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Abstract: Introduction: Docetaxel, a taxane used in the treatment of solid tumours, exerts phar-
macological activity when in its unbound form. We report a sensitive assay to quantify unbound
docetaxel after oral administration of docetaxel plus encequidar (oDox+E). Unbound drug quantifica-
tion is important due to its direct correlation with drug-related toxicity and therapeutic efficacy. We
improve on the sensitivity of current assay methods and demonstrate the utility of the assay on a
novel formulation of oral docetaxel. Methods: Ultrafiltration followed by high-performance liquid
chromatography and tandem mass spectrometry (HPLC-MS/MS) was utilized. Long-term stability,
precision, accuracy, and recovery experiments were conducted to validate the assay. Additionally,
patient samples from a Phase I dose-escalation pharmacokinetic study were analyzed using the
developed assay. Results: The assay method exhibited long-term stability with an observed change
between 0.8 and 6.9% after 131 days of storage at −60 ◦C. Precision and accuracy quality controls
met the FDA acceptance criteria. An average recovery of 88% was obtained. Patient sample analysis
demonstrated successful implementation of the assay. Conclusion: A validated sensitive assay was
developed with an LLOQ of 0.084 ng/mL using 485 µL of human plasma. The sensitivity of the assay
allowed quantification of unbound docetaxel concentrations in an early-phase oDox+E clinical study
to compare it against IV docetaxel using pharmacokinetic modelling. Successful development of
oDox+E represents an opportunity to replace the current IV docetaxel regimen with an oral regimen
with lower cost, decreased side effects, and improve patient quality of life and experience.

Keywords: unbound assay; docetaxel; clinical trial

1. Introduction

Docetaxel is a taxane used in the treatment of a variety of solid tumours [1], and it
is highly protein-bound to albumin and alpha 1-acid glycoprotein (AAG) in plasma [2].
Most docetaxel pharmacokinetic models are focussed on the total plasma concentration [3].
However, the activity of a drug directly relates to the free or unbound concentration of
drug in plasma. Unbound drug in plasma is available to partition to the site of action of
the molecular target and subsequently bind to the target, whereas bound drug is unable to
reach the molecular target and exert an effect [4]. The unbound exposure of docetaxel has
been shown to correlate better with drug-related haematological toxicity than to the total
exposure of docetaxel [5]. Furthermore, the unbound fraction of taxanes has been shown to
correlate more closely to the pharmacological effects than total plasma concentrations [6].
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The unbound concentration of drug can be isolated using a variety of methods including
equilibrium dialysis, ultrafiltration, ultracentrifugation, micro-partitioning, and biosensor-
based analysis. The method used to isolate the unbound portion of drug is then followed
by an assay to quantify the drug.

Due to poor bioavailability, docetaxel is administered intravenously (IV) [7]. Further-
more, due to poor aqueous solubility, polysorbate 80 (Tween 80) and ethanol are required in
the intravenous formulation. Tween 80 can lead to hypersensitivity reactions necessitating
pre-medication and fluid retention [8]. Many projects have investigated the feasibility
of oral docetaxel due to the potential benefits to patients and the cost of healthcare de-
livery. An oral formulation avoids the need for IV access and time spent at a day stay
unit [9]. It also avoids the co-administration of Tween 80, which can cause hypersensitivity
reactions [8], and may reduce the financial burden required to deliver chemotherapy [10].

Encequidar is a novel, well-tolerated intestine-specific P-glycoprotein inhibitor (with
minimal systemic uptake) which increases the absorption of orally administered doc-
etaxel [11]. oDox+E is a novel form of oral docetaxel that consists of oral docetaxel adminis-
tered one hour after 15 mg of oral encequidar [12]. The total plasma concentration after oral
oDox+E consists of protein-bound docetaxel and unbound docetaxel. In contrast, the total
plasma concentration of IV docetaxel consists of protein-bound docetaxel, formulation-
associated docetaxel, and unbound docetaxel [13]. Therefore, the quantification of unbound
docetaxel, which exerts the pharmacological effect, is preferable.

