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Graphic Abstract 

 

Functionalization of biodegradable hyperbranched poly(α,β-malic acid) as 

nanocarrier platform for anticancer drug delivery 

Ting Su, Xinyu Peng, Jun Cao, Jing Chang, Rong Liu, Bin He* and Zhongwei Gu 

 

A facile strategy for fabricating hyperbranched poly(α,β-malic acid) nanoparticles with multiple 

functions was developed for anticancer drug delivery.  
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Multiple functionalization of nanoparticles has attracted great interest in drug delivery. In this paper, 

biodegradable poly(α,β-malic acid) with hyperbranched architecture was synthesized via the 

polycondensation of L-malic acid, the functionalized poly(α,β-malic acid) was used as a nanocarrier 

platform with the immobilization of poly(ethylene glycol) (PEG) for long circulation, cinnamyl alcohol 

(CIN) for introducing π-π stacking interaction and 1-(3-aminopropyl) imidazole (API) for pH-sensitivity. 10 

The conjugates self-assembled into nanoparticles to load anticancer drug doxorubicin (DOX). The 

morphology, mean size and size distribution, drug release profile and in vitro anticancer activity of DOX 

loaded nanoparticles were studied. The results showed that the mean size of the nanoparticles was below 

200 nm, the drug loading content was higher than 10 wt% and it increased with increasing CIN content 

because of the π-π stacking interaction between DOX and carriers. The drug release of the nanoparticles 15 

was faster in the medium with pH 6.0 comparing to pH 7.4. The nanoparticles exhibited endosomal 

escape function to accelerate the release of DOX in cancer cells, which resulted in low IC50s to kill 4T1 

breast cancer cells and HepG2 liver cancer cells in vitro. 

Introduction 

In the past two decades, nanoparticles self-assembled from 20 

polymeric amphiphiles have been extensively studied for drug 

delivery.1-4 Self-assembly is a simple protocol to load 

hydrophobic anticancer drugs in nanoparticles,5-7 which is an 

attractive strategy for fabricating nanomedicine and exhibits great 

potential clinic applications as a paclitaxel loaded poly(lactic 25 

acid)-poly (ethylene glycol) (PLA-PEG) nanoparticle (Genexol-

PM) has been approved by FDA for clinic trial.8 High drug 

loading content and long circulation are two important aspects in 

nanomedicine. PEG conjugation is well known to achieve long 

circulation in drug delivery.9, 10 High drug loading content is still 30 

a problem to be resolved in polymeric nanoparticles.11, 12 

Introduction of interactions such as host-guestinteraction,13
 

electrostatic interaction14 and hydrogen bonding15 between drugs 

and nanoparticles was reported to enhance drug loading content, 

however, there were specificities to design the architectures of 35 

nanoparticles and drugs. As most hydrophobic anticancer drugs 

have π-π conjugated moieties, we have evoked π-π stacking 

interaction between drugs and carriers to improve the drug 

loading content.16, 17 

Intelligent drug delivery are expected to release drugs in a 40 

controllable manner upon arrival at the target site in response to 

external or internal stimuli.14, 18 pH-dependent drug release is one 

of the most successful strategies in tumor drug delivery 

systems.19-21 Taking the advantages of the weak acidic 

microenvironment of tumor tissues,22 many pH-sensitive 45 

nanoparticles were fabricated to improve therapeutic efficacy and 

reduce side effects.23-25 Poly(L-histidine) based nanoparticles 

exhibited excellent pH-sensitivity due to the protonation of side 

imidazole groups in weak acidic medium,26, 27 however, the 

complicated synthesis and low yield of poly(L-histidine) limited 50 

its wide applications. With the inspiration of pH-sensitivity 

originated from the protonation of imidazole groups in poly(L-

histidine), other nanoparticles with imidazole groups as pH-

sensitive moieties were achieved.28-32 

Poly (malic acid) (PMA) is a water-soluble, biodegradable, and 55 

bioabsorbable polymer,33, 34 the degradation product malic acid is 

an intermediate product in tricarboxyl acid cycle in the 

metabolism of carbohydrates, which is non-toxic to cells and 

tissues. Poly(malic acid) has been reported as hydrogel,35 cell 

scaffold36 and drug carriers.37, 38 The remarkable advantage of 60 

poly(malic acid) for biomedical applications is the large number 

of carboxyl groups on the backbones, which could be used for 

multiple functionalization. The synthesis of poly(malic acid) was 

focused on poly(β-malic acid) via ring-opening polymerization of 

malolactonate.39, 40 The polycondensation of L-malic acid to 65 

receive poly(α,β-malic acid) was rarely reported. Different from 

the linear architecture of poly(β-malic acid), the 

polycondensation generated poly(α,β-malic acid) with 

hyperbranched architecture, the carboxyl groups were in the 

peripheral sites, which were more convenient and efficient for 70 

modification. 

