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Abstract

Conditions for the detection of three odd-electron cholesterol oxidation peaks were determined
and these peaks were shown to be artifacts of the matrix-assisted laser desorption time of flight
(MALDI-TOF) process. Matrix choice, solvent, laser intensity and cholesterol concentration were
systematically varied to characterize the conditions leading to the highest signals of the radical
cation peaks, and it was found that initial cholesterol solution concentration and resultant density
of solid cholesterol on the MALDI target were important parameters in determining signal
intensities. It is proposed that hydroxyl radicals, generated as a result of laser irradiation of the
employed 2, 5-dihydroxybenzoic acid (DHB) matrix, initiate cholesterol oxidation on the MALDI
target. An attempt to induce the odd-electron oxidation peaks by means of adding an oxidizing
agent succeeded using an acetonitrile solution of DHB, cholesterol, and cumene hydroperoxide.
Moreover, addition of free radical scavengers reduced the abundances of some oxidation
products under certain conditions. These results are consistent with the mechanism of oxidation
proposed herein involving laser-induced hydroxyl radical production followed by attack on
neutral cholesterol. Hydroxyl radical production upon irradiation of dithranol matrix may also be
responsible for generation of the same radical peaks observed from cholesterol in dithranol by
an analogous mechanism.
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Introduction

ALDI-MS is a valuable tool for the study of oxidation
products from biological transformations. Cholesterol
is a highly studied biological compound due to its structural
importance in lipid membranes and the damaging effects
caused by its oxidation [1-5]. Certain cholesterol oxidation
products (COPs) have been shown to be carcinogenic and
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mutagenic [6]. Owing principally to the presence of a lone
double bond (Scheme 1), cholesterol is susceptible to
oxidation by means of enzymes, autoxidation, and photo-
oxidation [7]. The high propensity for cholesterol to undergo
oxidation has led some to believe that complete removal of
COP artifacts may be impossible [7].

In a previous paper, cholesterol was shown to be oxidized
by the Fenton reagents and the products were subsequently
characterized by MALDI-TOF/TOF-MS [8]. During the
course of that study, low intensity even-mass peaks
representing radical cations sporadically appeared in mass
spectra. There was no obvious reason for these presumably
short-lived open-shell cations to be present on the target.
Cholesterol oxidation kinetics have been studied [9], and it
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Scheme 1. Structures of cholesterol and known cholesterol

oxidation products. (a) cholesterol (5-cholesten-33-ol), (b) 5a or
5B-epoxycholesterol, (c) 7a- or 73-hydroperoxycholesterol, (d)
5a- or 5B-hydroperoxycholesterol, (e) 7a- or 73-hydroxycho-
lesterol, (f) 7-ketocholesterol (5-cholesten-3B-o0l-7-one)

is believed that any oxidation intermediates that correspond
to radicals should have been transformed into the ultimate
oxidation products rather rapidly.

The oxygen-mediated and radical-mediated oxidation
pathways of cholesterol have been studied extensively
[10-12]. Smith [12] has shown that oxidation of choles-
terol via the excited singlet state molecular oxygen
pathway implicates 3B-hydroxy-5a-cholest-6-ene-5-hydro-
peroxide and 7a-hydroperoxide, whereas oxidation via the
free radical mechanism involves 7-peroxy radicals or 7-
hydroperoxides.

There are over 70 known oxidation products of choles-
terol; this fact serves as evidence of the complexity of
cholesterol oxidation [12]. Many oxidation products of
cholesterol have been studied by GC-MS [13, 14], EI-MS
[15], SIMS [16], and HPLC [17, 18]. Each technique leaves
its own unique artifacts and has its own drawbacks [7]. The
chromatographic techniques generally have poor resolution
when separating individual oxidation products [3]. Choles-
terol is generally described as a poor candidate for analysis
by ES-MS and MALDI-TOF due to poor ion yields [19].
Normally, cholesterol is subjected to a derivatization
reaction such as use of Girard P hydrazine [20] or the
addition of an acetyl group [15] to increase ion yields in GC-
MS. In the current MALDI-TOF study, cholesterol was left
unaltered which led to relatively low intensity peaks. However,
improvements in MALDI-TOF sensitivity, mass accuracy and
resolution have made it possible to detect and unambiguously
identify cholesterol, its oxidation products, and artifacts.

