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Abstract

Lipid-based drug delivery systems show great potential for enhancing oral bioavailability but have not been
broadly applied, largely due to lack of general formulation guidance. In the previous studies, three differ-
ent formulations including anionic SLNs, cationic SLNs, and liposomes were investigated and significantly
enhanced the oral bioavailability of N3-o-toluyl-fluorouracil (TFu) compared with its aqueous suspension,
which indicated their high potential as oral delivery carriers. In order to define which formulation is worthy
of being further researched and developed, the studies on Caco-2 cell model and rat intestine were investi-
gated. In both studies of crossing Caco-2 cell monolayers and the single-pass intestinal perfusion (SPIP) in
rat, SLNs exhibited much more capability to enhance transport of TFu than liposomes. More specifically, in
cell study, the Poo values of cationic SLNs (p <0.01) and anionic SLNs (p < 0.05) were significantly higher than
liposomes. Especially the cationic SLNs present the most effective capacity. During SPIP study, both Ka and
uptake percentage of these three different formulations followed a rank order: anionic SLN > cationic SLN
> liposomes. In addition, the P_ of different nanocarriers in various intestinal segments indicated they all
exhibited site-dependent absorption behavior. By comparing the transmucosal behavior of these nanocar-
riers in vitro and in vivo, the anionic SLNs were identified to be more effective in the transport of TFu and
were worthy of being further researched and developed.

Keywords: N_-o-toluyl-fluorouracil (TFu); lipid-based nanocarriers; oral delivery; caco-2 cells; single-pass

informa

healthcare

intestinal perfusion (SPIP)

Introduction

A significant number (40-70%) of drug candidates
identified in drug discovery programs, such as combina-
torial chemistry research or high-throughput screening,
are quite often very lipophilic, which are insufficiently
soluble in aqueous media to allow for their adequate
and reproducible absorption from the gastrointesti-
nal tract after oral administration (Muller et al., 2006).
This challenges drug delivery institutions in industry or
academia to develop carrier systems for the optimal oral
and parenteral administration of these drugs. In the past
decade, significant efforts in pharmaceutical and aca-
demic laboratories have been made in finding ways to
deliver poorly bioavailable hydrophobic drug molecules

by the oral route. Fortunately, the knowledge regarding
the mechanisms of interaction between the nanostruc-
tured biomaterials and the biological surfaces, as well as
the discovery of new nanotechnologies and characteri-
zation approaches, have led to a promising perspective
on the use of lipid-based nanocarriers for transmucosal
macromolecular drug delivery (Alonso, 2004; Alonso
& Sanchez, 2004). The effect of the nanocarriers based
on lipid formulations, such as liposomes and solid lipid
nanoparticles (SLN), on oral bioavailability of lipophilic
drugs was extensively reviewed and different mecha-
nisms (physicochemical, biochemical, and lymphatic
transport) for the enhanced bioavailability have been
illustrated (Porter & Charman, 2001).
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N,-o-toluyl-fluorouracil (tofluding, TFu), the chemi-
cal structure of which is shown in Figure 1, is a newly
developed potential anti-tumor lipophilic drug under
investigation by our group. Its anti-cancer efficacy was
ascertained through rigorous experiments in vitro and
in mice (Liu et al., 2006). As one of the pro-drugs of
5-fluorouracil (5-Fu), TFu could be selectively metabo-
lized to 5-Fu in the tumor tissue due to the higher level
of amidase activity in the tumor cells. However, the harsh
conditions of the gastrointestinal tract and the limited
permeability across the intestinal barrier makes the situ-
ation very complex and, hence, the clinical application
of TFu is greatly restricted by the low bioavailability after
oral administration (Norris et al., 1998; Szakdcs et al.,
2001; Nassar et al., 2008).

Hence, an oral formulation with a high degree of oral
absorption would be highly desirable (Luo et al., 2006).
We have successfully prepared TFu-liposomes and two
types (cationic and anionic) of TFu-SLNs (Sun et al.,
2008; Zou et al., 2008; Bai et al., 2009; Liu et al., 2009).
Based on a common conclusion that positively charged
colloidal drug carriers could increase the permeability
and potential uptake of the slightly soluble drugs when
compared with the neutral or negatively charged ones
(El-Shabouri, 2002, Peira et al., 2008), we hypothesized
that the cationic one would be the most potential car-
riers depending on their electrostatic interaction with
the epithelial cells in gastrointestinal tract. However, the
initial studies led us to know that all three formulations
could significantly enhance the bioavailability of TFu, but
there are no significant differences among them. In order
to define which formulation is worthy of being further
researched and developed, further investigations in both
cell and animal levels were conducted.

The stability in the biological fluids and their interac-
tion with the mucosal surfaces of the particles are gov-
erned by many factors, including particle size, surface
properties, and composition of the nanocarriers (Yuan
etal., 2007). Indeed, at present, there is no doubt on the
fact that the size is a critical parameter for the nanocar-
riers to cross the biological barriers (Desai et al., 1997;
Florence, 1997). However, the question that remains to be
answered is how to optimize the abilities of these systems
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Figure 1. Chemical structure of N,-o-toluyl-fluorouracil (TFu).

to overcome the barriers. The intestinal permeability is
the propensity of a compound to move across the epithe-
lial barrier of the intestine. In vitro and in situ absorption
models, such as in situ perfusion of rat intestine, Caco-2
cell monolayer model, and excised intestinal segments
in the ussing chamber, are valuable tools in the discovery
of new chemical entities that are bioavailable after oral
administration (Stewart et al., 1995).

