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A  method  for  the  determination  of  malondialdehyde  (MDA)  concentrations  in specimens  of  animal  tissues
and feed  has  been  developed  using  high  performance  liquid  chromatography.  The  MDA  concentration  in
acidified  urine  samples  was  determined  after  its conversion  with  2,4-dinitrophenylhydrazine  (DNPH)  to
a hydrazone  (MDA-DNPH).  Samples  of  blood  plasma,  muscle,  liver  and  feed  were  prepared  by saponifi-
cation  followed  by  derivatisation  with  DNPH  to  MDA-DNPH.  The  MDA  concentration  in chicken  and  hen
feed  samples  was  analysed  after  saponification  and  derivatisation  followed  by  extractions  with  hexane.
The  free  MDA  in plasma  samples  was  determined  after  deproteinization  followed  by  derivatisation  of
MDA  with  DNPH.  The  chromatographic  separation  of MDA-DNPH  samples  was  conducted  using  Phe-
nomenex  C18-columns  (Synergi  2.5  �m,  Hydro-RP,  100 Å, the  length  of 100  mm)  with an  inner  diameter
of  2 or  3 mm.  MDA in processed  biological  samples  was  analysed  using  a  linear  gradient  of  acetonitrile
in  water,  and  the  photodiode  detector  was  set  to  307  or 303  nm for detection.  The  current  method  that

was  utilised  was  based  on the  high-efficient  derivatisation  of MDA  and  was  more  sensitive  compared  to
previously  used  methods.  The  selective  and  sensitive  photodetection  of the  column  effluent  was  found  to
be  suitable  for the routine  analysis  of  MDA  in  urine,  plasma,  muscles  and  liver  of  animals  and  some  feed
samples.  Because  urine  or blood  plasma  samples  can  be derivatised  in  a  simple  manner,  the  proposed
method  can  also  be suitable  for  the  routine,  non-invasive  evaluation  of oxidative  stress  in animals  and

humans.

. Introduction

An imbalance between oxidative stress and antioxidant capac-
ty has been proposed to play a crucial role in the development
nd progression of chronic diseases in living organisms, especially
n the elderly [1–5]. Oxidative stress is caused by reactive oxy-
en compounds, which damage lipids and biomolecules such as
roteins or cellular RNA. Recent studies have shown that lipid oxi-
ation contributes to the development of atherosclerosis, cancer,
ardiovascular and liver diseases as well as the ageing process [3–7].
alondialdehyde (MDA) and other carbonyl compounds are natu-

ally occurring byproducts of lipid peroxidation and prostaglandin
iosynthesis [2].  The longevity and very high reactivity of MDA  and

ther carbonyl-containing species allow for the occurrence of reac-
ions inside and outside cells of living organisms. MDA is a highly
oxic molecule and is able to disturb many physiological processes
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in animals and humans. Therefore, MDA  should be considered to be
more important than a mere lipid peroxidation byproduct. More-
over, levels of MDA  in living organisms have been found to be
significantly modified in many pathological situations (e.g., gas-
tric, lung or breast cancer and atherosclerotic or cardiovascular
diseases) [2,8–10].

For analytical applications it is better to derivatize MDA with
reagents possessing high molar absorptivity at longer UV wave-
lengths (>254 nm). The high molar absorptivity and the close
proximity of the absorbance maximum to ∼300 nm make a MDA
derivative almost ideally suited for detection using a diode array
system. Moreover, the derivatised MDA  is substantially retained
on the C18 columns [11] compared with underivatised MDA  [12];
derivatised MDA  is distinct from other endogenous substances
in assayed biological samples or from background interference.
Indeed, a MDA  derivative is monitored at a unique wavelength

(∼300 nm), thus, other endogenous components present in bio-
logical samples did not interfere with a MDA  derivative; these
components are transparent at longer UV wavelengths (i.e.,
>254 nm). Therefore, it was important to develop a sensitive and

dx.doi.org/10.1016/j.jchromb.2011.06.008
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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elective method to detect MDA  based on a derivatisation with
 reagent possessing high molar absorptivity at longer UV wave-
engths. One of the first methods applied to measure MDA, which
s still used today, is based on MDA’s derivatisation with thiobarbi-
uric acid (TBA) [2,13].  Unfortunately, the TBA assay is non-specific
or MDA  because TBA is very reactive towards other compounds
nucleic acids, amino acids, proteins and phospholipids) and vari-
us species derived from oxidation [14–16].  To overcome the biases
rom the derivatisation of MDA  with TBA, new derivatising reagents
ere tested. Major improvements were found in the selectivity
easurements of MDA  in biological samples by derivatising MDA
ith 2,4-dinitrophenylhydrazine (DNPH) to its respective hydra-

one (MDA-DNPH) [11,17–19].  Therefore, the aim of the present
tudy was to improve on a procedure involving the derivatisa-
ion of MDA  with DNPH and subsequently to optimise the analysis
sing reversed-phase high performance liquid chromatography
RP-HPLC) with a photodiode array detector (DAD). It was expected
hat the improved method would assure a simple, selective and
ensitive measurement of MDA  in muscle, blood plasma and urine
amples of examined animals.

. Experimental

.1. Chemicals

All reagents were of analytical grade, and the organic sol-
ents were HPLC grade. Acetonitrile, methanol and hexanes
ere purchased from Lab-Scan (Eire); 2,6-di-tert-butyl-p-cresol

BHT), 25% aqueous 1,5-pentanedialdehyde (PDA) solution (as an
nternal standard), 2,4-dinitrophenylhydrazine (DNPH, contain-
ng ca. 30% water), 1,1,3,3-tetramethoxypropane (TMP) (99%) and
richloroacetic acid (TCA) were supplied by Sigma (St Louis, MO,
SA). HPLC-grade water was used for the preparation of a mobile
hase, and chemical reagents were prepared using an ElixTM water
urification system (Millipore, Toronto, Canada).

