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Abstract Nanoparticles based on an amphiphilic copolymer with polylactic acid

(PLA) grafted onto hyperbranched polyglycerol (HPG) were prepared by the use of

BSA as a model protein. The characteristics of the nanoparticles were evaluated

using particle size analyzer, transmission electron microscopy, and X-ray photo-

electron spectroscopy. The secondary structure of BSA released from nanoparticles

were analysed by circular dichroism experiments. Cell viability of nanoparticles

was also evaluated by using NIH 3T3 cells. The mechanism of BSA release was

studied by fitting experimental data to three model equations. Results indicated that

BSA diffusion and the polymeric relaxation jointly governed the overall release

process. The detailed analysis of BSA release was performed using the first-order

kinetic model equation, which gave a good fit to the experimental release data. The

influence of different copolymer structures and BSA loading capacities on release

profiles were also evaluated for the potential of using nanoparticles as controlled

release protein delivery systems.

Keywords Amphiphilic copolymer � Biocompatibility � Biomacromolecule �
Kinetics � Mathematical model

Introduction

Recently, substantial research efforts have focused on formulating therapeutic

agents in biodegradable and biocompatible vehicles for controlled release of
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biomacromolecules [1]. Polylactic acid (PLA)-based nanoparticles are attractive

macromolecular carriers because of their biocompatibility, biodegradability, and

non-toxicity [2–5]. Hyperbranched polyglycerol (HPG) is a highly branched

macromolecule that, because of its hydrophilicity, modifiable surface and lower

viscosities, has attracted increasing attention [6]. Although HPG is irregularly

shaped and not perfectly symmetrical like dendrimers, it can be prepared in a single,

one-pot reaction [7]. During the last years, many star polymers with multifunctional

core and a number of linear PLA arms had been synthesized and some had even

been used as nanocarriers for encapsulating guest molecules [8, 9]. However, the

synthesis of those multi-arm star block copolymers was using multifunctional

initiators for the directly catalyzed polymerization of hydrophobic monomers.

Furthermore, in these amphiphilic architectures, the core was hydrophilic and the

shell was hydrophobic. Here, the PLA-functionalized HPG was prepared and

physicochemically characterized with the prospect of its application as a controlled

protein delivery system.

However, difficulty achieving desired release rate is an important limitation in

controlled protein delivery. Many factors, as the copolymer structure and loading

capacity, have significant effects on the protein release mechanism [10], which can

potentially be varied to design a controlled protein delivery system with desired

release profiles. A great amount of work has gone into mathematical modeling to

predict protein release characteristics or to provide insight into the fundamental

processes that govern the release profile of biomacromolecules [11–15]. Once the

mathematical models validate with experimental data, it may be helpful to

manufacture a controlled drug delivery system with specified drug release profile.

Therefore, it is necessary to derive a mathematical model suitable for establishing a

quantitative relationship between the formulation variables.

In the work, BSA-loaded nanoparticles were prepared by nanoprecipitation

method and the release profiles of the protein from nanoparticles with different

copolymer structures and loading capacities were investigated. Based on the

experimental results, mathematical models were proposed to predict protein release

mechanism from nanoparticle populations. With the aid of different parameters

from the most appropriate model, the release of the protein was discussed in detail.

The results obtained lead us to the conclusion that hyperbranched polyglycerol–

polylactic acid (HPG–PLA) nanoparticles can be successfully used as a carrier for

controlled release of biomacromolecules.

Experimental

Materials

PLA with different molecular weights (12, 21, 40 and 60 kDa) were purchased from

Shenzhen Bright China Industrial Co., Ltd. (Shenzhen, China). Glycidol was bought

from Shenyang Gold Jyouki Technology Co., Ltd. (Shenyang, China). N,N’-

Dicyclohexycarbodiimide (DCC) and 1-hydroxybenzotrizole (HOBt) were purchased

from J&K-Acros Chemical Ltd. without further purification. N,N-dimethylformamide
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(DMF) and 1,2-ethylenediamine (EDA) were freshly distilled with anhydrous

magnesium sulfate and sodium sulfate, respectively. BSA was obtained from Junyao

Weiye Biochemical Co., Ltd. (Peking, China). All other chemicals were of

analytical grade.

