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Abstract

PEG-g-poly(aspartamide-co-N,N-dimethylethylenediamino aspartamide) (PEG-DMEDA-PASP) was synthesized by two-step ring-
opening reactions of polysuccinimide (PSI) with a-methoxy-m-amino-poly(ethylene glycol) and N,N-dimethylethylenediamine. The poly-
mer structure was confirmed by 'H NMR and FT-IR. The resultant PEG-DMEDA-PASP with ammonium glycyrrhizinate (AMG)
could form polymeric micelles in aqueous solution. The results of transmission electron microscopy (TEM) and dynamic light scattering
(DLS) measurements revealed that these polymeric micelles were spherical particles with a narrow diameter distribution and that their
average diameter was ca. 70 nm. These polymeric micelles had high-loading capacity (58%) and encapsulation efficiency (70%) for AMG.
The results of in vitro release experiments showed that these polymeric micelles possessed sustained-release effects, with a release rate of
25% within 3 h and 90% within 24 h.
© 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

Poly(aspartic acid) (PASP) and its derivatives have
attracted widespread concerns due to their low toxicity,
excellent biocompatibility and biodegradability [1-4] and
show even greater importance in biomedicine applications,
such as gene delivery [5,6] and drug delivery [2,7].

PASP possesses multifunctional character and can
afford a variety of modifications through simple chemi-
cal procedures [5-8]. It is convenient to purposefully
synthesize PASP derivatives with different physicochemi-
cal properties, which make them a good candidate for
obtaining polymeric micelle drug delivery systems. To
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date, many PASP derivatives have been synthesized
and some of them have been applied to gene or drug
delivery. Jiang et al. have reported the synthesis of
PASP-g-octadecyl-g-PEG and investigated its drug deliv-
ery properties [7]. Previously, we have synthesized two
series of PASP derivatives, poly(succinimide-co-N-propyl
aspartamide) (PSI-PA) and poly(N-dodecyl aspartamide-
co-N-propyl aspartamide) (PDDA-PA) and found that
PSI-PA is suitable as a drug delivery system [9].

In this paper, we report the synthesis of a new type
of PASP derivative, PEG-g-poly(aspartamide-co-N,
N-dimethylethylenediamino aspartamide) (PEG-DME-
DA-PASP), by two-step ring-opening reactions of polysuc-
cinimide (PSI), as shown in Scheme 1. The resultant
PEG-DMEDA-PASP with ammonium glycyrrhizinate
(AMG) could form spherical polymeric micelles in aqueous
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Scheme 1. The synthetic route of PEG-DMEDA-PASP.

solution, and these polymeric micelles had high-loading
capacity and encapsulation efficiency for AMG. The
in vitro release behavior of AMG in these polymeric
micelles was also investigated.

2. Experimental
2.1. Materials

L-Aspartic acid was purchased from Shanghai Biochem-
ical Reagent Company. a-Methoxy-m-amino-poly(ethylene
glycol) 5000 (MeOPEG-NH, 5000) was purchased from
Fluka. N,N-Dimethylethylenediamine (DMEDA, purity >
95%) was purchased from Sigma-Aldrich. Ammonium
glycyrrhizinate  (AMG),  N,N-dimethyl formamide
(DMF), tetrahydrofuran (THF) and ethyl ether were pur-
chased from Shanghai Chemical Reagent Corporation.
Polysuccinimide (PSI), with a molecular weight of Mn =
4.9 x 10%, was synthesized according to the procedure as
published in ref. [10].

2.2. Synthesis of PEG-grafted poly(aspartic acid) ( PEG-
PASP)

PEG-PASP was synthesized according to our previous
work [I11]. In a typical reaction, 2.0 g PSI was dissolved
in 10 mL DMF under stirring. Then, a DMF solution
containing 5.0 g MeOPEG-NH, was slowly added drop
by drop to the PSI solution, and the mixture was stirred
at 60 °C for 8 h. The resultant mixture was precipitated
in ice-cold ethyl ether, the precipitation was washed four
times with THF to remove the unreacted MeOPEG-
NH,, and the final product was dried under vacuum
for 8 h.

2.3. Synthesis of PEG-g-poly (aspartamide-co-N, N-dimethyl-
ethylenediamino aspartamide) (PEG-DMEDA-PASP)

A suitable amount of PEG-PASP was dissolved in DMF
in an ice-water bath and stirred. Then, an excessive dose of
DMEDA was slowly added drop by drop to the solution of
PEG-PASP and the mixture was stirred at 40 °C for 16 h.
The resultant mixture was precipitated in ice-cold ethyl
ether, the precipitation was washed four times with ethyl
ether, and was then filtered to obtain PEG-DMEDA-
PASP, a pale yellow solid powder. Finally, the powder
was dried under vacuum for 8 h.

