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Abstract

Peak effect in weakly pinned superconductors represents order-disorder transition of the vortex matter. It

is accompanied by metastability. Experimental manifestation of the metastability is highlighted and is

explained by proposing a phenomenological model, in which each metastable vortex state corresponds

to a distinct critical current density J.. Existence of a unique stable state corresponding to aJ_. = J*is

postulated and established experimentally. It is shown that the stable state can be accessed from any

metastable state by subjecting the superconductor to an oscillatory field of a small amplitude. Assuming

that the stable state is the thermodynamic equilibrium state, we infer the equilibrium magnetization

across the peak effect regime. We present an evidence that the order-disorder transition corresponds to

a first order transition.

&perconducting materials lose their resistance
below a critical temperature T_. Besides the zero
resistance, they also exhibit Meissner effect (total flux
expulsion). Based on their magnetic behavior,
superconductors are classified as type | and type Il.
Application of a magnetic field larger than a critical
value H_restores the normal resistance of Type |
superconductors even below T_. Most type |
superconductors are elemental materials having a
critical field not more than few hundred Oersteds. On
the other hand, type Il superconductors exhibit
Meissner effect only below a lower critical field H .

Issue no. 273 October 2006

Between H_, and an upper critical field H_, magnetic
flux penetrates the superconductor in the form of
quantized vortices while the resistance remains zero.
This state is called the Mixed State or Vortex State.
Most of the type Il superconductors are alloys and
compounds having critical fields in the range of few
thousand to several millions of Oersteds. Thus they
are extensively used in generating high magnetic fields
in particle accelerators, Nuclear Magnetic Resonance
Imagers (MRIs), Tokamaks for nuclear fusion
experiments and so on. The most popular
superconducting materials in use for these applications
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are NbTi and Nb_Sn. High T_tapes made of YBa,Cu,0,
coated conductors are slowly gaining acceptance,
albeit for generating relatively low fields (of the order
of 1 =2 T) but using liquid Nitrogen rather than the

expensive and cumbersome liquid helium.

A vortex is an object carrying a quantum of magnetic
flux ¢, = 2 X 10> Weber and a persistent circulating
supercurrent extending upto the London penetration
depth . The repulsive interaction due to the circulating
supercurrents organizes the vortices into an ordered
lattice. However, a transport current through a
superconductor exerts a Lorentz force on the vortex
lattice. The resulting motion of the vortices causes
dissipation. Fortunately, the normal vortex cores of
radius equal to the coherence length § interact with
the underlying material defect structure and various
impurities to immobilize or pin the vortices. The
interaction of the vortex matter with the defect
structure is the basis for all the high field applications
of the superconductors. Metallurgists manipulate the
material microstructure to enhance the J_of the
superconductors by various

metallurgical processing routes.

The pinning interaction is also
responsible for destroying the
spatial order of the vortex lattice.
The competition between the
repulsive inter-vortex interaction,
which tends to order the vortex
lattice and the pinning which
tends to destroy that order is

between the vortex matter and the pinning is not well
understood basically because of the relatively long
range interaction between the vortices. The
competition between these two interactions
determines the critical current density J, which is one
of the most important properties from the application
point of view and also produces various phases of the
vortex matter[1]. This study assumed further
importance with the advent of high T_superconductors
where thermal energy kT is an additional energy, which
makes the vortex phase diagram even more
interesting[1]. Mutual competition between the three
energy scales, viz., inter-vortex repulsive interaction,
pinning interaction and the thermal energy produces
mainly three vortex phase transitions (see the vortex
phase diagram in Fig. 1) viz., (i) vortex solid to vortex
liquid[2], (ii) Vortex solid to vortex Glass or order-
disorder transition[3] and (iii) Vortex Glass to vortex
liquid[4]. The first is established to be a first order
transition[2]. My work mainly focuses on the
understanding of the thermodynamic nature of the

vortex solid to vortex glass transition.

interesting from the basic
physics point of view. While the

success in applications s

Fig. 1 : Vortex phase diagram of a type Il superconductor

achieved by metallurgists, the

physics of the interaction

«<TERGe
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Larkin and Ovchinnikov[5] proposed the collective
pinning (LO) theory based on the elastic interaction
between the vortex lattice with a random distribution
of point pins which correlates J_to the microscopic

parameters through the relation
J_=(n<f>/V)"2(1/B), (M

where n is the density of microscopic point pins and f
is the average force exerted by each of the pins on a
vortex. This theory is strictly valid only in the regime of
elastic deformations of the vortex lattice and V_is the
volume of the vortex lattice over which the lattice
remains correlated. Usually J_decreases monotonically
with increasing magnetic field (B) and/or temperature
(7). But many superconductors exhibit a sharp peak in
J_as a function of both field and temperature, the
phenomenon known as peak effect[6]. Within the LO
theory, a sharp increase in J_signifies a sudden decrease
in the long range correlations of the vortex lattice.
However, the assumption of elastic deformations may
not be strictly valid across the peak effect as indicated
by Small Angle Neutron Scattering experiments[7].

Current understanding is that the peak effect is the
result of competition between inter-vortex interaction
and pinning resulting in a vortex lattice transition from
a low field/temperature quasi-ordered Bragg Glass (BG)
phase, free of topological defects, into a highly
defective disordered Vortex Glass (VG) phase[8]. It
occurs just below the normal state boundary in low T_
superconductors but in high T_superconductors, it
occurs well below the normal state boundary. It is
established that in high T_materials the first order
vortex melting line and the BG-VG transition line meet
at a critical point. Slight variation in the pinning
strength simultaneously shifts both the melting and

BG-VG transition lines. Based on this fact, it was argued

Issue no. 273 October 2006

that the BG-VG transition might represent what is
called a “disorder induced melting” transition which
may be either weakly first order or second order in

nature[3].

The order-disorder transition in the vortex lattice is
identified by the sharp change in J_. Thus, although a
non-equilibrium quantity, J_ may be treated as a
thermodynamic quantity as it reflects a sharp change
in the vortex lattice correlations. But it is necessary to
measure the equilibrium magnetization M, in order
to understand the thermodynamic nature of the BG-
VG transition. J_and M, are usually obtained from

magnetization hysteresis measurements using

JH) = [ M(H) - M™ (H))2u,gd 2)
M. (H) = [ MP(H) + M=(H) ]/2 3)

M (H) and M(H) are the magnetizations in the

increasing and decreasing field scans respectively.

g is a factor depending on the sample geometry and
d is the sample dimension transverse to the magnetic
field. Egs. (2) and (3) assume that J_is uniquely
determined by the local magnetic field B. However,
pronounced thermo-magnetic history dependence in
J_and the vortex state metastability observed near the
order-disorder transition[9-12] make Egs. (2) and (3)
inapplicable.

Magnetization hysteresis measurements are carried out
using Quantum Design SQUID magnetometer and/or
Oxford Vibrating Sample Magnetometer (VSM) on a
2H-NbSe, crystal (T_ = 7.25K) and a V,Si crystal (T_ =
16.5K). Onset of the sharp increase in the
magnetization hysteresis (proportional to J ) beginning
at about 6 T (Fig. 2) signifies the peak effect. The

asymmetry in the magnetization curves in the

«ERSe
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jcfor(/_/) > _/Crev(/_/) (5) )

This anomalous behaviour cannot be

accounted by the critical state
model[13], which assumes that J_is a
single valued function of the magnetic
field. Qualitative explanation of the
history dependence has been provided
by invoking supercooling [9,11] and
superheating[11] of the VG and BG
phases across the BG-VG transition

Fig. 2 : M-H loop and minor curves near the peak effect
and the low field regime of V. Si. Full (Dotted) lines are minor curves

respectively. It is implicit in these
arguments that this transition is first
order in nature. On the forward curve,
the BG (low J) phase is superheated
to higher fields where VG phase (high

obtained by decreasing (increasing) the field from a point

on the forward (reverse) curve

increasing (forward) and decreasing (reverse) field
scans is a primary signature of the history dependence
inJ_, which is further investigated by tracing the minor
magnetization curves as shown in Fig. 2. The width
of the minor curves starting on the forward and reverse
curves should be the same if J_has a unique value at a
given field as assumed in the critical state model[13].
However, in the peak regime the minor curves starting
on the forward curve are smaller in width compared
to those starting on the reverse curve as shown in Fig.
2. This result is summarized by the inequality

jcfor(H) < Jcrev(/_/)l ( 4)

where, J *(H) and J*(H) are J_values on the forward
and reverse field scans respectively. Minor curves
recorded in the low field regime ( < 2 T) where J_falls
sharply, exhibit a behavior just opposite to that in the
peak regime[14], indicating

< «<TERGe

J) is the stable phase. On the other

hand, the disordered VG (high J)

phase is supercooled to low fields on
the reverse curve where BG phase is the stable phase.
This indicates that the vortex state is metastble both
on increasing and decreasing field cycles. The main
problem in understanding the thermodynamic nature
of the transition is that, pronounced metastability in
the vortex state obscures the equilibrium state of the
vortex lattice. Further, the disorder at the sample edges
seems to broaden the transition significantly and
contribute to the metastability seen in the bulk
magnetization measurements[15]. Therefore, one of
the key issues is how to access the equilibrium vortex

state.

To understand the metastability and quantitatively
describe the history effects, we proposed a simple
phenomenological model[16], which supposes the
existence of multiple metastable configurations of the
vortex lattice at a given field and temperature. Each
vortex configuration can be accessed by following a
certain path in the (B,T) phase diagram. In the model,

Issue no. 273 October 2006
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J_is a macroscopic representation of a given metastable
configuration. At a given temperature, it is postulated
that the transition from one metastable configuration
to the other is governed by

1:(B+48) = 1{B) + (' | JBYB] [1,° - {8} ©)

An important assumption is the existence of a unique
stable state corresponding to J_ = J* at a given field
and temperature. B is a macroscopic measure of
metastability and describes how strongly J_ could be
history dependent. In the limit of B =0, however, the
model reduces to the standard critical state model
where J_is unique at a given field and temperature. In
the limit of AB —* 0, Eq. 6 reduces to

A (B)AB = ~(15 - 1)/B, 7).

Sl Eh LU Y - MpaE
TRIR] = ,1 'g\ 15 A "..h-
0 1 ;r:— e i
I = Hl._,.l' F
= % - 3
EE; il 2] el -F_/‘}EFIJ- [dl .;__,."' l,'. Fai
o.o0 :Z-_"_:‘_h l e JiL | -
= B I E - ‘]\J
0 H-\--'I
] Fi Bl 120

Figs. 3 : (a) and (b) show the two kinds of
minor curves calculated using the
phenomenological model while (c) and
(d) display the corresponding experimentally
measured minor curves

Upper (lower) sign is applicable in the case of
increasing (decreasing) local field B respectively. Using
this simple model, we calculated magnetization
hysteresis loops, which turn out to be asymmetric with
respect to the direction of field scan as observed in
experiments (Fig. 3). Different experimental minor
curves are also understood using this simple model.

Issue no. 273 October 2006

It can be seen from Eq. 6 and/or Eq. 7 that a metastable
vortex state with J_#J * can be driven into the stable
state by merely oscillating the magnetic field by a small
amplitude. An important result of our study is that a
unique equilibrium state independent of the past
history can be reached by repeated field cycling. In
the absence of adequate thermal energy, we argue
that the energy imparted in moving the vortices in a
metastable configuration allows it to overcome the
free energy barrier and enter a lower energy

configuration[17].

Fig. 4(a) depicts the hysteresis loop of an NbSe, crystal
recorded at 6.95 K. A, B, Cand D marked in Fig. 4(a)
are four representative points at which minor hysteresis
loops (MHLs) are initiated. A(C)and B (D) are ata
field H < H * (H > H_*) where H * is the field at
which a sharp change in magnetization occurs on the
forward branch. Minor loops were recorded from both
forward and reverse branches, spanning the entire
peak region by cycling the field by about 10 to 20

Gauss.

Minor loops starting from point A (forward curve,
H < Hp,*) retrace in different field cycles as shown in
Fig. 4(b). It indicates that the vortex state is already in
a stable configuration with a J_proportional to the
width of this minor loop (Eq. 2). In Fig. 4(c), minor
loops initiated from point B on the reverse curve shrink
with each successive field cycle, merging eventually
with the loop traced from A (shown in open circles).
The vortex state at B is a supercooled metastable state
with a J, higher than the stable value at that field.
The final MHL obtained after many field cycles
is independent of the history, and therefore
corresponds to a stable or equilibrium state with
J_=J*. Fig. 4(d) shows the MHLs starting at point

C (ie., H > /—/p,*). The increasing field

«ERSe
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Figs. 4 : (a) M-H loop of NbSe2 at 6.95K. (b)
MHLs starting from A, (b) MHLs starting from B
(full line) shrinks with each successive field
cycle. After five cycles it merges with the loop
(open circles) shown in (b) which is re-plotted.
(d) MHLs starting from C and (e) MHLs starting
from D (full line) collapse into the final loop
shown in (c) (open circles)

leg of the MHL separates from the forward curve in
the first field cycle itself and remains outside the main
loop. In other words, the MHL expands on field cycling.
This suggests that, for H > H_*, vortex configuration
on the forward curve is also metastable and J_is initially
less than the stable value, which is a signature of the
superheated BG phase. The behavior of the minor loop
starting from D is again quite similar to that starting
from B. Eventually, the MHLs from C and D collapse
on to the same loop, again indicating a unique state
at this field. We therefore conclude that this new
procedure provides an unambiguous way to attain a
stable or equilibrium state.

Having succeeded in producing the equilibrium state,
we determine the quantities J_and M__ by applying
the relations 2 and 3 to the saturated minor loops
obtained after many field cycles. In Fig. 5, we plot the
stable state critical current density J** and the
equilibrium magnetization M,  as a function of applied

. HMuGe, | ek
4D -:| jﬁq Bazk G T
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Fig. 5:Jt vs H at 6.95K in the field range 80
mT to 120 mT. Filled triangles and open
circles are the values obtained from MHLs
initiated from forward and reverse curves
respectively. Inset shows the J *t in the entire
field range studied. (b) M_, vs H at 6.95K. The
increase in M_, coincides with the sharp
increase in J *

field. M, exhibits a sharp increase between H_* and
H, signifying an increase in the equilibrium flux density.
This is reminiscent of flux lattice melting transition in
cuprate superconductors[2]. The observation suggests
that the OD transition is a first order transition. The
increase in M, coincides with the sharp increase in J,
at the onset of peak effect. A similar result following
our experimental procedure has been reproduced by
Nishizaki et al[18] at the onset of the order-disorder
transition of twin free YBCO crystals.
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In summary, we have presented the generic magnetic
behavior near the order-disorder transition of weakly
pinned superconductors, which is described by a
phenomenological model. An important outcome of
the model is that it suggests a definite experimental
procedure, viz., the method repeated field cycling with
a small amplitude, to access the equilibrium state of
the vortex system which is otherwise obscured by the
metastability. We have obtained the equilibrium
magnetization across the peak regime, which clearly
suggests that the order-disorder transition represents
a first order transition.
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Abstract

Design and development of neutron and X-ray detectors and R&D work in Neutron Radiography (NR) for non-

destructive evaluation are the important parts of the neutron beam and allied research programme of the

Solid State Physics Division (SSPD) of BARC. The detectors fabricated in the division not only meet the in-house

requirement of neutron spectrometers but also the need of other divisions in BARC, DAE units and some

universities and research institutes in India and abroad for a variety of applications. The NR facility set up by

SSPD at Apsara reactor has been used for a variety of applications in nuclear, aerospace, defense and

metallurgical industries. The work done in development of neutron and X-ray detectors and Neutron

Radliography since 1992 is reported in this article.

Neutron and X-ray Detectors

%adiation detectors play an important role in
medicine, biology, materials science and high-energy
physics for monitoring and imaging applications. Gas
filled detector, semiconductor detector and scintillation
detector are widely used in flux measurement, area
monitoring and scattering experiment applications with
each of them having their own advantages and
limitations. The detector technology is rapidly evolving
by making use of recent developments in material
processing, new detector designs, data acquisition and
analysis systems [1]. In case of neutron scattering

experiments the neutron beam intensities are low due to

collimation, monochromatisation and scattering.
Efficient neutron detection or imaging is therefore
essential to use the neutron beam time judicially. Demand
for neutron detectors with higher count rates, larger
scanning angles and finer position resolutions, is ever

increasing.

Among the various types of detectors, gas-filled detectors
are widely used especially by the neutron scattering
communities around the world. Gas-filled position
sensitive detectors [2] are conveniently used in various
spectrometers to scan large angles as these detectors
can be fabricated with large size and show high detection
efficiency. They have the advantages of
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low gamma sensitivity, high neutron efficiency, very high
noiseless internal amplification, no radiation damage,
flexibility of size and fill gas pressure and need simple
counting and pulse processing electronics. Large area
position sensitive detectors with multiwire geometry
developed in 1970s have become widely popular for
many applications [3]. At Solid State Physics Division,
we are involved in indigenous development of gas filled
signal detectors and position sensitive detectors (PSDs)
for X-rays and neutrons for various applications at BARC
and other laboratories in India. These detectors are widely
used as low sensitivity monitor counters to very high
sensitivity signal detectors. Continuous efforts are putin
towards modification of detection techniques to carry
out the experiments efficiently. Various types of detectors

developed are *He and BF, filled detectors for neutrons,
linear 1-D single anode PSD, 1-D and 2-D multiwire PSDs,
curvilinear PSD and a microstrip based PSD for both
neutrons and X-rays[4-11]. These detectors show excellent
operational characteristics and stability over the long
periods. Various types of neutron proportional counters
fabricated in our laboratory are listed in Table 1 along
with their specifications and applications. Fig.1 shows
some of these detectors.

Table 2 gives photographs and salient features and
applications of various types of position sensitive detectors
designed, developed and successfully tested in our
laboratory. Many of the 1-D position sensitive neutron
detectors are mounted on the neutron spectrometers at

Table 1: Various types of Newtron Proportional Counters developed

Dwdector | Fill gas | Pressure | Sensitivity Efficiency et
Typet (bar) | (epsiov) (%) Application
! End-on side-on
4A BF; .79 1) E 36 | Mewtrom flux monitor
4 BF; .79 23 12 80 | Meotron flax monitor
As gignal detector for
= z - = maomitering of
2 ‘He#llr | 3+1.5 &3 w0 41 e
and muclear waste
(1] BF; 079 55 45 12 Shgnal detector on
‘Hetlr | 3+15 15 92 55 | meutron spectrometer
6E EF: 70 11.6 45 16 and BEM monitor
As :igpnl detector on
o BF; 079 7.0 il 12 nentron spectremeter
15D BF; | 0.7 23 55 || e
- elaracterisition of
"Hetkr | 3HLE 105 98 EE T —,
360 *Heslkr | 3+15 108 o EE
SOUFCES.
HMuclear waste
36E BF; .79 LI 8 16 — g

tDetector type nomenclature: the number before alphabet indicates length of detector
ininches and A, B, C, D and E indicate cathode diameter of 0.4”, 0.5”, 1", 1.5” and 2"
respectively. The anode is made of tungsten wire of 25 mm diameter.
Cathode material: brass.
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6 Tvpe
44 Tvpe

36D Tvpe

Fig.1: Some of the neutron proportional counters mentioned in Table 1

Dhruva and working over the years satisfactorily.

The gas filled neutron proportional counters are
extensively used in BARC over a wide range of application

such as flux and area monitoring, spent fuel activity
measurement, study of nuclear reactions, measurement
residual activity of nuclear waste, measurement

of cosmic neutron radiations and

T of Thobecisrs

Dscription

THe- fillled 11} Fesition Senstive
Neniram [eteciors

D imse msims: LHE e (1) 5 36 mm ()
1Micm  x 15 mm
fillem x50 mm
Miem @ 80 mm
Puskilen Resobution: 4.5 mms - T mus
Energy Recdution: ~ 6 %
Efficiency: 55% - 80% anl A

Applicaon: Instalbed sm High ),

| Prafde Anstysls, Qmasielnstic, small
aigle seallei lng Noliliss
spcirometers and Polarised
Mentron reflecismeier st Dhrova
FEsEir

I-T¢ folubtiwire Pasition Sensithe Newtron Deteolor Active aren  + MSmim § 345mm

ol b
2D PEDhwiih gos Mg sl s eius] em svstem,

Actine dept : 15mm

Window t = 18mm thick
Diame wall thiskwes: - %mm
Spatial resslution: 69 © 69 plvels

Pl size : Smm § Smin
Anode grid o 28pm Aw=WY wire,
pitch Smm
XV remlowt grids : 23mm 55 wire,
plch Smmm,
R=RIkE

Anode-Catlede spocing: & dmm
Fill gus: 3He + Kr 12:1) im pactive
chomber
+ AHe (Abar) s
cimpeisading chamlwr
Efficiency: T0%% for 4.4 newtrons

Applivation:
Fmall Angle Neutrsa Scabiering,
newiron Diffractisn

Table 2: Various types of Position Sensitive Detectors for Neutron and X-rays developed
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Table 2 contd...

Type of Detectors

Description

1-T3 Position Sensitive X-ray Detector

Cathode: 24 mm (1) x 21 mm (ID) x
3 mm (t)

Anode : CCCQ) Fibre

Sensitive length = 160 mm

Meray window ; 100pm Al foil,

3% absorption below 6 kel

Gas P AR AP
(atm} (%% 5.9 keV) (mm)

Ar+CH4 1.2 14.3 0.946

Kr+CH4 1.2 10.5 0,80

XetH4 1.2 21.6 .64
Applications: X-ray diffraction and
smiall angle X-rav scattering

1-I Position Sensitive X-ray Detector

Active Area @ 100 mm x 10 mm
Active Depth : 15 mm
Spatial resolution: 64 x 64 pixels

Fixel size 11.5mmx 1.5 mm
Inter grid spacing: 1.4 mm
Anode : 10 um 88 grid,
3 mm pitch
X Y readout grids : 25 pm 55 wire
1.5 mm pitch,
R=128 ki)
Fill gas Ar+CHy4 (2:1)

Detection efficiency: 75%
Cose material: 58 with Al lining

Window i Be, 4"
Cwerall size: 200 mmOD) x 70 mmH
Crverall weight: 1.5 Kg

Energy resolution of ~12%
Position Besolution -~ 1.2 mm x 1.4
mm for 3 bar gas pressure

Multiwire anode- PCB structure enclosed inside the PSD,

Detector casing: 8 mm thick 15-Al
Sensitive length: 70 cm
Overall length: 81 cm

Arc rodius: 1m
Scan angle; 29"
Anode wire: 15 pum 88

Active gas thickness: 35 mm
Scanning heighi: 35 mm

Fill gas: ‘He + Kr

Energy resolution: 15% at 764 keV
Position resolution: 6 mn.
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Table 2 contd...

Typeof Detectors Description

Mimostnp basnd 100 P for Mo tron s & Xorys Deogn parameters of merosnp
Sy e . Borosilicate glas

Sen o waith 12 pm

- Cath ode width - 300 prm

Anode-cathode gap 150 pm

Fitch CEE pm
Active aea - 20 mmx 1 5mm

Hesistive sinp width 100 pm
Hesusimer strp mesistanae - 40 kD

s -0 Xray PEOC

Ernorgy resciubon =12 7% at 5.9 kel X-rars
Mesinon Remlution = 0 459 memwath

Xe+ CHyat 2 bar

#i5.1-0 Newtron P30

Shern i of deapned Microdnp pedieen on insalsdmg subsiraie I;:“T mﬂ.m:ﬁ‘m“ﬂ”ﬂr’f;
ka0 s dpsarg oo hogr sy e+ ArH0, o L

A, sresdle C cxihode B, bovnckeg pad, B massdensg redie gy £ gas mixhmos o,
moanderid stnp wihf;, PRI, :lﬂ#meﬁa-ﬂm-'.eawu?:mhjh
ol pasaurion; W ol aes width, | Bolie aes kg

W

menlime sk srah

Paabon Hemluban 1 8 mmwath 3He 4 Kn
(0 ) rati st ikl presure of 3 bar

Appicat o

Xopay, neulion sonitbennsg e o ernen s veith
high ponition resauion and high count cate
1L sead i th sy mvchi otron sounces for M-y
sEattering sudies

Fhrotograph of redanguiar chamber comtsnmg e Moosinp plafe
ffop plode welh Xy wandow modrted amiy A5 plefe el
sk i e iy neclinons)

material studies using neutron scattering techniques. Division of BARC.

The detectors are also supplied to atomic energy

establishments of other countries like Bangladesh, Neutron Radiography Facility and
Vietnam and Austria ( IAEA). Table 3 gives the statistics Applications

about different types of detectors designed, fabricated

and supplied to various users in BARC and outside  The property of thermal neutrons, which makes them
institutions. Users other than BARC can procure these valuable for studying industrial components is their high
detectors through the Technolgy Transfer & Collaboration penetration through widely used industrial materials such

ounder’s Day
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No. of Neutron and X-ray detectors fabricated and

supplied during IX and X plan to various users:
48 1
|

X-ray proportional counters:

BF ,-filled neutron detectors:
JHe-filled neutron detectors:

3He-filled neutron PSDs:

Boron coated neutron detectors:

Misc. types neutron detectors:

2-13 PS1) for neutron:
1-1) PSI) X-rays
2-D PSD X-rays

131 |

220

-~ 800 lakhs

Total cost :

21

15

L

& D work

Users: SSPD. ED., APD, RSSD. FCD, ACD, HPD. FRPD,
RRCAT Indore. Indian Universities and Research Inst.
[AEA, Bangladesh Atomic Energy, Vietnam

Table 3 : Statistics of Neutron & X-ray Detectors Fabricated and Supplied

as steel, aluminium or zirconium. Neutrons are efficiently
attenuated by only a few specific elements such as
hydrogen, boron, cadmium, samarium and gadolinium.
For example, organic materials or water attenuate
neutrons because of their high hydrogen content, while
many structural materials such as aluminium or steel are
nearly transparent. Neutron Radiography (NR) is a non-
destructive imaging technique for material testing. It is
similar to X-ray and gamma radiography and has some
special advantages in Nuclear, Aerospace, Ordnance and
rubber and plastic industries. Information is obtained on
the structure and inner processes of the object under

investigation by means of transmission. At BARC, neutron

radiography has been actively pursued by the Solid State
Physics Division for various applications, using the 400kW
swimming pool type reactor, Apsara as the neutron
source. In this facility the thermal neutrons from the
reactor are collimated by a divergent, cadmium lined
aluminum collimator with a length/inner diameter (L/D)
ratio of 90. A cadmium shutter facilitates the opening
and closing of the beam. The specimen can be mounted
about 60 cm from the collimator followed by a cassette
containing neutron converter and X-ray film. The whole
setup is properly shielded to avoid any radiation exposure
to the operator. Table 4 gives the important parameters

of the facility, which is schematically shown in Fig. 2.
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The NR facility of Apsara has been used for a variety of « experimental fuel elements,
applications in nuclear, aerospace, defense and « Water contamination in marker shell loaded with

metallurgical industries[12]. The facility has been phosphorous,
extensively used for recording neutron radiographs of « electricdetonators,
Table 4 Apsara Reactor Nr Fadiity
Useful beam amea + 13 om déa
Themrnal neutron fux 21 X 10* nfernisec
Garnrm A rac aton [eoel AR
Cacknium rabe 6.3
Heutron /gamma rabio : 9X 10 nwan¥mR
Heutron con e ter screens S G 25 prn, Oy 100 e, Kodsk CNES-B
AiF-InsiAg) sontllator and CCO based digital
Irnaging. Fuji neutron image plate

- BIOLBGICAL . 51’
4 SHIELOWNG ,

DBJECT TROLLEY

REacToR J-o an

AR Y e
LR L AN
2N
e —— G ASSETTE
.a,-':\
f;:-\
N
h:_z‘\ BORATED
FFIM
S % \
\':I\ \‘;I."Q DTN NN
I [l
J'E Ii ' 5L0T FOR
LEAD GATE i m_;ﬁ CASSETTE
|
i il
i
o
Cd SHUTTER
LEAD BLOCK

Fig. 2 : Schematic of NR Facility at Apsara Reactor
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« satellite cable cutters and pyro valves,

« boron-aluminium composites,

« hydride blisters in irradiated zircaloy pressure
tubes,

« variety of hydrogenous and non hydrogenous
materials and

« two phase flows in metallic pipes.

While some of the radiographs are shown in Fig.3, the
most recent work on NR is described in the following
paragraphs.

Satellite cable-cutters

Pyro-valves

Fuel pins

NEUTRON RADIOGRAPHY

Non-Destructive testing and
Evaluation

Assessment of hydriding on
Zircaloy-2/Zr-Nb2.5% pressure tube
material using Neutron
Radiography

One of the most important applications of NR in the
nuclear field is the post irradiation examination of pressure
tube (PT) to check formation of hydride blisters if any. To
ascertain the detection of hydride blisters in zircaloy
pressure tubes, detectability limit of hydride was first
established[13]. For this purpose hydride blisters were

Auto spark plug

Auto Carburettor

Flower plant
seen through
Lead brick

Fig. 3 : Neutron Radiographs of various objects taken with Apsara NR facility.
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created in the laboratory on hydrogen charged Zircaloy
pressure tubes under thermal gradient are examined using
neutron radiography. It was established that a zirconium
hydride blister of nearly 0.25% of job thickness could be
detected using neutron radiography. The theoretical
detectability was also analyzed and found to be in good
agreement with the experimental results. This work served
as reference to examine an irradiated pressure tube from
a power reactor[14,15,16]. Neutron radiographs of an
irradiated pressure tube [Rajasthan Atomic Power Station
(RAPS#2, K-7 position, 8.25 EFPY) sample were recorded
using Apsara NR facility after modifying it for handling
the radioactive zircaloy-2 pressure tube coupons. The PT
sample of size 59mm x 29mm x 4.2mm was radiographed
using transfer technique with 100m thick Dysprosium
converter screen. A PT strip containing four laboratory
generated hydride blisters were also mounted on the
same converter screen cassette to act as a reference.
Fig.4(a) shows neutron radiographs of laboratory

generated hydride blisters in zircaloy-2 and Zr-2.5% Nb

pressure tube coupons where as Fig. 4(b) shows hydride
blister streaks in the zircaloy-2 coupon of the pressure
tube from power reactor RAPS#2. Enlarged view of one
of the blisters is also shown to the right of the figure.

Neutron radiography was also used to study size and
shape of the zirconium hydride blister in the zircaloy-2
pressure tube. Figs. 5(a) and (b) show neutron
radiographs of a pressure tube with three laboratory
generated hydride blisters and with neutron beam incident
parallel and normal to the plane of the blisters
respectively. Fig.5 (a) shows lenticular shape of the blister
with nearly 2/3 of the blister embedded in the wall of
the tube. In the present photograph maximum width of
the blister corresponds to 1.5 mm in 4 mm thick wall of
the pressure tube. However, the smallest blister grown
in the laboratory was found to be mainly on the outer
surface of the pressure tube with almost no penetration

in the wall of pressure tube.

Fig. 4(a) : Hydride blisters in zircaloy-2(L)
and Zr-Nb(R) PT coupons (Lab. Generated)

ounder’s Day

Sparinl lan u-.

Fig. 4(b) : Hydride blister streak in zircaloy-2 PT
coupon (L) from a power reactor. Enlarged view
of the blister shown in (R)
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Fig. 5 : NR of zircaloy-2 PT coupons with
neutrons incident parallel (a)
and perpendicular(b) to
the plane of blisters

Recently characterization of hydride blisters in burst tested
Zr-2.5% Nb pressure tube was done using Apsara NR
facility [17]. Hydride blisters were grown in a 16.5 cm
long Zr-2.5% Nb pressure tube piece in RED, BARC. The
tube was subjected to burst testing. The tube failed axially
in brittle manner during testing. The axial crack passed
through two hydride blisters which was also seen in the
neutron radiograph (Fig. 6).

HYSEN radiography technique with
NR facility at Apsara reactor

The technique, referred as Hydrogen Sensitive Epithermal
Neutron (HYSEN) radiography technique was first
developed for imaging small amounts of hydrogenous
materials encapsulated within high thermal neutron
absorbers, and found to be useful in study of hydride-
induced embrittlement of metals. The HYSEN imaging
system consists of a converter screen (In) and a neutron
beam filter (In + Cd ) with the object placed between

Issue no. 273 October 2006
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Fig. 6 : Neutron radiograph of Zr-2.5%Nb
pressure tube piece containing laboratory
generated hydride blisters(B).The axial crack is
seen passing through two blisters
at position 4 on the tube.

the screen and filter. For neutrons, In has a resonance
peak at 1.49 eV. Combination of Cd foil with In foil
almost completely cuts off neutrons with energy lower
than 1.49 eV. Incident neutrons with energy higher than
1.49 eV, which pass through, are scattered elastically by
hydrogen atoms present in the object. The neutrons that
are slowed down to the vicinity of 1.49 eV by this
scattering are absorbed by the second In foil placed
behind the sample. Since the image is induced by the
scattered neutrons, the resolution and the sensitivity of
the technique are highly dependent on the object
dimensions and object to screen distance. Hydrogen
concentrations as low as 50 ppm (0.020 mg H/cm?) in
0.62 mm zircaloy coupons have been reported. The
detection limit of standard NR techniques is about 0.66
mg H/cm?. Thus the sensitivity of this method was found
to be about 30 times better than the normal NR
techniques.

Setting up of HYSEN radiography technique with existing
NR facility at Apsara reactor was undertaken as a part of
coordinated research project of IAEA[15,18]. Theimaging

<o
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system (Fig.7) consisted of a 250 mm indium converter
screen and a neutron beam filter comprised of 1 mm
cadmium and 1 mm indium foils, with the object being
placed between the filter and screen. The system was
exposed to neutron beam of the NR facility. Neutron
radiograph of 1-, 2-, 3-, 4- layers of cellophane adhesive
tape as object was recorded. The gradation of hydrogen
concentration in successive layers of adhesive tapes was
clearly seen in the radiograph (Fig.8). At present the
experimental set up is suitable for recording HYSEN
photographs of very thin hydrogenous samples. The
results of preliminary measurements are regarded as
encouraging, considering the very simple system that
was used (Fig. 9). The work on improvement over the

i——"‘ Samgle
[ e ramrer ron
. L]
I
— '
NEUTRONS it
]
il
L]
Coll e I Mo

Fig. 7 : Schematic of basic HYSEN
Radiography system

existing set up with different neutron detector and filter
foils and use of electronic imaging camera for recording
the radiograph is in progress.

Digital Neutron Imaging

One of the important radiography methods is Electronic
Imaging or Real Time Radiography, which produces

e

Fig. 8 : Neutron radiograph of 1-, 2-,
3-, 4- layers of cellophane adhesive tape
as an object

on

D=0 030+ A5T2E  Re=0.RT

ar =

film density

on -

-1 ] 1 2 3 4 5 ]

na.of layers of polysthelens apeweight ~ Smglsm)

Fig. 9 : Sensitivity of 8 mg/cm? corresponding
to 1Tmg/cm? of hydrogen

neutron images on a video monitor. This method is
especially attractive for the high-throughput inspection
of parts requiring instant feedback of information.
Unfortunately, it has limitations in its applications. It
cannot be used for inspection of the irradiated specimens
because of its sensitivity to gamma radiation. Typically,
an electronic imaging method utilizes a fluorescent
converter screen to produce a light signal that is suitably
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amplified and fed into video equipment for viewing.
The video output is digitized using frame grabber card
and processed using an onboard processor. Image
acquisition software performs operations like online
thresholding, contrast stretching, integration, averaging
etc. Trained human eye can distinguish 50 to 100 gray
levels between black and white.
Digital imaging accelerates this
probing dramatically, up to 4096
gray levels are differentiated. Use of
planar detectors like low light
cameras (e.g. CCD, C-CCD...) in
combination with fluorescent screens

is made to record the radiographs.

11l

An electronic imaging system

e

for real time imaging work. Fig.12 shows images of some
of the objects scanned using the imaging system.

For Neutron Tomography the sample to be imaged is
placed on a platform, which is rotated using a stepper
motor. The stepper motor is controlled using a PC based

RupE pap
syl ol

ke H il b e ol e o i

(Figs. 10 and 11) based on
commercially available image
intensifier tube and low cost CCD
camera has been developed and
tested [19]. The neutron beam
transmitted through the sample is
absorbed in a NE-426 scintillator
screen. The light produced by the
screen is reflected by 90° and focused
onto the input fibre optic face of an
image intensifier tube. The output
imageis focused onto a CCD camera
using, an F#1.4 lens. The CCD
camera used has 756(H) x 581(V)
pixel array and image intensifier used
has 30 Ip/mm resolution with gain
of 10°> Cd/m?/Ix.The video output of
CCD is digitised using a frame grabber card and processed
using onboard processor. Various types of assemblies
and components were scanned using the imaging system.
Neutron images were instantly seen on the video monitor

indicating that flux at Apsara NR facility was adequate

Issue no. 273 October 2006

Fig. 10 : Schematic diagram of electronic

imaging setup at Apsara

Fig. 11 : Photograph of an electronic imaging system used
at Apsara for real time neutron radiography

controller card. The sample rotation, image acquisition
and processing have been interfaced together within a
single control program. The images were recorded in
various angles and used in reconstruction program based
on Convolution Back Program method for obtaining CT

.
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(1)

(2)

(3)

Fig.12 : Neutron images of (1) carburettor, (2) spark plug,
(3) INSAT cable cutter & U-tube filled with wax recorded
using electronic imaging system at Apsara

scans at various slices. Several sets of samples were
fabricated to assess the quality of tomography system
[19,20]. One such sample is a cylindrical brass rod of 40
mm diameter with holes ranging from T mmto 5 mm,
some of them filled with wax, air and Indium wire, is
Fig.14 shows the CT scan of this
sample. All the holes either wax or air filled, are visible in

shown in Fig.13.

theimage.

Visualisation and analysis of water/air,

water/vapour two phase flow inside p
metallic pipes under high temperature
and pressure condition is of

considerable importance in thermal V9 B

hydraulic design of nuclear reactors.
It is important to know under what
condition bubbly to slug or slug to
annular flow transitions occur. Ideally,
one would like to have method where
one not only determines such
transitions quantitatively but also
visualize the flow pattern. Neutrons
provide this facility. Most of the

g

cladding metals such as aluminum or steel are transparent
to neutrons whereas hydrogenous materials such as water
are relatively opaque. This makes neutrons a unique tool
for study of flow of water inside metallic pipes. Such
two phase flow visualization is done using electronic
imaging technique [21]. The prototype electronic
imaging system developed by us has been used for

+ 2 oo hode Wax- filled
T X imam
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]
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Fig.13 : Schematic diagram of a sample made of
solid brass (40 mm @) with holes of Tmm to 5 mm filled

with wax, air and indium wire
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visualization of two phase flow (water/air) inside metallic
pipes. Simulation of bubbly, slug and annular flow was
done using various combinations of flow rates of water

and air using the experimental arrangement shown in

Fig.14 : Neutron computed tomographic
image of sample shown above

Fig.15. The transition from one flow regime to other has
been visualized (Fig.16). Aluminum pipes of diameter
from 12 mm to 25 mm and wall thickness of 1.5 mm to
2 mm, and steel pipe of 12 mm diameter and 1.5 mm
wall thickness have been used for visualization purpose.
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Introduction

%ectron transfer (ET) between molecular

adsorbates and semiconductor nanomaterials has

been a subject of intense research interest in Sn0,:F,

recent years'2. This process is intimately related Ll S k240 y
to the application of semiconductor }' @ ‘_‘f
nanomaterials in photography?, solar energy

conversion?, photocatalytic waste degradation*
Scheme 1: Kinetic model for electron transfer from

) ] a molecular adsorbate to semiconductor nanomaterials in
conversion through design and development of dye-sensitized solar cell.

and quantum dot devices®. Solar energy

dye-sensitized TiO, semiconductor solar cell® has
been a subject of intense research in recent years.
The most efficient cells of this type, based on can be attributed to efficient solar energy harvesting by
Ru(dcbpy),(NCS), [dcbpy (4,4'-dicarboxy-2,2’- the sensitizer and high incident photon to current
bipyridine)] (or Ru N3) sensitized nanocrystalline TiO, conversion efficiency (IPCE). A high IPCE requires a fast
thin films, can achieve a solar to electric power conversion electron injection rate from the sensitizer to the

efficiency of about 10%. The high conversion efficiency semiconductor and a much slower back electron transfer
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rate to the sensitizer. A schematic of the interfacial ET
processes in dye-sensitized semiconductor nanomaterials
in solar cell is shown in Scheme 1. The operation of this
solar cell and many devices based on nanocrystalline
materials is directly related to the charge transfer and
carrier relaxation/recombination dynamics. For this
reason, in addition to interfacial ET, carrier relaxation and
recombination dynamics in metal and semiconductor
nanoparticles have also been actively studied in recent
years’. The mechanism of solar cell devices is based upon
the injection of an electron from a photo-excited state of
the sensitized dye into the conduction band of the
semiconductor. The efficiency of the dye-sensitized solar
cells depends critically on the rates of the forward (dye
to semiconductor) and back (semiconductor to dye)
electron transfer reactions. For an efficient solar energy
conversion it is necessary to establish conditions for both
fast electron injection and slow recombination. High yield
of long-lived charge separation is expected for useful
conversion of sunlight into electric charge. The basic
photophysical reactions for the above process can be
written as

S+ hv- S* o S*+e,-(TO,)

The dye (S) is excited with visible light (hv) to
the electronically excited state S*. If this state lies
energetically above the conduction band edge of the
colloid, electron injection to the semiconductor can occur
on a fast or ultrafast time scale®"”. The energetic position
of the acceptor level plays a key role for the dynamics of
the injection mechanism. Most of the reports are available
in the literature are the high density (conduction band
continuum) of acceptor states was regarded as the main
reason for the ultrafast initial charge separation. The lower
lying (below conduction band) surface states can also

play important role. Surface states in the nanoparticle

ounder’s Day

are generated due to the intrinsic defect on the surfaces
of the nanoparticles. However, one cannot investigate
the role of surface states in dye sensitized TiO, system in
interfacial ET dynamics because the LUMO (lowest
unoccupied molecular orbital) of most of the dye
molecules are above the conduction band of TiO,. As a
result the photo-excited dye molecules immediately
injected into the conduction band. Higher band gap
semiconductor colloids such as ZrO, may serve as an
ideal system to investigate the role of these surface states,
in interfacial ET reaction. Now the question is that is it
possible to observe ET reaction in ZrO, nanoparticles by
any adsorbate. The observation by many others and us
reveal that most of the adsorbate do not inject electron
in ZrO,. So what is the necessary condition for a dye/
ZrQ, system to realize ET process? To answer this question
judiciously we have chosen a series of molecules, which
can inject electron in the surface states of ZrO,. We have
also address the necessary condition in dye/nanoparticle

system to observe ET reaction in the surface states.

Presence of surface states in the nano-structured materials
actually brings down the efficiency of the devices. It is
reported in the literature that involvement of the surface
states in the interfacial ET process can actually bring down
the efficiency of the solar cell. To gain higher efficiency
in the devices it is very important to pacify these surface
states. Modification of these states is possible using
suitable modifier molecules. By this process it is possible
to remove most of the lower lying surface states. Surface
modification of semiconductor nanoparticles changes
their optical, chemical and photo-catalytic properties
significantly'™. It can lead to the following effects: i) it
may enhance their excitonic and defect emission by
(e/h™)
recombination at the defect sites (traps) on the surface

blocking non-radiative electron/hole

of the semiconductor nanoparticles™, ii) it
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may enhance the photo-stability of semiconductor
nanoparticles', iii) it may create new traps on the surface
of the nanoparticles leading to the appearance of new
emission bands?, iv) it may enhance the selectivity and
efficiency of light-induced reactions occurring on the
surface of semiconductor nanoparticles'2'. Over all on
surface modification density of surface states (lower lying
states below the conduction band) can be changed
drastically. Now the question is that on surface
modification is the surface states which only get affected
or the energy level of conduction and valence band also
changes. As we are discussing the efficiency of dye-
sensitized solar cell where interfacial electron transfer plays
an important role. So it is important to see the effect of
surface modification on interfacial electron transfer
dynamics. In the present article we are going to address
the interfacial ET dynamics in the surface states of
semiconductor nanoparticles. We are also going to discuss
the change of optical and photo-physical of nanoparticles
on surface modification by suitable modifier molecule
and also the effect of surface modification on ET
dynamics. To address above questions we have used
Femto-second transient absorption technique to study
the ET dynamics in the surface states of ZrO, nanoparticles
and also the effect of surface modification of TiO,
nanoparticles on interfacial ET dynamics.

Synthesis of Nanoparticles

Nanometer-size ZrO, and TiO, particles were prepared by
controlled hydrolysis of Zirconium (IV) isopropoxide
isopropanol complex and Titanium (IV) isopropoxide and
it has been described in detail in our earlier work” 3. A
solution of 5 mI TifOCH(CH,), ], (Aldrich, 97%) dissolved
with 95 ml isopropyl alcohol (Aldich) was added

Issue no. 273 October 2006

drop-wise (1ml/min) to 900 mL of nanopure water (2°C)
at pH 1.5 (adjusted with HNO,). The solution was
continuously stirred for 10-12 hours until a transparent
colloid was formed. The colloidal solution was
concentrated at 35-40 °C with a rotary evaporator and
then dried with nitrogen stream to yield a white powder.
ZrO, nanoparticle was also prepared by adopting the
above procedure.

Femtosecond Spectrometer

The femtosecond tunable absorption spectrometer has
been developed in Radiation & Photochemistry Division
based on a multi-pass amplified femtosecond Ti:sapphire
laser system from CDP-Avesta, Russia (1 kHz repetition
rate at 800 nm, 50 fs, 300 wJ/pulse)'?. The 800 nm output
pulse from the multipass amplifier is split into two parts
to generate pump and probe pulses. One part, with 200
W/pulse, is frequency doubled and tripled in BBO crystals
to generate pump pulses at 800, 400, or 267 nm. Typical
energy of the pump pulse were kept ~6-7 (. To generate
visible probe pulses, about 3 ) of the 800 nm beam is
focused onto a 1.5 mm thick sapphire window. The
intensity of the 800 nm beam has been adjusted by iris
size and ND filters to obtain a stable white light
continuum in the 470 nm to over 1000 nm region. The
probe pulses are split into the signal and reference beams
and are detected by two matched photodiodes with
variable gain. The noise level of the white light is about
~0.5 % with occasional spikes due to oscillator
fluctuation. It has been noticed that most laser noise is
low-frequency noise and can be eliminated by comparing
the adjacent probe laser pulses (pump blocked vs
unblocked using a mechanical chopper). The typical noise

in the measured absorbance change is about <0.3 %.
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Femtosecond Transient Absorption Spectrometer

Dye-Nanoparticle Interaction

To understand the mechanism of the dye-sensitized ET
reaction in the dye-nanoparticles (NP) system, it is very
important to know the type of interaction between the
dye molecules and the NPs when they get adsorbed on
the nanoparticle surface. In the present article we are
going to discuss the involvement of surface states of
ZrO, NP in ET dynamics. For this purpose a suitable
sensitizer (quinizarin) has been identified. Steady state
spectroscopic measurements of Qz molecules in TiO,
and ZrO, colloidal solutions suggest that Qz molecule
have strong interaction with both the NPs. It is interesting
to observe that Qz molecule have stronger interaction
with ZrO, NP as compared to that TiO, NP. Itis interesting
to observe that on adsorption of the Qz on ZrQ,
nanoparticle surface, a new ligand to metal CT band is
formed. The formation of CT complex can be explained
by the following equation

Zr0, + Qz G- [ZrO, >-Qz ®**]Complex

The optical absorption spectra of Qz molecule in presence
of ZrO, nanoparticles are broader and red shifted

s

as compared to that in presence of TiO, nanoparticles.
It has already been reported by Rajh et al?? that
six-membered ring complexes are more stable on ZrQO,
nanoparticle surface and five-membered ring complexes
are more stable on TiO, nanoparticle surface for < 20
nm particles. In the present investigation Qz forms
chelating type of complex having six-membered ring with
ZrO, nanoparticles (Scheme 2) forming a stronger

complex as compared to that formed on TiO,

nanoparticle

Scheme 2: Molecular structure of quinizarin
coupled with ZrO,
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nanoparticle surface. In this scheme, it can be seen that
oxygen bonded to the central ring in keto (quinoid) form
along with one OH group binds to the Zr (IV) atom,
which is sitting on the surface of the nanoparticle. This
binding mode results in a six membered ring chelate
type of complex with the surface Zr atoms. A six
membered ring has larger bond angles that can

accommodate the cubic structure of ZrO,.

Electron Transfer (ET) Dynamics
into the Surface States of ZrO,
Nanoparticles and its Mechanism

The main aim of this article is to study IET dynamics in
the surface states of ZrO, nanoparticles. It has been
observed that all the sensitizers, which inject electron
into the conduction band of TiO, not necessarily will
inject electron in to the surface states of ZrO,. As the
chemical nature of ZrO, and TiO, nanoparticle surfaces
are very similar?> to understand the photophysics of the
dye molecule on a non-injecting nanoparticle surface,
we have used ZrO, nanoparticles surface, where electron
injection was not possible from photoexcited dye. In those
systems’® excited state properties of the dye molecules
on ZrO, nanoparticles surface were very
similar to that in bulk solvents. However,
in Qz/ZrO, system interesting behavior
has been observed in photo-excited
condition. Fig.2 shows the time resolved transient
absorption spectra of Qz/ZrO, system in water. The
spectrum at each time delay consists of a bleach in 475-
585 nm wavelength region centered around 510 nm, a
positive peak at ~660 nm and broad positive feature in
the whole spectral region (750 - 1000 nm). From the
transient spectrum it is clearly visible that photophysics
of Qz molecules on ZrO, nanoparticles surface is very
different from that in methanol'. Temporal
characteristics of the transients in the entire

wavelengthregion are also dissimilar to that of free Qz in
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solution'. The positive peak at 660 nm has been
attributed to the combination of cation radical of Qz
molecule as well as the injected electron in ZrO,
nanoparticles and broad absorption band in the region
of 750-1000 nm has been attributed to the injected
electrons in the nanoparticles. Since the excited singlet
state (S1) of Qz molecule is well below the conduction
band of ZrO, (Scheme II), photo excited Qz molecule
will be unable to inject electron in the conduction band
of ZrO, nanoparticles. Thus, this injection process has
been attributed to the injection in the surface states of
nanoparticles. The bleach peak appears due to
disappearance of ground state of the dye-ZrO, complex,
on excitation by the laser pulse. The appearance time of
the above signal is pulse width limited (<50 fs), it can
be attributed to electron injection time into the surface
states of ZrO, nanoparticles. The electron injection in
ZrQO, nanoparticles can be explained by the equation given
below.

The kinetic decay of both electron in the conduction
band as well as the parent cation radial and also the
recovery kinetics of the bleach can provide the

recombination dynamics of the injected electrons and

Z00s o Q2> [Z003 Ol atmt 3 €55(2005) + Q2

Electeon ifeerion

the parent cation. Fig.1 inset shows the bleach recovery
kinetics at 570 nm wavelength. The recovery kinetics
has been best fitted with a multi-exponential function
with the time constants of 0.6 ps (76.2%), 4.5ps (10.8%)
and >200 ps (13%). Recombination dynamics of the
above reaction can also be determined by both
monitoring the cation radical at 660 nm and also the
electron in the nanpoparicle at 900 nm.
It has been discussed earlier that Qz forms a strong

complex with ZrO, nanoparticles than with TiO,
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nanoparticles. Time-resolved absorption studies reveals
that electron injection time for both TiO, and ZrO,

0.002- 100 fs

500 fs

0001 <

q 2,000
=] _u
=
2001 - E - J"i.
0,002 ot
b |I'l'|ﬁlll:
500 600 700 800 900 1000
Wavelength (nm)
Fig. 1 : Transient absorption spectra of quinizarin

sensitized ZrO, nanoparticle in water at
different time delay after excitation at 400 nm.
Inset: Transient decay kinetics at 900 nm.

nanoparticles is pulse width limited (<50 fs) Although,
the density of acceptor states in the surface sates of ZrO,
nanoparticles is much smaller compared to that in the
conduction band of TiO, nanoparticles, still we have
observed that electron injection is ultrafast in both the
cases. Rego et al?* and Wang et al®® have already
explained the direct electron injection into the
nanoparticles through charge transfer mechanism. In the
present investigation we have observed that Qz forms
strong CT complex with ZrO, nanoparticles, which can
facilitate direct electron injection in to the surface states
of the nanoparticles. As the LUMO in the case of a CT
complex s located on the metal center (Zr), on excitation
with light, the electron gets directly localized on the
metal center from where diffusion into either the
continuum of conduction band states or surface states
of the nanoparticle takes place depending on the
semiconductor. However, we have shown in the Scheme
3 that electron injection in Qz/ZrO, system canbe possible
both via photo-excited Qz molecules (kinj)

«<EDoe

and also direct injection (k’inj) to metal centers (Zr).

Modification of Surface States of
Nanoparticles

[tis quite clear that surface states play an important role
in interfacial ET reaction. Surface states directly involved
in the ET process for dye/NP systems where dye
molecules couple strongly with the formation CT
complex. To make an efficient solar cell devises it is always

Quinizarin

i 0.6 ps _
ii 4.5 and >200ps | VB

Scheme 3 : Mechanistic scheme of electron
transfer for the quinizarin/ZrO, system Here
S*/S* is the excited sensitized dye/cation
radical couple, k___ is the back electron

BET
transfer rate, k. . is the electron injection

through excited state k', . is direct electron
injection (excitation of CT complex).

expected that surface states nano-structured materials
should not take part. However SS are the unavoidable
intrinsic property of nano-structured material. However,
these SS of nano-materials can be modified by using
suitable capping agent (modifier molecule)?. Where
modifier molecules directly interact with the lower lying
surface states. As a result density of SS can be changed
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as compared to the bare one. DBS
(C,,H,.C,H,SO Na,
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dodecyl benzene sulphonate) is

one of the modifier molecules, Suface

which can be dissolved only in passivation

water, because it’s ionic nature. Toluene +DBS,
Stir for 3hrs,

As TiO, nanoparticle is important

material for the development of
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Dedecyl Benzens
sulphonic acid (DBS)

Dy and Reflux,
Evaporate the solvent

RC

dye-sensitized solar cell, it would
be interesting effect of surface
modification of it. As the surface
of the TiO, nanoparticles is
positively charged, DBS molecules
can easily bind through sulphonic group (SO,") with the
nanoparticles. The newly capped TiO, nanoparticles looks
like reverse micelle (Scheme 4) and can be dissolved in
organic solvent. In this situation TiO, nanoparticles
migrate from water to organic phase (toluene). Now
with the help of a separating funnel the organic phase
was separated out. At this stage the organic phase looks
little cloudy. The organic phase was dried in CaCl, and
transformed to an optically clear solution. The organic
phase was then refluxed for 2 hours and the solvent was
taken out with the help of a rotary evaporator in N,
atmosphere. Dry TiO, particles capped by DBS, which
were left in the flask, can be dissolved in many non-
aqueous solvents to get colloidal solution in that particular
solvent. Similarly ZrO, nanoparticles can be modified by
DBS molecule as the surface nature of ZrO2 nanoparticles

as similar to TiO, nanoparticles.

Effect of Surface Modification on
Interfacial Electron Transfer
Dynamics

The central theme of this article is to demonstrate the

effect of surface modification on interfacial

electron transfer dynamics in dye-sensitized TiO,
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Scheme 4: Schematic diagram of synthesis of sodium dodecyl
benzene sulphonate (DBS) capped TiO, nanoparticle

nanoparticles. For that purpose alizarin (Alz) molecule
had been chosen for sensitization of semiconductor
nanoparticles, which adsorb on the semiconductor
surface very strongly with or without the presence of
the modifier molecule (DBS)'?. Interestingly Alz does not
interact with DBS molecule both in the ground and excited
state, thisis an ideal system to study the effect of surface
modification on dye-sensitized semiconductors '2. It is
seen that Alz and TiO, nanoparticles interact strongly
and similarly both on unmodified and modified surface.
It indicates that electronic coupling between Alz and
TiO, in the ground states is very similar in both cases.
Electronic coupling is an important parameter for forward
electron transfer (electron injection) process in dye/
nanoparticle system. The above observations may lead
us to speculate that there will be negligible effect of
surface modification on electron injection on Alz/TiO,
nanoparticle systems. To verify the above speculation
electron injection experiments has been carried out in
Alz/TiO, system on both unmodified and modified surface
by changing the solvent. Figure 2 shows the comparison
of electron injection dynamics in Alz/TiO, system on both
unmodified and modified surface in different solvents
after monitoring the appearance signal of conduction
band electron at 900 nm.
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It is very interesting to see that in all the cases electron
injection is found to be pulse width limited. This is
because of the fact that electronic coupling primarily
drives electron injection between initially populated
electronic state in the molecular adsorbate and the
delocalized electronic states of similar energy in the
semiconductor?. Although electron injection dynamics
is found to be unaffected by surface modification,
however, charge recombination (BET) dynamics found

Appearance signal at 300 nm

11 Surface
modified

—_ 3] ® ol
'::_n unmodified
]
o
]

0

-300 0 300 600
Time Delay (fs)

Fig. 2 : Comparison of electron
injection dynamics in a) Alz sensitized
unmodified TiO, nanoparticles (0); b)

surface modified TiO, nanoparticles (.).
Probe wavelength is 900 nm.

to be affected substantially on surface modification. Figure
3 shows the transient absorption decay of conduction
band electron (eCB-) at 900 nm in Alz/TiO, system on
both unmodified and modified surface in different
solvents. The decay of the observed signals can be fitted
by multi-exponential functions with time constants of
0.6 ps (75%), 7 ps (10%) and > 400 ps (15%) for Alz/
unmodified-TiO, system and 1.9 ps (45.3%),
35 ps (12.9%) and > 400 ps (41.8%)

<.

Decay kinetics at 900 nm

2.4 & Tol
; ® CHCl
Surface o pur
p—— modified e water
©
F
——
< 4 Unmodified
‘Eﬂ -
0.0
50 5 10 100 )
Time Delay (ps)

Fig. 3 : Comparison of recombination (BET)
dynamics in a) Alz sensitized unmodified TiO,
nanoparticles (O); b) surface modified TiO,
nanoparticles (.)..

Probe wavelength is 900 nm.

for Alz/SM-TIO, system. It is striking to see that BET
reaction between the injected electron and the parent
cation is faster on the unmodified nanoparticle surface
compared to that on the modified surface. This interesting
behavior of slow BET reaction on modified surface can
be explained following Marcus electron transfer theory.
As the other factors that can affect the surface modified
nanoparticles are not operating for the present system,
we are inclined towards applying the semi-classical
Marcus ET theory for explaining the results by following

expression

ix I

b = (22l P e |

_(ag e h}:]
4R kT

BET rate constant (kBET) depends on the coupling element
(HAB), the overall free energy of reaction
(@GO=EC - E,,
conduction band of the semiconductor (EC=-0.49V)?,
and the redox potential of the adsorbed dye (")

), the potentials of electrons in the

(Scheme 5). It has been observed that on surface
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modification both electronic coupling (HAB) and the
solvent reorganization parameter (L) of Alz/TiO,
nanoparticle system do not alter'?. As a result BET
dynamics of Alz/TiO, system may depend mostly on free
energy (-AG) of the reaction for both unmodified and
modified surface. Ellis et al?” reported that strong
adsorption of negative counter ions on the electrode
surface shifts the flat band potential (Vfb) and also the
valence band (VB) to more negative values. On TiO,
nanoparticle DBS molecule (modifier) is adsorbed strongly
through sulphonic group (SO,H). So on surface
modification the Fermi level of the modified colloids is
pushed up in energy, as a result the overall free energy
of reaction increases. On modification, both flat band
potential and valence band is shifted towards negative
values with same extent?® (Scheme 5). As a result the
band gap of nanoparticles does not change with

Scheme 5: Mechanistic scheme of electron transfer (ET) and effect of
surface modification on ET in Alz-sensitized unmodified (left) and
modified (right) TiO, nanoparticles. Fermi level pinning is seen due to
surface-modification on TiO, nanoparticles (right). The energy levels of

the modified nanoparticles

are pushed up in energy and thereby effective

modification but the conduction band edge energy level
shifts toward higher energies. According to Marcus ET
theory, with increasing thermodynamic driving force
(-AGY), the ET rate initially increases to reach a maximum
value and then starts decreasing®. This high exoergic
region is often termed as “inverted regime”. BET processes
in dye-sensitized TiO, nanoparticles surfaces fall in the
Marcus inverted regime for its high free energy of
reaction® 3", In this region with increasing driving force
(-AG®) of the reaction, the rate of BET decreases. As the
free energy for BET for the case of SM-TIO, is higher
than that of the unmodified TiO, nanoparticles, BET rate
on the modified surface is slower as compared to that
on the unmodified surface.

