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Abstract

Tumor-specific phototheranostics is conducive to realizing precise cancer therapy. Herein, we 

rationally designed a novel tumor microenvironment (TME)-responsive phototheranostic paradigm 

based on an excellent match-up of semiconducting polymer brush and polyoxometalate cluster 

(SPB@POM). On the one hand, the acidic TME could drive the self-assembly of SPB@POM into 

bigger aggregates for enhanced tumor retention and accumulation. On the other hand, the 

reductive TME could significantly enhance the NIR absorption of SPB@POM for significant 

improvement of photoacoustic imaging contrast and photothermal therapy efficacy. Therefore, the 

intelligent acidity/reducibility dual-responsive SPB@POM allows for remarkable phototheranostic 

enhancement under the unique TME, which serves as a representative paradigm of 

nanotechnology in the judicious design of organic/inorganic hybrid nanomaterials for precise 

tumor-specific phototheranostics with minimal side effects.

Precise semiconducting phototheranostics:

The Hybrid of organic semiconducting polymer brush and inorganic Mo-based polyoxometalate 

cluster (POM) built an intelligent acidity/reducibility dual-responsive hybrid phototheranostic 

nanoplatform for in-situ self-assembly, enhanced tumor accumulation and tumor-specific 

phototheranostics with largely reduced side effects.
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As an emerging noninvasive theranostic protocol for cancer, phototheranostics based on the 

integration of light-activated diagnosis and therapy, has attracted extensive attention in 

recent years.[1] Featured with highly polarizable π-systems, near-infrared (NIR)-absorbing 

organic semiconducting polymers (SPs) have become an outstanding phototheranostic 

paradigm for photoacoustic (PA) imaging and photothermal therapy (PTT) of carcinoma.[2] 

Distinct from most inorganic phototheranostic agents (e.g., gold-based nanoagents, carbon-

based materials, etc.), SPs exhibit high thermal stability and strong phototheranostic 

performances.[2] However, some inherent issues remain to hinder their practical applications 

in the clinic. For example, conventional water-soluble SP nanoparticles (SPNs) fabricated by 

nano-coprecipitation exhibit poor stability under physiological condition.[3] As SPs are 

usually encapsulated by typical amphiphilic molecules, the formed binary micelles readily 

undergo dissociation in the presence of proteins and/or other substance during circulation in 

the blood stream, which inevitably causes a threat to normal tissues.[4] As such, considerable 

efforts have been devoted to constructing stable SPN through self-assembly of the 

amphiphilic SPs. During the synthetic process, the backbones of SPs are covalently 

conjugated with hydrophilic brushes via strong covalent bonding force, which can prevent 

self-dissociation.[5] Another intractable problem is that the SPNs are usually uptaken by 

tumor-adjacent tissues owing to the relatively low passive targeting efficiency, which is a 

significant cause of mis-hyperthermia of noncancerous regions during PTT.[6] Although 

active targeting strategies have proven effective in realizing tumor-targeted delivery of 

nanoparticles, the high-cost synthesis of targeting ligands/antibodies and complicated 

procedures of surface modification force us to rethink the simple yet elegant passive 

targeting strategy based on the EPR effect,[7] which can achieve the win-win of enhanced 
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tumor accumulation and reduced injection dosage of SPNs, thus minimizing the off-target 

hyperthermia.

Tumor microenvironment (TME) demonstrates a unique reductive and acidic atmosphere 

different from normal tissues.[8] As a representative acidity/reducibility-responsive inorganic 

phototheranostic paradigm, molybdenum (Mo)-based POM clusters with self-adaptive 

electronic structure exhibit strong NIR absorption through GSH-triggered Mo(VI) to Mo(V) 

conversion.[9] However, the small-molecule-like POM (≈1 nm) usually suffers from poor 

