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Abstract A series of amphiphilic hyperbranched poly (amine-ester)-poly (lactide-

co-glycolide) (HPAE-co-PLGA) copolymers were synthesized by ring-opening

polymerization of DL-lactide, glycolide and a fourth generation hyperbranched poly

(amine-ester) (HPAE-OHs4) with Sn(Oct)2 as catalyst. The chemical structure of

copolymers was characterized by Fourier transform infrared (FT-IR), nuclear

magnetic resonance (1H-NMR, 13C-NMR), thermo gravimetric analysis apparatus

(TGA), and different scanning calorimetry (DSC). Formation and characteristics of

polymeric micelles of the amphiphilic copolymer were studied by environmental

scanning electron microscopy (ESEM), fluorescence spectroscopy, and dynamic

light scattering (DLS). In order to estimate the feasibility as novel drug carriers, a

lipophilic model drug amphotericin B was incorporated into polymeric micelles and

the drug release behavior was investigated. The micelle size and drug-loading

content were found increased, and the drug-release rate decreased with the increase

of molar ratio of DL-lactide/glycolide to HPAE.
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Introduction

Polymeric micelles consisting of hydrophilic and hydrophobic segments have

received special attention due to their potential application and academic interest in

many interdisciplinary fields [1–5]. These core–shell type micelles may be used as

drug delivery vehicles for poorly water-soluble drugs. The most widely studied

amphiphilic polymers for drug delivery are diblock and triblock copolymers.

However, these conventional micelle drug delivery systems are based on the linear

amphiphilic copolymers with insufficient reactive groups at molecular chains, low

encapsulation efficiency, which limit further modification, ligand coupling, and

their application in drug delivery [6–11]. In contrast, dendrimers and hyperbranched

polymers, with good hydrophilicity and biocompatibility, seem to be attractive

alternatives to PEG hydrophilic segments for designing amphiphilic graft copoly-

mers. Since the molecular branching of amphiphilic copolymers is the most

important factor in determining micellar structure and property, research efforts

have thus focused on the design of molecular structures of amphiphilic copolymers.

Recently, amphiphilic copolymers with nonlinear structure exhibited improved

property as drug carriers in many researches [12]. Polymeric micelles compositing

of branched copolymers may have special application for drug delivery due to their

abundant terminal groups.

Over the past two decades, hyperbranched polymers have received extensive

research attention as a new class of polymers with unique chain structure. Distinct

from their linear analogs, hyperbranched polymers have structures and topologies

similar to those of dendrimers, having strikingly superior material properties, such

as low solution/melt viscosity, enhanced solubility, abundant terminal groups, etc.

[13, 14]. Furthermore, unlike dendrimers that often require tedious synthetic

procedures [15], hyperbranched polymers are more easily produced in a large scale,

which encourages their potential use in a variety of important applications,

including rheological additives, toughening agents, drug delivery etc. [16–20].

Hyperbranched 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. Therefore, modification of number

and type of end groups can be a powerful tool to tailor the properties of

hyperbranched polymers [21–23].

Recent trends in drug delivery technology have focused on biodegradable

polymers requiring no surgical removal once the drug supply is depleted. PLGA is a

well-known biodegradable and biocompatible material with a hydrophobic charac-

ter. In addition, it was reported that DL-lactide and glycolide with other material

such as PEG degraded much more rapidly than PLGA homopolymer. The lactide/

glycolide polymers chains can be cleaved by hydrolysis into natural metabolites

(lactic and glycolic acid), which are eliminated from the body by the citric acid

cycle. It is for this reason that PLAG has been extensively used for controlled drug

delivery systems. PLGA provides a wide range of degradation rates, from months to

years, depending on its composition and molecular weight. Compared to PLA,

PLGA improves the crystallinity, permeability, hydrophilicity of PLA homopoly-

mer and enables adjustment to the degradation rate and mechanic intensity of PLA
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itself. It can also be used to control drug-release rate by adjustment to the ratio of

lactide/glycolide, which facilitates the application for drug delivery.

