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Abstract: Rapid cellular uptake and efficient drug release in tumor cells are two of the major 

challenges for cancer therapy. Herein, we designed and synthesized a novel pH-responsive 

polymer-drug conjugate system poly(2-(methacryloyloxy)ethyl choline phosphate)-b-poly(2-

methoxy-2-oxoethyl methacrylate-hydrazide-Doxorubicin) (PCP-Dox) to overcome these two 

challenges simultaneously. It has been proved that PCP-Dox can be easily and rapidly 

internalized by various cancer cells due to the strong interaction between multivalent choline 
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phosphate (CP) groups and cell membranes. Furthermore, Dox, linked to the polymer carrier via 

acid-labile hydrazone bond, can be released from carriers due to the increased acidity in 

lysosome/endosome (pH 5.0-5.5) after the polymer prodrug was internalized into the cancer 

cells. The cell viability assay demonstrated that this novel polymer prodrug has showed 

enhanced cytotoxicity in various cancer cells, indicating its great potential as a new drug delivery 

system for cancer therapy. 

1. Introduction 

Chemotherapy is one of the main approaches in cancer therapy which parallel to surgery and 

radiotherapy. However, the clinical utilization of conventional chemotherapy drugs like 

Doxorubicin (Dox) is limited by their short half-time and severe toxicity to normal tissues.
1
 In 

the past decades, various drug delivery systems, such as polymer-drug conjugates (prodrugs),
2-8

 

nanomicells,
9,10

 nanogels
11,12

 and polymersomes
13

, have been designed as a most promising 

platform to overcome these problems. Amongst these delivery systems, prodrugs in which 

anticancer drugs are covalently conjugated to the polymer molecules via cleavable hydrazone,
5,14

 

esters,
15

 disulfide,
16

 or other biologically responsive bonds
17

 have attracted tremendous interest. 

Prodrug exhibits some unique advantages, for example, they can improve pharmacokinetics, 

control drug release and circumvent the drug efflux pumps namely P-glycoprotein and multidrug 

resistance-associated protein,
18,19 

suggesting their great potential for application as an effective 

anticancer drug delivery system. 

Although the polymer prodrug provides a prospective platform in the fight against cancer, the 

sluggish and poor cellular internalization of the prodrug limits the dosages of anticancer drugs to 

the level below therapeutic window and severely hampers the efficacy of cancer therapy, 

especially for the cargo molecules like nucleic acids, peptides or proteins, which are difficult to 
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 3

enter into cells and unstable in physiological conditions.
20

 To address the challenges, few studies 

have been particularly focused on how to improve the cellular internalization efficiency. For 

example, Du et al. reported that they prepared a novel nanoparticle to improve cellular 

internalization by reversing the surface charge from negative to positive according to spatial 

variations in tumor extracellular pH values, which showed enhanced cytotoxicity in drug-

resistant cancer stem cells.
21

 In addition, it has been found that modification of the polymer 

carriers with targeting ligands contribute to improve the cellular internalization efficiency.
3,22,23

 

However, this improvement is the consequent results of the specific targeted ligands and 

receptors, and this targeted ligands and receptors interactions can only be applied to one or 

several specific tumor cells, which limit its extensive application. 

In our previous works, we have designed and synthesized a bioinspired functional group 

choline phosphate (CP) which shows phosphatidyl choline groups (PC, headgroup of 

phospholipids in all eukaryotic cell membranes) orientated opposite to what they are on cell 

membranes.
24

 It has been found that the polymers decorated with multivalent CP groups could 

strongly bind to cell membranes and then rapidly uptaken by nucleated cells, where such strong 

adhesion is mediated by quadrupole interaction between the multivalent CP and PC groups.
25-28

  

In addition, G. Hu et al. have recently detailed the synthesis of choline phosphate methacrylates 

and functional choline phosphate polymers which have been applied as prodrugs, hydrogels and 

other derivatives
29,30

, F. Wang et al. also reported a stable TiO2/lipid interface with DPCP, 

represented the first example of CP liposome  applied in metal oxides
31

, what’s more, X.Y. Chen 

et al. designed a CP modified surface to resist protein adsorption but promote cell adhesion 

simultaneously
32

, indicated the CP groups have great potential to be an biomedical material. 

Based on these results, we proposed to design and synthesize a novel kind of polymer drug 
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delivery system modified with CP groups, which can not only be used to promote the cellular 

internalization of anticancer drugs but also be applied to various tumor cells.  

