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Abstract

Testosterone (TTe) and free testosterone (FTe) are clinically important indicators for the diagnosis of androgen disorders,
so accurate quantitative determination of them in serum is clinically of paramount significance. Currently, there is no avail-
able method suitable for routine and simultaneous measurement of TTe and FTe. Here, we developed a new UPLC-MS/MS
method to quantify serum TTe and FTe simultaneously and accurately. Rapid equilibrium dialysis was used to obtain FTe in
serum followed by derivatization with hydroxylamine hydrochloride. With these strategies, TTe and FTe could be measured
in single injection. After optimizing the extraction and derivatization conditions, the performance of LC-MS/MS was evalu-
ated and applied to quantify the levels of TTe and FTe in clinical samples from 42 patients. The assays were linear for TTe
within the range of 0.2-30 ng/mL and for FTe within the range of 1.5-1000 pg/mL. This improved method provided a limit
of quantification for TTe of 0.2 ng/mL and for FTe of 1.5 pg/mL. The intra- and inter-run CVs were less than 4.3% and 3.6%
for TTe and less than 8.2% and 6.7% for FTe, respectively. The intra- and inter-run accuracies for both TTe and FTe were in
the range of 96.1-108.1%. Interference, carryover effect, and matrix effect were in acceptable range. In conclusion, our new
LC-MS/MS method is simple to perform and can serve as a reliable method for simultaneous determination of TTe and FTe
in clinical practice, providing important information for diagnosis, treatment, and monitoring of androgen-related diseases.
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Introduction and cognition [2-6]. Analysis of TTe is routinely used to

assess polycystic ovary syndrome, male hypogonadism, and

As steroid hormone from the androgen group, circulating
testosterone (TTe) in the blood exists in the free and pro-
tein-bound forms, with high affinity to sex hormone-binding
globulin (SHBG) and with lower affinity to albumin [1]. TTe
is reported to affect multiple functions including pubertal
growth, bone, muscle mass, erythropoiesis, autoimmunity,
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menopausal women. Free testosterone (FTe), accounting for
0.5-4% of the TTe, is referred to as metabolically active
fraction because only free form can penetrate the cell mem-
brane to interact with the androgen receptor and hence is of
physiological significance [7-9]. It has been reported that
FTe could improve precision in assessment of androgenic
status than TTe, especially in female hyperandrogenemia
and androgen-deficient male [10, 11]. Considering that TTe
and FTe levels are clinically meaningful, developing specific
methods with adequate sensitivity and accuracy to determine
them is necessary.

Based on the antigen—antibody reaction, immunoassays
gave desirable results for the TTe concentrations in men and
were extensively used in clinical lab to measure TTe [12,
13]. But they lacked the required sensitivity and specificity
to precisely measure the TTe in women and children due to
the lower TTe levels of women and children than the levels
of men. To be specific, immunoassays were highly suscep-
tible to interferences, mostly due to the cross-reactivity of
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other similar steroids, resulting in overestimation of TTe
levels in women and children [14-16]. For FTe, it is still
a challenging task for immunoassays to directly determine
FTe levels. Thus, its concentrations were calculated based
on the quantitative results for TTe, albumin, and SHBG by
the use of mathematical models. However, the results of dif-
ferent mathematical models always showed big differences,
preventing their widespread implementation in clinical use
[17-19].

With the development of liquid chromatography tandem
mass spectrometry (LC-MS/MS) technique, LC-MS/MS
has been demonstrated to be more accurate than immunoas-
says and has been recognized as the most reliable method
for measuring sex hormones [20-26]. So far, several papers
have been published for the measurement of TTe or FTe
in serum with LC-MS/MS using different techniques for
sample preparation [7, 27-30]. In these studies, TTe and
FTe were tested separately, which would certainly extend
the testing time of each sample. To our best knowledge,
there is currently no report available for the simultaneous
measurement of serous TTe and FTe. In order to reduce the
turnaround time, improve the analytical throughput, and
provide more informative results in each run, it is desirable
to develop methods for simultaneous assessment of serous
TTe and FTe.