Fresh meat and liver samples were homogenized at speed
0,000 rpm using a tissue homogentor (type M-20, KIKA-Werke,
MBH & C.KC, Germany).

.2. Standard and derivatisation agent preparation

To prepare a MDA  standard solution, 20 ml  of 0.1 M HCl was
dded to 34 �l of TMP. The resulting solution was  incubated at
0 ◦C for 1 h to hydrolyse TMP  into MDA  (the final concentration
0.01 M).  The concentration of MDA  in the standard solution was
etermined by measuring its absorbance at 245 nm (ε = 13,700)
12,20]. This stock-standard solution contained approximately
.986 �g/ml of MDA. MDA  standard solutions were stored at 1–2 ◦C

n dark place and were freshly prepared on a weekly basis.
The derivatising agent (ca. 3.875 mM)  was prepared by dissolv-

ng 5 mg  of DNPH in 5 ml  of 4 M HCl. The DNPH solution was stored
t approximately −10 ◦C in the dark. Before use, the DNPH solution
as vigorously shaken for 5–10 min  in the dark. The derivatising

gent solution was freshly prepared on a weekly basis.
The internal standard (IS) solution of PDA was prepared on the

ay of the experiment by diluting 100 �l of a 25% aqueous PDA
olution with 0.1 M HCl up to 5 ml  in a volumetric flask. A vol-
me  of 50 �l of this IS solution was added to each assay and used
o quantify the volume of the organic phase removed after the
erivatisation/extraction procedure.

.3. Biological sample preparation
The preparation of blood plasma, muscle and liver samples
onsisted of gentle alkaline saponification and derivatisation. The
ethod of measuring MDA  in hen and chicken feed samples was
r. B 879 (2011) 2251– 2258

based gentle alkaline saponification and derivatisation followed
by extractions with hexane. Preparation of urine samples involved
only acidification and the derivatisation step.

2.3.1. Preparation and derivatisation of MDA in muscle and liver
samples

Homogenized muscles of pigs, chicken and turkeys (95–105 mg)
or homogenized pig liver samples (115–120 mg)  were saponified
with 1 ml  of 1 M KOH and 10 �l of 0.02 M BHT in methanol. The
mixture was placed in a sealed tube and then in a water bath at
60 ◦C for 1 h with continuous shaking in the dark. At the end of
this procedure, the resulting solution was allowed to cool down
and was then acidified with concentrated HCl to approximately
pH 2. Then the acidified hydrolysate solution was centrifuged at
15,000 × g for 5 min  at ∼5 ◦C. To 200 �l of the supernatant, 300 �l
of 0.1 M HCl and 50 �l of the DNPH solution were added. The result-
ing mixture was  vigorously mixed and kept at 50 ◦C for 1 h in the
dark. At the end of the derivatisation procedure, if necessary, the
sample was allowed to cool down and centrifuged at 15,000 × g for
5 min  at ∼5 ◦C. The clear solution was  transferred to a vial and then
10–45 �l of a resulting solution was injected onto the column for
chromatographic analysis.

2.3.2. Determination of free MDA in plasma samples
A blood plasma sample (200 �l) from rats, goats or sheep was

cooled down to 1–2 ◦C and then mixed with 100 �l of a precipita-
tion agent (i.e., acetonitrile or a 20% cooled solution of TCA water,
approximately −5 ◦C). After 10 min  of centrifugation at 10,000 × g,
200 �l of the supernatant was transferred to a reacti-vial. Next,
20 �l of a DNPH solution was  added to the mixture and briefly
mixed; the reacti-vial was  incubated at 50 ◦C for 1 h in the dark.
The resulting solution was pipetted into a vial for elution. Injection
volumes were 40–65 �l.

2.3.3. Determination of total MDA in blood plasma samples
Determination of total (i.e., protein bound and free) MDA  in

rat, goat or sheep plasma samples was  carried out in 2 ml  capacity
pyrex glass bottles with PTFE-lined screw-on lids. A plasma sample
(200 �l) was  saponified with 50 �l of 6 M NaOH. The mixture was
placed in a sealed tube and then in a water bath at 60 ◦C for 30 min
in the dark [18]. At the end of alkaline saponification, the resulting
solution was allowed to cool down to 1–2 ◦C and was then mixed
with 250 �l of a 20% cooled solution of TCA water (approximately
−5 ◦C). After 10 min  of centrifugation at 10,000 × g, the resulting
supernatant (∼450 �l) was  neutralized to pH 6–7 with 5 �l of 6 M
NaOH and then acidified with 10 �l of 1 M HCl to approximately
pH 2; if necessary, the processed plasma sample was centrifuged at
15,000 × g for 5 min  at ∼5 ◦C. Next, to 200 �l of the resulting solu-
tion, 300 �l of 1 M HCl and 50 �l of a DNPH solution were added.
The solution was vigorously mixed and kept at 50 ◦C for 1 h in the
dark. The resulting solution was pipetted into a vial for elution.
Injection volumes were 35–45 �l.

