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ABSTRACT: Controlling poly(ethylene glycol) (PEG) shielding/deshielding at the desired site 

of action exhibits great advantages for nanocarrier-based on-demand drug delivery in vivo. 

However, the current PEG deshielding strategies were mainly designed for anticancer drug 

delivery; even so, their applications are also limited by tumor heterogeneity. As a proof-of-

concept, we explored a photoinduced PEG deshielding nanocarrier TK-NPCe6&PTX to circumvent 

the aforementioned challenge. The TK-NPCe6&PTX encapsulating chlorin e6 (Ce6) and paclitaxel 

(PTX) was self-assembled from an innovative thioketal (TK) linkage-bridged diblock copolymer 

of PEG with poly(d,l-lactic acid) (PEG-TK-PLA). We demonstrated that the high PEGylation of 

TK-NPCe6&PTX in blood helps the nanocarrier efficiently avoid rapid clearance and consequently 

prolongs its circulation time. At the desired site (tumor), 660-nm red light irradiation led to ROS 

generation in situ, which readily cleaved the TK linkage, resulting in PEG deshielding. Such 

photoinduced PEG deshielding at the desired site significantly enhances the cellular uptake of 

the nanocarriers, achieving on-demand drug delivery and superior therapeutic efficacy. More 

importantly, this strategy of photoinducing PEG deshielding of nanocarriers could potentially 

extend to a variety of therapeutic agents beyond anticancer drugs for on-demand delivery. 

Keywords: PEG deshielding, ROS-sensitive block copolymer, on-demand drug delivery, 

photocontrolled drug delivery, PEG-dilemma  
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1. Introduction 

Polyethylene glycol (PEG) has been widely used to modify nanocarriers to reduce the non-

specific cellular uptake of drug delivery vehicles in vivo,1-4 which consequently prolongs the 

circulation time and decreases the cytotoxicity to normal healthy tissues or organs.5-8 Several 

PEGylated nanocarriers, including Doxil and Genexol-PM, have been approved for clinical use, 

and nearly ten pioneering clinical trials of nanocarrier-based therapies are ongoing.9-11 However, 

the PEGylation also inhibits the internalization of nanocarriers into target cells and further limits 

the therapeutic efficiency (known as the PEG dilemma).12-14 To circumvent this dilemma, 

various smart “sheddable” nanocarriers have recently been explored by scientists, in which the 

PEG can be deshielded from the nanocarriers in the target tissue to significantly promote cellular 

uptake and subsequently improve drug delivery efficiency.15-18 For the current sheddable 

nanocarriers, PEG deshielding was mainly achieved by responding to the local stimuli of the 

tumor microenviroment, such as a slightly acidic tumor microenvironment and various 

overexpressed enzymes.19-22 It should be noted that, for the tumor acidity-responsive 

formulations, the PEG segment was also deshielded in the blood circulation at a relatively lower 

rate compared to the rate in the slightly acidic tumor tissue.19 For the enzyme-responsive 

formulations, the expressions of these enzymes in different tumor patients or in the same 

individual at different tumor stages were dynamically changed,23,24 which could lead to varied 

PEG shielding effects and, hereafter uncontrollable anticancer efficacy. More importantly, these 

sheddable nanocarriers, which were designed to circumvent the PEG-dilemma for anticancer 

drug delivery, cannot be extended to deliver therapeutice agents to other desired tissues.25 Thus, 

exploring alternative strategies with precisely controlled PEG deshielding capability to any 

desired site, not just tumor cells, is urgently needed. 
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Recently, light has been widely utilized as an attractive external stimulus, which can be 

remotely manipulated with high spatial and temporal resolutions, to fabricate smart nanocarriers 

for on-demand drug delivery and drug release.26,27 Specifically, red or near-infrared (NIR) light 

with wavelengths in the range of approximately 650-950 nm, is suitable for biomedical 

applications because of its greater tissue penetration, reduced scattering, and minimal 

phototoxicity.28,29 Consequently, red and NIR light seem to be a perfect stimulus to induce PEG 

shielding in the desired tissue to enhance drug delivery efficacy. Unfortunately, the low energy 

of the red and NIR light directly resulted in inefficient cleaving of the chemical bond.30,31 

Realizing the photoinduced PEG shielding from the nanocarriers remains a major challenge. 