Here, we developed and validated a simple, sensitive, and
accurate LC-MS/MS method for simultaneously measuring
TTe and FTe in serum. By using hydroxylamine reagent to
react with FTe, we successfully measured TTe and FTe in a
single run, which could not only shorten the detection time,
but also provide more clinically valuable information for
the diagnosis, treatment, and monitoring of androgen-related
diseases.

Materials and methods
Materials and serum samples

Testosterone (purity >98%), the isotope internal standard
(IS) testosterone-13C3, dehydroepiandrosterone (DHA),
methoxyamine hydrochloride (MOA), hydroxylamine
hydrochloride (HOA), formic acid (FA), acetonitrile (ACN,
LC/MS grade), and methanol (MeOH, LC/MS grade) were
bought from Sigma-Aldrich (St. Louis, MO, USA). Andros-
terone, (+)-epiandrosterone, androstanolone, and etio-
cholanolone were purchased from Beijing Tanmo Quality
Inspection Technology Co., Ltd. 1-Testosterone was bought
from Shanghai Acmec Biochemical Co., Ltd.

Methyl tert-butyl ether (MTBE) was purchased from
Macklin Biochemical Co. Ltd. (Shanghai, P. R. China).
Ultrapure water was made in-house using a Milli-Q
Advantage ultrapure water system (Millipore, MA, USA).
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The hormone-free human serum was purchased from
Shanghai Pufeng Biotechnology. The HEPES buffer used
for equilibrium dialysis was adapted from literature [27].
Rapid equilibrium dialysis (RED) devices with a molecu-
lar weight cutoff of 8 kDa were purchased from Thermo
Fisher Scientific (Rockford, IL, USA). The serum samples
for method validation were the remnants of anonymized
and previously analyzed serum samples in the Center
for Medical Genetics & Molecular Diagnosis, Shenzhen
Second People’s Hospital. All the procedures performed
in the studies involving clinic specimens were in accord-
ance with the ethical standards and were approved by the
Ethics Committee of Shenzhen Second People’s Hospital
(approval number 2023-026-01PJ).

Sample preparation
Preparation of stock and working solutions

The calibrators were prepared from MeOH stock solution
of a concentration of 100 pg/mL for all the chemical stand-
ards and were stored at — 20 °C. Subsequent dilution with
hormone-free human serum gave a series of working cali-
brators (0.2, 0.5, 2, 5, 10, 20, and 30 ng/mL) for TTe. For
FTe, 1.5 pg/mL, 5 pg/mL, 10 pg/mL, 25 pg/mL, 100 pg/mL,
250 pg/mL, and 1000 pg/mL were prepared with HEPES
buffer. Quality control (QC) samples for TTe were achieved
by spiking 100 pL of hormone-free human serum with the
working solution mixtures: high-level QC (HQC, 22.5 ng/
mL), medium-level QC (MQC, 12 ng/mL), low-level QC
(LQC, 3.5 ng/mL), and ultralow-level QC (ULQC, 0.35 ng/
mL). QC samples for FTe were achieved by spiking 150 pL
of HEPES with the calculated amount of the working solu-
tion mixtures: HQC (650 pg/mL), MQC (420 pg/mL), LQC
(40 pg/mL), and ULQC (3 pg/mL). The IS working solution
was prepared with MeOH at the following concentrations:
15 ng/mL T-'3C; for TTe, 300 pg/mL T-!°C, for FTe [31].

Sample preparation of total testosterone

One hundred microliters of working calibrators, QC sam-
ples, or serum samples was transferred into a 1.5-mL trans-
parent polypropylene tube, and then, 500 pL of protein pre-
cipitation solution containing 50% ACN, 50% MeOH, and
the internal standard was added respectively to all tubes, fol-
lowed by vortexing for 5 min for protein precipitation. Sub-
sequently, the mixture was centrifuged (14,000 g, 10 min,
4 °C), and then, 500 pL of supernatant was transferred to
clean 1.5-mL transparent polypropylene tubes and dried in
a vacuum concentrator at 30 °C for 1 h. The residue for each
sample was reconstituted in 120 pL of 50% MeOH.
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Sample preparation of free testosterone

