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Abstract: In this study, a multifunctional poly(β-L-malic acid)-based nanoconjugate with 

a pH-dependent charge conversional characteristic was developed for tumor-specific drug 

delivery. The short branched polyethylenimine-modified poly(β-L-malic acid) (PEPM) was 

first synthesized. Then, the fragment HAb18 F(ab′)
2
 and 2,3-dimethylmaleic anhydride were 

covalently attached to the PEPM to form the nanoconjugate, HDPEPM. In this nanoconju-

gate, the 2,3-dimethylmaleic anhydride, the shielding group, could shield the positive charge 

of the conjugate at pH 7.4, while it was selectively hydrolyzed in the tumor extracellular 

space (pH 6.8) to expose the previously-shielded positive charge. To study the anticancer 

activity, the anticancer drug, doxorubicin, was covalently attached to the nanoconjugate. 

The doxorubicin-loaded HDPEPM nanoconjugate was able to efficiently undergo a quick 

charge conversion from -11.62 mV to 9.04 mV in response to the tumor extracellular pH. 

The electrostatic interaction between the positively charged HDPEPM nanoconjugates and 

the negatively charged cell membrane significantly enhanced their cellular uptake, result-

ing in the enhanced anticancer activity. Also, the tumor targetability of the nanoconjugates  

could be further improved via the fragment HAb18 F(ab′)
2
 ligand–receptor-mediated tumor 

cell-specific endocytosis.

Keywords: nanoconjugate, charge-conversional, PMLA, pH-sensitive

Introduction
To improve the anticancer effects and minimize side effects of cancer chemotherapy, 

tumor-specific delivery of toxic anticancer drugs are one of the most effective 

strategies.1–3 Recently, drug delivery systems at the nanoscale, also known as nanocar-

riers, have shown great potential in the delivery of drugs to tumor,4–7 through either 

size-dependent “passive” tumor targeting due to the enhanced permeability and reten-

tion effect,8 or their surface-modified tumor-specific moieties, eg, small molecule-, 

aptamer-, peptide-, and antibody-mediated “active” tumor-targeting.9,10 Active tumor 

targeting requires these targeting “ligands” to get close enough to and interact with 

their corresponding “receptors” on the surface of the tumor cells. Its efficacy, therefore, 

is intrinsically limited by cellular heterogeneity, which mainly results from intrinsic 

genetic instability, epigenetic diversity, and stochastic noise in phenotype expression 

of cancer cells that exists both within and among tumors.11–13 Nanocarriers have been 

successfully used to decrease drawbacks of conventional chemotherapeutics such as 

nonspecific cytotoxicity, poor pharmacokinetics, and chemical instability to improve 

drug efficacy.14

Drug delivery nanocarriers with positive charge can easily implement endocytosis 

through the electrostatic interaction with the negatively charged cell membrane.15,16 
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Nevertheless, for in vivo drug delivery, the nanocarriers 

with strong surface charge are not always favorable. The 

positive charge may cause nonspecific interactions of the 

nanocarriers with various negatively charged biological 

components including plasma proteins, other anions, and the 

cell membrane of noncancer cells, resulting in short circula-

tion half-life and nonspecific distribution.17,18

The tumor extracellular microenvironment is typi-

cally more acidic (pH 6.8) than normal tissues (pH 

7.4) due to the hypoxia-induced production of excess 

lactate and protons.19,20 Therefore, various pH-sensitive 

nanocarriers have been developed for tumor-targeted 

drug delivery. Among them, the pH-dependent charge- 

conversional nanocarriers are our focus. Here, the nanocar-

riers with the positive charge were first shielded to avoid 

nonspecific interaction during blood circulation. Then, they 

were deshielded to expose the positive charge in response 

to the low pH once accumulated in the tumor extracellular 

microenvironment.21–25

To build a nanocarrier, the biocompatible polymers are 

of particular interest since they can be custom synthesized 

and engineered to fit various biomedical applications. Among 

them, both polyethylene glycol (PEG) and poly(lactic-co-

glycolic acid) approved by the US Food and Drug Admin-

istration have been widely used as nanocarriers for cancer 

therapy.26,27

Poly(β-L-malic acid) (PMLA) is a natural aliphatic 

polyester obtained from the microorganism myxomycete 

Physarum polycephalum, which is degraded first to malic 

acid and then to carbon dioxide and water in the tricar-

boxylic acid cycle in vivo.28 As a nanocarrier building block, 

PMLA was proven to be biodegradable, nontoxic, and 

nonimmunogenic.29,30 Furthermore, compared to PEG and 

poly(lactic-co-glycolic acid), which contain a limited number 

of the conjugation sites, PMLA could provide numerous 

pendant carboxyl groups for easy conjugation with various 

types of molecules including chemotherapeutics, targeting 

ligands, and other functional groups.31

However, the difficulty involved in the preparation of 

PMLA limits its application. In a previous study, we have 

optimized the synthesis and purification and have been able 

to obtain the PMLA with definite molecular weight. The 

natural PMLA is a polymer with a strong negative charge, 

which would decrease the cellular uptake of the PMLA-based 

nanocarriers. Polyethylenimine (PEI) is a cationic polymer 

that has been widely used as a carrier for gene delivery.32,33 

In this study, PMLA was first modified with PEI to allow 

the polymer to bear positive charge. Then, pH-sensitive 

2,3-dimethylmaleic anhydride (DMA) was used to decorate 

the polymer backbone to shield its positive charge and 

impart the pH-dependent charge-conversional property to 

the nanoconjugate. Furthermore, to improve tumor-targeting, 

the fragment HAb18 F(ab′)
2
 (an antibody for human hepa-

tocellular carcinoma cell)34,35 was conjugated to the PMLA. 

