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bstract

Sodium ferulate (SF) loaded nanoparticles were prepared by desolvation procedure and subsequent cross-linking of the wall material of bovine
erum albumin (BSA). Several factors in the nanoencapsulation process, such as the addition rate of the desolvation agent, composition of BSA
nd SF solution, amount of the cross-linker glutaraldehyde, were investigated to elucidate their influences on the particle size, zeta potential, drug
oading and encapsulation efficiency of the resulted nanoparticles. The obtained spherical nanoparticles were negative charged with zeta potential
rom −20 to −40 mV, and characterized between 100 and 200 nm with a narrow size distribution. In the condition of introducing 1.0 mL 8%
lutareldehyde per mg of BSA, the drug entrapment efficiency (EE) of 80% (w/w) and loading capacity of about 16% (w/w) could be achieved
or the cross-linked BSA nanoparticles with SF encapsulated (SF-BSA-NP). And the drug EE was decreased along with the increasing amount of
lutareldehyde used for cross-linking. The in vitro drug release properties of SF-BSA-NP behaved with an initial burst effect and then sustained-
elease stage. To some extent, the drug release rate could be adjusted by cross-linking with different amount of glutaraldehyde. Compared with

F solution, SF-BSA-NP showed a much higher drug distribution into liver and a lower drug concentration in other tissues, after intravenously

njected to mice. So, BSA based nanoparticles might be a suitable controlled released carrier for the freely water-soluble drug SF and further
epatic targeted drug delivery.

2007 Elsevier B.V. All rights reserved.
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. Introduction

With the achievements of available pathologic and serologic
arkers for ongoing fibrogenesis, experimental and clinical anti-
brotic trials have become more active. However, therapeutic
ttempts with anti-fibrotic drugs are still at an experimen-
al stage. Some potential agents for hepatic fibrosis, such as
olchicine, gamma-interferon, inhibitors of prolyl hydroxylase,
nd malotilate, must be further evaluated in controlled clini-

al trials (Wu and Danielsson, 1994). In addition, almost all
nti-fibrotic agents are neither liver nor fibrosis specific. Some
ite-directed carriers like liposomes and nanoparticles, used as
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er-targeted delivery

esicles for hepatic targeted drug delivery, might improve effi-
acies and reduce adverse effects of the anti-fibrotic ingredients
Yao et al., 1995; Li and Hu, 2002).

Sodium ferulate (SF) or 3-methoxy-4-hydroxy-cinamate
odium has been used for cardiovascular and cerebrovascular
iseases clinically in China (Wang and Ou-Yang, 2005). Recent
tudies had illuminated the potential anti-hepatic fibrosis effect
f SF (Wang et al., 1997; Liu et al., 2000). The involved antiox-
dation mechanism might be due to its phenolic nucleus and
nsaturated side chain, readily to form resonance-stabilized phe-
oxy radicals (Castelluccio et al., 1996). N-Dodecyl-ferulate,
novel potential sunscreen, had been incorporated into lipid
atrix to form aqueous solid lipid nanoparticles dispersions

ith the high pressure homogenization technique (Souto et al.,
005). Synthesized SF was frequently used as the active agent
o prepare several commercialized dosage forms of SF injec-
ions, oral tablets or powders. Then, the further development of

mailto:fqlijr@gmail.com
mailto:hujh@smmu.edu.cn
dx.doi.org/10.1016/j.ijpharm.2007.08.001
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iver-targeted delivery system of SF would be promising and
nspiring for those suffered from hepatic fibrosis.