Three hundred microliters of calibrators, QCs, and human
serum samples were added to the sample chamber of the
RED device inserts and dialyzed for 4 h at 37 °C against
550 pL of modified HEPES buffer in buffer chamber. Then,
150 pL of dialysate in buffer chamber and 10 pL IS were
added to each tube, respectively. The process of derivatiza-
tion reaction for free testosterone was similar to previously
published protocol but with little modification [27]. Briefly,
standards, QCs, and samples were derivatized with 0.04 M
HOA on a vortex mixer at 65 °C for 1 h. Then, samples
were cooled for 10 min at 4 °C to stop the derivatization
reaction. After that, samples were diluted with 200 pL of
ddH,O before extracting with 900 pL MTBE. Following
centrifugation at 14,000 g for 10 min at 4 °C, 750 pL of the
organic phase was transferred to a 1.5-mL clean tube and
dried down in vacuum centrifugal at 30 °C for 20 min. The
residues were redissolved in 110 pL of the TTe solutions
obtained in this section. After centrifuging at 14,000 g for
10 min at 4 °C, 100 pL supernatant was transferred to a
clean 96-well plate for analysis by LC-MS/MS. Figure 1
shows the schematic procedure of sample multiplexing for
TTe and FTe quantification.

Liquid chromatography tandem mass spectrometry

Samples were analyzed on a Triple Quad 6500 + LC-MS/
MS system connected to an Exion AD system (SCIEX,
Singapore). The chromatographic separation was obtained
on an Acquity BEH C18 column (2.1 x50 mm id. 1.7 pm,
Waters, USA) protected with a 1.7-pm Vanguard Pre-Col-
umn in front. The column temperature was kept at 40 °C.

Fig.1 The schematic procedure
of sample preparation for TTe
and FTe quantification

Mobile phases consisted of (A) water with 0.1% (v/v) FA
and 5% (v/v) acetonitrile, and (B) MeOH. Gradient condi-
tions at a flow rate of 0.2 mL/min were used as follows:
0.0-2.0 min, 40% B; 2.0-2.5 min, linear from 40 to 100%
B; 2.5-4.8 min, 100% B; 4.8-5.1 min, linear from 100 to
10% B; 5.1-5.8 min, 10% B; 5.8—6.0 min, linear from 10 to
40% B; 6.0-7.0 min, 40% B. Thirty microliters of the final
mixture was injected into LC-MS/MS. The electrospray
ionization (ESI) source temperature was set at 550 °C and
the spray voltage was+ 5500 V. The curtain and collision gas
were set at 35 and 10, respectively. The ion source gas 1 and
gas 2 were held at 50 psi. For MRM, the dwelling time was
set to be 35 ms. The MRM transitions parameters for TTe,
FTe, and their internal standards are shown in Table 1. The
first MRM transitions were used for quantitation while the
second MRM transitions were utilized for identification. All
the data were collected by Analyst® 1.7.2. and analyzed by
SCIEX-0S software (version 2.0.1). Standard curves were
obtained by plotting the peak area ratios of TTe/TTe-13C3

Table 1 MRM parameters for TTe, FTe, and their internal standards

Analytes QI mass (Da) Q3 mass(Da) DP (volts) CE (volts)
TTe 289.2 97.1 107 30

289.2 109.0 107 34
TTe-C, 2922 100.2 120 30

292.2 112.0 120 31
FTe 304.4 124.2 145 44

304.4 112.2 145 43
FTe-*C; 307.3 115.2 130 39

307.3 127.2 130 42

Serum sample

4

v v

TTe FTe

1. Liquid-liquid extraction
2. Dried TTe

1. Equilibrium dialysis
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3. Liquid-liquid extraction|
4. Dried FTe
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and FTe/FTe—BC3 against the homologous concentrations
using weighted least-squares regression analysis with 1/x.

Method validation

Based on the C62-A document generated from the Clinical
and Laboratory Standards Institute (CLSI) [32], the method
was validated for linearity, limit of quantitation, precision,
accuracy, stability, interference check, matrix effect, recov-
ery, and carryover as described in the following sections.