The present work is to associate the merits of HPAE-OHs and PLGA and prepared

HPAE-co-PLGA polymeric micelles as drug carriers. If PLGA can be grafted onto

hydroxyl groups of HPAE-OHs, the amphiphilic copolymers would become

affordable. Owing to the introduction of hydrophilic HPAE-OHs molecules, a drug

can be encapsulated into the HPAE-co-PLGA polymeric micelles without any

deactivation. The new hyperbranched polymeric micelles contained abundant

terminal groups, which enable binding drug with other target groups for drug delivery

system. For this purpose, we synthesize the HPAE-co-PLGA copolymers by opening

polymerization with hyperbranched HPAE, DL-lactide, and glycolide. The chemical

structure and physical properties of copolymers were characterized and the formation

of polymeric micelle was investigated. Finally, the lipophilic drug amphotericin B,

first-line treatment for intraocular fungal infections [24, 25], was incorporated into

polymeric micelles as a model drug and the drug release behavior was investigated.

Experimental

Materials

1,1,1-Trimethylol propane of reagent grade, methyl acrylate (purified by vacuum

distillation), and diethanolamine were purchased from National Medicines Chem-

ical Reagent Co. Ltd (China.). Titanium tetraisopropoxide (Ti(OiPr)4, benzoic

anhydride, and imidazole were purchased from Beijing Reagent Factory,(China).

DL-Lactide and glycolide were purchased from PURAC (The Netherlands) and used

without further purification. Sn(Oct)2 was purchased from Sigma (America).

Amphotericin B was purchased from Shanghai Xinxianfeng Pharmaceutical Co.

(Shanghai, China). All other reagents were analytical grade.

Synthesis and characterization of HPAE-co-PLGA copolymer

HPAE-OHs were synthesized through a pseudo-one-step process by alcoholysis.

The second-generation HPAE-OHs4 was obtained as follows: first, 1,1,1-trimethylol

propane (as a molecular core) reacted with N, N-diethylol-3-amine methylpropi-

onate (as an AB2 monomer) in N2 at 120 �C for 12 h with Ti(OiPr)4 (1%, w/w) as

the catalyst. The feed molar ratio of 1,1,1-trimethylol propane to N, N-diethylol-3-

amine methylpropionate was 1:9. Then the obtained product was dissolved in

10 mL ethanol with Ti(OiPr)4 precipitated and the Ti(OiPr)4 was removed by

filtration. Finally, ethanol was evaporated and the product was dried at 40 �C in a

vacuum oven and stored for further utilization.

The generation of HPAE-OHs was increased by repeatedly adding N, N-diethy-

lol-3-amine methylpropionate monomer to the former generation product.

N, N-diethylol-3-amine methylpropionate was prepared by using methyl acrylate

and diethanolamine in methanol under N2 at 35 �C for 5 h. The feed molar ratio of
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methyl acrylate to diethanolamine is 1.5:1. After the Michael reaction, excess

methyl acrylate and methanol were removed through vacuum distillation.

The fourth generation HPAE-OHs4 was obtained by repeating the process three

times.

HPAE-co-PLGA copolymer was synthesized through a ring-opening polymer-

ization procedure. DL-Lactide (DLLA), glycolide, and HPAE-OHs4 were dehy-

drated by using P2O5 under vacuum at 45 �C for 24 h and used without further

purification. A total of 50 g of DL-lactide, glycolide plus HPAE-OHs4 were used for

the polymerization. Copolymerization in the bulk state was carried out with various

molar ratios of DL-lactide/glycolide (6/1, 10/1, and 15/1) and the weight ratio of

HPAE-OHs4 was adjusted to 30% (w/w). Sn(Oct)2 (0.2%, w/w) was added into a

dried polymerization tube followed by the addition of DL-lactide, glycolide, and

HPAE-OHs4. The polymerization tube was sealed under vacuum and kept in an oil

bath at 150 �C. After 13 h, the product was cooled to ambient temperature. The

obtained viscous material was dissolved with CH2Cl2 and then precipitated with

ether/petroleum (1:1, v/v) to remove unreacted DL-lactide, glycolide monomers.

After ether and the petroleum were evaporated, the copolymers were dissolved in a

little of acetone and then precipitated in deionized water. The purified copolymers

were dried at 40 �C for 2 days in a vacuum oven.

Characterization of HPAE-OHs and HPAE-co-PLGA copolymer

The FT-IR spectra of HPAE-OHs was recorded on Fourier transform infrared

(FT-IR) spectrometer (Spectrum One Perkin-Elmer, America) using a film as

reference. The HPAE-co-PLGA samples were mixed with KBr and pressed to a

plate for measurement.

