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Background and objective: Paclitaxel protein-bound particles for injectable suspension

(nab-paclitaxel) showed many advantages in safety, effectiveness, and convenience.

Different from conventional formulations, the bioequivalence evaluation of nab-paclitaxel

formulations requires to determine the total amount of paclitaxel in plasma and the unbound

paclitaxel to reflect their in vivo disposition. This study aimed to develop an analytical

method to quantify the total and unbound paclitaxel in plasma and evaluate the bioequiva-

lence of two formulations of nab-paclitaxel in patients with breast cancer.

Materials and methods: An open-label, randomized, two-period crossover study was

completed among 24 Chinese patients with breast cancer. The patients were randomized to

receive either the test formulation on cycle 1 day 1 and after 21 days in cycle 2 day 1 by the

reference formulation (Abraxane®), or vice versa. Rapid equilibrium dialysis was adopted to

separate the unbound paclitaxel in human plasma. Total and unbound paclitaxel concentra-

tions were measured by the validated liquid chromatography–tandem mass spectrometry

methods over the range of 5.00–15,000 and 0.200–200 ng/mL, respectively. The bioequiva-

lence of the test formulation to the reference formulation was assessed using the Food and

Drug Administration and European Medicines Agency guidelines.

Results: All the 90% confidence intervals (CIs) of the geometric mean ratios fell within the

predetermined acceptance range. The 90% CIs for the area under the concentration–time

curve (AUC) from 0 h to 72 h (AUC0–t), AUC from time zero to infinity (AUC0–∞), and peak

plasma concentrations (Cmax) for total paclitaxel were 92.03%–98.05%, 91.98%–99.37%,

and 91.37%–99.36%, respectively. The 90% CIs of AUC0–t, AUC0–∞, and Cmax for unbound

paclitaxel were 86.77%–97.88%, 86.81%–97.88%, and 87.70%–98.86%, respectively.

Conclusion: Bioequivalence between the two nab-paclitaxel formulations was confirmed

for total and unbound paclitaxel at the studied dose regimen.

Keywords: nab-paclitaxel, bioequivalence, rapid equilibrium dialysis, unbound fraction,

pharmacokinetics

Introduction
Paclitaxel is a diterpenoid product extracted from the bark of the Western yew tree,

Taxus brevifolia or semi-synthesized.1 The unique mechanism of paclitaxel of
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stabilizing tubulin polymer and promoting microtubule

assembly effectively inhibits mitosis, motility, and intracel-

lular transport within cancerous cells and results in antineo-

plastic activity against a wide variety of malignancies.2–4

Paclitaxel is administered intravenously instead of via oral

administration because of low bioavailability (<6%) caused

by P-glycoproteins-related efflux and first-pass metabolism.5

Paclitaxel is highly lipophilic (hydrophobic). Development

of injection formulations suitable for clinical use has always

been a focus and difficulty in the research. The first clinically

available formulation used polyethoxylated castor oil (CrEL)

as the cosolvent. However, CrEL had biological and pharma-

cological properties that caused severe anaphylactoid hyper-

sensitivity reactions and peripheral neuropathy.6 To reduce

CrEL-induced toxicities, formulations, such as albumin-

bound nanoparticles (nab-paclitaxel), liposomes,7 micelles,

polymeric nanoparticles,8 taxane analogs, and nanomedicine

without drug carrier,9 were developed subsequently. Among

these formulations, nab-paclitaxel is the only one that gained

the approval of the Food and Drug Administration (FDA).10

All other formulations did not contain albumin that brought

the potential for viral transmission and microbial growth, so

they weremore of solubilizing agents than stable drug carriers.

Thus, the other formulations are most likely to result in similar

(rather than superior) efficacy compared with nab-paclitaxel.

Apart from the reduced potential risk of allergic reactions

related to the solvent, nab-paclitaxel did not require pretreat-

ment to prevent allergic reactions before medication and sig-

nificantly reduced the infusion time to 30 min.11–13

Unlike traditional formulations, nab-paclitaxel primarily

delivered the active ingredient to the tumor cells directly and

bypassed the unbound form. The drug delivery mechanism of

nab-paclitaxel involved glycoprotein 60-mediated endothelial

cell transcytosis of paclitaxel-bound albumin and accumula-

tion in the area of tumor by albumin binding to secreted

protein, acidic and rich in cysteine.14–16 Therefore, the

unbound paclitaxel in plasma was significantly less important

in efficacy but is still being important for off-target exposure–

toxicity relationships. Given the ultrafast distribution and

decomposition of paclitaxel–carrier complexes, unbound

paclitaxel in plasma significantly affected the extravascular

tissue distribution of paclitaxel.17 Clearly, the plasma concen-

tration of unbound paclitaxel was essential to predict the

changes in pharmacokinetics or pharmacodynamics for nab-

paclitaxel.18 These factors determined that the bioequivalence

evaluation of nab-paclitaxel differed from conventional for-

mulations. Thus, assessing the plasma exposure of total pacli-

taxel and also the unbound paclitaxel levels is necessary.