Conclusions

Electron injection has been demonstrated in the forbidden
energy states i.e. surface states of semiconductor
nanoparticles by time-resolved
Femto-second transient absorption
studies. It is shown that quinizarin
(Qz) an adsorbate that can couple
very strongly with ZrO, nanoparticles
can inject electron in the surface
states of NP although energy level
of photo-excited Qz lies far below
the conduction band of ZrO, NP.
Steady-state absorption studies
revealed that quinone moiety of Qzs,
form six-membered strong charge
transfer (CT) complex with ZrO,
nanoparticles. It has been observed
that CT complex formation facilitates
electron injection in the surface states
of ZrO, nanoparticles. Surface states
of NP has been modified by a suitable

free energy (-DG) increases (-DG, >-DG,).

e -
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modifier molecule namely DBS. Upon surface
modification it has been observed that optical and
photochemical properties of NP changed. Effect of
surface modification on interfacial electron transfer
dynamics in surface modified TiO, nanoparticles using
suitable sensitizer molecule like alizarin (Alz). Electron
injection dynamics has been found unaffected by surface
modification, however, charge recombination (BET)
dynamics is found to be slow on modified surface as
compared to that on bare surface. The flat band potential
of the modified nanoparticles is pushed up in energy,
increasing the overall free energy of reaction (-AG°) for
BET; as a result BET rate decreases on modified surface.
In conclusion, electron injection into the forbidden states
of semiconductor nanoparticles have demonstrated and
also it is shown that on surface modification, the rate of
BET reaction can be reduced drastically in dye-sensitized
nanoparticle system. This observation can, in turn, help
the solar energy researchers to build low cost dye-
sensitized solar cell with high photo-conversion efficiency.
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Abstract

Kinetics and mechanism of reactions of non-steroidal anti-inflammatory (NSAID) drug sulfasalazine and its metabolites,

5-aminosalicylic acid and sulfapyridine, with various free radicals have been studied. The transients produced in these

radical scavenging reactions have been assigned and rate constants have been measured using pulse radiolysis tech-

nique. The study shows the mechanistic aspects of drug action against free radicals produced during inflammation. It

has been proposed that free radical scavenging activity of 5-aminosalicylic acid may be a major path of pharmacological

action of sulfasalazine against inflammatory bowel diseases.

Introduction

%fasalazine (SAZ) is a drug, which is used effectively
in the treatment of inflammatory bowel diseases (IBD)
[2]. The inflammatory diseases are caused by enhanced
production of reactive oxygen species (ROS) by
phagocytic leukocytes. After ingestion, SAZ is reduced
by coliform bacterial enzyme azoreductase into
sulfapyridine (SP) and 5-aminosalicylic acid (5-ASA)
(scheme 1) in the intestine and colon. SP is absorbed
from the gutinto blood and is metabolized but 5-ASAis
not absorbed and its concentration at the
site of inflammation is high. Therefore, the active

E «ZEue

’ COOH

= NH-E -CH
-N=N

SAZ

Scheme 1

therapeutic moiety of SAZ in the treatment of IBD is
assumed to be 5-ASA. However, antioxidant efficacy
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of any compound depends not only on its high local
concentration at the target site but also on its reactivity
with the free radicals and the fate of drug transients. To
study the chemical reactions involved in these processes
electron pulse radiolysis technique has been used which
is as a clean and direct method.

Experimental

The pulse radiolysis system giving pulses of 7 MeV
electrons from a linear electron accelerator for in-situ
generation and study of free radicals has been used and
is described elsewhere [3]. High-energy electrons deposit
energy in water to generate its radical and molecular
species (equation 1).

7 MeV electrons

HO — 3 e, (0.28), H(0.062),
OH (0.28), H,, H,0, (1)

The values in the parenthesis in equation 1 are radiation
chemical yield in the unit of micromoles per Joule of
absorbed energy. Relative absorption of radicals in the
UV-visible region has been observed against time and
wavelength to get kinetic and absorption characteristics,
respectively.

Results and Discussion

The reactions of SAZ, 5-ASA and SP with various oxidizing
and reducing radicals have been studied using appropriate
chemical systems and following the standard methods
for in situ generation of the free radicals. Rate constants
of the reaction of SAZ, 5-ASA and SP with various radicals
and absorption maximum of the transients produced in
these reactions are given in Tables 1, 2 and 3 respectively.
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Radical PH | Aax(nm) |k (mol! dm? s)
-OH 68 |400,520 |1.0x107

hy 68 |— 1.0x 108
CClOs 68 | 320 6.0 x 10°
i 68 |380 2.1% 101
<oy 68 |3%0 38 10°
SP-+ AscH |68 | - 2.7 %108

Reaction with the Oxidizing Radicals

Hydroxyl radical (OH) is the most deleterious oxidizing
radical among those physiologically produced and reacts
with most of the biomolecules at diffusion-controlled

rates. Since the hydroxyl radical can react by addition,
abstraction and one-electron addition reactions, specific
one-electron oxidant (azidyl radical, N,)) has been also
used to unambiguously resolve the absorption bands of
the produced transients.

SAZ, 5-ASA and SP reacted with oxidizing radicals to
produce transient absorption spectra with maximum at
~450 nm; 440 & 320 nm; and 390 nm, respectively
(Fig.1). The transient absorption at ~440 nm observed
for SAZ and 5-ASA can be ascribed to their phenoxyl
radical. The transient absorption observed at 390 nm
with SP has been ascribed to the reaction of pyridine
ring of SP with -OH. Reaction of 5-ASA with -OH and N
produced one-electron oxidized transient only. However,
in the reaction of SAZ with -OH, G(SAZ') has been found
to be equal to (1/2).G(-OH). Therefore, remaining 50%
contributes to other reactions like adduct formation,
hydrogen abstraction etc. It should be noted that CCl,O,
has not been found to oxidize SAZ at pH 6.8. This suggests

.06 F
pH 6.8

003

AA

SAT # N.

.00

with CCIO, atpH 11.3 nnl]r

Sﬁﬂdﬂﬂd&ﬂ

(A)

EUﬂﬁﬁﬂ

(.06

.04

Q.02

0.00

5-ASA + OH pHes "
i pHES 002t 10 us
+  (same with othars) i SP+ OH
l- J ] . L
L 0E 4 '
4 p . TO ps LS .
". L e
f . 0.00
s CCLO., 50 us
1800 ps !
i . i . mo spectrum obsvd. with N,
B'Dﬂ ‘M EEIK} _“_[“ L " e " i 1
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Fig. 1 : Absorption spectrum of the transients obtained in the reaction of
(A) SAZ (B) 5-ASA and (C) SP with various oxidizing radicals
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that at pH 6.8, 5-ASA can scavenge peroxyl radical but
SAZ is ineffective. SP reacted with -CCl.O,, at pH 6.8, to
produce transient absorption spectrum with a maximum
at ~320 nm and negligible absorption 3 350 nm which
can be attributed to the adduct of CCl,O, with benzene

ring of SP.
Reaction with Reducing Radicals

SAZ, 5-ASA and SP reacted with reducing radicals to
give transient absorption spectra with maximum at 420
& 560 nm; 270 & 300 nm; and ~350 nm, respectively
(Fig.2). The absorption maxima produced in the reaction
of reducing radicals with SAZ has been ascribed to
delocalized molecular radical anion of SAZ, probably at
diazo group. 5-ASA reacted with reducing radicals to
produce electron/radical adduct with aromatic ring of
the molecule. SP reacted with reducing radicals to produce
pyridinyl radical.

The reactions of SAZ, 5-ASA and SP with various radicals
show that they efficiently scavenge oxidizing and reducing
radicals and can be termed as competitive antioxidants.
The reactions of 5-ASA with -OH and CCl,0, produce
almost 100% one-electron oxidized phenoxyl radical (A__
= 440, 320 nm). On the other hand, the reactions of
SAZ with -OH and -CCl,0, produce ~50% and ~60%
= 450 nm),

respectively along with other transients. However, SP

one-electron oxidized phenoxyl radical (A
molecule having both pyridine and benzene rings reacted
with -OH, N, and -CCl,0, to produce transients
corresponding to both the moieties.

The sites of attack of oxidizing and reducing free radicals
on SAZ, 5-ASA and SP and the absorption maxima of the
produced transients are shown in the scheme 2.

The reactions of SAZ with e, , ‘CO, and O, produced
delocalized radical anion (A _ = 420, 560 nm). 5-ASA
reacted with e’ to produce electron-adduct with

Fig. 2 : Absorption spectrum of the transients obtained in the reaction of
(A) SAZ, (B) 5-ASA and (C) SP with various reducing radicals.

=R -
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Transients produced with oxidizing radicals

400, 520 if -NH-@- E
520 nm —p \ | ‘% -N%N

I 320 nm

\, COOH

-OH

4— 430 nm

Transients produced with reducing radicals

320 nm
_ 0 \ | COOH
z |-N H-S- -OH
kil “-s.\_ o -N‘;—'N +— 320 nm
420, 560 |1£
Scheme 2

benzenering (A__ ~310 nm) but solute-radical adduct
(A
with -CO," to produce electron-adduct with benzene ring
(A ., —310 nm) butwith e it produced pyridinyl radical
(A .. —360 nm) also. The reactions of O, with 5-ASA
and SP have not been observed under our experimental

= 270 nm) is also produced with -CO,". SP reacted

max

m.

conditions. It is clear from the above discussion that
more than one transient are produced in the reactions of
SAZ, 5-ASA and SP with various oxidizing and reducing

radicals.

5-ASA is the component that reaches the site of
inflammation in IBD and is anticipated to act as an
antioxidant by scavenging free radicals of various
biomolecules in addition to primary radicals. Therefore,

- o

an attempt has been made to study these biologically
relevant reactions directly using pulse radiolysis technique.
Reactions of (1) drug transient with biomolecules and
(2) biomolecule transients with drug molecules have been
studied and their rate constants are given in Tables 1, 2
and 3.

Reaction with Lipid Radicals

Lipids make the cell membrane and their reaction with
‘OH radical (physiologically and pulse radiolytically
produced) produce lipid (L) and lipid peroxyl (LOO")
radicals. Both SAZ and 5-ASA have been found to
scavenge LOO: radical efficiently. 5-ASA has been found
to scavenge L radical also. This efficient scavenging of
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LOO: by SAZ and 5-ASA makes them good antioxidant
in the lipid phase also. However, SP has not been found
to scavenge either L or LOO-.

Reaction with Tryptophanyl Radical

Tryptophanyl radical (Trp’) is produced in the reactions
of proteins with oxidants in the first step before producing
tyrosine radical followed by protein damage and cross-
linking. Electron transfer to Trp- by antioxidant can prevent
the damage to the protein molecule. 5-ASA has been
found to efficiently scavenge Trp- at pH 7. However,
SAZ and SP have not been found to scavenge Trp: radical.
This suggests that 5-ASA can reduce the damage to
proteins by acting as radical scavenger as well as repair
agent.

Reaction with Glutathiyl Radical

Thiyl radicals (RS') generated in the cellular redox processes
and antioxidant action are reactive oxidants. Hence repair
of thiyl radical is necessary for the storage of thiols (RSH)
for their antioxidant activity as well as to protect lipids
from thiyl radical attack.

Transient absorption spectrum for the reaction of
glutathiyl radical with 5-ASA showed absorption maxima
at 330, 430 and ~470 nm (Fig.3A). The transient
absorption at 470 nm has been assigned to solute-radical
adduct (5-ASA--GS) produced in addition to phenoxyl
radical (A, =430, 330 nm) of 5-ASA. SAZ reacted with
GS' to produce transient absorptions at 560 and 430
nm. The absorption at 560 nm is attributed to solute-
radical adduct (SAZ--GS)- and that at 430 nm to the
phenoxyl radical on 5-ASA group. Transformation of

. I".' .05 II/‘“* ==

< o004 |
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Fig. 3(A) : Reaction of glutathiyl radical
with 5-ASA at pH 4.1
Inset : kinetic traces
under identical conditions
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Fig. 3(B) : Reaction of 5-ASA- with
ascorbic acid at pH 6.8
Inset : kinetic traces
under identical conditions
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solute-radical adduct into solute radical has not been
observed in these cases. SP. however, has not been found
to scavenge GS: radical.

These studies clearly show that physiologically relevant
oxidizing radicals (LO,, Trp;, GS) are scavenged by the
phenoxyl group of 5-ASA whereas the superoxide radical
anion is efficiently scavenged by SAZ only.

Reaction of One-electron Oxidized
Solutes with Vitamin C

Vitamin Cis a well-known water-soluble physiological
antioxidant. Transient absorption spectrum for the
reaction of one-electron oxidized radical of 5-ASA with
AscH-has been shown in the Fig.3B. Simultaneous decay
of absorption band of 5-ASA' (~430 nm) with formation
of Asc (=370 nm), and solute-radical complex, (5-
ASA---AscH)~ at ~460 nm is evident from the spectrum.
This suggests that 5-ASA" is scavenged by vitamin C.
Similarly, SP-and SAZ- have been found to be repaired
by vitamin C (AscH).

Conclusion

SAZ, 5-ASA and SP efficiently scavenged various reducing
and oxidizing radicals. 5-ASA scavenged glutathiyl,
tryptophanyl and lipid peroxyl radicals also. SAZ
scavenged lipid peroxyl and superoxide radical. However,
5-ASA and SP have not been found to scavenge
superoxide radical. In the antioxidant activity of SAZ,
phenoxyl group of 5-ASA has been found to act as an
electron (or H-atom) donor. One-electron oxidized SAZ,
SP and 5-ASA are scavenged by ascorbate. This study
suggests that free radical scavenging activity of 5-ASA
may be the major mode of action of SAZ in IBD.

<=z
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Abstract

A theoretical basis for the concepts of chemical reactivity, selectivity and stability of molecular complexes has

been discussed within the framework of density functional theory. In particular, special attention has been

focused on the development of a theoretical formulation to establish a relation between the total energy

changes with respect to the changes in the chemical potential and hardness parameters. A model based on

local hard-soft-acid-base principle has been proposed to evaluate the intermolecular interaction energy of the

molecular complexes in terms of the reactivity descriptors. In addition, we have also presented the quantum

size effects on the electronic response properties of alkali metal clusters and some issues on the effects of

electron correlation in the evaluation of the polarizability of these clusters. Further, we have briefly outlined the

concept of magic clusters and their potential use as building blocks of cluster-assembled materials.

Introduction

72
%eoretical modelling and simulation methods based
on the quantum chemical and statistical theories play a
crucial role in understanding the fundamental aspects of
avast range of problems of chemical interest [1,2]. The
major goal of theoretical chemistry is the prediction of
structure and properties of simple molecules as well as
complex materials. In particular, the study of
intermolecular interactions is very important for
applications in many different fields [3]. The work
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presented here focuses on some aspects of the electronic
structure and reactivity of molecules and clusters within
the framework of density functional theory (DFT) and
the work is broadly categorized into two parts. In the
first part, the concepts of reactivity descriptors and their
application for different class of molecular systems are
presented. In addition, a method is provided for the
evaluation of the intermolecular interaction energy of
the molecular complexes in terms of these reactivity
descriptors. Inthe second part, we discuss the quantum
size effects.
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Development of Semi-Quantitative
Theoretical Models based on the
Concepts of Reactivity Descriptors

One of the important questions concerning the
molecular interactions is the prediction and
interpretation of the preferred direction of a reaction
and product formation under different conditions. The
study of molecular interactions has been a great
challenge from the experimental and theoretical points
of view [3]. Although, the quantum chemical methods
provide a basic framework to study the molecular
interaction rather accurately, the applicability of these
methods has been limited to small molecular systems
with the precision to the experimental findings. For
large molecular systems, these methods become
prohibitively expensive from the computational point
of view. The molecular orbital wave function obtained
from the Hartree-Fock method or highly correlated
methods, embodies all the information about the
structure, stability and reactivity of the system.
However, the wave function containing this
information is in such a complex form that is difficult
to translate into heuristic concepts and ad-hoc models
that are familiar to the chemists [4]. In general, what
we need in chemistry, in addition to specific details
about individual molecules, is an understanding of
how the reactivity of molecular systems is classified
within the broad range of molecular systems. Hence,
it is necessary to develop very systematic and effective
models, which should at least provide the correct
qualitative order and a good prediction of the
phenomenon involved. Such approximate models or
indices have been used in the literature to explain the
reactivity of molecular systems, e.g. valency, charge
density, delocalization, electrical moments, molecular
electrostatic potential and several other molecular orbital
indices [1-4].

- «<TERGe

In recent years, DFT has been shown to provide a
framework for the simple physical interpretations of
complex reactive phenomena and build a bridge to
the chemist's intuitive concepts in an elegant way [5].
The quantification of some of the most widely utilized
concepts in chemistry, such as, electronegativity,
hardness, softness [6] and the Fukui function or
frontier orbitals [3], as realized in terms of the basic
parameters in the DFT, presents an important
development in quantum chemistry. Using these
density-based parameters, two important chemical
principles, viz., Hard-Soft Acid-base (HSAB) principle
and the principle of maximum hardness, have been
proved under some constraints [6]. The development
made in this area has illustrated the usefulness of these
parameters in a great detail to understand the
structure, stability and the chemical reactivity of

molecules.

Our work also deals with some aspects of the reactivity
of molecular systems using the recently developed
density-based descriptors. In particular, an attempt
has been made to correlate the reactivity pattern of
molecular systems using these descriptors in a semi-
quantitative way. Essentially, a method is provided to
evaluate the intermolecular interaction energy of the
molecular complexes in terms of these descriptors. The
basis of these models emerges from the second order
energy-density perturbation method using the external
potential and the number of electrons as the basic
perturbation variables. This model can describe the
interaction between the molecular systems occurring
only through single sites. The formulation of a
theoretical model to describe the intermolecular
interactions that are occurring through the multiple
reaction sites has also been done. These models have
been tested through some of the systems that are well

studied experimentally as well as theoretically. The validity
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of the approximation that is used in the proposed model

is also discussed.

Reactivity Descriptors and their
Applications

Some of the chemical phenomena can be understood
and predicted by some theoretical quantities that have
a direct relationship with the characteristic sets of
important chemical properties. These quantities are,
in general, called descriptors. The reactivity descriptors
are very much pertinent to the reactivity of the
molecular systems and are intended to provide a
qualitative and semi-quantitative measure of the extent
to which a particular site will be affected in a given
condition. In the last two centuries, there have been
several attempts to explain the nature of bonding and
reactivity of molecular systems based on some intuitive
ideas, models and empirical rules in terms of the
reactivity descriptors [1-6]. These are essentially
derived from several experimental observations and
many of the chemical facts. These ideas are more
connected with respect to the small domain of
experimental facts rather than to be systematic in a
general sense and hence, it was only partially
successful in explaining the chemical and physical
aspects of the systems. It has also been realized that
the formulation of a systematic generalization is not
so simple from these qualitative ideas and models.
This fact is due to the existence of the limitless number
of different classes of molecules and consequently,
the fascination as well as frustration started emerging

out from chemists' community.

Quantum mechanics in terms of molecular orbital theory
tried to advance the degree of integration of all the
conceptual models and principles, and formed

mathematical foundations to it. The development of
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quantum chemical methods led to the rigorous definition
of many of the empirical chemical concepts and has
provided a method for the calculation of the properties
of chemical systems and the bonding that is involved in
the molecular systems. Among all the important
developments in the field of descriptors, some have been
remarkably successful in explaining the reactivity of the
molecular systems. In particular, the concept of the
highest occupied molecular orbital and lowest
unoccupied molecular orbital (HOMO-LUMO) developed
by Fukui (frontier molecular orbital theory) [3],
Woodward-Hoffmann's molecular orbital symmetry [7]
and Pearson's hardness and softness concept (HSAB
principle) [6]. These descriptors or principles have made
a profound impact on our understanding of the
experimental observations at the microscopic level in an
elegant way. Along with these descriptors, other
descriptors have also been proposed, such as charge
density and its derivatives, molecular electrostatic
potential, electric field, etc. Thus, there have been many
such descriptors and all of them have their own merits
and demerits in describing various aspects of chemical

phenomena.

Among all, the work contributed by Pearson is
considered to be one of the most important works
and it has been found to be very useful for correlating
and better understanding of a very large amount of
chemical information in terms of the hard and soft
parameters [6]. More over, these concepts have got
further momentum after the proposition of HSAB
principle by Pearson in 1963 and it became one of
the most useful concepts among the chemist's
community. The HSAB principle says that there is an
extra stabilization if hard acids bind to coordinate with
hard bases and soft acids bind to coordinate with soft
bases. Itisa condensed statement of very large amount

of chemical information from experimental observations.
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This concept, which found its first applications in
rationalizing inorganic stability constants, was shown to

be useful even in organic chemistry.

In the present work, we have focused on the
developments of the density-based descriptors, such
as chemical potential, hardness, softness, Fukui
function and their derivatives for the investigation of
reactivity of molecular systems in a semi-quantitative

way.

The Global and Local Reactivity
Descriptors from Density Functional
Theory Viewpoint

In DFT, the ground state energy of an atom or a
molecule in terms of its electron density ?(r) is written
as [5],

Efp] =F[p] + 2drw{rjp ()

where v(r) is the external potential that includes the
nuclear potential also, and F[p] is the universal
Hohenberg-Kohn functional composed of the
electronic kinetic energy and the electron-electron
repulsion energy. The first and second partial
derivatives of E[p] with respect to the number of
electrons, N, for a fixed external potential v(r) are
defined as the chemical potential (1) and the global
hardness () of the system respectively.

2,
@ T EN! virk

The inverse of the hardness is expressed as the global
softness, S=1/2n. The physical meaning of chemical
potential in DFT is the measure of the escaping

tendency of an electron cloud from one system to

= <cTEo.

another. It is constant in three-dimensional space for
the ground state of an atom, molecule or solid and equals
the slope of E versus N curve at constant external
potential. It has also been noted that this parameter is
exactly identical with the definition of one of the
important concepts, electronegativity. The global
descriptor of hardness has been an indicator of overall
stability of the system. The parameter hardness is also
interpreted as the resistance of the chemical potential to
change in the number of electrons or resistance to
deformation or change. The minimum value of hardness
is zero and it corresponds to the maximum softness.
Since these parameters (chemical potential, harness and
softness) are obtained by averaging over atomic or
molecular space, these are called as global reactivity
descriptors. The site-selectivity of a chemical system, can
not be studied using the global descriptors of reactivity.
For this, appropriate local descriptors have been derived,
particularly, for the cases of local softness s(r) and Fukui
function f(r) parameters. The local softness parameter
s(r) = f(r)S where the function f(r) is

known as Fukui function,

ron(29)

N

is given by,

These descriptors have been very useful in analyzing
many important aspects of the chemical reactions. It
has been shown that when any two different sites
with similar dispositions interact with another given
reagent, the reagent prefers the one which, on the
reagent's approach, is associated with the maximum
response of the system's chemical potential. In
addition, the preferred attack of any molecular system
by another is shown to be the one with the largest value
of Fukui function at the reaction site. Thus, these
theoretical formulations of the chemical potential,
hardness and softness parameters have paved a way

for the understanding of HSAB principle and many
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other chemical principles related to the reactivity of the
chemical systems [8].

A Semi-Quantitative Approach for
Chemical Reactivity Using Energy
Density Perturbation Methods

The global and local reactivity descriptors, as defined
above, have been successful in describing about the
nature of the reactivity and stability of the molecular
systems. They have also substantially helped in laying
the foundations of chemical reactivity theory within
the framework of DFT. Despite the partial success in
describing the reactivity of the chemical systems, such
studies have remained primarily qualitative. Although
the concepts of hardness and softness parameters
permits the organization of a very large number of
reactions based on the knowledge of molecular
structure and properties of the constituent atoms, it
does not provide the reaction energies. It merely
predicts interactions between the molecular systems
It should also be noted that the
transformation of this qualitative principle into a

qualitatively.

quantitative form has been considered to be one of
the challenging and difficult problems. Since the
reaction enthalpy is an experimental quantity, the
reproduction of this quantity would be a greater
challenge than the qualitative reactivity order. The
present work focuses on the formulation of such
relations and discusses various aspects of chemical

binding in terms of these descriptors.

In general, the interaction between the chemical
systems can be qualitatively perceived from the evaluation
of the responses of a system to any perturbation due to
other chemical systems or external fields. In other words,
the chemical effects may be described by some suitable
response functions of the unperturbed isolated systems.
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Such descriptions have been known for many decades
ago [3-5]. Examples of such approximate methods are
the computation of intermolecular interaction energies
in terms of the experimental multipole moments of

empirical atomic contributions [9].

In density functional description, chemical binding has
been viewed as a result of the reorganization and
redistribution of electron density among the atoms in
a molecule. Ghanty and Ghosh have proposed such
model for studying the process of chemical binding
and numerically demonstrated for different chemical
reactions using DFT as a starting point [10]. Our
quantitative approach is essentially based on the
energy density perturbations up to the second order,
as a functional of the number of electrons and the
external potential. It comprises the energy and density
response functions (global and local function) of the
reagents, i.e. the response of the electrons to a local
or global change of the electron number of the system.
The total interaction energy can be partitioned into
several terms involving different density response
quantities by truncating the perturbation series. This
can facilitate the understanding of the role of the
individual descriptors in stabilizing the molecular
complexes. In our approach, the interaction between
the systems A and B is assumed to take place in two
steps. In the first step, the interaction takes place at
constant external potential through the equalization
of chemical potential (AEv). In the second step, the
systems A and B evolve toward the equilibrium state
through changes in the electron density of the global
system, by making changes in the external potential at
constant chemical potential (AEp). The second step is
actually a manifestation of principle of maximum
hardness. Without going into much details of the
derivation, we will now provide the interaction energy

expression [11,12],

AT
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From the local point of view, if the interaction between
the systems occurs through the k-th atom of A with
the molecular system B, one can express the total

interaction energy as,

_{Jua — Hp }3 S_af:dksﬂ
(AEy) =
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The parameter A has been defined as,

M M
An= 2 NG = 2ONG

where the terms N:‘j and N:i are the number of
electrons present in A in the system AB and isolated
system A, respectively. This single reactive site model,
as initially formulated by Gazquez and coworkers,
forms the basis for the local HSAB principle [11]. It
states that the interaction between two molecular
systems Is favored, when it occurs through those atoms
whose local softnesses are approximately equal.
Further, we have extended the above principle for
general cases involving many reaction centers present in
the systems [13]. In such cases, the interaction can take
place by the cooperative or non-cooperative effects, for
instance, inter and intra molecular interactions (via
multiple hydrogen bonds) present in nucleic acids (DNA

and RNA). Accordingly, two models have been

= <cTEo.

developed, namely Localized Reactive Model and
Smeared Reactive Model. The details of these can be
referred elsewhere [14].

The developments discussed above have substantially
helped in laying the foundations of chemical reactivity
theory within the framework of DFT, by relating the
structure-reactivity relationships in terms of the
reactivity descriptors in a quantitative way. Using these
models, we have made an attempt to answer the
following questions.

1. How each reactant molecule influences or

dominates the other molecule?
2. How

equalization and maximum hardness principle in

important are chemical potential
a reaction?

3. What parameters act as driving forces for the
interaction between them so as to have a
maximum hardness (stability)?

4. How these individual molecular descriptors
determine or distinguish the nature of various
types of interactions - covalent, ionic, van der
Waals, hydrogen bonding, other short and long

range interactions?

In order to validate the reliability of the proposed
models, we have considered a wide range of systems
that encompasses a variety of chemical reactions, for
instance, Lewis acid-base interaction, charge transfer
interaction, hydrogen bonding and van der Waals
complexes. It has also been demonstrated that the
present models can be considered as a tool to monitor
the influence of these descriptors in determining the
reactivity of several types of complexes in a quantitative
way. These developments has actually strengthened
the applicability of these reactivity descriptors and
broadened its usage in rationalizing different types of

the molecular interactions.
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Size dependent response properties
of Alkali Metal Clusters

Atomic clusters are small particles that bridge the gap
between atoms/molecules and condensed matter and
exhibit a range of unusual structural, electronic and
other properties [15,16]. In recent years, the study of
small metal clusters has been a subject of intense
interest from experimental as well as theoretical points
of view, mainly because of the strong dependence of
their electronic structure and properties on their size
and geometry. Their physical and chemical properties
can even be tuned in desired manner by simply
changing the cluster size and the charge in the system.
Most of the properties of the materials at the nano
scale are often very discrete and oscillating in nature
due to the quantum size effects and hence, these small
clusters can exhibit properties quite different from the
bulk. As the size of the clusters becomes large, the
properties of the clusters smoothly saturate to yield
the bulk properties [15,16].

Static dipole polarizability is one of the important
fundamental properties of any atomic or molecular
system and has been well studied by both theoretical
and experimental methods [17]. The polarizability
indirectly provides a measure of the extent of electron
density redistribution under the action of an external
electric field. It is quite sensitive to the nature of the
bonding and geometrical structure of the clusters. In
particular, the study of polarizability of metal and
molecular clusters has been considered to be one of the
challenging and interesting fields and has emerged as
an active research topic in recent years [16]. A
fundamental understanding of the size sensitive
properties is very essential in view of their potential

applications. Such size evolution of properties, such
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as, ionization potential, electron affinity, polarizability,
binding energy, etc. has been best studied for sodium
metal clusters [15,16]. Although the general qualitative
trend is found to be similar in all the experimental and
theoretical results, the reproducibility of the values is
rather poor in both the results. Thus, a reliable and
systematic all electron calculation of the polarizability
by accurate theoretical methods is essential to resolve
the ambiguity present in the experimental as well as
theoretical results. Accordingly, some of the pertinent
questions have been addressed, especially on the study
of the static dipole polarizability of sodium and lithium
clusters using the post Hartree-Fock as well as density
functional methods with different exchange-correlation
functionals, thus making a critical appraisal on the
polarizability values obtained by various theoretical as

well as experimental methods.

Another important issue is concerned with the study
of the relationship between the important molecular
properties, viz., the polarizability and the ionization
potential of the systems. The concept of relating these
two quantities is still one of the long-standing
problems in the area of chemical physics [17]. In
addition, the reactivity of these metal clusters can also
be studied from DFT based descriptors, namely, the
chemical potential, global hardness and softness
parameters. Since the polarizability of the systems can
be directly related to the global softness of the systems,
an attempt has also been made to relate the softness
and polarizability of the metal clusters. Moreover, a
correlation between the binding energy and polarizability
of alkali metal clusters has also been studied by invoking

the minimum polarizability principle [18].

Our results on the polarizability of sodium clusters
reveal that all the pure DFT functionals (except the now



BARC

HEWELETTER

Hartree-Fock exchange along with one-parameter
functional) have been found to considerably
underestimate the calculated polarizability values as
compared to the MP2 results [19]. One of the most
important conclusions of this study is that the effect
of electron correlation plays a significant role in
determining the polarizability of the clusters and MP2
method can be considered to be one of the most
reliable methods for their prediction. The polarizability
and the binding energy of the clusters are found to
be inversely related to each other and their correlation
is rationalized by invoking the minimum polarizability
principle. A good linear correlation between the
polarizability, ionization potential, softness and volume

of the clusters has been shown to exist [18].

Similarly, the effect of electron correlation on the
estimation of polarizability of lithium clusters has been
carried out by ab initio and DFT methods [21].
Comparing the polarizability of the lithium with
sodium clusters, we find some unusual features on
the size evolution of the polarizability of lithium
clusters. Some of the important remarks are as follows.
(1) the electron correlation has insignificant role on
the evaluation of polarizability of the lithium clusters
(2) since the polarizability values are much sensitive
to the temperature, it is normally expected that the
zero temperature polarizability values would be less
than the experimental results which are carried out at
high temperature. In the present case, however, we
observe that the polarizability trend is reversed.

The Concept of Magic Clusters and
Cluster Aggregation

The main motivation in pursuing the subject of cluster

science is to design novel (cluster-assembled) materials

with unique and size-specific properties [21]. We will

ounder’s Day

briefly discuss the problems associated with the assembly
of clusters. Since the clusters are generally metastable,
they have a tendency to coalesce when they are brought
or assembled together. This poses an interesting and
challenging problem in the area of cluster-assembled
materials. Different ways have been followed to stabilize
such metastable clusters, for instance, by trapping these
clusters in different matrices or by coating those clusters
by other suitable ligands. An alternative route is to find
the clusters, which are so stable that the intracluster
interaction is stronger than the intercluster interactions.
Such types clusters will tend to regain their individual
identity even in the assembled materials. In this context,
the nature of the interaction between two metal clusters
becomes very important. It has been recognized that
the structural identity of the individual clusters in the
assembly can be best retained if they belong to the class
of magic clusters, which arise due to shell closings of
the associated valence electrons. As is well known, the
magic clusters are in general associated with exceptional
stability as reflected through peaks in the mass spectra,
high ionization potential, low electron affinity, high

symmetry and reduced reactivity [16].

In this connection, we have investigated the properties
of the two clusters TiAu4 and ZrAu4 to evaluate the
extent to which they belong to the class of magic
clusters in the context of cluster-assembled materials
and studied the process of their dimer formation [22].
The objective has been to probe if these two clusters
satisfy all the criteria mentioned above for being magic
clusters and hence forming the building blocks for cluster-
assembled materials. Our results reveal that the Ti and Zr
doped gold clusters have tetrahedral structures and are
found to be associated with large values of the ionization
potential, HOMO-LUMO gap as well as the binding
energies, which are characteristic of the magic clusters.

However, the cluster—cluster interaction energy
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corresponding to a dimer formation is found to be
unusually high (5 -7 eV) in contradiction to the usual
properties of a magic cluster and is attributed to a 3-
center—2-electron M—Au-M type bridge bonding as well
as aurophilic attraction. Based on these observations, it
has been concluded that the requirement of a weak inter-
cluster interaction may be relaxed if the condition of
retention of identity in the assembled materials is satisfied.
In addition, we have also remarked that the conventional
ideas of magic clusters may have to be reframed to judge
their suitability as building blocks for cluster assembled
materials. These results will have some important
implications in the design of novel cluster-based

nanomaterials for various nanoscale applications.
Concluding Remarks

Theoretical developments made towards the broad
subject of chemical reactivity using the quantum
chemical methods are briefly discussed. We have also
described how the empirical conceptual ideas
(electronegativity, chemical potential, hardness,
softness, etc.) have been theoretically quantified within
the framework of DFT. Their successes as well as failures
in predicting the reactivity of molecular systems have
also been discussed. We have outlined the energy-
density perturbation methods within the domain of
DFT and the different semi-quantitative models,
including local HSAB principle, in finding a direct
correlation between the density based descriptors and
the molecular stabilization or interaction energy.

Further, the size dependent response properties of
sodium and lithium metal clusters are presented. We
have found that the electron correlation is found to
play a major role in evaluating the polarizability of
sodium metal clusters while for the lithium clusters,

the electron correlation effects are found to be
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insignificant. The relationship between polarizability with
softness, ionisation potential and binding energy of the
neutral clusters has also been discussed. In addition, we
have explained the concept of magic clusters and the
necessary conditions as well as the various factors that

govern the assembly of clusters.
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Abstract

The basic ideas underlying the versatile uses of the concept of density in the modeling of molecules and materials, as
visualized in various length scales, are outlined. In the microscopic length scale, it is the electron density that has played
a major role in providing a deeper understanding of chemical binding in atoms, molecules and solids. In the
intermediate mesoscopic length scale, an appropriate picture of the equilibrium and dynamical processes has been
obtained through the single particle number density of the constituent atoms or molecules. A wide class of problems
involving nanomaterials, interfacial science and soft condensed matter has been addressed using the density based
theoretical formalism as well as atomistic simulation in this regime. In the macroscopic length scale, however, matter is
usually treated as a continuous medium and a description using local mass density, energy density and other related
density functions has been found to be quite appropriate. The unique single unified theoretical framework that
emerges through the density concept at these diverse length scales and is applicable to both quantum and classical
systems is the so called density functional theory (DFT) which essentially projects the many-particle picture to a single
particle one. Selected illustrative applications through examples of the electron density based microscopic modeling of
chemical binding as well as intermolecular interaction and classical density based mesoscopic physics of soft condensed

matter systems with particular reference to confined fluids are presented.

Introduction tailored to intended applications. Modeling and

simulation thus play a major role in molecule and
@%vances in modern science and technology can materials design which has been one of the important
be intimately linked with the dream of discovering ~ and broad areas of research in recent times. A major
molecules and materials with properties and functions challenge that one faces, however, arises due to the wide
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range of length and time scales involved in the act of
modeling. Although at the fundamental level, the
properties of materials are dictated by the basic laws of
quantum mechanics, their prediction through a direct
ab-initio electronic structure calculation is often too
ambitious even with the state of the art computational
techniques and resources. One can, however, view the
materials through the windows of different length scales
and develop modeling in three broad domains, viz.
microscopic, mesoscopic and macroscopic regimes
covering the length scales of 0.1-1 nm, 1-100 nm and
larger than 100 nm respectively.

In the macroscopic length scales, matter is considered
as a continuous medium and the theoretical tools used
are the conventional approaches of continuum
mechanics and hydrodynamics of classical physics. The
property parameters needed in this approach as input
can be obtained from a consideration of the so called
mesoscopic length scale with an atomistic description
using classical and statistical mechanics of interacting
particles (atoms and molecules), their movements and
distributions. The major input parameters in this
intermediate length scale are the interparticle
interactions which can be generated through a
quantum mechanical investigation within the
microscopic length scale. In this shorter length scale,
one can deal with the interacting electrons and the
nuclei, employing a complete ab-initio electronic
structure description within the framework of available

approximate theories.

Although the electronic, atomistic and continuum
descriptions for materials modeling at the three
respective length scales appear to be quite diverse,
there lies a unified theoretical framework which can
encompass all of them and the present work aims at

presenting a glimpse of this area of research. The concept

ounder’s Day

that plays the role of a common underlying thread in
this endeavour is the concept of density and the
associated theoretical approach is the density functional
theory (DFT) [1-5].

In the microscopic length scale, the DFT based
description of a many-electron system employs the
single-particle electron density [6] as the basic variable
bypassing the many-electron wavefunction, providing
thereby tremendous simplification, computational
economy and foundation of widely used chemical
concepts. DFT has also been formulated [7] for the
mesoscopic length scale, with the density distribution
of the atomistic particles as the basic variable, leading
to wide applications in the field of soft condensed
matter [8]

nanomaterials research has also led to greater

physics. The recent upsurge in

opportunities for materials modeling in this
mesoscopic size regime. The effective interparticle
interaction potentials needed for the mesoscopic DFT
can be obtained through the microscopic or quantum
DFT either through a detailed electron density
calculation or a modeling of chemical binding using
DFT based atomic parameters. One can also couple
the interatomic potential calculation based on
quantum DFT for electrons with the classical
mesoscopic DFT for the atomistic particles in the spirit
of the well known Car and Parrinello [9] approach for
DFT based ab-initio simulation. For simplicity, one can
also employ empirical pair potentials in the mesoscopic
DFT as is often done in usual classical simulation. In
the domain of macroscopic length scale, a density
based continuous medium description is possible
using the mass, current, energy and other property
densities as the basic variables, reminiscent of the

classical hydrodynamics.

Thus, in DFT as applied to materials modeling [10] in
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the short, intermediate and large length scales, the
respective basic variables are the electron density, the
single particle number density and the property density,
corresponding to the electron, atom and the volume
element as the respective building blocks. A central
common feature in DFT is the collection of building
blocks with an inhomogeneous density distribution arising
due to the field of an external potential. However, there
are many phenomena such as freezing, nucleation,
crystallization, formation of liquid crystals, micelles etc.
where the density inhomogeneity is created through
stabilisation of thermal density fluctuations even in
absence of external potentials.

Besides the DFT corresponding to different individual
length scales, many of the areas of materials science
and engineering dealing with the material properties
needs a bridging of the microscopic, mesoscopic and
macroscopic length scales. Building such bridges can
enhance the possibility of opening new windows to
view the details of the microstructure which
determines the properties of different forms of matter

that matters in many applications of interest.

We present here a unified view of the density concept
as applied to diverse situations and length scales as
mentioned above with the aim of solving the many-
particle problem through a single-particle picture. An
important and unique feature of the description is
that it provides a common unified framework for
quantum as well as classical systems encompassing
the diverse length scales involved in materials modeling
highlighting the interconnections among the various
approaches. Thus, we first discuss the basic theoretical
formalism of quantum and classical DFT as used in
different regimes of length scales and then consider
in the next section, a specific application of quantum
DFT for the modeling of chemical binding to obtain the
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interatomic potential that can be used in the mesoscopic
DFT. This is followed by discussion of DFT based modeling
in soft matter. Besides the equilibrium aspects, the density
viewpoint also covers the study of response properties
as to how a material evolves and can cope with an applied
stress. Thus, extension beyond the equilibrium situations

covering some of the dynamical aspects is also discussed.

A Unified Density Functional Theory
of Quantum and Classical Systems

The single-particle density (r) which is the basic
variable in DFT, is defined, for an N-particle quantum
or classical system, by integrating the full distribution

function P(r;.#....r, ) over N-1 variables, as

) = dera _f dra...J‘drNPm,rz,. )

For a quantum system, the distribution function
P{r.r,...r: ) is given by |'*I*’{;r"1,:r"2 ,...rN)there
¥(r,.r,...r, ) isthe many-electron wave function. The
density variable which is a function in three-dimensional
space and represents locally the number density clearly
satisfies the normalisation ja'rp{r} =M. Forinteracting
particles, the possibility of describing a quantum or
classical many-particle system completely in terms of
the single-particle density is not obvious and has been
established rigorously through the theorems proved by
Hohenberg and Kohn [1] and Mermin [3]. Although the
birth of a formal DFT is rather recent, approximate versions
of DFT have existed for a very long time in the forms of
the Thomas-Fermi and Debye-Huckel theories for
quantum and classical systems respectively dealing with
the distribution of electrons around the nuclei in atoms
and that of ions in electrolyte solutions. In spite of a
wide difference in the nature of these systems, the two
approximate theoretical descriptions have close

similarities.
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For a many-particle system characterized by an external
potential v(r) (arising due to the nuclei in the case of
electrons and due to the walls or pores in the case of
confined classical fluid particles), the proofs of
Hohenberg-Kohn-Mermin [1,3] follow by establishing
a one to one mapping between the density and the
potential. In the resulting formal DFT, the ground state
energy (for a many-electron quantum system)
or, the grand potential (for a many-particle
classical system) is treated as the unique functionals of

density, given respectively by

BLRL= P+ [arptriver)

and
0,[0]= F[P]+Idrﬁff‘)[‘t’(f‘) — 4]

with u denoting the chemical potential [11]. The true
equilibrium densities in both cases are determined by
the Euler-Lagrange equations corresponding to the
minima of the respective energy density functionals,

as given by

pr=v(r)+aF[p]/ dp(r)

For many-electron systems, the functional F[p(r)] is

universal and can be expressed as

Flel=Tlol+Eul P+ Bl p)

where T[pl, E,__[p] and E _[g] represent
respectively the non-interacting kinetic energy, classical
Coulomb energy and the exchange-correlation (XC)

energy density functionals.

For a classical fluid with inhomogeneous density
distribution [7], the functional F[p(r)] representing the

= g

intrinsic Helmholtz free energy is universal only for a
specified inter-particle interaction and can be expressed

as

F[-P] = Euk'.n'lp] + Em'en [P]

where

functional corresponding to absence of internal

[r(r)] represents the ideal-gas free-energy

interactions and is the analogue of the non-interacting
kinetic energy functional T'[ o] for quantum systems,
while F

excess/

[p(n)] representing the excess free energy
for the classical system is analogous to the interaction

energy functional (E_ [ p]+ E, [p]) of a quantum
system.

For quantum systems, a minimisation of the energy
functional E [ o] with the known exact expression of
Exw[ﬁ?]' neglect of E_h_[p] and the so called local
density approximation for the kinetic energy functional
leads to the well known Thomas-Fermi theory. On the
other hand, using the known exact expression for
fx[p] in the energy functional , one obtains,
on minimization, the effective one-particle Kohn-Sham

equation [2], viz.

where the orbitals {, } define the densityp(r) as the
sum p(r) = |i].l'f£_ |I and the effective potential is given
by the density functional

vl ri[ol) = vir )+ [8E, [dp(r)]+[OE,, [dp(r)]

Analogously, for a classical system, on using the known
exact expression for the ideal-gas free energy functional
FeIr(N], the Euler-Lagrange equation leads to the
density equation
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pUr) = A7 expl foulexpl B,v,, (r:[pD]

where A 'is the thermal de-Broglie wavelength and S,
(=1/k,T) is the inverse temperature. This equation
represents essentially a Boltzmann-like distribution of
an ideal gas in the field of an effective potential v_
given by

Vg (7) = v{r) H &l p)/ do(rl],

with the last term representing the first order direct
correlation function (DCF) provides the extra
contribution to the effective potential, arising from
interparticle interactions and correlations in analogy
to the exchange-correlation contribution to the Kohn-
Sham potential for quantum systems. The Debye-
Huckel theory can be obtained from an extension of
this exact classical DFT to a two-component ionic
system with an approximation of the excess free energy
functional as the pure Coulomb contribution.

[tis thus clear that DFT provides a formally exact single-
particle framework for many-particle systems,
providing the density distribution through that of a
system of non-interacting particles, viz. the one-
particle Schrodinger equation for a quantum system
and Boltzmann-like distribution for classical particles.
This has emerged through an exact mapping of the
actual system of N interacting particles in the field of
an external potential v(r) to another model system of
N non-interacting particles of the same density p(r)
but moving in an effective potential v (r; [p]), itself
depending on the density, thus requiring a self-
consistent iterative procedure for solving the resulting
equations.

Although the DFT framework is exact, the crux of the
problem lies in the fact that the exact form of the density
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functionals is not known for an inhomogeneous density
distribution and hence approximations are needed for
the XC energy functional E _[p] for quantum systems,
and the excess free energy functional Fex [p] or its
derivatives for classical systems. The approximate
procedures usually are based on the knowledge of the
functionals for the corresponding systems with
homogeneous density. The simplest approximation
scheme is the so called local density approximation (LDA)
where the expression for the energy functional of the
homogeneous system is directly evaluated using the
inhomogeneous density. While this approximation is
reasonable for many-electron systems, for the excess
free energy of the classical systems where the particle
sizes are finite, the so called weighted density
approximation (WDA) where an effective density,
obtained by coarse graining of the actual density
distribution p(r) with a suitable weight function has
been found to be a successful approach [12]. Other
procedures include improvements of LDA by including
the gradient corrections for quantum systems and
functional perturbation techniques in the theory of
fluids [13]. Although the discussion so far has been
restricted to a single density quantity, it may be noted
that the spin-polarized quantum systems and the
classical two-component fluid mixtures can also be
treated through analogous unified DFT descriptions
by considering the two spin components of the density
and the individual component densities as the
respective basic variables. In the following Sections, we
consider specific illustrative applications of these
generalized DFT for two-component systems for

quantum as well as classical systems.
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Microscopic Density Modeling of
Interatomic Interaction Potential:
A Light Approach to a Sound
Interpretation

The electron density based quantum DFT has been highly
successful in the electronic structure calculation of atoms,
molecules, clusters and solids. The interatomic or
intermolecular interaction potential obtained through such
an ab-initio calculation using suitable XC energy
functionals can be used in the study of mesoscopic DFT
or computer simulation in the atomistic length scale. In
this work, however, we discuss a simpler and appealing
alternative model which is based on the conceptual
aspects of quantum DFT, the basic foundation of which
lies in the chemical potential equalisation within a many-
electron system which can be generalised to the spin-

polarised situation [14,15] as

W, =v(r)+&F[p,. 0.1/ do,r),
Hy=vir)+aile, 0. dp,(r).
Here, U, and Uz are the up- and down-spin chemical
potentials which correspond to the spin-polarised
version of the energy functional, expressed as

functionals of the two spin-component densities

pﬂ{r}and Pglr), as
EL,.05]= Flp,.0.+ J'cfr,a{r)v(r}

We propose to obtain the energy change in a many-
electron system arising from a reorganization of its
electron density through a functional Taylor expansion

[16] (up to second order) in terms of the density
changes 9p,,(r) (forv = a, B) as

Ap = Z#,.ﬁﬂ,.{r}
+%ZZ jd’ J-“r""‘?r..-'[ﬂ r)ép, (ridp .(r')

= g

where the hardness kernel [17,18] q,._l,(r,r’}
represents the energy functional derivative

[6° F[pﬁ,pﬁ] 1 ép (r)dp,(r')]talso determines

the corresponding changes in the two chemical
potentials  and M.

The objective now is to develop a lattice model of a
set of interacting atoms (say, M in number) located
at the fixed positions (lattice sites) {Ri} corresponding
to a particular (say, equilibrium) configuration and
express the density change due to the interaction
between the atoms by partitioning it as a sum of the
atomic contributions as 9P, (I') = Zi op,,; (1), with
{r} denoting the atomic region around the i-th atomic
site location {Ri}. Without loss of generality, for
simplicity, we assume the density components
dp,.,(r) to vanish outside this region r, belonging
to the i-th site. After Taylor series expansion of the
hardness kernel around the atomic sites retaining the
first order term and proper regrouping of the terms,
the final expressions for the interaction energy and
chemical potentials of the individual atoms can be
written in terms of the charges and dipole moments
at the atomic sites [16]. For simplicity, we write here

only the atomic charge contributions given by

and

AE=Y Y uS(i)a, (i)

+%ZZZZ 1, (,1)a,@)a, (J)

where @, (]) = J.drj 0p, (r;) denotes the charge at
the j-th atomic site. The lattice model of the set of
interacting atoms thus correspond to a set of point
charges (zeroeth moment of the density) located at
the M lattice sites. An equalization of the effective

chemical potentials corresponding to each spin as given
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by the above equations for all the M atomic sites leads
to M-1 linear equations in the charge variables for each
spin which along with the charge conservation condition
yield the individual site charges. It may be noted that
while the conventional chemical potential equalization
schemes which usually consider only the net charges on
atomic sites predict only zero charge and interaction
among identical atoms, the present scheme which
consider spin-dependent charge can predict the
interaction energy even for similar atoms if the atoms
concerned are open shell ones. This scheme has been
further generalized by considering the bond sites between
the bonded atoms in addition to the atomic sites. While
the form of the final equations remains the same, the
number of sites and linear equations for obtaining the
site and bond charges for each spin become larger in

number.

The final energy expression given above is reminiscent
[14] of the binding energy of molecules as obtained
by semiempirical quantum chemistry and calculations
based on this procedure lead to binding energies and
partial atomic charges of homonuclear as well as
heteronuclear simple molecular systems [15,19] in
good agreement with more detailed ab-initio
calculations. The present formalism has also
resemblence to the Miedema model for predicting
the heat of formation of simple alloy systems. It is
also expected to play an important role in the

investigation of cluster-assembled materials [20].

The input parameters in the present approach [16]
are the chemical potentials of the constituent atoms
and also the diagonal and off-diagonal elements of
the hardness matrix /7, (i,]) corresponding to
different spins and sites. The atomic chemical
potentials and the corresponding diagonal hardness

parameters of each atom can be obtained from spin-
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polarised DFT calculations. If bond sites are used, the
corresponding chemical potential and hardness
parameters can be approximated by suitable averaging
of the corresponding values for the bonded atoms.
The off-diagonal (i'j) elements of the hardness kernel
can be modeled by using the atom-in-molecule hardness
matrix concept generalised to spin-polarised situation
following an electrostatic analogy. The Coulomb potential
approximation is quite suitable for a nonbonded pair of
sites, while for bonded sites, a better modeling along
the lines of semiempirical quantum chemistry is found
to be more appropriate. The simplified DFT framework
presented here provides a simple scheme for predicting
the interatomic interaction potential and hence the forces
which can be used in computer simulation as well as in

mesoscopic DFT to be discussed in the next Section.

Mesoscopic DFT: Application to Soft
Condensed Matter

The DFT in the mesoscopic regime involves atomistic
length scale and uses the single-particle number
density as the basic variable. An important application
that is considered here is in the area of soft condensed
matter systems where the collective interaction and
correlation effects are known to play important role
and thus the DFT formalism is a highly effective tool
[21] for the study of these many-body systems. The
building blocks in this intermediate mesoscopic length
scale are the atomistic particles and thus a typical
system that is considered here is a two-component
fluid mixture, with specified interparticle interaction
gdi_w{rlz ) with pand v denoting the two components,
which can be obtained either through a microscopic
DFT calculation or by using simple models such as
hard sphere or Lennard-Jones (for neutral species),
charged hard sphere (for ionic fluids), DLVO screened

Coulomb (for colloids) etc. In particular, our interest is
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in the equilibrium arrangement of the fluid particles at
interfaces due to confinement of the fluid mixture, for
example, in a planar slit, spherical cavity or cylindrical
pore. The fluid components are subjected to the external
potentials v (r) and VB(I‘) which lead to the
inhomogeneous density distributions p,(r) and p,(r) and
are considered to be in equilibrium with the corresponding
bulk phase of component densities and chemical

. 0 0 .
potentials as p , p 5 and p,, 4, respectively.

Minimization of the two-component generalized
grand potential and subsequent
equalization of the chemical potentials of the two
components with those of corresponding bulk phases,

lead to the Euler-Lagrange equations given by

@) =l expl= G, Eil0s 1]

which is of Maxwellian form corresponding to an
ideal gas subjected to the effective potential given
by

Vi (B 102 051 = VA1)

+e) ' (ri[py. )= ([P £5])

where the first order direct correlation function
and the excess free energy are contributed by inter-

particle interaction and correlation.

In absence of knowledge of the exact functionals for
an inhomogeneous density distribution, one can
consider its functional Taylor expansion in powers of
the density inhomogeneity. The second order DCF
which is often known for some model pair potentials
can be used for this purpose and the third order DCF
if needed can also be approximated in terms of the
second order DCF. The parameters introduced in the

approximation are often evaluated by demanding the

ounder’s Day

approximate density functional to yield the correct bulk
partial pressures in the homogeneous limit. We have
also proposed alternative routes for evaluating the
correlation function using the bridge function concept
of integral equation theory of homogeneous fluid

mixtures.

Besides these fully or partially perturbative approaches,
one can also employ nonperturbative WDA based
methods, where the basic approach is to approximate
terms of all orders by evaluating the excess free energy
or the first order DCF at suitable effective weighted
densities. In the partially nonperturbative approaches,
WDA is used to evaluate the short range contribution
to the first-order DCF and for the long range
contribution, one employs a functional perturbative
expansion. A typical application that has been
considered involves the structure of electrode-
electrolyte interface, with the ionic components
modeled as charged hard spheres, and the solvent as
a dielectric continuum. For this restricted primitive
model, the long range contribution leads to an
electrostatic potential analogous to that in the many-
electron systems and the short range correlation is
evaluated through WDA or functional perturbative
method. For walls or cavities of planar, spherical or
cylindrical shapes, the density variation is along only
one coordinate and hence the numerical calculation

becomes much simpler.

An important consequence of the inhomogeneous
density distribution at the interfaces is the solvation
or structural force which can be directly measured
experimentally. The interaction between colloidal
particles in a suspension is also essentially an
interaction between the overlapping electric double
layers. DFT has been used successfully to predict the

solvation force for simple liquids and the results are in
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good agreement with simulation results. We have also
calculated the interaction energies between the walls for
a neutral liquid and have been able to reproduce the
experimental results for a real liquid quite well by
choosing a suitable value for the hard sphere diameter.
The DFT approach has also been used to calculate the
interaction between colloidal particles. There is also
interest in the study of the effect of surface induced
inhomogeneity in density and the surface forces on the

dynamics in condensed phase.

Besides these cases involving density inhomogeneity
as a consequence of external potential due to
confinement, there are situations where one has
spontaneous appearance of density inhomogeneity,
for example, in phase transitions. Here thermal density
fluctuations leading to density inhomogeneity get
stabilised at suitable values of the external parameters
such as temperature, density etc. DFT has been quite
successful in its prediction of the phase transition from
liquid phase to an ordered phase due to the pioneering
works of Ramakrishnan and Yussouff [22] who laid
the foundation of the DFT of freezing. The theory
employs the free energy or the grand potential
functionals to locate the physical parameters at which
the ordered phase with an inhomogeneous periodic
density distribution is energetically more stabilised as
compared to the uniform density fluid phase. The
original theory has been extended and applied
extensively to a large class of soft matter systems
including colloidal suspensions, liquid crystals and
other forms of complex fluids. With a simple modeling
of the interfacial density as a decaying oscillatory
function in the perpendicular direction and periodic
in the parallel plane, DFT has been able to predict the
surface energy as a function of the number of
interfacial layers in good agreement with simulation

results. Application to various other phase transitions,
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nucleation and many other phenomena has also been

found to be quite successful.

Density Functional Theory of
Dynamical Phenomena

The applicability of DFT is not restricted to equilibrium
situations alone, but is extended to time-dependent
(TD) situations [23-25] for both quantum and classical
systems. The basic variables involve the TD density r(r,t)
and TD current density j(r,t). The TD DFT for quantum
systems involves the TD one-particle Kohn-Sham like

equations of the form

[—(h* / 2n)V* + v (r o gD (r)
= ih[dw, (r.0)/ By, (r.0)]

where the orbitals {y, (r,t)} define the density p(rt)
and the current density j(r,t) as the sum

pr.n=3 | r.0f and j(r,1)= (i 2m)
Y [ (rOVy (rD -y (r DOV (rn]

while the effective potential is given by a density
functional derivative analogous to that for the time-
independent situations, but is determined by density as

well as the current density.

There is also an equivalent quantum hydrodynamic
formulation [6] consisting of the continuity equation
corresponding to the time evolution of the density

given by
(8r.t)/ )+ %. j(r.t) =10

and an Euler type equation for the time-evolution of

the current density as

(@(r,0)/ &) = —plr, V(1)
HoF [ dp)]-V.(ii ! p)

which are reminiscent of the conventional hydrodynamic

i



HEWEBLETTER

equations and differ only in the additional force of
quantum origin which augments the classical force. A
local thermodynamic picture [26] of the electron cloud
has also emerged and has led to simpler approaches
[27] to the calculation of various properties.

The classical TD DFT consists of the same continuity
equation and a modified equation for the current
density, involving the dissipation kernel. The quantum
and classical TD DFT thus involve closely analogous
frameworks, suitable for bridging the microscopic and
mesoscopic length scales. The TD DFT equations have
also been extended to spin-polarized situations, and
multi-component fluid mixtures leading to many

applications to dynamical phenomena.

The interconnections of TD DFT formalism with mode
coupling theories of diffusion in fluid mixtures have
also been demonstrated recently and simple scaling
laws [28,29] for the diffusivities of fluid mixtures in
terms of the entropy defined through the pair
distribution functions have been derived. One such

scaling law is given by

_D; = Aexp[d ],
SRR GOy e
fdrlg,. (Mg, (r)— (2, () - 1]

The theoretical investigation [30] of the probability
density distribution of the end-to-end distance of a
flexible polymer chain molecule using a generalized
diffusion equation has led to insight into the diffusion-
influenced end-to-end conformational relaxation
which can be probed using fluorescence resonance

energy transfer experiments.
Concluding Remarks
This work presents a brief review of the role of density

concept in building bridges among the microscopic,
mesoscopic and macroscopic length scales and providing

=R

the underlying threads which are woven into the colourful
fabric of multiscale modeling of molecules and materials.
The emphasis has been on the unified nature of the
theoretical framework, with close analogies and
interconnections among the density based descriptions
encompassing quantum as well as classical systems. Its
promise for future applications in diverse interdisciplinary
areas of research has been highlighted, although the
discussion has been only illustrative, guided more by
the author’s limited knowledge and perception. With
the advancement of theoretical and computational
techniques, it is expected that more and more challenging
developments with density as central unifying theme will
emerge, and the materials and molecular modeling

research will be more and more exciting.
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%dmium possesses a high neutron absorption cross-
section for thermal neutrons and therefore its presence
in amounts greater than 1ppm is not tolerated in UO,
fuel. The technique to be used for its determination
in the fuel as part of quality control should be selective
and sensitive. The Differential Pulse Anodic Stripping
Voltammetry (DPASV) technique coupled with
Hanging Mercury Drop Electrode (HMDE) is ideally
suited for determination of trace amount of cadmium
in UO, fuel due to the fact that there is a large
enhancement in the limit of elemental detection in
stripping technique using mercury electrode.

