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A bioadhesive drug delivery system, wheat germ agglutinin (WGA)-grafted lipid nanoparticles, was
developed for the oral delivery of bufalin (a hydrophobic active component extracted from the tradi-
tional Chinese medicine Chan’su). The lipid nanoparticles associated with poly(vinyl alcohol) (PVA) were
prepared by high-pressure homogenization. WGA was coupled to lipid nanoparticles by activating the
hydroxyl group using glutaraldehyde, and then conjugating the nanoparticles with WGA. WGA-grafted
lipid nanoparticles with a mean particle size of 164 nm and zeta potential of —10.6 mV were obtained with
bufalin encapsulation of 68.2%. The amount of bound WGA was ~28.9% of the amount of WGA initially
added. The association study between fluorescent 6-coumarin-loaded WGA-grafted lipid nanoparticles
and Caco-2 monolayers showed that WGA enhanced the cellular uptake of nanoparticles compared with
WGA-free lipid nanoparticles. These results suggest that WGA-grafted lipid nanoparticles could be a
promising carrier to enhance cellular uptake. They could also improve drug bioavailability through the
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oral route.
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1. Introduction

The anchoring of drug-loaded carriers at the mucosal surface
by bioadhesive ligands to improve drug bioavailability has gained
interest in the research of oral drug delivery systems. Ligand-
mediated bioadhesive drug delivery systems can efficiently adhere
to the mucus layer and surface of underlying cells, prolong resi-
dence time, and increase the drug concentration gradient between
the particles and mucosal surface (Ponchel and Irache, 1998). Lectin
is an excellent representative of such a specific ligand. It displays
receptor-mediated bio-adhesion by recognizing and adhering to
glycosylated structures, and may further convey signals to cells and
trigger vesicular transport. Various lectins have been used in stud-
ies of oral drug delivery systems. These include tomato lectin (Lehr
and Lee, 1993), peanut agglutinin (Cai and Zhang, 2005) and wheat
germ agglutinin (WGA) (Irache et al., 1994), and the latter has been
well investigated.

WGA binds specifically to N-acetyl-p-glucosamine and sialic
acid. This adhesion may occur at cell surfaces throughout virtu-
ally the entire intestine (Pusztai et al., 1993). In vitro experiments
using Caco-2 cells have revealed that the intracellular availability
of WGA involves cyto-adhesion, cyto-invasion and partial lysoso-
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mal accumulation (Wirth etal., 2002). WGA in the microgram range
does not show toxicity via the oral route, and is resistant to prote-
olytic degradation (Gabor et al., 1997). These features have ensured
that WGA-grafted drugs (Gabor et al., 2002; Wirth et al., 1998) and
WGA-decorated carrier systems (Weissenbock et al., 2004; Yin et
al., 2007) have attracted much attention in recent years.

Colloidal lipid nanoparticles as carriers for drug delivery are
characterized mainly by the narrow particle size and distribution of
components (physiologically compatible lipids), biocompatibility,
and administration routes (Gasco, 2007). It has been reported that
lipid nanoparticles can enhance the oral absorption of drugs that are
poorly soluble in water (Luo et al., 2006; Li et al., 2009) or proteins
(Sarmento et al., 2007). Many factors contribute to the enhance-
ment of oral bioavailability by lipid nanoparticles. These include:
uptake of nanoparticles through the gastrointestinal tract (Li et al.,
2009); lipid protection of the drug from degradation by chemicals
or enzymes; improvement in intestinal absorption by surfactants in
the drug formulation (Luo et al., 2006); and adhesion to the mucosal
surface or entering intervallic spaces due to small particle size (Lim
etal.,2004). The adhesion action by pure lipid nanoparticles is non-
specific. Achieving effective attachment to the intestinal mucosal is
difficult. Further improvement of the absorption and bioavailabil-
ity of the drug by specific bio-adhesion is worth investigating. WGA
as a functional ligand is conjugated with lipid nanoparticles to give
rise to specific bio-adhesion between lipid nanoparticles and the
surface of the cell membrane.
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Another key issue is how to graft WGA with lipid nanoparticles:
covalent coupling and physical adsorption are two strategies to
achieve this goal (Ezpeleta et al., 1996). The former is preferentially
more stable than non-covalent attachment. For covalent coupling,
glutaraldehyde and carbodiimide coupling are the two most useful
methods according to the functional groups on the nanoparti-
cle surface. In general, directly grafting WGA with common lipid
nanoparticles is difficult due to the limited number of functional
groups on the surface of nanoparticles. Zhang et al. (2006) therefore
prepared WGA-modified solid lipid nanoparticles by conjugating
WGA with N-glutaryl-phosphatidylethanolamine, and the result-
ing conjugates were used as a surfactant in the preparation of solid
lipid nanoparticles.

