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Abstract: Novel amphiphilic protein-loaded hyperbranched poly (amine-ester) copolymers nanoparticles were fabricated 
by double emulsion (DE) and nanoprecipitation (NP) methods. Encapsulation efficiency (EE) of nanoparticles to Bovine 
serum albumin (BSA) could reach 97.8% at BSA (0.01g/ml), internal phase volume (0.5ml), copolymer weight (50mg), 
and PVA concentration (4%, w/v) condition.  

Key Words: Hyperbranched poly (amine-ester), poly(lactide), ring-opening polymerization, nanoaprticles, double emulsion 
(DE) method, nanoprecipitation (NP) method, bovine serum albumin, protein delivery system. 

1. INTRODUCTION 

 In recent years, the strategy of utilizing the polymeric 
micelles as a carrier system for delivery of drugs has gained 
increasing interest. Polymeric micelles prepared from am-
phiphilic block copolymers such as PLA /PEG (poly (ethyl-
ene glycol)), PLGA (poly (D, L-lactide -co-glycolide))/PEG 
possess a nano-scale size range, these nanoparticles NPs) are 
conjugated or interacted with a therapeutic agent of interest 
within their polymeric matrix or onto the surface, and the 
NPs with hydrophobic surface were easily adsorbed by pro-
tein and phagocytosed by cells of the reticuloeddothelial 
system (RES) [1-7]. Polymeric micelles as novel drug vehi-
cles present numerous advantages, such as reduced side ef-
fects of anticancer drugs and selective targeting, it also al-
lows for controlling the release pattern of drug and sustain-
ing drug levels for a long time by appropriately selecting the 
polymeric carrier.  

 Dendritic polymers including dendrimers and hyper-
branched polymers have a highly branched structure, in-
tramolecular voids, small rheological volumes, lower viscos-
ity in solution, providing a high density of functional groups 
at the periphery [8-10]. It is also suitable for a wide range of 
biomedical applications including drug delivery, detoxica-
tion, microarray systems and catalysis [11-13]. Dendrimers 
which may have more defined and ordered branching struc-
ture have to be obtained step by step with time-consuming 
and expensive synthetic and purification procedures [14,15]. 
In comparison, hyperbranched polymer, which has similar 
figuration as dendrimer and was synthesized much easier 
than dendrimer, may be a new type of potential application 
for the drug delivery system [16,17]. Hyperbranched poly-
mers contain numerous end-groups in their molecular struc-
tures and the characteristics of these terminal groups have a  
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great influence on the properties of resulting hyperbranched 
polymers. Therefore, modification of the number and type of 
end-groups is a powerful tool to tailor the properties of hy-
perbranched polymers [18].  

 In this paper, the hyperbranched polymers contain repeat-
ing internal tertiary amine-linkage and abundant surface hy-
droxyl groups that enable further modification. The polymers 
were then designed to introduce the PLA by modification of 
the surface hydroxyl groups of the product. The copolymers 
were characterized on the basis of 1H NMR, 13C NMR and 
FT-IR measurements. The morphological examination of 
nanoparticles was performed using a transmission electron 
microscope (TEM) for morphology analysis, encapsulation 
efficiency, release profiles and stability of BSA released 
from the NPs were also investigated. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

 1, 1, 1-trimethylol propane of reagent grade, methyl acry-
late purified by vacuum distillation and diethanolamine were 
purchased from National Medicines chemical Reagent Co. 
Ltd (China.), titanium tetraisopropoxide (Ti(OiPr)4), benzoic 
anhydride and imidazole were purchased from Beijing Rea-
gent Factory,(China), D, L-lactide (DLLA) was obtained 
from (Alfa Aesar, America), Sn(Oct)2 was purchased from 
Sigma (America), Poly(vinyl alcohol) (PVA) was purchased 
from Guangdong, XILONG Chemical Industry Co, Ltd. 
(China.), BSA (MW=66 kDa) was purchased from Sigma 
(St. Louis, MO). BCA protein assay kit was purchased from 
Beyotime Institute of Biotechnology (China). All other rea-
gents and solvents were of analytical grade. 

2.2. Synthesis and Characterization of HPAE-co-PLA 
Copolymer  

2.2.1. Synthesis HPAE-OHs  

 HPAE–OHs were synthesized through a pseudo-one-step 
process [19, 20] with few modifications by alcoholysis at 
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120°C using 1, 1, 1-trimethylol propane (as a molecular core) 
and N, N-diethylol-3-amine methylpropionate (as an AB2 
monomer) with Ti(OiPr)4 as the catalyst. The generation of 
HPAE-OHs was increased by repeatedly adding N, N-
diethylol-3-amine methylpropionate monomer to the former 
generation product. The fourth-generation HPAE-OHs4 was 
obtained by repeating the process three times. The product 
was dissolved in 10 ml ethanol, and the Ti(OiPr)4 produced 
the precipitate in ethanol. Then, the Ti(OiPr)4 was removed 
by filtration. Finally the ethanol was evaporated and the 
product were dried at 40°C in a vacuum oven and stored for 
further utilization. N, N-diethylol-3-amine methylpropionate 
was prepared by using methyl acrylate and diethanolamine, 
the feed molar ratio is 1.5:1. After the Michael Reaction, 
excess methyl acrylate and methanol was removed by vac-
uum distillation. 

