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Biodegradable amphiphilic graft copolymers paly3-[N-(2-hydroxyethyl)+ -aspartamide-poly(e-caprolactone)
(PHEAg-PCL) with different branch lengths were synthesized through the ring-opening polymerization of
e-caprolactone initiated by the macroinitiator PHEA bearing hydroxyl groups. With use of the graft copolymers
with different compositions, nanoparticle drug delivery systems with sizes smaller than 100 nm were prepared by
a dialysis method, and microparticle drug delivery systems with sizes smaller thanviéere fabricated by a
melting-emulsion method. The regularly spherical shapes of the drug-loaded nano- and microparticles were verified
by transmission electron microscopy and scanning electron microscopy. In vitro drug release properties of nano-
and microparticle drug delivery systems were investigated, with the emphasis on the effects of polymer composition,
particle size, and drug-loading content on the release behaviors.

Introduction of the possibility of forming micelles within one or several
polymer chains. Moreover, since graft copolymers have mul-
Since emerging in the early 1970s, controlled drug delivery tigrafted branches, the hydrophilic/hydrophobic balance can be
technology has attracted increasing attention with the aim of readily controlled by adjusting the relative grafting den8ity.
achieving the controlled, systematic, or site-specific drug release Another advantage of graft copolymers is that many reactive
over an extended period of time. This technology offers functional groups exist along each backbone, which allows
numerous advantages compared to conventional therapeutidurther incorporation of various biorecognizable ligands to
systems, by prolonging duration time, reducing side effects, realize the positive targeted drug delivery and/or to achieve the
retaining drug bioactivity, and thus improving the therapeutic enhanced cell adhesion and recognition. Because of these
efficiency! A powerful approach for controlling drug delivery  favorable properties, amphiphilic graft copolymers are of special
is to incorporate the drug into biodegradable polymeric nano- interest as biomaterials.
or microparticles, which can achieve a controlled and sustained In our previous work? novel biodegradable amphiphilic graft
fashion through the drug diffusion or/and the polymeric carrier copolymers with hydrophilic PHEA backbone and hydrophobic
degradation. The advantages of nano- or microparticle drug PCL side chains were synthesized through the ring-opening
delivery systems are the injectable property which can avoid polymerization ofe-caprolactone (CL) initiated by the macro-
the inconvenient surgical inserti@d, and the possibility to initiator PHEA. PCL is extensively studied as a biodegradable
achieve passive targeting when their sizes are in particular polymer for biomedical applications due to its biocompatibility
rangest® and high permeability to low molecular weight substances at
The most widely studied biodegradable polymers for con- body temperature. PHEA is a synthetic water-soluble polymer
trolled drug delivery are aliphatic polyesters, such as polylactide, with protein-like structure, and has been interestingly explored
polyglycolide, poly¢-caprolactone) (PCL), and their copoly- in the biomedical fields because it is nontoxic, nonantigenic,
mers136-8 However, due to the hydrophobic nature of these nonteratogenic, and multifunction&l*>With control of the feed
polymers, when the size of their drug delivery systems reducesratio of the macroinitiator PHEA to the monomer CL, graft
to the nanometer range, the nanoparticles are thermodynamicallypolymers with different hydrophobic branch lengths and dif-
unstable and tend to aggregate. Furthermore, the hydrophobiderent properties can be obtain¥d.
nanoparticles are usually eliminated by the reticuloendothelial  In this study, we fabricated nanoparticle and microparticle
system after intravenous injection. To overcome these limita- drug delivery systems and studied their drug release properties.
tions, nanoparticles formed by the self-assembling of am- The study on in vitro drug release shows the release of the drug
phiphilic polymers are interestingly studied as drug carriers. The can be effectively sustained by entrapping the drug in the
amphiphilic nanoparticles not only have good thermodynamic nanoparticles and microparticles. Both nanoparticles and mi-
stability in aqueous solutions but also exhibit increased blood croparticles exhibit good thermodynamic stability during the
circulation time, which is critical for effective drug delivery. release period.
In the past decades, amphiphilic block copolymers have been Due to the amphiphilicity, graft copolymers can self-assemble
extensively investigated. Compared with the block copolymers, into micelles in an aqueous environment. Thus, nanoparticle
ampbhiphilic graft copolymers can easily form micelles because drug delivery systems were prepared by a dialysis method.
The conventional methodologies for microsphere fabrication
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techniques. Of particular concern is the use of organic solvents.
The existence of organic solvents may lead to loss of or
reduction in bioactivity of some drugs. In addition, many organic

