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ABSTRACT 

The estimation of contemporary tectonic stress 
field and deformation in active fold-and-thrust 
belts are imperative in identifying active geo-
dynamics and resulting faulting phenomenon. 
In this paper, we focus on contemporary exten-
sional tectonics in the overall compressive set-
ting of the Himalayan orogen. Here we examine 
the regional tectonic stress field and upper 
crustal deformation in the Himalayan thrust 
wedge using a 2D finite element technique, in-
corporating elastic rheology under plain strain 
condition. The elastic models demonstrate that 
the extensional tectonic stress and related nor- 
mal faulting is extensively developed in the 
southern front of the Himalaya at shallow 
crustal level (< 10 km in depth). Our modelling 
shows a good consistency with the geological 
field evidences of active faulting, focal mecha-
nism solutions of medium size earthquakes in 
the several sectors of the Himalaya. Results 
based on numerical simulation, tectonic analy-
sis and taking geological and geophysical data 
into account, we interpret that the present-day 
extensional tectonic activity is not restricted in 
the southern Tibet but distributed in the differ-
ent sectors of the Himalayan fold-and-thrust 
belt co-exist with compressional structures. 
Modelling results also indicate that the nature, 
distribution and orientation of the maximum 
compressive stress (1) of the Himalaya are 
mainly controlled by the intra crustal Main Hi-
malayan décollement (MHT). The significant 
amount of shear stress/strain concentration 
along the MHT in the western Nepal predict that 
the region is prone to moderate and great future 
earthquakes. 

Keywords: Extensional Stress Field; Convergent 

Displacement; Finite Element Modelling; Himalayan 
Wedge 

1. INTRODUCTION 

The existence of syn-orogenic extension is relatively new 
discovery, which was described only since the eighties 
and has received quite a lot of attention in the past two 
decades. Understanding the mechanisms that produce 
extensional deformation in contractional orogenic belts is 
a major issue in the study of the plate continental struc-
ture and its dynamics. During the past few decades, ex-
tensional deformation structures have been mapped in 
several contractional orogen such as the eastern Alps [1], 
Andean Cordillera [2], Southern Apennines [3], Scandi-
navian Caledonides [4], North American Cordillera [5], 
and the Himalayan orogen [6-8]. Generally, the normal 
faults appear to be late stage or post-orogenic structures, 
while documented cases of syn-orogenic normal faulting 
are less common, which does not fit readily into the 
paradigm of plate tectonics [9].  

The Himalayan continental collision is formed as a 
result of collision between Indian and Eurasian land-
masses ca 65-40 Ma ago [10]. The dominant structures 
of the Himalayan chain show a stack of large south- 
vergent thrust sheets emplaced successively from north 
to south [11] and bounded by major intra-crustal thrusts. 
These intra-continental tectonic features, general seismic 
phenomenon, major folds and other deformation struc-
tures indicate the predominantly compressional tectonic 
regime of the Himalaya. However, lately, a variety of 
extensional expressions and normal faults have been 
recognized in the southern Tibet [6,12,13]. Although it is 
believed that these extensional structures are generally 
restricted only in the southern Tibet [6,12]; however, 
recent research has shown that normal faults and other 
extensional features are not restricted only within south-
ern Tibet but distributed in the several sectors of the Hi-
malaya [14-19]. These extensional features, however, are 
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not obviously consistent with the dominant seismicity 
and southward thrusting of the Himalaya. Moreover, the 
mechanism and the kinematics leading to the formation 
of orogen-parallel extensional structures are still little 
understood. Therefore, it is important to understand the 
cause of ongoing paradoxical extensional tectonic activi-
ties in the overall compressive setting of the Himalaya. 

Compared to other techniques, numerical modelling is 
a fast, more economical and powerful tool which allows 
for various geological structures and deformation phe-
nomenon to be modeled in the full scale. Stress and 
strain values can be computed over long time periods 
using various constitutive laws [20]. Thus, numerical 
models have long been used to develop our understand-
ing of the mechanics of crustal deformation [7,21-24] 
but most of these studies have been focus on the north-
ern part of the Himalaya and no one describes about the 
extensional tectonic activities in the Himalayan front.  

In this paper, we primarily focus on present-day on-
going extensional tectonics evidences in the southern 
part of the Himalayan fold-and-thrust belt applying a 2D 
finite element model (FEM). The final goal of this kind 
of work is to understand the possible mechanism that 
responsible for the development of the extensional stress 
and normal faulting in the overall compressive setting of 
the Himalaya thrust wedge.  

2. TECTONIC SETTING 

The Himalayas, one of the most seismo-tectonically ac-
tive regions of the world, are generally defined as a 2500 
km-long arc of mountains stretching between Namche 
Barwa in the east and Nanga Parbat in the west. The 
Himalaya can be subdivided into western, central and 

 

eastern sectors on the basis of variations in regional 
geomorphology. This study focuses on the central sector 
of the Himalayan fold-and-thrust belt, between 76°E and 
91°E (Figure 1). From the south of the STDS the geo-
logical structure and tectonic setting of the fold-and- 
thrust belt of the Himalayas are mainly characterized by 
several prominent south-vergent thrust structures. These 
intra-continental structural features are the Main Central 
thrust (MCT), Main Boundary thrust (MBT) and the 
Himalayan Frontal thrust (HFT) from north to south, 
respectively. These north-dipping thrust faults have a 
southward transport direction, and are inferred to branch 
from the décollement thrust known as the Main Himala-
yan Thrust (MHT), which marks the underthrusting of 
the Indian lithosphere beneath the Himalaya and Tibet 
[25]. Several geological cross-sections across the Hima-
laya as well as seismic and other geophysical data sug-
gest that a crustal ramp is present on the MHT [26,27]. 
Numerous studies indicating lateral variations in the 
geometry of the MHT décollement from east to west in 
the Himalaya [25,28,29]. This lateral disparity of MHT 
ramp geometry is the main cause for the abrupt change 
in topographic relief, variation of elastic strain/stress and 
intense seismic activities of the Himalaya [28,30].  

The STDS is an east striking, north dipping system of 
the normal faults that extends at least 700 km and 
probably through the entire length of the northern front 
of the Himalaya orogen, initiated during the Miocene 
and contemporaneous with the MCT [5,13,21,22]. The 
MCT is the large-scale high strain zone that commonly 
occurs along the base of ductile shear zone and inverted 
metamorphism sequence, which places Tertiary meta-
morphic rocks of the Great Himalayan sequence over 
weakly metamorphosed the Precambrain-Paleozoic rocks 

 

Figure 1. Geological map of the Himalaya showing major structural elements (MBT-Main Boundary 
Thrust, MCT- Main Central Thrust) (adopted from Lefort, 1988) and tentative locations of regional 
geological cross-sections lines A-A’ and B-B’.  
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of the Lesser Himalaya [31]. The MBT, a regional-scale 
sinuous, steeply north-dipping active thrust zone, sepa-
rates folded and faulted Miocene and younger molasse 
sediments of the Sub-Himalaya from Precambrian rocks 
of the Lesser Himalaya [27]. Deformation of the MBT 
began before 10 Ma [32]. However, several active fault 
systems are commonly associated with the MBT system, 
implying significant reactivation along many of its seg-
ments [15,33,34]. The MBT shows a down-to-the-north 
displacement in the central and western sector of the 
Himalaya [14,15]. The HFT is the southernmost, young-
est, non-continuous, NW-SE striking and recently the 
most active imbricate thrust system in the Himalaya 
[14,29]. The HFT is a series of thrust faults that separate 
the Tertiary assemblage of the Sub-Himalaya from Qua-
ternary sediments of the Ganga foreland basin. 

3. EVIDENCE FOR AN EXTENSIONAL 
REGIME AND NORMAL FAULTING 

3.1. Geometry and Pattern of Active Normal  
Faulting 

In the overall compressional tectonic regime of the Hi-
malaya, numerous contradictory orogen parallel and 
perpendicular microscopic to mesoscopic evidences of 
normal faults are well distributed. There are two main 

types of normal faults that developed in the Himalayan 
orogen; the first are the east-west striking, shallowly 
north-dipping, normal faults of the STDS and Zanskar 
shear zone which developed during the Early Miocene 
[8], while the second are relatively active and younger 
age normal faults which mainly restricted south of the 
MCT and associated with the mega thrust systems in the 
Himalayan [14,15,19,33]. In this section, we focus par-
ticularly on the evidence for syn-orogenic normal fault-
ing and extensional tectonic structures and their signifi-
cance are discussed in order to explain ongoing exten-
sional tectonic activity at the overall compressive setting 
of the Himalaya. 

Several normal faults on mesoscopic scale are obser- 
ved in the Panjal Thrust Zone in the Dalhousie area of 
western Himachal [16]. Similarly, on the basis of field 
mapping and shear sense criteria Thakur et al. (1995) 
found that the boundary between the southern margin of 
the Higher Himalaya Crystalline (HHC) of Zanskar and 
the Chamba syncline sequence is a normal fault. The 
NW-SE and NNW-SSE oriented Karcham normal fault 
(KNF) (Figure 2) and the regional scale, steeply south- 
dipping Bhadarwas normal fault are found in the central 
Hi machal. Regional scale normal faults are also ob-
served in the Pinjor Thrust Zone in the Lesser Himalaya 
[16]. In the Kala Amb area, the NE-SW to E-W trending 

 
Figure 2. Geological map of the NW-Himalaya showing main faulting regime deduced from the 
fault-slip analysis adopted from the Vanney et al., 2004.   
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Singhauli Active fault (SAF) shows normal faulting [35]. 
Near the southern termination of the SAF, another set of 
WNW-ESE trending south-side-up normal faults that dip 
steeply toward the northeast with well-defined fault 
scarps are observed [19]. In the Garhwal Himalaya, up 
to 40 km long, E-W to NW-SE trending, northward dip-
ping Donga and Asan normal faults are well developed 
parallel to the MBT, while the NE-SW trending Kalsi 
normal fault is perpendicular to the MBT [33]. Similarly, 
the Surkhet-Ghorahi fault emerges as a single, continu-
ous, steeply-dipping normal fault extends about 90 km 
long parallel to the MBT system in western Nepal, [15] 
(Figure 3). 

3.2. Geomorphologic Features 

Geomorphic and morphotectonic analysis of the land-
form further provide insights into style and pattern of 
ongoing tectonic deformation. The Himalayan fold-and- 
thrust belt is characterized by several landforms pro-
duced by active tectonics along the mega thrust systems. 
The field observations in the different parts of centre 
Himalaya reveal that advancement of large scale linea-
ments, tilting and shifting of river and piedmont, subsi-
dence of land and older rock sequences, uplift of river 
terraces and overriding of younger (Holocene) sediments 
by active thrusts and normal faults noticeably indicate 
the co-existence of compressional as well as extensional 
regimes in the Himalaya [19,36,37]. Moreover, the num- 
ber of places just adjacent to the MBT and HFT, which 
defines the zone of convergent between Himalaya and 
Indo-gangetic plains, evidence of active normal faulting 
occurs [36]. These faulting have produced several to-
pographic and geomorphic features such as active fault 
traces, lateral offsets of streams, offset of quaternary 
terraces, linear valleys running along faults and narrow, 
deep gorges in the Himalayan front [19,36,37], and sug-
gest that the overall compressive setting of the Himalaya  

front contradictory exhibit extensional tectonic activities  
in the several parts. 

4. FINITE ELEMENT MODELLING 

In this paper, a 2D finite element (FE) technique has 
been used to simulate the present-day tectonic stress 
field and deformation of the Himalayan orogenic wedge 
using a software package developed by Hayashi [38]. 
The important part of the mathematical formulations 
about the software is provided and successfully applied 
in previous studies [12,38-40]. 

4.1. Fault Analysis 

It is well-known fact that elastic deformations, even if 
small, govern the initiation of fault in nature [21]. Fault-
ing observed in nature is in very good agreement with the 
simulated stress distribution for elastic models [41]. 
Therefore, elastic models have been considered in study-
ing the development of extensional deformation in the 
overall compressive setting of the Himalaya. The models 
assume elastic rheology for the brittle upper crust of the 
Himalaya. Brittle failure is determined by the Mohr- 
Coulomb failure criterion, which is based on a linear rela-
tion between the shear stress (τ) and the normal stress (n) 
which can be express by following equation.  

tanfailure nc                    (1) 

where, c is the cohesive strength and is the angle of 
internal friction. Failure occurs when the Mohr circle 
first touches the failure envelope. This occurs when the 
radius of the Mohr circle, (1 − 3)/2, is equal to the 
perpendicular distance from the center of the circle at 
(1 + 3)/2 to the failure envelope which is given by 

1 3 1 3cos sin
2 2failure

c
   

 
        

   
     (2) 

According to Melosh and William (1998), the prox- 

 

Figure 3. Geological map of the Surkhet-Goarahi fault in the western Nepal Himalaya showing main faulting regime 
deduced from slickenside analysis adopted from Mugnier et al., 2004. 
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imity to failure (Pf) is the ratio between the calculated-
stress and failure stress can be express by 

1 3

1 3

2

2

f

failure

P

 

 

  
  

  
  
  
   

               (3) 

When the ratio reaches Pf = 1, failure occurs, but 
when Pf  < 1 stress is within the failure envelope rocks 
does not fail. The proximity to failure reveals which part 
of the model is close to failure or already failed by gen-
erating faults. 

4.2. Model Set-Up and Assumptions 

We adopted two N-S regional structural cross-sections 
through the Himachal Himalaya and western Nepal Hi-
malaya for modelling. The NW-Himalaya model extends 
up to 200 km in length, with a maximum thickness of 40 
km in the north, and the western Nepal model is 272 km 
in length and up to 40 km thick in the northern part 
(Figure 4). The major tectonic units and the approximate 
locations of the profiles are reported in Figure 1. Each 
cross-section is divided into different layers that repre-
sent major structural and lithological units according to 
their regional setting in the Himalaya. The convergence 
displacement has been applied, instead of stress and 
forces because the relative velocity of the Indian plate 
with respect to Eurasian plate for the central Himalaya is 
 
 

well constrained. The basement fault (MHT) is intro-
duced with a prescribed geometry (Figure 4). Studies of 
the focal mechanism of the large earthquakes in the Hi-
malaya [43] suggest that the MHT dips gently 4° to 9° 
from south to north [30], which is consistent with the 
INDEPTH profile [25] and topographic studies of the 
Himalaya [44]. For simplicity, we adopted dip angles 7°, 
5° and 30° for the northern flat, southern flat and the 
MHT ramp, respectively [30]. Here, only the brittle por-
tion of the MHT is prescribed. In our model, the crust up 
to 40 km is assumed to behave as an elastic material 
because of intense seismicity and generate several faults 
suggest the brittle characteristics of upper crust in the 
Himalaya.  

4.3. Boundary Conditions 

The Indian plates moves at N20°E with constant rate of 
the convergence displacement relative to Eurasia [45], 
and subducts along a shallow dipping detachment known 
as the MHT beneath the Himalaya, and it is still con-
tinuing [25]. This continuous horizontal displacement 
caused by convergence of Indian plate has been consid-
ered as a prime driving force for the overriding crustal 
deformation of the Himalayan orogen. Therefore, simu-
lation of the observed tectonic features of the Himalaya 
using appropriate boundary condition could be modeled 
by applying a horizontal convergence displacement from 
the southern face of the model with present-day shorting 
rate of the central Himalaya. Since the rate of displace- 

 
Figure 4. Simplified geological cross-sections and applied boundary conditions adopted for the modeling. (a) 
NW-Himalaya cross-section along A-A’ and (b) western Nepal cross-section along B-B’ in Figure 1.  
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ment is varied in the different part of the Himalaya 
[44,46] the uniform horizontal displacement rate of 17 
mm/yr for the NW-Himalaya and 20 mm/yr for the wes- 
tern Nepal have been adopted. These convergence rates 
are well consistent with GPS measurements [44,46] and 
long-term geological observations [47,48] along the Hi-
malayan front. Figure 4 shows the geometry and applied 
boundary conditions of our FE models based on pre-
sent-day tectonic setting and kinematics of the Himala-
yan thrust wedge. The upper part of the entire model 
represents surface topography which is free to deform in 
all directions. The northern side of the model only can 
move vertically. The lowermost nodal point marked by a 
triangle is fixed. Since the lower boundary of the model 
is inclined, the convergence displacement is resolved 
into both x and y directions (Figure 4). The model is 
loaded with gravitational body force (g = 9.8 m/s). 

4.4. Model Parameters 

The model consists of eight layers, which represent dis-
tinct litho-tectonic sequences of the Himalayan wedge. 
Each rock sequence has been assigned with distinct rock 
layer properties on the basis of predominant rock types 
as shown in Figure 5. The crustal density was obtained 
from published gravity-seismic model [47]. Since the 
density of the rock layers of the individual tectonic 

 

blocks are known, we obtained seismic P-wave (Vp) and 
S-wave (Vs) velocities for the each rock layer from the 
velocity models [28,50]. In order to solve elastic equations, 
we need to know the independent elastic constants Young’s 
modulus of elasticity (E) and Poisson’s ratio (υ) where 
Poisson’s ratio is assumed to be constant at 0.25 for indi-
vidual tectonic blocks. E can be calculated by [37,49]:  

)1(

)21)(1(2

v

vv
VE p 


                (4) 

Other input parameters required for modelling include 
the angle of internal friction () and the cohesive stren- 
gth (c) which obtained from the handbook of physical 
constants [53]. 

5. MODELLING RESULTS 

The series of numerical experiments were conducted for 
the two representative structural cross-sections of the Hi-
malaya. Here, we present new evidence for extensional 
stresses and normal faulting in the several sectors of the 
Himalayan shallow crust. The results presented herein are 
based on: 1) the distribution, orientation and the magnitude 
of the principal stresses, 2) proximity of failure and 3) the 
magnitude of the shear stress and strain. 

 
Figure 5. Physical parameters and material properties of the different rock units used for modelling.   
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5.1. Stress Distribution 

Figures 6 and 7 show the spatial distribution of the 
simulated stress field developed for the different hori-
zontal convergent displacement conditions in both NW- 
Himalaya and western Nepal models. The principal axis 
of maximum compressive stress (1) and and minimum 
compressive stress (3) are aligned in the horizontal and 
vertical lines, respectively. Notice that if 1 aligned in 
the horizontal and 3 aligned vertically represent com-
pressional stress regime, while the orientation of 1 is 
vertical and 3 is horizontal together with the tensional 
component (red bar) implying extensional tectonic state 
of stress. The overall simulated stress pattern shows two 
distinct types of the characteristic stress field developed 
in the Himalayan crustal wedge. The most compressive 
stress regime found in the northern part, while an exten-
sional stress develops in the southern front of the Hima-
laya at shallow (< 10 in km) crustal level. However, 
when increase the convergent displacement up to 500 m 
the principal axis of stress are considerably tilted and 
finally rotated from the original coordinate axis and the 
deformation front shifts progressively toward the south-

ern front of the Himalaya (Figures 6(c) and 7(c)). 
It is noteworthy that the change in stress field and 

progression of deformation shows the thrust faults have 
migrated from hinterland to foreland and the stress field 
changes from extensional to a compressional regime. In 
general, the predicted stress field on the Himalayan up-
per crust shows almost similar and uniform pattern in 
both models, while some discrepancy also observed in 
the northern part of Himalaya. In the NW-Himalaya 
model (Figure 6), the extensional stress field is re-
stricted more northern part of the Himalaya whereas in 
the western Nepal model (Figure 7), extensional stress 
regime only developed south from the MCT. The stress 
is uniformly distributed throughout the Indian crust. 
Nevertheless, magnitudes of the principal stresses have 
increases with depth because of topographic loading. 

5.2. Maximum Shear Stress Distribution 

Figure 8 shows the distribution of maximum shear stress 
predicted from our modelling within the Himalayan up-
per crustal wedge. 

The computed maximum shear stress (max) revealed 

 

 

Figure 6. Predicted stress distribution in the NW-Himalaya model applying uniform con-
vergence displacements: (a) at 50 m; (b) at 250 m; (c) at 500 m. 
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Figure 7. Predicted stress distribution in the western Nepal model applying uniform conver- 
gence displacements: (a) at 50 m; (b) at 250 m; (c) at 500 m. 

 

 
Figure 8. Predicted maximum shear stress (in MPa) distribution for (a) NW-Himalaya model and 
(b) western Nepal model, at 50 m and 500 m convergent displacement conditions, respectively. 
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Figure 9. Predicted faulting elements in the NW-Himalaya model by imposing. (a) at 50 m; (b) at 
250 m and (c) at 500 m convergent displacements. 

 
that the major concentration of max along the Himalayan 
basal décollement (MHT) zone. The trajectories of (max) 
along the MHT increases from the southernmost part and 
reach a maximum to the northern flat of the MHT ramp 
in both models. Our model shows that the maximum 
shear stress (max) levels of 250 MPa and 300 MPa from 
NW-Himalaya model and western Nepal model, respec-
tively (Figure 8). This result suggests that the Himalaya 
has continually built up significant amounts of stress 
along the MHT décollement. 

5.3. Faulting Patterns 

We also examined the faulting pattern in the Himalayan 
brittle upper crust based on the proximity of failure. The 
Mohr-Coulomb failure criterion is used to determine the 
faulting conditions. Because in the faulting regimes 1 

and 2 are nearly vertical and horizontal, the types of 
faulting can be easily determined using the method of 
Anderson [54]. Figures 9 and 10 illustrate the predicted 
faulting pattern for both the NW-Himalaya and western 
Nepal models. In general, both models demonstrate 
similar patterns of fault development under different 
horizontal convergence displacement conditions. Nor-
mally, our models clearly show two distinct types of 
faulting patterns in the Himalayan wedge where thrust 
faults are primarily concentrated in the north part (hin- 

terland) and normal faults are extensively developed at 
the southern front (foreland) of the Himalaya. Figure 9 
shows failure pattern in the NW-Himalaya models from 
50 to 500 m convergence displacement conditions. At 50 
m horizontal convergent displacement, the modelling 
results show that normal faults have predicted within 
the Higher Himalaya, central and southernmost Lesser 
Himalaya and Siwalik front, while thrust faults are 
primarily predicted north of the MCT and in and 
around the MHT ramp in the Higher Himalaya. Small 
open circle indicates normal and pair of perpendicular 
lines represents thrust faults, respectively. Nonetheless, 
when the applied displacement gradually increases up 
to 500 m, normal faults reduces considerably and 
thrust faults were developed in such region and pro-
gressively migrated towards the foreland. Figure 10 
illustrates the distribution of predicted failure elements 
in the western Nepal model. This model shows no-
ticeably more failure elements compared with the 
NW-Himalaya model. In this model, normal faults are 
mostly developed in the northern part of the Lesser 
Himalaya and the Siwalik area, where the juxtaposi-
tion of normal and thrust faulting along the ramp part 
of the MHT décollement is well developed at low 
convergent displacement (Figure 10(a)). 
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6. DISCUSSION 

Previous studies illustrate that using an elastic models 
are appropriate to obtain the tectonic stress field and 
deformation of the brittle upper crust [7,21]. Although 
several models have been proposed to explain the exten-
sional state of stress and formation of the normal faults 
in the southern Tibet and Himalaya [7,21,22,41], but 
none of them explain the development of extensional 
stress regime and normal faults in the Himalayan front. 
Here, we have presented a series of experiments using 
2D finite element elastic models to examine the pre-
sent-day tectonic state of stress and deformation in the 
Himalayan upper crustal wedge. For better understand-
ing the basic mechanism of the extensional tectonics of 
the overall compressive tectonic setting of the Himala-
yan thrust wedge we have kept the models relatively 
simple, and limited the model. We prescribed conver- 
gence displacement boundary conditions consistent with 
the contemporary plate kinematics of the central Hima-
laya region. We further assumed that the Himalayan up-
per crust behaves elastic in order to model faulting pat-
tern of the region. Some factors are not incorporated in 
the current models are potentially important in the con-
vergent tectonic belts. For example, we did not consider 
the effect of erosion at the surface of the Himalayan 
thrust wedge. However, most of syn-orogenic erosion 
process controls the dynamics of the orogenic wedge 
[55]. Despite the simplicity of the model our results may 
provide useful insight into extensional tectonics in the 
overall contractional setting of the Himalaya. 

6.1. Present-Day Stress Distribution in the 
Central Himalaya 

The distribution of the present-day stress field can pro-

vide a significant explanation for the ongoing geody-
namics and tectonic forces acting in the India-Asia colli-
sion zone. Since the convergence rate of Indian plate has 
been decreasing ca 40 Ma [56], the Himalayan stress 
field would show consequence changes in overall com-
pressive regime of the Himalaya. Nakata et al. [57], ar-
gue that the direction of the horizontal compressive 
stress axis has changed due to changes in the direction of 
the relative plate motion between the Indian plate and 
tectonic sliver. Our modelling results also support this 
idea and show two types of stresses developed in the 
Himalayan upper crustal wedge. The compressional 
stresses regime predicted in the northern part while ex-
tension stress regime predicted in the southern front. 
These stresses further retained at all convergence dis-
placement conditions (Figures 6 and 7). Although pre-
dicted extensional stresses developed in the Himalayan 
front are obviously not consistent with major seismic 
events and dominant southward thrusting of the overall 
compressive setting of the Himalaya, but well corre-
sponding with the field observations of active faulting in 
the several sector of Himalayan thrust wedge [14-16, 
19,34], neotectonic model of Nakata [57], and focal 
mechanism of solutions of medium size earthquakes 
(Figure 11). Taking advantage from predicted exten-
sional stress regime from our models, it can be inferred 
that the recent changes in compressional tectonic regime 
locally in the several part of the Himalayan front. Al-
though we strongly believed that the entire orogen is still 
in overall compression, the predicted extensional stress 
regime and observed normal faults in the Himalayan 
frontal part are mainly due to local adjustment of tecton-
ics regime due to the taper angle readjustment and weak 
Himalayan décollement. The computed stress fields 

 

 
Figure 10. Predicted faulting elements in the western Nepal model by imposing different convergent 
displace- ment conditions for (a) at 50 m; (b) at 250 m; (c) at 500 m convergent displacements. 
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Figure 11. Focal mechanism of solutions of medium size earthquakes in 
NW-Himalaya adopted after Yadav et al. (2009). 

 
show significant deflection and rotation of the maximum 
compressive stress (1) from their original horizontal 
position to vertical when increase the compressive dis-
placement (Figure 7). The predicated rotation of the 
stress trajectories might be the effect of ramp geometry 
of the MHT décollement, and consistent with the seismic 
study of Pandey et al. [28]. In which they demonstrated 
that the MHT ramp acts as a geometrical barrier to 
changes in the orientation of the maximum principal 
stress in the Himalaya, causing the significant change in 
the stress field of the Himalaya. Nonetheless, Mugnier et 
al. [15] argued that if the principal stress axis deviates 
significantly from the horizontal, and when this devia-
tion exceeds the dip of the vectors normal to back-tilting 
thrusts, the normal component of displacement may act 
along these faults; therefore, steep north-dipping seg-
ments of the MBT show a normal component of dis-
placement. The rotation of the stress trajectories would 
facilitate the formation of imbricated thrust in the mov-
ing thrust sheet. In both models, thrusts are propagated 
towards the foreland of the Himalayan wedge as we in-
crease the convergent displacement (Figures 6 and 7). 
This is characteristic feature of thrust propagation in 
fold-and-thrust belts, and consistence with fold-bend- 
fault model of Yeats and Thakur (1998) [51]. 

6.2. Magnitude of the Stresses in Central  
Himalaya 

Our models predicate the horizontal stress level of 300- 

500 MPa at the depth of 40 km of the Indian lithosphere 
which is consistent with other studies [58,59]. The re-
gion with high maximum shear stress (max) induced will 
be more active [60]. If we compare both of our models; 
the western Nepal model shows considerable amount of 
maximum shear stress (300 MPa) accumulated along the 
MHT décollement suggests that possible major earth-
quake in the region due to the reactivation of the basal 
décollement of this part of the Himalaya. This prediction 
is further supported by the concentration of microseis-
mic clusters in and around ramping part of the MHT [28], 
consistent with the numerical simulations [30] and GPS 
measurements [46]. 

6.3. Development of Faulting Pattern in the  
Central Himalaya 

The computed results from our model predicted two 
types of characteristic faulting patterns developed in the 
Himalayan thrust wedge. In general, thrust faults are 
predicted in the northern Himalaya (north of MCT) 
while normal faults are predominantly predicted in the 
southern front of Himalaya for all 50 m to 500 m con-
vergent displacements (Figures 9 and 10). According to 
Mugnier et al. [15] normal faults that are associated with 
the Himalayan major thrust structures in the frontal part 
of Himalaya (e.g., normal fault along the MBT) is due to 
a very poor strength contrast between the basal décolle-
ment and rock in wedge body and high pore fluid pres-
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sure ratios (up to 1). They further argued that the outer 
Himalaya extends over the width of several tens of kilo- 
meters in the central sector of Himalaya, and are pre-
sumably displaced along a décollement located in pelitic 
formations. There is therefore a small contrast of streng- 
th between rocks in the décollement levels and displaced 
sheets, a condition that favors normal faulting in the re- 
gion [15]. However, Nakata et al. [57] argued that the 
Lesser Himalayan block is subsiding, causing normal 
faulting due to a change in tectonic regime of the Hima-
laya. From computer simulation Shankar et al. [22] pro-
posed that the presence of a weak MHT décollement 
below south Tibet is the main cause of extension in the 
Himalaya. Our modelling results shows that the Hima-
layan décollement thrust (MHT) have significant role to 
the development of extensional state of stress and normal 
faulting in the Himalayan front. We believed that the 
formation of ramp geometry on the MHT décollement is 
the major causes of the development of extensional stress 
and normal faulting in the various part of the Himalaya 
fold-and-thrust belt. Moreover, we suggest that the local 
adjustment of the tectonic activities influenced by taper 
angle adjustment further influences to the formation of 
the extensional tectonic activities and normal faulting in 
the overall contractional setting of the Himalaya. 

6.4. Comparison with Field Observations 

Since our models were constrained by present-day stru- 
ctural sections of the Himalaya, the predicted stress re-
gime and faulting pattern from our models can be di-
rectly compared with field observations. The simulated 
faulting pattern appropriately corresponds to the natural 
situation of the Himalaya and several faults are com-
puted at analogous locations, which show good agree-
ment with the position of normal faults and the exten-
sional regime across the Himalayan thrust wedge. The 
stress fields and faulting pattern predicted from our 
model is well consistent with field observations of pre-
vious studies [13-19,22,26,37]. Our modelling results 
further support the formation of extension stress field 
and normal faulting mainly dominated in the frontal part 
of the Himalayan thrust wedge. 

In addition, if we compare out numerical experiment 
results with the observations of the microseismicity and 
medium size earthquake focal mechanism solutions of 
the Himalayan front our result shows good consistency 
(Figure 11).  

7. CONCLUSIONS 

In this paper, the 2D finite element modelling was used 
to simulate the present-day extensional tectonic state of 

stresses and deformation in the overall compressional 
setting of the Himalayan brittle upper crust incorporated 
an elastic rheology under plain strain condition. Based 
on our modelling results, compared with geological field 
observations, records of active normal faults and the in 
situ stress regime, we conclude that the extensional tec-
tonic regime and normal faulting of the Himalaya is not 
only restricted within the southern Tibet but distributed 
throughout the Himalayan thrust wedge as observed in 
field. Modelling results further indicate that the exten-
sional tectonic deformation in the brittle upper crust of 
the Himalayan thrust wedge is still active; although the 
overall tectonic setting of the Himalaya is in compres-
sion. Our results show that the MHT décollement plays a 
pivotal role in changing the tectonic stress field and 
faulting regime in the Himalayan thrust wedge, and ac-
cumulating significant amount of stress/strain along the 
ramp part. This continuous process of the stress/strain 
accumulation along the MHT décollement triggers in-
tense microseismic activities, and increases the risk of 
the future great earthquake in the central Himalayan re-
gion.  
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ABSTRACT 

Using the data of “A field experiment on land- 
atmosphere interaction over arid region in 
Northwest China” carried out in Dunhuang of 
Gansu Province from May to June 2000; Char-
acteristics of the atmospheric humidity over 
desert and Gobi near oasis in the Northwest 
China Arid Region are analyzed. According to 
the difference of the characteristics in different 
wind directions, the impacts of oasis on at-
mospheric hydrological cycle over desert and 
Gobi near it are revealed. The relation of at-
mosphere inverse humidity and negative water 
vapor flux to wind direction and atmospheric 
stability is studied. It shows that distribution of 
the atmosphere inverse humidity is inconsistent 
with that of the negative water vapor flux; some- 
times 1-hour-average value demonstrates the 
characteristic of counter-gradient transfer. And 
the diurnal variation of distribution of the coun- 
ter-gradient transfer and the effect of atmos-
pheric stability on the counter-gradient transfer 
are also given. 

Keywords: Desert or Gobi; Hydrologic Cycle; 
Atmospheric Inverse Humidity; Negative Water 
Vapor Flux; Counter-Gradient Transfer 

1. INTRODUCTION 

Oasis is one of the underlying heterogeneous factors. It 
directly affects the pattern of the atmospheric energy and 
hydrology transfer over grid points in the region in a 
model [1-3]. The interaction of the oasis system and the 
desert system is relative to the maintenance and degen-
eration processes of oasis ecology system. The special 
microclimate characteristics and the hydrological cycle 

mechanism formed under the condition of the interaction 
are two of the important natural factors (except the fac-
tor of water resource) which maintain the oasis system 
[4-6]. 

Some special interaction processes between oasis and 
desert have been found in some experiments and studies 
carried out in the Northwest China Arid Region [4-12]. 
However, how the oasis impacts on the water vapor and 
energy transfer over desert or Gobi near it is still un-
known. Most of the former field experiments were car-
ried out in the arid climate region where annual precipi-
tation is about 150 mm, but experiments in arider cli-
mate regions where annual precipitation is blow 50 mm, 
such as Dunhuang, are scarce. 

Through analysis and study the data of “The Dun-
huang Experiment”, the special physical rule of the land- 
surface under the interaction between oasis and desert 
near it as well as the ecological maintenance mechanism 
of oasis will be discussed in the following passages. 

2. OBSERVATION DATA AND 
ANALYTICAL METHOD 

The data analyzed in this paper is from a 20-day inten-
sive observation experiment in Dunhuang Gobi micro-
meteorological central station from May 25 to June 17, 
2000 (briefly, “The Dunhuang Experiment”), which is a 
part of “Land-atmosphere Interactive Field Experiment 
over Arid Region of Northwest China”. The station is 
located at 40°10′ N, 94°31′ E. Its surface elevation is 
1150 meters above sea level. It lies in the flat Shuang-
dunzi Gobi west to Dunhuang oasis, about 7 km to the 
edge of the oasis. Annual precipitation is about 40 mm 
and annual potential evaporation is about 3400 mm. Its 
main wind direction is east, generally occurring with the 
frequency of more than 50 percent, so the oasis strongly 
affects the atmosphere over the observation field. The 
data include the gradients of wind, temperature and hu- 
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midity on a tower, soil heat fluxes, the fluctuations of 
wind, temperature, humidity and wind observed by 
using a tethered balloon within hundreds of meters high. 
The sensors of wind, temperature and humidity on the 
tower are installed at 18, 8, 4 and 2 m high respectively. 
The sensor of wind direction is installed at 10 m high. 
The sensors of supersonic fluctuation instrument were 
installed at 2.9 m with a data processing system that 
can give the hourly-average momentum flux, sensible 
heat flux, and latent heat fluxes averaged. The details 
about the data and the station in Dunhuang experiment 
have been described in the paper [5,9]. The accuracy of 
the instruments refers to the correlated references [13- 
14]. 

During the Dunhuang experiment, there are 445 valid 
sets of data which are hourly averaged and 10-day’s data 
to show full diurnal variation. So the amount of samples 
of hourly data is 445 and that of diurnal variation is 10. 
Among the ten days, one day is affected evidently by the 
precipitation. In order to make the results universal, the 
data which is evidently affected by the precipitation is 
picked out. The turbulent sensible and latent heat flux is 
computed by the supersonic fluctuation data. 

3. ATMOSPHERIC INVERSE HUMIDITY  
STRUCTURE AND WATER VAPOR 
FLUX 

In Figure 1，the characteristics of 9-day average daily 
variation of atmospheric specific humidity at four levels 
(a) and latent heat flux at 2.9 m high (b) are given in 
May-June over Dunhuang Gobi. As seen in Figure 1, 
because of the influence of the oasis, the atmospheric 
specific humidity over Gobi is inverse humidity from 
0:00 to 6:00. In the daytime, although the specific hu-
midity mainly decreases with height, the inverse humid-
ity appears at 2-8 m high after 14:00 in the afternoon. 
Figure 1(b) shows the negative water vapor flux domi-
nates at night and the water vapor transfers up in the 
daytime. From its overall characteristics, the diurnal 
variation of the specific humidity can be divided into 
four stages that are respectively called the wet stage, the 
losing-water stage, the dry stage and the attainting-water 
stage [15].  

The daily integration of latent heat flux is 0.117 
MJ/m2 and that of sensible heat flux is 8.692 MJ/m2. 
Difference between them is in two orders of magnitude. 
The climatic Bowen ratio reachs 74.5 which is an ex-
treme arid climate index. 

In fact, the impact of the oasis on desert near it is dy-
namic, which is quite different under different types of 
synoptic situation. Especially, the wind direction is es-
sential to the impact. The representative data on two full 
days are selected to analyze. One is 16 June on which  
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Figure 1. Daily variation of atmospheric specific humidity at 
four levels. (a) and latent heat flux at 2.9 m; (b) average data 
from May 27 to June 15 over Dunhuang Gobi. 
 
wind is from the oasis (named oasis wind), another is 14 
June on which wind is from desert (named desert wind) 
expect 4:00 and 5:00 in which wind direction can not be 
clearly distinguished into oasis wind and desert wind. 
Figure 2 shows the four stages of the wet stage (a), the 
losing-water stage (b), the dry stage (c) and the attaint-
ing-water stage (d) in daily variation of the specific hu-
midity profile in the wind from oasis. It indicates that the 
specific humidity profile is mainly inverse humidity all 
day. In the wet stage, inverse humidity appears below 18 
m high. In the losing-water stage Inverse humidity ap-
pears at about 2 m high and in 8-18 m and the humidity 
diminishes obviously with time. In the dry stage, inverse 
humidity appears only below 2 m, and inverse humidity 
disappears in few stronger heating hours. In the water- 
gaining stage, inverse humidity strengthens gradually 
and moves up, at last, all is inverse humidity below 18m 
and humidity increases obviously.       
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(c)                                                          (d) 

Figure 2. The four stages of the wet stage. (a) the losing-water stage; (b) and the dry stage; (c) the attainting-water stage; (d) in 
daily variation of the specific humidity profile in the wind from oasis. 

 
Compared with Figure 2, the daily variation of the 

specific humidity profile over desert near oasis in the 
four stages in the wind from desert (given in Figure 3) is 
quite different. It shows the specific humidity decreases 
progressively with height all day. In the wet stage, weak 
inverse humidity appears mainly in 2 m in general, but 
in all layer in transient wind direction. In the losing- 
water stage, inverse humidity below 2 m diminishes gra- 
dually and disappears or moves up to 2-8 m. In the dry 
stage, inverse humidity in 2-8 m and air becomes moist 
obviously. In the attainting-water stage, the profiles of 
specific humidity decreases up and changes gradually 
into constant humidity with time. Except 4:00 and 5:00, 
there is no water vapor advection from oasis to Gobi, but 
the weak inverse humidity still maintains in long time in 

dry stage. The reasons are worthy to be discussed. 
Figure 4 is the daily variation of the latent heat flux at 

2.9 m over Gobi near the oasis in the wind from the oa- 
sis (a) and from Gobi or desert (b). In the wind from the 
oasis, positive latent heat flux is much smaller than that 
in the wind from the desert ,and further, negative water 
vapor flux appears mainly in the evening, which are own 
to the effect of atmospheric inverse humidity. But in the 
wind from the desert, not only is the latent heat flux 
bigger, but also the water vapor still transfers generally 
up in the evening. 

The daily integration of the latent heat flux is –0.051 
MJ/m2 in the wind from oasis and is 0.443 MJ/m2 in the 
wind from desert. The contributions of the latent heat 
flux to the surface heat balance in different kind of wind 
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(c)                                                          (d) 

Figure 3. The four stages of the wet stage. (a) the losing-water stage; (b) the dry stage; (c) the attainting-water stage; (d) in daily 
variation of the specific humidity profile in the wind from desert. 

 
directions are completely different. When the latent heat 
flux is converted to the water vapor flux, its daily inte- 
gration is –0.0155 mm in the wind from the oasis and is 
0.1355 mm in the wind from desert. In the common 
synoptic background annual evaporation over desert and 
Gobi is bigger than the climatic mean value without the 
infect of the oasis. This result means that it is the effect 
of the oasis makes the climatic state and the vegtation 
ecological type better in the desert region near the oasis 
than that in dersert or Gobi. It can be called the clmatic 
effect of inverse humidity. Dunhuang Oasis is smaller, 
so maybe its climatic effect isn’t more evidient than that 
of bigger or more prosperous oasis. The point isn’t found 
in former relative studies on arid region. 
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Figure 4. (a) Characteristics of daily variation of the latent 
heat flux at 2.9 m over Gobi in the wind from oasis; (b) and 
from Gobi or desert. 
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4. DISTRIBUTION OF ATMOSPHERIC  
INVERSE HUMIDITY AND NEGATIVE  
WATER VAPOR FLUX AS WELL AS 
COUNTER-GRADIENT TRANSFER 

Figure 5 is a comparison of distribution of the wind 
from the oasis and inverse humidity as well as negative 
water vapor within 1-2 m over Gobi in Dunhuang. It 
indicates that frequency of oasis wind keeps at about 50 
percent all day, frequency of the atmosphere inverse 
humidity is bigger at night than that in the daytime. Fre-
quency of inverse humidity is bigger than that of oasis 
wind at night, but smaller at noon and in the afternoon. 
There are two main reasons for this feature. On the one 
hand, the turbulent mixing is very strong and demolishes 
the inverse humidity structure in the daytime. Thus the 
inverse humidity structure is hard to maintain. On the 
other hand, surface evaporation in the daytime can partly 
counteract the effect of the water vapor advection. 
Therefore, if the water vapor advection isn’t strong 
enough the inverse humidity will not appear in the day-
time. But at night the turbulent mixing is weaker, 
evaporation is less and atmosphere is of generalized con- 
servation (It means atmospheric motion and exchange is 
inactive), and inertia of the atmosphere inverse humidity 
is strong. Thus, the inverse humidity can still keep for a 
long time, even if there isn’t the water vapor advection 
from the oasis. These conclusions haven’t been drawn 
from the observations in desert near Zhangye-Linze 
prosperous oasis in Heihe region [2]. There are two main 
reasons about it. On the one hand, the wind direction is 
more irregular in the observation of Heihe region which 
is affected by Qilian Mountain. On the other hand, per-
haps the water vapor transfer of Dunhuang oasis isn’t as 
strong as Zhangye-Linze oasis’s. 

Generally the direction of the water vapor flux is con-
trolled by the specific humidity gradient. For example, if 
the specific humidity decreases with height the water 
vapor flux will be positive, namely upwards, vice versa. 
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Figure 5. A comparison of distribution of the wind from the 
oasis, inverse humidity and negative water vapor within 1-2 m 
over Gobi in Dunhuang. 

Figure 5 shows that, the distribution of the negative wa-
ter vapor flux is consistent with that of the inverse spe-
cific humidity at night, but is quite inconsistent with it in 
the daytime. Frequency of the negative water vapor flux 
is under 20 percent and less than that of the inverse spe-
cific humidity in the daytime. It means that, the latent 
heat bulk transfer coefficients must be positive, namely 
counter-gradient transfer appears most times. It also ap-
pears over desert near oasis in Heihe region, but is omit-
ted as error in the former studies. The counter-gradient 
transfer is partly related to the observational error be-
cause both the humidity and latent heat flux are too 
small. But its distribution shows such good rule which 
makes us to look for other reasons. Some studies show 
that the counter-gradient transfer can result from the 
horizontal heterogeneity which is caused by the motion 
of convective eddy, complicated underlying and cumulus 
convection [6,7]. The strong horizontal heterogeneity of 
water vapor caused by distribution of oases in arid re-
gion is a typical mesoscale process. Based on Taylor 
hypothesis, temporal averaged values can respond to the 
effect of the spatial heterogeneity, and it results in oppo-
site symbol between the hourly averaged gradient and 
the turbulent flux. 

Figure 6 is a comparison of the characteristics of 
daily variation of distribution of counter-gradient trans-
fer (a) and the bulk Richardson number (b). Figure 6(a) 
indicates that the frequency of the counter-gradient 
transfer over desert and Gobi near oasis in the daytime is 
bigger than that at night. Its maximum is over 60 percent 
at 9:00 o’ and the minimum is about 20 percent at 18:00. 
It basically maintains about 40 percent in a longer time. 

The daily variation of the counter-gradient transfer 
may be related to the atmospheric stability. Comparing 
Figure 6(a) with Figure 6(b), the daily variation of the 
distribution of counter-gradient transfers and is mainly 
correlative to that of the Richardson number. The bigger 
the frequency of counter-gradient transfer is, the stronger 
the atmospheric instability is, vice versa. 

