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Abstract: 

Amphiphilic drug conjugates can self-assemble into nanovehicles for cancer drug 

delivery, but the key is to design stable yet intracellular labile drug linkers for drug 

retention during blood circulation but fast intracellular drug release. The conjugation 

of paclitaxel (PTX) is generally via the ester of its 2'-hydroxyl group, but the ester is 

either too stable to release PTX in the cytosol or so labile that hydrolyzes during 

circulation.  Herein, we report a p-(boronic ester)benzyl-based tumor-specifically 

cleavable linker for preparing PTX-conjugate with polyethylene glycol (PEG, Mw = 

5000 Da) (PEG-B-PTX). The amphiphilic PEG-B-PTX self-assembled into micelle 

with an average size of ~50 nm and a PTX loading content of 13.3 wt%. The 

PEG-B-PTX micelles were very stable at the normal physiological environment and 

thus circulated long in the blood compartment, but fast dissociated and released PTX 

in response to the elevated reactive-oxygen species (ROS) level in tumors. The 
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conjugate micelles showed significantly improved antitumor efficiency in vitro and in 

vivo against human glioma and breast cancer cells, and reduced toxicity compared to 

the clinically used Taxol. Thus, the PTX-conjugate micelles were characteristic of 

well-characterized chemical structure and nanostructure, precise and reproducible 

drug loading efficiency (i.e., 100%) and fixed loading content, high PTX loading 

content due to PTX itself as part of the carrier, no burst drug release, and easy and 

reproducible fabrication of the micelles, which are all essential for clinical translation. 

Keywords: ROS-responsive linker, polymer-drug conjugate, paclitaxel prodrug, 

self-assembly prodrug, prodrug micelles. 

 

1. Introduction 

Paclitaxel (PTX) is a potent antineoplastic agent for the treatment of various 

cancers, including breast, lung, and ovarian carcinoma [1, 2]. However, its low water 

solubility, significant systemic toxicity, and acquired drug resistance are its drawbacks 

in clinical applications. Various PTX nanoformulations have been developed to 

address these challenges [3-7]. For instance, Abraxane—albumin-bound PTX 

nanoparticles—shows better pharmacokinetics and enhanced antitumor activity 

compared to Taxol and was approved by the FDA for the treatment of metastatic 

breast cancer in 2005 [8]. Another formulation, Genexol-PM, which is PTX loaded in 

polyethylene glycol-block-polylactide (PEG-PLA) block copolymer micelles, has 

been marketed in Asia and is in phase III clinical trial in the USA for the treatment of 

metastatic breast cancer [9, 10]. Nevertheless, current clinically used PTX 

nanoformulations generally have drawbacks of poor in vivo stability, premature 

release, and only achieve minor improvements in efficacy [11, 12]. Therefore, great 

efforts have been devoted to designing novel PTX delivery systems responsive to the 

biological stimuli to control the drug retention/release for improved efficacy and 

reduced side effects [13-18]; for instance, PTX was conjugated to polymers via labile 

linkers in response to the tumor microenvironment stimuli such as such as pH [7, 19, 

20], reactive oxygen species (ROS) [21-23], glutathione (GSH) [4, 24, 25], and 

enzymes [26]. Several PTX prodrug formulations now have progressed to clinical 
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trials [3].   

We demonstrated that a hydrophobic drug conjugated with a short water-soluble 

polymer or peptide chain made the drug amphiphilic and thus self-assembled into 

nanovehicles for delivery of the drug and even codelivery of other drugs [14, 16, 27]. 

This amphiphilic prodrug approach shows many advantages, including 

well-characterized chemical structures, precise and reproducible drug loading 

efficiency (i.e. 100%), fixed and high drug loading contents due to the drugs 

themselves as part of the carriers, and easy and reproducible fabrication of the  

nanovehicles. Very importantly, these nanovehicles are free of burst release problem 

generally found in physically drug- loaded micelles [27]. Such characters are favorable 

for clinical translation compared to complicated polymer counterparts [14, 16, 27-29]. 

Therefore, we proposed that making PTX amphiphilic with short polyethylene glycol 

(sPEG) would self-assemble into such micelles with the aforementioned characters 

ready for clinical translation. The conjugation site for PTX is generally via its ester of 

2'-OH [30]. In our preliminary work, we prepared sPEG-PTX prodrugs via the 2'-OH 

esters of different carboxylic acids. The prodrugs using the aliphatic acid esters, e.g., 

succinyl ester, as the linker could form well-defined micelles, but they had a very 

short blood circulation times due to the fast hydrolysis of these esters, while the 

prodrugs using the esters of aromatic acids were too stable to hydrolyze even in the 

presence of esterase. Therefore, a stable but intracellular labile ester of PTX is the key 

for the PTX prodrug forming stable and long-circulating nanovehicles to maximize 

therapeutic efficacy and to minimize side effects. 

Herein, we report a PEG-B-PTX prodrug with a benzylboronic ester-based 

ROS-responsive cleavable linker between PEG and PTX (Scheme 1). Very 

interestingly, the p-(boronic ester)benzyl succinyl ester of PTX was very stable, and 

the PEG-B-PTX was hardly hydrolyzable in normal physiological conditions. On the 

other hand, benzylboronic ester is known oxidizable by the elevated levels of ROS in 

tumor and tumor cells [31, 32] to trigger an elimination reaction [33-35]. Thus, the 

amphiphilic PEG-B-PTX could self-assemble into stable micelles with a size of about 

50 nm and circulated long in blood. Once accumulated in tumor, the high 
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concentration of ROS oxidized the p-(boronic ester)benzyl group and induced the 

subsequent 1,4-elimination reaction, resulting in self-cleavage of the linker to release 

PTX and quinone as a by-product. The released quinone could deplete intracellular 

GSH, synergistically killing cancer cells [36, 37]. Compared with commercial Taxol 

and non-responsive control prodrug, PEG-B-PTX exhibited prolonged circulation 

time, improved in vivo antitumor efficacy, and low side effects on mouse tumor 

xenograft model. With the aforementioned characters, this conjugate has high 

potentials for clinical translation. 