solvents are toxic and a low-level exposure to residual organic
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spectrometer. FTIR (KBr): 1725 crh (C=0 in PCL branch), 1660
cm! (C=0 in PHEA backbone), and 1543 ci(N—H in PHEA
backbone).

IH nuclear magnetic resonancdi(NMR) spectra were recorded

solvents may lead to lasting toxic effects such as neurobehavioralon @ Mercury VX-300 spectrometer (300 MHZ) NMR (CDCl):
deficit. The techniques for preparing microspheres in the absencel-22 ppm (PCL branch: C&H,CH,CH,CH;), 1.46 ppm (PCL

of organic solvents are highly desirable. In this study, the
microparticle drug delivery systems were fabricated by a
melting-emulsion method. The so-called “melting-emulsion
method”, which is similar to the hot homogenization technique
for the solid lipid nanoparticle production, was developed by
our group to fabricate polymeric microparticle drug delivery
systems:2 In comparison with other conventional methods, the

branch: CHCH,CH,CH,CH,), 2.24 ppm (PCL branch: CQ®%), 3.96
ppm (PCL branch: 6,0), 2.61 ppm (PHEA backbone: CHHz-
CONH), 3.14 ppm (PHEA backbone: NHHZCH,OH), 3.44 ppm
(PHEA backbone: CKCH,OH), 4.50 ppm (PHEA backbone: NH-
CH(CO)CH,), 3.32 ppm (PHEA backbone: HGCH,OCO), and 4.02
ppm (PHEA backbone: CiCH,OCO).

The molecular weights of graft copolymers were determined by
combined size-exclusion chromatography and multiangle laser light

melting-emulsion method does not involve any organic solvent gqaitering (SEC-MALLS) analysis. A dual detector system, consisting
and is very rapid and convenient, offering good control over ot 5 MALLS device (DAWN EOS, Wyatt Technology) and an
the size of microparticles. In the melting-emulsion method, the interferometric refractometer (Optilab DSP, Wyatt Technology), was
drug was dissolved or dispersed in the polymer melt, and then ysed. The SEC system (2690D, Waters) was equipped with a precolumn
the mixture was immersed in hot water and extruded through a and two Shodex columns (K805 and K8025). Cki®hs used as an
membrane filter with a certain pore size repeatedly to obtain a eluent. The polymer concentration was 3 mg/mL and the flow rate was
homogeneous emulsion. Subsequently, the microemulsion wasl mL/min. The MALLS detector was operated at a laser wavelength

injected into icy water to get solid microspheres. To be
applicable to this method, the polymer should satisfy the
requirements including proper melting point and relatively low
viscosity. Most commonly, the molten viscosities of the linear
polymers with relatively high molecular weights are much higher
than the required value for microparticle fabrication using this
method. This implies the molecular weight of the polymers

should be in a certain range and/or the polymers should have

of 690.0 nm.

The water uptake was measured after incubating the polymer films
with a thickness of 0.5 mm in distilled water at 3C for 48 h. The
water uptake was calculated as follows:

water uptake= (Wi,e; — W )/Wy,, x 100%

The weight of the wet polymer filmM.e, was measured gravimetrically

some specific structures such as graft structure or hyperbranche@ﬁer incubating the film in distilled water at 3T for 48 h. The weight

structure which result in a low molten viscost§2* In our
investigation, the graft copolymers were found to have lower
viscosities and proper melting points, which can satisfy the
fabrication requirements. Based on our studies on other am-
phiphilic graft copolymers with PHEA as the backbones and
polylactidé® or polyglycolidé® as branches, we found their
melting points are too high to be fabricated into microparticles
using this melting-emulsion method.