The atmospheric stability indirectly affects the cou- 
nter-gradient transfer through its influence on the oasis 
effect. Generally, the stronger the heterogeneity is, the 
counter-gradient transfer caused by the temporal aver-
aging [16] is more obvious. At night the atmosphere over 
oasis is stable, inactive and its impact on desert near it is 
smaller, so the frequency of the counter-gradient transfer 
is less. But in the daytime the great instability makes the 
atmosphere over oasis active, and the influence of at-
mosphere over the oasis on the atmosphere over desert 
near oasis is greater, so the frequency of the counter- 
gradient transfer is bigger. After the surface atmosphere 
exchanges strongly between oasis and desert during a 
period in the daytime, horizontal distribution of atmos 
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Figure 6. (a) A comparison of the characteristics of daily varia-
tion of distribution of counter-gradient transfer; (b) and the 
bulk Richard-son number. 

 
pheric humidity tends to even and the impact of the oasis 
on desert become weaker. So the counter-gradient trans-
fer of water vapor appears at 9:00, not at noon or in the 
afternoon. 

5. CONCLUSIONS AND DISCUSSIONS 

The daily variation of the specific humidity over desert 
near oasis can be divided into four stages which are the 
wet stage, the losing-water stage, the dry stage and the 
attaining-water stage. This is similar to the general Gobi 
or desert. Differences caused by the oasis wind are given 
in the following content. Firstly, the atmosphere specific 
humidity over Gobi near oasis is basically in inverse 
humidity and the water vapor flux is negative at night. 
Secondly, the specific humidity decreases progressively 
with height and the water vapor flux is positive in the 
daytime. Thirdly, the difference between the daily inte-
grated values of the latent and sensible heat flux are in 
two orders of magnitude. 

The structure of humidity profiles and the water vapor 
transfer in desert wind are very different from those in 
oasis wind. In the wind from desert, the specific humid-
ity decreases with height all day and the water vapor 
basically transfers up. However, in the wind from oasis, 
the inverse humidity is dominant and the water vapor 
flux is negative all day except few hours. The daily inte-
grated value of water vapor flux in the wind from oasis 
is significantly different from that in the wind from de-
sert. Such effect of the oasis indicates that less annual 
precipitation can support the climatic state or the vegta-
tion ecological type with greater annual evaporation over 
desert region near the oasis. Namly, the effect of the oa-
sis makes the climatic state and the vegtation ecological 
type better in the dersert region near the oasis than that 
in the desert or Gobi. 

The atmosphere over oasis is conservative at night and 
active in the daytime. So the frequence of inverse hu-
midity is bigger than that of the oasis wind at night, 
while is smaller in the daytime. Because of the influence 
of horizontal spatial heterogeneity of water vapor caused 
by distribution of oasis, sometimes the direction of water 
vapor transfer is inconsistent with specific humidity gra-
dient, namely the counter-gradient transfer of water va-
por appears in a longer time. 

The frequency of the counter-gradient transfer in the 
daytime is bigger than that at night and it is much rela-
tive to the atmospheric stability. These features are rela-
tive to the counteraction of the turbulent mixing on the 
horizontal heterogeneity of water vapor over oasis. 

The effects of thermal circulation between oasis and 
desert near it, which were found in the former studies 
[12] on the Northwest China Arid Region, doesn’t ap-
pear in the Dunhuang experiment. The flowing are the 
possible reasons. Firstly, Dunhuang oasis is smaller. Sec-
ondly, the thermal circulation is weaker. At last, its in-
fluence on atmospheic humidity over gobi or desert may 
be offset by the strong turbulent mixing resulting from 
extreme arid environment. 
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ABSTRACT 

A capillary-enforced template-based method 
has been applied to fabricate calcium copper 
titanate (CaCu3Ti4O12, CCTO) nanotubes (di-
ameter ~200 nm) by filling sol-gel CCTO pre-
cursor solution into the nanochannels of po-
rous anodic aluminum oxide (AAO) templates, 
subsequent heating for phase formation and fi- 
nally the removal of nano-channel templates by 
applying basic solution. X-ray diffraction (XRD), 
field emission scanning electron microscopy 
(FE-SEM) and transmission electron micros-
copy (TEM) equipped with Energy-dispersive 
X-ray spectroscopy (EDX) have been employed 
to characterize the morphology, structure, and 
composition of as-prepared nanotubes. XRD 
and selected-area electron diffraction (SAED) 
investigations demonstrated that postannealed 
(750○C for 1 h) CCTO nanotubes were poly-
crystalline with a cubic pseudo-perovskite cry- 
stal structure. The FE-SEM and TEM results 
showed that CCTO nanotubes were of uniform 
diameter (~200 nm) throughout their length. 
High resolution TEM (HRTEM) analysis confirm- 
ed that the obtained CCTO nanotubes are made 
of randomly aligned nano-particles 5-10 nm in 
size. EDX analysis demonstrated that stoichi- 
ometric CaCu3Ti4O12 was formed. The possible 
formation mechanism of CCTO nanotubes in the 
AAO template is discussed.  

Keywords: Nano-Tubes; Sol-Gel; Templated 
Growth; High-K-Dielectrics 

1. INTRODUCTION 

Subsequent to the discovery of carbon nanotubes [1] by 
Iijima et al. many research groups around the globe have 
become involved in the development of one-dimensional 

nano-structures such as nano-tubes, nano-rods, nano- 
wires etc. of various functional materials due to their 
important role in mesoscopic physics and nanoscale de-
vice fabrication, as they can be utilized as both nano-
scale device elements and interconnections while retain-
ing unique properties due to size confinement in the ra-
dial direction [2-6]. Recently efforts have been made to 
synthesize and understand the growth of different nanos-
tructures of the functional materials such as complex 
dielectric and ferroelectric oxides because of their prom-
ising applications for pyroelectric detectors, piezoelec-
tric actuators and transducers, nonvolatile memory, ul-
trasonic devices, piezoelectric ink-jet printers etc. [7-11]. 
Nanotubes of various materials have been synthesized 
through various methods, among which sol-gel template 
technology provides a versatile technique for synthesizing 
highly ordered and controlled with the same structure and 
properties at large-scale production of one dimensional 
nanostructures, which is the basic building block of nan-
odevices. The nanochannel of template can be viewed as a 
reactor, in which one-dimensional nanostructure of the 
desired material can be synthesized in which the shape 
and size of the nanostructures depend only on the dimen-
sion of the pores present in the template. 

High dielectric constant materials are immensely use-
ful for miniaturization of electronic devices which is a 
recent goal of our technological progress. In this sce-
nario ferroelectric materials are on demand due to their 
high dielectric constant values. Hernandez et al. have 
fabricated BaTiO3 (BT) and PbTiO3 (PT) nanotubes us-
ing template approach [12]. Using the same synthetic 
approach Zhang et al. have fabricated highly ordered 
Pb(Zr0.53Ti0.47)O3 (PZT) nanowires which were found to 
exhibit a significant piezoresponse and proposed for 
potential device applications [13]. Recently, Singh et al. 
reported the fabrication of Ba0.6Sr0.4TiO3 (BST) nano-
tubes [14]. But one serious drawback in these well 
known ferroelectric materials possessing higher dielec-
tric constant values is these are Pb or Ba containing ma-
terials which are severely toxic to human bodies and 
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therefore are non-environment friendly materials. One 
more important point is that the dielectric constant (ε) 
for most of these ferroelectric ceramics has strong tem-
perature dependence and shows rapid change near ferro-
electric transition temperature which makes them ineffi-
cient to act as a good ceramic capacitor material. In the 
first of this millennium Subramanian et al. [15] have 
discovered a new pseudo-perovskite CaCu3Ti4O12 (CC 
TO) possessing a very high value of dielectric constant 
(~10,000 for bulk and ~105 for single crystals) and mod-
erately lower dielectric loss (~0.1). The dielectric con-
stant remains reasonably invariant over a wide tempera-
ture range from 100 to 400 K below 1 MHz. Hence the 
material is capable of potential industrial application for 
miniaturizing electronic devices. To a surprise the mate-
rial is non-ferroic and shows a centrosymmetric structure 
down to 35 K [16]. Both intrinsic and extrinsic mecha-
nisms were employed to explain this unusual phenome-
non. Most of the studies have taken the help of Internal 
Barrier Layer Capacitor (IBLC) model consisting of 
semiconducting grains and insulating grain boundaries to 
explain this enormously large dielectric const [17-18]. 
whereas Lunkenheimer et al. believe it is arising from 
the electrode polarization effects [19]. Although there 
are few reports on the synthesis of nano-particles of this 
giant dielectric material [20], fabrication of its nano- 
structures is rare in literature. In this article we are re-
porting the synthesis of gaint dielectric CCTO nanotubes 
of about 200 nm diameter by means of a sol-gel method 
utilizing nano-porous anodic aluminum oxide (AAO) 
templates, structural characterization of the nano-tubes 
and high resolution electron microscopic (HRTEM) 
studies on the nano-tube walls to reveal the crystalline 
structures.  

2. EXPERIMENTAL DETAILS 

CaCu3Ti4O12 precursor-solution was prepared through 
conventional sol-gel route whreby metallic-acetates na- 
mely copper-acetate monohydrate (Cu(CH3COO)2.H2O 
> 99%, Aldrich) and calcium acetate monohydrate 
(Ca(CH3COO)2.H2O > 99%, Aldrich) were used as me- 
tal-ion precursors. Appropriate amount of these metal-
lic-acetates, corresponding to 1:3 ratios of Ca:Cu metal 
ions were dissolved in glacial acetic acid which was used 
as solvent. Titanium isopropoxide (TIP) (Ti-{OCH- 
(CH3)2}4 > 99.9%, Aldrich) was used as Ti-source and 
was dropwise added in appropriate amount (i.e., amount 
corresponding 1:3:4 stoichiometric ratios of Ca:Cu:Ti 
metal ions) to glacial acetic acid with a gas-tight syringe 
while stirring the solution continuously with the help of 
a magnetic stirrer. It is a well known phenomenon that 
transition metallic alkoxides are unstable due to the 

presence of extremely reactive alkoxide groups and are 
prone to hydrolysis. Hence acetylacetone (CH2(CH3CO)2, 
Merck) was added to the solution for stabilization of TIP. 
Next these two solutions were mixed together to form 
the final precursor solution which was adjusted to a 
concentration 0.1 M (in terms of CCTO) and was sub-
sequently refluxed for one hour at 160○C for homogene-
ity. The final precursor solution was transparent, dark 
blue in color and was stable for long time without any 
precipitation. 

Nanopourous Anodic Aluminum Oxide (AAO) mem-
branes (pore diameter: ~200 nm, and 60 µm thickness) 
were purchase from Whatman®, were used as the tem-
plates for synthesis of CCTO nanotubes. Before using, 
templates were cleaned for 20 min in an ultrasonic bath 
using solvents of different polarity such as double dis-
tilled water, acetone, hexane, toluene and were annealed 
at 200oC for 2 h in vacuum to make free of any existent 
impurities. Next the AAO templates were immersed in 
the precursor solution for 2 h and were dried at 150○C 
for 1 h. These templates containing the precursor were 
heated in air at 750oC for 1 h with the help of a thermal 
annealing furnace for the desired phase to form. CCTO 
nanotubes were isolated on removal of the AAO tem-
plates by immersing them in 6 M NaOH solution at 
room temperature for 24 h. To obtain higher amount of 
nanotubes, the base solution was diluted in several steps 
with distilled water and finally with ethanol. The iso-
lated nanotubes were collected by centrifugation. The 
structural studies on the as prepared CCTO nanotubes 
were carried out using X-ray powder diffraction (XRD) 
using a Philips PW3710 diffractometer (Cu-K radiation, 
30 kV and 20 mA, λ = 1.5406 Å).The morphology of the 
CCTO nanotubes was studied by scanning electron mi-
croscope (SEM) (Quanta 200). To reduce the charging 
effects on insulating AAO templates and CCTO nano-
tubes during SEM studies, a very thin layer of gold was 
sputtered for conductivity enhancement. The X-ray stru- 
ctural data were corroborated by the transmission elec-
tron microscopic (TEM, Tecnai F30) studies, operating 
at an acceleration voltage of 200 kV. 

3. RESULTS AND DISCUSSIONS 

Since the size and uniformity of the product nanotubes 
solely depend on the used nanoporous AAO template, its 
features namely the uniformity of size of the pores in the 
template were studied by SEM. Figure 1(a) and Figure 
1(b) show typical scanning electron micrographs of 
top-view and lateral-views of an empty AAO template 
respectively. It can be noticed that the pores size (di-
ameter) in the AAO template were in the range of 190- 
220 nm and pores are well-uniformly distributed over 
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the template matrix in an approximately hexagonal- 
shaped “honey-comb” like structure. Figure 1(c) shows 
SEM image of CCTO nano-tubes after almost 90% re-
moval of the AAO template with NaOH solution. Figure 
1(d) features a side view of some of the prepared nano- 
tubes. The micrographs clearly show that as synthesized 
CCTO nanotubes were hollow, roughly parallel to each 
other, and vertically oriented on the AAO template to 
form an array. The average diameter of the nano-tubes 
are in the range of 160-180 nm, little smaller than the 
expected value of 200 nm. This contraction of nano- 
tubes from the original dimension of the pores is proba-
bly due to the shrinkage experienced by CCTO nano- 
tubes on densification and dehydration associated with 
thermal treatment. The diameter is quite uniform for 
most of the nano-tubes indicating the superiority of this 

method for large scale homogeneous nanotube synthesis.  
To examine crystallinity and phase-purity of as-pre-

pared nano-tubes obtained after annealing at 700oC, 
X-ray diffraction studies were carried out. Figure 2 
shows the X-ray diffraction pattern of template free 
CCTO nano-tubes, which were collected and gathered as 
centrifuge residue after removal of NaOH solution and 
subsequent washing with different solvent mediums for 
several times. The XRD pattern clearly indicates the 
crystallinity of the nano-tubes. All the peaks in the dif-
fractogram can be well-indexed according to the pseudo- 
perovskite phase of CCTO (JCPDS card No. 75-2188). 
Absence of any impurity peaks proves the phase-purity. 
The orientations and the intensity ratios of the CCTO 
nanotubes matched well with the cubic pseudo-perovs- 

 

 
Figure 1. SEM images. (a) top-view of AAO template; (b) lateral-view of AAO template; (c) CCTO nanotubes after > 90% 
removal of AAO templates with the help of NAOH solution; (d) lateral view of some of the CCTO nano-tubes. 
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Figure 2. X-Ray Diffraction pattern of prepared CCTO nano- 
tubes annealed at 700oC after removal of AAO templates. 
 
kite phase of bulk CCTO.  

Figure 3(a) shows TEM image of a CCTO nano-tube 
after complete removal of AAO template by dissolution in 
6 M NaOH solution. The difference in contrast between 
the middle and the edges of the tube in Figure 3(a) clearly 
indicates its hollow structure. Enhanced scattering at edges 
of the tube makes it darker than the middle portion in the 
TEM picture. The diameter of the nano- tube is almost 
uniform throughout its length which is approximately 
equal (slightly smaller) to channel diameter of the applied 
template. The length of these nano- tubes was found to be 
shorter than the thickness (60 µm) of the AAO templates. 
The possible reason may be the inefficient filling upto the 
pore-depth in the template and also breakage of some tubes 
to shorter ones during intense ultra-sonic dispersion treat-
ment. Figure 3(b) re- presents corresponding SAED pat-
tern which clearly proves the polycrystalline nature of the 
nano-tubes. The rings in the SEAD pattern corresponds to 
(422), (400), (013), (220) and (200) crystal planes of cubic 
pseudo- perovskite phase of CCTO. The d-spacings were 
calculated from the diameter of the bright circular rings 
observed in the electron diffraction pattern which were 
found to be in good agreement with that calculated from 
the XRD data (JCPDS card No. 75-2188) and the data 
available in the literature. 

The micro-structure of the CCTO nano-tubes were 
further investigated with the help of High Resolution 
Transmission Electron Microscope (HRTEM) studies to 
get a clear insight of the features. Figure 3(c) shows a 
typical HRTEM image of the wall of a CCTO nano-tube 
prepared with the help of AAO templates. The HRTEM 
image clearly shows that the nano-tube is made up with 
a number of CCTO well-resolved nano-particles that are 

randomly oriented in the wall. The nano-particles com-
prising the walls of nano-tubes of other oxide materials 
have been previously observed and reported in the lit-
erature [14,21]. The size of the constituent particles is in 
the range of 5-10 nm which is in good agreement with 
the previously reported data of these functionally com-
plex oxide nano-structures [14]. The observation of few 
unresolved spaces in the HRTEM image suggests the 
presence of few pores in the wall of CCTO nano-tubes. 
The lattice spacing values (d220, d400) as obtained from 
the HRTEM image closely resembles to that calculated 
on the basis of XRD and SEAD results. 

Energy dispersive X-ray (EDX) spectrum of the CCTO 
nano-tubes after complete removal of AAO template is 
shown in the Figure 3(d). No emission peaks from Al, 
and other elements from the etching NaOH solution, re-
agent, and template appeared in this spectrum. The ab-
sence of any impurity peaks in the EDS spectrum and the 
close resemblance of the atomic ratios of Ca, Cu and Ti to 
the nominal composition in CaCu3Ti4O12 prove the ele-
mental and phase purity of prepared CCTO nanotubes.  

CCTO nanotubes were grown by sol-filling in the 
AAO template with the help of capillary force. The sol 
was drawn up into and filled the pores of the AAO tem-
plate. Air in the pores and vapor from the sol were 
evaporated from the top surface of the AAO template. 
The possible formation mechanism of CCTO nanotubes 
inside the pores of AAO template is proposed here. 
Schematics of the possible formation mechanism of 
CCTO nanotube inside the pores of AAO template is 
shown in Figure 4 (growth process of CCTO nanotube). 
Initially, the template was put on the CCTO precursor 
solution as shown in Figure 4 because the solution is 
easier to fill into the pores of the template due to the 
capillary force. As the solvent evaporates from the sur-
face and the concentration is enriched at the top of the 
pores, precipitation or gelation occurs first at the top of 
the pores on the AAO template surface exposed to the air 
and subsequently proceeds downward along the entire 
wall of the pores. The precursor solution consists of sol 
nanoparticles or nanoclusters homogeneously dispersed 
in the solvent. Such nanoclusters, which develop surface 
charges and form a double layer, can respond to an ex-
ternally applied electric field or other nanoclusters [22]. 
When the surface of the AAO template is brought into 
contact with a sol, a surface charge and a double layer 
are formed on the surface of the AAO template. There-
fore, when sols are drawn into the pore channels of the 
AAO template, if the surface charges of nanoclusters in 
a sol and the surface of the AAO template are opposite, 
there will be an electrostatic attraction force, and the      
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Figure 3. TEM image of (a) a CCTO nano-tube after complete removal of AAO template; (b) HRTEM image of a single 
nano-tube surface revealing that it is comprised of a number of randomly oriented particles; (c) corresponding SEAD pat-
tern and (d) EDS spectrum of CCTO Nano-tubes. 

 

 
Figure 4. A schematic diagram of the possible growth mechanism of CCTO nanotubes in the AAO template. 
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nanoclusters will preferentially deposit on the surface of 
the pore channel, resulting in the formation of nano-
tubes. 

4. CONCLUSIONS 

In summary, CCTO nanotubes have been prepared suc-
cessfully by sol-gel method using the closely packed 
porous nanochannel alumina templates. The crystallinity 
and phase purity of the CCTO nanotubes were con-
firmed via XRD and SAED analysis. EDX analysis cor-
roborated the stoichiometric CaCu3Ti4O12 formation. 
The walls of the nanotubes were found to be made up of 
nanoparticles as confirmed by the HRTEM studies. The 
nanoparticles embedded in the wall were found in the 
range of 5-10 nm. This facile method of preparing the 
CaCu3Ti4O12 nanotubes at a large scale might be impor-
tant for many applications in nanodevices. 
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ABSTRACT 

Zirconia and ceria-stabilized zirconia (12Ce-TZP) 
were synthesized by the dicarboxylate copre-
cipitation technique such as fumarate, succi-
nate, tartarate and adipate. The formation of 
these dicarboxylate precursors was studied by 
elemental analysis, thermal analysis and infra-
red spectroscopy. The precursors were further 
decomposed at 650oC for 2 hours to form re-
spective zirconia and ceria-stabilized zirconia. 
The composition of these oxides was checked 
by Atomic absorption spectrometer and Energy 
dispersive X-ray analysis. The structural and 
morphological characterization of these oxides 
was done by using X-ray diffraction analysis, 
surface area, scanning electron micrographs 
and particle size distribution analysis. These 
properties were found depending to great extent 
on the nature of the precursors. The zirconia 
and ceria-stabilized zirconia obtained from adi-
pate precursor were found to be good for slip- 
casting. The slips (i.e., suspensions) of these 
oxides with different solid contents were pre-
pared at different pH with distilled water and 
ethanol as dispersing agents, with and without 
deflocculant. The suspension rheological flow  
(i.e., variation of shear stress and viscosity with 
shear rate) was determined. The minimum vis-
cosities were observed at pH = 10.16 for ZrO2- 
water and pH = 10.26 for 12Ce–TZP-water sys-
tem. The slip, green and sedimentation bulk 
density were measured. 

Keywords: Oxides; Ceramics; Chemical Synthesis; 
Surface Properties 

1. INTRODUCTION 

Zirconia and zirconia-base ceramics are of both scien-
tific and technological interest as structural and func-

tional materials due to their superior properties [1]. 
These powders have attracted much interest recently due 
to their specific optical and electrical properties [2-5] 
and potential applications [6-11]. Zirconia has three 
polymorphs: monoclinic, tetragonal and cubic [1]. The 
former is the thermodynamically stable and the other 
two are metastable polymorphs. 

The addition of ‘stabilizing’ oxides, like CaO, MgO, 
CeO2, Y2O3 to pure zirconia allows to generate multi-
phase materials known as partially stabilized zirconia, 
whose microstructure at room temperature generally 
consists of cubic zirconia as the major phase, with mo- 
noclinic and tetragonal zirconia precipitated as the minor 
phase [12]. The improvement in the mechanical strength 
and toughness due to phase transformation in partially 
stabilized zirconia was first reported by Garvie et al. 
[13]. 

During the last decades an active research has been 
undertaken in different laboratories, in order to obtain 
zirconia and stabilized-zirconia powders with the re-
quired characteristics of size, purity, uniformity, crystal-
linity etc. A variety of methods have recently been de-
scribed for the preparation of ZrO2 and CeO2-ZrO2 for 
potential applications. These methods includes conven-
tional methods like co-precipitation [14-20], citrate 
process [17], polymerized complex process [18-21], 
sol-gel [22], gel-combustion process [23,24], spray py-
rolysis [25], hydrothermal [26], surfactant templating 
[27,28], ultrasound [29] and sonochemical [30] methods 
etc. 

A strong effort has been directed to increase the over-
all efficiency of CeO2-ZrO2 in various applications. One 
of the keys to this success is the selection of appropriate 
preparation methods and composition (i.e., Ce/Zr ratio), 
which in turn determine homogeneity at a molecular 
level and morphological properties. Considerable inter-
est is being shown in tetragonal zirconia polycrystalline 
ceramics. Coyle et al. [31] were among the first re-
searchers to study tetragonal zirconia produced using the 
ZrO2-CeO2 system. The presence of tetragonal phase is 
an essential condition for zirconia toughening besides 
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hindering or interrupting crack propagation [32]. 
In all the above technological applications, the control 

of rheology is of paramount importance for zirconia and 
partially stabilized zirconia [33-35], especially when 
stabilization and milling processes are used [33,35,36]. 
The rheological characteristics of aqueous suspensions 
depends on several experimental parameters such as 
particle size and particle size distributions, solids volume 
fraction, pH of suspending media, type and amount of 
added dispersing agents [37-40]. Despite the good 
knowledge of stabilization mechanism [41,42] and the 
methods to make a well dispersed and stable slip, there 
is no general process applicable for ceria stabilized ZrO2 
powders. 

In this work we have prepared zirconia and ceria-sta-
bilized zirconia by dicarboxylate precursor method. This 
method offers several advantages for processing ceramic 
powders such as direct and precise control of stoi- 
chiometry, uniform mixing of multicomponents on a 
molecular scale, and homogeneity. This method is also 
applied to synthesize ceria-stabilized zirconia showing to 
be effective to prepare zirconia with a tetragonal struc-
ture. In addition, the rheology of zirconia and ceria-sta-
bilized zirconia is investigated in order to find out a 
suitable stabilization method. Several critical factors 
related to the slip rheology are studied, such as the in-
fluence of the amount of dispersant, and pH on viscosity 
of concentrated aqueous and nonaqueous slips. Finally, 
the density of green cast samples is studied and related 
to the degree of slip dispersion. 

2. EXPERIMENTAL PROCEDURE 

2.1. Synthesis of Zirconyl Dicarboxylate 
Precursors 

(a) Zirconyl fumarate dihydrate, ZrO(C4H2O4)·2H2O was 
prepared by the precipitation method by taking high pu-
rity ZrO(NO3)2·nH2O (9.989 gm) in deionized water 
(100 ml) in a beaker. The pH of the medium was ad-
justed to a low enough value (pH ≤ 6), so that hydroxide 
precipitate does not form. The solution was stirred vig-
orously with a magnetic stirrer. To this fumaric acid 
(0.15 M) solution was then added slowly with stirring till 
a permanent precipitate occurred (precaution: don’t add 
excess dicarboxylate). Acetone was added in equal 
amounts to metal salts to get more homogenous, stoi- 
chiometric, fine grained powders. The resultant precipi-
tate of ZrO(C4H2O4)·2H2O was white in colour. The so-
lution was filtered after stirring it for 30 minutes. The 
filtrate was checked for Zr4+ whose absence ensured 
complete precipitation. The precipitate was washed sev-
eral times with cold distilled water and then with acetone 
to speed up the drying. It was air dried at the ambient 

temperature.  
The similar experimental conditions were used for the 

preparation of other dicarboxylates such as (b) succinate, 
(ZrO(C4H4O4)·2H2O); (c) tartarate, (ZrO(C4H4O6)·2H2O); 
and (d) adipate, (ZrO(C6H8O4)·2H2O). 

2.2. Synthesis of Ceria Doped Zirconyl 
Dicarboxylate Precursors 

(a) Ceria doped zirconyl fumarate one and half hydrate, 
Ce0.12Zr0.88O(C4H2O4)·1.5H2O was prepared according to 
the similar procedure described in above Subsection 2.1. 
by taking Ce(NO3)3·6H2O (3.076 gm), ZrO(NO3)2·nH2O 
(12.012 gm) in deionized water (100 ml). 

Other dicarboxylates such as (b) succinate, (Ce0.12 

Zr0.88O(C4H4O4)·H2O); (c) tartarate, (Ce0.12Zr0.88O(C4H4 

O6)·2H2O); and (d) adipate, (Ce0.12Zr0.88O(C6H8O4)·H2O) 
were prepared by following the procedure given above. 

2.3. Synthesis of Zirconia and 
Ceria-Stabilized Zirconia 

For the synthesis of zirconia and ceria-stabilized zirconia, 
the above dicarboxylate precipitates were decomposed 
and calcined slowly at 650oC for about 2 h in a platinum 
crucible under static air atmosphere and then slowly 
cooled (3oC/min) down to the room temperature. Thus 
the heat treatment is sufficient for achieving a complete 
decomposition of dicarboxylates. The powder obtained 
was polycrystalline. This sample was then reground and 
recalcined at the same temperature for another 2 h. The 
furnace was turned off and sample was removed at room 
temperature. The obtained samples of zirconia and ceria- 
stabilized zirconia were stored in a desiccator. 

2.4. Sample Characterization 

The elemental analysis of carbon and hydrogen were 
done by microanalytical technique. The metal analysis of 
the samples was carried out by Atomic absorption spec-
trometer (AAS) and Energy dispersive X-ray analysis 
(EDAX). The infrared spectra of precursor were re-
corded in the region 4000-450 cm-1 on the Perkin-Elmer 
– 1600 series FTIR spectrophotometer using KBr pellets. 
The TGA, DTG and DTA were recorded on Mettler 
Toledo 850 instrument. 

The X-ray powder diffraction patterns were deter-
mined on Rigaku Miniflex Diffractometer using CuKα 
radiation (λ = 1.5405 Å; nickel filter). The BET surface 
area was determined from N2 adsorption isotherms using 
a Coulter (Omnisorp 100 CX) instrument. Morphologi-
cal studies were carried out using scanning electron mi-
croscope (SEM) Philips 30XL model. The particle size 
distribution analysis was done using a dynamic light 
scattering method (Ultrafine Particle Analyzer (UPA) 
from Leeds and Northrup instrument). 
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2.5. Slip Preparation and Characterization 

For studying suspension rheological flow characteristics 
of oxide powders, several suspensions were prepared at 
conditions where they could be cast. Rheological tests 
permit to identify the conditions where the suspensions 
are better dispersed. For these tests, zirconia and ceria- 
stabilized zirconia suspensions were prepared in water 
and ethanol with different solid loading, by using two 
different deflocculants such as Darvan (i.e. polymeth-
crylic acid) and M2OC (i.e. ammonium polyacrylate), by 
varying their concentrations and by varying the pH of 
the suspension.  

The suspensions were placed in a polyethylene bottle 
with alumina balls and milled for 24 h to achieve good 
homogenous dispersion. After dispersing, the suspen-
sions were degassed for several minutes under a rotary 
vacuum pump. Elico pH-meter with a glass combination 
electrode was used to measure the pH in all suspension 
(i.e. slip). Hydrochloric acid (HCl) and tetramethyl am-
monium hydroxide (C4H13NO) solutions were used to 
adjust the suspension pH. Suspension rheological flow 
characteristics (i.e. variation of shear stress and viscosity 
with shear rate) were determined with Brookfield vis-
cometer model RVT with small sample adaptor acces-
sory SC4 – 14/6R. 

The degree of dispersion stability in the ceramic slur-
ries was determined by measuring slip and sedimenta-
tion bulk density. For measuring the slip density, the 
suspension was poured in 5 ml specific gravity bottle 
and suspension weight was measured. Sedimentation 
bulk density was determined by pouring the suspension 
i.e. slip (of known weight) into 5 ml measuring cylinder. 
The measuring cylinder was covered with flexible film 
(to prevent solvent evaporation) and the particles in sus-
pension were allowed to settle until the sediment height 
no longer changed with time. The sedimentation bulk 
volume was determined directly from sedimentation 
height in the measuring cylinder. The weight of ZrO2 or 
ceria-stabilized ZrO2 in the sedimentation volume was 
determined by multiplying the known weight of suspen-
sion in the cylinder times the known weight percentage 
of ZrO2 or ceria-stabilized ZrO2 in the suspension. 

The suspension was then cast in a 20 mm × 20 mm × 10 
mm acrylate mould placed on a plaster of Paris bricks. After 
2 h, the cast solid (i.e. green body) was removed from the 
mould. The obtained green bodies were dried at room tem-
perature for one day, and then at 110oC for one day. 

For measuring the percent shrinkage, the dimension of 
the green bodies dried at room temperature was meas-
ured using the Vernier caliper. The green bodies were 
then dried at 110oC for one day in electric oven. After 
drying again the dimension of the green bodies was 
measured. The green density of the samples was meas-

ured using Archimedes method. Before determination of 
the weight in water, the green bodies were immersed in 
paraffin to close the pores. 

3. RESULTS AND DISCUSSION 

3.1. Dicarboxylate Coprecipitation 

During synthesis, several parameters which may influ-
ence the amount of zirconyl dicarboxylate precipitates at 
25oC. In order to reach required stoichiometry in dicar-
boxylate precipitates, the control pH and concentration 
of metal salt solution is very important. 

1) Effect of zirconium concentration  
A series of experiments has been made to determine 

the most appropriate zirconium concentration values for 
a maximum precipitation of dicarboxylates. Several di-
carboxylates such as fumarate, succinate, tartarate and 
adipate have been prepared with the zirconium concen-
tration ranging from 0.05 to 0.4 M. The maximum 
amount of zirconyl dicarboxylate precipitates (~90%) 
are obtained for the zirconium content equals to 0.25 M. 

2) Effect of dicarboxylate concentration 
A second series of trials has been made to determine 

the most appropriate concentrations of dicarboxylic ac-
ids such as fumaric, succinic, tartaric and adipic acid. It 
is observed that in all cases the maximum (~92%) pre-
cipitation yield is obtained when dicarboxylic acid con-
centration is equals to 0.15 M. For more dicarboxylic 
acid concentration, it shows a decrease of zirconyl pre-
cipitation. Therefore to balance this concentration and to 
satisfy practical considerations, we use optimal concen-
tration, i.e., 0.15 M dicarboxylic acid is used for pre-
cipitation. 

In case of zirconyl dicarboxylates, the effect of pH 
could not studied, since for pH adjustment, precipitation 
occur immediately by addition of 10% NH4OH. So the 
pH and dicarboxylic acid concentration have been cho-
sen so that the solubility of zirconyl dicarboxylates is as 
low as possible. It is difficult to give an exact figure for 
new solubility values for dicarboxylate precipitate. The 
best range of pH ≈ 4.5 to 6.0 is used for the synthesis of 
zirconyl dicarboxylate (i.e. precursor). 

3.2. Characterization of Dicarboxylate 
Precursors 

The composition of precursor is characterized at first 
stage by elemental analysis and Atomic absorption spec-
trometry (AAS). The elemental analysis of dicarboxylate 
precursors were made in wt.%: for fumarate, ZrO (C4H2 

O4)·2H2O (C, 18.83 (18.67); H, 2.22 (2.33); Zr, 35.86 
(35.45)) and Ce0.12Zr0.88O(C4H2O4)·1.5H2O (C, 18.32 (18. 
90); H, 2.06 (1.96); Zr, 31.60 (31.57); Ce, 6.51 (6.61)). 
For succinate, ZrO(C4H4O4)·2H2O (C, 18.67 (18.52); H, 
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2.54 (3.08); Zr, 35.19 (35.18)) and Ce0.12Zr0.88O(C4H4 

O4)·H2O (C, 19.53 (19.43); H, 2.65 (2.42); Zr, 32.55 
(32.47); Ce, 6.93 (6.80)). For tartarate, ZrO(C4H4 

O6)·2H2O (C, 16.65 (16.49); H, 2.84 (2.74); Zr, 31.18 
(31. 31)) and Ce0.12Zr0.88O(C4H4O6)·2H2O (C, 16.45 
(16.17); H, 3.01 (2.69); Zr, 27.16 (27.00); Ce, 5.73 
(5.65)). For adipate, ZrO(C6H8O4)·2H2O (C, 24.81 
(25.07); H, 3.71 (4.17); Zr, 31.95 (31.74)) and 
Ce0.12Zr0.88O(C6H8O4)·H2O (C, 26.24 (26.16); H, 3.12 
(3.63); Zr, 29.18 (29.15); Ce, 6.07 (6.11)). The values in 
the parenthesis are calculated ones. The observed values 
are found to be ± 0.5% of the nominated values.  

The energy dispersive X-ray analysis (EDAX) further 
confirms all the cations were present in a perfect cationic 
ratio in the precursor. The peaks pertaining to all the 
cations were present in the EDAX spectrum. The ele-
mental composition analysis at several spots was uni-
form, which is indicative of a highly homogeneous ma-
terial. This is due to the fact that all the cations are uni-
formly mixed. 

The presence of water of crystallization for these pre-
cursors was confirmed on the basis of the thermal analysis 
curves under static air atmosphere. These results are fur-
ther supplemented by infrared spectroscopic measurements. 
The bidentate linkage of dicarboxylate group with metal 
was confirmed on the basis of the difference between the 
antisymmetric and symmetric stretching frequencies. A 
chain like polymeric octahedral structure has been as-
signed by infrared spectra for these precursors. 

Thermal analysis (TGA, DTG and DTA) of the pre-
cursors shows that all the complexes dehydrate and de-
compose in the temperature range 30-600oC. It is ob-
served that the weight loss in TGA corresponds to the 
formation of respective zirconia or ceria-stabilized zir-
conia. 

3.3. Characterization of Zirconia and 
Ceria-stabilized Zirconia 

After characterizing the above precursor was decom-
posed slowly at 650oC to form respective oxides. The 

X-ray diffraction (XRD) patterns of zirconia obtained 
from all precursors shows the tetragonal phase. The ex-
perimentally observed d-spacing values and relative in-
tensities are compared with those reported in the litera-
ture [43]. The lattice parameters for each compound are 
calculated and are listed in Table 1. 

Similarly the addition of 3, 6, 9, 12 mol.% of ceria to 
the system, allows stabilization of zirconia matrix in 
tetragonal phase. It is observed that for 3 to 9 mol.% 
ceria in ZrO2, the diffraction peak to XRD spectra reveal 
that the material crystallizes in face centered cubic fluo-
rite type structure. However, for 12 mol.% ceria in ZrO2 
powder, the diffraction lines are matched to the tetrago-
nal phase, on the other hand above 12 mol.% ceria the 
tetragonal phase is collapse. Thus 12 mol.% ceria stabi-
lized ZrO2 retained tetragonal phase at room temperature. 
The experimentally observed d-spacing values and rela-
tive intensities are compared with those reported in the 
literature [43]. The lattice parameter for 12 mol.% ceria 
stabilized zirconia prepared from different dicarboxylate 
are then calculated and shown in Table 1. 

The morphology of ceria-stabilized ZrO2 powders was 
also analyzed by scanning electron micrographs (SEM), 
which revealed agglomerates with irregular shape and 
variable packing density of their primary particles (Fig-
ure 1). According to literature [44], these agglomerates 
can be classified as ‘soft’ or ‘hard’, the hard agglomer-
ates consisting of close-packed particles with high densi-
ties. As can be seen from Figures 1(a) and (b), the 3 and 
6 mol% ceria stabilized zirconia shows agglomerated 
structures, while 9 mol% ceria content zirconia show 
fused agglomerates (Figure 1(c)). However, for 12 mol% 
ceria content zirconia, the SEM show less dense ag-
glomerates, suggesting soft agglomerates with particles 
connected by Van der Waals forces. Thus increasing 
ceria content, the concentration of intra-aggregate pore 
are decreased meaning a reduction of the aggregates 
content, up to the disappearance for powder contain-
ing12 mol.% CeO2. 

The common notation used in tetragonal zirconia 
 

Table 1. X-ray Powder diffraction and particulate properties data of zirconia and ceria-stabilized zirconia powders. 

Compound 
Lattice Parameters (nm) 

a0               c0 
Mean Grain size 

<D> Xray  nm ± 10 % 
Surface Area 

m2/g 
Average particle size (by SEM) nm 

(a) zirconia 

Fumarate 0.511       0.518 21.03 4.87 900 
Succinate 0.510       0.519 22.37 1.00 427 
Tartarate 0.510       0.519 22.11 1.83 569 
Adipate 0.511       0.518 16.77 7.26 222 

(b) ceria-stabilized zirconia 

Fumarate 0.509       0.513 18.03 10.33 178 
Succinate 0.507       0.511 19.24 12.88 357 
Tartarate 0.510       0.513 14.35 11.26 476 
Adipate 0.507       0.512 13.46 10.55 264 
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(a)                                          (b) 

   
(c)                                          (d) 

Figure 1. Scanning electron micrographs (SEM) of zirconia powders containing: (a) 3 mol.% ceria; (b) 6 mol.% 
ceria; (c) 9 mol.% ceria and (d) 12 mol.% ceria. 

 
 

polycrystal (TZP), literature [45] involves placing the 
cation symbol of the stabilizing oxide before the TZP 
abbreviation. In some cases the molarity of the stabiliz-
ing oxide will be indicated by a number before the cation 
symbol e.g.  

ZrO2 – 12 mol.% CeO2 = 12 Ce – TZP. 

The mean grain sizes of ZrO2 and 12Ce–TZP are also 
calculated from Debye-Scherrer equation [46]. The ob-
served mean grain size <D>X-ray for ZrO2 and 12Ce–TZP 
compounds are respectively in the range of 16.77 to 
22.36 nm, and 13.46 to 19.24 nm (Table 1). The BET 
specific surface areas are also listed in Table 1. Under 
the experimental conditions, the CeO2 content affected 
both grain size and surface area of the powders. As ob-
served in Table 1, the grain size decreases with the in-
crease of CeO2 content, i.e., grain growth of zirconia is 
inhibited by the ceria doping in zirconia. It is interesting 
to observe here that, surface areas increased with a in-
crease of CeO2 content because of the crystallite coars-
ening. This suggests that increasing ceria content re-
duces the surface free energy of zirconia particles and so 

increases the surface area, which is accompanied by 
more effective tetragonal phase stabilization. 

Figure 2 shows scanning electron micrographs (SEM) 
of ZrO2 and 12Ce–TZP powders obtained from fumarate, 
succinate, tartarate and adipate precursors at 650oC. The 
ZrO2 powder obtained from fumarate precursor shows 
higher degree of agglomerations, whereas ZrO2 obtained 
from tartarate shows apparent agglomeration of very fine 
particles (Figure 2(a)). Highly irregular shaped large 
particles are observed in case of ZrO2 obtained from 
succinate. Moderate sized particles with less agglomera-
tion are observed in ZrO2 obtained from adipate. The 
average particle size for all ZrO2 powders is in the range 
of 222 to 900 nm. 

All 12Ce–TZP powders show less agglomerated stru- 
ctures as compared to ZrO2 powders (Figure 2(b)). 
Among these powders the 12Ce–TZP obtained from 
adipate precursor shows moderate size less agglomerated 
particles than 12Ce–TZP obtained from fumarate, suc-
cinate and tartarate precursor. The average particle sizes 
of 12Ce–TZP powders obtained from different dicar-
boxylates are in the range of 178 to 476 nm. 
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Fumarate                                    Succinate 

    
Tartarate                                      Adipate 

(a) 

    
Fumarate                                    Succinate 

    
Tartarate                                      Adipate 

(b) 

Figure 2. Scanning electron micrographs (SEM) of (a) zirconia (ZrO2) (b) ceria-stabiized 
zirconia (12 Ce–TZP) powders obtained from different dicarboxylate precursors. 

 
3.4. Rheological Studies 

3.4.1. Powder Characteristics 
Particle size distribution was measured using laser based 
particle size analyzer. The preliminary experiments in-
dicated that distilled water and ethanol could be used to 
disperse the powder. Figure 3 displays the particle size 
distribution of ZrO2 and 12Ce–TZP powders obtained 
from different dicarboxylates. From the particle size 
distribution measurements occurred that the powder ex- 

hibits a wide size distribution and 90% powder being 
below 2.5 μm for ZrO2 and 0.9 μm for 12Ce–TZP (Fig-
ures 3(a) and (b)). The particle size distribution of ZrO2 
obtained from adipate precursor show 30 to 40% parti-
cles below 1.6 μm and remaining particle have above 1.6 
μm. While, 12Ce–TZP powders shows 30 to 40% parti-
cles of 0.4 μm range and remaining have above 0.4 μm. 
Thus bimodal type of particle distribution is observed in 
both the oxides obtained from adipate precursor. The  
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Figure 3. Particle size distribution analysis of (a) zirconia 
ZrO2 and (b) ceria stabilized zirconia 12 Ce-TZP powders 
obtained from different dicarboxylate precursors. 

 
particle packing is based on the concept of filling the 
voids in a bed of large spheres with smaller sized sph- 
eres. The remaining pores between the smaller spheres 
are then filled with still smaller spheres, etc. to give 
good particle packing [47]. The particle size distribution 
of ZrO2 and 12Ce–TZP powders obtained from fumarate, 
succinate and tartarate shows either smaller or larger 
particles (Figure 3). Thus ZrO2 and 12Ce–TZP obtained 
from adipate are considered to be good for slip-casting 
and hence we prepared in large quantity (~ 200 gm). 

3.4.2. Optimization of Rheological Properties of 
Slurries 

The state of particulate dispersion is affected mainly by 
particle size and particle size distribution, specific sur-
face area of powder and on chemistry of solid/liquid 
interface [48], dispersion mechanism [49], and so on. 
The viscosity of the suspensions increases drastically 
and abruptly, when the weight percent of solid in the 
suspension is increased beyond a critical value. 

1) Effects of solid loading 
The present study shows the viscosity versus shear 

rate (Figure 4) for aqueous (distilled water) and non- 
aqueous (ethanol), ZrO2 and 12Ce–TZP (obtained from 

adipate precursor) suspensions prepared with various 
solid loadings (solid/liquid ratios of 75/25, 80/20 and 
70/30 by weight and 1.0 wt.% M20C deflocculant). It 
can be seen that the aqueous and non-aqueous suspen-
sions with 80 wt.% maximum loading can be achieved a 
low viscosity for ZrO2 powder, while 75 wt.% maximum 
solid loading can be seen the suspension exhibit low 
viscosity for 12Ce–TZP powder. Above these weight 
percent, the suspension has a high viscosity and pseudo-
plastic behavior. 