Synthesis and characterization of the copolymers

HPG was prepared by the anionic polymerization of glycidol in the presence of

alkoxides [7]. The number average molecular weight of the product was about

6 kDa, which was measured by gel permeation chromatography (GPC) using a

Viscotek system (Viscotek, USA). The Guinier radius of HPG was measured by

small angle X-ray scattering method (SAXS) and performed using SAXS

equipment (Bruker Nanostar). The amphiphilic copolymers were synthesized by

a typical coupling reaction of PLA chains onto amino-modified HPG (HPG–NH2)

in the existence of coupling agents DCC and HOBt in DMF as shown in Fig. 1.

Take the synthesis of HPG–PLA21 (with the molecular weight of PLA 21 kDa,

PLA21 for short) for example, briefly, DCC (0.4 mmol) and HOBT (0.4 mmol)

were added to 50 mL cooled DMF solution (0 �C) of PLA21 (0.2 mmol). HPG–

NH2 (0.6 mmol) was added portion-wise to the above solution. The solution was

stirred at 0 �C for another 2 h, then the mixture was warmed up to room

temperature and continued stirring under N2 for 5 days, and then solid

dicyclohexylurea (DCU) by-product was filtered out. The filtrate was diluted

with DMF to the product concentration of around 1% and then fractioned with

deionized water carefully. The second fraction was regarded as the principal

component of the product (HPG–PLA21) [10, 16, 17].

The molecular weights and the polydispersities of the copolymers were measured

by GPC, using a Waters system (Waters, USA). The structure of the copolymer was

confirmed by 1H NMR and FTIR.

Fig. 1 Synthesis route of HPG–PLA
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Design and characterization of the copolymer nanoparticles

Preparation of nanoparticles

Nanoparticles were prepared according to the nanoprecipitation (NP) method as

described previously [17, 18]. Briefly, HPG–PLA was dissolved in 1.5 mL of

DMF at the concentration of 5 mg/mL and a certain amount of BSA was

dissolved in 24 mL purified water. Finally, HPG–PLA solution was added

dropwise to the aqueous phase (BSA solution) under stirring for 5 h. The mixture

solution was then transferred into a dialysis membrane (10 kDa cutoff), and

dialyzed against 5000 mL of distilled water for 24 h at 4 �C. Nanoparticles were

obtained by centrifugation at 20,000 rpm for 30 min, lyophilized overnight, and

stored at 4 �C for further use.

Characterization of nanoparticles

Transmission electron microscopy (TEM) was performed on a Philips EM400ST to

observe the morphologies of the copolymer nanoparticles. A drop of nanoparticles

was placed onto a 200-mesh copper grid and allowed to equilibrate. After the

deposition of nanoparticles, water was allowed to be removed with a filter paper

from the grids at room temperature before loaded in the microscope.

A dynamic light scattering particle size analyzer (Brookhaven, INNDVO300/

BI900AT) was used to determine the hydrodynamic radii and polydispersities of

nanoparticles at 37 �C. The analysis was carried out with He–Ne laser light of fixed

wavelength (636 nm) at 90� using samples appropriately diluted with filtered water.

All samples were analyzed in triplicate.

The surface chemical compositions of freeze-dried nanoparticles (blank and

BSA-loaded) were analyzed by X-ray photoelectron spectroscopy (XPS). The XPS

measurements were performed on a PEKIN ELMER PHI 1 600 spectrometer using

an Mg Ka X-ray source. All binding energies were referenced to the C1s

hydrocarbon peak at 284.8 eV.

The zeta-potential of BSA-loaded nanoparticles was measured using a Zeta

potential meter (Zetasizer 3 000HS, Brookhaven) at 37 �C. The samples were

prepared with double distilled water to ensure low ionic strength. All samples were

analyzed in triplicate.

Water uptake and residual mass experiments were carried out as follows: 20 mg

nanoaparticles was dried to a constant weight in vacuo and immersed in phosphate

buffer saline (PBS, 0.1 M, pH 7.4) at 37 �C. On the 4th day, the sample was taken

out from PBS, washed rapidly with ethanol 95% and blotted off carefully in

between sheets of tissue paper to remove the surface-adhered liquid [14]. And then

the sample was weighed on an electronic microbalance (AE 240, Mettler,

Switzerland) to an accuracy of ±0.01 mg. The percentage of equilibrium water

uptake was calculated as follows:

Water uptake %ð Þ ¼ Ww �Wdð Þ=Wd � 100% ð1Þ
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where Ww was the weight of the wet sample, and Wd was the initial weight of the

sample. Then, the sample was dried in vacuo to a constant weight. The residual

mass was calculated according to the following formula:

Residual mass %ð Þ ¼ Wc=Wi � 100% ð2Þ

where Wi and Wc represented the initial weight of the sample and that of constant

weight after dried on the fourth day, respectively. All samples were analyzed in

triplicate, and the error bars in the plot were the standard deviation.