Linearity, limit of quantification, and limit of detection

The calibration graphs were obtained by the use of least-
squares linear regression (y =ax+ b), where x was the con-
centration in pg/mL of TTe and FTe, y was the ratio of peak
area of analytes to those of the corresponding IS, a was the
slope, and b was the intercept. Linear correlation coefficient
2 with weighting factor of 1/x> was calculated to evalu-
ate the linearity. The limit of detection (LOD) and the limit
of quantification (LOQ) were determined based on signal-
to-noise (S/N) ratio of 3:1 and 10:1, respectively [33]. Of
note, LOQ should be determined with acceptance criteria
of +20% precision and accuracy.

Intra- and inter-assay precision and accuracy

For determining precision and accuracy, QC samples pre-
pared at four concentration levels were analyzed. To assess
the intra-day and inter-day precision and accuracy of this
method, QC samples at four levels were analyzed in five
replicates on the same day and over three different days,
respectively. Precision was expressed as the CV of experi-
mentally measured concentrations. The mean value for pre-
cision should be less than 15%. Accuracy was expressed as
percentage by measured concentration/actual concentration
ratio.

Stability

Sample stability was evaluated using ULQC, LQC, MQC,
and HQC levels under different storage or processing
conditions. To assess the short-term stability of these
QC samples, they were analyzed against fresh calibrators
after being stored at room temperature for 24 h. Similar
assessment method was employed to evaluate mid-term
stability of QC samples when they were stored at 4 °C for
1 week. Freeze—thaw stability of QC samples was assessed
for three cycles. For each of three cycles of freeze—thaw,
QC samples were frozen at — 20 °C overnight and subse-
quently thawed at room temperature. For the assessment
of long-term stability, QC samples were frozen at — 80 °C
for 180 days. The measured concentration of QC samples
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was compared with the corresponding theoretical values.
Post-treatment stability was determined by placing the TTe
and the derivatized FTe at sample injection chamber at
4 °C for 84 h. The CVs of samples at each level should be
less than 15%.

Interference check and matrix effect

Neat solutions of dehydroepiandrosterone, 1-testosterone,
androsterone, (+)-epiandrosterone, androstanolone, and
etiocholanolone were prepared by dilution from stocks using
100% MeOH for interference checking. A pooled serum
specimen from five females and five males with a known
TTe (2809 pg/mL) and FTe (148 pg/mL) concentration was
spiked with 30 ng/mL of each steroidal compound and was
then assayed following the protocol described in the “Sam-
ple preparation of total testosterone” and “Sample prepara-
tion of free testosterone” sections. The calculated concentra-
tion of each spiked serum sample was then compared to that
of the neat serum sample.

To verify the influence of the matrix on the determination
of TTe and FTe, matrix effects (MEs) were evaluated by
comparing the area response of analytes in post-extraction
spiked hormone-free human serum or HEPES buffer with
the area of analytes in neat MeOH at three concentration
levels. The equation ME = B/A was used to calculate MEs,
where B refers to the peak area ratios of the analytes to ISs
in hormone-free human serum or HEPES buffer and A rep-
resents the peak area ratios of the analytes to ISs in samples
prepared by MeOH. The ME values should be between 85
and 115%.

Recovery and carryover

The recovery for TTe was evaluated by spiking known tes-
tosterone standard into a serum specimen, while recovery
for FTe was assessed by spiking testosterone with HEPES
buffer. The low, medium, and high spiked levels for Te were
1.0 ng/mL, 6 ng/mL, and 15 ng/mL, respectively; and for
FTe, they were 20 pg/mL, 100 pg/mL, and 400 pg/mL,
respectively. When performing the recovery experiment,
spiked and non-spiked samples were analyzed in five repli-
cates, and recovery was expressed as a percentage by calcu-
lating the ratio of the measured spiked concentration to the
actual added concentration. Recovery should be within the
range from 85 to 115%. Carryover was assessed by calculat-
ing the ratio of the average response value of blank serum to
the average response value of the highest calibration stand-
ard (30 ng/mL of TTe, 1000 pg/mL of FTe). It is worth to
note that the blank serum should be injected directly after
the highest calibrators.
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Results and discussion
LC-MS/MS development

