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A B S T R A C T   

The combination of chemotherapy and photodynamic therapy (PDT) based on nanoparticles (NPs) has been 
extensively developed to improve the therapeutic effect and decrease the systemic toxicity of current treatments. 
However, overexpressed glutathione (GSH) in tumor cells efficiently scavenges singlet oxygens (1O2) generated 
from photosensitizers and results in the unsatisfactory efficacy of PDT. To address this obstacle, here we design 
H2O2-responsive polymer prodrug NPs with GSH-scavenger (Ce6@P(EG-a-CPBE) NPs) for chemo-photodynamic 
synergistic cancer therapy. They are constructed by the co-self-assembly of photosensitizer chlorin e6 (Ce6) and 
amphiphilic polymer prodrug P(EG-a-CPBE), which is synthesized from a hydrophilic alternating copolymer P 
(EG-a-PD) by conjugating hydrophobic anticancer drug chlorambucil (CB) via an H2O2-cleavable linker 4- 
(hydroxymethyl)phenylboronic acid (PBA). Ce6@P(EG-a-CPBE) NPs can efficiently prevent premature drug 
leakage in blood circulation because of the high stability of the PBA linker under the physiological environment 
and facilitate the delivery of Ce6 and CB to the tumor site after intravenous injection. Upon internalization of 
Ce6@P(EG-a-CPBE) NPs by tumor cells, PBA is cleaved rapidly triggered by endogenous H2O2 to release CB and 
Ce6. Ce6 can effectively generate abundant 1O2 under 660 nm light irradiation to synergistically kill cancer cells 
with CB. Concurrently, PBA can be transformed into a GSH-scavenger (quinine methide, QM) under intracellular 
H2O2 and prevent the depletion of 1O2, which induces the cooperatively strong oxidative stress and enhanced 
cancer cell apoptosis. Collectively, such H2O2-responsive polymer prodrug NPs loaded with photosensitizer 
provide a feasible approach to enhance chemo-photodynamic synergistic cancer treatment.   

1. Introduction 

Over the past few decades, polymeric nanoparticles as promising 
potential drug delivery vehicles have been widely developed for cancer 
chemotherapy since they can overcome several biological barriers dur
ing cargo delivery, such as poor water solubility, rapid blood clearance, 
severe side effects, low tumor tissue accumulation, and so on [1–3]. 
Although great progress has been achieved, these drug delivery systems 
relied on the physical encapsulation of drugs in polymeric nanoparticles 
during the self-assembly process still face two major drawbacks that 
limit their better therapeutic effect [4]. On the one hand, polymeric 
nanoparticles have very low drug loading capacity, usually less than 5% 
[5,6]. On the other hand, drug-loaded formulation usually encounters 

inevitable drug leakage during blood circulation causing unpredictable 
systemic cytotoxicity [7,8]. To address these problems, an attractive 
strategy is to directly covalent conjugation of a hydrophobic drug to the 
hydrophilic polymer via a tumor microenvironment responsive linkage 
that is stable in the blood to form polymer-drug conjugate, also called 
polymeric prodrug, which was first reported by the seminal work of 
Ringsdorf in 1975 [9]. After that, some different polymer-drug conju
gates have been developed and later tested in clinical trials [10–12]. 
Since these pioneering efforts, the field of polymer-drug conjugates has 
acquired tremendous development. 

As an ideal polymer-drug conjugate for cancer chemotherapy, it 
should be stable in blood circulation to avoid drug leakage and reduce 
side-effect to normal tissues. Once it is internalized by cancer cells, the 
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polymeric prodrug should be quickly degraded triggered by the intra
cellular microenvironment to release enough drugs in cancer cells to 
effectively kill the cells. Therefore, to realize the mentioned above, 
various stimuli-sensitive linkers that can be specifically cleaved under 
triggering by internal stimuli (e.g., pH [13,14], enzyme [15–17], redox 
[18–22], etc.) have been intensively explored to conjugate polymer with 
the drug to obtain smart polymeric prodrug. Among these stimuli, 
ROS-responsiveness has attracted much attention in the construction of 
polymeric prodrugs for cancer chemotherapy due to overproducing ROS 
around mitochondria in cancer cells. Recently, various ROS-induced 
cleavable chemical bonds, including phenylboronic esters/acids 
[23–25], thioketals [26–28], diselenium [29–31], and aryl oxalate ester 
[32–34] have been exploited and widely used to construct 
ROS-triggered polymeric prodrug for controlled intracellular drug 
release and selective cancer chemotherapy. 

Moreover, to achieve a better therapeutic effect, one opinion is to 
combine chemotherapy and PDT (an advanced noninvasive therapeutic 
method that has been widely used to treat various cancers in the clinic). 
The primary principle of PDT is to generate large amounts of cytotoxic 
ROS, such as singlet oxygen (1O2), by using photosensitizers under light 
irradiation to kill cancer cells [35–38]. Utilizing this property, re
searchers have developed various ROS-responsive polymeric prodrugs 
to deliver photosensitizer to tumor sites for combined chemotherapy 
and photodynamic therapy of cancer under light irradiation, in which 
the 1O2 generated from photosensitizer could not only cleave the 
ROS-sensitive linker to release the anticancer drug but also directly kill 
the cancer cells [39]. For example, Pei and co-workers developed 
polyphosphoester-doxorubicin polymeric prodrug through 
ROS-cleavable thioketal (TK) linkage for the combination of 
chemo-photodynamic therapy [40]. Chu and co-workers reported a 
ROS-responsive MPEG-(TK-CPT)-PPa prodrug delivery system for com
bined chemotherapy and photodynamic therapy [41]. However, in these 
reported systems, the 1O2 produced from photosensitizer could be 
consumed by a high concentration of GSH in cancer cells, which greatly 
reduces the effect of PDT and limits its applications in the clinic [42]. To 
overcome the obstacle, it is highly expected that the development of 
multifunctional polymeric nano-prodrug systems could effectively 

achieve controllable intracellular drug release and simultaneously 
rapidly decrease the level of GSH in cancer cells to avoid the depletion of 
1O2. As reported, phenylboronic acid/ester moieties-containing mate
rials could be converted into toxic quinone methide (QM) triggered by 
H2O2 in cancer cells. QM is capable of rapidly alkylating GSH, causing 
GSH depletion and inhibiting the antioxidative capability of cancer cells 
[43–46]. Therefore, using phenylboronic acid as a linker to fabricate 
ROS-sensitive polymeric prodrug to load and deliver photosensitizer for 
chemo-photodynamic therapy would be of significant interest. 