Mainly delivered to the mononuclear phagocytes system
MPS), the association of a drug to nanoparticles or liposomes
ould change the drug biodistribution profile. As the liver is the
argest reticuloendothelial organ in the body, macrophages in
iver (i.e., Kupffer cells) are attractive candidates to serve as
he effector cells for therapy of hepatic diseases (Grislain et al.,
983; Yamashita et al., 1991; Daemen et al., 1995; Konno et al.,
997). The body distribution and opsonization of colloidal drug
arrier systems by macrophages seem to be influenced by their
article sizes and surface characteristics (Tröster et al., 1990;
arashima et al., 1994; Moghimi et al., 2001; Ishida et al., 2003).
lthough the carrier systems of nanoparticles or liposomes could
ot directly reach the hepatocytes, the uptake of intravenously
njected particulate drug carriers by MPS cells might as well be
he main limiting factor in the efficient targeting of a drug to
he Kupffer cells in the liver (Klibanov et al., 1990). A num-
er of attempts have been made to indicate the accumulation of
onventional nanoparticles and liposomes (when intravenously
njected) into the liver with a significant fraction (Mbela et
l., 1992; Zhang et al., 1996; Ogawara et al., 2004; Liang et
l., 2006; Kamruzzaman Selim et al., 2007). Among various
olloidal drug delivery systems, nanoparticles could perme-
te through biological barriers after intravenous administration
ecause of their small size (Nakada et al., 1996; Song et al.,
997; Williams et al., 2003). The feasibility of particles ranged
n 50–200 nm to arrive at fenestration in the hepatic sinusoidal
ndothelium, might lead to hepatic accumulation after intra-
enous injection. As a consequence, a major aspect in preparing
targeted drug carrier lies in the establishing procedure condi-

ions which could control the resulting particle size with a narrow
istribution.

Due to the well biocompatibility and biodegradability, serum
lbumin was most often used as the natural wall material for
anoencapsulation. Generally three different methods about
mulsion formation, desolvation or coacervation were applied
or albumin nanoparticles preparation. With respect to emulsion
echnique, removal of the organic residues was needed (Müller
t al., 1996). The major shortcoming for coacervation was that
he pH value, adjusted in the absence of salt, might be usually
imited in reliability (Lin et al., 1993). Desolvation process of
lbumin with organic solvents followed by cross-linking with
lutaraldehyde is commonly used to assemble protein nanopar-
icles (Marty et al., 1978). Previous studies (Zimmer et al.,
994a,b; Merodio et al., 2001) have described the desolvation
f albumin to produce nanoparticles. The alternative method of
esolvation procedure was systematically characterized to estab-
ish a rational basis for the production of albumin nanoparticles
Weber et al., 2000; Langer et al., 2003).

In this paper, a nanoencapsulation procedure of desolvation
nd subsequent cross-linkage was used to prepare the SF loaded
ovine serum albumin (BSA) nanoparticles (SF-BSA-NP) for

iver targeting. A systematic investigation concerning the influ-
nce of albumin content, cross-linking agent and the flow rate of
esolvation reagent on nanoparticles size and zeta potential was
arried out. In addition, the nanoparticle yield, drug entrapment
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fficiency, release properties in vitro and tissue distribution in
ivo were also tested in the present work.

. Materials and methods

.1. Reagents, chemicals and animals

Sodium ferulate was obtained from Limin Pharmaceutical
actory of Lizhu Group (Shaoguan, China). Bovine serum
lbumin was purchased from Sino-American Biotechnology
ompany. Ethanol and 25% glutaraldehyde solution (v/v) were
btained from the Chemical Agent Station, Medicine Group of
hina. BCA albumin concentration measurement kit (Biyuntian
iotechnology institute, Haimen, China). HPLC grade methanol
nd acetic acid came from Sigma–Aldrich Chemie GmbH
Steinheim, Germany). All other chemicals were of analytical
rade.

Kunming mice (20 ± 2 g) were supplied by the experimental
nimal center of Second Military Medical University (Shanghai,
hina). All procedures described in this study were approved
y the Animal Care and Supply Committee of Second Military
edical University.

.2. Preparation of SF loaded BSA nanoparticles

According to Weber et al. (2000) and Langer et al. (2003),
he desolvation technique was applied for the preparation of SF-
SA-NP. SF was dissolved in distilled water together with BSA

n different ratio from 2:1 to 16:1 (BSA:SF, w/w). Subsequently,
mL desolvation agent of ethanol was added dropwise into the
queous albumin solution under magnetic stirring (500 rpm).
palescent suspension was formed spontaneously at room tem-
erature, and was further examined as nanoparticles. Addition
f ethanol at a defined rate (0.5–1.0 mL/min) might enable the
anoencapsulation process to be controlled. After the desol-
ation process, 8% glutaraldehyde in water (v/v) was added
o cross-link the desolvated BSA nanoparticle. And the cross-
inking process was performed under stirring of the colloidal
uspension over a time period of 12 h. The detailed formation
onditions were shown in the corresponding legends and figures.