Experimental Section

Materials. L-Aspartic acid and phosphoric acid were of analytical
grade and used as supplied by Shanghai Chemical Co., China.
Ethanolamine (Shanghai Chemical Co.) was distilled beforeNidé.
Dimethylformamide (DMF) was purified by distillation oves®s and
Cahp. e-Caprolactone (Aldrich) was dried over Cakbr 2 days and

of the dried polymer film Wyy, was measured gravimetrically after
drying the wet film that was incubated in distilled water for 48 h in a
vacuum oven for 24 h.

The critical micelle concentration (CMC) values of graft copolymers
were determined by fluorescence spectroscopy. Graft copolymer
solutions were prepared as follows. Fifty milligrams of graft copolymers
was dissolved in 2 mL of THF, and then distilled water was added
slowly with agitation. After THF was removed under vacuum at room
temperature, the solution was diluted to 50.0 mL. The resultant solution
was adjusted to the various concentrations. To determine the CMC,
pyrene was used as a fluorescent probe. A particular amount of pyrene
in THF was added to each 10.0 mL volumetric flask. After the solvent
THF was evaporated, 10 mL of the copolymer solution with a specific
concentration was added to the flask. Then the solution was shaken at
37 °C for 3 h toequilibrate the pyrene and the micelles and cooled
overnight to room temperature. The final concentration of pyrene was
6.0 x 107 M. Fluorescence spectra were recorded on a Shimadzu RF-

distilled under reduced pressure prior to use. Prednisone acetate wa$301 PC spectrofluorophotometer at the emission wavelength of 391

purified from prednisone acetate tablets (Zhejiang Xianju Pharmaceuti-

nm with excitation bandwidth of 5 nm and the emission bandwidth of

cal Co. Ltd., China). The prednisone acetate tablets were ground and3 nm.

dissolved in chloroform. Then the starch in the drug tablets was removed
by filtration to get prednisone acetate after removal of the solvent.

Synthesis of PHEAg-PCL Graft Copolymers. PHEA was syn-
thesized according to a literature procedtiiefHEA-g-PCL copolymers
were synthesized by bulk ring-opening polymerization of CL using
PHEA with pendant hydroxyl groups as a macroinitiator without adding
any catalyst’ PHEA and CL, with a specific feed ratio of the hydroxyl
group in PHEA to the monomer CL (1/4 and 1/10 for PHEACL-a
and PHEAg-PCL-b, respectively), were well mixed and transferred
to a thoroughly dry silanized glass flask with a magnetic stirring bar.
The flask was evacuated, purged with argon three times, and sealed
followed by immersion in an oil bath preheated to Z@for 5 min.
Then the reaction was carried out at 12C for 48 h. After
polymerization, the product was dissolved in dichloromethane and then
precipitated in ether, subsequently isolated by centrifugation and dried
under vacuum at room temperature.

Characterizations of PHEA-g-PCL Graft Copolymers. Fourier
transform infrared (FTIR) spectra were obtained on a PerkinElmer-2

Preparation of Nano- and Microparticles. Polymeric nanoparticles
containing prednisone acetate were prepared by a dialysis method.
Briefly, 20 mg of graft copolymer and 10 mg of prednisone acetate
were dissolved in 4 mL of DMF and stirred at room temperature for
30 min. To form drug-loaded micelles and remove free drug, the
solution was dialyzed against 1.0 L of distilled water for 24 h, during
which the water was renewed every 4 h. The suspension was then
freeze-dried.