Aiming at this goal, we designed and constructed some H2O2- 
responsive polymer prodrug NPs loaded with Ce6 for enhanced chemo- 
photodynamic synergistic cancer therapy (Scheme 1). The hydrophobic 
anticancer drug CB was conjugated to the hydrophilic alternating 
copolymer P(EG-a-PD) via an H2O2-cleavable linker PBA to form an 
amphiphilic alternating copolymer prodrug P(EG-a-CPBE), which could 
co-self-assemble into NPs with the photosensitizer Ce6 in water. The 
obtained Ce6@P(EG-a-CPBE) NPs could efficiently avoid premature 
drug leakage in the blood circulation due to the high stability of the PBA 
linker under the physiological environment and accumulate at the 
tumor site via the enhanced permeability and retention (EPR) effect. 
Once the internalization of NPs by tumor cells, the linker PBA could be 
rapidly cleaved triggered by endogenous H2O2 to release CB and Ce6 
and simultaneously converted into QM, which could quickly scavenge 
intracellular GSH and prevent the depletion of 1O2 generated from Ce6 
under 660 nm light irradiation. Finally, H2O2-responsive Ce6@P(EG-a- 
CPBE) NPs with GSH-scavenger under light irradiation can effectively 
enhance chemo-photodynamic synergistic cancer treatment. 

2. Materials and methods 

2.1. Materials 

N,N′-dicyclohexylcarbodiimide (DCC, 99%, Adamas), Poly(ethylene 
glycol) diglycidyl ether (Mn = 500, PEGDGE-9, Sigma-Aldrich), 3- 
amino-1,2-propanediol (APD, 98%, Adamas), Nile red (NR, 99%, 
Acros), 4-(dimethylamino)pyridine (DMAP, 99%, Adamas), 4-(hydrox
ymethyl)phenylboronic acid pinacol ester (PBAPE, 98%, Adamas), 

Scheme 1. Schematic illustration of the construction of H2O2-responsive Ce6@P(EG-a-CPBE) NPs with GSH-scavenger, drug delivery, and the intracellular release of 
CB and Ce6 for enhanced chemo-photodynamic synergistic cancer therapy. 
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chlorambucil (CB, 98%, Yuanye Bio-Technology), sodium periodate 
(NaIO4, 99%, Adamas), molecular sieves (Adamas), chlorin e6 (Ce6, 
97%, Alfa), methylthiazolyldiphenyl-tetrazolium bromide (MTT, Beyo
time), acetone (99.9%, Greagent), ethanol (95%, Greagent) and 
dimethyl sulfoxide (DMSO, 99.9%, Greagent) were directly used 
without further purification. 

2.2. Synthesis of alternating copolymer prodrug P(EG-a-CPBE) 

4-(hydroxymethyl) phenylboronic acid-modified chlorambucil 
(CPBA) (1.50 g, 3.42 mmol), P(EG-a-PD) (1.99 g, 0.166 mmol) and ultra- 
dry DMSO (30 mL) were added in a three-neck round bottom flask with a 
small amount of molecular sieve. Then the solution was stirred at 60 ◦C 
for 30 h under N2. The mixture solution was centrifuged at 10,000 rpm 
for 10 min and then dialyzed with DMSO for one day and deionized 
water for 1 day (MWCO = 7000 g mol− 1). The resultant product was 
lyophilized to give a light brown solid. The drug content of P(EG-a- 
CPBE) was determined by HPLC analysis according to the standard curve 
of CB in ethanol tested via the HPLC spectrum. And the CB content was 
calculated as follows: 

CB content (wt%) =
weight of Cb in polymeric prodrug

weigh of polymeric prodrug
× 100%  

2.3. Preparation of P(EG-a-CPBE) NPs 

Briefly, P(EG-a-CPBE) prodrug (20.0 mg) and DMSO (0.5 mL) were 
added into 1 mL centrifuge tube. After complete dissolution, the solution 
was added dropwise into 5 mL of deionized water. After stirring for 3 
min, the mixture was transferred into the dialysis bag and dialyzed with 
deionized water for 16 h (MWCO = 1000 g mol− 1) and the P(EG-a- 
CPBE) NPs solution was obtained. 

2.4. Preparation of Ce6-loaded P(EG-a-CPBE) NPs 

Typically, Ce6 (2 mg), P(EG-a-CPBE) (20 mg), and DMSO (0.5 mL) 
were added into 1 mL centrifuge tube and shocked at r.t. for 5 min to 
allow complete dissolution. Then the mixture was added dropwise into 
5 mL of deionized water. After slightly stirring for 2 min, the solution 
was dialyzed by use of deionized water for 16 h (MWCO = 1000 g 
mol− 1). To determine the amount of Ce6, the Ce6@P(EG-a-CPBE) NPs 
solution was frozen and dried under vacuum and then re-dissolved with 
DMSO. The Ce6 content was determined by the use of UV–vis spectro
photometer at 406 nm absorbance. 

2.5. Prodrug NPs stability 

P(EG-a-CPBE) NPs and Ce6@ P(EG-a-CPBE) NPs were added in PBS 
with 10% FBS or PBS placed at 4 ◦C in a refrigerator for 5 days. At the 
predetermined time (0, 1, 2, 3, 4, and 5 d), the average diameters were 
measured by DLS. 

2.6. In vitro cellular uptake of Ce6@P(EG-a-CPBE) NPs 

The cellular uptake behaviors of Ce6@P(EG-a-CPBE) NPs were 
evaluated against MCF-7 cells. For flow cytometry, the 6-well plate was 
seeded with 5.0 × 105 MCF-7 cells per well and cultured overnight. Then 
the fresh DMEM was used to dilute the solution of Ce6@P(EG-a-CPBE) 
NPs to a final concentration of Ce6 (1 μg mL− 1), which was added to 
different wells. After incubating at 37 ◦C for 1, 2, and 4 h, the DMEM 
culture was removed and cold PBS was used to wash the cells three 
times. After treatment with trypsin, the fluorescence of Ce6 in cells was 
analyzed by using BD LSRFortessa flow cytometer. For the confocal laser 
scanning microscopy (CLSM) study, 1.2 × 106 MCF-7 cells were equally 
seeded in a 6-well plate and incubated for 24 h, followed by removing 
the mixture and adding Ce6@P(EG-a-CPBE) NPs solutions at the 

concentration of Ce6 (1 μg mL− 1). After incubation for 4 h, the DMEM 
was removed and PBS was used to wash the cells two times. Subse
quently, the cells were treated with 1 mL formaldehyde (4%) for 20 min 
in dark and rinsed with PBS three times. Finally, 5 μg mL− 1 Hoechst 
33,342 (0.5 mL) was used to stain the cell nuclear for 5 min. The fluo
rescence images of cells were taken by LEICA TCS SP8 fluorescence 
microscopy. 

