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Abstract

An isocratic high-performance liquid chromatographic method with detection at 234 nm was developed, optimized and validated for the determi-
n
w
t
c
9
t
©

K

1

s
g
e
T
v

a
m
c
a
t
[
i
u

0
d

ation of testosterone in human serum. Propylparaben was used as internal standard. A Hypersil BDS RP-C18 column (150 mm × 4.6 mm, 5 �m),
as equilibrated with a mobile phase composed of acetonitrile and water (35:65, v/v) and having a flow rate of 1 ml/min. The elution time for

estosterone and internal standard was approximately 11.6 and 9.9 min, respectively. Calibration curves of testosterone in serum were linear in the
oncentration range of 1–20 ng/ml. Limits of detection and quantification in serum were 0.4 and 1.1 ng/ml, respectively. Recovery was greater than
2%. Intra- and inter-day relative standard deviation for testosterone in serum was less than 2.1 and 3.9%, respectively. This method was applied to
he determination of testosterone serum levels of 12 healthy males and data were correlated with data obtained using a radioimmunoassay method.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Testosterone (17�-hydroxy-4-androstene-3-one), a C19
teroid (Fig. 1A), is the most potent naturally secreted andro-
en. Serum testosterone levels substantially augment the clinical
valuation of a number of very common endocrine disorders.
he measurement of circulating testosterone is clinically rele-
ant in the investigation of androgen disorders in humans.

For measurements of total testosterone, commercial radio-
nd non radio-labelled immunoassay kits [1] as well as auto-
ated platform immunoassays that mostly use chemilumines-

ent detection are available [2–4]. However, although they
re economical and rapid, they have limited published valida-
ion data raising questions about accuracy and/or specificity
1,2,4]. Recently, comparison of commonly used automated
mmunoassay instruments with measurements performed by liq-
id chromatography–tandem mass spectrometry showed that

∗ Corresponding author. Tel.: +30 210 727 4035; fax: +30 210 727 4027.
E-mail address: vertzoni@pharm.uoa.gr (M. Vertzoni).

although immunoassay methods could distinguish eugonadal
from hypogonadal males, the male reference ranges need to be
established for each individual laboratory as they show substan-
tial variability [4]. The reasons for the lack of agreement among
immunoassays are the matrix effect (immunoassays are per-
formed without extraction steps) [1,2] and the cross-reactivity
of the antibody used [1].

Based on the above data, the need to develop alterna-
tive methods is essential. Various chromatographic methods
using liquid chromatography–tandem mass spectrometry [5],
gas chromatography–mass spectrometry [6] and other sophis-
ticated techniques have been proposed [7] which, although
precise and accurate, they are not readily available in many lab-
oratories. Testosterone has also been determined in biological
samples by high-performance liquid chromatography (HPLC)
[8–15]. However, these methods involve complicated instru-
mentation, e.g. special collector and/or HPLC coupled with
radioimmunossay [8,9,12,15], gradient elution [9,13], and/or
time-consuming experimental procedures including compli-
cated solid phase extraction steps [10,11] and increased total
elution times [9,10,13].
731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2005.11.021
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Fig. 1. Structure of testosterone (A) and propylparaben (B).

Our aim was the development of an optimized simple iso-
cratic reversed-phase HPLC method with ultraviolet spectro-
metric detection for the determination of testosterone in serum
samples of males. Apart from its usefulness to clinical labora-
tories in the evaluation of biological activity of the testis and
in the monitoring of patients with metastatic prostate [16], such
method can also provide an easy tool for the evaluation of bias
of immunoassays [1,2,4].

The present work includes an extensive solvent optimiza-
tion of the liquid–liquid step that is missing from other similar
studies (e.g. [5,9,14]). Also, unlike previous methods [14], the
proposed method uses a simple mobile phase (acetonitrile and
water) without need of pH control. Finally, the proposed method
was developed using testosterone-free serum [17,18]. Therefore,
unlike previously developed HPLC-UV methods [14], correc-
tions for endogenous testosterone (that becomes critical at low
concentration levels) were not required.