2) Effect of dispersant concentration 
In the present study, Darvan and M20C are used as a 

dispersants (sometimes called deflocculants). The viscosity 
versus shear rate curves of the suspensions with constant 
solid loading (80 wt.% ZrO2 and 75 wt.% 12Ce–TZP) in 
the presence of different added amounts of Darvan and 
M20C dispersants are presented in Figures 5 and 6 re-
spectively. From the plots, an optimum Darvan concen-
tration with 1 wt% for ZrO2-water and ethanol system 
and 0.8 wt% for 12Ce–TZP-water and ethanol system 
could be determined to be minimum viscosity (Fig- 
 

 

Figure 4. Plots of viscosity against shear rate with different 
percentage solid loading. (a) zirconia and (b) 12 Ce–TZP pow- 
ders in water and ethanol system. 
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ure 5). Similarly, in the presence of M20C dispersant, 
the optimum concentration with 1.2 wt% for ZrO2-water 
and ethanol system and 1.0 wt% for 12Ce–TZP-water 
and ethanol, the suspension exhibits nearly constant vis-
cosity and could be fitted to Newtonian flow behavior 
(Figure 6). With further increasing the amount of dis-
persant, the suspensions show pseudoplastic behavior 
and the viscosity level also increases. It is interesting to 
observe that the M20C is the best dispersant, which 
show minimum value of viscosity than Darvan dispers-
ant. Similarly, slurries prepared in distilled water along 

with M20C dispersant show low viscosity than slurries 
prepared in ethanol medium. Thus, distilled water and 
M20C dispersant are used for rheological studies for 
ZrO2 and 12Ce–TZP powders. 

In above two cases, with low solid loading, the 
mag-nitude of the average Van der Waals forces could be 
small due to the relatively large distance between sus-
pended particles, so a small addition of dispersant could 
lead to repulsion forces with enough magnitude to coun-
terbalance Van der Waals forces [50], and the frequency 
of the collisions between separated particles is lower. 

 

 
Figure 5. Plots of viscosity against shear rate for different concentration of Darvan deflocculant (dispersant) in 
water and ethanol system and plots of viscosity against Darvan concentration (at constant shear rate of 40 
sec-1). (a) ZrO2; (b) 12 Ce–TZP powders. 
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Figure 6. Plots of viscosity against shear rate for different concentration of M20C deflocculant (dispersant) in 
water and ethanol system and plots of viscosity against M20C concentration (at constant shear rate of 40 sec-1). 
(a) ZrO2 (b) 12 Ce–TZP powders. 

 
 

This explains why the rheological properties of the sus-
pensions are almost unaffected by the amount of dis-
persant at low solids loading. However, it should also be 
pointed out that due to insufficient surface coverage at 
lower dispersant additions, the balance between Van der 
Waals forces and steric forces is not completely stable, 
and agglomerates would easily form through the uncov-
ered surface sites due to Brownian motion. With in-
creasing solid loading, the importance of Van der Waals 
forces also increases due to the shorter distances be-
tween suspended particles. Therefore, agglomerates will 

readily form if insufficient amount of dispersant is added, 
under which conditions Van der Waals forces will domi-
nate the interaction between suspended particles, and 
significant shear thinning will be observed due to the 
breakdown of agglomerates because of the applied shear 
[51]. 

3.4.3. Rheology of Slips 
One of the widely practiced methods to stabilize the 
slips is electrostatic stabilization, achieved by the repul-
sion of equally charged particles. The repulsive interac-
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tion results from the development of an electric double 
layer around the particles up on dispersing a powder into 
a aqueous (polar) media and is a function of pH, the 
concentration of specifically adsorbed ions and the ionic 
strength of the suspension [52]. The repulsive force de-
creases with increasing separation between the particles. 
The possibility of electrostatic stabilization can be eva- 
luated by measuring viscosity-shear rate as a function of 
pH. 

To study the rheological properties, the slips were 
prepared in the following way: 

1) 80 wt% ZrO2 and 20 wt% distilled water along with 
1.2 wt% M20C dispersant. 

2) 75 wt% 12Ce–TZP and 25 wt% distilled water 
along with 1.0 wt% M20C dispersant. 

After homogeneous mixing of slips, the pH was ad- 
justed to various levels by adding HCl or tetramethyl 
ammonium hydroxide. In slip-casting processing, the 
amount and rate of dissolution of ions is important [53]. 
The dissolution of Zr is lower than that of Si and is 
slightly reduced with increasing mixing time, i.e., above 
110 h [42]. In other report [54], cerium dissolution rate 
of Ce-ZrO2 powder under slightly acidic conditions (pH 
= 3 to 5.5), only small amounts (1-2 mg L-1 after 10 h 
stirring) of cerium were dissolved. No dissolution of 
cerium or zirconium was found under basic conditions. 
According to these literatures, in the present case the 
slurries were prepared by mechanical stirring at room 
temperature for 4 h before the viscosity measurements. 
Thus, the dissolution of Zr and Ce are totally negligible 
in our samples (ZrO2 and 12Ce–TZP powders). The 
slurry stability was also evaluated by measuring the set-
tling of powder (sedimentation height as a percentage of 
the total suspension height) for different pH of the slips. 
The viscosity behavior and sedimentation density are 
given in Table 2. 

Figures 7(a) and (b) show the rheological behavior 
(i.e. viscosity-shear rate) at several pH values for ZrO2- 
water and 12Ce-TZP-water systems, with M20C dis-
persant (i.e. deflocculant). The viscosity dependence of 
various pH values at constant shear rate (D = 40 sec-1) 
are also shown in Figure 7. It is seen that, at neutral pH 
the viscosity shows a maximum value, while for acidic 
or basic range of pH, the viscosity shows a minimum 
value. At these minimum viscosity values, the rheologi-
cal behavior is Newtonian, i.e., viscosity is independent 
of shear rate. At this pH range, the particles are well 
dispersed and show high slip and sedimentation density. 
These results are also presented in Table 2. At remaining 
pH values, viscosity is high and slip has pseudoplastic 
behavior. Thus, the high sedimentation density and low 
viscosity values tend to form good green bodies. Usually, 
basic slips are preferred to prevent the rapid formation of 
strong bond between the contracted particulate suspen-
sion and mould during casting process [53]. On the other 
hand a high concentration of acid slips is corrosive and 
attacks the mould used for casting, which can cause 
contamination by dissolution of gypsum. 

3.4.4. Slip Casting 
The packing ability of the dispersed particles on the slip 
casting is a good index of the dispersion degree achieved 
in the suspensions, and was evaluated by pouring the 
required amounts of the slips into a plaster mould. The 
ZrO2 and 12Ce–TZP slips obtained at different pH are 
then de-aired under a mild vaccum for 15 min. These 
slips are then poured into a square plaster mould (20 mm 
× 20 mm × 10 mm). The liquid is draw into pores by 
capillary action. After 2 h the rectangular green bodies 
were removed from the mould and dried at room tem-
perature for 24 h and then put in an oven at 110oC for 
another 24 h period. The percent shrinkage was calcu-  

 
Table 2. Rheological properties of ZrO2 and 12Ce–TZP slips at several pH values 

pH Viscosity Behaviour Slip density (gm cm-3) 
Bulk sedimentation density 

(gm cm-3) 
% Shrinkage 

Green density 
(% Theorotical) 

(a) 80 wt% ZrO2 + 20 wt% water + 1.2 wt% M20C 

1.26 Pseudoplastic 2.86 2.47 0.62 59.99 
3.11 Newtonian 2.86 2.58 0.08 71.98 
5.76 Pseudoplastic 2.86 2.47 1.03 45.06 
8.58 Near Newtonian 2.87 2.54 1.40 72.99 

10.16 Newtonian 2.86 2.66 0.16 77.94 
13.34 Pseudoplastic 2.86 2.44 0.13 50.27 

(b) 75 wt% 12Ce–TZP + 25 wt% water + 1.0 wt% M20C 

2.11 Pseudoplastic 2.93 2.58 0.21 47.51 
3.41 Near Newtonian 2.90 2.61 0.18 60.14 
6.06 Pseudoplastic 2.92 2.52 1.28 42.12 
8.16 Near Newtonian 2.89 2.69 1.01 72.19 

10.26 Newtonian 2.90 2.71 0.98 75.86 
13.04 Pseudoplastic 2.92 2.57 1.52 45.70 
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Figure 7. Plots of viscosity against shear rate for suspensions with pH values indicated and  plots of vis-
cosity against several pH values (at constant shear rate of 40 sec-1). (a) 80 wt.% zirconia–20 wt.% wa-
ter–M20C deflocculant; (b) 75 wt.% 12 Ce–TZP –25 wt.% water–M20C deflocculant. 

 
lated. The density of green bodies was also measured 
according to the Archimedes method. These results are 
also summarized in Table 2. For both the systems, the 
highest green density and low percent shrinkage corre-
sponds to minimum viscosity of Newtonian behavior are 
observed. In these systems, the highest theoretical green 
density was 77% for ZrO2 and 75% for 12Ce–TZP. The 
acidic slips of ZrO2 and 12Ce–TZP (both in water-M20C 
system) are found to be minute pits on the mould surface 
after casting. Basic slips however have a general rough-
ening of the surface rather than pitting. The solid casting 
obtained from ZrO2 is white, good in nature and higher 

strength than the solid-cast obtained from 12Ce–TZP 
and it has pale yellow in colour. 

4. CONCLUSIONS 

The results presented in this work enable us to draw the 
following conclusions: 

1) Zirconia (ZrO2) and ceria-stabilized zirconia (12 
mol% ceria in ZrO2) powders are synthesized by differ-
ent dicarboxylates such as fumarate, succinate, tartarate 
and adipate precursor method. 

2) Based on the results obtained from X-ray diffrac-
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tometry, particle size distribution, scanning electron mi-
croscopy and BET surface area measurements, ZrO2 and 
ceria-stabilized ZrO2 (12Ce–TZP) powders obtained 
from adipate precursor are found to be good for slip 
casting. Both powders have tetragonal structure. The 
ceria addition is affected the powder characteristics. The 
grain size decreases with ceria content, which is accom-
panied by more effective tetragonal phase stabilization in 
this powder. 

3) The intensity of shear during slip preparation, as 
controlled by the solid volume fraction, has a great in-
fluence on the dispersion efficiency, which, in turn, is 
reflected in the rheological characteristics of the suspen-
sions and their packing ability on slip-casting. Prelimi-
nary test on the rheological behavior shows 80 wt% 
ZrO2 and 75 wt% 12Ce–TZP powders in distilled water 
and M20C dispersant gives minimum viscosity and 
Newtonian flow behavior. 

4) Rheological properties show minimum viscosity for 
the system ZrO2-water-M20C at pH = 10.16 and 12Ce– 
TZP-water-M20C at pH = 10.26. At these pH range, the 
particles are well dispersed and show high slip, green 
and sedimentation density. The green density seems even 
more reliable in the evaluation of the dispersing degree.  

5) The solid casting obtained from ZrO2 powder is 
white, good in nature and higher strength than 12Ce– 
TZP powder and it has pale yellow colour.  
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ABSTRACT 

An amphiphilic N-octyl-O-methoxy poly (ethyl-
ene glycol) chitosan was successfully prepared 
by grafting successively octyl groups onto 
amino groups at chitosan’s C-2 position as hy-
drophobic moieties and methoxy polyethylene 
glycol (MPEG) groups onto hydroxyl groups at 
C-6, C-3 as hydrophilic ones. A certain amount 
of -NH2 was retained in the structure of chitosan 
derivatives through protection by phthalic an-
hydride. The chemical structures and degree of 
N-and O-substitution of chitosan derivatives 
were characterized by FTIR, 1H NMR, GPC and 
elemental analysis, respectively. The amphiphi- 
lic property for convenient self-assembly and 
the preserved -NH2 groups for progressive 
chemical cross-linking make the resultant N- 
ocyl-O-MPEG chitosan soluble in water and po- 
tentially applicable in preparing stable chitosan 
hollow microspheres, a demanding drug-carrier 
in medical and pharmaceutical sciences. 

Keywords: Amphiphilic Groups; Chitosan 
Derivatives; Protection; Hollow Microsperes 

1. INTRODUCTION 

In recent years, micelles and hollow microspheres pre-
pared from self-assemblies of amphiphilic polymers 
have attracted great attention due to a variety of applica-
tions in DNA, antigens, delivery carriers for drugs and 
protection proteins or/and enzymes, especially for con-
trolled or sustained drug-delivery systems [1]. The 
unique core-shell architecture is composed of hydropho-
bic segment, which acted as internal core, and hydro-
philic segment which acted as surrounding corona in 

aqueous medium [2]. The hydrophobic core provides a 
loading space for water-insoluble drugs and stabilizes 
them, whereas the hydrophilic shell protects encapsu-
lated drugs [3]. Additionally, the modification of hydro-
philic shell affects pharmacokinetic behavior, such as 
prolonged circulation time, target release [4] and con-
trolled drug release by using stimuli-sensitive copoly-
mers [5]. 

In comparison with common polymers, chitosan, the 
second most abundant natural biopolymer only to cellu-
lose [6] and known as its excellent property in non-tox-
icity, biodegradability, good biocompatibility, etc. [7], 
would exhibit special advantages in drug delivery sys-
tem. The active hydroxyl and amino groups within chi-
tosan could be easily modified to endow it with new or 
improved properties, and at the same time, keeping its 
original physiochemical and biochemical properties [6]. 
As a result, various amphiphilic chitosan derivatives and 
hollow microspheres prepared from them have been ex-
tensively published [6]. For examples, highly N-methy-
lated modified chitosan possessing hydrophobic -N 
(CH3)2, -NH(CH3) and hydrophilic -N+(CH3)3 groups 
was reported by Sieval et al. which is soluble in water at 
a broad pH value [8]. Through emulsion-crosslinking, 
Peng et al. prepared hollow microspehres from N-me-
thylated chitosan with diameters range from 2-5 um [9]. 
Liu et al. synthesized an amphiphilic carboxymethyl- 
hexanoyl chitosan [10] which formed hollow nanocap-
sules with 20-200 nm in diameter [11]. As a demanding 
drug-carrier in medical and pharmaceutical sciences, 
stable chitosan hollow microsphere is probably one of 
the most valuable candidates. 

Presently, the hydrophobic groups of amphiphilic chi-
tosan derivatives ever reported generally contain long 
alkyl [12,13], long acyl [10] and aryl [14], while the 
hydrophilic ones include carboxymethyl [10], sulfate 
[12], phosphate [15,16], N-trimethyl [17] and polyeth-
ylene glycol [14,18]. To prepare amphiphilic chitosan 
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hollow microspheres as drug carriers, the substituents, 
especially the hydrophilic groups, should be non-toxic 
and biocompatible. It’s impossible to form stable core- 
hell structure through nothing but self-assembly of am-
phiphilic chitosan. Amino groups within the backbone of 
chitosan should be crosslinked chemically to form stable 
and hard shell thereafter self-assembly process. That’s to 
say, adequate primary amino groups (-NH2) existed in 
amphiphilic chitosan are necessary for preparing hollow 
microspheres. To the best of our knowledge, most re-
ports ever reported about amphiphilic chitosan deriva-
tives did not pay much attention to this problem. 

In this work, we report a novel amphiphilic N-octyl 
O-methoxy polyethylene glycol (MPEG) chitosan pos-
sessing adequate primary amino groups. PEG chain has 
been proved to be non-toxic, very flexible and highly 
hydrated, soluble in water and majority organic solvents, 
and is the most widely used biocompatible polymer for 
chemical and biological applications [19]. Through the 
effective protection of -NH2 groups within the backbone 
of chitosan during the modification process, the chitosan 
derivatives synthesized in this study preserve a certain 
amount of -NH2 groups for latter chemical crosslinking 
to prepare eventually sizecontrollable hollow micro-
spheres. 

2. EXPERIMENTAL 

2.1. Materials 

Chitosan (Mr = 1 × 105, degree of deacetylation (DD) = 
95%) was provided by Zhejiang Aoxing Biochemical Co. 
Ltd (China). Octylaldehyde was obtained from Guang-
zhou Damo Chemical Co. Ltd (China). Methoxy poly-
ethylene glycol (MPEG, Mr = 1900) was purchased from 
Alfa Aesar. Methyl iodide was ordered from Shanghai 
Jingchun Chemical Reagent Factory (China). Dimethyl-
formamide (DMF) was distilled under reduced pressure 
and stored over molecular sieves. Dialysis tube was 
achieved from SPECTRUM (Canada) with a molecular 
weight cut-off (MWCO) of 6000~8000. Ag2O was fresh- 
ly prepared from AgNO3 and KOH in our laboratory. All 
other materials used in this study were of analytical 
grade and without further purification. 

2.2. Synthetic Procedures 

2.2.1. Synthesis of N-Octyl Chitosan (NOC) 
N-octyl chitosan was prepared as reported previously 
(Scheme 1). Briefly, chitosan (5.0 g, 31 mmol) was sus-
pended in 60 ml methanol with active stirring at room 
temperature before the addition of octaldehyde (5.0 ml, 
31 mmol). Then, KBH4 (2.5 g) dissolved in 10 ml water 
was added dropwise to the mixture after 24 h. The reac-
tion solution was neutralized with hydrochloric acid and  
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Scheme 1. Synthetic procedure of N-octyl-O-MPEG chitosan. 

 
the product was precipitated with methanol after a fur-
ther 24 h continuous stirring. The precipitate was filtered, 
washed repeatedly with methanol and water and then 
dried under vacuum at 60℃ overnight to give 7.0 g 
N-octyl chitosan. Degree of N-substitution of octyl was 
54.3% from element analysis. 
 
2.2.2. Synthesis of N-Octyl-N-Phthaloyl  

Chitosan (NONPC) 
The synthesis of N-octyl-N-phthaloyl chitosan (NONPC) 
is described briefly as follows. A mixture of N-octyl chi-
tosan (3.0 g, 13.8 mmol) and phthalic anhydride (PHA) 
(2.8 g, 3 mol equiv to amino) in 30 ml DMF was heated to 
130℃ under nitrogen with magnetic stirring. After 6 h, 
the brown precipitate obtained by pouring the solution 
into ice-water was collected by filtration, extracted with 
ethanol in Soxhlet’s apparatus for 48 h, and dried under 
vacuum at 50℃ to give 3.6 g NONPC products. 

2.2.3. Synthesis of Methoxy Polyethylene Glycol 
Lodide (MPEGI) 

Methoxy polyethylene glycol iodide (MPEGI) was syn-
thesized according to the reports by Gorochovceva and 
Makuska [19]. Briefly, MPEG-1900 (19 g, 10 mmol), 
triphenylphosphite (8.0 ml, 30 mmol) and methyl iodide 
(4.3 ml, 30 mmol) were mixed and stirred in a three- 
neck flask at 120℃ for 6 h. Then, the reaction mixture 
was cooled, dissolved in toluene, precipitated in 500 ml 
diethyl ether, and then filtered, washed several times 
with diethyl ether and dried in air to give pale yellow 
product. The yield of the product was 92%. 

2.2.4. Synthesis of N-Octyl-O-MPEG Chitosan 
(NOOMC) 

The synthetic procedure of N-octyl-O-MPEG chitosan 
(NOOMC) is carried out by using NONPC, MPEGI and 
Ag2O with different grams or molar ratios as the starting 
materials (Table 1). Firstly, NONPC, MPEGI and Ag2O 
were mixed and heated at 60℃ for 16 h with magnetic 
stirring. Then, hydrazine monohydrate (80%, 40 ml or 
20 ml) and distilled water (80 ml or 40 ml) were poured 
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into the mixture and the temperature was raised to 90℃ 
and maintained for 15 h before the mixture was filtered 
to remove solid impurity. The filtrate solution was dia-
lyzed against water for 72 h and then concentrated  
before the solid residue was dried in vacuum at 50℃ to 
give final products of N-octyl-O-MPEG chitosan (NOO- 
MC). Depending on different amount of hydrazine 
monohydrate and distilled water used during the synthe-
sis, the products of NOOMC with two different degree 
of substitutions (DS) of MPEG were labeled as NOOMC 
(I) and NOOMC (II), respectively. 

2.3. Characterization 
1H NMR spectra were recorded at 400MHz using a 
Bruker DRX-400 spectrometer. CF3COOD and D2O 
were used as the solvents for chitosan and its derivatives, 
respectively. Elemental analysis was determined using 
an Elementar Vario EL III analyzer. FTIR spectra were 
obtained from Fourier transformation infrared spec-
trometer (Analect RFX-65A) in KBr discs. Molecular 
weight of the amphiphilic chitosan was determined using 
Waters 515-410 gel permeation chromatography (GPC). 

3. RESULTS AND DISCUSSION 

3.1. Synthesis of the Chitosan Derivatives 

Generally, amphiphilic chitosan could be prepared 
through introducing the hydrophilic moiety first and the 
hydrophobic one later [12,13], or in the reverse order 
[11,20]. The latter procedure was adopted in this inves-
tigation. As shown in Scheme 1, the amphiphilic chito-
san derivatives were synthesized through the following 
three steps. At the first step, hydrophobic octyl groups 
were introduced by Schiff reaction prior to MPEG. Oc-
tylaldhyde residue was found very easy to be removed 
with heterogeneous reaction, and rather difficult to be 
excluded when Schiff reaction is carried out at the last 
step. Meanwhile, if MPEG was introduced onto hy-
droxyl firstly, the molecule weight of the resultant 
O-MPEG chitosan would be much higher than chitosan, 
and the mole ratio of octylaldehyde and O-MPEG chito-
san is difficult to calculate and control in Schiff reaction. 
 
Table 1. Amounts of reactants in synthesizing NOOMC with 
different degree of substitutions. 

No. NONPC/g MPEGI/g Ag2O/g 

m(NONPC): 

m(MPEGI): 

m(Ag2O) * 

product 

(I) 1.5 10.2 1.2 1:1:1 NOOMC(Ⅰ)

(II) 0.8 10.8 1.3 1:2:2 NOOMC( )Ⅱ

NONPC, N-octyl-N-phthaloyl chitosan; MPEGI, methoxy polyethyl-
ene glycol iodide; NOOMC, N-octyl-O-MPEG chitosan. * m repre-
sents mole ratio. 

It has been estimated that amino groups at C-2 show 
higher nucleophilic activity than hydroxyl groups (either 
C-3 or C-6) in the main backbone of chitosan [21]. 
Thereby, to avoid the grafting of MPEG onto amino 
groups which retained in N-octyl chitosan, it is necessary 
to protect amino groups in advance by the use of phthalic 
anhydride. This protection method was reported earlier in 
1991 by Nishimura et al. [22], which has been applied to 
various region-selective modifications of chitosan [21,23]. 
A key point for this pathway is the fact that chitosan is 
insoluble in several organic solvents, such as DMF, while 
N-phthaloyl derivative of chitosan is soluble [18,22]. N- 
octyl chitosan, just like chitosan, has also a bad solubility 
in organic solvent. It was found in our experiment that 
N-octyl-N-phthaloyl chitosan is soluble in DMF, which is 
of great significance for further reaction with MPEG io-
dide. Accordingly, N-phthaloyl group is the prerequisite 
for both protection of active amino in chitosan and solubi-
lization of the product in DMF. 

As mentioned above, a certain amount of primary 
amino is indispensable for the preparing of amphiphilic 
chitosan hollow microspheres. It is identified from 
Scheme 1 that the content of primary amino of the final 
product is determined by the first step reaction. Hence, 
primary amino cannot be modified and replaced com-
pletely with octyl groups. In our study, to assure an in-
complete substitution reaction on amino groups, we 
adopted an appropriate molar ratio of chitosan to octy-
laldehyde in Schiff reaction. It is expected that we could 
get amphiphilic chitosan possessing different amount of 
active amino groups. That is, a certain extent of primary 
amino content could be preserved through controlling 
the molar ratio of the starting materials. Further investi-
gations are currently under way in our laboratory. 

Compared with Schiff reaction at the first step, the 
amino groups retained in N-octyl chitosan should be modi-
fied completely with phthalimide groups to avoid their 
participation in further reaction. Threefold excess of 
phthalic anhydride was used in our experiment to protect 
amino as complete as possible. The course of the etherifi-
cation of N-octyl-N-phthaloyl with MPEGI was similar to 
that described by Natalijia Gorochovceva et al. [18] where 
Ag2O is a suitable and effective catalyzer for etherification. 
The reaction between chitosan hydroxyl groups and 
MPEGI is irreversible and proceeds till the consumption of 
active functional groups. In our study, the degree of sub-
stitution (DS) of MPEG is represented from the molar ratio 
of MPEGI to N-octyl-N-phthaloyl chitosan. N-octyl- 
O-MPEG chitosan with different DS of MPEG is illus-
trated from the molar ratio of the above two reagents. 

3.2. Characterization of Chitosan Derivatives 

The degree of substitution (DS) of chitosan derivatives 
was calculated by comparing C and N molar ratio ob-
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tained from the elemental analysis data (Table 1). The 
DS (54.3%) of N-octyl chitosan (NOC) confirms the 
incomplete modification by octylaldehyde with 54.3% of 
amino groups substituted and about 45% of them re-
tained in NOC. According to the variation in m(C)/m(N) 
of NOC and N-octyl-N-phthaloyl chitosan (NONPC), it 
can be calculated that the DS of phthlimide groups is 
66.3%, which exceeds the amino content (about 45%) of 
NOC. This indicates that the retained amino groups were 
entirely protected and only a few hydroxyl groups were 
modified simultaneously, which is identical with the 
report [23] that treatment of chitosan with phthalic an-
hydride generally results in partial O-phthaloylation in 
addition to N-substitution. The DS of MPEG grafts on 
the final product was obtained by comparing C/N of 
NOC and N-octyl-O-MPEG chitosan. As can be seen 
from Table 2, the DS of NOOMC (I) was only 41.8% as 
the molar ratio m (NONPC)/m(MPEGI) equals to 1:1. 
When the same molar ratio was increased up to 2:1, the 
DS of NOOMC (II) reached 88.4%, more than twice as 
much as the DS of NOOMC (I). 

Structure changes of chitosan and its derivatives were 
confirmed by FTIR spectra (Figure 1). The N-octyl- 
N-phthaloyl chitosan (NONPC) shows new or intensi-
fied absorptions at 2927, 2858, 1464 cm-1 which attrib-
uted to octyl chains and 1776, 1716, 721 cm-1 which 
assigned to the phthalimide groups. On the contrary, the 
peak at about 1600 cm-1, which belongs to -NH2 in chi- 
tosan, disappeared in the IR spectra of NONPC. The 
above information from IR spectra indicates that octyl 
groups were successfully introduced to chitosan and the 
retained amino groups were protected completely by 
phthalimide groups. The IR spectra (c, d in Figure 1) of 
N-octyl-O-MPEG chitosan (NOOMC) also reveal the 
absorption bands characteristic of chitosan and two mo- 
dified groups. Distinctive absorption bands at 2889 cm-1 

(C-H stretching) and 1110 cm-1 around belong to MPEG 
grafts while those at 1676, 1646 cm-1 attribute to the 
primary amino which retained in chitosan derivative. 
 
Table 2. Elemental analysis (%) and the degree of substitution 
(DS) of chitosan derivatives. 

Sample C N H 
m (C)/ 

m (N)* 
DS (%)

Chitosan 39.68 7.59 7.85 6.10 — 

NOC 53.50 5.98 9.19 10.44 54.3a 

NONPC 55.74 4.13 6.75 15.75 66.3b 

NOOMC (I) 52.01 1.17 8.89 51.86 41.8c 

NOOMC (II) 52.62 0.71 9.47 86.46 88.4d 

NOC, N-octyl chitosan; NONPC, N-octyl-N-phthaloyl chitosan; 
NOOMC, N-octyl-O-MPEG chitosan. * m represents mole ratio. a DS 
of N-octyl groups; b DS of N-phthalimide groups; c,d DS of O-MPEG 
grafts. 

 

Figure 1. FTIR spectra of chitosan and its derivatives. 
a-chitosan, b-NONPC, c-NOOMC (I), d-NOOMC (II). 
NONPC, N-octyl-N-phthaloyl chitosan; NOOMC, 
N-octyl -O-MPEG chitosan. 

 
It should be noted that the absorptions of octyl groups 
(2927, 2858, 1464 cm-1) were overlapped by the much 
stronger absorptions of MPEG grafts (2889 cm-1, 1471 
cm-1). The peak at 3458 cm-1 which attributed to -NH2 
and -OH declined and that at 1776 cm-1 and 1716 cm-1 
characteristic of phthalimide groups disappeared in the 
FTIR spectra of the final product. It is thus concluded 
that MPEG groups were introduced to hydroxyl and the 
protecting groups were removed successfully. 

More information about chitosan and its derivatives 
can be obtained from 1H NMR analysis (Figures 2-3). In 
comparison with the spectra of chitosan itself (Figure 2), 
1H NMR spectra of NOOMC (II) (Figure 3) differ 
greatly in that the signals at 3.50-3.60 and 3.25 which 
assigned to the ethoxyl hydrogen (CH2-CH2-O) and 
methoxyl hydrogen (-OCH3) of MPEG grafts, respec-
tively, and that the small peaks at 3.10, 2.80, 1.15 which 
attributed to the methylene hydrogen around nitrogen 
(N-CH2-(CH2)6-CH3), other six methylene hydrogens 
(N-CH2-(CH2)6-CH3) and the methyl hydrogen (N-CH2- 
(CH2)6-CH3), respectively. The signals of hydrogen 
within chitosan backbone (3.60-3.80, H3 H4 H5 H6) 
were covered partially by that of ethoxyl hydrogen. As 
illustrated in Figure 3, the peaks of hydrogen in octyl 
groups and chitosan backbone were not so obvious as 
those of MPEG with a high DS of MPEG grafts and a 
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Figure 2. 1H NMR spectra of chitosan. 
 

 
Figure 3. 1H NMR spectra of N-octyl-O-MPEG chitosan 
(NOOMCⅡ). 

 
much large number of hydrogen it contained. 

Molecular weight of the amphiphilic chitosan 
(NOOMC (I)) was measured by gel permeation chro- 
matography (GPC). The results showed that Mw of 
NOOMC (I) is near 1 × 105 and Mz is about 1.6 × 105, 
which is a little bit smaller than that calculated by 
Element Analysis (2 × 105). It might be caused by the 
existence of trace amount of unreacted MPEGI after 
dialysis or cleavage of chitosan chains during modifi-
cations. 

4. CONCLUSIONS 

N-octyl-O-MPEG chitosan (NOOMC), was synthesized 
for the first time with fair production yield and high de-
gree of substitution of amphiphilic groups. The degree of 
substitution of octyl groups reached 54.3% while that of 
MPEG grafts amounted to 41.8%-88.4% depending on 
the variation of N-octyl-N-phthaloyl chitosan to meth-
oxy polyethylene glycol iodide molar ratio. With the 
introduction of the amphiphilic groups, the chitosan de-
rivatives were endowed with good solubility in water 
and potential self-assembly properties. Significantly, the 
effective protection of amino groups was successfully 
adopted to retain a certain amount of -NH2 in the deriva-
tives, which is indispensable for preparing hollow mi-
crospheres. 
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ABSTRACT 

A rapid, sensitive and accurate liquid chroma-
tographic tandem mass spectrometric method is 
described for the determination of Mimosine in 
Mimosa pudica Linn. whole plant powder. Mi-
mosine was extracted from the plant using 1.0% 
HCl in water. The chromatographic separation 
was achieved using a Thermo Hypurity C18 (50 x 
4.6 mm) 5.0 μ column interfaced with a triple 
quadrapole mass spectrometer. The mobile 
phase consisted of a mixture of Methanol: 10 
mM ammonium formate buffer whose pH was 
adjusted to 3.00 ± 0.05 with formic acid (80:20, 
v/v) and was delivered at a flow rate of 1.0 mL 
min-1. Electrospray ionization (ESI) source oper-
ated in the negative ion mode was used for the 
quantitation. Detection was performed using an 
Applied Biosystems Sciex API 3200 Mass spec-
trometer. The method was found to be simple, 
precise, accurate, fast, specific and sensitive 
and can be used for routine quality control 
analysis of Mimosine in Mimosa pudica Linn. 

Keywords: LC-MS-MS; Mimosine; Mimosa pudica 
Linn 

1. INTRODUCTION 

Mimosa pudica Linn. (Fam. -Leguminosae) is common- 
ly known as Sensitive plant in English and Lajvanti or 
Chuimui in Hindi language. The plant is distributed 
through out India especially in moist places. Mimosa 
pudica Linn. is also said to have larvicidal property [1]. 
It is used to treat menorrhagia and leucorrhoea [2-4]. In 
Ayurvedic system of medicine, Mimosa pudica Linn. has 
been described as an indispensable drug for blood pres-

sure [5]. Phytochemical screening has revealed that the 
plant contains Mimosine (alkaloid), stigmasterol, leu-
coanthocyanidin, D-xylose and D-glucuronic acid, nore-
pinephrine, D-pinitol, linoleic acid, oleic acid, palmitic 
acid, stearic acid, -sitosterol and crocetin dimethyl ester. 
Of all these, the major compound present in Mimosa 
pudica Linn. is Mimosine [4]. Mimosine is used for trea- 
ting the cutaneous effects of psoriasis and related skin 
disorders [6]. It is less soluble in methanol and ethanol, 
insoluble in other organic solvents, but sparingly soluble 
in water. It is soluble in dilute acid and base. Structure of 
Mimosine is shown in Figure 1 [7]. 

The quality of herbal medicine that is the profile of 
the constituents in the final product has implication in 
efficacy and safety. Due to the complex nature and in-
herent variability of the chemical constituents of the 
plant based drugs, it is difficult to establish quality con-
trol parameters and modern analytical techniques are 
accepted to help in circumventing this problem [8]. Re-
cently, the concept of marker-based standardization of 
herbal drugs is gaining momentum. Identification of ma- 
jor and unique compounds in herbs as markers and de-
velopment of analytical methodologies for monitoring 
them are the key steps involved in marker-based stan-
dardization [9]. 

Quantitation of Mimosine from Mimosa pudica L. 
using RP-HPTLC has been reported [10]. A method us-
ing HPLC and spectrophotometric determination of Mi- 
mosine has also been reported [11,12]. Literature survey, 
hence, revealed that there is no method available in the 
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Figure 1. Structure of Mimosine. 
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public domain for quantitation of Mimosine from Mi-
mosa pudica Linn. using an LC-MS-MS system. So, the 
aim of the present work was to develop a simple, fast, 
sensitive, precise, and accurate LC-MS-MS method for 
determination of Mimosine from Mimosa pudica L. The 
developed method was further validated as per ICH 
guidelines to indicate its suitability [13,14]. 

2. Experimental 

2.1. Chemicals and Preparation of Standard 
Solutions 

HPLC grade Methanol and acetonitrile were purchased 
from J.T. Baker, Mumbai, India. Extra pure Formic acid 
(99.9%) and ammonium formate was purchased from 
Fluka, Steinheim, Germany. High purity deionised water 
was prepared in-house using a Milli-Q water purification 
system obtained from Millipore, Bangalore, India. Mi-
mosine standard (Purity 98%) was procured from Sig-
ma-Aldrich (Aldrich Division; Steinheim, Federal Re-
public of Germany).  

The stock solution A of Mimosine (1,000 µg mL-1) 
was prepared by dissolving 25 mg of accurately weighed 
Mimosine in minimum quantity of 1.0% HCl in water 
and diluting with same solution up to the mark in a 25 
mL standard volumetric flask. Further solution B of 
Mimosine (10 µg mL-1) was prepared by transferring 
0.25 mL of stock solution A and diluting with mobile 
phase up to the mark in a 25 mL volumetric flask. Dif-
ferent volumes in the range of 0.4-1.0 mL of stock solu-
tion B were transferred to 10 mL standard volumetric 
flasks and diluted up to the mark with the mobile phase, 
to provide a concentration range of 400-1000 ng mL-1. 

2.2. Plant Material and Preparation of  
Sample Solution 

The plant Mimosa pudica L. was collected from Mumbai, 
Maharashtra, India and was authenticated by National 
Institute for Science Communication and Information 
Resources (NISCAIR), New Delhi, India. The collected 
plant material was dried at room temperature, under 
shade and then ground in a mixer to a fine powder. This 
was then passed through an ASTM BSS mesh (size 85) 
and stored in an airtight container at room temperature. 
25 mg of the dried powder was accurately weighed, 
placed in a stoppered tube and 10 mL of Methanol was 
added. The sample was vortexed for 1-2 minutes and 
then mixed on a shaker for 60 minutes. The contents of 
the tube were then centrifuged at 4600 rpm and filtered 
through Whatmann No. 41 filter paper (E. Merck, Mum- 
bai, India) and residue was collected in a 10 mL standard 
volumetric flask and 1.0% HCl in water was added up to 
the mark, the sample was vortexed for 1-2 minutes and 

left to stand overnight at room temperature. The content 
was filtered through Whatmann No. 41 filter paper and 
the clear supernatant was collected in a dry tube (solu-
tion C). Further solution D was prepared by transferring 
1.0 mL of solution C and diluting with mobile phase up 
to the mark in a 10 mL volumetric flask. Solution D was 
used for further experiments. 

2.3. Instrumentation and Chromatographic 
Conditions 

A Hypurity C18, (50 × 4.6 mm), 5 µ obtained from 
Thermo Electron, Mumbai, India was used for the com-
pound retention. The mobile phase consisted of mixture 
of Methanol: 10mM ammonium formate buffer pH ad-
justed to 3.00 ± 0.05 with formic acid (80:20, v/v) and 
was delivered at a flow rate of 1.0 mL min-1 by employ-
ing a Shimadzu Prominence series (Kyoto, Japan) binary 
pump, at ambient temperature. Detection was achieved 
using an Applied Biosystems API 3200 MS-MS appara-
tus (Applied Biosystems, Ontario, Canada) fitted with a 
Turbo Ion Spray source. The instrument was interfaced 
with a computer running Applied Biosystems Analyst 
version 1.4.2 software. Electrospray ionization (ESI) 
was performed in the negative ion mode. The spray vol-
tage and source temperature were −4500 V and 550°C 
respectively. Nitrogen was used as the collision gas. The 
Declustering Potential (DP), Collision Energy (CE), En-
trance potential (EP), Cell Exit Potential (CXP) were 
optimized during tuning as −20, −24, −10, −4 eV for 
Mimosine. The collision activated dissociation (CAD) 
gas was set at 3 psi, while the curtain gas was set at 12 
psi. The Applied Biosystems API 3200 LC-MS-MS ap-
paratus was operated at unit resolution in the multiple 
reaction monitoring (MRM) mode, monitoring the tran-
sition of the molecular ion m/z 197.7 to the product ion 
m/z 162.8 for Mimosine. The instrument response was 
optimized for Mimosine by infusing a constant flow of a 
standard solution (1000 ng mL-1) via a T-piece into the 
stream of mobile phase eluting from the column. Figure 
2 shows the product ion mass spectra obtained from col-
lision-induced dissociation of the deprotonated molecu-
lar ions of Mimosine. 

3. METHOD VALIDATION 

3.1. System Suitability 

System suitability tests are used to ensure reproducibility 
of the equipment. The test was carried out by injecting 
10 µL of standard solution of Mimosine (600 ng mL-1) 
six times. The % RSD was found to be 1.27% for Mi-
mosine, which was acceptable as it is less than 2%. 

3.2. Linearity 

In order to establish linearity, standard solutions of Mi- 
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Figure 2. Representative Spectra of product ion of Mimosine. 
 
mosine at six different concentrations (400.0, 5‰00.0, 
600.0, 700.0, 800.0 and 1000.0 ng mL-1) were prepared 
in mobile phase. Each of these solutions (10 µL) was 
injected and the detector response for the different con-
centrations was measured. A graph was plotted of drug 
peak area against concentration. The plot was linear in 
the range 400.0 ng mL-1 to 1000.0 ng mL-1 for Mimosine. 
The experiment was performed five times and the mean 
was used for the calculations. The equation of linear re- 
gression curve obtained was y = 94.4x − 1923.3, where y 
= (peak area), x = (concentration of Mimosine in ng 
mL-1) with a correlation coefficient 0.9951. A typical 
chromatogram of standard and plant is shown in Figure 
3 and Figure 4 respectively. 

3.3. Limit of Detection and Limits of Quan-
titation 

The signal-to-noise ratio of 3:1 and 10:1 was used to 
establish LOD and LOQ, respectively. The LOD and 
LOQ of Mimosine were 100 ng mL-1 and 400.0 ng mL-1, 
respectively. 

3.4. Assay 

The developed LC-MS-MS method was used for deter-
mination of Mimosine from whole plant powder of Mi-
mosa pudica L. The sample working solution D (10 µL) 

was injected and the area of Mimosine peak was meas-
ured. From the calibration curve, the amount of Mi-
mosine in dry powder of Mimosa pudica L. was calcu-
lated. The retention time of Mimosine in sample solution 
and in the standard solution was found to be 0.67 min. 
The mean assay value of Mimosine was found to be 
1.938 mg/g of plant powder with % RSD as 1.55%. 

3.5. Precision and Accuracy 

The intra-day and inter-day precision was used to study 
the variability of the method. The % RSD for intra-day 
and inter-day precision for Mimosine were 0.66 and 
1.06%, respectively. Accuracy of the method was studied 
using the method of standard addition. Standard Mi-
mosine solution were added to the extract of the whole 
plant powder of Mimosa pudica L. and the percent re-
covery was determined at two different levels 50% and 
100%. Mimosine content was determined and the per-
cent recovery was calculated. The results of recovery 
analysis are shown in Table 1. 

4. RESULTS AND DISCUSSION 

The high selectivity of MS-MS detection allowed the 
development of a very specific and rapid method for the 
determination of Mimosine in Mimosa pudica L. whole 
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Table 1. Results of recovery experiment. 

Standard Level 

Pre analysed 

sample in  

(ng mL-1) 

Amount of std added 

to pre analysed 

sample in (ng mL-1) 

Total amount of 

std found in  

(ng mL-1) 

SD 
RSD (%) 

(n = 7) 

Recovery 

(% ) 

0 484.59 0 479.13 6.72 1.40 98.87 

50% 484.59 250 730.79 7.40 1.01 99.48 Mimosine 

100% 484.59 500 979.39 10.96 1.12 99.47 

 Mean 99.28 

 

 
Figure 3. Representative chromatogram of standard Mimosine at LLOQ level (400 ng mL-1). 

 

 

Figure 4. Representative chromatogram of plant Mimosa pudica L. 
 
plant powder. During method development different 
options were evaluated to optimize, detection parameters 
and chromatography. Electrospray ionization (ESI) was 

evaluated to get better response of analytes as compared 
to atmospheric pressure chemical ionization (APCI) 
mode. It was found that the best signal was achieved 
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with the ESI negative ion mode. A mobile phase con-
taining formic acid solution and Methanol in varying 
combinations was tried during the initial development 
stages. But the best signal for Mimosine was achieved 
using a mobile phase containing 10mM ammonium for-
mate buffer pH adjusted to 3.00 ± 0.05 with formic acid 
in combination with Methanol (20:80 v/v). Use of a 
short Hypurity C18, (50 mm × 4.6 mm), 5 µ column re-
sulted in reduced run time of 1.5 min. Regression analy-
sis of calibration data showed that the linearity of Mi-
mosine was observer over a concentration range of 400 
ng mL-1 to 1000 ng mL-1 with regression coefficient of 
0.9951. The concentration of Mimosine in 1.0 g of 
whole plant powder of Mimosa pudica L. was found to 
be 1.938 mg. 

When the method was validated in terms of instru-
mental precision, intra-assay precision and intermediate 
precision, the percent RSD values were found to be less 
then 2, indicating that the proposed method is precise 
and reproducible. The accuracy of the method was es-
tablished by means of recovery experiments. The mean 
recovery was close to 100%, which indicates that me-
thod is accurate. The low values of %COV for replicate 
analyses are indicative of precision of the method. The 
method is specific because it resolved the standard Mi-
mosine (Retention time = 0.67) well in presence of other 
phytochemicals of whole plant powder of Mimosa pu-
dica L. 

5. CONCLUSIONS 

A new LC-MS-MS method has been developed for 
quantification of Mimosine from whole plant powder of 
Mimosa pudica L. The method developed with careful 
validation was found to be fast, simple, precise, sensitive 
and accurate. The linearity, precision, accuracy of the 
method prove that the method is easily reproducible in 
any quality control set-up provided all the parameters are 
followed accurately. 
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ABSTRACT 

Reverse genetics was used to study the effect of 
particular amino acids of infectious bursal dis-
ease virus (IBDV) on virulence. Using site-di-
rected mutagenesis, altering of two amino acids 
in VP2 (Q253H, A284T) and VP3 (H783Q, V862M, 
I921V) in the segment A of a Chinese very virulent 
IBDV field strain Harbin-1, 4 virus mutants in-
cluding H253/284, H783/862, H862/921, H921/783 were res-
cued. To evaluate the characteristics of the re-
covered viruses in vivo, we inoculated 4-week-old 
chickens with virus mutants and rescued Harbin- 
1 (rHarbin-1), analyzed their bursae for patho-
logical lesions 4 days postinfection. rHarbin-1 
and H783/862, H253/284 caused severe bursal lesion, 
milder lesion for H862/921, mildest for H921/783. How-
ever, H253/284 caused the lowest mortality. The re-
sults showed that residue at position Q253, A284 
of VP2 and V862, I921 of VP3 gene are involved 
with virulence, but there is difference between 
VP2 and VP3’s role in virulence. The ability of 862 
and 921 to control virulence in VP3 is stronger 
than 253 and 284. 

