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1. Introduction

Docetaxel (Taxotere) is a widely used antitumor agent of 
the taxoid family with broad activity against a variety of 
solid tumors, such as breast cancer, non-small cell lung 
cancer (NSCLC), hormone refractory prostate cancer, 

gastric adenocarcinoma, and squamous cell carcinoma of 
the head and neck (1-3). However, the use of docetaxel 
may be limited by its narrow therapeutic range and 
unpredictable interindividual variability, which would 
induce hematologic toxicity and undesirable effects. The 
interindividual variability of the drug's pharmacokinetics 
(PK) and thus drug exposure mainly contributes to its 
unpredictable toxicity (4). 
	 The optimal dosage of or regimen for docetaxel 
was 60-100 mg/m2 administered intravenously every 
3 weeks based on body surface area (BSA). However, 
BSA-based dosing can cause docetaxel exposure to vary 
among patients as much as 10-fold (5). Population PK 
analysis indicated that docetaxel exposure was related 
to α1-acid glycoprotein (AAG) levels, hepatic function, 
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age, and BSA (6-8), and the variability of PK may 
induce severe toxicities, including neutropenia, anemia, 
diarrhea, asthenia, alopecia, and nausea, even at the 
therapeutic dosage (9). Moreover, studies have found 
that the area under the plasma concentration versus time 
curve (AUC), a parameter for docetaxel exposure, is 
associated with hematological toxicity and can predict 
grade 4 neutropenia (10). Therefore, PK-guided dosing 
of docetaxel may be beneficial because it ensures its 
antitumor efficacy and it minimizes the incidence of 
severe toxicities during therapy. 
	 Chromatography (e.g. liquid chromatography coupled 
with mass spectroscopy (11-13) or UV detection (14,15)) 
has generally been used to measure the concentration of 
docetaxel or its metabolites in human plasma or serum. 
These techniques are more specific and sensitive, but the 
expensive equipment and the complicated protocol make 
them ill-suited to routine measurement of docetaxel, and 
these drawbacks may hinder clinical TDM of docetaxel. 
A nanoparticle immunoassay based on turbidimetry 
and monoclonal antibodies that compete with docetaxel 
has been developed and preliminarily verified to be 
suitable for clinical TDM of docetaxel (16). Therefore, 
an alternate immunoassay that is simple, rapid, and cost-
effective would allow routine monitoring of docetaxel. 
	 Since 2014, a nanoparticle immunoassay performed 
with an automated biochemistry analyzer has been in 
clinical use at this Hospital. To provide further evidence 
that the nanoparticle immunoassay and its corresponding 
commercial version are suitable for measuring the 
docetaxel concentration in human plasma, a method of 
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) was established as a “gold standard” and both 
methods were compared.

2. Materials and Methods

2.1. Reagents and equipment

Docetaxel (Lot: 100666-201002, purity: 98.0%), was 
obtained from the National Institute for the Control 
of Pharmaceutical and Biological Products (Beijing, 
China). Paclitaxel (Lot: 100382-201102, purity: 99.6%) 
was obtained from the National Institute for Food and 
Drug Control (Beijing, China) and served as the internal 
standard (IS). Pure water (Lot: 20151102) was obtained 
from the Hangzhou Wahaha Group Co., Ltd. (Hangzhou, 
China). Methanol (Lot: 0000118131) and acetonitrile 
(Lot: 0000059829) were from J.T. Baker (USA), 
and both were chromatography grade. A Diamonsil 
C18 column was from Dikma Technologies (Beijing, 
China). The MyDocetaxelTM (Lot: 1504030D) reagent 
kit and quantity control kit (Lot: 1509040C) were both 
from Jiangsu Changxing Medical Technology Co., Ltd. 
(Jiangsu, China). 
	 An Agilent 1200 series HPLC system, equipped 
with a G1312B duplex pump, G1316B thermostatted 

column compartment, G1367C auto-sampler, G1379B 
vacuum degasser, and an Agilent 6410 Triple Quadruple 
mass spectrometer with electrospray ionization (ESI), 
were obtained from Agilent Technology. A DiRui 
CS600-B biochemical analyzer was provided by 
Changchun Medical Technologies Co., Ltd.

