstanding disguise capacity of cancer cell
membranes and resistance property to protein adsorption
of PEG, ICNPs exhibited an extremely long blood cir-
culation time, with the AUC,,;, (the area under the blood
drug concentration—time curve over 24 h) of ICNPs 11.7-
times higher than free ICG. Importantly, in vivo biodis-
tribution experiment showed a much lower accumulation
of ICNPs in the liver and kidneys than the corresponding
ICG NPs (INPs) without cell membrane coating. In sy-
nergy with the homologous active targeting ability and
passive targeting capability via the EPR effect, this re-
duced interception of the liver and kidney gave rise to
3.1- and 4.75-times higher tumor accumulation amount
of ICNPs compared with INPs and free ICG, respectively.
Benefitted from the highest tumor accumulation, ICNPs
performed the best in the dual-modal imaging (fluores-
cence and PA imaging) and PTT of in vivo tumors among
the three photothermal agents (Fig. 6b). This study de-
scribes a general approach to enhance the PA imaging
and PTT effect of tumors in vivo by designing biomimetic
organic/polymer photothermal nanoagents with in-
creased accumulation at the tumor sites.

Increasing the stability of small-molecule organic
photothermal agents

Compared with nanoengineering approach, developing
organic small molecule photothermal agents with high
photothermal conversion efficiencies and high stability is
more effective to improve the overall in vivo PA imaging
and PTT effect of photothermal NPs. In spite of posses-
sing high photothermal conversion efficiencies, the sta-
bility of most small-molecule organic photothermal
agents is poor, leading to subdued PA imaging and PTT
effect. Recently, Tang, Ding and co-workers [18] devel-
oped a highly stable small-molecule organic photothermal
agent (TPA-T-TQ) with NIR light-absorbing D-A struc-
ture (Fig. 7a). Amphiphilic DSPE-PEG,y,, was further
introduced to afford water-soluble TPA-T-TQ organic
NPs (ONPs) with an average diameter of about 68 nm.
Compared with ICG itself and ICG NPs, TPA-T-TQ
ONPs exhibited the highest photothermal stability, with a
nearly constant absorption spectrum of TPA-T-TQ ONPs
and a sharply decreasing maximal absorption intensity of
ICG and ICG NPs after 15 min 808 nm laser irradiation
(Fig. 7b). Anti-photobleaching experiment showed a
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Figure 6 Schematic of the preparation procedure of homologous-targeting ICNPs (a) and their application in the dual-modal imaging guided PTT
(b). Reproduced with permission from Ref. [83]. Copyright 2016, American Chemical Society.

negligibly changed photothermal conversion ability of
TPA-T-TQ ONPs after five cycles of heating and cooling
processes, and a 20% temperature elevation of the original
value after two heating—cooling circles of ICG and ICG
NPs, confirming the best photobleaching resistance of
TPA-T-TQ ONPs among these three photothermal
agents (Fig. 7c). Due to the overexpression of reactive
oxygen/nitrogen species (RONS) in many disease lesions
including inflammation and cancer, the physiological
stability of small-molecule organic photothermal agents
against RONS is also important in the diagnosis and
treatment of RONS-associated diseases. Among these
three photothermal agents, TPA-T-TQ ONPs exhibited
the highest stability upon the addition of ONOO and
‘OH, two main kinds of RONS (Fig. 7d). Owing to the
high photothermal stability and strong photobleaching/
RONS resistance, as well as large photothermal conver-
sion efficiency, TPA-T-TQ ONPs exhibited an impressive
performance in the PA imaging and PTT effect in vivo.
This study provides a general approach to enhance the in
vivo PA imaging and PTT effect of organic/polymer
photothermal nanoagents by increasing the stability of
small-molecule organic photothermal agents, which es-
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sentially maintains nearly constant extinction coefficients
and photothermal conversion efficiencies in in vivo ap-
plications.

