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a b s t r a c t

This study proposes a new zein nanoparticle (ZP) encapsulated 5-fluorouracil (5-FU) that target liver
through intravenous delivery. The ZPs were prepared by phase separation process and optimized using
uniform experimental design. The physical properties, in vitro drug release and stability of optimal drug-
loaded ZPs were studied. The biodistribution and the target efficiency of the particles were investigated
in a mouse model. The highest drug loading was obtained using zein: 5-FU, 3:1 (v/v); zein concentration,
12.5 mg/ml, pH 9.18, mixing time, 3 h and ethanol concentration, 40%. The encapsulation efficiency and
the drug loading were 60.7 ± 1.74 and 9.17 ± 0.11 respectively. The size of ZPs and zeta potential were
-FU
ncapsulation
niform experimental design
iver targeting

114.9 ± 59.4 nm and −45 ± 0.3 mV respectively. Differential scanning calorimetry (DSC) demonstrated
that the drug was encapsulated within the ZPs. A sustained release profile of 5-FU was observed from
ZPs. The more stable storage condition of ZPs was at a temperature of 4 ◦C. In vivo, ZPs was mostly
accumulated in liver following intravenous injection, and the targeting efficiency increased 31.33%. The
relative uptake rate of liver was 2.79. Also, nano-sized ZPs were beneficial for prolonged blood residence
(7.2-fold increase). These demonstrated that the drug-loaded ZPs could be efficiently targeted at the liver

by intravenous delivery.

. Introduction

Biodegradable nanoparticles (NPs) are receiving considerable
ttention for the delivery of therapeutic drugs. The literature
mphasizes the advantages of nanoparticles over microparticles
McClean et al., 1998) and liposomes (Soppimath et al., 2001).
he submicron size of nanoparticles offers a number of distinct
dvantages over microparticles, including relatively higher intra-
ellular uptake compared to microparticles. To target tumor cells
ore selectively, active targeting based on antibodies or recep-

or mediated targeting with cancer specific ligands are developed.
owever, recent clinical results of molecular target based drugs
ave shown somewhat disappointing results due to inherent het-
rogeneity and epitopic diversification of tumor cells even amongst
he same cancer patient (Tobias et al., 2006; Greenman et al., 2007).
urthermore, the efficacy of molecular target drugs exhibited only
4–5% response rate despite of very high expectation and very high
ost of manufacturing (Maeda et al., 2009).

NPs may be delivered to specific sites by size-dependant passive

argeting (Matsumura and Maeda, 1986). Passive delivery refers
o NP transport through leaky tumor capillary fenestrations into
he tumor interstitium and cells by passive diffusion or convec-
ion (Yuan, 1998). Nanoparticles ranging from 10 to 100 nm in size
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E-mail addresses: hongxiaguo@sdu.edu.cn, hongxia.guo@gmail.com (H.X. Guo).
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then begin to accumulate within tumors because of their ineffective
lymphatic drainage. This is a phenomenon known as the enhanced
permeability and retention (EPR) effect (Teicher, 2000; Sledge and
Miller, 2003). Passive targeting can result in increases in drug
concentrations in solid tumors of several-folds relative to those
obtained with free drugs (Moghimi et al., 2001). Recently, Maeda
et al. (2009) highlighted that polymeric drugs for efficient tumor
targeted drug delivery were based on EPR-effect. The EPR effect
can be observed in almost all human cancers with the exception
of hypovascular tumors like prostate cancer or pancreatic cancer.
For such a passive targeting mechanism to work, the size of the
nanoparticles must be controlled to avoid uptake by the reticuloen-
dothelial system (RES) (Gref et al., 1994). The nanoparticles injected
intravenously are mainly delivered to the mononuclear phagocytes
system (MPS) (liver, spleen, lungs and bone marrow). Both the
polymeric compositions (type, hydrophobicity and biodegradation
profile) of the nanoparticles and the associated drug (molecular
weight, charge, localization in the nanospheres: adsorbed or incor-
porated) have a great influence on the drug distribution pattern
in the reticuloendothelial organs (Couvreur et al., 1980). This effect
was rapid (within 0.5 or 3 h) and compatible with endocytosis. Such
propensity of MPS macrophages for endocytosis/phagocytosis pro-

vides an opportunity to efficiently deliver therapeutic agents to
these cells, using un-modified nanoparticles. This biodistribution
can be of benefit for the chemotherapeutic treatment of MPS local-
ized tumors (for example, hepatocarcinoma or hepatic metastasis
arising from digestive tract or gynaecological cancers).

dx.doi.org/10.1016/j.ijpharm.2010.11.025
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:hongxiaguo@sdu.edu.cn
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Table 1
The levels and factors of uniform experimental design.