Previous assays developed to quantify unbound docetaxel utilised equilibrium dialysis
or ultrafiltration to separate the unbound docetaxel followed by HPLC-MS/MS [14–16]. These
methods report a lower limit of quantification (LLOQ) of 0.1 ng/mL to 0.4 ng/mL [14,16,17].
Given the small starting dose of oDox+E (75 mg/m2), we aimed to develop a more sensitive
assay to quantify smaller concentrations of unbound docetaxel.

The aim of this research was to develop a sensitive assay using ultrafiltration followed
by high-performance liquid chromatography and tandem mass spectrometry (HPLC-
MS/MS) to quantify unbound docetaxel after administration of oral docetaxel plus ence-
quidar (oDox+E).

2. Materials and Methods
2.1. Chemicals and Reagents

Docetaxel (United States Pharmacopeia reference standard) and paclitaxel (internal
standard, IS) of analytical grade of known purity were purchased from Polymed Thera-
peutics and Toronto Research Chemicals, respectively. Methanol (≥99.9% grade), ethanol
(≥99.9% grade), acetonitrile (≥99.9% grade), tert-butyl methyl ether (≥99.9% grade), 2-
propanol (≥99.9% grade), and formic acid (Suprapure, 98–100%) were purchased from
Merck (Darmstadt, Germany). Purified water B.P. grade was purchased from Biomed
(Auckland, New Zealand). The named solutions/solvents and their component reagents
are shown in Table 1.

Table 1. Named solutions/solvents and their component reagents.

Solution/Solvent Reagent(s)

Reconstitution solution Acetonitrile:water (20:80, v/v) with 0.1% v/v formic acid

Extraction solvent Tert-butyl methyl ether

Injection solvent 2-propanol

Mobile phase A Acetonitrile:Water (5:95, v/v) with 0.1% v/v formic acid

Mobile phase B Acetonitrile:Water (95:5, v/v) with 0.1% v/v formic acid

Standard curve Spiked docetaxel (dissolved in ethanol) in human plasma to 0.084, 0.21, 0.524, 1.311, 3.277, 8.192,
20.48, 51.2, 128, 288, 320 ng/mL

Internal standard Paclitaxel dissolved in ethanol–water (50:50, v/v) to 360 ng/mL
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Table 1. Cont.

Solution/Solvent Reagent(s)

Test solution Docetaxel at 82 ng/mL and paclitaxel at 96 ng/mL dissolved in ethanol.

Quality control samples Docetaxel spiked in human plasma to 0.084 (LLOQ), 0.252 (Low QC), 8 (Med 1 QC), 160 (Med 2 QC)
and 256 (High QC) ng/mL.

Abbreviations: v/v—Volume-to-volume ratio; LLOQ—Lower limit of quantification; Low QC—Low quality
control concentration; Med 1 QC—First medium quality control concentration; Med 2 QC—Second medium
quality control concentration; High QC—High quality control concentration.

2.2. Equipment

The HPLC consisted of a Prominence CBM-20A controller (Shimadzu, Kyoto, Japan)
with a Prominence nexera X2 SIL-30AC auto-sampler (Shimadzu, Japan), two Prominence
HPLC pumps (Shimadzu, Japan), a Luna 5 um C18 100 Å column (Phenomenex, Auckland,
New Zealand), a Prominence CTO-20A column oven (Shimadzu, Japan), and a Promi-
nence DGU-20A5R degasser (Shimadzu, Japan). The detector was a QTRAP 6500 triple
quadrupole LC-MS/MS system from AB SCIEX controlled by Analyst software version
1.6.2 (Woodlands Central Industrial Estate, Singapore). Nitrogen was used as nebulisation,
curtain, and collision gas. Evaporation under nitrogen was conducted in a plate drier.
Amicon Ultra 0.5 mL filters (Ultracel—10K) from Merck (Darmstadt, Germany) were used
for ultracentrifugation. Eppendorf microcentrifuge 5415R was used as the thermostatically
controlled centrifugation from Eppendorf (Hamburg, Germany).

