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Abstract: To achieve enhanced physical stability of poly(ethylene glycol)-poly(d,l-lactide) 

polymeric micelles (PEG-PDLLA PMs), a mixture of methoxy PEG-PDLLA-polyglutamate 

(mPEG-PDLLA-PLG) and mPEG-PDLLA-poly(l-lysine) (mPEG-PDLLA-PLL) copolymers 

was applied to self-assembled stable micelles with polyion-stabilized cores. Prior to micelle 

preparation, the synthetic copolymers were characterized by 1H-nuclear magnetic resonance 

(NMR) and infrared spectroscopy (IR), and their molecular weights were calculated by 1H-NMR 

and gel permeation chromatography (GPC). Dialysis was used to prepare PMs with deoxy-

podophyllotoxin (DPT). Transmission electron microscopy (TEM) images showed that DPT 

polyion complex micelles (DPT-PCMs) were spherical, with uniform distribution and particle 

sizes of 36.3±0.8 nm. In addition, compared with nonpeptide-modified DPT-PMs, the stability 

of DPT-PCMs was significantly improved under various temperatures. In the meantime, the pH 

sensitivity induced by charged peptides allowed them to have a stronger antitumor effect and a 

pH-triggered release profile. As a result, the dynamic characteristic of DPT-PCM was retained, 

and high biocompatibility of DPT-PCM was observed in an in vivo study. These results indicated 

that the interaction of anionic and cationic charged polyionic segments could be an effective 

strategy to control drug release and to improve the stability of polymer-based nanocarriers.

Keywords: polyion complex micelles, electrostatic interaction, oligopeptide, stability, 

pharmacokinetics

Introduction
Polymeric micelles (PMs) have been widely applied as nanocarriers to deliver insoluble 

drugs due to their amphiphilic properties.1,2 PMs are usually formed by the self-assembling 

of amphiphilic block copolymers, among which poly(d,l-lactide) (PDLLA) as the hydro-

phobic segment and poly(ethylene glycol) (PEG) as the hydrophilic segment are the 

most popular candidates based on their biodegradability and biocompatibility.3,4 With 

the addition of PEGylation, which is a typical approach to reduce nonspecific cellular 

uptake and therefore offers a stealth immune effect,5,6 methoxy PEG (mPEG)-PDLLA 

micelles have been evaluated as biodegradable and biocompatible nanocarriers in 

numerous in vitro and in vivo studies.7–10 In addition, due to their ease of modification, 

PEG-PDLLA-based nanoparticles can achieve both passive and active targeting effects 

via different pathways, among which the enhanced permeability and retention (EPR) 

effect and receptor-mediated cellular uptake are frequently discussed.11–14

Although it is well known that in vitro and in vivo stability is crucial for a drug 

delivery system to withstand dissociation and premature release of cargo after entry 

into the bloodstream, the inherent instability of PMs still remains a significant 
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challenge, inhibiting their clinical use. Improving their sta-

bility under physiological conditions can lead to dramatic 

improvements in pharmacokinetics and thereby break the 

bottleneck to expand clinical applications of PMs.15 For this, 

core-crosslinked strategies have been proposed and polymer-

izable acrylate,16 methacrylate,17 or cinnamyl groups18 have 

been introduced into the terminal or side chains of core-

forming hydrophobic blocks. As a result, micelles exhibited 

high stability against sodium dodecyl sulfate (SDS) surfactant 

as well as organic solvents, and drug loading efficiency and 

thermodynamic stability were significantly enhanced against 

dilution. In addition to chemical cross-linking, the stability of 

micelles can also be improved by introducing physical inter-

actions such as isomer interactions,19 π-π interactions,20 and 

electrostatic reactions21 inside the micelle core. Among all 

the interactions, the electrostatic reaction is an ideal option as 

it can deliver small and large charged molecules by reacting 

with block ionomers to form a stable core.22,23

Usually, the PMs synthesized by electrostatic reactions 

consist of 2 oppositely charged polyelectrolytes. This elec-

trostatic complex has a core–shell structure, which is termed 

as polyion complex micelle (PCM).24,25 Unlike common 

micelles that are formed only with amphiphilic block copoly-

mers, electronic segments are conjugated onto the lipophilic 

terminus of the block copolymers and the PCM is formed 

with a complex of cationic and anionic segments through 

electrostatic interactions. Through this unique method, the 

synthesized PCM will not only be more stable than the normal 

PMs but also exhibit a better ability to respond to external 

stimuli such as pH,26 ionic strength, and temperature.27,28

In the current study, in order to deliver hydrophobic deoxy-

podophyllotoxin (DPT), which is a promising microtubule-

targeted antitumor agent and a cell cycle-regulatory protein 

modulator,29,30 2 block copolymers with oppositely charged 

tails, namely, mPEG-block-PDLLA-block-poly(glutamic 

acid) (mPEG-PDLLA-PLG) and mPEG-block-PDLLA-

block-poly(l-lysine) (mPEG-PDLLA-PLL) were engineered. 

These copolymers can be self-assembled into micelles through 

electrostatic interactions between PLG and PLL. In the mean-

time, DPT can be entrapped inside the micelles by a lipophilic 

PDLLA chain. Here, for the first time, the physical stability and 

drug release of DPT-PCM were investigated and the biocom-

patability properties of DPT-PCM and DPT-PM compared.