In the present study, we tried to prepare alternative WGA-
grafted lipid nanoparticles by first introducing a sufficient number
of functional groups to the surface of lipid nanoparticles, followed
by a covalent coupling procedure for WGA conjugation. Poly(vinyl
alcohol) (PVA) is an amphiphilic polymeric surfactant frequently
used as an emulsifier for preparing microspheres. As a polymeric
surfactant, its emulsification capabilities are relatively low, but it
possesses a high viscosity and dispersion capability in colloidal dis-
persion systems. PVA has been used as an emulsifier to prepare solid
lipid nanoparticles (SLNs) by a solvent diffusion method, and it was
suggested that PVA molecules in the aqueous phase were absorbed
around the droplets to facilitate nanoparticle formation (Hu et al.,
2002). More recently, PVA was used as an emulsifier to stabilize
solid lipid nanoparticles (Rosenblatt and Bunjes, 2009). Thus, it
seems that PVA may be used as an emulsifier in lipid nanoparticles;
it can then associate with the surface of nanoparticles, providing
hydroxyl groups for WGA conjugation.

Bufalin is a hydrophobic active component extracted from the
Toad venom with significant anti-tumor effects (Masuda et al.,
1995; Han et al., 2007), analgesic effect (Zhang et al., 1998). Its poor
water solubility contributes to low and variable oral absorption,
which limits its clinical application. The aim of the present study
was to prepare bufalin-loaded WGA-grafted lipid nanoparticles
to study physicochemical properties and in vitro release. Cellu-
lar responses using WGA-grafted lipid nanoparticles (including
the association between WGA-graft lipid nanoparticles and Caco-2
monolayers) were investigated to understand the characteristics of
the binding and uptake and to elucidate the mechanism of action.

2. Materials and methods
2.1. Materials

Bufalin (purity >98%) was purchased from Jiangxi Herbfine Hi-
Tech Company Limited (Nanchang, China). Glutaraldehyde was
provided by Shanghai Chemical Reagent Company Limited (Shang-
hai, China). PVA (molecular weight, 31,000-50,000; hydrolysis,
87-89%), WGA, Tween 80, 6-coumarin and N-acetyl-D-glucosamine
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glyc-
eryl palmito-stearate (Precirol® ATO 5), glyceryl monolinoleate
(Maisine 35-1®) and oleoyl macrogolglycerides (Labrafil® M1944
CS) were generously supplied by Gattefosse France (Gennevil-
liers, France). RPMI 1640 medium, fetal bovine serum (FBS),
L-glutamine, gentamycine, phosphate-buffered saline (PBS, pH 7.4),
and trypsin-ethylenediamine tetra-acetic acid (trypsin-EDTA)
solution were from Gibco Life Technologies (Grand Island, NY, USA).
Double-distilled water was obtained from Millipore Simplicity Sys-
tems (Millipore, Bedford, MA, USA).

2.2. Preparation of lipid nanoparticles

Lipid nanoparticles were prepared by a high-pressure homoge-
nization method. In brief, the lipid phase (consisting of Precirol ATO

5, Maisine 35-1, Labrafil M1944 CS, and the drug (0.5%, w/w)) was
heated at 70 °C until it was totally melted. The aqueous phase con-
taining Tween 80 and PVA solution in double-distilled water was
simultaneously prepared at the same temperature. A pre-emulsion
was prepared by dispersing the hot aqueous phase into the lipid
phase at 70°C under high-speed stirring at 10,000 rpm for 10 min
using an Ultra Turrax® T25 machine (IKA, Staufen, Germany). The
hot pre-emulsion was then immediately homogenized at 800 bar
for 9 cycles by a high-pressure homogenizer (NS1001L, GEA, Parma,
Italy). Finally, the dispersion was gently stirred until cooled to room
temperature. Free PVA was isolated by the ultrafiltration device
Vivaspin 6.0 (Sartorius Stedim Biotech SA, Aubagne, France) under
gentle centrifugation at 3000 x g for 25 min. Hydrophobic fluo-
rescent 6-coumarin-loaded lipid nanoparticles used for the cell
association study were prepared using the same method except
that 6-coumarin (0.04%, w/w)was encapsulated instead of the drug.

2.3. Surface modification of the particles

WGA was covalently bound to lipid nanoparticles by the
glutaraldehyde method with an appropriate modification, as pre-
viously described (Montisci et al., 2001; Gupta et al., 2006). Briefly,
the lipid nanoparticles were firstly centrifuged by Vivaspin 6.0
device. The un-entrapped drug was removed during this ultracen-
trifugation process. Then, glutaraldehyde and H,SO4 0.3 M (4:1,
v/v) were added drop-wise to the lipid suspension. The mixture
was gently shaken for 20 min at 30 °C. It was then transferred to a
dialysis bag (molecular weight cut-off of 12,000) and firmly closed.
Powdered polyethylene glycol-20,000 (PEG-20,000) was used to
carefully cover the entire dialysis bag to remove aqueous solution
containing non-reacted glutaraldehyde. After ~90% of the aque-
ous solution had been removed, an appropriate amount of water
was added to the dialysis bag and the latter firmly closed. The
glutaraldehyde-removal process was repeated twice in the same
way. WGA in PBS was added to the dispersion and incubated
overnight at room temperature. WGA-grafted lipid nanoparticles
were separated from free lectin by passing the dispersion through
a Sepharose CL-4B gel column. Aliquots of fresh preparations con-
taining lactose as a cryoprotectant were rapidly frozen at less
than —50°C and freeze-dried for 48 h by a TF-FD-18 freeze dryer
(Shanghai Tianfeng, Shanghai, China). Freeze-dried powders were
collected for differential scanning calorimetry (DSC) analyses and
X-ray powder diffraction (XRD) analyses.