The nuclear magnetic resonance (1H-NMR, 13C-NMR) of HPAE-OHs and

HPAE-co-PLGA copolymer was recorded on a (Bruker AVANCE 400) NMR

spectrometer. HPAE-OHs were dissolved in DMSO-d6 and HPAE-co-PLGA

copolymers were dissolved in CDCl3.

Gel permeation chromatography (GPC) was performed on a Waters 2410 GPC

apparatus (USA). Molecular weight and molecular weight distribution of the

copolymers were calculated using polystyrene as the standard.

The thermal stability of HPAE-OHs4 and HPAE-co-PLGA samples was

measured using TGA (Perkin-Elmer, America). The temperature range was carried

out from 25 to 900 �C under nitrogen flow with heating rate of 20 �C/min.

The thermo-property of HPAE-OHs4, PLGA, and HPAE-co-PLGA samples

was also measured using DSC. Samples (3–5 mg) were loaded into aluminum

pans and the DSC thermo grams were recorded on a Pyris Diamond DSC

apparatus (Perkin-Elmer, America). In order to observe Tg, all of the DSC thermo

grams were obtained with 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 cooling rate was

20 �C/min, then the samples were re-heated from 0 to 100 �C in the heating rate

of 20 �C/min.
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Determination of the hydroxyl values of HPAE-OHs

The hydroxyl values of HPAE-OHs were determined as described in the previous

paper [26]. HPAE-OHs were dissolved in excess benzoic anhydride with imidazole

as a catalyst at 80 �C for 3 h. The benzoic anhydride was used to acetylate the

hydroxyl groups in HPAE-OHs. By back-titrating the above mixture with NaOH

solution (0.1 mol L-1 in water) at room temperature, the hydroxyl values of HPAE-

OHs were calculated.

Preparation of amphotericin B-loaded HPAE-co-PLGA polymeric micelle

The HPAE-co-PLGA polymeric micelle was prepared according to the previous

paper [27] with slight modification. Amphotericin B and HPAE-co-PLGA

copolymer were dissolved in 5 mL of DMSO. This solution was slowly dripped

into 20 mL deionized water (or 0.25%, w/v, Pluronic F-68) for 10 min and then

stirred for another 5 min to form polymeric micelle. Then the solution was

introduced into a dialysis tube (MWCO 8,000 g/mol) and dialyzed against

deionized water (or with 0.25% Pluronic F-68) for 24 h to remove the solvent.

The dialyzed solution was filtered through 1.0 lm syringe filter and then lyophilized

or analyzed.

Plain polymeric micelles of HPAE-co-PLGA copolymers were prepared by the

same procedure as described above with the exception of amphotericin B.

Characterization of the HPAE-co-PLGA polymeric micelles

Environmental scanning electron microscopy (ESEM, Quauta 200FEG, FEI) was

used to observe the morphology of the micelles. A drop of micelle solution was

deposited onto a silicon chip and air-dried before ESEM observation.

The size and size distribution of polymeric micelles were measured using a DLS

(Zetasizer Nano series ZEN 3600Malvern Instruments Ltd., England) with a

wavelength of 532 nm and detection angle of 90� at 25 �C.

Steady-state fluorescence spectrum was recorded on a spectrofluorophotometer

(FL-920 England). The solution of HPAE-co-PLGA copolymers containing

6 9 10-7 M of pyrene was placed in a square cell and the fluorescence spectrum

was obtained with a fluorophotometer. The concentration of the sample solution

varied from 1.0 9 10-3 to 0.5 mg/mL and the excitation wavelength (kex) was

336 nm.

Biodegradation of the HPAE-co-PLGA copolymer and HPAE-co-PLGA

copolymer micelle

20 mg samples of the HPAE-co-PLGA copolymers and their micelle lyophilized

powder were compressed with a mold into a film on a Carver Laboratory Press (Fred

S. Carver Inc., USA) at room temperature.
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Biodegradation ð%Þ ¼ 100ðW1 �WdÞ=W1;

where W1 and Wd represents the dried weight of the original film and the weight

after incubating in PBS (pH 7.4) at 37 �C for specific days, respectively.

