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Abstract Self-microemulsifying drug delivery systems (SMEDDSs) have recently returned to the lime-

light of academia and industry due to their enormous potential in oral delivery of biomacromolecules.

However, information on gastrointestinal lipolysis and trans-epithelial transport of SMEDDS is rare.

Aggregation-caused quenching (ACQ) fluorescent probes are utilized to visualize the in vivo behaviors

of SMEDDSs, because the released probes during lipolysis are quenched upon contacting water. Two

SMEDDSs composed of medium chain triglyceride and different ratios of Tween-80 and PEG-400 are

set as models, meanwhile Neoral� was used as a control. The SMEDDS droplets reside in the digestive

tract for as long as 24 h and obey first order kinetic law of lipolysis. The increased chain length of the

triglyceride decreases the lipolysis of the SMEDDSs. Ex vivo imaging of main tissues and histological

examination confirm the trans-epithelial transportation of the SMEDDS droplets. Approximately 2%

e4% of the given SMEDDSs are transported via the lymph route following epithelial uptake, while liver

is the main termination. Caco-2 cell lines confirm the cellular uptake and trans-epithelial transport. In

conclusion, a fraction of SMEDDSs can survive the lipolysis in the gastrointestinal tract, permeate across

the epithelia, translocate via the lymph, and accumulate mainly in the liver.
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1. Introduction

Self-microemulsifying drug delivery systems (SMEDDSs) are
isotropic mixtures of lipids, surfactants and co-solvents, which
spontaneously emulsify in gastrointestinal tract (GIT) and argu-
ably form kinetically stable microemulsions1e3. For convenience,
SMEDDS droplets are referred in the context. Due to the excep-
tional solvation capability and permeation enhancing effects,
SMEDDSs have drawn considerable interests from both academia
and industry in improving oral absorption of poorly water-soluble
compounds since its introduction in 1980’s. The successful
commercialization of Sandimmun Neoral� (cyclosporin A),
Norvir� (ritonavir), and Fortovase� (saquinavir) inspired further
interests in this technology. Within the last five years, numerous
discoveries and substantial improvements have been achieved in
SMEDDSs, thus bringing this old technology back in the lime
light4.

One of the recent comebacks for SMEDDSs is a game
changing approach for oral delivery of hydrophilic peptides,
proteins, polysaccharides, and pDNA5. A hydrophobic ion pairing
technique was developed to incorporate the hydrophilic bio-
macromolecules in the lipophilic phase of SMEDDSs by com-
plexing them with oppositely charged lipophilic auxiliary
agents6e8. The microemulsions formed in the GIT protect the
cargos from degradation by enzymes and thiol-disulfide exchange
with dietary proteins. Mucoadhesive SMEDDSs by incorporating
hydrophobic mucoadhesive polymers9,10, and mucus-penetrating
SMEDDSs by PEG-coating11, mucolytic agents’ incorpora-
tion12,13, zeta potential inverting14, or cell penetrating peptide
modification15,16, have been developed to improve the oral ab-
sorption of the macromolecular drugs. The underlying hypothesis
is that the drugs are absorbed as the payloads accompanying the
translocation of the SMEDDS droplets across the epithelia5,17.
Although the in vivo therapeutic effects confirmed the enhanced
absorption of the macromolecular drugs, the intestinal fate of
SMEDDSs and the related affecting factors are still unknown5.
Transwell chamber techniques, rotating silicone tube, fluorescence
recovery after photo-bleaching, and multiple particle tracking
technique have been exploited to quantify the diffusion of
SMEDDS droplets through mucus barriers17. However, these
techniques ignore the lipid origin of the formulation. Unlike the
polymeric nanoparticles, SMEDDSs suffer extensive lipolysis in
the GIT. Although the colloidal aspects of dispersion and diges-
tion of SMEDDSs have been well elucidated in in vitro lipolysis
model1, the in vivo behaviors of SMEDDSs still pose great diffi-
culties to researchers. The fundamental issues concern whether
SMEDDSs can survive GI lipolysis and permeate across the
epithelia.

