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ABSTRACT

Objective The current study aimed to develop a novel milk-
based formulation of docetaxel, a sparingly soluble antineo-
plastic agent, administered so far exclusively by the intrave-
nous route and evaluate its oral bioavailability.

Methods Pre-formulation studies included the determination
of docetaxel solubility in water-alcohol mixtures as well as
short-term content uniformity experiments of the final formu-
lation. The pharmacokinetic (PK) performance of the devel-
oped milk-based formulations was further evaluated in vivo in
mice using ritonavir, a potent P-glycoprotein inhibitor, as an
absorption enhancer of docetaxel and the marketed intrave-
nous docetaxel formulation, Taxotere®, as a control.
Results In vivo PK results in mice showed that all the admin-
istered oral docetaxel formulations had limited absorption in
the absence of ritonavir. On the contrary, ritonavir co-
administration given as pre-treatment significantly enhanced
oral bioavailability of both the marketed and milk-based do-
cetaxel formulations; an even more marked increase in drug
exposure was observed when ritonavir was incorporated with-
in the docetaxel milk-based formulation. The fixed-dose com-
bination also showed a more prolonged absorption of the drug
compared to separate administrations.

Conclusions The current study provides insights for the dis-
covery of a novel milk-based formulation that could
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potentially serve as an alternative, non-toxic and patient-
friendly carrier for an acceptable docetaxel oral
chemotherapy.
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INTRODUCTION

Docetaxel is a hydrophobic antineoplastic compound that
demonstrates significant antitumor activity and is widely used
in the treatment of various malignancies (1). Docetaxel dis-
rupts microtubule functioning in cells, resulting in the inhibi-
tion of cell division. It has been approved as an injectable
formulation in the form of Taxotere® by the FDA and EMA
for use in treating 5 types of cancer: metastatic and adjuvant
breast cancer, metastatic androgen independent prostate
cancer, advanced non-small cell lung cancer, advanced
gastric adenocarcinoma and locally advanced squamous cell
carcinoma of the head and neck. One of the major limitations
of docetaxel therapy arises from its extremely low aqueous
solubility (2).

Docetaxel is currently distributed in a blister carton pack-
age consisting of one single-dose Taxotere vial containing do-
cetaxel dissolved in polysorbate 80 and one single-dose solvent
for Taxotere vial containing 13% (w/w) ethanol, wherein the
above two are mixed together to prepare a premix with a
solubility of 10 mg/mL and then added into an infusion bag
containing physiological saline solution. However, hypersen-
sitivity reactions may occur due to the use of polysorbate 80
and the presence of ethanol may cause additional side reac-
tions (3, 4).

Due to the problems of the intravenous administration,
there is an increasing interest in the development of an oral
docetaxel formulation (5—-9). However, oral administration of
docetaxel is hampered by its affinity for drug transporters,
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especially ABCB1 (P-glycoprotein, P-gp), extensive first-pass
metabolism by cytochrome P450 3A (CYP3A) and poor sol-
ubility (10). Studies with mice in which oral docetaxel was
administered in combination with ritonavir indicated that ri-
tonavir dramatically enhances the bioavailability of docetaxel
(11). It was found that both P-gp and CYP3A4 caused the low
oral bioavailability of docetaxel, and ritonavir was capable of
inhibiting both systems significantly. This effect was also con-
firmed in patients with solid tumors (12), where it was found
that the apparent bioavailability of docetaxel combined with
ritonavir was 131 + 90% compared with the bioavailability of
docetaxel alone, whereas co-administration of oral docetaxel
in patients with solid malignancies with another P-gp and
CYP3A4 inhibitor, cyclosporine (15 mg/kg) led to an absolute
bioavailability of 90% for docetaxel (13). In all oral animal
and human studies of docetaxel, the intravenous formulation
was administered per os since there is no approved oral for-
mulation of docetaxel. However, the intravenous formulation,
has excipients that are not appropriate for oral administration,
an unpleasant taste and a limited shelf half-life (10).

In this work, we utilized milk as a potential formulation
vehicle (14) in order to develop a novel formulation containing
not only docetaxel, which has very low solubility, but also the
P-gp inhibitor ritonavir in a dissolved form in the mice gastro-
intestinal tract. Milk is particularly useful for highly non-polar
drugs because is a medium with high solubilization (15, 16)
and various freeze-dried drug-milk formulations have been
studied in the past (17-20).

MATERIALS AND METHODS

Materials

Docetaxel anhydrous (HPLC grade 99.7%, Sicor de Mexico
S.A.), Ritonavir USP (HPLC grade 99.6%, Emcure
Pharmaceuticals Limited) and Taxotere 20 mg/ml concen-
trate for solution for infusion (Sanofi S.A.) were kindly provid-
ed by Vianex S.A. (Greece). Ultra-high temperature process-
ing (UHT) milk: full fat milk (3.5% fat, 3.3% proteins, 4.7%
carbohydrates, Ennstal, Austria) was used for the preparation
of milk-based formulations. Ethanol absolute was obtained
from Panreac Quimicasau (Barcelona), t-butyl alcohol, am-
monium acetate (LC/MS grade >99.0%) and formic acid
(LC/MS grade 98%) were purchased from Fluka Analytical
(Germany), acetonitrile RS LC/MS grade from CARLO
ERBA reagents S.A. (France). All other chemicals were of
analytical grade and included propylene glycol (>99.5%
grade, Sigma-Aldrich), cremophor EL (Acros Organics) and
sodium citrate monobasic anhydrous (=99.5% grade, Sigma
Life Sciences, Germany). Ultra-purified water was obtained
through a Barnstead NANOpure Diamond water purification
system (Dubuque, Iowa, USA). Regenerated cellulose target

@ Springer

syringe filters of 0.45 um pore size and 17 mm outside diam-
eter (Titan® Scientific Resources Inc., Eatown, NJ, USA)
were also used in the solubility experiments.

