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ABSTRACT: To develop a novel pH-sensitive PEGylated
carrier for protein-based anticancer agents, we modified bo-
vine serum albumin (BSA) with poly(ethylene glycol) citrate
ester (PEG-CA) through amidation with its amino groups.
Increasing the mixing ratio of albumin from 3 to 6 with
respect to PEG-CA resulted in a 2-fold increase in the degree
of albumin modification. Adriamycin (ADR)-loaded PEG-
CA-BSA hydrogels and microparticles were prepared, and
the cumulative amounts of ADR released from the PEG-CA-
BSA hydrogels (phosphate-buffered saline, pH 7.4) showed
that all the PEG-CA-BSA(y, (x represents degree of substitu-
tion of PEG to amino group of albumin, i.e. 26%, 28%, 31%
and 49%) hydrogels had lower ADR release rates with a
slight initial burst release. During the first 24 h, the cumula-
tive releases were 15.5% for PEG-CA-BSA (49), 24% for PEG—

CA—BSA(31), 31% for PEG—CA—BSA(zg), and 38% for PEG-
CA-BSA (). Afterward, all the release rates slowed, and they
were almost in the following order: PEG-CA-BSAq >
PEG—CA—BSA(zg) > PEG—CA—BSA(31) > PEG—CA—BSA(49).
The release rates of ADR from the microparticles were de-
pendent on the amount of glutaraldehyde. According to our
findings, a higher PEG-CA /BSA molar ratio led to a reduced
cumulative amount of ADR released from the hydrogels,
whereas higher release rates were observed for micropar-
ticles with a lower amount of BSA in the conjugates in a pH-
dependent manner. © 2010 Wiley Periodicals, Inc. ] Appl Polym
Sci 119: 2635-2643, 2011
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INTRODUCTION

Over the past 3 decades, a great deal of research has
been devoted to altering the pharmacokinetic and
biodistribution profiles of antineoplastic agents by
means of various delivery systems such as lipo-
somes,’ nanoparticles,”> polymeric micelles,>* and
emulsions.” Of these, nanoscopic systems have been
shown to enhance drug accumulation at tumor sites
and consequently reduce the distribution of drugs to
healthy tissues.®” Neoplastic tissues generally pos-
sess porous or leaky vasculature and poor lymphatic
drainage; this results in enhanced permeation of col-
loidal particles across the endothelium as well as
greater retention within tumors.* '

Emulsions possess distinct advantages in comparison
with other colloidal systems because of their better bio-
compatibility, acceptable stability, ability to solubilize
large quantities of lipophilic compounds, and relative
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ease of manufacture on a large industrial scale.'"'?

However, the number of products on the market is rela-
tively low, and this indicates their limited success. The
physical instability (caused by the incorporation of
drugs) of emulsions, their short blood circulation time,
their short half-lives, their high plasma clearance, and
their insufficient solubility for some drugs are thought
to be the major factors preventing their broader use in
drug delivery.”® Recent studies, however, suggest that
PEGylation of surfaces of colloids such as emulsions
with a hydrophilic and flexible poly(ethylene glyco-
I)(PEG) could be an alternative method for overcoming
the aforementioned problems.'*'® PEGylation is a pro-
cess by which one or more chains of PEGs of different
molecular masses are attached to target molecules (e.g.,
peptides, proteins, liposomes, and gene-based therapeu-
tics). It was pioneered by Abuchowski and co-
workers'”!'® at Rutgers University for the protection of
proteins from biological destruction during delivery to
targeted sites. PEGylation has been shown to improve
the pharmacokinetic and pharmacodynamic properties
of attached polypeptide drugs by acting like an outer
barrier and protecting them from proteolytic enzyme
degradation, rapid renal clearance, and adverse
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immunological effects.'”* Recent studies have also
revealed that PEG-drug conjugates are more stable
against pH and temperature changes than their non-
PEGylated counterparts.”®*’ Moreover, the PEGylation
of colloid systems (e.g., emulsions) has been shown to
confer a number of clinical benefits, such as prolonged
blood circulation time, increased half-life, decreased
plasma clearance, and a distribution shift in favor of dis-
eased tissues.”®*

