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( 2 ). The presence of ROS can result in the oxidation of 
important biomolecules, such as DNA, proteins, and lipids, 
potentially leading to cell damage. One of the most studied 
oxidative injuries is that incurred by lipids due to their im-
portance in the maintenance of cellular structure. Peroxi-
dation of PUFAs results in lipid hydroperoxides, which, 
after breakdown, result in a variety of aldehydes, malondi-
aldehyde (MDA) being the primary and best studied of 
these molecules ( 3 ). 

 The study and quantifi cation of MDA as a marker of lipid 
peroxidation has been relevant for many research fi elds. In 
medical research, several diseases have been related to 
higher levels of MDA compared with healthy controls ( 4–6 ). 
In food sciences, quantifi cation of MDA concentration has 
been frequently taken as a measure of quality of stored 
foodstuff ( 7 ). MDA levels have also been used as a toxicity 
marker of herbicides used in agriculture, such as paraquat 
( 8 ). Recently, research in ecology, animal behavior, and 
evolution has also used MDA as a key marker of oxidative 
damage to investigate the physiological mechanisms un-
derlying important evolutionary concepts, such as sexual 
selection and life-history trade-offs ( 9–11 ). 

 In biological matrices, MDA exists in both free and pro-
tein-bound forms, the latter representing the vast majority 
of total MDA ( 12–14 ). Several techniques have been devel-
oped to assess either total MDA or its free form, most often 
based on derivatization chemistry coupled with various 
separation and/or detection methods, including GC or 
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 Oxidative   stress is a cellular state in which the produc-
tion of reactive oxygen species (ROS) is in misbalance with 
the available antioxidants ( 1 ). Although ROS are constitutive 
by-products of cell metabolism, their production can be 
amplifi ed in the presence of environmental perturbations 
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LC, UV or fl uorescence spectrophotometry, and MS ( 15–
19 ). The most widely used derivatizing agent is 
thiobarbituric acid (TBA). This method is relatively easy to 
perform, but its specifi city is low ( 20 ), as TBA reacts 
with other com-pounds naturally available in biological 
samples   ( 20–23 ). Also, because derivatization with TBA 
requires high tem-peratures (95–100°C) under strongly 
acidic conditions, this method likely leads to an 
overestimation of MDA con-centrations ( 23 ). Finally, 
consistent and signifi cant peaks in blank samples result in 
an increased LOD, precluding the analysis of samples with 
low levels of MDA ( 24 ). Cur-rently, an important need is 
the development of a method that allows specifi c and 
accurate quantifi cation of MDA, while reducing sample 
volumes used. Specifi cally, a method that does not produce 
peaks in blank samples is of most importance for 
researchers working with limited sample volumes and/or 
naturally low concentrations of MDA. 

 To overcome the limitations of the TBA assay, more spe-
cifi c and reliable methods have been developed using other 
derivatizing agents, such as phenylhydrazine (PH), 2,4,6- 
trichlorophenylhydrazine, 3-nitrophenylhydrazine, pentaf-
luorophenylhydrazine, and 2,4-dinitrophenylhydrazine 
(DNPH) ( 13, 18, 25 ). A clear advantage of hydrazine-based 
over TBA-based derivatization is the milder conditions 
needed for the reaction, which can be performed at room 
temperature. Specifi cally, derivatization with DNPH is 
completed after 10–30 min ( 12, 26 ), a much shorter time 
in comparison to TBA (1 h), PH (3 h), and trichlorophenyl-
hydrazine (1 h) methods, and yields a stable MDA-DNPH 
derivative ( 12, 13 ). Chemicals used for the MDA-DNPH de-
rivatization have minimal costs and accurate and specifi c 
quantifi cation can be done using robust LC-UV ( 7, 12, 26 ) 
or LC-MS ( 27 ). However, one main disadvantage of most 
published protocols for quantifi cation of MDA using DNPH 
is the high volume of sample required, from 50  � l ( 26 ) up 
to 1 ml ( 12 ), precluding analysis in studies where sample 
volumes are restrictively small. 

 Here we evaluated the use of ultra-HPLC-high-resolution 
MS (UHPLC-HRMS) for the quantifi cation of both free 
and total plasmatic MDA, using DNPH as the derivatizing 
agent. While HRMS was once not considered suitable for 
quantitative analysis, new generation HRMS instruments 
have been shown to provide similar quantitative perfor-
mances to triple quadrupoles   ( 28 ). We show that our 
vali-dated method allows the use of minute sample volumes 
and can be used for quantifi cation of MDA in plasma from 
different vertebrate species, including human, rodent 
(mole-rat,  Fukomys damarensis ), bat ( Carollia perspicillata ), 
bird ( Passer domesticus ), and fi sh ( Scolopsis bilineatus ), mak-
ing it of great interest to scientists in various fi elds, from 
biomedicine to ecology and evolution. 