Recent reports have demonstrated that the thioketal (TK) bond can be readily cleaved by 

reactive oxygen species (ROS).32-34 ROS is capable of being generated specifically by 

photosensitizers under red or NIR light irradiation. In light of this, an innovative TK linkage-

bridged diblock copolymer of PEG with polylactide (PLA) (PEG-TK-PLA) was synthesized and 

used to encapsulate the photosensitizer Ce6 and the chemotherapeutic drug PTX (TK-NPCe6&PTX, 

Scheme 1). At the target tissue, 660-nm red light irradiation efficiently produced ROS by the 

encapsulated Ce6 to rapidly degrade the TK linkage in situ; consequently, the PEG corona of 

TK-NPCe6&PTX rapidly deshielded, which significantly enhanced the cellular uptake. We 

systematically and comprehensively evaluated the effect of the photoinduced PEG deshielding of 

TK-NPCe6&PTX on the nanocarrier’s circulation, internalization, accumulation, and overall 

antitumor efficacy. This study provides new avenues for the fabrication of PEG sheddable 

nanocarriers for on-demand drug delivery. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

5

 

Scheme 1. Schematic illustration of the ROS-sensitive linkage-bridged diblock copolymer-based 

nanocarriers TK-NPCe6&PTX for on-demand drug delivery by photoinduced PEG deshielding. 

Without NIR irradiation, the PEGylation of TK-NPCe6&PTX avoided rapid clearance and 

prolonged its circulation time. At the tumor site, the encapsulated Ce6 under 660-nm red light 

irradiation efficiently produced ROS to rapidly degrade the TK linkage in situ, resulting in PEG 

deshielding and consequently enhanced cellular uptake. 

 

2. Materials and methods 

Materials. PTX, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and 

4,6-diamidino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich (St. Louis, USA). 

Chlorin e6 (Ce6) was purchased from Shanghai New Union Textra Import & Export Co., Ltd. 

(Shanghai, China). Dulbecco's-modified eagle medium (DMEM) and fetal bovine serum (FBS) 
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were purchased from Gibco BRL (Eggenstein, Germany). Methoxy and carboxyl terminated 

PEG (Mn=5,000) were purchased from Aladdin Chemical Co., Ltd. (Shanghai, China). D,L-

lactide was purchased from Jinan Daigang Biomaterial Co. Ltd. (China). FITC-labeled PLA 

(Mn=1.0×104) was purchased from Xi'an Ruixi Biological Technology Co., Ltd. (Xi'an, China). 

The synthesis processes of mPEG113-TK-PLA140 and mPEG113-b-PLA142 was described in the 

supporting information. Other organic solvents and reagents were used as received. 

Characterizations. NMR spectra were recorded in deuterated reagent with an Agilent 

VNMRS 600 MHz NMR spectrometer (California, USA). The molecular weights of the samples 

were measured on a Waters gel permeation chromatography (GPC) system.35 The size of the 

nanocarriers was measured by DLS (NanoBrook-90 Plus instrument, Brookhaven Instrument 

Corporation, Holtsville, New York, USA). The morphology of the nanoparticles was analyzed by 

JEM-2100F transmission electron microscopy (TEM) at an accelerating voltage of 200 kV. The 

concentrations of PTX and Ce6 were determined by an HPLC method and UV-Vis spectroscopy, 

as previously reported.21,36 

Preparation of TK-NPCe6&PTX and NPCe6&PTX. To prepare TK-NPCe6&PTX, Ce6 (0.2 mg), 

PTX (1.0 mg) and mPEG113-TK-PLA140 (10.0 mg) were dissolved in dimethyl sulfoxide (DMSO, 

1.0 mL) for 30 min, and then water (10.0 mL) was added dropwise and continually stirred for 

another 4 h. Thereafter, the mixture solution was transferred to a dialysis tube (cutoff molecular 

weight was 14,000 Da) to remove the DMSO. The final solution was filtered through a 0.45 µm 

filter (Millipore). NPCe6&PTX was similarly prepared by replacing mPEG113-TK-PLA140 with 

mPEG113-b-PLA142. Similarly, the FITC-labeled nanocarriers FITCTK-NPCe6&PTX and 

FITCNPCe6&PTX were prepared by adding FITC-labeled PLA (0.2 mg) during the procedure.  

Administrator
Highlight
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PEG deshielding of TK-NPCe6&PTX under 660-nm light. The solution of TK-NPCe6&PTX (1.0 

mg/mL, 10 mL) in a centrifuge tube was immersed in a water bath at 37 °C and then irradiated 

with 660-nm red light (0.2 W/cm2) for different times. Subsequently, partial samples were 

collected and lyophilized for GPC analysis, and other samples were collected by centrifugation 

(100,000 × g, 1 h). The concentration of the resultant thiol-terminated PEG in the supernatant 

was determined by Ellman's reagent DTNB according to the previously reported method.27 In 

addition, the ROS generation was determined according to previously reported method.36  

Additionally, the solution of TK-NPCe6&PTX and NPCe6&PTX (1.0 mg/mL, 1.0 mL) in a 

centrifuge tube was immersed in a water bath at 37 °C and was then exposed to 660-nm red light 

(0.2 W/cm2, 30 min). Thereafter, the size distributions and morphologies of both samples with or 

without light irradiation were detected by DLS and TEM, respectively. Meanwhile, the samples 

were suspended in a PBS containing 10% FBS, and the size changes were monitored by DLS 

after incubation for different time periods.  

