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Abstract

 Rice tissue culture is very well estab-
lished for the Indica and Japonica varieties in 
white rice. Black rice is recalcitrant for the re-
generation due to their pigment. Since, there is 
a limited genetic transformation protocol avail-
able for the black rice so crop improvement ef-
forts have not made so much progress. Here, 
we have developed an improved, efficient and 
reliable regeneration protocol for Chakhao amu-
bi cultivar of black rice using mature seeds as 
an explant and through somatic embryogenesis 
pathway. The effects of growth regulators, gell-
ing agent, and photoperiod, and various stages 
of complete protocol is well established. The re-
generation protocol developed in this study will 
be well suited for introducing the agronomical 
important genes and functional genomic studies 
in black rice.

Keywords: Black rice, Chakhao amubi, Em-
bryogenic callus induction, Somatic embryo-
genesis, Plant regeneration

Introduction

 Rice is the major staple food for the 
people in India and for more than 50% of the 
world’s population. It is the primary source of 
nutrition for more than half of the world’s pop-
ulation, primarily in Asia. It is grown on 43.86 
million hectares in India, with a yield of 117.47 
million tonnes (DAC & FW, 2019-20). It plays an 
important role in the nation’s economy. Depend-

ing on the colour pericarp, there are many types 
of rice black, brown, purple and red and coloured 
rice provides several health benefits (1).  Rice 
is a pre-eminent crop in North-East India and is 
widely grown in lowland, upland, and deep-wa-
ter situations, accounting for around 72% of 
the total land area. This region is thought to be 
home to at least 10000 indigenous cultivars (2). 
The states of Arunachal Pradesh, Assam, Ma-
nipur, Meghalaya, Mizoram, Nagaland, Sikkim, 
and Tripura in Northern India have a rich array of 
regionally adapted non-Basmati aromatic germ-
plasm. It is defined as a huge geographical area 
with high rainfall, humidity, variable topography, 
high natural selection pressures, and environ-
mental stresses. Joha, chakhao, and tai culti-
vars grown in the states of Assam, Manipur, and 
Mizoram are the most prominent fragrant rice 
cultivars in this region (3). Chakhao landraces 
are a Manipur unique rice with a pleasant aroma 
and high quality. Manipur is one of India’s eight 
North Eastern states and is noted for its numer-
ous traditional rice types, cultivars, and landra-
ces that are valued for their cultural and nutra-
ceutical properties (4). Black rice is also known 
as Chak hao (meaning delicious rice) in Mani-
pur, Chak means rice and hao means delicious. 
Recently, Black rice (Chak hao) has bagged GI 
tag in April 2020, with a certificate number 364. 
The application was registered by North East-
ern Regional Agricultural Marketing Corporation 
Limited (NERAMAC). 
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 In India, Manipur is the highest producer 
of Black rice cultivated by Meitei farmers. In 
Manipur, there are four landraces of black rice: 
Chakhao amubi, Chakhao angouba, Chakhao 
poireiton, and Chakhao angangba. This rice is 
gluten-free, cholesterol-free, and low in sugar, 
salt and fat. It is a whole grain, exceptionally 
nutritious rice that is high in fibre, anthocyanin, 
antioxidants, vitamin B complex, vitamin E, iron, 
thiamine, magnesium, niacin, and phosphorus. 
According to Cornell University researchers, 
antioxidants are nearly six times more abundant 
in black rice. Black rice is known as a treasure of 
macro and micro-nutrients as it contains many 
minerals and vitamins.  It is estimated that 50 
g of black rice per day offers 35% of the RDA 
for selenium, copper, zinc, and magnesium. 
Protein quality and quantity are better than in 
any other rice variety as it contains 18 amino 
acids. Being a natural iron-rich food, it is ideal 
for those who are concerned about receiving 
enough iron on plant-based diet (5). Calcium 
(Ca) and iron (Fe) are abundant in black rice 
(21.38/100 g), but sodium (Na) is low (10.19 
mg/100g). It has a high magnesium and 
potassium content (Potassium 186.54 mg/100 
g and Magnesium 107.21 mg/100 g). Among 
all rice varieties studied, black rice (5.89%) 
had the highest total saturated fatty acid and 
unsaturated fatty acid content (6). All rice 
samples included oleic and linoleic acid, with 
black rice having the highest concentration. The 
soluble dietary fibre (SDF) (%) in black rice is 
8.17±0.07, while the insoluble dietary fibre (IDF) 
(%) is 14.49 ±0.07 (78). One half-cup cooked 
or one-fourth cup uncooked black rice contains 
(in daily recommended values) 160 kcal energy, 
1.5 g fat, 34 g carbohydrate, 2 g fibre, 7.5 g 
protein, no saturated fat, and no cholesterol (5) 
and www.blackrice.com. 

 According to earlier research, black 
rice has higher antioxidant activity and phenolic 
content than white rice (7). Several studies 
have revealed that black rice is an excellent 
source of phytochemicals. The dehulled seeds 
of Japanese black-purple rice were qualitatively 

and quantitatively characterised for anthocyanin, 
flavones, flavonoids glycosides (Quercetin-
3-O-glucoside, isorhamnetin-3-O-glucoside, 
and myricetin-7-O-Glucoside), carotenoids, 
vitamin E (tocopherols and tocotrienols), and 
y-oryzanols that gives health benefits, which also 
ensures the usage of black rice as a nutritious 
food (8). Chakhao rice takes 108 to 165 days to 
bloom flower and reaches a height of 130 to 165 
cm. Chakhao cultivars have a narrow spikelet 
fertility range and yield few tillers and panicles 
per plant (9). Chakhao rice produces a yield of 
1.3-5.01 tonnes ha-1, depending on the farming 
regime (9, 10). In spite of high nutritional and 
medicinal values, the yields of these cultivars 
are very poor as they are highly susceptible 
abiotic and biotic stresses. Efforts should be 
made to develop high yielding varieties without 
losing their aroma, cooking quality and grain 
quality. 

 Although during green revolution, 
conventional breeding had played a major 
significant role in crop production but those 
methods are not sufficient to feed today’s 
growing population. Standardisation of protocols 
for effective regeneration and transformation 
systems for various crops has proven to be a 
challenging task, and biotechnology interventions 
for crop breeding have established an advantage 
over conventional approaches.  Although, there 
are manyplant regeneration protocols for white 
rice are well established (11-14), but studies on 
in vitro culture and regeneration in black rice 
are very scarce. Attempts to develop a tissue 
culture-based methodology for regenerating 
black rice plants from calluses have so far either 
failed or produced extremely low regeneration 
frequencies. Development of extremely efficient 
and reliable plant regeneration systems have 
significant potential to assist in the genetic 
transformation of indica rice cultivars. In the 
present study, an improved, efficient and reliable 
regeneration protocol with high regeneration 
frequency was developed, which will be useful 
for generating black rice transgenics for its 
genetic improvement. 
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Materials and Methods

 Plant material and sterilization of seeds

 A Manipuri Black rice cultivar Chakhao 
amubi was selected for the present study. 
Seeds were collected from Assam Agriculture 
University, Assam, India. Dehusked healthy ma-
ture seeds were initially washed two times with 
sterile distilled water for removing dust particles. 
Seeds were sterilized with 70% ethanol (v/v) for 
30 sec and then immediately rinsed with au-
toclaved distilled water. Seeds were surface 
sterilized using 4% sodium hypochlorite along 
with few drops of teepol for 20 min with inter-
mittent shaking. The seeds were then washed 
thoroughly with autoclaved distilled water for 
removing the detergent. Sterilized seeds were 
soaked for overnight before they were inoculat-
ed on embryogenic callus induction medium. 

 Induction of embryogenic callus

 The over-night-soaked sterilized seeds 
were dried on sterile Whatman paper before 

inoculation. For embryogenic callus induction, 
12-15 seeds per petri plate were inoculated on 
Callus Induction Medium (CIM) and kept under 
dark at 28±2˚C. CIM was supplemented with 
MS salts Himedia PT021 with diff erent concen-
tration of 2,4-D, 3% Maltose, 2.8 g/L proline, 
0.6 g/L casein hydrolysate. Gelling agents used 
for solidifying the medium were 0.8 % agar and 
0.4% phytagel. pH was adjusted to 5.8 before 
autoclaving. A total of three diff erent combina-
tion of 2,4-D and gelling agents used were listed 
in Table 1. After 15 days, embryogenic calli were 
selected and cut it into two pieces and sub-cul-
tured on CIM for multiplication. The frequency of 
callus induction was calculated by the following 
formula:

 Data obtained were subjected to two-
way anova test analysis, based on 110 seeds 
per experiment, which was repeated thrice by 
using 110 seeds in each case for the induction 
of callus. 

Table 1: Composition of various media used in the study
Medium 
type 

Medium Medium composition Plant hormones Gel l ing 
agent

Callus 
Induction 
Medium

CIMI1 MS Salts Himedia PT021, 
3% Maltose, 2.8 g/L Proline, 600 mg/L CEH 
pH 5.8

2 mg/L 2,4-D

0.8% 

Agar

CIMI2 MS Salts Himedia PT021, 
3% Maltose, 2.8 g/L Proline, 600 mg/L CEH 
pH 5.8

2.5 mg/L 2,4-D

CIMI3 MS Salts Himedia PT021, 
3% Maltose, 2.8 g/L Proline, 600 mg/L CEH 
pH 5.8

3.0 mg/L 2,4-D

CIMII1 MS Salts Himedia PT021, 

3% Maltose, 2.8 g/L Proline, 600 mg/L CEH 
pH 5.8

2 mg/L 2,4-D

0.4% 
Phyta-

gel

CIMII2 MS Salts Himedia PT021, 

3% Maltose, 2.8 g/L Proline, 600 mg/L CEH 
pH 5.8

2.5 mg/L 2,4-D

CIMII3 MS Salts Himedia PT021, 
3% Maltose, 2.8 g/L Proline, 600 mg/L CEH 
pH 5.8

3.0 mg/L 2,4-D
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Shoot 
Regen-
eration 
Medium

MSRMIa MS Salts Himedia PT021, 3% Maltose, 600 
mg/L
Proline, 2 g/L CEH, pH 5.8

2 mg/L BAP + 5 
mg/L NAA

0.4% 
Phyta-

gel

MSRMIb MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

2 mg/L BAP 1 
mg/l Kinetin + 
0.5 mg/l NAA

MSRMIc MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

4.5 mg/l Kinetin

MSRMId MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

2.5 mg/l BAP + 
0.5 mg/l NAA

MSRMIe MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

2 mg/l Kinetin 
+ 1 mg/l BAP + 
0.2 mg/L NAA

MSRMI-
Ia

MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

2 mg/L BAP + 
0.5mg/L NAA

0.8% 
Aga-
rose

M S -
RMIIb

MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

2 mg/L BAP + 
1 mg/l Kinetin + 
0.5 mg/l NAA

M S -
RMIIc

MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

4.5 mg/l Kinetin

MSRMI-
Id

MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

2.5 mg/l BAP + 
0.5 mg/l NAA

M S -
RMIIe

MS Salts Himedia PT021, 
3% Maltose, 600 mg/L Proline, 2 g/L CEH, pH 
5.8

2 mg/l Kinetin 
+ 1 mg/l BAP + 
0.2 mg/L NAA

Rooting 
Medium

RM Half MS Salts Himedia PT021, 3% Sucrose                - 0 . 4 % 
P h y t a -
gel

Plant regeneration 

 Calli obtained were cut into two pieces 
and sub-cultured on the same CIM for multiplica-
tion of calli. To get highly effi  cient regeneration, 
sub-cultured embryogenic calli were consid-
ered. A total of fi ve diff erent combination of me-
dia for regeneration tested were listed in Table 
1. Diff erent combination of BAP, NAA and along 
with Kn were used for regeneration in this study. 

Calli were inoculated on regeneration medium 
in the petri plates and kept under 16/8 photope-
riod with a light intensity of 40 µE mol m-2s-1 at 
28 ± 2˚C. After shoot buds were initiated from 
calli, they were transferred to shoot elongation 
medium in jam bottles. Shoot regeneration fre-
quency was calculated on the basis of number 
of calli cultured on shoot regeneration medium 
and number of calli with shoot regeneration.
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Rooting and hardening

Healthy multiple shoots obtained were 
transferred to rooting medium (Table1) for in-
duction and proliferation of roots for 15-20 
days. The in vitro regenerated plants were gen-
tly rinsed with the autoclaved distilled water to 
remove the excess of agar to avoid any fungal 
contamination. Then the plants were transferred 
to pots containing soil and vermiculite in the ra-
tio of 1:1 and covered with poly bags to maintain 
humidity and grown them in the tissue culture 
room with 26±1˚C and under 16/8 photoperiod 
with 40 µE mol m-2s-1 light intensity. After few 
days, polybags were removed upon the emer-
gence of new leaves and then transferred to the 
field for further growth and development

Results and Discussion

Effects of 2,4 D and gelling agent on callus 
induction

 We selected an important Black rice 
cultivar, i.e., Chakhao amubi for standardization 
of plant regeneration. Formation of embryogen-
ic calli from seeds is the first step of any rice 
plant tissue culture system for subsequent re-
generation of shoots and roots. We compared 
the callus induction frequency using the different 
sterilizing agents, different concentration of 2,4 
-D and gelling agents. Initially, when the seeds 
were sterilized with 0.1% mercuric chloride and 
inoculated on callus induction media (CIMII1-3) 
with three different concentrations of 2,4-D no 
callus induction was observed in any medium 
(Fig. 1). But when we changed it to sodium 
hypochlorite and inoculated on CIMI1-3 and 
CIMII1-3 media, callus induction was initiated 
after 3 days from scutellar region of the embryo 
in all the combinations. After 5 days, vigorous 
callus proliferation was observed and healthy 
calli were obtained after 15 days of culture. In 
CIMI, gelling agent used was 0.8 % agar, CIMII 
medium gelled by 0.4% phytagel and 1,2 and 
3 represent with different concentration of 2,4-
D, viz., 2.0, 2.5 and 3.0 mg/L respectively.  The 
callus induction frequency obtained was 31% 
in CIMI1, 40% in CIMI2 and 49% (highest) in 

CIMI3 (Fig. 2). In all the combination of CIMI1-3, 
cream, friable and unhealthy calli were devel-
oped when 0.8% agar gelling agent was used 
in all the concentration of 2,4-D (Fig 1). In case 
of CIMII, callus obtained were white compact, 
globular and healthy in all the combination of 
2,4-D. Callus induction frequency obtained 
was 53% in CIMII1, 75% in CIMII2, and 96% 
in CIMII3. In all the combinations of CIMI and 
CIMII, highest callus induction frequency was 
obtained with CIMII3 when medium was supple-
mented with 3 mg/L 2,4-D and gelled with 0.4% 
phytagel (Fig. 1 and 2)). When the concentra-
tion of 2,4-D was increased to 3.5 and 4 mg/L, 
callus induction frequency was decreased to 
60%. 2,4-D at 3 mg/L in combination with 0.4% 
phytagel gelling agent was found to be optimum 
for callus induction with high frequency. Hence, 
this concentration of 2,4-D and 0.4% phytagel 
gelling agent were selected for the subsequent 
experiments. 

Figs. 1 and 2. Standardization of conditions for 
embryogenic callus induction in Black rice, cv. 
Chakhao amubi. Effect of 2,4-D, and sterilizing 
agent on embryogenic callus induction (Fig. 1) 
and gelling agent on callus frequency (Fig. 2) 
with their respective media CIMI (1-3) and CIMII 
(1-3) after 2 weeks of incubation. Data analysed 
by two-way analysis of variance (ANOVA) was 
statistically significant at P < 0.05.
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Effects of phytohormones and gelling agent 
on regeneration frequency

 To obtain high regeneration 
frequency, MS medium supplemented with dif-
ferent combinations of BAP, Kn and NAA along 
with two different gelling agents, phytagel and 
agarose were used (Table1). Two types of re-
generation media, MSRMI with 0.4% phytagel 
and MSRMII with 0.8% agarose were used. 
Both these media were fortified with differ-
ent concentrations of BAP, NAA, and Kn. Calli 
showed maximum regeneration frequency in all 
the combinations of MSRMII. The regeneration 
frequency in MSRMI was in the range of 12 to 
18%. In case of MSRMI, slightly higher shoot 
regeneration frequency, 15% and 18% were 
obtained in MSRMIa and MSRMIc respectively 
(Fig. 3 and 4).). While in case of MSRMII, high 
regeneration frequency, 35% to 47% was re-
corded and out of which maximum regeneration 
frequency was obtained in MSRMIId with the 
combination of 2.5 mg/L BAP and 0.5 mg/L NAA 
and MSRMIIe supplemented with 2 mg/L Kn, 1 
mg/L BAP and 0.2 mg/L NAA. It was noticed that 
the increased concentration of Kn resulted in 
decrease in shoot regeneration frequency, and 
medium without BAP led to poor regeneration 
frequency. In all the combinations, maximum 
regeneration frequency was obtained in MS-
RMIId and MSRMIIe, and these concentrations 
were selected for the further experiments (Fig. 
3 and 4).). Initially, green shoot buds appeared 
after 4-5 days embryogenic callus culture, then 
these shoot buds were transferred to jam bot-
tles containing the respective medium for their 
development into shoots. The healthy multiple 
shoots obtained were transferred to rooting me-
dium (Table1) for induction and proliferation of 
roots for 15-20 days (Fig. 5a). The regenerated 
plants were gently rinsed with the sterile distilled 
water to remove the traces of agar, and then the 
plants were transferred to pots (Fig. 5b), which 
were covered with poly bags to maintain humid-
ity and following  tissue hardening, they were 
transferred to the field for further growth and de-
velopment.