 

Scheme 1. The chemical structure of the PTX prodrug, PEG-B-PTX, and it's 

self-assembly into prodrug micelles for the tumor ROS-triggered drug release. 

 

2. Materials and methods 

2.1. Materials 
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2-Amino-4'-bromoacetophenone hydrochloride, di-tert butyl dicarbonate, sodium 

borohydride (NaBH4), bis(pinacolato)diboron, potassium acetate (KOAc), 

1'1-bis(diphenylphosphino) ferrocene palladium(II) chloride (Pd(dppf)Cl2
.DCM), 

succinic anhydride, trifluoroacetic acid (TFA), 4-pentynoic acid (PA), 

N-hydroxysuccinimide (NHS), N,N-dicyclohexylcarbodiimide (DCC), 

4-(dimethylamino)pyridine (DMAP), CuBr, and 

N,N,N,N,-pentamethyldiethylenetriamine (PMDETA) were purchased from Energy 

Chemical (Shanghai). Paclitaxel (PTX) was purchased from Huilin Bio-tech Co., Ltd. 

(Xi’an, China). Methoxypoly(ethylene glycol) with a molecular weight of ~5,000 

(mPEG5K-OH) was purchased from Sigma-Aldrich (Shanghai, China). All other 

organic solvents were purchased from Sinopharm Chemical Reagent Co. Ltd. 

(Shanghai, China). Dichloromethane (CH2Cl2), tetrahydrofuran (THF), N, 

N-dimethylformamide (DMF), dioxane, and triethylamine (TEA) were dried over 

calcium hydride (CaH2) and distilled before use.  

Fetal bovine serum (FBS), trypsin, and RPMI 1640 medium were purchased 

from GIBCO. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

and ROS assay kit (2′,7′-dichlorofluorescein diacetate, DCFH-DA) were purchased 

from Beyotime Institute of Biotechnology (Shanghai, China).  U251 cells were 

purchased from the Cell Bank of Peking Union Medical College (Beijing, China). 

Cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) with 10 % fetal 

bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL 

streptomycin at 37°C in an environment of 5% CO2. Human breast cancer cell line 

MCF-7 cells were purchased from American Type Culture Collection (Manassas, 

USA). Cells were incubated in RPMI-1640 medium containing 10% heat- inactivated 

FBS and 1% penicillin/streptomycin solution in a humidified atmosphere of 5% CO2 

at 37 ºC. Female BALB/c mice (6-8 weeks) were purchased from the Animal Center 

of Zhejiang University and maintained under standard conditions. Animal 

experiments were approved by the Animal Care and Use Committee of Zhejiang 

University and were carried out in accordance with the institutional guidelines. 
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2.2. Synthesis of PEG-B-PTX (Scheme 2) 

2.2.1 Synthesis of compound 2 

Compound 1 (5 g, 23.3 mmol) and di-tert-butyl dicarbonate (5.6 g, 25.7 mmol) 

were dissolved in 100 mL THF at 0 ºC followed by the addition of Et3N (7.5 mL, 54.1 

mmol) in 50 mL THF with a dropping funnel. After the addition was completed, the 

reaction mixture was heated to 40ºC and stirred for another 2 h. After removing the 

salts by filtration, the solvent was evaporated, and another 150 mL ethyl acetate was 

added to dissolve the residues. The organic solution was washed with saturated NH4Cl 

aqueous solution, NaHCO3 aqueous solution, and brine, and then dried over 

anhydrous Na2SO4. After removing the solvent, the residues were further purified by 

flash chromatography affording compound 2 as a white solid (11.5 g, yield: 90%). 1H 

NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.5 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 5.50 (s, 

1H), 4.61 (d, J = 4.4 Hz, 2H), 1.47 (s, 9H). 

Similarly, compound 8 was obtained as a white solid (yield: 73.4%).1H NMR 

(400 MHz, CDCl3) δ 8.00 – 7.88 (m, 2H), 7.65 – 7.56 (m, 1H), 7.48 (dd, J = 10.6, 4.7 

Hz, 2H), 5.56 (s, 1H), 4.66 (d, J = 4.4 Hz, 2H), 1.47 (s, 9H). 

2.2.2 Synthesis of compound 3 

To a solution of compound 2 (11.5 g, 36.6 mmol) in methanol, NaBH4 (7.0 g, 

185 mmol) was added portion-wise over 10 minutes with vigorous stirring in an 

ice-salt bath. The mixture was stirred until the TLC monitoring indicated that the 

reaction of compound 2 was complete. The reaction was next quenched with water 

addition. Methanol was removed by evaporation, and the aqueous solution was 

extracted with ethyl acetate (50 mL × 3). The combined organic phase was washed 

with brine, dried over anhydrous Na2SO4, and filtered. After concentration, the crude 

product was recrystallized in hexane to give compound 3 as a white crystal (10.7 g, 

yield: 92%). 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.40 (m, 2H), 7.24 (d, J = 8.4 Hz, 

2H), 4.93 (s, 1H), 4.79 (dd, J = 7.2, 2.5 Hz, 1H), 3.51 – 3.34 (m, 1H), 3.31 – 3.09 (m, 

1H), 1.44 (s, 9H). 

Compound 9 was similarly obtained as a white crystal (yield: 89.2%). 1H NMR 

(400 MHz, CDCl3) δ 7.41 – 7.26 (m, 5H), 4.96 (s, 1H), 4.88 – 4.74 (m, 1H), 3.46 (s, 
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1H), 3.32 – 3.15 (m, 1H), 1.44 (s, 9H). 

