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Abstract

We present the results of experiments on positive and negative ion desorption, from whole dried samples of human blood and red blood cell
(RBC), induced by the impact of electrons with energies below 70 eV. Such bombardments induce a rich fragmentation pattern of cations in
comparison to that for negative ions. The threshold for desorption of cations is observed around 20 eV, whereas anions can be formed with electron
energy as low as 2eV. The electron energy dependence of ion yields for all detected anions (H™, CH3;7/NH~, O7/NH,~ and OH™) exhibits
resonant structures attributed to the dissociative electron attachment process. The similarity between the line shapes of the ion yield functions of
O~ desorption from the blood sample and a pure oxygen molecular film suggests that this anion originates from the (Fe—O,) unit in hemoglobin.
Additionally, from the observed shift of peaks in the O~ yield, the binding energy of the oxygen molecule to iron is estimated to be approximately

1.2eV.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The investigation of biological systems present at surfaces,
ranging from the simplest models such as water, and amino and
nucleic acids, to proteins, DNA, phospholipid membranes, to
cells and living tissue, is of considerable interest to a broad
interdisciplinary area [1]. Basic research using various exper-
imental probes (electrons, photons, ions, AFM tips, etc.) is
driven not only by a large number of applications, such as tis-
sue engineering, biosensors, DNA and proteomic chips for drug
development, precision/individualization in medical diagnostics
and bioelectronics, but also by curiosity and the importance of
understanding the “living state”.

An increase in attention to the interactions of low energy
electrons (LEEs) with condensed matter (i.e., liquids to solids)
has arisen, since high-energy particles interacting with a com-
plex molecular network in a living cell generate electrons with
energies lower than 70eV [2-4] as the most abundant sec-
ondary species. It is well accepted that the main biological
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effects are usually not produced by high energy radiation par-
ticles, but rather by the action of the secondary species, which
are generated along the ionization track in the cell [5]. There-
fore, the investigation of the actions induced by these electrons,
not only on simple cellular components, but also eventually on
more complex arrangements such as blood-forming stem cells
is essential to understand the effects of radiation in different
tissues.

Blood is a highly specialized tissue consisting of cellular
material (such as red blood cells or RBCs (96%), white blood
cells (3%), platelets (1%)) and plasma, which is essentially an
aqueous solution containing proteins (8%) and trace amounts
of other materials [6]. One of the most important functions of
blood is the transport of oxygen from the lungs to all tissues
within the body. The oxygen molecule is bound to hemoglobin
(Hb), which is the major protein of RBC [7]. Measured blood
oxygenation shows that about 98.5% of the oxygen in a sample
of arterial human blood is chemically combined with Hb. Only
1.5% of O, is physically dissolved in the other blood liquids
and not connected to hemoglobin. Deoxygenated blood return-
ing to the lungs is still approximately 75% saturated by O;.
Previous studies on the exposure of fresh blood samples to +y-
rays showed a remarkable sensitivity to reaction at the (FeO)
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center in Hb molecule [8]. Secondary electrons, generated in
any region of the protein by ionization radiation, can migrate
within the hemoglobin to give almost exclusively (FeO;)™
units.

Moreover, mass spectrometry studies on blood samples may
be used to diagnose a patient’s health status, for forensic identi-
fication, and also to estimate the risk of disease [9]. It has been
known that the composition of blood is affected by tumors and
by treatment with chemotherapy or radiation. Blood is also the
major avenue for the metastasis of cancer cells, as well as for the
delivery of anticancer agent to tumors. Recently, the mass spec-
tra obtained by laser induced acoustic desorption of human red
blood cells from healthy and anemic male adults showed a differ-
ence in mass between these two types of dehydrated corpuscles
[10]. The ability to distinguish between these two types of red
blood cells substantiates the utility of this method for biomedical
applications. Particularly, the selectivity and sensitivity of nega-
tive ion mass spectrometry has the potential to greatly aid in the
detection of cancer. Presently the dissociative electron attach-
ment (DEA) process is widely used to detect explosives [11] and
bacteria and bacterial spores which cause food poisoning [12].

In this paper, we report the first results of an investigation on
the desorption of ionic fragments from dehydrated solid sam-
ples of whole blood induced by electrons with energies in the
range 0-70eV. Additionally, we compare the anion yield func-
tions from whole blood with red blood cell samples, in order to
evaluate similarities and/or differences in a complex system and
its molecular constituent.