2.7. In vitro ROS production and GSH content 

ROS assay kit was utilized to determine the ROS generation ability of 
Ce6@P(EG-a-CPBE) inside cells. Briefly, MCF-7 cells were seeded in a 
cover glassed bottom dish with 2 × 104 cells per well. After growth for 
12 h, the cells were treated with Ce6@P(EG-a-CPBE) for 4 h. The 
mixture solution was removed and PBS was used to rinse the cells three 
times. Then 2 mL of fresh DMEM containing DCFH-DA (dichloro
fluorescein-diacetate) (10 μM) was added, and the cells were cultured 
for 20 min. After that, the medium was removed and the cells were 
rinsed by use of serum-free DMEM three times and irradiated by a 660 
nm laser for 10 min and further cultured with complete DMEM for 4 h. 
Subsequently, the cells were treated according to the method as 
described in the 2.6. The untreated and unirradiated cells were used as 
control. 

GSH assay kit was used to measure the relative GSH concentration in 
MCF-7 cells. Briefly, a density of 3.0 × 105 MCF-7 cells per well was 
seeded in 6-well plant. After 12 h growth, the cells were added with PBS, 
CB, Ce6@P(EG-a-CPBE) NPs and further cultured for 24 h. After that, 
the cells were irradiated by a 660 nm laser for 10 min. Subsequently, the 
mixture solution was removed carefully and the cells were rinsed by 
using PBS twice. The cells unirradiated cells were used as control. 
Finally, these samples were treated following the protocol, and the 
absorbance at 420 nm was detected by Bio-Tek Synergy H4. 

2.8. In vitro cell cytotoxicity 

The cell cytotoxicity of Ce6@P(EG-a-CPBE) was evaluated against 
MCF-7 cells by MTT assay. Briefly, 200 μL of complete DMEM containing 
8 × 103 MCF-7 cells were seeded in 96-well plate. After growth for 12 h, 
the medium was replaced with 200 μL of DMEM containing different 
concentrations of CB or Ce6. For the laser irradiation group, after 
treatment for 12 h, the DMEM was removed and the cells were washed 
with PBS two times. After adding the fresh DMEM, the cells were irra
diated by a 660 nm laser for 10 min. After that, the cells were further 
grown for 72 h at 37 ◦C. The cells treated with Vitamin C (VC) were used 
as a control. For the groups without laser, the cells were directly incu
bated for 72 h at 37 ◦C. Finally, the 96-well plate was added to the MTT 
solution (20 μL) and incubated for another 4 h. After removing the 
mixture solution, 200 μL DMSO was added to each well to dissolve the 
formazan crystals. Then the absorbance at 490 nm was recorded by the 
use of a microplate reader. 

2.9. Cell apoptosis assay 

2 mL DMEM per well containing 5.0 × 105 MCF-7 cells was added 
into 6-well plate and cultured overnight. Then the cells were incubated 
with PBS, free CB, or Ce6@P(EG-a-CPBE). For the laser irradiation 
group, after treatment for 12 h, the DMEM was removed and the cells 
were washed by using cold PBS two times. After adding the fresh DMEM, 
the cells were irradiated by a 660 nm laser for 10 min. After that, the 
cells were further cultivated for another 12 h at 37 ◦C. For the groups 
without laser irradiation, the cells were directly treated for 24 h at 37 ◦C. 
Then the cells were collected and centrifuged at 1000 rpm for 3 min. The 
cold PBS was used to wash the cells and stained them with FITC-Annexin 
V and PI for 15 min. Finally, these samples were detected by flow 
cytometry, and 1 × 104 events per sample were collected. 
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2.10. Pharmacokinetics and biodistribution 

The mice with MCF-7 tumor-bearing were injected with free CB or 
Ce6@P(EG-a-CPBE) NPs at a CB dose of 10 mg kg− 1 (n = 3 per group) 
via the tail vein. At predetermined time points, the blood was taken from 
the eye socket after injection. The plasma was obtained by centrifuga
tion of the blood for 10 min and extracted with 200 μL CH2Cl2 two times. 
The amounts of CB in the plasma were measured according to our pre
viously reported method. To assess the tissue distribution, the samples as 
the same above were injected into the MCF-7 tumor-bearing mice via tail 
vein, respectively. The mice were sacrificed at 2 h, and 8 h after drug 
injection, and the tumor and main organs were taken out. The concen
tration of CB in the tumor and main organs were analyzed according to 
our previous work. 

2.11. In vivo optical imaging 

The MCF-7 tumor-bearing mice were intravenously injected with 
200 μL of Ce6@P(EG-a-CPBE) NPs or free Ce6, respectively. The fluo
rescence distribution in MCF-7 tumor-bearing mice was detected at 1, 2, 
4, 8, and 24 h using a Kodak multimode imaging system with the 
wavelength (λex = 635 nm, λem = 660 nm). At the end of the test, the 
mice were sacrificed, and the tumor tissues and main organs were 
stripped to use for ex vivo imaging under a Kodak multimode imaging 
system. 

2.12. In vivo anticancer activity 

MCF-7 tumor-bearing mice (n = 5 per group) were intravenously 
injected with 200 μL of PBS, free CB, or Ce6@P(EG-a-CPBE) NPs at the 
dosage of CB (15 mg kg− 1) and Ce6 (1.36 mg kg− 1), respectively. These 
different formulations were injected into mice via the tail vein once 
every 3 days for 24 days. After every injection for 2 h, the tumor site of 
mice was irradiated by a 660 nm laser for 10 min, the group without 
irradiation was used as a control. The size of the tumor and the body 
weight of the mice were measured before every injection. The volume 
(V) of the tumor was calculated according to the formula: V (mm3) = 1/ 
2 × length (mm) × width (mm)2. After 24 days of treatment, the mice 
were sacrificed and the tumors were stripped out, weighed, and 
photographed. 

