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Abstract
A novel miniaturized D shape split ring resonator
(SRR) antenna is proposed for dual band (3.6 GHz and
4.7 GHz) applications. This proposed antenna structure
has dimensions of 18 × 20 × 0.8 mm3 which is built on
FR4 dielectric constant (εr=4.4). This antenna consists
of top and bottom side dual SRR creating dual band res-
onant frequency which is excited from microstrip line
as monopole and slotted partial ground plane for better
impedance matching. The microstrip line (monopole) is
creating a resonance frequency at 4.7 GHz and the SRR
is responsible for creating resonance frequency at the
frequency of 3.6 GHz. The parametric study of micro-
strip line and the position of SRR has been analyzed.
The D shape SRR in the monopole is generating another
resonating frequency at 3.6 GHz. The metamaterial
property of proposed D shape SRR is also verified to
validate the resonance frequency. The antenna radiation
measurement is carried out in Antenna Research Centre
(ARC) FKE, Universiti Teknologi MARA, Malaysia.
Both simulated and measured results agreed well. Mea-
sured gain achieved with this dual band antenna is
around 2-3 dB.
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1 | INTRODUCTION

The wireless and mobile devices support multiple radio
frequency bands, for that a single antenna has to operate
dual or multi band frequencies to reduce its cost and size.
The main consideration of any antenna design is that it
should occupy less space and the number of components
is also to be reduced which may lead to unwanted cou-
pling and other disturbances. For that reason if an antenna
is working in dual band then it reduces the usage of sepa-
rate antenna for the other frequencies. To achieve dual
band, different types of antenna designs have been
proposed.1–10 Due to low cost, light weight, and ease of
integration, microstrip patch antennas are preferred in
many microwave applications. However, there is demand
on the reduction of antenna size in particular applications
such as some military and commercial wireless communi-
cation systems where the system size and profile are a
constraint. Over the past few years, significant amount of
work has been done to reduce the size of the patch anten-
nas. One of the traditional methods is to use materials
with high permittivity which yields a size reduction up to
30%-50%. However, high permittivity substrates lead to
high cost and suffer from surface waves which degrade
the radiation characteristics of the antenna by increasing
significant amount of side lobes. To suppress the surface
waves, a number of techniques are proposed. In Ref. 1,
the dual band is designed and analyzed in a rectangular
printed monopole antenna which used slits and truncated
technique; Meander T shape slot antenna, inverted U shape.
In Ref. 2, array of square CSRR is etched from ground
plane in a conventional patch antenna. Inverted F-micro
strip antenna is a kind of dual band which is operated at
2.4 GHz and 5 GHz embedded in L shape slots. In
Refs. 3,4, the antenna is designed for about 2.4 GHz-
5.2 GHz central frequency which is done by using inverted
L shape modified in normal patch antenna. In Ref. 7, the
antenna utilizes an H-shape defected ground structure; in
Ref. 8, feeding two different length resonant paths with a
50 Ω microstrip line. In Ref. 6,5, the antenna is optimized
for dual band by using metamaterial structures such as, cir-
cular, hexagonal CSRR, and SRR which exhibits negative
permittivity and permeability.

In this work, a D shape SRR based microstrip line
monopole antenna is proposed for WiMax (3.45 GHz-
3.7 GHz) and C band (4.86 GHz-4.63 GHz) applications.
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A miniaturized dual band was obtained within this com-
pact geometry size.

2 | DESIGN PROCEDURES OF
PROPOSED NOVEL SRR DUAL BAND
ANTENNA

The Novel D SRR antenna design step is shown in
Figure 1. Its design procedure is started from a microstrip
line (l = λg/4) which is normally a simple monopole
antenna built in FR4 (εr = 4.4) dielectric substrate. This
microstrip line is connected to a 50 Ω feed line which pro-
vides impedance matching along with slotted partial
ground structure for both dual frequencies. The dimension
of proposed Novel D antenna structure has a compact and
high rejection level band-stop filter by using complemen-
tary split ring resonator (SRR). The proposed circuit is
characterized by compact size, low cost, easy fabrication
and its dimensions are listed in Table 1. First, we started
designing with microstrip line alone which is acting as a
monopole antenna for the resonating frequency of
4.7 GHz by using following mathematical equation:

FIGURE 1 (A) Without SRR microstrip line antenna, (B) with dual D SRR with microstrip line top side, and (C) bottom side [Color figure can
be viewed at wileyonlinelibrary.com]

TABLE 1 Parameters and dimensions of proposed D SRR antenna

Parameters Dimensions, mm

SRR

Inner semicircle radius 3.60

Outer semicircle radius 4.65

Outer semicircle

Strip length, L0 8.80

Strip length, L1 7.20

Inner semicircle

Outer strip length 2.7

Inner strip length 2.2

Outer split gap, S1 0.90

Inner split gap, S2 0.50

FR4 substrate

Wp 20

Lp 18

Height 0.8

Strip line

Length, ls 11

Width 1.4

Ground

Length 1.6

Width 20

Slot 0.5 × 0.5
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l+ d¼ 0:25λ, ð1Þ

where the design parameters of microstrip line are length,
l = 14 mm, width, d = 1.4 mm. For this resonant frequency to
find the optimized length, the various length of microstrip line
is analyzed in HFSS simulation which is shown in Figure 2. In
order to generate dual band D shape SRR is implemented in
this design. In general, the electrical behavior of an SRR can
be replaced by LC circuit which is acting as a magnetic dipole
is excited by an axial magnetic field. In this geometry, pro-
posed D SRR is directly coupled to the microstrip line and its
position is optimized by varying its position along the strip line
which causes gain variation and slightly affects the monopole
resonant frequency but SRR always resonates its designed reso-
nant frequency which is shown. The proposed D SRR is
designed for the resonant frequency of 3.6 GHz which is calcu-
lated by using the following formula:

fSRR ¼ 1
2π

ffiffiffiffiffiffiffiffiffiffi

LSCS
p : ð2Þ

3 | PARAMETRIC ANALYSIS

3.1 | Effects of ground length variations

Parametric analyses have been done in ground length
“Lg” for perfect matching. The width of the partial ground
“Lg” has been varied from 0.3 mm to 3.5 mm which is
shown in Figure 3. Hence the optimized value of Lg is
chosen as 1.6 mm and with slot at this 1.6 mm ground
length improves the impedance matching at 4.66 GHz fre-
quency. Further increase in “Lg” value makes decrease in
impedance.

3.2 | Effects of D SRR

With and without SRR has been analyzed. Without SRR
produces resonant frequencies at 5.1 GHz, with single D
SRR resonates another frequency at 3.6 GHz along with
5 GHz. Finally, adding small D structure at the bottom side
acts as a reflector which emits E field inclined to a normal
axis so that improves the effectiveness of radiation at
3.6 GHz resonant frequency which is also able to tuning

FIGURE 2 Without SRR return loss for various micro strip line
lengths [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Frequency response curve for various partial ground
Length ‘Lg’ [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Simulated return loss for without and with single and
dual SRR [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Frequency response curve for with and without split
of D SRR [Color figure can be viewed at wileyonlinelibrary.com]
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higher resonant frequency to 4.7 GHz with this miniatur-
ized proposed antenna. Simulated return loss for without
and with single and dual SRR is shown in Figure 4.

3.3 | Effect of split in D SRR

The parameter analysis is also done with the split effect on
D SRR and it is found that, SRR without split is not generat-
ing resonance at 4.66 GHz. Whereas, split creating a pass
band (S11) in S parameter is due to capacitance of SRR
formed by split slot and the inductance formed by metal strip
length. To pertaining dual band frequency, D SRR position
has been analyzed along the microstrip line and hence opti-
mized SRR position at 8.3 mm. Frequency response curve
for with and without split of D SRR is shown in Figure 5.

The proposed antenna further analyzed with surface
current distribution is shown in Figure 6A,B. The surface
current distribution of antenna is analyzed using simula-
tion HFSS software for dual frequencies. In Figure 6A,
the current density is more in outer semicircle whereas
less current dense is present in inner D shape. So, the
outer semicircle is responsible for lower band frequency

3.56 GHz. In Figure 6B, at 4.77 GHz frequency, the sur-
face current density is decreases and increases in outer
semicircle which results in inner semicircle controlling
the upper band frequency.

FIGURE 6 (A) Surface current distribution at 4.66 GHz and (B) surface current distribution at 3.56 GHz [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 7 Proposed novel D SRR microstrip line monopole
antenna [Color figure can be viewed at wileyonlinelibrary.com]
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4 | RESULTS AND DISCUSSION

The proposed antenna structure simulated on HFSS v.17.0
software is shown in Figure 7. The simulated and fabricated
return loss (S11) results were compared and it is observed
that measured results provided better results. The obtained

bandwidth in simulation and measurement is 300 MHz and
250 MHz respectively for 3.56 GHz and 4.76 GHz. The
snapshot of proposed antenna (top and bottom part) is shown
in Figure 8A,B. The obtained bandwidth is sufficient for
WIMAX and C band applications. The simulated gain and
efficiency of the antenna are shown in Figure 9A,B. It pro-
duced gain around 2-3 dBat both resonant frequencies and
also efficiency is nearly about 80.72% and 79.62% respec-
tively for 3.56 GHz and 4.76 GHz. The Agilent network
analyzer is used to measure the return loss of the proposed
antenna which is shown in Figure 10. Also simulated and
measurement results are listed in Table 2. This dual band
antenna has been measured in Antenna Research Centre
(ARC), FKE, UiTM. The measurement focuses on measure-
ment of return loss (S11) and radiation pattern. The both sim-
ulation and measurements of radiation pattern are shown in

FIGURE 8 Snapshot of proposed antenna. (A) Top view. (B) Bottom view [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 (A, B) Simulated gain and efficiency of proposed dual band antenna

FIGURE 10 Measured return loss (S11) of proposed antenna
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Comparison of simulated and measured values of proposed
D-SRR antenna

Proposed dual D-SRR
antenna resonant Frequency, GHz

Return
loss, dB Gain, dB

Radiation
efficiency, %

Simulated 3.60 −14.10 1.82 92

4.66 −26.95 0.13 80

Measured 3.56 −32.69 3.35 80.72

4.76 −31.23 1.80 79.62
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Figure 11. Both plots show almost omnidirectional pattern
in H plane and bidirectional pattern in E plane at both dual
resonant frequencies and due to size constrain slight varia-
tion in measured pattern is observed.

5 | CONCLUSION

A very low profile, low cost dual band D shape SRR based
antenna only with microstrip line and for D shape SRR is
proposed for dual band applications with a size of
20 × 18 × 0.8 mm3.This antenna is fabricated and measured
its return loss, gain, radiation characteristics, and radiation
efficiency. The simulated and measured results are validated.
This antenna can be designed for any wireless applications
just by changing the length of the microstrip line and by
varying the SRR radius and strip length. The proposed

antenna shows measured frequency responses of 3.56 GHz
(3.3 GHz-3.8 GHz) and 4.76 GHz (4.6 GHz-4.85 GHz) and
impedance bandwidth around 500 MHz and 250 MHz,
respectively. Therefore the proposed miniaturized antenna
structure can be utilized for WIMAX and C band applica-
tions with low cost.
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FIGURE 11 (A) Simulated pattern phi = 0�, phi = 90� @ 3.56 GHz and 4.76 GHz. (B) Measured pattern phi = 0�, phi = 90� @
3.56GHz and 4.76 GHz [Color figure can be viewed at wileyonlinelibrary.com]
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 Intrinsic zinc oxide (ZnO)/Al-doped ZnO (AZO) homojunction film was 

prepared using two-step immersion processes. The film was characterized 

using field emission scanning electron microscopy, X-ray diffraction (XRD), 

Raman spectroscopy, and ultraviolet–visible spectrophotometer to investigate 

their structural and optical properties. The surface morphology image 

displays that the ZnO deposited on the nanorod surfaces in layer form with 

average diameter of nanorods about 95 nm. The structural properties of XRD 

pattern demonstrate that the film possessed good crystallinity with the 

preferred orientation at (002) plane. The film also possessed excellent 

absorption in the ultraviolet (UV) region with optical band gap energy of 

3.22 eV. These results indicate that the film has a good potential for optical-

based device such a UV sensor. 
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1. INTRODUCTION 

Zinc oxide (ZnO) is an n-type which is used in various applications include sensors, solar cells, light 

emitting diodes, and transistors [1-4]. These wide applications are benefited from its properties such as wide 

bandgap energy, non-toxic, low cost, and also able to be produced into nanoscale structures. Previous studies 

reported that ZnO can be produced into various kinds of nanostructures such as nanowires, nanorods, 

nanospheres, nanoflowers, and nanoflakes. However, one-dimensional structures (nanorod and nanowires) 

are more promising in device fabrications due to ease of electron transfer and reducing grain boundary-

related defect [5]. To date, there are lots of fabrication methods that are used to produce ZnO nanostructures 

such as metal organic chemical vapour deposition (MOCVD), sputtering, electrodeposition, thermal chemical 

vapour deposition, and hydrothermal [6]. Among the fabrication methods, water-based preparation is 

favourable due to simple process and low temperature use. Besides, this method also capable of producing 

high quality nanostructure films, comparable to the methods which use high temperature and high vacuum 

conditions.  
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Based on the previous studies, intrinsic ZnO coating, forming whether homojunction or 

heterojunction, manage to improve the properties of a film. According to Mamat et al., by coating ZnO 

nanorod arrays with intrinsic ZnO manage to improve the ultraviolet (UV) sensing performance due to the 

reduction of dark current [7]. In other study, Jiang et al. reported that the efficiency of CuIn1−xGaxSe2 (CIGS) 

solar cells improved after coated with intrinsic ZnO [8]. In this study, we investigated the effect of ZnO/Al-

doped ZnO (AZO) homojunction film in term of structural and optical properties. To the best of our 

knowledge, detail discussion on such homojunction film is rarely reported. The understanding on their 

properties is crucial for future implementation in devices. 

 

 

2. RESEARCH METHOD 

The preparation of ZnO/AZO film involved three steps. First is a seed layer preparation. The detail 

preparation of seed layer has been reported in previous study [9]. For the preparation of AZO, zinc nitrate 

hexahydrate (0.1 M), hexamethylenetetramine (0.1 M), and aluminum nitrate nonahydrate (0.001M) were 

used as the main materials. The reagents were combined and then going through sonication process for 30 

min (50 °C). Then the solution was stirred for 3h, followed by immersion to grow the nanorod array 

structures. Finally, the film was annealed for 1 h (500 °C). Then, the second immersion for homojunction 

layer was conducted by mixing zinc nitrate hexahydrate (0.02 M) and hexamethylenetetramine (0.02M). 

Similar processes involving sonication, stirring, immersion, and annealing were used, where every 

parameters for each step were maintained. The illustration for the ZnO/AZO homojunction film preparation 

is depicted in Figure 1. For structural analyses, field emission scanning electron microscopy (FESEM, JEOL 

JSM-7600F), X-ray diffraction (PANalytical X’Pert PRO), and Raman spectroscopy (Horiba Jobin Yvon-79 

DU420A-OE-325) measurements were conducted. For optical characterizations, ultraviolet–visible (UV–vis) 

spectrophotometer (Varian Cary 5000) was used. 

 

 

 
 

Figure 1. The illustration for the ZnO/AZO homojunction film preparation 

 

 

3. RESULTS AND ANALYSIS 

The FESEM images in Figure 2 depict the surface morphology of the prepared samples. The images 

were taken at 100,000 × magnifications. Figure 2(a) shows the surface morphology of granular ZnO seed 

layer film. The average diameter of the grain is about 25 nm. Figure 2(b) demonstrates the AZO film grown 

on the ZnO seed layer film. The average diameter of the nanorods is about 70 nm. It is observed that the film 

consist of large pore areas in between the nanorods. Figure 2(c) depicts the ZnO film (0.02 M solution 

concentration) which was grown on the seed layer film. It is witnessed that only small part of the film is 

covered by the nanorods. Besides, the diameter of the nanorods is relatively small compared to AZO film, 

about 35 nm. Other than that, we also observed nanoflake structure appears on the film in addition to the 

nanorod structures. Figure 2(d) displays the ZnO/AZO homojunction film. Compared to the bare AZO film, 
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it is witnessed that the nanorod arrays of ZnO/AZO is covered by a slightly light color layer, which is 

intrinsic ZnO. The average diameter of the film is about 95 nm. Based on the image, it is indicates that the 

deposition of the intrinsic homojunction layer begin from the side surface, follows by the deposition on the 

top of the nanorods. This is based on the observation from the FESEM images that shows the less coverage 

of the intrinsic layer on the top surface of the nanorods. Interestingly, the growth process of the intrinsic ZnO 

does not develop into any form of nanostructures, but a layer. Such formation occurs may be due to the same 

crystal structure of ZnO and AZO, which enhances the homoepitaxy growth on the previous crystal (AZO). 

 

 

 
 

Figure 2. Surface morphology of (a) seed layer, (b) AZO, (c) ZnO, and (d) ZnO/AZO films at 100,000 × 

magnifications 

 

 

Figure 3 depicts the XRD pattern of the synthesized films. The diffraction angles measured are from 

25° to 60°. The XRD pattern of each film is plotted individually and the intensity of the X-ray is shown in 

count-per-units (cps) to show the different in the intensity of each film. From the plots, there are several 

peaks occurred on the pattern, namely; (100), (002), (101), (102), and (110). For AZO film (Figure 3(a)), the 

dominant diffraction peak is at (002) plane orientation (along c-axis). For intrinsic ZnO film (Figure 3(b)), 

the dominant peak is at (100) and (101) plane orientations. Meanwhile, the growth of ZnO/AZO film also 

exhibits a preferential growth along c-axis (Figure 3(c)). In case of ZnO film, the preferential crystal growth 

may be dominated by the seed layer film and small number of nanoflake structures (from FESEM images), 

which preferentially grown along (100) and (101) plane orientations. Once the ZnO layer is grown on the 

AZO, we can observe that the peak intensity at (100) and (002) slightly increased. The increment of 

preferential a-plane growth may explain the formation of layer on the AZO surface which is expected to 

originate from the side surface of the nanorods of the AZO film as discussed earlier. Figure 3(d) depicts the 

magnified image of the XRD patterns at (002) plane orientations. The plot shows the significant increases of 

peak intensity for the film which was grown with AZO. Comparing both AZO and ZnO/AZO films, only a 

slight increment to the peak intensity can be detected. Interestingly, no peak shifting can be witnessed after 

the second growth process, indicating no residual stress forced on the ZnO/AZO film. 

To investigate more on the crystal structure, we characterized the films using Raman spectroscopy 

as shown in Figure 4. The characterization was done under argon (Ar) laser operating at 514 nm as excitation 

source. Two inherent Raman peaks at 437 and 581 cm
-1

 which correspond to E2(high) and E1(LO) mode, 

respectively [10]. Other insignificant peak can also be observed which situated at 332 cm
-1

, which represents 

2E2(M) mode [11]. E2(high) mode indicates the Raman vibration of hexagonal ZnO structure and the 

intensity of Raman vibration of E2(high) increased which shows that better crystalline structure of AZO and 

ZnO/AZO. This result is in agreement with the previously discussed XRD patterns. Further, the Raman 

vibration of E1(LO) mode shifted from 565 cm
-1

 of seed layer and AZO to 581 cm
-1

 of ZnO/AZO. E1(LO) 

mode can be related to the lattice defect (oxygen vacancy). 

100 nm 100 nm 

100 nm 100 nm 

(a) (b) 

(c) (d) 

Nanorods 

Nanoflakes 
AZO 

ZnO layer 
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Figure 3. XRD pattern of (a) AZO, (b) ZnO and (c) ZnO/AZO films 

 

 

The optical properties of the films were measured using UV-vis spectrophotometer in the 

wavelength range of 350 – 800 nm. Figure 5 depicts the transmittance measurement of the films. All films 

exhibit good optical transparency in the visible region and steep edge around 380 nm, represent the band gap 

energy of the ZnO. The average transmittances of each film are 94.4%, 87.8%, and 66.5% for seed layer, 

AZO and ZnO/AZO homojunction films, respectively. The seed layer film possessed the lowest 

transmittance may be due to the lowest thickness compared to other films. Similar to other film, the variation 

of average transmittance is expected from the difference in film thicknesses, which is the cause for optical 

scattering effect [12]. 
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From the transmittance plot, the absorption coefficient of the films was plotted using the following 

Equation [13]: 

 


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1
ln

1

         (1) 
 

Here, α is the absorption coefficient, t is the thickness, and T is the transmittance. The absorption 

coefficient is shown in Figure 6. The films show good absorption at UV region, with ZnO/AZO 

homojunction film possessed the highest UV absorption compared to other samples. The possible reason 

which leads to this result is high scattering effect at the homojunction interface which causes more photon 

trapping in the film. 
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Figure 6. Absorption coefficient of (a) seed layer, (b) AZO and (c) ZnO/AZO films 

 

 

For direct band gap semiconductor, the optical band gap energy, Eg can be correlated through the 

given formula [14]: 

 

 2
1

gEhvBahv 
        (2) 

 

Here, B is a constant and hν is the incident photon energy. Figure 7 demonstrates the (αhν)
2
 versus 

photon energy for Eg estimation. The Eg of the seed layer, AZO and ZnO/AZO are 3.26, 3.27, and 3.22 eV, 

respectively. No significant changes to the Eg can be observed. However, one the interesting alteration to the 

Eg is when the intrinsic ZnO is used on the film. We can see that the Eg shifted to low value for the ZnO/AZO 

homojunction film. This alteration may be appeared due to the intrinsic nature of ZnO which has Eg value 

from 3.2 – 3.3 eV [15]. In addition to that, for ZnO/AZO film, the decrement of Eg may be caused by the 

scattering effect at the interface between the oxide homojunction [16]. 
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Figure 7. Tauc’s plot of (a) seed layer, (b) AZO and (c) ZnO/AZO films 
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4. CONCLUSION 

Intrinsic ZnO/Al-doped ZnO (AZO) homojunction film was prepared using two-step immersion 

processes. The FESEM images display that the intrinsic ZnO film depositions on the seed layer grew into 

ZnO nanostructures (nanorods and nanoflakes). However, when the intrinsic ZnO film is deposited on the 

nanorod surfaces, it just formed a layer which covered the nanorods of AZO film. The average diameter of 

the ZnO/AZO homojunction also increased up to 95 nm, higher than bare AZO. The XRD patterns 

demonstrate that the films possessed good crystallinity. AZO and ZnO/AZO homojunction films showed 

preferred orientation at (002) plane while ZnO film shows preferential growth along (100) and (101) plane 

orientations. Raman measurement confirms that the films consist of hexagonal ZnO structure with vibration 

peaks occurred at 2E2(M), E2(high), and E1(LO). The ZnO/AZO homojunction film possessed excellent 

absorption at UV region with optical band gap energy of 3.22 eV.  These results indicate that the ZnO/AZO 

homojunction film has a good potential for optical-based device such a UV sensor. 
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Gelidiella acerosa inhibits lung cancer
proliferation
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Abstract

Background: Lung adenocarcinoma is the most common subtype of Non small cell lung cancer in which the PI3K/
Akt cascade is frequently deregulated. The ubiquitous expression of the PI3K and the frequent inactivation of PTEN
accounts for the prolonged survival, evasion of apoptosis and metastasis in cancer. This has led to the development
of PI3K inhibitors in the treatment of cancer. Synthetic PI3K inhibitors undergoing clinical and preclinical studies are
toxic in animals. Hence, there is a critical need to identify PI3K inhibitor(s) of natural origin.
The current study aims to explore the efficacy of the red algae Gelidiella acerosaon inhibition of cell proliferation,
migration and the expression of cell survival genes in lung adenocarcinoma cell line A549.

Methods: The phytoconstituents of Gelidiella acerosa were extracted sequentially with solvents of different polarity,
screened qualitatively and quantitatively for secondary metabolites and characterized by GC-MS. The in-vitro studies
were performed to check the efficacy of the extract on cell proliferation (MTT assay), cell invasion (scratch assay and
colony formation assay), apoptosis (fluorescent, confocal microscopy and flow cytometry) and expression of
apoptosis and cell survival proteins including PI3K, Akt and GSK3β and matrix metalloproteinase MMP2 and MMP9
by Western blot method. The antitumor activity of GAE was analyzed in a tumor model of Zebrafish.

Results: The outcomes of the in vitro analysis showed an inhibition of cell proliferation, induction of apoptosis,
inhibition of cell migration and colonization by the crude extract. The analysis of protein expression showed the
activation of caspases 3 and Pro apoptotic protein Bax accompanied by decreased expression of Bcl-2 and Bcl-XL.
On the other hand, subsequent activation of GSK3β and down regulation of PI3K, Akt were observed. The
decreased expression of MMP2 correlated with the antimetastatic activity of the extract. The in vivo studies showed
an inhibition of tumor growth by GAE in Zebrafish.

Conclusion: The phytoconstituents of algal extract contributed to the anticancer properties as evidenced by in
vitro and in vivo studies. These phytoconstituents can be considered as a natural source of PI3K/Akt inhibitor for
treatment of cancers involving the PI3K cascade.

Keywords: Gelidiella acerosa, PI3K, Akt, GSK3β, Caspase 3, Bax, Bcl-2, Bcl-XL, Tumor model of zebrafish

Background
Lung cancer is a heterogeneous disease which has taken
a death toll of 1.6 million in 2015 [1]. The two major
classes of lung cancer are Non Small cell lung cancer
(NSCLC) and Small cell lung cancer. Of these, the
NSCLC accounts for 85% of lung cancer cases. Histolog-
ically, NSCLC includes three subclasses, namely small
cell carcinoma, large cell carcinoma and adenocarcin-
oma. Among these, the lung adenocarcinoma constitutes

40% of NSCLC cases [2]. The 5-year survival rate of
NSCLC varies from 1 to 45%, depending on the extent
of metastasis. Molecular profiling studies have identified
the PI3K/Akt cascade as a frequently targeted pathway
in NSCLC [3, 4].
The phosphoinositide kinases 3 (PI3Ks) are groups of

proteins that regulate cell growth, survival, metabolism
and glucose homeostasis [5]. Recent studies have shown
that PI3K and its components are frequently mutated in
human cancers which in turn contribute to the aberrant
activation of the PI3K/AKT/mTOR pathway in cancer.
Hence, the PI3K cell survival pathway became the most
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targeted candidates for anticancer therapy [5, 6]. Further,
the aberrant expression of PI3K confers multidrug resist-
ance, thus contributing to poor prognosis [7, 8]. Target-
ing the PI3K signaling cascade with small molecule
inhibitors could be an effective means of treating cancer
[9, 10]. Current PI3K inhibitors that are available in the
market act either by inhibiting PI3K or any of its down-
stream components [7–11]. The first generation PI3K
inhibitors including Wortmannin and LY294002 were
discontinued due to their toxicity in animals [12, 13].
Several PI3K inhibitors are being developed in both the
pharmaceutical industries and academic institutions.
These include the Dactolisib, Umralisib, Buparlisib, Sera-
belisib, IP1–549, SF-253, GDC-0326and Alpelisib which
are undergoing different phases of clinical trials [14–22].
The recent approval of Idelalisib, the first oral PI3K inhibi-
tor by the FDA for the treatment of chronic lymphocytic
leukemia [23], has triggered the drug industry to search for
new PI3K inhibitors that act efficiently and selectively with-
out any side effects. Hence, the current study was intended
to identify natural bioactives which can target PI3K or its
components and without any cytotoxicity.
Natural products are used worldwide for the treatment

of various diseases. Recent studies have shown that 47%
of anticancer drugs are developed from natural products
[24]. According to the World Health Organisation, 80%
of the world’s population relies on natural products for
health care. Over the past 40 years, the marine environ-
ment has drawn special attention due to the discovery of
numerous lead compounds and drugs with unique struc-
tures [25]. Among the marine organisms, algae and
sponges are widely utilized as sources of novel drugs.
Marine red algae are rich in bioactive metabolites with
varied therapeutic properties [26, 27]. They are widely
exploited for the production of agar, alginates and carra-
geenan worldwide [28]. The marine red algae Gelidiella
acerosa (G.acerosa) (Order: Gelidiales, Family: Gelidiel-
laceae, Genus: Gelidiella) is abundantly found in the
intertidal zones of the Gulf of Mannar, South India. It is
widely utilized by the Food and Pharma industries for its
high-quality agar [29]. Studies conducted earlier have re-
ported the antimicrobial, antioxidant, antifungal, anti-
coagulant, antifertility, anticholinesterase, anticancer and
post-coital contraceptive activities of G.acerosa [30–40].
Although, the anticancer activity of the algae was re-
ported previously [39] the phytocompounds and their
mechanism of action were not reported. Our current re-
search is focused on discovering the bioactive molecules
from G.acerosa, which can target PI3K pathway and its
components without inducing any cytotoxicity. Although
enough medical advancement is achieved in the manage-
ment of lung cancer, the survival rate is highly disap-
pointing [41]. The frequent deregulation of PI3K and its
components accounts for progression of lung cancer

[42]. The over-activation of PI3K confers resistance to
the current anticancer therapies. Hence there is a critical
need to identify a suitable drug which acts by inhibiting
PI3K, Akt expression. In the current study, the phyto-
constituents of G.acerosa are analyzed for their efficacy
to inhibit cell proliferation, invasion and tumor forma-
tion, induction of apoptosis and regulation of cell sur-
vival cascade PIK3, Akt, GSK3β under in vitro
conditions using the adenocarcinoma lung cancer cell
line A549.
As per FDA regulations, acute and chronic toxicity

studies are essential for compounds which are intended
for human use. As most of the compounds which are ef-
fective under in vitro conditions, failed in toxicity ana-
lysis and in vivo studies, the current research was
focused on determining the in vivo toxicity in adult Zeb-
rafish (Danio rerio) and confirming the results through a
novel Tissue-Chip technology.

Methods
Seaweed collection, processing and characterization
Marine red algae G.acerosa was collected from the Man-
dapam coast, Tamil Nadu, India after identification and
authentication by Dr. Raju Saravanan, Scientist, Center
for Marine Fisheries Research Institute (CMFRI), Man-
dapam, India. A specimen of the seaweed was deposited
at CMFRI (accession number: MMM-CMFRI17002).
The seaweed was washed, shade dried, milled and the
dry powder was used for sequential extraction [43] and
analyzed for the presence of various phytoconstituents
[44, 45]. The total polyphenol and flavonoids content of
the extracts were estimated [46, 47]. The ethyl acetate
extract of G.acerosa (GAE) was subjected to HPLC ana-
lysis [48] in Shimadzu HPLC 9A with LC 20 AD binary
gradient pump, SPD- M20A Diode array detector and
RF-Fluorescence detector. The identification of func-
tional groups, covalent bonds in GAE was carried out
through Fourier Transformation Infrared spectroscopy
[49, 50]. The GC MS analysis of GAE was done in JOEL
GCMATE II GCMS advanced mass spectroscopy sys-
tem. The sample was analyzed as per the manufacturer’s
protocol and the emerging fragment ions were collected.
The probable structure based on the ion fragmentation
pattern was derived from the NIST14 (National Institute
of Standards and Technologies) library search.

Determination of antioxidant activity
2, 2 Di phenyl − 1-Picrylhydrazyl (DPPH) radical
scavenging assay
The efficacy of the algal extracts to scavenge the free
radicals generated in the form of (DPPH) was assessed
as previously described [51].

S.M. et al. BMC Complementary and Alternative Medicine  (2018) 18:104 Page 2 of 14



In vitro analysis of cell viability
A549 cells, procured from National Facility for Animal
Tissue and Cell Culture, Pune, India, were used for the
study. The cells were subcultured in DMEM containing
10% heat-inactivated FBS and 1% antibiotic cocktail
(GIBCO, USA). The cell viability assay was carried out
[52]. Briefly, 2 × 105 cells were seeded in 96 well plates
and allowed to adhere. The cells were exposed to differ-
ent concentrations of GAE (0.1–2 mg/ml) for 24 h and
the cell viability was assessed by MTT assay.

Analysis of apoptosis
The hallmarks of apoptosis were analyzed by fluorescent
and confocal microscopy. In brief, 2 × 105 cells were
seeded in 6 well plates and allowed to become 80% con-
fluent. The cells were exposed to 1.5 mg of GAE for
24 h. The cells were washed with ice-cold PBS twice and
fixed with 70% ice-cold methanol and stained with DAPI
(5 μl) for 5 min in darkness. The cells were observed for
nuclear fragmentation under the inverted fluorescent
microscope (Zeiss1.0). The same procedure was followed
for staining with propidium iodide (5 mg/ml) and
AnnexinV (5 μl). For Flow cytometry analysis, 5 × 103
cells were seeded in 35 mm Petri dishes and treated with
1.5 mg of GAE for 6 h. The cells were trypsinized and
treated with 5 μl of DAPI (5 min) and analyzed for apop-
tosis, cell cycle arrest and changes in DNA content in
Beckman Coulter Moflo [53, 54]. The cells which were
not exposed to GAE served as the control group.

Immunoblot analysis
The cells at a concentration of 5 × 105cells/ml were
seeded in 100 mm Petri dishes and incubated to attain
confluence. The cellswere exposed to the inhibitory con-
centration of GAE (1.5 mg/ml) for 24 h. The cells with-
out GAE treatment represented the control group. The
medium was removed and the cells were washed twice
with ice-cold PBS and lysed with RIPA buffer. The cell
lysate was centrifuged (14,000 rpm, 10 min) and the
supernatant was stored at − 20 °C till further use. The
protein content of the cell lysate was quantified by
Lowry’s method. 50 μg of protein was separated in 10%
SDS- PAGE and the proteins were transferred onto a
nitrocellulose membrane (BioRad, USA) and blocked
with 5% skim milk (BioRad, USA). Following this, the
membrane was exposed to primary antibodies (4 °C,
24 h) against Bax (1:500 Abcam, USA) ,Bcl-2(1:500
Abcam, USA), Bcl-XL (1:500 Abcam, USA), Caspase 3
(1:200 Abcam, USA), PI3K (1:500 Abcam, USA), p
PI3k(1:1000 Abcam, USA), Akt(1:500 GenetexBio, USA),
p Akt(1: 1000 GenetexBio, USA) and β actin (1:1000
1:1000 Abcam, USA). The membrane was then incu-
bated with HRP-conjugated anti-mouse (1:2500) and
anti-rabbit (1:2000) secondary antibodies for 1 h (RT)

with continuous shaking. The protein bands were visual-
ized using an ECL staining kit (Amersham Pharmacia
Biotech, Sweden).

Scratch assay
In order to analyze the effect of GAE on cell migration,
the wound healing assay was carried as previously de-
scribed [55]. In brief, cells were grown in 12-well culture
plates until they became 90% confluent. Following this,
the cells were exposed to serum-free medium for 12 h.
The monolayers of cells were scratched with a fine
micropipette tip to create a wound. The cellular debris
was removed by PBS, and the cells were exposed to
serum-free medium containing different concentrations
of GAE (0.1–1.5 mg/ml). The migrated cells were fixed
(cold 75% methanol, 30 min) and washed with ice-cold
PBS. The migration of cells into the wounded area was
imaged at 0 and 24 h.

Clonogenic assay
The ability of single cells to retain their reproducing
ability to develop as a colony was analyzed by the clas-
sical clonogenic assay as described earlier [56]. In brief,
the cells were grown in 6 well plates until they became
confluent. The cells were then exposed to different con-
centrations of GAE (0.1–1.5 mg/ml) for 24 h. The
medium was removed and the cells were trypsinized to
obtain a single cell suspension. Five hundred cells, ex-
posed and unexposed to GAE were seeded in 6 well
plates and fresh medium was added. The plates were left
undisturbed for 7 days. Later, the medium was removed
and the cells were washed with PBS, stained with Trypan
blue and observed under the microscope.

Immunoblot analysis of MMP expression
To determine the antimetastatic activity of GAE, the ex-
pression of matrixes, MMP2 and MMP9 were analyzed by
western blot. In brief, the cells were grown in 6 well plates,
treated with GAE (1 mg/ml) for 24 h. The cells that were
not exposed to GAE represented the control. The cells
were lysed as mentioned previously, and the protein was
isolated. The protein was analyzed for the expression of
MMP2 and MMP9 in the treated and control cells.

Statistical analysis
For in vitro analysis, all experiments were done in tripli-
cate and the data represents the mean ± SD.

Analysis of antitumor activity of GAE on A549
tumor-induced zebrafish
Adult male Zebrafishes (2.5 ± 0.2 cm long, 1.5 ± 0.5 g)
were induced to develop tumors as described previously
with slight modifications [57]. In brief, adult Zebrafishes
were injected with 5 μl of A549 cells in the muscle
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region to develop tumors. After 14 days interval, the sec-
ond dose of A549 cells (5 μl) was injected. The fishes
were maintained in a 21-l water tank, 14/10 h light and
dark cycles, under normal feed for 60 days to develop
tumors. The development of tumors was confirmed by
dissecting the tumor-induced fish. The tumor-induced
Zebrafishes were fed with GAE (15, 30, 45 and 60 μg/
day) for a period of 10 days. Following this treatment,
the fishes were dissected and analyzed for parameters in-
cluding muscle anatomy, tumor anatomy and pathology.
The experiment was done in triplicate with two fishes
per group for each dosage. A control without GAE treat-
ment was also maintained.

