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A biodegradable porous starch foam (BPSF) was developed for the first time as a carrier in order to improve
the dissolution and enhance the oral bioavailability of lovastatin – defined as a model poorly water soluble
BCS type II drug. In this paper, BPSF was prepared by the solvent exchange method and characterized
by scanning electron microscopy (SEM) and nitrogen adsorption/desorption analysis in order to perform
the morphological and structural characterization of BPSF. Lovastatin was loaded by immersion/solvent
evaporation into the BPSF which provided a stable hydrophilic matrix with a nano-porous structure. The
iodegradable porous starch foam (BPSF)
ovastatin
ioavailability
oorly water soluble drugs

solid state properties of the loaded BPSF samples were characterized by SEM, Fourier transform infrared
spectroscopy (FTIR), X-ray powder diffraction (XRPD) and differential scanning calorimetry (DSC). In vitro
and in vivo drug release studies showed that when BPSF was used as a carrier it allowed immediate release
of lovastatin and enhanced the dissolution rate in comparison with crystalline lovastatin and commercial
capsules. These results provide important information about the mechanism of drug adsorption and
release from BPSF as a carrier. Accordingly, BPSF has a promising future as a device for the oral delivery
of poorly water soluble drugs.
. Introduction

Presently, there is considerable interest in improving the oral
elivery of poorly water soluble drugs. In the Bio-pharmaceutic
lassification System (BCS), low solubility and high permeability
re the characteristics of BCS Class II poorly water soluble drugs.
he low solubility markedly affects the oral bioavailability of such
rugs, resulting in a nonideal therapeutic effect. Therefore, for BCS
lass II drugs, improving the solubility is the key to increasing the
ioavailability. General methods to improving aqueous solubility
f poorly water soluble drugs include the formation of inclusion
omplexes (Badr-Eldin et al., 2008), solid dispersions (Karavas et al.,
007; Tran et al., 2008), nanoparticles (Matteucci et al., 2007; Oh
t al., 2010) or by controlling their polymorphic form (Masuda et al.,

006). At present, several inorganic materials, such as mesoporous
ilica (Zhang et al., 2010a,b; Huang et al., 2010; Shi et al., 2009;
ilpeläinen et al., 2009; Nunes et al., 2007), clay particles (Zhang
t al., 2010a,b) and lipid–inorganic hybrids (Tan et al., 2009), have
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also been employed. These highly porous materials typically pos-
sess nano metre-sized pores and provide a large effective specific
surface area and a hydrophilic surface. Due to spatial confinement
within the nano metre-sized pores, crystalline drug molecules are
normally unable to form highly ordered crystals, instead remaining
in microcrystalline or amorphous forms.

In this context, BPSF, as a biodegradable starch-based porous
biomaterial, has great potential as a solid dispersion carrier for
oral poorly water soluble drugs, which is to date unexplored. BPSF
presents excellent characteristics compared with inorganic carri-
ers, and has a nano-porous structure, low density, high specific
surface area and pore volume; its distinctive advantages are as fol-
lows: (1) nontoxicity, biocompatibility, biodegradability (Marques
et al., 2002; Araujo et al., 2004); (2) new functional groups can be
readily introduced to the main backbone of the starch foam because
of the high number of hydroxyl groups on the surface of the starch;
(3) soluble amylum as the raw material of BPSF is partially solu-
ble in water, which facilitates the release of drug dispersed in the
BPSF channels. These are particularly desirable properties for the

design of carriers for the oral delivery systems of poorly water sol-
uble drugs. Starch-based polymers have been extensively studied
for many applications as drug carriers ranging from tissue engi-
neering scaffolds (Duartea et al., 2009), to bone cements (Boesel

dx.doi.org/10.1016/j.ijpharm.2010.09.040
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t al., 2004), microparticle drug delivery systems (Jain et al., 2008;
antander-Ortega et al., 2010) and hydrogels (El-Hag Ali and AlArifi,
009; Elviraa et al., 2002). It is clear that starch is the most reliable
arrier material.

General starch foam is prepared by swelling using the extru-
ion (Lee et al., 2009) or microwave technique (Malafaya et al.,
001). The product of swelling using the extrusion or microwave
echnique has a large pore size ≥1 �m. In this paper, BPSF was
ormulated by gelatinization associated with the solvent exchange
echnique. Using this method, the obtained products have several
dvantages such as a smaller pore size of ≤200 nm, a generally high
ield, high batch to batch reproducibility and easy scaling up.