In this paper, the conditions leading to the detection of
even-mass radical cation peaks are investigated. Mecha-
nisms for the formation of radical cholesterol species are
proposed. The effects of the addition of radical scavengers
and a radical initiator are also discussed.

Experimental
Materials

Cholesterol was purchased from MC&B (Norwood, OH, USA)
and Aldrich (St. Louis, MO, USA). HPLC grade chloroform
was purchased from EMD (Darmstadt, Germany). Methanol
was purchased from Sigma-Aldrich in HPLC grade. Acetonitrile
was purchased from Sigma-Aldrich in greater than 99.9%
purity. Deionized distilled water was obtained from a Milli-Q
water system (Billerica, MA, USA). 2,5-Dihydroxybenzoic acid
(DHB), dithranol, and meso-tetrakis porphyrin (MTP) matrixes
were purchased from Aldrich. Tertiary butylhydroquinone
(TBHQ), a-tocopherol, cumene hydroperoxide, 5-cholestene-
3pB,7B-diol (greater than 98% purity), S-cholesten-3f-ol-7-one
(greater than 90% purity), and cholesterol 5B,6B-epoxide
(greater than 98% purity) were all purchased from Aldrich.

Sample Preparation

Cholesterol was dissolved in three different solvent mixtures (vol:vol):
CH;0H:H,O (10:1), CHCl;:CH30H (1:1), and acetonitrile. Three
different matrixes were tested: 2,5-dihydroxybenzoic acid
(DHB) in a concentration of 10 mg/mL, dithranol at 10 mg/
mL and meso-tetrakis porphyrin (MTP) [21] at 10 mg/mL. An
aliquot of 10 puL of sample solution was mixed with 40 uL of
matrix solution in a small microcentrifuge tube (Eppendorf,
Westbury, New York). MALDI samples were prepared using
the ‘dried droplet’ method [22]. For the radical scavenger
samples, a 3 pL aliquot of concentrated a-tocopherol was
added to 50 pL solutions containing 40 puL of 10 mg/mL DHB
in 1:1 CHCl3:CH30H and 10 pL of approximately 0.04 mg/
mL cholesterol in 1:1 CHCl3:CH;0H (1000:1 wt:wt); reaction
time was 5 min. This was repeated for the other two solutions
(10:1 CH30H:H,O0 and acetonitrile). TBHQ was dissolved in
each solvent system at a concentration of approximately 45 uM
and a 0.5 pL aliquot was added to each different solvent/matrix
solution and allowed to react for 5 min. For the radical initiator
studies, a 1 pL aliquot of 80% cumene hydroperoxide was
added to each 1000:1 wt:wt matrix-to-analyte solution. After
the addition of the radical scavenger or initiator, the solution
was mixed for 30 seconds and 0.5 pL of the final solution was
spotted onto the MALDI plate.

Instrumentation

Cholesterol oxidation products were studied using a matrix-
assisted laser desorption ionization time of flight/time of
flight mass spectrometer (AB SCIEX, Concord, Ontario,
Canada, 4800 MALDI-TOF/TOF) equipped with a 355-nm
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Nd:YAG laser with a 200-Hz firing rate. Manual mode was
used for all measurements. MALDI mass spectra were
acquired in the positive ion reflectron mode. MALDI mass
spectra were calibrated using known matrix and cholesterol
peaks (internal calibration). Electrospray (ES) mass spectra
were obtained on an AB SCIEX 3200 Qtrap. The flow rate
was set at 5 puL/min. All acquisitions were made in the
positive ion mode using single quadrupole mass analysis.