To achieve the goal of determining TTe and FTe in serum
at the same time, an alternative approach was to derivat-
ize one of them. As FTe has a much lower concentration
in human serum, we tried two derivative reagents HOA
and MOA to enhance FTe’s sensitivity. As shown in Elec-
tronic Supplementary Material Fig. S1, HOA provided a
relative better sensitivity of FTe than MOA; therefore,
we chose HOA as the derivative reagent for the rest of
experiments. After choosing HOA, we optimized the LC
conditions by increasing the flow rate and changing the
mobile phase gradients (Fig. S2). With this optimization,
the retention times of Te and HOA-Te were decreased,
while the undesirable carryover appeared when LC time
was decreased to 5 min (Fig. S3). To balance the carryo-
ver and LC time, we finally chose 7 min as our LC time
and 0.2 mL/min as the flow rate. As shown in Fig. 2, TTe
and FTe can be clearly identified by mass spectrometry
according to their corresponding mass-to-charge ratio
even though they have the same retention time. Interest-
ingly, distinct levels of TTe and FTe between the female
and male patients could be shown from the chromatog-
raphy profiles. Moreover, as only background noise was
observed for TTe when injecting a blank sample with ISs
(Fig. 2i), effect of ISs on the determination of TTe and
FTe could be ignored under our experimental condition.

Optimization of derivatization procedures

To analyze the TTe and FTe simultaneously, the prerequisite
condition was to mix the TTe and HOA-FTe before injec-
tion. But whether the remaining HOA in FTe solution would

Fig.2 Representative chroma-
tograms of TTe, FTe, and the
corresponding ISs were shown
in different samples. (a), (c),
and (f) represent FTe in male
serum, female serum, and stand-
ard solution, respectively. (b),

react with TTe and thus affected the quantitative detection
of TTe and FTe remained to be investigated. When we
directly mixed the TTe solution and FTe solution, the peak
area of FTe in pooled serum samples was increased (Fig. 3a)
while the peak area of TTe was decreased (Fig. 3b) with
the increase of storage time at 4 °C. This indicated that the
remaining HOA still reacted with TTe at this temperature
though with a low reaction rate even at the condition of
low HOA concentration (0.001 mol/L). It should be noted
that stable peak area obtained for TTe at the condition of
0.001 mol/L HOA, suggesting that this level was insufficient
for the derivation of FTe while higher HOA concentrations
(0.01 mol/L and 0.1 mol/L) augmented the decrease of TTe
peak area. When adding the procedure of removing exces-
sive derivatization reagent after derivative reaction, both
TTe and FTe were stable (CVs% < 8%) at storage time of
up to 84 h for each HOA level as shown in Fig. 3c and d.
Considering that relative better CVs of TTe and FTe were
obtained at concentrations of 0.04 mol/L, this concentration
was used in the following experiments.

Method validation
Linearity, LOD, and LOQ

In this study, seven levels of calibrators were used to gener-
ate the calibration curves for TTe and FTe. For the ranges
of 0.2-30 ng/mL (TTe) and 1.5-1000 pg/mL (FTe), the lin-
earity exhibited excellent correlation (r*>0.99) for the two
analytes. The representative linear regressions are presented
in Fig. 4a (TTe) and Fig. 4b (FTe). The LOD and LOQ of
TTe and FTe were 0.05 ng/mL and 0.2 ng/mL and 0.5 pg/mL
and 1.5 pg/mL, respectively (Fig. 5). Notably, the LOQs of
TTe and FTe were reliably determined with +20% precision
and accuracy. Moreover, LOQs of the present method were
still superior or comparable to those of previously reported

(d), (h), and (i) represent TTe 8x10°4 “
in male serum, female serum, i —n i)
standard solutions, and blank @ 6x10°1 H L h)
. . o \s

with ISs, respectively. (e) and k3 h R a)
(g) represent FTe-IS and TTe-IS 2 4x10°] 1T f)
in standard solutions [ X K e)

[} e = g N ~ d

= 2x10°] ~ ©)