Figs. 3 and 4. Standardization of conditions for 
plant regeneration in Black rice, cv. Chakhao 
amubi. Effects of different phytohormones and 
gelling agent for regeneration in Oryza sativa cv. 
Chakhao amubi; Embryogenic sub-cultured cal-
lus on regeneration media MSRMI and MSRMII, 
and initiation of shoot buds (Fig. 3a and c) and 
elongated shoots (Fig. 3b and d); Effects of gell-
ing agents and phytohormones on regeneration 
frequency (Fig. 4). Data analysed by two-way 
analysis of variance (ANOVA) was statistically 
significant at P < 0.05.
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Fig. 5. Rooting of in vitro shoots, and harden-
ing and acclimatation of regenerated plants. 
Healthy multiple shoots transferred to the root-
ing medium in the jam bottle containing only 
half-MS without phytohormones (Fig. 5a) Rep-
resentative picture of fully regenerated chakhao 
amubi plant in the pot after 7 days of hardening 
(Fig. 5b). 

Discussion

 The most crucial phase in rice tissue 
culture has long been regarded as embryogenic 
callus induction. The capacity for callus induction 
and the frequency of cell regeneration depends 
on the culture parameters such as the medium 
composition, genotype, and explant source. 
Even though there are numerous in vitro culture 
procedures for white rice available, the efforts to 
develop an efficient tissue culture regeneration 
protocol for Black rice with high regeneration 
frequency is absolutely required as the reported 
frequencies are very low. In this study, Chakhao 
amubi, an elite, popular and widely cultivated 
variety of Black rice was considered. Embryo-
genic callus induction was observed on both 
CIMI and CIMII. We observed that calli obtained 

in CIMI were yellowish, friable and unhealthy. 
On the other hand, calli obtained in CIMII were 
white, globular, compact and healthy after 15 
days of inoculation. Callus induction frequen-
cy also varied in all three combinations of CIMI 
and CIMII of 1,2 and 3. Significant increase in 
callus induction frequency achieved with using 
3 mg/L of 2,4-D in both the case of CIMI and 
CIMII. 2,4-D is an excellent source of auxin for 
induction of embryogenic callus, and this is sup-
ported by several previous studies (12,15-19). 
Seed sterilizing agent plays an important role in 
tissue culture protocol, it not only used for seed 
surface sterilization but also effects the callus 
induction and their frequency. Our results did 
not show any callus induction when the seeds 
were sterilized with 0.1% mercuric chloride 
and inoculated on CIM, On the contrary, seeds 
sterilized with 4% NaOCl showed very efficient 
callus induction in dark at 28˚C in MS fortified 
with 3% Maltose, 2.8 g/L proline, 600 mg/L CEH 
and 3 mg/L 2,4-D.  Callus induction frequency 
also depends on gelling agent (12,20). We ob-
served that when the seeds were inoculated on 
MS medium gelled with agar, callus obtained 
were friable, yellow and unhealthy. On the other 
hand, callus obtained using phytagel contain-
ing medium were healthy, compact, white and 
globular. As per the earlier reports, callus induc-
tion frequency also depends on the age of the 
explants and genotype and different basal me-
dium composition (21-27). Further, we did not 
observe callus induction with seeds sterilized 
with mercuric chloride in our initial experiments, 
but callus induction was observed in CIMI and 
CIMII when seeds were sterilized with 4% so-
dium hypochlorite. Therefore, we continued our 
further standardization with sodium hypochlo-
rite. The maximum callus induction frequency 
obtained with 3 mg/L 2,4-D as compared to 2.5 
and 2 mg/L. According to (28), the optimal dose 
of 2,4-D for inducing embryogenic callus in in-
dica rice is 0.5 mg/L. Optimal callus formation 
has also been reported by (29,30), at 2 mg/L of 
2,4-D. It was also shown that the concentration 
of 2,4-D above 2 mg/L also causes reduction in 
callus induction frequency in Swarna cultivars 
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(20). Verma et al. (31) and Pawar et al. (32) also 
noted a decrease in callus induction frequency 
and callus bulk with an increase in 2,4-D con-
centration above 2 mg/L. It is evident, and also 
based on previous studies that the different con-
centrations of 2,4-D have an impact for callus 
induction in different rice cultivars. This variance 
in optimal 2,4-D concentrations for callus induc-
tion in rice cultivars imply genotype-dependent 
responses of the explants to the concentration 
of 2,4-D in the culture media. 

 While MS medium supplemented with 
MS salts, 3 % Maltose, 0.6 g/L CEH, 2.8 g/L pro-
line, 2.5 mg/L BAP and 0.5 mg/L NAA, and gelled 
by 0.8 % agarose and other combination of 2 
mg/L Kn, 1 mg/L BAP and 0.2 mg/L NAA and 0.8 
% agarose (pH 5.8) resulted in significant high-
er regeneration frequency compared with other 
combinations mentioned in Table 1.  There are 
many previous reports, which suggest that the 
combination of BAP, Kn and NAA leads to high-
er regeneration frequency. However, Mostafiz et 
al. (33) reported that while a combination of MS 
salts + 2 mg/L BAP + 2 mg/L Kn + 0.5 mg/L NAA 
resulted in 82 % regeneration in the Malaysian 
wetland variety MR220- CL2 and 68 % regener-
ation in the Malaysian wetland varieties MR220 
and MR232, it only induced 40 % regeneration 
in the variety Bario. They attribute the differen-
tial reaction to the explant’s genotype. Juturu 
et al. (20) reported that the range of 2-3 mg/L 
2,4-D along with 0.5-1.0 mg/L NAA resulted in 
optimum regeneration frequency. As mentioned 
above that the gelling agents effect the callus 
induction frequency, but they also affect the re-
generation frequency and similar results were 
also obtained by Sahoo et al. (12). The use of 
agarose as a gelling agent in shoot regenera-
tion medium resulted in significant higher regen-
eration frequency as compared to phytagel and 
agar gelling agent. Several studies have been 
published on the effects of gelling agents on 
shoot regeneration in various rice types (12, 34-
37) found no statistically significant differences 
in the frequency of regeneration of certain Indi-
ca rice types when several gelling agents were 

used in regeneration. Studies have been report-
ed that there is significantly higher value in re-
generation frequency in four rice cultivars (IR64, 
CSR10, Pusa Basmati 1 and Swarna) when 1% 
agarose used as a gelling agent (12). Mohamed 
et al. (37) also reported that gelling agents effect 
regeneration frequency. They found that using 
gelrite or phytagel as gelling agents increased 
the frequency of regeneration in the Egyptian 
rice cultivars Sakha104 and Giza178 as op-
posed to bacteriological agar. Consequently, 
just like with plant growth regulators, genotype 
determines how tissues react to various gelling 
agents.

Conclusion

 We optimised a protocol of plant regen-
eration of aromatic black rice Chakhao amubi 
with more than 40% regeneration efficiency. 
The developed protocol can be used for black 
rice transformation for its improvement by ex-
pressing novel genes that confer useful traits. 
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Abstract

 Recently, the eco-friendly production
of silver nanoparticles (AgNPs) has become a
focal point for researchers. In India, the quest
for cost-eff ective, non-hazardous compounds
suitable for reducing and stabilizing AgNPs has
been limited. This study explores the synthesis
of AgNPs using Elettaria cardamomom seed
extract. We evaluated the effi  ciency of silver
ion (Ag+) reduction and AgNP formation from
an aqueous AgNO3 solution combined with
the cardamom seed extract. Characterization
of the AgNPs was carried out through UV-vis
spectroscopy, XRD, SEM, EDAX, and FTIR.
This research presents a practical and effi  cient
strategy for AgNP production. A formulation

using readily available 1 mm aqueous AgNO3,
known for its accessibility and therapeutic prop-
erties, was created with cardamom seed extract
serving as both a capping and reducing agent.
Within 30 minutes, the silver ions were reduced
to AgNPs, resulting in a change from golden
to dark brown-reddish tint. Various analytical
techniques, including UV-vis spectroscopy and
Fourier-transform infrared spectroscopy, were
employed for characterization. This study in-
troduces an aff ordable, robust, and renewable
method using E. cardamomum seeds for AgNP
synthesis, which is entirely eco-friendly and de-
void of toxic chemicals. AgNPs hold promise for
applications in cancer treatment and diagnosis,
setting them apart from other noble metals.

Keywords: Green synthesis, Silver Nanoparti-
cles, Elettaria cardamomum, Nanotechnology, 
Surface Plasmon Resonance

Introduction

 The process of altering matter within a
length range of 1 to 100 nm to create useful ma-
terials, tools, and systems is referred to as “nan-
otechnology.” At this scale, novel characteris-
tics, and functions emerge(1). Nanotechnology
is currently an expanding fi eld of manufacturing
processes. Notably, living cells represent some

Graphical abstract
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of the best examples of nanoscale machines 
capable of a wide range of activities, including 
energy generation and material extraction(2). 
Nanoparticles can be created using a chemi-
cal synthesis process in a short period of time; 
however, this approach requires capping agents 
to stabilize the size of the nanoparticles. The 
chemicals used in the creation and stabilization 
of nanoparticles are dangerous and generate 
environmentally harmful byproducts. Recently, 
research in nanoparticle synthesis using mi-
crobes and plant extracts has gained more im-
portance due to its eco-friendliness, versatility, 
and, most importantly, the avoidance of hazard-
ous chemicals (3).

 When compared to microbes, plant-me-
diated synthesis is frequently used by research-
ers for its advantages, such as avoiding the 
need to maintain microbial cultures, saving time, 
and cost-effectiveness(4). The need for ecolog-
ically safe synthetic processes for producing 
nanoparticles has led to increased interest in 
biological techniques that do not produce dan-
gerous chemicals as by-products. Consequent-
ly, “green nanotechnology” is becoming increas-
ingly popular(5). Green chemistry has recently 
become essential for producing environmentally 
friendly products(6). 

 Cardamom (E. cardamomum), widely 
recognized as the ‘Queen of Spices’ and be-
longing to the Zingiberaceae family, is one of the 
most important and readily available spices. The 
seeds of cardamom are the source of its aroma 
and flavor. Plants synthesize a wide variety of 
secondary metabolites, with a significant portion 
consisting of phenolic compounds and flavonoid 
compounds(7). Nowadays, medicinal plants(8), 
fruits(9-11), weeds(12), and spices(13) have 
been used for the synthesis of nanoparticles. 
Spices are a new frontier in green synthesis, 
and Singh et al. have already reported the syn-
thesis of silver nanoparticles using clove buds. 
The presence of aromatic flavor compounds in 
the clove buds is likely responsible for the re-
duction of silver ions to silver nanoparticles(13).

Materials and Methods

Collection and extraction of cardamom 
seeds

 A variety of plants in the families Elet-
taria and Amomum in the family Zingiberaceae 
produce seeds that are used to make the spice 
known as cardamom. We bought fresh Elettaria 
cardamom seeds from a local market of Ahmed-
abad district, cleaned them with distilled water, 
and let them air dry. The seeds were pulverized 
to a fine powder. 20 g of newly made dry seed 
powder was suspended in 200 ml of distilled 
water and heated at 75 °C for 30 minutes. What-
man Filter Paper No. 1 was used to filter the 
final solution before using it as an extract in the 
following experiment.

Synthesis of silver nanoparticles

 As a precursor, silver nitrate (AgNO3) 
was used to start the production of silver 
nanoparticles. 40 ml of various AgNO3 concen-
trations (0.16, 0.18, and 0.20 gm) and about 7 
ml of E. cardamomum seed extract was mixed 
in a conical beaker. The solution’s colour shift-
ed from light brown to dark brown during the 30 
minutes that it was brought to a boil at 75°C. 
The reduction of Ag+ ions to AgO was noticed 
by observing the UV-Vis spectra of various con-
centrations of the reaction mixture (silver nitrate 
solution and seed extract).

Optimization of synthesized silver nanopar-
ticles

 With an increase in leaf extract con-
centration (10, 20, and 30 mL) in 10 mL of 1 
mM silver nitrate, the concentration ratio of the 
leaf extract and silver nitrate was optimized 
(ratio1:1,2:1,3:1). The solution's absorbance 
was measured spectrophotometrically after two 
days of incubation. It was also done by chang-
ing quantities of the aqueous silver nitrate by 
16,18 and 20ml. Also, the stability of the pro-
duced silver nanoparticles was checked after 10 
days through UV spectrophotometry.
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Antibacterial activity study

 Antibacterial activity of synthesized 
AgNP was assessed by agar well diffusion 
method(14). In this method 0.2 ml of young test 
culture of Bacillus subtilis and E. coli was inocu-
lated in sterile melted top agar previously cooled 
at 50oC. After solidification, two wells of 8mm 
size were created by sterile cup-borer. One well 
is loaded with antibiotic neomycin which is des-
ignated as A and other well is loaded with Ag-
NPs synthesized by aqueous cardamom extract 
which is designated as S.

Characterization studies

  The ability of colored materials to se-
lectively absorb energy within the visible portion 
of the electromagnetic spectrum is what gives 
color its appearance. Energy absorption causes 
an electron to move from its ground state to its 
excited state. As a result, the principal charac-
terization instrument to investigate the creation 
of metal nanoparticles is the UV visible absorp-
tion spectroscopy. UV-visible spectroscopy, 
which has proven to be a very helpful method 
for the investigation of nanoparticles, was used 
to characterize the nanoparticles in the main. 
With a resolution of 1 nm, UV-visible spectros-
copy (nanodrop) analysis was performed(15). 
Using a UV-visible Spectrophotometer, the re-
duction of silver metal ions to silver nanoparti-
cles was first examined (Perkin-Elmer) at regu-
lar intervals with wavelengths ranging from 360 
to 700 nm. Using a (Bruker VERTEX-70) FT-IR 
spectrophotometer with a resolution of 4 cm-, it 
was feasible to identify potential biomolecules 
that oversaw the reduction and stability of silver 
nanoparticles(16). FTIR Spectra of neem leaf 
broth and synthesized AgNPs were recorded on 
ALPHA-T –Bruker model in the range of 4000 – 
400 cm-1.

Results and Discussion

 The current investigation thoroughly 
examines biological synthesis, characteriza-
tion, process optimization, size-based separa-
tion and purification, mechanism of synthesis 

of silver nanoparticles, antimicrobial activity of 
plant material synthesized silver nanoparticles, 
and their potential antimicrobial mechanism. A 
straightforward method for the creation of silver 
nanoparticles was used for the screening of var-
ious plant components. So, the identification of 
new and potential biological nanoparticle man-
ufacturing systems was based on the results of 
this screening.

 There is evidence in the literature that 
plant extracts have the ability to convert metal 
ions into metal nanoparticles. Due to the pres-
ence of bioactive phytochemicals in the aque-
ous date seed extract such as phenolics, flavo-
noids, polyphenols, aldehydes, carboxylic ac-
ids, anthraquinone, saponin, terpenoids tannin, 
and proteins, they were able to stabilize the pro-
duced silver nitrate salt into AgNPs. The change 
of color in the reaction mixture from orange red 
to dark brown provided early proof that silver 
nanoparticles had been produced because of 
the surface Plasmon resonance phenomenon. 
(Fig. 1). 