Micelle yield, drug-loading content, and entrapment efficiency

The resulted micellar solution was frozen and lyophilized to obtain the dried

product. In order to evaluate the drug contents and loading efficiency, 5 mg of

amphotericin B-loaded HPAE-co-PLGA polymeric micelle was dissolved in 10 mL

of DMSO and then diluted with DMSO. The concentration of amphotericin B was

evaluated using an UV-spectrophotometer (Perkin Elmer Lambda850 [USA]) at

415 nm. Empty polymeric micelle of HPAE-co-PLGA copolymer was used as a

blank test. The micelle yield, drug-loading content, and drug entrapment efficiency

were presented by Eqs. 1–3, respectively

Micelle yield ð%Þ ¼weight of micelles=weight of polymer and drug feed initially

� 100 ð1Þ

Drug-loading content ð%Þ ¼ weight of drug in micelles=weight of micelles� 100

ð2Þ

Entrapment efficiency ð%Þ ¼weight of drug in micelles=weight of drug

feed initially� 100 ð3Þ

Each sample was assayed in triplicate.

Physical stability of amphotericin B-loaded polymeric micelles

The drug-loaded micelles were determined for physical stability in PBS. Micellar

diameter changes were evaluated by DLS as mentioned above.

In vitro release

During in vitro release experiment, 5 mg of lyophilized amphotericin B-loaded

HPAE-co-PLGA polymeric micelles was reconstituted into 5 mL of PBS and then

introduced into dialysis tube (MWCO 12,000 g/mol). The dialysis tubes were

placed in 200 mL bottle with 95 mL of PBS, and the media stirred at 37 �C and

100 ppm using a magnetic stirrer. The media was taken out for drug concentration

analysis at specific time intervals. After that, whole media was replaced with fresh

PBS to prevent drug saturation. Then the media was diluted 10–100 times with

DMSO and the concentration of the amphotericin B released was determined using

an UV-spectrophotometer (Perkin Elmer Lambda850 [USA]) at 415 nm. Since the

properties of UV spectrum of amphotericin B in DMSO do not change in the range

between 0.1 and 10 lg/mL, we diluted the release medium with DMSO to this range

for drug concentration estimation using UV-spectrophotometer.
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Results and discussion

In our work, a fourth generation HPAE-OHs4 with surface hydroxyl groups was

prepared according to the previous paper [28] with a few modifications. The synthesis

route is shown in Scheme 1a. In order to minimize the side reaction between the AB2

monomer, the choice of effectively available transesterification catalysts which

showed the better compromise between chemselectivity and activity has attracted

growing attention in chemical reactions. It showed that titanates and zirconates were

the most interesting catalysts [29]. Due to above reasons, p-methylbenzene sulfonic

acid (p-TsOH) was replaced by Ti(OiPr)4. The final products of HPAE-OHs4 are

soluble in water, ethanol, and N, N-dimethylformamide (DMF).

HPAE-co-PLGA copolymers can be synthesized through a ring-opening

polymerization and polymerization of DL-lactide and glycolide can be affected by

at least four different mechanisms categorized as anionic, cationic, coordination,

and radical, among which the coordination polymerization is one of the most

versatile methods for preparing PLGA and its copolymers and can afford high

molecular weights and conversions. In the present polymerization system, metal

species are believed to function as a catalyst and the hydroxyl end group of HPAE

serves as an initiator.

The active hydrogen atom at one end of the HPAE chains acts as an initiator and

induced a selective acyl-oxygen cleavage of DL-lactide and glycolide. The

polymerization route is shown in Scheme 1b. The solubility of HPAE-co-PLGA

is opposite to HPAE-OHs4, which can be dissolved in acetone, dichloromethane,

and tetrahydrofuran (THF). It indicated that PLGA segment was conjugated onto the

HPAE-OHs4.

The hydroxyl values of different generation HPAE-OHs were measured and

calculated as described in the previous paper [26]. The results of different

generation HPAE-OHs are shown in Table 1. It clearly shows that with the increase

of generation the hydroxyl values are closer to the theoretical value. It indicates that

the structure is apt to regulation.

The different samples, namely, the HPAE-co-PLGA of 6:1 (feed ratio of

DL-lactide/glycolide molar ratio), HPAE-co-PLGA of 10:1, and HPAE-co-PLGA of

15:1, respectively, were synthesized.