In addition, after preirradiation (660 nm, 0.2 W/cm2, 30 min), the TK-NPCe6&PTX or NPCe6&PTX 

(1.0 mg/mL, 1.0 mL) was transferred into the dialysis membrane tubing and was then immersed 

in the PB buffer (0.02 M, pH 7.4, 15 mL) at 37 °C. Then, the release of PTX was determined 

using HPLC analysis, as previously reported.37 

The cellular uptake of TK-NPCe6&PTX preirradiated with 660-nm light. After light 

preirradiation (660 nm, 0.2 W/cm2, 10 min or 30 min), the FITC-labeled nanocarriers FITCTK-

NPCe6&PTX or FITCNPCe6&PTX (1.0 mg/mL, 0.1 mL) were separately added into the culture medium 

(0.5 mL) of MDA-MB-231 cells in 24-well plates. FITCTK-NPCe6&PTX and FITCNPCe6&PTX without 

preirradiation were used as the controls. After incubation for 2 h or 4 h, the MDA-MB-231 cells 

were washed twice, trypsinized, collected, and subjected to FACS analyses on a BD FACS 
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Calibur flow cytometer (BD Bioscience, Bedford, MA, USA). In addition, the partial samples 

were lyophilized to determine the intracellular concentration of PTX by HPLC analysis. 

For CLSM observations, the FITCTK-NPCe6&PTX and FITCNPCe6&PTX were preirradiated and then 

co-incubated with MDA-MB-231 cells, as described above. After incubating for 4 h, the cells 

were counterstained with DAPI and Alexa Fluor568 phalloidin according to the protocols 

provided by the manufacturers and were then observed by CLSM (LSM 710, Carl Zeiss, Inc., 

Jena, Germany). 

In vitro cytotoxicity and apoptosis assay. TK-NPCe6&PTX and NPCe6&PTX were preirradiated as 

described above and were then co-incubated with MDA-MB-231 cells at different concentrations. 

After incubating for 4 h, non-internalized nanocarriers were removed, and the MDA-MB-231 

cell viabilities were measured by MTT assay after further incubation for 24 h. In addition, the 

cells, which were treated with these samples at a PTX concentration of 4.0 µg/mL, were stained 

with the Annexin V-FITC apoptosis detection kit I (BD Biosciences) according to the protocols 

provided by the manufacturers to determine the cell apoptosis rate.  

Animal and tumor model. Female BALB/c nude mice and ICR mice were purchased from 

Beijing HFK Bioscience Co. Ltd. To establish a cancer xenograft tumor model, MDA-MB-231 

cells (2×106) cells were injected into the mammary fat pads of female BALB/c nude mice. After 

the tumor volumes reached 50 mm3, the mice were used for subsequent experiments. All mice 

received care in compliance with the guidelines outlined in the Guide for the Care and Use of 

Laboratory Animals. The procedures were approved by the Hefei University of Technology 

Animal Care and Use Committee. 

Pharmacokinetic studies. ICR mice were randomly divided into three groups (n=4 per group) 

and were intravenously injected with 200 µL of TK-NPCe6&PTX, NPCe6&PTX, and free PTX 
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(dissolved in 1% DMSO) at an equivalent PTX dose of 10.0 mg/kg. At the predetermined times, 

blood samples were collected, and 100 µL of plasma were obtained. To determine the PTX 

concentration, 200 µL of acetonitrile was added to the collected plasma and vortexed for 5 min. 

Then, the samples were centrifuged at 10,000 × g for 10 min. The PTX concentration in the 

supernatant was measured by HPLC.  

PTX distribution in major organs and tumor tissue. Mice bearing MDA-MB-231 tumors 

were intravenously injected with FITCTK-NPCe6&PTX or FITCNPCe6&PTX at an equivalent PTX 

injection dose of 10.0 mg/kg. At 2 h post-injection, the tumors sites of partial mice were 

irradiated with 660-nm light (0.2 W/cm2, 30 min). Thereafter, at 6 h or 24 h post-injection, the 

tumor tissue and main organs were collected from the sacrificed mice. Subsequently, the PTX 

content in the tumor tissue was quantified using HPLC, and the accumulation of both FITC-

labeled nanocarriers in the tumor and main organs was visualized using a Xenogen IVIS® 

Lumina system. 