2.2.3 Synthesis of compound 4 

Compound 3 (7.6 g, 24.0 mmol), bis(pinacolato)diboron (21.4 g, 84.3 mmol), 

Pd(dppf)Cl2
.DCM (1.6 g 2.19 mmol), and potassium acetate (12.4 g, 126 mmol) were 

dissolved in 100 mL 1,4-dioxane under an argon atmosphere. The reaction was heated 

to 90 ºC and stirred for 12 h. After cooling to room temperature, the undissolved 

potassium acetate was removed by filtration. After removal of 1,4-dioxane under 

reduced pressure, the reaction mixture was diluted with EtOAc (150 mL) and washed 

several times with 1 N HCl and brine. The organic phase was dried over Na2SO4, 

filtered, and the solvent was removed by evaporation. The crude product was purified 

with flash chromatography to give compound 4 as a white solid (6.5 g, 74.7%). 1H 

NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 4.96 – 

4.77 (m, 2H), 3.49 (s, 1H), 3.30 – 3.07 (m, 2H), 1.44 (s, 9H), 1.34 (s, 12H). 

2.2.4 Synthesis of compound 6 

 4-Pentynoic acid (5.00 g, 51.0 mmol), NHS (6.40 g, 55.6 mmol), and DMAP 

(1.24 g, 10.1 mmol) were dissolved in 100 mL CH2Cl2 at 0 °C followed by the 

addition of DCC (12.6 g, 61.2 mmol) in 50 mL CH2Cl2. The reaction mixture was 

then warmed to room temperature and stirred for another 2 h. After filtration, the 

solution was washed with 1 N HCl, saturated NaHCO3 aqueous solution, and brine. 

The organic phase was dried over anhydrous Na2SO4, filtered, and concentrated. The 

crude product was recrystallized in ethyl acetate/hexane to give PA-NHS as a white 

crystal with a yield of 76.4%. 

Compound 4 (0.50 g, 1.38 mmol) was dissolved in a mixture of CH2Cl2/TFA (6 

mL, 2:1) and stirred for 6 h at room temperature. Once TLC monitoring indicated 

complete deprotection, the solvent was removed and additional dry CH2Cl2 was added 

with 1 mL Et3N. A solution of 5 mL CH2Cl2 containing NHS-activated 4-pentynoic 

acid (PA-NHS, 0.26 g, 1.33 mmol) was added dropwise. After stirring at room 

temperature for 1 h, the mixture was diluted with 50 mL CH2Cl2 and washed 

successively with 1 N HCl, saturated NaHCO3 aqueous solution, and brine. The 

separated organic phase was dried over Na2SO4, filtered, and concentrated. The 
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resulting residue was further purified by flash chromatograph to give compound 6 as a 

white solid (0.33 g, yield: 72.2%). 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.0 Hz, 

2H), 7.36 (d, J = 7.9 Hz, 2H), 6.14 (s, 1H), 4.85 (dd, J = 7.6, 3.3 Hz, 1H), 3.71 (ddd, J 

= 14.1, 6.8, 3.4 Hz, 1H), 3.31 (ddd, J = 13.8, 7.6, 5.0 Hz, 1H), 2.72 (s, 1H), 2.56 – 

2.46 (m, 2H), 2.38 (t, J = 7.1 Hz, 2H), 1.99 (t, J = 2.6 Hz, 1H), 1.33 (s, 12H). 13C 

NMR (101 MHz, CDCl3) δ 172.41 (s), 144.73 (s), 135.03 (s), 125.16 (s), 83.88 (s), 

82.81 (s), 73.51 (s), 69.53 (s), 47.38 (s), 35.17 (s), 24.87 (s), 14.86 (s). 

Compound 11 was similarly obtained as a white solid (yield: 68.0%). 1H NMR 

(400 MHz, CDCl3) δ 7.42 – 7.28 (m, 5H), 6.76 (s, 1H), 5.83 (s, 1H), 4.83 (s, 1H), 3.62 

– 3.28 (m, 4H), 1.40 (d, J = 14.3 Hz, 9H). 13C NMR (101 MHz, CDCl3) δ 172.34 (s), 

141.63 (s), 128.57 (s), 127.93 (s), 125.86 (s), 82.84 (s), 73.47 (s), 69.51 (s), 47.42 (s), 

35.19 (s), 14.87 (s). 

2.3.5 Synthesis of PA-B-PX 

PTX and succinic anhydride were first reacted in anhydrous pyridine to afford 

PTX-SA. PTX-SA (0.92 g, 0.96 mmol), compound 6 (0.33 g, 0.96 mmol), and DMAP 

(20 mg, 0.16 mmol) were dissolved in 30 mL dry CH2Cl2 at 0 °C followed by the 

addition of DCC (0.30 mg, 1.46 mmol) in 10 mL CH2Cl2. The reaction mixture was 

then warmed to room temperature and stirred overnight. After filtration, the solution 

was concentrated, and the crude product was purified by flash chromatography to give 

PA-B-PTX as a white solid (0.65 g, yield: 51.7%). Similarly, PA-H-PTX was obtained 

as a white solid (yield: 69.4%). 

2.2.6 Synthesis of PEG-B-PTX 

mPEG5k-OH (5.00 g, 1.00 mmol) was mixed with Et3N (2 mL) in 150 mL dry 

THF. Methylsulfonyl chloride in 20 mL THF was then added dropwise under an argon 

atmosphere with magnetic stirring in an ice bath. After stirring overnight at room 

temperature, the mixture was filtered, and the solvent was evaporated and poured into 

an excess of cold ether. The precipitate was isolated, washed with ether, and dried 

under vacuum to obtain mPEG5k-OMs (4.50 g, yield: 90.0%) as a white solid. 1H 

NMR (400 MHz, CDCl3) δ 4.43 – 4.31 (m, 2H), 3.78 – 3.49 (m, 458H), 3.36 (s, 3H), 

3.07 (s, 3H). 
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mPEG5k-OMs (4.50 g, 0.90 mmol) was dissolved in 30 mL DMF followed by the 

addition of NaN3 (0.87 g, 13.4 mmol). The mixture was stirred at room temperature 

for 3 days and then diluted with 300 mL CH2Cl2. The solution was washed with brine 

three times and dried over anhydrous Na2SO4. After filtration, the solvent was 

evaporated, and the resulting viscous oil was precipitated in excess of cold ether. 

