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Scheme 12

cubane-like molecules, dissociation of a η5-Cp ligand 
has occurred at one Cr corner to accommodate the 
bridging ligands. Such Cp ligand dissociation seems 
to be facile in these CpCr systems, though rarely 
observed in Cp-metal chemistry.

The complex 23 belongs to the rare group of 
aminocarbyne chromium complexes, the first example 
of which was isolated by Filippou and coworkers 
from a multiple-step synthesis from Cr(CO)6 [20]. 

The intermediate formation of a carbenoid species 
R2NC: is indicated by the presence of alkene and 
alkenyl acyl moieties in the structural composition 
of 20 and 24, respectively, suggestive of carbene 
dimerisation as found in the formation of the DTO 
ligand discussed above. The carbyne moiety R2NC≡ 
is evident in the structure of 23. 

The profile of the product composition shows 
that with respect to sulfur cleavage, the reaction 
pathways fall into three categories, in which (i) the 
dithiocarbamate (DTC) ligand remains intact, as in 
the DTC bridged cubane 21 and the coordination 
compound CrIII(DTC)3 22, (ii) the DTC ligand has 
undergone mono-sulfur cleavage, as found in the 
thiocarbenoid complex 19 and the dithiooxamide 
di-cuboidal compound 20, and (iii) the DTC ligand 

has suffered double sulfur cleavage, as found in the 
Cr-aminocarbyne complex 23, and the alkenylacyl 
compound 24, respectively.

Reaction with 2,2’-dibenzothiazolyl disulfide (E)
The attractive features of thiazolyl disulfides for 
this study are the presence of a homolytically-
cleavable S–S bond and a heterocyclic component 
often encountered in many bioactive molecules [21]. 

Since mechanisms of ring-opening and closure of 
heterocycles in biomolecules are of current active 
interest [21c], our intention was to examine the role 
of 2/2A in probable ring-cleavage reactions in a 
thiazole ligated to CpCr.

The instantaneous reaction of 2A with one 
mol equivalent of E at ambient temperature gives 
CpCr(CO)2(SCSN(C6H4)) (25) in high yield. The 
further reaction of 25 with 2A under thermolytic 
conditions produces [Cp2Cr2(CO)2(=CNS(C6H4))]2 
(26), Cp5Cr6S4(SN(C6H4))(SNC2(C6H4)) (27), Cp6
Cr8S4(OH)(SN(C6H4))2(SNC2(C6H4))2 (28), 2,2’-
bibenzothiazole (C6H4NSC)2 (29) and  Cp4Cr4S4 (4d) 
(Scheme 13) [22]. In contrast, in the absence of 2A, 
25 and 27 are thermolysed to non-characterisable 
compounds, while 26 remains unchanged.
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Molecular structure of Cp6Cr8S8(η
2,η4-S2CNEt2)2 (21)

[Cr(1) … Cr(5) = 3.853(7) Å]

Molecular structure of Cp6Cr8S8(η
2,η4-SCNEt2)2 (20)

[Cr1A–Cr5A = 3.101 Å]
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The molecular structure of 26 possesses a 
crystallographic center of symmetry at the midpoint 
of the Cr(1)–Cr(1A) bond. A salient feature is the 
chair configuration in the central portion of the 
molecule with the planar four-membered Cr2S2 ring 
forming the “seat”, wherein lies the Cr–Cr bond.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    A significant feature in 27 is the Cr4S2CN cube, 
wherein three of the Cr corners are still attached 
to η5-Cp rings, while the fourth corner (Cr(6)) is 
capped by a dichromium-trisulfur moiety, Cr(2)
Cr(3)S(1)S(2)S(3) where S(1) is a component of the  
benzothiolatonitrido unit, which thus edge-bridges 
Cr(6) and the N(1) corner of the cube. The µ4-bonding 
S(4) is linked to Cr(3), Cr(4), Cr(5) and Cr(6). The 
carbido C(1) corner of the cube is singly-bonded to 
C(2), a component atom of a benzothiazole unit.

The molecular structure of 28 consists of double 
cubane moieties (Cr4S2CN), quadruply bridged by a 
weak Cr−Cr bond, a hydroxo ligand and the thiolato 
sulphur atoms of two benzothiolatonitrido units, 
the N atom of each of which constitutes one of the 
corners of each cube. The C atom in the cube is linked 
to a benzothiazole unit. The nature of the components 
of the cubes and of the bridge of this double ‘cubane’ 
has no precedent among the numerous cubane 
and double-cubane compounds, which have been 
extensively studied by Holm, Coucouvanis and Sykes 
[23].

The structural composition of 26−29 supports 
their formation from radical moieties, either discrete 
or quasi-associated, arising from the sequential 

Scheme 13

Molecular structure of  [Cp2Cr2(CO)2(=CNS(C6H4))]2 
(26) [Cr(1)–Cr(1A) = 3.070(1) Å]
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cleavage by 2 of C−S (steps (i) and (iv)), Cr−S (step 
(ii)), Cr−N (step (iii)) and C−N (step (v)) bonds in 
25, as proposed in Scheme 14.

REACTIONS WITH MAIN GROUP 
HETEROCYCLIC RADICALS (F and G)

The interaction between 2A and dithiadiazolyl dimers 
[S2N2CNR]2 (R = substituted aryl rings) has resulted 
in the isolation of a series of the first π organometallic 
complexes of C,N,S-heterocyclic compounds. Thus, 
the coupling of 2 and heterocyclic dithiadiazolyl 
radical F led to the formation of unique diamagnetic 
endo (30) and exo (31) isomers, in which the C,N,S 
rings are π:η2-S,S’–coordinated to the metal. (Scheme 
15). These isomers inter-convert in solution and  
remain redox-active through ligand-centered 
reductions.24a,c A similar reaction with G gave 
the complexes 32 and 33, in which heterocyclic 
ring is S-bonded to Cr and η2-N,S–coordinated, 
respectively.24b This study is particularly significant 
for providing the first examples of π-complexes of 
any thiazyl heterocycles and opens up a largely 
unexplored coordination chemistry of unsaturated 
C-N-S heterocyclic free radicals with paramagnetic 
organometallic species. 

SUMMARY

The 17-electron organometallic radical [CpCr(CO)3] 
(2) displays a remarkable capability in the scission 
of S−S, P−P and P−S bonds in organic substrates, 
forming radical-coupled products containing 
cyclopentadienyl chromium. By virtue of its high 
reactivity as a radical species and an avid thiophile, 2 

Molecular structure of Cp5Cr6S4(SN(C6H4 (SNC2–
(C6H4)) (27) [In the cube, Cr–Cr = 2.7065(6)–
2.8972(7) Å. Others Cr(2)–Cr(3) = 2.9137(7), Cr(6)–
Cr(2) = 2.8264(7) and Cr(6)–Cr(3) = 2.7933(7) Å]

Molecular structure of Cp6Cr8S4(OH)-(SN(C6H4))2
(SNC2(C6H4))2 (28) [Cr–Cr = 3.079(1), 3.087(1) 
Å in the two independent molecules in the unit cell  
In the cube, Cr–Cr = 2.6611(17) – 2.8211(18) Å]

