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Tables

Table 1. The steels investigated. (a) Chemical compositions and typical applications. (b)

Heat treatment of SKD11 steel (some of the samples were delibrately not tempered).

(a)
chemical composition (%)
Steel (JIS) typical applications
{AIST) C Si Mn |Cr |[Mo |W |V |Co|Ni |P S
White steel | 0.19 | 0.21 | 0.51
(local low-C) motor shaft, tool handle, holder or support, magnet
SKD11 1.5 |03 [04 [120(1.0 0.4 0.5
{D-2) die, roller, shear blade, plastic mold and gauge, ete.
SKS3 110 [ 03 [1.0 |08 0.8
(01) die, gauge, tap, roll, shear blade, cutter and plastic mold
550C 0.5 | 0.250.75 0.03 | 0.035
(1050) general assembly parts, crank case and rear axel shaft, etc.
SCM415 0.151 0.2 |0.75| 1.05 | 0.22 0.25
(- gear and wear resistance part with tough core
(b)
Preheating Hardening Quenching Tempering
temp.(°C) | time(min.) | temp.(°C) | time(min.) media temp.(°C) | time(h.)
850 5 1050 15 oil or air 150 1+1
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Table 2. Ion implantation conditions and Knoop hardness changes of the steels. With «,
the samples are heat-treated, (o): oil-quenched, (a): air(compressed)-quenched. The pulse
modes of the implantation beams and the target cooling: 30s/30s (exposure/shutoff) and
water-cooling for the samples x(0) and %(al), 30s/30s and no cooling {for the sample %(a2),
and 120s/30s and no cooling for the sample +(a3). Except the samples +(a2) and x(a3), all

heat-treated samples are tempered.

| Steel Energy Dose Current / Density Hardness
(keV) (x10'7 /em?) (mA [/ pA/cm?) | HK(kg/mm?)

0 0 0 330

White 20 3 2 / 600 360
steel 20 30 2 /600 500
20 60 2 / 600 450

20 150 2 / 600 480

0 0 0 250

20 20 1.5 / 300 313

SKD11 20 100 1.5 / 300 433
*(00) 0 0 0 520
*(ol} 50 100 0.2 /100 687
*(02) | 50-120-140 | 33.3+33.3+33.3 | 0.2-0.6 / 100-300 781
*(03) | 140-120-50 | 33.3433.3433.3 | 0.2-0.6 / 100-300 611
*(a0) . 0 0 0 490
*(al) 140 100 0.5 / 200 650
«(a2) 140 100 0.5 / 200 620
*(a-3) | 140 100 0.5 / 200 443
0 0 0 240

SKS3 20 20 1.5 / 300 681
20 200 1.5 / 300 417

0 0 0 187

S50C 20 20 1.5 / 300 252
20 200 1.5 / 300 318
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Table 3. Wear rates of the ion-implanted SKD11 hardened samples (the sample designation
refers to Table 2). Pin-on-disk wear testing conditions: WC ball, 4.8cm/s sliding speed, 500g

load, and 10* total rotation cycles (~ 320m sliding distance).

Sample | lon energy (keV) | Wear rate (10 °mm?)
#(00) 0 0.25

x(01) 50 0.146

*{02) 50-120-140 0.111

(03) 140-120-50 0.121

*(a0) 0 0.50

(1) 140 0.24

*(a2) 140 0.21

*(a3) . 140 0.30
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Table 4. Microhardness and tribology testing results from the N-ion-beam processed Ti-Al
sampies. HK: Knoop hardness number; “annealed”: after 48 hours of annealing at 300°C.
The numbers (1) and (2) represent the load conditions under 250 g and 50 g respectively.

The friction coefficients are the mean values for the total tested sliding distance.

Sample Hardness Wear rate Friction
type HK(kg/mm?) (10_-6mm2) coefficient
virgin 330 (1) 2.15; (2) 0.80 | (1) 0.7; (2) 1.2
as-implanted 806 (1) 0.36; (2) 0.22 | (1) 0.7; (2) 0.6
implanted & annealed 1291 (1)1.39; (2)0.70 | (1) 0.6; (2) 0.9
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Table 5. Examples of ion implantation of practical objects.

Object Energy | Dose (N-atoms/cm?) /

Precision die & puach | 20 keV | § x 10'7-1 x 108 )

‘ 135 keV | 5 x 10"

Tap (M3 - MS8) 20 keV | § x 10771 x 10!8

130 keV | 2 — 4 x 107

Drill 20 keV | 5 x 10Y7

Dentist tool 130 keV | 2 — 4 x 107
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Figure Captions

Figure 1. The 150-kV, high-current ion implanter. (a) Photograph, and (b) schematic.

Figure 2. The pin-on-disk wear testing result of the SIBAD-treated (with a 80-keV mixed
N-ion beam to a dose of 1 x 10'®N-atoms/cm?) and untreated SCM415 steel sample surface
after strong HNOj-corrosion. The measured position 0 mm represents the boundary between
the treated and untreated regions, as described by the schematic of the experimental setup
of the Al-target and the steel-substrate at the top. The testing conditions are: load-100g,
ball-WC, sliding-speed—5cm/s, wear-trace-radius-5mm, total-rotations—5000, environment-
dry-air. Notice: the average wear trace width of the only N-ion implanted SCM415 steel

surface is about 230 pm.
Figure 3. XRD patterns of the ion-implanted SKD11 steel samples.

Figure 4. Imaging microscopic morphology of some SKDI11 steel samples implanted by

_ non-analyzed N-ion beams at (a) 50 keV, (b) 50-120-140 keV and (¢) 140-120-50 keV.
Figure 5. XRD patterns of the N-ion-beam nitrided Ti-Al alloy compared with the virgin.
Figure 6. Examples of the ion-implanted tools: vatious dies and punches.

Figure 7. Examples of various target holders. {a) A water-cooled, rotatable and translat-
able holder able to hold large tools, such as a punch and a drill (the objects can also be held

at the side of the holder); (b) a water-cooled, rotatable holder holding taps.
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Abstract Low-energy N- and Ar-ion beams at 15-30 keV with doses ranging from 2x10"
to 3x10'® ions/cm’ were applied to different plant tissues and screened for their effects on
lissue viability and cell damage. Ar ions implantation at 30 keV to doses ranging from
5x10" ions/em’ to 1x10™ ions/cm’ onto plant cells allowed Trypan blue molecuies enier
the cell wall. At the dose of 2x10'° ionsfcm’  the dye could be detected inside the
vacuoles The changing of cell wall treated with 30-keV Ar-ion implantation at 2x10%
ions/cm’, postulated as paths for exogenous molecule transferring was detected under
Transmission Electron Microscopy.

