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Abstract: Natural polyelectrolyte multilayers of chitosan (CHI) and alginate (ALG) were 

alternately deposited on doxorubicin (DOX)-loaded poly (lactic-co-glycolic acid) (PLGA) 

nanoparticles (NPs) with layer by layer self-assembly to control drug release for antitumor 

activity. Numerous factors which influenced the multilayer growth on nano-colloidal particles 

were studied: polyelectrolyte concentration, NaCl concentration and temperature. Then the 

growth regime of the CHI/ALG multilayers was elucidated. The coated NPs were character-

ized by transmission electron microscopy, atomic force microscopy, X-ray diffraction and 

a zeta potential analyzer. In vitro studies demonstrated an undesirable initial burst release 

of DOX-loaded PLGA NPs (DOX-PLGA NPs), which was relieved from 55.12% to 5.78% 

through the use of the layer by layer technique. The release of DOX increased more than 

40% as the pH of media decreased from 7.4 to 5.0. More importantly, DOX-PLGA (CHI/

ALG)
3
 NPs had superior in vivo tumor inhibition rates at 83.17% and decreased toxicity, 

compared with DOX-PLGA NPs and DOX in solution. Thus, the presently formulated PLGA-

polyelectrolyte NPs have strong potential applications for numerous controlled anticancer 

drug release applications.

Keywords: layer by layer, chitosan/alginate, poly(lactic-co-glycolic acid) nanoparticles, 

multilayer growth influencing factors, burst release, pH-dependent

Introduction
Cancer remains a major cause of death in the world, killing approximately 

570,000 people in the USA in 2011 alone.1 Over the past several decades, significant 

advancements have been made to understand cancer biology. However, most current 

anticancer agents lead to significant systemic toxicity and side effects (such as bone 

marrow suppression, cardiomyopathy, nephrotoxicity, neurotoxicity and multidrug 

resistance), which limits their clinical use.2

Recently, nanoscale drug delivery systems have been gaining in popularity. 

Entrapping drugs in nanocarriers can bypass the above impediments by modifying 

drug biodistribution and controlling drug release.3–5 Santhi et al demonstrated that 

methotrexate-loaded bovine serum albumin nanoparticles (NPs) caused a significant 

increase in drug distribution to the spleen, liver and lungs, in comparison to the drug 

power.6 Feng et al developed paclitaxel-loaded poly (lactic-co-glycolic acid) (PLGA) 

nanospheres to achieve prolonged drug release profiles and better therapeutic effects.7 

Moreover, NPs not only effectively protect drugs from ionic or enzymatic degradation, 

but also increase their efficacy and stability and decrease their toxicity.4,8
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PLGA copolymers are degraded in vivo by hydrolysis 

of the ester linkage to glycolic acid and lactic acid, which 

are then easily metabolized by the Krebs cycle and excreted 

as water and carbon dioxide.9,10 Owing to good biocompat-

ibility properties, biodegradability, nontoxicity, nonim-

munogenicity and sustained release properties, PLGA 

NPs have been widely used as drug delivery carriers for 

anticancer drugs.11–15 PLGA is approved by the Food and 

Drug Administration and the European Medicines Agency 

for various drug delivery systems for human applications.11 

Several drugs (including dexamethasone, 5-fluorouracil 

and paclitaxel) have been successfully incorporated into 

PLGA.16 In addition, PLGA-based nanomedicine products 

have been investigated in clinical trials.17,18 However, the 

obvious initial burst release phenomenon of PLGA NPs is 

unfavorable for anticancer drugs with significant systemic 

toxicity, thus indicating that drug release needs to be better 

controlled.19,20

Recently, some strategies to control initial drug burst 

release have received increasing attention. Adibkia et al 

demonstrated that naproxen–eudragit® RS100 NPs showed a 

slow drug release rate with reduced burst release compared to 

the free drug.21 Ud Din et al developed hydrogel-loaded 

solid lipid NPs for rectal administration of flurbiprofen to 

reduce the initial burst effect.22 Although these NPs could 

decrease the initial burst release to some degree, there were 

still some disadvantages, including the poor biodegradabil-

ity of these polymers, the use of surfactants and so on. In 

addition, the classical methods for controlling the release of 

drugs from PLGA particles are inconvenient, such as using 

various additives23,24 and preparing particles mixed with  

other polymers,25 limiting their wide application. Therefore, 

a simple and effective method is required for achieving lower 

initial drug burst release and well-controlled drug release 

from PLGA NPs.