2.3. Sample Preparation and HPLC-MS/MS Analysis
2.3.1. Patient Sample Preparation

Patient samples were obtained from a phase one trial reported elsewhere [18], ethical
approval was obtained from the New Zealand Health and Disability Ethics Committee
(HDEC),. reference number 15/STH/182. A quantity of 485 µL of sampled plasma was
pipetted into an Amicon Ultra 0.5 mL filter (Utracel—10K). This was left to incubate at 37 ◦C
for one hour, followed by centrifugation at 6000× g for one hour at 37 ◦C. Then, 300 µL
of the resulting filtrate was pipetted into a 96-well extraction plate, and 50 µL of internal
standard (IS) at 360 ng/mL was added to the filtrate (resulting in an IS concentration of
51.43 ng/mL). The quality control and standard curve samples were added at this step to
individual wells in the extraction plate. The wells were then vortexed for 2 min at 2000 rpm.
Next, 600 µL of extraction solvent was added to the wells. The entire plate was then
centrifuged at 4000 rpm for 15 min at 4 ◦C. A quantity of 480 µL of the supernatant after
the centrifugation was aspirated and transferred to the injection plate. The supernatant
was dried under a stream of nitrogen and then reconstituted with 150 µL of mobile phase.
The injection plate was then vortexed for 10 min at 2000 rpm and centrifuged at 4000 rpm
for 10 min at 4 ◦C. The injection plate was then ready for HPLC-MS. The injection volume
was 20 µL.

2.3.2. Quality Control, Standard Curve, and Test Solution Preparation

Quality control and standard curve samples underwent the same preparation as the
patient samples above and were added to the extraction plate. Test solutions (as described
in Table 1) were added to the injection plate after reconstitution of the dried supernatant as
indicated above.

2.3.3. High-Performance Liquid Chromatography and Mass Spectrometry

Gradient elution was performed on a Luna 5 µm C18(2) (150 mm × 2.00 mm id, 100 Å)
column with mobile phases A and B (described above) at a flow rate of 0.5 mL/min. Turbo-
spray ionisation in positive mode with multiple reaction monitoring was utilised. The
mass spectrometry parameters and conditions that were optimised for this experiment
are shown in Table 2. The typical retention time was 1.82 and 1.84 min for docetaxel and
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paclitaxel, respectively. The minimum intensity was set at 2.8 × 105 and 2.6 × 105 counts
per second (CPS) for docetaxel and paclitaxel, respectively.

Table 2. Mass spectrometry (A) source/gas parameters and (B) compound parameters.

(A)

Parameters

Curtain gas (psi) 30
Collision gas (psi) 30

Ion spray voltage (volts) 5500
Temperature (◦C) 300

Ion source gas 1 (psi) 65
Ion source gas 2 (psi) 30

(B)

Parameters Docetaxel Paclitaxel

Q1 mass (amu) 808.4 854.5
Q3 mass (amu) 527.2 285.0

Declustering potential (volts) 45 60
Entrance potential (volts) 4 5
Collision energy (volts) 13 14

Collision cell exit potential (volts) 14 8

2.4. Method Validation

Long-term stability for docetaxel after 131 days of storage at −60 ◦C was quantified
for three concentration levels each with six repeats, an observed change of less than 15%
was deemed acceptable. Precision and accuracy of the assay were determined within and
between days over three separate days at the five quality control concentration levels;
Equations (1) and (2) show the calculation of precision and accuracy. As per FDA guide-
lines [19], the acceptance criteria for precision and accuracy were values not exceeding
20% for the lower limit of quantification (LLOQ) and 15% for all other quality control
concentrations. Recovery and extraction experiments were carried out with three repeats
for each experiment.

Equation (1) Precision formula:

CV(%) =
s
x
× 100 (1)

where CV is the coefficient of variation (representing precision), s is the standard deviation
of determined concentrations for a given QC concentration, and x is the mean value of
determined concentrations for a given QC concentration.

Equation (2) Accuracy formula:

Accuracy(%) =
∑N

i=1
|Di−S|

S × 100
N

(2)

where Di is the determined concentration, S is the nominal concentration, and N is the
number of repeats for a given QC level.