In Vitro Studies

For the development of this novel docetaxel milk-based for-
mulation a series of pre-formulation studies was performed in
order to determine the excipients and processes required for
the preparation of a final formulation that could provide do-
cetaxel in a solubilized form to be utilized for in vivo studies,
maintaining also the required homogeneity and acceptable
characteristics for oral administration. Initially, the solubility
of docetaxel in different water-alcohol solutions was deter-
mined in order to find the vehicle that could best incorporate
docetaxel in a solubilized form into the final formulation. In a
next step, various docetaxel milk-based formulations were
prepared which differed in their composition and also the
applied manufacturing processes. As a final step, the optimal
docetaxel formulation was further tested for its short-term
homogeneity through the performance of content uniformity
experiments.

Solubility Measurements

For the determination of intrinsic solubility of docetaxel in the
different water-alcohol mixtures, the shake flask methodology
was applied. Ethanol and t-butyl alcohol were chosen as alco-
hol constituents, based on certain properties required for fur-
ther formulation development, like the solubilization capacity,
the low toxicity and the suitability as a freeze-drying medium.
In this context, ethanol/water and t-butanol/water mixtures
in ratios of 10%, 20%, 40%, 60%, 80% alcohol were tested as
media for the determination of equilibrium solubility of doce-
taxel. According to the applied methodology, docetaxel was
added in surplus to a certain volume of medium and sealed
flasks were shaken within a water shaking bath at 50 rpm and
temperature 25°C for 48 h. Following this time period and
after confirming saturation by observing the presence of un-
dissolved material within the flasks, filtration of the samples
was performed and filtrates were further diluted with mobile
phase in order to be quantified. Solubility experiments in each
medium were performed in either triplicates or sextuplicates.
Statistical analysis of the obtained results was performed with
the statistical package SigmaPlot 10.0 (Systat Software Inc.,
Us).

Preparation of Docetaxel-Milk Based Formulations

In order to investigate the potential of docetaxel oral bioavail-
ability enhancement through the administration of a milk-
based formulation, the results of the solubility experiments
were used to prepare a number of different docetaxel milk-
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based formulations. From the developed formulations, three
were finally tested for their performance in vivo. The first
developed formulation (Formulation A) included a 60-40%
ethanol/water docetaxel solution mixed with 80% v/v full fat
(3.5%) milk, in order to evaluate the ability of milk to maintain
docetaxel in a solubilized form in vivo, without further pro-
cessing. Additional testing of several formulation strategies
resulted in the development of the second formulation, which
differed in both composition and manufacturing process com-
pared to the first formulation. In this respect, the second for-
mulation (Formulation B) included the initial incorporation of
docetaxel in a 85-15% t-butyl alcohol - water solution 93% v/
v full fat (3.5%) milk, a mixture that was further freeze-dried
through an optimized lyophilization cycle (—80 °C,
0.160 mbar, for 72 h) until complete removal of frozen sol-
vents and formation of a proper cake. The freeze-dried for-
mulation was then reconstituted with a certain amount of
water to reach the desired concentration just prior to drug
administration. The third developed formulation
(Formulation C) was the same as Formulation B, with the
addition of the absorption enhancing agent, ritonavir
(marketed product Norvir®, AbbVie Ltd.) within the milk-
based formulation. Studies have shown that ritonavir, a
CYP3A/P-glycoprotein inhibitor, can strongly enhance the
apparent oral bioavailability of docetaxel. For this reason,
ritonavir was added in the solution of docetaxel consisting of
85—-15% t-butyl alcohol - water and the formulation was fur-
ther processed as described above. It has to be noted that
ritonavir exerts similar solubility properties to docetaxel,
therefore, the agent was incorporated into the initial vehicle
without performing any additional solubility experiments in
this respect. Similarly, the freeze-dried formulation was also
reconstituted with water prior to drug administration. The
reconstitution of the freeze dried powdered pharmaceutical
compositions in water prior to oral administration was made
by short agitation. Macroscopic observation of the ethanol-
based formulation (A) and the t-butyl formulations (B, C) be-
fore and after freeze-drying did not appear to present any
differences, something that could suggest an effect of a specific
solvent or freeze-drying on the milk proteins.

Content Uniformity

Following product development, Formulation C containing
both docetaxel and ritonavir, as described above was chosen
to be further tested for its short-term homogeneity after recon-
stitution. In this context, the freeze-dried docetaxel/ritonavir
milk-based formulation was delivered in flasks where the con-
tent was reconstituted with the appropriate volume of water.
Following powder reconstitution, samples of the product were
taken from the surface, middle and bottom of the milk solution
at 2 min, 2 and 4 h. The experiment was performed in tripli-
cates at room temperature. Following extraction, samples

were analyzed by an LC-MS/MS. Homogenous dispersion
of the developed formulation was assessed by showing content
uniformity of docetaxel as a function of time during the de-
fined time period.

