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Grafted semiconducting polymer amphiphiles for
multimodal optical imaging and combination
phototherapy
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Semiconducting polymer nanoparticles (SPNs) have gained growing attention in biomedical applications.
However, the preparation of SPNs is usually limited to nanoprecipitation in the presence of amphiphilic
copolymers, which encounters the issue of dissociation. As an alternative to SPNs, grafted
semiconducting polymer amphiphiles (SPAs) composed of a semiconducting polymer (SP) backbone and
hydrophilic side chains show increased physiological stability and improved optical properties. This
review summarizes recent advances in SPAs for cancer imaging and combination phototherapy. The
applications of SPAs in optical imaging including fluorescence, photoacoustic, multimodal and
activatable imaging are first described, followed by the discussion of applications in imaging-guided
phototherapy and combination therapy, light-triggered drug delivery and gene regulation. At last, the
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1. Introduction

Cancer theranostics which integrates cancer imaging and
therapy into one system provides the opportunity of continuous
monitoring of therapeutic efficiency, thus allowing clinicians to
design personalized medicine for each patient."”” Among
numerous imaging modalities, optical imaging which utilizes
light as an excitation or signal source has gained more and
more attention because of its advantages such as low toxicity,
high sensitivity, low cost and minimal detection time.*”” Besides
optical imaging, light can also trigger phototherapy including
photodynamic therapy (PDT) and photothermal therapy (PTT),
which are both promising therapeutic methods with the
advantages of precise treatment and minimized side effects.*"*
Thus, phototheranostics which combines optical imaging and
phototherapy is a promising theranostic modality.”*** Until
now, many materials have been developed as phototheranostic
agents including near-infrared (NIR) dyes,"**® inorganic nano-
particles,>**** carbon and two-dimensional materials.?>?**
However, all of them have their own disadvantages such as poor
photostability and low absorption coefficients.***” Therefore,
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conclusion and future prospects in this field are discussed.

developing new optical agents with improved properties for
phototheranostics is highly demanded.

Semiconducting polymers (SPs) are macromolecules with -
conjugated backbones, which have been widely applied in the
fields of electronic devices and sensors because of their unique
optical properties.”® Recently, semiconducting polymer nano-
particles (SPNs) derived from SPs have been applied in optical
imaging owing to their high absorption coefficient, good pho-
tostability and biocompatibility.**** In detail, SPNs can be
applied in fluorescence imaging including tumor imaging and
cell tracking.**** NIR-absorbing SPNs can be applied in photo-
acoustic (PA) imaging of stem cells,*® vasculature,*”~*° tumor,****
lymph nodes,** ROS*** and pH.** Chemiluminescence and
afterglow imaging of tumor,”> reactive oxygen species
(ROS),**** temperature® and immunoactivation®” can also be
conducted by using SPNs with unique structures. In addition,
SPNs with a high photothermal conversion efficiency (PCE) or
singlet oxygen quantum yield can be used for PTT or PDT,
respectively.’>*** With such broad applications in optical
imaging and phototherapy, numerous SPN-based nanoagents
have been developed for phototheranostics, and most of them
showed satisfactory efficacy.**”°

Despite the promise of SPNs in the field of cancer thera-
nostics, some limitations still need to be overcome. The prep-
aration of water-soluble SPNs is limited by encapsulating
hydrophobic SPs into amphiphilic copolymers through nano-
precipitation.””® Thus, such SPNs are in principle binary
micelles. According to previous studies, micelles may dissociate
in the blood circulation as the concentration of micelles may
decrease significantly below the critical micelle concentration
(CMC) in such an environment.” In addition, interactions with
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protein and other biological substances in the circulation may
accelerate the micelle dissociation, leading to aggregation of
hydrophobic SPs and poor biodistribution of nanoparticles.”>”®
Therefore, approaches to preparing structurally stable SPNs are
highly desired.

To overcome the disadvantages of SPNs, grafted semi-
conducting polymer amphiphiles (SPAs) are designed and
synthesized. SPAs are synthesized by grafting hydrophilic
moieties onto the side chains of SPs. Such a structure enables
SPAs to self-assemble in aqueous solution without the help of
an amphiphilic copolymer, leading to a non-dissociable struc-
ture, improved optical properties and biodistribution profile
compared with SPNs. Until now, the optical properties, prepa-
ration methods and biological applications of SPNs have been
widely studied and reported in a number of reviews.”””®
However, the synthesis, properties and applications of SPAs are
rarely summarized. In this review, we summarize recent
advances in the development of SPAs for cancer imaging and
therapy. In the first part, we discuss the application and
development of SPAs in molecular optical imaging, with fluo-
rescence, PA, multimodal and activatable imaging being
sequentially introduced. The second part discusses the appli-
cations of SPAs in phototheranostics including imaging-guided
phototherapy and combination therapy, followed by light-
triggered drug delivery and gene regulation. At last, a brief
summary is given together with the discussion of the current
status and potential challenges of this field.

2. Chemistry of SPAs

To synthesize SPAs, SPs with functional groups on the side
chains should firstly be synthesized. Such kinds of SPs can be
synthesized by using monomers with functional side chains.
Copper-catalyzed click chemistry is the most commonly used
method to graft hydrophilic moieties onto SPs, on account of its

r

N3 N3
N3

W R P o
Br Br Bl N3 N3

View Article Online

Perspective

simple and highly efficient features.” Bromide-grafted SPs are
first synthesized, followed by reacting with sodium azide to
substitute bromide into azide. Azide-grafted SPs are then reac-
ted with alkyne-modified hydrophilic moieties via a click reac-
tion to give SPAs. Most SPAs were synthesized via such
a procedure, such as SPA1-10, SPA14-17, SPA20, SPA22-24, and
SPA27-33. The amidation reaction with a satisfactory reaction
yield under mild reaction condition is another convenient
reaction used to synthesize SPAs. For such a procedure, SPs with
tert-butyl ester as the side chain are first synthesized, followed
by deprotecting tert-butanol with trifluoroacetic acid (TFA) to
give carboxyl-grafted SPs. The amidation reaction was then
carried out between such SPs and amino-functionalized
hydrophilic moieties to give SPAs (Fig. 1). SPA11-13 and SPA34
were synthesized via such a procedure. Most SPAs can directly
dissolve into water and self-assemble into nanoparticles. In
addition, SPAs can encapsulate hydrophobic drugs or photo-
sensitizers to form theranostic = nanosystems via
nanoprecipitation.

3. Molecular optical imaging

Different hydrophilic moieties can be modified onto the side
chains of SPs, such as polyglycerol (SPA1), poly(ethylene glycol)
(PEG) (SPA2-11, SPA13-17), and chelator 6-hydrazinonicotinyl
(SPA12) (Schemes 1 and 2). Most SPAs can be directly used as
imaging contrast agents. To endow SPAs with the capability of
afterglow imaging, photosensitizers were needed to be encap-
sulated into SPAs. For multimodal imaging, Gd*' ions or
radioactive elements should be chelated by SPAs. The hydro-
dynamic size of these SPAs ranged from several nanometers to
hundreds of nanometers. For semiconducting oligomer-based
SPAs, the size can reach as small as ~8 nm (SPA10). SPAs with
relatively high PEG density may have a size of 20-40 nm. Also,
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Fig. 1 Schematic illustration of SPAs prepared via click and amidation reactions.