Therefore, in the present study, the specific objec-
tive of the study was to compare the interaction of the
nanoparticles with the Caco-2 cell culture model and the
intestinal permeabilities obtained in the three absorption
nanocarriers, and, eventually, to provide the evidence of
the nanocarrier designation for a potential lipid-based
drug delivery system for enhancing oral bioavailabil-
ity of poorly soluble drugs and their effective clinical
application.

Materials and methods

Materials

N,-o-toluyl-fluorouracil (TFu) was donated by the
Institute of Pharmacochemistry of the Shandong
University. Injectable soya lecithin (phosphatidylcho-
line accounts for 95%, pH =5.0~7.0) was provided by the
Shanghai Taiwei Pharmaceutical Co., Ltd. (Shanghai,
China). Cholesterol and sodium dodecyl sulfate (SDS)
were obtained from the Shanghai Medical Chemical
Reagent Co. Ltd. (Shanghai, China). ATO888 (Compritol®
888 ATO) was purchased from Gattefossé (Saint-Priest,
France). Poloxamer 188 (Pluronic F-68®) was supplied
by Sigma-Aldrich (St. Louis, MO, USA). Cetyl Trimethyl
Ammonium Bromide (CTAB) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). All the other chemicals and
reagents used were of analytical purity grade or higher,
obtained commercially.

Formulation and characterization of nanocarriers

Formulation

Different TFu-loaded lipid-based nanocarriers were pre-
pared according to the procedure previously described
(Sun et al., 2008; Bai et al., 2009; Liu et al., 2009). More
specifically, cationic TFu-SLNs were prepared by film-
dispersion method. Briefly, various amounts of lecithin,
Compritol®888, and TFu were dissolved in 5ml chloro-
form, and the solution evaporated under reduced pres-
sure to form a thin layer of uniform film at the bottom of
the bottle using a rotary evaporator (RE52-98, Shanghai
Yarong Biochemistry Instrument Factory, Shanghai,
China). Residue of the organic solvent was expelled
under vacuum under a water bath at 60°C for 1 h. Ten mil-
liliters of aqueous phase containing surfactant CTAB was
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added to allow the film to expand and disperse, and then
the mixture further dispersed ultrasonically for 4 min by
ultrasonicor (250 W, Ultrasonic Cell Pulverizer, JY88-II,
Xinzhi Scientific Instrument Institute, Ningbo, China).

Anionic TFu-SLNs were obtained following the same
procedure described above but substituting the CTAB
with F-68.

TFu-liposomes were prepared by lipid film hydration
technique and homogenized to the desired sizes. Briefly,
Soya lecithin, cholesterol, and TFu were dissolved in
ether, and ether was evaporated using a rotary vacuum
evaporator to produce a thin lipid film (RE52-98 Shanghai
Yarong Biochemistry Instrument Factory, Shanghai,
China) under a water bath at 40°C for 30 min. The lipid
film was exposed to vacuum at room temperature for 2h
to remove the residue of ether. The resultant lipid film
was hydrated in phosphate buffered saline (PBS, pH
7.4) to prepare crude liposomes suspensions. Then, the
expected sized liposomes suspensions were obtained
from the crude liposomes suspensions using a homog-
enizer under certain pressures (NS1001L, Niro Soavi, Co.,
Italy).

Characterization

The different TFu-loaded nanocarriers were characterized
with regard to morphology, particle size, zeta potential,
and encapsulation efficiency.

Morphology examination

The morphology of nanocarriers was examined by trans-
mission electronic microscopy (TEM) (JEM-1200EX,
Japan).

Size and zeta potential measurements

The size distribution of nanocarriers was determined by
photon correlation spectroscopy (PCS) with a Zetasizer
3000 (Malvern Instruments, Malvern, UK). All measure-
ments were carried out in triplicate. The average particle
size was expressed as volume mean diameter and the
reported value was represented as mean + SD (n=3).

Entrapment efficiency (EE %)

The EE% of TFu to the nanocarriers was calculated from
the concentration of the non-encapsulated drug. The
separation of TFu-SLNs from the non-encapsulated
TFu was performed by the cryogenic ultracentrifugation
method (Shanghai Anting Scientific Instrument Ltd.,
China), whereas TFu-liposomes and free TFu were sepa-
rated using a protamine aggregation method (Sun et al.,
2006). Then, the concentration of TFu was measured at
257nm by RP-HPLC using a SPD-10Avp Shimadzu pump
and a LC-10Avp Shimadzu UV-VIS detector. Samples were
chromatographed on a 4.6 mm x250mm reverse phase
stainless steel column packed with 5 pm particles (Venusil
XBP C-18, Agela, China) eluted with a mobile phase

consisting of 50:50 (v/v) mixtures of acetonitrile and water
ataflowrate of 1 ml/min. Quantification was achieved by
comparison between observed peak area ratios of TFu of
the samples and a calibration curve performed using the
same conditions. Samples were performed in triplicate
and the mean + SD were recorded. The drug entrapment
efficiency (EE%) and drug loading (DL%) were calculated
from equations (1) and (2), respectively:

EE% — Vvtolal _varee %100 (1)
total

DL% — I/Vtotal _varee %100 (2)
lipids

where W, is the analyzed weight of free drug in the

supernatant; W, the analyzed weight of drug in the NPs
dispersions; W, ., the total weight of lipids.