In Vivo Studies

The oral in vivo performance of the prepared docetaxel milk-
based formulations was studied on male C57BL/6 mice of
10-12 weeks old and weighing 25-30 g, under controlled
temperature and humidity conditions, which were fasted over-
night for 12—14 h with free access to water. Animals were
maintained at the BRFAA animal facility. All animal proce-
dures were approved by the Bioethical Committee of BRFAA
based on the Presidential Decree 56/2013 in harmonization
with the European Directive 2010/63/EU for the protection
of animals used for scientific purposes. Apart from the char-
acterization of the pharmacokinetic (PK) profile of the devel-
oped milk-based formulations, comparative bioavailability
with the marketed intravenous docetaxel formulation
(Taxotere® 20 mg/ml concentrate for solution for infusion)
given by the oral route, with or without ritonavir pre-treat-
ment, was also determined.

Mice (n = 6 per administration) were dosed by oral gavage
with approximately 250 pL (depending on the exact concen-
tration of the dosing solution) of one of the above-mentioned
formulations on separate PK studies. Formulations were ei-
ther reconstituted or diluted with the appropriate physiologi-
cal vehicle right before administration to obtain the desired
drug concentration. To reduce the number of animals and
generate individual animal PK profiles, a serial blood sam-
pling technique via tail vein bleeding in mice was developed,
in which only 10 pL of blood was collected per time point.
Sampling times included 15 min, 30 minand 1,2, 4,6 and 8 h
post-dose. Samples were collected in tubes containing sodium
citrate 0.1 M as anticoagulant and were stored in -80°C until
sample analysis.

Pharmacokinetic parameters of docetaxel were estimated
using the classic non-compartmental methods (WimnNonlin®
v.5.0.1 / Pharsight Corp, Menlo Park, CA). These parameters
referred to the first recorded maximum blood concentration
value (Cmax), the time at which Cmax occurs (T'max) and the
area under the concentration-time curve from time zero to the
last quantifiable sample (AUCt). AUCt was calculated using
the linear trapezoidal rule. Descriptive statistics (arithmetic
mean and standard deviation) were calculated for these PK
parameters and relative bioavailability between the different
docetaxel formulations was estimated.

Analytical Methodology

The identification and quantification of docetaxel from the
in vitro and in vivo studies were performed using two different
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Liquid Chromatography / Mass Spectrometry (LC-MS/MS)
methods, an isocratic method in case of in vitro study samples
and a gradient elusion method for the in vivo samples. HPLC
was performed using a Dionex Ultimate 3000 system (Dionex
Corporation, Germering, Germany) equipped with three
pumps (two for nano and one for micro LC), a temperature
controlled column compartment and an autosampler. A
Waters Atlantis HPLC Column, dC18 3 pm, 2.1 X 50 mm
at a flowrate of 0.3 mL/min for the separation of analytes of
interest was used. The mobile phase consisted of A: 10%
ACN, 90% water, 2 mM ammonium acetate, and 0.1% FA
and B: 90% ACN, 10% water, 2 mM ammonium acetate,
and 0.1% FA. Mass spectrometry was performed on an API
4000 QTRAP LC-MS/MS system fitted with a
TurbolonSpray source and a hybrid triple quadrupole/
linear ion trap mass spectrometer (Applied Biosystems,
Concord, Ontario, Canada). The standard parameters of
the mass spectrometer ion source were adjusted as follows:
temperature of heated capillary: 550°C, ion spray voltage
(ISV): 5500 V, dry nitrogen curtain gas: 20 units, collision
gas: 12 units, 1on source gas 1: 40 units and 1on source gas 2:
45 units. Both developed analytic methodologies (for in vitro
and for in vivo studies) showed adequate sensitivity, precision,
accuracy, specificity, and linearity.

In the case of in vitro sample analysis, an isocratic method
consisting of 55% Mobile Phase A —45% Mobile Phase B was
used, providing a linear calibration curve with concentration
range of 25-2500 ng/mL.

Quantification of samples from the in vivo experiments
required the development of a gradient elution methodology
in order to be able to simultaneously detect ritonavir and
quantify docetaxel, using paclitaxel as an internal standard
(IS), in the same analytical run. The gradient methodology
used was as follows: i. 0—2 min: 90%A-10% B, ii. 2-5 min:
50%A-50% B, iii. 5-9.2 min: 90%A-10% B. Samples were
extracted using protein precipitation with cold acetonitrile.
This methodology allowed the adequate separation and char-
acterization of the three molecules and provided a linear cal-
ibration curve with the concentration range of 10-1000 ng/
mL for the quantification of docetaxel in the obtained blood
samples.

RESULTS

In Vitro Studies

Solubility Measurements

As expected, the solubility of docetaxel in both ethanol/water
and t-butyl alcohol/water mixtures studied increased by in-

creasing the proportion of alcohol content in the mixture
(Table 1). Fig. 1(A and B) also shows graphically the saturation
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solubility of docetaxel in the different ethanol-water (10%,
20%, 40% and 60% ethanol) and t-butyl alcohol water
(20%, 40%, 60% and 80%) mixtures, respectively, at temper-
ature of 25°C. The observed curves derived from nonlinear
regression analysis of the exponential model on the experi-
mental data.

As can be seen in Fig.1, the solubility of docetaxel in both
water-alcohol media increases exponentially with increasing
alcohol content. More specifically, docetaxel shows low solu-
bility (less than 1 mg/mL) in all ethanol content ratios except
for the 60% content, where solubility sharply increases (more
than 10 mg/mL). From the nonlinear regression of the expo-
nential model to the data, it can be derived that for 0% eth-
anol content, docetaxel solubility in water is approximately
1.8 pg/mL at 25°C, which is in line with literature reported
values (9), (http://www.drugbank.ca/drugs/DB01248).
Accordingly, in t-butyl alcohol/water mixtures docetaxel also
shows an exponential increase with increasing alcohol content.
In this case, however, this increase is gradual and smoother,
reaching up to 20 mg/mL at 80% t-butyl alcohol content.
The amount of docetaxel that could be dissolved in this latter
mixture was considered adequate for the development of the
final formulation, since from the nonlinear fitting of exponen-
tial model to the observed solubility data, a relatively good
estimation of the amount of drug dissolved at 85% t-butyl
alcohol content could be provided.