Levels Factors

X1 (v/v) X2 (mg/ml) X3 X4 (h) X5 (%)

1 16:1 2.5 3.0 1 25
2 12:1 5 4.0 2 30
18 L.F. Lai, H.X. Guo / International Jour

Biodegradable polymers such as PLGA have been extensively
tudied in controlled release technology. However, it had some lim-
tations for the encapsulation sensitive therapeutic agents during
ulk erosion (Park et al., 1995). Depending on the physicochemical
haracteristics of a drug, it is possible to choose the best polymer
o achieve an efficient entrapment of the drug. Zein is an alcohol
oluble protein of corn origin that exhibits hydrophobic properties.
ein showed a good biocompatibility for the development of tissue
ngineering (Dong et al., 2004). It has been studied as microparticle
rug delivery system (Liu et al., 2005). In aqueous ethanol solu-
ion zein exists as small globules with diameters between 150 and
50 nm (Guo et al., 2005). The zein molecular has a very special
ricklike shape and thus has a potential to carry other molecu-

ar inside them. In order to exhibit features of the EPR effect, a
rug must have a higher molecular weight than the renal excre-
ion threshold (typically >40 kDa) (Matsumura and Maeda, 1986;

aeda et al., 2001; Noguchi et al., 1998; Seymour et al., 1994). Zein
as a molecular weight of about 40 kDa. It is a natural protein and
as a good biodegradability in vivo (Wang et al., 2007). Zein and

ts degraded product showed good cell compatibility (Dong et al.,
004; Liu et al., 2005; Wang et al., 2005). It has the advantages vs.
ynthetic nanomaterials for its absorbability and for the low tox-
city of the degradation end products (Liu et al., 2005). It can also
vercome the drawback of hydrophilic polymeric system in order
o achieve sustained drug release. These are the basis for further
tudy. Until now, there is no study related to drug-loaded ZPs for
iver targeting.

5-Fluorouracil (5-FU) has a long history of use as a chemothera-
eutic agent. However, less than 20% of an injected dose undergoes
nzymatic activation (Tanaka et al., 2000). The oral bioavailability of
-FU is unpredictable due to high variability in enzymatic degrada-
ion (Grem, 1990). With the typical dose of 600 mg/m2/day, tumor
ells are only exposed to the rate-limited active metabolites for a
rief time. This is due to the short half-life of 5-FU locally within tis-
ues as well as systemically (t1/2 = 10–20 min) (Tanaka et al., 2000).
urthermore, a problem with 5-FU therapy is its toxicity to the
one marrow and the gastrointestinal tract. It has been recognized
hat, optimally, this drug should be dosed once or twice a week,
referably as a long-acting injection and targeted to the desired
ite. Biodegradable microparticle delivery system is one promising
ay for achieving this (Zan et al., 2006; Lamprecht et al., 2003).

In the present study, 5-FU-loaded ZPs were prepared and opti-
ized using uniform experimental design for liver targeting. The

hysical properties, stability and the in vitro release of 5-FU-loaded
Ps were investigated. Additionally, biodistribution and target effi-
iency of the prepared ZPs were studied in vivo in normal mice.

. Materials and methods

.1. Materials

The following materials and chemicals were obtained from com-
ercial suppliers: zein (Bache Pharmaceutical Co., Wujiang, China),

-FU (Qilu Pharmaceutical Co., Shandong, China), ethanol (Yongda
hemical Co., Tianjin, China), methanol (Guangcheng chemical Co.,
ianjin, China) and rhodamine B (Sigma).