2.3.4. Preparation and derivatisation of MDA in chicken and hen
feed samples

Fine powdered chicken and hen feed samples (101–103 mg)
were saponified with 1 ml  of 1 M KOH and 10 �l of 0.02 M BHT in
methanol. The mixture was placed in a sealed tube and then in a
water bath at 60 ◦C for 1 h with continuous shaking in the dark.
At the end of this procedure, the resulting solution was allowed
to cool down and was then acidified with concentrated HCl to
approximately pH 2. PDA (50 �l, as the internal standard) was

added to the acidified hydrolysate solution followed by centrifu-
gation at 15,000 × g for 5 min  at ∼5 ◦C. The DNPH solution (100 �l)
and 1 ml  of hexanes were added to 1 ml  of the supernatant in a
reacti-vial. The resulting mixture was  vigorously mixed and kept
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Table 1
Binary gradient programs used for the analysis of MDA-DNPH in assayed samples.a

Time (min) Flow-rate (ml/min) Composition (%)

Solvent A Solvent B

Used column: Phenomenex C18-column (Synergi 2.5 �m,  Hydro-RP, 100 Å,
100 mm × 2 mm)b

0 0.5 90.0 10.0
13.0  0.5 68.5 31.5
14.0  0.5 5.0 95.0
14.5  1.0 5.0 95.0
17.0a 1.2 2.0 98.0
Used column: Phenomenex C18-column (Synergi 2.5 �m,  Hydro-RP, 100 Å,
100 mm × 3 mm)c

0 1.10 90.0 10.0
12.0  1.10 90.0 10.0
13.0  1.10 68.5 31.5
14.0  1.20 65.0 35.0
23.0  1.24 64.0 36.0
23.5  1.30 1.0 99.0
26.0d 1.4 1.0 99.0

a After 17 min, the column was re-equilibrated for 5 min  in 90% solvent A
(water–acetonitrile, 95:5) and 10% solvent B (acetonitrile) at a flow-rate of
0.5 ml/min; the maximum system pressure was 58 MPa.

b The first binary gradient program and the column used for analysis of MDA-
DNPH adduct in urine, a pig liver, goat blood plasma samples and thigh muscles of
pigs  and turkeys. UV detection at 307 nm.

c The second binary gradient program and the column used for analysis of MDA-
DNPH in chicken and hen feed samples. UV detection at 303 nm.

d After 26 min, the column was re-equilibrated for 6 min  in 90% solvent A and 10%
solvent B at a flow-rate of 1.15 ml/min; the maximum system pressure was  47 MPa.

Table 2
Dependence of the peak area (Sn) corresponding to the derivatised MDA  in goat urine
samples and the processed MDA  standard upon the derivatisation method (i.e., the
new and original derivatisation method).a The calculated limits of detection (LOD)
and quantification (LOQ) derived from the determination of MDA  in the processed
MDA  standard and biological samplesb with the applied new derivatisation method
are also displayed (UV detection at 307 nm).

Item New derivatisation
method

Original derivatisation
method [11]

Goat urine sample
Sn 33,187 3241c

LOD 0.037 ng 0.687 ng
LOQ 0.123 ng 2.294 ng

MDA  standard
Sn 15,754,429 790,464
LOD 0.017 ng 0.386 ng
LOQ 0.057 ng 1.285 ng

Linear regression line standard of MDA, correlation coefficient (r)
yd = 4.831 × 10−5Sn − 0.85; r = 0.9995; SESe = 3.9 × 10−7; SEIf = 0.89

a The derivatisation procedures: 0.457 �g of MDA  in 100 �l of 0.1 M HCl was added
the volume of 10 �l of a solution containing 1 mg (the new derivatisation method)
or  0.08 mg  (the original derivatisation method) of DNPH in 1 ml  of 4 M HCl. The
resulting mixture was mixed and reacted at 50 ◦C (the new derivatisation method)
or  37 ◦C (the original derivatisation method) for 1 h with shaking in the dark. The
volume of the DAD flow cell was 10 �l. Column used: Phenomenex C18-column
(Synergi 2.5 �m,  Hydro-RP, 100 Å, 100 mm × 2 mm).

b The LOD and LOQ values for MDA  of processed biological samples: pig thigh
muscles: 0.019 and 0.063 ng; pig liver samples: 0.043 and 0.143 ng; turkey chest
muscles: 0.020 and 0.067 ng. The LOD and LOQ for the total MDA  of goat blood
plasma: 0.018 and 0.060 ng, respectively.

c The injection volume: 50 �l.
d Sn , y are the peak areas and MDA amounts (ng) in processed MDA  standards

injected onto the HPLC column, respectively. The linear regression line was deter-
mined using the least-squares method. This regression equation was  determined
from two repetitions. The number of MDA  standards analysed: 5; individual concen-
M. Czauderna et al. / J. Chro

t 50 ◦C for 1 h with continuous shaking in the dark. At the end of
he derivatisation procedure, the sample was allowed to cool down
nd centrifuged at 10,000 × g for 5 min  at ∼5 ◦C. The upper organic
hase was transferred to a vial. To avoid any loss of the MDA-
NPH adduct, two successive extractions with hexane (2 × 1 ml)
ere carried out. All the upper organic layers were combined, and

he hexane was removed under a stream of argon at ∼30 ◦C. The
esidue was dissolved in 200 �l of a 50% (v/v) acetonitrile–water
olution. The solution was transferred to a vial, and then 10–50 �l
as injected onto the column for analysis.

.3.5. Preparation and derivatisation of MDA  in urine samples
nd standard solutions of MDA  and PDA

To a solution containing 380 �l of ovine, pig or goat urine, 20 �l
f concentrated HCl was added. The resulting solution was vigor-
usly agitated for 5 min  using a vortex mixer. Next, after 10 min
f centrifuging at 15,000 × g at the room temperature, the super-
atant was transferred to a reacti-vial. Then, 40 �l of DNPH solution
as added, and the resulting solution was incubated at 50 ◦C for 1 h
ith continuous shaking in the dark. At the end of the incubation,

he resulting solution was pipetted into a vial, and then 40–50 �l
ere injected onto the column for analysis.

The derivatising procedure for the standards of MDA  or PDA (as
S) was the same as for the derivatisation of the biological samples.
riefly, to 50 �l of standard solutions of MDA  or PDA in 0.1 M HCl,
50 �l 0.1 M HCl and 20 �l of DNPH solution was added, and the
esulting solution was incubated at 50 ◦C for 1 h in the dark. 1–50 �l
f derivatised standard solutions of MDA  or PDA were injected onto
he column for analysis.