2. Experimental

2.1. Instrumentation

The chromatographic system consisted of a Spectra System
P1000 pump, a Spectra System UV 2000 absorbance detector
and an autosampler AS 3000. The above system was controlled
by a Specta System Controller SN 4000 and a software pack-
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(Darmstadt, Germany). Diethylether and isopropanol were pur-
chased from Panreac Quimica SA (Barcelona, Spain). Testos-
terone was purchased from Sigma–Aldrich Inc. (St. Louis,
USA). Propylparaben (4-hydroxybenzoic acid propyl ester,
C10H12O3,) was used as internal standard (IS) and was of ana-
lytical purity grade. Water purified with Labconco water pro
ps system (Kansas City, Missouri, USA) was used in all pro-
cedures. Testosterone RIA DSL-4100 was from Diagnostics
Systems Laboratories UK Ltd. (Oxon, UK).

2.3. Serum samples

Serum from healthy female dogs (testosterone-free serum)
was used as blank; testosterone levels in serum of female dogs
are less than 0.3 ng/ml [17,18]. The dogs are hosted at an animal
facility that operates in the Laboratory of Biopharmaceutics and
Pharmacokinetics (Faculty of Pharmacy, National and Kapodis-
trian University of Athens) according to European Union regu-
lations for the maintenance and experimentation on animals and
which has been approved by the Veterinary Directorate of the
Municipality of Athens.

All blood samples were drawn into test tubes and centrifuged
at 4000 rpm (1828 g) for 30 min. The serum was transferred into
test tubes and frozen at −20 ◦C until analysis [19].

Serum samples were collected from 12 healthy human males
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ge Chromquest (Thermoquest Inc., San Jose, USA). A Hettich
entrifuge Universal 32R (Tuttlingen, Germany) was utilized to
entrifuge serum samples and a Techne Dri-Block® DB-3 (Cam-
ridge, UK) sample concentrator for evaporation of samples.

.2. Chemicals and reagents

All chemicals were of analytical purity grade. Acetonitrile,
ethanol, dichloromethane, iosooctane, isoamylic alcohol, pen-

ane and hexane of HPLC grade were purchased from E. Merck
18–50 years of age). All subjects gave their written informed
onsent before blood venipuncture.

.4. Chromatographic conditions

A reversed-phase Hypersil BDS-C18 column (150 mm ×
.6 mm, 5 �m particle size) equipped with a precolumn Hypersil
DS-C18 (10 mm × 4 mm, 5 �m particle size) was used. Mobile
hase was composed of acetonitrile and water (35:65, v/v) and
t was degassed for 10 min with helium at a degassing rate of
0 ml/min. Its flow rate was 1 ml/min. Injection volume was
0 �l. Experiments were performed at ambient temperature.
bsorbance was measured at 234 nm, wavelength that was opti-
um for testosterone and satisfactory for IS. The elution times

f testosterone and IS in serum samples were approximately
1.6 and 9.9 min, respectively.

.5. Solution preparation

.5.1. Stock solutions
A stock solution of testosterone (100 �g/ml) was prepared

y dissolving 10 mg of this compound in 100 ml of methanol.
stock solution of IS (100 �g/ml) was prepared by dissolving

0 mg of propylparaben in 100 ml of methanol. Stock solutions
ere stored at 4 ◦C and were stable for at least 2 weeks.

.5.2. Standard solutions
Testosterone working standard solutions were prepared in the

oncentration range of 1–20 ng/ml for construction of calibra-
ion curves, evaluation of the precision of the analytical method
nd estimation of limits of detection and quantification. All
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dilutions to volume were performed with methanol. Calibra-
tion curves were performed either with solutions of standards in
mobile phase or with spiked serum standards. Concentration of
the working solution of IS was 1 �g/ml.

2.6. Analysis of serum samples

Two millilitres of serum sample were transferred in a cen-
trifuge tube and 50 �l of working solution of IS (1 �g/ml) were
added. After vortexing for 30 s, 5 ml of diethylether containing
2% isopropanol were added and the new mixture was vor-
texed for 1 min. Then, the tubes were centrifuged for 10 min in
4000 rpm (1828 g) at 10 ◦C. The clear organic phase was evap-
orated to dryness under nitrogen stream at 40 ◦C. The residue
was redissolved in 100 �l of methanol and vortexed for 1 min.
Then, 100 �l of mobile phase were added and the solution was
vortexed for 1 min. Finally, part of the last solution was injected
into the HPLC system.