The goal of this study was to fabricate poly(α,β-malic acid) 

based nanoparticles for anticancer drug delivery. Poly(α,β-malic 

acid) was used as backbone to provide carboxyl groups for the 

immobilization of hydrophilic poly(ethylene glycol), hydrophobic 75 

cinnamyl alcohol and pH-sensitive 1-(3-aminopropyl) imidazole. 

The functionalized conjugates self-assembled into nanoparticles 

to trap anticancer drug doxorubicin. The nanoparticle was 

expected to own the integrated functions of long circulation, high 

drug loading content and pH-sensitive drug release. 80 
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Materials and method 

Materials 

Methylated poly(ethylene glycol)(Mw=2000 g·mol-1) (mPEG2k), 

N,N-dicyclohexylcarbodiimide (DCC) and 4-dimethyl 

aminopyridine (DMAP) were purchased from Sigma-Aldrich Co. 5 

(Steinheim, Germany) and used as received. Doxorubicin 

hydrochloride (DOX·HCl, Shanghai Yingxuan Chempharm 

Co.Ltd., China) was dissolved in water, the pH value was 

adjusted to 9.6 to receive doxorubicin.41
 1-(3-Aminopropyl) 

imidazole (API) and cinnamyl alcohol (CIN) was purchased from 10 

TCI (Japan). L-malic acid was purchased from Aladdin (China). 

Dulbecco's Modified Eagle's Medium (DMEM), Roswell Park 

Memorial Institute (RPMI) 1640 medium, fetal bovine serum 

(FBS), 4’,6-diamidino-2-phenylindole (DAPI) and LysoTracker 

green (Invitrogen, USA) were used for cells test. Tetrahydrofuran 15 

(THF) and diethyl ether were purified before use. All the other 

solvents were purchased from Kelong Chemical Co. (Chengdu, 

China) and used without further purification. 

Characterizations 

1H NMR spectra and Fourier transform infrared (FTIR) spectra 20 

were employed to identify the chemical structure of the synthetic 

polymers. 1H NMR spectra were recorded on a Bruker 400 MHz 

spectrometer. Samples were dissolved in D2O or CDCl3 with 

tetramethylsilane as the internal standard. FTIR spectra were 

recorded on a Thermo Scientific Nicolet iS10 spectrophotometer 25 

over the wavenumber range of 4000-400 cm-1. Gel permeation 

chromatography (GPC) measurement was carried out on a Waters 

instrument equipped with a model 1515 pump, a 2414 refractive 

index detector, and a Waters model 717 auto sampler, the eluent 

was water and the flow rate was 1 mL/min at 25 °C. 30 

Synthesis of poly(α,β-malic acid) (PMA) 

50 g of L-malic acid was added to a 250 mL bottom-round flask 

with a magnetic stirrer. The polycondensation was carried out at 

110 °C under 0.1 mm Hg vacuum for 72 h. The product was 

dissolved in anhydrous THF and precipitated in large amount of 35 

anhydrous diethyl ether. After the diethyl ether was removed, the 

white precipitate was vacuum-dried at room temperature for 48 h. 

Synthesis of PMA-g-mPEG 

6.90 g of mPEG2k and 4 g of PMA were dissolved in 150 mL of 

anhydrous THF in an ice bath under nitrogen atmosphere. A 40 

solution of DCC (1.42 g, 6.90 mmol) and DMAP (0.0420 g, 

0.345 mmol) in THF (50 mL) was added dropwise into the 

mixture. The mixture was stirred atroom temperature for 48 h. 

The white solid dicyclohexylurea (DCU) precipitate was filtrated. 

The filtrate was condensed and precipitated in large amount of 45 

diethyl ether. This procedure was repeated for three times. The 

white powder was vacuum-dried at room temperature for 48 h.  

Synthesis of PMA-g-mPEG-g-CIN/API 

Four conjugates with different molar ratio of CIN and API were 

synthesized (Table 1). Prescribed amounts of CIN, API and PMA-50 

g-mPEG were dissolved in 100 mL of anhydrous THF in an ice 

bath under nitrogen atmosphere. DCC (the mole ratio of DCC to 

the total of CIN and API was 2:1) and DMAP (the mole ratio of 

DMAP to total CIN and API was 0.1:1) were dissolved in 

anhydrous THF and added to the mixture dropwise. The mixture 55 

was magnetically stirred at 0 °C for 48 h. White precipitate 

appeared in the mixture and the mixture was filtrated. The filtrate 

was condensed and precipitated in large amount of diethyl ether. 