.2. Preparation of zein nanoparticles

5-FU-loaded zein nanoparticles were prepared using a phase
eparation procedure. Typically certain proportional 5-FU and zein

ere dissolved in 5 ml 70% ethanol (w/w) ultrasonically. The result-

ng solution was immediately added in 9 ml distilled water. The
ormed dispersion was allowed to evaporate at room temperature
o harden the particles. The dispersion was centrifuged, washed
hree times with ethyl acetate and freeze-dried.
3 8:1 7.5 5.8 3 35
4 4:1 10 7.8 4 40
5 2:1 12.5 9.18 5 45

2.3. Drug encapsulation efficiency

The prepared zein nanoparticle dispersions were centrifuged at
15,000 rpm for 50 min to remove the free drug. Then the free drug
was diluted by 0.1 N hydrochloride solution and determined using
ultraviolet spectrophotometer at �max 266 nm. The total drugs
in nanoparticles were determined by the following method. One
milliliter ZPs dispersion was dissolved by 0.1 N NaOH solution, then
0.1 N HCl solution was added to aggregate zein. The solution was
filtered through 0.22 �m filters and assayed spectrophotometri-
cally. Drug encapsulation efficiency and loading were determined
by following equations respectively.

Drug loading efficiency (%, w/w)

= Mass of drug in nanoparticles
Mass of nanoparticles

× 100

Drug encapsulation efficiency (%, w/w)

= Mass of drug in nanoparticles
Mass of feed drug

× 100

2.4. Optimization of the formulation

The optimization was applied to determine the encapsulated
efficiency of the drug. The uniform experimental design U10 (105)
was used (Table 1). The five factors were the ratio of the poly-
mer and 5-FU (v/v) (X1), zein concentration (mg/ml) (X2), pH (X3),
stirring time (h) (X4) and ethanol concentration (%) (X5).

2.5. Physical properties of the ZPs

The morphology of the nanoparticles was observed by field
transmission electron microscopy (TEM) (JEM-1200EX, Japan). A
drop of diluted nanoparticles suspension was placed on a 400 mesh
carbon-coated copper grid. After drying, the samples were dyed
using 2% sodium phosphotungstate.

The particle size and size distribution of drug-loaded ZPs were
elucidated by ZETASIZER (3000, Malvern, U.K.). For a better mea-
surement the ZPs suspension was diluted with deionized water to
a favorable concentration. The average of hydrodynamic particle
size was expressed as the value of z-average size ± S.D. from three
replicate samples.

Drug-loaded ZPs suspension was diluted with deionized water
to ensure that the signal intensity is suitable for the instrument. The
zeta potential was measured with laser Doppler velocimetry (DXD-
II, Jiangsu, China) at 26 V. Values are presented as mean ± S.D. from
three replicate samples.

2.6. Differential scanning calorimetry (DSC)
The physical state of 5-FU inside the ZPs was investigated by
differential scanning calorimetry (Shimadzu DSC-41, Japan). The
samples were purged with dry nitrogen at a flow rate of 20 ml/min.
The temperature was raised at 10 ◦C/min.
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Table 2
The results of uniform experimental design.

Formulation X1 X2 (mg/ml) X3 X4 (h) X5 (%) Encapsulation efficiency (%) Drug load (%)

1 8:1 2.5 4.0 4 45 6.87 0.76
2 12:1 7.5 9.18 2 45 29.0 1.92
3 2:1 5.0 7.8 1 35 27.3 6.19
4 8:1 12.5 4.0 1 30 19.8 0.86
5 12:1 2.5 5.8 2 25 14.8 0.48
6 4:1 7.5 3.0 5 30 23.4 4.22
7 2:1 12.5 5.8 4 40 44.7 7.13
8 16:1 10.0 3.0 3 40 19.3 0.66
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9 16:1 5.0 7.8 5
10 4:1 10.0 9.18 3

.7. In vitro drug release

The in vitro drug release tests were determined by dialysis
ethod. As regards to sink condition, 12.5 mg 5-FU-loaded ZPs was

laced into the dialysis bag and carried out using the USP dissolu-
ion apparatus (UV2102 PCS, UNICO, Shanghai) fixed with rotating
askets. The dissolution medium was USP phosphate buffer, pH
.8 and pH 7.4 (200 ml, 37 ◦C) respectively, and the speed of rota-
ion was 100 rpm. Samples of 5 ml were withdrawn with media
eplacement at regular intervals, filtered through 0.45 �m filters
nd assayed for 5-FU at its �max 266 nm. Each dissolution study
as carried out in triplicate.