As a proof-of-concept, we synthesized a novel endosomal pH-sensitive prodrug PCP-Dox 

(Scheme 1) at the first time. Dox has been conjugated to a macromolecular carrier via an acid-

labile hydrazone bond, which is sufficiently stable at pH 7.4 but readily cleavable in an acidic 

environment such as in endo-lysosomes. Dox is not only a vigorous drug for various cancer cell 

approved by FDA,
33

 but also acts as a fluorescent reporter for our drug delivery system. The 

location and efficiency of prodrug internalized into the cells can be real-time monitored by 

detecting the fluorescence distribution and intensity of Dox in cells. When the prodrug arrived at 

the tumor cells, it will bind to the cell membrane easily and rapidly with PC headgroups via 

multiple CP-PC quadrupole interaction (1, Scheme 1), and then internalize into the cell (2, 

Scheme 1). After the prodrug was internalized by tumor cells, the hydrazone bond will be 

continuously cleaved at lysosome/endosome pH environment and the Dox could escape from the 

lysosome/endosome, then diffuse into nucleus and lead to DNA double-strand breaks and 

inhibition of DNA replication and transcription (3, Scheme 1),
8,34

 killed the tumor cells finally.  

2. Experimental section 

2.1 Materials: 

The ATRP initiator of 3-azidopropyl 2-bromo-2-methylpropanoate was synthesized according to 

previous report.
35

 2-chloro-2-oxo-1, 3, 2-dioxaphospholane was purchased from Aladdin. Methyl 

glycolate, methacryloyl chloride, 2- (dimethylamino) ethyl methacrylate, butylated 

hydroxytoluene, hydrazine hydrate (50%), trifluoroacetic acid and doxorubicin hydrochloride 

(Dox·HCl) were purchased from Sigma-Aldrich. All chemicials were used without further 

purification unless otherwise mentioned. 
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 5

2.2 Characterization 

NMR spectra were recorded by Unity-400 NMR spectrometer at room temperature and the MS 

spectra were measured by Bruker micoTOF-QII. The size distribution of the prodrug PCP-Dox 

was determined by dynamic light scattering (DLS) using a Zetasizer Nano-ZS from Malvern 

Instruments with He-Ne laser. The measurements were made with wavelength of 633 nm at 

25 °C and angle detection at 173°. Polydispersity and molecular weights of the polymers 

PMEMA-Br were determined by gel permation chromatography (GPC, Waters 1525) setup 

comprising Agilent PL gel 5µm MIXED-C columns using Waters 2414 refractive index detector. 

THF was eluent with the flow rate was 1.0 mL/min at 35 °C, and series of polystyrene was used 

as standards for calibration curve. The fluorescence images were obtained by confocal laser 

scanning microscopy (CLSM, LSM 700 Carl Zeiss Microscopy). The Dox content of the prodrug 

was determined by UV-vis spectroscopy (NanoDrop 2000c from Thermo Scientific). The Cell 

viability was detected by synergy microplate reader using a Synergy H1 Microplate Reader from 

BioTek. The fluorescence intensity internalized into the cells at fixed time interval was measured 

by flow cytometry (FACS, Guava easyCyte 6-2L from Milipore), the excitation and emission 

were set at 480 nm and 560 nm. 

2.3 Synthesis of 2-(methacryloyloxy) ethyl choline phosphate, MCP 

MCP was synthesized based on our previous synthetic method.
28

 All glassware were flam dried 

and protected by argon before using. Briefly, methanol (1.92 g, 0.06 mol) prepared by distilling 

sodium methoxide methanol solution, 2-(dimethylamino)ethyl methacrylate (18.87 g, 0.12 mol) 

dried by CaH2, acetonitrile (60mL) dried by CaH2 and distilled freshly before using and 

butylated hydroxytoluene (250 mg) were added to a 100mL schlenk flask, the mixed solution 

was stirred and cooled to -78 °C. Subsequently, 2-chloro-2-oxo-1,3,2-dioxaphospholane (7.12 g, 
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0.05 mol) was added dropwise about 2 h, the reaction was removed to room temperature for 

another 4 h. After that, the reaction was cooled to -20 °C to filter off the precipitate, the filtrate 

was directly removed to a schlenk flask, the whole process was operated under argon atmosphere. 

Finally, the resulting solution was stireed another 12 h at 70 °C, after cooled to room temperature, 

the resulting solution was precipitated into tetrahydrofuran with three times. The precipitate was 

dried under reduced pressure (yield: 52%). 
1
H NMR (400MHz, CD3OD): Fig 1a, δ (ppm) 6.16 

and 5.72 (s, -OC(CH3)=CH2), 4.63 (t, -CH2O-CO-), 3.90 (t, -CH2OP), 3.78-3.71 (m, -

CH2N(CH3)2-CH2-), 3.60-3.57 (d, P-OCH3), 3.24 (s,-N-(CH3)2), 1.97 (s, -OC(CH3)=CH2); 
31

P 

NMR (400MHz, CD3OD): δ(ppm) 0.96 (s); and 
1
H NMR (400MHz, d6-DMSO and CD3OD): Fig 

S1, δ (ppm)5.66 and 6.06 (s, -OC(CH3)=CH2), 4.51 (t, -CH2O-CO-), 3.52 (t, -CH2OP), 3.74-3.65 

(m, -CH2N(CH3)2-CH2-), 3.42-3.39 (d, CH3OP), 3.13 (s,-N-(CH3)2), 1.87 (s, -OC(CH3)=CH2). 