2.2.2. Synthesis of HPAE–co- PLA Copolymer 

 HPAE–co-PLA copolymer (in the molar ratio of 3:1, 7:1 
and 10:1, respectively (DLLA/HPAE–OHs4)) was synthe-
sized utilizing a ring-opening polymerization procedure. D, 
L-lactide (DLLA) and HPAE-OHs4 were dehydrated by 
using P2O5 under vacuum at 45°C for 24 h and were used 
without further purification. HPAE-OHs4 was put into a 
glass ampoule with predetermined amounts of D, L-lactide. 
(Sn(Oct)2) was added at about 0.1 (w/w) %. The ampoule 
was evacuated by a vacuum pump at 30 °C for 1 h and then 
sealed. The ampoule was heated in an oil bath at 140°C for 
13 h. After 13 h, the reaction product was cooled to ambient 
temperature. The obtained viscous material was dissolved 
with CH2Cl2 and then precipitated with petroleum, and 
washed further by petroleum for three times to remove unre-
acted DL-lactide monomers. After the petroleum was evapo-
rated, the polymers were dissolved in a little of acetone and 
then precipitated in deionized water. The purified polymers 
were dried at 25 °C for 2 days in a vacuum oven.  

2.2.3. Preparation of PLA 

 PLA was prepared at 125 °C for 10 h by the ring opening 
polymerization of D,L-lactide sealed in an ampoule in the 
presence of Sn(Oct)2 as described previously [21]. The prod-
uct was purified by the repeat dissolution in chloroform and 
precipitation in cold methanol and was finally dried for 48 h 
at 40°C in a vacuum oven. The molecular weights were 
measured by gel permeation chromatography (GPC). 

2.3. Determination the Hydroxyl Values of HPAE–OHs 

 The hydroxyl values of HPAE–OHs were determined by 
the following method [22]. HPAE-OHs was dissolved in 
excess benzoic anhydride with imidazole as a catalyst (in 
pyridine) at 80°C of water bath for three hours to acetylate 
the hydroxyl groups in HPAE-OHs. By back-titrating the 
above mixture with NaOH solution (0.1molL−1, in water) at 
room temperature, the hydroxyl values of HPAE-OHs were 
calculated. 

2.4. Determination of the Chemical Structure of HPAE–
OHs and HPAE-co-PLA Copolymer  

 FT-IR spectra of HPAE–OHs and HPAE-co-PLA was 
obtained using a (Spectrum One, Perkin-Elmer, America) 
spectrophotometer. The spectra of HPAE–OHs were ob-

tained by using KBr film as a reference. The HPAE-co-PLA 
samples were mixed with KBr and then pressed to a plate for 
measurement. 

 The 1H NMR spectra of HPAE-OHs and HPAE-co-PLA 
was recorded on a (Bruker AVANCE 400) NMR spectrome-
ter. 1H NMR HPAE-OHs was dissolved in (CD3)2SO. 
HPAE-co-PLA copolymers were dissolved in CDCl3. 

 The 13C NMR spectra of HPAE-OHs and HPAE- co-PLA 
was recorded on a (Bruker AVANCE 400) NMR spectrome-
ter. 13C NMR HPAE-OHs was dissolved in (CD3)2SO. 
HPAE-co-PLA copolymers were dissolved in CDCl3. 

2.5. Determination of Molecular Weight 

 Gel permeation chromatography (GPC) was performed 
on a Waters 2410 GPC apparatus (USA). Molecular weight 
and molecular weight distribution of the copolymer were 
calculated using polystyrene as the standard. 

2.6. Determination of the Thermal Stability 

 The thermal stability of HPAE-co-PLA and PLA samples 
were measured by TGA (Perkin-Elmer, America). The tem-
perature range was from 25 °C to 500 °C under nitrogen 
flow and the heating rate was 20°C /min.  

2.7. Biodegradation of the Copolymer HPAE-co-PLA  

 A sample of the copolymer in weight of 20 mg was com-
pressed in a mold into a disc in the diameter of 10 mm and in 
thickness of 0.3 mm on a Carver Laboratory Press (Fred S. 
Carver Inc., USA) at room temperature. The disc as men-
tioned above was incubated in PBS (pH 7.4) at 37 oC for 20 
days. The weight of dried disc was measured. At the day 1, 
7, 10, 15, and 20, the disc was washed with pure water thrice 
and dried in vacuo to a constant weight and the weight was 
measured. The biodegradation rate was estimated by retained 
weight in percentage (%). 
2.8. Preparation of HPAE- co-PLA Copolymer Nanopar-
ticles  

 Double emulsion (DE) method was used to fabricate 
nanoparticles as described by Rodrigues et al. [23] with some 
modifications. Briefly, 0.2 -2 ml BSA solution with 2 -20 
mg/ml concentration was emulsified in 1-5 ml of DCM (di-
chloromethane) containing HPAE-PLA (20-100 mg) by ho-
mogenization at 5000 rpm in an ice bath for 3×10 s (Bailing, 
Model DS-200, China), a W1/O emulsion was formed. 
Thereafter, this first emulsion was poured into 5-50 ml of the 
PVA aqueous solution (0.3-5% w/v) and homogenized at 10 
000 rpm in an ice bath for 3×15 s (Bailing Model DS-200, 
China). The double emulsion (W1/O/W2) was diluted in 100-
150 ml PVA solution (0.3%, w/v) and the DCM was rapidly 
eliminated by evaporation under reduced pressure. Finally, 
the nanoparticles were collected by centrifugation at 25 
000×g for 25 min at 4oC (Beckman Model J2-21) and 
washed twice with water. The nanoparticles were diluted 
with 2mL of 5% glucose and stored at 4oC.  

 A nanoprecipitation (NP) technique [24] was developed 
for comparison with the DE method. Briefly, 1-5 mL of the 
polymer solution (10-100 mg/mL) in acetone was added 
dropwise to 1-20 mL of water with BSA (1-100mg) or with-
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out BSA at a rate of 0.5 mL/min using a syringe pump 
(74,900 series multichannel syringe pumps, Cole-Parmer 
Instrument Company, China) under magnetic stirring. Ace-
tone was eliminated by evaporation under reduced pressure. 
The nanoparticles were recovered by ultracentrifugation and 
treated as above in the DE method. 