2.4.1. Quantitative analysis of patient samples

Nine patients with metastatic prostate cancer were recruited in a Phase I dose-escalation
pharmacokinetic study for oDox+E [12]. Each patient had 24 and 23 plasma samples taken
after administration of standard of care IV docetaxel and oDox+E, respectively. Seven to
eight samples for each route of administration for each patient were chosen using optimal
design [20] to undergo unbound concentration analysis.
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2.4.2. Assay Compliance during Patient Sample Analysis

Assay compliance during analysis of patient samples was quantified during each run
through the inclusion of (1) two repeats of the standard curve at the beginning and the end
of each assay to ensure linearity, (2) a triplicate of test solutions to evaluate the consistency
of the retention time of docetaxel and the IS, and (3) two sets of five quality control samples
interspersed between analysed samples to ensure accurate and precise measurements.

3. Results
3.1. Long-Term Stability

The average observed change in docetaxel after long-term storage was between 0.8 and
6.9%, as shown in Table 3. These met the criteria of an observed change of less than 15%.

Table 3. Long-term stability of docetaxel after 131 days of storage at −60 ◦C.

Nominal Concentration (ng/mL)

7.5 32 140 2000

Actual Concentration Day 131 (ng/mL)

N = 6 N = 6 N = 6 N = 6

Mean 8.0 32.5 144.8 1984.1

Standard deviation 0.41 2.9 9.4 100.5

Observed change (%) 6.9% 1.7% 3.4% 0.8%

3.2. Precision and Accuracy

Five quality control levels were repeated six times each day for three days. In total,
18 samples at each quality control level (QC) were available for analysis. The overall
precision and accuracy fulfilled the FDA acceptance criteria of not exceeding a value of 20%
for LLOQ and 15% for all other QCs, as shown in Table 4.

Table 4. Overall precision and accuracy of quality control samples carried out over 3 days.

Nominal Concentration (ng/mL)

LLOQ Low QC Med 1 QC Med 2 QC High QC

QC 0.084 0.252 8 160 256

Actual Concentration (ng/mL)

LLOQ Low QC Med 1 QC Med 2 QC High QC

N 18 18 18 18 18
Mean 0.087 0.253 8.0 158.4 254.6

SD 0.011 0.024 0.64 12.1 13.8
CV 13.0% 9.4% 8.1% 7.6% 5.4%

Accuracy 10.3% 7.0% 6.9% 6.0% 4.4%
Abbreviations: QC—Quality control level; LLOQ—Lower limit of quantification; Low QC—Low quality control
concentration; Med 1 QC—First medium quality control concentration; Med 2 QC—Second medium quality
control concentration; High QC—High quality control concentration; N—number of samples; SD—standard
deviation; CV—Prevision as represented by the coefficient of variation.

3.3. Recovery

The average recovery of docetaxel from the test solution after ultracentrifugation was
88% and is shown in Table 5. This indicates that non-specific binding was 12% for a spiked
docetaxel concentration of 82 ng/mL with ethanol as the media. This concentration was
chosen based on a conservative estimate of the likely peak concentrations of oDox+E given
at a dose of 75 mg/m2.
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Table 5. Recovery of docetaxel after ultrafiltration at 82 ng/mL.

Concentration 82 ng/mL 82 ng/mL

Filtration No Yes

N 3 3

Mean PAR 2.9235 2.5736

SD PAR 0.1185 0.1290

Percentage (%) 88.03
Abbreviations: N—Number of samples; Mean PAR—Mean value of peak area ratio; SD PAR—Standard deviation
of peak area ratios.

3.4. Assay Compliance during Patient Sample Analysis

The test solution was measured three times in every run, and the consistency of the
retention time for docetaxel, paclitaxel, and the peak area ratio (PAR) were evaluated. The
CVs for the retention times were all below the acceptance criteria of 5%, ranging from 0.06%
to 0.31% for docetaxel and 0.03% to 0.33% for the internal standard. The CVs for the PAR
of docetaxel were also all well below the acceptance criteria of 10%, ranging from 0.8%
to 2.8%.

In total, 90 QC samples were included in the 9 runs. Eighty-five out of the ninety
samples met the acceptance criteria of less than ±15% variation from the nominal QC level,
except for LLOQ where a ±20% variation was acceptable. No run had more than 1 QC
sample that failed this criterion, demonstrating the accuracy of the assay. The margin of
error for those that did not meet the acceptance criteria was between 0.2 and 3.3%.

