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Abstract
The aim of the present investigation was to evaluate the effect of supersaturation on the oral absorption of paclitaxel (PTX)
in vivo. To achieve this, a PTX amorphous solid dispersion (ASD) was prepared by the solvent cast method. Among the enteric
polymers tested, hypromellose acetate succinate (HPMCAS)MFwas found to be the most suitable polymer for maintaining PTX
supersaturation and inhibiting crystallization in vitro. The dissolution rate and extent of the ASD was remarkably improved
compared with a physical mixture (PM) of PTX, HPMCAS-MF, and Poloxamer 188 (F68), reaching an apparent drug concen-
tration of 25–30 μg/mL and maintaining it for more than 2 h. The liquid–liquid phase separation (LLPS) concentration of PTX in
the presence of HPMCAS-MF was determined to be 23 μg/mL, which was different to that of 40 μg/mL in the absence of
polymer. It indicated that HPMCASwas substantially incorporated into the drug-rich phase. Also, HPMCAS could absorb to the
PTX surface and provided an interfacial barrier for crystal growth, as well as retard the incorporation of PTX from solution into
the growing crystal lattice. The results of X-ray diffraction, differential scanning calorimetry analysis, and transmission electron
microscopy confirmed that PTX existed in the amorphous state in the solid dispersion. Compared with the PM group, the ASD
prepared with HPMCAS-MF and F68 achieved a 1.78-fold increase in relative oral bioavailability, while PTX solution yielded a
1.56-fold increase, which could be explained that the solubility and the permeability of PTX were not increased simultaneously
through supersaturation in vivo. Likely, it was because Cremophor inhibited P-glycoprotein in the intestine to some extent and
maintained PTX at a higher concentration for a longer time.
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Introduction

Oral delivery is the most common and convenient delivery
system, with advantages such as reduced side effects and im-
proved patient compliance [1]. However, there is a big chal-
lenge for the oral delivery of BCS IV drugs, which are classed
with poor solubility and permeability. A lot of strategies have
been investigated to solve the solubility problem, such as the
application of micelles, liposomes, emulsions, nanoparticles,
solid dispersions, etc. However, for cyclodextrin-, surfactant-,

micelle-, and cosolvent-based formulations and more, the in-
crease of the apparent solubility always comes with a failure to
improve the overall absorption for the decreased permeability
[2–4]. The mathematical equation describing membrane per-
meability suggests that solubility and permeability relate
closely, with an apparent certain interplay between them. As
opposed to other solubilization methods, amorphous solid dis-
persions could increase the apparent solubility of drugs by
allowing them to achieve and maintain supersaturation, rather
than through changing the equilibrium solubility of the drug
[5].

Paclitaxel (PTX) is an effective antineoplastic agent and
has been widely used to treat breast, ovarian, non-small lung,
and hormone refractory prostate cancers [6]. The commercial
product of PTX, Taxol®, is composed of 30 mg drug dis-
solved in a 50/50 (v/v) mixture of Cremophor EL/dehydrated
ethanol, which is further diluted in isotonic saline solution
before intravenous administration [7]. Unfortunately, a series
of adverse effects are associated with i.v. administration of
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Cremophor EL, such as acute hypersensitivity reactions, hy-
perlipidaemia, neurotoxicity, and more [5, 8]. The oral bio-
availability of PTX is very low mainly due to its poor solubil-
ity [6], CYP3A4-mediated pre-systemic metabolism, P-
glycoprotein drug efflux pumps, and poor drug dissolution
in the gastrointestinal tract. Nanoengineered systems have
been successfully explored in multifarious ways to improve
the oral delivery of PTX, such as nanoparticles [9], polymeric
micelles [8, 10], nanocrystals [11, 12], chitosan-PTX conju-
gates [13], layerosomes [14], self-emulsifying drug delivery
systems [15], lipid nanocapsules [16], etc. The absorption and
oral bioavailability of PTX can be enhanced through the inhi-
bition of the P-glycoprotein (P-gp) efflux system and cyto-
chrome P450 metabolism, by opening the junctions and
bypassing the efflux pump, via endocytosis and active
endocytic processes, or by extending the gastrointestinal tract
residence time.

Pluronic block copolymers containing hydrophilic poly(-
ethylene oxide) (PEO) blocks and hydrophobic poly(propyl-
ene oxide) (PPO) blocks have been found to inhibit P-gp ef-
flux and reverse the MDR effect [17]. Besides, Pluronic block
copolymers L81, P85, and F68 have been shown to restrain
the intestinal secretion of lipoproteins [1], which can be used
to deliver oral lipophilic drugs, particularly those which are
substrates for P-gp efflux. Also, it has been reported that F68-
based solid dispersions could improve the dissolution of do-
cetaxel, and that there exists certain intermolecular interac-
tions between docetaxel and poloxamer [18].