Materials and methods
Materials and animals
DPT was received from the Institute of Chemical 

Industry, China Pharmaceutical University. d,l-lactic 

acid was purchased from Ling Feng Chemical Reagent 

Co (Shanghai, China). mPEG-OH, with a molecular 

weight of 2,000 g/mol, was purchased from Sigma-Aldrich 

(Sigma-Aldrich, St Louis, MO, USA). Dicyclohexylcar-

bodiimide (DCC), dimethylaminopyridine (DMAP) and 

N-(tert-butoxycarbonyl)-l-phenylalanine (Phe-NBOC) 

were purchased from J&K Chemical Ltd (Beijing, China). 

Cyclic carboxylic acid anhydrides (N-carboxyanhydrides 

or NCAs) of glutamic acid and lysine were obtained from 

Nanjing Chemlin Chemical Industry Co, Ltd (China). 

New Zealand rabbits and male Sprague Dawley rats were 

purchased from Qinglongshan Animal Center (Nanjing, 

China). All animal experiments were conducted in accor-

dance with the terms regulated by the National Institute of 

Health Guide for the Care and Use of Laboratory Animals 

and were approved by the Animal Ethics Committee of 

China Pharmaceutical University.

Synthesis of mPEG-PDLLA-PLG and 
mPEG-PDLLA-PLL
Synthesis of mPEG-PDLLA
mPEG-PDLLA copolymers were synthesized by ring-

opening polymerization (Figure 1B).31 Briefly, as shown 

in Figure 1A, mPEG (50.0  g) and d,l-lactide (50.0  g, 

1:1 w/w%) were added into a 3-necked flask, and the sys-

tem was vacuumed and protected with nitrogen flow. The 

mixture was completely melted at 130°C and then cooled 

to 110°C. Next, 1 mL of stannous octoate in methylbenzene 

(20%, v/v%) was added under a N
2
 stream. Subsequently, 

the sealed flask was vacuum-dried to remove the water and 

methylbenzene and subsequently kept in a silicone oil bath 

at 130°C with continuous stirring for 6 h. The synthesized 

polymer was dissolved in methylene chloride, followed by 

precipitation in ice-cold diethyl ether 3 times. The resultant 

precipitates were collected and dried in vacuum at room 

temperature for 24 h.

Synthesis of mPEG-PDLLA-Phe-NBOC
For the synthesis of mPEG-PDLLA-Phe-NBOC32,33 

(Figure 1C), mPEG-PDLLA (10.0 g) and Phe-NBOC (4.0 g) 

were dissolved in 80 mL of cold CH
2
Cl

2
 in a predried flask. 

Subsequently, DCC (3.0 g) and DMAP (0.1 g) were added 

into the flask for esterification at 0°C under protection of a N
2
 

stream. After a 48 h reaction, excessive DCC was removed 

by filtration. The filtrate was washed with 80 mL of saturated 

aqueous NaHCO
3
 twice, followed by 80 mL of H

2
O twice. 

Vacuum-rotary evaporation was carried out to remove the 

residual DCC. Cold ethyl ether was applied to precipitate the 
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resultant product in CH
2
Cl

2
, and the precipitated polymers 

were collected by filtration and then vacuum-dried at room 

temperature for 24 h.

Synthesis of mPEG-PDLLA-NH2

In this procedure (Figure 1D), mPEG-PDLLA-Phe-NBOC 

(6.0  g) was dissolved in 30  mL of CH
2
Cl

2
. The solution 

was cooled to 0°C in an ice bath and made to react with 

trifluoroacetic acid (TFA) (15 mL) for 2 h under a N
2
 flow. 

The resultant solution was then washed with 50 mL of 

saturated aqueous NaHCO
3
 twice, followed with 50 mL H

2
O 

twice. Next, the CH
2
Cl

2
 layer was collected and evaporated 

to a volume of 20 mL and was mixed with cold ethyl ether 

for precipitation; the precipitate was dried in a vacuum for 

24 h at room temperature.32,33

Synthesis of triblock copolymer mPEG-PDLLA-
poly(γ-benzyl-l-glutamate) (PBLG)/poly(γ-benzyl- 
l-lysine) (PBLL)
In this procedure (Figure 1E), mPEG-PDLLA-NH

2
 (4.0 g) 

and either γ-benzyl-l-glutamate-N-carboxyanhydride 

(G-NCA) (1.3 g) or γ-benzyl-l-lysine-N-carboxyanhydride 

(L-NCA) (1.5 g) were dissolved in chloroform (75 mL), and 

the solution was stirred for 72 h at 30°C under a N
2
 flow. 

Next, the CH
2
Cl

2
 layer was collected and evaporated to a 

volume of 20 mL and was mixed with cold ethyl ether for 

precipitation; the precipitate was then vacuum-dried for 24 h 

at room temperature.

Synthesis of mPEG-PDLLA-PLG and 
mPEG-PDLLA-PLL
Deprotection of mPEG-PDLLA-PBLG/PBLL was carried 

out as shown in Figure 1F. For this, mPEG-PDLLA-PBLG/

PBLL (1.0 g) and 33 wt% HBr (33 wt%) were dissolved in 

10 mL of acetic acid in a 3-necked flask. After stirring for 1 h 

under N
2
 flow, the deprotected copolymers were precipitated 

by treating with an excess of cold methanol, followed by 

vacuum-drying at room temperature for 24 h.32

Characteristics of mPEG-PDLLA-PLG 
and mPEG-PDLLA-PLL
Molecular weight calculation
As shown in Figure 2, the integrated areas of methylene 

protons of “g” and “p” at 3.5–3.7 ppm and 4.9–5.1 ppm, 

as well as the methyne protons of “i” at 5.1–5.3 ppm, were 

recorded. The composition of the copolymers was calculated 

using the following equations.