Numerous methods including equilibrium dialysis

(ED), ultrafiltration, ultracentrifugation, and in vivo micro-

dialysis are available for separating unbound drug in

plasma samples.19–22 Each technique has its own advan-

tages and shortcomings, and ED is the most commonly

and generally considered as the “gold standard”.23 Rapid

equilibrium dialysis (RED) device was designed based on

ED, with a Teflon base plate and disposable dialysis cells.

Compared with the standard ED method, the surface area

to volume ratio of each dialysis cell was increased, provid-

ing the possibility of reducing equilibration time and

increasing throughput.23

This study aimed to separate unbound paclitaxel in

human plasma by RED and determine the total and

unbound paclitaxel by liquid chromatography–tandem

mass spectrometry (LC–MS/MS). Using the developed

and validated methods, the bioequivalence study of nab-

paclitaxel formulations was carried out in compliance with

international rules and regulations adopted by the FDA

and European Medicines Agency guidelines.24–26 The

area under the concentration–time curve (AUC) from 0 h

to 72 h (AUC0–t) and AUC from time zero to infinity

(AUC0–∞) and peak plasma concentrations (Cmax) for

total and unbound paclitaxel were defined as the main

parameters to assess possible bioequivalence.

Materials and methods
The study was approved by the Ethics Committee of the First

Hospital of Jilin University (Changchun, China) and con-

ducted in compliance with Good Clinical Practice guidelines

of the International Conference on Harmonization and the

Declaration of Helsinki (2008). Written informed consent

was obtained from all patients before participation.

Study drugs
Paclitaxel protein-bound particles for injectable suspen-

sion (equivalent to 100 mg paclitaxel; batch number:

A1I1611004AL) manufactured by Qilu Pharmaceutical

(Hainan) Co., Ltd. was selected as the test formulation,

and Abraxane® (100 mg, batch number: 6,110,247) man-

ufactured by Fresenius Kabi, USA, LLC. was selected as

the reference formulation.

Subjects
Twenty-five patients with breast cancer were enrolled

according to the inclusion/exclusion criteria.27 These

patients were diagnosed by imaging, cytological or
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histological examination, or who were considered eligible

for the injection of nab-paclitaxel antitumor therapy.

Study design
The study aimed to evaluate the bioequivalence of nab-

paclitaxel formulations in Chinese patients with breast can-

cer. Subjects who passed the screening were completely

randomized according the number table obtained by the

Statistical Analysis System (SAS) 9.1 software. The test or

reference formulation was administered in period 1, and the

alternate formulation was administered in period 2. The

volume of the prepared paclitaxel suspension (5 mg/mL)

was calculated at 260 mg/m2 dose based on the body surface

area (BSA) of the subject. The subjects were given a fasting

period of at least 10 h prior to dosing. Approximately 30 min

after eating a standard breakfast in the morning, the subjects

were given a uniform infusion via an intravenous infusion

pump, and the infusion was completed within 30±3 min.

Lunch and dinner were provided after 4 and 10 h of

administration, respectively. The designated food was

ingested at the designated time during hospitalization,

and no other diet was taken. Caffeinated and alcoholic

beverages and xanthine-containing food or beverages

(including chocolate, tea, and coffee) were prohibited

from the screening date to the end of the trial. During

the administration period and within 2 h after administra-

tion, the subjects should remain in a lying position and

must avoid prolonged bed rest or strenuous exercise.

Safety evaluation
Safety evaluation indicators included adverse events (AEs),

serious adverse events, combined medication, changes in

clinical laboratory tests (biochemistry, hematology, and uri-

nalysis), clinical symptoms, vital signs, physical examina-

tions, and 12-lead electrocardiograms. All patients who

participated in the study were included in the safety analysis.