2.7. Method validation

2.7.1. Calibration curves
Aliquots of testosterone-free pooled canine serum were used

for preparation of spiked serum standards. Blank (testosterone-
free) serum (1950 �l) were transferred to a centrifuge tube
and 50 �l of testosterone working solution were added to it.
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2.7.4. Accuracy
Known amounts of testosterone and constant amounts of IS

standard solutions were added to serum samples from human
males that had already been analyzed so that the concentration
of testosterone in serum samples were increased by 2, 4, 6, 10
and 20 ng/ml. Analysis of the resulting samples was performed
using the procedure described in Section 2.6 and the percentage
recovery of the added testosterone was calculated. Each sample
was prepared in triplicate.

3. Results

3.1. Mobile phase

In order to optimize the elution of testosterone several eluent
mixtures were tested. A mixture of acetonitrile–water (35:65,
v/v) was the simplest and also the most appropriate mobile phase
for the elution of testosterone from serum. The elution time of
testosterone was approximately 12 min, i.e. quite reasonable for
an analysis in serum. By increasing the amount of acetonitrile,
the total elution time was decreasing but values of resolution
of peaks became smaller because testosterone peak was moving
closer to the serum background peaks. It was also noticed that the
use of buffers or the adjustment of the pH of the mobile phase
was not necessary because it did not improve any analytical
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fterwards, the procedure described above in Section 2.6 was
ollowed with vortexing for 1 min. Calibration curves for testos-
erone were constructed in the concentration range of 1–20 ng/ml
n = 8, each point was the mean of three experimental measure-
ents) by measuring peak-area ratios of testosterone standards

o IS.
Regression equations were obtained through unweighted

east-square linear regression analysis and applied to peak-area
atios as a function of testosterone concentration. Also, calibra-
ion curves of serum testosterone standards obtained in a very
ow concentration region (1–5 ng/ml) were constructed for the
alculation of the limit of detection and the limit of quantifica-
ion.

.7.2. Recovery
Known amounts of testosterone and constant amounts of IS

tandard solutions were added to pooled serum from female dogs
i.e. to pooled testosterone-free serum) so that concentrations of
, 6 and 20 ng/ml were obtained that were analyzed using the
rocedure described in Section 2.6 (i.e. actual injected testos-
erone concentrations were 20, 60 and 200 ng/ml). Each sample
as prepared in triplicate. The ratios of peak-areas of testos-

erone to IS in serum were compared with the corresponding
atios in mobile phase.

.7.3. Precision
The precision of the proposed HPLC method was studied

y estimating intra- and inter-day relative standard deviation
R.S.D.) of values using standards in serum of female dogs
low, medium and high concentrations) and samples from male
umans in triplicate.
arameter (e.g. resolution or elution time).

.2. Choice of internal standard

Several substances were tested as internal standards. Among
hese, propylparaben (Fig. 1B) met all the typical requirements
f a compound to be used as IS, i.e. it was stable during the
nalysis, it was easily available, it is not an endogenous sub-
tance, its elution time was shorter than that of testosterone, and
ts peak did not interfere with the matrix of serum samples. The
xtraction recovery value for the IS was greater than 95%.

.3. Treatment of samples

For the isolation of testosterone from serum samples
iquid–liquid extraction was used. Extraction conditions were
ptimized by using several solvents such as dichlomethane,
exane, pentane, diethylether, isopropanol, isooctane, isoamylic
lcohol and combinations of them (Table 1). Among these,
iethylether gave high recovery. The addition of 2% isopropanol
o diethylether increased the extraction recovery and decreased
he number of interfering endogenous peaks. Precipitation of
erum proteins with the addition of sodium hydroxide, hyper-
hloric acid or hydrochloric acid, did not increase the recovery of
estosterone. Therefore, diethylether containing 2% isopropanol
as proved to be a simple (no need to add any mean of precipita-

ion), rapid (diethylether is easy to evaporate) and efficient way
recovery not less than 92%) for extracting testosterone from
erum. Also, it improved selectivity and sensitivity of the chro-
atographic assay whereas compared with other tested solvents

Table 1) it practically did not affect the life-time of column.
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Table 1
Recovery data for the determination of testosterone in serum (10 ng/ml) using
different extraction solvents