Previously, we developed novel aggregation-caused quenching
(ACQ) fluorescent probes to track the intact structures of lipid
based carriers (LBCs), e.g., solid lipid nanoparticles (SLNs) and
nanoemulsions, under lipolysis18e23. The probes emit strong near-
infrared fluorescence when being molecularly loaded inside the
lipid matrix. But the released probes due to lipolysis are
completely and instantly quenched upon contacting water.
Consequently, the fluorescence of the intact LBCs is discriminated
from the buck signals, rendering accurate visualization of the
in vivo behavior of the carriers24,25. The same is true when the
probes are dissolved in SMEDDSs. The probes, like drugs, can be
encapsulated into the SMEDDS droplets during the self-
emulsification process. Thus, the intact SMEDDS droplets can
be visualized through the fluorescent signals.
In this study, SMEDDSs composed of Labrafac CC, Tween-80
and PEG-400 with different Tween-80/PEG-400 weight ratios
were prepared and set as model samples. Neoral� was set as the
control group. ACQ probes, P2 and P4, were loaded for IVIS and
confocal laser scan microscope (CLSM) studies, respectively. The
purpose is to outline the translocation profiles of oral administered
SMEDDSs.

2. Materials and methods

2.1. Materials

Labrafac CC was a kind gift from Gattefosse (Cedex, France),
while Tween-80 and PEG-400 were from SINOPHARM (Beijing,
China). Neoral� was purchased from Novartis (Basel,
Switzerland). DAPI (40,6-diamidino-2-phenylindole) and optimal
cutting temperature (OCT) compound was from Shanghai Yeasen
Biotech (Shanghai, China) and Leica (Mannheim, Germany),
respectively. DMEM, RPMI 1640 and fetal bovine serum are from
Gibco Invitrogen (Carlsbad, CA, USA). Caco-2 (human colorectal
adenocarcinoma cell) and Raji (human Burkitt’s lymphoma cell)
were obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China), while HT29-MTX cells were from
China Center for Type Culture Collection (Wuhan, China). The
ACQ probes, known as P2 and P4, were synthesized in the
laboratory26.

SpragueeDawley (SD) rats (male, 200 � 20 g) were provided
by SLAC Laboratory Animal (Shanghai, China). The procedures
of animal experimental were approved by the Committee on
Welfare and Ethics of Experimental Animals at School of Phar-
macy, Fudan University, China.

2.2. SMEDDS preparation

Table 1 shows the formulation of the SMEDDSs. Two SMEDDSs
were prepared with varied Tween-80/PEG-400 ratios and encoded
S1 and S2 (Supporting Information Fig. S1), respectively. For
loading of the ACQ probes, 100 mL dichloromethane containing
100 mg P2 or 20 mg P4 was put in glass tube. Dichloromethane
was removed under nitrogen sweeping. PEG-400 was added in the
tube, which was violently vibrated under vortex till the probe
residues were dissolved. Finally, Labrafac CC and Tween-80 were
added and mixed with PEG-400 homogeneously under vortex.

Preparation of P2/P4-loaded Neoral� was similar to that of the
SMEDDS formulations. The oil content was collected from the
soft capsules of Neoral�. Then, 100 mg P2 or 20 mg P4 was
dissolved in 1 g of the content under vortex.

The SMEDDS formulations were dispersed in 8-fold of pure
water under vortex for characterization and cellular studies.

2.3. Characterization

Zetasizer Nano (Malvern Panalytical, Malvern, UK) was used to
measure the particle size, polydispersity index (PDI) and Zeta-
potential. Transmission electron microscope (TEM, JEOL Ltd.,
JEM-1230, Tokyo, Japan) was used to observe the morphology.
IVIS Spectrum (PerkinElmer, Waltham, MA, USA) was adopted
to measure the fluorescent intensity of P2 (labs, 710 nm; lem,
760 nm) and P4 (labs, 640 nm; lem, 680 nm), being expressed as
average radiant efficiency (ARE) by a region of interest (ROI)
quantification method.



Table 1 Formulation and characterization of S1, S2 and Neoral�.