Additionally, doxorubicin (DOX) was chosen as the model 

anticancer drug and covalently attached to the nanoconju-

gates (Figure 1). In the tumor microenvironment, with the 

selective hydrolysis of the charge-shielding groups, DMA, 

the nanoconjugates underwent a quick charge-conversion 

from negative to positive. Meanwhile, the nanoconjugates 

could attach to tumor cells through the affinity between 

antibody and its antigen for receptor-mediated endocyto-

sis. In the in vitro study, the nanoconjugates exhibited an 

enhanced cellular uptake via both the electrostatic interac-

tion and receptor-mediated endocytosis, resulting in higher 

anticancer activity.

Materials and methods
Materials
PEI with a molecular weight of 1.8 kDa, branched, and 

DOX hydrochloride were purchased from Sigma-Aldrich 

(St Louis, MO, USA). The bivalent fragment HAb18 F(ab′)
2
 

was obtained from the Cell Engineering Research Center, 

Fourth Military Medical University (Xi’an, People’s Republic 

of China). DMA and succinic anhydride were purchased 

from Alfa Aesar (Ward Hill, MA, USA). N-(2-aminoethyl)

maleimide trifluoroacetic acid was purchased from Energy 

Chemical (Shanghai, People’s Republic of China). 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide (EDC) hydro-

chloride and N-hydroxysuccinimide (NHS) were purchased 

from TCI (Shanghai, People’s Republic of China). NHS-

PEG-maleimide (Mal) and fluorescein isothiocyanate (FITC)-

PEG-NH
2
 were purchased from Nanocs Inc. (New York, NY, 

USA). Other chemical reagents were purchased from Baotelai 

Chemicals (Xi’an, People’s Republic of China). All solvents 

were thoroughly dried and distilled before use. Dulbecco’s 

Modified Eagle’s Medium and fetal bovine serum (Hyclone 

Cell Culture and Bioprocessing brands) were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). The Eno-

GeneCell™ counting kit-8 (CCK-8) and 4′,6-diamidino-2-

phenylindole (DAPI) were purchased from Beyotime Institute 

of Biotechnology (Jiangsu, People’s Republic of China).

Human hepatocellular carcinoma cell line Huh7 and 

human lung adenocarcinoma cell line A549 were obtained 

from the Cell Bank of Type Culture Collection of the Chinese 

Academy of Sciences.
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synthesis of PMla
PMLA was synthesized by ring-opening polymerization and 

starting from the initial material L-aspartic acid.36 Briefly, 

L-aspartic acid and sodium bromide were dissolved in 

sulfuric acid solution, then sodium nitrite was added. After 

stirring for 2 hours, trifluoroacetic anhydride was added and 

stirred for another 2 hours. After dropwise addition of benzyl 

alcohol, the reaction mixture was stirred for 12 hours at 45°C. 

The concentrated product was dissolved in dichloromethane 

and stirred for 24 hours at 45°C. Then, the mixture was con-

centrated and purified by silica gel chromatography to afford 

pure lactone (benzyl-β-malolactonate [MLABz]). Using 

tetraethylammonium benzoate as the initiator, the polymer-

ized MLABz (PMLABz) was synthesized by ring-opening 

polymerization of MLABz. Finally, PMLA was obtained 

by hydrogenation of PMLABz. The details of the synthesis 

process can be found in our previous work.37

synthesis and characterization 
of nanoconjugates
The DOX nanoconjugate formed by covalent attachment 

of fragment HAb18 F(ab′)
2
 and DMA to PEI-modified 

PMLA(DOX/HDPEPM) was synthesized as shown in 

Figure 2. First, PMLA was modified by PEI to obtain PEI-

PMLA (PEPM) nanoconjugate. DOX was covalently attached 

to the nanoconjugate to form the drug-loaded nanoconjugate 

(DOX/PEPM). Then, DMA was conjugated to the nanocon-

jugate using N-(2-aminoethyl)maleimide trifluoroacetic acid, 

and the DMA-protected nanoconjugate (DOX/DPEPM) was 

obtained. Finally, the bivalent fragment HAb18 F(ab′)
2
 was 

attached to DOX/DPEPM nanoconjugate by a linker NHS-

PEG-Mal. Thus, the final nanoconjugate (DOX/HDPEPM) 

was obtained. To visualize the intracellular distribution of 

the nanoconjugate, the FITC-labeled nanoconjugate was syn-

thesized by the similar methods, except that DOX monomer 

was replaced with NHS-PEG-FITC.