2.2. Plasma samples

Two hundred and forty-eight plasma samples were 
collected from patients receiving docetaxel-based 
regimens at Qilu Hospital of Shandong University 
between October 2014 and May 2016. Two blood 
samples were collected from each patient in EDTA-
anticoagulant tubes, one at the end of infusion, and the 
other 1 hour after the infusion. After centrifugation, the 
plasma was separated and stored at -80°C for further 
analysis. This study was conducted in accordance with 
the Declaration of Helsinki and patient consent was 
obtained.

2.3. LC-MS/MS assay 

2.3.1. Conditions for chromatography and mass 
spectrometry 

Separation of docetaxel and the IS from plasma was 
achieved on a Diamonsil C18 column (150 mm × 4.6 
mm, 5 μm) at 30°C with a thermostatted column oven. 
The mobile phase was 0.1% formic acid:acetonitrile 
(40:60, v/v) with a flow rate of 0.6 mL/min. Mass 
spectrometry was performed in the positive ion MRM 
mode, with an ion transition of m/z 830.5→550.4 for 
docetaxel and 876.4→308.2 for the IS, respectively. 
Other parameters for mass spectrometry were: a spray 
gas flow of 9 L/min, a spray gas (nitrogen) temperature 
of 350°C, a capillary voltage of 4,000 V, and a nebulizer 
pressure of 40 psi. The fragment voltage was 100 V for 
docetaxel and 120 V for the IS, the collision energy was 
23 eV for docetaxel and 32 eV for the IS, and the EMV 
was 200 V.

2.3.2. Preparation of stock solutions, working solutions, 
calibration samples, and quality control samples

Primary stock solutions of 1 mg/mL of docetaxel and the 
IS were separately prepared in methanol. Primary stock 
solutions were diluted with the mobile phase to yield 
standard working solutions of docetaxel (0.1, 0.5, 1.0, 
2.5, 5.0, 10.0, and 20.0 µg/mL). The IS was dissolved in 
the mobile phase to yield 4 µg/mL of a working solution. 
All solutions were stored at 4°C and equilibrated to room 
temperature before use. 
	 Calibration samples and quality control (QC) samples 
were prepared by spiking blank plasma with a given 
volume of different working solutions. The calibration 
samples consisted of seven nonzero concentrations of 
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	 Stability. Stability was studied using the L and H 
levels of QC in five samples stored or processed under 
different conditions, i.e. storage at -20°C for 1, 7, or 28 
days, freezing (-20°C) and thawing (24 ± 2°C) for one 
or two cycles, leaving extracted samples to stand on the 
bench top for 4 h, and leaving samples in the LC-MS/
MS auto-sampler for 6 h at room temperature.

2.4. Nanoparticle immunoassay 

The principle of and protocol for a nanoparticle 
immunoassay of docetaxel were previously described in 
detail (16). Briefly, this assay was based on a competitive 
assay format using a selective docetaxel monoclonal 
antibody. Six different concentration calibrators (0, 75, 
150, 300, 600, and 1,000 ng/mL) were used to generate 
the calibration curve, and three QC standards (115, 225, 
and 800 ng/mL) accompanied the sample test. A plasma 
sample was first added to reagent 1, and a reaction was 
started by adding reagent 2. Photometric detection was 
performed at 600 nm. The difference in absorbance was 
determined and the concentration was calculated from 
the calibration curve. An automated biochemical analyzer 
was used to measure the concentration of the analyte. The 
MyDocetaxel kit consists of reaction reagents (reagent 
1 and reagent 2), six calibrator concentrations, and 
three control concentrations. Samples were processed 
according to the manufacturer's instructions.

2.5. Statistics

Data are expressed as the mean ± standard deviation 
(SD). Statistical analysis was performed using regression 
analysis. The statistical software SPSS was used 
to evaluate the correlation between concentrations 
measured with the two methods and the software 
MedCalc was used to draw a Bland-Altman plot, which 
helped to reveal differences and the extent of differences 
in measurements, any systematic bias, and possible 
outliers.