Results and Discussion

Figure la shows the MALDI-TOF mass spectrum of
cholesterol from a 1:1 solution of MeOH:CHCl; with DHB
as the matrix. In addition to MH" at m/z 387, rather intense
peaks can be seen at m/z 384, 400, and 402. By the nitrogen
rule, it can be deduced that these latter peaks represent
radical cations arising from the cholesterol sample. It seems
reasonable that these observed radical products were, in fact,
not solution-based oxidation products, because open-shell
species are not expected to be long-lived. Rather, we
propose that they are products of laser irradiation that have
been formed during the MALDI process.

Matrix Influence

It is generally accepted that matrix-solvent composition and
sample preparation greatly influence the quality of MALDI
mass spectra [23]. MTP, dithranol and DHB were tested in all
three solvent systems to see if the matrix had any effect on the
formation of radical cation peaks of cholesterol. MTP did not
produce readily detectable cholesterol peaks, nor did any
radical cation species related to cholesterol appear in the mass
spectra. DHB has previously been shown to be a suitable matrix
for the analysis of cholesterol by MALDI-TOF [24]; even
though under certain conditions dithranol did produce choles-
terol peaks, including radical species, MH" peaks for choles-
terol were more intense from DHB, hence, the latter was chosen
as the most suitable matrix for the analysis of cholesterol.

Solvent Choice

Figure 1b shows the MALDI-TOF mass spectrum of
cholesterol that was prepared in acetonitrile with DHB as
the matrix. In acetonitrile the [M + H — H,O]" peak at m/z
369 was the dominant peak. Figure 2a shows cholesterol that
was prepared in 10:1 CH3;0H:H,O with DHB as the matrix.
In this latter solvent, as well as in acetonitrile, the [M + H]"
peak at m/z 387 was almost never seen. In 1:1 CHCl;:
CH;OH solvent (Figures la and 2c, d), the [M + H]" peak
was observed on a consistent basis. Another general differ-
ence distinguishing CHCIl;:CH30OH from CH3;OH:H,O or
acetonitrile is the latter two solvents propensity to form m/z
401, which will be discussed later. In all three solvent
systems, using DHB as the matrix, even-mass radical cation
peaks would sporadically appear.

Laser Intensity

The laser intensity was varied from 3500 to 5500 (arbitrary
units); a value of 3900 corresponds to a level just above the
threshold to desorb ionic products. Figure 2a shows the
MALDI-TOF mass spectrum of cholesterol with DHB as the
matrix in MeOH:H,O acquired at a laser intensity of 4150.
Figure 2b shows the spectrum from an identically prepared
target acquired at a laser intensity of 5050. Figure 2¢ and d
show the spectra of cholesterol prepared in CHCl;:CH3;OH at
laser intensities of 4150 and 5050, respectively. While laser
intensities below 4100 showed very little propensity to induce
cholesterol ionization, higher intensities tended to increase the
probability of detecting peaks at m/z 400 and 402, but at the cost
of extremely high chemical noise, i.e., peaks were appearing at
every m/z value in this range. At higher laser intensities, the
radical cation peaks appeared sporadically, but were not
detectable on a consistent basis with the exception of m/z 384.

Identification and Origin of Oxidation Products

Peaks can be seen at m/z 384, 400, and 402 in Figure la. It is
highly unlikely that these open-shell cations are stable while
on the target, which leads to the alternative explanation that
the peaks are most likely the result of laser-induced
reactions. Blanks were run and it was demonstrated that
the peaks do not arise from the matrix or solvent. Employing
an internal calibration using known DHB and cholesterol
fragmentation peaks, the accurate masses of the radical
cation peaks were determined. The peak at m/z 402.3484
corresponds to [MH + OH — H,]" (2.1 ppm error) while the
peak at m/z 400.3323 corresponds to [MH + OH — 2H,]"
(3.2 ppm error) and the peak at m/z 384.3391 corresponds to
[MH + OH — H, — H,0]" (1.1 ppm error). Previous work
into the cholesterol oxidation pathway by Smith [12] and
Uemi et al. [11] led to the deduction that solution oxidation
products contain hydroperoxide structures (Scheme lc and
d). However, there is no source of molecular oxygen or
peroxide in either the matrix or analyte when under the
vacuum conditions of the mass spectrometer. MS/MS
analyses of the low intensity peaks were performed. The
dominant product ion peak of the m/z 402 precursor obtained
at low signal-to-noise was m/z 384, corresponding to water
loss from m/z 402. This finding provides no support for the
formation of hydroperoxides as the main products of
oxidation. MS/MS data of the m/z 400 precursor produced
similar spectra due to the “Timed Ion Selector” of the ABI
4800 being unable to effectively separate the m/z 400 and
402 precursor ions.