10554 | Chem. Sci, 2020, 1, 10553-10570

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc01721c

Open Access Article. Published on 15 Julayi 2020. Downloaded on 2/1/2026 11:19:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

NN
NOL~of,

o
I N

45,(/ S 0.0
° CgHy7' CgHiz

m=45, SPAS

m=113, SPA6

™
*o’\lfoJK‘:N *O/\}SJN
" m=113, SPA8

N N
meds, sPA7 “o~R AN Ny oL~of,

View Article Online

Chemical Science

Scheme 1 Chemical structures of SPA1-10 for molecular optical imaging.

some SPAs had a size larger than 100 nm (SPA11), probably
because of their low PEG density.

3.1. Fluorescence and PA imaging

Fluorescence imaging is a convenient and cost-effective optical
imaging modality for disease diagnosis, fundamental biological
research and real-time monitoring of therapeutic effects
because of its high sensitivity and high temporal resolution.®**
Different from fluorescence imaging, PA imaging utilizes
ultrasonic waves as the signal source and has a higher spatial
resolution and deeper tissue penetration relative to fluores-
cence imaging.**** Considering the complementary advantages
of fluorescence and PA dual-modal imaging

imaging,
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combining fluorescence and PA imaging has also gained more
and more attention.®>*

Liu et al. synthesized fluorescent SPA1 with hyperbranched
polyglycerol as the side chain. Owing to the strong fluorescence
signal and good water solubility, SPA1 was applied for fluores-
cence cell imaging.*” To synthesize SPAs for PA imaging, two
SPAs (SPA2 and SPA3) containing diketopyrrolopyrrole (DPP) in
the semiconducting backbone were designed. SPA3 with
a higher PA intensity can be applied for in vivo PA imaging of
tumor.®® Compared with SPNs, semiconducting oligomer
nanoparticles (SON) usually had a smaller hydrodynamic size,
as the molecular weight of the semiconducting oligomer was
lower than that of SPs. Therefore, a semiconducting oligomer-
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Scheme 2 Chemical structures of SPA11-17 for molecular optical imaging.

This journal is © The Royal Society of Chemistry 2020

Chem. Sci., 2020, 11, 10553-10570 | 10555


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc01721c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 15 Julayi 2020. Downloaded on 2/1/2026 11:19:25 PM.

(cc)

Chemical Science

based SPA (SPA4) was designed and synthesized and can be
used for in vivo fluorescence/PA dual-modal imaging.*
Grafting PEG onto SPs may change the conformation of SPs,
thus affecting their optical properties. To study the influence of
grafting density on the fluorescence and PA properties of SPAs,
several SPAs (SPA5-8) with different PEG grafting densities were
synthesized.” Poly(diketopyrrolopyrrole-alt-fluorene) (PDPPF)
was used as the backbone of SPAs. All SPAs showed two vibronic
peaks at 601 and 640 nm, which were slightly blue-shifted
compared with that of PDPPF encapsulated by PEG-b-PPG-b-
PEG (SPN1) (Fig. 2a). SPA7 had the highest fluorescence
quantum yield (4.31%) among all the nanoparticles, followed by
SPAS (3.13%), SPA5 (2.77%), SPA6 (2.73%), and SPN1 (1.02%)
(Fig. 2b). The fluorescence intensity of SPA7 was 11-fold higher
than that of SPN1. In contrast, the PA amplitudes of all five
nanoparticles at 680 nm were almost the same, which was
approximately 4-fold higher than that of gold nanorods (GNRs)
under the same concentrations of optical components (Fig. 2c).
To understand the effect of PEG grafting density on the optical
properties of SPAs, theoretical simulation was conducted to
study the structures of SPAs. The results indicated that SPAs
with a higher PEG density had a looser SP core when self-
assembled in water, which can be attributed to the higher
steric hindrance of the side chain for SPA7 than that for SPA5
(Fig. 2d). Therefore, the higher fluorescence intensity of SPA7
and SPAS8 can be explained by their less aggregated SP cores,
leading to less fluorescence quench compared with other SPAs.
With the highest fluorescence intensity and satisfactory PA
amplitude, SPA7 was further applied for fluorescence and PA
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dual-modal imaging of tumor. After tail vein injection of SPA7,
the fluorescence and PA signal in the tumor area of living mice
gradually increased and reached a maximum at ¢ = 8 h and 6 h,
respectively (Fig. 2e and f). In addition, ex vivo biodistribution
data for SPA7 indicated that tumor had the highest accumula-
tion among all the major organs including the liver and spleen,
indicating the excellent tumor accumulation capability of SPA7.
The SPNs prepared by nanoprecipitation often had the highest
accumulation in the liver. Therefore, such improved bio-
distribution of SPA7 may be attributed to its small hydrody-
namic size (25 nm) and high PEG density.

3.2. Afterglow imaging

Although traditional optical imaging modalities such as fluo-
rescence and PA imaging have shown great promise in the field
of cancer diagnosis, some limitations still need to be overcome
to further improve the diagnostic accuracy. One of the limita-
tions is the low signal to background ratio (SBR) for both fluo-
rescence and PA imaging, as they need real-time excitation
during the imaging process.”* Afterglow imaging is a novel
imaging modality that detects luminescence emission after the
removal of the excitation source. Thus, afterglow imaging can
provide ultrahigh imaging sensitivity and deep tissue penetra-
tion with a minimum tissue background.’”**

To prepare SPA-based afterglow agents, we used poly-
phenylenevinylene (PPV) and PEG as the backbone and side
chain, respectively, to give SPA9.* A NIR-absorbing photosen-
sitizer (NCBS) was co-precipitated with SPA9 to form SPAN9
(Fig. 3a). Compared with PPVP prepared by nanoprecipitation of
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Fig. 2 Normalized absorption (a) and fluorescence (b) spectra of SP nanoparticles. (c) PA amplitudes of gold nanorods and SP nanoparticles
under the same concentrations of optical components. (d) Simulated structures of nanoparticles and cores for SPA7PEG and SPA5PEG. (e)
Representative fluorescence images of tumor bearing nude mice after i.v. injection of SPA7 at 0, 8, and 24 h. (f) Representative PA 3D image of
tumor from SPA7-injected tumor bearing mice at t = 6 h post-injection. The error bars represent standard deviations of three different
measurements. *No statistically significant difference. Adapted from ref. 90. Copyright© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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MEHPPV and NCBS in the presence of PEG-b-PPG-b-PEG,
SPANO had a smaller hydrodynamic size (24 vs. 34 nm). SPAN9
and PPVP had similar absorption spectra, both showing two
peaks at around 500 and 775 nm corresponding to the
absorption of PPV and NCBS, respectively (Fig. 3b). The after-
glow spectra of SPAN9 and PPVP were similar to their fluores-
cence spectra, and the afterglow intensity of SPAN9 was 1.3-fold
higher than that of PPVP (Fig. 3c). The mechanism of afterglow
signal generation for SPAN9 was similar to that in our previous
study for PPVP. The generated singlet oxygen first reacts with
double bonds of PPV with the resulting unstable intermediates
being decomposed to release energy in the form of light.>”
With strong NIR afterglow intensity, SPAN9 was then used
for in vivo tumor imaging. To test the early diagnosis ability of
SPAN9Y, the tumor volume was controlled to be ~5 mm?®. After
i.v. injection of SPAN9 for 40 min, the afterglow images of mice
can clearly show the position of tumor, while fluorescence
images only showed the background signal. For PPVP-injected
mice, afterglow images only showed the liver at such a time
point, and the tumor can only be detected at 4 h post-injection
(Fig. 3d). For both SPAN9 and PPVP-injected mice, the highest
tumor accumulation of nanoparticles was detected at 24 h post-
injection while the afterglow images of SPAN9-injected mice
had a SBR of 306, 11-fold higher than that of fluorescence
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images (Fig. 3e). Ex vivo biodistribution study indicated that
SPAN9 had higher accumulation in tumor than PPVP.