 The effects of copolymer composition and the prepara-
tion conditions, such as BSA concentration in water phase 
and copolymer concentration in organic phase, on the parti-
cle size and encapsulation efficiency (EE) were evaluated. 

2.9. Characterizations of the HPAE-co-PLA Copolymer 
NPs 

2.9.1. DSC Measurement of NPs 

 The thermo-properties of the NPs with or without BSA, 
from the NP method, were investigated, and HPAE-co-PLA 
7:1(molar ratio) and PLA were taken as an example. Sam-
ples (3–5 mg) were loaded into aluminum pans and the DSC 
thermo grams were recorded on a Pyris Diamond DSC appa-
ratus (Perkin-Elmer, America). In order to observe Tg, all of 
the DSC thermo grams were obtained from a second heating 
procedure. Briefly, the heating rate was 20°C/min in the 
range of 20–100°C by using nitrogen flowing, samples were 
stored at 100°C for 1 min and then cooled to -50°C, the cool-
ing rate was 20°C/min, then the samples were re-heated from 
0°C to 100°C in the heating rate of 20°C/min. 

2.9.2. TEM Observation 

 The morphological examination of nanoparticles was 
performed using a transmission electron microscope (TEM, 
JEM-200CX) following negative staining with sodium phos-
photung state solution (2%, w/w). 

2.9.3. Measurements of Particle Size and ζ Potential 

 Nanoparticle sizes and ζ potential were determined using 
a Zetasizer Nano series ZEN 3600 (Malvern Instruments 
Ltd., England). The experiment was performed at a wave-
length of 633 nm with a constant angle of 90°at 25°C using 
the samples appropriately diluted with distilled water. For ζ 
potential, the sample was diluted with a 0.05 M NaCl solu-
tion to a constant ionic strength. 

2.9.4. Measurements of EE 

 The encapsulation efficiency (EE) was determined by 
measuring the BSA concentration in the supernatant. The 
amount of non-entrapped BSA in aqueous phase was deter-
mined by the BCA protein assay in the supernatant obtained 
after ultracentrifugation of nanoparticles. The UV–visible 
spectroscopy measurements were carried out for known con-
centrations of BSA by using the BCA protein assay kit at the 
absorbance maximum of 562 nm. The EE was calculated as 
following equation: 

EE%=100% (Wo-Wt) /Wo 

 Wo and Wt are the weight of initial BSA and that of the 
total amount of protein detected in supernatant after the 
twice centrifugation, respectively. Each sample was assayed 
in triplicate.  

2.9.5. In Vitro Release  

 The NPs loading BSA were incubated in a capped cen-
trifugal tube containing 8mL of PBS (pH 7.4), and the cen-
trifugal tube was kept at 37 °C water baht and shaken at 120 
rpm. At appropriate intervals (0.5h, 1h, 2h,3h, 4h, 5h, 6h, 7h, 
8h, 1d, 3d, 5d, 6d, 7d, 10d, 14d, 21d, 28d), 1 mL of the su-
pernatant was extracted and equal amount of fresh PBS was 
added to the tube, the samples were centrifuged at 13000 
rpm for 10 min. BSA concentration in the supernatant was 
determined as described in above. Each experiment was re-
peated thrice and the result was the mean value of three sam-
ples. The error bars in the plot showed the standard deviation 
of data. 

2.9.6. Stability of BSA Released from NPs 

 The free BSA in the supernatant after its release of 14, 28 
days from the HPAE-co-PLA nanoparticles was stored at -
20oC. The integrity (the soluble-aggregation and degrada-
tion) of BSA was determined by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDSPAGE). The BSA 
in supernatant and contrast SDSPAGE analysis were per-
formed under nonreducing conditions using a Bio-Rad elec-
trophoresis system. 

 The secondary structure of released BSA and BSA con-
trol was determined by measuring circular dichroism spectra. 
The secondary structure was studied by CD spectra which 
was taken with a (Jasco J810) automatic recording spectro-
polarimeter at 25oC and 1 cm path length from 200-300 nm 
under nitrogen flow. Scan rates of 500 nm/min was used 
with a response time of 4 s. The CD response obtained was 
expressed in terms of ellipticity.  

 The fluorescence spectra was further used to determine 
the tertiary structure of BSA released from NPs. Excitation 
was carried out at 285 nm, and emission spectra were re-
corded ranging from 300 to 440 nm. The excitation and 
emission bandwidths were 3 nm.  

3. RESULTS AND DISCUSSION 

3.1. Synthesis and Characterization of Hydroxyl-
Terminated Hyperbranched Poly (amine-ester)s (HPAE-
OHs) and Conjugation of HPAE-OHs with PLA (HPAE–
co-PLA) 

3.1.1. Synthesis of HPAE-OHs and HPAE -co-PLA 

 In our work, a fourth generation HPAE-OHs4 with sur-
face hydroxyl groups was prepared according to the previous 
paper [19] with few modifications. The synthesis route is 
shown in Scheme (1A). In order to minimize the side reac-
tions between the AB2 monomer, the choice of effectively-
available transesterification catalysts which show the best 
compromise between chemioselecivity and activity has at-
tracted growing attention in chemical reactions. It showed 
that titanates and zirconates were the most interesting cata-
lysts [25]. Because of above reasons, p-methylbenzene sul-
fonic acid (p-TsOH) was replaced by Ti(OiPr)4. The final 
products of HPAE-OHs4 have good solubility in water, 
ethanol and N, N-Dimethylformamide (DMF). HPAE-co-
PLA block copolymer was synthesized by a ring-opening 
polymerization. Mw of HPAE-PLA copolymer increased 
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with the molar feed ratio of the monomer D, L-lactide to 
HPAE. The polymerization route was shown in Scheme 
(1B). The solubility of HPAE-co-PLA was totally opposite 
to HPAE-OHs4, which could be solved in acetone, di-
chloromethane and tetrahydrofuran (THF). It indicated that 

