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1. Introduction

A hydrogen fuel cell is an electrochemical device that 
converts energy from the chemical reaction of hydrogen 
fuel into electrical energy (electricity). This device 
exhibits several advantages such as high efficiency (60% 
or higher), low temperature operation (∼100oC), and 
zero waste emission as the by-products are only heat, 
water, or steam when only hydrogen and air are the 
reactants [1]. Fuel cells are thriving in the automobile 
industry as this fuel source is being developed by the 
world’s leading automobile companies such as General 
Motors (USA), Ford (USA), Daimler Benz (Germany), 
Renault (France), Toyota (Japan), Nissan (Japan), Honda 
(Japan), and Hyundai (Korea). Indeed, the potential of 
these fuel cells in life-service industries is enormous 

[2]. In addition to transportation, power generation, and 
heat applications, fuel cells are also utilised in mobile 
applications like mobile phones and laptops [3]. Proton 
exchange membranes or polymer electrolyte membranes 
(PEMs) are the core and most critical component of a 
proton exchange membrane fuel cell (PEMFC) because 
it acts to conduct protons from the anode to the cathode, 
prevents hydrogen and oxygen diffusion across the 
membrane, and thus is involved in energy efficiency and 
durability of fuel cells [4]. Currently, the most popular 
material used to make PEM is Nafion, but this material 
faces some limitations such as low proton conductivity 
with increasing temperature (>70oC) and decreasing 
relative humidity (RH) (RH <50%), high gas permeation, 
and high cost [5]. This has prompted scientists to find 
new materials to replace Nafion.
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Abstract:

The water states of poly(styrene sulfonic acid) (PSSA) grafted poly(ethylene-co-tetrafluoroethylene) copolymers 
(ETFE-PEMs) with grafting degree (GD)=8.8-30.5% are investigated under ambient conditions by using FT-
IR analysis. Detailed analysis of the FT-IR spectra of ETFE-PEMs allows the observation of each component of 
water in the two broad bands of 1500-2000 cm-1 and 2400-3800 cm-1. These components include protonated water 
(H3O

+…(H2O)n), H-bonded water to sulfonic acid groups ((SO3)…(H3O
+)(H2O)n), H-bonded water to other water 

molecules ((H2O)…(H2O)), and non-H-bonded water (HOH…F). Of these water forms, ((SO3)…(H3O
+)(H2O)n) 

is predominantly represented. Free water (non-H-bonded water) is assumed to be trapped in the holes of the ETFE 
backbone and is thus difficult to remove at 50oC over a 24 h period. The total peak areas of the water molecules 
significantly increase with GD indicating that the ETFE-PEM with higher GD possesses higher water content. 
Moreover, the increase of the total peak area with GD via two steps reveals an interesting relationship between 
the hierarchical structures and the capacity of water content under ambient conditions. The observed water 
content at ambient conditions can significantly affect the conductance of ETFE-PEMs under conditions of low 
relative humidity such as during fuel cell operation or measurement procedures of specific characterisations 
or testing methods.
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Among the many new candidate materials, PSSA 
grafted ETFE-PEMs exhibit several advantages such 
as high proton conductivity, good heat resistance, good 
chemical stability, moderate water absorption, and high 
mechanical stability [6]. Thus, this graft-type PEM has 
been extensively investigated by our group and others [7-
11]. During characterisation of PEMs for hydrogen fuel 
cell applications, many measurement procedures and 
testing methods have been realised to study the water 
content or water state in PEMs including ion exchange 
capacity (IEC), water uptake, mechanical strength, 
proton conductivity, thermogravimetric analysis (TGA), 
differential scanning calorimetry (DSC), positron 
annihilation spectroscopy, X-ray photoelectron spectra 
(XPS), etc. [12]. The amount of water absorbed in the 
surrounding environment can affect the subsequent water 
absorption when PEM is placed in an environment with 
higher RH or total hydration [9] and thus it is involved in 
the conductance of membranes under conditions of low 
RH [13, 14]. However, there have been no reports about 
this critical issue despite its importance in obtaining 
precise results from the abovementioned characterization 
methods and as the primary step toward understanding 
the water absorption and proton conductance mechanisms 
under various RH conditions and especially at very low 
RH. 

Therefore, in this study, we report an examination 
of the water states of ETFE-PEMs with GD=8.8-30.5% 
by using FT-IR spectroscopy as this technique is very 
sensitive to the existence of water molecules even at a very 
small amount [14]. The states of water are investigated 
and discussed by using FT-IR analysis as a function of 
GD. This study provides the first insights into water 
states in graft-type PEMs in their ambient environment.

2. Materials and methods

2.1. Materials 

ETFE films of 50-μm thickness were provided by 
Asahi Glass Co. Ltd., Japan. Styrene, sodium chloride, 
1,2-dichloroethane, and sodium hydroxide were 
provided by Wako Pure Chemical Industries, Ltd., Japan. 
Acetone, sulfonic acid, toluene, and hydrogen peroxide 
were purchased from Wako Pure Chemical Industries, 
Ltd. All the organic chemicals were used without further 
purification [7, 8]. 

2.2. Preparation 

The general procedures for preparation and an 
illustration of the chemical structures of ETFE and 
ETFE-PEM are depicted in Scheme 1. All materials, 
reagents, and details on the preparation of ETFE-PEMs 
using the pre-irradiation grafting method have been 
previously described [7, 8]. Briefly, the ETFE films were 
irradiated by gamma rays emitted from a 60Co source 
(Japan Atomic Energy Agency in Takasaki, Japan) under 
argon conditions with an absorbed dose of 15 kGy and a 
dose rate of 15 kGy/h. The irradiated samples were then 
immersed in a styrene solution (in toluene solvent) with 
different concentrations at 60oC for graft polymerization 
to obtain polystyrene-grafted ETFE films. The GD is 
determined based on the formula: GD (%) = 100*(Wg 
- W0)/W0, where W0 and Wg are the weights of pristine 
ETFE and the grafted film, respectively. The grafted 
films were soaked in a 0.2-M chlorosulfonic acid solution 
in a 1,2 dichloroethane solvent at 50oC for about 6 h of 
sulfonation to obtain ETFE-PEMs [8, 9]. 

Scheme 1. Synthetic scheme and molecular structures for ETFE-
PEMs using pre-irradiation grafting of styrene onto the ETFE 
substrate and subsequent sulfonation [9].

2.3. FT-IR measurement

The chemical structures and water states of the 
pristine ETFE and ETFE-PEMs were investigated by 
using Fourier-transform infrared (FT-IR) spectroscopy in 
absorption mode at the Center for Nuclear Technologies 
in Ho Chi Minh city, Vietnam. Before the FT-IR 
measurements, the ETFE-PEMs were dried in a vacuum 
oven at 50oC for 24 h to remove the remaining water 
molecules inside the membranes. FT-IR spectra were 
recorded using a spectrometer (IRAffinity1, Shimadzu, 
Japan) at wavenumbers ranging from 400 to 7000 cm-1 
over the course of 64 scans with a resolution of 4 cm-1 at 
room temperature. 

3. Results and discussion

FT-IR spectra of the original ETFE and the ETFE-
PEMs with GD ranging between 8.8-30.5% are shown 
in Fig. 1. The FT-IR spectrum of pristine ETFE was 
reported previously [10]. Briefly, the film is characterised 
by strong bands in the wavenumber range of 1000-1400 
cm-1, which identifies the CF2 groups. In addition, the CH2 
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asymmetric stretching vibration rises around 2974 and 
2879 cm-1 and the sharp band at 1452 cm-1 is assigned to 
the -CH deformation [11]. After grafting and sulfonation, 
all the ETFE-PEMs show the similar characteristic peaks 
of original ETFE plus new peaks at 1492 and 1600 cm-1 
that are ascribed to deformation of the conjugated C=C 
of the benzene ring. In addition, bands appeared at 756 
and 698 cm-1, which are assigned to CH out-of-plane 
vibration, and the bands found at 3020-3010 cm-1 are 
ascribed to C-H stretching [15]. These spectral features 
indicate that styrene was indeed grafted onto the ETFE 
film. Also observed are absorption bands at 840 and 607 
cm-1 due to the stretching vibration of S=O and the two 
broader bands of 1500-2000 cm-1 and 2400-3800 cm-1 
are due to the existence of water molecules. These peak 
features indicate that the grafted film was sulfonated by 
the introduction of the -SO3H group [15]. Also seen in 
Fig. 1 is the significant increase in the broad bands of 
1500-2000 cm-1 and 2400-3800 cm-1 with the increase 
of GD, which indicates that ETFE-PEM with higher GD 
possesses more water content despite ambient conditions. 
Surprisingly, the source of the water content has not been 
clear until now. Indeed, the source may originate from the 
fact that the membranes re-absorbed water after treatment 
at 50oC for 24 h as described in the Experimental section 
and/or free waters, which are confined in the free-volume 
holes of the crystallite phases and/or bonded waters, 
which are assigned to the strong hydrogen bonding effect 
between sulfonic acid groups and water [11]. 

4000 3500 3000 2500 2000 1500 1000 500

 

Wavenumber (1/cm)

ETFE-PEM 30.5%

ETFE-PEM 19.8%

ETFE-PEM 10.2%

ETFE-PEM 8.8%

Original-ETFE

Fig. 1. FT-IR spectra of the original ETFE film and ETFE-PEMs with 
GD ranging between 8.8 and 30.5%.

There have been reports that water content 
dramatically affects several measurements of the graft-
type PEMs such as XPS [15], IEC [15, 16], PALS [15], or 

the conductance of membranes at low RH [13]. Thus, in 
the following sections, we performed the analysis of FT-
IR spectra in detail to explore the water states and water 
content in ETFE-PEMs with various GD values. 

Figure 2 shows the FT-IR spectrum of ETFE-PEM 
(GD=10.2%) with a band at 1500-2000 cm-1 due to the 
bent oscillation of the -OH group plus a peak at 1600 cm-1 
representing the C=C group of polystyrene grafted onto 
the pristine film as represented above. Thus, the spectrum 
is deconvoluted into four component peaks including 
peak1 at 1636 cm-1 (assigned to the -OH group’s bending 
oscillation in (H2O)n), peak2 at 1700 cm-1 (attributed to 
the bending oscillation of the -OH group in hydronium 
(H3O

+)), peak3 at 1788 cm-1 (representing the bending 
oscillation of -OH group in large protonate groups such 
as the ions Zundel (H5O2

+) and Eigen (H9O4
+)) [17], plus 

the peak at 1600 cm-1 of C=C. The above assignments 
are based on the fact that the O-H bond length in (H2O)n 
is the smallest, followed by H3O

+, and then the large 
protonate group. A considerable bond length leads to 
a small bonding force and, thus, the bending energy is 
enormous, which is why the large protonate group is 
located at the largest wavenumber [18].

Fig. 2. A deconvolution model for FT-IR spectrum of ETFE-PEM 
with GD=10.2% in the spectral region of 1500-2000 cm-1.

The oscillation frequency of the peaks represents 
the bent oscillation of the OH group so that the changes 
in the position of the peaks and peak intensity can 
be compared. Fig. 3A shows the spectrum of each 
component peak, and the results indicate that the peak 
positions of all membranes do not change with GD. 
However, contrary to the peak positions, the peak areas 
(Fig. 3B) change significantly with GD and follows the 
order of peak2 (H3O

+) > peak3 (H5O2
+) > peak1 (H2O)n. 

Moreover, H3O
+

 is predominantly represented, which 
indicates that the hydrogen bonds connecting protonate 
and H2O are preferred in all the ETFE-PEMs. The 
result can be explained by the fact that the PSSA groups 
can reach and elongate in free water clusters. These 

(cm-1)

(cm-1)
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free water clusters continue to participate in the group 
dissociation process, i.e., -SO3H + H2O  -SO3

- + H3O
+ 

and the  combines with free water (H2O)n to create H3O
+, 

H5O2
+, or larger clusters. Therefore, the content of free 

water (H2O)n is small while the water component of H3O
+, 

H5O2
+, and H9O4

+ increases with GD [19]. This result 
leads to an assumption that, under ambient conditions, 
the ETFE-PEMs possess water molecules that are mainly 
located around the PSSA groups but these amounts of 
water are not large enough to form water channels. 
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Fig. 3. FT-IR spectra of ETFE-PEMs with GD=8.8-30.5% in the band 
region of 1500-2000 cm-1 for (A) each component peak and (B) the 
corresponding peak area.

Figure 4 shows the FT-IR spectrum in the band region 
of 2400-3800 cm-1 of ETFE-PEM with GD=10.2%. This 
band represents the drag oscillation of the -OH group. In 
this region, water modes are classified into hydrogen-free 
water containing “mixture” waters located in the larger 
band region and a “continuum” of water possessing the 
hydrogen bonds that form a network located at the smaller 
band region [17]. Thus, the spectrum is deconvoluted 
into nine component peaks including five peaks relating 
to water molecules and four peaks representing PS grafts 
and pristine ETFE. Peak1 at 2669 cm-1 is assigned to the 
symmetric tensile oscillation of HO…H in the protonated 
water species hydronium (H3O

+) [17, 20]. Peak2 at 3032 
cm-1 is attributed to the tensile oscillation of the O-H 
bond in the protonate group that directly interacts with 
the -SO3

- group according to the model (SO3
-)…(H3O

+)
(H2O)n [21]. Peak3 at 3260 cm-1 is assigned to protonated 
water species in the form of a Zundel cation (H5O2

+) 
[21]. Peak4 at 3441 cm-1 is attributed to O-H stretching 
vibrations of H-bonded water molecules to other water 
molecules [(H2O)…(H2O)] and is also referred to as 
“bulk water” [21]. Because of the existence of the 
extracellular hydrogen spherical bonds HO…H in the 
form of a Zundel cation (H5O2

+), peak3 is located at a 

position where the wavenumber is greater than peak1 and 
peak2 but smaller than peak4. Finally, peak5 at 2571 cm-1 
represents the free water group, which has no hydrogen 
bond [20]. In the ETFE-PEMs, water molecules without 
hydrogen bonds can only be located in free-volume holes 
and only have physical interactions (HOH… F) or as 
surface waters [20, 22]. This water group is not affected 
by hydrogen bonds, so it has the highest energy and, 
thus, it is located at the largest wavenumber among the 
five water components. The above results indicate that 
even under dried conditions, the membranes contain 
water molecules in different states. It is interesting that 
free water (non-H-bonded water) is also trapped in the 
membranes.  

Fig. 4. A deconvolution model for the FT-IR spectrum of ETFE-PEM 
with GD=10.2% in the spectral region of 2400-3800 cm-1.

Figure 5A shows the spectrum of each component’s 
peak in the band region of 2400-3800 cm-1 and the 
results indicate that the peak positions of all samples are 
nearly unchanged with GD, which is similar to that in 
the spectral region of 1500-2000 cm-1. Fig. 5B shows the 
peak area of ​​each component peak, and the results indicate 
that the peak areas significantly change with GD and 
follow the order of ​​peak2 [(SO3)…(H3O

+)(H2O)n] > peak4 
(H2O…H2O) > peak3 (H5O2

+) > peak1 (H3O
+) > peak5 

(HOH…F). Peak3 (H5O2
+) is of the -OH group in the 

large protonate groups, which can form the Zundel 
(H5O2

+) because as GD increases, the elongated PSSA 
chains reach local water clusters in the membrane. 
Simultaneously, the electrostatic binding force pulls 
water groups around PSSA chains, which leads to the 
increase of water content. As GD increases from 19.8 
to 30.5%, the surrounding water content also increases. 
At the same time, the -OH bond in the large protonate 
groups is formed diverse, possibly in Zundel (H5O2

+). 
Therefore, the same -OH group in large protonate groups 
exhibits multiple components leading to the increase of 

(cm-1)

 (cm-1)
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peak area with GD [19, 22]. The water state of ((SO3)…
(H3O

+)(H2O)n) is the most dominant and located mainly 
around the PSSA chains, but these water amounts are not 
large enough to form water channels, which is entirely 
consistent with those in the spectral region of 2400-3800 
cm-1.
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Fig. 5. FT-IR spectra of ETFE-PEMs with GD=8.8-30.5% in the band 
region of 2400-3800 cm-1 for (A) each component peak and (B) the 
corresponding peak area.

Figure 6 shows the total peak areas of the ETFE-PEMs 
with GD=8.8-30.5% in the spectral region of (A) 1500-
2000 cm-1 and (B) 2400-3800 cm-1. Interestingly, the total 
peak areas in both regions increase quickly and linearly 
with GD in the range of 8.8-19.8% and then increase more 
slowly as GD increases to 30.5%. In other words, the 
increase occurs via two steps even at ambient conditions. 
The increase of total peak area with GD can be explained 
by the fact that the membrane with higher GD possesses 
a higher number of -SO3H groups, thus possessing 
more water molecules [7]. The increase via two steps 
should be related to the hierarchical structure change of 
ETFE-PEMs, in which the lamellar period and oriented 
crystallite sizes (i.e., lamellar grain sizes) increased 
quickly in the GD of 0-19% and then more slowly with 
higher GD, as observed by small- and ultra-small angle 
X-ray scattering (SAXS/USAXS) [9]. The increase of 
the lamellar period and lamellar grain sizes indicate that 
the PSSA grafts were generated in the amorphous region 
of lamellar structures and/or in the regions between two 
lamellar grains. These newly generated graft phases can 
absorb water molecules as observed by SAXS/USAXS 

when measuring the ETFE-PEMs under dry and hydrated 
states [9]. Thus, the result depicted in Fig. 6 provides the 
first evidence that the higher-order structure change of 
ETFE-PEMs in the low GD range of 8.8-30.5% relates 
closely to their water content even at ambient conditions.
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Fig. 6. The total peak area of ETFE-PEMs with GD=8.8-30.5% in the 
spectral region of (A) 1500-2000 cm-1 and (B) 2400-3800 cm-1. 

From the basic FT-IR analysis of ETFE-PEMs, the 
water states inside the membranes are classified into four 
types [20] including protonated water, water H-bonded 
to other water molecules, water H-bonded to sulfonic 
acid groups, and non-H-bonded water as depicted in Fig. 
7. Protonated water plays an essential role in proton 
conductance for fuel cells since, in its hydronium form, 
protons are transported via a diffusion mechanism that 
occurs when the water content is low [19]. When the 
number of water molecules increases at low temperatures, 
water binds with H3O

+ to form a hydrogen-bonding 
network such as Zundel (H5O2

+), Eigen (H9O4
+), etc., 

and thus are separated from the SO3
- group and tend to 

diffuse through the membranes [23]. The water group, 
which directly interacts with the -SO3H group, results in 
the dissociation of hydrogen to form SO3

- and H3O
+ [19] 

and then to transport proton through the oscillations of 
polymer chains due to the attraction between the SO3

- 
and H3O

+ groups. The water form that does not interact 
with H3O

+ but interacts through hydrogen bonds is the 
most important water group because they are sensitive 
to RH and play an important role in transporting protons 
across the membrane [24]. The remaining water form 
is the so-called free water as it may be trapped in the 
voids (or free-volume holes) without hydrogen or water 
bonds. This amount of water is not significant and does 
not contribute to proton conductance, nonetheless, it is 
difficult to remove even after drying and can also cause 
membrane swelling. 

(cm-1)
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Fig. 7. A proposed model of the water states in ETFE-PEM. 

4. Conclusions

Detailed analysis of the FT-IR spectra of ETFE-
PEMs with GD=8.8-30.5% provides an observation of 
component waters in the two broader bands of 1500-
2000 cm-1 and 2400-3800 cm-1 that include protonated 
water (H3O

+
, H5O2

+
 ), H-bonded water to sulfonic acid 

groups ((SO3)…(H3O
+)(H2O)n), H-bonded water to other 

water molecules ((H2O)…(H2O)), and non-H-bonded 
water (HOH…F) at ambient conditions in which the water 
form of ((SO3)…(H3O

+)(H2O)n) is mainly represented. 
The free water (non-H-bonded water) is assumed to be 
in the holes of the ETFE matrix and, hence, this is the 
most difficult water to remove under conditions of 50oC 
for 24 h. The total peak areas of the water molecules 
dramatically increase with the increase of GD indicating 
that the ETFE-PEM with higher GD possesses higher 
water content. The increase of these total peak areas with 
GD via two steps revealed the important relationship 
between the higher-order structures and the capacity 
for water content at ambient conditions. Note that these 
observed contents can have a significant effect on the 
conductance of ETFE-PEMs under the conditions of low 
relative humidity and on the results of measurements of 
certain characterisations or testing methods. 
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1. Introduction

PEC water splitting is one of the most promising and 
environmentally friendly approaches to providing clean 
and renewable energy. The process of water splitting 
comprises two half-cell reactions of water oxidation and 
proton reduction to hydrogen, which require a minimum 
energy of 1.23 eV to drive the reactions [1]. In a PEC 
system, the photoelectrode is a key component that plays 
an important role in capturing and converting solar energy 
directly to chemical energy in the form of hydrogen and 
oxygen. Various semiconducting materials such as TiO2, 
ZnO, BiVO4, Fe2O3… have been extensively explored as 
photoelectrodes for efficient PEC water splitting [2-4]. 

Over the few past decades, TiO2 has become known 
as one of the most widely used materials for research 
applications related to environmental concerns and 
solar energy conversion. Recently, the use of a TiO2-
based photoelectrode for PEC water splitting has been 
considered as the superior candidate due to its strong 

photocatalytic activity, excellent chemical stability, and 
cost savings [5, 6]. However, low electron mobility, fast 
recombination of the photoexcited carriers, and wide 
band gap (∼3.2 eV for anatase and ∼3.0 eV for rutile 
phases) hampers the application of TiO2 in photocatalytic 
materials [7]. Among the different strategies to overcome 
these drawbacks of TiO2 photocatalysts, metal ion doping 
of TiO2 is an effective strategy that improves its electronic 
properties, optical sensitivity, and photocatalytic 
activities. Existing research on metal ion doping of TiO2 
has recognised the critical role played by cation doping to 
extend the photoresponse of TiO2 into the visible spectral 
range and to achieve more efficient photocatalytic 
properties. In particular, doping with metal ions tailors the 
energy bandgap and increases the electric conductivity of 
TiO2 [8, 9]. Among metal ions such as Fe, Co, Mn, W, 
Ni, etc., the Fe(III) ion has attracted much attention as 
a dopant into the TiO2 lattice due the similarity of their 
ionic radii [10]. In addition, doping with Fe can induce 
charge trapping levels in the energy band of TiO2 and 
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promote the interfacial charge transfer process resulting 
in the prevention of charge carrier recombination [11]. 
Many approaches have been employed to dope TiO2 
nanostructures such as sol-gel methods, impregnation 
techniques, hydrothermal methods, or some combination 
of these [12, 13]. However, among these approaches, 
the use of hydrothermal methods have the advantage 
of achieving a good crystalline phase of the TiO2 
nanostructures, which is a benefit to thermal stability and 
photocatalytic activities.

In the present work, we report our recent efforts to 
understand the effects of Fe dopant concentration on TiO2 
nanorods. To achieve this, different doping concentrations 
of Fe were introduced into TiO2 nanorods via an in-
situ doping process using a hydrothermal method. 
The structural properties, morphologies, and optical 
properties of the obtained samples were characterised in 
detail. Moreover, the visible light PEC activities of the 
Fe-doped TiO2 nanorods were investigated to evaluate 
the effect of Fe doping concentrations on the PEC 
performance of the TiO2 nanorods. 

2. Experimental design 

2.1. Materials and synthesis

All chemicals were purchased from Sigma Aldrich and 
were used without further purification. Titanium butoxide 
(C16H36O4Ti, >97%) was used as the TiO2 precursor. 
Fe(III) nitrate nonahydrate (Fe(NO3)3.9H2O, >98%) was 
used as the Fe source for doping the TiO2 nanorods. The 
aqueous solutions were prepared using hydrochloric acid 
(HCl, 37%) and deionised (DI) water. Another solvent of 
ethanol (C2H5OH) was used for substrate cleaning.

Undoped TiO2 and Fe-doped TiO2 nanorods were 
prepared on fluorine-doped tin oxide (FTO) glass 
substrates in a Teflon-lined stainless steel autoclave 
using a hydrothermal method. The FTO substrates were 
cleaned prior to use by ultrasonication using ethanol and 
DI water, and subsequently dried under nitrogen gas. For 
the synthesis of the TiO2 nanorods, an aqueous solution 
containing 0.2 ml of C16H36O4Ti, 9 ml of HCl, and 9 ml of 
DI water was vigorously stirred until the solution became 
transparent. The mixture was then transferred to a 25-ml 
Teflon-lined stainless steel autoclave containing cleaned 
FTO substrates, followed by hydrothermal treatment at 
180oC for 8 h. After the reaction was cooled down to 

room temperature, these samples were rinsed extensively 
with DI water and were dried under nitrogen gas. Finally, 
the samples were annealed in air at 500oC for 1 h. In-
situ Fe-doped TiO2 nanorods were prepared in a similar 
process except that certain amounts of Fe(NO3)3.9H2O 
were added into the mixed solution. The Fe dopant was 
used with 5, 10, and 20 mM molar concentrations, and 
the Fe-doped TiO2 nanorods samples were denoted as 
T-Fe5, T-Fe10, and T-Fe20, respectively.

2.2. Characterisation and PEC measurement

The morphologies and structures of the synthesised 
samples were investigated by using SEM (Hitachi 4800) 
and XRD (Siemens D5000), respectively. The structural 
properties of the samples were investigated via micro-
Raman spectroscopy using an excitation of 532 nm and a 
charge-coupled device detector.

A three-electrode system was assembled for the 
PEC measurement, which was performed in 1 M KOH 
electrolyte solution under simulated solar light with a 
150 W xenon lamp (Newport 94021A). The reference 
and counter electrodes were made of Ag/AgCl and a 
Pt coil, respectively. Linear sweep voltammetry (LSV) 
and photocurrent-time scans were measured by an 
electrochemical analyser (DY2300 Series Potentiostat/
Bipotentiostat, Digi-Ivy). 

3. Results and discussion

3.1. XRD analysis

The structure of the synthesised materials was 
determined by XRD. Figure 1 shows the XRD patterns 
of the TiO2 and Fe-doped TiO2 samples with different 
Fe doping concentrations. The TiO2 sample possesses 
diffraction patterns with strong characteristic peaks at 2θ 
angles of 26.8, 36.4, 41.6, 54.7, 63.1, and 70.2°, which 
can be assigned to (110), (101), (111), (211), (002), and 
(112) planes of the tetragonal rutile structure of TiO2 
(JCPDS No. 88-1175). The diffraction peaks of the 
FTO substrate were also observed and were marked by 
asterisk signs. The diffraction peaks of the Fe-doped TiO2 
samples with different Fe doping concentrations were all 
in good accord with the rutile phase of TiO2. Additionally, 
any other crystalline phase containing metallic Fe or Fe 
oxides could not be observed. Compared to the pristine 
TiO2 sample, the peaks of the Fe-doped TiO2 sample 
were slightly broader and weaker. It is worth noting that 
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careful analysis of the main peak (110) of the rutile phase 
revealed a slight shift to lower angles for the Fe-doped 
TiO2 sample, as can be seen from the inset of Fig. 1. It 
is also observed that the higher Fe doping concentration 
caused a larger shift toward lower angles. These shifts 
can be explained by the possible substitution of Ti4+ by 
Fe3+ in the crystal lattice of TiO2. Due to the fact that the 
radius cation of Fe3+ (0.64 Å) is a little larger than that of 
Ti4+ (0.61 Å) [14], this replacement of Ti4+ by Fe3+ causes 
an increase in d-spacing that consequently causes a shift 
of the peak position to the lower angle side. Due to the 
change in the d-spacing, the crystal lattice of net TiO2 
was deformed, which resulted in a slightly weakened and 
broadened XRD peaks of the Fe-doped sample [15].
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Fig. 1. XRD patterns of TiO2 and Fe-doped TiO2 nanorods on FTO 
substrates. The inset shows the peak (110) in the short range of 
diffraction angle.

3.2. Morphology

The morphologies and microstructures of the pristine 
and in-situ Fe-doped TiO2 nanorod samples were 
investigated using SEM. Fig. 2 shows SEM images of 
the undoped TiO2 nanorods and Fe-doped TiO2 nanorods 
with different Fe doping concentrations. It can be seen 
from Fig. 2A that the nanorods uniformly formed at a 
relatively high density with large spaces between each 
nanorod. These nanorods appear in tetragonal shapes 
with a square base and the diameter of each nanorod 
was ∼250 nm. A cross-sessional SEM image of the TiO2 
sample reveals that vertically aligned nanorods were 
uniformly grown on the FTO substrate, and the film 
had a thickness of ∼3.5 µm (Fig. 2E). When Fe dopant 
was introduced into the TiO2 nanorod via in-situ doping 
of concentrations of 5 and 10 mM, the morphology of 
the doped samples remained the same as shown in Fig. 
2A, i.e., the nanorods maintained their tetragonal shape 

(Figs. 2B and 2C). However, when increasing the doping 
concentration to 20 mM, larger nanorods formed at a 
higher density and thus the space between nanorods were 
narrower in this sample (Fig. 2D).

Fig. 2. SEM images of (A) undoped TiO2 and Fe-doped TiO2 with 
different doping concentrations of (B) 5, (C) 10, and (D) 20 mM; (E) 
cross-sessional SEM image of undoped TiO2 nanorods.

3.3. Raman studies

To further investigate the structural properties and 
the effect of Fe doping on the TiO2 nanorods, Raman 
spectroscopy was employed. It is well known that changes 
in Raman signals reflect a change of phase, bond, and/or 
structural defects in nanostructured materials [16, 17]. 
Fig. 3 shows the Raman spectra of undoped and Fe-doped 
TiO2 nanorods with different Fe doping concentrations. 
For the pristine TiO2 nanorod sample, three typical Raman 
active modes were detected near 145, 447, and 612 cm-1, 
which were assigned to the B1g, Eg, and A1g vibrational 
modes of the rutile phase of TiO2. Another Raman peak 
positioned around 240 cm-1 was attributed to the second-
order effect (SOE) [18]. All doped samples also exhibited 
the four vibrational modes, and no Raman peaks related 
to Fe or Fe compounds were detected. In addition, the Eg 
mode of the doped samples slightly decreased in Raman 
intensity and were accompanied by a slight shift to lower 
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wavenumbers (red shift) as shown in the inset of Fig. 3. 
The red shift of the Eg mode was attributed to internal 
strains caused by doping the TiO2 structure [19]. This 
result indicated the substitution of Ti4+ by Fe3+ within the 
crystal lattice of rutile TiO2 and reconfirms the results 
obtained from XRD.
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3.4. PEC performance

In order to investigate the effect of Fe doping 
concentration on the visible light PEC activity of the 
TiO2 nanorods, photoelectrodes in the PEC cell were 
prepared from the synthesised samples. The working 
areas of all photoelectrodes were fixed at dimensions 
of 0.5×0.5 cm2 by using non-conductive epoxy to 
cover the undesired area of the samples. LSV of the 
photoelectrodes was recorded under illumination of a 
solar light simulator to evaluate the PEC performance of 
the samples. Fig. 4A shows the current density-potential 
(J-V) curves of the undoped TiO2 photoelectrode and 
Fe-doped TiO2 photoelectrodes with different Fe doping 
concentrations of 5, 10, and 20 mM, hereafter referred 
to as the T-Fe5, T-Fe10, and T-Fe20 photoelectrodes, 
respectively. The PEC activity was greatly enhanced 
due to Fe doping into the TiO2 nanorods. With an Fe 
doping concentration of 5 mM, the T-Fe5 photoelectrode 
showed a photocurrent density of 2.2 mA/cm2 at an 
applied potential of 0.5 V, which was higher than that 
of the undoped TiO2 photoelectrode (1.5 mA/cm2 at 0.5 
V) as shown in Fig. 4B. After increasing the Fe doping 
concentration to 10 mM, the photocurrent density of the 
T-Fe10 photoelectrode increased remarkably to 2.9 mA/
cm2 at 0.5 V. The photocurrent density of the T-Fe10 

photoelectrode was comparable with those of previously 
reported metal-doped TiO2 photoelectrodes such as Sn-
doped TiO2 nanowires (1.85 mA/cm2 at 0 V) [20], Fe-
doped bundled TiO2 nanowires (0.88 mA/cm2 at 0.8 V) 
[11], and Ta-doped TiO2 nanorod arrays (0.67 mA/cm2 at 
1.23 V) [21]. However, the photocurrent density of the 
T-Fe20 photoelectrode reduced to 1.6 mA/cm2 at 0.5 V 
upon Fe doping at a concentration of 20 mM. Therefore, 
it is evident that Fe doping concentration has a strong 
impact on the PEC performance of TiO2 photoelectrodes.

Fig. 4. (A) Photocurrent density-potential curves of undoped and 
Fe-doped TiO2 nanorods with different doping concentrations; (B) 
Photocurrent density values of the photoelectrodes at an applied 
potential of 0.5 V (vs Ag/AgCl).

It is known that the PEC performance is dependent 
on the incident light absorption, the charge transfer and 
separation in the photoelectrodes, and the injection of 
charge from the material’s surface to the electrolyte [22]. 
An enhancement in the PEC performance of the Fe doping 
photoelectrodes could be explained by considering the 
efficient separation and transfer of photoexcited charge. As 
discussed above, upon Fe doping into the TiO2 nanorods, 
Ti4+ was substituted by Fe3+. Because the energy band 
levels for Fe3+ are above the valence band level of TiO2 
(Fig. 5), Fe3+ can act as photogenerated hole trappers and 
transform into Fe4+ ions. Since Fe4+ ions are relatively 
unstable compared to Fe3+ ions, the trapped holes can 
be easily released from the Fe4+ ions and can migrate to 
the surface to participate in the redox reactions, which 
therefore enhance the PEC activity [23]. Nevertheless, 
Fe3+ may act as recombination centres for electrons and 
holes. Therefore, upon high doping concentration, more 
recombination centres are generated that compete with 
the redox reactions and result in a reduction of the PEC 
activity of the photoelectrode.

(A)
(B)
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Fig. 5. Schematic of the energy level diagram for the charge 
transfer processes in the Fe-doped TiO2 nanorods.

Fig. 6. Photocurrent-time scans of the undoped TiO2 sample and 
Fe-doped TiO2 sample with 10 mM Fe doping concentration (T-F10) 
at an applied potential of 0.5 V (vs Ag/AgCl). The duration for light 
on/light off is 20 s/20 s.

To evaluate the long-term stability of the PEC reaction 
of the Fe-doped TiO2 nanorods, photocurrent-time (I-t) 
scans were recorded as shown in Fig. 6. It can be seen 
from the figure, these samples exhibited outstanding 
long-term stability. In addition, the instantaneous 
increase or decrease in the photocurrent at the transition 
from light-on to light-off indicated that the electron-hole 
pairs immediately generated and then separated in the 
TiO2 nanorods, respectively. Thus, these results suggest 
effective charge separation and transfer in the TiO2 
nanorods, and a relatively long electron lifetime in the 
Fe-doped TiO2 nanorods.

4. Conclusions

The in-situ Fe-doped TiO2 nanorods with different 
Fe doping concentrations were synthesised on FTO 
substrates via the hydrothermal method. XRD and Raman 
results confirmed the success of Fe doping in which Ti4+ 
was substituted by Fe3+ in the crystal lattice of TiO2. The 

synthesised samples showed great performance of visible 
light PEC activity. The Fe-doped TiO2 nanorods with 10 
mM Fe doping concentration exhibited a remarkable 
improvement in the photocurrent density (2.9 mA/cm2) 
compared to that of the undoped TiO2 sample (1.5 mA/
cm2). This enhanced PEC performance of the Fe-doped 
TiO2 nanorod sample was ascribed to effective carrier 
separation and transfer due to the energy mechanism of 
Fe3+ and TiO2. These results revealed that Fe-doped TiO2 
nanorods can serve as potential photoelectrode materials 
for PEC applications.
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1. Introduction	

Fluoroquinolones (FQs) are an important and effective 
class of antibacterial agents. Indeed, FQs have broad-
spectrum antibacterial activity, long elimination half-
lives, and good tissue penetration. To improve bactericidal 
activity and pharmacological properties, numerous 
fluoroquinolones have been developed. Currently, they 
are classified as second-, third-, and fourth-generation 
quinolones and are indicated for treatment of a large 
variety of infections such as respiratory, gastrointestinal, 
and gynaecologic, as well as sexually transmitted 
diseases, prostatitis, and infections of the skin, soft tissue, 
bone, and joints [1-3]. 

The appropriate use of these fluoroquinolones is an 
important issue that remains a difficult challenge. One 
approach is to continuously monitor pharmacokinetic 
behaviour and activity of an antibiotic in changing 
therapeutic environments in order to select the optimal 
agent, its dose, and duration of treatment so that 
therapeutic failure and/or the development of antibacterial 

resistance can be avoided [4, 5]. On the other hand, it has 
been thought the administration of a combination of FQs 
may result in a superior therapeutic outcome than that of 
an individual FQ. To verify this, HPLC with fluorescence 
detection (FLD), one the most sensitive methods for the 
determination of fluoroquinolones in plasma, is employed 
[6-8]. It is common in HPLC-FLD to fix the excitation 
and emission wavelengths. For example, the detection of 
norfloxacin, ciprofloxacin, levofloxacin, or moxifloxacin 
is shown in Table 1. In a similar manner, the simultaneous 
detection of two FQs: ciprofloxacin and moxifloxacin 
[9], and levofloxacin and moxifloxacin [10], or three 
FQs: pazufloxacin, ciprofloxacin, and levofloxacin [11], 
and levofloxacin, gatifloxacin, and moxifloxacin [12], or 
even five FQs:  levofloxacin, pazufloxacin, gatifloxacin, 
moxifloxacin, and trovafloxacin [13] have been reported. 
However, the sensitivity of this method was high for 
certain FQs but low for others. To solve this problem, 
A.E. Mansilla, et al. (2005) [14] developed photo-induced 
fluorimetric detection and multi-emission scanning, 
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which was adequate for the simultaneous determination 
of the four fluoroquinolones due to fixed excitation at 277 
nm. As another solution, a fluorescence detector developed 
by J.D. Smet, et al. (2009) [15] was programmed to turn 
the initial excitation/emission wavelengths of 290/500 
nm (for ofloxacin, moxifloxacin, sarafloxacin) into those 
of 279/442 nm (ciprofloxacin) between 5.8 and 8.5 min. 
However, this method was only suitable for FQs with 
retention times that were separated by enough time. 

Therefore, the purpose of this study is to develop 
a simple and sensitive HPLC-FLD method for the 
simultaneous determination of fluoroquinolones in 
human plasma, which can be used as a model to probe 
pharmacokinetic behaviour and for therapeutic drug 
monitoring. The possibility of using dual wavelength 
excitation and emission allows the selection of appropriate 
excitation and emission wavelengths, which increases 
the sensitivity analysis for each FQ (norfloxacin, 
ciprofloxacin, levofloxacin, and moxifloxacin). To the 
best of our knowledge, this is the first report of an HPLC-
FLD method using two couples of excitation and emission 
wavelengths for the simultaneous determination of four 
fluoroquinolones in human plasma.

2. Materials and methods

2.1. Chemicals and reagents

The fluoroquinolone standards norfloxacin (NOR, 
lot no. QT068050316, 99.5%), ciprofloxacin (CIP, lot 

no. QT012120318, 98.3%), levofloxacin (LEVO, lot 
no. QT165080417, 98.2%), and moxifloxacin (MOXI, 
lot no. QT187041117, 97.0%) were purchased from the 
Institute of Drug Quality Control, Ho Chi Minh city, 
Vietnam. Solvents were HPLC grade (Merck, Germany) 
and included methanol (MeOH), acetonitrile (ACN), and 
triethylamine (TEA). The ACS reagents of phosphoric 
acid (H3PO4) and hydrochloric acid (HCl) were purchased 
from Acros Organics (USA). Deionized (DI) water (18 
MΩ cm-1) was obtained with a Millipore Milli-Q water 
purification system.

