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Abstract: This study aimed to investigate the potential of polycaprolactone–vitamin E TPGS (PCL-
TPGS) micelles as a delivery system for oral administration of paclitaxel (PTX). The PCL-TPGS
copolymer was synthesized using ring opening polymerization, and PTX-loaded PCL-TPGS micelles
(PTX micelles) were prepared via a co-solvent evaporation method. Characterization of these micelles
included measurements of size, polydispersity, and encapsulation efficiency. The cellular uptake
of PTX micelles was evaluated in Caco-2 cells using rhodamine 123 (Rh123) as a fluorescent probe.
Moreover, an everted rat sac study was conducted to evaluate the ex vivo permeability of PTX
micelles. Additionally, a comparative pharmacokinetic study of PTX micelles versus the marketed
formulation, Ebetaxel® (a Taxol generic), was performed after a single oral administration to rats.
The results demonstrated that the micellar formulation significantly improved PTX solubility (nearly
1 mg/mL). The in vitro stability and release of PTX micelles in simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF) demonstrated that PTX micelles remained stable for up to 24 h and
significantly slowed the release of PTX in both media compared to Ebetaxel®. The in vitro cellular
uptake, ex vivo intestinal permeability, and in vivo pharmacokinetic profile demonstrated that PTX
micelles enhanced the permeability and facilitated a rapid absorption of the drug. Conclusively, the
PCL7000-TPGS3500 micelles exhibit potential as an effective oral delivery system for PTX.

Keywords: block copolymer; polycaprolactone–vitamin E TPGS; polymeric micelles; paclitaxel; oral;
intestinal permeability; pharmacokinetics

1. Introduction

Chemotherapy is considered a mainstay in the treatment of several types of cancer.
Unfortunately, however, most anticancer drugs cannot be taken orally due to their limited
water solubility and/or poor permeability in the gastrointestinal (GI) tract. Therefore, in
the current practice, anticancer agents are administered via intravenous (IV) injection. This
method is not without drawbacks, as it inconveniences patients and places a financial
burden on the healthcare system. Additionally, IV administration of anticancer drugs often
leads to severe side effects, either from the drugs themselves or occasionally from the
added excipients.

Paclitaxel (PTX) is a potent anticancer drug widely employed to treat various cancer
types, such as ovarian, breast, endometrial, and non-small cell lung cancers, and AIDS-
related Kaposi’s sarcoma [1–7]. According to the Biopharmaceutics Classification System
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(BCS), PTX is considered as a Class IV drug due to its low solubility and permeability
characteristics. It exhibits high lipophilicity, indicated by a LogP value of 3.66, and is
practically insoluble in water (~0.3 µg/mL). The reported pKa value for PTX is 10.36,
suggesting a very weak acidic nature of the drug [8]. The conventional formulation of PTX
comprises a combination of 50% Kolliphor® EL and 50% anhydrous ethanol, commercially
known as Taxol®. Apart from Taxol, there are three other PTX products currently available
in the market, including albumin-bound PTX (Abraxane®), methoxy polyethylene oxide-
b-poly D,L-lactide micellar formulation (Genexol®-PM/CynviloqTM), and PTX micellar
(Apealea®/Paclical®), which is composed of a mixture of micelle-forming retinoic acid
derivatives [9]. The administration of all these products is limited to the IV route only.

Currently, there are no approved oral formulations of PTX for clinical use. It has been
shown that Taxol exhibits very low oral bioavailability in humans (4%) [10]. It is believed
that P-glycoprotein (P-gp) restricts the transport of PTX from the GI tract, leading to the
drug’s low permeability in the GI tract and consequently its low bioavailability. This notion
is supported by a study conducted on Mdr1a knockout mice by Sparreboom et al. [11], where
they investigated the pharmacokinetics of PTX in wild-type and Mdr1a P-gp knockout mice
after oral and IV administration. After oral administration, Mdr1a knockout mice showed a
more than sixfold increase in the plasma area under the concentration–time curve (AUC) of
PTX compared to wild-type mice. Similarly, following IV administration, Mdr1a knockout
mice displayed a twofold increase in the plasma AUC of PTX compared to wild-type
mice. The results from drug excretion studies led to the conclusion that intestinal P-gp
not only reduces the bioavailability of orally administered PTX but also contributes to the
drug’s elimination following IV administration by directly secreting PTX into the intestinal
lumen [11]. Based on these findings, attempts have been made to improve the low and
variable oral bioavailability of PTX by co-administering P-gp inhibitors. Numerous clinical
trials have been conducted to evaluate the feasibility and safety of this approach, using P-gp
inhibitors such as cyclosporine A (CyA) or HM30181A, a novel oral P-gp inhibitor [12–16].

However, it should be noted that some of these P-gp/cytochrome P-450 (CYP-450)
inhibitors, like CyA, have immunosuppressive effects, which may lead to clinical compli-
cations. Additionally, these inhibitors have their own adverse effects and challenges in
formulating them for clinical use [17]. To successfully formulate oral chemotherapy, the
development of specific and less toxic inhibitors would be a crucial step.

D–α–tocopheryl polyethylene glycol succinate (TPGS) has gained significant promi-
nence in the pharmaceutical industry in recent times. It offers a wide range of applications
serving as an absorption enhancer, emulsifier, solubilizer, additive, and stabilizer. More-
over, TPGS has been utilized as a P-gp inhibitor to improve the oral bioavailability of P-gp
substrates, including PTX [18]. Additionally, TPGS has been employed in prodrug design
to enhance chemotherapy outcomes.

Lately, a series of copolymers comprising polycaprolactone (PCL) and TPGS was effec-
tively developed and characterized in our laboratory. We showed that through a co-solvent
evaporation method, the optimized PTX-loaded PCL-TPGS micelles efficiently encapsulate
PTX. Particularly, PCL7000-TPGS3500 micellar formulation significantly improved the PTX
solubility to achieve a clinically relevant aqueous solubility of nearly 1 mg/mL. Addition-
ally, these micelles exhibited a considerably slower release of PTX in vitro compared to
the commercially available PTX formulation, Ebetaxel® (a generic version of Taxol®) [19].
Further, the in vitro cytotoxicity of the developed PCL7000-TPGS3500 micellar formulation
was comparable to Ebetaxel®.