Acute and chronic toxicity analysis in zebrafish
Adult Danio rerio were housed in pairs. Different con-
centrations of GAE (100,250,500 μg/day) were adminis-
tered orally along with the fish feed. The fishes were
observed for behavioral changes and for acute and
chronic toxicity. The experiment was done in triplicate
and a control group was maintained.

Novel Tissue-Chip for drug screening
The novel lab-on-chip technology was used to screen
the efficacy of the algal extract. The Tissue -Chip is a
novel platform to replace the use of animal models. In
Tissue-Chip, (Refer Additional file 1) the major organs
like heart, liver, skeletal muscle and brain cells are grown
in a fully closed circulatory system with active physio-
logical hormonal balance; hence the Tissue-Chip mimics
the whole animal system. Further, the Tissue-Chip en-
ables the rapid screening of compounds (24–48 h), re-
duces the volume of compounds for analysis, is cost-
effective, non-laborious and the results are comparable
to whole animal models. Currently, the toxicology ana-
lysis, drug screening, kinetics, and bioequivalence are
carried out independently. However, all these processes
can be integrated into a single step in the Tissue-Chip
platform. Therefore, in one step, ADMET (Absorption,
Distribution, Metabolism, Excretion and Toxicity), drug
screening and elimination of false positives can be done.
The Tissue-Chip (Pentagrit, Chennai) used for the

current drug screening is a 3D scaffold which allows grow-
ing cells from different organs in a single chip. Adult male
Zebrafish were euthanized as per guidelines. The liver,
heart, muscle and brain were dissected and isolated using
dissection needle. The organs were teased to obtain a single
cell suspension, centrifuged at 9000 rpm for 15 min. The
cell pellet obtained was mixed well to get a single cell sus-
pension.5 μl of the cells from each organ was loaded to the
separate scaffold provided in the Tissue-Chip and the Cells
were cultured in DMEM (without glucose and with 0.01%
tetracycline) along with different concentrations of GAE
(100,250,500 μg/ml) at 37 °C for 48 h.The tissue developed

was removed and stained with Hematoxylin and Eosin stain
and observed under the microscope for cell viability.

Results
GAE is rich in polyphenols and flavonoids
G. acerosa was extracted sequentially with solvents of
varying polarity. Phytochemical analysis showed the
abundance of compounds in ethyl acetate extract (GAE).
Table 1 shows the phytochemical analysis of different
solvent extracts of G.acerosa and the presence of vari-
ous phytoconstituents at different concentration in
the extracts.
Total polyphenols (61.2 μg/100 mg) and flavonoids

(13 μg/100 mg) were highest in GAE (Fig. 1a and b).
HPLC analysis confirmed the presence of 4 compounds
in GAE with retention times of 15.083, 16.70, 18.086,
19.588 min (Fig. 1c). FTIR analysis revealed the presence
of a carbonyl group (1733 cm− 1), C-O, stretching of al-
cohol (1045 cm− 1), C-O, stretching of ether (1244 cm−

1), and C-O, stretching of acid groups (2977 cm− 1) in
GAE (Fig. 1d). The GC-MS analysis (Fig. 2) revealed the
presence of fourteen compounds in GAE (Table 2).
The abundance of phytoconstituents suggested that

ethyl acetate is the best- suited solvent for the extraction
of algal bioactives. The results of the DPPH assay
(Fig. 1e) showed that GAE has a higher antioxidant effi-
ciency (381%) than ascorbic acid. The antioxidant assay
showed that GAE is more effective in scavenging free
radicals when compared to standard ascorbic acid.

GAE induces cytotoxicity in A549 cells in vitro
In order to determine the antiproliferative activity of
GAE, A549 cells were treated with increasing concentra-
tion of GAE for 24 h and cell death induced was mea-
sured by MTT assay. GAE induced cell death was
concentration dependent. Cell viability decreased at con-
centrations > 1 mg/ml. The inhibitory concentration,
IC50 which induced 50% cell death was identified as
1.5 mg/ml (Fig. 3a). Hence this concentration was used
for further studies.

GAE induces apoptosis
In order to investigate whether the antiproliferative ac-
tivity was mediated through the induction of apoptosis,
A549 cells, treated with GAE (1.5 mg/ml, 6 h) were ob-
served for changes in nuclear morphology by DAPI, PI
and Annexin V staining. The characteristic features of
apoptosis-like nuclear fragmentation, sub-lobed nuclei
and exposure of Phosphatidyl serine were observed in
GAE treated cells through fluorescent and confocal mi-
croscopy (Fig. 3b and c). As the apoptotic hallmarks
were observed morphologically, flow cytometric deter-
mination of apoptosis was done with DAPI staining. The
DAPI staining revealed the presence of a diploid peak,
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Table 1 Phytochemical analysis of G.acerosa

Phytochemical Hexane DCM Ethyl Acetate Ethanol Methanol Water

Tannins - + +++ ++ +++ -

Alkaloids +++ ++ ++ - - -

Flavonoids + + +++ +++ ++ ++

Saponins - - - - - -

Phytosterol - +++ +++ +++ +++ -

Glycoside +++ +++ +++ +++ +++ +

Oils & Fats ++ ++ +++ ++ ++ -

Protein - + + +++ +++ ++

Carbohydrates - - + +++ +++ +++

Resins - - - ++ ++ -

Coumarins - + +++ ++ ++ +

Terpenoids - - +++ +++ +++ -

+ Weak (< 3 μg/ml), ++ Moderate (5–7 μg/ml), +++ Strong (> 8 μg/ml), - Absent

Fig. 1 Characterization of algal phytoconstituents. a and b Quantification of polyphenols and flavonoids in algal extracts reveals maximum
concentration in ethyl acetate extract. c. HPLC analysis of ethyl acetate extract shows the presence of 4 compounds with retention time. d FTIR
analysis of ethyl acetate extract showing presence of functional groups. e Analysis of antioxidant activity by DPPH assay reveals maximum
antioxidant efficiency of ethyl acetate extract. Values expressed are Mean ± S.D. (H- hexane, D- Dichloromethane, EA- ethyl acetate, ET- ethanol,
M- methanol, AQ - aqueous, STD- Ascorbic acid)
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representing cells with fragmented DNA in the treated
group (Fig. 3d). The FACS analysis thus confirmed the ar-
rest of the cell cycle through the induction of apoptosis.

GAE stimulates caspase activation
The role of the caspase cascade in apoptosis isestab-
lished through several studies. In order to investigate
whether the induction of apoptosis is caspase-
dependent, the expression of caspase-3 and 8 were ana-
lyzed in A549 cells treated with GAE. The results
showed that caspase-3 was activated as evidenced by the
cleaved forms of caspase-3, whereas caspase-8 expres-
sion was unaltered (Fig. 4a). The data prompts the

involvement of caspase-3 rather than caspase-8 in the
induction of apoptosis by GAE.

GAE increases Bax/Bcl2 ratio
Followed by the observation of caspase-3 in GAE in-
duced apoptosis, the role of apoptosis regulators,
namely Bax, Bcl2 and Bcl-XL was further investigated.
As evidenced by western blot, the GAE treatment up-
regulated the expression of the pro-apoptotic protein
Bax and down-regulated the expression of anti-
apoptotic proteins Bcl2 and Bcl-XL (Fig. 4a). The re-
sult strongly suggests that GAE induces apoptosis by
altering the Bax/Bcl-2 ratio.

Fig. 2 GC-MS profile of GAE. The GC-MS analysis revealed the presence of various compounds with differing retention time

Table 2 GC-MS profile of G.acerosa ethyl acetate extract

S. No Retention Time
(Minutes)

PubChem
CID

Name of the compound Molecular
formula

Molecular
weight

1 15.62 8217 1-octadecene C18H36 252.486

2 16.22 10,408 6,10,14-trimethyl Pentadecan-2-one C18H36O 268.485

3 17.05 8181 Methyl Palmitate C17H34O2 270.457

4 19.63 545,651 1-Heneicosyl formate C22H44O2 340.592

5 21.80 12,403 Heneicosane C21H44 296.583

6 22.25 71,750,792 Mono(2-ethyl-6-(tetrahydropyranoxy)hexyl) Phthalate C 21H30O6 378.465

7 22.65 12,592 Tetracosane C24H50 338.664

8 23.73 8222 Eicosane C20H42 282.556

9 26.83 5,365,995 5 Methyl-Z,5-docosene C23H46 322.621

10 18.00 985 Palmitic acid C16H32O2 256.43

11 13.30 12,395 1-Hexadecene C16H32 224.432

12 14.58 12,398 n-Heptadecane C17H36 240.475

13 25.08 283,510 2-Methyl tricosane C24H50 338.664

14 16.67 3,072,462 Methyl(((2-nitro-4- (phenylmethoxy)phenyl)amino) thioxomethyl)carbamate C16H15N3O5S 361.372
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GAE activates GSK3β
In order to determine the molecular mechanism behind
the alteration of Bax/Bcl-2 ratio, the expression level of
GSK3β, a major regulator of apoptotic proteins was ana-
lyzed in GAE treated A549 cells. The results revealed
that GAE treatment decreased the phosphorylation of
GSK3β, thus preventing the inactivation of GSK3β
(Fig. 4a). The expression of the active form of GSK3β
directly correlates to the increased Bax and decreased
Bcl-2 levels.

GAE affects PI3K/Akt expression
In order to explore the underlying mechanism that con-
tributes to the activation of GSK3β, its direct upstream
regulators, namely PI3K and Akt expression were inves-
tigated. In most human cancers the pro-survival kinase
signaling pathway PI3K/Akt is activated accompanied by
the inactivation of GSK3β.Hence the expression of PI3K
and Akt in GAE treated cells was analyzed. The results
showed a decrease in the phosphorylation of both the
upstream targets PI3K and Akt (Fig. 4a) which in turn
coincides with the increased expression of GSK3β. These
findings indicate that GAE induces apoptosis, activates
GSK3β through the suppression of PI3K/Akt cascade in
A549 cells. The protein levels were quantified and
shown in Fig. 5.

GAE inhibits cell migration
In order to analyze the invasive potency of GAE, the
wound healing assay was carried out. The cells treated
with GAE were observed for their ability to invade into
the wounded area. The results of the assay showed that
the untreated cells were more efficient in closing the
created wound compared to the GAE treated cells. Thus,
GAE (1 mg/ml) decreased the number of cells invading
the wound. The concentrations less than 1 mg/ml were
not effective (Fig. 4b).

GAE treatment suppresses colonization
Metastasis is a multi-step process, involving the diges-
tion of the ECM (Extracellular Matrix), migration and
colonization of cells to distant sites. As GAE inhibited
cell migration and cell proliferation, the ability of GAE
on colony formation was analyzed by the clonogenic
assay. The results showed that GAE inhibited the ability
of individual cells to form colonies at 1 mg/ml in A549
cells, whereas the concentrations less than 1 mg/ml did
not have any effect on colonization. (Fig. 4c).

GAE suppresses MMP2 level
In order to determine the antimetastatic activity of GAE,
the protein from the cells was analyzed for the expres-
sion patterns of matrix metalloproteinases. The results
of Western blot showed decreased expression of MMP2

Fig. 3 In vitro analysis of anticancer activity in A549 cells. a Cytotoxicity analysis in A549 cells identifies IC50 as1.5 mg/ml of GAE. b Fluorescent
imaging with Annexin, Propidium iodide and DAPI revealed the translocation of Phosphatidyl serine to the cell membrane and nuclear
fragmentation in GAE treated cells. c Confocal imaging of GAE treated cells showing nuclear fragmentation. d FACS analysis of Apoptosis by DAPI
staining shows the emergence of apoptotic peak after 6 h of GAE treatment. All experiments were done in triplicate. The values represent Mean
± SD. C-control, T-treated
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in GAE treated cells when compared to the control
(Fig. 4a) however, MMP9 expression was not altered.
Thus, the results of in vitro analysis confirmed the effi-

ciency of GAE in regulating cell proliferation through
PI3K cascade and also in controlling metastasis and
tumor formation in A549 cells.

GAE is not toxic in vivo and in vitro
The outcomes of the in vivo toxicology analysis showed
that the major organs, including the brain, heart, muscle
and liver were normal at the dosages of GAE used, both
in acute and chronic studies (Fig. 6). These results were
confirmed by the lab-on-chip assay where the tissues of
brain, heart, liver and muscles regenerated normally till
the highest dosage used (500 μg). Both the in vitro and
in vivo toxicology studies proved that GAE is not toxic
to animals (Fig. 7).

GAE inhibits tumor proliferation in vivo
The antitumor activity of GAE was determined in vivo,
using the tumor model of zebrafish. The tumor anatomy,
tumor pathology and muscle pathology were analyzed by
H & E stain. The results of the histological analysis
showed that the tumor control exhibited swollen muscle

pathology (Fig. 8a), loss of normal cell architecture with
the irregular nucleus (Fig. 8c) whereas the GAE treated
group showed normal muscle pathology (Fig. 8d) and lys-
ing tumor cells (Fig. 8f). An increase in the normal cell
population was observed in the treated group (60 μg) as
compared to the tumor control. The other treated groups
(15, 30 & 45 μg) did not show any consistent change. The
tumor anatomy showed a decrease in the extent of angio-
genesis in the treated group as compared to the control
group (Fig. 8b & e).

Discussion
Oxidative damage by reactive oxygen species plays a
major role in cancer. Intake of antioxidants can protect
from oxidative stress. In the current study, GAE has ex-
hibited higher antioxidant efficiency than ascorbic acid.
An earlier study has shown that the methanol fraction of
G.acerosa exhibited comparative antioxidant activity as
that of Butylated Hydroxyl Toluene [58]. The current
study has revealed the superiority of GAE over the
methanol fraction in scavenging free radicals. Phenolics
and flavonoids are excellent free radical scavengers [59].
The current study has revealed a positive correlation be-
tween the flavonoid, phenolic and antioxidant efficiency.

Fig. 4 Analysis of protein expression. a Western blot analysis of procaspase-3, cleaved caspase3, caspase-8, Bax, Bcl-2 and Bcl-XL, p-Akt, Akt, p-GSK3β
and GSK3β, PI3K, p-PI3K, MMP2 and MMP9. βactin was used to check equal loading. b The scratch assay shows the inhibition of cell invasion into the
wound region after 24 h of GAE treatment (1 mg/ml). c The clonogenic assay result shows the inability of single cells to proliferate as a colony after
GAE treatment (1 mg/ml). (i) Colony formed in control cells after 7 days, (ii) magnified colony of control cells, (iii) Treated cells after 7 days, (iv) treated
cells magnified. C-control, T-treated
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Hence it can be concluded that these components con-
fer free radical scavenging ability to GAE.
Further, the results of the study coincide with similar

studies which have reported a positive correlation between
antioxidant activity, flavonoids and phenolic content [60].
Lung adenocarcinoma is the major subtype that con-

tributes to 40% of NSCLC cases when compared to
other subtypes [61]. For the current study, the A549
cells (Adenocarcinoma epithelial cells) were used to in-
vestigate the efficacy of GAE, as the A549 cells are well
characterized among human lung cancer cells and serve
as an established research tool to analyze the anticancer
drug efficacy, permeability, immunotoxicity, apoptosis
and protein expression under in vitro conditions. The
anticancer activity of GAE was analyzed against different
types of cancer cell lines (results are not shown) and the
current study discusses the anticancer activity of GAE in
A549 adenocarcinoma cell line.
The MTT assay showed that GAE exerted growth in-

hibitory activity in A549 cells in a concentration-
dependent way. A concentration of 1.5 mg/ml induced

50% cell death, which was identified as the inhibitory
concentration (IC50). The results of the current study
are comparable with a previous study, where the metha-
nol extract of G.acerosa was shown to affect the viability
of A549 cells [37–39]. Additionally, the benzene extract
of G.acerosa was reported as non-cytotoxic in PBMC
and did not induce mutagenicity and genotoxicity [62].
The results of these previous studies show that the algal
extract is not toxic to normal cells, but can affect the
viability of cancer cells.
The observation of the hallmarks of apoptosis, as doc-

umented by fluorescent, confocal microscopy and the
appearance of the sub-diploid peak as evidenced from
FACS analysis in GAE treated cells confirmed that cyto-
toxicity exerted by GAE is through the induction of
apoptosis. Apoptosis or programmed cell death is acti-
vated by two major pathways [63], one involving the ac-
tivating caspase-8 and the other involving the execution
caspase-3. In the current study, treatment with GAE ac-
tivated Caspase-3 and altered the Bax/Bcl2 ratio, which
suggests that apoptosis is induced by the mitochondria -

Fig. 5 Analysis of protein expression. Histogram shows the optical density of (a) Bax, Bcl2, Bcl-XL, Caspase 8, Caspase 3 and ratio of phospho to
total PI3K. b Histogram shows the optical density of phospho to total Akt, GSK3β. c Histogram shows the optical density of MMP2 and MMP9.
Relative expression of protein was normalized to β actin. The density was analyzed by ImageJ software. Values represent mean ± SD.*p < 0.1, **p
< 0.05, ***p < 0.001 compared to control group. C-control, T-treated
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mediated pathway. The alteration of the pro-apoptotic
to anti-apoptotic protein levels strongly confirmed the
involvement of GSK3β in the apoptotic pathway. As
GSK3β regulates the expression of proteins in Bcl-2 fam-
ily [64, 65], it plays a pivotal role in cell death and
survival. Further, the imbalance between pro and anti-
survival factors is associated with malignancy, the
expression levels of GSK3 in correlation with them were
investigated. The results of the current study showed

that treatment with GAE inhibited the inactivation of
GSK3β, which in turn up-regulated the Bax expression,
activated caspase-3 and induced apoptosis. As the acti-
vation of GSK3 is strictly regulated by its immediate up-
stream targets PI3K and Akt [66], the study further
investigated the expression of these pro-survival compo-
nents. The results of the analysis showed that PI3K and
Akt are down-regulated by GAE treatment which dir-
ectly contributed to the activation of GSK3β. The results

Fig. 7 Toxicology analysis in Tissue-Chip. The pathology studies of vital organs namely brain, heart, liver and muscle were analyzed in both control (a, c, e,
g) and in treated (b, d, f, h) tissue chip. The treatment with algal extract 500 μg did not affect the tissue architecture. The results of tissue chip analysis also
support GAE to be safe without toxicity. These tissues were developed and analysed for toxicity in Tissue-Chip Pentagrit, Chennai. C-control, T-treated

Fig. 6 In vivo chronic toxicology analysis. a, e Shows the unaltered brain pathology of control and GAE treated Zebrafish. b, f Shows the
pathology of heart muscles in control and GAE treated Zebrafish. c, g Shows the unaltered muscle pathology of control and GAE treated
Zebrafish. d, h Shows the pathology of liver cells in control and GAE treated Zebrafish. The pathology results confirm that GAE is not toxic to
these major organs under chronic conditions. C-control, T-treated
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of the current study are in correlation with a previous
study, where the inhibition of PI3K/Akt is reported to
enhance apoptosis [67]. As the constitutive expression of
PI3K pathway causes inactivation of GSK3β and inhib-
ition of apoptosis, GAE treatment is shown to decrease
PI3K/Akt expression, activate GSK3β and promote
apoptosis. Further, the level of GSK3β is considered as a
probe for analyzing PI3K/Akt activity [68]. The findings
of the study strongly confirm the down-regulation of
PI3Kand Akt which suggests that GAE possess bioactive
compounds that can serve as effective PI3K inhibitors.
Although previous studies have reported on the anti-

proliferative property of G acerosa, ours is the first study
to report on the antimetastatic property of G.acerosa.
Metastasis is the major cause of cancer deaths and poor
prognosis [69]. It is a complex process involving the deg-
radation of extracellular matrix and invasion of cells into
the circulation [70]. Metastasis in cancers of the lung,
breast, prostate and ovary are marked by an increased
expression of Matrixins or Matrix metalloproteinases
(MMPs) [71–73]. MMPs play a vital role in tumor
growth, proliferation, angiogenesis and invasion. The se-
cretion and activation of MMP2 and MMP9 are linked
with the degradation of ECM and promotion of tumor
metastasis [74, 75]. The cell migration assay and colony
formation assays revealed the efficiency of the algal bio-
actives to inhibit cell invasion and prolonged prolifera-
tion and correlated with the expression of MMPS. The
results revealed a significant decrease in the expression
level of MMP2 in the GAE treated cells. Thus the inves-
tigation showed that the algal compounds regulate me-
tastasis through the inhibition of MMP2 rather than

MMP9. Previous studies have reported the increased
levels of MMP2 in NSCLC population and that the level
of MMP2 served as an indicator of the extent of tumor
metastasis [76–80]. Thus the findings of the current
study are in correlation with the previous studies which
have shown an increased MMP2 expression in NSCLC.
Hence the outcomes of our study confirmed that the
algal compounds effectively inhibited not only cell sur-
vival, but also cell migration and colonization which are
the key challenges in the treatment of cancer.
Following the results of in vitro analysis, the antican-

cer activity of G.acerosa was determined invivo in tumor
model of zebrafish. The results of the histological ana-
lysis showed an increase in the normal cell population in
the treated group (60 μg). The observation of lysing cells
in the treated group further emphasized the antitumor
efficacy of GAE. The outcomes of the in vivo study
which are in correlation with the in vitro results sug-
gested the antiproliferative activity of GAE.
The activation of Akt through PI3K is reported to con-

fer resistance to cancer therapy and contribute to poor
prognosis in cancer [81] hence down regulation of PI3K
and its components are crucial in controlling cell sur-
vival and proliferation. Thus the current study has en-
abled toexplore the molecular mechanism by which the
algal compounds can induce apoptosis and regulate the
PI3K pathway in cancer. These findings may pave new
ways for the effective utilization of seaweeds in the
development of PI3K/Akt inhibitors for the management
of cancer.
Since GAE exhibited antitumor activity in vitro, the

analysis of acute and chronic toxicity was carried out.

Fig. 8 In vivo analysis of antitumor activity. a, b, c Histopathological analysis of muscle and tumor of tumor induced zebrafish. d, e, f
Histopathological analysis of muscle and tumors from GAE treated tumor induced zebrafish. C-control, T-treated
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The results of in vivo toxicology analysis (both acute
and chronic) showed that the compounds of GAE were
nontoxic at the concentration used. The major organs
including the brain, heart, liver and muscles showed a
normal morphology as the control. Similarly in vitro
toxicology analysis in Zebrafish Tissue-Chip also re-
vealed the ability of brain, heart, liver and muscles to de-
velop normally without any deformities. Thus the
toxicology analysis further supports our study that GAE
can induce apoptosis only in tumor cells by targeting
PI3K without inducing any toxicity.
In addition, in the current study, the bioactives of

GAE were not isolated and analyzed individually. The
outcomes of the study are the combined effect of the
bioactives, which can be analyzed further for their indi-
vidual effects. This correlates well with the concept of
traditional medicine, which indicates that the synergistic
effect of all the components of an extract contributes to
the maximum therapeutic effect. As natural products are
multitargeted, they have good bioavailability and can
neutralize any adverse effects, and hence are widely used
in treating multitargeted diseases. In recent years com-
bination therapy has gained importance in the treatment
of various diseases like diabetes, cancer and cardiovascu-
lar disease, and our study is in line with this.

Conclusion
Overallthe results of the current investigation revealed
the antitumor efficacy of GAE phytochemicals which
need to be isolated and characterized for further devel-
opment of potent PI3K inhibitors for the efficient man-
agement of cancer. The current investigations pave way
for the improved utilization of marine resources which
still remain as an untapped reservoir of biotherapeutics.

Additional file

Additional file 1: Image of tissue chip. (JPEG 62 kb)
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Abstract 
 

Herein, the structural and optical properties of highly porous nanocarnation-like nickel oxide (NiO) thin film in possibility of sensing 
applications were reported. The highly porous nanocarnation-like NiO was grown on indium tin oxide (ITO) glass substrates by using 
sonicated sol-gel immersion process. The grown film was characterized in details to examine the structural and optical properties using 
field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), Raman spectroscopy, and ultraviolet–visible–near in-
frared (UV-vis-NIR) spectroscopy, respectively. The XRD pattern reveals that the grown nanocarnation-like NiO film has crystalline 
NiO with a cubic structure. The UV-vis-NIR spectrum demonstrates that the average transmittance value of the sample in the visible 
region is approximately 48 % transmission. The results showed that, in view of highly porous nanocarnation-like NiO structure exhibited 
a great influence on its possibility for sensing applications.  

 
Keywords: Nickel oxide (NiO); Thin Film; sol-gel; Structural Properties; Optical Properties 

 

1. Introduction 

Some metal oxides with semiconductor properties of n-type or p-
type such as ZnO, TiO2, Fe2O3, WO3, CuO and NiO has been 

discussed extensively to be utilized as outstanding electron media-
tor for  sensing membranes [1]. From previous researches, metal 
oxides have attained excellent consideration because of its terrific 
surface properties like high surface area, large pore volume, pore 
diameter, well-ordered pore channels and capillaries [2]. For ex-
ample, the porous structures of metal oxides can be seen their 
utilization in wide sensing applications [3] including for gas [1, 4-
7] and humidity [8, 9]. In addition, metal oxides have other im-

portant advantages such as low cost preparation, easy integration 
in electronic circuit, and controllable preparation process. 
Meanwhile, the reports on p-type metal oxides semiconductors are 
relatively rare. Among all the p-type metal oxides, nickel oxide 
(NiO) which has a wide band gap (3.6 - 4.0 eV) is most preferable 
for widely used in various sensing applications because of the 
excellent chemical stability and high optical transparency [3]. In 
addition, NiO nanomaterial possess magnificent electrical conduc-

tivity, distinctly electro-active nature, low synthesis cost and a 
high surface to volume ratio [1]. Meanwhile, the sensing proper-
ties based on p-type oxide semiconductor materials are relatively 
poor compare to the  n-type oxide semiconductor materials if both 
materials share similar morphologies and size [10]. This is based 
on the equation of Sp = (Sn)

1/2, where SP and SN are the chemical 
or gas sensitivities of the p-type and n-type oxide semiconductors, 
respectively. This equation evidently reveals that the fabrication of 

p-type oxide semiconductor materials for high performance sensor 
applications remains a huge challenge. Therefore, the details study 

on fabrication processes and properties of nanostructured NiO 
provide interesting tasks toward improving the properties of p-
type materials as a sensing membrane.  
Although many techniques such as hydrothermal [1, 5, 6], chemi-
cal spray pyrolysis (CSP) and chemical bath deposition (CBD) 
[7], electrospinning [8, 9], and sol-gel [11] have been put widely 
into the synthesis of NiO nanostructures, it remains rare for re-
searchers using a facile route of sonicated sol-gel immersion 

method. In addition to simple techniques, it is important because 
the design and preparation of nanostructured metal oxides with 
various morphologies can effectively improve the sensing proper-
ties due to their high surface area [12]. Accordingly, this NiO thin 
film was prepared on indium tin oxide (ITO) glass substrates in 
the present study for possibility in sensing applications. 

2. Experimental Details 

For this work, nanocarnation-like NiO thin film was successfully 
prepared on ITO glass substrates. The fabrication involved soni-
cated sol-gel immersion method using a precursor solution of 
nickel nitrate hexahydrate. Prior to the growth process, ITO glass 
was cleaned using solutions of ethanol, acetone, and de-ionized 
(DI) water in the ultrasonic bath (Hwasin Technology PowerSonic 

405, 40k Hz) for 15 minutes each. Furthermore, the ITO glass is 
blown using nitrogen gas for drying. To grow nanocarnation-like 
NiO thin film, a solution consisting of 0.2M nickel (II) nitrate 
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hexahydrate (Ni(NO3)2.6H2O) and 0.2M hexamethylenetetramine 
(HMT) (C6H12N4) were prepared in a beaker filled with 200 ml DI 
water. The solution then went through sonication process using 
ultrasonic bath for 30 minutes. Next, the solution was stirred for 
45 minutes at constant speed of 300 rpm in ambient. Then, the 
solution was transferred to the Schott bottle, where the ITO glass 
substrate was positioned at the bottom. Afterward, the bottle was 
immersed in water bath instrument for 2 hours at temperature of 

95 ºC. After the immersion process, the ITO glass deposited with 
NiO thin film was taken out from the bottle and rinsed with DI 
water. The sample was further blown with nitrogen gas for drying 
process. Then, the sample was pre-baked in a furnace for 15 
minutes at 150 ºC followed by annealing process at temperature of 
500 ºC for 1 hour.  
The sample was characterized using field emission scanning elec-
tron microscopy (FESEM, JEOL JSM-7600F) for the surface 

morphological studies. The crystallinity of the sample was inves-
tigated using X-ray diffraction (PANalytical X’Pert PRO). The 
structural analysis of the sample was also conducted by using 
Raman spectroscopy (Horiba Jobin Yvon-79 DU420A-OE-325). 
The Raman measurement was conducted using an excitation 
source of 514 nm Ar+ ion laser. The optical properties of the 
grown sample were characterized using ultraviolet–visible-near 
infrared (UV–vis-NIR) spectrophotometer (Varian Cary 5000). 

Summarization of the experiment processes in a flow chart is 
shown in Fig. 1. 

Solution and Sample 

Preparation

Sonication Process

(30 minutes)

Stirring Process

(45 minutes at 300 rpm)

Immersion Process

(95 oC for 2 hours)

Annealing Process

(500 oC for 1 hour)

Characterization

 
Fig. 1: A general procedure showing various steps for the synthesizing of 

nanocarnation-like NiO thin film.  

3. Results and Analysis 

3.1. FESEM observation  

The surface morphology images and micro structural features of 
NiO film on ITO-coated glass substrates were investigated in de-
tail by FESEM. As depicted in Fig. 2, (a), (b), (c), and (d) the 
panoramic FESEM images are arranged according to the magnifi-

cation of 10,000×, 30,000×, 50,000× and 100,000×, respectively. 
As observed from the FESEM images in Fig. 2(a), the films exhib-
it unique structures called nanocarnation-like NiO with high po-
rous channel densities. These films reveal porous structure of 
well-connected particles to form nanocarnation-like structure. We 
can see that the microstructure of pure NiO is highly porous 
nanosheets. The diameter of individual nanocarnation-like NiO is 
approximately 1.5µm. The FESEM images in Fig. 2(b) and 2(c) 

revealed that the nanocarnation-like NiO was constructed from 
NiO nanolayers. The nanocarnation-like NiO was assembled by a 
plenty of two-dimensional curving NiO nanolayers forming a 
highly porous microsphere. Meanwhile, the two-dimensional 
nanolayer was fabricated from NiO nanocrystallite chains, which 
form unique and porous network layers as can be observed in Fig. 
2(d).  
The chemical reactions for the formation of nanocarnation-like 

NiO using sonicated sol-gel immersion method can be described 
by the following equations [1]:  

 

32462 466)( NHHCHOOHNCH                 (1) 

 
  OHNHOHNH 423                          (2) 

 

OHNONiOHNONi 23

2

223 626)(  
           (3) 

 

OHOHNiOHOHNi 222

2 )(2   
            (4) 

 

OHNiOOHOHNi 222 )1()(           (5) 

 
Preliminary, the HMT decomposes into formaldehyde (HCHO) 

and ammonia (NH3) in the water medium as described in Eq. 1. 
These chemical substances provide an alkaline environment to the 
solution, which enhance the growth of nanostructures. Besides, 
these reagents also act as the surfactant agent to the Ni2+ ions for 
polymerization process.  
According to Jiang et al., NH3 forms a complex molecules with 
Ni2+ ions, which subsequently reduces the concentration of Ni2+ 
ions in the solution [13]. Therefore, the growth rate of the crystal 

is reduced, which enables the formation of thin two-dimensional 
nanolayers. The HMT undergoes a hydrolysis process as the reac-
tion proceeds, which produces more OH- ions in the solution. This 
condition is favorable for the formation of two-dimensional 
Ni(OH)2 on the ITO glass. This hydrolysis process of the HMT 
can be described in Eq. 2, where the by-product of Eq. 1 in form 
of NH3 reacts with water to produce NH4

+ and OH- ions in the 
process. Therefore, HMT acts as a pH buffer in the solution by 

providing NH3 at a slow rate and in controlled supply. Simultane-
ously, the Ni(NO3)2.6H2O decomposes into Ni2+ ion, NO3

- ion, 
and water in the solution as presented in Eq. 3. Successively, the 
Ni2+ ion reacts with NO3

- ion and water molecules in the presence 
of thermal energy to form Ni(OH)2∙χH2O in the process, which 
then condenses on the ITO glass.  
The reaction is shown in Eq. 4. The remaining HMT, which are 
not involved in the NH3 decomposition, may adsorbed on (001) 
plane of Ni(OH)2∙χH2O. This condition inhibited the growth of 

Ni(OH)2∙χH2O at (001) plane to form thin two-dimensional 
nanolayers. To minimize the overall surface energy, the thin two-
dimensional Ni(OH)2∙χH2O nanolayers would self-aggregate to 
form nanocarnation-like structure. Subsequently, some of the 
Ni(OH)2∙χH2O structures on ITO glass decomposes into NiO 
nanostructure as described in Eq. 5 due to the supplied thermal 
energy during immersion process. Upon annealing process at 
500ºC, a complete conversion of Ni(OH)2∙χH2O into NiO is oc-

curred as a result of sufficient thermal energy supplied to the sys-
tem. This conversion into NiO crystal was confirmed by the XRD 
data. 
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Fig. 2: The FESEM images of nanocarnation-like NiO thin film with dif-

ferent magnification of (a) 10,000× (b) 30,000× (c) 50,000×, and (d) 

100,000×. 

3.2. XRD analysis 

The XRD pattern for nanocarnation-like NiO film grown on ITO 
glass substrates is shown in Fig. 3. The XRD pattern indicates that 

NiO film displays polycrystalline structure, which can be indexed 
to the cubic type of β-NiO (JCPDS NO.47-1049). The diffraction 
patterns revealed that NiO film shows peaks at 2θ values of ap-
proximately 37.7°, 43.7°, 63.4°, 75.8° and 79.7° which were in-
dexed to (111), (200), (220), (311), and (222) crystal planes, re-
spectively. Meanwhile, the diffraction peaks labelled with dia-
mond belong to SnO2 peaks from the ITO. The XRD examination 
confirmed that the results indicate the crystalline of NiO structure 

during immersion at 95 °C and calcination at 500 °C. The XRD 
pattern also reveals that no other diffraction peaks associated with 
Ni(OH)2 or other phases were observed in the pattern. This result 
further confirmed that the grown NiO film consists of pure NiO 
structure and prove that the Ni(OH)2∙χH2O was completely con-
verted into NiO. The impurity from other substance except the 
contribution from the ITO substrate is not significant and could 
not be detected in the pattern up to the detection limit of the X-ray 

diffraction equipment. According to Dam et al., the hydroxide 
groups were completely detached from NiO film when the heat 
treatment was applied at temperature of 270 °C [14]. 
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Fig. 3: The XRD pattern of nanocarnation-like NiO film. 

3.3. Raman spectroscopy 

The Raman measurement was conducted in order to further inves-
tigate the structural properties of nanocarnation-like NiO film. The 
Raman spectrum of nanocarnation-like NiO film is shown in Fig. 
4. The spectrum was dominated by numerous of NiO characteris-

tic peaks. The first vibrational band of NiO, assigned to one-
phonon (1P) transverse optical (TO) and 1P longitudinal optical 
(LO) modes were observed at Raman shift of approximately 463 
cm-1 and 492 cm-1 [15]. The vibrational peak at 554 cm-1 is as-
signed to the Ni-O stretching mode, which involves Ni2+ and O2- 
species that are not linked to a proton [16].  The presence of these 
first order Raman scattering peaks indicate that structural imper-
fection of NiO occurs, which contributed from the structural dis-

order by nickel interstitial, oxygen vacancies, and surface effects 
[17-19]. Also, there is a strong 2LO phonon mode located at 1093 
cm-1 due to the vibration of Ni-O bond. In between, there is two-
phonon (2P) two transverse optical (2TO) stretching mode at 810 
cm-1 with low intensities. In the present study, two magnons (2M) 
excitation peak, which normally located at 1550 cm-1  [20, 21], 
was not observed in the Raman spectrum to indicate that the pre-
pared nanocarnation-like NiO film does not has antiferromagnetic 

properties at room temperature. This result also indicate that the 
nanocarnation-like NiO film exhibits super-paramagnetic proper-
ties due to the small crystallite size and high density of structural 
disorder [18]. 
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Fig. 4: Raman spectrum of nanocarnation-like NiO film 

3.4. UV-vis-NIR spectroscopy 

Fig. 5 demonstrates optical transmittance of the nanocarnation-like 
NiO thin film prepared using sonicated sol-gel immersion method. 