Biological materials assayed were replaced by 0.1 M HCl for the
lank samples.

.4. Chromatographic equipment, conditions and gradient
omposition

A high performance liquid chromatography (HPLC) system
SHIMADZU, Japan), incorporating two LC-20ADXP liquid chro-

atographs (UFLCXR), a SIL-20ACXR auto-sampler (LFLCXR), a
BM-20A communications bus module (UFLC), a CTO-20A col-
mn  oven, a DGU-20A5 degasser and a SPD photodiode array
etector (DAD) was used in this study. A sensitive DAD was
quipped with a flow cell of volume 10 �l. The columns utilised
ere either a Phenomenex C18-column (Synergi 2.5 �m,  Hydro-
P, 100 Å, 100 mm × 2 mm)  or a Phenomenex C18-column (Synergi
.5 �m,  Hydro-RP, 100 Å, 100 mm  × 3 mm).  The autosampler ther-
ostat was set to 4 ◦C. The DAD was operated in the UV range of

95–420 nm.  A guard column, Phenomenex C18 (5 mm  × 2 mm),
as placed in front of the analytical columns for protection. A

olumn heater maintained the temperature at 40 ◦C. The samples
ere analysed using a linear binary gradient of acetonitrile in water

Table 1). Solvent A consisted of water–acetonitrile (95:5, v/v) and
olvent B of acetonitrile.

The MDA-DNPH peak in biological samples was  identified on
he absorption spectra and by comparing retention times of pro-
essed MDA  standards that were injected separately and by adding
DA  standard solutions to processed biological samples. For deter-
ination of MDA  levels in processed muscle, liver, urine, plasma

nd feed samples, the calibration equation was used (Table 2). For
etermination of MDA  levels in processed chicken and hen feed
amples, the PDA solution (as IS) was used to quantify the volume
f the hexane phase removed after the derivatisation and extrac-
ion procedure. The yield of extractions was determined from IS of

rocessed feed samples and IS of processed standard solutions of

S (i.e., as described in Section 2.3.5).
The limit of detection (LOD) was calculated at a signal-to-noise

atio of 3, while the limit of quantification (LOQ) was  defined as 10

trations of MDA in standard solutions: 0 (a blank sample), 10.2, 20.4, 51.0, 102.1 and
153.4 ng MDA. Applied new derivatisation procedure of MDA  standards is described
in Section 2.3.5.

e The standard error in slope.
f The standard error in the intercept.
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imes the average noise level [21,22].  The average noise level was
alculated from heights of noises on both sides of a MDA-DNPH
eak in three MDA  standards and assayed biological samples (from
hree injections) [22].

.5. Analysis of the purity of the MDA-DNPH peak in processed
iological samples

The purity of the MDA-DNPH peak was determined using our
reviously described method [22]. Briefly, the purity (P%) of the
DA-DNPH peak in assayed samples was assessed by determin-

ng the relationships between the monitoring wavelength (�nm)
nd the ratios of the MDA-DNPH peak areas (Ssample) in the bio-
ogical samples (Rsample) and comparing them to the MDA-DNPH
eak area (Sstandard) in the processed MDA  standards (Rstandard),

.e., P% = (Rsample/Rstandard) × 100%. The values of Rstandard and Rsample
ere calculated using the relationship between the MDA-DNPH
eak area in standards and biological samples (Smax-standard and
max-sample, respectively) monitored at the maximum absorbance
avelength of the MDA-DNPH adduct (i.e., at 307 or 303 nm),

nd the MDA-DNPH peak areas in the standard (Sstandard) and
iological samples (Ssample) were obtained at wavelengths rang-

ng from 200 to 360 nm (i.e., Rstandard = Sstandard/Smax-standard;
sample = Ssample/Smax-sample).

Moreover, the purity of the MDA-DNPH peak in standards and
ll assayed biological samples was determined using SHIMADZU
C workstation “LCsolution” software (SHIMADZU 2008; Japan).
imilarly, the purity of DNPH derivatives of PDA in standards and
en or chicken feed samples was determined using our previously
escribed method [22] as well as SHIMADZU LC workstation “LCso-

ution” software (SHIMADZU 2008; Japan).

. Results and discussion

.1. Method development, matrix effects and interferences

To avoid the problems caused by the overlap of the MDA-DNPH
eak and endogenous species present in the assayed biological
aterials, MDA  was derivatised prior to RP-HPLC separation to

btain a chromophore species with an aromatic ring of high molar
bsorption at longer UV wavelengths. Fortunately, DNPH converted
DA  to a derivative with two wide UV bands in the spectral ranges

00–250 nm and 260–350 nm;  these bands were visible because
f the presence of the aromatic ring and lone electron pairs. High
olar absorptivity and the occurrence of the absorption maxima

lose to 215 ± 1 nm and 305 ± 3 nm make this derivative almost
deally suited for analysis using liquid chromatography with UV
etection. Moreover, derivatised MDA  was substantially retained
n the C18-column packed with a strongly hydrophobic bonded
hase. The MDA-DNPH adduct peak was eluted at 9.9 ± 0.1 min
sing both binary gradient elution programs (Table 1).

It was determined that derivatisation of MDA  in standards and
ssayed biological materials with a solution containing 1 mg  of
NPH in 1 ml  of 4 M HCl (the new derivatisation method) at a higher

ncubation temperature (i.e., 50 ◦C) permitted a higher yield of the
DA-DNPH adduct (Table 2) compared to the previous derivatisa-

ion method [11].
As can be seen from results summarised in Table 2, the LOD

nd LOQ values for MDA  of urine samples and MDA  standards
ere lower for our new derivatisation method than for the original

erivatisation method [11]. Moreover, the LOD and LOQ values for
DA  of muscle, liver and plasma samples were similar to the LOD

nd LOQ for MDA  of urine samples when our new derivatisation
ethod was used.
r. B 879 (2011) 2251– 2258

The new derivatisation method assured a satisfactory peak
shape for the MDA-DNPH adduct, which was  close to symmetri-
cal and exhibited excellent baseline stability (Fig. 1). Conversely,
a higher concentration of DNPH in 4 M HCl, especially above 2 mg
DNPH per 1 ml  of 4 M HCl, resulted in the formation of an unsym-
metrical MDA-DNPH peak and higher noise on both sides of the
MDA-DNPH peak. Moreover, higher concentrations of DNPH in 4 M
HCl caused a relatively small increase (approximately 11%) in the
formation yield of the MDA-DNPH adduct in processed samples
compared with the derivatising reagent that contained 1 mg of
DNPH in 1 ml  of 4 M HCl.