KEYWORDS: ion implantation, low-energy, plant cell, Trypan blue.
Introduction

lon beam biotechnology is a newly founded interdisciplinary field between appliec
nuclear physics and biology, where physical ion beams are utilized for biological
engineering or processingw. lon beam technique is represented by ion implantation, a
physical process where energetic (charged) ions are accelerated by an electric field, and
continued onto a target where they penetrate inside, introducing physical and chemical
changes in the near surface region. The ion implantation technique is able to introduce
ions of one or more elemental species into other materials. Applications of ion beam
technology include nuclear reactor engineering, electronic device fabrication and materials
modification. Direct consequences of ion implantation are the penetration of ions inside the
materials at depths ranging from a few nanometers to a few micrometers (depending on
ihe ion species, the energy and the target material), introducing radiation damages to the
target surface structure which inctudes sputtering and emission of secondary electrons
and photonsz. These events finally change the extrinsic properties of the target materials.

The ion beam application has been recently extended to the field of biclogy and
agriculture. The important mechanism of ion beam biotechnology (s the use of high energy
to produce radiation damage, which acts as a new mutagenic scurce for genetic
modification in organisms in the way of either directly inducing mutation or creating
physical injuries for exogenous molecules transferring by energy deposition, momentum
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transferring, foreign particle implantation and charge exchange1. Recently, this technique
was employed in order to introduce a plasmid into rice protoplastsa. Motivated by this
attempt and being aware that this technigue may provide a precious alternative to the
traditional DNA transferring methods, we have initiated an experimental investigation to
understand maore about the effects caused by the exposure of excised plant tissues to the
ion beam and the mechanisms of ion implantation leading to a deformation of the outer cell
structures.

in this preliminary study we investigated a) the applicability of our ion beam
facilities to implant ions in biological materials, b) the effects of ion implantation on tissues
viability and c¢) the effects of the ion beam irradiation on the outer cell structures for
exogenous molecule transferring. For these purposes, different tissues from several plant
species were irradiated using ion beams from different ion species - nitrogen (N) and
argon {Ar)- with low energies and varied doses.

Materials and methods

lon implantation

The ion implantation was carried out using the 150-keV mass-analyzed heavy ion
implantation facility at the fon Beam Technology Unit, Chiang Mai Universityd's. In this
machine, argen and nitrogen ions were produced by an RF ion source, extracted and
accelerated to the energies ranging from 15 to 30 keV, magnetically mass-analyzed and
focused, and finally transported to the target chamber (Fig 1.) where a sample holder was

installed.
ing_motor
y_electron suppressicn_tube
? Insulotor
fli

Aperture (changeable)
Jarget holder 1 / : 7
N

1ON BEAM

Sample A0 — - l

Shutler AL
@ -200 v

Fig 1. Scheme of the target chamber which includes: a sample holder, a manipulator
system and a beam-current measurement system.
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The wnole beam ling, including the sample helder, was constructed from stainless
steel, The sample holder was specially designed to hold a standard petri dish where the
plant tissues can be accommodated, and exposing four different target locations to the ion
beam. Pulsed beam modes were adopted with the beam periodically sweeping across the
exposure holes of the sample holder. The ion doses were controlled by measurement of
the beam current at the target and the implantation time. In order to measure the beam
current correctiy, an electron suppression tube mounted in front of the holder was exerted
with -200 V fo suppress the emitted secondary electrons from the target surface resulting
from the ion beam bombardment. The beam current densities were varied from 3 to 10 p
Alem’. The dose of each pulse irradiating the target was about 3 - 5 x 10" ions/em”.
During ion implantation, the pressure in the target chamber was kept around 10°- 10™ Torr
by a turbomolecular pump, and the temperature of the target in such an environment was
estimated to be apout 0 °C. During the implantation experiments, tissue specimens stood
in these conditions for about 1.5-2 h. Table 1 summarizes the ion implantation conditicns.

Table 1. lon implantation conditions.

lon Energy Dose (ionsfcm’)
species (keV)
N 15, 30 5x10"™1x10", 2x10"°, 4x10"°, 1x10"
Ar 20 5%10™, 1x10%, 2x10"°, 4x10",
30 2x10", 5x10", 1x10%, 2x10%, 4x10"°, 1x10"°, 1.5x10"°, 3x10™

Plant tissues

Table 2 shows the plant species and tissues used in this study. The choice was
lead by the availability in our tissue culture laboratory, the tissue employed for each plant
species is mostly the one commonly used in tissue culture propagation. For each ion beam
treatment, plant tissues were fixed onto a petri dish arranged in two groups, one to be
exposed to the beam for imptantation and the other, which was not exposed to the beam,
as a vacuum-treated control. Fresh tissues were also employed as controls to iest the
vacuum and low-temperature effects on the samples. Four pieces of the employed tissue
of each species were treated in one experiment, with an average cof four replicates per
dose applied. Each experiment was repeated at least three times.

Pilant tissues post-treatment

After ion implantation, the tissues were shortly rehydrated for 30 min in sterile
distilled water. Trypan blue (TB} was used to rapidly determine the optimal irradiation
conditions that can produce structural modifications of the cell wall and plasma membrane
while maintaining the cell viability. This vital dye is a molecule of about 1000 Da so it can
penetrate and stain only those cells that are dead or damaged; uninjured, viable cells with
intact cell wall and functional membrane prevent the dye from entering and remain
unstained’. The rehydrated tissues were placed on a glass stide, stained with trypan blue



156

solution {1mg/ml in phosphate buffer 50 mM pH 7.5) and observed under a bright field
microscope.

Table 2. List of the plant species and tissues.

Plant species Tissue
Dendranthema x hybrida, Zea mays leaf
Eurycles amboinensis pollen
Hippeastrum x hybrida,Eurycles leaf base

amboinensis,Gladiolus x hybrida

Zea mays,Cucurbita moschata ,Curcuma embryo
sp.. Zingiber sp.