The molecular weights and polydispersity index of the HPAE-co-PLGA

copolymers are shown in Table 2. The amount of lactide introduced to HPAE-

OH4 increased with the increase of the molar ratio of DL-lactide/glycolide to HPAE-

OH4. As the molar ratios of DL-lactide/glycolide to HPAE-OH4 increased from 6:1

to 15:1, the molecular weights rose from 23 to 76 kDa. This indicates that the higher

the concentration of DL-lactide and glycolide, the higher the opportunity of the

DL-lactide and glycolide will react with HPAE-OH4 reactive centers.

The hydrophobicity of the copolymer increased in order of HPAE-co-PLGA

(6/1), HPAE-co-PLGA (10/1), and HPAE-co-PLGA (15/1) with the increase of the

molar ratio of DL-lactide/glycolide in the PLGA segment because DL-lactide unit

more hydrophobic than glycolide.

Figure 1a, b shows the FT-IR of the HPAE-OHs4 and HPAE-co-PLGA

copolymer. The absorption band of HPAE-co-PLGA at 3,455 cm-1 is attributed
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Scheme 1 The synthesis route of HPAE-OHs (a) and HPAE-co-PLGA copolymer (b)

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

Represent the generation of HPAE-OHs; HPAE-OHs4 (Mw = 7,200 Da)
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to terminal hydroxyl groups in the copolymer. The bands at 3,010 and 2,948 cm-1

represent C–H stretch of CH3. A strong band at 1,759 cm-1 corresponds to C=O

stretch. The CH2 scissoring and wagging modes at 1,458, 1,436, and 1,384 cm-1 are

different between the two graphs. For the fourth generation of HPAE-OHs4

(Fig. 1a), the intensity of the three absorption bands is weak and almost equal, while

in HPAE-co-PLGA copolymer, the bands located at 1,458 and 1,384 cm-1 become

much stronger than the other bands. The band at 1,192 cm-1 corresponds to the

C–O stretching vibration in HPAE-OHs4, while in HPAE-co-PLGA copolymer the

absorption intensity becomes stronger than HPAE-OHs4.

The basic chemical structure of HPAE-OHs4 and HPAE-co-PLGA copolymer is

also confirmed by 1H-NMR (Fig. 2a, b). Compared with HPAE-OHs4 (Fig. 2a), the
1H-NMR spectra of the HPAE-co-PLGA copolymer (Fig. 2b) shows that the signal

at *4.3 ppm is attributed to the terminal of the methyl proton of the branched

polylactide. The signals at *1.4 and *1.5 ppm are attributed to the methyl protons

of the polylactide moiety located at the terminal groups and the repeat units,

respectively. Overlapping doublets at *1.55 ppm are attributed to the methyl

Table 2 Composition and molecular weight distribution of HPAE-co-PLGA copolymers

Sample Copolymer Molecular weight of copolymer Polydispersity

(Mw/Mn)
Mw (kDa) Mn (kDa)

1 HPAE-co-PLGA(6/1) 23 17 1.35

2 HPAE-co-PLGA(10/1) 41 26 1.58

3 HPAE-co-PLGA(15/1) 76 53 1.43

Measured by GPC

Fig. 1 FT-IR spectra of HPAE-OHs4 (a) and HPAE-co-PLGA copolymer (6:1) (b)
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groups of the D- and L-lactic acid repeat units. The multiplets at *5.2 and

*4.8 ppm correspond to the lactic acid CH and the glycolic acid CH2, respectively.

The high complexity of the peaks results from different D-lactic, L-lactic, glycolic

acid sequences in the polymer backbone (structure of the HPAE-co-PLGA

copolymer shown in Scheme 1b).

The basic chemical structure of HPAE-OHs4 and HPAE-co-PLGA copolymer is

further confirmed by 13C-NMR (Fig. 2c, d). Compared with HPAE-OHs4 (Fig. 2c),

the13C-NMR spectra of the HPAE-co-PLGA copolymer (Fig. 2d) shows that the

peak at *170 ppm is attributed to the C=O group carbon peak of PLGA moiety.