Drug-loaded microparticles were prepared by a melting-emulsion
method!® One hundred fifty milligrams of graft copolymers and a
particular amount of prednisone acetate were well mixed. The mixture
was immersed in hot water at 8C with the presence of surfactant
Tween 80 and then was extruded through a @wAbmembrane filter
several times to obtain a homogeneous emulsion. Subsequently, the
emulsion was injected into icy water through the Q5 pore diameter
membrane filter to get solid drug-loaded microparticles. The micro-
particles were then centrifuged and rinsed three times with distilled
water to remove the un-entrapped drug. CDV
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Scheme 1. Chemical Structure of PHEA-g-PCL Graft Copolymers
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Table 1. Synthesis, Chemical Structure, and Molecular Weight of PHEA-g-PCL Graft Copolymers'®

—OH/CL HEA/CL unreacted —OH mean number
feed ratio yield in polymer groups in PHEA of CL units in
sample (mol/mol) (%) (mol/mol)2 backbone (%)2 each branch? Ma® Ml Mip?
PHEA-g-PCL-a 1/4 75.8 1/4.88 55 10.8 18800 1.44
PHEA-g-PCL-b 1/10 83.8 1/15.67 45 28.5 24400 1.23

a Calculated from 'H NMR. » Determined by SEC-MALLS.

Table 2. Properties of PHEA-g-PCL Graft Copolymers?

Characterization of Nano- and Micropatrticles. To determine the

drug-loading content and entrapment efficiency, the drug-loaded Tm  AHm Xc  water uptake ~ CMC
polymeric nano- or microparticles were dissolved in DMF. The sample °C) (Ag) (%) (wt %) (mg/L)
prednisone _acetat_e_concentrations inthe solutior_15 were then deterrr_1ined,;,|_|EA_g_PCL_a 508 208 19.6 107 79
Zé)an ultraviolet-visible spectrophotometer (Perkin-Elmer Lambda Bio PHEA-g-PCLb 520 453 36.2 27 5.0

The weight loss of microparticles during degradation was measured @ Tm, AHm, and X; were determined by DSC.*°
gravimetrically. Twenty milligrams of blank microparticles without drug
were immersed in 10 mL of phosphate buffer (PBS, 0.1 M, pH 7.4) at as drug carriers is shown in Scheme 1. With the hydrophilic
37°C. At predetermined time intervals, the samples were centrifuged, PHEA backbone and PCL hydrophobic side chains, PHEA-
rinsed two times with distilled water, freeze-dried, and then weighed. PCL copolymers exhibit amphiphilic properties. The copolymers
The drug-loaded nanoparticles were visualized by a JEOL JEM- \yere synthesized by ring-opening polymerizationeafapro-
100CXII transmission electron microscope (TEM) at an acceleration lactone using PHEA with hydroxyl groups as a macroinitiator
voltage of 80 kV. Before visualization, a droplet of nanoparticle without adding any catalyd® The polymerization reaction was

suspension was placed on a copper grid with Formvar film and dried. . o .

The drug-loaded microparticles were observed by an Hitachi X650 pqndqcted under rlgorqusly anhydrous conditions t.o avoid the
scanning electron microscope (SEM). The samples were prepared by/Mitiation by water. With control of the feed ratio of the
placing a droplet of microparticle suspension onto a glass slide. The Macroinitiator to the monomer, graft copolymers with different

samples were then dried overnight and were sputter-coated with gold COmpositions and properties were prepared. Table 1 presents

prior to being visualized. the chemical structure and molecular weight of the graft
The sizes of drug-loaded nanoparticles and microparticles were copolymers. In our study, we synthesized two copolymers with
measured by a particle size analyzer (Beckman CoultePIs). different hydrophobic branch lengths. The mean numbers of

In Vitro Drug Release Study. Five milligrams of drug-loaded CL units in each branch for PHE4PCL-a and PHEA3-PCL-b
nanoparticles or 10 mg of drug-loaded microparticles were suspendedare 10.8 and 28.5, respectively, which implies PHERCL-a
in 2 mL of PBS (0.1 M, pH 7.4) and then transferred into a dialysis i more hydrophilic compared with PHEg-PCL-b.