 MATERIALS AND METHODS 

 Reagents and chemicals 
 MDA tetrabutylammonium salt (MDA-salt), DNPH, sodium 

hydroxide (NaOH), and methyl tert-butyl ether (MTBE) were 
purchased from Sigma-Aldrich. [D 2 ]1,1,3,3-tetra-ethoxypropane 

(D 2 -TEP) was obtained from Dr. Ehrenstorfer GmbH. TCA, 
cyclo-hexane, and toluene were obtained from Merck KGaA. 
Hydro-chloric acid (HCl; 37%), methanol (MeOH), and ethyl 
acetate (EtOAc) were purchased from Fisher Scientifi c. Hexane 
was pur-chased from Acros Organics. Acetonitrile (ACN), water, 
and for-mic acid used for LC-MS analyses were purchased at 
Biosolve. For semi-preparative isolation, HPLC grade ACN and 
formic acid p.a. from Sigma-Aldrich and milli-Q water were 
employed  . 
 Blood collection 

 Peripheral human blood was collected from healthy volunteers 
among the authors of this study (female and male, Caucasian) 
into a Sarstedt Monovette® with heparin as an anticoagulant and 
centrifuged straight away for 10 min at 4°C and 2,000  g . 

 Mole-rat ( Fukomys damarensis ) blood was collected into heparin-
ized tubes from individuals under anesthesia from a prewarmed 
hind foot by using a sterile needle to puncture a vein. Blood was 
centrifuged straight away at room temperature for 5 min at 2,000  g . 

 Blood samples from bats ( Carollia perspicillata ) and house spar-
rows ( Passer domesticus ) were drawn from the antebrachial wing 
vein and from the alar vein, respectively, into heparinized CB300 
Sarstedt Microvette® by puncturing with a sterile needle. Samples 
were transported to the laboratory on ice, where they were centri-
fuged for 5 min at 4°C and 2,000  g . 

 Fish ( Scolopsis bilineatus ) blood was collected from sedated indi-
viduals from the caudal vein using a sterile needle and a prehepa-
rinized syringe. Blood was centrifuged for 5 min at 2,000  g . 

 For all species, plasma was separated from the cellular compo-
nent following centrifugation and stored at  � 80°C until analysis. 
For method validation, human plasma was split into 70  � l aliquots 
before freezing. 

 Human subjects provided written informed consent before 
sampling. Animal samples were collected as part of other ongoing 
studies. All animal procedures complied with Public Health Ser-
vice policy on humane care and use of laboratory animals. Blood 
sampling procedures were approved by the University of Pretoria 
Animal Ethics Committee ( Fukomys damarensis , EC093-14), the 
veterinary offi ce of the Canton Fribourg ( Carollia perspicillata , 
FR_2013_46 and FR_2014_44), the veterinary offi ce of the Can-
ton Bern ( Passer domesticus , BE41/12 and WTH/g-525/14), and 
the Australian National University animal experimentation ethics 
committee ( Scolopsis bilineatus , A2015/66). 

 Synthesis of deuterated MDA 
 Deuterated MDA (D 2 -MDA) was synthesized from D 2 -TEP by 

acidic hydrolysis. D 2 -TEP (30  � M) was incubated in 0.1 M HCl for 
40 min at 40°C. The resulting D 2 -MDA (30  � M in 0.1 M HCl) was 
used as internal standard (IS) for MDA quantifi cation ( 29 ). 

 Extraction of free and total MDA 
 For extraction of the free fraction of MDA, 10  � l of plasma 