Scheme 14
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Scheme 15

further effects efficient cleavage of C−N, C−S, P−S, 
Cr−E (E  =  C, N, P and S) bonds in the CpCr complexes, 
generating radical species, which aggregate to yield a 
variety of new compounds, incorporating C−C and 
P−P bond formation in some cases. These findings 
suggest that fruitful results may be obtained from 
further investigations of the reactivity of 2/2A 
towards radical or radical-like species from main 

group or transition metal compounds, particularly 
those containing sulfur ligands.
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Abstract    An isotropic deep reactive ion etching (DRIE) technique was used to release a suspended SiO
2 

microcantilever from the substrate of SOI wafer using bulk micromachining technology. The dimension of the 
fabricated SiO

2
microcantilever was 250 µm in length, 100 µm in width with thickness of 1 µm. Employing the 

plasma dry etching technique, the release of SiO
2 
microcantilever from the frontside of the wafer was done 

using Plasmalab System 100.The etching parameters such as SF
6
 flow, ICP power, RF power, temperature 

and O
2
 flow were properly specified in order to obtain anisotropic condition with significant lateral etch rate 

for the microcantilever release. For optimum etching condition at maximum lateral etch rate, the chamber 
pressure was varied in the range of 10 to 30 mTorr. The optimum etching condition was realized at maximum 
chamber pressure of 30 mTorr which yielded lateral etch rate of 5 μm/min and vertical etch rate of 8 μm/
min. In conclusion, by using an isotropic dry etching technique utilized from micromachining technology, a 
microcantilever release from the substrate of SOI wafer was successfully realized.

Keywords   microcantilever release – MEMS – plasma isotropic etching – SOI wafer – DRIE system

INTRODUCTION

The advances in MEMS devices development have 
been triggered by the improvement in fabrication 
techniques of micromachining technology. Among the 
MEMS devices that have been successfully fabricated 
are microneedles, microvalve, microtransformer 
and micropump [1-4]. The most critical process 
in the fabrication of microcantilever is releasing 
the suspended beam. Many fabrication techniques 
from the micromachining technology have been 
employed by researchers in obtaining the suspended 
microcantilever including dry and wet etching. Wet 
etching process such as KOH etching was commonly 
employed to release the cantilever structure from the 
substrate wafer by etching the backside of the wafer. 
However, this method always comes with additional 
preventive methods in avoiding the stiction problem 
encountered during the release and drying steps [5,6]. 
Because of these reasons, dry etching technique is 
preferable due to the fact that it offers simpler etching 
process sequences and excellent etching profile.

Deep reactive ion etching (DRIE) which falls 
under the dry etching technique is considered as 
an extension of RIE. It relies on the same etching 

mechanisms of ion bombardment and chemical 
etching as RIE. Compare to RIE, the DRIE enables 
the fabrication of deeper and narrower structures at 
higher etch rate. DRIE reactors are equipped with two 
power sources which are inductively coupled plasma 
(ICP) source and radio frequency (RF) source which 
employ sidewall passivation for process anisotropy. 
Recent microfabrication technology introduces 
anisotropic dry plasma etching technique from 
DRIE system for suspended microcantilever release 
from the backside of the wafer which offers higher 
etch rate, compatible with traditional IC processing 
and most importantly, higher Si: SiO2 selectivity 
in releasing SiO2 microcantilever beams from bulk 
silicon [7]. However, the removal of about 300-500 
µm thick sacrificial silicon from the backside of 
the wafer in anisotropic dry etching can weaken the 
device structure. Apart from anisotropic etching of 
DRIE system, the isotropic etching process can also 
be conducted using the system. The isotropic profile 
of DRIE system has been utilized in the fabrication of 
thermal microbridge [8]. Similar studies of isotropic 
dry etching employing inductive coupled plasma 
(ICP) system have been reported [9]. However, the 
undercut rate and etch rate are difficult to control 
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because of the simplicity of the gas phase etching 
process in the ICP system [9]. 

In this paper, an isotropic dry plasma etching to 
release the suspended SiO2microcantilever from the 
substrate of SOI wafer is developed. Employing 
the DRIE system, the frontside etching for the SiO2 
microcantilever release was done using Plasmalab 
System 100. The etching parameters such as SF6 
flow, ICP power, RF power, temperature and O2 flow 
were properly specified in order to obtain anisotropic 
condition with significant lateral etch rate for the 
microcantilever release. For optimum etching in the 
microcantilever release, the chamber pressure was 
varied in the range of 10 to 30 mTorr. The effect of 
varying the chamber pressure on the lateral etch rate 
of the isotropic etching process was studied. This 
study also investigated the stability of photoresist and 
aluminum as etch masks in isotropic etching process.

MATERIALS AND METHODS

SOI wafer was used in this study for its outstanding 
advantages in terms of process simplicity and 
uniform doping profile. The wafer consisted of 
about 300 µm thick susbstrate silicon, 1 µm thick 
buried oxide (BOX) layer and 2 µm thick silicon 
device layer. The BOX layer was utilized as the 
SiO2 microcantilever beam while the silicon device 
layer was reserved as a piezoresistive layer that 
could be used for piezoresistive sensing in MEMS 
microcantilever sensor applications. The utilization 
of SOI wafer in microcantilever release process 
involved bulk micromachining technology where 
the suspended structure was realized by sequences of 
etching processes. The dimension of the fabricated 
SiO2 microcantilever was 250 µm in length, 100 µm 
in width with thickness of 1 µm.

First, the investigation on the possibility of using 
photoresist as an etch mask in isotropic dry etching 
process was carried out. The etch mask was used to 
protect some parts of wafer while the unprotected parts 
were removed during etching process. The etch mask 
should be stable under the etching conditions. For 
this purpose, two types of etch masks, photoresist and 
aluminum were used for comparison. For photoresist 
mask, resist of AZ 4620 of about 7 µm thick was 
used. For aluminum mask, an aluminum layer of 
about 1.5 µm thick which was deposited using metal 
evaporation technique was used as the etch mask. The 

mask patterns were then transferred onto the wafer 
using optical lithography process. Using both mask 
types, isotropic dry etching was conducted on the 
patterned wafer for 20 min to observe the stability of 
both etch mask types.

The anisotropic DRIE process relies on inductively 
coupled SF6/O2 plasma at temperatures below -100ºC. 
The anisotropy of the etching process is enhanced by 
a thin passivation layer on sidewalls that prevents 
lateral etching. The thickness of the passivation layer 
can be adjusted by changing the process temperature 
and the O2 flow. At higher temperatures and without 
O2 flow, the passivation layer is not formed which 
results in isotropic etching profile. Therefore, for 
the isotropic etching using the DRIE system, the 
etching temperature was set at 20ºC with SF6 flow 
only, no O2 flow.The suitable etching parameters for 
the isotropic etching condition were specified as 70 
sccm SF6 flow, 2000 W ICP power, 3 W RF power, 
20ºC etching temperature and 0 sccm O2 flow. The 
chamber pressure was varied in the range of 10 to 30 
mTorr to observe the effect of the chamber pressure 
on the lateral etch rate of the etching process. 

RESULTS AND DISCUSSION

The observation on the stability of photoresist as an 
etch mask showed that the resist could not sustain the 
plasma reactions in the isotropic etching condition. 
After about 20 min of isotropic etching under lateral 
etch rate of 5 µm/min, the photoresist etch mask  
had disappeared indicating that the photoresist was 
slowly consumed during the etching process (Fig. 1). 
After certain etch time, the photoresist had vanished 
and the silicon structure which was previously 
covered under the photoresist was exposed. The 
exposed structure was also etched away during  
the subsequent etching process (Fig. 1). 