Content Uniformity

Based on the content uniformity results of docetaxel/ritonavir
milk-based formulation (Formulation C), docetaxel appears to
be homogeneously dispersed in milk during the study duration
(Fig. 2). The determined concentration at all time-points and
from all three sampled levels (surface, middle and bottom) of
the milk formulation was very close to the theoretical one
(1285.7 pg/mL). No sedimentation was observed, since the
drug concentration remained constant for all milk samples
taken from surface, middle and bottom at all time-points up
to 4 h.

In Vivo Studies

The seven docetaxel formulations that were assessed in the
in vivo PK studies are listed in Table 2.

The PK profiles of docetaxel following oral administration
of the different drug administrations in mice are shown in
Fig. 3. It has to be noted that even though Formulation A,
consisting of a simple 60—40% ethanol/water docetaxel solu-
tion mixed with milk without further processing (e.g., freeze-
drying), was administered in quite higher dose (29.5 mg/kg)
compared to the other formulations, the observed blood con-
centrations were below the lower limit of detection of the
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Table |

Saturation solubility values (mean = SD) of docetaxel in different

ethanol and t-butyl alcohol mixtures with water at temperature 25°C

Alcohol content (%)

Docetaxel Solubility (ug/mL)
Mean (* SD)

Ethanol

10 (n=6) 9.2 (0.48)

20 (n=6) 44.7 (4.71)

40 (n=6) 769.3 (75.6)

60 (n=3) 16,000.0 (1050.1)
T-butyl alcohol

20 (n=3) 0.059 (0.007)

40 (n=3) 1.86 (0.20)

60 (n=3) 8.26 (0.17)

80 (n=4) 20.20 (0.64)

Fig. I Saturation solubility of
docetaxel in different A. water/
ethanol solutions (10-60% ethanol
content) and B. water/t-buty! alco-
hol solutions (20-80% t-buty! alco-
hol content) at 25°C

bioanalytical method, and were not included in the presented
results.
The docetaxel PK parameters are summarized in Table 3.
Oral bioavailability of docetaxel remained low when the drug
was administered without the ritonavir co-administration,
irrespectively of the formulation strategy followed. The
AUCt of docetaxel in milk Formulation B, however, increased
1.6-fold compared with that of oral Taxotere®, taking into
consideration the different administered doses (199.6 ng*h/
mL vs. 89.0 ng*h/mL). AUCt of Formulation B was further
enhanced in the presence of ritonavir vehicle (containing
ethanol/Cremophor EL/Propylene glycol/water as excipi-
ents) demonstrating a 1.7-fold and 2.6-fold increase as com-
pared to Formulation B alone and oral Taxotere®, respec-
tively. Cmax was also enhanced in the presence of ritonavir
vehicle by about 1.5-fold as compared to both Formulation B
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Section Preparation of Docetaxel-
Milk Based Formulations
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and oral Taxotere® (62.1 ng/mL vs. 38.3 ng/mL vs. 28.1 ng/
mlL, respectively).

When ritonavir, an established absorption enhancer of do-
cetaxel, was co-administered either as a pretreatment or in-
corporated in the milk formulation (Formulation C), a dra-
matic increase of the bioavailability of docetaxel was observed
in all cases. Thus, in the case of oral Taxotere®, pre-treatment
with ritonavir formulation resulted in a 45-fold increase in
AUCt (3982.4 ng*h/mL vs 89.0 ng*h/mL). A significant but
relatively lower increase in bioavailability was also observed in
the case of milk Formulation B, where introduction of ritona-
vir pre-treatment led to a 21-fold increase of AUCt
(4110.0 ng*h/mL vs 199.6 ng*h/mL). Similar increases were
also noted for Cmax, in both cases.

Table2 Oral Docetaxel formulations investigated in the PK studies in mice

n Docetaxel Formulation Dose (mg/kg) Ritonavir ?

(dose mg/kg)
| Taxotere®® 6.2 No
2 Taxotere® 6.2 Pre-treatment (12.5)
3 Formulation A 29.5 No
4 Freeze-dried milk 9 No
Formulation B
5 Freeze-dried milk 9 Pre-treatment (12.5)
Formulation B
6 Freeze-dried milk 9 Pre-treatment with
Formulation B ritonavir vehicle
7 Freeze-dried milk 9 Co-administration (12.5)

Formulation C
(docetaxel+ritonavir)

# Ritonavir pretreatment was given 30 min before docetaxel administration for-
mulated in a vehicle similar to the marketed product Norvir® containing (43/9.8/
25/22.2) Y%viv ethanol/Cremophor EL/Propylene glycolfwater for injections as
excipients

® Taxotere® formulation: (25/9.75/65.25) %v/v polysorbate 80 citric
acidlethanolwater for injection

 Formulation A: Milk mixed with docetaxel solution consisting of 60~40% etha-
nol-water
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The highest bioavailability of docetaxel, however, was ob-
served when ritonavir was actually incorporated with docetax-
el in the milk-based formulation (Formulation C), which led to
a 36-fold increase in AUCt (7156.8 ng*h/mL vs 199.6 ng*h/
mL) and 29-fold in Cmax (1102.2 ng/mL vs 38.3 ng/mL),
respectively, when compared to Formulation B, where only
docetaxel was administered. When Formulation C was com-
pared with oral Taxotere®, a substantial increase in docetaxel
absorption was observed with 55-fold higher AUCt values
(7156.8 ng*h/mL vs 89.0 ng*h/ml), whereas in the case of
Taxotere® with ritonavir pre-treatment, bioavailability of
Formulation C remained higher by 1.2-fold (AUCt:
7156.8 ng*h/mL vs 3982.4 ng*h/mlL)), following dose correc-
tion. In addition to that, docetaxel levels from Formulation C
had a slower decline compared to other formulations, suggest-
ing a more prolonged absorption of the drug which would lead
to even higher bioavailability if a more extended sampling was
performed. Based on the above findings it is clear that from a
quantitative perspective, ritonavir appears to offer a greater
bioavailability enhancement effect compared to milk.