As can be seen in Fig. 1A, the optimised processing procedure
and the binary linear gradient system (Table 1) was composed
of water in acetonitrile, which provided a wide range of sol-
vent strengths and an excellent baseline stability. The MDA-DNPH
adduct can be well separated using Phenomenex C18-columns (Syn-
ergi 2.5 �m,  Hydro-RP, 100 Å, a length of 100 mm)  with inner
diameters of 2 or 3 mm and a selective photodiode detector at
longer UV wavelengths (i.e., above 300 nm). On the other hand,
monitoring at short UV wavelengths (∼215 nm)  resulted in higher
background fluctuation and noise interference, especially for bio-
logical materials, compared with a more selective detection at
307 or 303 nm.  Moreover, in biological samples, the close pres-
ence of the peaks of unidentified species could seriously interfere
with the accurate and precise integration of the MDA-DNPH peak
while using the detection at short wavelengths (i.e., below 220 nm).
As expected, the peak of the MDA-DNPH adduct was absent in
the blank sample when the proposed gradient elution program
and photodiode detection was set to a UV range from 200 to
350 nm.  Typical chromatograms showing elution profiles of DNPH
derivatives of MDA  and other peaks corresponding to unidentified
endogenous components, which are normally present in assayed
biological samples, are shown in Fig. 1B–F.

Fig. 1B shows the typical chromatograms at 307 nm for free
MDA  in goat plasma samples after protein precipitation with a
20% solution of TCA water followed by derivatisation with DNPH.
Protein precipitation with acetonitrile followed by derivatisation
of plasma MDA  with DNPH did not results in variation in the
MDA  concentration in goat, sheep or rats of plasma in compari-
son with precipitation with TCA followed by derivatisation with
DNPH. Thus, the present study documented that acetonitrile or
TCA can be used for determination of free MDA  in blood plasma.
Moreover, experiments showed that our chromatographic method
offered satisfactory linearity of free MDA  quantification in goat
blood plasma (r = 0.9998; the range of the content of MDA  in pro-
cessed five plasma samples: 0.23–1.89 ng).

Saponification in 1 M KOH or 6 M NaOH solutions made it pos-
sible to remove MDA  from muscle, liver, blood plasma and feed
samples. Indeed, a significant amount of MDA  can be bound to
matrices in biomolecules; therefore, strongly basic sample pre-
treatments can be used to hydrolyse the bound fraction of the
molecule allowing a quantification of total MDA  (i.e., protein bound
and free MDA) in muscle, liver, blood plasma and selected feed sam-
ples [2,17,18]. As is shown in Fig. 1, the concentration of free MDA
in plasma (Fig. 1B) is considerably lower than the concentration of
total MDA  in plasma (Fig. 1C). Indeed, the total MDA  is the sum of
protein bound MDA  and free MDA.

Typical chromatograms at 307 nm for processed pig thigh mus-
cles and pig liver samples are shown in Fig. 1D and E. Detailed
analysis of chromatograms revealed that the analytical conditions
used (alkaline saponification of protein bound MDA  [17,18]), the
homogenate centrifugation and derivatisation yielded clear reac-

tion solutions and therefore no further extractions were necessary
[18]. The employment of the first elution program and a Phe-
nomenex C18-column with an inner diameter of 2 mm (Table 1) and
photodiode detection at the maximum absorbance wavelength of
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Fig. 1. Typical chromatograms for (A) an MDA  standard solution (0.435 ng/ml; injection volume: 10 �l), (B) the free MDA  in goat blood plasma, (C) the total MDA  in goat
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lood  plasma, (D) pig femoral muscles, (E) the pig liver, (F) ovine urine, (G) typical U
lution time for the MDA-DNPH adduct. All samples were immediately analysed af

he MDA-DNPH adduct (i.e., at 307 nm;  Fig. 1G) allows the very good
hromatographic separation of a MDA-DNPH adduct from other
ndogenous species present in plasma, muscles and liver samples.

Fig. 1F shows the chromatogram of processed ovine urine sam-
les; ovine or goat urine samples were derivatised with DNPH in
cidic pH (final concentration of HCl in the assay ∼0.55 M).  There-
ore, the procedure used in this paper determines the total amount
f MDA  present in urine [11]. Similarly, Exley et al. successfully
pplied derivatisation of MDA  with DNPH in acidic pH together
ith RP-HPLC equipped with DAD to quantify the total amount of
DA  in urine samples [11].
Fig. 2A and B shows the chromatograms at 303 and 361 nm of

en feed samples after alkaline saponification and derivatisation
ollowed by extractions with hexane. To avoid the problems caused
y the overlapping of many peaks corresponding to endogenous
omponents present in chicken and hen feed samples, three extrac-
ions with hexane were conducted. Indeed, due to complexity of a
atrix of processed feed samples, the MDA-DNPH adduct must be
xtracted. The extraction of the MDA-DNPH adduct with hexane
ignificantly reduces background fluctuations on both sides of the
DA-DNPH peak (Fig. 2A) compared the processed feed samples
ctrum of derivatised MDA  standard. AU – the absorbance unit. Arrows indicate the
cessing. Injection volumes of processed biological samples were 35–50 �l.

without extractions. Really, matrix effects in the processed hen feed
samples without extractions with hexane were responsible for the
very poor purity of the MDA-DNPH peak (P% < 45%) in the shorter
(� < 270 nm)  and longer (� > 330 nm)  UV ranges.