Ethanol in the prepared sample was eliminated by evapora-
ion under reduced pressure. Finally, the resulting nanoparticles
ere purified and obtained by centrifugation at 20,000 × g at
2 ◦C for 30 min before lyophilization.

.3. Determination of albumin nanoparticle yield

As for the added BSA, only the desolvated BSA participated
n the nanoencapsulation process. After quantification of the
ondesolvated BSA, the yield of nanoparticles (Ynp) could be
alculated as the follow equation:
np = Wtotal BSA − Wfree BSA

Wtotal BSA
× 100%

here Wtotal BSA is the total amount of BSA and Wfree BSA is the
mount of free BSA nondesolvated.
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2.9. Statistical analysis
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For the determination of the nondesolvated BSA, the
anoparticles were separated from the supernatant by cen-
rifugation at 16,000 × g for 20 min at room temperature. An
liquot of the supernatant was diluted with distilled water
nd the amount of the dissolved BSA in the supernatant was
etermined using a standard BCA protein assay (Smith et al.,
985).

.4. Morphology of nanoparticles

A few drops of the diluted nanoparticle suspension were
eposited onto a carbon-coated copper grid. After 1–2 min of
mmobilization, the excess solution was wicked off with fil-
er paper and replaced with sodium phosphotungstate solution
0.2%, w/v) for negative staining. Thirty seconds later, the grids
ere washed twice with distilled water and allowed to dry. And

hen the morphological examinations of the prepared albumin
anoparticles were performed by an H-600 transmission electron
icroscope (TEM) (Hitachi, Japan).

.5. Determination of particle size and zeta potential

The prepared SF-BSA-NP were thereafter analyzed for their
olume based particle size and surface electrical charge by
lectrophoretic light scattering (ELS) method. The size and
harge analysis were completed using a Coulter NicompTM
80 ZLS (Santa Barbara, CA, USA), allowing characteriza-
ion of the size distribution in distilled water (laser droppler
elocimetry) and assessment of zeta potential in 0.01% NaCl
particle electrophoretic mobility). The measurements were per-
ormed in triplicate at a temperature of 25 ◦C and a scattering
ngle of 90◦ in 4 mm diameter cells with field strength of
0 V/cm.

Polydispersity index (PI) is usually tested to indicate the par-
icle diameter distribution range. The PI value and particle size of
anoparticles could be measured simultaneously by ELS method
t the conditions described above.

.6. Determination of SF loading capacity and
ncapsulation efficiency

The drug encapsulation efficiency and loading capacity of SF-
SA-NP prepared with different formulations were determined
y centrifugation of the colloidal samples at 20,000 × g and
2 ◦C for 30 min. The amount of SF entrapped within nanopar-
icles was calculated by the difference between the total amount
sed and the amount presented in the aqueous supernatant phase.
he non-entrapped SF in the supernatant obtained after ultracen-

rifugation of nanoparticles was determined by HPLC method.
ach sample was assayed in triplicate.

The HPLC analyses were carried out using a system (Shi-
adzu, LC-10A, Japan) consisted of two LC-10AT pumps

Shimadzu), a Rheodyne 7125 manual injection valve with

0 �L sample loop, an SPD-10A UV detector (Shimadzu),
nd C-18 reversed phase column (4.6 mm × 150 mm, 5 �m,
romasil, Bohus, Sweden). The mobile phase was a mix-

ure of methanol and 0.5% acetic acid (60:40, v/v). The flow

b
D
p
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ate was 0.8 mL/min at 25 ◦C, and the wavelength was set
t 320 nm.

The SF loading capacity (LC) of nanoparticles and encapsu-
ation efficiency (EE) of the process were calculated as indicated
elow:

C = Wtotal SF − Wfree SF

Wnp
× 100%

E = Wtotal SF − Wfree SF

Wtotal SF
× 100%

here Wtotal SF is the total amount of SF, Wfree SF the amount of
ree SF and Wnp is the nanoparticles weight.

.7. SF release from the nanoparticles in vitro

The in vitro drug release profiles of SF-BSA-NP were deter-
ined as follows. About 20 mg nanoparticles were re-dispersed

n phosphate-buffered saline (PBS, pH 7.4) and placed in a dial-
sis membrane bag with a molecular cut-off of 8 kDa. Then
he SF-BSA-NP contained bag was tied and put into 100 mL of
BS medium. The entire system was incubated at (37 ± 0.5) ◦C
nder stirring at 50 rpm. At designated time intervals, 0.5 mL
f the release medium was removed and replaced with the
ame volume of fresh PBS solution. The amount of SF in the
elease medium was determined by HPLC at the described chro-
atographic conditions. All measurements were performed in

riplicate.