Solvent used for extraction Mean% recovery ± S.D.a

Dichlomethane 60.9 ± 5.0
Dichloromethane-isooctane 60:40, v/v 68.1 ± 4.9
Isooctane 30.7 ± 6.9
Pentane 40.9 ± 5.9
Pentane:isoamylic alcohol 98:2, v/v 65.5 ± 3.2
Hexane 45.0 ± 7.2
Hexane-isoamylic alcohol 98:2, v/v 52.9 ± 4.3
Diethylether 80.9 ± 3.2
Diethylether–isooctane 50:50, v/v 85.7 ± 3.4
Diethylether-isoamylic alcohol 98:2, v/v 83.1 ± 2.1
Diethylether–isopropanol 98:2, v/v 92.3 ± 1.4

a S.D. is the standard deviation of the mean% recovery; standard solution was
prepared and measured in triplicate.

Optimization of the volume of diethylether was also per-
formed; 5 ml of diethylether containing 2% of isopropanol was
the optimum volume for testosterone to be extracted from 2 ml
serum. Higher diethylether volumes unreasonably increase the
time of vaporization of samples.

The reconstitution step of the evaporated samples was also
optimized. One hundred microlitres of methanol was the opti-
mum volume for dissolving the amount of testosterone after the
vaporization. Further, the addition of mobile phase ensured the
compatibility of the injected samples with the “chromatographic
system”.

The extraction and reconstitution steps were very crucial
because not only quantitative isolation of testosterone was
accomplished but also preconcentration of injected solutions (by
10 times) was achieved.

3.4. Selectivity

Typical chromatograms of serum from a female dog
(testosterone-free serum) and of serum of a female dog spiked
with testosterone (3 ng/ml) and IS (25 ng/ml) are shown in
Fig. 2A and B, respectively. Good resolution for the two peaks
was assured by the Rs values, which were greater than 2. Also,
both testosterone and IS peaks were symmetrical (asymmetry
factors were between 1.05 and 1.10).
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Fig. 2. Typical chromatograms of blank serum from a female dog (testosterone-
free serum) (A), of serum from a female dog spiked with testosterone (3 ng/ml)
and IS (25 ng/ml) (B), and of serum of a healthy male volunteer spiked
with IS (25 ng/ml) (C). Retention times for IS and testosterone were 9.9 and
11.6 min, respectively. The chromatographic conditions were: BDS RP-C18 col-
umn (150 mm × 4.6 mm), mobile phase acetonitrile–water (35:65, v/v), flow rate
1 ml/min, detection wavelength 234 nm and room temperature.

Table 2
Analytical parameters of calibration curves of testosterone in serum of female
dogs in the concentration range of 10–200 ng/ml of injected solution

Regression equationa

Intercept, a ± S.D.
(×104)

Slope, b ± S.D.
(×105)

Correlation
coefficientb (r)

486 ± 36 4983 ± 45 0.9998
424 ± 96 4904 ± 62 0.99991
523 ± 56 4926 ± 78 0.9997

Considering the 10 times preconcentration, the corresponding range in serum
was 1–20 ng/ml.

a Linear unweighted regression analysis, with a regression equation y = a + bx,
where y is the peak-area ratio of testosterone to IS and x is testosterone concen-
tration in ng/ml. S.D. is the standard deviation of intercept and slope.

b The number of points in each calibration curve was eight and each point was
the mean of three experimental measurements.
.5. Method validation

.5.1. Calibration curves
Linear calibration curves for testosterone were obtained

hroughout the concentration range studied. Regression anal-
sis was performed for the ratios of peak-areas of testosterone
o that of the IS (y), versus testosterone concentration (x). The
esults are presented in Table 2.

.5.2. Recovery
The results are summarized in Table 3. Similar results were

btained when the recovery of the method was estimated by
omparing the slopes of calibration curves in mobile phase and
n serum (data not shown).
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Table 3
Recovery data (% extraction yield) for the determination of testosterone in serum

Concentration (ng/ml) Mean% recovery ± S.D.a

Serum Injected

2 20 98.2 ± 2.1
6 60 101.2 ± 1.5

20 200 99.3 ± 1.9

a S.D. is the standard deviation of the mean% recovery; standard solutions
were prepared and measured in triplicate.