Function-transformable strategy

In spite of the advantage of deep imaging depth, PA
imaging also has insufficient sensitivity when used alone.
In recent years, due to the complementarity of PA ima-
ging and fluorescence imaging, materials for dual-mod-
ality PA and fluorescence imaging, which integrates the
merits of high spatial resolution of PA imaging with high
sensitivity of fluorescence imaging, have attracted great
attention among researchers [84-86]. However, accord-
ing to Jablonski diagram, fluorescence emission, inter-
system  crossing  (phosphorescence and/or ROS
generation) and thermal deactivation are the main three
dissipation pathways of the light excitation energy ab-
sorbed by chromophores. This competitive relationship
between fluorescence emission and thermal deactivation
determines that fluorescence and PA imaging of afore-
mentioned materials could not be maximized at the same
time. Therefore, it is urgently desired to develop in-
telligent materials featuring adaptive PA/fluorescence
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Figure 7 (a) Schematic of the application of ONPs in PA imaging and PA imaging-guided PTT. (b) The ratios of the maximal absorption intensity of
ONPs/ICG/ICG NPs after and before laser irradiation (I/I;) various irradiation time. (c) Anti-photobleaching property of ONPs/ICG/ICG NPs during
five heating—cooling cycles. (D) The ratios of the maximal absorption intensity of ONPs and ICG in the presence and absence of different kinds of
RONS. Reproduced with permission from Ref. [18]. Copyright 2017, American Chemical Society.

imaging functions with utmost efficacies.

To meet this demand, Tang, Ding and co-workers [87]
developed a function-transformable optical agent (DTE-
TPECM) consisting of a photo-controllable dithieny-
lethene (DTE) core and two ambient 2-(1-(4-(1,2,2-tri-
phenylvinyl)phenyl)ethylidene) malononitrile (TPECM)
units. DTE-TPECM has two isomers with the ring in the
core open (ROpen-DTE-TPECM) or closed (RClosed-
DTE-TPECM), which reversibly switches upon external
UV/visible light irradiation (Fig. 8a). In the ring-closing
form, owing to the synergy between the intramolecular
energy transfer from TPECM to DTE and the inter-
molecular interactions arising from the relatively planar
geometric structure, the NIR-absorbed energy of RClosed-
DTE-TPECM is mainly dissipated by thermal deactivation
with no detectable fluorescence emission and pimping
ROS generation (Fig. 8b). This tilt of the photophysical
energy balance to thermal deactivation is greatly favorable
for PA imaging. While upon visible light irradiation, the
ring in the core opens to yield ROpen-DTE-TPECM with
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disappeared intramolecular energy transfer and reduced
intermolecular interactions result from the more twisted
3D geometric structure. These tremendously suppress the
thermal deactivation, leading to utmost absorbed energy
flowing to fluorescence emission and ROS generation
(Fig. 8¢c). In order to make DTE-TPECM applied in im-
age-guided cancer surgery, amphiphilic maleimide-bear-
ing lipid-PEG2000 and YSAYPDSVPMMS peptide were
then introduced to afford tumor-targeting DTE-TPECM
NPs with good water solubility. Thanks to the excellent
tumor-targeting and function-transformable property,
DTE-TPECM NPs exhibited an excellent performance in
the preoperative PA imaging via RClosed-DTE-TPECM
NPs and intraoperative fluorescent imaging/photo-
dynamic therapy of residual tumors via ROpen-DTE-
TPECM NPs, significantly reducing the risk of tumor
recurrence. This study highlights a function-transformable
strategy based on molecular structural transformations to
maximize the PA and fluorescence imaging efficiencies of
optical agents on demand.
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Figure 8 (a) Reversibility photo-controlled molecular structure of DTE-TPECM and its optimized geometric structure in the ring-closing/open form.
(b, ¢) Jablonski diagrams illustrating the photophysical processes of RClosed-DTE-TPECM (b) and ROpen-DTE-TPECM (c) upon laser irradiation.
Reproduced with permission from Ref. [87]. Copyright 2018, Springer Nature.

NEW EMERGING MECHANISM FOR deactivation for enhanced PA imaging and PTT effects
ADVANCED ORGANIC/POLYMER are still highly desirable. Recently, excited-state in-
PHOTOTHERMAL NANOAGENTS tramolecular motion has received increasing attention

Summarizing the above-mentioned design strategies that ~ due to its capability of converting optical energy to me-
have achieved enhanced PA imaging and PTT effects, chanical energy or luminescence [88-90]. In addition,
they are all essentially based on the strong intermolecular ~ because of the theoretical feasibility of heat generation,
interactions among photothermal molecules with planar  excited-state intramolecular motion also has great po-
structure. However, these strong intermolecular interac-  tential for the development of advanced photothermal
tions impede other channels of thermal deactivation at  agents. However, this possibility has been rarely explored
the same time. Thus, new molecular design concepts to  so far. Moreover, although active intramolecular motion
advanced photothermal agents with efficient thermal of molecular rotors and vibrators has been achieved in
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solution, it is greatly attenuated in the aggregated or solid
state, which significantly restricts its application in na-
nomaterials [91].