.8. Tissue distribution

In order to study the in vivo biodistribution of SF loaded
anoparticles, SF-BSA-NP and SF solution were injected intra-
enously to mice via the lateral tail veins severally. Fifty-four
ice were fasted overnight and then divided randomly into

wo groups received SF-BAS-NP and SF solution at the same
osage (0.8 mg SF/kg body weight) individually. In all exper-
ments the total volume of injection was between 0.4 and
.6 mL/animal.

The biodistribution of SF in mice was performed respectively
t 0.5, 1, 2, 4, 6, 8, 12 and 24 h after administration. At these
ime intervals, the blood was collected and animals were sac-
ificed to excise the heart, liver, spleen, lung and kidney. The
rgans were absorbed dry with filter paper, then weighed and
rozen. Homogenates were prepared immediately prior analy-
is. Quantification of SF for the extracted samples was carried
ut referring to the established reversed-phase HPLC method
Li et al., 2007).
Data were presented as mean ± S.D. Results of the in vivo
iodistribution studies were analyzed using Student’s t-test.
ifferences were considered to be significant at a level of
< 0.05.
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. Results and discussion

.1. Desolvation method for SF loaded nanoparticle
reparation

Results in the literature (Weber et al., 2000) have shown
he desolvation method for albumin nanoparticles preparation.
urthermore, a controlled desolvation procedure was optimized

o achieve a colloidal system of blank albumin nanoparticles
ith well-defined physicochemical characteristics (Langer et al.,
003). While addition of ethanol into the protein solution, BSA is
hase separated as its diminished water-solubility. Nanoparticles
ere then formed from the albumin solution with the desolva-

ion function produced by ethanol. The added carrier material
f BSA had been formed into nanoparticles considerably, and a
article yield of above 90% could be obtained (measured by the
CA protein assay).

The morphologically formed albumin particles not suffi-
iently stabilized could consequently redissolve again after
ispersed with water and then lack an adjustment in drug release
ate (Weber et al., 2000; Li et al., 2001). BSA protein, including
0 amino moieties in lysine residues and 26 arginine moieties in
uanidino side chains (Meziani and Sun, 2003), might be solidi-
ed by condensation reaction with the aldehyde-group contained
eagent. So, cross-linking with glutaraldehyde was necessary for
tabilization of the desolvated BSA nanoparticles. And the cross-
inking process plays a major role in the stability and drug release
f the desolvated BSA nanoparticles (Merodio et al., 2001).

The amount of free amino groups may be considered as a mea-
ure for the degree of cross-linkage and attributed to the stability
f the protein particles (Rubino et al., 1993). As already reported
y Weber et al. (2000) for desolvated human serum albumin par-
icles, the lowest required glutaraldehyde concentration for the
roduction of stable nanoparticles appeared to be about 40%.
nd a reaction time of 24 h for sufficient cross-linking of all

mino groups is imperative. The incubation period should com-

romise the stability and drug release property of the albumin
anoparticles. In this work, the cross-linking step was attentively
erformed for a period of 12 h with relatively low amounts of
lutaraldehyde. The further obtained results of drug loading and

ig. 1. TEM photograph of blank nanoparticles (a) and drug loaded nanoparti-
les (b) (50,000×).
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elease characteristics for the biodegradable SF-BSA-NP, also
lucidated the practical cross-linking condition.

Typical TEM image of the nanoparticles and their surface
orphology were shown in Fig. 1. As observed from Fig. 1,

hese nanoparticles appeared spherical in shape with a relatively
arrow size distribution. Compared to the blank BSA nanopar-
icles (Fig. 1A), a similar morphology was also observed for
F-BSA-NP (Fig. 1B) taking spherical shape. Apparently, the
ntrapped drug was uniformly located within the core-shell like
anoparticles, seemingly immersed in a small pot coated with
SA protein.