The optical transmittance measurement was carried out in the 
ranges of wavelength from 300 nm to 1000 nm. From the trans-
mittance plot, we can clearly observe that the nanocarnation-like 
NiO exhibit moderate transparency. The transmittance extends to 
50 % or less in the ultraviolet (UV) and visible regions. The aver-
age transmittance value of the film in the visible region (400 - 800 
nm) was estimated to be 48 %. This lower transmittance percent-
age may be depending on the thickness of nanocarnation-like NiO 

film. In addition, the optical scattering occurrence in the nanocar-
nation-like NiO film may be one of the factors to this transmit-
tance result.  
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Fig. 5: The transmittance properties of NiO in the UV visible regions 

4. Conclusion  

The synthesis of porous morphology nanocarnation-like NiO has 
been successfully conducted via sonicated sol-gel immersion 
method. The highly porous nanocarnation-like NiO was character-
ized by various techniques which confirmed the formation of well-

crystalline cubic phase, pure, and high density growth of nanocar-
nation-like NiO. The XRD pattern reveals that the grown NiO 
sample has NiO polycrystalline structure. The Raman analysis 
shows that nanocarnation-like NiO film has pure NiO characteris-
tic peaks, which support the XRD data. The transmittance plot 
shows that the transparency of highly porous nanocarnation-like 
NiO is approximately 48 % in the visible region. In summary, the 
exposure of high surface area nanocarnation-like NiO thin film 

with high porosity represent a valuable way for producing high 
performance and sensitivity sensing applications in the future.  
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be realized from Li3Ba2Gd3 (MoO4)8 phosphor and it coexist 
very close to an ideal white chromaticity coordinates (0.33, 
0.33). All properties show that Li3Ba2Gd3 (MoO4)8: 0.08 
Tb3+, 0.005 Eu3+ nano phosphor is a promising material for 
single-phase phosphor based white light emitting diodes.

1  Introduction

Nowadays, the phosphor based white light-emitting diodes 
(WLEDs) are well thought-out as next age bracket of solid 
state lighting owing to their environmental friendliness, 
stability, extensive lifetimes, consistency, and low power 
consumption [1–5]. In broad-spectrum, there are a range of 
methods to pile up the white LEDs. A usual way is to mix 
up a blue emitting LED in the midst of a yellow-emitting 
phosphor, as Y3Al5O12: Ce3+ [6]. In view of the fact that, 
this route is about easy, the device has been used for com-
mercial purpose applications. On the other hand, the white 
light produced by this route has feeble CRI due to the color 
deficiency occurs in the red and green region of the spec-
trum. On the road to get the better of its shortcomings, the 
arrangement of near-ultraviolet (n-UV) LEDs emitting at 
370–410 nm with a red Y2O2S: Eu3+, green ZnS: Cu+, Al3+, 
and blue ZnS: Ag+ phosphor combination has been dem-
onstrated [7]. This type of white LED can pay for first-rate 
color homogeny and a sky-scraping color-rendering index. 
However, for the present tri color commercially available 
phosphor mixtures, the well-built re-absorption and nonu-
niformity of luminescence problems stay alive, this out-
come en route for the failure of luminescence efficiency, 
properties, and tricolor emitting points. In recent times, it 
is demonstrated that judge against among phosphor mix-
tures, a single-phased white light emitting phosphor with 
UV/NUV chips has more advantages and prevail over the 

Abstract  For the first time, single phase monoclinic 
Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+,yEu3+ (0, 0.005, 0.02, 0.04, 
0.06, 0.08 and 0.10 mol) nano phosphors were prepared by 
the simple mechanochemically assisted direct solid state 
reaction method at room temperature. Their crystal struc-
tures, luminescence properties, energy transfer mecha-
nism and life time were studied in detail. At the excitation 
wavelength of 378 nm, the emission spectra of Li3Ba2Gd3 
(MoO4)8: 0.08 Tb3+,yEu3+ (0, 0.005, 0.02, 0.04, 0.06, 0.08 
and 0.10 mol) phosphors exhibit the characteristic emissions 
of Tb3+ and Eu3+ ions at around 545, 594 and 615 nm due 
to energy transfer from Tb3+ ions to Eu3+ ions. It is con-
firmed from the results that electric dipole–dipole interac-
tion phenomena is the main cause for having energy transfer 
from Tb3+ to Eu3+ ions in Li3Ba2Gd3 (MoO4)8 host. The CIE 
coordinates of the prepared nano phosphors illustrate that by 
changing the ratio of Eu3+ ions the white light emission can 
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existing problems of tricolor phosphors due to their excellent 
Ra values and color stability. So, a single-phased white light 
emitting phosphor is delighted as a very promising material 
for W-Led applications. One of the approaches for produc-
ing white light from single-phased phosphors is by codoping 
sensitizer and activator into the same host [8–11]. A short 
time ago, the host Li3Ba2Gd3 (MoO4)8 has received a grand 
deal of interest as a prospective optical system owing to its 
stable crystalline structure, multifariousness and chemical 
stability [12–15].

In continuation to our previous work on the red lumi-
nescent Li3Ba2Gd3 (MoO4)8: Eu3+ [16] and green lumines-
cent Li3Ba2Gd3 (MoO4)8: Tb3+ [17] phosphors for various 
lighting applications, in the present work we prepare single-
phased Tb3+ and Eu3+ co doped Li3Ba2Gd3 (MoO4)8 white 
light emitting phosphor by mechanochemically assisted 
direct solid state reaction method at room temperature and 
study its crystal structure, the mechanism of energy transfer 
from sensitizer Tb3+ ion to activator Eu3+ ion, photolumi-
nescence properties, life time and color tunability in detail.

2 � Experimental method

2.1 � Preparation of phosphors

The single-phase nano phosphors of Li3Ba2Gd3 (MoO4)8: 
0.08 Tb3+,yEu3+ (y = 0.005, 0.02, 0.04, 0.06, 0.08 and 
0.10 mol) were prepared by mechanochemically assisted 
direct solid state reaction method at room temperature 
by using AR grade LiCl, BaCl2,GdCl3, Na2MoO4, EuCl3 
(99.9%) and TbCl3 (99.9%) as the preliminary materials. 
The right stoichiometric mixtures of LiCl, BaCl2, GdCl3, 
Na2MoO4, TbCl3 and EuCl3 were mixed and were pulver-
ized for a period of 2 h (optimized) inside a planetary ball 
mill Pulverisette- 7 (FRITSCH). Milling was through two 
grinding vials (tungsten carbide) of 15 cm volume contain-
ing balls (tungsten carbide) each with a diameter of 12 mm. 
The number of milling balls and the rotation speed of the 
planetary system of milling device were optimized. The 
resulting powder was rinsed many times by distilled water 
to remove sodium chloride which was the byproduct of the 
reaction and then dried at 80 °C for 3 h in air atmosphere 
and sieved [16, 17].

2.2 � Characterization

X-ray powder diffraction (XRD) analysis was done using 
Pan Analytical X’pert pro x-ray diffractometer with Cu 
K-alpha radiation (λ = 1.5406  Å) at a scanning rate of 
0.02° per second. The XRD patterns were received in the 
range of 0° ≤ 2θ ≤ 70° and were compared with the stand-
ard JCPDS data. Fourier Transform infrared spectroscopy 

(FTIR) measurements were done in the wavelength range of 
400–4000 cm−1 with a Nicolet 6700 FTIR set with a deuter-
ated triglycine sulfate detector. The morphology and dimen-
sion of the product were monitored and taken by Tecnai G20 
(FEI Corporation of Holland) transmission electron micros-
copy using an accelerating voltage of 200 kV.The meas-
urements of PL and photoluminescence excitation (PLE) 
spectra were performed by a Jobin Yuvon Flurolog-3-11 
Spectroflurometer at room temperature with 450W xenon 
lamp. All spectroscopic measurements of the phosphors 
were carried out at room temperature.

3 � Results and discussion

3.1 � XRD and size distribution characterization

XRD patterns of Li3Ba2Gd3 (MoO4)8, Li3Ba2Gd3 
(MoO4)8: 0.08 Eu3+, Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+ and 
Li3Ba2Gd3(MoO4)8:0.08Tb3+,0.08Eu3+ nano phosphors syn-
thesized by mechanochemically assisted direct solid state 
reaction method at room temperature is exhibited in Fig. 1. 
It is observed that all diffraction patterns of the un doped 
and doped samples are fit very well with standard JCPDS 
77-0830 standard data of Li3Ba2Gd3 (MoO4)8. The patterns 
in the XRD spectra are narrow and strong presenting that a 

Fig. 1   Powder XRD patterns of Li3Ba2Gd3 (MoO4)8,Li3Ba2Gd3 
(MoO4)8: 0.08 Tb3+, Li3 Ba2 Gd3 (MoO4)8: 0.08 Eu3+ and Li3Ba2Gd3 
(MoO4)8: 0.08 Tb3+, 0.08 Eu3+ phosphors
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well crystalline single-phase of Li3Ba2Gd3 (MoO4)8 phos-
phors with the monoclinic structure of space group C2/c had 
been effectively produced by mechanochemically assisted 
solid state reaction at room temperature. No added or impu-
rity peaks were monitored in the diffraction patterns due to 
the presence of Tb3+, Eu3+ ions in the host [16, 17].

The probable particle size of the system is deliberate from 
a strong (131) peak by using Debye–Scherrer’s equation: 

where D is the average grain size, λ denotes Cu Kα 
wavelength of 0.1542  nm and β is the half-width of 
the peak with Bragg angle θ. The calculated out-
comes demonstrate that the average crystallite sizes of 
Li3Ba2Gd3(MoO4)8:0.08Tb3+,0.08Eu3+ are in the region 
of 62 nm. In view of the fact that the ionic radius of Eu3+ 
(r = 1.066 Å, CN = 8, where CN is the coordination number 
of the metal ions) and the ionic radius of Tb3+ (r = 1.066 Å, 
CN = 8) are nearer to that of Gd3+ (r = 1.053 Å, CN = 8) 
compared with Ba2+ (r = 1.61  Å, CN = 12) and Mo6+ 
(r = 0.59 Å, CN = 6), we therefore consider that doped Tb3+ 
and Eu3+ ions are preferred to engage the Gd3+ sites [18]. 
These outcomes demonstrate that the doped Tb3+ and Eu3+ 
ions exclusively occupied the Gd3+ sites. This is in harmony 
with Vegard’s law, which states that on the way to have a 
solid system the cations of two systems should contain ionic 
radii within ± 15% of each other [18]. The particle size dis-
tribution of Li3Ba2Gd3(MoO4)8:0.08Tb3+,0.08Eu3+ nano 
phosphor is illustrated in Fig. 2a. The particles show a fine 

D = 0.89�∕(� cos �)

range of distribution at the average diameter of 64 nm which 
illustrates that the particles are fit for the fabrication of solid 
state lighting devices.

3.2 � EDX analysis

F i g u r e   2 c  r e p r e s e n t s  E DX  s p e c t r u m  o f 
Li3Ba2Gd3(MoO4)8:0.08Tb3+,0.08Eu3+ phosphors. The EDX 
spectrum of the Li3Ba2Gd3(MoO4)8:0.08Tb3+,0.08Eu3+ 
validates the presence of lithium (Li),barium (Ba), oxy-
gen (O), molybdenum (Mo), europium (Eu), terbium (Tb), 
Gadolinium (Gd). The study of EDX spectrum confirms that 
Li3Ba2Gd3(MoO4)8:0.08Tb3+,0.08Eu3+ phosphor have been 
prepared successfully by mechanochemically assisted direct 
solid state reaction at room temperature.

3.3 � TEM

The structures of Li3Ba2Gd3(MoO4)8:0.08Tb3+,0.08Eu3+ 
nano particles are clearly demonstrated by TEM image, as 
shown in Fig. 2b. The powder particles tend to appear highly 
crystalline, spherical and distributed homogenously in the 
system. No significant differences were exhibited in the 
TEM images of the powder samples by varying Tb3+/Eu3+ 
ratios. The average grain size of the nano particles is about 
65 nm which is in full agreement with the data received from 
the XRD patterns.

Fig. 2   a Particle size distribu-
tion of Li3Ba2Gd3 (MoO4)8: 
0.08 Tb3+, 0.08 Eu3+ phosphor. 
b EDX spectrum of Li3Ba2Gd3 
(MoO4)8: 0.08 Tb3+, 0.08 Eu3+ 
phosphor. c TEM image of 
Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 
0.08 Eu3+ phosphor
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3.4 � FTIR analysis

The  FT-IR spec t ra  o f  L i 3Ba 2Gd 3 (MoO 4) 8: 
0.08 Eu3+, Li3Ba2Gd3 (MoO4)8:0.08 Tb3+ and 
Li3Ba2Gd3(MoO4)8:0.08Tb3+,0.08Eu3+ nano phos-
phors are shown in Fig. 3.The bands at 3400–3450 and 
1600–1650 cm−1 are consigned to O–H stretching vibra-
tions and H–O–H bending vibrations of water molecules 
from air physically absorbed on the material surface, which 
is entirely unlike from coordinated water in compounds 
[19, 20]. The very strong absorption peaks at 820, 829 and 
842 cm−1 which are consigned to stretching vibration of 
O–Mo–O in MoO4

2− tetrahedron [19].

3.5 � Photoluminescence properties

The excitation spectra at the emission wavelength of 616 nm 
and emission spectra at the emission wavelength of 394 nm 

of Li3Ba2Gd3 (MoO4)8: 0.08 Eu3+ phosphor is illustrated in 
Fig. 4. Due to intra configurational f–f transitions of (7F0 → 
5D4, 7F0→5G3, 7F0→5L6 and 7F0 → 5D2) Eu3+, a strong and 
narrow peaks were monitored in the excitation spectra at the 
wavelengths of 364, 380, 394 and 464 nm, respectively [16]. 
The PL emission spectra exhibits strong narrow lines with 
wavelength ranging from 530 to 710 nm, which are related 
to 5D0 → 7FJ (J = 1, 2, 3, 4) transitions of the excited Eu3+ 
ions to the ground energy state. The transitions due to 5D0 
→ 7F2 at 615 nm is the most prominent among the other 
transitions of Eu3+ such as, 5D0 → 7F1, 5D0 → 7F3, and 5D0 
→ 7F4 located in the range of 530–710 nm [21]. The emis-
sion intensity of 5D0 → 7F2 transition was found to be much 
stronger than 5D0 → 7F1 transition suggesting that the Eu3+ 
ions are situated in a distorted (or asymmetric) cation sur-
roundings and indicates that Eu3+ ions occupy the sites of 
Gd [16, 22].

Fig. 3   FTIR spectrum of 
Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 
Li3Ba2Gd3 (MoO4)8: 0.08 Eu3+ 
and Li3Ba2Gd3 (MoO4)8: 0.08 
Tb3+, 0.08 Eu3+ phosphors
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Figure 5 shows the excitation spectra at the emission 
wavelength of 545 nm and emission spectra at the excita-
tion spectra of Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+. In the exci-
tation spectra, Many strong and narrow peaks due to intra 
configurational f–f transitions of Tb3+ ions were monitored. 
The strongest peak is observed at the wavelength of 378 nm 
due to the transitions of 7F6 → 5D3 [16]. Under the excita-
tion of 378 nm, the emission spectrum has the characteristic 
emission peaks of Tb3+ at 489, 545, 587, and 620 nm cor-
responding to the transitions of 5D4 energy level to 7F6, 7F5, 
7F4, and 7F3 energy levels, respectively [17, 23, 24].

Since the emissions of Tb3+ due to 5D4 → 7Fj transitions 
are very well overlapped with the 7F0 → 5D0,1,2 absorption 
transitions of Eu3+, thus energy transfer from Tb3+ to Eu3+ 
ions would be considered as efficient [25].

Figure 6 illustrates the emission spectra of Li3Ba2Gd3 
(MoO4)8: 0.08 Tb3+, yEu3+ (y = 0.005, 0.02, 0.04, 0.06, 
0.08 and 0.10 mol) samples monitored at the excitation 
wavelength of 378 nm. It is observed that the codoped Eu3+ 
and doped Tb3+ ions in Li3Ba2Gd3 (MoO4)8 host demon-
strate not only the characteristics emission of Tb3+ (5D4 → 
7F6,5,4,3) ions but also the characteristics emission of Eu3+ 
ions (5D0–7F1,2) [25].

If the doping concentration of Eu3+ increases, the emis-
sion intensity at 615 nm (5D0–7F2) of Eu3+ are enhanced and 
reaches the maximum at y = 0.08 and then decreases owed 
to concentration quenching effect, meanwhile the emission 

Fig. 4   Excitation and emission 
spectra of Li3Ba2Gd3 (MoO4)8: 
0.08 Eu3+ phosphor

Fig. 5   Excitation and emission 
spectra of Li3Ba2Gd3 (MoO4)8: 
0.08 Tb3+ phosphor

Fig. 6   The emission spectra of Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 
yEu3+ (y = 0.005, 0.02, 0.04, 0.06, 0.08 and 0.10 mol) samples at the 
excitation wavelength of 378 nm
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intensity of Tb3+ is gradually decreased which demonstrates an 
energy transfer occurs from Tb3+ to Eu3+ ions. It is observed 
that photoluminescence colors were tuned by simply adjusting 
the doping concentrations of Eu3+ Li3Ba2Gd3 (MoO4)8: 0.08 
Tb3+ in the host [16].

The energy-transfer efficiency from a sensitizer to an acti-
vator, �

ET
 can be obtained as the following equation: [9, 26] 

where I
so

 is the intrinsic luminescent intensity of Tb3+, I
s
 is 

the luminescent intensity of Tb3+ in the presence of Eu3+. 
Figure 7 exhibits the energy transfer efficiencies from Tb3+ 
to Eu3+ excited at 378 nm .As illustrated in figure, the energy 
transfer efficiency of Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, y Eu3+ 
increases as the concentration of Eu3+ increases from 0.005 
to 0.08 mol and it gradually decreases with the increase of 
Eu3+ concentration. The energy transfer efficiency from Tb3+ 
to Eu3+ were calculated to be 76, 80.92, 82.41, 85.06, 88.34 
and 83% for Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, y Eu3+ (y = 0, 
0.005, 0.02, 0.04, 0.06, 0.08 and 0.10 mol, respectively) 
samples, respectively. It indicates that the energy transfer 
from Tb3+ to Eu3+ is very proficient.

�
ET

= 1 −
I
s

I
so

In general, there are two mechanisms which could occur 
during the energy transfer from a sensitizer to an activator 
[21, 27, 28].

	 i.	 Exchange interaction, whenever the typical critical dis-
tance is shorter than 5 Ao exchange interaction occurs.

	 ii.	 Multipolar interaction,whenever the typical critical dis-
tance is longer than 10 Ao multipolar interaction occurs.

Fig. 7   Dependence of energy transfer efficiency with increase of 
Eu3+ concentration

Fig. 8   Dependence of ISO
I
S

 of Tb3+ on C6/3, C8/3 and C10/3

Fig. 9   a Overlap spectral profile of Tb3+ emission (λexci = 378  nm) 
and Eu3+ excitation (λem = 618 nm). b Energy levels of Tb3+ and Eu3+ 
in Li3Ba2Gd3 (MoO4)8 phosphor
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According to Blasse’s theory, the critical distance Rc from 
Tb3+ to Eu3+ ions for energy transfer can be established from 
the following equation [29–31]. 

here, V is the volume of the unit cell. x is the critical con-
centration at which the luminescence intensity of the sen-
sitizer (Tb3+) is half that in the sample in the absence of 
activator (Eu3+). N is the coordinate number of molecules 
in the unitcell. For Li3Ba2Gd3 (MoO4)8, V = 2046.73 A0 3, 
N = 3and x = 0.085. The critical distance Rc was determined 
to be 24.6 A°. It is much longer than 5 A°, which indicates 

R
C
= 2

[

3V

4�xN

]1∕3

that energy transfer through exchange interaction is not pos-
sible. It implies that the energy transfer between Tb3+ ions 
and Eu3+ ions happen only in the way of electric multipolar 
interaction phenomena.

Dexter’s energy transfer for electric multipolar interaction 
and Reisfeld’s approximation are calculated by using the 
following equation [32–34], 

The luminescent quantum efficiency of Tb3+ in the 
absence and presence of Eu3+ is denoted as ηSO and ηS.C is 
the concentration of Eu3+ ions. Based on equation x, when 

�
SO

�
S

� C(�∕ 3)

Fig. 10   Fluorescent decay curve of the as-prepared of Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, x Eu3+ phosphor samples (λex = 378 nm)
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α = 6, It corresponds to electric dipole- dipole interactions. 
When α = 8, It corresponds to electric dipole-quadrupole 
interactions. When α = 10, It corresponds to electric quad-
rupole -quadrupole interactions, respectively. Figure  8 
exhibits the ISO

IS
 α C∝∕3 (∝= 6,8, 10) plots for Li3Ba2Gd3 

(MoO4)8: 0.08 Tb3+, y Eu3+ when monitored at the excita-
tion wavelength of 378 nm. It is observed that the ISO

IS
 value 

follows the linear growth law at ∝= 6 and it is very well fit 
and comfort than when ∝= 8 or ∝= 10. So, it is observed 
that the energy transfer from Tb3+ to Eu3+ occurs only due 
to electric dipole–dipole interaction mechanism [25].

Figure 9a indicates the overlap spectral profile of Tb3+ 
emission (λexci = 378 nm) and Eu3+ excitation (λem = 618 nm) 
and implies the possibility of energy transfer phenomena 
from Tb3+ ions to Eu3+ions [35]

Figure 9b exhibits the mechanism of energy transfer pro-
cess from Tb3+ ions to Eu3+ ions. At the excitation wave-
length of 378 nm, Tb3+ ions are excited and they reach 
higher energy level through 7F6–5D3 transitions. Once life 
span is over, the Tb3+ ions relaxed and reach lower energy 
levels through 5D3–7F5,4,3 Transitions. These transitions are 
non radiative in nature. Some of Tb3+ ions reaches lower 
lying energy level described as metastable state (5D4).Once 
life span is over at the metastable state they reach lower 
energy levels through 5D4–7F5,4,3 transitions. These transi-
tions are radiative in nature. Some of the Tb3+ ions at the 
energy level 5D3 transfer their energy to the Eu3+ ions and 
thus, the Eu3+ ions could reach higher energy level through 
7F0–5G2. By undergoing a fast non radiative transition, the 
Eu3+ ions reaches lower energy levels radiatively through 
5D0–7FJ (J = 0–6 transitions).Thus, the characteristic emis-
sion of Eu3+ at 615 nm was enhanced due to energy transfer 
process.

Figure  10 represents the photoluminescence decay 
curves and lifetime of Tb3+ (λex = 378  nm) in the as-
prepared Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, y Eu3+ (y = 0, 
0.005, 0.02, 0.04, 0.06, 0.08 and 0.10 mol, respectively) 
phosphor samples by mechanochemically assisted direct 
solid state reaction at room temperature. This can be fitted 
by a single-exponential function as I = Aexp (− t/τ) (τ is 
the life time of rare earth ion), and the value of lifetime of 
co-activated samples have been shown decrement while 
compared with life time of singly activated Tb3+ ions and 
thus due to energy transfer of excitation energy of Tb3+ 
ions to Eu3+ ions in the system [36–38]. The result shows 
that the lifetime is short enough for prospective applica-
tions in lighting.

Figure 11 exhibits the CIE chromaticity coordinates dia-
gram Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, Li3Ba2Gd3 (MoO4)8: 
0.08 Tb3+, y Eu3+ (y = 0, 0.005, 0.02, 0.04, 0.06, 0.08 and 
0.10) and Li3Ba2Gd3 (MoO4)8: 0.08 Eu3+ phosphors. In 
accordance with the emission spectra, the values of CIE 

parameters of the synthesized nano phosphors with various 
doping concentrations are summarized in Table 1. At the 
excitation wavelength of 378 nm, it is observed that vary-
ing the ratio of Eu3+ and Tb3+ concentrations the phosphors 
can be tuned from blue green (point x1) to white (point x2), 
yellow (point x3, x4, x5, x6, x7) and atlast to the orange 
red (point x8).The CIE chromaticity coordinates (x,y) of 
Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0.005 Eu3+ (x = 0.358 and 
y = 0.305) which is very close to an ideal white chroma-
ticity coordinates (0.33, 0.33).Thus the obtained results 
exhibit that the as prepared Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 

Fig. 11   CIE coordinates of the of Li3Ba2Gd3 (MoO4)8: 0.08 
Tb3+, yEu3+ (y = 0, 0.005, 0.02, 0.04, 0.06, 0.08 and 0.10 mol) and 
Li3Ba2Gd3 (MoO4)8: 0.08 Eu3+ phosphors

Table 1   CIE chromaticity coordinates of the Li3Ba2Gd3 (MoO4)8: 
0.08 Tb3+, y Eu3+ (y = 0, 0.005, 0.02, 0.04, 0.06, 0.08 and 0.10 mol) 
and Li3Ba2Gd3 (MoO4)8: 0.08 Eu3+ phosphors

Point Sample (λex = 378 nm) CIE (x,y)

x1 Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0 Eu3+ (0.269, 0.369)
x2 Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0.005Eu3+ (0.332, 0.329)
x3 Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0.02 Eu3+ (0.411, 0.287)
x4 Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0.04 Eu3+ (0.458, 0.303)
x5 Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0.06 Eu3+ (0.472, 0.309)
x6 Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0.08Eu3+ (0.480, 0.321)
x7 Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+,0.10 Eu3+ (0.495, 0.320)
x8 Li3Ba2Gd3 (MoO4)8: 0.08 Eu3+ (λex = 394 nm) (0.674, 0.329)
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0.005Eu3+ is a promising single-phase white light emitting 
phosphor material for White LEDs.

4 � Conclusion

In summary, uniform spherical like Tb3+ and Eu3+ codoped 
Li3Ba2Gd3 (MoO4)8 nanoarchitectures has been prepared 
for the first time by mechanochemically assisted solid state 
reaction at room temperature. The Li3Ba2Gd3 (MoO4)8: 0.08 
Tb3+, yEu3+ phosphors can be effectively excited at 378 nm 
and have several emission peaks due to Tb3+ and Eu3+ ions 
centered at 545, 594 and 615 nm. The energy transfer from 
Tb3+ to Eu3+ in The Li3Ba2Gd3 (MoO4)8 was demonstrated 
to be electric dipole–dipole interaction phenomena. The 
value of energy transfer efficiency in Tb3+–Eu3+ was calcu-
lated to be 88.34% at Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0.08 
Eu3+ phosphor. The CIE coordinates of the phosphors dem-
onstrates that as prepared nanophosphors can be tuned from 
blue-green to white, yellow and finally to the orange-red by 
varying the concentrations of Eu3+ ions. All these favorable 
results indicate that Li3Ba2Gd3 (MoO4)8: 0.08 Tb3+, 0.005 
Eu3+ is a promising single-composition phosphor for appli-
cation involving white-light NUV LEDs.
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Abstract
Tin (Sn)-doped zinc oxide (ZnO) nanorod arrays (TZO) were synthesized onto aluminum-doped ZnO-coated glass sub-
strate via a facile sonicated sol–gel immersion method for humidity sensor applications. These nanorod arrays were grown 
at different Sn concentrations ranging from 0.6 to 3 at.%. X-ray diffraction patterns showed that the deposited TZO arrays 
exhibited a wurtzite structure. The stress/strain condition of the ZnO film metamorphosed from tensile strain/compressive 
stress to compressive strain/tensile stress when the Sn concentrations increased. Results indicated that 1 at.% Sn doping of 
TZO, which has the lowest tensile stress of 0.14 GPa, generated the highest conductivity of 1.31 S cm−1. In addition, 1 at.% 
Sn doping of TZO possessed superior sensitivity to a humidity of 3.36. These results revealed that the optimum performance 
of a humidity-sensing device can be obtained mainly by controlling the amount of extrinsic element in a ZnO film.

1  Introduction

The influence of humidity level in the environment has been 
a major concern of moisture-sensitive fields, such as weather 
forecasting, chemical production area, agriculture, and 
inflammable gas inspection [1]. Recent studies on humidity 

sensors mostly focused on high sensitivity over a wide range 
of humidity levels, fast response time, good reproducibility, 
negligible temperature dependence, low cost, ease of fab-
rication, and long term stability [2–4]. Through intensive 
studies, metal oxides, such as titanium dioxide (TiO2), tin 
oxide (SnO2), zinc oxide (ZnO), and iron oxide (Fe2O3), 
were found to meet the criteria required to produce high-
quality humidity sensors [5–8]. Among the metal oxides, 
ZnO has the highest potential in humidity sensor owing 
to its wide energy bandgap (∼ 3.3 eV) of n-type semicon-
ductor, non-toxicity, high chemical/physical stability, and 
unique electrical and optical properties [9–11]. ZnO is an 
important material in sensors, light emitting diode, and solar 
cells [12–14]. One-dimensional nanostructure films, such as 
nanorods, yield excellent performance because of its high 
surface-to-volume ratio, offering a direct pathway for charge 
transport along the axes of nanostructure arrays and signifi-
cantly reducing the rate of electron–hole pair recombina-
tion [15–17]. Currently, ZnO nanorod arrays are synthesized 
through solution-based processes [12, 18–20], chemical 
vapor deposition (CVD) [21], sputtering [22], and metalor-
ganic CVD [23]. The solution-based method is frequently 
preferred because of its simple preparation, low cost, and 
capability for high-quality ZnO nanorod array productions.

Nevertheless, high resistivity and low free carrier con-
centrations result in lagging changes in resistance values 
at high relative humidity (RH), thereby limiting the use 
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of pristine ZnO as sensing element for humidity sensors 
[24–26]. The properties of pristine ZnO, particularly its 
crystal properties, catalytic behavior, and conductivity, can 
be enhanced through doping with metal elements, such as 
gallium (Ga) [27], copper (Cu) [28], sodium (Na) [29], and 
tin (Sn) [30]. Among these metal elements, we focused 
use on Sn because it can enhance conductivity through its 
double-ionized donors, which provide extra carriers and 
improve water adsorption for humidity sensing applica-
tions [31–33]. However, controlling the ratio of doping 
element in the ZnO structure is vital because an optimum 
amount of dopant atoms can significantly enhance crys-
tal properties and device performances. For instance, Luo 
et al. found that 15 at.% of Sn doped to ZnO, which was 
prepared using hydrothermal method, demonstrated high 
sensitivity to ethanol owing to surface area improvement 
and electron concentration increment [34]. Chahmat et al. 
reported that 4% Sn doping concentration improves the 
crystalline, structural, and transmittance properties of ZnO 
films [35]. Furthermore, controlling the level of doping 
in ZnO-based humidity sensors is exceptionally crucial. 
Hong et al. investigated the effects of different concentra-
tions of Ga-doped ZnO seed layer on ZnO nanorods and on 
their humidity sensing performance [26]. They observed 
that Ga concentration increment in ZnO seed layer leads 
to nanorod size decrement and increase in nanorod length, 
thereby improving the surface areas of the sensors and 
humidity sensing capabilities of the films. Zhu et  al. 
reported the effects of Fe concentrations to hydrothermally 
grown ZnO nanorod array-based and self-powered humid-
ity sensors [36]. Fe concentration increment increased 
the diameter of the nanorod array, and 1% of Fe doping 
produced the highest response to humidity. The effects 
of Sn concentrations on the properties and performance 
levels of ZnO-based humidity sensors were investigated. 
Ates et al. fabricated Sn-doped ZnO-based quartz crystal 
microbalance humidity sensor, where the Sn concentra-
tions varied at 0, 0.1, 1, and 2% [37]. They found that Sn 
doping increased the sizes of the particles, consequently 
decreasing the surface volume ratio. This effect reduced 
the adsorption of water molecules. Although reports on 
the effects of Sn doping on ZnO properties already exist, 
detailed investigation on the effect of Sn concentrations 
to the structural, optical, and electrical characteristics 
of ZnO, especially the correlation between stress/strain, 
band gap energy, conductivity, and humidity sensing per-
formance are rarely discussed in previous studies. Further-
more, ZnO humidity sensors in a resistive configuration 
have not been widely studied. Therefore, this particular 
topic is of particular interest for understanding effect of 
Sn doping concentrations to the ZnO behavior in terms of 
structural, optical and electrical properties, as well as their 
resulting humidity sensing performance.

In this study, Sn-doped ZnO nanorod array (TZO)-based 
humidity sensors were prepared by varying the Sn concen-
trations via a facile sonicated sol–gel immersion method and 
fabricated for the detection of humidity at room temperature. 
Structural, optical, and electrical characterizations were con-
ducted for the evaluation of sensor properties.

2 � Experimental procedure

Prior to the deposition of TZO-based humidity sensors, ZnO 
seed layer film was first deposited using spin coating method. 
The detail processes have been reported elsewhere [38]. For 
the preparation of TZO films, aqueous solutions which con-
sist of (0.1 M) zinc nitrate hexahydrate (Zn(NO3)2·6H2O; 
98.5% purity; Riendemann Schmidt), (0.1 M) hexameth-
ylenetetramine (C6H12N4; 99% purity; Sigma-Aldrich), 
and (0.6, 1, 2, and 3 at.%) tin (IV) chloride pentahydrate 
(SnCl4·5H2O; 98% purity; Sigma-Aldrich) were sonicated in 
a water bath sonication tank for 30 min and then aged for 3 h 
at room temperature. The solutions were immersed at 95 °C 
for 2 h. The samples were then cleaned and heated at 150 °C 
for 10 min and annealed at 500 °C for 1 h. The correspond-
ing process is shown in Fig. 1. For comparison, an undoped 
ZnO (0 at.%) film was prepared using the same procedure. 
Subsequently, 60 nm-thick Au contacts were sputtered on 
the samples as electrodes using a sputter coater (Emitech 
K550X).

Field emission scanning electron microscope (JEOL 
JSM-7600F) and X-ray diffraction (XRD) with PANalytical 
X’Pert PRO were used to evaluate the structural and crystal-
line properties of the film. Ultraviolet–Visible spectropho-
tometer (Varian Cary 5000) was used for optical analysis 
of the samples. The current–voltage (I–V) characteristics 
were measured by using a 2-probe I–V measurement system 
(I–V, Advantest R6243). Humidity sensing performance of 
the sensors was investigated using humidity measurement 
system (ESPEC-SH261).

3 � Result and discussion

3.1 � Structural and morphological characteristics

Figure 2 shows the surface morphologies of the TZO films 
at different Sn concentrations. The nanorods were densely 
and uniformly deposited on the seed layer-coated glass 
substrate. The hexagonal nanorods had an average diam-
eters of 112, 105, 99, 95, and 91 nm at Sn concentrations 
of 0, 0.6, 1, 2, and 3 at.%, respectively. The cross-sectional 
images of the TZO films at different Sn concentrations are 
depicted in Fig. 3. The cross-sectional images indicate that 
the TZO growth was perpendicular to the substrate or along 



12078	 Journal of Materials Science: Materials in Electronics (2018) 29:12076–12088

1 3

the c-axis orientation. The thicknesses of the film were 1.10, 
0.98, 0.93, 0.84, and 0.71 µm when the samples were doped 
with 0, 0.6, 1, 2, and 3 at.% Sn, respectively. The results 
suggested that the average diameters and thicknesses of the 
samples were reduced when Sn doping concentrations were 
increased. This condition may be due to the decreased ionic 
radii of Sn4+ (0.69 Å) ions replacing the Zn2+ (0.74 Å) ions 
[39]. This phenomenon was also observed by Wang et al. 
[40], who prepared Sn-doped ZnO nanostructures via pol-
yol-mediated precipitation method. According to them, the 
substitution of Sn element into ZnO crystal causes the reduc-
tion of ZnO growth rate. Supatutkul et al. [30] pointed out 
that a doped ZnO crystal structure yields higher formation 
energy than an undoped ZnO. Notably, the reaction between 
O species with Zn species at (002) orientation is closely 
related to the formation energy between the two elements. 
Owing to the appearance of Sn atoms, the enhancement of 
lattice distortion was inevitable and led to the increment 
of formation energy in the growth system. As an enhanced 
formation energy was required because of the increased Sn 
concentration, the growth rate of ZnO crystal at (002) plane 
was reduced. The reduction may have decreased the thick-
nesses of the nanorod arrays. Aside from the reduction in 
diameter and thickness, no other significant change in the 
surface morphology of the nanorods could be observed.