PLA was conjugated to the HPAE-OHs4. The different sam-
ples named HPAE–co-PLA 3:1(feed ratio of D, L-lactide 
with HPAE-OHs4), HPAE-co-PLA 7:1 and HPAE–co-PLA 
10:1, respectively, were synthesized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. (A) The synthesis route of HPAE-OHs. (B) The synthesis route of HPAE-co-PLA. 
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3.1.2. Chemical Structure of HPAE-OHs and HPAE-co-
PLA 

 The hydroxyl values of different generation HPAE-OHs 
were measured and calculated by the method described in the 
previous paper [22]. The results of different generation 
HPAE-OHs were showed in the Table 1. It could be clearly 
seen that with the increase of generation the hydroxyl values 
were close to theoretical value, which indicated that the 
structure was apt to regulation. 
 The molecular weights and polydispersity indexes of the 
HPAE-co-PLA copolymers were shown in Table 2. The 
amount of lactide introduced to HPAE-OH4 increase with 
the molar ratio of DL-lactide to HPAE-OH4. When the mo-
lar ratio of lactide to HPAE-OH4 increased from 3:1 to 10:1, 
the molecular weights rose from 26 kDa to 87 kDa. This 
indicated that the higher the concentration of lactide, the 
higher the opportunity for the lactide to react with HPAE-
OH4 reactive centers. 

 Fig. (1a,b) showed the infrared spectra of the HPAE-
OHs4 and HPAE-co-PLA. The CH2 scissoring and wagging 

modes at 1457, 1442, and 1365 cm−1 were different between 
the two graphs. For the fourth generation of HPAE-OHs4, 
the intensity of the three absorption bands was weak and 
almost equivalent. While in HPAE–co-PLA, the band lo-
cated at 1454 and 1383 cm−1 become much stronger than the 
other band. The band at 1191 cm−1 was corresponding to the 
C–O stretching vibration in HPAE-OHs4 alone, while in 
HPAE-co-PLA the absorption intensity become stronger 
than HPAE-OHs4 alone. All of these changes indicated the 
conformational change of the HPAE-OHs4 after the conjuga-
tion to the PLA, suggesting the hydrophilic and hydrophobic 
interaction between HPAE-OHs4 and PLA. 

 The basic chemical structure of HPAE-OHs4 and HPAE–
co-PLA was further confirmed by 1H NMR (Fig. (2a,b)). 

 Compared with HPAE-OHs4 (Fig. (2A)), the 1H NMR 
spectra of the HPAE–co-PLA copolymer (Fig. (2B)) showed 
that the signals at ~4.3 ppm was assigned to the terminal the 
methenyl protons of the branched polylactide. The signals at 
1.4 and 1.5 ppm were attributed to the methyl protons of the 
polylactied moiety located at the terminal groups and the 

Table 1. The Hydroxyl Values of Different Generation HPAE-OHs 

Hydroxyl Values of Different Generation HPAE-OHs G2 G3 G4 

Theoretical value (mgNaOH/g) 306 276 263 

Experimental value (mgNaOH/g) 322 250 273 

G represent the generation of HPAE-OHs. 

Table 2. Composition and Molecular Weight Distribution of HPAE-co-PLA Copolymersa 

Sample Copolymer Molecualr Weight of Copolymer 

     Mw(kDa)                            Mn(kDa)   

Polydispersity (Mw/Mn) 

1 HPAE-co-PLA(3:1) 26 19 1.37 

2 HPAE-co-PLA(7:1) 51  33 1.54 

3 HPAE-co-PLA(10:1) 87 72 1.21 

a=Mw and Mn were measured by GPC. 

     a                b 

 

 

 

 

 

 

 

Fig. (1) . IR spectra of HPAE-OHs4 (a) and HPAE-co-PLA (3:1) (b). 
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(Fig. 2. Contd....) 
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Fig. (2). 1HNMR spectrum of the HPAE-OHs4 (A), HPAE-co-PLA (B) and 13C NMR spectrum of the HPAE-OHs4 (C) and HPAE-co-PLA 
(D). 
 
repeat units of it in the chain. All these results evidenced that 
the new hyperbranched copolymers contained polylactide 
chains.  

 The basic chemical structure of HPAE-OHs4 and HPAE–
co-PLA were further confirmed by 13CNMR, and the spectra 
were shown in Fig. (2C,D). Compared with HPAE-OHs4 
(Fig. (2C)), the13CNMR spectra of the HPAE–co-PLA co-
polymer (Fig. (2D)) showed that the peak at ~170 ppm was 
attributed to the C=O group carbon peak of polylactide. The 
signals at 68 and 70 ppm were assigned to CH group carbon 
peak of the polylactide moiety located at the terminal groups 
and the repeat units of it in the chain. The signals at 17 and 

20 ppm were attributed to the CH3 group carbon peak of the 
polylactide moiety located at the repeat units and the termi-
nal groups. All these results evidenced that the hyper-
branched copolymer contained polylactide side chains. 

3.2. TGA and DSC Measurement 

 Fig. (3a) showed TGA graphs observed for HPAE-OHs4, 
HPAE–co-PLA and PLA samples. A fast process of weight 
loss appears in the TG curves response for the PLA in ther-
mal degradation ranges. It could be seen that all of the co-
polymer samples exhibited a weight loss during the heating 
process, and the maximal weight loss rate temperature was 
about 210°C for all copolymer samples. The thermo decom-

 

 

 

 

 

 

 

 

