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Abstract. Quantification of testosterone serves an important 
role in the differential diagnosis of androgen‑related endo-
crine diseases. Mass spectrometry exhibits higher accuracy 
and lower variability than immunoassays, especially at low 
testosterone concentrations. The present study developed and 
validated an isotope dilution ultra‑performance liquid chroma-
tography tandem mass spectrometry method for determination 
of human serum testosterone. The serum was equilibrated with 
an isotopic internal standard and treated with acidic buffer to 
release hormones from their binding proteins. Testosterone was 
extracted via two serial liquid‑liquid extractions. In the first 
stage, the lipid fractions from an acidic buffer solution were 
isolated using ethyl acetate and n‑hexane. The organic phase 
was evaporated and reconstituted in a basic buffer solution. 
In the second stage, the polar impurities of n‑hexane extrac-
tion were removed. Total testosterone in serum was quantified 
via ultra‑performance liquid chromatography tandem mass 
spectrometry in multiple reaction monitoring mode with posi-
tive electrospray ionization. The coefficient of variation of 
the method for intra‑ and inter‑assay was 2.13% (1.40‑2.77%) 
and 3.44% (3.06‑3.66%), respectively. The recovery ranged 
from 94.32 to 108.60% for different samples. The limit of 
detection was 0.50 ng/dl and the linear range was from 1.00 
to 1,000.00 ng/dl. In addition, the extraction efficiency in 
three different levels of quality control of the serum ranged 
from 85.02 to 93.29%. Moreover, structural analogues were 
investigated and were not indicated to affect the quantification 

of testosterone. The present method may enable quantification 
of testosterone in a clinical setting with high precision and 
accuracy. 

Introduction

Testosterone is an important steroid hormone. A recent 
study has indicated that the harmonized reference range 
for total testosterone in healthy, non‑obese young males 
aged 19‑39 years was 264‑916 ng/dl (1). The physiological 
serum testosterone concentrations are <50 ng/dl in adult 
females and <10 ng/dl in infants and children of both 
sexes (2). The quantification of testosterone levels serves 
an important role in the diagnosis and treatment of various 
diseases, such as hypogonadism, polycystic ovary and 
hirsutism (1,3,4).

Immunoassays have been developed to quantify 
testosterone levels, including radioimmunoassay, chemilumi-
nescence analysis, electrochemiluminescence analysis, and 
light‑initiated chemiluminescent assay (5,6). A considerable 
inaccuracy of testosterone assays has been reported, especially 
regarding testosterone quantification in females, children and 
male patients with hypogonadism (7‑9). 

Liquid chromatography tandem mass spectrometry 
(LC‑MS/MS) combines the separation ability of liquid 
chromatography with the detection ability of mass 
spectrometry, which enables LC‑MS/MS to exhibit unique 
advantages in the detection of small molecules (10). Moreover, 
isotope dilution mass spectrometry (ID‑MS) has been 
recommended as a reference measurement method by the 
Advisory Committee on Quantity of Materials (11). However, 
to the best of our knowledge, ID‑MS has been rarely used in 
clinical laboratories. Isotope dilution comprises the addition of 
a known amount of isotope‑labeled analyte to each calibrator, 
followed by quality control and sample assessment (12). 
Although isotope‑labeled analytes exhibit similar recovery, 
chromatography and ionization characteristics compared 
with unlabeled analytes, they can be distinguished on the 
mass spectrum based on their different mass numbers (12). 
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using stable isotope‑labeled analytes as internal standards 
(IS) may counterbalance the analyte loss and matrix effect 
(ME) during sample pretreatment and LC‑MS/MS analysis. 
The variability in the precision and accuracy of different 
mass spectrometry methods (seven high performance liquid 
chromatography tandem mass spectrometry assays, and one 
gas chromatography tandem mass spectrometry assays) has 
been reported, and the results of the comparison of eight mass 
spectrometry methods showed that the within‑run variability 
at 297 and 8.47 ng/dl ranged between 1.40‑11.36% CV and 
2.52‑25.58% CV, respectively (13). Sample preparation includes 
several stages, such as derivatization procedure, liquid‑liquid 
extraction (LLE) and solid phase extraction, which has been 
indicated to result in the poor sensitivity and low extraction 
efficiency of the different methods (14‑16). Therefore, certain 
mass spectrometry methods for testosterone determination 
cannot meet the clinical requirements. In the present study, 
a method for quantitative analysis of total testosterone 
in human serum was developed via isotope dilution (ID) 
ultra‑performance liquid chromatography (uPLC) tandem 
mass spectrometry (ID‑uPLC‑MS/MS). The results of the 
current study indicated that this method was suitable for 
detection of testosterone in males and females, with high 
accuracy and precision.