In total, 198 standard curve samples were measured during patient sample analysis,
and 197 of these samples met the acceptance criteria of actual concentrations within ±15%
of the nominal concentration except for the 0.084 ng/mL level, where it should be within
±20%. Only one standard curve sample was outside of this range at a 16.7% deviation. All
standard curves had a correlation coefficient value of >0.99. This confirmed the linearity of
the standard curve model and the acceptable use of the standard curve to back-calculate
the concentration of docetaxel in the samples of interest.

3.5. Quantitative Analysis of Patient Samples

Seven to eight samples after IV docetaxel administration and oDox+E administration
were selected for unbound docetaxel analysis from each patient recruited in the Phase
I trial [12]. The assay was implemented on these samples, and the quantified unbound
docetaxel concentrations and the corresponding total docetaxel concentrations are shown
in Figures 1 and 2. The average fraction unbound across all measured samples were 1.3%
and 0.7% after oDox+E and IV docetaxel administration, respectively.
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4. Discussion

Validated methods to quantify unbound docetaxel have been reported previously;
however, the lowest level of quantification was 0.1–0.4 ng/mL [16,17]. Here, we report the
successful development of a slightly more sensitive assay to quantify unbound docetaxel
with an LLOQ of 0.084 ng/mL in plasma samples from patients receiving oDox+E. The
sensitive assay allows comparison of alternative formulations of docetaxel to the current
standard of care IV docetaxel and aids in the development of these formulations which
likely have a different fraction unbound compared to IV docetaxel, as demonstrated in
the results.

The precision and accuracy of the developed assay were assessed to ensure reliable and
accurate quantification of docetaxel. Five quality control levels were analysed six times on
three occasions, resulting in a total of 18 samples at each quality control level. The precision,
represented by the coefficient of variation (CV), and accuracy met the acceptance criteria
of not exceeding 20% for the lower limit of quantification (LLOQ) and 15% for all other
quality control levels. Recovery experiments were conducted to evaluate the efficiency of
the ultracentrifugation process for separating docetaxel from the test solution. The average
recovery of docetaxel was determined to be 88%, indicating that 12% of the docetaxel
experienced non-specific binding. Assay compliance during patient sample analysis was
carefully monitored to ensure the accuracy and reliability of the results. The retention times
of docetaxel, paclitaxel (internal standard), and the peak area ratio (PAR) were evaluated
to assess the consistency of the measurements. The CVs for the retention times were all
below the acceptance criteria of 5%, indicating the stability and reproducibility of the
chromatographic system. Similarly, the CVs for the PAR of docetaxel were well below the
acceptance criteria of 10%.

The developed assay was successfully implemented for the quantitative analysis of
patient samples from a Phase I dose-escalation pharmacokinetic study for oDox+E reported
elsewhere. Unbound docetaxel concentrations were quantified and compared to the cor-
responding total docetaxel concentrations. The results showed that the average fraction
of unbound docetaxel was 1.3% and 0.7% after oDox+E and IV docetaxel administration,
respectively. A limitation to the assay was that it was still insufficiently sensitive enough to
detect plasma concentrations of drug accurately at the lowest oDox+E dose of 75 mg/m2

around 7 h post administration. This was not unexpected, as the starting dose was purpose-
fully chosen to be very low as the study was first-in-human, and subsequent dose levels
were successfully quantified.

The oncology drug development paradigm is shifting with the introduction of Project
Optimus by the FDA [21]. There is a renewed focus on the use of dose selection and
optimisation at the earliest stage possible of drug development. The development of a
more sensitive assay for unbound docetaxel allows more refined dose selection and optimi-
sation of novel formulations (as total concentration comparisons do not take into account
differences in fraction unbound). This assay was applied in retrospect to optimally selected
samples to allow development of a docetaxel pharmacokinetic model which includes total,
unbound, IV docetaxel and oDox+E data. The model developed allowed simulations to be
performed to make a GO/NO-GO decision and propose a dosing regimen [18]. Overall,
the development of this assay facilitated the oDox+E development process. In future, it
may further facilitate the development of novel docetaxel formulations and allow more
precise therapeutic drug monitoring to individualised dosing regimens.

