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The goal of the present study is to elucidate the intragastrointestinal fate of micellar delivery systems by
monitoring fluorescently labeled different micelles and the model drug paclitaxel (PTX). Both in vitro and
ex vivo leakage studies showed fast PTX release in fluids while micelles remained intact, except in fed-
state simulated intestinal fluid and fasted-state pig intestinal fluid, thus referring to the intact absorption
of micelles and PTX leakage in the gastrointestinal tract with p-a-tocopherol polyethylene glycol 1000
succinate (TPGS) micelles showing higher stability than other micelles. All groups of micelles were

g?:lgtgglsii/ery absorbed intact in Caco-2 and Caco-2/HT29-MTX cell models and the absorption of TPGS micelles was
Oral found to be higher than other micelles. The transport of the micelles across Caco-2/Raji (1.6%-3.5%), Caco-
Micelles 2 (0.8%-1%), and Caco-2/HT29-MTX (0.58%-1%) cell monolayers further verified the absorption of
Paclitaxel micelles and their subsequent transport; however, more TPGS micelles transported across cell
In vivo fate monolayers than other groups. Moreover, the histological examination also confirmed that micelles

entered the enterocytes and were transported to basolateral tissues and TPGS showed the stronger ability
of penetration than other groups. Thus, these results are succinctly presenting the absorption of intact
micelles in GIT confirmed by imaging evidence with prior leakage of the drug, uptake by enterocytes and
the transport of micelles that survive the digestion by enterocytes and mainly by microfold cells in
material nature dependent way with TPGS showing better results than other groups. In conclusion, these
results identify the mechanism by which the gastrointestinal tract processes micelles and point to the
likely use of this approach in the design of micelles-based therapies.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

In the past decades, different kinds of nanoparticles have
emerged as novel nanocarriers for drug delivery via different
administration routes [1-6]. The oral drug delivery route is simple,
convenient, economic, painless, and patient-compliant [7,8]. But it
involves a complex absorption process, particularly for the poorly
aqueous soluble drugs [9,10]. In this regard, micelles have been
found to enhance drug solubility, stability in the gastrointestinal
tract (GIT), mucus penetration, membrane permeability, transport
across the intestinal epithelia, absorption and bioavailability, and
inhibition of efflux pumps [11-14]. Therefore, it is pivotal to
elucidate the mechanisms by which micelles improve the
bioavailability of poorly soluble drugs and studies showed that
various mechanisms are involved. Enhanced solubility or dissolu-
tion and permeability are generally accepted as the leading factors
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[15-22]. In addition, inhibition of both the P-glycoprotein efflux
system and cytochrome P450 metabolism by constituting materi-
als is believed to be one of the underlying mechanisms too
[15,18,23-25].

Nevertheless, there is always a misunderstanding with regard
to mechanisms of micellar solubilization. The micellar systems are
commonly regarded as a “solution” of the solutes, but they are
actually not. Micelles are first of all particles [26-28], and the
loaded drugs are sure to leak or release during transit through
the GIT. It is of high significance to elucidate in which form drugs
are absorbed-encapsulated in micelles or as free drug molecules.
Concerning the applications of micelles in oral drug delivery,
previous studies focused mainly on designing new micellar
systems and exploring capacities of solubilization. Their use as
oral delivery systems has been broadly investigated but not much
attention has been paid to their behaviors in the GIT. Prior studies
only offered inconclusive results on the in vivo fate of micelles in
the GIT and these findings could hardly be employed to elucidate
the in vivo fate of micelles. To date, the discrepancies persist and
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unremittingly urge to explain the oral fate of micelles with
corroborative evidence.

The ambiguous understandings about the mechanism of
micelles are to some extent due to limitations in discriminating
micelle-associated drugs from free drugs. Even the micellar
particles themselves are hard to trace. Conventional labeling
strategies with radioactive materials or fluorophores suffer from
poor discrimination of vehicle-bound signals from free probe
signals due to similarity in signals of intact particles and free
probes [29,30]. To address this problem, we employed environ-
mentally responsive water-quenching fluorescent dyes to label
micelles [31,32]. The fluorophores have an aza-4,4'-difluoro-4-
bora-3a,4a-diaza-s-indacene (aza-BODIPY) parent structure and
exhibit absolute aggregation-caused quenching (ACQ) properties.
When the dyes are molecularly dispersed in the matrix of
nanoparticles, the particles are illuminated. When the dyes are
released from the matrix upon degradation of the particles, they
aggregate and quench immediately. Therefore, a positive correla-
tion is able to be established between the fluorescence detected
and the amount of particles both in vitro and in vivo. With the help
of live imaging tools, the in vivo fate of a series of ACQ dyes-labeled
nanocarriers has been investigated [33-44].