The use of macromolecular, water-soluble carriers
for anticancer drugs represents a promising approach
in cancer therapy. In fact, low solubility in water
appears to be an intrinsic property of many anticancer
drugs. Thus, nanosized, macromolecular, water-solu-
ble carriers are widely used for poorly soluble drugs to
optimize their physicochemical characteristics. The
release of drugs from the carrier system is a prerequi-
site of therapeutic activity for most macromolecular
anticancer conjugates, whereas the incorporation of
acid-sensitive spacers inside the carriers or between
the drug and carrier enables the release of an active
drug from the carrier into slightly acidic extracellular
fluids or into endosomes or lysosomes of cancer cells.*
Hence, the purpose of this study was to develop a
novel pH-sensitive PEGylated carrier for anticancer
agents. For this purpose, a novel PEG—protein conju-
gate was synthesized and characterized. Bovine serum
albumin (BSA) was modified with poly(ethylene gly-
col) citrate ester (PEG-CA) through amidation with its
amino groups with PEG-CA carboxyl groups. PEG-
CA-BSA was loaded with adriamycin (ADR) and for-
mulated as hydrogels or microparticles.

EXPERIMENTAL
Materials

A PEG diacid (acid number = 175, 96-98%) with an
average molecular weight of 600 (PEGgn, diacid)
was obtained from Fluka Chemical Corporation
(Ronkonkoma, USA); and dried over Na,SO,. BSA was
purchased from Sigma Chemical Co. (St. Louis, MO).
Citric acid, thionyl chloride, and N,N-dicyclohexyl-
carbodiimide (DCC) were purchased from Merck
Chemical Co. (Darmstadt, Germany). All other chemicals
were of the highest quality.

Preparation of PEG-CA

PEG—-CA, as shown in Scheme 1, was prepared accord-
ing to the literature.>32 Briefly, PEGgoo diacid was
converted into diacyl chloride. Anhydrous pyridine
(0.2 mL, 2.48 x 10> mol) was added to a solution of
citric acid (0.637 g, 1.66 x 10> mol) in 20 mL of anhy-
drous N,N-dimethylformamide (DMF), and this was
stirred for 20 min. A solution of PEGg diacyl chloride
(1.057 g, 1.66 x 1072 mol) in 10 mL of anhydrous DMF
was added slowly at 0°C over 30 min. The mixture
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was stirred at 0°C for 1 h, then warmed to room tem-
perature and stirred for 3 h, and finally warmed to
50°C and stirred for another 6 h. The mixture was
cooled to room temperature, and solid materials were
removed by filtration. The diethyl ether was added to
the clear filtrate, and the resulting residue was sepa-
rated by filtration. The residue was washed with
dichloromethane, acetone, and toluene, dissolved in
10 mL of DMF, and reprecipitated in diethyl ether sev-
eral times. The residue was poured into 5 mL of water
at 25°C and placed into a cellophane membrane dialy-
sis bag (cutoff = 2000), which was closed and trans-
ferred into a flask containing 100 mL of water; this was
stirred for 24 h. The water was then replaced with
100 mL of fresh water, and this was stirred for another
24 h. The residue was then removed from the dialysis
bag and placed in vacuo at 50°C for 24 h; the product
was a reddish oil (yield = 68%).

Fourier transform infrared (neat, A, cm™'): 3500-2650
(COOH), 1730-1748 (C=0), 1118, 1205 (C—O). '"H-NMR
(hexadeuterated dimethyl sulfoxide, ppm): 1.2 (t, 4H,
—CH,CH,OCH,COO) 2.5-2.8 (q, 2H, CH,, citric acid),
3.6-39 (s, 4H, OCH,CH,0), 4.14.2 (2H, —COCH,O; the
integral ratio of aliphatic protons of PEG to citric acid
end groups was 6).

Synthesis of succinimidyl carbonate
(PEG-CA-OSu)

Anhydrous ethyl acetate (150 mL), PEG-CA (15.0 g),
N-hydroxysuccinimide (HOSu; 0.86 g), and DCC (1.55
g) were placed into a glass reactor equipped with mag-
netic agitation and controlled heat. The mixture rap-
idly heated to form a solution, and then it was allowed
to rest for 24 h at 30 = 1°C. At the end of this period,
the reaction mixture was filtered, and the residue was
washed with cold ethyl acetate; then, it was placed
in vacuo until it reached a constant weight. The residue
was then dissolved in benzene (3 times the weight of
the residue), and then the same volume of petroleum
ether was added; the residue was cooled and filtered
two more times. The product (PEG-CA-OSu) was kept
in the flask under a nitrogen blanket and was used in
the PEGylation reaction with BSA (Scheme 1).