The solid UO, sample is dissolved in HNO, acid for
performing various quality control tests. This solution

& <TEHue

medium is unsuitable for the determination of cadmium
in presence of UO,?* by Voltammetry technique because
not only Cd** but also UO,** will simultaneously take
part in the electrode reaction since the value of redox
potential of Cd?*, - 0.434V, is less positive to that value
of UO,**, 4+ 0.327V. As a result, the current efficiency
of reduction of Cd?* will be too small to be able to
determine Cd in presence of very large excess of UO **.

It has been observed recently in our laboratory that
the value of the reduction potential of Cd?* is more
positive than that of UO,?* in saturated aqueous

solution of Na,CO, .

This paper will discuss the results of experiments
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performed in Na,CO, aqueous solution to develop a
method and optimize the parameters associated with
the Differential Pulse Anodic Stripping Voltammetry
(DPASV) technique for the determination of trace
amounts of cadmium present in UO, fuel.

The experimental procedure has been designed as follows.
The size of the sample, UQ,, to be taken for determination
of cadmium has been fixed at about one gram and should
be dissolved quantitatively in minimum volume of dilute
(1:1) HNO,,. Later, the solution has to be evaporated to
near dryness and then the residue to be dissolved in 25
mL of Na,CO, agueous solution. Two aliquots, each of
10 mL (the minimum volume of solution required for all
the three electrodes are in good contact with the solution)
are to be taken for the purpose of determination of Cd.

It has been observed that the evaporated acid dissolved
one gram UQO, is completely soluble with the
production of a clear solution in 25mL of aqueous
solution Na,CO, of concentration 0.4M and more. The
concentration of UO,?* in this solution is about 0.15M.

Stock solutions of 0.15M UQ,**, 0.35mM Cd** (1ppm)
and a mixture of 0.15M UO,** and 0.35mM Cd**
(Tppm) in 0.5M Na,CO, were prepared for use as test
solutions in the appropriate experiments.

The values of peak reduction potential, £ for Cd?*
and UO,** in 0.5M Na,CO, aqueous solutions were
determined by Linear Scan Voltammetry. It was found
that the value for Cd?*, -0.776V, was more positive by
an amount of 0.25V than that of UO,**, -1.025V.

The optimum DPASV experimental parameters for the
determination of Cd** in 10mL volume of synthetic
mixture solution containing both Cd?* and UO,**
prepared in 0.5M Na,CO, aqueous solution were

Issue no. 273 October 2006

found to be dissolution of cadmium in HMDE at an
of —0.75V(Ag/AgCl, 3M KCl)
for a duration of 600s and followed by stripping it by
changing the voltage of HMDE from — 0.75V to —0.60
V ata scan rate of 10mVs' superimposing a pulse voltage
of 50mV for 5s.

accumulation voltage, E

acc’

The DPASV current peak heights were determined
for different concentrations of Cd?" (1x107’M to
3.9 x107M) in presence of 0.15M UQO,?* using the
optimized experimental conditions. A linear relation
between the values of DPASV current peak heights and
their corresponding concentration of Cd?* was observed.
The value of correlation coefficient (R?) obtained was
0.94.

The developed methodology is suitable for the
determination of trace amounts of cadmiumin UQO,.
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Abstract

A Multi-Channel Analyzer (MCA) is the heart of a nuclear spectroscopy system. The paper describes a new, high-performance

MCA with many advanced features. Some of them are in-built hardware for List and MCS modes in addition to the standard

PHA mode of operation, local spectrum memory and USB bus interface. The mode of operation is selectable through GUI.

The MCA uses an FPGA to integrate all the digital circuits in one chip and it has state-of-the-art analog chips in analog side

for superior performance. The resolution is selectable from 256 channels to 8 K channels suitable for all needs. It supports

good input pulse rate (typically more than 100 KHz) without significant dead time penalty. The USB bus interface offers a

truly universal and simple connectivity with almost any modern PC or Simputer for MCA data manipulation, control and

display. The applications of the MCA include energy spectroscopy, half-life analysis and analysis of individual events and

it is a good fit for embedded and battery-operated instruments as well as for standard desktop instruments.

Introduction

O% MCA is a major part of nuclear spectroscopy
systems. Depending on the application, it is used in either
PHA or MCS or List mode of operation. The MCA
presented here, supports all of them in one system and
itis satisfactorily working as per the specifications in the
real world. The digital circuitry which includes control

registers, timers, sequencer, memory controller, 8 bit
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generic bus interface and ADC linearization circuits, etc.
is designed using VHDL with 200 K gates FPGA. The
analog part of the circuit uses state-of-the-art analog chips
like low power, high speed and high precision
comparators, op-amps, ADC and DAC. It utilizes the
isolated power supplies using DC-DC converters and
regulators, which run only on +5V input supply. Use of
isolated power supplies and ground also scales down
the effect of noise associated with feeding power supply,

e
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resulting into superior performance. The PHA (Pulse
Height Analysis) mode is the most common mode of
operation. Here the incident pulses are counted in
individual memory channels depending on their energy
and the plot of count vs. energy is available after the
experiment. This PHA mode is useful for isotope
identification, calibration and nuclear spectroscopy
experiments. The MCA supports 256 to 8 K channels
resolution with a DNL of better than + 1 % at 8 K, and
has a fixed conversion time of 7 ms.

The MCS (Multi-Channel Scaling) mode records the
counting rate of events as a function of time. The count
is recorded for each dwell time slice and is stored in
memory at incremental channel locations. It is useful for
isotope half-life analysis. The MCA supports 32K channels
length of MCS with dwell time of 4 ms to 4000 s. It has
an internal dwell timer as well as provision of external
channel incrementing pulse. In the List mode, the energy
(amplitude) information of individual event is recorded
atincremental memory locations. It is useful for analysis
of individual events with respective to time or any other
variable. The MCA supports a list of 32 bit into 32 K

optional support for individual data tagging to create
2D spectrums.

Design methodology

The following are the few aspects of the MCA design
presented here:
Low power precision analog design
Low power, fully synchronous digital design
Generic and portable VHDL code, independent of
FPGA platform
Hierarchical
Power-down mode for SRAM memory

Functional Brief

The block schematic of MCA card is shown in Fig.1. The
analog circuit consists of LLD and ULD comparators,
peak stretcher and peak detect comparator, 16-bit
successive approximation ADC and DAC for sliding scale
correction. When the input pulse height exceeds the
lower level discriminator (LLD) threshold, the peak
stretcher is enabled. It stores the peak amplitude of

Lk
CONTROLLER [——*
Analog I
Tp ut 1o circuies FPGA Confio.
McA | (Buffers, | _ FPGA *“—"| EEPROM
Comparators
LADC, DAC ¥
e,
Local Specomm
Mermory
Power Supply
(ocal USB) —* Teall

Fig. 1 : Block diagram of the MCA
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the input pulse. If the input pulse amplitude falls within
the LLD and ULD thresholds, the control and logic circuit
is enabled and the ADC conversion process starts. The
required mode of the MCA operation (PHA, MCS, or
List) is selected through the GUI and accordingly the
internal sequencers and other digital circuitry processes
the ADC data.

PHA operation

The ADC code corresponding to the specific input pulse
amplitude is used as a memory address pointer and the
31-bit count value stored at the memory location is
incremented by 1. This is done on “byte by byte” basis
to speed-up the process of spectrum building and to
maintain 8-bit bus interface. The process typically takes
a minimum of 400 ns to a maximum of 1.6 ps,
depending on the number of byte access (1,2, 3 or 4).
This process is parallel with the ADC conversion time
(5 hs max), using a 1 stage buffer and thus the dead

time is minimized.

incremented. The counter then starts fresh counting for
next channel. The process continues for the 32 K channels
or the acquisition time set. The process can be interrupted
by external TTL input of MCS reset, which resets the
channel pointer to 0 and restarts from channel 0.

List operation

The ADC data is written in the first channel in the memory
and the channel pointer is incremented to next. The next
data from the ADC is written there. This process repeats
for 32 K channel length, which can store the energy
information for 32 K events.

The screen-shots below show the data acquired in various
modes with input from a sliding pulse generator:

MCS operation

An internal 32-bit counter counts the input pulses
validated by LLD and ULD (SCA) for the duration of the
dwell time, and then the count is written in the first
channel in the memory and the channel pointer is
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Bus arbitration logic

The MCA has a memory management with bus arbitration
logic for single port SRAM chip. It resolves the Read /
Write requests from ADC side and PC side, giving higher
priority to the ADC side, so that the histogram doesn't
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miss any input event. The PCside read request is processed
intermittently and is notified by raising a flag bit embedded
as a MSB bit of the 32-bit channel count. The maximum
resolution supported by the digital hardware is 32 K
channels of 31 bits each for future expansion, but
presently, the maximum resolution available is 8 K
channels. The on-board histogram memory makes the
hardware to operate independently, once initialized and
thus doesn’t require frequent PC access. The SRAM reset
function is user driven through GUI, so that the spectrum
is protected from automatic erasing.

USB bus interface

The MCA has an on-board USB controller chip. It supports
a data transfer rate of 12 MBPS and provides an excellent
connectivity with most of the new PCs and palm-top
type computers like Simputer, which helps make a
compact and portable spectroscopy system.

Specifications

Following are the specifications for the MCA:
1. PHA mode:
e  MCAresolution: 256,512, 1K, 2K, 4K and 8K
channels
*  Spectrum memory : 128 K Bytes single port
SRAM
* Maxcounts/channel : 31 bit (2 Giga counts)
®  Pulse processing time : 7 us
*  Pile up rejection : Active high TTL input
* DNL: + 1 % at 8Kresolution
e INL: + 0.05% ES.
2. LIST mode:
e Listsize: 32 Kx 32 bit
®  Pulse processing time : 7 us
e Supports all PHA controls : Yes

<=

3. MCS mode:
* Input (through SCA) : 100 KHz max, single
channel

*  Memory length (channels) : 32 K
* Maxcounts/channel : 31 bits (2Giga counts)
*  Channel increment : External TTL pulse or in-
ternal dwell timer
*  Dwell timer setting : 4 ps to 4000 seconds, set
through software
4. Common specifications:
*  MCA Input : Single channel, 0 to+10 volts
e Timer: 32 bit, integrated in FPGA
® Preset Time : LIVE or CLOCK, 2% seconds
(136 yrs) max.
* ADC conversion time : 5 us
e LLD, ULD, Baseline : Set through on-board
DACs using application GUI
*  Power requirement : 5V, ~ 500 mA

Future Plans

The digital part of the MCA may be transformed into
indigenous digital ASIC to replace the FPGA and to make
the system lower power and more compact as well as
self-reliant. The analog circuits may be replaced with
indigenous analog hybrid circuits to make it more

compact.
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Abstract

N,N,N’,N-tetraoctyl diglycolamide (TODGA) sorbed on chromosorb-W has been used as the stationary
phase in the extraction chromatographic separation of actinide ions from nitric acid solution. Uptake
behaviour of metal ions such as Am(lll), Eu(lll), Pu(lV), U(VI), Fe(lll), Sr(l)) and Cs(l) was investigated
from pure nitric acid as well as from simulated high level waste (SHLW) solution by batch studies

employing the chromatographic resin material. Effect of macro concentration of Nd, Fe and U sug-

gested that the uptake of Am(lll) is mainly influenced by the presence of trivalent lanthanide ions.

Introduction

@%h level waste (HLW) solution generated as a
consequence of the reprocessing of the spent nuclear
fuel by PUREX process contains long lived minor actinides
such as 2*'Am, 23Am, 2Cm and 2*’Np apart from the
small amounts of unrecovered plutonium and uranium.
At present, the most accepted concept for the
management of HLW is to vitrify it in the glass matrix
followed by disposal in deep geological repositories. Since
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the half lives of the minor actinides concerned range
between a few hundred to millions of years, the
surveillance of this high active waste for such a long
period of time is needed, which is a rather difficult
proposal. An alternative concept is the partitioning and
transmutation (P&T) option, which envisages the
complete removal of minor actinides from HLW solution
and their consequent burning in reactors as mixed oxide
fuels [1,2]. This process will lead to generation of extra
energy and at the same time would alleviate the waste



disposal problems. In the last two decades, all over the
world, efforts have been made in several international
laboratories to use the already known reagents and also
to synthesize several new class of reagents for the efficient
partitioning of minor actinides from high level waste

solutions.

Organophosphorus extractants such as CMP, CMPO and
TRPO (Cyanex-923) have been found useful for the
partitioning of minor actinides from HLW solutions of
PUREX origin. However, in recent years, penta alkyl
malonamides have been evaluated extensively as
alternative extractants to organophosphorus compounds
for the partitioning of actinides. In addition to their
improved extraction behavior towards actinide ions and

fission products, these extractants offer distinct

VAR \
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Fig.1 : TODGA

advantages, especially with respect to their complete
incinerability and the innocuous nature of their radiolytic
degradation products (mainly carboxylic acids and
amines) that can be easily washed out. To further increase
the efficiency of diamides towards the extraction of Am(lll)
and Cm(lll), several modifications have been suggested.
A recently developed, tridentate ligand, N,N,N’,N'-
tetraoctyl diglycolamide (TODGA) (Fig.1) has been

ounder’s Day

identified as one of the most promising extractant being
considered for the partitioning of trivalent actinides and
lanthanides from HLW solutions [3]. This tridentate
neutral ligand represents higher affinity for trivalent
actinides and lanthanides than the DIAMEX solvent i.e.
dimethyl dibutyl tetradecyl malonamide (DMDBTDMA).
In the present paper, extraction chromatographic material
prepared by impregnating TODGA on chromosorb-W has
been evaluated with respect to the uptake of Am(lIl) for
the first time. Comparison of this material was also made
with extraction chromatographic materials prepared using
Cyanex-923, CMPO and DMDBTDMA for Am(lIl) uptake
studies. Batch studies have been carried out for the uptake
of Am(lll), Eu(lll), Pu(IV), U(VI), Fe(lll), Sr(ll) and Cs(l)
ions from pure nitric acid as well as from Simulated High
Level Waste (SHLW) solution.

Experimental

TODGA was synthesized at the
Chemistry Department, University of
Delhi, Delhi under DAE-BRNS Project.
The purity of the product was checked
by TLC, FT-IR, NMR and CHN
elemental analysis. Chromosorb-W
(60-80 mesh) obtained from Johns

Manville, USA was washed with water

CgHy7

and acetone followed by air drying

before use. The chromatographic resin

material was prepared by the
procedure as reported earlier [4]. The weight percentage
of the extractant loaded on the resins was calculated
from the difference in the weight of the resin before and
after loading and was found to be about 50% w/w, which
was subsequently confirmed by elemental analysis. The
weight distribution coefficient of the metal ions was
investigated by equilibrating 1mL of aqueous solution
containing radionuclides with ~ 25mg resin in a
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thermostated water bath at 25+ 0.1°C.
Suitable aliquots of aqueous phase

were taken before and after 10"

equilibration for  assaying
radiometrically. The distribution
coefficient (K)) was calculated by

employing the formula, 10’
K,=[(C,-Q/C]xV/W (1)

Where C and Care the concentrations e 3
of metal ions (in counts per unit time

per unit volume) before and after

equilibration, V is the volume of 10’ E
aqueous phase used (mL) and Wiis the F

weight of the resin material employed

(9).

—a—TODGA
—ea=CMPO
—h—Cyanex-923
—+—DMDBTDMA

Results and Discussion

The solid phase extraction profile of
Am(lll) as a function of nitric acid Fig.2
concentration with different extractants

viz. TODGA, CMPO, Cyanex-923 and

DMDBTDMA sorbed on chromosorb-

W is represented in Fig. 2. In case of TODGA and CMPO,
there was a sharp increase in the K, values of Am(lII)
upto TM HNO, beyond which saturation was observed.
However, in case of DMDBTDMA, Am(lll) uptake
increased gradually with nitric acid concentration and
reached only to moderate values above 3M HNO,. On
the other hand, Cyanex-923 shows moderate K, value
only at low acidity (K, = 140 at 0.5M HNO,). The K,
values of Am(lll) at 3M HNO, followed the order: 7200
(TODGA) > 2000 (CMPO) > 35.3 (DMDBTDMA) >
3.2 (TRPO), suggesting TODGA as the most promising
extractant for trivalent actinide. It is worth noting that
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: Variation of K, of Am by different extractant

impregnated on Chromosorb-W

the commonly used neutral diamides act as bidentate
ligand whereas the presence of additional etheric oxygen
(in addition to two carbonyl oxygen, Fig.1) in TODGA
makes the molecule tridentate thereby increasing the
complexation with the metal ion. This clearly
demonstrates that tridentate diglycolamide represents
excellent extraction properties for actinide(lll) over
bidentate diamides. On the other hand, though TODGA
and CMPO display comparable extraction properties for
Am(IIl), there is distinct advantage of employing TODGA
over phosphorous-based extractant in the secondary

waste management due to its complete incinerability.
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The uptake profiles of metal ions such
as Am(II), Eu(lll), Pu(V), U(V1), Fe(ll),
Sr(ll) and Cs(l) were obtained from
pure nitric acid as well as from SHLW
employing TODGA / Chromosorb-W
resin. The composition of the SHLW
used in the present studies is reported
elsewhere [4]. Fig.3 shows the
variation of K, values of metal ions as
a function of HNO, concentration. It
can be seen that the uptake of Am(ll),
Eu(lll) and Pu(IV) increases sharply with
the acidity upto 2M HNO, beyond
which saturation was observed. The
order of K, values observed for
lanthanides and actinides were similar
to those obtained in solvent extraction
studies i.e. Eu(lll) > Am(Ill) > Pu(IV)
> U(VI), demonstrating that TODGA
molecule in the adsorbent plays an
analogous role to the liquid-liquid
extraction systems [5]. In case of Sr(ll),
the K, value increased with the
aqueous phase acidity up to 3M HNO,
and decreased thereafter. For Cs(l) and
Fe(lll), the K, values were less than
0.5 in the entire range of acidity
investigated, suggesting insignificant
uptake of these metal ions. Fig.4
shows the variation of the K, values
of metal ions as a function of HNO,
concentration  from  SHLW.
Interestingly, the K, values are
distinctly higher for Pu(lV) as
compared to those of Am(lll) and
Eu(lll). Also, at any acidity, the K value
of a given metal ion is less in the
SHLW as compared to that in
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the presence of 2g/L of Nd and

varying concentration of U.

This result clearly demonstrated
that the lanthanides are the
major cations responsible for the
decrease in the Am(lll) uptake
by the resin from SHLW.

Conclusions

The chromatographic resin
by
impregnating TODGA on

material  prepared
chromosorb-W was found to be
promising for the partitioning
of trivalent actinides as
compared to other extractants

in actinide

employed

10’ -
E —m—"ih varying U E|
s —i—with vanying Md
E [ —h—2gm/L MNd and wening U
e |
10 = -
»
1#1 L 4 I 5 L P I 5 L L
1] i & 12 18 20

Concentration of Nd / U (g/L) at 4M HNO,

Fig. 5 : Effect of macro concentration of U and Nd on the
uptake of Am(lll) by TODGA/chromosorb-w resin

pure HNO, (Fig.3), apparently due to the co-extraction
of other metal ions present in SHLW. Also, no significant
extraction of Sr(ll) was observed from SHLW as maximum
K, Sr(l) was ~0.5 in the entire range of acidity
investigated. Fig.5 shows the uptake of Am(lll) in the
presence of varying concentration of U(VI) and Nd(lll).
The results reflected that even the presence of 20g/L of
uranium does not affect the uptake behaviour of Am(lll).
This is attributed to the higher uptake of trivalent actinide
as compared to hexavalent uranium as reflected in the
batch studies. However, in case of Nd(lIl) (taken as a
representative element of lanthanide), the K, value of
Am(lll) decreased sharply with increase in the lanthanide

concentration. Similar effect could also be observed in
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partitioning. Whereas the macro
concentration of U(VI) did not
influence the uptake of Am(lll),
trivalent lanthanides influence
the uptake significantly.
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Abstract

Langra mangoes (Mangifera Indica L) ripened at tropical temperature (25-30 °C) appear green due to

incomplete degradation of chlorophyll even though the fruits are table ripe. About 30% of total

chlorophyll was retained and two fold increase in total carotenoids was observed during ripening.

Ripening at lower temperature resulted in more loss of chlorophyll and reduced levels of carotenoids.

RP-HPLC of the pigments extracted from various stages of ripening indicated accumulation of an

unknown Chl derivative (retention time 7.32 min) and pheophytin a (retention time 20.4 min). Soluble

protein fraction from peel catalyzed faster degradation of Chl a as compared to Chl b. Screening of the

intermediates of enzymatic Chl a degradation by RP-HPLC indlicated operation of chlorophyllase

pathway. Accumulation of the unknown intermediate was observed when Chl b was used as

a substrate with respect to incubation time up to 60 min. However, other polar intermediates were

formed and disappeared after 30 min. The results indicated that upon ripening possibly a derivative of

Chl b and pheophytin a accumulate giving the fruit a ‘stay-green’ character.

Introduction

@sa ppearance of green colour is the first visible result
of degradation of chlorophyll as a consequence of
maturation and ripening of fruits. Chlorophyll breakdown
is a regulated process and various enzymes catalyzing
the different reactions have been identified. Brown et al
(1991) has classified these reactions into two groups,

type | and type II. Type | comprise the reactions catalyzed
by the enzymes chlorophyllase, Mg-dechelatase,
pheophorbide a oxygenase to opening of tetrapyrrole
ring V. Type Il reactions lead to cleavage and opening of
the porphyrin macrocycle. The biochemistry underlying
the Chl decomposition during leaf senescence has been
elucidated (Hortensteiner 1999, Takamiya et a/ 2000).
Some of the enzymes have been cloned and studied in
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more detail Jacob-Wilk et al 1999, Wthrich, et al 2000).
Apart from this, Chl is also degraded by chlorophyll
oxidase and peroxidase (Schoch et al 1984, Yamauchi &
Watada 1994).

During ripening of fruits disappearance of Chl is normally
associated with unmasking of carotenoids and the fruit
acquiring bright yellow-red colour. Langra mango and
Cavendish banana are commercially important fruits of
India. Despite their pleasant pulp colour, flavor and general
acceptance, these fruits fail to develop yellow colour due
to incomplete degradation of Chl when ripened at
temperatures above 25-30 °C (Thomas and Janave 1992).
These ‘green-ripe’ fruits affect consumer preference and
consequently fetch a lower price. In ‘stay-green’ Cavendish
bananas evidence has been provided for operation of
two distinct degradative pathways, Chlorophyllase
pathway and Chl oxidase pathway (Janave 1997).
Although degradation of Chl by Chl oxidase was reported
earlier (Schoch et al 1984), no information is available
on how the product, 132-OH-Chl is further metabolized.
Also, there are very few reports on how Chl b is
metabolized during senescence. In the present paper
attempt has been made to understand the
mechanism of inhibition of Chl a and Chl b degradation
in Langra mango which show similar ripening

character as Cavendish banana.

Materials and Methods

Mature unripe fruits of mango (cv. Langra) were procured
from a local market and stored in perforated polyethylene
bags in cardboard boxes in dark for ripening at 25-30 °C
and 20 °C. The peel was used for acetone powder
preparation and pigment extraction. Acetone powder was
prepared at different ripening stages as detailed in the
previous paper (Janave 1997). The weighed amounts of
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the acetone powder were sealed in polyethylene bags
and stored at—30 °Cuntil further use. Authentic pigments
Chl a, Chlorophyllide (Chlide) a, Chl b and pheophytin
(Pheo) a and b were prepared from spinach leaves as

detailed earlier Janave 1997).

Pigments from the peel (20 g) in triplicate after removing
adhering pulp were extracted four times with 60 ml of
acetone: hexane mixture (60:75). A pinch of NaHCO,
was added to prevent Chl from pheophytinization. The
filtrate was diluted with distilled water and separated in
a separating funnel. The hexane epiphase containing all
the pigments was washed with distilled water, dried over
anhydrous Na,SO,, volume was made up and an aliquot
was used for pigment analysis. An aliquot (1ml), was
evaporated by a stream of N, dissolved in 1 ml of
spectroscopy grade diethyl ether and total chlorophylls,
Chl a, Chl b and total carotenoids content was
determined spectrophotometrically by using the
equations of Lichtenthaler (1987). Another aliquot from
hexane layer was evaporated by stream of N, dissolved
in HPLC grade methanol. The pigments after passing
through 0.22 p GVWP filters were analyzed by JASCO
HPLC system. The sample was loaded into a 100 A°
Enertsil ODS RP C-18 column (4.6 ID X 250 mm) with
an autoinjector and eluted with HPLC grade methanol
isocratically. The operation conditions set were, flow rate
1 mlImin, detection at 425 nm and results were analyzed

by using Borwin chromatography software.

The soluble enzyme from acetone powder was extracted
as detailed earlier (Janave 1997). To 40 ml 0.02 M HEPES
buffer (pH 7.2) containing 0.1 M NadCl, 10% glycerol
and insoluble 2% PVPP, 2g acetone powder was added
and stirred on magnetic stirrer at 4 °Cin dark for 2h. The
slurry after passing through muslin cloth was centrifuged
at 27,000 X g for 10 min. The supernatant was used as

soluble enzyme.
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Protein content was determined by the Bradford dye
binding (Bradford 1976) using bovine serum albumin as

a standard.

The disappearance of Chl a and Chl b was measured as
enzyme activity as detailed in the previous paper
(Janave 1997). Reaction mixture (1.5 ml) in 30% acetone
contained 70 mM phosphate buffer (pH 7), 10 uM
substrate (Chl a or Chl b) in acetone and 0.5 ml enzyme
and incubated at 25 °C for specified time intervals. The
reaction was stopped by 0.1 ml of 1 N NaOH followed
by addition of 3 ml of acetone/hexane mixture
(2/4, v/v). The contents were vigorously vortexed until
emulsion formation, allowed to stand for 10 min and
centrifuged at 3000 X g for 5 min. The reaction mixture
after separating in acetone/hexane mixture (2/3, v/v),
absorbance of hexane layer at 663 nm and 642 nm for
Chla and b, respectively was recorded. Concentrations
of Chl a and Chl b were determined by employing
extinction coefficients 94.5 (Chiba et al. 1967) and 56.2
(Schoch and Ihl 1998) respectively. The aqueous acetone
layer was used for HPLC analysis after extraction with

diethyl ether. Ether layer was evaporated with a stream

of N, dissolved in HPLC grade methanol and analyzed
by HPLC as detailed under pigment preparation section.
For control experiment, authentic chlorophylls were
treated with reaction mixture components without

enzyme under identical conditions.
Results and Discussion

Langra mangoes remain green at table-ripe stage showing
about 32% and 22% retention of total chlorophylls when
ripened at 25-30 °C and 20 °C respectively (Table 1).
At 'Green-Unripe’ stage, the concentrations of Chla and
Chl' b were 11.37 mg and 5.1 mg 100g™, respectively,
and upon ripening about 67-80% loss was observed at
both the temperatures. However, at 20 °C, the Chl
content at ripe stage was much lower than that in fruits
ripened at room temperature indicating that Chl
degradation is inhibited at higher temperature. Total
carotenoids increased by about two folds in ‘RT-Ripe’
and 1.6 folds in 20 °C -ripe” mangoes. Ripening at lower
temperatures is known to affect carotenoid synthesis in
Alphonso mango (Thomas and Janave 1975).

Table 1: Changes in pigment content during ripening of Langra mangoes at room temperature {28-32 *C) and 20 °C.

Ripening Total Chl’ Chla” Chib" Total "Unknown Pigment *Pheophytina
Stage (mg100g")  (mgl00g') (mgl00g')  Carotencids’  (Rt7.32 min) (Rt 204 min)
(mg 100 g*) (Area pV) (mg 100g"")
Green-Unripe  1648(100)  1137(100)  5.1(100)  363(100)  6589737(100) 2.67£0.57(100)
RT-Semiripe  10.19(382)  7.23(365)  296(419)  470(1297)  487283926+14)  358+025(1346)
RT-Ripe 5200679)  38I(663)  149709)  693(1913)  420182035£03)  0.97+0.11(635)
20°C-Semiripe  9.06(45.0) 591(480)  3.15382)  427(1179) 6401414(29100)  253:03(50)
20 °C-Ripe 35NT82)  233(80.0)  127(752)  S6TIS63)  2940524(55:12)  0.71£0.1(738)

ounder’s Day
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Fig. 1. RP-HPLC separation profile of pigments of Langra
mangoes at (-) Green-Unripe,
(- - *) Green-Ripe and (- - -) Yellow-Ripe stages.
The pigments after phase separation were subjected to
RP-HPLC using JASCO HPLC system as
detailed under Materials and Methods.
The figures on the heads of peaks indicate retention time.

RP-HPLC of pigments extracted from mango peel is shown
in Fig. 1. It was observed that an unknown pigment
(Rt 7.32 min) and pheophytin a (Rt 20.4 min) were

accumulated and very
slowly degraded during
ripening. Comparison of
the area of the peak of
unknown pigment

it was
degraded only 35% and
55% in ‘RT-Ripe’ and ‘20
°C-Ripe’
respectively (Table 1).

revealed that

mangoes

Pheophytin loss was about
63-74% in the two stages
of ripening studied. These
mangoes in unripe stage
are very sour due to high
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acidity thereby resulting in conversion of
Chl to pheophytins. As pheophytins are
not on direct route of enzymic Chl
degradation (Janave 1997; Vicentini et al.
1995), its accumulation may be resulting
in ‘stay-green’ character. Very small
amounts of Chla (Rt 15.27 min) and Chl
b (Rt9.67 min) were detected (Fig.1). This
is in contrast to the spectrophotometric
data of Chla and Chl b levels reported in
Table 1. This may be due to the
degradation products of Chl exhibit almost
similar spectral characteristics as that of
parent chlorophyll a or b. Degradation of
Chla and Chl b by soluble enzyme revealed
that Chl a degradation was faster than that
of Chl b (Table 2). Chlorophyll b
degradation was about half of that when
Chl a was used as substrate. Activity of
Chl a breakdown was much higher in ‘RT-
ripe’ mangoes than that in ‘20 °C-ripe’

mangoes. The total protein content of green-ripe mango
increased by 1.5 fold, whereas, in fruits ripened
at 20 °C, about 2 fold increase was observed.

Table 2. Degradation of Chl a and Chl b by soluble enzyme fraction from scetome

powder of Langrs mangoes af three stnges of ripening.

Ripening | Volume | Protein Chia Chl b*
Stage (ml) | (pgg'fw)  hydrolyzed hydrolyzed

(mmel) (mmeal)

Green-Unripe 60 1335 2220 123.2
RT-Bﬂl.i.rip:l 60 1170 301.2 289.2
RT-Ripe 60 2038 328.0 106.4
ID“E—B:mmpl: 60 1512 324.0 2784
20 °C-Ripe 60 2539 177.0 100.9
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Fig. 2 : RP-HPLC separation of Chl a degradation products
catalyzed by soluble enzyme from Green-Ripe Langra
mangoes after 15 min of incubation. The assay of Chl a
degradation was carried out as described in Materials
and Methods. The pigments in acetone phase were
subjected to HPLC. Peak eluting at Rt of 15.32 min is
unutilized Chl a, the substrate.
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Fig. 3 : RP-HPLC separation of Chl b degradation products
catalyzed by soluble enzyme from Green-Ripe Langra
mangoes with respect to time of incubation. The assay of
Chl b degradation and separation of products by phase
separation was carried out as described in Materials and
Methods. The pigments in acetone phase were subjected
to HPLC. Peak eluting at Rt of 9.7-9.75 min is unutilized
Chl b, the substrate.

g

Fig. 2 shows the RP-HPLC profile of
degradation products of Chl a catalyzed by
soluble enzyme fraction. Almost similar trend
was observed when the reaction was carried
out for 5-60 min, hence, data for 15 min
incubation is shown. Most of the polar
intermediates eluting between the Rt of
1.79 min to 4.04 min indicate operation of
chlorophyllase pathway. As was the case in
Cavendish banana (Janave, 1997), not a
single intermediate of oxidase pathway was
detected. However, the intermediates
(Rt 7.18 and 8.06 min) possibly may be
formed by the oxidative enzymes as revealed
by their longer retention time.

Fig. 3 shows the profile of HPLC separation
of enzymatic degradation products of
Chl b with respect to time of incubation.
Apart from the dephytylated polar
intermediates  eluting  between
Rt 1.79 - 4.64 min, an unknown
intermediate (Rt 7.33 — 7.36 min) was
constantly formed up to 60 min of
incubation. This product showed
identical retention time to that of
unknown pigment accumulated during
ripening (Fig. 1). Since the nature of
the intermediate is not known at present,
no attempts were made to quantitate its
concentration. Another intermediate
eluting at Rt 5.63-5.68 min was observed
at 15 min and 60 min of incubation, the
nature of which is not known at present.
This intermediate might be a later step
after the chlorophyllide b or pheophorbide

b formation as it is detected after longer
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time of incubation. The results indicate Chl b is also
decomposed by the chlorophyllase pathway. Further
studies are essential to explore whether the product
(Rt 7.36 min) is formed by the chlorophyllase pathway
or the oxidase pathway.

The inhibition of Chl degreening responsible for
‘stay-green’ character of Cavendish bananas and Langra
mangoes is an intriguing problem. Yah et a/ (1998) also
observed that Kent variety of mango remained green
upon ripening and treatment with ethephon resulted in
development of yellow-red colour. These fruits ripen
giving soft and edible pulp at tropical temperature with
green peel. In Cavendish bananas, Blackbourne
et al (1990) have suggested the inhibition may be
due to the retention of thylakoid membranes and loss of
electron transport capacity due to non-functional Chl. In
non-yellowing senescent leaves of Festuca pratensis Huds
Bf 993, Vicentini et al. (1995) have reported that the
thylakoid were deficient in pheophorbide a oxygenase
thereby resulting in senescence-induced-deficiency. Apart
from this no reports are available to understand the
mechanism of inhibition of Chl degreening on enzymatic
basis. In the present paper, attempts have been made to
study the enzymes at different stages of ripening in
Langra mango.

RP-HPLC analysis of pigments (Fig. 1) at different stages
of ripening indicated accumulation of unknown
intermediate (Rt 7.32 min) and pheophytin
a (Rt 20.4 min) RP-HPLC pattern of enzymatic
Chl b degradation (Fig. 3) showed constant formation
of an hitherto unknown intermediate (Rt 7.33-7.36 min)
which is identical with the Rt of accumulated unknown
pigment during ripening (Fig. 1). These results suggest
this intermediate could be a derivative of Chl b. The
accumulation of pheophytin a and the unknown

derivative of Chl b during ripening of Langra mango
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could be responsible for the stay-green character of this
fruit.
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Abstract

This paper summarizes the recent developments of the modeling of anomalous thermodynamic

properties. It has been shown that lattice dynamics calculations along with inelastic neutron scattering

measurements can be employed to reveal phonon properties and to predict thermodynamic properties

of various compounds including materials with negative thermal expansion. There is a large variation

in the thermal expansion, specific heat and equation of state pertaining to the compounds described

in this paper. The interatomic potentials as determined for various compounds have been able to

successfully model the thermodynamic behaviour. The variations in phonon spectra manifest in the

thermodynamic properties of various compounds at high pressure and temperature.

Introduction

@% study of lattice vibrations is of considerable
interest because several physical properties of crystals
like specific heat, thermal expansion, thermal conductivity
and phase transitions are related to the vibrations of atoms
in solids [1-4]. We have developed models of interatomic
potentials for several compounds of interest, which allow
to calculate the structural and dynamical properties as a
function of pressure and temperature. The data obtained
from neutron scattering and optical experiments are used
to test and validate models of interatomic potentials

[1,2]. The models are then used for calculating various
thermodynamic properties at high pressures and
temperatures. We are able to provide the predictions of
equation of state, specific heat and thermal expansion.
A brief description of the scientific interest and results
obtained for various compounds are given below.

Results and discussion

The compounds ZrW,0,, HIW,0, and ZrMo,0, are of

278!

considerable interest [5] due to their large
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Fig. 1 : The comparison between the calculated and
experimental inelastic neutron scattering spectra for cubic
ZrW,0,. The experimental data for cubic ZrWw,0, is at
160 K and at pressures of 0.0 and 1.7 kbar. The
experimental spectra at P=0.3 kbar and 1.0 kbar fall in
between those of P=0 and 1.7 kbar, and have not been
shown here for the clarity (after ref. [11]).
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Fig. 2 : The experimental phonon data (symbols)
along [100] with the lattice dynamical
calculations (lines) for zircon (after refs. [13-15]).

isotropic negative thermal expansion (NTE)
in their cubic phase over a wide range of
temperatures up to 1443 K, 1050 K and
600 K, respectively. Our lattice dynamical
calculations for Zrw,0, and HfW,O, [5-10]
reproduced the observed anomalous
thermal expansion in these compounds. The
unusually dominant contributions of the
transverse acoustic, librational and
translational optic modes below 8 meV lead
to a large NTE. High pressure inelastic
neutron scattering experiments conducted
[9-12] by us on polycrystalline samples of
cubic ZrW, 0, and ZrMo,0, confirm phonon
softening (Fig. 1). The thermal expansion as
derived from the phonon measurements is
in good agreement with that obtained from
diffraction data. This indicates that unusual
phonon softening of low energy modes is
able to account for the NTE in these

compounds.

Zircon, ZrSiO, is an important host
silicate mineral for radioactive elements
uranium and thorium in the earth’s crust.
Initially, phonon dispersion relation
in this compound were measured
[13] at Dhruva reactor at low energies upto
32 meV. For the reasons of high intensity
and good resolution further measurements
[14,15] upto 80 meV were extended at
ISIS (UK) and LLB (France) (Fig.2). These
extensive measurements upto 80 meV
provide a rare example of such studies carried
out on any material. The lattice dynamical
model produces a very good description
of the available data. The model is further
used to calculate [15,16] the free
energies as a function of pressure and
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pressure of about 10 GPa.

0.06 4 / BarG! Neutron inelastic scattering experiments
| /\{ . Expt (Fig. 3) to determine the phonon density of
< o [ ."/ Ly Calc states and lattice dynamical calculations of
g o Iu' i “‘\H thermodynamic properties (Fig. 4) were
- I'-F = successfully carried out [16-26] for
00024 ] \f‘-.-ﬂ-, I compounds MPO, (M=Al, Ga, Fe), garnet

s LTS . .
i \‘Lf-_'"u t minerals M_ALSi.O,, (M=Fe, Mg, Ca and
0.00 L ; ' ; o Mn), X-ray image storage materials MFX

0 10 20 30 40

E(me\) (M=Ba, Sr, Pb; X=Cl, Br, I), LiYF,, LiYbF,

and ZnCl,. These studies have enabled a
Fig. 3 : The experimental and calculated
neutron-weighted phonon density of states for BaFCl.
The multi-phonon contribution has been subtracted from in the phonon spectra in these compounds
the experimental data to obtain the experimental and their manifestations in various
one-phonon spectrum (after ref. [20]).

microscopic understanding of the variations

thermodynamic properties like the specific
heat, thermal expansion and equation of state.

ma Iil_ll
s Conclusion
2 o B
E :—E A combination of lattice dynamics calculations
s v b i.i? and inelastic neutron scattering measurements
ol have been successfully used to study the
(=] f=r o 1 S 100 . . . .
phonon properties and their manifestations
W e in thermodynamic quantities. These studies
‘88 o have also been exploited to study the
% ez . anomalous properties like large negative
- thermal expansion in various compounds.
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Abstract

The effect of gamma radiation on the morphological and physical properties of Styrene-butadiene

rubber (SBR) and Ethylene-propylene diene monomer (EPDM) blends has been investigated. The

enhancement in the miscibility of blend components in solution phase was observed after irradiation.

The probability of spur overlap has been found to increase with the increase in EPDM content in the

blends in solid phase, which in turn results in significant improvement in the mechanical properties of
the irradiated SBR-EPDM blends with higher EPDM fraction. The efficiency of four multifunctional
acrylates as crosslinking aid for the radiation induced vulcanization of SBR-EPDM blend was also

studied. The results established lower efficiency of methacrylates over acrylates in the process and

indicated that among the crosslinking agents studied trimethylolpropane triacrylate (TMPTA) is the

most efficient.

Introduction

%)Iending of polymers is a well-known, economically
viable and versatile way to prepare new engineering
material. It allows to overcome certain deficiencies of
the parent material by incorporating other suitable
component and also to develop new structural systems
by mixing different polymers'2. Elastomers/elastomers
or elastomers/plastic blends are usually vulcanized by
using conventional chemical methods) to improve their
mechanical and physical characteristics. However,

IR

high-energy ionizing radiation has recently received a
great deal of attention, primarily because of its ability to
produce crosslinked networks with a wide range of
polymers. The low operation cost, additive free technique
and room temperature operations are among the added
advantages of radiation vulcanization over the existing

vulcanizing techniques’.
The blends of SBR (unsaturated) with EPDM (saturated)

are of the special interest because incorporation of suitable
amount of EPDM in SBR is expected to impart
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significant heat and ozone resistance to SBR matrix®. On
the other hand, EPDM has weak adhesion property and
the products based on sulfur vulcanized EPDM have poor
tear strength®. Hence, radiation induced vulcanization
of SBR/EPDM blends would combine their desired
properties including good weatherability and high
mechanical strength. However, requirement of high
radiation dose for desired extent of crosslinking enhances
the cost of radiation vulcanization process as well as it
may adversely affect the mechanical properties. To
overcome these two disadvantages of radiation
processing, the use of multifunctional acrylates (MFAs)
and allylic reactive molecules in the process has been

proposed 13,

The objective of the present work is to study the interaction
between the EPDM and SBR segments and to seek a
correlation of blend morphology with the radiation
sensitivity of the matrix. In addition to it, an attempt has
also been made to look for a suitable multifunctional

acrylate for efficient radiation crosslinking of these blends.
Experimental

Materials

Styrene-butadiene rubber (SBR) (Synaprene-1502, Styrene
content 25 %) and Ethylene-propylene diene monomer
(EPDM) (Kelton =512, Ethylene content 55%) was
supplied by local supplier in block form. The
multifunctional acrylates employed in the present study
were procured from Aldrich chemicals, USA and used as

such without further purification.

Sample preparation

Blends of SBR and EPDM of different composition were
prepared by initially mixing both rubbers on a 2-roll
laboratory mill (Table 1). The blends were then molded

Issue no. 273 October 2006

into sheets of dimension 15x15x0.2 (Ixbxh) cm using a
compression-molding machine at 150 kg/m? pressure at
130°C.

Table 1:Compositional characteristics and

designation of the blends
Sample designation =~ SBR (%) | EPDM (%)
Sk [ 100 | 00 |
S s | s
|
SuEs s o T
SasFirs ' 5 ' 5
SuEin 010

Irradiation

Irradiation was carried out under aerated condition using
a gamma chamber 5000 (GC-5000) having Co-60
gamma source supplied by M/s BRIT India. The dose
rate of gamma chamber was ascertained to be 5 kGy/hr
by using Fricke dosimetry prior to irradiation of samples.

Gel Content

The Gel content was determined by refluxing the samples
with xylene for 24 Hrs. The remaining insoluble portion
was rinsed with methanol and dried in vacuum oven at
60°C to a constant weight. Gel content was evaluated

using following relationship.

w
Gel content :[—gj (1)
W.

Where W_and W, are the weight of insoluble fraction
and initial weight respectively.

<Eoe -
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Differential scanning calorimetry

Differential scanning calorimetry (TA 2000) was used to
observe glass transition behavior. The instrument was
calibrated for temperature and heat flow using high purity
standard. The mid point of the slope change of heat
capacity plot of second scan was taken as the glass
transition temperature. Heating rate of 20°Cmin was
adopted and an inert atmosphere was maintained
throughout the DSC run.

Morphological Studies

Cryogenically fractured surfaces were examined by a
scanning electron microscope (SEM). Acceleration
voltages of 30 kV and magnification range from 200 x
1010000 x have been used. The fractured surfaces were
coated with a thin layer of gold prior to SEM examination.

Mechanical properties

For tensile strength measurements at least five dumbell
shaped specimens were cut from blend sheets using a
steel die of standard width. The thickness of the samples
were determined to the nearest of 1 mm. The tensile
strength and elongation at break were measured by
INSTRON universal testing machine using crosshead
speed of 300 mm/min at room temperature.

Result and discussion

Compatibility analysis of SBR EPDM blends in
solution

Fig. 1 represents the variation of hydrodynamic
interaction parameter [n] _ #®with change in composition
of blends for un-irradiated blends; the straight line
represents the additive value of intrinsic viscosity of
mixture ([n]_ )¢ It can be seen that in the
composition range studied the experimental value of
intrinsic viscosity is higher then the theoretical value

- <«<ImEDoe
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Fig. 1 : Intrinsic viscosity variation for
un-irradiated SBR-EPDM blends in toluene
(a) axperimental profile (b) theoretical profile
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Fig. 2 : Intrinsic viscosity variation for
SBR-SPDM blends irradiated to
a dose of 10 kGy (a) experimental profile
(b) theoretical profile

calculated on the basis of ideal behavior assumption.
According to the assumption, positive deviation from
ideal solution behavior means repulsive interaction

between the two polymers, indicating that
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un-irradiated SBR/EPDM blends are incompatible over
the whole composition range. Based on the sign
convention, it is clear that miscibility criteria are not
satisfied for the SBR/ EPDM blends in the composition
range of present study. Fig 2 shows profiles for the blends
irradiated to a dose of 10 kGy. The experimental value of
intrinsic viscosity was found to be lower than theoretical
value for blends up to 60 % EPDM content and it was
>[n] @ values for blends of higher EPDM content. As
all of the miscibility criteria is satisfied in the composition
range 0-60 % of EPDM, it was concluded that the SBR-
EPDM blends are compatible in the above-mentioned
range, when it is pre irradiated to an absorbed dose of
10 KGy.

Glass transition variation with blend

composition

In general the miscibility of two blends is inferred from
the presence of single glass transition temperature,
however, in the present SBR/EPDM system the glass
transition values are very closely spaced (<5K) hence, a
conclusive remark on the immiscible or miscible nature
of these two components can not be made on the basis
of T, evaluation. Nevertheless, we tried to quantitatively
evaluate the Tg-composition relationship to get
information about the scale of blend homogeneity.
Accordingly, fitting of the Tg data with following models
available for the estimation of interaction strength
between the blend components were examined'”'?. The
value of K (Gordon-Taylor parameter) was found to be
1.38+0.15 with the intercept value 216.66 K from the
least square method. K value clearly indicates about the
poor interfacial interaction between the blend
components. T 's predicted by additive rule and Fox
equation found to be less then the experimental values,
whereas a good correlation was observed with the T
evaluated from Gordon-Taylor (Fig. 3).

Issue no. 273 October 2006
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Fig. 3 : Comparison of DSC determined
T,'s and T 's predicted by different
equations for un-irradiated SBR-EPDM blends
(a) experimental profile (b) additive rule
(c) Gordon-Taylor equation (d) Fox equation

The extent of homogeneity of SBR/EPDM blends has also
been evaluated from the heat of mixing of SBR/EPDM
blend system, calculated according to the following

equation.?°

M _5V W
A, =(1-WM.0(6,-9) {(1—%)%@, +V\gMa,0j (2)
Where M, w, & and r are the molecular weight of
monomer unit, weight fraction, solubility parameter and
the polymer density respectively and subscript a and b
refers to SBR and EPDM respectively. The behavior of
heat of mixing over the whole composition range is
shown in Fig. 4, it was found to lie between 0.05-0.13
J. Itis clear that AH_increases with increase in weight
fraction of EPDM in the blend, attains maximum value
at ~70 % and decreases afterwards. Scheneir?? has
calculated the DH_ value for many polymer pairs and
showed for compatible polymer pairs, the value lies in
the range 4x107 to 4x107 J. Therefore, thermodynamics
of the system predicts immiscibility of SBR-EPDM blends

over the entire composition range in the present scenario.

<Eoe -
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Scanning electron microscopy

The scanning electron micrographs of fractured and OsO,
treated surfaces have been shown in Fig. 5. For the

compositions S, _E__and S

e 5,5, Phase separation can be
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clearly figured whereas for the S_.E,. it is not that
conspicuous. At higher EPDM fractions, the SBR matrix
was found to be embedded (disperse phase) in the
continuous EPDM phase, whereas, at lower EPDM
weight fractions co-continuous morphology of SBR and
EPDM were observed. These results resembles to our
observations in an earlier investigation on the segmental
interactions of EPDM and SBRin the presence of solvent,
where, by using solvent permeation techniques, the
co-continuous phase of EPDM was established in
all the composition range?®. SEM of the blends also
indicated the higher rigidity of EPDM phase in
comparison to SBR phase.

Effect of gamma radiation on SBR/
EPDM blends

Gel content of blends

Fig. 6 shows the change in the gel content of SBR-EPDM
blends on irradiation. Un-irradiated samples were found

to be easily soluble in hot xylene, however
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Fig. 5 : Scanning electron micrographs of SBR/EPDM blends
(a) EPDM 25 %(b) EPDM 50 %(c) EPDM 75 %
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Fig. 6 : Change in Gel fractions of blends on
irradiation at a dose rate of 5 kGyh™' for
different compositions of SBR/EPDM blends
(a) EPDM 0 % (b) EPDM 25 %(c) EPDM 50 %
(d) EPDM 75 % (e) EPDM 100 %

blends irradiated to a dose >20 kGy were insoluble due
to the formation of a three-dimensional network?3%°.
Sol-gel studies revealed higher sensitivity of EPDM to
irradiation, as for a dose of 40 kGy gel fractions of 94%
and 30% were found for pure EPDM and SBR
respectively. [t was expected that for a particular radiation
dose, the gel-content of the blends would lie in between
the pure SBR and pure EPDM depending on their
composition however, it was interesting to note that the

gel content value of S was very close to pure EPDM

25E75

whereas S .E,.and S_ E. showed value of gel contents

closer to pure SBR in the dose range studied.

Fig. 7 represents the variation in chemical shift parameter
with EPDM weight fraction, it can be clearly seen that
the difference in the chemical shift factor from the
experimental and calculated values is maximum at
1:1 blend composition indicating the highest lifetime of
the spurs formed at this composition. This high deviation

in the b value can be attributed to morphological
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Fig. 7 : Shift parameter variation for
SBR-EPDM blends (a) Experimental
profile (b) Theoretical profile
(c) Difference between theoretical and
experimental values

variations, as it can be clearly seen from the SEM profiles
that loosening of the structure is the highest at 1:1
composition. In addition to this an increase in interatomic
distance is also expected due to poor polymer-polymer
interaction parameter at 1: 1 composition. It is well
documented that for any polymer during irradiation
crosslinking and degradation proceed simultaneously and
the net effect seen is due to the predominant process
between the two?® and the crosslinking efficiency or the
gel content is decided by the efficient recombination of
macro-radicals generated in the irradiated matrix?’-28.
Hence, based on these observations it can be safely
concluded that in the blends of immiscible SBR/EPDM
system, presence of SBR decreases the interaction
probability between close lying macromolecule radicals
and this effect is highest at 1:1 composition.

Tensile strength of blends

One of the most obvious effects brought about by
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irradiation on the blends due to their crosslinking/
degradation isin their tensile strength. Fig. 8 illustrates
the tensile strength of the blends as a function of radiation
dose. Tensile strength of pure EPDM, pure SBR and their
blends was found to increase continuously in the dose
range of study.
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Fig. 8 : Change in tensile strength of blends on
irradiation at a dose rate of 5 kGyh™ for
different compositions of SBR/EPDM blends
(a) EPDM 0 % (b) EPDM 25 % (c) EPDM 50%
(d) EPDM 75 % (e) EPDM 100 %

Further, the observed trend for the intermediate blend
compositions is on the expected lines i.e. the tensile
strength of the blends increases with increase in EPDM
content and absorbed dose. Fig. 9 shows the relationship
between elongation at break and irradiation dose of the
samples. The elongation at break decreased with dose
for all blends due to more crosslinked structures produced
in the sample matrix, which prevents the structural
organization during drawing and brings about a decrease
in internal chain mobility and elongation.

Simple kinetic adjustments were also carried out by means

40 8] B0 'Il;ﬂ- 15’.‘! I;I] 180
Dose (kGy)

Fig 9 : Change in elongation at break of blends
on irradiation at a dose rate of 5 kGyh' for
different compositions of SBR/EPDM blends
(a) EPDM 0 % (b) EPDM 25 % (c) EPDM 50 %
(d) EPDM 75 % (e) EPDM 100 %

of mathematical equations to the mechanical properties
analyzed namely tensile strength and elongation at break
in order to theoretically predict the radiation dose up-to
which improvement in these properties will be observed
as reported by other workers for other blends 2°°, The
observed behavior of the variation of tensile strength
and elongation at break for different compositions of
SBR/EPDM blends were fitted in a third order polynomial
behavior, which is indicative of complex cross linking
and chain scission mechanism, that predominantly
depend upon the radiation dose. General third order
equation correlating tensile strength (o) and elongation
at break (€) to radiation dose (D) can be written as follows

o=a+ D + yD? + &D? (3)
€= a+ bD + cD? + dD? (4)

The mathematical expressions corresponding to the
kinetic behavior of the blends showed a correlation
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Table 2: Kinetic parameters for the radiation vulcanized SBR: EPDM blends

—
Composition EP 00 EP25 EP50 EP75 EP100
Parameters
o 9.56612 1294847 5.03796 21.79106 4207648
B 09953 0.02722 0.43831 0.19378 0.01673
¥ 0.00094 0.00112 0.00183 0.00045 0.00179
8 3.729E-6 5.0182E6 | B8.3235E-7 -5.3646E-7 -8.1889E-6
a 163832 3739.19258 | 3368.06072 | 2725.12923 | 4020.57541
b -24.92 -71.39741 -58.36117 42211 -TB.26856
e 0.1384 0.4785 0.42775 0.27316 0.5685
d 000024 0.00103 0.00114 -0.00065 000141

index (r?) between 0.9 and 1. The values of fitting
parametersa, B3, vy, 9, a, b, cand d for different blend

compositions are listed in Table 2.

It is clear from the values of parameters presented in
Table 2 that kinetic parameters acquire significantly
different values depending on composition of blends,
where positive value of parameters are indicative of cross-
linking and negative numbers of chain scission. These
values reflect that there is difference in the radiation
sensitivity of the blends and the effect of irradiation is
not exactly in the weighted average of individual
components in the blend. This observation further
supports our explanation provided for the gel-fraction
behavior with radiation dose and composition discussed
in the previous sections. However, it may be noticed
that the tensile strength variation with dose and
composition does not similitude with the gel fraction
mainly because (1) the tensile strength results does
contains some contribution from sol part present in the
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specimens (2) the contribution from the other radiolytic
reactions like double bond formation, disproportionation,
and hydrogen abstraction during irradiation. It has been
stated that these parameters can also be extrapolated to
the other physical properties P, and then the modification
law of the property can be represented as

P=AP,.g (D) (5)

where P is the property prior to irradiation, A is an

adjustment factor, and g is function of integral dose?.

Effect of addition of MFAs on the addition
sensitivity of 50:50 SBR/EPDM blend

Various properties of irradiated SBR/EPDM blends
reported in earlier sections, indicate poor radiation
sensitivity of 50:50 SBR/EPDM blend composition, hence
this composition has been chosen to investigate the
efficiencies of MFAs listed in Table 3.
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Table 3: Properties of multifunctional acrylates employed in the study

Ml functional sccylted MEA) | Stnecture | ‘Functonality | MW, | Designation

Ettrylene glycol dimetiacryiaie [HC=C{CH ) COCH e, [ 2 [T1EE | (BoEuak
(EGIRA)

Trifprogylne ghycol) discrylete  HL=CHCO{OCH ) 0,CCH=CH, | ] | 3O0E | (BusEashr
(TRPGEA)

Trimsathvlobpraopane Fiscrylaie {HyO=C HOO,OH,) T Hy ' 3 | 9632 | [BusFashm
(TRPFTA)

Trimethylolpropans trimethacrylai [ELCm=C{CH OO CH WOy | 3 | B0 | (SusEeainme
(TRIFTHIA)

100

Dose (kGy)

Fig. 10 : Change in Gel fraction of 50:50 SBR/
EPDM blends on irradiation at a dose rate of 5
kGyh' (a) Blank (b) EGDMA (c) TRPGDA
(d) TMPTMA (e) TMPTA

The variation in gel content when different MFAs were
added to the blend matrix (1%w;/w) is shown in Fig. 10.
As expected there is an increase in gel content on
introduction of MFAs in the pure blends because the
multifunctional acrylates employed in this study
are well known reactive additives that form bridges by
radiation-induced free radical mechanism and produces

.
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Fig. 11 : Effect of multifunctional acrylates on
tensile strength of SBR:EPDM (50:50) blend
irradiated to a dose of 25 kGy at a dose rate of
5 kGyh'" (a) Blank (b) EGDMA (c) TRPGDA
(d) TMPTMA (e) TMPTA

a network structure at lower doses (Scheme 1)'%'3 The
effect of addition of MFAs on the tensile strength of
SBR/EPDM (50:50) blend irradiated to 25 kGy is shown
in Fig. 11. As shown in the Fig. 9, the variation in
Ts follows the order (SO.SEO.S)TM >(SO.5EO.5)TMM >(SO.5EO.5)T

>(Sy B 5)e >(Sy By o)y Whichisin close agreement with

the gel content studies in presence of these MFAs.
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Conclusion References

In summary, our studies show that gamma irradiation of
SBR-EPDM blends to a threshold dose induces good
compatibility between the two components SBR and
EPDM which otherwise show poor compatibility The
study confirmed that the gamma irradiation of SBR-EPDM
blend causes improvement in certain properties of interest
and significant reduction in the dose demand can be
achieved with the incorporation of multifunctional
acrylates. The SBR/ EPDM system was found to be
immiscible in nature; this conclusion has been verified
in the light of various parameters like Gordon-Taylor
parameter and shift parameter. Gel fraction of the blends
increased with EPDM content in the blend but not as
expected on the weighted average value of SBR and EPDM
incorporated in the blend. Tensile strength, hardness
studies showed a good agreement with gel content
studies. Reduction in elongation at break of the blends
with increase in radiation dose has been attributed to
prevention of the structural organization during drawing
due to the formation of crosslinked network. Physical
and mechanical properties of the blends were found to
be significantly enhanced by using MFAs as radiation
vulcanizing aid and TMPTA was found to be most
effective crosslinking agent for the system.
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Abstract

A programme of examining hydride blisters created in the laboratory on zircaloy pressure tubes
and that in the irradiated pressure tube from one of the PHWR , which was suspected
to have developed hydride blisters, was undertaken using neutron radiography. It was observed that a zirconium
hydride blister of nearly 0.35% of job thickness could be detected using neutron radiography.
This work served as a reference in examining irradiated zircaloy pressure tubes from a power reactor
with residence time of ~ 8.25 effective full power years. Neutron radiography was also
used to study size and shape of the zirconium hydride blisters embedded in the zircaloy-2 pressure tube.
The zircaloy and Zr-2.5%Nb pressure tube coupons in which hydride blisters were created in the laboratory
were also studied using neutron diffraction to identify the zirconium hydride phase and to find
the extent to which the sample has hydrided. In order to determine the amount of hydride phase,

a Rietveld refinement of the neutron diffraction pattern was carried out.
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Introduction

f/)/l) & D related to hydrogen in materials has been in
vogue for a long time now because importance of such
hydrogen containing materials for various industrial and
technological applications. Some of these applications
include: metal hydrogen systems for energy storage,
metal hydrides as moderators in nuclear reactors,
hydrogen storage alloys for automobiles. Measurement
of concentration of hydrogen in such materials is obvious
importance. There are other situations wherein presence
of hydrogen in materials is not desirable as it leads to
deleterious effects. For example presence of hydrogen in
cladding materials of nuclear fuel, pressure tubes
systems of nuclear plants and aircraft components can
lead to hydride-induced embrittlement. Hydrogen
embrittlement has to be taken into account in choice of
materials for containers and heat exchangers in

system containing hydrogen.