2.4. Characterization of nanoparticles

The size and zeta potential of the lipid nanoparticles and WGA-
grafted lipid nanoparticles were measured by a Nicomp™ 380 ZLS
Zeta Potential/Particle Sizer (PSS Nicomp, Santa Barbara, CA, USA).

An ultrafiltration method was used to evaluate the encap-
sulation efficiency for lipid nanoparticles. Compared with the
ultracentrifugation technique and gel permeation chromatogra-
phy technique, the ultrafiltration method can provide efficient
separation of colloidal carriers from the aqueous external phase
without destroying the carriers thereof (Teeranachaideekul et al.,
2007). Centrifugal filter tubes (molecular weight cut-off, 100 kDa;
Nanosep®, Pall Life Sciences, Ann Arbor, MI, USA) were used to
determine the encapsulation efficiency. The encapsulation effi-
ciency was calculated according to the following equation (Arbés
et al., 2002):

At — A
At
where Ar represents the total amount of bufalin used to prepare

the formulations; and Ar represents the amount of free bufalin
remaining in the aqueous phase after isolation.

encapsulation efficiency (%) = x 100
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The concentration of bufalin was determined by high-
performance liquid chromatography (HPLC; Agilent 1100 series,
Agilent, Santa Clara, CA, USA) on an ODS column (Cig,
250 mm x 4.6 mm, 5 pwm; Dikma Technology, Shanghai, China). A
mobile phase of methanol/water (70:30, v/v) was pumped at a flow
rate of 1.0 mL/min. The detector was set at 300 nm.

The amount of bound WGA was quantified by colorimetric
determination of the proteins in the nanoparticle dispersion by the
bicinchoninic protein assay (BCA Protein Assay Kit, Thermo Scien-
tific, Rockford, IL, USA). A non-conjugated nanoparticle dispersion
was used as a control.

DSC analyses were carried out using a DSC calorimeter (Shi-
madzu DSC-60, Shimadzu, Japan). The sample was sealed in an
aluminum DSC pan. The reference was an empty aluminum pan.
The measurement was run at a heating rate of 10°C/min.

XRD analyses were run in an X-ray diffractometer (D/max
2550VB3+/PC, Rigaku, Japan) using a CuKa radiation source. The
voltage and current were 40 kV and 100 mA, respectively. The scan
rate was 8 °C/min with 20 scanning from 3° to 50°.

2.5. Invitro release

A dialysis bag diffusion method was applied to determine
the release of bufalin from lipid nanoparticles. Two milliliters of
preparations was transferred to a pre-treated dialysis bag with a
molecular weight cut-off of 14kDa. The bag was firmly clipped
by dialysis clamps and immersed in a release medium composed
of 50 mL of phosphate buffer (pH 7.4) containing 40% ethanol to
achieve sink conditions. Vials were firmly closed and keptat 37 °Cin
a shaker water bath (100 strokes/min). At scheduled time intervals,
200 L of the aqueous solution was withdrawn from the release
medium and replaced with the same volume of fresh medium.
Bufalin content in the release medium was determined by HPLC.

2.6. Cell culture

Caco-2 cells were kindly provided by Professor Hai Wei (Center
of Chinese Medicine Therapy and Systems Biology, Shanghai Uni-
versity of TCM, Shanghai, China). Caco-2 cells were cultured in RPMI
1640 medium supplemented with 10% FBS, 4mM L-glutamine,
and 150 pg/mL gentamycine. Cells were incubated in a humidi-
fied atmosphere of 5% CO,/95% air at 37 °C and sub-cultured to a
sub-confluent state by trypsinization. Cells at passages 30-40 were
used for subsequent experiments.