.8. Stability studies of the formulations

The physical stability of the ZPs suspension was evaluated after
toring them for 6 months under different temperature conditions.
xact volumes of each ZPs suspension were stored in closed glass
ottles and placed at 4 ◦C, 20 ◦C, and 40 ◦C respectively. Aliquots of
ml were withdrawn to determine drug leakage.

.9. Biodistribution and blood residence in vivo

The mice were used in vivo study according to national guide-
ine. The experiments have been approved under the institutional
thics committee. The ZPs was labeled with rhodamine B. The mice,
ith a body weight between 20 ± 1 g, were used for biodistribution

nd blood residence investigations. The mice were fasted overnight
ut had free access to water. A total of 60 mice were used in this
tudy. The mice were randomly assigned to two groups and injected
ntravenously through the tail vein with rhodamine-B solution and
hodamine-B ZPs respectively. The dose was injected intravenously
orresponding to 15 mg/kg (body weight of mice). After injection
or predetermined time (5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h,
2 h and 24 h) the mice were sacrificed. The three parallel mice were
sed for study at each time point (n = 3). The organs (heart, lung,

iver, spleen, and kidney) were exercised, washed by isotonic saline
nd were rapidly frozen at −20 ◦C. Blood samples were collected at
redetermined time intervals after injection in mice.

Biodistribution and blood residence of particles was determined
y measuring the fluorescence of rhodamine B after extraction from
he particles in blood or organs into methanol–water (50:50 (v/v)).
he extractions were carried out as follows. Blood samples (0.1 ml)
ere added into 1.9 ml methanol–water containing 0.3 mol/L HCl,

nd then mixing 2 min and centrifugation (10,000 rpm/min) for
0 min, the supernatant liquid was taken for fluorescence analysis.

rgans samples were homogenized with 1–2 ml of physiological

aline, then carried out as similar procedure as the above blood
amples. The concentration of rhodamine B was assayed on a fluo-
escence spectroscopy (F-4500, Hitachi, Japan) using �ex = 554 nm
nd �em = 574 nm. The percent cumulative amount in organs and
35 8.83 0.52
25 56.7 9.05

in blood can be calculated. Three mice were intravenously injected
for each sampling point.

2.10. Evaluation of targeting efficiency

The target efficiency in vivo was evaluated with Te,
relative uptake rate (re) and peak concentration rate Ce.
Te = AUCtarget/AUCtotal, re = AUCp/AUCs, Ce = (Cmax)p/(Cmax)s; s
and p are rhodamine B solution and ZPs respectively.

2.11. Statistical analysis

Statistical analysis for the determination of differences in the
animal study between groups was accomplished with t-test. All
data are presented as a mean value with its standard deviation indi-
cated (mean ± S.D.). Differences were considered to be significant
at a level of p < 0.05.

3. Results and discussion

3.1. Optimization of the formulation

The results of uniform experimental design are shown in Table 2.
The optimized formulation was determined as: zein: 5-FU, 3:1
(v/v); zein concentration, 12.5 mg/ml; pH 9.18; stirring time, 3 h
and ethanol concentration, 40%. From regression equation, the opti-
mized encapsulation range of above conditions was 66.99 ± 8.27%.
In order to validate it, three parallel tests were performed using the
optimized preparation conditions. The encapsulation efficiency and
the drug loading were 60.7 ± 1.74% and 9.17 ± 0.11% respectively.

Zein is characterized by a high content of charged amino acids.
At basic pH, the size of the protein aggregates as well as the void
spaces within a particle generally decreases. In addition, proteins
are generally more unfolded at basic pH which exposes more reac-
tive sites for cross-linking. Therefore, the encapsulation efficiency
of 5-FU was higher than another study in literature, where zein
was used to encapsulate Gitoxin (Muthuselvi and Dhathathreyan,
2006). The unfolding of the zein molecule at basic pH increases
thiol–disulfide interchange reaction, which may enhance particle
formation but inhibit the formation of large aggregates.