2.13. Statistical analysis 

All acquired data were shown as mean ± SD. The statistical signifi
cance was analyzed using Student’s t-test calculated by prism software; 
*P < 0.05, **P < 0.01, and ***P < 0.001 were deemed statistically 
significant in all analyses. 

3. Results and discussion 

3.1. Synthesis of P(EG-a-CPBE) prodrug 

The amphiphilic alternating copolymer prodrug P(EG-a-CPBE) con
taining H2O2-responsive PBA linkage was synthesized according to the 
route in Scheme S1. The CB derivative (CPBA) was prepared from CB 
and 4-hydroxyphenyl boronic acid pinacol ester (PBAPE) by two-step 
reaction as shown in Scheme S1A. Firstly, PBAPE- modified CB 
(CPBAPE) was synthesized through esterification using DCC/DMAP. 
Secondly, the derivative CPBA was obtained through the deprotection of 
pinacol boronate esters in the presence of an acid catalyst. The 1H NMR, 
LC-MS, and FTIR spectra of CPBA confirmed its chemical structure 
(Figs. S1 and S2). The P(EG-a-PD) was prepared according to our pre
vious reports [47,48]. As shown in Scheme S1B, PEGDGE-9 and APD 
were selected as two monomers to polymerize at room temperature by 
the one-step amine-epoxy click reaction. The 1H NMR, FTIR, GPC, and 
DCS techniques were used to confirm the chemical structure of P 

(EG-a-PD). As exhibited in Fig. S3, compared to the 1H NMR spectrum of 
PEGDGE-9 in D2O, the signal at 2.70 ppm (1), 2.88 ppm (1′), and 3.27 
ppm (2) of the epoxy protons of PEGDGE-9 disappeared completely, 
while the two signals at 2.54 ppm (B) and 3.74 ppm (E) attributed to the 
methylene (-N-CH2-CH(OH)–CH2-) and the methine (-N–CH2–CH(OH)– 
CH2-) appeared in the 1H NMR spectrum of P(EG-a-PD). In addition, the 
corresponding protons signals in the 1H NMR spectrum of APD could be 
also observed in the 1H NMR spectrum of P(EG-a-PD). The unimodal 
GPC trace of P(EG-a-PD) was displayed in Fig. 1A, suggesting the success 
of the amine-epoxy click polymerization. The DSC, FTIR spectrum, and 
TGA curves of P(EG-a-PD) were studied and shown in Fig. S4 and 
Figs. S5A and B. All these results demonstrated that the P(EG-a-PD) was 
synthesized successfully. 

Phenylboronic acids are capable of binding diols to form phenyl
boronic esters that exhibit fast oxidation-responsive in the presence of 
H2O2 [49,50]. P(EG-a-CPBE) prodrug was obtained by a coupling re
action of the boronic acid group on CPBA and the diol on P(EG-a-PD) at 
60 ◦C for 48 h with molecular sieves (Scheme S1C). As displayed in 
Fig. 1A, the GPC trace of P(EG-a-CPBE) prodrug significantly shifted to 
the high molecular weight side compared to that of P(EG-a-PD), sug
gesting CPBA was conjugated to P(EG-a-PD) successfully. Compared to 
the 1H NMR spectrum of CPBA in Fig. 1B, the proton signals of CPBA at 
8.25 (j), 7.51 (i), 7.10 (d), 6.68 (c), 5.23 (h), 2.60 (e), 2.44 (g), and 1.98 
(f) ppm were changed to 7,61 (j’), 7.25 (i’), 7.05 (d’), 6.62 (c’), 5.10 (h’), 
2.56 (e’), 2.37 (g’), and 1.94 (f’) ppm, respectively, in the 1H NMR 
spectrum of P(EG-a-CPBE). Meanwhile, the corresponding proton sig
nals of P(EG-a-PD) also appeared in the 1H NMR spectrum of P 
(EG-a-CPBE). The UV–vis absorption and FTIR spectra of P(EG-a-CPBE) 
were shown in Fig. 1C and Fig. S5, respectively. No obvious UV–vis 
absorption appeared in the absorption of P(EG-a-PD), while UV–vis 
absorption similar to the absorption of CB could be observed in the 
absorption of P(EG-a-CPBE). As shown in Fig. S5, a strong C––O 
stretching absorption band at 1730 cm− 1 belonging to the ester of CPBA 
can be observed in the FTIR spectrum of P(EG-a-CPBE). Additionally, a 
strong -C-O-C- stretching absorption band at 1103 cm− 1 belongs to P 
(EG-a-PD) and also appears in the FTIR spectrum of P(EG-a-CPBE). All 
these results demonstrated that CPBA was conjugated onto P(EG-a-PD) 
successfully. The CPBA content in the P(EG-a-CPBE) prodrug was 37.3% 
determined according to the standard curve of CPBA. 

3.2. Preparation of the prodrug NPs 

The hydrophobic CPBA was conjugated onto hydrophilic alternating 
copolymer P(EG-a-PD) to form amphiphilic P(EG-a-CPBE) prodrug that 
could self-assemble into NPs in water. The average size and morphology 
of the P(EG-a-CPBE) NPs were tested by DLS and TEM, respectively. As 
exhibited in Fig. 2A, the average diameter of P(EG-a-CPBE) NPs is 68.7 
and the PDI (polydispersity index) is 0.209. The TEM photo of the NPs in 
Fig. 2B indicates that the P(EG-a-CPBE) prodrug can form spherical 
nanoparticles with an average size of approximate 61.2 nm, which is a 
little smaller than the DLS results. This can be ascribed to the shrinkage 
of NPs during the sample drying process. To further verify the self- 
assembly behavior of P(EG-a-CPBE) prodrug, the critical aggregation 
concentration (CAC) was determined by using Nile red. The relationship 
between the NR fluorescence intensity and the concentration of P(EG-a- 
CPBE) prodrug is displayed in Fig. 2C. The CAC of the P(EG-a-CPBE) 
prodrug is about 55.3 μg mL− 1 from the inflection of the curve. DLS was 
used to monitor the stability of P(EG-a-CPBE) NPs in phosphate buffered 
saline (PBS) or PBS containing fetal bovine serum (FBS, 10%) for 5 days. 
As shown in Fig. 2D, the diameters of P(EG-a-CPBE) NPs increase a little 
after adding 10% FBS. No obvious change in size (Fig. 2D) and PDI 
(Fig. S7) is detected even after 5 days of storage, suggesting the good 
stability of P(EG-a-CPBE) NPs in the presence of serum. 