2.7. Association with Caco-2 monolayers

Caco-2 cell monolayers, representing an artificial gastroin-
testinal epithelium, were used to investigate the association of
WGA-grafted lipid nanoparticles with cells. Experiments were
carried out according to previously reported methods (Arbds et
al., 2002; Dong and Feng, 2005). Caco-2 cells were seeded in a
tissue culture (TC)-treated 96-well microplate (Greiner Bio-One,
Solingen-Wald, Germany) at 1.7 x 10% cells per well. The culture
medium was changed every other day. Cells after culture for 12-14
days were used to carry out the following experiment. In brief, the
medium was removed. Cells were washed with PBS thrice. After
removing PBS, 100 L of the 80 pg/mL 6-coumarin-loaded formu-
lation was added to 16 wells and incubated at 37 °C. At designated
times, the supernatants of 8 wells were removed as samples for
investigation (Is;mple ), Whereas another 8 wells were kept intact as
the positive control (I,esitive ). After removal of supernatants, cells
were washed thrice with PBS (pH 7.4). Then, 50 wL of 0.5% Triton
X-100/0.2 M NaOH was introduced into the wells to solubilize the
cells. Fluorescence was determined by a microplate fluorescence

reader (Synergy 2, BioTek, Winooski, VT, USA). The association effi-
ciency of the cells was calculated as follows:

I —1 i
Association efficiency (%) = ->ample — ‘negative 400

Ipositive - Inegative

where Ijegative indicates the background fluorescence intensity
obtained from the plate and cells incubated with PBS.

Association of the preparations with monolayers was also
studied at 4°C to investigate the influence of temperature on
association. To evaluate the specific binding of WGA-grafted lipid
nanoparticles to Caco-2 monolayers, N-acetyl-D-glucosamine (an
inhibitor of WGA binding to Caco-2 monolayers) was added to the
incubation medium, and the experiment carried out as described
above.

2.8. Confocal laser scanning microscopy (CLSM)

Caco-2 cells were cultured on glass-bottom dishes until they
reached 50-70% confluence. Cells were incubated in WGA-free lipid
nanoparticle dispersions (50 pL) or WGA-grafted lipid nanopar-
ticle dispersions (50 pL) in fresh culture medium (1 mL) for 1, 3,
and 24 h. The culture medium was removed and rinsed with PBS.
Cells were fixed with ice-cold 4% paraformaldehyde in PBS (pH
7.4) for 25 min at room temperature, and rinsed with PBS. RNAs
were digested by the addition of 400 pL RNase A solution (1 mg/mL)
containing 0.1% Triton X-100 for 25 min at 37 °C. Subsequently, pro-
pidium iodide solution (PI; a nucleic acid-specific dye for nuclear
DNA staining) was added to RNase A solution (final concentration of
PI, 150 pg/mL) and cultured continuously for 2 min at 37 °C. Cells
were washed with PBS and stored at 4°C. Images were obtained
under a confocal microscope (TCS SP2, Leica, Mannheim, Germany)
using a fluorescein isothiocyanate (FITC) channel and tetramethyl
rhodamine isothiocyanate (TRITC) channel for green fluorescence
from 6-coumarin and red fluorescence from PI, respectively.

3. Results and discussion

3.1. Preparation of lipid nanoparticles and WGA-grafted lipid
nanoparticles

Lipid nanoparticles were prepared by a high-pressure homog-
enization method. Based on a preliminary study, production
parameters (homogenizer speed, number of cycles, homoge-
nization pressure) and the basic formulation composition were
determined. The optimized formulation composition obtained by
uniform design was Precirol ATO 5, Maisine 35-1 and Labrafil®
M1944 CS(5:1:1, w/w/w) of 5%, Tween 80 of 2.4%, and PVA of 0.25%.

WGA was covalently coupled to lipid nanoparticles according
to the following steps as previously described (Montisci et al.,
2001; Gupta et al., 2006): upon a strong adsorbed layer over lipid
nanoparticles formed by PVA, a crosslinking reaction occurs via
two adjacent hydroxyl groups with the aldehyde groups of the
glutaraldehyde, followed by a coupling reaction between the free
aldehyde groups and an amino group of WGA. The schematic of
covalent linkage of WGA with lipid nanoparticles was shown as
follows (Fig. 1):

First, PVA was used to provide hydroxyl groups as functional
groups. As a polymeric surfactant, PVA was assumed to be covered
to the surface of the lipid nanoparticles. Before the coupling reac-
tion, the extent of PVA covering was studied by an ultrafiltration
method. The amount of PVA was determined using a colorimetric
assay with iodine and boric acid (Buttini et al., 2008) (Fig. 2).

The amount of PVA associated to lipid nanoparticles decreased
significantly with increasing centrifugation, indicating that the
extent of PVA coverage needs strength to remain attached to the
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Fig. 1. The schematic of WGA conjugation with lipid nanoparticles.

Fig. 2. Amount of PVA adsorbed onto the surface of lipid nanoparticles after cen-
trifugation. The amount of PVA added before centrifugation was 6 pg (H), 18 ug (m
), and 45 pg () (n=3).

lipid nanoparticles. Anchorage was reinforced by glutaraldehyde
crosslinking to stabilize the PVA layer surrounding the core of the
nanoparticles. This action is considered to strengthen the layer and
may slow the drug release caused by crosslinking of PVA surround-
ing the core (Montisci et al., 2001). Thus, the release behavior of
bufalin-loaded lipid nanoparticles before and after glutaraldehyde
crosslinking was compared.