3.2. Characterization of the optimal nanoparticle formulation

Transmission microscopy showed ZPs with a spherical shape
and a smooth surface (Fig. 1). The 5-FU-loaded ZPs do not differ
from the unloaded ones. Fig. 2 shows the distribution of 5-FU ZPs

formed. The peak was analyzed by intensity. The average diameter
and the zeta potential for 5-FU loaded ZPs were 114.9 ± 59.4 nm
and −45.75 ± 0.3 mV (n = 3) respectively. The particles with the size
around 100 nm accounted for 86% of the total particles, while the
larger particles (≥200 nm) accounted for only 14%. The most parti-
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Fig. 1. The TEM image of 5-FU-loaded ZPs (scale bar 0.2 �m).

les were between 100.5 and 126.5 nm. Zein is characterized by
high content of charged amino acids. At basic pH, the size of

he protein aggregates as well as the void spaces within a parti-
le generally decreases. In addition, proteins are generally more
nfolded at basic pH which exposes more reactive sites for cross-

inking. The unfolding of the zein molecule at basic pH increases
hiol–disulfide interchange reaction, which may enhance particle

ormation but inhibit the formation of large aggregates. The 5-FU
anoparticles prepared at pH 9 were resulted in small zein particles
harged negatively on their surface since coacervate precipitation
as suppressed at pH 9.0. The magnitude of the zeta potential

Fig. 3. DSC thermograms of 5-FU (A), pure zein (B), physica
Fig. 2. Size distribution of 5-FU-loaded ZPs.

gives an indication of the potential stability of the colloidal system.
Nanoparticles with a zeta potential above ±30 mV have been shown
to be stable in suspension, as the surface charge prevents aggrega-
tion of the particles. The ZPs with zeta potentials −45.75 mV are
normally considered stable.
3.3. Differential scanning calorimetry (DSC)

The DSC thermograms corresponding to 5-FU, zein, physical
mixture and 5-FU ZPs are shown in Fig. 3. The DSC curve of 5-FU

l mixture of 5-FU, zein (C), and 5-FU-loaded ZPs (D).
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Table 3
The encapsulation efficiency and loading of 5-FU in ZPs at different storage temper-
atures and time.

Time (day) Temperature

4 ◦C 20 ◦C 40 ◦C

0 60.5 ± 1.3 60.5 ± 1.3 60.5 ± 1.3
10.2 ± 0.56 10.2 ± 0.56 10.2 ± 0.56

10 55.3 ± 1.1 53.6 ± 1.6 32.3 ± 1.5
9.85 ± 0.49 9.77 ± 0.51 5.6 ± 0.37

30 53.2 ± 0.8 51.6 ± 1.5
9.78 ± 0.52 9.65 ± 0.58 –

90 47.8 ± 0.6 45.9 ± 0.8
Time (h)

ig. 4. In vitro release profiles of 5-FU in phosphate buffer pH 6.8 and pH 7.4 from
-FU-loaded ZPs (A) and 5-FU solution (B) (n = 3).

howed a single melting peak at 284.1 ◦C (Fig. 3A). The zein ther-
ogram displayed an endothermic peak at 309.6 ◦C (Fig. 3B). For

hysical mixture the peak was detectable at the melting point of 5-
U (Fig. 3C). However, no characteristic peak of 5-FU was observed
n DSC of drug-loaded ZPs, but it showed that the small peak was at
96.9 ◦C. This suggests that the drug was molecularly dispersed in
he polymer matrix (Fig. 3D). There is no detectable endotherm if
he drug is present in a molecular dispersion or solid solution state
n the polymer systems loaded with drug (Mu and Feng, 2001). The
eduction of height and sharpness of the endotherm peak is due to
he presence of polymers in the nanoparticles. Since there was no
hift in the Tg of the polymer, it can be concluded that there is no
ignificant reaction occurring between the drug and the polymer.

.4. In vitro drug release of 5-FU-loaded ZPs

In vitro release of 5-FU-loaded ZPs was performed under the pH
.8 and pH 7.4 phosphate buffer respectively (Fig. 4A). The release
ates were different in pH 6.8 and in physiological pH 7.4. A con-
rolled release profile was observed from 5-FU-loaded ZPs. More
-FU was released in pH 6.8 buffer solution than in pH 7.4 buffer

olution. It is because of the solubility of 5-FU in pH 6.8 medium was
igher than in pH 7.4 medium (Fig. 4B). Oppositely, the burst release
f 5-FU was less in pH 6.8 phosphate buffer solution (22.4%) than in
H 7.4 (35.7%) solution after half hour dissolution. The isoelectric
oint (pl) of zein is 6.8. The zein’s pl can affect its solubility at a pH
9.25 ± 0.57 8.52 ± 0.46 –
180 45.3 ± 2.5