ASD can be used to improve the oral bioavailability of
drugs with poor water solubility, due to the excipients acting
to prevent the nucleation and growth of the crystalline drug
from the supersaturated solution phase [19]. The induced su-
persaturation can enhance drug absorption via an increase in
thermodynamic activity and free drug concentration [7],
resulting in a saturation of P-gp. Whereas, when the apparent
solubility is higher than the equilibrium solubility of the drug,
there is a trend for the drug to precipitate and drug absorption
may then be compromised. Alternatively, liquid–liquid phase
separation (LLPS) occurs, whereby a metastable equilibrium
exists between free drug in the bulk aqueous solution (drug-
poor phase) and a non-crystalline, water-saturated, drug-rich
phase [20]. The key point is to choose the ideal excipient to
delay the onset of crystallization. Drug/HPMCAS spray-dried
dispersions were shown to be more effective at achieving and
maintaining supersaturation of eight low-solubility drugs of
widely varying structure in vitro than 40 other materials tested
[21]. Zelboraf® (Roche), an amorphous solid dispersion of
vemurafenib-hypromellose acetate succinate (30:70, w/w), is
one of three commercialized oncology formulations contain-
ing a solid dispersion. The dissolution is approximately 30
times higher than that of crystalline vemurafenib and the plas-
ma concentration is almost 5 times of vemurafenib [22].
Amidon et al. [23]stated that permeability and solubility are

the fundamental parameters controlling oral drug absorption.
Amorphous solid dispersions are usually used to improve the
bioavailability of BCS II classic drug [24–26], and there is rare
research on BCS IV drugs. Still, it has been reported that the
solubility and the permeability of rifaximin were increased
simultaneously via a rifaximin amorphous solid dispersion.
Even though the drug is a BCS class IV (low-solubility,
low-permeability) drug and also a P-gp substrate, permeability
could be increased in the high supersaturation level as a result
of efflux transporter saturation [27]. As well, amorphous
rifaximin could achieve a 5-fold higher systemic bioavailabil-
ity compared with another polymorphs [28]. The low oral
bioavailability is still hampered by the combination of intesti-
nal efflux and pre-systemic metabolism, even with a relatively
high permeability in Caco-2 cells from apical to basolateral
[29]. It was reported that the luminal PTX concentration could
be enhanced by increasing solubility and dissolution rate,
which will further efficiently saturate the intestinal efflux
and/or metabolism of PTX [30–32]. Potentially, it is possible
to improve the bioavailability of PTX through saturating the
intestinal P-gp efflux and cytochrome P450 3A4 metabolizing
enzymes as it exhibits high efflux (Fig. 1) [33–35].

The aim of the present research was mainly to develop
amorphous solid dispersion of PTX to investigate the impact
of supersaturation on the in vivo bioavailability. To achieve
this, PTX solid dispersions were prepared with enteric poly-
mers and F68, and the dissolution was evaluated under non-
sink conditions. Furthermore, the impact of the polymers on
the LLPS values in PBS was assessed to better understand
factors impacting the dissolution behaviors and longevity of
supersaturation following dissolution of the ASDs.
HPMCAS-MF was found to be the most suitable excipient
to prolong supersaturation of PTX via preventing drug crys-
tallization and retard precipitation. The solid-state properties
of ASDs were further evaluated by differential scanning cal-
orimetry (DSC), Fourier transform infrared spectroscopy (FT-
IR), X-ray diffraction (XRD), and transmission electron mi-
croscopy (TEM). Furthermore, pharmacokinetics and stability
study of the solid dispersions were also performed. In general,
this work revealed the potential effects of supersaturation on
the intestinal absorption of PTX amorphous solid dispersion.

Materials and methods

Materials

The following materials were purchased from the companies
stated and used as received. PTX was purchased from
Shanghai Sunve Pharma Co. Ltd. (Shanghai, China),
HPMCAS (LF, MF, HF) was obtained from Ashland
Specialty Ingredients (Wilmington, USA), and Poloxamer
188 (Pluronic F68) was obtained from BASF AG
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(Ludwigshafen, Germany). All buffer salts used for dissolu-
tion medium were purchased from Tianjin Kermer Chemical
Reagent Co., Ltd. (Tianjin, China). The solvents used in the
experiments were obtained from Tianjin Concord Technology
Co. Ltd. (Tianjin, China). All other reagents were of analytical
grade and used without further purification.

Preparation of PTX SDs

PTX ASDs with 10% drug loading were prepared through the
solvent casting method. In brief, PTX and enteric polymer
with or without F68 were dissolved separately in ethanol/
acetone (1:1 (v/v) ratio) cosolvent. The two solutions were
then mixed together and stirred for 5 min. Finally, the solution

was spread into a petri dish and allowed to evaporate at 60 °C
for 24 h until complete removal of solvent. The resulting films
were pulverized, ground by a frozen grinding machine
(JXFSTPRP-CL-48), and conserved in a desiccator at room
temperature until further evaluation (Table 1).