The vital signs of the subjects were monitored at 1 h before

administration and at 10 min, 30 min, 1 h, 2 h, 12 h, 24 h,

48 h, and 72 h after administration. The monitoring times

can be increased according to the subjects’ conditions. AEs

were recorded throughout the study period and at the follow-

up visit. The subjects underwent follow-up visits on the 7±1

and 21±1 days of each trail period in the fasting state.

Physical examinations, vital signs, laboratory examination,

and electrocardiogram were conducted at the scheduled

follow-up visit.

Sample collection
Blood samples were collected by inserting a catheter

into the forearm vein prior to administration. Blood

collection and drug administration should not be in the

same arm. In each study period, approximately 5 mL

blood was collected at 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6,

8, 12, 24, 36, 48, and 72 h past dose to determine the

plasma concentrations for total and unbound paclitaxel.

The blood samples were centrifuged at 3000 rpm for

10 min. Plasma was separated and frozen at approxi-

mately −80 °C for further analysis.

Chromatography/mass spectrometry

conditions
The LC–MS/MS system consisted of an LC-20A

(Shimadzu Corporation, Japan) coupled to a Triple

Quad 5500 mass spectrometer (AB Sciex, USA)

equipped with electrospray ionization source. To mea-

sure the plasma samples and plasma chamber samples in

the RED plate, chromatographic analysis was performed

on Agilent Zorbax Eclipse Plus C18 (3.5 μm,

100×4.6 mm) column coupled with a Phenomenex

Security Guard C18 (4.0×3.0 mm) column at a column

temperature of 40 °C. The mobile phase consisted of

acetonitrile: 0.2% formic water (70: 30, v/v) for a total

run time of 3.0 min at a 0.70 mL/min flow rate. The

mass spectrometer was operated in the positive ion

mode, with electrospray ionization and multiple reaction

monitoring by using the transitions of m/z 854.5→286.1

for the paclitaxel and m/z 859.5→291.1 for the d5-

paclitaxel (internal standard). The ion spray voltage

was set at 5500 V, and the source temperature was

300 °C. The gases 1 and 2, curtain gas, and collision

gas were set at 50, 50, 30 and 8 psi respectively.

Declustering potential and collision energy were, respec-

tively, 50 and 24 V for paclitaxel and d5-paclitaxel with

a dwell time of 80 ms per transition.

To determine the buffer chamber samples, chromato-

graphic separation was employed using a Waters BEH

C18 (1.7 µm 50×2.1 mm) analytical column at 40 °C.

The mobile phases were (A) 0.2% formic acid in water

and (B) acetonitrile, which delivered at a 0.55 mL/min

flow rate. The gradient elution was 15% B at 0–0.2 min,

15–70% B at 0.2–0.5 min, 70–90% B at 0.5–1.0 min,

90% B at 1.0–1.6 min, 90–15% B at 1.6–1.8 min, and

1.8–2.3 min kept constant at 15% B.
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The above two methods were characterized by ade-

quate sensitivity, specificity, linearity, accuracy and preci-

sion, recovery, and stability. The validation data, as

presented in Tables 1 and 2, were taken from our valida-

tion reports. The calibration curves for the determination

of plasma samples showed good linearity over the range of

5.00–15,000 ng/mL. In method validation, a 10-fold dilu-

tion of plasma samples containing paclitaxel above the

upper limit of quantification was considered acceptable.

The calibration curves for the determination of buffer

chamber samples showed good linearity over the range

of 0.200–200 ng/mL with a low limit quantification

(LLOQ) of 0.200 ng/mL.

Sample pretreatment
To determine the total plasma concentration of paclitaxel,

50 μL plasma sample was pretreated in 96-deep well by

adding 200 μL of acetonitrile and 25 μL internal standard

solution (d5-paclitaxel, 10.0 μg/mL). The mixture was

vortexed for 15 min and subsequently centrifuged at

3700 rpm for 15 min. A 100 μL aliquot of the supernatant

was added to 50 μL of the mobile phase (acetonitrile/0.2%

formic water=70:30, v/v) and was vortex-mixed. Aliquot

(2 μL) of the resulting solution was injected into the LC–

MS/MS system for analysis.