The nuclear magnetic resonance (NMR) spectra were 

obtained on a Varian 400 mHz NMR (Bruker, Rheinstetten, 

Germany). Chemical shifts were expressed as parts per 

million (ppm). The particle size of the nanoconjugate was 

measured by Delsa™ Nano C Particle Analyzer (Beckman 

Coulter, Brea, CA, USA). Ultraviolet-visible (UV-vis) spec-

troscopy (Shimadzu Corporation, Kyoto, Japan) was used 

to quantify the amount of DOX and FITC conjugated on 

the nanoconjugates. Briefly, DOX-loaded nanoconjugates 

were dissolved in deionized water, and the absorbance of the 
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Figure 1 schematic illustration of the stealth property and promoted tumor cell uptake of nanoconjugates (A) and DOX-loaded nanoconjugates (DOX/hDPePM) (B).
Notes: Depicted in (A), nanoconjugates minimize nonspecific interactions with serum components and change the surface charge of nanoconjugates in response to the 
tumor acidity (phe), leading to promoted cell internalization by the combination of electrostatic absorptive endocytosis and receptor-mediated endocytosis.
Abbreviations: DMa, 2,3-dimethylmaleic anhydride; DOX, doxorubicin; hDPePM, nanoconjugate formed by covalent attachment of fragment hab18 F(ab′)2 and 2,3-
dimethylmaleic anhydride to polyethylenimine-modified poly(β-l-malic acid); PeI, polyethylenimine; PMla, poly(β-l-malic acid).
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solutions at 481 nm was measured. Similarly, the content of 

FITC was also determined by UV-vis spectrometry using the 

absorbance at 492 nm in 0.1 mol/L borate buffer (pH 9.0).

Zeta potential analysis
The zeta potentials of nanoconjugates were measured by 

photon correlation spectroscopy using the Delsa™ Nano C 

Particle Analyzer, at 25°C. Briefly, 2 mg of nanoconjugates 

were dissolved in 2 mL phosphate-buffered saline (PBS) 

solution (pH 7.4 or pH 6.8). After incubating for 1.5 hours, 

the zeta potential of the nanoconjugates was measured.

In vitro drug release profile
The release rate of DOX from the nanoconjugates was investi-

gated by a dialysis method. Typically, 1 mL of DOX/HDPEPM 

nanoconjugates solution (2 mg/mL) was dialyzed (molecular 

weight cut-off: 3.5 kDa) against 20 mL PBS solution (pH 7.4, 

6.8, or 5.0) at 37°C. At given intervals, 100 μL of external 

buffer was collected and replaced by the same volume of PBS 

solution. The concentration of DOX released from DOX/

HDPEPM was quantified by UV-vis spectroscopy at 481 nm.

Biocompatibility evaluation
hemocompatibility assay
The animal experiment was approved by the Animal Research 

Committee of the Fourth Military Medical University and 

conducted in accordance with the international standards on 

animal welfare. Blood was collected from rabbit by vacuum 

blood collection, and erythrocytes were obtained by cen-

trifugation (1,000× g for 5 minutes) and stored at 4°C. The 

erythrocytes were washed three times with isotonic saline 

buffer (0.15 mol/L sodium chloride [NaCl], pH 7.4) before 

diluting with buffer. Then, 4 mL erythrocyte was suspended 

in 5 mL 0.9% NaCl solution and incubated with nanoconju-

′

′

Figure 2 synthesis of DOX-loaded, PeI, fragment hab18 F(ab′)2 and DMa decorated PMla (DOX/hDPePM) nanoconjugates.
Abbreviations: DMa, 2,3-dimethylmaleic anhydride; DOX, doxorubicin; eDc, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide; hDPePM, nanoconjugate formed by covalent 
attachment of fragment hab18 F(ab′)2 and 2,3-dimethylmaleic anhydride to polyethylenimine-modified poly(β-l-malic acid); Mal, maleimide; Nhs, N-hydroxysuccinimide; 
Peg, polyethylene glycol; PeI, polyethylenimine; PMla, poly(β-l-malic acid).
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gates for 1 hour, followed by centrifugation at 1,000× g for  

3 minutes. The supernatant was measured at 545 nm by 

UV-vis spectroscopy. The 0.9% NaCl solution and distilled 

water were used as negative and positive controls, respec-

tively. The hemolysis rate (%) was calculated as follows:

 Hemolysis rate
OD OD

OD OD
sample negative

positive negative

=
−

−
×100%%  (1)

where OD is optical density.

Protein absorption
Freshly prepared nanoconjugates solution (2 mg/mL) was 

added into an equal volume of standard bovine serum albumin 

(BSA) solution (100 μg/mL) and incubated under shaking at 

37°C. After 6 hours of incubation, samples were centrifuged 

at 3,000× g for 5 minutes. Then, 1 mL supernatant was added 

into 5 mL coomassie brilliant blue G-250 solution and mixed 

for 5 minutes. Finally, the samples were measured at 595 nm 

by UV spectrometer. The amounts of protein (BSA) adsorption 

were calculated by the standard curve equation of BSA.