Determination of apparent solubility

Solubility of crystalline PTX in a 50 mM phosphate-buffered
solution (PBS, pH 6.8) in the presence of either HPMCAS-
MF or F68 or the combination of the two was determined by
stirring an excess amount of crystalline drug in the dissolution
medium, followed by sonication for 10 min and then shaking
using an orbital shaker (37 °C, Burrell wrist action shaker,

PTX

HPMCAS
Fig. 1 Chemical structures of paclitaxel (PTX), hydroxypropylmethylcellulose acetate succinate (HPMCAS), and poloxamer 188 (F68) and schematic
presentation of the solid dispersion in the intestine
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model 75) for 48 h. The suspensions were subsequently cen-
trifuged at 12,000 rpm (HC-3018R High speed refrigerated
centrifuge, Anhui, Zonkia Scientific Instruments Co., Ltd)
for 15 min, and the drug concentration in the supernatant
was determined by HPLC. The concentration of HPMCAS-
MF or F68 was 0.5, 1, or 3 mg/mL. The quantification of PTX
was performed according to previously described methods

[36, 37]. The equilibrium solubility of PTX was also deter-
mined in the presence of 0.01, 0.05, and 0.1% (w/v)
Cremophor RH40 in 50 mM at pH 6.8 PBS using the method
outlined above.

UV spectroscopy was used to determine the amorphous
solubility of PTX. The samples analyzed consisted of
100 mL PBS (50 mM, pH 6.8) stirred at 300 rpm and

F68

Fig. 1 continued.

Table 1 The composition (w/w)
of PMs (physical mixtures) and
SDs (solid dispersions)

Formulation HPMCAS-LF HPMCAS-MF HPMCAS-HF HPMCP-55 L100 F68 PTX

PM1 75 15 10

PM2 90 10

SD1 75 15 10

SD2 75 15 10

SD3 75 15 10

SD4 75 15 10

SD5 75 15 10

SD6 90 10

HPMCAS, hypromellose acetate succinate (LF/MF/HF mean different grades of HPMCAS); HPMCP-55,
hydroxypropylmethyl cellulose phthalate; L100, Eudragit® L100; F68, poloxamer 188; PTX, paclitaxel
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maintained at 37 °C using a jacketed vessel fed by a Julabo
MA water bath (Seelbbach, Baden-Wurttemberg, Germany),
with or without dissolved polymer. The polymer HPMCAS-
MF was added at 450 and 32 μg/mL, and HPMCP and L100
were added at 450 μg/mL. PTX was dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 10 mg/mL. Through
the use of a syringe pump (KD Scientific KDS 220 multi-
channel syringe pump, USA), the solution was continuously
added to the buffer at an infusion rate of 0.12 mL/min.
Approximately, 0.6 mL DMSO was added to the aqueous
medium, and less than 1% DMSO has been confirmed not
to influence the solubility of PTX. Light scattering was detect-
ed (iDH 2000-UV, Shanghai Ideaoptics Co.Ltd) by monitor-
ing the extinction at a non-absorbing wavelength of 400 nm.
To assess the impact of Cremophor RH40 on the degree of
supersaturation, the amorphous solubility of PTX was mea-
sured in the presence of three different concentrations of
Cremophor RH40, with one concentration below the critical
micelle concentration (CMC) and the other two above the
CMC. A 20-mg/mL PTX stock solution was added to the
PBS at a rate of 0.2 mL/min to rapidly obtain the LLPS con-
centration prior to crystallization occurring.

When LLPS occurred, the baseline signal increased sharply
due to the formation of scattering species. The concentration
where the extinction increased for each system was estimated
by fitting the data in the regions of low and high extinction
using linear regression analysis and determining the intersec-
tion of the two curves. LLPS onset concentration represents
the amorphous solubility to some extent. The degree of super-
saturation can be calculated using the following equation [7]:

S ¼ C
Ceq

where S is the supersaturation ratio, C is the experimental free
drug concentration, and Ceq is the equilibrium solubility of the
crystalline drug. When the supersaturation ratio is higher than
1, there is a trend for the drug solution to produce liquid-liquid
phase separation or drug crystallization.

In vitro dissolution under non-sink condition

The dissolution profiles of pure PTX powder, PMs, and
SDs were evaluated in non-sink dissolution condition,
which can facilitate the evaluation of the degree of super-
saturation. Briefly, PTX powder, PMs, or SDs containing
3 mg PTX were transferred into 50 mL PBS and the instru-
ment was set to 200 rpm at 37 °C. At pre-determined time
points (15, 30, 45, 60, 90, and 120 min), 3 mL sample was
withdrawn and replaced with the same volume of PBS. The
samples were filtered with 0.45 μm syringe filters, and
then analyzed by HPLC.