The BSA loading capacity (LC) was measured according to the previous report

[19] and calculated as follows:

LC %ð Þ ¼ The mass of total BSA� The mass of free BSA

The mass of nanoparticles
� 100% ð3Þ

the amount of free BSA in the supernatant was measured by the Bradford method

using a UV spectrometer (Shimadzu UV-2550) at 595 nm [20]. All samples were

analyzed in triplicate, and the error bars in the plot were the standard deviation.

Cell viability was evaluated by using NIH 3T3 cells. The cell line was cultured in

Dulbecco’s modified Eagle’s medium (DMEM, pH 7.4) in a humidified atmosphere

(5% CO2/95% O2). The cells were seeded into 96-well plates at 10,000 cells per

well. The plates were then returned to the incubator, and the cells were allowed to

grow to confluence for 72 h. The blank nanoparticle solutions were diluted with

culture medium to give suitable concentrations for further use. Then the media in

the wells were replaced with the pre-prepared culture medium–sample mixture

(200 lL). The plates were then returned to the incubator and maintained in 5% CO2

at 37 �C for 72 h. Each sample was tested using three replicates per plate. After

incubation, the culture medium and 20 lL of MTT solution were used to replace the

mixture in each well. The plates were then returned to the incubator and incubated

for a further 4 h in 5% CO2 at 37 �C. The culture medium and MTT were removed.

Isopropanol (100 lL) was then added to each well to dissolve the formazane

crystals. The plate was placed in 5% CO2 at 37 �C for 10 min and for 15 min at

6 �C before measurement. The optical density was read on a microplate reader at

492 nm. Cell viability was determined as a percentage of the positive control. Cells

untreated with the solution of blank nanoparticles were used as the positive control

and their viability was set to 100%. Each experiment was performed in triplicate and

the results were reported as mean standard deviation. The cell viability in each well

was calculated as follows:

Cell viability %ð Þ ¼ Average optical density values in experimental groups

Average optical density values in the control groups
� 100% ð4Þ

Statistical data analysis was performed using the paired t test with SPSS statistical

software (version 15.0). All tests were conducted with 95% confidence intervals and

significant differences were identified when the level of significance was less than

0.05 (p \ 0.05). Comparisons described as ‘‘no significant difference between

groups’’ were based on a level of significance greater than 0.05 (p [ 0.05).
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Circular dichroism (CD) spectra were recorded on a Jasco-715 Spectropolarim-

eter (JASCO, Tokyo, Japan) at 37 �C under a constant flow of nitrogen gas.

Typically a cell with a 1 mm path length was used for spectra recorded between 190

and 260 nm with sampling points every 0.1 nm. The spectra represented the average

of 8–20 scans and CD intensities were expressed in mdeg.

In vitro protein release

Protein release studies were conducted with various HPG–PLA copolymer

nanoparticles. 20 mg of protein-loaded nanoparticles was immersed in 5 mL of

PBS (0.1 M, pH 7.4) and incubated at 37 �C under horizontal shaking. At

predetermined time points, the sample was centrifuged at 20,000 rpm for 30 min.

100 lL supernatant was withdrawn and the sample was replenished by another 100

lL fresh buffer solution. The amount of free BSA in the 100 lL supernatant was

determined by the Bradford method [21]. In each experiment, the sample was

analyzed in triplicate and the error bars in the plot were the standard deviation.

Mathematical analysis of the protein release mechanism

In order to study BSA release mechanism from different molecularly designed

HPG–PLA copolymers, three models were considered to fit the experimental release

data.

Model 1 is described by the well-known Ritger–Peppas equation [22], which is a

more comprehensive, but still very simple, semi-empirical equation:

Mt=M1 ¼ KRPtn Mt=M1 � 60%ð Þ ð5Þ

where Mt/M? is the fractional drug release, KRP is a constant indicating structural and

geometric characteristics [15], t is the release time and n is the release exponent that is

related to protein release mechanism. The equation can be seen as a generalization of

the observation that superposition of two apparently independent mechanisms of drug

transport, a Fickian diffusion and a case-II transport [23]. For spherical matrices, when

n B 0.43, the protein release mechanism was Fickian diffusion. When n [ 0.85, super

case II type of drug release occurred. When the value of n was between 0.43 and 0.85,

non-Fick (anomalous) release was observed [24].