Fig. (3). TGA graphs of HPAE-OHs4, HPAE-co-PLA3:1, 10:1 and PLA (Mw=48kDa) (a) and DSC (b) thermo grams of bulk matrix, frozen 
blank and BSA-loaded NPs made by NP method. 
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posed rate and carbolic survivor increased with increase of 
the ratio of PLA in the copolymers. These results indicated 
that the thermal stability of the copolymer was decreased 
with increase of PLA.  
 In order to gain insight into the physical state of the co-
polymer and the NPs, The Tg of different samples were per-
formed using DSC, and the results were shown in the Fig. 
(3b). Only one sidestep presented in all of the samples 
showed that there were no existence of inhomogeneities. 
24.7°C could be used as the glass transition temperature of 
the HPAE-co-PLA which was far low compared to pure PLA 
after introduction PLA to HPAE-OHs4. The reason could be 
explained that HPAE-OHs4 with low Tg was elastic state at 
room temperature. The increase was observed in the Tg of 
blank NPs (Tg=38.0°C) compared to HPAE-co-PLA. It could 
be explained that some micellization behaviors of the hydro-
phobic and hydrophilic interaction did existed after fabrica-
tion, which influenced the three dimension structure of co-
polymers and made the Tg increased. Compared blank NPs 
and BSA loaded NPs (Tg=38.4°C), it showed that Tgs were 
almost the same. These results indicated that BSA had no 
obvious effect on the Tg during the fabrication process. The 
thermo properties of the NPs made by DE method were not 
shown here because PVA was used for stabilization and 
could not be washed entirely, the system was complicated 
for analyze. 

3.3 Biodegradation of the Copolymer HPAE-co-PLA 

 The plots of retained weight in percentage versus time 
are demonstrated on Fig. (4). It was found that the hydrophil-
icity–hydrophobicity balance played an important role in the 
biodegradation of the HPAE-co-PLA copolymers. Since the 
HPAE-co-PLA copolymers were amorphous and their HPAE 
moieties were hydrophilic, water could be diffused into the 
copolymer matrix so that the biodegradation could take place 
simultaneously inside the copolymer disk and on its outer 
layer. In addition, the copolymer HPAE-co-PLA with small 
molecular weight was biodegraded with the higher rate than 

those with large molecular weight. That was because the 
polymeric chains of small molecular weight possessed better 
mobility and more hydrophilicity so that the penetration of 
water molecules into the polymer matrix became easy.  

3.4. Preparation of BSA Loaded Copolymer NPs 

3.4.1. Effect of Copolymer Composition on Particle Size 
and EE  

 The HPAE-co-PLA nanoparticles were fabricated by 
both DE and NP methods. Data were shown in Table 3. In 
both methods, Regarding to particle size, the higher Mw of 
PLA contributes to the viscosity increase of copolymer solu-
tion and the decrease of HPAE-OHs4 relative contents, both 
factors resulting in particle size increase. The increased vis-
cosity could decrease the diffuse of BSA, which was in favor 
of EE enhancing, but on the other hand, the interactions be-
tween HPAE-OHs4 and BSA may decrease with the lower-
ing of HPAE-OHs4 relative contents, which was unfavorable 
for enhancing EE. For above reasons, the EE of different 
samples increased with the increasing of MW of PLA when 
the feed ratio of PLA was added from 3:1 to 7:1, but as 
shown in the Table 3, EE was declined when the feed ratio of 
copolymer was 10:1(DLLA/ HPAE-OHs4). 

 The encapsulation efficiency (EE%) of BSA in the 
HPAE-co-PLA nanoparticles was much improved in the 
comparision with EE% of BSA in the corresponding PLA 
nanoparticles. The reasons for high EE% will be considered 
as follows. Firstly, Hyperbranched polymers have unique 
chain structure. Distinct from their linear analogues, hyper-
branched polymers have structures and topologies similar to 
those of dendrimers, and possess some strikingly superior 
material properties, such as low solution/melt viscosity, en-
hanced solubility, abundance in terminal group, etc. Hyper-
branched polymers contain numerous end-groups in their 
molecular structures and the characteristics of these terminal 
groups have a great influence on the properties of resulting 
hyperbranched polymers. The hyperbranched moiety was 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Retained weight in percentage of the HPAE-co-PLA samples in PBS (pH 7.4) at 37cC. 
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favorable for interactions between HPAE-OHs4 and BSA. 
Secondly, the copolymer HPAE–co-PLA was amphiphilic so 
that its hydrophilic part was accessible to the water-soluble 
BSA molecule. All the effects contributed to the increased 
EE%. If the HPAE-OHs moiety was helpful for the im-
provement of EE%, it was easy to understand why the 
HPAE–co-PLA copolymer could form the nanoparticles 
loading more BSA. Of course, the better hydrophilic/ hydro-
phoblic balance of the HPAE–co-PLA copolymer must be 
important.  

 ζ potential values are listed in Table 3. The blank PLA 
nanoparticles had a large negative ζ potential due to the 
presence of the ionized carboxyl groups on the nanospheric 
surface. As found from the data in Table 3, the ξ values of 
the HPAE-co-PLA nanoparticles were lower than those of 
PLA nanospheres, indicating that the HPAE-co-PLA nano-
particles possessed less negative charge because no free car-
boxylic group existed on the HPAE-co-PLA copolymers. 
The ξ potential of the nanoparticles prepared in the DE 
method was lower than that in the NP method since the PVA 
was difficult to be removed from the nanoparticle surfaces 
and the residue PVA could decrease the negative potential of 
the nanoparticles [26]. Theoretically, the nanoparticles ag-
gregation easily occurred when ξ potential was reduced, 
leading to the formation of large nanoparticles [27]. How-
ever, not much aggregation was observed in our experi-
ments. The hydrophilic HPAE moieties of the copolymer 
HPAE-co-PLA act as a steric barrier on the surface of the 
nanoparticles. 

 The nanoparticle EE was also influenced by the fabrica-
tion technique. In the DE method the EE were more than the 
NP method. This phenomenon could be interpreted in the 
sketch of the proposed mechanisms for the nanoparticle for-
mations in two methods as shown in Fig. (5). The multi-
nanoreservoir system was formed in the DE method while 
the single-layer nanosphere was fabricated in the NP method. 