°

°

°

°

°

Figure 1 Synthesis steps of different polymers.
Notes: (A) d,l-Lactide; (B) mPEG-PDLLA; (C) mPEG-PDLLA-Phe-NBOC; (D) mPEG-PDLLA-NH2; (E) mPEG-PDLLA-PBLG and mPEG-PDLLA-PBLL; (F) mPEG-PDLLA-
PLG and mPEG-PDLLA-PLL.
Abbreviations: mPEG, methoxy PEG; PDLLA, poly(d,l-lactide); PEG, poly(ethylene glycol); Phe-NBOC, N-(tert-butoxycarbonyl)-l-phenylalanine; PLG, polyglutamate; PLL, 
poly(l-lysine); PBLG, poly(γ-benzyl-l-glutamate); PBLL, poly(γ-benzyl-l-lysine); TFA, trifluoroacetic acid.
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where x, y, and z are the numbers of the different blocks in 

the polymer, as shown in Figure 2.

1H-nuclear magnetic resonance (NMR) and 
Fourier transform near-infrared (FT-NIR) spectra 
measurements
1H-NMR measurements were performed with dimethyl 

sulfoxide (DMSO)-d
6
 and CDCl

3
 using a Varian 300 MHz 

instrument (Bruker, Billerica, MA, USA). Sample tempera-

ture at 25°C was used for all measurements. FT-NIR spectra 

were recorded on a TENSOR 27 spectrometer (Bruker) by 

the KBr method. The average molecular weight of mPEG-

PDLLA-PBLG/PBLL and mPEG-PDLLA-PLG/PLL was 

determined by 1H-NMR and gel permeation chromatography 

(GPC) using a Shimadzu (Kyoto, Japan) high-performance 

liquid chromatography (HPLC) system at 35°C. Tetrahy-

drofuran was used as the mobile phase. Seven polystyrene 

standards (Polymer Laboratories Ltd, Church Stretton, 

Shropshire, UK), with peak molecular weights of 1,930, 

3,070, 5,120, 6,930, 10,680, 12,830, and 19,760 Da were used 

for molecular weight calibration. Accordingly, 20 µL of the 

sample was injected, and the mobile phase was pumped at a 

flow rate of 1 mL/min (LC-20AT). Detection was performed 

using a RID-10A refractive index detector. The obtained 

chromatogram was interpreted using GPC software.34

Preparation of DPT-PCM and DPT-PM
The PCM was prepared by a well-established dialysis 

method.35,36 Briefly, mPEG-PDLLA-PLG (50  mg) and 

mPEG-PDLLA-PLL (50 mg) at a 1:1 (w/w%) ratio were 

separately dissolved in 2 mL of DMSO. Then, 10 mL of 

DPT was added to each solution. Subsequently, 8  mL of 

phosphate-buffered saline solution (PBS; 10 mmol/L, pH 7.4) 

was dropped slowly into each solution. Finally, the PCM 

was prepared by mixing the 2 solutions dropwise in a new 

bottle. The PCM solution was stirred for 0.5 h, then dialyzed 

in a dialysis bag (with a molecular weight cutoff of 3.5 kDa) 

against PBS for 1 h, followed by dialysis against water for 

4  h. Subsequently, the PCM solution was centrifuged at 

10,000 rpm for 10 min. After filtration of the supernatant 

through a 0.22 μm pore size membrane, DPT-loaded PCM 

(DPT-PCM) was collected by lyophilization. DPT-loaded 

mPEG-PDLLA micelles (DPT-PMs) were prepared in the 

same manner and served as the control.

Loading (LE%) and entrapment (EE%) 
efficiency of DPT
For LE% and EE% assays, an appropriate amount of DPT-PCM 

was dissolved in water (1.0 mg/mL), followed by the addition 

of methanol to make a 20-times dilution. Subsequently, 20 μL 

of the solution was separated by a reversed-phase C
18

 column 

(Hedera ODS-2, 250×4.6 mm, 5 μm) at 30°C using HPLC (Ulti-

mate 3000; Dionex Corporation, Sunnyvale, CA, USA).37 The 

mobile phase was a mixture of methanol–water (75:25, v/v) at 

a flow rate of 1.0 mL/min. Detection was performed at 294 nm 

(ultraviolet detector). LE% and EE% of DPT in PCM and PM 

were calculated using the following equations.38,39

	
LE (%, w/w)

Weight of drugs in PCM

Weight of PCM
= ×100%

	
EE (%, w/w)

Loading efficiency

Theoretical loading efficien
=

ccy
×100%

	

Morphology and differential scanning 
calorimetry (DSC) analysis
Particle size was measured using a particle size and zeta potential 

analyzer (90 Plus Zeta; Brookhaven Instruments Corporation, 

Holtsville, NY, USA). The morphology of DPT-PCM and 

Figure 2 Structural representations of mPEG-PDLLA-PBLG and mPEG-PDLLA-
PBLL.
Abbreviations: PEG, poly(ethylene glycol); PDLLA, poly(d,l-lactic acid); mPEG, 
methoxy PEG; PBLG, poly(γ-benzyl-l-glutamate); PBLL, poly(γ-benzyl-l-lysine).
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DPT-PM was observed using transmission electron microscopy 

(TEM) (H-7650; Hitachi, Tokyo, Japan). Both lyophilized pow-

ders were dissolved and diluted to 1.0 mg/mL with pure water 

in an individual tube before TEM measurements. A drop of 

each sample was applied to a copper grid coated with a carbon 

film and air-dried; a 2% (w/v) solution of phosphotungstic acid 

(PTA) was then dropped onto the grids. After negative staining 

and spontaneous drying at room temperature, the samples were 

examined under a microscope.