In vivo antitumor efficacy. Mice bearing MDA-MB-231 tumors were intravenous injected 

with 200 µL of TK-NPCe6&PTX, NPCe6&PTX, or free PTX at an equivalent PTX injection dose of 

2.5 mg/kg. At 2 h post-injection, the tumors sites were irradiated by 660 nm light (0.2 W/cm2, 30 

min). Mice without irradiation were used as controls. The mice received the treatments described 

above once a week. The estimated tumor volume was monitored by measuring the perpendicular 

diameters of the tumors and was then calculated according to the formula: tumor volume (mm3) 

= 0.5 × length × width2. The weight of each mouse was also measured every three days. 

Immunohistochemical Analysis. After the last measurement, the tumor tissues were excised 

from the sacrificed mice and weighed. Then, these tissues were fixed in 4% formaldehyde and 
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embedded in paraffin for immunohistochemical staining of the proliferating cell nuclear antigen 

(PCNA) and the terminal transferase dUTP nick-end labeling (TUNEL) assay. 

Statistical Analysis. The statistical significance of treatment outcomes was assessed using a 

Student’s t-test; *p values < 0.05, **p values < 0.01, and ***p values < 0.005 were considered 

statistically significant in all analyses. 

 

3. Results and Discussion 

To synthesize the TK linkage-bridged diblock copolymer mPEG-TK-PLA, ROS-cleavable 

2,2'-(propane-2,2-diylbis(sulfanediyl))bis(ethan-1-amine) (PDSE, Figure S1) was first reacted 

with carboxyl-terminated PEG to obtain mPEG113-TK (Scheme S1), and its structure was 

confirmed by 1H NMR (Figure 1A). Subsequently, the mPEG113-TK was used as a macroinitiator 

in the second step for the ring-opening polymerization of D,L-lactide. The successful synthesis 

of mPEG113-TK-PLA140 was verified using 1H NMR spectroscopy (Figure 1A). The average 

degrees of polymerization (DP) of PLA block was 140, which was calculated by comparisons of 

the integrals of methylene proton resonances of PEG backbone (3.70 ppm) to methine protons of 

PLA backbone (1.57 ppm). Meanwhile, the ROS-insensitive diblock copolymer mPEG113-b-

PLA142 was also successfully synthesized as a control (Figure S2). The successful synthesis of 

mPEG113-TK-PLA140 and mPEG113-b-PLA142 were also verified using GPC (Figure 1B), which 

indicated that both diblock polymers exhibited unimodal peaks toward higher molecular weights 

compared with the macroinitiator mPEG113 or mPEG113-TK. 
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Figure 1. (A) 1H NMR spectra of the macroinitiator mPEG113-TK and mPEG113-TK-PLA140. The 

subscript numbers represent the DP of PEG or PLA block. (B) GPC spectra of the macroinitiator 

mPEG113, mPEG113-TK, mPEG113-TK-PLA140 and mPEG113-b-PLA142. 

Thereafter, the obtained amphiphilic polymer mPEG-TK-PLA was used to simultaneously 

encapsulate Ce6 and PTX by the nanoprecipitation method, and the obtained nanocarrier was 

denoted as TK-NPCe6&PTX. The loading contents of Ce6 and PTX for TK-NPCe6&PTX were 

approximately 0.62±0.11% and 4.88±0.31%, respectively. Additionally, the Ce6 and PTX co-

loaded nanocarriers NPCe6&PTX exhibited similar loading contents, reaching 0.63±0.09% and 

4.79±0.26%, respectively. 

According to our design, the 660-nm red light irradiation would produce ROS by the 

encapsulated Ce6 to efficiently cleave the TK linkages, resulting in the PEG shielding. To 

demonstrate this, the TK-NPCe6&PTX and NPCe6&PTX were exposed to 660-nm light at a power 

density of 0.2 W/cm2 for different periods, and then nanocarriers were collected and lyophilized 

for GPC analysis. It was observed that the shoulder peak gradually emerged at 22.2 min (Figure 

2A), and its intensity increased as the irradiation time increased. To quantitatively determine the 