Layer by layer (LbL) assembled NPs are promising 

strategies for incorporating polyelectrolytes onto the 

surfaces of nanocarriers to provide enhanced stability, 

cellular uptake, regulation of drug release and targeting 

capabilities,26–29 and have recently shown great value in 

gene and drug delivery.28,30–32 With multilayer alternative 

deposition of oppositely charged polyelectrolytes, drug-

loaded carriers and drug microcrystals could decrease 

initial drug burst release and sustain drug release.33–35 The 

release of several drugs, including dexamethasone, arte-

mesinin and ampicillin, has been prolonged by the use of 

LbL NPs.36–38 Although LbL self-assembly has been widely 

used recently to control initial burst release, research on the 

use of LbL for controlling drug release over a long period 

of time from NPs is limited. The elucidation of factors 

that influence multilayer growth on nanoscale particles 

is also largely absent, which plays an important role in 

multilayer growth.

In this study, multilayers of the bio-polyelectrolytes chi-

tosan (CHI) and alginate (ALG) were successfully deposited 

by LbL on the surface of doxorubicin-loaded PLGA NPs 

(DOX-PLGA NPs; Figure 1). Factors influencing the CHI/

ALG coating were investigated by monitoring the coating 

weight of the LbL multilayers, and the growth regime of 

the CHI/ALG multilayers on nano-colloidal particles was 

demonstrated as well. A systematic characterization of coated 

and bare NPs, including transmission electron microscopy 

(TEM), atomic force microscopy, zeta potential and X-ray 

diffraction (XRD), was performed here, and the effects 

of the different layers and medium pH on the controlled 

release of doxorubicin (DOX) were also studied. Finally, 

the in vivo antitumor efficiency and toxicity of DOX-loaded 

NPs were evaluated.

Materials and methods
Materials
DOX (99.41% purity) was purchased from HuaFeng United 

Technology Co. Ltd (Beijing, People’s Republic of China). 

PLGA 50:50 (molecular weight 15–20 kDa) was obtained 

from the Institute of Medical Instruments (Shandong, 

People’s Republic of China). ALG (200 MPa⋅s), CHI (molec-

ular weight 49 kDa) and fluorescein isothiocyanate (FITC) 

were purchased from Sigma Aldrich. FITC-labeled ALG 

(FITC-ALG) was synthesized as reported in the literature.39 

All other materials were of analytical grade.

Preparation of DOX-Plga NPs
DOX-PLGA NPs were prepared by the double water- 

in-oil-in-water (W
1
/O/W

2
) emulsion-solvent evaporation 

technique.40 Briefly, 0.25 mL of a 2 mg/mL DOX solution 

was emulsified in a mixture of dichloromethane (1 mL) and 

acetone (1 mL) containing 50 mg of PLGA by sonication 

Figure 1 scheme of the layer by layer self-assembly of chI (red) and alg (green) 
on poly (lactic-co-glycolic acid) nanoparticles (blue).
Abbreviations: alg, alginate; chI, chitosan.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1793

Plga nanoparticles coated with chitosan/alginate

for 15 min (100 W) in an ice bath. The resulting primary 

emulsion was added to 8 mL of 2% (w/v) Poloxamer188 

solution and was sonicated at 300 W for 10 min in an ice 

bath to form the double emulsion. The resulting double 

emulsion was diluted with a 0.3% Poloxamer188 aqueous 

solution and was stirred at 150 rpm for 4 h at room tem-

perature to evaporate the organic solvents. The NPs were 

collected by ultracentrifugation at 12,000 rpm for 20 min, 

and washed with distilled water repeatedly to remove the 

residual Poloxamer188 and excess DOX. The PLGA NPs 

were resuspended in solution with a DOX concentration of 

0.183 mg/mL for further study.

lbl self-assembly on DOX-Plga NPs
Polyelectrolyte multilayers of CHI and ALG were deposited 

on the DOX-PLGA NPs through LbL self-assembly in water. 

All factors influencing the LbL process were investigated 

and optimized as summarized in Table 1 (when the main 

factor was studied in the experiment and other factors were 

selected at level 3).

The first layer was deposited by adding 4 mL of a CHI 

solution (pH 3.5, 2 mg/mL) to 2 mL of DOX-PLGA NPs. 

The mixture was incubated under gentle shaking to allow 

for the adsorption of CHI onto the negatively charged NPs. 

Excess CHI was removed by three cycles of centrifuga-

tion (12,000 rpm, 10 min), washing and redispersing with 

water. The following FITC-ALG layer was deposited with 

an FITC-ALG solution (pH 6–8) and the processes of 

centrifugation/washing were performed as noted above. 