3.5.3. Precision and accuracy
Intra-day relative standard deviation for standards in serum

from female dogs and for samples from serum of male humans
were less than 2.1 and 3.8%, respectively, while the correspond-
ing inter-day values were less than 3.9 and 4.2%, respectively.

Accuracy data are summarized in Table 4.

3.5.4. Robustness and ruggedness
Although the use of IS eliminates variations related to

the liquid–liquid extraction procedure, robustness of the pro-
posed method was assessed with respect to small alterations
in several experimental parameters which were slightly differ-
ent from day to day. Deliberate changes in mobile phase from
acetonitrile–water (35:65, v/v) to (33:67, v/v) and (37:63, v/v)
did not change the results for testosterone more than 1.8%. Dur-
ing these changes, the elution time (tR), the asymmetry factor
(a) and the resolution (Rs) remained statistically unchanged.
Similar observations were made after changing the volume of
diethylether used for liquid–liquid extraction from 5 ml to 4.5
and to 6 ml and the centrifugation time from 10 min to 9 and to
11 min. All these changes did not alter the resulting testosterone
concentration more than 4%. This figure is within the R.S.D.
range of the method.

Ruggedness of the developed method was assessed by the
between-days precision because it included changes in reagents,
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Fig. 3. Correlation between serum testosterone levels of 12 healthy male vol-
unteers measured with the HPLC-UV method developed in this study and the
testosterone levels measured with the DSL-RIA kit (slope of regression line:
0.85; r2: 0.93, n = 12).

and sb is its standard deviation. Similarly, LOQ was defined as
yb + 10sb. In an unweighted least-squares method is quite suit-
able in practice to use the statistic sy/x [20] instead of sb and the
value of the calculated intercept a instead of yb. Values of sy/x
and b were calculated from calibration curves of serum testos-
terone standards obtained in a very low concentration region in
serum (1–5 ng/ml). Thus,

LOD = 3.3sy/x

b
and LOQ = 10sy/x

b

where b is the slope of the regression line.
Based on the above equations, the calculated LOD value was

0.4 ng/ml while the LOQ was 1.1 ng/ml in serum.

3.6. Application to human male serum samples

Concentrations of testosterone in male sera ranged between
3 and 10 ng/ml. A typical chromatogram of serum of a healthy
male volunteer spiked with IS (25 ng/ml) obtained under the
optimized conditions is shown in Fig. 2C.

4. Discussion

Advantages and novelty of the proposed isocratic method
relatively to existing methods are its simplicity in instrumen-
tation [9,12] and in the experimental procedures (i.e. the sin-
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hemicals and solvents. Moreover, using two different columns
f the same type (Hypersil BDS RP-C18), the parameters tR,
and Rs of the chromatographic peaks remained statistically

nchanged whereas the estimated testosterone concentrations
aried by up to 3%.

.5.5. Limits of detection (LOD) and quantification (LOQ)
LOD was defined as the analyte concentration that gives a

ignal equal to yb + 3.3sb, where yb is the signal of the blank

able 4
ccuracy data for the determination of testosterone in serum of human males

oncentrationa (ng/ml) Mean% recovery ± S.D.b

2 97.6 ± 4.1
4 99.7 ± 1.3
6 102.6 ± 3.2
0 99.3 ± 2.3
0 100.4 ± 1.1

a These concentrations were achieved by standard additions of testosterone
nto samples with known testosterone levels.

b S.D. is the standard deviation of the mean% recovery; standard solutions
ere prepared and measured in triplicate.
le liquid–liquid extraction step procedure for shorter sam-
le preparation periods [10,11], short elution time of testos-
erone [9,10,13], addition of a proper internal standard for
ncreased accuracy and precision and lower limits of detection
14]).

It is known that commonly used automated immunoassay
echniques may lead to over- or under-estimation of actual serum
estosterone levels [1,4]. The developed HPLC method can,
herefore, serve as a cheap and easy tool for the evaluation
f the bias of immunoassay methods used for the determina-
ion of testosterone levels in males. Fig. 3 shows a prelimi-
ary attempt for the evaluation of bias of the DSL-RIA kit.
lthough confirmation using more samples is required, the slope
f the regression line in Fig. 3 suggests that the DSL-RIA kit
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may slightly underestimate actual testosterone levels of healthy
humans (slope: 0.85 < 1).