2.2. Standard and sample preparation

Standard solutions: the 1000-µg ml-1 primary stock 
standards of each antibiotic, NOR, CIP, LEVO, and 
MOXI, were prepared in MeOH/0.1 M HCl 1:1 (v:v). 
Working standard solutions of 100 µg ml-1, 10 µg ml-1, 
and 1 µg ml-1 were prepared by appropriately diluting 
the stock solution with methanol. From these solutions, 
working standard mixtures from each antibiotic were 
prepared and stored at -20°C for 30 d.

Sample preparation: Blank plasma samples were 
collected from healthy, drug-free volunteers at a general 
clinic in Phu Tho province, Vietnam. The spiked sample 
was prepared by taking a known volume of a standard 
mixture solution, evaporating the solvent to collect the 
residue (temperature 40°C, N2 gas), diluting the residue 
in the blank plasma, and vortexing it for 5 min to obtain 
a spiked sample of known concentration. The blank 
plasma and spiked samples were stored at -20°C for less 
than one month and were thawed immediately to room 
temperature before the assay treatment.

Plasma treatment: To 1 ml of thawed plasma, 4 ml 
of methanol was added to precipitate proteins, then the 
mixture was vortexed for 5 min and centrifuged for 20 
min at 6000 rpm. The supernatant was filtered through 
0.45 µm nylon filters before analysis [8].

2.3. Instrumentation

2.3.1. Fluorescent measurement

Fluorescent measurements were performed with a 
Nanolog spectrofluorometer (Horiba, USA) equipped 
with 450 W Xe arc lamp and double excitation 
monochromators. The excitation and emission spectra 
were recorded automatically during the measurements.

Table 1. Fluoroquinolones determination in plasma by HPLC-FLD.

Analysed 
compound

Sample 
preparation Mobile phase Ex/Em 

wavelength
LOD/LOQ
µg ml-1 References

NOR PP with 
acetonitrile

0.015 mol l-1 sodium 
heptanesulfonate, 0.2% 
triethylamine and phosphoric acid 
(pH 2.5)-acetonitrile-methanol 
70:15:15 (v/v/v)

268/445 LOD 0.0059
LOQ 0.0195 [16]

CIP PP with 
acetonitrile

phosphoric acid (0.025M)/
methanol/acetonitrile (75/13/12%, 
v/v/v); pH was adjusted to 3.0 by 
triethylamine

278/450 LOD   0.010
LLOQ 0.020 [17]

LEVO PP with 
acetonitrile

acetonitrile and 0.4% 
triethylamine (pH 3.0) 24:76 
(v/v); pH was adjusted to 3.0 by 
85% phosphoric acid

295/490 LOD   0.030
LLOQ 0.150 [18]

MOXI

filtration 
using
0.2 µm 
syringe filter

acetonitrile and 0.25 mol l-1 
Na3PO4 (pH 3.0) 5:95 (v/v); pH 
was adjusted by phosphoric acid

290/500 LOD   0.001
LOQ   0.003 [19]

PP: protein precipitation; LOD: limit of detection; LOQ: limit of 
quantification; LLOQ: lower limit of quantification.
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2.3.2. Chromatographic system

Chromatographic analysis was performed on an 
HPLC system equipped with a Sil-20AC XR automatic 
sampler, a CTO-20A thermostatic column box, and a 
RF-20A fluorescent detector (Shimadzu, Japan). The 
separation was achieved on a Supelco Ascentis C18 
column (250×4.6 mm, 5 μm). The mobile phase was a 
mixture of 0.025 M phosphoric acid (pH 3, adjusted with 
TEA) aqueous solution (mobile phase A) and MeOH 
(mobile phase B). The following gradient program (with 
respect to mobile phase B) was used: 0-2.0 min, 15% B; 
2.0-17.0 min, 15-35% B; 17.0-22.0 min, 35-80% B; and 
22.0-25.0 min, 80% B. The flow rate was 1.0 ml min-1. 
The injection volume was 10 μl. The column oven was 
maintained at 30°C (see Supplementary Information 
for optimization of the mobile phase and the gradient 
elution).

2.4. Method development

Detection: To develop a sensitive HPLC method using 
a dual wavelength excitation and emission fluorescence 
detector for the simultaneous quantification of the four 
FQs (NOR, CIP, LEVO and MOXI), the excitation 
spectrum of each antibiotic was recorded using the 
Nanolog spectrofluorimeter. Then, a test solution of the 
mixture was recorded using the HPLC-FLD system at two 
selected couples of excitation and emission wavelengths.

2.5. Method validation

Method validation was carried out according to 
the ICH (International Council for Harmonisation 
of Technical Requirements for Pharmaceuticals for 
Human Use) and the AOAC (Association of Official 
Analytical Chemists) guidelines [20, 21]. The HPLC 
dual wavelength fluorescence detection method was 
validated for selectivity, sensitivity, linearity, precision, 
and accuracy.

Selectivity was assessed by examining peak 
interference from a blank plasma sample and a spiked 
sample of the mixture at a concentration of 1 µg ml-1 of 
each drug.

The limit of detection (LOD) and limit of quantification 
(LOQ) were determined by gradually reducing the 
standard mixture of each drug (0.05 µg ml-1) to a blank 
plasma sample. LOD was obtained at a concentration in 

which the height of the peak signal-to-noise (S/N) was 
equal to 3. LOQ was accepted as LOQ = 3.3×LOD. 
From these LOD and LOQ values, the method detection 
limit (MDL) and quantification limit (MQL) values were 
estimated by taking a dilution factor of 5 into account 
during the plasma sample treatment.

Linearity: The calibration samples were prepared 
in blank plasma over a range of 0.05-20 µg ml-1 (e.g., 
0.05, 0.1, 0.5, 1.0, 2.5, 5.0, 10.0, 15.0, and 20.0 µg ml-1). 
The standard calibration curve was constructed by least 
squares linear regression using peak areas. The linearities 
of the standard curves were assessed by its intercept, 
slope, and correlation coefficient (R2). 

Precision and accuracy: The precision and accuracy 
of the method were evaluated using three quality control 
(QC) spiked plasma samples: 1.0, 5.0, and 10.0 µg ml-1. 
The precision was expressed as the relative standard 
deviation (RSD%) of the measured QC samples 
in sextuplicate. The accuracy was determined as a 
relative error bias. The results were calculated from the 
calibration curves by means of the external standard 
method. The procedure for sample preparation was the 
same as described above.

3. Results and discussion

3.1. Method development

Optimization of the detection: Fig. 1 shows the 
emission and excitation spectra of each antibiotic. The 
spectra were in accordance with previous studies [9-
19], and the maximum excitation wavelengths of the 
FQs were divided into two groups: approximately 280 
nm for NOR and CIP and 290 nm for LEVO and MOXI. 
Moreover, the fluorescent intensity of NOR or CIP was 
low if the antibiotic was excited at a wavelength of 
290 nm. Chromatograms of the mixture recorded with 
dual wavelength excitation and emission fluorescence 
detector are presented in Fig. 2. It was quickly realized 
that the detection sensitivity was significantly enhanced 
at the excitation of 280 nm (λem=445 nm) for NOR and 
CIP, while the same occurred at 290 nm for LEVO and 
MOXI. Hence, the dual channels of the fluorescence 
detector were optimized at λex/λem=290/500 nm (LEVO 
and MOXI) and λex/λem=280/445 nm (NOR and CIP) for 
HPLC-FLD analysis of the FQs in the mixture.
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Fig. 1. (A) Emission (λex=290 nm) and (B) excitation (λem=500 nm) 
spectra of each FQ at 1.0 µg ml-1.
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Fig. 2. Chromatograms of the FQ mixture (0.5 µg ml-1) recorded 
with λex/λem=290/500 nm (black curve) and λex/λem=280/445 nm (red 
curve).

3.2. Method validation

Assay selectivity: Blank plasma samples were 
analysed and no interference was observed at the 
retention times of LEVO, NOR, CIP, or MOXI. 
Representative chromatograms of the blank plasma 
and spiked samples are shown in Fig. 3.

Fig. 3. Chromatograms of (A) the blank plasma sample and (B) the 
spiked sample (1.0 µg ml-1) in plasma recorded with λex/λem=290/500 
nm (black curve) and λex/λem=280/445 nm (red curve).

The LOD and LOQ values for the determination of the 
four FQs are listed in Table 2. It was found that the values 
for CIP determination in the simultaneous analysis by the 
developed method were lower than those by the reported 
method of which its detection (λex/λem=292/525 nm) was 
not optimized [9]. Therefore, there is a possibility that 
using appropriate analytical wavelengths improved the 
sensitivity of the HPLC-FLD method.
Table 2. Validation parameters of the method for the analysis of 
fluoroquinolones in plasma.

FQs Regression equation R2 Linearity 
(µg ml-1)

LOD
(µg ml-1)

LOQ
(µg ml-1)

MDL
(µg ml-1)

MQL
(µg ml-1)

NOR y = 1.09×107x + 1.50×106 0.999 0.05-15 0.0071 0.0234 0.0355 0.1170

CIP y = 1.13×107x + 1.40×106 0.999 0.05-10 0.0080 0.0264 0.0400 0.1320

LEVO y = 7.62×106x + 9.70×105 0.999 0.05-15 0.0074 0.0244 0.0370 0.1220

MOXI y = 7.30×106x + 1.25×106 0.999 0.10-10 0.0171 0.0564 0.0855 0.2820

y: peak area; x: plasma concentration of the FQ; R2: correlation 

coefficient; MDL = 5×LOD; MQL = 5×LOQ.

The linearities of the four fluoroquinolones in human 
plasma by the proposed method were evaluated. The 
calibration curves were linear over the range 0.05-15 µg 
ml-1 for NOR and LEVO and 0.05-10 µg ml-1 for CIP 
and MOXI (Fig. 4). The linear regression equations with 
corresponding correlation coefficients of the calibration 
curves are indicated in Table 2.

Fig. 4. Calibration curves for determination of the FQs in plasma.

Precision and accuracy: The precision and accuracy 
data of the analytical method are summarized in Table 
3. For all four FQs, the precision was better than 6% at 
all three concentration levels, and the accuracies ranged 
from 92.5 to 105.4%. These results indicate that the 
proposed assay was precise and accurate.

(A)

(A)

(B)

(B)

Wavelength (nm) Wavelength (nm)

Concentration (µg ml-1)
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Table 3. Precision and accuracy data of the method for the analysis 
of the fluoroquinolones in plasma.

FQs Added conc.
µg ml-1

Found conc.
µg ml-1

RSD %
(n=6)

Recovery %
(n=6)

NOR
1.000 1.010±0.021 2.1 101.0
5.000 5.175±0.075 1.4 103.5
10.000 9.880±0.420 4.3 98.8

CIP
1.000 0.950±0.050 5.3 95.0
5.000 5.040±0.072 1.4 100.8
10.000 10.540±0.310 2.9 105.4

LEVO
1.000 1.050±0.018 1.7 105.0
5.000 4.980±0.065 1.3 99.6
10.000 9.965±0.171 1.7 99.7

MOXI
1.000 0.925±0.050 5.4 92.5
5.000 4.990±0.034 0.68 99.8
10.000 9.750±0.272 2.8 97.5

The developed method is suitable for the simultaneous 
determination of four FQs in human plasma because their peak plasma 
concentrations were in the ranges of 1.60-2.87 µg ml-1 for a single oral 
administration of norfloxacin 400 mg [22], 1.3-2.0 µg ml-1 for an oral 
administration of ciprofloxacin of 10 mg/kg every 12 h in children 
with severe malnutrition, 2.8 and 5.2 µg ml-1 for 250 and 500 mg oral 
administration of levofloxacin, respectively [23], and 2.60-3.79 µg 
ml-1 for 400 mg oral administration of moxifloxacin  [24].
4. Conclusions

The developed and validated HPLC-FLD method is readily 
available for the simultaneous determination of the fluoroquinolones 
norfloxacin, ciprofloxacin, levofloxacin, and moxifloxacin in human 
plasma. The possibility of using a dual wavelength excitation and 
emission fluorescence detector avoids the reduced sensitivity of 
certain FQs in the mixture as detected by other methods. This proposed 
method enables simple and sensitive quantification of representative 
fluoroquinolones (second-, third-, and fourth-generation quinolones) 
in a range from 0.05 to 10 (15) µg ml-1 with acceptable precision 
and accuracy. Although the applicability of the proposed method 
for analysing real samples requires further investigation, this work 
contributes an alternative HPLC-FLD approach for therapeutic drug 
monitoring and pharmacokinetic study.
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1. Introduction
3-aryl-3,4-dihydroquinazolin-4-one derivatives have 

been of great interest in medicinal chemistry for their role 
as potential biological agents. These derivatives exhibit a 
wide range of biological effects such as antimicrobial [1-
3], antifungal [1], anticonvulsant [4], antihistamine [5], 
an inhibitor for methionine synthase [6], and increasing 
HDL cholesterol [7]. Specifically, compounds containing 
3-aryl-3,4-dihydroquinazolin-4-one nuclei also show 
promising anticancer potency [8, 9]. Besides that, the 
5-arylidene-2-thioxothiazolidine-4-one scaffold is 
present in the molecular composition of some compounds 
that inhibit the hepatitis C virus (HCV) [10], human 
immunodeficiency virus (HIV) [11], aldose reductase 
[12, 13], glycogen synthase kinase-3 (GSK-3) [14], 
JNK-stimulating phosphatase-1 (JSP-1) [15], histone 
acetyltransferases (HATs) [16], and 17β-hydroxysteroid 
dehydrogenase type 3 [17]. A variety of biological 
activities like anticonvulsant [18], antimicrobial [19], 
anti-diabetic [20], antitumor [21, 22] and anticancer 
activities [23, 24], etc., have been found in compounds 
containing the 2-thioxothiazolidine-4-one moiety. The 

combination of 3-aryl-3,4-dihydroquinazolin-4-one and 
2-thioxothiazolidine-4-one moieties thus promise to 
produce organic molecules bearing precious biological 
activities of both these heterocycles. This work reports 
the synthesis of some N-(4-oxo-2-thioxothiazolidin-3-
yl)-2-((4-oxo-3-aryl-3,4-dihydroquinazolin-2-yl)thio)
acetamide compounds. Their biological activity has been 
studied and is being reported soon.

2. Materials and methods
All reagents and chemicals were obtained from 

commercial sources and were used without purification. 
Melting points were recorded on a Gallenkamp melting 
point apparatus and were uncorrected. Fourier transform 
infrared (FTIR) spectra (ν, cm-1) were recorded in KBr 
discs on a FTIR-8400S-SHIMADZU spectrometer. All 
the NMR spectra were recorded on a Bruker Avance 
III spectrometer (500 MHz for 1H-NMR and 125 MHz 
for 13C-NMR). The residual solvent DMSO-d6 signals 
(δH 2.50, δC 39.52) are used as internal references. The 
abbreviations s (singlet), d (doublet), dd (doublet of 
doublet), t (triplet), q (quartet), and m (multiplet) are used 
to describe the splitting of the peaks. The HR-ESI-MS 
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to be about 58 to 72%. The chemical structure of the compounds was elucidated on the basis of IR, 1 H-NMR, 13 C-NMR 
and HR-MS spectral data. The reaction of anthranilic acid and appropriately substituted phenyl isothiocyanates gave five 
3-aryl-2-mercaptoquinazolin-4(3H)- one compounds with good yield. In the fact, the 2a-e compounds existed in the thione form, 
namely 3-aryl-2-thioxo-2,3-dihydroquinazolin-4(1H)- one by tautomerization.The results investigating the biological activity of 
the compounds contaning 2-thioxothiazolidin-4-one heterocycle (5a-e) indicated that the combination of two scaffolds being 
3-arylquinazolin-4(3H)-one and 2-thioxothiazolidin-4-one did not form the compounds with cytotoxic activity against three 
human cancer cells including Hep-G2 cells, LU-1 cells and HeLa cells. 
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spectra were recorded on an Agilent 6500 series Q-TOF 
spectrometer.

The target compounds (5a-e) were synthesized via a 
four-step pathway as illustrated in Scheme 1. 

 

 
Scheme 1. The pathway for synthesis of the target compounds. 

The synthesis, physical characteristics as well as spectral data of the 2a, 3a, 4a 
and 5a compounds were reported in our previous work [24]. 

 General procedure for synthesis of 3-aryl-2-mercaptoquinazolin-4-one 
compounds (2a-e) 
 Anthranilic acid (13.7 g, 0.1 mol) was dissolved in absolute ethanol (200 ml), 
then triethylamine (3 ml) and appropriate aryl isothiocyanate (0.1 mol) were added 
and the reaction mixture was refluxed for 4 h. Upon completion, the reaction mixture 
was cooled and poured into ice-cold water. The solid was filtered and then 
recrystallized from a mixture of DMF and water, then washed with cold ethanol to 
afford crystals.  
 3-(3-Chlorophenyl)-2-mercaptoquinazolin-4-one (2b): yield: 78.0%. Mp. 269.5-
270.7oC (lit. [7] 270oC); IR (, cm-1): 3219, 3136 (N-H), 3030 (C-H aromatic), 1661 
(C=O), 1618, 1526, 1485 (C=N, C=C aromatic), 1227 (C=S); 1H-NMR (, ppm): 
13.10 (1H, s, SH), 7.97 (1H, d, J=8.0 Hz, Ar-H), 7.79 (1H,  J1=J2=7.5 Hz, Ar-H), 7.49 
(4H, m, Ar-H), 7.36 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.31 (1H, d, J=7.0 Hz, A-rH); 13C-
NMR (, ppm): 176.3, 160.2, 141.1, 140.1, 136.1, 133.4, 130.9, 129.8, 128.7, 128.6, 
127.9, 124.9, 116.7, 116.3. 
 3-(4-Chlorophenyl)-2-mercaptoquinazolin-4-one (2c): yield: 81.0%. Mp. 312.4-
313.6oC (lit. [7] 315oC); IR (, cm-1): 3265, 3138 (N-H), 3032 (C-H aromatic), 1681 
(C=O), 1616, 1528, 1485 (C=N, C=C aromatic), 1229 (C=S); 1H-NMR (, ppm): 
13.08 (1H, s, SH), 7.96 (1H, dd, J1=8.0 Hz, J2=1.0 Hz, Ar-H), 7.79 (1H, dd, J1=J2=8.0 
Hz, Ar-H), 7.55 (2H, d, J=8.0 Hz, Ar-H), 7.46 (1H, d, J=8.0 Hz, Ar-H), 7.36 (3H, m, 
Ar-H); 13C-NMR (, ppm): 176.4, 160.2, 140.1, 138.7, 136.1, 133.2, 131.5, 129.5, 
127.9, 124.9, 116.7, 116.2. 
 3-(4-Methylphenyl)-2-mercaptoquinazolin-4-one (2d): yield: 87.0%. Mp. 300.1-
301.4oC (lit. [7] 302oC); IR (, cm-1): 3242, 3123 (N-H), 3028 (C-H aromatic), 1659 
(C=O), 1620, 1522, 1485 (C=N, C=C aromatic), 1229 (C=S); 1H-NMR (, ppm): 
13.01 (1H, s, SH), 7.95 (1H, dd, J1=8.0 Hz, J1=1.0 Hz, Ar-H), 7.78 (1H, ddd, 
J1=J2=8.0 Hz, J3=1.5 Hz, Ar-H), 7.45 (1H, d, J=7.5 Hz, Ar-H), 7.35 (1H, dd, 
J1=J2=7.5 Hz, Ar-H), 7.28 (2H, d, J=8.0 Hz, Ar-H), 7.14 (2H, d, J=8.0 Hz, Ar-H), 

Scheme 1. The pathway for synthesis of the target compounds.

The synthesis, physical characteristics as well as 
spectral data of the 2a, 3a, 4a and 5a compounds were 
reported in our previous work [24].

2.1. General procedure for synthesis of 3-aryl-2-
mercaptoquinazolin-4-one compounds (2a-e)

Anthranilic acid (13.7 g, 0.1 mol) was dissolved in 
absolute ethanol (200 ml), then triethylamine (3 ml) and 
appropriate aryl isothiocyanate (0.1 mol) were added 
and the reaction mixture was refluxed for 4 h. Upon 
completion, the reaction mixture was cooled and poured 
into ice-cold water. The solid was filtered and then 
recrystallized from a mixture of DMF and water, then 
washed with cold ethanol to afford crystals. 

3-(3-chlorophenyl)-2-mercaptoquinazolin-4-one 
(2b): Yield: 78.0%. Mp. 269.5-270.7oC (lit. [7] 270oC); 
IR (ν, cm-1): 3219, 3136 (N-H), 3030 (C-H aromatic), 
1661 (C=O), 1618, 1526, 1485 (C=N, C=C aromatic), 
1227 (C=S); 1H-NMR (δ, ppm): 13.10 (1H, s, SH), 7.97 
(1H, d, J=8.0 Hz, Ar-H), 7.79 (1H,  J1=J2=7.5 Hz, Ar-H), 
7.49 (4H, m, Ar-H), 7.36 (1H, dd, J1=J2=7.5 Hz, Ar-H), 
7.31 (1H, d, J=7.0 Hz, Ar-H); 13C-NMR (δ, ppm): 176.3, 
160.2, 141.1, 140.1, 136.1, 133.4, 130.9, 129.8, 128.7, 
128.6, 127.9, 124.9, 116.7, 116.3.

3-(4-chlorophenyl)-2-mercaptoquinazolin-4-one 
(2c): Yield: 81.0%. Mp. 312.4-313.6oC (lit. [7] 315oC); 
IR (ν, cm-1): 3265, 3138 (N-H), 3032 (C-H aromatic), 
1681 (C=O), 1616, 1528, 1485 (C=N, C=C aromatic), 
1229 (C=S); 1H-NMR (δ, ppm): 13.08 (1H, s, SH), 7.96 
(1H, dd, J1=8.0 Hz, J2=1.0 Hz, Ar-H), 7.79 (1H, dd, 
J1=J2=8.0 Hz, Ar-H), 7.55 (2H, d, J=8.0 Hz, Ar-H), 7.46 
(1H, d, J=8.0 Hz, Ar-H), 7.36 (3H, m, Ar-H); 13C-NMR 
(δ, ppm): 176.4, 160.2, 140.1, 138.7, 136.1, 133.2, 131.5, 
129.5, 127.9, 124.9, 116.7, 116.2.

3-(4-methylphenyl)-2-mercaptoquinazolin-4-one 
(2d): Yield: 87.0%. Mp. 300.1-301.4oC (lit. [7] 302oC); 

IR (ν, cm-1): 3242, 3123 (N-H), 3028 (C-H aromatic), 
1659 (C=O), 1620, 1522, 1485 (C=N, C=C aromatic), 
1229 (C=S); 1H-NMR (δ, ppm): 13.01 (1H, s, SH), 7.95 
(1H, dd, J1=8.0 Hz, J1=1.0 Hz, Ar-H), 7.78 (1H, ddd, 
J1=J2=8.0 Hz, J3=1.5 Hz, Ar-H), 7.45 (1H, d, J=7.5 Hz, 
Ar-H), 7.35 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.28 (2H, d, 
J=8.0 Hz, Ar-H), 7.14 (2H, d, J=8.0 Hz, Ar-H), 2.38 (3H, 
s, CH3); 

13C-NMR (δ, ppm): 176.7, 160.3, 140.1, 137.9, 
137.2, 136.0, 129.9, 129.2, 127.9, 124.8, 116.7, 116.2, 
21.3.

3-(4-methoxyphenyl)-2-mercaptoquinazolin-4-one 
(2e): Yield: 75.0%. Mp. 272.7-273.5oC (lit. [7] 273oC); 
IR (ν, cm-1): 3240, 3136 (N-H), 3036 (C-H aromatic), 
1659 (C=O), 1618, 1528, 1485 (C=N, C=C aromatic), 
1231 (C=S); 1H-NMR (δ, ppm): 13.00 (1H, s, SH), 7.96 
(1H, d, J=7.0 Hz, Ar-H), 7.78 (1H, dd, J1=J2=7.5 Hz, Ar-
H), 7.45 (1H, d, J=8.0 Hz, Ar-H), 7.35 (1H, dd, J1=J2=8.0 
Hz, Ar-H), 7.18 (2H, d, J=8.5 Hz, Ar-H), 7.01 (1H, d, 
J=8.0 Hz, Ar-H), 3.82 (3H, s, CH3O); 13C-NMR (δ, ppm): 
177.0, 162.8, 160.4, 159.2, 140.0, 136.0, 132.4, 130.4, 
127.9, 124.8, 116.7, 116.3, 114.6, 55.8.

2.2. General procedure for synthesis of ethyl 
2-[(3-aryl-4-oxo-3,4-dihydroquinazolin-2-yl)thio]
acetate compounds (3a-e) 

After stirring the solution of a definite 3-aryl-
2-mercaptoquinazolin-4-one (2a-e) (20 mmol) and 
anhydrous potassium carbonate (2.76 g, 20 mmol) in dry 
DMF (30 ml) for 30 min, ethyl chloroacetate (2.45 g, 20 
mmol) was added and the reaction mixture was refluxed 
for 5 h. Upon completion, the reaction mixture was 
cooled and poured into ice-cold water. The white solid 
was filtered and recrystallized from ethanol to give pure 
product 3a-e, respectively. 

E t h y l c 2 - [ ( 3 - ( 3 - c h l o ro p h e n y l ) - 4 - o x o - 3 , 4 -
dihydroquinazolin-2-yl)thio]acetate (3b): Yield: 75.0%. 
Mp. 86.6-87.2oC (lit. [7]: 86.0oC); IR (ν, cm-1): 3061 
(C-H aromatic), 2976, 2922 (C-H aliphatic), 1732, 1690 
(C=O), 1607, 1574, 1547, 1468 (C=N, C=C aromatic); 
1H-NMR (δ, ppm): 8.09 (1H, dd, J1=8.0 Hz, J2=1.5 Hz, 
Ar-H), 7.85 (1H, ddd, J1=J2=8.0 Hz, J3=1.5 Hz, Ar-H), 
7.73 (1H, m, Ar-H), 7.69 (1H, m, Ar-H), 7.65 (1H, dd, 
J1=J2=8.0 Hz, Ar-H), 7.51 (3H, m, Ar-H), 4.15 (2H, 
q, -CH2CH3), 4.01 (2H, s, -SCH2-), 1.24 (3H, t, CH3); 
13C-NMR (δ, ppm): 168.7, 161.0, 156.4, 147.4, 137.5, 
135.6, 134.0, 131.6, 130.7, 130.0, 128.9, 127.1, 126.7, 
126.4, 120.0, 61.6, 34.9, 14.6. 

E t h y l c 2 - [ ( 3 - ( 4 - c h l o ro p h e n y l ) - 4 - o x o - 3 , 4 -
dihydroquinazolin-2-yl)thio]acetate (3c): Yield: 69.0%. 
Mp. 96.7-97.5oC (lit. [7]: 98.0oC); IR (ν, cm-1): 3090 
(C-H aromatic), 2980, 2932 (C-H aliphatic), 1732, 
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1684 (C=O), 1605, 1549, 1468 (C=N, C=C aromatic); 
1H-NMR (δ, ppm): 8.09 (1H, d, J=8.0 Hz, Ar-H), 7.85 
(1H, dd, J1=J2=8.0 Hz, Ar-H), 7.69 (2H, d, J=8.0 Hz, Ar-
H), 7.56 (2H, d, J=8.0 Hz, Ar-H), 7.56 (1H, d, J=8.0 Hz, 
Ar-H), 7.50 (1H, dd, J1=J2=8.0 Hz, Ar-H), 4.15 (2H, q, 
J=7.0 Hz, -CH2CH3), 4.01 (2H, s, -SCH2-), 1.23 (3H, t, 
J=7.0 Hz, -CH2CH3); 

13C-NMR (δ, ppm): 168.7, 161.0, 
156.6, 147.5, 135.6, 135.3, 135.1, 131.9, 130.2, 127.1, 
126.7, 126.4, 120.0, 61.6, 34.9, 14.6.

E t h y l c 2 - [ ( 3 - ( 4 - m e t h y l p h e n y l ) - 4 - o x o - 3 , 4 -
dihydroquinazolin-2-yl)thio]acetate (3d): Yield: 73.0%. 
Mp. 102.6-103.7oC (lit. [7]: 102.0oC); IR (ν, cm-1): 
3061 (C-H aromatic), 2986, 2914 (C-H aliphatic), 1728, 
1694 (C=O), 1607, 1547, 1466 (C=N, C=C aromatic); 
1H-NMR (δ, ppm): 8.07 (1H, d, J=8.0 Hz, Ar-H), 7.83 
(1H, dd, J1=J2=7.5, Ar-H), 7.50 (1H, d, J=8.0 Hz, Ar-H), 
7.47 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.40 (2H, d, J=8.0 
Hz, Ar-H), 7.34 (2H, d, J=8.0 Hz, Ar-H), 4.15 (2H, q, 
J=7.0 Hz, -CH2CH3), 3.98 (2H, s, -SCH2-), 2.43 (3H, s, 
Ar-CH3), 1.23 (3H, t, J=7.0 Hz, -CH2CH3); 

13C-NMR (δ, 
ppm): 168.8, 161.1, 157.3, 147.5, 140.3, 135.4, 133.5, 
130.6, 129.5, 127.1, 126.6, 126.3, 119.9, 61.5, 34.9, 21.3, 
14.6.

Ethy lc2-[ (3- (4-methoxypheny l ) -4-oxo-3 ,4-
dihydroquinazolin-2-yl)thio]acetate (3e): Yield: 77.0%. 
Mp. 120.8-122.1oC (lit. [7]: 122.0oC); IR (ν, cm-1): 3071 
(C-H aromatic), 2974, 2926 (C-H aliphatic), 1734, 1682 
(C=O), 1607, 1551, 1508, 1470 (C=N, C=C aromatic); 
1H-NMR (δ, ppm): 8.08 (1H, d, J=8.0 Hz, Ar-H), 7.85 
(1H, dd, J1=J2=8.0 Hz, Ar-H), 7.51 (1H, d, J=8.0 Hz, Ar-
H), 7.49 (1H, dd, J1=J2=8.0 Hz, Ar-H), 7.39 (2H, d, J=8.0 
Hz, Ar-H), 7.13 (2H, d, J=8.0 Hz, Ar-H), 4.15 (2H, q, 
J=7.0 Hz, -CH2CH3), 3.97 (2H, s, -SCH2-), 3.86 (3H, s, 
OCH3), 1.22 (3H, t, J=7.0 Hz, -CH2CH3); 

13C-NMR (δ, 
ppm): 168.8, 161.2, 160.7, 157.7, 147.5, 135.4, 131.1, 
128.5, 127.1, 126.6, 126.3, 120.0, 115.2, 61.5, 56.0, 34.9, 
14.6.

2.3. General procedure for synthesis of 2-[(3-aryl-
4-oxo-3,4-dihydroquinazolin-2-yl)thio]acetohydrazide 
compounds (4a-e) 

Refluxing a solution of ethanol (50 ml) dissolved a 
definite ester 3a-e (20 mmol) and an excess of hydrazine 
hydrate 80% (1.5 g, 30 mmol) for 6.0 h. The reaction 
mixture was cooled to room temperature and the resulting 
solid was filtered then recrystallized from ethanol to 
afford crystals of 4a-e compounds, respectively. 

2-[(3-(3-chlorophenyl)-4-oxo-3,4-dihydroquinazolin-
2-yl)thio]acetohydrazide (4b): Yield: 78%. Mp: 184.7-
185.6°C (lit. [7]: 186.0°C); IR (ν, cm-1): 3314 (N-H), 
3063 (C-H aromatic), 2986 (C-H aliphatic), 1695, 
1638 (C=O), 1605, 1553, 1470 (C=N, C=C aromatic); 
1H-NMR (δ, ppm): 9.32 (1H, s, NH), 8.09 (1H, d, J=7.0 
Hz, Ar-H), 7.87 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.72 (1H, 
s, Ar-H), 7.64 (1H, dd, J1=J2=8.0 Hz, Ar-H), 7.63 (2H, 
m, Ar-H), 7.50 (2H, m, Ar-H), 4.28 ppm (2H, br, -NH2), 
3.87 (2H, s, -SCH2-); 

13C-NMR (δ, ppm): 166.5, 161.1, 
156.6, 147.6, 137.6, 135.5, 134.0, 131.6, 130.6, 130.1, 
129.0, 127.0, 126.6, 126.5, 120.0, 35.0.

2-[(3-(4-chlorophenyl)-4-oxo-3,4-dihydroquinazolin-
2-yl)thio]acetohydrazide (4c): Yield: 81%. Mp: 173.2-
174.5°C (lit. [7]: 175.0°C); IR (ν, cm-1): 3339, 3298 (N-
H), 3049 (C-H aromatic), 2982 (C-H aliphatic), 1684, 
1647 (C=O), 1609, 1547, 1470 (C=N, C=C aromatic); 
1H-NMR (δ, ppm): 9.32 (1H, br, NH), 8.09 (1H, d, J=8.0 
Hz, Ar-H), 7.86 (1H, dd, J1=J2=8.0 Hz, Ar-H), 7.67 (2H, 
d, J=8.5 Hz, Ar-H), 7.63 (1H, d, J=8.0 Hz, Ar-H), 7.55 
(2H, d, J=8.0 Hz, Ar-H), 7.50 (2H, dd, J1=J2=8.0 Hz, Ar-
H), 4.28 (2H, br, -NH2), 3.87 (2H, s, -SCH2-); 

13C-NMR 
(δ, ppm): 166.5, 161.1, 156.8, 147.6, 135.4, 135.2, 135.1, 
132.0, 130.1, 127.0, 126.6, 126.5, 120.0, 35.0.

2-[(3-(4-methylphenyl)-4-oxo-3,4-dihydroquinazolin-
2-yl)thio]acetohydrazide (4d): Yield: 77%. Mp: 147.5-
158.6°C (lit. [7]: 148.0°C); IR (ν, cm-1): 3341, 3271 (N-
H), 3063 (C-H aromatic), 2974 (C-H aliphatic), 1678, 
1643 (C=O), 1609, 1549, 1468 (C=N, C=C aromatic); 
1H-NMR (δ, ppm): 9.30 (1H, br, NH), 8.08 (1H, d, J=8.0 
Hz, Ar-H), 7.85 (1H, dd, J1=J2=8.0 Hz, Ar-H), 7.62 (1H, 
d, J=8.0 Hz, Ar-H), 7.49 (1H, dd, J1=J2=8.0 Hz, Ar-H), 
7.39 (2H, d, J=8.0 Hz, Ar-H), 7.39 (2H, d, J=8.0 Hz, 
Ar-H), 4.26 (2H, br, -NH2-), 3.84 (2H, s, -SCH2-), 2.43 
(3H, s, CH3-Ar); 13C-NMR (δ, ppm): 166.6, 161.2, 157.5, 
147.6, 140.1, 135.3, 133.6, 130.5, 129.6, 127.0, 126.6, 
126.5, 120.0, 35.0, 21.3.

2 - [ ( 3 - ( 4 - m e t h o x y p h e n y l ) - 4 - o x o - 3 , 4 -
dihydroquinazolin-2-yl)thio]acetohydrazide (4e): Yield: 
82%. Mp: 154.4-155.6°C (lit. [7]: 149.0°C); IR (ν, cm-1): 
3335, 3294 (N-H), 3069 (C-H aromatic), 2970, 2914 
(C-H aliphatic), 1686, 1645 (C=O), 1607, 1545, 1508, 
1468 (C=N, C=C aromatic); 1H-NMR (δ, ppm): 9.30 
(1H, s, NH), 8.08 (1H, d, J=8.0 Hz, Ar-H), 7.84 (1H, dd, 
J1=J2=8.0 Hz, Ar-H), 7.62 (1H, d, J=7.5 Hz, Ar-H), 7.48 
(1H, dd, J1=J2=8.0 Hz, Ar-H), 7.38 (2H, d, J=7.0 Hz, Ar-
H), 7.11 (2H, d, J=8.0 Hz, Ar-H), 4.27 (2H, br, -NH2-), 
3.86 (3H, s, -OCH3), 3.84 (2H, s, -SCH2-); 

13C-NMR (δ, 
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ppm): 166.7, 161.3, 160.6, 157.9, 147.6, 135.3, 131.1, 
128.6, 127.0, 126.6, 126.4, 120.0, 115.1, 56.0, 35.0.

2.4. General procedure for synthesis of N-(4-
oxo-2-thioxothiazolidin-3-yl)-2-[(3-aryl-4-oxo-3,4-
dihydroquinazolin-2-yl)thio]acetamide compounds 
(5a-e) 

A definite 4a-e compound (5 mmol) and thiocarbonyl-
bis-thioglycolic acid (1.13 g, 5 mmol) were dissolved in 
absolute ethanol (15 ml) and the solution was refluxed 
for 8 h. The reaction mixture was cooled to room 
temperature and the solid separated was filtered, dried, 
and recrystallized from AcOH. The pure products 5a-e 
were formed as a yellowish powder. 

N-(4-oxo-2-thioxothiazolidin-3-yl)-2-[(3-(3-
chlorophenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio]
acetamide compounds (5b): Yield: 67.0%. Mp: 223.7-
224.3oC. IR (ν, cm-1): 3188 (N-H), 3067 (C-H aromatic), 
2974 (C-H aliphatic), 1761, 1684 (C=O), 1551, 1466 
(C=C aromatic, C=N), 1242 (-N-C=S); 1H-NMR (δ, 
ppm): 11.32 (1H, s, NH), 8.09 (1H, d, J=8.0 Hz, Ar-H), 
7.87 (1H, dd, J1=J2=8.0 Hz, Ar-H), 7.76 (1H, dd, J1=8.0 
Hz, J2=3.0 Hz, Ar-H), 7.72 (1H, m, Ar-H), 7.68 (1H, 
dd, J1=J2=8.0 Hz, Ar-H), 7.65 (1H, dd, J1=J2=8.0 Hz, 
Ar-H), 7.50 (2H, m, Ar-H), [4.44 (1H, J=19.0 Hz) and 
4.39 (1H, J=19.0 Hz)] (-CH2- in the thiazolidine ring), 
[4.18 (1H, J=20.0 Hz) and 4.13 (1H, J=20.0 Hz)] (-CH2- 
in the -S-CH2-CONH- group); 13C-NMR (δ, ppm): 
200.1 (C=S), 170.5, 165.9, 161.1 (C=O), 155.9, 147.6, 
137.5, 135.3, 134.0, 131.6, 130.7, 130.1, 129.0, 127.0, 
126.9, 126.7, 120.0 (CAr), 34.6 (-SCH2-), 33.8 (-CH2- 
thiazolidine ring); HR-ESI-MS m/z 476.9912 (M+H)+ 
calcd. for (C19H14ClN4O3S3) 476.9917.

N-(4-oxo-2-thioxothiazolidin-3-yl)-2-[(3-(4-
chlorophenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio]
acetamide compounds (5c): Yield: 69.0%. Mp: 247.3-
248.6oC. IR (ν, cm-1): 3211 (N-H), 3086 (C-H aromatic), 
2980 (C-H aliphatic), 1763, 1690 (C=O), 1549, 1466 
(C=C aromatic, C=N), 1233 (-N-C=S); 1H-NMR (δ, 
ppm): 11.31 (1H, s, NH), 8.09 (1H, d, J=8.0 Hz, Ar-H), 
7.86 (1H, dd, J1=J2=7.0 Hz, Ar-H), 7.76 (1H, d, J=8.0 Hz, 
Ar-H), 7.68 (2H, d, J=9.0 Hz, Ar-H), 7.56 (2H, m, Ar-H), 
7.50 (1H, dd, J1=J2=8.0 Hz, Ar-H), [4.43 (1H, J=18.5 Hz) 
and 4.38 (1H, J=18.5 Hz)] (-CH2- in the thiazolidine ring), 
[4.17 (1H, J=15.5 Hz) and 4.12 (1H, J=15.5 Hz)] (-CH2- 
in the -S-CH2-CONH- group); 13C-NMR (δ, ppm): 200.1 
(C=S), 170.5, 165.9, 161.1 (C=O), 156.1, 147.6, 135.3, 
135.1, 131.9, 130.2, 127.0, 126.9, 126.6, 120.0 (CAr), 
34.6 (-SCH2-), 33.8 (-CH2- thiazolidine ring); HR-ESI-

MS m/z 476.9923 (M+H)+ calcd. for (C19H14ClN4O3S3) 
476.9917.