.2. Factors influencing the size and zeta potential of
F-BSA-NP

.2.1. Ratio of BSA to SF
Fig. 2A shows the influences of BSA/SF ratio on particle

iameter and zeta potential of the resulted nanoparticles. It could
e seen that the diameters decreased with the rising content of
SA, during the BSA:SF ratios ranged from 2:1 to 8:1 (w/w).

n the initial stage of nanoparticle formation, diameter of the
parsely scattered particle was primarily affected by the charges
mong the colloids suspension. The repelling forces among the
egative charged particles enhanced the surface polymerization,
hile the number of nanoparticles increased. This is somewhat

imilar to the results of Langer et al. (2003) who had showed a
light influence of the increased albumin concentration on the
article diameter. Probably due to the shielding function of the
dditional surface charges (even not changed significantly), the
ollowing accreted particle size was achieved while the further
SA/SF ratio increased. As a result, the formation of nanopar-

icles is feasible at BSA:SF ratios between 2:1 and 16:1 (w/w).
hen the BSA to SF ratio exceeded 16:1, aggregates with large

iameter appeared. Continued increasing of BSA ratio made the
ncapsulation proceed very difficultly.

Based upon the isoelectric point (about 4.4) of BSA, the neg-
tive charged nanoparticles were formed in the neutral aqueous
edium. Nearly independent of the BSA content, zeta potentials

f nanoparticles kept relatively steady around −25 mV without
arked diversity (Fig. 2A). And the diameter PI of the pre-

ared SF-BSA-NP showed a tendency to rise while the BSA
oncentration increased.

.2.2. Concentration of glutaraldehyde
The desolvated BSA nanoparticles were treated with different

mounts of glutaraldehyde to investigate the effect of cross-
inking process on their particle size and zeta potential. After
esolvation procedure, the formed albumin nanoparticles were
ross-linked with 0.54–1.16 �L of 8% glutaraldehyde per mg
SA. These glutaraldehyde contents were necessary for cross-

inking the amino moieties in lysine residues of BSA molecules
n the particle matrix.

As for the reported studies of desolvated human serum albu-

in nanoparticles (Weber et al., 2000; Langer et al., 2003),

mount of glutaraldehyde used to sufficiently stabilize the albu-
in nanoparticles was relative to the theoretic amount required

or the cross-linkage of all amino groups. Nearly no influence
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Fig. 2. Particle size (�), zeta potential (©) and polydispersity index (�) of
SF-BSA-NP influenced by the ratio of BSA to SF (A) (ethanol addition rate
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.8 mL/min, amount of SF 12.5 mg, initial BSA concentration 6.25 mg/mL);
mounts of 8% glutaraldehyde solution (B) (ethanol addition rate 1.0 mL/min,
mount of SF 12.5 mg, rate of BSA to SF 2:1); ethanol addition rate (C) (BSA
oncentration 12.5 mg/mL, rate of BSA to SF 2:1) (mean ± S.D., n = 3).

f the cross-linking conditions on the resulting particle size was
bserved. In this work, SF entrapped BSA nanoparticles was
ross-linked with low amounts of glutaraldehyde for compara-
le short duration of 12 h. As outlined in Fig. 2B, a remarkable
ecrease in particle size of SF-BSA-NP might be resulted from
he increasing amount of glutaraldehyde used for protein cross-
inkage. The mean diameter of nanoparticles decreased from
91.4 nm (0.54 �L cross-linker) to 91.5 nm (1.16 �L cross-
inker). The enhanced cross-linking degree could be expected for
uch reduction in diameter of the close-up constructed nanopar-
icles with conceivable high bulk density. Whereas the cross-
inking degrees could not influence the resulting zeta potential
about −25 mV) and PI (smaller than 0.2) significantly (Fig. 2B).
.2.3. The rate of ethanol addition
The desolvation process can be divided into two parts; a

rst part where an increase in desolvation agent leads to an
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ncrease in particle size and a second part where the particle size
emains constant but the particle concentration is still increas-
ng (Weber et al., 2000). The rate of desolvation was changed
ccordingly to investigate the resulting particle size. It could be
een from Fig. 2C, the ethanol addition rate (0.2–1.5 mL/min)
howed significant influence on the average diameter of the
SA nanoparticles (increased from 83 to 215 nm). Thereby, the
uff-structured nanoparticles were formed with relatively large
iameter. This might be due to the fast albumin-phase separation
ate caused by the added ethanol. The quick desolvation process
ight as well lead to large aggregates of BSA or precipitation of
F. So the ethanol induced desolvation rate should be controlled