In order to assess the abilities of HPMC-AS and F68 to
maintain the solution supersaturation of PTX, different concen-
tration solutions of HPMC-AS and F68 were prepared. A PTX
solution in DMSO was prepared at 10 mg/mL, of which
100 μLwas added to 20 mL of PBS pre-dissolved with various
excipients. The solution was then vibrated at a frequency of
200 rpm. After 20 min, 1 h, 2 h, and 4 h, 1 mL solution was
withdrawn and centrifuged at 12,000 rpm for 10 min. The ob-
tained clear supernatant was subsequently analyzed by HPLC.

Characterization of SDs

Differential scanning calorimetry

A differential scanning calorimeter (DSC-60 SHIMADZU)
was used to produce and analyze thermograms of each sam-
ple. Approximately 5 to 10 mg samples (PTX, SD1, SD6,
PMs, and HPMCAS) were weighed into an aluminum pan
and heated from ambient temperature to 300 °C at a heating
rate of 10 °C/min. A nitrogen flow rate of 40 mL/min was
used during each run.

Fourier transform infrared spectroscopy

FT-IR spectra of the SD1, SD6, HPMCAS, PTX, F68, and
PMs were collected by Fourier transform infrared spectrosco-
py (Vertex 70, Bruker Optics, Ettlingen, Germany) with a
spectral resolution of 4 cm−1. The IR spectra in the wave
number range 4000–400 cm−1 were recorded for further
comparison.

Power X-ray diffraction analysis

Power X-ray diffraction (PXRD) analysis was also used to
ascertain the existing state of PTX in the PTX solid dispersion.
X-ray powder diffraction measurements were performed on a
D8 Advance X-ray diffractometer (Bruker, Karlsruhe,
Germany). Samples of approximately 0.5 mm thickness were
placed in a metal sample holder, placed in the diffractometer,
and scanned at a current of 40 mA and a voltage of 40 kV. The
scan range was 5–60° (2θ), with a scan speed of 4°/min.

Transmission Electron microscopy

TEM experiments and electron diffraction of SD1 and SD6
were performed using a JEM-2100 transmission electron mi-
croscope (JEOL, Japan) with an accelerating voltage of
200 kV. Samples were prepared by dropping the diluted solu-
tion with corresponding polymer and PTX onto a 230-mesh
copper TEM grid with carbon film, followed by heating to
60 °C to remove residual solvent. Electron diffraction was
used to confirm if there was crystallinity in the solid
dispersions.
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Stability study

In order to investigate the stability of SD1 and SD6, the sam-
ples were stored at 40 °C with 75% relative humidity for
1 month. DSC and XRD were examined to evaluate the crys-
tallinity of PTX. The dissolution profiles were conducted by
the method described in section BIn vitro dissolution under
non-sink condition.^

In vivo pharmacokinetic evaluation

In vivo protocol

Twenty-four male Sprague-Dawley rats weighing 180–200 g
were provided by the Experimental Animal Center of
Shenyang Pharmaceutical University. Animals were fasted
overnight before experiments. All animal studies were carried
out in compliance with the Guideline for Animal
Experimentation approved by the Animal Ethics Committee
of the institution. Rats were randomly divided into the follow-
ing four groups (n = 6): (1) SD1 treatment group, (2) SD6
treatment group, (3) PTX solution (PTX-sol) treatment group,
and (4) PM1 treatment group. The PTX-sol was prepared by
dissolving 50mg PTX in amixed solvent (2.485mL ethanol +
2.635 mg Cremophor® RH40), and then the solution was
diluted to a concentration of 2 mg/mL. The PTX oral formu-
lations were administrated at a single dose of 20 mg/kg. Blood
samples (0.3 mL) were collected via the orbital venous plexus
at 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h after
administration. After centrifugation at 6000 rpm for 10 min,
the obtained plasma was stored at − 20 °C until required for
analysis.

Plasma samples (100 μL) were mixed thoroughly with
20 μL of a 5-μg/mL DTX solution and vortexed for 3 min
and then extracted with 2.5 mL tert-butyl methyl ether
(TBME) and followed by vortexing for 10 min. After centri-
fugation at 4000 rpm for 10 min, 2 mL supernatant was re-
moved and evaporated to dryness at 40 °C with a gentle
stream of nitrogen. After, 100 μL of acetonitrile was added
followed by vortexing for 10 min, and then centrifugation at
12,000 rpm for 10 min. Finally, 85 μL aliquots were trans-
ferred for determination.

LC-MS analysis of PTX in plasma

Analytic separation was achieved on an ACQUITY Ultra-
Performance Liquid Chromatography system (Waters Corp.,
Milford, MA, USA) using an XBridge TMC18 column (75 ×
4.6 mm, 2.5 μm, Waters Corp., Milford, MA, USA). Mobile
phases A and B consisted of acetonitrile and H2O/formic acid
99.9:0.1 (V/V). The gradient (0.2 mL/min) was performed as
follows: starting at 50% A and reaching linearly to 90% A in
0.9 min. This was followed by 1.4 min at 90% A, then

reaching linearly to 50% A in 0.2 min. Finally, equilibrate
0.5 min at 50%A. The column temperature was held at 35 °C.