3.4.2. Effect of Fabrication Method on Particle Size and 
EE 

3.4.2.1. DE Method 

 DE method was chosen as the most appropriate method 
because protein is highly soluble in water. The result was 
shown in Table 4. 

3.4.2.1.1. Effect of BSA Concentration in the Inner  
Aqueous Phase on Particle Size and EE  

 It was reported that BSA tend to accumulate at air/water, 
oil/water or solid/water interfaces. Therefore, the BSA could 
act as an excellent surfactant which was widely used to stabi-
lize emulsions and further influence the particle size [28, 29]. 
It meant that with the increase of the protein concentration in 
the inner aqueous phase, the particle size became smaller. EE 
increased at first with higher protein concentration in the 
inner aqueous phase. EE decreased a lot when protein con-
centration in the inner aqueous phase was increased from 
0.01 to 0.015 g/ml. The difference in osmotic pressure be-
tween the internal and external aqueous phases could be re-
sponsible for the decrease in entrapment efficiency. The os-
motic pressure difference did rise with increase of BSA load-
ing and promote an exchange between the internal and exter-
nal aqueous phases, with a consequent loss of BSA [30].  

3.4.2.1.2. Effect of Inner Aqueous Phase Volume on  
Particle Size and EE  

 Coalescence of droplets could be prevented by increasing 
internal phase. An increase in the internal aqueous phase 
volume of the same concentration led to a decrease of 
nanoparticles' average size. Since an opposite effect exists, 
EE showed same phenomena as mentioned in the above sec-
tion. It was reported that the precipitation of the polymer 
solution phase was accelerated and the hardening time was 
shortened with the increase of inner aqueous, which was in 

Table 3. Effect of Material Composition on EE and Particle Size a,b,c,d 

Method Material Composition EE (%) Mean Hydrodynamic Diameter (nm) PDI ξ Potential (mv) 

DE 3:1 (HPAE–co-PLA) 62.8 ± 2.1 142.9±1.1 0.296-0.315 -13.6±1.2 

DE 7:1 (HPAE–co-PLA) 81.3 ±0.8 149.4±2.3 0.177-0.206 -22.5±1.5 

DE 10:1 (HPAE–co-PLA) 51.0 ±1.3 163.4±3.8 0.129-0.231 -26.5±2.3 

NP 3:1(HPAE–co-PLA) 18.6±3.2 142.3±0.9 0.124-0.166 -21.3±0.6 

NP 7:1(HPAE–co-PLA) 59.8 ±2.5 146.8±1.4 0.087-0.134 -23.3±1.3 

NP 10:1(HPAE–co-PLA) 36.0 ±0.6 163.2±4.3 0.120-0.145 -30.6±1.9 

DE PLA 43.6±2.2 410.2±4.6 0.152-0.224 -32.3±2.5 

NP PLA 33.7±3.1 251.8±5.4 0.206-0.246 -43.2±1.1 

a. For DE method, 0.5ml BSA solution (10mg/ml) was used as inner aqueous phase. 50mg copolymer HPAE–co-PLA was dissolved in 2.5ml dichloromethane, 50mg PLA was 
dissolved in 3 ml dichloromethane/ acetone (1:1), PVA concentration was 3% (w/v).  
b. For NP method, 5mg BSA was dissolved in 10ml water, 50mg copolymer was dissolved in 1ml acetone, 50mg PLA was dissolved in a mixture consisting of 1ml acetone and 
0.05ml dichloromethane.  
c. Molecular weight (Mw=48kDa) of PLA homopolymer was similar to the molecular weight of PLA in copolymer of HPAE–co-PLA (7:1). 
d. PDI represents polydispersity index. 
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favor of EE [29]. As mentioned in the above section, when 
the content of BSA was increased at a certain extent, BSA 
was lost from inner phase to outer phase. 

3.4.2.1.3. Effect of Polymer Concentration in the Organic 
Phase on Particle Size and EE  

 Since a high viscosity hampered the shear forces of 
emulsion, an increase in the polymer concentration resulted 
in an increase of the particle mean diameter from 132.6 to 

152.1 nm with a broadened particle size distribution. While 
the EE increased when the polymer concentration in organic 
phase increased since high viscosity and more HPAE-OHs4 
relative contents avoided the loss of BSA. 

3.4.2.1.4. Effect of PVA Concentration in the External 
Aqueous Phase on Particle Size and EE  

 An increase in external aqueous concentration of PVA 
from 1% to 4% (w/v) led to a decrease in particle size. The 

Table 4. The Influence of Fabricating Factors on EE and Particle Size by DE Methoda,b 

No. BSA Con. 
(g/ml) 

Internal Phase 
Volume (ml) 

Polymer 
Weight (mg) 

PVA Con. 
(w/v %) 

EE (%) Mean  
Diameter (nm) 

PDI ξ Potential 
(mv) 