PEGylation of BSA with PEG-CA-OSu

An accurately weighed amount of six-arm activated
PEG-CA-OSu was added to a solution of 50 mg/
mL BSA in a sodium borate buffer (200 mmol, pH
9.4), as shown in Scheme 1. The reaction mixture
was stirred at 4°C for 2 h. After the pH was adjusted
to 3, the unreacted PEG was removed by repeated
ultrafiltration with 1 mmol of HCl. The PEGylated
BSA was collected and dried in vacuo. The molar ra-
tio of multifunctional PEG (PEG-CA) to BSA and
the degree of modification are given in Table I. The
degree of protein modification was determined by
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Scheme 1

the quantitative analysis of its terminal carboxyl
groups by titration with phenolphthalein as the indi-
cator (Table I). As shown in Scheme 1, both amide
and thioester bonds were formed upon the reaction
of BSA and activated ester 5: the ratio of amide
bonds exceeded the ratio of thioester bonds.

Determination of the swelling ratio of the
PEGylated BSA hydrogels

Dynamic swelling measurements were performed by
means of gravimetric measurements. The hydrogel sam-
ples were placed into a beaker and were suspended in
500 mL of distilled water. The hydrogel samples were
removed from the distilled water at different intervals
(1,2, 3,4, 5 and 6 h) and were quickly blotted free of
surface water with filter paper. The samples were
weighed and then returned to the distilled water. The

dynamic swelling experiments were performed in dis-
tilled water, and the increase in the mass was followed
as a function of time. The equilibrium swelling ratio
(ESR) of polymers was determined after 6 h via the
weighing of the swollen gels in a borate buffer solution
(pH = 9) before and after vacuum drying:

Weight of the swollen gel — Weight of the gel
Weight of the dry gel

ESR =
% 100

Morphological study of the PEG-CA-BSA
hydrogels

The interior morphology of the swollen PEG-CA-
BSA hydrogels at room temperature was studied

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Degree of BSA Modification

Degree of
substitution of PEG

Thioester bond

BSA/PEG-CA versus amino groups Swelling content in the
Sample (mol/mol) of albumin (%)? ratio (%) conjugate (%)°
PEG-CA-BSA 56 3 26 1986 9
PEG-CA-BSA (g, 4 28 1742 11.5
PEG-CA-BSA 1y 5 31 1540 12
PEG-CA-BSA (49 6 49 1225 14.5

? Determined by 'H-NMR spectroscopy.

P Determined by *C-NMR and Fourier transform infrared spectroscopy.

with scanning electron microscopy, SEM, LEO 440i -
Zeiss (Oberkochen, Germany). The hydrogel speci-
mens were immersed in distilled water for 24 h, and
the swollen hydrogels were removed from the solu-
tion, quickly frozen in liquid nitrogen, and then
freeze-dried in a Christ Alpha (Osterode, Germany)
1-4 freeze drier in vacuo at —50°C for 3 days until
the samples became completely dry before morpho-
logical observation. The freeze-dried hydrogels were
mounted onto aluminum stubs with double-sided
carbon tape and were sputter-coated with gold for
40 s. The SEM examination was conducted at 25 kV
and 12 nA.

Drug loading in the PEG-CA-BSA hydrogels

ADR-loaded hydrogels were prepared by 24-h incu-
bation of 100 mg of dry hydrogels in 10 mL of an
ADR solution in distilled water (5 mg/mL). After
the removal of the immersed hydrogels after 24 h,
the solution on the hydrogel surface was blotted
with wet filter paper. These hydrogels were dried at
60°C in vacuo for at least 48 h until no weight change
was observed. The difference in weight between the
ADR-loaded hydrogel and the original hydrogel was
the initial amount of loaded ADR. All release studies
were carried out in triplicate. The results are pre-

sented in the terms of the cumulative release as a
function of time.