The primary aim of this study was to investigate the suitability of PCL7000-TPGS3500
micelles as a delivery system for oral administration of PTX. We examined the stability of
PTX-loaded PCL7000-TPGS3500 micelles (PTX micelles) in simulated gastric and intestinal
fluids. The in vitro drug release from PTX micelles was also evaluated and compared to
Ebetaxel® in both media. Moreover, an everted rat sac study was conducted to evaluate
the ex vivo permeability of PTX micelles. Additionally, the cellular uptake of rhodamine
123-loaded PCL-TPGS micelles was studied in Caco-2 cells. We finally performed a compar-
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ative pharmacokinetic study of PTX micelles versus the marketed formulation, Ebetaxel®,
following a single oral administration to rats.

2. Materials and Methods
2.1. Materials

TPGS3500 was sourced from Wuhan Jason Biotech Co, Ltd. in Wuhan, Hubei, China.
D–α–tocopherol polyethylene glycol 1000 succinate (TPGS1000), methoxy polyethylene ox-
ide (Mn 5000), stannous octoate at a purity of approximately 95%, rhodamine 123 (Rh123),
ε-caprolactone with a purity of 97%, and HPLC-grade THF were acquired from Sigma-
Aldrich, based in St. Louis, MO, USA. Deuterated chloroform (CDCl3) with a purity of
99.8% was purchased from Cambridge Isotope Laboratories Inc. located in Tewksbury,
MA, USA. Sodium chloride injection (USP) at 0.9% concentration was procured from Phar-
maceutical Solutions Industry located in Jeddah, Saudi Arabia. PTX with a purity of 99%
was obtained from Shaanxi Sciphar Biotechnology Co., Ltd. based in Xianyang, Shijiyiuan,
China. Ebetaxel® (300 mg/50 mL), an approved generic version of Taxol®, was acquired
from King Khalid University Hospital Pharmacy in Riyadh, Saudi Arabia, Lot# HN5538.
Simulated gastric and intestinal fluids (SGF and SIF) were bought from Biorelevant.com
Ltd. in London, UK, and were prepared according to provided instructions. Dialysis bags
(Spectra Por® S/P 3 Dialysis Membrane Trial Kit, MWCO = 3.5 and 12–14 kDa, 18 mm)
were acquired from Cole-Parmer Canada based in Montreal, QC, Canada. Cyclosporine
A (CyA) was obtained from Molekula Limited (Newcastle, UK). Acetonitrile, ammonium
acetate, methanol, and water, all of HPLC grade, were obtained from BDH Chemical Ltd.
in Poole, England. All other chemicals used were of reagent grade. Deionized water was
produced in-house using a Millipore system.

2.2. Methods
2.2.1. Synthesis of PCL-TPGS Copolymer

PCL-TPGS block copolymer was synthesized by ring opening polymerization of ε-
caprolactone using TPGS3500 as an initiator and stannous octoate as a catalyst, as previously
reported [19]. Briefly, TPGS3500, ε-caprolactone, and stannous octoate were added to a
previously flamed ampoule, nitrogen purged, then sealed under vacuum. The reaction
proceeded at 140 ◦C for 4 h.

1H NMR was used to determine the molecular weight of the synthesized copolymer.
1H NMR spectra were analyzed using a Bruker Ultra shield 500.133 MHz spectrometer
(Bruker BioSpin AG, Fällanden, Switzerland) with CDCl3 as the solvent. In order to
ascertain the degree of polymerization of ε-CL in the copolymer, the peak intensity ratio of
the methylene protons of the PCL segment (–O–CH2) and the methylene protons of the PEG
segment (–O–CH2–CH2) was examined at δ = 4.07 ppm and 3.65 ppm, respectively [19].

2.2.2. Preparation of PTX Micelles

The co-solvent evaporation method was employed to prepare PTX micelles [19]. In
a typical experiment, the drug (2 mg) and PCL7000-TPGS3500 copolymer (60 mg) were
dissolved in THF (1 mL) and added drop by drop into distilled water (2 mL) while stirring.
Subsequently, the mixture was left to evaporate overnight at room temperature under
vacuum to eliminate any residual organic solvent.

The hydrodynamic diameter (size) and PI of PTX micelles were measured using Ze-
tasizer NanoZS (Malvern Instrument Ltd., Malvern, UK) instrument. Deionized water
was used as the dispersion medium for all prepared micelles. Prior to analysis, the sam-
ples were equilibrated for 2 min at 25 ◦C. The measurements were performed using a
non-invasive backscatter technique at 173◦ of detection angle. All measurements were
performed in triplicate.

To determine the drug encapsulation efficiency, 1 mL of the freshly prepared micellar
dispersion was centrifuged at 13,000 rpm for 5 min to remove undissolved drug or large
particles. Then, a 100 µL of the supernatant was diluted with 900 µL of acetonitrile to
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disrupt the micelles. The levels of encapsulated PTX were determined using a previously
published HPLC-UV method [19,20]. The reported validation data for this method in-
clude “linearity r2: 0.9999, repeatability CV%: 0.4%, reproducibility CV%: 1.1%, LOD:
0.028 µg/mL, LOQ: 0.095 µg/mL”. The HPLC system used in the current study consisted
of a WatersTM Model 1515 HPLC pump, WatersTM Autosampler Model 717 plus, and
WatersTM 2487 dual absorbance UV detector (Milford, MA, USA), all controlled by Breeze 2
software (BuildNumber: 2154; Database Version Number: 6.20.00.00). An analytical column
with a C18 stationary phase (SunfireTM; 250 mm length × 4.6 mm id, 5 µm particle size)
was employed for isocratic elution. The mobile phase consisted of a mixture of acetonitrile
and water (70:30 ratio), flowing at a rate of 1 mL/min, and the detection wavelength was
set at 227 nm. A 30 µL injection volume was used for sample analysis. The concentration
range used in the calibration curve was (0.5–100 µg/mL). The percentage encapsulation
efficiency (% EE) was estimated by using the following equation:

EE (%) =
Amount of loaded PTX (mg)
Amount of PTX added (mg)

× 100

2.2.3. In Vitro Release of PTX from Micelles in Simulated Gastric Fluid (SGF) and
Simulated Intestinal Fluid (SIF)

The release study was conducted following a method previously reported for ritonavir
nanoparticles, with minor modification [21]. In summary, PTX micelles (1 mL) containing
100 µg of PTX were placed inside a dialysis bag with a molecular weight cutoff of 14 kDa.
The dialysis bag was then submerged in a flask containing 50 mL of SGF with 0.5% (v/v)
polysorbate 80, creating sink conditions, and shaken at 150 rpm at 37 ◦C for 2 h. Then,
certain volumes of 2 M KH2PO4 and 0.5 N NaOH were added to adjust the pH value to
6.8 (SIF), and the study was continued for another 22 h. At predetermined time points,
sample aliquots were collected. At specific time intervals, 1 mL aliquots of the release
medium were collected and immediately replaced with the same volume of fresh release
medium. The level of released PTX in each sample was measured using the HPLC-UV
method described above.

A model-independent method, employing the difference factor and similarity factor,
was utilized to compare the release patterns of PTX from Ebetaxel with PTX-loaded PCL-
TPGS micelles [22]. The difference factor (f 1) was computed as the percentage error between
the two curves across all time points, and it is calculated as follows:

f1 =
Σn

j=1

∣∣∣Rj − Tj

∣∣∣
Σn

j=1Rj
× 100

In the above formula, in this calculation, n represents the sampling number, Rj stands
for the percentage of PTX released from Ebetaxel® (reference) at time j, and Tj represents
the percentage of PTX released from PTX-loaded micelles (test) at the same time point. The
similarity factor (f 2) was determined using the following equation:

f2 = 50 × log

{[
1 + (1/n)

n
Σ

j=1

(
Rj − Tj

)2
]− 1

2
× 100

}
Typically, f 1 values below 15 (ranging from 0 to 15) and f 2 values above 50 (ranging

from 50 to 100) indicate a similar dissolution (release) profile [23].

2.2.4. Stability of PTX Micelles in SGF and SIF

The stability of PTX micelles was assessed for the size and PI changes upon storage in
SGF and SIF conditions. Eight milliliters of PTX micelles were placed inside a dialysis bag
with a molecular weight cutoff of 3.5 kDa. The dialysis bag was then immersed in a flask
containing 50 mL of SGF with 0.5% (v/v) polysorbate 80. The flask was placed in a constant
temperature water bath at 37 ◦C and shaken at 150 rpm for 2 h. Then, certain volumes of
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2 M KH2PO4 and 0.5 N NaOH were added to adjust the pH value to 6.8 (SIF), and the study
was continued for another 22 h. At specific time intervals, 0.2 mL aliquots were collected
from inside the bag. The diameter and PI of each sample were measured using DLS.

2.2.5. In Vitro Cellular Uptake Study

Rh123, a known substrate for P-gp, was used as a fluorescent probe to assess cellular
uptake in Caco-2 cell lines. Caco-2 cells were seeded in three flat-bottom six-well plates at a
density of 2 × 105 cells per well. The wells were assigned to eight groups as follows:

Group I: Control (received no treatment only fresh media without Rh123);
Group II: Free Rh123 20 µM (Rh123);
Group III: Rh123 (20 µM) encapsulated in PCL7000-TPGS3500 micelles;
Group IV: Rh123 (20 µM) in Ebetaxel® vehicle (mixture of Kolliphor® EL and ethanol);
Group V: Rh123 (20 µM) encapsulated in PCL7000-PEO4000 micelles;
Group VI: Solution mixture of Rh123 (20 µM) and TPGS1000 (33 µM);
Group VII: Solution mixture of Rh123 (20 µM) and TPGS3500 (33 µM);
Group VIII: Solution mixture of Rh123 (20 µM) and CyA (4 µM).
After 24 h, the cell culture medium was replaced with fresh medium containing Rh123

(20 µM), either free or encapsulated according to the assigned wells. After 5 h of incubation,
the medium was carefully removed, and the cell layers washed three times with sterile
PBS. The cells were then observed under a fluorescent microscope (OPTIKA® Microscopes,
Ponteranica, Italy). The fluorescence intensities of the images were quantified using the
ImageJ software (version 1.54d, National Institute of Health, Bethesda, MD, USA) [24].

2.2.6. Ex Vivo Intestinal Permeability Study in Rats

Ex vivo intestinal permeability of the optimum PTX-loaded micelles was performed
using excised intestine technique. The study of the intestinal permeability of PTX formula-
tions was performed on non-everted and everted gut sac [25].

Healthy rats (200–250 g) were euthanized using ketamine followed by cervical disloca-
tion. The abdomen of each rat was opened, and the jejunum part of the small intestine was
quickly removed, cut into small segments of 5 ± 1 cm length, washed with Krebs solution
to remove any debris, and then immersed immediately into Krebs solution (pH 7.0). For
the non-everted gut sac test, the intestinal segments were used as is, whereas in the case of
the everted gut sac test, the intestinal segments were everted by turning their insides out.