9.02 ± 0.78 – –

6.8 medium. Zein has minimum solubility at the pH 6.8 medium
which corresponds to its pl, which resulted in slower burst release
of drug than in pH 7.4 buffer solution. The initial burst release
is one of the major problems in the development of controlled
release formulations including drug-loaded micro and nanopar-
ticles, especially with low molecular weight drugs (Hasan et al.,
2007). The rapid initial release is mainly attributed to weakly bound
or adsorbed drug to the relatively larger surface of nanoparticles
(Magenheim et al., 1993).

3.5. Stability of 5-FU-loaded ZPs

The 5-FU loaded ZPs suspension stored at 4 ◦C, 25 ◦C, and
40 ◦C respectively. The drug loading and encapsulation efficiency
decreased sharply at 40 ◦C after 10 days (Table 3). On the contrary,
at 4 ◦C or at 25 ◦C, the drug loading and encapsulation efficiency
decreased slowly during the test time. However, the ZPs at 25 ◦C
were aggregated after 6 months storage, while at 4 ◦C the ZPs were
not. Moreover, at 4 ◦C the encapsulation efficiency and drug loading
of ZPs decreased less than the other storage conditions (25 ◦C and
40 ◦C). The drug loading decreased only 1% after 6 months storage
at 4 ◦C. Therefore, the ZPs were suitable to be stored at 4 ◦C. This
is reasonable because zein is a hydrophobic corn protein. Gener-
ally, proteins are best stored at ≤4 ◦C. Storage at room or higher
temperature often leads to protein degradation and/or inactivity.

3.6. Biodistribution and target efficiency in vivo

The rhodamine B is soluble in water and ethanol. Therefore it
could be possible as a fluorescence marker to encapsulate it into
ZPs. The distribution profile of the ZPs in organs following intra-
venous administration in the mice is shown in Fig. 5. It is evident
from Fig. 5A and B that the accumulation of fluorescent signals dif-
fered significantly between the rhodamine B solution and ZPs in
liver, kidney and blood. A rapid elimination from the blood stream
was observed for rhodamine B solution after 12 h. At 2 h, the extent
of relative distribution from ZPs was higher for the liver (56.7%),
followed by the plasma (20.8%), spleen (7.3%), kidney (6.7%), lung
(4.3%) and heart (4.1%). The relative percentage of fluorescent sig-
nals from ZPs attained a maximum value of 63.6 ± 0.79% in the
livers at the time point of 24 h. In contrast, there was no fluo-
rescence detected for the rhodamine B solution accumulation at
24 h after administration. The statistical significance between two
groups was in liver, kidney, spleen and heart, however there was no
significant difference in lung and blood during 6 h and 12 h period.
The targeting efficiency of rhodamine B after administration of
rhodamine B solution and ZPs was shown in Table 4. Highly flu-
orescent intensity was observed in the liver; there was a distinct
difference (p < 0.001) between the rhodamine B solution and the
ZPs. The results revealed that the ZPs were mostly accumulated
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ig. 5. Relative fluorescence distribution in tissues and blood after intravenous
dministration of rhodamine B solution (A) and ZPs (B) to mice respectively. Data
ere given as mean ± S.D. (n = 3). Statistical significance compared between two

roups: *p < 0.001, **p < 0.05 and ***p > 0.05.

s the highest fluorescent intensity in the liver. Even at 24 h after
he parenteral delivery of the ZPs, there were no fluorescence sig-
als in other organs. Moreover, the targeting efficiency increased
1.33%. The fluorescence intensity of ZPs in the livers increased
.13 times compared to the rhodamine B solution. The relative
ptake rate of liver was 2.79, indicating that the ZPs was specific
o the liver tissue. The relative uptake rate of ZPs was in the order
f liver > spleen > plasma > lung > heart > kidney. The accumulation
f fluorescent signals was the highest for the liver and the lowest
or the kidney. The relative higher fluorescence intensity observed
or rhodamine B solution in the kidneys than ZPs, suggesting that
he rhodamine B was mainly eliminated from the kidney, and thus
ccumulation increased in the kidneys.