3. Results

3.1. Validation of LC-MS/MS

Specificity. The specificity of LC-MS/MS was evaluated 
by comparing chromatograms as shown in Figures 1 
and 2. The full-scan and product ion mass spectrum 
of docetaxel and the IS are shown in Figure 1. Typical 
MRM chromatograms are shown in Figure 2, where A 
is the blank plasma, B is the docetaxel standard and the 
IS, C is blank plasma spiked with docetaxel and the IS, 
and D is a patient plasma sample (Patient No. 10) spiked 
with the IS. There was no endogenous interference with 
measurement of the docetaxel concentration in the blank 
or human plasma sample. 
	 Matrix effects and Recovery. The recovery of 

docetaxel: 10, 50, 100, 250, 500, 100, and 2,000 ng/
mL. QC samples of docetaxel for the lowest limit of 
quantitation (LLOQ), a low level of QC (L), a middle 
level of QC (M), and a high level of QC (H) were 10, 25, 
200, and 1,600 ng/mL, respectively.

2.3.3. Sample preparation

Two hundred µL of a plasma sample was mixed with 
10 µL of IS (4 µg/mL) and vortexed for 0.5 min. Six 
hundred µL of methanol was added and the mixture was 
vortexed again for 3 min, followed by centrifugation at 
10,800 rpm for 5 min. The supernatant was transferred 
and 10 µL was injected for analysis.

2.3.4. Validation of the two methods

The established method of LC-MS/MS for measurement 
of the docetaxel concentration in human plasma was 
validated in accordance with FDA guidelines, including 
specificity, matrix effects, linearity, recovery, precision, 
accuracy, and stability. 
	 Specificity. The specificity of the method was 
evaluated by comparing chromatograms for six 
different lots of blank human plasma to identify the 
potential interference of endogenous substances in peak 
regions for docetaxel and the IS according to HPLC. 
	 Matrix effect and Recovery. Six different human 
blank plasma samples were extracted and spiked with 
the analyte at high and low QC levels and with the IS. 
The areas of corresponding peaks were compared to 
areas of peaks produced by standard solutions, and the 
peak area ratio was defined as the matrix effect. The 
mean overall recovery of the analyte and the IS was 
determined based on the ratio of the peak area (extracted 
plasma standards/plasma samples after extraction). 
The analyte was measured at high and low QC levels 
in six different blank plasma samples and extracted as 
described above. Recovery of the IS was determined at 
200 ng/mL with the method described above. 
	 Calibration curve and LLOQ. Calibration curves 
were plotted with seven concentrations and each 
was plotted three times. Calibration curves were 
typically described by the equation y = ax + b, where 
y corresponds to the peak-area ratio of the analyte to 
the IS, and x represents the plasma concentration of 
the analyte. The linearity of the calibration curve was 
assessed by linear regression with a weighting factor of 
the reciprocal of the concentration squared (1/x2). LLOQ 
was also evaluated based on accuracy and precision. 
	 Accuracy and Precision. The intra-day accuracy and 
precision were estimated by analyzing the docetaxel 
concentration at four levels, i.e. LLOQ (10 ng/mL), L (25 
ng/mL), M (200 ng/mL), and H (1,600 ng/mL), in blank 
plasma within one day, and the inter-day precision was 
determined by analyzing samples of the four QC levels 
on three consecutive days. 
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docetaxel and the IS was acceptable and reproducible. 
No matrix effects were observed. The mean recovery 
and matrix effects were 95.76% and 112.57% for 
docetaxel and 99.41% and 107.18% for IS, and the 
RSD was less than 15%, indicating that blank plasma 
samples were free from interference by endogenous 
substances, so docetaxel could be quantified.

	 Calibration curve and LLOQ. The calibration 
curve for docetaxel was linear over the concentration 
range with the regression equation (weight = 1/X2), as 
indicated by y = 0.0039x + 0.0025 and a correlation 
coefficient (r2) of 0.9986. LLOQ was defined as the 
lowest concentration on the standard calibration curve 
with acceptable repeatability and recovery and at least 

Figure 2. Typical MRM chromatograms of docetaxel and the IS. A: Blank plasma; B: Docetaxel and the IS (both were 10 ng/
mL); C: LLOQ; blank plasma spiked with docetaxel (10 ng/mL) and the IS (100 ng/mL); D: Plasma from Patient No. 10 after 
treatment with docetaxel was mixed with a standard solution of the IS.