This process was repeated for 3 times. The white powder was 

vacuum-dried at room temperature for 48 h. 60 

Buffering capacity measurement 

The buffering capacity of the polymers was examined using the 

acid-base titration method. Briefly, 2 mL of polymer solution was 

adjusted initially to pH 10 by 0.1 M NaOH. Then, the polymer 

solutions were titrated to pH 4.0 with aliquots of 10 µL of 0.1 M 65 

HCl. The pH value of the solutions were checked after each 

addition with a pH-meter (model F-52T, Horiba, Kyoto, Japan).  

Preparation of drug loaded nanoparticles 

The amphiphilic conjugates (PMA-g-mPEG-g-CIN/API, 20 mg) 

and DOX (5 mg) were dissolved in 1 mL of DMSO. The solution 70 

was stirred at room temperature for 3 h before dropped into 20 

mL of deionized water with vigorous stirring. The solution was 

then transferred to a dialysis tubing (Spectra/PorMWCO=1000) 

and dialyzed against deionized water at 4 °C for18 h. The outer 

phase was replaced with fresh deionized water every 4 h till the 75 

organic solvent was eliminated. The solution in the tubing was 

lyophilized after centrifugation (3000 r/min, 5 min). The whole 

procedure was performed in the dark. The content of 

encapsulated DOX was determined by UV-Vis measurement 

(maximum absorption wavelength at 480 nm)with the calibration 80 

curve of DOX-DMSO solution. Drug loading content (DLC) and 

drug loading efficiency (DLE) were calculated according to the 

following formulas: 

DLC (wt %) =
����	��	��		
�	��	��������
����

��
��	��	�����������	��������
���
� 100 % 

DLE (wt %) = 
��
��	��	����	
�	��������
���

��
��	��	����	
�	����
��
╳100 % 85 

Size and morphology of nanoparticles 

The mean diameter and size distribution of the nanoparticles were 

determined by dynamic light scattering (DLS, Malvern 

ZetasizerNano ZS). Each sample was filtered through a 450 nm 

syringe filter before analysis. Transmission electron microscopy 90 

(TEM, JEM-100CX-JEOL) was employed to observe the 

morphology of the micelles. The TEM samples were prepared by 

dipping the freshly prepared micelles solution on copper grids 

and dried at room temperature for few hours before observation. 

Interaction between DOX and nanoparticles 95 

UV-Vis absorption and fluorescence spectra were used to exam 

the π-π interaction in the drug-loaded nanoparticles. The 

absorbance of DOX loaded nanoparticles was recorded on a 

Lambda 650S UV-Vis spectrometer (Perkin-Elmer) in the range 

of 500 to 700 nm. The fluorescence intensity of DOX was 100 

determined by fluorescence spectroscopy(F-7000, HITACHI, 

Japan) at an emission wavelength of 560 nm and an excitation 

wavelength of 480 nm. 

Drug release profile 

The lyophilized DOX loaded nanoparticles were dispersed in 1 105 

mL of buffer solution with different pH values (pH 7.4 and 6.0, 
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ionic strength = 0.01 M). The solutions were transferred in 

dialysis tubings (Spectra/Por MWCO=1000). The tubings were 

immersed in vials containing 25 mL of buffer solution with 

different pH values. The vials were put in a shaking bed at 37 °C 

with the shaking rate of 150 rpm. 1 mL of medium with released 5 

drug was taken out at predetermined time intervals for 

fluorescence measurement and the same volumes of fresh media 

were added into the vials. The released DOX was detected by a 

fluorescence detector with an excitation wavelength at 480 nm 

and emission wavelength at 550 nm. The release experiments 10 

were conducted in triplicate under sink conditions, the mean 

value was presented. 

Cytotoxicity assessment 

Mice breastcancer cells 4T1 were cultured in RPMI 1640 media, 

HepG2 and C2C12 cells were cultured in DMEM medium 15 

supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin. The cells were cultured at 37 °C in a 

humidified atmosphere with 5% CO2. The cells were harvested 

with 0.02% EDTA and 0.025% trypsin and rinsed. The resulting 

cell suspension was used in the following experiments. 20 

The cytotoxicity of blank nanoparticles was tested by Cell 

Counting Kit-8 assay(CCK-8,Dojindo, Japan) against 4T1 breast 

cancer cells, HepG2 liver cancer cells and C2C12 cells. 4T1 and 

C2C12 cells were seeded in 96-well plates with the cell density of 

4 × 103 mL-1, HepG2 cells were seeded in 96-well plates with a 25 

cell density of 6 × 103 mL-1. Each well was cultured with 100 µL 

of medium. After 24 h incubation, the culture medium was 

removed and replaced with 100 µL of medium containing blank 

nanoparticles. The cells were incubated for another 48 h. The 

culture medium was removed and the wells were rinsed with PBS 30 

(pH = 7.4). 100 µL of CCK-8 (volume fraction 10%) solution was 

added to each well. After incubated for 2 h, the absorbance was 

measured at a Thermo Scientific MK3 (Thermo fisher, US) at the 

wavelength of 450 nm. 