Materials and methods

Samples. Clinical serum samples were collected at the gong'an 
Hospital (Tianjin, China), between March 2019 and June 2019. 
The serum samples (n=30) that were used to assess the applica-
bility of the present method were obtained from both outpatient 
and inpatient individuals. Samples with sufficient serum (at least 
2 ml), clear appearance, no jaundice, no hemolysis and no blood 
lipids were collected. The average age of 15 female patients was 
38 years (range, 20‑58), while the average age of 15 male patients 
was 49 years (range, 18‑85). A total of three levels of quality 
control (QC) materials were prepared via combining human 
serum samples from healthy donors. A total of 8 subjects were 
recruited from Tianjin gong'an Hospital, between April 2019 
and June 2019. upon study entry, all participants underwent a 
detailed medical examination and clinical history review. The 
donors were enrolled in the study to meet the following require-
ments: Age 18‑55 years; normal renal and liver function; on 
no medications known to interfere with androgen synthesis or 
action (e.g., cimetidine, spironolactone, finasteride, testosterone, 
flutamide, lupron); not have participated in a drug study within 
the last 3 months; available for blood draws between 7:00 a.m. 
and 10 a.m. The total testosterone of healthy donor samples was 
tested on the ARCHITECT i2000 analyzer (Abbott Pharmac
eutical Co. Ltd.), and the results of testosterone concentration 
met the expected requirements. The donors were 4 male and 
4 female subjects. The average age of the male donors was 
31 years (range, 25‑36 years), and the average age of the female 
donors was 28 years (range, 24‑37 years). The 8 donors exhib-
ited a normal testosterone concentration. All serum samples 
were stored in aliquots at ‑80˚C until used. The study protocol 
was approved by the Ethics Committee of Tianjin Medical 
university (approval no. TMuHMEC2017008) and written 
informed consent was obtained from each participant prior to 
study entry.

Apparatus and reagents. Testosterone (≥99.6%) was purchased 
from national Pharmaceutical Engineering Research Center 
and served as a calibration standard. 16,16,17‑d3‑testosterone 
(T‑D3) with an isotopic purity of 99.37% was purchased from 
Sigma‑Aldrich (Merck KgaA) and was used as an IS. Methanol, 
acetonitrile, n‑hexane and ethyl acetate were purchased form 
Merck KgaA, and formic acid was purchased from Waters 
Corporation. Ammonium acetate and sodium carbonate 
were purchased from Shanghai Fuchen Chemicals Co., Ltd. 
All solvents were high‑performance liquid chromatography 
grade and chemicals were reagent grade. The steroids used 
for interference testing were obtained from Shanghai Yuanye 
Bio‑Technology Co., Ltd. and national Institute of Metrology 
of China. Electrospray ionization uPLC‑MS/MS analysis 
was performed using a Xevo® TQ‑XS Triple Quadrupole 
Mass Spectrometry instrument (Waters Corporation) 
with an ACQuITY uPLC® I‑Class PLuS system (Waters 
Corporation).

Calibrator preparation. Testosterone was dissolved in anhy-
drous methanol to prepare the primary stock solution (PSS) 
with a concentration of 1.00 mg/ml. A total of ten calibrator 
levels covering a range of 1.00‑1,000.00 ng/dl were prepared 
with methanol from 1.00 mg/ml PSS. T‑D3 was dissolved in 
anhydrous methanol to prepare IS solution with a concentration 
of 1,000.00 ng/dl.