PEG5k-N3 (4.30 g. yield: 95.6%) was isolated and dried under vacuum. 1H NMR (400 

MHz, CDCl3) δ 3.76 – 3.50 (m, 454H), 3.41 – 3.31 (m, 3H). 

In a typical “click” reaction procedure, PEG5k-N3 (0.20 g, 0.04 mmol) and 

PA-B-PTX (76 mg, 0.06 mmol) were added to a mixture of CuBr (5.76 mg, 0.04 

mmol) and PMDETA (6.92 mg, 0.04 mmol) in 2 mL of DMF. The mixture was 

degassed by three freezepumpthaw cycles, and then placed in a preheated oil bath 

at 40 °C. After 72 h, the reaction was quenched upon exposure to air, diluted with 

CH2Cl2, and passed through a neutral alumina column to remove the copper. The 

eluent was concentrated and then precipitated into a mixture of cold ethanol and ether 

(5:1) to remove the unreacted PA-B-PTX. The PEG-B-PTX was isolated by filtration 

and dried under vacuum (0.16 g, 63.8%). PEG-H-PTX was obtained similarly as a 

white solid (yield: 61.0%). 

2.3. Preparation of PEG-B-PTX and PEG-H-PTX micelles 

Prodrug micelles were prepared using a nanoprecipitation method. PEG-B-PTX 

(5 mg) or PEG-H-PTX (5 mg) were dissolved in 200 μL THF and added dropwise to 

2 mL of deionized water with vigorous stirring. THF was removed under reduced 

pressure after stirring for another 30 min. The volume-averaged diameters and zeta 

potentials of the micelles were measured in triplicate using dynamic light scattering 

(DLS), and the morphology of the micelles was observed by TEM. 

2.4. Critical micelle concentration (CMC) determination 

The CMC of PEG-B-PTX or PEG-H-PTX was determined via the fluorescence 

method.[38] Briefly, Nile red (10−6 M, 50 μL) in CH2Cl2 was added into each vial. 

The micelle solution (5 mL) free of THF was added at a series of predetermined 

concentrations from 10-3 to 1 mg/mL. The vials were shaken overnight at 37°C in the 

dark at a speed of 200 rpm. The fluorescence intensity at 620 nm (579 nm excitation) 
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of each solution was measured by a Molecular Device SpectraMax M2e reader. The 

CMC was defined as the intersection of the two fitting lines of the plots of 

fluorescence intensity versus the prodrug concentration. 

2.5. The micelles stability assessment 

The PEG-B-PTX or PEG-H-PTX micelles (0.5 mM) were incubated in PBS (pH 

7.4, 10 mM), cell culture medium, and 10 % FBS at 37 °C with shaking (200 rpm). 

The micelles’ stability in response to H2O2 was measured in PBS (pH 7.4, 10 mM) in 

the presence of 200 μM H2O2. The micelles’ size change was tracked by DLS. 

2.6. In vitro H2O2 triggered PTX release 

PEG-B-PTX or PEG-b-PTX micelles (1 mL, PTX equivalent concentration 1 

mg/mL) were added to a dialysis tube (3500 MWCO) against 50 mL of PBS with or 

without H2O2 (200 μM) and gently shaken at 37 ºC in a shaker at 150 rpm. At 

predetermined time intervals, 100 μL of this solution was taken out for PTX 

measurement by HPLC. 

2.7. Cell cytotoxicity assay 

The cytotoxicity of PEG-B-PTX and PEG-H-PTX was determined by 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell 

proliferation assay according to the manufacturer’s protocol with minor changes:[39] 

U251 human glioma cancer cells, and MCF-7 breast cancer cells were briefly seeded 

into 96-well plates at a density of 5000 cells per well and incubated for 18 h followed 

by the addition of PMA (100 nM) and a further 6 h of incubation. After 48 h of 

exposure to free PTX (dissolved in DMSO), PEG-B-PTX, or PEG-H-PTX at different 

concentrations, 20 μL MTT (5 mg/mL) in PBS was added to each well and incubated 

at 37 °C for 4 h until purple precipitates were visible. The solution in each well was 

replaced with 100 μL of DMSO. The absorbance intensity of each well was then 

determined at 562/620 nm using a Molecular Devices microplate reader. Each drug 

concentration was tested in triplicate with three independent experiments. 

2.8. Cell apoptosis measurement 

For apoptosis analysis, MCF-7 cells were seeded into 12-well plates at a density 

of 104 cells per well and incubated for 18 h followed by the addition of PMA (100 nM) 
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with an additional 6 h of incubation. Free PTX, PEG-B-PTX, or PEG-H-PTX were 

added at a dose of 5 μg PTX/mL and incubated for 48 h. The medium was removed, 

and the cells were rinsed with PBS, detached by Trypsin, isolated, washed twice with 

PBS, and resuspended in PBS. Cells were treated with Annexin V-FITC Apoptosis 

Detection Kit (Invitrogen) and analyzed using BD FACS CaliburTM flow cytometry 

(Becton, Dickinson and Company, USA). 

2.9. In vivo pharmacokinetics analysis 

Taxol (prepared according to the protocol), PEG-B-PTX, or PEG-H-PTX (10 mg 

PTX-eq/kg) was injected intravenously into mice via the tail vein (n = 3). Blood 

samples (50 μL) were collected via the orbital venous plexus of mice at predetermined 

time intervals and then mixed with 0.1 M acetic acid (50 μL). The mixtures were 

incubated at 37 °C overnight to facilitate the release of PTX. The next day, 1 mL of 

methanol was added, thoroughly vortexed, ultrasonicated, and then centrifuged at 

5000 rpm for 5 min. The supernatants were taken and evaporated to dryness under 

reduced pressure; 100 μL of acetonitrile was then added to re-dissolve the residue, and 

the PTX content was measured by HPLC. At the experimental endpoint, animals were 

sacrificed in accordance with the regulations of the Animal Care and Use Committee 

of Zhejiang University. 