Oral bioavailability studies in mice

The process of oral bioavailability studies and the method
of sample analysis were conducted according to the
procedure previously described (Sun et al., 2008).

Caco-2 cell culture

The human colon adenocarcinoma cell line (Caco-2) was
obtained from the American Type Culture Collection
(Manassas, VA) and used between passages 25-35. Cells
were cultured in MEM supplemented with 10% (v/v) FBS,
1% (v/v) L-glutamine, 1% (v/v) NEAA, and 1% antibiotic
solution (1 x 10* UI/ml penicillin, 10 mg/ml streptomycin)
in a humidified incubator 5% CO,/95% air atmosphere at
37°C. Cells were plated on 75cm? flask and the culture
medium was changed every 2 days for ~ 5-6 days until
the cells reached ~ 80-90% confluence. After the pas-
sage operation, the cells were seeded approximately at
2.5x10° cells per flask.

Determination of cell viability

The effect of the different nanocarriers on their in vitro
biocompatibility was investigated at different concen-
trations using Caco-2 cell cultures. Briefly, the Caco-2
cells were seeded onto a 96-well plate (0.33 cm?/ well)
at a density of 10* cells/cm? for 5 days and until a cell
monolayer was obtained. The cells were incubated with
100 pul of PBS containing different concentrations and
composition of nanocarriers or without nanocarriers
(control) at 37°C for 24 h. Sodium dedocyl sulfate (SDS)
at 2% (w/v) was used as the positive control, and MEM
served as the negative control. After 24 h, the supernatant
was removed by aspiration and the effect of the different
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treatments on cell viability was assessed by a CCK-8 assay
kit (CCK-8, Dojindo, Kumamoto, Japan) according to
the manufacturer’s procedures, and the absorbance at
450 nm was measured using a microplate reader (Model
680, BIO-RAD, PA, USA). The cell viability was expressed
as a percentage of the absorbance of cells treated with
test samples compared to that of the negative control.

Caco-2 permeability studies

For the experiments, the cells were harvested with
trypsin-EDTA and seeded onto polycarbonate mem-
brane filters (0.4 um pore size, 0.60cm? surface area,
PICM 01250, Millicell, MA, USA) inside Transwell® cell
culture chambers (Corning Costar, Cambridge, MA) at
a density of 5 x 10* cells/cm? in the cell culture medium.
The culture medium (0.4 ml per insert and 0.6 ml per well)
was replaced every 2 days for the first week and everyday
thereafter. After 19-21 days in culture, the transepithelial
electrical resistance (TEER) of monolayers was checked
using a Millicell®-ER system (Millipore Corporation,
Bedford, MA). Only the monolayers with a TEER values
above 300 Qcm? were used for the following assays.

The Caco-2 cell monolayer permeability study was
conducted as earlier described (Korjamo et al., 2008). The
transports of different formulations of TFu: free solution,
cationic SLNs, anionic SLNs, and liposomes were studied
in the apical to basolateral direction. The test solutions
were diluted in MEM at 10 pg/ml TFu concentrations. Here
itis necessary to explain that was diluted from 1 mg/ml of
the TFu DMSO solution. The experiment was started by
adding 0.4 ml of test solution at the apical side and 0.6 ml
of HBSS at the basolateral side. Then inserts were incu-
bated at 37°C and 0.2ml samples were withdrawn from
the receiver chambers at 15, 30, 45, 60, 90, and 120 min.
TFu content was determined by LC-MS/MS.

The apparent permeability (P, ) of the monolayers
was calculated according to the following equation:

cm ) dQ 1
Papp| — |=—x——
app( s ) dt AXxC, )

where P_is the apparent permeability coefficient; dQ/
dtis the rate of appearance of TFu in the basolateral side
(ug/s); Ais the surface area of the monolayers (cm?) and

C, is the initial concentration of TFu in the apical side

(ng/ml).

TFu analysis by LC-MS/MS

Liquid-liquid extraction was performed prior to the
LC/MS in order to isolate the drugs from the transport
buffer. Briefly, 1 ml acetic ether was added into 100 ul
sample, followed by the addition of 10 ul glipizide as
an internal standard dissolved in acetonitrile with a

concentration of 1 pg/ml, then the mixture was vortexed
for 3min and centrifuged at 10,800 rpm for 5min, and
900 pl of the supernatant was transferred to a clean test
tube. After evaporation of the samples to dryness under
nitrogen at 40°C, the residues were reconstituted in 100 pl
acetonitrile.