Bufalin release from lipid nanoparticles after the crosslinking
reaction was significantly lower compared with the release without
crosslinking (Fig. 3). There was no significant difference between
the preparations lacking PVA with glutaraldehyde addition and the

Fig. 3. In vitro release profile of bufalin from lipid nanoparticles with PVA in the
aqueous phase without the glutaraldehyde crosslinking reaction (—#— ); with
PVA in the aqueous phase with the glutaraldehyde crosslinking reaction (—#—
); without PVA in the aqueous phase with the glutaraldehyde crosslinking reaction
(—&— ) (n=3).

preparations containing PVA but without glutaraldehyde action. It
was suggested that PVA crosslinking occurred at the particle sur-
face, which may contribute to slow-down drug release from lipid
nanoparticles.

Glutaraldehyde was used not only as a crosslinking agent for
PVA, but also as a coupling agent that provides free aldehyde
groups for WGA conjugation. The non-reacted glutaraldehyde must
be removed otherwise it may crosslink lectin molecules. It was
reported previously that non-reacted glutaraldehyde was removed
from polymer nanoparticles by high-speed centrifugation. In the
present study, the condition of high-speed centrifugation was
harsh, and would eventually result in particle aggregation or lipid
separation against aqueous phases. To remove the non-reacted
glutaraldehyde without destroying the lipid nanoparticles, an alter-
native method should be considered. One strategy is dialysis
(Fischer and Scheer, 1992). To overcome the disadvantages of the
traditional dialysis method (time-consuming, drug release), PEG-
20,000 was covered on the surface of the dialysis bag instead of the
dialysis bag being immersed in bulk aqueous solution. The influ-
ence of glutaraldehyde on WGA conjugation was also investigated.
As shown in Table 1, when a constant amount of WGA was added
initially and at a constant incubation time, the amount of coupled
WGA increased with an increase in glutaraldehyde (Table 1), and
the maximum binding efficiency of lectin was achieved when 2 mL
of glutaraldehyde was used. However, the dispersion particle size
in this case increased significantly. This indicated that the parti-
cle agglomeration may occur due to excessive crosslinking, which
had a negative influence on the properties of lipid nanoparticles.
Therefore, taking into account the efficiency of lectin binding and
particle size, 1.5 mL of glutaraldehyde was selected and used in each
milliliter of lipid nanoparticle dispersions after centrifugation.

The influence of the amount of lectin added to the activated
dispersions on WGA binding to the lipid nanoparticles was also
assessed (Table 1). An increase in WGA addition initially showed
an increase in the amount of WGA bound to the surface. However,
it significantly decreased the binding efficiency. Functional groups
on the surface of nanoparticles were assumed to be constant and
binding equilibrium may occur. However, binding equilibrium was
not observed in the present study, and droplet size increased sig-
nificantly. This result was in agreement with a report that proposed
that aggregation occurred due to crosslinking of particles by a WGA
molecule containing 24 amino groups (Weissenbdck et al., 2004).

The amount of grafted WGA increased with incubation time
without significantly altering the particle size (Table 1). According
to these results, the experimental conditions to prepare WGA-
grafted lipid nanoparticles were set as: 1.5 mL of glutaraldehyde,
400 pg of WGA added initially, and an incubation time of 18 h.

3.2. Characterization of WGA-grafted lipid nanoparticles

The main physicochemical characteristics of lipid nanoparti-
cles and WGA-grafted lipid nanoparticles are listed in Table 2. The
mean particle size of lipid nanoparticles before WGA coupling was
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Table 1
Amount of WGA grafted onto lipid nanoparticles and binding efficiency.

Glutaraldehyde (mL) WGA added initially, W; (g)

Incubation time (h)

Particle size (nm) WGA grafted, Wy (1g) Grafting efficiency (%)?

1.0 400 18
1.5 400 18
20 400 18
1.5 200 18
1.5 600 18
1.5 400 3

131.8 £ 6.9 522+ 6.8 13.1
164.1 £5.2 115.6 £ 103 28.9
331.2 £ 8.1 136.8 £ 12.1 34.2
148.7 + 3.8 82.7 £8.5 414
229.7 £ 11.6 1386 £ 124 231
1246 £ 7.7 341 £58 8.5

2 Grafting efficiency (%)= Wg/W; x 100.

Table 2
Particle size, zeta potential and encapsulation efficiency of formulations.

Zeta potential (mV) Encapsulation efficiency (%)

Formulation Particle size (nm)
Lipid nanoparticles 106.0 + 4.6
WGA-grafted lipid nanoparticles 164.1 £ 5.2

-19.2 £ 0.7
-10.6 + 1.2

75.8 £ 0.9
68.2 +£3.2

106 nm. The WGA-grafted lipid nanoparticles were larger, indi-
cating that the conjugation of WGA increased particle size. The
increase in particle size is acceptable because a mean particle size of
164 nm is in the nanometer range, so WGA-grafted lipid nanopar-
ticles can be used as lipid-based colloidal drug carriers.