2.10. In vivo antitumor efficacy 

Female BALB/c nude mice (68 weeks) were inoculated with MCF-7 cells (1 × 

107 cells per mouse) via subcutaneous injection into the right flank of mice. When the 

inoculated tumors reached ~100 mm3, the mice were randomized into four groups (n 

= 6 per group) and treated with i.v. injection of 0.2 mL of PBS, Taxol, PEG-H-PTX, 

or PEG-B-PTX at 10 mg/kg PXT-equivalent dose every two days for five times. The 

length (L) and width (V) of the tumors, as well as the bodyweight of mice, were 

monitored individually on alternate days. The tumor volume (V) was calculated using 

the following formula V (mm3) = L (mm) × W (mm) 2 × 0.5. The mice were sacrificed 

on day 14 post-treatment, and the tumors were collected and weighed. The tumor 

inhibition rate (TIR) was calculated by the equation: TIR = (mean tumor weight of the 

control group − mean tumor weight of the treatment group)/mean tumor weight of 
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control group×100%. 

2.11. Histological assay 

Tumor samples were washed in PBS, fixed with 4% neutral buffered 

paraformaldehyde, embedded in paraffin, and cross-sectioned at a thickness of 10 μm. 

The sections were stained with hematoxylin-eosin (H&E, Beyotime, China) and 

observed under light microscopy. 

2.12. Statistical analysis 

Statistical analysis used Excel and Origin. Comparisons were made using a 

two-tailed, unpaired Student's t-test. P < 0.05 was considered statistically significant, 

and all results are expressed as mean  standard deviation (s.d.). 

 

3. Results and discussion 

3.1. Synthesis and characterizations of PEG-B-PTX 

The PEG-B-PTX was prepared as shown in Scheme 2. PEG-H-PTX with a 

benzyl ester without the benzylboronic ester was synthesized as an unresponsive 

counterpart for comparison. PEG-B-PTX was prepared from 

2-amino-4'-bromoacetophenone hydrochloride (compound 1) in six steps. Compound 

1 was first protected with a t-butyloxycarbonyl group followed by reduction with 

sodium borohydride and a Suzuki–Miyaura coupling reaction to obtain precursor 4. 

After deprotection in DCM/TFA, compound 5 was reacted with PA-NHS to give 

compound 6. Carboxylated PTX was obtained by esterification with succinic 

anhydride. This was reacted with compound 6 to give PA-B-PTX. Finally, 

PEG-B-PTX was obtained by PEG conjugation via a copper-catalyzed click reaction 

(Scheme 2a). Similarly, the control prodrug, PEG-H-PTX, was synthesized using 

2-amino-1-phenylethanone hydrochloride as the starting material (Scheme 2b). The 

1H NMR spectra (Figs. 1a-1d) suggested complete conjugation of PEG-N3 and 

PA-B-PTX or PA-H-PTX. Similar peaks were found for PEG-B-PTX and 

PEG-H-PTX, except for the characteristic peak at 1.32 ppm belonging to the methyl 

protons of benzylboronic ester. The structures of other intermediates were also 

confirmed by 1H and 13C NMR spectra (Figs. S1S17) and MALDI-TOF mass spectra 
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(Fig. S18). The molecular weights of PEG-B-PTX and PEG-H-PTX measured by 

MALDI-TOF were 6403.5 and 6276.8 Da, respectively, which were consistent with 

the theoretical values of 6404.0 and 6277.0 Da (Figs. 1e and 1f). The gel permeation 

chromatography (GPC) results showed that PEG-B-PTX and PEG-H-PTX are both 

single peaks with low polydispersity indices (PDI) of 1.06 and 1.05, respectively; 

these data confirm the absence of free PEG and PA-B-PTX (Fig. 1g). The high purity 

of PEG-B-PTX and PEG-H-PTX prodrugs was further confirmed by 

high-performance liquid chromatography (HPLC) (Fig. S19). 

 

Scheme 2. Synthesis of ROS-responsive PEG-B-PTX (a) and its unresponsive 

control counterpart PEG-H-PTX (b). Reagents and conditions: i) (Boc)2O, Et3N, 

THF, 0 ºC, 30 min, 40 ºC, 2 h; ii) NaBH4, MeOH, 0 ºC, 30 min; iii) 

Bis(pinacolato)diboron, Pd(dppf)Cl2
.CH2Cl2, KOAc, dioxane, 90 ºC, 12h; iv) 

TFA/CH2Cl2 (1/2, v/v), RT, 6h; v) 4-pentynoic acid succinimide ester, Et3N, CH2Cl2, 

RT, 1h; vi) PTX succinate, DCC, DMAP, CH2Cl2, 0 ºC, 30 min, RT, overnight; vii) 
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PEG-N3, CuBr, PMDETA, DMF, 40 ºC, 72 h. 

 

Fig. 1. Structural characterization of the prodrugs PEG-B-PTX and 

PEG-H-PTX. 1H NMR spectra of PA-B-PTX (a), PA-H-PTX (b), PEG-B-PTX (c), 

and PEG-H-PTX (d) recorded in CDCl3. The MALDI-TOF MS spectra of 

PEG-B-PTX (e) and PEG-H-PTX (f). GPC traces obtained for PEG-N3, PA-B-PTX, 

PA-H-PTX, PEG-B-PTX, and PEG-H-PTX (DMF, 50°C, 0.8 mL/min) (g). 

The PTX contents of PEG-B-PTX and PEG-H-PTX were 13.3% and 13.6% by 

weight, respectively, as determined by HPLC. These amphiphilic prodrugs 

self-assembled into micelles with similar sizes around 50 nm in diameter as 

determined by DLS and confirmed by TEM (Fig. 2a). TEM images showed that the 

nanoparticles were spherical and had a dark core indicating a micellar rather than 

vesicular structure. The two prodrugs also had a similar critical micelle concentration 

of around 30 μg/mL (Fig. S20). The low CMCs ensures the in vitro and in vivo 

stability of their micelles. Notably, both PEG-B-PTX and PEG-H-PTX nanoparticle 

solutions were stable for several months at 4 °C. 
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3.2. ROS-responsive PTX release 

 

Fig. 2. Micelle formation and drug release of PEG-B-PTX and PEG-H-PTX 

prodrugs. (a) Size distribution patterns of PEG-B-PTX and PEG-H-PTX micelles 

determined by DLS and their morphologies observed by TEM (inserted, scale bar = 

200 nm); the prodrugs were dissolved in water at a concentration of 0.5 mM. (b) The 

time-dependent size changes of PEG-B-PTX and PEG-H-PTX micelles (0.5 mM) 

with or without 200 μM H2O2 at 37 oC determined by DLS measurement. PTX release 

profiles of PEG-B-PTX (c) and PEG-H-PTX (d) with or without 200 μM H2O2 at pH 

7.4 and 5.0. 