Cymbidium tracyanum, Dendrobium cruentum, protocorm
D.albosanguineum, Ascocentruin curviflorium,
Paphiopedilum sp.

Gnetum gnemon,Fragaria vesca, Tacca sp., Globba lateral bud
Sp.
Broussonetia papyrifera, Maesa ramentacea stem

Transmission electron microscopy (TEM)

Implanted and fresh tissues were fixed in 2.5 % glutaraldehyde in 0.1 M PBS, pH
7.3 al 4 °C for 1 h. They were then rinsed several times with the same buffer and postfixed
with 1 % 0s0O, in 0.1 M PBS for 1 h. The fixed specimens were washed with the same
huffer and dehydrated in increasing concentrations of acetone. At room temperature, the
specimens were then infiltrated with increasing concentrations of Spurr's 1969 resin in
acetone. Thin sections were stained seguentially with uranyl acetate and lead citrate and
examined under a JEOL 1200 EX Il transmission electren microscope at 25 kv,

Results and Discussion

Vacuum effects

For the ion beam freatment was operated in high vacuum condition which also
causes water loss and low-temperature environment for the tissues, any effect due to these
harsh conditions on the tissues was therefore first tested separately from the ion
implantation effects. Before ion implantation, the effects of the pressure ranging from 10™
to 10° Torr (which leads to ambient temperature of about 0 “C or even lower) on the tissues
were tested. As shown in Fig 2, the cell turgor produced by the vacuum exposure was
restored after an incubation of 30 min in distilled water.
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Fig 2. An example of the effects of vacuum on guard cells from Dendrathema leaf. A: fresh
control, B: vacuum-treated control (at 10" torr far 2 h), C: the same sample after 30 min of
rehydration in water.

lon imptantation effects

The tissues capabhility to survive and differentiate was tested on various species.
The energy and dose employed were those that produced significant modification from
the studies on dye penetration and the TEM photographs. In Table 3 the results of Ar-icns
implantation are shown: many cf the species and tissues could grow after the implantation,
or survived in a steady state, except for Giadiolus that probably could not stand the
dehydration under vacuum condition
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Table 3. Effects of ion implantation (Ar, 30 keV, 2x10" ionfcm®) on the survival and growth
of different plant species and tissues.

Grown /Developed Steady state Dead
Dendranthema x hybrida Gladiolus
Eurycles amboniensis Hippeastrum x hybrida

(basal plate and pollen)

Zea mays Cucurbita moschata,
Curcuma sp., Zingiber sp.

Cymbidium tracyanum, Dendrobium cruentum
Dendrobium
albosanguineum,
Ascocentrum curviflorium,
Faphiopedilum sp.

Fragaria vesca, Globba sp. Tacca sp.

Broussonetia papyrifera Maesa ramentacea

N-ion implantation at 30 keV has been observed to produce extensive effects on
plant cells (data not shown), while the 15-keV N-ion implantation did not affect the tissues
except when the dose of 1x10'® ions/cm” was used. As an example shown in Fig 3A, the
naked corn embryos in tissue culture can still germinate after implantation at 5x10", 110"
and 2x10" ions/cm’ even if the growth is retarded of about 50%. Severe injury are
observed to be limited to doses higher than 1x10" jons/cm’ and to energy higher than 30
keV (data not shown). Implantation of the heavier Ar ions (Fig 3B) was found to produce
similar results.

Fig 3. Naked corn embryos grown in fissue culture after ion implantation, A: N, 15 keV; B:
Ar, 30keV. 1: fresh control; 2: vacuum treated control; 3: 5x10™ ions/ch; 4: 1x10"™
ions/cm®: 5: 2x10" ionsfem?: 6: 1x10'® ions/cm”.
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Figure 4 shows the extent and the effects of the Ar-ion implantation on embryo
cells. While trypan blue could not enter the cells of the unimplanted embryo (fresh and
vacuum-exposed conirel, Fig 4A and B, respectively), it could enter the ceil wall and was
accumulated in the apoplast of the cells irradiated with 20 keV Ar-ions at dose level of
1x10" ionsfom’ {(Fig 4C) and with 30 keV Ar-ions at 1x10" ionsfom’ (Fig 4D). When the
cells were irradiated with the 2x10" ions/cm’ Ar-ions at 30 keV, the dye could enter inside
the cells where it was concentrated into small vacucles (Fig 4E) implying thatl the cells
were functional and alive. At higher doses (4x10" ions/cm’, Fig. 4F) the celis surface is
damaged and the dye seems to accumulate in the nuclear area but not into vacuoles.

Fig 4. Trypan blue staining of Ar-ion implanted embryo cells. A: fresh control. 8: vacuum-
treated control. C: 20 keV, 1x10" jons/em”. D: 30 keV, 1x10"° ionsfem’. E: 30 keV, 2x10"°
ions/cm’. F: 30 keV, 4x10" ions/icm®. The dye does not enter the cells in the both controls,
(A and B) while at low energy and low doses the dye enters the cell wall but not the
plasmalemma (C and D). At higher doses the dye enters inside the cells and is
compartmented into vacuoles (E) or accumulated in the nuclear area (F).
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N-ion implantation was found to be ineffective for Trypan blue penetration at low
energy (15 keV) as shown in Fig 5A. At 30 keV, the effect of nitrogen implantation was too
severe and the cells surface was seriously damaged (Fig 5B).

Fig 5. Trypan blue staining of N-ion implanted embryo cells. A: 15 keV, 1x10" ions/cm’; B:
30 keV, 1x10" ions/cm”.

These ewvidences indicate that Ar ions are more suitable than N to introduce
exogenous molecules without sericus affecting cell viability. The reason for the different
result achieved with N and Ar ions could be explained on the supposition that for N ions
the energy of 15 keV is not high enough to penetrate the cell wall, or the damage created
by those lighter and smaller ions is guickly repaired.

TEM micrographs in Fig 6 show the injury produced by the Ar-ion implantation. The
external surface of cell wall in the control {(vacuum treated, Fig 6A) is smootn, but after ion
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implantation it becomes corrugated (Fig 6B). At higher magnification a kind of outer cell
structure changing postulated as "path" through the cell wall can be observed (Fig 6C,
arrows).

Fig 6. TEM micrographs of the effects of ion beam implantation on embryo outer cell
structure.