Herein, we aim to investigate the intragastrointestinal fate of
drug-loaded micelles by tracking the micelles and the model drug
paclitaxel (PTX) simultaneously. Eventually, we would like to
achieve an explanation for enhanced oral bioavailability of poorly
soluble drugs by micelles. To this end, we investigated the in vitro
and ex vivo stability of paclitaxel-loaded micelles and drug release,
gastrointestinal retention, intestinal epithelial uptake, the poten-
tial of micelles in crossing the enterocytes and microfold cells (M
cells). We envision that such an investigation would play a role in
bridging the gap of previous studies on the fate of micelles and
improved bioavailability of poorly soluble drugs by micelles, which
moreover highlights the requisite for designing micelles with
improved therapeutic efficacy for the oral delivery of poorly
soluble drugs.

To track the intragastrointestinal fate of micelles we success-
fully developed and characterized various fluorescently labeled
PTX micelles including Taxol®, p-a-tocopherol polyethylene glycol
1000 succinate (TPGS) and methoxy polyethylene glycol-poly
(p,i-lactide) (PEG-PDLLA) micelles. All micellar dispersions were
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transparent and clear with narrow size distribution. Table S1
(Supporting information) summarizes all micellar formulations
and their important characteristics such as size, polydispersity
index (PDI), zeta potential, drug loading (DL%) and entrapment
efficiency (EE%). Transmission electron microscopy (TEM) analysis
revealed the spherical shape and monodispersed size distribution
for all micelles formulations (Fig. S1 in Supporting information).
Zeta potential for all micelles was near neutral. The EE% for all
batches of micelles was above 91% for PTX, exhibiting improved
encapsulation due to the lipophilic nature of PTX.

The stability of dye loaded micelles was investigated under both
in vitro and ex vivo conditions. For 12h, little variation in
fluorescence intensity was observed in water and some other
media and fluids exhibiting integral micelles structure, without
any obvious dye leakage/soaking by water. Thus, ensuring that dyes
can be firmly embedded in micelles, which confirms the precision
of follow-up studies.

Figs. S2 and S3 (Supporting information) illustrate the stability
of micelles in simulated media and pig gastrointestinal fluid,
respectively. In vitro stability study showed that all micelles were
stable up to 77%-100% in all media except in fed-state simulated
intestinal fluid (FeSSIF) for 12 h. FeSSIF has high concentrations of
surfactants [39] that influenced the micellar stability the most. The
effect of material nature is notable in this case. TPGS micelles
showed the highest stability in all media except FeSSIF as
compared to other groups while PEG-PDDLA micelles stability
was a little bit higher in FeSSIF than other groups.

The nature of the material also showed effect on the stability of
the micelles in ex vivo stability study. In the ex vivo study in 12 h,
micelles remained integral up to 71%-100% in all fluids except
fasted state pig intestinal fluid (FaSPIF) in which 36%-67% micelles
disassembled. Quantification of total fluorescence indicated higher
stability of TPGS micelles than other groups.

Fig. 1 shows PTX leakage from micelles in simulated and pig
gastrointestinal fluid, respectively. Leakage of PTX in 12 h for all the
formulations in FeSSIF was 83%-100%. The leakage of PTX was
intense from all formulations in all media. Apparent PTX
precipitation was noted in the drug leakage study. In the ex vivo
study, in 12 h, 83%-87% PTX was released from all formulations in
FaSPIF. Ex vivo leakage study also demonstrated fast drug leakage
from micelles in a short time in FaSPIF.
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Fig.1. Invitro drug leakage from micelles in simulated media: (A) Taxol™, (B) TPGS and (C) PEG-PDLLA. Ex vivo drug leakage from micelles in pig fluid: (D) Taxol®, (E) TPGS and
(F) PEG-PDLLA. The data were presented as percentage of total PTX remained in vehicles by setting the starting concentration to 100%.
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Fig. 2. Ex vivo imaging of rat jejunum segment after in situ perfusion of micelles (A) and quantification of fluorescence signals of the ex vivo intestinal segment of rat (B).

