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Abstract. In cancer research the radiation dose delivered to different organs presents a critical parameter for
destroying the cancer cells’ DNA, but the biochemical pathways that bring cells to death in many cases start at the cell

membrane whose major part consists of lipid molecules.

In our XPS and NEXAFS experiment, we exposed a

monolayer lipid film supported on gold to a spatially and energetically well defined electron beam (20 eV), simulating
the charged particle avalanche produced in the exposure of the biological tissue to a high-energy ionizing radiation
(X- and y - rays, ions, etc). Oxygen and nitrogen 1s edge scans show a clear chemical degradation of the DPPC
monolayer. The major damage has been inflicted to the polar head of the molecule and its links with the molecules’

alkane chains.
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1. INTRODUCTION

Phospholipids are amphiphilic molecules making a
major part of the cell and organelle membrane. Their
ordering, fluidity and orientation in solution and on
various solid substrates, has been a subject of
numerous biological study [1] because of the essential
role it plays in the cell’s survival; in chemical research
[2, 3] for the variety of its structure and composition
with other bio-active molecules; and in an extensive
theoretical and experimental physics study [3, 4, 5] for
their impressive property of a self-assembly as well as
their permeability to charged particles and water.
Experiments performed on mono- and bilayer films of
phospholipids are often focused on the molecular
orientation and packing in phase transitions at the
air/water and air/solid interfaces, either as pure one-
type layers or mixed phospholipid films [2, 3, 6]. The
experimental techniques of the X-ray photoelectron
spectroscopy (XPS) and Near-edge X-ray Absorption
Fine Structure (NEXAFS), although performed under
the non-biological conditions of the UHV, have given
important answers about the structure and physico-
chemical properties of such biomolecular targets [6-11
1. The greatest advantage of these two techniques lies
in the fact that they are very sensitive to the chemical
changes at the very surface, but can also access the
deeper lying parts of a bilayer, which is necessary for
better understanding of the molecule-substrate
interaction at the interface. Since in phospholipids the
nitrogen and phosphorous atoms stoichiometric ratio
is very small, the sensitivity of these two techniques is
extremely useful in following the changes in chemical
bonds in these atoms within the thin film.

1.1. DPPC

1,2-dipalmitoyl-sn-glycero-3-phosphocholine -
DPPC (Figure 1) is a fully saturated phospholipid
molecule widely used in the model-membrane and
biomaterial studies [4, 10, 12]. It is suitable for
production of artificial biomaterials and in
combination with cholesterol and proteins presents a
practical model for the study of transport and
signalling in the model cell membrane. It is also a
major component of the lung surfactant.

1.2. Low-energy electrons

Low-energy electrons (Eo < 30 €V) are proved to be
the most abundant secondary species created in the
irradiation of the living tissue by high-energy ionizing
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Figure 1. Chemical structure of DPPC. Polar head of the
molecule consists of the negatively charged phosphate
group and positively charged choline group. Two
aliphatic tails are linked to the polar head via carboxylic
groups.

radiation (X- and gamma- rays, ions, etc) [13]. They
are responsible for the production of various molecular
fragments from nucleic bases, and for breaking the
strands of the DNA [13, 14, 15]. On the other hand, they
also proved to be an efficient tool in the production of
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bio-chips on the SAM structure [5]. Therefore, a deeper
insight into the interaction mechanisms between low-
energy electrons and biomembrane molecules is
necessary to understand the radiation effects and tailor
the properties of the new bio-compatible materials and
bioelectronic devices.

2. EXPERIMENT

NEXAFS and XPS measurements have been
performed on the Material Science beamline (bending
magnet) in Synchrotron light source installation -
Elettra, Trieste, Italy. It provided the soft X-ray photon
beam in the energy range from 22 to 1000 eV, mainly
linearly polarized.

2.1. Preparation of thin lipid films

Samples were prepared on gold coated (30 nm) B-
doped silicon wafer substrates bought from Georg
Albert PVD Beschichtungen, Heidelberg, Germany.
The substrates (polycrystalline Au (111), rms<1 nm)
have been cleaned in the Piranha solution (1:3 of 30%
H.0. and the 96% H.SO, heated to 100 °C) and rinsed
with copious amount of DI water. The monolayer of
lipid molecules was formed in the Langmuir-Blodget
trough by dispensing sub-microliter drops of
chloroform dissolved DPPC (16:0, from Avanti Polar
Lipids, USA) on the clean surface of deionized water (R
> 18 MQ) and compressing to the surface pressure of
47 mN/m. This value corresponds to the surface
pressure of the solid phase, i.e. closely packed and
vertical molecules. Transfer of DPPC molecules to the
solid substrate was done by pulling the gold substrates
mounted on the holder through the stabilized
DPPC/water interface. The pull-up speed of the gold
substrate was 1 mm/min, which provided sufficient
time for DPPC molecules to adhere to the substrate.
The barriers of the LB trough were compressing the
film to keep the surface pressure constant and below
the value critical for the collapse of the monolayer (52
mN/m). This deposition procedure provided for the
well-ordered lipid monolayer film with acyl-chains
tilted at an angle corresponding to the ~ 30 mN/m [16]
surface pressure at the water/air interface. The
samples were let to dry in air before their mounting on
the sample holder and introduction into the load-lock
chamber, where they spent at least two hours in
vacuum before the measurements were performed.