In the last decade, scientists have successfully prepared numer-
us foam products including starch microcellular foams (SMCF) for
ncapsulation of volatile compounds (Glenn, 2008; Glenn et al.,
008), porous injection molded starch-based blends for tissue engi-
eering scaffolding (Neves et al., 2005). However, there is not
etailed study of the application of BPSF as a excipient to improve
he aqueous solubility of poorly water soluble drugs.

This work was carried out to explore the use of BPSF as an
dministration system for poorly water soluble drugs, by using the
dvantages of the nanometre-porous structure, low density, high
pecific surface area and pore volume of BPSF in order to increase
olubility of poorly water soluble drugs and improve their bioavail-
bility. To achieve this, we selected lovastatin as a model poorly
ater soluble BCS type II drug and impregnation, adsorption and

olatilization from a Lovastatin/BPSF chloroform solution was used
or loading lovastatin into BPSF. The capacity of BPSF as a drug deliv-
ry system was demonstrated in vitro and in vivo tests. The solid
tate properties of the loaded BPSF samples were characterized by
EM, FTIR, XRPD and DSC in order to analyze dispersal state of the
oaded lovastatin compare with pure lovastatin and commercial
apsules. Hence, it is reasonable to examine the use of BPSF as an
ral delivery system for poorly water soluble drugs.

. Materials and methods

.1. Chemicals and materials

Soluble starch and anhydrous ethanol were purchased from
han Dong Yu Wang reagent company. Lovastatin was supplied by
u Han Yuan Cheng company with a purity >99% and was used as

eceived. Deionized water was used in all experiments. Commercial
apsules were produced by Jiang Su Fei Ma company.

.2. Preparation of BPSF

A selected amount of 8.0 wt.% soluble amylum and water sus-
ension was heated to 100 ◦C for 0.5 h under stirring in a reaction
essel. The melt was lowered to 85 ◦C and then poured into a
etri dish. The resulting slurry was chilled in a refrigerator (5 ◦C)
vernight to facilitate gelation. The gel was then transferred to five
olumes of 40%, 60%, 90% and 100% ethanol/water solution, respec-
ively and equilibrated for 24 h in order to maintain the porous
tructure of the gel, whereby ethanol displaced the water in the
quagel to form an alcogel. The resulting foam was obtained by
otary evaporation drying in 30 ◦C. The dry BPSF was milled in a
ortar and passed through an 80 mesh sieve, and the BPSF particles
ere stored in a vaccum dryer.

.3. Drug loading by immersion/solvent evaporation
Prior to the integration of lovastatin, BPSF was dried by rotary
vaporation heating at 30 ◦C under vacuum for 0.5 h. According to
he oral dose and specification of the commercial capsule (20 mg),
ovastatin/chloroform solution (20 mg/ml) and BPSF in ratios of
armaceutics 403 (2011) 162–169 163

1/5, 1/10, 1/15 were mixed and stirred for 5 h at room tempera-
ture. After vacuum drying, the solid powder was dried in a vaccum
dryer for 24 h. Since the adsorption increased with an increase in
concentration (Takeuchi et al., 2005), and lovastatin has maximum
solubility in chloroform, so, chloroform was selected as the disso-
lution medium.

2.4. Preparation of physical mixture

The 1:5 ratio physical mixture of Lovastatin/BPSF was obtained
by mixing the single components in a mortar until the mixture was
homogeneous.

2.5. SEM characterization of BPSF and the loaded BPSF samples

The morphology and structure of BPSF and the loaded BPSF
samples were examined using a field emission scanning electron
microscope (JEOL JSM-7001F) operated at an accelerating voltage
of 1 kV and a secondary detector.

2.6. Nitrogen adsorption/desorption analysis of BPSF

Nitrogen adsorption isotherms were obtained using a SA3100
surface area analyzer (Beckman coulter, USA). Powder samples
(≤200 mg) were transferred to the sample bulb and evacuated to a
pressure of 10−4 Pa at 50 ◦C overnight (>12 h) to remove physically
adsorbed water prior to analysis. The Brumauer–Emmet–Teller
specific surface area (BET-SSA) was estimated from the nitrogen
adsorption data over a relative pressure (P/P0) range from 0.0 to
1.0. The pore size distributions and pore volumes were calculated
by the Barrett–Joiner–Halenda (BJH) method.