The supernatants of 5ul were analyzed by LC/MS
(Agilent 1100 LC/MSD series) with a Diamonsil C18 col-
umn (5 pm, 150 x 4.6 mm; DIKMA, CA, USA). The mobile
phase consisted of a gradient mixture of acetonitrile
and 0.1% formic acid and was delivered at a flow rate of
0.8 ml/min. The retention times for TFu and the internal
standard were 3.6 and 4.4 min, and the monitored m/z
were 270.9 and 446.0 for TFu and glipizide, respectively.
LC/MS analysis was carried out on an API-Electrospray
SL (Applied Biosystems, Belgium) spectrometer and ioni-
zation was achieved using a turbo ion spray in positive
ion mode. The detection wavelength was set at 257 nm
and the linear dynamic range of the calibration curves
ranged from 20-1600 ng/ml. The limit of detection was
5ng/ml, and the limit of quantification was 10ng/ml. The
inter- and intra-batch accuracy was between 80-110% of
the nominal value over the entire range. The precision
was within 9% over the entire range.

Single-pass intestinal perfusion studies (SPIP) in rats

Male Sprague-Dawley rats weighing 250 + 20 g were used
for all perfusion studies, which were supplied by the
Center of Experimental Animals, Shandong University,
Ji'nan, China. All the animal experiments were conducted
and the animals were housed and handled according
to the requirements of the National Act on the Use of
Experimental Animals (People’s Republic of China).

Perfusion solution

Krebs-Ringe perfusion buffer (K-R buffer solution con-
taining 7.8 g NaCl, 0.35gKCl, 1.37g NaHCO,, 0.02 g MgCl,,
0.22g NaH,PO,, and glucose in 1.48g/1000ml purified
water, pH 6.5) was used as blank perfusion solution. The
perfusate was prepared by dispersing the TFu nanosus-
pensions in the K-R buffer solution (20 mg TFu/100ml)
and installed in the cylinder, which was incubated in a
37°C water bath to maintain temperature.

SPIP experiment

The procedure for the in situ SPIP experiment followed
previously published reports (Kim et al., 2006). Briefly,
five male Sprague-Dawley rats were placed in individual
cages and fasted overnight before the experiment with
free access to water. After an overnight fast, rats were
anesthetized with an intraperitoneal injection of ethyl-
carbamate (100mg/100g body weight), restrained in a
supine position and kept at a body temperature of 37°C
using infrared lamps. Upon verification of the loss of
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pain reflex, a mid-line abdominal incision of 3-4 cm was
made and the whole small intestine was isolated and
cannulated at both ends with two polypropylene tubes
(3.2mm diameter). The former tube was used as inlet
and the latter as outlet. Then, it was first rinsed with 37°C
physiological saline to clear the segment and purged by
air, followed by being connected with the catheters to the
perfusion system (BT00-100M, Baoding Longerpump Co.
Ltd, China) with a 100 ml graduated cylinder as a simple
device. Care was taken to avoid disturbance of the cir-
culatory system, and drops of normal saline solution at
37°C were added onto the surgical area, which was then
covered with wet pledget to avoid loss of fluid.

The isolated segment was rinsed with physiological
saline to clean any residual debris until the out flowing
perfusate became colorless. At the start of the study, the
perfusion buffer containing sample solution was first
perfused at a flow rate of 5ml/min to ensure rapidly fill-
ing the segment and the time was set to zero with the
immediate start of the perfusion and the solution volume
in circulation was recorded as the 0 min volume. After
~ 10min, when steady-state condition was achieved,
the flow rate was adjusted to 2.5ml/min, and the outlet
perfused samples were collected at pre-determined time
intervals (0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and
6.0h) for 6h. During 6 h perfusion period, at each time
point, 1 ml of the sample solution was taken out, the solu-
tion volume in the cylinder was recorded, and 1 ml K-R
perfusate solution with the same temperature was added
in. Samples were frozen immediately and stored at —20°C
until analysis. At the end of the experiment, the perfused
intestinal segment was measured without stretching.

Before analysis, the samples were thawed at 25°C and
treated with 9 ml methanol, and the mixture was treated
in an ultrasonic water bath for 3 min and then centrifuged
at 10,000 rpm for 10 min; 20 pl of the supernatant that was
filtered through a 0.22 pum Phenomenex filter was injected
into the RP-HPLC system for the determination of TFu.

Effects of different intestinal site on intestinal
absorption

SPIP was performed in different intestinal segments
(duodenal, jejunal, ileal, and colon segment) to test if the
intestinal absorption of TFu-loaded nanocarriers could
exhibit the characteristics of intestinal site dependence.
The study followed the method described in Li et al.
(2009) and Dahan and Amidon (2009). Each 10 cm-long
intestinal segment was isolated as follows: duodenum
segment beginning from 1 cm distal to pylorus, jejunum
segment beginning from 15 cm away from pylorus, ileum
segment beginning at the site 20 cm upwards caecum,
while segment colon beginning at the site 2 cm distal to
cecum. The above segments were carefully cannulated
and ligated with both the ends. Then, each segment was
perfused with solution containing different TFu-loaded

nanocarriers for 2h. The experimental operation was
carried out as described above.