N-(4-oxo-2-thioxothiazolidin-3-yl)-2-[(3-(4-
methylphenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio]
acetamide compounds (5d): Yield: 72.0%. Mp: 246.4-
247.2oC. IR (ν, cm-1): 3210 (N-H), 3093 (C-H aromatic), 
2918 (C-H aliphatic), 1761, 1688 (C=O), 1609, 1549, 
1466 (C=C aromatic, C=N), 1233 (-N-C=S); 1H-NMR 
(δ, ppm): 11.29 (1H, s, NH), 8.08 (1H, d, J=8.0 Hz, Ar-
H), 7.85 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.75 (1H, d, J=8.0 
Hz, Ar-H), 7.49 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.40 (2H, 
d, J=8.0 Hz, Ar-H), 7.34 (2H, d, J=8.0 Hz, Ar-H), [4.43 
(1H, J=18.5 Hz) and 4.38 (1H, J=18.5 Hz)] (-CH2- in the 
thiazolidine ring), [4.14 (1H, J=16.0 Hz) and 4.09 (1H, 
J=16.0 Hz)] (-CH2- in the -S-CH2-CONH- group), 2.43 
(3H, s, CH3-Ar); 13C-NMR (δ, ppm): 200.1 (C=S), 170.5, 
166.0, 161.2 (C=O), 156.8, 147.6, 140.3, 135.2, 133.5, 
130.5, 129.6, 126.9, 126.5, 120.0 (CAr), 34.5 (-SCH2-), 
33.8 (-CH2- thiazolidine ring), 21.3 (CH3-Ar); HR-ESI-
MS m/z 479.0275 (M+Na)+ calcd. for (C20H16N4NaO3S3) 
479.0282.

N-(4-oxo-2-thioxothiazolidin-3-yl)-2-[(3-(4-
methoxyphenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio]
acetamide compounds (5e): Yield: 58.0%. Mp: 234.6-
235.1oC. IR (ν, cm-1): 3213 (N-H), 2978 (C-H aliphatic), 
1765, 1682 (C=O), 1549, 1466 (C=C aromatic, C=N), 
1231 (-N-C=S); 1H-NMR (δ, ppm): 11.29 (1H, s, NH), 
8.08 (1H, d, J=7.5 Hz, Ar-H), 7.85 (1H, dd, J1=J2=7.5 
Hz, Ar-H), 7.74 (1H, d, J=8.0 Hz, Ar-H), 7.49 (1H, dd, 
J1=J2=7.5 Hz, Ar-H), 7.38 (2H, d, J=7.0 Hz, Ar-H), 7.13 
(2H, d, J=7.0 Hz, Ar-H), [4.43 (1H, J=18.5 Hz) and 4.38 
(1H, J=18.5 Hz)] (-CH2- in the thiazolidine ring), [4.14 
(1H, J=15.5 Hz) and 4.09 (1H, J=15.5 Hz)] (-CH2- in the 
-S-CH2-CONH- group), 3.86 (3H, s, OCH3); 

13C-NMR 
(δ, ppm): 200.1 (C=S), 170.5, 166.0, 161.3 (C=O), 160.7, 
157.2, 147.6, 135.1, 131.1, 128.5, 126.9, 126.5, 120.0, 
115.2 (CAr), 56.0 (CH3O), 34.6 (-SCH2-), 33.8 (-CH2- 
thiazolidine ring); HR-ESI-MS m/z 473.0402 (M+H)+ 
calcd. for (C20H17N4O4S3) 473.0412.

Cytotoxicity assay: Compounds 5a-e were tested for 
cytotoxicity in three human cancer cell lines including 
Hep-G2 (Human hepatocellular carcinoma), LU-1 
(Human lung adenocarcinoma), and HeLa (HeLa cervical 
cancer cells). The cell lines were cultured in vitro under 
standard cell culture conditions (humidified air, 5% 
CO2, 37°C) according to the method of P. Skehan, et al. 
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(1991) [25]. The cytotoxicity assay on cancer cell lines 
was conducted by the Sulforhodamine B (SRB) method 
as described by K. Likhitwitayawuid, et al. (1993) [26]. 
Ellipticine was used as the positive control and dimethyl 
sulfoxide (DMSO) in culture media was used as the 
negative control. The optical density (OD) was measured 
by using an automated 96-well plate reader (Infinite 
Tecan, Switzerland) at 550 nm. The percentage of cell 
survival (CS%) was determined based on the absorbances 
of the test sample and negative control (DMSO-treated 
cells) as the following equation:

 

 

1688 (C=O), 1609, 1549, 1466 (C=C aromatic, C=N), 1233 (-N-C=S); 1H-NMR (, 
ppm): 11.29 (1H, s, NH), 8.08 (1H, d, J=8.0 Hz, Ar-H), 7.85 (1H, dd, J1=J2=7.5 Hz, 
Ar-H), 7.75 (1H, d, J=8.0 Hz, Ar-H), 7.49 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.40 (2H, d, 
J=8.0 Hz, Ar-H), 7.34 (2H, d, J=8.0 Hz, Ar-H), [4.43 (1H, J=18.5 Hz) and 4.38 (1H, 
J=18.5 Hz)] (-CH2- in the thiazolidine ring), [4.14 (1H, J=16.0 Hz) and 4.09 (1H, 
J=16.0 Hz)] (-CH2- in the -S-CH2-CONH- group), 2.43 (3H, s, CH3-Ar); 13C-NMR (, 
ppm): 200.1 (C=S), 170.5, 166.0, 161.2 (C=O), 156.8, 147.6, 140.3, 135.2, 133.5, 
130.5, 129.6, 126.9, 126.5, 120.0 (CAr), 34.5 (-SCH2-), 33.8 (-CH2- thiazolidine ring), 
21.3 (CH3-Ar); HR-ESI-MS m/z 479.0275 (M+Na)+ calcd. for (C20H16N4NaO3S3) 
479.0282. 

N-(4-oxo-2-thioxothiazolidin-3-yl)-2-((3-(4-methoxyphenyl)-4-oxo-3,4-
dihydroquinazolin-2-yl)thio)acetamide compounds (5e): yield: 58.0%. Mp: 234.6-
235.1oC. IR (, cm-1): 3213 (N-H), 2978 (C-H aliphatic), 1765, 1682 (C=O), 1549, 
1466 (C=C aromatic, C=N), 1231 (-N-C=S); 1H-NMR (, ppm): 11.29 (1H, s, NH), 
8.08 (1H, d, J=7.5 Hz, Ar-H), 7.85 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.74 (1H, d, J=8.0 
Hz, Ar-H), 7.49 (1H, dd, J1=J2=7.5 Hz, Ar-H), 7.38 (2H, d, J=7.0 Hz, Ar-H), 7.13 
(2H, d, J=7.0 Hz, Ar-H), [4.43 (1H, J=18.5 Hz) and 4.38 (1H, J=18.5 Hz)] (-CH2- in 
the thiazolidine ring), [4.14 (1H, J=15.5 Hz) and 4.09 (1H, J=15.5 Hz)] (-CH2- in the -
S-CH2-CONH- group), 3.86 (3H, s, OCH3); 13C-NMR (, ppm): 200.1 (C=S), 170.5, 
166.0, 161.3 (C=O), 160.7, 157.2, 147.6, 135.1, 131.1, 128.5, 126.9, 126.5, 120.0, 
115.2 (CAr), 56.0 (CH3O), 34.6 (-SCH2-), 33.8 (-CH2- thiazolidine ring); HR-ESI-MS 
m/z 473.0402 (M+H)+ calcd. for (C20H17N4O4S3) 473.0412. 

Cytotoxicity assay: compounds 5a-e were tested for cytotoxicity in three human 
cancer cell lines including Hep-G2 (Human hepatocellular carcinoma), LU-1 (Human 
lung adenocarcinoma), and HeLa (HeLa cervical cancer cells). The cell lines were 
cultured in vitro under standard cell culture conditions (humidified air, 5% CO2, 
37°C) according to the method of Skehan, et al. (1991) [25]. The cytotoxicity assay on 
cancer cell lines was conducted by the Sulforhodamine B (SRB) method as described 
by K. Likhitwitayawuid, et al. (1993) [26]. Ellipticine was used as the positive control 
and dimethyl sulfoxide (DMSO) in culture media was used as the negative control. 
The optical density (OD) was measured by using an automated 96-well plate reader 
(Infinite Tecan, Switzerland) at 550 nm. The percentage of cell survival (CS%) was 
determined based on the absorbances of the test sample and negative control (DMSO-
treated cells) as the following equation: 

    
                  
                

     

 
where, ODSample: optical density of sample at 550 nm; ODDMSO: optical density of 
negative control at 550 nm; ODday 0: optical density of sample or DMSO at time zero 
(start of sample exposure). 

Each sample was assayed with three replications and the result was taken as 
mean ± standard deviation (SD). The results are recorded in Table 1. 
  

where ODSample: optical density of sample at 550 nm; 
ODDMSO: optical density of negative control at 550 nm; 
ODday 0: optical density of sample or DMSO at time zero 
(start of sample exposure).

Each sample was assayed with three replications and 
the result was taken as mean ± standard deviation (SD). 
The results are recorded in Table 1.
Table 1. The cytotoxicity of 5a-e compounds in Hep-G2, LU-1 and 
HeLa cell lines.

No. Compounds Concentration 
(μg/ml)

CS (%)

Hep-G2 LU-1 HeLa

1 DMSO - 100 100 100

2 Ellipticine 5 2.05±1.15 3.06±1.26 2.33±1.23

3 5a 5 99.75±0.16 78.62±2.52 94.45±2.14

4 5b 5 99.26±0.66 98.74±0.90 95.52±0.63

5 5c 5 98.48±1.03 86.20±2.22 81.23±1.56

6 5d 5 95.79±0.38 66.52±2.19 65.24±1.04

7 5e 5 98.05±0.29 76.35±1.15 78.89±2.42

3. Results and discussion

The reaction of anthranilic acid and 
appropriately substituted phenyl isothiocyanates 
gave five 3-aryl-2-mercaptoquinazolin-4(3H)-
one compounds with good yield. In the fact, 
the 2a-e compounds existed in the thione form, 
namely 3-aryl-2-thioxo-2,3-dihydroquinazolin-4(1H)-
one by tautomerization. This was confirmed not only by 
their IR spectra with an absorption band around 1200-
1300 cm-1, which was attributed to the C=S bond but 
also by both their 1H-NMR and 13C-NMR spectra. The 
1H-NMR spectra of the 2a-e compounds displayed a signal 
at around δ 13.00, which is attributed to the N-H proton 
[27]. The signal appeared at high field (near 176.5 ppm) 
in the 13C-NMR spectra of the 2a-e compounds but was 
not seen in the 13C-NMR spectra of the 3a-e compounds, 

which must be assigned to carbon in the C=S  group. 
However, in an alkaline environment, the 2a-e compounds 
transformed into thiolate form and reacted with ethyl 
chloroacetate in the role of nucleophile agents to form 
S-substituted products, namely, ethyl 2-[(3-aryl-4-oxo-
3,4-dihydroquinazolin-2-yl)thio]acetate. Existence of 
2a-e compounds in thione form and their transformation 
into S-substituted products were reported in our recent 
work [28]. The esters, in turn, reacted with hydrazine 
hydrate to form hydrazide compounds. The reaction 
sequence used to synthesize the 2-[(4-oxo-3-aryl-3,4-
dihydroquinazolin-2-yl)thio] acetohydrazide compounds 
from anthranilic acid and aryl isothiocyanates has been 
reported in some works [7, 24]. However, spectral data 
of the synthesized compounds including both ester and 
hydrazide compounds, especially data on the 13C-NMR 
spectrum, were not fully available. The formation of 
these compounds was confirmed by the similarity in both 
melting point and spectral characteristics of them with 
the ones of the corresponding compounds in the literature 
[2, 7, 24]. Furthermore, the 13C-NMR spectra of the 3b-e 
and 4b-e compounds have been presented. 

To form a 2-thioxothiazolidine-4-one compound, the 
reaction of a hydrazide with thiocarbonyl-bis-thioglycolic 
acid has been mentioned [19-24]. This method was used 
to prepare the N-(4-oxo-2-thioxothiazolidin-3-yl)-2-[(4-
oxo-3-aryl-3,4-dihydroquinazolin-2-yl)thio]acetamide 
compounds (5a-e) based on the reaction of thiocarbonyl-
bis-thioglycolic acid with appropriate hydrazides 4a-e. 
Except for the 5a compound that was synthesized and 
reported in our recent work [24], the 5b-e compounds 
have not been found in the literature. In the IR spectra 
of the 5a-e compounds, the vibration of the N-H bond 
appeared around 3200 cm-1, which is the absorption 
region of the C=O bond. Besides the absorption of the 
lactam and amide carbonyl groups around 1690 cm−1, 
there is an appearance of a new band around 1760 cm-1 
assigned to the absorption of the C=O group in the 
2-thioxothiazolidin-4-one ring. The pseudo-molecular 
ion peaks [M+H]+ or [M+Na]+ in the mass spectra of the 
products matched with theoretical calculations. In the 
1H-NMR spectra of the 5a-e compounds, in addition to 
the signal at 4.13 ppm characterized as the -SCH2- group 
bonding with quinazoline ring, there is the new signal 
at 4.41 ppm that was assigned to the methylene group 
on the thiazolidinone ring. Notably, the signals of these 
methylene groups did not appear in the expected singlet 
type, but both of them were split into two doublets, which 
is similar to what happened to the compound containing 
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a 2-thioxo-1,3-thiozolidin-4-one ring synthesized from 
7-hydroxy-4-methylcoumarin [19]. Thus, the thiazolidine 
ring not only contains non-equivalent methylene 
protons but also makes the methylene protons of the 
-SCH2CONH- group become diastereotopic protons. 
Protons in each of these methylene groups interact 
with each other and form doublet signals. Due to the 
proximity of chemical shifts, these signals are influenced 
by the roof effect and appear in the special shape as 
described. The signals appearing in the 13C-NMR spectra 
of the 5a-e compounds include 2 signals at 34.5 ppm and 
33.8 ppm (2 methylene carbons), a signal at 200.1 ppm 
(carbon in the thioxo group), 3 signals at about 161-170 
ppm (3 carbonyl carbons), and 14 signals at 120.0-156.5 
ppm (unsaturated and aromatic carbons). In addition, the 
signals of the carbon atoms in the aromatic rings appear 
fully in the spectra. Particularly, the spectrum of the 5d 
compound has a signal at 21.3 ppm while the spectrum of 
the 5e compound has a signal at 56.0 ppm. These signals 
are assigned to carbon atoms in the methyl and methoxy 
groups in their molecules, respectively. All data showed 
that the structure of the 5a-e compounds matches their 
desired molecular formula.

All compounds containing a 2-thioxothiazolidin-
4-one ring (5a-e) were evaluated for their potential 
cytotoxicity against Hep-G2, LU-1, and HeLa cancer 
cell lines using Ellipticine as a positive control. The 
results were expressed in terms of the percentage of 
cell survival (CS%) (see Table 1). Disappointingly, all 
of the (5a-e) compounds possessed low toxicity against 
the three human cancer cell lines tested. Other biological 
activities of these compounds such as antimicrobial and 
antioxidant activities are continuing to be investigated. 

4. Conclusions

In the present work, five new N-(4-oxo-2-
th ioxoth iazol id in-3-yl ) -2- [ (4-oxo-3-ary l -3 ,4-
dihydroquinazolin-2-yl)thio]acetamide compounds 
were synthesized and their structures were confirmed 
by IR, HR-MS, 1H-NMR, and 13C-NMR spectral data. 
However, the initial survey showed that all of these 
hybrid compounds based 3-aryl-2-sulfanylquinazolin-
4(3H)-one heterocycle and 2-thioxothiazolidin-4-one 
heterocycle did not exhibit cytotoxic active against 
Hep-G2, LU-1, and HeLa cancer cell lines.
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1. Introduction

Drying is a separation process in solid-liquid systems. 
In practice, the drying process plays an important role 
in various industries. In principle, these transport 
phenomena in porous media can be modelled by using 
two approaches: continuous and discrete, as mentioned 
by D. Michel, et al. (1987) [1]. By using the continuous 
model, porous media is simulated to be continuous and 
effective parameters for heat and mass transfer are used. 

Following the continuous approach, Whitaker used a 
volume averaging technique to obtain a set of macroscopic 
transport equations from a system of basic transport laws 
at a microscopic level for the three phases (gas, liquid, 
and solid). Details of the above technique can be found in 
Whitaker’s works [2-4]. According to Whitaker’s model, 
porous media is assumed to be continuous, and a system 
of conservation equations of heat, mass, and motion is 
developed through the main state variables. The model 
developed by Whitaker has been widely applied in the study 
of the drying of porous media, for example, in the drying 
analysis of sand [5-8], glass beads [9], sandstone [10], 
porous insulators [11], brick [12], cellular materials [13], 

wood [14-17], and light concrete [18-20]. In these mentioned 
works, the model is usually quite successfully matched 
against experimental data. As a result, the above research 
works highlight the acceptance of the complete theory. 

Among other methods, [21, 22] used a control 
volume finite element method (CV-FEM) [23] to solve 
the numerical problem. The advantage of this method is 
that the coupled heat and mass transfer is modelled using 
effective parameters, which have a physical meaning 
and are not lumped parameters. The model developed 
by Whitaker, Perré, and Turner very effectively solves 
the drying problem of porous media because the heat 
and mass transfer happen simultaneously, and these 
phenomena are simulated using effective parameters. 
However, the most difficult point when solving the 
problem is the determination of the model parameters as 
pointed out by V.T. Hong, et al. (2006) [24]. According to 
[25, 26], these parameters must either be experimentally 
determined or must be modelled from the microstructure 
of the material. In fact, these parameters are functions of 
state variables, e.g., moisture content, temperature, and 
pressure. These parameters should be determined with 

Drying of porous media: An algorithm 
to determine effective parameters

 Hong Thai Vu*, Trung Dung Nguyen
Department of Chemical Process Equipment, School of Chemical Technology, Hanoi University of Science and Technology, 

1 Dai Co Viet Street, Bach Khoa Ward, Hai Ba Trung District, Hanoi, Vietnam

Received 16 March 2021; revised 23 May 2021; accepted 4 June 2021

                                               
*Corresponding author: Email: thai.vuhong@hust.edu.vn

Abstract:

Drying is a separation process in solid-liquid systems. The drying process plays an important role in various indus-
tries such as chemical engineering, food, agriculture, and construction. In the past decades, drying of porous media 
has attracted the attention of many researchers all around the world. The drying process is a complex one due to 
the phenomena of heat and mass transfer, which take place simultaneously. In principle, these transport processes 
can be modelling using continuous and discrete approaches. Following the continuous approach, porous media 
was simulated as continuous, and effective parameters for heat and mass transfer were employed. The system of 
equations governing the drying process in porous media resulting from Whitaker’s model is presented and used in 
our numerical implementation. In this continuous model, the effective diffusivity and effective thermal conductivity 
parameters had strong effects on the results. The purpose of this research was to develop an algorithm to determine 
the effective parameters of the drying of porous media by using a continuous model.

 Keywords: continuous model, drying, effective diffusivity, numerical model. 

Classification numbers: 2.2, 2.3 

DOI: 10.31276/VJSTE.64(2).28-33



29JUNE 2022 • VOLUME 64 NUMBER 2

PHYSICAL SCIENCES | CHEMISTRY, ENGINEERING

great care concerning the microscopic material structure 
as they have decisive effects on simulated drying 
characteristics. By solving the so-called inverse problem, 
one can find a way to determine these parameters. 

Experimental methods such as magnetic resonance 
imaging (MRI) have used to obtain the drying kinetics 
of porous materials, for example, the moisture content, 
Xexp, can be obtained as function of space and time.  
By using experimental data such as this, effective 
transport parameters such as diffusivity can be obtained 
by progressively modifying the transport parameters 
until the simulated drying kinetics (Xsim) match the 
experimental ones (Xexp). Therefore, the purpose of 
this research is to develop an algorithm to determine 
the effective parameters of drying of porous media by 
using a continuous model. However, due to the lack 
of experimental data, we use the forward problem to 
generate the data for the inverse problem by employing 
the control volume method and some known material 
parameters. Then, the algorithm of the inverse problem 
is presented, and numerical examples are considered to 
demonstrate the accuracy of the computed parameters. In 
this study, we consider the problem in one-dimensional 
space as well.

2. Governing equations

There are four equations that govern the drying 
process in a porous medium. The first is the conservation 
equation for water in liquid and gas phases. The second 
is the conservation equation for air in the gas phase. The 
third is the conservation equation of energy, and the 
fourth are the sets of equations of motion for the liquid 
phase and for the gas phase [3, 21].

The conservation equation for water in both liquid 
and gas phase is:
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where ρw, ρv, and ρg are the mass density of the liquid, 
vapor, and gas phases, respectively, εw and εv are the 
volume fractions of the liquid and gas phase, respectively, 
vw and vw are the velocities of the liquid and gas phase, 
respectively, and Deff is the effective diffusivity tensor. 

The conservation equation for air in the gas phase can 
be formulated as:
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The most complex one is the conservation equation of 
energy and it is given as: 
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where w , v , and g  are the mass density of the liquid, vapor, and gas phases, 
respectively, w  and v  are the volume fractions of the liquid and gas phase, respectively, 

wv  and gv  are the velocities of the liquid and gas phase, respectively, and effD  is the 
effective diffusivity tensor.  
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where εs and ρs are the volume fraction and the mass 
density of the solid phase, respectively, hs, hw, hv, and ha 
are the enthalpies per unit mass of the solid, water, vapor, 
and air, respectively, and λeff is the effective thermal 
conductivity tensor.

The equation of motion for the liquid phase can be 
written as:

where s  and s  are the volume fraction and the mass density of the solid phase, 
respectively, sh , wh , vh , and ah  are the enthalpies per unit mass of the solid, water, vapor, 
and air, respectively, and effλ  is the effective thermal conductivity tensor. 

The equation of motion for the liquid phase can be written as: 
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and the equations of motion for the gas phase are given as: 
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where K  is absolute permeability tensor, wk  and gk  are the relative permeability tensors 

for liquid and gas phase, respectively, w  and g  are the dynamic viscosity of water and  

gas, respectively, wP  is the pressure of the liquid phase, and gP  is the pressure of the gas 
phase. 

In addition, the boundary conditions for mass and heat transfer at the external 
drying surfaces of the porous medium must be specified. The gas pressures at the external 
drying surfaces are fixed at the pressure of the bulk drying air. Sorption isotherm, 
capillary pressure, ideal gas laws, and enthalpy-temperature relations will complete the 
set of equations (1-8) by facilitating the expression of all variables as functions of the 
three state variables. Finally, initial conditions are needed to close the sets of equations. 
These conditions can be found from the work of H.T. Vu (2006) [27]. 

Material properties 

For our calculations, a light concrete reference material is considered. More 
information about this material can be found in these works of [21, 22]. The porosity is 
=0.8. The solid density is 3kg.m2500 s  and the heat capacity is 

  11.KJ.kg  4185840  XC ssp  . The fully saturated material has a moisture content 
Xsat=1.6. 

  The sorption isotherm is given as:    
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where K is absolute permeability tensor, kw and kg are the 
relative permeability tensors for liquid and gas phase, 
respectively, ηw and ηg are the dynamic viscosity of water 
and  gas, respectively, Pw is the pressure of the liquid 
phase, and Pg is the pressure of the gas phase.

In addition, the boundary conditions for mass and 
heat transfer at the external drying surfaces of the porous 
medium must be specified. The gas pressures at the 
external drying surfaces are fixed at the pressure of the 
bulk drying air. Sorption isotherm, capillary pressure, 
ideal gas laws, and enthalpy-temperature relations will 
complete the set of equations (1-8) by facilitating the 
expression of all variables as functions of the three state 
variables. Finally, initial conditions are needed to close 
the sets of equations. These conditions can be found from 
the work of H.T. Vu (2006) [27].

3. Material properties

For our calculations, a light concrete reference 
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where Xirr=0.07, which is the irreducible content and 
)(* TPv  is the saturation pressure.

4. Parameters of real material and parameters to be 
determined

The following table presents the parameters of 
the real material and the parameters to be determined 
(Table 1). The first column is the parameters of the real 
material, which is light concrete in this case. Based on 
these values, we can derive the unknown parameters, i.e., 
the parameters to be determined, as functions of state 
variables.
Table 1. Parameters of real material and parameters to be 
determined. 
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The problem can be stated as follows: 
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where m is the length of vector f .  

In this research, we use the Levenberg-Marquardt [28] method to solve the optimal 
problem. FORTRAN and MATLAB are employed to solve the equations. 

Levenberg-Marquardt method 

More details of the Levenberg-Marquardt method can be found from the research 
work of Marquardt [28]. The Levenberg-Marquardt steps, ks , can be defined by: 
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points. In our model, we have 3 elements, so then there are 3 measurement points. Then, 
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Note that xk is the value of vector xk at step k and sk 

is a vector of the same length as xk. The length of x is 
the number of parameters. For example, if we need to 
determine one parameter (dv1), the length of x is 1 and 
the length of ∆k is 1 as well. The size of the matrix Dk is 
1x1, but the length of f(x) is 3n, where n is the number of 
measurement points. In our model, we have 3 elements, 
so then there are 3 measurement points. Then, the length 
of  f(x) is 9 and, similarly, the length of f '(xk ) is 9.
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where m is the length of vector f .  
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7. Algorithm to determine the effective parameters
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Fig. 1. Algorithm to determine the effective diffusivity.

8. Results and discussion
The convergence of the inverse problem is illustrated 

in Fig. 2. From this figure, we can see that after four 
iterations, the problem is converged. This result also 
shows that dv1 from the calculation is very consistent 
with the initial assumption value of dv1. This result is very 
important because it determines the convergence of the 
inverse problem and also confirms the correctness of the 
algorithm.

Furthermore, we will apply this algorithm to determine 
the effective diffusivity. This parameter is calculated as 
follows:
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where Dv1=2.26.01-5,  Dv2=1.81, and kg is the relative 
permeability of gas.
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Fig. 2. Illustration of the convergence of the inverse problem.

In the inverse problem, we assume that both material 
parameters Dv1 and Dv2 are unknown. The inverse problem 
is then to retrieve the values Dv1= 2.26.10-5

  and Dv2=1.81 
given above. We then use the Levenberg-Marquardt 
algorithm first by assigning Dv1 and Dv2 to some initial 
values Dv1=

0
11 vv DD =  and Dv2=

0
22 vv DD = . After that, we solve the 

inverse problem to determine the computed parameters, 
which are denoted by C

vD 1  and C
vD 2 . In our calculation, 

we use a 20-node mesh (N=20) and 51 sampling points 
(S=51) for the forward problem. In the inverse problem, 
we choose the initial values 50

1 100.3 −⋅=vD =3.0.10-5 and 0.30
2 =vD =3.0. By 

solving the inverse problem, we get 5
1 1026.2 −⋅=C

vD =2.26.10-5  and 
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81.12 =C
vD =1.81. These values are very close to the value of Dv1 

and Dv2 above. 

Fig. 3. Simulation of drying using data computed from solving the 
inverse problem (N=20, S=51).

The use of these two computed parameters in the 
forward problem is presented in Fig. 3. In this figure, the 
result of the inverse problem is shown, and the assumed 
input is presented by dotted lines (assumed experimental 
data) taken from a spherical specimen. From these data, 
the inverse problem is solved by iteratively changing 
the material parameters Dv1 and Dv2. With each new 
set of material parameters, a simulation is done, and 
the moisture profiles (solid lines) are computed and 
compared with the assumed input data. The process is 
repeated until the simulated result (solid lines) matches 
the input data (dotted lines). In Fig. 3, the solid lines are 
the simulation result computed with the final values of 
material parameters Dv1 and Dv2. It shows that, in this case, 
the drying kinetics are computed with good accuracy.

9. Conclusions

In this research, an algorithm to determine the 
effective parameters of the drying of porous media is 
presented. By solving the inverse problem, we obtained 
very reasonable results. However, more numerical tests 
should be realized to understand and improve the solution 
of the inverse problem. In the next step of our research, the 
model will be extended into two- and three-dimensional 

space. In addition, the use of real experimental data to 
evaluate the model will also be within the scope of our 
future research.
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1. Introduction

1.1. 3D printing and 4D printing

3D printing is a well-known manufacturing technique 
with widespread applications among many areas of 
society. One of the many 3D printing techniques is 
fused deposition modelling (FDM). In this technique, 
melted materials are squeezed through a nozzle of small 
diameter (fractions of a millimetre). The nozzle is moved 
by a robotic arm controlled by a computer program. The 
combination of the motion of the arm, together with 
controlling of the deposition of the material, provides 
the ability to produce structures of complex geometries 
without the need for a complex mould.

In normal 3D printing, the materials remain the 
same throughout the whole structure.  4D printing is an 

extension of 3D printing in which the material properties 
may vary along spatial coordinates [1-4]. Fig. 1 illustrates 
the concept of 4D printing. For comparison, the figure on 
the left shows the process of 3D printing where layers 
of material are deposited to make up a structure. The 
mandrel used for this deposition is just a simple flat 
plate. For 4D printing, the materials vary from point to 
point within the structure. This can be done by changing 
the materials during the course of the deposition. In Fig. 
1, the black colour represents one material and the red 
colour represents another. Because these materials have 
different properties, they have different reactions to 
external stimuli such as the application of heat, electricity, 
moisture, or light, etc. After a flat stack of material has 
been deposited, as shown in the left figure, the stack of 
material is subjected to an external stimulus and this 
exposure will make the structure change its shape. This 
process is called self-reconfiguration as shown in the 
figure on the right. By properly controlling the type of 
materials and their positions, predetermined complex 
structures can be obtained.
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Fig. 1. Concept of regular 4D printing.

1.2. 4D printing of composites (4DPC)

The 4D printing method described above is usually 
operated with isotropic materials, such as elastomers 
and polymers. They have low stiffness (about 1 GPa) 
and strength (about 10 MPa). Indeed, 4DPC is a method 
that attempts to utilize long, continuous fibre-reinforced 
composite materials that have high stiffness (about 180 
GPa) and strength (about 100 MPa) along the fibre 
direction. These materials have been used to construct 
major engineering structures such as the body of airplanes, 
automobiles, wind turbine blades, etc. Actually, these 
are not exotic materials only available in a lab, but are 
available commercially.

Fig. 2: A typical layer; the fibre direction can be along the length 
(x direction) of the layer (when θ=0) or off-axis (when θ is different 
from 0).

The basic element of a laminate is an individual layer 
(Fig. 2). Each layer has a thickness of about 0.125 mm. 
For comparison, a hair has a thickness of 0.100 mm.  
Within each layer, there are many fibres that are made of 
either carbon or glass. The diameter of each fibre is about 
0.007 mm (carbon) or 0.010 mm (glass). The fibres are 
bonded together with an adhesive that is usually made of 
epoxy.  One way to visualize a layer of composite material 
is like a piece of tape, except that there are strong, stiff 
fibres within the tape and that it is sticky on both sides. 

The presence of the fibres gives the layer anisotropic 
behaviour, i.e. the material’s properties depend on the 
direction. For example, the layer is very strong along 
the fibre direction but relatively weak transverse to the 
fibre direction. Engineering structures such as airplanes, 
automobiles, and wind turbine blades are usually 
subjected to loadings along many directions at the same 
time. As such, the use of a single layer does not satisfy 
all loading conditions. In order to address this, a laminate 
made of multiple layers is usually required. Within a 
laminate, layers of different orientations are stacked 
together. One example of a laminate is shown in Fig. 3 
where it is made of up of layers at 0o, 90o, 45o and -45o. 
The lay-up sequence shown in this figure constitutes a 
symmetric laminate. What this means is that the laminate 
has a plane of symmetry at mid thickness as there are 
identical materials and fibre orientations and at equal 
distances from the mid plane. The use of symmetric 
laminates avoids distortion of the laminate due to 
manufacturing and it simplifies the understanding and 
design behaviour of the laminates. Symmetric laminates 
have been used almost exclusively by the worldwide 
composites community for more than seven decades.    

Fig. 3. A laminate made of 0o, 90o, 45o, and -45o.

The method of 4DPC uses asymmetric laminates, 
which is not the normal way. Indeed, for most applications 
of composites so far, asymmetry and anisotropy have 
been considered as a liability. However, asymmetric 
laminates are the main mechanism behind 4DPC and this 
is due to the complex behaviour of the laminate. Actually, 
asymmetry is considered an asset because it gives rise to 
the fourth dimension, i.e., the self-reconfiguration of the 
structure when subjected to the change in temperature. To 
understand and predict the change in shape of a structure, 
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it is necessary to utilize some theory. M.L. Dano and 
M.W. Hyer (2002) [5] and a few other researchers [6, 7] 
have examined the behaviour of asymmetric laminates 
upon cooling from cure temperature. It was shown that 
these laminates can exhibit different shapes at different 
temperatures and geometrical configurations. Some 
can take a saddle shape and some can take the shape of 
circular cylinders. It has also been shown that for plates 
at room temperature where the length over thickness ratio 
is significantly large, the radius of curvature obtained 
using the energy approach by Dano, Hyer and others 
approximate that obtained using laminate theory. As 
such, for a situation where the shape at room temperature 
is concerned, and for thin plates with large length over 
thickness ratios, the use of laminate theory is sufficient 
for the prediction of the shape. A few salient features of 
laminate theory are presented below.     

1.3. Laminate theory [8]   

The main purpose of laminate theory is to obtain the 
properties of the laminate, which is a stack of individual 
layers (laminas) each with a specific material, thickness, 
and fibre orientation, from the properties of the individual 
layers. 

From the lamina’s properties, the properties of the 
laminate, which consists of a number of laminae with a 
certain stacking sequence, can be obtained as:

  dzQA ijij         zdzQB ijij             dzzQD ijij
2                                   (1) 

where i, j = 1, 2, 6, and z are the structural coordinates along the thickness of the laminate 
and: 
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Where, θ is the angle between the fibre direction in a layer relative to the x coordinate of 
the laminate, as shown in Fig. 2, E1 is modulus along the fibre direction, E2 is modulus 
transverse to the fibre direction, G12 is in-plane shear modulus, ν12 is major Poisson ratio, 
and ν21 is minor Poisson ratio with the relation E1ν21=E2ν12. Typical properties of a 
carbon/epoxy material are shown in Table 1.  
Table 1. Properties of a typical carbon/epoxy unidirectional composite material [8]. 

Modulus along fibre direction E1 (GPa) 155 (22.48 msi) 

Modulus transverse to fibre direction E2 (GPa) 12.10 (1.75 msi) 

In plane shear modulus G12 (GPa) 3.20 (0.464 msi) 

Major Poisson ratio ν12 0.248 

Coefficient of thermal expansion along fibre 
direction, α1 (10-6/oC) 

-0.018 (-0.01x10-6/oF) 

Coefficient of thermal expansion transverse to 24.3 (13.5 x 10-6/oF) 
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where, θ is the angle between the fibre direction in 
a layer relative to the x coordinate of the laminate, as 

shown in Fig. 2, E1 is modulus along the fibre direction, 
E2 is modulus transverse to the fibre direction, G12 is in-
plane shear modulus, ν12 is major Poisson ratio, and ν21 is 
minor Poisson ratio with the relation E1ν21=E2ν12. Typical 
properties of a carbon/epoxy material are shown in Table 1. 
Table 1. Properties of a typical carbon/epoxy unidirectional 
composite material [8].

Modulus along fibre direction E1 (GPa) 155 (22.48 msi)

Modulus transverse to fibre direction E2 (GPa) 12.10 (1.75 msi)

In plane shear modulus G12 (GPa) 3.20 (0.464 msi)

Major Poisson ratio ν12 0.248

Coefficient of thermal expansion along fibre direction, α1 (10-6/oC) -0.018 (-0.01x10-6/oF)

Coefficient of thermal expansion transverse to fibre direction, α2 (10-6/oC) 24.3 (13.5 x 10-6/oF)

Moisture expansion coefficient along fibre direction, β1 (%/%M) 146

Moisture expansion coefficient transverse to the fibre direction, β2 (%/%M) 4770

For the case of a laminate subjected to a temperature 
change ΔT, the relations for the strains and curvatures in 
terms of the stress and moment resultants are given as:
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where, the column on the left-hand side represents the in-plane strains and curvatures at 
the mid plane of the laminate, the square matrix represents components of the 
compliance, and the column on the right-hand side represents the thermal stress resultants 
and thermal moment resultants, respectively. 
The inverse of the relations in Eq. (4) is: 
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where the Aij, Bij, Dij are given by Eq. (1).  
The thermal stress resultants and thermal moment resultants are given as: 
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where the Aij, Bij, Dij are given by Eq. (1).  
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where the Aij, Bij, Dij are given by Eq. (1).
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where the Aij, Bij, Dij are given by Eq. (1).  
The thermal stress resultants and thermal moment resultants are given as: 
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and α1 and α2 are the on-axis coefficients of thermal expansion of a particular layer, as 
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By obtaining the strains and curvatures as shown in the relations of Eq. (8), the 
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and α1 and α2 are the on-axis coefficients of thermal 
expansion of a particular layer, as given in Table 1.
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By obtaining the strains and curvatures as shown in 
the relations of Eq. (8), the deformation of the laminate 
due to cooling from either the curing temperature or 
processing temperature can be obtained.

1.4. 3D printer for composites

A normal 3D printer is usually small and can sit 
on a desktop. For the case of long, continuous fibre 
composites, an automated fibre placement (AFP) machine 
is used [9]. Actually, AFP machines have been designed 
to make large structures such as an airplane’s body or 
wings. As such, these machines are huge and costly. The 
initial intention is not for 3D printing. However, this 
manufacturing technique is additive and has all features 

of a 3D printer. Laminates used in 4DPC can be made 
either by hand lay-up or by the use of an AFP machine.   

2. Potential applications of 4D printing of composites

4DPC have many potential applications and they are 
given in the following subsections.

2.1. Manufacturing of composite structures of 
complex shape using only a simple flat mould

One example is the manufacturing of an “S” shape 
structure as shown in Fig. 4 [10]. If one were to use 
the conventional method of composite manufacturing, 
S-shaped moulds would need to be made, and this 
involves time and money.

Another application is the case of a composite flower 
as shown in Fig. 5. For this structure, 4DPC is the only 
technique that can accomplish the manufacturing. Indeed, 
normal composite manufacturing methods cannot make 
this structure. 

Fig. 4. Composite “S” shape made by 4DPC [10].

Fig. 5. Composite flower made by 4DPC.

Base, [0/90]S
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Another potential application of 4DPC is the 
manufacturing of composite leaf springs as shown in Fig. 
6 [11]. This spring has an elastic constant of 486 N/cm 
and it was subjected to more than 1 million cycles (from 
curved to completely flat and back) without any sign of 
degradation.

Fig. 6. Composite leaf spring made by 4DPC [11].

2.2. Manufacturing of corrugated core for flexible 
wings

The efficiency of aircraft wings can be significantly 
improved by changing their shape during flight. This is 
called “morphing” [12]. Morphing can be accomplished 
by adjusting the angle between the trailing edge relative to 
the body of the wing as shown in Fig. 7 (left). By making 
the core of the trailing edge in the form of corrugation the 
movement of the trailing edge is facilitated [13]. The use 
of 4DPC enables efficient and low-cost manufacturing of 
the corrugated composites.

  

Fig. 7. Morphing of aircraft wings (left: shape changing and right: 
corrugated composite core).

2.3. Efficient packaging

Another potential application of 4DPC is efficient 
packaging for transportation. In a situation where some 
structure, such as housing, needs to be installed at a remote 
location such as outer space or the North or South poles, 
where access to manufacturing facilities are scarce, the 
use of 4DPC can offer a solution. The complex structure 
can be transported in the form of simple flat structures. 
Upon arrival, the application of the external stimulus can 
be imposed thereby transforming the flat structure in to a 
complex 3D structure.

Along the lines of the ability to transform a flat stack 
of layers into a three-dimensional structure, the idea of 

trying out the concept on forming letters of the English 
alphabet were attempted. Indeed, each letter in the 
English alphabet has different degrees of curvature and 
complexity. Hopefully, the experience learned during 
these exercises can be useful for real structures.  