Keywords: IBDV; VP3; Mutagenesis; Reverse 
Genetics; Virulence 

1. INTRODUCTION 

Infectious bursal disease (IBD) is a highly contagious 
disease among young chickens and characterized by the 
destruction of the bursa of Fabricius. IBD was first de-
scribed by Cosgrove [1], but in China the first case was 

reported in 1979 [2]. Nowadays IBD has spread world-
wide and continues to threat the poultry industry. Infec-
tious bursal disease virus (IBDV) is the causative agent 
of the disease, belonging to Avibirnavirus genus of the 
Birnaviridae family [3]. Europe had experienced the 
emergence of very virulent infectious bursal disease vi-
rus (vvIBDV) which can cause up to 70% flock mortal-
ity [4,5]. Meanwhile, vvIBDV infections also have been 
observed in Asia and in South America [6]. 

The genome of IBDV consists of two segments of 
double-stranded RNA (dsRNA), approximately 3.4 kb 
(segment A) and 2.7 kb (segment B) in length [7]. Seg-
ment A contains two partially overlapping open reading 
frames (ORFs). The larger ORF encodes a polyprotein 
(1,012 amino acids, 110 kDa) that is autocatalytically 
cleaved to yield the viral proteins pVP2 (VPX) (48 kDa), 
VP4 (29 kDa) and VP3 (33 kDa). During virus matura-
tion, pVP2 is processed into matured VP2 (41 to 38 
kDa), probably resulting from site-specific cleavage of 
pVP2 by a host cell-encoded protease [8]. The smaller 
ORF encodes the nonstructural protein VP5 (145 to 149 
amino acids, 17 kDa). Segment B encodes VP1 (970 
kDa) having putative RNA-dependent RNA polymerase 
activity [9,10]. This protein is covalently linked to the 5' 
ends of the genomic RNA segments or present at a free 
form [11,12]. VP2 and VP3 are the major structural pro-
tein of the virion. The VP2 is the major host-protective 
antigen of IBDV and contains the determinants respon-
sible for causing antigenic variation [13-15]. Position 
279 and 284 amino acids in the VP2 variable region 
possibly contribute to virulence of IBDV [16]. Residues 
253 and 284 of the VP2 protein of the variant virus are 
necessary for tissue culture infectivity [17]. The viru-
lence and pathogenic-phenotype markers of IBDV reside 
in VP2 and residues at position 253 (Gln), 279 (Asp) and 
284 (Ala) of VP2 are involved in the virulence and 

*Part of the contents in this article was presented in Shanghai Univer-

sity in June of 2009. 
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pathogenic phenotype of virulent IBDV [18-20]. How-
ever, recent study demonstrated VP2 is not the sole de-
terminant of the very virulent phenotype [21]. C-termi-
nal part of VP3 may play a decisive role in controlling 
the virulence [22]. VP3 could play an important role in 
receptor-mediated virus-cell attachment, which implied 
that VP3 has relation with virulence [23].  

In order to verify if VP3 have molecular determi-
nant of virulence for Chinese vvIBDV strain Harbin-1, 
amino acids in VP3 among Harbin-1, D78 (vaccine 
strain), TY89 (IBDV serotype II) were aligned, the 
different amino acids among them were listed in Ta-
ble 1. TY89 could not infect B lymphocytes, having 
no virulence to B lymphocytes, and D78 has mild 
virulence to B lymphocytes. Based on the result of 
alignment the amino acids in VP3 that maybe in-
volved in virulence could be found. Position 783 and 
862 in Harbin-1 have different amino acids from D78, 
however, position 921 is different from TY89. To 
prove their role in virulence, position 783, 862 and 
921 in VP3 were mutated subsequently to obtain the 
combination of two points mutation. As a control, 
position 253 and 284 in VP2 hypervarible region was 
mutated at the same time. By use of cRNA-based re-
verse-genetics system for IBDV [20], four virus mu-
tants were recovered. Furthermore, the characteristics 
of recovered virus in vitro and in vivo were described 
and the amino acids responsible for virulence. In this 
paper we report the discovery that residues of 783, 
862, 921 of VP3 are associated with virulence of 
IBDV. 

2. MATERIALS AND METHODS 

2.1. Virus and Cells 

The very virulent strain Harbin-1 was kindly given by 
Harbin Veterinary Research Institute of the Chinese Aca- 
demy of Agricultural Sciences. Harbin-1 causes 100% 
morbidity and mortality of specific-pathogen-free (SPF) 
chickens, the mean infection lethal dose (ILD50) for SPF 
embryo is 10-4/0.2 ml. Primary bursal cells were derived 
from 18-day-old embryonated SPF eggs (Merial, Beijing, 
China) and were grown in Dulbecco’s minimal essential 
medium (DMEM, Sigma Aldrich, St. Louis, MO, USA) 

supplemented with 10% fetal calf serum (FCS) and 
maintained with DMEM with 5% FBS [22]. Transfec-
tion experiments were performed on primary bursal cells. 
All virus mutants including H253/284, H783/862, H862/921, 
H921/783 and rHarbin-1, Harbin-1 were used as the viruses 
for challenge at a dose of 1200 pfu per animal via eye 
and nose drop. 

2.2. Construction of Full-Length CDNA  
Clones  

Several clones for segment A and segment B of Harbin- 
1 were constructed, pGEM-T-HA (coding sequence of 
segment A clone), pGEM-T-H5′-A (5′ non-coding se-
quence of segment A clone), and pGEM-T-H3′A (3′ 
non-coding sequence of segment A clone), pGEM-T-HB 
(coding sequence of segment B clone), pGEM-T-H5′B 
(5′ non-coding sequence of segment B clone), pG 
EM-T-H3′B (3′ non-coding sequence of segment B 
clone). All recombinant plasmids were based on pGEM- 
T (Promega, Madison, WI, USA). There is partly over-
lapped area between CR (coding region) clone and NCR 
(non-coding region) clone for segment A and B. But the 
overlapped area lack appropriate restriction site, thus 
fusion PCR was used to ligate the NCR and CR to obtain 
the full length cDNA clone for segment A and B. Oli- 
gonucleotides HACR1, HACR2, HANCR1, HAN CR2, 
HBCR1, HBCR2, HBNCR1, HBNCR2 (Table 2) were 
adopted for segment A and B. For transcription in vitro, 
EcoRI site and T7 promoter was introduced into 5′ end 
of oligonucleotides; XbaI site at 3′ end in segment A and 
XhoI site at 3′ end in segment B. The fusion PCR prod-
uct of segment A and B was ligated into the T-vector 
(Takara Bio, Dalian, China) to obtain full-length cDNA 
clone named as pRHA and pRHB respectively. The se-
quence of final products was determined by Takara Bio 
Ltd.  

2.3. Site-Directed Mutagenesis 

Mutations were introduced into the cDNA of segment A 
of Harbin-1 according to the manufacture’s instruction 
of QuickChange site-directed mutagenesis kit (Strata- 
gene, La Jolla, CA, USA) with minor modification. 
Amino acid residues 253, 284, 783, 862, 921 were lo- 
cated in large open reading frame of segment A and their 

 
Table 1. Different AA in VP3 for Harbin-1 and vaccine strain, serotype II strain. 

AA site 767 773 783 787 815 862 899 905 921 947 981 990 992 1005 AA site 

strain               strain 

Harbin-1 S E H S R V D L I K P V T A Harbin-1 

D78 S E Q S R M D L I K L A T A D78 

TY89 D D R Q K M E P V R P A S T TY89    
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Table 2. Oligonucleotides used for amplification of Harbin-1 sequence*. 

Oligonucleotides Qrientation Position Name 

CTCCTCCTTCTACAACGCTATCAT sense 71-94 HACR1 

GAATCTAGAGGGGACCCGCGAACG  XbaI antisense 3246-3260 HACR2 

GGAATTCTAATACGACTCACTATAGGGGGGATACGATCGGTCTG sense 1-20 HANCR1 

EcoRI    

GATCTTGCAGGTTCGTCATCGC antisense 128-149 HANCR2 

TGGCTACTAGGGGCGATGC sense 42-6 HBCR 

CTTCTTGAGTGGTTCCCATC antisense 2756-2775 HBCR2 

GGAATTCTAATACGACTCACTATAGGATACGATGGGTCTGACCCT sense 1-21 HBNCR1 

EcoRI    

GTCACTCATGGTGGCAGAATCAT antisense 
98-120 

 
HBNCR2 

AAACAAGCGTCCAtGGCCTTATACTGGGTGCTA sense 876-908 253mut1 

TAGCACCCAGTATAAGGCCATgGACGCTTGTTT antisense 876-908 253mut2 

GACAATGGGCTAACGACcGGCACTGACA sense 965-992 284mut1 

TGTCAGTGCCgGTCGTTAGCCCATTGTC antisense 965-992 284mut2 

GACCCACTGTTCCAaTCTGCGCTCAG sense 2465-2490 783mut1 

CTGAGCGCAGAtTGGAACAGTGGGTC antisense 2465-2490 783mut2 

CTCAAAGAAGaTGGAGACTATGGG sense 2704-2727 862mut1 

CCCATAGTCTCCAtCTTCTTTGAG antisense 2704-2727 862mut2 

CATCAGAAGAACAAgTCCTAAGGGCAG sense 2877-2903 921mut1 

CTGCCCTTAGGAcTTGTTCTTCTGATG antisense 2625-2652 921mut2 

TAACCGTCCTCAGCTTACCC sense 625-644 outside1 

TCAGGATTTGGGATCAGCTC antisense 1246-1265 outside2 

CCAACCAGCGAGATAACC sense 1019-1036 inside 1 

GGCGACCGTAACGACAG antisense 1212-1228 inside 2 

TTCTCAGCTAATATCGATGC sense 842-861 53,84 inupper 

GATGTGATTGGCTGGGTT antisense 1057-1074 53,84 inlower 

GTCCAACTGGGCGACGTT sense 2296-2313 vp3 outupper 

CTGGGATTGCGATGCTTCA antisense 3069-3087 vp3 outlower 

CTTCCACCCAATGCAGGAC sense 2378-2396 783 inupper 

CTTTGGCGACTTCGTCTATGA antisense 2976-2996 62,21 inlower 

*Sequence and location of the oligonucleotide used in the study. Underlined nucleotides are virus-specific. Altered nucleotides for mutagene-
sis are in lowercase, the altered coding nucleotide triplets are highlighted in boldface. Used restriction sites are highlighted in boldface and 
appropriate restriction enzymes are named. The positions where the primers bind (nucleotide number) are in accordance with the sequence of 
strain P2 (Mundt et al., 1995). 

 
base sites were in position 893(A→T), 984(G→A), 
2483(T→A), 2718(G→A), 2895(A→G) respectively in 
segment of Harbin-1. First, single site-directed muta- 

genesis was introduced into the segment A of Harbin-1 
with oligonucleotides 253 mut, 783 mut, 862 mut, 921 
mut (Table 2); the mutants were sequenced to verify the 
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resultant mutation; after then the second site-directed 
mutagenesis was introduced into the first mutation 
product with oligonucleotides 284 mut, 862 mut, 921 
mut, 783 mut (Table 2) to obtain two point mutagenesis 
clone named p253/284 m, p783/862 m, p862/921 m, 
p921/783 m respectively. The second mutation products 
were sequenced by the company (Takara). The obtained 
muta-genized plasmids with the alteration of two amino 
acids, Q253H-A284T, H783Q-V862M, V862M-I921V, 
H783 Q-I921V were used for subsequent transcription in 
vitro and transfection experiments. 

2.4. Transcription and Transfection of  
Synthetic RNAs 

The experiment was performed by the protocol de-
scribed by Mundt with minor alterations [24]. For tran-
scription in vitro, non-mutation and mutated plasmids of 
segment A and intact segment B were linearized by 
cleavage with XbaI and XholI respectively. After re-
strictive digestion, the products were adjusted to 0.5% 
SDS and incubated with proteinase K (0.5 mg/ml) for 1 
hr at 37 . The linearized DNA templates were reco℃ v-
ered by ethanol precipitation, and 1 μg linearized DNA 
was used for transcription. Segment A and segment B 
was transcribed respectively. Transcription reaction mix- 
ture (30 µl) containing 40 mM Tris-HCl (pH 7.9), 10 
mM NaCl, 6 mM MgCl2, 2 mM spermidine, 0.5 mM 
ATP, 0.5 mM CTP, 0.5 mM UTP, 0.1 mM GTP, 0.25 
mM cap analog [m7G(5′)ppp(5′)G] (Promega), 20 units 
RNasin, 130 units T7 RNA polymerase (Promega), and 
incubated at 37  for 1 hr. As controls, the transcri℃ ption 
products were treated with either DNase or RNase 
(Promega). 

After primary bursal cells were grown to 80% con-
fluency in 35-mm dishes, the cells were washed with 
DMEM (free serum) and incubated at 37  for 10 mi℃ n-
utes in a CO2 incubator. The process was repeated again. 
Simultaneously, 60 μl DMEM (free serum) was incu-
bated with 6 μl of Lipofectin reagent (Invitrogen, Carls-
bad, CA, USA) for 60 min in a polystyrene tube at room 
temperature to form Lipofectin-DMEM mixture. Syn-
thetic RNA transcripts of both segments resuspended in 
30 μl of DEPC treated water were mixed and added to 
the DMEM-Lipofectin mixture, mixed gently and incu-
bated on ice for 5 min. After removing the DMEM from 
the monolayers in the 35-mm dishes and replacing it 
with fresh 800 μl of DMEM, the nucleic acid-containing 
mixture was added drop-wise to the cells and swirled 
gently. After 2 hours of incubation at 37 , the mixture ℃
was replaced with DMEM containing 5% FCS (without 
rinsing the cells), and further incubated at 37  for d℃ e-
sired time intervals. 

2.5. Virus Recovery from cRNA and Detect 
the Presence of Virus by AC-ELISA, 
RT-PCR and Plaque Assay 

Two days after transfection, cells were frozen -thawed 
and centrifuged at 700 g to remove cellular debris. The 
supernatant was passaged for 4 times in the primary bur-
sal cells, harvesting the cells for ELISA. In order to 
screen the recombinant virus from many samples AC- 
ELISA was performed. Each well of 96-wells polysty-
rene ELISA plates (Costar, Cambridge, MA, USA) were 
coated with 100 μl of chicken polyclonal IBDV antise-
rum, diluted in PBS at a ratio of 1:4000. After incubation 
at 37  for 1 hour, the plate was washed three times with ℃
washing buffer (1% Tween 80 in PBS) and each well 
was blocked by 100 μl of blocking buffer (0.5% gelatin 
in PBS) at 37  for 0.5 h. After three washes of the plate ℃
with washing buffer, 100 μl sample including positive 
and negative control was added in duplicate. The plate 
was then incubated at room temperature for 1 h and 
washed with washing buffer before 50 μl of MAbs M6 
or B29 [25,26]., diluted 1:2500 and 1:1000 in antibody 
diluent (5% NaCl and 4% BSA in washing buffer) re-
spectively, were added to the wells in duplicate. After 
incubation for 1 h at room temperature, the plate was 
washed three times with washing buffer. Subsequently, 
50 μl of goat anti-mouse IgG-horseradish peroxidase 
(Sigma) diluted 1:1000 with antibody diluent was added. 
One hour later at room temperature, the plate was 
washed three times with washing buffer. After addition 
100 μl TMB peroxidase substrate (Kirkegaard and Perry 
Laboratories Inc., Gaithersburg, MD, USA) and incu-
bated at 37  for 15 min, the reaction was stopped by ℃
adding 100 μl 1 M H3PO4. The result was read by an 
ELISA reader at the optical density at 450 nm (OD450). 
If OD value of sample is greater than mean OD value 
plus 3 times standard deviation of negative control sam-
ple, then the sample is considered as positive and was 
stocked at −86  for future use.℃  

The titre of virus mutants was determined using 
plaque assay [27] and prepared for future animal ex-
periment. The titre is represented as PFU/ml. 

IBDV mutants were reversely transcribed using out-
side 1 and nested PCR was amplified using outside 1, 
outside 2, inside 1 and inside 2 primer (Table 2). 

2.6. Genetic Stability Analysis 

If changes in the amino acid sequence occurred during 
passaging viral RNA of IBDV before challenge, the 
identity of virus have to be confirmed. The virus mutants 
were subjected to RT-PCR using oligonucleotides out-
side 1 and outside 2 for IBDV with VP2 mutation, VP3 
outupper and VP3 outlower for IBDV with VP3 muata-
tion before challenge (Table 2). Nested PCR was ampli-
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fied with 783 inupper and 62, 21 inlower to identify vi-
rus with VP3 alteration (Table 2). Cloned PCR frag-
ments of IBDV mutants were sequenced and obtained 
sequences were analyzed with DNAStar. 

2.7. Virulence of IBDV Mutants in Young 
SPF Chickens 

Forty eight 4-week-old SPF White Leghorn chickens 
were divided randomly into six groups including posi-
tive control group. Chickens were infected via eye and 
nose drop with total 1200 PFU. Non-inoculated hatch-
mates were used as negative controls. During the course 
of the experiment animals were observed daily for clini-
cal signs and mortality. At 4 days p.i., all alive chickens 
from each group were bled and euthanized. The bursa of 
each chicken (include alive and dead) was removed, 
weighed and subdivided into two parts. One part was 
used for detecting the presence of IBD viral antigen by 
means of an AC-ELISA and RT-PCR. The second part 
was fixed in 10% neutral-buffered formalin for histology. 
Formalin-fixed bursal samples were embedded in paraf-
fin, sectioned and stained with haematoxylin and eosin 
(H&E). Microscopic bursal lesion score (BLS) was de-
termined by histopathological analysis of the bursa. BLS 
was evaluated on a scale of 0 to 5 as follows: 0, no ab-
normalities; 1, 1-20%; 2, 21-40%; 3, 41-60%; 4, 61-80%; 
and 5, 81-100% lymphocyte depletion [28]. 

2.8. Detection of Viral Antigen in Bursae 
after Challenge  

Bursae were homogenized with homogenizer. The 
presence of virus in the bursal homogenate was de-
tected with AC-ELISA which incorporated Mab 6 
recognizing VP2-located epitopes [25].  

3. RESULTS 

3.1. Determination of Nucleotide Sequence 
of Harbin-1 Mutant 

To establish a reverse genetics system the complete ge-
nomic sequence of Harbin-1 mutants was determined. 
The mutagenized plasmids were obtained with the al-
teration of two amino acids, Q253H-A284T, H783Q- 
V862M, V862M-I921V, H783Q-I921V. 

3.2. Rescue of Recombinant Virus from 
cDNA 

Primary bursal cells were transfected with synthesized 
cRNA of mutated segment A and intact segment B by 
means of lipofectin (Invitrogen). After every transfection, 
the resultant supernatant was used for RT-PCR and AC- 
ELISA to detect the presence of viruses. The samples 
were performed to RT-PCR after IBDV antigen was de-

tectable using AC-ELISA. Electrophoresis result showed 
that there is one 209 bp band, whose sequence located in 
VP2 hypervarible region, on 1.2% agarose gel. The re-
sult of RT-PCR and AC-ELISA demonstrated that virus 
mutants were successfully recovered. From 10 transfec-
tion samples we obtained four mutant viruses designated 
as H253/284, H783/862, H862/921, H921/783 and rescued Harbin-1 
named rHarbin-1. 

3.3. Genetic Stability Analysis 

Sequence analysis of the RT-PCR products confirmed 
the identity of the IBDV used. No amino acid substitu-
tions compared to the sequence of the used plasmids 
(p253/284 m, p783/862 m, p861/921 m, p921/783 m) 
were found within the region flanked by primers used 
for RT-PCR, proving the genetic stability of the virus 
during virus pass aging. 

3.4. Virulence Determinants for VP2 and 
VP3 in Chinese vvIBDV Strain 

To evaluate the virulence of all virus mutants animal 
experiments were performed. Animals infected with 
vvIBDV (rHarbin-1) and H783/862 showed severe clinical 
signs of IBD. The mortality rates were 7/8 for rHarbin-1, 
5/8 for H783/862, 1/8 for H253/284 and H862/921. In contrast, 
none of the animals infected with H921/783 died or showed 
clinical signs of IBD. Bursae of chickens infected with 
the different virus mutants showed depletion of bursal 
cells in lymph nodule with remarkable differences (Fig-
ure 1). rHarbin-1 and H253/284, H783/862 induced severe 
bursal lesion (BLS of 5, 1.6, 3.1 respectively); H862/921 
induced mild lesion (BLS 1.5); H921/783 hardly induce 
lesion (BLS 0). As to the ration of bursal weight and 
body weight, rHarbin-1 and H783/862 showed severe bur-
sal atrophy (3.39, 3.94 respectively). There was no re-
markable difference among H253/284, H862/921, H921/783 and 
negative control (4.0, 4.8, 4.94, 4.71 respectively) (Ta-
ble 3). The above-mentioned results demonstrated that 
V862 and I921 in VP3 are probably the major virulence 
determinants, furthermore, 862 and 921 in VP3 has the 
stronger ability to manage virulence than 253 and 284 in 
VP2.  

4. DISCUSSION 

In recent years, many investigators have shown that mu-
tations in the viral genome often lead to changes in the 
virulence, pathogenesis of animal viruses. A single 
amino acid substitution in the West Nile Virus Nonstru- 
ctural protein NS2A disables its ability to inhibit Al-
pha/Beta interferon induction and attenuates virus in 
mice [18]; point mutations in an infectious bovine viral 
diarrhoea virus type2 cDNA transcript yields an attenu-  
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Table 3. Results of chicken challenged by four recombinant viruses. 

Virus 
Number of 

Chickens* 
Mortality

Avg bursa/body wt, 

Ratio (SD), 103 

Avg BLS** 

(SD) 
Pathological Lesions 

H253/284 8 1/8 4.0 (2.0) ab 1.6 (1.1)b individual lymphatic nodule necrosis and atrophy in dead chicken 

H783/862 8 5/8 3.9 (1.5) ab 3.1 (2.6)c lymphatic nodule severe necrosis and atrophy in dead chickens 

H862/921 8 1/8 4.8 (1.4) b 1.5 (1.4)b lymphatic nodule partly necrosis and slightly atrophy in dead chicken

H921/783 8 0/8 4.9 (0.9)b 0 (0.0)a 
lymphatic nodule slightly atrophy and widen interstice close to 

normal 

rHarbin-1 8 7/8 3.4 (0.9) a 5 (0.0)d lymphatic nodule appear necrosis, congest and hemorrhage 

Native 

Harbin-1 
8 7/8 3.1 (0.4)a 5 (0.0)d 

lymphatic nodule appear necrosis, congest and severe hemorrhage, 

atrophy 

Negative 

control 
8 0/8 4.7 (0.3)b 0 (0.0)a normal 

*The indicated number of 4-week-old SPF chickens were infected via the eye and nose drop; **BLS of BF of each chicken investigated. Values within 
the same row with the same superscript letters are not significant (P < 0.05). 
 

 

Figure 1. Microscopic pathological effect in bursae challenged 
by virus mutants (10 × 20) (a) H253/284 single lymph nodule 
necrosis, atrophy, BLS 4; (b) H783/862 lymph nodule severe ne-
crosis, atrophy, BLS 4.5; (c) H862/921 lymph nodule partly ne-
crotize, BLS 2.3; (d) H921/783 close to normal, BLS 0; (e) rHar-
bin-1 lymph nodule necrosis, congest and hemorrhage BLS 5; 
(f) CK (negative); (g) Harbin-1 (positive control) lymph nod-
ule necrosis, congest and severe hemorrhage, atrophy BLS 5. 

ated and protective viral progeny. Virulence of swine 
vesicular disease virus is determined at two amino acids 
in capsid protein VP1 and 2A protease [14]. Above men-
tioned phenomena elicit researchers on IBDV and they 
dedicated to study the virulence mechanism. A number 
of researchers such as Brandt, Yamaguchi, Lim, Mundt 
and so forth assumed position 253, 279, 284 amino acids 
in VP2 hypervarible region control phenotype, and could 
bind with B lymphocyte [3,17,21,29]. Lots of evidence 
showed that hypervarible region in VP2 involved in 
conformation dependent epitope and stimulate the chi- 
cken to produce protective neutralizing antibody [10, 
29].  

The result of chickens challenged with viruses showed 
that H253/284 could induced slighter lesion than parental 
virus vvIBDV (Harbin-1), but in H783/862 group, there are 
two kinds of appearance ,the bursa in alive chickens had 
not showed pathological sign, which could be due to the 
individual difference, but the bursae of dead chickens 
showed severe necrosis and atrophy, B lymphocyte de-
pletion was up to the same 80-90% as Harbin-1; in 
H862/921 group, a bursa of dead chicken had the same 
pathological lesion as Harbin-1, lymphocyte depletion 
up to above 90%, in other bursae of alive chickens de-
pletion is only 10-20%, and appear partly necrosis and 
atrophy; in H921/783 group bursae had very slightly 
pathological lesion except minor widening interstice, 
suggesting bursa was slight swollen. Therefore, H921/783 
virus appeared the slightest pathological lesion among 
all virus mutants. Compared with mDT-VP3C and 
mDCT-VP3C rescued by Boot who substituted the C- 
terminal part of VP3 of serotype 1 vvIBDV (isolate 
D6948) for the corresponding part of serotype 2 IBDV 
[22], H921/783 induced slighter pathological lesion than 
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mDT-VP3C and mDCT-VP3C. mDT-VP3C and mDCT- 
VP3C could induced same bursa lesion as wild type 
D6948 and rD6948, suggesting mDT-VP3C and mDCT- 
VP3C had stronger residential virulence, but H921/783 
virus hardly has no residential virulence.  

Our experiment demonstrated that VP3 and VP2 con-
tain the determinant for virulence too besides VP2 in one 
strain. However, up to now most researches assume VP2 
play an important role in virulence. The reason for this 
paradox about virulence controlling mechanism is un-
known. Molecular determinant of virulence may depend 
the strains used. In addition we used two alterations of 
amino acid in this paper. Single alterations of aa 783, 
862 and 921 were not tested, further study may be nec-
essary to identify if single amino acid function or both of 
them function in virulence at the same time.  

5. CONCLUSIONS  

V862, I921 in VP3 is obvious virulence marker how-
ever I921 has more potential ability to control viru-
lence than V862 and H783. Through animal challenge 
test we make clear the site in VP2 and VP3 involved in 
virulence, furthermore, the ability of 862 and 921 to 
control virulence in VP3 is more powerful than 253 
and 284 in VP2. 
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ABSTRACT 

Dermatophytes, a group of keratinophilic fungi 
thriving on the keratin substrate are the etio-
logical agents responsible for causing cutane-
ous infections. Dermatophytosis is currently 
treated with the commercially available topical 
and oral antifungal agents in spite of the exist-
ing side effects. Treatment of these cutaneous 
infections with secondary metabolites produced 
by marine microorganisms is considered as a 
novel approach. For many years these organ-
isms have been explored with the view of de-
veloping antibacterial, antifungal, antiviral, anti- 
cancer and antiparasitic drugs. Exploring the 
unexplored aspect of actinobacteria for devel-
oping antidermatophytic drugs is a novel at-
tempt which needs further investigation. 

Keywords: Trichophyton; Microsporum;  
Epidermophyton; Tinea Infections; Novel  
Approach; Actinobacteria 

1. INTRODUCTION 

1.1. Dermatophytes 

Infections pertaining to mankind particularly those af-
fecting the keratinized tissues are of serious concerns 
worldwide and are increasing on a global scale. Derma-
tomycoses are infections of the skin, hair and nail caused 
as a result of colonization of the keratinized layers of the 
body. This colonization is brought about by the organ-
isms belonging to the three genera namely Trichophyton, 
Microsporum and Epidermophyton [1,2]. Infection may 
also be caused rarely by the members of the genus Can-
dida and by non-dermatophytic moulds belonging to the 
genera Fusarium, Scopulariopsis and Aspergillus [3,4]. 
Interestingly dermatophytic infections are predominant 
in the tropical and subtropical countries; especially in the 

developing countries like India where the hot climate 
and humid weather is favourable to the acquisition and 
maintenance of the disease [5,6] and currently no race is 
totally free from dermatophytoses. 

2. ECOLOGICAL CLASSIFICATION 

In the course of evolution these pathogens have devel-
oped host specificity. This host specificity is ascribed to 
the difference in the composition of keratin [7]. Based 
on their host specificity dermatophytes are classified into 
three ecological groups namely geophiles (soil), anthro-
pophiles (man) and zoophiles (animals) [8]. The geo-
philic dermatophytes are generally saprophytic and de-
rive nutrients from keratinous substrates. Rarely these 
pathogens cause infection in animals and man. Examples 
include Trichophyton ajelloi, Trichophyton terrestre, 
Microsporum fulvum, Micropsorum gypseum, Micro-
sporum cookie and Epidermophyton stockdaleae [9-11].  

Zoophiles are pathogens with only one animal host 
and grow as saprophytes on animal materials. Zoophiles 
are also reported to infect human beings. Human beings 
acquire the infection from infected animals. Examples 
include Trichophyton simii (monkeys), Trichophyton 
mentagrophytes (rodents), Trichophyton equinum (hor- 
ses), Microsporum canis (cats) and Micropsorum nan-
num (pigs) [12,13]. 

The primary hosts of anthropophilic species are hu-
man beings but they may also cause infection in animals. 
Transmission of infection is from man to man. Examples 
include Trichophyton rubrum, Trichophyton kanei, 
Trichophyton schoenleini, Trichophyton concentricum, 
Trichophyton tonsurans, Micropsorum gypseum, audou-
inii, Microsporum ferrugineum and Epidermophyton 
floccosum [14,15].  

2.1. Trichophyton 

The genus Trichophyton includes 24 species. The colo-
nies on agar media are powdery, velvety or waxy. The 
predominant spore type is micro conidia with sparse 
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macro conidia [16]. Reverse side pigmentation is char-
acteristic of the species and is used for the identification 
of the species within the genus [17,18]. The macro co-
nidia are thin walled with smooth surface and variable 
shape [19]. Some of the Trichophyton species are fas-
tidious in their requirement for amino acid as nitrogen 
source. Trichophyton tonsurans requires ornithine, 
citrul-line and Arginine whereas Trichophyton men-
tagrophytes requires methionine. This nutritional speci-
ficity has been used by many authors in the identifica-
tion of the Trichophyton species [19]. 

2.2. Microsporum 

The genus Microsporum includes 16 species. The colony 
morphology of Microsporum species on agar surface is 
either velvety or powdery with white to brown pigmen-
tation [16]. Both macro and micro conidia are produced 
but the predominant conidial structures are macro co-
nidia. Micro conidia are less abundant. The macro co-
nidia are multi septate with thick wall and rough surface 
[20]. Rarely some species produce neither micro nor 
macro conidia [21]. They do not have any special nutri-
tional requirements. 

2.3. Epidermophyton 

The genus Epidermophyton includes only 2 species. The 
colonies are slow-growing, powdery and unique brow- 
nish yellow in colour. This genus is devoid of micro co-
nidia. Macro conidia are abundant and produced in clus-
ters [16]. These macro conidia are thin walled with 
smooth surface [20].  

3. DISTRIBUTION FREQUENCY OF  
DERMATOPHYTES AND  
DERMATOPHYTOSIS 

All the three genera of dermatophytes namely Tricho-
phyton, Microsporum and Epidermophyton are world-
wide in geographical distribution. The predominant 
cause of dermatophytic infections is Trichophyton fol-
lowed by Epidermophyton and Microsporum. Within the 
genus Trichophyton, Trichophyton rubrum is the pre-
dominant etiological agent accounting for 69.5% fol-
lowed by Trichophyton mentagrophytes, Trichophyton 
verrucosum and Trichophyton tonsurans [22-24]. 

According to the World Health Organization (WHO) 
survey on the incidence of dermatophytic infection, 
about 20% the people world wide present with cutaneous 
infections [25]. The disease does not spare people of any 
age [26]. Among the tinea infections the most predomi-
nant type of infection is tinea corporis or tinea circinata 
followed by tinea cruris, tinea pedis and Onychomycosis. 
Tinea corporis accounts for about 70% of the dermato-

phytic infection [26]. 

4. PATHOGENESIS AND CLINICAL 
PRESENTATION 

The possible route of entry for the dermatophytes into 
the host body is injured skin, scars and burns. Infection 
is caused by arthrospores or conidia. Resting hairs lack 
the essential nutrient required for the growth of the or-
ganism. Hence these hairs are not invaded during the 
process of infection [27]. The pathogen invades the up-
permost, non-living, keratinized layer of the skin namely 
the stratum corneum, produces exo-enzyme keratinase 
and induces inflammatory reaction at the site of infection 
[28-31]. The customary signs of inflammatory reactions 
such as redness (ruber), swelling (induration), heat and 
alopecia (loss of hair) are seen at the infection site. In-
flammation causes the pathogen to move away from the 
site of infection and take residence at a new site. This 
movement of the organism away from the infection site 
produces the classical ringed lesion [32] (Figure 1). 

The infections caused by dermatophytes are com-
monly referred to as “tinea” or “ring-worm” infections 
due to the characteristic ringed lesions [33]. Based on 
the site of infection the tinea infections are referred to as 
tinea capitis (scalp), tinea corporis or tinea circinata 
(non-hairy, glaborous region of the body), tinea pedis 
(“Athletes’ foot”; foot), tinea ungium (“Onychomycosis”; 
nail), tinea mannum (hands), tinea barbae (“Barbers’ 
itch”; bearded region of face and neck), tinea incognito 
(steroid modified), tinea imbricata (modified form of 
 

 
Figure 1. The schematic route of entry of dermatophytes into 
the host system and onset of immune response in the host in 
response to the pathogen entry. 
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tinea corporis), tinea gladiatorium (common among 
wrestlers’) and tinea cruris (“Jocks’ itch”; groin) [34]. 

5. IMMUNITY BEHIND DERMATOPHYTIC  
INFECTION 

Host immune response to the invading pathogen is re-
sponsible for the clinical manifestations. The fungal 
pathogens induce both immediate hypersensitivity as 
well as cell mediated or delayed type hypersensitivity. 
Acquired resistance to the infection may also result from 
dermatophytic infection. The fungal growth is restricted 
by the inflammatory reactions produced as a result of 
infection with dermatophytes [35]. 

6. TREATMENT 

Despite the advancements of science and technology, 
surprisingly the development of novel and efficient an-
tifungal drugs is still lagging behind due to the very fact 
that fungi are also eukaryotic and have mechanisms 
similar to human beings [36]. Hence it becomes very 
difficult to develop an antifungal agent that is more spe-
cific in targeting the fungi alone without any damage to 
human beings. For successful treatment of the disease, 
proper diagnosis of the disease is always essential.  

The treatment is chosen based on the infection site, 
etiological agent and penetration ability of the drug. The 
penetration ability and retention in the site of infection 
of the agent determines its efficacy and frequency of 
utility. Since the dermatophytes reside in the stratum 
corneum especially within the keratinocytes, the anti-
fungal agents should have a good penetrating ability. The 
duration of treatment mainly depends on the type of in-
fection and symptom. Generally a two-three week treat-
ment is required for skin lesions whereas four-six week 
for feet inflammation [37]. 

Earlier, dermatomycosis was treated with the tradi-
tional topical antifungal agent Whitfield’s ointment, a 
combination of 3% salicylic acid and 6% benzoic acid in 
a Vaseline base [38]. Next came into existence, Castel-
lani’s paint, a deep red coloured liquid, specifically ef-
fective against tinea ungium. Another topical preparation 
of importance was a combination of silver nitrate and 
tincture iodine. This preparation was effective against 
multiple lesions [39]. In general the dosage depends on 
the severity of infection, location and the efficacy of the 
drug. These topical preparations were applied twice a 
day for 2-3 weeks to prevent relapse condition. In addi-
tion to the above mentioned topical agents, tolnaftate, 
undecylenic acid, haloprogin, triacetin were in use for 
the treatment of dermatophytosis [39]. The year 1970 
saw the release of Miconazole, the first in the line of 
azoles group. Since then many more were subsequently 

synthesized and added to this list during the same period. 
These antimycotic drugs belonged to the Azoles class of 
antifungal drugs. The major target of the azoles unlike 
the other antifungal agents is the cytochrome P450 en-
zyme [40] (Figure 2). Based on the number of nitrogen 
atoms the azoles derivatives are classified into 2 groups 
as imidazoles and triazoles [16].  

Imidazoles include miconazole (1970), clotrimazole, 
ketaconazole (1978), econazole, bifonazole, tioconazole 
and oxiconazole [41]. The chronological order of the 
imidazoles to get FDA approval in United States is as 
follows miconazole (1974), econazole (1982), keta-
conazole (1985), oxiconazole (1988) and clotrimazole 
(1993) [42]. The most recent drug to clear the FDA trials 
(2003) is Sertaconazole, a novel imidazole with broad 
spectrum antifungal activity [43]. In general the imida-
zoles exhibit side effects such as anorexia, constipation, 
headache, hepatitis, pruritis, exanthema and inhibition of 
synthesis of steroid hormone [44]. Triazoles include flu-
conazole, voriconazole, itraconazole (1980), posacona-
zole, teraconazole and ravuconazole. In comparison to 
the imidazoles, the triazoles exhibit lesser degree of side 
effects which includes nausea, dizziness and gastrointes-
tinal upset [45]. Allylamines and benzyl amines were 
synthesized in the 1980s’. Allylamines include naftifine 
and terbinafine. Naftifine, terbinafine and benzylamine 
obtained FDA approval in United States in the year 1988, 
1992 and 2001, respectively. The mode of action of these 
drugs is inhibition of the key enzyme squalene epoxidase, 
an essential enzyme involved in the synthesis of squa- 
lene epoxide from squalene [46] (Figure 2).  
 

 
Figure 2. Schematic representation of the site of action 
of azoles, allylamines and benzyl amines. 
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Amorolfine, a morpholine drug targets the ergosterol 
synthesis similar to the azoles but at a site different from 
that of the azoles [47]. A new class of antifungal drug 
called hydroxypyridones became available since the year 
2000. Ciclopiroxolamine, the representative drug of this 
class targets the cell membrane and affects the cell per-
meability. Apart from the above mentioned synthetic 
drugs many drugs such as Pyrrolo [1,2-a] [1,4] benzodi-
azepine with less side effects are being synthesized and 
experimented for treating dermatophytosis [48]. Griseo-
fulvin, from Penicillium chrysogenum was isolated in 
1930. Its antibacterial and antifungal potential was not 
fully understood until late 1950s’. It is the first antimy-
cotic drug with a microbial origin [49]. Griseofulvin is a 
narrow spectrum antimycotic drug with fungistatic ac-
tivity. It is very effective against all the dermatomycoses. 
The side effects include headache, nausea, bad taste, skin 
rash, systemic lupus erythematosus (SLE), porphyria and 
arthralgia. With all its side effects, griseofulvin still re-
mains to be the gold-standard for treating dermatophytic 
infections [50]. Treatment of cutaneous infection using 
natural sources is the ongoing research work of many 
research groups across the globe. Compounds from the 
plants Psorolea corylifolia [51], Azadirachta indica [52], 
Melaleuca alternifolia, Melaleuca dissitiflora, Me-
laleuca linariifolia [53], Nandina domestica [54], Didis-
cus oxeata [55] have been reported to exhibit potential 
anti-dermatophytic activity. Further confirmation on the 
activity of these compounds is under investigation. 

7. A NOVEL APPROACH TO SOLVE THE 
PROBLEM 

More recently the scientific community has turned its 
attention to secondary metabolites from actinobacteria 
and its exploitation for various purposes which include 
therapeutic, environmental and industrial applications. 
With developing microbial resistance and need for safe 
and cost-effective antidermatophytic drugs, screening of 
actinobacteria for potential bioactive secondary metabo-
lites becomes indispensible [56]. About 75-80% of the 
antibiotics that are available in the market are derived 
from Streptomyces [57]. To the best of our knowledge 
antidermatophytic secondary metabolite from Strepto-
myces rochei AK39 is the first report on antidermato-
phytic activity of actinobacteria [58]. Our investigation 
on the antidermatophytic activity of Streptomyces spp 
isolated from the saltpan region yielded three potential 
strains. The morphological, physiological and bioche- 
mical properties of these three potential isolates namely 
VITDDK1, VITDDK2 and VITDDK3 have been studied 
and reported [56,57]. The 16 S rRNA sequence of three 
strains Streptomyces spp. VITDDK1, Streptomyces spp. 

VITDDK2 and Streptomyces spp. VITDDK3 was sub-
mitted to the GenBank, NCBI under the accession num-
bers, GU223091, GU223092 and GU223093 respec-
tively. The antidermatophytic activity of these three 
strains is anticipated to be due to high salt concentration 
of the environment. Under stress conditions microorgan-
isms inhabiting the particular environment is said to 
produce complex chemicals that can be exploited med-
icinally. 

8. CONCLUSIONS 

The management of dermatophytic infections needs 
personal hygiene, awareness of infection, proper diagno-
sis and medication. At present there are a large number 
of antidermatophytic drugs available commercially. With 
increasing incidence of fungal infection, microbial resis-
tance to the existing drugs, cost and side effects, there is 
a need for an antifungal drug that can overcome all these 
limitations. Streptomyces remains to be an unexhausted 
source of bioactive compounds and a boon to the medi-
cal field. Screening of Streptomyces from stressed envi-
ronment can be a novel approach for obtaining potential 
lead molecules for clinical trials and later treatment of 
dermatomycosis.  
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ABSTRACT 

Background: It is well established that the peo-
ple with elevated SBP, DBP, BMI and WHR are 
more prone to cardiovascular disease. However, 
very few studies have focused on the amount of 
familial aggregation and heritability of these 
cardiovascular risk factors in Indian population. 
Therefore, purpose of this study was to inves-
tigate the familial aggregation of blood pres-
sures with respect to certain anthropometric 
traits and to determine the relative roles of he-
redity in the etiology of SBP and DBP in a sam-
ple of families with three generations. Methods: 
The study has been conducted through house 
to house family study among three generations 
such as offspring, parent and grandparent in a 
scheduled caste community (Ramdasia) in 
Punjab. A total of 1400 individuals, constituting 
380 families were surveyed for blood pressure, 
pulse rate, pulse pressure and anthropometric 
measurements to study familial aggregation and 
heritability for cardiovascular risk factors. The 
analysis represents a multivariate model which 
includes the each individual family data for es-
timation of familial correlation and heritability. 
Results: All risk factors showed positive familial 
correlation but magnitudes are different in va- 
rious pairs of combination. Correlations gener-
ally are higher among genetically close relatives 
such as brother-sisters or parent-offspring and 
are lower among spouses. The estimated heri- 
tabilities were 22% for systolic and 27% for dia-
stolic blood pressure, 19% for BMI and 17% for 
WHR. Conclusions: These results indicate a 
strong familial aggregation of cardiovascular 
risk factors such as SBP and DBP in this popu-
lation and also showed that this familial influ-
ence can be detected from anthropometric mea- 
surements and genetic closeness. Almost all 
anthropometric variables were found to be sig-

nificant with blood pressures among three ge- 
nerations. 

Keywords: Familial Aggregation; Heritability; Risk 
Factors; Ramdasia Population; Punjab 

1. INTRODUCTION 

There is much epidemiological evidence that environ-
mental cofactors and anthropometric characteristics are 
directly and consistently correlated with cardiovascular 
diseases in developing countries [1-7]. It has been re-
ported that almost 30% of risk factors for cardiovascular 
diseases are accounted by genetic heritability and at least 
approximately 70% of risk factors are of familial in na-
ture [8-13]. However, many authors have contradicted 
that what extent to which that observed familial aggre-
gation on both systolic and diastolic is due to genetic or 
environmental reason. Some authors have argued that 
familial aggregation on diastolic blood pressure is more 
than systolic blood pressure or vice versa [14]. However, 
in India the pattern of risk factors for cardiovascular 
diseases are different to cut across the cultural patterns 
and geographic regions. Therefore, in Indian context the 
paucity of family based information and complex etiol-
ogy of this disease made it difficult for understanding 
how these factors contribute to the cardiovascular dis-
eases.  Hence, the major purpose of this study was to 
investigate the familial aggregation of blood pressures 
with respect to certain anthropometric traits and to de-
termine the relative roles of heredity in the etiology of 
SBP and DBP in a sample of families with three genera-
tions such as offspring, parent and grandparent in Punjab, 
a north Indian state. Our working hypotheses were that 
there is familial aggregation of blood pressure in the 
studied families and the association of blood pressure in 
first degree relatives is more than spouse pairs. 

2. MATERIALS AND METHODS 

For the present study the population included 1400 indi-
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viduals constituting 380 families with three generations. 
Individuals in the parental generation (N = 780) range in 
age from 30.5 to 60.7 years. The age of offspring (N = 
456) range from 9.5 to 26.7 years. The age of the grand-
parent generation (N = 164) range from 52.8 to 85.6 
years. All families were recruited from Ramdasia com-
munity (Ramdasia community is socially and education-
ally backward from the rest of the population in Punjab) 
to reduce the confounding effect ethnically determined 
genetic differences. For recruitment of the subjects fam-
ily history of heart disease was not the criteria, however, 
randomly selected families exhibiting a broad cross se-
lection of cardiovascular risk factor levels. 