To separate unbound paclitaxel, the plasma samples

were processed by RED by using inserts (Thermo-Fisher

Table 1 Validation data of the analytical method used to determine total paclitaxel in human plasma

Quality control samples

Parameters LLOQ (5.00 ng/
mL)

Low (15.0 ng/
mL)

Medium (900 ng/
mL)

High (12,000 ng/
mL)

Accuracy and Precision

Intra-assay (%RE, %CV) 1.9~8.3, 3.3~6.2 −4.4~4.7, 2.6~3.9 −9.9~7.2, 1.1~2.8 −7.6~7.6, 1.3~5.7

Inter-assay (%RE, %CV) 5.8, 5.4 3.2, 3.2 −8.0, 2.7 −6.7, 2.0

Recovery (%) / 119.0 106.2 110.1

%CV / 2.0 2.3 1.4

Stability with accuracy

−20 °C 29 days (%RE, %CV) / −1.6, 4.4 / −8.3, 2.2

−70 °C 88 days (%RE, %CV) / 5.4, 5.5 / 0.6, 2.4

room temperature 6 hrs (%RE, %

CV)

/ −3.9, 3.0 / −8.6, 2.0

3 FT (−70 °C) (%RE, %CV) / 6.2, 4.8 / −4.3, 1.9

Recovery of IS (%RE, %CV) 105, 1.8

Abbreviations: LLOQ, lower limit of quantification; RE, relative error; CV, coefficient of variations; FT, freeze-thaw cycle; IS, internal standard.

Table 2 Validation data of the analytical method used to determine unbound paclitaxel in human plasma

Quality control samples

Parameters LLOQ (0.200 ng/
mL)

Low (0.600 ng/
mL)

Medium (8.00 ng/
mL)

High (160 ng/
mL)

Accuracy and Precision

Intra-assay (%RE, %CV) −8.6~11.4, 7.2~11.6 −13.6~-4.3, 3.3~11.4 −6.1~ −3.3, 1.8~4.2 −7.0~3.1, 4.7~5.7

Inter-assay (%RE, %CV) −1.4, 13.5 −8.6, 8.2 −4.4, 3.0 −0.9, 6.6

Recovery (%) / 95.8 96.7 94.5

%CV / 2.9 2.6 4.2

Stability with accuracy

−20 °C 15 days (%RE, %CV) / −4.0, 7.3 / 3.9, 4.6

−70 °C 15 days (%RE, %CV) / −13.4, 8.0 / 2.7, 3.1

room temperature 6 hrs (%RE, %

CV)

/ −7.5, 4.8 / 3.1, 3.4

5 FT (−70 °C) (%RE, %CV) / −9.9, 5.9 / 3.4, 4.7

Recovery of IS (%RE, %CV) 96.6, 3.5
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Scientific, Waltham, MA, USA) placed in a Teflon-coated

base plate. Plasma samples (200 μL) were loaded into the

plasma chambers, whereas the buffer chambers were filled

with 350 μL phosphate-buffered saline (PBS, pH 7.4). The

plate was sealed and incubated on an orbital shaker

(250 rpm) at 37 °C for 4 h in a humidified atmosphere

of 5% CO2 incubator. All volume of post dialysis sample

was removed from the plasma chambers and the buffer

chambers in separate microcentrifuge tubes. Equal

volumes of acetonitrile were added to the buffer tubes

and vortexed to obtain the mixed buffer chamber samples.

The mixed buffer chamber sample was pretreated by

taking 100 μL of the sample in test tube, adding 50 μL d5-

paclitaxel solution (20.0 ng/mL) and 100 μL acetonitrile.

Then, the mixture was vortexed and centrifuged. A 15 μL
aliquot of the supernatant was collected for LC–MS/MS

system. Plasma chamber samples were pretreated in the

same way as plasma samples.

Pharmacokinetic analyses
Unbound fraction (fu) in plasma was calculated from the

ratio of the buffer chamber concentration (Creceiver) to the

plasma chamber concentration (Cdonor). The unbound

paclitaxel concentration in plasma (Cunbound) was calcu-

lated according to the following formula:

fu ¼ Cunbound

Ctotal
¼ Creceiver

Cdonor
(1)

Cunbound ¼ Creceiver

Cdonor
� Ctotal (2)

According to the plasma concentration of unbound paclitaxel

and total paclitaxel (Ctotal), the pharmacokinetic parameters

of the two formulations, including AUC0–t, AUC0–∞, Cmax,

time to reach Cmax (Tmax), terminal elimination half-life

(t1/2), and their mean value and standard deviation (SD),

were evaluated by the noncompartmental model by using

WinNonlin Software (Phoenix WinNonlin® version 6.4,

Pharsight Corporation, NC, USA). Cmax and Tmax were

obtained directly from the measured values. AUC0–t was

calculated by trapezoid method, AUC0–∞=AUC0–t+Ctn/λz.
Ctn is the plasma drug concentration at the last point mea-

sured. λz is the terminal elimination rate constant determined

by least-squares regression analysis during the terminal log-

linear phase of the concentration time curve. The t1/2 time

(hours) was calculated as 0.693/λz.
SAS version 9.1 was used for data statistics. AUC0–t,

