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Porous graphitic carbon chromatography–tandem mass spectrometry for
the study of isoprostanes in human cerebrospinal fluid
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Abstract

F2-isoprostanes are produced by the non-enzymatic peroxidation of arachidonic acid in membrane phospholipids. This paper describes
a new method for the determination of all four classes of F2-isoprostanes in human cerebrospinal fluid (CSF) involving separation on a
1 mm× 150 mm porous graphitic carbon (PGC) column and detection by triple quadrupole mass spectrometry in negative-ion electrospray
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mode. The sample pre-treatment consisted of an ultrafiltration step, following which 300�l of CSF sample could be injected directly ont
1 mm× 10 mm PGC guard column functioning as a trap for the analytes. The loading solvent was Milli-Q water at 125�l/min. After 3 min,
the sample was switched into the separation column. The F2-isoprostanes were separated in 20 min using a linear solvent gradien
water, methanol, acetonitrile and ammonium hydroxide at a pH of 9.5 and a flow of 50�l/min The limit of detection (calculated as 3S/N) w
approximately 40 pM (14 pg/ml). The assay was linear within the examined range (18–450 pg/ml), using CSF spiked with iPF2�-III standard
(r2 > 0.995). Repeatability data were calculated for CSF spiked to 90 pg/ml and the relative standard deviation (RSD) obtained wasn = 6).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In 1990, Morrow et al. reported the formation of
prostaglandin F2-like compounds, F2-isoprostanes, in vivo
by the free radical-catalyzed, enzyme-independent peroxi-
dation of a membrane constituent, arachidonic acid[1]. The
F2-isoprostanes are formed in situ, esterified to phospholipids
and subsequently released, by phospholipase action, into cir-
culation[2,3]. F2-isoprostanes have attracted much attention
as possible biomarkers for the lipid peroxidation process in
various biological systems[4–6]. Further, they have also been
shown to possess biological activity indicating that they may
play a role as mediators of oxidative stress[7].

Depending on which of the arachidonic acid hydrogens is
first abstracted by free radicals, four different regioisomers of
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F2-isoprostanes can be formed, generating the four stru
classes, named III–VI[8]. Further, there are eight possi
diaisostereoisomers within each class. InFig. 1, the three
commercially available isoprostanes from class III are sh
which differ only in the orientation of their hydroxylic group
Also depicted is the deuterated internal standard used,iso-
prostaglandin F2�-d4.

Various approaches to the determination of F2-iso
stanes have been reported, including the chromatogr
techniques gas chromatography (GC) and high-perform
liquid chromatography (HPLC) in combination with m
spectrometry (MS), or tandem MS detection[9–11]. The GC
approach is still by far the most common, since it is
sitive, but the sample preparation required is tedious d
the derivatization and purification steps involved. The HP
based determination of isoprostanes requires less samp
treatment and no derivatization, but has higher detection
its compared to GC. Immunoassay techniques have also
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Fig. 1. Stereospecific molecular structures of the available standards: (a)
8-iso-prostaglandin F2�; (b) 8-iso-15(R)-prostaglandin F2�; (c) 8-iso-
prostaglandin F2�; (d) 8-iso-prostaglandin F2�-d4 (used as internal stan-
dard).

developed for F2-isoprostane determination that, if further
refined, could offer simple analyses in the future. Currently,
cross-reactivity within the group of F2-isoprostanes or their
metabolites cannot be ruled out for these immunological
methods. Cracowski et al.[4] have presented a survey of
isoprostane determinations in various types of samples rep-
resenting different disease states.

As oxidative stress and lipid peroxidation have been sug-
gested to play a role in several neurological diseases, human
cerebrospinal fluid (CSF) is a potentially important matrix for
studies of isoprostane levels. The sampling of CSF is more
invasive than, for example, blood and (especially) urine col-
lection. However, it is possible that information regarding
oxidative damage in isolated diseased regions in the brain
may be distorted by the larger basal production in all tissues
if peripheral isoprostane levels are determined. The corre-

sponding levels in CSF might therefore provide more rel-
evant information. Alzheimer’s disease is an example of a
condition where peripheral levels of F2-isoprostanes do not
seem to reflect central nervous system levels[12]. There is an
agreement within the literature that F2-isoprostane levels are
elevated in CSF from patients with probable Alzheimer’s dis-
ease[13,14]. However, the literature regarding the peripheral
levels is less consistent in this respect.

To our knowledge, HPLC–tandem MS has not yet been
used for the determination of isoprostanes in CSF, probably
because the limits of detection are deemed to be too high. The
GC–MS approach has been exclusively used and the reported
levels of isoprostanes in CSF range between approximately
10 and 50 pg/ml in healthy control subjects with an average
around 23 pg/ml[15,16].