One side of each segment was firmly tied with a surgical suture and filled with 0.5 mL
of the formulation containing 100 µg of PTX. Next, the other side of the intestinal segment
was firmly tied with the surgical suture to prevent leaking, washed with water to remove
any traces of PTX formulation, and immersed in a glass tube containing 10 mL oxygenated
Krebs solution. The tubes were placed in a water bath adjusted at 37 ◦C with continuous
shaking (50 rpm). One mL from each tube was withdrawn at different time intervals: 1, 2,
3, and 4 h. The cumulative amount of PTX permeated through the intestinal membrane
was measured and different parameters, including the apparent permeability [26,27] and
transport rate (flux) [27,28], of PTX micelles and Ebetaxel® were calculated. The apparent
permeability (Papp) and Flux (J) were obtained using the following equations:

Papp =
dQ/dt
A ∗ C0

Flux (J) =
Q

t ∗ A
Papp: apparent permeability (cm/sec);
Q: cumulative PTX permeated (µg);
t: time (sec);
A: mucosal surface area (cm2);
C0: initial concentration (µg/cm3).
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2.2.7. Pharmacokinetics and Tissue Distribution Study in Rats

Animal studies were carried out following protocols approved by the Research Ethics
Committee (REC) at King Saud University (Reference No. KSU-SE-22-49). Male Wistar
rats weighing between 250 and 300 g were kept in temperature-controlled rooms with
a 12 h light–dark cycle. Before the experiments, the animals had unrestricted access to
food and water. However, food was withheld overnight prior to the study. On the day
of experimentation, the rats were divided into two groups (4 rats per group): the control
group received Ebetaxel® solution (50 mg/mL), after a 10-time dilution with normal saline,
and the test group received PTX in the PCL7000-TPGS3500 micellar formulation. Each rat in
both groups was orally administered a single dose of 10 mg/kg of PTX through gavage.

At specific time points (0.5, 1, 2, 3, 4, 8, 12, and 24 h) after oral administration, whole
blood samples (100–200 µL) were obtained from each rat via the retro orbital venous plexus.
At the 24th h-post dose, the animals were euthanized by cardiac puncture under deep
anesthesia, and blood, liver, spleen, kidneys, heart, and lungs were collected. Whole
blood samples from each rat were collected into heparinized tubes and were immediately
centrifuged for 10 min to collect plasma, which were also kept at −20 ◦C until assessed
for drug concentration. Tissue samples were washed in ice-cold saline, blotted with
paper towel, weighed, and stored in phosphate buffer (pH = 7.4) at −80 ◦C until being
analyzed. The PTX concentrations in plasma and tissue samples were analyzed using an
ultraperformance liquid chromatography–mass spectrometry (UPLC–MS/MS) method, as
described below, and the resulting concentration versus time curves were then profiled.

2.2.8. Determination of PTX Levels in Plasma and Tissues

The plasma and tissue concentrations of PTX were determined using a UPLC-MS/MS
assay method, with docetaxel as the internal standard (IS). Briefly, both PTX and docetaxel
were eluted on a C18 column (3.5 µm, 2.1 × 150 mm), with an AcquityTM column In-Line
filter (0.2 µm, 2.1 mm) used to safeguard the analytical column. The column temperature
was maintained at room temperature, and the mobile phase consisted of acetonitrile and
water containing 0.1% formic acid in an 80:20 ratio, respectively, flowing at a rate of
300 µL/min. The autosampler temperature was kept at 20 ± 5 ◦C, and the injection volume
was 5 µL, with a sample run time of 3.0 min.

The quantification of PTX and the IS were conducted using a triple quadrupole mass
spectrometer (TQD) in positive electrospray ionization (ESI+) mode with multiple reaction
monitoring (MRM) analysis. The selected MRM for PTX were 854.36 → 104.96 (cone
voltage 12 V, collision voltage 56 V) and 854.36 → 286.06 (cone voltage 12 V, collision
voltage 12 V). Similarly, the selected MRM for IS was 808.37 → 181.99 (cone voltage 10 V,
collision voltage 34 V) and 808.37 → 226.07 (cone voltage 10 V, collision voltage 16 V). The
source temperature and desolvation temperature were set at 150 ◦C and 350 ◦C, respectively,
with desolvation gas (nitrogen) and cone gas set at 650 L/h and 1 L/h, respectively. The
collision gas (argon) flow was set at 0.15 mL/min.

For sample preparation, frozen plasma samples were thawed at room temperature
(23 ± 2 ◦C) and vortexed for approximately 10–15 s. A 100 µL aliquot of each plasma
sample was transferred to Eppendorf tubes. Each sample was mixed with 10 µL of internal
standard (IS) (100 µg/mL) and 50 µL of acetonitrile, followed by vortex-mixing for 30 s.
Subsequently, 1 mL of tertiary butyl methyl ether (t-BME) was added, and the samples
were vortex-mixed again for 30 s. The samples were then centrifuged at 10,000 rpm for
10 min at 4 ◦C. The supernatant (950 µL) from each sample was separated and dried using
a vacuum centrifuge. The dried residue was reconstituted with 100 µL of acetonitrile, and
7.5 µL of each sample was injected into the LC-MS/MS. PTX calibration samples were
freshly prepared by spiking plasma (100 µL each) to cover a concentration range of 10 to
2000 ng/mL

The tissues were frozen at −80 ◦C for two days following collection. After 2 days of
storage, the tissues were allowed to thaw at room temperature and then gently patted dry
with tissue towels. Immediately after drying, the tissues were accurately weighed, chopped
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into small pieces, and transferred into 15 mL round-bottom tubes. Then, a calculated
volume of milli-Q water (300 µL of milli-Q water for each 100 mg tissue) was added to the
tubes and homogenized using a T18 digital Ultra Turrax homogenizer (IKA-Werke, Staufen
im Breisgau, Germany) running at a speed of 10,000 rpm. The obtained tissue suspensions
were clearly labeled and stored in −80 ◦C prior to use. On the day of analysis, the tissue
suspensions were allowed to thaw at room temperature and then vortexed for 30 s. A
300 µL aliquot of the vortexed tissue suspension was transferred into an Eppendorf tube
and treated in the same manner as the plasma samples. After reconstitution, the samples
were analyzed by the same UPLC-MS/MS method.

2.2.9. Data and Statistical Analysis

All data are reported as mean ± SD, unless otherwise indicated. Differences between
the mean values were compared using analysis of variance (ANOVA) followed by post-hoc
analyses using Tukey–Kramer multiple comparison test. The pharmacokinetic parameters
were calculated using the non-compartmental analysis method in PKSolver 2.0 software.
The level of significance was set at α = 0.05.