were mixed with 40  � l of water, 10  � l of IS, and 150  � l of TCA 
20% in a microcentrifuge tube to precipitate proteins. Samples 
were vortexed, sonicated for 30 s, and centrifuged (5 min, 25,000  g ). 
The supernatant (190  � l) was collected and MDA was derivatized 
by incubating for 10 min with 19  � l of DNPH (5 mM in TCA 20%) 
at room temperature. The reaction was then stopped by adding 
22  � l of NaOH 10 M and the resulting MDA-DNPH was extracted 
twice with 250  � l of a mixture of cyclohexane:toluene (1:1, v/v). 
Organic phases (two times 240  � l) were combined and evapo-
rated in a centrifugal evaporator (Labconco) at 25°C for approxi-
mately 60 min. The residue was reconstituted in 100  � l of MeOH 
50% and the resulting solution was sonicated, centrifuged, and 
transferred into an HPLC vial fi tted with a 250  � l conical insert. 
The reconstituted solution represented a 10-fold dilution of the 
initial sample concentration. 
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 For extraction of total MDA (free + bound MDA fractions), 10  � 
l of plasma were mixed with 40  �  l of NaOH 1.25 M in a 
microcen-trifuge tube and heated for 30 min at 60°C. Samples 
were cooled down in the refrigerator for 10 min and 10  � l of 
IS and 150  �  l of TCA 20% were added. The rest of the 
procedure was performed as described for extraction of free 
MDA. 

 UHPLC-PDA-HRMS conditions 
 The analysis of MDA-DNPH was performed on an Acquity 

UPLC TM  system coupled to both an e �  photodiode array (PDA) 
detector and a Synapt G2 QTOF mass spectrometer (Waters). 
The separation was carried out on an Acquity BEH C18 column 
(50 × 2.1 mm i.d., 1.7  � m particle size) at a fl ow rate of 0.4 ml 
min  � 1  in gradient mode  . Mobile phases consisted of water + 0.05% 
formic acid (phase A) and ACN + 0.05% formic acid (phase B). 
The gradient program started at 2% B and increased linearly to 
60.8% B in 3.0 min, then increased to 100% B in 0.4 min, was held 
at 100% B for 2.0 min before switching back to initial conditions 
and re-equilibrating for 1.5 min. The column temperature and 
that of the autosampler were both set to 25°C. A volume of 2.5  � l 
was injected in the so-called partial loop with needle overfi ll mode 
into the column, after which the autosampler needle was washed 
with 700  � l of “strong” wash (ACN:MeOH:isopropanol, 1:1:1, 
v/v) followed by 600  � l of “weak” wash (MeOH 20%). The UV 
detection range was set from 190 to 400 nm with a resolution of 
1.2 nm and a frequency of 20 Hz. Absorbance maxima for DNPH 
and MDA-DNPH were 358 and 305 nm, respectively. The mass 
spectrometer was operated in electrospray positive ionization in 
full scan mode over a mass range of 85–600 Da (scan time 0.4 s). 
The enhanced duty cycle (EDC) mode was activated and centered 
on  m/z  235. EDC increases the quadrupole transmission at and 
around the selected  m/z  system. TOF resolution at full width half 
maximum was about 20,000 at  m/z  500. Source parameters were as 
follows: capillary voltage 2.8 kV, cone voltage 25 V, source tem-
perature 120°C, desolvation gas fl ow and temperature 800 l h  � 1  
and 450°C, respectively, cone gas fl ow 20 l h  � 1 . Exact mass mea-
surements (<2 ppm) were ensured by infusing a 500 ng ml  � 1  solu-
tion of leucine-enkephalin at 15  � l min  � 1  through the Lockspray TM  
probe. In addition, external calibration using a 0.5 mM sodium 
formate solution was performed every week. For MS/MS analysis, 
argon at a fl ow rate of 2.2 ml min  � 1  and a voltage ramp from 10 to 
35 eV were used as collision gas and energy, respectively. The UH-
PLC fl ow was diverted from the mass spectrometer from 0.0 to 2.6 
min and from 3.1 to 6.0 min. The entire system was controlled by 
Masslynx TM  v.4.1. Peaks were automatically integrated using 
Quanlynx TM  with a 0.1 min chromatographic window centered on 
the retention time of MDA-DNPH (2.87 min) and a 0.02 Da mass 
window centered on the (M+H) +  ion of MDA-DNPH ( m/z  
235.0462). 