2.7. DSC characterization of BPSF and the loaded BPSF samples

Samples were accurately weighed and encapsulated in flat-
bottomed aluminium pans with crimped-on lids. The DSC patterns
were obtained with a DSC-60 differential scanning calorimeter
(Shimadzu, Japan). The measurements from 30 to 300 ◦C were
obtained at a scanning speed of 10 ◦C/min under a nitrogen stream
at a flow rate of 40 ml/min.

2.8. XRPD characterization of BPSF and the loaded BPSF samples

XRPD was carried out using a diffractometer (Rigaku Geiger-
flex XRD, Co., Japan) with Cu–Ka radiation (� = 1.54 Å) at 30 kV and
30 mA Philips. The monochromic diffraction beam was obtained
with a LiF crystal. Powder samples were scanned over the angular
range of 5◦ (2�) to 60◦ with a scan rate of 0.5◦/min and a step size
of 0.02◦.

2.9. FTIR characterization of BPSF and the loaded BPSF samples

Fourier transform IR spectra were obtained using an FT-IR
spectrometer (Bruker IFS 55, Switzerland) using the KBr pellet
technique. The spectroscopic range from 400 to 4000 cm−1 was
investigated. In order to obtain a good signal-to-noise ratio (S/N)
and high reproducibility, each spectrum was collected at a res-
olution of 2 cm−1, and an average of 100 repetitive scans was
automatically obtained for each run. All the measurements were
performed in a dry atmosphere.
2.10. In vitro drug release studies of the loaded BPSF samples

Drug release was determined by evaluation of the cumula-
tive dissolution percentage of drug released from BPSF, pure drug
and commercial capsules using the USP dissolution apparatus
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The morphological and structural features of BPSF are further
examined by SEM. As shown in Fig. 1 SEM images clearly show that
BPSF with a nanometre porous structure (≤200 nm) is obtained
from all the samples. The cross-connection between pores is a
clear advantage. Firstly, it can increase the specific surface area,
Fig. 1. The surface feature of

ype II (paddle) method (RC-8D, Tianjin Guoming Medical Equip-
ent Co., Ltd.) in 900 ml phosphate buffer pH 7.0 with 0.2% SDS

t a dissolution medium temperature of 37 ± 0.5 ◦C (Mehramizi
t al., 2007). The amount of the drug was chosen so that the
nal concentration was equal to 10% of the maximal solubility
f this drug in 0.2% SDS (sink conditions). The medium was agi-
ated at 50 rpm and samples were taken at specified times (5,
0, 15, 20, 30, 45 min) and the lovastatin content was deter-
ined at 238 nm by ultraviolet spectrophotometry (UV-2000,
nico, USA). The mean of three determinations was used to cal-
ulate the amount of drug released from the sample. The amount
f drug released was plotted versus time as a percentage of
issolved drug.

.11. In vivo pharmacokinetics

The in vivo experiments were performed on male
prague–Dawley rats (250 ± 20 g). The animal experiment protocol
as reviewed and approved by the Institutional Animal Care and
se Committee of Shen Yang Pharmaceutical University. Animals
ere housed and handled according to institutional guidelines.
ll animals were fasted overnight prior to the experiments. All
ats were lightly anesthetized with diethyl ether. Lovastatin was
iven orally (100 mg/kg) (Chen et al., 2010) and oral formulations
ere delivered by gavage. Blood samples (each 500 �l) were

btained by retroorbital venous plexus puncture at 15, 30, 45,
0, 90,120, 240 and 360 min after dosing (Suresh et al., 2007).
he samples were collected in heparinized Eppendorf tubes and
entrifuged at 8000 g for 10 min and the collected plasma was
tored at −20 ◦C until analysis. For analysis, plasma samples
200 �l) were vortex-mixed with 20 �l internal standard (sim-
astatin, 5 �g/ml) in methanol and acetic ether/acetone solution
1:4, 800 �l). The denatured protein precipitate was separated
y centrifugation at 10000 rpm for 10 min. Then, each super-
atant was transferred to an Eppendorf tube (1.5 ml) and dried
nder vacuum using a centrifugal drying machine (Labconco
orporation, Kansis City, MO). Residues were reconstituted in
0 �l of the combined eluate of methanol–water (80:20), and
hen vortexed for 5 min. The reconstituted samples (20 �l) were
njected into an HPLC for analysis [mobile phase methanol–water
80:20), flow rate (1 ml/min)]. Over the range 0.031–6.12 �g/ml,
he concentration of lovastatin was linearly proportional to the
hromatographic peak area/internal standard area (correlation
0.994).