Passive delivery may also be directed to lymphoid organs of the
ammalian immune system, such as lymphatic vessels and spleen.

hese organs are finely structured and specialized in eliminating
nvaders that have gained entry to tissue fluids. Nanoparticles may
asily penetrate into lymphatic vessels, taking advantage of the thin

alls and fenestrated architecture of lymphatic microvessels. Pas-

ive targeting to the spleen is via a process of filtration. The spleen
lters the blood of foreign particles larger than 200 nm (Moghimi,
995). In our case, the average size of ZPs was smaller than 200 nm.

able 4
argeting efficiency after intravenous administration of rhodamine B solution and
Ps (n = 3).

Tissue and plasma Rhodamine B solution Rhodamine B-loaded ZPs

Te (%) Te (%) re Ce

Heart 7.82 2.25 0.34 0.37
Liver 22.67 54.00 2.79 2.13
Spleen 5.23 8.68 1.94 1.38
Lung 5.18 3.08 0.70 0.79
Kidney 31.88 6.56 0.24 0.20
Plasma 27.22 25.43 1.09 0.86
Pharmaceutics 404 (2011) 317–323

Thus, smaller particle size of ZPs resulted in relatively high distribu-
tion percentage in the spleen. In the liver, the fenestrae-associated
cytoskeleton controls the hepatic function of endothelial filtration,
where the size of fenestrae can be as large as 150 nm (Braet et al.,
1995). The size of fenestrae in certain inflammatory vessels as well
as tumor capillaries can be up to 700 nm. Polymeric nanospheres
(in the range of 50–200 nm) could increase capillary permeabil-
ity during inflammation (Dams et al., 1998) and in specific cancers
(Poznansky and Juliano, 1984; Hobbs et al., 1998) based on observa-
tions in experimental animals and in humans. Thus, large particles
hardly reach the liver’s parenchymal cells. Additionally, drug car-
riers with a diameter larger than 200 nm are readily scavenged
non-specifically by monocytes and the reticuloendothelial system
(RES) (Litzinger et al., 1994). It was reported that smaller particles
tended to be accumulated at the tumor sites because of the EPR
effect (Maeda and Matsumura, 1989); greater internalization was
also observed (Li, 2002). Therefore, the optimized average size of
ZPs (114.9 nm) could be targeted to liver tumor via EPR effect.

Applications of nanoparticles are limited by their rapid recog-
nition by the RES. In fact, they are cleared from the bloodstream
within minutes upon intravenous injection, depending on their size
and surface characteristics (Moghimi et al., 2001; Verdun et al.,
1990; Moghimi and Szebeni, 2003). In our study, even at 24 h after
the parenteral delivery of the ZPs, the accumulation of fluorescent
signal was the highest in the liver, and the fluorescence intensity in
blood was still observed at 24 h. It showed that ZPs were not rapidly
cleared from blood. It seemed that ZPs upon intravenous injection
avoided rapid recognition by Kupffer cells and adequately remained
in the blood. It was reported that the areas under the concentration
curve vs. time (AUC) of a drug and its tumor uptake are positively
related, whereas the rate of urinary clearance is inversely related
to tumor uptake (Matsumura and Maeda, 1986; Maeda et al., 2001;
Noguchi et al., 1998; Seymour et al., 1994). The higher AUC and
lower renal excretion was observed in rhodamine B labeled ZPs
than rhodamine B solution. Therefore, the drug encapsulated in ZPs
could be efficient targeted to liver’s parenchymal cells via passive
delivery.

4. Conclusions

The drug-loaded (e.g. 5-FU) ZPs could be prepared and opti-
mized for liver targeting. The higher encapsulation efficiency and
drug loading could be achieved using uniform experimental design.
DSC study indicates 5-FU was encapsulated in the ZPs. In vitro drug
release of 5-FU-loaded ZPs revealed a sustained release profile. The
5-FU-loaded ZPs are more stable at 4 ◦C than at higher tempera-
ture (e.g. 25 ◦C and 40 ◦C). The ZPs distributed mostly in liver after
intravenous administration to mice and adequately remained in the
blood for at least 24 h due to its relatively higher molecular weight
and smaller particle size. This study demonstrated that the drug-
loaded ZPs could be efficiently targeted at the liver by intravenous
delivery.
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