AUC0–∞, and Cmax were tested for significance bymultivariate

analysis of variance (ANOVA) (significance level was 5%)

with formulation effect, period effect, sequence effect, and

subject effect as factors. The geometric mean ratio of the

major pharmacokinetic parameters (AUC0–t, AUC0–∞, and C

max) of the test formulation versus the reference formulation

and their 90% confidence interval (CI) was calculated. Tmax
was statistically evaluated using a nonparametric method.

Results
Background characteristics of the

volunteers
In this clinical study, the subjects were screened strictly

according to the inclusion/exclusion criteria of the test

protocol. Forty-eight subjects were screened, and 25 sub-

jects were actually enrolled. The age range of 25 subjects

was 37–63 years old, and the average of BSA (SD) was

1.63 (0.146) kg/m2. Except for one subject who voluntarily

withdrew from the study after the end of cycle 1 follow-

up, the remaining 24 cases completed all the two cycles, of

which 1 was male and 23 were females.

Development of the RED procedure
In this study, five factors, namely, the stability in the

incubation, equilibrium time, recovery, freeze-thaw stabi-

lity, and protein leakage, affecting the determination of

unbound paclitaxel in human plasma were evaluated.

To ensure fu was not influenced by drug lability in PBS

and plasma, paclitaxel at the concentrations of 15.0 and

12,000 ng/mL in plasma or 0.600 and 160 ng/mL in PBS

was incubated at 37 °C for 4 and 6 h by using six repli-

cates. After the incubation of plasma samples, the max-

imum concentration deviation from T0 was 10.2% (<15%)

for 4 h, whereas it was 18.1% (>15%) for 6 h. The result

indicated that plasma samples were stable within 4 h at

37 °C incubation conditions. For PBS samples in the CO2

incubator (37 °C) placed after 4 and 6 h, the concentration

deviation from T0 is 8.8% or less.

Plasma samples spiked with nab-paclitaxel concentra-

tions at 500 and 5000 ng/mL were incubated after 2, 4 and

8 h to determine the optimal equilibration time. The results

showed that after 2, 4 and 8 h, fu at the low concentration

(500 ng/mL) were 1.4%, 3.6% and 3.9%, respectively.

fu at the high concentration (5000 ng/mL) were 1.2%,

3.6% and 4.1%, respectively. Considering the stability,

the most suitable RED time was set at 4 h.

The recovery of the proposed method was also inves-

tigated. The recovery rate was calculated using formula 3.

Dovepress Li et al

Drug Design, Development and Therapy 2019:13 submit your manuscript | www.dovepress.com

DovePress
1743

http://www.dovepress.com
http://www.dovepress.com


Paclitaxel concentrations of plasma samples were set at

50.0, 500 and 5000 ng/mL. Some of these concentrations

were immediately treated as C0 samples. A 200 μL aliquot

of plasma samples was added to the plasma chamber and

350 μL of PBS to the buffer chamber. After 4 h incubation,

samples from plasma chamber and buffer chamber were

measured by LC–MS/MS method. The recovery rate and

recovery precision were 87.0% and 0.80%, respectively,

indicating that the recovery of 200 μL plasma/350 μL PBS

was high and reproducible during the RED.

recovery% ¼ Creceiver � Vreceiver þ Cdonor � Vdonor

C0 � V0

� 100% (3)

After five freeze-thaw cycles of nab-paclitaxel in plasma, the

relative deviation between the average measured fu and the

fresh plasma fu were 0.7% for 500 ng/mL and −1.0% for

5000 ng/mL, respectively. This result indicated that five

freeze-thaw cycles did not affect the plasma fu of nab-

paclitaxel.

The impact of protein leakage through the dialysis

membrane was another possible source of error.

A 200 μL aliquot of blank plasma samples was dialysed

against PBS. Then, a bicinchoninic acid protein quantifi-

cation kit (Meilun Biotechnology Co., Ltd., Dalian, China)

was used to determine the protein content in the plasma

chambers and PBS chamber samples. The measurement of

protein concentration was performed at 562 nm. Protein

leakage was only 0.113%, thereby the impact of protein

leakage remains negligible.