SMEDDS Formulation weight (g) Water

(mL)

Size (nm)a PDIa z (mV)a P2/P4 (mg) Fluorescence

intensity

(TRE, � 10�10)a
Labrafac CC Tween-80 PEG-400

P2@S1 0.10 0.45 0.45 8 19.06 � 1.07 0.13 � 0.03 �3.10 � 0.21 100 1.14 � 0.14

P4@S1 20 9.51 � 0.11

P2@S2 0.10 0.30 0.60 8 26.31 � 0.74 0.16 � 0.02 �2.75 � 0.54 100 1.11 � 0.25

P4@S2 20 9.43 � 0.21

P2@Neoral� 1.00 8 30.80 � 1.04 0.08 � 0.01 �1.76 � 0.42 100 1.11 � 0.26

P4@Neoral� 20 9.12 � 0.43

SMEDDS, self-microemulsifying drug delivery systems; PDI, polydispersity index; TRE, total radiant efficiency.
aData are presented as mean � SD (n Z 3).
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2.4. Fluorescent stability

The SMEDDSs, 0.8 g, was homogeneously dispersed in 6 mL
deionized water or buffers of different pHs for self-
microemulsification. The dispersions were incubated at 37 �C for
24 h. Before and 4, 8, 12, and 24 h after the incubation, samples were
withdrawn for size, PDI, and fluorescent intensity measurement.

2.5. Gastrointestinal lipolysis

As proved in previous studies, the decrease of fluorescent intensity
correlated very well with the lipolysis of lipid-based formulations,
while IVIS (PerkinElmer) provides a real-timemonitor for the in vivo
lipolysis process19e23. The SMEDDSs, 1 g, were given by gavage to
each rat. At predetermined intervals, the rats were anaesthetized with
isoflurane using an on-line gas anesthetizing system for IVIS Live
Imaging. The ARE values within the ROIs were measured by vendor
software for subsequent quantitative analysis.

2.6. Gastrointestinal translocation and in vivo distribution

After gavage of 1 g SMEDDSs, 100 mL venous blood was
collected from the eye socket of the rats at predetermined in-
tervals. Then the rats were sacrificed by overdose of pentobarbital
sodium (i.p.). The whole GIT and main tissues (i.e., liver, lung,
spleen, and kidneys) were then dissected and visualized under
IVIS (PerkinElmer). The total radiant efficiency (TRE) values of
the ROIs were measured.

2.7. Trans-epithelial transportation

Histological examination of the jejunum segment following in situ
single-pass intestinal perfusion was performed to investigate the
trans-epithelial transportation of the SMEDDSs19. Briefly, the
jejunum segment was cannulated to form a loop, where the
SMEDDSs were perfused from the pylorus to the ileum until an
equilibrium of fluorescent intensity in the effluents was achieved.
Then the jejunum segment was successively excised, fixed in 4%
paraformaldehyde solution, dehydrated in 30% sucrose solution
and frozen in the OCT compound. The frozen tissues were cut into
10 mm slices, which were stained with DAPI and observed under
CLSM (Carl Zeiss Inc., LSM710, Jena, Germany).

2.8. Lymphatic transportation

Lymphatic transport of the SMEDDSs was studied in conscious
rat with mesenteric lymphatic cannulation. Male SD rats weighing
300e350 g were fed with 1.5 mL peanut oil 30 min before the
surgery. Then the rats were anesthetized by intraperitoneal injec-
tion of 50 mg/kg sodium pentobarbitone. The mesenteric lymph
duct was cannulated with a polyethylene tube (Instech Labora-
tories Inc., PE-25, Plymouth Meeting, PA, USA) as described
previously27,28. The animals were fasted while with free access to
Ringer’s solution for recovering overnight (12e18 h). After oral
administration of the SMEDDSs via gavage, lymph samples were
collected continuously until 36 h post oral administration. The
cumulative P2 fluorescence (TRE) in the lymph fluids was
measured using the IVIS (PerkinElmer). For quantification, the
SMEDDSs were diluted with blank lymph fluids to get lymph
samples with a series concentrations of SMEDDS. The fluorescent
intensities of these samples were measured with IVIS (Perki-
nElmer) to establish calibration curves for the amount of the
SMEDDS. Within the concentration range from 1.56 � 10�4 to
1 � 10�2 (mg/mg), good linear relationships are found with the
TRE values, while the within- and inter-day precisions are all
below 2%.