SPAN9 was then applied for metastatic tumor imaging owing
to its superior ability of tumor detection. Peritoneal metastatic
tumor-bearing mice were treated with SPAN9 or PPVP via i.v.
injection, and fluorescence and afterglow images were captured
at designated time points. The afterglow signal in the lower
quadrant region gradually increased for SPAN9-injected mice,
while no such increase was observed for PPVP-injected mice
(Fig. 3f). At 1.5 h post-injection, skin and peritoneum of all mice
were resected and the lower quadrant regions were imaged.
Only autofluorescence can be detected for both SPAN9- and
PPVP-injected mice. In contrast, strong afterglow spots can be
detected on the intestine of SPAN9-injected mice, but no such
signal was observed for PPVP-injected mice (Fig. 3g). H&E
staining demonstrated that the tiny afterglow spots from
SPAN9-injected mice were tumor tissues, which were hardly
distinguished by the naked eye. Such results confirmed the fast
detection of tiny metastatic tumors for SPAN9.

Based on the structure of oligophenylenevinylene (OPV),
SPA10 was synthesized for in vivo afterglow imaging of bio-
thiols.** SPA10 can react with cysteine or homocysteine by virtue
of its aldehyde groups. Upon addition of cysteine, the fluores-
cence intensity of SPA10 increased by 25.2-fold, while its
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(a) Schematic illustration for the preparation of SPAN9. (b) Absorption spectra of SPAN9 and PPVP in 1x PBS buffer (pH 7.4). (c) Afterglow

spectra of SPAN9 and PPVP under the same mass concentration (130 pg mL™). (d) Afterglow images of living mice after i.v. injection of SPAN9 or
PPVP for 40 min. (e) SBRs for fluorescence and afterglow imaging of tumor in living mice injected with SPAN9 or PPVP as a function of post-
injection time. (f) Afterglow intensities of the lower quadrant region of living mice after i.v. injection of SPAN9 or PPVP as a function of post-
injection time. (g) Fluorescence and afterglow images of abdominal cavity of mice after skin resection at 1.5 h post-injection of SPAN9 or PPVP.
White circles mark the position of tumors. *Statistically significant difference (p < 0.05, n = 3). Error bars represent standard deviations of three
different measurements (n = 3). Adapted from ref. 93. Copyright© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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afterglow intensity remained the same. With such a feature,
SPA10 was applied for fluorescence imaging of cysteine in living
cells. After encapsulation of NCBS, the absorption and emission
of formed SPAN10 can be extended to the NIR region via fluo-
rescence resonance energy transfer (FRET), which showed
enhanced in vivo afterglow imaging of cysteine.

3.3. Multimodal imaging

Although optical imaging has shown great potential in
biomedical applications, traditional imaging modalities such as
magnetic resonance imaging (MRI) and X-ray computed
tomography (CT) imaging have their own advantages and are
irreplaceable in clinical diagnosis.”® Thus, multimodal imaging
which combines optical and traditional imaging modalities
may provide better diagnostic efficacy than any single modality.

To combine MRI with optical imaging, SPA11 with PEG and
carboxyl groups on the side chains was designed and synthe-
sized.”® Such a design endowed SPA11 with the ability of
chelating Gd*" ions to form SPAN11 with good water solubility
(Fig. 4a). SPAN11 had an absorption peak at 760 nm and a NIR-
II fluorescence emission peak at 1056 nm (Fig. 4b). The fluo-
rescence quantum yield of SPAN11 was determined to be 0.38%.

View Article Online

Perspective

In vitro stability studies indicated that SPAN11 had superior
photostability to indocyanine green (ICG). In addition, approx-
imately 95% of Gd*" ions remained within SPAN11 after 1 day
incubation in PBS (pH 7.4), indicating the good physiological
stability of SPAN11. The capability of multimodal imaging for
SPAN11 was then studied. A linear correlation between PA
intensity at 760 nm and the concentration of SPAN11 was
observed, showing the feasibility for the quantification of PA
signals. A similar trend for the MR signal was observed, and the
magnetic relaxivity (r;) of SPAN11 was calculated to be 10.95
mM ' s, which was significantly higher than that of the
widely used Gd-DTPA contrast agent (4.40 mM " s~ '). Along
with its satisfactory NIR-II fluorescence quantum yield
mentioned above, SPAN11 was a good candidate for NIR-II
fluorescence/PA/MRI tri-modal imaging.

SPAN11 was then applied for in vivo multimodal imaging,
and 4T1 xenografted nude mice were used as the mouse model.
Before injection of SPAN11, the tumor area of mice showed
a weak background signal for both PA and T;-weighted MRI
imaging. After i.v. injection of SPAN11, both PA and MRI signals
in the tumor area gradually increased over time, indicating the
accumulation of SPAN11 into the tumor site (Fig. 4c). Compared
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(a) Schematic illustration for the preparation of SPAN11. (b) Absorption and emission spectra of SPAN11. (c) /n vivo MRI and PA imaging of

tumor bearing mice after i.v. injection of SPAN11 at different time points. The red circles indicate the position of tumor. (d) NIR-II fluorescence
image of vascular tissues of a living mouse after i.v. injection of SPAN11 for 2 min under 808 nm laser excitation. The red arrows indicate blood
vessels. (e) Representative NIR-II fluorescence images of 4T1 tumor bearing mice after i.v. injection of SPAN11 at different time points. The yellow
circles indicate the position of tumor. (f) Ex vivo NIR-II fluorescence quantification of major organs from mice after 24 h post-injection of SPAN11.
Error bars represent the standard deviations of three different measurements (n = 3). Adapted from ref. 96. Copyright© 2019 Ivyspring Inter-
national Publisher.
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with the commercially available T;-weighted contrast agent Gd-
DTPA, SPAN11 had a longer circulation time and higher tumor
accumulation. These data demonstrated the efficient passive
tumor accumulation and imaging capability of SPAN11.

Compared with NIR-I fluorescence imaging that utilizes
wavelengths ranging from 700 to 900 nm, NIR-II fluorescence
imaging which collects light beyond 1000 nm exhibits a higher
spatial resolution and deeper tissue penetration.®” SPAN11 was
then applied for NIR-II fluorescence imaging by virtue of its
long emission wavelength (1056 nm). After iv. injection of
SPAN11 for 2 min, the blood vessels of the whole body of mice
can be lit up (Fig. 4d), indicating the circulation of SPAN11.
Similar to the results of PA and MRI imaging, the NIR-II fluo-
rescence signal in the tumor area gradually increased with the
accumulation of SPAN11 (Fig. 4e). Ex vivo biodistribution of
SPAN11 evaluated by NIR-II fluorescence imaging indicated that
SPAN11 mainly accumulated in the liver, spleen and tumor
(Fig. 4f). No damage to the major organs collected from SPAN11-
injected mice was observed from H&E staining, indicating the
good biocompatibility of SPAN11. In conclusion, SPAN11 can
passively accumulate into the tumor site and be used as
a multimodal imaging contrast agent for NIR-II fluorescence/
PA/MRI imaging.