Pharmacokinetics of paclitaxel
The mean plasma concentration–time curves of total and

unbound paclitaxel after intravenous injection of 260 mg/

m2 dose of the test or reference formulation of nab-

paclitaxel are shown in Figure 1. The main pharmacoki-

netic parameters of total paclitaxel and unbound paclitaxel

in plasma, AUC0–t, AUC0–∞, Cmax, Tmax, and t1/2 are

shown in Table 3.

Bioequivalence assessments
Based on bioequivalence guidelines, the criteria for total

and unbound paclitaxel bioequivalence is the 90% CI for

the ratio of test/reference geometric means in the range of

80% to 125%.23–25 The geometric mean ratios (90% CI)

for total paclitaxel were 95.60% (91.98%–99.37%) for

AUC0–72 h, 95.28% (91.37%–99.36%) for AUC0–∞, and

94.99% (92.03%–98.055%) for Cmax. The geometric mean

ratios (90% CI) for unbound paclitaxel were 92.16%

(86.77%–97.88%) for AUC0–72 h, 92.18% (86.81%–

97.88%) for AUC0–∞, and 93.12% (87.70%–98.86%) for

Cmax. The differences between the test and reference for-

mulation in the time to achieve Cmax values and elimina-

tion half-life values were not statistically significant. The

90% CIs of the test/reference AUC ratio and Cmax ratio of

paclitaxel were within the acceptance range for bioequiva-

lence (Tables 4 and 5).

Safety
This study included 25 participants in the safety evalua-

tion, including one participant who voluntarily withdrew

from the test after the first period of treating with the test

drug. Therefore, 25 cases were used in the test formulation

group and 24 cases in the reference formulation group.

The 551AEs were reported by 100% (25/25) of the volun-

teers. Level III or high incidences of AEs were 34 cases

(14/25). One serious adverse event occurred, which was

definitely not related to the study drug. No dose adjust-

ment was performed due to adverse events, and no adverse

events led to withdrawal from the study. No significant

difference was observed in the incidence of AEs between

the two administration sequences. The difference in the

incidence of AEs between the test formulation and the

reference formulation was also not statistically significant.

Discussion
It has been reported that paclitaxel had a high binding

affinity for human plasma proteins.28,29 As a result,

a highly sensitive analytical method was required to deter-

mine unbound paclitaxel in plasma. Several LC-MS/MS

methods have been reported to measure paclitaxel,30–37

where adduct ions [M+Na]+ or [M+Li]+ were used as

precursor ion. To further enhance the sensitivity, the

mobile phase was optimized including organic phase

(methanol, acetonitrile) and additives (ammonium acetate,

formic acid, lithium carbonate) in various concentration.

By employing 0.2% formic acid and acetonitrile as the

mobile phase with the precursor ion [M+H]+, the method

had a LLOQ of 0.200 ng/mL for unbound paclitaxel. It

was proved to be superior in sensitivity compared with the

reported methods.36,37

This study referred to the Draft Guidance on Paclitaxel

issued by the FDA.24 The results showed that the geo-

metric mean ratios (T/R) and 90% CI of Cmax, AUC0–t,

and AUC0–∞ for total paclitaxel and unbound paclitaxel of

the two formulations were all within 80.00%–125.00%
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after the recommended dose of 260 mg/m2 was adminis-

tered within 30 min. These results were in line with the

bioequivalence evaluation criteria.

The washout period was 21 days, equivalent to 24

elimination half-lives. In addition, the paclitaxel concen-

trations in plasma samples collected before the second

cycle of drug administration were all below the LLOQ of

5.00 ng/mL. This result can exclude the AUC period effect

caused by insufficient washout period.

The main pharmacokinetic parameters of total pacli-

taxel and unbound paclitaxel, as shown in Table 6, were

compared with those from the literature.19,38,39 It is worth

noting that the reported t1/2 of unbound paclitaxel was

2.82 h,39 while the value in the present study was

21.61 h or 26.74 h. The t1/2 is the time that it takes for

the plasma concentration to fall by half from its maximum

levels. It is calculated by log-linear regression of plasma

concentrations observed during the terminal phase of
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Figure 1 Plasma concentration–time curves of total paclitaxel (A) and unbound paclitaxel (B) after 30 min infusion of the test formulation or the reference formulation