The zeta potential is also an important surface characteristic of
lipid nanoparticles, and which reflects the particle charge and/or
electrostatic repulsion. The zeta potential was measured to deter-
mine if surface characteristics are influenced by the nature of the
coating of lipid nanoparticles. Before WGA conjugation, the zeta
potential of lipid nanoparticles was —19.2 mV (Table 2), indicating
that the surface of lipid nanoparticles was negatively charged. A
decreased zeta potential was found after WGA binding, indicating
that changes in the particle charge of lipid nanoparticles was due
to WGA conjugation. WGA had a positive charge at neutral pH (pl
7.0), which may contribute to the decrease in the zeta potential for
negatively charged lipid nanoparticles after WGA conjugation.

The encapsulation efficiency was calculated to be 75.8%
before WGA conjugation. Lipid nanoparticles, particularly nano-
structured lipid carriers (NLCs) are known to be a favorable system
for drug incorporation. It was reported that solid lipid nanoparti-
cles or NLCs containing hydrophobic drugs with such as quercetin
(Li et al., 2009), vinpocetine (Luo et al., 2006), and coenzyme
Q1o (Teeranachaideekul et al., 2007) were well incorporated into
lipid carriers and achieved an encapsulation efficiency of >90%.
The hydrophobic drugs mentioned above possess high partition
coefficients and have good compatibility with lipid matrices, result-
ing in high encapsulation efficiency. In our preliminary study,
it was found that bufalin displayed moderate lipophilicity (log P
(octanol/water) of 2.9). If drugs with low or moderate lipophilicity
are dispersed in a system composed of oils and surfactants at high
temperature during preparation, drug molecules tend to partition
into the aqueous phase, resulting in relatively lower encapsula-
tion efficiency. Furthermore, the encapsulation efficiency of bufalin
in lipid nanoparticles was found to be significantly higher than
that in polymeric nanoparticles (data not shown), indicating that
lipid nanoparticles are a suitable carrier for this study. In addi-
tion, a slight decrease in encapsulation efficiency was found in
WGA-grafted lipid nanoparticles compared with that in pure lipid
nanoparticles due to the preparation process.

DSC can be used to determine thermodynamic variations related
to morphological changes. It has been used successfully to demon-
strate the melting and crystallization behavior of lipid matrices,
the constitution of lipid nanoparticles (i.e., organization and dis-
tribution of lipid ingredients) and drug collocation (Castelli et al.,
2005; Zhang et al., 2008; Helgason et al., 2009). In the present
study, DSC was carried out to investigate the melting and crystal-
lization behavior of lipid nanoparticles and drug collocation. Bulk

Precirol ATO 5 showed an endothermic peak for melting at 56.3 °C
(Fig. 4(a)) whereas, in the case of WGA-grafted lipid nanoparticles,
the shape of the peak became broader and lower (Fig. 4(c) and
(d)). Disappearance of a sharp peak suggested that a less ordered
crystal structure existed in lipid nanoparticles compared with the
perfectly crystalline substance. The DSC curve of bufalin exhib-
ited an endothermic peak at 231.1 °C (Fig. 4(b)). The same melting
peak did not appear when it was formulated into lipid nanopar-
ticles (Fig. 4(d)). This indicates that bufalin entrapped in the lipid
nanoparticles was in an amorphous from, which may have been
caused by crystallization inhibition from the lipid components, as
previously described (Venkateswarlu and Manjunath, 2004).
Analyses of XRD patterns were carried out to further investi-
gate the microstructure of WGA-grafted lipid nanoparticles. The
X-ray patterns of Precirol ATO 5, PVA, and blank WGA-grafted lipid
nanoparticles are shown in Fig. 5. From Fig. 5(a), the bulk Precirol
ATO 5 showed two peaks at positions 5.36° (20) and 19.44° (26),
respectively, whereas in Fig. 5(c) the peak at 5.36° disappeared and
the peak located at 19.44° shifted to a lower position. The peak
intensity decreased significantly in Fig. 5(c) compared with that in
Fig. 5(a). From these results, it was confirmed that Precirol ATO 5
was in a less ordered structure in lipid nanoparticles. The X-ray

Fig. 4. DSC curves of (a) Precirol ATO 5; (b) bufalin; (c) lactose; and (d) bufalin-
loaded WGA-grafted lipid nanoparticles.
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Fig. 5. X-ray diffraction patterns of (a) Precirol ATO 5; (b) PVA; and (c) blank WGA-
grafted lipid nanoparticles.

pattern of PVA showed a typical amorphous state with two blunt,
broad peaks with low slopes (Fig. 5(b)). From Fig. 5(c), it seems that
PVA remained in an amorphous state in lipid nanoparticles.