Preparation of the PEG-CA-BSA microparticles

ADR-loaded PEG-CA-BSA microparticles were pre-
pared by emulsion crosslinking with glutaraldehyde
(GA) according to the previously reported
method.**** Dried PEG-CA-BSA (5% w/v) was dis-
solved in a 2% aqueous acetic acid solution, and the
mixture was stirred overnight to obtain a uniform
bubble-free solution. ADR (20% w/w with respect to
the dry weight of the polymer) was added to the
polymer solution, which was stirred until a homoge-
neous solution formed. This solution was emulsified
into a light, liquid paraffin in the presence of 0.5%
Span 80 at 400 rpm for 15 min. Then, a mixture of
different quantities of GA (Table II) and 1 mL of 5N
HCI was added slowly to the solution, and stirring
was continued for 2 h. The microspheres were sepa-
rated by filtration, washed with n-hexane, dried at
50°C for 24 h, and stored in a desiccator.

SEM images were taken of drug-loaded micropar-
ticles sputtered with gold and placed on a copper
stub. Scanning was performed with a Leo model
440i scanning electron microscope. The thickness of
the gold layer was approximately 15 nm. The size
and size distribution of the microparticles were

TABLE II
ADR-Loaded Microparticles with Different Degrees of BSA Modification
Formulation Crosslinker Particle Encapsulation
code Sample amount (%) size (um) efficiency (%)
F1 PEG-CA-BSA ) 0.5 327.65 79.56
2 PEG-CA-BSA 5 0.5 165.45 82.43
F3 PEG-CA-BSA 1) 0.5 173.5 86.65
F4 PEG-CA-BSA (49 0.5 157.6 89.5
F5 PEG-CA-BSA (5¢) 1 275 82.54
Fé6 PEG-CA-BSA (o) 1 145.7 88.9
F7 PEG-CA-BSA3y) 1 156.6 90.65
F8 PEG-CA-BSA (49, 1 137.5 92.34
F9 PEG-CA-BSA 36 15 1954 87.5
F10 PEG-CA-BSA s 15 132.6 89.54
F11 PEG-CA-BSA 31 1.5 119.76 91.43
F12 PEG-CA-BSA (49 15 98.32 95.56

Journal of Applied Polymer Science DOI 10.1002/app
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recorded with a laser diffraction particle size ana-
lyzer SALD 2101, Shimadzu Co. (Kyoto, Japan). Cal-
culated values of the volume mean particle size of
the microspheres are included in Table II. The drug-
loading efficiency of the microparticles was defined
as the ratio of the amount of the entrapped drug to
the amount of the drug used for microparticle
preparation.

Drug release from the PEG-CA-BSA matrices

In vitro drug release from different formulations of
PEG-CA-BSA matrices was investigated at pH 3
(ionic strength = 0.1) and pH 7.4 (0.05M potassium
dihydrogen phosphate, ionic strength = 0.09). Drug-
loaded PEG-CA-BSA hydrogels or microspheres
(100 mg) were immersed in 50-mL buffered solu-
tions at 37°C. To estimate the drug release, 5 mL of
the release medium was withdrawn periodically,
and the amount of the drug released into the me-
dium was quantified spectrophotometrically (UV-
160, Shimadzu) at 479 nm. For each sample, all stud-
ies were performed in triplicate, and average values
were recorded for data analysis.

RESULTS AND DISCUSSION

Synthesis of the multifunctional
PEG-BSA conjugate

Recent studies have shown that increasing the num-
ber of carboxylic acids within the PEG complex has a
direct effect on the reactivity of the PEG—protein am-
ide bond toward hydrolysis or aminolysis.>> A higher
number of active carboxylic groups within a single
PEG complex can yield a higher number of amide
bonds, and this, in turn, can increase the reactivity of
the PEG—protein conjugate toward hydrolysis or ami-
nolysis.* In this article, the PEG diacid was converted
into a PEG-CA complex (Scheme 1) containing six
carboxylic acid groups within the PEG complex
instead of the two carboxylic acid groups in the PEG
diacid. Then, the PEG-CA complex was converted
into active PEG-CA-OSu through the reaction of
PEG-CA with more than 6 equiv of HOSu in the pres-
ence of DCC (Scheme 2). The resulting PEG-CA-OSu
active complex had six active carbonate bonds per
PEG complex. The PEG-CA-OSu active complex was
then reacted with BSA to afford the PEG-CA-BSA
conjugate, as shown in Scheme 1. IR and 'H-NMR
confirmed the formation of the amide bonds. Along
with the formation of the amide bonds, the IR and
NMR data also revealed the formation of thioester
bonds, which could have resulted from the reaction of
the cysteine residue in BSA with the active PEG-CA-
OSu complex at pH 9.4.