The in vitro drug release properties of P(EG-a-CPBE) NPs were 
studied by dialysis in PBS (pH 7.4) containing (or not) 100 μM H2O2 at 
37 ◦C. The cumulative release curves display that the concentration of 
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released CB is very low (about 9% at 48 h) in absence of H2O2 (Fig. 2E). 
However, incubation with 100 μM H2O2, the total release content of CB 
is accelerated significantly, and up to about 52% for 48 h. The result 
demonstrates that the linker PBA can be cleaved effectively triggered by 
H2O2. Moreover, after incubation with H2O2, the PBA linker can be 
changed into QM which has been confirmed to rapidly generate 
hydroxybenzyl alcohol (HA) with nucleophilic H2O as shown in Fig. S8A 
[43,46]. The oxidation products of P(EG-a-CPBE) prodrug were 
confirmed by 1H NMR spectrum as shown in Fig. S8B. The new peaks 
appear at 7.14 ppm (a), 6.72 ppm (b), and 4.32 ppm (c) belonging to the 
HA in the 1H NMR spectrum of oxidation products as consistent with the 
previous reports [44,51,52], suggesting that H2O2-triggered QM release 
and the potential of P(EG-a-CPBE) NPs to rapidly alkylate GSH, causing 
apoptotic cell death. To further study the H2O2-triggered prodrug 
release, the changes of P(EG-a-CPBE) NPs in diameter and morphology 
after treatment with 100 μM H2O2 were investigated by use of DLS and 
TEM as displayed in Fig. 2F and Fig. S9. It can be seen that the average 
hydrodynamic diameter of P(EG-a-CPBE) NPs decreases significantly 
from 68.7 nm to 3.8 nm after incubation with H2O2 for 72 h. Meanwhile, 

only some small particles less than 10 nm can be observed in the TEM 
image (Fig. S9). These results indicate that the PBA linker cleavage is 
triggered by H2O2, which leads to the destruction of P(EG-a-CPBE) NPs. 

The Ce6-loaded NPs (Ce6@P(EG-a-CPBE) NPs) were prepared by the 
co-self-assembly of Ce6 and P(EG-a-CPBE) prodrug in water. Compared 
with P(EG-a-CPBE) NPs, the average diameter of Ce6@P(EG-a-CPBE) 
NPs is slightly larger about 75.5 nm in an aqueous solution (Fig. 2A). The 
similar result can be observed from the TEM image of Ce6@P(EG-a- 
CPBE) NPs (Fig. 2G). Additionally, the Ce6@P(EG-a-CPBE) NPs have the 
same stability as P(EG-a-CPBE) NPs in PBS or PBS containing 10% FBS 
(Fig. 2D). Compared to the UV–vis absorption of free Ce6 (Fig. 2H), a 
slight redshift in the absorption of the Ce6@P(EG-a-CPBE) NPs is 
observed, which can be attributed to the result of intermolecular π–π 
stacking between CPBA and Ce6, further enhancing the stability of 
Ce6@P(EG-a-CPBE) NPs. Meanwhile, the loading content and efficiency 
of Ce6 in Ce6@P(EG-a-CPBE) NPs is 3.38% and 34.98% at the feed ratio 
of 10:1 (P(EG-a-CPBE)/Ce6, wt./wt.), respectively, which is calculated 
via the standard curve of Ce6 determined by use of UV–vis absorption. 
According to our design, the Ce6 in Ce6@P(EG-a-CPBE) NPs would be 

Fig. 1. The chemical characterization of P(EG-a-CPBE) prodrug. (A) GPC traces of P(EG-a-PD) and P(EG-a-CPBE) prodrug. (B) 1H NMR spectra of CPBA, P(EG-a-PD) 
and P(EG-a-CPBE) prodrug in CDCl3. (C) UV–vis spectra of CB, P(EG-a-PD), and P(EG-a-CPBE) prodrug in acetonitrile. 
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released via the rapid cleavage of the PBA linker in the P(EG-a-CPBE) 
prodrug triggered by H2O2. The Ce6@P(EG-a-CPBE) NPs after treatment 
with 100 μM H2O2 were investigated by DLS and TEM. Similar results as 
that of P(EG-a-CPBE) NPs treated with H2O2 were obtained as shown in 
Fig. 2I and Fig. S9, suggesting that the nanostructure of Ce6@P(EG-a- 
CPBE) NPs is damaged, leading to the release of Ce6. To determine the 
ROS generation ability of Ce6@P(EG-a-CPBE) NPs under 660 nm laser 
irradiation, a ROS fluorescent quencher, 1,3-diphenylisobenzofuran 
(DPBF), was used to measure qualitatively based on the fluorescence 
intensity change of DPBF. As indicated in Fig. S10, the fluorescence 
intensity of DPBF solution containing Ce6@P(EG-a-CPBE) NPs decreases 
gradually with the laser irradiation time, which suggests Ce6@P(EG-a- 
CPBE) NPs can generate ROS effectively under the irradiation of 660 nm 
laser. 

3.3. In vitro studies 

To confirm Ce6@P(EG-a-CPBE) NPs can enter cells effectively, flow 
cytometry and CLSM were used to evaluate the cell internalization 
behavior. As seen in Fig. 3A, the fluorescence intensity of Ce6 in cells 
increases gradually with the incubation time. From the CLSM images 
(Fig. 3B), it can be shown that Ce6@P(EG-a-CPBE) NPs can be efficiently 
internalized into MCF-7 cells for 4 h-incubation. According to the 
merged image, the red fluorescence of Ce6 is mainly distributed in the 
cytoplasm. After the internalization of Ce6@P(EG-a-CPBE) NPs, the ROS 