To achieve single-photon emission computed tomography
(SPECT) and fluorescence dual-modal imaging, Wang et al
designed and synthesized SPA12.°® SPA12 was composed of
fluorescent polythiophene as the backbone and chelated
radioactive °*™Tc as the side chains. SPA12 can be applied for in
vivo lymph node imaging. Strong SPECT signals can be detected
in both draining axillary and lateral thoracic lymph nodes after
paw injection. In addition, the fluorescence signal of SPA12 can
also detect these two lymph nodes, and the background signal
of SPA12 was much weaker than that of ICG, indicating its high
accuracy for lymph node imaging.

3.4. Activatable imaging probes

Compared with “always-on” imaging probes, activatable
imaging probes which emit signals in response to specific
biomolecular targets or events of interest show many advan-
tages such as a low background signal and concentration-
independent contrast.” Cancer has been studied to be associ-
ated with the overexpression of many biomarkers such as
glutathione (GSH), ROS and reactive nitrogen species (RNS).*
Therefore, the development of activatable imaging probes for
these substances has great significance in cancer diagnosis.
SPA13 was designed and synthesized for in vitro biothiol
detection.'® PEG was covalently linked onto the side chains of
SPA13 via thiol-responsive disulfide bonds. Upon the addition
of biothiols, the cleavage of disulfide bonds led to the release of
PEG chains, causing aggregation of the backbone. Such aggre-
gation improved the intramolecular FRET efficiency of SPA13,
leading to increased and decreased fluorescence intensities at
628 and 420 nm, respectively. Such a feature endowed SPA13
with the ability of ratiometric fluorescence imaging of biothiols.
To prepare nanoprobes for hypochlorite detection, semi-
conducting oligomer-based SPA14 was designed and

This journal is © The Royal Society of Chemistry 2020
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synthesized."* SPA14 can encapsulate NCBS to form SPAN14.
Upon treatment of hypochlorite, the phenothiazine-containing
backbone of SPA14 was oxidized while NCBS remained intact,
which led to the dramatic decrease of PA intensity at 680 nm but
unchanged PA intensity at 780 nm. Such a feature endowed
SPAN14 with the ability of ratiometric PA imaging of
hypochlorite.

Besides internal stimuli such as biothiols and ROS, external
stimuli, which are irrelevant to the microenvironment of
probes, can also be utilized to turn on the signal of probes. For
example, a thermo-responsive PA imaging probe, SPA17 with
a NIR-absorbing SP, poly(cyclopentadithiophene-alt-benzothia-
diazole) (PCPDTBT) as the backbone, was designed and
synthesized.' The side chains of SPA17 were composed of 90%
thermo-responsive PDMA--HPA and 10% PEG. Upon
increasing the temperature, the hydrophilic PDMA--HPA
became hydrophobic, leading to the aggregation of SPA17 and
thus the enhancement of the PA signal (Fig. 5a). SPA15 and
SPA16 with PEG and PDMA-r-HPA as side chains, respectively,
were also synthesized as controls. The absorption spectra of
these SPAs were similar, as all of them had the same SP back-
bones (Fig. 5b). Dynamic light scattering (DLS) measurement
showed that all SPAs had hydrodynamic sizes of around 35 nm
at room temperature. Upon heating, the hydrodynamic sizes of
SPA16 and SPA17 dramatically increased, while that of SPA15
remained unchanged (Fig. 5c). This phenomenon can be
attributed to the thermo-responsive feature of PDMA-r-HPA,
enabling SPA16 and SPA17 to become more hydrophobic at
high temperatures. The lower critical solution temperatures
(LCSTs) of SPA16 and SPA17 were determined to be 42 °C and
48 °C, respectively.

The photothermal and PA properties of SPAs were then
studied. Upon 808 nm laser irradiation, the maximum photo-
thermal temperatures of SPA15 and SPA17 were 55 °C and 60 °C,
respectively (Fig. 5d). The PA intensity of SPA15 showed no
difference with or without laser irradiation at different
concentrations. In contrast, at almost all concentrations
studied, the PA intensities of SPA17 with laser irradiation were
higher than those without laser irradiation (Fig. 5e). This
phenomenon can be explained by the aggregation of SPA17 at
high temperature induced by laser irradiation, leading to
promoted heat dissipation within nanoparticles and enhanced
PA intensity.

Cytotoxicity study indicated that both SPA15 and SPA17 were
non-cytotoxic to 4T1 cells even at a concentration of 100 pg
mL~". SPA15 and SPA17 were then applied for in vivo PA
imaging of tumor. After i.v. injection of SPA15 or SPA17, the PA
signal in the tumor area gradually increased. For both SPA15
and SPA17-injected mice, the PA intensity in the tumor area
reached a maximum at 24 h post-injection. To study the in vivo
thermo-responsive properties of SPAs, at 24 h post-injection, the
tumor areas of SPA15 and SPA17-injected mice were irradiated
under an 808 nm laser for 1 min (Fig. 5f). For SPA15-injected
mice, the PA intensity in the tumor site remained almost the
same before and after laser irradiation. In contrast, the PA
intensity in the tumor site of SPA17-injected mice after irradi-
ation was 1.37-fold higher than that before irradiation (Fig. 5g).
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These data demonstrated the advantage of thermo-responsive
SPA17 in PA imaging of tumor.

4. Cancer phototheranostics

Phototheranostics which combines optical imaging with cancer
therapy has gained tremendous attention in the field of cancer
imaging and therapy.'® A facile approach to design SPA-based
theranostics is to use SPAs directly, as most SPAs can be used
as both optical imaging and phototherapeutic agents.'®* In
addition, hydrophobic drugs can be encapsulated into SPAs or
conjugated onto the side chains of SPAs to give drug-loaded or
-conjugated SPAs, respectively, for combination therapy. To
minimize the side effects of conjugated drugs and achieve
precise treatment, prodrug-conjugated SPAs can be developed
to release activated drugs in the designated site under light
excitation. Similarly, DNA-loaded SPAs for light-controlled
remote gene regulation have also been developed (Fig. 6).