2639

Degree of albumin modification

The degree of albumin modification was influenced
by changes in the molar ratio of albumin to activated
PEG-CA. As deduced from Table I which compares
PEG-CA-BSA (56, PEG-CA-BSA(35, PEG-CA-BSA;
and PEG-CA-BSA 49, increasing the mixing ratio of
albumin from 3 to 6 with respect to PEG-CA
resulted in a 2-fold increase in the degree of albumin
modification. The relatively high degree of modifica-
tion was probably due to the presence of six carbox-
ylic acid groups in each PEG-CA conjugate.

Morphology of the PEG-CA-BSA hydrogels

The morphology of the freeze-dried, swollen hydro-
gel samples as a function of the BSA feed ratio is
shown in Figure 1. As shown in Figure 1, from
PEG-CA-BSA ¢) to PEG-CA-BSA 49), the pore size
decreased from approximately 4 pum to approxi-
mately 200 nm, and the network became denser and
more compact. The reduction in the pore size with
an increase in the BSA content (from a molar ratio of
3 to 6) could be attributed to the increased number
of PEGylated bonds in the PEG-CA-BSA conjugate.

Water content of the PEGylated BSA

In this study, we prepared a newly synthesized family
of PEG-BSA conjugates as novel hydrogel structures
that may be useful as protein carriers or matrices for
the controlled release of hydrophilic or hydrophobic
drugs. These polymers are bioartificial polymeric
materials. The binding of water molecules makes
PEGylated compounds function as if they are 5-10
times larger than a corresponding soluble protein of a
similar molecular mass. The PEG polymer, along with
the associated water molecules, acts like a shield and
protects the attached drug from enzyme degradation,
rapid renal clearance, and interactions with cell-sur-
face proteins.*® The PEG-CA-BSA hydrogels reported
in this study had high water contents (Table I) and
should be useful as matrices for the controlled release
of sensitive drugs. The swelling ratios of PEG-CA-
BSA are shown in Table I. During the swelling step,
each of the four conjugates (PI-PIV) underwent sig-
nificant water uptake, which led to considerable vol-
ume expansion. When the molar ratio of BSA to PEG-
CA was increased from 3 to 6, the swelling ratio of the
resulting hydrogels decreased from 1986 to 1225%.
Figure 2 shows the effect of the BSA/PEG-CA molar
ratio on the swelling ratios of the PEG-CA-BSA
hydrogels at room temperature. The data show that
an increase in the BSA content led to a decrease in the
swelling of the corresponding PEG-CA-BSA hydro-
gels. The dependence of the swelling ratio of the
BSA-PEG-CA hydrogels on the BSA content is in a

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 SEM images of the BSA-PEG-CA hydrogels: (A) PEG-CA-BSA(26), (B) PEG-CA-BSA(28), (C) PEG-CA-

BSA(31), and (D) PEG-CA-BSA(49).

good agreement with the morphological images (Fig.
1) and average pore size data. The morphological
data showed that an increase in the content of BSA
led to a compact network structure because of a
higher crosslinking level of the corresponding hydro-
gel; this caused a reduction in the swollen or water-
uptake capacity because of the decreased pore
volume.”

In vitro ADR release from the PEG-CA-BSA
hydrogels

Loading capacity

The ADR loading capacity in PEG-CA-BSA hydro-
gels was 0.376, 0.265, 0.201, and 0.189 for PEG-CA-
BSA(49), PEG-CA-BSA(, PEG-CA-BSA(g, and
PEG-CA-BSA 5), respectively. The highest loading
capacity was found for PEG-CA-BSA 49). The differ-
ences in the loading capacity of the hydrogels could
be attributed to the higher PEGylation of BSA in
PEG-CA-BSA 49 versus the other hydrogels. This
formulation, possessing more amino groups on albu-
min, could produce stronger interactions with ADR
carboxylic acid group.

Cumulative release of ADR from the hydrogels
at pH 7.4

Journal of Applied Polymer Science DOI 10.1002/app

The cumulative amounts of ADR released from the
PEG-CA-BSA hydrogels at pH 7.4 (phosphate-buf-
fered saline) are shown in Figure 3(A). The data
show that all PEG-CA-BSA hydrogels had lower
ADR release rates. The interaction between the BSA

2500 1

2000 +

1500 -
1000 -
500 -
0 T . .