The crystalline properties of the films were analyzed from 
the XRD plot as depicted in Fig. 4. The appeared peaks were 
matched with the standard diffraction pattern of a polycrys-
talline hexagonal wurtzite ZnO crystal (JCPDS #36-1451). 
No peak corresponded to SnO2 and SnO or other forma-
tion of crystal structure can be detected. The peak of (002) 

plane exhibited the highest intensity. Under thermodynamic 
equilibrium condition, (002) plane exhibited higher surface 
energy than the other planes [41]. Thus, crystal structure 
formation mostly occurred along the c-axis orientation or 
perpendicular to the substrate [42]. The appearance of other 
weak peaks may correspond to the imperfect nanorods align-
ment on the substrate [43]. To investigate the effect of dop-
ing on TZO crystallinity, we monitored the (002) diffraction 
peak. The diffraction peaks showed that the intensity of the 
preferred c-axis orientation was slightly reduced at 0.6 and 
1 at.% of Sn in contrast to that in undoped ZnO. The peak 
intensity was strongly affected when Sn concentration was 
increased to 2 and 3 at.%. This trend clearly demonstrated 
the necessity to examine the lattice properties of these TZO 
films. The calculation of lattice constant (cfilm), which cor-
responds to the (002) plane orientation can be expressed as 
[24, 44]:

Here, λ and θ are the X-ray wavelength (1.54 A) and dif-
fracting angle associated with (002) plane orientation, respec-
tively. The calculated values are recorded in Table 1. The dif-
fracting angle of (002) peak showed a slight shift towards a 
higher angle, verifying the substitutions of Sn atoms into Zn 
sites and the lowering of the lattice parameter of ZnO. This 
shifting was elucidated by Navale et al. when they prepared 
Sn-doped ZnO nanotetrapods film via thermal evaporation 
[45]. Besides, the cfilm values of the TZO films contracted 
when the Sn concentrations increased. This outcome may be 
ascribed to the variations in the crystallographic properties 

(1)cfilm =
�

sin �

Fig. 1   Synthesis of TZO thin 
film via sol–gel immersion 
method
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of the films. These variations resulted from the difference 
between the ionic radii of the Sn4+ and Zn2+ ions. According 
to Khuili et al. [46], when ZnO is doped by atoms with an 
ionic radius smaller than that of Zn2+, its diffraction peaks 
shift toward higher diffraction angles. This observation is in 
agreement with the present study and those reported by other 
researchers [45, 47].

Furthermore, the peak shifting can be envisaged to the 
strain/stress variation in the film. The lattice strain (εzz) 
along the c-axis can be expressed as below [48]:

where cfilm and cbulk are the lattice parameters for the syn-
thesized and standard bulk (or powder) ZnO, respectively. 
In case of tensile strain, positive strain value is observed. 
Meanwhile, negative strain value is emerged for compressive 
strain [42, 49]. For residual stress estimation, the following 
equation is used [50]:

(2)�zz =
cfilm − cbulk

cbulk
× 100%

Fig. 2   The surface images of a undoped ZnO (0 at.%) and TZO prepared using b 0.6, c 1, d 2, and e 3 at.% Sn concentrations
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Cij is the elastic stiffness constants of bulk ZnO where C11, 
C12, C13, and C33 hold the values of 208.8, 119.7, 104.2, and 
213.8 GPa, respectively, and εzz represent the lattice strain 
along c-axis. Similar to strain, tensile stress exhibits positive 
stress value while compressive stress shows negative stress 
value [42]. The estimated strain/stress of the samples is dis-
played in Table 1. On the basis of the estimated data, the low 

(3)�film =
2C2

13
− C33(C11 + C12)

2C13

�zz

Sn concentration sample (0.6 at.%) yielded tensile strain/
compressive stress, whereas the strain/stress metamorphosed 
to compressive strain/tensile stress at higher Sn concentra-
tions (1–3 at.%). Sn4+ doping changes the crystal structure 
because the ionic radius of Sn4+ is smaller than that of Zn2+ 
[35]. As additional Sn atoms occupied the ZnO lattice, the 
direction of strain/stress during the growth process deviated 
from tensile strain/compressive stress to compressive strain/
tensile stress. Moreover, when Sn concentration was increased 
to 2 and 3 at.%, the residual stress of the films significantly 
increased. Such finding may have resulted from lattice 

Fig. 3   The cross-sectional images of a undoped ZnO (0 at.%) and TZO prepared using b 0.6, c 1, d 2, and e 3 at.% Sn concentrations
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structure deterioration due to the excessive substitution of Sn 
into the ZnO nanorod array structure. This behavior explained 
the significant reduction of the peak intensity of the film at 
(002) orientation produced by the 2 and 3 at.% samples.

3.2 � Optical properties

In this segment, the optical properties of the undoped ZnO and 
TZO such as transmittance and absorption coefficient were 
determined. The measurement wavelength ranged between 
350 and 800 nm. Figure 5 depicts the transmittance spectra 
of the films. At transmission wavelength around 380 nm, the 
transmittance rapidly drop which persuaded by the band gap 
energy of ZnO. The average transmittance of the films appar-
ently decreased when doped with Sn, as shown in Table 2. 
The undoped ZnO film had the highest average transmittance 
(79%) as of its structural homogeneity and highly crystalline 
film, which resulted in a low optical scattering effect. The 
3 at.% Sn had the lowest average transmittance (64%). Figure 6 
depicts the absorption coefficient spectra of the films which 
were obtained from the Lambert’s law [51]:

(4)� =
1

t
ln
(

1

T

)

Here, t is the film thickness which was estimated from 
cross-sectional images and T is the measured transmit-
tance. The films exhibited high UV absorption properties 
at < 400 nm wavelength. The change in optical band gap 
energy (Eg) reflected the effect of Sn doping to the optical 
properties of ZnO nanorod array film. The value of Eg can 
be obtained from Tauc’s relation as expressed below [52]:

where α is the absorption coefficient, hv is the photon 
energy, Eg is the optical band gap energy, and B is an energy-
independent constant [53]. Figure 7 depicts the Tauc’s plot 
and the estimated Eg are provided in Table 2. The Eg values 
were slightly dependent on Sn concentration, and Eg was 
escalated when ZnO was doped with Sn up to 1 at.%. When 
the concentrations of Sn were further increased to 2 and 
3 at.%, the Eg values were decreased. This result is in agree-
ment with those of previous reports [37, 54]. The increased 
in Eg from 0 to 1 at.% Sn concentrations could be explained 
by the Burstein–Moss effect [55], where Eg rises because of 
band filling, which causes the Fermi level to move higher 
than the band edge. The Pauli exclusion principle indicates 
that states cannot be doubly occupied. Thus, electrons from 
a valence band acquires additional energy to be excited to 

(5)ahv = B
(

hv − Eg

)
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2
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Fig. 4   The XRD patterns of undoped ZnO and TZO films

Table 1   Diffraction angle, 
lattice parameter, strain, and 
stress of undoped ZnO and TZO 
films

Concentration (at.%) Diffraction angle, 
2θ (°)

Lattice parameter 
cfilm (Å)

Strain (%) Stress (GPa)

0 (undoped) 34.38 5.2108 0.081 −  0.19
0.6 34.38 5.2108 0.081 −  0.19
1 34.43 5.2034 − 0.061 0.14
2 34.47 5.1976 − 0.173 0.40
3 34.48 5.1961 − 0.202 0.47
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Fig. 5   Transmittance spectra of undoped ZnO and TZO films
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the next energy states in the conduction band, leading to 
broader energy gap formation [56]. However, the reduction 
in Eg when Sn concentrations reached 2–3 at.% was related 
to the increase of additional band tail states [57, 58]. This 
increase led to the shrinkage of the band gap when doping 
was performed above the threshold concentration. Thus, the 

reduction in Eg was linked to the increased lattice disorders 
induced by doping. Dopants generally play an important role 
in determining the electrical and optical properties of mate-
rials due to the presence of localized levels/bands or lattice 
disorder in the band gap of the materials. Thus, studying the 
relation of lattice disorder with the increased/decreased Eg 
due to doping is remarkable.

Disorder formation in the film can be represented by 
Urbach energy (Eu), where Eu is the width of the avail-
able localized states in the optical band gap of the films. 
The enhancement of Eu is associated with band bending, 
which occurs depending on the structural defect [51]. The 
variable Eu can be determined by using the following equa-
tion [59]:

where α is the absorption coefficient, α0 is the pre-expo-
nential factor, hv is the photon energy, and Eu is the Urbach 
energy. Figure 8 represents the Urbach plot of TZO at dif-
ferent Sn concentrations. The Eu values of the undoped 
ZnO and TZO films are presented in Table 2. The Eu values 

(6)� = �0 exp

(

hv

Eu

)

Table 2   Average transmittance, 
optical band gap energy, Urbach 
energy, and conductivity of 
undoped ZnO and TZO films

Concentration (at.%) Average transmit-
tance, T (%)

Optical band gap 
energy, Eg (eV)

Urbach energy, Eu 
(meV)

Conductivity, 
σ (S cm−1)

0 (Undoped) 79 3.21 95 0.015
0.6 70 3.23 105 0.733
1 68 3.23 109 1.310
2 63 3.22 133 0.701
3 63 3.20 171 0.057
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Fig. 6   Plot of absorption coefficient of undoped ZnO and TZO films
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slightly increased from 0 to 1 at.% Sn concentrations but 
significantly increased as Sn concentrations were further 
increased to 2 and 3 at.%, reflecting the enhancement of 
structural disorder. Such behavior reinforced the significant 
reduction in crystallinity of 2 and 3 at.% samples based on 
XRD spectra and the shrinking of Eg. The increased Eu at 
high concentrations of Sn-doping was also observed in pre-
vious studies [60, 61]. Furthermore, the increment of lattice 
disorder may be the reason for the average transmittance 
reduction, as summarized in Table 2. This finding was also 
observed by other researchers [62].

3.3 � Conductivity and resistivity measurement

Figure 9 displays the I–V characteristics of the undoped ZnO 
and TZO films. The I–V curves indicate that the nanorod 
arrays exhibited ohmic behavior. The result also indicates 
that the current is enhanced with increasing supplied voltage 
for the nanorod arrays. The conductivity of the film (σ) was 
determined using the following equation [42]:

where ρ is the resistivity, which can be expressed as:

where V is the supplied voltage, I is the measured current, 
t is the film thickness, w is the electrode width, and l is 
the length between the electrodes. The active area of the 
thin films was 3 × 10−6 m2. The σ of the undoped ZnO and 
TZO films are listed in Table 2. The lowest conductivity 
was obtained for undoped ZnO. Conductivity gradually 
increased with the incorporation of Sn dopants. The highest 

(7)� =
1

�

(8)� =

(

V

I

)

wt

l

conductivity was noted at 1 at.%. However, when the Sn 
doping concentrations were increased up to 2 and 3 at.%, the 
conductivity of the films was significantly reduced. The con-
ductivities were expected to increase due to the generation 
of free carriers, as expressed in the following equation [63]:

where Sn atoms substitute the Zn sites in ZnO lattice and 
dispense two extra electrons to the conduction band. The 
conductivity enhancement after doping might also due to 
the contribution of extrinsic impurity states around ZnO 
Fermi level [64]. Theoretically, the addition of increased 
Sn dopants to ZnO increases the concentrations of free car-
riers. This increase was not observed in our results. Upon 
further increase in Sn concentrations (2–3 at.%), the exces-
sive substitution of Sn atoms in the ZnO lattice structure 
induced the deterioration of the ZnO crystal structure rather 
than providing additional carrier concentration. Salam et al. 
reported that excessive doping of ZnO structure generates 
increased strain to the crystal structure and reduces the elec-
tron mobility, leading to enhanced resistivity [65]. Yildiz 
et al. mentioned that conductivity reduction at high Sn con-
centrations (> 2 at.%) may be associated with carrier traps at 
grain boundaries [66]. Shelke et al. reported that doping at a 
certain amount of dopant may form a film with less compres-
sive stress and enhanced conductivity [67]. This finding was 
in agreement with the previously discussed XRD, bandgap 
energy, and conductivity data.

3.4 � Humidity sensing performance

Figure 10 reveals the humidity sensing responses of TZO 
films prepared at different Sn concentrations. A commer-
cial humidity chamber (ESPEC-SH261) was used for the 
measurement purpose with varies humidity level (40–90% 
RH) and at room temperature. RH was initially maintained 
at 40%. After 300 s, the RH was altered from 40 to 90% 
to observe the absorption of humidity, and then decreased 
from 90 to 40% RH to investigate the desorption behavior. 
The current signal was very stable at the initial 40% RH. 
The current signals were observed to increase steadily until 
reaching 90% RH. When humidity was reduced to 40% RH, 
the current signals dropped slowly until it achieved the mini-
mum current.

The performance of the fabricated humidity sensors were 
analyzed based on their sensitivity where sensitivity is given 
by [68]:

where S is sensitivity, Ra represents the resistance at initial 
humidity level (40% RH), and Rrh is the resistance of the 
varied humidity levels. The resistance values were attained 
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Fig. 9   I–V characteristics of undoped ZnO and TZO films
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from current values of the response curves using Ohm’s law 
(V = IR). The values of Ra, Rrh, and sensitivity of the humid-
ity sensors from 40 to 90% RH are presented in Table 3. 
The sensitivity of the humidity sensor increased from 1.55 
to 3.36 when doped with Sn up to 1 at.%. However, the 
sensitivity value dropped to 1.36 once the doping concentra-
tion reached 3 at.%. The sensitivity plots at different humid-
ity levels in Fig. 11a revealed the excellent performance of 
1 at.% sample. The sensitivity plot from 40 to 90% RH in 
Fig. 11b indicated an obvious enhancement of sensitivity 
persuaded by the 1 at.% Sn doping. The correlation between 
residual stress, conductivity, and sensitivity of the sensors 
are plotted in Fig. 12, which illustrates that the TZO-based 
humidity sensor prepared at 1 at.% Sn possessed superior 
sensitivity compared with other fabricated sensors. This con-
dition might be associated with the highest conductivity of 
the 1 at.% film. Ye et al. reported that the electron transport 
capacity in high charge carrying density film is enhanced 
[69]. Zhu et al. demonstrated that the increment in free car-
rier density induces strong electric field at the film surface 
[36]. Thus, the amount of ionized water molecules on the 

TZO surface was enhanced. Another possible explanation 
for this result is that the low stress film of 1 at.% Sn was 
expected to become the key factor to assist efficient electron 
transfer on the nanorod surface, enhancing the adsorption 
and desorption of water molecules, as observed in residual 
stress plot in Fig. 12.

The working mechanism of the humidity sensors is illus-
trated in Fig. 13. At low RH (40% RH), oxygen from ambi-
ent is able to be attracted to the sensor surface. This attrac-
tion is aided by the strong electrostatic force on the ZnO 
surface. This lead to the electron trapping as given in the 
following relation [70–72]:

The reaction of oxygen molecules with electron formed 
adsorbed oxygen ion ( O−

2
 ). As a consequence of this electron 

(11)O2 + e− → O−
2
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Fig. 10   Humidity sensor responses of undoped ZnO- and TZO-based 
humidity sensors

Table 3   Resistance and sensitivity of undoped ZnO- and TZO-based 
humidity sensors

Concentration (at.%) Resistance (MΩ) Sensitivity

40% RH 90% RH

0 (undoped) 543 350 1.55
0.6 355 158 2.25
1 296 88 3.36
2 572 240 2.38
3 541 397 1.36
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Fig. 11   a Sensitivity plot of undoped ZnO and TZO-based humid-
ity sensors at different humidity level. b Plot of sensitivity variation 
at 40–90% RH of undoped ZnO and TZO-based humidity sensors 
induced by the alteration of Sn doping concentrations
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trapping, the concentration of free carriers in the film 
reduced. Zhang et al. [73] mentioned that the introduction 
of Sn4+ ions into ZnO, which produces two free electrons in 
the process, increasing the density of adsorbed oxygen mol-
ecules on the ZnO surface. At the regions in which the water 
molecules are adsorbed the reaction happened is as followed:

The chemisorption of water molecules released the 
trapped electron back to the film. Before we increased the 
RH level higher than 40% RH, the electron trapping and 
water molecules adsorption reactions happened at the same 
reaction rate. Thus, the current signal at that moment is sta-
ble. Once the RH level was elevated, the adsorption process 
gradually increased and formed physisorbed water layers. 
Due to high electrostatic force in the chemisorbed layer, the 

(12)2H2O + O−
2
→ 2H2O2+e

−

physisorbed water layer dissociates into H3O+ and OH− ions. 
At this moment, the dominant electrical conduction is based 
on the protonic conduction (Grotthuss chain) in which the 
H+ ions is released from H3O+ ions while accepting another 
neighboring H+ ions [74]. According to the I–V analysis, 
1 at.% doping may produce the highest free carriers which 
give rise to high water molecule adsorptions, leading to large 
ratio of minimum to maximum current change. At certain 
water level (high % RH), water molecules begin to condense 
between the pore channels of the film. This condensation of 
water molecules allowed the maneuver of conducting ions 
freely across each individual nanorods. This conduction 
mechanism is called capillary condensation [75, 76]. Both of 
this simultaneous electrical conduction mechanism caused 
a rapid current signal changed after the humidity level was 
elevated higher than 40% RH. In case of low stress film, 
the mobility of conducting ions may be better than that of 
high stress film, producing film with better humidity sensing 
performance.

Figure 14 shows the repeated response cycles of the TZO-
based humidity sensor at 1 at.% Sn in order to observe the 
stability of the sensor. The responses were very stable and 
identical to each other which indicate that the sensor pos-
sesses good repeatability behavior.

4 � Conclusion

TZO was successfully deposited on a seed layer-coated glass 
substrate by using a sonicated sol–gel immersion method 
at different Sn concentrations. The XRD patterns showed 
that the films exhibited wurtzite structures with preferred 
(002) plane orientation. Sn concentration increment led to 
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small crystallite size, diameter, and thickness. The stress/
strain of the ZnO film changed from tensile strain/compres-
sive stress to compressive strain/tensile stress when the Sn 
concentrations in ZnO increased. The TZO films showed 
good transmittance properties at a visible region with a band 
gap of ~ 3.2 eV. The Urbach energy of the TZO films was 
increased when Sn concentration was increased, which was 
in parallel with the dislocation density increment, reflect-
ing the enhanced defects and lattice disorders. Our results 
showed the highest conductivity of 1.31 S cm−1 produced by 
1 at.% Sn doping of TZO, which exhibited the lowest tensile 
stress. The TZO-based humidity sensor at 1 at.% Sn doping 
of TZO possessed superior sensitivity of 3.36 compared to 
the other samples. All of these results indicated that TZO 
exhibited a high potential for humidity-sensor applications, 
and controlling the concentrations of doping element is criti-
cally important.
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ABSTRACT 

Over the last two decades mi(cro)RNAs have emerged as one of the key regulators of 

metabolic homeostasis. Most of the studies have highlighted that in the cytoplasm, miRNAs 

directly bind to the 3'-UTR (untranslated region) of a mRNA. Conventional RISC (RNA 

Inducing Silencing Complex) formation results in the post-transcriptional inhibition. This 

process is known to contribute to the development of metabolic diseases, including diabetes 

mellitus. Recent advancements with small RNA detection technologies have enabled us to 

identify miRNAs in the mitochondrial compartment of the cells. We have termed these 

miRNAs, which translocate into the mitochondria as mitochondrial miRNA, MitomiR. It has 

been demonstrated that MitomiRs can regulate gene expression, with some evidence even 

suggesting that after translocation, MitomiRs can bind to the 3'-end of a mitochondrial gene, 

altering its regulation. Our main focus in this review is to highlight the potential role of 

MitomiR in the pathogenesis of metabolic disorders such as diabetes mellitus. 

Keywords:  Mitochondria, Mitochondrial microRNA, MitomiR, Diabetes, Metabolism 
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INTRODUCTION  

Diabetes mellitus, a metabolic disorder, is a condition in which either the insulin secretion of 

pancreatic β islet cells is impaired (Type-1), there is a defect in insulin action (Type 2), or a 

combination of the two (Kharroubi and Darwish 2015). Type 2 diabetes (T2D) is one of the 

most common causes of morbidity and disability (Villard et al. 2015), and it is influenced by 

environmental and genetic factors (Villard et al. 2015). T2D leads to vascular complications 

such as neuropathy, nephropathy, retinopathy [microvascular]; ischaemic heart disease and 

peripheral vasculopathy [macrovascular] (Villard et al. 2015). The number of affected 

patients with T2D complications is increasing at an alarming rate. Based on a recent 

American Diabetic Association’s report, it was estimated that the economic burden diabetes 

poses is about $132 million in the United States alone (Cade 2008).  It is estimated that the 

number of affected individuals will reach 592 million by the year 2035, with a global 

prevalence of 10.1% (Kharroubi and Darwish 2015). 

A continuous relation exists between chronic hyperglycemia and the incidence and 

progression of vascular complications. These vascular complications lead to tissue and organ 

damage in approximately one-third to one-half of diabetic patients, and are a major cause of 

morbidity and mortality (Cade 2008). Some of the known molecular mechanisms that are 

involved in the etiology of micro- and macro-vascular complications include, advanced 

glycation end products (AGE), aberrant activation of protein kinase C (PKC), increased 

reactive oxygen species (ROS) production, and abnormal stimulation of hemodynamic 

regulation systems (Cade 2008; Fong et al. 2004).  According to a recent report, adults with 

diabetes have an annual mortality of about 5.4% (double the rate for non-diabetic adults), and 

their life expectancy is decreased on average by 5-10 years (Donnelly et al. 2000). Even 

though the primary cause of death due to diabetes is cardiovascular defects, deaths from non-

cardiovascular causes are also increased.  
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One of the most common microvascular complications of T2D is neuropathy. It has 

been estimated that about half of people with diabetes are affected by neuropathy (Cade 

2008). The pathogenesis of diabetic neuropathy includes the symptoms of peripheral nerve 

dysfunction where all other causes of peripheral nerve dysfunction have been ruled out 

(Bansal et al. 2006). The molecular mechanism involves a decrease in angiogenic and 

neurotropic factors such as VEGF, IGFs, NGFs and angiopoietins with the progression of 

T2D. This condition alters the blood supply in the nerves and impairs neural function. This 

leads to changes in the nerve structure, ultimately resulting in neuropathy (Tahergorabi and 

Khazaei 2012). 

Derangement of angiogenesis has also been identified as one of the factors 

contributing to vascular complications. Angiogenesis is a process in which new blood vessels 

arise from pre-existing ones. Neovascularization is achieved by maintaining a balance 

between the angiogenic (VEGF, FGF2, TGF-β) and anti-angiogenic factors (angiostatin, 

endostatin and thrombospondins) (Tahergorabi and Khazaei 2012). Angiogenesis in the eye 

due to diabetic retinopathy elevates reactive oxygen species (ROS) production, which directly 

or indirectly activates HIF-1α (hypoxia inducible factor-1α) (Tahergorabi and Khazaei 2012). 

ROS production coupled with activated HIF-1α signalling stimulates VEGF expression 

(Tahergorabi and Khazaei 2012). Diabetic retinopathy affects the peripheral retina, macula or 

both, eventually leading to blindness (Cade 2008). Diabetic retinopathy is one of the prime 

consequences of angiogenesis. Harris et al., (Harris 1993) has demonstrated that onset of 

diabetic retinopathy can begin seven years before a patient is even diagnosed with T2D. Each 

year, greater than 10,000 diabetic patients in the US develop blindness due to diabetic 

retinopathy, despite many medical advancements (Fong et al. 2004; Moore et al. 2009). 

  Diabetic nephropathy is characterized by the presence of albumin in urine 

(albuminuria), which is indicative of renal dysfunction (Cade 2008). Nephropathy leads to 
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end stage renal disease that requires dialysis and ultimately, a kidney transplant (Moore et al. 

2009). “Proteinuria”, also known as albuminuria or urine albumin, is a pathological condition 

where urine contains an abnormal amount of protein, mainly albumin. Proteinuria is a sign of 

chronic kidney disease (CKD), which can arise from chronic hyperglycemia.  Approximately 

15-40% patients with T1D, and 5-20% patients with T2D are affected by proteinuria (Chawla 

et al. 2016). It has been estimated that a quarter of patients with T2D develop 

microalbuminuria within 10 years of the diagnosis of diabetes (Adler et al. 2003). Unlike 

diabetic neuropathy, elevated angiogenesis is observed in diabetic nephropathy. It has been 

shown that the factors leading to enhanced angiogenesis are overexpression of VEGF, tumor 

growth factors (TGFs) and glomerular hypertension (Tahergorabi and Khazaei 2012). 

The macrovascular complications like coronary artery disease, stroke and peripheral 

vascular disease contribute greatly to morbidity and mortality associated with diabetes 

(Moore et al. 2009).  In 2013, cardiovascular disease due to diabetes accounted for 30.8% of 

deaths in the United States (Writing Group et al. 2016). The risk of developing stroke 

increases 2 to 5 fold in diabetic patients (Cade 2008). About 14% of peripheral artery disease 

prevalence is due to diabetes (Criqui and Aboyans 2015). In addition, several myocardial 

abnormalities such as cardiomyopathy, myocardial hypertrophy, fibrosis, and myofibril 

defects, result from hyperglycemia (Dhalla et al. 2014; Joshi et al. 2014). One of the major 

T2D-induced complications is diabetic cardiomyopathy. Diabetic cardiomyopathy, a major 

cause of mortality in T2D patients, may be defined as alterations in the structure and function 

of the left ventricular myocardium that is not directly attributable to coronary artery disease 

or hypertension (Boudina and Abel 2010). It has been described that there are several 

molecular factors contributing to the development of diabetic cardiomyopathy, which include 

hyperglycemia, lipotoxicity, ROS, mitochondrial dysfunction, impaired calcium metabolism, 
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renin angiotensin system (RAS) activation, altered substrate metabolism, and endothelial 

dysfunction (Joshi et al. 2014). 

 

ROLE OF MITOCHONDRIA IN DIABETIC CARDIOMYOPATHY 

Mitochondria, a cellular organelle, are the major site for energy production.  Multiple 

energy pathways, such as the electron transport chain (ETC) which occurs in the inter 

membrane space of the mitochondria, and the Tricarboxylic acid cycle (TCA cycle) which 

occurs in the mitochondrial matrix, generate ATP as a source of energy (Steenbergen et al. 

2009). In addition, parts of amino acid and nucleic acid metabolism also occur inside the 

mitochondria (Duncan 2011).  It has been reported that T2D can affect mitochondrial 

function in various ways. Fatty acid and β-oxidation are the major sources of energy in the 

heart. The substrate choice (fatty acid or glucose) of a normal heart is usually dynamic and 

balanced, with approximately 70% of the energy obtained from fatty acid oxidation (FAO). 

Mitochondrial function in T2D-hearts has been altered due to changes in the rate of both 

FAO and glucose oxidation (GO) (Duncan 2011). Under diabetic conditions, FAO is the only 

source of energy for the heart. T2D impairs the ability of the heart to switch its substrate from 

glucose to fatty acid, which results in mitochondrial dysfunction (Duncan 2011). With T2D, 

targeting heart-mitochondria may lead to alterations in the rate of GO over FAO, which may 

ultimately lead to a therapeutic intervention in diabetic cardiomyopathy.  

It has been demonstrated that hyperglycemic conditions induce cardiac mitochondrial 

swelling, reducing the number of cardiac-mitochondria (Joshi et al. 2014). Impaired cardiac 

insulin signalling leads to mitochondrial dysfunction (Boudina et al. 2009; Dhalla et al. 

2014). Additionally, oxidative stress plays an important role in cardiac insulin signalling 

dysfunction during T2D stress (Boudina et al. 2009).  Apart from hyperglycemia, an increase 

in free radical production can stimulate glucose oxidation, protein glycation, and subsequent 
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degradation of glycated proteins, which are involved in the pathogenesis of diabetic 

complications (Gillery et al. 1988; Hunt et al. 1990; Wolff and Dean 1987). Oxidative stress 

is one of the key regulators of sub-cellular abnormalities, including sarcoplasmic reticular 

and sarcolemmal functions (Dhalla et al. 1998). The excessive utilization of long-chain fatty 

acids for prolonged periods during the hyperglycemic condition results in the excessive 

production of free radicals. Thus, altered mitochondrial function can influence other sub-

cellular organelles such as the sarcolemma, sarcoplasmic reticulum, and myofibrils in the 

progression of cardiac dysfunction. 

In addition to oxidative stress, alterations in mitochondrial function with diabetic 

complications can lead to Ca2+-handling abnormalities. Chronic diabetes has been associated 

with abnormalities in the sarcoplasmic reticular and sarcolemmal Ca
2+

-transport processes 

(Dhalla et al. 1998; Dhalla et al. 2014; Machackova et al. 2005). Cardiac dysfunction in 

diabetes is associated with poor myofibrillar function due to inferior sarcoplasmic reticular 

and sarcolemmal Ca2+-handling (Dhalla et al. 1998; Dhalla et al. 2014; Machackova et al. 

2005). Long-term diabetes can lead to myofibrillar remodelling by altering the contractile and 

regulatory proteins in myofibrillar assembly. This alteration can be adaptive or maladaptive, 

based on the functional and metabolic demands of the heart (Machackova et al. 2005). On the 

basis of these observations, it is clear that mitochondria play an important role in the 

pathogenesis of cardiac dysfunction during the development of diabetic cardiomyopathy.  

Recently, it has been described that miRNAs can translocate into the mitochondrial 

compartment of cardiomyocytes, and play an important role in mitochondrial energy 

production by targeting mitochondrial genes (mito-mRNAs) or nuclear genes (mRNAs) in 

the mitochondrial matrix (Das et al. 2014; Das et al. 2012; Jagannathan et al. 2015; 

Srinivasan and Das 2015).  
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MITOCHONDRIAL miRNAs IN DIABETIC CARDIOMYOPATHY 

miRNAs are a group of small, 19-25 nucleotides long, non-coding RNAs (Bartel 

2004). These evolutionally conserved miRNAs have the ability to negatively regulate the 

expression of various genes by the degradation of target mRNA or by inhibiting the 

translational process (Bartel 2004). The biogenesis of a miRNA includes formation of a 

primary-miRNA transcript (pri-miRNA) from the nuclear genome. The pri-miRNA then gets 

digested by a RNA polymerase II, DROSHA/DGCR8, into a premature miRNA transcript 

(pre-miRNA), which is then translocated to the cytoplasm by exportin 5. Pre-miRNA in the 

cytoplasm then gets cleaved by another RNase III enzyme, DICER, into double-stranded 

mature miRNA (Srinivasan and Das 2015). In the cytoplasm, Ago2, an RNA binding protein, 

first binds to miRNA. This Ago2 bound miRNA transcript then finds the miRNA target 

mRNA (Kawamata and Tomari 2010). The Ago2 bound miRNA forms a ribonucleoprotein 

complex, the RNA induced silencing complex (RISC), by binding to the 3'-untranslated 

region (3'-UTR) of the mRNA. The RISC also includes other RNA binding proteins such as 

GW182, TRBP1, and TRBP2 (Srinivasan and Das 2015). The involvement of Dicer as one of 

the RISC components is still controversial (Gregory et al. 2005; Kawamata and Tomari 2010; 

Kim and Kim 2012; MacRae et al. 2008; Rivas et al. 2005). Usually, the formation of the 

RISC complex occurs in the cytoplasmic compartment of a cell; however, recent studies have 

shown that miRNAs are also found in mitochondrial (Barrey et al. 2011; Das et al. 2014; Das 

et al. 2012; Dasgupta et al. 2015; Jagannathan et al. 2015; Srinivasan and Das 2015; Zhang et 

al. 2014), nuclear (Hwang et al. 2007), and endoplasmic reticulum (ER) (Li et al. 2013; 

Montgomery and Ruvkun 2013) components of the cell.  

Ago2 has been found to act as a carrier protein, transporting a miRNA such as miR-1 

(Zhang et al. 2014) or miR-181c (Das et al. 2012), into the mitochondria after the miRNAs 

mature in the cytoplasm. In addition, Barrey et al. have suggested that both miRNAs and pre-
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miRNAs are encoded within the mitochondrial genome (Barrey et al. 2011). However, the 

biogenesis of these mitochondrial genomic miRNAs is not known. Nevertheless, the 

functional aspects of these mitochondrial miRNAs are not well studied. Thus, in this article, 

we focus on the miRNAs which have been found in the mitochondrial compartment, and 

target either mitochondrial or nuclear genes, leading to an alteration of mitochondrial 

function during T2D. We term this subset of miRNAs as MitomiRs. MitomiRs can influence 

various metabolic pathways such as the TCA, electron transport chain, lipid metabolism, and 

amino acid metabolism. These mitochondrial metabolic pathways are actively involved in 

energy metabolism during T2D. 

 

miRNA INFLUENCES THE TRICARBOXYLIC ACID CYCLE 

The TCA cycle is a key metabolic pathway involved in glucose oxidation. It is a 

series of biochemical reactions that oxidizes acetyl co-A to release energy in the form of 

ATP. Glucose oxidation occurs in multiple steps, starting from glycolysis in the cytoplasm 

followed by pyruvate decarboxylation to acetyl co-A (An and Rodrigues 2006). Acetyl co-A, 

then enters into the TCA cycle. Since the TCA cycle is an indispensable process for GO, any 

alterations in the TCA cycle may lead to altered energy metabolism in the heart. Recently, 

miRNAs have been found to regulate the TCA cycle by targeting key enzymes in the 

pathway. 

Pyruvate dehydrogenase (PDH) is an enzyme which links glycolysis to the TCA cycle 

by converting pyruvate into acetyl Co-A. It has been shown that miR-26a targets PDH 

subunit X (PDHX), a non-catalytic component of PDH (Chen et al. 2014). By targeting 

PDHX, miR-26a reduces PDH enzyme activity, leading to accumulation of pyruvate and 

decreased levels of acetyl-coA in the mitochondria (Chen et al. 2014). 
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Several miRNAs, such as miR-152, miR-148a, miR-148b, miR-299-5p, miR-19a-3p, 

miR-19b-3p, miR-122a, miR-421, and miR-494, target citrate synthase. By modulating the 

expression of citrate synthase, these miRNAs affect roughly 78 pathways that are involved in 

lipid, nucleotide, carbon, and amino acid metabolism (Tibiche et al. 2008). 

Succinate co-A ligase GDP forming beta Subunit (SUCLG2) catalyses the conversion 

of succinate to succinyl co-A. In a study, miR-124 was found to downregulate the expression 

of SUCLG2 (Wang and Wang 2006). 

               

miRNAS INFLUENCE THE ELECTRON TRANSPORT CHAIN 

The electron transport chain (ETC) is a redox pathway carried out by ETC complexes; 

I, II, III, IV and V (ATP synthase), which is located in the inner membrane of the 

mitochondria. The ETC complexes I, III and IV generate a proton gradient by oxidizing 

NADH/NADPH. This proton gradient is then utilized by ATP synthase to produce ATP. 

Oxidative stress has been implicated in the etiology of diabetic cardiomyopathy. 

Mitochondrial ETC complexes I and III generate ROS as a by-product of their respiratory 

function. Generation of ROS has been found to have deleterious effects on mitochondria and 

eventually leads to mitochondrial dysfunction (Das et al. 2014; Das et al. 2012). 

Iron-sulfur clusters (Fe-S) are essential cofactors for the transfer of electrons in 

oxidative phosphorylation (OXPHOS) (Tong and Rouault 2000). Thus, the function of 

Complex I and Complex IV is highly dependent on (Fe-S).  The Fe-S assembly enzyme 

(ISCU) plays an important role in the synthesis of these Fe-S clusters (Tong and Rouault 

2000). Under hypoxic conditions, it has been demonstrated that miR-210-5p can directly 

target the ISCU (Chan et al. 2009; Chen et al. 2010). Succinate dehydrogenase subunit D 

(SDHD), a subunit of Complex II, has been identified as a target of miR-210 (Puissegur et al. 

2011). The authors have concluded that miR-210 can ultimately alter complex II activity 
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(Puissegur et al. 2011). COX10, another nuclear encoded subunit of complex IV has been 

reported as a target of miR-210-5p (Chen et al. 2010). Nuclear encoded, cytochrome c 

oxidase subunit IV (COXIV), one of the complex IV subunits, plays a vital role during the 

assembling process of complex IV and in its respiratory function (Li et al. 2006). In vitro 

studies on neuronal cells showed miR-338-5p alters complex IV activity by targeting the 3´-

UTR of COXIV mRNA (Aschrafi et al. 2008).  

Complex IV of the ETC has three subunits which are encoded in the mitochondrial 

genome - mt-COX1, mt-COX2, and mt-COX3. The remaining subunits; IV, Va, Vb, VIa, 

VIb, VIc, VIIa, VIIb, VIIc and VIII are encoded by the nuclear genome, and are translocated 

into the mitochondria after their maturation. In two independent studies, it has been shown 

that the mitochondrial genomic subunit of complex IV, mt-COX1, can be targeted by two 

different miRNAs, miR-181c (Das et al. 2014; Das et al. 2012), and miR-1 (Zhang et al. 

2014). Mitochondrial transcripts are polycistronic in nature, and thus, the effects of miRNA 

binding to the 3'-UTR of mt-mRNA are still not fully understood. On the one hand, it has 

been shown that by binding to a miRNA, mt-mRNA expression is downregulated (Das et al. 