bag. The dialysis bag was sealed and immersed into 8 mL of PBS. Th ties includi tallinit d t tak
The system was shaken in a shaking water bath at°G7 At e properties includingm, crystallinity, and water uptake

predetermined intervals, 3 mL of PBS solution was taken out and of graft copolymers are listed in Table 2. According to our

replaced by fresh PBS. The drug concentration was determined by Previous studies, PHEA-PCL-a and PHEAG-PCL-b are
measuring the absorbance at 243 nm in an ultraviolisible spec- crystalline materials, which are ascribed to the crystallization

trophotometer (Perkin-Elmer Lambda Bio 40). The cumulative releases of PCL branche&? The crystallinities of PCL components are
were determined by comparing the amount of the released drug andlisted in Table 2. Due to the incorporation of amorphous PHEA,
the total drug loading. both Ty, and crystallinity of graft copolymers, which decrease
with the increasing PHEA content in the copolymer, are lower
than that of homopolymer PCIT§ = 60.6°C andX; = 62.6%).
As shown in Table 2, the water uptake of PHEARCL-a is
Synthesis and Properties of Graft CopolymersThe chemi- obviously higher than that of PHE4-PCL-b because the former
cal structure of amphiphilic PHE&-PCL graft copolymersused has a higher content of the hydrophilic PHEA backboes.v

Results and Discussion
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250 Table 3. Preparation and Properties of PHEA-g-PCL Nano- and
Microparticles?
200 drug/ drug-
polymer loading entrapment particle particle
X feed ratio content efficiency  size yield
g 150 sample (wiw)  (wt %) (%) (nm) (%)
§ PHEA-g-PCL-a NP 1/2 3.3 57 324 577
= 100 PHEA-g-PCL-b NP 1/2 3.6 5.9 37.3 54.2
PHEA-g-PCL-a MP-1  1/10 7.3 46.5 22118 57.8
PHEA-g-PCL-a MP-2  1/20 2.5 31.4 2286.1 61.5
50 PHEA-g-PCL-b MP  1/20 2.2 235 29419 509
0 a2 Nanoparticles (NPs) were prepared by a dialysis method. Micropar-
ticles (MPs) were fabricated by a melting-emulsion method.
300 320 340 360

Wavelength (nm)

Figure 1. Fluorescence excitation spectra of pyrene in PHEA-g-
PCL-a solutions with different concentrations.

2.0
]
181 Figure 3. TEM images of nanoparticles before degradation. (A)
9 PHEA-g-PCL-a NP and (B) PHEA-g-PCL-b NP.
— Table 4. Weight Loss of Blank PHEA-g-PCL Microparticles during
10k Degradation in PBS (0.1 M, pH = 7.4)
- weight loss (wt %)
sample 48 h 240 h
o5l ‘ ‘ . . . PHEA-g-PCL-a 7.7 13.2
5 4 3 -2 1 0 PHEA-g-PCL-b 1.0 3.8
logC (/L)
Figure 2. Plot of the intensity ratio /339//333 from pyrene excitation . . . .
spectra vs log C of PHEA-g-PCL-a in distilled water. The detailed preparation condition, drug-loading content, and

entrapment efficiency of polymeric particle drug delivery

The CMC of amphiphilic graft copolymers was evaluated by Systems are listed in Table 3. For nanoparticles, which encap-
the fluorescence spectroscolfy-?With use of PHEAg-PCL-a sulate hydrophobic prednisone acetate by hydrophobic interac-
as an examp|e, Figure 1 shows the fluorescence Spectra Oftion, the drug-loading content and entrapment EfﬁCiencyincrease
pyrene in PHEAg-PCL-a solutions with various concentrations. With the increase of hydrophobic PCL branch length. As shown
A red shift of pyrene in the excitation spectrum was observed in Table 3, in comparison with nanoparticles prepared by the
with an increase in copolymer concentration, which is due to dialysis method, the microparticles prepared by the melting-
the preferential partition of pyrene into the hydrophobic PCL €mulsion method exhibit considerably higher entrapment ef-
segments. The intensity ratio fd/l333 against PHEAg-PCL-a ficiencies. As listed in Table 3, the mean diameters of
concentration is plotted in Figure 2. The ratio increases slightly hanoparticles and microparticles are in the ranges 6480
with increasing concentration at the low concentration range "M and 2-3 um, respectively. For both nano- and micropar-
and increases rapidly above a certain concentration. The CMcticles, with the increase of PCL side chain length, the particle
value was determined from the intersection of two tangents to Sizes slightly increase.
the parts of the curve corresponding to the left and right sides The weight losses of microparticles during hydrolytic deg-
of the inflection point. The CMC values for PHEgPCL-a radation are listed in Table 4. Compared with PHEA&RCL-a
and PHEAg-PCL-b are 7.9 and 5.0 mg/L (Table 2), respec- microparticles, PHEA3-PCL-b microparticles show lower
tively, decreasing as the length of hydrophobic PCL segment weight loss values because of its higher hydrophobic PCL
increases. content. The trend is in accordance with our previous study on