n the proper range for drug-aimed nanoencapsulation.
The rate of ethanol addition also mainly influenced the par-

icle size distribution range. As shown in Fig. 2C, a rate smaller
han 0.5 mL/min or exceed 0.8 mL/min led to more un-uniformly
ized nanoparticles. Accordingly, nanoparticles with a PI less
han 0.10 could be obtained at the ethanol addition rate between
.5 and 0.8 mL/min. The zeta potential of the nanoparticles
as reduced to about −48 mV at the ethanol addition rate of
.8 mL/min. While in other cases, the values of zeta potential
ere about −25 mV which is in accordance with the earlier

esults of Lin et al. (1994) and Weber et al. (2000). The decreased
eta potential (to −48 mV) indicated a progressive cross-linking
eaction of glutaraldehyde with the positively charged amino
roups at the BSA nanoparticle surface. Electric contribution of
he negatively charged carboxylic groups became stronger and
he zeta potential decreased consequently. Therefore, the subse-
uent experiments were performed at a rate of ethanol addition
f 0.8 mL/min.

.3. Loading capacity and encapsulation efficiency of SF
ithin nanoparticles

Based on successful preparation of SF-BSA-NP with desired
article size and zeta potential, the followed drug LC and EE
ithin nanoparticles were determined to investigate the effects
f formulary and technological factors.

As shown in Fig. 3A, an improved LC of 27% was obtained
ith the incipient accreted ratio of BSA:SF to 2:1 (w/w).
fterward, the entrapped percent of SF within nanoparticles
ecreased remarkably. The increased amount of nanoparticles
ould have lowered the drug loading percent quickly again.
n the other hand, the resulted high nanoparticles yield (above
0%) would be in favor of drug encapsulation. The more BSA
sed, the more desolvated BSA was involved in encapsulating
he water-soluble drug dissolved in the internal aqueous phase.
nd the drug EE in the nanoencapsulation process was increased

onstantly to 85% (Fig. 3A). This high drug EE for SF-BSA-NP
ould be mainly attributed to the desolvated phase transition

nd desolvation technique of nanoencapsulation.
As for the matrix drug delivery system, hydrophobic inter-

ctions can affect the drug loading or release properties (Li et

l., 2006; Wu et al., 2005). The hydrophobic tendency of pro-
ein particles induced by glutaraldehyde might also hinder the
onstantly encapsulation of the hydrophilic water-soluble drug
F. Fortunately surfactant could bridge the interface between
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Fig. 3. Encapsulation efficiency (�) and loading capacity (©) of SF-BSA-
NP prepared with different ratios of BSA to SF (A) (ethanol addition rate
0.8 mL/min, amount of SF 12.5 mg, initial BSA concentration 6.25 mg/mL);
cross-linked with different amount of 8% glutaraldehyde per mg BSA (B)
(ethanol addition rate 0.8 mL/min, amount of SF 12.5 mg, rate of BSA to SF
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:1); at different pH values of the medium (C) (ethanol addition rate 0.8 mL/min,
mount of SF 12.5 mg, rate of BSA to SF 2:1, cross-linked with 1.0 mL 8%
lutareldehyde per mg of BSA) (mean ± S.D., n = 3).

he cross-linked hydrophobic carrier and the hydrophilic water-
oluble drug. The addition of surfactant would balance the
ydrophobic effect caused by the cross-linking agent glu-
araldehyde. Considered the efficient encapsulation of the freely
ater-soluble drug SF, the surfactant of 0.2% (w/v) poloxamer
88 was co-mixed into the aqueous phase to encourage the load-
ng efficiency by creating a compatible environment within the

anoparticles (Su et al., 2005).

Along with the surfactant-associated regulation effect, SF
ight be commonly embedded into the BSA matrix during the

esolvation procedure. When cross-linked with glutaraldehyde,

s
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he drug absorbed in particle surface might diffuse into the
queous environment. And the EE of SF was lowered during
olidification of BSA nanoparticles by glutaraldehyde. It seems
o be relevant to the additional decrease in hydrophilic behavior
f BSA induced by the enhanced cross-linkage. Then the inlayed
F could release out from the further stabilized nanoparticles.
onsequently, the drug LC and EE were dramatically decreased
ith the increased amounts of the cross-linker glutaraldehyde
sed (Fig. 3B). Along with the addition of 8% glutaraldehyde
olution, the LC and EE decreased unwantedly from17.9% and
7.5% (0.45 �L/mgBSA) to 2.5% and 23.9% (2.4 �L/mgBSA),
espectively. As shown from Fig. 3B, the high EE for the
ater-soluble SF within BSA nanoparticles decreased to