 An important method to investigate 
how metal NPs develop in aqueous solutions 
is UVVis spectroscopy.  UV-vis spectroscopy 
was employed to examine the characteristics 
of nanoparticles. UV-Vis spectroscopy is a vi-
tal technique to confirm the nanoparticles’ size, 
shape, and stability. through the development of 
a brown tint from a light orangish golden(17). Vi-
sualization of AgNPs generation was possible. 
From 350 to 800 nm, the measured spectrum 
values were obtained. A single, strong, and 
broad surface Plasmon Resonance (SPR) peak 
was seen at 429 nm throughout the reaction pe-
riod, indicating that the NPs were disseminat-
ed 27 in the aqueous solution. This peak was 
measured by analyzing the absorption spectra 
at a wavelength range of 200 to 800 nm (Fig. 
2).  Due to the plasmon resonance exhibited 
by AgNPs, it is known that AgNPs exhibit a UV-
Vis absorption spectrum maximum in the range 
of 400–500 nm. The AgNPs’ Surface Plasmon 
Resonance (SPR) absorption band’s nearly 
identical, symmetrical shape (Fig. 3) indicates 
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that they formed into spherical nanoparticles 
without significant aggregation(18). Numerous 
reports have shown that Silver nanoparticles’ 
resonance peak appears to be located between 
300 and 480 nm(19,20).

Fig. 1. Color change of leaf extracts containing 
silver before (left side) and after (right side) the 
synthesis of silver nanoparticles.

Fig. 2 UV-Visible absorption spectra of biosyn-
thesized silver Nanoparticle from E. cardamo-
mum depicting peak at 450nm.

Fig. 3 UV-Visible absorption spectra of same 
biosynthesized silver nanoparticle after a week.

 The FTIR spectra of the reduced 
AgNO3 solution with the plant extracts were 

found between the wave number ranges of 
4000-600 cm1(Fig. 4).  FTIR research was done 
at a resolution of 4 cm1 to determine the like-
ly functional groups in plant extracts that are in 
charge of lowering the silver ion and capping the 
produced AgNPs. The occurrence of the FTIR 
peak at 3350 cm1 shows the presence of N-H 
bonds in amines, as opposed to the tiny peak at 
2913 cm1, which reflects the H-C-H symmetric 
stretching of alkanes. Fig. 5 showing the FTIR 
spectra of silver nanoparticle synthesized using 
E. cardamomom seed broth. The alkaloid cap-
saicin with N-H stretch is responsible for both 
the coating of the nanoparticles and the bio-re-
duction of silver ions. The band at 1017 cm1 is 
caused by the ethers’ C-O elongation in plant 
extract. Previous research has found that the 
harmonics of alcoholic O-H, alkanes C-H, phe-
nolic O-H, and C-O stretches, respectively, are 
3325-3198 cm1, 2917-2833 cm1, 1380-1360 
cm1, and 1050-1025 cm(21,22). 

Fig. 4. FTIR spectra of E. cardamomom seed 
broth extract

Fig. 5. FTIR spectra of silver nanoparticle syn-
thesized using E. cardamomom seed broth

 AgNps demonstrated antimicrobial effi-
cacy against E. coli and B. subtilis, as demon-
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method for creating AgNPs from cardamom
seed aqueous extracts. monitoring of shifting
FTIR peak locations of Spectra suggest that
various functional categories of plant secondary
metabolites may serve as capping and stabiliz-
ing agents. The Ag ion reduction will be com-
plete in 4 hours due to how fast metal ions are
reduced. Successfully produced silver nanopar-
ticles underwent UV-vis and FTIR analysis. Two
samples were tested in UV-VIS and compared
to one another to show that as samples age, the
particles tend to become denser. The function-
al group contained in the cardamom seeds is
found using FTIR. The graph demonstrated the
presence of the two major functional groups, 1,8
cineole and a-terpinyl acetate.

Conclusion

 The objective of our study was to ex-
plore the antimicrobial, antioxidant, and synthe-
sis capabilities of AgNPs while also investigat-
ing the eff ects of sulfi dation on these nanoparti-
cles.

 Our experimental results demonstrate
the successful achievement of green synthesis
of AgNPs utilizing E. cardamomum extract as
both a capping and reducing agent. In terms
of accessibility, environmental sustainability,
aff ordability, and the simplicity of the reduction
process, green synthesis outperformed tradi-
tional chemical reduction methods. Notably, the
green synthesis approach has been optimized
to yield AgNPs rapidly and in substantial quanti-
ties. Characterization of the synthesized AgNPs
revealed nearly spherical shapes with sizes av-
eraging around 50 nm, as confi rmed through a
series of comprehensive characterization tech-
niques. AgNPs synthesized via green methods
hold signifi cant promise for various applications,
including drug delivery, DNA analysis, gene
therapy, cancer treatment, antimicrobial agents,
biosensors, catalysis, surface-enhanced Ra-
man spectroscopy (SERS), and magnetic res-
onance imaging (MRI). This study introduces a
straightforward, simplifi ed, and environmentally
friendly method to produce AgNPs using aque-

strated by the fi ndings and visible zones of
inhibition on (Figure 6(a, b)). AgNps exhibited
behavior that was dose dependent. At a con-
centration of 30 g/disc, generic Neomycin and
nanoparticles were compared side by side. Bio-
synthesized AgNps displayed larger zones of in-
hibition at 30 g dosages. The ability of the AgNps
to inhibit both Gram-positive and Gram-negative
bacteria at the cellular level was amply demon-
strated by this action in other words, compared
to traditional antibiotics, AgNps were more ef-
fi cient at preventing the growth of pathogenic
germs. Numerous studies have discussed how
eff ective silver’s antibacterial action is against
various infections(23,24). However, a few stud-
ies have produced some data and hypotheses:
I (i) To interact with bacteria, they should have
a spherical shape; (ii) Nanoparticles can enter
bacteria and cause damage by likely working
in conjunction with substances containing sul-
phur and phosphorus(25). All silver nanoparti-
cles with a diameter of 1 to 10 nm attach to the
cell membrane surface of bacteria and interfere
with their ability to function(26). The antibacte-
rial eff ect is likely generated from the electro-
static interaction between the positive charged
Nanoparticles and the negative charged cell
membrane of the bacterium(27,28). On the oth-
er hand(29), observed that the antibacterial ac-
tivity of silver nanoparticles on Gram-negative
bacteria was dependent on the concentration of
Ag nanoparticles and was directly related to the
creation of pits in the bacterial cell wall.

Fig. 6. The diff erent zones formed by taking
neomycin as control and (a) Bacillus subtilis (b)
E. coli.

 This research developed a simple,
quicker, and more environmentally friendly
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ous extracts of cardamom seeds. The success-
ful derivation of silver nanoparticles was con-
firmed through UV-vis spectroscopy, and further 
insights into the functional groups present in 
cardamom seeds were obtained through FTIR 
analysis. Notably, our FTIR analysis revealed 
the presence of two key functional groups, 
namely, 1,8 cineole and a-terpinyl acetate, as 
evident from the generated spectra.
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Abstract

 Diabetes is a degenerative disease 
caused by either the body’s inability to use in-
sulin adequately or the pancreas’s failure to 
release enough insulin. Diabetes is a glucose 
metabolic imbalance produced by the phospho-
diesterase family of protein inositol monophos-
phatase (IMPase). Inositol monophosphatase, 
an enzyme involved in the phosphatidylinositol 
signalling pathway, is encoded by the IMPA1 
gene. 

 Homology Modelling is used to create 
a 3D model of the IMPA1 protein (target). The 
FASTA sequence for the IMPase protein (265 
amino acids) (Uniprot ID H0YBL1) is obtained 
from the Uniprot server. Jpred, and NCBI Blast 
servers are used to search for templates. Based 
on the query coverage (92%) and E-score, the 
protein with the PDB ID-1IMA is identified as a 
potential template. The structural alignment (by 
ClustalW) submitted to the SWISS-MODEL ser-
vice yields a 3D model. The Swiss PDB viewer 
is used to minimise energy (E = - 10099.60 kcal/
mole). Procheck, ERRAT, and the VERIFY 3D 
server validate the model. 

 The Ramachandran plot of the 3D mod-
el indicates that 93.5% of the amino acids are in 
the allowed region and none are in the forbid-
den region. The ERRAT result shows an overall 

quality factor of up to 96.17% for non-bonded 
atomic interactions. According to NCBI blast, 
the conserved domain is between 60 - 245 ami-
no acids. The servers (ACTIVE SITE FINDER,) 
indicate binding pockets in the hydrophobic 
area, and Swiss dock is used to determine the 
active residues by protein - small ligand (Natu-
ral substrate, Fructose Biphosphatase- FBPase 
receptor ) docking to identify the active site res-
idues (Asp 90 and Thr- 95) based on visualisa-
tions and a Swiss energy value. The glucose 
metabolism can be stopped by blocking these 
residues. Key Words: Diabetes, Phosphodies-
terase family, Homology Modelling

Introduction 

  Diabetes is the world’s most 
serious health concern and the second biggest 
cause of mortality. Diabetes affects 537 million 
persons aged 20 to 79. Diabetes is expected to 
affect 643 million people by 2030 and 783 mil-
lion by 2045. Three out of every four diabetic 
adults reside in low- and middle-income na-
tions. Prevalence has been growing faster in 
low- and middle-income nations than in high-in-
come countries. Diabetes and renal disease 
caused an estimated 2 million deaths in 2019 
(1). In contrast, the likelihood of dying from any 
of the four major non-communicable illnesses 
(cardiovascular diseases, cancer, chronic respi-



Current Trends in Biotechnology and Pharmacy
Vol. 18(2) 1688-1696, April 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2024.2.17

Targeting glucose metabolism in diabetes-A homology modeling and active site identification 
for inositol monophosphate

1689

ratory diseases, or diabetes) between the ages 
of 30 and 70 reduced by 22% globally.

 Inositol monophosphatase 1 (IMPase) 
was shown to be significantly expressed in Tri-
ple Negative Breast Cancer (TNBC) tissues and 
to play carcinogenic functions via the mTOR 
pathway and the EMT process, making it an ap-
pealing method for boosting the treatment re-
sponse of IMPA1-high TNBC tumours (3).

 IMPase is necessary for dephosphory-
lating inositol monophosphates to produce ino-
sitol (4), which is a key metabolite as a precursor 
for producing phosphoinositide and hence has 
dramatic effects on gene expression and is es-
sential for cell signalling and biological activities 
(5). Recent research has linked disruption of the 
inositol cycle to a number of human illnesses, 
including cancer, neurological disorders, and di-
abetes (6).

 The Akt-mediated pathway is known to 
be involved in cell survival, growth, proliferation, 
angiogenesis, and glucose metabolism activa-
tion. It has been proven to be closely related to 
pulmonary hypertension(PAH) aetiology (7, 8). 
The proper synthesis or recycling of myo-ino-
sitol, the key precursor of all phosphatidylinosi-
tols, including phosphatidylinositol 3,4,5-tri-
sphosphate (PIP3), which binds to Akt and 
recruits it to the plasma membrane, is required 
for this pathway to be activated. since a result, 
the molecular processes involved in myoinositol 
production or recycling are critical, since they 
may influence the shift into a highly proliferative 
phenotype. 

 Inositol monophosphatase 1 (IMPase) 
is a cytosolic enzyme that converts the highly 
osmotic glucose metabolite glucose 6-phos-
phate (G6P) to nonosmotic myo-inositol, there-
fore protecting cells from osmotic stress (9). 
Based on this feature, IMPA1 has been identi-
fied as a major contributor to the inositol cycle, 
including both de novo inositol synthesis and 
inositol polyphosphate recycling (10, 11). One of 
the most prominent features of PAH is metabolic 
reprogramming of the pulmonary vascular cells, 

which results in an increase in glucose absorp-
tion and metabolism.

Materials and Methods 

 The Homology modelling approach pre-
dicts the 3D structure of a protein as precise-
ly as a low-resolution experimentally validated 
structure (12). The structural model of the target 
is created using sequence alignment and tem-
plate structure (13). The protein’s 3D structure is 
essential to understand its biology; comparative 
modelling approach. The amino acid sequence 
of the target protein (Uniprot ID: H0YBL1 _ HU-
MAN) is downloaded in FASTA format from the 
ExPASy Swiss-Prot (Expert protein analysis 
system) site (http://www.expasy.org).(14). Po-
sition -specific Iterative Basic Local Alignment 
Search Tool (PSI -BLAST) (15) Jpred (16) are 
used for template search. It is one of the most 
often used methodologies for protein structure 
prediction.

 The pairwise alignment of the target 
protein, with the sequence of selected template 
is carried out with Clustal W tool which is a se-
ries of widely used computer programs used 
in Bioinformatics for multiple sequence align-
ment (17). The alignment file is used for mod-
el generation using the Swiss model (18). The 
protein structures are visualized and analyzed 
with SPDBV, which is an interactive molecular 
graphics program which analyzes several pro-
teins at the same time (19). Clustal W is used to 
perform pairwise alignment of the target protein 
with the sequence of the selected template (17). 
The alignment file is used to generate models 
using the Swiss model (18). SPDBV, an inter-
active molecular graphics programme that anal-
yses many proteins at the same time, is used 
to visualize and analyze the protein structures 
(19). 

 The refinement of the target protein’s 
initial model is followed by energy minimization. 
SPDBV is used to minimize energy using a pre-
set cutoff Root Mean Square Deviation (RMSD) 
of 0.3 A°. PROCHECK from the Structural Anal-
ysis and Verification Server (SAVES) validates 
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the model (20) predict the stereochemical quali-
ty of the resulting protein 3D model (21, 22). By 
measuring the dihedral angles phi and psi of the 
amino acid residues, the angle at the peptide 
bond is typically 180° because the partial dou-
ble-bond feature preserves the peptide planar 
(23). ProSA server evaluates the quality of the 
local model (24). 

Active Site Prediction 

  Prediction of ligand-binding 
sites, a critical step in understanding a protein’s 
molecular recognition mechanism and function. 
The putative active site was determined using 
the portion of the IMPase protein that binds to 
its receptor. The binding domain facilitates the 
interaction of IMPase with FBPase receptor pro-
teins, resulting in the activation of a conserved 
pathway that governs critical elements of cell 
fate determination, migration, and polarity. The 
Active Site Finder server identifies the protein’s 
active site area. The Protein Active Site Predic-
tion service computes the cavities in a particular 
protein. The prediction of ligand-binding sites 
is a critical step in understanding a protein’s 
molecular recognition mechanism and func-
tion (25). The identification of putative binding 
residues, active site prediction servers such as 
CASTp (26). The specific binding residues with-
in the binding domain of the target protein. 

Results and Discussion 

  Using homology modelling, 
a 3D model of the IMPase protein was creat-
ed. The IMPase protein amino acid sequence 
(UniprotKB ID: H0YBL1) was sent to template 
search server programmes such as NCBI 
BLAST and JPred to locate a suitable template 
sequence, and the results are shown in Table 1. 
Based on factors like as identity, sequence simi-
larity, and E - value, the protein with the PDB ID 
- 1IMA is chosen as a template. 1IMA template 
protein shows a query coverage of is 92% and 
a sequence identity of 87.7% with the IMPase 
protein. As a consequence, the 1IMA protein is 
used as a template for creating the 3D model of 
the IMPase protein. ClustalW was used to per-
form pair-wise sequence alignment between the 
IMPase protein and the template protein 1IMA, 
as shown in Figure 1. The SWISS MODEL was 
used to construct the homology model once the 
alignment file and template coordinates were 
given. 

Table 1: Tools for template Search.

S.No. Server E- Score Template (PDB)
1. NCBI 4e-178 1IMA
2. JPred 1e-135 1IMA

Figure 1. Alignment of Target (HoYBL1) and 

template sequence using Clustal W.
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 The 3D model (Figure 2) was consid-
ered for further refi nement and validation stud-
ies. Similar techniques were reported earlier for 
the identifi cation of template and model building 
(27 - 29).

Figure 2: 3D model of IMPase protein. 

  The 3D model is further ener-
gy minimized using Swiss- PDB viewer (19) to 
assess the reliability of the generated 3D struc-
ture. The energies before and after energy min-
imization were –9476.8 kJ/mol and –10099.6 
kJ/ mol respectively. The stereochemical quality 
of the protein structure was assessed by us-
ing Ramachandran plot (21) (Figure 3), which 
shows 202 (93.5%) of residues in the energet-
ically most favored region, 13 (6%) of residues 
in the additionally allowed region, 1(0.5%) of the 
residues in the generously allowed region and 
none (0%) in the disallowed region. It can be 
seen that most of the amino acid residues are in 
the energetically favored region (Table 2). This 
shows that the protein was stereo chemically 
good which was generated after energy minimi-
zation.