] b)
01— . . — : : -
0 1 3 4 5 6 7

Retention time (min)
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Fig.3 Changes F'.l“e and TTe 8.0 a) 1.6 - b)
peak area under different reac- - -
tion conditions at 4 °C as func- = 6.0+ = 1.2
tion of storage times, mixing (a) § §
FTe and (b) TTe directly and (c) s 404 s 0.84
mixing FTe and (d) TTe after :ai g
removing excess HOA & 204 e 0.4
0.0 0.0
0.1 mol/LL 0.01 mol/L 0.001 mol/LL 0.1 mol/L 0.01 mol/L 0.001mol/L
HOh m4h m16h W24h B0h m4h m16h m24h
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Fig.4 Calibration curves of
peak area ratio versus concen-
tration of (a) TTe and (b) FTe

y=0.29703x+0.03425 r’=0.9980

Area ratio

N W e W N9 ®

—
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y=0.00310x+0.00633 r2=0.9924
2.5
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1.5
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100 200 300 400 500 600 700 800 900 1000
Concentration (pg/mL)

methods but with single injection [7, 27, 30], indicating that ~ Precision and accuracy

the LOQs of our newly developed method could well meet

the requirement for clinical practice. As shown in Table 2, the precision of intra-day and inter-day
was less than 15% for TTe and FTe at each concentration
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Fig.5 Representative MRM 8.0x10° - a) 6x10° b)
transition chromatograms of —TTe
(a) LOD and (b) LOQ for TTe m/z 298.2>97.1
and FTe 5x10* —FTe
6.0x10° m/z 304.4>124.2
= 4x10°- S/N=18.9 —
o
L
2 4.0x10° 3x10° 1
n
c
i)
= 2x10°
2.0x10° SIN=14.8 —»
1x10*
0.0 Tt 1 T 1 0 S T
36 38 40 42 44 3.6 3.8 4.0 4.2 4.4
Retention time (min)
Tablg? Intra-day and inter-day TTe (ng/mL) FTe (pg/mL)
precision and accuracy data
from UPLC-MS/MS (n=5) ULQC LQC MQC HQC ULQC LQC MQC HQC
Target 0.35 3.5 12.0 22.5 3.0 40 420 650
Intra-run 0.32 3.60 12.11 23.03 3.44 39.32 453.9 624.8
CV (%) 5.4 4.3 34 23 1.7 8.2 2.0 3.0
Accuracy (%) 91.4 102.9 100.9 102.4 114.7 98.3 108.1 96.1
Inter-run 0.33 3.57 11.84 22.86 3.36 38.71 448.1 630.2
CV (%) 6.1 3.5 3.6 2.3 5.4 6.7 2.9 3.8
Accuracy (%) 94.3 102.0 98.7 101.6 112 96.8 106.7 97.0

level. The intra-day and inter-day accuracy values for
TTe and FTe ranged from 91.4 to 102.9% and from 96.1
to 114.7%, respectively. Therefore, both the precision and
accuracy were well within acceptable limits, laying a basis
for precise and accurate quantification of the TTe and FTe
in human serum.

Stability

As shown in Table 3, stability of the studied TTe and FTe
in the QC samples was evaluated at four concentration
levels. Stability was assessed at different storage condi-
tions expressed as accuracy. Short-term stability for 24 h
at room temperature was found to be within the range of
93.7-102.6% for TTe and 93.3—-110% for FTe, respectively.
Mid-term stability at 4 °C for 1 week was 96.7-100.3% for
TTe and 89.3-107.8% for FTe. QC samples were found to
be stable over three freeze—thaw cycles at — 20 °C with
an accuracy between 91.8 and 111.6% for both TTe and
FTe. Moreover, long-term stability at — 80 °C was found
in the range of 92.0113% for TTe and FTe. In addition,
post-treatment stability results suggested that the injection
solution was stable for at least 84 h at 4 °C (Fig. 3c, d). All

these data affirmed that QC samples were stable under the
experimental conditions.