PEG shielding, the TK-NPCe6&PTX and NPCe6&PTX were exposed to a 660-nm laser as described 

above, and then the nanocarriers were collected by centrifugation (100,000 × g, 1 h), the 
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concentration of resultant thiol-terminated PEG in the supernatant was determined to calculate 

the degradation ratios of mPEG113-TK-PLA140 and mPEG113-b-PLA142. As shown in Figure 2B, 

the degradation ratios of the mPEG-TK-PLA gradually increased, which was consistent with the 

result of Figure 2A; after 10 min and 30 min irradiations, approximately 24.4% and 50.3% of the 

PEG segment were efficiently deshielded from the TK-NPCe6&PTX, respectively. In contrast, the 

degradation of PEG-b-PLA was negligible. In addition, the collected precipitation of TK-

NPCe6&PTX was lyophilized and analyzed by 1H NMR. As shown in Figure 2C, the peak at 3.70 

ppm (the methylene proton resonances of PEG backbone) gradually decreased as the irradiation 

time increased. It should be noted that TK-NPCe6&PTX and NPCe6&PTX produced comparable ROS 

under the 660-nm light irradiation (Figure S3). Based on these results, it could be concluded that 

the PEG deshielding of TK-NPCe6&PTX was efficiently achieved under 660-nm light.  

 

Figure 2. The PEG deshielding from TK-NPCe6&PTX under a 660-nm laser. (A) GPC 

measurements of TK-NPCe6&PTX with 660-nm light irradiation for 10 min, 20 min, and 30 min. 
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TK-NPCe6&PTX without light irradiation was used as a control. (B) The PEG deshielding ratios 

versus irradiation times for TK-NPCe6&PTX and NPCe6&PTX. (C) 1H NMR spectra of collected 

precipitation from TK-NPCe6&PTX with 660-nm light irradiation for different times (0, 10, 20, and 

30 min) at a power density of 0.2 W/cm2. (D, E) Size distributions (D) and PTX release (E) of 

TK-NPCe6&PTX with (L+) or without (L-) 660-nm light irradiation. The NPCe6&PTX was used as a 

control.  

Thereafter, the size, stability, morphology, and PTX release profile of TK-NPCe6&PTX and 

NPCe6&PTX with or without 660 nm light irradiation (0.2 W/cm2, 30 min) were also determined. It 

was observed that the photoinduced PEG deshielding did not affect their size and morphologies; 

the sizes of TK-NPCe6&PTX and NPCe6&PTX as measured by dynamic light scattering (DLS) were 

approximately similar at 100 nm (Figure 2D), and the morphologies of these nanocarriers 

exhibited compact and spherical morphologies (Figure S4). After PEG deshielding, the PTX 

release from TK-NPCe6&PTX(L+) only slightly increased compared to that without the 660-nm 

light irradiation (Figure 2E). In addition, the TK-NPCe6&PTX(L+) group also maintained its 

diameter for over 60 h (Figure S5), which could mean that the residual PEG was also capable of 

stabilizing the nanocarrier TK-NPCe6&PTX. 

According to our design, photoinduced PEG deshielding should enhance the cellular uptake of 

the nanocarriers. To confirm this hypothesis, the cellular uptake of TK-NPCe6&PTX with or 

without 660-nm light irradiation was investigated. The fluorescein isothiocyanate (FITC)-labeled 

TK-NPCe6&PTX (FITCTK-NPCe6&PTX) or NPCe6&PTX (FITCNPCe6&PTX) was exposed to 660-nm light 

irradiation at a density of 0.2 W/cm2 for 10 min or 30 min and was then co-incubated with 

MDA-MB-231 cells for 4 h. Thereafter, intracellular FITC fluorescence was determined by flow 

cytometric analysis. As shown in Figure 3A, the cells incubated with FITCTK-NPCe6&PTX plus 
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660-nm light irradiation exhibited much stronger intracellular FITC fluorescence than cells that 

did not receive light irradiation, and the intracellular FITC fluorescence intensity increased as the 

irradiation time increased. Because approximately 24.4% and 50.3% of the PEG were efficiently 

deshielded from TK-NPCe6&PTX following 660-nm light irradiation for 10 min and 30 min, 

respectively, as described above (Figure 2B). Additionally, the changes of PEG density for TK-

NPCe6&PTX after 660-nm light irradiation (0.2 W/cm2, 10 min or 30 min) were calculated 

according to previously reported methods.38 Based on the the 1H NMR (Figure S6) and equation 

(supporting information), it could be calculated that the PEG density of TK-NPCe6&PTX decreased 

from 0.77 to 0.62 or 0.34 PEG/nm2, respectively. Such reducing surface PEG density was 

sufficient to increase cellular uptake of nanocarrier, which has been widely reported.6, 39 Since 

the cellular uptake of nanoparticles is dependent on surface PEG density, and high surface PEG 

density made the nanoparticles resistant to cellular uptake.40, 41 Such enhanced cellular uptake 

under 660-nm light irradiation was not observed in cells treated with FITCNPCe6&PTX (Figure 3B) 

because the photoinduced PEG deshielding cannot be realized for NPCe6&PTX.  