Mole ratio of BSA to PEG-CA

Figure 2 ESRs of the PEG-CA-BSA hydrogels at room
temperature.

Equilibrium swelling ratio (%)
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80
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Figure 3 Cumulative release of ADR from the PEG-CA-
BSA hydrogels at 37°C: (A) pH 7.4 and (B) pH 3.

component of the PEG-CA-BSA hydrogels and ADR
may be partially responsible for this slower release
phenomenon. All hydrogel samples had a slight ini-
tial burst release. During the first 24 h, the cumula-
tive releases were 15.5% for PEG-CA-BSA 49), 24%
for PEG-CA-BSA31), 31% for PEG-CA-BSA (55, and
38% for PEG-CA-BSA 5. After this initial release
period, all the release rates slowed, and they were
almost in the following order: PEG-CA-BSA (5, >
PEG-CA-BSA 55y > PEG-CA-BSA(z;) > PEG-CA-
BSA(49). As shown in Figure 3(A), a higher PEG-
CA /BSA molar ratio led to a reduction of the cumu-
lative amount of ADR released from the hydrogels.
These results can be rationalized in terms of the
number of PEG-CA chains bound per BSA mole-
cule. With a higher degree of modification of BSA,
the distance between the BSA molecules would be
smaller. The shortening of the distance between the

2641

BSA molecules could decrease the porosity of the
hydrogel (Fig. 1). The decrease in the porosity of the
hydrogel reduced the release rate of the drug from
the hydrogel.

Cumulative release at pH 3.0

The pH sensitivity of the PEG-CA-BSA hydrogels
was also reflected in their ADR release, as shown in
Figure 3(B). The data show the cumulative release of
ADR from PEG-CA-BSA hydrogels at pH 3.0. The
ADR release profiles at pH 3.0 were very similar to
those at pH 7.4, and the main differences were the
amounts of ADR released cumulatively over a fixed
period and the release duration. All the hydrogels
released higher amounts of ADR at pH 3.0 versus
pH 7.4. For instance, after 24 h PEG-CA-BSA 49,
PEG—CA—BSA(31), PEG—CA—BSA(:J,D, and PEG-CA-
BSA) had ADR release rates of 25.6%, 34.86%,
41.64%, and 48.5%, respectively, at pH 3. In an endo-
cytic process, macromolecules can internalize, enter
a cell as small vesicles, and lead to the formation of
endosomes, which subsequently fuse with lysosomes
containing a variety of enzymes effective in the envi-
ronment with a lower pH.”® The efficiency of lysoso-
motropic drug delivery depends on the proper
choice of the polymer carrier, the drug, and the type

of linkage in the carrier or between the drug and
39241

Preparation and characterization of the
PEG-CA-BSA microparticles

Mean particle size of the microparticles

ADR-loaded PEG-CA-BSA microparticles were pre-
pared by emulsion crosslinking with GA as a cross-
linking agent. The newly formed microparticles
were all spherical and had smooth surfaces, as
revealed by SEM images shown in Figure 4. The size
and size distribution of the microparticles were
recorded with a laser light diffraction technique. The
calculated values of the volume mean particle size
of the microspheres are included in Table II. These
data show that with the amount of the crosslinking
agent increasing, smaller microparticles (probably
due to the formation of a more rigid network) were
produced. Besides, with an increase in the ratio of
BSA within the PEGylated polymer structure, a
decrease in the size of the microparticles was
observed.

Encapsulation efficiency and drug release from
the microparticles

In wvitro drug-release studies were performed in
simulated gastric fluid media and then in simulated
intestinal fluid media (without enzymes). The

Journal of Applied Polymer Science DOI 10.1002/app
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EHT=20 88 kV

100 =

Figure 4 SEM images of the microparticles: (A) a group
of the particles and (B) a single particle.

encapsulation efficiency was within the range of
84.5-95.6%(Table II). The dependence on the amount
of the crosslinker used during in vitro release is dis-
played in Figure 5(B) for three formulations: F1, F5,
and F9. The release rates depended on the amount
of GA used during crosslinking. The release was
slower for formulations in which higher amounts of
GA were used versus those formulations in which
lower amounts of GA were present in the matrix.
This could be due to the fact that with a higher
degree of crosslinking, the free volume of the matrix
decreased, and this hindered the transport of drug
molecules through the matrix. As shown in Figure
5(B), for formulation F1, the release was faster ver-
sus formulation F5, which contained a larger amount
of GA. A similar trend was observed between for-
mulations F5 and F9. To study the effect of the BSA
molar ratio of PEGylated BSA on drug-release rates,
we chose four formulations: F9, F10, F11, and F12.
The results are displayed in Figure 5(A). The release
rates were slower for formulations containing larger