Model 2 was proposed by Peppas–Sahlin equation [25]:

Mt=M1 ¼ K1t0:5 þ K2t ðMt=M1 � 95%Þ ð6Þ

the first term represented the contribution of Fickian diffusion and the second term

was the relaxational contribution.

Model 3 [26–28] could be expressed as follows:

Mt=M1 ¼ a1 1� exp �k1tð Þð Þ þ a2 1� exp �k2tð Þð Þ ð7Þ

where k1 and k2 were the first-order release rate constants, a1 and a2 meant the

percentage of BSA located on the out layer and entrapped inside the nanoparticles,

respectively. This model is appropriate for the protein release data here as described

below.
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To find out the models with different numbers of parameters that described the

data properly, the adjusted coefficient of determination (R2
adjusted) was obtained. It

could be defined as:

R2
adjusted ¼ 1� n� 1ð Þ 1� R2

� �
= n� pð Þ ð8Þ

where n was the number of experimental data points, p was the number of

parameters in the model and R2 was the coefficient of determination. The model that

best explained the data was the one that showed the highest adjusted coefficient of

determination [29].

Results and discussion

Synthesis and characterization of the copolymers

The conjugation of the peptide or other amide bond has been intensively studied in

recent years [30, 31]. The coupling reaction of the free amino group with the free

carboxylic group could take place efficiently upon treatment with DCC [32, 33] as

shown in Fig. 1.

In order to obtain the coupled product as one PLA chain grafting onto one HPG

molecule, an excess of HPG–NH2 should be used in the reaction. The character-

ization data of the copolymers are summarized in Table 1. GPC chromatography

(Fig. 2) exhibited that only one GPC peak appeared and the polydispersity index of

molecular weight remained to be equal or lesser than 1.6. This confirmed that one

single PLA chain was coupled to a HPG molecule.

The structure of the block copolymer was characterized with 1H NMR in DMSO.

Methyl and methine protons of the PLA segments give peaks at 1.5 and 5.2 ppm,

respectively. Peaks from 3.3 to 3.7 ppm are assigned to the protons on the

methylene and methine groups of HPG [7].

The FTIR spectrum of HPG–PLA21 is shown in Fig. 3c as described previously

[17]. The absorption at 1665 cm-1 is attributed to the stretching vibration of

carbonyl C=O in the amide bond of the copolymer, while an absorption band at

1526 cm-1 is assigned to the N–H bending vibration of a secondary amide [34–36].

Typical absorptions of PLA can be found in Fig. 3c. The peak at 1759 cm-1 is

assigned to the stretching of C=O in the terminal carboxyl and that at 3508 cm-1 to

Table 1 The copolymers prepared with HPG and PLA

Material PLA (kDa) Mn (kDa) Mw/Mn Yield (%)

HPG–PLA12 12 18 1.3 57

HPG–PLA21 21 27 1.4 53

HPG–PLA40 40 44 1.6 52

HPG–PLA60 60 65 1.3 63

The ratio of PLA to HPG (mol/mol) is 1:3. The number average molecular weight of HPG is about 6 kDa

and Mw/Mn is about 2.27, the Guinier radius of HPG is about 4.5 nm
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the terminal hydroxyl group. The absorptions at 1383 and 1455 cm-1 result from

the bending of –CH–, while the peaks at 2945 and 2996 cm-1 are due to the

stretching of –CH– and –CH3 [37]. Typical absorptions of HPG (Fig. 3a) can also

be found in Fig. 3c. Absorption at 3366 cm-1 result from the stretching of –OH

while peaks at 2876 cm-1 are due to the stretching of –CH–. The peak at

1065 cm-1 is due to the stretching vibration of C–O–C [17]. These results confirm

that the copolymer is successfully synthesized.