2.1. Phenotypes Measurements 

This study was approved by the Ethics Review Commit-
tee of Guru Nanak Dev University, Amritsar, India and 
written consent was obtained from all the participants. 
Comprehensive and elaborated questionnaires related 
health, life style, demographic features, socio-economic 
status and family history were completed by the partici-
pants before physical measurement. Blood pressure was 
measure on the right arm of the subjects in a sitting posi-
tion after 10 minutes of rest using a mercury sphygmo-
manometer and a stethoscope with an accuracy of 2 mm 
Hg by following the recommendations of American 
Heart Association [15]. On the basis of circumference of 
the participants arm, a regular adult or large or medium 
cuff has been chosen. Systolic and diastolic blood pres-
sures were defined at the first and fifth phases of Korot-
koff sounds respectively. The pulse rate was measured 
for 60 seconds. The average of two measurements was 
used as the estimates of SBP and DBP in the present 
analysis. Mean arterial blood pressure (MBP) was cal-
culated as DBP + (SBP-DBP)/3 [16]. The pulse pressure 
was calculated as SBP-DBP. 

The other anthropometric measurements were taken 
from each individual include height, weight, five cir-
cumferences (chest, waist, hip, arm and calf) and biceps 
and triceps skinfolds. All measurements were taken with 
standard anthropometric techniques [17-18]. Body mass 
index (BMI) and waist to hip ratio were defined as 
weight/height2 (kg/m2) and waist circumference divided 
by hip circumferences respectively.  

2.2. Statistical Methods 

All statistical analyses were performed using SPSS 
software. The p < 0.05 level was selected as the criterion 
of statistical significance. Heritability estimation was 
done from regression of offspring on parents. 

3. RESULTS 

Table 1 shows the summary of data for offspring, parent 

and grandparent generations with both sexes. The mean 
ages and standard deviations for different generations are: 
18.00 ± 5.12 (male offspring), 17.63 ± 4.95 (female off-
spring), 41.19 ± 9.12 (male parents), 38.05 ± 9.16 (fe-
male parents), 67.52 ± 9.10 (male grandparents) and 
62.46 ± 8.72 (female grandparents). In general, maxi-
mum mean values of anthropometric measurements such 
as height, weight and calf circumference for male parent 
generation; BMI, chest, hip and arm circumferences, 
biceps and triceps skinfolds for female parent generation; 
waist circumference, WHR for female grandparent gen-
eration have been observed in the present analysis. The 
maximum SBP, DBP, MBP, pulse rate and pressure have 
been found in female grandparent generation. On aver-
age, offspring generations have lower mean values of 
almost all measured phenotypes. As shown in the Table 
2 all the means of the measured variables have signifi-
cant differences (p < 0.001) between different intra-gen- 
erations for all measured variables. However, age, DBP, 
calf and hip circumferences, and WHR have found max- 
imum intra-generational differences.  

Estimates of familial correlations among household 
members and estimated sample size are presented in 
Table 3. All correlations are positive and maximum fa-
milial correlations for almost all the traits were found in 
close genetically related brother-sister combination. The 
lowest familial correlations for all the traits were found 
in spouses. The familial correlations for SBP and DBP 
are also significantly higher between father-male off-
spring combination. However, the stronger correlations 
were found in various traits among different combina-
tions such as for biceps skinfold, chest circumference, 
pulse pressure between father-male offspring; for arm 
circumference between father-female offspring; for BMI, 
WHR and pulse rate between mother-female offspring. 
Therefore, these risk factors showed the patterns of fa-
milial correlation which were stronger among more ge-
netic control relationship and lower in spouse. 

Table 4 shows estimated genetic component of vari-
ance and heritability for cardiovascular risk factors in 
this population. The genetic variance included only the 
additive genetic variance and these are significantly 
greater than zero for all the risk factors. The genetic ef-
fect of these risk factors may be assumed from the 
square root of these variances. For SBP the genetic effect 
is 10.56 mm Hg and it contributes 22% (heritability) of 
the variation in systolic blood pressure. For diastolic 
blood pressure the genetic effects is 7.28 mmHg and it 
contributes 27% of the variation in this population. 
However, the contributions of genetic effects of other 
variables such as pulse rate, pulse pressure, body mass 
index (BMI), waist to hip ratio (WHR), biceps and tri-
ceps skinfolds, arm and calf circumferences are 10.03 
minutes (heritability 10%), 8.75 mm (heritability 30%), 
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Table 1. Descriptive statistics of measured phenotypes between among different generations. 

Male Offspring Female Offspring Male Parent Female Parent Male Grandparent Female Grandparent

Variables Mean ± 
SD 

Inter- 
quartile 
range 

Mean ± 
SD 

Inter-qua- 
rtile range

Mean ± 
SD 

Inter- 
quartile 
range 

Mean ± 
SD 

Inter- 
quartile 
range 

Mean ± 
SD 

Inter- 
quartile 
range 

Mean ± 
SD 

Inter- 
quartile 
range 

Age (yrs) 18.00 ± 5.12 7.00-35.00 17.63 ± 4.95 7.00-30.00 41.19 ± 9.12 21.00-67.00 38.05 ± 9.16 20.00-65.00 67.52 ± 9.10 46.00-96.00 62.46 ± 8.72 40.00-85.00
Height (cm) 157.79 ± 10.6 101.50 − 183.0 150.21 ± 9.98 105.00 − 172.00 167.71 ± 6.44 148.70 − 186.1 154.12 ± 5.5 136.20 − 172.3 164.96 ± 7.1 142.7 − 183.3 152.13 ± 6.23 131.00 − 168.0
Weight (kg) 47.43 ± 11.42 14.00 − 92.00 42.87 ± 10.56 15.00 − 89.00 65.19 ± 10.82 37.00 − 98 59.25 ± 11.9 32.00 − 105.00 55.68 ± 10.2 40.00 − 93.30 56.49 ± 10.58 30.00 − 90.00
BMI (kg/m2) 18.42 ± 3.56 11.26 − 35.57 18.77 ± 3.82 10.41 − 36.85 23.10 ± 3.75 13.54 − 34.51 24.87 ± 4.70 14.67 − 45.37 20.29 ± 4.05 13.71 − 31.66 24.33 ± 4.67 14.07 − 37.94
Chest circum(cm) 80.19 ± 9.12 52.50 − 116.40 77.32 ± 8.99 52.70 − 112.00 94.31 ± 8.52 73.00 − 120.20 94.81 ± 8.45 70.00 − 130.00 90.23 ± 8.49 77.6 − 113.00 94.65 ± 8.20 71.00 − 119.00
Waist circum(cm) 75.17 ± 10.35 47.80 − 115.00 72.43 ± 9.68 46.5 − 113.00 94.36 ± 8.46 61.60 − 129.90 96.81 ± 9.99 61.00 − 136.00 89.24 ± 10.3 65.40 − 121.0 97.98 ± 9.99 65.00 − 127.00
Hip circum. (cm) 82.16 ± 9.42 52.00 − 112.00 81.78 ± 8.48 47.00 − 121.50 94.12 ± 7.88 73.33 − 122.40 94.66 ± 9.01 72.50 − 130.00 87.89 ± 8.11 76.30 − 106.4 93.94 ± 9.84 72.00 − 121.30
WHR 0.91 ± 0.06 0.71 − 1.10 0.86 ± 0.070 0.69 − 1.09 1.00 ± 0.07 1.253 − 0.759 1.00 ± 0.11 0.07 − 1.88 1.01 ± 0.09 0.804 − 1.269 1.04 ± 0.143 0.10 − 1.294
Arm circum. (cm) 22.87 ± 4.39 13.90 − 37.80 21.97 ± 3.51 13.80 − 33.80 27.11 ± 3.28 18.40 − 37.00 26.78 ± 3.48 18.50 − 38.50 24.00 ± 3.56 17.30 − 33.40 26.08 ± 3.82 17.20 − 35.50
Calf circum (cm) 28.32 ± 4.13 18.00 − 42.00 27.13 ± 3.64 17.40 − 41.50 31.87 ± 3.39 21.00 − 41.80 30.63 ± 3.64 17.80 − 42.50 28.85 ± 3.64 16.40 − 37.60 28.96 ± 3.69 22.20 − 37.30
Biceps skinfold 
(mm) 

6.30 ± 2.57 3.00 − 17.00 7.66 ± 3.42 3.00 − 32.00 7.84 ± 2.91 2.00 − 20.00 10.58 ± 4.05 3.00 − 31.00 5.89 ± 3.04 2.00 − 17.00 9.56 ± 4.38 3.00 − 29.00

Triceps skinfold 
(mm) 

9.94 ± 4.34 4.00 − 17.00 13.50 ± 4.31 4.00 − 42.00 12.49 ± 4.48 3.00 − 32.00 20.10 ± 6.73 3.00 − 31.00 9.72 ± 5.07 3.00 − 28.00 18.37 ± 7.84 4.00 − 4.00

SBP (mm/Hg) 116.47 ± 10.5 90.00 − 150 111.59 ± 9.22 80.00 − 140.00 128.09 ± 9.20 90.00 − 210.00 122.98 ± 9.4 80.00 − 190.00 136.96 ± 9.7 100.0 − 220.0 144.57 ± 10.1 90.00 − 240.00
DBP (mm/Hg) 76.50 ± 7.29 55.00 − 110.00 73.95 ± 6.70 50.00−90.00 82.11 ± 7.80 60.00 − 120.00 78.73 ± 8.15 60.00 − 120.00 82.42 ± 8.08 50.00 − 120.0 85.17 ± 9.97 50.00 − 120.00
MBP (mm/Hg) 89.80 ± 7.68 66.00 − 120.00 86.41 ± 6.79 63.33 − 106.66 97.39 ± 9.19 70.00 − 150 93.45 ± 9.18 66.66 − 140.00 100.26 ± 9.6 66.66 − 153.3 104.76 ± 10.0 63.33 − 160.00
Pulse rate 81.96 ± 8.02 20.00 − 90.00 85.37 ± 8.67 60.00 − 121.00 82.91 ± 9.78 60.00 − 120.00 85.58 ± 10.8 60.00 − 90.00 84.48 ± 8.99 65.00 − 140.0 85.79 ± 8.25 60.00 − 113.00
Pulse pressure 40.49 ± 8.76 54.00 − 132.00 37.87 ± 7.43 20.00 − 60.00 46.13 ± 10.77 10.00 − 90.00 44.29 ± 10.8 20.00 − 95.00 55.16 ± 9.37 10.00 − 20.00 59.14 ± 9.61 20.00 − 130.00

 
Table 2. T-values with 95% confidence level between intra-generational differences of mean values for all measured phenotypes. 

Variables t P 95% confidence level of the difference 

Age (yrs) 4.715 < 0.005 18.55-63.05 

Height (cm) 54.37 < 0.000 150.36-165.28 
Weight (kg) 16.49 < 0.000 45.99-62.97 
BMI (kg/m2) 18.67 < 0.000 18.65-24.61 
Chest circumference (cm) 27.62 < 0.000 80.34-96.82 
Waist circumference (cm) 19.19 < 0.000 75.92-99.40 
Hip circumference (cm) 36.09 < 0.000 82.74-95.43 
WHR 34.29 < 0.000 0.89-1.04 
Arm circumference (cm) 28.16 < 0.000 22.53-27.06 
Calf circumference (cm) 42.33 < 0.000 22.53-27.06 
Biceps skinfold (mm) 10.72 < 0.000 6.06-9.88 
Triceps skinfold (mm) 7.93 < 0.001 9.48-18.56 
SBP (mm/Hg) 25.12 < 0.000 113.86-139.82 
DBP (mm/Hg) 46.78 < 0.000 75.83-84.19 
MBP (mm/Hg) 34.43 < 0.000 88.24-102.48 
Pulse rate 160.52 < 0.000 83.35-86.29 
Pulse pressure 12.65 < 0.000 37.87-59.16 

 

Table 3. Estimates of familial correlation for cardiovascular risk factors. 

Variables BMI WHR BISF TRISF AC CC PR PP SBP DBP MBP

Spouse (n = 312) 0.09 0.08 0.05 0.05 0.12 0.07 0.08 0.07 0.04 0.05 0.06
Father-male offspring (n = 270) 0.21 0.12 0.16 0.02 0.11 0.18 0.07 0.13 0.31 0.30 0.25
Father-female offspring (n = 186) 0.15 0.12 0.12 0.05 0.19 0.12 0.07 0.08 0.21 0.20 0.20
Mother-male offspring (n = 270) 0.23 0.14 0.01 0.04 0.18 0.10 0.07 0.04 0.17 0.15 0.14
Mother-female offspring (n = 186) 0.29 0.12 0.03 0.06 0.12 0.13 0.18 0.04 0.20 0.18 0.16
Brother-sister (n = 186) 0.38 0.31 0.15 0.15 0.15 0.12 .21 0.14 0.34 0.31 0.30
Grandfather-male 0ffspring (n = 66) 0.12 0.07 0.07 0.08 0.03 0.14 0.05 0.11 0.16 0.19 0.19
Grandfather-female (n = 66)  
offspring 

0.12 0.13 0.12 0.02 0.18 0.12 0.10 0.02 0.13 0.14 0.14

Grandmother-male offspring (n = 99) 0.10 0.10 0.08 0.06 0.14 0.02 0.0 0.06 0.13 0.17 0.16

Grandmother-female offspring (n = 
99) 

0.12 0.11 0.13 0.03 0.14 0.09 0.02 0.12 0.14 0.15 0.13

BMI = Body mass index; WHR = Waist-Hip ratio; AC = Arm circumference; CC = Calf circumference; BISF = Biceps skinfold; TRISF = Triceps 
skinfold; SBP = Systolic blood pressure; DBP = Diastolic blood pressure; MBP = Mean arterial blood pressure; PR = Pulse rate; PP = Pulse pressure.     
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Table 4. Estimated genetic component of variance and herita-
bility for cardiovascular risk factors. 

Risk Factors Genetic Variance Heritability 

SBP (mm/Hg) 111.72 22% 
DBP (mm/Hg) 53.14 27% 
MBP (mm/Hg) 58.94 35% 
Pulse rate 100.61 10% 
Pulse pressure 76.56% 30% 
BMI (kg/m2) 12.67 19% 
WHR 0.05 17% 
Biceps skinfold (mm) 6.60 21% 
Triceps skinfold (mm) 18.83 14% 
Arm circumference (cm) 19.36 12% 
Chest circumference 
(cm) 

17.05 35% 

 
3.54 kg/m2 (heritability 19%), 0.22 (heritability 17%), 
2.56 mm (heritability 21%), 4.33 mm (heritability 14%), 
4.4 cm (heritability 12%) and 4.13 cm (heritability 35%) 
respectively in this population. 

4. DISCUSSION 

The analysis from the present studies of three genera-
tions families in Punjab, a north Indian state have dem-
onstrated strong familial aggregation of BMI, WHR, 
SBP and DBP for cardiovascular risk factors. The close 
genetic relationship such as parent-offspring, brother- 
sister correlations were significantly higher (p < 0.05) 
than non-genetic or distant genetic relationship such as 
spouses and grandparents. Overall, heritabilities were 
estimated to be 22% for SBP, 27% for DBP, 19% for 
BMI, 17% for WHR and 21% biceps skinfold. Therefore, 
the present observation suggested that genetically more 
close relatives have greater chance to aggregate cardio-
vascular risk factors than non-genetical and distant rela-
tives. Many previous studies have also supported this 
hypothesis [4,7,10-12,19-21]. The present heritability 
analysis represents the additive effects of genes. The 
greater range of heritability for different cardiovascular 
risk factors have suggested a greater genetic influences 
in the familial aggregation of SBP, DBP, pulse pressure, 
BMI, chest circumference and biceps skinfold. However 
the sample size of three generations strengthens the sta-
tistical power to identify the association of cardiovascu-
lar risk factors with different relationships. 

In this context, the present population due to its ho-
mogeneous nature provides a good opportunity to assess 
the familial determinants of cardiovascular risk factors. 
Families in this population are sufficiently large and 
joint in addition to that physical environment and diet 
contrast are also almost similar. In conclusion, our data 
suggest a significant familial aggregation of cardiovas-
cular risk factors for SBP, DBP, BMI and WHR. 
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ABSTRACT 

We used SDS-PAGE to evaluate and character-
ize the protein patterns of seed storage proteins 
in four pistachios cultivars (Akbari, Ahmad 
Aghaei, Fandoghi, and Kaleghouchi). Total pro-
tein content of pistachio seeds in all cultivars 
did not show any significant difference. Results 
of SDS PAGE pattern of a few protein bands 
were up regulated whereas some other bands 
showed down regulation. The identified protein 
patterns may be used protein marker for pista-
chio cultivars. 

Keywords: Pistachio; Protein Marker; SDS PAGE 

1. INTRODUCTION 

Pistacia vera L. (pistachio) (2n = 32) is belong to Ana-
cardiaceae family. Iran is one of the largest producer and 
exporter of pistachio (300,000 tones per year) in the 
world [1]. Pistachio seed is a very high source of protein, 
lipid, and vitamins such as vitamin A, B1, B2C, and 
Niacin. It has also a high percentage of potassium, cal-
cium and phosphorous. Iranian pistachios are different in 
sizes and shape and they are divided into four major 
groups including round (Fandoghi), jumbo (Kaleghouchi) 
and long (Akbari, Ahmad Aghaei) (http://en.wikipedia. 
org/wiki/Pistachio and http://www.sahravi.com/pistachio 
/iranian-pistachio.htm). 

Plant storage proteins can be classified into two 
classes; seed storage proteins (SSPs) and vegetative 
storage proteins (VSPs). SSPs are a set of proteins that 
accumulate at high levels in seeds during the late stages 
of seed development, whereas VSPs are proteins that 
accumulate in vegetative tissues such as leaves, stems 
and tubers, depending on the plant species. SSP genes 
were classic targets for work on plant molecular biology. 
Their abundant expression in seeds allowed for easy 
detection of the gene transcripts and cDNA cloning dur-

ing research on plant molecular biology in late 70’s to 
early 80’s. Characterization of germplasm using bio-
chemical fingerprinting has got special attention due to 
its increased used in crop improvement and the selection 
of desirable genotypes for breeding crops. The use of 
genetic markers and protein profiling has also been suc-
cessfully used to resolve the taxonomic and evolutionary 
problems of several crop plants [2-6]. The seed storage 
protein analyses helps in identification and characteriza-
tion of diversity in crop varieties, cultivars and their wild 
varieties and also provides information on phylogenetic 
relationship of the accessions. It is also known that 
variation in protein bands provide information on the 
relationship among the used seeds collected from vari-
ous geographical regions [6-8]. There are different 
amounts of storage proteins in all plant seeds. They play 
two main roles including nitrogen and energy source and 
defense against insects and pathogens such as bacteria 
and fungi. 

Since, seed storage protein analysis can be a useful 
tool for identification of species, varieties and cultivars, 
in this study we investigate the protein pattern in four 
Iranian pistachios seeds (Akbari, Ahmad Aghaei, Fan-
doghi, Kaleghouchi) in order to find protein bands as 
markers for cultivar characterization. 

2. MATERIALS AND METHODS 

2.1. Plant Material  

Fresh mature seeds of Pistachio cultivars including 
Akbari, Ahmad Aghaei, Fandoghi, and Kaleghouchi 
were harvested from pistachio garden in Ardestan, 
Isfahan, Iran. 

2.2. Extraction of Seed Proteins 

Seed coats from fresh ten seeds from each cultivar were 
removed and kernels were then grounded in liquid ni-
trogen with a mortar and pestle. The seed storage pro-
teins from each cultivar was extracted with cold acetone 
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by stirring the mixture at 50 rpm at 4˚C for 48 h, and 
subsequently the defatted powder of each cultivar of 
pistachio was air dried at room temperature for 8 h. Next, 
the dry powder was suspended in 1:20 (w/v) of 1 ml of 
50 mM Tris-HCl buffer containing 1 mM DTT, 2 mM 
EDTA, 2 mM 2-Mercaptoethanol, pH 7.5. The suspen-
sion was stirred at 50 rpm at 4˚C overnight and was cen-
trifuged for 25 min at 14000 rpm at 4˚C. The precipitate 
was discarded and the supernatant was used for total 
soluble protein (mg g1-dp or defatted powder) assay 
according to modified Bradford method [9] described by 
Olson and Markwell [10] using bovine serum albumin as 
standard protein and SDS-PAGE analysis. SDS-PAGE 
was performed using 12% separating and 5% stacking 
gels [11]. After electrophoresis at 120 V, protein bands 
were stained using silver nitrate and finally the relative 
density of protein bands were analyzed by ImageJ (http: 
//rsb.info.nih.gov/ij/). The intensity of protein bands in 
different samples were analyzed by NTSYSPc2 program. 
In order to augment accuracy, all experiments including 
exaction and SDS-PAGE were repeated at least four 
times. Data were subjected to ANOVA and the mean 
differences were compared by Duncan test at P < 0.05. 

3. RESULTS 

To investigate variations among four Iranian pistachio 
cultivars, seed storage proteins from cultivar Akbari (A), 
Ahmad Aghaei (AA), Fandoghi (F) and Kaleghouchi (K) 
were analyzed. As shown in Figure 1, no significant 
difference in total protein content was observed in four 
pistachio cultivars. 

The SDS-PAGE protein patterns of four pistachio cul-
tivars showed changes in seven protein bands (Figure 2). 
Subsequently, the relative levels of protein concentra-  
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Figure 1. Total soluble protein in four pistachio cultivars Ak-
bari (A), Ahmad Aghaei (AA), Fandoghi (F) and Kaleghouchi 
(K), defatted powder (dp). Values are the means ± SE. Similar 
letters (a) indicate no significant difference (P < 0.05) based on 
Duncan test in four pistachio cultivars. 

tion of these seven protein bands were analyzed by Im-
age J program (Figure 3). Five protein bands (1, 2, 3, 4 
and 5) with approximate MW 45, 33, 32, 27 and 20 kDa 
respectively, showed maximum expression level in cul-
tivar AA. Protein bands of 6 and 7 with approximate 
MW 16 and 15 kDa showed maximum expression level 
in cultivar A, respectively. However, bands 3 and 4 were 
not detectable in cultivars K and A, while they were de-
tected in the other cultivars. Protein bands 2, 5 and 6 had 
lower expression level in cultivar F. The minimum level 
of protein band 1 was observed in cultivar A and protein 
band 7 in cultivar K. 

 

 
Figure 2. SDS-PAGE pattern of four pistachio cultivars Akbari 
(A), Ahmad Aghaei (AA), Fandoghi (F) and Kaleghouchi (K) 
protein marker (M). 
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Figure 3. Relative levels of protein expression of pistachio cul- 
tivars Akbari (A), Ahmad Aghaei (AA), Fandoghi (F) and 
Kaleghouchi (K). Values are the means ± SE of proteins bands 
from three independent experiments. 
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4. DISCUSSION 

Electrophoresis of proteins is a powerful tool for identi-
fication of genetic diversity and the SDS-PAGE is par-
ticularly considered as a reliable technology because 
seed storage proteins are highly independent of envi-
ronmental fluctuations [12,13]. Seed protein patterns can 
also be used as a promising tool for distinguishing culti-
vars of particular crop species [14,15]. However, only a 
few studies indicated that cultivar identification was not 
possible with the SDS-PAGE method [16]. The SDS- 
PAGE is considered to be a practical and reliable method 
for species identification [17]. 

According to the results of the SDS-PAGE, the overall 
pattern of seed storage-proteins showed the diversity of 
pistachio cultivars. The diversity in seed storage proteins 
has also been reported by Khan et al. for wheat varieties 
[18]. Moreover, identification of three wheat genotypes 
including ILC-195, CM-2000 and CM-98/99 has also 
been reported by protein markers [19].  

Since in mature seeds, type and amount of proteins are 
more constant than other plant tissues [20] therefore, the 
SDS-PAGE pattern of seed storage proteins of pistachio 
showed polymorphism on the basis of difference in pro-
tein intensity among genotypes. The presence or absence 
of protein bands has also been applied for detection of 
polymorphism of Brassica cultivars [21]. 

The present investigation revealed variation in differ-
ent cultivars of pistachio seeds with regard to their total 
seed protein profiles. Regarding interspecific variation 
among cultivars this investigation revealed some varia-
tions. The genetic affinities within cultivars of the same 
species generally corroborated the morphological analy-
sis. Similar to our finding the result of differentiation of 
yellow sarson and brown seeded types of Brassica clear- 
ly separated the yellow seeded and brown seeded varie-
ties by SDS PAGE [22]. However, we can conclude that, 
SDS-PAGE can reveal the differences among seed stor-
age proteins of pistacia cultivars. 
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ABSTRACT 

Background: The objective of the present study 
was to compare the relationship of anthropom-
etric and physiometric characteristics using 
principal component factor analysis among 
three groups of type 2 diabetic subjects such as 
males, pre- and post-menopausal females in 
North Indian Punjabi population. Method: A total 
of 349 type 2 diabetic subjects (males 157; fe-
males 192; 88 pre- and 104 post-menopausal) 
were ascertained for the present study. Different 
anthropometric and physiometric measure-
ments were taken. Principal component factor 
analysis (PCFA) was applied to identify the 
components which are more close to type 2 
diabetes among the three groups. Results: 
PCFA revealed five uncorrelated components 
which explained 79% of the total variance 
among diabetic males and six unrelated com-
ponents which explained 78% of the total vari-
ance among pre- and post-menopausal females. 
The important two factors could be identified as 
central obesity (factor 1) and blood pressure 
(factor 2) among these three groups. Conclu-
sion: Higher clustering of obesity and blood 
pressures were found in diabetic males as com- 
pared to pre- and post-menopausal diabetic 
females in North Indian Punjabi population 
whereas, waist to hip ratio (WHR) has maximum 
loading in post-menopausal females as com-
pared to others.  

Keywords: Factor Analysis; Blood Pressure; Type 
2 Diabetes; Anthropometry; Punjabi Population 

1. INTRODUCTION 

The relationships between type 2 diabetes mellitus 
(T2DM), anthropometric variables and blood pressures 

are statistically complex [1,2]. Strong inter-correlation 
between anthropometric and physiometric variables cre-
ates complexities in the analysis and interpretation of 
independent associations of these variables with the de-
velopment of type 2 diabetes. Principal Component 
Factor Analysis (PCFA) is the technique to reduce a 
large number of variables to a smaller number of factors 
which are more closely associated with antecedent [2-4]. 
The objective of the present study using principal com-
ponent factor analysis is to compare the relationship 
between anthropometric and physiometric components 
with diabetic males, pre- and post-meno-pausal females 
in North Indian Punjabi population. The attention has 
also been given to find out which factors can be used as 
significant predictors of T2DM. 

2. MATERIALS AND METHODS 

Present study was conducted at the different clinical 
centres such as Heart Station and Diabetic Clinic, A.P. 
Hospital and Heart Care Centre, Diabetic Clinic and 
Research Institute in Amritsar district in the state of 
Punjab among Punjabi population. Punjabi population 
may be defined as similar genotype groupings and ag-
gregate of similar cultural practices, life style pattern, 
social influence and similar ethnic characteristics with 
Punjabi language speaking and at least reside in Punjab 
for the last 20 years. A total of 349 type 2 diabetic indi-
viduals participated in the baseline examination for the 
present study which occurred from October 2008 to 
September 2009. Among total individuals 157 and 192 
are males and females respectively whereas, among fe-
males 88 and 104 are pre- and post-menopausal. All par-
ticipants provided written informed consent. 

2.1. Anthropometric Measurements 

Actual age and age on the onset of the disease were re-
corded from the subject’s health card provided by the 
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clinical centres. Height, weight, circumferences of waist 
(WC), hip (HC), arm (AC) and Calf (CC) and four skin 
fold thickness (biceps, triceps, sub-scapular and su-
pra-iliac) were taken by female author on each individ-
ual using standard anthropometric techniques and tools 
[5,6]. Height and weight were measured to the nearest 
0.5 cm and 0.1 kg respectively. Body mass index (BMI) 
was calculated for an estimate of overall adiposity using 
the formula: BMI = weight (kg)/height (m2). Waist and 
Hip circumference (WC and HC) for an estimate of cen-
tral obesity [7] were measured to the nearest 0.5 cm with 
a steel tape. Waist to hip ratio (WHR) was calculated 
using the standard formula: WHR = WC (cm)/HC (cm). 
A Lange skinfold calliper was used to measure the skin-
folds to the nearest 0.2 mm. Two subsequent measure-
ments were taken and averages were used in the analysis. 

2.2. Physiometric Measurements 

Left arm blood pressures (first phase systolic and fifth 
phase diastolic) were taken from each participant with 
standard mercury sphygmomanometer after a 5 min rest. 
The average of the two subsequent measurements was 
used for analysis. All efforts were made to minimize the 
factors which affect the blood pressure like anxiety, fear, 
stress, laughing and recent activity [8]. Mean arterial 
blood pressure (MBP) was calculated for each of the two 
readings taken for SBP and DBP by using the formula: 
MBP = SBP ＋ (SBP-DBP)/3 [9]. The radial artery at 
the wrist was used to count the pulse. It was counted 
over one minute. The difference of SBP and DBP was 
used as pulse pressure. 

3. STATISTICAL ANALYSIS 

Descriptive statistics such as means, standard deviations 
and coefficient of skewness were calculated for all vari-
ables. All statistical analysis including factor analyses 
were conducted by SPSS (Statistical Package for Social 
Sciences, version 17.0, SPSS Inc. USA). Each of the 
anthropometric and physiometric variables is highly 
inter-correlated with each others and creates a methodo-
logical problem for analysis the data. PCFA is used when 
variables are highly correlated and this multivariate sta-
tistical tool able to reduce a large number of inter-corre- 
lated variables to a smaller number of principal compo-
nents which account for most of the variance in the data 
[10,11]. Factor analysis has done on the basis of correla-
tion matrix which helps to understand the amount of 
association between the variables, factor extraction and 
orthogonal rotation to make factors easily interpretable. 
Hence, PCFA was used to extract uncorrelated factors 
and varimax rotation, which is an orthogonal rotation in  

which the factors are assumed to act independently, was 
used in the present study. Factor loadings were equiva-
lent to the correlation coefficients between the variables 
(rows) and factors (columns). The final factors pattern 
was interpreted using factor loadings of ≥ 0.4. Extracted 
factors or number of factors to be retained was based on 
eigenvalue criteria ≥ 1.0. Eigenvalues indicate the 
amount of variance explained by each factor. A factor 
with low eigenvalue has a little contribution to explain 
the variances in the variables and may be ignored. The 
first and second principal components were identified 
through largest and second largest amount of variance in 
the data and so on. Communality is the squared multiple 
correlation for the variable (as dependent) using as pre-
dictors. Hence, the communality estimates is the meas-
ure the percent of variance in a given variable explained 
by all factors. A communality of 0.75 and 0.25 consid-
ered large and low respectively. Low communality indi-
cates variables are negligibly related to each other. The 
probability values less than or equal to 0.05 (two-tailed) 
were considered to be significant. 

4. RESULTS 

Table 1 presents the mean, standard deviation (SD) and 
skewness of anthropometric and physiometric variables. 
All right skewed distributions have converted to a nor-
mal distribution by square root transformation whereas; 
reciprocal transformation is used for left skewed distri-
bution among type 2 diabetic males, pre- and post- 
menopausal females. The highest mean age for onset of 
T2DM was found among post-menopausal females 
(52.46 ± 6.22years) and the lowest mean age for the on-
set of disease was found among pre-menopausal females 
(36.97 ± 5.96 years) as compared to males (45.19 ± 7.79 
years). The other highest mean values of important an-
thropometric indicator such as BMI, hip circumference, 
biceps skinfold, triceps skinfold and arm circumference 
were found among diabetic post-menopausal females as 
compared to males and pre-menopausal females. The 
diabetic males have higher mean values for WHR and 
waist circumference. The physiometric variables such as 
SBP, DBP, pulse rate and pulse pressure have not shown 
any specific trend among three groups of diabetic sub-
jects. Bivariate correlations of the traits were examined 
among type 2 diabetic males, pre- and post-menopausal 
females and are presented in Tables 2 to 4. Waist cir-
cumference, hip circumference, biceps skinfold, triceps 
skinfold, arm circumference and calf circumference with 
Weight and BMI; hip circumference, biceps skinfold, 
triceps skinfold, arm circumference and calf circumfer-
ence with waist circumference have been found signifi- 
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Table 1. Descriptive Statistics of Anthropometric and Physiometric variables among type 2 diabetic male, pre- and post-menopausal 
females in the present study population (n = 349). 

FEMALE (N = 192) 
MALE (N = 157) 

PRE-MENOPAUSAL (N = 88) POST-MENOPAUSAL (N = 104) VARIABLES 
MEAN SD 

SKEW-
NESS 

MEAN SD SKEWNESS MEAN SD 
SKEW-
NESS 

Age (yrs) 53.994 8.093 0.466 46.89 7.85 −0.009 58.39 7.49 0.45 
Onset age (yrs) 45.197 7.792 0.836 36.97 5.96 −0.28 52.46 6.22 1.02 
Height (cm) 169.131 8.582 −5.437 154.95 5.599 0.19 155.80 6.95 1.57 
Weight (Kg) 76.697 6.976 0.533 63.52 7.55 0.36 67.70 8.20 0.43 
BMI(kg/m2) 26.555 3.870 0.370 26.25 3.34 0.21 28.00 5.60 0.62 
WHR 0.941 0.0732 0.586 0.88 0.07 0.75 0.87 0.07 −0.17 
Waist circumference(cm) 96.014 8.512 0.267 87.23 9.90 0.597 90.26 9.32 0.49 
Hip circumference (cm) 101.94 9.056 0.242 99.18 9.59 0.68 103.07 10.97 0.52 
Biceps skinfold (mm) 10.806 5.968 1.745 13.11 5.05 0.395 13.26 5.58 1.03 
Triceps Skinfold (mm) 14.005 5.053 3.201 17.12 5.19 0.299 17.54 6.76 0.58 
Subscapular skinfold (mm) ------- ------- -------- 24.94 4.88 −0.39 26.66 5.399 0.04 
Supra-iliac skinfold (mm) ------- -------- -------- 21.37 3.82 −0.14 24.37 4.43 0.10 
Arm Circumference (cm) 27.838 3.192 0.282 27.27 3.39 0.18 28.20 3.90 0.87 
Calf circumference (cm) 33.548 3.868 0.502 31.97 3.62 0.24 32.34 3.67 0.04 
Systolic blood pressure 
(mmHg) 

124.656 9.266 1.802 121.72 8.82 0.86 124.95 9.49 0.798 

Diastolic blood pressure 
(mmHg) 

80.083 10.475 1.090 79.55 9.93 −0.12 79.70 9.81 1.04 

Mean Blood Pressure 
(mmHg) 

95.924 9.384 2.081 93.56 9.67 0.57 96.14 8.27 2.695 

Pulse Rate 83.229 8.471 0.251 85.10 8.85 0.12 83.98 8.24 0.15 
Pulse Pressure 44.790 7.232 1.660 42.27 7.58 0.77 46.41 7.08 1.296 

Significant at least at p ≤ 0.05 
SD = Standard Deviation 

 
cantly associated at least 5% level (p < 0.05) among all 
diabetic males, pre- and post-menopausal females. SBP 
and DBP were found to be significantly associated with 
weight, BMI, waist circumference, hip circumference, 
biceps skinfold and triceps skinfold at least 5% level (p 
< 0.05) among diabetic pre- and post-menopausal fe-
males. Whereas, WHR was found significantly associ-
ated (p < 0.05) with other anthropometric variables 
among only type 2 diabetic males. 

The comparison of factor loading pattern of six factors 
(components) is presented in Table 5 among diabetic 
males, pre- and post-menopausal females. Only variables 
with factor loading greater than or equal to 0.4 were 
considered for present interpretation among three groups. 
After Varimax rotation, weight, BMI, waist circumfer-
ence, hip circumference, arm and calf circumferences 
are relatively large and positively loaded (> 0.7) on fac-
tor 1 among males, pre- and post-menopausal females. 
However, on factor 1 highest loading was found in 
weight (0.944) for males, hip circumference (0.883) for 
pre-menopausal females and BMI (0.940) for post- 
menopausal females. The physiometric variables such as 
SBP, DBP and pulse pressure are grouped together and 
loaded positively on factor 2 among three groups. 
Maximum loading has found for SBP (> 0.90) on factor 
2 for all three groups, whereas loading of DBP for this 
factor is just above the cut-off value (0.4) for post- 
menopausal females. Both mean age (actual age and 

onset age of type 2 diabetes) have found maximum 
loading (0.952 and 0.940) on factor 3 among males, 
whereas, skinfold thickness (biceps, triceps, sub-scapular 
and supra-iliac) grouped together and loaded signifi-
cantly among pre- and post-menopausal females. Only 
triceps skinfold and biceps skinfold among males have 
positive loading on factor 4, whereas, actual mean age 
and the mean age of onset of the disease have grouped 
for higher positive loading among pre- and post-meno- 
pausal females. Only WHR has positive loading on fac-
tor 5 among males, whereas, WHR and waist circum-
ference for pre-menopausal females and WHR, height 
and waist circumference for post-menopausal females 
have positive loading on this factor. However WHR has 
maximum positive loading (≥ 0.80) among pre- and 
post-menopausal females but for males it is just above 
cut-off value (0.55). Only Height and pulse rate have 
positive loading on factor 6 among pre- and post-meno- 
pausal female whereas, all variables are extracted on this 
factor among males. The five factors explained 79% of 
the total variance among males in which the first two 
factors cumulatively explained 54% of the total variance. 
Whereas, the six factors explained 78% of the total 
variance among pre- and post-menopausal females in 
which first two factors cumulatively explained 48% and 
49% of the total variance respectively. The eigenvalue of 
the first two factors have also been seen maximum 
among males, pre- and post-menopausal females. The  
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Table 2. Inter-correlation matrix of selected anthropometric variables among males of Type 2 Diabetes Mellitus (T2DM). 

VARI-
ABLES 

Age 
(yrs) 

OA 
(yrs) 

Ht 
(cm) 

Wt 
(Kg) 

BMI 
(kg/m2) 

WHR
WC
(cm)

HC
(cm)

BSkn
(mm)

T Skn
(mm)

AC
(cm)

CC
(cm)

SBP 
(mmHg) 

DBP 
(mmHg) 

MBP 
(mmHg) 

PR PP

Age (yrs)  .81* −.05 −.06 −.007 .03 .05 .03 −.003 −.08 −.04 −.09 −.05 −.05 −.10 −.12 .02

Onset age 
(yrs) 

  −.03 .09 .16 .09 .17 .16 .09 .01 .10 .04 −.08 −.005 −0.12 −.13 −.06

Height (cm)    .09 −.15 −.12 −.06 −.007 −.17 −.27 −.02 −.03 −.007 −.07 −0.04 −.04 .03

Weight (Kg)     .91* .48* .87* .84* .58* .40* .73* .73* .08 .18 0.11 −.11 .05

BMI(kg/m2)      .50* .85* .80* .57* .46* .73* .73* .07 .18 0.11 −.12 .03

WHR       .68* .20* .33* .40* .42* .34* .03 .12 0.04 −.19 −.001

Waist cir-
cumference 

(cm) 

       .82* .62* .45* .75* .70* .01 .13 0.05 −.20* −.004

Hip cir-
cumference 

(cm) 

        .60* .32* .70* .70* −.006 .09 0.05 −.09 −.009

Biceps skin-
fold (mm) 

         .72* .64* .50* .003 .07 −0.02 −.13 .011

Triceps 
Skinfold 

(mm) 

          .46* .32* −.04 .04 −0.04 −.13 −.03

Arm Cir-
cumference 

(cm) 

           .68* .03 .13 0.06 −.13 −.005

Calf cir-
cumference 

(cm) 

            .001 .04 0.01 −.10 −.001

Systolic 
blood pres-

sure 
(mmHg) 

             .73 0.86* .08 .90*

Diastolic 
blood pres-

sure 
(mmHg) 

              0.80* −.004 .40*

Mean Blood 
Pressure 
(mmHg) 

               .053 .67*

Pulse Rate                 .09*

Pulse Pres-
sure 

                 

Significant at least at p ≤ 0.05; OA = Onset age, yrs = years, Ht = Height, Wt = Weight, BMI = Body Mass Index, WHR = Waist Hip Ratio, WC = 
Waist Circumference, HC = Hip Circumference, BS = Biceps skinfold, TS = Triceps skinfold, SS = Sub-scapular skinfold, SiS = Supra-iliac skinfold, 
AC = Arm Circumference, CC = Calf Circumference, SBP = Systolic Blood Pressure, DBP = Diastollic Blood Pressure, MBP = Mean Blood Pressure, 
PR = Pulse Rate, PP = Pulse Pressure. 

 
common greater communality estimates (> 0.70) have 
found on age, onset age of disease, weight, BMI, waist 
circumference, hip circumference, triceps skinfold, SBP 
among three groups. WHR has maximum communality 
estimates among pre- and post-menopausal females. 

5. DISCUSSION 

The present quantitative analysis have shown that which 
of the anthropometric and physiometric traits (BMI, 
WHR, weight, waist circumference, hip circumference, 
skinfolds, SBP, DBP, and pulse pressure) are more 
closely associated and act as a good predictors for fur- 

ther risk among three groups of T2DM individuals such 
as males, pre- and post-menopausal females in North 
Indian Punjabi population. The present study also pro-
vides through PCFA among three groups that which of 
the traits would require more attention to clinicians for 
raised risk of T2DM. 

The many previous studies suggested that obesity, over-
weight, glucose intolerance, hypertension and elevated 
blood pressures are closely associated with T2DM [12- 
18].The present analysis showed a common association of 
BMI, WHR, waist circumference, hip circumference and 
subcutaneous fat with T2DM incidence among males, 
pre-and post-menopausal females. 



Badaruddoza et al. / Natural Science 2 (2010) 741-747 

Copyright © 2010 SciRes.                                    Openly accessible at http://www.scirp.org/journal/NS/ 

745745

 
Table 3. Inter-correlation matrix of selected variables among pre-menopausal females of Type 2 Diabetes Mellitus (T2DM). 

VARIABLES 
Age 
(yrs) 

OA 
(yrs) 

Ht 
(cm) 

Wt
(Kg)

BMI 
(kg/m2) 

WHR 
WC
(cm)

HC
(cm)

BSkn
(mm)

T Skn
(mm)

SS
(mm)

SiS
(mm)

AC
(cm)

CC
(cm)

SBP
(mmHg)

DBP 
(mmHg) 

MBP 
(mmHg)

PR PP 

Age (yrs)  .54* −.08 −.05 −.14 .10 .08 .03 .05 .07 .06 .04 −.09 −.14 .13 −.04 .02 −.06 .22 

OA (yrs)   −.03 −.03 −.06 −.05 −.03 .02 −.02 .08 −.006 .19 −.04 .06 .17 .10 .10 .05 .19 

Ht (cm)    .30 −.08 .10 .06 .0097 .013 .04 .16 .06 .15 .09 .02 .03 .03 .22 .006 

Wt (Kg)     .83* .15 .80* .82* .53* .42 .36* .50* .70* .51* .17 .11 .19 −.06 .13 

BMI(kg/m2)      .08 .68* .73* .58* .45 .34* .43* .68* .61* .16 .09 .18 −.13 .15 

WHR       .51* −.16 .009 −.12 .10 .14 −.03 −.02 −.05 −.02 .007 .04 −.08 

WC(cm)        .75* .48* .30* .22* .42* .58* .46* .18 .20* .24* −.08 .08 

HC (cm)         .56* .45* .21* .40* .69* .53* .24* .24* .28* −.14 .14 

BS (mm)          .80* .45* .46* .66* .49* .15 .03 .099 −.30* .19 

T S (mm)           .38* .36* .54* .38* .13 −.07 .04 −.25* .25 

SS (mm)            .66* .24* .16 −.05 −.05 −.06 −.19 −.03 

SiS (mm)             .35* .31* .12 .09 .10 −.05 .10 

AC (cm)              .66* .008 −.03 .03 −.13 .02 

CC (cm)               .008 .04 .05 −.14 −.008

SBP (mmHg)                .71* .91* −.09 .87* 

DBP 
(mmHg) 

                .85* .09 .29* 

MBP 
(mmHg) 

                 −.009 .65* 

P R                   −.17 

P P                    

Significant at least at p ≤ 0.05; OA = Onset age, yrs = years, Ht = Height, Wt = Weight, BMI = Body Mass Index, WHR = Waist Hip Ratio, WC = 
Waist Circumference, HC = Hip Circumference, BS = Biceps skinfold, TS = Triceps skinfold, SS = Sub-scapular skinfold, SiS = Supra-iliac skinfold, 
AC = Arm Circumference, CC = Calf Circumference, SBP = Systolic Blood Pressure, DBP = Diastolic Blood Pressure, MBP = Mean Blood Pressure, 
PR = Pulse Rate, PP = Pulse Pressure. 

 
Table 4. Inter-correlation matrix of variables among post-menopausal females of Type 2 Diabetes Mellitus (T2DM). 