Figure 3. Ramachandran plot of the 3D protein. 

 Ramachandran plot obtained by Struc-
tural Analysis and Verifi cation Server (SAVES). 
The red color in the plot indicates the most fa-
vorable region, yellow represents additionally 
allowed, light yellow indicates generously al-
lowed and white fi eld indicates disallowed re-
gion. 

Table 2. Ramachandran plot statistics

 The Figure 4 depicts the Verify3D com-
patibility of the IMPase protein model (3D) with 
its own amino acid sequence (1D) (30, 31). The 
Verify3D server ascertained whether an atomic 
1IMA model (3D) was compatible with its amino 
acid sequence (1D). For each of the 265 resi-
dues, the scores of a sliding 21-residue window 
(from –10 to +10) are added and plotted. The 
average 3D-1D score of 84.50 % of the residues 
is greater than 0.2. 

Figure 4. VERIFY 3D plot.

The validation of the selected protein after en-
ergy minimization is by PROCHECK and Pro-
SA .The ProSA plot gives the local model qual-
ity (Figure 5) of the IMPase protein. The low 
Z-score indicates a high overall model quality 
and compares the deviation of the ProSA server 
to calculate the energy required for protein fold-
ing architecture as a function of the amino acid 
sequence. 

Figure 4. VERIFY 3D plot.

 The validation of the selected protein af-
ter energy minimization is by PROCHECK and 
ProSA .The ProSA plot gives the local model 
quality (Figure 5) of the IMPase protein. The low 
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Z-score indicates a high overall model quality 
and compares the deviation of the ProSA server 
to calculate the energy required for protein fold-
ing architecture as a function of the amino acid 
sequence. 

Figure 5. ProSA plot of IMPase. Black spot rep-
resents the 3D model falls in the NMR region 
with the Z- score= -5.42.

 ProSA-Web Z-score determined by 
X-ray crystallography (light blue) and NMR 
spectroscopy for all proteins in the PDB (dark 
blue). The black spot in Figure 5 corresponds to 
the IMPase protein and has the Z-score value 
of –5.42.The low Z-score indicates good overall 
model quality and compares the structure's total 
energy deviation from an energy distribution de-
rived from native conformations.

Figure 6. ProSA plot Energy Profile.

 Overall, the folding energies of the pro-
tein residues are quite negative, with the model 
protein's folding energy in the range of native 
conformations having a Z-score of -5. 42. Figure 
6 depicts the charting of energy as a function of 
amino acid sequence position. Positive values, 

in general, refer to problematic or incorrect sec-
tions of the input structure. The validation serv-
er tool findings indicate that the produced 3D 
structure of IMPase protein is stereo chemically 
and energetically stable. As a result, this protein 
is trustworthy for future research.

Figure 7. ERRAT Profile.

 ERRAT is a program for verifying protein 
structures determined by crystallography. Error 
values are plotted as a function of the position 
of a sliding 9-residue window. The ERRAT Pro-
file of the IMPase 3D model shows an overall 
quality factor of 96.17, against an average qulity 
factor 91% for a resolution of 2.5 – 3.0Å (32). 
The result of the ERRAT server shows a graph 
between residues and error values (Figure.7). 
The overall quality score of this input structure 
is 96.17% and this is considered good. If the in-
put structure has good resolution, then it should 
have a quality score of greater than 95%.

 IMPase has three hydrophilic hollow 
active sites, each of which bind water and mag-
nesium molecules. The 3D Structure of the IM-
Pase protein generated by homology modeling 
is presented in Figure 3. The detailed secondary 
structure of the protein is shown in Figure 8. The 
structure constitutes 9 Helices, 17 loops, 14 β 
sheets. 

Figure 8. Secondary Structure of IMPase pro-
tein.
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The secondary structure details along with the 
amino acid chain lengths are shown in Table 3. 
The topology of the target protein is shown in 
Figure 9. The topological analysis reveals that 
the N terminal region (Trp 5) and C terminal ter-
minal region (Ile 266). 

Table 3. Secondary structure Of IMPase protein

Figure 9. Topology of the amino acid residues

  The conserved domains of 
the IMPase protein are characterized using 
the NCBI BLAST tool, as illustrated in Figure 
10; NCBI blast also identifi ed the binding site 
domains of the IMPase protein. The results 
demonstrate that the target protein includes a 
FIG domain (Amino Acid 28 – 264) from Insilico 
predictions of protein interactions utilising pro-
tein-ligand docking studies enable the discov-
ery of major residue-residue contacts involving 
target interactions. IMPase protein binding site 
residues and cavity volumes were predicted us-
ing Active Site Finder based on hydrophobicity. 
SWISS dock server was used to perform pro-
tein-natural ligand docking between IMPase 
and FBPase proteins. 

Figure 10. Conserved domain of IMPase pro-
tein. The domain shows FIG Superfamily.

The Active site Finder analysis shows a binding 
cavity which possess the following residues: 70, 
90, 92- 95, 194- 196, 213, 220. The least en-
ergy value was selected to identify the specifi c 
binding site residues of the IMPase protein that 
interact with its natural receptor FBPase. The 
binding modes in the protein – receptor complex 
were analyzed using Discovery Studio Visualiz-
er 3.5. The protein- small ligand binding inter-
actions in the docked complex are presented in 
Figure 11. 

Figure 11. Interaction showing Protein- Small 
ligand Docking. 

Table 4. Active site residues.
RESIDUES INTERNUCLEAR DISTANCE 
GLU 70 2.50 A° 
ASP 90 2.38 A° & 2.95 A° 
ILE 92 2.49 A° 
THR 95 2.85 A° 

 The table 4 show the binding interac-
tions of the target protein with its natural sub-
strate (FBPse) are GLU 70, ASP 90, ILE 92, 
THR 95. The above residues participate in bind-
ing to FBPase protein. 

Conclusion 

 The homology modeling method pro-
vided a reliable structure of IMPase for further 
investigation. The 3D structure of the IMPase 
protein generated using 1IMA as a template is 
comparable to the X-ray resolved protein struc-
ture with 93.5% in favorable region in Ramach-
andran plot, an average 3D-1D score of 84.50 
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% of the residues is greater than 0.2 (Verify 
3D), Z- Score of –5.42 comparable to X – Ray 
resolved structure (ProSA Server) and 96.17% 
score in ERRAT infers a reliable model for fur-
ther research. The secondary structure analysis 
reveals the 9 Helices, 17 loops, 14 β sheets. 
Protein-ligand docking of IMPase with its nat-
ural receptor confirmed the binding residues in 
the active site region. The docking studies con-
clude that GLU 70, ASP 90, ILE 92, THR 95 of 
IMPase are involved in the binding of protein to 
receptor signals. Thus, by blocking these resi-
due binding sites, protein regulates glucose me-
tabolism thereby diabetes can be controlled. 
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Abstract

 Many herbal extracts have been used 
for preventing and managing diabetes. In re-
cent times it was documented that the herbal 
extracts in traditional Indian medicine are clin-
ically effective in treating sugar imbalances as-
sociated with diabetes mellitus. Although it was 
considered that several bioactivities and phyto-
chemicals have been attributed and it confirmed 
in terms of their toxicological profile and anti-di-
abetic activity. Herbal formulation and extract of 
the plant part of elephant grass plays an import-
ant role for the treatment of various diseases 
and disorders such as inflammation, pain, ulcer, 
cancer, bacterial infections, and fungal infec-
tions. Ethanolic extract of Pennisetum purpure-
um which was prepared by using 50%v/v and 
their fractions were prepared by using liquid-liq-
uid extraction technique. There was quantitative 
estimation of gallic acid analyzed by HPTLC 
technique. The extract has been found safe 
at high dose through oral acute toxicity study. 
Antihyperglycemic activity was performed on 
Sprague-Dawley rats by inducing the diabetes 
through Streptozotocin. Gallic acid was quanti-
tatively estimated in methanolic fraction of ex-
tract and was found to be 0.13%w/w. Extract 

showed positive response in the treatment of 
diabetes which was confirmed after perform-
ing histopathology of liver and pancreas. Final-
ly in this study, it was found that P. purpureum 
showed no toxicity and ameliorative changes in 
the blood glucose level, antioxidant level and 
biochemical parameters viz. triglycerides, total 
cholesterol, high density lipoprotein, low density 
lipoprotein and very low-density lipoprotein.

Keyword: Pennisetum purpureum, Diabetes 
mellitus, Antihyperglycemic, Biochemical, Acute 
toxicity, Histopathology

Introduction

 The long-term complications of ineffec-
tively or untreated diabetes include nephrop-
athy, retinopathy, and peripheral neuropathy. 
This metabolic disorder is exemplified by symp-
tomatic intolerance of glucose as well as fluc-
tuations in protein and lipid metabolism. More-
over, diabetic patients have an increased risk of 
stroke and cardiovascular disease (1). Hence, 
there is a strong need for effective and safe oral 
antihyperglycemic agents that offer the physi-
cian a broader range of options to prevent treat 
and manage diabetes. Many herbal extracts or 
derivatives have been documented in traditional 
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Indian medicine (TIM) to be clinically effective in 
treating sugar imbalances associated with dia-
betes mellitus. 

 Pennisetum purpureum (Elephant 
grass, family Poaceae) is important silage in 
the tropical and subtropical region. The young 
shoots and leaves are eaten by humans and 
can be cooked to prepare stews and soups (2). 
Leaf and stem infusions are used for its diuretic 
properties. The plant possesses several phar-
macological activities including antifungal activ-
ity, antimicrobial activity (3), antioxidant activity, 
cytotoxic activity, anti-inflammatory activity (4), 
antiulcer activity (5), analgesic activity, and anti-
malarial activity (6).

 Phytochemical analysis of P. purpure-
um revealed the presence of alkaloids, cyano-
genic glycosides, flavonoids, oxalates, phy-
tates, saponins, and tannins. Some bioactive 
phytochemicals have been isolated from P. pur-
pureum methanolic extract includes dihydrocap-
saicin, ethyl iso-allocholate, 2-hydroxy-4-me-
thoxybenzaldehyde , 1,2-benzenediol , ergost-
5-en-3-ol, stigmast-5-en-3β-ol, 1,2-Dihydroxy-
benzene, Ethyl iso-allocholate, 4-Hydroxy-
3,5,5-trimethyl-4-(3-oxo-1–1-butenyl)−2cyclo-
hexen-1-one, 5-Butylpyridine-2-carboxylic acid, 
2,3-Di-O-phenylboranediyl-alpha-D-mannofu-
ranose, 2-Hydroxy-4-methoxybenzaldehyde, 
2,4a,5,8a-Tetramethyl-1,2,3,4,4a,7,8,8aocta-
hydronaphthalen-1-ol, Chlolest-4-en-3-one, 
Ergosta-4,22–dien-3-one, Stigmast-4-en-3-
one, Cholest-4-ene-3,6–dione, N-methyl-ad-
amantane acetamide, 3,5-Bis(1,1-dimethy-
lethyl)−4-hydroxy-2–4cyclohexadien-1-one, 
and 4-Hydroxy-3,5,5-trimethyl-4-(3-oxo-1–1-
butenyl)−2cyclohexen-1-one (7). Although sev-
eral bioactivities and phytochemicals have been 
attributed to this plant in the literature, none 
of them have been confirmed in terms of their 
toxicological profile and anti-diabetic activity. 
Therefore, the study aims to justify the use of 
this plant as an anti-diabetic agent through pre-
clinical study.

Materials and Method

Material

 The plant was collected and au-
thenticated in the Botanical Survey of India, 
Prayagraj and the voucher specimen number 
BSI/CRC/2021-22/448 was submitted in the de-
partment. The ethanolic extract of P. Purpureum 
was prepared by using 50%v/v ethanol at 550 C 
by hot percolation method.

Preparation of sample

 Four fractions were prepared by using 
liquid-liquid extraction technique considering 
100gm of extract in each solvent viz. chloro-
form, ethyl acetate, methanol and water.

Phytochemical screening and TLC

 The plant extract was qualitatively ana-
lyzed by TLC using Toluene: ethyl acetate: for-
mic acid: methanol (6:1.5:1.5:1v/v/v/v). PPEE 
showed (03) spots at 365nm whereas PPMF 
showed (04) spots at 254nm. Further, PPEE 
and PPMF were subjected to preliminary phyto-
chemical screening for the identification of vari-
ous constituents by using standard procedures 
(8).

Quantitative estimation of gallic acid in 
methanolic fraction

 The standard solution of gallic acid 
was prepared by mixing 5mg gallic acid in 20 
ml methanol.10 µl of the solution was spot-
ted on HPTLC plate and developed at 365nm. 
100mg of methanolic fraction was mixed with 
5ml methanol. 10 µl of the solution was spotted 
on HPTLC plate and developed at 365nm us-
ing mobile phase Toluene: ethyl acetate: formic 
acid: methanol (6:1.5:1.5:1v/v/v/v).

Animals

 Sprague-Dawley rats, both sexes 
weighing 190-220 g, were used in the study. All 
animals were fed with standard pellet diet and 
water ad libitum throughout the study. The re-
search protocol was approved by IAEC of Unit-
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ed Institute of Pharmacy, Prayagraj with approv-
al number UIP/IAEC/March-2023/19.

Acute oral toxicity

 The procedure for study was followed 
as per OECD 423 guidelines (9). A single dose 
of the extract (300 mg/kg, 2000 mg/kg and 5000 
mg/kg body weight) was given orally to all ani-
mals (three each) and monitored continuously 
for any adverse effects till 14 days. 

Induction of diabetes in experimental ani-
mals

 The rats were fasted for overnight but 
were allowed water ad libitum. Diabetes was in-
duced in rats by intraperitoneal injection of STZ 
(60 mg/kg body weight) except group - Ist (10).. 
After two days of STZ administration, rats with 
blood glucose level more than 220mg/dl were 
considered diabetic and used in the study.

Design of experiment

 The experimental rats were divided into 
seven groups (n=6). Group 1 represents normal 
group receives saline orally. Group 2 represents 
diabetic control group received saline only. 
Group 3 represents standard drug metformin 
(100mg/kg) treated diabetic rats. Group 4 and 
group 5 received plant extract (PPEE) (100mg/
kg b.w and 200g/kg b.w) respectively while 
group 6 and group 7 received methanolic frac-
tion (PPMF) (100mg/kg b.w and 200g/kg b.w) 
respectively. The oral administration of saline, 
extract, and fractions was carried out for a du-
ration of three weeks using an oral gavage tube 
on a daily basis. Blood samples were collected 
from the retro orbital puncture on Day 0, Day 7, 
Day 14, and Day 21 to measure the blood glu-
cose level. The glucometer (SugarScan Thyro-
care Technologies Limited, Mumbai, India) was 
used to determine the blood glucose level. The 
values of the treated groups were compared to 
those of the standard group, which was treated 
with Metformin. The animals were euthanized 
by intraperitoneal administration of high dose 
of thiopentone sodium and the liver, kidney, and 

pancreas were exposed and perfused with cold 
saline phosphate buffer (pH 7.4) for histopatho-
logical examination. 

Biochemical parameters

 Parameters including total cholesterol, 
Triglyceride, HDL, LDL, VLDL were assessed in 
all groups by using diagnostic kits (Erba Mann-
heim, Mumbai, India).

In vivo antioxidant activity in diabetic rats 

 Superoxide dismutase (SOD), Catalase 
(CAT), reduced glutathione (GSH), glutathione 
peroxidase (GPx) were estimated as per previ-
ously reported method (11).

Histopathology 

 Histopathology analysis was performed 
as per previously reported standard method 
(12). The histopathological slides were exam-
ined and photographs were captured with a dig-
ital stereomicroscope (Olympus, B061, USA).

Statistical Analysis

The statistical analysis of all pharmacological 
analysis was performed using software Graph 
Pad prism version 9.1.2 using Two-way ANO-
VA through Newman-keuls test. The values are 
represented as mean ± S.D. (n=6) 

Results

Preliminary phytochemical screening

 Phytochemical screening of PPEE en-
sure the presence of bioactives viz. alkaloids, 
phenolic compounds, steroids, flavonoids, tan-
nins whereas PPMF shows presence of Tannic 
acid, Phenolic compounds, steroids, flavonoids, 
alkaloids, amino acids and proteins.