1 0.005 0.50 50 3 38.4±2.4 161.1±4.2 0.167-0.211 -23.9±1.1 

2 0.010 0.50 50 3 81.3±0.8 149.4±2.3 0.177-0.206 -22.5±1.5 

3 0.015 0.50 50 3 52.3±1.5 141.6±3.1 0.204-0.225 -29.0±0.9 

4 0.010 1.00 50 3 55.5±1.1 145.1±4.5 0.134-0.184 -33.9±1.1 

5 0.010 0.25 50 3 31.8±1.7 163.7±3.8 0.083-0.147 -32.7±0.8 

6 0.010 0.50 25 3 60.4±2.9 132.6±4.0 0.084-0.117 -55.9±2.2 

7 0.010 0.50 75 3 96.6±0.4 152.1±2.9 0.177-0.235 -31.0±1.4 

8 0.010 0.50 50 1 73.6±2.5 167.8±4.6 0.123-0.224 -32.8±1.2 

9 0.010 0.50 50 4 97.8±0.6 150.2±5.1 0.109-0.156 -21.0±1.2 

a. HPAE-co-PLA7:1 was used as an example. 
b. Con. represents concentration, and PDI represents polydispersity index. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (5). Supposed mechanisms of protein encapsulation into the nanoparticles from the HPAE-co-PLA copolymer in both DE (a) and NP (b) 
methods. (A) Sonication of the HPAE-co-PLA copolymer dissolved in methylene chloride/acetone (1:1) in the presence of an aqueous pro-
tein solution led to the formation of a W1/O emulsion. (B) Sonication of the W1/O emulsion in the presence of an outer aqueous phase gave a 
W1/O/W2 emulsion. (C and E) The nanoparticles were formed after the solvent evaporation. (D) When the solution of a HPAE-co-PLA co-
polymer in acetone was injected into an aqueous solution of BSA, the nanoprecipitation took place. 



1352    Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 11 Jiang et al. 

increased viscosity of the formulation at the higher concen-
tration of PVA 3% (w/v), the decrease in NP size was very 
small. The similar result was reported by previous paper 
[31]. BSA EE% was increasing with the increase of the con-
centration of PVA. The reason was that tight surface was 
formed from PVA macromolecules of high concentration, 
which increased diffusion resistance of BSA from the inter-
nal aqueous phase and stabilized the emulsion.  

3.4.2.2. NP Method 

 NP method was a relative mild technique as compared 
with DE method because sonicators were not used by NP 
method. This technique also allowed for the preparation of 
large quantities of NPs since sonicators and homogenizers 
were not used in the process [32]. Briefly, NP technique was 
to precipitate the NPs through the use of an organic solvent 
that was entirely miscible with water. The formation of NPs 
with NP method could be carried out without any surfactant 
due to the amphiphilic properties of copolymers. Both the 
particle size and EE increase with the increase of copolymer 
concentration in acetone. While the EE increased first and 
then decreased with the increase of BSA concentration. 
These could be explained as mentioned in above sections. 
The particular results were listed in Table 5.  

 The above data showed that the fabrication method had a 
significant effect on the EE. NPs with EE of 31.8–97.8% 
could be prepared by using DE method. Meanwhile, NPs 
with EE of 28.1–61.4% could be fabricated by using NP 
method at various conditions. The structure of HPAE-OHs4 
hyperbranched moiety may be in favor of EE enhancement. 

 The structure preservation of BSA was also considered 
during its nanoencapsulation. Blending acetone in the or-
ganic phase with methylene chloride probably limited the 
contact between methylene chloride and BSA as well as re-
duced the surface tension between the organic phase and the 
water. The presence of acetone allowed NPs to solidify as a 
result of its solubility into water [33]. In addition, proteins 
are heat-sensitive and sonication is an exothermic operation. 
Therefore, the ice bath was used during primary emulsion.  

 Other experimental technique should be paid attention to 
during encapsulation. A rotation evaporator was used to re-
duce the evaporation time to avoid the protein release during 
stirring at room temperature. Moreover, organic solvent must 

be evaporated completely since the remained organic solvent 
will cause caking during centrifugation [34]. 

3.5. Morphology 

 The morphology of the NPs was investigated by the 
transmission electron microscopy technique. Fig. (6) showed 
the TEM image of NPs. It could be confirmed that the NPs 
appeared to be fine spherical shapes and no aggregation or 
adhesion occurred among the NPs made by both NP and DE 
methods.  

3.6. In Vitro Release of BSA 

 The release profiles of BSA from the HPAE-co-PLA 
nanoparticles comparing with PLA nanoparticles were inves-
tigated and displayed in Fig. (7). After the initial burst, BSA 
release profiles displayed a sustained fashion. This sustained 
release could result from diffusion of BSA into the polymer 
wall and the protein through polymer wall as well as the ero-
sion of the polymers. In this paper, a higher and faster BSA 
release was observed for HPAE-co-PLA nanoparticles than 
those of PLA. The difference could be relation to the pres-
ence of HPAE-OHs in PLA chains. There could be more 
protein molecules close to HPAE-co-PLA nanoparticles sur-
face including those inserted among HPAE-OHs hyper-
branched moiety on the surface of nanoparticles, which also 
would be much faster released. In all of the curves a burst 
effect was observed and a slow continuous release phase was 
followed. The maximal released amount is 82.13% for DE 
method and 91.28% for NP method in HPAE-co-PLA 
nanoparticles, respectively. 

 It was noticed that different fabrication methods led to 
various release behavior. The released amount and rate of 
BSA from NPs with NP method was much faster than that of 
DE method. The same result was also showed as previously 
reported [35]. When the polymers are not soluble in water, 
drug molecules dissolved in water may be very close to the 
outer NPs surface, forming a layer of molecules, susceptible 
to be easily and rapidly released. In addition, more burst re-
lease was observed from NPs fabricated with NP technique 
than those from DE method. This was because different 
methods led to various distributions of BSA molecules in the 
NPs. The fabrication method determined the amount of pro-
tein existing near the surface of NPs. Using DE method, 
most BSA molecules were encapsulated within the NPs as 
the multi-nanoreservoir systems. Using NP method, NPs 

Table 5. The Influence of Fabricating Factors on EE and Particle Size by NP Method a,b 

No. BSA Con. (mg/ml) Polymer Weight (mg) EE (%) Mean Diameter (nm) PDI ξ Potential (mv) 

1 0.25 50 28.1±1.4 152.9±2.2 0.049-0.112 -30.5±2.4 

2 0.5 50 59.8±2.5 146.8±1.4 0.087-0.134 -23.3±1.3 

3 0.75 50 55.7±0.9 120.9±3.1 0.087-0.125 -20.3±1.5 

4 0.5 25 53.8±1.2 158.1±4.6 0.117-0.221 -19.2±0.9 

5 0.5 75 61.4±0.8 173.4±3.3 0.096-0.155 -24.3±1.1 

a. HPAE-co-PLA7:1 was used as an example. 
b. Con. represents concentration, and PDI represents polydispersity index. 
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were formed as the multi-molecular polymeric micelles trap-
ping BSA molecules near their outer layers.  