2.9. Cellular interaction

Cell culture was performed following previously established pro-
cedures20,29. Cellular uptakewas performed on Caco-2 and Caco-2/
HT29-MTX co-culture monolayers. Caco-2 cells in density of
5 � 104/cm2 were seeded and cultured for 14 days under 5% CO2,
90% relative humidity, and at 37 �C. For co-culture monolayers,
Caco-2 andHT29-MTXcellsweremixed at a population ratio of 7:3
and seeded in a total density of 1 � 105 cells/cm2. Due to lack of
agitation, 200mLaqueous dispersion of the SMEDDSswas added to
the cell model and incubated for 2 h. Following washing with PBS,
the cells were recorded by IVIS and observed under CLSM (Carl
Zeiss Inc.) following DAPI staining, respectively.

Caco-2/HT29-MTX and Caco-2/HT29-MTX/Raji cell models
were cultured to investigate the trans-monolayer transport of the
SMEDDSs. Caco-2 and HT29-MTX (7:3) mixed cells were
seeded in a total density of 1 � 105 cells per cm2 onto the apical
(AP) side of Millicell� inserts (Millipore, Billerica, MA, USA)
and cultured for 21 days. A Millicell ERS-2 (Millipore, Billerica,
MA, USA) was used to monitor the trans-epithelial electrical
resistance (TEER) of cell monolayers. A TEER of 300 U∙cm2

confirms the formation of tight junctions, i.e., an integral cell
monolayer. For Caco-2/HT29-MTX/Raji cell model, the initial
culturing is the same with that used in the Caco-2/HT29-MTX cell
model until the formation of tight junctions. Raji cells were added
to the basolateral (BL) side and co-cultured for another 4e5 days
for infiltration, which is indicated by a drop of TEER value below



Figure 1 Size distribution (A) and TEM pictures (B) of S1 (B-1), S2 (B-2) and Neoral� (B-3) (scale bar Z 100 nm).

Figure 2 Stability of fluorescent intensity (A, D, G), particle size (B, E, H) and PDI (C, F, I) of S1 (A, B, C), S2 (D, E, F) and Neoral� (G, H, I)

in water and buffers of different pHs.

Gastrointestinal fate of SMEDDS 1013
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250 U∙cm2. Then 200 mL aqueous dispersion of the SMEDDSs
was added to the AP side, while 600 mL HBSS to the BL side of
the insert. At 1, 2, and 4 h of incubation at 37 �C, 200 mL samples
were withdrawn for measurement of fluorescent intensity.

2.10. Statistical analysis

One-way analysis of variance (ANOVA) was applied to test for
significance in the experiments. Statistical significance was set at
P < 0.05.

3. Results and discussions

3.1. Characterization of the SMEDDSs

The appearance of the aqueous dispersion of blank and P2/P4-
loaded SMEDDSs is shown in Supporting Information Fig. S2.
All the dispersions are transparent with light blue opalescence.
Loading of probes doesn’t change the appearance of the dis-
persions but slightly burns the colors. The size of the SMEDDSs
varies between 19 nm and 30 nm with a normal distribution,
while the PDIs are all less than 0.20 (Table 1 and Fig. 1A). The
morphology of the dispersed SMEDDSs is spherical, while the
observed size distribution is coincident with results from
Figure 3 Live imaging photographs in rats after gavage administration o

(average radiant efficiency) in rats vs. time; Data are presented as mean �
Zetasizer Nano (Fig. 1B). Besides, the zeta potential and
the fluorescent intensity were comparable among SMEDDSs
(Table 1).
3.2. Fluorescent stability

An accurate imaging requires a stable fluorescence from the car-
riers and absence of fluorescent recurrence due to dissolving of
aggregated probes by endogenous solubilizers such as phospho-
lipids and bile salts30e33. Negligible interferences from fluores-
cent recurrence have been confirmed previously with quenched
aqueous solution of the ACQ probes as a control group19e23. The
in vivo and ex vivo experiments in this study follow the same
dosage and procedures as that used in the previous ones. However,
since a different LBC was investigated, the stability of fluo-
rescently labeled SMEDDSs was studied (Fig. 2). The particle size
(Fig. 2B, E, and H) and the PDI value (Fig. 2C, F, and I) are rather
stable in all media, indicating stable and intact structures. The
fluorescent intensities of S1 and S2 in pH 4.5 acetate buffers get a
slight decrease, while a slight increase for Neoral� in pH 1.2
hydrochloric acid solution is seen (Fig. 2A, D, and G). The fluc-
tuation of the fluorescent intensity may be due to the var-
iation34e36. Generally, the fluorescence of the SMEDDSs is stable
in aqueous media. Fluorescent quenching due to either probe
f S1, S2 and Neoral� (A). Quantification plots of fluorescent intensity

SD (n Z 3) (B). The plots fit to first-order kinetic law (C).