Consequently, the aluminum etch mask was found 
very stable under the isotropic etching condition 
(Fig. 2). The etch mask protected the microcantilever 
structure very well and could sustain the ion 
bombardment reaction throughout the etching process 
as it had better mechanical properties and selectivity 
than photoresist. 

The observation on the effects of the chamber 
pressure showed that higher pressure resulted in 
higher etch rate (Table 1). For example, 10 mTorr 
chamber pressure yielded 2.46 µm/min lateral 
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etch rate while 30 mTorr pressure yielded higher 
lateral etch rate of 5.04 µm/min. The high process 
pressure contributed to an increment of the angular  
distribution of ions which indirectly increased the 
lateral etch rate of the etching process.

Employing the specified etching parameters of  
the isotropic etching, the SiO2 suspended 
microcantilever release from SOI wafer was 
realized. Fig. 3 shows the lateral and vertical etching 
profile of the isotropic etching of partially released 
microcantilever while Fig. 4 shows an SEM image 
of the suspended microcantilever which had been 
completely released using the isotropic etching.

CONCLUSION

By utilizing the isotropic profile of plasma dry 
etching from the DRIE system, the microcantilever 
release from the frontside of the SOI wafer has 
been successfully realized. The optimum etching 
condition of 0.63 isotropic ratio was obtained at 70 
sccm SF6 flow, 2000 W ICP power, 3 W RF power, 
20ºC etching temperature and 0 sccm O2 flow at 
maximum pressure chamber of 30 mTorr.

Acknowledgment – The authors would like to thank the 
Malaysian Ministry of Science, Technology and Innovation 
under IRPA project (03-02-02-0015-SR003/07-01): 
MEMS Devices and Sensing Microstructure. 

Table 1. Etching parameters for microcantilever release.
Parameter Run 1 Run 2 Run 3
SF6 flow (sccm) 70 70 70
O2 flow (sccm) - - -
Pressure (mTorr) 10 20 30
ICP (W) 2000 2000 2000
RF (W) 3 3 3
Temperature (oC) 20 20 20
Lateral etch rate (µm/min) 2.46 2.84 5.04
Vertical etch rate (µm/min) 4.54 4.88 7.96
Isotropic ratio 0.54 0.58 0.63

Figure 1. SEM image of microcantilever structure using 
photoresist etch mask after 20 min of isotropic dry etching.

Figure 2. SEM image of microcantilever structure using 
aluminum etch mask after 20 min of isotropic dry etching.

Figure 3. SEM image of partially released microcantilever 
showing lateral and vertical etching profiles.

Figure 4. SEM image of 1 µm thick SiO2microcantilever 
which was completely released.
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Roto-dynamic faults investigation using acoustic emission technique
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Abstract    This paper provides a method of acoustic emission (AE) technique to detect roto-dynamic faults 
of rotating machineries. An approach is to utilize dynamic envelope which was extracted from the raw time-
domain signals and processed to its spectrum using Fourier transform. The transformed signals may contain 
unique characteristic features relating to the various types of bearing faults. The experiments on different 
operating conditions were investigated and they corresponded to (a) a balanced, and (b) an unbalanced 
with misaligned shaft. The diagnostic process will discriminate between different bearing conditions. The 
recognition rate achieved with the limited test sets was promising. 

Keywords   Acoustic emission – roto-dynamic – low speed – bearing  

INTRODUCTION

Bearings can be found on almost all machines. Their 
failure invariably has production consequences and 
sometimes even health and safety consequences. 
A reliable condition monitoring system is therefore 
highly desirable for it will alleviate the cost of these 
consequences and enhance the overall equipment 
effectiveness. 

For bearing maintenance, two methods have been 
used, namely the statistical bearing life estimation and 
the bearing condition monitoring and diagnostics [1, 
2]. The first method relies on a model of the bearing 
survival probability in terms of the dynamic load 
rating and the equivalent load to give a prediction 
of the fatigue life of a bearing [3-5]. However, since 
operating conditions can vary significantly from 
one machine to another, the prediction based on 
the assumption of normal duty on a bearing can be 
in serious error. The second method, in theory, is 
superior to the first if the signals monitored have useful 
features that can reliably indicate a potential failure 
well ahead of the occurrence of the corresponding 
functional failure [6-8]. Signals that have been 
studied for bearing condition monitoring include time 
and frequency domain of acoustic emission signal. 

In this paper, a frequency-domain technique, 
namely the Fast Fourier Transform (FFT) was 
assessed in terms of its ability to discriminate 

between different types of signals that had transient 
features in them. These signals were collected from 
different bearing conditions: normal; unbalanced and 
misaligned shaft.  

The objective of this research is to demonstrate 
that a condition-based monitoring using acoustic 
emission (AE) can provide not only timely detection 
of low speed bearing but also the fault identification 
so that maintenance or replacement can be performed 
prior to the loss of safety function. Therefore the use 
of acoustic emission method has been proposed for 
low speed machineries monitoring instead of the 
conventional method.

THE PROPOSED APPROACH

Figure 1 shows a block diagram of the proposed bearing 
condition monitoring procedure. The acquired AE 
signals are first filtered and amplified to remove noise 
and then processed in order to obtain AE envelope 
signal. Then, the Fast Fourier Transform was used to 
produce its frequency domain pattern. The frequency 
domain has a horizontal axis representing frequency 
and a vertical axis representing the intensity of the 
frequency component.

The pre-processed parameter of the dynamic 
envelope of the AE signal can be obtained from AE 
Ultraspan (Holroyd Instruments, UK) (Fig. 2). The 
AE Ultraspan is the wireless sensor which provides 
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many opportunities for diagnosing the nature of 
faults. The time dependence of the AE signal can 
reveal the occurrence and timing of subtle actions 
within machineries.

The AE dynamic envelope is suitable for both 
burst type and continuous AE signals. Effect of 
signal averaging is to improve statistical significance 
but distorts shape of activity giving time decays 
and reduced peak value. It is also represented in 
logarithmic scale of AE signals since it allows a 
greater signal range to be simultaneously observed 
with its unit in dB and is a ratio with respect to a 
reference voltage [9].

 
To identify the roto-dynamic faults of low speed 

machineries, the Fast Fourier Transform is used in 
this study. The Fast Fourier Transform (FFT) does 
exactly that [10]. The Fourier transform of a signal 
x(t) is defined as:

     
     For Equation to be valid, the signal x(t) being 
transformed must be stationary, which means that its 
amplitude distribution does not depend on absolute 
time. In other words, the moments of the distribution 
– for example, mean, variance, and so on – are 
stationary.  

EXPERIMENTAL APPLICATION OF THE 
PROPOSED METHOD

The experimental setup consisted of roto-dynamic 
test rig which can produce multi fault operating 
conditions (Fig. 3a). Its schematic diagram of the test 
rig is shown in Figure 3b. The spindle was driven by 
a variable speed motor running at 1430 rpm. The two 
bearings were SKF 60062Z deep groove single row 
ball bearing. They were mounted in bearing housings 
which in turn were attached to a base plate. The 
test rig provided facilities to produce the different 
machine operating conditions characterized by: (1) 
the rotating shaft dynamically balanced (referred 
to as ‘balanced shaft’); and (2) the rotating shaft 
dynamically unbalanced in one plane to the extent 
of 70 x 10-5 kg.m at roto-disc with misalignment 
achieved from moving one bearing laterally by 1 mm 
relative to the other (referred to as ‘unbalanced and 
misaligned shaft’).