3. Illustrations of capacity of the technique through 
letters of the alphabet

In an effort to examine the ability of 4D printing 
of composites, the concept of 4DPC can be examined 
to see if it can be used to make structures of complex 
geometries. One example would be for the case of letters 
of the alphabet. The formation of the letters that make up 
the word CONCORDIA was made [14]. In this paper, the 
lay-up sequences for the letters V, e, t, m are developed. 
These letters, together with the letters already made for 
the word CONCORDIA can be put together to make up 
the word Vietnam. 

4. Principles of the procedure

There are basically four guidelines to form complex 
geometries from flat laminates for the technique of 
4DPC. These are:

4.1. Symmetric laminates remain flat in both the 
initial and final configurations

In symmetric laminates such as those with lay-up 
sequences [0/90]s or [0n/90n]s, the laminate does not 
change its configuration when its temperature is reduced 
from curing temperature to room temperature. This 
reduces complexity in the design of structures using 
composite materials. As such these laminates have 
been used for many years in making many engineering 
structures such as airplane and automotive structures. 
These types of laminates are used to serve as the base for 
many letters in this paper.

4.2. Unidirectional laminates are flat

Unidirectional laminates are those that contain only 
fibres along one direction, such laminates with lay-up 
sequence [0]1, [0]3 etc. A combination of these laminates 
such as [0]1+[0]3=[0]4 is also a unidirectional laminate. 
Upon cooling from cure temperature to room temperature, 
this laminate remains flat.

4.3. Un-symmetric cross ply laminates show curvature

Un-symmetric cross-ply laminates are those consisting 
of layers at 0o orientation and 90o orientation, and are not 
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symmetric. The laminate sequence has the form [0m/90n] 
where m and n are integers. For example, for the letter 
“a”, there are regions where the laminate has the lay-up 
sequence [0/903], where m=1 and n=3. Upon curing and 
cooling to room temperature, this laminate will change 
its shape from flat to curved where the 90o layers are on 
the concave side.

4.4. Use of non-stick separator to prevent bonding

In order to facilitate the transformation from flat 
configuration to curved configuration, it is necessary for 
some surfaces not to stick together. There are regions in 
some of the letters that should be separated after curing 
and cooling. Consider the case of the letter “a” in Fig. 
14. The red line shows a non-stick caul plate. Its function 
is to prevent bonding between the base and the laminate 
above. At the beginning during the deposition of the 
layers, all layers are flat and are on top of each other. Since 
the prepregs are adhesive, they need to be separated such 
that when they cure and solidify, the layers should not 
bond to each other. This allows the rise of the majority of 
the “a” letter above the base plate.

Using the above 4 mechanisms, the lay-up sequences 
for the letters making up the word VIETNAM are 
presented below.

4.5. Letter V

In the 7 letters making up the word Vietnam, the letter 
V is the exception where the 4DPC does not work well. 
The reason is due to the limit of the minimum curvature 
that can be made using current commercially available 
composite materials. Using the material properties in 
Table 1 and the procedure given in equation (1) to (8), 
the radius of curvature for a [0/90] laminate is 5 cm [10]. 
Using the lay-up sequence as shown in Fig. 8 would give 
a structure looking similar to the letter U. This represents 
the lower limit of the radius of curvature at a corner.

 

 
Fig. 8. Lay-up sequence and the letter U. 
 In order to obtain a sharp corner for the letter V, an alternate procedure (not 
4DPC) is used as shown in Fig. 9. In this procedure, two symmetric laminates of lay-up 
sequence [0/90/0] are bonded onto a thin aluminum piece. The aluminum piece is then 
bent to the desired radius. 

 

Base, [0/90]S 

[0]1 

Thin caul plate 

[90]3 [0]3 

5 12 5 

 

[0]3 

Fig. 8. Lay-up sequence and the letter U.

In order to obtain a sharp corner for the letter V, an 
alternate procedure (not 4DPC) is used as shown in Fig. 
9. In this procedure, two symmetric laminates of lay-up 
sequence [0/90/0] are bonded onto a thin aluminum piece. 
The aluminum piece is then bent to the desired radius.

Fig. 9. Lay-up arrangement and letter V.

4.6. Letter “i”

The lay-up sequence for the letter “i” was already 
presented in [14]. It is included here for completeness of 
the presentation.  The lay-up configuration for the letter 
”i” is shown in Fig. 10.

• First a base laminate of  symmetric lay-up [0/90]s is 
made (blue part).

• A thin layer of metal  (7 inch long) is placed from 
the right side of the base plate (red line). This shim is 
used to prevent bonding of the upper to the lower part.

• A layer of unidirectional composite [0], with length 
of 12 inch is laid over.

• From the left side, a laminate of three layers of [0]3 
of length 2 inch is laid. This is followed by a laminate of 
[90]3 of length 6 inch, and finally by another laminate of 
[0]3 with 4 inch length.

After curing and cooling to room temperature, the 
assembly changes its shape to a curved shape of the letter 
“i” as shown in the bottom figure of Fig. 10.

 

 
Fig. 10. Lay-up sequence  and the letter “i”. 

Letter e 
The lay-up sequence for the letter e is shown in Fig. 11. The letter e can be 

considered as a double letter “c”. Note that there two shim locations (red line) in order to 
separate the two parts from each other.  
 

 
 
 
 
 
 

Base, [0/90]S 

[0]1 

Thin caul plate 

[90]3 [0]3 [0]3 

2 6.0 4 

 Base, [0/90]S 

[0]1 

[90]3 [0]3 Thin caul plate 

13 2 

[0]1 

[90]3 [0]3 

[0]3 

[0]3 

2 

Fig. 10. Lay-up sequence  and the letter “i”.
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4.7. Letter e

The lay-up sequence for the letter e is shown in Fig. 
11. The letter e can be considered as a double letter “c”. 
Note that there two shim locations (red line) in order to 
separate the two parts from each other. 

 

 
Fig. 10. Lay-up sequence  and the letter “i”. 

Letter e 
The lay-up sequence for the letter e is shown in Fig. 11. The letter e can be 

considered as a double letter “c”. Note that there two shim locations (red line) in order to 
separate the two parts from each other.  
 

 
 
 
 
 
 

Base, [0/90]S 

[0]1 

Thin caul plate 

[90]3 [0]3 [0]3 

2 6.0 4 

 Base, [0/90]S 

[0]1 

[90]3 [0]3 Thin caul plate 

13 2 

[0]1 

[90]3 [0]3 

[0]3 

[0]3 

2 

 

Fig. 11. Lay-up sequence and the letter “e”.

4.8. Letter t

The lay-up sequence for the letter “t” is as shown in 
Fig. 12. Note that the red shims are broken at strategic 
locations in order to allow for bonded regions and non-
bonded regions.

 

 
 
Fig. 11. Lay-up sequence and the letter “e”. 

Letter t 
The lay-up sequence for the letter “t” is as shown in Fig. 12. Note that the red 

shims are broken at strategic locations in order to allow for bonded regions and non-
bonded regions. 

 

 Base, [0/90]S 

[0]1 

[90]3 

Thin caul plate 

10 12 

[90]3 [0]3 

[0]3 

2 6.5 2 

[0]1 

Fig. 12. Lay-up sequence and the letter “t”

4.9. Letter n

The lay-up sequence for the letter “n” was already 
presented in [14]. It is included here for completeness of 
the presentation.

The configuration of letter “n” is shown in Fig. 13. 
The configuration looks like a fork with the upper side 
and lower side separated by a middle portion. 

 

 
Fig. 12. Lay-up sequence and the letter “t” 

Letter n 
The lay-up sequence for the letter “n” was already presented in [14]. It is included 

here for completeness of the presentation. 
The configuration of letter “n” is shown in Fig. 13. The configuration looks like a 

fork with the upper side and lower side separated by a middle portion.  

 
 

Base, [0/90]S 

[0]1 

[90]3 [0]3 

Thin caul plate 

20 4 

[90]3 [0]3 [0]3 

2 6.5 4 

[0]1 

Fig. 13. Lay-up sequence and the letter “n”.

Figure 13 (bottom) shows a photograph of the letter 
“n” after manufacturing. The bond at the lower left side 
of the letter “n” in Fig. 13 (bottom) corresponds to the 
bond on the left side in Fig. 13 (top). The right portion of 
the upper fork in bottom figure corresponds to the right 
portion of the upper fork in the top figure. It separates 
from curved portion of the letter “n” due to the non-stick 

layer as shown by the red line in top figure. The middle 
part in top figure corresponds to the right portion of the 
letter “n” in bottom figure.

4.10. Letter “a”

The lay-up sequence for the letter “a” was already 
presented in [14]. It is included here for completeness of 
the presentation.  

The lay-up arrangement for the letter “a” is as shown 
in Fig. 14. The top figure shows the intended fibre 
orientations before the lay-up process, which shows 
an apparent gap between the right sides of the upper 
fork and lower fork. The middle figure shows the lay-
up arrangement after the lay-up process, which shows 
a bonding region between the right sides of the upper 
fork and lower fork. Note that in the top figure, the gap 
between the upper fork and lower fork is exaggerated, 
since the thickness of 4 layers of 0o would be only 0.6 
mm.

 

 

 

 
Fig. 14. Lay-up sequence and the letter “a”. 

The bottom figure 14 shows a photograph of the letter “a” after manufacturing.  

Base, [0/90]S 

[0]1 

Thin caul plate 

20 2 

[90]3 [0]3 

4 6.5 2 

[0]1 

[0]3 [0]3 

2 

[90]3 

  

[0]3 

Base, [0/90]S 

[0]1 

Thin caul plate 

20 2 

[90]3 [0]3 

4 6.5 2 

[0]1 

[0]3 

[90]3 [0]3 

2 

Fig. 14. Lay-up sequence and the letter “a”.

The bottom figure 14 shows a photograph of the letter 
“a” after manufacturing. 

4.11. Letter m

Figure 15 shows the lay-up sequence and the final 
letter “m”. Note that the bonding between the base plate 
and the actual letter is over 2 inch of the [0]3 laminate on 
the right hand side.Letter m 

Figure 15 shows the lay-up sequence and the final letter “m”. Note that the 
bonding between the base plate and the actual letter is over 2 inch of the [0]3 laminate on 
the right hand side. 
 
 
 
 
 
 
 
 
 

 
Fig. 15: Lay-up sequence and the letter “m”. 

The final word “Vietnam” 
The above letters were placed together to make the word Vietnam as shown in Fig. 

16. 

 Base, [0/90]S 

[0]1 

Thin caul plate 

[0]1 

[90]3 [0]3 

6 

[0]2 

[0]2 

[0]2 

[0]2 

[0]2 

[0]2 
[0]3 [90]3 

[90]3 

13 3 6.5 

13 6 

2 

Fig. 15. Lay-up sequence and the letter “m”.
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4.12. The final word “Vietnam”

The above letters were placed together to make the 
word Vietnam as shown in Fig. 16.

Fig. 16. Final configuration of the word “Vietnam”.

5. Conclusions

In this paper, the lay-up arrangements for the letters 
“V, i, e, t, n, a, m” have been presented. The principle of 
4D printing of composites (4DPC) was used such that 
no special moulds of complex geometries were required. 
Instead, the anisotropies of the lay-up sequences allow 
only flat layers that are laid on flat moulds to begin with. 
After curing and cooling to room temperature, the flat 
layers curl up and make the different letter configurations. 
The principle of 4DPC can be extended to manufacture 
composite structures of complex geometries without the 
need for complex moulds and is the basis of the concept 
of mouldless composite manufacturing. The procedure 
developed during these exercises can be used to 
manufacture engineering structures of complex shapes.
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1. Introduction
In recent years, the demand for electricity as well 

as steel during industrialization and modernization has 
been increasing rapidly in Vietnam. Many thermal power 
plants, iron factories, and steel factories have been built, 
which release a large amount of industrial waste. As 
estimated in 2019, about 16.4 million tons of FA and 
bottom ash were emitted from thermal power plants and 
a small part of which has been used to replace cement and 
fine aggregate in the production of concrete and unfired 
bricks [1]. However, the vast majority of these ashes 
are landfilled in a storage yard. The risk of overcapacity 
storage yards and leaks of these wastes are tremendous 
and can cause environmental pollution. On the other 
hand, approximately 1.12 million tons of GGBFS were 
generated in 2021 [2] and a part of which was used to 
partially replace cement for several important domestic 
construction projects. However, there are still huge 
amounts of FA and GGBFS that need to be recycled 
instead of being buried in storage yards. Moreover, the 
use of FA and GGBFS in the construction industry has 
been studied by many researchers around the world. 
Previous studies have proved that FA and GGBFS can be 
used as alternative binder materials in soil stabilization 

[3-6] residual granitic soil (RGS, controlled low strength 
materials [7, 8] coal ash, gypsum, red mud, paste and 
mortar [9, 10], and LFC [11-13]. Recycling FA and 
GGBFS in construction materials contributes to reducing 
the use of cement and minimizing their negative effects 
on the environment.

Foamed concrete was first described in 1923 as 
possessing outstanding advantages such as light weight 
and good sound and thermal insulation [14]. With its 
lighter weight, the use of LFC contributes to reducing 
static loads on a structure and thus reduces the sizes 
of structures and foundations. Using foamed concrete 
also conserves materials and reduces production, 
transportation, and construction costs. Therefore, LFC 
has received a lot of attention from researchers around 
the world in recent years. However, some studies have 
indicated that the biggest challenge to the widespread 
use of LFC is that its compressive strength is too low, so 
its application is still limited [15, 16] high workability 
(flowing and self-compacting). Currently, it has only 
been used as insulating walls, heat resistant roofs, and 
lightweight brick instead of unburnt bricks. In recent 
years, several studies have investigated the use of 
industrial wastes such as FA and GGBFS in producing 
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LFC [11-13]. However, either FA or GGBFS alone 
were used in these previous studies and works on the 
combination of both FA and GGBFS in the production of 
LFC are lacking.

The quality of LFC is affected by many factors such 
as curing conditions, quality of original composition 
materials, mixture proportion, and its dry density [17]. 
Among these factors, dry density has the most impact 
on LFC’s properties [17-19]. However, most previous 
studies have only focused on the effect of dry density on 
the compressive strength of LFC and its effect on other 
properties still needs to be investigated. Therefore, in 
this study, both FA and GGBFS were used to replace 40-
60% of cement in producing LFC. The effect of foam 
and FA contents on the engineering properties of LFC 
such as compressive strength, ultrasonic pulse velocity 
(UPV), water absorption, and thermal conductivity 
were investigated. The correlation between LFC’s 
properties and its dry unit weight were established. 
The microstructure of LFC was also investigated using 
scanning electron microscopy (SEM).

2. Materials and experimental programs
2.1. Materials
A blend of cement, FA, and GGBFS was used as 

the binder in this study and their properties are given in 
Table 1. The specific gravity of cement is the highest, 
followed by GGBFS and FA. Cement type PCB40 was 
sourced from Nghi Son Company, while FA and GGBFS 
were taken from the Nghi Son Coal Power Plant and Hoa 
Phat Steel Factory, respectively. The main compositions 
of cement and GGBFS are SiO2 and CaO, meanwhile, 
the main compositions of FA are SiO2 and Al2O3. Fly 
ash with a summation of SiO2, Al2O3, and Fe2O3 above 
70% is classified as type-F based on TCVN 10302:2014 
[20]. The natural appearance and morphology of cement, 

FA, and GGBFS observed by SEM are shown in Fig. 1. 
According to Fig. 1, the cement particle size is the largest 
among the three binder materials. While cement and 
GGBFS have irregular shapes, FA is spherical.

 

 

Cement 

GGBFS 

FA 

(A) (B)

(C) (D)

Fig. 1. (A) Natural appearance of binder materials and SEM 
micrographs of (B) cement, (C) FA, and (D) GGBFS.

Other compositions of LFC are river sand, tape water, 
superplasticizer (SP), and foam. The sand had particle 
sizes ranging from 0.15 to 0.63 mm and a density of 2680 
kg/m3 was used as the fine aggregate. SP, with a density of 
1.05±0.2 kg/m3

, was utilized to reduce the water content 
and ensure the flowability of fresh concrete. A foaming 
agent named EABASSOC was used with water in a ratio 
of 1/40. Foam was created by using a foam generator as 
shown in Fig. 2.

 

 Fig. 2. Foam generation.

2.2. Mix proportions

Eight LFC mixtures were designed with the proportions 
presented in Table 2. The GGBFS content was equal to 30% 
of the total binder by weight, while the FA contents are 10 
and 30% in M10 and M30 mixtures, respectively. Previous 
studies have indicated that increasing the sand content 
results in a reduction of the compressive strength of LFC 
[21, 22]. Thus, the amount of sand in this investigation was 
taken as 0.25 times the total binder content (cement, FA, 

Table 1. Properties of binder materials.

Categories Cement FA GGBFS

Physical properties
Specific gravity 3.12 2.16 2.84

Loss on ignition 
(%) 0.5 6.9 0.4

Chemical composition 
(wt.%)

SiO2 22.3 55.7 36.9

Al2O3 6.7 21.7 12.4

Fe2O3 4.7 6.6 -

CaO 55.5 1.1 30.7

MgO 2.4 2.2 14.8

SO3 1.3 - 0.4

Na2O 0.6 0.2 0.3

K2O 0.7 2.1 0.9

TiO2 0.7 0.7 0.4
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and GGBFS). The SP content and ratio of water to binder 
were selected so that the concrete mixtures had sufficient 
workability. It is noticed that the workability of the paste 
(mixture of binder, sand, water, and SP) is very important 
to the successful fabrication of the samples. If the paste 
is too dry or too wet, the samples will be segregated or 
have high-volume shrinkage after casting. Based on the 
extensive experiment, the paste has suitable workability 
as determined by a flow diameter of around 18±2 cm as 
measured in accordance with TCVN 3121:2003 [23].

The first group included four mixtures (from M10-1 
to M10-4) and was designed with a FA content of 10%, 
a water-to-binder (W/B) ratio of 0.22, and an SP content 
equal to 0.16% of the total binder. The second group 
consisted of four mixtures (from M30-1 to M30-4), which 
was designed with an FA content equal to 30% of the 
total binder. As mentioned above, the spherical particles 
of FA will yield an increase in paste workability [24]
tentatively named Fa-RmLG, was made from fly ash (Fa, 
thus the W/B ratio and SP content in these mixtures were, 
respectively, reduced to 0.20 and 0.14%. Mixtures M10 
and M30 denote those with 10 and 30% FA, respectively. 
The numbers after M10 and M30, from 1 to 4, denote the 
mixture numbers, which were designed with varying foam 
content. The objective of this study is to examine the effect 
of foam and FA contents on the engineering properties of 
LFC. The correlations between the properties of LFC and 
its unit weight are also established.

2.3. Sample preparation and test methods
All dry materials were mixed first, then water and SP 

were added and mixed until a homogeneous paste was 
obtained. The flow diameter of the paste was immediately 
checked after mixing. If a flow diameter of 18±2 cm was 
achieved, the foam was added and mixed until the mixture 
was homogeneous. If the flow diameter was not satisfied, 
SP was used to adjust the flowability of the paste. It 
was noticed that the foam content used in practice was 
higher than the presented value in Table 2 because the 
foam bubbles were broken during the experiment. The 
steel mould, with a dimension of 100×100×100 mm, was 
used for sample casting. The samples were de-moulded 
24 hours after casting and stored under ambient air 
conditions until testing day.

The unit weight of fresh concrete was checked 
immediately after mixing, while the dry unit weight 
of hardened concrete was measured under TCVN 
9030:2017 [25] at 28 days. Compressive strength and 
water absorption of LFC were also tested based on TCVN 
9030:2017 [25], while the UPV test was conducted 
in compliance with TCVN 9357:2012 [26]. Thermal 
conductivity was directly measured using ISOMET-2014 
equipment. The compressive strength and UPV were 
measured at 7, 14, and 28 days, while the water absorption 
and thermal conductivity were measured at 28 days. The 
reported value herein is the average value of at least 
three measurements. After breaking from compression 
testing at 28 days, several pieces from the samples were 
collected for microstructure examination using SEM. The 
compressive strength, UPV, and thermal conductivity 
tests of LFC are illustrated in Fig. 3. 
3. Results and discussion

3.1. Unit weight
The fresh and dry unit weight of the LFC mixtures are 

presented in Table 3. The FA content and foam volume 
are also given in Table 3 for comparison and discussion. 
In general, the dry unit weight of LFC was found to be 
86-92% of its fresh unit weight. The loss of unit weight in 

(A) (B) (C)
Fig. 3. (A) Compression, (B) UPV, (C) thermal conductivity test equipment.

Table 2. Mixture proportions.

No. Mixture W/B
Ingredient proportions (kg/m3) Foam

(m3)Cement FA GGBFS Sand Water SP

1 M10-1

0.22

571.7 95.3 285.9 238.2 211.8 1.5 0.37

2 M10-2 533.8 89.0 266.9 222.4 197.7 1.4 0.41

3 M10-3 469.0 78.2 234.5 195.4 173.7 1.3 0.48

4 M10-4 456.4 76.1 228.2 190.2 169.0 1.2 0.50

5 M30-1

0.2

402.1 301.5 301.5 251.3 201.0 1.4 0.33

6 M30-2 380.9 285.7 285.7 238.0 190.4 1.3 0.37

7 M30-3 334.0 250.5 250.5 208.8 167.0 1.2 0.44

8 M30-4 315.3 236.5 236.5 197.0 157.6 1.1 0.47
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the dry condition is due to the evaporation of water that 
existed in fresh concrete. In each group, the unit weight 
of LFC decreased with increasing foam content. For the 
M10 group, the dry unit weight reduced from 1278 to 
1121 kg/m3 while the foam volume increased from 0.37 
to 0.50 m3. Similarly, a reduction in the dry unit weight 
of the M30 group, from 1313 to 986 kg/m3, corresponded 
to the foam content increasing from 0.33 to 0.47 m3. 
Notably, the mixtures in the two groups M10 and M30 
were designed with a similar dry unit weight, which 
was identified with the same classification as in TCVN 
9029:2017 [27]. For those with similar unit weights, for 
example M10-1 and M30-1, the foam volume of M30-1 
was lower than that of M10-1. It was noticed that the 
proportion of FA in the M10 and M30 mixtures were, 
respectively, 10 and 30% of the total binder. The specific 
gravity of FA was significantly lower than that of cement 
(Table 1). With the same content, the volume of FA was 
larger than that of cement. Thus, as increasing the FA 
content yields a reduction in the void volume of LFC, 
and the foam volume is consequently reduced.

3.2. Compressive strength

The compressive strength developments of the M10 
and M30 mixtures versus curing time are plotted in Figs. 
4A, 4B, respectively. In each group, the compressive 
strength increased with a reduction in foam content 
and increasing curing time. As the hydration products 
continuously form over time; consequently, the 
compressive strength of concrete also increases with time. 
On the other hand, a high foam volume results in a high 
void volume and high porosity of the concrete sample, 
which causes a reduction in compressive strength. This 
finding is in line with reports from previous studies 
[17-19]. The compressive strength of the M10 mixtures 
reduced from 16.3 to 8.4 MPa, meanwhile, those of the 
M30 mixtures dropped from 21.4 to 6.4 MPa. With a 
similar dry unit weight, the compressive strength of an 

M30 mixture is higher than that of the corresponding 
M10 mixture, except for mixture M30-4. Notably, even 
M10 and M30 mixtures have a similar unit weight, but 
the foam contents of the M30 mixtures are lower than 
that in corresponding M10 mixtures. The high FA content 
in M30 mixtures is associated with the low foam volume 
used in M30 mixtures as mentioned previously because 
of the lower specific gravity of FA compared to that of 
cement. Consequently, the void volumes in the M30 
mixtures are lower than that of their corresponding M10 
mixtures, which results in higher compressive strength. 
However, M30-4 had a lower compressive strength than 
M10-4 because the dry unit weight of M30-4 is actually 
lower than that of M10-4. It is noted that the dry unit 
weight is the main factor affecting the properties of 
LFC [17-19]. Therefore, a correlation between the 28-
day compressive strength and dry unit weight of LFC is 
established as shown in Fig. 5. Regardless of water-to-
binder ratio and foam and FA contents, the correlation 
between compressive strength and dry unit weight can be 
described by linear regression with a high coefficient of 
determination (R2 = 0.82). 

With a 28-day compressive strength of above 15 MPa, 
mixtures M10-1, M10-2, and M30-1 can be used for 
semi-structure in practice, while other mixtures can be 
used as non-structure such as lightweight bricks instead 

Table 3. Unit weight of LFC.

No. Mixture
FA 
content
(%)

Foam
(m3)

Fresh unit 
weight
(kg/m3)

Dry unit 
weight
(kg/m3)

Classification 
based on TCVN 
9029:2017

1 M10-1

10

0.37 1404 1278 D1300

2 M10-2 0.41 1311 1169 D1200

3 M10-3 0.48 1152 1063 D1100

4 M10-4 0.50 1121 1030 D1000

5 M30-1

30

0.33 1459 1313 D1300

6 M30-2 0.37 1382 1223 D1200

7 M30-3 0.44 1212 1103 D1100

8 M30-4 0.47 1144 986 D1000

(A) (B)

Fig. 4. Compressive strength of the (A) M10 and (B) M30 mixtures.

Fig. 5. The correlation between compressive strength and dry unit 
weight.
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of unfired bricks. Based on TCVN 9029:2017 [27], with 
compressive strength ranging from 6.4 to 21.4 MPa, the 
LFC in this investigation is classified as grades M3.5 
to M12.5, which is indicated as a high grade of LFC. It 
is also noticed that most popular cement and fired clay 
bricks used in practice have a compressive strength of 
around 5 to 7.5 MPa and a unit weight of around 1800 to 
2500 kg/m3. All LFCs in this study have similar or even 
better compressive strength than that of conventional 
cement and fired clay bricks, but a significantly lower 
unit weight. Therefore, the LFCs in this study show a 
huge potential to be utilized as unfired bricks in practice.

3.3. Ultrasonic pulse velocity
Figures 6A and 6B show the UPV values of the M10 

and M30 mixtures, respectively. Similar to compressive 
strength, the UPV values of LFC increased with curing 
time and reduced with increasing foam content. It has 
been established that the UPV value and density of 
concrete have a close relationship [28]. Furthermore, the 
UPV value is also related to the compressive strength 
value [29]. As hydration products were generated during 
the curing time, the resulting product had high density, 
high compressive strength as well as high UPV value. 
In each group, the UPV value of LFC samples reduced 
with increasing foam content. The 28-day UPV value 
of the M10 mixtures decreased from 3145 to 2715 m/s 
when the foam content increased from 0.37 to 0.50 m3. 
Similarly, those values of the M30 mixtures decreased 
from 3531 to 2602 m/s as the foam content changed from 
0.33 to 0.47 m3. 

In general, with higher FA content, the M30 mixtures 
showed a higher UPV value than the corresponding 
M10 mixtures, except for M30-4. As mentioned above, 
the presence of FA had a positive effect of decreasing 
the void volume inside LFC, thus improving the UPV 
value. It was noticed that the dry unit weight of M10-4 
was higher than that of M30-4 (as seen in Table 3). Both 
FA and foam contents are related to the dry unit weight 
of LFC, thus affecting the UPV value. With higher dry 
unit weight, M30-1, M30-2, and M30-3 showed higher 
UPV than M10-1, M10-2, and M10-3, respectively. This 
means that the UPV value of LFC strongly depends on 
its dry unit weight, which is in agreement with a previous 
study [28]. The correlation between UPV and dry unit 
weight of LFC can be described by linear regression as 
shown in Fig. 7A. Although UPV tests have been used 
to evaluate the relative quality of normal concrete [18, 
19], it is rarely applied to LFCs in the literature. Most 
of the LFC in this study can be used as unburnt bricks 
with significantly low unit weight as mentioned earlier. 
Based on previous studies [30, 31], most unburnt bricks 

had a UPV value ranging from 1700 to 2920 m/s. Indeed, 
with UPV values ranging from 2602 to 3531 m/s, which 
are higher than previously reported values [30, 31], all 
of the LFCs in this investigation can be classified as 
good quality. The correlation between the compressive 
strength and UPV of LFC is also presented in Fig. 7B, 
which helps to predict the compressive strength of LFC 
when compression tests are not allowed.

(A) (B)

Fig. 6. Ultrasonic pulse velocity of the (A) M10 and (B) M30 mixtures.

(A) (B)

Fig. 7. The correlation between (A) UPV and dry unit weight and (B) 
compressive strength and UPV.

3.4. Water absorption
Water absorption of the M10 and M30 mixtures at 

28 days are shown in Figs. 8A and 8B, respectively. In 
each group, the mixture with high foam content showed 
a high water absorption capacity. The water absorption 
of the M10 mixtures increased from 6.7 to 10.1% when 
foam content was increased from 0.37 to 0.50 m3. For 
the M30 mixtures, the water absorption increased from 
5.7 to 10.2% as the foam content increased from 0.33 
to 0.47 m3. Generally, the water absorption of the M30 
mixture was slightly lower than that of the corresponding 
M10 mixture because the former had a lower foam 
content than the latter. The high FA content in the M30 
mixtures also helped to reduce water absorption, except 
for M30-4. Again, it is noted that M30-4 had a lower dry 
unit weight than M10-4 (as shown in Table 3). A linear 
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equation is used to illustrate the relationship between the 
water absorption of LFC and its dry unit weight as shown 
in Fig. 9. For cement-sand-based LFC produced by A.M. 
Abd et al. (2016) [18], the concrete samples with a unit 
weight of 1200 kg/m3 had a water absorption of about 
26%, which was significantly higher than those values 
of LFC produced in the present study. The use of FA in 
the present study contributes to reducing the void volume 
inside of concrete, thus, the water absorption value in 
comparison to reported values studied by A.M. Abd, et 
al. (2016) [18] was lower. It is also noticed that all LFCs 
in the present study have a water absorption of below 
16%, which satisfies a requirement for them to be used as 
unburnt bricks [32].

(A) (B)

Fig. 8. Water absorption of the (A) M10 and (B) M30 mixtures.

Fig. 9. The correlation between water absorption and dry unit 
weight.

3.5. Thermal conductivity

The thermal insulation ability of LFC is expressed 
through the thermal conductivity value, which is plotted 
in Fig. 10. For the M10 and M30 mixtures, the thermal 
conductivity ranged from 0.401-0.644 W/mK and 
0.387-0.899 W/mK, respectively. According to Fig. 
10, the thermal conductivity decreased with increasing 
foam content. In general, the M30 mixture had a higher 
thermal conductivity value than the corresponding M10 
mixture, except for M30-4. This phenomenon is due to 

the higher FA content used in the M30 mixtures than that 
used in the M10 mixtures. H. Uysal, et al. (2004) [33] 
indicated that the density of concrete has a strong effect 
on its thermal conductivity. The higher the density, the 
lower the thermal conductivity. Regardless of FA and 
foam contents, a mixture with higher dry unit weight 
yielded a higher thermal conductivity. The effect of the 
dry unit weight of LFC on its thermal conductivity in this 
study can be described by linear regression as shown in 
Fig. 11. On the other hand, the thermal conductivity of 
normal concrete is around 1.2-1.5 W/mK [33], which is 
significantly higher than that of LFC in this investigation. 
Therefore, with low thermal conductivity, all the LFCs 
in this study can be used as thermal insulation materials. 

(A) (B)

Fig. 10. Thermal conductivity of the (A) M10 and (B) M30 mixtures.

Fig. 11. The correlation between thermal conductivity and dry unit 
weight.

3.6. SEM observation

Figures 12 and 13 show changes in the microstructure 
morphology of the M10 and M30 mixtures, respectively. 
When foam content was increased, more spherical 
shapes were observed. These spherical bubbles increased 
the void volume inside the LFC, thus, they have a 
negative effect on LFC properties such as unit weight, 
compressive strength, UPV, water absorption, and thermal 
conductivity as mentioned earlier. On the other hand, the 
bubbles in Fig. 13 are smaller than those in Fig. 12. It 
should be noted that the M10 and M30 mixtures were 
designed with FA contents equal to 10 and 30% of the 
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total binder materials (as shown in Table 2). With a low 
specific gravity, FA has many more particles than cement. 
These FA particles will minimize the void volume inside 
the LFC, thus the sizes of bubbles in M30 mixtures are 
smaller than that in M10-mixtures. Consequently, if the 
void is reduced, the properties of LFC will increase. 
These findings prove that both foam and FA contents 
have a significant influence on the properties of LFC. 

4. Conclusions

In this study, eight LFC mixtures were designed with 
various FA and foam contents. The influence of both 
FA and foam contents on the LFC’s properties were 
investigated. Some main conclusions may be drawn 
based on the above experimental program, as follows:  

(1)	 Dry unit weight, compressive strength, UPV, and 
thermal conductivity of LFC decreased, while its water 
absorption capacity increased with increasing foam 
content. 

(2)	 The presence of FA contributed to reducing void 
volume inside the LFC, thus improving its properties.

(3)	 The dry unit weight of LFC was significantly 
impacted by both foam and FA contents. Meanwhile, 
LFC’s properties strongly depended on its dry unit 
weight. Thus, the correlation between the properties of 
LFC and its dry unit weight were established.

(4)	 Under SEM observation, high foam content 
resulted in more bubbles that reduced the properties of the 
LFCs. Meanwhile, the use of high FA content minimized 
the size of the bubbles, which improved the properties of 
LFC.

(5)	 All LFCs in this investigation were classified as 
grade M3.5-12.5 based on TCVN 9029:2017 indicating 
a good, lightweight foamed concrete. These LFCs can be 
used instead of unfired bricks with significantly low unit 
weight and thermal conductivity. 
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(A) (B)

(C) (D)
Fig. 12. SEM observation of (A) M10-1, (B) M10-2, (C) M10-3, and 
(D) M10-4.

(A) (B)

(C) (D)

Fig. 13. SEM observation of (A) M30-1, (B) M30-2, (C) M30-3, and 
(D) M30-4.
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1. Introduction
In order to explore the full potential that 3D technology 

can bring to the construction industry, considerable 
amounts of research have been carried out all over the 
world. However, compared to traditional construction, 
research related to the application of 3D printing in the 
construction industry is still in its infancy. Publications 
related to applying 3D printers in the construction field 
has become a hot trend in recent decades.

Fig. 1. Trend of publication output from 1997 to 2018 [1].

As shown in Fig. 1, since 2014 publications related to 
3D printing technology has significantly increased. Many 
well-known buildings, bridges, as well as architectural 

icons, have been constructed on-site with applying 3D 
printing technology [2-6]. These achievements offer 
insights into the full potential that 3D printing technology 
can bring to the construction industry. 

Along with these highlighted opportunities, there have 
been many challenges to applying 3D printing technology 
on-site such as mixture proportion design, printing of 
large-scale components, reinforcement, etc. [7]. Among 
these challenges, the mixture proportion design is crucial 
for the preparation of 3D printing concrete. Cement-
based materials are the most common ingredient and 
has been applied in civil structures for centuries and 
maintain a significant role in modern buildings as well. 
Moreover, successful attempts to design appropriate 
printing approaches for cement-based materials have 
been investigated by many researchers as well [8-14]. In 
this study, the authors employed the mixture approach by 
C. Zhang, et al. (2019) [15] to design the mix proportion 
of the mortar.

Because they are highly practical and convenient 
in construction, the main constituents of the mixtures 
mentioned here are cement, sand, and fly ash, which have 
been selected by many other authors [15-17]. The reason 
for this is to support the application of 3D printing to 

Experimental investigations on the rheological 
properties of the proposed 3D printing mortar

Thi Loan Pham1*, Xiao Jian Zhuang1, Thi Hoai Thu Nguyen2, Phan Anh Nguyen2, Duy Thanh Trinh2

1Department of Structural Engineering, Tongji University, 1239 Siping Road, Shanghai, PR China
2Department of Civil Engineering, Haiphong University, 171 Phan Dang Luu, Kien An District, Hai Phong City, Vietnam

Received 7 May 2021; revised 3 June 2021; accepted 23 July 2021

                                               
*Corresponding author: Email: loanpt297@gmail.com

Abstract:

In order to explore the full potential that 3D technology can bring to the construction industry, considerable amounts of research 
have been carried out all over the world. However, compared to traditional construction, research related to the application of 
3D printing in the construction industry is still in its infancy. Publications related to applying 3D printers in the construction 
fi eld has become a hot trend in recent decades. Even after nearly three decades of global exploration into numerous projects, 
the complete potential of 3D printing technology in the construction industry remains unrealized. Numerous challenges impede 
the effective application of 3D printing in construction, with the formulation of the concrete mixture being a critical factor. This 
study specifically addresses mix proportion design approaches and tests, focusing on assessing the rheological properties of fresh 
mortar. In consideration of their practicality and relevance in construction, materials like cement, fly ash, and natural sand were 
chosen for the mix proportion analysis. The study employed slump-flow tests, V-funnel tests, and buildability tests to evaluate 
the properties of the fresh mortar. This initial exploration into mixture proportion and the methodology for assessing rheological 
properties in 3D printing mortar serves as a valuable reference and guide, laying the groundwork for the development of 3D 
printing technology in Vietnam.
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large-scale and on-site buildings while strictly regarding 
extrudability, buildability, workability, and open-time 
as the key requirements for 3D-printable concretes [8]. 
To respond to those mentioned requirements, concrete 
used for 3D printing technology must be as fluid as 
possible to be easily transported through printing system 
components such as pipes, nozzles, and extrusion through 
the printer head.   Meanwhile, the concrete must be stable 
to prevent disunity or jamming during the flow. The 
fluid characteristics, setting behaviours, and viscosity 
performances are considered to be the most useful critical 
features that specify the printability and stability of 
concrete for 3D printing. Each behaviour can be detected 
and evaluated by one or more experimental methods. The 
slump-flow test, V-funnel test, and buildability test are 
simple and relatively reliable tests that are widely used 
[18]. Therefore, these three tests were employed in this 
study to evaluate the printability of the mortar.

In summary, this study suggested a mix proportion 
design approach and tests that access some rheological 
properties of the fresh mortar with highly practical 
applications. 

2. Material preparation
In this research, ordinary Portland cement (OPC) by 

Chinfon and fly ash (FA) by Haiphong Thermal Power 
Plant were used to form the binder component. Table 
1 illustrates the chemical composition of OPC and FA. 
According to ASTM C618, fly ash by Haiphong Thermal 
Power Plant is categorised as class F [19].
Table 1. Chemical composition of fly ash and ordinary Portland 
cement [20]. 

Chemical composition
Weight percentage (%)

Fly ash Cement

SiO2 45.56 22.45

Al2O3 23.04 5.42

Fe2O3 5.34 3.6

TiO2 0.1 -

K2O + Na2O 7.44 1.1

CaO 1.08 61.75

MgO 1.29 1.15

P2O5 0.2 -

SO3 - 2.18

MnO 0.1 -

A commercially available manufactured sand with 
nominal maximum aggregate size of 1.00 mm was used. 
The sand was quickly dried and stored in a closed plastic 
bag. Hence, the sand was considered as dry meaning the 
water content of the mixture does not contribute to the 
total water amount. 

Superplasticizer SikaPlast®-398 SF (SP) was used to 
adjust the workability of the fresh mortar and its physical 
characteristics are given in Table 2.
Table 2. SikaPlast®-398 SF physical characteristics (SP) [21].

Physical characteristics Test method Test result Specification

Specific gravity @20oC SK-TM002 1.095 1.085-1.105

pH value @25oC SK-TM003 5.610 4.500-6.500

Solid content @105oC SK-TM004 30.600 29.500-31.500

Materials used for mixing mortar in this research is 
presented in Fig. 2.

(A) Cement (B) Fly ash (C) Sand (D) Superplasticizer

Fig. 2. Materials used for mixing mortar.

According to the successful investigations by previous 
authors, the authors take the water to binder ratio by 
weight to be 0.45. Cement and fly ash are considered as 
the binder. Then, the authors employed the formula of 
[15] to determine the amount of sand:

S = 4.22F+351                                                                                                        (1)

where: S is the amount of sand (gram/liter); F is the 
flowability of cement paste (mm); and fine sand is from 
natural sand by 1.00 mm square hole sieve. 

The mixture proportion given in the Table 3 was 
prepared and then evaluated by the following tests.
Table 3. Mortar mix ratio.