A bilayer coating was then finished. The two polyelectrolytes 

were deposited alternatively until the desired number of LbL 

coating layers was reached. Finally, the PLGA-polyelectrolyte 

NPs were redispersed in water.

To determine the adsorption time and the amount of 

adsorbed FITC-ALG on the PLGA NPs, the fluorescence 

intensity of the supernatant after adsorption was measured 

with an RF-5301 PC spectrofluorophotometer (Shimadzu 

Co. Ltd., Tokyo, Japan) at each end of the CHI/FITC-ALG 

adsorption cycle. The excitation wavelength was 495 nm and 

the emission wavelength was 515 nm.

characterization
Particle size and ζ-potential
Particle sizes and ζ-potential of DOX-PLGA NPs and CHI/

ALG-coated DOX-PLGA NPs after every layer of deposition 

were measured by laser light scattering (ZetaPlus; Brookhaven 

Instrument Corp., Holtsville, NY, USA) at a scattering angle 

of 90°C at 25°C. Each sample was measured in triplicate.

Transmission electron microscopy
TEM measurements for the coated and uncoated NPs were 

performed with a JEM-1010 electron microscope operating 

at an accelerating voltage of 80 kV. Samples were prepared 

by depositing the NP suspension on a copper grid. The 

suspension was then air-dried before all measurements.

Powder XrD measurement
Powder X-ray diffractograms of DOX, blank PLGA NPs, 

DOX-PLGA NPs with the physical mixture of DOX and 

blank PLGA NPs were obtained with an X-ray diffracto-

meter (D8 Advance, Bruker AXS). All samples were used 

with lyophilized powder. Typically, the diffractogram was 

recorded in the 2θ range of 3–40.

In vitro drug release
Triplicate samples of DOX-PLGA, DOX-PLGA (CHI/ALG)

1
, 

DOX-PLGA (CHI/ALG)
2
 and DOX-PLGA (CHI/ALG)

3
 NPs 

were respectively suspended in 1 mL of isotonic phosphate-

buffered saline (PBS; 0.05 M, pH 7.4) in a microcentrifuge 

tube. The samples were then incubated on a shaker at a 

fixed speed of about 100 rpm (SHY-2A, Jin Tan, People’s 

Republic of China) at 37°C. At defined time intervals, the 

NPs were centrifuged, the supernatant was removed, and 

fresh phosphate buffer was replaced. The concentration of 

each supernatant sample was measured by an ultraviolet 

spectrophotometer (Agilent 8453; Agilent Technologies, 

Santa Clara, CA, USA) at 480 nm. The cumulative per-

centage of the drug released in the first hour was expressed 

as the initial burst release. The time at which half of the final 

theoretically encapsulated drug released was expressed as 

the half release time (t
1/2

).

Table 1 Factors influencing the multilayer growth

Level Saturation adsorption  
time (min)

Polyelectrolyte  
concentration (mg/mL)

NaCl concentration  
(mol/mL)

Adsorption  
temperature (°C)

1 5 0.5 0 15
2 10 1 0.2 25
3 15 2 0.5 37
4 20 – – –
5 30 – – –
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Triplicate samples of DOX-PLGA (CHI/ALG)
3
 NPs 

were suspended in 1 mL PBS at different pH values (pH 7.4, 

pH 6.8 and pH 5.0) in a microcentrifuge tube, and other 

measurements were performed as described above.

In vivo study
animals
Male mice (4–6 weeks old, 20–25 g) bearing mouse sarcoma 

180 (S180) tumors were supplied by Origin Biosciences Inc. 

(Nanjing, People’s Republic of China). All studies were 

conducted in accordance with the principles of Labora-

tory Animal Care and were approved by the Department 

of Laboratory Animal Research at China Pharmaceutical 

University. The usage of animals was agreed upon by the 

China Pharmaceutical University Animal Management and 

Ethics Committee.

Antitumor efficacy of DOX-PLGA (CHI/ALG)3 NPs
The effect of the developed formulations on tumor growth was 

assessed by daily measurements of tumor size with a digital 

caliper. The mice were randomly divided into five groups with 

six males in each group and intravenously administered one 

of the following treatments through the tail vein: 1) saline 

(the control group), 2) blank PLGA NPs, 3) DOX solution, 

4) DOX-PLGA NPs and 5) DOX-PLGA (CHI/ALG)
3
 NPs 

with a DOX dose of 5 mg/kg on days 0, 2, 4 and 6.