Journal of Applied Polymer Science DOI 10.1002/app
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amounts of BSA. The release rate decreased with an
increasing amount of BSA in the conjugates. Drug-
release rates were higher for microparticles with
lower amounts of BSA in the conjugate versus those
having larger amounts of BSA. Similar trends were
seen between formulations F1-F4 and F5-F8. This
means that the drug-release rate was affected by the
BSA molar ratio, that is, the composition of the poly-
mer. ADR release from the microparticles was
slightly faster for formulations with a lower BSA
molar ratio (a BSA/PEG-CA ratio of 3) in the matrix
versus formulations with a higher BSA molar ratio
(a BSA/PEG-CA ratio of 1 : 6).

CONCLUSIONS

It has been well documented that nanoparticles pre-
pared from water-soluble polymers can be efficiently
loaded with certain anticancer drugs, and the loaded

(A)

60 4 —e—F12 —0—F11 ——F10 —0—F9
50 +
40
30;

20 -

Adriamycin cumulative release
(%)

(B)

120 -

100

Adriamycin cumulative release
(%)

 -——r—r————r——1———1+——
0 30 60 90 120 150 180
Time (h)

Figure 5 Cumulative release of ADR from the PEG-CA-
BSA microparticles with different amounts of the cross-
linker at 37°C: (A) pH 7.4 and (B) pH 3.
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drugs can accumulate in tumors. Accordingly, we
have exploited a novel PEGylated derivative of BSA
(PEG-CA-BSA) as a delivery system for carrying
ADR in the forms of hydrogels and microparticles.
The hydrogels displayed a porous structure that
improved the drug-loading efficiency as well as the
drug-release longevity. Increasing the degree of BSA
substitution revealed that the reduced pore size of
the hydrogels led to a denser and more compact
architecture. The microparticles possessed a spheri-
cal morphology with smooth surfaces. The drug-
loading efficiency of the prepared matrices was
affected by the amount of BSA in the PEGylated
conjugate and by the amount of GA used to prepare
the microparticle formulations. The release of ADR
was dependent on the drug-loading percentage, the
amount of the polymer used in the matrix, and the
BSA ratio of the PEGylated conjugates. A higher
PEG-CA/BSA molar ratio resulted in a reduction of
the cumulative amount of ADR released from the
hydrogels in a pH-dependent manner. In conclusion,
this PEGylated BSA could be successfully exploited
as a delivery system for the transport of anticancer
agents to targeted cells and tissues.

References

1. Drummond, D. C.; Meyer, O.; Hong, K.; Kirpotin, D. B.; Papa-
hadjopoulos, D. Pharmacol Rev 1999, 51, 691.

2. Brigger, I; Dubernet, C.; Couvreur, P. Adv Drug Delivery Rev
2002, 54, 631.

3. Aliabadi, H. M.; Lavasanifar, A. Expert Opin Drug Delivery
2006, 3, 139.

4. Le, G. D,; Ranger, M,; Leroux, J. C. Am ] Drug Delivery 2004, 2, 15.

5. Charman, W. N. ] Pharm Sci 2000, 89, 967.

6. Takino, T.; Nakajima, C.; Takakura, Y.; Sezaki, H.; Hashida,
M. J Drug Target 1993, 1, 117.

7. Junping, W.; Takayama, K.; Nagai, T.; Maitani, Y. Int ] Pharm
2003, 251, 13.

8. Greish, K.; Fang, J.; Inutsuka, T.; Nagamitsu, A.; Maeda, H.
Clin Pharmacokinet 2003, 42, 1089.

9. Jain, R. K. Adv Drug Delivery Rev 1997, 26, 71.

10. Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. J Con-
trolled Release 2000, 65, 271.

11. Buszello, K.; Muller, B. W. In Pharmaceutical Emulsions and
Suspensions; Swarbrick, J., Ed.; Marcel Dekker: New York,
2000; p 5.