The chemical structures of SPAs for phototheranostics are
shown in Schemes 3 and 4. Different from SPAs for imaging
only, the side chains of SPAs for phototheranostics are not only
hydrophilic moieties (SPA18-23 and SPA26), but also prodrugs
(SPA27, 29, and 31), functional groups (SPA24, 25, and 30),
photo-responsive groups (SPA28), and gene carriers (SPA32-34).
As PCPDTBT has shown both satisfactory NIR fluorescence and
PA signals as well as good PDT and PTT efficacy, numerous
phototheranostic systems are designed based on it (Scheme 4).
The variation of side chains endows SPAs with multi-
functionality for chemotherapy, immunotherapy and gene
delivery. The nanoparticles formed from SPAs for photo-
theranostics usually had a larger hydrodynamic size than SPAs

10560 | Chem. Sci, 2020, 1, 10553-10570

for imaging only, which can be attributed to the encapsulated or
conjugated hydrophobic drugs. The size of such photo-
theranostic SPA nanoparticles ranged from tens of nanometers
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Fig. 6 Design strategies for SPA-based phototheranostics, including
(i) SPAs, drug-loaded SPAs and drug-conjugated SPAs for PDT, PTT
and combination therapy; (ii) prodrug-conjugated SPAs for photo-

activatable drug delivery; (ii) DNA-loaded SPAs for photoactivatable
gene regulation.
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vitro cell imaging and therapy. SPA18 with quaternary ammo-
nium salts as side chains was synthesized by Wang et al. for
fluorescence cell imaging and in vitro PDT.'* The same research
group also developed SPA19 grafted with porphyrin as the
photosensitizer and quaternary ammonium salts for in vitro
phototheranostics.’® Liu et al. designed SPA20 containing
aggregation-induced emission units tetraphenylethylene for
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vivo PA imaging-guided PDT and PTT.'*®

NIR-II PA imaging that utilizes a laser longer than 1000 nm
as the excitation source has deeper tissue penetration than
conventional PA imaging.'® Bian et al. synthesized SPA22 for
NIR-II PA imaging-guided PTT."*° SPA22 was composed of a NIR-
II-absorbing semiconducting polymer backbone and PEG side
chains. SPA22 had a board absorption peak ranging from 600 to
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1400 nm, and the highest absorption was near 1064 nm which
was suitable for NIR-II PA imaging (Fig. 7a). The PA intensities
at 1064 nm linearly correlated with the concentration of SPA22,
indicating its feasibility of quantification study. In addition,
SPA22 also showed good PCE under 1064 nm laser irradiation,
and the highest photothermal temperature can reach 91.5 °C.
The penetration depth of PA imaging was then studied. For PA
signals at both 820 and 1064 nm, they decreased gradually with
increasing thickness of covered chicken breast tissue (Fig. 7b).
However, the SBR of the PA signal at 1064 nm was higher than
that at 820 nm at each thickness of the tissue, indicating
a higher tissue penetration depth for PA imaging at 1064 nm
than at 820 nm. No cytotoxicity was observed for SPA22 at a high
concentration of 200 pg mL~', indicating its good in vitro
biocompatibility. SPA22 was then applied for in vivo NIR-II PA
imaging. After i.v. injection of SPA22, the PA signal at the tumor
area gradually increased and reached a maximum at 6 h post-
injection with an intensity ~5.36-fold higher than that before
injection (Fig. 7c). Owing to the high PCE, SPA22 can also be
used as an in vivo PTT agent. The tumor temperature of SPA22-
treated mice gradually increased under 1064 nm laser irradia-
tion and reached 58.2 °C after continuous irradiation for 5 min
(Fig. 7d). In contrast, the tumor temperature only had little
increase for PBS-treated mice under the same laser irradiation
conditions. These results indicated that SPA22 was a good
phototheranostic agent for NIR-II PA imaging-guided PTT.
Besides fluorescence and PA imaging, afterglow imaging can
also be utilized for phototheranostics. SPA23 with PPV as the
backbone was synthesized for real-time temperature moni-
toring during PTT by afterglow imaging.*® SPA23 was co-
assembled with a PTT agent poly(silolodithiophene-alt-diketo-
pyrrolopyrrole) in the presence of DSPE-PEG to form
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a phototheranostic system. Because the intensity of the after-
glow signal was correlated with temperature, the tumor
temperature during the PTT process can be real-time monitored
by the afterglow signal of SPA23.

Tumor extracellular-matrix (ECM) protein is the main barrier
for the penetration of nanomedicines into tumor sites.
Numerous studies have been conducted to overcome such
a problem."™™ As collagen is the most abundant tumor ECM
protein, the digestion of collagen around tumor is a feasible way
to enhance the penetration of nanomedicines."> Thus,
a bromelain (Bro)-conjugated SPA, SPA24-Bro, was synthesized
by an amidation reaction between carboxyl group-grafted SPA24
and Bro (Fig. 7e)."" Bro is a protease that digests collagen at
around 45 °C."* Upon laser irradiation, the local temperature of
SPA24 will increase, and then Bro will be activated to digest
collagen around tumor tissue, thus improving the penetration
of nanomedicines into the tumor. The highest photothermal
temperature of SPA24-Bro was 52.1 °C, which was high enough
to activate Bro. The enzymatic activity of SPA24-Bro was
approximately 1510.9 GDU g~ ' under laser irradiation, which
was 2.3-fold higher than that without irradiation (Fig. 7f),
demonstrating the activation of Bro under laser irradiation.

SPA24-Bro was then applied for in vivo phototheranostics,
and SPA24 was used as a control. After i.v. injection of SPA24-
Bro or SPA24, the tumors of mice were irradiated under
a laser with low energy (0.2 W cm™?) to activate Bro at ¢ = 1, 3,
5 h post-injection. Fluorescence imaging indicated that the
fluorescence signal in the tumor area for SPA24-Bro-injected
mice reached a maximum at ¢ = 6 h post-injection, and the
signal intensity was 1.4-fold higher than that of other groups at
the same time point (Fig. 7). This result indicated that laser
irradiation could enhance the tumor accumulation of SPA24-
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Fig. 7 (a) Absorption spectrum of SPA22 in aqueous solution. (b) PA images of SPA22 solution covered by chicken breast tissue of different
thickness. For each depth, images were recorded under both NIR-I (820 nm) and NIR-II (1064 nm) lasers. (c) Representative NIR-II PA images of
the tumor area from living mice treated with SPA22 at 0 and 6 h post-injection. (d) Infrared thermal images of mice treated with SPA22 or PBS at
different laser irradiation times. (e) Schematic illustration for the synthesis of SPA24-Bro. (f) Gelatin digestion activity (in GDU) of SPA24 and
SPA24-Bro with or without laser irradiation. (g) Fluorescence intensity of the tumor area as a function of post-injection time of SPA24 or SPA24-
Bro. (h) Tumor growth curve of different groups. The error bars represent the standard deviations of three separate measurements (n = 3).
*Statistically significant difference (p < 0.05, n = 3). ***Statistically significant difference (p < 0.001, n = 3). Adapted from ref. 110 and 113.
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Bro, which can be attributed to the digestion of collagen around
the tumor tissue. Because of the enhanced tumor accumulation,
the SPA24-Bro-injected mice with laser irradiation showed the
best PTT efficacy among all the treatments (Fig. 7h). Moreover,
SPA24-Bro-induced PTT showed no damage to the major organs
of mice, demonstrating the safety of such a treatment.
Another example of enhanced PTT was given by Chen's
group. They synthesized SPA25 for pH/GSH-responsive
enhanced PTT."® SPA25 was composed of a NIR-absorbing SP
backbone with PEG and thiol groups as side chains. SPA25 can
incorporate polyoxometalate clusters (POM) to form SPA25@-
POM. The formed SPA25@POM may aggregate at acidic pH and
in the presence of GSH, leading to enhanced PA intensity and
PTT efficacy of SPA25@POM. With such a feature, SPA25@POM
can be applied for in vivo PA imaging-guided enhanced PTT.