After administration, the animals were monitored care-

fully, and the body weight and tumor size were measured 

at given time intervals. Tumor volumes were calculated as 

follows:

 V = a × b2/2, 

where a represents the length of the tumor and b represents 

the width.41

After 8 days of observation, the mice were sacrificed by 

cervical dislocation, and tumor inhibition rate was calculated 

by the equation:

 

TIR(%) %,= − ×1 100
W

W
treated

control











 

where W
treated

 and W
control

 are the average tumor weight of the 

treated group and the normal saline group, respectively, and 

TIR is the tumor inhibition rate.

statistical analysis
All the results were presented as mean ± standard deviation 

(SD) and were analyzed by one-way analysis of variance. 

Statistical significance was set at *P0.05 and **P0.01 

throughout the study.

Results and discussion
Preparation of DOX-Plga NPs
PLGA NPs with a DOX concentration of 0.183 mg/mL were 

successfully prepared. As shown in Table 2, the resulting 

colloidal solution was a translucent pale blue liquid with 

ζ-potential −30.5 mV. The particle size and the polydispersity 

index of DOX-PLGA NPs were 172.3±3.9 nm and 

0.156±0.002, respectively.

The XRD patterns are shown in Figure 2. DOX showed 

one intense peak at 2θ of 4.5° and numerous small peaks 

between 16.75° and 27° (Figure 2A). The XRD thermogram 

of DOX-PLGA NPs (Figure 2D) was similar to that of the 

blank PLGA NPs (Figure 2B), while the characteristic 

crystalline peaks of DOX disappeared in the NPs compared 

with the physical mixture of DOX and blank PLGA NPs 

(Figure 2C), indicating that DOX was encapsulated in DOX-

PLGA NPs successfully.

Factors affecting the growth of the 
chI/alg multilayer
saturation adsorption time
The same amounts of DOX-PLGA NPs and polyelectrolyte 

were added to each tube, and then the FITC-ALG of the 

supernatant was determined after 5, 10, 15, 20 and 30 min. 

The results are shown in Figure 3. Initially, the concentration 

of FITC-ALG decreased remarkably from 1.31 mg/mL at 0 

min to 0.47 mg/mL at 10 min, and then achieved a balance at 

20 min after centrifugation. It was found that the adsorption 

of polyelectrolyte on the colloidal particles reached a maxi-

mum after 20 min of incubation. Therefore, the following 

experiments were performed at this level (20 min).

effect of polyelectrolyte concentration
Three concentrations of FITC-ALG were used for (CHI/

ALG)
3
 deposition. Growth of the polyelectrolyte multilayer 

Table 2 Physicochemical properties of DOX-Plga NPs and 
chitosan/alginate-coated DOX-Plga NPs (n=3; mean ± standard 
deviation)

Sample Size  
(nm)

PDI Zeta potential  
(mV)

DOX-Plga NPs 172.3±3.9 0.156±0.002 −30.5±2.9
DOX-Plga (chI/alg)1 NPs 180.2±4.7 0.165±0.004 −42.2±3.2
DOX-Plga (chI/alg)2 NPs 189.6±5.9 0.172±0.006 −48.0±2.3
DOX-Plga (chI/alg)3 NPs 196.3±6.7 0.179±0.007 −43.3±3.9

Abbreviations: alg, alginate; chI, chitosan; DOX, doxorubicin; NPs, nano-
particles; PDI, polydispersity index; Plga, poly (lactic-co-glycolic acid).
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was monitored by determining the fluorescence intensity of 

the supernatant after each adsorption cycle of FITC-ALG. 

The results (Figure 4A) showed that the coating weight of 

the multilayer increased with increased concentration of the 

polyelectrolyte. This could be explained by a change in poly-

mer conformation. At low polyelectrolyte concentrations, the 

conformation of the absorbed chain was rather flat without 

irregular structure because each polyelectrolyte chain could 

adsorb on many binding sites.42 In contrast, there were not 

enough binding sites for polyelectrolyte chains and each could 

adsorb on just a few binding sites at high polyelectrolyte con-

centrations, which resulted in more polymer chains absorbed 

and an increase of the coating weight of the multilayer.42,43

Moreover, the intersection of the curves with 1 and 

2 mg/mL was probably due to the viscosity and film-forming 

properties of the polyelectrolyte.44,45 Initially, the growth rate 

of the multilayer with 2 mg/mL was very slow, which was 

limited by the high viscosity of the polyelectrolyte solution. 