The stability of micelles in 200 μM H2O2 in PBS (pH 7.4, 10 mM) was tracked 

by DLS. The PEG-B-PTX micelles showed robust stability in the absence of H2O2, 

but they gradually aggregated after treatment with H2O2; the sizes increased from 50 

nm to 400 nm over 10 h and reached over 1 μm after 48 h (Fig. 2b). The formation of 

aggregates was probably due to the oxidative cleavage of the intermediate 

phenylboronic ester linkage resulting in shedding of the PEG corona and aggregation 

of the released hydrophobic drugs (Scheme 1). In contrast, no size change of 
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PEG-H-PTX micelles was observed in either the presence or absence of H2O2. 

The corresponding PTX release from PEG-B-PTX micelles was investigated 

using dialysis bags in PBS under different pH and redox conditions to mimic different 

physiological environments. PEG-B-PTX and PEG-H-PTX micelles were both very 

stable and free of burst release with only 5% PTX release after 96 h in PBS at pH 7.4 

without H2O2 (Fig. 2c and d). The acidic condition (pH 5.0) slightly promoted PTX 

release from both micelles due to the acid-catalyzed hydrolysis of the ester bond [40]. 

As expected, H2O2 did not promote the PTX release from PEG-H-PTX micelles but 

did dramatically accelerate the PEG-B-PTX release rate from 2% to 31% in 12 h and 

65% in 96 h upon addition of 200 μM H2O2 at pH 7.4. Notably, the PTX release was 

much faster if the micelles were incubated at pH 5.0 with H2O2 because of the 

stronger oxidation potential of H2O2 in acidic solution [41]. Thus, the PEG-B-PTX 

would remain stable in blood but display a fast PTX release in tumor 

tissues—especially in the acidic tumor interstitium and lysosomes [42]. 

The ROS-trigged drug release of PEG-B-PTX may take place over two steps: (i) 

oxidation of phenylboronic ester and subsequent 1,4-elimination [43] and (ii) 

hydrolysis of succinate ester and release of PTX molecule. PEG-B-PTX was very 

stable under normal physiological environments, and the esters could not be 

hydrolyzed due to its steric hindrance and hydrophobicity. However, after the boronic 

ester was oxidized, the resulting phenolate would undergo a spontaneous 

1,4-elimination to break the PEG-B-PTX conjugate with subsequent release of the 

PTX succinate. After the removal of the hydrophobic phenylboronic acid pinacol ester, 

the ester bond conjugated with PTX was further hydrolyzed due to its decreased steric 

hindrance and the nearby hydrophilic environment. Thus, free PTX molecules were 

successfully released. 

3.3. In vitro cytotoxicity 

The cytotoxicity of these two prodrugs was compared on U251 human glioma 

cancer cells and MCF-7 human breast cancer cells. Tumor cells are characterized by 

high levels of ROS, which are responsive to various tumor microenvironments such 

as proliferation- induced hypoxia and reoxygenation [44]. To mimic the high ROS 
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levels of tumor cells in vivo, an intracellular ROS stimulator 

phorbol-12-myristate-13-acetate (PMA) [45] was preincubated with cells to elevate 

the intracellular ROS level. The intracellular ROS was visualized by confocal laser 

scanning microscopy (CLSM) using 2 ′ ,7 ′ -dichlorodihydrofluorescein diacetate 

(H2DCFDA)—this probe is non-fluorescent but is oxidized to 2 ′ ,7 ′

-dichlorodihydrofluorescein (DCF) upon oxidation by the intracellular ROS [46]. The 

MCF-7 cells cultured with H2DCFDA (10 μM) showed low green fluorescence. 

Strong green fluorescence was observed when cells were pretreated with PMA (100 

nM) for 6 h, and the fluorescence declined to the control group level 12 h after the 

treatment (Fig. 3a).  

The PEG-B-PTX and PEG-H-PTX showed comparable cytotoxicity without 

PMA stimulation with IC50 values of 3.87 μg/mL and 4.86 μg/mL on U251 cells, and 

13.7 μg/mL and 9.47 μg/mL on MCF-7 cells, respectively (Figs. 3b and 3c). With 

PMA stimulation, the cytotoxicity of PEG-B-PTX was greatly enhanced: The IC50 

value was reduced by 11- and 14-folds on U251 and MCF-7 cells, respectively. 

Notably, the cytotoxicity of PEG-B-PTX (IC50 = 0.35 μg/mL) was even higher than 

PTX (IC50 = 1.08 μg/mL) upon PMA stimulation on U251 cell line. The PEGylated 

prodrug reversed the drug resistance of U251 cells, efficiently entering the cells, and 

PMA induced ROS elevation, triggering the fast release of PTX and enhancing the 

cytotoxicity. PMA stimulation has no significant effect on the cytotoxicity of 

PEG-H-PTX in either cell lines (Fig. 3b and 3c). We further studied the cell 

apoptosis- inducing capability of both prodrugs by Annexin V-PI assay. The 

percentage of cells in late apoptosis (both Annexin and PI-positive) was similar via 

the treatment of PEG-B-PTX (14.38%) and PEG-H-PTX (13.17%) on cells without 

PMA stimulation. However, once cells were pretreated with PMA, the percentage of 

cells in late apoptosis increased to 30.75% after the treatment of PEG-B-PTX. This 

was comparable to values in cells treated with free PTX (32.80%). In comparison, the 

apoptosis- inducing ability of the unresponsive PEG-H-PTX was only slightly affected 

by the elevated intracellular ROS level (18.68% vs. 13.17%). These findings 
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confirmed the crucial role of the ROS-responsive linker in the prodrug. The 

ROS-triggered release of PTX-SA and its quick hydrolysis into free PTX in the cell 

generated high cytotoxicity [47]. 