HPTLC fingerprinting analysis

 The qualitative HPTLC fingerprint anal-
ysis of PPEE was carried considering mobile 
phase as Toluene: ethyl acetate: formic acid: 
methanol (6:1.5:1.5:1v/v/v/v). The four spots 
at different rf value viz. 0.23 (39.95%), 0.43 
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(17.11%), 0.56 (36.59%), and 0.61 (6.35%) 
were obtained as shown in figure 1. The amount 
of gallic acid in PPMF by quantitative HPTLC 
method was found to be 0.13 %w/w.

Figure 1: HPTLC finger printing analysis of 
PPEE, PPMF and standard Gallic acid

Acute oral toxicity

 The extract (PPEE) didn’t show any 
mortality even at higher dose 5000 mg/kg b.w 
and found completely safe. Therefore, for fur-
ther pharmacological study, two doses 100 and 
200 mg/kg body weight have been selected. 

Antihyperglycemic activity

 By the end of treatment, A decline in 
blood glucose value was seen in PPMF treated 
rats (100mg/kg and 200mg/kg) as (224.21± 2.75- 
122.78±1.25) and (224.21±2.75 – 108.33±4.03) 
(p<0.001) respectively; in PPEE treated rats 
(100mg/kg) & (200mg/kg) as (224.21±2.75 – 
141.66±3.01) & (224.21±2.75 – 137.85±7.02) 
(p<0.001) respectively; whereas metformin 
reduces blood glucose value (224.21±2.75 to 
102.33±3.07) (p<0.001). The results were mod-
erately significant shown in figure 2. 

Figure 2: Antihyperglycemic effect of PPEE and 
PPMF

Effect of PPEE and PPMF on lipid profile

Figure 3 revealed that on oral administration 
of PPEE (100 mg/kg) showed the significant 
amelioration in biochemical parameters as 
compared to diabetic group viz. TG (102.16 ± 
4.16; p<0.01), TCh (120.66 ±2.58) HDL (20.66 ± 
2.56), LDL (50.45±4.87) and VLDL (25.33 ±2.16) 
levels in diabetic rats. While in case of PPEE 
200mg/kg treated animals, shows remarkable 
improvement in lipid profile as TG (96.45±6.23), 
TCh (106.85±8.54) HDL (20.25±6.80), LDL 
(48.5 ±3.67) and VLDL (23.87±3.21) levels in 
diabetic rats. Oral administration of methan-
olic fraction PPMF 100 mg/kg reveals diminu-
tion in TG level (81.99±8.25; p<0.001), Tch 
(89.25±9.22; p<0.001), LDL (46.98 ±2.85), and 
VLDL (21.96±3.41) in diabetic animals whereas 
enhancement in the level of HDL (21.45±6.23; 
p<0.001). 

Figure 3: Effect of PPEE and PPMF on bio-
chemical parameters

Effect of PPEE and PPMF on antioxidant pa-
rameters

 Table 1 shows significant reductions 
in GSH, GPx, SOD, and catalase enzymes in 
the diabetic control rats as compared to normal 
control rats. After 21 days treatment with 200 
mg/kg of PPEE and PPMF, there is significant 
increase in GSH, GPx and CAT level in liver viz. 
74.23 to 98.12 and 74.23 to 109.42; 5.42 to 6.48 
and 5.42 to 8.62; and 31.45 to 47.32 and 31.45 
to 78.2 respectively (p<0.001). From the results, 
it confirms that oral administration of PPEE and 
PPMF ameliorates oxidative stress in diabetic 
experimental animals. 
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 The values represent the means ± 
S. D. for six rats per group. ap<0.05, bp<0.01, 
cp<0.001 compared to diabetic group. zp<0.001 
compared to normal group. SOD: superoxide 
dismutase; GSH: Glutathione; GPx: glutathione 
peroxidase; CAT: Catalase

Histopathological investigation

Liver

 Normal hepatic cells were observed in 
group (4a). In group II (4b) diabetic rats, shows 
degeneration and inflammatory infiltrate. In 
group III (4c), the hepatocytes portal tracts and 
central veins come out to be normal. In group IV 
(4d) lessened degeneration and necrosis is vis-
ible. In group V (4e) inflammatory infiltrate and 
degeneration of cells is seen. In group VI (4f) 
and VII (4g) normal architecture of liver cells are 
regained.

Figure 4: Histopathology of liver

Pancreas

 Normal acini, cells and normal cellular 
islets of Langerhans were observed in group 
(5a). In group 2 (5b) vacuoles and wider intralob-
ular duct is observed. In metformin group (5c) 
restoration of normal structure were observed. 
In group IV (5d) and group V (5e) reduction of 
vacuoles and thinning of intralobular duct were 
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observed. Group VI (5f) and group VII (5g) were 
observed with normal cells and architecture. 

Figure 5: Histopathology of pancreas

Discussion

 The traditional use of Pennisetum pur-
pureum for its antidiabetic properties prompted 
the current study. Streptozotocin-induced dia-
betes was used as a model in Sprague-Daw-
ley rats, which partially damages beta cells 
and produces type 2 diabetes. The anti-hyper-
glycemic potential of PPEE and PPMF was in-
vestigated in which we observed reduction in 
elevated blood glucose concentration that might 
be due to the presence of Gallic acid in extract 
and fraction. Gallic acid was found to upregu-
late pAkt, PPAR-γ, and Glut4 that facilitate in-
sulin sensitivity and glucose homeostasis; (13) 
moreover, the antidiabetic effects of Gallic acid 
could be mediated via regulation of TNF-α and 
adipocytokines expression. Gallic acid also im-
proved the function of the β cells by inhibiting 
caspase-9-related cellular apoptosis (14). Acute 
toxicity studies showed that PPEE was safe 
even at higher dose 5000 mg/kg b.w. The test 
group exhibited a significant decline (p≤0.001) in 
serum glucose, serum total cholesterol, and se-
rum triglycerides levels compared to the control 
group. Free radical generation and antioxidant 
resistance damage can lead to the oxidation 

of glucose, glycation of protein, and oxidative 
degradation of protein glycation. After intake of 
streptozotocin, oxidative stress increased due 
to a compromise in the antioxidant system in the 
diabetic condition (15). Herbal and edible plant 
that having this polyphenolic compound (Gallic 
acid) modulated different antidiabetic signaling 
pathways through its antioxidative potential in 
diabetic complications, and plays a major role 
in amelioration of cardiac complications, diabet-
ic nephropathy, and neuropathy (16), moreover 
preventing oxidative stress induced hepatic and 
pancreatic injury. Therefore, the study suggests 
that Pennisetum purpureum extract having an-
tioxidant, hypolipidemic and antidiabetic poten-
tial. 

Conclusion

 In this study Pennisetum purpureum 
showed no toxicity and ameliorative changes 
in the elevated blood glucose level, antioxidant 
level and biochemical parameters Therefore 
could be considered as an ingredient in the de-
velopment of antidiabetic herbal formulations. 
Further studies might be led to investigate the 
mode of action of the fraction in interacting with 
the oxidative and antidiabetic pathways.
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Abstract

The present investigation includes the 
preparation and evaluation of liquid filling for-
mulations of Piroxicam (PXM), a non-steroidal 
anti-inflammatory drug, to improve its dissolu-
tion properties. Liquid fills were prepared using 
various excipients like polyethylene glycol 400 
(PEG 400), propylene glycol (PG), and metha-
nol as co-solvents, poly vinyl pyrrolidone (PVP 
K-30) as solubilizing agent, and hydroxyl propyl 
methyl cellulose as gelling agent. The prepared 
PXM liquid fills were evaluated for appearance, 
recrystallization, viscosity, clarity, assay and in 
vitro drug release studies. The compatibility of 
PXM and excipients in liquid fills was confirmed 
by FTIR. DSC studies together with XRD con-
firmed the absence of PXM recrystallization 
within the liquid fills. The viscosity of the pre-
pared liquid fills was found to be in the range 
of 60.9–591.7 cps. Liquid fills containing PVP K 
30 gave better dissolution properties when com-
pared to formulations without PVP K 30, and 
complete PXM release was observed within 60 
min for all PXM liquid fills and the PXM release 
from liquid fills followed diffusion mechanism. 
The liquid fills showed 98-102% PXM content 
even after 6months time period indicating that 
the PXM was stable in liquid fill formulations. 

Keywords: Piroxicam, liquid fill formulations, 
recrystallization, diffusion, and dissolution.

Introduction

The dissolution and bioavailability of 
the newly developed entities especially the BCS 
class II drugs remain challenged because of its 
poor biopharmaceutical properties. They show 
poor aqueous solubility at varying pH conditions 
throughout the gastro intestinal tract. To come 
across these impediments that are associated 
with the BCS class II drugs, the formulations 
scientists developed several alternative dosage 
forms to improve the biopharmaceutical prop-
erties of the drug substances. In this context, 
the liquid orals, semisolids, liquid fills (soft gels) 
gained importance to address the issues of bio-
availability by administering the drugs through 
soft gelatin capsules. Initially this technology of 
delivering the drugs through soft gelatin cap-
sules was widely used for the delivery of oily 
liquids such as cod liver oil etc (1-3). Therefore, 
these soft gels contain the active pharmaceuti-
cal ingredient(API) either as solution, suspen-
sion or emulsion which will enhance the absorp-
tion of API. Thus, soft gels can be considered as 
a best tool for the delivery of compounds with 
poor biopharmaceutical properties (4).

Piroxicam is a nonselective, non-ste-
roidal anti-inflammatory drug (NSAID) which 
belongs to “oxicam” class and used for treat-
ing rheumatoid arthritis, osteoarthritis and oth-
er inflammatory diseases, acts by inhibiting 
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both COX-1 and COX-2 inhibitors (5). PXM is 
a drug of poor solubility and included in class 
II of Biopharmaceutical Drug Classification Sys-
tem, thereby, PXM absorbs slowly and gradually 
through the GIT leading to slow onset of action 
(6).

Various formulations have been devel-
oped for PXM like fast dissolving tablets (7), 
transferosme gel (6), microsponge tablet (5), 
solid self-micro emulsifying dispersible tablets 
(8), and dispersible tablets (9) to improve its sol-
ubility property. No one developed PXM liquid 
fills for soft gels. So, the present investigation 
was aimed at developing PXM liquid fills for soft 
gels and their evaluation to improve the biophar-
maceutical properties of PXM. As these liquid 
fills/soft gels are used for enhanced bioavailabil-
ity, many drugs are formulated in the form of soft 
gels. The present study deals with the formula-
tion of piroxicam liquid fill formulations/soft gels 
to improve its dissolution properties. 

Materials and Methods

PXM was obtained from Darwin labo-
ratories, Vijayawada. PEG 400, PG, were pur-
chased from Thermo Fisher Scientific India Pvt. 
Ltd. PVP, Sodium metabisulfite, and Methanol 
was obtained from Qualigens fine chemicals, 
Mumbai.

Methodology

Construction of calibration curve

PXM calibration curve was constructed using a 
series of standard solutions containing 1, 2, 3, 
4, 5 µg PXM per ml. the solutions were scanned 
in the 200-400nm region using Shimadzu UV-
1800 UV-Visible spectrophotometer. The absor-
bance of the standard solutions was measured 
at 334nm against blank (pH 1.2 buffer)

Preparation of PXM liquid fills

Liquid fill formulations were prepared by 
accurately weighing required quantities of PXM 
and other excipients as per the formulae given 
in Table 1. PEG 400 and PG (half of the quanti-
ty) were taken in a suitable container and then 
PXM was added under continuous stirring to 
completely dissolve the PXM.   The stirring was 
continued till the remaining ingredients added 
were dissolved and a homogenous solution was 
obtained. Finally, the volume as adjusted with 
PEG 400. The prepared formulations were son-
icated for 3 minutes to remove any entrapped 
air. The prepared formulation (equivalent to the 
dose of PXM) was filled in to “0” sized hard gel-
atin capsule with help of a syringe, the capsule 
body and cap were then sealed with a band to 
prevent the leakage of contents (10).

Table 1: Composition of PXM liquid Fills
Ingredients (mg/cap) F1 F2 F3 F4 F5 F6 F7

PXM 20 20 20 20 20 20 20

PEG-400 60 60 50 40 40 40 -

PG 10 20 20 20 20 20 -

PVP K-30 - - - - 10 20 10

HPMC - - - - - - 60

SBS 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Methanol 10 - 10 20 10 - 10

Total weight 100 100 100 100 100 100 100
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Evaluation of PXM liquid filling formulations

The PXM liquid fills were evaluated for 
the following properties

 Morphological properties

 Properties such as homogeneity, color, 
transparency, and appearance of PXM liquid 
fills are tested visually against a black back-
ground. All the formulations were stored at room 
temperature (25 ± 3°C) with relative humidity of 
approximately 65 ± 5% and were tested periodi-
cally every month for a period 6 months (9). The 
results are given in Tables 2 and shown in Fig: 1

SEM studies

The PXM liquid fills were further inves-
tigated for recrystallization by scanning electron 
microscopy (SEM-JOEL, JSM-840A, Japan). 
The samples to be examined were mounted on 
the SEM sample slab using a double-sided ad-
hesive tape. The samples mounted were coat-
ed with gold (200A0) under reduced pressure 
(0.001 torr) for 5min to improve the conductiv-
ity using an Ion sputtering device (JOEL, JFC-
1100E, Japan) (10).

DSC analysis

Thermograms of PXM and selected 
PXM liquid fills were recorded using Differential 
Scanning Calorimeter (Schimadzu, DSC-60, 
Japan). Samples weighing 5mg were sealed in 
aluminum pans and heated to 400ºC at a rate 
of 10ºC per minute.  Samples were heated from 
50-400ºC (10). 

 X- RD analysis

XRD studies of PXM and selected PXM 
liquid fills were performed using X-Ray Diffrac-
tometer (Schimadzu, XRD-7000, Japan) with 
Cu-K𝛼𝛼 radiation at 40kV and 30mA. X-Ray dif-
fraction patterns were collected over 2𝜃𝜃 range 
of 10-40º at a scan rate of 4º per minute (10). 

FTIR analysis

Samples were analyzed using ATR-

FTIR spectrometer (Bruker, Germany). ATR 
spectra were measured over the wave number 
range of 4000-500 cm−1 at a resolution of 1.0 
cm−1. The powder or liquid fill sample is simply 
placed onto the ATR crystal and the sample 
spectrum is collected. FTIR spectra of PXM and 
mixtures (PXM + excipients in 1:1 ratio) were 
shown in Fig 5.

Drug content

 Accurate amount of PXM liquid fills 
equivalent to dose of PXM was taken in a 10mL 
volumetric flask and dissolved in 5mL of meth-
anol and the volume was made up with distilled 
water. Samples were suitably diluted with pH 
1.2 buffer and the absorbance was measured 
at 334nm. The estimations were carried out in 
triplicate (10). 

Variation of mass:

 Mass variation among the different 
batches of PXM liquid fills was calculated by 
measuring the mass of each capsule equivalent 
to PXM dose. The estimations were carried in 
triplicate.

 Rheological studies

The viscosity was measured using 
Brookfield DV-II + PRO viscometer of cup and 
bob type. The formulation was taken into the 
cup of viscometer and measured using spindle 
CP52 at 10 rpm. The viscosity measurements 
were made in triplicate using fresh samples 
each time (10).

In vitro drug release studies

In vitro drug release studies were con-
ducted using 900 mL of pH 1.2 buffer as a disso-
lution medium using USP type II (paddle) appa-
ratus (DISSO 8000, LAB INDIA). A temperature 
of 37°C and a rotation speed of 50 rpm were 
maintained. PXM Liquid fills were filled into hard 
gelatin capsule (size 0) and dissolution studies 
were performed. As the capsule tends to float 
in the dissolution medium, sinkers were used. 
A 5 mL sample was withdrawn at predetermined 
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time intervals over a period of 1 hr and then re-
placed with the same volume of fresh dissolu-
tion medium. The filtered samples were suitably 
diluted and analyzed at 334 nm using UV-visible 
Elico SL150 spectrophotometer. Dissolution ex-
periments were conducted in triplicate (10).

Results and Discussion

Preparation of Liquid fills

In the present investigation the liquid 
fills were prepared for easy administration and 
quick release of medicament which is also a 
commercially scalable technique.  Initially, pla-
cebo liquid fills were prepared with different 
polymers like HPMC E3, Sodium CMC, Sodium 
Alginate, PG, and PEG-400 and observed for 
gel forming capacity and appearance.  The liq-
uid fills prepared with PG, PEG and HPMC E3 
were transparent and showed good flow ability, 
whereas, the liquid fills prepared with sodium 
CMC, sodium alginate were turbid and are high-
ly viscous. So, PG, PEG, and HPMC E3 were 
selected for further development of liquid fills. 
The liquid fills prepared with PEG and PG were 
stable, homogenous and clear even after the 
addition of PXM. Whereas the liquid fills with 
HPMC E3 were turbid after the addition of PXM. 
Hence, further the liquid fills were prepared with 
PEG and PG only.  The PXM liquid fills were 
prepared as per the formulae shown in Table 1.