3. Results
3.1. Characteristics of PCL-TPGS Copolymers and PTX Micelles

PCL7000-TPGS3500 copolymer was synthesized successfully with a total MW of ap-
proximately 10,400 g/mol. The encapsulation efficiency of PTX was approximately 93%
reaching an aqueous solubility of 0.93 mg/mL in PCL-TPGS micelles (Table 1). The mean
size of PTX micelles was around 68 nm (Table 1). The values for encapsulation efficiency
and diameter of the PTX micelles were very similar to those we reported recently [29].

Table 1. Characteristics of the polymeric micellar formulation of PTX.

Block
Copolymer

Mn
(g/mol) a Size (nm) b PI c Encapsulation Efficiency ± SD

(%) d

PCL7000-TPGS3500 10,400 67.73 ± 0.46 0.293 ± 0.055 92.75 ± 2.25
a Number-average molecular weight of the copolymer measured by 1H NMR. b Mean size estimated by DLS
technique. c Polydispersity (PI) measured by DLS technique. d Measured by HPLC. Values are recorded as
mean ± SD (n = 4–6).

3.2. In Vitro Release Profile of PTX Micelles in SGF and SIF

Figure 1 depicts the PTX release patterns from PTX micelles and commercial formu-
lation (Ebetaxel) in SGF and SIF. In the case of PTX micelles, the release rate of PTX was
slower in both environments, with approximately 10% and 53% of the drug being released
within after 2 h and 24 h incubation, respectively. In contrast, the drug release percentages
obtained with Ebetaxel at these time intervals were 46.2% and 100%, respectively.
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Figure 1. PTX release profile from PTX micelles and Ebetaxel in SGF and SIF, maintained at 37 ◦C
and 50 rpm. Each data point represents the mean ± SD (n = 3).
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The similarity factors f 1 and f 2 calculated for PTX-loaded micelles were 67.9 and 14.3,
respectively. Thus, the release profile of PTX from PCL-TPGS micelles is deemed dissimilar
to that of Ebetaxel.

3.3. In Vitro Stability of PTX Micelles in SGF and SIF

This study measured the diameter of micelles in SGF and SIF at 37 ◦C at various time
points. Figure 2 illustrates that the Zave diameter of the micelles maintained at 74–81 nm for
the entire duration of the experiment. Moreover, the PI values were essentially unchanged
(0.031–0.034) throughout the 24 h incubation time (Figure 2).
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3.4. In Vitro Caco-2 Cellular Uptake

In the cellular uptake study conducted on Caco-2 cells using Rh123 as a fluorescent
probe, we observed varying levels of cellular uptake across the different treatment groups
(Figure 3). Group I (negative control) exhibited negligible fluorescence, as expected, since
no Rh123 was present. Group II, which received free Rh123, showed very low fluorescence
intensity, indicating minimal cellular uptake.

Groups III and V, which involved Rh123 encapsulated in PCL7000-TPGS3500 micelles
and PCL7000-PEO4000 micelles, respectively, displayed distinct cellular uptake profiles.
Group III showed a marked enhancement in fluorescence intensity compared to the free
Rh123 group, suggesting that the PCL7000-TPGS3500 micelles effectively increased the
permeability of Rh123. On the other hand, Group V showed a less pronounced increase,
implying that the PCL7000-PEO4000 micelles were less effective at facilitating Rh123 uptake
suggesting the role of TPGS as an absorption enhancer/P-gp inhibitor.

Group IV, treated with Rh123 in the Ebetaxel vehicle, presented a mean fluorescence
intensity significantly higher than that of Group II (free Rh123), indicating that the presence
of Kolliphor EL, which is a known P-gp inhibitor, significantly enhanced the cellular uptake
of Rh123 (p < 0.05; ANOVA followed by Tukey–Kramer post-hoc analysis). Although the
mean fluorescence intensity of Group IV was also higher than that obtained with Group III,
the difference was statistically insignificant (p > 0.05; ANOVA followed by Tukey–Kramer
post-hoc analysis).

Group VI included Rh123 in the presence of TPGS1000—which is a well-known absorp-
tion enhancer/P-gp inhibitor—and demonstrated a statistically significant increase in mean
fluorescence intensity compared to free Rh123 (Group II). Although Group VII—which
included Rh123 in the presence of TPGS3500—showed a higher fluorescence intensity com-
pared to Group II (free Rh123), it was less pronounced than that obtained with Group VI.

Finally, Group VIII (positive control), treated with a solution of Rh123 co-incubated
with cyclosporine A, exhibited the highest fluorescence intensity among all groups. This
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result implies that cyclosporine A, a known inhibitor of P-gp, significantly increased the
cellular uptake of Rh123 by inhibiting its efflux (Figure 3).
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3.5. Ex Vivo Intestinal Permeability of PTX Micelles

The ex vivo permeation data of PTX through excised intestinal segments (non-everted
and everted sacs) are presented in Figure 4 and Table 2. The rate of PTX permeated
through non-everted sac from PTX-loaded micelles at the first three hours of incubation
was apparently (but statistically non-significant) higher than that of Ebetaxel. However,
after 4 h, the rate of Ebetaxel permeation exceeded that observed with PTX micelles (p < 0.05;
Student’s t-test) (Figure 4A). One the other hand, the permeation of Ebetaxel through the
everted sac was apparently (but statistically non-significantly) higher than that of the PTX
micelles (Figure 4B).

The Papp values of PTX from PTX micelles and Ebetaxel through everted and non-
everted gut sacs are presented in Table 2. The Papp of PTX micelles through everted gut
sac was higher compared to non-everted one with a ratio of 2:1. The Papp ratio of everted
to non-everted values for Ebetaxel decreased to (1.2:1 ratio), which could indicate the
P-gp-inhibitory effect of the Ebetaxel vehicle (Kolliphor EL, formerly known as Cremophor
EL). The Papp value of Ebetaxel through non-everted gut sacs was higher than that of PTX
micelles; however, the Papp values of these formulations were comparable through everted
gut sacs (Table 2).