2.4 Synthesis of 2-methoxy-2-oxoethyl methacrylate, MEMA 

MEMA was synthesized according to previous report.
36

 In brief, methyl glycolate (5.41 g, 0.06 

mol), triethylamine (6.7 g, 0.066 mol) and methylene dichloride (100ml) were added to flask at 

0 °C. Then methacryloyl chloride (6.27 g, 0.06 mol) was added dropwise, after 2h, the reaction 

was removed to room temperature stirred another 20h. Then the solid was filtered off and the 

filtrate was concentrated under rotary evaporation. The crude product was purified by silica gel 

column chromatography (yield: 78.7%). 
1
H NMR (400MHz, d6-DMSO): Fig 1b, δ (ppm) 6.1 and 

5.8 (s, -OC(CH3)=CH2), 4.8 (s, -CH2O-CO), 3.7 (s, -OCH3), 1.9 (s, -OC(CH3)=CH2). 

2.5 Synthesis of poly(2-methoxy-2-oxoethyl methacrylate), PMEMA 

PMEMA was synthesized by atom transfer radical polymerization (ATRP). ATRP initiator of 3-

azidopropyl 2-bromo-2-methylpropanoate (50 mg, 0.2 mmol), 2,2’-dipyridyl (bpy, 62.4 mg, 0.4 

mmol ), MEMA (0.469 g, 3.0 mmol) and THF (5 mL) were added to a 25ml schlenk flask under 
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 7

argon atmosphere, which was then put through three cycles of freeze-pump-thaw with argon 

prior to added CuBr (28.6 mg, 0.2 mmol) . The mixture was stirred at room temperature for 24 h. 

The polymerization was stopped by exposing the mixture to air. The solution was diluted with 

THF and passed through neutral alumina column. The resulting solution was concentrated under 

reduced pressure, and then precipitated into excess methanol. The precipitate was dried under 

vacuum (yield: 75%). 
1
H NMR (400MHz, d6-DMSO): Fig 1c, δ (ppm) 4.66 (s, -OC-OCH2CO-), 

3.69 (s, -OCH3), 2.0 (s, -CCH2C-), 1.06-0.91 (d, -CCH3). 

2.6 Synthesis of poly(2-(methacryloyloxy) ethyl choline phosphate)-b- poly(2-methoxy-2-

oxoethyl methacrylate), PMCP-b-PMEMA 

PMEMA12 (0.20 g, 0.1 mmol), MCP (1.77 g, 6 mmol), bpy (31.2 mg, 0.2 mmol), and a mixed 

solvent of methanol and THF (7 mL, 3:4, v/v) was added to a 25mL schlenk flask, and put 

through three cycles of freeze-pump-thaw with argon, then added CuBr (14.3 mg, 0.1 mmol). 

The reaction was processed at room temperature for 48 h, and stopped by exposing the solution 

to air. Finally, the excessive MCP and catalyst was removed by dialysis bag with MWCO 2000 

membrane. After freeze-drying, PMCP-b-PMEMA was collected with yield 46.6%. 
1
H NMR 

(400MHz, d6-DMSO and CD3OD): Fig 2a, δ (ppm) 4.59 (s, -COCH2O-CO-), 4.36 (s, -CH2O-

CO-), 3.75 (m, -CH2N(CH3)2-CH2-), 3.67 (s, -OCH3), 3.54 (t, -POCH2-), 3.44-3.42 (d, -POCH3), 

3.23 (s, -N-(CH3)2), 1.88 (s, -CCH2C-), 1.09-0.93 (d, -CCH3) and; 
31

P NMR (400MHz, d6-

DMSO and CD3OD): δ(ppm) 0.96 (s). 

2.7 Synthesis of poly(2-methoxy-2-oxoethyl methacrylate)-Hydrazide-Dox, PMEMA-Hyd-

Dox 

PMEMA30 (0.1 g) was dissolved in the mixed solvent DMF and methanol (5mL, 3:2, v/v), 

hydrazine hydrate (0.2 mL) was then added to the mixture. The mixture was stirred overnight at 
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 8

room temperature. Then, the mixture was precipitated into excessive methanol, the precipitate 

was dried under vacuum.
 1

H NMR (400MHz, d6-DMSO): δ (ppm) 9.28 (s, H2N-HN-OC-), 4.38 

(s, -HN-OC-OCH2CO-), 1.92(s, -CCH2C-), 0.81-1.00(d, -CCH3).  