2014; Das et al. 2012; Jagannathan et al. 2015).  Conversely, it has been shown that miRNA 

acts as an activator of post-translational processes when it binds to a mitochondrial encoded-

mRNA (Li et al. 2016; Zhang et al. 2014). Chronic overexpression of a miRNA that targets 

mitochondrial mRNA confirmed this observation (Das et al. 2014; Li et al. 2016). 

  Zheng et al. reported that miR-101-3p negatively regulates the expression of ATP 

synthase subunit β (ATP5B) (Zheng et al. 2011). In another study, miR-127-5p was also 

shown to target the 3'-UTR of the ATP5B transcript, and alters protein content (Willers et al. 

2012). Additionally, miR-338-5p has been found to target ATP5G1, which ultimately 

augments ATP synthase activity (Aschrafi et al. 2008). Finally, miR-378 has been shown to 

target and bind to the mitochondrial transcriptome at the ATP6 locus, causing down-
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regulation of the protein in the type 1 diabetic heart (Jagannathan et al. 2015). ATP6 is a 

subunit of the F0 complex of the ATP synthase, and its repression impacts ATP generating 

capacity. 

 

EFFECT OF miRNA ON FATTY ACID METABOLISM 

In the heart, energy in the form of ATP is obtained from various sources including 

fatty acids, glucose, lactate and ketone bodies (Rodrigues et al. 1998). The major source of 

energy is obtained by oxidation of fatty acids. During diabetes, FAO in the heart is 

augmented, and GO is reduced. This altered state leads to contractile dysfunction that initially 

begins with diastolic dysfunction, eventually developing into systolic dysfunction. This 

ultimately leads to diabetic cardiomyopathy (An and Rodrigues 2006). In several studies, 

miRNAs have been shown to target key components of the FAO pathway. A peroxisomal 

enzyme, Carnitine Octanoyl Transferase (CROT), allows short fatty acid chains to enter into 

the mitochondria by coupling them with carnitine. CPT1A converts acyl-CoA to 

acylcarnitine, thereby allowing fatty acids to enter the mitochondria where they are oxidized 

(Bonnefont et al. 2004). miR-33 has been found to target both CROT and CPT1A, which 

eventually affects fatty acid β oxidation (Gerin et al. 2010). miR-33a-5p and miR-33b-5p is 

encoded from the intronic region of SREBP2 (Bommer and MacDougald 2011), and 

SREBP1 (Xu et al. 2013) genes, respectively. By targeting important enzymes like CROT, 

CPT1A, and 3-Ketoacyl-CoA thiolase, the two miRNAs, miR-33a and miR-33b, affect fatty 

acid metabolism (Rottiers and Naar 2012). Interestingly, the complementary strand of miR- 

33a-5p is miR-33a-3p, which has been found to play an important role in FAO by targeting 

the same targets as miR-33a: CROT and CPT1A (Goedeke et al. 2013). In another study, 

miR-370 has been shown to reduce FAO by targeting the 3’-UTR of CPT1A transcript 

(Iliopoulos et al. 2010). Peroxisome proliferator activated receptor δ (PPARδ) plays an 
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important role in energy metabolism by switching the metabolism from FAO to glycolysis 

(Burkart et al. 2007). miR-199a-5p has been found to decrease the FAO by targeting PPARδ 

in both the heart and liver mitochondria (el Azzouzi et al. 2013). Azzouzi et al. (el Azzouzi et 

al. 2013) also concluded that by targeting PPARδ, miR-199a alters mitochondrial content and 

increases lipid deposition in the heart and liver cells. Another miRNA, miR-29a-3p, also has 

been found to target PPARδ and affects FAO (Kurtz et al. 2014). It has been demonstrated 

that in liver miR-122 affects lipid metabolism (Esau et al. 2006). The mRNA level of 

aldolase-A has been found to be reduced upon transfecting miR-122 in the hepatocellular 

carcinoma cell line, AML2 (Esau et al. 2006). Pantothenate kinase 1 (PANK) is an enzyme 

which is involved in the synthesis of coenzyme A (Leonardi and Jackowski 2007). Coenzyme 

A is a key cofactor involved in lipid metabolism. miR-107 and miR-103, located in the 

intronic sequence of the PANK1α gene, can influence lipid metabolism (Wilfred et al. 2007). 

miR-224-5p inhibits translation of acyl-CoA synthetase long chain family (ACSL4) (Wilfred 

et al. 2007). Acyl Co-A ester is an intermediate complex of lipid synthesis. ACSL4 regulates 

the synthesis of Acyl Co-A from free long chain fatty acids (Peng et al. 2013). Peng et al. 

(Peng et al. 2013) demonstrated that miR-224-5p alters FAO by regulating the mRNA of 

ACSL4.  

  

ROLE OF miRNA IN AMINO ACID METABOLISM 

Amino acid metabolism refers to the synthesis and breakdown of amino acids, and it 

mainly occurs within the mitochondria. Diabetic cardiomyopathy has been shown to alter 

amino acid metabolic pathways. The amino acid levels within the heart not only alters the 

energy stores of the heart, but also influences numerous contractile proteins that are essential 

for proper contractile function of the heart (Avogaro et al. 2004). Recently, multiple miRNAs 

have been implicated in the regulation of amino acid metabolism. For example, in a recent 
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study, miR-193b has been found to bind to the 3'-UTR of Serine Hydroxyl transferase 

(SHMT2) (Leivonen et al. 2011), which is responsible for converting serine to glycine.  

Glutaminase (GLS) is an enzyme that converts glutamine to glutamate by deamination. In 

human neuronal progenitor cells (NPCs), GLS was found to play an important role in cell 

proliferation and cell death (Wang et al. 2014). The lower stand component of the miR-23 

family, miR-23a-3p and miR-23b-3p, have been found to inhibit GLS by binding to the 

3’UTR of GLS (Gao et al. 2009). In another study, miR-29b was found to target the 

dihydrolipoyl branched chain acyltransferase (DBT). DBT is a component of branched chain 

α-ketoacid dehydrogenase (BCKD). BCKD plays an important role in the catabolism of 

branched chain amino acids leucine, isoleucine and valine (Mersey et al. 2005). 

           

ROLE OF miRNA IN NUCLEOTIDE METABOLISM 

The synthesis and the breakdown of nucleotides is referred to as nucleotide 

metabolism. Some parts of nucleotide metabolism occur inside the mitochondria, and it has 

been shown that various miRNAs can influence this process by regulating mRNAs in 

multiple nucleotide metabolism pathways (Desler et al. 2010). Three miRNAs, miR-149 (Wu 

et al. 2013), miR-125 (Stone et al. 2011), and miR-22 (Stone et al. 2011), have been found to 

target the Methylenetetrahydrofolate (MTHFR) transcript. By negatively regulating MTHFR, 

all three miRNAs have been shown to slow the process of the conversion of homocysteine to 

methionine. Mitochondrial dihydroorotate dehydrogenase enzyme (DHODH) is an enzyme 

that plays an important role in the de-novo pathway of pyrimidine biosynthesis (Rawls et al. 

2000). Zhai et al. showed that miR-502 decreases both protein levels and mRNA expression 

of DHODH (Zhai et al. 2013). Thus, miR-502 negatively regulates nucleotide metabolism by 

attenuating pyrimidine biosynthesis (Zhai et al. 2013). 
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MITOCHONDRIAL TRANSPORT 

The mitochondrial genome only has 37 genes, 13 of which are the major subunits of 

mitochondrial ETC complexes (Pearce et al. 2013). A major portion of the proteins 

responsible for proper mitochondrial functions are encoded within the nuclear genome. These 

proteins, after being translated, are imported into the mitochondria through translocases such 

as translocase of outer membrane (TOM) and translocase of inner membrane (TIM) (Neupert 

and Herrmann 2007). Mitochondrial transport of proteins is therefore essential for the proper 

functioning of the organelle. Impaired mitochondrial transport leads to cardiac mitochondrial 

dysfunction and eventually cardiomyopathy. By targeting the proteins responsible for 

transporting mitochondrial proteins, miRNAs are able to influence mitochondrial function. 

Slc25a3 is a mitochondrial phosphate carrier which carries inorganic phosphate from cytosol 

into the mitochondrial matrix. Slc25a3 supplies phosphate for the process of ATP synthesis 

by the ETC. In the myoblast cell line, HL-1, Slc25a3 has been found to be the target of miR-

141 (Baseler et al. 2012). Consequently, overexpression of miR-141 can reduce ATP 

synthase. Baseler et al., demonstrated that in T1D, the expression of miR-141 goes up, 

influencing the ATP level in the heart (Baseler et al. 2012).  It has been shown that in 

pancreatic β cells, miR-184 reduces insulin secretion by targeting Slc25a22 (Morita et al. 

2013). Slc25a22 is a mitochondrial glutamate carrier. Consistent with the fact that glutamate 

can induce insulin secretion, repression of Slc25a22 by miR-184 resulted in a reduction in 

glucose-induced insulin secretion (Morita et al. 2013). Carnitine-acylcarnitine translocase 

(CACT) transports long-chain acyl carnitines into the mitochondria for GO. Two miRNAs, 

miR-212 and miR-132, can directly bind to the 3'-UTR of the CACT gene (Soni et al. 2014). 

By post-translational regulation of CACT, overexpression of both miR-212 and miR-132 can 

result in the accumulation of fatty acids in the cytoplasm and reduction in FAO (Soni et al. 

2014). Arl2 is an interacting protein of adenine nucleotide transporter 1 (ANT1). Arl2 alters 
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adenine nucleotide transport by binding to the region on ANT1 called binder of Arl2 (BART) 

(Sharer et al. 2002). In another study by Nishi et al., it has been shown that the miR-15/16 

cluster, miR-15b, miR-16, miR-195, and miR-424, target the 3'-UTR of Arl2 in the heart 

(Nishi et al. 2010). Furthermore, the authors described that overexpression of miR-15b results 

in decreased Arl2 protein and mRNA levels; resulting in reduced cellular ATP levels (Nishi 

et al. 2010). The role of the miR-15 family has been further evaluated in the context of 

multiple cardiac disorders, and the indispensable role of Arl2 has been highlighted in these 

studies (Hullinger et al. 2012; Porrello et al. 2011; Porrello et al. 2013). 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

Multiple studies have clearly demonstrated the influence of miRNAs on numerous 

metabolic pathways, see table 1. A growing amount of evidence suggests a direct influence of 

miRNAs on the function of mitochondria. By targeting mitochondrial transcripts, miRNAs 

are able to influence various aspects of mitochondrial metabolism, resulting in the alteration 

of mitochondrial function. This alteration ultimately leads to mitochondrial dysfunction, 

which plays an important role in the development of diabetic cardiomyopathy. Targeting 

these miRNAs may lead to therapeutic options for patients with diabetic cardiomyopathy. 

The discovery of miRNAs in the mitochondrial compartment is possibly due to recent 

advancements in technologies. RNA-sequencing platforms are more sensitive. As 

methodologies improve, more and more researchers are attempting to isolate other subcellular 

fractions, such as sarcolemma and sarcoplasmic reticulum. Encouragingly, it has been shown 

that miRNAs can be found in the sarcoplasmic reticulum fraction of plant cells. More studies 

are necessary to explore the existence of miRNAs in various subcellular organelles. More 

importantly, the functional consequences of miRNAs isolated in these subcellular 

compartments needs to be well characterized.  
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As this field continues to expand, a number of pertinent questions are critical for 

understanding how miRNAs contribute to the regulation of mitochondrial proteins. In 

general, the continued identification of miRNAs that regulate mitochondrial proteins is of 

great interest. Further, identification of mechanisms and participants responsible for the 

import of miRNAs into the mitochondria as well as the cellular cues influencing their actions 

in extra-mitochondrial locales are of great interest. Finally, because the diabetic phenotype 

influences the cellular milieu, understanding whether these changes precipitate miRNA 

regulation of mitochondrial proteins as well as the impact to mitochondria located at different 

subcellular fractions is essential. The answers to these questions will facilitate the 

development of miRNA-based therapeutic options for the diabetic patient suffering from 

cardiac-related morbidities. 
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Table 1: Influence of MitomiRs on Metabolic Pathways 

Pathway miRNA Target References 

TCA miR-26a PDHX (Chen et al. 2014) 

miR-152-3p Citrate synthase (Tibiche et al. 2008) 

miR-148a-3p Citrate synthase 

  

(Tibiche et al. 2008) 

  miR-148b-3p 

miR-299-5p 

miR-19a-3p 

miR-19b-3p 

miR-122a 

miR-421 

miR-494-3p 

miR-124 SUCLG2 (Wang and Wang 2006) 

ETC miR-210-5p ISCU, SDHD, COX10 (Chan et al. 2009; Chen et al. 2010; 

Puissegur et al. 2011) 

miR-338-5p COX IV, ATP5G1 (Aschrafi et al. 2008) 

miR-181c COX 1 (Das et al. 2014; Das et al. 2012) 

miR-1 COX 1 

ATP5β 

(Zhang et al. 2014) 

miR-101-3p (Zheng et al. 2011) 

miR-127-5p ATP5β 

ATP6 

(Willers et al. 2012) 

miR-378 (Jagannathan et al. 2015) 

Fatty Acid 

Metabolism 

miR-33 CROT, CPT1A (Gerin et al. 2010) 

miR-370 CPT1A (Iliopoulos et al. 2010) 

miR-199a PPARδ (el Azzouzi et al. 2013) 

miR-29a-3p PPARδ 

Aldolase A 

(Kurtz et al. 2014) 

miR-122 (Esau et al. 2006) 

miR-224-5p ACSL4 (Peng et al. 2013) 

miR-193b SHMT2 (Leivonen et al. 2011) 

Amino acid 

metabolism 

miR-23-3p GLS  (Gao et al. 2009) 

miR-23b-3p GLS, DBT (Gao et al. 2009; Mersey et al. 2005) 

miR-29b GLS, DBT 

  

(Gao et al. 2009; Mersey et al. 2005) 

miR-149 MTHFR (Wu et al. 2013) 

Nucleotide 

metabolism 

miR-125 MTHFR, DHODH (Stone et al. 2011) 

miR-22 MTHFR, DHODH 

  

(Stone et al. 2011; Zhai et al. 2013) 

miR-502 (Stone et al. 2011; Zhai et al. 2013) 

  

miR-141 Slc25a3 (Baseler et al. 2012) 

Mitochondrial 

transport 

miR-184 Slc25a22 (Morita et al. 2013) 

miR-132 CACT (Soni et al. 2014) 

miR-212 CACT, Arl2 (Nishi et al. 2010; Soni et al. 2014) 

miR-15b CACT, Arl2 (Nishi et al. 2010; Soni et al. 2014) 

miR-16 

miR-195 Arl2 (Nishi et al. 2010) 
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Introduction

Lung cancer is the major cause of cancer mortality worldwide 
accounting for 1.5 million deaths in 2012.[1] It constitutes 13% of the 
newly diagnosed cancer cases in 2015.[2] Among the major two types 
of lung cancer, the non-small cell lung cancer (NSCLC) contributes to 
80% of lung cancer deaths, which urges the need for novel therapies 
in the effective treatment and management of NSCLC.[3]

ABSTRACT

Non-small cell lung cancer (NSCLC) contributes to 80% of lung cancer death. The poor survival rate is contributed by the uncontrolled 
proliferation, evasion of apoptosis, ubiquitous expression of cell survival genes, and resistance to anticancer therapies. This prompts the search 
for novel and potent drugs for the effective treatment and management of NSCLC. Marine seaweeds are rich in novel bioactives widely 
employed in pharma, medical, cosmetic, and food industries. For the current study, the ethyl acetate extract of Sargassum wightii is utilized 
to test antiproliferative efficacy against the NSCLC cell line A549. From ethyl acetate extract, two compounds, namely, n-hexadecanoic acid 
and l-(+)-ascorbic acid 2,6 dihexadecanoate were identified by mass spectrometry analysis. These compounds interacted with the cell survival 
protein PI3K which is upregulated in most of human cancers. The in silico results demonstrated that the algal compounds interacted with the 
target PI3K with a C score of 5. The in vitro antiproliferative activity of the ethyl acetate extract was analyzed by MTT assay. The apoptotic 
hallmarks including fragmentation of nuclei and DNA were observed in treated cells. The real-time polymerase chain reaction analysis of gene 
encoding PI3K showed the downregulation of the gene. The current results suggest that the compounds of S. wightii have antiproliferative 
activity and can control lung cancer through induction of apoptosis.

Keywords: Non-small cell lung cancer, Sargassum wightii, antiproliferative property, n-hexadecanoic acid, l–(+)-ascorbic acid 2, 6 
dihexadecanoate
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Apoptosis or programed cell death maintains the balance between 
cell proliferation and cell death. Uncontrolled proliferation results 
in oncogenesis. In NSCLC cell lines, the deletion or inactivation of 
the tumor suppressor genes directly contributes to the uncontrolled 
proliferation and prolonged survival of cancer cells.[4] Hence, drugs 
that can inhibit uncontrolled proliferation and induce apoptosis may 
be effective in the management and treatment of cancer.

A number of FDA-approved anticancer drugs are derived from the 
sea, including cytarabine, eribulin mesylate, and trabectedin. This 
has triggered the pharmaceutical industries to focus on marine 
natural products, and many marine bioactives have entered into the 
pre-clinical and clinical trials.[5] Marine seaweeds are a rich source 
in novel bioactives, which are widely employed in pharma, medical, 
cosmetic, and food industries. The marine brown algae of genus 
Sargassum is reported to possess antithrombotic, antiplatelet, antiviral, 
and anticancer properties.[6-8] In the current study, the marine brown 
algae Sargassum wightii was extracted, and the phytoconstituents were 
analyzed for the antiproliferative efficacy against the NSCLC cell line 
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A549. The outcomes of the study showed that the algal bioactives 
inhibited cancer cell proliferation through the induction of apoptosis 
in A549 cells. The results thus suggested that the algal bioactives can 
be utilized for the development of novel anticancer agents in the 
treatment of NSCLC.

Materials and Methods

Collection and identification of marine algae

The marine brown algae S. wightii was collected from the Mandapam 
coast of Tamil Nadu, India. The algae were identified and authenticated 
by Dr. Saravanan, Scientist, CMFRI, Mandapam, Tamil Nadu, India. 
The algae were washed in water to remove debris, shade dried, 
powdered, and were used for further studies.

Extraction and characterization of the algal extract

The dried algal powder was subjected to sequential extraction.[9] 
The phytoconstituents analysis was carried out in the extracts for 
detection of alkaloids, flavonoids, saponins, tannins, glycosides, 
carbohydrates, proteins, fats, and oils.[10] The total polyphenol 
content was estimated.[11] Gallic acid was used as a standard. The 
experiment was done in triplicate and the data were recorded as 
mean ±standard deviation (SD). Based on the phytochemical analysis, 
the ethyl acetate extract (SEA) was subjected to Fourier-transform 
infrared (FTIR) analysis in JASCO spectrometer, and the spectra in 
the range 400–4000 cm−1 were recorded.[12] The SEA (5 mg) was 
filtered in 0.45 µm filter and subjected to high-performance liquid 
chromatography (HPLC) analysis in Shimadzu HPLC 9A fitted with 
LC 20AD binary gradient pump, SPD-M20A Diode array detector, 
and RF-fluorescence detector. The separation was carried out in 
Enable C18 G column of 250 × 4.6 mm fitted with a C-18 guard 
column using acetonitrile and water as the mobile phase in the ratio 
of 70:30. The flow rate was maintained as 1 ml/min. The injection 
volume was 20 µl. The total running time was 25 min. The retention 
time (RT) of the compounds in all extract was recorded.[13] The 
advanced mass spectroscopy (Shimadzu GC-MS QP2010 ultra) with 
direct injection port was used for the mass spectrometry analysis of 
SEA. The sample was directly sent to mass spectra using the direct 
injection port (200°C), and the emerging fragment ions were 
collected. The ion source was maintained at 200°C and interface at 
250°C. The detector voltage was maintained at 0.7kV throughout 
the analysis. The probable structure based on the ion fragmentation 
pattern was derived from the National Institute of Standards and 
Technologies 14 library search.

Molecular docking analysis

The structures of  the compound n-hexadecanoic acid 
(PubchemCID:985) and l-(+)-  ascorbic acid 2,6 dihexadecanoate 
(PubchemCID:54686917) identified in SEA by MS analysis were 
obtained from PubChem database (www.ncbi.nlm.nih.gov/
pubchem), and the X-ray crystal structures of the target receptor 
(PI3K) of humans were retrieved from protein data bank (http//
www.rscb.org/pdb). The compounds for docking were prepared as 
per the ligand preparation program, and Dock suite program of the 

SYBYL- × 1.3 was utilized. The prepared ligands were docked with 
the target protein PI3k based on the induced fit docking protocol. The 
interaction of the algal compounds with the target was visualized in 
Pymol, a python-based visualization tool (www.Pymol.org).

In vitro cell viability assay

The human adenocarcinoma cell line (A549) procured from NCCS, 
Pune, India, was used to test the antiproliferative efficacy of SEA. The 
cells were cultured in Dulbecco’s modified Eagle’s Medium (HiMedia) 
supplemented with 10% fetal bovine serum (HiMedia) and 1% 
antibiotic cocktail (Himedia). The cells were seeded in 96-well plate 
(1.5 × 105 cells) and treated with different concentrations of SEA (1, 
500, 1000, 1500, and 2000 µg/ml) for 24 h to analyze the cell viability 
and determine the inhibitory concentration (IC50) by MTT assay.[14] 
A549 cells treated with 1500 µg/ml of SEA for 24 h were analyzed for 
the hallmarks of apoptosis by staining with DAPI and acridine orange 
and ethidium bromide (1:1) mixture under fluorescent microscope 
(Zeiss Axio). DNA was isolated from the SEA-treated and control cells 
by Trizol method (Takaraa) and separated by electrophoresis (1.5% 
Agarose) at 75V for 40 min (BioRad) and observed in ChemiDoc 
(Eppendorf). The control was represented by ethyl acetate-treated 
cells, and the experiment was performed in triplicate.

Analysis of PI3K by real-time polymerase chain 
reaction (PCR)

Total RNA was isolated from control and SEA-treated cells by trizol 
method, followed by cDNA synthesis using the high capacity cDNA 
reverse transcription kit (Applied Biosystem) as per manufacturer’s 
instruction. The cDNA synthesized was used for real-time PCR 
analysis of cell survival gene (PI3K) using SYBR Green PCR 
master mix (Bio-Rad). The analysis was done in triplicate, the fold 
change in gene expression was calculated based on 2−DDct, and the 
expression was normalized with the housekeeping gene β actin. The 
primers used are PIK3CA (F) TGCAAAGAATCAGAACAATGCC: 
PI3KCA (R) CACGGAGGCATTCTAAAGTCA. βActin 
( F )  TAG A AG C C T C T T C AT G G AC A AC : β  A c t i n  ( R ) 
GTATCAGGCATGCAACACAAG.

Results and Discussion

The phytochemical analysis of S. wightii revealed the presence of 
flavonoids, tannins, glycosides, terpenoids, carbohydrates, fats, 
resins, and phytosterols in the ethyl acetate, ethanol and methanol 
extracts; however, terpenoids, saponins, carbohydrates, proteins, and 
resins were not detected in hexane and DCM extracts [Table 1]. The 
abundance of phytoconstituents in S. wightii ethyl acetate extract (SEA) 
may be attributed to the mid-polar nature of the solvent. In previous 
studies, the non-polar solvents such as benzene, chloroform, and 
petroleum ether were used for extracting S. wightii,[15] but extraction 
with ethyl acetate increased the concentration of the phytoconstituents 
than the non-polar solvents.

Table 1 shows the results of preliminary phytochemical analysis of 
S. wightii by sequential extraction method. The phytoconstituents 
were found in different concentration in each extract.
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The quantification of polyphenols [Figure 1a] in the algal extracts 
showed the highest concentration (266.6  µg/100  mg) in SEA, 
followed by ethanol (215  µg/100  mg), DCM (159  µg/100  mg), 
methanol (148 µg/100 mg), and hexane (122 µg/100 mg) extracts. 
As SEA showed the highest concentration of polyphenols which has 
various biological properties, it was utilized for further studies. 
Polyphenols form the major group of natural antioxidants. The 
polyphenol phlorotannin in brown algae is found to confer protection 
from ultraviolet radiation. Further, polyphenols are reported 
to possess various therapeutic properties such as antibacterial, 
antiviral, anticancer, and antidiabetic activities.[16]  The HPLC analysis 
[Figure  1b] showed the presence of five major compounds in the 
SEA with RT 16.742, 18.907, 19.989, 21.539, and 22.684  min, 
respectively. The results of FTIR analysis [Figure  1c and Table  2] 
enabled the identification of functional groups such as alcohol, alkenes, 
and aliphatics in the extract at varying concentration. The presence 

of these functional groups may account for the biological properties 
of S. wightii.

The FTIR analysis showed many peaks which represent the functional 
groups that are present in the ethyl acetate extract of S. wightii.

The mass chromatogram of SEA revealed the presence of two 
major compounds. Based on the ion pattern, the two components 
were identified, namely, n-hexadecanoic acid with the molecular 
formula C16H32O2 and molecular weight 256.4 [Figure  2a] and 
l-(+)-ascorbic acid 2,6-dihexadecanoate with the molecular 
formula C38H68O8 and molecular weight 652.9 [Figure 2b]. Based 
on the ion pattern and the mass of parent peak, the following 
structures are proposed [Figure 2c and d]. The presence of strong 
peak at 3272 cm−1 in FTIR correlates with the carboxylic groups 
in both these compounds, and further, the peaks at 1654 cm−1, 
1086−1, and 1044−1 coincide with the C=C, C-O-C, and C-OH 
stretching in l-(+)-ascorbic acid 2,6-dihexadecanoate. Hence, the 
results of FTIR support the MS data and the proposed structures 
of both compounds. These results correlate well with the previous 

Table 1: Preliminary phytochemical screening of crude extracts 
of S. wightii

Phytoconstituent Hexane DCM Ethyl acetate Ethanol Methanol
Tannins ++ ++ +++ ++ +
Flavonoids ++ ++ +++ ++ +++
Terpenoids ‑ ‑ +++ ++ +++
Saponins ‑ ‑ ‑ ‑ ‑
Glycosides + + +++ +++ +++
Carbohydrates ‑ ‑ ++ +++ +++
Fats and oils ‑ ‑ ++ +++ +++
Resins ‑ ‑ +++ ++ +
Phytosterols ++ ++ +++ ++ +
Protein ‑ ‑ ++ + +
+: Presence, ++ and +++: Abundance, ‑: Absence, S. wightii: Sargassum wightii

Table 2: FTIR spectra of S. wightii ethyl acetate extract
Absorbance (cm−1) Functional groups Compounds
3272 O‑H stretching of carboxylic 

acid or enolic OH or alcohol
Polysaccharides/alcohols

2970.5 C‑H stretching of CH3, 
CH2/N‑H stretching

Aliphatic compounds

1654.2 C=C Alkene
1086 C‑O‑C stretch Starch polysaccharides
1044 C‑OH stretch Alcohol
S. wightii: Sargassum wightii, FTIR: Fourier‑transform infrared

Figure 1: (a) Estimation of total phenolic content. The crude extracts of Sargassum wightii were analyzed for their total phenolic content. The ethyl acetate 
extract showed more polyphenol content than the other extracts, (b) high-performance liquid chromatography chromatogram of ethyl acetate extract, 
(c) Fourier-transform infrared spectra of ethyl acetate extract

c

ba
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studies of S. wightii.[12]  These compounds were previously reported 
in macroalgae.[17]

However, this is the first study to report the occurrence of l-(+)-
ascorbic acid 2, 6 dihexadecanoate in S. wightii. The compound 
n-hexadecanoic acid is used in the manufacture of artificial flavors 
and is reported to delay aerobic deterioration of silages.[18] Ascorbic 
acid is a natural hydrophilic antioxidant. The analogs of ascorbic acid 
formed by esterification and transesterification with fatty acids are 
shown to enhance the antioxidant, anti-inflammatory, and antitumor 
properties of ascorbic acid.[19] The presence of l-(+)-ascorbic acid 
2, 6 dihexadecanoate in SEA which contains two hexadecanoates 
esterified with ascorbic acid may contribute to the enhanced 
antioxidant activity of S. wightii. l-(+)-ascorbic acid dihexadecanoate 
is reported to possess antibacterial,[20,21] antitumor,[22] and wound 
healing properties.[23]

The compounds identified by mass spectrometry were subjected 
to molecular docking study with the cell survival gene PI3K. The 
structure of the protein PI3K and SEA compounds identified by MS 
analysis are depicted in Figure 3. The interaction study revealed that 
n-hexadecanoic acid interacted with glutamate 563 of PI3K. Similarly, 
l-(+)-ascorbic acid 2, 6 dihexadecanoate interacted through threonine 
560 and serine 535 of PI3K [Figure  3d and e]. Apart from these 
residues, the interaction was stabilized through many hydrophobic 
bonds. Table  3 shows the interacting residues and bond distance 
formed between the ligands and receptors. In one-third of human 
cancers, PI3K gene is aberrantly expressed which contributes to the 
uncontrolled proliferation and evasion of apoptosis in cancer cells.[24] 
The compounds interacted with the target protein with a consensus 
scoring (C score) of 5 which showed the specificity and stability of the 
interaction. As the algal compounds showed interaction with PI3K by 
in silico, in vitro studies were carried out in A549 cells.

Table  3 shows the interaction results of n-hexadecanoic acid and 
l- (+)-ascorbic acid 2, 6, dihexadecanoate with PI3K. N-hexadecanoic 
acid interacted with glutamic acid in the receptor PI3K with a C score 
of 5. The bond distance was 3Å. The ligand l- (+)-ascorbic acid 2, 6, 
dihexadecanoate interacted with threonine 560 and serine 535 in 
PI3K with a C score of 5. The length of bond between the ligand and 
THR was 2.6Å and that of SER was 3.3Å.

The results of MTT assay [Figure 4a] showed the ability of SEA 
to induce cytotoxicity in A549 cells. The treatment with different 
concentrations of SEA showed an increase in the cytotoxicity with 
increasing concentration. The IC50 was determined as 1500 µg/ml. 
SEA inhibited the proliferation of A549 cells in a dose-dependent 
manner. The highest inhibition (77.84%) was observed at 
2000 µg/ml.

The fluorescent microscopy analysis [Figure  4b] by DAPI staining 
detected the sublobe formation and fragmentation and blebbing of 
nuclei. To differentiate the live and apoptotic cells, acridine orange 
and ethidium bromide staining were carried out. The live cells showed 
green fluorescence with an unaltered morphology, whereas the early 
and late apoptotic cells showed orange fluorescence with rounding 
of the cells. The DAPI staining showed the induction of nuclear 
fragmentation in A549 cells treated with SEA, whereas the control 

Figure 2: Mass spectrometry analysis of SEA. (a) Mass chromatogram of n-hexadecanoic acid, (b) mass chromatogram of l-(+)-ascorbic acid 2, 6 dihexadecanoate, 
(c) structure of n-hexadecanoic acid, (d) structure of l-(+)-ascorbic acid 2, 6 dihexadecanoate

d

c

b

a

Table 3: Interaction results of n‑hexadecanoic acid and 
l‑(+) ‑ ascorbic acid 2, 6 dihexadecanoate with PI3K

Scores and 
residues

n‑hexadecanoic acid 
with PI3K

‑(+) ‑ ascorbic acid 2, 6 
dihexadecanoate with PI3K

Total score 54.3789 82.063
C score 5 5
Interacting residues 
and bond length

GLU563 3Å THR 560 2.6Å
SER 535 3.3Å
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cells showed intact nuclei. The results of agarose electrophoresis 
[Figure 4c] showed the fragmentation of DNA isolated from SEA-
treated cells, whereas the control cells showed intact DNA. The 
real-time expression of gene encoding PI3K [Figure 4d] showed the 

downregulation in SEA-treated cells. The electrophoretic separation of 
the real-time product showed the absence of DNA band in the treated 
group [Figure  4e] compared to the control. The antiproliferative 
activity of SEA may be due to the presence of the newly identified 

Figure 3: Molecular Docking analysis. (a) Structure of PI3K, (b) structure of n-hexadecanoic acid, (c) structure of l-(+)-ascorbic acid 2, 6 dihexadecanoate, 
(d) interaction of PI3K with n-hexanoic acid, (e) interaction of PI3K with l-(+)-ascorbic acid 2, 6 dihexadecanoate. The interaction studies were done using 
SYBL X 1.3

d

cba

e

Figure 4: (a) Cytotoxic activity of SEA against A549 cells. The A549 cells were incubated with SEA at varying concentrations (1, 500, 1000, 1500, and 
2000 µg/ml) for 24 h and the cytotoxicity was assessed by MTT assay. The IC50 was found as 1500 µg/ml. Control cells were treated with ethyl acetate. The 
data presented are mean±SD, (b) analysis of apoptosis by fluorescent microscopy. DAPI staining of control (i) and treated (ii) showing fragmented and lobbed 
nuclei. Acridine orange and ethidium bromide staining of control (iii) and treated (iv) showing live and apoptotic cells. The experiment was done in triplicate, 
(c) agarose gel electrophoresis showing intact DNA (lane 1) and fragmented DNA (lane 2), (d) fold change in PI3K gene expression in treated A549 cells, 
(e) agarose gel electrophoresis showing real-time polymerase chain reaction products

dc

b
a

e
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algal compounds l-(+)-ascorbic acid 2, 6 dihexadecanoate and 
n-hexadecanoate.

Conclusion

The inhibition of proliferation in cancer cells is an essential criterion 
for an anticancer drug. In the current study, SEA inhibited cell 
proliferation through the induction of apoptosis. This suggested that 
the algal bioactives possess anticancer activity which can be further 
studied for the development of effective anticancer drug in the 
management of NSCLC. The presence of polyphenols, flavonoids, 
and phytosterols and l-(+)-ascorbic acid dihexadecanoate in SEA 
may contribute to its antiproliferative nature. The identification of 
nuclear fragmentation, blebbing, and late apoptotic cells in SEA-
treated cells by fluorescent microscopy confirmed the ability of SEA 
compounds to induce apoptosis. The real-time analysis of expression 
of gene PI3K showed that the inhibition of cell proliferation is 
mediated by the induction of apoptosis, through suppression of 
PI3K gene expression in the treated cells. The results of the in 
vitro study coincide with the in silico interaction study where the 
algal compounds showed good interaction with PI3K protein. As 
the outcomes of the current study highlight the downregulation 
of cell survival gene, the compounds in SEA may contribute to 
this effect. As marine natural products are gaining importance in 
the field of anticancer research, this study opens up a new avenue 
about marine algae which can be utilized effectively in the field of 
biomedical research.
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Hydrothermal synthesis, characterization and luminescence 

properties of CaGd2(MoO4)4: Eu
3+

 ovoid like structures 
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Tetragonal phase CaGd2(MoO4)4:Eu3+
 with ovoid like hierarchical structures are prepared via employing ethylene diamine 

tetra acetic acid (EDTA) using hydrothermal route at 200oC for 24 h. X-ray diffraction patterns and Field emission scanning 

microscope images were used to characterize the crystal structure, phase, morphology and size of the nano samples. X-ray 

photo electron spectroscopy (XPS) and energy dispersive X-ray spectroscopy (Edax) confirmed the presence elements in 

phosphor samples. The PL properties of the phosphors were studied thoroughly. The photophysical properties of the 

samples were examined by Judd-Ofelt theory. The CIE coordinates of the prepared phosphor samples illustrate that red 

light emission can be realized from CaGd2(MoO4)4: Eu3+
 phosphor and it coexist very close to NTSC standard values. All 

these results show that ovoid like CaGd2(MoO4)4: Eu3+
 micro/nano phosphor is  a promising material for display 

applications. 