.12. Statistical analysis
All data were expressed as averages with standard devia-
ions. In vivo test pair-wise comparison was made using Excel’s
-test. A p-value of <0.05 was considered statistically signifi-
ant.
section of the BPSF (A and B).

3. Results and discussion

3.1. Preparation of BPSF

In this study, we used the solvent exchange method to prepare
BPSF. The exchange solvent is an important factor to displace water
from the hydrogel to maintain the porous structure of the gel. So, we
selected alcohol as the exchange solvent to avoid contraction and
collapse of the aquagel due to direct air drying. According to surface
tension formulation (� = a–bt, a, b represent constant, t represents
temperature), the a and b of alcohol is 24.05 and 0.1549 compared
with 78.97 and 0.0832 of water. It is obvious that alcohol has a lower
surface tension than water, and does not solubilize starch and can
be readily volatilized compared with other nonaqueous solvents.
The type of starch and heating temperature and the concentration
of the aqueous starch solution also have a close relationship with
the properties of BPSF. The porous structure absorbs lovastatin by
immersion/solvent evaporation. Mechanisms of the drug adsorp-
tion due to solvent evaporation involves a number of pore scale
mechanisms, including mass transfer by advection and diffusion in
the gas phase, viscous flow in the liquid and gas phases and cap-
illary effects at the gas–liquid menisci in the pore throats (Yiotis
et al., 2001).

3.2. The morphological and structural characterization of BPSF
Fig. 2. The N2 adsorption–desorption isotherms and pore size distribution curve
(BJH) of BPSF.
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Fig. 3. The SEM images of BPSF particle after milling(C) and (D), crud

aintain the size of the drug particles in the nanometre range,
revent congestion and agglomerate the drug particles, while
aintaining the dispersion of the particles, reducing the crys-

allinity of the drug and enhancing its physical stability. Secondly,
rug is absorbed into the pores from different directions and this
imultaneously reduces the diffusional resistance of drug in the
orous channels. All these features promote drug dissolution.

.3. Estimation of specific surface area and pore size distribution
rom N2 adsorption/desorption studies

As seen in Fig. 2, the N2 adsorption–desorption isotherms of
PSF suggest that the pore shape resembles a type IV isotherm
ith an N2 hysteresis loop at different opening and closing pres-

ures (Rouquerol et al., 1994). Two hysteresis loops appear in the
elative pressure ranges from 0.6–0.8 to 0.8–1.0 (P/P0), which are
elated to the filling and emptying of mesopores by capillary con-
ensation. The first loop at 0.6–0.8 is due to capillary condensation

ithin mesopores. The second loop may arise from macropore. The
JH pore size distribution of BPSF is shown in Fig. 2. The pore size
istribution of BPSF is narrow (≤200 nm) and 60% of the BPSF pores
ave a diameter of 20–80 nm. The pore size distribution of BPSF is
etween that of meso pores and large pores, in consistent with the
g (E), physical mixture (F), and the loaded BPSF particles (G) and (H).

SEM images (Fig. 1A and B). The BET specific surface area and total
pore volume are calculated to be 127.75 m2/g and 0.38 ml/g.

3.4. Physicochemical characterization of the loaded BPSF samples

The loading of the drug on the carrier depends not only on the
properties of the drug itself but also on the physical properties of
the carrier. Lovastatin incorporated in BPSF via immersion/solvent
evaporation is characterized by SEM, XRPD, DSC and IR.

3.4.1. SEM characterization
Porous structure of BPSF particle after milling is not destroyed

in Fig. 3C and D. As is shown in Fig. 3E, the crystalline crude drug
(lovastatin) is in the form of regular rod-shaped particles. A physical
mixture of crude drug and BPSF is dispersed as shown in Fig. 3F.
However, the loaded sample does not exist rod-shaped crystal and
pores are completely filled with drug as shown in Fig. 3G and H.
This indicates that some lovastatin is present on surface of BPSF,

some in the BPSF pores.