Data analysis

The remaining drug (Xr) in each sample was calculated.
The absorption rate constant (Ka) and the absorption
half-life (¢,,) for the samples were calculated by the
following equations:

InXr =InX, -Kaxt (4)
1 0.693

t—= 5
2 Ka ®)

where X is the amount of TFu in the perfusate at 0 h, and
twas the pre-determined time-point.

Calculations were based on outlet perfusate steady-
state concentrations achieved after ~ 10 min. The steady-
state intestinal effective permeability (P, cm/s) was
calculated according to a parallel tube model (6) (Song
etal., 2006):

—QinxIn (
A

Cout
in

(6)

Peff =

where Q, is the perfusion flow rate (0.25ml/min), A is
the mass transfer surface area within the intestinal
segment assumed to be the area of a cylinder (2 nirL)
with the length (L) (measured after 2h) and radius (r)
of 0.18cm, C, and C_ are the inlet and outlet solution
concentrations, respectively.

Statistical analysis

Results were expressed as mean values + SD. A Student’s
t-test was used for statistical comparison/analysis.
P<0.05 was considered statistically significant.

Results

Physicochemical characteristics of TFu-loaded
nanocarriers

The resulting physicochemical characteristics of different
nanocarriers containing TFu are presented in Table 1. As
shown in Table 1, similar particles size (150~200nm) and
EE% (70~85%) of different nanocarriers was obtained, the
main difference was in the zeta potential.

Oral bioavailability of TFu-loaded nanocarriers

In order to elucidate the role of lipid-based nanocar-
riers in their ability to enhance the intestinal absorp-
tion of TFu, the mean concentration in the plasma of
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TFu following the oral administration of the different
nanocarriers and the corresponding control (TFu aque-
ous suspension) were determined. The mean concen-
tration in the plasma vs time profile of the TFu of these
three different formulations and suspension at a dose
of 100 mg/kg for mice are shown in Figure 2. The results
indicate that cationic SLNs, anionic SLNs, and liposomes
could significantly enhance the relative bioavailability
significantly in comparison with TFu aqueous suspen-
sion by up to 202.2+3.5%, 209.2+7.2%, and 211.4 £ 9.6%,
respectively.

Cytotoxicity of the nanocarriers

Before the transport studies, the cellular toxicity of the
different types of nanocarriers was evaluated. The evalu-
ation of the cytotoxicity of the nanocarriers had two
objectives: (1) to determine the concentrations that could
interfere with the cellular metabolism by further stud-
iesin Caco-2, and (2) to obtain a preliminary estimation
of the safety of these new formulations. The cytotoxicity
result was shown in Figure 3.

As shown in Figure 3, the cytotoxicity of all the formu-
lations showed concentration-dependent behaviors. TFu-

liposomes showed high viabilities, even at concentrations
as high as 250 pug/ml. On the other hand, TFu-SLNs
exhibited certain toxicity at higher concentrations, espe-
cially the cationic one. This result can be attributed to
the involvement of the surfactants, in the case of cationic
TFu-SLNs the utilization of the CTAB resulted in higher
cytotoxicity, which is in agreement with the findings of
Liu et al. (2008). At concentration of 10 ug/ml, the cell
viability of all the formulations was up to 80%. Therefore,
10 pg/ml was selected as the threshold of the nanocarrier
concentrations for further Caco-2 experiments to ensure
safety.

Caco-2 permeability studies

During the Caco-2 permeability studies, the apical to
the basolateral transport of the TFu-free solution and
the nanocarrier suspensions across the Caco-2 cell
monolayers was shown in Figure 4. As shown, the TFu-
free solution exhibited a better linear fit (r=0.993) over
120 min of the experiment, which indicated the transport
process was a free diffusion. This may be attributed to
keeping a soluble state in the free TFu solution with the
help of 1% DMSO. Thus, the TFu molecule was small

Table 1. Physicochemical characteristics of different TFu-loaded nanocarriers.

Formulation Mean particle size (nm)  Polydispersity index  Zeta potential (mV)  Entrapment efficiency (%) Drug loading (%)
Cationic SLNs 178.8+9.9 0.167+0.018 +19.5+0.3 71.0£1.2 3.6+0.1
Anionic SLNs 156.5+0.5 0.183+0.022 -30.2+3.6 84.2+3.6 2.1+0.9
Liposomes 180.7+3.9 0.093+0.034 -6.56+3.2 78.0+4.6 7.9%0.4
Each data was presented as mean + SD, n=3.

| —+— TFu suspension —m— cationic SLNs anionic SLNs ~ —=—liposomes

75

b

55

35

TFu concentration (mg/L)

15

=5

N

12

Time (hours)

Figure 2. Mean TFu blood concentrations vs time profiles after oral administration of TFu suspension, cationic TFu-SLNs, anionic TFu-SLNs, and
TFu-liposomes in mice, the data were presented as mean + SD (n=5 in each group).
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control ~ TFu-liposomes

-20 -

Anionic
TFu-SLNs
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2% SDS

T
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Figure 3. Cytotoxicity of TFu-loaded nanocarriers with different concentrations after 24 h of incubation with Caco-2 cells using the CCK-8 method
(compared to the negative control). Each data was presented as mean + SD (n=6 in each group).