Cellular uptake 35 

Confocal laser scanning microscopy (CLSM) was employed to 

examine the cellular uptake of DOX loaded nanoparticles. 4T1 

and HepG2 cells at a logarithm phase were seeded on glass dishes 

(diameter=35 mm) at a cell density of 1×104 mL-1. After 

incubating for 24 h, DOX loaded nanoparticles were dissolved in 40 

each culture medium until the final DOX concentration was 10 

µg·mL−1, the culture medium was removed and 200 µL of the 

mixture was added into each dish. After incubated for 1 and 4 h, 

the culture medium was removed and the dishes were rinsed with 

PBS (pH = 7.4).The cell nuclei were stained with DAPI and the 45 

culture medium was replaced with PBS. DOX was excited at 480 

nm with emission at 590 nm. 

In order to explore the effect of API functionalized DOX 

loaded nanoparticles on endosomal escape for efficient 

intracellular trafficking, LysoTracker green was used to observe 50 

the cytoplasmic distribution of DOX loaded nanoparticles. 4T1 

cells at a logarithm phase were seeded on glass dishes 

(diameter=35 mm) at a cell density of 1×104 mL-1. After 

incubated for 24 h, DOX loaded nanoparticles were dissolved in 

RPMI 1640 medium till the final DOX concentration was 10 55 

µg·mL−1, the culture medium was removed and 200 µL of the 

mixture was added into each dish. After incubated for 1 and 4 h, 

the culture medium was removed and the dishes were rinsed with 

PBS (pH = 7.4), and then stained with 50 nM LysoTracker green 

(Invitrogen, USA) for 60 min at 37 °C. The cells were washed by 60 

PBS (pH = 7.4) twice and observed by CLSM. 

 

 
Scheme 1. The synthetic route (A) and the concept for a proposed 

behavior of polymeric nanoparticles for anticancer drug 65 

doxorubicin delivery (B). 

 

For the flowcytometry tests, 4T1 cells were seeded in 6-well 

plates at a density of 1×106 cells per well and incubated for 24 h. 

The cells were treated with DOX loaded nanoparticles at the 70 

same DOX concentration (10µg·mL−1) for 1 and 4 h, respectively. 

The culture medium was eliminated, the cells were washed with 

PBS for three times and harvested by trypsinization. The cells 

were resuspended in PBS after centrifugation (1000 rpm, 5 min) 

and the fluorescence intensity was measured (excitation: 480 nm; 75 

emission: 590 nm) on a BD FACS Calibur flow cytometer 

(Beckton Dickinson). 

In vitro anticancer activityc 

The anticancer activity of drug loaded nanoparticles was 

evaluated in vitro with 4T1 and HepG2 cells. Cells were 80 

harvested and seeded in 96-well plates at a density of 1×104 cells 

per well with 100 µL medium. After 24 h incubation, the medium 

was replaced with a fresh culture solution containing DOX 

loaded nanoparticles with different DOX concentrations and 

incubated for 48 h. Thereafter, the culture medium was removed 85 

and the wells were rinsed with PBS (pH 7.4). 100 µL of CCK-8 

(volume fraction 10%) solution was added to each well. After 

incubated for 2h, the absorbance was measured at a Thermo 

Scientific MK3 (Thermo fisher, US) at the wavelength of 450 

nm. 90 

Results and discussion 

The synthetic route of the conjugates and the fabrication of 

nanoparticles were illustrated in Scheme 1. Four conjugates with 

the same molar ratio of mPEG2k and different molar ratio of 

API/CIN acted as hydrophobic moieties were synthesized. CIN 95 

was introduced for modulating the hydrophobicity and API with a 

pKa of 6.5-7.5 range acted as pH-responsive domains in the 

copolymers.42-45
 mPEG2k was grafted on the pendant carboxyl 

groups of PMA with 10% molar ratio. API and CIN were 

immobilized on PMA backbones. The compositions of the four 100 

copolymers were shown in Table 1.  

The molecular weight and molecular weight distribution of 

PMA was tested by GPC. The GPC spectrum of PMA was 

presented in Figure S1 in the Electronic Supplementary 

Information (ESI). A main peak was observed at the eluent time 105 
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about 12.5 minutes and a weak shoulder peak was at 14.5 minutes 

in the spectrum, the intensity of the main peak was much stronger 

than that of shoulder peak. The calculated molecular weight was 

Mn=3780 and the polydispersity was 1.14. The polydispersity of 

PMA was much narrower than that of theoretical calculated value 5 

in polycondensation, which was due to the hyperbranched 

architecture of PMA. 