4.2. Imaging-guided combination therapy

Combination therapy which combines several therapeutic
methods into one system may overcome the disadvantages of
individual methods, thus providing improved therapeutic effi-
ciency.'® A facile approach to endow SPAs with the ability for
combination therapy is encapsulating hydrophobic anticancer
drugs into SPAs. SPA15 can be used as a nanocarrier to load
doxorubicin (DOX) via hydrophobic and m-m interaction,
forming a DOX-loaded SPA (DSPA)."” Owing to the NIR
absorption and emission of SPA15, the DSPA can be applied for

View Article Online

Chemical Science

in vivo fluorescence/PA imaging-guided PDT/PTT combined
chemotherapy.

Enhancing the penetration of anticancer drugs into cancer
cells is one of the effective methods to improve anticancer
efficiency. Wang et al. designed SPA26-based soft particles to
enhance the permeability of cancer cell membranes, thus
improving the diffusion of DOX into cells."*® The soft particles
were composed of a quaternary ammonium salt-grafted SPA,
SPA26, and a gemini surfactant SDHC. Such soft particles can
easily incorporate into the cell membrane owing to the strong
self-assembly ability of SDHC. Upon light irradiation, SPA26
may generate singlet oxygen and other ROS to oxidize the
unsaturated phospholipid molecules, thus increasing the
permeability of cell membranes and the penetration of DOX
into cells (Fig. 8a). The cellular uptake of DOX under different
treatments was then studied using confocal fluorescence
imaging. Without light irradiation, the soft particle-treated cells
exhibited higher DOX accumulation than SPA26-treated cells,
indicating enhanced cell membrane permeability with SDHC.
After light irradiation, the DOX accumulation in the SPA26-
treated cells markedly increases, which can be attributed to
the oxidation of the cell membrane by ROS generated from
SPA26. Unsurprisingly, the highest DOX accumulation was
observed in soft particle-treated cells with light irradiation,
indicating the highest cell membrane permeability among all
the treatments (Fig. 8b). Cy5-modified SDHC (SDHC-Cy5) was
then synthesized to confirm the mechanism of enhancing cell
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Fig. 8 (a) Schematic illustration for soft particle-mediated enhanced anticancer therapy. (b) Confocal fluorescence images of DOX and SPA26 in

MCEF-7 cells after different treatments. (c) Confocal fluorescence images of SDHC-Cy5 and SPA26 in MCF-7 cells after incubation for 1 h. The
scale bars represent 10 pm. Cell viability of A549 and Hela cells incubated with different concentrations of SPA26. (d) Schematic illustration of
SPA27 for hypoxia-activated synergistic PDT and chemotherapy. (e) HPLC profiles of NADH, IPM-Br and SPA27 incubated with NTR and NADH
under anaerobic conditions for 6 h. (f) Cell viability of 4T1 cells treated with SPA15 or SPA27 at different concentrations under hypoxic conditions
with or without laser irradiation. Error bars represent the standard deviations of three different measurements (n = 3). *Statistically significant
difference (p < 0.05, n = 3). **Statistically significant difference (p < 0.01, n = 3). Adapted from ref. 118 and 120. Copyright© 2018 American
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permeability by soft particles. Confocal fluorescence imaging
indicated that both SDHC-Cy5 and SPA26 were mainly distrib-
uted on the cell membrane after incubation with MCF-7 cells for
1 h (Fig. 8¢c). In addition, small changes in the zeta potential of
cells were observed after incubation with soft particles, which
also verified the incorporation of soft particles with the cell
membrane.

One of the limitations of PDT is the lack of oxygen in the
hypoxic tumor tissue, which significantly suppresses the effi-
cacy of PDT."™ To overcome such a limitation, a hypoxia-
responsive prodrug-conjugated SPA (SPA27) was developed.'*
PCPDTBT with satisfactory PDT efficiency was utilized as the
backbone of SPA27. The side chains of SPA27 were PEG, and
50% of PEG chains were conjugated with a bromoisophosphor-
amide mustard intermediate (IPM-Br) via a nitroreductase
(NTR)-responsive linker. Upon the PDT process, the oxygen in
the tumor site will be transferred into singlet oxygen. Mean-
while, the oxygen depletion process induced the generation of
NTR in the tumor tissue, further initiating the release of IPM-Br.
As such, SPA27 can integrate PDT with hypoxic-responsive
chemotherapy for synergistic combination therapy (Fig. 8d).

The singlet oxygen generation efficiency for SPA27 was
determined to be 3.75% under 808 nm laser irradiation, which
was 18-fold higher than that of indocyanine green (ICG) (0.2%).
The release profile of SPA27 was studied by HPLC. After incu-
bating SPA27 with NTR and nicotinamide adenine dinucleotide
(NADH) under anaerobic conditions for 6 h, the resulting solu-
tion was analyzed by HPLC. An elution peak at 12.82 min which
can be assigned to the peak of IPM-Br was observed, indicating
the release of IPM-Br from SPA27 (Fig. 8e). Cytotoxicity studies
under normoxic and hypoxic conditions were then conducted
with SPA15 as the control. Under normoxic conditions, the cell
viability of SPA27- or SPA15-treated cells under laser irradiation
was comparable, which indicates that the prodrug on SPA27 was
not activated. In contrast, under hypoxic conditions without laser
irradiation, the cell viability of SPA27-treated cells was 34.1% at
a concentration of 100 ug mL™*, much lower than that under
normoxic conditions (84.8%). In addition, the cell viability
further decreased to 8.3% under laser irradiation (Fig. 8f). These
results showed that IPM-Br can be released under hypoxic
conditions and had a significant anticancer effect. SPA27 was
then utilized for in vivo fluorescence imaging of tumor, and it had
the highest accumulation in tumor compared with other major
organs. In vivo therapeutic study indicated that SPA27-integrated
PDT and hypoxic-responsive chemotherapy had a better thera-
peutic efficiency than SPA27 without laser irradiation and PDT
induced by SPA15.

4.3. Light-triggered drug delivery

Remotely controlling drug release in the designated disease site
is important in cancer therapy, as it can not only improve the
therapeutic efficiency but also minimize the side effect of
drugs.””*'*> Among a variety of mediums for remote control,
light has shown its unique advantages such as high spatio-
temporal resolution and low toxicity."”® Wang et al. developed
SPA28 with photo-responsive hydrophobic side chains for light-
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triggered drug release.”” Upon 550 nm light irradiation, such
hydrophobic side chains may become hydrophilic, leading to
the dissociation of nanoparticles and the release of encapsu-
lated anticancer drugs.

Cancer immunotherapy which stimulates the immune
system to attack cancer cells has shown great potential in cancer
therapy.'*'*® However, cancer immunotherapy usually has the
risk of immune-related adverse events because of the accumu-
lation and activation of immunotherapeutic agents in normal
tissues.” To overcome this disadvantage, a photoactivatable
pro-nanostimulant SPA29 was designed and synthesized."®
SPA29 was composed of a PCPDTBT backbone grafted with
PEG-conjugated NLG919, an immunostimulant, through
a singlet oxygen-cleavable linker. Upon NIR laser irradiation,
SPA29 can simultaneously generate heat and singlet oxygen for
PTT and PDT, respectively, causing the release of tumor-
associated antigens. The generated singlet oxygen can also
cleave the linker between NLG919 and PEG, releasing activated
NLG919. NLG919 can promote the activation and proliferation
of effector T cells and suppress the regulatory T (Treg) cells.
Therefore, SPA29 synergistically integrated phototherapy with
immune checkpoint blockade therapy against both primary
tumor and distant metastatic tumor (Fig. 9a).