In most of the cases hydrogen is required to be
measured in a bulk medium, rather than merely at a
surface. For this reason neutrons are used because of
their high penetrating power in the dense material. In
addition the very low mass of hydrogen and its unique
moderating properties, relatively large neutron energy
loss per scatter together with high elastic scattering cross
section (particularly incoherent scattering) compared to
accompanying elements, can be exploited to study variety
of details of hydrogen in metals, alloys and other
materials. Various techniques using neutrons are available
for hydrogen analysis. Some of them are neutron
radiography, neutron diffraction, inelastic and
quasielastic neutron scattering. As a part of the IAEA
Co-ordinated Research Project, “Bulk Hydrogen
analysis, using Neutrons” we have attempted to
demonstrate application of neutrons for study

of hydride blisters in zirconium based nuclear reactor
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pressure tube materials, using neutron radiographic and

scattering techniques.

Application of Thermal Neutron
Radiography in study of zirconium
Hydride blisters in zircaloy pressure
tube

Pressure tubes are the most vulnerable zircaloy
components in the Pressurised Heavy Water Reactor
(PHWR) core. The pressure tubes operate in severe
environment of high temperature( ~ 300°C), high
pressure(11Mpa) and high neutron flux (3x10'3 n/cm?¥/
sec). The pressure tubes are surrounded the calandria
tubes operating at 70°C. Pressure tube and calandria
tube are separated by a pair of loose fit garter springs.
The garter springs get displaced from their design
location due to channel vibrations creating large
unsupported span of pressure tube which can sag due
toirradiation creep and may come in contact with the
cold calandria tube. This contact can lead to a cold
spot on outside surface of pressure tube. Hydrogen
absorbed in the tube can migrate to the cold spot under
the action of thermal gradient and form a hydride blister.
These blisters hard and brittle could eventually grow
and crack. Formation of series of cracked blisters could
lead to rupture of the pressure tube by the delayed

hydrogen cracking mechanism.

Neutron radiography is known to be capable of
detecting inclusions containing low atomic number
elements in a matrix of relatively higher atomic number
materials. Presence of zirconium hydride blisters/
platelets in zircaloy matrix can therefore be detected by
neutron radiography. In order to ascertain detection of
hydride blisters in zircaloy pressure tubes, it was first
necessary to establish detectabilty limits of hydride. To
do this hydride blisters were created in the laboratory
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on hydrogen charged zircaloy pressure tubes under the
thermal gradients and examined using neutron
radiography.

Neutron radiography was done at Apsara, a 400kw
swimming pool type reactor using thermal neutrons
collimated by a divergent collimator with L/D ratio of
90. Radiographs were taken by direct technique using
25mm Gd screen and D-7 type industrial x-ray film.
Azircaloy plate (thickness 4mm) containing four hydride
blisters of size 80um, 50um, 30um and 10um was

Fig. 1: Hydride blisters in zircaloy-2 (L) and Zr-
Nb(R) PT coupons (Lab. Generated)

radiographed. It was observed that a zirconium hydride
blister of nearly 0.35% of job thickness could be detected
using neutron radiography. This work served as a
reference in examining irradiated zircaloy pressure tubes
from a power reactor with residence time of ~ 8.25
effective full power years. Figs.1 and 2 show neutron
radiographs of the various hydride blisters examined.

s

Neutron radiography was also used to study size and
shape of the zirconium hydride blister in the zircaloy-2
pressure tube. Figs. 3(a) and 3(b) show neutron
radiographs of a pressure tube with three laboratory
generated hydride blisters and with neutron beam incident
parallel and normal to the plane of the blisters. Fig.3 (a)
shows lenticular shape of the blister with nearly 2/3 of
the blister embedded in the wall of the tube. In the present

photograph maximum width of the blister corresponds

Fig. 2: Hydride blister streak in zircaloy-2 PT
coupon (L) from a power reactor. Enlarged
view of the blister shown in (R)

to 1.5 mm in 4 mm thick wall of the pressure tube.
However the smallest blister grown in the laboratory was
found to be mainly on the outer surface of the pressure
tube with almost no penetration in the wall of pressure
tube.
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Application of Neutron Diffraction

Fig. 3 : NR of zircaloy-2 PT coupons with
neutrons incident parallel (L) and
perpendicular(R) to the plane of blisters

The zircaloy pressure tube coupons in which hydride
blisters were created in the laboratory were studied
using neutron diffraction to identify the zirconium
hydride phase and to find the extent to which the
sample has hydrided. Neutron diffraction
measurements were made with the neutron
spectrometer at Dhruva reactor using A=1.216 A.
Fig. 4 shows neutron diffraction pattern of a nearly
100% hydrided sample of a zircaloy pressure tube.
High background in the spectrum indicates the large
proportion of hydrogen present in the system. Fig.5
is the diffraction pattern of a 1.75 mm thick zircaloy
containing hydride blister of 8mm diameter and
1.75mm thickness. The pattern predominantly
consists of zirconium hydride peaks. Fig.6 shows
diffraction pattern of the same zircaloy plate
exposed to neutrons at a position away from the

Issue no. 273 October 2006

blister. The spectrum consists mainly zircaloy peaks. All
the diffraction patterns confirm formation of &-ZrH1 gg
phase in the zircaloy sample on hydriding. Neutron
diffraction patterns were also recorded on the samples
of zircaloy pressure tube with zero, 400 ppm and
unknown amount of hydrogen loading respectively. All
the three patterns were similar, showing absence of
hydride formation. Formation of hydride blister takes place
only when hydrogen concentration exceeds 13000 ppm.

In order to determine the amount of hydride phase
present in the hydrided zircaloy sample, a Rietveld
refinement of the neutron diffraction pattern was carried
out. As described earlier, neutron diffraction pattern on
various zircaloy plates with laboratory generated hydride
blisters were recorded using a neutron spectrometer at
Dhruva reactor with neutrons of wavelength 1.216 A
and 2q from 20° to 73°in steps of 0.1°. Initial survey of
the data showed broadening and overlapping of the
diffraction lines. This may be due to various metallurgical

Fig. 4 : Neutron diffraction pattern of
almost 100% hydrided zircaloy-2 plate
(A = 1.216A).
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parameters of these compounds were
taken from JCPDS files. The data was
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found to have high-preferred
orientation, along [111] in case of
zirconium and [010] for hydride phase.
In the final cycles of refinement with
both the phases R(profile)= 4.60%
and R(Bragg)=6.05 % was achieved.
The lattice parameters of both

the changes showed drastic changes.

Fig. 5 : Neutron diffraction pattern of zircaloy-2 plate
with 1.75 mm thick hydride blister with neutrons
(1= 1.216 A) incident on the blister

The lattice parameters of zirconium
were found to change from
a= 3.232 Ac=5.147 A (input) to
a=3.179 A c= 4.994 A (final) and in
case of hydride the a parameter
changed from 4.781 A (input) to
4.8218 A (final). Results of structural
refinement showing the observed and
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e calculated profiles are shown in

Fig.7(L). The analysis gave 12 peaks
for zirconium and 7 peaks for hydride
phase. Except the peak at 29.02° all
other peaks from hydride phase are
weak. The refinement gave 98.75

%molar of zirconium phase and

ae"

Fig. 6 : Neutron diffraction pattern of the plate of fig.5
with neutrons incident on the plate away

from the blister

processes the zirconium sample undergone in making
the zircaloy pressure tubes. The Rietveld refinement
program modified version of DBLS-9411(Young R.A.,
Sakthivel A., Moss T.S. and Paiva-Santos C.O., J. Appl.
Cryst. 28,366, 1995) was used in resolving the peaks
and refining the structure with two phases namely
zirconium (hexagonal with space group P63/mmc) and
d-ZrH

1 g (cubic with Fm3m space group ). The lattice

R

1.25% molar of hydride phase.
Neutron diffraction data was also
collected on another pressure tube
material, Zr-2.5% Nb alloy, which is
superior in its properties compared to
zircaloy. Fig. 7(R) shows the neutron
diffraction pattern of one such samples recorded with
neutrons of wavelength 1.0940A and 2q from 11.14"to
101.38'in steps of 0.030" on a position sensitive detector
based neutron powder diffractometer at Dhruva reactor,
BARC. Results of the refinement showing the observed
and calculated profiles are also given in Fig. 7(R) .
At this stage of refinement R(profile) = 17.77% and
R(Bragg) = 23.59% was reached. The structures need
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Fig. 7 : Results of structural refinement from neutron diffraction data of
(A) zircaloy-2 and (B) Zr-2.5%Nb PT coupons with hydride

(B) blister, showing the observed and
calculated profiles of Zr and Zr-hydride phases.
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further refinement taking preferred orientations, texture
and other parameters into consideration. The refinement
gave 39 peaks for zirconium and 18 peaks for hydride
phase. The analysis showed ~ 99.53% molar of
zirconium phase and ~0.47% molar of hydride phase.

Application of Quasi-elastic Neutron
Scattering

In order to understand the diffusion mechanism of
hydrogen into zircaloy, quasi-elastic neutron scattering
(QENS) measurements on the hydrided zircaloy pressure
tube coupons was also undertaken. In QENS experiment
the process of diffusion of hydrogen can be monitored
by measuring the line broadening of a monoenergetic
neutron beam. Various zircaloy coupons pure, loaded
with hydrogen and containing hydride blisters were
examined by QENS, using a MARX (Multi Angle Reflection
Xtal) spectrometer at Dhruva reactor using A= 4 A.QENS
spectra were recorded for five samples along with the
instrument resolution data for comparison. The resolution
data was separately recorded with standard Zr-hydride
sample and superimposed on the sample data. All the
QENS spectra showed no quasi-elastic peak, indicating
absence of free hydrogen in the interstitial sites of Zr
lattice. The appearance of only elastic peak confirmed
presence of hydrogen in hydride phase as indicated by
the neutron diffraction study. All the QENS spectra were
recorded under the same conditions, the intensity scale
in each spectrum indicates proportionately the amount
of hydrogen present in each sample. QENS experiment
with in situ movement of hydrogen in zircaloy is essential
to study the diffusion of hydrogen.

e,

Acknowledgements

One of the investigators(AMS) thank International
Atomic Energy Agency, Vienna for sanction of the CRP
project and the financial support. Thanks are also due to
Dr. M. Ramanadham, Head Solid State Physics Division
for the interest and support in this work. Thanks are also
due to Drs. Amitabh Das and S. Mitra for the help
rendered in collecting data on neutron spectrometers.

Issue no. 273 October 2006



Issue no. 273 October 2006

BARDC

HEWEBLE I .ER

ABOUT THE AUTHORS

Dr A.M. Shaikh
joined BARC in 1992.
His areas of
specialization are
neutron & X-ray
d detectors, neutron
radiography, high
temperature X-ray
crystallography and instrumentation. A
Ph.D. from lISc, Bangalore, he was a post
doctoral fellow at the University of
Washington Seattle, USA and has worked
as faculty member at IISc, Bangalore and
University of Kuwait. Dr. Shaikh has been
associated with IAEA in programmes related
to Neutron Radiography and worked as
IAEA expert in this field. He has about 90
research papers in national and
international journals and conference
proceedings to his credit. Dr. Shaikh is on
the Board of Studies and Board of Ph.D.
Examiners of many universities and research
institutions in India. He is the recipient of
the ISNT National Award 2003 and DAE
Technical Excellence Award 2004.

D/ ==PAR™ S W/ 3lidya
a graduate of Gujarat
University obtained his
M.Sc and Ph.D degrees
from the University of
Bombay. Passing from
iihe S - ey o
Training School in
Physics discipline, he joined Atomic Fuels
Division, BARCin 1970. He has been involved
in the quality control of nuclear fuels of
various designs. He has carried out NDT of
different reactor systems and sub assemblies
apart from fuel elements. In radiography, his
specialization is microfocal radiography and
real time radiography. Dr Vaidya was on the
Standing committee constituted by Director
BARC, for Radiography Cameras and Sources
from 1990 to 1997.He has been in AERB
teams for regulatory inspection of operating
nuclear plants and projects. He is a member
of the RT Sub-committee of Bureau of Indian
Standards for the last two decades. He was
given the ‘Ron Halmshaw Award’ of the
British Institute of NDT for the best paper in
their journal INSIGHT. He received the
‘Achievement Award (R&D)’ of ISNT Mumbai
Chapter, ‘'NDT Man of the Year’ from ISNT
and the ‘Best paper award’ for a paper
published in the Journal of NDE. He has over
50 research publications in journals and
symposia. Heis a popular science writer and
has been on the ‘Consultative Panel of All
India Radio, Bombay on Science & Technology
Broadcast’ for four years.

111



drosmz=

BAR

HEWELETITER

Mr. B.K. Shah did his
B.Sc.Engg.(Metallurgy)
from Regional Institute of
Technology(RIT),
Jamshedpur and M.Tech.(
Corrosion Science and
Engg.) from Indian
Institute of Technology
(IIT), Bombay. He joined the 17t batch of BARC
Training in 1970. Presently, he is Head, NDT &
Quality Evaluation Section, Atomic Fuels
Division, BARC. His field of work includes:
Quality assurance in the manufacture of nuclear
fuel and reactor core components, Material

characterization by NDT, Metallurgical failure
analysis, In-service inspection and Corrosion
studies on reactor materials. He has
published more than 160 papers in various
national and international journals and
conference proceedings. He is the recipient
of the NDT National Award 1998 and ISNT
Mumbai Chapter NDT Achievement Award
2001. He is Life Fellow of ISNT and Regional
Controller of Examination(Western Region),
National Certification Board on NDT.
Presently he is the Head of the Quality
Assurance Division, BARC.

Mr Suresh Gangotra is
a gold medalist in
Metallurgical
Engineering from M.S.
University for the year
1983. After completing
training from the 27
Batch of Training School,
he joined Radiometallurgy Division. His areas of
work are Non Destructive Testing of Irradiated
Nuclear Fuels and Reactor Components, Laser
applications for hot and development of
equipment for Pool Side Inspection of

irradiated nuclear fuels.

Mr. K.C. Sahoo is
a graduate in
metallurgy from
Sambalpur
University. He joined
the 14™ batch of
BARC Training in
1970. He worked at
the hot cells Facility of Riso National
Laboratory of Denmark under IAEA
fellowship programme during 1976-1977.
He is a specialist in the field of irradiation
behaviour of nuclear fuels and reactor core
components. His field of interest is
non-destructive testing and metallurgy of
nuclear materials. He was Head of Post
Irradiation Examination Division of BARC
and retired on 28" February 2006. Presently
he is Raja Ramanna fellow in Health, Safety
& Environment Group, BARC.

Issue no. 273 October 2006



ey

BARC

HEWEILETTER

EFFECT OF LOW DOSE IONISING RADIATION AND
ULTRAVIOLET RADIATION ON HUMAN KERATINOCYTE
CELL LINE

P. Mehrotra, V.P. Sinkar and G. Banerjee
Environmental Safety Laboratory,
Hindustan Lever Research Centre, Mumbai

K.P. Mishra
Radiation Biology and Health Sciences Division
Bhabha Atomic Research Centre

This paper won the award for the Best Young Scientist Oral Presentation at the
International Conference on Recent Trends in Radiation Biology, held at BARC,
Mumbai, during December 1-3, 2004.

[traviolet (UV) and lonising radiation (IR) are the
most important external stimulus that affect skin by
inducing immuno -suppression, cancer, aging,
inflammation and cell death. In all these cases skin require
continuous exposure of moderate to higher doses of
radiation. Studies have been carried out for years to
estimate the human health hazards associated with
radiation but the effects of low dose of radiation are still
a mystery. It has been proven that the linear threshold
theory (LNT) is not applicable for low dose of radiation.
There are controversial opinions exist about the effect of
low doses of radiation on human health. The first
hypothesis indicates the absence of acomplete safe dose
of radiation and any kind of exposure to radiation is always
associated with risk versus benefit. The second hypothesis
suggests that the health risks of IR doses below a threshold
limit (less than 10 cGy) are not measurable and hence
the effects are negligible and not harmful.
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Radiation effects are generally categorized as somatic
and genetic. Somatic effects appear within a time frame
of a few hours to years. Depending on the dose received
and the duration, the consequence is greater for higher
doses incurred in short time periods. On the other hand,
genetic effects are main cause for concern at the lower
doses. The radiation doses may be small and appear to
cause no observable damage, but the probability of
chromosomal damage, with the consequence of
mutations giving rise to genetic defect. The radiation
dose received by an individual is generally low and few
exposed cells damaged due to the failure of protective
intracellular repair mechanism. The effects of low level
ionizing radiation may accumulate over the period of
time and could represent a potential health hazard.

Free radicals like reactive oxygen species (ROS) and nitric
oxide (NO) are generated during stress response
including radiation that activate a number of
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cellular signalling cascades involved in both cell death
(apoptosis, necrosis) or survival (cancer, aging) . These
free radicals are known to link with Protein Kinase C
(PKC) and/ or Mitogen Activated Protein Kinase (MAPK).
We have recently reported that UVB may induce
apoptosis or transformation to human keratinocytesin a
dose dependent manner. IR is also known to induce

similar effects at higher dose.

increase in ROS level was detected. The results are shown
in Fig. 1b.

We have also investigated the role of UV/IR on NO release
by A431.No statistically significant change was detected
in the NO level post exposure (data not shown).

Radiation induced ROS release with respect to

In this report, we are demonstrating the o time
cellular signaling mechanism activated by low 2 —
dose of both UV and IR on human % = ,.r-"""-‘ff
keratinocytes cell line in vitro. This may help E 3’:: f“'ff
us to understand the effects of low doses of E‘ ] jf"’r
radiation and help us to modulate the adverse 5: -
responses. i B g R 4h
Results Fig.1a : Release of radiation induced ROS as a function
of time using DCFDA as the dye
Induction of Free radicals (ROS, NO) by
UVI/IR radiation
UV radiation induced ROS generation was Radiation induced ROS generation
investigated as a function of time and dosage.
An increase in the ROS level was detected 450
immediately after the exposure to radiation, = ;;
which increased linearly with time (15 and E 300
30 min). A saturation of intensity was g iz
detected post 45 min post exposure. The % 12
2

results are shown in Fig. 1a.

IR induced ROS showed a linear relationship
with dose. Even a low dose like 0.2 Gy
showed an increase in ROS level that
increased with increasing dose. On the other
hand, a low dose of UV (10mJ/cm?) failed
to induce ROS generation but as the dose of

UV was increased to 30mJ/cm? a drastic

ounder’s Day

Il 2 & '
¢ 020Gy 0850y proy Gy T

rrllemd) e

Fig. 1b : Radiation (UV and IR) induced ROS release as a
function of dose after post 30 min exposure in A431 cell
line. The results are a mean of three different experiments

(n=3)
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Alteration of mitochondrial
membrane potential by UV/IR

Alinear increase of the intensity of the
dye was observed as a function of dose
of IR upto 0.7 Gy. At a dose of 1 Gy of
IR, a drastic increase of ROS was
observed. Even though the generation
of ROS by UV was higher than that of
by IR, the alteration of mitochondrial
potential was similar. Low dose of UV
(10mJ/cm?) did not induce a change in
mitochondrial potential. The result is

shown in Fig 2.

Radiation induced change in cell
membrane fluidity

Radiation induced change in cell membrane fluidity was

Meabd Py ayees farkilarp und!
. =
5 - =

Effect of radiation on the fludity of
the keratinocyte cell membrane

U (iimdirndi

Fig. 3: UV/IR induced changes in the microviscosity of cell
membrane in A431 cell post 1 Hr exposure. The results are
a mean of three different experiments (n=3)

post IR as well as UV exposure. IR induced change in

Mitochondrial membrane depolarisation

by radiation

%% Relative fowns cenon

154

Fig. 2 : Alteration in the mitochondrial membrane by UV and
IR post 1 Hr exposure in A431 cell line using Rhodamine as

U 1N reT

the dye. The results are a mean of three different

experiments (n=3)

studied for over a time period of 4 hrs with 1 hrinterval.

By 5 hrs membrane fluidity was the same as untreated

control. Membrane fluidity of keratinocytes was increased
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T,

membrane dynamics was independent of the dose used

while significant alteration of the
membrane fluidity was observed when
cells were exposed to UV. The result is

shown in Fig. 3.

Effect of UV/IR on PKC/MAPK
isoforms

Regulations of the expression of various
known PKC isoforms by UV and IR in
A431 cell line were investigated as a

function of time and dose of radiation.

(a) Atypical PKC : lonizing radiation had
no effect on transcription level of PKC

delta at 1 and 6 hrs. Complete down

regulation in response to UV was seen at 1 hr but became

same as that of untreated control at 6hrs.
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Fig. 4 : Effect of radiation (UV/IR) on PKC isoforms in A431 cell line.
The results are a mean of three different experiments (n=3)

Induction of PKC 81in the untreated control was detected
only at 6 hrs. Upregulation of PKC 8 was observed at all
doses of IR at Thr. At 6 hrs down regulation was observed.
Complete down regulation of PKC 8 was observed in
UV exposed cells at all time points. The results are depicted
in Fig. 4a.

Other atypical PKC isoforms were not detected in treated/
untreated A431 cells at the transcriptional level.

(b) Novel PKC: Very low doses of ionizing radiation (0.2
and 0.5 Gy) down regulated of PKC A at early time point
(1 and 6 hrs). At higher doses (0.7 and 1 Gy) the intensity
was increased and became similar to that of untreated
control. On the other hand, UV down regulated PKC| at
both 1 and 6 hrs. The results are shown in Fig. 4b.

PKC & was not detected at the transcription level.

(c) PKC related enzymes: PKC nu was down regulated
by IR radiation at 1.0 Gy post 6 hrs of exposure. No
detectable change was observed at lower dose at any
time point. In case of UV, the level was lower at 1 hrand
completely down regulated at 6 hrs.

Upregulation of PrKr in response to IR was observed at
all time points investigated. In contrary, UV induced
PrKkr was observed only at 6 hrs. The results are shown in
Fig. 4c.

No change in PKN level was detected post exposure (data
not shown).
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Fig. 5 : Effect of radiation (UV/IR) on MAPK isoforms in A431 cell line. The results
are a mean of three different experiments (n=3)
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OQ% innovative process has been adopted in India
for highly efficient separation of '*’Cs from alkaline
reprocessing waste using cesium-selective Resorcinol
Formaldehyde Polycondensate Resin (RFPR) in repeated
loading-elution cycles [1-3]. Elution of *’Cs leads to its
concentration in a small volume of dilute nitric acid.
Further consolidation of '*’Cs has been found possible
by passing the accumulated eluate through a small
column containing synthetic zeolite of mordenite type
[4]. The zeolite can be encapsulated for use as a radiation
source or stored for future processing and recovery of
137Cs. In this connection, it is of interest to see if *’Cs
can be loaded as effectively on the zeolite column by
directly connecting it downstream to the RFPR column
during elution. The composition of the feed to the zeolite
column is not constant in this case but varies continuously
with progress of elution. In fact, the peak '*’Cs
concentration could be several times higher than its
average concentration in the accumulated eluate.
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Satisfactory performance of the zeolite column during
such on-line loading could lead to a simplification of
process flowsheet by eliminating the eluate accumulation
step. This report summarizes the results of experiments
using actual waste solution to test the simultaneous

separation and consolidation of '3’Cs as noted above.

The waste is generated as an acidic concentrate from
the waste evaporation cycle of a reprocessing plant. It is
made alkaline and stored in carbon steel tanks as
intermediate level waste. The sample used in this work
had a pH of 12 and contained 90 g/L of dissolved solids,
mainly due to the presence NaNO,, Na,CO, and NaNO,.
The major radionuclide present in the waste was '*’Cs
(4.57 pCi/mL). Traces of '®Ru, '2*Sh and ®°Sr were also
found.

The schematic of the experimental set-up used in this
work is shown in Fig.1. The separation of '3’Cs from
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the waste was carried out during the loading cycle. The
waste solution, pre-treated with NaOH to contain 0.1 M
free alkali, was passed through the RFPR (5 mL) column
ataflow rate of 5 bed volumes per hour using a peristaltic
pump. Effluent samples were collected periodically. The
loading run was continued without break for 60 hours,
during the course of which 300 bed volumes of waste
solution was passed. Rinsing of the column with 5 bed
volumes of water followed loading. In the next stage,
elution of ¥’Cs-loaded RFPR column was
carried out in two steps, using 8 bed volumes
of 0.1 M HNO, followed by 12 bed volumes
of 0.5 N HNO, in up-flow direction at a flow rate of 3
bed volumes per hour (15 mL/h). The eluate was directly
passed through a small column containing 1.5 mL of
mordenite type synthetic zeolite. The flow rate through

expected to treat further quantities of waste with high
efficiency. From an analysis of the accumulated effluent,
it was estimated that 6.8 mCi of '¥'Cs was loaded on the
column. As noted above, the waste was pre-treated
with alkali. This was done in view of the negligible
amount of free alkali in the waste. Adequate alkalinity is
essential for generation of cesium-selective phenolate ion
sites, which are responsible for uptake of '*’Cs as per the
following scheme:

M H gt
FFPR-CH —= BEFPR-rNat+H;{ == RFFR-{rCvH+Hat

The results obtained in the elution cycle are presented in
Fig. 2. The activity of *’Cs eluting from RFPR and
entering the zeolite column is shown with progress of
elution along with the activity of *’Cs in zeolite column

the zeolite column was thus 10 bed volumes per hour.  €ffluent.
Samples of RFPR column eluate were
collected on-line using a hypodermic = e
syringe through a self-sealing rubber Warte bl — AR
I_‘[ },‘_ — - | £
septum connected to the tube joining T —— <iiacgil | e g
the two columns. Samples of zeolite
1+ RFPR cobemn 1 '
column effluent were also collected. Eiflucn
The '¥’Cs activities in all samples |
collected were analyzed using HPGe b _E =
detector coupled with 8 KMCA. The

results obtained in the experiments

are discussed below. Fig. 1:

The performance of RFPR
column in the loading

Schematic of experimental set-up for loading

and elution cycles

cycle is shown in Table 1. Table 1. Performance of RFPR in separation of ¥'Cs
It is seen that the activity 57C5 activity in waste: 4,57 pCimL;  RFPR bed volume: S mL;  Flow rate: 25 mi/n

f 137 1 f
of MG |.s reduced from Bed volumes Accumulated
457 mCi/mL to 5.4x10* of waste Ik | 50 20 250 ElT efflueni
mCi/mL in 300 bed passed

NS metivity

volumes of waste. The o S ™ | s 3xio | 63x10 | 70x104 | 6.7x104 | 47x104 | 54x104
separation efficiency is > {pCi'mL)
99.9% and the column is a
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Though the activity of *’Cs in the feed to the zeolite
column varied from 0.1 to as high as 446 puCi/mL, only
a small amount of activity, 7 x10- uCi/mL, was present
in the accumulated effluent. The '¥’Cs activity present in
1500 mL of waste was thus consolidated in 1.5 mL of

zeolite, leading to a high volume reduction factor (VRF)
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Abstract

Marine algae are among the richest natural sources of known and novel bioactive compounds. Several of these
unique compounds have shown pharmacological activities for many of the deadly diseases.
Dendrodoine (5-[(3-N-dimethylamino)-1,2,4-thiadiazolyl]-3-indanyl methanone) is an alkaloid extracted from
the marine alga Dendrodoa grossularia. It possesses a 1,2,4- thiadiazole unit, a rarity among natural products.
Aminothiazoles have a wide range of biological activities such as anti-tumor and antioxidant properties.
The aim of our study was to examine the antioxidant ability of a novel compound, an aminothiazole derivative,
dendrodoine analogue, DA (4-Amino-5-benzoyl-2-(4-methoxy phenylamino) thiazole which has been
chemically synthesized and is similar to dendrodoine. In all the biochemical assays corresponding to different
levels of protection, DA showed concentration dependent antioxidant ability. DA (1 mg/ml) showed an ability
to inhibit ABTS radical formation to the extent of 0.18 times of Trolox. The ferric complex reducing ability of 1
mg/ml DA was equivalent to 110 mM Trolox. T mg/ml DA gave 84% protection against deoxyribose
degradation.

DA also has an ability to scavenge ‘NO radical, T mg/ml DA effecting 20% scavenging. Concentration
dependent inhibition of lipid peroxidation and protein oxidation was observed with low concentrations of
DA (0.5-1 mg/ml). Pulse radiolysis studies revealed that DA scavenges peroxyl radicals with a bimolecular rate
constant of 3 x 108 M''s". Moreover, the initially formed nitrogen centered radical gets transformed into
sulfur-centered radical before furnishing any final product. Our results indicated that DA can be a valuable

antioxidant with potential application as a therapeutic agent.
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Introduction

@//'ét‘ure has been a source of medicinal treatment
for thousands of years. Much of the world’s biological
diversity remains unexplored as a source of novel
biological compounds and the search for new bio-active
agents from natural sources, including extreme
environmental niches is expanding. Several of these
unique compounds have shown pharmacological
activities for many of the deadly diseases like cancer,
AIDS, diabetes, arthritis, etc.

Marine algae, popularly known as seaweeds, are of
immense industrial, human and agricultural value since
time immemorial, especially in the Orient. Marine algae
consisting of red, brown, green and microalgae have
several potential applications. They are being used as
a source of food and materials for industrial uses. Some
species are being cultivated, mainly in the Asian
countries like Japan, China and Korea. Recent studies
show that many marine algae have significant
antioxidant abilities. Marine antioxidant research is not
yet fully explored. There are very few reports on the
antioxidant capacity of algae. Algae (marine and fresh
water) that have been used as sources of antioxidants
include Dunaliella salina, Haematococcus pluvialis,
Spirulina and Chlorella. Several Indian species of marine
algae have potential applications and technologies to
utilize them commercially will yield rich dividends.
Several species of microalgae, especially green algae,
accumulate high concentrations of carotenoids such
as b-carotene, astaxanthin and canthaxanthin. These
carotenoids have wide application as natural colourants
and antioxidants. Euglena gracilis produces significant
amount of a-tocopherol.

A marine edible green alga, Ulva reticulata, is a known

source of proteins, vitamins and sulfated

ounder’s Day
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polysaccharides. Recently Rao et al (2004) have shown
antihepatotoxic and antioxidant effects of the water
extract of this alga in rats. Oral pretreatment with the
hot water extract of this alga reduced the hepatotoxicity
induced by acetaminophen considerably by improving
the antioxidant status and by reducing lipid
peroxidation. Murthy et al (2005) have evaluated the
ability of D. salina algal powder extract to protect
against oxidative stress in animal models. Treatment
of rats with this extract showed significant protection
against toxicity induced by CCl,. The algal powder
treatment restored the levels of catalase, superoxide
dismutase (SOD) and peroxidase decreased by CCl,
treatment. The rats pretreated with seaweed extract
reversed the depleted levels of antioxidant enzymes
and reduced the elevated levels of lipid peroxidation.
Their results indicated that the seaweed extract contains
some anti-ulcer agents, which may maintain the
volume/acidity of gastric juice and improve the gastric
mucosa antioxidant defense system against HCl-
ethanol induced gastric injury in rats. The antioxidant
activities of fucosterol, isolated from the marine alga
Pelvetia siliquosa were investigated by Lee et al (2003).
Fucosterol exhibited a significant decrease in serum
transaminase activities elevated by hepatic damage
induced by CCl,. It also showed increase in the
antioxidant enzymes SOD, catalase and glutathione
peroxidase. Their results suggest that fucosterol not
also the

only possesses antioxidant, but

hepatoprotective activities in rats.

(5-[(3-N-dimethylamino)-1,2,4-

thiadiazolyl]-3-indanyl methanone) is an alkaloid

Dendrodoine

extracted from the marine alga Dendrodoa grossularia.
It possesses a 1,2,4- thiadiazole unit, a rarity among
natural products. Aminothiazoles have a wide range
of biological activities including antioxidant properties.

Secondary metabolites with five membered thiazole
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rings are known. They also generate new surface for
interactions with proteins, RNA and DNA in sequence
discriminating modes. Some of the tandem
heterocycles (oligothiazoles/thiazolines) could function
as minor groove binders of DNA similar to the
oligopyrrole and oligoimidazole reading of bases in
the DNA minor groove by antibiotics such as netropsin
and distamycin. Indeed, thiazole-containing analogues
of these molecules bind in the minor groove of DNA
with significant sequence bias. Among the enzymatic
post-translational modifications of peptide-based
natural products are heterocyclizations of serine,
threonine and cysteine side chains. These create five
ring heterocycles in the oxazole and thiazole series.
Initial products of cyclodehydration are the
dihydroheteroaromatic oxazolines and thiazolines,
which can undergo redox changes. A two-electron
oxidation generates the heteroaromatic oxazole and
thiazole systems, while two electron reductions of the
carbon nitrogen double bonds would create the

thiazolidine and oxazolidine rings. All three oxidation

Dendrodoine
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states are seen in natural products. The heterocyclization
not only alter peptide backbone connectivity and
electronic distribution, but also afford new recognition
elements for interaction with such targets as DNA and
RNA and with proteins that effect the specific biological
readouts of the natural products.

The synthesis of complex natural products has been
challenging and has led to the discovery of many novel
reactions. The synthesis of several compounds has
permitted the preparation of large number of designed
analogues. These studies have analyzed desirable
modifications, which inevitably lead to the development
of more suitable bio-active compounds. Marine algae
are the richest natural sources of known and novel
bio-active compounds, many of which belong to totally
novel chemical classes not found in terrestrial sources.
In this article we report a on the antioxidant ability of
a novel compound, an aminothiazole derivative,
dendrodoine analogue; DA (4-Amino-5-benzoyl-2-
(4-methoxy phenylamino) thiazole which has been

chemically synthesized and is similar to dendrodoine.

I
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:ji iﬁﬁﬂ
—H
OCH,

Dendrodoine analogue
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Materials and methods

Ascorbic acid, 2,2'-azobis-3-ethylbenzthiazoline-6-
sulfonic acid (ABTS) diammonium salt, butylated
hydroxy toluene (BHT), chloroform, dinitrophenyl
hydrazine (DNPH), 1,1'-diphenyl-2-picrylhydrazyl
(DPPH), deoxyribose, ethylene diamine tetra acetic acid
(EDTA), ferric chloride, ferrous ammonium sulphate,
ferrous sulphate, Folin-Ciocalteu reagent, guanidine
hydrochloride, hydrogen peroxide, myoglobin,
potassium ferricyanide, potassium hydroxide,
potassium phosphate, potassium dihydrogen
phosphate, sodium acetate, sucrose , 1,1,3,3-
tetraethoxypropane, 2-thiobarbituric acid (TBA),
trichloroacetic acid, triphenylphospine, 2,4,6-tripyridyl-
s-triazine (TPTZ), xylenol orange were purchased from
Sigma Chemical Co., U.S.A., 2.2'-Azobis (2-
amidinopropane) dihydrochloride (AAPH) (=2.2'-
azobis(2-methylpropionamidine) dihydrochloride) and
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox) were from Aldrich Chemical Co., U.S.A.
Other chemicals used in our
studies were of the highest
quality commercially available

from reputed suppliers. The

b
]
L=

Results

Antioxidant Properties of Dendrodoine analogue

The antioxidant effect of DA was studied using standard
biochemical assays corresponding to different levels
of antioxidant protection. These include inhibition of
radical formation by ferrylmyoglobin/ABTS assay, radical
scavenging assays such as DPPH besides its ability to
inhibit deoxyribose degradation and to reduce ferric
by FRAP assay. In all these assays DA showed
concentration dependent antioxidant ability. The results
of FRAP assay is shown in Fig1. The ferric complex
reducing ability of 1 mg/ml of DA showed a TEAC of
110.25. DA also showed an ability to inhibit ABTS
formation to the extent of 0.17 times of Trolox. The
data on Ferrylmyoglobin/ABTS assay is shown in Table
1. Our results showed that DA is not an efficient DPPH
radical scavenger even at higher concentrations (Table
2.) The inhibition of deoxyribose degradation capacity
of various concentrations of DA is expressed in Table
3. 1 mg/ml of DA gave 84% protection (Table 3).

Ferric complex reducing ability of DA by FRAP

ASEAY

solvents used for pulse radiolysis

b
=
(=

experiment were freshly prepared

[}
L=}
i

in de-ionized ‘nanopure’ water

(conductivity < 0.06 mS cm™)

=
=

from a Barnstead nano-pure

Conc, OF Trolex (uM)
(=1 ]
(=]

i
L= =]
i i

system. Antioxidant activity was
evaluated by the standard
biochemical techniques and the
mechanism was studied using

pulse radiolysis technique.

01 0.2 0.4 0.6 0.6 1

Concentration of DA (ug/ml)

Fig. 1 : Antioxidant activity of DA (Dendrodoine Analogue)
as measured by FRAP assay. Data represented as mean

ounder’s Day

+ S.E. from four individual experiments.
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Table 1 Antioxidant activity of DA as measured
by Ferrylmvoglobin/ABTS assay
St | TEAC (i) AEAC {mM)
0.1 012203 01403
0.5 L5t 0 0T £0
1.0 0,17 0.3 01203

Data represented as mean = S.E. from four individual experiments. DA:
Dendrodoine Analogue; TEAC: Trolox equivalent antioxidant capacity; AEAC:
Ascorbic acid equivalent antioxidant capacity

Table 2 Radical scavenging activity of DA as
measured by DPPH assay

Concentration of DA (ugiml) | TEAC (mM)
0.1 0.00+ 0.04
0.5 0.00% 017
1.0 0.02% 0.05
20 0.04+ 0.37
3.0 0.05 0.34
4.0 0.06+ 0.60

Data represented as mean + S.E. from four individual experiments.
DA: Dendrodoine Analogue; TEAC: Trolox equivalent antioxidant
capacity; AEAC: Ascorbic acid equivalent antioxidant capacity

Table 3 Deoxyribose degradation assay of

different concentrations of DA
Concentration of DA % Protection
{pa/mi)
0.1 28,35 £ 0.008
0.5 7542 £0.011
1.0 84.01 £ 0.009

Data represented as mean % protection * S.E.
from four individual experiments.
DA: Dendrodoine Analogue

Issue no. 273 October 2006 m

We have also studied the
capacity of DA to prevent
mitochondrial damage in
terms of lipid peroxidation
induced by AAPH and
ascorbate-Fe?*, Lipid
peroxidation was assessed as
formation of lipid
hydroperoxides (LOOH) and
thiobarbituric acid reactive
substances (TBARS). 0.1, 0.5,
1 mg/ml of DA was tested and
the concentration dependent
inhibition of lipid peroxidation
by DA is shown in Table 4 and
Fig.2-4. Inhibition of protein
carbonyls by DA (table 5) and
its NO" scavenging (Fig.5)
activities was also studied.
Table 5 presents data on the
protection by DA against
AAPH-induced protein
damage in rat liver
mitochondria.0.1 mg/ml, 0.5
mg/ml gave 84% and 96%
protection  respectively
whereas 1 mg/ml of DA gave
complete (100%) protection.
Our results showed that DA
showed concentration
dependent antioxidant effects.
With concentrations of 0.5-1
mag/ml, it gave significant
protection.

In pulse radiolysis study,
CCL,00 radical has been used
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Table 4 Protectlon against AAPH- Induced lipld peroxidation
in rat liver mitochondria by different concentrations of DA

Concentration of DA (pg/iml} | nmoles TBARS/mg protein *
Control B.59.£0.18
Damage 880 0.15(0)
0.1 3522 £0.01 (9.01)
05 30.53 £ 0.003 (35.48)
1 18.27 £ 0.008 (63.13)

Data represented as mean * S.E. from four individual
experiments. DA: Dendrodoine Analogue. *Rat liver
mitochondria (2 mg protein/ml in 5 mM phosphate buffer, pH
7.4) TBARS: Thiobarbituric acid reactive substances. %
protection values are given in brackets.

Table 5 Protection against AAPH-induced
damage to proteins in rat liver mitochondria

transformed into sulfur-centered
radical before furnishing any final
product (Fig. 6).

Discussion and
Conclusion

In a normal, healthy individual there
exists a well-maintained balance
between free radical production and
antioxidant defense mechanisms.
However, in diseased states, this
balance shifts towards the over-
production of free radicals or deficit
in antioxidant defense and leads to
oxidative stress. Oxidative damage to
cellular components can further
increase the damage (Packer and
Ong, 1998). Endogenous
antioxidants such as ascorbic acid,

by different concentrations of DA o o .
vitamin E, uric acid, thiols and
Conce lon of nmoles of protein bilirubin present in extracellular fluids
DA {pg/mi) carbonyls/mg protein®
Control 208+013 act as primary defense system that
Damage 3.951 + 0.059 protects against oxidative damage.
g; 2211321%313{;%1}} Ample experimental and
:I 13755 T D..Eér {}1:&5\%} epidemiological studies support the
- involvement of oxidative stress in the
o pathogenesis and progression of
Data presented as mean * S.E. from two individual o ]
experiments. DA: Dendrodoine Analogue. *Rat liver several chronic diseases. (Tewari et al
mitochondria (2 mg protein/ml in 5 mM phosphate buffer, 2000). However, in

pH 7.4) % protection values are given in brackets.

as a representative lipid peroxyl radical to understand
free radical induced damage to membranes. DA
scavenges peroxyl radicals with a bimolecular rate
constant of 3 x 108 M's™ It has been observed that an
initially formed nitrogen centered radical gets

pathophysiological conditions,
there is an extra requirement for
exogenous antioxidants from food
and medicinal plants (Sies, 1996; Tilak and
Devasagayam, 2001). There is an increasing interest
in natural antioxidants (Amarowicz, R, et al 2000) and
recent studies reveal that marine algae form a novel

and important sources of antioxidants.
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FProtection against AAPH-induced LOOH
formation in RLM by different concs. of DA

M|

damage  Sdugiml  BSugiml  Ysgimi

E G

umoles LOOH I mg
pretain
=

Fig 2 : Protection against AAPH- induced lipid peroxidation
in rat liver mitochondria by different concentrations of DA
in terms of LOOH. LOOH:Lipid hydroperoxide. DA: Dendrodoine
Analogue. Data represented as mean = S.E. from
four individual experiments. RLM: Rat liver mitochondria
(2 mg protein/ml in 5 mM phosphate buffer, pH 7.4) * %
protection values.

Pratection agalnst ascorbate-Fe™ dnduced lipid peroxidation
in RLM by different concentrations of D&
75 S

+9.81

60 -
45 -
30 -
15 -
o

contraol  damage l1lnﬂ'll IJ-EWI'I'I'III 1 ugdml

+36.9%

nmoles TEARS/mg protein

Fig. 3 : Protection against ascorbate-Fe?*- induced lipid
peroxidation in rat liver mitochondria by different
concentrations of DA in terms of TBARS. TBARS: Thiobarbituric
acid reactive substances. DA: Dendrodoine Analogue.
Data represented as mean = S.E. from
four individual experiments. RLM: Rat liver mitochondria
(2 mg protein/ml in 5 mM phosphate buffer pH 7.4) * %
protection values

=T

Antioxidants are substances, which
prevent/delay oxidation of substrates
when present in low concentrations
compared to the substrate, which
otherwise gets oxidized by the pro-
oxidants. Non-enzymatic antioxidants
react with pro-oxidants and inactivate
them. In a redox reaction,
antioxidants act as ‘reductants’. In
this context, the antioxidant power
can be referred to as ‘reducing ability’.
In FRAP assay, an easily reducible
oxidant, Fe Il is used in excess. Thus
on reduction of Fe llI-TPTZ complex
by antioxidant, blue colored Fe II-TPTZ
is formed, which can be measured
spectrophotometrically at 595 nm
(Pulido et al 2000). The first line of
defense is the preventive antioxidants,
which suppress the formation of free
radicals. In Ferrylmyoglobin/ABTS
assay, on addition of an antioxidant,
the formation of ABTS* radical by
reaction of ferrylmyoglobin and
ABTS, is delayed and inhibition of
formation of the radical is measured
as the lag time in seconds (Alzoreky
and Nakahara, 2001). Free radicals
are formed in vivo or taken into body
exogenously. The second line of
defense is the antioxidants that
scavenge free radicals to suppress
chain initiation and/or break the
chain propagation reactions.
Scavenging of DPPH radical is
routinely used as preliminary test for
estimating the antioxidant activity of
natural compounds (Aquino et al.,
2001).
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Protection against ascorbate-Fe®'-induced lipid
peroxidation in RLM by DA in terms of LOOH

1.6

1.2 -
0.8 -

0.4 -

0.0 I_T_I

umoles LOOH/mg protein

+4_55 +9.1
x +27.3
o

control

damage 0.1 ug/iml 0.5 ug/ml 1 ug/ml

Fig. 4 : Protection against ascorbate-Fe**-induced lipid

peroxidation in rat liver mitochondria by different concentrations

of DA in terms of LOOH. LOOH:Lipid hydroperoxide. DA:
Dendrodoine Analogue. Data represented as mean = S.E.

from four individual experiments. RLM: Rat liver mitochondria

(2 mg protein/ml in 5 mM phosphate buffer pH 7.4) * %

Aminothiazoles have a wide range of biological

activities such as anti-tumor, anti-anoxic and

protection values

MO scavenging by compound DA

35.00
30.00 -
25,00 -
20,00 -
15.00 -
10.00
5.00 -
0.00

Measured nitrite (ul)

W30 mins
W60 mins
H120 mins
H150 mins

damage test test test
{10ugiml}  (S0ug/ml} ({100ug/ml)
Treatment

Fig. 5 : NO* scavenging effects of different concentrations
of DA at different incubation times. Time range of
30-150 minutes was used. Data represented as mean of
two individual experiments. DA: Dendrodoine Analogue.

ounder’s Day

antioxidant properties. The aim
of our study was to examine the
antioxidant ability of DA, which
is an aminothiazole derivative of
dendrodoine. In all the
biochemical assays corresponding
to different levels of protection,
DA showed concentration
dependent antioxidant ability.
Our studies have shown that DA
has significant antioxidant
capacity in terms of scavenging
ABTS radical, degradation of
deoxyribose and ferric reducing
ability. DA, however, is not an
efficient DPPH radical scavenger
even at high concentrations.

The antioxidant action also can be assessed by
inhibiting the damage caused by free radicals. The

mechanisms involved in many
human diseases such as
hepatotoxicities,
hepatocarcinogenesis, diabetes,
malaria, acute myocardial infarction,
skin cancer include lipid peroxidation
as a main source of membrane
damage (Yoshikawa et al, 2000). To
examine the possible mechanisms of
action we have studied the ability
of DA to prevent oxidative damage
in mitochondria isolated from rat
liver. The two endogenous systems
for inducing damage were AAPH
that releases peroxyl radical (ROO)
and ascorbate- Fe?* that generates
OH-radical like species on incubation
at the physiological temperature of

Issue no. 273 October 2006



BARDC

HEWEILETTER

.06

0.04 -
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the membrane. DA gave
protection against oxidative
damage in all our
experiments. The inhibition is
observed  with lipid
peroxidation as well as
against protein damage in rat

liver mitochondria.

The ability to scavenge
secondary radicals can also

300 350 400 450

Fig. 6: Transient absorption spectrum obtained from a reaction

between DA and CCI,00

37 °C. The above two systems also differ in their
mechanisms in inducing lipid peroxidation.

Lipid peroxidation in tissues is controlled by the
interaction of several factors. These include: a)
availability of substrates for peroxidation in the form
of unsaturated fatty acids mainly present in
phospholipids; b) inducers of peroxidation such as
ascorbate, Fe?*, compounds which can convert Fe3*
to Fe?*, oxygen, initiators of free radical reactions and
functioning of the electon transport chain which serve
as source of reactive species; ) antioxidant defense in
the form of glutathione, a-tocopherol, SOD,
carotenoids, substances chelating Fe?", substances
reducing lipid hydroperoxide, glutathione peroxidase
system etc.; and d) the physical properties of the
membrane lipid such as fluidity and surface charge
and the location of the polyunsaturated fatty acid in

Issue no. 273 October 2006

be determined using pulse
radiolysis. The possible reason
for the observed antioxidant
effect of DA can be due to
radical scavenging as
observed by pulse radiolysis.
CClLOO
representative peroxyl radical

radical is a

that has been used to study
free radical interaction. Pulse radiolysis studies revealed
that DA scavenges peroxyl radicals with a bimolecular
rate constant of 3 x 108 M-'s™. Moreover, the initially
formed nitrogen centered radical gets transformed into
sulfur centered radical before furnishing any final product.

Ascorbic acid and trolox are water-soluble and ethanol-
soluble antioxidants respectively. As compared to these
well-known antioxidants, DA showed significant
antioxidant potentials. Our results indicated that an
aminothiazole derivative, DA, an analogue of a
compound from a marine alga can be a valuable
antioxidant with potential applications in health. Further
studies are underway in our laboratory to determine its
antioxidant properties in vivo.
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Abstract

Directly heated filament may change its shape and move with respect to the grid cup due to
thermal expansion under high temperature. Directly heated filament generates strong magnetic field
due to the heating current flowing through it. The effects of cathode distortion and self-induced magnetic fields
may result in inconsistency of the energy density distribution, focus position and angle of convergence of the £B.
These effects may be avoided by the use of the indirectly heated cathode source. It is observed
that solid-cathode gives better operation life than directly heated filament.

Alignment of the solid-cathode button (electron source) with respect fo the components of the £8 gun
Is very important for optimum performance (in terms of beam shape, focus, energy distribution etc.) of the gun.
The cylindrical solid-cathode button (made of Tungsten) is expected to reach 2800 K temperature during operation.
Solid-cathode will be heated due to electron bombardment and radiation heat from the directly heated filament,
Solid-cathode interacts thermally with the holder assembly by conduction and fo surrounding
sub-assemblies by radiation. The solid-cathode holder assembly should maintain
its structural integrity during this high temperature operation and also minimize
conduction heat loss from the solid-cathode. The solid-cathode holder assembly is designed to maintain

the relative positional uniformity between the solid-cathode and the grid cup within the scceptabie limit.

This paper focuses upon the thermal design and analysis of solid-cathode holder assembly
for 24 kW, 90 kV EB welding gun. The 3-D FEM model has been analyzed for the temperature distribution,
thermal stress distribution and deformation for optimized heat flux on the solid-cathode
to reach steady emission temperature of 2800K. The two types of holder assemblies, i.e. cup type
and pin type, have been compared in view
of the structural integrity (deformation) and thermal efficiency (beat loss).
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introduction

E'./’Iesign and development of indirectly heated
cathode EB gun has gained importance in view of its
better beam quality (beam shape, focus, energy
distribution etc.) than the conventional directly heated
cathode type gun. Performance of indirectly heated
cathode gun is mainly dependent upon the structural
integrity and alignment of the solid-cathode under high
temperature operation. The solid-cathode should retain
its alignment with respect to other gun components
(filament, grid cup, anode and gun housing) within
permissible limits to maintain the beam quality.
Precision tolerance should be maintained on mating
part dimensions for thermal stress relieving and also
keeping deflection/distortion within acceptable limit.
These requirements are contradictory; hence rigorous
design and analysis (thermal & structural) of the solid-
cathode and its holder assembly is required for selection
of optimized dimensions. Transient thermal analysis is
carried out to find the temperature ramp, temperature
distribution, time required to achieve operating
condition, and required input heat flux on solid-
cathode. Based on the temperature distribution
structural analysis is carried out to find the thermal
stress distribution taking care of the contact conditions
and displacement restraints. Two types of cathode
holder arrangements, namely cup type and pin type,
have been modeled, analyzed (by FEM) and compared.

System Description

The assembly of the 24 kW, 90 kV indirectly heated
cathode EB gun consists of cylindrical solid-cathode,
cathode holder assembly, grid cup and cylindrical
housing. Guns considering two types of cathode
holders have been designed.
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1. Cup type cathode holder:The solid-cathode
(Tungsten) is welded (by EB welding)
with the . tapered holder cup
(17.5 mm (OD) 5 mm (ID) 39° 0.25 mm thick
material: Tantalum) at four equiangular positions
around its periphery.

2. Pin type holder: The solid-cathode is held by three
pins (10mm(¢) x25mm(L), Material: Molybdenum)

(120° apart).

The solid-cathode is supported by sliding type fit

at equiangular positions

with the pins.

2D section view (engg. drawing) of the gun assembly
considering both the holding methods are shown under
Fig. 1. 3D model of the individual assemblies has been
shown under Fig. 2.

Mesh Generation

The activity of discretization of the model with finite
number of small pieces of simple shapes (elements)
connected at common points (nodes) is called mesh
generation. 3D tetrahedral solid element has been
used. Fine mesh control has been used for discretization
of solid-cathode and its holder assembly and contact
surfaces. Discretized model of the solid-cathode and
its holder assembly has been shown under Fig. 3.

Analysis
Thermal Analysis

Power Balance for Solid-Cathode : Heat transfer details
between the subsystems has been shown under
Fig. 4. The Tungsten filament gains power by resistance
heating from DC source. It emits electrons on reaching
the thermionic emission temperature. The emitted
electrons are attracted towards the solid-cathode due
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Fig. 3 : Solid mesh using 3-D Tetrahedral solid element
(view shown excluding gun housing, grid cup, holder rod and electrical feed)

[T

P TVPE HOLDER GF SDUD CATHOOE

Fig. 4 : Schematic of heat transfer from solid cathode to other parts due to radiation
(shown by curved line) and conduction (shown by straight line)

273 October 2006




BARC

HEWEILETTER

to relative positive potential of solid-cathode with
respect to the filament. Solid-cathode gains power by
electron bombardment and radiation heat from the
filament. It loses power simultaneously by radiating
heat to its surrounding sub-assembles (grid cup,
cathode holder, gun housing, electrical feed throughs
and connector plates). Solid-cathode will also lose heat
by conduction to its holder assembly. The power

balance equation for the solid-cathode is as follows:

dT (6

e ,:;; =gtR-A-5K . (1)

=il e (2)

Where,

. = specific heat of cathode,

T. = cathode temperature,

g = power exchange from the filament to the solid-
cathode by electron bombardment

V, = bombardment voltage,

|, = electron current density from Richardson-
Dushman equation = C.T2.exp[-q.@/k.T/]

P, = heatinputon the solid-cathode due to radiation

heat exchange with surrounding interacting
surfaces having temperature higher than the
solid-cathode = radiation heat input from the

filament to the solid-cathode

P A.E.cr.':]:f’f )t - e (it Jivié'w Jactar! ... (3)

T. () = filament temperature

A = heat transfer area

P, is negligible with respect to the I, V,. Hence
P, has been ignored in the analysis and model
of filament has not been incorporated in the

assembly.

_LEE

, = heat output from the solid-cathode due to
radiation heat exchange with surrounding
interacting surfaces with temperature lower
than the solid-cathode,

B =R +By + Pt By =2 F =

Y oo fr.m) - (o) Y4, (view facior),
@

where,
P,, = radiation heat transfer from the solid-cathode
to cathode-holder rods
P,, = radiation heat transfer from the solid-cathode
to cathode-holder cup
P,, = radiation heat transfer from the solid-cathode
to gun housing
P,, = radiation heat transfer from the solid-cathode
to grid cup
= emissivity = 0.3
= Stefan Boltzman Constant =

5.67 x 10® W/m?K*
T (t) = solid-cathode temperature

C

T(t) = temperature of interacting surface

A = heat transfer area of interacting surface

(view factor), = View factor between the interacting
surfaces of the solid cathode and the ‘i’-th

surface.
t = time
P. = conduction heat loss from the solid-cathode

3
to the subsystems in contact,

P, is governed by the conduction equation:

L s e
o d & At At

where o = thermal diffusivity = %’CF
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Radiation heat transfer between interacting surfaces

has been incorporated in the analysis. This constitutes

the following:

P,, = radiation heat transfer in between the cathode
holder rods and the gun housing

P,, = radiation heat transfer in between the cathode
holder pins/cup and the grid cup

P,, = radiation heat transfer in between grid cup
and gun housing

P,, = radiation heat transfer in between the cathode
holder cup and the gun housing

P,. = radiation heat transfer in between the cathode

holder pins and rods.

System Boundary Condition : The system gains energy
from the kinetic energy of electrons hitting the solid-
cathode. The kinetic energy of electrons is transferred
into heat energy. Uniform heat flux has been assumed

on the solid-cathode, which is equal to IV,

The system loses energy by radiating heat to the
ambient. The heat out flux is from the gun housing to
the ambient. It is formulated as

g, =Y |ealT@) (T |4 view factor

1

where T(t) = temperature of interacting surface,
T = ambient temperature = 350 K, view factor is

considered equal to 1.

Contact Condition: Contact condition plays major part
in the conduction heat transfer between the mating
parts. Grid cup is push fitted in the slot of gun housing.
A locking ring maintains its position. Grid cup is made
of Mo, whereas gun hosing is made of SS. Thermal
expansion co-efficient of Mo (5 x 10°%/K) is lesser than
that of SS (1.8 x 10-/K). Hence finite gap is generated in
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between the grid cup and gun housing during
temperature increment. Hence free contact surface
condition is defined in between the grid cup and gun
housing. Free contact surface assumes adiabatic

boundary.

Node to surface contact condition is defined in between
the gun housing and locking ring. Node to surface
contact condition generates gap element, which can
define thermal contact resistance. Distributed contact
resistance of 0.003 K.m%W has been used in the

analysis.

Analysis: Transient analysis has been carried out to
optimize the heat influx (I, V,) on the solid-cathode in
view of achieving solid-cathode emission temperature
of 2800 K immediately after energizing the filament
and maintenance of the steady emission temperature

for minimum 15 minutes operating period.
Static Analysis

Temperature distribution of the thermal analysis (for a
particular time step) is fed as boundary condition in
the static analysis model. Based on the temperature
input, static analysis has been carried out considering
contact restraints (free, node to node and node to
surface) between the touching parts. Distribution of

stress & displacement has been calculated.
Results and Observations

Thermal Analysis

Temperature distribution of the complete assembly for
both the cathode holding options after 15 min of

operation has been shown under Fig.5. It has been

observed that the heating power (i.e. ion

<.
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Fig. 5 : Temperature distribution

bombardment power) required for solid-cathode with
pin type holder to reach 2800K emission temperature
of solid-cathode (235.6 W), is lesser than that with
cup type holder (251.3 W). Heat input on solid-cathode
with cup type holder is more, as dissipation of heat
through holder cup is more. It is lesser for solid-cathode
with rod type holder because of lesser contact area
between the solid-cathode and holder rod.

Temperature distribution of the solid-cathode in three
views (top, front and bottom) has been shown under
Fig. 6. The comparative view of the two type holder
assemblies shows that the heat dissipation is more for
cup type holder than the rod type holder. It happens
due to larger contact surface are in between the
cathode and holder cup than the cathode and holder
rod.

Static Analysis

Stress distribution after 900s of operation has been
shown under Fig. 7. It has been observed that the
maximum stress on solid-cathode holder cup
(1.459 x 109 N/m2) is higher than the allowable
secondary stress for Tantalum (9.2 x 107 N/m?). Region
of this peak stress is very localized and concentrated
on the cathode holder cup at the welding joint between
the cup and the cathode (Fig. 7). This is because of the
higher thermal expansion co-efficient of Tantalum (6.3
x 10°¢/K) than Tungsten (4.5 x 10%/K). The rigid type of
joint (welding) prevents the differential expansion
between the holder cup and the cathode. Hence plastic
failure of the joint will take place during the operation.

However in the case of pin type support, the stress is
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Fig. 6 : Temperature distribution
of solid cathode after 900s of operation
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Fig.7 : Stress distribution of solid cathode and holder assembly after 900s of operation

Fig. 8 : View of the cracked cathode holder cup.
Crack has been generated at the weld joint between
the cathode and cup and it has been propagated
into the cup body

always within the acceptable limit
(maximum stress = 5.955 X 107 N/m2).
The stress due to differential expansion
has been relieved due to clearance fit (in
the order of 1X10°m) provided in
between the solid-cathode and holder
rod.