After several adsorption cycles, the growth of the multilayer 

was more stable and regular with little effect of viscosity on 

polyelectrolyte adsorption. So, the growth of the multilayer 

increased with polyelectrolyte concentration, which was also 

verified by Voigt et al.46

During the coating process, irreversible particle aggrega-

tion occurred due to poor dispersion of the polyelectrolyte solu-

tion at concentrations beyond 2 mg/mL. Tan et al found that 

thicker multilayers could significantly reduce the burst release 

of the drug from a nanogel.47 In order to obtain a satisfactory 

release profile, 2 mg/mL of the polyelectrolyte was selected as 

the optimal concentration for subsequent experiments.

effect of Nacl concentration
During (CHI/ALG)

3
 deposition, growth of the polyelec-

trolyte multilayer was determined as described above. The 

θ

Figure 2 Power X-ray diffraction patterns of (A) DOX, (B) blank Plga NPs, (C) physical mixture of DOX and blank Plga NPs and (D) DOX-Plga NPs.
Abbreviations: cps, counts per second; DOX, doxorubicin; lin, linear; NPs, nanoparticles; Plga, poly (lactic-co-glycolic acid).
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results observed in Figure 4B revealed that with increasing 

NaCl concentration, the coating weight of the multilayer 

film increased, and a similar trend was also seen in the 

modifications of (CHI/ALG)
1
, (CHI/ALG)

2
 and (CHI/

ALG)
4
 for the PLGA NPs. This could be explained by the 

fact that ions in the solution can shield the charge from 

the long polymer chain and reduce repulsion between 

charged groups in polymer chains which became curled 

to form a thicker multilayer.48 Ye et al reported that the 

average thickness of the CHI/ALG multilayer was main-

tained when the added NaCl concentration exceeded 

0.5 mg/mL.49 In our experiment, it was also found that 

the coating weight profiles of the multilayer film became 

similar when the NaCl concentration was 0.5 mg/mL. 

Therefore, 0.5 mg/mL NaCl was chosen as the optimal 

condition in our study.

effect of temperature
Three temperatures were investigated when the CHI/ALG 

was deposited, as the growth of the polyelectrolyte multi-

layer was monitored. The findings (Figure 4C) suggested 

that the increase in temperature caused a gradual increase 

in the multilayer coating weight at two or more bilayers of 

PLGA NP, and that temperature had no significant influence 

on the multilayer coating weight of one bilayer of NPs. High 

temperature was supposed to increase the thermal motion of 

the polymer long chain, which improved the fluidity of the 

multilayer.47 Therefore, more polyelectrolytes can infiltrate 

into the layer, which increases the thickness of the film. The 

glass transition temperature of PLGA used in our study was 

about 45°C;50 therefore, the temperature was fixed at 37°C 

to avoid PLGA phase changes.

Figure 3 The relationship between the concentration of alginate and adsorption time.
Note: The excitation wavelength was set at 495 nm (n=3, mean ± standard deviation).

Figure 4 Relationship between the bilayer number and coating weight of the self-assembly film in (A) different polyelectrolyte concentrations, (B) different Nacl 
concentrations and (C) different temperatures (n=3; mean ± standard deviation).

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1797

Plga nanoparticles coated with chitosan/alginate

growth regime of chI/alg multilayer on three-
dimensional Plga NPs
As shown in Table 3, the fitting equations for growth curves 

at different polyelectrolyte concentrations, NaCl concentra-

tions (0) and adsorption temperatures were exponential, 

power and power, respectively, showing that the multilayer 

growth was asymmetrical. The asymmetrical-like growth 

behavior could be attributed to the lower charge density 

of bio-polyelectrolyte chains, resulting in weakened elec-

trostatic repulsion between charged segments and highly 

coiled conformations of polymer chains.46 The adsorption 

of highly coiled polymer chains led to a thicker multilayer 

with a rough surface. This result indicated that bio-polyelec-

trolyte multilayers on three-dimensional colloidal particles 

grew asymmetrically, which was similar to the results on 

two-dimensional silicon substrates.51,52 Compared with a 

bi-dimensional environment, three-dimensional colloidal 

particles could be used to investigate the coating process 

quantitatively by monitoring the coating weight of the LbL 

multilayers, which could reflect the film-forming process 

more accurately.