Flow cytometry
Huh7 cells were seeded into 6-well plates at a density of 

3×105 cells/well and incubated for 24 hours. For cellular 

internalization study, cells were incubated with free DOX 

or DOX-loaded nanoconjugates at an equivalent DOX con-

centration of 5 μg/mL of fresh culture medium at pH 7.4 or 

6.8, respectively. After incubation for 8 hours, the cells were 

washed three times with PBS solution. The cells were then 

harvested by trypsinization and centrifuged at 1,000 rpm for 

5 minutes. The cell pellet was suspended with 500 μL PBS 

and analyzed by a FACScan instrument (Becton Dickinson, 

Franklin Lakes, NJ, USA).

confocal microscopy studies
Confocal fluorescent microscopy was used to compare the 

cellular uptake of FITC-loaded nanoconjugates. Similar to 

flow cytometry, Huh7 cells were seeded into glass-bottom 

dishes at a density of 3×105 cells/well and incubated for 

24 hours. Then, the cells were treated with various FITC-

labeled nanoconjugates in fresh culture medium at pH 7.4 or 

6.8. The concentration of FITC was 1 μg/mL. After 8 hours 

of incubation, the cells were washed three times with PBS 

solution to remove the remnant growth medium and fixed 

in 4% paraformaldehyde for 10 minutes, followed by cell 

nuclei staining with DAPI for 15 minutes. After the cells were 

washed with PBS solution, fluorescent images of cells were 

analyzed by using a FV1000 confocal microscope (Olympus 

Corporation, Tokyo, Japan).

In vitro cytotoxicity
The cytotoxicity of DOX-loaded nanoconjugates against 

Huh7 and A549 cells was investigated by using the CCK-8 

assay. The cells were seeded into 96-well plates at a density of 

1×104 cells/well and repeated in five wells. Then the medium 

was replaced by free DOX or DOX-loaded nanoconjugates 

in cell culture medium with different pH (6.8 or 7.4) and 

incubated for 48 hours. Briefly, 10 μL CCK-8 solution was 

added to each well of the plate. Then, the plate was incubated 

for 2 hours. Cell viability was determined by scanning with 

a microplate reader at 490 nm. The cell viability (%) was 

calculated according to the manufacturer’s instructions.

statistical analysis
All data are presented as the mean ± standard deviation. The 

statistical significance of the differences between groups was 

evaluated by one-way ANOVA with a Bonferroni post hoc 

test. Statistical significance was established at P,0.05, and 

extreme significance was set at P,0.01.

Results and discussion
synthesis of PMla
Due to low toxicity, nonimmunogenicity, and biodegrad-

ability, PMLA has been a promising polymeric drug carrier. 

The PMLA-based nanoconjugates contained multiple active 

sites and were ready for further engineering and modification. 

However, the preparation of PMLA was difficult, which was 

one of the major challenges of the development of PMLA-

based drug carriers. The PMLA could be produced by either 

chemical synthesis or biological fermentation from the slime 

mold Physarum polycephalum.

However, by the fermentation method, pure PMLA was 

difficult to obtain, and the separation and purification process 

were complicated. Also, the molecular weight of PMLA was 

hard to control. The low yield of chemical synthesis was the 

main obstacle of PMLA’s application. Of the whole synthesis 

process, the synthesis of MLABz was the crucial step. We 

optimized the reaction time and temperature of MLABz’s 

synthesis, and the yield was raised from 12%36 to 32%. 

Accordingly, the yield of PMLA has been improved. Fur-

thermore, PMLA with different definite molecular weights 

could be synthesized by adjusting monomer/initiator ratio in 

the polymerization reaction.37 The proton NMR (1H NMR) 

spectrum of PMLA is shown in Figure 3A, and its principal 

peaks are at 2.95 and 5.38 ppm.
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synthesis of nanoconjugates 
and characterization
As shown in Figure 2, DOX/HDPEPM nanoconjugate was 

synthesized through a series of reactions. First, in the pres-

ence of EDC, PEPM was synthesized by coupling of carboxyl 

groups of PMLA with the amino groups of PEI. The 1H NMR 

spectrum is shown in Figure 3B. The peak at 2.1 ppm was 

assigned to PEI. Next, The DOX/PEPM nanoconjugate 

was synthesized via the formation of amide bonds between 

free amino groups of DOX and the carboxylic groups of 

PEPM. Compared with the PEPM, DOX/PEPM showed 

the peaks of the DOX moieties (7.07, 4.58, and 3.64 ppm) 

in the 1H NMR spectrum (Figure 3C). Then, DOX/PEPM 

reacted with 2-aminoethanethiol to obtain sulfhydryl for 

conjugating DMA. DMA reacted with N-(2-aminoethyl)

maleimide trifluoroacetic acid, thus forming a Mal terminal 

group. Therefore, the tumor pH-responsive DOX/DPEPM 

nanoconjugate was obtained by the reaction of sulfhydryl 

with the terminal group (Mal). Compared with DOX/PEPM, 

DOX/DPEPM exhibited a principal peak related to the DMA 

moieties (1.98 ppm) in its 1H NMR spectrum (Figure 3D). 