VARIABLES 
Age 
(yrs) 

OA 
(yrs) 

Ht 
(cm) 

Wt 
(Kg) 

BMI 
(kg/m2) 

WHR 
WC
(cm)

HC
(cm)

BSkn
(mm)

T Skn
(mm)

SS
(mm)

SiS
(mm)

AC
(cm)

CC
(cm)

SBP
(mmHg)

DBP 
(mmHg) 

MBP 
(mmHg) 

PR PP 

Age (yrs)  .73* −.12 .007 .06 −.01 .17 .15 −.08 −.02 −.20* −.07 −.04 .03 .06 −.07 .14 .15 .09 

OA (yrs)   −.08 −.03 .006 .04 .07 .03 −.04 .04 −.09 −.05 −.08 −.02 .06 .099 .16 .15 .005

Ht (cm)    .19 −.23* .17 .06 −.05 .04 .10 .03 −.08 −.09 −.02 −.15 −.07 −.11 −.03 −.19

Wt (Kg)     .90* .18 .80* .83* .53* .40* .54* .52* .76* .74* .13 .18 .10 .05 −.005

BMI(kg/m2)      .07 .77* .85* .50* .35* .52* .55* .80* .74* .20 .20* .16 .08 .09 

WHR       .47* −.08 .10 .10 .10 .03 .01 −.02 .002 −.09 .10 −.03 .05 

WC(cm)        .796* .53* .42* .495* .46* .65* .62* .19 .083 .20 .10 .15 

HC (cm)         .50* 1.0 .55* .53* .77* .75* .16 .12 .14 .05 .09 

BS (mm)          .78* .50* .47* .44* .44* .06 .05 .009 .013 .06 

T S (mm)           .44* .37* .33* .33* .03 −.05 .01 .013 .10 

SS (mm)            .60* .49* .43* −.09 −.02 −.15 −.002 −.12

SiS (mm)             .48* .49* .18 .12 .03 −.03 .12 

AC (cm)              .69* .12 .21* .12 .05 .007

CC (cm)               .20* .16 .12 .06 .14 

SBP (mmHg)                .59* .72* .13 .86*

DBP (mmHg)                 .56* .13 .16 

MBP (mmHg)                  .003 .53*

PR                   .06 

PP                    

Significant at least at p ≤0.05; OA = Onset age, yrs = years, Ht = Height, Wt = Weight, BMI = Body Mass Index, WHR = Waist Hip Ratio, WC = 
Waist Circumference, HC = Hip Circumference, BS = Biceps skinfold, TS = Triceps skinfold, SS = Sub-scapular skinfold, SiS = Supra-iliac skinfold, 
AC = Arm Circumference, CC = Calf Circumference, SBP = Systolic Blood Pressure, DBP = Diastolic Blood Pressure, MBP = Mean Blood Pressure, 
PR = Pulse Rate, PP = Pulse Pressure. 
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Table 5. Comparison of factor loadings by principal component analysis with Varimax rotation and communalities of the risk factors 
among type 2 diabetic male, pre-menopausal and post-menopausal females (n = 349). 

FACTOR 1 FACTOR 2 FACTOR 3 FACTOR 4 FACTOR 5 FACTOR 6 
COMMU-
NALITY

ESTIMATESVARIABLES 

M PRF POF M PRF POF M PRF POF M PRF POF M PRF POF M PRF POF M
PR
F

PO
F

Age (yrs) −.046 −.083 .042 −.025 .038 .041 .952 .057 −.072 .008 .860 .930 .053 .136 −.021 ---- −.134 .010 .912 .787 .874
Onset age (yrs) .114 .013 −.035 −.054 .105 .048 .940 .021 .021 .015 .868 .873 .054 −.097 .006 ---- .111 .168 .902 .787 .794
Height (cm) .056 .041 −.099 −.035 .030 −.217 −.080 .303 .104 −.827 −.084 −.196 .118 .007 .652 ---- .726 .404 .709 .629 .695
Weight (Kg) .944 .833 .903 .091 .117 .017 −.147 .260 .160 −.043 −.042 −.029 .102 .255 .241 ---- .173 .129 .912 .872 .917
BMI(kg/m2) .905 .841 .940 .088 .101 .112 .054 .171 .111 .154 −.108 .054 .083 .154 −.057 ---- −.118 −.026 .861 .796 .916
WHR .432 −.029 .072 .061 −.060 .092 .007 .107 .034 .278 .025 .080 .550 .913 .831 ---- .006 −.296 .569 .849 .799
Waist circumference(cm) .900 .735 .796 .033 .133 .139 .078 .087 .215 .117 .039 .182 .253 .620 .412 ---- −.030 −.072 .894 .953 .908
Hip circumference (cm) .911 .883 .903 .002 .202 .048 .088 .060 .184 −.031 .039 .103 −.088 .019 −.064 ---- −.037 .027 .846 .827 .867
Biceps skinfold (mm) .663 .633 .419 −.020 .067 .025 −.002 .527 .794 .473 .043 −.046 .106 −.125 .064 ---- −.271 .045 .675 .775 .814
Triceps Skinfold (mm) .429 .511 .245 −.051 .033 .021 −.110 .540 .880 .680 .114 .045 .245 −.267 .103 ---- −.257 .036 .722 .704 .848
Subscapular skinfold (mm) -- .137 .571 -- −.071 −.197 -- .871 .469 --- −.030 −.179 -- .103 .005 ---- .032 −.037 ---- .795 .619
Supra-iliac skinfold (mm) -- .346 .577 -- .079 .091 -- .684 .413 --- .125 −.104 -- .202 −.143 ---- .105 −.107 ----- .661 .554
Arm Circumference (cm) .838 .863 .871 .030 −.071 .037 −.006 .175 .077 .115 −.041 −.078 .113 −.096 −.053 ---- .014 .070 .729 .792 .780
Calf circumference (cm) .837 .763 .811 −.025 −.046 .103 −.062 .048 .141 −.011 −.021 −.006 .002 −.135 −.053 ---- .031 .057 .705 .606 .694
Systolic blood pressure 
(mmHg) 

.006 .056 .102 .970 .975 .957 −.028 .050 .031 −.013 .103 −.002 .036 −.034 −.057 ---- −.066 .101 .944 .972 .941

Diastolic blood pressure 
(mmHg) 

.097 .076 .190 .823 .817 .579 −.009 −.117 −.163 .061 −.063 −.135 .086 .082 −.084 ---- .178 .539 .698 .729 .714

Mean Blood Pressure 
(mmHg) 

.035 .104 .102 .934 .965 .833 −.082 −.043 −.115 −.007 −.014 .103 −.003 .046 .112 ---- .046 .108 .880 .948 .752

Pulse Rate −.049 −.084 .028 .060 −.032 .035 −.097 −.254 .062 .088 .065 .235 −.862 −.005 −.059 ---- .752 .642 .769 .642 .477
Pulse Pressure .007 .015 −.032 .814 .767 .846 .020 .165 .178 −.029 .207 .066 −.084 −040 −.060 ---- −.209 −.215 .671 .721 .802
Eigenvalue 6.016 5.917 6.408 3.190 3.159 2.876 1.837 1.762 1.804 1.318 1.574 1.444 1.034 1.228 1.201 --- 1.204 1.034 --- --- ---
Variance Explained(%) 35.389 31.14033.726 18.767 16.626 15.13510.806 9.274 9.496 7.756 8.286 7.601 6.084 6.464 6.322 --- 6.336 5.440 ---- --- ----

Cumulative Variance(%) 35.389 31.14033.726 54.157 47.767 48.86064.962
57.04

1 
58.356 72.71865.32765.95778.80171.791 72.28 --- 78.127 77.719 --- --- ---

Factor Loadings ≥ 0.4; M = Males, PMF = Pre-menopausal females, POF = Post-menopausal females. 

 
PCFA is applied to identify the significant association 

with T2DM among three groups. As far as concern in the 
North Indian Punjabi population, very little information 
[15,19-21] to identify the underlying factors/components 
of the T2DM are available. In this consideration the 
present work has been undertaken among the males and 
females (pre- and post-menopausal). PCFA have identi-
fied five factors with 79% explained variance among 
male diabetic subjects and six factors with 78% ex-
plained variance among pre- and post-menopausal dia-
betic female subjects. 

It is important to note that neither of the anthropomet-
ric and physiometric variables equally loaded on all five 
or six components. Factor 1 is the most diverse among 
three groups. It could be identified as weight, BMI, waist 
circumference for males; hip circumference, BMI, 
weight for pre-menopausal females and BMI, weight, 
hip circumference for post-menopausal females. How-
ever weight for males, hip circumference for pre-meno- 
pausal and BMI for post- menopausal females are heav-
ily loaded. The second factor could be identified as SBP 
and DBP for males and pre-menopausal females and 
DBP for post-menopausal females. This component is 
most clearly and heavily loaded. Therefore, among dia-
betic individuals, males and pre-menopausal females 
were very closely associated with SBP and DBP whereas, 
post-menopausal diabetic females were more concerned 
with DBP only. Among male diabetic subjects factor 

three was grouped with actual age and age of onset of 
the disease, whereas, subcutaneous fat was identified as 
factor three. Factor four could be identified as subcuta-
neous fat for males, whereas actual age and age of onset 
of the disease were grouped together for factor four. 

Factor five could be identified as WHR for the three 
groups. However, WHR is heavily loaded for pre- and 
post-menopausal females. Pulse rate could be identified 
as factor six for both pre- and post-menopausal females, 
whereas, no sixth factor is identified for males. 

The present factor analysis confirmed that cluster of at 
least three variables such as, weight, BMI, waist cir-
cumference which have identified as factor one ex-
plained 35%, 31% and 34% of the total variance among 
diabetic males, pre- and post-menopausal females re-
spectively. Therefore, the cluster of weight, BMI and 
waist circumference could be classified as central obe-
sity and this cluster is equally associated with diabetic 
males and post-menopausal females. Furthermore, in the 
present study, the second factor, that is blood pressures 
explained 19%, 17% and 15% of the total variance 
among diabetic males, pre- and post-menopausal fe-
males. The blood pressures (SBP and DBP) were posi-
tively and significantly associated with diabetic males. 
Therefore the above two types factors such as, central 
obesity and blood pressures are more predispose among 
diabetic males as compared to females. PCFA also con-
firmed that WHR and pulse pressure are significantly 
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associated with diabetic pre- and post-menopausal fe-
males as compared to diabetic males. Therefore, it is 
very difficult to single out of the particular variable 
which is more associated with male or pre- and post- 
menopausal females due to the fact that many overlap-
ping variables have found as more than one factor 
among all the three groups. Further, research with PCFA 
is required on other Indian ethnic groups to compare the 
present trend of the study. 
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ABSTRACT 

In order to evaluate the influence of stressed 
environments on hepatopancreatic cells of fre- 
shwater prawns, Macrobachium borellii Nobili, 
1896 and Palaemonetes argentinus Nobili 1901, 
(Crustacea, Decapoda, Palaemonidae) were 
collected at three different aquatic environ-
ments with different relationship to urban de-
velopment in Argentina. Furthermore the effects 
of several cypermethryn concentration on hepa- 
topancreatic cell of M. borellii and P. argentinus 
were evaluated in a laboratory assays. The “N° 
1” lake (Santa Fe Argentina) which is more af-
fected by the anthropogenic pressure and “Don 
Felipe” lake which is still not strongly by human 
activities were the studied sites from the flood-
plain of Paraná river. While Alejandra lake was 
the intermedia effects sites. Different damaged 
ultrastructures were found in F- and R-cells of 
prawns in the stressed lake. The predominant 
features were: disrupted the microvillous border, 
swelled mitochondria, reduction of endoplasmic 
reticulum, dyctiosomes, glycoproteins, desna-
turalization of vacuole membrane and prema-
ture autolysis. Moreover the F-cell number was 
higher in the environment near to city than in 
the others sites. Similar effects were observed 
in the cypermethryn assays. The observations 
clearly indicate that the ultrastructure of midgut 
gland in the both palaemonids varies depending 
on the site from which animals are collected and 
the biocid presence. So, in this case it can be 
stated that the hepatopancreas histology of fre- 
shwater prawns is a good tool to monitor the 
impact of a stressed environment upon fresh-
water prawns. 

Keywords: Palaemonidae; Midgut Gland; Shrimp; 
Hepatopancreas; Environmental Stress 

1. INTRODUCTION 

Freshwater prawns are an important and abundant group 
in the floodplain of the Paraná River, mainly the species 
Macrobrachium borellii Nobili, 1896 and Palaemonetes 
argentinus Nobili, 1901. Both prawns have as habit the 
lotic and lentic environment from La Pampa region, Ar-
gentina [1]. This area is characterized by intensive farm- 
ing, and urban-industries development. Thus the aquatic 
environment gathers several elements which affect the 
quality of the rivers and lakes, mainly at the rain events 
[2]. The nutrient increase, toxins presence and others 
xenobiotic input, such as biocid and heavy metals, pro-
voke changes in the normal conditions that according to 
inflow regime (sewage of various degree of treatment, 
thermal regime, weather conditions and land use) affects 
the quality conditions of the receptors [3,4]. 

In the last decades there have been many studies about 
the influences of exogenous factors upon crustaceans, 
being the majority of these researches made as labora-
tory tests. Such works revealed important basic data, and 
it can be refered to in case of evaluating the environ-
mental influences upon hepatopancreas. There exists a 
close correlation with different kind of stresses and the 
ultrastructure of hepatopancreas [5-17]. Some products 
and/or household waste, such as industrial discharges, 
pesticides or sewage are transformed and degraded 
through various reactions with other biotic and abiotic 
components, when they get into the river. These ele-
ments may alter the hepatopancreatic cells and it could 
be used as biological markers so as to assess the toxic 
properties of the environmental contaminants [18-20].  

The aim of the present work is to compare the ultra- 
structure of the hepatopancreatic cells of M. borellii and 
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P. argentinus freshwater prawns at three natural enviro- 
nments with different quality water, in relationship with 
the biocid use, human activities or land use. 

2. MATERIALS AND METHODS 

2.1. Sampling Prawns 

Juveniles, males and females of M. borellii and P. argen-
tinus (Crustacea, Decapoda, Palaemonidae) were sam-
pled in the lakes “Don Felipe” (31° 39' S, 60° 41' W), 
“Alejandra” (31° 45' S, 60°31' W) and “N° 1” (31° 40' S, 
60°30' W) (Santa Fe, Argentina) during a time of low 
and high water phases of the flooding cycle (winter and 
summer, respectively) (Figure 1), and they samples 
were immediately taken to laboratory. 

2.2. Sites of Study 

The three lakes are placed in the Paraná River floodplain, 
and they have different relations with human activities 
and land use. In this river, the water level declined from 
summer to winter, with a new flooding pulse in spring. 
They have an average annual discharge of 18,000 m³/s 
and a peak of 60,000 m³/s [21]. The flooding water of 
the lentic bodies in the alluvial valley dilutes the biotic 
densities of the communities, and during the isolation or 
low water phase these concentrations recover rapidly. 
The animal densities show important oscillations am- 
ong the lakes depending on its volume, distance to the 
river, amplitude-longitude of flooding pulse and time of 
water residence [22-24]. 

“Don Felipe” is an oxbow lake close to the Colastiné 
River which is a secondary branch directly connected to 
the main channel (Figure 1). This fact changes its vol- 
ume depending on the input of water flow from the Co-
lastiné River. In the isolated phase, its maximum and 
mean depth is 2 m and 0.66 m respectively [25]. The 
main industrialized cities occur about 400 km away from 
studied site. Most of the wasted material (e.g. from food 
industries) are rapidly dissolved when it reaches the 
flood valley. 

“Alejandra lake” is an overflow lake with a direct 
connection to the Coronda River with a total length of 
900 m, 1.8 m depth and it has an area of 75,000 m2 ap-
proximately (Figure 1). The land use near this lake is 
low with a scarce impact on the environment. It is a 
weekend residential area but it is near to Santa Fe and 
Santo Tome cities. 

“N° 1” is an abandoned meander scroll lake (Figure 1) 
with a 0.55 m depth average during the isolated phase 
(Collins, unpublished) located close to the Salado river 
(a river with high dissolved contents salt), and its vol-
ume changes depending on the input of water flow from 

the Salado and Santa Fe rivers. During the high water 
period, the water Salado River is retained by the Paraná 
system. The Salado River passes through a series of in-
dustries and farmlands in which biocides and fertilizers 
are applied upon them. Moreover industrial discharges 
and waste-water emitted from the cities (Santa Fe and 
Santo Tomé) are poured into the last sections of the river. 

2.3. Measurement of Water Parameters 

The target variables to analyze in each sampling event 
were taken in the top layer and three meters from the 
coast line. These were water temperature; conductivity; 
pH; transparency; nitrate; ammonia; orthophosphate; 
dissolved oxygen; demand biological of oxygen 5 
(DBO5); glyphosate; lead and copper. The samples 
were collected in polyethylene bottles and preserved at 
2-4ºC to posterior analysis in some cases. Temperature, 
conductivity, pH and dissolved oxygen were taken in 
situ with digital sensors (Hanna HI9143, HI991003, 
HI9033). Transparency was measured with Secchi disc. 
All the analytical methods, conformed to EPA methods 
[26] or Standard Methods [27], were determined by a 
spetrophotometer Metrolab330 (nitrate; ammonia; or-
thophosphate), a spetrophotometer Perkin Elmer (limit 
4 ug/L) (heavy metals) and with a high precision liquid 
cromatography (limit 0.2 ug/L) (biocid). The parame-
ters were sampled weekly in a month during summer 
and winter. 

2.4. Hepatopancreatic Cells Evaluation with  
TEM 

Dissections of the midgut glands were done for three 
juveniles, males and females of both prawns (M. borellii 
and P. argentinus) in intermolt stage according to Drach 
and Tchernigovtzeff [28] from the three lakes. Adults 
without gonadal maturation evidence were used. Disse- 
ctions were conducted under a binocular microscope and 
placed in 2% cold glutaraldehyde solution at pH 7.4 for 
2 hr at 1-4°C. The tissues were then washed in several 
changes of Sörensen buffer followed by postfixation in 
2% osmium tetroxide solution for 2 hr at 1-4°C. After 
dehydration in graded ethilic alcohol the material was 
embedded in (ERL) araldite resin. Sections with gold 
interference colours were obtained using a Reichert-Jung 
Ultramicrotome with a glass and a diamond knife and 
then mounted on coated copper slot grids. The hepato-
pancreas sections in the grids were then double stained 
in uranyl acetate (saturated solution in 70% methanol, 4 
h) followed by lead citrate (5 min) and viewed in a Sie-
mens Electron Microscope 101. The cell types were 
identified and quantified in each observed section (5 for 
each specimen).  
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Figure 1. Study sites in the floodplain of Paraná Medio River (Santa Fe, Argentina). A) Main rivers and cities 
indicating the three sampling environments (1: Don Felipe, 2: N° 1, 3: Alejandra). B) Main rivers in the de la 
Plata Systems. C) Seasonal variation of water level in the Paraná Rriver (Santa Fe port limnigraph) (arrows 
indicated the sampling time). 
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2.5. Laboratory Assays 

In order to evaluate on the hepatopancreatic cell of the 
prawns the effects of cypermethrin, an extensively bio-
cid used in the farms and urban region, was done a labo-
ratory assays. The biocid was used in its commercial 
form (Sherpa®: cypermethrin). Prawns (M. borellii and 
P. argentinus) were kept in plastic containers of 0.9 m2 
and 40 l with a density of 55 ind/m. The nominal sub-
lethal concentrations (cypermethrin (CY): 0.01; 0.001 
and 0.0001 µg CY/l) [29] were applied only once. The 
protocol was: first a continuous flow of water without 
biocid of 1 ml/s during 15 days in all containers. After 
that, the solutions with biocid were applied in the same 
flow rate (1 ml/s) during one day. Later on the flow re-
turned to water without cypermethrin. The control group 
was treated the similar forms in order to flow rate and 
experience time. The prawns were daily fed with fish 
muscle “ad libitum” and the mortality was registered in 
all containers. The experience lasted 45 days. Each 
seven day, the prawn hepatopancreas in intermolt phase 
were dissected, and they were processed by a routine 
histological method (dehydrated in alcohol series and 
embedded in paraffin wax). They were cut into thin sec-
tions of 6 μm thickness by a rotative microtome. The 
hystological cuts of these organs were stained with 
haematoxylin and eosin to observe of the biocide effects 
in the light microscope (5 cut for each prawns). The 
hepatopancreatic cells were identificated and quantifi-
cated. 

2.6. Data Analysis 

Water quality parameters of each environment were 
compared with ANOVA and Tukey post-test. In the same 
way, differences in hepatopancreatic cell number were 
evaluated with ANOVA. In the assays, survival and he- 

patopancreatic cell data from control and experimental 
groups were analysed with ANOVA in conjunction with 
Tukey post-test too. All data were previously evaluated 
to normality and homoscedasticity [30]. 

3. RESULTS 

3.1. Environment Quality 

In all the lakes, significant differences (ANOVA p < 0.05) 
were registered for some parameters and sampling time 
(Table 1), being the conductivity in “N° 1” lake (near 
the Salado River) the highest unlike. Furthermore, these 
differences were high for both sampling periods, with a 
decrease values in summer during flooding period (Ta-
ble 1). The pH was not similar among all the sites, but 
differences between floods and drought phases occur 
only in the environment near to the Coronda River. Dis-
solved oxygen did not differ in the three lakes, being the 
values lower during winter. Nutrients, such as ortho-
phosphorous, were different between Don Felipe and the 
other lakes, corresponding high values in summer (Table 
1). Nitrate values got the highest level in the Coronda 
River (Alejandra lake). The unlike data of winter and 
summer were not relevant (p > 0.05). Ammonia concen-
tration oscillated from 0.006 (Don Felipe summer) to 
0.069 (N° 1 winter), showing difference between sam-
pling time. The unlike values among sites was not sig-
nificantly (Table 1). DBO5 was bigger in the environ-
ment near the Coronda River, receiving its water from 
the Salado and Santa Fe Rivers (Figure 1). In summer, 
all lakes have a distinct DBO5 but without statistically 
significance, except in Don Felipe lake. In low water 
phase (Table 1), glyphosate, residues of glyphosate, and 
lead were registered in the N° 1 lake near the Santa Fe 
and Santo Tomé cities. 

 
Table 1. Mean and standard deviations of environmental parameters measured in the three lakes (Don Felipe, N° 1 and Alejandra 
lakes) and two sampling times. 

 Don Felipe lake N° 1 lake Alejandra lake 

 winter summer winter summer winter summer 

Temperature °C 14.8 ± 1.63 b 23.7 ± 1.11 b 13.6 ± 1.56 b 23.8 ± 0.97 b 14.7 ± 1.12 b 23.9 ± 1.12 b 
Conductivity μS cm-1 150  ± 30.3a b 104 ±19.3 a b 5580 ± 1337.9 a b 994 ± 29.8 a b 261 ± 55.2 a b 128 ± 17.3 a b 

Transparency cm 27.5 ± 2.38 b 16.7 ± 3.79 b 29.5 ± 3.00 b 16.7 ± 3.79 b 31.8 ± 7.89 b 13.0 ± 5.29 b 
pH 6.9 ± 0.29 a 6.7 ± 0.05 a 7.7 ± 0.20 a 7.5 ± 0.14 a 7.3 ± 0.12 a b 6.8 ± 0.08 a b 

Dissolved oxygen ml l-1 8.8 ± 1.20 b 6.4 ± 1.09 b 9.2 ± 0.60 b 5.9 ± 2.69 b 9.6 ± 1.23 b 7.9 ± 0.29 b 
DBO5 ml l-1 3.1 ± 1.68 ab 1.8 ± 0.69 ab 3.3 ± 2.25 a 3.7 ± 0.52 a 4.5 ± 4.96 a 4.2 ± 0.87 a 
nitrate mg l-1 1.5 ± 0.28 1.8 ± 0.25 1.5 ± 0.61 1.5 ± 0.31 2.3 ± 1.20 2.8 ± 1.31 

ammonia mg l-1 0.026 ± 0.018 b 0.009 ± 0.006 b 0.037 ± 0.028 b 0.013 ± 0.015 b 0.023 ± 0.017 b 0.012 ± 0.002 b 
orthophosphate mg l-1 1.6 ± 1.06 a 1.1 ± 0.62 a 0.7 ± 0.27 a b 2.1 ± 0.20 a b 0.6 ± 0.64 a b 2.6 ± 0.33 a b 

glyphosate* μg l-1 < 0.2 < 0.2 3.2 < 0.2 < 0.2 < 0.2 
Pb μg l-1 < 4 < 4 49 < 4 < 4 < 4 

Cu μg l-1 < 5 < 5 55 7.2 < 5 < 5 

Significant differences according to ANOVA and Tukey post test (p < 0.05) a) among environment; b) between sampling times; *glyphosate and their 
metabolite (AMPA).   
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3.2. Hepatopancreatic Cells 

There have been alterations in the midgut glands of ju-
veniles, males and females of both prawns species from 
“N° 1” lake of Los Sapos island near Santo Tomé and 
Santa Fe cities and Alejandra lake. The variability of the 
damage degree was important. This depended on the 
prawn origen, and the seasons (low and high water level 
and temperature). The major alterations for both prawn 
species were observed in the F- and R-cells, and the per- 
centage of the cell type was differed from those prawns 
in Don Felipe lake (mainly F-cell) (Table 2). Some pra- 
wns from Alejandra lake show similar alterations than 
those from N° 1 lake. The difference was observed in the 
affected cell number, and/or in the intensity of the altera-
tion. Both prawn species showed similar hepatopan-
creatic cell frequency in all lakes and seasons (Table 2). 

In apical zone of the alterated F-cells showed a dam-
aged microvilli border. The endoplasmic reticulum 
(Figure 2(f)) and the mitochondria were more abundant 
and swelled, and the cristae of the last was damaged and 
increased in number compared with the mitochondria of 
those prawns from Don Felipe lake. Endoplasmic re-
ticulum was either broken up into vesicles and/or exhib-
its dilated profiles (Figures 2(a), (c), (f), (h) and (i)). 
The glycoproteins granules and others organelles were 
increased too, e.g. in the basal region. Amorphous cor-
puscles with high electron density were found in the 
cytoplasm (Figures 2(a), (b), (f) and (g)). In the most 
affected F-cells (mainly in N° 1 lake) organelles lysis, 
including cell nucleus were observed without breaking 
the wall cell (Figures 2(b), (d) and (g)). The normal 
F-cells (M. borellii and P. argentinus) belonging to “Don 
Felipe” lake showed abundant rER without dilated pro-
files in the apical zone. The organelles have a homoge-
neous distribution, e.g. the cytoplasm contains glyco-
protein (or free ribosomes), peroxisomas, vesicles and 
few and small mitochondria. In the basal region, it is 
more frequently found the presence of Golgy systems 
with distended cisterns, and surrounded by small and 
dense vesicles.  

The R-cells of prawns from N° 1 and Alejandra lakes 

were affected in similar ways. The main alterations were: 
in the apical zone of R-cells, the microvilli border was 
somewhat shortened and sometimes it lacked the micro-
villar core filaments (Figures 3(a), (b) and (e)). The 
endoplasmic reticulum was disrupted and the number of 
residual bodies increased. The mitochondria were swell- 
ed and sometimes its walls became deteriorated (Figures 
3(b), (e), (f) and (g)). The lipid vacuole had an abrading 
multilayered membrane (Figures 3(b) and (e)). Material 
with high electron density was observed near this vacu-
ole in the apical zone (Figure 3(a)). R-cells with pre-
mature autolizing appearance were frequent (Figures 
3(d), (f) and (g)). In the basal region, there were few 
glycoprotein granules, and only the mitochondria was 
increased and swelled, and its cristae was damaged 
(Figures 3(c), (d) and (g)). The normal R-cells of 
prawns from Don Felipe Lake have in apical zone a 
large number of mitochondria, vesicles and glycoprotein, 
which are prolonged in concentrated below the apical 
plasma membrane. The undamaged microvillous border 
was regular in all the extensions. In the basal region endo-
plasmic reticulum (rER and sER), glycoprotein granules 
and many mitochondria were observed. The B-cells did 
not show alterations that differ from the normal of hepa-
topancreatic cell cycles (Figures 4(a) and (b)) except af-
fections in some B-cells, main in N° 1 lake, where auto-
lising of organelles were registered (Figures 4(c) and (d)). 

Other changes, such as basophyles vacuole groups and 
differents residuals bodies, were observed in apical zone 
of the F-cells in both species. Moreover, evident autolis-
ing of the organelles (Figures 5(a), (b) and (e)) and in-
definable elements associated with residuals bodies in 
R-cells with abundant and distended cisterns of endo-
plasmic reticulum were frequent in the studied species 
from N° 1 lake (Figures 5(c) and (d)). 

3.3. Low and high water Level and 
Temperature 

The alterations were detected for both seasons and in the 
same studied sites. The highest number of damaged cell 
was registered in winter with low water level and tem- 

 
Table 2. Hepatopancreatic cell frequency of two prawns and three lakes (Don Felipe, N° 1 and Alejandra lakes) during two sampling 
times (winter and summer) (540 total observed sections). 

 Don Felipe lake N° 1 lake Alejandra lake 

M. borellii winter summer winter summer winter summer 

F-cell 29 ± 1.6 a 32 ± 1.1 a 49 ± 6.6 ab 43 ± 5.7 ab 38 ± 2.2 a 39 ± 6.1 a 
R-cell 35  ± 3.3 a 39 ± 4.3 a 25 ± 5.9 a 23 ± 6.8 a 32 ± 5.2 a 37 ± 4.6 a 
B-cell 36 ± 2.8 ab 29 ± 1.9 ab 26 ± 3.4 ab 34 ± 7.9 ab 30 ± 8.9 ab 24 ± 2.0 ab 

P. argentinus       

F-cell 32 ± 6.3 ab 25 ± 3.1 ab 54 ± 5.6 ab 46 ± 4.7 ab 36 ± 3.2 a 33 ± 1.2 a 
R-cell 37 ± 5.3 a 43 ± 4.3 a 23 ± 3.9 ab 31 ± 4.8 ab 32 ± 5.5 a 37 ± 4.6 a 
B-cell 31 ± 2.3 a 32 ± 3.7 a 23 ± 3.0 a 23 ± 6.3 a 32 ± 4.7 a 30 ± 1.2 a 

Significant differences according to ANOVA and Tukey post test (p < 0.05). a among environment; b between sampling times. 
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Figure 2. F-cell of Macrobrachium borellii and Palaemonetes argentinus from Alejandra (a and f re-
spectively) and N°1 lakes (b and g resepctively). Apical cell zone of M. borellii in N° 1 lake with lysis 
appearence of mitchondria, endoplasmic reticulum and glycoprotein granules (d). Basal zone of F-cell in 
M. borellii (c) sampled at Alejandra and P. argentinus cell (h and i) from both lakes with vesicles, golgi 
bodies and glycoprotein granules, endoplasmic reticulum forms cistern and vacuolizing dictyiosomes. 
Abbreviations: F-cell (F), rough endoplasmic reticulum (rer), golgi bodies (g), high electron density 
corpuscles (ac), lumen cell (l), microvillous border (mb), mitochondria (m), vesicles (v), ribosomes (r), 
peroxisomes (p), nucleus (n), wall cell (w). Bars: 0.1 μm approximately. 

 

 

Figure 3. R-cell of Macrobrachium borellii and Palaemonetes argentinus affected in different levels from 
Alejandra and N° 1 lakes. Apical zone with microvillous border deteriorated, endoplasmic reticulum and 
shortened and mitochondria swelled, small vesicles, high electron density corpuscles and lipid vacuole with 
a multilayered membrane disrupted (a, b, e, f). Basal zone with endoplasmic reticulum vesiculated (rER 
and sER), glycoprotein granules and mitochondria swelled (in some R-cells were found a disrupted wall 
mitochondria) or with lysis appearance (c, d). Abbreviations: R-cell (R), rough endoplasmic reticulum (rer), 
smooth endoplasmic reticulum (ser), high electron density corpuscles (ac), lipid vacuole (li), microvillous 
border (mb), mitochondria (m), ribosomes (r), nucleus (n), wall cell (w). Bars: 0.1 μm approximately. 
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Figure 4. B-cell of Macrobrachium borellii and Palaemonetes argentinus from Alejandra and N° 1 
lakes. Two moment of cell cycle without stress evidence (a, b) but in some cell was observed organ-
elles autolysis in cytoplasm (c, d). Abbreviations: B-cell (B), rough endoplasmic reticulum (rer), 
smooth endoplasmic reticulum (ser), autosomes (au), lumen cell (l), microvillous border (mb), mito-
chondria (m), vesicles (v), lisosomes (ly), wall cell (w). Bars: 0.1 μm approximately. 

 

 

Figure 5. Others hepatopancreatic cell evidence of stress in Macrobrachium borellii and Palae-
monetes argentinus from Alejandra and N° 1 lakes. Apical zone of F-cells with undefinible resid-
ual bodies and organelles  autolysis. (a, b, e) In R-cells with differents vesicles without lipid con-
tent and swelled endoplasmc reticulum (c, d, e). Abbreviations: F-cell (F), R-cell (R), rough endo-
plasmic reticulum (rer), residual bodies (rb), microvillous border (mb), mitochondria (m), vesicles 
(v), wall cell (w). Bars: 0.1 μm approximately. 
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perature (Table 2). The percentage of affected prawns 
was not different (ANOVA p > 0.005) between the species 
M. borellii and P. argentinus. The “N° 1” lake had the 
highest percentage of alterated cells in prawns with 75%, 
32% in Alejandra lake and only 9% in Don Felipe lake 
approximately. In this last one, the alterations coincided 
with the observations indicated as starvation effects (lipid 
dropplets with multilayered wall in R-cells). Moreover, 
the cell type frequency varied with the prawn origen (Don 
Felipe, N° 1 and Alejandra lakes), being the frequency of 
F-cells higher in prawns from N° 1 lake during samples of 
winter than other origin (Table 2). 

In summer the number of affected cells disminished in 
all the lakes (45 % in “N° 1” lake, 26% in Alejandra lake 
and only 2% in Don Felipe lake approximately), and the 
cell type frequency was similar (Table 2). 

3.4. Laboratory Assays 

In both prawns, damaged hepatopancreatic cells by the 
pyretroid have had a relationship with the tested concen-
trations, being the cell frequency in each tested concen-
trations differents with the control at the end of the ex-
perience (ANOVA F(0.05, 2, 22) = 11.31; p < 0.0021). 
The F-cells were more abundant than all the others 
(Figure 6). The difference among C2, C3 and control, in 
the F-cell percentage, occurred during the second week 
whereas in the C1 it was in the third week (Figure 6). In 
the experience, the F-cell presence oscillated with 
changes significant among treated groups (Tukey’s p > 
0.05). The B-cell percentage in all cypermethrin concen-
trations were low, 12% (C1) and 19% (C3). 

Prawn survivals in treated groups varied significantly 
during the 35 days of assays (ANOVA F(0.05, 2, 22) = 
350.64; p < 0.0001, Tukey`s p < 0.05), and in the control 
group there had low mortality (Figure 6) 

4. DISCUSSION 

The hepatopancreas of both freshwater prawns (M. 

borellii and P. argentinus), which consists of four cell 
types, undergoes ultrastructural changes depending on 
the quality of the environment. This fact was observed in 
the F-, R- and B-cells in different intensities. In these 
cells, microvilli border, endoplasmic reticulum and mi-
tochondria were the most affected ultrastructure together 
with and the increase of residual bodies number. More-
over premature autolysis development was observed.  

On the one hand, three measured parameters have dif-
fered, being the conductivity the most variable. Trans-
parency reflected a great density of algae in the “N° 1” 
lake before flooding period (November-April), which 
could be due to a nutrient rise. Also, this coincides with 
high DBO5 values. In the studied environments, differ-
ent algae species can produce phytotoxins, exposing the 
prawns to this toxic stress. This situation could probably 
activate the antioxidant defences in the hepatopancreas 
leading to multiple oxidative processes and an effective 
detoxification [31]. The cytoskeleton could be destroyed 
by an increase in protein phosphorylation level, occur-
ring cell necrosis [32]. The immune system responds 
with a melanization process which could act as a possi-
ble ROS scavenger [33]. Besides, the B-cell showed an 
intracell digestion what carried out, possibly, with poste-
rior organelles degeneration in all cells, such as it was 
suggested in exposed crabs to microcystins [34]. More-
over the large vacuole of B-cells contains digestive en-
zimes, e.g. cathepsin L (MeCatL) [35]. It was recognized 
that in transicional cells F/B occurs P-glycoprotein 
(P-gp), suggesting a function in specialized cells for ac-
cumulation and elimination of toxic compounds [36].  

On the other, many substances may be toxic taking 
into account their nature and amount, which are being 
released by industries and cities to fresh waters and/or 
the washing of farmlands during rains [37]. In these 
waste waters, the heavy metals could be important quan-
titatively, and these are toxic elements for decapods [38, 
39]. Moreover, these xenobiotic elements were present 
in sites near to the cities, in other studies, several heavy 

 

Table 3. Heavy metals measurements in sediment of several sites of Salado river close to the more affected sampling 
area (from a work [40]). 

Loc. Cu Zn Pb Cd Cr Fe Mn 

1 19.54 21.29 19.47 n.d 55.18 107.1 793.05 

2 0.78 0.05 1.9 n.d. 1.23 190.18 17.09 

17 1.03 0.21 1.03 nd 0.64 nd 1.77 

16 21.06 25.29 13.96 nd 9.71 560.92 182.26 

values in µg/g; Localities: (1) Salado river in Motorway bridge (2 km up the river of “N° 1” lake approximately), (2) Salado river in Santo 
Tomé-Santa Fe bridge (200 m down the river of “N° 1” lake approximately), (17) Salado river in Recreo city (10 km up the river of “N° 1” 
lake, approximately), (16) Las Prusianas river in Grutly (50 km up the river of “N° 1” lake, approximately). 
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Figure 6. F-cell frequency and survival percentage of 
freshwater prawns (Macrobrachium borellii and Pa-
laemonetes argentinus) in the 35 days laboratory as-
says with several cypermethryn concentrations. Solid 
line: control groups; dash and point line: 0.01 µg 
CY/l groups; point line: 0.001 µg CY/l groups; da- 
shed line: 0.0001 µg CY/l groups). 

 
metals were registered at different points of the Salado 
River sediments (Table 3), being a possible cause of 
potential stress effects. Another parameter that might 
provoke alterations in the prawns hepatopancreas is 
temperature but this do not suggest any alteration, due to 
the fact that lipid consumption for thermal stress occurs 
at 29°C in M. borellii [41], and the samplings were taken 
during spring (September-December) with lower tem-
peratures.  

Some of the observed changes in the hepatopancreatic 
cells were correlated with the starvation process and 
xenobiotics effects which were described for other de- 
capods [5,6,8,9,18,42,43]. The affected prawns from N° 1 
lake and the assay had similar evidence of stress in the 
hepatopancreas. The pyretroid is an biocid that it is used 
in non-urban and urban environments, and it could po-
tentially get into the aquatic systems by different ways 
(e.g. perfution, rain drenage). This could induce to ROS 
production and to the formation of oxidative tissues in 
the hepatopancreas of prawns, while their cells have 
different biochemicals mechanisms to protect them-
selves from oxidative damage among which the glu-
tathione plays an important role [44]. Different intrinsic 
factors such as specific capacity to stress tolerance, size, 
nutritional condition and extrinsic factors (e.g. tempera-
ture, conductivity, ph) are important to evaluate the po- 
pulational effects in a natural environment. The high 
percentage of F-cells of exposed prawns to cypermethrin 
could indicate that some detoxification mechanisms is 
activated, including a more activity of the endoplasmic 
reticulum and ribosomes in this cell type than in others. 
The low number of B-cell could be interpreted as an 
increase of the exoxitation of the B-cells to hepatopan-
creas lumen. Moreover another efluents, e.g. oil product 
(PAH), provoked a size disminish in the hepatopancreas 
cells [43]. Furthermore, cell number varies significantly 
during the molt cycle (mainly, R-cell and F-cell) linked 
with a change in the enzimatic activity (ATPasas and Na 
/K ATPasas) [45], considering only the prawns in inter-
molt phase (c) by even. 

The variation in the ultrastructure could have affected 
the absorption mechanisms and protein synthesis as ob-
served by Papathanassiou and King [42]. However we 
could say that these prawns can tolerate some degree of 
environmental stress due to the fact that populations of 
these species were found in “Laguna N° 1” lake with 
similar sizes [46] to those taken from environment with 
low human interference (Don Felipe lake) [25]. Thus we 
can infer that there must be some detoxification mecha-
nisms such as those described by several authors [18,38, 
47-51], where the F-cells could have a main rol. In these 
works it was also included the capture of transuranic 
elements, the deactivation of insecticides by rER or re-
moval of metals by granule formulation and its excretion 
as detoxification pathways. These routes, together with 
that of the complete renewal of the epithelium occurring 
after several mitotic pulses [52] and/or some other me- 
chanisms which involve a increase mitochondrial activ-
ity, could have allowed the presence of M. borellii and P. 
argentinus in this environment. 

However, the detoxification is only feasible when the 
intensities of stressors do not exceed a particular thresh-
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old value, otherwise it produces cellular damage [13] 
and then the point-of-no return could be reached, such as 
it was observed in starved individuals of Penaeus mono- 
don [9], and in this study according to the evidence in 
the cypermethrin assay. 

5. CONCLUSIONS 

The damage cell is irreversible to live of this prawn 
when the values achieved determined concentrations or 
stress level. The F-cell was increased with the intensities 
of the stressors such as mechanisms of detoxification. 
This involves a growth in numbers and size of rER, ri-
bosomes, and mitochondria. Therefore, the reserves in 
the vacuole of R-cell are used to contribute to consume 
energy in the detoxification pathway. This justified the 
starvation conditions that is observed in some prawns. 

The midgut glands of M. borellii and P. argentinus 
reacts to water quality variations, and the structural 
changes in cells and tissues represent the most sensitive 
level. It is showed the synergistic impact of an element, 
its metabolites and other exogenous and endogenous 
factors showing the hepatopancreas as a good tool in the 
determination of a stress areas of the natural environ-
ment. 
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ABSTRACT 

Recent interest in problems in higher space di- 
mensions is becoming increasingly important 
and attracted the attention of many investiga-
tors in variety of fields in physics. In this paper, 
the electrostatic energy of two geometries (a 
charged spherical shell and a non-conducting 
sphere) is calculated in higher space dimension, 
N. It is shown that as the space dimension in-
creases, up to N = 9, the electrostatic energy of 
the two geometries decreases and beyond N = 9 
it increases. Furthermore, we discuss a simple 
example which illustrates classical renormali-
zation in electrostatics in higher dimensions. 

Keywords: Electrostatic Energy; Higher 
Dimensions; Renormalization 

1. INTRODUCTION 

The space dimension N plays an important role in 
studying many physical problems. It has been used for 
the radial wave functions of the hydrogen like atoms in 
N dimensions [1,2]. Exactly solvable models have also 
been investigated [3,4]. In addition, a great deal of recent 
work in field theory [5], high energy physics [6], and in 
cosmology [7] has been conducted. Furthermore, prob-
lems of mathematical interest have been investigated in 
higher dimensions [8,9]. One of the fundamental quanti-
ties in physics is the electrostatic energy which is cur-
rently investigated by many workers in various areas 
[10-12]. Therefore, the present author is motivated to 
consider the effect of space dimension on the electro-
static energy of two simple, but illustrative, systems. A 
connected technique to electrostatic energy is the renor-
malization in classical field theory. Renormalization is 
needed to eliminate divergences which appear in the 
computation of Feyman graphs so that sensible physical 

results can be achieved [13-15]. Just recently, Corbò [16] 
considered renormalization technique in classical fields 
and Tort [17] discussed renormalization of electrostatic 
energy. So in the present paper, we will consider an ex-
ample of classical renormalization of electrostatic energy 
in higher space dimensions. The organization of the pre-
sent paper is as follows: In Section 2, we consider elec-
trostatic energy in a hyper spherical shell. In Section 3, 
we calculate the electrostatic energy of a non conducting 
hyper sphere. In Section 4, we present an example of 
renormalization of electrostatic energy in higher space 
dimensions. Section 5 is devoted for conclusions. 