Quantitative determination of PTX was performed with a
Waters ACQUITY™ XEVOTQ mass spectrometer. Data was
acquired in electrospray ionization (ESI) mode with positive
ion detection and multiple reaction monitoring (MRM). A cone
voltage of 10Vand capillary voltage of 3.00 kVwere used. The
desolvation temperature was maintained at 400 °C and nitrogen
was used as the desolvation gas with a flow rate of 550 L/h. The
MS/MS transition of PTX was 854.40→ 569.2 and that of
docetaxel was 808.48→ 527.3. The mass spectrometric data
were collected using the MasslynxTM NT4.1 software
(Waters Corp., Milford, MA, USA) and analyzed by the
QuanLynxTM program (Waters Corp., Milford, MA, USA).

Pharmacokinetic data analysis

The plasma concentration of PTX vs. time profile was ana-
lyzed by a two-compartmental method using DAS 2.0 soft-
ware (Mathematical Pharmacology Professional Committee
of China, Shanghai, China). The PK parameters were ana-
lyzed for statistical significance with an unpaired Student’s t
test, with a significance level of P < 0.05.

Results and discussion

Apparent solubilities of PTX

The aqueous solubility of crystalline PTX in the presence or
absence of HPMCAS(MF), F68, and/or Cremophor RH40 is
summarized in Table 2.

Without HPMCAS (MF) or F68, the aqueous solubility of
crystalline PTX in PBS at 37 °C is very low at 0.3 μg/mL.

Table 2 Apparent solubility of PTX in the presence and absence of
polymers at 37 °C (n = 3)

Solvent Solubility (μg/mL)

PBS (pH 6.8) 0.30 ± 0.02
HPMCAS
0.5 mg/mL 0.33 ± 0.05
1 mg/mL 0.26 ± 0.03
3 mg/mL 0.31 ± 0.04
F68
0.5 mg/mL 0.19 ± 0.02
1 mg/mL 0.20 ± 0.03
3 mg/mL 0.24 ± 0.03
HPMCAS
0.5 mg/mL + F680.1 mg/mL 0.37 ± 0.03
2.5 mg/mL + F680.5 mg/mL 0.32 ± 0.04
Cremophor RH40
0.01% 0.28 ± 0.15
0.05% 1.20 ± 0.18
0.10% 1.93 ± 0.10
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With the addition of HPMCAS up to 2.5 and 0.5 mg/mL F68,
the solubility of PTX remained unchanged, indicating that the
coexistence of HPMCAS and F68 had a negligible effect on
the solubility of PTX. The equilibrium solubility of PTX in-
creased ~ 4 times to 1.20 μg/mL with 0.05% Cremophor
RH40 and to 1.93 μg/mL with 0.10% Cremophor RH40.

The amorphous solubility of PTX or the concentration
where LLPS occurred was determined by UV spectroscopy.
Piao et al. [38] reported that the theoretical solubility ratio of
amorphous/crystalline PTX was 92.6 (37 °C). According to
Fig. 2a, the LLPS concentrations of PTX in the presence of the
polymers (HPMCP-55 and L100) were found to be similar to
the LLPS concentration in the absence of polymer, which was
approximately 40 μg/mL, implying that HPMCP-55 and
L100 did not change the thermodynamic activity of the
drug-rich phase [39]. However, for a solution of PTX with
HPMCAS (MF), it is apparent that there was a decreased the
extinction concentration of approximately 23 μg/mL. This
was in agreement with an example of danazol where LLPS

occurred at lower concentrations with low concentrations of
added polymers (PVP, HPMC, HPMCAS) [40]. Chen et al.
found that the amorphous precipitates contained ~ 16 wt% of
HPMC-AS [41]. Furthermore, solution 1H NMR measure-
ments revealed that the polymer was distributed to the drug-
rich phase during LLPS.With more polymer incorporated and
the more the hydrophobic nature of the polymer, the supersat-
uration solution was found to be more stable [42]. Also, the
reduction of LLPS concentration further indicated that
HPMCAS was substantially incorporated into the drug-rich
phase, namely that there existed some interactions between
HPMCAS and PTX. The FT-IR 1600–1800 cm−1 spectra of
HPMCAS and PTX are similar, and there exists strong inter-
molecular hydrogen bonding and hydrophobic interactions
between HPMCAS and PTX, as both have carbonyl and hy-
droxyl groups. HPMCAS is likely localized on the surface of
the colloidal particles due to its negative charge under alkaline
conditions [43, 44]. The zeta potential of PBS with only
HPMCAS was − 3.02 mV while that was − 12.4 mV in the