Evaluation of PXM liquid fills

 Morphological properties

 The prepared PXM liquid fills were visu-
ally tested for homogeneity, transparency, color 
and smoothness. Soft gels with PEG-400 and 
PG showed no change in properties even at 
the end of 6-month time and no crystallization 
of PXM was observed. The results were given 
in Table 3. Soft gels formulated with HPMC E3 
were opaque which may be due to recrystalli-
zation of PXM in liquid fills.  The results were 
shown in Fig1.

Fig 1: Morphological Properties of PXM liquid 
Fill Formulations (0-6 months)

SEM analysis:

 The PXM liquid fills were further inves-
tigated for PXM recrystallization in liquid fills by 
SEM analysis. The scanning electron micro-
graphs of PXM and selected PXM liquid fills 
were shown in Fig 2. The visualized SEM mi-
crographs revealed that the liquid fills were rel-
atively clear and maintained the transparency, 
this may be due to molecular dispersion of PXM 
in liquid fills.

Fig 2: SEM micrographs of PXM Liquid Fills (A) 
PXM, (B) F4, (C) F6, (D) F7

DSC analysis:

DSC thermograms obtained for PXM 
and PXM soft gels were shown in Fig3. PXM 
showed melting endotherm at 200 ºC. PXM soft 
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gels showed no, or weak peaks compared to 
PXM. This may be due to molecular dispersion 
of PXM within soft gels. Overall DSC curves in-
dicate that there is no interaction observed be-
tween PXM and excipients.

Fig 3: DSC Thermograms of (-----) PXM, (-----) 
F1, (-----) F4, (-----) F6

X-RD analysis

Selected PXM soft gels were subject-
ed to X-RD studies to investigate the crystal-
lographic properties of PXM in soft gels. PXM 
showed characteristic peaks at 16.54, 19.82, 
24.50, 27.32 and 38.07 2𝜃𝜃. The X-ray diffrac-
tograms of the PXM liquid fills showed weak or 
no signals when compared to the characteristic 
peaks of pure PXM. This may be due to mo-
lecular dispersion of PXM within the soft gels. 
Overall, together with DSC data the X-RD re-
sults clearly indicate that the PXM was not in 
crystalline state in liquid fills. The X-ray diffrac-
tograms of PXM and selected PXM liquid fills 
were shown in are shown in Fig 4.

Fig 4: X-RD diffractograms of (----) PXM, (-----) 
F1, (-----) F4, (----) F6

FTIR analysis 

The PXM showed characteristic peaks 
at 1681cm-1(ketone C=O stretching), 668cm-1 
(C=Cl due to Halogen compound), 2311cm-

1(N-H amino acid stretching). These character-
istic peaks of PXM were all retained in the soft 
gels. These results were given in Table7 and in-

100.00 200.00 300.00
Temp [C]

-15.00

-10.00

-5.00

0.00

5.00

mW
DSC

2019-03-11 Sample-4.tad
2019-03-11 Sample-1.tad
2019-03-11 Sample-2.tad
2019-03-11 Sample-3.tad

DSC
DSC
DSC
DSC

dicate that there is no interaction between PXM 
& excipients in soft gels. The FTIR spectra of 
PXM alone and in combination with excipients 
were shown in Fig 5.

Fig 5: FTIR spectra of (A) PXM, (B) PX-
M+PEG-400, (C) PXM+PG, (D) PXM+PEG 
400+PG+PVP K30

Drug content

 The PXM content within the liquid 
fills were found to be in the range of 18.70 to 
20.11mg. The results were given in Table 2. The 
results indicated a good uniformity of PXM with-
in the liquid fill, and overall good solubilization of 
PXM in liquid fills was observed.  The liquid fills 
formulated with PVP gave superior PXM con-
tent compared to liquid fills without PVP. 

Variation of mass

The mass of PXM liquid fills equiva-
lent to 20mg dose of PXM from three different 
batches were recorded on electronic balance 
(shimadzu-ATX224) and the results are shown 
in Table 2. Same mass of the soft gels was ob-
tained with the three batches of the soft gels in-
dicating the reproducibility of the soft gel prepa-
ration method and formulation.

Rheological studies

 The viscosity of the PXM liquid fills 
was measured using Brookfield viscometer 
with spindle 52 was reported in Table 2. From 
the data obtained it is observed that the con-
sistency of the liquid fills was dependent upon 
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the concentration of PEG-400. Even though the 
PEG is selected as co-solvent the high consis-
tency nature of PEG enhanced the viscosity of 
the prepared liquid fills, hence increased PEG 
concentration lead to high viscous liquid fills. 
In fact, the PG has decreased the consistency 
of the prepared liquid fills, thereby, a 2.05-fold 
decrease in viscosity was observed F 6 com-

pared to F1. A significant increase in viscosity 
was observed in liquid fill containing HPMC (F7) 
compared to other formulations which may be 
due to the influence of gelling agent (HPMC). 
However, the addition of PVP to the formulation 
showed a negligible effect on the viscosity of liq-
uid fill formulations.

Table 2: Evaluation Parameters for PXM Liquid Fill Formulations
Formulation Variation of mass± SD Viscosity± SD  Drug content ± SD

F1 100.85 ± 0.204 140.8±0.10 19.01 ± 0.02
F2 100.86 ± 0.287 126.9±0.02 19.43 ± 0.06
F3 100.21 ± 0.085 105.8±0.06 19.08 ± 0.06
F4 100.13 ± 0.170 94.5±0.10 19.39 ± 0.02
F5 100.13 ± 0.047 82.6±0.01 19.04 ± 0.03
F6 100.45 ± 0.108 68.5±0.05 20.11 ± 0.05
F7 100.79 ± 0.152 275.5±0.01 18.70 ± 0.01

 In vitro drug release studies 

In the present investigation, dissolution 
of PXM soft gels was carried out using USP 
Type-II Dissolution Rate Testing Apparatus and 
900mL of pH 1.2 buffer was used as dissolution 
medium.  The in vitro dissolution profiles of PXM 
liquid fills were shown in Fig3. The cumulative 
percent of PXM released at the end of 5 min for 
F1, F2, is 15.50 ± 2.4, and 35.44 ± 1.9 respec-
tively. A 2.2 folds increase in PXM release was 
observed in formulation F2 compared to formu-
lation F1 indicating that increased concentration 
of PG significantly attributed the co-solvency 
effect and thereby superior dissolution rates 
were obtained with increased concentration of 
PG which can be. The comparative dissolution 
profile of PXM liquid fill F1 and F2 were shown 
in Fig 6(A). The cumulative percent of PXM re-
lease from F2, and F3 is 35.44 ± 1.9, 48.46 ± 
3.4 respectively at the end of 5 minutes. A 1.36-
fold increase in PXM release was observed in 
formulation F3 compared to F2, indicating that 
a decrease in concentration of PEG enhanced 
the PXM release from liquid fills which might be 
due to decrease in consistency of the liquid fills 
due to lesser concentration of PEG compared to 

F2. The comparative dissolution profile of PXM 
liquid fill F2 and F3 were shown in Fig 6(B). Fur-
ther trails were carried out to study the effect of 
PVP K30 on PXM release rates from the liquid 
fills. The cumulative percent of PXM released 
at the end of 5 minutes from F4, F5, and F6 is 
53.86 ± 3.7, 77.84 ± 2.4, and 90.15 ± 2.6 re-
spectively. A 1.44-, and 1.67-fold increase in 
PXM release was observed in F5, and F6 com-
pared to F4 indicating that PVP K30 enhanced 
the PXM release from liquid fills. The compara-
tive dissolution profile of PXM liquid fills F4, F5, 
and F6 were shown in Fig 6(C).   The cumulative 
percent of PXM released from F7 is found to be 
12.26± 0.5 at the end of 5 minutes, indicating 
that HPMC significantly lower the PXM release 
from liquid fills because of its high consistency.  

The viscosity of the liquid fills also 
showed significant effect on PXM release form 
liquid fills. The liquid fills of high consistency 
(F1, F2, F3, and F7) showed slow PXM release 
whereas the liquid fills with low consistency (F4, 
F5, and F6) showed faster PXM release. Over-
all, the formulations F5 and F6 containing PVP 
K30 showed significant superior PXM release 
compared to F4 without PVP K30. 
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Fig 6: Comparative in vitro drug release profile 
of PXM Liquid Fills

Drug release kinetics

To better understand the release pro-
files obtained with PXM liquid fills, the drug re-
lease data obtained at different time points was 
fitted in to different kinetic models such as First 
order (11), and Higuchi model (12). 

The first order release rate constant ‘k’ 
(sec-1) values and correlation coefficient (R2) 
values calculated from dissolution data (0-60 
min) of PXM liquid fills. The ‘k’ values for F1to 
F7 were found to be 0.13, 0.18, 0.27, 0.45, 0.61, 
0.7, and 0.12 respectively. A 1.35, and 1.55 fF5, 
and F6 compared to F4. The liquid fills contain-
ing PVP K30 significantly showed higher K val-
ues compared to liquid fills without PVP K30.

The Higuchi square root model of all 
soft gels showed higher correlation coefficient 
values (0.76-0.98) indicating diffusion as re-
lease mechanism.

Conclusion

 The dissolution properties of PXM can 
be enhanced by using co-solvents (PG and 
PEG), and solubilizing agent PVP K30 by for-
mulating as liquid fills. The liquid fills with PEG 
showed more consistency compared to PG.  
all the liquid fills showed good physico-chem-
ical properties and were stable till the end of 
6months. Overall the liquid fills with PVP K30  
showed superior dissolution rates compared to 
liquid fills without PVP K30.
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Abstract

 The paper investigates the research 
output of protein folding published in the last 
five years, from 2018-2022. The source data 
are retrieved from the SCOPUS database and 
analyzed using MS Excel and VOS Viewer soft-
ware. The VOSViewer software is mainly used 
for networking and visualization to understand 
the research pattern. A total of 12515 docu-
ments on protein folding are retrieved and con-
sidered for the study. The research finds that 
Uversky, V.N. was the most prolific protein fold-
ing author with the highest 42 publications and 
top 2560 global citations. The most productive 
countries in this field is the USA (4443 publica-
tions), followed by China (1791 publications), 
and Germany (1197 publications). The four hot 
keywords in protein folding research are protein 
binding, protein conformation, and metabolism, 
but protein folding is a burning author keyword. 
Most articles have been published by the CNRS 
(Centre National de la RechercheScientifique). 
This study will benefit future researchers world-
wide in understanding the research pattern of 
protein folding.

Keywords: Protein folding, Bibliometrics, Bib-
liometrix, Protein conformation,Chaperon

Introduction

Proteins are large complex biomole-
cules that play many vital roles in our bodies 
(1). This complex organic compound makes 
hormones and enzymes and plays an essential 
role in building and repairing muscles, bones, 
cartilage, skin, etc. The basic building blocks 
of proteins are called amino acids (2) Protein 
comprises twenty-plus basic chains of amino 
acids, each called a polypeptide (3). To perform 
the biological function, these chains adopt the 
termed structure (native shape) through a phys-
icochemical process known as protein folding 
(2,4).

The protein folding mechanism goes 
through 4 steps of a structural process that are 
primary, secondary, tertiary and quaternary (5). 
The first structure of the protein is the prima-
ry structure, the nascent protein. Then folding 
occurs in the primary structures, giving the sec-
ondary structure like the α-helix and the β-pleat-
ed sheet. This is not a well-stabilized protein 
structure. This secondary structure is three-di-
mensional in nature but nonfunctional. From the 
secondary structure, tertiary functional protein 
structures are formed through a process called 
hydrophobic effect or hydrophobic collapse (3). 
Most of the cases, the protein stabilizes at the 
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tertiary structure, but this is not the final con-
formation of the protein through protein folding. 
Sometimes the tertiary structure transforms into 
the quaternary structure (6). In this process, the 
nonfunctional nascent protein is transformed 
into a final stabilized functional form called a na-
tive protein (7). To fold the nascent protein to its 
native state, the favorable interactions are Hy-
drophobic effect, Electrostatic effects, Enthalpy 
from Vander walls packing interaction, and gain 
of protein-protein H bonds, whereas protein 
conformational entropy and loss of protein-wa-
ter H-bonding are the unfavorable interactions 
(6,8).

Protein folding is crucial for normal 
physiology, including development and healthy 
ageing, and failure of this process is related to 
the pathology (9). Sometimes molten globule 
(compact intermediate tertiary structure of a 
protein) aggregates and debates from the fold-
ing pattern, and the protein remains unfolded 
(10). Due to the failure of native structures,in-
active proteins are formed (11). Inactive pro-
tein functions raise various diseases like Hun-
tington's disease (8), Alzheimer's disease (12), 
Cystic fibrosis (13), Parkinson's disease (14), 
Gaucher's disease followed by allergies (15). 
Chaperon helps to keep the protein on 

the right path if the protein debate from 
the holding pattern.Now a days,various experi-
mental techniques are used for protein folding 
such as Circular dichroism (16), X-ray crystal-
lography, Fluorescence spectroscopy,X-ray 
crystallography etc. (17); However, Kubelka et 
al., reported that the time scale of the protein 
folding depends on its size and topology (18).

Figure 1 shows that Protein folding has 
been an emerging area of research in the last 
few decades. To understanddomain-specificre-
search trends, hotspots and their interrelation-
ships with other research areas, we analyzed 
the global literature on 'protein folding' pub-
lished in the last 5 years, from 2018 to 2022, 
using bibliometric methods.

Figure 1 shows that Protein folding has 

been an emerging area of research in the last 
few decades. To understanddomain-specificre-
search trends, hotspots and their interrelation-
ships with other research areas, we analyzed 
the global literature on ‘protein folding’ pub-
lished in the last 5 years, from 2018 to 2022, 
using bibliometric methods.

Bibliometrics methods are quantitative 
approaches for evaluating and monitoring writ-
ten and published research (19). It is a valuable 
tool for tracing a specific research field’s intel-
lectual structure. Pritchard first introduced itin 
1996, comprising mathematical and statistical 
approaches.Itencompasses a set of methods 
thatmeasure the various aspects of literature 
like subject, author, citations, affiliation, country, 
sources etc (20). (Zyoud et al., 2022). Bibliomet-
rics has been considered a standard science 
policy and research management tool (21)tech-
nological innovations like artificial intelligence 
(AI. Ithelps to monitor the literature growth and 
research pattern. The science indicators such 
aspublication trend, authorships, citation sta-
tistics, keyword analysis etc., are some of the 
bibliometric techniques useful for tracking the 
evolution of science and technology and deci-
sion-making (22,23,24). Citation analysis is the 
most conventional method to measure the sci-
entific quality of individual researchers. Author 
co-citation analysis was developed by White & 
Griffith, and this method provides the intellectu-
al structure in sciencedisciplines (25,26). It has 
also been stated (27) state that this quantitative 
analysis helps to identify the authorship pattern 
and literature growth followed by institutional 
collaboration. Several researchers have tested 
the bibliometric and scientometric approaches 
in different subject areas to understand the re-
search patterns.

Research objectives

The study aims to analyze the protein 
folding research output between 2018 and 
2022by employing the bibliometrics methods 
based on information retrieved from the Scopes 
database. Thefollowing are the main objectives: 
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To study the year-wise distribution and growth 
of the publications, To analyze the author’s pro-
ductivity and identify the most prolific research-
er in the field, To evaluate the country-wise re-
search trends globally and examine the highly 
productive organizations and most cited docu-
ments in protein folding research, To establish 
a network of Co-citation and Co-authorship 
and, To plotnetwork visualization of the co-oc-
currence of keywords in protein folding global 
research outputs.