3.4.2. XRPD characterization
The XRPD patterns of BPSF and the loaded BPSF samples are

shown in Fig. 4. For comparison, we added the pattern of pure lovas-
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ig. 4. The XRPD powder patterns of BPSF, pure lovastatin, its physical mixtures and
he loaded BPSF samples.

atin and the physical mixture of lovastatin and BPSF. For pure BPSF,
he characteristic peaks are in the same position as raw starch.
he crystallinity of BPSF and raw starch are calculated using ori-
in 8.0 software as 26.76% and 28.6%, respectively. This indicates
hat the hardness of BPSF does not change in comparison with raw
tarch. From the XRPD patterns of the loaded samples in Fig. 4,
he loaded sample (1/5 Lovastatin/BPSF) has a markedly lower
ntensity than the physical mixture with the same ratio, which
llustrates that crystallization of lovastatin is reduced by adsorp-
ion of BPSF. The XRPD patterns of lovastatin in loaded samples are
educed on increasing the amount of BPSF. Moreover, according to
he Scherrer formula (Kapoor et al., 2009), the change in grain size is
vident from the representative peak at 2� = 9.4◦. It was 19.739 nm
4.993 nm, 11.314 nm, 29.644 nm, and 38.325 nm corresponding
o 1:5 Lovastatin/BPSF, 1:10 Lovastatin/BPSF, 1:15 Lovastatin/BPSF,
:5 physical mixture of Lovastatin/BPSF, crude lovastatin. The grain
ize of lovastatin loaded in BPSF is smaller compared with crude
ovastatin. These results confirm that the specific surface area of
he particles is significantly increased, which is a main reason for
mproving the dissolution. It is also found that lovastatin absorbed
n pores or edges is partially present as microcrystals, partially
morphously distributed on account of wide pore size distribution
f BPSF range from micropores, to mesopores and large pores. On
he surface of BPSF, lovastatin is still present in crystal form.
.4.3. Differential scanning calorimetry (DSC) characterization
As seen in Fig. 5, the melting point of crude lovastatin is

75.35 ◦C. Its corresponding physical mixture with BPSF and pure

ig. 5. DSC patterns of BPSF, pure lovastatin, its physical mixtures and the loaded
PSF samples.
Fig. 6. The FTIR spectra obtained for BPSF, pure lovastatin, physical mixture and the
loaded BPSF samples.

BPSF are shown in comparison with the loaded samples. The loaded
sample (1/5 Lovastatin/BPSF) has a wider and weaker melting peak
than the physical mixture with the same ratio and the melting
peak of lovastatin with an increased proportion of BPSF is also
wider and weaker. The onset temperature of physical mixture (1/5
Lovastatin/BPSF) and pure drug is 170.26 ◦C and 170.80 ◦C while
that of the corresponding loaded samples with an increased pro-
portion of BPSF is 166.27 ◦C,165.07 ◦C and 162.25 ◦C corresponding
to 1:5 Lovastatin/BPSF, 1:10 Lovastatin/BPSF, 1:15 Lovastatin/BPSF,
respectively. The peak temperature (170.45 ◦C) of the loaded sam-
ples is approximately 5 ◦C lower than the pure drug (175.35 ◦C).
This indicates a change in the crystallinity of lovastatin absorbed in
BPSF. The results of DSC in Fig. 5 also support the results obtained
by XRPD.

3.4.4. Fourier-transform infrared spectroscopy characterization
The FTIR spectra obtained for BPSF, crude lovastatin, the physi-

cal mixture and the loaded samples are presented in Fig. 6. Typical
features of the loaded samples compared with the physical mix-
ture of BPSF and crude lovastatin show no new peaks or migration
of the characteristic peak position, demonstrating that there is no
interaction between lovastatin and BPSF. These results indicate that
the absorption of lovastatin in BPSF is physical. Moreover, the BPSF
FTIR spectra have the peaks at 3000–3500 cm−1 (–OH stretching),
which show that BPSF also has a hydrophilic surface with lots of
hydrophilic hydroxyl groups. The carbonyl peak of lovastatin at
1725.8 cm−1 in the loaded sample (1/5 Lovastatin/BPSF) is weaker
than that of the physical mixture with the same ratio and the melt-
ing peak of lovastatin is also lower on increasing the proportion
of BPSF. The fine particles of BPSF are very efficient at scatter-
ing light and have a strong opacifying ability because BPSF has a
very high specific area (air–solid interfaces) for scattering light (El-
Tahlawy et al., 2007). Therefore, lovastatin on the BPSF surface is
only detected by FTIR. The loaded sample (1/5 Lovastatin/BPSF) has
a clearly lower carbonyl peak intensity than the physical mixture
with the same ratio, which shows that lovastatin is loaded into the
BPSF pores. However, some lovastatin remains coat on the BPSF
surface.