Experimental Study

EB welding gun with cup type holder was
tested with similar power condition. Crack
generation was observed at the cathode
to cup weld joint. The crack has been
propagated towards the cup periphery.
Recorded temperature of solid-cathode
is 2400K. The photograph of the cracked
cup has been shown under Fig. 8. The
experimental result is as per the stress
distribution prediction.
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Conclusion

Solid-cathode with pin type cathode holder assembly
provides better power efficiency than cup type holder
assembly, as conduction heat loss is lesser. Thermal
stress distribution is under safe region for this type of
assembly. However for cup type assembly there is rigid

type of joint (welding) at localized regions in between
the cathode and the cathode holder cup, which resist
thermal expansion. This gives way for high localized
stress at the joint positions, which in long term may
cause plastic failure and subsequent crack. Considering
these factors, pin type holder assembly becomes a
better option for holding of solid-cathode.
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Abstract

Involvement of atomic physics in the development of Laser Isotope Separation (LIS) technology with atomic

vapour route is discussed with a case study in (U-234, U-235) isotopic system. Importance of atomic data, i.e.

isotope shift, hyperfine structure and transition strength in configuration of an isotope selective three-step

photoionisation sequence is discussed. Spectroscopic techniques for generating this data are presented along

with results on one specific uranium transition. The study is a prototype of spectroscopic investigations for

separation of isotopes with one neutron difference in elements with complex energy level structures.

Introduction

C%nportance of LIS process in the nuclear fuel cycle
has been recognized world over for quite some time
now. While the technology can be gainfully employed
for separation of isotopes involved in the front- and back-
end of the nuclear fuel cycle, specific applications that
merit mention are enrichment of uranium, denaturing
of Zr and Gd and removal of U-232 from U-233, the
later being very crucial for the third phase of the Indian
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nuclear fuel cycle [1-4]. From the physics perspectives,
LIS is a resonant multi-step laser photoionisation process
in an atomic vapour, which is made isotope selective by
selecting proper atomic energy levels and use of narrow
band lasers. Atomic data and intricacies of laser-atom
interactions, therefore, form the basis of configuration
of a LIS process [4-6].

In this paper we discuss the essential features of
generating atomic data for a LIS process and for this

AT
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purpose we select separation of U-234 from the isotopic
system (U-234, U-235) as a case study. This system has
all the trappings of a difficult isotope separation process,
namely, one neutron difference in atomic masses
(AM =1), blend of an odd and even isotope and need
of high temperature for vaporization and, in that sense,
is representative of a separation task in high Z elements.
Additionally, since the concentration of U-234 in natural
uranium is ~ 60 ppm, the spectroscopy of (U-234, U-
235) system can provide valuable clues for removal of a

trace isotope from an isotopic mixture.

Spectroscopic Data and Level
Scheme

Spectroscopic selectivity in LIS arises primarily from the
isotope shift (IS) between a pair of isotopes and the
hyperfine structure (HFS) exhibited by the odd isotope.
As a general rule the levels chosen for LIS must have
large IS and narrower HFS widths. Typically, in the heavy
elements, e.g. uranium, the IS is of the order of ~ 0-3
GHz/AM, whereas the HFS widths may vary in the range
1-15 GHz depending on nuclear multi-polar coupling
constants. Consequently for =1, the selection of
atomic levels becomes a very critical issue. Without loss
of generality, we consider here a Three-Step Photo
lonisation (TSPI) process involving a common level
excitation (CLE) scheme as described in Fig.1. Importance
of CLE in uranium LIS lies in improving the atom
utilization efficiency, since for evaporation at high
temperatures (~ 3000 K), the lowest metastable level of
energy 620 cm' is appreciably populated. TSPl sequence
is conveniently driven using Copper Vapour Laser
pumped Dye Lasers (CVLDL) and as a consequence the
wavelength range is restricted to 540-700 nm.

Isotope Shifts and Transition

<=

—"
)\3 |
—E,
)\2
1"
A, A,
I g

Fig. 1 : Schematic representation of a TSPI
sequence with CLE where g = ground level,
m = metastable level, E, = first excited level, which
is the common level for photoexcitation from g
and m, E,= second excited level and
E, = autoionising level. lonization limit is
A ~ 50,000 cm™ for uranium. A, and A, are
wavelengths for first step transitions g - E, and
m - E,. Wavelengths for second and third step
transitions, E, — E, and E, - E,, are denoted by
A, and A, respectively.

Strengths

IS for low-lying atomic levels of uranium have been
measured and compiled in several works [7-9]. This
information is useful to identify at least the first excited
level E,, which can serve as a possible common level. In
Table-1 we present five such possibilities arranged in
descending order of IS (234, 235). Note in Table 1 that
IS is same for transitionsg — E, andm — E,.

A transition constituting a TSPI scheme is required to
have a good photoabsorption cross-section. It is
convenient to provide the strength of the transition in
terms of weighted oscillator strength (gf) for it helps to
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Table -1 Isotope shifts and Oscillator Strengths for a few common level of U

[ iman () Ay Ry BED.238 | EEAIIE | e | o
in rm in mE |7.9] in miK [7.5 iin K
14643 (5 aER.7, M9 380 4506 TR6E 215
1 4832 (3] eFa 7, o -3ED =4435 &5 0007
[ 15720(5) | ©35.9 6ed.1 210 JB6 5 B65 [V F]
18406 (5) 5431, 562.1 =220 278 S8 [ a0
17389 (5) 375.8 3869 ZB0 330 A0 0007

Note: 1 mK = 30 MHz for errors in IS refer to Ref.[7-9], 1S(234,235) = 1S(234,238) - 1S(235,238)

obtain cross-sections for any arbitrary atomic line shape.
The gf values given in Table 1 are derived from the
emission intensity data and a limited validation of this
procedure has been done in the past [10].

For the purpose of this paper we consider the common
level 14643 cm™, which has the largest IS (234, 235)
and gf among the transitions in the CVLDL wavelength
region. In addition to IS and gf, we need data on HFS to
assess feasibility of this level for LIS process. This
information is, however, not available in the literature
and needed to be generated experimentally.

Hyperfine Structure Measurement

Nuclear spin (I) of U-235 is 7/2, which combines with
the angular momentum (J) of the atomic electron to
split a level into hyperfine levels (F = | + J). The splitting
is characterized by the hyperfine constants A and B, which
originate respectively from the nuclear magnetic dipole
and electric quadrupole interactions. The spectrum of 0
cm™ (J=6) - 14643 cm™ (J=6) transition belonging to
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U-235 is expected to exhibit HFS with 8, 7, and 7
components belonging to AF=0, =1 with AF=0
components being the strongest.

For the purpose of measurement of HFS of 0 cm™ —
14643 cm™ transition at 682.7 nm, we take recourse to
high-resolution emission spectroscopy in the first phase
[5,6,11]. This is done conveniently using an indigenously
developed REcording Fabry Perot Optical Spectrometer
(REFPOS) and a specially designed Hollow Cathode
Discharge Lamp (HCDL) as a source of atomic lines. The
instrument has a resolving power of 10° and has been
extensively used for measurement of IS in heavy elements.
The special HCDL used here is liquid nitrogen cooled
and requires sample sizes of 1 mg or less [5,11].

In Fig.2, we show the high-resolution emission spectrum
of 682.7 nm line recorded on REFPOS. This spectrum
can be used to verify the IS (235, 238) which is defined
as the frequency separation between the Center of
Gravities (CG) of spectral features of U-238 and U-235.
The HFS of U-235, however, is not resolved in the
largely due to the

spectrum instrumental
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bandwidth and Doppler width associated with source.
This, however, is not a major concern for many transitions
since the hyperfine constants can be extracted by
subjecting the spectrum to a detailed theoretical analysis.
For this purpose we have developed sophisticated HFS
ANALysis software, HFSANAL, which takes into account
various details such as intensities, center of gravity,
spectral line shapes and base line corrections to yield
HFS constants A and B from an unresolved spectrum.
We analyze the spectrum of Fig. 2 to yield the values of
A and B coefficients for 14643 cm' levels and use these
to reconstruct the complete HFS spectrum consisting of
22 components. For convenience we have displayed 8
strong components belonging to DF=0 in respect of
their frequency positions under the envelope of the
unresolved U-235 spectrum in Figure 2.

The validity of the HFS constants obtained through the
theoretical analysis of unresolved emission spectrum can
be tested by use of laser spectroscopic techniques or by
obtaining HFS pattern of another odd isotope of the same
element (e.g. U-233) having larger nuclear magnetic
moment. In the present case, we combine both these
aspects and obtain a high-resolution spectrum of the
682.7 nm line for U-233 isotope using single mode (mode
width ~ 1 MHz) laser-based Opto Galvanic (OG)
spectroscopy [12]. The spectrum of U-233 reported in
Ref. [12] is analyzed using HFSANAL program to yield
hyperfine constants A and B for U-233. The consistency
of the hyperfine constants is checked by the relations
and

B33 1 g(23%) = Q(233) /Q(235) where ,U(M) N
and Q™) are the nuclear magnetic

moment, spin and quadrupole

moment of isotope of mass N .

I respectively.

Spectrum of (U-234, U-
235) system

Once the spectral information relating
to the IS (cf. Table 1) and hyperfine
coupling constants (cf. Sec.4) is
available, it is straightforward to

construct the spectrum of (U-234, U-

| uaae e

]
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=

=

s ] |

235) isotopic system for the transitions

"] & | 12
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Fig. 2: High resolution emission spectrum of 682.7 nm
line of U-235 and U-238. CG of unresolved U-235 spectrum and
IS(235, 238) =11.4 GHz are marked. Analysis of U-235 spectrum
gives all HFS components of which 8 with
DF=0 are shown with vertical lines with appropriate frequency
separations and intensities. These components (F®F' =F)
correspond to F= 5/2, 7/2, 9/2, 11/2, 13/2, 15/2, 17/2 and 19/2

&
! g— E,andm- E, where E, = 14643

cm'. We show in Fig. 3 these spectra
generated for atomic vapour with an
axial temperature of 300 K. Spectra
such as these can be used to address a
number of questions relating to the
selectivity and accessibility to arrive at

LIS process parameters such as

in the increasing order of intensity and frequency.

See text for details.

<=

bandwidths of the lasers and

collimation of an atomic beam.
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Fig. 3 : Spectra of g —» 14643 cm™ (A)
and m- 14643 cm™ (B) transitions
as will be experienced in a uranium atomic
beam of axial temperature of 300 K.

The spectra are constructed using experiment
al data of IS and HFS discussed in Sec. 3-4.
The frequency scale is relative with center of
gravity of U-235 taken as zero. Ordinate is
intensity in arbitrary units.

For convenience of presentation
U-234 and U-235 are taken in the same
concentration ratio. U-234 spectra may be
scaled appropriately to realized the situation
for natural uranuim. While IS (234, 235) is
~2.4 GHz, there is a considerable overlap of
spectral features of U-234 and U-235 owing to
comparatively large HFS.

The value of axial temperature used for Fig. 3 is sufficiently
low; typical range being 600-800 K. Despite this the
spectrum of U-234 shows a partial overlap with that of
U-235 for g E, transition while in case of m - E,
transition the spectrum of U-234 lies inside the broad
HFS of U-235 although 14643 cm™ level has largest IS
(234,235) in the CVLDL wavelength range. Consequently
the isotope selectivity in the photoionization process with
this transition as the first step is expected to be poor.
This conclusion, however, applies for a TSPl process driven
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in a standard fashion and with only first step being isotope

selective [13].
Second Step Transitions

The next step in constructing a TSPl sequence is to identify
second excited step E, —» E,. Usually while moving
towards the continuum the absorption cross-section
continues to decrease. The level chosen as E, must have
large absorption cross-section for the step E, - E, and
further there must exist an autoionizing level E; with
large enough cross-section for the final step E, - E.. In
a TSPI process, a straightforward way of improving
isotope selectivity is to make the second excited step
E, - E, isotope selective simultaneously. In that case IS
and HFS of transition E, - E, is an added constraint in

the choice of suitable E,.

In our experiments we identify these levels using multi-
colour photoionisation spectroscopy [6] with an
indigenously developed Time Of Flight Mass
spectrometer (TOFMS). Multi-colour and multi-step
photoionisation in TOFMS is affected using Nd:Yag laser
pumped dye lasers. A rich two-colour (A, + A))
photoionization spectrum of uranium, obtained by fixing
A, and scanning A, helps to figure out suitable odd parity
33000 cm™.
The experimental set-up, configured for three colour (A,

levels E, in the energy range 32500-

+ A, +A,) photoionization spectroscopy, further helps
to identify suitable autoionising levels E, to complete a

typical TSPI sequence.
Conclusions

In this paper we have discussed a case study in the
spectroscopy of (U-234, U-235) isotopic system to
illustrate the importance of atomic physics as the base

discipline for LIS. While the paper primarily deals with
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investigations of field-free properties of atomic systems,
atomic physics plays even a greater role in understanding
and quantification of several radiative and non-radiative
processes intrinsic to an LIS process. These include, for
example, laser-atom interaction processes both in the
coherent and non-coherent regime, electric and magnetic
field interactions and a variety of atomic collisions
involving energy, momentum and charge transfer. We
have discussed here the role of atomic data in
configuration of an isotope selective and energy efficient
TSPI sequence and provided a brief account of
experimental techniques and data analysis. The
conclusions drawn in this paper are valid for a TSPI
process where the origin of isotope selectivity is entirely
from the spectral separation that is governed by IS and
HFS. It may be possible to invoke innovative ideas in
laser-atom interactions to build selectivity in case of

isotopes with partially overlapping spectra [13].
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Abstract

A methodology was developed to determine the fission rates of compact fuel specimens using high-resolution

gamma ray spectrometry, which has been extended to fuel specimens of various dimensions. The absolute

efficiency data were generated from the activities of the fission products and the gamma ray activity of 23¢U at

1007 keV. Axial profiles of the gross gamma ray activity of the fission products were generated using Nal(Tl)

detector using discrete scanning and automated fuel pin scanner. Axial profiles of the neutron flux along the

600 mm length of the irradiation position, were also measured using Cu as a flux monitor. The measured fission

rates were compared with the values obtained from the neutron flux measurements. Applicability of this

methodology for cooling periods as long as 210 d, was also demonstrated by obtaining the fission rates from
the measured activities of long-lived fission products like "Ru (39.25 d), **Zr (64.03 d) and '#*Ce (284.6 d).

Introduction

@%r;-destructive assay (NDA) methods are used in
the quality control of the finished fuel products like
pellets, pins and assemblies. These NDA methods are
based on the measurement of gamma radiations
emanating from or neutrons produced in the samples.
Radiations are produced either spontaneously in the

A

sample or subsequent to active interrogation. A
method has been developed to measure fission rates
in different fuel specimens and the methodology has
been applied to specimens of extended dimensions.
This method consists of the following steps (i) High
resolution y—ray spectrometric measurements of some
selected fission products produced in the fuel specimens
and accounting for attenuation,
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(i) correlating fission product activity to fission rates,
(i) choosing proper energy window for gross gamma
ray activity measurement, (iv) Accounting for the decay
during the cooling period for different fuel specimens,
(v) Extending the methodology to specimens of
different dimensions and (vi) validation of the
methodology to determine fission rates under
simulated conditions.

Absolute fission rates were determined in fuel
specimens by high-resolution gamma ray
spectrometry[1]. For this purpose a novel method for
in-situ determination of detection efficiency was
developed which accounts for self-attenuation in thick
samples. An energy window of 400 keV — 1500 keV
was chosen for measuring fission products activity. A
variety of fuel specimens were subjected to active
neutron interrogation at a constant low power for short
duration in the research reactor Apsara and gross
gamma ray activities were measured. After correcting
for the decay and attenuation in the sample, fission
rates were calculated for samples containing different
amounts of uranium. The measured fission rates were
found to be consistent with the uranium content and
total neutron flux seen by it in the reactor. Reliable
data could be obtained based on the measurements
carried out during various spans of cooling periods
like 2 to 7 days, 15 to 60 days and further even upto
220 days, demonstrating the applicability of the
developed methodology. This was extended to a few
long fuel specimens with the objectives of
(i) determining total fission rates from the measured
gross activity, (i) comparing these fission rates with
those obtained using high resolution gamma ray
spectrometric measurements and (i) measurement of
fission rates as a function of length of the specimen
using a fuel pin scanner. All the three sets of data
obtained were found to be consistent. Fission rates of

fuel specimen of 600 mm lengths obtained using the
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fuel pin scanner were compared with those computed
using the simultaneously measured neutron flux using
a flux monitor and the observed consistency
demonstrated the validity of the methodology [2]. In
this paper details of measurements of fission rates in
various fuel specimens using y-ray spectrometry are
described.

Experimental

The experiments done were in three categories:
(i) compact specimens of less than 10 mm in size,
containing about 1 g of natural uranium, irradiated at
low power levels, (40 W, 100 W, 400 W) and
measurements done in short cooling periods (72 h),
(i) extended specimens like test fuel pins upto
600 mm length, irradiated at 40 W and 100 W and
measured at short cooling periods (72 h) and
(i) compact specimens irradiated at high power levels
(10 kW and 50 kW), and measurements done at long
cooling periods (29 d to 220 d). The irradiations were
carried out in Apsara reactor. The axial profile of the
neutron flux was determined in the 600 mm length of
the irradiation position by irradiating copper wire of
1Tmm diameter and measuring the gamma ray activity.
After a cooling period of 4 h, the irradiated assembly
consisting of the extended specimen, the laterally
fastened Cu wire along with the aluminum housing,
was retrieved from the reactor pool. After adequate
cooling period, about 10 mm sections of the Cu wire
corresponding to 26 positions with 25 mm spacing
were made. The activity of the radionuclide ®Cu (511
keV), was measured for all the samples using an
efficiency calibrated HPGe detector to determine

neutron flux.

Gamma ray spectra of the fuel specimens/pins were
acquired using a High Purity Germanium Detector and
a PC-based multi channel analyzer. The detector is
shielded with lead bricks, allowing the detector to face
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the pin, which is 17 ¢cm away. The width of the
collimator was suitably optimized, depending on the
level of activity. The pin was supported before the
collimator, and the spectra were acquired at each of
the 24 positions with spacing of 25 mm from one end
to the other to generate the axial profiles of the fission
product activity of the pin. The cooling times were
varied from a few hours to 72 h for the pin. The
compact samples were placed before the detector face
while the detector and the sample were inside the
shielding. The gamma ray spectra were analysed using
the software PHAST. Some of the prominent gamma
ray energies corresponding to the fission products are
P11(364.5 keV, T, = 8.02 d), “*Ba-La (328.8, 487,
815.8 and 1596.5 keV, T, = 12.75 d), '®Ru (497.1
keV, T, = 39.25 d) and *Zr (724.2 and 756.7 keV,
T, = 64.03 d).

Determination of Fission Rates

The activity of a radionuclide produced in nuclear

fission, after a cooling period T_, is given by the

equation,
A=N.g.@Y(1-e »T) erT, (1)
where, N = number of 2*U atoms in the sample,

o = thermal neutron fission cross section of the target
nucleus #°U, @ = the average neutron flux at the
irradiation position, Y is the cumulative fission yield of
the fission product for the thermal neutron fission of
25U, A = the decay constant of the radionuclide, T
= the time of irradiation in the reactor, activity is related
to the measured peak area (P,) under a characteristic
gamma ray by equation (2).

A.g.a = CPS= P . RT/L).A/
(1—e AFT) )

R

where, g = detection efficiency at the gamma ray
energy chosen, a = abundance of the gamma ray
from the radionuclide, P, = peak area of the gamma
ray, LT = live time of the detector during the counting
period of RT,

From the above two equations, the product of the
average fission rate in the irradiated specimen (Na@)
and the efficiency of the detector, is given by

N.o.@.g, =PA.A. er ™ /[(1-e M),
(1-e*7).a . VY] 3)

The peak areas under various gamma ray energies
corresponding to the fission products *'Sr (T, = 9.52
h), 31 (T,, = 20.8 h), ®2Te-I (T,, = 3.26 d), "°La-Ba (T,
=12.75d), "*Ru (T, = 39.25 d), *Zr (T, = 64.03 d)
and '*Ce (T, = 284.9 d) were used to generate the
values of the term (No@. €) from equation (3). These
values were used to generate the relative efficiency
values of the detector at the respective energies, w.r.t.
1596.5 keV. The relative efficiency data were plotted
against the gamma ray energy in the log-log form and
is fitted to a 3" order polynomial, to generate relative
efficiency of the detector at any desired energy. The
absolute efficiency of the detector for the chosen
geometry at 1001 keV (?*®U), was determined from
the peak area at this energy and the amount of U in
the sample. This was used to convert the relative
efficiency curve to that of the absolute efficiency (Fig.
1). The gamma ray abundance for 1001 keV was taken
as 0.837% (3). The data for the half-lives, gamma ray
energies and their intensities (4) and the cumulative

fission yields (5) for 23U are presented in Table 1.
Fission Rates in Compact Fuel Specimens

Few sets of experiments were carried out with compact

fuel specimens. After appropriate cooling, fission
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mode. The obtained composite
decay profile is shown in Fig. 2.

Fission Rates in a Long Specimen

Fig. 1 : Relative eficiency and absolute efficiency curves

of sample irradiated at 10 kW, 30 min, cooling time = 67 d

product activities were obtained using high-resolution
gamma spectrometric measurements. Activities
corresponding to various fission products were
obtained by using the absolute detection efficiency,
which are used to obtain fission ratios (Fig. 1 and Table
2). A good agreement was observed between the
measured values and the computed rates using the
amount of uranium, flux and irradiation time. The
results of the measurements on the same sample, done
at various cooling periods, using different sets of
gamma rays also show good consistency.

Issue no. 273 October 2006

After establishing the methodology
for compact specimens, fission rates
produced in specimens of 600 mm
length were measured. As described in earlier section
a long specimen was irradiated in Apsara reactor at
100 W for 30 minutes along with a copper wire. The
measured neutron flux in the axial direction is shown
in Fig. 3. High-resolution gamma ray spectrometric
measurements were carried out at 24 discrete pints
on the long specimen. Fission rates were computed by
the methodology described in section 3.1 and the
normalized fission rate profile data is shown in Table 3
along with one set of the spectral data.
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Table 1 : Nuclear Data for Some Important Fission Products
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The measurement done for 1 cm
segment of the specimen was
assigned to 25 mm length so that
the sum of the 24 normalised values
is proportional to the total fission
rate in the specimen for 600 mm
length of fuel. Thus the total fission
rate of the 600 mm length of the
specimen pin was arrived at as
3.04224E8 sec and 3.06037E8 sec
' from the activities at 555.6 and
1024.3 keV, respectively, while the
value at the centre of the specimen
is 6.7223E6 sec’.cm. Also the
gross gamma ray activities measured

at 24 discrete points on the
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of Apsara (F7, 100 W) determined by Cu wire method
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at 24 discrete points on the specimen
at various cooling times was
corrected to a reference cooling time
using the correction factors from the
composite decay profile (Fig. 2) to
give the normalized fission rate
profiles (Fig.4), which was used to
determine the fission rate of the
entire specimen, as 3.12630E8 sec”
(Table 3).

Fission rates in long Specimens
Using Nal(Tl) Detector Based Fuel

Pin Scanner.

The gross gamma ray activity
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Fig. 4 : Axial power profiles of an extended fuel specimen measured

by discrete scanning using Nal(Tl) detector, after various
cooling periods, irradiated at 100 W, 30 min. in F7, Apsara

the help of a stepper motor, so
that the specimen moves
horizontally before the slit of the
collimator (55 mm widex 15 mm
height). Thus 55 mm section of
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the specimen was always facing the detector. The
scanning speed and the dwell time were optimized as 2
mm.sec” and 1 sec, respectively. The axial profiles were

obtained from 12 h to 150 h of cooling periods.

The area under the axial profile after correcting for the
passive background activity, is plotted as a function of
the cooling time to obtain the composite decay profile.
The curves when normalized w.r.t. the value at 12 h of
cooling period remains identical for the sample-detector
geometry chosen, irrespective of the power levels of
irradiation (100 W, 100 W and 40 W). The sum of the
normalized axial profile data obtained at any cooling
time, multiplied by the fission rate determined at the
centre of the specimen using HPGe measurements,
also gives the total fission rate of the entire specimen.
This confirms that the methods developed can be
extended to measurements on long specimens at
different cooling periods to arrive at total fission rates

during the irradiation.
Summary

A methodology for the determination of fission rates
was developed for compact fuel specimens using high-
resolution gamma ray spectrometry and the
applicability of the same for extended fuel specimens
and also for cooling periods as long as 220 d was
demonstrated. High-resolution gamma ray
spectrometry and discrete scanning method was used
to measure the activity due to different long-lived fission
products. Using the intensities of the characteristic
gamma ray(s) of different products, *°Ba-La, '®Ru and
%Zr, their cumulative yields for the fission of 2°U with
thermal neutrons and the detector efficiency, fission
rates were calculated, incorporating irradiation and
cooling time corrections. The normalized axial profiles
of the fission product activities determined using

discrete scanning, as well as the axial profiles of the

Issue no. 273 October 2006

gross gamma ray activity of the fission products, were
used to determine the total fission rate in the extemded

specimens.
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Abstract

Catalase was induced in yeast cells through aeration. The cells were permeabilised for expression of intracellular catalase

activity by treatment with toluene. Permeabilised cells were then immobilized in hen egg white using glutaraldehyde as

the cross-linking agent.

Introduction

CD%nmobiIized catalase (EC 1.11.1.6) can find
applications in the food industry in the removal of excess
H,0O, after cold pasteurization of milk and in combination
with a variety of oxidase including glucose oxidase in
the production of gluconic acid, removal of oxygen and
/ or glucose and in the treatment of waste water
containing H,0, [1-4]. All these studies have been carried
out by immobilization of cell free enzyme of animal and
microbial origin [1,2,4]. Major limitation has been the
cost and the inactivation of such systems during
continuous use. Unlike cell free enzyme preparation, the
enzymes have been often found to be more stable inside
the whole cells [5]. Even though a number of aerobically
grown Culture Conditions and Induction of

Immobilized cells could be reused for the removal of H,0, from milk.

microbial cells exhibit high catalase activity, not many
reports are available on their use in an immobilized form.
The present paper describes a simple method for the
preparation of immobilized permeabilized yeast cell based
catalase by cross-linking in hen egg white, its
characterization and its use for the removal of H,O, from
milk.

Materials and methods

Materials

Leghorn varieties of hen eggs were purchased from local
market. The media constituents including yeast extract,
bactopeptone and agar were procured from Difco
Laboratories. Other chemicals were obtained from
standard sources.
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Culture conditions and induction of Catalase

Saccharomyces cerevisiae (ATCC 3177) was maintained
on agar slants. Catalase was induced in yeast by the
method described by D'Souza [6]. The cells were grown
anaerobically in a medium containing 2% glucose; 1%
bactopeptone and 0.3% yeast extract and transferred
after 24h to "non-growth” medium (pH 6.8) containing
1% glucose, 1% KH,PO,, 0.01% CaCl, and 0.01%
MgS0O,.7H,0. Catalase was induced in these cells by
subjecting them to aeration for 6h at 27° C. The cells
were then washed with cold saline and suspended in a
0.05 M phosphate buffer pH 7.0.

Cell permeabilization

Yeast cells (1g) in 5ml 0.05M phosphate buffer (pH7.0)
were stirred in cold (0-4° C) for 15 min with 5ml of
toluene. This treatment was repeated, after which the
cells were washed with phosphate buffer.
Permeabilization of yeast cells with toluene increased
the catalase activity from 300 to 1880U/g of cells.

Method of enzyme immobilization

The yeast cells were immobilized in hen egg white as
follows. The egg white (10ml) obtained from fresh eggs
was mixed thoroughly with permeabilized yeast cells (2g)
and then treated with glutaraldehyde to a final
concentration of 2%. The mixture was stirred well and
allowed to stand for 2h at 4°C. The hard gel obtained
was shattered by passing through a syringe, and washed
with water to remove excess of glutaraldehyde and stored
in phosphate buffer at 4°C.

Assay of Catalase Activity

Yeast cells (40mg, entrapped or otherwise) were stirred
with 20 ml of 0.08 M H,0, in 0.05M phosphate buffer
pH 7.0, and the rate of disappearance of the substrate
was measured according to the method described by
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Sinha [7]. One unit of enzyme activity is defined as the
enzyme responsible to degrade one micromole of

substrate( H,0, ) in one minute.
Results and Discussion

Optimum condition for the immobilization

Gel preparations with optimal retention of enzyme activity
and mechanical stability were obtained when cross-linking
was carried out for 2 h at 4°Cusing 2 % glutaraldehyde
(Fig 1). Higher temperature (27°C) even though gave
mechanically stable gels resulted in considerable

inactivation of the enzyme activity.
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Fig. 1: Optimum condition for immobilization

Properties of immobilized catalase

All the cell preparations (intact and permeabilized) in
free and immobilized form exhibited pH optima at 7.0.
(Fig.2). Optimal activity was obtained with a buffer
concentration of 50 mM. (Fig.3). The thermo stability
characteristics of catalase in yeast cells was studied by
subjecting the cell suspension to the desired
temperature for 10 min followed by rapid cooling
in ice. The residual enzyme activity was determined

at room temperature. Immobilization was found to
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enhance the thermostability (Fig.4). Thus at 45°C the
free cells retained only 35% of the original activity as
compared to 75% retention of activity seen with the
immobilized cells. Immobilized cell preparation can be
stored at 4° C for about 40 days retaining over 90% of
the original activity.
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Fig. 3 : Effect of buffer concentration
in Catalase

Operational stability of the immobilized
catalase

Reuse of immobilized permeabilized yeast cell catalase
for the removal of H,O, was studied in a batch reactor

R

system. The gel particles containing 7g of permeabilized
cells was mixed in 400ml of 0.05mM, phosphate buffer
pH 7.0 containing 500ppm of H,0, at room temperature
for 1 h under stirring. The enzyme gel particles were
recovered by filtration using a sieve, washed with buffer
and resuspended in a fresh batch of buffer containing
500ppm of H,0,. The process was repeated 10 times. It
was observed that the immobilized enzyme was stable
for repeated use.
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Fig. 4 : Thermostability of Catalase

Application of immobilized enzyme

One of the major applications of catalase is in the removal
of H,0, from milk after cold pasteurization. Milk (350
ml) was mixed with 500ppm of H,O, and then treated
with 7.0g of entrapped permeabilized yeast cells. The
time required for complete degradation of H,O, from
the milk was found to be 1h. The immobilized enzyme
was reused in 12 batches over a period of 5days without
loss in efficiency. The decomposition of H,O, in milk
due to immobilized catalase in a batch process was
measured by first precipitating the milk proteins with
equal volume of 6% trichloroacetic acid. Residual H,0,
concentration was measured at 415 nm after addition
of 2ml Ticl, solution (4mg/ml, 5.5N HC) into 5ml of
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sample that had been membrane filtered (0.2um) after
protein precipitation [8].

Conclusions

Permeabilization of yeast cells was found to be essential
for maximum expression of intracellular catalase activity
Permeabilization of yeast cells with toluene increased
the catalase activity from 300 to 1880U/g of cells.
Permeabilized cells in turn can act as an economical
source of catalase as compared to commercially available
purified enzyme preparations. Further the permeabilized
cells can be immobilized in hen egg white by cross-
linking with glutaradehyde for its economical reuse. This
technique could find potential in the future for
immobilization of microbial catalases. The major
advantage as compared to the earlier described technique
of entrapment in synthetic polymers like polyacrylamide
[6] is the non-toxicity of the hen egg white support thus
paving its use in food industry as in the treatment of
milk. One of the major problems in the treatment of
food material such as milk is the possible microbial
contamination of the support. Our earlier studies have
shown that hen egg white can serve as a self sterilizing
support in view of the large quantities of lysozyme
naturally present in the egg white which also gets co-
cross-linked (9). Glutaraldehyde used for cross-linking
has also been classified under Generally Regarded as Safe
(GRAS) category.
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Introduction

%adiation therapy and chemotherapy are important

modalities of cancer treatment. However, each field has
its inherent limitations. The major challenges faced by
the clinicians and researchers are the development of
radio-resistance and chemoresistance in cancer cells. This
requires the development of new protocols for
improvement of cancer therapy. Electroporation is a
biophysical technique which involves transient increase
in the cell membrane permeability by application of
electric pulses of high voltage and short duration.

The dramatic temporary increase in permeability is
generally ascribed to formation of micro-pores in the
membrane that allows incorporation of otherwise

impermeant biomolecules/ drugs.

Issue no. 273 October 2006

Theory of electroporation

The cell (in suspension), exposed to electric field, behaves
as a non-conducting spherical shell (Fig. 1).

n |

Fig. 1 : Cell (in suspension) exposed to
electric field. F - induced transmembrane
potential due to applied field E_
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The transmembrane potential of the spherical cell with
an non-conducting membrane and placed in an external

electric field E_ is given by
®=1.5r_,E cos6 (1)

where @ is the transmembrane voltage, r_, is the radius
of cell, 8is the angle between the site on the cell

membrane where ® is measured and the direction of E.

At =0, o=15r_E

cell e !

at @ =m,®=-15r,
E.. The difference in potential at two diametrically
opposite regions of the cell destabilizes the organization
of the membrane resulting in formation of micropores

[1.2].

Recent research considers cellular plasma membrane as
the common target for both radiation and
electroporation. The present study is an attempt to
explore the modification the effects of radiation and drug
by electroporation [3,4].

Materials and Methods

For in vitro studies Ehrlich Ascites Carcinoma (EAC) cells
were isolated from intra-peritoneal fluid of tumor bearing
Swiss mice. For in vivo studies, Swiss mice (7 weeks
old; weighing ~20g) transplanted with solid tumor
fibrosarcoma in right hind legs were used. All experiments
were performed according to rules of BARC Institutional
Animal Ethics Committee, which are at par with the
national laws on animal ethics and experimentation,

Republic of India.

Electroporation treatments were performed by using
Monophonic square wave pulses (pulse duration: 200
is, No. of pulses per train: 8; No of trains: 10) from the
medical Electropulsator (BARCG/RB&HSD/01-04) designed

<=Boe

and developed in RB&HSD, BARC. For cell electroporation
specially designed cuvettes were used, whereas the
tumors in animals were electroporated percuteneously
with specially designed parallel plate electrodes. To reduce
the skin resistance, standard Electrode gel ™ (Technomed,
INDIA) were applied on the tumor legs prior to the
electroporation.

Exposure of cells and mice to Co® yrays (0.36 Gy/ min)
were carried out using the Junior Theratron Teletherapy
(MDS, Canada) facility. The cellular effects of treatments
were evaluated in terms of generation of Reactive Oxygen
Species (ROS) and changes in membrane fluidity using
fluorescence spectroscopy with fluorescence probes
Dihydrodichloro-fluorescein diacetate (H,DCFDA) and
1,6-Diphenyl-1,3,5-hexatriene (DPH) respectively. Cellular
viability was determined by Trypan Blue dye exclusion

assay.

For in vivo studies, the tumor growth kinetics was
monitored. Tumor size measurements were made using
digital Vernier calipers (Mutitoyo, Japan). Two orthogonal
diameters a and b were registered. The volume of the
tumor was considered to be ellipsoid and calculated by
using the formula: V (mm3) = (11/6) a .b?, where a is
the largest diameter and b is the diameter perpendicular
toa [5].

Results and Discussions

The combination of radiation followed by electroporation
treatment (2 kV/cm, 200 ps,No. of pulses/ train: 8, No.
of trains: 10) induced more cytotoxicity in EAC cells as
compared to other treatment protocols. The cellular
viability dropped significantly in case of the combined
treatment. It was observed that the combined treatment
with Radiation and Electroporation generated enhanced
ROS (Fig. 2) and subsequently greater membrane damage
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Fig. 2: ROS level in EAC cells determined by
H,DCFDA fluorescence. Abbreviations:
EP= electroporation, R= radiation ,

E+R= combined
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Fig. 3: Changes in membrane fluidity evaluated
in terms of DPH-anisotropy. Abbreviations:
EP= electroporation, R= radiation,
E+R= combined

(Fig. 3) in EAC cells indicating that the greater toxicity in
cells being mediated by oxidative stress. Significantly
enhanced apoptosis (> 25%) was observed in EAC cells
subjected to electro-chemotherapy (ECT) with anticancer
drug (Dox: 1-10 pg/ml) and electroporation(2 kV/cm,
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Fig. 4 : Tumor growth kinetics in Murine
fibrosarcoma following treatment with
Electroporation (T1), Co® y-radiation 2 Gy (T2)
and combination of Electroporation and
Radiation (T3).
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Fig.5 : Apoptosis in EAC cells following ECT.
Treatment groups : Control (Cont), Dox 1 pg/
ml (T1), Dox 5 pg/ml (T2), Dox 10 ug ml (T3),
Electroporation (T4), Dox 1 pg/ml + EP(T5),
Dox 5 pg/ml + EP(T6), Dox
10 pg/ml + EP(T7)

200 ps,No. of pulses/ train: 8, No. of trains: 10)
as compared to the individual treatment modalities
(Fig. 5).

The combined treatment of the fibrosarcoma tumor
involving electroporation and radiation has produced

Issue no. 273 October 2006 m



et

BARC

HEWBILETTER

greater toxic effects as evident from the significant growth
delay (Fig. 4). On 7th day after treatments, the average
tumor volumes of treatment groups Electroporation (T1),
Radiation (T2) and both (T3) were 85%, 80% and 51 %
of that of control respectively.

Conclusions

From the present study we can conclude that the
monophasic rectangular electric pulses significantly
enhanced the radiation and drug induced cytotoxicity in
cancer cells both in vitro and in vivo(6). This suggests
prospects for possible clinical applications in future.
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Abstract

CHTR is mainly a ?**U-Thorium fuelled, lead-bismuth cooled and beryllium oxide moderated reactor.

This reactor, initially developed to generate about 100 kW, power, will have a core life of 15 years and

will have several advanced passive safety features, to enable its operation as compact power pack in

remote areas not connected to the electrical grid. The reactor is being designed to operate at 1000°C,

to also facilitate demonstration of technologies for high temperature process heat applications such as

hydrogen production from water. Larger power reactors would be designed subsequently.

Introduction

C%the long term, nuclear energy would emerge as

the primary source of energy replacing fossil fuels. Thus,
in addition to producing electricity, it would provide
necessary energy for producing alternate fuel or energy
carrier for transport applications. Considering very small
petroleum reserves and increasing oil prices worldwide,
it is prudent that India find an alternative to oil for its
transport applications. High temperature reactor assisted
fluid fuel production is a long-term sustainable alternative.
CHTR, being developed in BARC, is a prototype
technology demonstrator reactor in the direction of
fulfilling these objectives.

Description

The reactor core [1] consists of nineteen prismatic
beryllium oxide (BeO) moderator blocks. These 19 blocks
contain centrally located graphite fuel tubes. Each fuel
tube carries fuel inside 12 equi-spaced longitudinal bores
made in its wall. The fuel tube also serves as coolant
channel. The fuel is based on TRISO coated particle fuel,
which can withstand very high temperature (1600°C).
These particles are mixed with graphite powder as a matrix
and made into cylindrical fuel compacts. The fuel
compacts are packed in fuel bores in the walls of each
of the nineteen fuel tubes. Eighteen blocks of beryllium
oxide reflector surround the moderator blocks. These
eighteen blocks have central holes to accommodate
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passive power regulation system. This system works on
temperature feedback and in case of rise of coolant outlet
temperature beyond design value, inserts negative
reactivity inside the core. Graphite reflector blocks
surround these beryllium oxide reflector blocks. This part
of the reactor is contained in a shell of a material resistant
to corrosion against Pb-Bi eutectic alloy coolant and
suitable for high temperature applications. Top and
bottom closure plates of similar material close this reactor
shell. The fuel, moderator and reflector blocks are
contained in a reactor shell made of high temperature
and liquid metal corrosion resistant material. Top and
bottom closure plates of the same material close the
reactor shell. Above the top cover plate and below the
bottom cover plate, plenums are provided for core-outlet
and core-inlet coolant respectively. These plenums have
graphite flow guiding blocks, having passages for coolant
flow, to increase the velocity of the coolant between the
fuel tube and down comer tube. The reactor shell is
surrounded by two gas gaps that act as insulators during
normal reactor operation and reduce heat loss in the
radial direction. There is an outer steel shell, surrounded
by heat sink. This outer shell has fins to improve heat
dissipation. Schematic of a single fuel bed and cross-
sectional layout of the reactor core are shown in Fig.1
and Fig. 2 respectively.

Bel
Graphite
Fuel Tube

Ph-Bi
Coolant

Fuel
Compact

Fig.1 : Single CHTR fuel bed
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Fig. 2 : CHTR core cross-sectional layout

A passive system has been provided to fill the gas
gaps with molten metal in case of abnormal rise in
coolant outlet temperature so as to facilitate a
conduction path for the reactor heat to outside heat sink.
Nuclear heat from the reactor core is removed
passively by a lead-bismuth eutectic alloy coolant,
which flows due to natural circulation between the
bottom and top plenums, upward through the fuel
tubes and returning through the downcomer tubes. On
top of the upper plenum, the reactor has multi-layer
heat utilisation vessels to provide an interface to systems
for high temperature heat applications. A set of sodium
heat pipes is in the upper plenum of the reactor to
passively transfer heat from the upper plenum to the
heat utilisation vessels with a minimum drop of
temperature. Another set of heat pipes transfers heat
from the upper plenum to the atmospheric air in case of
a postulated accident. To shut down the reactor, a set of
seven shut-off rods has been provided, which fall by
gravity in the central seven coolant channels.
Instrumentation like neutron detectors; sensors and
auxiliary systems such as a cover gas system, purification
systems etc. would be incorporated in the design. CHTR
component layout is shown in Fig.3. Major design and
operating characteristics of CHTR are shown in Table 1.
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Fig. 3 : CHTR components layout

Table -1: Major design and operating characteristics of CHTR
Attributes Design Parameters
Eeactor power 10D kW ith)
Core configuration Yertical, prismatic block tvpe
Fuel IMICA ThC: based TRISO comed fuel pamicles shaped
into el compacts with graphite matrix
Fuel carichment by 0| 33.75 weight %_
Refuelling interval 15 effective full power years
Fuel Burmup = EASEH}I:}I rIWdit of heavy metal
e faton Rl
Feflector Partly Be() and Ea’aphm
Coolant Molten P-Bi euiectic alloy (44.5% Pb and 53.5% Bi)
Mode of core heat removal | Natural circulation of coolant
Coolant flow rate through core | 6.7 kg's
Coolant inlet temperaturs Q0 =
Coolamt outlet temperature 1000 =C
Loop height 1.4 m (actual length of the fuel tube)
Core diameter 1.27m (including radial reflectors)
Core height 1.0 m (Height of the fuelled part and axial reflectors)
Primary shutdown system ]E floating anoular ByC elemenis of passive power
lation erm

B T

'ﬁmniwy shutdown sy shem ‘F mechanical shut-off rods
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Fuel Elements

Cylindrical fuel compacts are packed in fuel bores located
in the walls of each fuel tube. These fuel compacts
comprise TRISO coated fuel particles embedded in
graphite matrix. Fig. 4 shows schematic of TRISO coated
particle fuel and fuel compact.

3 ~23FUCT+THCR fuel kernel - @500um
—Low dansity PyC buffer layer - 90 ym thidk
Inner high denaity PyC iayer - 30 pm thick
SiC layer = 20 um thick

—Oiter high density PyC |eyer - 50 pm thick

Passive Core Heat Removal Under

Normal Operation

During normal operation of the reactor, the core heat is

removed by natural circulation of lead-bismuth eutectic

alloy coolant. The coolant at 900° C enters the fuel tube

in lower plenum, takes the reactor heat and at 1000° C
itis delivered to the upper plenum.
Heat is transferred from the upper
plenum to a system of heat utilising
vessels by heat pipes [3]. Thermal
hydraulic analyses were carried out
to study natural circulation of the
primary loop. A computer model
based on the law of conservation

Fuel compact 10 mm, 33 mm long

Fig. 4: Schematic of a TRISO coated particle

fuel and fuel compact

Passive Power Regulation System
(PPRS) and Shutdown System [2]

CHTR incorporates a Passive Power Regulation System
(PPRS). This system works on the principle of increase of
gas pressure with temperature thereby pressurising and
forcing a column of molten metal with floating absorbing
material into the core. This introduces negative reactivity
in the core. Depending on the temperature rise sensed,
the system would stabilize at a particular value of reactivity
insertion. The PPRS operation was analyzed using an
in-house developed computer code. CHTR has been
provided with a passive secondary shutdown system.
Under normal operation this system has a set of seven
shut-off rods held on top of the reactor core by individual
electro-magnets, which are passively released under
abnormal conditions when the temperature of the core
goes up.
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of momentum was developed for
this analysis. The mass flow rate of
coolant and velocity in the fuel
tube was found to be 6.7 kg/sec
and 0.04 m/sec respectively.

Passive Heat Removal Under

Accident Conditions [3]

CHTR has three independent and redundant

passive heat removal systems to cater to
different postulated accident conditions. These heat
removal systems, which are individually capable
of removing neutronically limited power of 200 kW,
may operate together or independently to prevent
the temperature of the core and coolant
from increasing beyond a set point. For the loss of
load condition, when coolant circuit is intact, a system
of six variable conductance heat pipes delivers heat to
atmosphere. A system of twelve carbon-carbon
composite variable conductance heat pipes
provided in reactor core caters to the need when
coolant is lost. Another passive heat removal

system involves filling of the gas gaps by siphon with
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a molten metal to provide a conduction heat path from
reactor core to heat sink provided outside the outer steel
shell.

Inherent safety features and passive
safety systems

CHTR is being designed to have many features, which
make it inherently safe. In addition, many passive systems
for reactor control, reactor shutdown and reactor heat
removal under normal and postulated accident
conditions, have been incorporated. These are listed
below:

CHTR has following inherent safety features

i.  Astrong negative Doppler coefficient of the fuel
for any operating condition;

ii.  Highthermalinertia of the all-ceramic core and

low core power density;

iii. A large margin between the normal operating
temperature of the fuel (around 1100 °C) and the
leak tightness limit of the TRISO coated particle
fuel (1600 °C) to retain fission products and gases;

iv.  Anegative moderator temperature coefficient;

v.  Dueto the use of the Pb-Bi coolant, which operates
at low pressure, there is no over pressurisation and
no chance of reactor thermal explosion due to
coolant overheating;

vi. Dueto avery high boiling point (1670 °C), there is
a very large thermal margin to Pb-Bi boiling. This
also eliminates the possibility of heat exchange crisis
and increases the reliability of heat removal from
the core;

vii. There s a negligible thermal energy stored in the
coolant and available for release in the event of a
leak or accident;

viii.  The high temperature Pb-Bi coolant is chemically

inert. Even in the eventuality of contact with air or

water, it does not react violently with explosions or
fires;

iX.  No pressure in the coolant allows the use of a
graphite coolant channel, improving neutronics of
the reactor;

X.  Alow induced long-lived gamma activity of the
coolant; in case of a leakage, the coolant retains
iodine and other radionuclides;

xi.  ForPb-Bicoolant, the reactivity effects (void, power,

temperature, etc.) are negative.

CHTR employs following passive systems

i.  Natural circulation of coolant to remove reactor
heat during normal operation;

ii.  Passive regulation of reactor power under normal
operation;

iii. Passive shutdown for postulated accidental
conditions;

iv.  Passive means of conduction of core heat by filling
up the gas gaps with molten metals;

v.  Passive transfer of reactor heat by heat pipes under
normal and postulated accident conditions;

vi. Passive removal of heat from the reactor core by

carbon-carbon composite heat pipes.

Thermal analysis

A three-dimensional finite element method (FEM) was
used for thermal analysis of the CHTR. Fig. 5 shows a
steady state distribution of the reactor middle plane
temperature. The temperature is seen to be almost
constant within the reactor core and the reflector region.
The drops in temperature, as expected, occur in two gas
gaps provided to prevent loss of heat in the radial
direction. Under postulated accident conditions,
neutronic limited power becomes 200% of normal
power. Temperature distribution under this condition

when molten liquid is filled in the gas gaps
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is shown in Fig. 6. Transient analysis under
postulated accident condition and in
perfect adiabatic conditions showed that
the temperature of the fuel would not
reach its design limit for 50 minutes,
thereby providing sufficient time for
operator action.

Major Research and
Development Issues and
Critical Technologies for
CHTR

1000

g
A

This reactor calls for research and

development activities in many areas of

Tempermture (°C)
o
g

nuclear engineering. There are
0 200 400 600 200 requirements of high chemical purity
Radial Diistarice fzm) special materials like beryllium oxide,

graphite and refractory metals with

oxidation and corrosion resistant coatings.
Fig. 5 : Steady state radial temperature distribution within

The fuel is high f
g i i kil e fuel needed is high performance

high temperature capable special type
of TRISO coated particle fuel. In addition
to this, the reactor design incorporates

Ly B AR L ST L AR R .
L : | many passive systems for reactors
1400 | —— Aluminium | )
. - ingum | control and heat removal. Table 2 lists
- Cr—Ti | 5
1200 :&{%; | 2omw !lf'hmma| . some of the prominent development areas
! ]
© 1wl T ! and their current status.
Max. Fuel Temp.
E ane b Aluminum 1240 C
i 5 indidm. 1304 € Current status and
B pool n Tin 1321°¢c
E 3 Fuel assumed to be uniformiy schedule
400 - | disinbuted in channel
aof| || oo Hr At present, a feasible design of the CHTR
o LA AW e G-y has been established after completing the

100 200 300 400 500 800 YOO BDO 8OO

L conceptual design of the reactor and
Radial Distance, mm

associated systems. Experimental facilities

. . are under various stages of development
Fig. 6 : Temperature distribution under postulated ) )

accident condition to carry out various studies related to

liquid metals, passive safety and heat
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O jective Enabling Technologies Status of Developiment
Development of TRISO coated| Production of fuel kernels by The techmique cxists
particle fuel =0l-pel technigue
Technology for development | Costing trials imitisted on
of multi-layer coatings surropate materiol
Development of BeO besed | Manufscture of ngh density | Sample picees monufactured
moderatlor and reflector Bet blocks
Nuotursl cireulsfion of Pb-B1 | Experimental loop fabrcated
coolant mn the primery cireuil
Validated codes for simulation
of thermal-hydraulic behaviour

Development of Liquid metal | of Pb-Bi coolant in primary
coolant technology ieircuit, under natural circulation
Compatibility of matcrials with
Ph-Bi coolant
Instrumentation and Under development
componenis like
electro-magnetic pumps and
flow meters for liquid metal
coolant
Development of passive power| Valideated computer codes to | Experimentsl sef up under
regulation system simulate operation of passive procurement
power regulation systcm
Development of passive heat Manufaciure of heat pipes | Experimental set-ups onder
removal sysicms Testing of hest pipes design
Gias gap Gillling system
Dievelopment of graphite and | High density isotropic graphite Under development
carbon materialg

Drevelopment of high Refractory metala Under developmen
temperature structural materials
Dievelopment of oxidation- and|  PyiC. SiC. Silicide cte. based Under development
DOFTOSIOA-Tesistant coatings coatings development

Development of codes for | Validated codes and datobases Under development
design of brittle materials for design of brittle materials

removal systems. The manufacturing capabilities for BeO, roadmap to hydrogen energy organized by
carbon components and fuel micro-spheres have been INAE, Hyderabad, March 4-5, 2005.

demonstrated. Trials for TRISO coatings have already 5. PP Kelen A ek S8, lie el RIS Sie,
started. Subsequent to the manufacture of fuel, materials

Passive Power Regulation and Shut down System

and other systems, an experimental facility for CHTR in Compact High Temperature Reactor,

would be set up around 2011-12. INSAC-2005.

References 3. A. Basak, I.V. Dulera and R.K. Sinha, Passive

1. R.K. Sinha and S. Banerjee, Nuclear Energy to Accident Condition Heat Removal Systems for
Hydrogen, International conference on CHTR, INSAC-2005.
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Abstract

125] - bone densitometry sources find extensive application in the diagnosis of osteoporosis by using

single photon absorption (SPA) technique. Silver pellets of size ~ 2.5 mm (f) x 0.6 mm (|) were

developed as base matrix for adsorption of 'I. Determination of specific surface area and pore size

analysis of plain silver and palladium coated silver pellets was carried out. Experimental conditions for

quantitative adsorption of %%/ were optimized and the sources containing upto ~ 1.48 GBq of '/

were prepared. The leachability of sources was found to be < 0.01%. Such '?° - bone densitometry

sources developed at our end have potential of application in the diagnosis of osteoporosis after

encapsulation of sources within titanium capsules.

Introduction

@steoporosis is a condition in which the bones become
porous and fragile due to the loss of bone matrix (Ca*?
etc.), leading to the decrease in the density of bones. It
is often seen in persons with impaired bone metabolism,
particularly in women during post menopause stage.
Osteoporosis is common in absence of medical

«<ETe

intervention " Measurement of bone density is a useful
diagnostic parameter for treatment planning. Some of
the established procedures for bone density measurement
are Single Photon Absorptiometry (SPA), Dual Photon
Absorptionometry (DPA), Quantitative Computerized
Tomography (QCT), Dual Energy X-ray Absorptiometry
(DEXA) and Ultrasonography. Among these, SPA is a
precise and accurate quantitative method available for
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the determination of bone density. This is based on
the attenuation of a photon that is passed through
the bone, where the degree of attenuation is
proportional to the bone density. SPA technique uses
photons from a single energy radioactive source. In most
cases radioisotopes such as '?°l or **'Am are used.
The use of | is preferred over #'Am , on account of
its relatively easy availability and low radiotoxicity.
In a typical SPA analysis, the extremity is scanned
in a rectilinear fashion, and the intensity of the photon
beam after passage of the body is registered by a
scintillation detector. SPA is mainly used for
bone mineral measurements of the forearm or in the
lower extremities from the distal femur and below 31,
Depending upon various conditions, the choice of
technique to be used in bone densitometry is left with
the clinicians. However, despite several developments,
SPA technique is still used widely as it is very
reliable, relatively inexpensive and precise. It also involves
very low radiation exposure and many SPA units
can be used even in private offices. Preparation of a very
small source of '%| [pellet of size ~ 2.5 mm (@) x
0.6 mm (I)] with uniform dose distribution is
an intricate job. Techniques such as impregnation
of 2| on charcoal beads, electrodeposition
of '2°| on metallic substrates, etc. have been
employed by some manufacturers for the preparation of
125]- bone densitometry sources. In all these substrates,
125] is confined to a minimal area of the base matrix and
point sources incorporated with 2% are
encapsulated in titanium capsules of dimension
~ 3 mm (OD) x 10mm (1).

In the studies carried out at our end, metallic
silver pellets of ~2.5 mm (@ x 0.6 mm (I) were
developed as a base matrix and conditions
for the adsorption of 25| on plain silver pellets
as well as on palladium coated silver pellets

were optimized. The sources were coated with

Issue no. 273 October 2006

ounder’s Day

thin film of polystyrene as a protective barrier to reduce
the spread of contamination during handling and

encapsulation of sources.

Materials

Reducing agent free '?°l was procured from
M/s Institute of lzotop, Hungary. High purity
silver powder having particle size of ~20-25 micron (¢@)
was procured locally. Silver pellets of required
size were fabricated with the help of a hydraulic
press located at AFD, BARC. Specific surface area
and pore size determination was done with the
help of 'SORPTOMATIC -1990 Analyzer’, procured from
M/s C.E.
Nal (TI) scintillation counter and well type

Instruments, Italy. The well type
re-entrant ion chamber were used for source activity
measurements. Polystyrene beads of —~ 6 mm (@)
manufactured by M/s Fluka Chemicals were used for
polymer coating of '?°I- adsorbed pellets. All other
chemicals used were of GR/AR grade procured from

reputed manufacturers.

Experimental

Fabrication of Metallic Pellets

The fabrication of silver pellets of ~2.5 mm (@) x
0.6 mm (I) was carried out through powder
metallurgy route by ‘Cold Die Compaction Technique'.
Silver powder of ~20-25 micron (¢) grain size was
compressed at a moderate pressure of ~ 0.5 kg/cm?
with the help of hydraulic press. A stroke controlled
multiple hole cold die made from stainless steel
was developed and employed to shape the silver
powder in required pellet form and the stroke
length was suitably adjusted to obtain silver pellets
of ~ 0.6 mm (I).
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Specific Surface Area and Porosity Determination

The specific surface area and pore size analysis of plain
silver / palladium coated silver pellets was carried out by
using ‘SORPTOMATIC 1990 analyzer by studying
adsorption- desorption isotherms. The lower part of the
adsorption or desorption isotherm (i.e. 0.05 <P/P_<0.35)
was used for the measurement of specific surface area
by multipoint B.E.T. Method [4]. The entire adsorption/
desorption isotherm was used for pore size analysis. The
pore volume and pore radius were calculated by
considering the adsorbed film at the pore walls as
cylindrical pores model [5].

Adsorption of '?°| on Metallic Pellets

The cleaned silver pellets were treated with 0.5% (w/v)
PdCl, solution at ~ 100°C for ~ 15 min to coat them
with palladium. Experimental conditions such as reaction
volume, reaction temperature etc. were optimized for
the quantitative adsorption of '?°l on both plain silver
pellets as well as on palladium coated silver pellets. Initial
tracer experiments were performed by adsorbing
~ 370 KBg (10 mCi) of '* in the presence of ~ 30 mg
of carrier iodide (equivalent to — 18.9 GBq) and later,
the higher activity pellets were prepared under optimized
conditions by using concentrated '?°| solution of
radioactive concentration ~ 3.33 - 3.7 GBg/mL The
activity associated with the pellets in tracer experiments
was measured with the help of Nal (TI) scintillation
counter and that of having higher activity was measured

by using a pre-calibrated re-entrantionization chamber.
Leachability
The radioactive pellets were subjected to leachability

test in accordance with a procedure prescribed by AERB

ol Individual '*°| - adsorbed pellets containing upto

ounder’s Day

1.48 GBq of "I were kept in 100 mL of still double
distilled water at room temperature for 48 h. At the end
of the test, the leached out activity was estimated by
assaying the samples of leachant with the help of
a Nal (Tl) scintillation counter of known efficiency.

Polymer Coating on Pellets Adsorbed with 2%/

125 - adsorbed palladium coated silver pellets were coated
with polystyrene by treating them for ~ 10 seconds with
polystyrene solution at a concentration of
~ 175 mg/mL. Coated pellets were washed with luke
warm water at ~30-35°C after drying.

Results and Discussion

Silver pellets of required size could be fabricated with
the help of a multiple hole cold compaction die set
[Fig.1]. The specific surface area of plain silver pellets
and palladium coated silver pellets as determined by B.E.T.
Method was found to be 6.7 m%g and 6.8 m%qg
respectively. The pore volume for both the types of pellets
was found to be ~ 0.003 cc/g. Both these parameters
(i.e. high surface area and low porosity) are highly
favorable for optimum adsorption of '»°| on metallic
substrates. The pore size distribution of both the types
of pellets is shown in [Fig.2]. The shrinkage of pore size
in case of palladium coated silver pellets may be
attributed to the coating of palladium within the pores.
The reaction temperature of ~ 60-70 °C and reaction
time of ~ 6 h were found to be optimum for the
adsorption of '%|in the presence of ~ 30 mg of carrier
iodide. Adsorption of 2| was found to depend upon the
reaction volume as shown in [Table 1]. It was observed
that as the effective iodide concentration increases
(reaction volume decreases), the percentage adsorption
also increases. However, below a certain reaction volume,

it was impractical to work with low volumes. More
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Plate for
Strake
Confrol

Array of 5x10
; Holes of 2.5(2)mm
Top Plate -

Base Plate ~

Fig. 1 : Die for Making Silver Pellets

with thin layer of
polystyrene without
appreciable radiation
cut-off. The results of
leachability test are
depicted in [Table 2].
On account of lower
leachability, palladium
coated silver pellets
were preferred over
plain silver pellets as a
base matrix for the
adsorption of %[,
125 - sources upto
~ 1.48 GBq (40 mCi)

than 75 % adsorption of '2°| was obtained on both silver of ' and containing ~ 30 mg of carrier iodide

/palladium coated silver pellets, when the reaction volume (equivalent to ~ 18.5 GBqg of '?°| ) could be

was kept as — 250 pL. The sources could be coated prepared by repeating two adsorption cycles.