An IS solution was  added after the acidification of the feed
hydrolysates to quantify the volume of the hexane phase removed
after the derivatisation and extraction procedure (Fig. 2B). PDA was
used as the IS in chicken and hen feed samples; PDA was not found
in all processed feed samples. The PDA-DNPH adduct peak was
eluted at 20.9 ± 0.1 min  using a Phenomenex C18-column (Synergi
2.5 �m,  Hydro-RP, 100 Å, 100 mm × 3 mm)  and the second binary
elution program (Table 1). Moreover, no interfering species were
found using our chromatographic method and photodiode detec-
tion at the maximum absorbance wavelength of the MDA-DNPH
adduct (i.e., at 303 nm;  Fig. 2A) and the PDA-DNPH adduct (IS) (i.e.,
361 nm;  Fig. 2B and C).

Purities of MDA-DNPH and PDA-DNPH peaks in hen feed sam-

ples are shown in Table 3, as the noise interferences and background
fluctuations in hen feed samples were higher than in chicken feed
samples. Indeed, the hen feed samples were stored at 5–6 ◦C for
6 months, while the chicken feed samples were stored at 5–6 ◦C
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Fig. 2. Typical chromatograms for the feed sample spiked with 1,5-
pentanedialdehyde (PDA) as the internal standard (IS). A hen feed sample:
UV detection at 303 nm (A) and 361 nm (B). MDA  indicates the elution time for
the  MDA-DNPH adduct. (C) Typical UV spectra of the MDA-DNPH and IS-DNPH
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Table 3
The purity (P%) of the MDA-DNPH peak and PDA-DNPH peak in hen feed samplesa

calculated from the relationships between the monitored wavelength and the ratios
of  the MDA-DNPH or PDA-DNPH peak areas in feed samples to the ratios the
MDA-DNPH or PDA-DNPH peak areas in processed standards of MDA  or PDA (IS),
respectively [22].

Monitoring
wavelength
(nm)

Purity of the
MDA-DNPH
peakb (%)

Monitoring
wavelength
(nm)

Purity of the
PDA-DNPH
peak (%)

200 93.57 – –
205 93.76 210 11.28
210 94.70 220 14.48
215 94.94 230 3.55
225  92.79 240 13.10
235  87.87 250 73.60
245  84.64 260 98.42
255 85.98 270 98.18
265 87.61 280 99.85
275 90.15 290 96.19
280  91.73 300 94.90
285 93.73 310 98.62
290 96.56 320 96.76
293 98.13 330 94.35
296  99.10 340 96.80
298  99.70 345 95.81
300  99.92 350 94.53
301  99.90 355 98.61
302 99.95 359 96.82
�max: 303c 100.00 �max: 361d 100.00
304 99.92 363 96.45
305  100.00 368 96.74
306  99.93 372 99.73
308 99.77 380 94.60
310 99.47 390 94.40
313 99.04 400 94.21
316  98.56 410 96.82
321 97.36 420 98.16
335  88.15 430 98.02
345  71.52 440 98.75
355 31.61 450 96.42
360  4.13 – –

a The hen feed samples were stored at 5–6 ◦C for 6 months.
b The MDA  concentration in a processed hen feed sample: 0.41 �g MDA/g of hen

feed; the injection volume: 40 �l; the second binary program was used for the anal-
yses of MDA-DNPH and PDA-DNPH in all feed samples. The LOD  and LOQ for MDA
of  processed hen feed samples: 0.317 and 1.057 ng, respectively.

c The absorption maximum of the MDA-DNPH adduct in feed samples (i.e., at
303  nm).

d The absorption maximum of the PDA-DNPH adduct in feed samples (i.e., at
dducts and their absorbance maxima. Feed samples were immediately analysed
fter processing using Phenomenex C18-column (Synergi 2.5 �m,  Hydro-RP, 100 Å,
00 mm × 3 mm).  Injection volumes of processed samples were 40 �l.

or 1 week. The results summarised in Table 3 indicate that the
DA-DNPH peak for the hen feed samples was pure and free from

he influence of closely located signals of unidentified species at
avelengths ranging from 200 to 335 nm.  Difficulties in the accu-

ate integration of the MDA-DNPH peak in hen feed samples in
he longer (� > 335 nm)  UV ranges were responsible for the poor
urity of the MDA-DNPH peak. Indeed, the purity of the MDA-DNPH
eak in hen or chicken feed samples assessed using LC worksta-
ion “LCsolution” software (SHIMADZU) was also satisfactory as
he peak purity index was of 1.000000 (i.e., the MDA-DNPH peak
s without impurities). There was no disturbing spectral noises on
oth sides of the PDA-DNPH peak in the assayed chicken and hen
eed samples stored at 4 ◦C in the autosampler for 48 h. Also, there
as no loss of PDA-DNPH adduct concentration in the processed

eed samples kept in the autosampler at 4 ◦C for 48 h.
The results summarised in Table 3 indicate that the purity of

he PDA-DNPH peak in hen feed samples determined using our

ethod [22] was satisfactory in the UV wavelength range from 260

o 450 nm (97 ± 3%). Similarly, the purity of the PDA-DNPH peak
n all assayed feed samples assessed using LC workstation “LCso-
ution” software (SHIMADZU) was satisfactory as the peak purity
361  nm).

index was  of 1.000000 (i.e., the PDA-DNPH peak is without impu-
rities). In addition, there were no noticeable changes in the purity
of the IS peak in all assayed feed samples kept in the autosampler
at 4 ◦C for 48 h.