Table 2. Apparent permeability (Papp) and flux (J) of PTX from PTX micelles and Ebetaxel through
everted and non-everted gut sacs.

Formulation Papp × 10−5 (cm/min) Flux (J)
(ng/cm2·min)

PTX micelles (non-everted) 1.16 ± 0.35 2.4 ± 0.6

PTX micelles (everted) 2.34 ± 0.63 4.7 ± 1.2

Ebetaxel (non-everted) 1.94 ± 0.47 3.9 ± 0.7

Ebetaxel (everted) 2.43 ± 1.36 4.8 ± 2.7
Data were represented as mean ± SD (n = 5/group).



Polymers 2024, 16, 2232 11 of 18Polymers 2024, 16, 2232 12 of 20 
 

 

 

 
Figure 4. PTX permeated through non-everted (A) and everted (B) gut sacs. 

Table 2. Apparent permeability (Papp) and flux (J) of PTX from PTX micelles and Ebetaxel through 
everted and non-everted gut sacs. 

Formulation Papp × 10−5 (cm/min) Flux (J) 
(ng/cm2.min) 

PTX micelles (non-everted) 1.16 ± 0.35 2.4 ± 0.6 
PTX micelles (everted) 2.34 ± 0.63 4.7 ± 1.2 
Ebetaxel (non-everted) 1.94 ± 0.47 3.9 ± 0.7 

Ebetaxel (everted) 2.43 ± 1.36 4.8 ± 2.7 
Data were represented as mean ± SD (n = 5/group). 

3.6. Pharmacokinetics and Tissue Distribution of PTX Micelles 
Figure 5 shows the plasma concentration–time curve of PTX following oral admin-

istration (10 mg/kg) of PTX micelles or Ebetaxel to rats. The pharmacokinetic profile of 
PTX micelles displayed a rapid absorption phase for PTX reaching a mean Cmax of 96.62 
(±33.74) ng/mL, which was achieved within 1 h (Tmax). On the other hand, Ebetaxel showed 
a relatively slower absorption phase (Tmax = 2 h) with a mean Cmax of 59.60 (±8.17) ng/mL. 

0

200

400

600

800

1000

1200

0 60 120 180 240 300

PT
X

 p
er

m
ea

te
d 

 (n
g/

cm
2 )

Time (min)

PTX-micelles
Ebetaxel

0

200

400

600

800

1000

1200

1400

1600

0 60 120 180 240 300

PT
X

 p
er

m
ea

te
d 

 (n
g/

cm
2 )

Time (min)

PTX-micelles

Ebetaxel

Figure 4. PTX permeated through non-everted (A) and everted (B) gut sacs.

3.6. Pharmacokinetics and Tissue Distribution of PTX Micelles

Figure 5 shows the plasma concentration–time curve of PTX following oral admin-
istration (10 mg/kg) of PTX micelles or Ebetaxel to rats. The pharmacokinetic profile of
PTX micelles displayed a rapid absorption phase for PTX reaching a mean Cmax of 96.62
(±33.74) ng/mL, which was achieved within 1 h (Tmax). On the other hand, Ebetaxel
showed a relatively slower absorption phase (Tmax = 2 h) with a mean Cmax of 59.60 (±8.17)
ng/mL. Although the PTX micelles showed a higher peak concentration compared to Ebe-
taxel, the difference was statistically non-significant (p > 0.05). The relative bioavailability
of PTX in the PTX micelles against Ebetaxel was around 84.5%. The average oral clearance
rates (CL/F) were 39.23 (±14.64) L/h/kg for PTX micelles and 28.40 (±7.25) L/h/kg for
Ebetaxel. The pharmacokinetic parameters of PTX are listed in Table 3.

Figure 6 reveals that all tested tissues contained measurable levels of PTX. For the
control formulation (Ebetaxel), the rank order of PTX concentration (24 h post dose) from
highest to lowest was kidney > lung ≈ spleen > heart ≈ liver. In contrast, for PTX micelles,
the sequence was lung ≈ spleen > kidney > heart ≈ liver. Although PTX micelles had a 15%
lower AUC0-∞ of PTX in plasma compared to Ebetaxel, the drug concentrations obtained
with PTX micelles were higher in all tissues at 24 h post-dose compared to those obtained
with Ebetaxel (Figure 6). However, none of the differences were found to be statistically
significant except for those determined in spleen (Student’s t-test; p < 0.05) (Figure 6).
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Figure 5. Plasma concentration–time profile of PTX following an oral dose (10 mg/kg) of Ebetaxel or
PTX micelles to rats. Each data point represents the mean ± SD (n = 4 rats/group).

Table 3. Pharmacokinetics of PTX in plasma after oral administration of Ebetaxel or PTX-loaded
micelles to rats at a dose of 10 mg/kg.

Parameter Ebetaxel® PTX-Loaded Micelles

AUC0-tlast (ng·h/mL) 303.95 ± 36.34 249.94 ± 105.86
AUC0-∞ (ng·h/mL) 375.87 ± 93.72 317.03 ± 173.12

t1/2 (h) 4.71 ± 1.93 3.12 ± 1.47
CL/F (L/kg/h) 28.40 ± 7.25 39.23 ± 14.64
Cmax (ng/mL) 59.60 ± 8.17 96.62 ± 33.74

Tmax (h) a 2 1
a Data were presented as median. AUC0-tlast: AUC from time zero to the last measurable concentration. Data
were represented as mean ± SD (n = 4/group).
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4. Discussion

Oral chemotherapy is still considered a challenge, and its success is expected to
improve clinical practice in oncology. The use of oral chemotherapy has several advan-
tages, which include convenience for the patient, improved quality of life, sustained drug
exposure, and possible reduction in health care costs [30–33].