SPA29 had similar absorption and emission spectra to SPA15
(Fig. 9b). The singlet oxygen generation of SPA29 under laser
irradiation was confirmed using SOSG as an indicator. The
release of NLG919 from SPA29 under laser irradiation was
studied by HPLC. After 808 nm laser irradiation for 15 min, an
elution peak at 18.1 min was observed for SPA29, which was
consistent with the elution time of NLG919, indicating the
release of NLG919 (Fig. 9¢). Confocal fluorescence imaging
indicated that SPA29 can be efficiently internalized into cells.
NLG919 has been demonstrated to inhibit the activity of indo-
leamine 2,3-dioxygenase (IDO), thus suppressing the generation
of kynurenine (Kyn)."”® Therefore, the inhibition of IDO by
SPA29 under laser irradiation was then examined by deter-
mining the Kyn content. The Kyn content in the SPA29-treated
group with 808 nm laser irradiation was 4.5-fold lower than
that in the control group. In addition, such a reduction was not
observed in the SPA15-treated group and SPA29-treated group
without laser irradiation (Fig. 9d). These results indicated that
SPA29 can inhibit IDO under laser irradiation because of the
release of NLG919.

In vivo phototherapeutic efficiency of SPA29 was then
studied. In vivo NIR fluorescence imaging indicated that the
highest accumulation of SPA29 in tumor was at ¢t = 24 h post-
injection. Phototherapy was conducted at the same time point
and showed good therapeutic efficiency for SPA29-injected
mice. The generation of singlet oxygen in tumor tissue was
confirmed by confocal fluorescence imaging (Fig. 9¢). In addi-
tion, SPA29-induced phototherapy also showed the inhibition
of distant tumor and lung metastasis, which can be attributed
to the immune checkpoint blockade therapy initiated by
NLG919. Such immune therapy was confirmed by the increase
of CD3'CD8" T cells and the decrease of Treg cells in the distant
tumor (Fig. 9f and g). In addition, vital blood parameters, the
serum liver function and kidney function indicators of mice

This journal is © The Royal Society of Chemistry 2020
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Fig.9 (a) Schematic illustration for photoactivation of SPA29 for the combination of phototherapy and checkpoint blockade immunotherapy. (b)
Absorption and fluorescence spectra of SPA15 and SPA29. Black and green lines are absorption spectra and blue and red lines are fluorescence
spectra. (c) HPLC profiles for NLG919 and SPA29 with or without 808 nm laser irradiation for 15 min. (d) Relative Kyn content in the cell culture
medium treated with SPA15 or SPA29 with or without laser irradiation for 6 min. Error bars represent the standard deviations of three different
measurements (n = 3). (e) Confocal fluorescence images of primary tumors from saline, SPA15 or SPA29-injected mice with or without laser
irradiation for 6 min. Blue fluorescence shows the nucleus of cancer cells stained with DAPI. Green fluorescence is the signal of SOSG. Pop-
ulation of CD3*CD8" T cells (f) and Treg cells (g) in distant tumors. Error bars represent the standard deviations of five different measurements (n
= 5). ***Statistically significant difference (p < 0.001, n = 5). Adapted from ref. 128. Copyright® 2019 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

remained at normal levels after treatment, indicating the
minimal size effect of treatment.

Suppressing cancer metastasis is important, as metastasis is
one of the major causes of death from cancer.”*® Therefore, two
PCPDTBT-based SPAs (SPA30 and SPA31) were designed for the
inhibition of lung metastasis. The side chain of SPA30 was
modified by a singlet oxygen-cleavable linker with amino groups
which can conjugate a proenzyme derived from cytotoxic ribo-
nuclease A (RNase A)."*' Such a proenzyme can be activated in the
presence of H,0,, and it can be released from SPA30 under laser
irradiation via the cleavage of the singlet oxygen-sensitive linker
between SPA30 and the proenzyme. Thus, the proenzyme-
conjugated SPA30 can precisely deliver and activate RNase A in
the tumor site under laser irradiation. Combined with photo-
therapy, the primary tumor can be ablated and lung metastasis
can also be inhibited. SPA31 was covalently linked to a blockader
molecule, puromycin, which can terminate protein synthesis and
induce cell death.®* Similar to SPA30, the conjugated puromycin
can only be activated in the tumor tissue under laser irradiation,
thus killing cancer cells and inhibiting metastasis.

4.4. Light-triggered gene regulation

Gene therapy has shown great promise in the treatment of
genetic diseases and cancer.’*® However, the off-target gene
expression in normal tissue may lead to severe side effects
during the therapeutic process.” Thus, the development of

This journal is © The Royal Society of Chemistry 2020

delivery systems for precisely regulated gene expression in the
designated disease site is highly demanded. Light has been
demonstrated as an ideal inducer for gene expression because
of its low cost, high spatial resolution and low toxicity.'**
Consequently, a photo-responsive gene delivery nanoplatform
was developed using SPA32 with cationic third-generation pol-
yamidoamine (PAMAM) as the side chain."*® SPA32 can load
a heat shock promoter (HSP70)-regulated gene which can be
activated by a photothermal signal. After delivering the gene
into the cell nucleus, the photothermal signal induced by SPA32
may trigger the heat shock factor (HSF) monomer to transfer
into HSF trimers. The HSF trimers can translocate to the
nucleus and bind to the heat shock element in HSP70 to activate
transcription.

CRISPR/Cas9 is one of the most efficient gene editing
methods and has been widely used in the research. However, it
still faces the issue of off-target mutagenesis."*” To improve the
selectivity of CRISPR/Cas9-based gene editing, a photo-
responsive nanotransducer (SPA33) was prepared.’*® SPA33
had low molecular polyethylenimine (PEI) as the side chain
which can bind CRISPR “all-in-one” plasmid containing the
genes of Cas9 and sgRNA. After being internalized into cells, the
SPA33/CRISPR nanocomplex can selectively release the CRISPR
all-in-one plasmid under laser irradiation via the cleavage of the
singlet oxygen responsive bond. The released plasmid then
entered the nucleus of cells and initiated the gene editing