Sample preparation. The samples for testosterone deter-
mination were prepared via LLE as previously described, 
with certain modifications (17). The serum samples were 
processed together with QC samples, reagent blank and ten 
levels of calibrators. Samples (100 µl) and IS solution (100 µl; 
1,000 ng/dl) were mixed for 15 min at room temperature. 
Acid buffer (100 µl; 0.5 mol/l ammonium acetate; pH 5.5) 
was added, and then mixed for 2 h at room temperature. LLE 
was performed twice with 500 µl ethyl acetate/n‑hexane solu-
tion (3:2; v/v) to extract the analytes. The combined organic 
extracts were evaporated to dryness using a nitrogen blowing 
instrument and the sample extract was re‑dissolved in basic 
buffer (200 µl; 0.2 mol/l sodium carbonate; pH 9.8). This solu-
tion was extracted twice using n‑hexane (500 µl each). The 
combined organic layers were dried and reconstituted with 
methanol (100 µl) for uPLC‑MS/MS analysis.

UPLC‑MS/MS conditions. For the chromatographic assay, 
an ACQuITY uPLC™ BEH C18 (2.1x100 mm; 1.7 µm) 
analytical column was heated to 40˚C with 0.1% formic acid 
in water (buffer A) and acetonitrile (buffer B). The injection 
volume was 5 µl and the samples were maintained at 5˚C in 
the autosampler. The gradient elution procedure is presented 
in Table SI.

For the mass spectrometry assay, the mass spectrometry 
instrument was operated with electrospray ionization in 
the positive ion mode with ion spray source temperature 
at 150˚C. The temperature of desolvation gas was 400˚C and 
the nebuliser pressure of the gas was 7.0 bar (101.5 psi). The 
flow rate of desolvation gas was 600 l/h, and the flow rate 
of counter blow gas with conical hole was 150 l/h. The ion 
selection parameters of testosterone and T‑D3 are presented 
in Table I.
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Data analysis. The uPLC‑MS/MS raw data were processed 
using MassLynx version 4.2 software (Waters Corporation). 
The level of testosterone was analyzed using MedCalc 
version 18.2.1 (MedCalc Software Ltd.). Origin version 9.0 
(OriginLab) and graphPad prism version 6.0 (graphPad 
Software, Inc.) were used for the analysis of chromatograms 
and histograms. The peak area ratio of testosterone quanti-
fier ion to IS quantifier ion was used for quantification. To 
establish the best fit for the calibration curve, the peak area 
ratio of testosterone and IS was obtained from four groups 
of calibration runs and plotted with the target concentration 
using a linear model with no weighting, weight of 1/X, 1/X2 
or 1/variance of Y. The average sum of squared residuals 
and the average relative sum of squared residuals were 
estimated via comparing the calculated concentration with 
the target concentration. A linear calibration curve using 
a weight of 1/X was selected, as this model exhibited the 
smallest average sum of squared residuals among all linear 
models. The analyte concentration in serum was calculated 
using the peak area ratio for the sample and the regression 
parameters of the established 1/X weighted calibration 
curve.

Method validation. The method verification procedure 
followed the guidelines of Clinical and Laboratory Standards 
Institute (CLSI) C62‑A (18) and China national Accreditation 
Committee gL037 for performance evaluation (19).

Precision. The method precision was assessed using six 
replicates/day of in‑house QC samples at three concentrations 
(intra‑assay) and in three different days (inter‑assay). A coef-
ficient of variation (CV) <15% for the intra‑assay and <20% 
for the inter‑assay was accepted.

Accuracy. Spike recovery was evaluated via supplementing 
a range of testosterone with different concentrations 
(10.00, 200.00 and 800.00 ng /dl) into two serum 
samples (mixed serum from female healthy donors). The 
testosterone concentrations of the two serum samples 
were 29.56 and 57.32 ng/dl, respectively. The recovery was 
calculated as [(final concentration‑initial concentration)/added 
concentration] x100%.

Sensitivity. The limit of quantification (LOQ) was determined 
using five replicates as the lowest concentration, which 
generated a signal‑to‑noise ratio (S/n) >10, with an accuracy 
between 80 and 120% of the true value, and CV <20%. The 

limit of detection (LOD) represents the absolute limit of 
detection that produced an S/n >3.

Linearity. The linear range of the present method was 
determined using a 10‑point calibration curve (testosterone, 
1.00‑1,000.00 ng/dl) measured in four replicates. The appli-
cability of sample dilution was assessed for samples with 
analyte concentrations above the upper limit of the linear 
range. The sample dilution experiments were performed 
with high QC samples that were diluted with saline using 
dilution factors ranging from 1 to 10 (a total of 9‑level 
dilutions). Each dilution level was repeated in triplicate 
and the mean value was used for the analysis. The dilution 
factors were applied to calculate the final concentrations and 
the results were compared with the values obtained from 
undiluted samples.