Physicochemical characterization of HPG–PLA nanoparticles

Residual mass and water uptake

The experimental data of residual mass and water uptake of HPG–PLA nanopar-

ticles are shown in Fig. 4. When HPG content increased from 9.4 to 33.3% in the

copolymer, water uptake increased from 32 to 71%. Namely, when the content of

Fig. 2 Gel permeation
chromatograms of the
copolymers with different
molecular weights. (a) HPG–
PLA60, (b) HPG–PLA40,
(c) HPG–PLA21,
and (d) HPG–PLA12

Fig. 3 FTIR spectra of
(a) HPG alone, (b) PLA,
and (c) HPG–PLA21
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HPG segment in the copolymer increased, the nanoparticles became more

hydrophilic and could uptake more water. This may be induced by the introduction

of hydrophilic hyperbranched HPG, which can bring more channels for water

molecules to penetrate into the matrix. Such a hydrophilic character of the HPG–

PLA can be helpful to preserve the stability of a protein after it is entrapped into the

copolymer nanoparticles [38]. However, during the 4 days, no significant degra-

dation could be observed for all samples. The degradation rate of PLA segment was

quite low as shown in Fig. 4. It suggests that the protein release may not be an

erosion control process.

Morphology of the nanoparticles

The morphology of the nanoparticles (HPG–PLA 21, LC is 12.3%) is shown by the

TEM image in Fig. 5, which all present spherical shapes and no aggregation occurs

among the nanoparticles. However, the diameter observed in TEM was a little

smaller than that detected on the particle size analyzer (Table 2). Because the

nanoparticles for the TEM observation were air-dried and those for the detection of

the hydrodynamic diameter were in the aqueous medium, the outer water-solvated

layer of the air-dried nanoparticles would be thinner so that the smaller diameter

was displayed on the TEM [38].

XPS analysis and zeta-potential experiment

XPS is one of very powerful tools for understanding the content of elements and the

adsorption of various corresponding materials on nanoparticles surface. The surface

chemical compositions of blank (HPG–PLA 21) and BSA-loaded nanoparticles

(HPG–PLA 21, LC is 12.3%) were analyzed by XPS. The chemical composition

percent of sulfur on the surface of blank nanoparticles was 0%. However, 0.4% of

sulfur atoms could be found on the surface of BSA-loaded nanoparticles. The

Fig. 4 Residual mass and water uptake of HPG–PLA in 4 days
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detection of 0.4% sulfur means that a portion of protein locate on the surface of

nanoparticles, since sulfur atoms are typical atoms presented in BSA as –S–S– and

free sulphydryl. XPS results reveal that there is some adsorption of BSA on the

surface of nanoparticles.

Fig. 5 TEM micrograph of BSA-loaded HPG–PLA21 nanoparticles

Table 2 The influence of processing factors on LC and particle size using nanoprecipitation technique

NPs made with BSA used initially in

aqueous phase (mg)

LC (%) Average diameter

(nm)

Polydispersity

index

HPG–PLA12 0 – 128.3 ± 1.6 0.132

5.0a 9.1 ± 0.6 163.3 ± 1.5 0.139

HPG–PLA21 0 – 151.4 ± 1.2 0.085

1.0 4.6 ± 0.9 186.0 ± 2.0 0.143

5.0a 12.3 ± 0.7 173.2 ± 1.3 0.094

10.0 13.7 ± 1.2 167.8 ± 2.4 0.196

20.0 13.9 ± 1.4 – –

HPG–PLA40 0 – 187.9 ± 2.8 0.201

5.0a 15.5 ± 1.1 204.2 ± 2.9 0.213

HPG–PLA60 0 – 263.5 ± 2.7 0.200

5.0a 17.8 ± 1.3 287.4 ± 3.1 0.247

HPG–PLA used initially: 5 mg; aqueous phase: 8 mL; organic phase (DMF): 1 mL.

a 5 mg BSA was used initially in the aqueous phase and other conditions were the same as shown in

Table 2
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The surface charge of blank nanoparticles (HPG–PLA 21) is positive

(?20.75 ± 2.1 mV). The positive surface charge of blank nanoparticles is probably

due to the ionization of HPG-NH2 at the particle surface in aqueous solution. In the

copolymer, hydrophilic segment HPG-NH2, could exist in the ionic form of HPG–

NH3
? in aqueous medium. However, the zeta potential value of BSA-loaded

nanoparticles (HPG–PLA 21, LC is 12.3%) was about -24.23 ± 1.4 mV, which

was close to that of BSA alone in aqueous solution (-26.49 ± 2.2 mV). This may

be because the protein acts as a surfactant to stabilize the nanoparticles by acting as

a steric barrier on the surface of nanoparticles. As a consequence, the absolute value

of the zeta potential of BSA-loaded nanoparticles was high, which increased the

corresponding electrostatic repulsion between the nanoparticles and was in favor of

the stability of nanoparticles.