 

Table 1. Characterizations of nanoparticles. 

entry 

compositions 
mean size 

(nm)a 
PDI ζpotential (mv)a 

PEG CIN API blank  
with 

DOX 
blank 

with 

DOX 
blank 

with 

DOX 

P1 10 90 0 9+ 1.4   29+ 1 0.88 0.24 -25+2 -7.4+0.3 

P2 10 80 10 67+ 12 94+6 0.17 0.15 -7.7+0.2 9.8+0.2 

P3 10 70 20 58+ 12 60+12 0.14 0.18 -5.6+0.4 4.3+0.4 

P4 10 50 40 92+ 11 168+8 0.10 0.10 -4.1+ 0.2 15+ 0.3 
a Measured by DLS (C = 1 mg/mL), the average size of the three 10 

measurements was recorded. The results were expressed as mean 

+ SD (n=3) 

 

The 1H NMR spectra of PMA and copolymer P4 were shown 

in Figure 1. The multi-peaks at δ=3.0-3.2 ppm were assigned to 15 

the protons of CH2 in both α and β type units in poly(α,β-malic 

acid). The protons signals split into multiple peaks due to the 

random aggregation of α and β type of L-malic acid units in the 

main chains and the similar chemical environment.35 The 

doublets at δ=5.5 and 5.6 ppm were attributed to the protons of 20 

CH in poly(α,β-malic acid). The peaks at δ=3.4 and 3.6-3.8 ppm 

were assigned to the protons of OCH3 and OCH2CH2 in mPEG2k. 

The graft degree was calculated from the intensity ratio between 

CH3 in mPEG2k and CH in PMA. 10 % of carboxyl groups were 

grafted on mPEG2k. The characteristic peaks of CIN were 25 

assigned to the protons of CH=CH and CH2OCO at δ=6.6, 6.2 

and 4.7 ppm, respectively. The protons in the benzene ring (C6H5) 

in CIN were detected at δ=7.2-7.5 ppm. The peaks at δ=6.9-7.1 

ppm were attributed to protons of imidazole ring in API, and the 

other three protons of NCH2CH2, CH2CH2CH2 and CH2CH2NH 30 

in API were appeared at δ=3.2, 1.8 and 4.1 ppm, respectively. The 

calculated compositions of the four amphiphiles from 1H NMR 

spectra were presented in Table 1, they were nearly in agreement 

with the compositions in feedings. The 1H NMR spectra of 

copolymers P1, P2 and P3 were presented in Figure S2 in ESI. 35 

The successful conjugation of each amphiphile was further 

confirmed by FTIR as shown in Figure 2. It was obvious that the 

vibrations attributed to CH2 at around 2850 cm-1 and ether bond 

CH2OCH2 at around 1100 cm-1 were strengthened greatly after 

mPEG2k was grafted on PMA, and the vibrations of benzene ring 40 

at about 690 and 750 cm-1 were clear in the FTIR spectrum of P1. 

The characteristic peak at 1745 cm-1 in PMA, P1, P2, P3 and P4 

was the stretching vibration absorbance of C=O in ester bond. A 

new vibration band at 1645 cm-1 appeared in P2, P3 and P4, it 

was the stretching vibration absorbance of C=O in amide bond. 45 

At the same time, the peak at 1645 cm-1 in the amide bond 

became stronger comparing to the peak at 1745 cm-1 in ester bond 

with increasing the ratio of API from P2 to P4, suggesting that 

more API molecules were successfully immobilized on PMA 

backbones.31 50 

 
Figure 1. The 1H NMR spectra of PMA and P4 with D2O (for 

PMA) and CDCl3 (for P4) as solvents. 

 

The conjugates self-assembled into nanoparticles in aqueous 55 

solution. The size distribution and morphology of the 

nanoparticles were tested by DLS and TEM. The mean diameters 

and zeta potentials of blank and DOX loaded nanoparticles were 

summarized in Table 1. All the four conjugates self-assembled 

into monodisperse nanoparticles (Figure 3A) and the mean size of 60 

P1, P2, P3 and P4 were 9, 67, 58 and 92 nanometers. It was 

interesting that the mean size of P1 was much smaller than that of 

the other three nanoparticles, the PDI of P1 was the largest. 