1000 -

e Cationic SLNs === Anionic SLNs ' sSOlUtion s Iiposomes|

Concentration (ng/ml)

1 1.5 2
Time (hours)

Figure 4. TFu transport across Caco-2 cell monolayers from the apical to basolateral from different formulations, the data were presented as

mean + SD (n=6 in each group).

enough to diffuse through the aqueous pores at the tight
junctions between cells, which are referred to as para-
cellular absorption. In contrast, TFu-loaded nanocar-
riers exhibited significantly different behaviors which,
beginning with a fast rise then following a flat, was much
closer to that of active transport. These results led us to
the hypothesis that the TFu-loaded nanocarriers may
exploit the way of transcellular absorption.

In addition, the P, . values were calculated and
shown in Figure 5. It was observed that both cationic
SLNs (8.49+1.6x107° cm/s) (p<0.01) and anionic SLNs
(7.89+3.0x10°% cm/s) (p<0.05) could significantly

enhance the transport of TFu compared with liposomes
(5.99+3.2x 1075 cm/s). Especially, cationic SLNs present
much more effective capacity. Depending on their posi-
tively charged surface, cationic SLNs have a great affinity
with the epithelial cells and could enhance the adsorp-
tion on the cell surface and the following endocytosis.
This transport-enhancing effect was in good agreement
with the finding that chitosan could enhance the perme-
ability of the epithelial cells (de Salamanca et al., 2006;
Prego et al., 2006). However, all nanocarrers presented
significantly lower P, ' values compared to the free TFu
solution (10.62+1.9 x 10 cm/ s) (p <0.05), which probably
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Figure 5. Permeability (Papp) of TFu from free solution and three
nonocarriers suspensions across the Caco-2 cell monolayers, the
data were presented as mean + SD (n=6 in each group). * p<0.05,
** p< 0.01 vs liposomes.

transport the Caco-2 cell monolayers by free diffusion
through the paracellular pathways.

Absorption property of TFu-loaded nanocarriers in
rat intestine

The high correlation of rat P_; values with those of human
was verified in the studies of Zakeri-Milani et al. (2007), in
our present study, the SPIP of the TFu-loaded nanocarri-
ers in rats was conducted to predict the human intestinal
permeability and fraction absorbed. The SPIP procedure
assumes that loss of drug during the perfusion is due to
permeation of the intestine. Therefore, determination
of the non-absorptive loss of perfused drug is required.
Results of preliminary studies indicated that TFu is stable
in the blank intestinal circulating solution, because the TFu
concentration was 100.7 +2.1% of the original solution after
incubation with the blank perfusion solution for 6 h at 37°C
(n=5). In addition, the rat’s intestine seems not to physi-
cally adsorb, as the TFu concentration was still 98.2 +2.8%
of the original solution after it was incubated with a seg-
ment-cleaned blank intestine for 6h at 37°C (n=5). These
results confirmed that the loss of TFu in the SPIP study
could be attributed to the intestinal absorption.

Because some common used non-absorbed markers
such as phenol red or radioactive isotope was demon-
strated to be incompetent (Sutton et al., 2001), in order to
overcome the disadvantages of the drug absorption in GI
tract, we adopted a method of recording directly volume
to determine the volume change of perfusate in intestinal
perfusing experiment.

The intestinal absorption kinetics of TFu-loaded
SLNs and liposomes were as follows: In Xr-anionic
SLN=2.327-0.633t; In Xr-cationic SLN =1.872-0.429¢, and
In Xr-liposome =2.550-0.337¢, respectively. The relative
absorption parameters were calculated and shown in
Table 2. It was found that both Ka and uptake percentage

Table 2. The absorption parameters of different formulations follow-
ing in situ single-pass rat intestinal perfusion after perfusing for 6 h.

Formulations Anionic SLNs Cationic SLNs Liposomes
Ka(h) 0.633+0.010 0.429+0.078 0.337+0.161
T, (h) 1.096 +0.175 1.654+0.330 2.340+0.188
Uptake 83.25+2.21 76.91+1.64 69.01£2.32
percentage (%)

Each data was presented as mean + SD (n=5 in each group).

of these three different formulations follow a rank order:
anionic SLN > cationic SLN > liposomes.

Absorption of TFu-loaded nanocarriers in various
intestinal segments of rats

In the present study, SPIP was performed in four different
intestinal segments to test whether the intestinal absorp-
tion of the different TFu-loaded formulations exhibited
site-dependent changes. The absorption percentages of
TFu in different formulations at various intestine regions
were shown in Figure 6. In addition, The P_; values for
each intestinal segment for different formulations were
calculated from the steady-state concentrations of com-
pounds in the perfusate collected from the outlet and
summarized in Table 3. For the three formulations, dif-
ferent P values were obtained following the perfusion
to the different segments, with the lowest permeability
in the colon part. The results indicated that all the TFu-
loaded formulations could be permeated and absorbed in
all the segments of the intestine. The best absorbed seg-
ment in the intestine of the cationic SLNs, anionic SLNSs,
and liposomes was the jejunum, ileum, and jejunum,
respectively.