The particle size and LC of the nanoparticles

The particle size, polydispersity index, and LC data are shown in Table 2.

Nanoparticles had a size in the range of 128 to 287 nm. The particle size decreased

with decreasing molecular weight of the copolymers. The higher Mn of PLA

segments contributed to the viscosity increase of copolymer solution, which could

result in particle size increase [10]. At the same time, HPG–PLA with longer

hydrophobic segment could effectively retard the leak of BSA through hydrophobic

interactions, which was in favor of enhancing LC.

In order to investigate the effect of BSA concentration in the initial aqueous

phase on particle size and LC, nanoparticles made with HPG–PLA21 were prepared

with different BSA concentration in the initial aqueous phase (0.125, 0.625,

1.25 mg/mL). An increasing of BSA concentration from 0.125 to 1.25 mg/mL

resulted in particle size decrease slightly. As a model protein, BSA can be absorbed

on the surface of the nanoparticles, which has been demonstrated by XPS and zeta-

potential experiments. So, the decrease of the particle size might result from the

reduced collision frequency between droplets because of the electrostatic repulsion

and steric hindrance effects of BSA on the surface of the nanoparticles. As expected,

an increasing of BSA concentration induced LC increase. However, the increase in

LC with BSA concentration in the aqueous phase does not seem to be linear. This

may be because the more BSA has been already entrapped in the nanoparticles, the

stronger diffusion drive there is to release them out. So, it would be more difficult to

entrap added BSA into nanoparticles as an increasing of BSA concentration in the

matrices.

Cell viability

Proteins can be deactivated by the hydrophobicity of PLA when they are

encapsulated in the nanoparticles [10, 39]. Therefore, it was important in the

present project to verify the innocuous nature of the copolymer nanoparticles. A

series of experiments were performed to evaluate the potential toxicity of the HPG–

PLA nanoparticles.
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Figure 6 shows the results of cytotoxicity measurements of the samples analyzed

by the MTT method in the NIH 3T3 cell line. As shown in Fig. 6a, it was found that

the cell viability of NIH 3T3 cells was maintained around 100% cultured with

different copolymer nanoparticle solutions for 72 h. It was also found that the cell

viability of NIH 3T3 cells was maintained over 90% with different concentrations of

HPG–PLA21 nanoparticles solutions for 72 h (Fig. 6b) and no significant toxicity

was showed with an increase of the concentration. Namely, the cytotoxicity is 0 or 1

grade according to the test standard of USP [40], meaning that the materials have no

Fig. 6 a Cell viability assay in NIH 3T3 cell line treated with 50 lg/mL concentration of HPG–PLA12,
HPG–PLA21, HPG–PLA40, and HPG–PLA60 nanoparticle solutions. b Various concentrations of HPG–
PLA21 nanoparticles: 50, 100, 150 and 200 lg/mL. Cell viability was determined by the MTT assay and
expressed as a percentage of control, that is, the untreated cells (100% of longitudinal coordinate)
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cytotoxicity. There was no significant difference (p [ 0.05) between control and

test groups, which indicated that the blank nanoparticle solutions had no obvious

effect on the cell viability. Therefore, the results suggest that the copolymer

nanoparticles possess good biocompatibility and no cytotoxicity, they have high

potential for in vivo use.

Circular dichroism spectra

The analysis of CD spectra can provide valuable information about the secondary

structure of macromolecules. Figure 7 exhibits spectra characteristic standard BSA

and BSA release from nanoparticles after 4 days. Two extreme valleys, respec-

tively, at 220 and 208 nm were found in the CD spectrum of standard BSA, which

suggested the existence of a-helical structures [41] in the standard BSA. The

quantitative a-helix content analysis of BSA was estimated according to the

equation used by other researchers [42]. It is measured that the native BSA in the

PBS buffer solution (pH 7.4) has 59.8% of a-helix. The helix content of BSA

released from HPG–PLA21 nanoparticles after 4 days is about 58.7%, which is

similar with that of the native BSA. The strong double minima of BSA released

from nanoparticles after 4 days at 220 and 208 nm occurred without significant

difference from those of the native BSA. Thus, experimental evidence provides for

the fact that BSA secondary structure has not been distorted.