A: vacuum-treated control. Bar 200 nm. The arrow indicates the external surface of the call
wall.

B: Ar-ion implanted, 30 keV, 2x10" ions/cm’. Bar 200nm. The external surface of the cell
wall is damaged and partially etched.

C: Higher magnification of the same sample shows the etching on the surface produced by
ion implantation (left arrow) and the resulting the changing, postulated as path through the
whole cell wall.
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The penetration depth of Ar ions into the celis was theoretically estimated by using
TRIM-90 simulation software’. The program calculated the maximum depth in biclogical
tissues to be about 100 nm at an incident energy of 30 keV as shown in Fig 7. However,
TEM photographs show the thickness of the cell wall to be about 400 nm; in Fig 6C the
path goes through the whole cell wall, and in Fig 4 the dye can enter the cell wall (C,D) and
the plasmalemma (E,F). This incongruence between the estimated thickness and the real
one could be explained by the fact that the TRIM program assumes the material as a
continuous medium, without gaps between the atoms; but biological structures such as the
cell wall are not compact, so it can be inferred that about 75% of the cell wall is full of
cavities and 25% occupied by atoms.
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On the basis of these results and the theoretical calculation, we expect that ion
implantation, producing the effects of surface sputtering and inner atomic collision
cascades for solids (Fig 8), could affect the porous biological tissues in a similar way.

Prirary ion
: secondary
. angle of sputtered electrons
/-/ incidence atom F
: O ; scattered ion
.: I' ,Y‘
| : 7 photons
' S -

cascade of atomic

displacciner
y/f \o d
creationof
—0O ™ *vacancies "
O % C{—’ *interstitials
{/? P

. implanted ion

M
energy and charge trandfer \‘ﬁ %
N\ P
/ \
.

Fig 8. Scheme of the basic interactions between the implanted ions and a solid target
material: (left) the energetic ion (dark circle) hits the surface and transfers energy to the
target atoms (open circle), initiating a collisions cascade and penetrating deeper into the
target, incidentally provoking the sputtering of ions from the target surface; {right) the
energetic ion hits the surface dissipating its energy in other ways such as the emission of
secondary electrens or photons, or bouncing from the surface.
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The cellulose-pectin skeleton that constitutes the cell wall can be weaken by the
extensive damage owing to the atomic collision cascade, producing paths for exogenous
substances transferring, and/or the severe loss of water and fow temperature environment
due to high vacuum condition could render the cell wall (and the plasmalemma) rigid and
susceptible to crack under the ion bombardment. These micro-cracks would allow the
passage of big molecules.

A number of DNA transferring techniques such as direct gene transfer,
microinjectiong, electroporationw’”, protoplast fusion12, biolistic bombardment”™ and the
use of Agrobacteria-mediated gene transfer'* have been develcped but all of them present
some limits in their application. The low-energy ion-implantation could be an alternative
method for gene delivery, successful of DNA transferring and expression in bacteria using
low-energy ion implantation technique has already been cbtained in our laboratory
{manuscript in preparation). The introduction of expression vectors into plant tissues is in
progress.

Conclusion

This study demonstrates that at certain energy and dose ranges of particular ion
species, ion implantation can create structural modification on the plant cell walls and
membranes from excised tissue to transfer exogenous substances. The results indicate
new prospect in transferring macromolecules into biological cells.
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3.4.2 lon Beam Induced Direct DNA Transfer into E. coli

Somboon Anuntalabhochai*, Chiara Alisi*, Boonrak Phanchaisri’, Liangdeng Yu', Pimchai

Apavatjrut** & Thiraphat Vilaithong#

‘Department of Bialogy, + Institute for Science and Technolegy Research and Development, ** Department of Horliculture, #

Department of Physics, Chiang Mai University, Chiang Mai 50200, Thailand

lon bioengineering is represented by ion implaniation, whereby, energetic ions are accelerated under an
electric field and transported onto a target such as living cells where they penetrate inside, introducing physical
and chemical changes. Direct consequences of ion implantation are penetration of ions inside the materials at
depths ranging from a few nanometers to a few micrometers, creation of radiation damages to the near target
surface structure and introduction of charges to the target. These events finally change the surface properties of
the target materials. Several evidences have shown that low energy heavy ions have specific features on
biclogical studies. These ions are applied as a new mutagenetic source to induce mutation on genetic material
in living organism "? for several purposes such as for bacterial enzyme analysis : germination and survival
investigation in wheat seeds . Recently, gus gene transfer into rice cell suspension * and tobacco pollen ¢
induced by low energy heavy ion beams have been described. Here we report the first evidence of direct gene
transfer in bacterial cells using low energy ion beams. A pGEM2 plasmid carrying amp+ was selected io be
introduced into the competent bacteria, Escherichia coli strain DH5QL, under an influence of low energy Ar'ion
implantation. To confirm an evidence of exogenous molecule transfer by the low energy ion beam, Trypan blue
(TB) was chosen to be delivered through plant cell coat. We observe an accumulation of the Trypan blue in the

nuclear area of the cell.

The ion implantation was carried out using the 150 kV mass-analyzed heavy icn implaniation facility at
the lon Beam Technclogy Unit, Chiang Mai University. In this machine, argon and nitrogen ions were produced
by an RF ion source, extracted and accelerated to energies ranging from 15 to 30 keV. The target chamber and
the sample holder used in our experiment are shown in Fig 1.

To irradiate bacterial and plant cells , Ar' and atomic N ions were chosen for our purpose. The dose of
each irradiation was varied between 2x10''-3x10"® ions/cm® with energy in the range 15-30 keV as summarized in
Table 1. During ion impiantation, the chamber was operated under a high vacuum condition. The pressure in the
chamber was stable around 107 Torr and the temperature of the target in such an environment was estimated to
be about 0 °C. The samples were kept in these conditions about 1.5-2 h during the whole experiment.

The chosen bacteria and plasmid used in this study were Escherichia cofi and pGEM2, respectively.

After being irradiated the competent bacteria with 25 keV Ar and N ion beams at four different doses, 5x10',



168

1x10", 2x10"® and 4x10" ions/em’, aliguots of the competent bacterial cells were incubated with 10 |lg pGEM2
for 30 min in an icebox and the mixtures were then incubated with 3 mt Luria-Bertani (LB) medium for 2 hours at
37 °C. After the 2-hour incubation ampicillin solution was added into the mixtures at the final concentration of 100
Mg/ml and finally, incubatéd at 37 °C with vigorous shaking ovemight. The control was the vacuum-treated
bacteria in LB without ampicilli?w supplemented (LB").