PMEMA-Hydrazide (30 mg) was dissolved in the mixed solvent DMF and methanol (5mL, 3:2, 

v/v), doxorubicin hydrochloride (10 mg) and trifluoroacetic acid (5 µL) were added to the 

mixture. The mixture was stirred at room temperature for 48h in the dark. Then, the mixture was 

dialyzed against deionized water (MWCO 3500) for two days and lyophilized with yield 70.5%. 

2.8 Synthesis of poly(2-(methacryloyloxy) ethyl choline phosphate)-b- poly(2-methoxy-2-

oxoethyl methacrylate)-Hydrazide, PMCP-b-PMEMA-Hydrazide 

PMCP-b-PMEMA (0.10 g), hydrazine hydrate (60 µL) was added to the mixture of 

dimethylformamide (DMF, 3 mL) and methanol (2 mL) into a 25ml flask. The mixture was 

stirred overnight at room temperature, and the resulting solution was dialyzed against deionized 

water (MWCO 2000) for 24 h and lyophilized with yield 85%. 
1
H NMR (400MHz, d6-DMSO 

and CD3OD): Fig 2b, δ (ppm) 4.36 (s, -CH2OCO-), 3.75 (m, -CH2N(CH3)2-CH2-), 3.54 (t, -

CH2OP), 3.44-3.42 (d, -POCH3), 3.24 (s, -N(CH3)2), 1.88 (s, -CCH2C-), 1.09-0.94 (d, -CCH3); 

31
P NMR (400MHz, d6-DMSO and CD3OD): δ(ppm) 0.96 (s).  

2.9 Synthesis of the polymer prodrug, PCP-Dox 

PMCP-b-PMEMA-Hydrazide (40 mg), doxorubicin hydrochloride (15 mg), trifluoroacetic acid 

(5 µL), the mixed solvent of DMF (3 mL) and methanol (2 mL) was added to a 25 mL flask. The 

mixture was reacted in the dark at the room temperature for 2 days. The resulting solution was 

dialyzed against distilled water (MWCO 3500) for 48 h and lyophilized with yield 86.5%. 

2.10 The determining of the percent Dox of PCP-Dox and PMEMA-Hyd-Dox via UV-vis 

spectroscopy 
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 9

The loading amount of Dox was determined via UV-visible absorption spectra. 2 mg of PCP-

Dox and 2 mg of PMEMA-Hyd-Dox were treated with 1 N HCl (0.5 mL) for 24 h respectively, 

and then the solution was diluted to 10 mL with DI water. Finally, the absorbance intensity of 

PCP-Dox and PMEMA-Hyd-Dox diluted solution was determined by UV-vis spectroscopy at 

480 nm for Dox respectively，the experiment was performed in quintuplicate, and then the Dox 

content was calculated via the calibration curve of free Dox(shown in Fig S7 in SI). 

2.11 The preparation of the PCP-Dox prodrug and PMEMA-Hyd-Dox Solution and DLS 

measurement 

The hydrodynamic diameter and polydispersity of PCP-Dox prodrug  and PMEMA-Hyd-Dox 

was investigated by DLS at 25 °C. The PCP-Dox aqueous solution was prepared by dissolving 

the prodrug in deionized water with the final concentration of 1 mg/mL, and stirred overnight in 

the dark at 25 °C. In addition , the sample of PMEMA-Hyd-Dox was prepared by dialysis 

method. 4mg PMEMA-Hyd-Dox was dissolved in 1mL DMSO for 1 h, and the solution was 

added dropwise into 4mL deionized water and stirred for another 2 h, then the result solution was 

dialyzed against deionized water for 12h to remove DMSO. Before the DLS measurement, the 

two samples were filtered using 0.45 µm filters to produce particle free solution.  

2.12 In vitro drug release 

The release of Dox from PCP-Dox prodrug and PMEMA-Hyd-Dox was examined using a 

dialysis method against phosphate buffered saline (PBS) at pH 7.4 and pH 5.0 at 37 °C, 

respectively. 2 mg PCP-Dox was dissolved in 2 mL PBS (pH 5.0, 7.4) and then transferred to a 

dialysis bag (MWCO 3500) and immersed in a tube containing 18 mL PBS (pH 5.0, 7.4) with 

constant stirring at 37 °C. 1 mg PMEMA-Hyd-Dox was dissolved in 0.1 mL DMSO, and then 

added dropwise into 2 mL PBS (pH 5.0, 7.4) with stirring. Finally, the result solution was 
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 10

transferred to a dialysis bag (MWCO 3500) and immersed in a tube containing 18 mL PBS (pH 

5.0, 7.4) with constant stirring at 37 °C. At specific time intervals, 0.5 mL of buffer solution 

outside the dialysis bag was withdrawn and subjected to UV-vis measurements respectively. The 

same volume of fresh medium was replaced after every measurement. The mass of released Dox 

was determined on the basis of the UV absorbance intensity at 480 nm for Dox, using a standard 

calibration curve experimentally obtained. The release amount was calculated by the equation 

(1).
14

 

���� = (�� +	



�
	∑ ��

�
�
� )�	                                            (1) 

Where mact is the actual mass of Dox released at time t, Ct is the Dox concentration in release 

media at time t measured on UV-vis spectrometer, ν is the sample volume taken at fixed time 

interval, V is the total volume of solution (20 mL). The experiment was performed in triplicate. 