Interference check, matrix effect, recovery, and carryover

Of the 6 steroidal compounds tested, the accuracies in the
concentrations of the neat and spiked sample were all in
acceptable range (Table 4), suggesting that the interfer-
ences from 6 steroidal compounds were negligible, and the
method was specific for both analytes. The matrix effect of
samples at different concentration levels was assessed and
the results are shown in Table 5. The MEs were 95-98%
and 109-114% for TTe and FTe, respectively. The CVs%
of the MEs for FTe and TTe were all less than 15%, indi-
cating that the matrix effect was acceptable. The recovery
results were within the range of 92.7-102.6% for TTe and
85.7-110.8% for FTe (Table 6). When analyzing a blank
sample injected right after the highest calibrator sample,
carryover was 0.06% for FTe and 0.09% for TTe, indicat-
ing that no carryover existed in the detection of a series
of samples.
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Table 3 Stab.ilhity of different Target TTe (ng/mL) FTe (pg/mL)
storage conditions (n=15)
ULQC LQC MQC HQC ULQC LQC MQC HQC
0.35 3.5 12 22.5 3.0 40 420 650
25°C Average 0.328 3.59 11.7 22.8 3.286 37.3 442.2 631.1
CV (%) 6.4 34 3.6 2.6 10.8 5.6 3.5 5.7
Accuracy (%) 93.7 102.6 97.5 101.3 110 93.3 105.3 97.1
4°C Average 0.348 3.51 11.6 22.5 3.141 35.7 452.6 636.8
CV (%) 5 1.5 0.7 1.6 6.1 4.7 2.4 1.3
Accuracy (%) 99.4 100.3 96.7 100.0 89.7 89.3 107.8 98
—-20°C Average 0.332 3.61 11.9 23 3.349 36.7 441.3 618.1
CV (%) 3.6 0.4 1.2 0.9 2.4 6.3 3.5 1.2
Accuracy (%) 94.9 103.1 99.2 102.2 111.6 91.8 105.1 95.1
—-80°C Average 0.330 3.56 12.11 23.0 3.400 36.8 433.1 597.7
CV (%) 4.8 1.1 0.6 0.4 1.7 6.3 6.5 39
Accuracy (%) 943 101.7 100.9 102.2 113 92.0 103.1 92.0
Table 4 Impact of steroidal compounds on the quantification of the ~ Application

TTe and FTe (n=5)

TTe (pg/mL) FTe (pg/mL)
Neat sample 2809 148
Spiked samples 2752.5+98.5 144.3+8.2
CV% 3.6 5.7

Table 5 Matrix effect results of the analyte in QC samples by UPLC-
MS/MS (n=06)

Concentration Mean MEs CV%
TTe (ng/mL) 3.5 0.95+0.05 5.2%
12 0.98+0.03 3.3%
22.5 0.98+0.02 2.2%
FTe (pg/mL) 40 1.14+0.09 8.3%
420 1.14+0.04 3.8%
650 1.09 +0.07 6.1%

Table 6 Recovery results of analyte in pooled human serum by
UPLC-MS/MS (n=5)

Compound  Spiked (pg/mL) Calculated Recovery (%) CV (%)

(pg/mL)
TTe 1000 1026 102.6 26
6000 5563 927 73
15,000 14,011 93.4 6.6
FTe 20 17.14 85.7 14.3
100 94.7 947 53
400 443.18 110.8 10.8
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Using this newly established method, we assessed the con-
centrations of both TTe and FTe in the residual serum sam-
ples collected from 23 males and 19 females. The differences
between genders were compared and the results are shown in
Fig. 6. As expected, TTe and FTe were significantly higher
in the male groups compared to the female group (Fig. 6a,
b), which was in accordance with the physiological condi-
tions. Figure 6¢ exhibits that there was no significant differ-
ence in FTe% between the female and male groups but nev-
ertheless the levels are in agreement with the expected range
of approximately 0.5-4% in human. These results indicate
that the established method is quite sensitive and can meet
the requirements in simultaneously and accurately measur-
ing TTe and FTe for clinical samples.