 

Fig. 3. ROS-dependent cell cytotoxicity. (a) Confocal microscopy images of 

intracellular ROS generation in MCF-7 cells with or without 200 nM PMA for 6 or 12 

h. All scale bars are 20 μm. Cell nuclei are stained by Hoechst 33342 and expressed as 
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blue. 2′,7′-Dichlorodihydrofluorescein (DCF)-induced by ROS is expressed as green. 

(b, c) Effect of PMA-pretreatment on the cell cytotoxicity of PEG-B-PTX and 

PEG-H-PTX to U251 cells (b) and MCF-7 cells (c). The cells were pretreated with 

PMA (200 nM) for 6 h before the addition of the prodrug and free PTX. (d) The 

apoptosis of MCF-7 cells was determined by Annexin V/propidium iodide double 

staining. Cells were treated with PEG-B-PTX or PEG-H-PTX (PTX equivalent dose 5 

μg/mL) for 48 h. 

3.4. Pharmacokinetics 

The in vivo stealth property of PEG-B-PTX and PEG-H-PTX was subsequently 

estimated by monitoring their blood clearance kinetics. Blood samples were collected 

via the orbital venous plexus of mice at different intervals after a single intravenous 

injection of PEG-B (H)-PTX or Taxol (PTX equivalent dose 10 mg/kg, n = 3). The 

PTX content in plasma at different time intervals was determined by HPLC (Fig. 4). 

Taxol was quickly cleared, and only 0.1% of the injected dose remained after 6 h. In 

contrast, both PEG-B-PTX and PEG-H-PTX were slowly cleared; more than 10% of 

the injected dose remained after 6 h. The blood clearance half- life (T1/2) and 

area-under-curve (AUC) values of the formulations are listed in Table 1. The 

PEG-B-PTX and PEG-H-PTX micelles exhibited superior pharmacokinetics to Taxol 

with ~9.4 (10.4)- fold longer T1/2β and 4.8 (5.6)-fold larger AUC (P<0.05). Hence, the 

PEG-B-PTX and PEG-H-PTX micelles had more favorable pharmacokinetics to 

extravasate from the leaky tumor vasculature and can accumulate in tumor tissue [48]. 
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Fig. 4. Blood clearance kinetics of PTX after a single injection of PEG-B-PTX, 

PEG-H-PTX, and Taxol at a PTX equivalent dose of 10 mg/kg (n = 3). 

 

 

Table 1. Blood half- life and area under the curve for different formulations of ICR 

mice at a PTX-equivalent dose of 10 mg/kg. 

Parameter Unit PEG-B-PTX PEG-H-PTX Taxol 

T1/2 alpha h 0.41 ± 0.03 0.41 ± 0.10 0.10 ± 0.08 

T1/2 beta h 4.88 ± 1.61 5.44 ± 2.06 0.18 ± 0.05 

AUC0~t μg mL
−1 

h
−1

 153.73 ± 29.20 140.11 ± 16.73 29.63 ± 1.80 

T1/2 alpha: the half- life of the distribution phase. T1/2 beta: the half- life of elimination 

phases. Data are depicted as mean ± SD. Statistical significance: *P<0.05. 

 

3.5. In vivo antitumor efficacy 

The in vivo antitumor activity of PEG-B-PTX micelles was compared with 

PEG-H-PTX, Taxol, and PBS using an MCF-7 xenograft tumor model (Figs. 5a-5d). 

The mice were randomly divided into four groups (n = 6) when the tumors reached 

about 100 mm3; treatments were intravenously administered every two days for five 

times. The mice were sacrificed one week after the last treatment, and the tumors 

were extracted and weighted. Versus PBS, all treatments of PTX formulations led to 

significant tumor growth inhibition. PEG-B-PTX exhibited the best antitumor activity 

with a tumor inhibition rate of 89.4%, which is attributed to its favorable 

pharmacokinetics and tumor-specific drug release. Unexpectedly, PEG-H-PTX 
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showed an even lower tumor inhibition rate (57.6%) than Taxol (68.5%, P < 0.05), 

although PEG-H-PTX also has favorable pharmacokinetics. This result further 

highlights the importance of the drug release profiles in affecting the antitumor 

activity. The strong tumor inhibition capability of PEG-B-PTX was supported by the 

histological analysis of tumor tissues—more apoptotic cells were found in tumors 

treated with PEG-B-PTX than those treated with PEG-H-PTX or Taxol (Fig. 5e). 

Moreover, no significant body weight loss was observed in the mice treated with 

either PEG-B-PTX or PEG-H-PTX, but the mice treated with Taxol showed severe 

body weight loss. The low toxicity of PEG-B-PTX and PEG-H-PTX prodrugs is 

attributed to their improved pharmacokinetic profiles. 

 

Fig. 5. In vivo antitumor activity. (a) The MCF-7 tumor volume changes in mice 

treated with PBS, PEG-B-PTX, PEG-H-PTX, or Taxol (PTX-equivalent dose 10 
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mg/kg) with five replicate doses. (b) The average tumor weight of each group at the 

end of the experiment. (c) The body weight variation of tumor-bearing mice during 

the treatment (d) Images of the MCF-7 xenograft tumors of the mice at the end of the 

experiment. (e) Representative histological features of the tumors 7 days after the last 

treatment. Tissue paraffin sections were 10-μm thick. The tumor sections were stained 

with hematoxylin–eosin and examined by light microscopy. Scale bars = 50 μm. Error 

bars indicate s.d. (n = 6). *P < 0.05, **P < 0.01 (two-tailed Student’s t-test). 