(Abraxane®) at a dose of 260 mg/m2. Data are presented as Log10 mean ± SD.
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elimination. Therefore, the plasma concentrations of the

elimination phase affect the calculated t1/2. In the pub-

lished study, the plasma concentration of unbound pacli-

taxel was determined about to 7.5 h after dosing.39 In the

present study, comprehensive method development and

optimization led to a superior sensitivity and allowed the

determination of unbound paclitaxel up to 72 h after an

administration. Thus, the difference of the plasma concen-

trations in the elimination phase caused the difference of

t1/2 observed in the two studies. Cmax and AUC values of

total paclitaxel obtained in the present study were

comparable with those from Chinese-reported

literature38,39 but was lower than 38% to the reported

data from Europeans and Americans.19 The clinical

recommended dose of nab-paclitaxel is 260 mg/m2 based

on the BSA of the subject. BSA of the Europeans and

Americans is usually calculated using the Mosteller’s

formula,40

BSA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
height cmð Þ þ weight kgð Þ=3; 600

p
(4)

BSA of Chinese adults is normally calculated by the

Stevenson’s formula as follows:

Table 3 Pharmacokinetic parameters of total and unbound paclitaxel for nab-paclitaxel (260 mg/m2) in 24 patients treated with

a 30 min infusion

Parameters Unbound Paclitaxel Total Paclitaxel

Mean±SD (%CV) Mean±SD (%CV)

Test Reference Test Reference

Tmax (h) 0.5 (0.25, 0.51) 0.5(0.25, 0.52) 0.5(0.25, 0.52) 0.5(0.25, 0.52)

Cmax (ng/mL) 444.5±117.2 (26.37) 476.7±125.2 (26.26) 12,295±2370 (19.28) 12,771±2065 (16.17)

AUC0–t (h*ng/mL) 402.4±117.1 (29.11) 440.1±143.1 (32.51) 12,197±2841 (23.30) 12,619±2754 (21.83)

AUC0–∞ (h*ng/mL) 418.4±123.9 (29.62) 456.4±145.3 (31.84) 12,587±2932 (23.29) 13,078±2880 (22.02)

t1/2 (h) 21.61±9.43 (43.63) 26.74±12.59 (47.09) 24.48±4.47 (18.27) 27.32±10.10 (36.96)

Notes: Tmax, the values are expressed in terms of median (range).

Abbreviations: SD, standard deviation; CV, coefficient of variation; Tmax, time to peak concentration; Cmax, peak plasma concentration; AUC0–t, area under the curve to

the last measurable concentration; AUC0–∞, area under the curve extrapolated to infinity; t1/2, elimination half-life.

Table 4 Geometric mean ratio and statistical comparison of total paclitaxel for nab-paclitaxel (260 mg/m2) in patients treated with

a 30 min infusion

Parameters Geometric Mean %CV 90% CI power of test %

Test (T) Reference (R) ratio(T/R)*%

Cmax (ng/mL) 11,979 12,611 94.99 6.40% 92.03~98.05 100

AUC0–t (h*ng/mL) 11,798 12,341 95.60 7.81% 91.98~99.37 100

AUC0–∞ (h*ng/mL) 12,181 12,784 95.28 8.47% 91.37~99.36 100

Notes: Statistical calculations for AUC and Cmax were based on logarithmic-transformed data. Bioequivalence criteria are defined as 90% CI of the geometric mean ratios of

the test/reference drug of between 80.0% and 125.0% for Cmax, AUC0–t, and AUC0–∞.

Abbreviations: CV, coefficient of variation; CI, confidence interval; Cmax, peak plasma concentration; AUC0–t, area under the curve to the last measurable concentration;

AUC0–∞, area under the curve extrapolated to infinity.

Table 5 Geometric mean ratio and statistical comparison of unbound paclitaxel for nab-paclitaxel (260 mg/m2) in patients treated with

a 30 min infusion

Parameters Geometric Mean %CV 90% CI Power of test %

Test (T) Reference (R) Ratio(T/R)*%

Cmax (ng/mL) 429.1 460.9 93.12 12.13% 87.70~98.86 99.49

AUC0–t (h*ng/mL) 387.7 420.6 92.16 12.20% 86.77~97.88 98.81

AUC0–∞ (h*ng/mL) 402.8 437.0 92.18 12.14% 86.81~97.88 98.88
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BSA ¼ 0:0061� height cmð Þ þ 0:0128� weight kgð Þ
� 0:1529 (5)

For a person with a height of 170 cm and a weight of

70 kg, the calculated BSA from formulas 4 and 5 were

1.82 and 1.78 m2, respectively. Therefore, the differences

in Cmax and AUC values between the Chinese and

Europeans/Americans were caused by different absolute

doses of nab-paclitaxel (calculated based on the BSA for-

mula). Sampling error and the effect of racial and genetic

differences may also be contributing factors.