2. Experimental setup
2.1. Sample preparation

Human blood obtained directly from the finger of a 30-year-
old female was used for investigation within 24 h without any
purification. Red blood cells were separated from the blood by
centrifugation at 1500 x g for 20 min at 4 °C. The RBCs were
washed with cold 0.9% sodium chloride and centrifuged, the
most common method of isolation of red blood cells from the
whole blood. Three layers are visible in centrifuged blood; the
plasma layer forms at the top (~55%) and is approximately
92% water. The second layer consists of white blood cells and
platelets. The RBCs form the heavy bottom portion of the sep-
arated mixture (~45%) [6].

One microlitre of blood or RBC sample was dissolved with
1 mL of sterile deionized (Millipore) water, and 80 L of solu-
tion was deposited on a chemically-cleaned tantalum surface
substrate over an area of 1.3 cm? and then frozen at liquid nitro-
gen temperature. The samples were then lyophilized with a
hydrocarbon-free sorption pump at 5 mTorr. After lyophiliza-
tion, samples were exposed to the atmosphere for approximately
10 min and then were transferred into the ultra-high vacuum
load-lock chamber. Tantalum substrates are well known to be
fouled by oxidation and contamination by other impurities
[13,14]; therefore, relatively thick films (10 & 1 pum) are usu-
ally deposited on them to insure that the measured signal arises
from electron interaction with biomolecules.

2.2. Experimental method

A detailed description of the experimental method and the
apparatus used in this work are presented elsewhere [15]. Six-
teen samples were introduced into a load-lock chamber and
were allowed to degas overnight at a pressure of approxi-
mately 1078 Torr. Afterwards, the samples were transported
into a rotary target holder in the main chamber, via a gate
valve, where they were irradiated with low energy electrons.
The working background pressure in the analyzing chamber was
5 x 10719 Torr. An electron beam produced by a custom-made
electron gun (ELG-2, Kimball Physics Inc.) was focused on a
2 mm? spot. The energy resolution of the beam emitted from a
tantalum disc cathode was calculated to be approximately 0.5 eV
with an independently adjustable beam current between 1nA
and 10 pA.

It is well known that electron trapping in molecular films
depends on the film thickness, i.e., the probability of charge
accumulation under LEE impact increases with the film thick-
ness [16]. Due to relatively thick films deposited, the incident
electron current was therefore reduced to 5 nA to avoid signif-
icant charging of films caused by scattered electrons or ions
thermalyzing in the film. Electrons impinged onto the sample
in the horizontal plane at an incident angle of 70° to the sur-
face normal. The electron energy scale was calibrated by taking
0eV as the onset of electron transmission through the film, with
an estimated error of about £0.3 eV [17]. In the present exper-
iments, the sample kept at a fixed position was irradiated by
electrons with incident energies of between 0 and 18 eV during
1.7 min. Desorbed negatively and positively ions were analyzed
by a quadrupole mass spectrometer (Extrel 150-QC) with its axis
positioned perpendicular to the film surface. Mass resolution of
this quadrupole (m/Am) is 400 in the mass range 1-120 amu.

3. Results and discussion

Below 70 eV, there are three major mechanisms producing ion
desorption by electron impact on condensed phase molecules:
dipolar dissociation (DD), dissociative ionization (DI), and dis-
sociative electron attachment (DEA). For a diatomic molecule
AB these processes may be represented, respectively, by the
following reactions:

e +AB - (AB +e"— AT + B~ 4+ ¢~ 6))
e + AB — (ABT)* + 2 — AT + B + 2e” )
e~ + AB — (AB)*” - A + B~ 3)

The first reaction proceeds via an excited AB” state and
results in the formation of an ion pair, the second mechanism
leads to the formation of positive ions, and the last one involves
the formation of a transient negative ion state which dissociates
into negatively charged and neutral fragments. In an electron
stimulated desorption (ESD) experiment, the DEA is evidence
as a peak in the energy dependence of the anion yield [18], since
the dissociating transient anion arises from electron capture into
an orbital is accessible at a specific energy. In contrast, DD and
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Fig. 1. (a) The positive ion mass spectrum obtained from a whole blood sample
at the electron energy of 70eV. All desorbed cations with possible molecular
formula are listed in Table 1. (b) The negative ion mass spectrum recorded at
the electron energy of 9 eV.