Since the plasmid PGEM2 carries gene coding for being resistant to ampiciilin, therefore, the competent
cells containing the transferred plasmid were able to grow in the LB medium supplemented with ampicillin (L8")
media. At dose levels of 1x10" and 2x10" ions/icm® of Ar” treatment the bacterial cells incubated with the
transferred plasmid were able to grow in LB" media. Whereas survival growth of the bacterial cells irradiated with
Ar” ion at 5x10" and 4x1 0'° ions/em’® was not observed (Fig. 2). Moreover none of the bacterial cells irradiated
with any doses of N ion was able to grow in the LB, neitner that of the unirradiated one.

Because the ion beam treatment was operated under low temperature and low pressure, therefore, the
cell viability was first tested. The vacuum treated bacteria could only grow in LB but not survive in LB”. This resuit
indicated that such a harsh condition could not suppress the cell viability.

The pGEM2 plasmid from the transformants was prepared by the conventional method " and purified
through an OIAGEN column as prescribed by the manufacturer. Consequently, three restriction enzymes
including Pst /, Hind il and Xba [ were performed to digest the transferred pGEM2 in their cloning sites. The
digested plasmid was subjected on agarose electrophoresis to compare with the original plasmid's molecular
weight. The molecular size of the digested pGEM2 was revealed at 2.7 kb which was equivalent to the original
pGEMZ2's sizes as shown in Fig. 3.

The result shows that the low energy Ar~ beam induces plasmid DNA transfer into the bacterial host.
Morecver, in order to abserve similar effect with plant tissues we performed another experiment with exogenous
dye molecules, Trypan blue.

The plant tissue capabiiity to survive and grow was tested on various species. Four species including
Cucubita moschata, Zea mays, Zingiber sp., and Curcuma sp. were implanted with Ar and N ions at different
energies and doses (see Tabite1). With respect to the vacuum effects, plant tissues were tested for their viability,
The cell turgor of tissues exposed in high vacuum was restored after an incubation of 30 min in distilled water
(data not shown).

As shown in Figure 4, the Ar-ion implantation effect is to allow TB to enter into and stain the cells which
become nonviable. The implanted cells which are still viable show no such effect. For 20-keV implantation TB was
detected inside the cell wall surrounding the plasma membrane {Fig. 4c}. The 30-keV implantation produced
similar effect compared to the 20-keV implantation using a dose of 1x10"° ionsfem® (Fig. 4d). At higher dose

{4x10'5 ions/cmz) level the implanted cells allowed the dye to enter into the nucleus of the cells (Fig. 4e).
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However, growth retard of the plant under the influence of ow erergy ion beam irradiation  was also
observed. In Fig. 5a, the naked corn embryos in tissue culture car ztll germinale after implantation at 5x10”,
1x10"° and 2x10" ions/cm’ even if the growth is retarded by about 50°- (Fig. 5).

Qur results show thal low energy Ar- beam could induce i r2ct plasmid DNA transfer inte £ cofi. A
preliminary analysis on the mechanism of low-energy ion beam effects on exogencus molecule transferring inio
plant cells has been presented at a recent meeting ® The mechanism s related to the implanted on and radiation
damage ranges. Only the 1ons with suitable energies and doses having the ranges in the region comparable to
the effective thickness of the cell wall withoul causing significant damage to the cell membrane could possibly
induce and assist exogenous macromoiecule transferring into the ce ' and still keep the cell alive. The ranges of
Ihe low-energy N ions are aboul twice those of Arions of the same er=2rgy '» e cel maienal ? due to the smaller
stopping power of Lhe lighter nitrogen in the material. Our experiments dicate that the applied energy and dose
of Ihe Ar-ion beams are just suitable to have the right ranges so that ir= successful DNA transfer can be realized,
wnareas the applied N-ion beams that lead to larger ranges simply «ili the cells by severe daniaging 'he
membrane and even the subsiance inside the cell. 15 our belief inat deails of the mechanisms in lerms of

crealing whalever passages, sputtering surface, enhancing permesan.lity and exchanging charges through the

cuter cell struciure T are quite unelucidated and reguire deeper investigation.
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Fig 4. Trypan blue staining of Ar-ion implanted embryo cells. A: fresh control. B: vacuum-treated control.
C: 20 keV, 1x10" ions/em’. D: 30 keV, 1x10" ionsicm’. E: 30 keV, 2x10" ions/cm’. F: 30 keV, 4x10" ions/icm’.
The dye does not enter the cells in the controls, (A and B) while at the low energies and low doses the dye enters
the cell wail but not the plasmaiemma (C and D). At the highest dose (4><‘i015 ions/cmg) the dye enters inside the

cells and is accumulated in the nuciear area (F).
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Fig 5. Naked corn embryos grown in tissue culture after ion implantation, A: N, 15 keV; B: Ar, 30 keV. 1.
fresh control; 2: vacuum treated control; 3: 5x10" ions/cmz; 4 110" ions/cmz; 5 2x10™ ions/cmz; 6 1x10"

§ 2
ions/cm’.

Table 1. lon implantation conditions.

lon species | Energy (keV) Dose (ions/cm’)
N 15,30 5x10™, 1x10" 2x10" 4x10"° 3x10"
Ar 20,25,30 5x10™, 1x10%°,2x10" 4x10"

2x10™ 5x10™,1x10"°,2x10™°,4x10" 1x10'®,1.5x 10" 3x 10"
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3.4.3 A Study of the Mechanism of Low-Energv-lon-Beam Effects on

Outer Cell Structure for Exogenous Macromolecule Transferring*

T. Vilaithong. I'ast Neutron Research Facility, Department of Physics, Faculty of Sci-
ence: L.D. Yu. C. Alisi, B. Phanchaisri, Institute for Science and Technology Research
and Development: 5. Anuntalabhochal. Department of Biology, Faculty of Science; P.
Apavatjrut. Department of Horticulture. Faculty of Agricuiture. Chianpg Mai Univer-
sitv. (‘hiang Mai 50200. Thailand

and . Wanichapichart, Department of Physics, Prince of Songkla Unijversity, Haadyal,
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Abstract