EPR effect owing to the rapid removal by mononuclear phagocyte systems.[10] Fortunately, 

this typical kind of Mo-based POM can form large aggregates in the tumor 

microenvironment (TME) through protonation-induced hydrogen bonding, which favors its 

prolonged intratumoral retention. The anchoring of POM onto the surface of SPNs is 

strongly believed to realize the intratumoral self-assembly of SPNs for enhanced tumor 

accumulation via improved EPR effect. In the meantime, the reductive TME can 

“reproduce” the strong NIR absorption of POM to amplify the phototheranostic performance 

of the whole SPN/POM system, which is conducive to achieving pH/GSH dual-responsive 

precise cancer phototheranostics with largely reduced theranostic dosage. Nevertheless, 

some challenges remain to be overcome for the judicious design of an outstanding 

SPN/POM hybrid nanoplatform. First, only the excellent match-up of the absorptions (at 

around 808 nm) of reduced POM and SP can lead to the cooperative phototheranostic 

enhancement of the whole system.[11] Second, high-density of thiol groups must be present 

in the SP brushes (SPB) to chelate sufficient POMs during the formation of SPN@POM 

nanostructure. Third, a special method should be explored to fabricate such unique SPB with 

high-density functional brushes.

In this study, a new paradigm of SPB has been first designed and successfully fabricated 

with the SP backbone (synthesized via Stille coupling polymerization[12]) consisting of 

electron-rich (9-hydroxyl group modified fluorine(F-OH)) and electron-deficient 

(diketopyrrolopyrrole (DPP)) segments. The brushes were modified with functional groups 

through atom transfer radical polymerization (ATRP) reaction (Scheme S1).[13] Owing to 

the metal-thiol coordination chemistry, the widespread thiol groups within SPB could link 

plenty of POM clusters. Then the hybrid SPB@POM nanoplatform was formed via the self-

assembly of an amphiphilic complex of POM and SPB during the DMSO dialysis (Scheme 

1). The low pH-responsive protonation of POM would drive the in-situ self-assembly of 

SPB@POM in the acidic TME for enhanced intratumoral retention and accumulation. 

Furthermore, the reductive TME could mostly intensify the NIR absorption of SPB@POM 

for significantly increased PA imaging contrast and PTT efficiency. Such acidic/reductive 

TME-responsive SPB@POM are expected to achieve more enhanced tumor accumulation 

and tumor-specific phototheranostics, thus releasing the renaissance of more precise cancer 

therapy with minimal adverse effects.

For the fabrication of excellent SPB@POM, the NIR absorption of SPB must match up with 

that of reductive POM. Thus, the photophysical properties of SP were investigated to 

optimize the SP backbone by exquisitely tuning the ratio of electron deficient units to 

electron donators (figure 1a). The band-gaps were forecasted by density functional theory 

(DFT) calculation based on Gaussian 09 (Figure 1b).[14] Both SP1 and SP2 owed linear 
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structure with coplanarization of donor and acceptor (D-A) repeating units and 

delocalization electronic cloud, which demonstrated the strong interaction between D-A. By 

comparison of the HOMO-LUMO band-gaps of SP1 and SP2, the SP1 had narrower band-

gap (ΔEg=1.61 eV). It is such narrow band-gap that gifted the SP a red-shifted absorption 

peak at 808 nm, which coincided with the absorption of reduced POM at pH 6.5 (Figure 1c). 

Therefore, the SP1 and POM could be “married” to improve the photoproperties of their 

hybrid nanoparticles at around 808 nm.

The ATRP macroinitiator was prepared through further hydroxyl modification of SP1 with 

2-bromoisobutyryl bromide.[15] The successful syntheses of SPB macroinitiator and SPBs 

were confirmed by proton nuclear magnetic resonance (1HNMR) spectra and gel permeation 

chromatography (GPC) (Table S1,Figure S1–9, Supporting Information). The abundant thiol 

groups in the brush were obtained by amidation of mercaptopropionic acid to the amine 

groups, and could be used for chelating 64Cu and anchoring POM.

The spherical SPB@POM exhibited high dispersity at pH 7.4 with narrow hydrated size 

distribution centered at 100 nm (Figure 2b). The elemental mapping showed the 

homogeneous distribution of POM within the whole structure of SPB@POM (Figure 2c and 

Figure S10, Supporting Information). The high density of POM in the SPB@POM was 

expected to feature the whole nanoplatform with acidity-induced aggregation (Figure 2a, 

Figure S11, Supporting Information).[8] The TEM images (Figure 2e, 2f, 2g), and DLS size 

changes (Figure 2d) clearly showed the serious aggregation of SPB@POM in acidic 

solutions with decreasing pH values. Especially, the appearing green precipitates of 

SPB@POM at pH 3 further validated the acidity-activated aggregation feature of 

SPB@POM (Figure 3a), which did benefit to its prolonged intratumoral retention for 

enhanced EPR effect.