Thermal analysis of DPT, the polyion complexes (PICs), 

the physical mixture of DPT and PIC (1:5, w/w%), and DPT-

PCM (weight ratio of DPT/PIC =1:5, w/w%) was carried out 

by DSC (DSC 204 F1 Phoenix; Netzsch, Selb, Germany) at 

a heating rate of 10°C/min.

Stability assay
DPT-PCM and DPT-PM were dissolved in 5% glucose 

injections (1.0  mg/mL). Drug content was determined by 

the aforementioned HPLC method after incubation at 4°C, 

25°C, and 37°C for different times. The drug content was 

calculated using the following equation:

	

Drug content = ×
C

C
t

0

100%

	

where C
0
 represents the original concentration of DPT in 

PCM or PM, and C
t
 represents the concentration of DPT in 

PCM or PM at different times.

In vitro cytotoxicity
An MTT assay was performed to study the cytotoxicity of 

the 2 kinds of micelles and DPT. A549 cells were purchased 

from Cell Bank of Shanghai Institute of Biochemistry and Cell 

Biology, Chinese Academy of Sciences, and were seeded in 

96-well plates at a density of 2,000–5,000 cells per well and 

cultured in an incubator at 37°C with 5% CO
2
 for 24 h. Cell 

culture medium (100 μL) containing DPT, DPT-PM, or DPT-

PCM at various concentrations was added to the 96-well plates, 

followed by incubation for either 24 h or 48 h. Then, 20 μL of 

MTT in PBS (5 mg/mL) was added to each well, and the cells 

were incubated for another 4 h. The blue–purple formazan 

crystals in each well were dissolved with 150 μL of DMSO, 

and cell viability was monitored by recording the absorbance 

at 490 nm. Blank PM and blank PCM were used as controls. 

Results were expressed as percentage cell viability.

In vitro drug release
An appropriate amount of drug-loaded micelles was dis-

solved in 5% glucose injection and diluted to a final concen-

tration of DPT at 1 mg/mL. Then, 1 mL of the solution was 

sealed in dialysis bags (cellulose membrane, 3.5 kDa cutoff) 

and incubated in 100 mL PBS with 1% Polysorbate-80 at 

different pH values (5.0, 6.8, and 7.4) at 37°C in a water bath 

shaking at 75 rpm. At each predetermined time interval, 1 mL 

of sample from each tube was collected and the same volume 

of corresponding medium was replenished immediately. DPT 

concentration was then determined using HPLC as previ-

ously described. A control experiment was also conducted 

to identify the release profile of DPT-PM under the same 

condition. All tests were conducted in triplicate.

Hemolytic assay
To compare the hemocompatibility of DPT-PCM and DPT-PM, 

a hemolytic study was conducted using rabbit blood. DPT-PCM 

and DPT-PM were dissolved and diluted with a glucose solu-

tion (5%) to a concentration of 1.5 mg/mL. An 82% erythrocyte 

suspension and normal saline were then added. After incubation 

for 3 h at 37°C, the samples were centrifuged at 1,500 rpm 

for 15 min, and absorbance was measured at 540 nm. The 

hemolysis rate was calculated using the following equation:40

	
Hemolysis rate ( )

ODt ODnc

ODpc ODnc
% %

( )

( )
=

−
−

×100
�

where ODt is the absorbance of the sample, ODnc is the 

absorbance of the negative control, and ODpc is the absor-

bance of the positive control.

Injection irritation
Ten New Zealand rabbits (1.8–2.0 kg) were equally randomized 

into 2 groups (n=5). DPT-PCM and DPT-PM were dissolved 

and diluted with a 5% glucose solution to a final concentra-

tion of 1.5 mg/mL. The 2 groups of rabbits were then treated 

with DPT-PCM and DPT-PM solutions at a dose of 5 mg/kg 

via a left marginal ear vein at a rate of 1 mL/min for 3 d. In 

the meantime, the same volume of glucose solution (5%) was 

given via the right marginal ear vein as the control. Any para-

doxical reactions were recorded by an experienced unbiased 

observer. Injection sites and proximal regions were fixed with 

a 10% formaldehyde solution. The fixed tissues were embed-

ded in paraffin and 4 μm-thick sections were obtained using a 

microtome. The sectioned tissues were mounted on glass slides, 

followed by staining with hematoxylin and eosin (H–E) for 

evaluating the cellular reaction at the injection site.40–42

In vivo pharmacokinetics
Twelve rats were equally randomized into 2 groups, which 

were the DPT-PCM group (Group A) and the DPT-PM group 
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(Group B). DPT-PCM and DPT-PM were diluted with glu-

cose solution (5%) to a concentration of 6 mg/mL and were 

injected at a dose of 15 mg/kg. Blood samples from each group 

were collected at predetermined time intervals and stored in 

heparinized tubes. All samples were centrifuged at 8,000 rpm 

for 5 min, and the supernatant was obtained and frozen at 

-20°C for HPLC analysis. Plasma data were subjected to a 

2-compartment model for pharmacokinetic analysis using 

PKSlover version 3.0.43 The maximum plasma concentration 

(C
max

) was obtained directly from the concentration–time plot. 