generation capability in MCF-7 cells under 660 nm laser irradiation was 
evaluated by the use of DCFH-DA as a fluorescent probe [53]. The 
MCF-7 cells without treatment and irradiation were used as control. The 
nuclei were treated with Hoechst 33,342 for 5 min and then the cells 
were examined using a LEICA TCS SP8. As seen from CLSM images 
(Fig. 3C), the weak green fluorescence in cells can be observed after 
incubation by PBS, which may be ascribed to the intrinsic ROS in cells. 
While adding Ce6@P(EG-a-CPBE) NPs without 660 nm laser treatment, 
the intensity of green fluorescence in cells slightly increases, which 
should be attributed to the generated QM from P(EG-a-CPBE) prodrug 
depleting GSH to decrease the antioxidative ability, thus increasing the 
intracellular ROS concentration. Upon irradiation by 660 nm laser, the 
intensity of green fluorescence in cells can be observed significantly 
increase due to the 1O2 generated from Ce6 under irradiation to improve 
the ROS concentration in cells. To study the GSH-scavenger capability of 
P(EG-a-CPBE) NPs, we investigated the effect of P(EG-a-CPBE) NPs on 
the level of GSH in MCF-7 cells. First, the cells were treated with various 
formulations, and then the level of GSH in MCF-7 cells was quantita
tively measured by using the GSH/GSSG Assay Kit. As exhibited in 
Fig. 3D, the level of GSH both in MCF-7 cells treated with Ce6@P 
(EG-a-CPBE) NPs (L-) and Ce6@P(EG-a-CPBE) NPs (L+) reduces 
significantly, suggesting the QM released from the degradation of PBA 
linker in P(EG-a-CPBE) prodrug could effectively deplete the intracel
lular GSH. Meanwhile, the level of GSH in CB-treated cells also decreases 
slightly, which can be attributed to the formation of GSH-conjugates 

Fig. 2. Preparation and characterization of the Ce6@P(EG-a-CPBE) NPs. (A) DLS curve of P(EG-a-CPBE) NPs and Ce6@P(EG-a-CPBE) NPs. (B, G) TEM images of P 
(EG-a-CPBE) NPs (B) and Ce6@P(EG-a-CPBE) NPs (G). Scale bar: 200 nm. (C) The curve of NR fluorescent intensity vs P(EG-a-CPBE) prodrug concentration in water. 
The value of CAC is about 55.3 μg mL− 1. (D) The stability of P(EG-a-CPBE) NPs and Ce6@P(EG-a-CPBE) NPs in PBS or PBS containing 10% FBS. (E) CB release 
profiles from P(EG-a-CPBE) NPs with or without 100 μM H2O2 in PBS (pH 7.4). (F, I) DLS curves of P(EG-a-CPBE) NPs (F) and Ce6@P(EG-a-CPBE) NPs (I) before and 
after treatment with 100 μM H2O2. (H) UV–vis absorption spectra of Ce6@P(EG-a-CPBE) NPs and the control formulations. 
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between GSH and CB [54]. Additionally, the cells treated with Ce6@P 
(EG-a-CPBE) NPs (L-) or Ce6@P(EG-a-CPBE) NPs (L+) show a similar 
decrease of GSH, suggesting the intracellular GSH has been depleted by 
P(EG-a-CPBE) prodrug completely, which inhibits them to scavenge the 
ROS generated by Ce6 under 660 nm laser irradiation, enhancing the 
efficacy of PDT. To confirm the synergetic effect, in vitro cytotoxicity of 
Ce6@P(EG-a-CPBE) NPs was evaluated against MCF-7 cells by methyl 
tetrazolium (MTT) assay, compared with that of free CB. After treatment 
with Ce6@P(EG-a-CPBE) NPs or free CB for 4 h, the medium was 
removed and the cells washed three times were irradiated by using 660 

nm laser for 10 min and further cultured for 72 h at 37 ◦C for the MTT 
assay. As indicated in Fig. 3E, free CB inefficiently inhibited the growth 
of MCF-7 cells, while Ce6@P(EG-a-CPBE) NPs without laser irradiation 
show slightly enhanced inhibition activity of cancer cells, indicating that 
QM released from P(EG-a-CPBE) NPs could deplete GSH to induce tumor 
cells apoptosis, enhancing the efficacy of chemotherapy. Upon 660 nm 
laser irradiation, Ce6@P(EG-a-CPBE) NPs (L+) exhibited the highest 
anticancer activity, which can be ascribed to the ROS generated from 
Ce6 under 660 nm laser irradiation, meanwhile, intracellular GSH is 
effectively consumed by QM to prevent the depletion of ROS and 

Fig. 3. In vitro evaluation of Ce6@P(EG-a-CPBE) NPs. (A) The flow cytometry diagram of MCF-7 cells treated with Ce6@P(EG-a-CPBE) NPs for 1 h, 2 h, and 4 h. The 
untreated cells are used as a control. (B) CLSM photos of MCF-7 cells cultured with Ce6@P(EG-a-CPBE) NPs for 4 h. The cell nuclei are stained with Hoechst 33,342. 
(C) CLSM images of MCF-7 cells treated by Ce6@P(EG-a-CPBE) NPs with (L+) or without (L-) 660 nm laser irradiation. (D) The level of GSH in MCF-7 cells after 
treatment with CB, Ce6@P(EG-a-CPBE) NPs (L-), and Ce6@P(EG-a-CPBE) NPs (L+) for 24 h. The level of GSH in the untreated group is set to 100%. *P < 0.05, ***P 
< 0.001 (E) In vitro cytotoxicity of free CB, Ce6@P(EG-a-CPBE) NPs (L-) and Ce6@P(EG-a-CPBE) NPs (L+) to MCF-7 cells. The data are presented as average ±
standard error (n = 5). (F) The cell apoptosis rate of MCF-7 cells induced by free CB, Ce6@P(EG-a-CPBE) NPs (L-) and Ce6@P(EG-a-CPBE) NPs (L+). 
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enhanced the synergistic chemo-photodynamic effect. However, the 
anticancer efficacy of Ce6@P(EG-a-CPBE) NPs (L+) is obviously 
decreased with the addition of ROS scavenger VC, suggesting that the 
highest anticancer activity of Ce6@P(EG-a-CPBE) NPs (L+) is attributed 
to the combination of H2O2-triggered CB prodrug release and the 1O2 
generated from Ce6 under 660 nm laser irradiation. 