Subsequently, the optical properties of SPB and SPB@POM were studied under 

physiological conditions. The absorbance of SPB@POM was gradually elevated with time 

in GSH solution (Figure 3b). After 6 h incubation, the absorption of SPB@POM showed 

almost 2-fold enhancement compared with that of the original SPB@POM. After 

transferring the reduced SPB@POM to PBS at pH 6.5, the maximal absorption peak at 808 

nm exhibited excellent match-up with that of reduced POM (Figure S12, Supporting 

Information). The color of SPB@POM solutions under different pH values changed from 

jade green to navy blue after incubation with GSH (Figure 3a). Upon 808 nm laser 

excitation, the PA contrast of SPB@POM was enhanced 1.8-fold or 2.2-fold after incubation 

with 10 mM GSH at pH 7.4 or 10 mM GSH at pH 6.5 by comparison with that before 

incubation (Figure 3c). This phenomenon could be ascribed to the acidity-triggered 

aggregation of SPB@POM that resulted in an increased local concentration for PA 

enhancement. After 5 min of laser irradiation, SPB@POM incubated with or without 10 mM 

GSH showed a rapid temperature increase to 70 ºC or 57 ºC, respectively. Moreover, 

SPB@POM incubated with 10 mM GSH at pH 6.5 even reached a high temperature of 77 ºC 

(Figure 3d). To reach 55 ºC, a temperature for effective tumor ablation, the required 

concentration of SPB was 2.8-fold than that of SPB@POM under TME mimic condition 

(Figure S13, Supporting Information). All these results showed that the well-designed 

SPB@POM could be used for pH/GSH dual-responsive PA imaging and PTT therapy.
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In cellular experiments, both SPB and SPB@POM exhibited good biocompatibility (Figure 

S14, Supporting Information). After irradiation with 808 nm laser for 5 min, the SPB@POM 

(pre-incubated with 10 mM GSH) could kill all of the cancer cells, but SPB can only kill 

about half of the cancer cells (Figure S15, S16 and S17, Supporting Information). In vitro 

experiments showed that the SPB@POM produced much higher PTT effect than the SPB.

The enhanced tumor accumulation of SPB@POM via in-situ self-assembly was evaluated by 

PET imaging and PA imaging. PET imaging was first performed to investigate the 

pharmacokinetics of SPB@POM in U87MG tumor-bearing mice (Figure 4a). The 64Cu-

labeled SPB and SPB@POM were intravenously injected into the mice, and the PET images 

were captured at 1, 4, 24, 48 h post injection. By comparison with SPB, SPB@POM showed 

increased tumor uptake and reduced liver uptake at each time point. The highest tumor 

uptake (%ID/g) of the SPB@POM (9.85±1.23) was about 1.8-fold higher than that of SPB 

(5.60±0.89) at 24 h (Figure 4b). The biodistribution at 48 h time point was measured by a 

gamma counter further showed that the tumor accumulation of SPB@POM was 2-fold 

higher than that of SPB (Figure S18, Supporting Information). The PET imaging results 

confirmed that POM could significantly promote the tumor accumulation of SPB through 

the enhanced EPR effect based on intratumoral acidity-driven self-assembly of SPB@POM. 

Besides, PA imaging was also performed to reflect the tumor uptake of the SPB and 

SPB@POM. The SPB@POM-treated tumor exhibited almost 3-fold amplified PA intensity 

than SPB-treated tumor at 24 h post injection (Figure S19, Supporting Information). The 

dramatic PA enhancement could be attributed to both the acidity-driven aggregation of 

SPB@POM and the GSH-triggered Mo (VI) to Mo (V) conversion within POM. The tumor-

specific PA imaging by acidic/reductive TME-responsive SPB@POM could precisely 

position the tumor to guide the following PTT treatment.