Cement Fly ash Sand Water SP
0.5 0.5 2.58 0.42 0.12

Note: ratio by weight and to binder.

3. Results and discussion
3.1. Flowability test
The flowability of the binder is a critical parameter in 

this research. The flowability value, F, of cement paste is 
calculated using the sand content in Eq. 1 by C. Zhang, 
et al. (2019) [15].

According to the Chinese standard GB/T 8077-2012, 
the flowability of the binder is tested as described below 
[22]. Five-hundred grams of binder is prepared, and the 
total mixing time was five minutes. The mixing steps 
includes three steps as follows. Firstly, with a velocity 
of 140±5 r/min, the binder is dry mixed for 1 min. Next, 
mixing is continued for 1.5 min after adding water and 
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superplasticizer. Finally, the binder is mixed for 2.5 min 
at high velocity of 285±10 r/min. After the mixing, the 
ready-mixed binder is poured into a truncated cone. 
Then, the cone is vertically lifted and the flowability of 
the cement binder is measured immediately. The inner 
diameters of the top and bottom rims and the height of 
the cone are 36, 60, and 60 mm, respectively. The result 
of the flowability of the binder was 220 mm as captured 
in Fig. 3. The value of the flowability can range between 
130 and 240 mm [15]. This value was taken to account 
for the amount of sand based on Eq. 1 and the result is 
presented in Table 3.

   

Fig. 3. Flowability of the tested binder. 

3.2. V-funnel test 

The viscosity and the deformability of fresh concrete 
is evaluated with the V-funnel test. The configuration 
of the V-shaped funnel used in this test is shown in Fig. 
4. Firstly, the V-funnel is filled up with fresh mortar. 
Then, the funnel is lifted and the elapsed time between 
opening the bottom outlet and the complete emptying of 
the funnel without significant segregation and jamming 
through the narrow opening is defined as the V-funnel 
flow time (Vt). The mixing steps were like that of the 
paste for the flowability test. 

  

Fig. 4. Description of V-funnel test.

After filling the V-funnel with the prepared fresh 
mortar, it was lifted up and the mortar passed through the 
opening well with no segregation or jamming. The time 
(Vt) it took to completely empty out the mortar was 15 
sec. According to previous research, this value of Vt falls 
within the typical ranges of 9 to 25 sec [18].

 3.3. Buildability test

The remaining height of the slumped mortar cylinder 
under the action of gravity can be used to evaluate the 
yield stress and the buildability of the tested mortar. The 
height and diameter of the cylinder mould were 80 mm 
with reference to the previous experimental experience 
of the authors [15]. According to this reference, the 
buildability test procedure is as follows: initially, the 
cylinder mould is filled with mortar by three layers, where 
each layer is compacted by rodding 15 times. Then, the 
mould is vertically lifted, and buildability is assessed by 
the shape and the remaining height of the cylinder sample. 
If significant deformation is not observed after lifting 
the mould away, it can be concluded that the mortar has 
appropriate buildability. The mixing steps were like that 
of the paste for the flowability test. 

  

Fig. 5. The slump of the sample in the buildability test. 

The height of the mortar cylinder remained about 
72 mm and the specimen did not deform after lifting 
the mould away as shown in Fig. 5. This means that the 
mortar has a solid ability but not enough viscosity. 

Based on the slump-flow test, V-funnel test, and 
buildability test results, the mix proportion can be 
practically designed and initially evaluated by the 
proposed method in this study. 

4. Conclusions

Based on the test results with the first analysis on 
mixture proportion design approach and the test used to 
evaluate rheological properties for the 3D printing mortar 
in Vietnam, some conclusions and suggestions are given:
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(1) Applying 3D printing technology in construction 
has inevitable trends in the near future.

(2) The mixture proportion design approach presented 
herein is appropriate and reliable.

(3) Slump-flow test, V-funnel test, and buildability test 
employed in this study are highly practical for designing 
and initially evaluating mortar used for 3D printing 
technology in the construction field.
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1. Introduction

Vietnam is a diverse country in terms of chicken 
genetic resources with 37 native chicken breeds listed. 
Noi chickens are also known as fighting cocks [1]. These 
native chickens have been recognised in Vietnam for a 
long time and are raised in many areas. Its main uses 
are for fighting games, a hobby of the local people, and 
for food as their firm and crispy skin are a specialty that 
Vietnamese people love. In recent years, there have been 
a few studies on the biological characteristics and genetic 
diversity of the Noi chicken in the southern provinces 
of Vietnam [2, 3]. In order to satisfy the Vietnamese 
preference for chicken meat, several studies on the 
hybridization between the Noi cock and some coloured-
feather breeds have been conducted in recent years [4]. 
Indeed, hybrid Noi chicken farming has brought about 
high and sustainable incomes for households in many 

regions of Vietnam. Therefore, purebred cocks are now 
a demand of many breeders. However, the ability to 
propagate and develop pure Noi chickens has been very 
limited. The reason for this is the vast majority of Noi 
chickens raised in backyards only begin to lay eggs at 1 
year of age with only 5-8 eggs per clutch and 4-5 clutches 
per year [5].

Surveys in the Binh Dinh province of the south-
central region - one of the largest Noi chicken breeding 
areas in Vietnam showed that, based on feather colour, 
two Noi chicken varieties can be distinguished, namely, 
the black Noi and dark brown Noi chickens. Within the 
framework of the Dabaco research program, which is a 
large group in the field of feed and livestock that aims 
to develop genetic resources of Vietnam’s indigenous 
chickens, two varieties of  Noi were collected, purebred, 
and raised in an intensive farming system at Dabaco 
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This study was conducted to compare the black and dark brown varieties of Noi purebred chickens raised in 
an intensive farming system. A total of 600 black and 600 dark brown Noi chickens were observed starting 
from 1 day after hatching. At 20 weeks of age, 30 black Noi cocks and 300 black Noi hens, as well as 30 dark 
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respectively, and the rate of chick/incubated eggs was 73.4 and 77.0%, respectively. The Noi chickens, especially 
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Breeding Chicken Company, Vietnam, in 2019 and 2020. 
This study was conducted to evaluate growth and egg-
laying performances, and to show the potential for the 
exploitation and development of native chicken genetic 
sources.

2. Materials and methods

A total of 600 black and 600 dark brown Noi 
experimental chickens were included in this study at 1 
day old. The number of chickens selected to enter the 
laying stage at 20 weeks of age included 30 black cocks, 
300 black hens, 30 dark brown cocks, and 300 dark 
brown hens, and they were kept until 50 weeks of age. All 
chickens were raised in an intensive farming system in a 
closed house. From 1 day old until 10 weeks of age, the 
chickens were kept on the floor with rice husks. From 11 
to 50 weeks of age, the chickens were kept individually 
in cages with a length × width × height of 39×28×36 cm.

The lighting regime was as follows: for chickens 
under 4 weeks of age, 23 hours per day at 40-60 lux, then 
at 20-30 lux; for chickens 4-20 weeks old, 18 hours per 
day at 10 lux; for laying hens, 12-16 hours per day at 
40-60 lux.

Table 1. Chemical composition of complete feed and diets.

Chemical composition Growing periods (age of week) Laying 
period

0-4 5-10 11-20

Nutrient value of feed

Metabolic energy (Kcal/kg) 2800 2700 2600 2650

Crude protein (%) 19.0 17.0 14.5 16.0

Crude fibre (%) 6.0 6.0 6.0 6.0

Calcium (%) 0.5-1.5 0.5-1.5 0.5-1.5 1.5-5.0

Total phosphorus (%) 0.2-1.0 0.2-1.0 0.2-1.0 0.2-1.0

Lysine (%) 1.00 0.90 0.65 0.73

Met. + Cys. (%) 0.75 0.68 0.55 0.62

Diets 

Male Ad 
libitum 40-74* 80-115* 119-127*

Female Ad 
libitum 38-69* 75-98* 97-124*

*: g/head/day

The chemical composition of complete feed and diet 
for different life stages are shown in Table 1.

Some major vaccines included those for Marek, 
infectious bronchitis, Gumboro, Newcastle, and CRD. 
Common veterinary drugs were also used according to 
the company’s technical regulations.

Chickens were numbered at 1 day old. Every week, 
30 males and 30 females were randomly sampled and 
weighed. During the laying stage, the eggs were collected 
daily and recorded for each hen, and then they were 
weighed weekly. Artificial insemination was used with 
a 1:10 ratio of male-to-female and mated every 3-4 days 
per one. Incubation eggs were collected from 34 weeks 
of age and incubated in an automatic industrial system 
with trays to monitor the chicks of each mother hen.

Data were collected and analysed using Excel 2010 
and Minitab 16 software. Statistical comparisons were 
made using the T-test and Chi-squared test. 

3. Results

The two varieties of black and dark brown Noi chickens 
could be easily distinguished through a number of key 
features of their appearances (see Table 2 and Fig. 1).

Table 2. Physical appearance characteristics of two Noi chicken 
varieties.

Physical 
appearance Black Noi Dark brown Noi

Main details Male Female Male Female

Body shape
Small front,
gradually bigger 
back	

Big front,
gradually 
smaller back

Small front,  gradually bigger 
back

Feather colour All black
Red neck, 
brown and 
black body

Dark brown with 
yellow lines 
body

Skin Yellow, pink, and red colours	

Beak	 Black and yellow colours	

Leg Black and yellow colours	

Comb Red colour, pea and strawberry shape

Wattles Red colours

Toe	 Smooth scale and stand in line

Fig. 1. Black Noi chickens (left) and dark brown Noi chickens 
(right).
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Table 3. Body weight at different periods of two Noi chicken 
varieties (g).

Age Black Noi (Mean±SE) Dark brown Noi (Mean±SE)

Weeks Male (n=30)	 Female (n=30)       Male (n=30)	 Female (n=30)

1 65.0±0.6 66.1±0.7 74.2±1.9	 78.1±2.1

4 220.2±2.0 221.3±2.1 222.4±2.3 227.1±2.4

10 930.3a±6.8 863.2b±4.5 933.3a±6.7 805.4b±4.3

20 2150.4a±25.5 1575.3b±20.8	 2170.4a±24.9	 1590.2b±20.6

24 2555.4a±22.6	 1796.3b±7.9	 2600.2a±23.1	 1830.1b±8.2
a, b: means in the same row and same varieties without common letter 
are different at p<0.05

In general, there was no difference in body weight 
between the black and dark brown varieties. At 10 weeks 
of age, there was a marked difference in body weight 
between males and females for both black and dark brown 
varieties. At 20 and 24 weeks of age, this difference was 
35 and 42%, respectively (Table 3 and Fig. 2).

  

Fig. 2. Body weight at different ages for the black Noi chicken (left) 
and for the dark brown Noi chicken (right).

Table 4. Hen egg production and cumulated eggs curve for two Noi 
chicken varieties.

Hen egg production Black Noi (n=296) Dark brown Noi (n=500)

Age to first egg (week) 23 24

Age to 5% hen-day production (week) 25 26

Age to 30% hen-day production (week) 28 28

Age to 50% hen-day production (week) 30 30

Age at peak hen-day production (week) 35 35

Egg production at peak (%) 58.78 65.83

Cumulated eggs per hen up to 50 age of week 74.33b±1.73 77.98a±1.13

Average egg weight (g) 48.34±0.57 49.65±0.62
a, b: means in the same row without common letter are different at 
p<0.05.

The egg production, yield, and egg weight of the two 
types are shown in Table 4 and Fig. 3. There was not much 
difference in the evolution of the egg production as well 
as the egg weight between the two Noi chicken varieties. 
However, the dark brown hens had higher laying rates at the 
peak given that the cumulated egg per hen up to 50 weeks 
of age was significantly higher than that of the black Noi.

  

Fig. 3. Curves of egg production (lines) and cumulated eggs 
(points) for black Noi chicken (left) and for dark brown Noi chicken 
(right).

Table 5. Egg incubation results for the two Noi chicken varieties.

Egg incubation  Black Noi Dark brown Noi p
Number of incubated eggs 3488	  8435

Rate of embryonated egg (%) 80.3  81.9 0.038
Rate of chick/embryonated egg (%) 91.4	 94.0	 0.001
Rate of chick/incubated egg (%) 73.4 77.0 0.001

There was a clear difference between the black and dark 
brown varieties in terms of the embryonated egg proportion 
and hatching rates (Table 5).

4. Discussion
Recently, the exploitation and development of livestock 

gene resources have become important research directions 
for developing countries-especially Vietnam-as it is a 
country with many local chicken breeds. However, low 
growth and egg laying performances are the main challenges 
to farming these chicken breeds. Research results and 
production practices in many countries like Vietnam have 
indicated that crossing local chickens with exotic, high-
yielding breeds may be an effective solution. Therefore, the 
use of an intensive farming system in a closed house with a 
complete feed, suitable lighting regime, and veterinary care 
in the present experiment could be an effective solution to 
improve local chicken farming performance. In agreement 
with our hypothesis, research already done on native 
chickens in Bangladesh showed that changes in traditional 
management practices could improve the performance of 
native chicken farming and thus contribute to household 
incomes per year [6]. Indeed, the low production 
performance of native breeds of chickens can be improved 
through enhancements to husbandry practices, better health 
care, and supplementary feeds during the lean season [7].

The appearance characteristics of 815 Noi chickens 
raised in the households of six Mekong delta provinces 
were evaluated, and the results showed that Noi chickens 
with brown feathers accounted for 38.9%, while those with 
black feathers accounted for 11.7%, and the remainder were 
other colours [3]. This study focused on the black and dark 
brown Noi chicken varieties. The differences in colour can 
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be clearly seen in Fig. 1, and the most obvious difference 
between these two varieties is their feather colour as shown 
in Table 1.

There was no difference in the observed body weights 
between the black and dark brown Noi chicken varieties 
at all ages, and they are some of the largest statured native 
chicken breeds in Vietnam alongside Dong Tao, Ho, and 
Mia chickens. The body weight of the cock at first laying 
weeks (24 weeks of age) was equivalent to that of Dong 
Tao and Ho chickens but greater than that of Mia chickens. 
Dong Tao chickens raised in a semi-intensive system at 24 
weeks of age had a weight of 2585 g for cocks and 2189 g 
for hens [8]. In intensive farming, at 20 weeks of age, Ho 
chickens had a weight of 2147 g for cocks and 1886 g for 
hens, while Mia chickens were 1843 g for cocks and 1647 
g for hens [9].

The body weights of the other native chicken breeds of 
Vietnam with medium or small statures were lower than 
that of the Noi chickens. For example, Ri chickens at 19 
weeks of age were 1838 g for cocks and 1286 g for hens 
[10]. The H’Mong chickens at 38 weeks of age were 2.02 kg 
for cocks and 1.56 kg for hens [11]. Native breeds in some 
countries also had smaller body weights than Noi chickens 
like the Hon Chu chickens of the People’s Democratic 
Republic of Lao raised in extensive farming at 20 weeks of 
age reached only 780 g for cocks and 670 g for hens [12]. 
However, in a semi-intensive system, they had weights at 
24 weeks of age of 2174 g for cocks and 1858 g for hens 
[12]. The body weights of native chickens in Tanzania were 
1948 g for males and 1348 g for females, respectively [13]. 
The native chickens in Jordan were mature at 22-30 weeks 
of age, and cock and hen body weights reached 1890 and 
1240 g, respectively [14].

The age Noi chickens first began to lay eggs were 161-
168 days old and the laying ages of 5% were 25-26 weeks 
(Table 4). This data was equivalent to the result of Southern 
Noi chickens over two selective generations [15]. When 
raised in the backyard, but some other native chicken breeds 
in Vietnam such as Ri chicken began to lay at 130 days old 
[16] or 144-151 days old for Tau Vang chicken [17]. Age 
of initiation egg laying of local chickens in Bangladesh 
was 152-159 days old [18], and in Ethiopia was 6.89-6.97 
months [19]. This proved that late egg-laying was one main 
characteristic of both Noi chicken varieties. 

The cumulated eggs up to 50 weeks of age of the black 
and dark brown Noi chickens reached 74 and 78 eggs per 
hen, respectively (Table 4). Meanwhile, the egg yield/hen/
year over the two selective generations of Noi chickens 
in the Southern provinces were only 67.7 and 71.5 eggs, 
respectively [15], or 94.5 eggs [3]. Raised by backyard 
farming, the Noi’s egg yield was only 48 eggs/hen/year [20]. 
Ho chickens in backyard farming laid 13 eggs per clutch, 

5.2 clutches per year and the egg yield was 66 eggs/hens/
year [21]. The egg number of hens per clutch in Ethiopia 
was 14.9-15.7, and the highest was 17.7 eggs [19]. 

Thus, an intensive farming system using the mixed feed, 
keeping chickens in individual cages, and under proper 
lighting were all important factors to achieve the relatively 
high egg yield in this experiment for both Noi chicken 
varieties. Similarly, Indonesian Kampung chickens raised in 
extensive, semi-intensive, and intensive farming conditions 
had 3, 6, and 7 clutches per year, respectively, and achieved 
egg yields of 47, 59, and 146 eggs/hen/year, respectively. 
Hence, the egg production in intensive systems tripled that 
of extensive systems [22].

The average egg weights observed from the first laying 
week until 50 weeks of age for both Noi chicken varieties 
were about 48-50 g (Table 4). The egg weight of the Noi 
chickens was 45.4 g [3], and at 38-40 weeks of age were 
46.3-46.5 g [15]. The chickens with a larger stature had egg 
weights greater than that of chickens with smaller stature. 
For example, the egg weight of Ri chickens was only 38.8 
g at 40 weeks of age and 45.2 g at 60 weeks of age [10]. 
However, the egg weight of Noi chickens were lower than 
that of Ho chickens [21]. Similarly, five local Indonesian 
breeds with small statures had small egg weights from 39.2 
to 47.5 g [22].

Through the two selected generations, the rates of 
embryonated eggs of the Noi chickens ranged between 94.5-
95.2%, and the rates of chick/incubated eggs were between 
77.7-77.8% [15]. Meanwhile, the rate of embryonated Noi 
chicken eggs was 83.3%, and the hatching rate/embryonated 
egg rate was 85.3% [3]. These percentages of embryonated 
eggs were all higher than those obtained in Table 4. It could 
be possible that artificial insemination was the cause of this 
lower incidence. However, the percentage of embryonated 
eggs of Ho chickens raised by backyard farming were even 
lower with 82.83 [23] and 61.99% [24].

5. Conclusions
The two varieties of black and dark brown Noi chickens 

in this research had an easily distinguishable appearance 
through their feather colour.

There was no difference in body weight between these 
two varieties.

Both varieties of Noi chickens laid late. The black and 
dark brown Noi reached egg yields of 74 and 78 eggs/
hen/26 laying weeks, respectively, and had average egg 
weights of 48.3 g and 49.7 g, respectively. 

In an intensive farming system, Noi chickens, especially 
the dark brown variety, reached a relatively high egg yield, 
which has created great potential for the exploitation and 
development of this genetic source.
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1. Introduction
EGE is a rare disorder presenting with a cluster of 

gastrointestinal symptoms associated with eosinophils histological 
infiltration. This disease was first described by Kaiser in 1937. 
The prevalence of EGE in the United States is estimated to be 
22 to 28 per 100,000 persons. EGE usually occurs between 20 
and 50 years of age, but recently it has been shown to manifest 
in children [1]. EGE can affect the entire digestive tract from the 
stomach to the colon. The clinical features of EGE are related 
to the affected gastrointestinal tract segment and the degree of 
eosinophil infiltration. Pathogenesis of the disorder is still unclear. 
It is hypothesised that there is a role for IgE-mediated immunity 
and T-lymphocyte (Th2)-mediated immunity.

The presentation of EGE is usually nonspecific gastrointestinal 
symptoms, and ascites is rarely seen [1, 2]. About 75% of cases 
have elevated eosinophil in blood. While no gold standard of 
diagnosis has yet been established, diagnoses are mainly based 
on the history and presence of eosinophils in tissue biopsy after 
excluding other conditions including peripheral eosinophilia [1]. 
Currently, there is no consensus of diagnosis nor are there specific 
treatment guidelines, for example, on the dosage, administration, 
and duration period of therapeutic steroids. Some drugs such as 

Cromolyn, Ketotifen, Montelukast, and Omalizumab can be used 
in some cases, but are not recommended.

From 2018 to 2020, we recorded 5 cases of ascites due to EGE 
admitted to the Department of Gastroenterology at Children’s 
Hospital No.2. The process of establishing the diagnosis included 
a long period of monitoring clinical presences and laboratory 
findings. Although our clinical cases have similar GI symptoms, 
each case still has its own characteristics. 
2. Case series

2.1. Case 1
A 14-year-old female patient came to us with a chief complaint 

of intermittent epigastric pain for 4 months. During this admission, 
the patient had epigastric pain continuously for 3 days. She had no 
febrile or other GI symptoms except for a little vomiting. Personal 
and family history had no documented tuberculosis or allergies. 
Physical examination revealed soft abdomen, mild distention, 
right iliac fossa pain, positive Blumberg sign, and unclear 
abdominal wall resistance. Laboratory results are detailed in Table 
1 below. The accumulation of abdomen fluid in ultrasound and the 
elevation of eosinophils count in blood as well as the presence of 
inflammatory cells clusters, mainly eosinophils, in the intestinal 
wall were prominent in these findings (Fig. 1).
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Abstract:

EGE is a rare disorder presenting with a cluster of gastrointestinal symptoms associated with eosinophils histological infiltration. 
This disease was first described by Kaiser in 1937. The prevalence of EGE in the United States is estimated to be 22 to 28 per 
100,000 persons. EGE usually occurs between 20 and 50 years of age, but recently it has been shown to manifest in children. 
EGE can affect the entire digestive tract from the stomach to the colon. The clinical features of EGE are related to the affected 
gastrointestinal tract segment and the degree of eosinophil infiltration. Pathogenesis of the disorder is still unclear. It is hypothesised 
that there is a role for IgE-mediated immunity and T-lymphocyte (Th2)-mediated immunity. Eosinophilic gastroenteritis (EGE) 
is a digestive disorder marked by eosinophilic infiltration in the stomach and intestine, affecting both children and adults. It 
is categorized into mucosal, muscularis, and subserosa types based on the dominant layer of infiltration. The subserosa type 
often manifests with ascites, accompanied by symptoms resembling intestinal obstruction. Ascites in EGE is characterized by 
significant eosinophilia in ascitic fluid. While EGE with ascites mimicking appendicitis and peritonitis is uncommon in pediatric 
patients, this publication seeks to present a case series detailing EGE’s clinical features, treatment responses, and a review of 
current management strategies for eosinophilic ascites. Understanding the diverse presentations and responses to treatment 
is crucial for improving diagnostic accuracy and enhancing therapeutic approaches in EGE cases with ascites, contributing 
valuable insights to the medical community’s knowledge base.
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Fig. 1. Eosinophilic infiltration of the muscular layer of the intestinal 
wall and peritoneum biopsy sample of case 1 (Hematoxylin-Eosin 
staining×100). 

Table 1. Clinical features and laboratory results of case reports 1, 
2, and 3.

Treatment progress: the patient was initially treated 
with intravenous antibiotics and parasite eradication 
(Ivermectin and Albendazole) along with exploratory 
laparoscopic surgery. The protocol recorded that abdomen 
was filled with yellow-brown fluid and the entire small 
intestine was inflamed, thickened, and congested. 
Similar condition with appendix. Stomach, colon, uterus, 
and appendages were normal. Appendix removal and 
abdominal fluid aspiration were performed. After the 
surgery, our patient remained with abdominal pain and 
increasing distention in addition to bilious vomiting. She 
had no fever and no hepatosplenomegaly or abnormal 
lymph nodes. Since the biopsy results proposed enteritis 
caused by increased eosinophils, we started to use 
intravenous corticosteroids therapy (2 mg/kg/day) and 
continued parenteral nutrition. After 5 days, distention 
state was greatly improved, eosinophils returned to 
normal range, and abdominal ultrasound showed a 
reduction of ascites. Treatment was to gradually reduce 
the dose of corticosteroids, switching to an oral route, 
and applying a diet towards avoiding allergies. There 
was a significant recovery and the patient was discharged 
from the hospital.

2.2. Case 2 

A 16-year-old male patient was admitted to the hospital 
because of abdominal distention. He had abdominal 
pain mainly in the periumbilical area for 1 month and 
gradually distention along with nausea, vomiting, and 
loose stool 5-6 times/day, which  was not accompanied 
by fever or weight loss. Physical examination recorded 
a soft belly, ascites, slight tenderness around navel, no 
resistance in abdominal wall and no enlarged liver and 
spleen. Personal history: enteritis, peritoneal infection, 
hospitalised for 21 days. Significant laboratory results: 
WBC 12 K/ul, eosinophil 1.9 K/ul, normal range for 
high sensitivity C-reactive protein as well as hepatic 
and renal function. Immunoassay: negative. Serological 
diagnosis of parasites: negative. Abdominal CT scan: 
hepatomegaly (#170 mm), normal density of liver tissue, 
large amount of intra-abdominal fluid. Thick oedematous 
wall of small intestine and ascending cecum, no enlarged 
abdominal lymph nodes. Peritoneal fluid: exudate, 
cellblock: eosinophil predominance 60%, ADA: 4.41 
U/l. Tuberculosis test: negative. Endoscopy: congestive 
gastritis, ileitis. Pathology images of intestinal wall 
tissue biopsied: inflammatory proliferative chronic 
ileal mucosal activity, with clusters of inflammatory 
cells mainly eosinophils (see Fig. 2). Diagnosis: EGE, 
eosinophilic peritoneal effusion. The patient was treated 
with steroids therapy and an allergenic diet restriction.  

Case presentation Case 1 Case 2 Case 3

Symptoms
Epigastric abdominal pain, 
vomiting, no diarrhoea, no 
weight loss

Periumbilical pain, 
vomiting, loose stools, 
weight loss

Periumbilical pain, increasing 
ascites, vomiting

Clinical 
examination

Mild abdominal distension, 
right iliac fossa pain, rebound 
tenderness (+/-), non- significant 
guarding sign.

Ascites, muscular 
resistance (-)

Ascites, tenderness around the 
umbilicus, no guarding sign, moist 
rales, bilateral alveolar hypoechoic, 
no oedema of limbs, face

Initial diagnosis Acute appendicitis, enteritis Unexplained peritoneal 
effusion, enteritis

Multi-membrane effusion of 
unknown causes-Pneumonia-
follow-up eosinophilic enteritis or 
malignancy

Complete blood 
count

WBC: 16.7 K/Ul
Neu: 10.6 K/ul
Eo: 1.44 K/ul
Hb: 11.8 g/d       
PLT: 448 K/Ul

WBC: 12 K/ul
Neu: 6.9 K/ul
Eos: 1.9 K/ul
Hb: 18.4 g/dl	  
PLT: 382 K/Ul

WBC: 12.9K/Ul 
Neu: 6.62 K/ul
Eos: 1.16K/Ul 
Hb: 12.4 g/dl	    
PLT: 428 K/ul

Immunoassay

ANA-8 (-) profiles (anti-dsDNA, anti-cardiolipin, antiphospholipid, anti-Sm, anti Jo-1, anti SS-A, 
anti SS-B)*
Normal protein electrophoresis
Normal C3, C4; Normal IgA, IgG, IgM

Parasitic serology Fasciola (+)
Strongyloides stercoralis (+) (-) (-)

Peritoneocentesis

Exudate, neutrophil 
predominance, PCR of common 
agents (-), normal ADA

Exudate eosinophil 
predominance, normal 
ADA

Exudate, inflammatory cell 
diversity, no foreign cells recorded

Tuberculosis test  ADA peritoneal fluid* (-); VS* (-), Sputum BK* (-), Stool BK (-)

Ultrasound
Abundant abdominal fluid, 
intestinal wall thickened 
ileocecum

Abundant abdominal 
fluid, thickened small 
intestinal wall

Large amount of abdominal fluid, 
no hepatosplenomegaly, not found 
abdominal lymph nodes 

Abdominal CT scan
Abdominal free fluid, thickened 
small bowel wall, no abnormal 
dilation of intestinal loops

Enlarged liver, normality 
in liver tissue density 
Abdominal free fluid, 
thickened and oedematous 
wall of small intestine 
and ascending cecum, 
no enlarged abdominal 
lymph nodes.

Large amount of ascites. Thickened 
of the pericardium and momentum, 
no enlarged mesenteric and 
retroperitoneal lymph nodes. 
Pneumonia

Upper 
gastrointestinal 
endoscopy 

Nodular gastritis Congestive gastritis Active chronic gastritis H. pylori 
test (+)

Lower 
gastrointestinal 
endoscopy 

Did not perform Inflammation of the ileum Ulcerative ileocecal ulcer

Pathology

Clusters of inflammatory cells 
mainly eosinophils within 
intestinal wall; infiltration of fatty 
and fibres in connective tissue.

Active chronic 
proliferative ileitis, with 
clusters of inflammatory 
cells mainly eosinophils

Considerable infiltration 
eosinophils within all intestinal 
submucosal 

*ANA: antinuclear antibody; anti-ds-DNA: anti-double stranded DNA; anti-
Sm: anti-Smith; anti Jo-1: histidyl tRNA synthetase; anti SS-A: anti-Sjögren 
syndrome A; anti-SS-B: anti-Sjögren syndrome B); *C3, C4: complement 
3 and 4; *BK: bacille de Koch; *VS: erythrocyte sedimentation rate; *ADA: 
adenosine deaminase, (+): positive, (-): negative. 
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Fig. 2. Left: eosinophilic infiltration of the peritoneum in a biopsy 
sample of case 2 (Papanicolaou×100 method), right: histology of 
proliferative ileal mucosa, with clusters of inflammatory cells 
predominantly eosinophils of case 2 (Hematoxylin-Eosin 
staining×100). 

2.3. Case 3     

A 7-year-old female patient was hospitalised with 
multi-membrane effusion and malnutrition. She had 
gradually increased abdominal pain around the umbilicus 
for 1 month with ascites accumulation. Besides that, 
she had a phlegm cough without pyrexia. Clinical 
examination: significant ascites with soft abdomen, 
hepatosplenomegaly, slight tenderness around the 
umbilicus with no guarding, abdominal wall resistance, or 
signs of mucosal bleeding. She also had some moist rales 
in addition. Personal history announced the malignancy 
monitoring diagnosis due to multi-membrane effusion 
because of intra abdomen para vascular nodes findings. 
The patient was scheduled for exploratory surgery but, 
unexpectedly, the operation was not performed due to her 
absence with the reason being that ascites had improved 
according to parents’ consideration. Abdominal CT scan 
at previous admission: massive abdominal effusion, 
mainly localised in front of stomach and liver; slightly 
inflammation of the intestinal wall, associated at the 
beginning of the ileum; oedematous condition of the 
mesentery and the great omentum; small lymph nodes 
(d#12 mm) adjacent to the abdominal aorta. At this 
admission period: large amount of ascites with high 
density, mostly localised in the epigastrium; thickened of 
the pericardium and momentum (d#15 mm). There are 
no enlarged mesenteric and retroperitoneal lymph nodes. 
Moreover, inflammation images related to the middle 
lobe of the lung. Endoscopy showed several scattered 
superficial ulcers effected along the first region of the 
right colon. The cecum had oedematous inflammation 
and numerous superficial ulcers too. Through the 
ileocecal valve for 10 cm, the ileal mucosa finding was 
similar to the under-gut disorder (see Fig. 3). Pathology 
had demonstrated the numerous presences of eosinophils 

in the intestinal submucosa, active chronic gastritis with 
positive H. pylori test. Other laboratory investigations 
are summarised in Table 1. For management, we 
also combined corticosteroids and parenteral feeding 
intervention, then continued by a hypoallergenic diet and 
oral medications. The patient responded well and left the 
hospital. 

               

Fig. 3. Histology of infiltration of eosinophils in the intestinal 
submucosa (Hematoxylin eosin).

2.4. Case 4

A 14-year-old female patient was hospitalised due to 
a 10-day history of dull epigastric and periumbilical pain. 
She had other nonspecific GI symptoms like little vom-
iting after having meal, anorexia, and weight loss. We 
found a soft abdomen and no warning signs on clinical 
examination. Laboratory results showed the peripheral 
eosinophilia and a massive peritoneal effusion together 
with a diffusely thickened ileal wall in abdominal ul-
trasound demonstration. Therefore, we performed both 
upper and lower gastrointestinal endoscopy, exploratory 
laparoscopy along with tissue biopsied, and peritoneal 
fluid analysis to confirm the ailment. Upper gastrointesti-
nal endoscopy showed nodular gastritis together with H. 
pylori infection, which was determined by CLO test and 
microbiological culture. Regarding the lower gastroin-
testinal endoscopy, we only found a polyp near the edge 
of the anus. On laparoscopy we recorded clear yellow 
abdominal fluid with medium volume accumulation, es-
pecially at the beginning region of the jejunum, which 
showed as thickened, inflamed, and speckled with white. 
Histopathological images revealed that the ileal tissue 
sample has considerable infiltration of eosinophils in the 
muscle layer and serosa (>200 Eos/HPF), and fewer in 
the mucosal layer (>50 Eos/HPF). Other clinical features 
and laboratory testing on admission are presented in Ta-
ble 2. Intravenous corticosteroids combined with gastritis 
medicines were the main treatment during the hospital-
ised period. 
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Table 2. Clinical features and laboratory results of case reports 4 
and 5.

Case presentation Case 4 Case 5

Symptoms
Epigastric and dull periumbilical pain, 
anorexia, little vomiting after meal, 
constipation, weigh loss

Cystitis unresponsive to conventional treatment,
Gradually increase abdominal pain, vomiting 
after meal

Clinical examination Soft abdomen, no significant guarding signs

Initial diagnosis Following gastroenteritis Cystitis
Gastroenteritis

Complete blood count Elevated eosinophils

 Immunoassay Normal IgE elevation

Parasitic serology (-) Toxocara (+)

Peritoneocentesis Exudative, predominant neutrophils, PCR common agents (-)

Tuberculosis test  ADA peritoneal fluid* (-); VS* (-), Sputum 
BK* (-), Stool BK (-) Did not perform

Ultrasound

Massive ascites volume.
Diffusely thickened intestinal wall 
(duodenum jejunum and the first region 
of ileum)

Ascites
Thickened inflammation of stomach, antrum, 
pylorus, and duodenum
Cystitis 

Abdominal CT scan Did not perform Lymphoma (-)

Upper gastrointestinal 
endoscopy 

Nodular gastritis
H. pylori test (+)

Congestive oedema inflammation related the 
entire lining of the oesophagus, stomach, 
duodenum

Pathology
Eosinophil infiltration in the muscle layer 
and serosa, fewer in the mucosal layer of 
the ileum

Eosinophil infiltration in all tissue samples of 
oesophagus, stomach and duodenum  

*BK: bacille de Koch; *VS: erythrocyte sedimentation rate; *ADA: 
adenosine deaminase.  

2.5. Case 5 

A 4-year-old male was admitted to hospital with a 
chief complaint of abdominal pain after 18 days of ill-
ness. Firstly, he had dribbling disorder and hypogastric 
burning pain condition when urinating. The patient was 
concluded cystitis syndrome at local hospital and was 
treated with 10 days of oral medicines (unknown type) 
but there still no relief of abdominal pain and urinary fre-
quency.

After that, he had constant dull abdominal pain, vom-
iting 10 times per day after eating, and a slight headache 
in the forehead and temples. During the period of the ill-
ness, he had no fever, no blood vomiting, or other GI 
symptoms. Personal history recorded a mild dull peri-
umbilical pain 2 times a week for 4 months prior to this 
admission. For the current presentations, the abdomen 
was soft, and the pain was continuous for 10 days. Some 
major laboratory findings included peripheral and central 
eosinophilia, positive Toxocarids antibody, IgE elevation 
and the abdominal ultrasound demonstrated an inflamed 
disorder mainly related to the stomach, antrum, the py-
lorus, specifically the thickness of duodenum wall with 
the diameter of 6 mm, and cystitis ailment in addition. 
Endoscopy: congestive oedematous inflammation related 

the entire lining of the oesophagus, stomach, duodenum. 
Pathology images: inflammatory cell infiltration with eo-
sinophil predominance in all tissue samples of oesopha-
gus, stomach and duodenum. We showed other clinical 
data and significant paraclinical testing in Table 2. Al-
though antibiotic (Amoxicillin/Clavulanic acid) for ten 
days and parasite eradication (Albendazole) were used 
for initial treatment, the child still had abdominal pain 
and little vomiting about 3 times a day. When EGE was 
confirmed by the combination of physical examination 
and histology-proved biopsy, we used intravenous cor-
ticosteroids (Methyl prednisone) continually for 7 days 
with 2 mg/kg/day dosage for management. As a result, 
the patient had an obvious improvement of his abdominal 
pain and vomiting and was discharged after 23 days of 
hospitalisation.

3. Discussion

3.1. Clinical features and diagnosis

In the first case, the process of diagnosis was 
difficult because the patient had no specific or suggested 
symptoms nor an allergy history that would explain the 
ascites presence. Following the algorithm of peritoneal 
effusion, we performed clinical and paraclinical 
examinations to investigate appropriate causes such as 
peritoneal tuberculosis, liver disease (cirrhosis, portal 
hypertension), cardiovascular disease (heart failure, 
pericardial disease), kidney disease (nephrotic syndrome, 
chronic kidney disease), malignancy, parasite infection... 
[3] and none of these causes were involved in this patient.

According to the literature, EGE with the status of 
ascites includes 3 types: mucosal, muscular, and serosal 
types based on the depth of the lesion. The serosal type 
is the least common, ranging from 4.5 to 9% in Japan 
and 13% in the United States. Its mechanism can be the 
irritation of the peritoneum leading to ascites, along with 
peripheral elevation of eosinophil while peritonitis and 
perforation may occur in severe cases [2]. In comparison 
with other studies, we noted serosal ascites, exudative 
ascites, and predominant inflammatory cells, mainly 
eosinophils [4, 5].

Occasionally, EGE is associated with reflux 
esophagitis, dysphagia, and other vague symptoms such as 
abdominal pain, nausea, vomiting, diarrhoea, and weight 
loss, making it difficult to perform early diagnosis. In a 
case series in Australia, EGE was initially misdiagnosed 
as functional dyspepsia because the clinical presentation 
depends on the location, extent, and depth of the lesion 
in the gastrointestinal tract [6]. Furthermore, due to the 
characteristics of right iliac fossa pain and Blumberg sign 
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(+), we consulted with the surgeon about the appendicitis 
and peritonitis condition. As a result, our staff decided to 
perform emergency appendectomy and exploration.

A positive diagnostic serologic test for Fasciola 
hepatica and Strongyloidiasis may explain the eosinophil 
increases in the WBC, and fascioliasis may also cause 
multi-membrane effusions [7]. However, when treating 
these agents by anthelmintic, the clinical signs did not 
improve.

In the second case, peritoneal effusion was the initial 
presentation at hospital admission and many related 
diseases were investigated. However, based on the 
increase of eosinophil in the blood and the histological 
infiltration, we established the diagnosis earlier.

In the third case, the clinical features were similar to 
the second one with multi-membrane effusion. However, 
in the previous hospital admission, CT scan results had 
noticed para vascular nodes, so that made it impossible 
for us to rule out malignancy despite the recording of 
peripheral eosinophilic and peritoneocentesis. Therefore, 
the indication for exploratory surgery with lymph node 
biopsy that had been set at that time was completely 
appropriate. However, the follow-up process for that 
episode was interrupted because the family did not bring 
the child back to the hospital as scheduled (seeing that 
the ascites had improved). In this admission, with the 
suggestion of elevated eosinophils, multi-membrane 
effusion, and after excluding other causes, especially 
screening for cancer markers, along with peritoneal fluid 
test and pathology results, we confirmed the diagnosis 
with EGE. A considerable amount of literature suggests 
that 70% of cases have elevated eosinophils in blood 
especially in serosa type which has the higher risk of 
recurrence later [8].