To explain the presence of radical cation peaks, a new
mechanistic pathway involving reaction of neutral choles-
terol with available radicals has been developed. Although
Bourcier et al. [25] considered the possibility that OH" could
be produced during MALDI irradiation via decompositions
of DHB™, based upon follow-up EI experiments, they
ultimately discounted this pathway and instead attributed
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Figure 1.

MALDI-TOF mass spectra of cholesterol prepared in: (@) CHCI;:CH3OH solution acquired at a laser intensity of 4150

with DHB as the matrix. Average of 400 shots; (b) acetonitrile with DHB as the matrix acquired at a laser intensity of 4150

the matrix peak at m/z 137 to [DHB + H — H,O]" rather than
[DHB® — "OHJ]". In our proposed mechanism, laser
irradiation of the DHB matrix yields OH that can attack
the neutral cholesterol molecule. The initial product after
attack by OH' is the neutral species with a molecular weight
of 403 Da (Scheme 2). Protonation of this neutral will give a
peak at m/z 404 (not shown in scheme). This peak is not
detected frequently, hence, it is likely that it and/or its

403 Da neutral precursor are highly unstable and undergo
rapid decomposition. In losing molecular hydrogen from the
403 Da neutral, another neutral species of molecular weight
401 Da is formed, which is believed to be a thermodynami-
cally favored product that is stabilized via resonance
(Scheme 2). If this free radical were to become protonated
at the hydroxyl group, it could readily lose water to form m/z
384. If protonation of the 401 Da neutral occurred at the
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carbonyl site a relatively stable m/z 402 would result.
Alternatively, the 401 Da species can also lose another H,,
forming the neutral 399 Da species. Protonation of the
399 Da species is most likely to occur at the carbonyl group
thereby giving m/z 400. If instead, protonation were to occur
at the less basic alcohol group, water loss from the m/z 400
species giving m/z 382 would be expected, but was not
observed.
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Concentration Influence

Because cholesterol has a rather poor ion yield, higher initial
solution concentrations (near 100 uM) were originally used
in the sample preparation in the hopes of boosting signal
strengths. However, it was noticed that when the initial
solution concentration was decreased, the appearance of the
radical cation peaks became more frequent. At an initial
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Figure 2. MALDI-TOF mass spectra of cholesterol prepared in (@) 10:1 CH30H:H,O acquired at a laser intensity of 4150; (b)
10:1 CH30H:H,0 acquired at a laser intensity of 5050; (¢) 1:1 CHCI3:CH3;0OH acquired at a laser intensity of 4150; and (d) 1:1
CHCI3:CH30H acquired at a laser intensity of 5050. DHB was used as the matrix for all samples

solution concentration of 1 pM in CHCl;:CH50H using
DHB as the matrix, the presence of all three radical cation
peaks appeared on a regular basis. Figure 3 shows a graph of
normalized radical cation peak intensity vs. initial solution
concentration in CHCI3:CH3OH. The peak intensity was
normalized by taking the absolute intensity of the listed peak

and dividing by the intensity of a known DHB peak (m/z
273) in the spectrum. The amount of DHB present remained
constant as the amount of cholesterol was varied. All spectra
were acquired at a laser intensity of 4150. Each point
constitutes an average of 10 spots; at each spot, 2500 laser
shots were averaged.
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following laser irradiation during MALDI