 Isolation of MDA-DNPH 
 Twenty milligrams of MDA-salt and 40 mg of DNPH were dis-

solved into 100 ml of TCA 20%. The mixture was stirred for 30 
min and partitioned twice with 100 ml hexane. Hexane phases 
were combined, evaporated, and reconstituted in 1.2 ml of MeOH 
60%. The solution was fi ltered through a 0.22  � m hydrophilic 
PTFE syringe fi lter and split in two equal parts  . A volume of 500  � l 
was injected twice on a semi-preparative XTerra MS C18 (150 × 19 
mm i.d., 5  � m particle size  ). The semi-preparative HPLC system 
was composed of a 1525 EF pump (Waters), a manual Rheodyne 
valve fi tted with a 500  � l loop, and a dual wavelength 2487 UV 
detector (Waters) equipped a semi-preparative UV cell (path 
length 3 mm). Gradient conditions using the same mobile phases 
as for analytical separation (see above) were as follows: 2% B for 5 
min, 2–60% B from 5 to 63 min, 60–100% B from 63 to 65 min, 

holding at 100% B for 7 min. The fl ow rate was 5 ml min  � 1 . Two 
wavelengths at 305 and 358 nm were monitored. Fractions were 
collected every minute in 9 ml glass tubes using a FC203B fraction 
collector (Gilson). Fractions containing most of the MDA-DNPH, 
which eluted between 57.5 and 59.5 min were combined and 
evaporated by centrifugal evaporation followed by lyophilization 
of the remaining water. Under these conditions, 2 mg of pure 
MDA-DNPH was obtained. The purity (>95%) was controlled by 
UV, MS, and NMR. 

 Method validation 
 MDA-DNPH was quantifi ed by internal standardization using 

standard curves prepared from a stock solution of MDA-salt at 
3.19 mM (1 mg ml  � 1 ) in milli-Q water. The stock solution was fur-
ther diluted in milli-Q water to obtain calibration solutions at 64.27, 
16.06, 8.03, 3.21, 0.80, and 0.32  � M. Standard solutions were sub-
jected to the same conditions as the plasma samples (see extraction 
process above). A linear regression weighted by 1/x was applied. 

 An assay validation was carried out using human plasma regard-
ing selectivity, linearity, lowest LODs (LLODs), lowest limits of quan-
tifi cation (LLOQs), intra-day and inter-day precisions, accuracy, 
recovery, matrix effects, process effi ciency, and stability. Selectiv-
ity was determined by analyzing blank samples and plasma sam-
ples spiked with a known concentration of MDA-DNPH (1.28  � M) 
upon reconstitution. Linearity was assessed by using 10 standard 
solutions of MDA-DNPH from 1 to 5,000 ng ml  � 1  in MeOH 50%. 
LLODs and LLOQs were defi ned as the concentrations that pro-
duced signals 3 and 10 times higher than the noise level, respec-
tively. Precision, accuracy, recovery, matrix effects, and process 
effi ciency were all determined at low and high concentrations using 
the “free MDA” and the “total MDA” sample preparations, respec-
tively. Spike solutions were obtained from dilutions in milli-Q water 
of the MDA stock solution to yield concentrations of 240 nM (sim-
ilar to physiological levels of plasma free MDA) and 12.8  � M (sim-
ilar to physiological levels of plasma total MDA). For evaluation of 
intra-day and inter-day precisions, a plasma sample was spiked, 
extracted, and analyzed over three consecutive days (fi ve repli-
cates per day). Precision was expressed in percentage of relative 
SD (RSD). Accuracy was determined by comparing nonspiked 
with spiked plasma samples and expressed as percentage of devia-
tion between nominal and measured concentrations (n = 5). Ex-
traction recovery was determined by comparing samples spiked 
with equivalent amounts of MDA-salt and MDA-DNPH before and 
after extraction, respectively, and the corresponding ratio calcu-
lated and expressed in percent (n = 5). Matrix effects were evalu-
ated by comparing plasma samples spiked after extraction with 
MDA-DNPH with a stock solution of identical concentration (n = 5). 
Process effi ciency was calculated as the product of recovery and 
matrix effects. Stability of samples stored over time was assessed by 
comparing freshly collected samples with aliquots of the same sam-
ples stored for 1 month at  � 80°C before analysis was performed. 

 RESULTS 

 Sample preparation 
 As an alternative to the frequently used but controversial 

TBA assay, derivatization of MDA with DNPH at room tem-
perature has been shown to yield stable MDA-DNPH de-
rivatives, which can be monitored by both UV and MS 
detections ( 12, 30 ). However, to our knowledge, it has never 
been investigated whether the MDA-salt is able to react quan-
titatively and exhaustively with DNPH (  Fig. 1  ).  We there-
fore fi rst synthesized an MDA-DNPH standard according to 