Acoustic emission signal at the bearing was 
measured using AE Ultraspan sensor manufactured 
by Holroyd Instruments, UK (on top of both end  
and non-drive end housing). The AE sensor had 
resonance frequency at 100 kHz. The acquired AE 
signals, having been band-pass filtered at 20 kHz to 

Figure 1. The proposed bearing monitoring block diagram.

Figure 2. AE Ultraspan wireless sensor (Holroyd 
Instruments, UK).
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500 MHz for noise-removal and amplified to 60 dB, 
were sampled into a data acquisition card. 

Measurements were obtained from different 
machine conditions: normal, unbalanced and 
misaligned shaft.  For each condition, five signals 
were collected as for data processing.

 
EXPERIMENTAL RESULTS AND DISCUSSION

Figure 4 shows the signal measured on bearing 
housing from different operating conditions – 
balanced, unbalanced shaft and misaligned shaft.

In the experiment, the AE dynamic envelope 
collected from a balanced shaft yielded mean of 
logarithm intensity about 13 dB whilst the intensity 
obtained from the unbalanced and misaligned shaft 
was about 20 dB. With machine fault condition 
resulting in greater energy release rates they produced 
higher continuous signal levels (such continuous 
signals result from the overlapping of many small 
transient signals). 

For unbalanced shaft, the mass unbalanced (70x10-

5 kg.mm.r product) occurred when the shaft center 
line and the mass center of the rotor did not coincide. 
Therefore the unbalanced is a once-per-revolution 
fault – then it occurs at the frequency of shaft speed 

(23.80 Hz) – and is sometimes difficult to distinguish 
from misaligned shaft. However, unbalanced shaft 
causes a rotating force; the force of misalignment is 
directional. Mass unbalance has a fixed phase angle 
with respect to a reference mark on the shaft. The 
spectrum has low-amplitude higher-order frequency 
components. In contrast to normal condition when 
motions are sinusoidal, nonlinear behavior of a 
bearing in the presence of excessive mass unbalance 
can cause truncated motions that introduce higher 
order (2x, 3x) (Fig. 5b). 

For misalignment shaft, it can cause a rotating 
preload in the bearings, shaft and external couplings 
at the frequency of shaft speed. The magnitude of 
the resulting wave motion is dependent of the radial 
stiffness of the components in the system. Severe 
misalignment can cause nonlinear bearing behavior 
in one or both directions, depending on asymmetry 
in the bearing and the stiffness of the base-plate. 
The nonlinear behavior causes truncated waveforms 
and/or nonlinearly-generated second and higher 
orders of shaft frequency (Fig. 5b). The second 
order component of frequency in cases of severe 
misalignment can exceed the first order.
     The experiments indicated that both AE dynamic 
envelope and its FFT spectrum of acoustic emission 

 

 Figure 3. Test rig set (top) and test rig schematic diagram (bottom).
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Figure 4. Results of AE dynamic envelope from balanced shaft (top), and unbalanced and misaligned shaft (bottom).
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Figure 5. Results of spectrum from balanced shaft (top), and unbalanced and misaligned shaft (bottom).
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signals from different roto-dynamic machine 
conditions – normal, unbalanced and misaligned 
bearing – produced distinct pattern of signals that 

could be discriminated by using its spectrum. The 
result was promising with 100 % recognition rate. 
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Effects of water treatment processes on basic water quality index (WQI) 
parameters, overall WQI and class of water
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Abstract     This study, carried out in May and November 2007 at the Semenyih River Water Treatment plant, 
Precinct 19, Putrajaya, Peninsular Malaysia, examined the effects of five water treatment processes on the 
basic parameters of the water quality index (WQI), the overall WQI and the Class of Water. The basic WQI 
parameters include pH, biological oxygen demand (BOD), chemical oxygen demand (COD), total suspended 
solids (TSS), dissolved oxygen (DO) and ammoniacal-nitrogen (NH

3
-N). The water treatment processes under 

study were coagulation, flocculation, sedimentation, filtration and disinfection. In this study, TSS and BOD 
are among the studied WQI parameters that underwent significant change during the treatment processes, 
resulting in more than 95% TSS and 25-67% BOD reduction. Results of this investigation show that the five 
studied treatment processes seem to affect most of the individual WQI parameters and the overall WQI but 
not necessarily the Class of Water.

Keywords  water treatment – WQI parameters – Class of Water	

INTRODUCTION

Water is the most important inorganic liquid that 
exists naturally on earth. Oceans contain over 97% 
of the earth’s water. However, salt water cannot be 
consumed directly by humans or used for many 
industrial processes. This means only less than 3% 
of water (fresh water) is readily available for use. 
Freshwater sources include rivers and lakes (surface 
water), groundwater and ice as well as glaciers [1].

In most countries, the major sources of water 
include surface water, groundwater and precipitation. 
In Malaysia, over 99% of drinking water comes 
from surface supplies, mainly rivers which are 
facing increasing levels of pollution, due to rapid 
industrialization and socio-economic development 
since the late 1980s [2]. 

Water Quality Index (WQI) relates a number of 
water quality parameters in a common scale and 
combines them in accordance with a chosen method 
or model of computation into a single number [3]. 
The main objective of the WQI system is to serve as 
a preliminary means of assessment of a water body 
for compliance with the standards adopted for five 
designated classes of beneficial uses [3].

Chemical oxygen demand (COD) measurements 
are used in both municipal and industrial wastewater 

treatment plants to indicate efficiency of the water 
treatment process [4]. According to Malaysia’s 
Department of Environment (DOE), industrial 
activity is a major contributor to surface water 
biochemical oxygen demand (BOD) values in 
Selangor [5]. Numerous scientific studies suggest that 
4 to 5 parts per million (ppm) of dissolved oxygen 
(DO) as the minimum amount needed to support a 
large, diverse fish population. Most fish die when 
dissolved oxygen falls below 3.0 ppm. DO is vital for 
maintaining aerobic conditions in natural waters that 
receive pollution matter and also in aerobic treatment 
processes intended to purify domestic wastewaters 
[4].

Ammoniacal-nitrogen (NH3-N) is due to the 
presence of nitrate (NO3

_), nitrite (NO2
_), ammonia 

(NH3) and organically-bonded nitrogen in water. 
Sewage and fertilizers are the main source of nitrates 
in lakes and rivers. The presence of excessive nitrates 
in water will encourage rapid growth of algae 
(eutrophication) and this later will increase the value 
of BOD when the algae start decaying [4]. 

Total suspended solids (TSS) include all particles 
suspended in the water which will not pass through a 
filter. Suspended solids can absorb heat from sunlight 
which increases the water temperature and decreases 
levels of dissolved oxygen (DO). Also since less 
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light penetrates the water, the rate of photosynthesis 
decreases and this also contributes to lower DO 
values.