Figure 1:—Protein folding stages (https://www.
researchgate.net/publication/298786402_Prin-
ciples_of_Protein_Folding)

Materials and Methods

The sample dataset was collected from 
the Scopus Database,the largest international 
bibliographic and citation database and is used 
primarily for bibliometrics research in all parts of 
the World. The word'proteinfolding'was used as 
the search string and qualified with the Scopus 
search criteria 'Article title, Abstract, Keywords'.
The instant result is thenlimited to the last 5-year 
publications data covering 2018 to 2022. The 
result found 12515 publications during the study 
period that included all types of documents' er-
ratum' and 'retracted'.We analyzed the collected 
data using MS Excel andVOSViewer software. 
This study analyses the number of publications, 
citations, and productivity of authors, organiza-
tions, countries and journals/articles. We also 
analyzed the quality of the author's and organi-
zation's academic production using the H-index. 
We constructed the co-authorship, co-citation, 
and keyword occurrence network to study the 
relationship and visualise the datausing the 
VOSViewer. 

Results and Discussion

The study discussed the entire results 
in two parts: (a) performance analysis and (b) 
science mapping. The performance analysis 
examines the characteristics of the publications 
and the perception of quality using different tools 
and techniques. It accounts for the research's 
publication patterns, contribution and produc-
tivity in the given field. In contrast, science 
mapping focuses on the relationship between 
research constituents such as keywords, cita-
tions and authorships. It identifies how authors 
andcountries are related and their evolutionary 
significance (28,29,30).

Performance analysis

 Performance analysis is the simplest 
methodin the bibliometric study toanalyze the 
performances of different research constituents, 
such as articles, authors, institutes, countries, 
and journals,over a period of time (31,32). We 
performed all these analyses in this study to 
present the research trends.

Annual publications analysis 

 Ofthe total number of 12515 publi-
cations on protein folding retrieved from the 
Scopus database between 2018 and 2022,the 
highest number of 2674 (21.37%) papers 
were published in 2018 with most h-index, fol-
lowed by 2666(21.30%) papers in 2020, 2623 
(20.96%) papers in 2019, 2494 (19.93%) pa-
pers in 2021 and a comparatively lowest num-
ber of 258(16.44%) of papers in 2022 as shown 
in Table 1.

 In contrast,the citation analysis column 
shows the highest number of citations received 
in2019, followed by 2018, during the study pe-
riod. The data show that the annual publication 
growth slightly decreased from 2018-2022.

 Bibliometric analysis of authors,institu-
tions and countries/regions

Table 2 analyses the distribution of the ten 
mostprolific authors. The author with the most 
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published papers (42) is Uversky, V.N. from the 
University of South Florida, Tampa, USA, fol-
lowed by Gianni, S.(36) and Hassan, M.I.(29). 
The highest 1125citations isreceived by Ven-
druscolo, M., from University of Cambridge, 

UK withmaximum 17 h-index followed by Best, 
R.B. from NIH, USA having 770 citations with 14 
h-index.The author's productivity analysis also 
shows that the most creativeauthors are from 
USA and INDIA in protein folding.

Table 1: Distribution of annual growth of scientific publications
Sr. No Year No. of Publications Citations h-index

1 2018 2674 65697 152

2 2019 2623 70494 133

3 2020 2666 43109 108

4 2021 2494 31935 80

5 2022 2058 8558 42

Table 2: Distribution of most prolific authors

Authors TP CT h-index Institution Country
Uversky, V.N 42 560 14 University of South Florida, Tampa USA
Gianni, S. 36 332 10 Sapienza Università di Roma Italy
Hassan, M.I. 29 313 11 JamiaMilliaIslamia, New Delhi India
Vendruscolo, M. 28 1125 17 University of Cambridge UK
Islam, A. 27 275 10 JamiaMilliaIslamia, New Delhi India
Ahmad, F. 25 270 10 JamiaMilliaIslamia, New Delhi India
Wolynes, P.G. 24 424 13 Rice University USA
Toto, A. 24 172 8 Sapienza Università di Roma Italy
Gruebele, M. 23 310 10 University of Illinois Urbana-Champaign USA
Best, R.B. 23 770 14 National Institutes of Health (NIH) USA
Note: TP-Total no. of publications, CT-Citations

 Figure 2 shows the top ten countries in terms 
of scientific research publications on Protein 
folding. The data reflects that the USA  has 
published the highest number of 4443 papers, 
which is 35.5% of total publications, followed by 
China with 1791(14.32%) papers and Germany 
with 1197(9.56%) papers. 

This studyalso investigated institute-wise scien-
tific researchpublications and their productivity. 
Table 3 presents the ten most highly productive 

institutions/organizations in protein folding re-
search. The Institute with the most publications 
is 'CNRS Centre National de la RechercheSci-
entifique' which is in France and has published 
the highest 325 publications, followed by the 
Chinese Academy of Sciences (245) and the 
National Institutes of Health (231). In contrast,  
the Howard Hughes Medical Institute, USA has 
received the highest 8189 number of citations 
with 42 h-index, followed by the University of 
Cambridge, UK, with 6643 citations and 36 h-in-
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 dex. The analysisaslo shows that the USA has 
participated the most, followed by China in pro-
tein folding research globally.

Affiliations TP CT h-index Country

CNRS Centre National de la RechercheScien-
tifique 325 4911 35 France

Chinese Academy of Sciences 245 3596 29 China

National Institutes of Health (NIH) 231 5024 37 USA

Ministry of Education China 218 3076 28 China

University of Cambridge 175 6634 36 UK

Inserm 168 3239 25 France

Howard Hughes Medical Institute 155 8189 42 USA

Harvard Medical School 142 4602 35 USA

ConsiglioNazionaledelleRicerche 137 1726 22 Italy

University of Chinese Academy of Sciences 133 1850 22 China

Note: TP-Total no. of publications, CT-Citations

Table 3: Distribution of highly productive organizations

Figure 2 Distribution of County-wise scientific 
research publications

Bibliometric analysis of most cited papers

 Table 4 provides the top ten highly cit-
ed papers. The paper entitled "Highly accurate 
protein structure prediction with AlphaFold" pub-
lished in Nature in 2021 received a maximum of 
7366 total citations, followed by "Reactive oxy-
gen species (ROS) as pleiotropic physiological 
signalling agents" published in Nature Reviews 
Molecular Cell Biologyin 2020 with 1583 cita-
tionsand "Accurate prediction of protein struc-
tures and interactions using a three-track neural 
network"published in science in 2021 with 1384 
citations, respectively. Naturejournals were tak-
ing leadership in producinghighly citedpapers in 
protein folding research. Science Mapping

 Science mapping is a multifaceted-
bibliometric tool to analyze and examine sci-
entific output (28). Thisbibliometrics method 
uses computational techniquesto analyze the 
citation data quantitatively, classify them, and 
visualize the interrelationships between biblio-

graphic objects, and also establish the network 
links, clusters, overarching structure, evolution 
of research themes and research fronts, and 
geographic spread of the body image research 
(33). In this study, we used VOSviewer software 
to study the network visualization ofco-author-
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Table 4:  Highly Cited Documents

ship in relationships with countries, co-occur-
rence of keywords, and co-citation analysis of 
documents, authors and organizations. 

Co-authorship network analysis

The co-authorship method is one of the most 
verifiable methods to quantify and examine sci-
entific collaboration (34). Figure 3 shows the 
network visualization of co-authorship analysis 
with the countries. The circle signifies a country/
region, and the size of each circle symbolizes 

the number of publications of each country, in-
dicating the activity of the country/region. The 
lines between circles represent the cooperative 
relationship between two countries/regions. The 
study considered the criteria of a minimum of 5 
papers with 5 citations. As a result, 76 countries 
met the threshold of 175 countries.These are 
grouped into 8 clusters,forming8256 total link 
strength.TheUSAhasthe highest link strength 
(2713), followed by the UK(1362), Germany 
(1342), China (884) and France (804). 

Title/Authors Year Source Title Cited by
Highly accurate protein structure prediction with AlphaFold 
by Jumper J.; Evans R.; Pritzel A.; Green T.; Figurnov M.; 
Ronneberger O.; Tunyasuvunakool K.; Bates R.; Žídek A.; 
Potapenko A.; Bridgland A.; Meyer C.; Kohl S.A.A.; Ballard 
A.J.; Cowie A.; Romera-Paredes B.; Nikolov S.; Jain R.; Adler 
J.; Back T.; Petersen S.; Reiman D.; Clancy E.; Zielinski M.; 
Steinegger M.; Pacholska M.; Berghammer T.; Bodenstein S.; 
Silver D.; Vinyals O.; Senior A.W.; Kavukcuoglu K.; Kohli P.; 
Hassabis D.

2021 Nature 7366

Reactive oxygen species (ROS) as pleiotropic physiological 
signalling agents by Sies H.; Jones D.P. 2020

Nature Re-
views Mo-
lecular Cell 
Biology

1583

Accurate prediction of protein structures and interactions us-
ing a three-track neural network by Baek M.; DiMaio F.; An-
ishchenko I.; Dauparas J.; Ovchinnikov S.; Lee G.R.; Wang 
J.; Cong Q.; Kinch L.N.; Dustin Schaeffer R.; Millán C.; Park 
H.; Adams C.; Glassman C.R.; DeGiovanni A.; Pereira J.H.; 
Rodrigues A.V.; Van Dijk A.A.; Ebrecht A.C.; Opperman D.J.; 
Sagmeister T.; Buhlheller C.; Pavkov-Keller T.; Rathinaswamy 
M.K.; Dalwadi U.; Yip C.K.; Burke J.E.; Christopher Garcia K.; 
Grishin N.V.; Adams P.D.; Read R.J.; Baker D.

2021 Science 1364

AlphaFold Protein Structure Database: Massively expand-
ing the structural coverage of protein-sequence space with 
high-accuracy models by Varadi M.; Anyango S.; Deshpande 
M.; Nair S.; Natassia C.; Yordanova G.; Yuan D.; Stroe O.; 
Wood G.; Laydon A.; Zídek A.; Green T.; Tunyasuvunakool K.; 
Petersen S.; Jumper J.; Clancy E.; Green R.; Vora A.; Lutfi M.; 
Figurnov M.; Cowie A.; Hobbs N.; Kohli P.; Kleywegt G.; Birney 
E.; Hassabis D.; Velankar S.

2022
N u c l e i c 
Acids Re-
search

1278
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Cellular Senescence: Defining a Path Forward by Gorgoulis 
V.; Adams P.D.; Alimonti A.; Bennett D.C.; Bischof O.; Bishop 
C.; Campisi J.; Collado M.; Evangelou K.; Ferbeyre G.; Gil J.; 
Hara E.; Krizhanovsky V.; Jurk D.; Maier A.B.; Narita M.; Nied-
ernhofer L.; Passos J.F.; Robbins P.D.; Schmitt C.A.; Sedivy J.; 
Vougas K.; von Zglinicki T.; Zhou D.; Serrano M.; Demaria M.

2019 Cell 995

Deep Mutational Scanning of SARS-CoV-2 Receptor Binding 
Domain Reveals Constraints on Folding and ACE2 Binding by 
Starr T.N.; Greaney A.J.; Hilton S.K.; Ellis D.; Crawford K.H.D.; 
Dingens A.S.; Navarro M.J.; Bowen J.E.; Tortorici M.A.; Walls 
A.C.; King N.P.; Veesler D.; Bloom J.D.

2020 Cell 978

Highly accurate protein structure prediction for the human pro-
teome by Tunyasuvunakool K.; Adler J.; Wu Z.; Green T.; Ziel-
inski M.; Žídek A.; Bridgland A.; Cowie A.; Meyer C.; Laydon A.; 
Velankar S.; Kleywegt G.J.; Bateman A.; Evans R.; Pritzel A.; 
Figurnov M.; Ronneberger O.; Bates R.; Kohl S.A.A.; Potap-
enko A.; Ballard A.J.; Romera-Paredes B.; Nikolov S.; Jain R.; 
Clancy E.; Reiman D.; Petersen S.; Senior A.W.; Kavukcuoglu 
K.; Birney E.; Kohli P.; Jumper J.; Hassabis D.

2021 Nature 914

Site-specific glycan analysis of the SARS-CoV-2 spike by 
Watanabe Y.; Allen J.D.; Wrapp D.; McLellan J.S.; Crispin M. 2020 Science 866

ColabFold: making protein folding accessible to all by Mirdita 
M.; Schütze K.; Moriwaki Y.; Heo L.; Ovchinnikov S.; Steineg-
ger M.

2022 N a t u r e 
Methods 811

The Unfolded Protein Response and Cell Fate Control by Hetz 
C.; Papa F.R. 2018 Mo lecu la r 

Cell 802

Figure 3: Co-authorship network analysis

 The co-citation analysis discloses the 
frequency at which other scholarly articles have 
cited two publications together, presenting im-
portant information regarding the interconnect-
edness within the literature(Ki, 2023). In this 
study, the co-citation map includes at least fif-
ty references that appear in the bibliographies 
of the 12515 publications focused on protein 
folding. 370cited references met the estab-
lished co-citation frequency threshold.We found 
6 clusters indicated in colours with a total link 
strength is 22875. Figure 4 shows the network 
map of the co-citation of references. The circle 
size represents the number of times the cited 

Co-citation network analysis
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references collaborate,as appears commonlyin 
the number of citing papers. The larger a cir-
cle, the more often vital co-citation seems. The 
author Walter P. received the highest number 
of citations (204) with top link strength of 754, 
followed by Hartl F.U., having 181 citations 
with 663 link strength. Authors such asAnfis-
enC.B.andKabsch W. secured 3rdand 4th po-
sitions in co-citation network analysis, having 
177 and 170 citations with 569 and 488 link 
strengths, respectively.

Co-occurrence of keywords network analy-
sis

 Keywords were grouped into 5clus-
ters with total link strength of  189379. Figure 
5depicts a network map of all keywords within 
the research papersselected for the study. The 
width of the network lines reflects the intra-re-
lationship among the keywords, i.e., the thicker 
the network line, the stronger the association.
The keywords that appeared most were 'Protein 
folding'with an occurrence of 10687 and a total 
link strength of 258779, followed by 'metabolism' 
(112155;7222), protein expression (72061;2363) 
and 'protein confirmation'(67249;2642). Other 
frequently used keywords which are thematical-
ly associated are protein structure, protein bind-
ing, protein function, protein domain, aminoac-
id sequence, molecular dynamics, chaperone, 
gene expression, protein-protein interaction, 
gene expression, protein aggregation, physiol-
ogy, protein secondary structure, binding site, 
protein misfoldinganddrug effect. 

Figure 4: Co-citation network analysis

Figure 5: Co-occurrence network of keywords

Conclusion

 Here, we employed both quantitative 
and qualitative approaches to describe the re-
search trend in protein folding,covering data 
from 2018 to 2022.The study examined 12515 
scientific productions retrieved from the Scopus 
database. The finding of the study reveals that 
although a good number of papers published 
during the study, but the number of publications 
has been decreasing from 2018 to 2022. The 
USA has contributed the most papers during the 
study, and an author named Uversky, V.N from 
the country has contributed the most. In con-
trast, the highest number of papers has been 
published by a France-affiliated organization 
called CNRS. The co-author network analysis 
tells that the total strength of the co-authorship 
links of a given researcher with other research-
ers was highest in the case of the USA, fol-
lowed by UK, Germany and China. The most 
used keyword is 'protein folding',asreporteddur-
ing the study period.

Strengths and limitations

 Here we have provided an overview 
of the current literature on 'Protein folding’, by 
analyzingthe information about authors, pub-
lishers, publication year, and the number of ci-
tations and predicted the current hot topics and 
the trendsfrom them. In this study, we collected 
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the data only from Scopus and a specific peri-
od. However, there is enough scope for further 
studies using different metrics on this emerging 
study area. Even results representation will be 
different if other databases are also considered.
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Abstract

 The paper examines the global sci-
entific literature on Molecular Docking (MD).
MDis a keyapproachusedinbioinformatics to 
identify and developnovel compounds towards 
drug discovery.This study uses the bibliomet-
ric method to analyze scientific data covered 
in the Scopus database from 2013 to 2022 us-
ing MS Excel,R Studio, andVOS Viewer soft-
ware.A total of 12173 documents on Molecular 
Docking were retrieved and considered for the 
study. The paper provides an in-depth evalua-
tion of the research output of MD. The research 
found that MuthuS.was a most prolific author 
in MD scientific research, with 98 publications 
that received 1481 global citations. The most 
productivecountries in this field areIndia (4020 
publications), followedbyChina (2675 publica-
tions), Saudi Arabia (1362 publications) and 
Egypt (1071 publications). The hot keywords in 
MD research are molecular modelling, molec-
ular docking simulation, unclassified drug and 
controlled study, but Molecular Docking is the 
burning author keyword. The finding also shows 
that the publications are increasing consistent-
ly from 2013onwards.Most articles have been 
published in the 'Journal of Molecular Structure'. 
As it is an emerging and a trending topic, it has 
scope for further studies. This studywillbenefit 
future researchers and practitioners worldwide 

in understanding the research pattern on MD 
and identifying the other key areas related to the 
topic.