3.5. In vitro drug release studies of the loaded BPSF samples
It is found that the use of hydrophilic BPSF as a carrier for poorly
water soluble drugs produced a fast release of lovastatin. As shown
in Fig. 7, lovastatin loaded into BPSF exhibit a rapid release of 80%
within 15 min in comparision to 45 min for the current commercial
product with the same ratio. Lovastatin loaded into the inner chan-



C. Wu et al. / International Journal of Pharmaceutics 403 (2011) 162–169 167

Fig. 7. In vitro drug cumulative dissolution percentage patterns of the loaded BPSF
samples, crude drug and commercial capsule. The data represent the average results
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f three independent batches. Error bars are standard deviations and not seen in
ome data points as they are smaller than the symbols. *p < 0.05 and **p < 0.01
ndicate statistical difference at each time point.

els and on the surfaces of BPSF exhibit a different release pattern:
n the first 5 min approximately 50% of the lovastatin is released,
howing a significant burst release effect, while the remainder fol-
ow a typical sustained release pattern and dissolve quickly and
venly over a period of 40 min. In Table 1, according to zero-order,
rst-order and Higuchi kinetic equation, the fitting of the release
ata indicates that rate constant of the loaded BPSF samples is sig-
ificantly higher than that of the commercial capsules and pure
rug and agrees well with first-order kinetics. Pure drug has lowest
elease rate and rate constant. This effect can be explained by both
n increase in the specific surface area of microcrystalline lovas-
atin adsorbed in the BPSF and its non-crystalline structure in this
tate. Another important aspect is the partial solution and collapse
f BPSF structure in water. Hydrophilic BPSF is rapidly wetted with
ater so that the drug molecules are surrounded with water, allow-

ng fast drug dissolution. Enzymes in the alimentary tract attack
PSF, which also leads to collapse of BPSF structure and release of
rug.

The drug release process from hydrophilic BPSF is dominated
ainly extent by the sudden influx of water, which leads to a fast

elease. Thus, both the loading of BPSF with drug and its release
ate can be influenced by the properties of BPSF. Hydrophilic BPSF
sed as a carrier material accelerates the dissolution of poorly water
oluble drugs, such as lovastatin, and thus improves their bioavail-
bility.

.6. In vivo pharmacokinetics
Fig. 8 illustrates the concentration versus time profiles of lovas-
atin following the administration of a single oral dose to three
roups, including the free control (pure lovastatin), commercial
apsule and the loaded sample (drug/carrier, 1/10). The pharma-

able 1
esults for fitting lovastatin release data (in the range 0–100% release) to zero-order, first

Zero order kinetic equation F

K R2 K

1:5 drug/BPSF 1.7707 0.7910 0
1:10 drug/BPSF 1.8463 0.7551 0
1:15 drug/BPSF 1.7784 0.5961 0
Commercial capsule 1.7514 0.9277 0
Crude drug 1.1121 0.8846 0
Fig. 8. The concentration versus time profiles of the free control, commercial capsule
and the loaded sample (drug/carrier, 1/10).

cokinetic parameters obtained by a non-compartmental analysis
after the oral administration of lovastatin are listed in Table 2.
The AUC (0–t) value of lovastatin after oral gavage of the loaded
sample drug/carrier (1/10) is respectively 1.773- and 1.480-fold
higher than that obtained with the free control and commercial
capsule. As shown in Fig. 8, in comparison with the free control
and commercial capsule exhibiting a weak double peak concentra-
tion distribution, the loaded sample has an intensive double peak
concentration and the first peak concentration is higher than the
second. This may be due to two factors. (i) Lovastatin is loaded into
the inner channel and on the surface of BPSF. Lovastatin adsorbed
on the surface of BPSF is still present as crystals while lovastatin
adsorbed in the inner channels of BPSF is partially present as micro-
crystals and partially in a non-crystalline state due to geometric
confinement in the nanometre sized pores. The crystalline state of
lovastatin may produce two absorption patterns which may be the
reason for the appearance of a double peak. Firstly, microcrystals
and non-crystalline lovastatin accelerate the dissolution of lovas-
tatin. The released lovastatin molecules are directly absorbed by
enterocytes into the blood capillaries which result in the first peak
concentration. Secondly, lymphatic transport may be the reason
for the second peak concentration. Lovastatin (the water solubil-
ity of which is 0.4 × 10−3 mg/ml) is considered to be a reasonable
substrate for intestinal lymphatic transport because of its high
lipophilicity. The gastrointestinal tract contains absorptive ente-
rocytes interspersed with membranous epithelial (M) cells. M cells
covering lymphoid aggregates, defined as Peyer’s patches, take up
lipophilic microcrystalline particles by a combination of endocy-
tosis or transcytosis (Norris et al., 1998; Andrianov and Payne,
1998). Microcrystalline lovastatin in the pore interior or the edge