Preparation and Characterization of Nano- and Micro- the degradation of thin films of PHEA-PCL graft polymers?®
particles. As the graft copolymers we prepared are amphiphilic, The weight loss of nanoparticles is difficult to be measured
the dialysis method was chosen to fabricate drug-loaded because the weight of nanoparticles during degradation cannot
nanoparticles. In our study, two types of nanoparticles, PHEA- be determined accurately due to the small size of nanoparticles.
g-PCL-a NP and PHEAF-PCL-b NP, were prepared through The morphologies of nanoparticles were visualized by TEM.
self-assembly of PHEA+-PCL-a and PHEAG-PCL-b, respec-  As shown in Figure 3, the size of nanoparticles before
tively, in agueous solutions. degradation is in good agreement with the results of the particle

To fabricate microparticles, the melting-emulsion method, size analyzer. The two types of nanoparticles have good
which does not involve any organic solvent, was used. Becausethermodynamic stability. Even after 240 h of degradation,
of the relatively low melting temperatures and viscosities, nanoparticles still can be clearly observed under TEM (Figure
PHEA-g-PCL graft copolymers well satisfy the requirements 4). After degradation, the PHE4&-PCL-a NP shows a reduced
of using the melting-emulsion method to fabricate micropar- size, and PHEA3-PCL-b NP does not exhibit an obvious size
ticles. To investigate the effect of drug-loading content on the change. This phenomenon is explainable because copolymer
drug release behavior, different drug/polymer feed ratios of 1/10 PHEA-g-PCL-a has a faster degradation rate compared with
and 1/20 were used to fabricate PHEBEARCL-a microparticles. copolymer PHEAg-PCL-b. CDV
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Figure 4. TEM images of nanoparticles after 240 h of degradation.
(A) PHEA-g-PCL-a NP and (B) PHEA-g-PCL-b NP. 0
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Figure 7. Release profile of prednisone acetate from nanoparticles
of PHEA-g-PCL-a NP and PHEA-g-PCL-b NP in PBS (0.1 M, pH 7.4).
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Figure 5. SEM images of microparticles before degradation. (A) E 20 —o- PHEA-g-PCL-a MP-2
PHEA-g-PCL-a MP-2 and (B) PHEA-g-PCL-b MP. © &~ PHEA-gPCL-b MP
0
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Figure 8. Release profile of prednisone acetate from microparticles
of PHEA-g-PCL-a MP-2 and PHEA-g-PCL-b MP in PBS (0.1 M, pH
7.4).