2.13 Cell viability assay 

The cell viability was evaluated by Celltiter-Blue cell viability assay (Premoga Corporation). 

HepG2, A549 and MCF-7 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

with high glucose containing 10% fetal bovine serum (FBS), 100 units per mL of penicillin and 

100 µg/mL of streptomycin at 37 °C in a 5% CO2 humidified atmosphere. Then cells were 

seeded in 96-well flat-bottomed plates at a density of 6 × 10
3
 cells per well and cultured for 24 h. 

After that the medium was replaced by serum-free DMEM containing different concentration of 

Free Dox, PCP-Dox, PMEMA-Hyd-Dox. After incubation 1 h, the medium was removed and 

washed three times with PBS, and then replaced with fresh serum-free DMEM. After further 

incubated for 47 h, 10 µL of Celltiter-Blue reagent was added to each well and the plates were 

incubated for another 4 h at 37 °C. Then, the fluorescence signal was measured by microplate 

reader (λex = 560 nm, λem = 590 nm). The experiment was performed in triplicate.  
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 11

In addition, the cell viability of the polymer precursor (PMCP-b-PMEMA-Hydrazide) was 

evaluated by the same method. HepG2, A549 and MCF-7 cells were seeded in 96-well flat-

bottomed plates at a density of 6 × 10
3
 cells per well and cultured for 24 h. After that the medium 

was replaced by serum-free DMEM containing different concentration of precursor. After 

incubation 48 h, 10 µL of Celltiter-Blue reagent was added to each well and the plates were 

incubated for another 4 h at 37 °C. Then, the fluorescence signal was measured by microplate 

reader (λex = 560 nm, λem = 590 nm). The experiment was performed in triplicate. The cell 

viability was calculated based on the equation (2). 

cell	viability(%) =
���� !"#!$%	&$%!$"&%'("()*�!)

���� !"#!$%	&$%!$"&%'(#�$% ��)
× 100%                  (2) 

2.14 Cellular uptake assays 

 HepG2, A549 and MCF-7 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

with high glucose containing 10% fetal bovine serum (FBS), 100 units per mL of penicillin and 

100 µg/ml of streptomycin at 37 °C. Then cells were seeded into 24-well plates at a density of 7 

× 10
4
 cells per well and incubated for 24 h. For cellular internalization study, the cells were 

treated with free Dox, PCP-Dox and PMEMA-Hyd-Dox in serum-free DMEM for 10, 30 and 60 

min respectively. The original concentration of Dox in all samples was 10 µg/mL. After 

incubation, the cells were washed three times with PBS. Finally, 0.5 mL serum-free DMEM was 

added to each well and the fluorescence images were obtained using confocal laser scanning 

microscopy. In the process of taking the images, all the camera parameters (laser intensity, image 

brightness, exposure, magnification, etc.) were fixed.  

The fluorescence intensity determined by Flow cytometry. HepG2, A549 and MCF-7 cells were 

grown in Dulbecco’s modified Eagle’s medium (DMEM) with high glucose containing 10% fetal 

bovine serum (FBS), 100 units per mL of penicillin and 100 µg/mL of streptomycin at 37 °C. 
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 12

Then cells were seeded into 12-well plates at a density of 2 × 10
5
 cells per well and incubated for 

24 h. After that, the cells were incubated with serum-free DMEM containing free Dox, prodrug 

and PMEMA-Hyd-Dox for 10, 30 and 60 min respectively. The original concentration of Dox in 

all samples was 10 µg/mL. After incubation for fixed time, the cells were washed three times 

with PBS, then treated with trypsin and centrifuged. Finally, the cells were suspended in 0.3 mL 

PBS and determined with flow cytometer.  

3. Results and discussion 

3.1 Synthesis of the polymer prodrug PCP-Dox 

In our previous works we have demonstrated the CP group could strongly interact with PC 

group.
24-28

 To optimize the multivalent CP-PC interactions, we synthesized fully functional CP-

containting monmer 2-(methacryloyloxy) ethyl choline phosphate) (MCP) with the highest CP 

valency available according to the previous method,
28

 the 
1
H NMR and

 31
P NMR spectrum were 

shown in Fig. 1a (D2O) and Fig. S1 (d6-DMSO and CD3OD) and we also detected the final 

purified MCP monomer via electrospray mass spectrometry, and the MS image (Fig S2) showed 

identification of the mass peaks, at mass to charge ratio (m/z) 296.11 atomic mass units(M+H) 

and 318.09 (M+Na). Unfortunately, the yield of the MCP monomer was low because this 

reaction was extremely sensitive to oxygen and moisture. In addition, the side products have 

similar properties to MCP monomer which made the purification of the products get more 

difficult. Therefore, this reaction should be performed under absolutely anhydrous conditions 

and absence of oxygen to minimize the side products, and we get the better results (yield: 52%). 