Mathematical analysis of BSA release mechanism

The overall BSA release mechanism from HPG–PLA nanoparticles strongly

depends on the design of protein delivery system, as the composition of the

copolymer and the geometries of nanoparticles. There are many devices that exhibit

Fig. 7 Circular dichroism spectra of BSA solutions. (a) Native BSA; (b) BSA released from HPG–
PLA21 nanoparticles after 4 days
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various mechanisms that control protein release, mechanisms such as copolymer

relaxation, protein diffusion, protein dissolution or combinations of the above.

Concerning the mathematical modeling of BSA release from HPG–PLA nanoparti-

cles, one must identify the most important release phenomenon and neglect the other

processes; otherwise the mathematical model would become too complex to use.

Figures 8 and 9 show the cumulative BSA release as a function of time and the

corresponding release rates. In all curves a burst effect was observed followed by a

slowly continuous release phase. The objective of mathematical analysis is to

elucidate the protein release mechanism involved in the release of BSA from the

copolymer nanoparticles by fitting obtained data into three models. The criterion for

selecting the most appropriate model was based on the adjusted coefficient of

determination (R2
adjusted). The parameters are shown in Table 3.

The release data were firstly fitted to the Ritger-Peppas equation (Mt/
M? B 60%) (Eq. 5), which was often used to describe the drug release behavior

from polymeric systems when the mechanism was not well-known or when more

Fig. 8 a In vitro release profiles of BSA from HPG–PLA12, HPG–PLA21, HPG–PLA40 and HPG–
PLA60 nanoparticles; the release data were fitted to model 3. b The release rate of BSA from HPG–
PLA12, HPG–PLA21, HPG–PLA40 and HPG–PLA60 nanoparticles

Fig. 9 a In vitro release profiles of BSA from HPG–PLA21 nanoparticles with different LC; the release
data were fitted to model 3. b The release rate of BSA from HPG–PLA21 nanoparticles with different LC
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than one type of release phenomena were involved [43]. All the formulations

showed 0.43 \ n \ 0.85 (Table 3) after fitting to Eq. 5, which indicated anomalous

release mechanism in all cases (non-Fickian kinetics) [24, 44]. The non-Fickian

kinetics corresponds to the coupling of diffusion and polymer relaxation. However,

in the case of HPG–PLA nanoparticles, it has to be pointed out that the application

of the Ritger–Peppas equation can only give limited insight into the exact release

mechanism of protein release. The equation is only appropriate in very specific

cases. For instance, the protein must be initially homogeneously distributed within

the nanoparticles and desorption processes must be negligible. So, it was just an

approximate analysis of BSA release mechanism and the information obtained

should be viewed with caution.

The relative contribution of BSA diffusion and relaxational contribution to the

release mechanism was quantified by fitting the data with Model 2 (Eq. 6) (Mt/M? B

95%) [25]. The first term of the right hand side of the equation was the Fickian

contribution, DIF, while the second term was the relaxational contribution, REL. The

ratio of both contributions can be calculated as follows:

DIF/REL ¼ K1

K2t0:5
ð9Þ

Take the fitting data (K1 and K2) of HPG–PLA21 for instant, the ratio (Eq. 9)

decreased with the passage of time [45]. It means that the relaxational contribution

increased with the lapse of time in the release process. There results indicate the

copolymer relaxation makes bigger contribution to the release mechanism when

water molecules penetrate into the nanoparticles, especially at the final stage of

release profile. However, the ratio (Eq. 9) ranged from 2.5 to 24.8 during the whole

process, which suggested that BSA release was still Fickian controlled.

The application of the first-order kinetics is valid for a surface action and those

water-soluble drugs releasing from porous matrices [29]. In this work, such a model

should be suitable for describing the corresponding experimental data.

Table 3 Kinetic fitting results of BSA released from nanoparticles with different kinetic models

Material LC (%) Ritger–Peppas

model

Peppas–Sahlin model The first-order kinetic model

KRP n Radj
2 K1 K2 Radj

2 a1 a2 k1 k2 Radj
2

HPG–

PLA12

9.1 ± 0.6a 0.742 0.491 0.990 0.909 -0.227 0.987 0.462 0.539 5.549 0.524 0.991

HPG–

PLA21

4.6 ± 0.9 0.575 0.648 0.968 0.601 -0.083 0.978 0.336 0.663 2.344 0.333 0.992

12.3 ± 0.7a 0.661 0.545 0.969 0.758 -0.150 0.987 0.341 0.662 5.304 0.521 0.994

13.7 ± 1.2 0.710 0.477 0.964 0.886 -0.216 0.990 0.437 0.555 5.414 0.548 0.989

HPG–

PLA40

15.5 ± 1.1a 0.550 0.557 0.990 0.621 -0.092 0.988 0.318 0.676 3.614 0.421 0.995

HPG–

PLA60

17.8 ± 1.3a 0.524 0.658 0.994 0.541 -0.061 0.978 0.301 0.689 1.368 0.199 0.996

a 8 mL BSA solution (0.625 mg/mL) was used as the aqueous phase and other conditions were the same