Figure 4 Ex vivo imaging of the whole dissected GIT after gavage administration of S1, S2 and Neoral�.
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leakage or water infiltration is negligible. The fluorescence can be
used to monitor the structural change of the SMEDDSs.

3.3. In vivo lipolysis

The live imaging of the rats before and after being given P2
labeled SMEDDSs is shown in Fig. 3A. All SMEDDSs show a
long residence in the GIT up for 24 h with a gradual decreasing
trend of fluorescence. Compared with the quick lipolysis of SLNs
(4 h)21, the lipolysis of SMEDDSs is rather slow. More particles
may survive the lipolysis and have chances to interact with the
epithelia22. Though being limited in knowledge, the slow lipolysis
may be due to the extremely small particle size of the SMEDDSs.
Both in vitro and in vivo studies have shown slowing down
lipolysis of nanoemulsions at decreased particle size from 550 to
80 nm19. The finding is contradictory to the existing knowledge
that increased specific surface from the reduced size facilitates
reactions37,38. The underlying mechanisms are yet to be explored.

The in vivo lipolysis is displayed as the normalized ARE
values vs. time, and the initial fluorescence intensity is set as
100% (Fig. 3B). All SMEDDSs present similar trends in kinetics.
A slight increase in the fluorescent signals is seen in the first 2 h.
Then the fluorescence declines gradually to a low level at 24 h.
The initial increase of fluorescence may be due to the dispersion
and self-microemulsification process. Neoral� presents higher
normalized ARE values than the other two SMEDDSs during the
lipolysis process, indicating slower in vivo lipolysis. The differ-
ences are mainly ascribed to the chain length of the lipids.
Medium-chain triglycerides (MCTs), i.e., Labrafac CC, were used
in S1 and S2, while long-chain triglycerides (LCTs), i.e., corn oil,
were used in Neoral�39. A faster lipolysis rate was found in
MCTs than in LCTs40e42. Due to the same amount of Labrafac
CC, S1 and S2 demonstrate similar behavior in the mid-posterior
stage of the lipolysis. However, the Tween-80/PEG-400 ratio has
certain effects on the initial stage of dispersion. Starting from 2 h
post administration, the in vivo lipolysis profiles can be well fitted
to first-order kinetics (Fig. 3C). A lipolysis half-life of 4.94, 4.99,
and 9.06 h are calculated for S1, S2, and Neoral�, respectively.

3.4. GI retention

Fig. 4 shows the ex vivo imaging of the whole GIT of rats treated
with SMEDDSs. All the SMEDDSs show similar GI transport and
retention. Until 24 h post administration, faint fluorescence is
seen, indicating long residence of SMEDDSs in the GIT. The
gastric emptying of the SMEDDSs is quick, because fluorescent
signals appear in the small intestine at 0.5 h. This may be ascribed
to the extremely small size of the SMEDDSs. At 2 h, the
SMEDDSs have been transported throughout the small intestines.
This finding confirms the resistance of the SMEDDSs to lipases.
Conversely, SLN signals can only be found in the stomach due to
the intense lipolysis in the small intestine20. Slowing down the
lipolysis by PEG coating or lipase inhibitor facilitates the survival
of SLNs in the intestine22.

3.5. In vivo distribution

Fig. 5A shows the ex vivo imaging of primary organs of the rats
treated by the SMEDDSs. Strong fluorescent signals are seen in
various organs after 2 h, confirming the absorption of intact
SMEDDS droplets that survive the lipolysis in the GIT. Consid-
ering the appearance time and the intensity of the fluorescence,
liver is the main accumulation organ, followed by the lung, the
spleen and the kidney. Quantification of total fluorescence in the
liver along with the time is performed and shown in Fig. 5B. All
SMEDDSs present similar liver exposure based on the area under
the curve (AUC), which is 4.72 � 1011, 4.73 � 1011 and
4.36 � 1011 for S1, S2, and Neoral�, respectively. In the initial
4 h, the accumulation rate and amount in the liver is in the
sequence of S1>S2> Neoral�, which may be due to the different
absorption rates. The peak times for each SMEDDSs are far
behind their transportation in the GIT, being 18 h for S1 and S2,
12 h for Neoral�, respectively. This may be due to the long ab-
sorption process. Nonetheless, the maximum fluorescent in-
tensities are comparable among the three formulations.