Figure 8 presents the release profiles of prednisone acetate
from PHEAg-PCL-a MP-2 and PHEAR-PCL-b MP with the
6 pm same drug/polymer feed ratio of 1/20. Compared with nano-
Figure 6. SEM images of micropatrticles after 240 h of degradation. part!CIes’ the .mmal burst release is not so ObVIOl.J.S Tor micro-
(A) PHEA-g-PCL-a MP-2 and (B) PHEA-g-PCL-b MP. particles. Tak|_ng acc_oqnt of the effect of hydrophlll_clty on Fhe
release behavior, a similar trend was observed for microparticles.
The morphologies of microparticles were visualized by SEM. PHEA-G-PCL-a MP-2 has a faster release rate compared with
As demonstrated in Figure 5, the microparticles fabricated by PHEA-G-PCL-b MP, indicating the drug release rate decreases
the melting-emulsion method show a narrower distribution and With the increasing hydrophobic PCL content. As expected,
a smaller size than that prepared by the traditional hot-melt microparticles exhibit slower release rates compared with
technique’®-22 The convenient melting-emulsion method was nanoparticles, which is due to the decreased surface/volume ratio
proved to be effective to control the size of the microparticles. and the increased diffusion pathway which leads to the decreased
The morphologies of microparticles after degradation are shown concentration gradients (the driving forces for diffusion).
in Figure 6. For PHEAG-PCL-a MP-2, the distortion of micro- The release profiles of prednisone acetate from PHEA-
particles can be observed. The relatively fast degradation ratepc| -3 microparticles with different drug-loading content levels
a_nd h|_gher water uptake are the main reasons that cause th?7.3 Wt % for PHEAg-PCL-a MP-1 and 2.5 wt % for PHEA-
distortion of PHEAg-PCL-a MP-2. For PHEAG-PCL-b MP g-PCL-a MP-2, respectively) are shown in Figure 9. Compared
with a slower degradation, no obvious morphology change can i, PHEAg-PCL-a MP-2, PHEAG-PCL-a MP-1 with a high
be detgcted. ) drug loading has a faster release rate for the amount of
In Vitro Drug Release Behaviors of Drug-Loaded Nano- cumulative release.
and Microparticles. The in vitro release profiles of prednisone .
acetate from polymeric nanoparticles are shown in Figure 7. AS’_ we know, the dr_ug release from a degradable polymeric
At the beginning of the drug release process, the burst releaserna,‘tr'x IS a very cornph_cated process. Generally, several mech-
can be observed, which may be ascribed to the dissolution of 2SS, such as (_jlffusmn of the drug molecules and erosion of
the free drug absorbed on the surface of nanoparticles. With e polymer matrix, may be responsible for the overall release
similar drug-loading content (3.3 wt % for PHE&PCL-a NP _of a drug from a degradable_polymerlc mattiXhe relative
and 3.6 wt % for PHEAG-PCL-b NP), PHEAg-PCL-a NP importance of these mechanisms for the overall release rate
exhibits a faster release rate than PHERCL-b NP. Thisis  varies considerably from one system to another, depending on
reasonable because the former has a higher hydrophilicity andthe composition, molecular weight, hydrophilicity, crystallinity,
a smaller size, which are beneficial to the diffusion of drug from and degradation rate of the polymer matrix and the size, porosity,
polymeric particles. Since prednisone acetate is a hydrophobicand surface character of the drug delivery system. To simplify
drug, the stronger hydrophobic interaction between the drug andthe release profile analysis, a classic empirical exponential
the polymer matrix PHEA3-PCL-b is also a reason leading to  expression (be applicable to the first 60% of fractional release)
a slower release rate for PHEAPCL-b NP. was established by Peppas et al. to describe the release be&B\Qpr
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(A) 100 Table 5. Va_Iues of th_e_Rate Constant (k), Release_Expone_nt (n),
= i and Correlation Coefficient (R?) for PHEA-g-PCL Microparticles?
?;j 80 sample k n R?
% 60 PHEA-g-PCL-a MP-1 5.1575 0.4749 0.9895
§ PHEA-g-PCL-a MP-2 6.6859 0.5497 0.9903
£ 40 PHEA-g-PCL-b MP 8.3408 0.4075 0.9914
=
£ 20 —+~ PHEA-g-PCL-a MP-1 a The parameter values were fitted using an exponent equation by Excel
O —o— PHEA-g-PCL-a MP-2 software.
0 50 100 150 200 250 For the cur(ent system, the polym.er matrlxes. are amph|phlllc
Time (h) polymers with detectable hydrolytic degradation rates during
(B) 0.7 the release period and the release is controlled by the combined
06 T PHEAwPCLaMP mechanism of diffusion and degradation that occur simulta-
g —o= PHEA-g-PCL-a MP-2 neously, which results in an increaseq while the size
8 distribution of microparticles leads to a reduged-or PHEA-
® g-PCL-a with a relatively high degradation rate, the influence
lé of polymer degradation is more dominant compared with the
E effect of size polydispersity. As an overall result, the fitted
3 values of PHEAg-PCL-a MP-1 and PHEA+PCL-a MP-2 are
'0 L o higher than 0.43, while for PHEA-PCL-b with a relatively