On the other hand, the enhanced tumor cell uptake under 660-nm light irradiation was further 

corroborated by confocal laser scanning microscopy (CLSM). The FITCTK-NPCe6&PTX and 

FITCNPCe6&PTX were preirradiated and then co-incubated with MDA-MB-231 cells as described 

above. As shown in Figure S7, the cellular uptake of FITCNPCe6&PTX was not affected by 660-nm 

light irradiation, while a much stronger cellular green fluorescence for FITCTK-NPCe6&PTX 

preirradiated with 660-nm light irradiation for either 10 min or 30 min was clearly observed 

when compared to cells treated with FITCNPCe6&PTX without light preirradiation (Figure 3C). 

Moreover, the TK-NPCe6&PTX or NPCe6&PTX was preirradiated with 660-nm light for different 

periods and then co-incubated with tumor cells for 2 h or 4 h. Subsequently, the cells were 
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collected, and the intracellular PTX concentration was quantitatively determined. For the TK-

NPCe6&PTX group, 660-nm light irradiations of 10 min and 30 min significantly improved the 

amount of intracellular PTX at both time points (Figure 3D). For instance, after a 4 h incubation, 

the 660 nm preirradiation of 10 min and 30 min resulted in amounts of intracellular PTX 

approximately 1.39 and 2.34 times higher than those in cells treated with TK-NPCe6&PTX without 

light preirradiation. In contrast, 660 nm preirradiation did not affect the amount of intracellular 

PTX when the MDA-MB-231 was incubated with NPCe6&PTX at both time points. Thus, these 

results demonstrated that the photoinduced PEG deshielding effect resulted in enhanced tumor 

cell uptake of TK-NPCe6&PTX. 

 

Figure 3. Photoinduced PEG deshielding for enhanced cellular uptake. The FITC-labeled 

FITCTK-NPCe6&PTX and FITCNPCe6&PTX were preirradiated under 660-nm red light (L+, 0.2 W/cm2) 

for 10 min or 30 min. Both nanoparticles without light preirradiation (L-) were used as a control. 

(A, B) Flow cytometric analyses of MDA-MB-231 cells after incubation with FITCTK-

NPCe6&PTX(L+) (A) and FITCNPCe6&PTX(L+) (B). (C) CLSM images of FITCTK-NPCe6&PTX(L+) in 
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MDA-MB-231 cells. The scale bar was 10 µm. The cell nuclei and F-actin were counterstained 

with DAPI (blue) and Alexa Fluor568 phalloidin (red), respectively. (D) HPLC quantitative 

analyses of the intracellular PTX concentrations after treatment as described in (A) and (B). *p < 

0.05, **p < 0.01. 

The increased amount of intracellular PTX by TK-NPCe6&PTX under 660-nm light irradiation 

would result in enhanced anti-proliferation activity of cancer cells. To demonstrate this, the TK-

NPCe6&PTX was preirradiated with or without 660 nm lasers (0.2 W/cm2, 30 min) and was then 

incubated with MDA-MB-231 cells for 4 h. After removing the non-internalized nanocarriers 

and further incubating in a fresh medium for 24 h, the MDA-MB-231 cell viability was detected 

by an MTT assay (Figure 4A). At each concentration, it could be clearly observed that more 

tumor cells were destroyed by TK-NPCe6&PTX plus light preirradiation (TK-NPCe6&PTX(L+)) 

compared to those without light preirradiation (TK-NPCe6&PTX(L-)), exhibiting the highest 

efficacies for inhibiting tumor cell growth. In contrast, 660-nm light preirradiation did not 

improve the cytotoxicity of NPCe6&PTX to MDA-MB-231 cells.  
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Figure 4. The photoinduced PEG deshielding significantly enhanced the anticancer efficacy in 

vitro. (A) The relative cell viabilities of MDA-MB-231 cells after treatment with TK-

NPCe6&PTX(L+) and NPCe6&PTX(L+). The TK-NPCe6&PTX(L+) and NPCe6&PTX(L+) represented 

preirradiation with 660-nm light irradiation (0.2 W/cm2, 30 min) before co-incubation with cells. 

Both nanoparticles without light irradiation, TK-NPCe6&PTX(L-) and NPCe6&PTX(L-), were used as 

controls. **p < 0.01. (B) Flow cytometric analysis of MDA-MB-231 cell apoptosis induced by 

different treatments at an equivalent PTX concentration of 4.0 µg/mL. 