The three major Malaysian river water pollutant 
indicators are ammoniacal-nitrogen, biochemical 
oxygen demand and suspended solids [3]. 
Ammoniacal-nitrogen originates from livestock 
farming and domestic sewage while suspended 
solids are due to earthworks and land-clearing 
activities. Biochemical oxygen demand is mainly due 
to discharges from agro-based and manufacturing 
industries. 80% of Malaysian rivers were polluted 
by NH3-N in 1997, 43% in 1998 and 39% in 2006. 
Suspended solids polluted 31% of Malaysian rivers 
in 1997, 34% in 1998 and 40% in 2006 while BOD 
was responsible for 69% of Malaysian river water 
pollution in 1997, 21% in 1998 and 21% in 2006 
[3]. Improvement in NH3-N and BOD brought about 
reduction of polluted rivers from 25 in 1997, 16 in 
1998 to 7 in 2006 [3]. 

Surface water from Malaysian rivers, lakes and 
dams undergo conventional water treatment processes 
such as coagulation, flocculation, sedimentation, 
filtration and disinfection before it is distributed to 
consumers as their domestic water supply or potable 
water. 

This study examined the effects of five 
conventional water treatment processes on the 
individual parameters of the DOE water quality index. 
It also examined how the changes in the individual 
WQI parameter influenced the overall WQI and 
eventually the classes of beneficial uses of water. 

MATERIALS AND METHOD

Malaysia’s Department of Environment (DOE) 
formula was used for this investigation and it 

included the following parameters: dissolved oxygen 
(DO), chemical oxygen demand (COD), biochemical 
oxygen demand (BOD), suspended solids (SS), 
ammoniacal-nitrogen (NH3-N) and pH [3].

Sampling site 
This study was conducted at Sungai Semenyih Water 
Treatment plant in Precinct 19, Putrajaya, Peninsular 
Malaysia. This plant treats water from Semenyih dam 
via Semenyih river.

Sampling frequency
Sampling was done twice, once in May 2007 and the 
other in November 2007.

Sampling points
Samples were taken from 6 stages of the water 
treatment processes. These include raw water, 
coagulation, flocculation, sedimentation, filtration 
and disinfection.

Sample analysis
In-situ parameters for pH, DO and temperature were 
obtained using the YSI environmental meter (Model 
556). Ammoniacal-nitrogen concentrations were 
determined using Ion Chromatograph and BOD 
values were obtained using the BOD track apparatus. 
The DRB 200 digestion reactor and HACH DR 2010 
spectrophotometer were utilized for analyzing COD 
values.

RESULTS AND DISCUSSION

The various measured water quality parameters as 
well as calculated WQI and Class of Water values of 
all the treatment stages for May 2007 and November 
2007 are tabulated in Table 1 and Table 2 respectively. 

Table 1. Average water quality parameters, water quality index (WQI) and Class of Water for six stages of the treatment 
process at Precinct 19 Putrajaya Water Treatment Plant for May, 2007.

Water quality parameter Raw water Coagulation Flocculation Sedimentation Filtration Disinfection
pH	 6.98 ± 0.05 6.13 ± 0.02 6.10 ± 0.02 5.92 ± 0.08 6.07 ± 0.02 7.32 ± 0.03
DO (mg/L) 6.96 ± 1.70 7.25 ± 1.10 7.01 ± 1.45 6.02 ± 1.45 6.90 ± 1.10 7.24 ± 0.80
BOD (mg/L) 2.8 ± 0.5 2.8 ± 0.7 1.1 ± 0.4 2.2 ± 0.4 2.7 ± 0.5 2.1 ± 0.5
COD (mg/L) 14.32 ± 1.24 13.60 ± 0.95 9.80 ± 1.04 6.00 ± 0.75 5.10 ± 0.90 4.73 ± 0.54
TSS (mg/L) 260.0 ± 5.4 200.0 ± 2.6 6.0 ± 1.2 10.0 ± 0.4 2.0 ± 0.2 0.2 ± 0.1
NH3-N (mg/L) nd nd nd nd nd nd
Temperature 0C 25.9 ± 0.2 25.1 ± 0.1 25.3 ± 0.2 27.0 ± 0.1 25.9 ± 0.2 28.4 ± 0.3
WQI (DOE)   85.19 85.47 89.22 90.08  93.41 96.38
Class of Water II II II	 II I I
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Table 3 and Table 4 show the changes in the status 
quality of the indexes for the individual major 
Malaysian river water pollutants (NH3-N, BOD and 
SS) as these parameters undergo all the treatment 
stages.

There was no significant change in the pH during 
the treatment stages (Tables 1, 2). The average pH of 
raw water of 6.98 in May 2007 and 6.69 in November 
2007 was within the recommended range of 5.5-9.0 
for raw water quality criteria set by the Ministry of 
Health, Malaysia [6]. The final disinfection stage 
had an average pH of 7.32 in May 2007 and 7.18 in 
November 2007, both of which fell within the range 
of 6.5-9.0 for drinking water quality standards set by 
the Ministry of Health, Malaysia. In both studies, the 
highest average pH was obtained during disinfection 
stage which indicates the overall water treatment 
processes seem to improve the pH to alkaline range.

DO for both studies started decreasing during 
the flocculation stage, reaching the lowest at the 
sedimentation stage. During this stage, flocculants 
formed and agglomerated during the coagulation 
and flocculation stages were allowed to settle to the 
bottom using gravity force. After sedimentation, DO 

started increasing again and was the highest (7.24 and 
7.50) during the disinfection stage for both studies. 

BOD started decreasing during the coagulation 
stage (Tables 1 and 2). However, there seem to 
be some differences with BOD readings during 
flocculation stage between the two studies. The 
study done in May 2007 shows the lowest average 
BOD value for in contrast to the highest value for 
the November 2007. In both studies, it is evident that 
a significant change in the value of BOD occurred 
during coagulation-flocculation stage. A wastewater 
study [7] using 40 to 60 mg alum during coagulation 
in conventional water treatment processes indicated 
possibility of 95% BOD, turbidity and SS removal.  
Coagulation using alum coagulant is a typical process 
used in drinking water treatment to remove turbidity 
and natural organic matter [8, 9]. 

Disinfection processes also shows significant 
decrease in BOD values. The overall water treatment 
processes are able to convert the status quality of the 
individual BOD value (a major Malaysian river water 
pollutant) which is also one of the six parameters to 
calculate WQI, from slightly polluted to clean (Tables 
3 and 4). 

Table 2. Average water quality parameters, water quality index (WQI) and Class of Water for six stages of the treatment 
process at Precinct 19 Putrajaya Water Treatment Plant during November, 2007.