3.6. Pharmacokinetics in blood and lymphatic transport

Fig. 6A shows the variation of fluorescent intensity in blood post
administration of the SMEDDSs. The fluorescent intensities in the
blood are generally one thousandth that in the liver, because
nanoparticles in blood circulation are rapidly captured by the
liver43. The initial absorption of the SMEDDSs is in the sequence
of S1>S2>Neoral�. A 1-h lag of absorption is found for Neoral�
comparaed with S1 and S2. These results explain the initial dif-
ferences in liver accumulation among the formulations.
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Nonetheless, Neoral� shows a more sustained absorption than S1
and S2, presenting a peak time of 18 h versus 12 h of S1 and 8 h of
S2. Superior lipolysis resistance from LCT to MCT is the main
reason for the different absorption patterns. Minute disparities in
the AUCs are found among the formulations, which are
3.40 � 108, 2.57 � 108 and 2.68 � 108 for S1, S2 and Neoral�,
respectively. However, due to the faint fluorescent intensity in
comparison with that in the liver, it is not rational to compare the
bioavailability of SMEDDSs using the AUC values in the blood.

Fig. 6B shows the cumulative transfer percentage of
SMEDDSs via the lymphatic route in rats. SMEDDS signals
appear in the lymph at 2 h post administration and go steadily up
at the first 12 h. The cumulative lymphatic transportation is similar
for S1 and S2, being 3.96 � 0.98% and 4.20 � 1.30% at 36 h,
respectively. Neoral� gets a comparatively lower lymphatic
transportation of 2.03 � 0.43% than S1 and S2. Since the particle
sizes of the SMEDDSs are similar, the differences may be due to
the compositions. We once studied the lymphatic transportation of
intact nanoemulsions and polymeric nanoparticles17,31. In the size
range from 50 to 1000 nm, the lymphatic transportation of intact
carriers is increased with size reduction. The maximum value is
5.94 � 1.02% from 80 nm nanoemulsions and 2.39 � 1.81% from
Figure 5 Ex vivo imaging of dissected organs after gavage administratio

in the liver; Data are presented as mean � SD (n Z 3) (B).
50 nm polymeric nanoparticles19,36. However, the smaller
SMEDDSs doesn’t produce higher lymphatic transportation than
the larger nanoemulsions and polymeric nanoparticles. Besides
size and composition, factors affecting lymphatic transportation of
SMEDDSs are yet to be explored.

3.7. Trans-epithelial transportation

In order to provide concrete evidence supporting the absorption
of intact SMEDDS droplets, the jejunum of the rat treated by in-
situ perfusion was sliced and observed under CLSM (Carl Zeiss
Inc., Fig. 7). The red fluorescence represents the intact
SMEDDS droplets while the blue one indicates the cell nucleus.
Red fluorescence can be seen in the whole villi and co-localize
well with the blue signal. The intensity of the co-localized
signals, i.e., the purple, decrease from the epithelium to the
lamina propria, supporting the trans-epithelial transportation of
the intact SMEDDS droplets. Since abundant networks of
lymphatic and blood capillaries reside in the lamina propria, the
intact SMEDDS droplets have good chances to be absorbed via
either the blood or the lymph. Generally, nanoparticles in the
interstitial fluid are primarily absorbed via the lymph due to the
n of S1, S2 and Neoral� (A) and fluorescence intensity vs. time plots



Figure 6 Pharmacokinetics in blood presented as total radiant efficiency of blood-borne fluorescence vs. time (A); cumulative transport

percentage of SMEDDSs via lymph (B). Data are presented as mean � SD (n Z 3).
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large openings in the lymphatic vessels44. The lymph vessels are
incorporated into the thoracic duct or ductus lympaticus dexter
and join in the blood circulation. The slow lymph flow may lead
to steady plasma concentration and prolong the peak time. Due
to the huge differences in flow velocity between lymph and
blood circulation as well as the rapid elimination by macro-
phages, SMEDDSs transported to the blood are quickly accu-
mulated in the liver, while the peak time is postponed, ranging
from 8 to 18 h.