The mean residence time (MRT) was calculated as AUMC
0–

inf
/AUC

0–inf
, where AUMC

0–inf
 represents the area under the 

first moment plasma concentration–time curve and AUC
0–inf

 

represents the total area under the curve.

Statistical analysis
All data are presented as mean value ± SD. Each experiment 

was conducted at least in triplicate and differences between 

mean values were determined using analysis of variance 

(ANOVA) and Students t-tests.

Results and discussion
Characterization of mPEG-PDLLA-PLG 
and mPEG-PDLLA-PLL
The 1H-NMR spectra in Figure S1A showed that mPEG-

PDLLA-PLG and mPEG-PDLLA-PLL copolymers were 

successfully synthesized. Small peaks, which were assigned 

to phenyl and methyl protons from Phe-NBOC units, at 7.25 

and 1.30 ppm (Figure S1B) confirmed the successful con-

jugation of Phe-NBOC to mPEG-PDLLA. The undetectable 

peaks at 1.30 ppm (Figure S1C) confirmed the removal of 

the tertiary butyl from mPEG-PDLLA-Phe-NBOC. The peaks 

at 4.20  ppm (g, Figure S1D), 2.04  ppm (h, Figure S1D), 

2.22 ppm (i, Figure S1D), 5.11 ppm (j, Figure S1D), 7.33 ppm 

(k, Figure S1D), 4.18  ppm (l, Figure S1E), 1.65  ppm 

(m, Figure S1E), 2.98  ppm (n, Figure S1E), 5.00  ppm 

(o, Figure S1E), and 7.34 ppm (p, Figure S1E) confirmed 

the successful conjugation of PBLG and PBLL. Peaks at 

5.11 ppm (j, Figure S1F), 7.33 ppm (k, Figure S1F), 5.00 ppm 

(o, Figure S1G), and 7.34 ppm (p, Figure S1G) were not 

detected because of the removal of the carbobenzoxy group 

from PBLG and PBLL.

The IR spectra in Figure S2A also confirmed that the 

PEG-PDLLA-PLG and mPEG-PDLLA-PLL copolymers 

were successfully synthesized. Results showed that mPEG-

PDLLA-PBLG and mPEG-PDLLA-PBLL (Figure S2B 

and C) had characteristic peaks at 3,323, 1,690, 1,637 and 

1,548 cm-1, which were attributed to symmetrical and asym-

metrical stretching vibrations (υ
N–H

), 2 kinds of (υ
C=O

) and 

(υ
CO-NH

) of PBLG and PBLL, respectively. Characteristic 

peaks at 751 and 699 cm-1 were attributed to stretching vibra-

tions in phenyl groups. In Figure S2D and E, the peaks at 

751 and 699 cm-1 were not detected, which confirmed the 

successful detachment of phenyl in PBLG/PBLL and the 

successful synthesis of PEG-PDLLA-PLG and mPEG-

PDLLA-PLL copolymers.

The parameters x, y, and z were calculated from 1H-NMR. 

The z-values of the 2 copolymers were 4.83 and 4.91, 

which were close to the theoretical value of 5.0 (Table 1). 

The molecular weights of the copolymers were calculated 

by 1H-NMR and GPC. Molecular weights calculated from 
1H-NMR were consistent with the theoretical molecular 

weights (Table 2). Results also showed that the molecular 

weights of the conjugated polymers measured by GPC dis-

played a narrow polydispersity, implying that the product 

has high purity.

Herein, 2 pairs of oppositely charged copolymers were 

synthesized. It should be noted that the lengths of PLG and 

PLL were almost equal in each pair of copolymers (Table 1). 

This is important for DPT-PCM preparation since it has been 

proven that DPT-PCM is formed by matched pairs with the 

same block lengths of polyanions and polycations under 

stoichiometric conditions.35

Table 1 Composition and molecular characteristics of polymers

Polymer Composition of 
copolymer

Molecular 
weight (Mw)

x y z

mPEG2000-PDLLA2000-PBLG1095 45.50 26.70 4.83 4,973.6
mPEG2000-PDLLA2000-PBLL1230 45.50 26.70 4.91 5,127.8

Abbreviations: mPEG, methoxy poly(ethylene glycol); PDLLA, poly(d,l-lactic acid); 
PBLG, poly(γ-benzyl-l-glutamate); PBLL, poly(γ-benzyl-l-lysine).

Table 2 Molecular weight calculated from 1H-NMR and GPC

Polymer Mn×10-3 
(1H-NMR)

Mn×10-3 
(GPC)

Mw×10-3 
(GPC)

Mw/Mn

mPEG2000-PDLLA2000-PBLG1095 5.0 4.3 5.6 1.29
mPEG2000-PDLLA2000-PBLL1230 5.1 4.8 5.8 1.21
mPEG2000-PDLLA2000-PLG735 4.6 4.1 5.1 1.24
mPEG2000-PDLLA2000-PLL730 4.6 4.3 5.7 1.33

Notes: Mn indicates number-average molecular weight; Mw indicates weight-
average molecular weight, Mw/Mn indicates the polydispersity of molecular weight 
distribution.
Abbreviations: GPC, gel permeation chromatography; mPEG, methoxy 
polyethylene glycol; NMR, nuclear magnetic resonance; PLG, polyglutamate; PLL, 
poly(l-lysine); PDLLA, poly(d,l-lactic acid); PBLG, poly(γ-benzyl-l-glutamate); PBLL, 
poly(γ-benzyl-l-lysine).
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Characterization of DPT-PCM and 
DPT-PM
As shown in Table 3, similar drug loading and encapsula-

tion efficiencies for DPT were found between PCM and PM, 

suggesting that the introduction of polyelectrolytes in PCM 

had no negative effects on these properties.