Jejunum segment of the intestine was selected for in situ
perfusion study to investigate the bioadhesion mechanism of
micelles at the gut mucosal surfaces. Comparing different micelles,
it was evident that TPGS micelles have higher fluorescence than
Taxol®™ and PEG-PDLLA micelles indicating a good absorption of
TPGS in the intestinal segment. Except for TPGS micelles, the
difference in absorption of other micelles in the intestinal segment
was not very high. This presents the higher association of the TPGS
micelles to the epithelial lining as compared to other micelles. The
ex vivo images and fluorescence quantification results of rat
jejunum segments after first-pass single perfusion of the micelles
are shown in Fig. 2.

For the histological investigation of the jejunum segments,
confocal laser scanning microscopy (CLSM) was done to detect the
P4 signals which were used to indicate the internalization of intact
micelles in enterocytes. The results revealed the presence of P4
signals on the outer surfaces of the intestinal microvilli (AP side)
with intact micelles permeating to the basolateral (BL) side
representing that a fraction of integral micelles were taken up by
enterocytes for all formulations (Fig. 3). Strong fluorescence signals

DAPI Merge
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Fig. 3. CLSM images of rat jejunum frozen section after closed-loop perfusion. DAPI
represented in blue, intact micelles represented as red P4 signals and merging of
both signals signify the infiltration of the micelles in enterocytes: (A) Taxol®™, (B)
TPGS and (C) PEG-PDLLA.
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of P4/DAPI for TPGS micelles than other groups of micelles
confirmed higher uptake of TPGS micelles than Taxol® and PEG-
PDLLA micelles being coincident with the results from in situ
perfusion. The fluorescence intensity of the PEG-PDLLA micelles
was higher than Taxol®.

Trans-epithelial uptake of micelles in Caco-2 and co-culture
models was determined after 4 h of incubation at 37 °C. Figs. S4 and
S5 (Supporting information) show the CLSM images of the uptake
of intact micelles in Caco-2 as well as co-culture models. CLSM was
done either in x-y, x-z or y-z directions to precisely probe the
location of intact micelles.

The CLSM images exhibited the uptake of intact micelles in
Caco-2 cells, as well as co-culture models, and the fluorescence
signals for all micelles irrespective of the nature of materials were
scattered throughout the field of view, along with the same
horizontal plane with the cell nuclei and in a limited amount at the
BL side. A comparison of the uptake of micelles by both cell models
showed an insignificant difference. The nature of the polymer
showed an impact on the cellular uptake of micelles. Still, the
fluorescent signals for TPGS were higher than other groups
indicating that TPGS micelles can be internalized in more amount
as compared to other micelles groups. The fluorescence intensity
was higher for PEG-PDLLA than Taxol®. In a nutshell, as the P4
signals were spotted at both AP and BL side, therefore, it further
confirmed the absorption and transport of micelles across the cell
monolayers with higher absorption and transport of TPGS micelles.

The uptake of intact micelles was quantitatively measured by
fluorescence analysis and it was not apparently different in both cell
models but was material dependent (Fig. 4). Uptake of TPGS micelles
was higher than other groups in both cell models exhibiting that
TPGS micelles were taken up more readily than the other two kinds of
micelles. Uptake of PEG-PDLLA was higher than Taxol®.

TPGS and PEG-PDLLA micelles exhibited about 1% and Taxol®
about 0.8% transport of micelles in Caco-2 micelles after 4 h. In co-
culture cells the transport of TPGS was 1%, 0.6% for PEG-PDLLA and
0.58% for Taxol®™ after 4h (Fig. 4). Whereas, transport through
Caco-/Raji was higher as compared to both cell models and was up
to 3.5% for TPGS, 1.6% for PEG-PLLA and 2.4% for Taxol®. The results
presented that limited intact micelles were transported across the
cell monolayers to the BL side in the Caco-2 and co-culture cell
models. These findings exhibited that the trans-monolayer
transport of intact micelles by M cells may play a greater part in
the oral bioavailability of the drugs than enterocytes but require
more corroboration with both imaging as well as quantitative
evidence. TPGS micelles transported maximally as intact micelles
than other groups. TPGS micelles not only had higher uptake but
also remained stable, which was evident by the uptake results.
Findings are in coherence with previous results, that is, the
material-based absorption of micelles by enterocytes.
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Fig. 4. Cellular uptake of micelles (A); cumulative transport profiles of micelles vs.
time in Caco-2 (B), Caco-2/HT29-MTX (C) and Caco-2/Raji (D) models; cumulative
transport profiles of PTX vs. time in Caco-2 (E) and Caco-2/HT29-MTX (F).

