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Abstract

Ion bombardment of plant and bacterial cellular material has recently been used as a tool for
the transfer of exogenous DNA macromolecules into the cell interior region. The precise
mechanism that leads to the transfer of macromolecules through the cell envelope is not yet clear,
however it has been observed that the ion bombardment is accompanied by the formation of
“microcraters” on the cell wall, and it is possible that these features provide channels for the
macromolecule transfer. Thus the nature and origin of the microcraters is of importance to
understanding the DNA transfer phenomenon as well as being of fundamental interest. We report
here on some scanning electron microscope observations we have made of onion skin cells that
have been subjected to electron beam bombardment of sufficiently high power density to damage
the cell wall. The damage seen is much less than and different from the microcraters formed
subsequent to ion bombardment. We speculate that the microcraters may originate from the

explosive release of gas generated in the biomaterial by ion bombardment.
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Ion beam bioengineering [1] is a relatively new application area of ion beam physics and
technology. An interesting and potentially important development that has been demonstrated is
the transfer of DNA into both plant cells [2,3] and bacterial cells [4-6] that can be brought about
subsequent to ion bombardment of the cells under the appropriate conditions of ion energy and
ion fluence. Although the physical mechanism whereby the large DNA macromolecules are
transported through the cell wall into the cell interior is not yet understood, it has been observed
that microcrater-like structures, of dimension (rim diameter) typically in the hundreds of
nanometer range, are formed on the cell wall under the same ion bombardment conditions, and it
is thought that these structures might provide pathways for macromolecule flow into the cell
[7,8]. The origins of ion-beam-induced microcraters are not yet clear, and observations that might
help to elucidate the formation processes involved could lead to a fuller understanding of ion-
beam-induced DNA transfer as well as to the basic science of ion beam interaction with

biological material.

Onion skin cells have frequently been used as convenient cellular material for ion
bombardment studies [8,9] because they are large and flat (Fig. 1), and are easily obtained and
prepared. When these cells are ion bombarded, for example with Ar’ ions at 20-30 keV energy
and to a dose of around 1 x 10" ions/cmz, microcraters are formed, as shown in Fig. 2 [7,8]. To
see whether or not similar structures are formed by electron beam bombardment, we mounted
onion skin cells such as shown in Fig. 1 in an electron microscope in which the focused but
unscanned electron beam was used to damage a particular region of the cell wall surface, and
then the SEM operated in the usual scanned mode so as to image the damaged region. The
electron beam was 20 keV and the current was varied from a low of 3 pA to a high of 20 nA as
indicated in Fig. 3. The exposure time was 2 min in each case. Fig. 3(a) shows the onion skin cell
wall prior to electron beam bombardment, and Fig. 3(b) shows the same region after exposure to
the focused but unscanned beam at increasing electron beam currents. Eight separate exposures

were made, and eight separate damage sites can be recognized, from barely visible to



substantially damaged. Thus damage to the cell wall can be brought about by the electron beam.
The damage includes a small central region of severe damage that is surrounded at sufficiently
high beam power by a circular more-lightly-damaged zone of several microns in diameter, but no

microcraters are formed.

It is instructive to consider the similarities and dissimilarities between ion bombardment
when microcraters are formed and electron bombardment as in the work described here. As is
well known, ion beam bombardment gives rise to a collision cascade in the subsurface material.
The SRIM code, a Monte-Carlo program, provides a convenient tool for calculation and
visualization of the cascade [10], and the results of a SRIM calculation for 20 keV Ar" ions into a
substrate that we have taken as C¢H;2,Og as a simple model for onion skin cell wall [8,9] are
shown in Fig. 4(a). The interaction volume (collision cascade region) is roughly 20 nm radius and
100 nm deep. Electron bombardment of the material by the SEM beam gives rise to an interaction
region of similar shape at first glance [11]. Electrons suffer elastic and inelastic collisions and the
volume of material filled by electron trajectories is typically microns deep by microns in
diameter, orders of magnitude greater than the unscattered beam. Fig. 4(b) shows the results of a
Monte Carlo electron trajectory simulation for a 20 keV electron beam in carbon [11]; the
interaction volume is roughly 2 um radius and 5 um deep. Note that circular regions of light
damage of radius ~5 pm can be seen in Fig. 3(b), corresponding to this electron scattering region.
Let us compare the energy and power densities injected into the material by ion bombardment
and by electron bombardment. For 20 keV Ar" ions to a dose of 1 x 10" jons/cm’, an
implantation time of some minutes per cm’, and assuming that all the energy input by the ion
beam is transferred to a surface layer extending 100 nm below the surface, we estimate an
injected energy density of order 10° J/cm® and power density of order 10° W/cm®. For an electron
beam with energy 20 keV and current 20 nA, and assuming that all the energy input by the
electron beam is transferred to a cylindrical volume ~10° cm® (5 pm radius and 5 pm long) over a

2 min time period, we estimate an injected energy density of order 10® J/em® and power density



of order 10° W/cm’. These estimates are very simplistic and barely order-of-magnitude, but they
make clear that the power and energy density deposited by the ion bombardment is vastly less
than that deposited by the electron bombardment, over the region of interest. Yet it is the ion
bombardment that gives rise to microcraters. These considerations imply (but do not prove) that
the microcraters are not simply the consequence of power or energy deposition in the cell wall,

but are more specifically related to ion effects.

Micron-sized, crater-shaped pits have been observed in silicon after Ne" ion implantation at
20 keV to a dose ~5 x 10'° ions/cmz, after annealing, an effect attributed to the accumulated neon
gas leaving the surface as bubbles [12]. Bearing in mind that for the case of biological material
such as cell wall, gas can be evolved not only from the injected ion beam but much more so from
dissociation of the bombarded C¢H;,O¢ molecules, we speculate that a possible origin of the
microcraters observed following ion bombardment of plant cell wall could be a similar bubble-
like (or "explosive") release of gas from within the cell wall material. A simple calculation based
on the ideal gas law shows that only a very modest fractional dissociation (a few percent) of the
cell wall CHO material by the collision cascade is needed to generate a substantial gas pressure (a
few atmospheres) within the cell wall. This gas could accumulate in bubbles throughout the wall
until the pressure is sufficient to puncture the outer wall membrane, resulting in microcraters that
provide channels to the interior cell region through which large macromolecules such as DNA

could flow. Further work is needed to test this hypothesis.
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Figure Captions

Fig. 1 SEM photograph of onion skin cells. The large, flat cell walls lie flat on the substrate.

Fig. 2 SEM photograph of the microcraters formed on onion skin cell wall when ion bombarded

by Ar” ions at 20 keV energy and 1 x 10" ions/cm? dose.

Fig. 3 (a) Region of onion skin cell wall surface prior to electron beam bombardment.
(b) The same region of onion skin cell wall, after electron beam bombardment at a range
of beam current levels. For each of eight different beam currents the beam was moved
to focus onto a slightly displaced region of the cell surface. The progressively

increasing damage can be seen.

Fig. 4 (a) Ion cascade damage region formed in onion skin cell wall (taken as C;H,0,) by
20 keV Ar’ ions.

(b) Electron interaction volume for a 20 keV electron beam into carbon.
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