3.8. Cellular uptake

Caco-2 and Caco-2/HT29-MTX cell models were used to perform
the cellular uptake of the SMEDDSs. The co-culture model was
used to evaluate the effects of mucus on the absorption of the
SMEDDSs32,45. The fluorescence images and quantification of the
Figure 7 CLSM images of frozen section of jejunum segments after
cellular uptake of the SMEDDSs are shown in Fig. 8A and B. Visual
observation of the fluorescence images and statistical analysis of the
fluorescent intensities give no differences in cellular uptake among
the SMEDDSs. Of note is that lipolysis of the SMEDDSs is absent in
the cellular study due to free of lipases in the culture medium. The
similar particle sizes and zeta potentials account for the similar
cellular uptakes. Moreover, due to the advantages of small particle
size to the mucosal penetration46,47, no significant differences are
found in cellular uptakes between the two cell models.

Location of the SMEDDSs during the trans-monolayer trans-
portation was further explored by CLSM (Carl Zeiss Inc.). The red
signals represent the intact SMEDDSs while the blue ones are the
cell nucleus. Co-localization of the red and the blue signals in the
X-Z plane scanning confirms the uptake of the intact SMEDDSs.
Besides, the Z axis scanning reveals red signals in the basolateral
side of the cell monolayer, supporting the trans-epithelial transport
in situ perfusion with S1, S2 and Neoral� (scale bar Z 200 mm).



Figure 8 Cellular uptake of the SMEDDSs. Live images (A) and quantification (B) of cellular uptake by Caco-2 and Caco-2þHT29-MTX cell

lines. CLSM images of cell monolayers visualize the internalization of the SMEDDSs (scale bar Z 20 mm) (C).

Figure 9 Cumulative transport vs. time of SMEDDSs across Caco-2þHT29-MTX (A) and Caco-2þHT29-MTX þ Raji (B) cell monolayers.

Data are presented as mean � SD (n Z 3).

1018 Fei Xia et al.
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of the intact SMEDDSs. Similar results obtained from the Caco-2
and the Caco-2/HT29-MTX models again prove the good mucosal
penetrating capability of the SMEDDSs.

3.9. Transmembrane transportation

Caco-2/HT29-MTX and Caco-2/HT29-MTX/Raji cell models
were further used to study the transmonolayer transport of the
SMEDDSs (Fig. 9). Co-culturing with Raji cells mimics M cells.
Appearance of P4 signal at the BL side confirms trans-monolayer
transport of intact SMEDDSs. Besides, the intensity of P4 signals
increase with time in both cell models. In Caco-2/HT29-MTX co-
culture model, the cumulative trans-monolayer transports at 4 h
are similar among S1, S2 and Neoral�, which are 0.70 � 0.05%,
0.61 � 0.06% and 0.55 � 0.10%, respectively. Due to the strong
transcytotic capacities of M cells to transport particulate materi-
als48e50, almost double increases in cumulative trans-monolayer
transports are obtained in Caco-2/HT29-MTX/Raji co-culture
model, i.e., 2.29 � 0.10%, 2.02 � 0.16% and 1.62 � 0.17% for
S1, S2 and Neoral�, respectively. Neoral� shows a slightly lower
trans-monolayer transportation than both S1 and S2. The exact
mechanisms are not well known.

4. Conclusions

The ACQ probes render the visualization of the in vivo lipolysis
and transport of intact SMEDDS droplets. SMEDDSs reside in the
GIT of rats for up to 24 h, although they suffer lipolysis in a first
order kinetic model. The SMEDDSs consisting of LCT have a
slightly higher resistance to the lipolysis than the ones consisting
of MCT. The survival SMEDDS droplets can permeate across the
epithelia, where they are transported via either the blood or the
lymph ducts. Around 2%e4% administered SMEDDSs are
transported via the lymphatic route. The SMEDDSs in the circu-
lation are delivered to several organs with the liver as the major
accumulating organ. In vitro Caco-2 cell models confirm the up-
take and trans-monolayer transfer of the intact SMEDDS droplets.
It is concluded that SMEDDSs are potential for oral delivery of
labile entities as they can transport across the enterocytes and
enter the circulation.
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