However, when DOX was loaded in the nanoparticles, the mean 

sizes of all the four nanoparticles were enlarged. The zeta 65 

potentials of the four blank nanoparticles increased with 

increasing the API compositions. The zeta potential of DOX 

loaded nanoparticles was higher than that of corresponding blank 

nanoparticles because of the amino group in DOX. The drug 

loaded nanoparticles were also monodisperse (Figure 3B). The 70 

mean size of the drug loaded nanoparticles was smaller than 200 

nanometers, which was in suitable size for passive targeting via 

EPR effect.46
 The morphologies of the blank and DOX loaded 

nanoparticles were observed by TEM (Figure 3C and 3D), the 

nanoparticles were well dispersed and the size was consistent 75 

with DLS results.47
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Figure 2. FTIR spectra of PMA, P1, P2, P3 and P4. 
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Figure 3. DLS results of blank (A) and DOX loaded nanoparticles 

(B), TEM images of P4 bank nanoparticles (C) and DOX loaded 5 

nanoparticles (D). 

 

The drug loading content (DLC) and drug encapsulation 

efficiency (DEE) of the four nanoparticles were measured and the 

results were summarized in Table 2. P1-DOX nanoparticles 10 

exhibited the best DLC and DEE. The DLC and DEE of P1-DOX 

nanoparticles were 15 and 70.6 wt%, respectively, which were 

much higher than those of the other three nanoparticles. Both 

DLC and DEE of nanoparticles decreased when the API in the 

nanoparticles increased, it was probably attributed to the 15 

interaction between DOX and nanoparticles. 

In our previous work, we reported that the formation of π-π 

stacking interaction was helpful to enhance the DLC of 

nanoparticles.16, 17 In order to verify the π-π interaction and 

explain the DLC variation in the four nanoparticles, the π-π 20 

interaction between nanoparticles and DOX was investigated. 

The UV-Vis absorption and fluorescence spectra of DOX loaded 

nanoparticles were tested. The maximum UV absorbance (λmax) 

of free DOX·HCl was at 483 nm and the blank nanoparticle 

showed no evident absorption in the wavelength from 350 to 650 25 

nm(Figure 4A). After DOX was encapsulated into the 

nanoparticles, the absorbance λmax showed a red shift to 497, 498, 

498 and 500 nm for P1-DOX, P2-DOX, P3-DOX and P4-DOX, 

respectively. It implied that π-π stacking interaction within the 

drug loaded nanoparticles was evoked.48 The π-π stacking 30 

interaction was further investigated via fluorescence 

measurement as showed in Figure 4B. When the exciting 

wavelength was set at 483 nm, free DOX performed wide band 

from 600 to 700 nm. However, DOX loaded nanoparticles 

exhibited remarkable decrease in the fluorescence intensity of 35 

emission band comparing to free DOX at the same concentration. 

The significant intensity decrease indicated the quenching of 

fluorescence by energy transfer among π-π interaction overlapped 

systems.49
 The higher quenching degree of DOX loaded 

nanoparticles likely demonstrated the stronger π-π interaction. It 40 

revealed that the π-π stacking interaction between nanoparticles 

and DOX was weakened with the composition increase of API in 

the nanoparticles. That was the intrinsic nature in nanoparticles to 

affect the drug loading content. 

 45 

Table 2. Drug loading content and encapsulation efficiency of 

nanoparticles. 

Sample DLC (wt %) DEE (wt %) 
IC50 (µg/mL) a 

4T1      HepG2 

P1-DOX 15 70.6 7.89         3.27 

P2-DOX 12 54.6 7.61         2.58 

P3-DOX 10 44.4 4.53        1.95 

P4-DOX 10 44.4  4.78        1.43 
a The half maximal inhibitory concentration values. 

 

As we knew that the high buffering capacity enable 50 

nanoparticles to facilitate endosomal escape,50, 51 which 

contributed to efficient drug release. The presence of imidazole 

units in PMA based nanoparticles was expected to achieve pH-

responsive drug release via the protonation of imidazole groups 

in endosomes. Acid-base titration of the copolymers was carried 55 

out to exhibit the buffering capacity of the four conjugates 

(Figure 5A). The results showed that all copolymers had a buffer 

platform, indicating all of them exhibited buffering capacity. With 

the graft degree of API increased, the P4 had the widest buffer 

platform comparing to the other three, it revealed that the P4 60 

conjugate had better capacity for proton acceptance.  