Starting at the high end of the cholesterol concentration
scale in the Figure 3 plot, it can be seen that at the highest
point of initial cholesterol concentration, the signals for the
three radical cation peaks and protonated cholesterol have
decreased relative to the signals obtained at lower concen-
tration. We attribute this downturn in signal at the highest
cholesterol concentration to a diminished UV absorbance,
hence, decreased energy deposition owing to the lower
density of matrix molecules. If indeed hydroxyl radical
formation from DHB is diminished at the highest cholesterol
concentration (where DHB density is lowest), then it is
consistent with our proposed mechanism (Scheme 2) to
observe a reduction in signal intensities for m/z 384, 400,
and 402. Similarly, a diminished absorbance level may
disfavor proton transfer reactions from the DHB matrix,
which can account for the decrease in MH" formation.

At the lowest concentration of cholesterol, we propose
that hydroxyl radical production from DHB is highest, due
to an improved absorbance when the matrix density is at a
maximum. However, there are few cholesterol molecules
with which to react, hence, the signals for m/z 384, 400, and
402 are weak. Proton transfer from the matrix is likely quite
favorable in this lowest concentration regime, but there are
few cholesterol molecules to accept protons, resulting in a

low MH" signal. The two intermediate concentrations in
Figure 3 represent situations where there is a better balance
between cholesterol abundance and hydroxyl radical or
proton availability, thus higher signals were observed.

COP Induction and Inhibition

Previous studies have attempted to regulate the formation of
cholesterol oxidation products by means of radical inducers
and radical scavengers [3, 9, 26, 28]. These studies have
mainly been done in solution. We have used the traditional
free radical scavengers o-tocopherol [27, 28] and tertiary-
butyl hydroquinone [26] in an attempt to diminish the
intensity of the radical cation peaks in the gas phase. The
addition of TBHQ was ineffective at lowering the radical
cation peaks of cholesterol dissolved in acetonitrile. How-
ever, TBHQ was effective at decreasing the presence of the
m/z 400 and 402 peaks from solutions prepared in CH3;OH:
H,O and solutions prepared in CH;OH:CHCl;. a-tocopherol
was only able to suppress the m/z 400 and 402 peaks in
solutions prepared in CH30H:H,0. Both radical scavengers
were able to eliminate the peak at m/z 401, which will be
discussed later. Neither of the free radical scavengers was
able to eliminate the presence of the m/z 384 peak.
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In separate experiments, the radical initiator cumene
hydroperoxide was added to a DHB-cholesterol solution in
view of forming solution-based oxidation products of choles-
terol. In blank runs, with or without matrix, cumene hydro-
peroxide produced no peaks at m/z 384, 400, and 402. With
cholesterol on the target, addition of cumene hydroperoxide
boosted the relative intensities of radical cation peaks of
cholesterol species at m/z 384, 400, and 402 (Figure 4) when
acetonitrile was used as the solvent; comparable increases were
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not observed with either CH;0H:H,O or CH;0OH:CHCI; as
solvent. Because cumene hydroperoxide is a clear source of
hydroxyl radical, the fact that conditions could be found
whereby an increase in the intensities of the three radical cation
peaks was observed in the presence of cumene hydroperoxide
serves to corroborate our postulated mechanism of initial
hydroxyl radical attack on neutral cholesterol (Scheme 2).

In the examples above, the fact that the choice of
solvent played a critical role in determining whether the
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Figure 4. MALDI-TOF mass spectrum of cholesterol dissolved in acetonitrile with the addition of cumene hydroperoxide. DHB

was used as the matrix
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addition of radical scavengers was able to suppress, or
the presence of radical initiators was able to promote,
the formation of radical species suggests that co-
crystallization phenomena are exerting influences on
the outcome. The solvent may influence the proximity
of cholesterol and additive molecules in matrix crystals
and thus affect the interaction between hydroxyl radical
and cholesterol during ablation and during the earliest
phase of plume expansion, prior to these species
entering the gas phase.
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Solution Based Oxidation