Intramolecular motion-induced photothermy

To address this issue, Tang, Ding and co-workers [92]
developed two NIR-absorbing organic small molecule
photothermal agents, 2TPE-NDTA and 2TPE-2NDTA,
by Suzuki-Miyaura coupling reaction between the boric
acid of tetraphenylethylene (TPE) and dibrominated
naphthalene  diimide-fused  2-(1,3-dithiol-2-ylidene)
acetonitrile (NDTA)/2NDTA with long alkyl chains, re-
spectively. In the aggregated state, owing to the inter-
molecular spatial isolation arising from the long alkyl
chains, the rings of TPE are expected to rotate freely in
the created rooms. To verify this concept, solid-state
nuclear magnetic resonance was employed to evaluate the
molecular motion behavior of 2TPE-NDTA and 2TPE-
2NDTA in the solid state. Single TPE was employed as
control. The results manifested that the relaxation time of
2TPE-NDTA and 2TPE-2NDTA were largely decreased
compared with that of single TPE, directly confirming the
critical role of long alkyl chains in permitting the free
intramolecular motion in the aggregated state. In order to
evaluate whether the intramolecular rotation could gen-
erate enough heat, the photothermal conversion of 2TPE-
NDTA NPs and 2TPE-2NDTA NPs utilizing DSPE-
PEG, as the encapsulating matrix was investigated. A
high-performing semiconducting polymer, poly(cyclo-
pentadithiophene-alt-benzothia-diazole), was also pre-
pared into SPNs as the control. Encouragingly, 2TPE-
NDTA NPs and 2TPE-2NDTA NPs both exhibited higher
photothermal conversion efficiencies than SPNs, de-
monstrating the excellent heat generating ability of the
intramolecular rotation. Specifically, 2TPE-2NDTA NPs
showed the highest photothermal conversion efficiency
among these three NPs. These results are consistent with
the greatly reduced fluorescence quantum yield of 2TPE-
NDTA NPs and 2TPE-2NDTA NPs compared with that
of NDTA NPs, which facilitated the dominated non-
radiative decay in the exciton relaxation process. Based
on the above results, Tang, Ding and co-workers thus put
forward a concept of “intramolecular motion-induced
photothermy (iMIPT)” as a new molecular guideline to
develop advanced photothermal agents. Contrary to the
“aggregation-induced emission” (AIE) process, which
suppresses active intramolecular motion to emit bright
light in the aggregates [93-100], iMIPT process favors the
active excited-state intramolecular motion to generate
heat in aggregates (Fig. 9). Owing to the excellent pho-
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tothermal conversion efficiency and inherent EPR effect,
2TPE-2NDTA NPs exhibited an outstanding perfor-
mance in the PA imaging of tumors in vivo with high-
contrast. This study highlights a new mechanism based
on iMIPT to develop advanced organic/polymer photo-
thermal agents with high photothermal conversion effi-
ciencies, which is believed to promote the application of
PA imaging and PTT profoundly.

Adjusting TICT in aggregates for boosting photothermal
property

Excited-state intramolecular motion was also found to
induce the formation of twisted intramolecular charge
transfer (TICT) state, which returned to the ground state
mainly through thermal deactivation as well. Due to the
susceptibility to environment, TICT thus has great po-
tential to enhance the heat generation [101]. In addition,
the long alkyl chain could also regulate the TICT prop-
erties of photothermal agents while facilitating the ex-
cited-state intramolecular motion. Therefore, it is
speculated that regulating the TICT properties in the
molecular motion state should be beneficial to the de-
velopment of advanced photothermal agents with further
elevated photothermal conversion efficiency.