As the pH value in endosomes was about 6.0 and the 

nanoparticles were encapsulated in endosomes once they were 

internalized in cells. The drug release profiles of DOX loaded 

nanoparticles were tested in PBS solutions with pH=7.4 and 6.0 65 

(ionic strength = 0.01 M) at 37 °C (Figure 5B). The amounts of 

released DOX at different predetermined time points were 

measured by fluorescence detector with excitation wavelength at 

480 nm and emission wavelength at 550 nm. The release 

performed an early weak burst release in the first few hours and a 70 

sustained release in the followed stage for prolonged time. The 

four drug loaded nanoparticles practically showed no difference 

in DOX release in the medium with pH 7.4. The cumulated 

release was less than 20% even the release time was as long as 48 

h. However, in the medium with pH=6.0, the drug was released 75 

faster from nanoparticles, P4-DOX nanoparticles showed the 

fastest release within all the four nanoparticles, and the release 

rates of P2-DOX and P3-DOX nanoparticles showed nearly the 

same release rates. All the three nanoparticles with API in P2, P3 

and P4 exhibited fast DOX release comparing to P1 without API. 80 

The release profiles revealed the pH-sensitivity of API. 
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Figure 4. The UV-Vis absorption (A) and fluorescence spectra 

(B) of blank and DOXloaded nanoparticles, the excitation 85 

wavelength of fluorescence spectra was fixed at 480 nm and the 

DOX concentration was 10 µg/mL. 
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Figure 5. Acid-base titration curves of blank nanoparticles (A) 

and the release profiles of DOX loaded nanoparticles (B), means 

+SD (n = 3). 5 

 

The cytotoxicity of the polymeric nanoparticles was 

investigated via CCK-8 assay. The blank nanoparticles were 

incubated with 4T1 breast cancer cells, C2C12 cells and HepG2 

liver cancer cells for 48 h with different concentrations. Figure 6 10 

showed that all the cell viabilities were higher than 90% after 

incubated with blank nanoparticle for 48 h even the concentration 

of nanoparticles was as high as 600 µg/mL. It revealed that the 

four blank nanoparticles were nontoxic to cells.52 

The delivery efficiency and intracellular localization of DOX 15 

loaded nanoparticles in 4T1 cells were investigated using 

confocal laser scanning microscopy (CLSM). In Figure 7, red 

fluorescence of DOX was observed cytoplasm in both 4T1 and 

HepG2 cells in 1 h, which implied that most of the drug loaded 

nanoparticles were in cytoplasm. The cells treated with P4-DOX 20 

nanoparticles exhibited stronger red fluorescence for 1 h 

incubation, which demonstrated that more P4-DOX nanoparticles 

were internalized into the cells. The cells showed stronger red 

fluorescence for 4 h incubation compared with 1 h incubation, it 

implied that more drug loaded nanoparticles were internalized 25 

into cells and a sustained release of DOX from the DOX loaded 

nanoparticles was happened. The DOX in nanoparticles was more 

easily diffused in nuclei of HepG2 cells. 
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Figure 6. The cytotoxicity of blank nanoparticles incubated with 

4T1 cells (A), C2C12 cells (B) and HepG2 cells (C) for 48 h. 
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Figure 7. The confocal laser scanning microscopy images of 4T1 

cells (I) and HepG2 cells (II) treated with DOX loaded 

nanoparticles P1-DOX (A), P2-DOX (B), P3-DOX (C), and P4-

DOX (D) at 37 °C for 1 h and 4 h. For each panel, the images 5 

from top to bottom were cells in bright field (1), DOX 

fluorescence in cells (2), cell nuclei stained by DAPI (3), and 

overlay images (4). The DOX concentration was 10 µg/mL and 

the bar was 25 mm. 

 10 

To identify the role of imidazole group in pH-responsive 

nanoparticles of P2, P3 and P4, the intracellular tracking of DOX 

loaded nanoparticles were studied via CLSM. Lysosomes in 4T1 

cells were observed in green fluorescence after they were stained 

with specific LysoTracker green. DOX loaded nanoparticles were 15 

shown in red fluorescence. Co-localization of the DOX loaded 

nanoparticles overlapped with green-dyed lysosomes appeared 

yellow. As shown in Figure 8, in the first hour, the red 

fluorescence was highly overlaid with the green fluorescence and 

all the four nanoparticles showed yellow fluorescence in the 20 

overlay images. Obviously, there was no difference among the 

four nanoparticles, illustrating that all the DOX loaded 

nanoparticles were located in lysosomes. In the 4 h images, the 

P1-DOX nanoparticles showed yellow, demonstrating that it was 

hard for P1-DOX nanoparticles to escape from endolysosomes.53, 
25 

54 In contrast, although the P2-DOX, P3-DOX and P4-DOX 

nanoparticles were located in the endolysosomes for the first hour 

in yellow in the overlay images, however, the green fluorescence 

had a significant decline and the red fluorescence became 

stronger, rare yellow fluorescence was observed in the overlay of 30 

the images of P2-DOX, P3-DOX and P4-DOX nanoparticles. It 

clearly indicated that the efficient endolysosomal escape was 

happened in the imidazole modified DOX loaded nanoparticles 

(P2-DOX, P3-DOX and P4-DOX). These results revealed the pH-

sensitive drug release from API modified PMA based 35 

nanoparticles.  