Fig. 2 a UVextinction intensity
of PBS with or without polymer.
b The visual examination of four
supersaturated solutions after 48 h
at ambient temperature. c Crystal
habit of precipitations from the
PTX supersaturation solution;
top, solution without polymer. d
UVextinction intensity of PBS
with different concentrations of
Cremophor RH40

350 Drug Deliv. and Transl. Res. (2019) 9:344–356



supersaturated solution with HPMCAS, which further serves
as an indication of adsorption of HPMCAS at the drug-rich
phase interface (data not shown). Besides, the hydrophobic
regions of HPMCAS could provide sites for PTX association,
while hydrophilic areas play the role of stabilizing the drug-
rich phase [21]. Potentially, HPMCAS reduced the activity of
PTX and further lead to a decreased concentration where
LLPS occurred. Further, the concentration of HPMCAS had
no significant influence on the LLPS concentration.

UVextinction experiments revealed that LLPS occurred at
40, 82, and 125 μg/mL in 0.01, 0.05, and 0.1% Cremophor
RH40 solutions, respectively, as compared with that at 40 μg/
mL in buffer (Fig. 2d). It was observed that increasing the
Cremophor RH40 concentration led to enhanced solubility
and a corresponding increase in LLPS concentration [45].

After the addition of PTX solution, there appeared obvious
precipitation in the solution without added polymer. The solu-
tion with 450 μg/mL polymers was completely homogeneous
with a slight bluish color, characteristic of the presence of a
second scattering phase. Four hundred fifty micrograms per
milliliter is the concentration of the polymer that would be
present in the solution following a complete dissolution of the
PTX solid dispersions. The particle sizes of the colloidal drop-
lets were determined with dynamic light scattering (DLS). The
average sizes of the drug-rich phase obtained by the antisolvent
addition method with or without polymer are comparable
(Table 3). Both the UVextinction and DLS data were consistent
with the formation of a second phase which scattered light.
After 48 h, it could be seen that only HPMCAS solution was
still homogeneous, whereas HPMCP-55 solution had

precipitated and the L100 solution was observed to be cloudy.
A higher maximum supersaturation with HPMCP or L100 led
to a sharper decline in supersaturation caused by rapid precip-
itation [46]. The phenomenon was consistent with the outcome
that LLPS occurred at a lower concentration with the presence
of HPMCAS, as the supersaturation level was reduced, and thus
the supersaturation solution was less susceptible to precipitation
[47]. That is, HPMCAS could influence the supersaturation of a
solution in both thermodynamic and kinetic ways [48].
However, HPMCP and L100 could only be involved in the
kinetics of precipitation, inhibiting crystallization in some way.

As is shown in Fig. 2c, compared with the crystalline parti-
cles formed in the presence of polymers, the crystalline particles
formed in the absence of polymer present a random needle-like
habit composed by crystalline agglomerates, which was caused
by rapid and high supersaturation. Supersaturation must exceed
a critical supersaturation, after which the secondary nucleation
appears in the crystallographic z-axis, namely the Bbirth and
spread^ growth mechanism [49]. Additives HPMCP and
L100 did modify the crystal morphology at the macroscopic
scale, which showed in part that they could impede the growth
of specific crystal faces. In summary, HPMCAS (MF) was the
most appropriate enteric polymer to prevent crystallization and
maintain supersaturation of PTX.

The effect of HPMC-AS or F68 on PTX supersaturation
maintainance

As shown in Fig. 3, F68, regardless of its concentration, is not
effective in maintaining PTX supersaturation. The precipitation
was in an amorphous state under a polarization microscope
(data not shown). In contrast, HPMCAS significantly
prolonged PTX supersaturation in PBS with a PTX concentra-
tion of 35 μg/mL. The concentration was higher than the LLPS
concentration, as some tiny colloidal aggregates could not be
completely eliminated by high-speed centrifugation. The later
increased concentration of PTX may be caused by the loss of
solvent. HPMCAS of 10 μg/mL concentration was sufficient to
keep PTX at a supersaturation state. As well, the maintenance

Table 3 Particle size (diameter, nm) for PTX systems at a concentration
above the LLPS concentration with various polymers, comparing the
effect of pre-dissolved additives (HPMCAS-MF, HPMCP-55, L100) on
the PTX colloidal aggregates produced using the solvent-shifting method

HPMCAS-MF HPMCP-55 L100

Particle size (nm) 250.3 ± 115.4 224.4 ± 106.1 266.0 ± 141.8

The polymer concentration was 450 μg/mL

Fig. 3 Supersaturation of PTX
solutions in the presence of
different amounts of a F68 or b
HPMCAS. The initial drug
concentration was 50 μg/mL.
Note: The concentration of 50 μg/
mL is not an experimentally
measured value but represents the
theoretical starting concentration
calculated based on the amount of
PTX DMSO solution added
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time of the supersaturation was relatedwith the concentration of
HPMCAS-MF. The solutions gradually appeared to precipitate
with an increase in polymer concentration.