The signals at *68 and *70 ppm are assigned to –CH group carbon peak of the

PLGA moiety located at the terminal groups and the repeat units, respectively. The

signals at *17 and *20 ppm are attributed to the –CH3 group carbon peak of

the PLGA moiety located at the repeat units and the terminal groups, respectively.

All these results evidence that the hyperbranched copolymers contain side chains of

polylactide and polyglycolide.

The thermal properties of HPAE-OHs4 and HPAE-co-PLGA copolymers are

examined by TGA measurement. Figure 3a shows the TGA thermogram of

HPAE-OHs4 and HPAE-co-PLGA copolymers. Compared with HPAE-OHs4,

HPAE-co-PLGA copolymers have lower thermal degradation temperature. A fast

Fig. 2 The exhibited the typical 1H-NMR spectrum of HPAE-OHs4 (a), HPAE-co-PLGA copolymer
(6:1) (b), 13C-NMR spectrum of HPAE-OHs4 (c), and HPAE-co-PLGA copolymer (6:1) (d)
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process of weight loss appeared in the TGA curves response for the HPAE-co-

PLGA copolymers in thermal degradation ranges. The thermo decomposition rate

and carbolic survivor increased with the increase of the ratio of PLGA in the

copolymers. These results showed that the thermal stability of HPAE-co-PLGA

copolymer increases relatively to the original HPAE-OHs4 and the thermal

stability of the copolymer decreased with the increase of PLGA segment.

The DSC of HPAE-OHs4, PLGA, and the HPAE-co-PLGA copolymers is

measured and the representative DSC traces are shown in Fig. 3b. The Tg of the

PLGA segment in the copolymer is 52.1 �C. Only one sidestep presented in all of

the samples and it shows no signs of inhomogeneities. The Tgs of the HPAE-co-

PLGA copolymers are far lower than that of pure PLGA. It could be explained that

HPAE-OHs4 with low Tg was elastic state at room temperature. The decrease in the

Tg of PLGA after being grafted on HPAE-OHs4 indicates that the HPAE-OHs4 unit

can plasticize the adjacent PLGA chain.

The plots of weight loss versus time are demonstrated on Fig. 4. It indicates that

the hydrophilicity–hydrophobicity balance plays an important role in the biodeg-

radation of the HPAE-co-PLGA copolymers and their micelles. Since HPAE unit is

hydrophilic, water can diffuse into the HPAE-co-PLGA copolymer matrix, so that

the biodegradation takes place simultaneously inside the copolymer film. In

addition, the HPAE-co-PLGA copolymer and their micelles with small molecular

weight are biodegraded with higher rate than those with high molecular weight. It

could be explained that the polymeric chains of small molecular weight have better

mobility and are more hydrophilicity, so that it is easier for the water molecules

to penetrate into the polymer matrix. The biodegradation behavior could be

adjusted through altering hydrophilicity–hydrophobicity balance of the copolymers

(micelles) in macromolecular structure, by adjusting copolymer molecular weight,

Fig. 3 TGA graphs of HPAE-OHs4, HPAE-co-PLGA copolymers (6:1, 10:1, 15:1) (a) and DSC thermo
grams of HPAE-OHs4, HPAE-co-PLGA copolymers (6:1, 10:1, 15:1), and PLGA (Mw = 34 kDa) (b)
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crystallinity, and different incubation time as well as adjusting the ratio of

DL-lactide/glycolide and DL-lactide/glycolide to HPAE. As a result, the degradation

rates of copolymers (micelles) can be changed with a wide range, making it very

useful in drug delivery system.

It is well known that amphiphilic copolymers with a suitable hydrophilic/

hydrophobic balance can form a micellar structure when exposed to a selective

solvent. The HPAE-co-PLGA copolymers, consisting of hydrophilic HPAE and

hydrophobic PLGA segments, provide an opportunity to form micelles in water. The

micelle behavior of HPAE-co-PLGA copolymer in aqueous media was monitored

through fluorometry with the presence of pyrene as a fluorescence probe. In studying

the micelles formation of hydrophobically modified copolymer in aqueous solution,

pyrene is generally used as a molecular probe, and the variation in the ratio of

intensity of first (372 nm) to third (383 nm) vibronic peaks I372/I383, the so-called

polarity parameter, is quite sensitive to the polarity of microenvironment where

pyrene is located. Figure 5a, b shows the excitation spectra of pyrene in its aqueous

solutions with various concentrations and the changes of I372/I383 with the

concentration. At lower concentrations, I372/I383 values remained nearly unchanged.