12. Prankerd, R.].; Stella, V.].] Parenter Sci Technol 1990, 44, 139.

13.
14.

15.
16.

17.

18.

19.

20.

21.
22.

23.
24.

25.

26.

27.
28.

29.
30.
31.
32.
33.
34.

35.

36.

37.

38.

39.

40.

41.

2643

Krafft, M. P. Adv Drug Delivery Rev 2001, 47, 209.

Harris, J. M.; Martin, N. E.; Modi, M. Clin Pharmacokinet
2001, 40, 539.

Torchilin, V. P. Immunomethods 1994, 4, 244.

Veronese, F. M.; Harris, ]. M. Adv Drug Delivery Rev 2008,
60, 1.

Abuchowski, A.; van Es, T.; Palczuk, N. C.; Davis, F. F. J Biol
Chem 1977, 252, 3578.

Abuchowski, A.; McCoy, J. R; Palczuk, N. C,; van Es, T;
Davis, F. F. ] Biol Chem 1977, 252, 3582.

Caliceti, P.; Veronese, F. M. Adv Drug Delivery Rev 2003, 55,
1261.

Chinol, M.; Casalini, P.; Maggiolo, M.; Canevari, S.; Omodeo,
E. S.; Caliceti, P.; Veronese, F. M.; Cremonesi, M.; Chiolerio,
F.; Nardone, E.; Siccardi, A. G.; Paganelli, G. Br ] Cancer 1998,
78, 189.

Veronese, F. M. Biomaterials 2001, 22, 405.

Veronese, F. M.; Pasut, G. Drug Discovery Today 2005, 10,
1451.

Fishburn, C. S. J Pharm Sci 2008, 97, 4167.

Fontana, A.; Spolaore, B.; Mero, A.; Veronese, F. M. Adv Drug
Delivery Rev 2008, 60, 13.

Harris, J. M.; Chess, R. B. Nat Rev Drug Discovery 2003, 2,
214.

Mantovani, G.; Lecolley, F.; Tao, L.; Haddleton, D. M.; Clerx,
J.; Cornelissen, J. J.; Velonia, K. ] Am Chem Soc 2005, 127,
2966.

Molineux, G. Pharmacotherapy 2003, 23, 3S.

Allen, C.; Dos, S. N.; Gallagher, R.; Chiu, G. N.; Shu, Y.; Li,
W. M,; Johnstone, S. A.; Janoff, A. S.; Mayer, L. D.; Webb, M.
S.; Bally, M. B. Biosci Rep 2002, 22, 225.

Blume, G.; Cevc, G. Biochim Biophys Acta 1993, 1146, 157.
Putnam, D.; Kopecek, J. Biopolymers II; Springer: Berlin, 1995.
Namazi, H.; Adeli, M. Eur Polym ] 2003, 39, 1491.

Namazi, H.; Adeli, M. Biomaterials 2005, 26, 1175.

DeSantis, G.; Jones, J. B. Curr Opin Biotechnol 1999, 10, 324.
Tiller, J. C.; Bonner, G.; Pan, L. C.; Klibanov, A. M. Biotechnol
Bioeng 2001, 73, 246.

Levy, Y.; Hershfield, M. S.; Fernandez-Mejia, C.; Polmar, S. H.;
Scudiery, D.; Berger, M.; Sorensen, R. U. ] Pediatr 1988, 113,
312.

Kinstler, O. B.; Brems, D. N.; Lauren, S. L.; Paige, A. G.; Ham-
burger, J. B.; Treuheit, M. J. Pharm Res 1996, 13, 996.

Wong, S. S. Chemistry of Protein Conjugation and Cross-Link-
ing; CRC: New York, 1991.

Omidi, Y.; Gumbleton, M.In Biomaterials for Delivery and
Targeting of Proteins Nucleic Acids; Mahato, R. I., Ed.; CRC:
New York, 2005; p 232.

Shimizu, A.; Kawashima, S. ] Biol Chem 1989, 264, 13632.
Ogris, M.; Steinlein, P.; Carotta, S.; Brunner, S.; Wagner, E.
AAPS Pharm Sci 2001, 3, E21.

Zuidam, N. J.; Posthuma, G.; de Vries, E. T.; Crommelin, D. J.;
Hennink, W. E.; Storm, G. ] Drug Target 2000, 8, 51.

Journal of Applied Polymer Science DOI 10.1002/app