Water quality parameter Raw water Coagulation Flocculation Sedimentation Filtration Disinfection
pH	 6.69 ± 0.02 6.68 ± 0.03 6.93 ± 0.03 6.99 ± 0.03 7.02 ± 0.06 7.18 ± 0.04
DO (mg/L) 7.19 ± 1.46 7.19 ± 1.20 6.50 ± 0.56 6.30 ± 0.85 7.20 ± 0.64 7.50 ± 0.94
BOD (mg/L) 3.90 ± 1.14 3.10 ± 0.94 3.70 ± 0.77 2.60 ± 1.01 2.20 ± 0.34 1.30 ± 0.28
COD (mg/L) 2.30 ±  0.45 37.75 ± 2.46 7.70 ± 1.15 2.40 ± 0.55 9.90 ± 1.33 4.90 ± 0.65
TSS (mg/L) 4.30 ± 0.88 4.70 ± 0.46 4.30 ± 0.22 4.00 ± 1.10 4.00 ± 0.94 4.00 ± 0.44
NH3-N (mg/L) 0.65 ± 0.05 0.51 ± 0.07 0.46 ± 0.10 0.46 ± 0.08 0.43 ± 0.06 0.38 ± 0.03
Temperature 0C 25.2 ± 0.3 24.9 ± 0.2 24.8 ± 0.1 25.1 ± 0.1 24.1 ± 0.1 25.6 ± 0.1
WQI (DOE)   87.18 82.03 85.35 87.21  88.49 91.45
Class of Water II II II	 II II II

Table 3. Classification of major river pollutant indexes during conventional water treatment processes in terms of quality 
status for May 2007.
Water quality parameter Raw water Coagulation Flocculation Sedimentation Filtration Disinfection
BOD  Slightly  polluted Slightly  polluted Clean Clean Slightly polluted Clean
TSS   Polluted Polluted Polluted Clean Clean Clean
NH3-N  Clean Clean Clean Clean Clean Clean

Table 4. Classification of major river pollutant indexes during conventional water treatment processes in terms of quality 
status for November 2007.
Water quality parameter Raw water Coagulation Flocculation Sedimentation Filtration Disinfection
BOD  Slightly  polluted Slightly  polluted Slightly polluted Slightly polluted Clean Clean
TSS   Clean Clean Clean Clean Clean Clean
NH3-N  Polluted Polluted Polluted Polluted Polluted Polluted
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COD values seem to be highest for coagulation 
where coagulants were added to produce flocculants 
(Tables 1 and 2). This value decreased further during 
flocculation and sedimentation. Disinfection shows 
the lowest average value of COD especially for May 
2007 study. Disinfection in our study is the process 
of adding chlorine to public water supplies to make 
it safe from microbiological point of view as well as 
to leave a detectable residual of chlorine inside the 
distribution network [1].

During the overall water treatment process in 
May 2007, the value of TSS, a major water pollutant, 
decreased significantly from 260 mg/L to 0.06 mg/L 
(Table 1). Significant decrease in TSS occurred 
during coagulation. Coagulation appeared to be a 
very effective process to remove TSS if the initial 
concentration of TSS was high (260 mg/L). 

Sedimentation and filtration also contributed 
significantly towards the decrease in TSS if the initial 
concentration of TSS in the raw water was high. In the 
May 2007 study, the combination of coagulation and 
flocculation processes managed to change the quality 
status of TSS index from polluted to clean (Table 
3). Coagulation, sedimentation and filtration did not 
seem to work effectively if the initial TSS was very 
low (4.30 mg/L) as in the November 2007 study with 
a slight increase during coagulation and remained 
unchanged during sedimentation and filtration.

The overall treatment process was able to 
decrease ammoniacal-nitrogen from 0.6 mg/L (raw 
water) to 0.38 mg/L (disinfection) in the November 
2007 study (Table 2). The greatest decrease seemed 
to occur during the coagulation process. However, it 
should be noted that both the coagulation and overall 
treatment processes were unable to remove even 50% 
of the ammoniacal-nitrogen. This was probably why 
the Sungai Semenyih plant operators shut down the 
treatment processes if ammoniacal-nitrogen was 
detected above the maximum acceptable value (1.5 
mg/L) during routine monitoring [3]. The overall 
treatment processes was unable to improve the quality 
status of the NH3-N index (Table 4).    

In this study, coagulation with alum and disinfection 
with chlorine are the stages of the overall conventional 
water treatment processes that seem to have the most 
impact on the individual WQI parameters especially 
the major water pollutants like BOD, TSS and 
NH3-N. Coagulation involves neutralizing negative 
water pollutants, for example clay and silt by using 
positive metal coagulants such as aluminium sulphate 

(alum) to form flocculants.  Previous studies on alum 
coagulation which has been optimized for turbidity 
and organic matter removal indicated this process is 
extremely effective in removing Cryptosporidium 
parvum oocysts [9]. Alum has been shown to be a 
more effective coagulant to remove natural organic 
matter (NOM) than polyaluminium chloride [8]. 
A study had also reported that large molecules of 
NOM such as humic acid could be easily removed 
by coagulation [10]. Several studies also indicate 
possible alternative functions of coagulation. This 
can be achieved by manipulating alum dosage [7] 
which indicated efficient removal of phosphorus, 
bacteria and heavy metal with increased alum dosage. 
Increased alum dosage also improved removal 
efficiency of certain antibiotics in drinking water 
[11]. Other alternative coagulation functions can 
also be achieved by changing the type of coagulant 
used – for example, almost 100% asbestiform fibre 
removal was achieved from potable water using iron 
salts as the coagulant [12]. Similar study using other 
coagulant such as polyaluminium chloride (PACl) 
[11] indicated 50% removal efficiency for certain 
antibiotics.

Chlorine used in the disinfection process is 
usually added in the form of free chlorine or as 
hypochlorite [13]. It acts as a potent oxidizing 
agent in both forms and it often dissipates itself in 
side reactions so rapidly that little disinfection is 
achieved unless amounts in excess of the chlorine 
demand is added [13]. This, in turn creates a serious 
problem as chlorine also reacts with natural organic 
matter present in the water to form halogenated 
trihalomethanes (THMs) and haloacetic acids (HAAs) 
which are two major disinfection byproducts (DBPs) 
with harmful long-term effects [14]. However, with 
the increased use of chlorine for disinfection, there 
has been a corresponding decrease in the incidences 
of waterborne diseases such as cholera and typhoid. 
Disinfection with chlorine has also been shown to be 
an effective way to control nitrite levels in drinking 
water [15].  A study indicated 70% removal of certain 
common pesticides with chlorine disinfection [16].  

In summary, the results of this study indicate that 
conventional water treatment processes especially 
coagulation and disinfection have the capacity to 
improve certain basic WQI parameters thus improving 
the overall WQI values. However, improvement of 
WQI values does not necessarily bring changes to the 
Class of Water.
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INTRODUCTION 

Flavonoid constituents are one of the most abundant 
and diverse groups of natural products. They play 
an important role in the chemotaxonomy of the 
higher plant families (Coradin et al., 1985). The 
various classes of flavonoids differ in their level of 
substitution of the C ring of the basic benzopyrone 
structure [1]. Depending on the substitution of ring C, 
they are classified into six major subclasses: flavones, 
flavanols, flavanones, chalcones, isoflavones and 
anthocyanidins.

Previous studies on flavonoids from this plant 
and other species of Artocarpus have revealed them 
to exhibit a wide range of pharmacological activities 
such as anti-inflammatory [2], antioxidative [3], 
antiplatelet aggregation [4], 5α-reductase activities 
[5], inhibition of cathepsin K [6], and cytotoxicity 
[7]. Moraceae species have been reported to be 
rich in flavonoid derivatives [8]. Our research on 
Artocarpus kemando and Artocarpus odoratissimus 
has successfully led to the isolation of two 

furanocycloartobiloxanthone (1-2), one xanthonolide 
(3) and a prenylated pyranoflavone (4). These 
compounds were tested for their cytotoxic activities 
using HL-60 and MCF-7 cell lines. Until now, there 
is no information available on the pharmacological 
activities of flavonoids 1-4 on both types of cancer 
cells.