In recent years, a considerable amount of literature has been published on oral ad-
ministration of anticancer agents. Nevertheless, most anticancer agents, especially those
with superior chemotherapeutic effects such as taxanes (PTX and docetaxel), have poor
oral bioavailability. The low oral bioavailability of these agents is believed to be mainly
due to the first-pass metabolism by the cytochrome P450 (CYP) enzymes and the presence
of plasma membrane transporter P-gp on the apical (luminal) side of enterocytes [34,35].
A growing number of preclinical and clinical studies have demonstrated that the oral
bioavailability of many CYP3A and/or P-gp substrate drugs can be increased by con-
comitant administration of CYP3A inhibitors and/or P-gp inhibitors [36]. In fact, some
pharmaceutical excipients, such as TPGS, have a demonstrated P-gp inhibiting activity
both in vitro and in vivo.

Here, we investigated the feasibility of PCL-TPGS micelles as an oral delivery system
for PTX. The in vitro release study in SGF and SIF revealed that the PTX micelles had a sig-
nificantly slower drug release compared to Ebetaxel. Moreover, those micelles maintained
their size and PI for the entire 24 h incubation at SGF and SIF conditions, which proves that
they are stable.

We investigated the in vitro cellular uptake of PCL7000-TPGS3500 micelles in Caco-2
cells using Rh123, a well-known lipophilic P-gp fluorescent probe. The objective of this
experiment was to evaluate whether loading this molecule into PCL7000-TPGS3500 micelles
would enhance its permeability by inhibiting and/or bypassing P-gp. By examining
the mean fluorescence intensity, we found that PCL7000-TPGS3500 micelles significantly
enhanced the cellular uptake of Rh123 when compared to free Rh123. Moreover, to further
study whether the presence of TPGS moiety in the copolymer was contributing to the
enhancement of the permeability, we compared the results with those obtained with Rh123-
loaded PCL7000-PEO4000. Indeed, the enhancement in the mean fluorescence intensity
was more pronounced in the PCL7000-TPGS3500 micelles (Group III vs. Group V; Figure 3)
although the difference between the two groups was statistically non-significant (p > 0.05;
ANOVA followed by Tukey–Kramer post-hoc analysis).

Group VI, where Rh123 was combined with TPGS1000 served as a positive control and
to validate the experiment since TPGS1000 is a well-known P-gp inhibitor and absorption
enhancer [37–40]. Group VII, which utilized Rh123 in combination with TPGS3500, which is
the same TPGS variant used in the block copolymer we used to prepare PTX micelles. As
expected, in comparison to free Rh123 group, TPGS1000 showed a significant enhancement
in the cellular uptake of Rh123 in Caco-2 cells as evidenced by the fluorescence microscope
image and the mean fluorescence intensity depicted in Figure 3. Additionally, the cellular
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uptake of Rh123 obtained in the presence of TPGS1000 was higher than that obtained
with TPGS3500 (Group VII). This is in line with the findings of Collnot et al., where they
synthesized TPGS analogs containing different PEG chain length (ranging from 200 to
6000) and studied their P-gp-inhibiting activities in Caco-2 monolayers [38]. They showed
that while several analogues of TPGS possess P-gp-inhibiting activity, including TPGS3500,
TPGS1000 showed the most potent P-gp-inhibiting activity. Interestingly, however, the
intracellular mean fluorescence intensity of Rh123 obtained with TPGS1000 (Group VI) was
comparable to both Group III (Rh123 loaded PCL7000-TPGS3500 micelles) and Group IV
(Rh123 dissolved in Ebetaxel vehicle).

Since α-tocopheryl succinate moiety of PCL7000-TPGS3500 is hydrophobic, it would
typically be embedded in the hydrophobic core upon micelle formation (facilitated by PEG
folding). Therefore, it is reasonable to wonder how did TPGS3500 in the PCL7000-TPGS3500
micelles interacted with P-gp (i.e., inhibited its function) and enhanced the cellular uptake
of Rh123?

We hypothesize that TPGS3500 can maintain its P-gp-inhibiting activity through one
or more of the following mechanisms. First, micelles are dynamic structures in an equi-
librium state, allowing for components to rearrange (unimers ↔ micelles). Consequently,
PCL7000-TPGS3500 unimers can partially migrate to the micelle–water and micelle–cell
membrane interfaces, enabling the TPGS3500 moiety to interact with P-gp. Second, upon
interaction with the biological environment, there may be some released TPGS molecules
from the micelles, either through partial micelle dissociation or PCL7000-TPGS3500 ester
hydrolysis, rendering TPGS3500 molecules available to inhibit P-gp. Third, once intact
PCL7000-TPGS3500 micelles are taken up by cells, such as Caco-2 cells and enterocytes, the
micelles disassemble, liberating TPGS3500 to exert its action on P-gp.

One can argue that it is also possible that the enhanced uptake of Rh123 (P-gp probe)
observed with PCL7000-TPGS3500 was not necessarily due to a direct effect of TPGS3500
moiety on the P-gp pump. Instead, it could be due to the ability of the micelles to protect
the payload (i.e., Rh123 or PTX) from being recognized and pumped out by P-gp, thereby
bypassing P-gp effect. However, this was unlikely to be the case for PCL7000-TPGS3500
micelles, as this bypassing effect was not observed with PCL7000-PEO4000 micelles (i.e.,
micelles with no tocopheryl succinate moiety). Figure 3 shows that the mean fluorescence
intensity obtained with Group III (Rh123 in PCL7000-TPGS3500 micelles) was higher than
that obtained with Group V (Rh123 in PCL7000-PEO4000), although the difference was
statistically non-significant (p > 0.05).

It is also worth noting that other research groups who worked on nanoparticles of
PCL-TPGS and PLA-TPGS showed that coupling TPGS to a large molecular weight PCL or
PLA did not compromise its ability to inhibit P-gp [41,42]. In other instances, conjugating
TPGS to other molecules such as glycyrrhetinic acid or lactobionic acid even increased the
P-gp-inhibiting activity of TPGS [43].