Figure 1. Full-scan and product ion mass spectrum of docetaxel (A, C) and the IS (B, D).
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10 times the response of the blank at the baseline. 
	 Accuracy and Precision. Accuracy and precision 
results are as shown in Table 1. The results were within 
the accepted limits and therefore the assay was accurate 
and precise. 
	 Stability. Results of a study of the stability of 
docetaxel in human plasma are shown in Table 2. Data 
indicated that docetaxel was stable in plasma under the 
indicated conditions.

3.2. Methods comparison

LC-MS/MS and the nanoparticle immunoassay were 
compared using 248 human plasma samples obtained 
from patients receiving docetaxel-based therapy 
commonly used in China. Both methods can be used to 
measure the docetaxel concentration in plasma samples. 

The docetaxel concentration ranged from 10.23-1,899.17 
ng/mL according to the validated method of LC-MS/
MS, with a mean of 378.1 ng/mL. The docetaxel 
concentration ranged from 9-2,728 ng/mL according to 
the nanoparticle immunoassay, with a mean of 427.7 
ng/mL. Results of Deming regression analysis revealed 
a slope of 1.105 (95% CI of 1.067 to 1.142) with a 
y intercept of 10.003 ng/mL (95% CI of ‒ 12.095 to 
32.101 ng/mL), a standard error estimate of 135.7, and a 
correlation coefficient of 0.965 (Figure 3). 
	 In addition, a plot of the differences between the 
two assays with respect to their mean concentration 
indicated that their results were similar, although slight 
differences were noted. The Bland-Altman plot for 
docetaxel is shown in Figure 4. As is evident from the 
plot, the 95% CI was ‒ 231.7-331.1 ng/mL, and most 
results were in the 95% CI, though results from 14 
samples fell outside the 95% CI. The mean bias was 
positive (49.7 ng/mL).

Table 1. The intra- and inter-day accuracy and precision of docetaxel levels in human plasma (n = 5)

Concentration (ng/mL)

10
25
200
1600

Mean ± SD

     9.84 ± 0.48
   24.10 ± 1.42
 196.49 ± 8.67

1,530.68 ± 44.03

Accuracy%

98.4
96.4 
98.2 
95.7

RSD%

4.92
5.88 
4.41
2.88

Mean ± SD

   9.51 ± 0.77
 24.69 ± 1.75

 198.74 ± 21.07
  1,603.7 ± 191.29

Accuracy%

      95.1
      98.7
      99.4 
    100.2

RSD%

  8.12
  7.08
10.60
11.90

Intra-day                                                                                   Inter-day

Table 2. Stability of docetaxel in human plasma (n = 5)

Stability study

post-extraction (4 h)
in auto sampler (6 h)
freeze-thaw (one cycle)
freeze-thaw (two cycles)
frozen (1 day)
frozen (7 days)
frozen (28 days)

Mean ± SD

23.98 ± 1.70
23.33 ± 1.96
21.91 ± 3.22
27.54 ± 1.51
24.68 ± 1.42
24.22 ± 0.92
25.43 ± 2.33

Accuracy%

     95.9 
     93.3 
     87.7
   110.2
     98.7
     96.9
   101.7

RSD%

  7.09
  8.40 
14.70
  5.47
  5.76
  3.78
  9.19

Mean ± SD

  1,475.89 ± 109.36
  1,706.96 ± 118.50
1,390.07 ± 44.06
1,548.27 ± 60.99
1,594.85 ± 65.09
1,668.02 ± 89.58

  1,558.87 ± 160.08

Accuracy%

     92.2 
   106.7 
     86.9
     96.8
     99.7 
   104.3
     97.4

RSD%

  7.41
  6.94 
  3.17
  3.94
  4.08
  5.37
10.30

L (25 ng/mL)                                                                           H (1,600 ng/mL)

Figure 3. Correlation between the docetaxel concentration 
measured in plasma samples from cancer patients (n = 
248) with a nanoparticle immunoassay and LC-MS/MS.