Few pharmacokinetic parameters of unbound paclitaxel

for nab-paclitaxel were reported in the literature. The data

from the Americans and Europeans showed that fu of nab-

paclitaxel is 6.3±2.1%,19 but fu obtained in this study was

approximately 3.3±0.7%. The reported literature and this

study used different methods to separate unbound drugs,

that is, one method used ultrafiltration, and another method

employed RED. Although their working principles were

based on membrane separation, the powers to drive unbound

drugs through the membrane were different. In ultrafiltration,

a pressure gradient rapidly forces the water-soluble compo-

nent of plasma containing unbound drug through

a semipermeable membrane.41 RED forms a diffusion pres-

sure through the drug concentration gradient across the semi-

permeable membrane so that the unbound drug reaches the

equilibrium. Compared with the ultrafiltration method, the

RED method does not require an external force and can

simulate in vivo environment and is a commonly used

method for measuring unbound drugs. Ultrafiltration is

affected greatly by test conditions, such as centrifugation

time, centrifugation temperature, and centrifugation

speed.41 The effect of different conditions of ultrafiltration

on fu of paclitaxel was investigated. As Table 7 shows, we

found that even in the same conditions, the results of the

ultrafiltration varied widely. In addition, the molecular

weight cut-off (MWCO) of the membranes was different

between the twomethods.MWCOof the ultrafiltrationmem-

brane was 30 kDa, whereas RED device with the dialysis

membrane was only 8 kDa. As a result, the main reason why

fu obtained in this study is different from that in the literature

may be the different separation methods.

Conclusion
Overall, this study developed and validated a robust and

reliable RED method to separate unbound paclitaxel, fol-

lowed by LC–MS/MS method to quantify total and

unbound paclitaxel in plasma. This method was

Table 6 Summary of total paclitaxel and unbound paclitaxel pharmacokinetic parameters of nab-paclitaxel

Parameters Data from
European/
American
(n=14)

Data from
Chinese
(n=12)

Data from
Chinese
(n=36)

Data from this
trial
(test, n=24)

Data from this
trial
(reference, n=24)

Total Unbound Total Total Unbound Total Unbound Total Unbound

t1/2 h

(CV%)

20 — 16.93 19.43 2.82 24.48 21.61 27.32 26.74

(21.3) — (28.9) (28.3) (30.1) (18.27) (43.63) (36.96) (47.09)

Cmax ng/mL

(CV%)

19,556 1284 10,250 14,230 960 12,295 444.5 12,771 476.7

(36.2) (41.5) (15.1) (30.0) (31.3) (19.28) (26.37) (16.17) (26.26)

AUC0–72h (h*ng/mL)

(CV%)

— — 12,130 14,130 710 12,197 402.4 12,619 440.1

— — (19.8) (26.3) (22.5) (23.30) (29.11) (21.83) (32.51)

AUC0–∞ (h*ng/mL)

(CV%)

20,324 1159 12,410 14,550 750 12,587 418.4 13,078 456.4

(19.5) (29.1) (19.5) (25.8) (21.3) (23.29) (29.62) (22.02) (31.84)

Abbreviations: CV, coefficient of variation; t1/2, elimination half-life; Cmax, peak plasma concentration; AUC0–72h, AUC from time 0 h to72 h.; AUC0–∞, area under the

curve extrapolated to infinity.

Table 7 %fu values of nab-paclitaxel determined by ultrafiltration

method under different conditions

Ultrafiltration Conditions Sample 1
%fu

Sample 2
%fu

2500g, 10 min, 25 °C 2.2 1.9

14000g, 10 min, 25 °C 2.7 1.4

2500g, 20 min, 25 °C 6.6 5.5

2500g, 20 min, 27 °C 6.2 5.1

2500g, 20 min, 30 °C 8.5 7.7

2500g, 20 min, 35 °C 11.1 10.6

Notes: To investigate the effects of centrifugation time, centrifugation temperature,

and centrifugation speed on fu of paclitaxel, samples 1 and 2 were obtained by

mixing equal volume of plasma samples collected at 1.25 and 15 h, respectively, from

five patients treated with nab-paclitaxel

Abbreviations: fu, unbound fraction.
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successfully applied to bioequivalence studies of nab-

paclitaxel formulations. Notably, nab-paclitaxel test

demonstrated bioequivalence with the reference formula-

tion Abraxane®.
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