Meanwhile, a new monmer 2-methoxy-2-oxoethyl methacrylate (MEMA) was also synthesized. 

The MEMA was easily synthesized by one-step condensation reaction between acyl chloride and 

hydroxyl group, and the monmer could be adequately activated by hydrazine hydrate, whose 
1
H 
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NMR was shown in Fig. 1b. The signals locate at δ 1.9, 5.8 and 6.1 ppm belonged to the protons 

of methacrylate, and those at δ 3.7 and 4.8 ppm were attributed to methyl glycolate, indicating 

the monmer has been synthesized successfully.  

Then, the polymer prodrug PCP-Dox (PMCP40-PMEMA12-Hydrazide-Dox, used in the next 

all investigations and 
1
H NMR was shown in Fig. S5) was synthesized by multi-step reactions, 

the detailed procedures were shown in Scheme 2. First, the macro-initiator PMEMA-Br（Table 

1, 1#）, 
1
H NMR of which was shown in Fig. 1C, was synthesized by ATRP of MEMA using 3-

azidopropyl 2-bromo-2-methylpropanoate as an initiator. Then, the block copolymer PMEMA-b-

PMCP (Table 1, 3#) was synthesized by ATRP using PMEMA-Br as macro-initiator, the 
1
H 

NMR and 
31

P NMR spectrum (Fig. 2a) indicated the copolymer was successfully synthesized. 

The signals of double bond disappeared and the characteristic signals of PMEMA (δ 3.67) and 

PMCP (δ 3.23, 3.44, 3.54, 3.75) can be clearly observed. The polydispersities and Mn of 

PMEMA-b-PMCP and PMEMA-Br determined by GPC and 
1
H NMR (as shown in Table 1 and 

Fig. S6) indicated PMEMA-Br had a low polydispersity. The polyCP contained polymers would 

be retained on the columns when the Mn and polydispersity of PMEMA-PMCP were measured 

by GPC, so the Mn was determined from the 
1
H NMR through comparison of the integrals of the 

PMEMA (δ 3.67), PMCP (δ 3.54) and initiator 3-azidopropyl 2-bromo-2-methylpropanoate (δ 3. 

43).  

Subsequently, PMCP-b-PMEMA-Hydrazide was synthesized by hydrazinolysis in the 

presence of hydrazine hydrate. As the 
1
H NMR (Fig. 2b) showed, the characteristic peak j of 

PMEMA (-COOCH3) disappeared, which demonstrated that the hydrazinolysis of methyl ester 

groups was complete.
36

 After the hydrazinolysis of PMCP-b-PMEMA, the anticancer Dox was 

conjugated to the polymer carrier via acid-labile hydrazone bond using trifluoroacetic acid as 
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catalyst, the loading content of Dox was ~10.0 wt% determined by UV-vis spectroscopy on the 

basis of the UV absorbance intensity at 480 nm for Dox. Meanwhile, PMEMA-Hyd-Dox 

(PMEMA30-Hydrazide-Dox, used in the next all investigations and 
1
H NMR was shown in Fig. 

S4) was synthesized by the same method. The 
1
H NMR of PMEMA-Hydrazide (Fig S3) showed 

the hydrazinolysis of PMEMA was complete, and the Dox content of PMEMA-Hyd-Dox was 

~20.0 wt%, indicating a high loading of this anticancer drug.  

3.2 Cellular uptake assay of PCP-DOX  

To demonstrate whether prodrug PCP-Dox can be more efficiently internalized by tumor cells 

within a short time, we compared the cellular internalization behaviors of free Dox, PCP-Dox 

and the control at various cell lines MCF-7, A549 and HepG2. And the cellular internalization 

efficiency was evaluated by confocal laser scanning microscopy (CLSM) at fixed time interval. 

The images of MCF-7 cell line were shown in Fig. 3 and Fig. S8. It can be found that free Dox 

and PCP-Dox prodrug were remarkably internalized within 10min, and both of them increased 

continuously as the extension of incubation time within 1 h. It can be found from the continuous 

fluorescence images captured within 1 h that the internalization efficiency of PCP-Dox is 

comparable to that of free Dox. However, after being incubated with PMEMA-Hyd-Dox for 1 h, 

only weak Dox fluorescence can be observed in the cancer cells. The results indicated the 

cellular uptake of PCP-Dox was faster and more efficient than the controlled one. The same 

results were also observed in the other two tumor cell lines, as shown in Fig. S9 and S10. 