bout 80% after introducing 1.0 �L 8% glutaraldehyde per
g BSA. So the cross-linking agent of glutaraldehyde should

e cautiously added for preparation of SF-BSA-NP. And the
ontrolled content of glutaraldehyde would be optimized for
oth required drug loading and release characteristics of SF
oaded BSA nanoparticles.

BSA (isoelectric point of 4.4) is a protein with amino-group
nd acid-group, and then the drug EE of BSA nanoparticles
ross-linked with glutaraldehyde might be affected by the pH
alue of the medium. Considered the largely varied solubility
nd stability of SF in acid environment, the pH values investi-
ated were controlled above 5.0 in the present paper.

Protein was relatively stable in the medium with pH around its
soelectric point. As for the decreased nanoparticle yield percent
under 80%) at pH 5.0, the amount of SF encapsulated into
he desolvated albumin nanoparticles dropped out largely. As
hown in Fig. 3C, EE (72%) and LC (15%) of SF at pH 5.0
ere increased continually to 86% and 17% at pH 7.5. At the

urther increased pH values (Fig. 3C), drug LC or EE decreased
nd then kept unchanged remarkably. The decreased EE might
e concerned with the accelerated cross-linking step in alkaline
ondition (Schiff base formed) (Lin et al., 1994). So during the
esolvation procedure, the nanoencapsulation of SF should be
arried out under the neutral condition.

.4. In vitro release

The in vitro release profiles of SF from nanoparticles were
btained by representing the release percentage of SF with
espect to the amount of SF encapsulated. For the same batch
f nanoparticles, the amount of drug released in vitro compared
ell with the calculated drug LC. Fig. 4 displayed the drug

elease behavior of SF-BSA-NP and the effect of the cross-linker
mount on release rate.

The cross-linking of BSA nanoparticles with glutaraldehyde
s important for sustained release and liver-targeted drug deliv-
ry. It could be seen from Fig. 4, drug released quickly from the
SA nanoparticles not cross-linked, and the cumulative release
ercent exceeded 75% within 2 h. The further addition of glu-
araldehyde could retard the release rate as the decreased water-

olubility of BSA. In 2 h, 67% drug released from SF-BSA-NP
ross-linked with 0.6 �L 8% glutaraldehyde per mg BSA. Then
he drug released even more slowly with the increased amount
f glutaraldehyde used, and 1.0 �L 8% glutaraldehyde per mg
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Fig. 4. In vitro drug release profiles of not cross-linked nanoparticles and SF-
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mechanism of passive targeting might be due to the high liver
distribution of SF-BSA-NP.

The drug content percents in the tissues after intravenous
injection were calculated by the determined SF concentrations
SA-NP cross-linked with different amount of 8% glutaraldehyde in PBS (pH
.4). Ethanol addition rate 0.8 mL/min, amount of SF 12.5 mg, rate of BSA to
F 2:1 (n = 3).

SA might be suitable for cross-linking. The sustained-released
ffect could not be enhanced significantly even cross-linked with
.4 �L 8% glutaraldehyde per mg BSA (Fig. 4). This might
e explained by the limited surface free amino-groups on BSA
anoparticles and the freely water-soluble property of SF. The
urther augmented cross-linkage of albumin matrix seems not
ignificantly affect the release of SF from BSA nanoparticles sta-
ilized with 1.0 �L 8% glutaraldehyde per mg BSA. Considered
he biodegradability and internalization processes of SF-BSA-
P in vivo, low amount of glutaraldehyde and short term should
e employed in the cross-linking stage as far as possible.