1. Introduction 

Superior-controlled synthesis of self-aggregated three-
dimensional (3D) hierarchical micro/nanostructures with 
uniform size distribution and structure is at a standstill 
demanding, and it is of much concern to the research 
community. Extremely homogeneous self-assembled three-
dimensional (3D) micro/nanostructures have created a center 
of attention worldwide because of their prospective 
applications in high-performance display device, opto-
electronics, biological, waste water treatment and photo 
catalyst applications derived from their novel electronic and 
optical properties.1-4 The most suitable and promising 
approach to fabricate self-aggregated 3D architectures is to 
make use of a solution phase route which is a simple way to 
organize and influence the physical and chemical properties of 
materials.5 In this regard, various shapes of 3D micro- and 
nano-structures have been synthesized and investigated 
through a number of wet chemistry-based techniques, 
including hydrothermal,6 solvothermal,7,8 microwave 
synthesis,9 the Pechini process,10,11 co-precipitation,12 molten 
salt synthesis,13 template-assisted methods.14 Among these 

techniques, the hydrothermal method is a promising 
alternative technique for the large- area production of 3D 
hierarchical micro/nanostructures under feasible 
environments.15  Recently, Lin et al prepared mono-disperse 
flower-like NaY(MoO4)2 architectures by hydrothermal route 
using  polyvinylpyrrolidone (PVP) as the surfactant.16 Li et al 
reported NaLa(MoO4)2 spindle- and flower-like architectures 
using the hydrothermal method.17 Dumbbell-like orthorhombic 
Gd2(MoO4)3:Eu3+ nanostructures18 almond-like (Na0.5La0.5) 
MoO4, and bipyramid- like (Na0.5Gd0.5)MoO4 micro/- and 
nanostructures have all been demonstrated.19 Zhang et al. 
synthesized pancake- like Fe2(MoO4)3 microstructures by a 
rapid microwave- assisted hydrothermal method.20 Huang et al 
reported 3D bowknot-like Y2(WO4)3:Ln3+ hierarchical 
microstructures that were synthesized by a hydrothermal 
method.21 Xu et al. successfully synthesized tetragonal 
NaEu(MoO4)2 with self-assembled rugby-like microstructures 
using a hydrothermal route.22 Self-assembled flower-like 
NaCe(MoO4)2 architectures have been synthesized using a 
hydrothermal approach.23 Chrysanthemum-flower like 
Gd2O(CO3)2.H2O structures have been prepared by a modified 
urea-based homogeneous precipitation via a template free 
hydrothermal synthesis.24 Among many parameters in hydro 
thermal process, the mixing of surfactants and reaction time 
parameters are key tools in regulating the formation of nuclei, 
the growth rate and oriented aggregation mechanism.   The 
particle–particle interaction by steric effects is minimized by 
selecting suitable surfactant or chelating agent to afford a 
spacious class of nanostructures in the midst of proper size 
and structure by adsorbing the metal cations into the center 
and forming a complex molecule thereby greatly mobilizing 
the metal cations.25 
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     To have a morphological modifications in the 
crystallographic surfaces of inorganic micro structures, many 
organic additives were utilized often. Among the many types of 
surface complex agents, ethylene diamine tetra acetic acid 
(EDTA) is the multidentate chelating ligand extensively studied 
as a capping agent. EDTA is a polydentate ligand that 
simultaneously forms more than one bond with the same 
metal atom/ion, and it complexes with numerous doubly, 
triply and quadruply charged cations. With this view, we chose 
EDTA as a selective chelating agent for the fabrication of 
micro/nanostructures.26 Recently, Rare earth molybdates of 
scheelitetype tetragonal structure have been widely used as a 
good host material for luminescent rare earth elements due to 
their interesting physical and chemical properties and thus 
have technological application in the field of laser, fiber optics, 
and opto-electronics.27-29 Scheelite type double molybdates 
with the general formula MR(MoO4)2 where M is the 
monovalent cation (Na+ or K+) and R is the trivalent rare earth 
ion (where R = La3+ or Gd3+ or Y3+), have been synthesized by 
various techniques, sol–gel synthesis,30 Pechini method,31 etc. 
for up and down conversion luminescence applications. The 
compound CaGd2(MoO4)4 (CGM) have a scheelite-type crystal 
structure in which Mo6+ populates the center of tetrahedral 
symmetry and Ca+ and R3+ (La3+, Gd3+) populate the 
dodecahedral sites .32-34 Liao et al prepared CaLa2(MoO4)4:Eu3+ 
phosphors with different doping concentrations by sol-gel 
method and investigated their luminescent properties in 
detail.35

  

Therefore, in this paper for the first time, we report on time 
dependent self assembly of ovoid like 3D architectures of 
(CGM):Eu3+ prepared by an EDTA-assisted hydrothermal route at 
2000C. By changing reaction parameters such as the reaction time 
and the molar ratio of EDTA, the 3D surface morphology of the 
particles were well controlled. In such a way that homogenous  
ovoid like micro structures were prepared. Their structural and 
luminescence properties were investigated using X-ray diffraction 
(XRD) pattern, FESEM and PL analysis. Photoluminescence 
properities of CaGd2(MoO4)4 (CGM):xEu3+ of ovoid like 
nanostructured phosphors were studied in detail. All these results 
show that CaGd2(MoO4)4 (CGM):Eu3+ micro structures found to be 
novel  candidates for  to produce high-quality luminescence 
devices. 
 

2. Experimental details 

2.1 Synthesis of CaGd2(MoO4)4:xEu
3+ 

ovoid like structure 

Appropriate stoichiometric amounts of Ca(NO3)2 (99 %,Sigma-
Aldrich, USA), Gd(NO3)3·6H2O (99 %, Sigma-Aldrich,USA), 
Na2MoO4.2H2O (99 %, Alfa Aesar, USA), Eu(NO3)3·6H2O  (99.9 %, 
Sigma-Aldrich, USA), NaOH (A.R.), EDTA (A.R.) and double distilled 
water were used to prepare CaGd2(MoO4)4:Eu3+, compounds. 
Initially ,the stoichiometric ratio of 1 mol of Ca(NO3)2, 1.96 mol of 
Gd(NO3)3·6H2O and 0.06 mol of Eu(NO3)3·6H2O  were dissolved in 
double distilled water by vigorous stirring. On the other hand , 4 
mol of Na2MoO4 was dissolved in 25 ml double distilled water by 
vigorous stirring. The rare earth nitrate solution was carefully added 
drop wise to the Na2MoO4 solution and a white colloidal precipitate 
was obtained. At the measure of 1.5 mM, EDTA was dissolved in 20 
ml of double distilled water. It is added to the resultant colloidal 
solution. By adding NaOH solution, the pH value of the solution is 
maintained to a value of 7 to 8. Then, the solution is adjusted for 30 
minutes. The resultant solution was transferred to 100 ml Teflon 

autoclave, sealed in a stainless steel vessel. The autoclave was 
maintained at 2000C for 3-48 h. During the reaction the solution 
was stirred by a stainless steel stirrer with a rotational speed of 200 
rpm. Then, the autoclave was allowed to cool to room temperature 
naturally. The final product was collected and washed with double 
distilled water and ethanol several times then dried at 600C in air 
for 4 hrs.36 

 

2.2  Charcterization 

X – ray powder diffraction (XRD) analysis was done using Pan 
Analytical X’pert pro x- ray diffractometer with Cu K-alpha radiation 
(λ = 1.5406 Å) at a scanning rate of 0.02o per second. The XRD 

patterns were received in the range of 0
o
≤ 2θ ≤ 70

o
and were 

compared with the standard JCPDS data. The morphology and 
elemental composition of the product were investigated by field 
emission scanning electron microscope (FESEM JSM-7600F). X-ray 
photo electron spectroscopy (XPS) analysis was carried out using 
LAS-3000 surface analysis system (RIBER, France) with Al Kα X-rays 
(1489.6eV, width0.5eV).The measurements of PL and 
photoluminescence excitation (PLE) spectra were performed by a 
Jobin Yuvon Flurolog-3-11 Spectroflurometer at room temperature 
with 450W xenon lamp. All spectroscopic measurements of the 
phosphors were carried out at room temperature. 

3. Results and discussion 

3.1    Morphological evolution and the growth mechanism of oviod 

like CaGd2(MoO4)4:xEu
3+ 

structures 

The crystal structure and phase purity of the product were 
identified using powder XRD analysis. Fig. 1 shows the XRD pattern 
of the self-assembled ovoid like hierarchical structures of 
CaGd2(MoO4)4:xEu3+ obtained at different time intervals with 1mM 
of EDTA. All the diffraction peaks are in good agreement with the 
crystallographic data of CaMoO4 (JCPDS-No. 29-0351). It is clearly 
seen from the XRD pattern that, well crystalline products of 
CaGd2(MoO4)4:xEu3+  were successfully prepared. No other impurity 
peaks related to starting materials were detected. The result 
implies that Eu3+ ions have been effectively doped into the host 
lattice without making considerable changes to the crystal structure 
of the host and thus also  confirms that the crystalline nature of the 
material were not altered by employing host preparation for 
various reaction time interval.37 

 

 
 
Fig.1 X-ray diffraction (XRD) pattern of the CaGd2(MoO4)4: 0.06Eu3+

 

self assembled 3D hierarchical structures prepared with different 
time intervals, specifically 3h (A1),5h (A2),7h (A3),12h (A4),24h (A5) 
using the hydrothermal method at 2000c with fixed EDTA 
concentration (1 mM). 
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Fig.2 exhibits the FESEM images of self aggregated 3D networks 
synthesized by hydrothermal method at various reaction time 
intervals (1.30h,3h,5h,7h,12h,24h and 36h) with fixed EDTA 
concentration  (1 mM).It is observed that the dimension and 
morphology of the self assembled 3D networks of CaGd2(MoO4)4: 
0.06Eu3+

  fully relates on the reaction time interval. From the 
literature, It is described that the origin for the growth of 3D 
hierarchical  structures are initiating from it’s constituents such as 
0D nano particles,1D nano rods and 2 D nano sheets. 

 

 

 
 

Fig.2 FESEM images of self aggregated 3D networks synthesized by 
hydrothermal method at various reaction time intervals i.e. (a) 
1.30h, (b) 3h, (c) 5h, (d) 7h, (e) 12h, (f) 24h and (g) 36h and at 200oC 

At the reaction time of 1.30h and 3h the SEM image (Fig .2(a&b)) 
exhibits 1D nano rods and 2D nanosheets with an average length of 
150 nm and a thickness of few nm. It is monitored that if the 
reaction time consequently made greater than before to 5h and 7 h 
2D nanosheets were began to form continuous manner through 
plane to plane combination and form sphere like morphology of an 
average diameter of 2.4 µm and then reach prolate sphere like 
structure with average diameter of 4.34 µm, respectively as shown 
in Figure 2(c&d).Particles with incomplete, inhomogenous ovoid like 
structures were seen once the reaction time is increased to 12h as 

shown in Figure 2(e).It indicates that the nanosheets fused further 
to form ovoid like structures. By increasing the reaction time to 
24h,the improvement in the size distributions of the particles was 
observed with an average of 750 nm diameter thickness and 1.2µm 
length as shown in Figure. 2(f).It is well reported that the time 
dependent  morphological formation of 3D networks are described 
as a process of dissolution- nucleation-Ostwald ripening. 38 In order 
to have a morphological modifications in the surfaces of the 
micro/nano particles various organic additives were employed 
recently. Herein, EDTA as one among the group of organic additives 
was used for the synthesis of CaGd2(MoO4)4:Eu3+

 phosphors. The 
Influences of EDTA on the structural morphology of resultant 
powder is examined by adding different ratios EDTA. As the 
concentration of EDTA increases from 0.5mM to 2.0 mM in steps of 
0.5mM at by maintaining other parameters constant, the particle 
sizes of the 3D networks gets reduced and thus due to increasing 
nature of chelating ability of surface capping agent EDTA as the 
concentration of  EDTA increases in the host as seen in Figure. 3(a, b 
&c). The optimal concentration of EDTA is observed as 1.0mM. If 
the concentration of EDTA increases more than 2mM large, 
irregular agglomerated structures were formed. It is confirmed the 
analysis that the amount of chelating agent EDTA play a vital role in 
the self assembly of the ovoid like micro structures in the present 
system. Enlightened by our experimental results and the previous 
reports, a possible  growth mechanism of the ovoid like structures is 
intended. Dissolution, adsorption, insitu transformation in acidic 
and basic media and the effective collision rates are the straight 
forward four processes explicitly describes the formation of 
mechanism of uniform homogenous CaGd2(MoO4)4: 0.06Eu3+

 ovoid 
like 3D hierarchical  structures.  

First, the dissolution process can be mentioned as,   
4Na2MoO4.2H2O                 8Na++4MoO4

2-+2H2O                               (1)  
 
Ca(NO3)2                                               Ca2++(2)NO3

-
(aq)                                               (2) 

1.94 Gd(NO3)3·6H2O            (1.94) Gd 3+
(aq) +(5.82)NO3

-
(aq) + 11.64 H2O 

0.06 Eu(NO3)3·6H2O          (0.06) Eu 3+
(aq) +(0.06)NO3

-
(aq) + 

0.36H2O                                                                                                           
                                                         (3) 
And then, 
 
8 Na+ + 4 MoO4

2-
 + Ca2+ (aq) + (1.94) Gd 3+

(aq) +(0.06) Eu 3+
(aq) 

+(5.82)NO3
-
(aq) + (0.06)NO3

-
(aq) + (2)NO3

-
(aq)        2000c – 24 hrs         

Ca Gd1.96 Eu0.06 (MoO4)4 + 8Nano3                                                         (4) 
The molar concentration of capping agent EDTA present in the 
solution reasonably develops the metal ion absorption ability. 
When a molar concentration of EDTA is added in the system, it 
exclusively attracts the metal cations Ca2+

,Gd3+
/ Eu3+

  from MoO4
2-

  

and forms intermediate complex structure. 

The reaction between the metal cations and EDTA is described as 
follows, 
Ca2+  + (1.94) Gd 3+

+ (0.06) Eu 3+ 
 + [H2L] 2-

            Ca Gd1.94 Eu0.06 L + 

2H+
                                                                                                                                                                              

                                                        (5) 

The pH value was adjusted to have 7-8 during synthesis process as 
the role of pH is discussed in our previous works. While metal ions 
coordinate with EDTA and thus greatly affects the reaction to be 
slow and transfer rate which intern facilitate the oriented growth 
and self assembly of the system. The Ca2+

,Gd3+
/ Eu3+

 ions gradually 
released from the intermediate EDTA complexes and have reaction 
with MoO4

2-
  once reaction temperature is increased to 200oC. 
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Fig. 3 FESEM images of ovoid like 3D hierarchical structures 
prepared with different molar concentration of EDTA i.e. (a) 
0.5mM, (b) 1.0 mM and (c) 2.0 mM at 2000C for 24h. 

 
Fig. 4 shows representative XPS survey spectra of CaGd2(MoO4)4: 
Eu3+

 ovoid like 3D networks. Based on XPS analysis, It was confirmed 
that the presence of core levels of Ca,Gd,Mo,O and Eu were present 
in CaGd2(MoO4)4: Eu3+ phosphors. In the range of 20–300 eV (Gd 5 s 
at 140 eV, Eu 5 s at 130 eV,Gd 4 s at 272 eV); 200–540 eV (Mo 
3d5/2 at 228.5 eV, Mo 3d3/2 at 231 eV, Mo 3p3/2 at 394.5 eV, Mo 
3p1/2 at 412 eV, Mo 3 s at 505.6 eV, O 1 s 531.5 eV, Ca 2p3/2 at 347 
eV, Ca 2p1/2 at 352 eV,); and 750–1,150 eV (Gd 3d5/2 at 1,186 eV, Gd 
3d3/2 at 1,219 eV, Eu 3d5/2 at1,126 eV, Eu 3d3/2 at 1,154 eV), 
respectively. It can be seen that the binding energy data (calibrated 
using C (1 s, 284.7 eV) as the reference) from CaGd2(MoO4)4: Eu3+ 

self assembled 3D networks. All the peaks perfectly coincide 
with the literature.39

 
Fig. 4 XPS survey spectra of CaGd2(MoO4)4: Eu3+

 ovoid like 3D 
hierarchical structures at 2000C for 24h with 1 mM of EDTA. 
 
Figure 5 exhibits the energy dispersive X-ray spectroscopy patterns 
of the synthesized CaGd2(MoO4)4: Eu3+

 ovoid like 3D hierarchical 
structures. It indicates that CaGd2(MoO4)4: Eu3+

  phosphor is 
composed of Ca,Gd,Mo,O and Eu particles. 

3.3 Photoluminescence behavior of CaGd2(MoO4)4: Eu
3+

 

Figure 6 (a) depicts the room temperature PL excitation spectrum of 
the CaGd2(MoO4)4: 0.06 Eu3+

 phosphor in the emission wavelength 
of 615 nm.  
The excitation spectrum exhibits two regions of an intense broad 
band and a series of sharp peaks. The broad band appears in the 
range from 230-350 nm and centered at 298 nm, assigned to the 
overlap of ligand to metal charge transfer transition ( O -  Mo and  
O- Eu3+ ).40 The sharp peaks at the wavelengths of 364 nm, 380 nm, 
395 nm,416nm and 464 nm in the range of 350 – 500 nm are 
assigned to the characteristic intra-configurational f-f transitions 
(7F0 → 5D4, 7F0→5G3, 

7F0→5L6, 7F0 → 5D3 and 7F0 → 5D2) of Eu3+ in the 
host.41 

 

 

 

Fig. 5 Energy dispersive X-ray spectroscopy patterns of the 
synthesized CaGd2(MoO4)4: Eu3+

 ovoid like structures at 2000C for 
24h with 1 mM of EDTA 
The room temperature PL emission spectra (λexc= 395 nm)of 
phosphors prepared at various intervals of time with 1mM of EDTA 
are shown in Fig. 6(b). 
The emission spectra under the excitation wavelength of 395 nm  
for CaGd2(MoO4)4: 0.06 Eu3+

  exhibits a number of characteristic  
intra-configurational f-f transitions from 530 -710 nm, assigned to 
transitions of the excited Eu3+ ions from 5D0 level to  

7FJ (J = 1, 2, 3, 
4) levels of ground energy state. The intense emission peak is 
monitored at 615 nm and arises due to 5D0→7F2 electric-dipole 
transition, which exhibits  a parity-forbidden (ΔJ = 2) hypersensitive 
red emission and thus confirms that Eu3+ ions are located in the non 
inversion symmetry environment.42 
The transition (5D0→7F1) at 590 nm due to magnetic dipole 
transition is fairly weak and shows an orange emission. The 
transitions at 656 nm (5D0→7F3) and 704 nm (5D0→7F4) are both 
relatively very weak. The PL emission intensity increases until the 
reaction time increases upto 24 h thus exhibits the crystallinity of 
phosphors improved as reaction time increases. A slight decrement 
in the PL intensity is observed at reaction time of 36 h (Fig 2(g)) thus 
the long time interval allows particles to get into disintegration.43  

Figure. 6(c) exhibits the integrated areas of emission intensities due 
to 5D0→7F1 at 590 nm (orange) and 5D0→7F2   at 613 nm (red) as a 
function of the various reaction intervals. 
Figure. 6(d) exhibits the ratio between red to orange emissions for 
different periods of reaction time. The maximum value of R/O ratio 
is 5.091 at the reaction time of 24h. It describes the nature of  
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colour purity of the phosphor.44 Figure. 6(e) illustrates emission 
spectra of CaGd2(MoO4)4: 0.06 Eu3+

   phosphor for different EDTA 
concentrations. It shows that characteristic red emission of 
phosphor decreases as the molar concentration of EDTA increases 
indicating that the surface area of the phosphor increases as their 
particle sizes gets decreased by increasing molar concentration of 
EDTA and thus leads to non radiative recombination of transitions 
and thus quenching phenomena is observed in the phosphor.38

 

As the Eu3+
 ions concentration increases the emission intensity of 

the CaGd2(MoO4)4: x Eu3+   phosphors increases and thus emission 
intensity decreases beyond 0.06 mol of Eu3+ ions due to 
concentration quenching phenomena45 as exhibited in Fig. 6(f) and 
the PL behaviour of the sample is in coexistence with the values 
calculated for quantum efficiency of phosphors with various dopant 
concentrations. The quantum efficiency measured value increases 
as the dopant concentration increases upto 0.06 mol and decreases 
due to increase of non radiative energy transfer among Eu3+ ions.46 

The calculated quantum efficiency of phosphor with 0.06 mol is the 
highest with the value of 85% as shown in Table (1). 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3.4 Judd–Ofelt theory and spectroscopic properties 

The PL emission spectra were taken as source for finding the Judd-
Ofelt (J-O) intensity parameters. The J-O intensity parameters, ΩJ 

(J=2,4) presents insights into the bonding and local structure in the 
neighborhood of rare earth metal ions. 47-49 The investigation 
derived from Judd-Ofelt for the PL emission spectra could be 
utilized for calculating the electric dipole radiative transition rates 
with parity-forbidden between the different rare earth ions energy 
levels.The integrated  emission intensities for the radiative emission 
transition between two different transitions 5D0 and 7FJ (J=2,4) were 
in relation to the radiative emission rates are given by,38 

 

A��� � A���	 	
�	
�
�	
�

	
�	
�

�	
�

                                            (6) 

 
 
Where ���� and ����are integral intensities of 5D0-7FJ and 5D0 – 7F1 
transitions and �����  and �����  are their corresponding 

energies,respectively. The rate of radiative emission due to 
magnetic dipole transition bears a value of 50 s-1. 50 The radiative 
emission rates A0–J could would be denoted as a function of the J–O 
intensity parameters as: 51 

A��� �
��	����	
��

�
��

�
��
	 �

���	
	χ	 ∑ Ω�	"			5D�%U'�(%7F�+

,
�-,,�               (7) 

 

 
Fig. 6 (a) PL excitation spectrum of the CaGd2(MoO4)4: 0.06 Eu3+

 phosphor in the emission wavelength of 613 nm.  
(b) The room temperature PL emission spectra (λexc= 395 nm)of phosphors prepared at various intervals of time with 1mM of EDTA. 
(c) The integrated areas of emission intensities due to 5D0→7F1 at 590 nm (orange) and 5D0→7F2   at 613 nm (red) as a function of   the 
various reaction times. 
(d) Plot of R/O ratio versus various reaction time intervals. 
(e) Emission spectra (λexc= 395 nm) of CaGd2(MoO4)4: 0.06 Eu3+ 

 phosphor prepared with different EDTA concentrations. 
(f) Comparison of emission spectra of CaGd2(MoO4)4: x Eu3+ phosphors for various doping  concentrations of activators ((λexc= 395 nm) . 
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Table 1: The Judd-Ofelt intensity parameters, radiative transition probability for CaGd(MoO4)4:x Eu3+
 phosphors (x = 0.01,0.03,0.06,0.09 and 

0.12) 

Using Eqs. (6) and (7). Ω2,4  values can be obtained. The calculated 
Judd-Ofelt parameters can be utilised to envisage radiative 
transition probability (Arad) and lifetime (τrad) .52 

unluckily, there is no systematic reports have been carried out in 
the literature in the evaluation of refractive index of CaGd(MoO4)4; 
however possessing the like structure of CaMoO4, it is logical to 
make use of the refractive  index CaMoO4 (n=1.99) for added 
assessment of luminescence parameters.53  The radiative transition 
probability (Arad) could be obtained using the below equation as:36 

/012 �	∑ /����                               (8) 

The radiative lifetime τrad for an excited state using /012 , as given 
as: 42 

3012 �	
�

4567
                                      (9) 

The Judd-Ofelt intensity parameters, radiative transition probability 
for CaGd(MoO4)4:x Eu3+

 phosphors are given in table1 for the 
prepared phosphor samples. In all the cases,  Ω2 > Ω4  indicates that 
the hypersensitive electric dipole transition is pre-dominant. The 
luminescence quantum efficiency 54 is given by the relation, 

η = 
48

489:;<
                                (10) 

The luminescence quantum efficiency (η) is presented in table 1.The 
luminescence quantum efficiencies values are satisfactory for all the 
concentrations. This indicates the suitability of the phosphor for the 
potential display applications. 

3.5 Life time and CIE chromaticity measurements 

 

Figure 7 exhibits the decay time profile of ovoid like structured 
CaGd2(MoO4)4:xEu3+

  (x= 0.01,0.03,0.06,0.09 and 0.12mol) 

phosphors prepared at 200oC for 24 h. The fluorescence life time in 
general is characterized as the time taken for the strongest 
emission intensity (5D0      

7F2) of a peak to reduce to 1/e times than 
it’s original emission intensity of that peak. It can be very well fitted 
by a single exponential function as 55 
I (t) = Io exp (−>/3)                                  (11) 
Where I(t) is the luminescence intensity, t is the time after 
excitation, and 3 is the decay constant.  
It is observed that the decay time of CaGd2(MoO4)4:xEu3+

 phosphors  
exhibit approximately unchanged values for various dopant 
concentrations prepared at 200oC for 24 h as shown in table 2. It 
thus implies that the activators (Eu3+ ions) be positioned in the 
same coordination environment56. The fluorescence decay curve 
have similar behavior as the emission spectra (Fig 6(f)) thus 
confirms suitability of the phosphors for display applications. 
Fig.8 exhibits the color chromaticity coordinates (x,y) for ovoid like 
phosphors. The CIE co-ordinates for CaGd2(MoO4)4: x Eu3+

  

phosphors is found as given Table 2.These results may be important 
for the fabrication of red phosphors for lighting applications. 
 
 

 

 

Concentration 
of Eu3+ (moles) 

J-O intensity 
parameters (X10-20 

cm2) Transitions A0-2,4 (s
-1) A0-1 (s

-1) AT (s-1) ANR (s-1) β (%) 
Quantum 
efficiency 

Η (%) 
Ω2 Ω4 

0.01 5.70 5.56 

5D0-7F1 - 50 

744.00 454.78 

5.72 

62 5D0-7F2 417.40 - 51.80 
5D0-7F4 278.20 - 17.48 

0.03 10.20 9.18 

5D0-7F1 - 50 

996.80 324.00 

4.04 

75.5 5D0-7F2 731.40 - 57.83 
5D0-7F4 458.07 - 37.12 

0.06 7.71 6.54 

5D0-7F1 - 50 

1236.56 218.34 

5.25 

85 5D0-7F2 554.20 - 58.41 
5D0-7F4 344.11 - 37.34 

0.09 8.49 6.23 

5D0-7F1 - 50 

952.39 356.45 

5.02 

72.8 5D0-7F2 610.23 - 62.33 
5D0-7F4 337.26 - 34.65 

0.12 9.71 8.68 

5D0-7F1 - 50 

622.34 760.34 

4.35 

45 5D0-7F2 656.30 - 57.81 
5D0-7F4 445.56 - 35.84 
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Table 2: Luminescence lifetimes and CIE chromaticity coordinates (x,y) of CaGd2(MoO4)4:xEu3+
  phosphors as a function of the concentration 

of Eu3+ ions.

Eu3+ 
concentrations 
(mol) 

Life 
time 
(ms) 

CIE chromaticity  
coordinates 
x      y 

0.01 0.312 0.601 0.364 
0.03 0.378 0.617 0.352 
0.06 0.436 0.626 0.328 
0.09 0.382 0.620 0.338 
0.12 0.341 0.618 0.342 

 

 

Figure 7 Fluorescent decay curve of 5D0     7F2transitions 
in                    CaGd2(MoO4)4: x Eu3+ 

 phosphors.  
 

               

 
Figure 8 CIE (x, y) chromaticity diagram of 
CaGd2(MoO4)4:x            Eu3+ 

 (x= 0.01,0.03,0.06,0.09 and 0.12mol) 

phosphor sample. 

4. Conclusion 

In summary,we have successfully synthesized oviod like rare-earth 
activated hierarchial structured phosphors using a EDTA-assisted 
hydrothermal method at 200oC for 24h. XRD patterns indicates the 
tetragonal distorted scheelite-type crystal structure of without any 
impurities. FESEM images show the uniform and homogenous ovoid 
like architectures for the synthesized powder phosphors at the 
concentration of 1mM of EDTA for 24h at 200oC. Further, the 
Photoluminescence properties of the self assembled 3D networks 
broadly studied. By the excitation at UV range, the CaGd2(MoO4)4: 
0.06 Eu3+

   powder phosphor exhibits characteristic hypersensitive 
emissions in the red region. The photophysical parameters and 
luminescence quantum efficiency outcomes derived from the Judd–

Ofelt theory description that the as-synthesised powder would 
provide as an efficient material for lighting and display applications. 
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Abstract 

Ever-increasing human-computer interactions with various tracking 

technologies are creating unprecedented amounts of data. The 

amount and complexity of this ‘big data’ creates various challenges 

for its storage, analysis and presentation, but at the same time, big 

data is suggested to open up opportunities for those who can leverage 

it. This paper will discuss using immersive virtual reality 

environments for visualising, interacting and making sense of big 

data. It reveals that many of the developed applications do not justify 

their approaches to presentation or interaction. A phenomenological 

perspective of embodied perception and interaction is discussed to 

ground future developments. 
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1. INTRODUCTION

Several authors have proclaimed that the time of big data is 

upon us. More ubiquitous mobile devices and applications, 

social networks, faster Internet speeds, and increasing and free 

cloud storage generate a digital ecosystem that allow users to 

generate unprecedented amounts of data [13]. Various forms of 

sensors and other tracking technologies contribute to the data 

flux, creating a complex Internet of Things [2]. Everything from 

mouse clicks, uploaded images, written messages to 

geographical data are stored in ever-growing databases and 

waiting to be explored further. 

Big data is suggested to provide better insights of human 

behaviour and the world in general, and to lead to better 

segmenting of users and decision-making in various sectors of 

life from business to education. Murdoch and Detsky (2013) 

proclaimed in the area of healthcare that information is one of 

the primary inputs of modern industries. Because of this, the 

application of big data is inevitable, and it has the power to 

change and improve an industry. In the education sector, data 

mining and student cognitive modelling has been proposed to 

predict students‘ undesired behaviour and performance, assist in 

better grouping, and in giving automated feedback to both 

students and instructors [27]. Big data has been argued to give a 

better overall picture of company‘s supply chain, and lead to 

better understanding of customers, new innovations [32], and 

supply chain optimisation [19]. Dumbill (2012) argued that big 

data and its potential analytical insights are transferring 

information systems from the periphery of organisational 

development to the fore of it. Contemporary organizations are an 

informational loop where customer interactions with products 

and services can be analysed and inform further development. 

Organisations that effectively employ big data managing and 

analysis methods are suggested to gain a competitive advantage. 

Meanwhile, big data poses also practical challenges. How to 

store, manage, retrieve, analyse and present this fast, varied and 

ever-increasing amount of data [28]? How to do it faster when 

for example bandwidth or processing power might be limiting 

factors? Also the lack of experienced experts and well-

established software creates a barrier for the efficient use. 

Questions in ethics and privacy have also been raised. Some fear 

big data might be misused to control people [7], or that the 

underlying assumptions of the usefulness of big data might 

actually be misleading [8]. Various human contexts have 

randomness in their interactions. Does it make sense to trust 

such seemingly imprecise environments? There is potential to 

draw wrong conclusions as much as right conclusions.  

Also, what does it mean when product users become research 

objects, perhaps sometimes even against their own better 

judgment [26]? As customers‘ purchase and interact with 

various products and services, what are the ethical implications 

of selling and profiting from customer data? This raises a 

question of who has access to the data: researchers, private 

companies or even governments? 

Some question the underlying assumptions and the promise 

of big data, including how it might reinforce existing inequalities 

in the world. Does its premise, ―more is more‖, reduce the 

accepted definitions of what is knowledge and valuable research, 

and have unjustifiably big effect in decision-making? How are 

big data samples formed and analysed, based on what questions, 

and how to ensure the data really reflect a certain population? 

[15], [25]. 

Varying definitions leave open questions about what exactly 

is big data. Eg. Dumbill (2012) defined it as, 

…data that exceeds the processing capacity of

conventional database systems. The data is too big, 

moves too fast, or doesn‘t fit the strictures of your 

database architectures. To gain value from this data, you 

must choose an alternative way to process it. [13]. 

Fosso Wamba et al. (2015) examined big data in the use of 

state emergency services in New South Wales Australia. From 

several earlier definitions, they proposed an integrated definition 

of big data as  

…a holistic approach to manage, process and analyse 5

Vs (i.e. volume, variety, velocity, veracity and value) in 

order to create actionable insights for sustained value 
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delivery, measuring performance and establishing 

competitive advantages [19]. 

Boyd and Crawford (2012) argued that big data might be a 

misleading term from the beginning as some current data, easily 

analysed with just desktop computers, could be considered much 

‗smaller‘ than for example past census data. It is not just the 

question of quantity that creates the phenomenon of big data, but 

how to ―search, aggregate, and cross-reference large data sets‖ 

[8] to make it meaningful. As understanding of the impacts of 

big data is still in the making, it is important to make explicit the 

underlying assumptions that might govern judging it to one way 

or another. 

Big data has landed also in the education sector in the form 

of learning analytics and educational data mining. Better 

analytics are proposed to reduce costs, advise performance 

assessments of staff and learning units, and to improve the 

delivery of education in general [15], [16]. The annual 

speculative Horizon Report Higher Education Edition [21] noted 

in 2014 that the time to adaptation of learning analytics in a 

wider scale in higher education is year or less. According to the 

authors, ―sophisticated web-tracking tools are already being used 

by leading institutions to capture precise student behaviours in 

online courses, recording not only simple variables such as time 

spent on a topic, but also much more nuanced information that 

can provide evidence of critical thinking, synthesis, and the 

depth of retention of concepts over time‖ (p. 39). Learning 

analytics are predicted to capture in what contexts and how 

students interact with learning content and software to ―improve 

student engagement and provide high-quality, personalized 

experience for learners‖ [21]. The benefits of this are suggested 

to be more personalized support, adapting to students‘ need and 

giving personalized assistance to learners based on their level. 

Fernández-Gallego, Lama, Vidal and Mucientes (2013) 

proposed new algorithms for educational data mining to assess 

student‘s learning in educational 3D virtual worlds. They argued 

that analyzing student system logs would expose their level of 

learning. Such monitoring could help the instructor to make 

relevant changes to the learning flow in real time. Serrano-

Laguna, Torrente, Moreno-Ger and Fernández-Manjón (2014) 

reported an initial work in developing a learning analytics model 

for game-based learning. Their work indicated that the 

complexity of different videogame approaches forces to simplify 

the development of generally applicable analytics models. As 

also in other sectors, not only the complexity of data, but also 

the complexity of usage situations creates development 

challenges. 

Eynon (2012) observed several important areas for further 

discussion of the role of big data in education. First is ethical. 

What are the indications for privacy, what sort of data should be 

used and analysed, for what should it be used, and how might it 

direct behaviour? 

What happens to students who are most likely to drop 

out? Do we tell them, support them (which has economic 

implications), or let them sign up and take their money, 

knowing they will probably fail? What happens to 

serendipity in a system where all educational choices are 

based on recommender systems? What kinds of learning 

can a student truly keep ‗private‘? [15]. 

Secondly, how the pre-determined data-driven shape might 

form the outcomes of the research inquiry? As Eynon (2012) 

points out, data that inform what actions people have taken is 

valuable, but does not give out the whole truth nor the meaning 

people might assign to their actions, behaviour and social 

connections. The author points out that although big data might 

appear impressive, various research approaches are needed to 

understand what constitute phenomena around us. The author 

also notes that practical issues such as data storing, managing 

and processing are similar challenges in education as in other 

sectors. Eynon (2012) calls for a balanced discussion around big 

data that will include both barriers of use as how it can assist 

various stakeholders in the field. 

One of the challenges big data poses is how much data are 

enough and what of it to model? For example in an educational 

analytics environment, are data about the students‘ past enough? 

Given that the students‘ learning is a product of their interaction 

with content and peers in a specific context, how to model this 

messy real life that lead to the students‘ state of learning? 

The objective of this paper is to acknowledge these big 

questions, but not to try to find answers to all of them. Instead, 

the aim is to examine the use of big data through a specific area 

where it is increasingly applied, namely visualising it in 

immersive virtual environment (IVE) or virtual reality (VR). 

Many of the developed applications do not clearly justify their 

choices of presenting data or user interaction possibilities with it. 

The connection of the types of data presented and modes of 

interaction is not often well defined. The paper will describe big 

data visualisation and interaction in these applications and aims 

to better ground them in known aspects of human perception and 

cognition through a phenomenological perspective. It will also 

critically examine and vision how understanding human 

perception and interaction as embodied might advise the 

development of big data VR visualising applications. 

2. BIG DATA VISUALISATION 

APPLICATIONS 

This section will present developments of using immersive 

virtual environments to make sense of big data. It will ground 

the discussion of big data visualisation in developed applications 

and prototypes. 

Visualisation has been suggested to be a valuable tool to 

disseminate big data. As the basic premise goes, visualisation of 

big data could help people to spot meanings that machines are 

not able to notice, to detect hidden patterns and correlations [35], 

and to make numbers more understandable for both general 

audience and scientists [7], [24], [33].  

Although the current status of big data might push the recent 

developments of visualisation applications, using virtual reality 

for visualisation and manipulation of data has been well in the 

development for over 25 years, and some of the old libraries are 

still in use [36]. Also the aims, technologies and arguments for 

potential use have existed before the big data trend came to fore. 

In 1993, Cruz-Neira et al. (1993) reported collaboration with 

scientists from various fields to use an immersive virtual reality 

CAVE system to visualise and interact with presented research 

data in various areas such as living spaces, the Universe and 

galaxies, and brain structure. Their system used real architectural 
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data to model a part of Chicago in the VR system, and allowed 

users to walk or fly through the environment and observe and 

manipulate specific objects of interest. Also some of the 

technologies that are currently receiving lots of media visibility 

have long roots. For example Sutherland (1968) introduced the 

first head-mounted display design already in the 1960‘s, and Cox, 

Patterson and Thiebaux (2000) filed a patent claim in 1997 for 

voice and gesture manipulation of data in an immersive 3D 

environment. As an example for the aims of visualisation, Beck 

(2003) reported the use of virtual reality based geographical 

systems (VRGIS) in the visualisation of landscapes, cities and 

whole geographical areas. New application developments were 

proposed to result in faster rendering rates and possibility to 

stream even complex and highly realistic models over the Internet. 