To further confirm PCP-Dox prodrug could be more efficiently internalized by tumor cells, we 

further detected the fluorescence intensity of the tumor cells incubated with free Dox, PCP-Dox 

prodrug and the control using flow cytometry. The cellular internalization efficiency of the Dox 

by MCF 7 cell line was associated with the fluorescence signals. As shown in Fig. 4, free Dox 
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 15

and PCP-Dox polymer prodrug were efficiently uptaken after incubated 10 min, but the 

fluorescence signal incubated by the control almost overlapped with the blank, indicating the 

sluggish and inefficient internalization for the PMEMA-Hyd-Dox. After incubated for 1 h, the 

fluorescence signal of the cells incubated with free Dox and PCP-Dox prodrug was remarkably 

larger than that of those incubated with the control. The same results were also observed in other 

tumor cell lines, as shown in Fig. S11 and S12. It can be seen that the results of flow cytometry 

are consistent with the CLSM results, which all collectively demonstrated PCP-Dox prodrug 

could be more rapidly and efficiently internalized by various tumor cells within 1 h.  

It’s well known that the entrance of free Dox into the cells was accomplished by passive 

diffusion without requirement for specific transporter and ATP consumption.
37-39

 Dox firstly 

bind to the cell membrane with anionic PC headgroup via electrostatic interaction, and then is 

internalized by cells through a flip-flop mechanism between the two membrane leaflets, so the 

whole process of cellular internalization of free Dox was very fast.
37-39

 But for the polymer drug 

delivery system, endocytosis was the main mechanism for cellular internalization after binding to 

the membrane.
40,41

 It was troublesome for PMEMA-Hyd-Dox without CP groups to bind to the 

cell membrane over a short time, and the endocytosis consumed ATP, which lead to the sluggish 

cellular internalization of PMEMA-Hyd-Dox. However, for PCP-Dox, the strong interactions 

between CP groups and cell membranes, which accelerated polymer prodrug bind to the cell 

membrane, and then rapidly internalized into the cell, which largely enhance the efficiency of the 

internalization of the prodrug. Although the cellular internalization efficiency of the novel 

prodrug was a little lower than that of free Dox, it increased largely compared with the polymer 

carrier without CPs and has made significant progress. In addition, the most interesting thing is 

that this prodrug PCP-Dox is suitable for all kinds of tumor cells instead of some specific cells, 
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and the internalization efficacy are all enhanced when it was applied to various tumor cells, and 

the prodrug PCP-Dox has more better control and release process compared with free Dox, 

which suggests that PCPs can be used as a novel carrier to deliver drugs.  

3.3 In vitro drug release and the size distribution of the PCP-Dox prodrug 

As an ideal polymer drug delivery system, the anticancer drug should be rapidly and 

efficiently released from the carrier upon reaching the target. To promote the release of 

anticancer drug, Dox was conjugated to the polymer carrier via acid-labile hydrazone bond, 

which was easily cleaved at acid environment. In order to justify the pH-triggered drug release, 

in vitro drug release at different pH values were determined. As shown in Fig. 5a, only 6.4% 

Dox was released after the PCP-Dox was incubated at pH 7.4 for 65 h, which indicated that the 

polymer prodrug was stable under neutral pH environment. The interesting thing is that the 

release rate of Dox was dramatically accelerated at pH 5.0, which should be attributed to the 

acidic catalytic cleavage of hydrazone linkage between PMEMA and Dox. It can be seen that 

within the first 24 h, 32.8% Dox was released from the prodrug, and about 60.0% Dox was 

released after incubated 65 h. The whole release process was continuous and depended on the 

hydrolysis kinetics of hydrazone bonds. The results indicated that the Dox loaded by our 

designed prodrug can be effectively controlled released, and circumvent the rapid “burst” drug 

release outside of the cancer cells, and the drug release of PMEMA-Hyd-Dox showed the same 

tendency as PCP-Dox shown in Fig. 5a. Meanwhile, DLS measurement showed that the PCP-

Dox has a similar size distribution to PMEMA-Hyd-Dox. As shown in Fig. 5b, the averaged 

diameter of the PCP-Dox in aqueous solution was determined to be about 147.1 nm (PDI: 0.244), 

and the averaged diameter of the PMEMA-Hyd--Dox in aqueous solution was determined to be 

about 180.3 nm(PDI: 0.175). 
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3.4 Cell viability assays 

It is widely recognized that an ideal polymeric drug delivery system must be nontoxic. We 

determined the vitro cytotoxicity of the polymer precursor by Celltiter-Blue cell viability assays. 

We incubated MCF-7, HepG2 and A549 cell lines with different concentrations of polymer 

precuesor for 48 h. It can be found from Fig. 6 a, Fig. S13 that the polymer precursor showed 

nontoxic to three tumor cell lines at the concentrations from 12.5 to 500 µg/mL, demonstrating 

that PMCP-b-PMEMA-Hydrazide had low toxicity and good biocompatibility. 