of BPSF are released from pores and ingested by lymphatic trans-
port. The absorption efficiency is directly related to the size of the
crystalline particles of lovastatin. Mucoadhesion also play a role
in absorption. BPSF absorbs water and expands to form colloidal

-order and Higuchi kinetic equations.

irst order kinetic equation Higuchi equation

R2 K R2

.0519 0.9879 13.8880 0.9764

.0875 0.9675 14.7290 0.9644

.1008 0.9704 15.2020 0.8741

.0390 0.9949 12.7820 0.9916

.0167 0.9537 6.9643 0.9412
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Table 2
Pharmacokinetic parameters of lovastatin (100 mg/kg) after oral administration of free control, commercial capsule and the loaded sample.

Parameter Control Commercial capsule Loaded BPSF preparation

Cmax (mg/L)a 1.479 ± 0.227 1.441 ± 0.403 3.032 ± 0.691
Tmax (h)b 3.020 ± 0.502 2.625 ± 1.702 1.002 ± 0.496
AUC(0–t) (mg/L h)c 3.464 ± 1.082 4.148 ± 1.070 6.140 ± 1.628
MRT (h)d 2.946 ± 0.273 3.179 ± 0.210 2.352 ± 0.209
t1/2 (h)e 1.340 ± 0.389 1.871 ± 0.395 1.911 ± 0.726
Vz/F (L/kg)f 57.006 ± 21.384 63.238 ± 14.140 36.994 ± 10.247

Each value represents the mean ± SD (n = 6).
a Maximum plasma concentration.
b Time to reach Cmax.

m
e
r
(
fi
i
a
r
c
m
a
a
s

4

s
v
a
F
p
d
d
s
d
c
t
f
s
o
s
a

A

g

R

A

A

B

B

c Area under the plasma concentration–time curve.
d Mean residence time.
e Elimination half-life.
f Apparent volume of distribution.

aterial which undergoes mucoadhesion. Following destruction by
nzymes in the small intestine, degradation of BPSF facilitates the
elease of lovastatin which leads to further accelerated absorption.
ii) distribution; drug is absorbed into the blood and produces the
rst peak. Because the drug is highly lipophilic, after absorption,

t rapidly distributes to lipid tissue which acts as a drug stor-
ge compartment. When the drug concentration in the blood is
educed following metabolism and elimination, the drug in this
ompartment is redistributed into blood again, resulting in the for-
ation of a second peak. Hepatoenteral circulation may also be
factor involved in generating the double peak. The exact mech-

nism of the metabolism of BPSF loaded samples needs further
tudy.

. Conclusions

A biodegradable porous starch foam (BPSF) possesing a low den-
ity, high specific surface area, honeycomb structure, and high pore
olume for the oral delivery of poorly soluble drugs was obtained
nd its structure was determined by SEM, BET. SEM, XRD, DSC and
TIR characterization showed that lovastatin absorbed on BPSF was
artially present as microcrystals, and partially in amorphous form
istributed in the pores of BPSF and partially in crystalline form
istributed on the surface of BPSF. In vitro and in vivo drug release
tudies showed that the BPSF carrier produced accelerated imme-
iate release of lovastatin and enhanced its oral bioavailability in
omparison with crude lovastatin and commercial capsules. From
hese findings, this study demonstrates the significant potential
or the use of BPSF as a novel delivery system for poorly water
oluble drugs. This method can be applied as an alternative to
ther method currently used to enhance the solubility of poorly
oluble drugs in the BCS (class 2), i.e. poor solubility/high perme-
bility.
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