 

 
 

 40 

Figure 8. The confocal laser scanning microscopy images of 4T1 

cells treated with DOX loaded nanoparticles P1-DOX (A), P2-

DOX (B), P3-DOX (C), and P4-DOX (D) at 37 °C for 1 h and 4 

h. For each panel, the images from top to bottom were cells in 

bright field (1), DOX fluorescence in cells (2), lysosomes stained 45 

by LysoTracker green (3), and overlay images (4). The DOX 

concentration was 10 µg/mL and the bar was 25 mm. 

 

The cellular internalization of drug loaded nanoparticles was 

further illustrated in flow cytometry. The intracellular delivery 50 

efficiency of DOX loaded nanoparticles in 4T1 cells was given in 

quantitative fluorescence intensity. Figure 9A and 9B showed the 

results of 4T1 breast cancer cells treated with DOX loaded 

nanoparticles for 1 (Figure 9A) and 4 h (Figure 9B), respectively. 

The concentration of DOX was the same as 10 µg/mL. The mean 55 

red fluorescence intensities of 4T1 cells for different incubation 

times were presented in Figure 9C. The cells incubated with P4-

DOX nanoparticles showed the highest red fluorescence intensity. 

There was no significant difference in the mean fluorescence 

intensity among the four nanoparticles for 1 h incubation as 60 

Page 8 of 11RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

8|Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

shown in the quantitative results in Figure 9C. When the 

incubation time was extended to 4 h, all the nanoparticles showed 

a stronger red fluorescence in the cells, and the API modified 

nanoparticles (P2-DOX, P3-DOX and P4-DOX) exhibited higher 

mean fluorescence intensity comparing to P1-DOX nanoparticles. 5 

However, the strongest fluorescencewas observed in P4-DOX 

nanoparticles. It also revealed the pH-sensitivity of API modified 

nanoparticles.  
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Figure 9. The flow cytometry results of 4T1 cells treated with 

DOX loaded nanoparticles for 1 h (A) and 4 h (B). The mean 

fluorescence intensity (FL2) of 4T1 cells treated with the DOX 15 

loaded nanoparticles for 1 and 4 h (C), the concentration of DOX 

was 10 µg/mL. 
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Figure 10. The IC50 of the DOX loaded nanoparticles incubated 20 

with 4T1 breast cancer cells (A) and HepG2 liver cancer cells 

(B). 

 

 

The in vitro anticancer activity of the four DOX loaded 25 

nanoparticles was evaluated in 4T1 breast cancer cells and 

HepG2 liver cancer cells via CCK-8 assay. As shown in Figure 

10, the IC50s (half maximal inhibitory concentration) values of 

the four DOX loaded nanoparticles of 4T1 cells for P1-DOX, P2-

DOX, P3-DOX, P4-DOX and DOX·HCl were 7.89, 7.61, 4.53, 30 

4.78 and 0.79 µg/mL, and the IC50s for HepG2 cells were 3.27, 

2.58, 1.95, 1.43 and 0.17 µg/mL as shown in Table 2. Once the 

drug loaded nanoparticles were internalized into cytoplasm via 

endocytosis, the protonation of imidazole groups began to take 

effect in the weak acidic environment of endosomes, and the 35 

resulting proton sponge effect accelerated the release of DOX.53
 

The imidazole group in API was beneficial to help drug loaded 

nanoparticles to escape from endosomes and release DOX to 

facilitate the diffusion into nucleus to inhibit the proliferation of 

cells. P3-DOX and P4-DOX nanoparticles showed the lower 40 

IC50s with more efficient in vitro anticancer activity due to the 

higher composition of API in the nanoparticles. DOX·HCl was a 

water-soluble molecule, which diffused much faster into cells to 

kill cells efficiently and resulted in lowest IC50s. 

Conclusions 45 

In summary, we successfully developed a functionalized 

poly(α,β-malic acid) based nanocarrier platform for anticancer 

drug delivery.mPEG, cinnamyl alcohol and 1-(3-aminopropyl) 

imidazole were immobilized on the carboxyl groups of poly(α,β-

malic acid). The conjugates self-assembled into nanoparticles to 50 

load anticancer drug doxorubicin with the functions of long 

circulation, pH-sensitivity and π-π stacking interaction. The mean 

size of the drug loaded nanoparticles was smaller than 200 

nanometers and well dispersed in aqueous medium. The π-π 

stacking interaction between drug and nanoparticle was helpful to 55 

improve the drug loading, the drug loading content was higher 

than 10 wt%. The protonation of imidazole groups in the 

nanoparticles facilitated the endosomalescapeof the loaded drug 

and promoted the anticancer activity. These findings 

demonstrated the feasibility of pH sensitive nanomedicine for 60 

effective chemotherapy. 
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