Furthermore, the cell apoptosis was also detected. After treatment as mentioned above at an 

equivalent PTX concentration of 4.0 µg/mL, the MDA-MB-231 cells were stained with 

Annexin-V-FITC and propidium iodide (PI). As shown in Figure 4B, TK-NPCe6&PTX(L-) and 

NPCe6&PTX(L-) induced apoptosis in 19.86% and 20.95% of the MDA-MB-231 cells. Pre-

irradiating NPCe6&PTX with 660-nm light irradiation did not elevate cell apoptosis (19.37%). In 

contrast, treatment with TK-NPCe6&PTX(L+) induced 42.76% cell apoptosis, which was the 

highest apoptotic ratio among these treatments. Thus, these anticancer results demonstrated that 

the photoinduced PEG deshielding effect remarkable elevated the nanocarrier’s efficacy in 

destroying tumor cells. 

Encouraged by the superior efficacy of TK-NPCe6&PTX(L+) in vitro, the in vivo animal 

experiment was performed to demonstrate the advantage of photoinduced PEG deshielding for 

nanocarriers-based cancer therapy. The mice were intravenously injected with TK-NPCe6&PTX, 

NPCe6&PTX, or free PTX, and the concentrations of PTX versus time were determined using 

HPLC. As shown in Figure 5A, TK-NPCe6&PTX and NPCe6&PTX, which both contained high levels 

of PEGylation, exhibited a prolonged circulation time in the blood compared with those of free 

PTX. Furthermore, the pharmacokinetic parameters of these formulations were calculated (Table 
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S1). It was observed that the PEGylation of TK-NPCe6&PTX and NPCe6&PTX ensured large areas 

under the curve (AUC) compared to that of the free PTX, being 15.5-fold and 18.0-fold greater 

than that of free PTX. In addition, the high PEGylation also induced a much slower blood 

clearance rate of TK-NPCe6&PTX and NPCe6&PTX than that of free PTX. Overall, we concluded that 

TK-NPCe6&PTX and NPCe6&PTX exhibited remarkably prolonged circulation times, which was to 

the high PEGylation of nanocarriers that minimized their recognition by MPS cells during 

circulation and consequently helped them avoid rapid clearance by the RES. 

 

Figure 5. Photoinduced PEG deshielding for enhanced tumor accumulation in vivo. (A) Plasma 

PTX concentration versus time after intravenous injection of free PTX in 1% DMSO, TK-

NPCe6&PTX, and NPCe6&PTX. (B) The quantification of PTX contents in tumor tissue by HPLC. *p 

< 0.05. (C) Ex vivo images of heart, lung, spleen, liver, kidney, and tumor tissue at 24 h post-

injection. (D) The quantification of the PTX contents in major organs by HPLC. In Figures 5B, 
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5C, and 5D, (L+) represented that only the tumor site was irradiated with 660-nm light (0.2 

W/cm2, 30 min) at 2 h post-injection, the other tissues was not received. 

Once circulating in the tumor interstitium, the 660-nm light irradiation should induce the PEG 

deshielding from TK-NPCe6&PTX, resulting in the enhanced tumor cell uptake and consequently 

improving the tumor accumulation. To verify this speculation, mice with MDA-MB-231 

xenografts were administered FITCTK-NPCe6&PTX, 
FITCNPCe6&PTX or free PTX, and the tumor sites 

were irradiated with 660-nm light (0.2 W/cm2, 30 min) at 2 h post-injection. At 6 h or 24 h post-

injection, the mice were sacrificed to collect the tumor tissue and main organs. Subsequently, the 

PTX content in the tumor tissue was quantified using HPLC, and the tumor accumulation of both 

FITC-labeled nanocarriers was visualized using a Xenogen IVIS® Lumina system. Figure 5B 

shows that the PTX contents in the tumor tissue after 6 h and 24 h administration of FITCTK-

NPCe6&PTX plus 660-nm light irradiation (FITCTK-NPCe6&PTX(L+)) were 1.37-fold and 1.55-fold 

higher than the amount that accumulated without light irradiation (FITCTK-NPCe6&PTX(L-)), 

respectively. In contrast, for the FITCNPCe6&PTX groups, the PTX content in the tumor tissue was 

almost not affected by the light irradiation, exhibiting a similar level to the FITCTK-NPCe6&PTX(L-) 

group. Meanwhile, the result generated by the Xenogen IVIS® Lumina system further indicated 

that the highest FITC fluorescent signal in the tumor tissue was visualized in the FITCTK-