In vitro dissolution testing

Figure 4 shows the in vitro dissolution behaviors of PTX solid
dispersions prepared with various polymers and PTX-sol un-
der non-sink condition. Dissolution results indicated that F68
had no obvious effect on the dissolution rate and extent of
PTX from the solid dispersion, which was consistent with
the supersaturation maintenance of F68. Compared with
HPMCP-55, L100, HPMCAS-LF, and HPMCAS-HF,
HPMCAS-MF was the best polymer, introducing a fast disso-
lution rate and could maintain PTX at a steady concentration
without decreasing. The solutions with SD1 and SD6 turned
to slight bluish during the dissolution process, demonstrating
the appearance of liquid–liquid phase separation. When the
PTX concentration was at amorphous solubility, the supersat-
uration ratio was almost 77. The solid dispersion with
HPMCAS-LF had the fastest dissolution rate, but the concen-
tration decreased sharply. It should be noted that the cumula-
tive release percentage of PTX approximately accounted for
50% of the total drug dose, as part of the PTX was in the
aggregations caused by LLPS and the dissolution was in
non-sink conditions. For PTX-sol, PTX was incorporated into
surfactant micelles, and so the concentration only changed
with the removal of dissolution medium.

XRD, DSC, FT-IR, and TEM

X-ray diffraction spectra, DSC thermograms, and FT-IR spec-
tra were used to characterize the state of PTX in the physical

mixtures and solid dispersion, and the results are shown in
Fig. 5. The sharp diffraction peaks of pure PTX indicated
the crystalline phase. F68 showed two diffraction peaks at

Fig. 4 Dissolution performance of PTX solid dispersions prepared with
PTX and various polymers. Drug loading was 10% with HPMCAS (LF,
MF, and HF), HPMCP-55, and L100. Dissolution was carried out using
the small-scale dissolution test in 50 mL PBS (50 mmol/L, pH 6.8) at
37 °C

Fig. 5 X-ray diffraction spectra (a), DSC thermograms (b), and FT-IR
spectra (c) of PTX formulations and their components. PM1 (HPMCAS-
MF/F68/PTX = 75:15:10). PTX-SD1 (HPMCAS-MF/F68/PTX =
75:15:10) and SD6 (HPMCAS-MF/PTX = 90:10). PTX, paclitaxel;
HPMCAS, HPMCAS-MF
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diffraction angles of (2θ) 19.14°and 23.25°. The PM showed
sharp peaks at a diffraction angles (2θ) of 12.25°, 19.14°, and
23.31°, indicating that PTX and carriers were all in crystalline
forms. No crystalline peaks of PTX were found in the solid
dispersion, and broad and featureless PXRD patterns sug-
gested that PTX in the solid dispersion was molecularly dis-
persed in an amorphous state.

The DSC thermograms (Fig. 5b) confirmed the results of
the XRD analysis. Physical mixtures only had one visible
endothermic peak at 55 °C, which was the characteristic peak
of F68. An exothermal peak could be observed following the
endothermic melting peak of PTX due to its degradation. The
absence of the melting peak of PTX in the two solid disper-
sions and the PM1 indicated that PTX may be present in an
amorphous state.

FT-IR spectra can be used to determine whether there is any
interaction between the drug and the polymer in the solid state.
FT-IR spectra of 2000–1500 cm−1 of PTX, HPMCAS, PMs,
and SDs were almost the same except for an intensity differ-
ence. PTX had a peak at 1733 cm−1, while HPMCAS had a
peak at 1740.6 cm−1. For the physical mixtures, the peak was
at 1740.3 cm−1, same as HPMCAS alone. In the PTX-
HPMCAS solid dispersion system, the carbonyl peak showed
a red shift from 1740 to 1737.7 cm−1, indicating that there
existed some molecular interaction between PTX and
HPMCAS. The interactions further contributed to the strong
crystallization inhibition effect of HPMCAS toward PTX. The
drug–polymer interaction in SD is speculated to occur via
hydrogen bonding as the structure of HPMCAS-MF suggests
several hydrogen bonding sites due to the OH and COOH
functional groups provided by the acetyl and succinyl groups
bound to the cellulose backbone.

TEMwas used to examine the solid dispersions to evaluate
the crystallinity and to further complement the DSC and XRD
studies. Figure 6a, b shows TEM photomicrographs of SD1
and SD6. No distinct features were observed for the samples.
The corresponding electron diffraction patterns of SD1 (c) and
SD6 (d) do not exhibit sharp diffraction spots, indicating that
PTX in the solid dispersions is amorphous.