As a control, DOX/SPEPM nanoconjugate was synthesized 

by reacting DOX/PEPM with succinic anhydride. Finally, the 

DOX/HDPEPM was conjugated with the bivalent fragment 

HAb18 F(ab′)
2
 by the coupling reagent NHS-PEG-Mal.

The corresponding FITC-labeled nanoconjugate was 

obtained by the similar route. The FITC content of the 

nanoconjugate was in the range of 0.84%–0.91%. The 

mean diameter of HDPEPM nanoconjugates was 201.6 nm 

with polydispersity index of 0.268, determined by dynamic 

light scattering. According to UV-vis absorbance, the 

DOX-conjugating content of the nanoconjugate was 21.8% 

for DOX/PEPM, 22.6% for DOX/HPEPM, 20.4% for DOX/

DPEPM, 20.9% for DOX/SPEPM (nanoconjugate formed 

by covalent attachment of 2,3-dimethylmaleic anhydride to 

polyethylenimine-modifid poly(β-L-malic acid), and 20.1% 

for DOX/HDPEPM. These results indicate that the synthetic 

nanoconjugates had good loading efficiency of the DOX.

Zeta potential analysis
As shown in Figure 4A and B, no charge-conversional 

behaviors were observed, and the zeta potentials remained 

negative in DOX/PEPM, DOX/HPEPM, and DOX/SPEPM 

when the pH was decreased from 7.4 to 6.8. In contrast, both 

DOX/DPEPM and DOX/HDPEPM nanoconjugates showed 

a significant charge conversion when the pH went down. 

The zeta potentials of all the nanoconjugates were about -11 

mV at pH 7.4, while at pH 6.8, the zeta potentials of DOX/

DPEPM and DOX/HDPEPM nanoconjugates were 9.08 

mV and 9.04 mV, respectively. DMA was used to mask the 

positive charge at neutral pH, and the resultant β-carboxylic 

acid amides on the nanoconjugates have been reported to 

be acid-labile and could be quickly hydrolyzed under mild 

acidic environment.38,39 Therefore, the nanoconjugates with 

negative surfaces could avoid the electrostatic interaction 

with the negatively charged proteins or blood cells. When the 

DOX/DPEPM or DOX/HDPEPM nanoconjugates reached 

the tumor site, the weak acidic tumor microenvironment (pH 

6.8) could trigger the pH-dependent hydrolysis of the DMA 

modified amide bonds, resulting in exposing the amines. As a 

result, the zeta potential of the nanoconjugates would change 

rapidly from negative to positive charge.

Figure 3 1h NMr spectra of synthesized nanoconjugates.
Notes: (A) PMla, (B) PePM, (C) DOX/PePM, and (D) DOX/DPePM; DMsO was used as the solvent.
Abbreviations: DMsO, dimethyl sulfoxide; DOX, doxorubicin; 1h NMr, proton nuclear magnetic resonance; DPePM, nanoconjugate formed by covalent attachment of 
2,3-dimethylmaleic anhydride to polyethylenimine-modifid poly(β-L-malic acid); PEPM, polyethylenimine-modified poly(β-l-malic acid); PMla, poly(β-l-malic acid); ppm, parts 
per million.
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In vitro drug release
Release of DOX from the nanoconjugates was measured in 

order to confirm the pH-sensitivity of the nanoconjugates. 

The in vitro DOX-release profile of the nanoconjugates was 

investigated at different pH. The results of DOX-release from 

DOX/HDPEPM nanoconjugates in PBS solution at pH of 5.0, 

6.8, or 7.4 are shown in Figure 5. The nanoconjugates were 

relatively stable at pH 7.4 and pH 6.8, with less than 20% 

of DOX release after 12 hours, and there was no significant 

difference under these two pH conditions at most of the time 

points. As the pH declined to 5, a rapid drug release was 

observed. DOX was released in a biphasic manner, which 

exhibited an initial rapid release in 12 hours, followed by 

a slower release for up to 72 hours. This indicates that the 

nanoconjugates could hold the drugs under physiological 

condition but release the loaded drug in response to the 

endosomal (pH 5–6) or lysosomal pH (pH 4–5), to ensure 

most of drug release and function in the cell nucleus.

Biocompatibility evaluation
In order to determine whether the nanoconjugates were safe 

for intravenous injection, the hemolytic potential and protein 

absorption were evaluated. The erythrocytes were incubated 

with DOX-loaded nanoconjugates at 37°C for 1 hour, and the 

absorbance was measured at 545 nm. As shown in Table 1, 

hemolysis rates of all the nanoconjugates were lower than 

2%, which could be considered as nontoxic.40 The BSA 

adsorption rates were also determined, and the results showed 

that all the nanoconjugates’ protein adsorption rates were 

less than 5%. The results indicate that the nonspecific protein 

adsorption onto the nanoconjugates was negligible.