Regarding the endoscopic features of the 
gastrointestinal tract, we recorded nodular gastritis in 
cases 1 and 4, congestive gastritis in case 2, and active 
chronic gastritis in case 3, which was accompanied with 
H. pylori infection. There was a distinctive characteristic 
in case 5 with congestive oedematous inflammation 
related the entire lining of the oesophagus, stomach, 
and duodenum. Meanwhile, when conducting lower 
gastrointestinal endoscopy on clinical cases 2 and 3, we 
recorded an ulcerative ileocecal ulcer and case 2 showed 
damage to both the upper and lower gastrointestinal tract.

Among our EGE with ascites patients, H. pylori 
presence was determined in two cases. Here, we explored 
the similar findings with a recent study in Japan that the 
rate of H. pylori infection was significantly lower in EGE, 

and Eosinophilic Esophagitis patients compared with 
controls, and this may explain the imbalance between 
Th1/Th2 in the aetiology of these disorders [8]. Countries 
with low hygienic environments and low socioeconomic 
conditions (overcrowding, low income, etc.) have higher 
infection rates and lower allergy-related diseases, such 
as asthma, eczema, allergic rhinitis, and others. The 
association between EGE and H. pylori infection has not 
been adequately considered in the literature. Additionally, 
prospective studies in children are needed to further 
investigate this association. 

In terms of histopathological images, all cases of 
intestinal biopsies were infiltrated with many clusters of 
inflammatory cells, mainly eosinophils.

3.2. Treatment 

Due to the diversity of clinical manifestations as 
well as the low morbidity rate, there have not been 
many studies on the disease progression, which makes it 
difficult to develop a treatment regimen for the disease. 
Many therapeutic options have been suggested including 
dietary considerations and medicinal remedies such as 
steroids, leukotrienes inhibitors, and mast cells stabilizers 
but no conclusive evidence has been published to describe 
the efficacies of these treatments. The therapeutic role of 
steroids in the treatment of EGE is not established. The 
recommendation dose for prednisone is 1-2 mg/kg/day 
for 7-10 days and then discontinuation after 4 months 
may be considered [9].

Dietary strategy means eliminating foods that are 
likely to cause allergies such as beef, cow’s milk, eggs, 
soybeans, peanuts, etc. A series of paediatric EGE patients 
showed remission of symptoms in 40% of cases after 
dietary treatment, which consisted of an elemental diet 
in children under 6 months and hypoallergenic feeding in 
older children [10].

A similar case to ours was described by G. Ming, et 
al. (2015) [5] with an 11-year-old male patient admitted 
to the hospital because of abdominal pain for 7 days. 
The patient had a history of allergy to eggs. Clinical 
examination noted ascites and other organs were normal; 
eosinophil test increased, accounting for 31% of total 
white blood cells; ascites exudate with white blood cells 
increased, along with mainly eosinophils accounting 
for 91%. Endoscopy revealed oedema, congestion, 
and haemorrhagic spots of the antrum and duodenum 
and pathology revealed eosinophil infiltration into the 
mucosa. The patient was treated with corticosteroids and 
cetirizine, clinical and laboratory symptoms improved 
rapidly within 2 weeks.
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In fact, our patient due to clinical conditions of 
vomiting, abdominal distension, and abdominal pain, the 
treatment was combined with intravenous feeding and 
corticosteroids at the dose of 2 mg/kg/day. After 1 week, 
the patient improved clinically and eosinophil counts in 
the blood returned to normal. As a result, the patient was 
discharged after two weeks starting EGE treatment.

Therefore, clinical physicians should have a high 
suspicion of EGE when children have nonspecific 
gastrointestinal symptoms such as nausea, vomiting, 
weight loss, bloating, abdominal discomfort, abdominal 
pain, diarrhoea, ascites, or oedema along with peripheral 
eosinophilia. Additionally, histological biopsy should be 
performed to obtain findings the infiltration of eosinophils 
into the submucosa, eosinophils within the epithelium 
of the crypts or villi or crypt hyperplasia, etc., which is 
helpful to confirm the diagnosis.

Recently, no therapeutic treatment available has 
been proven to have a specific efficacy on the disease. 
Instead, the treatment is based on the hypothesis of 
pathophysiology including the mechanism of allergy and 
inflammatory response, thereby diet remedy and anti-
inflammatory medicines such as corticosteroids have 
been suggested [11]. Indications for surgical treatment are 
suggested when there are complications of perforation, 
intussusception, or intestinal obstruction [12].

4. Prognosis

C. Reed, et al. (2015) [13] conducted a follow-up 
for 26 months to evaluate the progression of the disease 
based on clinical symptoms, endoscopic images, and 
pathology. The results showed 60% clinical response, 51% 
improvement in endoscopic lesions and 69% histological 
recovery; in which there is 27% improvement in all 3 
criteria above. The follow-up process is not effective due 
to the invasive means of monitoring [13, 14]. In fact, our 
patients continue to be monitored clinically and will have 
endoscopic examination when necessary.

5. Conclusions

EGE is a rare disease and collaboration between 
clinicians, endoscopists, and histopathologists can 
reduce missed diagnoses. Diagnosis is based on findings 
of dense eosinophilic infiltrates in the stomach and/or 
intestine combined with the clinical setting. 

In terms of treatment and long-term follow-up, more 
clinical trials with larger sample sizes are sorely needed 
to compare the effectiveness of each remedy option as 
well as to establish the most optimal therapeutic method 
and appropriate duration of maintenance treatment.
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1. Introduction

Qualitative spermatogenesis defects are one of four 
major etiological categories of male infertility [1]. It 
is characterised by sperm motility, morphology, and 
functional parameters such as DNA and chromatin integrity 
[2]. Various clinical classifications for qualitative defects 
of spermatogenesis include “teratozoospermia” (reduced 
percentage of sperm with normal morphology) [3],
“oligozoospermia” (reduced sperm count) [4], and 
“asthenozoospermia” (reduced sperm motility) [2]. 
However, to describe more than one abnormality 
within the semen parameters, other terms such as 
oligoteratozoospermia, oligoasthenozoospermia, and 
asthenoteratozoospermia are also used [2].

Asthenozoospermia, a type of asthenoteratozoospermia, 
is characterised by the presence of sperm flagellar 
anomalies that occur at the end of spermatogenesis 

and concurrently with head compaction and reshaping 
[5]. Over 80% of male infertility cases exhibit some 
alterations of sperm motility. The multiple morphological 
abnormalities of asthenozoospermia phenotypes include 
(1) morphological abnormalities such as short-coiled, 
absent, bent, and/or irregular-calibre flagella associated 
with dramatically declined motility or (2) ultrastructural 
flagellar defects, e.g., absent central pair (CP), 
disorganised double microtubules (DMT), dysplasia 
of fibrous sheath (FS), or absence of dynein arms [2]. 
Several genes have so far been identified as having an 
association with multiple morphological abnormalities of 
sperm flagella phenotypes [2, 6] leading to an absence 
of inner dynein arm (IDA), disorganized 9+2, absent 
CP, disorganised FS, or DMT [2]. Abnormalities of 
CFAP genes, which have been found to be involved in 
spermatogenesis, could cause fertility impairment in 
males [7-11]. Notably, CFAP65 has been recognised 
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as a new gene candidate for fertility impairment due to 
its functions regarding sperm flagellar morphology and 
paraflagellar rod synthesis [12, 13].

The CFAP65 encodes cilia- and flagella-associated 
protein 65, which is highly expressed in testis during 
spermatogenesis. Several mutations on CFAP65 have 
been reported to cause male infertility [8, 12, 14]. 
Consequently, the association between single nucleotide 
polymorphisms on this gene and the risk of male fertility 
is expected to be a good consideration. The polymorphism 
of rs56411706 occurring in the coding region of the 
CFAP65 gene was analysed in silico using SIFT. This 
software predicts the effect of an amino acid substitution 
on protein function based on sequence homology among 
different species and physical properties. The obtained 
score of 0.09 suggested that rs56411706 is a promising 
candidate for an association study. Therefore, in this study, 
we conducted the PCR-RFLP experiment to investigate 
the relationship between CFAP65 rs56411706 and the 
risk of male infertility in a Vietnamese population.

2. Materials and methods

2.1. Subjects

Our research subjects consisted of 171 men 
diagnosed with NOA caused by either oligo/azoospermia 
or asthenozoospermia and 222 healthy men with 
normal semen who had conceived at least one child. 
Unfertilised men with normal male reproductive organs 
and hormone balances were screened for semen and 
checked for microdeletion of the AZF region or other 
major abnormalities in the Y chromosome. The study 
was approved by the Ethical Review Committee of the 
Institute of Genomics Research (No: 9-2019/NCHG-
HĐĐĐ). Prior to the commencement of the study, all 
participating individuals gave written informed consent.

2.2. Genotype determination

The total DNA of 393 individuals was extracted from 
peripheral blood samples using the GeneJet Whole Blood 
Genomic DNA Purification (Thermo Fisher). Quantity of 
genomic DNA was analysed by electrophoresis on 1% 
agarose, and DNA was quantified using NanoDropTM 
One spectrometer, Thermo Fisher. The gene fragment 
containing polymorphism CFAP65 rs56411706 was 
amplified by PCR with a specific pair of primers 

sequenced F: 5’-CATTCTGCAAGGCGGTGATT-3’ 
and R: 5’-AGGCTAAATTTTCCC TGGGGC-3’. The 
10-μl PCR reaction mixture contained 1 μl of 10X 
PCR buffer; 100 μM dNTPs; 0.15 μM of forward and 
reverse PCR primer each; 0.1 U Taq DNA polymerase  
(Thermo Fisher); 10 ng  genomic DNA; and H2O. The 
PCR protocol consisted of denaturation at 95oC for 5 min 
followed by 35 cycles of 95oC for 30 s, 60oC for 30 s, and 
72oC for 30 s, and the final extension for 7 min at 72oC. 
Electrophoresis on a 1% agarose gel was performed using 
3 μl of the PCR product for each sample. Products of PCR 
reaction were subjected to 5 h digestion by HhaI at 37oC. 
Digested products were separated by electrophoresis on 
2% agarose gel. The number and size of DNA fragments 
used to determine the genotype of CFAP65 rs56411706 
are presented in Table 1.
Table 1. The number and size of DNA fragments of CFAP65 
rs56411706 genotypes.

Genotype DNA fragments DNA length (bp)

CC 2 215, 112

CA 3 215, 112, 327

AA 1 327

2.3. Statistical analysis

Statistical analyses were conducted with the statistical 
software R version 3.6.1 [15]. HWE equilibrium was 
tested using HWE exact [16, 17]. Logistic regression 
was used to estimate a 95% (CI) and odds ratio (OR) 
for binary variables, with a p-value less than 0.05 
considered significant. A total of three genetic patterns 
were investigated: dominant, recessive, and additive. 
The allele composition, genotype of polymorphism 
CFAP65 rs56411706, and the association between 
single nucleotide polymorphism and infertility risk 
were examined. SNPassoc [18]  was used to perform 
association analyses.

3. Results

3.1. Genotyping CFAP65 rs56411706

The specific PCR products were processed with the 
restricted enzyme HhaI. The genotypes of CFAP65 
rs56411706 were determined based on the size and number 
of DNA bands of the restricted product (Table 1, Fig. 1). 
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Fig. 1. Restriction enzyme-digested PCR products on agarose gel 
2%.
Note: M: marker 100 bp; 1: uncut PCR product; 2: homozygous AA (1 
band of 327 bp); 3-5: wildtype with the homozygous CC (2 bands of 112 
and 215 bp); 6, 7: heterozygous CA (3 bands of 112, 215, and 327 bp).

Statistical analyses showed no differences in genotype 
composition and allele frequency between the case 
and control groups (Table 2). The distribution of this 
polymorphism was examined across two groups and as 
a whole by using the Chi-square test. The population 
followed HWE equilibrium (p>0.05) with CC/CA/
AA genotype compositions of 0.72, 0.24, and 0.04, 
respectively (Table 2). 
Table 2. Genotype composition and allele frequency of 
polymorphism CFAP65 rs56411706.

Group
Genotype Allele frequency 

(%)
p HWE

CC CA AA C A

Control (n=222) 123 (0.72) 42 (0.24) 6 (0.04) 0.84 0.16 0.99 +

Case (n=171) 160 (0.72) 55 (0.24) 7 (0.04) 0.84 0.16 0.70 +

Total (n=393) 283 (0.72) 97 (0.24) 13 (0.04) 0.84 0.16 0.99 +

Note: HWE: Hardy-Weinberg equilibrium; +: follow the Hardy-Weinberg 
equilibrium. 

3.2. Association analysis of CFAP65 rs56411706 
with risk of male infertility

Chi-square testing on all three dominant, recessive, 
and additive models showed no association between 
this polymorphism and the risk of male infertility with a 
p-value greater than the significance level of  0.05 (Table 3). 

4. Discussion

The gene CFAP65 is evolutionarily conserved in 
several species [8]. The putative homolog of CFAP65 
is abundantly expressed in adult male mice, according 
to the murine testicular transcriptome analysis [8, 19]. 
Similarly, in Chlamydomonas, CFAP65 is highly activated 
during flagellar regeneration [20]. The disruption of 
sperm motility caused by CFAP65 was first discovered 
in Rose comb chickens [21]. A 2 bp frameshift mutation 
later confirmed the pathogenicity of CFAP65 mutation in 
male mice [8]. Remarkably, phenotypes of mutated mice 
with CFAP65-frameshift-caring mutation were consistent 
with human asthenozoospermia [8]. 

In humans, CFAP65, comprising 13 transcripts, 
is found on 2q35. The cilia and flagella-associated 
protein 65, which is encoded by this gene, is highly and 
preferentially expressed in the testis according to the 
ENCODE [22], FANTOM [23], and GTEx databases 
[24]. Furthermore, proteomic analyses have found 
CFAP65 in the centrioles of human spermatozoa [19]. 
In a study by W. Wang, et al. (2019) [14], CFAP65 was 
identified as the causative gene for completely immotile 
spermatozoa. According to the proteomic analysis, in 
the absence of CFAP65 during manchette organization, 
both mitochondrial sheath (MS) assembly and acrosome 
formation were unable to function properly [8]. 
Importantly, endogenous immunoprecipitation and 
immunostaining experiments revealed that CFAP65 
might form a cytoplasmic protein network with MNS1, 
ZPBP1, RSPH1, TPPP2, and SPACA1 [13] in which 
the perturbations to the CFAP65-centered proteostasis 
network caused a series of defects in sperm head and 
flagella leading to severe asthenoteratospermia [13]. 
A homozygous nonsense mutation (p.Glu1781*) in 
CFAP65 was identified in a consanguineous Chinese 
family with an abnormal flagella patient [19], and a 
biallelic mutation in CFAP65 was also identified to cause 
asthenozoospermia. 

In CFAP65 rs56411706 polymorphism, a nucleotide 
was substituted at NM_194302.4:c.1024G>T. This 
substitution altered alanine to serine at position 342. 
Although the CFAP65 rs56411706 polymorphism did 

Table 3. Association between CFAP65 rs56411706 and male 
infertility.

Model Control (n=222) Case (n=171) OR 95% CI p

Additive 0.296

CC 160(72.07%) 123 (71.93%) 1.00

CA 55 (24.77% ) 42 (24.56%) 1.006 0.631-1.609 0.977

AA 7 (3.16%) 6 (3.51%) 0.894 0.283-2.909 0.848

Dominant

CA+CC 215 (96.84%) 165 (96.49%) 1.00

AA 7 (3.16%) 6 (3.51%) 0.89 0.28-2.86 0.84

Recessive

AA+AC 160 (72.07%) 123 (71.93%) 1.00

CC 62 (27.93%) 48 (28.07%) 0.99 0.636-1.553 0.975

Note: n: number of individuals; OR: odds ratio; 95% CI: 95% confidence 
interval; p: measured using Chi-square test.
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not show any association with male infertility in the 
Vietnamese population, our findings provide insights 
into CFAP65 single nucleotide polymorphisms of male 
infertility.

4. Conclusions

In this study, the CFAP65 rs56411706 polymorphism 
was analysed among 393 studied subjects. Results 
revealed the frequencies of genotypes CC/CA/CC to 
be 0.72/0.24/0.04, respectively. Their distribution all 
followed HWE. However, no relationship was established 
between CFAP65 rs56411706 and male infertility 
(p>0.05). To gain more insight into this association, 
examinations of other polymorphisms in the CFAP65 
need to be considered.
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1. Introduction

Coronaviruses are a broad group of viruses that may 
cause moderate to severe respiratory illnesses in humans 
and also may infect many different species. Since the 
novel coronavirus designated as SARS-CoV-2 was first 
discovered in Wuhan city, Hubei province, China, the 
scientific community as well as the human race have had 
to confront the extraordinary task of finding a cure to this 
disease. This new coronavirus illness has spread rapidly 
around the world as it is highly transmissible. As of 20 
August, 2021, there have been 209,558,900 reported 
cases and 4,398,234 deaths globally. In Vietnam, 312,611 
cases and 7,150 deaths have been reported [1]. One of the 
biggest concerns is that the symptoms of the disease are 
often very diverse and can manifest differently in each 
patient. Clinical symptoms are usually noticed 5 to 6 

days after infection, but the incubation period can be up 
to 14 days [2]. Those who are infected with SARS-CoV-2 
have signs of viral pneumonia such as fever, cough, and 
chest pain as well as dyspnoea and bilateral infiltration in 
severe situations, which is similar to SARS and MERS 
patients. 

SARS-CoV-2 has a 29.9 kb-size positive-sense RNA 
genome. It is composed of 14 open reading frames 
(ORFs), which encodes for a total of 27 proteins divided 
into structural and non-structural proteins (NSPs) [3]. 
Covering the surface of SARS-CoV-2, spike proteins are 
an important protein to viral entering because SARS-
CoV-2 employs the receptor binding domain (RBD) of its 
glycosylated S protein to engage the cell-specific surface 
receptors and trigger membrane fusion [4]. This includes 
binding to the human Angiotensin Conversion enzyme 
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(hACE2) followed by human protease proteolytic 
activation [5]. Owing to the roles of the spike protein and 
ACE2 enzyme in the mechanism of SARS-CoV-2 cell entry, 
considerable attention has been paid to these major targets 
for medications and vaccines treating COVID-19 [5].

Due to the few side effects and great health advantages 
of phytochemicals, anti-infection treatments based on 
plants have attracted health researchers throughout 
the world [6]. Indeed, the development of plant-based 
medicines for their antibacterial, antivirus, anticancer, 
and antioxidant properties are being continually explored 
[7, 8]. Chalcones are a group of polyphenolic compounds 
derived from plants that belong to the flavonoid family. 
Many studies indicated that some chalcones have a 
variety of antioxidant, antimicrobial, antimycobacterial, 
and antileishmanial properties [9-11]. Chalcones also 
exhibit inhibitory activity against the tobacco mosaic 
virus, HIV, herpes simplex virus, and dengue virus [11-
13].  In that context, there is some existing evidence 
about the anti-SARS-CoV-2 potential of chalcones and 
their derivatives  [14, 15]. Our research focuses on the 
virtual screening of chalcones and their derivatives 
against SARS-CoV-2-related spike protein viruses and 
human ACE2 enzymes. The structures were all collected 
from ChemFaces database, which is a professional high 
purity natural products manufacturer.

2. Materials and methods
2.1. Ligands preparation 

The ligand structures were collected from ChemFaces 
for the SARS-CoV-2 spike protein and the human ACE2 
target involved 92 bioactive compounds. The structures 
were downloaded from PubChem in .sdf format and then 
converted into 3D structures in PDB format using MOE 
software. Structure Data Format (SDF) structures of the 
reference inhibitors (artemisinin, ribavirin, lopinavir) 
were retrieved from the PubChem database. After 
that, they were optimised by Avogadro software using 
Conjugate Gradients and converted to .pdbqt format 
using Autodock Tools software.

2.2. Retrieval and preparation of protein structure

Three-dimensional images of the SARS-CoV-2 
spike protein (PDB ID: 6VSB) and human ACE2 
(PDB ID: 1R4L) were retrieved from the Protein Data 
Bank RCSB [16, 17]. The co-crystal ligand XX5 in 
the structure of human ACE2 was used to evaluate and 
optimize the docking model. All water molecules and 
co-crystals were removed from the protein molecule using 
Discovery Studio Visualizer 4.0 software, while missing 
hydrogen atoms were added using Autodock Vina before 

regenerating the active site using MGL Autodock Tools 
1.5.6 software. The active site of the SARS-CoV-2 spike 
protein and human ACE2 were identified as (x, y, z) = 
(40.003, 6.069, 28.538) (grid box size 12 Å×10 Å×13 
Å); (x, y, z) = (204.457, 199.799, 246.898) (grid box size 
= 50 Å×50 Å×50 Å). The protein was saved in .pdbqt 
format to prepare for the docking program. 

2.3. Lipinski’s rule of five

Lipinski’s rule of five helps to compare drug-like 
and non-drug-like molecules [18]. Lipinski’s rule 
of five is popularly used to evaluate the potential 
molecular to become a therapeutic drug. This rule acts 
as a filter to screen promising compounds with particular 
pharmacological drugs.

We used the online tool to evaluate Lipinski’s rule of 
five [19]. The chemical structures were downloaded from 
the PubChem database and set at pH 7.0.

2.4. Molecular docking study

AutoDock Vina performed an initial simulated 
screening of 92 bioactive compounds against SARS-
CoV-2 spike protein and human ACE2. The molecular 
interactions between compounds that have good free 
binding energies and molecular targets were viewed 
using Discovery Studio Visualizer 2020.

2.5. Prediction of ADMET by computational analysis

The physicochemical efficiencies of the compounds 
were analysed by in silico ADMET profiling. An 
ADMET profile involves five parameters: absorption, 
distribution, metabolism, excretion, and toxicity, which 
all play a significant role to demonstrate the likelihood 
of success of turning a compound into a drug. Drug 
absorption depends on many factors including membrane 
permeability, intestinal absorption, levels of skin 
permeability, substrate, or inhibitor of P-glycoprotein. 
Drug distribution is influenced by variables such as 
CNS permeability, the blood-brain barrier (logBB), 
and the volume of distribution (VDss). Based on the 
CYP models for substrate or inhibition (CYP2D6, 
CYP3A4, CYP1A2, CYP2C19, CYP2C9, CYP2D6, and 
CYP3A4), metabolism is expected. Based on the total 
clearance model and the renal OCT2 substrate, excretion 
is expected. Based on AMES toxicity, hepatotoxicity, and 
skin sensitization, the toxicity of drugs is expected. These 
criteria have been determined and their standard ranges 
have been tested for compliance. ADMET profiling was 
predicted using the pkCSM tool [20]. The canonical 
SMILES molecular structures of collected compounds 
were retrieved from PubChem [21]. 
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3. Results
3.1. Evaluation of the docking model

Before screening compounds, the docking model 
needs to be evaluated for its accuracy. The results after 
docking the co-crystal ligand produced an RMSD value 
of 0.777 Å. This value satisfies the condition that RMSD 
is less than 1.5 Å, indicating that the results of molecular 
docking on the target are reliable. The results of re-
docking and the interaction between the co-crystallised 
ligand with the human ACE2 are shown as shown in 
Figs. 1 and 2.

3.2. Molecular docking of compounds with the target 
protein

We docked 92 bioactive compounds retrieved with 
SARS-CoV-2 spike protein and human ACE2. To evaluate 
the compounds’ abilities to inhibit target proteins, 
we compared the docking scores of the ligands with 
artemisinin, ribavirin, and lopinavir. Artemisinin has also 
been demonstrated by M. Sehailia, et al. (2020) [22] to 
act as a spike protein inhibitor. Recently, the effectiveness 
of lopinavir, an inhibitor of the proteases, and ribavirin, a 
nucleoside analogue to eliminate the removal of SARS-

Fig. 1. Co-crystallised ligand re-dock results of  1R4L. Fig. 2. 2D representation of the interaction of co-crystallised 
ligand XX5 with human ACE2.

(A) (B)
Fig. 3. Interactions between (A) ribavirin and spike protein and (B) ribavirin and human ACE2.
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CoV-2, has been documented [23-26]. Artemisinin had 
binding affinities of -7.3 kcal/mol for the spike protein. 
The binding energies of lopinavir and ribavirin were 
found to be -6.3 and -5.7 kcal/mol, respectively, when 
docked in the spike protein and -6.7 and -7.6 kcal/mol 
when docked in the human ACE2. Figure 3 shows the 
interaction between the reference inhibitors and targets. 

A hit list of 20 bioactive compounds was defined 
based on the negative and low value of ΔG and compared 
with the reference inhibitors (Table 1). 

Table 1. The docking results of 20 hit phytochemicals and 
reference compounds with spike protein and human ACE2.

No. Name

Binding energy 
with spike 
protein
(kcal/mol)

Binding energy 
with human 
ACE2
(kcal/mol)

No. Name

Binding 
energy with 
spike protein
(kcal/mol)

Binding energy 
with human 
ACE2
(kcal/mol)

1 Isoliquiritin -8.3 -8.4 13 Phlorizin dihydrate -8.1 -7.8

2 Flavanomarein -8.9 -9.4 14 Isodorsmanin A -8 -8.5

3 Sarcandrone B -9.4 -10.3 15 Calyxin H -9 -6.2

4 Sarcandrone A -9.8 -3.4 16 Isoliquiritoside -8.1 -8.7

5 Trilobatin -8 -8.4 17 Xanthohumol I -8.2 -8.3

6 Morachalcone A -7.9 -8.2 18 Xanthohumol L -8.1 -8.3

7 Trilobatin 2’’-acetate -8.8 -8.3 19 Xanthohumol B -7.9 -8.1

8 Nothofagin -8.3 -8.7 20 Sieboldin -8.4 -8.8

9 Bavachromene -8.2 -8.1 R1 XX5 -7.5

10 Kuraridine -8.2 -7.8 R2 Artemisinin -7.9

11 Marein -8.5 -8.6 R3 Ribavirin -6.3 -6.7

12 Neoisoliquiritin -8.6 -8.5 R4 Lopinavir -5.7 -7.6

From these, the top five bioactive compounds with the 
most negative binding energies were chosen, which were 
flavanomarein, sarcandrone B, sarcandrone A, calyxin H, 
and sieboldin. It was observed that all these compounds 
were the topmost docked compound to the spike protein 
as well as human ACE2. The results show that the ligands 
majorly interacted with the residues through hydrogen 
bonds and π-anion bonds. 

3.3. Lipinski’s rule of five 

Lipinski’s rule of five helps to distinguish between 
drug-like and non-drug-like molecules. It predicts with 
high probability the drug-like effectiveness or failure of 
molecules complying with 2 or more of the following 
rules: molecular mass (MW) below 500 Dalton; high 
lipophilicity (LogP does not exceed 5); no more than 
5 donors of hydrogen bonds (HBD); no more than 
10 acceptors of hydrogen bonds (HBA1); and molar 
refractivity (MR) should be between 40-130. The top 
five bioactive compounds are listed in Table 2. These 
compounds satisfy more than 2 criteria. Next, we focus 

on analysing the pharmacokinetic properties of these 
drugs including absorption, distribution, metabolism, 
excretion, and toxicity.

3.4. Prediction of absorption, distribution, 
metabolism, excretion, and toxicity (ADMET) profile.

The prediction of absorption, distribution, metabolism, 
excretion, and toxicity profile of the five selected drugs 
are shown in Table 3. 
Table 3.  The result of the ADMET profile.

Properties Flavanomarein Sarcandrone B Sarcandrone A Calyxin H Sieboldin

Absorption

Water solubility (log mol/l) -3.082 -3.608 -3.447 -2.912 -2.777

Caco-2 permeability (log Papp 
in 10-6 cm/s) 0.487 -0.323 -0.343 -0.877 -1.175

Intestinal absorption 
(human) (%) 40.359 100 100 78.977 22.15

Distribution

VDss (human) (log l/kg) 0.915 -2.186 -2.199 -1.682 1.154

BBB permeability (log BB) -1.428 -1.235 -1.287 -1.235 -1.567

CNS permeability (log PS) -4.267 -3.039 -2.969 -2.742 -4.178

Metabolism

CYP2D6 substrate No No No No No

CYP3A4 substrate No Yes Yes Yes No

CYP1A2 inhibitor No No No No No

CYP2C19 inhibitor No Yes Yes Yes No

CYP2C9 inhibitor No Yes Yes Yes No

CYP2D6 inhibitor No No No No No

CYP3A4 inhibitor No Yes Yes Yes No

Excretion

Total clearance (log ml/
min/kg) 0.011 0.34 0.322 0.202 -0.158

Renal OCT2 substrate No No No No No

Toxicity

AMES toxicity Yes No No No No

Hepatotoxicity No No No No No

Skin sensitisation No No No No No

Minnow toxicity (log mM) 5.937 -0.18 -2.32 -0.349 6.787

Table 2. The result of Lipinski’s rule of five.

No. Name Molecular weight HBD HBA1 logP MR Drug-likeness

1 Flavanomarein 450 7 11 -0.3114 104.59 Yes

2 Sarcandrone B 554 3 8 6.381006 153.61203 Yes

3 Sarcandrone A 554 3 8 6.381006 153.61203 Yes

4 Calyxin H 566 5 7 6.485604 162.271667 Yes

5 Sieboldin 452 8 11 -0.4968 106.589844 Yes
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The first property is the absorption process in which 
human intestinal absorption (HIA) and human colon 
adenocarcinoma-2 cell line (Caco-2) are two important 
parameters that determine the absorption of the drug. A 
substance is considered poorly absorbed if the percentage 
absorbed in the human intestine is less than 30% [20]. 
The results show that sieboldin was poorly absorbed with 
an absorbance of 30%. Three compounds, sarcandrone 
B, sarcandrone A, and calyxin H, are well absorbed in 
the intestine especially sarcandrone A and B, which have 
a maximum absorption percentage of 100%. The Caco-
2 cell line consists of human colon adenocarcinoma 
cells. A compound has high Caco-2 permeability if it has 
Papp>8×10-6 cm/s, i.e., logPapp>0.9 [20]. The results of all 
five compounds had a Caco-2 permeability less than 0.9.

Secondly, the distribution of a substance is expressed 
through several parameters including lipid-solubility, 
concentration, as well as the binding capability to 
plasma proteins, transfer proteins, and lipid-solubility. 
The steady-state volume of distribution (VDss) is the 
theoretical volume to which the total dose of a drug 
should be uniformly distributed to obtain the same 
plasma concentrations [20]. The higher the VDss, the 
more the drug is distributed in tissue rather than plasma. 
Compounds were said to be well distributed to tissues if 
logVDss>0.45 and poorly distributed if logVDss<-0.15 
[20]. The two compounds flavanomarein and sieboldin 
distributed well to tissues with logVDss values ​​of 0.915 
and 1.154, respectively. The remaining three compounds 
were poorly distributed. The capability of a drug to cross 
into the brain is a factor to consider to help reduce toxicities 
and side effects or to improve the effectiveness of drugs 
whose pharmacological activity is within the brain [20]. 
The blood-brain barrier ability of all compounds was 
poor because their logBB values ​​were all less than -1. 
Compounds are considered to enter the central nervous 
system (CNS) in the presence of logPS>-2 [20]. The 
results showed that all five compounds failed to enter the 
CNS because their logPS values were less than -2.

Cytochrome P450 plays an important role in 
the metabolism of many drugs. P450 inhibitors can 
significantly alter the pharmacokinetics of these drugs. 
The results showed that the two flavanomarein compounds 
and sieboldin, are not substrates of CYP2D6, CYP3A4 
and are not inhibitors of CYP1A2, CYP2C19, CYP2C9, 
CYP2D6, and CYP3A4. The compounds sarcandrone A, 
B, and calyxin H are substrates of CYP2D6, CYP3A4 
and are inhibitors of CYP2C19, CYP2C9, and CYP3A4.

Regarding elimination, we predicted total clearance 
and likelihood as a renal OCT2 substrate. The resulting 
total clearance is shown in Table 3. Organic Cation 

Transporter 2 (OCT2) is a renal absorption transporter 
that plays an important role in renal processing and 
clearance of drugs and endogenous compounds [20]. All 
substances are not OCT2 substrates. 

The toxicity prediction results for the five compounds 
showed that only flavanomarein caused AMES toxicity 
(mutagenicity). The remaining compounds are not 
hepatotoxic, mutagenic, and have no skin toxicity.

4. Discussion

In this study, we screened 92 chalcones compounds 
on the spike protein and ACE2 targets of the SARS-
CoV-2 virus. The results obtained 5 compounds with the 
most negative free binding energy including sarcandrone 
A and B, flavanomarein, calyxin H, and sieboldin.

Sarcandrone A and sarcandrone B are flavan-chalcone 
dimers isolated from Sarcandra hainanensis. From the 
results of evaluating the HIV-1 inhibitory ability of C.M. 
Cao, et al. (2009) [27] obtained IC50 values of sarcandrone 
A and B at 18.05 and 25.27 mM, respectively. In our 
study, the docking results showed that sarcandrone A 
and sarcandrone B are the two compounds with the most 
negative free binding energy on the SARS-CoV-2 spike 
target. Sarcandrone A has a free binding energy of -9.8 
kcal/mol and -3.4 kcal/mol corresponding to the two 
targets of SARS-CoV-2 spike protein and human ACE2 
enzyme. Meanwhile, sarcandrone B inhibits these two 
targets with good free binding energies of -9.4 and -10.3 
kcal/mol, respectively, to the spike protein and ACE2 
enzyme. These two compounds have similar structures 
that differ mainly in the position of the -OH and -OCH3 
groups on the (D) ring. This may be the reason for 
sarcandrone A’s poor ability to inhibit the ACE2 target 
with a free binding energy of -3.4 kcal/mol. In addition, 
ADMET results for both compounds were quite positive 
with 100% intestinal absorption without hepatotoxicity, 
skin toxicity, or AMES toxicity. Therefore, these are 
two potential natural compounds for the treatment of 
COVID-19.

Calyxin H is isolated from Alpinia katsumadai and 
Alpinia blepharocalyx [28, 29]. Our research results 
show that calyxin H strongly inhibits SARS-CoV-2 spike 
proteins with a free binding energy of -9.0 kcal/mol, 
which is much more negative than the positive controls 
artemisinin, ribavirin, and lopinavir. The pharmacokinetic 
prediction also shows that the compound is well soluble 
in water, does not cross the blood-brain barrier, does 
not penetrate the central nervous system, and has little 
toxicity. Therefore, we can see the great potential of 
calyxin H in inhibiting the spike protein of SARS-CoV-2. 
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Flavanomarein is the main compound in Coreopsis 
tinctoria, which has been shown to have good 
antioxidant, antidiabetic, antihyperlipidemic, and 
antihypertensive effects [30-33]. However, the antiviral 
effects of flavanomarein have not been studied. The 
docking results of flavanomarein on the spike protein of 
SARS-CoV-2 and the human ACE2 enzyme gave good 
results. Specifically, flavanomarein inhibited the spike 
protein and ACE2 receptor with binding energies of -8.9 
and -9.4 kcal/mol, respectively. However, the intestinal 
absorption of this compound is not high at a little more 
than 40%. Flavanomarein has no skin toxicity and no 
hepatotoxicity but causes AMES toxicity.

Sieboldin is a dihydrochalcone compound present in 
several species of Malus. Sieboldin exhibits cytotoxicity 
to cancer cell lines and an antioxidant capacity [34]. 
This compound also showed inhibitory potential on both 
important targets of SARS-CoV-2 with binding energies 
of -8.4 and -8.8 kcal/mol for the spike protein and ACE2 
enzyme, respectively. In addition, sieboldin is well 
distributed to tissues, is not metabolised in the liver, and 
has little toxicity. However, the absorption of sieboldin in 
the human intestine is poor at only 22.15%. 

As soon as SARS-CoV-2 appeared, scientists began 
aggressively searching for drugs to treat COVID-19. The 
in silico approach was chosen to screen a large number 
of substances for potential compounds in a short time. 
As a result, many compounds with the ability to inhibit 
SARS-CoV-2 have been found such as amentoflavone, 
epigallocatechin gallate, and kaempferol [35-37]. 
However, the five potential compounds that we screened 
are relatively new and unpublished compounds with the 
ability to inhibit two targets: ACE2 and spike protein of 
the SARS-CoV-2 virus. The in silico method has high 
reliability, but it also inevitably leads to the discovery 
of the failure of non-potential compounds. Therefore, in 
vivo and in vitro studies should be conducted.

5. Conclusions

In this study, we found five natural chalcone 
compounds, flavanomarein, sarcandrone B, sarcandrone 
A, calyxin H, and sieboldin, that strongly inhibited the 
spike protein and ACE2 receptor of the SARS-CoV-2 
virus. Among them, sarcandrone B has the most potential 
due to its strong inhibition of these 2 targets, its drug-
like properties, good pharmacokinetic parameters, 
and low toxicity. Therefore, further tests on the ability 
of sarcandrone B to inhibit SARS-CoV-2 need to be 
conducted.
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1. Introduction 

Myocardial infarction is the main cause of death 
from cardiovascular disease [1]. The timing of 
revascularization in combination with anti-oxidants and 
anti-platelet agents are decisive factors for an effective 
treatment of patients [2]. The search for natural products 
to develop new anti-ischemic drugs has been of intense 
interest of scientists due to ischemic heart disease being 
the main cause of cardiovascular disease mortality [3, 
4]. Experimental data have shown that drugs used in the 
treatment of myocardial infarction have mechanisms 
related to mitochondrial preservation [5-8].

Ginseng is a precious medicinal herb that is widely used 
in traditional medicine and pharmaceutical industries in 
many countries. Many naturally growing ginseng species 
such as Vietnamese Ginseng, Panax bipinnatifidus Seem., 
Radix Angelicae Sinensis, and Salvia miltiorrhiza Bunge 
have been recognized and widely used in traditional 

remedies for anti-fibrotic treatment, anti-infarction, 
increasing nerve function, reducing the risk of cancer, 
and maintaining a healthy immune system or blood sugar 
stability [9-11]. For ischemic diseases, the efficacy of 
the antioxidant property of ginseng and its ginsenosides 
on stroke outcomes has been described [12-14]. Also, 
ginseng extracts have been shown to possess beneficial 
effects in the treatment of myocardial infarction [15-
17]. Of these extracts, Panax bipinnatifidus Seem. has 
anti-platelet activity with its major saponin components 
like stipuleanoside R2 and araloside A methyl ester [10, 
18, 19]. However, experimental analysis of the role of 
total saponin extract of Panax bipinnatifidus Seem. in 
modulating cardiomyocytes and mitochondrial function 
during the revascularization phase is still lacking. 
Therefore, this study was carried out to evaluate the 
potential role of Panax bipinnatifidus Seem. extract in an 
ischemic heart model using H9C2 cardiomyocytes.
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Abstract:

The search for new products to treat ischemic heart diseases has interested scientists for years as it is the 
main cause of cardiovascular disease mortality. In this study, we evaluated the protective effects of Panax 
bipinnatifidus Seem. extracts (PSE) on hypoxia/reoxygenation (HR)-treated rat H9C2 cardiomyocytes. Rat 
H9C2 cardiomyocytes were either grown under normal condition or subjected to HR conditions. NecroX-5 (10 
μM) was used as positive control for cardiac protective effect. The PSE (5-500 µg/ml) was employed to culture 
media at the onset of reoxygenation. Cell viability and mitochondrial function were tested using a Cell Counting 
Kit-8 and suitable fluorescence kits. The obtained data shows that HR conditions dramatically induced H9C2 cell 
death (p<0.05). Treatment of PSE (5-62.5 µg/ml) effectively reduced HR injuries in a dose-dependent manner. 
Similar to the NecroX-5 group, ginseng extract-treated cells had higher viability levels compared to that of the 
HR-subjected cells (p<0.05). In addition, supplementing PSE at the onset of reoxygenation strongly prevented 
the collapse of mitochondrial membrane potential and reduced mitochondrial oxidative stress (p<0.05). This 
study suggested the total saponin extracts from Panax bipinnatifidus Seem. exerts cardioprotective properties 
against HR damage.
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2. Materials and methods	

2.1. Samples

H9C2 cardiomyocytes (ATCC©-USA) were provided 
by the Cardiovascular and Metabolic Disease Centre, 
Inje University and Panax bipinnatifidus Seem. extract 
[10, 18] was provided by Phenikaa University. The study 
was performed at Life Science Research Centre, Faculty 
of Biology, University of Science, Vietnam National 
University, Hanoi.