2.4. Preparation of the polymeric micelle of AMG and PEG-
DMEDA-PASP

AMG (20 mg) was added to a 5-mL aqueous solution of
10 mg PEG-DMEDA-PASP. After sonication for 15 min,
a blue dispersion was obtained. The dispersion was dia-
lyzed for 72 h using a dialysis tubing and then transferred
into a little bottle for further measurements.

2.5. Instruments and measurements

"H NMR analysis was carried out on a Bruker DMX500
Spectrometer with DMSO-dg as the solvent. FT-IR
spectroscopy was carried out on a Nicolet Magna 550 spec-
trometer using KBr pallets. Dynamic light scattering (DLS)
measurement was performed on a Malvern Autosizer 4700
at an applied laser wavelength (1) of 514.5 nm. GPC
measurement was carried out on a HP series 1100 chro-
matograph equipped with Zorbax columns and RI/UV
dual-mode detectors. The elution solution is 0.1 mol/L
NaNO; solution, and the elution rate is 0.5 mL/min
using standard PEG as calibration. Transmission electron
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microscopy (TEM) images were obtained on a Hitachi
H-600 transmission electron microscope. The UV-vis spec-
troscopic measurement was carried out on a Perkin-Elmer
Lambda 35 UV/vis spectrometer. HPLC was performed on
a Shimazu LC-4A high-performance liquid chromatograph.

3. Results and discussion
3.1. Synthesis and characterization of PEG-DMEDA-PASP

PEG-g-poly(aspartamide-co-N,N-dimethylethylenedia-
mino aspartamide) (PEG-DMEDA-PASP) was synthe-
sized by two-step ring-opening reactions of PSI. Fig. 1
shows the "H NMR spectra of the resultants of the two-
step ring-opening reaction, ie. PEG-PASP and PEG-
DMEDA-PASP. As shown in Fig. 1(a), the '"H NMR spec-
trum of PEG-PASP shows several distinct signals, which
can be assigned as follows: 6 = 5.3 ppm, the signal of meth-
yne proton (—-CH-) of the repeating succinimide unit;
0 =4.7 ppm, the signal of methyne proton (-CH-) of the
repeating succinimide unit after ring opening by PEG.
From the ratio of the peak area at 4.7 ppm to that at
5.3 ppm, the molar percentage of the ring opening of suc-
cinimide groups in PSI by MeOPEG-NH, can be evaluated
as ca. 10%. It can be clearly seen from Fig. 1(b) that after
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Fig. 1. "H NMR spectra of PEG-PASP (a) and PEG-DMEDA-PASP (b).

the second ring-opening reaction by excessive DMEDA,
the signal of methyne proton (-CH-) of the repeating suc-
cinimide unit at 5.3 ppm completely disappeared, indicat-
ing that all the residual succinimide units reacted with
DMEDA. In addition, new signals of methyl and methy-
lene protons of DMEDA appeared at 6 = 2.1-2.3 ppm.

The FT-IR spectra of PSI, PEG-PASP and PEG-DME-
DA-PASP are shown in Fig. 2. After the ring-opening reac-
tion of PSI by MeOPEG-NH,, besides the carbonyl group
(C=0) vibration peak centered at 1718 cm ™', two new
peaks at 1665 cm™' (amide I) and 1540 cm™~' (amide II)
appeared in the FT-IR spectrum of PEG-PASP, which
indicated that partial succinimide units reacted with MeO-
PEG-NH, to form an amido bond. In the FT-IR spectrum
of PEG-DMEDA-PASP, the C=0 peak at 1718 cm™!
completely disappeared, replaced by two much stronger
characteristic peaks of an amido bond at 1665 cm ™' (amide
I) and 1540 cm ™' (amide IT), which suggested the complete
ring opening of succinimide groups of PSI. This result was
in agreement with that of "H NMR.