3.3. Invitro release

WGA is soluble in the aqueous external phase, so WGA should
not influence drug release from lipid nanoparticles (Mo and Lim,
2005). In the present study, activated lipid nanoparticles were used
for drug release studies (Fig. 3). In general, drug properties and the
nature of the lipid carriers contribute to the release of drug from
a lipid-based drug delivery system. It was reported that the drug
location in the lipid nanocarrier is related to the polar surface area
of the drug molecule, i.e., the sum of the surfaces from polar atoms
in a molecule (Pegi et al., 2003; Teskac¢ and Kristl, 2010). Bufalin is
predominantly hydrophobic, but has two hydroxyl groups. Bufalin
could therefore be located at the interface of the dispersions. From
this viewpoint, it was deduced that not all bufalin molecules are
incorporated into the core of lipid nanoparticles, and that some
of molecules may be entrapped in the shell (possibly causing the
relatively fast release in the first 3 h). According to our previous
report (Liu et al., 2010a), the drug release from a bufalin self-
microemulsifying drug delivery system (SMEDDS) was very rapid,
and 90% of the drug was released in the first 2 h. Bufalin release from
lipid nanoparticles is much slower than that from SMEDDS, indi-
cating that the nature of the lipid carrier plays an important part in
drug release. Lipid nanoparticles are more favorable for controlling
drug release from carriers. To achieve a sink condition, the disso-
lution media containing 40% (v/v) ethanol was used. It should be
noted that the choice of dissolution media still needs investigation
due to its poor ability in simulating in vivo conditions, and it would
be very interesting to seek desirable dissolution media which fulfill
complete release and simulate in vivo condition as well.

3.4. Binding and uptake

Caco-2 cells are derived from human colon carcinomas. They
are widely used in pharmaceutical technology to mimic the intesti-
nal epithelium in vitro. In the present study, a Caco-2 cell culture
model was used to evaluate the association between WGA-grafted
lipid preparations and cells. Before the association study, a suitable
fluorescent material should be selected. In general, the fluores-
cent material is coupled to nanoparticles by covalent conjugation
with one of the components in the formulation. FITC conjugate is
frequently used in uptake or fluorescence microscopy studies on

Fig. 6. Association efficiency between Caco-2 monolayers and WGA-free lipid
nanoparticles (0 ), BSA-grafted lipid nanoparticles (E1 ) and WGA-grafted lipid
nanoparticles (B ) at 37°C.

Fig. 7. Association efficiency between Caco-2 monolayers and WGA-free lipid
nanoparticles at 37 °C (2 ), WGA-free lipid nanoparticles at 4°C (B ), WGA-grafted
lipid nanoparticles at 37°C (B ), and WGA-grafted lipid nanoparticles at 4°C (E2).

nanoparticles. Another simple way is to incorporate a hydrophobic
fluorescent material (e.g., nile red, bodipy, rhodamine, 6-coumarin)
directly into lipid nanoparticles. In the present study, 6-coumarin
was loaded in lipid nanoparticles and release of the former from

Fig. 8. Association efficiency between Caco-2 monolayers and WGA-free lipid
nanoparticles and WGA-grafted lipid nanoparticles with N-acetyl-p-glucosamine
() or without N-acetyl-p-glucosamine (. )at4-°C.
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Fig. 9. Confocal laser scanning microscopy images of Caco-2 cells. Rows 1, 3, 5 show the images of Caco-2 cells incubated with WGA-free lipid nanoparticles at 1, 3, and 24 h,
respectively; rows 2, 4, and 6 show the images of Caco-2 cells incubated with WGA-grafted lipid nanoparticles at 1, 3, and 24 h, respectively. Columns A, B, and C show the
images from the FITC channel, TRITC channel, and the merged images, respectively (b 75 Lm).



162 Y. Liu et al. / International Journal of Pharmaceutics 397 (2010) 155-163

nanoparticles determined. It was found that <1% of 6-coumarin
was released in the first 24 h. That is, the fluorescence intensity
detected during the association study experiment was originally
from the 6-coumarin loaded in nanoparticles rather than from the
free fluorescence in the supernatant. It has been reported that neat
6-coumarin cannot be directly internalized by cells (Dong and Feng,
2005). Thus, 6-coumarin was selected as a fluorescent material in
the present study.

To assess the association between WGA-grafted lipid nanopar-
ticles and Caco-2 cell monolayers, WGA-grafted lipid nanoparticles
and formulations as control preparations, including WGA-free
nanoparticles and bovine serum albumin (BSA; a non-specific
protein)-grafted lipid nanoparticles were incubated with cell
monolayers at 37°C. For all three preparations, the association
efficiency increased with incubation time (Fig. 6). There was
no significant difference between WGA-free lipid nanoparticles
and BSA-grafted lipid nanoparticles. The association of WGA-
grafted lipid nanoparticles was approximately 1.5-fold higher
than that of WGA-free nanoparticles or BSA-grafted nanoparticles.
This indicated that WGA facilitated the association between lipid
nanoparticles and cells.