Discussion

The measurement of the TEER is a common way to
determine the paracellular permeability to ions and
their changes upon exposure to a permeation enhancer.
Reductions in the TEER can be correlated with partial
disruption of the tight junction complex that restricts the
paracellular route for the hydrophilic compounds. In the
present study, the TEER values were measured before
and after the examination and the result showed that
there were no significant changes during the experiment
(data not shown), which indicated that the Caco-2 mon-
olayer was almost intact during the experiment and that
none of the formulations studied containing TFu affected
the integrity of the cell monolayer. It also suggested that
the nanocarriers are non-toxic to the cells, which is in
agreement with the results of the cytotoxicity studies
considering the excipients employed in their preparation.
Furthermore, the drug absorption by the paracellular
pathway cannot be significant under these conditions.
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Figure 6. Absorption of drugs at various regions of the rat intestine, the data were presented as mean + SD (n=5 in each group). * p<0.01 vs anionic

SLNs and liposomes; ** p<0.01 vs cationic SLNs and liposomes.

Table 3. The permeability coefficient values (P,;, cm/s) following in situ single-pass rat intestinal perfusion to the different small intestinal

regions.
P (cm/s)
Duodenum Jejunum Ileum Colon
Cationic SLNs 6.54+£0.30x10°° 7.71+£0.49x10°° 2.82+0.54x10°° 1.09+£0.29%x10°°
Anionic SLNs 2.69+£0.15x107° 5.79+0.19x10°° 7.11+£0.56x10°° 2.15+0.16 x 1076
Liposomes 3.29+0.22x10°° 6.16+0.63x10°° 4.71+0.74x10°° 2.44+0.14x10°°

Each data was presented as mean + SD (n=5 in each group).

Itis accepted that TFu-loaded nanocarriers could be trans-
ported across the monolayer by transcytosis mechanism,
entering the Caco-2 cells at the apical surface of the mon-
olayer by endocytosis (Ponchel et al., 1997). Thus, we can
conclude that the main transport pathway of TFu across
the Caco-2 monolayer could be attributed to the endocytic
uptake of TFu-loaded nanocarriers and exocytic release
of the nanoparticles by the Caco-2 cells rather than the
enhanced diffusion of TFu through the perturbed tight
junction between the cells (Yoo & Park, 2004).

The oral bioavailability results indicated the lipid-
based nanocarriers including cationic SLNs, anionic
SLNs, and liposomes could efficiently enhance the bioa-
vailability of TFu in comparison with its aqueous suspen-
sion. However, there are no significant differences among
them (p>0.05), which is a little in contradiction with our
original scheme that cationic SLNs should be more effi-
cient than the anionic ones depending on their positive
charged surface. It implicated that it is probably because
the surface charge is not the key factor that determines
their fate through the gastrointestinal tract because of its
harsh environment. In order to understand how formula-
tion design influences physicochemical properties and
associated function in vivo, further investigations in both
cell and animal levels were conducted.

Recent studies performed in the Caco-2 model cell
lines have provided evidence on the ability of lipid-based
nanocarriers to cross epithelia. Our present study focused
on evaluation of TFu-loaded nanocarriers transport
using different formulations of TFu across the Caco-2
cell culture model. We hypothesized that the increase of
bioavailability provided by lipid based nanocarriers was
mostly due to their capacity to enhance permeability
across the intestinal barrier. Regarding the experiments
carried out with nanoparticle lower P, values were
demonstrated for TFu from nanoparticle formulations
compared to the free drug solution. These results are
in agreement with the previous reports for famotidine-
loaded microparticles (Degim et al., 2005) and dexameth-
asone-loaded nanoparticle-coated microparticles (Beck
etal., 2007). In the previous studies, it was reported that
overall ranking of compounds with P, < 1x10° cm/s,
between 1-10x10% cm/s, and > 10x10°% cm/s can be
classified as poorly (0-20%), moderately (20-70%) and
well (70-100%) absorbed compounds, respectively (Yee,
1997). Based on this observation, it is suggested that TFu
is moderately absorbed from the Caco-2 monolayers
using lipid-based carriers. Cationic SLNs tend towards
the higher range of absorption suggesting a moderate-to-
high absorption behavior compared to anionic SLNs and
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liposomes. On the other hand, the P, for anionic SLNs
also demonstrated to be higher than that of liposomes,
which was statistically significant (p < 0.05). This might be
attributed to the lipid composition of SLNs, which could
interact with the cell membrane and induce a series of
reactions thereby increasing the paracellular permea-
tion (Lindmark et al., 1998). Over all, in our study, SLNs
exhibited more effective permeability than liposomes for
TFu on Caco-2 cell monolayer.