Particle size, zeta potential, and morphology results are 

shown in Table 4 and Figure 3A. The sizes of DPT-PCM 

and DPT-PM obtained from the zeta potential analyzer were 

36.3±0.8 nm and 27.3±0.4 nm, respectively. Compared to 

DPT-PM, the increased particle size of DPT-PCM may be 

due to the existence of a polyionic core that consisted of 

prolonged segments of PLG and PLL; however, this needs 

further investigation. TEM results showed that the prepared 

micelles exhibited a uniform spherical shape with a narrow 

polydispersity. In addition, zeta potential results showed no 

difference between the 2 micelle types.

From the DSC thermograms (Figure 3B), the endothermic 

peaks around 55.6°C and 171.8°C suggested dehydration 

of PICs and DPT. The shapes of the observed peaks were 

identical with that of the single substance in Figure 3Ba 

and Figure 3Bb/c. However, compared to the physical 

mixture, DPT-PCM revealed a strikingly contrasting DSC 

thermogram in Figure 3Bd, whereby no obvious melting 

peak of DPT appeared and the PIC peak was not as sharp 

as the counterpart in Figure 3Bb. This indicated that DPT 

was loaded in the micelles and therefore appeared in an 

amorphous state.44

Stability of DPT-PCM and DPT-PM
As shown in Figure 4A, the particle size of DPT-PCM was 

sustained at 40.8 nm at 4°C in the first 7 d. The particle size 

increased gradually and reached 81.2 nm on the 15th day. 

However, the size of DPT-PM increased from the 2nd day 

and reached 789.2 nm on the 15th day. When the storage 

temperature increased to 25°C (Figure 4B), DPT-PCM 

remained stable at 35.6 nm for 3 d, while DPT-PM only 

displayed a relatively stable particle size within the first 

6 h after preparation and then increased to 725.7 nm after 

12 h. When the temperature was raised to 37°C (Figure 4C), 

DPT-PCM showed a 10 times higher stability than DPT-PM 

(ie, 20 h for DPT-PCM and 2 h for DPT-PM). Moreover, at 

4°C (Figure 4D), the drug content in DPT-PCM decreased 

slowly from the 7th day to the 14th day and remained at 

93.9% of the original content. However, for DPT-PM, 

the drug content decreased to 82% by the 14th day. To 

assess whether high temperature aggravated the instabil-

ity of the micelles, the final drug content was measure at 

25°C (Figure 4E) and 37°C (Figure 4F). Results showed 

that after only 20 h of incubation at 25°C, only 40.2% of 

the original content from DPT-PM was detected, while the 

drug content from DPT-PCM remained constant for up to 

3 d. At 37°C (Figure 4F), the drug content from DPT-PM 

decreased rapidly in the first 2 h, and only 22.1% of the 

original content was detected by the 12th hour, while no 

drug leaked from DPT-PCM in the first 24 h.

Due to the electrostatic interactions in the core, DPT-

PCM showed much less temperature-dependent variation in 

particle sizes and drug contents throughout the incubation 

period when compared to DPT-PM, hence having enhanced 

stability. In addition, the presence of PLL in the alpha helix 

conformation and the existence of hydrogen bonds that cre-

ated hydrophobic domains might have also contributed to the 

increase of stability of the complex structure.45

Cell viability assay
The antitumor activities of DPT, DPT-PM, DPT-PCM and 

blank micelles against A549 cells were tested. As shown 

in Figure 5A, both blank PM and blank PCM showed 

negligible cytotoxicity, demonstrating satisfactory safety 

of the polymers to these cells. As is well known, DPT is 

a promising microtubule-targeting antitumor agent and a 

cell cycle-regulatory protein modulator, thereby exhibiting 

a dose- and time-dependent cytotoxic effect toward A549 

cells. In addition, DPT-PCM and DPT-PM showed greater 

cytotoxicity than DPT (P,0.001) at both 24 h and 48 h. 

Table 3 Drug loading and entrapment efficiency of DPT micelle 
solutions 

Sample LE (%) EE (%)

DPT-PCM solution 16.41±0.10 98.46±0.70
DPT-PM solution 16.35±0.14 98.11±0.99

Note: Data are shown as mean value ± SD (n=3).
Abbreviations: DPT, deoxypodophyllotoxin; EE, entrapment efficiency; LE, loading 
efficiency; PCM, polyion complex micelle; PM, polymeric micelle.

Table 4 Particle size distribution of DPT micelles after recon
stitution 

Sample Particle 
size, nm

Polydispersity Zeta potential, 
mV

DPT-PCM 36.3±0.8*** 0.218±0.009** -3.31±0.17
DPT-PM 27.3±0.4 0.130±0.026 -4.15±0.29

Notes: Data are shown as mean value ± SD (n=3). **P,0.01 and ***P,0.001 as 
compared to DPT-PM.
Abbreviations: DPT, deoxypodophyllotoxin; PCM, polyion complex micelle; PM, 
polymeric micelle.
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Figure 3 TEM images and DSC thermograms of DPT formulations.
Notes: (A) TEM images of (a) DPT-PM and (b) DPT-PCM. (B) DSC thermograms of (a) DPT; (b) PICs; (c) physical mixture composed of DPT and PICs (weight ratio of 
DPT/PICs =1/5); and (d) DPT-PCM (weight ratio of DPT/PICs =1/5).
Abbreviations: DPT, deoxypodophyllotoxin; DSC, differential scanning calorimetry; PCM, polyion complex micelle; PEG, poly(ethylene glycol); PDLLA, poly(d,l-lactide); 
PIC, polyion complex; mPEG, methoxy PEG; PLG, polyglutamate; PLL, poly(l-lysine); PM, polymeric micelle; TEM, transmission electron microscopy.