2. ELECTROSTATIC ENERGY OF A 
HYPER SPHERICAL SHELL 

We consider a charged hyper spherical shell of radius R 
and charge Q in N-dimensional space. Our purpose is to 
calculate the electrostatic energy of the shell by two 
methods. In the first method, we calculate the work done 
to bring the charge Q infinitesimally from infinity to the 
surface of the shell, while in the second method, we 
evaluate the volume integral over the squared of the 
electric filed, E


. The two methods require the electric 

field and the electric potential in space. Gauss’s Law in 
N-dimensions is 

1

0

 N encq
E dA E r d


    


            (1) 

The angular surface integral gives [18], 
/22

( / 2)

N

d
N


 

 ,                   (2) 

where ( )x  is the Gamma function. Since the charge is 
distributed on the surface, the above two equations yield 

/2 1
0

( / 2)

2 N N

Q N
E

r  


 , r R              (3) 

and 0E   for r R . The electric potential is given by 



S. M. AL-Jaber / Natural Science 2 (2010) 760-763 

Copyright © 2010 SciRes.                                    Openly accessible at http://www.scirp.org/journal/NS/ 

761761

/2 2
0

 ( / 2)
 ,   

2 ( 2)

r

N N

Q N
V E dr r R

N r  



    


 

    (4) 

The first method yields the electrostatic energy, W as 
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Which can be written as 
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where   is the surface charge density and S is the sur-
face area of a unit shell as given in Eq.2. The second 
method enables us to write 
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Which is the same result given in Eq.5. It is interest-
ing to note that our result yields the well-known result 
[19] for the three-dimensional case (N = 3), namely 

R

Q
W

0

2

8
 . It is noticed that the electrostatic energy of 

the hyper shell depends on the space dimension N. It is 
illustrative to calculate the electrostatic energy ( shellW ), 
with R = 1, for different values of N. This is calculated in 
units of 0

2 8/ Q  and is shown in the second column of 
Table 1. Our calculated results clearly show that the 
electrostatic energy has a minimum at the space dimen-
sion N = 9. This can be explained as follows: In higher 
space dimensions, there are more orientations in space 
and thus more angles (N-1). This implies that it is rela-
tively easy to assemble electric charges on the hyper 
surface of the shell which explains the decrease in the 
electrostatic energy as the space dimension increases up 
to N = 9. However, beyond this value of N, the surface 
area of the shell becomes smaller and smaller so that the 
decrease in the surface area, as N increases, dominates 
over the increase in the angular orientation. In mathe-
matical terms, the surface area times (N-2) has a maxi-
mum at N = 9 and thus the electrostatic energy has a 
minimum at that value of N. It is tempting to investigate 
the behavior of the electrostatic energy for very large N. 
This can be checked by using Stirling’s formula [20] 

nn ennnn   2  !)1(  ,            (8) 

and letting 2/)2(  Nn , one finds for very large N 
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In the infinite dimensional space, the above equation 
gives an infinite electrostatic energy in the limit as 

N . In this limiting case the surface area of the 
shell vanishes as can be seen from Eq.2 and the use of 
Stirling’s formula. Therefore, the shell behaves like a 
point charge in the infinite dimensional space and thus 
one expects the divergence of the electrostatic energy as 
an infinite self energy of a point particle. 

3. ELECTROSTATIC ENERGY OF A 
CHARGED NON-CONDUCTING HPER 
SPHERE 

Our main purpose here is to calculate the electrostatic 
energy of a uniformly charged non-conduction sphere in 
N-dimensional space. Following the second method of 
Section 2, we calculate the electric field inside and out-
side the sphere. The application of Gauss’s Law given in 
Eq.1 gives 
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where Q is the charge in the sphere. The electrostatic 
energy of the hyper sphere is thus 
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The integrals in the curly bracket yield 22

1

)4(

2
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N
 

and the integral over Ω is given by Eq.2, Therefore, the 
electrostatic energy is simplified to 
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which can be written as 

,
)4( 22

0

2




Nsphere RNV

Q
W

            (12) 

where ))2/(/2( 2/ NNV N    is the volume of the unit 
sphere in the N-dimensional space [18]. Clearly, the above 
electrostatic energy depends on the space dimension N, 
and it yields the well-known result [19] for N = 3, namely 

.
5

3

4

1
)3(

2

0 R

Q
NWsphere 


 

It is again constructive to calculate the electrostatic 
energy, in units of 0

2 4/ Q , with R = 1 for different 
values of N. This is shown in the last column of Table 1. 
As before, the electrostatic energy has a minimum at the 
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space dimension N = 9. But here, the volume of the hy-
per sphere time (N2−4) has a maximum at N = 9 and 
hence the electrostatic energy has a minimum at that 
value. As it was checked in the previous section, the 
electrostatic energy becomes infinite in the infinite di-
mensional space ( N ). In this limiting case the 
volume of the hyper sphere vanishes and thus the sphere 
behaves as a point charge with an infinite self energy. 

4. RENORMALIZATION OF ELECTRO- 
STATIC ENERGY 

Renormalization, as is widely believed, is required in 
quantum field theory [21-23]. The main task of renor-
malization is to handle and eliminate the divergences so 
that one can obtain sensible physical results. Recently, it 
has been reported that renormalization can be applied to 
classical fields: For example, Corbò [16] gave two ex-
amples for renormalization of electrostatic potential and 
Tort [17] presented an example for renormalization of 
electrostatic energy. Our purpose here is to generalize 
Tort's example to higher space dimension N. Beside its 
mathematical interest, we will show that the divergence 
(or so-called singularity) of the electrostatic energy per-
sists in the infinite dimensional space. Following Tort’s 
model for the classical atom, we consider a point electric 
charge of magnitude Ze, where Z is the atomic number 
and e is the electron charge, surrounded by a concentric 
thin hyper-spherical shell of radius R and electric charge 
equal to −Ze. Ionization (partial or total) of this atom 
amounts to the removal of part of or the entire negative 
charge from the shell. This can be achieved by letting 

)1(  ZeZe , where ]1,0[ . We will show be-
low that the renormalization of the electrostatic energy 
( U ) in N dimensions is given by 
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The electric field inside the shell is only due to the 
point charge, since there is no contribution comes from 
the shell. Thus, the application of Gauss’s Law, given in 
Eq.1, yields 
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and 0E


 for Rr  . The initial electrostatic energy 
before ionization can be calculated as 
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Obviously, the function )/(1 1Nr  diverges at the origin 
and thus we have a singular point at 0r . As Tort 
suggested, we can avoid this problem by introducing a 
finite non-null radius   for the point charge and thus 
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Now, when the atom is ionized part of the charge 

)( Ze  of the shell will move to infinity and thus the 
enclosed charge within a hyper-spherical Gaussian sur-
face of radius Rr  . Will be .)1( ZeZeZeq    
It is clear that the electric field, for Rr  , remains the 
same as before ionization (see Eq.14) and for Rr   
Gauss’s Law immediately gives 
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Therefore the final electrostatic energy becomes 
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The first term is just initialU  and the integral in the sec-
ond term has the same form as that of Eq.7 and thus, one 
gets 
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Therefore, the change in the electrostatic energy is 
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which is exactly the same as the electrostatic energy of a 
hyper-spherical shell that we found in Section 2. It is no-
ticed that the variation of electrostatic energy is finite for 
all values of space dimension N, except for N  
where U  becomes infinite. Therefore, the renormali-
zation of the electrostatic energy works out for all space 
dimensions but failed in the infinite dimensional space. 
The persistent of the singularity in the infinite dimensional 
space is a result of the infinite electrostatic energy of the 
hyper-shell in that space, as we outlined in Section 2. 

5. CONCLUSIONS 

We have obtained the electrostatic energy of two sys-
tems (a charged spherical shell and a charged non- 
conducting sphere) in the N-dimensional space. Our 
calculated results show that the electrostatic energy 
decreases as the space dimension increases up to 

9N  and it increases without limit beyond that 
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Table 1. The electrostatic energy of the shell and the sphere as 
function of space dimension. 

N 2
0( / 8 )shellW Q   2

0( / 4 )sphereW Q   

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
30 
40 
50 

100 

1 
0.318 
0.159 
0.101 
0.076 
0.065 
0.060 
0.062 
0.067 
0.078 
0.097 
0.125 
0.169 
0.238 
0.349 
0.531 
0.835 
1.353 

6.8 × 103 

2.3 × 106 

3.0 × 1010 

5.4 × 1036 

0.6 
0.2 
0.11 
0.07 
0.06 
0.051 
0.049 
0.051 
0.057 
0.067 
0.08 
0.11 
0.15 
0.21 
0.31 
0.47 
0.75 
1.23 
640 

2.18 × 106 
2.9 × 1010 
5.3 × 1036 

 
value. This behavior is explained as follows: Each of the 
quantities )2( NS  and 2( 4)V N   has a maximum at 

9N  and thus the electrostatic energy of each system 
has a minimum at this value, as shown in Eqs.6 and 12. 
Our results also show that the electrostatic energy, for 
both systems, becomes infinite in the infinite dimen-
sional space. Furthermore, we considered classical re-
normalization of electrostatic energy for a simplified 
model of a classical atom in higher space dimension. It 
was shown that the variation in electrostatic energy (the 
final minus the initial energy) is exactly the same as that 
of the hyper-shell, and thus the singularity persists in the 
infinite dimensional space. 
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ABSTRACT 

Hyaluronic acid hydrogels (HAHs) were synthe-
sized by immersing the micro-beads in phos-
phate buffered saline solution to assess short- 
term biocompatibility of the gels by means of 
the rabbit pyrogen test and the bacterial en-
dotoxin test. The rise in body temperature of 3 
male New Zealand white rabbits weighing about 
2~3 kg (12~16 weeks old) following intravenous 
injection of the test article (10 mL/kg) was mo- 
nitored at 30 min intervals in 3 h to examine the 
pyrogenicity. No rabbits showed an individual 
rise in temperature of 0.5oC or more above its 
respective control temperature. The tempera-
ture rises of the rabbits after injection were 
0.12oC, 0.13oC, and 0.18oC, respectively, sugge- 
sting that HAH meets the requirements for the 
absence of pyrogens. The bacterial endotoxin 
test revealed that the concentration of endoto- 
xins required to cause the lysate to clot under 
standard conditions was < 0.125 EU/mL. Com-
paring the HAHs that was synthesized in this 
experiment to the ones approved by FDA, the 
amount of < 0.125 EU/mL endotoxins is rela-
tively safe and effective. The test solution did 
not contain any interfering factors under the ex- 
perimental conditions used. It is conceivable 
that the HAHs are likely to be suitable injectable 
dermal filler for facial soft tissue augmentation 
due to the absence of pyrogens.  

Keywords: Hyaluronic Acid Hydrogel; Injectable 
Dermal Filler; Pryogenicity; Endotoxin; Interfering 
Factor; Soft Tissue Augmentation 

1. INTRODUCTION 

Hydrogels as injection augmentation of facial soft tissue 
have attracted immediate attention due to their regenera-

tion properties of various tissues, mechanical properties, 
softness, oxygen permeability, similarities the body’s 
own highly hydrated composition and excellent bio-
compatibilities [1-8]. They demonstrated their efficacy 
in correcting aesthetic defects such as congenital or hy-
povolumetries, nasolabial furrows, forehead, glabella 
wrinkles, cheekbone, chin hypovolumetry and lip aug-
mentation. They are known to be highly swollen and 
insoluble networks that can be used to entrap cells. It is 
noted that higher equilibrium swelling promotes nutrient 
diffusion into the gel and cellular waste removal out of 
the gel, while the insolubility provides the structural 
integrity necessary for tissue growth [1,2].  

Among natural polymers, such as collagen, gelatin, 
fibrin, alginic acid, chitosan and hyaluronic acid (HA), 
crosslink-stabilized HA is highly acknowledged as a 
naturally derived injectable filler due to its longevity of 
correction, a reduced risk of immunogenicity and hy-
persensitivity, and its controllable mechanical and deg-
radation properties [1,7]. HA is a linear polysaccharide 
formed from disaccharide units containing N-acetyl-D- 
glucosamine and glucuronic acid [2,8]. HA molecule is 
stabilized to produce cross-linked gel suitable for soft- 
tissue implantation, resulting in improving its resistance 
to enzymatic degradation within the dermis without 
compromising its biocompatibility.  

HA hydrogels cross-linked by divinyl sulfone (HAHs) 
were prepared by immersing the micro-beads in phos-
phate buffered saline solution (NaH2PO4) [9]. HAHs for 
soft tissue augmentation are reported to be biologically 
inert and non-allergic and do not require allergy testing 
before implantation. Prior to the evaluation of long-term 
toxicity (genotoxicity) and carcinogenicity after the in-
jection because they have been used within the dermis 
for several months, it is necessary to examine adverse 
and allergic reactions of the HAH, such as short-term 
pyrogenicity [5]. Although the rabbit pyrogen test has 
played a key role to control pyrogenicity of the drugs for 
long time, the test has limitations due to insufficient ac-
curacy. The bacterial endotoxin test, which is based on 
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highly sensitive clotting of Limulus Amoebocyte Lysate 
(LAL) by endotoxin, has been applied in place of the 
pyrogen test. However, the LAL test has also limitations 
in detection of such in vivo synergistic effect of endo- 
toxin and the drugs [10]. The pyrogenicity of the HAH is 
investigated to assess the short-term biocompatibility by 
means of the rabbit pyrogen test and the LAL test 
(gel-clot method) [10,11]. 

2. METHODS 

2.1. Materials 

HA solutions of 4.0 wt% concentration were prepared by 
dissolving a 3.2 g of sodium hyaluronate (Mw = 1 ⅹ 106 
Da, Shiseido Co., Japan) in 8 mL of 0.05 mol/L NaOH at 
room temperature. A pH in the range of 12 to 14 was 
achieved by adding 0.4 mL of 10 mol/L NaOH to the HA 
solution. Then, the HA solution was placed in a solution 
hopper attached to the Masterflex L/S tubing pump 
(Cole Parmer, USA) and fed into a syringe equipped 
with a 14-gage metal needle at a flow rate of 0.2 mL/min. 
Micro-beads with diameters of 0.2 to 0.3 mm were fab-
ricated by supplying compressed air with a pressure of 
34.475 Pa along the HA solution nozzle. The nozzle was 
enclosed by a delivery tube with a diameter of 6 mm [9]. 
Micro-beads were collected into a solution mixture of 
0.4 mL of divinyl sulfone (≥ 98%, Sigma and Aldrich, 
Germany) and 40 mL of 2-methyl-1-propanol (99%, 
Aldrich), followed by a stirring process (140~160 rpm) 
for 24 h at room temperature. Then, the cross-linked 
micro-beads were immersed in ethanol for 0.5 h to clean 
the beads by removing impurities such as divinyl sulfone 
and 2-methyl-1-propanol. After 3-time cleaning in etha-
nol, micro-beads were dried at 60oC in vacuum (20 torr). 
The as-dried micro-beads were immersed in 80 mL of 
phosphate buffered saline solution (NaH2PO4) for 2 h to 
obtain HAHs, as shown in Figure 1. The HAHs were 
then provided in a 1 mL sterilized syringe with luer-lok 
type capped. 

2.2. Rabbit Pyrogen Test 

Male New Zealand white rabbits weighing about 2~3 kg 
(12~16 weeks old) were employed for pyrogenicity. The 
material extract was prepared in the static conditions in 
sterile physiological saline solution (1 g in 50 mL) for 72 
h at 37oC, followed by centrifuging for 10 min at 3000 
rpm and filtering (Whatman, Grade 4, England). Not 
more than 30 min prior to the injection of the test dose, 
the control temperature of each rabbit was determined. 
The control temperature is the base for the determination 
of any temperature increase resulting from the injection 
of a test solution. Rabbits, whose control temperatures 
did vary by more than 1oC from each other, were ex- 

 
Figure 1. Photographs of (a) the micro-beads immersed in 
phosphate buffered saline solution and (b) hyaluronic acid 
hydrogels. 
 
cluded. In addition, any rabbits having a temperature 
exceeding 39.8oC were also excluded. The test involved 
measuring the rise in body temperature of rabbits fol-
lowing intravenous injection of the test article and was 
designed for products that can be tolerated by the test 
rabbit in a dose not exceed 10 mL/kg injected intrave-
nously, within a period of not more than 10 min. Injec-
tion was performed after warming the test solution to a 
temperature of 37 ± 2oC.  

After the injection, the body temperature is monitored 
at 30 min intervals in 3 h. If no rabbit shows an individ-
ual rise in temperature of 0.5oC or more above its re-
spective control temperature, the product meets the re-
quirements for the absence of pyrogens. If any rabbit 
shows an individual temperature rise of 0.5oC or more, 
continue the test using 5 other rabbits. If not more than 3 
of 8 rabbits show individual rises in temperature of 
0.5oC or more and if the sum of 8 individual maximum 
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temperature rises does not exceed 3.3oC, the material 
under examination meets the requirements for the ab-
sence of pyrogens. 

2.3. In Vitro Endotoxin Test 

The pyrogens that almost invariably contaminate par-
enteral pharmaceuticals are bacterial endotoxins (lipo- 
polysaccharides, LPS)-cell wall material from gram ne- 
gative bacteria [10]. The LAL test detects only LPS, 
which caused extracellular coagulation of the blood of 
the horseshoe crab, Limulus polyphemus. The bacterial 
endotoxin test, which is based on highly sensitive clot-
ting of LAL by endotoxin, has been applied in place of 
the pyrogen test for testing parenteral human drugs [10, 
11]. The gel-clot testing was performed to detect bacte-
rial endotoxin. The gel-clot method is based upon the 
reaction between bacterial endotoxin and a single test 
LAL (CAMBREX, Lot No. GL1403). 

All glassware was depyrogenated for 4 h at 180oC and 
the test was carried out in clean-bench to avoid the en-
dotoxin contamination. The material extract was pre-
pared in the static conditions in LAL reagent water (BIO 
Whittaker, 1 g in 40 mL) for 1 h at 37oC. The concentra-
tion of endotoxins required to cause the lysate to clot 
under standard conditions is the labeled lysate sensitivity 
(), expressed IU/mL. Endotoxin is expressed in Inter-
national Unit (IU). One IU of endotoxin is equal to one 
Endotoxin Unit (EU). Standard solutions of at least four 
concentrations equivalent to 2, 1, 0.5, and 0.25 
were prepared by diluting the standard endotoxin stock 
solution with LAL reagent water. A volume of the lysate 
solution was mixed with an equal volume of one of the 
standard solutions. The mixture was incubated for 60 ± 2 
min at 37 ± 1oC. Following 1 h of incubation at 37°C, 
the test tube was examined by 180o inversion for the 
presence of a stable solid clot. A clotted incubation mix-
ture is considered to be a positive result. A result is 
negative if an intact gel is not formed. The test is not 
valid unless the lowest concentration of the standard 
solutions shows a negative result in all replicate tests. 
The end-point is the last positive result in the series of 
decreasing concentrations of endotoxin. The mean value 
of the logarithms of the end-point concentrations and 
then the antilogarithm of the mean value is calculated. 
The geometric mean end-point concentration is the 
measured sensitivity of the lysate solution. If this is not 
less than 0.5 and not more than 2, the labeled sensitivity 
is confirmed and is used in the tests performed with this 
lysate. Solutions, as shown in Table 1 (A, B, C, and D), 
are prepared to confirm the labeled lysate sensitivity. 
The test is not valid unless both replicates of two posi-
tive control solutions B and C are positive and those of 
the negative control solution D are negative. 

3. RESULTS AND DISCUSSION 

The rise in body temperature of 3 Male New Zealand 
white rabbits following intravenous injection of the test 
article (10 mL/kg) was monitored at 30 min intervals in 
3 h to examine the pyrogenicity. It is found that the in-
crease in body weight was normal, as summarized in 
Table 2. No mortality and abnormal clinical signs were 
detected. No rabbits showed an individual rise in tem-
perature of 0.5oC or more above its respective control 
temperature, as shown in Figure 2. The temperature 
rises of the rabbits after injection were 0.12oC, 0.13oC, 
and 0.18oC, respectively, suggesting that the HAH meets 
the requirements for the absence of pyrogens. 

The gel-clot technique allows detection or quantifica-
tion of endotoxins and is based on clotting of the lysate 
in the presence of endotoxins [11]. The concentration of 
endotoxins required to cause the lysate to clot under 
standard conditions is the labeled lysate sensitivity. To 
ensure both the precision and validity of the test, the 
 

Table 1. Solutions for the gel-clot test. 

solution
endotoxin concentration/solution to 

which endotoxin is added 
replicates 

A None/sample solution 2 

B 2/sample solution 2 

C 2/LAL reagent water 2 

D none/ LAL reagent water 2 

 
Table 2. Body weight changes. 

Rabbits Receipt day (g) Injection day (g) 
1 
2 
3 

2268.6 
2161.6 
1957.4 

2377.8 
2276.0 
2091.1 

Mean 
SD 

2129.2 
158.1 

2248.3 
145.3 
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Figure 2. The variation in body temperature of 3 Male 
New Zealand white rabbits after intravenous injection 
of the test article. Note that the body temperature is 
monitored at 30 min intervals in 3 h. 
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labeled lysate sensitivity and the test for interfering fac-
tors were performed by using solutions for the gel-clot 
test as summarized in Table 1. The end-point is the last 
positive results in the series of decreasing concentrations 
of endotoxin. The geometric mean end-point concentra-
tion is the measured sensitivity of the lysate solution. 
The mean value of the logarithms of the end-point con-
centrations is equivalent to the antilogarithm of the mean 
value, (Antilog Mean = 0.12 EU/mL). The antilogarithm 
of the mean value is calculated to be −0.921. If the geo-
metric mean end-point concentration of 0.12 EU/mL is 
not less than 0.5(0.06) and not more than 2, 
the labeled sensitivity is confirmed and is used in the 
tests performed with this lysate, as shown in Table 3. 
For the lysate to clot under standard conditions, < 0.125 
EU/mL was found to be the required concentration of 
endotoxins. The material extract was prepared in the 
static conditions in LAL reagent water for 1 h at 37oC 
[11]. After considering the dilution factor, the final con-
centration of endotoxin was determined to be < 0.005 
EU/mg. According to FDA’s “Summary of Safety and 
Effectiveness Data,” endotoxin concentrations are 0.5 
EU/mL, 20 EU/syringe, 0.08 EU/mL for the three ap-
proved injectable dermal HAH fillers in market, respec-
tively [12-14]. Comparing the HAHs that was synthe-
sized in this experiment to the ones approved by FDA, 
the amount of < 0.125 EU/mL endotoxins is relatively 
safe and effective [12-14].  

The test for interfering factors is repeated when any 
changes are made to the experimental conditions that are 
likely to influence the result of the test. The test is not 
valid unless all replicates of solutions A and D show no 
reaction and the result of solution C confirms the labeled 
lysate sensitivity. If the sensitivity of the lysate deter-
mined with solution B is not less than 0.5 and not greater 
than 2, the test solution does not contain interfering fac-
tors under the experimental conditions used. Otherwise, 
the solution interferes with the test. Test results, as listed 
in Table 4, implied free of interfering factors because 
solutions A and D showed reaction and the lysate sensi-
tivity with solution B was within the experimental range 
(0.5~2) [11]. 
 
Table 3. Test for confirmation of the labeled lysate sensitivity. 

Endotoxin dilution (EU/mL) 

No. 
of 
time 

0.24  0.12  0.06   0.03  LAL RW* 
(2)  (1)  (0.5) (0.25) 

End- 
point 
(EU 
/mL) 

1 
2 
3 
4 

+     +       -      -       - 
+     +       -      -       - 
+     +       -      -       - 
+     +       -      -       - 

0.12 
0.12 
0.12 
0.12 

+: positive, -: negative, RW: reagent water. 

Table 4. Test for interfering factors. 

Endotoxin dilution 
(EU/mL) 

Solution 
No. 
of 
time 

0.24  0.12  0.06  0.03    
(2)  (1) (0.5)  (0.25) 

End-point 
(EU/mL) 

B 

1 
2 
3 
4 

+   +    -     -  
+   +    -     - 
+   +    -     - 
+   +    -     - 

0.12 
0.12 
0.12 
0.12 

C 
1 
2 

+   +    -     - 
+   +    -     - 

0.12 
0.12 

*solution A: all positive, solution D: all negative. 

4. CONCLUSIONS 

Short-term biocompatibility of the HAHs prepared by 
immersing the micro-beads in phosphate buffered saline 
solution was evaluated by examining the rabbit pyrogen 
test and the bacterial endotoxin test. No rabbits showed 
an individual rise in temperature of 0.5oC or more above 
its respective control temperature after intravenous in-
jection of the test article (10 mL/kg) to 3 male New Zea-
land white rabbits. The temperature rises of the rabbits 
after injection were 0.12oC, 0.13oC, and 0.18oC, respec-
tively, suggesting that the HAH meets the requirements 
for the absence of pyrogens. The concentration of en-
dotoxins required to cause the lysate to clot under stan-
dard conditions was determined to be < 0.125 EU/mL. 
Comparing the HAHs that was synthesized in this study 
to the injectable dermal fillers approved by FDA (0.5 
EU/mL), the amount of < 0.125 EU/mL endotoxins is 
relatively safe and effective. The test solution was free 
of interfering factors under the experimental conditions 
used. It is suggested that the HAHs are likely to be suit-
able filler for facial soft tissue augmentation due to the 
absence of pyrogens. 
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ABSTRACT 

The deposition of spherical nanoparticles by 
convection and Brownian diffusion in a pipe 
with a cartilaginous ring structure is studied. 
Analytical results for a fully developed flow are 
found for small amplitude rings using the in-
teractive boundary layer theory. It is found that 
the local deposition rate is at maximum at a po-
sition approximately one twelfth of the spacing 
between the rings before the minimum cross 
section of the tube. For larger ring amplitudes 
the problem is solved numerically and separa-
tion then takes place in the depressions be-
tween the rings, and maximum deposition is 
found at the point of reattachment of the flow 
approximately at the same point as in the analy- 
tical theory. Cumulative deposition results are 
also provided with larger deposition rates with 
the inclusion of the cartilaginous rings. Deposi- 
tion results for a developing flow are also provi- 
ded. For the same volume flux as for fully de-
veloped flow the deposition is about 25% larger. 
In general conclusions about the position of 
maximum deposition rate from the analytic the-
ory of fully developed flow also applies qualita-
tively to the case of developing flow. 

Keywords: Nanoparticles; Convection; Brownian 
Motion; Deposition; Respiratory Airways;  
Cartilaginous Rings 

1. INTRODUCTION 

Usage of nanoparticles in material design enables the 
development of new superior products as well as im-
provement of existing ones, but these tiny particles are 
potentially toxic and pose substantial health risks [1]. 

There is an increasing literature that discusses the ability 
of nanoparticles to cause adverse effects in cellular func-
tions [2]. Depending on the field of application, nano- 
particles may enter the body via inhalation, dermal, oral 
or injection exposure routes. Carbon nanotubes, for in-
stance, have a diameter of approximately 10 nm with a 
very much larger length of 1-10 µm, and if inhaled then, 
they may probably quite easily move through the air-
ways down to the alveoli. Once in the alveoli, they can 
get stuck and initiate different diseases, in a similar 
manner as asbestos fibres. Thus, knowledge of transport 
and deposition properties of aerosol particles in lung 
flows is essential. Such knowledge is also useful in the 
optimization of drug delivery with pharmaceutical aero-
sols. 

Of special interest is the effect of cartilaginous rings, 
located in the upper generations of the human airways, 
on nanoparticle deposition caused by convection and 
diffusion. These rings give the airway wall an uneven 
surface, with ring forms protruding into the airway lu-
men, and with depressions between the rings. These re- 
gular and symmetric structures are expected to influence 
turbulent as well as laminar airflow directly passing 
them, which could potentially affect deposition in this 
region. Measurements of a physical model with carti-
laginous rings have been done by Zhang and Finlay [3] 
using particles of size about 5 µm. They find an increase 
in deposition of about 20% due to cartilaginous rings. 

In the present study, we examine the diffusion of 
smaller spherical particles and their deposition on the 
walls of an airway with cartilaginous rings, while leav-
ing the corresponding problem for fibres for future stud-
ies. The results provided by the present analysis for 
spherical particles can then be considered as an upper 
limit for the deposition of fibres.  

One method to determine particle deposition in the 
diffusion limit is to solve the Langevin equation with a 
stochastic force on the particle in a given flow field cal-
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culated from the Navier-Stokes equations. To find depo-
sition statistics, however, a large number of particles 
need to be launched [4]. An alternative approach is to 
consider the equation describing the evolution of the 
probability density, the Fokker-Planck equation, which 
has the advantage of directly providing the statistical 
averages [5]. The disadvantage of this method is that for 
large Peclet-numbers (Pe), implying small diffusion, 
very thin boundary layers develop, and these are difficult 
to resolve numerically. The Fokker-Planck equation has 
the same form as the convective-diffusion equation, de-
scribing the evolution of the concentration of particles. 
In the present paper, the particle deposition is derived by 
combining the Navier-Stokes equations and the convec-
tive-diffusion equation. This methodology has previous- 
ly been applied by Ingham [6-8] and Martonen et al. [9] 
for deposition in smooth-walled tubes. 

A lot of research has been done using a similar set of 
equations describing in heat transfer and mass transfer 
with wavy walls that often occurs in engineering appli-
cations. In these applications however the Pe-number is 
often much smaller, of the same order as the Re-number. 
Here we consider Pe much larger than the Re-number. 
We also believe that these general results are not so well 
known in connection to the biological application con-
sidered in the present paper. 

The paper is organized as follows. In Section 2, an 
approximate analytic solution of the Navier-Stokes equa-
tion is presented together with solutions of the convec-
tive-diffusion equation. To solve the problem for the 
flow with a weakly perturbed sinusoidal boundary, a lin- 
earized interactive boundary layer theory is employed 
[10]. To start with, and as a zero-order solution, a fully 
developed pipe flow is chosen. The analytic solution has 
the advantages that it provides a better understanding of 
the flow and that it introduces the relevant scaling of the 
problem. Furthermore, it can be used to verify the cor-
responding numerical results, to be presented in Subsec-
tion 3.1 Due to the previously mentioned numerical dif-
ficulties with very large Pe, we only consider light brea- 
thing conditions, which implies large but modest Pe. In 
Subsection 3.2, a developing flow is considered. For this 
case, it turns out to be handy to take a numerical ap-
proach, since an analytical treatment is difficult, even 
without rings. To validate the numerical work, the results 
are finally compared with approximate treatments of 
entry flow in smooth-walled tubes presented by Ingham 
[7-8] and Martonen et al. [9]. Here two rather different 
configurations of cartilaginous rings are considered. 

In a real respiratory system neither fully developed 
nor developing axisymmetric tube occurs. It is rather a 
combination of the two since after an airway bifurcation 

approximately half the flow attaches a new wall creating 
a new developing thin velocity boundary layer. However 
we believe that the two extreme cases considered in this 
paper gives a first estimate of the number of deposited 
particles in the real case.  

2. THEORY 

2.1. The Interactive Boundary Layer Theory 

The axisymmetric geometry in Figure 1 is considered, 
for which the flow may be described by the dimension- 
less Navier-Stokes equations according to 
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. (1) 

Here u is the stream-wise velocity and v the radial veloc-
ity, and p is the pressure. In addition, the convective- 
diffusion equation is introduced in the form 

2
-1

2

1
v Pe ( ( ) )

c c c c
u r

x r r r r x
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  
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      (2) 

in order to study the diffusion of particles embedded in 
the fluid. In (2), c can be considered as concentration of 
particles, while in a Fokker-Planck context as a prob-
ability density function. 

The Reynolds number Re and the Peclet number Pe 
are now defined as  

0

0

2
Re

2
Pe

U a U a

U a U a

D D

 
 

 
                    (3) 

where 0U is the maximum velocity for the fully devel-
oped pipe flow, U  is the mean velocity at the inlet for 
the developing flow,is the viscosity, D is the diffusion 
coefficient, and a is the inlet pipe radius. 
 

 

Figure 1. Axisymmetric geometry of a simple cartilaginous 
ring configuration. 
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The validity of Navier-Stokes depends on the Knud-
sen number, Kn / L , where λ is the mean free-path and  
L is a characteristic length scale of the problem. For 
small Kn the Navier-Stokes equations can be derived 
from an expansion in small Kn-numbers of the more 
fundamental gas kinetic theory (Chapman and Cowling, 
[11]). For the flow in a pipe the radius can be considered 
as a characteristic length and then the Knudsen number 
is very small in the present application. For the flow past 
a spherical particle with radius of the order of nano-me-
ters, the Knudsen number is however not small and the 
Navier-Stokes equations are not valid. In a layer close to 
the particle, of the order of the mean-free path of the 
air-molecules, the more fundamental gas kinetic theory 
must be applied. The role of the Navier-Stokes equations 
is then to provide with “outer” local values of the veloc-
ity field for the free-molecular flow around the particle. 
The drag force and the drag coefficient of the spherical 
particle are only known theoretically for small Kn num-
bers (continuum limit) and large Kn numbers (free- 
molecule limit). For the continuum limit the drag coeffi-
cient is 

3d fk d 
                 (4) 

where fd  is the particle diameter. 
For the intermediate range of Kn numbers an empiri-

cal correction, known as the Cunningham factor is in-
troduced as 

1 (2.34 1.05exp( 0.39 ))f

f

d
Cu

d




    .     (5) 

The expression for the drag coefficient is then 

3 f
d

d
k

Cu

 
                (6) 

which provides a value for the drag coefficient for all 
Knudsen numbers, Kn / fd . For Brownian diffu-

sion the diffusion coefficient D is then related to the drag 
as 

3d f

T T Cu
D

k d

 
 

               (7) 

where is Boltzmanns constant and T is the tempera-
ture. The wavy boundary is described in terms of the di- 
mensionless amplitude , defined as  

*

a

  . 

In order to analyze the flow problem analytically, an 
interactive boundary layer theory is applied to the fluid 
flow problem. Following the presentation by Sobey [10], 
the solution of the Navier-Stokes equation is divided into 

two parts, the outer part describing the core flow and the 
inner one describing the flow in the neighbourhood of 
the boundary. The present formulation of the theory is 
applicable when the typical length scale of the wall per-
turbation is of the same order as the pipe radius. In this 
so called “fine indentation limit” a balancing of the order 
of magnitude of terms gives that the wave amplitude 
scales with the Reynolds number as 

1/3(Re )O  .                (8) 

The core flow is then described by the small  and large 
re-number expansions 
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  (9) 

in which the leading order terms correspond to unper-
turbed pipe flow, and the second terms are corrections 
due to the finite amplitude of the wavy boundary. In the 
correction terms note the relationship between the am-
plitude and the Reynolds number given in (8). For a 
description of the boundary layer, a coordinate R is in-
troduced in the following manner: 

1/3(1 ) ReR r                   (10) 

within the present formulation, the velocities in the 
boundary layer are scaled as 

1/3

2/3

Re , (1)

v = Re v , v (1).

u u u O

O
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
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
             (11) 

The boundary layer equation for the axial velocity com-
ponent can be defined as 

2

2

ˆ
V

u u dp u
u

x R dx R

  
   
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          (12) 

where the pressure gradient is only a function of the 
stream-wise coordinate and the pressure scales as 

1/3 ˆ ˆRe , (1)p p p O  .             (13) 

It is convenient to rewrite (12) in terms of the stream- 
function   of the boundary layer as  

V=

u
R

x


 


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


                  (14) 

where 
2/3Re , (1).O                 (15) 

Another wall coordinate is introduced as 

( )Y R f x  ,                 (16) 
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where ( ) (1)f x O  is the shape of the wall and is a 
parameter controlling the amplitude of the wavy wall. The 
boundary layer (12) then becomes  

2 2 3

2 3

ˆdp

Y x Y x dxY Y

       
   
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      (17) 

where the asymptotic matching condition with the outer 
core solution is given by 

2/32( ( )) (Re )Y f x O as Y
Y


    


   (18) 

and the boundary condition at the wall ( )R f x  is the 

usual condition of no slip, such that 

( ,0) 0 , ( ,0) 0.x x
Y


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
         (19) 

To proceed analytically, the boundary layer (17) is solv- 
ed for the case of a small perturbation of the cylindrical 
wall so that << 1.  

This means that solutions corresponding to flow sepa- 
ration cannot be strictly described, however increasing 
from small values give a first indication of where the 
flow may separate. For larger wall perturbations   
(17) has to be solved numerically together with boun- 
dary conditions and matching with the core solution and 
the upstream solution. For small µ we assume that the 
solution of the boundary layer equation can be written as  

2 ( , ).Y x Y                 (20) 

The matching with the outer core solution is then ex-
pressed as  

2 ( ) .f x asY
Y

  


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After linearization the boundary layer, (17) becomes 
2 22

2 2 2
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which can be solved by introducing the Fourier trans-
form 

ˆ exp( )ikx dx 



   .          (23) 

A solution for the first derivative is of the form 
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where ˆ ( )W k  is a general function of k and Ai is the 

Airy-function. Matching with the core solution requires 
that 
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which determines the function ˆ ( )W k  and we find  
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The boundary layer velocity close to the boundary, 
therefore, is given by the Taylor expansion  

2

2

0

1/3

ˆ 2 2

ˆ2 6 (2 ) ( ) (0)

Y

u Y Y Y
Y Y

Y ik f k Ai Y

  




  
    

 

  



   

(27) 

After inverting the Fourier transform, the velocity be-
comes 
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                                        (28) 

For a specific form of the boundary f(x), the function 
g(x) in (28) can be calculated. An interpretation of this 
term is that it corresponds to the wall shear stress intro-
duced by the wavy boundary. The minimum of this func-
tion is therefore given to the position of minimum wall 
shear stress. Thus, in a situation in which µ increases 
from zero to small but finite values, this minimum gives 
an indication of where the flow first separates. The cor-
responding wall normal velocity to (28) is 

21
v( , )= ( ) ( )(2 ( )) ...

2
x Y g x Y f x g x Y         (29) 

The expanded results (28-29) are of importance for 
the large Pe solution of the convective-diffusion equa-
tion since, as will be shown below, only the velocity 
components close to the boundary are required. 

2.2. The Convective-Diffusion Equation 

Next, consider the convective-diffusion equation 
2
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       (30) 

Since we consider the limit of large Pe, the lowest order 
approximation to (30) is simply 

v 0
c c

u
x r

 
 

 
.               (31) 

This suggests that the concentration is preserved along 
streamlines. For absorption of particles reaching the 
boundary, however, the required boundary condition is  

0c  , which cannot be fulfilled by solutions of (31), 
therefore, a boundary layer analysis of (30) is required. 
Using the boundary variables introduced in the previous 
section, the diffusion equation can be written in the form 
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where the second derivative of c with respect to x is ne-
glected as is a common praxis in boundary layer analysis. 
For the application in focus, is usually very small, so 
we consider this to be the case for the rest of this paper. 

Introducing a boundary layer variable Y    , (32) 

transforms to 
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By Taylor-expanding the arguments of the velocity com- 
ponents and balancing the order of magnitude of the 
terms it is found that 1/3 implying that only the ap-
proximate form of the velocities in (28-29) are required. 
A similarity solution exists with a similarity variable of 

the type 
h x
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（ ）

 and with a corresponding differen-

tial equation 
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Choosing the quantity inside the bracket to be 3, the 
equation for the concentration boundary layer thickness 
h(x) is obtained as 
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A solution corresponding to zero concentration boundary 
layer thickness ( )h x  at entry x = 0 is then given by 
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For µ = 0 we recover the result for convective-diffu- 
sion in ordinary pipes. The equation for the concentra-
tion, (34), then becomes 

2( ) 3 ( ) 0c c     .                (37) 

The solution can be written in terms of the incomplete 
gamma function with solution fulfilling the boundary 
condition 0c   at as 
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   

 
 .  (38) 

Of special interest is the particle deposition due to 

diffusion, which corresponds to the normal component 
of the particle diffusion flux at the wall. In non-dimen-
sional form this is 

1
ˆ( )n

Y o

j n c
pe 

  
.
             (39) 

Neglecting terms of order 2( )O   we find the following 

expression for the deposition: 
2/33

1
( ) ( )
3

n

pe
j

h x






.
                 (40) 

As an example of a possible cartilaginous wall-shape, 
we consider the periodic function  

0 0

0

1
sin( ) ( ) 0

( ) 2
0 2

k x H x k x
f x

k x



 

   
   .

     (41) 

Here, the parameter k0 is measure of the spacing between 
the rings. A convenient lowest order approximation for 
the analytical analysis is the first two Fourier compo-
nents of (41), i.e., 

0

1 1
( ) ( sin( )) ( )

2
f x k x H x


           (42) 

inspection of bronchoscopic videos shows that for the 
application of cartilaginous rings, these simple wall 
shapes are quite reasonable, at least in some parts of the 
tracheobronchial tree and the shape given by (41) is 
similar to that studied by Martonen et al. [12]. The dif-
ferences between the shape (42) and the shape consid-
ered by Martonen will be discussed in Subsection 3.2. 

For x > 0 the inversion of the Fourier transforms, 
needed for the calculation of the velocity components, 
can be found by deforming the complex k-integration 
contour into the complex plane around a branch-cut cho- 
sen along the positive imaginary k-axis. For x < 0 the 
integration contour can be closed in the lower half com-
plex k-plane yielding that it is zero. This means that 
there is no perturbation of the boundary layer flow up-
stream of x = 0. For x > 0 the following result is obtained 
after inversion of the Fourier integrals 
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or for brevity 

( , ) 2 ( ) ...,u x Y Y g x Y           (43) 
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where g(x) is defined by 
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                                        (44) 

Here , ( )S z   is a Lommel function defined in Abra- 

mowitz and Stegun [12]. For large x the first term in g(x) 
dominates and is represented by a simple sinusoidal form. 

In Figure 2 the function g(x) is plotted and compared 
with the shape of the boundary f(x). It is noted that both 
functions have the same period with g(x) ahead of f(x) 
with a phase that for large x becomes . Since g(x) is 
the correction of the wall shear stress due to the wavy 
wall, this result can be used to pinpoint the position 
where separation first occurs. This position is where g(x) 
has a minimum, i.e., before the minimum of f(x). 

The behaviour of g(x) is also essential for the particle 
deposition rate since, as will be shown below, g(x) is at 
its maximum where the concentration boundary layer 
thickness is at its minimum. Correspondingly, the con-
centration boundary layer thickness is at its maximum at 
the point of first separation. From (36) the general ex- 
pression for the concentration boundary layer thickness 
can be derived as 

1/3
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(45) 

Expanding (45) results in 
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h x x g x g d
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                                                  (46) 

where it can be noted that the expansion (46) is invalid 
for very small x. The local deposition of particles can be 
obtained from the normal diffusive flux at the wall, 
given by 

0

1
ˆ( )

Pen
Y

j n c


   .            (47) 

Now, by inserting (45) into (47) the local flux is given 
by 

1/3 -2/33 2
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1 9( )
3
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,            (48) 

 

Figure 2. The functions g(x) and f(x). 
 
or with numerical values 

-2/30.6783Pe ( )nj x  

where 
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4 12
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x x g x g d
x
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Please observe that the scaling with Pe is the same as for 
ordinary pipe flow ( 

Since the largest deposition occurs for the minimum 
thickness of h(x), we note from (44-45) that the largest 
deposition is localized to the region just before the 
maximum of f(x), which for the wall geometry defined in 
(42) is in fact approximately ahead of the maximum 
of f(x). It follows that the minimum deposition occurs at 
the point of first separation. 

Using expression (44), an analytic expression for the 
integral in (45) can be obtained as 
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(50) 

Combining this with (46) the local deposition rate given 
by (48) can be calculated. In Figure 3, the local deposi-
tion rate is plotted as a function of x for a finite and a 
zero value of . From this figure it is clearly seen that 
the maximum local deposition is slightly ahead of the 
minimum radius of the pipe. 

It is also of interest to calculate the cumulative depo-  
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Figure 3. Local deposition rates for finite and zero value of 
. To connect the results with the ring structure, the shape of 
the rings f(x) are also shown. 

 
sition after a length X by performing the surface integral 
over the azimuth angle and the x-coordinate. This can be 
done analytically, but the expression is rather compli-
cated and is omitted for brevity. The cumulative deposi-
tion after length X is instead written as 

1/3 2/3
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6 2
( ) ( ) ( , , , )

1 9( )
3

C X Pe X k
    
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where 
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                                    (52) 

To get an expression for the probability of a particle to 
adhere to the boundary after a length X, (48) is divided 
by the inlet flux, which in dimensionless quantities is 
equal to 2 so 

1/3 2/3
0

12 2
( ) ( ) ( , , , )

1 9( )
3

P X Pe X k   


.    (53) 

For cylinder tube flow  a rather neat expression 
materializes 
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3
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                                     (54) 

This result is valid for a cylindrical smooth-walled tube, 
and is in agreement with the result given by Ingham [6] 
for a fully developed parabolic velocity profile. Analysis 
of (49) and (50) shows that the total deposition for finite 
 is somewhat greater than for the case of an ordinary 

pipe, and effects from the waviness of the wall are 
clearly revealed, as exemplified in Figure 4 where the 
cumulative deposition given by (50) is plotted for dif-
ferent amplitudes of the wall perturbation. The values of 
the dimensionless numbers are Re = 450 and Pe = 
100000, corresponding approximately to light breathing 
conditions in generation 4 [12] with a particle diameter 
of 10 nm and pipe radius 2.25 mm. Results are shown 
for an ordinary smooth pipe, and for ring configurations 
with small ring-amplitudes  and  
where we note the relation with  as 1/ 2    

1/3Re . The spacing of the rings is chosen such that there 
are five rings within a length of 6 radii, corresponding to 
the wavenumber 0 5k  . 