DI processes involve the transition of the molecules to a disso-
ciative excited state, which is usually produced by non-resonant
scattering. The latter interaction is not energy-specific and thus
produces a monotonic rise of the fragment signal with increasing
electron energy.

Fig. 1 illustrates the positive and negative ion mass spectra
of the blood sample in the mass range of 10—60 amu, obtained
for electron energies 70 and 9 eV, respectively. Only fragment
ions with low molecular weight are detected; the suppression of
higher mass fragments is due to two reasons: (1) the process of
neutralization, which increases exponentially with the mass of
desorbed ion [19] and (2) the decrease in the kinetic energy nec-
essary to overcome the attractive polarization and image charge
forces induced by the anion in the molecular film and the metal
substrate.

The present mass spectrometric study does not give informa-
tion about the structure of the ions and the neutral fragments;
however, from the mass of the ion and the known atomic compo-
sition of the ionic fragment, a molecular formula of the desorbed
ion can be obtained. All cations desorbed from whole blood with
possible molecular formulas are listed in Table 1.

The present ion mass spectrum of desorbed cations (Fig. 1a)
differs from one obtained in ESD of RBCs with the electron
beam energy of 2kV [20]. In the latter case, observed Ot, OH,
and H3O" were assumed to originate from the water of hydration
on the RBC sample. Corresponding ions are detected also in the

present work; however, the previous assumption of the forma-
tion of these cations based on the presence of HO in the blood
sample is excluded here and will be explained below. Addi-
tionally, in an ESD spectrum reported by Dylla and Abrams
[20], fragment ions corresponding to Na* and CI* from the
saline component of the blood plasma were observed, as well
as the peaks at 14 amu which could be assigned as CHy* or N*.
In our work, the dominant desorbed cation in the mass range
above 10amu is a fragment with molecular weight of 15 amu
which can be assigned as CHs*. Previous secondary ion mass
spectroscopy (SIMS) spectrum [20] of the RBC sample taken
with 2kV Xe™ ions showed many hydrocarbon fragments and
also strong saline-related peaks. Moreover, the SIMS spectrum
showed more fragmentation than the ESD mass spectra of RBC
and whole human blood samples.

The study of desorption spectra, not only gives information
about relative yields of ionic fragments, but also provides us
with information about threshold energies. In a general picture of
ESD, the incident electron occupies one of valence orbitals with
antibonding character, which results in the ion desorption due
to repulsive potential between atoms. The theoretical threshold
for cation desorption is typically low, in the range of 15-20eV
[21,22]. For example, the ion efficiency curves for the most
dominant desorbed ion (CH3*/NH*) observed in mass spec-
trum Fig. 1a and for protonated iron (FeH™) are shown in Fig. 2.
The electron energy onset for producing both ions is measured
to be 19 and 20eV, respectively, with the estimated accuracy
of £0.5eV (Fig. 2). In the present studies the corresponding
threshold is estimated from a value of an electron energy at
which the cation signal is discernable. For all observed cations
from the studied samples, the estimated values of thresholds are
above 20 eV (not shown here). The series of ESD studies for dif-
ferent condensed molecules containing methyl groups indicate
that the nature of the predesorption final states gives rise to both
H* and CH3™ desorption [23]. The threshold for CH3* is equal

Table 1
Cations desorbed from whole blood samples with possible chemical formulas

Mass of desorbed cation fragments (amu) Molecular formula

15 HN*
CH3*

27 CHN*
CszJr

28 Cco*
CH,oN*
CoHyt
N,*

29 CHO*
CH3N*

30 NO*
CH,0O"
CHy4N*

41 CoH3N*

43 HCNO*

55 -

57 HFe*
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Fig. 2. The ion emission intensity recorded at masses 15 and 57 amu vs. incident
electron energy from a blood sample, showing the desorption threshold energy
of 19 eV (upper panel) and 20eV (lower panel), respectively.

for all studied hydrocarbons and for the corresponding cation in
the present studies. These results suggest that in organic solids,
the highest desorption yield is mainly observed from terminal
(functional) groups within molecule [23].