This studyv aims at providing some fundamental and quantitative answers to the questions why
and how the widely used low-energy heavy ions such as Ar tons at 20-30 keV, which have the
ranges in the order of 10 nin in water. can penetrate a cell wall having a thickness in the order
of 10% nm and introduce large exogenous molecules into the cells. The experiment focused
on 20 — 30-keV Ar-ion implantation in various plant tissues and bacteria E.coli strain DH50
to the doses ranging from 10 — 10'%ions/em?. Auxiliary 15 — 30-ke\' N-ion implantation in
the plant tissues was also carried out. The effects of jon beam irradiation on tissue outer cell
structure and the ahility of transferring large exogenous molecules of Trvpan blue (TB) and
plasmid DNA. pGl'M2. were investigated. Analysis of the simulations of the ion implantation
processes indicates that the cell wall made of cellulose microfibrils as a porous structure is
a semirigid material so that Ar ions at certain low energies can increase permeability of the
cell wall resulting in exogenous macromolecule transferring. This has been supported by an
experiniental evidence that the 20-keV Ar-ion implantation orly results in retaining of the
TB dve in the cell wall whereas the 30-keV Ar-ion implantation can allow the dve to enter
the cell and the 25-keV Ar-ton heam can result in introducing and expressing of pGEM2 in

ool

“Snhanitted to Surface and Coatings Technology. 1999
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1 Introduction

Recently developed ion beam biotechnology has resulted in fruitful achievements [1,2]. The
techuolugy refers to utilizing energetic ion beams to irradiate biological materials to pro-
duce proper physical changes which act as a new mutagenic source for genetic modification

i1.3]. Besides the significant applications accomplished by the technology. fundamental un-

derstanding of the interaction between jons and biological objects has also heen developed
13]. However. some basic questions still remain. One of these is why low-energy Aror N ion
beams at 20 — 30 keV are so widelv and eflectively emploved in the technigue to treat cells for
genetic transfer [1,5]. Up to now the reason is empirical or only qualitatively discussed [1.6].
The basic contributions have been attributed to the ion beam etching induced thinning of
the cell wall and the jon irradiation created passages that link the primary porosities throngh
the cell wall., Qur study attempts to provide fundamental and quantitative answer to the
question why and how 20 — 30-keV Ar ions. which Lave the ranges only in the order of 10

min in water. are able to produce the effect on plant cells in transferring large exogenous

moieciles through the cell wall that has Lhickness in the order of 107 nm.

2 Experiments

2.1 Experimental procedure

Details of the experimental design and irradiations of plant materials and gram negative
hacteria will be presented elsewhere [7.5]. Thev are briefly described here. ‘The chosen
organisms used in this mechanism study are Zea mays, Cucurbita moschata. Curcuma sp.
and Zingiber sp. for plant materials and the Z.coli strain DH3a for bacteria. The exogenous
molecules are Trypan biue (TH) and plasmid DNA. pGFEM2. which were used in transferring
into the plant and hacteria colls. respectiveiy,

louv implantation was carried out using the heavy ion implantarion facilitv at Chiavg
Mai University [9]. Ar lons a1 20 — 30 keV and N ions at 15 - 30 keV were implanted
with doses iu the range between 0.2 — 30 x 10" ons/cm?. For each iou beam freatment. 1he

specimens were fixed onto a petri dish arranged in two groups. one 1o be exposed to the beam

and another as a vacunm-treated control. Pulsed beam modes were adepted using periodical
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beam sweeping across the exposure holes ol the sample holder with each pulse irradiating
the target to a dose of about 3 — 3 x 10'%ions/em?® The operating pressure in the target
chamber was kept around 1072 Pa which caused the ambient temperature to be about 0°C or
lower. During implantation the tissue specimens were normally exposed Lo this environment
for about 1.5 — 2 hrs. Four replicates {explants) were used for individual species in each
experiment. The experiment on each species was repeated at least three times.

After ion hinplantation the tissues were shortly rehyvdrated for 30 min in sterile distilled
water. Trypan hlue (TB) was used to rapidly determine the irradiation effect on the cell.
The vital dye. T'B. can enter and stain only the dead cells or the damaged parts whereas
uninjured or viable rells with intact cell walls and functional membranes prevent the dye
from entering and remain unstained [10]. The rehvdrated tissies were placed on a glass slide.
stained with TB solution (1 mg/ml in phosphate buffer. 30 mM. pH 7.3) and observed under
a bright field microscope.

The bacteria was resuspended in LB medium for 5 min. Aliquot of the suspension
was then incubated with 10 pug of pGLIM2 at the room temperature for 30 min. Then, the
mixture was fransferred into 3 ml of LB {Luria-Bertani) and vigorously shaked for 2 h at
37°C. Subsequentiv. 100 ug/mi of carbenicillin antibiotic were added and incubated overnight
at 37°C. After that the transferred p(ilEM2 was purified and analyzed on 1% agarose gel
clectropharesis. The control group underwent the similar treatment except for carbenicillin
treatmont in the enlture.

Sore of the plant tissues were examined under a JEOL 1200 EX Il transmission electron

wmicroscope al 25 kV using standard protocol for sample preparation.

3 Results

3.1 Effect of ion implantation on plant tissues

Az shown in Figare L. the Ar-ion implantation effect s to allow TB to enter into and stain the
inviable cells. I'he implanted cell which is still viable does not show such effect. At 20-keV
implantation 113 was detected inside the cell wall surrounding the plasmid membrane {Fig.
la). The 30-keV implantation produced similar effect compared to the 20-keV implantation

al the dose of 10" ions/em? (Fig. 1b) whereas at the dose level of 2 x 10¥%ons/cm? the dve
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entered inside the cell but did not stain the nucleus (Fig. 1c) implving that the cell was still
functional. At the higher dose (4 x 10"%ions/em?} level the implantation could allow the dye
to enter into the nucleus of the cell (Iig. 1d). In the case of N-ton implantation. the 13-keV
implantation was ineffective to TD penetration, while the 30-keV one caused severe damage

to the cell wall and allowed TB to enter the cell.