The final determination step is equally rapid (roughly) for
most of the methods discussed above, leaving little scope for
time or labor savings, but much time and manual work could
be saved if the sample preparation could be simplified and au-
tomated to a greater extent. We have earlier described a conve-
nient HPLC–tandem MS method for the determination of iso-
prostanes in human urine involving robotized liquid–liquid
extraction and separation on a porous graphitic carbon (PGC)
column followed by tandem MS detection[17]. PGC is a
material developed by Knox and co-workers[18,19]that has
unique properties for separating polar and closely structurally
r terial
f ying
a .

2

2

sing
8
a
i m-
i ifi-
c i-Q
s i-
c local
s

2

SF
o ical,
S
a

2

in-
t

elated compounds. Here, we describe the use of this ma
or the separation of isoprostanes in human CSF, emplo
n even further simplified sample pre-treatment regime

. Experimental

.1. Chemicals

Synthetic (>99% pure) class III isoprostanes compri
-iso-prostaglandin F2�, 8-iso-prostaglandin F2�-d4 (used
s internal standard), 8-iso-15(R)-prostaglandin F2� and 8-

so-prostaglandin F2� were purchased from Cayman Che
cals (Ann Arbor, MI) and were used without further pur
ation. Solutions were prepared with water from a Mill
ystem (Millipore, Billerica, MA, USA). All other chem
als were of analytical grade and were purchased from
uppliers.

.2. Cerebrospinal fluid samples

As a matrix, commercially available pooled human C
btained by lumbar puncture was used (US Biolog
wampscott, MA). The samples were stored at−70◦C until
nalysis.

.3. Ultrafiltration

After thawing on ice, the CSF sample was mixed with
ernal standard and subsequently ultra-filtered at 2000× g,
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10◦C, for 10 min through a Centricon centrifugal device
(30 MW cut-off, Millipore, Billerica, MA, USA). The result-
ing filtrate was then injected into the LC–MS/MS system.

2.4. Chromatography

A 300�l sample portion was loaded, in three consecutive
100�l injections, onto a trap consisting of a 1 mm× 10 mm
Hypercarb guard column (ThermoHypersil-Keystone, Belle-
fonte, PA, USA), and a Rheos 4000 LC pump (Flux In-
struments, Basel, Switzerland) was used to deliver the load-
ing solvent (water) at a flow rate of 125�l/min. An electri-
cally actuated six-port valve was used to switch the sam-
ple into the separation column and the time between the
last sample injection and back-flushing was 3 min. The
chromatographic separation system included an HTS PAL
autosampler (CTC Analytics AG, Zwingen, Switzerland),
two connected LC-10AD pumps (Shimadzu, Kyoto, Japan)
and a 1 mm× 150 mm, 5�m Hypercarb porous graphitic
carbon column (ThermoHypersil-Keystone, Bellefonte, PA,
USA) as the separation column. The mobile phase con-
sisted of water with 0.5% ammonia (pH 9.5) (solvent A) and
acetonitrile–methanol (60:40) with 0.5% ammonia (solvent
B). The flow rate was 50�l/min. The separation was carried
out using a linear solvent gradient that started at 50% B and
increased to 100% B over 20 min before a 5 min hold at 100%
B
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(14 pg/ml). CSF spiked with iPF2�-III standard at a range
of concentrations (18, 32, 90, 180 and 450 pg/ml) were ana-
lyzed, and the assay was found to be linear within this range,
with a correlation coefficient (r2) >0.995. Repeatability data
were calculated for a CSF sample spiked to 90 pg/ml and the
relative standard deviation (RSD) obtained was 3% (n = 6).

3.2. Analysis of the cerebrospinal fluid samples

Previously, isoprostanes in CSF samples have only been
analyzed by GC–MS, but here the HPLC–MS method de-
scribed above was used for this purpose.Fig. 2shows a CSF
sample spiked with the three available standards, the iPF2�-
III peak corresponds to 32 pg/ml. None of the class III iso-
prostanes that are available as standards could be detected.
One peak appeared a few minutes after the standards and its
concentration was estimated to be approximately 25 pg/ml.
This level is in accordance with the results previously re-
ported in literature. The class VI isoprostanes were repre-
sented by a number of slightly more intense peaks than the
other classes in the samples’ ion chromatogram. This ten-
dency was also seen in urine samples that we reported previ-
ously[17]. Even though the signals obtained from CSF sam-
ples rise only moderately above the noise level the results are
repeatable and the peak pattern is similar from run to run.
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.5. Mass spectrometry