3.2. Application of PEG-DMEDA-PASP as a drug delivery
system

Glycyrrhizin is of clinical interest for the treatment of
chronic hepatitis C and inflammatory diseases [12-15]. As
shown in Scheme 2(a), the structure of glycyrrhizin con-
tains three carboxyl groups. Ammonium glycyrrhizinate
(AMG) is the resultant, in which one of the carboxyl
groups is neutralized by ammonia. The solubility of
AMG in deionized water is relatively low, ca. 1 mg/mL
at room temperature (25 °C). While AMG was added into
the aqueous solution of PEG-DMEDA-PASP, the complex
would be formed between the carboxyl groups in AMG
and the quaternary amine groups in DMEDA. Thus, the
complex of AMG and PEG-DMEDA containing hydro-
philic PEG chains and hydrophobic AMG would self-
assemble to form polymeric micelles, just like the behavior
of amphiphilic block copolymers [16-18]; the schematic
process of micelle formation is shown in Scheme 2(b).
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Fig. 2. FT-IR spectra of PSI, PEG-PASP and PEG-DMEDA-PASP.
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The morphology of the polymeric micelle of PEG-
DMEDA-PASP and AMG was investigated by TEM and
DLS. As seen in Fig. 3(a), the shape of the polymeric
micelle was close to a sphere, with an average diameter
of about 70 nm, which is consistent with the result of
DLS (Fig. 3(b)).

To measure the loading capacity and encapsulation effi-
ciency of AMG, the following experiment was conducted.
AMG (100 mg) was added to a 60-mL aqueous solution
containing 50 mg PEG-DMEDA-PASP. After sonicating
for 15 min and stirring for 1 h, the solution was filtered
through an ultrafiltration membrane with a permeable
molecular weight of 1000. The concentration of AMG in
the filtrate measured by HPLC was 0.5 mg/mL, and the
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total mass of AMG in the filtrate was 30 mg. Thus, the
amount of AMG in the polymeric micelle was 70 mg.
Based on this, it could be evaluated that the loading capac-
ity of AMG was 58% and the encapsulation efficiency of
AMG was 70%.

The in vitro release behavior of AMG in the polymeric
micelle was investigated. AMG (30.8 mg) was added to a
10-mL aqueous solution of 20 mg PEG-DMEDA-PASP.
After sonication for 15 min, the solution was transferred
into a dialysis tubing with a permeable molecular weight
of 4000, and then the dialysis tubing was immersed in
200 mL of 0.01 mol/L phosphate buffer saline (PBS) to dia-
lyze at 37 °C. The dialysate (1 mL) was collected at regular
intervals, and then 1 mL of supplementary PBS was added

OH

2: self-assemble

AMG

Scheme 2. (a) The molecular structure of glycyrrhizin and (b) the micelle formation process of AMG with PEG-DMEDA-PASP in water.
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Fig. 3. (a) The TEM image and (b) DLS spectrum of the micelle of AMG and PEG-DMEDA-PASP. The TEM sample was stained by 1%

phosphotungstic acid.
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Fig. 4. (a) The UV-vis spectra of AMG (solid lines) and PEG-DMEDA-PASP (dashed lines), the inset is the calibration curve of AMG in aqueous
solution. (b) In vitro release profile of micelles of AMG and PEG-DMEDA-PASP in PBS at 37 °C.

to keep the total volume of PBS to 200 mL. The collected
samples were measured using UV-vis.

As shown in Fig. 4(a), AMG shows a strong absorption
peak at 258 nm, while PEG-DMEDA-PASP has no
absorption at this wavelength. So the wavelength of
258 nm was chosen to make the calibration curve of
AMG in aqueous solution (Fig. 4(a) inset). From the
release profile of Fig. 4(b), it could be found that the release
rate of AMG was 25% within 3 h and 90% within 24 h. In
the control experiment of in vitro release of AMG without
PEG-DMEDA-PASP, the release rate of AMG was 90%
within 3 h and 99.8% within 5 h [19], which was much fas-
ter than the situation of the polymeric micelle of AMG and
PEG-DMEDA-PASP. Therefore, PEG-DMEDA-PASP
was a suitable carrier for AMG for the sustained release
of AMG and for efficiently exerting the drug effect.

4. Conclusions

In summary, a new type of PASP derivative, PEG-g-
poly(aspartamide-co-N,N-dimethylethylenediamino aspar-
tamide) (PEG-DMEDA-PASP), was synthesized by the
ring-opening reaction of polysuccinimide (PSI). The pre-
pared PEG-DMEDA-PASP could interact with ammo-
nium glycyrrhizinate (AMG) to form polymeric micelles
in aqueous solution. These polymeric micelles were spheri-
cal with a narrow diameter distribution, and the average
diameter was ca. 70 nm. These polymeric micelles had a
high-loading capacity (58%) and encapsulation efficiency
(70%) for AMG. The results of in vitro release experiments
showed that these polymeric micelles possessed sustained-
release effects, with a release rate of 25% within 3 h and
90% within 24 h, which exhibited a great potential in its
application as a drug delivery system.
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