as described in Table 2
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d Mt=M1ð Þ=dt, which is proportional to the mass of the encapsulated drug, can be

described by the following equation [46]:

d Mt=M1ð Þ=dt ¼ k 1� Mt=M1ð Þ ð10Þ

where M? and Mt are the mass of drug in the nanoparticles at time t = 0 and the

mass released at time t, respectively, and k is the first-order release constant.After

integration, it will become:

Mt=M1 ¼ 1� exp �ktð Þ ð11Þ

Protein-loaded nanoparticles fabricated from nanoprecipitation method entrapped

BSA both close to the outer nanoparticles surface and within the protein carriers

[10]. BSA on the nanoparticle surface was susceptible to be easily and rapidly

released [47]. However, BSA entrapped inside the nanoparticles would display a

relative slow release process for the tortuosity and long diffusion path of the protein

matrices. As shown in Figs. 8 and 9 (experimental data), the release of BSA

apparently consisted of two stages (a relatively fast release profile and followed by a

slow one), which could be described by Eq. 7. So, fitting the release data to Eq. 7,

the release profiles are obtained as shown in Figs. 8 and 9. k1 and k2 were the first-

order release rate constants, which reflected the release rate of BSA located on the

out layer and entrapped inside the nanoparticles, respectively; a1 and a2 meant the

percentage of BSA located on the out layer and entrapped inside the nanoparticles,

respectively. Quite high R2
adjusted could be obtained with the kinetic model as shown

in Table 3. The model seemed to be the most suitable one to describe the

experimental data.

The release rate–time curves could be obtained from Eq. 12 expressed as

follows:

d Mt=M1ð Þ=dt ¼ a1k1 exp �k1tð Þ þ a2k2 exp �k2tð Þ ð12Þ

First, in every case k1 was considerably greater than k2, implying that the release

rate of BSA on the out layer of nanoparticles was much faster than those inside of

the nanoparticles, which was consistent with the experimental results. Second, in

every case, as expected, a1 þ a2 � 1, this further confirmed the physical interpre-

tation of the two parameters.

At early times (t near 0), exp �ktð Þ � 1� kt, and Eq. 7 can be expressed as:

Mt=M1 ¼ a1 1� exp �k1tð Þð Þ þ a2 1� exp �k2tð Þð Þ � a1k1 þ a2k2ð Þt ð13Þ

This relation could be used to describe the drug release of coated forms [29]. The

expression demonstrated the existence of the burst release from BSA close to the

outer nanoparticle layer at early times, which was in good agreement with the

experimental results.

The theoretical and the experimental data of nanoparticles made with HPG–

PLA12, HPG–PLA21, HPG–PLA40, and HPG–PLA60 are shown in Fig. 8. a1 and

k1 values were found to decrease with an increase in molecular weight, which meant

the decrease of BSA percentage located on the out layer of nanoparticles and a

slower release rate. In addition, k2 also decreased with increasing Mn of the

copolymers, which would result from an increase of the average particle size from
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163 to 287 nm (an increase of diffusion path). Figure 9 shows the release profiles

from HPG–PLA21 nanoparticles with different LC. a1 and k1 values were found to

increase with an increase of LC, which meant the increase of BSA percentage

located on the out layer of nanoparticles and a faster release rate. Furthermore, k2

increased with an increase of LC, which might be due to a shorter BSA diffusion

path in the matrices.

Conclusion

HPG–PLA nanoparticles were designed to be applied for a protein delivery system.

The results obtained during experimental and mathematical analysis showed that

two mechanisms of BSA release, namely protein diffusion and macromolecular

relaxation, combined to control the release process. BSA located on the out layer

and entrapped inside the nanoparticles jointly governed the overall release profile as

evaluated by the first-order kinetic model. The relevant relationship that existed

between the characteristics of nanoparticles (copolymer structure and BSA loading

capacity) and the release behavior could be exploited to develop unique protein

delivery system with exclusively defined release properties.
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