GALLEY PROOF—JLR_D076661



4 Journal of Lipid Research Volume 58, 2017

conditions adapted from previous reports ( 12 ) and further 
isolated it by semi-preparative HPLC to yield a pure stan-
dard. All subsequent experiments were then performed 
relative to the MDA-DNPH standard to determine the dif-
ferent yields of derivatization and extraction. At this stage 
of the process, UV detection at 358 and 305 nm for DNPH 
and MDA-DNPH, respectively, was employed. We found 
that an incubation time of 10 min at room temperature was 
suffi cient for a complete reaction between the MDA-salt 
and DNPH (added in excess). To eliminate the excess 
DNPH before analysis, liquid-liquid extraction (LLE) of 
the aqueous reaction mixture with different organic sol-
vents was evaluated (  Fig. 2  ).  While relatively polar solvents, 
such as EtOAc or MTBE, extracted MDA-DNPH effi ciently, 
they were not able to selectively remove DNPH. In contrast, 
nonpolar solvents, such as hexane and cyclohexane, totally 
prevented the extraction of DNPH, but yielded signifi -
cantly lower amounts of MDA-DNPH. Finally, a 1:1 mixture 
of toluene:cyclohexane was found to provide excellent re-
covery of MDA-DNPH and complete removal of the DNPH 
in excess. We also tested solid phase extraction as a poten-
tial alternative to LLE. We found that 100% wettable poly-
meric-based sorbents, such as Oasis HLB, were able to 
irreversibly retain low amounts of DNPH, while still releas-
ing MDA-DNPH under strong acidic conditions (TCA 5%). 
However, they exhibited a loading capacity too low to af-
ford effi cient removal of DNPH at the concentration em-
ployed for derivatization (data not shown). 

 Free and total MDA were extracted using acidic precipi-
tation and alkaline hydrolysis followed by acidic precipita-
tion, respectively. For the free fraction, TCA 20% was found 
to effi ciently precipitate proteins while keeping MDA 

intact for further derivatization. For the total MDA, hydro-
lysis performed in 1 M NaOH at 60°C for 30 min gave the 
best results, in accordance with Pilz, Meineke, and Gleiter 
( 12 ). To determine whether MDA was bound to compo-
nents other than proteins, plasma samples were split into 
three equal parts and subjected to:  i ) “normal” protocol 
involving alkaline hydrolysis of bound MDA from intact 
plasma;  ii ) lipid extraction of plasma using a mixture of 
H 2 O:chloroform:MeOH (1:2:1, v/v) followed by alkaline 
hydrolysis; or  iii ) protein precipitation with ACN followed 
by resolubilization of the pellet in NaOH 1 M and alkaline 
hydrolysis. Results showed that proteins and lipids accounted 
for more than 90% and less than 10% of bound MDA, re-
spectively, which confi rms previous fi ndings ( 12–14, 31 ). 

 Optimization of UHPLC-HRMS conditions 
 To our knowledge, no study has reportedly used UHPLC 

coupled to HRMS for measuring MDA in plasma samples. 
In the present study, we developed a very rapid gradient on 
an ethylene-bridged hybrid C18 column, which enabled 
the selective detection of MDA-DNPH as a sharp and single 
peak at a retention time of 2.87 min (  Fig. 3  ),  well after the 
solvent peak (retention time 0.25 min) and the DNPH peak 
(retention time 2.35 min  ). Total run time, including re-
equilibration, did not exceed 6 min. Detection was achieved 
by quadrupole TOFMS in positive electrospray mode and 
yielded an intense (M+H) +  ion at  m/z  235.0464 correspond-
ing to the molecular formula C 9 H 7 N 4 O 4  (error 0.2 mDa; 
calculated mass 235.0462 Da) ( Fig. 3 ). Additional HRMS/
MS data confi rmed the identity of MDA-DNPH based on 
fragments at  m/z  189.0539 (C 9 H 7 N 3 O 2 ), 159.0558 (C 9 H 7 N 2 O), 
143.0605 (C 9 H 7 N 2 ), and 116.0501 (C 8 H 6 N) ( Fig. 3 ). To ob-
tain maximal sensitivity for MDA-DNPH, several parame-
ters of the mass spectrometer, including capillary voltage 
(2.8 kV), cone voltage (25 V), desolvation gas fl ow (800 l 
h  � 1 ), and temperature (450°C), were optimized. The sig-
nal was further improved by using the EDC mode, which 
led to a 2-fold increase in signal-to-noise ratio, as compared 
with the “normal” mode. To construct extracted ion chro-
matograms, a mass extraction window of 0.012 Da centered 
on  m/z  235.0462 was selected. Using optimized conditions, 
a 2.5  � l injection of a 6.5 nM MDA-DNPH solution gave a 
signal-to-noise ratio equal to 10. Based on values from the 
literature for MDA levels, we anticipated that this level of 
sensitivity should be suffi cient for quantifi cation of both 
free and total MDA in plasma. 