—a— Silver Pellets

—i— Palladnum Coated
Silver Pellets

120

Radius (A")

Fig. 2 : Pore Size Distribution of Metallic Pellets
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Table-1: Effect of Reaction Volume on (%) Adsorption of ™1
S.Mo. | Reachon | Effective lodide Percentnge Adsorption (Mean £ 50}
Volume Congentration Plam Silver Pellet Fall ndium Conted
(ply (pgml} Silver Peliet
1. L AT 425+ 8.7 45T+ 4.9
2 [ &0 S0 | 477x9e3x | 493:37
A& [ 4 .7 ' 6isnta] ASGt T2
4 250 1200 TAitan TEHL 48

n = 5, amount of carrier - 30 pg, reaction time - 6 h, reaction temperature - 60-70 °C.

Table-2: Leachability of "1 - Bone Densitometry Sources
Average Source (%n) Leachability
Actrvity
SNo | Source Matrix hiean + 5D
®iBg imCi) Ubeoated Solires Polystyrensa
Coated Sowree
1 Sibver Pellet 3725 (10.06) 79+34 176 £0.13
F. Falladium Coated 363.9 (9.53) 007+ 0.002 QU0+ (00
Subver Pellet

|

n=3, test duration- 48 h, temperature - 22° C ambient, leachant- 100 mL d.d. water

Conclusion The sources developed at our end have potential

application in the diagnosis of osteoporosis. The

1 125 i
A meilee er e aeisengiion o ] en meEllic el encapsulation of sources within the titanium capsules of

; : 125]_
could be developed for the fabrication of "*I-bone o . oo arranted for their

densitometry sources for the diagnosis of osteoporosis. deployment in the diagnosis of osteoporosis.

Silver pellets of required size could be fabricated and
surface area and pore size determination was carriedout. ~ Acknowledgements
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Abstract

Chitooligosaccharides prepared from chitosan have wide applications in various fields. We have

investigated the efficacy of gamma radiation in the preparation of chitooligosaccharides from chitosan.

Viscosity and molecular weight of chitosan solution decreased with dose. Radiation dose-dependent

increase in free radical scavenging activity and reducing power was observed up to 30 kGy. Irradiated

chitosan could scavenge superoxide and hydroxyl radicals in test systems. The efficacy of irradiated

chitosan coating in reducing the lipid peroxidation in radiation processed shelf stable intermediate

moisture meat products like mutton sheekh kababs and bacon was evaluated. The Thiobarbituric acid

reactive substances (TBARS) values in uncoated-irradiated product were higher than the coated-

irradiated meat samples after the processing. The chitosan coated, irradiated samples had lower TBARS

values up to a storage period of 4 weeks at ambient temperature than uncoated samples. The results

suggest the potential use of irradiated chitosan as an antioxidant in maintaining the nutritional quality

of radliation processed meat products.

Introduction

%itosan is derived from chitin which is the second
most abundant natural polymer on earth and a waste
product of seafood industry. Chitosan, a biodegradable,
polycationic polysaccharide has wide range of
applications in agriculture, food industry and in medical
field ™. High molecular weight and viscosity limits its
use in various applications. Gamma radiation is known

to cause main chain scissions in polysaccharides and

e

decrease the viscosity average molecular weight of the
polymers. We have earlier reported increase in antioxidant
activity of chitosan solution as a result of irradiation 3.
Radiation technology has been established as an
alternative technology for improvement of shelf life, safety
and quality of food products. Radiation processing leads
to oxidative changes in foods, which may affect the
sensory acceptability of foods. We have explored the use
of radiation-produced chitooligosaccharides as
antioxidants in radiation processed meat products.
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Materials and methods

Chitosan solution (1%) was prepared in 1% acetic acid
and irradiated at various doses of gamma radiation
(0-50 kGy) in Gamma Cell 5000 at a dose rate of
8.7 kGy/h. The viscosity of 1% chitosan solutions
(untreated and irradiated) was measured with spindle
no. 5 at 50 rpm using Brook field DV-II viscometer at
25°C. Further the molecular weight was calculated using
Mark-Houwink equation @,

Antioxidant assays

Antioxidant activity was measured by 1,1-Dipheny
I-2-picrylhydrazyl (DPPH) radical scavenging assay and
reducing power assay. The ability to scavenge DPPH radical
by chitosan was estimated by method of Yamaguchi and
others @. The reducing power was quantified by the
method described by Oyaizu ©. The mechanism of
antioxidant activity of chitosan was

elucidated by superoxide radical

Results and discussion

Irradiation of chitosan solution led to formation of low
molecular weight chitooligosaccharides with reduced
viscosity. Viscosity average molecular weight was reduced
from a range of 10° to 10° Da with increasing dose of
radiation. Chitooligosaccharides scavenged the DPPH free
radical and dose dependent increase was observed in
free radical scavenging activity (Fig.1). A maximum of
80% scavenging was observed for 30-kGy samples. There
was no significant increase (p < 0.05) in radical
scavenging activity with increase in dose above 30 kGy.
The scavenging activity of chitosan may be due to reaction
between the free radicals and the residual free amino to
form stable macromolecule radicals ©. Irradiation
treatment has been reported to depolymerise chitosan
), thereby exposing free amino groups and subsequent
increase in DPPH free radical scavenging activity.

assay® and hydroxyl radical 100
scavenging ability . —8— Conirol
—o— 10KGy ) ¢
. . 802 —h— 20 kGy 4 v
Antioxidant activity in £ —y— 30Ky /r/
meat products g —4— 40 kGy 1 £
g 04 —4— 50 kCy "
Intermediate moisture sheekh kababs i
and bacon were prepared by reducing 3 . +
the water activity and were coated E 4 4 ;‘ /
with chitooligosaccharide solution. E .,---"""'_'
The products were then irradiated with ; 204
adose of 4 kGy and stored at ambient
Yy | ._,__.--—"""
temperature. To determine the . !______.-———"'"'
efficiency of irradiated chitosan as an Qoo 125 250 275 500
antioxidant lipid peroxidation was Concentration (mg/ml)

assessed in terms of TBARS © in
products over a storage period of 4
weeks at ambient temperature.
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Fig. 1 : Effect of radiation on DPPH radical scavenging

activity of chitosan
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Fig. 3 : Effect of radiation on superoxide radical scavenging
activity of chitosan
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Reducing power also increased
significantly up to 30-kGy doses
(Fig. 2) and a linear positive
correlation (#=0.953, p < 0.01) was
observed between reducing power
and DPPH radical scavenging activity.
Increase in reducing power upon
irradiation indicates the enhanced
antioxidant activity that can be
exploited for radiation-processed food
and preventing flavor changes caused
by lipid peroxidation.

The ability of chitooligosaccharides
to act as antioxidant was related
mainly to superoxide radical
scavenging. The IC,; for superoxide
radical was found to be 1.15 mg/ml
forirradiated chitosan whereas only
20% scavenging activity was
observed for unirradiated sample at
a concentration of 2 mg/ml (Fig. 3).
Superoxide is a relatively weak oxidant
but it decomposes to form stronger
reactive oxidative species, such as
singlet oxygen and hydroxyl radicals,
which initiate peroxidation of lipids.
Superoxide radical is a zwitterionic
radical and it could react with free
hydroxyl and amino groups in
chitosan thereby leading to
scavenging effect. Chitosan has
compact structure owing to the
intramolecular hydrogen bonding so
the scavenging effect is relatively less
in untreated chitosan, as the reactive
groups are not exposed. The
pronounced superoxide scavenging
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activity of irradiated chitosan could be

g

related to the fact that irradiation
treatment depolymerises the chitosan —8— Unimadiated
and the availability of reactive hydroxyl —&— Imadiated /*

and amino groups increases.

\

The hydroxyl radical scavenging activity
of irradiated chitosan was less as
compared to superoxide radical but
more than double fold increase in

B

activity was observed as compared to

%% Hydroxyl radical scavenging

unirradiated solution (Fig. 4). The

L
chitooligosaccharides showed up to ’_/_,,-"_l.

50% hydroxyl radical scavenging 8 "
activity whereas the activity of untreated D?III 125 250 275 500
was low. The free radical scavenging Chit gration {mg)

activities are closely related to bond
dissociation energy of O-H or N-H and
the stability of the formed radicals. The
OH and NH, groups in chitosan are

Fig. 4: Effect of radiation on hydroxyl radical scavenging
activity of chitosan

difficult to dissociate and react with

hydroxyl radical. So chitosan has very 20

low intrinsic scavenging activity ©. [0 Uncoated, ran-imadiated
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to depict the effect of irradiated o
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chitosan on lipid peroxidation in IM

shelf stable kababs and bacon
respectively. Irradiation led to
o ] o Fig. 5 : Lipid peroxidation in IM mutton sheekh kababs
significant increase (p<0.05) in lipid during storage

peroxidation in both the products
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and the values increased upon
storage (Figs. 5, 6). Cooked meat is
highly susceptible to lipid
peroxidation because the cooking
processes denature the antioxidant
components, damages the cell
structure and exposes the
membrane lipids to the environment.
Like other food processing
procedures, irradiation also
induces the autoxidative process.
Irradiation-induced oxidative changes
are dose dependent and the
presence of oxygen has significant
effect on the rate of oxidation.
Irradiated chitosan coating led
to 28% and 55% lower TBARS
values in irradiated samples than

Fig. 7 : Shelf stable mutton kababs and bacon after storage period

of four weeks
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uncoated kababs and bacon samples respectively.
In this study we found coating was effective in
inhibiting the lipid oxidation during irradiation and also
during post irradiation storage for four weeks at
ambient temperature (Fig. 7).

Conclusion

This is the first published report wherein
chitooligosaccharides produced by radiation treatment
have been used as antioxidant to retard the lipid
peroxidation in shelf stable meat products. Radiation
technology can be used to produce chitooligosaccharides
with high antioxidant potential, which can be effectively
used for maintaining the chemical and sensory quality
of radiation processed food products.
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Abstract

Azadirachtin is one of the most potent biopesticides so far developed from a plant source Azadirachta indica. Plant
hairy root cultures obtained by genetic transformation with Agrobacterium rhizogenes have been recognized as an
alternative source for production of important phytochemicals and in the present study, hairy root cultures induced
in A. indica were used for determining the various factors, which influence the production of azadirachtin.
Different ionic strength culture media and elicitation on growth and production of azadirachtin by hairy root
cultures were studied. Hairy roots were cultured on the three different media, namely Ohyama and Nitsch’s (ionic
strength 132.5 mM), Murashige and Skoog’s (ionic strength 93.3 mM) and Gamborg’s (ionic strength 60 mM)
without growth regulators. HPLC chromatogram revealed that hairy roots cultured on Ohyama and Nitsch's
medium produced maximum yield of azadirachtin (0.016% DW) and secreted 0.00705 gl azadirachtin into the
culture medium. Addition of fungal cell wall fragments of Claviceps purpurea as a biotic elicitor enhanced the
production of azadirachtin by ~5 fold (0.074% DW). Similarly, hairy root cultures treated with signal compounds
such as jasmonic acid and salicylic acid showed a ~6 (0.095% DW) and ~9 fold (0.14% DW) enhancement
respectively in production of azadirachtin.

Introduction

@/QZadirachta indica A. Juss (Neem) is a fast growing
evergreen tree belonging to mahogany family (Meliaceae)
and it can grow up to 200 years and is generally
propagated by seeds (Fig. 1). Seeds lose their viability
within few weeks after ripening and hence storage of

seeds is a major problem for propagation. Therefore,
plant cell and tissue culture provides an alternative source
for multiplication of the tree and also gives the opportunity
to understand biosynthesis of important metabolites.

The biological activities of A. indlica extracts have been
investigated intensively. In general, extracts of A. indica
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Fig. 1: A mature tree of Azadirachta indica

fruits, seeds, seed kernels, twigs, stem bark,
and root bark have been shown to possess
anti - tumour anti - inflammatory,
immunostimulating, insect antifeedant,
insecticidal, fungicidal, nematicidal and
bactericidal activities (Satdive et al., 2001).
Azadirachtin is one of the most potent
biopesticides currently in use (Fig. 2), and is
isolated from seeds of A. indica (neem).

Azadirachtin is the most important

constituent of neem based biopesticides and

is chemically a limonoid tetranortriterpenoid
effective against a wide spectrum of insect
pests (Satdive et al., 2001). With increase Fig. 2 : Azadirachtin an important biopesticide
in global demand for this important compound of Azadirachta indica

biopesticide, plant cell and organ cultures
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have been recognised as an alternative and continuous
source for year round production of azadirachtin (Van
der Esch et al, 1993).

Hairy root cultures obtained by genetic transformation
with Agrobacterium rhizogenes have been recognised
as a suitable source for production of bioactive molecules
(Doran, 1997; Wysokinska and Chmiel, 1999; Eapen
and Mitra 2001; Sevon and Oksman-Caldentey 2002).
In addition, they have also been shown to produce novel
compounds, which are not found in the parental plant
and could be used as a source for biologically active
compounds. Allan et al, (2002) have reported production
of azadirachtin and related compounds from hairy root
cultures of A. indica, but the concentration of azadirachtin
was very low (0.007% DW).

Elicitation of cell cultures with biotic elicitor and signal
compounds has been recognised as an important strategy
for enhancement of secondary metabolites (Eilert et al,
1986; Savitha et al, 2006). Use of bacterial and fungal
cell wall fragments are also known to enhance the
production of secondary metabolites by plant cells
(Komaraiah et al, 2003; Namdeo et al, 2002). Methyl
jasmonate and jasmonic acid, due to their role in signal
transduction pathway are used as wide spectrum elicitors
(Grundlach et al, 1992; Zid and Orihara, 2005). Salicylic
acid and acetylsalicylic acid are also known to enhance
the production of secondary metabolites by plant cells
(Jeong et al, 2005). Another strategy to stimulate
secondary metabolite production by cultured plant tissues
is by altering the macro and micronutrient composition
of the media (Pan et al, 2004; Sivakumar et al, 2005). In
this study, the effect of different ionic strength media,
biotic elicitor and signal compounds on growth and
production of azadirachtin by hairy root cultures of A.

indica is presented.
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Materials & Methods
Plant materials and tissue culture

Fresh seeds of A. indlica (A. Juss) were obtained from a
mature tree grown at Bhabha Atomic Research Centre,
Mumbai, India. Seeds were washed in running tap water
for 30 min and subsequently treated with Dettol for 5
min. The seeds were surface sterilised with 70% ethanol
(I'min) followed by 0.1% HgCl, (3 min). Thereafter, seeds
were washed 4-5 times with sterile distilled water. Finally,
disinfected seeds were cultured on 50 ml test tubes
containing 20 ml of Murashige and Skoog'’s (MS)
(Murashige and Skoog 1962) medium supplemented with
30 gl sucrose for germination. The medium was
adjusted to pH 5.8 prior to the addition of 0.25% gelling
agent Phytagel (Sigma, USA) and autoclaved at 121°C at
15 Ibs for 20 min. Cultures were incubated at 26=1°C
and maintained under 16 hrlight (40 mmol m=S", Philips
white fluorescent light) and 8 hr dark period.

Agrobacterium rhizogenes and hairy root

cultures

A. rhizogenes strain LBA 9402 (obtained from INRA,
France) was grown on solid YMB medium
(Hooykass et al, 1977) with 50 mgl' rifampicin at
28°C and 48 hr old cultures were used for infection.
Three-week-old germinated seedlings were infected
with A. rhizogenes by making a wound with a sterile
needle and smearing the bacteria on the wounded
areas. Co-cultivation was carried out for two days. They
were then cultured on MS medium devoid of growth
regulators and supplemented with 3% sucrose,
cefotaxime (500 mgl") and solidified with 0.8% agar
(w/v). Hairy roots which developed at the end of three
weeks from the infected areas were excised singly and
transferred to MS medium containing 500 mgl”'of

197



cefotaxime. Hairy roots were subcultured every three
weeks for 3-4 passages on MS medium supplemented
with 250 mgl' cefotaxime and in subsequent passages
the antibiotic was eliminated. Hairy roots obtained from
a single clone were transferred to 70 ml MS liquid
medium in 250 ml flasks, kept at 40-50 rpm and used
for experiments. This clone was selected on the basis of
fast growth. The cultures were subcultured every three

weeks and used for the experiments.

Confirmation of transformation and isolation of
genomic DNA

Genomic DNA from hairy roots and normal roots
(control) of A. indica was isolated according to the
protocol of Dellaporta with a few minor modifications
(Dellaporta et al., 1983). The DNA samples thus
obtained were subjected to PCR amplification with
specific primers.

Isolation of plasmid DNA

Plasmid DNA from A. rhizogenes strain LBA 9402 was
extracted as described by Sambrook et al, (1989) by
alkaline lysis method.

PCR analysis

PCR amplification of the isolated DNA samples was
carried out using specific primers for ORF-13 coding
sequence of T DNA and mas?’ sequence of T, DNA of
PRILBA9402. The primers used for amplification of ORF-
13 coding sequence of T DNA of pRiLBA9402 defined a
498 bp domain of ORF-13 coding sequence (Slightom
et al, 1986). For amplification of mas7’ sequence of T,
DNA of pRiLBA9402, the primers used defined a 970 bp
domain of the mas1’ coding sequence of T, DNA
(Bouchez and Tourneur 1991). DNA amplification was
performed on a Hybaid thermal cycler. 25ul of reaction
mixture used consisted of 25 ng of template DNA, 2.5u

ounder's Day

of 10x Tag DNA polymerase buffer, 100uM of dNTPs,
0.2uM of primer and 0.5 U Tag DNA polymerase
(Bangalore Genei Pvt. Ltd. India) and the mixture was
overlaid with paraffin oil.

The primers used for ORF-13 sequence were (+)5' CAG
CTT CTA AAT GTG GTG GAG GCC 3" and (-)5" CCT TGC
CGA TTG CCA GTATGG C 3'. These primers defined a
498 bp domain of ORF-13 coding sequence of T DNA
(Slightom et al., 1986). For amplification of mas1’
sequence of TR DNA, the primers used were (+)5' CGG
TCT AAA TGA AAC CGG ACG 3" and (-)5" GGC AGA
TGT CTATCG CTC GCA CTC C 3. These primers defined
a 970 bp domain of the mas 1’ coding sequence of TR
DNA (Bouchez and Tourneur 1991). PCR amplification
was programmed at an initial denaturation step at 94°C
for 4 min, followed by 45 cycles of denaturation at 94°C
for 1 min, annealing at 36°C for 1 min and extension at
72°C for 2 min.

Gel electrophoresis of amplified DNA

Amplified products were separated by electrophoresis
on 1.5% agarose gel in 1X Tris-borate buffer (TBE),
detected by staining with ethidium bromide and

visualized under UV light using a Transilluminator.

Growth and production of azadirachtin on
different ionic strength media

To study the effect of different media on growth and
production of azadirachtin in hairy root cultures of A.
indica, three different media namely MS, B5 (Gamborg
et al, 1968) and ON (Ohyama and Nitsch 1972) were

used.

Preparation of biotic elicitor and signal
compounds

The fungus Claviceps purpurea (MTCC 1479) obtained
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from Institute of Microbial Technology, Chandigarh,
India was cultured on potato dextrose agar and
incubated for seven days at 30°C. From seven-day-old
cultures, 1 cm? mycelium was transferred to 500 ml
Erlenmeyer flasks containing 150 ml potato dextrose
medium and kept on gyratory shaker for a week at 120
rpm. After seven days of incubation, cells were harvested,
filtered and dried at 60°C for 24 hr and ground with a
mortar and a pestle. Dry cell powder was dissolved in
water (10 gl") and autoclaved for 20 min at 121°C.
The autoclaved fungal suspension was used as
the elicitor to induce azadirachtin production. Jasmonic
acid (Sigma, USA) and salicylic acid (Hi Media, India), at
100 and 200 mM concentrations were used as
signal compounds and added to 10 day old hairy root
cultures and both hairy roots and medium were

analysed for azadirachtin.

Growth parameters

Methods for determination of fresh weight (FW) and
dry weight (DW) have been described elsewhere (Fulzele
et al, 1995). All the experiments were repeated three

times.

Extraction of azadirachtin

Dried powdered material (20 mg) was homogenized with
T ml of methanol by sonication (33 KH,) for 20 min at
room temperature. After sonication, the samples were
transferred to polypropylene micro-centrifuge (Eppendorf)
tubes and centrifuged at 12000xg for 5 min. The
supernatant was transferred to clean glass vials and

applied directly onto a HPLC column.

The spent medium was filtered and extracted with
chloroform three times. The chloroform fraction was
dried (Na,SO,), filtered (Whatman No. 1) and
subsequently evaporated on a BUCHI rotavapor at 45°C
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to obtain a concentrate and stored at 4°C prior to
bioassay and HPLC. For determination of azadirachtin,

the concentrates were analysed on HPLC.

Quantification of azadirachtin by HPLC

An Isocratic analytical HPLC was performed on a JASCO
Liquid Chromatography equipped with an autosampler
injector with a 20 ul sample loop and a variable wav
elength detector. The HPLC column was a HI-Q sil C-18
(particle size 5um, 100 A° 4x150 mm ID) packed
column. The mobile phase for alkaloid elution was
acetonitrile : water (60:40) at a flow rate of Tml™" and
UV detection at 227 nm. Data collection and integration
were accomplished using BORWIN software (Japan).
This method is sensitive and accurate with good
reproducibility. Validation of quantitative method was
performed with samples five times. The results of the
five injections from the same samples at the five
concentrations (0.1mg-0.5mg) showed similar
retention time. A retention time of azadirachtin was 5.39
min. Peak identification was carried out on the basis of
an authentic sample of azadirachtin (SIGMA, USA).
Detection of azadirachtin from tissue cultures was also
performed with standard sample of azadirachtin by
chromatography co-injection. Each experiment was
carried out with a minimum of three replicates and
repeated twice.

Results
Establishment of A. indica hairy root cultures

After infection of A. indiica seedlings with A. rhizogenes,
55-60% of seedlings showed initiation of hairy roots from
the wounded surface. Hairy roots were isolated singly
and grown on MS medium without growth regulators,
but fortified with cefotaxime (500 mgl"). The induced
roots were successfully cleared off bacteria by several

passages through medium containing decreased
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concentrations of cefotaxime. After 3-4 subcultures, the
roots were able to grow in culture in the absence of
cefotaxime and were negatively geotropic. After 4t
subculture, hairy roots maintained on MS liquid medium
devoid of growth regulators and containing 3% sucrose

were used as inoculum for further experiments (Fig. 3).

Fig. 3 : Hairy root cultures of A. indica
initiated using A. rhizogenes strain

Molecular analysis

Transformation was confirmed by polymerase chain
reaction using specific primers. PCR amplification with
specific primers was used to show the presence of T-
DNA of the Ri plasmid in the genomic DNA of hairy
roots of A. indica. DNA, isolated from hairy roots induced
by LBA 9402 when amplified with primers specific for
ORF 13 and mas 1 sequence showed the expected
fragments at 498 bp and 970 bp respectively, thus
confirming transformation (Fig. 4). Amplification was
obtained using positive control (plasmid DNA), while
DNA from non-transformed roots (used as control) did

not show any amplification at expected sites.

Sperinl lanus

Fig. 4 :
hairy roots of A. indica showing amplification
of ORF 13 and mas 1’ genes at 498 bp and
970 bp respectively

PCR amplification of DNA from

M :  Molecular marker
(100 bp ladder)
Plasmid DNA pRi9402
Non transformed roots
Transformed roots

Lane 1 and 6
Lane 2,3,5,7 & 8:
Lane 4 and 9

Influence of different ionic strength media on
growth and production of azadirachtin

Hairy roots were cultured in 70 ml of different
ionic strength media (ON, MS and B5) in
250 ml Erlenmeyer flasks containing 3% sucrose
were tested and kept in gyratory shaker at 60 rpm.
HPLC chromatogram showed that both the hairy roots
and the medium showed the presence of azadirachtin
in all the tested media combinations. Azadirachtin
started leaching out into the medium only after 10 days
in all the tested media. The present results revealed
that hairy roots cultured in ON medium produced highest
levels of azadirachtin followed by B5 and MS respectively
(Fig. 5). The roots grown in ON medium produced
0.016% DW of azadirachtin on the 30" day. Maximum
concentrations 0.00705 gl of azadirachtin was
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Fig. 5: Growth and production kinetics of transformed
root cultures of A. indica
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Fig. 6: Azadirachtin secreted into
different ionic strength medium

ON:(m);MS: (Mh);B5:(w)

Azadirachtin % dry weight

AT

secreted into the culture medium
onday 25 (Fig. 6). The pH of the
ON medium slightly increased for
the first 5 days and after that it
remained stable up to the 25"
day. The pH of the medium
increased to 5.8 at the end of 30
days. The pH of the B5 medium
increased from acidic condition
to neutral as the days progressed.
MS liquid medium did not show
much fluctuation in pH like the
other two media tested.

Influence of biotic elicitor
and signal compounds on
production of azadirachtin

Fungal cell wall fragments of
C. purpurea at a concentration of
7 glI" were added as a biotic
elicitor into the 10-day-old
hairy root cultures grown in ON
medium. Hairy roots cultivated
with biotic elicitor showed similar
growth profile compared to hairy
roots grown without biotic
elicitor. Hairy roots grown with
biotic elicitor produced 0.074%
DW of azadirachtin on day 25
(Fig. 7), which is ~5 fold more
than hairy root grown without
biotic elicitor. The present
results showed that addition of
biotic elicitor increased the yield
of azadirachtin in hairy root
cultures of A. indica. The HPLC
profile showed that azadirachtin



.04

=
4

=
§

Azadirachtin % dry weight
=
E

o=t

BARC

HEWEBILETTER

Fig. 7 : Effect of biotic elicitors on production of azadirachtin
In hairy root cultures of A. indica
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Fig. 8: Effect of signal compounds on production of
azadirachtin by hairy root cultures of A. indica

Azadirachtin : Ex

content in the culture medium
was slightly increased in presence
of biotic elicitor compared to
control cultures.

Addition of signal compounds like
jasmonic acid and salicylic acid at
100 and 200 mM increased the
azadirachtin content in the roots
as well as in the medium when
compared to the control cultures.
Out of the two concentrations of
jasmonic acid and salicylic acid
tested, 100 mM concentration
was found to be better than
200 mM. The addition of
jasmonic acid at 100 mM has
shown a ~6 fold improvement
in production of azadirachtin
(0.095% DW) over the control
cultures (0.016% DW). When
cultures were supplemented
with 200 mM of jasmonic acid,
the production of azadirachtin
(0.057% DW) was lesser than
that produced at 100 mM
concentration. When the hairy root
cultures were treated with
100 mM of salicylic acid,
there was a ~9 fold increase in
azadirachtin production
(0.14% DW) over the control
cultures (Fig. 8). The results
suggested that the
accumulation of azadirachtin
was favoured by low
concentration of  signal
compounds in the culture
medium. Similarly, hairy root
cultures secreted maximum
concentrations of azadirachtin

Issue no. 273 October 2006



BARC

HEWEILETTER

into the culture medium when treated with minimum

concentrations of signal compounds (Fig. 9).

002

004 =

Azadirachtin gl

Fig. 9 : Effect of signal compounds on production of azadirachtin
secreted into the medium by hairy root cultures of

A. indica

Azadirachtin :

Discussion

Hairy roots induced by A. rhizogenes have received a lot
of attention from plant biotechnologists for the
production of secondary metabolites. The hairy roots can
be indefinitely propagated on a synthetic medium without
phytohormones (Tepfer and Tempe 1981; Doran 1997,
Eapen and Mitra 2001). The main advantage of using
hairy root cultures is due to their ability to grow in defined
basal media without supplementation of phytohormones
and due to their differentiated nature, they show genetic
stability and tend to produce high levels of secondary
metabolites characteristic of the species. In the present
study, hairy root cultures were induced from 55-60% of
cultures. Variations in virulence of bacteria and the
vulnerability of the explants and genotype play an
important role in determining the frequency of hairy root
induction.
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With the objective to achieve high biomass and
azadirachtin production, the hairy roots were cultured
on three different ionic strength
media such as ON, MS and B5.
e It was found that the cultures
grown in maximum ionic

strength ON medium produced

T
B
=

the maximum amounts of
biomass and azadirachtin
followed by MS and B5. The
present results showed that ON

v
-
MAzadirachtin gl-1

medium containing higher

ionic concentrations of

inorganic salts compared to
MS and B5, favoured growth
and azadirachtin production.
Altering macro and
micronutrients of the cultured
media are known to influence
the production of bioactive
molecules from cultured
tissues of several plants (Pan et al., 2004; Sivakumar et
al, 2005). Prakash and Srivastava (2005) using
A. indica cell suspension cultures found that
(NO,)
azadirachtin production. Allan et al, (2002) reported
0.007% DW azadirachtin in the hairy roots of

A. indica. Accumulation of azadirachtin was

optimizing media could enhance

studied in naturally grown plants of A. indica
and found that
0.00032% DW of azadirachtin Our experimental
data showed that hairy roots developed from
A. indica 0.016% DW
azadirachtin, which is higher than that of naturally

normal roots contained

accumulated
grown plant.

The low production of biopesticide azadirachtin in tissue
cultures as compared to the seeds provides
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alternative scope to adopt certain yield improvement
strategies to enhance the productivity of azadirachtin.
With this aim, we added biotic and signal compounds
to the hairy root cultures and the results were quite
promising. The addition of fungal cell wall fragments of
Claviceps purpurea to the hairy root cultures significantly
increased the azadirachtin content by 7-fold. Veersham
et al, (1995) reported that addition of biotic elicitors,
cell extracts and culture filtrates of Penicillium
minioluteum, Botrytis cinerea, Verticillium dahliae and
Gliocladium deliquescens improved the production of
taxol and related taxanes in Taxus species cell cultures.

Enhanced production of sesquiterpenes by S. tuberosum
cell cultures (Komaraih et al, 2003) and saponin content
by P ginseng cell cultures (Jeong et al, 2005) with biotic

elicitors are known.

Methyl jasmonate has been shown to enhance the
production of taxol and its analogues, rosmarinic acid,
indole alkaloids, anthocyanins etc. in cell cultures of Taxus
sp., Lithospermum erythrorhizon, Catharanthus roseus
and Vaccinium pahale (Yukimune et al., 1996). In the
present study, it was found that addition of jasmonic
acid and salicylic acid into the culture medium enhanced
the production of azadirachtin. Apparently salicylic acid
was found to favour production of azadirachtin compared
to jasmonic acid in the present study using A. indica
hairy root cultures. Cultures grown in 100 mM
concentration increased the azadirachtin production,
whereas cultures grown with 200 mM concentration
inhibited the azadirachtin production. The stress produced
by these signal compounds increased the yield at low
concentrations. High concentration resulted in loss of
cell viability, demonstrating toxic effects. Thus, it can be
concluded that the use of appropriate amount of signal
compounds can increase the productivity of azadirachtin

in hairy root cultures of A. indlica.

ounder's Day
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%dmium, a highly toxic metal, is carcinogenic,
mutagenic and causes several diseases and metabolic
disorders in humans exposed to it mainly through the
food chain ). There are a large number of anthropogenic
sources, which release this metal into the environment.
These include effluents from cadmium pigments,
nickel- cadmium batteries, plastics, other electronic and
metallurgical industries as well as motor vehicles and

fertilizers.

Physico-chemical methods of heavy metal removal such
as chemical precipitation, electroflotation, ion exchange,
reverse osmosis and adsorption on activated charcoal
etc. are generally not cost effective and unsuitable in
places where the heavy metal concentrations are low
but still above the permissible limits @.

Methods employing a biological agent- a natural or a
genetically modified one, show great promise in
achieving the above goal. Metal removal may be
asimple adsorption of it on to the surface of the organism

= <.

i.e., biosorption, (e.g., yeast ©®, cadmium resistant
strain of Bacillus thuringiensis ©, Sphingomonas
paucimobilis 7 etc.). Another mode of metal
removal is bioprecipitation through the precipitant
ligands (inorganic phosphate, sulfide) generated
by the organism. The metal may be precipitated
as highly insoluble metal phosphate or sulfide ¢19,

In this paper, we have presented the utility of
a very simple biological system i.e., an E. coli
of PhoN (acid
phosphatase from S. enterica subsp. typhi) and

expressing multiple copies

having high specific activity for bioprecipitating
(Fig.1)
Precipitation kinetics and pH dependence were also

cadmium from aqueous solution
studied. An attempt was also made to draw a correlation
between enzyme activity at different pH and the

corresponding rate of metal precipitation.

E.coli DH5a cells carrying phoN (a gene coding for
acid phosphatase from a local isolate of Salmonella

Issue no. 273 October 2006
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Fig. 1

: The precipitation of cadmium on the cell surface and settling of metal laden cells is

represented here. PhoN protein ( il ) present in the periplasm of the cells cleaves a

phosphomonoester ( [l e

) to release inorganic phosphate ( @ ) which in turn precipitates

cadmium ( = ) on the cell surface. The cadmium, which precipitates on the cell surface, results
in the cells becoming heavy and settling down, making their removal easy.

enterica subsp typhi) on pUC18 vector (A. S. Rao
unpublished work) were used for all the studies. The
bacterium was grown aerated in LB medium with
ampicillin (100ug/ml) to the late logarithmic growth
stage, harvested and washed the cell pellet twice with
saline and stored at 4°C for further use.

The cell bound PhoN was assayed by estimation of
nanomoles of p-nitrophenol (pNP) released from
p-nitrophenyl phosphate (pNPP) per mg of protein per
minute by the hydrolytic action of the enzyme (11) which
was found to be 800+ 100 U and this was higher than
100-150 U (12).
Further, the PhoN activity was unaffected at cadmium

that of a similar E. coli clone i.e.,

concentrations of 1-10 mM.

Cadmium precipitation studies were carried out using
cellsatan O.D of 0.3.

600nm
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B-glycerophosphate (5mM) was incorporated
as a substrate. Cadmium concentration used
was 1mM (112ppm). The reaction was carried
out in acetate buffer 2mM, pH ~7.0) as well as under
unbuffered (distilled water, pH ~7) conditions
at 30 °C and shaken at 50 rpm. Timed samples
were withdrawn, centrifuged and cadmium was
estimated in the supernatant in triplicates by
alkaline Arsenazo-Ill and by AAS in later experiments.

were also set
up in different buffers (100mM) of different pH.
The buffers used were Acetate (pH 4 & 5);
MES (pH 6); MOPS (pH 7) and Tris-Cl (pH 8 & 9).

Appropriate controls were set up to rule out

The precipitation reactions

biosorption as the mode of removal of
cadmium. The enzyme activity was also assayed

at each pH tested for precipitation.
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1 5.5
2 6T.25
3 8328

Table 1: 0.3 OD,, . cells were used to
precipitate cadmium from a solution
containing 5mM a-glycerophosphate,
2mM Acetate buffer and TmM Cd. Loss of
cadmium from the supernatant with time
is reported as percent removal from
solution. The results are an average of
four experiments.

Precipitation studies carried out using these cells showed
that an average of ~83% of cadmium was removed
from solution in 3 hours (Table 1). Further, studies were
also carried out to estimate the cadmium in the pellet to
ascertain whether the metal is, in fact, present in the
pellet and recoverable. These

results showed that the cadmium

via increased protonation of the phosphate in solution
at lower pH as postulated earlier (13). These results
indicate that the pH at which maximum enzyme activity
was seen did not correspond with pH at which maximum
precipitation of cadmium was obtained. However, above
pH 7, the rate of precipitation seemed to vary in
accordance with the variation in enzyme activity.

These results were confirmed using different buffers at
the same pH. The rate of cadmium precipitationin 100
mM MOPS or MES at pH 6.5 was the same i.e. ~80%
in 3 hours. 100 mM MES (pH 6.0) did not bring about
any precipitation in 3 hours. However, upon prolonged
incubation for 6 hours, precipitation was seen but to a
lesser extent (only 35%, Fig. 2) compared to that at pH
6.5 and 7. The use of two different buffers having same
pH, has also ruled out the possibility that the buffer
components may be interfering in the precipitation
reaction. Studies are in progress to confirm these

observations.

removed from the supernatant —
was seen associated with the cell 05 -+
pellet (data not shown). .E 05 -

£ o4
Further studies to analyze the g E’Z
variation in the rate of 01
precipitation as a function of pH o -
revealed that no cadmium

- 100

| 8g '3“

pel
2§

_m a

I

_ _ . 0
5 6 pH 7 8 g

precipitation occurred at pH
5.0. This shows that
though < the enzyme activity is

below

maximum at pH 5 as shown in
Fig. 2, precipitation of the metal
did not take place. This is
probably due to the higher
solubility of the metal phosphate,

Fig. 2 : Data shows enzyme activity (bars) and cadmium
precipitation (line) as a function of pH. The enzyme activity is
reported directly as OD at 405nm recorded after the enzyme

reaction is stopped with 0.2N NaOH once the reaction has
proceeded for half an hour with pNPP as substrate. Values reported
for the precipitation reaction are ones recorded

6 hours after the reaction was started, since at 3 hours

no precipitation was seen at pH 6.
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The rate of removal of cadmium mentioned here using a
very simple biological system, i.e., E. coli cells with
multiple copies of a single biocatalyst, PhoN, seemed to
be very high compared to other bioremediation systems
and is likely to have good potential for use in Cd
containing industrial effluents having near neutral pH. It
was also noted that the precipitation occurred to the
same extent in distilled water also where no buffering
was provided. Unlike cadmium, these cells with PhoN
precipitated uranium from aqueous solutions having pH
4.5-9.0(14).

Further work would involve testing different conditions
like metal (Cd) concentration and cell density for cadmium
precipitation, testing other heavy metals such as Cu, Pb
etc. for precipitation and mixtures of metals found in

waste sites.

References

1. Deknudt, G. and Deminatti, M. (1978) Toxicology
10 (1): 67-75.

2. Elinder C. G. and Kjellstrom, T. (1985) Br. J. Ind.
Med. 42 (10): 651-65.

3. Cadmium ATSDR Toxicological Profiles April 1993,
Prepared by Life Systems Inc for U.S Dept. of Health
& Human Services.

4. Macaskie, L. E. (1990) J. Chem. Tech. Biotechnol.
49:357-379.

5. Bashar Hadi, Margaritis, A., Berruti, F. and
Bergougnou, M.(2003) Intl. J. Reactor Eng. 1: A47.

6. El-Helowl, E. R., Sabryl, S. A. and Amerl, R. M.
(2000) Biometals 13(4): 273-280.

7. Tangaromusk, J., Pokethitiyook, P, Kruatrachue, M.
and Upatham, E. S. (2002) Bioresource Tech, 85:103-
105.

8. Sang-Weong, B, Clark, S. and Keasling, J. D. (2000)
Appl. Environ. Microbiol. 66(9): 3939-3944.

Issue no. 273 October 2006

10.

11.

12.

13.

14.

REC

Macaskie, L. E. and Dean, C. R (1984) J. Gen.
Microbiol.130: 53-62.

Montgomery, D. M., Dean, C. R., Wiffen, P. and
Macaskie, L. E. (1995) Microbiology, 141: 2433-
2441.

Bolton, P. G. and Dean, C. R. (1972) Biochem. J.
127:87-96.

Basnakova, G., Stephens, E. R., Thaller, M. C,
Rossolini, G. M. and Macaskie, L. E. (1998) App!.
Microbiol. Biotechnol.50: 266-272.

Macaskie, L. E., Lloyd, J. R., Thomas, R. A. P. and
Tolley, M. R.(1996) Nuclear energy. 35 (4): 257-
271.

Lokhande, M., Achutan, P. V., Jambunathan, U.,
Ramanujam, A., Rao, A. S. and Mahajan, S. K. In
Proc. of Nuclear and Radiochemistry (NUCAR)-2001
Symp. organized at University of Pune, Pune by Board
of Res. in Nuclear Sciences, Dept. of Atomic Energy
(BRNS-DAE) from Feb.7-10, 2001. pp224-5.

ABOUT THE AUTHORS

Ms. Chitra
Seetharam,
received her M.Sc.
degree in
Biotechnology
from Mysore
University in
2003. She joined
Molecular
Biology Division,
BARC through the 47t Batch of Training
School. Her research interests involve
microbe mediated bioremediation
of environmental pollutants (organic
and inorganic).




et

=

BAR

HEWBILETTER

Dr Shree Kumar Apte joined
BARC through the 16" batch of
BARC Training School and is
currently the Associate Director,
Biomedical Group at Molecular
Biology Division, BARC.
His research interests relate to
molecular and cellular mechanisms
underlying response of life forms to ionizing radiation
and other environmental stresses and their
biotechnological applications. He is an elected fellow of
the Indian National Science Academy of Agricultural
Sciences and Maharashtra Academy of Sciences.

S e

Ms Suvarna Sounderajan
was awarded B. Sc. Degree in
chemistry from Mumbai University
in 1994. She joined Electro
chemical method section
Analytical Chemistry Division in
1998 and is currently working at
UTAF, Physico Chemical Method
section. She is involved in developing analytical
procedures by voltammetric techniques as well as Spectro
chemical techniques for the characterization of trace
elements in various matrices eg. high purity materials,
agricultural, biological, clinical, environmental and nuclear
materials.

Dr (Ms) A.C. Udas obtained
PhD degree in Chemistry from
Mumbai University in 1983. She
joined Analytical Chemistry
Division in 1983, and is currently
working at UTAF, Physico
Chemical Methods Section. She is
actively involved in developing

3
SN

methodologies and employing various Spectro chemical
techniques for the characterization of trace elements in
various matrices eg. high purity material, agricultural,
biological, clinical and environmental samples. Sheis an
EC member of ISAS and ICEST.

Mr A. S. Rao obtained his
M. Sc (Ag) in Microbiology in
1971 from G. B. Pant University
of Agriculture and Technology,
Pantnagar, U.P. He subsequently
joined Bhabha Atomic
Research Centre through the
171 batch of BARC Training
School in Biology and Radiobiology discipline in 1973.
He initially worked on the development of biopesticides,
especially those effective on economically important crop
pests and mosquitoes. Currently, he is working in the
Molecular Biology Division at BARC, on the
development and use of genetically modified microbes
for bioremediation of metals and organics relevant to
nuclear industry.

Dr M. Sudersanan, after
graduating from the 11" batch
of the Training School joined the
Analytical Chemistry Division
in 1968. He was awarded PhD
from Mumbai University in the
year 1975. His areas of
expertise are Spectrochemical
Techniques, Electrochemical
Techniques, Separation Sciences and Thermal Methods.
He has over 200 publications in various international
and national journals and symposia proceedings.
He was keenly interested in academics therefore
was closely associated with the Training School activities
and also with the Mumbai University. He is an
active member of many professional bodies like
ISAS, ITAS etc.

Issue no. 273 October 2006



o=t

BARC

HEWEBILETTER

PPRA: AN IMPORTANT PROTEIN OF RADIATION
RESISTANCE IN DEINOCOCCUS STIMULATES CATALASE
ACTIVITY IN ESCHERICHIA COLI

Swathi Kota and Hari S. Misra
Molecular Biology Division
Bhabha Atomic Research Centre

This paper was awarded the Best Poster Prize at the “DAE-BRNS Life Sciences
Symposium on Molecular Biology of Stress Response and its Applications”,
held at BARC, Mumbai, during December 19-21, 2005.

Abstract

Deinococcus radiodurans is characterized by its exceptional capacity to tolerate the effects of various

DNA damaging agents due to presence of the extraordinary DNA repair mechanism. DNA double

strand break repair in Deinococcus radiodurans follows biphasic kinetics. The phase I, a RecA indepen-

dent phase appears to be a DNA protective and preparatory phase for RecA dependent phase Il repair.

PprA, an important protein of radiation tolerance in Deinococcus, was shown to stimulate both NAD

and ATP dependent E. coli DNA ligase activity. Here we found another interesting role of PprA in

stimulation of E. coli catalase activity. Transgenic E. coli cells expressing PprA from Deinococcus

radiodurans showed an improved tolerance to hydrogen peroxide while the effect of ionizing and non-

ionizing radiation was similar to wild type. These cells showed nearly 3-fold higher catalase activity,

which was mainly contributed by catalase E (KatE) and the levels of super-oxide dismutase were

unchanged. The addition of purified PprA protein to cell free extract of non-recombinant E. coli cells

has increased the catalase activity. But the PprA-antibody complex has no effect on the levels of catalase

activity in-vitro. Furthermore, the addition of PprA antibodies to the cell free extract of PprA expressing

E. coli cells has inhibited the catalase activity. The results suggest that free form of PprA per se stimu-

lates the catalase activity in E. coli.

Introduction

@fferent reactive oxygen species (ROS) such as
superoxide, singlet oxygen, hydroxyl and per-hydroxyl
radicals are produced as the byproducts of metabolic
processes in the cells and due to the lethal doses of
ionising radiation (Halliwell and Gutteridge 1999).

Antioxidant enzymes such as catalases and super-oxide
dismutases and antioxidant metabolites protect
biomolecules from ROS mediated damage in vivo.

Deinococcus radiodurans, a bacterium, shows extreme
resistance to the lethal and mutagenic effects of ionizing
and non-ionizing radiation (Anderson et al
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1956) as well as other physical and chemical DNA
damaging agents (Smith et al 1992, Battista 2000).
Different mechanisms including oxidative stress tolerance
have been suggested, which help the organism to protect
from the deleterious effects of these agents. Oxidative
stress tolerance of Deinococcus radiodurans is supported
by the presence of highly active antioxidant enzymes
(Markillie et al 1999) and the existence of antioxidant
metabolites in the system (Khairnar et al 2003; Misra et
al 2004; Tian et al 2004). The factor which makes the
antioxidant enzymes of Deinococcus much better than
other bacteria has not been known. However, it has been
shown previously that certain proteins upon interaction
increase their specific activity and reaction kinetics. PprA
was shown to stimulate both NAD-dependent and ATP-
dependent E. coli DNA ligase activities in vitro (Narumi
etal. 2004) and mutation in this gene makes the organism
sensitive to gamma radiation (Kitayama et al

1983). Here we have demonstrated that over

expression of PprA in a heterologous system

like E. coli has increased the tolerance to

hydrogen peroxide and the catalase E (KatE)

activity was stimulated. PprA role in catalase

activity stimulation was observed in-solution,

which was very specific to the presence of

PprAin free form. The results suggested the

possible role of PprA in oxidative stress

tolerance by stimulating catalase activity of

E. coli.

Experimental

log cell survival

with control. Recombinant PprA protein was purified
using Ni-NTA agarose affinity chromatography. For seeing
the effect of PprA on catalase activity in vitro, the enzyme
activity was assayed both in presence and absence of
purified PprA with and without PprA antibodies.

Results and Discussion
Higher tolerance of PprA expressing E. coli cells
to oxidative stress

Transgenic bacteria expressing PprA showed
insignificant change in non-ionizing radiation response
and a marginal improvement for ionizing
radiation response of wild type cells. However, these

cells exhibited an enhanced tolerance to hydrogen

1 —-__..--'i‘--.___'___.

10'}

—®— control
—&— PprAclone

e 5 & &

Hydrogen peroxide (mM)

Fig.1 : Response of transgenic E. coli expressing PprA to

The pprA gene was PCR cloned from genomic
DNA of Deinococcus radiodurans and

hydrogen peroxide. Recombinant E. coli harbouring
PET28a+ (control) and pETpprA (PprA clone) were exposed

to different concentrations (1-5 mM) of hydrogen peroxide

expressed in E. coli. The effect of PprA
expression on radiation and oxidative stress
response of transgenic E. coli cells was

monitored as total cell survival in comparison

and cell survival was monitored on rich medium.
Initial density of the cells taken for experiment were

6.02 x 108 cells / ml and 7.12x 107 cells / ml

for pET28a and pETpprA clones, respectively.
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peroxide (nearly 2.5 to 3.5 fold higher cell survival) as
compared to control (Fig. 1). This indicated the possible
role of PprA in oxidative stress tolerance, which
contributes though, to a little fraction to gamma radiation
response of E. coll.

PprA expression differentially stimulates the
antioxidant enzymes in E. coli

E. coli genome encodes for two types of catalases namely
KatE and KatG. Differential role of these enzymes in
radiation, mutagens and hydrogen peroxide response of
E. coli have been demonstrated earlier (Loewen et al
1985; Mulder et al 1999; Sak et al. 1989). The increase
in cellular oxidative stress tolerance has been believed
due to the increase in antioxidant enzymes activity and
recently to the presence of antioxidant metabolites in
the cell (Khairnar et al 2003). So, the levels of catalase
and super-oxide dismutase activities were investigated.
Transgenic E. coli cells expressing PprA showed
stimulation of soluble catalase activity by 2.8 fold
(Fig. 2), while the activity of SOD remained nearly
unchanged (data not shown). In—ge/ activity staining for
catalases showed the stimulation of KatE activity while
the levels of KatG activity in transgenic cells and control
cells were similar (Fig. 3). This supports the hypothesis,
which says that improved oxidative stress tolerance in
presence of recombinant PprA was perhaps due to
stimulation of KatE. Previously, the improved oxidative
stress and gamma radiation tolerance was reported in
transgenic E. coli cells expressing Pprl, another radiation
inducible protein from Deinococcus radiodurans (Gao
etal, 2003). They demonstrated the correlation between
the stimulation of KatG activity and enhanced protection
from ionizing radiation while the levels of KatE activity

remained unchanged.
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Fig. 2 : Transgenic E. coli cells expressing PprA
showed activation of catalase activity. The cell
free extracts of transgenic E. coli cells
harbouring pET28a+ (control) and pETpprA
(PprA), were separated on 7% native
polyacrylamide gel and catalase activity was
stained using standard protocol.

PprA stimulates catalase activity in solution

To understand the mechanism of catalase activity
stimulation on over expression of PprA, its effect
was monitored in-vitro. The purified recombinant
PprA (36kDa) was added to the cell free extract from
E. coli cells harbouring pET28a+ and total
catalase activity was monitored. These samples showed
1.7 fold stimulation of soluble catalase activity. This effect
of PprA was not observed when the protein was
complexed with PprA antibodies. Results showed no
stimulation of catalase activity in presence of PprA-

antibody complex. On the other hand PprA antibodies
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Fig. 3 : PprA-antibodies negate the PprA stimulation of E. coli 155:1200-1207.
catalase activity. Cell free extract of E. coli cells harbouring pET28a 7. Loewen PC. Switala J
and pETpprA was incubated for 20min with 1.6 pmoles of purified . o '
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and catalase assay was carried out. The level of catalase activity in Biochem Biophys 243:
cell free extract without any treatment was treated as respective
control (Grey). Catalase activity equivalent to 3.7 units per mg total 144-149.

protein represents 100 %).

showed reduction in the levels of catalase activity of £.
coli cells over expressing recombinant PprA. These results
strongly supported our hypothesis that PprA stimulates

E. coli catalase activity by interacting with protein.
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Abstract

Corn (Zea mays L.), one of the major cereal crops, is also a suitable substrate for growth, development and activity of

aflatoxigenic fungi causing major yield and economic losses. Among the different preharvest preventive measures

applied for control, the use of inherent resistance mechanisms of the host plant represents a promising strategy. With

this aim, twenty-one Indian corn varieties were examined. The results of a laboratory Kernel Screening Assay revealed 4

varieties with strong fungal resistance. All the varieties were further subjected to a detailed analysis for an antifungal

protein, namely 14 kDa trypsin inhibitor (Tl). A PCR based detection method revealed the presence of trypsin inhibitor

(T) gene in all the varieties. Its concentration in different varieties was determined by estimating the K, which was found

to be 7.0 ug/ml. Two of the resistant varieties showed high levels of Tl, which was relatively low in susceptible varieties.

Hence, this protein could be a promising selection marker for the initial screening. Studies on the pericarp wax content

of the selected varieties exhibited no strong correlation between their wax content and resistance. Thus, among all the
varieties screened, CML-142, P (Y)S.-B-185-6-BBB, LM-6 and GY-39-1-328 were found to be the most promising
varieties for use in commercial hybrids to develop fungal resistant varieties.

Introduction

%rn (Zea mays L.) is one of the major cereal crops
of worldwide importance, traded as food, feed and an
industrial grain crop in several countries including
India. Unfortunately, it is also vulnerable to the growth
of aflatoxigenic fungi, resulting into subsequent
aflatoxin production, which causes major yield
and economic losses (Oyebanji and Efiuvwevwere 1999).
Aflatoxins cause mortality and reduce productivity
in farm animals and also are detrimental to humans,

as high concentrations have been associated

with liver cancer. Aspergillus flavus may
parasitically colonize silks and invade maturing
corn kernels in the field producing aflatoxins
(Payne and others 1988). Thus, aflatoxigenic fungi may
infect the crop prior to harvest and remain
throughout the harvest, storage and finally
appear in corn products. Hence, preharvest
prevention of aflatoxin contamination is probably

the best and widely explored strategy.

In corn, among the various preharvest control

mechanisms studied, host-plant resistance is supposed
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to be the best and widely explored control strategy. It
focuses on inhibition of fungal colonization and/or toxin
production by A. flavus on the host plant, by the
development of aflatoxin resistant inbreds (Brown and
others 2003). It would also eliminate the need to detoxify
large quantities of aflatoxin-contaminated seeds. The
utilization of such resistant varieties has been the hope
for developing resistant genotypes. The inherent resistance
of corn kernels to A. flavus and aflatoxin contamination
has been found to be associated with either the pericarp
factors (morphological and chemical) and/or sub-pericarp
factors (mainly antifungal proteins). These factors are
under genetic control and hence, utilization of their
protection in developing resistant genotypes has been
of interest. Sources of resistance include inbred lines like
Mp313, Mp420 (Chen and others 2002) and population
like GT-MAS:gk (Widstrom and others 1987) and some
drought tolerant genotypes (Tubajika and Damnn 2001).
However, a majority of these sources lack agronomic
performance, which precludes their direct use in
commercial hybrids (Betran and Isakeit 2004). This
necessitates additional screening of corn germplasm for
aflatoxin resistance, which can fulfill the agronomic needs.

The objective of the present study was to conduct a
survey of corn varieties of Indian origin for aflatoxin
resistance. Further, an attempt was made to correlate
kernel resistance to different selection markers like an
antifungal 14-kDa Trypsin inhibitor (Tl) protein and kernel
wax. A novel approach of enzyme kinetics was followed

in Tl protein studies.

Materials and Methods

Corn varieties

The kernels of 20 corn varieties were provided by All

Issue no. 273 October 2006
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India Co-ordinated Maize Improvement Project, Kolhapur,
Maharashtra, India. One additional variety was purchased
from a local market of Mumbai and labelled as ‘Local’.
All these varieties were cleaned, packed and stored at
4°Cuntil further use, in order to retard insect infestation.

Mold strain

Aflatoxigenic strain of Aspergillus parasiticus NRRL 3145,
potential producer of all the four major aflatoxins i.e. B,

B,, G, and G, was used in the present study.
Kernel screening assay

The kernel screening assay (KSA) was performed
according to Tubajika and Damann (2001). Dry
kernels of each variety were surface disinfected
with sodium hypochlorite (0.5%) and rinsed with sterile
D/W. Ten healthy, dried kernels of each variety
were inoculated by dipping them into spore
suspension (10° spores/mL) of A. parasiticus (Sharma
1985). The
kernels were individually placed in wells of culture plate

and Padwal-Desai inoculated
(24-well Nunc multidish, Nunclon, Denmark). The
plates were incubated at ambient temperature (26==2°C)
for 15 days, at relative humidity of 95+2%. At the end
of incubation period the total number of infected
kernels were enumerated. On the basis of
fungal colonization the varieties were rated from
1-5 (1 = 1-20%, 2 = 21-40%, 3 = 41-60%,
4 = 61-80% and 5 = 81-100% of the kernels
infected by fungus bearing conidia). Each

experiment was repeated thrice.
Extraction of aflatoxins

Aflatoxin extraction from infected kernels was carried out
as described by Widstrom and others (1987).



The kernels (10 No.) of each variety were crushed to
powder in a pestle and mortar. This powder was extracted
with chloroform: water (10:1). The toxins from the extract
were purified using a silica gel column comprised of top
and bottom layers of sodium sulphate and middle layer
of activated silica gel. The extract was added to the
column and washed initially with hexane, followed by
ether and finally with methanol: chloroform (3:97) for
toxin elution. The purified toxin fraction thus obtained
was dried, processed and analysed by HPLC for
quantification of total aflatoxins.

High Performance Liquid Chromatography
(HPLC) of aflatoxins

The aflatoxins were analysed using HPLC (JASCO Int. Ltd,
Japan) with modification of Holcomb and others (1996).
The 10 ul of sample (appropriately diluted) was injected
on a reverse phase C18 (Hypersil ODS) column with 10
um particle size. The mobile phase comprised of
methanol-water-acetonitrile (6:3:1) and the flow rate was
0.8 ml min"'. The elution of toxin molecules was
monitored using fluorescence detector set at excitation
wavelength of 360 nm and emission wavelength of 440
nm. The JASCO Borwin Software was used to calculate
the toxin content of the sample. The total area of the
separated peak (of toxins) based on retention time was
calculated.

PCR amplification and sequencing of the Tl gene
of corn kernels

The DNA from the kernels was extracted by the method
of Mukherjee (1999). The DNA from kernels was extracted
in buffer comprising of Tris-HCl (100 mM, pH 8.0), EDTA
(50 mM, pH 8.0), NaCl (500 mM) and b-

ounder’s Day

mercaptoethanol (10 mM) and SDS (20%. It was further
purified using chloroform and phenol (1:1). The DNA
was precipitated using isopropanol and the pellet was
dissolved in TE buffer (pH 8.0).

A PCR amplification of TI gene was performed as
described by Chen and others (1999) using chromosomal
DNA of corn kernels and the primer pair 2041 (5’
GAGCTCTTACTTGGAGGGCATCGTTCCGC 3") and 2164
(5" CATATGAGCGCCGGGACCTCCTGC 3°). The molecular
weight of the amplified PCR product was determined
using DNA molecular size markers (pBR 322 DNA/ Hinf
| digest, Bangalore Genei Pvt. Ltd., India) by
electrophoresis on an agarose gel (1.2%) as described

by Sambrook and others (1989).

The amplified product was purified using ExoSAP — IT
(USB Corp, Ohio, USA) according to manufacturer’s
instructions and submitted for sequencing to Bangalore
Genei Pvt. Ltd., Mumbai. The sequencing was performed
using both the primers, by ABI Prism DNA sequencer.
The sequence was then compared using Clustal W
software (http://www.ebi.ac.uk/clustalWw).

Purification of 14-kDa trypsin inhibitor protein
(Tl protein) from corn kernels

The 14-kDa trypsin inhibitor from dry kernels (50 g) was
extracted as described by Chen and others (1998).
Powdered kernels were extracted with phosphate-citrate
buffer (oH 2.8). The pH of the crude extract was adjusted
to 7.5 with 6 N NaOH. The supernatant was dialysed
against sodium phosphate buffer (10 mM, pH 7.5) using
a 10 kDa cut-off. The dialyzed crude extract was further
subjected to ammonium sulphate precipitation to 80%

saturation.

The trypsin-Sepharose 4B affinity column was prepared
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by coupling trypsin (type Il from bovine pancreas) to
activated CH-Sepharose 4B according to manufacturer’s
instructions. The ammonium sulphate precipitated protein
fraction was re-suspended in 10 mL of column loading
buffer comprising of CaCl, (0.02 M), tris-chloride
(0.05 M, pH 8.2) and NaCl (1.0 M) and loaded on the
trypsin-Sepharose 4B column (equilibrated with the same
buffer). The 14-kDa Tl protein was eluted using glycine
buffer (1.0 M, pH 2.1). Fractions collected were checked
for absorbance at 280 nm and assayed for activity. The
active fractions were pooled, dialysed against sodium
phosphate buffer (10 mM, pH 7.5) and freeze-dried.