It should be noted that compared with DPT-PM, DPT-PCM 

exhibited a stronger antitumor effect at 48 h than at 24 h 

(P,0.01) (Figure 5B), indicating that DPT-PCM may have 

prolonged action in cancer therapy. These data indicated 

that PCM may serve as a potential carrier for antitumor drug 

delivery and, thus, deserves further study.

In vitro drug release
In vitro drug release of DPT-PCM and DPT-PM was studied 

under simulated physiological conditions (PBS, pH 7.4, 1% 

Polysorbate-80), an acidic tumor extracellular environment 

(PBS, pH 6.8, 1% Polysorbate-80), and a lysosomal microen-

vironment (PBS, pH 5.0, 1% Polysorbate-80) (Figure 6Aa). 

It was obvious that the environmental pH had a strong effect 

on DPT release from the micelles, which was caused by 

the hydrolysis of the ester linkage in the PDLLA structure 

under acidic conditions. At pH 7.4, DPT-PCM and DPT-PM 

showed sustained DPT release, with ,50% of the initial DPT 

amount after 48 h. However, at slightly acidic pH (eg, pH 6.8, 

resembling that of a tumor cell microenvironment), DPT-

PCM released 94.07%±0.54% of the initial DPT amount 

within 48 h, while DPT-PM only released 80.49%±0.39%.
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Figure 4 Stability tests of DPT-PCM and DPT-PM.
Notes: DPT-loaded PMs and size changes over time at (A) 4°C, (B) 25°C, and (C) 37°C. The effect of temperature on the physical stabilities of drug-loaded micelles at 
(D) 4°C, (E) 25°C, and (F) 37°C. Data are shown as mean ± SD (n=3). ***P,0.001 as compared to DPT-PM, respectively.
Abbreviations: DPT, deoxypodophyllotoxin; PCM, polyion complex micelle; PM, polymeric micelle.

Since the stability of PIC micelles is highly dependent 

on the charge balance between the counterions, the abrupt 

ionic change can induce the destabilization of the PIC 

micelles and cause them to release their internal cargo.46 

Under physiological conditions (pH 7.4), the protonation 

process of lysine and the deprotonation process of the glu-

tamic acid stabilized the micelles and thereby prevented drug 

release. However, in the acid environment, the peptides in 

mPEG-PDLLA-PLG were protonated, which led to insta-

bility of the electrostatic interactions, followed by acceler-

ated dissociation of DPT-PCM. In the late endosomal or 

lysosomal microenvironments (pH ~5.0), the protonation 

process of lysine became faster; therefore, the release rate in 

the first 12 h was higher than that at pH 6.8. In conclusion, 

the protonation and deprotonation processes of peptides was 

the main reason for the pH-sensitive release of DPT from 
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Figure 5 The in vitro cytotoxicity of blank PM, blank PCM, DPT, DPT-PM, and DPT-PCM against A549 cells after (A) 24 h and (B) 48 h of incubation.
Notes: Data are shown as mean ± SD (n=6). ***P,0.001 as compared to DPT, blank-PM, and blank-PCM at 24 h and 48 h. **P,0.01 as compared to DPT-PM at 48 h.
Abbreviations: DPT, deoxypodophyllotoxin; PCM, polyion complex micelle; PM, polymeric micelle.

Figure 6 Investigation on drug release, pharmacokinetics, and histopathological changes.
Notes: (A) (a) Cumulative release profiles of DPT from DPT-PCM at pH 7.4, pH 6.8, and pH 5.0 (mean ± SD, n=3). *P,0.05 and **P,0.01 as compared to DPT-PM at the 
same pH. ***P,0.001 as compared to pH 7.4. (b) The profile of the plasma DPT concentration vs time after intravenous administration of 15 mg/kg dose of DPT-PCM and 
15 mg/kg dose of DPT-PM (mean ± SD, n=6). (B) Histopathological photograph of an ear vein (scale bar =100 μm).
Abbreviations: DPT, deoxypodophyllotoxin; PCM, polyion complex micelle; PM, polymeric micelle.

DPT-PCM, compared to DPT-PM, at pH 6.8 and pH 5.0. 

Such pH-triggered release will decrease drug loss during 

systemic blood circulation and improve intracellular drug 

release at/in tumor cells, which will contribute to the overall 

therapeutic efficacy.47

Hemocompatibility
Blood compatibility is considered one of the most important 

issues for in vivo applications of polymer–based formulations. 