 Internal standardization 
 To overcome unwanted variation caused by reactions 

with nucleophilic species during derivatization, sample 
preparation loss, and matrix effects, D 2 -MDA was prepared 
from D 2 -TEP using a simple acidic hydrolysis step ( 29 ) and 
used as IS. We found that equivalent molar amounts of 
MDA-salt and freshly produced D 2 -MDA provided similar 
signals after derivatization using UHPLC-HRMS. The peak 
for D 2 -MDA-DNPH eluted at 2.86 min and the mass spectrum 
was dominated by an intense (M+H) +  ion at  m/z  237.0594 
matching with the molecular formula C 9 H 5 D 2 N 4 O 4  (error 
0.6 mDa; calculated mass 237.0588;   Fig. 4  ).  Because of the 

  Fig. 1.  Derivatization of MDA with DNPH yielding a stable MDA-
DNPH derivative. The reaction was performed using the MDA-salt. 
MW, molecular weight.   

  Fig. 2.  Relative extraction yields for DNPH (gray bars) and MDA-
DNPH (black bars) using various organic solvents and solvent mix-
tures. Extraction of the aqueous reaction mixture was performed 
twice with 250  � l of the mentioned solvents. Data are the mean of 
two to four replicates. EA, ethyl acetate; MTBE,: methyltertbutyle-
ther; Tol, toluene; Hex, hexane; Cy, cyclohexane.   
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low mass difference (2 Da) between the unlabeled and la-
beled molecules, it was possible that the M+2 isotope of 
MDA-DNPH might interfere with the IS peak at high MDA 
concentrations. While this should not have altered the 
method’s precision and accuracy, as both samples and 
calibration standards would be equally affected, it might, 
however, degrade the linearity of the calibration curve  . To 
ensure that the relative contribution of the M+2 isotope of 
MDA-DNPH to the D 2 -MDA-DNPH peak would remain neg-
ligible (<2% for the highest calibration standard at 64.27 
 � M), a high IS concentration of 30  � M was selected. At this 
concentration, no peak was detected in the mass spectrum 
for  m/z  235.0462 (i.e., the protonated ion of MDA-DNPH), 
demonstrating the high purity of D 2 -TEP and, thereby, 
D 2 -MDA-DNPH ( Fig. 4 ). D 2 -MDA was therefore considered 
a suitable IS for MDA quantifi cation. 

 Method validation 
 Validation was performed on 10  � l aliquots of human 

plasma for both free and total MDA using acidic precipita-
tion and alkaline hydrolysis followed by acidic precipita-
tion, respectively  . The method was found to be highly 
selective for MDA-DNPH, as there were no interfering 
peaks for both free and total MDA in plasma samples 
(  Fig. 5A , B ).  A blank sample prepared under identical 
conditions gave no detectable signal ( Fig. 5C ). Linearity 
was achieved from 1 ng ml  � 1  (4.3 nM) to 5,000 ng ml  � 1  

(21.4  � M) (supplemental Table S1, supplemental Fig. S3). 
All points of the linear regressions obtained from a calibra-
tion curve built from the MDA-salt subjected to the entire 
sample preparation process fell within ±15% of the nominal 
value (supplemental Table S2, supplemental Fig. S4). The 
instrumental LLOD and LLOQ obtained from the injection 
of standard solutions were 2.1 and 6.5 nM, respectively. 
The method LLOD and LLOQ, which take into account 
the dilution factor and recovery of the sample preparation, as 
well as the matrix effects in the MS source, were 32 and 
100 nM, respectively. The results for precision, accuracy, re-
covery, matrix effects, and process effi ciency are presented 
in   Table 1  .  In brief, precision was excellent at high MDA 
concentrations (12.8  � M, within the range of expected to-
tal physiological levels) and good at low concentrations 
(240 nM, within the range of expected free physiological 
levels). At both levels of concentration, accuracy fell within 
acceptable ranges (80–120%). Extraction recovery was 

  Fig. 3.  Base peak intensity chromatogram and high resolution mass spectra of MDA-DNPH. Data were obtained from an MDA-DNPH 
standard (500 ng ml  � 1 ) on a quadrupole TOF mass spectrometer at a resolution of approximately 20,000 (full width half maximum at  m/z  
500). MS spectrum acquired at low collision energy (4 eV) yielded the (M+H) +  ion. MS/MS spectrum acquired at high collision energy 
(10–35 eV ramp) yielded typical fragments. For fragment annotation, refer to the text.   