The strongest PA signal of tumor appeared at 24 h post-injection, at which an 808 nm laser 

with power density of 0.5 W/cm2 was used to irradiate the tumor for 5 min. As shown by the 

IR thermal imaging (Figure 4c), the tumors of mice injected with SPB@POM showed rapid 

temperature rise to 55 ºC. However, the temperatures of tumors in SPB and saline treated 

mice only reached 45 and 35 ºC, respectively (Figure 4d). After 808 nm laser irradiation, the 

SPB@POM could completely inhibit tumor growth and even ablate tumor at day 4 (Figure 

4e). The survival of mice treated by SPB@POM plus Laser was substantially extended to 

over 45 days (Figure 4f). No obvious body weight drop was observed, indicating relatively 

high bio-safety of all these treatments (Figure S20, Supporting Information). The H&E 

stained images revealed the healthy major organs but extensive tumor cell apoptosis/necrosis 

by the treatment of SPB@POM plus Laser (Figure S21 and S22, Supporting Information), 

which further accounted for the highest treatment efficacy.

In summary, we first developed an intelligent pH/GSH dual-responsive hybrid nanoplatform 

based on the excellent match up of inorganic POM and organic SP for concurrent tumor-

specific self-assembly and phototheranostic enhancement. Several unusual methods were 

applied to synthesize the hybrid SPB@POM. The well-designed SPB@POM was featured 

with acidic TME-driven self-aggregation and reductive TME-triggered NIR absorption 

intensification, thus resulting in improved PA imaging contrast and PTT efficacy. The hybrid 

of SPB and POM not only resolved the rapid metabolism of ultra-small POM in blood, but 
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also greatly reduced the dosage of SP, thus achieving an unprecedented phototheranostic 

efficacy. The unique acidity/reducibility dual-responsiveness of SPB@POM is also expected 

to illustrate significant guidance on the future design of “magic” tumor-specific 

phototheranostic nanoplatfotms for precise cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Synthetic route of SP1 and SP2. The ratios of monomer 1, 2 and 3 were 1:1:1 (j) and 1:0:1 

(i) for SP1 and SP2, respectively. b) Absorption spectra of SP1N, SP2N and reduced POM at 

pH 6.5. c) Geometry-optimized structures, and HOMO and LUMO wave functions of SP1 

and SP2 (The methyl chains were substituted to amide position of SP1 and SP2 for 

simplicity.)
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Figure 2. 
a) Schematic of the structure of SPB, synthesis of SPB@POM and mechanism of acidity-

induced aggregation of SPB@POM. b) High-resolution TME image and c) its corresponding 

elemental mapping of SPB@POM. d) Dynamic light scattering profiles and e, f, g) TEM 

images of SPB@POM in solutions with different pH values (pH 7.4, 6.5, and 5.5).
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Figure 3. 
a) Photographs of SPB@POM solutions with or without addition of GSH under different pH 

values. b) Absorption spectra of SPB@POM after incubation with 10 mM GSH for 

increasing time (0, 0.5, 1, 1.5, 2, 4, 6, 12 h). c) PA intensities of SPB, SPB@POM, 

SPB@POM incubated with 10 mM GSH and SPB@POM with 10 mM GSH at pH 6.5 

(insets: schematic of PA amplification by GSH-triggered reduction of POM and low pH-

induced protonation of SPB@POM). d) Temperature rise profiles and IR thermal images 

(insets) of SPB@POM, SPB@POM with 10 mM GSH, and SPB@POM with 10 mM GSH 

at pH 6.5.***P<0.001.
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Figure 4. 
a) The PET imaging and b) corresponding tumor uptake (%ID/g) of U87MG tumor-bearing 

mice by i.v. injection of SPB and SPB@POM. c) IR thermal imaging of U87MG tumor-

bearing mice during 5 min of 808 nm laser irradiation after i.v. injection of SPB, 

SPB@POM and saline. d) Temperature rise profiles of the tumor as a function of the 

irradiation time. e) Tumor growth curves and f) survival rates of U87MG tumor-bearing 

mice subjected to varied treatments. *P<0.05, **P<0.01, ***P<0.001.
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Scheme 1. 
Schematic of acidic/reductive TME-responsive SPB@POM for tumor-specific self-assembly 

and phototheranostic enhancement.

Yang et al. Page 12

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 October 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Precise semiconducting phototheranostics:
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Scheme 1.