2.2. Materials

Dulbecco’s Modified Eagle Medium 4.5 g/l glucose 
(DMEM, Gibco, USA); Penicillin-Streptomycin (PS, 
Gibco, USA); Fetal Bovine Serum (FBS, Gibco, USA); 
Phosphate Buffered Saline (PBS, Gibco, USA); Cobalt 
Chloride (CoCl2, Sigma, USA); Dimethyl Sulfoxide 
(DMSO, Sigma, USA); Cell Counting Kit-8 (CCK-
8, Dojindo, Japan); 2′,7′-Dichlorodihydrofluorescein-
diacetate (CM-H2DCFDA, Invitrogen, USA); 
Tetramethyl Rhodamine Ethyl Ester (TMRE, Invitrogen, 
USA); Inverted microscopy Axiovert (S100, Carl Zeiss, 
Germany); Culture dishes, 96-well black, glass bottom 
plates, CO2 incubator (Shellab, USA); Microreader plate 
(Tristar, USA).

2.3. Methods

Cell culture, hypoxia-reoxygenation (HR) in vitro 
model and treatments: 

H9C2 cells were maintained in DMEM supplemented 
with 100 μg/ml of PS and 10% FBS at 37°C and 5% 
CO2. The cells were grown in a 96-well black plate 
with glass bottom at a density of 5×103 cells/well. Cells 
were cultured under normal conditions and supplied 
with Panax bipinnatifidus Seem. extract (0-1000 μg/
ml) to evaluate the toxicity as well as to determine the 
optimal dose of PSE. For a CoCl2-stimulated HR model, 
after 24 h, the cells were subjected to CoCl2 (300 µM) 
at 37°C and 5% CO2 for 24 h (simulating the hypoxia 
stage) as described in the previous publication [20]. 
Then, the medium containing CoCl2 was removed and 
the cells were continuously grown for 24 h in new media 
containing either DMSO (HR, HR-CoCl2+DMSO) or 
DMSO plus PSE (PSE, HR-CoCl2+DMSO+ PSE). Cells 
were cultured under normal conditions (DMEM, 10% 
FBS, 1% PS, 37°C and 5% CO2) for 54 h without any 

treatment, which served as a control group. The optimal 
dose of PSE was chosen to assess its cardioprotective 
effects against HR via cell viability and mitochondrial 
indexes. Experiments were performed at least in triplicate.

The HR model was also created by alternating the O2 
levels of the culture conditions. H9C2 cells were cultured 
in normal media at 37°C with 5% CO2 for 18 h. For 
hypoxic cultures, the cells were then cultured in serum-
free low-glucose DMEM at 37°C, 95% N2, 5% CO2, and 
2% O2. For reoxygenated culture, cells were grown under 
normal conditions following the hypoxic condition. 
After incubating under hypoxic condition for 6 h, H9C2 
cells were then transferred to reoxygenation for 24 h. At 
the time of reoxygenation, H9C2 cells were separately 
treated with either PSE or NecroX-5 (10 μM, serving 
as positive drug control). The stocks of NecroX-5 and 
PSE were prepared in DMSO. The final concentration of 
DMSO in cultured medium was 0.1%. The difference was 
expressed as a percentage value relative to the HR group.

Cell viability assay:

Cell viability was assessed by using a CCK-8 kit as 
described in the last study [21]. H9C2 cells were seeded 
in triplicate into 96-well culture plates at a density of 
5×103 cells per well. At the end of the experiment, the 
cell groups were further incubated with CCK-8 solution 
for 1-4 h. The absorbance value, indicating cell viability, 
was measured at 450 nm using the microplate reader. The 
number of alive cells was expressed as a value relative 
to the normal control or HR. The cell images were also 
captured by using an Axiovert inverted microscope. 
Experiments were repeated at least 3 times.

Measurement of mitochondrial membrane potential:

At the end of experiment, the cell groups were 
stained with 0.1 µM TMRE (ex/em: 535/570 nm) for 
30 min at room temperature. After washing twice with 
PBS, fluorescence intensities were measured using the 
microplate reader. The TMRE intensity was expressed as 
a percentage value relative to the HR. Experiments were 
performed in triplicate.

Measurement of hydroperoxide production:

At the end of experiment, the cell groups were 
stained with 5 μM CM-H2DCFDA (ex/em: 485/525 nm) 
at 37°C for 30 min to detect changes in hydroperoxide 
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(H2O2) levels. After washing, the fluorescence intensity 
was measured using the microplate reader. The total 
fluorescence intensity in each well was expressed as 
a percentage value relative to the control or HR or 
NecroX-5. Experiments were repeated in triplicate.

Statistical analysis:

Data are presented as mean ± standard error of the 
mean (SEM) using Origin 8.5. Differences between 
the two groups were evaluated by one-way analysis of 
variance (ANOVA) and Tukey’s test. Differences with a 
p≤0.05 were considered significant.

3. Results and discussion

3.1. PSE reduced H9C2 cell death under CoCl2-
stimulated HR injury in a dose-dependent manner

H9C2 cells were cultured in DMEM supplemented 
with 10% FBS, 100 μg/ml of PS, and 5% CO2 at 37°C for 
24 h and were then treated with PSE (0-1000 μg/ml) for 
the next 48 h. The cell viability of PSE was determined 
using the CCK-8 kit as described in the previous study 
[21]. The 48-h EC50 of PSE was determined to be 199.41 
(μg/ml) using Origin 8.5 (Fig 1). The results indicate that 
PSE showed less toxicity to the H9C2 cells under normal 
conditions.

Fig. 1. EC50 value of Panax bipinnatifidus Seem. extract.

Consistent with the previous study [20], the results 
showed that viabilities were dramatically reduced in the 
CoCl2-exposed H9C2 cells compared to normal cells 
(Fig. 2, p<0.05). PSE at doses of 5, 10, 31.25, and 62.5 
µg/ml strongly prevented cell death from HR. In contrast, 
PSE at doses of 125, 250, and 500 µg/ml showed toxicity 
to cardiomyocytes under HR conditions. 

Interestingly, among the CoCl2-exposed groups, 
the high percentages of H9C2 viability were presented 
in PSE treatments at doses of 31.25 and 62.5 µg/ml. 
Treatment of PSE at doses of 31.25 µg/ml and 62.5 
µg/ml dramatically increased the cell viability up to 
81.63±2.01% and 81.88±0.96%, respectively (where 
100% is for the normal control). Though PSE showed less 
toxicity to H9C2 cells under normal conditions (Fig. 1), 
the viability of the PSE-treated groups with the higher 
doses (125, 250, and 500 µg/ml) was lower than that of 
the CoCl2-stimulated HR. The results indicated that PSE 
exerted cardioprotective effects on cardiomyocytes under 
CoCl2-stimulated HR were in a dose-dependent manner. 
Cell morphology and cell count are shown in Fig. 2C, 
which portrays less alive cells with PSE doses at 125, 250, 
and 500 µg/ml. It was reported that PSE has anti-platelet 
activity with its major saponin component, araloside A 
methyl ester [10, 18, 19]. Another research had screened 
the bioactive role of crude PSE and reported its weak 
inhibitory effect on markedly nitric oxide production in 
lipopolysaccharide-treated RAW 264.7 cells [22]. The 
current results further document the bioactivity of PSE 
with different effects on cell viability that depend on 
HR treatments. These findings showed that the effective 
doses of PSE against HR damage were about 31.25 and 
62.5 µg/ml. In this study, a PSE post-hypoxic treatment at 
a dose of 31.25 µg/ml was chosen for further evaluation.

3.2. PSE protected cardiomyocytes via preserving 
mitochondria function against HR damage

The data showed the cardioprotective effects of 
PSE against HR injury via elevating cell viability (Fig. 
3B), enhancing mitochondrial membrane potential 
(ΔΨm), and reducing oxidative stress levels (Fig. 4). 
The experiment designed for HR model is depicted in 
Fig. 3A. In this model, NecroX-5, the positive control, 
showed its efficacy in protecting the cells against HR 
as mentioned in the previous study [7]. As described, 
H9C2 cells were subjected to different conditions and the 
cell survival rates were measured using the CCK-8 kit 
(Fig. 3). Post-hypoxic treatment of either NecroX-5 or 
PSE significantly increased the cell viability compared 
to HR condition (p<0.05). Among HR-exposed groups, 
the highest H9C2 viability was shown in the PSE-treated 
cells (231.34±12.38, % vs. HR). Though the cell viability 
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of the PSE-treated group (at dose of 31.25 µg/ml) was 
higher than another PSE-treated group (i.e., at dose of 62.5 
µg/ml, 213.14±10.98, % vs. HR), there was no significant 
difference between these two groups. Moreover, the use 
of DMSO (0.1%) showed no significant effect on the life 
of H9C2 cells under HR conditions as mentioned in a 
previous study [23]. These results further confirmed the 
effective role of PSE in protecting H9C2 cardiomyocytes 
against HR damage (Fig. 2) and the protective effects 
of the other products of ginseng [16]. The data suggests 
that different protective levels could be dependent on the 
concentration and components of the tested extracts.

In this study, TMRE was used to evaluate the role 
of PSE on the mitochondrial function according to 
the manufacturer’s instructions. The values of TMRE 
intensity in HR, DMSO, NecroX-5 and PSE groups 
were 61.24±0.05%, 61.23±0.13%, 81.30±1.37%, and 
69.10±0.26%, respectively (100% of normal control, Fig. 
4A). Thus, consistent with a previous report [16], PSE 
significantly protected mitochondrial function against 
HR. Post-hypoxic treatment of NecroX-5 and PSE 
significantly increased the ΔΨm compared to non-treated 

HR condition (Fig. 4A, p<0.05). There was no significant 
difference in TMRE intensity between NecroX-5 and 
PSE groups (p>0.05). Thus, the results indicate that 
intervention methods could be varied by changing 
ginseng species and/or saponin components. Moreover, 
the loss of ΔΨm during HR was prevented by pre-treating 
with the triterpenoid saponin clematichinenoside [24] or 
post-hypoxic treatment of majonoside-R2 [16]. 
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increased the ΔΨm compared to non-treated HR condition (Fig. 4A, p<0.05). There 

Fig 3. Experimental design and the H9C2 cell viability 
under conditions. (A) Hypoxia/reoxygenation (HR) model and 
treatments. (B) The graph indicates H9C2 cell viability under 
different treatments. NecroX-5: HR+NecroX-5 (10 µM); PSE: 
HR+PSE (Panax bipinnatifidus Seem. extract, 31.25 µg/ml); 
*p<0.05 vs. HR; n=3 for each group.

Fig. 2. Experimental design and cell viability assay. (A) CoCl2-stimulated HR model and Panax bipinnatifidus Seem. extract treatment. 
(B) The graph indicates H9C2 cell viability under different conditions and treatments. (C) H9C2 cell images captured under different 
conditions and treatments. HR: CoCl2-stimulated condition; PSE: HR+PSE; *p<0.05 vs. Control; +p<0.05 vs. HR; #p<0.05 vs. PSE at dose 
of 5 µg/ml; scale bar=100 µm; 10x of magnification; n=3-4 for each group.
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Besides, the ability of PSE to preserve mitochondrial 
function can be further demonstrated by H2O2 production. 
Indeed, the H2O2 levels in H9C2 determined by using 
CM-H2DCFDA were minimized in the NecroX-5- and 
PSE-treated groups as compared to the non-treated 
HR group (Fig. 4B). CM-H2DCFDA intensity values 
evaluated in HR, DMSO, NecroX-5, and PSE were 
157.01±0.16%, 156.83±0.24%, 149.98±6.01%, and 
137.64±3.21%, respectively (where 100% is the normal 
control). Interestingly, there was a significant difference 
between NecroX-5 and PSE groups (p<0.05). This finding 
provides more evidence for the antioxidant properties of 
ginseng products under HR damage [16, 25]. Most likely 
this phenomenon is a result of the saponin components 
[26] and extraction solvents [27]. The efficacy in 
maintaining mitochondrial function of ginseng products 
against HR damage has been previously described [17, 
25, 28]. However, more studies should be done to clarify 
the exact mechanism action of PSE on cardiomyocytes 
under HR injuries.

4. Conclusions 

To the best of our knowledge, this is the pilot 
study investigating the protective effects of Panax 
bipinnatifidus Seem. extract against HR damage 
via protecting cardiomyocytes as well as preserving 
mitochondrial function.
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1. Introduction

The cicada genus Macrosemia, erected by M. Kato 
(1925) [1], contains eighteen species and is mainly 
distributed in the Oriental Region. It belongs to the tribe 
Cicadini of the subfamily Cicadinae with Platylomia 
hopponis Kato, 1925 as the type species [2]. Two 
additional species, Platylomia kareisana (Matsumura, 
1907) and Platylomia matsumurai Kato, 1928, were 
transferred to Macrosemia by Matsumura (1930) [3] 
and Kato (1931) [4], respectively. Later, Kato (1932) 
[5] considered Macrosemia hopponis to be only a 
form of Platylomia kareisana. Two other species were 
later described in the genus: Macrosemia kiangsuensis 
Kato, 1938, and Macrosemia anhweiensis Ouchi, 
1938. The uncertainty about the exact classification of 
Macrosemia and its close relationship with Platylomia 
was also illustrated by Duffels & Van der Laan’s (1985) 
treatment of the two genera. They listed three species of 
Macrosemia: M. anhweiensis Hua 2000, M. kiangsuensis 
Hua 2000 (including the variety virescens Liu, 1940), 
and M. matsumurai (Kato, 1928). Oddly enough, the type 
species of Macrosemia, Platylomia hopponis, was listed 

as a synonym of Platylomia kareisana under Platylomia 
[6]. The species was placed in Platylomia following 
Hayashi (1979) [7]. Five species: Platylomia divergens 
(Distant, 1917), Platylomia assamensis Distant, 1905, 
Platylomia diana Distant, 1905, Platylomia saturate 
(Walker, 1858), and Platylomia pieli Kato, 1938 were 
transferred to Macrosemia Kato, 1925 by Y. Lee (2008) 
[8]. P. Thai, et al. (2016) [4] described one new species, 
Macrosemia lamdongensis, from Lam Dong province, 
Tay Nguyen area, Vietnam and removed two species 
Macrosemia assamensis (Distant, 1905) and Macrosemia 
divergens (Distant, 1917) from the Vietnam cicada fauna. 
Here, we describe one new species, Macrosemia sapaensis 
sp. nov., from Lao Cai province, north Vietnam. It is the 
sixth species of Macrosemia found and is described here 
as a new species from Vietnam.

2. Materials and methods

Two males of the new species Macrosemia were 
collected from Sa Pa, Hoang Lien National Park, Lao 
Cai province, north Vietnam, and the type specimen of 
this new species was deposited in the Vietnam National 
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Museum of Nature, Vietnam (VNMN), and Naturalis 
Biodiversity Centre, Leiden, The Netherlands (NCB).  

Morphological terminology follows that of Moulds 
(2005) [9]. The male genitalia of the holotype were 
examined and photographed using a dissecting 
microscope (Leica MZ12 5). A distribution map and 
photos of habitus are provided.

Specimens examined are listed by province.

3. Results and discussion

3.1. Taxonomy

Family Cicadidae Latreille, 1802

Subfamily Cicadinae Latreille, 1802

Tribe Cicadini Latreille, 1802

Genus Macrosemia Kato, 1925 Macrosemia Kato, 
1925b: 57. 

Type species: Platylomia hopponis Kato, 1925 (Kato 
1925a) (Formosa = Taiwan).

3.2. Remarks

According to Y. Lee et al. (2003) [10] and Y. Lee (2008) 
[8], Genus Macrosemia Kato, 1925 is different from 
Platylomia Stål, 1870 by the following characteristics: 
robust and thick body; eyes not prominent laterally; head 
including eyes about as wide as or narrower than base 
of mesonotum; postclypeus a little prominent anteriorly, 
shorter than vertex in mid-dorsal length in dorsal view; 
ventral side of postclypeus, in many species, with distinct 
fuscous or black longitudinal central band which diverges 
at anterior end; pronotal collar well developed and broad; 
mid lateral tooth of pronotal collar produced laterally 
or posterolaterally, not anterolaterally; male operculum 
long with comparatively acute apex and swollen at about 
posterior 2/3; forewing slender with sharp tip, its length 
longer than 3.2 times its width [11]. 

3.3. Key to the genus Macrosemia in Vietnam

1) Uncal lobes protruding obliquely and distinctly 
curved laterad, forming a V-shape with a right angle in 
ventral view………………..M. sapaensis sp. nov.

- Uncal lobes not so………………………………2

2) Fore wing with widely spread or roundish 
infuscation on each apical portion of veins RA2, RP, 
M1, M2, M3, M4, and CuA1…...................................3

- Fore wing without widely spread or roundish 
infuscation on each apical portion of veins RA2, RP, 
M1, M2, M3, M4, and CuA1…………………........…4

3) Tergite 3 with a transverse dense white hair fascia 
along anterior margin……………………M. lamdongensis 

- Tergite 3 without a transverse dense white hair 
fascia along anterior margin……...............M. saturata

4) Fore and hind wings with basal cell blackish-brown; 
operculum with a black streak around....…M. tonkiniana

- Fore and hind wings without basal cell blackish-
brown; operculum without a black streak around........5

5) Male dull ochraceous; operculum reaching sternite 
VI, entirely ochraceous except extreme margins and apex, 
posteriorly globosely convex………………M. diana

- Male greenish ochraceous; operculum large and 
long reaching centre of sternite VII, widely apart from 
each other and occupying lateral abdominal areas, 
strongly sinuate on each side of base and suddenly 
convex on disk of posterior two-third, narrowed and a 
little rounded posteriorly………………………M. pieli

Fig. 1. Macrosemia sapaensis sp. nov.: A: dorsal view of male, B: 
ventral view of male.

Etymology: the species epithet refers to the locality 
of origin of the specimens: Sapa, Hoang Lien National 
Park, Lao Cai province in north Vietnam (Fig. 1).

Material examined: Holotype ♂: Hoang Lien National 
Park, Sapa, Lao Cai, 24.ix.2013, 1,900 m; coll. Pham 
Hong Thai (VNMN).

Paratype ♂: [Lao Cai province, Vietnam, 15 km W 
of Sapa, Tram Ton Pass, 1,900 m, 22.22N 103.50E, 15-
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19.X.1999, light trap, VN99-1, coll. R. de Jong,] (NBC).

Head: head including eyes slightly narrower than base 
of mesonotum; vertex pale green, with a large irregular 
marking at ocellar area, a broad pair of oblique spots 
between eyes and anterior arm of epicranial, two small 
fascia oblique against anterior margin of pronotum, 
fascia on posterior margin eyes against anterior margin 
of pronotum black; eyes brown-black, ocelli red; frons 
black with marking on posterior margin pale green; 
supra-antennal pale yellow-brown; antennae black; 
gena yellowish opalescent with large black marking 
around base antennae; lorum black; posclypeus greenish 
opalescent with transverse groove pale brown, margin 
against anteclypeus black; anteclypeus yellowish 
opalescent; rostrum yellowish opalescent, reaching pass 
posterior coxae, longitudinal lines centre darker, apical 
rostrum brown-black (Fig. 2).

Fig. 2. Macrosemia sapaensis sp. nov.: (A) male genitalia in 
ventral view, (B) male genitalia in lateroventral view, (C) male 
genitalia in lateral view.

Thorax: pronotum pale green, with a surrounding line 
black, a pair of central longitudinal stripes, broadened 
both anteriorly and posteriorly, markings along furrows 
of inner area, and two spots at each posterolateral part 
of outer dilatation, black; pronotal collar pale green, 
margin and marking on lateral part of pronotal collar 
black, with dentate projection but not cute, apex brown-
black; mesonotum pale green, with five black broad 
fasciae, a median fascia reaching from anterior margin of 
mesonotum to cruciform elevation, and ending in a black 
triangle on cruciform elevation, posterior half 1.5-3 times 
as wide as anterior part, paramedian suture extending 
to just beyond half-length of mesonotum, 1.5-5 times 
as wide as anterior part of median fascia, and about as 
broad as or somewhat broader than distance between 

paramedian and median fasciae, pair of round black spots 
in front of anterior angles of cruciform elevation, lateral 
fasciae continuous from anterior to posterior margin of 
mesonotum and about as broad as distance between lateral 
and paramedian fasciae; two pair of small black triangles 
at anterior mesonotal margin between paramedian and 
lateral fasciae, cruciform elevation greenish opalescent 
with margin of posterior angles black, wing groove 
black; thorax greenish opalescent in ventral view, with 
episternum 2,3 black (Fig. 2).

Wings: fore and hind wings hyaline, fore wing 
venation pale yellow-brown basally and brown-black 
apically; fore wings slightly tinged and spotted with 
infuscations on r, r-m, m-cu, and CuA2, on RA, RP, M1, 
M2, M3, M4, CuA1, CuA2, on M3+4, CuP+1A, and on 
node, basal cell and clavus pale brown (Fig. 2).

Legs: foreleg with markings as follows: coxae brown-
black with apex opalescent, femur brown-black with a 
longitudinal fasciae opalescent in lateroventral view, 
primary spine larger than secondary spine, tibia brown-
black, tarsus black; middle leg, with coxae black with 
half inner and a longitudinal fasciae oblique yellowish 
opalescent, trochanter black, femur brown-black 
with apex and longitudinal fascia  oblique yellowish 
opalescent, tibia with half brown-black at base and black 
at apex, tarsus black; hind leg, with coxae black with 
half inner and a longitudinal fasciae oblique yellowish 
opalescent, trochanter with half brown-black at base and 
yellowish opalescent at apex, femur brown with apex and 
a longitudinal yellowish opalescent in lateroventral view, 
tibia pale brown with marking brown-black at base and 
apex, tarsus brown (Fig. 2).

Abdomen: longer than distance from head to cruciform 
elevation, black in dorsal view, tergite 3 with a transverse 
fascia of dense white hairs along the anterior margin, 
with the fascia enlarged at the lateral margins; tergites 4-6 
with edges of lateral margins pale brown; timbal cover 
black, distinctly covering timbal; pale yellow-brown in 
ventral view, posterior margin of sternite II and anterior 
margin of sternite III black, posterior margin of sternite 
IV-VI and sternite VII dark brown, area close to posterior 
margin of  sternite VII with brownish black X-shaped 
marking, apex of sternites VIII brownish black (Fig. 2).

Operculum: elongate, fairly broad, and reaching to 
posterior margin of segment 7; length about as 1.5X 
width. Pale yellow-brown, with one fifth of length from 

(A) (B) (C)
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base black, rim along operculum margin pale yellow-
brown except basal part of outer margin black; lateral 
margin slightly concavely sinuates on basal third, medial 
margin slightly concave on basal part and convex apically 
(Fig. 2).

Genitalia ♂:  basal pygofer lobes angular, well 
separated from lateral margin of pygofer. Basal part of 
uncus globose, broad and almost semi-circular. Uncus 
bifurcated, castaneous, with uncal lobes protruding 
obliquely and distinctly curved laterad, forming a 
V-shape with a right angle in ventral view, and quarter 
round in lateral view.

Measurements of one male (in mm): body length: 
40.2; fore wing length: 51.1; fore wing width: 17; head 
width: 12.2; pronotum width: 16.6; mesonotum width: 
13.3. 

Remarks: this species was collected by light trapping 
at high mountain (1,900 m).

Distribution: north Vietnam (Lao Cai province)

4. Conclusions

The new species differs from all species of the genus 
Macrosemia from Vietnam (exclude in the species M. 
lamdongensis) in the markings of forewings that are 
widely spread or roundish infuscation on each apical 
portion of veins RA2, RP, M1, M2, M3, M4, and CuA1, 
which form a series along the subapical margin of the 
forewing. Meanwhile, the rest have forewings without 
widely spread or roundish infuscation on each apical 
portion of veins RA2, RP, M1, M2, M3, M4, and CuA1 
forming a series along the subapical margin of the 
forewing. Macrosemia sapaensis, is distinguishable from 
M. lamdongensis by the markings on the third abdominal 
tergite, with a transverse fascia densely covered with white 
hair along anterior margin in M. sapaensis, and without 
such fascia along anterior margin in M. lamdongensis; 
M. sapaensis, with uncal lobes protruding obliquely and 
very curved laterad and uncus lobe on ventral (outer) 
surface.
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1. Introduction

Cardiovascular disease, including coronary artery 
disease and peripheral vascular disease, is the leading 
cause of death in Vietnam and other countries around the 
world. Therefore, the development of artificial blood vessels 
[1] to replace aging conduits in cardiovascular patients is 
becoming increasingly urgent, especially in bypass surgeries 
and other revascularization procedures. Tissue engineering 
offers the prospect of replacing damaged blood vessels. 
Recent advances in science have shown that it is possible 
to successfully replace human blood vessels. For example, 
cells can be grown into sheets of tissue to form a layer of 
vascular cells with impressive strength.

In recent years, electrospinning has revolutionized 
material science [2]. By this method, a solution (obtained by 
the melting or dissolution of one or a mixture of materials) 
is ejected into fibres ranging in size from micrometres to 
nanometres. A basic electrospinning device consists of 
three main parts: (i) a high voltage DC power supply that 

generates a steady voltage of several tens of kilovolts, (ii) 
a pump that controls the injection rate of the mentioned 
solution, and (iii) a grounded fibre collector [3]. The 
operation principle of electrospinning begins with using the 
force of an electric field to produce extremely thin fibres 
from a viscous solution, for example, a solution of polymers 
such as polycaprolactone [4], chitosan, polyvinyl alcohol, 
etc. These thin fibres follow the direction of the electric field 
force to the fibre collector and attach to it. When applying 
high voltage to the nozzle and grounding the fibre collector, 
there will be a large electric field between the nozzle and the 
collector. A very small current is generated, which electrifies 
the nozzle. Therefore, the solution passing through this 
nozzle is also electrified and the charged particles are 
accelerated by the electric field thereby ejecting the solution 
moving in the direction of the above electric field. As a 
result, the solution is uniformly accelerated and forms a 
thin filament with a radius as small as a few nanometres [5]. 
Currently, electrospinning is widely used on an industrial 
scale in various fields including electronics, semiconductors, 
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environment, fashion, chemistry, and medicine and for 
diverse applications as light-emitting diodes, kidney filters, 
and air filters [6]. 

With advancements in science and technology, 
electrospinning has also made great contributions to 
biomedical research in the manufacture of medical devices, 
especially in the fabrication of tissue scaffolds and controlled 
drug release systems [7]. Researchers around the world have 
been applying this method in their research to find innovative 
solutions for medical treatment. In Vietnam, the concept of 
electrospinning is quite new and has only been studied for 
the last five years. Currently in Vietnam there are only two 
research facilities that own (manufacture) electrospinning 
equipment: Hue University of Science and University of 
Technology, Vietnam National University, Ho Chi Minh 
city. Current market prices of electrospinning devices, 
including the cost to import to Vietnam, are about $20,000-
500,000. Despite their excessive cost, the application ranges 
of the above devices are limited, especially in the context 
of artificial tissue manufacturing where interest in products 
used in the treatment of artificial skin and blood vessels 
continues to increase among domestic scientists.

The main components of an electrospinner include the 
high-voltage power supply, the syringe pump system, and 
the collector system as shown in Fig. 1. In the electrospinner, 
the machine’s high voltage power supply is the core of the 
operation. This is a DC source that ranges from 5 to 30 kV. 
These power supplies on the market are expensive and are 
not suitable for our application. Therefore, we designed our 
own high voltage power supply. In addition, we designed a 
syringe pump system with a pumping speed of 1-20 ml/hour 
and plastic preformed structures for insulation purposes. The 
design of the fibre collector system is necessary to actively 
fabricate scaffolds of different shapes for applications in 
tissue engineering. The fibre collector was designed in 
the form of a hub to achieve a tubular structure. Then, we 
operated and assessed the electrospinner by fabricating 
tubular scaffolds and evaluating their surface structure.

Fig. 1. Overview of the fabrication of polycaprolactone (PCL) 
tubes.

2. Materials and methods

2.1. Materials 

Frozen bovine artery endothelial cells (BAECs) were 
provided by the School of Biomedical Engineering, 
International University, Vietnam National University, Ho 
Chi Minh city. BAECs were thawed and cultured in nutrient 
medium (DMEM, 10% foetal bovine serum, 1% antibiotics, 
Gibco) at 37oC, 5% CO2 until 70-80% coverage of the 
culture dish was reached. Then, the BAECs were detached 
with Trypsin/EDTA 0.25% (Gibco) and seeded on PCL 
scaffolds to perform further evaluations.

2.2. Methods

Design of high voltage DC power supply:

From the 220 VAC main, the power source was rectified 
directly to a DC voltage of about 277 VDC via the use of a 
full power rectifier circuit. This high voltage DC source is 
then used as the power source for the DRIVER MOSFET, 
which opens and closes the FET at a very high frequency in 
the primary part of the flyback transformer. As a result, the 
output of the flyback transformer will be pushed to a very 
high DC voltage. This process is illustrated in Fig. 2.

Fig. 2. High voltage DC power supply circuit block diagram.

The principle of operation of our designed electrical 
circuit is easy to understand and is also capable of solving 
interference problems. The circuit was designed on ORCAD 
software, which is a powerful software that supports 
electronic circuit design tasks. To simplify the circuit, the 
component pins are specifically labelled and marked with 
the power terminals, which helps engineers read and trace 
the design. The designed circuit is depicted in Fig. 3.
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Fig. 3. The principal circuits of the high voltage source.

Design of fibre collector system:
The fibre collector system consists of one aluminium 

foil spool and one drum, which is a monolithic billet that 
is turned in a cylindrical shape. The system is rotated by a 
moving belt, which transmits the force from the motor to 
the shaft of the drum. The drum rotation is monitored by a 
microcontroller system.

The electronic circuit acts as the central processing task 
for the collector system. This circuit is designed with the 
central microcontroller ST32F407 with a core clock speed 
of 168 MHz, and support for processing 32-bit numbers. 
Therefore, it is suitable for motor control applications by 
PID algorithms. In addition, we also use specialized drivers 
for brushless motors to make control more convenient.

In this project, brushless motors are selected and used 
for its characteristics of large rotational power and low 
vibration at high speed as it is necessary to control and align 
the membranes (Fig. 4).

ZM-6405E brushless motor driver bridge: the DC motor 
driver ZM-6405E allows a large current supply, control over 
the brushless motor with a maximum power of 200 W and can 
accept PWM Analog signal voltage to control motor speed.

Brushless motor: the brushless motor BL75S10-230TF9 has 
a maximum power of 100 W at 3000 rpm and a force of 0.32 N.
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Design of syringe pump system: 

The syringe pump and slider system are controlled by 
the MCU slaver SMT32F030F4P6 as illustrated in Fig. 
5. The main purpose of the master and slaver method is 
to stabilize the injection rate of the syringe pump in the 
range 0.1 to 20 ml/h with the cylinder sizes available on 
the Vietnamese market. Meanwhile, the slider system 
also needs to be controlled to move the syringe pump 
system back and forth.
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The needle and syringe system consists of two main 
components: a fixed frame (including two front shields 
to help hold the cylinder, two rear shields connecting the 
stepper motor, a 20x80-mm support frame made of fixed 
aluminium) and the moving part (including centre thrust 
plate, lead screw, nut and two-phase stepper motor). We use 
a screw mechanism to convert the circular motion of the 
stepper motor into the reciprocating motion of the cylinder. 
To limit the pushing speed to the maximum amount, we 
choose the lowest step screw bar of 1 mm combined with two 
round sliders mounted in parallel to support and balance the 
push cycle. Two linear bearings and screw nuts are rigidly 
fixed on the central thrust plate, which plays the role of 
fixing and transmitting the movement of the motor (Fig. 6).

Fig. 6. Syringe pump system on Solidworks software.

PCL tubular fabrication:

The PCL tube is fabricated based on a long metal mould 
(4 cm length and 2, 3, or 4 mm diameter corresponding to the 
diameter of the tubular fibre collector) by electrospinning 
whose details are given below.

The electrospinning system consists of 1-3 piston(s) 
containing PCL solution and the nozzle is connected to the 
anode of the high voltage power source. On the other hand, 
the piston(s) is placed in a pump system with a pumping rate 
of 0.2 ml/h.

The collector is a metal mould shaft (4 cm length and 2, 
3, or 4 mm diameter). The metal mould is connected to the 
cathode of the power supply and is stabilized in a rotating 
system with a speed of 750-800 rpm.

The procedure was carried out based on our previous 
study [8] and 15% PCL solution was prepared previously in 
acetone solvent.

- 5 ml of the solution is placed into the piston. The 
distance from the needle tip to the collector is set to 10 cm.

- The pumping system is set up with a pump rate of 0.2 
ml/h.

- The high voltage power supply is 15-18 kV, and the 
collector has a rotation of 750-800 rpm.

- Electrospinning is done within 3-4 h to obtain a PCL tube.

Evaluate surface structure of PCL scaffold through 
Scanning electron microscope (SEM):

Scanning electron microscopy (SEM) can produce high-
resolution images of a specimen by using a narrow beam 
of electrons scanning the surface of a specimen, which is 
followed by the recording and analysis of the radiation 
emitted from the interaction of the electron beams with the 
sample surface to obtain an image of the specimen with high 
magnification.

Evaluate BAEC adhesion and proliferation on PCL 
scaffold through SEM:

- Use a 1-ml needle to transfer the BAEC suspension 
onto the PCL scaffolds in a 96-well plate, which was then 
supplemented with culture medium and placed in the 
humidified incubator.

- After defined time intervals, samples were washed 
three times (1-2 ml each time) with phosphate-buffered 
saline (PBS).

- The sample was then soaked in 2.5% glutaraldehyde at 
4oC for 2 h.

- Remove excess glutaraldehyde solution, wash with 
PBS 2-3 times.	

- Samples are soaked in alcohol at 30o, 50o, 75o and 96o, 
respectively, for 20 min each time. The sample was then 
allowed to dry at room temperature.

- Conduct SEM.

3. Results and discussion
3.1. Design of high voltage DC power supply
In this study, we designed an 11x15-cm PCB board using 

FR4 material with two layout layers. This printed circuit was 
designed with multiple lines with a large width to ensure 
the power of the power supply is operated efficiently. This 
motherboard is shown in Fig. 7. In addition, we also designed 
a display PCB main that indirectly measures high voltage 
from the primary source signals as illustrated in Fig. 8.
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Fig. 7. Layout of the high voltage power supply circuit.

Fig. 8. High voltage display circuit.

To prevent electromagnetic interference in a high voltage 
field, the power supply was completed with aluminium 
housing. We reviewed several power supplies on the market 
and produced an optimal solution that makes the high-
voltage power supply easy to use and safe. It was designed 
with a power switch, display of the output voltage status, 
and a single knob to adjust the output voltage. In addition, 
it also has a built-in display of current and voltage. The 
completed power supply is shown in Fig. 9.

Fig. 9. DC high voltage power supply after being successfully built.

A crucial factor when researching, manufacturing, and 
operating high voltage power supplies is safety assurance. 
To avoid fatal injuries caused by high voltage, the grounding 
part of the high voltage system should be managed with care. 
Do not operate a high voltage power supply system without 
grounded wiring. The user needs to ensure a minimum 
distance from the high voltage electrodes. When voltage is 
being supplied, a retention distance of at least ½ inch per kV 
is recommended [9]. In addition, it is necessary to maintain 

dry conditions and provide insulating boots to the user if 
necessary. Several distances are calculated as follows:

100 kV  100 x (2.54/2) = 100 x 1.27 = 127 cm = 1.27 m 

50 kV  0.635 m

30 kV  38.1 cm

3.2. Design of fibre collector system

We used ORCAD Layout software to design the PCB. 
The central processor STM32F407 was designed in the 
middle of the main, while other power components such as 
the H-bridge and the source are mounted with heat sinks 
and placed on the outside to reduce temperature during 
operation. The PCB layout circuit is illustrated in Fig. 10.

The MCU enters the corresponding task segments to 
increase or decrease the target value, and thanks to the PID 
algorithm, the actual rotation speed asymptotically follows 
the desired value.

Fig. 10. PCB main control of the collector system.

Upon entering the program, the microcontroller 
initializes peripherals such as H-bridge, EEPROM, and 
LCD display by sending data frames to the display device. 
Next, the central controller loads the default values ​​for these 
peripherals set in the EEPROM. PID, timer, and H-bridge 
parameters are initialized. This motor control process 
is based on a PID algorithm with pulse feedback inputs 
read from the encoder to record the round(s) per minute. 
The actual rotation speed approaches the desired value 
thanks to the control algorithm. The interplay between two 
microcontrollers on the main, MCU Master STM32F407, 
and MCU slave for slider and syringe pump function uses 
UART interrupts.

The collector control system was installed in an 
aluminium box to prevent electromagnetic interference 
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from the external high-voltage field (Fig. 11). The LCD used 
is a 20x4 type that can display not only collector control 
information but also other information such as infrared light, 
syringe pump, humidity, and temperature. Interactions with 
user will be via 3 x 4 matrix pushbuttons and knob encoder.

Fig. 11. Design of the mandrel collector system.

3.3. Syringe pump system design

The TB6600 stepper motor driver circuit uses the IC 
TB6600HQ/HG is used for stepper motors 42/57/86 that is 
either 2-phase or 4-wire with load current of 4A/42VDC, 
which is commonly applied in machines such as CNC, 
laser, or other automatic machines (Fig. 12). Measure is a 
dedicated control bridge for the stepper motor, which will 
make the syringe pump control easier and more accurate.

Fig. 12. Stepper motor driver bridge TB6600.

When the system starts, the master microcontroller will 
send a command to the slaver processor of the syringe pump 
system to initiate the command according to the parameters 
set in the ROM. The slaver processor will initiate the pump 
speed and move the slider.

In the main processing loop, the slaver processor will 
wait for a command from the master processor. If an 
instruction is received via the UART interrupt, the processor 
immediately executes that instruction. When complete, the 
processor will stop pumping and move the slider back to its 
original position.

Calculation of pump speed, travel speed, and slider 
movement range are also performed in by program in the 
slaver MCU.

With the need to create greater polymer coverage on 
the mandrel, we use a slider system driven by a 4-phase 
stepper motor that combines with the syringe pump system. 
The system is programmed to generate a cyclic motion 
over a fixed distance through the lead screw system and the 
slider. On the slider, there are several available positions 
to fix the needle pump, which makes it easy to adjust the 
distance between the needle and collector (Fig. 13). The 
system will automatically align the distance on the slider 
thanks to a travel switch placed in the original position of 
the coordinates.

Fig. 13. Syringe pump system installed on the slider. 

3.4. Fabrication of tubular Polycaprolactone (PCL) 
scaffold

 

Fig. 14. Macroscopic structure of PCL tubes.

Figure 14 shows the macroscopic structure of the PCL 
tube obtained after being fabricated by electrospinning 
i.e., ejecting the polycaprolactone solution in a high-
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voltage electric field). After using this method, the 
obtained scaffold has an average length of 4-5 cm and 
diameter of 2, 3, or 4 mm based on the shape of the 
collector mould.

3.5. Surface structure of PCL scaffold

 

Fig. 15. The microstructure of the PCL tube fabricated by 
electrospinning. The measured thicknesses are 40.018, 42.000, and 
41.400 μm, respectively. 

After using electrospinning to obtain a tubular 
structure similar to blood vessel, the microstructure was 
observed by SEM as depicted in Fig. 15. Under high 
magnification (x2000), the structure of the PCL scaffold is 
made up of micrometre-sized filaments on both the inner 
and outer surfaces. However, the shapes of the inner and 
outer surfaces of the PCL tube are different. The inner 
fibres have more of a flat shape than the outer fibres. This 
is explained by the fact that the inner surface is in direct 
contact with the collector during electrospinning and the 
charged fibres/particles of the PCL solution move from 
the needle tip to the collector at a certain speed. Finally, 
the fibres/particles hit the collector, which causes the 
polymer fibres in the innermost layer (inner surface) to 
have a flat shape compared to the outer surface.

According to the descriptions of the structural types 
of blood vessels, the diameter varies depending on 
vascular classifications along with other factors such as 
anticoagulation capacity, mechanical durability, etc. Of 
which, the ability to prevent blood clotting is one of the 
most important prerequisite properties of blood vessels in 
general. This ability, according to previous studies, comes 
from secreted proteins of the monolayer of endothelial 

cells in the lumen of the vessel.