In addition, cell apoptosis was also detected after treatment with 
different formulations by using the FITC-Annexin V/propidium iodide 
(PI) method. As shown in Fig. 3F, the free CB induces apoptosis in 
16.47% of MCF-7 cells. The ratio of apoptotic cells is improved to 
25.63% when the MCF-7 cells were incubated with Ce6@P(EG-a-CPBE) 
NPs (L-). Additionally, the highest apoptotic percentage of 37.85% can 
be achieved when the MCF-7 cells were treated with Ce6@P(EG-a- 
CPBE) NPs (L+), indicating that 1O2 produced from Ce6 under 660 nm 
light irradiation can also induce cell apoptosis to achieve the synergistic 
chemo-photodynamic efficacy. 

3.4. Pharmacokinetics and biodistribution studies 

Compared to free small molecule drugs, polymer prodrug NPs usu
ally have a longer retention time in the blood. To demonstrate this, the 
pharmacokinetics profile of Ce6@P(EG-a-CPBE) NPs was evaluated. The 
MCF-7 tumor-bearing mice were intravenously injected with Ce6@P 
(EG-a-CPBE) NPs or free CB, respectively. The plasma CB concentration 

versus time curves is indicated in Fig. 4A. Obviously, Ce6@P(EG-a- 
CPBE) NPs can significantly prolong the blood retention time of polymer 
prodrug containing CB compared to that of free CB, which would benefit 
the accumulation of them in tumor tissue. 

To further test the amount of CB in tumor tissue and main organs, the 
MCF-7 tumor-bearing mice were intravenously injected with free CB or 
Ce6@P(EG-a-CPBE) NPs at an equivalent CB dosage of 10 mg kg− 1. After 
injection for different time intervals, the mice were sacrificed, and the 
tumor tissue and main organs were collected and homogenized. Subse
quently, the drug was extracted with organic solvent for HPLC analysis. 
As shown in Fig. 4B, after injection with Ce6@P(EG-a-CPBE) NPs for 
either 2 h or 8 h, the accumulation of CB in tumor tissue is higher than 
that of free CB. Similar results can be observed in the main organs, 
including the liver, kidney, spleen, lung, and heart. Additionally, after 
injection with Ce6@P(EG-a-CPBE) NPs for 8 h, the accumulation of CB 
decreases remarkably in the spleen, lung, kidney, and liver, while the 
downward trend is slower in tumors. 

To confirm the Ce6 encapsulated in P(EG-a-CPBE) NPs can efficiently 
accumulate in tumor tissue, in vivo fluorescence imaging of MCF-7 
tumor-bearing mice was evaluated by detecting the fluorescence of 
Ce6 at different time points after intravenous injection via tail vein with 
free Ce6 or Ce6@P(EG-a-CPBE) NPs using a noninvasive optical imaging 
system (IVIS). As exhibited in Fig. 4C, the fluorescence signals of free 
Ce6 are distributed extensively in the whole body of the mouse within 1 

Fig. 4. In vivo pharmacokinetics and biodistribution evaluation of Ce6@P(EG-a-CPBE) NPs. (A) Plasma CB concentration after intravenous (i.v.) injection with free 
CB, or Ce6@P(EG-a-CPBE) NPs. The data are presented as the average ± standard error (n = 3). (B) Tissue distribution of CB, and P(EG-a-CPBE) NPs after intra
venous injection with an equivalent concentration CB (10 mg kg− 1) of free CB and P(EG-a-CPBE) NPs in nude mice. Data are presented as average ± standard error 
(n = 3), and the statistical significance level is ***P < 0.001. (C) In vivo fluorescence images of MCF-7 tumor-bearing nude mice after intravenous (i.v.) injection with 
free Ce6 or Ce6@P(EG-a-CPBE) NPs. (D) Fluorescent photos of tumor and main organs after treatment with Ce6 or Ce6@P(EG-a-CPBE) NPs for 24 h. 
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h post-injection, while no obvious fluorescence signals were observed in 
the tumor site. After 24 h injection, the signals become extremely weak, 
indicating that free Ce6 is rapidly cleared from the bloodstream. On 
contrary, a strong fluorescence signal of Ce6 in Ce6@P(EG-a-CPBE) NPs 
is observed significantly in the tumor site after 1 h and then increases to 
the strongest at 2 h, suggesting the Ce6@P(EG-a-CPBE) NPs gradually 
accumulate in the tumor. Subsequently, the signal becomes gradually 
weak, while the signal in the tumor site still can be observed after 24 h 
post-injection. Additionally, the MCF-7 tumor-bearing mice were 
sacrificed, and the tumor tissue and main organs were stripped for the ex 
vivo fluorescence imaging after injection with free Ce6 or Ce6@P(EG-a- 
CPBE) NPs for 24 h using an in vivo imaging system. As displayed in 
Fig. 4D, compared to that treated with free Ce6, the tumor tissue exhibits 
a strong fluorescence signal of Ce6 after treatment with Ce6@P(EG-a- 
CPBE) NPs for 24 h, and the Ce6 fluorescence signals are also clearly 
observed in the liver. 

3.5. In vivo anticancer activity 

To further demonstrate the efficient accumulation of Ce6@P(EG-a- 
CPBE) NPs in tumors can enhance the synergetic anticancer activity, the 
MCF-7 tumor-bearing nude mice were intravenously injected with free 
CB or Ce6@P(EG-a-CPBE) NPs at an equivalent CB dose of 15.0 mg kg− 1. 
Under the guidance of fluorescence imaging, the whole tumor site was 
treated under 660 nm laser irradiation after injection for 2 h (Fig. 5A), 

and the mice untreated with laser irradiation were used as control. The 
tumor volume and body weight of mice were measured at every injec
tion. As shown in Fig. 5B, the tumor volumes in mice treated with free 
CB and PBS are no significant difference, which may be ascribed to the 
insufficient accumulation of free CB in the tumor site. After treatment 
with Ce6@P(EG-a-CPBE) NPs (L-), the tumor volumes in mice are 
smaller than that of treatment with PBS, indicating that the CB can be 
efficiently delivered and accumulated in the tumor and the QM released 
from the linker PBA activated by H2O2 can deplete GHS causing the 
enhancement of chemotherapy efficacy. Upon irradiation with 660 nm 
laser at 2 h post-injection with Ce6@P(EG-a-CPBE) NPs, the tumor 
volumes in mice are the smallest than that of all treatments. Similar 
results were also contained by taking photos of tumors in mice in the 
process of therapy (Fig. 5E). After 24 days of injection, the mice were 
euthanized and the tumor tissues were isolated, washed with PBS, and 
photographed (Fig. 5F). The tumor tissues were weighed (Fig. 5C) to 
calculate the tumor inhibitory rate (TIR) (Fig. 5D). The TIR of the 
Ce6@P(EG-a-CPBE) NPs (L+) treatment group is 84.07 ± 5.85% 
compared with that of the PBS group, which is significantly higher than 
that of the Ce6@P(EG-a-CPBE) NPs (L-) treatment group (58.97 ±
3.21%) and free CB treatment group (20.05 ± 2.34%). These results 
demonstrate that the anticancer effect of Ce6@P(EG-a-CPBE) NPs (L+) 
is the highest in the all of treatment groups, which is mainly attributed to 
the combined therapeutic effect of quickly released CB and QM that 
depleted GSH to prevent the consumption of the generated ROS, 