Specificity. Structural steroid analogues were added to the 
samples to assess the co‑elution. The absence of a peak with 
mass transitions (289.2 to 97.0 for testosterone; 292.2‑97.0 for 
T‑D3) at the retention times for testosterone and IS (2.40 min) 
confirmed the absence of interference with the quantification 
of testosterone in serum. The ratio of quantification ions to 
confirmation ions (QI/CI) of testosterone was monitored in the 
samples and compared to the QI/CI ratio of calibrator solu-
tions to confirm that no interfering compounds were present. 
Co‑elution was considered when the QI/CI ratio differed 
>20% (18,20).

ME. ME was evaluated in three matrices (charcoal‑stripped 
serum, male serum and female serum) and one set of neat 
samples in methanol (matrix‑free), according to previous 
studies (21,22). A 7‑point calibration curve ranging from 
10‑1,000 ng/dl for testosterone was prepared in each matrix. 
The mass spectrometry response (area count ratios of analyte 
over IS) was compared in all three matrices with that of the 
neat samples prepared in methanol. The sample ME was 
calculated using the following formula: ME %=B/A x100, 
where B corresponded with the area count ratios of analyte to 
IS obtained from samples in matrix and A corresponded with 
the area count ratios in matrix‑free samples.

Extraction efficiency. The extraction efficiency was assessed 
using low, medium and high QC samples. In one set of QC 
samples, the IS solution was added at the beginning of sample 
preparation (A), while in another set of QC samples it was 
added at the end of the sample preparation (B). The efficiency 

Table I. Ion selection parameters for T and T‑D3.

Materials Quantitative ion pairs, m/z Confirmation ion pairs, m/z Cone voltage, V Collision voltage, eV

T 289.2/97.0 289.2/108.9 38 24
  289.2/97.0 38 20
T‑D3 292.2/97.0 292.2/108.9 44 24
  292.2/97.0 44 24

T, testosterone; T‑D3, 16,16,17‑d3‑testosterone; m/z, mass‑to‑charge ratio; eV, electron volt.
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was calculated using the following equation: Measured 
concertation (B)/measured concentration (A) x100.

Stability of sample preparation. The stability of sample 
preparation was evaluated via comparing the measure-
ment values of the medium QC samples that were obtained 
with the aforementioned method compared with those 
obtained following modification of three principal sample 
preparation parameters. The first parameter (P1) was 
the equilibration time, during which the sera were incu-
bated with IS to achieve equilibration between free and 
protein‑bound IS (incubation durations tested: Low, 10 min; 
medium, 15 min; high, 20 min). The second parameter 
(P2) was the time allowed for the removal of testosterone 
from proteins (incubation durations tested: Low, 90 min; 
medium, 120 min; high, 150 min). The third parameter (P3) 
was the buffer concentration used to remove testosterone 
from proteins (buffer concentrations tested; Low, 0.3 mol/l; 
medium 0.5 mol/l; high 0.7 mol/l).

Method applicability. The present method was used to analyze 
30 samples from female and male patients to evaluate the 
applicability of the present method in the general population. 
The data are represented by the median and the concentration 
range of the test results.

Results

Chromatographic characteristics. The chromatographic 
retention time of testosterone and T‑D3 was 2.40 min (Fig. 1), 
while the total analysis time of each sample was 5 min.

Precision. Precision was estimated via measuring QC 
samples at three concentrations in 3 days (six replicates/day). 
As presented in Table II, the intra‑assay CV ranged from 
1.40 to 2.77%, while the inter‑assay CV was from 3.06 
to 3.66%. The estimated intra‑assay and inter‑assay precision 
of this uPLC‑MS/MS was within the acceptance criteria (23).

Accuracy. Testosterone (10.00, 200.00 and 800.00 ng/dl) was 
added to the serum samples. The actual concentrations, which 
were measured following addition of pure testosterone, were 
close to female and male patient levels (1,24). The recovery 
rates ranged from 94.32 to 108.60%, as presented in Table III, 
and all were within the acceptable range of 80‑120% (19).