The oral drugs require to be transported across the intestinal
epithelial barrier, ie., the first barrier in drug absorption into
circulation. So, the transport of PTX was evaluated to investigate
the ability of micelles to permeate across the epithelia. The drug
encapsulated in micelles was transported across to the BL side.
Still, the transport of PTX showed material dependency. The
transport of PTX by TPGS was higher than other groups in both cell
models. Cumulative transport of PTX by TPGS micelles in Caco-2
cell model was 7.2% while it was 5.9% and 6.2% for Taxol® and PEG-
PDLLA, respectively. Cumulative transport of PTX by TPGS micelles
in co-culture cell model was 6.8% while it was 5.8% and 6.4% for
Taxol®™ and PEG-PDLLA, respectively. Intact micelles were perme-
ated through the epithelium and PTX was transported. The
cumulative transport of PTX was more than the transport of intact
micelles through Caco-2 and co-culture cell models which
exhibited that most micelles were dissociated to release PTX in
cells which was ultimately released in the BL compartment. No
difference was measured between the cumulative transport of PTX
by Caco-2 and co-culture cell models. Combining the findings of
trans-monolayers transport and histological examination of the
intestinal segment, it is authenticated that integral micelles
penetrated the enteric epithelia and TPGS showed higher
penetration.

A concern for oral micellar delivery is that micelles may not be
stable under harsh GIT conditions. Although, the micellar system
has been designed sophisticatedly; but their ex vivo stability has
not been evaluated in the gastrointestinal fluid, consequently,
limiting the predictability of the ex vivo investigation to the GIT
conditions. Therefore, micelles stability was investigated in both
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simulated media and ex vivo pig GI fluid. Micelles were treated
with pig gastrointestinal fluid to imitate the fate of micelles in the
GI harsh conditions during their passage. Stability of micelles may
be influenced by fluids with high surfactant and electrolyte
contents, e.g. FeSSIF, due to high concentration of phospholipids
and bile salts in FeSSIF that can intrude the equilibrium between
the unimers and micelles, a similar process that might happen in
GIT too. Bile salts and enzymes may notably influence polymeric
micelles stability [45], similarly, Taxol® degradation was found to
be higher in bile salts than in distilled water [46]. PEG-PDLLA
micelles showed excellent stability in the release media without
bile salts or enzymes [47]. Micelles remained stable to much extent
in all pig GI fluids except FaSPIF. The gastric fluid has less
concentration of bile salts and phospholipids than intestinal fluid
[48], hence affect the micellar stability less than intestinal fluid.
FeSSIF and FaSPIF have affected the stability the most. The
discrepancy in the findings of ex vivo and in vitro studies can be
ascribed to the reason that simulated media are not true indicators
of the GIT conditions. Thus, it can be inferred that micelles stability
is materials dependent in gastrointestinal fluid and TPGS micelles
exhibited higher stability than Taxol® and PEG-PDLLA micelles
despite the generally perceived enhanced stability of polymeric
micelles [49-52].

Drug leakage was studied in simulated media and ex vivo pig GI
fluid. Fast drug leakage was observed in almost all media
particularly FeSSIF and FaSPIF, hence, a rapid drug leakage from
micelles would cause the precipitation of the drug in GIT because
of the aqueous environment. Taking together, this data also
exhibits that micelles will remain assemble but the drug will
escape in GIT. Briefly, on oral administration micelles will remain
intact but with leakage of the drug prior to absorption.

To investigate the mechanisms at the surface of the intestinal
mucosa, retention of micelles in the small intestine was evaluated
by in situ perfusion. The perfusion of micelles was studied
depending on the fluorescence of the intact micelles and the
disappearance of the fluorescence of disassembled micelles in the
intestinal lumen. TPGS showed higher bioadhesion than other
groups of micelles. Also, from these findings, it can be ascertained
that all micelles were internalized in integral form and TPGS
showed higher bioadhesion than other groups.