However, although the Caco-2 cell model was widely
used with in vitro assays to predict the absorption rate of
candidate drug compounds across the intestinal epithe-
lial cell barrier, lacking the function of secretion leads to
the deficiency of the mucus layer unlike the rat intestine,
even human intestine. There are still a great number of
differences between the cell culture and intestine. In
addition, the activity of the most important metabolizing
enzyme in the human gut, CYP3A4, is low or absent in
the Caco-2 monolayer (Ungell, 2004). Thus, in the inter-
pretation of these results, we should be conscious of the
fact that in these cell culture experiments an important
amount of nanoparticles is forced to be directly in con-
tact with the cells, a situation that differs substantially
from that expected following oral in vivo administration
(Garcia-Fuentes et al., 2005).

In order to examine which SLNs formulation was more
effective and to identify whether the above conclusion
was also suitable in animal level meanwhile, we have
conducted the SPIP study in rat intestine. Actually, SLNs
could be absorbed more and faster in the rat intestine
than liposomes, which is in accordance with the results
of our previous studies on the Caco-2 cells and Morishita
and Peppas (2006). However, what contradicts the results
obtained in Caco-2 cells study is that the anionic SLNs
exhibited higher Ka and uptake percentage than cationic
SLNs (p<0.05) and liposomes (p <0.05). It can be attrib-
uted to the structure of carriers and the physiological
differences between cell culture and rat intestine. The
cationic SLNs exhibit enhanced permeability in cellular
level because nanoparticles could directly interact with
cell membrane depending on their positive charge on
surface and improve the following intracellular transport;
however, in vivo intestine, thick mucus layer covering the
whole GI tract, or other physiological barriers prevented
nanocarriers interacted with cell membrane directly and
hampered the absorption of the drug molecules after
oral administration (Hunter and Hirst, 1997; Lennernis,
1998; Gabor et al., 2004). By comparing the transmucosal
behavior of these nanocarriers in vitro and in vivo, it was
demonstrated that SLNs, including cationic and anionic
SLNs, are capable of more enhanced transportation of
TFu than liposomes both in vitro and in vivo. However,
considering the limitation of the Caco-2 cell model, we
have a conclusion that anionic SLNs were more effective
in the transport of TFu and are worthy of being further

researched and developed. We hope these results in our
present study can provide evidence of the nanocarrier
designation for their effective clinical application.

The occurrences of site-specific absorption in the GI
tract also can be attributed to the differences in the com-
position of the carriers and the thickness of the mucus
layer, pH, surface area, and enzyme activity (Hamman
et al. 2005; 2007). In general, drug permeability is
accepted to be higher in the upper region of the gas-
trointestinal tract compared to the lower parts because
more intestinal villus is present in the duodenum and the
jejunum than the other segments, thereby making them
the best absorbed segments (Masaoka et al., 2006). In
our study, all three nanocarriers have good absorption in
the jejunum (as shown in Figure 6). However, they have
respective characters of absorption due to the differences
in their composition and the intestine environment.

For the anionic SLNs and liposomes, the main absorp-
tion segments are the jejunum and ileum. The smaller
size and inherent hydrophobicity of the nanoparticles
favor absorption by the Peyer’s patches and Microfold
Cells (M-cells) enriched in the jejunum and the ileum.
In this way, they can be transported into lymphoid cir-
culation without the addition of absorption enhancers
(Khoo et al., 2003; Pukanud et al., 2009). In addition, the
regional membrane is lower than the upper parts of the
gastrointestinal tract, which caused further improvement
in the SLNs absorption. The duodenum showed a slightly
lower absorption percentage in this study, which sug-
gested the epithelial surface area was not a determinant
of the intestinal permeability of the nanoparticles, as
reported in the previous study (Masaoka et al. 2006).

For the cationic SLNs, the main absorption segments
were duodenum and jejunum. Although there are Peyer’s
patches and M-cells in the ileum, the absorbed amount
of cationic SLNs in the duodenum was more than double
of that in the ileum. Therefore, the enhanced absorption
of the cationic SLNs in the duodenum and the jejunum
was attributed to the redundant policae circulane and the
intestinal villi that greatly increase the surface area. These
results suggest that the main mechanism of absorption
for the cationic SLNs is the enhanced bioadhesion (Liu
etal., 2009).

Conclusion

In the present study, the potential of three different
nanocarriers as oral delivery systems for N3-o-toluyl-
fluorouracil (TFu) were evaluated. The interaction of
the TFu-loaded nanocarriers with the Caco-2 cell model
and the absorption in rat GI tract were investigated to
define which formulation is worthy of being further
researched and developed. By comparing the transmu-
cosal behavior of these nanocarriers in vitro and in vivo,
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it was demonstrated that SLNs, including cationic and
anionic SLNs, are capable of more enhanced transporta-
tion of TFu than liposomes. Furthermore, considering the
results of the cytotoxicity study, the anionic SLNs were
identified to be more effective in the transport of TFu and
were worthy of being further researched and developed.
We hoped these results in our present study could pro-
vide the evidence of the nanocarrier designation for their
effective clinical application. However, due to the extreme
complexities inherent in the study of the particle-uptake
phenomenon and the mechanisms of interaction with the
epithelium, studies that are more detailed are needed to
fully understand the in vivo behavior of these lipid-based
nanocarriers.
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