In order to verify this speculation, Tang, Ding, Shi and
co-workers [102] further developed four NIR-absorbing
organic small molecule photothermal agents featured
with a linear 1-hexyl unit, and three second-position
branched alkyl groups including 2-ethylhexyl, 2-octylde-
cyl and 2-decylmyristyl, denoted as NIR6, NIRb6, NIRb10
and NIRb14, respectively (Fig. 10a). Due to the weak
steric hindrance to induce the molecular motion in ag-
gregates, NIR6 was designed to compare the effect of
molecular motion with NIRb6. While NIRb6, NIRb10
and NIRb14 with suitable steric hindrance and increasing
chain length were designed to evaluate the photothermal
effect of TICT with different degrees, considering the
increasing ICT rate constant with the extended length of
the alkyl chains and the increasing dihedral angle between
electron-withdrawing benzo[1,2-c:4,5-¢'|bis([1,2,5] thia-
diazole) (BBTD) and electron-donating thiophene from
NIRb6 to NIRb14 (Fig. 10b). Photothermal experiments
exhibited a higher photothermal conversion of NIRb6
NPs than that of NIR6 NPs, confirming the heat gen-
eration ability of molecular motion in aggregates. More-
over, the critical role of TICT to further enhance the heat
generation was demonstrated by the gradually increasing
photothermal conversion efficiencies of NIRb6, NIRb10
and NIRb14 NPs. Thus, Tang, Ding and co-workers put
forward a concept of “adjusting TICT in aggregates for
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Figure 9 Schematic illustration of the working mechanisms of AIE and iMIPT using TPE and 2TPE-NDTA as the example, respectively. Reproduced

with permission from Ref. [92]. Copyright 2019, Springer Nature.

boosting photothermal property” as a new mechanism to
develop advanced photothermal agents. Afterwards, in
order to apply NIRb14 to the diagnosis and treatment of
tumors in vivo, poly(-amino ester)-b-poly(caprolactone)
(PAE-b-PCL) and poly(ethylene glycol)-block-poly(ca-
prolactone) (PEG-b-PCL) were introduced to afford tu-
mor microenvironment-responsive NIRb14-PAE/PEG
NPs. Thanks to the prolonged blood circulation time and
enhanced tumor accumulation, as well as the high pho-
tothermal conversion efficiency, NIRb14-PAE/PEG NPs
exhibited a superb PA imaging contrast and PTT efficacy
in vivo of mice. This study highlights a new molecular
motion mechanism, “adjusting TICT in aggregates for
boosting photothermal property”, to develop advanced
organic/polymer photothermal agents with further ele-
vated non-radiative decay efficiencies for enhanced PA
imaging and PTT effect.

CONCLUSIONS AND PERSPECTIVES

Organic/polymer photothermal nanoagents including
semiconducting polymer NPs and small-molecule organic
photothermal agents-encapsulated NPs give excellent
performance in in vivo PA imaging and PTT, due to their
excellent optical properties, good biocompatibility, easy
processability, and flexible surface functionalization. The
in vivo PA and PTT efficiencies of the organic/polymer
photothermal nanoagents are closely related to their ex-
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tinction coefficients, non-radiative decay efficiencies and
Griineisen coefficients, as well as the heat interfacial
conductance from the nanoagents to water, the tissue
penetrating ability of light absorbing and the amount of
nanoagents at the targeted sites. This review summarizes
the recent advances in the design strategies of organic/
polymer photothermal nanoagents for PA imaging and
PTT applications. Specifically, molecular structure
screening strategy is an important approach for enhanced
PA signals by screening organic photothermal agents with
high extinction coefficients. However, this strategy lacks
theoretical guidance and consumes lots of time. To
overcome this limitation, a general molecular structure
engineering design guideline to enhance the PA imaging
and PTT effect of organic photothermal agents is pro-
posed by increasing their D—A strength, which simulta-
neously aggrandizes their extinction coefficients and non-
radiative decay efficiencies. Considering the difficult
synthesis of molecular structure engineering strategy,
nanoengineering approach is an alternative means to
simply and effectively improve the PA imaging and PTT
effect of organic/polymer photothermal nanoagents.
Nano-engineering approach consists of intraparticle na-
noengineering approach and surface nanoengineering
approach, which increases the non-radiative decay effi-
ciencies and the heat interfacial conductance from the
nanoagents to water, respectively. Stimuli-controlled NP
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Figure 10 (a) Molecular structures of NIR6, NIRb6, NIRb10 and NIRb14. (b, ¢) Schematic diagram of the TITC states of NIR6 and NIRb14 in
solution (b) and aggregation state (c). (d) Schematic diagram of the different PA imaging-guided PTT effects employing NIR6 NPs and NIRb14 NPs
as the photothermal agents, respectively. Reproduced with permission from Ref. [102], Copyright 2019, American Chemical Society.