These findings demonstrate the robustness, accuracy, and applicability of the devel-
oped assay for the analysis of docetaxel in plasma samples. It showed the difference in
unbound concentration between oDox+E and IV docetaxel that could not be accounted
for if total concentration alone was measured. The assay contributed to a better under-
standing of the pharmacokinetics of docetaxel. Ultimately, it aided in optimizing dosing
regimen of oDox+E and will be applicable to future development of novel formulations
and subsequent trials in patients with different oncology diagnoses.
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5. Conclusions

Measurement of the unbound plasma docetaxel is important after the administration
of different docetaxel formulations. A validated sensitive assay was developed with an
LLOQ of 0.084 ng/mL using 485 µL of human plasma. The improved sensitivity allowed
quantification of unbound docetaxel concentrations for oDox+E to facilitate development
of a pharmacokinetic model used for dose regimen selection. A sensitive assay of unbound
docetaxel facilitates dose selection and optimisation in early clinical drug development of
new formulations of docetaxel.

Author Contributions: Conceptualization, C.J., N.H.-M., N.H., S.D., P.G., A.Q., R.K., W.-K.C., T.H.,
D.W. and L.K.; Investigation, D.W. and Y.W.; Methodology, D.W., N.H.-M. and L.K.; Formal Analysis,
D.W., L.K. and Y.W.; Data Curation, L.K. and Y.W.; Writing—Original Draft Preparation, D.W. and
N.H.-M.; Writing—Review and Editing, L.K., Y.W., N.H., S.D., T.H., P.G., A.Q., R.K., W.-K.C. and
C.J.; Resources, N.H., T.H., P.G., A.Q., R.K., W.-K.C. and C.J.; Supervision, N.H.-M., S.D., C.J., T.H.,
N.H., P.G., A.Q., R.K. and W.-K.C.; Project Administration, D.W., N.H., S.D., T.H. and C.J.; Funding
Acquisition, C.J., T.H., N.H., P.G., A.Q., R.K. and W.-K.C. All authors have read and agreed to the
published version of the manuscript.

Funding: D.W. received the University of Otago Doctoral Scholarship. Funding for this project was
provided by Zenith Technology Limited. Staff from Zenith Technology provided support in the assay
design and implementation. The funder assisted in study design, collection, and analysis of the data.
The funder did not influence the interpretation or the decision to submit the article for publication.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the New Zealand Health and Disability Ethics Committee.
Reference number 15/STH/182.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: D.W. received the University of Otago Doctoral scholarship. T.H. is the owner
of Zenith Technology Limited. N.H. is the medical director of Zenith Technology Limited contracted
by Athenex Limited to perform the study. R.K. was the former Chief Medical Officer of Athenex
Limited and owned shares in Athenex. W.-K.C. was the former Direct of Clinical Trials of Athenex
Limited and does not own shares in Athenex. L.K. and Y.W. are employees at Zenith Technology.
A.Q. is the Chief Medical Officer of PharmaEssentia, Taiwan. S.D. is a Scientific Advisor in Certara.
C.J., S.D., P.G., and N.H.-M., have no conflicts of interest to disclose.

References
1. McKeage, K. Docetaxel. Drugs 2012, 72, 1559–1577. [CrossRef] [PubMed]
2. Urien, S.; Barre, J.; Morin, C.; Paccaly, A.; Montay, G.; Tillement, J.P. Docetaxel serum protein binding with high affinity to alpha

1-acid glycoprotein. Investig. New Drugs. 1996, 14, 147–151. [CrossRef] [PubMed]
3. Bruno, R.; Vivier, N.; Vergniol, J.C.; De Phillips, S.L.; Montay, G.; Sheiner, L.B. A population pharmacokinetic model for docetaxel

(Taxotere): Model building and validation. J. Pharmacokinet. Biopharm. 1996, 24, 153–172. [CrossRef] [PubMed]
4. Howard, M.L.; Hill, J.J.; Galluppi, G.R.; McLean, M.A. Plasma protein binding in drug discovery and development. Comb. Chem.