A Micromass Ultima (Micromass, Beverly, MA, USA
riple quadrupole mass spectrometer was used in these
es. The instrument was operated in negative-ion electro

ode with the ESI voltage set at 2.5 kV, the cone voltag
0 V, the source temperature at 110◦C, and the desolvatio

emperature and gas flow at 300◦C and 600 1/h, respective
he collision energy was 25 eV and the argon gas press

he radiofrequency-only region was 2.2�bar. The analyze
esolution parameters were all set to give unit resolutio
alf peak height. Multiple reaction-monitoring mode w
sed during analysis. All four groups of isoprostanes
rate the same quasi-molecular ion (M− H) at m/z 353 in
egative mode ESI conditions. Class-specific daughter
ere selected, as suggested in[9], i.e.,m/z 193, 127, 151 an
15 ions for classes III–VI, respectively.

. Results and discussion

.1. Method performance

With the instrument settings described above, the
f detection (LOD, 3S/N) for iPF2�-III, without the column
witching system, calculated for a more normal (20�l) injec-
ion volume, was approximately 500 pM. With the trapp
rocedure the LOD was lowered to approximately 40
-

.3. Analysis system

Ultrafiltration is a rapid and simple technique that w
sed to improve the robustness of the analytical system

hough it was possible to inject 300�l of untreated CSF d
ectly into the system, pressure slowly increased ove
rap. When ultrafiltration was used, no significant pres
hanges occurred over the trap during the course of at
00 injections. In order to verify that no isoprostanes were
ue to adsorption in the ultrafiltration device, the respo
f standards with and without filtration were compared.
alculated average recovery over the filtration step was
n = 6).

The levels of isoprostanes in CSF are lower than tho
rine. This places high demands on the analytical system
ur ambition was to establish a sensitive yet robust techn
llowing both automated, quantitative transfer of the ana
f interest by the column-switching system, and as muc

he sample as possible to be injected. Our earlier experi
f porous graphitic carbon and isoprostanes have show

he analytes can be very strongly retained on the PGC m
ial and that elution is promoted by adding ammonia to
obile phase[17]. When pure water was used as the sam

oading medium, the analytes were retained on the trap
o peak broadening was noticed as a result of injectin

hree sample aliquots. In fact, injecting three aliquots see
eneficial, since the pressure fluctuations over the trap

ng injection were weaker than those that occurred when
arge injection was made. Injection into the trap allows
ample to be focused and desalted before it reaches th
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Fig. 2. HPLC–MS/MS analysis of a CSF sample spiked with isoprostane
standard: (a) 8-iso-15(R)-prostaglandin F2�; (b) 8-iso-prostaglandin F2�;
(c) 8-iso-prostaglandin F2�; (d) 8-iso-prostaglandin F2�-d4 (IS). The 8-iso-
prostaglandin F2� peak corresponds to 32 pg/ml.

alytical column, allowing a much larger volume of the sam-
ple to be injected, thereby improving concentration detection
limits.

In order to detect pM concentrations of analyte in a com-
plex matrix, a sensitive and selective detector is required.
All F2-isoprostanes have the same mass (354) but, fortu-
nately, the four different classes of isoprostanes generate
class-specific daughter ions[9]. Negative mode electrospray
tandem mass spectrometry offers both sensitivity and selec-
tivity. Further, the composition of the mobile phase is an
important factor that strongly affects the ESI process and
thus detection limits. A high content of organic solvents in
the mobile phase in combination with well-ionized analytes
reaching the MS interface is beneficial for the analysis. The
chemical robustness and strong retention of the PGC mate-
rial thus allow experimental settings to be used that are very
suitable for the ESI process. These features, in combination
with the on-line enrichment and desalting offered by column
switching over the trap, enable the direct injection of cere-
brospinal fluid.

4. Conclusions

In this paper, we describe a method for the separation and
determination of isoprostanes in human CSF. The method
i
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nvolves injecting a relatively large sample volume (300�l)
fter an ultrafiltration step of just 10 min. The very low lev
f the isoprostane analytes in the samples are slightly a
r close to the LOD levels, resulting in signals for the anal

hat are only just possible to determine. Due to the lac
ommercially available standards, positive identificatio
2-isoprostanes in the classes IV–VI could not be perfor

However, the use of a very selective analytical set-u
luding a PGC chromatographic column, negative-ion e
rospray, and tandem mass spectrometry monitoring h
pecific daughter ions strongly indicates the identity of
nknown peaks as F2-isoprostanes. Current developme
ass spectrometers are rapidly producing more sensiti

truments, which should allow the detection limits to be
her improved. The fast, convenient methodology prese
ere could give increased knowledge about isoprostane

n CSF from various disease states where lipid peroxida
nd oxidative stress are suspected.

cknowledgements
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