It was apparent that drug release in vitro showed a rapid ini-
ial burst effect, and then followed by a relatively slow release
ate. As shown from Fig. 4, about 20% of drug was quickly
eleased from SF-BSA-NP within the first 0.5 h. This initial burst
elease was caused by the drug dispersed close to the particles
urface. This part of absorbed drug could be easily desorbed
rom the outer layer and diffused out (Li et al., 2006). Addi-
ionally, relatively high drug loading within nanoparticles might
lso contribute to the burst effect. Three hours later, release pro-
le presented a sustained release period (Fig. 4). About 85%
f the entrapped drug was released from SF-BSA-NP (cross-
inked with 1.0 �L 8% glutaraldehyde per mg BSA) in 12 h,
hich might be resulted from the diffusion out of SF embed-
ed into the interior of the BSA matrix. The remanent material
nd sustained transfer could not retard the nearly complete drug-
elease after 12 h. The erosion and degradation of albumin might
e also involved in the drug-release process.

.5. In vivo biodistribution of SF-BSA-NP

Nanoparticles represent one of the promising carriers for
mproving the therapeutic index of the associated drugs, by
ncreasing their localization to specific target tissues or cells and
y decreasing their distribution to normal tissues (Kawashima,
001). The concentration–time courses of SF in the mouse liver

fter intravenous injection were shown in Fig. 5. In almost all
ime periods, SF-BSA-NP showed highly hepatic drug levels
ompared with SF solution. It could be seen that drug concen-
rations for the SF-BSA-NP dosed group were two to four times

F
a

ig. 5. Time courses of SF concentration (�g/g) in the liver of mice intravenously
njected with SF-BSA-NP and SF solution (mean ± S.D., n = 3).

han those injected with SF solution during the first 4 h. And
he SF concentration in liver at 6 h for SF-BSA-NP group was
early 10-fold that observed for SF solution group (Fig. 5). This
hanged drug biodistribution might have been caused by the
anoencapsulation process. And the highly hepatic distribution
irectly indicated the liver targeting characteristic of the pre-
ared SF-BSA-NP. As for so much of the injected nanoparticles
ere distributed to the mouse liver, a murine reticuloendothelial

ystem (RES; Kupffer cells) might be involved (Grislain et al.,
983; Yamashita et al., 1991). And the possible phagocytosis
ig. 6. Tissue distribution of SF at 1 h (A) and 12 h (B) in mice intravenously
dministered with SF-BSA-NP and SF solution (mean ± S.D., n = 3).



l of P

a
t
a
w
i
w
t
t
a
I
i
i

B
a
o
o
e
n
t
s

4

S
v
c
m
s
a
S
r
n
s
a

A

F
o

R

C

D

G

H

I

K

K

K

K

L

L

L

L

L

L

L

L

L

M

M

M

M

M

M

N

F.-Q. Li et al. / International Journa

nd organ weights. Fig. 6 shows the drug percents distributed to
issues of mice after intravenous administration with SF solution
nd SF-BSA-NP for 1 and 12 h. As deduced from Fig. 6, SF
as mainly distributed to the circulation, liver and kidney after

njection. Whereas the drug contents in heart, spleen and lung
ere very low. For SF-BSA-NP, the drug percents distributed

o liver (66.28% for 1 h, 80.91% for 12 h) were about 2.5 times
han those for SF solution (28.81% for 1 h, 30.43% for 12 h). This
lso suggested the hepatic tropism of the nanoencapsulated SF.
n addition, the fact that considerable amount of drug appeared
n kidney (Fig. 6), illustrated the mainly excretion pathway for
ntravenously injected SF.

Owing to the possible liver-targeted delivery route of SF-
SA-NP, much amount of SF would be efficiently accumulated
nd retained in the liver as compared to SF solution. And the
bservation correlated with those results previously reported by
ther authors (Mbela et al., 1992; Zhang et al., 1996; Liang
t al., 2006). These data demonstrated that with the aid of
anoparticles, the anti-hepatic fibrosis agents could be impor-
antly delivered to the liver with certain specificity whereas a
ubsequent reduced distribution in other organs.

. Conclusion

The present study showed that the freely water-soluble drug
F could be encapsulated within BSA nanoparticles by a desol-
ation technique. The diameter and zeta potential, drug loading
apacity and encapsulation efficiency of SF-BSA-NP could be
odulated by adjustment of the crucial process parameters,

uch as, ratio of BSA to SF, concentration of glutaraldehyde
nd rate of ethanol addition. In vitro drug release profile of
F-BSA-NP showed an initial burst effect and then sustained
elease phase. Primary distribution test in vivo indicated that the
egative SF-BSA-NP ranged between 100 and 200 nm could
erve as a rational liver-targeted drug delivery system for future
pplications.
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