The ex vivo intestinal permeability studies depicted in Figure 4 and Table 2 provide
valuable insights into the transport mechanisms of PTX across intestinal segments when
delivered via PTX micelles and Ebetaxel. Initially, PTX micelles demonstrate a higher rate
of permeation through non-everted intestinal sacs as compared to Ebetaxel, which aligns
with the rapid absorption phase observed in the in vivo pharmacokinetic study (Figure 5).
However, the permeation rates for Ebetaxel surpass those of the PTX micelles after 4 h. This
suggests that while PTX micelles facilitate quicker initial uptake, Ebetaxel may offer a more
sustained release, potentially leading to prolonged exposure of intestinal tissues to PTX.

The apparent permeability (Papp) values and the flux (J) of PTX from both formulations
through everted and non-everted gut sacs further support this observation. The Papp
values presented in Table 2 show that PTX micelles have a higher permeability ratio in
everted versus non-everted sacs (2:1), indicating that these micelles may be more effective
in traversing the intestinal barrier in a direction consistent with absorption into the systemic
circulation. In contrast, the reduced Papp ratio for Ebetaxel (1.2:1) suggests that the vehicle
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components, specifically Kolliphor EL (previously known as Cremophor EL), likely exerted
their P-gp-inhibitory effect, thereby affecting the drug’s permeability.

The non-significant difference in the rate of permeation and the Papp values between
the PTX micelles and Ebetaxel could be reflective of multiple factors, including the intrinsic
properties of the micelles and the influence of the vehicle. Although the Ebetaxel vehicle
might inhibit P-gp, leading to higher permeation rates through non-everted sacs, the
micellar formulation of PTX seems to improve the initial uptake. This could be attributed
to the micelles’ ability to solubilize and protect PTX, enhancing its diffusion through the
intestinal membrane during the initial phase of absorption.

Correlating these ex vivo results with the in vitro cellular uptake and in vivo data
provides a comprehensive view of the absorption process. The rapid uptake of PTX in the
presence of PTX micelles corresponds to the observed initial high permeation rates. This is
also in agreement with the in vivo plasma concentration–time profiles, where PTX micelles
showed a rapid drug absorption reaching the Cmax within 1 h (Tmax), whereas Ebetaxel
showed a relatively slower absorption phase (Tmax = 2 h).

The tissue distribution study provided valuable insights into the fate of the drug
in vivo 24 h post-dose. The PTX-loaded micelles showed unique distribution patterns
when compared to Ebetaxel. Specifically, while the overall bioavailability of PTX in the
micelles was comparable to Ebetaxel, PTX micelles consistently showed a trend of higher
concentrations of PTX in all the studied tissues in comparison to Ebetaxel. Nonetheless, the
difference in concentrations reached statistical significance (p < 0.05; Student’s t-test) only
in the spleen tissue. This may suggest a different absorption pathway for PTX micelles (e.g.,
lymphatic system) or that PTX micelles were detected by the reticuloendothelial system.

The sustained in vitro release profile of PTX from the micelles in SGF and SIF suggests
that the micelles may have acted as a depot for PTX in the GI tract. The slow and sustained
release of PTX from the micelles over time indicates that the drug was continuously
being released from the formulation, potentially contributing to the observed higher tissue
concentrations. The higher drug concentrations in the tissues observed with PTX micelles
compared to Ebetaxel® despite the undetectable concentrations of the drug in plasma
beyond 8 h post-dose in the PTX micelle group further support the hypothesis that the
micelles acted as a reservoir, continuously releasing PTX over an extended period. However,
it should be noted that the tissue distribution profile here was based on a single time point
(24 h post-dose).

In order to draw a definitive conclusion whether or not PTX micelles resulted in a
tissue distribution profile that is significantly different from the control formulation, the
biodistribution study should be designed differently. The design of such experiment should
allow for organs to be collected at multiple time intervals to facilitate the calculation of
AUC of drug in each tissue. Because AUC is a better index for calculation of drug exposure
rather than an average tissue concentration obtained at a single time point.

Nonetheless, taken together, the findings from this study indicate that the PCL7000-
TPGS3500 micellar formulation has the potential to significantly improve the oral ab-
sorption of PTX and enhance its intestinal permeability. In fact, with PTX serving as
a model drug, the results suggest that these micelles can potentially improve the oral
absorption/bioavailability of any lipophilic drug that is in BCS Class II–IV (low solubility
and/or permeability).

The shift from IV to oral administration of chemotherapeutic agents could notably
improve patient quality of life by reducing the need for frequent hospital visits, lowering
healthcare costs, and potentially diminishing severe systemic side effects associated with
high peak plasma concentrations typical of IV administration [33]. Further preclinical and
clinical investigations are necessary to confirm these promising results and to fully establish
the clinical safety and efficacy profile of this micellar formulation. Specifically, the next
steps should include studies to investigate the pharmacokinetic/tissue distribution profile
as well as the safety and efficacy of the developed formulation in tumor-bearing animals.
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Ensuring the quality of the final product through the implementation and validation
of good manufacturing practices (GMPs) is crucial for the clinical translation of drug
formulations, including polymeric micellar formulations. However, many production
processes for polymeric micelles face issues with reproducibility and scalability, making it
challenging to meet GMP standards.

In this study, a co-solvent evaporation method was used to produce micelles. Com-
pared to dialysis, another widely used method, the co-solvent evaporation method offers
several advantages, including better scalability and a reduced risk of drug loss during the
encapsulation process.

Nevertheless, future studies should explore the feasibility of utilizing modern tech-
nologies such as microfluidic systems for large-scale production of polymeric micelles.
Microfluidic mixing-based production methods can provide superior control in achiev-
ing the desired size, morphology, shape, size distribution, and surface properties of the
prepared polymeric micelles [44–46].

5. Conclusions

The PCL7000-TPGS3500 micellar formulation presents a promising alternative for the
oral delivery of paclitaxel, addressing significant challenges associated with its solubility
and bioavailability. The micelles not only improved the solubility and stability of PTX
but also demonstrated potential for enhanced intestinal absorption and sustained drug
release. These results indicate that PTX-loaded PCL-TPGS micelles may serve as an effective
formulation for oral delivery of the drug. However, additional preclinical and clinical
studies are needed to confirm these findings.
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