To demonstrate the anti-cancer efficacy of PCP-Dox prodrug, the Celltiter-Blue cell viability 

assays was also adopted. We incubated MCF-7, HepG2 and A549 cell lines with different 

concentrations of prodrug for 1 h, then the medium was replaced with fresh serum-free DMEM 

and incubated for another 47 h. It can be seen from Fig. 6b, Fig. S14 that the PCP-Dox prodrug 

showed enhanced cytotoxicity to the three tumor cell lines compared with the PMEMA-Hyd-

Dox, which can be attributed to the enhanced cellular internalization for PCP-Dox prodrug 

within 1 h and efficient release of Dox in cells. Meanwhile, with increasing Dox concentrations 

from 0.5 to 20µg/mL, the cell viability was further decreased. In addition, the cell viability of 

PCP-Dox prodrug was higher than that of free Dox, which may be because the cellular uptake 

for free Dox was more efficient than PCP-Dox. On the other hand, the cleavage of the hydrazone 

linkage between polymer carriers and Dox at the endo/lysosome was time-dependent, which 

depended on the hydrolysis kinetics of hydrazone bonds. After the Dox cleaved from the 

polymer carriers, it must escape from the endosome/lysosome and then diffuse into the nucleus 

to exert their cytostatic effects, which further decreased the vitro cytotoxicity of PCP-Dox 

prodrug compared with free Dox.  

4. Conclusions 
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In this study, we designed and synthesized a novel polymer-drug conjugate system PCP-Dox. 

This polymer prodrug decorated with multivalent CP groups can significantly accelerate cell 

internalization within 1 h via multiple CP-PC quadrupole interaction. Furthermore, the Dox-

loaded polymer prodrug exhibited noticeable pH-triggered behavior with Dox release through 

hydrazone bond cleavaed at acidic condition. The in vitro cytotoxicity studies showed that 

polymer precursor had good biocompatibility and low toxicity, but the polymer prodrug showed 

ehanced cytotoxicity to various tumor cells. It is expected that the as-prepared polymer carriers 

based on multivalent CP groups can be used as a new drug carriers for targeted delivery with 

improved cellular internalization efficiency, especially suitalbe for delivery of the cargo 

molecules which are unstable in physiological conditions, like nucleic acids, peptides or proteins. 
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FIGURES and SCHEMES 

 

 

Scheme 1. Schematic illustration of the prodrug PCP-Dox cellular internalization and its 

intracellular drug release. 
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Scheme 2. The detailed synthetic strategies for PMCP-b-PMEMA-Hyd-Dox 
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Figure 1. (a) 
1
H NMR and 

31
P NMR spectra of MCP, (b) 

1
H NMR spectrum of MEMA, (c) 

1
H 

NMR spectra of PMEMA. 
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Figure 2. (a) 
1
H NMR and 

31
P NMR spectra of PMCP-b-PMEMA, (b) 

1
H NMR and 

31
P NMR 

spectra of PMCP-b-PMEMA-hydrazide. 
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Figure 3. Confocal microscopy images of MCF-7 cells treated by free Dox, PCP-Dox prodrug 

and the control with equivalent Dox concentration to be 10 µg/mL for 10, 30 and 60 min, 

respectively. Scale bar: 50 µm. 
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Figure 4. Flow cytometry analysis of MCF-7 cells treated by free Dox, PCP-Dox prodrug and 

control with equivalent Dox concentration to be 10 µg/mL, respectively for 10 min (a), and 60 

min (b). 
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Figure 5. (a) In vitro Dox release from the PCP-Dox prodrug and PMEMA-Hyd-Dox in PBS 

buffer under different pHs (pH 7.4 and pH 5.0). (b) The size distribution of PCP-Dox prodrug 

and PMEMA-Hyd-Dox in aqueous solution. 

Page 25 of 30

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 26

 

Figure 6. (a) Cell viability of MCF-7 cells incubated with various concentrations of the polymer 

precursor for 48 h. (b) incubated with different concentrations of free DOX, PCP-Dox prodrug 

and control for 1h, then replaced with fresh serum-free DMEM and incubated for another 47 h. 
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Table 1. The PDI and Mn of polymers synthesized by ATRP  

entries polymers target Dp Mn
a
  

g�mol
-1

 
Mn

b
  

g�mol
-1

 
PDI

a
 

1 PMEMA30-Br 30 5179 4990 1.37 
2 PMEMA12-Br 15 2065 2146 1.36 
3 PMCP40-b-PMEMA12  n/a 13946 n/a 
4 PMCP48-b-PMEMA30  n/a 19150 n/a 

a, Measured by GPC (THF, PS standards).  

b, Calculated on the basis of 
1
HMR spectrum. 
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