Importantly, including ritonavir in the administered
schemes did not lead to any delay in Tmax values with most
treatments showing their peak concentrations at around 1 h
post-dose. This suggests that even though ritonavir has a sig-
nificant effect in docetaxel bioavailability, it does not seem to
notably affect its absorption rate. On the other hand, a Tmax
of 2 h was observed in the case of two milk-based formulations
(Formulation B + ritonavir and Formulation C), which further
suggests a more prolonged absorption of docetaxel from the
milk formulations. This finding is in accordance with previous
findings showing that in the case of microemulsions, the drug
needs to first be released out from the lipid phase, thereby
resulting in a delayed Tmax and a more prolonged drug ab-
sorption (21). In addition, the levels of Ritonavir were estimat-
ed based on measurements of area count of analyte/internal
standard in the three studies in which ritonavir was adminis-
tered (Supplementary Fig. 1). A similar pattern was observed
in all treatments, suggesting that its incorporation in
Formulation C, did not affect its pharmacokinetics.



Pharm Res (2021) 38:1419-1428

1425

1400 - » Oral Taxotoro®
« Oral Taxotere® + Ritonavir
< Formulation B
1200 4
+- Formulation B + Ritonavir
. « Formulation B + Ritonavir vehicle
= | -
5 1000 < . & Formulation C
= -
800 { RN .
O 600 z * ‘ »
o 7 {
‘ { S é ¢
400 7S
1 ‘ i
I ‘ :
200 1
P9
0 L & g r..3 - % - Q — — - "
0 1 2 3 4 5 6 7 8 9

Time (h)

Fig. 3 Blood concentration-time profiles of docetaxel after oral administration of 6 different docetaxel administration schemes. Each data point represents the
mean = SD of six mice. Key: Formulation C (freeze-dried milk-based formulation of docetaxel 9 mglkg + ritonavir 12.5 mgfkg), Formulation B (freeze-dried milk-based
formulation of docetaxel 9 mgfkg), Ritonavir (12.5 mglkg) was formulated in a vehicle similar to the marketed product Norvir® containing (43/9.8/25/22.2) Y%v/v ethanol/
Cremophor EL/Propylene glycolfwater and was given as pretreatment 30 min prior to docetaxel administration, Taxotere® (6.2 mg/kg) contains (25/9.75/65.25) % viv

polysorbate 80, citric acidlethanolfwater for injection as excipients

DISCUSSION

Milk is an abundant and inexpensive carrier that presents
the desired characteristics for its use as an oral drug de-
livery platform (14). It is a natural oil-in-water emulsion
where both water-soluble and lipophilic substances can be
incorporated and retained in solubilized form for an im-
proved oral bioavailability. Importantly, milk appears to
have attractive formulation properties, especially with re-
spect to novel oral formulations. Specifically, the complex
interfacial layer of milk known as the milk fat globule

membrane (MFGM) stabilizes the fat globule in milk, con-
stituting an effective natural surface-active medium (22).
In addition, fat globules of milk present stability under
gastric conditions, and several MFGM proteins seem to
be resistant to gastric digestion (23). Notably, fat globules
in milk present extended bioavailability in the stomach
(23). The above-mentioned properties of milk could po-
tentially enhance the pharmacokinetics of a therapeutic
entrapped in a milk formulation. In the current work,
milk was used as the basic component for the develop-
ment of a novel milk-based formulation of docetaxel.

Table 3 Pharmacokinetic param-

eters after oral administration of six Formulation Dose (mg/kg) Docetaxel PK Parameters (Mean + SD)

different docetaxel administrations

to mice Cmax (ng/mL) AUCt (ng*h/mL) Tmax (h)
Oral Taxotere® 6.2 28.1 (11.2) 89.0(72.3) I.0
Oral Taxotere® + 6.2+ 125 825.2 (52.7) 3982.4 (303.1) I.0
Ritonavir
Formulation B 9 38.3(8.5) 199.6 (34.2) 1.0
Formulation B + 9+125 646.6 (79.3) 4110.0 (325.6) 1.0
Ritonavir
Formulation B + 9 62.1 (12.7) 333.0 (66.4) 2.0
Ritonavir vehicle
Formulation C 9+ 125 11022 (224.5) 7156.8 (499.2) 2.0

Key: Formulation C (freeze-dried milk-based formulation of docetaxel 9 mgikg + ritonavir |2.5 mglkg), Formulation B (freeze-
dried milk-based formulation of docetaxel 9 mgkg), Ritonavir (12.5 mglkg) similar to Norvir® formulation as 30 min pre-
treatment; AUCL, the area under the concentration-time curve from time zero to the last quantifiable sample; Cmax, the first
recorded maximum blood concentration value; Tmax, the time at which Cmax occurs
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Docetaxel is a poorly water-soluble antineoplastic agent,
administered exclusively by the intravenous route, with mul-
tiple acute and long-term adverse reactions (24, 25). Various
efforts have been made so far to introduce an oral formulation
of docetaxel based on emulsion formulation technology to
reduce these administration side effects (8, 9, 26). However,
oral administration of docetaxel is still clinically not feasible,
restricted by its poor oral bioavailability, which is in part due
to its practically insoluble properties in aqueous media, but
also its high affinity to the multidrug efflux pump P-
glycoprotein (P-gp) and hepatic first-pass metabolism (11).