Surprisingly, the addition of the IS solution to the assayed feed
samples before alkaline hydrolysis led to a nearly complete decom-
position of PDA (i.e., IS) in the processed hen and chicken feed
samples. PDA can easily polymerise by the aldol condensation reac-
tion, which yields alpha, beta-unsaturated polyglutaraldehyde; this
reaction can especially occur at alkaline pH values [23]. Therefore,
the PDA peak was  not detectable in the processed feed samples
when the DPA solution was added before alkaline hydrolysis.

Concentrations of MDA  in chicken and hen feed samples were
significantly higher compared to concentrations of MDA  in urine
and especially in blood plasma samples (Tables 3–5). Therefore, the
Phenomenex C18-column with an inner diameter of 3 mm (Synergi
2.5 �m,  Hydro-RP, 100 Å, 100 mm  × 3 mm  (Table 1)) should pref-
erentially be used for the elution of the MDA-DNPH adduct. This

C18-column assured a lower chromatographic system pressure and
a satisfactory measurement of sensitivity for the detection of the
MDA-DNPH adduct in all assayed feed samples. Indeed, amounts
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Table 4
The purity (P%) of the MDA-DNPH peak in assayed biological samples calculated from the relationships between the monitored wavelength and the ratios of the MDA-DNPH
peak  areas in biological samples to the ratios the MDA-DNPH peak areas in processed MDA standards [22].

Monitoring wavelength (nm) Purity of the MDA-DNPH peak (%)

Pig thigh
muscles

Pig liver Turkey thigh
muscles

Hen chest
muscles

Total MDA  in
goat plasmaa

Free MDA  in
goat plasmab

Ovine urinec

200 93.79 82.79 73.57 89.76 95.99 2.04 97.23
205 96.84 88.88 80.03 92.50 91.05 1.23 97.60
210  95.16 89.79 81.31 90.83 89.14 4.66 97.33
215  96.58 92.47 83.99 90.26 91.50 21.79 96.66
225  98.56 95.42 87.24 92.61 96.44 20.52 95.83
235  97.80 95.92 93.15 91.79 97.98 26.93 94.73
245 97.92 96.86 95.48 91.91 96.28 25.78 94.06
255 98.85 97.97 96.83 92.80 95.27 28.94 93.60
265  99.29 98.12 97.24 94.08 95.30 31.05 94.53
275  98.28 97.17 96.21 94.45 96.73 39.31 96.44
280  97.81 96.82 95.88 94.71 97.96 50.79 97.07
285  97.62 96.79 95.94 95.41 99.26 58.42 98.37
290  97.84 97.19 96.45 96.51 99.85 74.82 99.04
293  98.20 97.63 97.00 97.31 99.42 79.05 99.34
296  98.74 98.22 98.36 98.14 99.37 86.91 99.72
298  99.07 99.00 98.77 98.61 99.40 98.32 99.82
301 99.43 99.39 99.40 99.11 99.56 95.24 99.89
303  99.67 99.64 99.67 99.41 99.66 98.97 99.91
305  99.77 99.75 99.79 99.54 99.72 99.62 99.95
�max: 307d 100.00 100.00 100.00 100.00 100.00 100.00 100.00
309  99.79 99.78 99.77 99.76 99.85 94.85 99.93
311 99.71 99.72 99.70 99.73 99.94 95.01 99.91
314  99.51 99.36 99.49 99.55 99.58 93.28 99.79
316 99.24 99.25 99.22 99.34 99.47 88.51 99.37
318  98.99 99.04 99.01 99.20 99.22 86.34 99.58
320  98.70 98.77 98.60 99.07 98.76 70.38 99.68
321  98.48 98.62 98.51 99.17 98.21 73.96 99.75
325  98.28 98.52 98.53 99.78 97.19 68.67 99.18
335 97.92 98.69 99.63 97.08 92.08 23.54 96.26
345  95.82 97.34 99.39 93.82 83.78 12.83 92.85
355 92.12 95.50 96.47 88.12 68.92 14.39 88.63
360  89.68 94.74 93.34 83.59 58.58 –e 86.49

a The injection volume: 45 �l.
b The free MDA  concentration: 12.6 ng MDA/ml of goat plasma; the injection volume: 50 �l.
c For 35 days a male Polish Merino lamb with a final body weight of 30.6 kg was  fed ad libitum the standard concentrate-hay diet enriched in 5% linseed oil. The injection

volume of urine samples: 40 �l.
d The wavelength for absorbance maximum of the MDA-DNPH adduct in muscles, liver, plasma and urine samples (the first binary program was used for the analyses of
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DA-DNPH in assayed samples). Injection volumes of muscle and liver samples: 35
e The MDA-DNPH peak – not detected.

f MDA  in feed samples were ∼200 times greater than the LOQ for
he processed MDA  standards (Table 2).

.2. Reliability of the HPLC method
The main analytical problem in the present work was to obtain
he highest yield of derivatised MDA  in all assayed samples and
ccomplish the extraction of the MDA-DNPH adduct formed in
rocessed muscle, liver and feed samples. Based on the system-

able 5
ecoveries (R, %, mean ± SD)a of the MDA  standard added to processed biological
amples.