Sensitivity. LOD was evaluated via considering the lowest 
concentration at which the S/n was >3. LOQ was determined 
as the concentration providing S/n ≥10 within CV <20%. In 
the current method, LOD and LOQ were 0.50 and 1.00 ng/dl, 
respectively.

Figure 1. Quantitative and confirmation ion chromatography of T‑D3 and T in serum samples. Selected ion chromatograms by uPLC‑MS/MS of the 
(A) quantification ion and (B) confirmation ion transitions for testosterone. Selected ion chromatograms by uPLC‑MS/MS of the (C) quantification ion and 
(D) confirmation ion transitions for 16,16,17‑d3‑testosterone. T, testosterone; T‑D3, 16,16,17‑d3‑testosterone; QI, quantitative ion; CI, confirmation ion.
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Linearity. For the evaluation of linearity, the ratio of the 
analyte peak area to the IS peak area was plotted against 
testosterone to generate the calibration curves. A calibration 
curve (Y=0.0044X+0.0667) was generated with ten concen-
trations of calibrators. The calibration curve was linear within 
the range of 1.00‑1,000.00 ng/dl of testosterone (R2>0.999). 
The weighted regression parameters from four replicate 
calibration curves were consistent [mean slope, 0.0044; 
95% confidence interval (CI), 0.0043‑0.0045; mean inter-
cept, 0.0667; 95% CI, 0.0665‑0.0669]. Dilutions of samples 
up to 10X with saline were indicated to result in accurate 
measurements (Table SII). The accuracy of diluted samples 
was 100.37% (95%CI: 99.30‑101.44%). The high QC samples 
were diluted to obtain accurate results, which was to support 
the expansion of the measurement range. The measurement 
range could be extended from 1.00 to 10,000.00 ng/dl.

Specificity. Fig. 1 depicts the ion chromatograms that were 
observed for the quantitative and confirmation ion chroma-
tography of T‑D3 and testosterone in serum samples. The 
structural analogues of testosterone either did not contain 
the same mass transitions that were used for quantification or 
were chromatographically separated from testosterone with 
the uPLC conditions described in the current study. Structural 
analogues of testosterone include dihydrotestosterone, 
estradiol, estriol, progesterone, estrone, cortisol and corticos-
terone (2). Other potential interferences can be detected using 
the QI/CI ratio. For the present method, the QI/CI ratios in 

30 single‑donor serum samples were compared with the neat 
calibrators. The mean QI/CI ratio of the calibrators was 1.15 
(95% CI, 1.10‑1.21) and mean ratio of the 30 samples was 1.21 
(95% CI, 1.15‑1.26). The QI/CI ratios of all 30 serum samples 
were within ±20% of the mean QI/CI ratio of the calibra-
tors, indicating that the current method was not affected by 
interfering compounds.

ME. The mean ME % determined in four different matrices 
ranged from 99.7 to 102.2% (Table IV). The slopes of all 
matrices and matrix‑free curves were similar (~0.004). The 
results of the present study indicated that the current method 
was not affected by different matrices.

Extraction efficiency. The extraction efficiency of three 
different levels of QC ranged from 85.02 to 93.29% (Table V).

Stability of sample preparation. The medium QC samples 
were obtained using the aforementioned method. Following 
alteration in the sample preparation parameters, the measured 
values exhibited a good consistency (Fig. 2). For value assign-
ment, three replicate preparations of the medium QC samples 
were prepared in each independent run. All data were presented 
as the mean ± standard deviation. The results indicated that 
the current method was not affected by the alterations in the 
sample processing parameters. 

Method applicability. The minimum value and the maximum 
value were 12.45 and 874.47 ng/dl, respectively. Samples with 
wide range of testosterone concentrations were detected via 
the aforementioned method (Table VI).

Discussion

In the current study, an ID‑uPLC‑MS/MS method was 
developed to detect testosterone in human serum. The method 

Table II. Intra‑assay and inter‑assay precision.

 Intra‑assay, n=6 Inter‑assay, n=18
 --------------------------------------------- ---------------------------------------------
group Mean SD CV, % Mean SD CV, %

Low  52.26 1.57 2.21 54.42  1.99 3.66
Medium 381.61 5.36 1.40 374.33 11.47 3.06
High 670.10 18.55 2.77 678.38 24.41 3.60

CV, coefficient of variation; SD, standard deviation.