With further increase of concentration, the intensity ratio starts to decrease, implying

the onset of micelle from hyperbranched copolymer. The critical micelle concen-

tration (cmc) was determined by the interception of two straight lines. The cmc

values of hyperbranched copolymer are listed in Table 3. From the table, we can see

that the cmc values of polymeric amphiphilies are lower than the cmc of low

molecular weight surfactants [30], indicating the stability of micelles from

hyperbranched copolymer at dilute conditions. The increase of hydrophobicity

through introduction of a large amount of hydrophobic groups further reduces the

cmc values (Table 3).

Fig. 4 Weight loss of the HPAE-co-PLGA copolymers (a) and HPAE-co-PLGA copolymer micelles
(b) in PBS (pH 7.4) at 37 �C
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Figure 6a, b shows the ESEM image and the size distribution of amphotericin

B-loaded polymeric micelles. As we can see from the figure, the amphotericin

B-loaded polymeric micelles are spherical in shape (Fig. 6a) and have a unimodal

size distribution (Fig. 6b).

In the clinical administration of the nanoparticle suspension, vessel occlusion due

to the particle aggregation may occur. The steric stability of nanoparticles in the

biological milieu thus becomes an important aspect to be considered. An improved

safety profile of amphiphilic copolymer nanoparticles was observed in comparison

with the hydrophobic PLGA nanoparticles, which was attributed to the presence

of hydrophilic segment on the particles surface to prevent the coagulation cascade.

In the preparation of nanoparticles, the surfactant does not really attend the for-

mation of nanoparticles. It acts as a stabilizer for keeping the particles’ stability.

Fig. 5 a Fluorescence emission spectra of pyrene in water in the presence of the HPAE-co-PLGA
copolymer (10:1) at 20 �C (1:0.5, 2:0.25, 3:0.1, 4:0.01, 5:0.005, 6:0.001 mg/mL). (b) Change of the
intensity ratio (I372/I383) versus the concentration of the HPAE-co-PLGA copolymer (10:1) at 20 �C

Table 3 Effect of different composition of copolymer on the properties of polymeric micelles and

amphotericin B-loaded polymeric micelles

Sample Copolymer Mean diameter

(nm)

Polydispersity index

of mean diameter

cmc 9 102

(mg/mL)

1 HPAE-co-PLGA(6/1) 114 0.05 5.56

2 HPAE-co-PLGA(10/1) 136 0.08 2.01

3 HPAE-co-PLGA(15/1) 153 0.06 0.99

AmNP6 HPAE-co-PLGA (6/1) 131 0.08 4.39

AmNP10 HPAE-co-PLGA (10/1) 155 0.07 1.73

AmNP15 HPAE-co-PLGA (15/1) 177 0.06 0.85

Amphotericin B content 10% (w/w)
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HPAE-co-PLGA copolymer nanoparticles were of an amphiphilic structure: the

hydrophobic PLGA segment compromised the pact core while the hydrophilic

HPAE-OHS4 segment extended to the outer aqueous environment to form a shell.

This structure may have self-stabilization function. In our work, the particles were

suspended in PBS and the size was recorded (Fig. 7). Only a small size variation

from 155 to 172 nm is observed in 14 days. It demonstrates that HPAE-co-PLGA

copolymer nanoparticles possess good steric stability in vitro.

The size and size distribution of polymeric micelles and amphotericin B-loaded

polymeric micelles (AmNP6, AmNP 10, and AmNP15) were measured by DLS

(Table 3). The size of the plain polymeric micelles was 114–153 nm in water. The

DLS data shows that the micelle sizes increased with the increase of molar ratio of

DL-lactide/glycolide. These results suggested that the elongation of hydrophobic

PLGA side chain facilitates the growth of the hydrophobic core of polymeric

Fig. 6 The ESEM images (a) and the size distribution (b) of amphotericin B-loaded HPAE-co-PLGA
copolymer micelles in water (HPAE-co-PLGA (10:1))

Fig. 7 Steric stability of amphotericin B-loaded HPAE-co-PLGA copolymer micelles (10:1) in PBS
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micelles. Table 3 shows that the micelles have a narrow unimodal distribution. The

results indicate that the micelle size depends on the ratio of hydrophobic PLGA

segment to hydrophilic HPAE segment in the copolymer.