After the nanocarriers are being injected into the intestinal loop
carriers may remain in the lumen/trapped by mucus/diffuse
through the mucus and enter the epithelial cells. Confocal images
of the jejunum segment showed that micelles were found on the
villi surface and permeating the BL side, supporting our inference
of absorption of intact micelles and reiterating the role of the
lymphatic pathway for the intact micelles uptake and transport
across the BL surface along with enterocytes. TPGS micelles
showed higher uptake than other groups.

The interaction of micelles with epithelium was assessed in
Caco-2 and co-culture by confocal visualization to evaluate their
ability to permeate the epithelial layer. In both cell models, P4
signals were spotted at both AP and BL side, it further affirmed the
transport of intact micelles across the cell monolayers supporting
our hypothesis of absorption of intact micelles. All these micelles
have also shown uptake previously such as polymeric micelles
could cross Caco-2 cells [53] and TPGS can enhance the drug
cellular uptake [54]. TPGS micelles exhibited higher internalization
than other groups.

The interaction of micelles with gut epithelia was further
examined in the Caco-2 and co-culture cell models by fluorescence
analysis. The results further proved the uptake of micelles in both
cell models. A comparison of uptake of micelles by both cell models
showed an insignificant difference and it can be due to the small
size of micelles to which the mucus cannot create a barrier to
penetration. The commercially available TPGS1000 is so far the
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most potential efflux pump inhibitor [55] and also in our study
TPGS uptake was found higher than other groups in Caco-2 and co-
cultures cells. These findings were also evidenced by the results of
in situ intestinal absorption.

Caco-2, co-culture, and Caco-/Raji cell monolayers were utilized
to study the transport of PTX and intact micelles. Micelles were
permeated and transported across the BL side along with the PTX.
Previous studies investigated either the transport of micelles or
drug precluding the role of micelles in drug transport. Taxol® was
transported across Caco-2 [56], Cremophor EL enhanced the
permeability of the P-gp substrate [57]. PEG-PLA has also been
reported as a P-gp inhibitor [58]. Studies have shown that TPGS and
Cremophor EL have a concentration-dependent inhibition effect
[59]. It can be challenging to recognize the most pertinent
concentration of preclinical solubilizing agents to imitate con-
ditions employed in oral dosing studies. Nevertheless, a higher
amount of micelles was transported across the M cell than Caco-2
and co-culture monolayers. The cumulative transport of PTX was
higher than the intact micelles both in Caco-2 and co-culture
monolayers which showed the degradation of most micelles and
the release of drug in cells and finally released in BL side. The
transport of PTX was about same in both cell monolayers.
Transport of TPGS and PEG-PDLLA were comparable in Caco-2
cell model and was higher than Taxol®. Transport of TPGS was
higher among all formulations in co-culture and Caco-2/Raji cell
models. The findings showed that the transcellular transport of
intact micelles by M cells may have a pronounced role in the oral
bioavailability of the drugs than enterocytes. Both the results of
transport and histological examination exhibited the permeation
and transport of intact micelles through enteric epithelia. Some
previous studies have proved the combination of PEG-PLA/TPGS as
a better formulation than PEG-PLA alone. Material dependency
was obvious with TPGS showing its potential for better oral
absorption. The M cells pathway has a greater role in the
absorption of micelles than enterocytes.

This study sought to explore the behavior of micelles in the GIT
and their mechanism of absorption and transport. By tracking the
signals of various fluorescently labeled micelles, the fate of intact
micelles was determined in vitro as well as along the oral passage
in ex vivo. It was found that micelles can maintain their integrity in
GIT but with prior leakage of PTX. Furthermore, micelles can be
absorbed intact through enterocytes and can be transported across
the BL side. But the role of M cells in the transport of intact micelles
is higher than enterocytes. The nature of material dependency was
also confirmed with TPGS showing its potential as a better
formulation than other groups. Taking all evidence into account, it
is proposed that micelles can be absorbed in an assembled state
with prior leakage of the drug in GIT and transported across the
intestinal epithelium mainly by M cells and TPGS micelles are
better than Taxol®™ and PEG-PDLLA micelles.
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