Previous reports have suggested that WGA can adhere to the gly-
cocalyx of Caco-2 cells and be further internalized by these cells. To
examine if the WGA-grafted lipid nanoparticles in the present study
could be internalized by cells, the influence of temperature on the
association study was investigated from the viewpoint of under-
standing the mechanism of binding and uptake. Metabolic activity
and the fluidity of the cell membrane at 4 and 37 °C are different. At
4°C, the low metabolic activity and poor membrane fluidity result
inrestriction of active transport. Therefore, the association between
cells and nanoparticles mainly refers to binding. At 37°C, active
transport (i.e., uptake) may occur due to active metabolism and
increased membrane fluidity (Wirth et al., 2002). The efficiency of
association between cells and nanoparticles at 37 °C was increased
compared with that at 4 °C for both preparations (Fig. 7). For WGA-
grafted lipid nanoparticles, the increased association was much
higher, indicating that more WGA-grafted lipid nanoparticles were
delivered into cells by active transport, and that the transport was
energy-dependent.

To further examine the specific association of WGA-grafted lipid
nanoparticles with Caco-2 monolayers, the WGA inhibitory sugar
N-acetyl-p-glucosamine was used on cells before the association
study; the association study of WGA-grafted lipid nanoparticles
was carried out with WGA-free lipid nanoparticles as a con-
trol at 4°C. The addition of N-acetyl-D-glucosamine significantly
reduced the association efficiency (Fig. 8). It also suggested that
WGA facilitated the association of lipid nanoparticles with cells.
The association efficiency of WGA-free lipid nanoparticles under
the action of N-acetyl-p-glucosamine also slightly decreased com-
pared with that without addition of N-acetyl-D-glucosamine. This
phenomenon was also observed in another report; the reasons pro-
posed for this effect were changes in surface area or high osmotic
gradients caused by N-acetyl-p-glucosamine to the cells (Arbés et
al., 2002).

3.5. CLSM

Fluorescent microscopy studies were carried out to better
understand and visualize the cellular uptake of WGA-grafted lipid
nanoparticles. Caco-2 cells were incubated with WGA-grafted lipid
nanoparticles and WGA-free lipid nanoparticles at 37 °C for differ-
ent time intervals followed by observation by CLSM (Fig. 9). The
green image in column 1 is the fluorescence from 6-coumarin-
loaded nanoparticles, and the red image in column 2 is caused by
PI staining the nuclei. Column 3 is the merged image of columns
1 and 2. Rows 1, 3, and 5 list images of cells incubated with

WGA-free lipid nanoparticles at 1, 3, and 24 h, respectively. Rows
2, 4, 6 list the images of cells incubated with WGA-grafted lipid
nanoparticles at 1, 3, and 24 h, respectively. The fluorescence inten-
sity was weak and some cells were not detectable for 6-coumarin
green fluorescence in rows 1 and 2, indicating that only a few
nanoparticles had been internalized by the cell in 1 h. Compared
with the images of cellular uptake in 1h, a more intense green
fluorescence around the nucleus was observed at 3-h incubation
(rows 3 and 4). The fluorescence intensity of cells incubated with
WGA-grafted lipid nanoparticles was obviously stronger than that
with WGA-free lipid nanoparticles. These results suggested that
cellular uptake of lipid nanoparticles were time-dependent, and
that WGA facilitated uptake of lipid nanoparticles by cells. This
was further confirmed by confocal images of cells incubated with
WGA-grafted lipid nanoparticles or WGA-free nanoparticles for
24 h. The process and mechanism of nanoparticle uptake by cells
via fluid-phase endocytosis, receptor-mediated endocytosis, and
phagocytosis have been reported (Weissleder et al., 1997; Schoepf
et al,, 1998; Liu et al., 2010b). Targeting cells and enhancing the
cellular uptake of nanoparticles through receptor-mediated endo-
cytosis is a promising strategy. WGA was used as a ligand in the
present study. The interaction of WGA with Caco-2 cells has been
investigated (Wirth et al., 2002). It was proposed that, upon contact
with the cell membrane, WGA is specifically bound to the glyco-
calyx, and uptake occurs after cyto-adhesion, then cyto-invasion
enables the WGA to accumulate in acid lysosomal compartments.
We observed cellular uptake of WGA-grafted lipid nanoparticles.
The intracellular distribution and fate of the internalized nanopar-
ticles needs further investigation.

4. Conclusion

A method for the preparation of WGA-grafted lipid nanopar-
ticles was established. The physicochemical characteristics of
nanoparticles were assessed. Particles had a size of ~164 nm and
a zeta potential of —10.6 mV. DSC and XRD analyses revealed the
structure of lipid nanoparticles, with the existence of a less well-
ordered crystalline state and a mainly amorphous arrangement.
The in vitro release profile showed the typical release behavior of
lipid nanoparticles. The association study between Caco-2 mono-
layers and lipid nanoparticles showed that WGA enhanced the
binding and uptake of lipid nanoparticles with cells. This suggested
that an energy-dependent mechanism and sugar-specific interac-
tion may contribute to the enhanced association of WGA-grafted
lipid nanoparticles with cells.
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