Table III. Recovery of testosterone added in human serum 
samples.

Sample Added, ng/dl Measured, ng/dl Recovery, %

1 0  29.56 ‑a

  10.00  40.10 105.40
 200.00 223.15 96.80
 800.00 810.06 97.56
2 0  57.32 ‑a

  10.00  68.18 108.60
 200.00 245.96 94.32
 800.00 822.68 95.67

anot applicable.

Table IV. Assessment of ME.

Matrix Slope R2‑value ME, %

Methanol (matrix‑free) 0.0044 0.999 ‑a

Charcoal 0.0042 0.997 102.2
Female serum 0.0046 0.999 101.8
Male serum 0.0043 0.998  99.7

anot applicable. ME, matrix effect. 

Table V. Extraction efficiency of testosterone in three levels of 
quality control. 

Samples A, ng/dl B, ng/dl Extraction efficiency, %

Low  60.58 56.52 93.29
Medium 382.15 324.91 85.02
High 667.70 598.64 89.66
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used isotope‑labeled IS, two‑step LLE and uPLC to provide 
the desirable accuracy, specificity, precision and matrix‑inde-
pendent measurements. The intra‑assay CV of high, medium 
and low QC samples were 2.77, 1.40 and 2.21%, respectively, 
while the inter‑assay CV were 3.60, 3.06 and 3.66%, respec-
tively. The method precision was indicated to be below the 
suggested maximum variation for total testosterone measure-
ments of 5.3% (23). Moreover, the current method exhibited 
a good consistency between low and high concentrations of 
testosterone. In addition, the present method required a simple 
sample preparation and a small sample volume, therefore it 
may be suitable for routine clinical practice.

The isotope‑labeled IS compensates for the potential sample 
loss during sample preparation. The IS exhibited the same 
chromatographic properties as the corresponding analytes. 
The sample preparation included two steps of LLE. The first 
LLE step was to separate lipid and protein. The second LLE 
step was to remove acid impurities, such as fatty acids and 
phospholipids. These impurities are often the source of ion inhi-
bition and ME (25). Introducing the second LLE step resulted 
in detection limits and S/n ratios that were more consistent 
across individual samples and minimized the contamination 
of the uPLC‑MS/MS system, thereby prolonging the column 
lifetime. The outstanding performance of the uPLC‑MS/MS 
system provided a support for analysis, a sample retention time 
of 2.40 min and an injection volume of 5 µl, which shortened the 
analysis time compared with a previous study (17) and increased 
the possibility of testing multiple replicates of the sample.

The extraction efficiency of the current method ranged from 
85.02 to 93.29%. If an equilibrium is reached, the recovery of 
testosterone and the IS should be equal. Therefore, the extrac-
tion efficiency was not indicated to affect the accuracy of the 
method, as the quantification was based on the area ratio of 
testosterone and IS. However, maximizing recovery during 
sample preparation ensured an adequate signal strength during 
the uPLC‑MS/MS analysis. In addition, if sufficient analytes 
and IS are not recovered, the extraction efficiency may affect 
the detection limit of the method. The detection limit of the 
current method was calculated to be 0.50 ng/dl.

The linear range of the present method was indicated to 
be 1 to 1,000 ng/dl, and the extended measurement range was 
1 to 10,000 ng/dl. The current method was revealed to quantify 

testosterone over a wide concentration range that covers the 
low concentrations observed in children, females and males. As 
pediatric specimens were not collected and were not assessed 
for the applicability of the method, additional studies are 
required in the future to increase the credibility. 

In conclusion, a reliable ID‑uPLC‑MS/MS method with 
precision, specificity and sensitivity was developed for clinical 
determination of total testosterone in human serum. The 
measurement values that were obtained with the current method 
were indicated to meet the performance criteria for accuracy in 
clinical mass spectrometry, which are provided by CLSI (18) 
and the Hormone Standardization Program of the Center for 
Disease Control (23). The present ID‑uPLC‑MS/MS method 
may be used as a routine method in clinical laboratories to 
detect the total serum testosterone concentration in humans.
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