Chem. Sci., 2020, 11, 10553-10570 | 10565
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(a) Schematic illustration of SPA33-mediated delivery and photoregulation of CRISPR/Cas9 gene editing. (b) Agarose gel electrophoresis

of DNA, SPA33 and DNA/SPA33 complexes at different N/P ratios. (c) Total fluorescence of GFP for SPA33/CRISPR complexes at different N/P
ratios with or without 680 nm laser irradiation. (d) Confocal fluorescence images of SPA33/CRISPR-transfected cells with or without 680 nm
laser irradiation. (e) Schematic illustration of laser irradiation for living mice. (f) Fluorescence images of mice at different post-irradiation times
with (red circles) or without (white circles) 680 nm laser irradiation. The red/white circles indicate the regions with subcutaneously implanted
Matrigel mixed Hela cell pellets transfected with SPA33/CRISPR with/without laser irradiation. (g) Confocal fluorescence images of Matrigel
mixed cell pellet slices from mice with or without laser irradiation at t = 72 h post-treatment. The blue, green and red fluorescence indicate
nuclei, GFP and SPA33, respectively. Error bars represent the standard deviations of three different measurements. *No statistically significant
difference. Adapted from ref. 138. Copyright© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

process, resulting in the expression of green fluorescent protein
(GFP) (Fig. 10a). To study the loading capability of SPA33 for
plasmids, the pCMV-GFP plasmid was used to incorporate with
SPA33. Agarose gel electrophoresis results indicated that all the
plasmid can be loaded onto SPA33 at a low nitrogen to phos-
phate ratio (N/P) of 0.17 : 1 (Fig. 10b). At such a N/P ratio, 82.8%
of the loaded plasmids can be released after laser irradiation,
while no release was observed without irradiation. However, the
transfection efficacy at such a N/P ratio in HeLa cells was not
high enough, and a higher N/P ratio should be used for gene
editing in living cells. For SPA33/CRISPR complex-treated HeLa
cells, the total GFP fluorescence in laser-irradiated cells
increased with increasing N/P ratio and reached the maximum
at a N/P ratio of 1.7 : 1 (Fig. 10c). This result was also confirmed
by confocal fluorescence images, in which the laser-irradiated
cells showed obvious green fluorescence (Fig. 10d). These data
demonstrated that the SPA33/CRISPR complex can effectively
induce CRISPR/Cas9 gene editing in living cells.

As the N/P ratio of 1.7 : 1 showed the highest fluorescence in
cell studies, this ratio was chosen for the subsequent in vivo
gene editing studies. Matrigel was used to mix with HeLa cells
transfected with the SPA33/CRISPR complex, and the resulting
mixtures were subcutaneously injected into the back of mice at
two sides (Fig. 10e). The left side was then exposed to a 680 nm
laser for 20 min, and the fluorescence images of mice were
captured at the designated time points. The green fluorescence
signal at the left side increased gradually over time, and the
intensity was 1.2-, 1.5- and 1.8-fold higher than that at the right
side without laser irradiation at ¢ = 24, 48 and 72 h post-
injection, respectively (Fig. 10f). Confocal fluorescence images
of Matrigel slices taken from the mice also indicated that the
laser-irradiated Matrigel strong green

slices showed

10566 | Chem. Sci, 2020, 1, 10553-10570

fluorescence, while the non-irradiated slices showed almost no
green fluorescence signal (Fig. 10g). These results demonstrated
the feasibility of in vivo CRISPR/Cas9 gene editing at the
designated position by the SPA33/CRISPR complex.

Another study for the regulation of CRISPR/Cas9 gene edit-
ing by SPA was conducted by Chen et al.**® They synthesized
SPA34 with fluorinated polyethylenimine as the side chain to
load CRISPR/Cas9 plasmids. A NIR-II fluorescent SP was used as
the backbone of SPA34 so that the location of SPA34 can be real-
time monitored by NIR-II fluorescence imaging, and the
quantum yield of SPA34 was 0.23%. In addition, dexametha-
sone which can dilate the nuclear pore was encapsulated into
the nanocomplex. Upon laser irradiation, the CRISPR/Cas9
plasmids and dexamethasone were released from SPA34. With
the help of dexamethasone, CRISPR/Cas9 plasmids can be
easily translocated to the cell nucleus for gene editing. However,
SPA34 used photothermal heat to increase molecule movement
and there was no thermal-responsive linker between PEI
brushes and the polymer backbone to precisely control the
release of plasmid as SPA33 did.

5. Conclusion and outlook

SPAs have been demonstrated to be a multi-functional platform
for imaging-guided cancer therapy. Because of their amphi-
philic feature, SPAs can directly self-assemble in aqueous
solution without the help of other amphiphilic copolymers.
Such an advantage endows SPAs with good stability and
improved biodistribution profiles in cancer theranostics. Our
results showed that no cytotoxicity was observed even at
a concentration as high as 200 pg mL ™" for SPAs. Also, no
damage was observed for the major organs of mice treated with

This journal is © The Royal Society of Chemistry 2020
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SPAs at a dosage of 2 mg kg™ *. All of these results indicated the
good biocompatibility of SPAs. Owing to the unique optical
properties of SPA backbones, SPAs are good candidates for
optical imaging. PEG-grafted SPAs with improved fluorescence
or PA properties can be applied for fluorescence and PA imaging
of cancer cells or tumors. Besides conventional fluorescence
and PA imaging, SPAs with PPV as the backbone can be used for
afterglow tumor imaging with ultrahigh sensitivity. To over-
come the disadvantages of optical imaging such as low tissue
penetration, SPAs integrated with Gd** ions or *™Tc complexes
can be utilized for multimodal imaging. SPAs can also be
developed into activatable imaging nanoprobes by using
stimuli-responsive side chains or ROS-responsive backbones.

Taking advantage of the broad applications of SPAs in cancer
imaging, SPAs can also be applied for imaging-guided cancer
therapy. As most SPs have either good singlet oxygen quantum
yield or photothermal conversion efficiency, SPAs themselves
can be used for imaging-guided phototherapy. In addition,
anticancer drugs can be encapsulated into or conjugated onto
SPAs to give drug-loaded or drug-conjugated SPAs, respectively,
for imaging-guided combination therapy. By conjugating pro-
drugs onto SPAs via singlet oxygen-responsive groups, prodrug-
conjugated SPAs can be developed. Such SPAs may only release
activated drugs upon light irradiation, leading to minimal side
effects with improved therapeutic efficiency. Finally, DNA can
also be loaded onto SPAs with cationic side chains for light-
regulated gene expression or editing.

Although SPAs have shown great promise in the field of
cancer imaging and therapy, they are still in the basic research
stage and several critical issues need to be resolved. Most SPAs
and SPA-developed nanoplatforms have the hydrodynamic sizes
of tens of nanometers or even larger, which can only be cleared
out of body through hepatobiliary excretion. Thus, the long-
term biosafety of SPAs is a critical issue as hepatobiliary excre-
tion may take several weeks. Although some studies have shown
the good biocompatibility of SPAs both in vitro and in vivo, the
biosafety of SPAs over relatively long term is rarely studied,
which is an important issue for the clinical translation of SPAs.
To address this issue, the development of SPAs with biode-
gradability or ultrasmall size are feasible methods. Both kinds
of SPAs may have a shorter metabolic duration than conven-
tional SPAs.

Until now, some studies have focused on the development of
biodegradable SPAs. However, most of them can only be
degraded under harsh conditions such as ROS, and few of them
can be degraded under mild physiological conditions. In addi-
tion, the unknown degradation products may also cause the
issue of biosafety. SPAs with ultrasmall size (<5 nm) can be
cleared out through urinary excretion. Such an excretion
pathway can significantly improve the clearance efficiency. The
diameter of SPAs usually correlates with two parameters, the
molecular weight of the backbone and the density of hydro-
philic groups such as PEG. To minimize the size of SPAs, a low
molecular weight backbone and high hydrophilic group density
are preferred for SPA design. Therefore, designing novel struc-
tures with such a requirement for SPAs can be one of the
research focuses.

This journal is © The Royal Society of Chemistry 2020
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