regrowth is another efficient approach to activate and
enhance the PA imaging and PTT effect of organic/
polymer photothermal nanoagents, which increases the
rate of heat transfer within NPs. Moreover, since photons
need to penetrate tissues to supply energy to photo-
thermal nanoagents during in vivo applications, extend-
ing the absorption wavelength to the NIR-II window,
which increases the light energy harvested by photo-
thermal nanoagents at deep tissues, is also an effective
way to enhance the PA imaging and PTT effect of or-
ganic/polymer photothermal nanoagents. However, in the
application of PA imaging and PTT of tumors in vivo,
photothermal nanoagents are generally largely recognized
by the immune system and mostly cleared by the liver
and kidney as a result of their exogeneity, resulting in a
relatively low nanoagents accumulation in the tumor sites
and hence a non-ideal PA imaging and PTT effect. To
resolve this issue, a general approach to enhance the PA
imaging and PTT effect of tumors in vivo is proposed by
designing biomimetic photothermal nanoagents with re-
duced accumulation in the liver and kidney and increased
accumulation at the tumor sites. In addition, as an im-
portant class of organic/polymer photothermal na-
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noagents, small-molecule organic photothermal agents-
encapsulated NPs generally suffer from the poor stability
issue, which leads to subdued PA imaging and PTT effect.
Thus, increasing the stability of small-molecule organic
photothermal agents, which essentially maintain nearly
constant extinction coefficients and photothermal con-
version efficiencies in in vivo applications, is also a gen-
eral approach to enhance the in vivo PA imaging and PTT
effect of organic/polymer photothermal nanoagents. Be-
sides, in some cases, organic/polymer photothermal na-
noagents with dual-modality PA and fluorescence
imaging ability are required, due to the complementarity
of high spatial resolution of PA imaging and high sensi-
tivity of fluorescence imaging. However, according to
Jablonski diagram, fluorescence emission and thermal
deactivation are two competitive dissipation pathways of
the light excitation energy absorbed by chromophores,
which implies that fluorescence and PA imaging of one
single optical material could not be maximized at the
same time. To address this dilemma, a function-trans-
formable strategy based on molecular structural trans-
formations was proposed to maximize the PA and
fluorescence imaging efficiencies of optical agents on
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demand. At last, two new emerging mechanisms based on
“intramolecular motion-induced photothermy” and “ad-
justing TICT in aggregates for boosting photothermal
property” are highlighted to develop advanced organic
photothermal agents with high photothermal conversion
efficiencies, which are believed to promote the application
of PA imaging and PTT profoundly.

Although great achievements have been made in the
development of advanced organic/polymer photothermal
nanoagents following these above strategies, many chal-
lenges still exist. Despite of the nontoxicity exhibited by
cell and mouse experiments, the long-term toxicity of
organic/polymer photothermal nanoagents, especially
SPNs, has not been fully understood. Designing SPNs
with biodegradation ability or ultrasmall sizes (<5 nm),
which endow SPNs with fast renal clearance capability, is
a practicable approach to resolve this issue. In addition, as
most of the current studies have achieved enhanced PA
imaging and PTT effects of organic/polymer photo-
thermal nanoagents by adjusting their extinction coeffi-
cients and non-radiative decay efficiencies, advanced
nanoagents based on the regulation of Griineisen coeffi-
cients are still rare. Large amount of researches on reg-
ulating Griineisen coefficients are required to be
conducted to fully elucidate its mechanism. Moreover,
compared with fluorescence imaging, the detection sen-
sitivity of PA imaging still has a large room to be opti-
mized. Integration of traditional approaches and new
emerging mechanisms, e.g., developing NIR-II light-ab-
sorbing iMIPT luminogens or conjugated polymers with
iMIPT characteristic, may be an effective strategy to im-
prove the detection sensitivity of PA imaging, which
could in turn conduce to the reduction of toxicity by
lowering the dosage of photothermal nanoagents ad-
ministrated. Considering more and more attention at-
tracted by the excellent PA imaging and PTT capabilities
of organic/polymer photothermal nanoagents, these
above issues are expected to be resolved in the near fu-
ture, and advanced organic/polymer photothermal na-
noagents with adaptive photothermal function and
efficacy obtained under the guidance of photophysical
property regulation will finally benefit the advancement
of disease theranostics.
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