Both the hemolysis and protein adsorption results suggest 

that these nanoconjugates possess good biocompatibility, 

which might be due to their anionic surface, and this property 

could benefit in vivo drug delivery in terms of the long blood 

circulation and passive tumor targeting.

Flow cytometry
Flow cytometry was used to study the cellular uptake of 

the DOX-loaded nanoconjugates. As shown in Figure 6A, 

after incubation with Huh7 cells for 8 hours, all nanoconju-

gates showed relatively low cell internalization at pH 7.4. 

The cellular uptake of DOX/PEPM, DOX/HPEPM, DOX/

DPEPM, DOX/SPEPM, DOX/HDPEPM, and free DOX in 

Huh7 cells were 28.6%, 46.1%, 27.5%, 29.3%, 45.3%, and 

100%, respectively. Compared with DOX/PEPM nanocon-

jugates, DOX/SPEPM and DOX/DPEPM showed low cell 

DOX/PEPM

DOX/HPEPM

DOX/SPEPM
DOX/HDPEPM

DOX/DPEPM

DOX/PEPM

DOX/HPEPM

DOX/SPEPM

DOX/DPEPM

Ze
ta

 p
ot

en
tia

l (
m

V)

Ze
ta

 p
ot

en
tia

l (
m

V)

pH 7.4
15

10

5

0

–5

–10

–15

15

10

5

0

–5

–10

–15

pH 6.8

DOX/HDPEPM

A B

Figure 4 Zeta potentials of different DOX-loaded nanoconjugates at (A) ph 7.4 and (B) ph 6.8 (n=5).
Abbreviations: DOX, doxorubicin; hDPePM, nanoconjugate formed by covalent attachment of fragment hab18 F(ab′)2 and 2,3-dimethylmaleic anhydride to 
polyethylenimine-modified poly(β-L-malic acid); PEPM, polyethylenimine-modified poly(β-l-malic acid); sPePM, nanoconjugate formed by covalent attachment of succinic 
anhydride to polyethylenimine-modifid poly(β-l-malic acid).

Figure 5 Release profile of DOX from DOX/HDPEPM or free DOX incubated at 
ph 5.0, ph 6.8, or ph 7.4 (n=3).
Abbreviations: DOX, doxorubicin; hDPePM, nanoconjugate formed by covalent 
attachment of fragment hab18 F(ab′)2 and 2,3-dimethylmaleic anhydride to 
polyethylenimine-modified poly(β-l-malic acid).
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internalization while the fragment HAb18 F(ab′)
2
-modified 

nanoconjugates, DOX/HPEPM and DOX/HDPEPM, had 

uptake improvement of approximately 1.6-fold. All five 

nanoconjugates were negatively charged at pH 7.4,  indicating 

that the negative surface charges strongly affected the  cellular 

uptake.

As shown in Figure 6B, when the pH was decreased 

to 6.8, DOX/PEPM, DOX/HPEPM, and DOX/SPEPM 

Figure 6 cellular uptake of different DOX-loaded nanoconjugates in huh7 cells at (A) ph 7.4 and (B) pH 6.8 by flow cytometry.
Abbreviations: DOX, doxorubicin; hDPePM, nanoconjugate formed by covalent attachment of fragment hab18 F(ab′)2 and 2,3-dimethylmaleic anhydride to polyethylenimine-
modified poly(β-L-malic acid); PEPM, polyethylenimine-modified poly(β-l-malic acid); hPePM, nanoconjugate formed by covalent attachment of fragment hab18 F(ab′)2 to 
polyethylenimine-modifid poly(β-L-malic acid); DPEPM, nanoconjugate formed by covalent attachment of 2,3-dimethylmaleic anhydride to polyethylenimine-modifid poly(β-l-
malic acid); SPEPM, nanoconjugate formed by covalent attachment of succinic anhydride to polyethylenimine-modifid poly(β-l-malic acid).

Table 1 hemolysis and protein absorption rates of DOX-loaded nanoconjugates

Samples (1 mg/mL) Hemolysis rate (%) Protein absorption rate (%)

DOX/PePM 1.60±0.21 3.16±0.41
DOX/hPePM 1.45±0.15 2.97±0.23
DOX/DPePM 1.05±0.13 4.02±0.26
DOX/sPePM 1.33±0.07 3.43±0.31
DOX/hDPePM 1.31±0.18 3.77±0.34