2.2. Experimental method

Electron irradiation has been performed with the
existing LEED gun placed in the main vacuum
chamber (analysis chamber) under the UHV (p ~ 10°
mb). Energy and beam size calibration of the gun was
performed for two energies — 50 €V and 20 eV. As the
electron beam at 20 eV was of a better shape and the
size of the spot and the current on the sample allowed
for gradual increase of the dose of electron irradiation
of the monolayer film, we have used this energy to
irradiate our samples. The dose of electron beam
irradiation of the sample was comparable to the one
used in our previous XPS measurements [17] (124 nA).

With this intensity and at the energy of 20 eV the
LEED gun produced a collimated electron beam over
the analysed sample area of 200 um in diameter. We
have performed two ten-minute electron-beam
irradiations. Thus, the electron flux during one-time
irradiation was ~ 2.4 mC/mm?2. If we take that the
APM (Area-Per-Molecule) in the solid-supported film
is ~48 A2 [16], then the electron beam delivered about
6700 electrons per molecule.The XPS data have been
collected using the Al Ko monochromatic source with
the energy of Al K, 1486 eV and in the NEXAFS
measurements we used synchrotron photon source
with maximum energy of 1 keV. For the XPS
measurement, the energy resolution of the analyzer
was ~ 1 eV. Pass energy of the analyzer was 20 €V,
angle of detection 20°, and the power of the source was
300 W. For the detailed spectra of carbon and oxygen
bands, we performed ten scans, while for the nitrogen
band, due to the inherent low ionization cross-section
and low concentration (1/130 atoms in the DPPC
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Figure 2. XPS scans of C 1s (a), O 1s (b) and N 1s
(c) bands in DPPC before and after irradiation
with 20 €V electrons. Low-level smoothing of
the data has been applied to the N 1s curves for
clearer view.
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molecule), we collected photoelectrons over a five times
longer time and at a half number of binding energy
(BE) values.

NEXAFS measurements were performed for two
angular orientations — normal and parallel incidence of
the light beam, before and after electron irradiation.
Since this technique probes the absorption of
electromagnetic radiation (X-rays) by excitation of core
electrons into unoccupied bound or continuum states,
it allows access to a set of distinctive features
(resonances) in the energy region from just below the
absorption edge up to approximately 50 eV above the
K-edge [8]. The position of the o*-resonances presents
a measure of the intramolecular bond length while the
n*-resonances provide insight into bond hybridization
[17].

2. RESULTS

In order to verify the existence of the material in
the sample, including the level of its degradation after
the irradiation with 20 eV-electron beam, we have
performed the XPS measurements at the end station.
The scans of the C 1s, O1s, and the N 1s bands in figure
2 clearly show the changes in the irradiated films, both
in intensity of the secondary electron yield and the
structure of peaks, i.e. binding energy. For all bond and
resonance identifications we used the free database [19,
20] in addition to the reported data on nanomaterials
[18] and standard organic molecules [6, 8-11, 21-25].

In the C 1s band, there are at least three peaks
corresponding to BE of three functional groups in
DPPC - 285.2 eV, 287 eV, and 288.8 eV. The main peak
(A) corresponds to the aliphatic tails of the lipid
molecule. It shifts to the lower binding energy
corresponding to the native carbon (284.8 eV) and
decreases in intensity after first irradiation, indicating
the breakage of carbon bonds in the CH2 chains. The
other two (B and C) correspond to the overlapping of
0-C=0 and O-C-N bonds. It is evident from Figure 2
that the electrons induce chemical changes in the link
of the two lipid tails (O 1s) and the choline group of the
molecule (N 1s). As we were particularly looking at
these two sites of bond damage, the next two band
scans are of particular interest.

The O 1s band contains contribution from several
bonds: C-O, C=0, P=0, P-O, and probably some
contribution from bound water. Deconvolution of the
oxygen spectrum is therefore very difficult. From
studies of carbon nanomaterials [18, 2], we may
interpret the shoulder in the region A at 531-532 eV as
originating from C=0 bonds, and the possible peak
contribution in the region B from C-O at 533 €V. Close
to this binding energy would be possible the
contribution from bound water (~534 €V), and the one
from phosphate group around 532 eV [9]. Although the

deconvolution of the O 1s structure is ambiguous, the
effect of electron-irradiation is quite distinct. The
region A clearly becomes more prominent and the
oxygen peak gains both in width and intensity. This is
likely due to the degradation of the C=0 into the C-O
bonds. An increase in the number of photoelectrons
detected after electron-beam irradiation is not
completely unexpected as the change in the bonds
between the lipid head and acyl chains affects the
orientation of the DPPC molecules in the monolayer.
This would cause a decrease in attenuation of
photoelectrons ejected from the O 1s state, which will
increase the photoelectron yield.