Fig. 5. In vivo antitumor activity. (A) Treatment schedule for MCF-7 tumor-bearing nude mice. (B) Changes in tumor volume of various groups in the therapeutic 
process. (C) The mean tumor weight in different treatment groups. (D) The tumor inhibitory rate (TIR) after treatment with different formulations. The TIR is 
calculated according to our previously reported method. Data are represented as average ± standard error (n = 5). Statistical significance: **P < 0.01; ***P < 0.001. 
(E) The photo of MCF-7 tumor-bearing mice treated by different formulations during the 24-day therapeutic period. (F) Representative tumors isolated from mice at 
the end of therapy. For the laser irradiation group, the tumor sites were irradiated by 660 nm laser for 10 min after 2 h post-injection. 
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enhanced the antitumor efficacy of the combination of chemo- 
photodynamic therapy. 

To further evaluate the anticancer effect of Ce6@P(EG-a-CPBE) NPs 
(L+), the tumor tissues were stripped and sectioned for the histopath
ological and immunohistochemical assay. The tissue sections stained by 
hematoxylin and eosin (H@E) indicate that large nucleus and spindle 
shape in the tumor tissues treated with PBS and free CB, while the 
number of tumor cells reduces obviously, and large nuclear shrinkage is 
observed in the group treated by Ce6@P(EG-a-CPBE) NPs, especially the 
group irradiation with 660 nm laser (Fig. 6A). Moreover, the cell pro
liferation in the tumor tissues was analyzed by use of proliferating cell 
nuclear antigen (PCNA) after treatment. As shown in Fig. 6B, the per
centage of PCNA-positive (brown) tumor cells gradually reduces in the 
tumor tissues induced by free CB, Ce6@P(EG-a-CPBE) NPs (L-), and 
Ce6@P(EG-a-CPBE) NPs (L+) compared with that of the PBS group. 
Meanwhile, the quantitative analysis of the area percentage of PCNA- 
positive (brown) is obtained from Image J software and the results are 
shown in Fig. S11. It can be seen that the area percentage of PCNA- 
positive is 32.87%, 28.55%, and 18.44% treated by PBS, free CB, 
Ce6@P(EG-a-CPBE) NPs (L-) and significantly decreases to 3.36% if 
treatment with Ce6@P(EG-a-CPBE) NPs (L+). In contrast to other for
mulations, the Ce6@P(EG-a-CPBE) NPs (L+) can decrease much more 
PCNA-positive tumor cells, suggesting that the Ce6@P(EG-a-CPBE) NPs 
could achieve superiorly synergistic antitumor efficacy under irradia
tion with 660 nm laser. 

In addition, the side effects of Ce6@P(EG-a-CPBE) NPs were inves
tigated by checking the body weight change of mice and analyzing the 
pathological sections of main organs stained using H&E. As revealed in 
Fig. S12, no obvious body weight reduction of mice is observed in 
Ce6@P(EG-a-CPBE) NPs group with or without laser irradiation. 
Meanwhile, no obvious pathologic histological change is observed in the 
H&E-stained tissue sections of the heart, lung, spleen, liver, and kidney 
of the Ce6@P(EG-a-CPBE) NPs treatment with or without laser irradi
ation (Fig. S13), verifying the excellent biocompatibility of this polymer 
prodrug delivery system. Furthermore, serum biochemistry analysis was 
further performed to evaluate the biosafety of the Ce6@P(EG-a-CPBE) 
NPs. Generally, the liver is the major organ for nanoparticles elimination 
and thus causes inflammation easily. Figs. S14A and B displays no sig
nificant change in liver-function-related indexes, including alanine 
aminotransferase (ALT) and aspartate aminotransferase (AST) after 
treatment with the P(EG-a-CPBE) NPs and Ce6@P(EG-a-CPBE) NPs, 

indicating their low hepatotoxicity. The kidney is another main meta
bolic pathway for nanoparticles and undertakes a significant physio
logical burden. Therefore, kidney-function-related indexes, including 
blood urea nitrogen (BUN) and creatinine (CRE), were also analyzed and 
shows no obvious indication of kidney toxicity (Figs. S14C and D). All 
the above results confirm that such a prodrug delivery system has good 
biocompatibility and excellent biosafety. 

4. Conclusion 

In summary, we successfully designed and fabricated H2O2-respon
sive P(EG-a-CPBE) prodrug NPs to encapsulate Ce6 for chemo- 
photodynamic synergistic cancer therapy. The hydrophobic chemo
drug CB was covalently linked to the side groups of hydrophilic alter
nating copolymer P(EG-a-PD) via an H2O2-cleavable PBA linker, and the 
obtained (EG-a-CPBE) prodrug could co-assemble with Ce6 to form 
Ce6@(EG-a-CPBE) prodrug NPs. The high stability of the PBA linker 
under a physiological environment could efficiently prevent premature 
drug leakage in blood circulation, reducing the side effect in normal 
tissue and cells. After accumulation of Ce6@(EG-a-CPBE) NPs in the 
tumor site and entering cells, the PBA rapidly cleaved triggered by 
endogenous H2O2 to release CB and Ce6, meanwhile, the PBA was also 
transformed into QM, which could consume intracellular GSH to prevent 
the ROS generated from Ce6 under 660 nm light irradiation to be 
depleted, achieving the combination of chemo-photodynamic thera
peutic efficacy. Overall, such an H2O2-triggered prodrug and GSH- 
depleting agent release and activation strategy would offer a feasible 
approach to exploit the new generation nanodrugs with excellent 
biosafety and superior synergism of chemo-photodynamic therapy. 
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