Several literature reports have indicated that the solubility
and rate of dissolution of lipophilic drugs is much higher in
milk than in aqueous media (15, 27). A number of'in vitro and
in vivo studies with different drug—milk formulations have also
demonstrated their superiority both with respect to solubility
and dissolution performance as well as an enhancement of
bioavailability compared to conventional oral preparations
of lipophilic drugs (17-20). It was, therefore, considered that
milk, as a natural emulsion could potentially increase docetax-
el solubility and serve as a favorable carrier for enhancing its
oral bioavailability.

Efflux phenomena by the intestinal P-gp transporter and
first pass metabolism are also crucial for developing an oral
formulation of docetaxel. In this respect, ritonavir, a potent
CYP3A/P-glycoprotein inhibitor, was used as an absorption
enhancer, either administered as a pre-treatment or by incor-
porating the agent within the milk-based formulation (28).
Ritonavir has been shown to strongly enhance the apparent
oral bioavailability of docetaxel in both animal and human
pharmacokinetic studies (11, 12).

In the present study, three docetaxel milk-based formula-
tions were developed and tested for their PK performance,
with or without ritonavir co-administration. For the develop-
ment of these formulations a series of in vitro pre-formulation
studies was performed in order to investigate the appropriate
solvent composition that could adequately solubilize the re-
quired amount of docetaxel, but also retain the desired prop-
erties. The solubility experiments performed with various eth-
anol and t-butyl alcohol mixtures with water, showed an ex-
ponential increase of docetaxel solubility with increasing alco-
hol content in both cases. Based on these experiments, the use
of 85—15% t-butyl alcohol/water solution was considered as
the most appropriate solvent for docetaxel initial solubiliza-
tion, that could also attain the desired properties for the sub-
sequent freeze-drying process of the milk-based formulation.
T-butyl alcohol is a low toxicity, high vapor pressure and low
melting solvent, which has shown to be an excellent freeze-
drying medium (29). Further experiments investigating the
homogeneity and short-term content uniformity of the most
complex milk-based formulation (Formulation C), also indi-
cated that the developed formulation could adequately retain
docetaxel in solubilized form following reconstitution without

@ Springer

any precipitation issues for the assessed period of time.
Importantly, these experiments aimed to assess the short-
term homogeneity of the final docetaxel milk-based freeze-
dried formulation following reconstitution with water and
identify potential precipitation issues. In those experiments
no precipitation of the drug substance was observed during
the studied time points (2 min, 2 and 4 h) with the drug con-
centration remaining constant for all milk samples taken from
surface, middle and bottom at all time-points up to 4 h. These
results could suggest that the developed milk-based formula-
tion may adequately retain docetaxel in a solubilized form
following reconstitution without significant precipitation issues
occurring for the assessed period of time.

In the in vivo PK studies in mice, seven different docetaxel
treatments were evaluated. Apart from the developed formu-
lations, oral Taxotere® with or without ritonavir was also
administered in order to serve as control. As could be seen
form the obtained results, the bioavailability of docetaxel fol-
lowing oral administration of either the marketed 1.v. formu-
lation (Taxotere®) or the milk-based formulations without
ritonavir pre-treatment was low. When the milk-based formu-
lation B was administered with ritonavir vehicle pre-treat-
ment, there was a slight increase in docetaxel bioavailability,
attributed possibly to the surfactants included as excipients in
the ritonavir formulation, however, absorption of docetaxel
was still limited. On the contrary, co-administration of ritona-
vir as a pre-treatment significantly increased docetaxel system-
ic exposure of both Taxotere® and milk-based Formulation B
by 45- and 21-fold, respectively, compared with each doce-
taxel formulation alone.

The increase in oral bioavailability of docetaxel was even
more marked when ritonavir was incorporated within the do-
cetaxel milk-based formulation (Formulation C) with an in-
crease in docetaxel exposure by 36-fold compared to
Formulation B and 55-fold compared to plain oral
Taxotere®. A comparison between Taxotere® plus ritonavir
and Formulation C also favored the milk-based formulation
with a 1.2-fold higher exposure for the latter preparation over
the 8-h study period. It should be further noted, however, that
docetaxel blood levels following administration of
Formulation C declined much slower than with Taxotere®
plus ritonavir, showing a more prolonged absorption of the
drug from the milk-based formulation. This finding suggests
that the comparative bioavailability of the milk-based
Formulation C would be even higher if a more extended sam-
pling had been applied. It should be noted that no side effects
were observed in the mice that received Formulation C (or
with any other formulation), suggesting that addition of rito-
navir in the formulation did not cause any toxicity. Docetaxel
in Taxotere® is readily exposed in the gastrointestinal track
since it 1s solubilized in Tween 80 and ethanol (9). However, in
case of the milk-based formulation which is a natural
microemulsion, the drug needs to be released out from the
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lipid phase, thereby resulting in a delayed Tmax and a more
prolonged drug absorption.