A dense structure of PCL fibres stacked and interlaced 
form a small pore structure that makes it difficult for 
cells to penetrate deep into the inner structure of the 
PCL tubule. This structure readily forms monolayers of 
endothelial cells.

In addition, in Fig 15, the thickness of the PCL tube 
was recorded at high magnification, which was found 
to be around 40-42 μm. This thickness, along with the 
physical properties of PCL, creates a conduit structure 
bearing the appropriate properties as well as a certain 
elasticity. This data has been published in our previous 
studies that show suitability for making artificial blood 
vessels.

Thus, this study has fabricated PCL scaffolds with 
basic characteristics of small vascular tubes: diameters 
of 2, 3, or 4 mm, physical-mechanical strength, and a 
structure that facilitates a monolayer of endothelial cells 
established within the lumen of the vessel.

3.6. Spreading ability of BAECs on PCL tubes
After determining the stable BAEC cell line through 

subcultures, cells were examined for their ability to spread 
on the PCL structure. Fig. 16 depicts the interaction of 
BAECs on PCL scaffolds based on images of the cell 
shape and extracellular matrix (ECM) region, which 
were taken on day five of culture.

In the absence of cells (Fig. 16A), the inner surface of 
the tube is composed of a structure of randomly arranged 
and stacked micrometre-sized fibres (a consequence of 
the electric field due to electrospinning) followed by a 
very small pore structure of irregular shape. In general, 
the scaffold structure is uneven but still has stability in 
fibre size, structure, and pore size fluctuations of about 
1-3 μm. Because it is composed of microfibers, the 
surface of the scaffold structure has a relative roughness, 
which is one of the factors that facilitates cells adherence 
to the PCL substrate.

Fig. 16. Interaction of BAECs on PCL scaffolds. (A) The inner surface of the PCL matrix is devoid of cells. (B) BAECs at day five of 
culture on PCL scaffold. (C) The extracellular matrix region of BAECs at day five of culture on PCL scaffold.
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Figure 16B shows the cells in the process of spreading 
onto the attachment surface. At this point, the cell has a 
rounded tip and the surrounding part begins to spread and 
mix with the ECM, which is secreted by the cell itself and 
neighbouring cells. Here, the boundary between the cell 
and the ECM is indistinguishable. One of the features 
that helps us see the attachment site of the cell is that the 
cell-ECM structure hides the underlying matrix and the 
fibrous structure and voids are gone.

The SEM image in Fig. 16C shows that the substrate is 
rough and slimy. Between them, there are small grooves 
consisting of zigzag lines that cross each other. This is one 
of the demonstrations showing the compatibility of PCL 
for animal cells in general, or bovine artery endothelial 
cells - the main subject of this study.

3.7. Proliferation of BAECs on PCL scaffold

SEM images were recorded through days 1, 2, 3 and 5 
(Fig. 17-1), and the image shows that the cells spread on 
the scaffold increase in density over time. SEM images 
were contrast processed in Microsoft PowerPoint to 
increase the prominence of cells on the substrate (Fig. 
17-2). On day 1 (Fig. 17A), the cells spread in very small 
numbers. Cells retained their elongated, dendritic shape 
on subsequent observation days (Figs. 17B, 17C, and 
17D).

The results showed that the adhesion and proliferation 
of BAECs on PCL scaffolds were highly effective. Over 
the culture period, cells adhered evenly to the surface of 
the scaffold structure. On the other hand, the cell’s ability 
to attach to the scaffold was highly influenced by the pore 
size of the scaffold and by the binding between receptors 
and ligands.

The above results showed that in vitro cultures of 
BAECs on PCL scaffolds do not cause changes to the 
structure of the scaffold and the data portrays stable 
spread and proliferation of this cell line. These outcomes 
suggest the possibility that PCL scaffolds can be used for 
long-term in vitro culture.

4. Conclusions

We designed and fabricated the basic components of 
an electrospinner. Of these components, a variable high 
voltage DC power supply that ranges between 5 kVDC 
and 30 kVDC with display of current and voltage was 
constructed. Second, a collector system (mandrel) that 
ejects polymer fibres out of a solution and evaporates 
solvents to fabricate PCL scaffolds, which are the 
structure that facilitates cell attachment and growth to 
develop artificial blood vessels. Finally, the syringe pump 
system that integrates three needles on the system and 
an integrated reciprocating mechanism to increase the 
homogenous coverage of the nanofibers on the collectors. 
Electrical designs were developed on ORCAD software, 
mechanical designs were developed on SOLIDWORKS, 
INVENTOR software. These programs make it easier 
for engineers to calibrate and develop versions of the 
machine later.

Given the heat-sensitive characteristics of medical 
synthetic polymers (i.e., the low melting point of 60oC 
for PCL), the process of fabricating polymer fibres by 
electrospinning should not cause fibre fractures or 
changes in chemical or crystal structure by manipulation 
at room temperature. Therefore, in the fibre forming 
process, the polymer is mixed in organic solvents at a 
temperature lower than the melting point (50oC). The 

Fig. 17. The proliferation ability of BAECs on PCL scaffold. BAECs on PCL scaffold after (A) 1, (B) 2, (C) 3, and (D) 4 d of culture.
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solvents used for dissolution are highly volatile solvents, 
so the polymer fibres will almost immediately dry when 
collected at the collector at room temperature. The in 
vitro results of BAEC cultures on PCL tubes fabricated 
from our electrospinner showed that the cells exhibited 
excellent spreading and proliferative ability over time, 
which demonstrated that our electrospinning PCL tubes 
exhibit promising cytocompatibility.
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1. Introduction
Plasma fibronectin (FN) is produced by hepatocytes 

and released into circulation as a soluble compact dimer 
at concentrations of 200-600 µg/ml. Circulating plasma 
FN is a glycoprotein dimer and multidomain protein with 
high molecular weight (440-500 kDa) that is folded into a 
globular compact structure. Its compact structure leads to the 
inactivation of FN since major functional binding sites are 
buried [1]. However, when needed, plasma FN can interact with 
cell and platelet receptors by which it is unfolded, assembled 
into fibrillar matrix with exposed functional binding sites and 
integrated into the extracellular matrix. Alternatively, an FN 
fibrillar matrix can also be formed under flow conditions [2-
4]. Most of the functions of FN in nature have been reported 
to be related to fibrillar form. However, the mechanism of FN 
fibril formation and its biological activities are not yet clearly 
understood.

The hallmark of understanding biological functions of 
FN is that these functions are extremely complex and appear 
to be switched back and forth in specific cases. For instance, 
FN carries domains that can interact with collagen and fibrin 
at N- terminus and adhesive sites with RGD sequence at 

position FNIII10 that is capable of interacting with platelet 
integrins. Hence, this molecule has been shown to contribute 
to the process of haemostasis. However, results from previous 
studies on the effect of FN on adhesion and aggregation of 
platelets demonstrated that the role of FN would change (either 
by enhanced or inhibited platelet activities) corresponding to 
different conditions of interaction with platelets [1]. Results 
from in vivo studies conducted on mice also agreed with this 
finding. These contradictory findings have given rise to many 
hypotheses including one that suggests that the functional 
switching of plasma FN during cellular processes is related to 
its conformational changes and fibrillogenesis [1, 5]. 

FN coatings have been shown to accelerate the autologous 
cellular repopulation of implanted decellularized aortic conduits 
by enhancing their adhesion capacity and biocompatibility [6, 
7]. However, the supportive effect of deposited FN was shown 
to be dissimilar in different regions of implanted decellularized 
grafts. To elucidate the biological mechanism that explains this 
functional dissimilarity, we labelled FN with two fluorophores 
for Förster (or fluorescence) resonance energy transfer (FRET) 
to monitor its conformational changes and study how different 
structures of FN are distributed along the decellularized conduit 
grafts. 
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Abstract:

Plasma fibronectin (FN) is produced by hepatocytes and released into circulation as a soluble compact dimer at 
concentrations of 200-600 µg/ml. Circulating plasma FN is a glycoprotein dimer and multidomain protein with high 
molecular weight (440-500 kDa) that is folded into a globular compact structure. Its compact structure leads to the 
inactivation of FN since major functional binding sites are buried. Fibronectin, a pervasive extracellular matrix 
component, plays a vital role in modulating diverse cellular functions through direct interactions with integrin 
receptors on cell surfaces. Our previous research demonstrated that fibronectin facilitates the autologous cellular 
repopulation of implanted decellularized grafts, enhancing adhesion capacity and biocompatibility via fibronectin 
fibrillogenesis. Interestingly, the supportive effect varied across different regions of the implanted decellularized 
grafts. This prompted an inquiry into whether there are conformational differences in fibronectin deposited on the 
luminal and adventitial surfaces of decellularized aortic conduits post-implantation. In this study, we employed a 
doubly labeled fibronectin with a fluorescent resonance energy transfer (FRET) pair, utilizing it to analyze variations 
in conformational changes of adsorbed fibronectin at distinct sites within the decellularized aortic conduits. This 
investigation sheds light on the nuanced interactions between fibronectin and decellularized grafts, offering valuable 
insights into the intricacies of cellular repopulation dynamics in different regions of implanted conduits. 
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2. Methods

2.1. FN purification and labelling

Plasma FN was purified using a modified protocol 
of a previously described procedure and was doubly 
labelled with two types of fluorescence dyes, Alexa Fluor 
AF488 (488/514 nm) and Alexa Fluor AF546 (517/570 
nm), as donor and acceptor pair, respectively, for the 
FRET experiments [1]. Briefly, FN was incubated in 4-M 
GdnHCl solution to expose the four cryptic free cysteine 
residues, which were specifically labelled by adding 
AF546 at a molar ratio of 30:1 (dye/FN molecule). 
The reaction was kept for 1 h at room temperature 
with gentle rotation in the dark. After that, dialysis was 
performed against phosphate-buffered saline (PBS) at 
pH 7.3 overnight to remove unbound dyes. The AF546-
conjugated FN (FN546) protein was collected, and the 
concentration was measured by reading the absorption at 
280 nm. Next, amine labelling was performed by adding 
0.1 m sodium bicarbonate at pH 8.7 followed by the 
addition of an 80-fold molar excess of AF488 to FN546 
solution. The reaction was incubated for 1 h in the dark 
at room temperature with gentle rotation. Free dyes were 
again removed by dialysis against PBS pH 7.3 overnight. 
Concentrations of conjugated FN and the ratio of FN: 
dyes were determined by reading absorbance at 280, 496, 
and 556 nm and calculated according to the user manual. 

To confirm the sensitivity of FRET in indicating FN 
conformation changes, FRET signals from labelled FN 
in solution with increasing concentration of GdnHCl (0-4 
M) were measured. FRET signals were determined as the 
ratio of donor fluorescence intensity divided by acceptor 
fluorescence intensity (IA/ID). FRET signals of soluble 
FN in solution without GdnHCl were set at 100%. 

2.2. FN coating of aortic conduit grafts 

Decellularized aortic conduit (DAC) grafts were 
obtained from the Department of Cardiovascular Surgery 
and Research Group for Experimental Surgery, Heinrich 
Heine University, Germany [6]. Grafts were incubated 
with 50 µg/ml mixture of doubly labelled FN: unlabelled 
FN (1:10 ratio) for 24 h at 37ºC. FN-coated grafts were 
implanted into systemic circulation of recipient rats as 
previously described [6]. Samples of DACs were fixed 
with 3.7% formaldehyde and stored in PBS buffer 
containing 0.1% NaN3 at 4ºC.

2.3. FRET analysis 

At 1, 3, and 6 h after implantation, implanted conduits 
were thoroughly excised and collected from region A 
and B corresponding to ascending and descending aortic 

conduits. Tissue samples were further fixed with 3.7% 
formaldehyde, cryo-embedded, and sectioned for FRET 
analysis. For each sample, 15 random ROI from three 
representative sections 200 µm apart from one another 
were observed and captured by fluorescence microscopy 
DM2000 (Leica, Wetzlar, Germany). FRET signals were 
calculated as the ratio of fluorescence signals of AF488 
and AF546 (AF546/AF488) in ROI regions. In parallel 
experiments, FN-coated conduits were incubated with 
PBS pH 7.3 buffer or blood plasma for 1, 3, and 6 h 
followed by FRET analysis without implantation. 

3. Results

3.1. FRET changes with FN conformation 

In principle, in solution without GdnHCl, FN exposes 
a compact structure. As GdnHCl in solution increases 
from 0  to 1, 2, 3, and 4 M, FN molecules become extended 
either by being partially and completely unfolded (Fig. 
1). Accordingly, the average intramolecular distance 
between donors and acceptors gradually increases 
leading to the reduction of FRET signals. FRET signals 
of FN in its compact conformation (0 m GdnHCl) were 
set at 100% and decreased to 61% as the FN molecule 
extended in the 1 m GdnHCl solution. Further unfolding 
of FN at concentrations of 2, 3, and 4 m GdnHCl reduced 
the FRET signals by 48, 46, and 40, respectively.

.

Fig. 1. Conformational changes of FN monitored by FRET. 

FN conformation changes in GdnHCl solutions 
correlated with FRET signals (ratio of IA/ID). As GdnHCl 
concentration in solution increases from 0 to 4 M, causing 
FN to be partially unfolded or unfolded, respectively, the 
FRET signal decreases. 

3.2. FRET changes upon implantation 

Labelled FN was mixed with unlabelled FN at a ratio 
of 1:10 to prevent energy transfer between adjacent 
molecules that can influence FRET measurement. To 
observe the changes in conformation of deposited FN on 
decellularized aortic conduits (DAC), 50 µg/ml mixture of 
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labelled and unlabelled FN was used to coat the adventitial 
and luminal surfaces of DAC. By using fluorescence 
microscopy to excite donor fluorophores and record both 
donor and receptor fluorescence emission, we were able 
to monitor conformational changes of FN on DAC. For 
better visual observation, microscopic images were set 
so that regions of high FRET level appeared violet, and 
regions of low FRET level appeared grey indicating a 
more compact or more extended state of FN, respectively.  

To confirm that the decrease in FRET signals was 
due to cell invasion after implantation, DAC after FN 
coating was incubated in PBS buffer pH 7.3 and blood 
plasma collected from experimental mice (Fig. 2A-B). 
FRET was monitored within 6 h of incubation. Results 
showed that while FRET signals of deposited FN did not 
reduce at the adventitial surface, the FRET signals at the 
luminal side decreased slightly from 100% to 92±2.6% 
after 6 h of incubation in PBS (Fig. 2A(b-d)). In blood 
plasma, at the adventitial side, FRET signals of deposited 
FN decreased from 100% to 86.2±2.6%. The decrease in 
FRET signals at the luminal side was less pronounced 
(from 100% to 94.6±7.9%) (Fig. 2A(e-g)). 

(A)

 

  
Fig. 2. FRET signal changes of FN incubated in PBS and mouse blood plasma. 
(A) Representative images of pre-incubation doubly labelled FN (a) and incubated in 
PBS (b, c, d) and blood plasma (e, f, g) after 1, 3 and 6 h. Areas with high and low 
FRET signal appear in violet and grey, respectively. Vessel luminal side is indicated 
by asterisk. (B) FRET analysis of FN incubated in PBS and blood plasma at the 
adventitial (left) and luminal side (right).  

To study the conformational changes of deposited FN on DAC after 
implantation, FRET signals of the adventitial and luminal side at ascending aorta 
(region A2) and descending aorta (region B1) of DAC were recorded. In contrast to 
control experiments in which DACs were incubated with PBS buffer and blood 

Adventitial surface Luminal surface 

Fig. 2. FRET signal changes of FN incubated in PBS and mouse 
blood plasma. (A) Representative images of pre-incubation doubly 
labelled FN (a) and incubated in PBS (b, c, d) and blood plasma (e, f, g) 
after 1, 3 and 6 h. Areas with high and low FRET signal appear in violet 
and grey, respectively. Vessel luminal side is indicated by asterisk. 
(B) FRET analysis of FN incubated in PBS and blood plasma at the 
adventitial (left) and luminal side (right). 

To study the conformational changes of deposited 
FN on DAC after implantation, FRET signals of the 
adventitial and luminal side at ascending aorta (region A2) 
and descending aorta (region B1) of DAC were recorded. 
In contrast to control experiments in which DACs were 
incubated with PBS buffer and blood plasma (Fig. 2), 
implanted DACs showed a significant FRET decrease 
even after 1 h of incubation. The decrement in FRET was 
pronounced during the first hour of incubation and after 
that slowed down with only few percent decrement at 3 
and 6 h. Among the analysed regions, FRET signals of 
deposited FN on adventitial side of region A2 showed the 
most reduction (from 100% to 67.4±4.5%, 63.5±2.6%, 
and 63.8±3.2% at 1, 3 and 6 h after implantation, 
respectively). However, in the same region but at the 
luminal side, FRET decrease was the least going from 
100% to only 93.9±4.2%. Changes in FRET signals of 
the adventitial and luminal sides of region B were similar 
to each other with about 15% FRET decrement after 1 h 
followed by 3-5% decrement at every 3 h thereafter (Fig. 
3). 

plasma (Fig. 2), implanted DACs showed a significant FRET decrease even after 1 h 
of incubation. The decrement in FRET was pronounced during the first hour of 
incubation and after that slowed down with only few percent decrement at 3 and 6 h. 
Among the analysed regions, FRET signals of deposited FN on adventitial side of 
region A2 showed the most reduction (from 100% to 67.4±4.5%, 63.5±2.6%, and 
63.8±3.2% at 1, 3 and 6 h after implantation, respectively). However, in the same 
region but at the luminal side, FRET decrease was the least going from 100% to only 
93.9±4.2%. Changes in FRET signals of the adventitial and luminal sides of region B 
were similar to each other with about 15% FRET decrement after 1 h followed by 3-
5% decrement at every 3 h thereafter (Fig. 3).  

 
 

 
Fig. 3. Changes in FRET signal of adventitial and luminal sides at ascending 
aorta (region A) and descending aorta (region B). 
 

Fig. 3. Changes in FRET signal of adventitial and luminal sides at 
ascending aorta (region A) and descending aorta (region B).

4. Discussion

Our previous data has shown that FN surface coating of 
DAC accelerates the autologous in vivo recellularization 
after implantation when compared to the control group 
without FN coating [6]. The supportive effect of deposited 
FN was shown to be dissimilar in different regions 

(B)
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of DAC. FN’s biological activity is dependent on its 
conformation and fibrillogenesis [2, 4, 8]. This led us to a 
question whether there is any difference in conformation 
of FN deposited on the luminal and adventitial surfaces 
of DAC after implantation. 

FRET measurement was successfully used to monitor 
conformational changes of FN [1, 9, 10]. The fact that 
FRET signals of deposited FN did not change during the 
6-h time period when DACs were incubated with PBS 
buffer confirms that coating FN on the surface of DAC 
did not influence its conformation. However, when blood 
plasma was used instead of PBS buffer for the incubation, 
FRET signals of FN on DACs slightly but continuously 
decreased to 86% and 94.6% during the 6-h observation 
time at the adventitial and luminal sides, respectively, 
indicating conformational changes of deposited FN upon 
contacting with components of the plasma.  

In vitro study of FN incorporation into extracellular 
matrix of NIH 3T3 fibroblasts using FRET measurement 
showed that within 1-2 h of incubation, cell-bound FN 
showed initial unfolding and small fibrils formation from 
the cell edge [11]. Our observation that FRET signals were 
dramatically decreased after implantation confirms the 
activity of living cells and the physiological condition on 
conformation of FN. Our previous study had shown that, 
during the recellularization process, the cells dominantly 
invaded from the adventitial side in region A2 but not 
region B1 of the DAC [6]. This data agrees with the 
presented FRET data in which we observed that FRET 
signals of the same region showed a strongest reduction. 
The effect on FRET decrease can be seen even after 1 
h of implantation. The changes of FN conformation can 
be caused by biomechanical forces generated by invaded 
cells or the high activity of MMP around the media-
repopulating cells. Recent studies have shown the effect 
of different shear stresses on FN conformation [2-4]. 
Our data also demonstrates the effect of shear stress on 
conformation of deposited FN on DACs by the different 
changes in FRET signals between the adventitial and 
luminal sides of region A and region B. 

5. Conclusions

FRET measurement was successfully used to monitor 
conformational changes of deposited FN on DACs.  
The differences in FRET signal reduction between the 
adventitial and luminal sides of region A and region B 
demonstrated the effect of shear stress on the deposited 
FN’s conformation. Taken together, our data suggests a 
morphological-dependent biological activity of FN. 
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1. Introduction
Water used in many industrial sectors such as food 

processing and agriculture farming contain high salt 
concentrations. Without prior treatment, effluent discharge 
containing high salinity and high organic content can have 
dangerous effects on aquatic life, water portability, and 
agriculture [1]. Therefore, the biological treatment of saline 
wastewater is an important problem that needs to be solved. 
In the past, saline effluents have been conventionally treated 
through physio-chemical treatments as many biological 
treatments are strongly inhibited by salts (mainly NaCl). 
However, with the cost of physio-chemical treatments being 
particularly high, alternative biological systems that reduce 
cost are increasingly becoming the focus of research. 

MFCs are a promising new method due to a combination 
of effectiveness in wastewater treatment, electricity 
generation, and low cost in comparison with other methods 
of wastewater treatment [2]. An MFC is a device that 
directly converts the energy stored in the chemical bonds of 
substrates into electrical energy through catalytic reactions 
of microorganisms [3, 4]. The reaction occurs as a result of 
two processes in the MFC, as described by [5], and is given 
by Eqs. (1) through (3) below:

Anode oxidation reaction: (CH2O)n + nH2O nCO2 + 4ne- + 4nH+    (1)
Cathode reduction reaction: 4e- + 4H+ + O2 → 2H2O	  (2)
Overall reaction: (CH2O)n + nO2 → nCO2 + nH2O + Electrical energy 	  (3)
Added substrates are oxidized under anaerobic conditions 

by microbes in the anodic chamber of an MFC and release 
electrons, protons, and carbon dioxide.  The electrons are 
transferred to the anode and transported to the cathode 
through an external circuit while the protons cross proton 
exchange membranes (PEMs) or a salt bridge to enter the 
cathodic chamber where they combine with oxygen to form 
water [6]. However, this technology is only in early research 
stages and more investigations are required before domestic 
MFCs can be made available for commercialization. 

The ionic conductivity of the substrate is one of several 
factors that strongly influences the performance of an MFC 
[3, 7, 8]. Increasing the conductivity of a substrate could 
result in improved MFC electrical generation [7, 9]. However, 
increasing the ionic strength does not always increase MFC 
performance due to the capacity for salt tolerance of anodophilic 
bacteria, which are present at the anode of an MFC [10, 11]. 
Hence, it is important to understand the effect of conductivity 
and ionic strength on MFC performance in order to optimize 
bioelectricity production from wastewater treatment. 
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vary (p>0.05) and reached 65.9% to 78.7%. Acidovorax spp. was isolated from the treatment without NaCl while Pseudomonas 
citronellolis was isolated from the treatments containing 10 and 20 g/l NaCl. Pseudomonas citronellolis can be used as a potential 
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Chloride, in the form of NaCl, was used to change 
the ionic conductivity in this study. NaCl was added into 
an MFC at different concentrations to evaluate the effects 
on performance in terms of electrical generation and 
wastewater treatment efficiency. The microorganisms in the 
anode at different salt concentrations were evaluated to see 
the impact to the microbial community. 

2. Materials and methods
2.1. Materials 
Synthesis wastewater preparation: The microbial fuel 

cells were fed with artificial wastewater as a substrate 
following the formula of [12] i.e., glucose 445 mg/l, NaHCO3 
750 mg/l, NH4Cl 159 mg/l, K2HPO4 13.5 mg/l, KH2PO4 4.5 
mg/l, CaCl2.2H2O 125 mg/l, and MgSO4.7H2O 32 mg/l. 
Trace elements supplemented in the synthetic wastewater 
followed the formula of [13]. The electrolyte solution was 
comprised of KCl 0.1 mg/l, NH4Cl 0.2 mg/l, NaH2PO4 0.6 
mg/l, and NaHCO3 2 mg/l [14]. 

Reactor configuration: 
- Lab-scale microbial fuel cells (MFCs): Microbial fuel 

cells were constructed according to the design of [15] with 
a minor modification using easily available materials to 
reduce cost (Fig. 1A). Each cell was constructed by using 
polyvinyl chloride (PVC) pipe. Electrodes were made of 
round-shaped carbon cloths that were 10 cm in diameter and 
5-mm thick sandwiched in between two pieces of stainless 
steel mesh. The carbon cloth, which had a density of 160±10 
g/m2, a specific surface area of 1200 to 1500 m2/g, and pore 
volume of 0.7 to 0.8 ml/g, was purchased from Mien Nam 
Tec Company, Viet Nam. These components of the electrode 
were connected together by nuts and bolts that connect 
to copper wire on the top of the bolt. The disk-shaped anode 
was located 25 cm from the bottom of the cell and the 
cathode at the top, which was separated by layers of glass 
wool and glass beads 30 cm high. The electrodes were filled 
with granular graphite. The aeration was located just below 

the cathode chamber to create the aerobic environment. The 
port for sludge injection was 27 cm from the bottom, just 
above the electrode. Gravel was placed at the bottom and 
the top of each cell to prevent the movement of the cell. The 
anode and cathode were connected by copper wire and to 
a resistor (1000 Ohm) in order to consume the electricity 
generation continuously. 

- Small-scale microbial fuel cells (mini MFCs): Mini 
MFCs were made by scaling down the lab-scale MFC design 
(Fig. 1B). Its body was also made of PVC in a cylinder shape 
with 10-cm height. The electrodes were also made of round-
shaped carbon cloth with a diameter of 50 mm.

- MFC inoculum, the source of microorganisms: 
Anaerobic sludge, which was collected from the Brewery 
Company in district 12, Ho Chi Minh city, was used as an 
inoculum for all the MFCs. The pH of the inoculum was 
found to be 7.

2.2. Experimental design
The experiments were comprised of four MFC 

treatments with different NaCl concentrations (0, 5, 10, 
20 g/l) so-called Treatment 1, Treatment 2, Treatment 
3, and Treatment 4, respectively. Each treatment was 
triplicated. 

MFCs operation: Firstly, the MFCs were rinsed with 
electrolyte solution. Then, anaerobic sludge inoculum 
was injected into the anodic zone of all four treatments 
with mixed liquor suspended solids (MLSS) 4 g/l.  Finally, 
artificial wastewater with different concentrations of NaCl 
(0, 5, 10, and 20 g/l) were injected to the anodic zone of 
the MFCs for Treatments 1, 2, 3, and 4, respectively. All 
MFC systems were operated in batch mode under room 
temperature and aerated continuously for 15 days. 

Electrogenic bacteria isolation: Microorganisms in 
the sludge samples of each treatment were withdrawn 
from the anode after stabilization of the performance. 
After 15 days, a 1-cm2

 piece of carbon cloth from the anode 
of each MFC was removed to isolate the electrogenesis 
bacteria. The carbon cloth samples were placed into 
a culture bottle (25 ml) containing 20 ml of sterilized 
GA medium [16]. The suspension of each medium was 
collected and diluted in 25-ml sterile tubes. Six gradients 
in triplicate were carried out for the bacteria enrichment. 
The petri dishes were prepared with agar medium to 
inoculate bacteria liquids of 103 to 105 gradients (1 ml). 
Then, the inoculated bottles were erectly cultivated for 
5 days until various single colonies were grown in the 
medium. Based on the colony’s characteristics, target 
strains were picked out with a sterile needle. Colonies 
forming on the plates were picked and further purified by 
quadrant streaking on fresh plates. 

Fig. 1. Schematic of the two MFC models used in the study: (A) 
the lab-scale MFC (diameter of 10 cm; height of 75 cm) and (B) the 
mini MFC (diameter of 5 cm; height of 10 cm).
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Isolated electrogenesis bacteria evaluated with mini 
MFCs: After isolation, the bacteria strains were enriched 
in GA medium to densities of 106 to 108 CFU and then 
inoculated to the mini MFCs. The mini MFCs were made 
of PVC cylinders of 10-cm length. The electrodes were 
made of round-shaped carbon cloth with a diameter of 50 
mm. Artificial wastewater was used as the feed substrate. 
The voltage and current across each pure strain of bacteria 
was measured after 1 day by a digital multimeter.

2.3. Analytical methods

The pH was measured by a pH Extech 407228. 
Turbidity was measured by a UV-Vis spectrophotometer 
(GENESYS 10 UV-Vis, Thermo Fisher Scientific, Inc., 
USA) at 450 nm using the nephelometric turbidity 
unit (NTU) as a standard solution. Turbidity removal 
efficiency was calculated by the difference between 
outflow and inflow. Chemical oxygen demand (COD) was 
determined using a closed reflux titrimetric method [17]. 
Mercuric sulphate was used to eliminate the interference 
of chlorides at a 10:1 weight ratio of mercuric sulphate 
to chloride. COD removal rates were calculated by the 
difference between COD outlet and inlet. Electric current 
and voltage were measured daily for 15 days. The 
circuit voltage was measured using a digital multimeter 
(KYORITSU Model 1009, Japan) with an external 
resistance of 200 Ohm. The power density (in mW/m2) 
was calculated by dividing power by the anode surface 
area (m2).

After isolation, the bacteria were gram stained and 
observed at 100x under microscope to identify gram 
staining and cell morphology. DNA from the pure bacteria 
species that generated the highest electricity (verified by 
inoculating the mini MFCs) was extracted using a DNA 
kit and subsequent sequencing for specie identification.

2.4. Statistical analysis

The results were statistically analysed by comparing 
the mean values of the effect of chloride at different 
concentrations on the performances of the MFCs as 
a single factor using one-way ANOVA. The statistics 
were expressed as mean ± standard deviation (SD) with 
p<0.05 as significant. These statistical analyses were 
performed using the SPSS program (Version 20.0, IBM 
Corp., USA).

3. Results and discussion
3.1. pH value

Figure 2 shows the pH value of the four treatments 
during the 15 days of experiment. The pH value of all 
four treatments were stable with values around 8.5 to 9.0. 

Statistical analysis showed that the pH value of Treatment 
4 was not significantly (p>0.05) different with each other. 
In other words, the change in chloride concentration did 
not cause much change to the pH value. 

Fig. 2. The pH value of MFCs at different NaCl concentrations over 
the 15 days of experiments.

3.2. Turbidity

Figure 3 shows the turbidity change over the 15 
days of experiments for the four treatments. There was 
a significant difference (p<0.05) between Treatment 1 
(without NaCl) and Treatments 2, 3, and 4 (5, 10, and 20 
g/l NaCl, respectively). While the turbidity of Treatment 
1 increased over 15 days, Treatments 2, 3, and 4, which 
contain NaCl in artificial wastewater, had reduced 
turbidity with time during the 15 days. 

Fig. 3. The turbidity of the MFCs at different NaCl concentrations 
over the 15 days of experiments. Vertical bars are the standard 
deviation.

The value of turbidity typically depends on the residue 
of organic matter inside the feed. After 15 days, the 
turbidity removal efficiencies were 28.1, 64.7, and 78.7% 
for Treatments 2, 3, and 4, respectively, which contain 5, 
10, and 20 g/l NaCl, respectively. On the other hand, the 
turbidity of Treatment 1 (without NaCl) increased over 
the time. The addition of NaCl, as reported by [18], causes 
decreased turbidity in water during the electrocoagulation 
process. Hence, the MFC was found as a self-powered 
electrocoagulation reactor [19]. The increase in turbidity 
removal with increase of salt concentration in the MFC 
could occur due to the electrocoagulation process, which 
might take place inside MFC compartments. 
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3.3. Electricity generation
Voltage output: Fig. 4 indicates the change of voltage 

output of the four treatments during the 15 days of 
experiment. There was a significant difference in voltage 
output between Treatment 1 (without NaCl) and Treatments 
2, 3, and 4 (p<0.05), as well as between each treatment. 
The results showed that increasing NaCl concentration 
led to a decrease of voltage output. From highest to 
lowest, the voltage output of all treatments was 0.32 V 
(Treatment 1), 0.21 V (Treatment 2), 0.12 V (Treatment 
3), and 0.11 V (Treatment 4). The maximum voltage 
recorded for the experiment was approximately 0.32 V, 
which is lower than 0.53 V obtained in the study of [15] 
(similar MFC design, but without the addition of NaCl). 

Fig. 4. The voltage output of the MFCs at different NaCl 
concentrations over the 15 days of experiments.

Power generation: Figure 5 provides the power 
generated by the four treatments over 15 days. There 
was a remarkable change in power generation (mW/
m2) from day 1 to day 4. The maximum value of power 
was attained around day 6 for Treatments 1, 2, and 3, 
then decreased in the later days. Treatment 4 with 20 
g/l of NaCl peaked at day 2 then decreased. There were 
significant differences (p<0.05) in power generation 
between the treatments, except for Treatments 2 and 3. 
It was found that the higher concentration of NaCl, the 
lower power generation attained by the MFCs. 

Fig. 5. The current output of MFCs at different NaCl concentrations 
operated in 15 days of experiments.

The power density widely varied in previous studies 
and was highly dependent on the configurations of the 
MFC systems (Table 1). However, the power density 

obtained in this study was comparable and even in the 
higher range compared to reports of other studies. For 
example, the study of [20] that evaluated the effect 
of NaCl on the anodic bacterial community of MFC 
reported a reduction in power generation when the salt 
concentration was higher than 0.1 M (equivalent with 
5.85 g/l NaCl). In this study, we also found that power 
reduced with a salt concentration of 5 g/l. 
Table 1. Comparison of MFC performance between different 
studies.

MFC
configuration Inoculum e- donor Anode 

material
Cathode 
material

Membrane/ 
Separation 
material

Power 
density 
(mW.m-2)

References

Single 
chambered

Mixed culture 
(Anaerobic sludge)

Petroleum 
sludge

Graphite 
plates Graphite plates Nafion-117 53.11 [21]

Dual 
chambered

Mixed culture 
(activated sludge) Acetate

Toray carbon 
paper (20% 
Teflon)

Toray carbon 
paper (10% 
Teflon)/Pt coated

Sterion 
membrane 1.01 [22]

Single 
chambered

Mixed culture 
(domestic 
wastewater)

Acetate Carbon cloth Carbon cloth/Pt Non-woven 
fabric 1200 [23] 

Single 
chambered

Mixed culture 
(MFC effluent)

Fermented 
primary 
effluent

Graphite 
fibre brushes Carbon cloth/Pt PTFEa 320 [24]

Dual 
chambered

Mixed culture 
(Anaerobic sludge) Acetate Graphite rod Graphite rod Nafion-117 13.59 [25]

Single 
chambered

Mixed culture 
(Anaerobic sludge) Acetate Carbon cloth Carbon cloth/Pt PVA - STAa 58.8 [26]

Single 
chambered

Mixed culture 
(Anaerobic sludge) Glucose Carbon cloth Carbon cloth Gloss wool 

as separator 30 This study

COD: In order to evaluate the wastewater treatment 
ability of MFCs, COD was measured at the end of the 
15 days of experiment. The COD remarkably decreased 
over the 15-d period for all treatments. The COD 
removal efficiency of Treatments 1, 2, 3, and 4 were 
68.4, 77.1, 78.7, and 70.5 %, respectively. The results 
showed that increasing NaCl concentration did not cause 
any reduction in COD removal efficiency. The statistical 
analysis showed that there were no significant differences 
(p>0.05) in COD value between the four treatments 
after 15 days. However, the results of COD removal 
efficiency in this study are quite low compared to the 85-
90% COD removal in the experiment using an MFC in 
[27]. The difference in COD removal could be caused 
by different configurations and/or operation conditions 
(such as influent COD concentration, HRT, specific 
organic loading rate, and reactor volume) of the MFC 
models [28], but it does not come from the change in salt 
concentration. 

3.4. Electrogenic microorganism isolation 
Anode carbon cloth samples from treatments with the 

addition of NaCl (Treatments 1, 2, 3, 4) were collected 
for electrogenesis bacterial isolation. After the isolation 
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process using GA medium, 5 isolates were obtained from 
the anode of the MFCs and named No.1 through No.5. 
There was one isolate from Treatments 1, 3, and 4, while 
two isolates were extracted from Treatment 2. All isolates 
were gram negative and had a rod shape. The morphology 
of isolate No.1 was yellow-brown raised circular, while 
isolate No. 2 to isolate No.5 were yellow-brown raised 
circular with slightly wrinkled margins. Microscopic 
photos were taken for the gram-stained isolates observed 
at 100x and are presented in Fig. 6.

Fig. 6. Microscopic photos taken for the gram-stained isolates 
observed at 100x. No.1 through No.5 denote the five isolates from 
four treatments.

The isolates were tested for the electrochemical 
abilities by inoculating each isolate into the anode of 
the mini MFC. Artificial wastewater was used as the 
substrate and electrical generation was measured after 
the one-day operation.

All five isolates evaluated in the mini MFCs showed 
higher values of the maximum power generation, which 
were 10 to 20 times higher than the maximum power 
generated in the larger scale that was inoculated with 
anaerobic sludge (Table 2). The maximum electricity 
generation was obtained from days 3 through 6. This 
could be due to the different configuration of the MFC, 
which comes with a different internal resistance. This 
result points out the potential for using those isolates for 
treating saline wastewater in MFCs. 
Table 2. Power generation with mini MFCs inoculated with isolates 
obtained from different treatments.

Name Maximum voltage (V) Maximum current (mA) Maximum power (mW/m2)

No. 1-Treatment 1 0.33 1.48 248.87

No. 2 -Treatment 2 0.48 2.02 494.06

No. 3 -Treatment 3 0.39 1.97 391.49

No. 4 -Treatment 3 0.33 1.49 250.55

No. 5 -Treatment 4 0.52 2.29 606.78

Out of the five isolates, three were selected for molecular 
identification including isolates No. 1 - Treatment 1 
(0 g/l NaCl added), No. 2 - Treatment 2 (10 g/l NaCl), 
and No. 5 - Treatment 4 (20 g/l NaCl). Isolate No.1 was 
applicable for no addition of NaCl. Isolate No. 2 and No. 
5 showed the highest power output with the addition of 
NaCl. After sequencing, the results indicated that No. 1 
was Acidovorax spp. while No. 2 and No. 5 were the same 

strain, which was Pseudomonas citronellolis. Acidovorax 
spp. is the non-pathogenic genus of proteobacteria found 
in the soil and environment. In this study, Treatment 1 
(without NaCl), where the presence of Acidovorax spp. 
was dominant, showed the high power generation (249 
mW/m2). It was a gram-negative rod, which usually 
occurs singly but occasionally in pairs. Pseudomonas 
citronellolis grows anaerobically in the presence of 
nitrates over a range of temperature from 25 to 37oC [29]. 
The wild type of Pseudomonas aeruginosa was studied by 
inoculation into microbial fuel cells by [30]. In their study, 
the wild type Pseudomonas aeruginosa was found to use 
different electron shuttles that resulted in the enhancement 
of the maximum current of the MFC. Pseudomonas 
citronellolis was isolated from Treatment 2 and Treatment 
4, which contained 5 and 20 g/l NaCl, respectively, 
and demonstrated that this bacterium had high salt 
tolerance ability. Therefore, Pseudomonas citronellolis 
can be used as a potential inoculum for MFCs treating 
highly saline wastewater. This result showed a change 
in the electrogenesis bacteria due to the change in NaCl 
concentration. Even Pseudomonas citronellolis, which 
was dominant at higher salt concentrations, possessed 
good electricity generation and the shift in bacterial 
community caused a reduction in power at higher NaCl 
concentration. Along with the study of [20], it is confirmed 
that a significant change of anodic bacterial community 
comes with a change of salt concentration. 

4. Conclusions
The results from this study showed that chloride 

had a large impact to the performance of the MFCs. An 
increasing chloride concentration led to a decrease in 
power generation. However, the wastewater treatment 
performance of MFCs are still feasible even at high 
chloride concentration. The isolated bacteria from the 
high saline MFC, Pseudomonas citronellolis, gave high 
power density when inoculated into the MFC, which 
offers this specie as a potential type of inoculum for 
MFCs treating highly saline wastewater based on its 
saline tolerant ability and electrical generation. 
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