Discussion

Accurate measurement of TTe and FTe concentrations is
pivotal for the diagnosis of hypogonadism and other andro-
gen disorders. For many years, traditional immunoassays
have been the commonly used method for testing TTe to
diagnose androgen disorders in clinical labs. However,
these immunoassays are often criticized due to their poor
precision and inaccuracy when assessing the level of TTe in
hypogonadal men, women, and children. With its technical
superiority in sensitivity, specificity, accuracy, and simul-
taneous analysis of multiple compounds, LC—-MS/MS has
been increasingly adopted by clinical laboratories and has
become a highly recommended method for quantifying the
sex steroids. According to the updated endocrine society
clinical practice guideline, FTe has been recommended to be
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Fig.6 Serum levels of (a) TTe, (b) FTe, and (c) FTe% in male and female groups. Significance is controlled by the p-value (independent two-
sample ¢ test, two-sided) and minimum fold change indicated by the cutoff curve. The median is drawn as a horizontal line (***p <0.0005)

measured when serum TTe is close to or below the low limit
of the physiological range or when the level of SHBG is
abnormal [13, 34]. Moreover, FTe has been suggested to be
preferred biomarkers than TTe in the diagnosis of androgen-
based diseases [35, 36]. Based on this, we have developed a
LC-MS/MS method for the simultaneous detection of TTe
and FTe.

Compared with TTe, the detection of FTe usually requires
ultrafiltration or equilibrium dialysis steps to obtain the free
forms. Although pretreatment steps of ultrafiltration are
time-efficient and straightforward, the gold standard proce-
dure for FTe measurement is still equilibrium dialysis cou-
pled to LC-MS/MS. This is because equilibrium dialysis can
maximally mimic in vivo conditions and obtain the intrinsic
protein interaction but without applying external forces (e.g.,
pressure, centrifugal force) [37]. However, the overnight
pretreatment of conventional equilibrium dialysis method is
time-consuming and has hurdled its wide application in the
laboratory. Also, equilibrium dialysis does not match well
with the high-throughput analytical performance of mass
spectrometry when analyzing only one parameter (i.e., FTe)
in single run. Although calculating free testosterone can be
readily accessible, its accuracy and precision are affected
by the accuracy of TTe and SHBG quantification [9, 38].
Therefore, it is conceivable that good correlation between
calculated FTe and measured FTe for women can only be
achieved when LC-MS/MS methods are used for meas-
uring TTe [39]. Theoretically, the LC—-MS/MS analytical
throughput depends on the time spent on the LC separation.
If TTe and FTe need to be analyzed separately, the analytical
time almost needs to be doubled compared to measure them
simultaneously in a single run.

The sensitivity of testosterone can be improved by deri-
vatization, which lays a foundation for the simultaneous
analysis of TTe and FTe through molecular weight differ-
ence [28]. Moreover, the introduction of sample multiplex-
ing has effectively enhanced the detection throughput by
analyzing multiple samples in a single run. To be specific,
the sample multiplexing is achieved by combining different

samples after deriving by differential derivatization rea-
gents and then separated by LC-MS/MS via unique ion
pairs. With the development of rapid equilibrium dialysis,
the FTe forms can be obtained within less than 4 h [40],
providing the possibility of increasing throughput and clini-
cal application of FTe via LC-MS/MS method. To assure
good sensitivity of FTe measurement, we dissolved TTe and
FTe one after another with the same solution to avoid over-
dilution. With the aid of this strategy, the detection limit of
FTe can reach down to 0.5 pg/mL. As thus, we developed
a high-throughput assay for accurate quantification of TTe
and FTe in serum without offsetting analytical characteris-
tics, which lays a technical foundation for the wide applica-
tion for simultaneously measuring TTe and FTe in clinical
laboratories.

Conclusion

In conclusion, the presented study focuses on the develop-
ment and validation of an UPLC-MS/MS method that can
simultaneously quantify TTe and FTe in human serum. With
the aid of HOA derivatization, the sensitivity of FTe was
improved, thus allowing a simultaneous detection of TTe
and FTe solutions within acceptable range after combining
TTe and FTe together. The results of 42 clinical serum sam-
ples showed that the performance of this new method is suf-
ficient for clinical application. Our data provide a practical
and clinical method to quantify total and free Te in serum
at the same time, which would improve the accuracy for
diagnosing testosterone-related diseases.
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