3.7. Stability of BSA Released from NPs 

 Both direct and indirect methods could be employed to 
detect the BSA stability in the nanoparticles. In the direct 

method as described by Zhu et al. [36], the hydrophobic 
polymers in the nanoparticles was dissolved in acetone and 
the remained pellet of insoluble BSA was measured to obtain 
the total stability of BSA molecules including the releasable 
and non-releasable BSA molecules in the nanoparticles. In 
the indirect method as mentioned in the experiment part, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (6). TEM images and magnified images of BSA-loaded HPAE-co-PLA NPs fabrication by DE (a,b) and NP(c,d). 

 

 

 

 

 

 

 

 

 

Fig. (7). In vitro release profiles of BSA from the PLA (Mw=48kDa) and HPAE-co-PLA (7:1) nanoparticles. 
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only the released BSA from the nanoparticles was detected. 
In terms of practical application of protein delivery system in 
clinic, the data from the indirect method was more valuable 
to evaluate effectiveness of a protein delivery system. So the 
indirect method was used in our laboratory. The SDS-PAGE 
results of BSA released from nanoparticles after 14, 28 days 
are shown in Fig. (8). The non-reducing conditions em-
ployed for this analysis will preserve all aggregates linked by 
disulfide bonds [37]. Neither degradation nor soluble aggre-
gation take place with the HPAE-co-PLA nanoparticles fab-
ricated by both methods, suggesting that the HPAE moiety 
attributes to the preservation of BSA integrity. Many factors 
such as exposure of a protein to organic solvents, high tem-
perature and shearing strength could make a protein deacti-
vated during an encapsulation process [33]. Otherwise, the 
deleterious micro-environmental factors for the protein sta-
bility in the polymeric nanoparticles were acidic pH and the 
hydrophobic polymer surface [38]. To preserve BSA activity 
during its encapsulation, more moderate condition was em-
ployed such as acetone as water miscible solvent [39], soni-
cation in an ice bath and ultracentrifugation at a low tem-
perature as well as the use of the mechanical forces as low as 
possible. Mg(OH)2 was successfully used to increase the 
microenvironmental pH and to prevent BSA from structural 
loss and aggregation for over one month [38,40]. The HPAE 
moiety possessed many hydrophilic hydroxyl groups that 
could form hydrogen bonds with the BSA molecule. An 
adaptive microenvironment for BSA was constructed from 
the polymer with hydrophilic hydroxyl groups to keep BSA 
stable. So the BSA activity could be preserved in the HPAE 
co-PLA nanoparticles. 

 Circular dichroism spectroscopy is a common method to 
analyze the secondary structure of a protein with high reli-
ability. In the CD spectrum of the native BSA in PBS (pH 
7.4), there were two extreme valleys at 208 and 222 nm [41]. 
The CD spectra of the free BSA in the supernatant from the 
release test after 28 days was measured and shown in Fig. 
(9a). Obviously, two extreme valleys at 208 and 222 nm 
occurred without any significant difference from those of the 
native BSA. The result indicated that the released BSA re-

mained its original structure. The intensities of the double 
minimums reflected the helicity of BSA as more than 50% of 
α-helical structure. The declined intensity of the double 
minimums implied that the extent of α-helicity of the protein 
decreased. Because NP method fabricated nanoparticles in a 
more mild way, as for the HPAE-co-PLA nanoparticles, the 
secondary structure of the released BSA from the nanoparti-
cles fabricated by the NP method remained more stable than 
by DE method. Compared to the CD spectrum of native 
BSA, the CD spectrum of the supernatant BSA released from 
the HPAE-co-PLA nanoparticles conformed more than that 
of BSA released from the PLA nanoparticles, indicating that 
the secondary structure of BSA released from HPAE-co-
PLA nanoparticles was kept more stable than that from the 
PLA nanoparticles. The HPAE-co-PLA nanoparticles of a 
protein might be promising as a nasal delivery system, be-
cause the biological response of proteins encapsulated in 
some biodegradable nanoparticles was significantly greater 
than those in the microparticles when administered intrana-
sally [42]. 

 Meanwhile, fluorescence spectrum has been further used 
as a sensitive detector for the conformational change studies 
in the tertiary structures, as shown in Fig. (9b). The fluores-
cence emission spectrum of BSA at an excitation of 285 nm 
showed at 349 nm. Likewise, tertiary structure of BSA was 
also similar to BSA controlled. 

CONCLUSION 

 A series of hyperbranched copolymers of HPAE–co-PLA 
were synthesized. Conjugating of PLA to HPAE-OHs was 
proved to be an available method for the fabrication prepara-
tion of NPs for protein delivery with following promising 
properties: the modification of hydrophobicity of PLA, the 
enhancement of EE and the structural stability of BSA re-
leased from the NPs. Besides the copolymer composition, 
fabrication methods (DE and NP methods) had significant 
influence on particle size, EE and release profile. Further-
more, a comprehensive investigating of the physicochemical 
characteristics (FT-IR, 1H-NMR, TGA and DSC) of hyper-
branched copolymer and their NPs aid in the design of new 

 

 

 

 

 

 

 

 

Fig. (8). SDS-PAGE results of BSA released from the nanoparticles after 14 days in PBS. Lane 1, BSA standard; lane 2, BSA released from 
nanoparticles of NP; lane 3, (DE); lane 4, BSA standard; lane 5, NP after 28 days; lane 6, DE after 28days; lane 7, MW standard. 
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amphiphilic copolymers and could help rationalize their in 
vitro performance. 
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