Beck (2003) visioned that VRGIS applications could be used for 

real-time visualisation of weather conditions, and in the tourism 

sector to present local sites and services. 

Childs, Geveci and Schroeder (2013) identified several 

challenges in the development of new visualisation for handling 

big data, namely ―massive parallelization, processor architectures 

and programming models, application architecture and data 

management, data models, rendering, and interaction‖ (p. 35). 

They also discussed what might be the suitable role and use for 

VR visualisation applications. According to them, aims and 

methods of data analysis should determine what sort of interaction 

methods should be used to interact with data. If visualisation is to 

be used to confirm hypotheses, quick simulations might not need 

complex interaction. On the other hand, if the aim is to use various 

parameters to view and explore results through simulations, 

interaction might be very important. The authors note that 

although new and cheaper input-output and tracking technologies 

from Microsoft Kinect to various mobile devices might make VR 

visualisation techniques more readily available and more 

acceptable in the eyes of the users, the wider acceptance for 

scientific data analysis is still open for scrutiny. 

Donalek et al. (2014) were more hopeful that the benefits of 

visualising big data in immersive virtual environments would 

drive a positive development for a wider application. According to 

the authors, discovery of hidden patterns through the data is the 

most promising aspect of developments in using big data. The 

authors argued that,  

Visualization is the main bridge between the quantitative 

content of the data and human intuition, and it can be 

argued that we cannot really understand or intuitively 

comprehend anything (including mathematical constructs) 

that we cannot visualize in some way. Humans have a 

remarkable pattern recognition system in our heads, and 

the ability for knowledge discovery in data-driven science 

depends critically on our ability to perform effective and 

flexible visual exploration. This may be one of the key 

methodological challenges for the data-rich science in the 

21st century. (p. 609) 

Instead of applying various algorithms based on existing 

assumption of what data might be important and how, the authors 

argued that our natural spatial way of understanding the world as 

three-dimensional should drive the development of visualisation 

methods. Finding connections, patterns and anomalies in the data 

might lead to interesting new outcomes. In contrast to large and 

immovable VR systems, Donalek et al. (2014) aimed to develop 

easy to use, affordable and portable visualisation applications that 

would employ state of the art commercially available VR input 

and output technologies and sensors. They have connected these 

devices with environments such as Second Life and Open 

Simulator to test the fit of the combination for scientific 

collaboration. Their preliminary tests are a beginning for using 

Unity 3D to develop a multiuser scientific data visualisation 

platform, called the iViz. 

Arsiwalla et al. (2015) reported a prototype environment for 

visualising and interacting with brain data [1]. The authors asked a 

question, how can visualising the ever-increasing data from 

neurobiological databases support our understanding of the brain? 

Neuroscience regards the brain as a ―complex dynamical network 

of neurons‖ [1]. It is important to see the different parts in action 

in the context of the whole to understand how they work together. 

This need initiated the development of BrainX3 environment, 

which aims to both visualisation and analysis of brain activity. 

The immersive virtual environment is projected 360 degrees in a 

specific room with various sensors supporting interaction. The 

authors suggest that the development of the environment is based 

on ―a natural user interaction paradigm (including user immersion 

and gesture based inputs)‖ [1]. The immersive virtual environment 

allows the user to navigate through neural networks by walking. It 

also allows the use of hand gestures and body positioning for 

bookmark data and manipulate the brain by stimulating regions 

and performing virtual surgeries. The initial observations are that 

the chosen interaction approach resulted in better understanding of 

the data in question, and also lead to a more enjoyable user 

experience [5]. 

Possible applications for making sense of big data have also 

been explored by teams in the entertainment sector. For example 

recently Maddix (2015) reported an early VR prototype. As part 

of a VR and big data development challenge, the team had to 

innovate how to transfer a large data set of lifestyle and biological 

sample data for visualisation in a virtual environment developed 

with the Unreal engine. The team experimented with using gaze 

recognition and new input devices such as the Razor Hydra 3D 

mouse to allow the user to search, examine, filter and manipulate 

data accurately in 3D. The user is visioned to stand in the middle 

of revolving spheres that visualise data queries in the VR 

environment. They also trialled using heat maps to signify 

important sections in the data. In the future, the team also aims to 

experiment with voice recognition to make navigation and the 

overall user experience even faster. 

As can be seen from this introduction, various VR 

visualisation applications that report users interacting with data in 

3D environments rarely justify the selected modes of interaction. 

Some do not ground them at all, and some refer to concepts such 

as ‗natural gestures‘ and ‗embodied interaction‘ without 

discussing more in-depth what they might mean. The next section 

will explore this are through phenomenology and embodied 

interaction. 

3. EMBODIED INTERACTION AND 

PERCEPTION 

This section will introduce a phenomenological perspective 

to how we perceive and interact with the world, and try to lay a 

more theoretically sound basis to understand some of the 
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introduced forms of presentation and user interaction in VR 

environments for big data visualisation. As not the focus of this 

paper, deeper philosophical aspects of phenomenology will not 

be discussed in-depth. The section will concentrate on the 

concept of embodiment and how it has been perceived in the 

context of information systems and human-computer interaction 

[11], [31]. For those who wish to explore further the 

philosophical underpinnings of phenomenology in connection to 

human-computer interaction, accounts by Svanæs (2014) and 

Gallagher (2014) provide a good starting point. 

Boland (1986) argued that understanding information 

systems as communicative acts by conscious and intentional 

human actors would lead to better outcomes in design and 

development. For this, phenomenological approach holds a great 

promise. He based on this argument on the notion that, ―data 

becomes information in the consciousness of a human subject‖ 

(p. 200). According to Boland (1986), ―Organizational actors 

never just react to situations, but first enact them and then make 

sense of what they have enacted‖ (p. 198). Human organisations 

are constituted through language and dialogue. He observed that 

some developments in information systems might fail before 

they even begin because of underlying assumptions of what 

constitutes information, how information is structured [12], and 

how organisational decision-making takes place. The value of 

phenomenology begins from the rigorous and systematic process 

of setting aside one‘s taken for granted suppositions. This is 

never entirely possible, but even partially done it can open new 

venues for understanding and development. The proceeding 

process of rigorous phenomenological analysis tries to uncover 

the essence of things and what constitutes them. According to 

Boland (1986), this allows better access to the everyday life 

where intentional actors are constantly bombarded with 

information and trying to cope with various meanings and 

communication situations. Studying actors and language in 

context can support more effective design of information 

systems to better support various organisational processes. 

In contrast to existing positivist models of developing 

human-computer interaction and information systems, Dourish 

(2001) proposed an alternative perspective to developing human-

computer interaction. According to Dourish (2004), positivist 

view presupposes that complex human behaviour can in general 

be reduced into mathematical models to find and analyse 

underlying patterns. Relying only to this view might inhibit HCI 

development and research because of the wrong underlying 

assumptions of what is context. 

…the idea that context consists of a set of features of the 

environment surrounding generic activities, and that these 

features can be encoded and made available to a software 

system alongside an encoding of the activity itself, is a 

common assumption in many systems. It is inherent in 

the notion that our systems will ―capture‖, ―represent‖ or 

―model‖ context—the normal and appropriate concerns 

of positivist design. (p. 22) 

He presented a phenomenological view where instead of 

being information, context is considered to be a relation between 

objects and activity. Instead of pre-defined context, contextual 

features are dynamically defined. Context is not stable, but 

relevant to specific settings, actions and users. Context and 

content cannot be separated, but context is produced through 

activity (see also [34]). 

Dourish proposed an alternative base for human-computer 

interaction and information systems through the concept of 

embodied interaction. Context does not mean only physical 

location, objects or other features that can be detached and coded 

individually. It is ―the creation, manipulation, and sharing of 

meaning through engaged interaction with artifacts‖ [11]. 

Instead of being independent from user interaction, context is 

enacted by users. It is to allow ―users to negotiate and evolve 

systems of practice and meaning in the course of their 

interaction with information systems‖ [11]. Meaning in the 

world is found through interaction: ―embodiment is a 

participative status‖ [12]. Action creates new understanding. 

Instead of inhibiting action, information systems should make 

everyday practical activities easier. Because of this, 

understanding interaction as embodied works as a valuable 

starting point for human-computer interaction and information 

systems development. 

Svanæs (2013) discussed embodiment in interaction design 

as a bodily experience. To understand the ever-increasing 

presence and use of technology we need to ―understand the 

physicality of its contexts of use, including physicality of its 

users‖ [31]. Svanæs (2013) focuses especially in the embodied 

nature of perception. For Svanæs, our perception is embodied in 

a way that making sense of our surroundings is bodily and 

intentional: what we observe in the world is based on our goals 

and intentions. We make sense and meaning through bodily 

interaction with the world. He uses an interactive painting as an 

illustrative example of a user situation and the embodied nature 

of perception. In the example, the canvas of a painting is white. 

There is a button, ―Touch me‖ that calls for action and changes 

the state of the painting to black if touched by the user. Svanæs 

(2013) explains: 

Without action, we are left simply with the visual 

appearance of a white canvas, missing out on the 

intended user experience of this work of art, which 

emerges through interaction… Experiencing the 

interactive artwork requires not only visual perception, 

but also an arm and a hand. Arm, hand, and eye 

movements are integrated parts of the perceptual process 

that leads to perception of the artwork‘s behavior. The 

interactive experience is thus both created by and 

mediated through the body. (p. 14). 

Svanæs (2013) points out that technology can extend our 

perception. This allows us to proceed with our intentions in a 

way that well-designed and familiarized mediating technology 

might become transparent to our experience. Using an e-book 

reader‘s touch screen to turn a page or gaze-control to scroll are 

examples of interactions where our intention is to read, and our 

concentration is not on the technology itself. It is invisible to us. 

This can also be observed in the context of playing video games: 

In more complex interactions, such as when an 

experienced computer user plays the game World-of-

Warcraft, the perceiving body extends into the game. 

When the player tries out a new sword that she has 

acquired for her game character, she perceives its 

behavior through the mouse and the part of the software 

that allows her to control her character [31]. 
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Such perspectives of phenomenology and embodiment can 

provide a rigorous basis for designing meaningful interactions 

with immersive technologies. It can build a cornerstone for more 

robust and usable VR visualisation applications and interaction 

situations, make more explicit what sort of understandings might 

be possible through the use of VR visualisation applications, and 

also establish new research opportunities. 

4. DISCUSSION: BRINGING EMBODIED 

PERCEPTION AND INTERACTION TO VR 

Dourish (2004) argued that the way information is structured 

and presented affects the meaning people assign to it. On the 

level of giving ‗better‘ knowledge, big data raises questions how 

do we come to know things, and what kinds of understandings 

might big data visualisation support? According to Eisner 

(1997), data presentation is closely connected to the nature of 

knowledge and how presented information can be considered as 

valid. He noted that different presenting methods (movies, 

stories or graphs) appeal differently to people. A movie with a 

plot might affect us differently than an academically accepted 

form of a research report consisting primarily of text, graphs and 

numbers. For example homeless people might appear to us 

differently through a movie than a research report presenting 

census data. In both of these cases, the object of presentation, 

homelessness, is given from a certain perspective. How 

information is presented directs perception. In a particular VR 

visualisation environment, someone has always developed it in a 

certain way. In the moment of doing so, the first step of 

tampering with the source data have already been taken. The 

question then is, does placing big data in a visualisation 

environment inherently mean it is already analysed at least on 

some level? Is any given approach to visualisation always 

already a perspective to the data in itself? 

The fact that data visualisation environments are not only a 

medium for representation but also for interaction opens several 

questions about applying them for research. Does interaction 

with data in a visualisation environment alter it similarly to 

using qualitative and quantitative data analysis software? With 

the acting subject in some cases quite literally embodied in the 

centre of data, does it propose a new interactive medium for data 

analysis, presentation (which is what the word ‗visualisation‘ 

might indicate) or both? If VR visualisation is a tool for analysis, 

does it afford transforming one kind of data to another kind of 

understanding (quantitative to qualitative), and how? What are 

its methods of analysis? Will there be VR-specific analysis 

methods one day, e.g. the ‗VR ANOVA‘, or is using VR 

visualisation for data analysis based on premises that some 

might call more subjective? Technology always affords 

something, but at the same time, something else is restricted or 

left out. Statistics software can be used for quantitative analysis, 

but their application for qualitative analysis is limited or non-

existent. This is because they have been designed to represent 

quantitative data, and support specific quantitative analysis 

methods. The developed software always directs user behaviour 

with what is possible in interaction, and it is always a design 

solution of the developer, affected by views of knowledge, needs 

and the world. 

At the same time, phenomenological perspective of 

understanding our being in the world as the basis for the 

embodied human-computer interaction invites several new 

research and development opportunities. Many of the existing 

applications aim to enable interaction in ways that 

phenomenology has long since identified as important in human 

sense making. We understand the world by being in it with our 

body. We observe objects from different angles with moving our 

eyes in distinctive ways, touching things, rolling them in our 

hands, and testing what might happen to objects when we 

interact with them. Our understanding of the world is also 

contextual, active, intentional and social. As Svanæs (2013) 

observed, our personal backgrounds, intentions and tasks at hand 

affect our perception of things. Study by Vogt and Magnussen 

(as described in [31]) showed that artists and laypeople looking 

at the same artwork basically see a different painting. How 

might such insights advise how different end-users interact with 

different data and what kinds of knowledge do they find? Useful 

studies in this region could combine rich phenomenological 

descriptions of user experience with eye tracking data – now that 

some of the VR headsets are making it more available by 

starting to track users‘ gaze. This could give more valuable 

knowledge on the use of visualised big data in VR 

environments, and how tasks, roles and user interfaces affect 

interaction and knowledge. 

On a level of what can big data inform us about, the work by 

Dourish (2004) proposes an important question, can everyday 

interactions and its meanings be captured and modelled? He 

argues that captured and re-presented data cannot give an 

authentic view to a context. Could visualisation and 

development of interactive situations based on big data add a 

new viewpoint to this comment or strengthen it? As a 

hypothetical example, let us presume big data in the form of 

opinions about a specific group of people is available. This 

opinion data would be fed to VR visualisation software, which 

then regenerated those attitudes to virtual agents who acted 

them. In the immersive virtual environment the user could 

engage in social interaction with the virtual agents who reacted 

based on the user avatar acting as a member of this studied 

group. How could this affect the user‘s understanding or feelings 

about this specific group? Some studies indicate that virtual 

experiences can affect our sense of self, our body and our 

opinions about other people. For example Banakou, Groten and 

Slater (2013) suggested that acting through another kind of body 

in VR could convey a new perspective to surroundings, and 

affect attitudes and behaviour. Also Fox, Bailenson and Tricase 

(2013) observed that wearing certain kinds of avatars affected 

real attitudes towards women. 

Perhaps the connection of data visualisation and embodied 

interaction could be explored further in understanding our 

reactions and behaviour in everyday situations. A VR 

visualisation application could combine real traffic and map data 

to produce a computer-generated situational simulation where 

the user could sit in a car, in a traffic jam. The situation could be 

varied in multiple ways to determine how different conditions 

affected users‘ experience, and what decisions to get from A to 

B. Such experiments could guide the design of new applications 

to make a person‘s trip more enjoyable or safe. As it is done in 

an environment that allows various ways of data recording, 
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mixed research with user experience accounts could advise the 

development of real world solutions. 

When designing presentations and interactions with 

visualisations, we should make transparent what do we mean by 

referring to modes such as ‗natural interaction‘. If we consider 

interaction from a phenomenological perspective, natural means 

our everyday being in the world, and how things are given to us 

in our interaction with the world. We experience with our body 

as we are in the world. As such, this might not be directly 

transferrable for navigating virtual brains and galaxies, as they 

are not our natural environments. We cannot perceive them 

‗naturally‘ as they are not part of our natural experience. As a 

spatial experience, they are not familiar to us to make sense of 

(although outer space is of course to astronauts). This is not to 

say that visualisation where data is presented through more 

abstract forms is meaningless. Our understanding of grouping, 

velocity, symmetry and others laws of perception are still 

operational and might be useful. But the relationship between 

data visualisation and interaction with it should be made explicit 

to for more robust development. 

5. CONCLUSION 

The meaning of big data is still in the making, and its 

promise, peril or forms of accommodation to existing 

information systems processes and technologies are still open for 

further research and practical applications. Immersive virtual 

reality visualisation applications are developed in order to make 

sense of big data. Such applications allow varied modes of 

presentation and interaction, but their design approaches are not 

always explicit. The project of this paper has been to ground the 

development of big data visualisation in immersive virtual 

reality environments to existing understandings of human 

perception and interaction through a phenomenological lens and 

the concepts of embodied interaction and perception. Examining 

applications from this perspective has raised open questions 

about what modes of big data visualisation and interaction might 

be useful for building knowledge. Application development 

through the principles of embodied interaction and perception 

has been discussed in this preliminary work on the topic. Using 

embodiment as the basis for understanding how we come to 

know and what is the role of interaction in it has revealed new 

avenues for research and development in big data VR 

visualisation applications. 
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  Abstract:  Cancer therapies mainly target the uncontrolled 
proliferation of the cancerous cells. A translational therapy for 
inoperable, chemo- and radio- resistant tumors is electroporation- 
based chemotherapy, known as electrochemotherapy, a physical 
means of using electrical pulses in conjunction with minimal doses 
of the chemo drug to achieve proliferation control. It is applicable to 
all histologies of tumors and its effi cacy depends on a variety of 
factors, including the electric fi eld intensity, the pulse duration and 
the number of pulses. In this chapter, we describe the optimization 
of pulse parameters for effective electroporation of leukemic and 
cervical cancer cell lines. Human promyelocytic leukemia (HL60), 
human acute myeloid leukemia (KG1) and human cervical (ME180) 
cancer cell lines were subjected to electroporation in the presence of 
various doses of FDA approved chemo drug, Bleomycin. The effect 
of curcumin and electroporation is also tested for HL60 cells. The 
results indicate that by using electroporation, chemo drug molecules 
could be uploaded into these cells to control proliferation. This 
promises to be a very useful tool for treating patients suffering from 
chemo- refractive tumors.  

   Key words:    Leukemia, cervical cancer, HL60 cell line, KG1 cell line, 
ME180 cell line, Bleomycin, curcumin, dose curve, voltage pulses, 
viability.   
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    7.1  Introduction 
 About every four minutes, two people are diagnosed with a blood cancer 
and about every ten minutes, two die due to a blood cancer, in the US 
[1]. Leukemia is one of the blood cancers that affects the bone marrow, 
which is the source of blood cells and occurs at all ages. It is characterized 
by a rapid increase in the number of immature blood cells in the blood 
stream, thereby affecting regular functions. In addition, the disease is 
subdivided based on the type of blood cells affected – lymphoblastic 
(cancer of lymphocyte forming cells) and myeloid leukemia (cancer of 
cells that become red blood corpuscles (RBCs)), some types of 
white blood corpuscles (WBCs) and platelets. Leukemia is one of the 
leading causes of mortality around the world, as evidenced by the global 
statistics conducted by the Leukemia and Lymphoma Society [2]. 
 Table 7.1  shows the incidence of the disease and the death rate for 
various ages [3].  Figure 7.1  shows the 5-year survival rate for the periods, 
from 1960–63 versus 1975–77 versus 2001–07 [1]. Leukemia 
accounts for about 30% of cancer cases in children aged 0–14 years. 
There are more than 232 000 people in the US living with leukemia 
and approximately 44 000 new cases were diagnosed in 2011 [4]. The 
standard of care currently used is radiotherapy and chemotherapy. With 
the current poor cure rate, the need for alternate therapies cannot be 
overstated. 

 While leukemia affects both genders and at all ages, cervical cancer is 
a gynecologic cancer (any cancer that starts in a woman’s reproductive 

  Leukemia statistics – incidence and death rate at 
various ages [3]  

   Table 7.1 

  Age    % Diagnosed    % Died  

 <20  11.4  3.3 

 20–34  5.2  3.5 

 35–44  5.9  3.9 

 45–54  9.7  6.7 

 55–64  13.9  11.8 

 65–74  20.5  23.4 

 75–84  23.2  31.1 

 85 and above  10.1  16.4 
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organs). It is the cancer that begins in the cervix, the lower part of 
the uterus [5]. It is almost always caused by human papilloma virus 
(HPV) infection [6], with virtually all cervical cancer cases (99%) 
being linked to infection with the HPV. The E6 and E7 genes present in 
the genome of HPV suppress the activity of two tumor suppressor 
genes, Rb and p53, thereby triggering uncontrolled proliferation of 
the same [7]. 

 All women are at risk and it occurs most often in women over age 30. 
In the US each year, it affects about 12 000 women. Worldwide, it is the 
third most commonly diagnosed cancer and the fourth leading cause of 
cancer death in women, accounting for 9% (529 800) of the total new 
cancer cases and 8% (275 100) of the total cancer deaths among females 
in 2008 ( Figure 7.2  [8]). More than 85% of these cases (453 300/529 800) 
and deaths (242 000/275 100) occur in developing countries. India, the 
second most populous country in the world, accounts for 27% (77 100) 
of the total cervical cancer deaths. Worldwide, the highest incidence rates 
are in Eastern, Western and Southern Africa, as well as South-Central 
Asia and South America. Rates are lowest in Western Asia, Australia/
New Zealand and North America. The high incidence rate of cervical 
cancer in developing countries could be attributed to the lack of screening, 
its awareness and the socio- economical status, lacking resources and 
infrastructure, and the culture. The health care infrastructure in these 
countries does not support Papanicolaou testing or other types of 
screening tests. In addition, the vaccines do not provide protection for 
30% of chronic infections by HPV types, other than HPV 16, 18, 6 and 

  Five- year relative survival rate for the periods, from 
1960–63 vs. 1975–77 vs. 2001–07 [1]     

  Figure 7.1 
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11 that cause cervical cancer [8–10]. Normally, they are treated with 
surgery, chemotherapy, radiotherapy and hormonal therapy. However, 
these do not work well for all patients, as seen from the high death rate. 
Hence, additional/alternate, effi cient and economical therapies are critical 
to save these women. 

 Cancerous cells such as HL60 develop resistance to a variety of 
cytotoxic drugs, making treatment of such types of cancers diffi cult. The 
drug, which by itself is relatively less permeable to the cell membrane, is 
not retained in the cancerous cell as a result of an enhanced drug effl ux 
mechanism acquired by these cancerous cells [11–13]. This has been 
demonstrated to be due to the over- expression of a specifi c type of 
membrane phosphoglycoprotein and a drug resistance associated 
ATP binding protein on the cell surface. It has been demonstrated that 

  Age- standardized cervical cancer incidence and 
mortality in various countries [8]     

  Figure 7.2 
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as HL60 cells divide and ‘age’, there is an increase in the cell 
cholesterol content, which in turn modulates a decrease in membrane 
lipid dynamics [14]. 

 Most leukemia and lymphoma cells grown as suspension culture are 
resistant to most gene transfer methods, thereby making electroporation 
the method of choice. The cell membrane, comprising a lipid bilayer, is 
interspersed with protein molecules – some of the transmembrane 
spanning the entire lipid bilayer (i.e. ion channels, H +  pumps, etc.) 
are only partially embedded in the cell membrane and are exposed 
only at either end. In addition to the lipids and proteins, carbohydrates 
are also present in the cell membrane, as either glycoproteins 
or glycolipids. The lipid and protein compositions of the cell membrane 
vary from cell to cell and this bestows unique membrane properties 
to different types of cells, based on their function. Although, in 
previous research, the effi ciency of electroporation for the hematopoietic 
cells was reported to be roughly just 1% [15], with a variety of 
low voltage, long duration and high voltage and short duration pulses, 
it is possible to identify the optimal pulse parameters. This is because 
of the mechanical property of the membrane as a major determinant 
in the effi ciency of application of electrical pulses to a cell for 
electroporation- based methods for gene/molecule/drug transfer. It is 
largely determined by the cytoskeletal architecture of a cell, which is 
a variant in cancerous cells [16]. Electrodeformation, or the 
mechanical response of the cell to electrical fi elds, vary from cell to 
cell [17] and would account for the necessity for different parameters 
while working with various types of cells. It has been reported that 
there is a change in the membrane properties of the myeloid cells 
during maturation as well as differentiation [18]. Whether the changes 
in membrane properties affect the parameters required for 
electrochemotherapy of the different type of cells is what was probed into 
by this study. 

 Professor McConnel’s group in Stanford had demonstrated that weak 
non- uniform external electric fi elds have disruptive effects on biological 
membranes [19]. This effect is primarily due to the effect of the fi elds on 
the lipid layer of the cell membranes, thereby affecting the membrane 
proteins impregnated on the same, which in turn results in abnormal 
cellular function. The size of the pores thus formed remains a function of 
the duration of the electric fi eld pulse. Nanosecond pulses have been 
shown to result in a temporary externalization of the phosphatidyl serine 
residues [20], a release of intracellular calcium [21,22] and induction of 
apoptosis [23,24]. 
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 In the presence of a strong electric fi eld, there is a signifi cant increase 
in permeability and conductance of the lipid membrane. If the applied 
electrical fi eld is of not too high an amplitude and time duration, then the 
cell membrane is capable of returning to its previous state, as in reversible 
electroporation. At higher amplitudes or time durations, the membrane 
loses its ability to reseal and self- destructs, as in the process of irreversible 
electroporation. Initially it was not understood as to where these pores 
were formed in the lipid bilayer – the lipid matrix, integral membrane 
protein region or the contact region between the two. However, studies 
on human erythrocytes and lymphocytes along with an artifi cial bilayer 
revealed that the electrical breakdown of the membrane arises in its lipid 
matrices [25]. 

 A study of tumor treating fi elds (TTFs) of low intensity, intermediate 
frequency, alternating current on a variety of human and rodent tumor 
cell lines exhibit varying rates of reduction of cell proliferation, both  in 
vitro  and  in vivo . This could be due to the difference in the property of 
the cell membrane, though the basic lipid matrix largely remains the 
same [26]. The study demonstrated a specifi c intensity and frequency 
dependence of the TTF inhibition on different types of cancerous cells. It 
also revealed that the electric fi elds disturbed the normal polymerization- 
depolymerization processes of the microtubules of the mitotic spindle 
during mitosis and hence arrests the proliferation of actively dividing 
cells such as cancer cells. 

 Large cells have been shown to be more susceptible to electrical 
breakdown, which might hint at a higher risk of breakdown with an 
increase in the membrane surface area. Hence the parameters for 
successful electroporation may not only be dependent on the type of 
cellular lipids and the other membrane components, but also its size. In 
this connection we have probed into the parameters for pulsing HL60, 
KG1 and ME180, which are of different cellular origins for increased 
uptake of chemo drugs [27–33]. This method of treatment could be a 
very economical palliative treatment strategy, owing to the absence of 
any rigorous time- consuming procedures, as well as a signifi cant reduction 
in the dose of the drug required and could be out- patient-based, ideally 
suited for developing countries. The process is simpler for tumors on 
the skin and for other surface lesions, while endoscopic ECT procedures 
need to be used for deep tumors. It is safe and the entire process can 
be completed in a few minutes per nodule. The side effects of the drug 
are also drastically reduced, since the concentration of the chemo 
drug used is also minimal, with up to 1000 times the effi cacy for the same 
dose [29].  
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   7.2  Materials and methods 

   7.2.1  Cell lines 

  HL60 (human promyelocytic leukemia cell line) 

 HL60 is a human caucasian promyelocytic leukemia cell line 
( Figure 7.3 (a)), derived from a 36-year- old woman with acute PML at the 
National Cancer Institute. HL60 cells are predominantly a neutrophilic 
promyelocyte, used for laboratory research on how certain kinds of 
blood cells are formed. PML, or a cancer of the blood forming tissue viz. 
the bone marrow, is caused due to a non- inherited (or somatic) mutation 
in the PML gene. The disease is characterized by an accumulation of 
immature white blood cells (promyelocytes) in the bone marrow. The 
PML gene codes for a tumor suppressor, which prevents uncontrolled 
proliferation of cells and induces apoptosis in such cells, providing a 
check point for healthy cell division. Mutations in this gene results in 
an uncontrolled proliferation of the white blood cells leading to PML 
[34, 35]. HL60 proliferates continuously in suspension culture in a RPMI 
medium supplemented with fetal bovine serum, L-glutamine, HEPES and 
antibiotics [36]. A hemocytometer was used to obtain a fi nal concentration 
of 1 × 10 6  cells/ml.  

  KG1 (human acute myeloid leukemia cell line) 

 The KG1 cell line was derived from a bone marrow aspirate of a 59-year- 
old man with acute myelogenous leukemia, which developed from 

  (a) Microscopic view of HL 60 cell line       Figure 7.3 
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erythroleukemia ( Figure 7.3 (b)) [37]. In medical terms, ‘acute’ refers to a 
sudden onset, rapidly progressing disease that could turn fatal if not 
treated, as is a typical of KG1. Myeloid leukemias refer to leukemias in 
non- lymphocyte white blood cells, red blood cells or platelet- making 
cells [38]. Acute myeloid leukemia refers to a malignant disorder where 
there is a maturational arrest of bone marrow cells at early stages of 
differentiation [39]. Chromosomal abnormalities and other genetic 
translocations are involved in the onset of this disease. The production of 
normal blood cells, including RBCs, neutrophils and thrombocytes, are 
affected (reduced) resulting in anemia, neutropenia and thrombocytopenia 
(blood conditions involving lower than normal numbers of these cells). 
The presence of thrombocytopenia or a reduction in the count of platelets 
explains the abnormal bleeding which is one of the symptoms of the 
disease. The cells lose their ability to undergo apoptosis and this 
culminates in them accumulating in the spleen, bone marrow, liver and in 
the blood. These cells are responsive to the colony stimulating factor 
(CSF). The cells are rounded and myeloblast in nature and grow in 
suspension culture. They are capable of spontaneous differentiation into 
granulocytes and macrophages and represent an early stage of 
hematopoietic differentiation. 

 The cells were cultured in RPMI 1640 media with 10% fetal bovine 
serum (ATCC) and incubated in a 5% CO 2  atmosphere at 37 °C. A 
hemocytometer was used to obtain a fi nal concentration of 1 × 10 6  cells/mL.  

  ME180 (human cervical cancer cell line) 

 ME180, the human cervix-derived epithelial cell line (Figure 7.3(c) ), is 
used as the model for studying cervical cancer characteristics. Isolated 

  (b) Microscopic view of KG1 cell line       Figure 7.3 
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from an omental metastasis of a spreading cervical carcinoma of a 
66-year- old Caucasian female, this line was derived from a highly invasive 
squamous cell carcinoma with irregular cell clusters and no signifi cant 
keratinization. The cells contain HPV DNA, with greater homology to 
HPV-39 than HPV-18 [40]. The cells were cultured RPMI 1640 media 
with 10% fetal bovine serum (ATCC) and incubated in a 5% CO 2  
atmosphere at 37 °C. A hemocytometer was used to obtain a fi nal 
concentration of 1 × 10 6  cells/mL.   

   7.2.2  Anticancer drugs 

  Bleomycin 

 Bleomycin (C55H84N17O21S3) is FDA approved in the US and by the 
respective agencies in other countries as an anti- cancer chemotherapy 
drug. It is classifi ed as an ‘antitumor antibiotic’. Bleomycin can be used 
in combination with surgery or radiotherapy, or in the palliative treatment 
of a number of cancers. It is used in the treatment of squamous cell 
cancers, melanoma, sarcoma, testicular cancer, Hodgkin’s and non-
Hodgkin’s lymphoma [28].  Figure 7.4  shows the chemical structure of 
Bleomycin. 

 Bleomycin infl icts direct damage to the DNA [41]. It is a powerful drug 
and its administration causes a number of side effects such as skin rash, 
hives, changes in skin sensation, hyper- pigmentation (darkening of skin 
and nails), hair loss, mouth ulcers, hard patches on skin [42], etc. Thus 

  (c) Microscopic view of ME180 human cervical cancer 
cell line     

  Figure 7.3 
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the dose should always be optimal and determined based on the patient’s 
response. In our study, we aim to examine the effect of reducing the 
concentration of the drug so as to reduce the side effects and alleviate the 
pain suffered by cancer victims.  

  Curcumin 

 Curcumin, the yellow pigment of turmeric, is a hydrophobic phytochemical 
exerting a number of therapeutic effects, including the inhibition of cancer 
cell proliferation. It also has both anti- infl ammatory and antioxidant 
effects. It inhibits production of the free radicals H 2 O 2  and NO by 
macrophages [43, 44] and astrocytes [45]  in vitro . The pharmacological 
safety and effi cacy of curcumin makes it a potential compound for 
treatment and prevention of a wide variety of human diseases. 

 In spite of its effi cacy and safety, curcumin has not yet been approved 
as a therapeutic agent, and the relative bioavailability of curcumin has 
been highlighted as a major problem [46]. For this purpose, we intend to 
upload it using electrical pulses and study its effi cacy under these 
conditions in the HL60 cells. 

 Curcumin (diferuloylmethane) with a purity of more than 98% was 
purchased from Sigma-Aldrich Corporation (St Louis, MO), and was 
dissolved in dimethyl sulfoxide (DMSO) as a 10 mM stock solution and 
stored at −20 °C.   

  Chemical structure of Bleomycin       Figure 7.4 
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   7.2.3  Electroporation 

  Using Bleomycin and HL60, KG1, and 
ME180 cell lines 

 Both high intensity, short duration (1200 V/cm, 100  μ s) [27–33] and low 
intensity, long duration pulses (200 V/cm, 40 ms) [47] were used. In 
addition, medium intensity, 450 V/cm, 25 ms pulses were also used [48]. 
These pulses were chosen based on previous research and our experience. 
The choice of pulse parameters is critical as, if the pulse intensity is too 
high and/or too long, it kills the cells, and if it is too low and/or too short, 
pores will not open up to allow the drug to enter into the cells [49–52]. 
A BTX ECM 830 (Genetronics, Inc., San Diego, CA), square wave 
electroporator with 0.4 cm (electrode gap) cuvettes was used to conduct 
the study ( Figure 7.5 ). 

 The electroporation buffer used was RPMI 1640 media with 10% fetal 
bovine serum (ATCC). The sample to be electroporated was taken in the 
cuvette and generally fi xed at a total volume of 200  μ L. For those 
experiments requiring electroporation without any drug, 100  μ L of the 
cell suspension is used along with 100  μ L of media and electroporated. 
For electroporation with the drug, 100  μ L of cell suspension, 50  μ L of 
appropriate drug stock and 50  μ L of media was used. The drug is made 
up to required concentration by serial dilution technique. 

 The pulse parameters used are given in  Table 7.2  and the doses used 
were 0.1, 1 and 10  μ M of Bleomycin, very small compared to the 
conventional amount used in the clinics. In each case, 8 pulses at 1 second 
intervals (1 Hz) between pulses were used.  

  Electroporation apparatus and cuvettes       Figure 7.5 
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  Using curcumin and HL60 

 In the case of curcumin, 400  μ L cells were used with 5  μ L of curcumin at 
a concentration of 100 μM.  Table 7.3  shows the various pulse parameters 
studied.   

   7.2.4  Cell counting and viability 

 After electroporation, cells are counted to determine the viability. Trypan 
Blue assay was used to count the cells [53]. 

 For curcumin tests, iNcyto, disposable hemocytometer was used. 
For other tests, an Olympus CKX41, Phase contrast, inverted fl orescent 
microscope was used to image and count the cells. Images were captured 
using Motix software.   

  Pulse parameters studied     Table 7.2 

  Electric Field intensity, V/cm    Pulse width  

 1200  100  μ s 

 450   25 ms 

 200   40 ms 

  Curcumin pulse parameters for HL60 cells     Table 7.3 

  Sample 
No.  

  Description    Electric fi eld 
intensity, V/cm  

  Pulse 
Duration  

  Number of 
pulses  

 1  Control  –  –  – 

 2  Drug only  –  –  – 

 3  Drug + Pulse  1200 V/cm  100  μ s  8 

 4  Drug + Pulse  1000 V/cm  100  μ s  8 

 5  Drug + Pulse  200 V/cm  5 ms  4 

 6  Drug + Pulse  500 V/cm  20 ms  2 
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   7.3  Results and analysis 

   7.3.1  Dose curve 

 In order to prescribe the optimal amount of drug, so as to achieve 
maximum cell death without causing harmful side effects on the patient, 
a proper drug dose is required. There is only a thin line of seperation 
between optimal dose and drug overdose. In the case of drugs such as 
Bleomycin, this becomes even more vital, as the patient is only allowed to 
take a lifetime dose of 400 units. 