3.2 DNA transferring

Figure 2 shows the success of the plasmid uptake and expression of its antibiotic resistant
property in the bacterial cells. It can be seen that the irradiated £.cofli strain DH5a without
pGEM2 incubation could not survive in medium containing carbenicillin antibiotic. Whereas
tlie hacteria treated under proper doses of Ar tons could grow. Iigure 3 demonstrates an
analvsis of the trausferred plasmid. pGEA2. The plasmid from the irradiated bacteria was
prepared and digested with appropriate restriction enzvmes. Pst [ Bam [ Hind [1] which
exist in its sequence. Conseguently. the linearised pGEM2 was compared its size to the
original pGEM2 plasmid on 1% agarose gel eletrophoresis. The result showed that the size

of the transferred pGEM2 was identical with the control pGEM2. This indicated that the

pGEM2 plasmid was truly transferred into the competent bacteria strain Dil5a.

4 Discussion

['le resnlts appareutly show that exogenous macromolecules of either the T B dve or the DNA
can enter the plant or bacteria cells without killing the cells after proper ion implantation.
The role plaved by the ion implantation for the transferring was supposed to be creation of
damage-formed holes in the cell wall by the incident ions” passing through (Figure 4). Both
previous literatures [1.3] and our experiments have demonstrated that the energy of the ion
heams able to play such a positive function should be suitably low. The low-energy itons
naturally have short ranges. For example the ranges of 20-keV and 30-keV" Ar jons in water
are calculated to be 45 and 63 nm. respectively [11]. However. the thickness of common cell
walls varies from 0.1 gm to many wicrometers [12]. The question then is hiow the penetration

of the low-energy ions through the cell wall can happen.
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4.1 Cell wall structure

The fact that the plant cell wall has a type of the discontinuous semirigid structure can shed
some lirht on this question. The plant cell wall consists of cellulose microfibrils, as shown in
Figure 5 13.12]. A celiulose microfibril is about 3.5 nm in diameter in most higher plants
and the microfibrils are cross-linked in a net stvle with about a 5-nm space in between [12].
Thus it is estimated that the actual material only occupies about 7/17 of the thickness of
the porons cell wall. If the space between the molecule chains in the microfibrils (Figure 5)
i5 also taken into account the core materials mayv only be about one third of the total. From
the electron microphotograph the thickness of the cell wall of the experimented tissues was
estimated to be about 400 nm {Figure 4). Hence. only about 130-140 am of the total cel}-wall
thickuess are full of the real structural material. When the cell is in the vacuum chamber the
non-structural marerials among the microfibrils in the cel)l wall are pumped out. and the cell
wall shrinks. Therefore. during ion implantation the ions only interact with the atoms of the
core structural materials. The primary structure of cellulose is shown in Figure 5 [12], and

the chemiral formula is CgH,204.

4.2 Simulation and explanation

Based on the data provided above. simulations using TRIM {14] and PROFILE [11] programs
were performed for 20-keV and 30-keV Ar-ion and also 15-keV and 30-keV N-ion implantation
in cellulose. The results. as shown in Figure 6. seem 1o accord reasonably well with the results
of the experiment.

The damage created by 20-keV Ar-ions is only limited to the region Jess than about
30 nm which is ruuch less than the thickness of the core cell wall material indicating that
no channel passing through the cell wall exists. therefore. the dye onlv stays in the wall.
The damuge distribution due to 30-keV Ar-ion implantation at the dose of 1 x 10'%/cm? is
basicallv in the cell wall region mostly in the top hall of the cell wall. manifested as in Figure
I which brings ahout similar result as that of 20-ke\” Ar-ion implantation. But when the dose
increases. surface sputtering must be taken into account. The sputtering vield is proportional
to 1/Fy, where £y is the binding energy [15]. Due to the special 1-d chain-structure of the

microfibrils. it is supposed that the surface binding energy of the atom on the microfibril is
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2/5 of that of an atom in solid (because an atom in the 1-d structure has two bindings to
others while one in the 3-d at the surface has five). Thus. the sputtering vield of the cell wail
is 2.3 times of that calenlated by simulation (which assumes a solid target). The sputtering
loss of the cell wall implanted with 30-keV Ar ions at a dose of 1 x 10'3/cm? is calculated to
be about & nm (Fig. 6b). Therefore, the more realistic sputtering loss should then be 15 nm.
At a dose level of 2 x 107 /em? Ar-ion implanted cell wall. the real sputtering loss would be
30 nm. If this thickness loss is added the damage range of the 30-keV Ar-ion implantation
at the dose of 2 x 10'%/cmn? may extend to as much as 140 um (as shown in Fig. 6b. the
maximnimn simnlated damage range is about 10— 11 nm) implying that the damage may form
channels in the whole cell wall but not yet cause serious damage to the cell membrane. This
explains why at this energy and dose level the TB could enter inside the cell but the cell is
still functional. However. when the dose increases to 4 x 1017 /em? the sputtering loss would
he 60 nm which {after added 1hie calculated thickness loss) is too deep for the ions penetrating
the cell wall and the plasina membrane.

For 15-keV N-ion implantation. the damage is basically limited within the core cell
wall thickness and concentrated in a narvrow region of the cell wall (~ 27 — 75 am) so the
implantation was found to be ineffective to the dye penetration. In the case of 30-keV N-ion
implantation. the damage extended bevond the top surface of the cell wall to the region deep
inside the cell (~ 250 nm). The maximum ion range is up 1o 200 nm. and it immediately
refers to killing some vital =ubstance inside the cell. therelore. the ion interaction within the
cell could possibly result in the severe damage of the ceil which becomes inviable eventually.

Asfor DNA transferring in £.coli. bacteria has similar cell outer structures to plant cells.
The gram-negative L.coli lias a thinner cell wall but a thick complex outer membrane [13].
Therefore. the low-energy Ar-ion beam could have similar effect on the ourer cell structure
of E.cofi Lo that on the planl' cell wall. The effect successfully leads to DNA transferring into
tle hacterin colls.