3. NUMERICAL RESULTS 

3.1. Comparison of Theory with Numerical 
Solution for Parabolic Flow 

The approximate theoretical analysis in Section 2 can 
only provide results for small ring-amplitudes without 
flow separation. For larger amplitudes it is necessary to 
solve the equations numerically. Hence, a numerical so- 
lution of (1-2) is considered. The commercial software 
Comsol Multiphysics 3.5 is used to serve this purpose, 
since this code enables the Navier-Stokes and convec-
tive-diffusion equations to be solved simultaneously. In 
Comsol, the finite element method is used, and an adaptive 
 

 

Figure 4. Cumulative deposition P along the wall as a func-
tion of position X as obtained from (50) for different ring- 
amplitudes. 

mesh-refinement method is applied. For the implementa-
tion of the geometry and for post-processing, Comsol 
script or Matlab are used, both of which can be conven-
iently applied together with Comsol Multiphysics. To 
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start with, the equations for the wavy wall are solved (42) 
and then the theory presented in the previous section is 
used to validate the numerical results. 

First, the theoretical (51) and numerical results for 
smooth-walled pipe flow are compared. The agreement 
is very good for Pe that equals to 100000 and with a Re 
of 450, despite the boundary layer approximation used in 
the theoretical analysis, see Figure 5. Next, the rings 
with a small amplitude of 0.025 diameters is studied. 
The agreement between the local deposition rate as cal-
culated from the numerical method and the analytic 
method presented in the former section is rather good, 
see Figure 6. The agreement between the methods for 
the corresponding cumulative deposition is also rela-
tively good; where the deviation is most notable for 
small and large X, see Figure 7. It is therefore concluded 
that the numerical results are reliable and we proceed 
with considering larger values of the ring-amplitudes. 

Consider a ring-amplitude of .1, mimicking the 
size of amplitudes used in other studies of effects of the 
cartilaginous rings, e.g. (Martonen et al. 1994) [12]. 
There is a qualitative difference in the flow pattern be-
tween this case and that for small  . For he 
flow separates in the region between the rings, see the 
lower plot in Figure 8, while for , there is no 
separation, see upper plot in Figure 8. 

A rough criterion for separation can be obtained from 
the theory developed in Subsection 2.1. From the ex-
pression for the velocity profile at the wall g(x) we find 
for large x that the wall shear stress becomes 

0

2 ( )
Y

u
g x

Y





 


             (55) 

at minimum g(x) and for large x we have zero wall shear 
stress if 

1/3 1/3
02Re (0)62crit critAi k   .          (56) 

Solving for critical amplitude we have 
1/3 1/3
00.75 2 Recrit critk  .           (57) 

For the present case this gives the critical amplitude of 
about 0.06 which is quite close to the estimate from the 
numerical analysis. 

In Figure 8 the red area corresponds to high concen-
tration c while the blue area corresponds to regions of 
lower concentration. Remarkably, but in accordance with 
the theory, the deposition is not larger in the separated 
regions, instead the maximum deposition occurs at the 
point of reattachment, i.e., just before minimum contrac-
tion. This is also in agreement with the theory developed 
in Subsection 2.2 where the largest deposition is ob-
tained at the maxima of the function g(x) and the lowest 
deposition at the point of minimum g(x), the latter cor-
responding to the position of first separation. 

 

Figure 5. Comparison between numerical and analytical solu-
tions for smooth pipe. 
 

 

Figure 6. Comparison with numerical and analytical results 
for a ring amplitude = 0.05. 

 

 

Figure 7. Cumulative deposition P along the wall as a function. 
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In Figure 9 the cumulative deposition for amplitudes 
.1 and are shown. It is noted that the larg-
est increase in deposition compared to a smooth pipe is 
in the region before the first ring, where the deposition 
for the case  is about 40% higher than for the 
smooth-walled tube. 

3.2. Analytic and Numerical Results for  
Developing Flow 

Since after an airway bifurcation approximately half the 
flow in each branch will have a developing character, we 
here consider a developing flow in an axisymmetric tube 
with cartilaginous rings. For this case an analytic ap-
proach is nontrivial, even without rings; hence, the case 
with cartilaginous rings is only treated numerically. Ne-
glecting the rings, different approximate results have 
been presented in the literature. Ingham [7,8] applies an 
integral approach for the entry flow and solves the con-
vective-diffusion equation numerically. An approximate 
expression for the deposition, similar to (51), is provided 
in the form 
 

 

Figure 8 Concentration distribution and streamlines for 
upper)and (lower). 

 

 

Figure 9. Cumulative deposition for different ring ampli-
tudes. 

5/9 2/3Pe
( ) 3.023( ) ( )

Re Recyl

X
P X             (58) 

which is valid for small X/R < 0.02. A similar approxi-
mate analytical result using a more heuristic method has 
been given by Martonen et al. [9] as 

1/2 2/3Pe
( ) 2.75( ) ( )

Re Recyl

X
P X  .            (59) 

We note the difference in the scaling for X/Re in (55) 
and (56). It is therefore of interest to consider this prob-
lem numerically where the applied conditions at the inlet  
correspond to uniform flow and the volume flux is the 
same as for the parabolic flow case with Re = 450 and 
Pe = 100000. 

The numerical result obtained fits well in between the 
results of Ingham and Martonen as shown in Figure 10, 
where the solid red line corresponds to the numerical 
solution and the dash-dotted curve corresponds to the 
result (55) and the dashed line corresponds to the result 
(56). For comparison the analytical results for the fully 
developed case is also shown as dotted. It is seen that the 
deposition is about 25% larger for the developing flow 
as compared to the parabolic flow. 

Since there is a disagreement in the power between (55) 
and (56), the power for the numerical solution is calcu-
lated to 0.5437 for large X, which is more close to the 
value 5 / 9 0.5556  provided by Ingham [8] than the value 
1/2 given by Martonen et al. [9]. On the other hand, the 
results by Martonen et al. [9], obtained from (56), have a 
good conformity near the entrance of the tube, which is as 
expected since the flow is of here of Blasius type, which 
has the power 1/2 (Schlichting et al. [13]). 

Next we consider the total deposition for developing 
 

 

Figure 10. Comparison of different analytical results (55- 
56) with numerical solution for a smooth pipe with de-
veloping velocity profile. 
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flow for rings with amplitudes z = 0.1 and . See 
Figure 11. The results show that the largest increase 
in deposition occurs before the first cartilage ring with 
an increase of the order of 25% for  and 35% 
for when compared to the case of a smooth 
pipe. The total deposition is as for the fully developed 
case also increased considerably by increasing the 
amplitude from to  

Considering other shapes of the cartilaginous rings is 
also of interest. The shape studied by Martonen et al. [12] 
is presented in Figure 12. To compare this case with the 
case studied above we consider the same number of 
rings. This means that the region between the rings is 
larger than for the case of the sinusoidal shape discussed 
above. Since these regions have lower deposition rates 
than in the region of smaller cross section the overall 
deposition is smaller than for the corresponding sinusoi-
dal shapes see Figure 13. 
 

 

Figure 11. Cumulative deposition for different ring am-
plitudes for the case of developing flow. 

 

 
Figure 12 Cartilaginous ring configuration of Marto-
nen type. 

 
Figure 13. Cumulative deposition for the ring configura-
tion by Martonen et al [12]. 

4. CONCLUSIONS AND DISCUSSION 

The deposition of nano-sized spherical particles on 
thewalls of a cylindrical tube with periodically spaced 
cartilaginous rings has been explored. For fully de-
veloped flow and for small ring amplitudes analytic 
formulas are derived. It is found that the rings in-
crease the deposition rate and it is shown analytically 
that the largest deposition occurs at a position ap-
proximately /12 before the minimum cross section 
where  is the spacing between the rings. These re-
sults are validated with numerical computations. For 
larger amplitude of the rings  > 0.06 corresponding 
to light breathing conditions, the flow separates and 
the largest local deposition is at the point of reattach-
ment. Although it has a strong influence on the varia-
tion in deposition along the tube the total deposition is 
marginally effected by the amplitude of the rings for 
small amplitudes  < 0.10. For slightly larger values 
of the amplitude  = 0.05, the total deposition is how-
ever increased considerably. 

For the case of a developing smooth-wall flow the 
deposition rates are 25% larger than for fully devel-
oped flow while the additional deposition effect 
caused by the cartilaginous rings is of the same order 
as for the fully-developed flow. The rate dependency 
can be of interest for flow in a tube downstream a 
bifurcation where approximately half of the flow at-
taches to a new wall. A comparison with the ring 
shapes considered by Martonen et al. [12] also illus-
trates another effect, the effect of the ratio of ring ra-
dius to the length between the rings. Considering the 
same number of rings as the sinusoidal shapes, the 
distance between the rings is larger and therefore 
from theory we know that these regions of separated 
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flow have lower deposition rates than in the regions 
close to the rings, and therefore the overall deposition 
is smaller. 

Future work involves other breathing conditions 
especially heavy breathing conditions (large Pe) and 
non-spherical particles such as fibres. The effect of 
asymmetric flow after a bifurcation at inlet is also of 
great interest. Particle deposition due to cartilaginous 
rings in the trachea will also be considered. The flow 
in the trachea is in general turbulent and the present 
results which are valid for laminar flow can therefore 
then only be applied for very weak breathing condi-
tions. Here it is of interest to investigate whether the 
separation due to the rings that occur for the laminar 
case will still be present in the turbulent case, since it 
is a well known phenomenon in fluid mechanics that 
turbulence resists the onset of separation. 

In recent experiments (Åkerstedt et al. [15]) on 
carbon nanotubes it has been seen that the particles 
are electrically charged, therefore studies of deposi-
tion due to charged particles will also be considered. 
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ABSTRACT 

A finite volume method for the numerical solu-
tion of viscoelastic flows is given. The flow of a 
differential upper-convected Maxwell (UCM) 
fluid through a contraction channel has been 
chosen as a prototype example. The conserva-
tion and constitutive equations are solved using 
the finite volume method (FVM) in a staggered 
grid with an upwind scheme for the viscoelastic 
stresses and a hybrid scheme for the velocities. 
An enhanced-in-speed pressure-correction al-
gorithm is used and a method for handling the 
source term in the momentum equations is em-
ployed. Improved accuracy is achieved by a 
special discretization of the boundary condi-
tions. Stable solutions are obtained for higher 
Weissenberg number (We), further extending 
the range of simulations with the FVM. Numeri-
cal results show the viscoelasticity of polymer 
solutions is the main factor influencing the 
sweep efficiency. 

Keywords: Upper-Convected Maxwell (UCM) Model; 
Finite Volume Method; Viscoelasticity; Sweep  
Efficiency 

1. INTRODUCTION 

In the recent years, numerical simulation of viscoelastic 
flows has been a powerful tool for understanding the 
fluid behavior in a variety of processes of both industrial  

and scientific interest [1,2]. Polymeric fluids, owing to 
their viscoelastic characters, are of particular interest 
in the numerical simulation because of their wide ap-
plications in material processing and their different 
behavior from that of Newtonian fluids in ways which 
are often complex and striking. Although there have 
been many successful numerical predictions of elastic 
fluid flows [3-5], in which the Weissenberg number 
(We), standing for the elasticity, is low. 

In the process of water flooding alone, the residual oil 
remaining within porous media is difficult to be dis-
placed or recovered. In comparison, polymer flooding is 
more effective. Experimental results [2,5,6] indicated the 
viscoelasticity of polymer solutions can enhance the 
displacement efficiency, but there have been few theo-
retical studies on this subject. 

In this work, with the upper-convected Maxwell 
(UCM) model, the fluid flow through a 4:1 sudden con-
traction channel is studied by using a stable finite vol-
ume scheme. An enhanced-in-speed pressure correction 
algorithm and a method for handling the source term in 
the momentum equations are employed. The simulation 
accuracy is improved by a special discretization of the 
boundary conditions. The presented method succeeds in 
providing accurate numerical solutions, and elasticity 
levels up to We = 3.0. Where with the finite difference 
method the We, standing for the elasticity, is less than 0.5 
[7,8]. 

In the following sections, the description of the prob-
lem, the mathematical model of the flow and the solution 
method are described respectively. The discretization of 
the source term and the boundary conditions are sepa-
rately examined. The contours of velocity, stream func-
tion and pressure are drawn. Finally, the simulation re-
sults are presented and conclusions are drawn regarding 
the use of the FVM for viscoelastic flow simulations. 
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C. Q. Fu et al. / Natural Science 2 (2010) 780-785 

Copyright © 2010 SciRes.                                    Openly accessible at http://www.scirp.org/journal/NS/ 

781781

2. MATHETICL MODEL 

2.1. The Model of Sudden Contraction 
Channel 

The micro-pores of an actual reservoir are in general 
complicated. These pores are often simplified in nu-
merical simulation. The problem geometry is shown in 
Figure 1. It concerns the flow of a UCM fluid through 
a planar 4:1 sudden contraction channel. Then, flow 
behavior of viscoelastic polymer solutions is studied 
with this simplified physical model. Note that the di-
mension in the Figure 1 are dimensionless. 

2.2. Governing Equations 

The isothermal flow through contraction for incom-
pressible fluids, such as polymer solutions and melts, is 
governed by the equation of continuity and motion, 
which can be expressed as 

0v                    (1) 

v v p                   (2) 

where v is the velocity vector, p the pressure, τ the ex-
tra stress tensor and ρ the density. 

The constitutive equation that relates the stresses τ to 
the deformation history is predescribed by the UCM 
model, which in its differential form is written as 

  


                   (3) 

where λ is the relaxation time, μ a constant viscosity, 

  the rate-of-strain tensor and 


 Oldroyd’s upper 

convected derivative of the stress tensor τ. 
The above equations are non dimensionalized by in-

troducing the non-dimensional variables 
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where the characteristic velocity (U) and characteristic 
length (L) are taken as the average velocity in the down- 
 

A 

A 

B4B 

 
Figure 1. The model of sudden contraction channel. 

stream half channel and the width of the downstream 
half channel, respectively, η is the constant shear vis-
cosity, u is the velocity component in the x direction, 
and v is the velocity component in the y direction. 

Therefore, in the dimensionless form the governing 
equations are given in the following, where the subscript 
D is omitted for brevity. 

For a two-dimensional system in a rectangular co-or-
dinates (x,y) with the velocity components (u,v), the con-
tinuity Eq.1 can be written as 

0
u v

x y

 
 

 
                  (4) 

The momentum equation (Eq.2) is given by 

[ ( ) ( )] xyxxp
Re uu uv

x y x x y

   
    

    
     (5) 

[ ( ) ( )] xy yyp
Re vv vu

x y y x y

    
    

    
     (6) 

and the constitutive equations for the UCM fluid can be 
written as 

[ ( ) ( )]xx xxWe u v
x y

 
 


 

 

2 (1 2 ) 2xx xy

u u u
We We

x x y
 

  
   

  
       (7) 

[ ( ) ( )]yyyyWe u v
x y

 
 


 

 

2 (1 2 ) 2yy xy

v v v
We We

y y x
 

  
   

  
       (8) 

[ ( ) ( )]xy xyWe u v
x y

 
 


 

 

( ) ( )xy xx yy

v u v u
We

x y x y
  

   
    

   
     (9) 

where τxx, τxy and τyy are the stress components in usual 
sense. 

The Weissenberg number (We) and Reynolds number 
(Re) in Eq.9 are defined by 

U
We

L
 ,

UL
Re




 . 

To solve Eqs.4-9, the boundary and initial conditions 
are given below. 

For the full-developed steady Poiseuille flow, the inlet 
boundary condition is 

1 26( )
4

u y  , 0v  , 22 e( )xx

u
W

y
 


 , 

0yy  , xy

u

y
 


 . 

No-slip conditions are imposed on solid boundaries 



C. Q. Fu et al. / Natural Science 2 (2010) 780-785 

Copyright © 2010 SciRes.                                    Openly accessible at http://www.scirp.org/journal/NS/ 

782 

and symmetry conditions are specified on the symmetri-
cal axis [9]. 

At the outlet a fully developed velocity profile is im-
posed with the homogeneous Neumann boundary condi-
tions for the extra-stress, i.e., 

0
xx xy yy

x x x

    
  

   

3. NUMERICAL ALGORITHM 

The constitutive relation Eq.3 is solved together with 
Eqs.1 and 2 using the FVM. Here some details about our 
own implementation of the method are given. 

3.1. Computational Grid 

A grid is placed in the computational domain and a 
control volume is associated with each unknown on 
the grid. This grid, called the reference grid, remains 
fixed in space for all time. In this study, we assume 
that the sides of each control volume are aligned with 
the coordinate axes. Each component is integrated over 
an appropriate control volume [10]. The grid is shown 
in Figure 2. 

The staggered grid is used in which the different de-
pendent variables are approximated at different mesh 
points. Both meshes ensure that the solution is not pol-
luted by spurious pressure modes. On a non-staggered 
mesh the familiar chequerboard mode is applied. 

3.2. Discretization 

A simple finite volume formulation is used for the dis-
cretization and the first-order Euler implicit formula is 
used for temporal differences because of its simplicity 
for implementation and unconditional stability in nu-
merical computations. 

In employing the FVM, the governing equations are 
written in the following general form [11]: 

( ) ( )mv S                  (10) 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Staggered grid. 

3.2.1. Discretization of Continuity Equations 
The discretized continuity equation reflects the mass 
conservation for each cell: 

e w n s 0F F F F               (11) 

where 

eeF u yRe  , wwF Reu y , 

nnF Reu x , ssF Reu x . 

Fe is the outgoing mass flow rates at cell face e, ue refers 
to the cell face velocity component, and the same for Fw, 
Fn, Fs and uw , un , us. 

3.2.2. Discretization of Momentum Equations 
Eqs.5 and 6 can be written in the general form of Eq.10 
using the transformation 

2xx xx
u

x
     


              (12) 

2yy yy
v

y
     


              (13) 

( )xy xy
u v

y x
       

 
          (14) 

where    is the elastic part of the stress tensor   [12]. 
Substituting Eqs.11-13 into the momentum equations 

and assuming a constant viscosity turn Eqs.5 and 6 into 

(Re ) (Re ) ( ) ( )
u u

uu uv
x y x x y y

     
   

     
 

( )xyxx u v p

x y x x y x

     
   

     
      (15) 

(Re ) (Re ) ( ) ( )
v v

vv vu
x y x x y y

     
   

     
 

( )yy xy u v p

y x x x y y

       
   

     
     (16) 

In Eqs.15 and 16 the viscous parts are discretized as 
the diffusion terms of Eq.10, while the other terms on 
the right-hand side are treated as extra source terms. 

Then the final discretized equations of momentum can 
be expressed symbolically in a general form: 

P P E E W W N N S S ua u a u a u a u a u S         (17) 

where uP refers to the cell velocity component, and the 
same for uE, uW, uN and uS. 
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N n
n

max( ,0)
x

a F
y


    

S s
s

max( ,0)
x

a F
y


  . 

3.2.3. Discretization of Constitutive Equations 
The adopted viscoelastic model also has the general 
transport equation from Eq.10 without diffusion term 
( = 0). To ensure numerical stability, generally, a first- 
order upwind difference (UD) is used for spatial discre-
tization. Thus, the discretized constitutive equation can 
be written as 

P P E E W W N N S Si ij ij ij ij ij ija a a a a S    
            (18) 

where τijP refers to the cell stress component, and the 
same for τijE, τijW, τijN and τijS. 

E emax( ,0)a We F   , W wmax( ,0)a We F  , 

N nmax( ,0)a We F   , S smax( ,0)a We F  , 

P E W N Sa x y a a a a            

e w

4
( 2 )( )
3XX xxS We u u y       

n s n s

2
2 ( ) ( )

3xyWe u u x v v      

n s n s(1 )( ) ( )
xy yy xyS We u u We v v         

e w e w( ) (1 )( )xy xxWe u u We v v      

e w e w

2
( ) 2 ( )

3yy xyS u u We v v        

n s

4
( 2 )( )
3 yyWe v v   

where ve refers to the cell face velocity component, and 
the same for vw, vn, vs. 

3.3. Solution of the Discretized Equations 

In non-linear problems the equations are solved with itera-
tive methods using an initial guess for the primitive vari-
ables and giving an approximate solution. The iterative 
methods have the advantage of less computer memory as 
they take advantage of zero elements in the coefficient 
matrix. In this work, the strongly implicit procedure (SIP) 
[13-15] is used, which involves the direct, simultaneous 
solution of the set of equations formed by modification of 
the original matrix equation. The modified matrix is con-
structed according to two criteria: 1) the equation set must 
remain more strongly implicit than in the alternating direc-
tion implicit (ADI) case; and 2) the elimination procedure 
for the modified set must be efficient. 

4. RESULTS AND DISCUSSION 

As discussed above, a numerical simulation method is 
used and the stream function contour, velocity contour 
and pressure contour with different We can be obtained. 
As an example, the stream function and velocity con-
tours with We equates 0 to 3.0 are shown in Figures 3-5, 
respectively. 
 

 
(a) We = 0, Re = 10-5 

 

 
(b) We = 0.6, Re = 10-5 

 

 
(c) We = 1.5, Re = 10-5 

 

 
(d) We = 3.0, Re = 10-5 

 
Figure 3. Stream function contours. 
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Figure 3 shows the influence of the We on the stream 
function, we can see that when the Reynolds number is 
smaller, the vortex area is expanding as We increasing, 
and the corresponding vortex strength will be enhanced, 
thereby the fluid velocity and applied force in the con-
vex corner will increase too. So, displacing the dead oil 
in convex corner, enhance vortex-convex is an important 
reason to raise the angle of displacement oil. This is be- 
 

 

(a) We = 0, Re = 10-5 

 
(b) We = 0.6, Re = 10-5 

 

(c) We = 1.5, Re = 10-5 

 
(d) We = 3.0, Re = 10-5 

Figure 4. Velocity contours. 

cause under the flowing conditions of reservoir (That is, 
Reynolds number is smaller), the viscoelastic of fluid 
plays a important role in fluid flow, the stronger the vis-
coelastic (That is, We is larger), the stronger the viscoe-
lastic vortex is. 

In Figure 4, from the area surrounded by the speed of 
v = 0.03125, it is seen that the micro sweep area and 
sweep efficiency increase as the We increases. 
 

 

(a) We = 0, Re = 10-5 
 

 
(b) We = 0.6, Re = 10-5 

 

 
(c) We = 1.5, Re = 10-5 

 

 

(d) We = 3.0, Re = 10-5 

 
Figure 5. Pressure contours. 
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In Figure 5, at the downstream of the contraction, the 
pressures change gently. In the convex area of contrac-
tion, pressures vary intensely and the difference grows 
larger with the increase of We. That is to say, the pres-
sure loss mainly happens at corner. The the pressure 
drop is larger with a bigger We. The high pressure drop 
and high velocity of viscoelastic polymer solution at 
corner strengthen the displacement and wash action, and 
it will increase the microscopic sweep efficiency. 

5. CONCLUSIONS 

In this paper, the flow of a UCM model fluid through a 
4:1 sudden contraction channel has been studied using a 
stable finite volume scheme. The solution method suc-
ceeds in obtaining accurate values for all variables at 
elasticity levels up to We = 3.0. 

The present simulations reinforce the point that the 
FVM can be used as a viable alternative for the solution 
of viscoelastic problems. The results are accurate and 
offer an improvement over previous numerical solutions. 
Although the present study has been applied to a UCM 
fluid in a relatively simple geometry, it can be further 
extended to other more realistic constitutive equations, 
such as the Phan-Thien-Tanner or Giesekus-Leonov mo- 
dels, etc. and to other geometries encountered in poly- 
mer processing. 

Numerical results show that the viscoelasticity of poly-
mer solutions is the main factor influencing sweep effi-
ciency. With increasing elasticity, the flowing area in the 
corner is enlarged significantly, thus the area with immo-
bile zones becomes smaller. Flow velocity is larger than 
that for a Newtonian fluid, the sweep area and displace-
ment efficiency increase as the elasticity increases. The 
pressure drop in the convex area is larger with a bigger 
elasticity, and it will strengthen the displacement and wash 
action at the corner. The viscoelastic behavior of the dis-
placing polymer fluids can in general improve the dis-
placement efficiency in pores compared to using Newto-
nian fluids. This conclusion should be useful in selecting 
polymer fluids and designing polymer flooding operations. 
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ABSTRACT 

When I put Kepler’s first law under peer review, I 
note: 1) There is an isolation cordon between 
daytime and night = 13.88 m; 2) Earth’s Rotation 
Axis loses its tendency to its mother (Polaris 
now) in winter; 3) Celestial’s equator doesn’t 
parallel Earth’s equator; 4) Ice sheet in Antarc- 
tica equals ice sheet on arctic. But we find the 
field observation data contrary to that. 

Keywords: Astronomy; Solar; Collapse; System; 
Coronal Model; Elliptical Orbit 

1. INTRODUCTION 

I think, it is not easy to call astrophysicists or astro- 
nomers to review Kepler’s first law. But, when we take a 
look to the chart of celestial sphere, we strongly note 
that we could not put Earth’s equator in parallel with 
celestial’s equator, especially when we remember that 
the rotation axis of Earth is pointing (now) to Polaris; 
which is inclining about half degree to the North 
Celestial Pole (NCP) (See Figure 1). 

Indeed, monkey does not set down there. But, when 
we try to take a deep looking in minutiae, we find our 
self in the circle of wondering, especially when we try to 
reread the data of Figure 2. 
 How could the Earth’s equator parallel the cele- 

stial’s equator when (θz = θz´)? 
 How could Earth’s rotation axis tend to Polaris in 

winter when (θh = θh´�θH)? 
 Why we find some differences between daytime and 

night in times of Equinoxes when we use Kepler’s 
first law? 

But the hard question which stays with no good an- 
swer is (the penetration of Pluto in Neptune’s orbit). 
How we can understand the events of 1989 - 1999, with 
the horizontal model of orbits (Kepler’s theory)? Is there 
any relationship between this event and parallax, or 
ability of reflecting the light? 

From these points, we can realize that we have to re- 

view the whole data of field observation concerning the 
celestial’s sphere, which will be discussed in the fo- 
llowing pages, where we can obtain the core of the 
REAL ASTRONOMY. 

2. DEFINITIONS 

Wherever these words or phrases are mentioned they 
have the following meanings: 
 Earth’s Orbit (EO): It is a closed and elliptical 

phantom line drawn by Earth when it is turning 
around the Sun. 

 Major axis (MX): It is an image straight-line, its 
selvages touch of furthest points on elliptical orbit, 
and passes through its center. 

 Ecliptic: It is closed phantom line drawn by the Sun 
during its apparent movement around the Earth (the 
Earth’s orbit around the Sun). The extension of 
Ecliptic divides the wide strip of Zodiac into two 
equal halves (Its obliquity to celestial’s equator at 

 

 

Figure 1. (ERA) is tending to polaris, which inclines to 
(NCP), about 0.5°, so we have an angle (θa) between 
earth’s equator and celestial’s equator. 
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Figure 2. Two rotation axis are parallel; (with respect to; A = 
90° = h + z) (h = h´), (Z = z = z´), (H + B = 90°). 

 
J2000.0 = 23° 26´ 21.4119´´), which is moving in 
Zodiac 46.8″/1000 year [1]. 

 North Celestial Pole (NCP): It is a notional point 
located in the zenith of the center of the North 
Celestial Dome (NCD).  

 Earth’s Rotation Axis (ERA): It is a notional strai- 
ght line passes (theoretically) through the center of 
the Earth’s mass, and its two selvages touch of the 
center of the north and south poles of the earth’s 
mass, and it stands vertically with the level of the 
Earth’s equator. 

 Earth’s Poles Center (EPC): There are two opposite 
points on the surface of the Earth; the ERA is 
connecting between them in perpendicular with 
Earth’s equator. 

 Earth’s Equator (EQ): It is a notional line surrounds 
the surface of Earth from its mid. EQ is the zero 
latitude on Earth. (Its inclination to Ecliptic = 
23.45°). 

 Zenith: It is a notional point in the Celestial Dome 
(CD) which is directly located above the observer 
who stands on Earth. 

 Perihelion: It is a notional point on the EO, and a 
closest point on EO to the Sun. 

 Celestial Equator (CQ): It is a phantom line which 
surrounds the great celestial sphere from its mid, 
(CQ) is the zero latitude of the sphere. 

 Aphelion: It is a notional point on the (EO), and a 
furthest point on EO to the Sun. 

 Polaris: It is a star which shines in the top of the 
NCD, and it inclines 0.44349° to the NCP. 

3. SUPPOSITIONS OF THE RESEARCH 

I assume the following points in this research: 

 The inclination of (ERA) to falling column on ecli- 
ptic plane = 23° and 27´and 38.5881˝ at Perihelion, 
but at Aphelion = 23° and 25´and 42.8238˝. 

 The distance between Sun and Earth (surface to 
surface), when Earth is located at Perihelion = 
147.104 × 106 km. 

 The distance between Sun and Earth (surface to 
surface), when Earth is located at Aphelion = 
152.103 × 106 km. 

 (MX) does not pass through the center of the Sun’s 
mass. 

 The inclination of tropic of Cancer to Ecliptic plane 
= 38.588˝ (0.0107188 arc degree) to the south 

 The inclination of tropic of Capricorn to Ecliptic 
plane = 1´ and 17.1761˝ (0.0214376 arc degree) to 
the south. See Figure 4. 

4. OBJECTIVES AND QUESTIONS OF 
THE RESEARCH 

This research aims to explain the real astronomy, and 
then presents a new law in astronomy, which deals accu- 
rately with field observation data of (CD).  

Also, this research poses the following questions: 
 Does the center of the Sun locate in one of the two 

focuses of the Ecliptic? 
 Does celestial’s equator parallel Earth’s equator? 
 Why did we observe the penetration of Pluto in 

Neptune’s orbit in 1989? 
 Where is the location of Sun’s center in Ecliptic? 

5. DATA OF THE RESEARCH 

I basically depend on the following facts: 
 North selvage of (ERA) is pointing to Polaris, now.  
 (ERA) is standing vertically on (EQ). 
 Scientists are disagreed about the quantum of the 

inclination of the (ERA) to the falling column on 
Ecliptic plane [2]. 

 ea = a – (R´ + R + r), where (ea) is the distance bet- 
ween focus and orbit’s center, (a) the radius of orbit, 
(R) the radius of Sun, (R´) the planet’s radius, (r) 
the minimum distance between the Sun and the 
planet. 

 
1

a R  + 2R + r + r
2

 （ （2 ）  where; Astronomical 

Unit (AU) = 
1

(300610772.272) 
2

km, (r´) the 

maximum distance between planet and Sun.  

 Eccentricity (e) =
ea

a

´  

´  

r r

r r





. 

 Equatorial diameter of Earth [3] = 12756.272 km. 
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 Sun’s diameter = 1391016 kilometers ± 361.66 
kilometers [4] 

 Ice sheet on Arctic is more than the ice sheet in 
Antarctica [5]. 

 Obliquity of ecliptic to [4] (CQ) = 23° 26′ 21.4119″. 
 Inclination [4] of (EQ) to orbit = 23° 27′. 

6. PROBLEM OF RESEARCH 

The problem of this research is summarized in: 
1) (ERA) could not point to Polaris in winter.  
2) Earth’s equator does not parallel the celestial’s 

equator. 
3) Ice sheet on Arctic doesn’t equal ice sheet in 

Antarctica. 
4) Pluto could not penetrate in Neptune’s orbit. 
To explain this problem, I will try to imitate the first 

Law of Kepler, and put the data of this law on Figure 3 
as follows: 

1) Side (a b) represents the major axis of Ecliptic.  
2) Arrow (h) represents (ERA) when Earth stands at 

Perihelion. This arrow inclines 23.45º (23º and 27´) [4] 
to the Falling Column on Ecliptic (FCE).  

3) Arrow (h´) represents (ERA) when Earth stands at 
Aphelion. This arrow inclines 23.45º (23º and 27´) to the 
(FCE).  

4) Dashed arrow (n) is going from the center of (CD) 
toward the (NCP) and falls perpendicular on the ce- 
lestial’s equator.  

5) Side (e a) represents the (FCE), also the side (e´ b).  
6) Dashed line represents the celestial’s equator. This 

line inclines 23.438281º (23º 26´ 21.4119˝) [4] to ecli- 
ptic. See Figure 3. 

Through these data which Kepler depended on it, in 
his first law; I can mark the following notes, and explain 
how and where the mistakes had been happened: 
 θA = θH = θH´ = θA′ = 23.45° 
 θk = 90° 
 θC = (90º – θA) = 66º and 33´  
 θD + θC + θB = 180º. So; θD = 180º – (θC + θB) =180º 

– 89º 59´ 21.4119˝ = 90º and 38.588˝    (1) 
 θE = (180º – θD) = 89º 59´ 21.4119˝   (2) 

 θB = θB′ by reflection, so; θD′ = 180º – (θB′ + θC′ ) =  
90º and 38.588˝     (3) 

From this point we conclude that: 
1) If arrow (h) could intersect with arrow (n), then this 

possibility is unavailable with arrow (h´). This defect 
lets us to review all estimations concerning the quantity 
of inclination of (ERA) to (FCE).  

2) The results of two relationships (1) and (3) mean 
that the Earth’s equator does not parallel the celestial’s 
equator; please note: θE ≠ (θC + θH) and θE ≠ θk. 

3) When we note that the (θD′ > θK > θE), we realize 
that the (ERA) is losing its tendency to Polaris in winter.  

4) These results indicate to (one or more) mistakes in 
the first law of Kepler. 

7. DATA - PROCESSING 

To process the problem of this research, we have to work 
with the real data, and let us imagine that we have two 
vertical and adjoined triangles at same level, and the 
rectangle (d, c, z, g) separates between them, as follows:  

1) Side (a b) represents the ecliptic’s plane (the major 
axis of ecliptic), and the column (e) stands perpendicular 
on it to the maximum right, and column (e´) to the maxi- 
mum left. 

2) Arrow (h) represents the (ERA) when Earth stands 
at Perihelion, which (in the same time) stands perpendi- 
cular on the (EQ).  

3) Arrow (h´) represents the (ERA) when Earth stands 
at Aphelion, which (in the same time) stands perpendi- 
cular on the (EQ).  

4) Side (a g) represents the sunlight which vertically 
falls on the tropic of cancer when Earth stands at Perihe- 
lion.  

5) Side (b k) represents the sunlight which vertically 
falls on the tropic of Capricorn when Earth stands at 
Aphelion. 

6) Side (g k) represents Sun’s diameter. 
7) Arrow (n) trends from the center of the (CD) 

towards the (NCP), and stands perpendicular on the 
(CQ).  

8) Dashed line represents the (CQ) (See Figure 4).  
Of course, this hypothesis will seem voiceless and 

blindness, but the trial of putting the smooth data of 
celestial’s sphere on it, will make it enunciate by the 
whole truth; especially, when we try to handle the pro- 
blem of research, as follows:  

If the quantity of inclination of Earth’s equator to 
ecliptic (in first law of Kepler) which equals 23.45º 
could not match the field observation data, we will take 
attention to the following issues: 

1) The differences between two quantities (inclination 
of Earth’s equator to orbit, and obliquity of the ecliptic), 
may be calculated as follows:  

(23º 27´) – (23º 26  ´ 21.4119˝) = 38.5881″    (4) 

2) Because the motion of Earth is taking double race 
when it is moving from south of Ecliptic to north of 
Ecliptic; first step when it moves from south of Ecliptic 
to Ecliptic plane, but the second step when it moves 
from Ecliptic plane to the north of Ecliptic. Then we find 

the inclination of Earth’s equator to ecliptic takes place 
to south of the Ecliptic plane when Earth stands at 
Perihelion, but it takes place to north of Ecliptic plane 
when Earth stands at Aphelion. This rule requires adding 
the quantity of this difference (38.588″) to (23º27´) 
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Figure 3. Data of kepler’s first law. 
 

  
Figure 4. My theory. 
 
when Earth stands at Perihelion, and deducting its dou- 
ble when Earth stands at Aphelion, as follows:  

θA= 23º 27´ + 38.588˝ = 23º 27´ 38.588˝    (5) 

θA′ = 23º 27´ – (38.588˝ × 2) = 23º 25´ 42.8238˝  (6) 

Then: θC = 90º – θA = 66º 32´ 21.4119˝ 
where, θC ′ = 90º – θA′ = 66º 34´ 17.1761˝ 
then: θD = 180º – (θC + θF) = 90º 1´ 17.1761˝ 

So: θE = 180º – θD = 89º 58´ 42.8238˝       (7) 

3) These results concerning the angles on the Peri- 
helion. But calculation of the angles on the Aphelion; 
need more complex than before: 

(θA′ + θC ′ + θB) = 113° 25´ 42.8238˝ 

θD′ = 180º – (θA′ + θC ′ + θB) = 66º 34´ 17.1761˝. 
So: 

θE′ = 180º – (θD′ + θF′) = 89º 59´ 21.4119˝    (8) 

4) (23.45°) just equals the inclination of Earth’s 
equator to Ecliptic at equinox. 

5) The results in (5) and (6), mean that the incli- 
nation of tropic of cancer = 38.588˝ to south of Ecliptic 
plane when Earth stand at Perihelion, and the inclination 
of tropic of Capricorn = 1´17.1761˝ to south of Ecliptic 
plane when Earth stand at Aphelion. 

6) The results in (7) and (8), indicate that the two 
arrows (h, h´) will intersect the arrow (n), but they will 

not intersect on the same point. The intersection point of 
arrow (h) with arrow (n) is closer to the center of (CD) 
than the intersection point of arrow (h´) with arrow (n), 
with attention that the location of Polaris is to the west 
of arrow (n) in summer solstice, where its location in 
winter solstice is to the east of arrow (n). To be certain of 
these results accuracy, we should do the following 
calculations:  

a) If we consider that the side (a g) equals the length 
of sunlight which vertically falls on the tropic of cancer 
when Earth be on Perihelion + the radius of Earth (whi- 
ch equals 147110378.136 km), we can calculate the 
sides of the triangle (a g d) as follows:  

In the triangle (a d g) we have a sharp angle 
(0.0107188°) in (a), so; 

Sine 0.0107188° = 
gd

ga
. 

So; g d = Sine 0.0107188° ×147110378.136 km =  

27521.1669 km……………….…… (9) 

if cosine 0.0107188° = 
ad

ga
 

so the length of side (a d) = 147110375.5616 km     (10) 

if Cosine 0.0107188° = a c/a k, the length (a c) =  
0.9999999825 × (1391016 + 147104000 + 6378.136) = 
148501391.5373 km 
so the length of side (c d) = (a c – a d) =  

1391015.7517 km              (11) 

b) If we consider that the length of side (b k) = the 
length of sunlight which vertically falls on the tropic of 
Capricorn when Earth be on aphelion + the radius of 
Earth (which equals 152109378.136 km), we can cal- 
culate the length of the sides of triangle (b c k) as 
follows :  

Sine (0.0214376°) =   
ck

bk
 . So; 

c k = 56912.7422 km                       (12) 

Cosine (0.0214376°) = 
cb

bk
. So; 

c b = 152109367.4888 km                   (13) 

Length of side (a b) = (a d + c d + c b) = 300610758. 8021 km 

(14) 
So; the length of side (c d) ≠ the diameter of Sun, and 

the length of (a b) could not include the maximum and 
minimum distance between Sun and Earth (center to 
center); which equals 300610772.272 km. 

When we review the relationships (11), (14) we 
realize that we could not put the diameter of Sun on side 
(c d), but we can do that on side (g k)            (15) 

From these points we can consider that the length of 
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the side (a b) is express the Major Axis of Earth’s orbit, 
but it could not pass through the center of Sun   (16) 

When we note, θE ≠ θK, we realize that; (CQ) does not 
parallel (EQ)                               (17) 

After these results, we can say that: 
1) The side (k g) exactly equals the Sun’s diameter 

(1391016 km), which means; the side (k g) can 
(theoretically) pass through the center of Sun’s mass, but 
the side (a b) could not do that; because the length of (a 
b) could not simulate the perceptible quantity of equat- 
ion (2a (2R 2R r r )      (. Also the length of side (c 

d) does not equal the Sun’s diameter, which makes its 
passing through the center of Sun’s mass, impossible.  

2) The mid of (g k) represents the center of Sun’s 
mass, which means that the center of Sun’s mass is 
located far away from the focus (exactly 27534.18 km) 

                               (18) 
3) The relationship (18) means that the orbits of 

planets (around the Sun) are built one over other 
(coronal model), and this model is the correct processing 
for confused calculations. 

8. HARD EVIDENCES 

With relationships (5) and (6) we noted that the angular 
width = 46.9214°, which means that the range of oblate 
of the shadow on Earth’s surface reaches a maximum of 
30.383 km when beam falls vertically on equator (0°), 
and reaches a minimum of (0 m) when beam falls ver- 
tically on latitude of 23.46071°. This movement enwraps 
183.5 days. The result of this movement causes a longest 
night and a shortest night. (Note: If 46.9214° = 183.5 
days, so 23.46071° = 91.75 days). 

Depending on this result, we can know the speed of 
retrograding of splaying of the shadow (Vc) on Earth’s 
surface at 23.46071° by the following equation; 

23.46071 60 60
  0.0106542733878292˝

91.75 86400C d s
V s

t

   
   





 

  
But to know the rate of oblateness (splaying), we can 

use the following equation;
 

1 2

1

(R R 6387.136 6365.753
  

0.003347822R 6387.
C

136

 
  

）
 

where 1(R )  is the equatorial radius of Earth and 2(R ） 

is the polar radius. 
To know the maximum range of this oblateness;  

CMax = R1 × C = 30.383 km. 

To know the speed of retrograding of shadow’s con- 
cavity on Earth’s surface ( Ɔܸ) when sunlight moves on 
arc from 0° to 23.46071°; we can use the following 
equation: 

Ɔܸ
30383

 0.00383275305278
91.75 86400

Max
d s

C m
m s

t
   


 

At last, we can derive the following equation to know 
the maximum range of concavity of Sun’s beam on 
Earth’s surface (Ɔெ௔௫); 

Ɔெ௔௫ ൌ  
  Ɔܸ ൈ ߠ

௖ܸ
 

 0.00383275305278 (23.46071 60 60 )

(0.01065427338782924613987284287˝ )

m s

s

   



 

30383m  

Which means that: there is no gap between daytime  

and night. But when we depend on 23.45° we note that 
the line of dark is staying away from line of light on 
surface of Earth, and this gap (isolation cordon) reaches 
in maximum to 13.88 meters, when we use the (Ɔெ௔௫) 
equation with 23.45°. 

Another evidence; when we review the kepler’s first 
law, we note that the dark and the light doesn’t 
penetrate out of the North or South Polar circles 
(depending on 23.45°), I mean that the North or South 
Polar circles are receiving the same amount of dark or 
light at all time of the year, but in my theory 
(depending on 23.46071 in summer and 23.42856° in 
winter) we note that the dark (in winter) penetrates out 
of North Polar circle (C-zone) double the time of its 
penetration in the North Polar circle in summer. And 
we note that the light (in winter) penetrates out of 
South Polar circle (C´-zone) double the time of its 
penetration in South Polar circle in summer. This 
means that the ice on arctic is more than the ice in 
Antarctica. For this reason, the North Polar circle is 
receiving heat less than the South Polar circle, and for 
that we find the ice sheet on north is more than the ice 
sheet on south of Earth. See Figure 5. 

Overall, I have a good evidence for this collapse, 
which comes from nature. When I left my first home in 
2003 to a new apartment, after one month of my 
departure, the Local Electric Company came and cut the 
cable which was providing electricity to my first home, 
and left it hanging… the wind starts to move it east and 
west on the wall, and the cable starts to draw a line on 
the wall. After two years I noted that the cable has drown 
two lines on the wall, as seems in the following picture 
(see Picture 1). At first, I thought it is due to the 
contraction and expansion, but when I noted that the end 
of this cable was drawing the upper line in summer, and 
drawing the lower line in winter, I realized that there is 
another reason for that, (which means; there is no 
effectiveness of contraction and expanding on this result). 
Then I decided to return to Kepler’s first law, and draw 
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Figure 5. Wobbling of (dark and light) on polar circles. 
 

 

Picture 1. The cable appears when it was drawing two 
lines on the wall of my home. 

 

 

Figure 6. You can use the rule and the compass and pro- 
tractor to prove that, you have to use different angles and 
same gap of compass and same length of wall. 

 
these data on paper… at the end, I caught this fact: 

If the angle between (EQ) and Ecliptic is steady all of 
the year (as seemed in Figure 3), the cable has to draw 
one line (one arc), but when we have two different 
angles (one in winter and another in summer, as seemed 
in Figure 4), the cable has to draw two lines (two di- 

 

Figure 7. Coronal model and parallax. 
 
fferent arcs) with two different directions (as seen in 
Figure 6 and Pictures 1). 

Indeed, I got the same result when I had drawn these 
data on my paper (See Figure 6).  

9. CONCLUSIONS 

We can say that the research achieved its objectives, and 
gave an answer to its questions, and brought some evi- 
dences to this collapse, which are explained in Figures 
1-6 and Picture 1, been checked by many equations; 
which were pointed in relationships (1) to (18) res- 
pectively, and finally put a new law in astronomy which 
can be formulated as follows: 

1) There is a distance between focus of Earth’s orbit 
and center of Sun = 27534.18 km. 

2) Celestial’s equator does not parallel Earth’s equator. 
3) Orbits of planets are built around the Sun in an 

exact system, as a coronal model (see Figure 7). 
This conclusion means:  
 Center of sun’s mass is far away from focus. 
 Major axes of the orbits of outer planets don’t 

touch the sun’s mass. 
 Major axis of the orbits of the inner planets and 

earth passe through sun’s mass, but couldn’t 
touch the center of sun’s mass. 
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