High Throughput Screen 2010, 13, 170–187. [CrossRef] [PubMed]
5. Baker, S.D.; Li, J.; ten Tije, A.J.; Figg, W.D.; Graveland, W.; Verweij, J.; Sparreboom, A. Relationship of systemic exposure to

unbound docetaxel and neutropenia. Clin. Pharmacol. Ther. 2005, 77, 43–53. [CrossRef] [PubMed]
6. Andersen, A.; Warren, D.J.; Brunsvig, P.F.; Aamdal, S.; Kristensen, G.B.; Olsen, H. High sensitivity assays for docetaxel and

paclitaxel in plasma using solid-phase extraction and high-performance liquid chromatography with UV detection. BMC Clin.
Pharmacol. 2006, 6, 2. [CrossRef] [PubMed]

7. Malingre, M.M.; Richel, D.J.; Beijnen, J.H.; Rosing, H.; Koopman, F.J.; Ten Bokkel Huinink, W.W.; Schot, M.E.; Schellens, J.H.
Coadministration of cyclosporine strongly enhances the oral bioavailability of docetaxel. J. Clin. Oncol. 2001, 19, 1160–1166.
[CrossRef] [PubMed]

8. Schwartzberg, L.S.; Navari, R.M. Safety of Polysorbate 80 in the Oncology Setting. Adv. Ther. 2018, 35, 754–767. [CrossRef]
[PubMed]

9. Liu, G.; Franssen, E.; Fitch, M.I.; Warner, E. Patient preferences for oral versus intravenous palliative chemotherapy. J. Clin. Oncol.
1997, 15, 110–115. [CrossRef] [PubMed]

https://doi.org/10.2165/11209660-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/22818017
https://doi.org/10.1007/BF00210785
https://www.ncbi.nlm.nih.gov/pubmed/8913835
https://doi.org/10.1007/BF02353487
https://www.ncbi.nlm.nih.gov/pubmed/8875345
https://doi.org/10.2174/138620710790596745
https://www.ncbi.nlm.nih.gov/pubmed/20053162
https://doi.org/10.1016/j.clpt.2004.09.005
https://www.ncbi.nlm.nih.gov/pubmed/15637530
https://doi.org/10.1186/1472-6904-6-2
https://www.ncbi.nlm.nih.gov/pubmed/16412237
https://doi.org/10.1200/JCO.2001.19.4.1160
https://www.ncbi.nlm.nih.gov/pubmed/11181682
https://doi.org/10.1007/s12325-018-0707-z
https://www.ncbi.nlm.nih.gov/pubmed/29796927
https://doi.org/10.1200/JCO.1997.15.1.110
https://www.ncbi.nlm.nih.gov/pubmed/8996131


Pharmaceutics 2024, 16, 602 10 of 10

10. Sohi, G.K.; Levy, J.; Delibasic, V.; Davis, L.; Mahar, A.; Amirazodi, E.; Earle, C.; Hallet, J.; Hammad, A.; Mittmann, N.; et al. The
cost of chemotherapy administration: A systematic review and meta-analysis. Am. Soc. Clin. Oncol. 2020, 38, 810. [CrossRef]

11. Kim, T.E.; Gu, N.; Yoon, S.H.; Cho, J.Y.; Park, K.M.; Shin, S.G.; Jang, I.J.; Yu, K.S. Tolerability and pharmacokinetics of a new
P-glycoprotein inhibitor, HM30181, in healthy Korean male volunteers: Single- and multiple-dose randomized, placebo-controlled
studies. Clin. Ther. 2012, 34, 482–494. [CrossRef] [PubMed]

12. Jackson, C.; Ou, Y.-C.; Chao, T.-Y.; En, M.; Hung, N.A.; Wang, D.; Cutler, D.; Kramer, D.; Zhi, J.; Chan, W.K.; et al. An open-
label, pharmacokinetic study to determine the bioavailability, safety and tolerability of single dose oral docetaxel (Oradoxel) in
metastatic prostate cancer (mPC) patients treated with IV docetaxel. J. Clin. Oncol. 2021, 39, 5050. [CrossRef]

13. Wandel, C.; Kim, R.B.; Stein, C.M. “Inactive” excipients such as Cremophor can affect in vivo drug disposition. Clin. Pharmacol.
Ther. 2003, 73, 394–396. [CrossRef]