Abbreviations: DOX, doxorubicin; hDPePM, nanoconjugate formed by covalent attachment of fragment hab18 F(ab′)2 and 2,3-dimethylmaleic anhydride to 
polyethylenimine-modified poly(β-L-malic acid); PEPM, polyethylenimine-modified poly(β-l-malic acid); DPePM, nanoconjugate formed by covalent attachment of 2,3-
dimethylmaleic anhydride to polyethylenimine-modifid poly(β-l-malic acid); sPePM, nanoconjugate formed by covalent attachment of succinic anhydride to polyethylenimine-
modifid poly(β-l-malic acid); hPePM, nanoconjugate formed by covalent attachment of fragment hab18 F(ab′)2 to polyethylenimine-modifid poly(β-l-malic acid).
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showed similar cellular uptake. However, the cellular uptake 

of DOX/DPEPM and DOX/HDPEPM was increased to 

about 84.7% and 97.8%, respectively. This might be due 

to the charge conversion. In brief, the charge conversion of 

DMA-modified nanoconjugates was confirmed by their zeta 

potential when the pH decreased from 7.4 to 6.8. Hence, 

for DOX/DPEPM and DOX/HDPEPM nanoconjugates, the 

negative charge reduced the cell internalization at pH 7.4, 

whereas the positive charge enhanced the cell internaliza-

tion at pH 6.8.

Interestingly, when the two modification strategies 

(positive charge and fragment HAb18 F[ab′]
2
) were used 

alone, the cellular uptake of DOX/DPEPM nanoconjugates 

was about twice that of DOX/HPEPM nanoconjugates, 

suggesting that the electrostatic interaction with negatively 

charged cell membrane might have greater impact on the 

enhancement of cellular uptake than fragment HAb18 

F(ab′)
2
-mediated endocytosis. When the two strategies 

were combined, the strongest cellular uptake, with about 

3.18-fold increase over DOX/PEPM, was obtained by 

using DOX/HDPEPM nanoconjugates, indicating that the 

dual-targeting approach could have a synergic effect on 

cellular uptake.

confocal microscopy studies
To confirm the influence of the charge conversion and frag-

ment HAb18 F(ab′)
2
 on the cell internalization, the cellular 

uptake of nanoconjugates was investigated by confocal laser 

scanning microscopy. FITC-labeled nanoconjugates were 

used instead of DOX-loaded nanoconjugates. FITC-labeled 

nanoconjugates were incubated with Huh7 cells for 8 hours 

at pH 7.4 or 6.8, the cell nuclei were stained by DAPI, and 

the fluorescent images were analyzed with a confocal laser 

scanning microscope.

As shown in Figure 7A and B, the intracellular fluores-

cence was increased in FITC-HPEPM nanoconjugate-treated 

cells compared to that in FITC-PEPM nanoconjugate-treated 

cells at both pH 7.4 and 6.8. The results indicate that drug 

delivery efficiency could be increased by HPEPM nanocon-

jugates through receptor-mediated endocytosis. At pH 7.4, 

similar results were observed between FITC-HDPEPM and 

FITC-DPEPM nanoconjugates. Furthermore, at pH 7.4, 

the intensities of the intracellular fluorescence of all nano-

conjugates were relatively low. Since cell membranes are 

negatively charged, these results indicate that the electrostatic 

repulsion at pH 7.4 between negatively charged nanoconju-

gates and cell membranes could decrease the cell uptake.

For FITC-HDPEPM and FITC-DPEPM nanoconjugates, 

the fluorescence was significantly increased at pH 6.8 

(Figure 7B) compared with that at pH 7.4 (Figure 7A). 

However, for the other three nanoconjugates, the fluores-

cence at pH 6.8 was similar to that at pH 7.4 in Huh7 cells. 

Thus, DMA-decorated nanoconjugates at pH 6.8 could 

greatly increase the cellular uptake since the DMA could 

be selectively hydrolyzed at weak acidic environment to 

regenerate the positive charge. Moreover, as shown in Figure 

7B, FITC-HDPEPM nanoconjugates showed the highest fluo-

rescence among the five groups. These results suggest that 

the charge shielding group (DMA) combined with antibody 

(fragment HAb18 F[ab′]
2
) had a synergistic effect on cellular 

uptake. Also, the intracellular fluorescence of FITC-DPEPM 

nanoconjugates was much higher than that of FITC-HPEPM 

nanoconjugates. This was consistent with the flow cytometry 

results, indicating that the positive charge played a more 

important role in the cell internalization than ligand–receptor-

mediated interaction in this nanoconjugate.

In vitro cytotoxicity
In vitro anticancer activities of drug-loaded nanoconjugates 

were evaluated by CCK-8 assay after incubation with Huh7 

cells or A549 cells for 48 hours at pH 7.4 or 6.8, and 50% 

inhibitory concentration (IC
50

) was determined. As shown 

in Figure 8A, all nanoconjugates showed dose-dependent 

toxicity. The five nanoconjugates showed similar cell viabili-

ties at pH 7.4. The IC
50

 of DOX/PEPM, DOX/HPEPM, DOX/

DPEPM, DOX/SPEPM, DOX/HDPEPM nanoconjugates and 

free DOX were 9.43, 8.76, 9.23, 9.41, 8.21, and 2.49 μg/mL, 

respectively. Among them, the IC
50

 of DOX/HPEPM and 

DOX/HDPEPM nanoconjugates were slightly lower than 

those of the other nanoconjugates. This could be due to 

the enhanced cellular uptake via the antibody (fragment 

HAb18 F[ab′]
2
)-mediated endocytosis. The cytotoxicity of 

DOX-loaded nanoconjugates against the fragment HAb18 

F(ab′)
2
 receptor-deficient cell line A549 was also evaluated. 