With these factors influencing multilayer growth and 

the asymmetrical-like growth of the CHI/ALG multilayers, 

the CHI/ALG coating could be adjusted to reduce a burst 

release and achieve a satisfied and sustained release of 

anticancer drugs.

characterization
Particle size and ζ-potential characterization
The particle sizes, polydispersity indexes and zeta potentials 

of DOX-PLGA NPs and CHI/ALG-coated DOX-PLGA 

NPs are presented in Table 3. The size and the polydisper-

sity index of DOX-PLGA (CHI/ALG)
3
 NPs prepared in 

optimal conditions were 196.3±6.7 nm and 0.179±0.007, 

respectively. With the coating of a polyelectrolyte, the sizes 

of the PLGA-polyelectrolyte NPs gradually increased. 

Figure 5 shows the ζ-potential as a function of the layer 

number of polyelectrolytes for the DOX-PLGA NPs coated 

with CHI/ALG layers. The value of ζ-potential for the first 

polyelectrolyte layer (36.4 mV) corresponds to the deposition 

of CHI, the second (−42.2 mV) corresponds to the deposition 

of ALG, the third (36.7 mV) corresponds to another layer of 

CHI and the fourth (−48.0 mV) corresponds to a new layer of 

ALG NPs. The obvious switching of ζ-potential indicated a 

successful self-assembly on the DOX-PLGA NPs, and there 

was no significant difference between the zeta potentials 

of the different bilayers of the PLGA NPs. Moreover, the 

negative surface charge also reflected the physical stability 

of the DOX-PLGA (CHI/ALG)
3
 NPs.

Morphology characterization
TEM was used to examine the morphology of the NPs. As 

seen in Figure 6, the DOX-PLGA NPs were found to be 

spherical and uniform with sizes of 150 nm (Figure 6A). 

With LbL self-assembly of CHI and ALG, a core–shell 

structure was observed, and the DOX-PLGA (CHI/ALG)
3
 

Figure 5 ζ-Potentials for chitosan and alginate-coated doxorubicin-poly (lactic-co-
glycolic acid) nanoparticles (n=3; mean ± standard deviation).

Table 3 The regression equations of the layer number and the coating weight (n=3; mean ± standard deviation)

Polyelectrolyte  
concentration (mg/mL)

NaCl concentration  
(mol/mL)

Adsorption 
temperature (°C)

Regression 
equation

Correlation 
coefficient (r2)

Growth 
pattern

0.5 y=0.2095e0.2132x 0.9859 exponential
1 y=0.2964e0.1459x 0.9238 exponential

2 y=0.1560e0.1750x 0.9960 exponential

0 y=0.7011e0.1972x 0.9872 exponential

0.2 y=0.0906x1.5379 0.9890 Power

0.5 y=0.0359x1.9426 0.9993 Power

15 y=0.4285x1.3053 0.9968 Power

25 y=0.4663x1.2094 0.9977 Power
37 y=0.3980x1.2481 0.9994 Power

Note: x, coating weight; y, layer number.
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NP periphery showed nonuniform polyelectrolyte ani-

somerous textures (Figure 6B). This phenomenon provided 

further proof of formation of polyelectrolyte multilayers 

and was a reflection of the nonuniform asymmetrical-like 

growth of the multilayer. Meanwhile, the average sizes of 

the DOX-PLGA NPs and DOX-PLGA (CHI/ALG)
3
 NPs, 

as preliminarily determined by dynamic light scattering 

(172.3±3.9 and 196.3±6.7 nm, respectively), were larger 

than those determined from TEM images (118.7±7.3 and 

179.4±4.2 nm, respectively). This could be attributed to the 

fact that the intensity of the scattered light is proportional to 

the sixth power of the droplet size, and dynamic light scat-

tering overdepends on larger size fractions.53

In vitro drug release
effect of different layer numbers on the drug release
The in vitro release behavior of DOX from the NPs with 

different bilayers was investigated. As shown in Figure 7 

and Table 4, the initial burst release was obviously reduced, 

compared with the bare DOX-PLGA NPs. The release rate and 

release percentage of DOX decreased with an increase of CHI/

ALG layer numbers on the surface of the NPs. With CHI/ALG 

coating, the initial burst release from the DOX-PLGA (CHI/

ALG)
3
 NPs was reduced from 55.12% to 5.78%, while the half 

release time (t
1/2

) was prolonged from 0.78 to 61.58 h, which 

could be attributed to the increased layer thickness that made 

DOX hard to permeate. Zhou et al developed poly (acrylic 

acid) and polyethyleneimine-coated PLGA NPs, and it was 

also found that the more layers, the slower the drug release 

rate.54 Based on the above results, it could be concluded that 

polyelectrolyte multilayers coated on NP surfaces can not only 

prolong drug release time, but also relieve initial burst release, 

which may decrease systemic adverse reactions toward drug 

resistance, diminish their toxicity and improve their thera-

peutic efficacy. In comparison to common PLGA NPs, based 

on these results, DOX-PLGA (CHI/ALG)
3
 NPs may present 

higher safety profiles and better antitumor efficacy.