MATERIALS AND METHOD

Plant material 
The stem bark of A. kemando and A. odoratissimus 
were collected from Sri Aman and Bintulu, Sarawak, 
Malaysia respectively.

General 
Infrared spectra were measured in KBr/NaCl pellet 
on a Perkin-Elmer FTIR Spectrum BX spectrometer. 
EIMS were recorded on a Shimadzu GCMS-
QP5050A spectrometer. NMR spectra were obtained 
using a Unity INOVA 500MHz NMR/JEOL 400MHz 
FT NMR spectrometer using tetramethylsilane 
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Abstract  Structure-activity relationship of a series of flavonoid compounds from Artocarpus kemando and 
Artocarpus odoratissimus were studied to clarify the structural requirement for inhibition of HL-60 and MCF-7 
cancer cell lines by these compounds. The flavonoids are cycloartobiloxanthone (1), artomandin (2), artonol 
B (3) and artosimmin (4). Comparisons of these related flavonoids indicated that the prenyl and hydroxyl 
substituent groups, as well as the type of substitution pattern at A-ring and B-ring of tricyclic flavonoid skeleton 
were crucial for the inhibition of these cancer cells in MTT assays.
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(TMS) as internal standard. Ultra violet spectra were 
recorded in CHCl3 on a Shimadzu UV-160A, UV-
Visible Recording Spectrophotometer. 

Extraction and isolation  
The milled, air-dried stem bark (4.7 kg) of A. kemando 
was defatted with n-hexane and extracted exhaustively 
using ethanol, acetone and then methanol for more 
than 48 hours at room temperature. This gave 23.3 
g, 50.2 g, 98.6 g and 198.5 g of hexane, ethanol, 
acetone, and methanol extracts respectively. The 
methanol extract was partitioned using chloroform 
to afford a 20.0 g extract. Solvent extractions on the 
dried powdered stem bark of A. odoratissimus (3.5 
kg) gave hexane (6.0 g), chloroform (15.0 g), ethyl 
acetate (42.5 g) and ethanol (12.8 g) extracts. The 
ethanol extract of A. kemando was chromatographed 
using silica gel vacuum column chromatography 
using a stepwise gradient system (hexane/chloroform, 
chloroform / ethyl acetate, ethyl acetate /acetone and 
methanol) to give 20 fractions (250 mL). Fractions 
with similar profile on TLC were combined to give six 
major fractions. A portion of fraction 4 (2.57 g) was 
repeatedly chromatographed to give 19 subfractions. 
This resulted in cycloartobiloxanthone (1). Similarly, 
several fractionations of the acetone extract (45.0 
g) of A. kemando by silica gel column and radial 
chromatography gave artomandin (2). Similar 
column chromatographic separation as above on the 
chloroform extract (20.0 g) of A. kemando over silica 
gel yielded artonol B (3).  The ethyl acetate extract 
(42.5 g) of A. odoratissimus gave artosimmin (4). 

Cycloartobiloxanthone (1)
Dark yellow solid; mp 283-285 oC (Lit. 285-287 oC 
[9]; UV (MeOH) λmax (log ε) nm: 229 (4.31), 281 
(4.31), 392 (4.02); IR (KBr) νmax cm-1: 3434 (OH br), 
2976, 2932 (C-H stretching), 1650 (C=O chelating), 
1560, 1476 (C=C aromatic), 1358 (CH3 alkane 
bending), 1272, 1160 (C-O); EIMS m/z (rel. int.): 434  
[M+, C25H22O7]; FABMS m/z 435 [(M+H)+, C25H23O7]. 
1H and 13C NMR spectral data are in agreement with 
published data [9].

Artomandin (2)
Yellow solid; mp 288-290 oC; UV (MeOH) λmax (log 
ε) nm: 206 (3.89), 230 (3.91), 283 (3.93), 393 (3.64); 
IR (KBr) νmax cm-1: 3351 (OH br), 2916, 2849 (C-H 
stretching), 1646 (C=O chelating), 1556, 1465 (C=C 
aromatic), 1348 (CH3 alkane bending), 1272, 1159, 

1017 (C-O); EIMS m/z (rel. int.): 434  [M+, C25H22O7]. 
1H NMR and 13C NMR data are in agreement with 
published data [10].

Artonol B (3)
Fine yellow solid; mp 189-194 oC (Lit. 189-196 oC 
[11]; UV (MeOH) λmax (log ε) nm: 233 (2.39), 278 
(2.35), 359 (2.24); IR (KBr) νmax cm-1: 3423 (OH), 
2969, 2921, 2851 (CH stretching), 1770 (C=O 
acetoxyl), 1717 (C=O cyclic), 1651 (conjugated 
C=O), 1606, 1581, 1479 (C=C aromatic), 1361, 1109 
(C-O) ; EIMS m/z (rel. int.): 420 [M+, C24H20O7]. 

1H 
and 13C NMR spectral data are in agreement with 
published data [11].

Artosimmin (4)
Yellow solid (95 % chloroform/ 5 % methanol); mp 
213-215 oC; UV (MeOH) λmax (log ε) nm: 213 (4.16), 
271 (3.72), 340 (3.42); IR (KBr) νmax cm-1: 3527 (OH), 
2853 (C-H stretching), 1734 (C=C unsaturated), 1653 
(conjugated C=O), 1598, 1567, 1513, 1488, 1447 
(C=C aromatic), 1306, 1239 (C-O); EIMS m/z (rel. 
int.): 436  [M+, C25H24O7]; 

1H NMR and 13C NMR 
spectral data are in agreement with published data 
[12].

Cancer cell-lines culture  
Two human cancer cell lines were used. They were 
HL-60 and the IRM-32 cell lines. Both of the cell lines 
were obtained from the National Cancer Institute, 
Maryland, USA. Cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) with 5 % Fetal 
Bovine Serum (FBS), 100 IU mL-1 penicillin and 
100g/mL streptomycin by using 25 cm2 flask in a 37 
oC incubator with 5% CO2.

Cytotoxicity and MTT assay  
Cytotoxic assay was carried out using the 
microculture 3-(4,5-dimethylthiazol-2-yl)-2, 5- 
diphenyltetrazolium bromide (MTT) assay as 
described previously [13]. The exponentially growing 
cells were performed by suspending the cells in 100 
µL of stock culture (1 × 105 cells mL-1) per well 
which were plated in a 96-well plate and incubated 
for 24 hours at 37 oC under  humidified 5% CO2 . The 
stock solution was prepared by dissolving the sample 
in absolute ethanol (EtOH) to a final concentration of 
1 mg/mL. Serial dilutions of the stock solution in the 
growth medium to produce seven sample solutions at 
concentrations of 0.47, 0.94, 1.88, 3.75, 7.50, 15.00, 
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30.00 µg/mL. The growth medium was removed from 
the wells. The cells in each well were treated with 
100 µL of varying concentrations of test specimens 
in their respective medium. The positive control was 
made containing only untreated cell population in 
100 µL of growth medium. Each concentration of 
sample was tested in triplicate and allowed to proceed 
for 72 hours at 37 oC in 90% humidified 5% CO2 
atmosphere. Then, 100 µL of MTT stock solution (5 
mg in 1 mL PBS) was added to each well to determine 
the fraction of adherent cells relative to the untreated 
cell population. The plates were further incubated for 
4 hours at 37 oC. 100 µL of EtOH was added to each 
well to dissolve the water-insoluble purple formazan 
crystal. After 30 minutes, the absorbance (OD) 
of the samples and the reference was measured by 
using ELISA spectrophotometer microplate reader at 
wavelength 550 nm. The inhibition concentration of 
50% reduction (killed cells) in cell number, IC50 was 
appraised visually to determine the absorbance (OD) 
against concentration curve.