The most complex effects of electron irradiation can
be observed in the N 1s spectral band. The four regions
in the spectrum show significant chemical changes in
the DPPC films. In the A region the shift in energy after
electron impact is from 399.5 eV to 400 €V, followed by
the slight increase and then decrease in intensity. In
the region B (402.6 eV) the shift is smaller (~ 200
meV) towards the lower binding energy and the
intensity is decreased by 35 % after electron
irradiation. In the region C (404 €V), the shoulder
completely disappeared and in the region D (406.3 eV)
the feature gradually shifted to the lower BE (405.5 eV)
and increased in intensity. The region A corresponds to
nitrogen in organic matrix in the cyanide type bond C-
N- (~ 399.4 — 400.6 eV). The most affected region B
corresponds to the N-(CH3)3 group overlapping with
nitrite and nitrate compounds, as well as ammonium
phosphate arising from the intermolecular bonding in
the monolayer lipid film. The possible existence of
nitro groups further indicates the increased complexity
of the O 1s structure.

From the NEXAFS scan at the O 1s edge, taken for
the grazing and normal incidence of the light, it is
evident that the major change in oxygen bonds is
taking place in o* resonances. In grazing incidence
(GI), the decrease in the m*resonance (m orbitals
normal to the surface absorb the most light) takes
place, and the shift in its energy is from 533 to 532.6
eV. At the same time, the o* resonance (region B and
C) does not change much, indicating that the ¢ bonds
in the sample oriented parallel to the surface are not
significantly affected by the electron beam. For the
normal incidence (NI) of light (maximum absorption
for ¢ bonds perpendicular to the surface and = bonds
lying on the surface), B-C region is narrower than in
the grazing incidence scan. As in the XPS spectrum,
because of the variety of bonds in the DPPC sample
including oxygen, it is not quite clear which bonds are
oriented in which direction. However, the NI scan
reveals a remarkable degradation in ¢ bonds of DPPC
molecules. Instead of one broad resonance, electron
beam carves two distinct features at 537.8 eV and
540.2 eV, with the third making a shoulder at 542.6 eV.
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Figure 3. NEXAFS measurement at the O 1s edge — (a)
grazing incidence and (b) normal incidence of the
photon beam.

Grazing incidence scan (Figure 4) at the N 1s edge
(the statistics in NI signal was too low) also features
four distinct regions. The n* resonance at 402.2 eV
stays the same as before irradiation, but the new
feature appears at 400.6 €V after the second
irradiation, which may indicate the decomposition of

DPPC (LB monolayer on gold)

;| N1s
2.4x10°9 Gl (E nor surface) D
=
£ 2.2x10°
S
ko)
2
> 5
= 2.0x10
o
©
3 — before irr
W 4 8x10°4 —— single dose
—— double dose
T

395 400 405 410 415 420 425

E, (eV)
Figure 4: NEXAFS at the N 1s edge — normal
incidence of photon beam .

C-N bonds in N-(CH3)3. In the ¢* resonance region, on
the other hand, a relatively broad feature (406.6 —
407.4 €V) only diminishes in height, but the distinct
separation in energy of different bonds is not achieved.

However, the shoulder in region C, at the energy of
408.6 eV completely disappears, as is the case with the
resonance in the region D at 416.8 eV. There is also a
possibility of the creation of the new nitrate or
ammonium feature at 413 eV, but the insufficient
statistics does not allow us to claim this with certainty.

3. CONCLUSION

The problem of radiation damage in the cell and
organelle membrane is particularly important
considering the complexity of its role in cell’s
metabolism. The integrity and stability of the lipid
matrix making the major part of the bio-membrane is
not only compromised by the direct absorption of high-
energy ionizing radiation, but also by the effects of
collisions from slow secondary electrons produced
from ionization of the biological medium. For the
purpose of better understanding the physicochemical
mechanism behind the electron-lipid molecule
interactions, a monolayer of DPPC molecules
supported on gold substrate has been exposed to the
monoenergetic electron beam and the bond damage
analyzed by means of the X-ray photoelectron and
near-edge X-ray fine structure. We have demonstrated
that the electrons of 20 eV have capacity to induce
significant damage to the lipid structure, and even
incite the creation of new chemical groups. In
particular, the bond cleavage of the carboxylic bonds
linking two lipid tails to their polar head, and the
degradation of the choline group of the molecule, point
to the detrimental effect those secondary electrons
from radiation may have on the conformation and
functioning of lipids. This damage may be even
enhanced in physiological conditions, where phase
transitions from lamellar to non-lamellar form may
induce a leaky structure incapable of maintaining the
necessary boundary for the cell. Therefore, further
study of the effects of low-energy charged particle /cell
membrane interaction, on a model membrane, or in
physiological conditions would be highly desirable.
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