effect of medium ph on the release of DOX-Plga 
(chI/alg)3 NPs
Figure 8 and Table 5 show the release behavior of DOX-

PLGA (CHI/ALG)
3
 NPs for different values of isotonic PBS 

(pH 5.0, pH 6.8 and pH 7.4). A significant decrease in half 

Figure 6 TeM images of (A) bare doxorubicin-poly (lactic-co-glycolic acid) nano-
particles and (B) core–shell particles with (chitosan/alginate)3.
Abbreviation: TeM, transmission electron microscopy.

Figure 7 Release profiles of bare DOX-PLGA NPs and DOX-PLGA NPs coating 
with different bilayer numbers of chI/alg in ph 7.4 buffer at 25°c (n=3; mean ± 
standard deviation).
Abbreviations: alg, alginate; chI, chitosan; DOX, doxorubicin; NPs, nano-
particles; Plga, poly (lactic-co-glycolic acid).

Table 4 effect of bilayer number on DOX release (n=3; mean ± 
standard deviation)

Bilayer  
number

Initial burst  
release (%)

Release half  
time (h)

Release accumulative  
percentage (%)

0 55.12±2.91 0.78±0.02 99.57±2.27
1 17.40±0.63a 21.23±2.23a 99.25±1.98
2 9.43±0.75b 42.78±2.51b 98.53±1.31
3 5.78±0.96b 61.58±2.23c 97.00±1.40

Notes: aP0.05 compared with DOX-Plga NPs without bilayer numbers; bP0.01 
compared with DOX-Plga NPs without bilayer numbers; cP0.001 compared with 
DOX-Plga NPs without bilayer numbers.
Abbreviations: DOX, doxorubicin; NPs, nanoparticles; Plga, poly (lactic-co-
glycolic acid).

Figure 8 Release profiles of doxorubicin-poly (lactic-co-glycolic acid) (chitosan/alginate)3 
nanoparticles in different ph media at 25°c (n=3; mean ± standard deviation).
Abbreviation: PBs, phosphate-buffered saline.
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release time (t
1/2

) and an increase in the release rate of DOX 

were observed at a decreased medium pH, from a t
1/2

 of 61.58 h 

at pH 7.4 to 20.5 h at pH 5.0, similar to earlier reports.55,56 

This could be attributed to the fact that DOX, a basic drug, had 

a strongly pH-dependent solubility with decreased solubility at 

basic pH values, and the medium with low pH could facilitate 

drug release.57 In addition, acidic conditions are conducive to 

enhancing the hydrolysis of the ester bonds in the polymer 

chains, resulting in the degradation of the polymer and further 

acceleration of DOX release.58 Typically, the environment of 

stromal cells in the tumor tissue is weakly acidic (pH 7), 

while the pH of endosomes and lysosomes in tumor cells is 

even lower (pH 4–6).59–65 These results indicated that there 

would be superiority of antitumor therapy to some degree and 

DOX-loaded PLGA-polyelectrolyte NPs would be appropri-

ate for antitumor therapy in acidic tumor environments.

In vivo antitumor efficacy
To confirm the antitumor potential of DOX-PLGA (CHI/

ALG)
3
 NPs in vivo, the antitumor efficiency was evaluated 

in S180 tumor-bearing mice.66 As shown in Figure 9A, 

all DOX formulations effectively inhibited tumor growth, 

Table 5 effect of medium ph on drug release from doxorubicin-
poly (lactic-co-glycolic acid) (chitosan/alginate)3 nanoparticles (n=3; 
mean ± standard deviation)

pH Initial burst  
release (%)

Half release  
time (h)

Release  
percentage (%)

5.0 11.42±0.33 20.50±0.49 95.92±1.34
6.8 7.97±0.67 46.00±1.29 94.65±1.39
7.4 5.78±0.96a 61.58±2.23a 92.66±1.76

Note: aP0.05 compared with ph 5.0.