Here, hemolysis ratios were quantified based on spectropho-

tometric measurements of hemoglobin released from red 
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Table 5 Pharmacokinetic parameters of DPT-PCM and DPT-PM

Sample Dose, mg/kg C0, μg/mL t1/2, min AUC0–inf, μg/mL⋅min CL, mL/min/kg MRT, min Vss, μg/(μg/mL)

DPT-PCM 15.00 25.43±1.48*** 35.33±4.11 588.62±119.59 26.28±5.92 37.41±6.36 958.03±35.92**
DPT-PM 15.00 33.83±1.00 32.71±4.57 660.66±33.47 22.76±1.15 31.89±2.47 728.69±93.08

Notes: Data are shown as mean ± SD (n=6). **P,0.01 and ***P,0.001 as compared to DPT-PM.
Abbreviations: AUC0–inf, total area under the plasma concentration–time curve; CL, clearance rate; DPT, deoxypodophyllotoxin; MRT, mean residence time; PCM, polyion 
complex micelle; PM, polymeric micelle; t1/2, half-time; Vss, volume of distribution at steady state.

blood cells (RBCs). After RBC suspensions were treated with 

DPT-PM and DPT-PCM, results showed that all hemolysis 

ratios were ,5% throughout the concentration range tested 

(0–0.3 mg/mL) (data not shown), which indicated excellent 

blood compatibility and safety for intravenous administra-

tion. In addition, low hemolysis results indicated that the 

micelles did not significantly disassemble into the unimers, 

which is responsible for hemolysis.48,49

Rabbit ear vein irritation test
Rabbit ears were sectioned and stained with H–E (Figure 6B). 

Compared with the DPT-PCM group, a mild inflammatory 

response was observed in the DPT-PM group after injection, 

as was indicated by a focal minimal foreign body reaction 

with a minimal number of neutrophils in subcutaneous tissue. 

In contrast, negligible venous irritation was noted in the 

DPT-PCM group and no obvious visible damage was found. 

As a result, it could be concluded that DPT-PCM produced 

minimal injection irritation as compared to DPT-PM.

Pharmacokinetic study
The pharmacokinetic profile of the plasma DPT concentra-

tion versus time obtained from the in vivo study is shown in 

Figure 6Ab and Table 5. After administration with a dose 

of 15 mg/kg DPT-PCM or DPT-PM, the C
0
 obtained was 

25.43±1.48 μg/mL and 33.83±1.00 μg/mL, respectively. 

The area under the plasma concentration–time curve (AUC) 

of DPT-PCM and DPT-PM was 588.62±119.59 μg/mL⋅min 

versus 660.66±33.47 μg/mL⋅min. A significant difference 

in AUCs, half-times (t
1/2

), clearance rates (CL), and mean 

residence times (MRT) between the 2 micelles was not found 

(P.0.05). It is hypothesized that pharmacokinetic results only 

showed the dynamic characteristics of DPT-PCM, which 

were not affected by the addition of the amino acid chain 

segments. However, due to the similar surface and size of 

the 2 micelles, the CL of PCM did not change (P.0.05). 

The enhanced stability of PCM can stabilize the micelles 

during the preparation process, which is helpful for reducing 

drug leakage before freeze-drying. In addition, as the phar-

macokinetic assay was conducted in healthy rats rather than 

in tumor-baring rats, PCM may release similar amounts of 

DPT compared to PM. Finally, the morphology and structure 

of DPT-PCM, compared to those of DPT-PM, are supposed 

to be more intact during circulation, which are not reflected 

in the pharmacokinetic results. Collectively, these results 

showed that the dynamic characteristics of DPT-PCM were 

not affected by the addition of amino acid chain segments.

Conclusion
In this study, oppositely charged oligopeptides, PLG and 

PLL, were conjugated to the carboxyl terminus of mPEG-

PDLLA. These 3-block copolymers, mPEG-PDLLA-PLG 

and mPEG-PDLLA-PLL, were self-assembled into PCMs, 

which showed high stability in vitro. In addition, the drug 

release profile indicated that DPT-PCM was pH sensitive and 

can dissociate more quickly at pH 6.8 and 5.0 than DPT-PM, 

implying a great potential for cancer therapy. Moreover, DPT-

PCM and DPT-PM exhibited comparable biocompatibility. 

These results demonstrated that the newly engineered PCMs 

can serve as a promising nanoplatform with superior stability 

for delivering hydrophobic antitumor therapeutic agents.
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Figure S1 1H-NMR spectra at 300 M of (A) mPEG-PDLLA; (B) mPEG-PDLLA-Phe-NBOC; (C) mPEG-PDLLA–NH2; (D) mPEG-PDLLA-PBLG; (E) mPEG-PDLLA-PBLL; 
(F) mPEG-PDLLA-PLG; and (G) mPEG-PDLLA-PLL.
Abbreviations: DPT, deoxypodophyllotoxin; mPEG, methoxy polyethylene glycol; NMR, nuclear magnetic resonance; PDLLA, poly(d,l-lactide); PLG, polyglutamate; PLL, 
poly(l-lysine); Phe-NBOC, N-(tert-butoxycarbonyl)-l-phenylalanine; PBLG, poly(γ-benzyl-l-glutamate); PBLL, poly(γ-benzyl-l-lysine).
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Figure S2 FT-NIR spectra of block copolymer (A) mPEG-PDLLA; (B) mPEG-PDLLA-PBLG; (C) mPEG-PDLLA-PBLL; (D) mPEG-PDLLA-PLG; and (E) mPEG-PDLLA-PLL.
Note: Characteristic peaks are circled in red.
Abbreviations: FT-NIR, Fourier transform near-infrared; mPEG, methoxy polyethylene glycol; PDLLA, poly(d,l-lactide); PLG, polyglutamate; PLL, poly(l-lysine); PBLG, 
poly(γ-benzyl-l-glutamate); PBLL, poly(γ-benzyl-l-lysine).
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