The negative ion mass spectrum (Fig. 1b) recorded at an elec-
tron energy of approximately 9eV is less complex than that
for positive ions. The difference is explained by the different
nature of the processes for formation of negatively and pos-
itively charged ions by low energy electrons [24]. The anion
mass spectrum clearly shows three peaks at masses of 15, 16,
and 17 amu, which can be identified as CH3/NH™, O7/NH,~
and OH™, respectively. For all negative ions, several DEA reso-
nances below 18 eV are observed both for a film of whole blood
or RBC (see Fig. 3). The positions of maxima in anion yields are
listed in Table 2, where the estimated accuracy is on the order
of +£0.5eV. The yields for all observed anion fragments des-
orbed from RBC resemble quite well those from whole blood in

regards to the shape and intensity of ion yields for both samples
with the same thickness. The observed similarities in ion yields
are expected due to the fact that in the whole blood sample, water
(the main compound of plasma) and gases can be removed dur-
ing lyophilzation and pumping. The ion yield for H™, the most
dominant desorbed anion from both samples, shows a maxi-
mum at 9.1 eV (Fig. 3a). Generally, light H™ ions are much less
susceptible to post-dissociation neutralization when leaving the
surface than heavy ions, which spend a long time close to the
substrate surface. Thus, H™ ions exhibit higher yields than, for
example, O~ and OH™ ejected from the same organic films,
in spite of the respective electron affinities of 0.75, 1.46 and
1.82 eV, which strongly favor the heavy ions.

Moreover, the H™ formation from small organic molecules
in the gas phase indicates remarkable site-specificity in DEA
depending on functional groups [25-27]. Similarly, site selec-
tivity can be expected for anion desorption as a consequence of
the site dependent binding energies of hydrogen atoms in these
molecules. The results of D™ ion desorption induced by LEEs
incident on condensed deuterocarbons showed that a maximum
of ion yields was observed at energy of 9-10eV [28]. Whereas
the yield function for H~ from molecules which posses OH as
functional group, e.g., water [29] and methanol [30], exhibits
the desorption peak around 7 eV. Thus, the observed maximum
in the ion yield of H™ can be attributed to the production of
hydrogen anions from the carbon sites of molecules in the blood
sample. The origin of H™ at 9.1 eV is also most likely from the
methyl group. Hemoglobin, the main component of blood, has

Table 2

Electron energy of the peaks for all anions desorbed from whole blood sample

Desorbed anion

Electron energy (eV)

H™ 9.1
CH3; /NH™ 9.0
O7/NHy™ 8.8
13.0
15.1
OH~™ 6.6
12.0
16.4

(a) (c) 16 amu
1amu r20
150 4
15
100 4
10
@
Q.
2 504
2 L5
kel
3 x0001 J — RBC
o —e— whole blood
5 01 . y . . - ; . -
§ (b) 5 10 15 20 5 10 15 20
17 amu
= 15 amu 150
2 60
w
c
30}
£
100
404
204 50
04 IO
5 10 15 20 5 10 15 20

Electron energy (eV)

Fig. 3. (a—d) The electron energy dependence of the electron stimulated des-
orption yields of anions recorded at masses 1, 15, 16 and 17 amu, respectively,
from a whole blood sample and red blood cells.



S. Ptasiniska, L. Sanche / International Journal of Mass Spectrometry 263 (2007) 179-184 183

O anion yield (a.u)

Electron energy (eV)

Fig. 4. The O~ ion yields as a function of electron energy obtained from RBC
sample and film of pure O film (the data taken from ref. [32]).

four CH3 groups in its structure. In the present experiment, the
ion yield recorded at mass 15 amu exhibits a peak at 9 eV, sim-
ilar to that for hydrogen anions, with a small shoulder at 5eV
(Fig. 3b). This ion can be attributed to the formation of methyl
radical anion (CH3 ™) and/or imidogen anion (NH™). The reso-
lution of the present mass analyzer does not allow identification
of those ions. However, according to recent studies on ESD from
the peptide backbone [31], the desorption of anions with mass
15amu can be ascribed due to dissociation of a core-excited
transient anion located on the methyl group.