As shown in Figure 8C, the nanoconjugates containing frag-

ment HAb18 F(ab′)
2
 could not increase the antitumor ability 

in A549 cells.

As shown in Figure 8B, IC
50

 of DOX/PEPM, DOX/

HPEPM, DOX/DPEPM, DOX/SPEPM, DOX/HDPEPM 

nanoconjugates and free DOX were 9.47, 8.87, 4.23, 

9.41, 3.87, and 2.26 μg/mL at pH 6.8, respectively. DOX/

HDPEPM nanoconjugates showed the highest toxicity, which 

was consistent with the results of the cellular uptake study. 

In addition, both DMA-conjugated nanoconjugates (DOX/

DPEPM and DOX/HDPEPM) exhibited much higher cyto-

toxicity at pH 6.8 over pH 7.4 due to the charge conversion-

induced cell internalization at acidic pH. Moreover, the 

IC
50

 value of DOX/HDPEPM nanoconjugates was about 
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Figure 7 Internalization of different FITc-labeled nanoconjugates in huh7 cells at (A) ph 7.4 and (B) ph 6.8 imaged by confocal laser scanning microscopy.
Notes: (a) FITc-PePM, (b) FITc-hPePM, (c) FITc-DPePM, (d) FITc-sPePM, (e) FITc-hDPePM; scale bars =100 μm.
Abbreviations: DaPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; HDPEPM, nanoconjugate formed by covalent attachment of HAb18 F(ab′)2 and 
2,3-dimethylmaleic anhydride to polyethylenimine-modified poly(β-L-malic acid); PEPM, polyethylenimine-modified poly(β-l-malic acid); hPePM, nanoconjugate formed by 
covalent attachment of fragment hab18 F(ab′)2 to polyethylenimine-modifid poly(β-l-malic acid); DPePM, nanoconjugate formed by covalent attachment of 2,3-dimethylmaleic 
anhydride to polyethylenimine-modifid poly(β-L-malic acid); SPEPM, nanoconjugate formed by covalent attachment of succinic anhydride to polyethylenimine-modifid poly(β-
l-malic acid).

1.10-fold and 2.30-fold lower than that of DOX/DPEPM 

and DOX/HPEPM nanoconjugates, respectively, indicating 

that the combined use of the positive charge and fragment 

HAb18 F(ab′)
2
 in the HDPEPM nanoconjugates might have 

a synergistic effect on cytotoxicity. Furthermore, DOX/

DPEPM nanoconjugates displayed higher cytotoxicity than 

DOX/HPEPM nanoconjugates at pH 6.8, which confirmed 

that the charge conversion had a more important role than 

fragment HAb18 F(ab′)
2
 on the cellular uptake.

Conclusion
In this study, a PMLA-based multifunctional nanoconjugate 

(DOX/HDPEPM) was developed for effective and tumor-

specific drug delivery. In the nanoconjugate, the backbone, 

PMLA, was engineered with PEI for efficient cell inter-

nalization, DMA as charge shielding groups, and fragment 

HAb18 F(ab′)
2
 for active tumor targeting. The nanoconju-

gates were negatively charged in a neutral pH environment 

(pH 7.4), while at weak acidic pH (pH 6.8), nanoconjugates 

became positively charged, which facilitates endocytosis. 

The results show that the DOX/HDPEPM nanoconjugates 

significantly enhanced cellular uptake of DOX in tumor 

cells via the combined effects of electrostatic interaction-

mediated and receptor-mediated endocytosis, resulting 

in the enhanced antitumor activity in the in vitro studies. 

The study suggests the great potential to use DOX/HDPEPM 

nanoconjugates as a tumor-specific drug delivery platform 

for cancer treatment.
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Figure 8 cell cytotoxicity of various DOX-loaded nanoconjugates and free DOX at (A) ph 7.4 and (B) ph 6.8 on huh7 cells and at (C) ph 7.4 on fragment hab18 F(ab′)2 
receptor-negative a549 cells by ccK-8 assay (n=5).
Abbreviations: ccK-8, cell counting kit-8; DOX, doxorubicin; hDPePM, nanoconjugate formed by covalent attachment of fragment hab18 F(ab′)2 and 2,3-dimethylmaleic 
anhydride to polyethylenimine-modified poly(β-L-malic acid); PEPM, polyethylenimine-modified poly(β-l-malic acid); hPePM, nanoconjugate formed by covalent attachment 
of fragment hab18 F(ab′)2 to polyethylenimine-modifid poly(β-l-malic acid); DPePM, nanoconjugate formed by covalent attachment of 2,3-dimethylmaleic anhydride to 
polyethylenimine-modifid poly(β-L-malic acid); SPEPM, nanoconjugate formed by covalent attachment of succinic anhydride to polyethylenimine-modifid poly(β-l-malic 
acid).
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