 In this study, the viability was studied for the doses of 0.1, 1.0 and 
10.0  μ M, for all 3 cell lines and for all the 3 pulse parameters. The cell 
viability decreases as the drug concentration increases, which is shown in 
 Figure 7.6 . While very low doses such as 0.1  μ M can also be effective, the 
1  μ M dose was much more effective as we moved from one pulse 
parameter to the other in all the 3 cell lines. When the dose was changed 
from 1–10 and 1–0.1  μ M, there was a nonlinear swing of 15–20% 
viability on both sides.  Figure 7.6  shows the drug dosage curve for the 
HL60 cell line. Similar data were obtained for other cell lines too.  

   7.3.2  Viability study 

  Figure 7.7  shows the microscopic pictures illustrating the viability of 
control (no treatment), 450 V/cm, 25 ms and 1200 V/cm, 100  μ s samples 

  Bleomycin dose curve for HL60 cell line       Figure 7.6 
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of ME180 cervical cancer cells. There is reduction in the number of live 
cells due to electroporation compared to control cells. Similar results were 
also obtained for other cells (data not shown).  Table 7.4  shows the 
mortality of the 3 types of cells studied.  Figure 7.8  shows a comparison of 
the viability of the 3 cell lines for various pulse parameters at 1  μ M dose. 

 The results indicate that among the various electroporation parameters, 
the cell mortality is found to be the highest at 450 V/cm, 25 ms, 8 pulses 
condition for all the 3 concentrations of Bleomycin for all the 3 cell 

  Viability of ME180 cervical cancer cells – control, 
450 V/cm, and 1200 V/cm samples respectively from 
left to right     

  Figure 7.7 
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lines. Comparatively 200 V/cm, 40 ms shows a lower cell mortality and 
1200 V/cm, 100  μ s mortality values were even smaller. At 10  μ M 
concentration, the viability decreased to around 56.5% for 450 V/cm 
pulses in HL60 cell line, which is almost a 50% decrease compared to 
control, whose viability is 89.0%. 

  Viability study of the three cell lines     Table 7.4 

  Electric Field 
Intensity V/cm  

  Pulse 
Width  

  Bleomycin 
Dose  

  HL60    KG1    ME180  

  Mortality, %  

 Control  –  –  11.0  12.0   7.7 

 Bleomycin only  –  1.0  μ M  14.8  14.7  13.4 

 EP only 200  40 ms  –  18.0  14.8  14.2 

 EP only 450  25 ms  –  18.8  17.3  20.0 

 EP only 1200  100  μ s  –  14.2  13.7  10.0 

 200  40 ms  0.1  μ M  26.4  19.2  18.8 

 450  25 ms  0.1  μ M  30.0  21.5  20.6 

 1200  100  μ s  0.1  μ M  20.6  15.0  18.0 

 200  40 ms  1.0  μ M  34.0  31.4  30.0 

 450  25 ms  1.0  μ M  38.2  40.0  35.0 

 1200  100  μ s  1.0  μ M  23.0  31.8  26.9 

 200  40 ms  10.0  μ M  42.9  42.1  42.2 

 450  25 ms  10.0  μ M  56.5  53.4  53.0 

 1200  100  μ s  10.0  μ M  39.2  35.8  35.5 

  Viabilities of the three cell lines at various pulse 
parameters for 1  μ M concentration of Bleomycin for 
ME180 (left), KG1 (middle) and HL60 (right) cells at 
various conditions     

  Figure 7.8 
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  Table 7.4  shows the pulse parameters studied for curcumin at 100  μ M 
concentration using HL 60 cells and  Figure 7.9  shows the corresponding 
viabilities at various periods, including immediately after pulsing (0 h), 
after 24 hours and 48 hours. The results show that with electrical pulses, 
the effi cacy of curcumin is felt immediately compared to the control (with 
no treatment) and with drug only (no pulses). In general, all of the pulse 
parameters are effective after 24 and 48 hours, including the drug- only 
sample. Considering that the bioavilability of the turmeric is rapid and it 
is metabolized quickly, the use of electrical pulses is a viable option for 
enhancing the effi cacy of targeted locoregional delivery. 

 Sample 1-control (no treatment), 2-drug only, 3–1200 V/cm, 100  μ s, 
8 pulses, 4–1000 V/cm, 100  μ s, 8 pulses, 5–200 V/cm, 5 ms, 4 pulses and 
6–500 V/cm, 20 ms, 2 pulses. All at 1 second interval  

   7.3.3  Equivalent energy and charge 

 In the absence of the measurement of the resistance or the current values, 
the energy applied during each pulse application could be computed as 
V 2 TN J/ Ω , where V is the applied voltage in V (E V/cm*0.4 cm), T is the 

  Viabilities of the HL60 cell line at various pulse 
parameters for 100  μ M concentration of curcumin. 
 Sample 1-control (no treatment), 2-drug only, 
3–1200 V/cm, 100  μ s, 8 pulses, 4–1000 V/cm, 100  μ s, 
8 pulses, 5–200 V/cm, 5 ms, 4 pulses and 6–500 V/
cm, 20 ms, 2 pulses. All at 1 second intervals     

  Figure 7.9 
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pulse width in s, and N is the number of pulses. The equivalent of charge is 
calculated as ETN C/ Ω . Energy and charge are indicators of the current 
applied and hence the duration for which the voltage is applied. The higher 
the energy, the lower the viability and vice versa. Thus a negative linear 
relationship is obtained for each of the pulse parameters studied in all the 
three cell lines. Use of energy as a parameter also has an attractive serendipity, 
in that the medical community would understand the terminology and the 
technique easily, since energy in joules is used for defi brillation and other 
techniques.  Figures 7.10 (a) and (b) show the energy and charge applied and 
the corresponding viability for the various samples for the HL60 and KG1 
cell lines. A comparison of previously published results indicates good 
qualitative correlation in trends ( Figures 7.11 (a) and (b)) [54, 55].   

  (a) Energy (J/ Ω ) vs. viability plot for HL60 cell line       Figure 7.10 

  (b) Charge equivalent (Q/ Ω ) vs. viability plot for KG1 
cell line     

  Figure 7.10 
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   7.4  Conclusions 
 Electrochemotherapy is an extremely effective, physical technique that 
enables cytotoxic drugs to have direct access to the cytosol [56]. This 

  Negative linear relationship between viability vs. 
electroporation energy applied (a) [54] and charge 
delivered (b) [55]     

  Figure 7.11 
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budding mode of therapy uses electrical pulses and chemo drugs to trigger 
cell death in cancerous cells. The effi cacy of this technique depends on a 
variety of factors, including electric fi eld intensity, pulse duration and the 
number of pulses. In this study, HL60, KG1 and ME180 cancerous cell 
lines were subjected to electroporation in the presence of 1  μ M Bleomycin 
at 1200 V/cm, 100  μ s; 450 V/cm, 25 ms; and 200 V/cm, 40 ms. 

 HL60 cells were also studied at 100  μ M curcumin concentration for 
their effi cacy in preventing proliferation of the HL60 leukemia cells. The 
results indicate the promise of using electro- curcumin therapy for the 
proliferation control of HL60 leukemia cell lines. Electrical pulse 
intensities, as low as 200 V/cm, but long duration (40 ms) and 450 V/cm, 
25 ms offer lower viability, indicating the effi cacy of electrochemotherapy 
using Bleomycin chemodrug. 

 The dose curve helps to optimize the dose levels for a given viability 
(and hence cell death) of the tumors to be treated. The energy applied 
and the charge accumulated with each pulse is also calculated. The 
energy calculations indicate that the higher the energy value, the lower 
is the viability or with increase in energy delivered, there is increase 
in cell death. It is possible to use a single, simple, key parameter, such 
as energy to describe the effi cacy of optimization of electrical 
parameters. 

 It is interesting to observe that when using Bleomycin, the viabilities of 
the three cell lines at various pulses parameters are almost similar. This 
could indicate that the properties and composition of the cell membrane 
of these three types of cells may be similar. It may be noteworthy that 
KG1 and HL60 are cancers of myeloid origin and hence arise from the 
same precursor. This means that the overall membrane composition of 
these blood- forming cells would be similar, which can account for the 
similarity seen in the electroporation viability values. With similar 
viability also observed in the cervical cancer cell line, we may conclude 
that the membrane properties of these three cancer cells, in general, may 
be similar with particular respect to amenability to these parameters of 
electroporation at these doses. 

 Considering that 20 million people were living with cancer in 2010 
[10] and the trend seems to rise every year, and that the currently 
administered doses of chemo drugs are costly with severe side effects, not 
just from chemo drugs but also from other drugs given for coping with the 
chemo and surgery, there is a critical need for effective, safe, physical and 
affordable alternative treatments. Since this method allows specifi c entry 
of poorly permanent chemotherapeutic drugs into cells at specifi c tissue 
locations without affecting neighboring regions, electrochemotherapy 
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has the potential to be a viable tool for the treatment of patients suffering 
from chemo- refractive tumors.  
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  Abstract:  Cancer therapies mainly target the uncontrolled 
proliferation of the cancerous cells. A translational therapy for 
inoperable, chemo- and radio- resistant tumors is electroporation- 
based chemotherapy, known as electrochemotherapy, a physical 
means of using electrical pulses in conjunction with minimal doses 
of the chemo drug to achieve proliferation control. It is applicable to 
all histologies of tumors and its effi cacy depends on a variety of 
factors, including the electric fi eld intensity, the pulse duration and 
the number of pulses. In this chapter, we describe the optimization 
of pulse parameters for effective electroporation of leukemic and 
cervical cancer cell lines. Human promyelocytic leukemia (HL60), 
human acute myeloid leukemia (KG1) and human cervical (ME180) 
cancer cell lines were subjected to electroporation in the presence of 
various doses of FDA approved chemo drug, Bleomycin. The effect 
of curcumin and electroporation is also tested for HL60 cells. The 
results indicate that by using electroporation, chemo drug molecules 
could be uploaded into these cells to control proliferation. This 
promises to be a very useful tool for treating patients suffering from 
chemo- refractive tumors.  

   Key words:    Leukemia, cervical cancer, HL60 cell line, KG1 cell line, 
ME180 cell line, Bleomycin, curcumin, dose curve, voltage pulses, 
viability.   
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    7.1  Introduction 
 About every four minutes, two people are diagnosed with a blood cancer 
and about every ten minutes, two die due to a blood cancer, in the US 
[1]. Leukemia is one of the blood cancers that affects the bone marrow, 
which is the source of blood cells and occurs at all ages. It is characterized 
by a rapid increase in the number of immature blood cells in the blood 
stream, thereby affecting regular functions. In addition, the disease is 
subdivided based on the type of blood cells affected – lymphoblastic 
(cancer of lymphocyte forming cells) and myeloid leukemia (cancer of 
cells that become red blood corpuscles (RBCs)), some types of 
white blood corpuscles (WBCs) and platelets. Leukemia is one of the 
leading causes of mortality around the world, as evidenced by the global 
statistics conducted by the Leukemia and Lymphoma Society [2]. 
 Table 7.1  shows the incidence of the disease and the death rate for 
various ages [3].  Figure 7.1  shows the 5-year survival rate for the periods, 
from 1960–63 versus 1975–77 versus 2001–07 [1]. Leukemia 
accounts for about 30% of cancer cases in children aged 0–14 years. 
There are more than 232 000 people in the US living with leukemia 
and approximately 44 000 new cases were diagnosed in 2011 [4]. The 
standard of care currently used is radiotherapy and chemotherapy. With 
the current poor cure rate, the need for alternate therapies cannot be 
overstated. 

 While leukemia affects both genders and at all ages, cervical cancer is 
a gynecologic cancer (any cancer that starts in a woman’s reproductive 

  Leukemia statistics – incidence and death rate at 
various ages [3]  

   Table 7.1 

  Age    % Diagnosed    % Died  

 <20  11.4  3.3 

 20–34  5.2  3.5 

 35–44  5.9  3.9 

 45–54  9.7  6.7 

 55–64  13.9  11.8 

 65–74  20.5  23.4 

 75–84  23.2  31.1 

 85 and above  10.1  16.4 
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organs). It is the cancer that begins in the cervix, the lower part of 
the uterus [5]. It is almost always caused by human papilloma virus 
(HPV) infection [6], with virtually all cervical cancer cases (99%) 
being linked to infection with the HPV. The E6 and E7 genes present in 
the genome of HPV suppress the activity of two tumor suppressor 
genes, Rb and p53, thereby triggering uncontrolled proliferation of 
the same [7]. 

 All women are at risk and it occurs most often in women over age 30. 
In the US each year, it affects about 12 000 women. Worldwide, it is the 
third most commonly diagnosed cancer and the fourth leading cause of 
cancer death in women, accounting for 9% (529 800) of the total new 
cancer cases and 8% (275 100) of the total cancer deaths among females 
in 2008 ( Figure 7.2  [8]). More than 85% of these cases (453 300/529 800) 
and deaths (242 000/275 100) occur in developing countries. India, the 
second most populous country in the world, accounts for 27% (77 100) 
of the total cervical cancer deaths. Worldwide, the highest incidence rates 
are in Eastern, Western and Southern Africa, as well as South-Central 
Asia and South America. Rates are lowest in Western Asia, Australia/
New Zealand and North America. The high incidence rate of cervical 
cancer in developing countries could be attributed to the lack of screening, 
its awareness and the socio- economical status, lacking resources and 
infrastructure, and the culture. The health care infrastructure in these 
countries does not support Papanicolaou testing or other types of 
screening tests. In addition, the vaccines do not provide protection for 
30% of chronic infections by HPV types, other than HPV 16, 18, 6 and 

  Five- year relative survival rate for the periods, from 
1960–63 vs. 1975–77 vs. 2001–07 [1]     

  Figure 7.1 
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11 that cause cervical cancer [8–10]. Normally, they are treated with 
surgery, chemotherapy, radiotherapy and hormonal therapy. However, 
these do not work well for all patients, as seen from the high death rate. 
Hence, additional/alternate, effi cient and economical therapies are critical 
to save these women. 

 Cancerous cells such as HL60 develop resistance to a variety of 
cytotoxic drugs, making treatment of such types of cancers diffi cult. The 
drug, which by itself is relatively less permeable to the cell membrane, is 
not retained in the cancerous cell as a result of an enhanced drug effl ux 
mechanism acquired by these cancerous cells [11–13]. This has been 
demonstrated to be due to the over- expression of a specifi c type of 
membrane phosphoglycoprotein and a drug resistance associated 
ATP binding protein on the cell surface. It has been demonstrated that 

  Age- standardized cervical cancer incidence and 
mortality in various countries [8]     

  Figure 7.2 
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as HL60 cells divide and ‘age’, there is an increase in the cell 
cholesterol content, which in turn modulates a decrease in membrane 
lipid dynamics [14]. 

 Most leukemia and lymphoma cells grown as suspension culture are 
resistant to most gene transfer methods, thereby making electroporation 
the method of choice. The cell membrane, comprising a lipid bilayer, is 
interspersed with protein molecules – some of the transmembrane 
spanning the entire lipid bilayer (i.e. ion channels, H +  pumps, etc.) 
are only partially embedded in the cell membrane and are exposed 
only at either end. In addition to the lipids and proteins, carbohydrates 
are also present in the cell membrane, as either glycoproteins 
or glycolipids. The lipid and protein compositions of the cell membrane 
vary from cell to cell and this bestows unique membrane properties 
to different types of cells, based on their function. Although, in 
previous research, the effi ciency of electroporation for the hematopoietic 
cells was reported to be roughly just 1% [15], with a variety of 
low voltage, long duration and high voltage and short duration pulses, 
it is possible to identify the optimal pulse parameters. This is because 
of the mechanical property of the membrane as a major determinant 
in the effi ciency of application of electrical pulses to a cell for 
electroporation- based methods for gene/molecule/drug transfer. It is 
largely determined by the cytoskeletal architecture of a cell, which is 
a variant in cancerous cells [16]. Electrodeformation, or the 
mechanical response of the cell to electrical fi elds, vary from cell to 
cell [17] and would account for the necessity for different parameters 
while working with various types of cells. It has been reported that 
there is a change in the membrane properties of the myeloid cells 
during maturation as well as differentiation [18]. Whether the changes 
in membrane properties affect the parameters required for 
electrochemotherapy of the different type of cells is what was probed into 
by this study. 

 Professor McConnel’s group in Stanford had demonstrated that weak 
non- uniform external electric fi elds have disruptive effects on biological 
membranes [19]. This effect is primarily due to the effect of the fi elds on 
the lipid layer of the cell membranes, thereby affecting the membrane 
proteins impregnated on the same, which in turn results in abnormal 
cellular function. The size of the pores thus formed remains a function of 
the duration of the electric fi eld pulse. Nanosecond pulses have been 
shown to result in a temporary externalization of the phosphatidyl serine 
residues [20], a release of intracellular calcium [21,22] and induction of 
apoptosis [23,24]. 
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 In the presence of a strong electric fi eld, there is a signifi cant increase 
in permeability and conductance of the lipid membrane. If the applied 
electrical fi eld is of not too high an amplitude and time duration, then the 
cell membrane is capable of returning to its previous state, as in reversible 
electroporation. At higher amplitudes or time durations, the membrane 
loses its ability to reseal and self- destructs, as in the process of irreversible 
electroporation. Initially it was not understood as to where these pores 
were formed in the lipid bilayer – the lipid matrix, integral membrane 
protein region or the contact region between the two. However, studies 
on human erythrocytes and lymphocytes along with an artifi cial bilayer 
revealed that the electrical breakdown of the membrane arises in its lipid 
matrices [25]. 

 A study of tumor treating fi elds (TTFs) of low intensity, intermediate 
frequency, alternating current on a variety of human and rodent tumor 
cell lines exhibit varying rates of reduction of cell proliferation, both  in 
vitro  and  in vivo . This could be due to the difference in the property of 
the cell membrane, though the basic lipid matrix largely remains the 
same [26]. The study demonstrated a specifi c intensity and frequency 
dependence of the TTF inhibition on different types of cancerous cells. It 
also revealed that the electric fi elds disturbed the normal polymerization- 
depolymerization processes of the microtubules of the mitotic spindle 
during mitosis and hence arrests the proliferation of actively dividing 
cells such as cancer cells. 

 Large cells have been shown to be more susceptible to electrical 
breakdown, which might hint at a higher risk of breakdown with an 
increase in the membrane surface area. Hence the parameters for 
successful electroporation may not only be dependent on the type of 
cellular lipids and the other membrane components, but also its size. In 
this connection we have probed into the parameters for pulsing HL60, 
KG1 and ME180, which are of different cellular origins for increased 
uptake of chemo drugs [27–33]. This method of treatment could be a 
very economical palliative treatment strategy, owing to the absence of 
any rigorous time- consuming procedures, as well as a signifi cant reduction 
in the dose of the drug required and could be out- patient-based, ideally 
suited for developing countries. The process is simpler for tumors on 
the skin and for other surface lesions, while endoscopic ECT procedures 
need to be used for deep tumors. It is safe and the entire process can 
be completed in a few minutes per nodule. The side effects of the drug 
are also drastically reduced, since the concentration of the chemo 
drug used is also minimal, with up to 1000 times the effi cacy for the same 
dose [29].  
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   7.2  Materials and methods 

   7.2.1  Cell lines 

  HL60 (human promyelocytic leukemia cell line) 

 HL60 is a human caucasian promyelocytic leukemia cell line 
( Figure 7.3 (a)), derived from a 36-year- old woman with acute PML at the 
National Cancer Institute. HL60 cells are predominantly a neutrophilic 
promyelocyte, used for laboratory research on how certain kinds of 
blood cells are formed. PML, or a cancer of the blood forming tissue viz. 
the bone marrow, is caused due to a non- inherited (or somatic) mutation 
in the PML gene. The disease is characterized by an accumulation of 
immature white blood cells (promyelocytes) in the bone marrow. The 
PML gene codes for a tumor suppressor, which prevents uncontrolled 
proliferation of cells and induces apoptosis in such cells, providing a 
check point for healthy cell division. Mutations in this gene results in 
an uncontrolled proliferation of the white blood cells leading to PML 
[34, 35]. HL60 proliferates continuously in suspension culture in a RPMI 
medium supplemented with fetal bovine serum, L-glutamine, HEPES and 
antibiotics [36]. A hemocytometer was used to obtain a fi nal concentration 
of 1 × 10 6  cells/ml.  

  KG1 (human acute myeloid leukemia cell line) 

 The KG1 cell line was derived from a bone marrow aspirate of a 59-year- 
old man with acute myelogenous leukemia, which developed from 

  (a) Microscopic view of HL 60 cell line       Figure 7.3 
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erythroleukemia ( Figure 7.3 (b)) [37]. In medical terms, ‘acute’ refers to a 
sudden onset, rapidly progressing disease that could turn fatal if not 
treated, as is a typical of KG1. Myeloid leukemias refer to leukemias in 
non- lymphocyte white blood cells, red blood cells or platelet- making 
cells [38]. Acute myeloid leukemia refers to a malignant disorder where 
there is a maturational arrest of bone marrow cells at early stages of 
differentiation [39]. Chromosomal abnormalities and other genetic 
translocations are involved in the onset of this disease. The production of 
normal blood cells, including RBCs, neutrophils and thrombocytes, are 
affected (reduced) resulting in anemia, neutropenia and thrombocytopenia 
(blood conditions involving lower than normal numbers of these cells). 
The presence of thrombocytopenia or a reduction in the count of platelets 
explains the abnormal bleeding which is one of the symptoms of the 
disease. The cells lose their ability to undergo apoptosis and this 
culminates in them accumulating in the spleen, bone marrow, liver and in 
the blood. These cells are responsive to the colony stimulating factor 
(CSF). The cells are rounded and myeloblast in nature and grow in 
suspension culture. They are capable of spontaneous differentiation into 
granulocytes and macrophages and represent an early stage of 
hematopoietic differentiation. 

 The cells were cultured in RPMI 1640 media with 10% fetal bovine 
serum (ATCC) and incubated in a 5% CO 2  atmosphere at 37 °C. A 
hemocytometer was used to obtain a fi nal concentration of 1 × 10 6  cells/mL.  

  ME180 (human cervical cancer cell line) 

 ME180, the human cervix-derived epithelial cell line (Figure 7.3(c) ), is 
used as the model for studying cervical cancer characteristics. Isolated 

  (b) Microscopic view of KG1 cell line       Figure 7.3 
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from an omental metastasis of a spreading cervical carcinoma of a 
66-year- old Caucasian female, this line was derived from a highly invasive 
squamous cell carcinoma with irregular cell clusters and no signifi cant 
keratinization. The cells contain HPV DNA, with greater homology to 
HPV-39 than HPV-18 [40]. The cells were cultured RPMI 1640 media 
with 10% fetal bovine serum (ATCC) and incubated in a 5% CO 2  
atmosphere at 37 °C. A hemocytometer was used to obtain a fi nal 
concentration of 1 × 10 6  cells/mL.   

   7.2.2  Anticancer drugs 

  Bleomycin 

 Bleomycin (C55H84N17O21S3) is FDA approved in the US and by the 
respective agencies in other countries as an anti- cancer chemotherapy 
drug. It is classifi ed as an ‘antitumor antibiotic’. Bleomycin can be used 
in combination with surgery or radiotherapy, or in the palliative treatment 
of a number of cancers. It is used in the treatment of squamous cell 
cancers, melanoma, sarcoma, testicular cancer, Hodgkin’s and non-
Hodgkin’s lymphoma [28].  Figure 7.4  shows the chemical structure of 
Bleomycin. 

 Bleomycin infl icts direct damage to the DNA [41]. It is a powerful drug 
and its administration causes a number of side effects such as skin rash, 
hives, changes in skin sensation, hyper- pigmentation (darkening of skin 
and nails), hair loss, mouth ulcers, hard patches on skin [42], etc. Thus 

  (c) Microscopic view of ME180 human cervical cancer 
cell line     

  Figure 7.3 
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the dose should always be optimal and determined based on the patient’s 
response. In our study, we aim to examine the effect of reducing the 
concentration of the drug so as to reduce the side effects and alleviate the 
pain suffered by cancer victims.  

  Curcumin 

 Curcumin, the yellow pigment of turmeric, is a hydrophobic phytochemical 
exerting a number of therapeutic effects, including the inhibition of cancer 
cell proliferation. It also has both anti- infl ammatory and antioxidant 
effects. It inhibits production of the free radicals H 2 O 2  and NO by 
macrophages [43, 44] and astrocytes [45]  in vitro . The pharmacological 
safety and effi cacy of curcumin makes it a potential compound for 
treatment and prevention of a wide variety of human diseases. 

 In spite of its effi cacy and safety, curcumin has not yet been approved 
as a therapeutic agent, and the relative bioavailability of curcumin has 
been highlighted as a major problem [46]. For this purpose, we intend to 
upload it using electrical pulses and study its effi cacy under these 
conditions in the HL60 cells. 

 Curcumin (diferuloylmethane) with a purity of more than 98% was 
purchased from Sigma-Aldrich Corporation (St Louis, MO), and was 
dissolved in dimethyl sulfoxide (DMSO) as a 10 mM stock solution and 
stored at −20 °C.   

  Chemical structure of Bleomycin       Figure 7.4 
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   7.2.3  Electroporation 

  Using Bleomycin and HL60, KG1, and 
ME180 cell lines 

 Both high intensity, short duration (1200 V/cm, 100  μ s) [27–33] and low 
intensity, long duration pulses (200 V/cm, 40 ms) [47] were used. In 
addition, medium intensity, 450 V/cm, 25 ms pulses were also used [48]. 
These pulses were chosen based on previous research and our experience. 
The choice of pulse parameters is critical as, if the pulse intensity is too 
high and/or too long, it kills the cells, and if it is too low and/or too short, 
pores will not open up to allow the drug to enter into the cells [49–52]. 
A BTX ECM 830 (Genetronics, Inc., San Diego, CA), square wave 
electroporator with 0.4 cm (electrode gap) cuvettes was used to conduct 
the study ( Figure 7.5 ). 

 The electroporation buffer used was RPMI 1640 media with 10% fetal 
bovine serum (ATCC). The sample to be electroporated was taken in the 
cuvette and generally fi xed at a total volume of 200  μ L. For those 
experiments requiring electroporation without any drug, 100  μ L of the 
cell suspension is used along with 100  μ L of media and electroporated. 
For electroporation with the drug, 100  μ L of cell suspension, 50  μ L of 
appropriate drug stock and 50  μ L of media was used. The drug is made 
up to required concentration by serial dilution technique. 

 The pulse parameters used are given in  Table 7.2  and the doses used 
were 0.1, 1 and 10  μ M of Bleomycin, very small compared to the 
conventional amount used in the clinics. In each case, 8 pulses at 1 second 
intervals (1 Hz) between pulses were used.  

  Electroporation apparatus and cuvettes       Figure 7.5 
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  Using curcumin and HL60 

 In the case of curcumin, 400  μ L cells were used with 5  μ L of curcumin at 
a concentration of 100 μM.  Table 7.3  shows the various pulse parameters 
studied.   

   7.2.4  Cell counting and viability 

 After electroporation, cells are counted to determine the viability. Trypan 
Blue assay was used to count the cells [53]. 

 For curcumin tests, iNcyto, disposable hemocytometer was used. 
For other tests, an Olympus CKX41, Phase contrast, inverted fl orescent 
microscope was used to image and count the cells. Images were captured 
using Motix software.   

  Pulse parameters studied     Table 7.2 

  Electric Field intensity, V/cm    Pulse width  

 1200  100  μ s 

 450   25 ms 

 200   40 ms 

  Curcumin pulse parameters for HL60 cells     Table 7.3 

  Sample 
No.  

  Description    Electric fi eld 
intensity, V/cm  

  Pulse 
Duration  

  Number of 
pulses  

 1  Control  –  –  – 

 2  Drug only  –  –  – 

 3  Drug + Pulse  1200 V/cm  100  μ s  8 

 4  Drug + Pulse  1000 V/cm  100  μ s  8 

 5  Drug + Pulse  200 V/cm  5 ms  4 

 6  Drug + Pulse  500 V/cm  20 ms  2 
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   7.3  Results and analysis 

   7.3.1  Dose curve 

 In order to prescribe the optimal amount of drug, so as to achieve 
maximum cell death without causing harmful side effects on the patient, 
a proper drug dose is required. There is only a thin line of seperation 
between optimal dose and drug overdose. In the case of drugs such as 
Bleomycin, this becomes even more vital, as the patient is only allowed to 
take a lifetime dose of 400 units. 

 In this study, the viability was studied for the doses of 0.1, 1.0 and 
10.0  μ M, for all 3 cell lines and for all the 3 pulse parameters. The cell 
viability decreases as the drug concentration increases, which is shown in 
 Figure 7.6 . While very low doses such as 0.1  μ M can also be effective, the 
1  μ M dose was much more effective as we moved from one pulse 
parameter to the other in all the 3 cell lines. When the dose was changed 
from 1–10 and 1–0.1  μ M, there was a nonlinear swing of 15–20% 
viability on both sides.  Figure 7.6  shows the drug dosage curve for the 
HL60 cell line. Similar data were obtained for other cell lines too.  

   7.3.2  Viability study 

  Figure 7.7  shows the microscopic pictures illustrating the viability of 
control (no treatment), 450 V/cm, 25 ms and 1200 V/cm, 100  μ s samples 

  Bleomycin dose curve for HL60 cell line       Figure 7.6 
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of ME180 cervical cancer cells. There is reduction in the number of live 
cells due to electroporation compared to control cells. Similar results were 
also obtained for other cells (data not shown).  Table 7.4  shows the 
mortality of the 3 types of cells studied.  Figure 7.8  shows a comparison of 
the viability of the 3 cell lines for various pulse parameters at 1  μ M dose. 

 The results indicate that among the various electroporation parameters, 
the cell mortality is found to be the highest at 450 V/cm, 25 ms, 8 pulses 
condition for all the 3 concentrations of Bleomycin for all the 3 cell 

  Viability of ME180 cervical cancer cells – control, 
450 V/cm, and 1200 V/cm samples respectively from 
left to right     

  Figure 7.7 
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lines. Comparatively 200 V/cm, 40 ms shows a lower cell mortality and 
1200 V/cm, 100  μ s mortality values were even smaller. At 10  μ M 
concentration, the viability decreased to around 56.5% for 450 V/cm 
pulses in HL60 cell line, which is almost a 50% decrease compared to 
control, whose viability is 89.0%. 

  Viability study of the three cell lines     Table 7.4 

  Electric Field 
Intensity V/cm  

  Pulse 
Width  

  Bleomycin 
Dose  

  HL60    KG1    ME180  

  Mortality, %  

 Control  –  –  11.0  12.0   7.7 

 Bleomycin only  –  1.0  μ M  14.8  14.7  13.4 

 EP only 200  40 ms  –  18.0  14.8  14.2 

 EP only 450  25 ms  –  18.8  17.3  20.0 

 EP only 1200  100  μ s  –  14.2  13.7  10.0 

 200  40 ms  0.1  μ M  26.4  19.2  18.8 

 450  25 ms  0.1  μ M  30.0  21.5  20.6 

 1200  100  μ s  0.1  μ M  20.6  15.0  18.0 

 200  40 ms  1.0  μ M  34.0  31.4  30.0 

 450  25 ms  1.0  μ M  38.2  40.0  35.0 

 1200  100  μ s  1.0  μ M  23.0  31.8  26.9 

 200  40 ms  10.0  μ M  42.9  42.1  42.2 

 450  25 ms  10.0  μ M  56.5  53.4  53.0 

 1200  100  μ s  10.0  μ M  39.2  35.8  35.5 

  Viabilities of the three cell lines at various pulse 
parameters for 1  μ M concentration of Bleomycin for 
ME180 (left), KG1 (middle) and HL60 (right) cells at 
various conditions     

  Figure 7.8 
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  Table 7.4  shows the pulse parameters studied for curcumin at 100  μ M 
concentration using HL 60 cells and  Figure 7.9  shows the corresponding 
viabilities at various periods, including immediately after pulsing (0 h), 
after 24 hours and 48 hours. The results show that with electrical pulses, 
the effi cacy of curcumin is felt immediately compared to the control (with 
no treatment) and with drug only (no pulses). In general, all of the pulse 
parameters are effective after 24 and 48 hours, including the drug- only 
sample. Considering that the bioavilability of the turmeric is rapid and it 
is metabolized quickly, the use of electrical pulses is a viable option for 
enhancing the effi cacy of targeted locoregional delivery. 

 Sample 1-control (no treatment), 2-drug only, 3–1200 V/cm, 100  μ s, 
8 pulses, 4–1000 V/cm, 100  μ s, 8 pulses, 5–200 V/cm, 5 ms, 4 pulses and 
6–500 V/cm, 20 ms, 2 pulses. All at 1 second interval  

   7.3.3  Equivalent energy and charge 

 In the absence of the measurement of the resistance or the current values, 
the energy applied during each pulse application could be computed as 
V 2 TN J/ Ω , where V is the applied voltage in V (E V/cm*0.4 cm), T is the 

  Viabilities of the HL60 cell line at various pulse 
parameters for 100  μ M concentration of curcumin. 
 Sample 1-control (no treatment), 2-drug only, 
3–1200 V/cm, 100  μ s, 8 pulses, 4–1000 V/cm, 100  μ s, 
8 pulses, 5–200 V/cm, 5 ms, 4 pulses and 6–500 V/
cm, 20 ms, 2 pulses. All at 1 second intervals     

  Figure 7.9 
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pulse width in s, and N is the number of pulses. The equivalent of charge is 
calculated as ETN C/ Ω . Energy and charge are indicators of the current 
applied and hence the duration for which the voltage is applied. The higher 
the energy, the lower the viability and vice versa. Thus a negative linear 
relationship is obtained for each of the pulse parameters studied in all the 
three cell lines. Use of energy as a parameter also has an attractive serendipity, 
in that the medical community would understand the terminology and the 
technique easily, since energy in joules is used for defi brillation and other 
techniques.  Figures 7.10 (a) and (b) show the energy and charge applied and 
the corresponding viability for the various samples for the HL60 and KG1 
cell lines. A comparison of previously published results indicates good 
qualitative correlation in trends ( Figures 7.11 (a) and (b)) [54, 55].   

  (a) Energy (J/ Ω ) vs. viability plot for HL60 cell line       Figure 7.10 

  (b) Charge equivalent (Q/ Ω ) vs. viability plot for KG1 
cell line     

  Figure 7.10 
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   7.4  Conclusions 
 Electrochemotherapy is an extremely effective, physical technique that 
enables cytotoxic drugs to have direct access to the cytosol [56]. This 

  Negative linear relationship between viability vs. 
electroporation energy applied (a) [54] and charge 
delivered (b) [55]     

  Figure 7.11 
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budding mode of therapy uses electrical pulses and chemo drugs to trigger 
cell death in cancerous cells. The effi cacy of this technique depends on a 
variety of factors, including electric fi eld intensity, pulse duration and the 
number of pulses. In this study, HL60, KG1 and ME180 cancerous cell 
lines were subjected to electroporation in the presence of 1  μ M Bleomycin 
at 1200 V/cm, 100  μ s; 450 V/cm, 25 ms; and 200 V/cm, 40 ms. 

 HL60 cells were also studied at 100  μ M curcumin concentration for 
their effi cacy in preventing proliferation of the HL60 leukemia cells. The 
results indicate the promise of using electro- curcumin therapy for the 
proliferation control of HL60 leukemia cell lines. Electrical pulse 
intensities, as low as 200 V/cm, but long duration (40 ms) and 450 V/cm, 
25 ms offer lower viability, indicating the effi cacy of electrochemotherapy 
using Bleomycin chemodrug. 

 The dose curve helps to optimize the dose levels for a given viability 
(and hence cell death) of the tumors to be treated. The energy applied 
and the charge accumulated with each pulse is also calculated. The 
energy calculations indicate that the higher the energy value, the lower 
is the viability or with increase in energy delivered, there is increase 
in cell death. It is possible to use a single, simple, key parameter, such 
as energy to describe the effi cacy of optimization of electrical 
parameters. 

 It is interesting to observe that when using Bleomycin, the viabilities of 
the three cell lines at various pulses parameters are almost similar. This 
could indicate that the properties and composition of the cell membrane 
of these three types of cells may be similar. It may be noteworthy that 
KG1 and HL60 are cancers of myeloid origin and hence arise from the 
same precursor. This means that the overall membrane composition of 
these blood- forming cells would be similar, which can account for the 
similarity seen in the electroporation viability values. With similar 
viability also observed in the cervical cancer cell line, we may conclude 
that the membrane properties of these three cancer cells, in general, may 
be similar with particular respect to amenability to these parameters of 
electroporation at these doses. 

 Considering that 20 million people were living with cancer in 2010 
[10] and the trend seems to rise every year, and that the currently 
administered doses of chemo drugs are costly with severe side effects, not 
just from chemo drugs but also from other drugs given for coping with the 
chemo and surgery, there is a critical need for effective, safe, physical and 
affordable alternative treatments. Since this method allows specifi c entry 
of poorly permanent chemotherapeutic drugs into cells at specifi c tissue 
locations without affecting neighboring regions, electrochemotherapy 
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has the potential to be a viable tool for the treatment of patients suffering 
from chemo- refractive tumors.  
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