50

100 150
Time (h)

200 250

Figure 9. (A) Percentage of cumulative release and (B) amount of
cumulative release of prednisone acetate from microparticles with
different drug-loading contents in PBS (0.1 M, pH 7.4). The drug-
loading content of PHEA-g-PCL-a MP-1 was 7.3 wt %, and the drug-
loading content of PHEA-g-PCL-a MP-2 was 2.5 wt %.

of drug release systems with different mechanisms and various
geometriegs24

M/M,, = kt" Q)
whereM; andM,, are the cumulative drug release at titrend
infinite time, k is a constant relating to the properties of the
matrix and the drug, structural, and geometric characteristics
of the device, ana is the release exponent, depending on the
release mechanism and the geometry of the device. If Fickian
diffusion occursn equals 0.5/0.45/0.43 for slab/cylinder/sphere.
If non-Fickian (anomalous) diffusion dominates, thealue is
between the above value corresponding to the Fickian diffusion
and the value corresponding to zero-order release (1) for
nonswellable systems or case-Il transpartH 1/0.89/0.85 for
slab/cylinder/sphere) for swellable systefhd! So through
determination ofn value, the drug release mechanism can
identified. It should be noted that thevalue is also affected
by the size distribution of the drug release device. In comparison
with the release behavior from a sample with monodispersity,

be

the presence of a particle size distribution causes a substantial

acceleration of the transport at early times and a marked
retardation of the transport for longer times, leading to a lower
n value compared with the value 0.43 for spheres with
monodispersed size distribution if Fickian diffusion dominafes.

When considering the degradation of polymer matrixes, the
status becomes complicated. As the polymer begins to lose mas

the release rate accelerates because of the overall effect (;SEO

diffusion and simultaneous polymer degradation, resulting in
an increased value.

We carried out the least-squares fit for the release data of
microparticles using the exponential expression. The fitting data
are shown in Table 5. The valuesrofor PHEAg-PCL-a MP-1
and PHEAg-PCL-a MP-2 are higher than 0.43, while théor
PHEA-g-PCL-b MP is slightly lower than 0.43. The results are
reasonable if we consider the overall effect of several factors.

low degradation rate, the size polydispersity plays a critical role,
leading ton lower than 0.43.

For nanoparticle drug delivery systems prepared by self-
assembly of amphiphilic copolymers, it is somewhat difficult
to use a mathematic model to accurately describe the release
behavior because of the heterogeneous and complicated structure
of the micelles.

Conclusions

Biodegradable amphiphilic graft copolymers paolys-[N-(2-
hydroxyethyl)t-aspartamidefy-poly(e-caprolactone) were syn-
thesized through the ring-opening polymerizationeafapro-
lactone initiated by the macroinitiator PHEA. The CMC of the
graft copolymers obtained by fluorescence spectroscopy de-
creases as the chain length of hydrophobic PCL increases. Drug-
loaded nano- and microparticles based on biodegradable am-
phiphilic PHEA-g-PCL graft copolymers were successfully
prepared, using the dialysis method and the convenient melting-
emulsion method, respectively. The TEM and SEM images
confirm the regularly spherical shapes of particles we fabricated.
Compared with microparticles, the drug release rate of nano-
particles is faster, with a more obvious burst release. The release
profiles of microparticles can be nicely fitted by the classical
empirical exponential model. The drug release from micropar-
ticles is controlled by the combined degradation-diffusion
mechanism.
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