RESULTS AND DISCUSSION

Flavonoids which are derived from the tricyclic 
flavones are a relatively homogeneous group of 
constituents in the Artocarpus species [8]. In this 
report, the flavonoids tested include modified 
flavonoid and rearranged flavonoid groups. They 
reveal an interesting trend of cytotoxic effects 
on HL-60 and MCF-7 cell lines with IC50 values 
between 1.0 and 8.0 µg/mL and between 3.0 and 
14.0 µg/mL respectively. However, these cytotoxic 
results show significant dissimilarity in inhibition 
effect probably due to the nature of the substituents 
and the substitution pattern at A-ring and B-ring of 
the tricyclic flavonoid skeleton. Structurally, these 

include 2’,4’-dioxygenated and 3’,4’-dioxygenated 
furanodihydroxanthone (1-2), 3’,4’-dioxygenated 
pyranoflavone (4), as well as xanthonolide (3) 
flavonoids. The screening results of these compounds 
are summarized in Table 1.

Of the compounds tested, it is interesting to 
note that artosimmin (4), cycloartobiloxanthone (1) 
and artomandin (2) are strongly active cytotoxic 
compounds towards HL-60 (1.1, 5.7 and 2.4 µg/
mL) and MCF-7 (3.4, 13.4 and 3.1 µg/mL) cell lines, 
respectively. The activity might be due to the ortho 
or meta positions of the dihydroxyl moieties at the 
B-ring. The assays also indicated both artosimmin 
(4) and artomandin (2) which are 3’,4’-dioxygenated 
at the B-ring of the structure exhibited a stronger 
cytotoxic activity when compared to that of 1 which 
has 2’,4’-dioxygenated substitution. Hence, it is 
deduced that flavonoids with the presence of 2’,4’- 
and 3’,4’- positions of free hydroxyl moieties at B ring 
is inclined to exhibit a prominent inhibitory activity. 
Furthermore, the only example of a 5’-(3-methylbut-
2-enyl) pyranoflavone type compound tested which 
is artosimmin (4) also demonstrates strong cytotoxic 
properties. From the structure-activity relationship 
study, compounds such as cycloartobiloxanthone (1), 
artomandin (2) and artosimmin (4) consisting of C-3 
isoprenyl unit substitution, gave a good degree of 
inhibition towards HL-60 cell line. 

The C-3 isoprenyl unit substitution always tends 
to form a carbocyclic ring or an oxygen-bearing 
fused B-ring and C-ring, respectively [14]. Thus, 
it is suggested that the 3-prenyl flavone skeleton is 
a necessary requirement for the cytotoxic activity 
towards HL-60 and MCF-7 cell lines. In addition, it is 
observed that the modified and totally opened B-ring 
of flavonoids such as artonol B (3) tend to reduce 
the degree of inhibition effect towards the MCF-7 

Table 1: Cytotoxic activities of 1-4 against HL-60 and MCF-7 cell lines. 
Compound Type HL-60 MCF-7

IC50 ± SD (µg/mL) IC50 ± SD (µg/mL)
     1 Furanodihydrobenzoxanthone 5.7 ± 1.7 13.4 ± 2.4
     2 Furanodihydrobenzoxanthone 2.4 ± 0.5 3.1 ± 0.4
     3 Xanthonolide 7.2 ± 1.6 > 30.0
     4 Pyranoflavone 1.1 ± 0.1 3.4 ± 0.3 
1Goniothalamin 1.4 - 

2Tamoxifen - 3.1
1positive control of HL-60 cell line; 2positive control of MCF-7 cell line; - not tested. 
Note:*IC50 < 5.0 µg/mL = strong inhibition activity. *5.0 ≤ IC50 ≤ 25.0 µg/mL = moderate 
inhibition activity. *IC50 > 25.0 µg/mL = weak inhibition activity. [13]
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cell line. However, 3 exhibited moderate cytotoxic 
activities towards HL-60 cell line with IC50 values 
less than 10.0 µg/mL.

In summary, the unsaturated prenyl side chain 
(3-methylbut-2-enyl) at C-3/ C-5’ and the presence 
of the 2’,4’- and 3’,4’- positions of free hydroxyl 
moieties at B-ring of flavonoid derivatives contribute 
to the prominent inhibitory activity. Hence, it can 
be concluded that flavonoids with 3, 5’-prenylated 

skeleton and are 2’,4’- or 3’,4’-dioxygenated might 
be lead compounds for HL-60 and MCF-7 cancer cell 
lines, respectively.
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was a Colombo Plan scholar at the University of 
Adelaide (1956-1961) where he graduated with a 
First Class Honours in engineering and winning 
the Electricity Trust of South Australia prize for 
electrical power engineering.

For more information about this publication, 
contact: Academy of Sciences Malaysia, 902-
4 Jalan Tun Ismail, 50480 Kuala Lumpur, 
Malaysia; www.akademisains.gov.my.
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Born in 1940 to a poor family in Ulu Inas in Negeri 
Sembilan, Peninsular Malaysia, Salleh received 
his early education at Tuanku Muhammad School, 
Kuala Pilah and the Royal Military College, Port 
Dickson. The military training at RMC with the 
motto “Serve to Lead” laid the foundation that 
served him throughout his career, that is service 
to the nation with integrity and honesty.

He had his initial tertiary education in Adelaide 
and Canberra, Australia where he studied forestry 
and enjoyed himself tremendously doing many 
other things besides study. His friendly disposition 
led him to be ‘adopted’ as the Malaysian son of 
an Australian Forest worker’s family.

Salleh’s stint in the Netherlands opened his 
eyes to the achievements of a small nation and 
what science and research can do for economic 
development. His final educational training was 
in Michigan State University, USA where despite 
working in a number of positions and raising a 
family, Salleh managed to complete a Masters 
and PhD with distinction in four years.

Salleh’s international experience covered the 
four corners of the globe through his involvement 
with IUFRO, Forest Trends, NATMANCOM, 

Tropenbos, the CGIAR system, the MPTS 
Network and APAFRI, among others.

At home, Salleh shares his chanllenges in 
undertaking the first national forestry inventory, 
spending months camping in the ‘jungles’ of 
Peninsular Malaysia; the trials and tribulations 
and success in the formation of the Forest 
Research Institute of Malaysia; the challenges 
as the longest serving President of the Malaysian 
Nature Society; being Chief Executive Officer 
to the World Endurance 2008, the “Olympics” 
of endurance riding; his brief stint with 
Transparency International; his experiences with 
various universities in different capacities; and 
his involvement in the Academy of Sciences 
Malaysia and other NGOs, and his limited 
venture into business.

Portrait Of A Thousand Smiles is Salleh’s 
foray into science as science permeates in all that 
the autobiography presents.

For more information about this publication, 
contact: Academy of Sciences Malaysia, 902-
4 Jalan Tun Ismail, 50480 Kuala Lumpur, 
Malaysia; www.akademisains.gov.my.