From a biological point of view, it is very important to inves-
tigate the formation of the oxygen anion, which can result from
dissociation of O, during electron irradiation. The ion yield of
O~, presented as a function of electron energy in Fig. 3¢, displays
two structures peaking at 8.8 and 15.1eV. The observed signal
for this anion arises most probably from an oxygen molecule
bound to iron in the porphyrin ring. The ionizing radiation stud-
ies, where the blood samples were exposed to y-rays, showed
that electron capture at the (Fe—O,) units in hemoglobin is
remarkably selective [8]. The extra electron is evenly distributed
between iron and dioxygen rather than being extensively delo-
calized into the porphyrin ring [8].

This O~ yield shape resembles that obtained from pure O»
films [32], although in the present studies resonant structures
are shifted towards higher energies (Fig. 4). The DEA to O; in
the condensed phase leads to O~ formation peaks near 7.3 and
13.5eV and the continuous increase of the signal above 17eV.
The latter signal is attributed to the production of O™ via non-
resonant DD. The shift of desorption peaks observed around 1.2
and 1.6 (£0.5) eV, respectively, in the present experiment can
be due to the O; binding to iron in the hemoglobin molecule via
the reaction

e~ + (Fe-0;) — (Fe-0,)* — Fe + 0"~
— Fe+0+ 0" (4)

From previous studies on the dynamics and equilibrium
O, binding behaviour in various iron porphyrin systems [33],

a standard reaction enthalpy for the oxygen molecule bind-
ing to hemoglobin was estimated to lie between —13.6 and
—15.5kcal/mol (0.6 and 0.7eV). This value is in agreement,
within error bars with the shift of the first peak in the O~ yield
function recorded in our experiment. Moreover, compared to
condensed Oy, an additional structure is observed in the energy
dependence of O™ at 13 eV, which can originate from desorption
of an oxygen anion from DEA to other compounds of blood.
The second most abundant anion desorbed from blood is the
hydroxyl anion (OH ™), presented in Fig. 3d. The OH™ detection
is observed over a wide range of electron energies (2-20 eV) and
clearly shows two visible maxima at 7 and 12.5 eV. The origin of
OH™ is ambiguous owning to the complexity of the protein mix-
ture and the large number of components in blood. However, the
possibility of hydroxyl ion desorption from water molecules can
be excluded due to the fact that the OH™ yield function does not
resemble that observed from pure films of water [34]. Moreover,
the ratio of intensities of OH™ yields from water [34] and RBC
is much smaller than one [OH (water)/OH™ (blood) < 1] under
similar experimental conditions. This suggests that observed
signal of hydroxyl anion origins from proteins in blood samples.

4. Conclusion

In this investigation, positively and negatively charged ion
desorption induced by low energy electron impact on whole
blood and red blood cell samples has been observed. The energy
onsets for desorbed cations lie at around 20eV. In contrast,
anions are produced at energies much below this threshold. The
yields for all observed anion fragments desorbed from RBC
resemble quite well those from whole blood in regards to the
shape and intensity of ion yields for both samples. It is known
that proteins, either in the membrane or cytoplasmic fraction of
RBC are identified through a unique set of peptides and amino
acids; a characteristic which is exclusive to a given protein.
Nevertheless, analytical methods cannot distinguish between
identical peptides originating from different proteins [7], since
similar proteins may contain regions of identical sequence. In
the present work the interpretation of the origin of ions des-
orbed by electron bombardment is consistent with that for the
peptide backbone [31]. However, the high abundance of Hb in
red blood cells limits the detection of low quantities of other
proteins, so that the signals for all ions in the present work are
mainly attributed to hemoglobin.

Additionally, all of these results have an important bear-
ing on the question of what happens when living tissue is
exposed to ionizing radiation. Prior to the present investiga-
tions, the action of the LEEs produced in large quantities by
ionizing radiation has been studied in the isolated systems con-
sisting of films of a unique biomolecule or a mixture with H,O
[35]. The results reported herein already show that fundamen-
tal electron—molecule processes, such as DEA, are still present
and equally effective in a much more complex and biological
environment such as dried human blood and red blood cells. Fur-
thermore, it would be interesting in future work to investigate
the magnitude of ESD of ions from blood samples of patients
with leukemia and other blood-related diseases in order to look
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into the possibility of developing tools for the early detection of
cancer or other diseases.
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