If we had to address a potential head-to-head comparison
of ritonavir and milk on their effect in enhancing the bioavail-
ability of docetaxel, our results show that ritonavir would pre-
vail. Nevertheless, the benefits of our milk formulation are
multidimensional as besides the obvious quantitative outcome
of the enhanced bioavailability, it also provides a viable solu-
tion for formulating not only docetaxel, but also ritonavir, a
molecule with challenging solubility in order to be adminis-
tered orally. Moreover, the combination of the two factors
(milk and ritonavir) provided the greatest bioavailability,
something that further highlights the importance of their mu-
tual contribution in the final formulation in order to achieve
the optimal outcome.

The enhanced oral bioavailability of docetaxel observed in
Formulation C could be explained by the combination of the
following attributes. Firstly, it can be derived from the obtain-
ed in vitro and in vivo results that the developed milk-based
formulation was able to significantly increase solubility of do-
cetaxel. Most importantly this improved solubility could be
further maintained during the gastrointestinal dilution and
permeation process. In addition to that, the synergistic effect
of milk lipid phase as well as the presence of natural surfac-
tants in milk, further acted as a favorable vehicle for docetaxel
absorption. Nevertheless, the more marked effect in docetaxel
bioavailability was exerted by the introduction of the P-gp and
CYP3A4 inhibitor, ritonavir, which significantly increased the
oral bioavailability of docetaxel, especially when incorporated
within the milk-based formulation. Therefore, Formulation C
could effectively increase docetaxel oral bioavailability by the
combined effects of improved solubility, inhibition of intestinal
efflux transporters as well as permeability enhancing effects of
milk.

Finally, it should be noted that in a relevant study in mice in
which docetaxel, following the dosing of apatinib, was admin-
istered IP (five times every 4 days) and plasma samples were
collected 0.5 h following the last administration, plasma con-
centration of docetaxel was approximately 1.5 pg/mlL (30),
levels that are comparable with levels generated from
Formulation C in the present work. In addition, in the Feng
et al., 2018 manuscript, docetaxel was efficacious in A549
xenografted mice and the IC5y value of docetaxel in A549
cancer cells was approximately 50 nM, suggesting that the
dosing strategies proposed in the current study could poten-
tially lead to efficacious anticancer treatment.

Further research for the optimization and better character-
1zation of the developed milk-based formulation are certainly
required. These studies should include solubility and stability
studies of the water-alcohol solutions and the final milk-based
formulation, optimization of the freeze-drying and reconstitu-
tion processes, as well as performance of PK studies in larger
animal models or humans. In any case, this study provides the

first evidence that the developed milk-based formulation
could potentially serve as an alternative, non-toxic and
patient-friendly carrier for an acceptable docetaxel oral
chemotherapy.

CONCLUSIONS

A novel milk-based formulation was developed, which was
able to enhance the oral bioavailability of docetaxel through
the combined effects of improved solubility, P-gp inhibition
and potential enhancement of intestinal permeability. Co-
administration of the P-gp inhibitor, ritonavir, was, therefore,
deemed necessary. Incorporation of ritonavir in the milk-
based formulation has shown even higher bioavailability when
compared with ritonavir administered as a pre-treatment.
Docetaxel blood levels were also shown to remain high over
a more prolonged period of time in this case, suggesting an
even more favorable overall synergistic effect of the final milk-
based formulation.

REFERENCES

1. Rowinsky EK, Donehower RC. Paclitaxel (Taxol). Wood AJ]J, ed-
itor. N Engl ] Med. 1995 Apr 13;332(15):1004—14.

2. Suffness M. Chapter 32. Taxol: From Discovery to Therapeutic
Use. In: Annual Reports in Medicinal Chemistry [Internet].
Elsevier; 1993 [cited 2021 Jun 1]. p. 305—14. Available from:
https://linkinghub.elsevier.com/retrieve/pii/
S0065774308609021

3. Boulanger J, Boursiquot JN, Cournoyer G, Lemieux J, Masse MS,
Almanric K, et al. Management of Hypersensitivity to platinum-
and Taxane-based chemotherapy: cepo review and clinical recom-
mendations. Curr Oncol. 2014 Aug 1;21(4):630—41.

4. Syrigou E, Dannos I, Kotteas E, Makrilia N, Tourkantonis I,
Dilana K, et al. Hypersensitivity reactions to docetaxel: retrospec-
tive evaluation and development of a desensitization protocol. Int
Arch Allergy Immunol. 2011;156(3):320—4.

5. Cui W, Zhao H, Wang C, Chen Y, Luo C, Zhang S, et al. Co-
encapsulation of docetaxel and cyclosporin a into SNEDDS to
promote oral cancer chemotherapy. Drug Delivery. 2019
Jan 1;26(1):542-50.

6. Moes JJ, Stuurman FE, Hendrikx JJMA, Marchetti S, Huitema
ADR, Beijnen JH, et al. Pharmacokinetic evaluation of three oral
formulations of docetaxel boosted with ritonavir: two single-drug
formulations vs. a fixed-dose combination tablet. Drug Deliv and
Transl Res. 2013 Jun;3(3):243-51.

7. Sohail MF, Rehman M, Sarwar HS, Naveed S, Qureshi OS,
Bukhari NI, et al. Advancements in the oral delivery of docetaxel:
challenges, current state-of-the-art and future trends. IJN. 2018
Jun;13:3145-61.

8. Valicherla GR, Dave KM, Syed AA, Riyazuddin M, Gupta AP,
Singh A, et al. Formulation optimization of docetaxel loaded self-
emulsifying drug delivery system to enhance bioavailability and
ant-tumor activity. Sci Rep. 2016 Jul;6(1):26895.