Assayed sample Number of
replicates

Added MDA
standard (ng)

R (%)

Ovine urineb 5 4.31 97.8 ± 3.4
Goat plasmab,c 6 70.90 98.7 ± 4.7
Pig  thigh musclesb 3 35.45 96.4 ± 2.9

7  70.90 97.3 ± 2.1

a Recovery was  calculated as: R (%) = (1Sn − 0Sn) × 100%/S,  where 0Sn and 1Sn are
easurement before and after addition of the MDA  standard and S is the amount of

dded MDA  standard.
b The concentration of MDA  in ovine urine, goat plasma and pig thigh muscle

amples: 4.5 ng/ml, 57.3 ng/ml and 1.0 �g/g, respectively. Injection volumes of urine,
lasma and muscle samples: 40, 45 and 35 �l, respectively.
c The total MDA  analysis in goat blood plasma samples.
atic optimisation of the conditions of the derivatisation reaction,
the yield of the MDA  derivative was found to increase with the
increasing temperature of the derivatisation of MDA  with DNPH.
The highest values of the areas of MDA-DNPH peaks were observed
when the derivatisation was performed at 50 ◦C for 1 h and was  very
similar at 60 ◦C. Moreover, at temperatures higher than 50 ◦C, back-
ground levels increased on both sides of the MDA-DNPH adduct,
especially in processed samples of blood, urine, muscle and feed.
The experiments indicated that the areas of the MDA-DNPH peaks
were practically equal if processed MDA  standards or assayed bio-
logical samples were protected from light and stored for 92 h in the
autosampler at 4 ◦C. Considering the above results, it was  deter-
mined that the derivatisation performed at 50 ◦C proved to be
a suitable processing procedure for the routine chromatographic
determination of MDA  in the liver, meat, feed, blood plasma and
urine samples.

Another important analytical problem addressed in the present
work was to develop a suitable separation technique for the MDA-
DNPH adduct to avoid the interference of endogenous substances
present in assayed biological materials. Therefore, efficiency of our
proposed chromatographic separations was assessed by examining

the purity of the MDA-DNPH peak in assayed biological samples.
The results summarised in Table 4 indicate that the MDA-DNPH
peak for the liver, muscle and urine samples was pure and free
from the influence of closely located signals of unidentified species
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Table 6
Intra (intraC.V., %) and inter (interC.V., %) coefficients of variations derived from the
determination of MDA  in a MDA  standarda and biological samples.

Assayed sample intraC.V. (%)b interC.V. (%)c

MDA  standard 0.87b 1.27b

Ovine urined 2.09b 2.84b

Hen feedd 1.63b 3.47b

Free MDA in ovine plasmae 2.91b 3.57b

Free MDA in goat plasmae 3.15b 3.94b

Total MDA in goat plasmae 1.72c 2.05c

Pig thigh musclesf 1.39c 1.89c

a The concentration of MDA  – 4.57 �g/ml; injection volumes: 20 �l.
b intraC.V. – values based on three samples, each with three or four injections;

interC.V. – values based on three samples repeated three times (processing and
injection).

c intraC.V. – values based on four samples, each with three or four injections;
interC.V. – values based on three samples repeated four times (processing and injec-
tion).
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d Injection volumes: 40 �l.
e Injection volumes: 45 �l.
f Injection volumes: 35 �l.

t wavelengths ranging from 200 to 360 nm.  Similarly, when the
otal MDA  was analysed in blood plasma, the purity of the MDA-
NPH peak was satisfactory in the UV wavelength range from 200

o 345 nm.  Moreover, the purity of the MDA-DNPH peak in these
rocessed biological samples assessed using LC workstation “LCso-

ution” software (SHIMADZU) was satisfactory as the peak purity
ndex was of 1.000000 (i.e., the MDA-DNPH peak is without impu-
ities).

Conversely, when using the shorter or longer wavelength
anges, the background fluctuation or the close presence of some
pecies’ peaks interfered with the accuracy of the free-MDA-DNPH
eak in blood samples. Indeed, difficulties in the accurate inte-
ration of the small free-MDA-DNPH peak in plasma samples in
he shorter (� < 293 nm)  and longer (� > 318 nm)  UV ranges were
esponsible for the poor purity of the free-MDA-DNPH peak. There-
ore in this case, the purity (P%) of this peak was significantly less
han 100%.

The reliability of the current method was assessed by the addi-
ion of an MDA  standard solution to the processed ovine urine, goat
lasma and pig thigh muscle samples. The results summarised in
able 5 indicate that the recoveries (R, %) of added MDA  standards
o the processed urine, muscle and plasma samples were satis-
actory for detection at 307 nm.  The stability of the MDA-DNPH
dduct in these biological samples was tested by reinjecting the
rocessed spiked samples 24 h later after they had been stored in
he dark at 4 ◦C. There were no noticeable changes in the peak areas
n all spiked samples, which indicates that the MDA-DNPH adduct
s stable and background fluctuations and noise interferences are
nvariable for 24 h when spiked biological samples stored in dark
t 4 ◦C for 24 h.

Reproducibility of the present method was also assessed by per-
orming replicate injections of processed MDA  standards, urine,
en feed, plasma and pig thigh muscle samples (the intra-assay
oefficients of variations; intraC.V., %). Moreover, the inter-assay
oefficients of variations (interC.V., %) were calculated by using repli-

ate processing aliquots of an MDA  standard and these biological
amples (Table 6). Low values of the intra- and inter-assay C.V. as
ell as the LOD and LOQ values (Table 2) for MDA  of biological sam-
les demonstrated the satisfactory precision and sensitivity of the

[
[
[
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proposed procedure, regardless of the use of an IS in assayed feed
samples.

4. Conclusion

In this paper, the improved method for the quantification of
MDA as hydrazone in biological materials is presented based on
the optimised derivatisation reaction using high performance liq-
uid chromatography and a sensitive photodiode detector equipped
with 10 �l of a flow cell. The current method allowed a precise,
accurate and selective determination of MDA  in the liver, mus-
cles, blood plasma and urine of animals as well as in selected feed
samples. Because MDA  of urine or blood plasma samples were sim-
ply derivatised, the proposed method can be routinely used as a
non-invasive evaluation of oxidative stress in animals and humans.
The current method was  based on the use of widely available C18-
columns, the high-efficient derivatisation of MDA  and the selective
and sensitive photodetection of the column effluent; this method
can be suitable for routine analysis of MDA  in tissues of animals and
selected feed samples. The proposed method was more sensitive
compared to previously used methods.
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