  Fig. 4.  High resolution mass spectrum obtained for D 2 -MDA-
DNPH at a fi nal concentration of 3  � M. No detectable peak at  m/z  
235.0462 was observed.   

  Fig. 5.  Typical chromatograms obtained for plasma and blank 
samples. Extracted ion chromatograms centered on  m/z  235.0462 
using a mass extraction window of 0.012 Da are displayed. A: Repre-
sentative human plasma sample, free MDA fraction. B: Representa-
tive human plasma sample, total MDA fraction. C: Blank sample.   
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approximately 70%, due to losses during analyte extrac-
tion. Matrix effects were negligible and did not impact the 
MS response. The overall process effi ciency was about 
65–70%. Plasma samples stored for 1 month at  � 80°C did 
not show any signifi cant deviation from freshly collected 
samples ( t -test: n = 5;  P  = 0.97). 

 Taken together, these results demonstrate that the de-
veloped method is sensitive, precise, and accurate enough 
to measure both free and total MDA from minute volumes 
of plasma samples. 

 Analysis of plasma samples from different species 
 To illustrate the applicability of the developed method, 

free and total MDA levels were measured in plasma sam-
ples of humans as well as other vertebrates from various 
families and classes. In general, both free and total MDA 
levels were relatively similar among species with the excep-
tion of total MDA in house sparrow, which was much 
higher than in other species   (  Fig. 6  ).  Free MDA concentra-
tions ranged from 89 to 195 nM and total MDA concentra-
tions from 6.2 to 26.0  � M. Average values for free and total 
MDA in human plasma were 120 nM (SD 36.26) and 6.7 
 � M (SD 0.46), respectively. MDA bound to proteins through 
the formation of Schiff base adducts (calculated as total 
minus free MDA), represented about 98% of the total 
MDA in humans and 97–99% in other species. 

 DISCUSSION 

 This study reports a novel method based on UHPLC-
HRMS for the quantifi cation of MDA after derivatization 
with DNPH. Both free and total MDA were measured from 
minute amounts of plasma, thanks to the high sensitivity of 
HRMS. To measure free levels, at least 10  � l were needed, 
while for total MDA, volumes as low as 0.5–1  � l were suffi -
cient to reliably quantify MDA  . In comparison, Pilz, Meineke, 
and Gleiter ( 12 ) attempted to measure free MDA as DNPH 
derivative by HPLC-UV starting from 1 ml of plasma, but 
levels were below detection limits. An MS-based approach 
thus represents a real advantage over UV- or fl uorescence-
based methods, in particular when sample volumes are re-
stricted (e.g., from newborns, small animals, etc.). Another 
advantage of HRMS is its high selectivity due to the ability 
to set very narrow mass extraction windows (0.01–0.02 Da 
for quadrupole TOFMS) ( 32 ): plasma samples provided 
particularly clean chromatograms with a single peak cor-
responding to MDA-DNPH and low background noise 
( Fig. 5 ). The total chromatographic time was only 6 min, 
which increased throughput without compromising selec-
tivity and sensitivity. 

 A key aspect of MDA analysis, in general, is the possible 
presence of artifactually produced MDA ( 24, 33 ), which 
can be revealed by preparing blank (water) samples. For 
instance, in our laboratory, the TBA assay usually generates 
amounts of MDA up to 500 nM in blank matrices subjected 
to the extraction process, precluding the analysis of free 
MDA and complicating the determination of total MDA for 
small plasma volumes. Using the described method based 
on derivatization with DNPH, we were able to keep MDA 
levels in blank samples below detection limits ( Fig. 5 ). Nev-
ertheless, it should be noted that very small amounts of 
MDA may occasionally still be present in blank samples and 
a series of measures should be taken to avoid interference, 
particularly during the analysis of free MDA in plasma sam-
ples. We determined that contamination of blanks occurs 
only during LLE with the organic solvent mixture; there-
fore, high quality solvents should be used and solutions 
regularly re-prepared. Moreover, the unwanted reaction of 
residual MDA with DNPH preferentially occurs at low pH, 
thus increasing the pH to 9–10 before solvent partitioning 
reduces the risk of contamination. It should be noted that 
the use of phase partitioning is not absolutely essential, as 
plasma samples prepared without LLE did not generate 
more background noise or matrix effects during detection. 
Yet, excess DNPH over an extended period can be harmful 
to both HPLC and MS systems, as it may crystallize in the 
injector and the source, respectively (L. Lachat, unpub-
lished observations  ). We found that a 1:1 (v/v) mixture of 