Table 4 summarizes the micelle yield, drug-loading content, and entrapment

efficiency of HPAE-co-PLGA copolymeric micelles. The micelle yield and drug-

loading content depend mainly on the composition ratio of HPAE to PLGA in

copolymers, while drug-loading content in micelles increases from 7.1 to 11.0%

with the increase of the ratio of DL-lactide/glycolide to HPAE-OHs4 in copolymers.

This result could be explained by the hydrophobic character of amphotericin B.

Therefore, the higher the PLGA segment content in copolymer, the easier for the

drug to be encapsulated in micelles. HPAE-co-PLGA (15:1) has the highest micelle

yield, 85.5%, within all of the samples. A large amount of gelatinous coagulation

was found during the acetone evaporation process for preparation of HPAE-co-

PLGA (10:1) micelles, which explains the lower micelle yield of the two samples.

Figure 8 showed vitro release profiles of amphotericin B from HPAE-co-PLGA

micelles with various DL-lactide/glycolide/HPAE ratios. For all polymeric micelles,

amphotericin B release showed both an initial burst release and a release in a

sustained manner afterward. During initial burst release, a significant amount of

amphotericin B was release within 12 h, 31.56% for HPAE-co-PLGA (6:1)

copolymer micelles. After the initial burst, HPAE-co-PLGA release profiles

displayed a sustained release. The amount of cumulated HPAE-co-PLGA (6:1)

release over 10 days was 77.80% for HPAE-co-PLGA polymeric micelles

(amphotericin B content 20%). This sustained release could result from diffusion

of amphotericin B into the polymer wall, the drug through polymer wall, and the

erosion of the polymer. The release of a drug from the polymer micelles is rather

complicated process. It can be affected by many factors such as the polymer

degradation, molecular weight, the binding affinity between the polymer and the

drug, crystallinity, and so on [31]. In this study, the drug-release rate might be

mainly determined by the diffusion of the drug through the polymer matrix. The

initial burst might be attributed to the rapid release of drugs in the microchannels

probably existing in micelles [32]. Amphotericin B, because of its lipophilic

character, was physically entrapped in the hydrophobic core of a micelle.

Accordingly, the in vitro release behaviors of a lipophilic compound from the

polymeric micelle were largely affected by its inner core with hydrophobic

properties [31]. Therefore, as the PLGA content of a copolymer increased, the

hydrophobic segments in a copolymer increased, resulting in the increase of the

Table 4 Drug loading efficiency, drug entrapment efficiency, and micelle yield of amphotericin

B-loaded polymeric micelles

Sample Copolymer Entrapment

efficiency (%)

Drug

loading (%)

Micelle

yield (%)

1 HPAE-co-PLGA(6/1) 68.3 7.1 55.2

2 HPAE-co-PLGA(10/1) 73.5 8.5 69.7

3 HPAE-co-PLGA(15/1) 81.7 11.0 85.5

The mass of amphotericin B used was 20% (w/w) in relation to polymer mass
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binding affinity between amphotericin B and PLGA. Consequently, in this micelle,

the drug-release rate was inversely proportional to the PLGA content of copolymers.

Another reason for the fast release rate of HPAE-co-PLGA was their small particle

size with relatively large surface area.

Conclusions

Amphiphilic HPAE-co-PLGA copolymers which can form the polymeric micelles

were prepared. The hyperbranched copolymers with controlled structure were

obtained by adjusting the molar ratio of DL-lactide/glycolide to HPAE unit. The

amphotericin B-loaded polymeric micelles were prepared by the phase separation

method. The preliminary investigations for the novel micelle have shown that the

composition of the copolymer made a great influence on the micelle size, size

distribution, and drug release behavior. Control of the micelle size, drug-loading

content, and drug release behavior can be achieved by optimizing the ratio of

DL-lactide/glycolide to HPAE in the copolymer. The particles suspension exhibited

good steric stability in vitro. These results showed that HPAE-co-PLGA polymeric

micelles may be a promising new drug delivery system for lipophilic drugs.
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