NPCe6&PTX(L+) group in comparison to FITCTK-NPCe6&PTX(L-) (Figure 5C). Such enhanced tumor 

accumulation under 660-nm laser irradiation was not found in the mice injected with 

FITCNPCe6&PTX. It should be noted that the enhanced PTX accumulation was not observed in the 

other organs (Figure 5D) because the PEG shielding was not realized in the absence of 660-nm 

light irradiation. Thus, the high PEGylation potentially reduced nonspecific cellular uptake by 

normal healthy cells, which consequently avoided cytotoxicity to normal tissues or organs. 
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The above results demonstrated that the high degree of PEGylation ensured the significantly 

prolonged circulation of TK-NPCe6&PTX in the blood, while the photoinduced PEG deshielding in 

the tumor tissue efficiently enhanced the cellular uptake by tumor cells and improved the PTX 

accumulation in tumor tissue, which could elevate the anticancer efficacy of TK-NPCe6&PTX plus 

light irradiation. To demonstrate this, mice bearing MDA-MB-231 tumors were intravenously 

injected with TK-NPCe6&PTX, NPCe6&PTX or free PTX in 1% DMSO, and a portion of each group 

was irradiated with a 660-nm laser (0.2 W/cm2, 30 min) at 2 h post-injection. As indicated in 

Figure 6A, treatment with TK-NPCe6&PTX and NPCe6&PTX only moderately inhibited tumor growth, 

and there were no significant differences among the formulations. The 660-nm light irradiation 

slightly improved the anticancer efficacy of NPCe6&PTX, which could be due to the photodynamic 

effect of the encapsulated Ce6. In contrast, the growth of the tumor was most efficiently 

suppressed in the TK-NPCe6&PTX group with light irradiation (TK-NPCe6&PTX(L+)), which verified 

that the photoinduced PEG deshielding significantly enhanced anticancer efficacy of TK-

NPCe6&PTX due to the enhanced cellular uptake. It should be noted that there is no obvious body 

weight loss during treatment with these formulations (Figure S8), suggesting the negligible 

toxicities of these treatments. In addition, inspection of the tumor pictures of all formulations in 

Figure 6B further supported the above conclusion that the TK-NPCe6&PTX(L+) group exhibited 

the highest anticancer efficiency. Moreover, an evaluation of the tumor growth rates (Figure 6C) 

and the tumor weights (Figure 6D) among all the formulations also indicated that the TK-

NPCe6&PTX(L+) group exhibited the greatest improvement in antitumor efficiency.  

Finally, immunohistochemical staining was used to analyze cell proliferation and apoptosis in 

the tumor tissues after treatment. As shown in Figure 6E, treatment with TK-NPCe6&PTX(L+) 

more efficiently reduced the percentage of proliferating PCNA-positive tumor cells (proliferating 
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cells) and increased the percentage of TUNEL-positive tumor cells (apoptotic cells), further 

confirming that the photoinduced PEG deshielding effect at the tumor site realized superior 

anticancer efficacy of the nanocarrier. 

 

Figure 6. Photoinduced PEG deshielding for elevated anticancer efficacy in vivo. (A) The MDA-

MB-231 tumor growth curves (A) of PBS, free PTX in 1% DMSO, TK-NPCe6&PTX, and 

NPCe6&PTX after intravenous administration. (B, C, D) Tumor images (B), tumor growth rates (C) 

and tumor weights (D) of various groups at the last time point of measurement. (L+) and (L-) 

represent whether the tumor sites were irradiated with 660-nm light (0.2 W/cm2, 30 min) at 2 h 

post-injection. (E) The H&E, PCNA and TUNEL analyses of tumor tissues after treatment. The 

scale bar is 50 µm. *p < 0.05; **p < 0.01; **p < 0.005. 

 

4. CONCLUSION 
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We have successfully constructed an innovative nanocarrier TK-NPCe6&PTX with photoinduced 

PEG deshielding capability through designing bridged PEG and PLA copolymers with an ROS-

sensitive TK linker. Under 660-nm light irradiation, the TK linker was efficiently cleaved by the 

encapsulated Ce6-generated ROS in situ. Then, the PEG corona detached from the nanocarriers. 

As a result of the specifically photoinduced PEG deshielding in the tumor tissue, enhanced 

cellular uptake and improved antitumor efficacy were realized in comparison with the 

conventional mPEG-b-PLA nanocarrier. This strategy could be extended to on-demand drug 

delivery to a variety of desired tissues and cells, providing a precisely and remotely controlled 

drug delivery approach. 
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