compared with the saline group and blank PLGA NPs 

(P0.01). Among all groups, DOX-PLGA (CHI/ALG)
3
 NPs 

exhibited the greatest tumor growth inhibition, followed by 

DOX-PLGA NPs and the DOX solution, and a significant 

difference was found between DOX-PLGA (CHI/ALG)
3
 NPs 

and DOX-PLGA NPs (P0.05). Moreover, tumor inhibition 

rates for the different treatments based on tumor weights 

(Table 6) were in agreement with the results of the tumor 

volume experiment. DOX-PLGA (CHI/ALG)
3
 NPs exhibited 

the best antitumor efficiency (83.17%), followed by DOX-

PLGA NPs (61.35%) and DOX solution (23.77%). CHI and 

ALG could increase the hydrophilicity of the PLGA NPs, 

which shields the NPs from clearance by the mononuclear 

phagocytic system/reticuloendothelial system. In addition, 

the enhanced permeability and retention affect has the abil-

ity to passively target NPs to the tumor sites.67,68 NPs with 

particle sizes of 20–200 nm tend to concentrate in tumors by 

the enhanced permeability and retention phenomenon.69,70

In order to estimate the in vivo toxicity of the DOX 

formulations, the body weight of the mice was measured. 

Obvious body weight loss after drug administration is usu-

ally associated with drug toxicity. As presented in Figure 9B,  

there was a significant decrease in body weight for the 

DOX solution treated group (16.67%). However, this 

phenomenon was not found after administration of the 

DOX-PLGA (CHI/ALG)
3
 NPs, indicating that DOX-PLGA 

(CHI/ALG)
3
 NPs could significantly decrease the toxicity 

of the free DOX and could be well tolerated at the tested 

dose level (5 mg DOX/kg). It could be easily envisioned 

that the lower drug burst release decreased toxicity. The 

integrated results verified that the DOX-PLGA (CHI/

ALG)
3
 NPs were much safer and could effectively improve 

Figure 9 (A) In vivo antitumor efficacy of DOX solution, DOX-PLGA NPs, DOX-PLGA (CHI/ALG)3 NPs, blank Plga NPs and saline on s180 tumor-mice following 
i.v. administration (dose =5 mg/kg; n=6; mean ± sD). (B) changes in body weight of tumor-bearing mice with time after i.v. administration (dose =5 mg/kg; n=6; mean ± sD).
Notes: *P0.05; **P0.01.
Abbreviations: alg, alginate; chI, chitosan; DOX, doxorubicin; i.v., intravenous; NPs, nanoparticles; Plga, poly (lactic-co-glycolic acid); sD, standard deviation.
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Table 6 Tumor weight and tumor inhibition rate of normal saline 
and different DOX formulations on s180 tumor-bearing mice 
(n=6; mean ± standard deviation)

Groups Tumor  
weight (g)

Inhibition  
ratio (%)

saline 2.6012±0.5402
DOX solution 1.9827±0.3217 23.77
DOX-Plga NPs 1.0054±0.3306a 61.35a

DOX-Plga (chI/alg)3 NPs 0.4378±0.2567b,c 83.17b,c

Notes: aP0.05 compared with the saline group; bP0.01 compared with the saline 
group; cP0.05 compared with DOX-Plga NPs group.
Abbreviations: alg, alginate; chI, chitosan; DOX, doxorubicin; NPs, nano-
particles; Plga, poly (lactic-co-glycolic acid).

antitumor efficacy, compared with the DOX solution and 

the DOX-PLGA NPs.

Conclusion
DOX-PLGA NPs coated with CHI and ALG were success-

fully prepared by the LbL self-assembly process, and factors 

influencing the multilayer growth on the PLGA NPs were 

investigated. DOX-PLGA NPs sized below 200 nm were 

formed. The undesired initial burst release of DOX was 

significantly reduced from 55.12% to 5.78% through the 

LbL approach, and the half release time (t
1/2

) increased from 

0.78 to 61.58 h with increasing layer number. Meanwhile, 

the NPs coated with CHI and ALG showed pH-dependent 

characteristics and the release of DOX increased with a 

decrease in medium pH. Compared with the DOX solu-

tion and DOX-PLGA NPs, DOX-PLGA (CHI/ALG)
3
 NPs 

exhibited a superior in vivo tumor inhibition rate of 83.17% 

and decreased toxicity.

To conclude, PLGA NPs coated with CHI/ALG by 

LbL is a novel and effective approach to minimize initial 

burst release, sustain release of DOX and decrease toxicity. 

These findings indicate that PLGA-polyelectrolyte NPs have 

potential numerous applications for controlled anticancer 

drug release.
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