Trypsin inhibitor assay

The trypsin inhibiting activity of the purified 14-kDa Tl

protein was assayed using trypsin and
N_-benzoyl- -arginine b-naphthylamide hydrochloride
(BANA) as a substrate as described by Barett (1972)
for lysosomal enzymes. One millilitre of
sodium phosphate buffer (0.1 M, pH 6.8) system
containing 7.5 ug of trypsin (1 mg/mL stock in D/W)
and appropriate aliquot (approximately 150 ul) of Tl
protein was pre-incubated at ambient temperature
(26x2°C) for 10 min. To the same, 1 mM of
BANA (10 mM stock in DMSO) was added and
further incubated at 50°C for 10 min. The reaction
was terminated by the addition of 1 mL GBC
and PCMB reagent, prepared by mixing Fast
Garnet GBC (0.2 mg/mL in 4% Brij 35) in equal
proportion with PCMB reagent (10 mM), prior to use.
The pink colored naphthylamine-GBC complex was

measured at 520 nm.
Gel electrophoresis

The purity of the 14-kDa Tl protein extracted from corn

kernels was ascertained by both sodium dodecyl
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sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Non-denaturing gel electrophoresis (Native-PAGE)
as described by Sambrook and others (1989). The protein
bands were visualised using silver nitrate staining
procedure according to Blum and others (1987). A
mixture (10 ug) of standard proteins namely, trypsin,
lactalbumin and aprotinin was used as molecular weight
markers. A standard soybean trypsin inhibitor was also

used as additional marker.
Estimation of protein

At different steps of purification, protein in the sample
was measured by Bradford method (Bradford 1976). The
standard curve was prepared using bovine serum albumin
(BSA) as a standard protein. From the standard curve,
the concentration of protein sample was determined.
For purified Tl, the protein concentration was determined
using the formula:

0.1%

A s, = 2.0 (Swartz and others 1977).

Determination of inhibition constant (K) of Tl
protein

Standard K analysis: Standard K_ of trypsin (7.5 ug)
was determined using different concentrations of BANA
(0.05 - 1.6 mM). The Michaelis constant (K ) and
maximum velocity (V__) of the trypsin for BANA was

ax’

determined by Lineweaver-Burk plot.

Determination of K: The K ' (apparent K of
of TI
determined by incubating trypsin (7.5 ug) with

trypsin in presence protein) was
different concentrations of BANA (as mentioned above)
in presence of Tl extracted from three different corn
varieties viz. LM-6 (0.64 ug), Shaktiman (0.92 ug) and

Local (0.94 ug). The inhibition constant (K) for trypsin
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inhibitor was calculated using following equation,
: [1]
K, =K, (145)

Where,

K Michaelis constant of uninhibited trypsin.

m

It is the substrate concentration at which, the

velocity of the reaction is half the maximum

max)’
K ' : ApparentK of trypsinin the presence of trypsin
inhibitor,

[I] : Trypsin inhibitor concentration used for K '

velocity (V

analysis and
K : inhibition constant of the trypsin inhibitor for

trypsin.

Determination of Tl protein concentration in

corn varieties

The crude protein extract (i.e. ammonium sulphate
pelleted fraction) of all the corn varieties was prepared
as described in protein extraction. Using this extract, the
K ' was determined for all the varieties. Further using
this K " and K, the Tl protein content of all the corn

varieties was determined.
Determination of kernel wax content

The kernel wax from the selected varieties was estimated
as described by Russin and others (1997). Fifty healthy
kernels of 8 varieties, namely CML-142, P19(Y)SS—B—1 85-
1-6-BBB [P19(Y)], LM-6, GY-39-1-328 [GY-39], CML 430,
CML 186, Madhuri and Hyd 9745 were selected for the
present study. Kernels of each variety were immersed in
100 mL of distilled chloroform for 60 s to remove wax.
The chloroform was partially concentrated in a flash
evaporator at 40°C and further evaporated to dryness

<=z

under the stream of nitrogen. The weight of wax obtained
from each genotype was determined.

Results and Discussion
Kernel Screening Assay (KSA)

Fungal colonization ratings (1-5) for corn varieties are
depicted in Fig. 1. As shown in the figure, varieties showed
differential response to fungal invasion. Varieties namely
CML-142, P ,(Y)S.-B-185-6-BBB, LM-6 and GY-39-1-328
showed relatively lower fungal colonization ratings, as
the kernels exhibited least fungal infection. While
CML-430, CML-186, CML-176, Madhuri,
Pob-24-FSRRS-C-1 and Hyd-9745 exhibited significantly
higher fungal colonization ratings, as the fungal
infection was remarkably high on the kernels of these
varieties. Fungal colonization on kernels of some of the

resistant and susceptible varieties is shown in Fig. 2.
Aflatoxin Accumulation in Kernels

The aflatoxin levels in corn varieties used for KSA are
shown in Fig. 3. There were no detectable levels of toxins
in CML-142, LM-6 and P, (Y)S,-B-185-6-BBB, while GY-
39-1-328 showed low concentrations of toxins. The toxin
levels were significantly higher in CML-430, CML-176,
CML-186 and Pob 24-FSRRS—C-1. Hyd—9745 though
exhibited higher fungal colonization, showed low toxin

accumulation.

Thus, KSA studies revealed resistant nature of CML-142,
P.,(Y)S.-B-185-6-BBB, LM-6, and GY-39-1-328 with
significant inhibition of aflatoxigenic A. parasiticus
growth and subsequent aflatoxin synthesis. Hence, these
varieties were categorized into a group of resistant

varieties. Further use of these varieties in

Issue no. 273 October 2006



Hoareat

e e e

BARD

MEWEBILET TR

=
:%
N T
E T
oo
o W0
0w
m—
o
=
=
L

'ﬁ‘ B g "'b\"q'n‘ip -'.‘ﬁh"? -6'3’ N h"-'P""p i‘#‘
@“‘ R X ARG N 4;#

'ﬂ‘"\
qoti-

q,ﬁi 28 5>

Fig. 1 : Kernel screening assay of corn varieties for A. parasiticus colonization. Fungal colonization
was rated on a 1-5 scale (1=1-20% and 5=81-100% of the kernel surface covered by conidia).
All data points are average of three independent experiments performed in triplicates.
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Fig. 2 : Fungal colonization on corn varieties namely
A), CML-142; B), LM-6; C), CML-186 and D), CML-430
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Fig. 3 : Aflatoxin concentration in kernels of corn varieties. The aflatoxins were extracted from
the kernels used for KSA and the concentration of total toxins was determined using HPLC. All
data points are average of three independent experiments performed in triplicates

breeding program could be beneficial to develop
aflatoxin resistant cultivars. CML-430, CML-186,
CML-176, Madhuri, Pob-24-FSRRS-C-1, and
Hyd-9745 showed highest susceptibility to
the A. parasiticus infection with higher levels
of aflatoxins (except Hyd-9745). Thus, these varieties
were grouped into aflatoxin susceptible varieties.
The differential responses of corn varieties to
fungal infectivity and toxin synthesis, thus, suggested
that some fungal resistance mechanisms of
kernels interfere in this process of infection and
thereby lead to variation in fungal invasion.

Studies on 14-kDa Trypsin Inhibitor (TI) Gene

Studies by various researchers have shown that the
constitutive levels of an antifungal, 14-kDa trypsin

s

inhibitor (TI) protein in kernels were associated with
resistance to A. flavus infection and toxin production.
This protein has both a-amylase and trypsin
inhibitory activity. Purified Tl protein initiated
conidial rupture (Chen and others 1998) and inhibited
both conidial germination and hyphal growth of A. flavus
(Chen and others 1999a).
Tl protein concentration was found to vary, while

In corn genotypes,

in some varieties it was absent (Chen and others 1998;
Tubajika and Damann 2001). Hence, Indian varieties
were initially screened for its presence at gene level.

Studies with PCR amplification of Tl gene from
chromosomal DNA revealed the gene was present
in all the varieties. Fig. 4 depicts the agarose gel
electrophoresis of the PCR amplified product. A single
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Fig. 4 : Agarose gel electrophoresis of pBR 322 DNA / Hinf |
digest molecular size markers (Lane 1) and PCR amplified T/
gene (marked by arrow in lanes 2-7) on agarose gel (1.2%).

band (marked by arrow in lanes 2-7)
corresponding to 396 bp (Lane 1)
indicated presence of Tl gene in corn
varieties. Further sequencing of this PCR
amplified product (from 3 randomly
selected varieties) showed 100%
homology with the reported Tl gene. The
DNA sequencing studies also established
its evolutionary conservation. As the
studies confirmed presence of this gene
in all the varieties including susceptible
ones, it was felt necessary to estimate
the level's of its expression in all the

varieties.
Purification of Tl Protein

A 14-kDa TI protein from corn kernels
was purified to homogeneity from the
crude extract by ammonium sulphate
precipitation and trypsin-Sepharose 4B
affinity chromatography.
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Fig. 5 depicts the silver stained native (Fig.
5-A) and SDS-PAGE (Fig. 5-B) profiles of
the purified Tl protein. In both native as
well as SDS-PAGE conditions, the purified
Tl protein appeared in two forms. The SDS-
PAGE revealed that the major band, known
as avirgin inhibitor, obtained was a single
chain form of an intact 14-kDa Tl protein
(Fig. 5-B Lane 5). It was observed mainly
during small-scale purification protocol.
Whereas the two distinct bands, prominent
in large-scale purification process were of
14 and 6-kDa in molecular weight (Fig. 5-B
Lane 4). This two-chain form appeared due
to the digestion of an intact Tl protein by
trypsin during elution step of purification
and referred as the modified form. Similar

Fig. 5 : Polyacrylamide gel electrophoresis of trypsin affinity
purified Tl protein in A, non-denaturing (native) and
B, denaturing (SDS) conditions.
A. Lane 1 and 3, purified Tl protein.
B. Lane 3, standard protein of soybean trypsin inhibitor; Lane
4 and 5, purified Tl protein and Lane 6, mixture of standard
molecular weight markers including trypsin, lactalbumin and
aprotinin.

ounder’s Day
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observations were reported by Lei and Reeck (1986).
Thus, both the forms were related to each other
(Mahoney and others 1984). Further, the electrophoresis
studies of Tl protein in denaturing (in the presence of
SDS) as well as in non-denaturing (native) conditions
ascertained that these two forms were individual entities

signifying their distinct nature.

Estimation of Tl protein

Previous studies on various corn genotypes have reported
the relative content of Tl protein (Chen and others 1998;
Tubajika and Damn 2001). Unlike that, in the present
study the actual concentration of Tl protein was

determined following enzyme kinetics.

Fig. 6 shows the Lineweaver-Burk plot of Tl protein
obtained using BANA as a substrate. TheK andV__ of
trypsin was found as 0.4 mM and 0.01 nmoles/ml/min,
respectively. In presence of Tl protein, V__ of trypsin
remained unchanged, while K showed concentration
dependent increase in order LM-6< Shaktiman< Local.
This modified K was termed as apparent K (K ’).
The K calculated for all the three varieties using K _, K
and [l] (i.e. Tl protein concentration) remained unchanged
i.e. 7.0 ug/ml (0.5 uM). Using this K, Tl protein

concentration in all corn varieties was determined.

Table 1 shows the total Tl protein concentration in kernels
of all the varieties. The high levels of Tl protein in kernels
of CML-142 and GY-39-1-328 suggested that this protein
might play a significant role in their fungal resistance.
Whereas in LM-6 and
P,(Y)S.-B-185-6-BBB other

1V {nmolesimi/h)’

resistant mechanisms may be
prevalent as both these varieties
showed low levels of Tl protein.
In susceptible varieties,
the Tl protein levels were
markedly low. A marked
in Tl

concentration was observed in

difference protein
other moderately susceptible
varieties and the concentration of
this protein was in accordance
with their fungal resistance
except CML-291 and CML-161.

1/BANA (mM"')

Fig. 6 : Lineweaver-Burk plot for 14-kDa TI
protein obtained by a trypsin inhibitor assay

using BANA as a substrate.

<=z

These varieties exhibited very low
concentrations of Tl protein, thus
revealing role of other
mechanisms in their partial
resistance to fungal growth.
Therefore, these results suggested
probable involvement of TI

protein in kernel’s resistance.
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Tabla 1: Trypsin inhibitor concantraticn in indlan com variaties

Responss bo
Indsaketor
Trypsin o1 Pl
ig of Tl ig of dbca | infection
Lit5 2422
Pl 5B S5 BB 258
Hegistant
GY-30-1-328 420
CMAL-143 4H 2
CWIL-1TE B
Fob24-FERRSE-C1 B
Hyd-8745 132
Eesiecudibiia
elarar 134
CWL-186 108
CWL-A3] L
T2 ES
Gl -161 36
Adecan tall 10
CML-15] 13
MP2-13 LE
mymiﬂm 13z Wioderataly
Looal 160A
AMATLCHOS-1-1-38 03
L 1-1-3-E8E
Erakliman-1 15
Ch-118 a0z
Panchagangs 355

2average of two sets of experiments

Table 2. Kernel wax content of corn varieties

Status of
A, parasiticrs infection

Carm variety

Kermed wax *
(mpiSh ke rnela)’

CMIL-142

25

P l¥i5:-8-185-1-6-B88

20

LM

10

GY-28-9-378

15

CML 43

45

CWIL 188

Hipd BF5

2Mean of two independent sets o f experiments
bAmount of kernel wax extracted from 50 kernels
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Determination of Kernel Wax Content

The pericarp is the outermost portion of corn
kernels and contains the layers of cutin and
wax, which afford considerable protection
against invasion by fungal pathogens
(Russin and others 1997; Tubajika and
Damann 2001). Earlier reports have revealed
the presence of more pericarp wax in
resistant varieties like GT-MAS:gk, Chunco,
Arizona and Huffman (Russin and others
1997; Tubajika and Damann 2001). These
observations were confirmed by the fungal
inhibitory activity of pericarp wax assessed
by in vitro antifungal bioassays (Russin and
others 1997).

Table 2 illustrates the kernel wax content of
4 resistant and 4 susceptible corn varieties.
Among the resistant varieties, higher wax
content of LM-6 suggested its role in
resistance to fungal invasion. While among
susceptible varieties, CML-430 showed least
wax content making it more prone to fungal
invasion. However, the wax content of rest
of the resistant varieties did not differ
significantly as compared to susceptible
ones. Thus, there was a weak correlation
between wax content and kernels’
susceptibility towards fungal infectivity.

Conclusion

Screening of 21 Indian corn varieties
has revealed four varieties namely,
CML-142, P.o(Y)S.-B-185-6-BBB,
LM-6 and GY-39-1-328 with significant
inherent resistance to aflatoxigenic
fungal infection. Use of these resistant
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varieties holds a great promise, in raising commercial

hybrids with resistance to toxigenic fungi.

An attempt made to correlate kernel’s resistance to
different factors like an antifungal 14-kDa Tl protein and
kernel wax revealed interesting results. Studies on trypsin
inhibitor (Tl) gene confirmed its evolutionary conserved
nature. Further its expression in different varieties showed
variation, which could govern the degree of resistance
to fungal invasion. The high levels of Tl protein in kernels
of resistant varieties like CML-142 and GY-39-1-328
suggested that this protein might play a significant role
in their fungal resistance. However, in remaining two
resistant verities, P, (Y)S,.-B-185-6-BBB and LM-6, this
was not true. Hence, it could be a promising selection
marker for initial screening and further studies are essential
to confirm the fungal-resistant nature of the corn varieties.
Studies on another selection marker, kernel wax could
not able to prove strong relation between its amount
and resistance to fungal attack. However, the quality of
wax in terms of its composition may govern the property

of resistance.
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C%India, long-term economic exploitation of nuclear
power is considerably dependent on an efficient
utilization of the thorium through the reactor-
based Th-U?*3 fuel cycle. Accelerator-Driven
System (ADS) [1] has the potential to provide an
additional route to an efficient use of the
available uranium and thorium resources, besides
offering a way towards nuclear waste incineration.

Consequently, it has evoked considerable interest

in the nuclear community the world over as well
as in India. Our effort, naturally is directed towards
devising an ADS relevant to the 23U-Th cycle.

Accelerator Driven System (ADS) mainly consists of a
sub-critical reactor coupled to a high power proton
accelerator through high Z spallation target as outlined
in Fig. 1. In the practical realization of ADS, the most
challenging task is the development of a high energy

| DTLACDTLACC, 1K1 BAes"
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High currant injecior (NC) Iﬁ'-'
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1 i . ey
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i e
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Fig. 1: Schematic of Accelerator Driven System.
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(~ 1 GeV) and high current (~30 mA) proton accelerator
to produce the intense spallation neutron source needed
to drive the sub-critical reactor to the desired power.
Also, it is necessary that the accelerator is reliable, rugged
and stable in order to provide uninterrupted beam power
to the spallation target, over long periods of time. It
should also have a high efficiency (30-40%) for conversion
of electric power to beam power. The loss of beam power
in the accelerator must be less than 1 W/m so that
hands-on-maintenance of the accelerator sub-assemblies
can be safely done. For ADS, operation of accelerator
should be in nearly CW mode to avoid undesirable
thermal shocks to the fuel elements.

It is planned that the development of the 1 GeV
accelerator for ADS will be pursued in three phases,
namely, 20 MeV, 100 MeV and 1 GeV [2]. The most

challenging part of this CW proton accelerator is
development of the low-energy injector, typically up to
20 MeV, because the space charge effects are maximal
here. Therefore, BARC has initiated a programme for the
development of a Low Energy (20 MeV) High Intensity
Proton Accelerator (LEHIPA) as front-end injector of the
1 GeV accelerator for the ADS programme.

The major components of LEHIPA are a 50 keV ECR ion
source [3], a 3 MeV Radio-Frequency Quadrupole (RFQ)
[4] and a 20 MeV Drift Tube Linac (DTL) [5]. The Low
Energy Beam Transport (LEBT) and Medium Energy Beam
Transport (MEBT) lines match the beam from the ion
source to RFQ and from RFQ to DTL respectively. The
main criterion for the design of the linac is to have
minimum beam loss. The layout of the 20 MeV

accelerator is shown in Fig. 2.

18 Y » RFQ » DIL
2.45 GHz 350 MHz 350 MHz DTL
ECR Ton Source 4 Vane RFQ 20 MeV, 30 mA
50keV,30mA 3 MeV,30mA Proton beam

Moder

Reflector (Pb)

Fig. 2: Layout of LEHIPA.
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The beam from LEHIPA will be used to generate neutrons
via 9Be(p,n) B reaction. A neutron yield of 4.0 x10" n/
sec[S(E)=4.476x10"xE 8x| n/s] [6] is expected
to beopr(p)duced fora 20 l\/lep\/ proton beam of 30 mA
current (Fig.3). This intense neutron facility may be used
for various applications like production of radioisotopes,

material science research and medical applications.

Proton Current=30mA
4B
SHES-
1BE

- B
HES

11EBE-
BB

Fig. 3 : Neutron yield vs proton energy for
beryllium target

The design of various components of LEHIPA is discussed
below.

lon Source

A 50 keV, 60 mA ECR ion source for LEHIPA is being
developed by APPD, BARC[3]. In order to optimize the
beam emittance, a five-electrode extraction geometry has
been used.

Low Energy Beam Transport line (LEBT)
The dc proton beam from the ECR ion source is matched
to the RFQ using LEBT. The main criterion for the design

of the LEBT was to minimize the emittance growth with

minimum beam loss. Two solenoids were used to focus
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Fig.4b: Transmission efficiency vs change in
strength of solenoid 2

and match the beam into the RFQ. Effects on the
transmission through the RFQ if either solenoid strength
changes from the designed value have also been studied
and are shown in Figs. 4a and 4b. It can be seen that if
magnetic field strength of either solenoid changes by
+20 Gauss then the transmission at the end of the RFQ
drops below 95%. At low energies space charge
forces are very dominant and mainly responsible for
increase in beam size and emittance. In order to reduce
these effects, space charge compensation technique, in
which electrons produced by ionization of a residual

e
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gas neutralize the space charge of the beam, is used in
the LEBT. Simulation studies show that there is no
emittance growth in the LEBT when the beam is more
than 95% space charge compensated [7]. Also the
maximum beam radius reduces from 6.5 cm to 3.4 cm

with compensation.

Radio-Frequency Quadrupole (RFQ)

The RFQ is a low-velocity, high-current linear accelerator
with high capture efficiency. It focuses, bunches and
accelerates the beam simultaneously. The physics design
of the 350 MHz, 3 MeV, four vane RFQ has been done
[8]. The input and output parameters of RFQ are listed in
Table 1.

Table 1: Parameters of the RF().

Parameter Value

Input energy 50 keV

Output energy I MeV

Beam current 30 mA

Frequency 350 MHz

Norm. RMS emittance 0.02 = cm-mrad

Vene voltage 815kV

Average bore radius 3.66-4.37 mm

Transmission Efficiency | 97 %
Tength 3.62m

Total RF Power H0kW

Peak electric field 32,96 MVim

The geometry of the vanes of the RFQ for a resonant
frequency of 350 MHz was optimized using the 2D
electromagnetic code superrisH [9]. The RFQ operates in
the TE  mode, which cannot be excited in a closed

210

cavity. In order to excite the RFQ in a TE  like mode,

210
the vane ends are provided with undercuts to satisfy the

ounder’s Day

required boundary conditions. The vane undercuts have
been optimized using 3D electromagnetic code mariA
[10] to design the beginning and end cell of the RFQ
[11]. The maria model of the beginning cell is shown in
Fig. 5.

Fig. 5 : MAFIA model of the RFQ beginning cell
with vane undercut
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Fig.6: Variation of higher order dipolar and
quadrupolar frequencies with RFQ length

The RFQ structure is normally operated at the cutoff
frequency of the quadrupole mode, where fora 3.62 m
long RFQ, the mode separation between the
operating mode and the nearest higher order
longitudinal mode is relatively small as shown in

Fig. 6. As a result a single 3.62 m long RFQ will be
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very difficult to tune and will be unstable. So in order to
obtain transverse and longitudinal stability, the RFQ will
be made in 4 segments of length about 90 cm each and
the segments will then be joined together using resonant
coupling technique. The resulting structure will be less
sensitive to perturbations due to fabrication errors and
the fabrication tolerances thus become easier [12]. The
coupling cell has been designed in mafiA and is shown in
Fig. 7.

Fig. 7: MAFIA model of the coupling cell

Computer simulations using mariA were also done to study
the frequency variation that can be tuned with the tuners.
The effect of tuners on the electromagnetic field
distribution was also studied. Fig. 8 shows a maria model
of one quadrant of RFQ cavity with tuner. A total of 32
tuners, each of diameter 4.5 cm will be used. The tuning
range of each tuneris 26.5 kHz/mm per meter length of
the RFQ.

Fig. 8 : RFQ cavity with tuner

Issue no. 273 October 2006
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The vacuum required in the RFQ is 107 Torr. To achieve
this, 24 vacuum ports have been designed in maFA as
shown in Fig. 9. Each of these ports consists of six slots.
The detuning due to each vacuum portis 112.5 kHz per
meter length of the RFQ.

Fig. 9: RFQ cavity with vacuum port

The effect of various errors on the beam dynamics in the
RFQ has been studied. The acceptance criterion for the
error studies was 95% transmission through the RFQ.
Detailed simulations of errors in the various parameters
have been done, based on which the following tolerances
have been specified: (i) alignment of the RFQ: 50 um
and 5 mrad; (ii) Energy deviation of the incoming proton
beam: 0.5 keV; (iii) Stability of ion source power-supply:
< 1%,; (iv) Tolerance on energy spread of beam from

jon-source: 1%.

The integrated thermal/structural analysis of an RFQ is
crucial to its design and operation. The total power
dissipated in the RFQ structure is estimated to be
342 kW. This power dissipation can cause
large temperature gradient in the RFQ structure
along with distortion in the vane, which leads to detuning
of the structure. The cooling scheme is designed to
minimize temperature rise in the RFQ and control

the detuning to less than 80 kHz. The inlet coolant water
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Fig. 10: Temperature distribution in the vane at the inlet and outlet

temperatures are chosen to be 16°C (vane tip) and 20°C
(outer) [4]. The temperature distribution in the vane at
the inlet and outlet are shown in Fig. 10.

The vane tip deflection at the inlet and outlet are 0.03
mm and 2.4 mm, which corresponds to the detuning of
+30 kHz and +65 kHz respectively. The tolerance on
the inlet coolant water temperature is estimated to be
+ 0.1°C. The cooling system (LCW) for LEHIPA is being
setup by RRDPD, BARC.

Medium Energy Beam Transport line (MEBT)

The MEBT has been used to match the beam from RFQ
to DTL. It consists of 4 quadrupoles and two RF gaps for
matching the beam in transverse and longitudinal planes.
The total length of the MEBT is 1.04 m.

Drift Tube Linac (DTL)

The DTL can focus and accelerate a high intensity proton
beam very effectively at low energies—typically from 3
to 50 MeV, where the space charge forces are

considerable. In LEHIPA, an
Alvarez-type DTL s used to
accelerate the beam from
3-20 MeV because of its
higher effective shunt
impedance as compared to
Coupled Cavity Drift Tube
Linac (CCDTL) (Fig. 11).
Beyond 20 MeV, the bore
radius has been increased
from 1.1 cm to 1.4 cm
which results in decrease of
effective shuntimpedance
as seen in the figure below.

15
d —— 7L
ot @ CCOTL

o W 3 W 4 5 60
Energy (Mel)

Fig.11: Comparison of effective shunt
impedance vs energy for DTL and CCDTL

For minimum emittance growth, it is necessary to match
the transverse phase advance per unit length in
the RFQ and DTL. This requires quadrupole gradients of
80 T/m in the DTL if FODO (FD) lattice is used, making
the design of electromagnetic quadrupoles (EMQs)
difficult at low-energy end. However, if
FOFODODO (FFDD) lattice is considered, the required
quadrupole gradient is 46 T/m; making the design of
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Fig. 12b: Variation of beam emittance with
Quadrupole tilt

quadrupoles easier [13]. Also if the DTL is designed in 2
tanks, the quadrupole displacement and the quadrupole
tilt in the tanks have to be restricted to within 100 mm
in transverse planes and 0.6° about longitudinal plane as
shown in Figs. 12a and 12b respectively. Alignment of
quadrupoles to such precision over long lengths is very
difficult. It is, therefore, planned to make the DTL in
four short tanks having FFDD lattice. The RF power
required in each tank is less than 500 kW, making the
design of RF coupler also easier. However, the rms beam
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size in a DTL having FFDD lattice is more than the rms
beam size in a DTL having FD lattice. The aperture is
consequently increased from 1.6 cm to 2.2 cm so that
the aperture is more than 8 times the rms beam size in
the DTL. The axial electric field in all the tanks will be
kept constant at a value of 2.49 MV/m. The parameters
of the DTL are listed in Table 2.

Tuble 2: Parsmeiers of the Drilt Tube Linac

Parameter Value
Input energy eV
Quiput energy 20 MeV
Beam cument M) mA
Frequency 330 MHz
Dhiameter of cavity 5 em
Driameter of drift fube 12 em
Bore radins l.1cm
Axial elezine field 249 MV/m
Total length 1144m
Beam transmission 100
Focussing lathce FFDD
Effective length of quad. 4.3 em
Quadrupole gradient |46 Tm
Total power
(icluding 30% margin) | V1AMV
Beam Dump

A target for beam dump of 600 kW proton beam
from LEHIPA has been designed covering thermal

and structural requirements. Thermal and

mechanical stresses were examined both

analytically and numerically in order to

develop a procedure where the target

dimensions could be optimized to allow the

maximum amount of power to be placed on a
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target for a given set of conditions. Optimizing a target
generally involves the balancing of stresses on the hot
and cold faces so that the target will not fail for the
given set of conditions. A conical shape and nickel bulk
was chosen for preliminary analyses of this target (Fig.
13) and design of the water-cooling system has been
finalized.

Fig. 13: Conical target for beam dump

400 keV RFQ

The 20 MeV linac involves handling of large RF powers
at 350 MHz and fabrication of complex structures like
RFQ. Presently, in BARC no experience exists in building
long and complex structures such as CW RFQs, handling
high RF power. It was therefore thought prudent to
develop a small RFQ, which will also be useful to our
department’s programme. So it has been decided to
develop a 400 keV, 1 mA deuteron RFQ at the same
frequency of 350 MHz. In this context it was noted that
there is an existing 400 kV DC accelerator for deuterons
at the PURNIMA facility in BARC, which is used as a
neutron generator. It produces a neutron yield of ~ 10°
n/s, where the deuteron current is limited to around 100-
200 pA because of poor transmission through the

<=Boe

accelerating tube. In order to increase the flux by an
order of magnitude it was felt that it would be useful to
modify the ion source to get a beam current of 1 mA
and replace the DC accelerator with an RFQ. As the beam
transmission through the RFQ is more than 90%, this
will increase the neutron yield to ~ 10" n/s (Fig. 14),
which will enable experiments to be conducted with
greater accuracy.
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Fig. 14: Neutron yield vs
deuteron energy

In addition to this, it will also generate useful experience,
at an intermediate level of energy and RF power, in
operating such systems. This experience will be of great
value towards the ultimate objective of building and
operating a 20 MeV, 30 mA proton linac.

It was therefore decided to build a deuteron
accelerator consisting of a 50 keV ion source,
and a 400 keV RFQ. The DC beam from the ion-
source will be matched to the RFQ using a LEBT system,

which has been designed with two solenoids. It is also
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Fig. 15: Layout of the 400 keV deuteron accelerator based neutron
source coupled to a sub-critical assembly

envisioned that in preparation for developing ADS type
systems to gain some experience of coupling an external
neutron source to a sub-critical reactor assembly [14],
we should integrate the 14 MeV D/T neutron source to
a light water, natural Uranium, sub-critical assembly. A
schematic diagram of this total system is shown in
Fig. 15.

The physics design of the 400 keV RFQ for deuteron
beam has been completed [15]. The total length of this
linac including its LEBT section is about 2.25 m. The
transmission at the end of the linac is 95%. The detailed
3D design of this RFQ has been done, which includes
the design of beginning and end cell, tuners and vacuum
ports. The effect of tuners on
the electromagnetic field
distribution was studied [16].
The tuning range of 16 tuners
(each of diameter 4.5 cm) is
found to be [-2.1 MHz, 4.29
MHz] for a penetration of
[-15 mm, 10 mm]. To achieve
a vacuum of 107 Torr in the
RFQ, 8 vacuum ports have

Adjustable L4 shorted stub m.
comiml configumtion { 6 LB

been designed in maria, which
cause a detuning of 900 kHz.
This can be compensated by
inserting the vacuum port
assembly in the volume of the
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RFQ by 3 mm.

Thermal analysis of this RFQ has also been done [17]. A
total number of 24 longitudinal coolant channels were
designed in the RFQ to remove ~ 68 kW of dissipated
heat. It is found that frequency shift is almost zero
at =0.2 mm tip deflection and increases with tip
deflection on either side. It was also observed that the
resonant frequency shifts by =70 kHz for every
1° Crise in the vane inlet cooling water temperature.

RF design of inductive couplers (40 kW each) has been
done [18] and its complete assembly is shown in
Fig. 16. The coupling coefficient can be varied from

RF Poswer from tetrode
(S0 W @ 350 BHEZ, CW) being Fed
to conx T jursction of 6 187 size)

Fig.16: Schematic of 40 kW RF loop coupler assembly
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0to 1.5 by rotating the coupler inside the cavity. Resonant
frequency shift of the quadrupolar mode of RFQ cavity
with four loop couplers has been kept within 2 MHz.
The maximum power loss density estimated on the
coupler using maria code is about 56 W/cm?. Cooling
arrangement and its final mechanical design are being

worked out.

Fig. 17a: CAD model of 400 keV RFQ

Fig. 17b: Aluminium model of RFQ

To validate the simulations, a 50 cm aluminium model
of the RFQ without modulations has been fabricated by
MDPDS, BARC. The complete CAD and aluminium
models of 400 keV RFQ is shown in Figs. 17 (a & b). The

=z

resonant frequencies of different modes have been
measured with VNA and were found to be in reasonable
agreement with the simulations. Inductive couplers of
different sizes have been used for RF measurements to
study the variation of coupling coefficient. The results

are being compared with the EM simulations using MaFiA.

Future studies

A preliminary design of the 1 GeV, 30 mA CW proton
linac for ADS has also been done [19]. This linac consists
of a 3 MeV RFQ, DTL upto 50 MeV, CCDTL up 100 MeV
and 5 cell superconducting elliptical cavities upto 1 GeV.
The focussing lattice is FD in DTLand CCDTL and doublet
in superconducting cavities. The DTL will be built in 5
tanks. The total length of the DTL is 28 m and the RF
power required is about 4 MW. The CCDTL consists of
2 gap cavities. Its total length is 75 m and the RF power
requirement is about 5 MW. The superconducting cavities
consist of three sections b=0.47 (99.8-198.8 MeV), 0.62
(198.8-498.8 MeV) and 0.80 (498.8 MeV-1 GeV). The
focussing doublets are placed after every 2 cavities in
the first section, which will have 33 cryostats, after every
3 cavities in the second section having 40 cryostats and
after every 4 cavities in the third section having 38

cryostats. Detailed design studies are in progress.

Summary & Conclusions

The physics design of LEHIPA, 20 MeV, 30 mA proton
linac has been completed. Various sub-systems of
accelerator have been designed and their procurement
has been inititated. Development of fabrication
techniques of RFQ and DTL structures has also been taken
up inhouse (with CDM) as well as with industries. The
LEHIPA facility will be housed in the basement of
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Common Facility Building (CFB) at BARC. Construction
of the building has commenced and installation of utilities
like electrical power, cooling water plant and assembly

of accelerator systems in CFB will begin in 2008.

In order to get hands on experience at relatively high RF
power, a 400 keV RFQ for accelerating deuterons has
been designed and is being fabricated. Major sub-systems
of this device will be assembled and tested in VDG
tandem hall. This RFQ will be used for generating 14
MeV neutrons by D-T reaction and will be used for
studying neutron multiplication in a sub-critical assembly.
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Abstract

Salinity and drought are the major environmental stresses, which greatly affect the plant productivity. Breeding for
salinity is difficult and hence the intervention of mutagenesis and tissue culture can greatly facilitate the selection and
isolation of useful tolerant lines. In the present study, in vitro mutagenesis was employed in the selection of salt and
drought tolerant lines in popular sugarcane (Saccharum officinarum L.) cv. CoC-671. Embryogenic callus cultures were
subjected to gamma irradiation at different doses (0, 10, 20, 30, 40 and 50 Gy). The 20 Gy irradiated cultures exhibited
almost 50 % survival response. The embryogenic callus cultures were exposed to inhibitory levels of NaCl (42.8, 85.6,
128.3, 171.1, 213.9, 256.7, 299.5 and 342.2 mM) and polyethylene glycol (PEG 8000, 0.625, 1.25, 2.5, 3.75 and 5.00
mM). Irradiated and non-irradiated cultures showed decrease in callus growth with increasing selection pressure of salt.
Salt stressed callus cultures accumulated proline compared to non-stressed calli. Na* and K* contents, quantified with
an Atomic Absorption Spectrophotometer revealed clear-cut differences in salt stressed and non-stressed tissues.
Leached out Na* and K* was much more than that of retained in tissue in both adapted and unadapted callus cultures.
A total of 513 plants were regenerated from NaCl-tolerant calli grown up to 171.1 mM NaCl.

Molecular characterization using RAPD analysis revealed genetic polymorphism between the selected salt and drought
tolerant lines from the control plants. RAPD of the putatively tolerant regenerants resolved 72 scorable markers from 9
out of 60 primers screened. Plantlets selected on 0.625 mM PEG (DRT 0.625) had accumulated maximum genetic
changes to the control plant (0.69). The genetic similarity between the control and salt & drought tolerant lines ranged
between 0.63 and 0.80. An interesting observation was recorded in case of RAPD profile obtained from primer OPH-07.
An intense non-parental band was obtained among the selected drought tolerant lines. But the intensity of band
exhibited decreasing trend with increasing selection pressure of PEG. The tolerant lines are being evaluated at field level
for their genetic stability. The proper evaluation of these spontaneous and induced variants tolerant to salinity and
drought may prove highly fruitful venture for its economic cultivation under the stress condlitions.
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Introduction

Q%arcane (Saccharum officinarum L.) is an important
agro-industrial sugar crop, contributing about 70% of
the world sugar production. Globally, it occupies about
20 Mha of land, a little about 2% of total cropped area,
producing 1350 million MT of cane (FAO, 2004).
Sugarcane is cultivated as a commercial crop in nearly
60 countries spread over the world. However, being a
typical glycophyte, it exhibits stunted growth or no
growth under salinity, with its yield falling to 50% or
even more of its true potential (Subbarao and Shaw,
1985). Besides this, salinity in root zone of sugarcane
decreases sucrose yield through its effect on both biomass
and juice quality (Lingle and Weigand, 1996). A large
acreage of land is affected with abiotic stress i.e., world's
20% cultivated land and nearly half of all irrigated land
is affected by salinity (Rhoades and Loveday, 1990) and
93 Mha of cultivable land is rain fed.

A variation observed among the plants regenerated
from cells and tissues termed somaclonal variation
(Larkin and Scowcroft, 1981) has been considered a
source of new plant genotype for crop improvement
(Brettell et al 1886, Hedi and Bridgen, 1996).
Somaclonal variation in combination with in vitro
mutagenesis can be beneficial for the isolation of
salinity and drought tolerant lines in a short duration
employing in vitro selection (Samad et al 2001). /n vitro
selection has been used for selection of salt tolerance
(Bressan et al 1985; Rosas et al 2003) and drought
and frost tolerance (Adkins et al 1995; Remotti, 1998;
Xing and Rajashekhar, 2001). However, the several
variants are often unstable or non-heritable being
epigenetic changes rather than genetic changes.
Such epigenetic alterations may result false
positive signals, if one seeks mutational change
in a particular phenotype (Nelson, 1977; Schaeffer, 1981).
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Evaluation and characterization of the spontaneous and
induced variants against salinity and drought may prove
highly fruitful venture for its successful cultivation in stress
conditions. Therefore, analysis of the induced and
spontaneous genetic variation in the regenerated plants
is necessary for exploiting these variants for crop
improvement. Various molecular techniques viz. RFLP,
AFLP, RAPD, microsatellites and ISSR etc. are being used
to characterize the induced genetic variation. Among
these molecular techniques, Random Amplified
Polymorphic DNA (RAPD) analysis (Williams et al 1990)
is a simple, quick, easy to perform, require small amount
of DNA for analysis and major advantage is that no prior
sequence information required. These benefits justify the
frequent application of the technique in genetic variability
studies (Mondal and Chand, 2002; Bennici et al 2003
and Feuser et al 2003). Keeping these considerations in
view, the present investigation was aimed at the in vitro
selection for salinity and drought tolerance and
characterization of the putative salt and drought tolerant
regenerants of sugarcane cv. CoC-671, induced by

gamma ray mutagenesis in vitro.

Materials and Methods

Plant Material

Embryogenic callus cultures of popular sugarcane cv.
CoC-671 (Krishna) were established from young leaf

explants and maintained through regular subcultures.

Multiplication of embryogenic calli

The callus was induced and multiplied on to
MS medium supplemented with 100mg/I malt extract,
100mg/l L-glutamine, 1g/l casein hydrolysate, 5%

coconut water, Tmg/l 2,4-D and 3% sucrose gelled
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with 0.2% gel rite. The pH of medium was adjusted to
5.8 before autoclaving. The cultures were incubated in
darkness at 25 + 2 °Cand subcultured at every three-

week interval.

Radio sensitivity studies

Embryogenic calluses were subjected to gamma
radiation using ¢Co, as a source in Gamma Cell
220 at dose rate of 9.6 Gy/min. The irradiation
doses were 0, 10, 20, 30, 40 and 50 Gy.

Regeneration of plants

Plantlets were regenerated after 2-3 weeks of transfer
of callus on regeneration medium, i.e., MS medium of
the same composition as above but without 2,4-D. The

rooted plantlets were hardened in the green house.

In vitro selection for salinity tolerance

Gamma irradiated and non-irradiated calluses (200 mg)
were cultured on multiplication medium supplemented
with different levels of salt-NaCl (0.0, 42.8, 85.6, 128.3,
171.1,213.9, 256.7, 299.5 and 342.2 mM).

Estimation of proline accumulation

Free proline content of both adopted and non-adapted
callus was determined as per the procedure of Bates
(1973). 500mg non-adapted and adapted callus (exposed
to different levels of salt) was used for the study.

Na* and K* analysis

Na*and K* content of both NaCl adapted and unadapted
calluses were assayed by the procedure earlier reported
(Basu et al. 2002). Na* and K* contents of both leachates
and tissue extracts were quantified with an Atomic
Absorption Spectrophotometer (GBC 904 AA, GBC

=z

Scientific Equipment PTY LTD, Australia) and expressed
as umol g 7" fresh weight.

RAPD analysis
DNA isolation

Genomic DNA was isolated from selected tolerant lines
using a short protocol earlier standardized for sugarcane
tissues in this laboratory (Desai et al 2005). 50 mg of
the leaf tissue was used for the study. The isolated DNA
(2 pl) was loaded on to 0.7 % agarose gel to detect the
quality of DNA. The DNA sample was diluted with MilliQ
water and the OD of different diluted samples was taken
at 260 nm. The samples were then diluted so as to get
the final concentration at 50 ng /ul.

PCR optimization

The different components of PCR were optimized
(Table 1) to get appropriate amplification product from
the sugarcane genomic DNA. Various concentrations of
genomic DNA (50, 100, 150 and 200 ng per 25ul
reaction mix), MgCl, (1.5, 2.5 and 3.5 mM) and Tag
DNA polymerase (0.5 and 0.6 U) were used. For primer
annealing, the different temperatures (35, 36, 37, 38,
39 and 40 °C) were tested.

Table 1: Primers selected for RAPD analysis
SrHo Primer Sequence G+C%

L OFH-03 5" AGACGTCCAC-Y 6

2 OFH-M § ~GOAAGTCHCC-3 7

3 OFH-08 5" AGTOGTCCCC-Y 7

4, OPHAT 5~ CTGCATCATO-3 &0

5 OPH-9 §- TATAGCTGGG-3 (] |

B, OPH-12 5= ACGCOCATGT-3 Gl

3! OFH-19 #- CTOACCAGEC S’ 'm

8 P 57 AGTCAGECAC-Y 6

v, OPA4Z | §'- GAGGATCCCT- il

Issue no. 273 October 2006



Hoamreat
TR

BARC

HEWEBILETTER

Primer selection

Based on the previous investigations on RAPD analysis

carried out with sugarcane embryogenic
cultures and somaclones in this laboratory,
the 60-decamer oligonucleotide primers
from different sets (OPA, OPE, OPF and OPH)
USA were

considered. Among the primers screened for

from Operon Technology Inc.,

sugarcane genome, the best-suited nine

primers (Table 2) that showed distinct banding

pattern were selected for the present
RAPD study.
Table 2; Optimized PCR mastermix composition
S0 No - Reagenis Vol ga
L Assay buffer (103) 240
B! dNTPs {10 mM) 200
| 3, Primer (30 ng/ul) 100
[’ MetL, 110
| s Tag DNA palymense (3 Uil 0.20
. 6. Serile Millic) water 13.30

PCR amplification

Amplification reactions were performed in a MJ Research,
USA (PTC100) thermalcycler. The reaction conditions
were initial denaturation at 94°C for 5 minutes, 40 cycles
each consisting of denaturation step of 1 min at 94°C,
primer annealing at 37 °C for 1.5 min, primer extension
at 72 °Cfor 2 min and final extension step at 72°Cfor 10
min.

The amplified products were subjected to agarose gel
electrophoresis using 1.5% agarose and the gel was
analyzed on a gel documentation system. The sizes of
amplification products were determined by comparison

Issue no. 273 October 2006

with A DNA digested with Hind Ill and EcoRl marker.

Data analysis

RAPD bands were scored as present (1) or absent (0).
The data was used for similarity-based analysis using the
programme NTSYS-Pc (version 2.02) developed by Rohlf
(1990). Jaccard’s coefficient (F') was calculated using
the programme SIMQUAL. Similarity coefficients were
used to construct UPGMA (Unweighted Pair Group
Method with Average) dendrogram.

Results

Radio-sensitivity studies of embryogenic callus
cultures of sugarcane cv. CoC-671

Percent survival showed linear decreasing trend with
increasing irradiation dose (Fig. 1). The highest
survival was observed in the control cultures (85.7%) in
terms of white proliferating clumps while the lowest
survival was noted in 50 Gy irradiated cultures (Fig.2).
The dose of 20 Gy was observed as the LD, dose for
sugarcane embryogenic callus cultures. Regeneration

]

¥

-

A White Prolieaing Choreps (RG]

L}

1] i0 il i 4 m
rmciintion Dhenay (T

Fig. 1: Effect of gamma irradiation on survival
of embryogenic calli of sugarcane cv. COC-671
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Fig.2 : Regeneration from irradiated calli of sugarcane cv. CoC-671
a- Induction of callus; b & c- stages in embryogenesis; d- Regeneration from control calli;
e, f, g & h- Initiation of regeneration from calli irradiated at 10, 20, 30 & 40 Gy respectively.

response of irradiated callus cultures was very less

beyond 20 Gy gamma irradiation.

Studies on in vitro mutagenesis and selection
for salinity tolerance

Irradiated callus cultures on salt selection media
showed decrease in callus growth with increase in
salt concentration (Fig. 3). In case of 10 Gy

irradiated cultures, regeneration was observed only

in 85.6 mM Nadl selection medium. The cultures with
20 Gy irradiation showed regeneration in 42.8 mM and
85.6 mM NaCl selection medium. Survival was
observed on selection medium with 213.9 mM
NaCl concentration, in case of 30 Gy irradiated
cultures. The 40 Gy irradiated cultures did not
exhibit regeneration upon transfer to NaCl selection
media. The 50 Gy irradiated cultures produced

shoots in 128.3 salt selections.

Fig. 3: Regenerants selected in vitro on different lethal doses of salt (NaCl ) and PEG
a & b-Regeneration on PEG selection medium; c- shoots regenerated on 42.8mM NaCl;
d & e- regeneration on 171.1mM NaCl medium and f- rooting of the selected plantlets

Sperinl lanus

Issue no. 273 October 2006
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Studies on proline accumulation in salt stressed
callus cultures

The stressed calli (500 mg) were used to estimate proline
accumulation. Salt stressed callus
cultures exhibited higher levels of free
proline content as compared to the
control. The 85.6 mM NaCl stressed
calli exhibited about 200% proline
accumulation that of the control
treatment. However, the stressed
cultures with 128.3 mM and higher

concentrations showed decrease in

lon Content (FPM )

~55888BEE

proline content with increasing salt

concentrations.

&

if considered individually, exhibited linear accumulation
with increasing concentration of NaCl in stress medium.
The retained Na content was much higher than retained
K except in control.

R R

Sakt Cone.

Fig.5 : Potassium ion content in adapted and unadapted NaCl

Na* and K* analysis

a) Sodium and Potassium
content in unadapted NaCl stressed (6Hrs)
callus cultures

Leached out sodium was much more than that of
retained in tissue (Fig. 4), but both leached and retained

—

stressed sugarcane calli

The leached out K (Fig. 5) was more than that of
retained in tissue. The K retained exhibited little increase
with increasing salt concentration. The content of
K leached showed less variation with increasing
salt concentration in stress medium.

Sodium and

——fBdMal —s— N-BdMal

BN

o Cotent [FFM)

a 05 1 15
SaktOonc. (%)

stressed sugarcane calli
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: Sodium ion content in adapted and unadapted NaCl

and unadapted NaCl stressed

b)
e NAGNER Potassium content in adapted
(4Hrs) callus cultures

b |
E The leached Na content in

unadapted callus was found
more than that of leached
in adapted one. Retained
sodium content in unadapted
callus was more than that of
retained in adapted callus
up to 171.1 mM Nadl stress,

249



whereas for higher NacCl
concentration sodium retained
in adapted tissue was more
than sodium retained in
unadapted callus.

The sodium leached in both
adapted and unadapted callus
showed increasing trend with
increasing NaCl concentration

in stress medium.

The potassium leached in both
adapted and unadapted callus
did not exhibit any variation
with increasing NacCl
concentration. The same was
true for in case of potassium
retained in tissue. Potassium
retained in adapted callus was
observed to be higher than
retained in unadapted callus.
Inversely the potassium
leached in adapted callus was

lower than unadapted one.

Field Evaluation

The putatively tolerant
sugarcane clones were
hardened (Fig. 6) initially on
sand and soil rite and then the

BARG
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Fig. 6 : Hardening of in vitro selected salinity tolerant sugarcane
clones a & b - Initial stages in hardening; c- Hardening in Poly
bag containing potting mixture & d- Well hardened plant

Fig. 7 : Field evaluation of selected tolerant sugarcane clones

hardened plantlets were transferred to polybags filled Optimization of PCR conditions for RAPD analysis

with potting mixture. About 90% survival was observed
during initial hardening. The well hardened plants were
then transplanted to field for studying the field
performance of the clones (Fig. 7).

The optimization of PCR condition is of prime
importance in RAPD analysis of genetic variability.
Satisfactory results were not obtained following the

PCR conditions in earlier reports (Saif etal 2001) for

m Issue no. 273 October 2006
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sugarcane RAPD. The concentration of MgCl, affected
the number and intensity of bands. The MgdCl, (2.5 mM)
produced scorable RAPD banding pattern whereas the
concentrations below 2.5 mM produced faint bands or
no bands due to increase in stringency with decrease in
the concentration. Of the different concentrations of
genomic DNA tried (50, 100, 150 and 200 ng per 25ul
reaction mix), 150 ng was found optimum. The lower
DNA quantity yielded less intense bands, whereas the
higher concentrations added background effect. Tag DNA
polymerase (0.6U) resulted good amplification of
sugarcane genomic DNA as compared to 0.5 U. Of the
different primer annealing temperatures (35,36,37,38,39
and 40 °C) opted, 37 °C was found to be optimum.
Band number decreased above the annealing
temperature of 37°Cand no bands were observed above
399C. The OPH-3 and OPH-20 were used for the PCR
optimization. The same conditions (Table. 2) were found

optimum for other primers as well as DNA samples

T 8 % 10 11 11 1S

(a)

Fig. 8a: RAPD profile obtained with OPH-7

therefore followed as such in rest of the experiments.

RAPD analysis

The genetic variability among the in vitro
mutagenized and selected plants was analyzed
using RAPD molecular marker technique. Of the total
60 random decamer primers (OPH-A, OPH-C, OPH-D,
OPH-E, OPH-F and OPH-H) screened, the nine
decamer primers, those gave sufficient intense
bands were selected for RAPD analysis. A total of
72 RAPD bands were obtained. On an average
each primer produced 8 bands. The amplification
products ranged from 0.1 Kb to 2 Kb. The primer
OPH-05 (Fig. 8b) produced maximum 10 bands,
out of which three were polymorphic. The primer
OPH-09 produced five polymorphic bands from total
of nine bands. An interesting observation was
recorded in case of RAPD profile obtained from
primer OPH-07 (Fig. 8a).

M 1 3 4 8§46 7T 8 9 10 i3

(b)

Fig. 8b: RAPD profile obtained with OPH-5

M- Marker (A DNA/EcoRI & Hind llI); 1- SLT 171.1 (10 Gy); 2- SLT 171.1 (20 Gy); 3- SLT 42.8;
4- SLT 85.6; 5-SLT 128.3; 6- control; 7-10 Gy; 8- 20Gy; 9- 50 Gy; 10-DRT 0.625;
11-DRT 1.25; 12-DRT 2.5; and 13-DRT 3.75
An arrow indicates an intense non-parental band obtained among the selected drought tolerant lines.
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An intense non-parental band was obtained among the
selected drought tolerant lines. But the intensity of band
exhibited decreasing trend with increasing selection
pressure of PEG. The RAPD profile revealed genetic
polymorphism among the selected drought tolerant and
salt tolerant lines from the control plant. The data on the
presence or absence of bands from a particular primer
for all the control, salt and drought tolerant & irradiated
plants was used for similarity-based analysis and
Jacquard'’s similarity coefficient was calculated. The
genetic similarity between mother and regenerated

10 Gy irradiated callus on selection medium containing
171.1 mM NadCl (SLT 10 Gy) and regenerants from
20 Gy irradiated calli on selection medium containing
171.1 mM Nadl (SLT 20 Gy) into first group; regenerants
on selection medium containing NaCl 42.8 (SLT 42.8),
128.3 (SLT 128.3), 85.6 mM (SLT 85.6) and
PEG 3.75 mM (DRT 3.75) into second group; regenerants
from 10 Gy (10 Gy), 50 Gy (50 Gy) irradiated calli,
PEG 1.25 mM (DRT 1.25) and 2.50 mM (DRT 2.50)
into third group; control, regenerants from 20 Gy
irradiated callus (20 Gy) and plantlets selected on
selection medium containing PEG
0.625 mM (DRT 0.625) into fourth

a2 group. Interestingly, the

1 dendrogram also separated SLT,

: DRT and irradiated regenerants

_,:: horizontally into two groups

:1 suggesting that SLT regenerants

: completely delineated from others.

s SLT 171.1 (10 Gy) and

e SLT 171.1 (20 Gy) are placed

Coafficient

Fig. 9: Dendrogram showing genetic relationship between the
parent (control) and regenerants selected on salt (NaCl) & PEG

stress medium

1- SLT 171.1 (10 Gy); 2- SLT 171.1 (20 Gy); 3- SLT 42.8; 4- SLT 85.6;
5-SLT 128.3; 6- control; 7-10 Gy; 8- 20Gy; 9- 50 Gy; 10-DRT 0.625;
11-DRT 1.25; 12-DRT 2.5 and 13-DRT 3.75

plants was on an average 0.63. Plantlets selected on
0.625% PEG (DRT 0.625) had accumulated maximum
genetic changes to the control plant (0.69). The genetic
similarity between the control and salt & drought tolerant
lines ranged between 0.63 and 0.80.

Based on the dendrogram (Fig. 9), the regenerants (Fig.
3) were divided into four groups based on secondary

branching, which placed regenerants from

S

together depicting the high
similarity between them. The SLT
regenerants are placed away from
the control supporting the
polymorphism revealed by RAPD
profiles. This suggests that the
irradiated and salt stressed
regenerants are better for selection
of mutants. The DRT
placed close to the control depicting that these did not

regenerants are

accumulate much variation as compared SLT and
SLT Gy. The coefficient of similarity of 0.8 to
SLT 171.1 (10 Gy) and 0.63 to SLT 171.1 (20 Gy)
sugggest that regenerants have accumulated
much variation compared to other regenerants.
The value of 0.80 for SLT 171.1 (10 Gy)

regenerants is much similar to control when compared
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to others. The genetic distances of 0.63 to 0.8 suggest
that there is a genetic variation among these

regenerants at fine scale.

Discussion

Somaclonal variation occurs among the tissue culture
regenerated plants. Cellular and molecular mechanisms
behind the variations are mitotic irregularities leading to
chromosomal instability, occurrence of gene amplification
or deletion, gene inactivation or reactivation of silent
genes, transposition and somatic crossing over, DNA
methylation in case of epigenetic variation and point
mutations (Larkin and Scowcroft 1981; Muler et al
1990). In vitro mutagenesis can be useful if results in
additional effects with respects to mutation frequency
and mutation spectrum in combination with quicker
positive results and no effects on survival and fertility of
the treated cultures. Crop breeding programme can be
speeded up by combining the radiation technique with
in vitro culture methods (Maluszynski et al 1995). In
vitro mutagenesis has contributed to genetic
improvement in several crop plants such as pineapple
(Lepade et al, 1995), banana (Raop et al, 1995) and
grape (Kuksova et al, 1997).

Detection of variants is of immense importance in order
to utilize these in crop improvement. The variants may
have genetic or epigenetic basis therefore early detection
is of prime importance. It is rather difficult to detect the
genetic variation from morphological features. Among
the different molecular techniques, RAPD is widely used
to study the variation at DNA level among the variants
(Orapeza et al. 1995; Rout et al 1998; Soniya et al 2001;
Geisteira et al 2002 and Bennici et al 2003).

At stringent annealing conditions, even slight base
change at the primer-annealing site can result in
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presence or absence of RAPD bands. It is
therefore clear that in vitro mutagenesis and
tissue culture conditions have induced varied
amount of genetic changes among the selected
the salt and drought tolerant plants from irradiated
and non-irradiated callus cultures. The results from
the present study are in conformity with the study by
Saif et al (2001) on the detection of genetic
variation using RAPD technique among the irradiated
and salt stress (200mM NaCl) calli. Out of six
primers used only two primers enabled the
identification of polymorphism among variants of
sugarcane. RAPD profile showed the polymorphism
among irradiated 0-40 Gy and salt selected
(0, 100, 150 and 200mM NacCl) variants.
The present study on RAPD analysis of genetic
variation among the in vitro selected drought and
salinity tolerant from irradiated and non-irradiated
callus cultures suggest that the variation can be
detected at the stage of regeneration even before
hardening in the green house. The technique has proved
very sensitive for characterization of in vitro selected
salinity and drought tolerant plants in sugarcane. In
this study, dendrogram also separated SLT, DRT and
irradiated regenerants horizontally into two groups
suggesting that SLT regenerants completely
delineated from others. SLT 171.1 (10 Gy) and SLT 171.1
(20 Gy) are placed together depicting the high
similarity between them. The SLT regenerants
are placed away from the control supporting the
polymorphism revealed by RAPD profiles.
This suggests that the irradiated and salt
stressed regenerants are better for selection of
mutants. The DRT regenerants are placed close
to the control depicting that these did not accumulate
much variation as compared SLT and SLT Gy. Lee et al
(2002) could detect the radiation-induced variations
in sweet potato using RAPD technique. However the
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polymorphism could not be detected among regenerates

from the non-irradiated calli.

The application of molecular markers technique will prove
helpful to establish efficient system for selection in vitro
the abiotic stress tolerant clones through in vitro
mutagenesis. Mutagenesis through radiation in
combination with tissue culture technique seems suitable
for the improvement of vegetatively propagated crops
(Maluszynski et al, 1995; Lee et al, 2002). The present
study on RAPD analysis of genetic variation among the
in vitro selected drought and salinity tolerant from
irradiated and non-irradiated callus cultures suggest that
the variation can be detected at the stage of regeneration
even before hardening in the green house. The technique
has proved very sensitive for characterization of in vitro
selected salinity and drought tolerant plants in sugarcane.
The proper evaluation of these spontaneous and induced
variants against salinity and drought may prove highly
fruitful venture for its economic cultivation under the

stress conditions.

Conclusions

In vitro selection shortens the time consideably for
selection of desirable trait under selection pressure and
has been used for selection of abiotic stress. Somaclonal
variation in combination with in vitro mutagenesis can
be beneficial for isolation of salinity and drought tolerant
lines in a short duration employing in vitro selection.
Genetically stable somaclones, confirmed in field-testing
can be used in a crop improvemen program. The present
study on RAPD analysis of genetic variation among the
in vitro selected drought and salinity tolerant from
irradiated and non-irradiated callus cultures suggest that
the variation can be detected at the stage of regeneration

even before hardening in the green house.
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MEASUREMENT OF ATOMIC PARAMETERS OF
SAMARIUM USING TWO-COLOR LASER-INDUCED
FLUORESCENCE (LIF)

M L Shah, A K Pulhani, Vas Dev and B M Suri
Laser & Plasma Technology Division
Bhabha Atomic Research Centre

This poster paper was adjudged as one of the three Best posters at the National
Symposium on “Recent Trends in Fluorescence Spectroscopy and its Applications; held
at the Department of Physics, Kumaun University, Nainital during December 1-3, 2005

%ser Induced Photoionisation (LIP) and Laser Induced
Fluorescence (LIF) techniques have yielded rich
spectroscopic information for many elements’-2 In LIP,
atomic levels in energy region of interest are pumped by
multi-step excitation and detected by further
photoionisation. In LIF spectroscopy, the fluorescence is
collected from the high lying energy levels populated by
multi-step excitation. Recently we have identified several
new energy levels using these techniques®*

From our work in atomic samarium, it is

SA schematic diagram showing the experimental
set-up and details employed in the present work
can be found in A.K. Pulhani et al. 2005%* Photons
from the first-step dye laser at wavelength A, excite
the samarium atoms to some intermediate level
and photons from second-step dye laser at wavelength
A, excite them further to energy levels in the region of
interest as shown in Fig. 1. The first-step dye laser

3625752 cm*
noted that many energy levels observed by
one technique are not observed by other 605152 em
(and vice versa), which otherwise should Flubrescence Ry=SH1L4% mm
be detectable from spectroscopic : e ~
considerations®. In continuation of our
,=570,62 nm

work, we report here, the observation of
new high-lying even-parity excited levels of
samarium in the energy region 36051.52
cm™ t0 36257.52 cm™ and their proposed
total angular momentum (J) values. We also

148955 cm
1} cm

report second step excitation cross section
of two transitions by using saturation
method.