5. Conclusion

A simple, fast and reliable reversed-phase isocratic HPLC
method with UV spectrometric detection has been optimized and
validated for the determination of testosterone in human male
serum. Compared to previously developed HPLC methods, the
advantages of the proposed method include simplified single-
step liquid–liquid extraction procedure (i.e. better recovery and
shorter sample preparation periods), use of IS (i.e. improved
precision and accuracy) and low quantification limits (due to
the preconcentration of injected solutions).

References

[1] J. Taieb, B. Mathian, F. Millot, M.C. Patricot, E. Mathieu, N. Queyrel,
I. Lacroix, C. Somma-Deplero, P. Boudou, Clin. Chem. 49 (2003)
1381–1395.

[2] F.Z. Stanczyk, M.M. Cho, D.B. Endres, J.L. Morrison, S. Patel, R.J.
Paulson, Steroids 68 (2003) 1173–1178.

[3] K. Miller, W. Rosner, H. Lee, J. Hier, G. Sesmilo, D. Shoenfeld, G.
Neubauer, A. Klibanski, J. Clin. Endocrinol. Metab. 89 (2004) 525–533.

[4] C. Wang, D. Catlin, L. Demers, B. Starcevic, R. Swerdloff, J. Clin.
Endocrinol. Metab. 89 (2004) 534–543.

[5] B. Starcevic, E. DiStefano, C. Wang, D. Catlin, J. Chromatogr. B 792
(2003) 197–204.

[6] M. Axelson, B.L. Sahlberg, J. Steroid Biochem. 18 (1983) 313–321.
[7] K. Oka, T. Hirano, M. Noguchi, Clin. Chem. 34 (1998) 557–560.
[8] S.J. Cook, N.C. Rawlings, R.I. Kennedy, Steroids 40 (1982) 369–

380.
[9] G. Eibs, J. Chromatogr. 310 (1984) 386–389.

[10] K. Oka, T. Hirano, M. Noguchi, J. Chromatogr. Biomed. Appl. 67 (1987)
285–291.

[11] D. Payne, D. Holtzclaw, E. Adashi, J. Steroid Biochem. 33 (1989)
289–295.

[12] S. Boschi, R. De Iasio, P. Mesini, G.F. Bolelli, R. Sciajno, R. Pasquali,
M. Capelli, Clin. Chim. Acta 231 (1994) 107–113.

[13] M. Khan, R. Renaud, J. Leatherland, Comp. Biochem. Physiol. 118
(1997) 221–227.

[14] B.H. Ng, K.H. Yuen, J. Chromatogr. B 793 (2003) 421–426.
[15] V. Tonetto-Fernades, L.M. Ribeiro-Neto, S. Barbosa-Lima, J.G.H. Vieira,

I.T.N. Verreschi, C.E. Kater, J. Chromatogr. Sci. 41 (2003) 251–254.
[16] S. Slater, R.T. Oliver, Drugs Aging 17 (2003) 431–439.
[17] P. Concannon, D. Castracane, Biol. Reprod. 33 (1985) 1078–1083.
[18] H. Vermeisch, P. Simoens, H. Lauwers, M. Coryn, Theriogenology 51

(1999) 729–743.
[19] E.J. Wickings, E. Nieschlag, Clin. Chim. Acta 71 (1976) 439–443.
[20] J.C. Miller, J.N. Miller, Statistics for Analytical Chemistry (Chapter 4),

Wiley, New York, 1984, pp. 90–98.


	Development and validation of a simple reversed-phase high-performance liquid chromatography method for the determination of testosterone in serum of males
	Introduction
	Experimental
	Instrumentation
	Chemicals and reagents
	Serum samples
	Chromatographic conditions
	Solution preparation
	Stock solutions
	Standard solutions

	Analysis of serum samples
	Method validation
	Calibration curves
	Recovery
	Precision
	Accuracy


	Results
	Mobile phase
	Choice of internal standard
	Treatment of samples
	Selectivity
	Method validation
	Calibration curves
	Recovery
	Precision and accuracy
	Robustness and ruggedness
	Limits of detection (LOD) and quantification (LOQ)

	Application to human male serum samples

	Discussion
	Conclusion
	References