4. Conclusion 

We developed a novel ROS-responsive prodrug, PEG-B-PTX, by incorporating a 

benzylboronic ester linker between PEG and PTX. The PEG-B-PTX prodrug has a 

high drug loading content and can self-assemble into stable ~50 nm micelles. The 

micelles are free of PTX release in the normal physiological environment but quickly 

release PTX in tumor sites after ROS oxidation. As a result, the PEG-B-PTX prodrug 

shows a more potent antitumor activity than an unresponsive counterpart PEG-H-PTX 

prodrug and the clinical first- line drug Taxol. Moreover, the PEG-B-PTX prodrug 

exhibits reduced systemic toxicity versus Taxol. Thus, this ROS-responsive prodrug 

design is promising for cancer drug delivery. Importantly, this strategy may not be 

limited to the delivery of PTX but can also be used to deliver other chemotherapeutic 

drugs, bioactive peptides, and proteins. 
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Scheme 1. The chemical structure of the PTX prodrug, PEG-B-PTX, and it's 

self-assembly into prodrug micelles for the tumor ROS-triggered drug release. 
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Scheme 2. Synthesis of ROS-responsive PEG-B-PTX (a) and its unresponsive 

control counterpart PEG-H-PTX (b). Reagents and conditions: i) (Boc)2O, Et3N, 

THF, 0 ºC, 30 min, 40 ºC, 2 h; ii) NaBH4, MeOH, 0 ºC, 30 min; iii) 

Bis(pinacolato)diboron, Pd(dppf)Cl2
.CH2Cl2, KOAc, dioxane, 90 ºC, 12h; iv) 

TFA/CH2Cl2 (1/2, v/v), RT, 6h; v) 4-pentynoic acid succinimide ester, Et3N, CH2Cl2, 

RT, 1h; vi) PTX succinate, DCC, DMAP, CH2Cl2, 0 ºC, 30 min, RT, overnight; vii) 

PEG-N3, CuBr, PMDETA, DMF, 40 ºC, 72 h. 
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Fig. 1. Structural characterization of the prodrugs PEG-B-PTX and 

PEG-H-PTX. 1H NMR spectra of PA-B-PTX (a), PA-H-PTX (b), PEG-B-PTX (c), 

and PEG-H-PTX (d) recorded in CDCl3. The MALDI-TOF MS spectra of 

PEG-B-PTX (e) and PEG-H-PTX (f). GPC traces obtained for PEG-N3, PA-B-PTX, 

PA-H-PTX, PEG-B-PTX, and PEG-H-PTX (DMF, 50°C, 0.8 mL/min) (g). 
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Fig. 2. Micelle formation and drug release of PEG-B-PTX and PEG-H-PTX 

prodrugs. (a) Size distribution patterns of PEG-B-PTX and PEG-H-PTX micelles 

determined by DLS and their morphologies observed by TEM (inserted, scale bar = 

200 nm); the prodrugs were dissolved in water at a concentration of 0.5 mM. (b) The 

time-dependent size changes of PEG-B-PTX and PEG-H-PTX micelles (0.5 mM) 

with or without 200 μM H2O2 at 37 oC determined by DLS measurement. PTX release 

profiles of PEG-B-PTX (c) and PEG-H-PTX (d) with or without 200 μM H2O2 at pH 

7.4 and 5.0. 
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Fig. 3. ROS-dependent cell cytotoxicity. (a) Confocal microscopy images of 

intracellular ROS generation in MCF-7 cells with or without 200 nM PMA for 6 or 12 

h. All scale bars are 20 μm. Cell nuclei are stained by Hoechst 33342 and expressed as 

blue. 2′,7′-Dichlorodihydrofluorescein (DCF)-induced by ROS is expressed as green. 

(b, c) Effect of PMA-pretreatment on the cell cytotoxicity of PEG-B-PTX and 

PEG-H-PTX to U251 cells (b) and MCF-7 cells (c). The cells were pretreated with 
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PMA (200 nM) for 6 h before the addition of the prodrug and free PTX. (d) The 

apoptosis of MCF-7 cells was determined by Annexin V/propidium iodide double 

staining. Cells were treated with PEG-B-PTX or PEG-H-PTX (PTX equivalent dose 5 

μg/mL) for 48 h. 

 

 

 

 

Fig. 4. Blood clearance kinetics of PTX after a single injection of PEG-B-PTX, 

PEG-H-PTX, and Taxol at a PTX equivalent dose of 10 mg/kg (n = 3). 
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Fig. 5. In vivo antitumor activity. (a) The MCF-7 tumor volume changes in mice 

treated with PBS, PEG-B-PTX, PEG-H-PTX, or Taxol (PTX-equivalent dose 10 

mg/kg) with five replicate doses. (b) The average tumor weight of each group at the 

end of the experiment. (c) The body weight variation of tumor-bearing mice during 

the treatment (d) Images of the MCF-7 xenograft tumors of the mice at the end of the 

experiment. (e) Representative histological features of the tumors 7 days after the last 

treatment. Tissue paraffin sections were 10-μm thick. The tumor sections were stained 

with hematoxylin–eosin and examined by light microscopy. Scale bars = 50 μm. Error 

bars indicate s.d. (n = 6). *P < 0.05, **P < 0.01 (two-tailed Student’s t-test). 
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Table 1. Blood half- life and area under the curve for different formulations of ICR 

mice at a PTX-equivalent dose of 10 mg/kg. 

Parameter Unit PEG-B-PTX PEG-H-PTX Taxol 

T1/2 alpha h 0.41 ± 0.03 0.41 ± 0.10 0.10 ± 0.08 

T1/2 beta h 4.88 ± 1.61 5.44 ± 2.06 0.18 ± 0.05 

AUC0~t μg mL
−1 

h
−1

 153.73 ± 29.20 140.11 ± 16.73 29.63 ± 1.80 

T1/2 alpha: the half- life of the distribution phase. T1/2 beta: the half- life of elimination 

phases. Data are depicted as mean ± SD. Statistical significance: *P<0.05. 
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