SR

Fig. 1: Excitation scheme
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wavelength was fixed by observing non-resonance
fluorescence signal from the first-step excited
level (19009.52 cm™ to 292 cm™) and the
wavelength (A,) of second-step dye laser was
scanned in its tuning range. Fluorescence light
emitted by samarium atoms was collected and
focused by a lens assembly to the entrance slit of
1/a - meter monochromator, which was used in a tunable
filter mode to cut off contributions from resonance
fluorescence at excitation wavelengths and laser
scattering from the windows. Output of monochromator
was coupled to photomultiplier tube (PMT) at its exit slit
for LIF signal, which was further processed by using
boxcar averager. Two-color LIF spectrum was recorded
as a function of tunable laser wavelength. Single-color
fluorescence spectrum of the second-step tuning laser
was recorded by blocking the first-step excitation laser
and it was used to distinguish between single-color and

two-color resonances produced by the tuning laser.
We have observed fifteen resonances by two-color
LIF and assigned J values to these levels as listed in
Table 1. We compared our observations with the
results reported earlier in the same energy region by
two-color three-photon ionization spectroscopy >

On comparison, we found four new resonances, which
were not observed in earlier reported two-color
three-photon ionization spectra >¢. We have already
established that fluorescence spectroscopy should be
used to identify new levels in complement to
two-color three-photon ionization spectroscopy >.
Thus we propose four new energy levels in the energy
region 36257.52 cm™ to 36051.52 cm™.

Cross section Measurement: Measurement of
photoexcitation cross-section from an excited state

Tablel: Observed two-color resonances and proposcd new even parity siates of Samariom
when first-step cxcitation Eser was fived at ST062 nm (148935 emc?! (J=3) — 19000.52 e’
{(J=2}) transition and the second-step excitation lnser was tuned from 577 nm to 587 nm.

Sr. Mo, O value Belative RBaported Reparted | Proposed Mew levels
fem™) infcnsity walue I and
fem™) T values

1 3n257.52 Simong F5257.64 3

2 JG24H 52 Meledium J5248.15 2

3 36224.52 Strong 36223.60 3

; 3621752 | Medium 36217.11 3

: 36201 52 Strong 36201.16 2

& 3618802 Strong EaLER =

7 36171.52 Weak Mew = Mew level, J=1-3
[ 668,52 Weak Mew - Mew level J=1-3
9 3616252 Strong 36162.03 3

1] An1 5852 Bleclivm Mew =

1 3613452 Strong 36133.72 3
12 3610552 Weak Mew = New level, J=1-3
13 3608652 Ndedium 608734 3
14 36057 52 Mefedinm IG05T.51 2
15 3605152 hfedinm Mew - Mew level, J=1-3
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Fig. 2: Saturation curve for 19009.52 cm™ -
36224.52 cm™ transitions

of the neutral atom is of great interest from view point
of both basic and applied research such as trace
analysis and laser isotope separation etc. We have
employed two-color LIF technique and saturation method
for the measurement of second-step photoexcitation
cross-sections of Sm’. The variation of two-color LIF signal
was studied as a function of second-step laser pulse
energy, keeping the first-step laser at saturation.
Observation of saturation is quite apparent as shown in
Fig.2, which is representative saturation curve for second
step transition 19009.52 cm™ -36224.52 cm™'. These
saturation curves provided the values of excitation
cross-section. The transitions for which cross section
values measured are 19009.52 cm™ — 36257.52 cm”’
and 19009.52 cm™ — 36224.52 cm™.
cross section of these transitions are 9.4x10"* cm?and

The values of

1.9x101* cm? respectively. These values are reported
for the first time, as there is no data reported earlier in
the literature for the second-step excitation

cross-sections.

We have identified four new even-parity energy levels of
Samarium and measured the values of second step

excited cross section of transitions 19009.52 cm™ —

= <.

36257.52 cm™ and 19009.52 cm™ — 36224.52 cm™,
which are reported for the first time.

Acknowledgement

Authors would like to thank Dr. L M Gantayet, Head,

LPTD, for his encouragement during this work.
References

1. Observation of new high lying odd levels of U (I) in
two color multi photon ionization spectrum, B M
Suri, K Dasgupta, P N Bajaj, K G Manohar et. al. ,
J. Opt. Soc. Am. B, J. Opt. Soc. Am. B 4,
1835-1836, 1987.

2. Laserspectroscopy of U (I) using stepwise excitation
and fluorescence detection, E Miron, R David, G
Erejet. al., J. Opt. Soc. Am. B 69, 256-264, 1979.

3. High-lying even-parity excited levels of atomic
samarium, A. K. Pulhani, M. L. Shah, Vas Dev and
B. M. Suri, J. Opt. Soc. Am. B 22, 1117 - 1122,
2005.

4. Two-color photoionization spectroscopy of uranium
in a U-Ne hollow cathode discharge tube, Vas Dey,
M. L. Shah, A. K. Pulhani and B. M. Suri, Applied
Physics B 80, 587 — 594, 2005

5. Investigations of new high-lying even-parity energy
levels of the samarium atom below its first ionization
limit, T. Jayasekharan, M.A. N. Rizviand G.L. Bhale,
J. Opt. Soc. Am.B, 17, 1607 - 1615 (2000).

6.  Observation of new even-parity states of Sm | by
resonance ionization mass spectrometry,
T. Jayasekharan, M.A. N. Rizvi and G.L. Bhale,
J. Opt. Soc. Am.B, 13, 641- 648 (1996).

7. Measurement of oscillator strengths in Uranium
using laser techniques, A Petit, R Avil, D L'Hermite
and A Pailloux, Physica Scripta, Vol. T 100,
114-119, 2002 and references there in.

Issue no. 273 October 2006



Htoareaat

BARC

HEWBILETTER

Issue no. 273 October 2006

ABOUT THE AUTHORS

Mr  Mukesh Lal
Shah joined Laser and
Plasma Tech. Division of
BARC, in 2000,
through 9" M. Tech.
batch (Orientation
Course for Engineering
Postgraduates) of
Training School. Prior
to that, he obtained
M.Sc. in Physics from Kumoun Univ. Nainital
and M Tech in Optoelectronics from G S Institute
of Tech. and Science, Indore. He has been
involved in laser spectroscopy of various materials
of interest. His other interests include
development of optical fiber based systems
for laser spectroscopy applications.

Dr. Vas Dev received
his M.Sc (Hons School)
degree in Physics
from Panjab University,
Chandigarh in 1982
and joined erstwhile
Multi  Disciplinary
Research Section of
BARC after graduating
from 26™ batch of training School.His work on
development of a frequency stabilized CO, laser
and studies on dynamic instabilities led to
completion of his Ph.D. degree from Bombay
Univ. in 1991. He was a visiting Scientist to
the University of Kaiserslautern, Germany
during 1996-98. His recent research interest
includes lasers and laser spectroscopy of
lanthanides and actinides. He has published
more than 40 research papers in various
national and international journals.

Mr. Anil Kumar Pulhani
obtained his Master’s
Degree in Chemistry
from Punjabi University,
Patiala. He joined
BARC through 35"
batch of training school.
Since then he s
working in the field
of laser spectroscopy of lanthanides and
actinides. His current interests include trace level
laser spectroscopy.

Dr. B. M. Suri
joined the erstwhile
Multi Disciplinary
Research Section,
BARC in 1975 after
completing one
year orientation
course in Physics.
Presently he is
Head of Applied
Spectroscopy
Section in Laser & Plasma Technology Division.
He has been involved in setting up Laser
spectroscopy laboratory and related research and
development. He was awarded Ph. D. by Bombay
University in 1985 for his work on optogalvanic
effect in uranium discharges. He was a visiting
scientist at the University of Mainz, Germany
1988-1990, where he was involved in pioneering
development of Resonance ionization laser ion
source for ultra-trace analysis applications.
His current interests include laser spectroscopy
and ultra-trace analysis. He has published
about eighty papers in various national and
international journals.

261



et

BARC

HEWBILETTER

FORMATION OF REDOX ACTIVE NANOSELENIUM ON
REACTIONS OF OXIDIZING FREE RADICALS WITH
SELENOUREA

Beena Mishra, K. Indira Priyadarsini and Hari Mohan
Radiation and Photochemistry Division
Bhabha Atomic Research Centre

P. A.Hassan
Chemistry Division
Bhabha Atomic Research Centre

This paper was adjudged as one of the Best Posters in the National
Symposium on Radiation & Photochemistry (NSRP-2005) held at University of
Karnatak, Dharwad, 17-19 January 2005

Abstract

Reaction of reactive oxygen and nitrogen species with selenourea were studied using different fast reaction

techniques. In all these cases elemental selenium were produced as one of the reaction product. The size of the

elemental selenium can be controlled to nanometer size by addition of bovine serum albumin or sodium

dodecyl sulphate (SDS). The particle size, determined by dynamic light scattering studies (DLS), was dependent

on the nature of the oxidant and on the amount of stabilizer. Nanoselenium separated from reactants by

dialysis showed redox activity. The studies provide a new strategy of developing selenium compounds and

modulating elemental selenium for therapeutic purpose.

Introduction

ﬁenium is an essential trace element for animals
and humans, being a constituent of redox active
enzymes like glutathione peroxidase, glycine
reductase etc'. Selenium compounds also exhibit
antioxidant and radioprotecting activity and are free radical
scavengers®®. Selenium compounds employed for
such studies are mostly in the oxidation states of +6,

+4 and -2; on the other hand there are only a
few reports on elemental selenium with zero
oxidation number (Se?). One of the reasons for these
limited studies are due to the notion that
colloidal selenium has very low bioavailability and
biological activity. Recently it has been reported
that particles of selenium stabilized to nanometer
size exhibit high biochemical activity and
have improved bioavailability’. There are both
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biological and chemical methods reported in
the literature. Here one such method for in situ generation
of nanoselenium by the oxidation of selenourea by
biological oxidants is presented. Selenourea is one of the
simplest of selenium compounds and has been shown
to exhibit radioprotecting ability®. Selenourea has been
tested in £. coli and was found to be non-toxicup to 0.1
M concentration®. Since oxidative processes (oxidative
stress) are associated with
most of the pathological
conditions and also
exposure to radiation,

oxidative transformation of

were determined by nanosecond pulse radiolysis, the
rate constants with H,O, was determined by
stopped-flow spectrometer and the rate constant for the
reaction of singlet oxygen with selenourea was
determined by following the change in the decay of
singlet oxygen emission at 1270 nm using TL80O transient

luminescence spectrometer. The bimolecular rate

constants for these reactions are listed in Table.1.

selenourea into elemental adicals it tﬁiﬂ-ﬁ.’ L
selenium of nanometer size B [T]]rm peroxide 13+00x 107 |63+3 0,19
(nanoselenium) can be s-lﬂlllﬁﬂﬂm 1604x 100 305170 0,14 1o 0.26

used alternatively for

modulating oxidative
stress to advantageous
therapeutic purposes. With
this objective, we studied
the oxidation of selenourea
by important biological
oxidants like "OH radicals,
hydrogen peroxide, singlet
oxygen to produce
nanoselenium. All these

species have been found to

be responsible for the
¥
induction of oxidative
stress and have been
implicated in pathological

conditions®.

The rate constants for the

Tmymen whem tmmier ) *
Il Oy gem miom ¥ Y /.
\>—Sn—o—ﬁ+ Seam—ps
Ny

o

s i
m>—s-—cr + @

m‘>:—80—m + ;!: e e LT

e g O
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HSeOH —= Se

+  HO
Mano particle

reactions of free radicals
like *OH and other
oxidizing radicals like N,*

Scheme 1:
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Formation of

elemental selenium
on oxidation of
selenourea

In all the experiments discussed
above, treatment of selenourea
solutions with any of the above
oxidants turned the solutions into
pink, which during the course of
time changed to a gray

precipitate. The possible

mechanistic processes leading to
the formation of selenium on
oxidation of selenourea by the
above oxidants is presented in
scheme 1. The initially formed
pink colored transparent solutions
could be stabilized for days with
the addition of proteins like BSA
or surfactants like SDS, as these
solutions are known to stabilize
selenium particles by forming either protein conjugates
or by the adsorption of surfactants on particle surface.

Characterization of the size of
elemental selenium

The size of the elemental selenium particles were
characterized by dynamic light scattering studies (DLS)°.
Hydroxyl radical reaction of aqueous selenourea in the
presence of oxygen produced Se nanoparticles that are
stabilized by the addition of SDS. Fig. 1(a) and 1(b) show
representative plots of the normalized intensity correlation
function (g%(1)-1) on irradiation of 50 mM and 200 mM
selenourea solutions respectively. The shift of the
correlation function to higher times with increase in
selenourea concentration is an indication of increase in

the relaxation time, which in turn reflects the increase in

R

Fig. 1 : Variation of normalized intensity correlation function (g? (1)-1)
with time for Se nanoparticles prepared by OH radical reaction with
different concentration of selenourea (a = [50 pM], b = [200 pM]).
The solid lines are fitted to the data by the method of cumulants.
The inset shows size distribution of Se nanoparticles at different
concentration of BSA (c= [0 uM], d = [10 pM],
e = [100 pM], f = [200 pM])

the average size of Se nanoparticles.

The solid lines in Figs. 1(a) and 1(b) show the fit
to the measured data using cumulants and the
corresponding average hydrodynamic diameter
increased with selenourea concentration, from
37 nm at 50 mM selenourea to a value of 52 nm
at 200 mM selenourea. The size distribution is
monomodal in nature with relatively small polydispersity
(polydispersity index (P.I) < 0). The size distribution is
practically unaffected with changes in absorbed
dose of 65 Gy to 325 Gy or hydroxyl radical
concentrations. In the absence of any stabilizer, oxidation
by H,0, produced highly polydisperse and larger particles
of Se with average size of ~ 325 nm (Fig.1c) while the
presence of stabilizers such as SDS or BSA decreased
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the particle size to — 100 nm.

The size distribution depends very much on the
concentration of H,0,, and stabilizers. In the
presence of BSA, the size distribution is bimodal
in nature with a major peak centered at around 100 nm
and a minor distribution at around 10 nm. Fig.1c, 1d,
1e and 1f show the size distribution in the
absence and in presence of 10, 100 and 200 mM
BSA respectively. The intensity of the minor peak
H,O, or BSA

peak positions

increased with increase in

concentrations while the
remained approximately the same, indicating no

significant change in the average size with BSA.

with
selenourea produced Se particles ranging in

Similarly, singlet oxygen reactions
size from 20 to 170 nm in presence of SDS and
the size varied with the initial singlet oxygen

yield and the particles are highly polydisperse (Table 1).

The results listed in Table 1 suggest that oxidants
with high rate constant produce smaller particles
with low polydispersity. However this alone does
not explain the size variation, probably other factors
like reactivity, which is a product of rate constant
and concentrations of the reactants and mode of
initial electron transfer may also play an important
role in determining the size and polydispersity of
the particles. It is known that hydroxyl radicals react by
electron transfer with selenourea; however
the mechanism of reaction of other oxidants is
not known. H,O, is a mild oxidant and can
cause both one and two electron reactions®.
Singlet oxygen adds to double bonds by forming
hydroperoxides, which eventually lead to formation of
free radicals®. Hence it may not be possible to bring
direct correlation between the size and the

Issue no. 273 October 2006
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initial rate constant.
Redox reactions of nanoselenium

The above solutions of nanoselenium were examined
for their ability to participate in redox reactions with free
radicals and molecular systems. For this, elemental
selenium particles were generated by the reaction of H,0,
with selenourea, and the solutions were subjected to
dialysis for 98 hours, so that the initial reactants do not
interfere in these studies. The concentration of the
selenium was determined by fluorimetric analysis using
1,2-diamino naphthalene. For the oxidation studies of
nanoselenium, DCFA was employed. This compound is
used as a marker for oxidative status in cells. For these
studies, nano selenium solutions [~4 mg/ml] were mixed
with DCFA solutions under neutral conditions and after
about 3 hours, the solutions were excited at 502 nm
and the fluorescence at 527 nm due to DCF was
monitored. Under such conditions, DCFA undergoes slow
hydrolysis and the hydrolyzed sample is oxidized by
nanoselenium. Asignificant increase in the fluorescence
in presence of nano selenium was observed indicating
that it was able to oxidize dichlorodihydrofluorescein.
Effect of particle size on oxidizing power of nanoselenium
was also tested. For this, selenium particles of size 37 —
105 nm were mixed with DCFA solutions and the results
showed that smaller the size of nanoselenium, larger is
the fluorescence intensity at a given time. This result
confirms that the oxidizing power of nanoselenium

depends on the size of the nanoparticle.

We also studied the reaction of nanoselenium with
ABTS"" radicals, which in presence of compounds
capable of donating electrons, is reduced to a colorless
form. Reaction with ABTS™ radicals was monitored
by following the absorbance changes at 645 nm

region in presence of nanoselenium as a function of time.
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The results suggest that the decay of ABTS™ radicals
increased with decreasing particle size. This confirms that
smaller size nanoparticle is able to reduce ABTS* more
efficiently than the larger ones. In the above experiments,
since the concentration of selenium is constant for a
given reaction, the size dependency may either be due
to change in number density of the particle or due to
surface area. If the number density is responsible for
this, one would expect a linear variation in these above
activities with 1/r® and if it is due to the surface area,
linearity should be observed with 1/r, where ris the radius
of the particle. The above data show nearly linear variation
with the inverse of particle radius, suggesting that the
parameter correlating the redox reactivity is proportional
to the total surface area of the particles. Thus, our results
suggest that small size nanoselenium has greater potential

to transfer electrons to radicals and other redox systems.

Conclusions

From the above results it can be concluded that
selenourea reacts with a number of oxidants to produce
elemental selenium. The selenium particles could be
stabilized to nanometer size with the addition of BSA or
SDS. The formation and characteristic size of the nano
selenium depends mainly on the amount of selenourea
undergoing oxidation and also on the type of oxidant
and the amount of stabilizer. The stabilized selenium
particles showed redox properties and participate in free
radical and electron transfer reactions. Under cellular
systems, due to the presence of large amount of proteins
and other biomolecules, it is possible that much smaller

size particles are produced under in vivo conditions.

T
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Abstract

One electron reduction of Pyrroloquinoline quinone (PQQ) was studied using pulse radiolysis

technique. Reactions of hydrated electron, H atom, ()% radical and superoxide radicals produced very

similar transient species. The radicals did not show decay in few milliseconds. The one-electron

reduction potential of PQQ was determined at pH 7 using both methyl viologen and benzyl viologen
couples and was found to be 0.36 + 0.03 vs NHE.

Introduction

@yrroloquinoline quinone (PQQ) is a redox coenzyme
[1], chemically it is known as 2, 7, 9-tricarboxyl-1H-
pyrrolo [2, 3-f] quinoline-4, 5-dione. Though
it is not synthesized in mammals, it occurs in
several bacterial enzymes [2]. Trace level of
PQQ has been found in human and rat tissues [2]. PQQ
serves as a cofactor for a number of enzymes
(quinoproteins) and particularly for some bacterial
dehydrogenases [3]. Its unique redox cycling reaction

= «<ETe

reflects striking biological properties [4]. The potential
physiological role of PQQ in animals is not clear but it
shows antioxidant activity by scavenging superoxide and
hydroxyl radicals very efficiently and has the ability to
inhibits lipid peroxidation [2,5]. On the other hand it
acts as a pro-oxidant by producing hydrogen peroxide as
an end product of PQQ redox cycling. In the redox process
PQQ acts as an electron accepter [2]. There are several
reports describing the electrochemical properties of
PQQ including potentiometric titration and
cyclic voltammetry study [6]. The electrochemical

Issue no. 273 October 2006
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Scheme 1

processes of PQQ may be reversible or irreversible
depending on the nature of electrode used. Even the
reversibility, in some cases depends on the pH of the
solution. Pulse radiolysis is the best suited for studying
such one-electron transfer processes accurately and has
been proved to useful for estimation of one-electron
reduction potential. In this paper we have discussed the
one electron reduced product of PQQ by employing the
pulse radiolysis technique.

Experimental

PQQ, methyl viologen, benzyl viologen were purchased
from Sigma/Aldrich Chemicals, USA and used without
any further purification. All other reagents used were of
the highest purity available. Nanopure water from Milipore
system was used for preparing the solutions and freshly
prepared solutions were used for each experiment. 7 MeV
linear electron accelerator of 50 ns pulse width was used
for irradiation [7]. The absorbed dose was measured

Issue no. 273 October 2006

using thiocyanate dosimeter [8]. Typical
dose/pulse used for these studies varied
from 10 to 12 Gy.

Radiolysis of water [5] produces &, , H
and *OH radicals in addition to the molecular
products H,, H,0,, H,0*.
T.¢

HO W 0K, e H
E;. reaction can be studied by
scavenging *OH radical by adding 0.3 M t-
butanol under N,-saturated condition.

(CH, ,COH+"OH —(CH, ),C"H.OH + H,0

CO7 radical is produced from 0.1 M
HCOONa under N,O-saturated condition."OH
and H®react with formate ion to produce Cﬂz-'

HCOO +°0H | H* — (O + H,0/ H,

O radical has been produced by reaction of oxygen
with CDE-'

COE™ + 0, — OO, + 0
Results and Discussion

Ground state optical absorption spectrum of PQQ
(3.63x10° M) in aqueous solutions exhibits absorption
spectrum from 200 to 650 nm. PQQ has sharp and strong
absorption at 248 nm, with a shoulder at 270 nm. It
also shows a broad absorption at 330nm and 485 nm.
The ground state pK_ values are 0.30, 1.60, 2.20, 3.30,
10.30. [9]
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Fig. 1: Ground state optical absorption spectrum
aqueous solutions of PQQ (3.63x10° M)

Reaction of reducing radical with
PQQ

Pulse radiolysis of PQQ (3.63x10° M) was carried out
with €, . The decay kinetics of €,, at 700 nm was
found to increase in presence of PQQ, and the
bimolecular rate constant for the reaction of PQQ with
E;. was determined by following the decay of the
transient absorption of €, at 700 nm and from the
slope of the linear plot, the rate constant was estimated
to be 1.81x10'°M's". The transient obtained from the
reaction of E;. with PQQ shows absorption maxima at
330 nm and a broad band between 400 and 450 nm.
Time resolved studies at 8 ms and 40ms after the pulse
showed that the intensity of 450 nm band remained
unchanged, where as that of 400 nm band increases.

H atom reaction with PQQ at pH 1 under N, saturated
condition shows almost similar type of transient
absorption, where the 330 nm band was not observed.
To get more details specific one electron reductant such
as CD;' was used to follow the transient behavior.

PQQ (5.08x10° M) reacts with CDE- producing the
transient having absorption band at 380 nm and small
broad band with absorption maxima at 450 nm.

258

]

AfAbsorbance x 10°
2

D':'u a

EGGEDuL“D

Uono
280

5 400 450
Wavelength (nm}

Fig. 2 : Transient absorption spectrum of PQQ in
presence of 0.1 M HCOONa under N,O
(spectrum -a) and 1:1 N,O and O, (v/v)

saturated condition (spectrum -b).

PQQ reacts with D;' forming a transient, which absorbs
at 330 and 380 nm [5]. Superoxide radical can act as an
oxidizing or reducing radical depending upon the
condition. As the spectrum of the transient formed by
the superoxide radical matches well with the spectra
obtained from the E;. or Hatom. Thus superoxide reacts
with PQQ (5.08x10° M) through reduction mechanism.
The bimolecular rate constant of the reaction was
measured from the formation kinetics at 380 nm and
the typical value was 2.3x108 M's™".

One-electron reduction potential of
PQQ at pH 7.0

Methyl viologen as a reference couple

The decay of radical cation of methyl viologen
(600 nm) was affected on addition of low concentrations

Issue no. 273 October 2006
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of PQQ. These studies suggest the existence of following

equilibrium reaction.

PQQ + MV'* PQQ*" + MV*

If this reversible electron transfer exists in equilibrium
the observed first order rate constant (k ) under the
condition of reversibility is given by following relationship.

kops = ke [PQQ]+ kh[MVI+]

wherek.and k, are forward and backward rate constants.
Rearranging this equation we get

ks o [ [PQQI
[MV“] - kf[[M 2+]]+ kb

The (k ,.) was determined on monitoring the decay of
MV* at 600 nm at different concentrations of MV?*
(1010 10° M) and PQQ (10> to 10° M) in presence of
0.1 M formate. The plot of k  /[MV?*] as a function of

'ﬁ- T IG <}
0
0
t o
C
%Il o 2
= Lo
i
na -U
88 01 82 83 a4 s
[PaayMv™]

Fig. 3 : Plot of k , /IMV+?] vs [PQQJ/[MV+?]
obtained on pulse radiolysis of N,O-saturated
aqueous solution of HCOONa (0.1 M) and
different concentration of MV+? and PQQ.

Issue no. 273 October 2006

([PQQYIMV2]) (Fig. 3) gave a straight line with slope/
intercept value of 79.76 corresponding to the equilibrium
constant K (k/k,).

The equilibrium constant and the potential of a system
are related through the following Nernst's equation.

AG=-n F AE=-RT In K

where AG is the free energy change, AE is the difference
in the electrode potential of the two couples involved, F
is the Faraday constant and n is the number of electrons
transferred in the reaction.

AE = 0.059 log (79.76) =0.11
The standard reduction potential of MV?*/ MV * is -0.45

Vvs NHE [10]. So the reduction potential of the couple
PQQ/ PQQ~is —0.34 V vs NHE at pH 7.

Benzyl viologen as a reference couple
The decay of radical cation of benzyl viologen (600 nm)
was affected on addition of low concentrations of PQQ.

These studies suggest the existence of following

equilibrium reaction.

paa + Bv "

PQQ" + BV2Y =—=

If this reversible electron transfer exists in equilibrium
the observed first order rate constant (k ) under the
condition of reversibility is given by following relationship.

kgt = ke[ BV ]+ ky[PQQ]

where k, and k_  are forward and backward
rate constants. Rearranging this equation we get

e
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Fig. 4: Plot of k_, /[PQQ] vs [BV*?]/ [PQQ]
obtained on pulse radiolysis of N,O-saturated
aqueous solution of HCOONa (0.1 M) and
different concentration of BV*2 and PQQ.

The (k
decay of BV'* at 600 nm at different concentrations of

BV2+ (10> M) and PQQ (10> M) in presence of
0.1 M formate. The plot of k , /[PQQ] as a function of
(IBVZ/[PQQ]]) (Fig.4) gave a straight line with slope/
intercept value of 1.684 corresponding to the equilibrium
constant K (k/k,).

) was determined on monitoring the

obs

AE= = 0.059 log (1.984) =0.013

The standard reduction potential of BV?*/ BV™* is
-0.374 V vs NHE [10]. So the reduction potential of the
couple PQQ/ PQQ*- is =0.387 V vs NHE at pH 7. The
average one electron reduction potential of PQQ/PQQ °-
was determined to be —0.36 = 0.03 V vs NHE at pH 7.

Conclusions
PQQ undergoes one-electron reduction very easily.
It reacts with reducing radicals like hydrated electron, H

atom, CD;' radicals including superoxide radicals. The
one-electron reduced species shows absorption spectrum
at 300 to 500 nm region. The rate constants for these
reactions are very high and show very effective reduction.
The one-electron reduction potential of PQQ is-0.36 =
0.03 V vs NHE and this value matches closely with that
determined by cyclic voltammetry. As PQQ acts as
coenzyme, this reduction potential will help to
understand the mechanism for different enzyme activity.
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Abstract

&Nij is used as an ionization source in electron capture detector of Gas Chromatography. Different firms currently
use such sources with a few tens of MBq activity, uniformly deposited on different size and shapes of metals.
ECIL, Hyderabad, requested for ©Ni beta ionization source of ~370 MBq (~10 mCi) on a delicate custom made
holder, which was successfully carried out by us by electrodeposition method. This paper describes the fabrica-
tion of such ©Ni custom-made source (exclusively coated on inner curved area of up to ~3.2 sq.cm. on Nickel
alloy metal) in detail.

Introduction Electrodeposition is the most suitable technique

for such preparations as thin films on prescribed

dimensions, to achieve well-adhered deposit.

63@% a pure beta emitter with half life of 100
years and E;  0.067 MeV is used as low
energy beta ionization source!'l. B particles
from Ni source produce ionization resulting
in a steady currentin a stream of pure argon.
When any other gas with a higher electron
capture enters the chamber, the change in

the current enables detection of the type and

amount of the gas (Fig. 1) . A request
was received from M/s Electronics

Corporation of India Limited, Hyderabad
for a ®Ni source of ~370 MBq (10mdCi)
strength, in the form of a Nickel ring for use Fig. 1 : lonization source set-up
in Gas Chromatography equipment.
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Materials and Method

63N]| I [ ®
Ni was Procured from M/s Ame.rsharr? Blotec-h Omm Ni A“ﬂ}’
Pharmacia, UK. All other chemicals like Boric . ring
Acid, Nickel Chloride and Ethyl alcohol were of hi
AR grad.eand procur?d from SD_ Fine C.hemicals, ' 63Nj coat
Mumbai / BDH (India). The Nickel ring to be
coated with ®Ni was provided by ECIL, 10.2mm
Hyderabad (Fig. 2). :
A special cell was designed and used to mount —— 120 mm—"
Ni alloy ring holder. The Ni alloy holder was
mounted suitably in between two thin rubber
sheets and pressed tightly with butterfly screws Fig. 2 : Nickel ring
ensuring no leakage of electrolyte (Fig.3).
Pt.TUBE ANODE
(AmmBx8mmlL,0D)
TOP PLATE

C. S KSCREW, !

NUT & |

WING NUT i

7%
|— SOURCE HOLDER
GRIPPER
BASE PLATE L SOURCE HOLDER

L WASHER

Fig. 3 : Electrodeposition cell assembly
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Based on previous™ experience with preparing electro
deposited %Ni sources, the following procedure was
adapted. ~370 MBq (~10 mdCi) of
deposited uniformly and accurately only in the inner

BNi was to be

curved portion of annular Ni Alloy ring holder of
12 mm diameter X 10 mm height with an inner diameter
of 10.2 mm ID. The electrolyte (pH of 2-2.5) was
composed of Boric acid (30 g/L), ~370 MBq
(~10 mdi) ®*Ni as Nickel Chloride with a specific
activity of 6.1 mCi/mg in a total volume of 0.8 ml.
The electro-deposition was carried out for 4 hours
maintaining electrolyte volume of 0.8ml, by addition of
electrolyte (free from Ni carrier) occasionally to
compensate for the loss of electrolyte volume. The source
activity was assayed by drawing suitable electrolyte
aliquots, before and after the electro-deposition. These
samples were counted in the Liquid Scintillation Counter.
At the end of electro-deposition, the source was washed
with DDW, alcohol and dried. The electrodeposited ¢Ni
source was heated to ~500°C to convert Ni to Nickel
oxide and cooled. The source was then subjected to leach
test for the adherence compliance quality in accordance
with AERB standards.™

The net electrolyte reaction is

2Ni " +2H,0=> 2Ni +4H" +0, (,=-0.25V)

Results

At the end of 4 hour electro-deposition, > 90% ®Ni
could be deposited. The leach test results indicated that
< 0.01% of activity leached out, which was well within
the permissible levels.

Conclusion

The electro deposition described is a very safe and reliable
procedure to coat ®Ni on any flexible dimensions of
custom source holders. The specially developed
electrodepositing cell set-up is useful for plating on such
small annular space area of the rings. Such sources are
regularly supplied to various users on commercial basis
through BRIT/DAE.
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Abstract

In poultry processing industry, viscera accounts for nearly 30% of the byproducts. It contains 10-13% proteins,

24-27% lipids and possesses 32—64% of the total proteolytic enzymes. A rapid method based on the

degradation of tissue proteins by endogenous enzymes has been developed in our laboratory to retrieve

80-90% of the tissue proteins in the form of protein hydrolysates from poultry viscera (Bioresource Technol.
96 [1276-1284], 2005). The efficacy of this method is now evaluated in tissues hygienised by gamma radiation.
Exposure to 5 to 10 kGy reduced the microbial load of poultry viscera by 4 to 6-log cycles while 20 kGy extended

the shelf life to more than 60 days. Irradiation did not affect the activities of aminopeptidases, dipeptidy!

peptidases and alkaline proteases while it inactivated aspartic protease only marginally. Consequently, the

degradation of proteins by tissue autolysis was also unaffected by radiation processing. Thus, ionizing radiation

could be used to extend the shelf life of poultry viscera, which in turn, could significantly

reduce the cost of protein hydrolysate production.

Introduction

@)ultw industry is flourishing globally with nearly
6.8 x 107 tonnes being processed every year (FAO statistics,
2005). It produces large quantities of organic by- products
including the viscera, blood, feet, head and feathers
(Ockeraman and Hansen, 2000); the utilization and
disposal of which pose increasing challenges. The viscera,
which constitutes nearly 30% of the total wastes, is rich
in proteins and proteolytic enzymes (Jamdar et al 2005).
It is estimated that in India, more than 1,44,000 tonnes
of poultry viscera are produced annually in organized

sector alone. In the absence of suitable methods for the
preservation and retrieval of nutrients, major portion of
this by-product is being discarded resulting in
environmental pollution (Fransen et al 1996) and loss
of valuable nutrients (Rao et al 1996). We have
developed a cost effective process based on tissue
autolysis for the retrieval of intestinal proteins in the
form of high quality protein hydrolyzates. One of the
major constraints in this process is the high microbial
load in viscera, which rapidly putrefy the tissue during
handling and storage. The widely used methods such
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as heat sterilization (Giri et al 2000, Nengas et al, 1999),
acid stabilization (Cai et al 1995) and fermentation
(Kherrati et al, 1998; Rao et al, 1996) are not suited to
our scheme of protein retrieval, because of inactivation
of tissue proteases (Jamadar et al 2004) and inadequate
decontamination (Haapapuro et al, 1997). Thus, the need
for a suitable method, which ensures decontamination
of poultry viscera without the inactivation of proteases,
has been felt.

In this context, application of gamma irradiation, which
is recognized as an environment friendly cold
sterilization process with least physical and chemical
changes to food constituents, (Molins, 2001; Durante,
2002) holds promise. Tissue enzymes are relatively
resistant to gamma radiation while microorganisms
are highly susceptible. In the present paper, we report
the status of protein degradation by endogenous
proteases in radiation hygienized poultry viscera.

Methods

Poultry viscera, brought from local market were washed
in tap water, blotted, weighed, sealed in polyethylene
bags (15 cm x 20 cm) and exposed to different doses of
gamma radiation (5kGy, 10 kGy and 20 kGy) in a package
%Co y-irradiator (dose rate 46 Gy/min) at ambient (26°C)

temperature. The samples were stored at 4°C or 26°C.

Total aerobic bacteria, coliform bacteria and yeast and
moulds were determined (BAM Online). The tissue
samples were analyzed for protein, fat, moisture
and ash according to AOAC method (1984). Lipid
peroxidation was monitored in terms of thiobarbituric
acid (TBA) values. (Alur et al 1995). The tissue
autolysis was carried out at pH 2.8 and 60°C and the
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levels of TCA (10%) soluble peptides at different time
intervals were estimated by Miller's method. Total VVolatile
Basic Nitrogen (TVBN) was determined according to
Farber and Ferro (1956).

Activities of aspartic protease, aminopeptidases were
determined according to Jamdar and Harikumar (2005).
Activity of alkaline proteases was determined as per
method described by Thakore and Harikumar (1995).

Results and Discussion

Data presented in Table 1 shows the influence of
gamma radiation on microbial population of chicken
intestine during storage. A dose of 5 kGy extended the
shelf life for 5 and 10 days at 26°C and 4°C respectively.
The corresponding values for 10 kGy were 10 and
20 days. A dose of 5-10 kGy, which reduced the total
viable count of bacteria, yeast and moulds by 4 to 5
log,, units was sufficient to eliminate coliforms
completely (<1 CFU/g tissue), while 20 kGy rendered
the samples sterile. Similar degree of kill by ionizing
radiation has been observed by Borrely et al. (1998) who
showed that ionizing radiation at 3kGy could reduce the
count in raw sewage by 5 log,, units. The efficacy of
gamma radiation to eliminate both vegetative as well as
spore forms of microorganisms from flesh foods have
been demonstrated by many investigators (Molins, 2001;
Farkas, 1998). Significantly, total count in irradiated
samples (5 kGy and 10 kGy) even after storage for
10-20 days at 4°C (Table 1) remained 3-4 log cycle lower
than that in unirradiated control (1.094 x 107 CFU/g).
No significant organoleptic degeneration was also
discernible for these samples. This, along with the
observation that low dose of ionizing radiation do not

inactivate tissue proteases (Jamdar and Harikumar,
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Table 1. Microbial Population of irradiated poultry viscera during storage'

Sample SLormge
i Sranistbeal
(Days) Log. CFUNg Significance
; Total -
Total bacieria Yenat and Maoukd Coilifem Temp brr
44 26°C (RS 2670
Linirradinted ] T4 T4 T.0 7.0 6.9
ik EX EX 7 2.7 N aas
5 kly 3 4.2 33 32 4.0 MDD Amey
Hll.
1] 4.7 MA ER') Ma MO
SEM 2 n22 o1% 020
L] LT [ 1.2 1.2 M .
110 ke 3 ] 16 ] 0 I NS
T 5 54 P FE] O —r
L 13 WA 34 MA M
SEM nlr IRE] 0.1z 0.1%

"In samples exposed to 20 kGy the total bacteria, coliform, yeast and mould were <1 CFU/10g

throughout the period of storage.
SEM for coliform count in unirradiated sample was 0.20
NA: Not analysed as the sample was organoleptically spoiled; NS: Not significant; ND: Not detected
Significance *** P< 0.001; ** P< 0.01; A**: significance for total bacterial count; B***: significance
for total yeast and Mould count

2002), suggest that irradiation (5 kGy and 10 kGy)
combined with storage at 4°C could be effectively
employed for extending the shelf life of poultry viscera.

The biochemical changes induced by microbial
proliferation as well as gamma radiation are monitored
in terms of known parameters such as TVBN and TBA
values (Table 2) (Alur et al. 1995). The levels of TVBN
increased eight fold within 18h in unirradiated
samples at ambient temperature while irradiated sample
showed similar increase only after 62 days. The increase
in TVBN value in unirradiated sample stored at 26°C

«<THue

indicates microbial spoilage (Alur et al. 1995), while
that in irradiated samples (20 kGy) could be
attributed to production of non-protein nitrogen by
autolytic degradation of proteins followed by
decarboxylation and deamination. As expected, the
TVBN values were lower in samples stored at 4°C,
which could be ascribed to inhibition of bacterial
proliferation and retarded activity of hydrolytic enzymes.
One of the important parameters that has to be
reckoned with in radiation hygienization of flesh
foods, is lipid peroxidation. TBA values in unirradiated
samples were 2.0 to 2.5 times lower than the
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Table 2 Biochemical changes in poultry viscera
during post irradiation (20 kGy) storage
Stioruge TVEBMN TRA
Dhays (o'l thssae) 3 kg tissme
Unirradintex] Irmndinted Ulnirrndiabed Irrndinted
40 2650 | 4°C | 26°C | 4°%C | 2650 4% 2670
[t 1.3% 3% | L5 | 5 | 35 ER Gt G
1 1.5= et |05 | T | 3gt o 0 T B2
2 067 M 05 | 08" | 36" NA 9,0¥ 947
> .67 MA 0.5 | l.1* | 37" MNA 1]r | 120
10 NA | NA [ 06" | 14 | MA | MA | 1327 | 13.3
20 HA M LR 1. A HA 153 17.1*
62 MNA Ha 1.3 P Al MHA £ B g.2r
BEM 002 | 008 (008 [ 0z [ o006 | oo | 065 | 06
Signiflcanece T fure AT+ NS
of effect [rradiaticn ME | (Sl

NA: not analyzed, organoleptically spoiled (Unirradiated 1 day sample at 26°C was spoiled but
analyzed to know the level in spoiled sample)

Significance: ""P< 0.01; “P< 0.02; ‘P< 0.05; *? means within column with different superscript differ
significantly (P< 0.05)

A** significance on days 1 and 2; B*** Significance on days 5, 10, 20 and 62; NS: Not significant
Values are means of three independent experiments.

Aspartic profeass Lo w3n.0
Aldleslime protesses L0286 [ FL%
Cathepain K w0 [
Ansnnpapticlaces

Argindme ai b pidases [ hE ] AMA
Clveine amdmepeplidases 1.2 ik
Valine aminapeptidazes 2407 KT
Alanine aminopeplidases T334 1L T
Tryptophan aminopepridases TeL 7 EET
Axparti imm pee petiel a1 Ex0
Serime ammd mipeithd nses IL Lo&.2
Tyrosime mnsimespepidases 1L71Z.% 16584
Proline aminopeptidases 12Z.% i H
Histiline aminopeptid ases A 4453
Plenylalandne oo pe prideses TG 1RER
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corresponding irradiated samples throughout
the storage period. The tissue showed significant
increase in TBA levels immediately after
irradiation as well as during storage (2.2 and 2.5
fold during 20 days at 4°C and 26°C). Increase
in lipid peroxidation, though to a limited
extent (1.3 fold) was also observed in
unirradiated samples during storage which
could be predominantly due to atmospheric
oxygen, while an additional participation of
radiation induced free radicals could explain the
enhanced peroxidation in irradiated samples
(Al-kahtani et al. 1996; Hampson et al. 1996).
Our observation that TBA values diminished
by 45% on prolonged storage (62 days),
is in conformity with earlier reports of Auburg et
al (1993), showing decreased levels of TBA
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Table 4: Effect of irradiation on tissue autolysis

TCA soluble peplides (pmolesg)
Time Control Irradiated
{h)
0 16.50 18.55
.25 4610 42 50
% 50,35 54,15
1 6450 65,75
E 075 T3.50
3 7775 TB.75
) 8375 BE.00
] 80,00 G187
during post irradiation storage. Data on the levels of References
aspartic protease, cathepsin B, alkaline proteases, and
aminopeptidases are presented in Table 3. Exposure to a 1. Al-Kahtani, H.A., Abu-Tarboush, H.M., Bajaber,
dose of 20 kGy resulted in 3%, 20%, 12%, 8% and AS., Atia, H., Abou-Arab, A.A., El-Mojaddidi,
14.1% loss in activity of aspartic protease, alkaline M.A., 1996. Chemical changes after irradiation and
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Abstract

Protein hydrolysates are economically important value added products in the food industry. Hydrolysis of food

proteins is practiced for the improvement of nutritional characteristics, retarding deterioration, removal of toxic or

inhibitory ingredients and modification of functional properties such as solubility, emulsification, foaming. Treatment

with exopeptidases is often adopted to improve the consumer acceptability and functional properties of protein

hydrolysates. Organoleptic acceptability of casein and soybean protein hydrolysates increased after hydrolysis with

chicken intestinal aminopeptidases leading to marked reduction in the bitterness scores (4.3 to 2.5 and 3.8 to 2.5

respectively). Treatment with aminopeptidase did not affect the functional properties of the products. Highly purified

as well as partially purified (isolated mucosa) enzyme systems could be successfully used for modification of protein

hydrolysates. The commercial significance of chicken intestinal aminopeptidases for improving the acceptability of

protein hydrolysates is discussed.

Introduction

%rolysis of food proteins is widely employed for

value addition through improvement of nutritional
characteristics, retarding deterioration, improvement of
functional properties and removal of toxic or inhibitory
ingredients (Clemente, 2000). Protein hydrolysates form
important ingredient of medical diets for various ailments
and are gaining acceptance as components of sports as
well as weight control diets. One of the attributes that
reduces the consumer acceptance of protein hydrolysates
is the bitterness caused by the presence of low molecular
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weight (>10 kDa) peptides containing pro, leu,
tyr, phe, ala etc in specific combinations (Saha
and Hayashi, 2001).

Methods such as solvent extraction (Lalasidis and
Sjoberg, 1978), adsorption onto matrices (Lin etal. 1997)
and treatment with exopeptidases (Raksakulthai
and Haard, 2003) have been employed for the
debittering of protein hydrolysates.the processes
based on the removal of bitter peptides render the
hydrophobic amino acids unavailable in the final
product leading to nutritional imbalance (Saha
and Hayashi, 2001). Enzymatic debittering, though
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considered technologically and nutritionally superior,
possess limitations such as lack of economic viability
and availability of broad specificity enzymes. In this
context we have identified, chicken intestine, a poultry
processing waste, as a rich and viable source of potential
enzymes (Jamdar and Harikumar, 2005; Jamadar et al.
2003). In the present paper, we report an inexpensive
immobilization system for debittering protein

hydrolysates using chicken intestinal exopeptidases.
Materials and Methods

Materials

The naphthylamine derivatives of L-arginine, L-alanine,
L-leucine, L-tyrosine, L-phenylalanine, L-tryptophan,
PCMB, Brij-35, Fast Garnet GBC sulfate salt, cysteine,
trypsin, Picryl sulfonic acid (TNBS), amino acid standard,
o-phthaldehyde were purchased from Sigma chemicals

St. louis.

Methods

All the experiments were carried out at 4 °C unless

mentioned otherwise.

Separation of Mucosa : Chicken intestine was brought
in ice from local abattoir soon after slaughter and freed
of accompanying organs such as spleen and pancreas
along with the overlaying layer of fat and other connective
tissue. The undigested food and faecal matter were
flushed out with tap water. The intestines were cut
longitudinally; mucosa was scraped out, packed in
polythene bags and irradiated (20 kGy) in Gamma Cell
(AECL, Canada).

Microbiological evaluation: 100 ul of irradiated and
unirradiated mucosa were inoculated in triplicate in 5
ml of sterile nutrient broth and incubated at 37°C for 24

ounder’s Day

hours. The suspension from these tubes (2nd day) was
then spot inoculated onto sterile Plate count agar plates
(2 spots per tube). The plates and the tubes were
incubated at 37°C for 7 days and were observed daily

for microbial growth.

Enzyme Assay: Aminopeptidase activity was determined
by the method of Barrett (1972). The 1ml system with
the appropriate aliquot of the enzyme and 0.1M sodium
phosphate buffer pH 6.8 containing 1 mM cysteine and
1TmM Amino acid B Nap was incubated at 50°C for 10
min. The reaction was terminated by adding 1 ml Fast
Garnet GBC - PCMB reagent (0.2 mg/ml Fast Garnet
GBC (in 4% Brij 35) and 10 mM PCMB reagent mixed
equally just before terminating the assay). The absorbance
of the pink colored naphthylamine-GBC complex was

measured at 520 nm.

Preparation of Beads: The immobilized beads were
prepared by entrapping the irradiated (20 kGy) mucosa
(20 % Vv/v) in 3% Sodium Alginate (Loba Chemicals,
India) and adding this solution dropwise into 0.3 M
CaCl2. The beads were left overnight in CaCl2 for

hardening and washed with distilled water the next day.

Preparation of casein hydrolysates. Trypsin (40 mg/L) was
added to 10% suspension of food grade casein, prepared
in distilled water, pH adjusted to 8.0 and incubated at
50 °C for 16 h. at the end of the incubation, the pH of
the solution was adjusted to 4.0 with 1 N HCl, heated at
90 °C for 15 min and centrifuged at 10,000 g for 15
min. The supernatant was used as casein hydrolysate.

Soybean Protein hydrolysate: Soybean protein isolated
from soybean flour (Qi et.al.1997) was suspended in
distilled water (10% w/v), pH adjusted to 2.5 and
incubated with pepsin (250 mg/liter) at 50°C for 16h. At
the end of the incubation, the pH of the solution was
adjusted to 4.0 with TN NaOH, heated at 90°C
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for 15 min and centrifuged at 10,000 g for 15 min and
the supernatant was used as protein hydrolysate.

Debittering of protein hydrolysates: The scheme for
debittering protein hydrolysates with immobilized
chicken intestinal mucosa is presented in Fig.1. the
calcium alginate beads entrapped with mucosa (30 g)
were packed in a jacketed column (43 cm x 1.5 cm)
maintained at 50°C. The bitter protein hydrolysate was
passed through the column at a flow rate of about 45
ml/hr. the solution eluting from the column was
collected. The debittering of the solution was assessed

FREE OF MICROORGANEM &
8% AMINOPEFTIDASE RETAINET:

!

MUCCSA MMMONLISED %
CALCIUM ALCINATE BEADS

by taste panel as well as RP- HPLC analysis.

Taste Panel analysis: The taste panelists (n=10) were
selected on the basis of their responsiveness to caffeine.
All the parameters such as appearance, odor and overall
acceptability were scored on a 7-point hedonic scale.
The bitterness was adjudged on a 5 point scale comparing
it with caffeine concentrations 0% (not bitter -0), 0.025
% (Trace bitter-1), 0.5% (slightly bitter-2), 0.1% (bitter-
3), 0.2% (very bitter-4) and 0.3% (extremely bitter-5).

Reverse Phase HPLC: the samples were analyzed by HPLC
on a Symmetry C18 5mm (4.6 x 250 mm) column. 0.1%
trifluroacetic acid (TFA) in water (Solvent
A), 0.1% TFA in 60% acetonitrile (Solvent
B) were used as mobile phase. The
separation was carried out at flow rate of
Tml/minute and gradient elution of 0 to 5
min 100% solvent A, 5 to 45 minutes
solvent A from 100 % to 0%, 45 to 50
minutes solvent A 0 %. Detection of

peptides was carried out at 220 nm.

Amino Acid content: Total amino acid

Hydmlysate

Diebitered Frotein

composition of freeze-dried samples was
determined after invacuo hydrolysis in 6M

Peristnliiz
Pomp

Fig. 1: Scheme for debittering of protein hydrolysates

Issue no. 273 October 2006

HCl at 110°C for 24h. The o-phthaldehyde
(OPA) amino acid derivatives were eluted
on Symmetry C ., 5um (4.6 x 250 mm)
column. The elution was carried out using
gradient of 12.5 mM phosphate buffer
pH 7.2 (Buffer A) and buffer A containing
50% acetonitrile (Buffer B). The separation
was performed using a flow rate of 1 ml/
min and a gradient as follows: 0 to 5 min
100% A, 5 to 15 minutes solvent A from
100 % to 80%, 15 to 70 minutes
solvent A 40%, 70 to 80 minutes solvent
A 0%. Detection of derivatized amino
acid was monitored at 330 nm.
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Peptide chain length: The average peptide chain length
of the samples was determined by the TNBS method
(Adler-Nissen, 1979). The samples were appropriately
diluted and dispersed in 1% SDS. To 50 ul of the sample,
400 ul of sodium phosphate buffer pH 8.2 and 400 ul
of 0.075% TNBS was added. After incubation in dark at
50 °Cfor 1 h, 800 ul of 0.1 N HCl was added and the
tubes were allowed to stand at room temperature for 30
min. the absorbance was measured at 340 nm. 100 mg
of each sample was hydrolysed in vacuum at 100°C for
24 h and the total amino equivalents in the sample were
quantified. The average peptide chain length was
determined as per Nishiwaki et al, (2002) as the ratio of
the number of free amino equivalents of the sample to
the number of free amino equivalents of the acid
hydrolysed counterpart.

Continuous debittering: Calcium alginate column
containing immobilized mucosa was used for three
days continuously debittering 3000ml of casein
hydrolysate (5%). Three well spread out aliquots were
drawn and were analyzed by Rp HPLC and taste panel.
The column was also examined for leakage of
aminopeptidase.

Statistical analysis: the statistical analysis has been carried
out using Origin 6.1 pro software (Origin lab corporation,
North Hampton USA). All the assays on the enzyme
activity in beads have been carried out using sets of 5.
All other assays have been performed in triplicate.

Results

Microbial status and aminopeptidase activites in
irradiated mucosa: Irradiated (20 kGy) mucosa showed
no microbial growth both under aerobic as well as
anaerobic conditions indicating that the mucosa was
sterilized by the treatment. Irradiation at 20kGy did not
have any significant effect on aminopeptidases in the

[ senies DA/

mucosa (Fig. 2) which is apparent from less than 20%
inhibition of hydrolytic activity on naphthylamide
substrate of Arg, Ala, Leu, Phe, Tyr, and Trp their

activities.

Aminopeptidase activity in beads: the aminopeptidase
activitv against b-Naphthvlamide derivatives of ara. ala.
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Acivicy of pnlersdssied muccsn =
Fig. 2 : Aminopeptidase levels in

irradiated mucosa

Table 1; Aminopeptidase activity in Ca-alginate beads,

Subsirate Activity
{Amino acid f naphthylamide) | (mMolesbead/h)
hrg 3314549 85
Ala | 3BTSHRD
Leu L 31414890
Phe ST
Tyr | 204441128
Trp ETTAE

The activity reported is the average of three
independent experiments * S.E.

leu, phe, tyr and trp in calcium alginate beads is presented
in Table 1. The preference for the N terminal
amino acid was in the order arg>ala>leu>

phe>tyr>trp. Immobilization rendered the enzymes
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Fig. 3: Temperature and pH optima of aminopeptidases in mucosa and Ca alginate beads
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Fig. 4: Influence of temperature on the stability of aminopeptidase in beads

active over broader temperature and pH ranges (Figs.
3A and B) and stable (>90%) up to 200 days when
stored at 4°C (Fig.4A). At operational temperature (50°C),
the beads retained activity for 4 days. In the presence of

substrate (protein hydrolysate), the activity was retained
for 10 days (Fig. 4B).

Modlification of protein hydrolysates: The influence of
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enzyme treatment on the sensory characteristics of casein
and soybean protein hydrolysates is presented in Figs.5A
and 5B respectively. Both the products showed increased
overall acceptability after enzyme treatment,
Accompanied by decrease of bitterness of casein

hydrolysate (4.30 to 2.40, Fig. 5A) as well as soybean
hydrolysate (3.8 to 2.40, Fig. 5B).



o=t

BARD

HEWEBILLETTER

B: Soybean protein hydrolysate
A: Casein hydrolysate
o [ Uriesated £ Treated
555 T resabed

g

T,

i

b

s

By

2

T
TR
R

be

|
gi
:
J
7
:
;

Fig. 5: Sensory analysis of casein hydrolysate and soybean protein hydrolysate
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Fig. 6: RP HPLC profiles of protein hydrolysates after treatment
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RP HPLC analysis: After enzyme treatment, peaks of
casein hydrolysate (Fig. 6A) the at 27 min, 30 min, 32
min and 35 min were reduced with a concomitant
increase in the peaks at 3 min, 15 min and between
17 — 25 min. For soybean hydrolysate (Fig. 6B) the region
of fused peaks between 20- 35 min reduced with an

increase in peaks in the region of 15 mins to 25 min.

Amino acid analysis: the amino acid content of
the treated samples is presented in Table 2. Treatment
with aminopeptidase did not affect the amino acid
content of protein hydrolysates.

Table 2: Aminoe acid profile of protein

hydrolysates after treatment
Aming Casein Suybenn protein
acid hydralysate |  hydrelysate
Asp 9561 8165
Gila 11127 100,28
Ser 97.25 B5. 13
Gy 96,92 G40
Thr 9697 W.ET
Arg 11325 05,72
Tyr 97.29 "2 69
Val 10476 0 B8
Med 96,10 9742
M= 105.05 835
Phe 10024 w219
Leu 9707 o919
Lys 97.74 o399

{Valies are expressed as %% amino acld
content of nnireated sample and are
an average of two independent experimenis)

Peptide chain length: Hydrolysis by aminopeptidases
resulted in a decrease in chain lengths of peptides in
casein and soybean protein hydrolysates (Table 3). In
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both the cases, the average peptide chain lengths were
nearly half that of the untreated hydrolysates.

Table 3: liflseice of ireatisent an peplide chain leagth
al the jratein byidrelysibes.

Average peptide chain ength
(Number of residues)
Casein hydrolvate | Saybean protein
hydrolste
Unlreaed 36l 52
Tresed 15 m

Vnloes expressed are an average of two mdependend cxperimenis,

effect of
continuous operations on the debittering activity

Continuous  operations:  the
and retention of aminopeptidase was monitored.
The RP HPLC profiles of the well spread out
aliquots collected during the continuous operation
of the presented in Figs.
7A-D [Oh (Fig. 7A), 24h (Fig. 7B), 48h (Fig. 7C)
and 72 h (Fig. 7D)]. the insert in Fig 7A (control)
is the peak of potassium sorbate that had been

column are

added as a preservative and can be seen as a cut peak
(26 min) in all the profiles. In all the aliquots collected
a general shiftin the peptide peaks from 25- 45 min to
3-22 min was observed. There was also a very scanty
leakage of activity during the process. During the entire
operation aminopeptidase activity (arginine
naphthylamidase) of 169-umoles/ h was detected
in the hydrolysate (activity of 1 bead is 331 umoles/h).

TR
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Fig. 7 : RP HPLC profiles of samples collected during the continuous operation of the column

Discussion

In the present paper a process for the debittering of
protein hydrolysates using chicken intestinal mucosa is
presented. The bitterness of protein hydrolysates is
ascribed to peptides (< 10kDa) rich in hydrophobic amino
acids in certain specific sequences. The action of
exopeptidases to bring about a reduction in bitterness of
protein hydrolysates is well known (Raskulthai and Haard,
2003).

Intestinal mucosa which served as the source of
aminopeptidases was rendered free of microflora by
gamma irradiation (20kGy). Irradiation is a cold
sterilization process and the eradication of the
microorganism from the intestinal mucosa was
accompanied by only a marginal loss (20%) of the
aminopeptidase activities (Fig. 2) (Hwang and Hau,
1995).

. <.

Entrapment in Ca-alginate served as an easy method for
theimmobilization of chicken intestinal aminopeptidases.
There also was no leakage of mucosal enzymes from the
immobilized matrix. More importantly, aminopeptidase
in the immobilized system exhibited broader temperature
and pH optima as compared to the free mucosal
aminopeptidases (Fig. 3A and B). Similar results on the
broadening of temperature and pH optima have been
reported earlier for other enzymes (Cohenford et al. 1986;
Wilson et al. 1994; Varavinit et al. 2002). Immobilization
also facilitated the stability of aminopeptidases (4A and
B). The debittering capability of the immobilized system
is apparent from the organoleptic studies (Figs. 5A and
B). Debittering of protein hydrolysates was effected by a
single pass of the hydrolysate through the immobilization
system. Flow rate was maintained to allow
a contact time of approximately 1h between the
hydrolysates and the beads. Decrease in bitterness
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could be ascribed to the degradation of hydrophobic
bands as evidenced by the clear shift in RP HPLC profiles
towards hydrophilic regions. Such a shift in the RP hPLC
profiles has been shown (Nishiwaki et al. 2002;
Minagawa et al. 1989) to be a characteristic feature of
debittering. The taste panel studies also convincingly
proved the reduction in the bitterness of the protein
hydrolysates after the immobilized chicken mucosal
peptidase acted on them. A reduction in the average
peptide chain length for the hydrolysates after treatment
was an indicator of the proteolytic action of the
exopeptidases contributing to the debittering. Such a
decrease in peptide chain length accompanying
debittering has been reported by Minagawa et al (1989).
The amino acid composition of both the hydrolysates
was found unchanged on passing through the
immobilized column. The adsorptive and extraction
processes that bring about a debittering by the removal
of constituent bitter peptides result in a nutritive loss as
the bitter peptides contain many essential amino acids.
the enzymatic debittering process devised by us could
bring about debittering without affecting the nutritional
composition. Continuous operation of the process was
performed for over 3 days. The RP HPLC analysis of the
samples well spread over the time period indicated that
though there was a slight change in efficiency of the
system, the peptide profile of the hydrolysates was
concentrated more towards the hydrophilic region after
treatment. Lack of measures to maintain the system under
aseptic conditions and the potential of the hydrolysates
to support microbial growth at enormous rates limited
these studies. However, under batch set up it was
observed that in the presence of the substrate the beads
maintained the aminopeptidase activities for upto 10 days
and we envisage that the column could at least be
operated upto ten days.

Nonavailability of catalytically efficient peptidases in
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economically viable quantities is the major limitation
faced by industries attempting enzymatic debittering of
protein hydrolysates. Since different types of amino acids
are involved in imparting bitterness to protein
hydrolysates, it is desirable to use a process, which uses
a group of enzymes with varied specificities. In this
respect, our process using chicken intestinal mucosa is
endowed with multiple advantages such as the presence
of multiple exopeptidases capable of acting on all the
amino acid residues, high rates of catalytic efficiency
and stability over a wide range of temperatures and pHs

encountered in food industry operations.
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