Figure 4. Bland-Altman plot of the mean docetaxel 
concentration measured with a nanoparticle immunoassay 
and LC-MS/MS.
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4. Discussion

While the chromatography conditions for the current 
study were being determined, various combinations 
of the mobile phase were tested to achieve good 
separation from the IS, a better peak, a high response, 
and a short retention time. Moreover, the mobile 
phase was evaluated to enhance MS sensitivity and 
minimize matrix effects. All of the mobile phases were 
combined with ammonium acetate (5 mM), formic acid 
at 0.1% (v/v), or both. A mobile phase of 0.1% formic 
acid:acetonitrile (40:60, v/v) was optimal. The column 
temperature and flow rate parameters were studied 
to provide fast and reliable separation, and the best 
results were obtained when the column temperature 
was 30°C (versus 25, 35, or 40°C) and the flow rate 
was 0.6 mL/min (versus 0.5 or 0.8 mL/min). Under 
these conditions, retention times of docetaxel and the 
IS were consistent and reproducible. A major advantage 
of the immunoassay is that it involves extraction 
through protein precipitation, which is easier and more 
consistent than liquid-liquid extraction (11,13) and 
solid phase extraction (17-19). This simple sample 
pretreatment allowed measurement of the docetaxel 
concentration and it had acceptable matrix effects. 
	 Personalized medicine is facilitated through TDM 
of the concentration of a drug or its active metabolites 
in biological samples, allowing adjustment of the drug 
dosage to improve its efficacy and minimize its toxicity. 
Studies have indicated that monitoring the exposure 
to some anticancer drugs helps to reduce drug-related 
toxicity and improve therapeutic efficacy (20-22). 
However, clinical TDM of docetaxel has been limited, 
possibly due to the lack of cost-effective tools to 
monitor drug concentrations in plasma. A recent study 
has indicated that the AUC, a parameter for docetaxel 
exposure, is associated with the drug's therapeutic 
efficacy and toxicity (23). Measuring the docetaxel 
concentration to calculate the AUC can help with 
clinical TDM of docetaxel-based chemotherapies. 
	 Plasma samples were collected from cancer patients 
at this Hospital and the two methods of measuring 
the docetaxel concentration were compared. Results 
indicated that the results of the two methods were 
closely correlated. Thus, the MyDocetaxel nanoparticle 
immunoassay can be used to measure the docetaxel 
concentration in plasma samples. The mean concentration 
measured with the immunoassay was slightly higher 
than that measured with LC-MS/MS and differed from 
the concentration reported in a study by Cline et al. (16). 
This difference may be due to the fact that docetaxel 
concentrations in the samples used in the previous 
study were much higher than those in the current study. 
Therefore, more clinical samples from patients need to 
be compared to obtain more definitive results.
	 The LLOQ of the validated method of LC-MS/
MS was 10 ng/mL, which was lower than that of the 

MyDocetaxel nanoparticle immunoassay (52 ng/mL). 
The specificity and sensitivity of LC-MS/MS may 
allow more accurate measurement of the docetaxel 
concentration in cancer patients treated with a lower 
dose. The MyDocetaxel nanoparticle immunoassay 
yielded a docetaxel concentration below the LLOQ (52 
ng/mL), but this result may be not accurate and it may 
partially account for any lack of correlation. 
	 Docetaxel is predominantly metabolized in the liver 
by the hepatic cytochrome P450 (CYP) 3A isoforms 
CYP3A4 and CYP3A5 (8,9). Docetaxel metabolites 
include M1, M2, M3, and M4 and degradation products 
7-epi-docetaxel and 10-deacetylbaccatin. Antibodies 
in the immunoassay cross-reacted more or less with 
metabolites as docetaxel degraded (16), which may 
account for the difference in the mean concentration 
measured with the nanoparticle immunoassay and LC-
MS/MS, resulting in a positive bias of 49.7 ng/mL.
	 In conclusion, both the established method of LC-
MS/MS and the commercial MyDocetaxel nanoparticle 
immunoassay were accurate, precise, and suitable for 
measurement of the docetaxel concentration in human 
plasma. Results of the two methods were closely 
correlated in the range of 10 to 2,000 ng/mL. Since the 
nanoparticle immunoassay was more convenient, had a 
higher throughput, and was more cost-effective, it is a 
better tool for TDM of the docetaxel concentration and 
can provide an experimental basis for individualized 
therapy in routine clinical practice.
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