9. Yin Y-M, Cui F-D, Mu C-F, Choi M-K, Kim JS, Chung S-J, et al.
Docetaxel microemulsion for enhanced oral bioavailability:

@ Springer


https://linkinghub.elsevier.com/retrieve/pii/S0065774308609021
https://linkinghub.elsevier.com/retrieve/pii/S0065774308609021

1428

Pharm Res (2021) 38:1419-1428

11.

12.

13.

15.

16.

17.

18.

19.

preparation and in vitro and in vivo evaluation. J Control Release.
2009 Dec;140(2):86-94.

Koolen SLW, Beijnen JH, Schellens JHM. Intravenous-to-Oral
switch in anticancer chemotherapy: a focus on docetaxel and pac-
litaxel. Clin Pharmacol Ther. 2010 Jan;87(1):126-9.
Bardelmeijer HA, Ouwehand M, Buckle T, Huisman MT,
Schellens JHM, Beijnen JH, et al. Low systemic exposure of oral
docetaxel in mice resulting from extensive first-pass metabolism is
boosted by ritonavir. Cancer Res. 2002 Nov 1;62(21):6158-64.
Oostendorp RL, Huitema A, Rosing H, Jansen RS, ter Heine R,
Keessen M, et al. Coadministration of ritonavir strongly enhances
the apparent Oral bioavailability of docetaxel in patients with solid
tumors. Clin Cancer Res. 2009 Jun 15;15(12):4228-33.

Malingré MM, Richel DJ, Beijnen JH, Rosing H, Koopman FJ,
Ten Bokkel Huinink WW, et al. Coadministration of cyclosporine
strongly enhances the Oral bioavailability of docetaxel. JCO. 2001
Feb 15;19(4):1160-6.

Walstra P, Jenness R, Badings HT. Dairy chemistry and physics:
Wiley; 1984. 467 p.

Macheras PE, Koupparis MA, Antimisiaris SG. Effect of tempera-
ture and fat content on the solubility of Hydrochllorothiazide and
Chlorothiazide in Milk. ] Pharm Sci. 1989 Nov;78(11):933-6.
Kytariolos J, Charkoftaki G, Smith JR, Voyiatzis G,
Chrissanthopoulos A, Yannopoulos SN, et al. Stability and physi-
cochemical characterization of novel milk-based oral formulations.
Int J Pharm. 2013 Feb;444(1-2):128-38.

Charkoftaki G, Kytariolos J, Macheras P. Novel milk-based oral
formulations: proof of concept. Int J Pharm. 2010 May;390(2):
150-9.

Macheras P, Ismailos G, Reppas C. Bioavailability study of a
freeze-dried sodium phenytoin-milk formulation. Biopharm Drug
Dispos. 1991 Dec;12(9):687-95.

MacHeras PE, Reppas CI. Studies on freeze-dried drug-Milk for-
mulations II: effect of regenerated fluid volume on nitrofurantoin
bioavailability. J Pharm Sci. 1986;75(12):1145-50.

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Macheras PE, Reppas CI. Studies on drug-milk freeze-dried for-
mulations. I: bioavailability of sulfamethizole and dicumarol formu-
lations. J Pharm Sci. 1986 Jul;75(7):692—6.

Cho H-J, Kim D-D, Park JW, Yoon I-S. Surface-modified solid
lipid nanoparticles for oral delivery of docetaxel: enhanced intesti-
nal absorption and lymphatic uptake. IJN. 2014 Jan;495.

Singh H, Gallier S. Nature’s complex emulsion: the fat globules of
milk. Food Hydrocoll. 2017 Jul;68:81-9.

Singh H. Symposium review: fat globules in milk and their struc-
tural modifications during gastrointestinal digestion. J Dairy Sci.
2019 Mar;102(3):2749-59.

Engels FK, Mathot RAA, Verweij J. Alternative drug formulations
of docetaxel: a review. Anti-Cancer Drugs. 2007 Feb;18(2):95-103.
Ho M, Mackey J. Presentation and management of docetaxel-
related adverse effects in patients with breast cancer. CMAR.
2014 May;253.

Kim GH, Lee JY, Kang YM, Kang KN, Kim ES, Kim DY, et al.
Preparation and characterization of self-emulsified docetaxel. J
Nanomater. 2011;2011:1-6.

Macheras PE, Koupparis MA, Antimisiaris SG. Drug binding and
solubility in Milk. Pharm Res. 1990;07(5):537—41.

Kempf DJ, Sham HL, Marsh KC, Flentge CA, Betebenner D,
Green BE, et al. Discovery of ritonavir, a potent inhibitor of HIV
protease with high oral bioavailability and clinical efficacy. ] Med
Chem. 1998 Feb 12;41(4):602-17.

Ni N, Tesconi M, Tabibi SE, Gupta S, Yalkowsky SH. Use of pure
t-butanol as a solvent for freeze-drying: a case study. Int J] Pharm.
2001 Sep;226(1-2):39-46.

Feng S, Wang G, Zhang J, Xie Y, Sun R, Fei F, et al. Combined
treatment with apatinib and docetaxel in A549 xenograft mice and
its cellular pharmacokinetic basis. Acta Pharmacol Sin. 2018
Oct;39(10):1670-80.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Enhancement of Docetaxel Absorption Using Ritonavir in an Oral Milk-Based Formulation
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and Methods
	Materials
	In�Vitro Studies
	Solubility Measurements
	Preparation of Docetaxel-Milk Based Formulations
	Content Uniformity

	In�Vivo Studies
	Analytical Methodology

	Results
	In�Vitro Studies
	Solubility Measurements
	Content Uniformity

	In�Vivo Studies

	Discussion
	Conclusions
	References