Stability study

The results showed that the dissolution (Fig. 7) rate and extent
of PTX from SD1 and SD4 after 1-month storage at 40 °C
with 75% RH was almost unchanged compared with that on

Fig. 6 Transmission electron
photomicrographs of a SD1 and b
SD6. The corresponding electron
diffraction patterns of c SD1 and
d SD6

Fig. 7 Time profiles of in vitro dissolution of PTX from SD1 and SD6 on
the 0th and 1 month after their preparation (n = 3)
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the 0th day. Also, the XRD and DSC outcomes (data not
shown) of the SDs obtained before and after 1-month storage
showed that PTX were at amorphous state. These indicated
the acceptable physical stability of SD1 and SD6.

Pharmacokinetic evaluation

To assess whether the PTX solid dispersion had an absorption-
enhancing effect, a pharmacokinetic evaluation was per-
formed using Sprague-Dawley rats. As HPMCP, L100,
HPMCAS-LF, and HPMCAS-HF could not maintain the su-
persaturation of PTX in the dissolution profiles, SD1 and SD6
were chosen to conduct the pharmacokinetic experiment. The
mean plasma concentration-time profiles of PTX after oral
administration of SDs, PM and PTX-sol at a dose of
20mg/kg is shown in Fig. 8, and the relevant pharmacokinetic
parameters are listed in Table 4. Compared with the PM1
group, SDs and PTX-sol groups significantly increased the
AUC of PTX. It can be seen that SD6 and SD1 barely im-
proved the oral bioavailability of PTX compared with PTX-
sol with the exception that the appearance time of maximal
plasma concentration was delayed due to the use of the enteric
polymer. In vitro dissolution tests implied that 15% F68 had

no obvious effect on the dissolution, which coincided well
with the in vivo oral absorption. Potentially, PTX-sol was able
to induce supersaturation after contacting with the gastrointes-
tinal fluid as long as the solubilization effect of Cremophor
could be counteracted by increasing PTX concentration to the
amorphous solubility. It was reported that Cremophor could
inhibit P-gp in the small intestine to some extent and increase
the bioavailability of orally administered P-gp substrate drugs
[50]. For the solid dispersions, unsatisfactory outcomes may
occur due to certain obstacles in vivo. It was demonstrated that
LLPS would occur at a much higher concentration because of
the solubilization by the solubilizing additives in the intestinal
tract, such as lecithin and sodium taurocholate [45]. Even
though the amorphous solid dispersion may dissolve rapidly
in intestine, resulting in the formation of the drug-rich phase,
the complex biological situation and other types of inner sub-
stances may disturb the equilibrium between the colloidal ag-
gregates and the aqueous phase [51]. It was reported that ad-
ditives had a great impact on the stability and size of the drug-
rich phase, which further influenced the absorption and bio-
availability of the drug [52]. In an ideal situation, the
Breservoir^ effect of the drug-rich phase has the advantage
of enabling the passive transport of the drug across the intes-
tinal membrane at a sustained state by rapidly replenishing
drug that has been removed [53]. Perhaps, the carrier-
mediated mechanisms account for the majority of the PTX
transport process in oral absorption. Namely, there is still a
gap between the supersaturation and the absorption, which
may be altered by a higher supersaturation in vivo [32].

Conclusions

PTX solid dispersions were prepared through the solvent cast
method in order to improve the oral bioavailability of PTX
through supersaturation. The enteric polymer HPMCAS-MF
was shown to be superior to other tested polymers for its ability
to inhibit crystallization andmaintain supersaturation of PTX for
a long time in vitro. However, pharmacokinetic evaluation of
SDs performed in rats did not show the advantages and increase
the oral bioavailability of PTX compared with the PTX-sol.
Perhaps, a higher supersaturation is needed to increase the oral
absorption of BCS IV drugs using solid dispersions.

Fig. 8 Plasma concentration vs. time curves of PTX after oral
administration of PTX-sol, PM1 (HPMCAS-MF/F68/PTX = 75:15:10),
SD1 (HPMCAS-MF/F68/PTX = 75:15:10), and SD6 (HPMCAS/PTX =
90:10) at a dose of 20 mg/kg to rats (n = 6)

Table 4 Pharmacokinetic parameters of PTX after oral administration of PTX-sol, PTX-PM1 (HPMCAS-MF/F68/PTX = 75:15:10), PTX-SD1
(HPMCAS-MF/F68/PTX = 75:15:10), and SD6 (HPMCAS, PTX = 90:10) at a dose of 20 mg/kg (n = 6)

Parameter SD1 SD6 PTX-sol PM1

AUC0–∞ (μg/L*h) 592.8 ± 164.0 406.7 ± 57.8 520.4 ± 104.8 332.6 ± 193.1

Tmax (h) 3.3 ± 1.0 3.6 ± 0.9 0.9 ± 0.2 4.2 ± 1.3

Cmax (μg/L) 67.9 ± 22.1 56.6 ± 15.4 71.3 ± 31.2 14.4 ± 5.0

F (%) 178 122 156 100
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