 TABLE 1. Assay validation parameters of MDA quantifi cation in human plasma         

Sample Preparation
Concentration 

( � M)

Precision
Accuracy 

(%)
Recovery 

(%)
Matrix Effects 

(%)
Process 

Effi ciency (%)RSD 1  (%) RSD 2  (%)

Free MDA 0.24 12.8 24.9 101 67 104 69
Total MDA 12.8 2.9 3.0 107 70 91 64

RSD 1 , intra-day precision (n = 5); RSD 2 , inter-day precision over three consecutive days (n = 15).

  Fig. 6.  Levels of free (top) and total (bottom) MDA in plasma of 
humans and other vertebrates. The studied animal species were 
(from left to right)  Homo sapiens  (human),  Scolopsis bilineatus  (fi sh), 
 Passer domesticus  (bird),  Carollia perspicillata  (bat), and  Fukomys dama-
rensis  (rodent). Data are from three replicates + SD, except for free 
 MDA in house sparrow for which only one replicate was 
available  .   
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cyclohexane and toluene effi ciently removed over 99% 
of unbound DNPH, while providing very good recovery 
of MDA-DNPH. Moreover, it enabled the concomitant re-
moval of TCA and other matrix compounds that could po-
tentially affect the robustness of the method over time  . 
We thus highly recommend the use of phase partitioning. 

 Previous methods for MDA analysis have either relied on 
external standardization (i.e., no IS) ( 12, 34 ) or internal 
standardization using methyl-MDA ( 26, 35 ) or isotopically 
labeled MDA ( 13, 25, 36 ). Isotopically labeled ISs repre-
sent the gold standard in LC-MS quantifi cation of complex 
matrices because they show identical or near identical be-
havior during sample extraction, chromatography, and MS 
ionization, but display different masses from their unla-
beled isotopomers, which enables their separation in the 
MS analyzer ( 37 ). In the present study, we used D 2 -MDA 
as IS and showed its suitability for the quantifi cation of 
MDA by UHPLC-HRMS. A high IS concentration (30  � M) 
was used to avoid the relative contribution of the M+2 
isotope of MDA-DNPH to the IS peak becoming substantial 
and possibly affecting the linearity and accuracy of the 
calibra-tion curve. It should be noted that the M+2 isotope 
of MDA-DNPH is mostly caused by the presence of  13 C 2  
and that it could theoretically be separated from D 2 -MDA-
DNPH using high resolution MS because both ions have 
different exact masses ( m/z  237.0588 and 237.0529, 
respec-tively). However, complete resolution of both peaks 
would require a much higher resolution (>80,000) than 
that af-forded by our mass spectrometer (approximately 
17,000 at  m/z  235). In this respect, orbitrap-based systems 
may repre-sent an attractive alternative to quadrupole TOF-
based sys-tems for MDA quantifi cation in the future. 

 To our knowledge, this is the fi rst study to assess MDA 
levels across different animal species and classes using the 
same method. The average levels found for free (120 nM) 
and total (6.7  � M) MDA in human plasma are within the 
range of previously found values ( 12–14, 26, 38 ), although 
different methods were shown to yield quite different results 
( 3, 12, 19, 25 ). These discrepancies were mainly observed 
for bound MDA and are likely due to different hydrolytic 
conditions during sample preparation ( 18 ). MDA levels in 
other species differed from those in humans, although 
they remained in a similar range. Yet, total MDA levels in 
the house sparrow constituted an exception, as they were 
about four times higher than in humans. These particularly 
high concentrations are possibly species, but not class, re-
lated, as Pérez-Rodríguez et al. ( 39 ) found large variations in 
MDA levels between adults of three different bird species. 

 CONCLUSIONS 

 Here, we present a highly sensitive and selective method 
to measure free and total MDA with good precision and 
accuracy, allowing the use of sample volumes that can be as 
small as 0.5–1  � l. We show that the method is applicable 
not only to human samples but also to a variety of other 
vertebrate species, potentiating its use for comparative 
studies. Finally, although our method has been validated 
for plasma samples, we believe that small adaptations can 

be done to allow measurement of free and total MDA in 
cell homogenate samples, such as red blood cells. Cur-
rently, the physiological meaning of the two forms of MDA 
remains elusive. Future research should therefore clarify 
this difference to allow accurate interpretation of free and 
total/bound MDA measurements. 
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