14. Mortier, K.A.; Lambert, W.E. Determination of unbound docetaxel and paclitaxel in plasma by ultrafiltration and liquid
chromatography–tandem mass spectrometry. J. Chromatogr. A. 2006, 1108, 195–201. [CrossRef]

15. Wang, C.; Williams, N.S. A mass balance approach for calculation of recovery and binding enables the use of ultrafiltration as a
rapid method for measurement of plasma protein binding for even highly lipophilic compounds. J. Pharm. Biomed. Anal. 2013, 75,
112–117. [CrossRef] [PubMed]

16. Du, P.; Han, X.; Li, N.; Wang, H.; Yang, S.; Song, Y.; Shi, Y. Development and validation of an ultrafiltration-UPLC-MS/MS
method for rapid quantification of unbound docetaxel in human plasma. J. Chromatogr. B. 2014, 967, 28–35. [CrossRef]

17. Sheu, M.-T.; Wu, C.-Y.; Su, C.-Y.; Ho, H.-O. Determination of total and unbound docetaxel in plasma by ultrafiltration and
UPLC-MS/MS: Application to pharmacokinetic studies. Sci. Rep. 2017, 7, 14609. [CrossRef] [PubMed]

18. Wang, D.; Jackson, C.; Hung, N.; Hung, T.; Kwan, R.; Chan, W.K.; Qin, A.; Hughes-Medlicott, N.J.; Glue, P.; Duffull, S. Oral
docetaxel plus encequidar—A pharmacokinetic model and evaluation against IV docetaxel. J. Pharmacokinet. Pharmacodyn. 2024.
[CrossRef]

19. Kaza, M.; Karazniewicz-Lada, M.; Kosicka, K.; Siemiatkowska, A.; Rudzki, P.J. Bioanalytical method validation: New FDA
guidance vs. EMA guideline. Better or worse? J. Pharm. Biomed. Anal. 2019, 165, 381–385. [CrossRef] [PubMed]

20. Wang, D.; Hung, T.; Hung, N.; Glue, P.; Jackson, C.; Duffull, S. Optimal sample selection applied to information rich, dense data.
J. Pharmacokinet. Pharmacodyn. 2023, 51, 33–37. [CrossRef] [PubMed]

21. FDA, U. Project Optimus. 2022. Available online: https://www.fda.gov/about-fda/oncology-center-excellence/project-optimus
(accessed on 20 December 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1200/JCO.2020.38.4_suppl.810
https://doi.org/10.1016/j.clinthera.2012.01.003
https://www.ncbi.nlm.nih.gov/pubmed/22284902
https://doi.org/10.1200/JCO.2021.39.15_suppl.5050
https://doi.org/10.1016/S0009-9236(03)00010-9
https://doi.org/10.1016/j.chroma.2005.12.103
https://doi.org/10.1016/j.jpba.2012.11.018
https://www.ncbi.nlm.nih.gov/pubmed/23312388
https://doi.org/10.1016/j.jchromb.2014.07.007
https://doi.org/10.1038/s41598-017-15176-0
https://www.ncbi.nlm.nih.gov/pubmed/29097770
https://doi.org/10.1007/s10928-024-09913-y
https://doi.org/10.1016/j.jpba.2018.12.030
https://www.ncbi.nlm.nih.gov/pubmed/30590335
https://doi.org/10.1007/s10928-023-09883-7
https://www.ncbi.nlm.nih.gov/pubmed/37561265
https://www.fda.gov/about-fda/oncology-center-excellence/project-optimus

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Equipment 
	Sample Preparation and HPLC-MS/MS Analysis 
	Patient Sample Preparation 
	Quality Control, Standard Curve, and Test Solution Preparation 
	High-Performance Liquid Chromatography and Mass Spectrometry 

	Method Validation 
	Quantitative analysis of patient samples 
	Assay Compliance during Patient Sample Analysis 


	Results 
	Long-Term Stability 
	Precision and Accuracy 
	Recovery 
	Assay Compliance during Patient Sample Analysis 
	Quantitative Analysis of Patient Samples 

	Discussion 
	Conclusions 
	References