Our experiment and analysis indicate that only the ion beams at suitable energies and
doses having the ranges ol implanting ions and radiation damage regions corresponding to
the thickuness of the effective cell wall materials (which means no significant damage on the
cell memihrane) could possibly introduce exogenous macromolecule transferring into the cells

and still not disturh the biological function of the cell.
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4.3 A unified mechanism model

An intact cell wall itsell has normally performed a function of transferring small molecules
(the size that is accounted as molecnle mass is approximately less than 500 daltons [12])
such as those of water. oxygen and other gases. and signaling molecules between inside and
ourside the cell via special mechanisms or paths [16]. But the patlhs are unable (or able but
extremely slow) to trausport large maolecules [12] such as those of the TB (~ 10? daltons)
and. furthermore, the DNA (~ 107 — 10° daltons [13]). However. after low-energy jon beam

irradiation the cell wall becomes “transparent™ to transferring large exogenous molecules of

dve and even DNA [4.19]. Some moechanisms have been proposed on the transferring 4.17].
Theyv may be divided into two categories. direct and indirect effects from ion implantation.
the foriner referving to physical reformation of the cell wall such as thinning and damaging.
and the latter including electrical field changing and N-rav exciting. But they are thought
1o he too physical and less coordinative. Living cells are suhstantiallv different from (dead)
solids. The solid target is generally passive to ion implantation. while the living cells are not
oulv passive but also active to react. Tlus. a unified model is proposed here to interpret the
meclianism.

Low-energy ion implantation onto plant cells causes radiation damage in cell outer
strneture due to lon-energy deposition and etching on the celf wall surlace through spurtering.
The conseguences may include formation of holes. pores. cracks_and surface erosion. Tle first
three mav form passages through the celi outer structure, while the last one has a thinuing
elffect on the cell wall. This facilitates the exogenous raacromolecules to approach and contact
the cell membrane. At the same time ion implantation introduces positive-charged ions into
the eell to cause changes in the potential of the substance inside the cell. The changes indicate
some imbalance occurring inside the cell. In order to return to the balance, which is the
natnre of a cell. the channels that ortginallv exist in the ¢ell membrane for transportation of
tie necessary substance between cells for cell living open to realize the exchange of charges.
The opening of channels may be large enough. because of the high potential created. for
exouenous macromolecules to enter. At that moment. owing to the damage on the cell wali.
the tmucramolecules outside the cell can easily migrate through the passages to access the

opened channels and then enter jnside the cell by the mechanism disenssed in ref.[20].
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In this proposed 1odel, the possibility of the transterred exogenous macromolecules
completely passing the damage-formed channels through both cell wall and cell membrane
[6] is eliminated. Because light damage of cell membrane can be quickly repaired by the
membrane itsell (indicating that any post-transferring cannot be done with the lightly ion-
beam-damaged membrane), while heavy damage makes the membrane lose its vital function

and kills the cell itself.

5 Conclusion

Various tissues and bacteria E.coli strain DH5a have been implanted with 15—30-keV Ar and
N ions to the dose ranging from 10** = 10"%ions/cm?. Only the ion beams at suitable energies
and doses able to cause radiation damage jn the region comparable to the effective thickness of
the cell wall without signilicant damaging the cell membrane cau possibly introduce exogenons
wiacromolecule transferring into the cells and still keep the cell alive. Althongh the thickness
of the cell wall is much bevond the jon range, the porous structure of the cell wall results in the
effective wall material. cellulose. heing only about one third of the wall thickness. Therefore.
the low-energy ions can possibly permeate the wall and introduce radiation damage in the
wall building the passages for exogenous macromolecules to pass through the cell wall and

contact the cell membrane for trausferring.
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Figurel Trypan bluestaining of Ar-ion implanted embryocells. {A):20 keV. 1x10"%ions/cm?:
(B): 30 keV. I x 10%%ions/em?: (C): 30 keV. 2 x 10'%ions/em?: (D): 30 keV'. 4 x 10Y%ions/em?.

The width of the picture is 60 pm.

Figure 2 Survival of the Ar-ion-beam treated L.cofli incubated wirth pGEN2 in antibiotic
medium. Tube | and 2 present an unirradiated and vacuum-treated E.cofli. respectively.
whereas tube 3 and 4 exhibit E.coli irradiated with 1 x 10%%ons/cm? aud incubated with
pGENM2. All the samples were cultured in antibiotic medium. The turbidity is indicating of

bacterial growil.

Figure 3 Ay analvsis of the transferred pGEM2 on agarose gel electrophoresis. The linear
plasmid of the original pGEM2 dieested with a restriction enzvme. FPst [ (lane 1) and the
transferred pG1N2 digested witl restriction enzyvines Pst [0 Bom HI and Hind [ respec-
tivelv (lane 2-4j. Molecular weight marker of 1 Kb ladder is in lane 3. All pGEM?2 plasmids

show an identical size at 2.9 kKb molecular weight {arrow).

Figure 4 1L\ micrograpls of a portion of embrye cell wall. (A} Vicunm treated control.
Bar: 200 nm. The arrow indicates the external surface of the cell wall. (B) Ar-ion implanted

(30 keV. 1 x 10"0ns/em?). Bar: 200 nm. The external surface of the cell wall is damaced

and partially erclied as the arcow poiuted.

Figure 5 The cell wall structure. On the left is the electron micrograph of the cellulose
fibers in the cell wall of the alga Chaetomorpha [13]: on the right is the structure of cellulose
[12]. (A): a small portion of two cellulose molecules. (B): a cellulose microfibril in which manv

parallel cellulose molecules are H-honded together.

Figure 6 PROFILE (left) aud TRIM (right) simulation results for (A} 20-keV Ar-ion. {B)

30-keV Ar-ion. () 13-keV N-ion and (D) 30-ke\" N-ion implantation in cellulose.
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(b}

(a)

(d)

{c)

Fig. 1
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Fig. 2

Fig. 3
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Fig. 4
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4.1 Coherent Far Infrared Radiation from Relativistic Electron Beams.
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Vibration of DNA : lattice dynamics

molecular dynamics
nonlinear dynamics (40-600 Lm)
- Solid state spectroscopy (100-1000 Lm)
- Molecular rotation spectroscopy in gases {50-500 Lim)
- Relaxation of hot electrons in semiconductors (200-500 Uum)
- Phonon decay phenomena (200 Lim)
- Selective bond — breaking of large molecules

- Nonlinear optics and spectroscopy Vuan
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1 “Free Electron Lasers and Other Advanced Sources of Light” Report, National Research
Council, National Academy Press, Washington, D.C. 1994.
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3. T. Nakazato et. al., Phys. Rev. Lett. 66(1989)1245.
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4.2 \HRALTAINEI (Fuel Cell)
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