Cholesterol is known to readily oxidize in solution in the
presence of air, light, free radical initiators, and/or elevated
temperatures [29]; thus, it is possible that cholesterol may
have been oxidized prior to analysis during storage. To test
whether radicals may have been formed by pathways that do
not involve laser irradiation, COP determinations were
performed in solution by ES-MS. Figure 5a shows choles-
terol in acetonitrile at a concentration of 155 pM. Figure 5b
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Figure 5. Electrospray mass spectra of cholesterol in (a) acetonitrile at a concentration of 155 pM; (b) CH3OH at a

concentration of 725 uM
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shows cholesterol in pure CH;0H at a concentration of
725 uM. The peak at m/z 401 has been reported in previous
literature as protonated 5-cholesten-3f-ol-7-one (Figure Sa,
structure of neutral in Scheme 1f), a well known COP [11, 30].
This suggests that the peak at m/z 401 in the MALDI mass
spectra represents a solution-based oxidation product. The
radical cation peaks at m/z 384, 400, and 402, however, cannot
be detected by ES-MS, thus corroborating the assertion that the
latter peaks are artifacts of the MALDI process.

Comparison to Known Oxidation Products

Recent work by Van der Brink et al. [31] has provided
another possible mechanism for formation of radical
oxidation products of cholesterol. Using MALDI-FTICR,
Van der Brink et al. [31] claim that the peak at m/z 384
originates from either 5-cholesten-3-one (M), 5-cholesten-
3,7-diol (M - 18), or cholest-5,6-epoxide-3-0l (M — 18).
The peak at m/z 400 was shown to originate from 5-
cholesten-3-o0l-7-one (M) and the peak at m/z 402 was
shown to originate from either cholest-5,6-epoxide-3-ol
(M™) or 5-cholesten-3,7-diol (M ™) [31]. Van der Brink et
al. [31] were also able to see a peak at m/z 382 which
indicates possible protonation occurring at the hydroxyl
group of the 399 Da neutral molecule in Scheme 2 (top row,
right column) followed by water loss. In our laboratory, the
known cholesterol oxidation products 5-cholestene-3f3,7B-diol,
5-cholesten-3p-o0l-7-one, and cholesterol 5B,6B-epoxide
[12, 31] were purchased commercially and were then run on
the MALDI-TOF instrument to test whether radical oxidation
products would be generated from these compounds. The three
known oxidation products were dissolved in CHCl;:CH;OH
and mass spectra were acquired under conditions similar to
those used for cholesterol. The MALDI-TOF mass spectra of
these three oxidation products are shown in Supplemental
Material. The radical cation peak at m/z 384 appeared in all
three spectra, but at rather different absolute and relative
intensities. The peak at m/z 402 appears only as an isotopic
peak of m/z 401 in all three spectra. The m/z 400 species could
not be detected in any of the standards. The latter two mass
spectra (Figure b and ¢ in Supplemental Material) exhibit
sizeable m/z 384 peaks which may have arisen from M " ions
that had undergone rapid water loss.

Conclusion

The radical cation peaks at m/z 384, 400, and 402 were
deduced to be artifacts of laser irradiation during MALDI-MS
of cholesterol. We propose that hydroxyl radical attack on
neutral cholesterol is the first step in the formation of these
open shell species; hydroxyl radical can be formed upon laser
irradiation of the employed DHB matrix. Compared with
DHB, the dithranol matrix produced lower intensity MH"
peaks for cholesterol, but the same radical cation peaks at m/z
384.3430 (9.8 ppm error), 400.3326 (3.8 ppm error) , and
402.3481 (4.2 ppm error) were observed. Similar to DHB,

dithranol has two hydroxyl groups attached to its aromatic
rings. It therefore seems reasonable that hydroxyl radicals
liberated during laser irradiation could be responsible for
generating the above three radical cation peaks from choles-
terol in dithranol by a mechanism analogous to that shown in
Scheme 2 for cholesterol in DHB. MALDI mass spectrometry
must then be viewed as providing a potential means to
(inadvertently) oxidize analytes during the laser irradiation
process.
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