Keywords:Molecular Docking, Bibliometrics, 
Bibliometrix,Protein-Ligand Interaction, Drug 
design.

Introduction

 Molecular Docking is a computer-as-
sisted drug design model and a vital tool for drug 
discovery towards predicting the binding affinity 
between receptors and ligands1,2. During dock-
ing"lock and key model" (Figure 1A), which re-
fers to the internal geometry of the receptor and 
the ligand to find the correct orientation for the 
"key" to open up the "lock" kept fixed3. The real 
flexible docking process (Figure 1B) in which 
the receptor and ligands change their confor-
mation to fit each other is called an"induced fit 
model"(1,4).

 Molecular docking simulations are gen-
erally used for reproducing the experimental 
data through docking validations algorithms, 
where protein-protein or protein-ligand confor-
mations are obtained by using in silico method 
(5). Docking is one of the main toolsfor virtual 
screening procedures. By using this method a 
library of several compounds is "docked" along-
side one drug target and proceeds to the best 
hit (6).
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 It is a structure-based drug-designing 
method that generally stimulates molecular 
interaction for predicting the binding modeus-
ingshape and electrostatic interactions like van 
der Waals &Coulombic interactions (1, 7, 8). 
The sum of all these interactions is calculated 
by a docking score (9). Various MD software is 
available to find the best orientation and optimal 
conformation according to pre-organization and 
specific complementarity with a definite algo-
rithm, followed by a scoring function to calcu-
late the binding affinity (10,11). The most widely 
used MD software is Flex X: fragmentation algo-
rithm, Gold: genetic algorithm, Glide: Exhaus-
tive Systematic search, AutoDock: genetic algo-
rithm & Lamarckian genetic algorithm, ZDOCK: 
Geometric complementarity & molecular dy-
namics, RDOCK: genetic algorithm, MC (monte 
carlo) & MIN (Simplex minimization, LeDOCK: 
Simulated annealing (SA) & Genetic algorithm 
(GA) followed by AutodockVina: GA genetic al-
gorithm (9). The three main distinct forms of MD 
are Rigid Docking, Flexible-rigid Docking, and 
Flexible (soft) Docking. The most widely used 
software is Flexible-rigid Docking because of 
its accuracy1. We can analyze the interactive 
mode of protein-DNA docking with the help of 
AutodockVina, which is displayed in PyMOL (1, 
12, 13)  Figure 2 shows the flow chart of the 
Process of Molecular Docking (14).

 Since the 1980s, the molecular docking 
approach has been widely used to predict the 
interaction between two proteins, identify the 

ligand binding pocket, and predict the interac-
tion(s) between a protein and a small molecule 
(15). Now a day's, the development of drug dis-
covery computational docking simulation is the 
need of today's research (16,17). The impact of 
molecular Docking is well recognized and es-
tablished in pharmaceutical industries. Day by 
day, molecular docking-based virtual screening 
is growing and significantly enhanced towards 
the recognition of new lead candidates (18). 
This paper analyzed the global literature on 
Molecular Docking (MD) conducted in the last 
ten years, from 2013 to 2022, using bibliometric 
methods. Review of Literature

 MD research started in the early 1980's, 
with the establishment of the Molecular Graph-
ics Society in 1982. The major role of Society 
is to support anddevelop research towards de-
signing bioactive molecules (Willett, 2007). In 
2016, Agarwal and Mehrotra reported thatMD 
helps to form a stable complex by predicting 
the preferred binding orientation of the ligand 
to the receptor using novel computational tools 
and techniques.It aims to attain an optimized 
docked conformer for ligand and receptor mol-
ecules (15,19) in their study discussedthecom-
monly applied methods in computational biolo-

Figure 1:MolecularDockingModels: (A) A lock-
and-key model (B) Induced fit model

Figure 2: Process of Molecular Docking
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gy, drug design, computational chemistry, and 
material science. Computer-aided drug design 
and discovery (CADDD) plays a major role to-
wards drug discovery and development (19). 
The use and application of computational meth-
ods have facilitated the proliferation of biological 
databases and become an early driving force 
for developing MD techniques towards drug de-
signing (20). Molecular Docking is the future of 
medicinal research as reported recently (21).

 This study tries to assess global works 
of literature on MD using bibliometrics meth-
ods based on data retrieved from the Scopes.
In 1963, Pritchard stated that bibliometrics is 
the application of mathematical and statistical 
methods for quantitative data analysis that ex-
tracts patterns from publications such as the 
growth of publication, journal impact, citations 
patterns, authorship in the literature, and so 
on (22,23,24). Bibliometrics comprises a set 
of methods to examine or measure books, ar-
ticles and other publications. In recent decades, 
Bibliometrics has been considered a standard 
science policy and research management tool 
(25) It is generally applied to scientific fields 
to quantitatively measure the various aspects 
of literature like subject, author, citations, affil-
iation, country, etc. (26). The study identifies 
the prominent and impactful(a)authors, (b)ge-
ographic regions, (c)research institutions, (d)
scholarly documents, (e)significant keywords 
and research topics, (f) highly cited countries, 
(g)most publishing sources that have been high-
ly influential in the field over the last ten years. 
Bibliometric indicators like authorship patterns, 
citation statistics, and bibliometric techniques 
are useful for decision-making and tracking the 
evolution of science and technology (27,28). For 
specific scientific research, bibliometric studies 
comprehensively assess and help to identify 
the number and distribution of publications re-
lated to authorship, co-authorship, most cited 
articles etc.Overthe past few decades, several 
bibliometric and scientometric approaches have 
been adopted by researchers to study computa-
tional researchin different areas (29). But there 

isno bibliometric studies have been conducted 
on Molecular Docking yet. This paper is entire-
ly new and innovative.The main objectives of 
this study are to provide a systematic overview 
of MD by employing the bibliometrics methods 
based on information retrieved from the Scopes 
database. 

Objective of the Study

 The study aims to analyze the global 
research output on MDbetween 2013 and 2022. 
Several parameters, such as year-wise growth 
of publications, authorship patterns, author's 
keywords and citations, are assessed (30). Th 
following are the main objectives: 

 To study the type of research publica-
tions and their year-wise growth, To analyze 
the research trends of MD geographically, To 
identify the most prolific authors,productive-
sourcesandtitlesin MD research, To state the 
mostwidely used keywords in MD research, To 
assess the worldwide collaborations and insti-
tutions in MD research output, and, To visual-
ize the co-authorship, co-citation and co-oc-
currence networks and map the relationships 
among the bibliographic entities.

Methodology

 The sample dataset for the study was 
collected from the Scopus database in the third 
week of February 2023. The database Scopus 
was chosen because it is the oldest and most 
comprehensive database of records of citation 
indexes that itself uses an inbuilt analysis tool. 
The keyword "Molecular Docking"was used 
as the search string and qualified with the 'ti-
tle' tag. The instant result was then restricted 
and downloaded from 2013 to 2022, as the au-
thors felt that the ten years of data were suffi-
cient for viewing the results appropriately and 
justice to the present study. Subsequently, the 
data are analyzed using MS Excel and Biblio-
metrix (R package) to understand the research 
performance. For science mapping or network 
visualization, we usedVOSViewer (31, 32).The 
stage-wise methodologies are shown in figure 3 
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Result and Discussions

 The result discussed in part: (a) perfor-
mance analysis and (b) science mapping. The 
performance analysis examines the character-
istics of the publications and the perception of 
quality using different tools and techniques. The 
performance analysis accounts for the publica-
tion patterns, contribution and productivity of 
the research in the given field of study. In con-
trast, science mapping focuses on the relation-
ship between research constituents(Chen et al., 
2022; Cobo et al., 2015). It identifies how au-
thors, disciplines, and studies are related to one 
another and their evolutionary significance. The 
mapping analysis illustrates the thematic links 
by examining the co-occurrences of keywords, 
co-authorship, co-citation etc.(Cobo et al., 2015; 
Moral-muñoz et al., 2020; Rojas-Sánchez et al., 
2022) 

Performance analysis 

 Performance analysis is the easiest way 
to conduct a bibliometric study. It presents the 
performance of different research constituents, 
such as authors, institutes, countries, journals 
and citations (33). In Performance analysis, we 
aim to evaluate the different parameters' pro-
ductivity and popularity based on bibliographic 
data considered for this study using the metrics 
such as publication count, citation rates and 
their impacts as the key performance indicators 
(34).

Distribution of document type, annual scien-
tific production and country-wise scientific 
production 

 A total of 12172  publications on Molec-
ular Docking were identified from the Scopus 
database between 2013 and 2022. The sum-
mary of the findings shows that these articles 
were published in 1501 journals and had a total 
of 20629 keywords, followed by 33466 authors 
who authored these documents. The type of 
documents included 11493 (94.41%) research 
articles, 269 (2.21 %) conference papers, 140 
(1.15 %) review articles, 114 (0.94%) other 
forms of publications, including the book, book 
chapter, data papers, editorial papers, erratum, 
letter and short review as shown in Figure 3. 

 Table 1 provides year-wise scientif-
ic production and citation impact from 2013 
to 2022. There was a consistent rise in publi-
cations from 2013 to 2022. The highest 3315 
(27.23%) number of papers were published 
in 2022, followed by 2219 (18.22%) papers in 
2021, 1669 (13.71%) papers in 2020 and 1186 
(9.74%) papers in 2019. The data indicates that 
most of the articles were published in the last 
four years, from 2019 to 2022. The average 
annual growth rate is 29.70%. The citations in-
creased significantly over the study period, and 
the highest number of citations was received in 
2022. In contrast, an average citation per year 
(ACPP) was the maximum in 2015 (22.79), fol-
lowed by 2022 (20.41), 2013 (19.51) and lowest 
in 2021 (6.85). However, the citation rate (CR) 

Figure 3: Flowchart of Methods applied to con-
duct the bibliometric study
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was highest reported in 2015 (95.59) and the 
lowest in 2022 (51.89).

  Figure 4 shows the top ten countries in 
terms of scientific research publications on MD. 
The data reflects that India has published the 
highest number of 4029 papers, which is 33% 
of total publications in the MD domain under the 
study, followed by China with 2675 papers, Sau-
di Arabia with 1368 papers and Egypt with 1075 
papers. At the same time, developing countries 
like the USA have ranked eighth position in the 
row. 

Distribution of most prolific authors and au-
thor's productive life 

the top 10 most prolific authors table in the field 
of MD.

 Table 3 discusses the highly productive 
institutions in terms of publications, total cita-
tions, h-Index, average citation per publication, 
and their geographic locations. The data shows 
that the King Saud University of South Arabia 
was leading in the domain, followed by the Min-
istry of Education China and the National Re-
search Centre from Egypt in 2nd and 3rd po-
sitions, respectively. Regarding citations, King 
Saud University also received the highest 6437 
citations, with an average citation per paper of 
15.47, followed by Cairo University (4203 TC, 
17.23 ACPP) and Chinese Al-Azhar University 
(4135 TC, 17.23 ACPP) in the top three posi-
tions. It has also been observed that the most 
productive institutions in molecular docking re-
search belong to Egypt and Saudi Arabia. 

Figure 4: Most productive countries

 Table 4 provides the highly productive 
sources in the MD research with theirPublish-
er and Scimago ranking. Data exposed that the 
journal entitled 'Journal of Molecular Structure' 
(855 total publications, 10111 total citations) 
was the most productive journal in Molecu-
lar Docking research, followed by the 'Journal 
of Biomolecular Structure and Dynamics' (496 
total publications, 4998 total citations), and 'Bi-
oorganic Chemistry' (335 total pub., 7688 total 
citations). The analysis also discovered that the 
journal "Molecules" ranked fourth in terms of to-
tal publications and total citations (4409 total ci-
tations, 7.5 average citations) with an SJR rank 

Table 1: Year-wise Publications and citation im-
pact
Year TP TC h-Index CR
2013 328 6399 41 93.9
2014 401 7792 44 94.51
2015 544 12400 52 95.59
2016 695 12245 46 94.24
2017 840 15059 47 94.64
2018 975 15345 45 95.28
2019 1186 15989 46 91.99
2020 1669 19564 49 91.31
2021 2219 15195 63 83.42
2022 3315 67663 38 51.89

 Table 2 indicates the top ten most pro-
ductive authors on MD Research. It is observed 
that the highest number of papers are published 
by 'Muthu, S.' from India and are associated 
with Arignar Anna Government Arts College.
He authored 98 articles with an h-index of 22, 
15.11 g-index and received 1481 citations. The 
second prominent author, ' Taha, M', from Imam 
Abdulrahman Bin Faisal University, Saudi Ara-
bia, published 83 articles with 28 h-index, 27.33 
ACPP and has received the highest 2269 ci-
tations. 'Wadood, A.' and 'Rahim, F.' both from 
Pakistan, secured third and fourth positions with 
76 and 75  papers. The table aslo shows that 
four authors from Pakistan secured positions in 
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Author Name TP TC h-in-
dex

ACPP Institution Country

Muthu, S. 98 1481 22 15.11 Arignar Anna Government Arts College India

Taha, M. 83 2269 28 27.34 Imam Abdulrahman Bin Faisal university, Saudi Arabia

Wadood, A. 76 1828 25 24.05 Abdul Wali Khan University Mardan, Pakistan

Rahim, F. 75 1833 26 24.44 Hazara University Pakistan Pakistan

Bouachrine, M. 54 306 10 5.67 UniversitéMoulay Ismail Morocco

Khan, K.M. 52 1754 24 33.73 University of Karachi Pakistan

Saeed, A. 52 826 18 15.88 Quaid-i-Azam University, Department of Chemistry Pakistan

Iqbal, J. 47 701 17 14.91 COMSATS University Islamabad Pakistan

Hassan, M. 44 693 17 15.75 Research Institute at Nationwide Childrens Hospital USA

Khedkar, V.M. 43 662 15 15.40 Vishwakarma University India

Affiliation Country TP TC h-Index CR ACPP

King Saud University Saudi Arabia 416 6437 41 88.70 15.47

Ministry of Education China China 279 2539 25 81.72 9.10

National Research Centre Egypt 279 3589 32 83.15 12.86

Cairo University Egypt 244 4203 31 90.16 17.23

Al-Azhar University Egypt 240 4135 33 91.25 17.23

College of Pharmacy Saudi Arabia 228 3995 36 89.91 17.52

College of Sciences Saudi Arabia 206 2773 30 86.89 13.46

Faculty of Pharmacy Egypt 161 2801 31 91.30 17.40

University of Karachi Pakistan 157 2933 29 89.81 18.68

King Abdulaziz University Saudi Arabia 151 1546 21 82.78 10.24

Name of Source Title Publisher TP TC SJR_2021 h_index ACPP

Journal of Molecular Structure Elsevier 855 10111 0.48 39 15.47

Journal of Biomolecular Structure and Dynamics Taylor & Francis 496 4998 0.561 32 9.10

Bioorganic Chemistry Elsevier 335 7688 0.728 42 12.86

Molecules MDPI 334 4409 0.705 29 17.23

Medicinal Chemistry Research Springer Nature 212 2146 0.357 22 17.23

Chemistryselect Wiley-Blackwell 158 838 0.407 15 17.52

SpectrochimicaActa Part a Molecular and Biomo-
lecular Spectroscopy

Elsevier 154 3405 0.59 32 13.46

RSC Advances Royal Society of 
Chemistry

154 2681 0.667 31 17.40

Polycyclic Aromatic Compounds Taylor & Francis 145 227 0.228 7 18.68

Evidence Based Complementary and Alternative 
Medicine

Hindawi 141 383 0.461 10 10.24

Table 2. Top ten authors the relationship between author, country and institution

Table 3: Top ten productive institutions

Table 4: Distribution of highly cited sources, their Scimago rank, and Country
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of0.705, following the journal 'Bioorganic Chem-
istry with the highest SJR of 0.728.Elsevier and 
Taylor &Francisare leading publishers of MD re-
search. Table 5 describes the ten most highly 
cited papers. The paper, 'Molecular docking and 
structure-based drug design strategies' by 'Fer-
reira et al., published in the journal 'Molecules', 
in 2015, has received the highest number of 864 
citations. The second most cited paper 'Soft-
ware for molecular docking: a review' by 'Paga-
dala et al., published in 'Biophysical Review', in 

Name of Source Title TP TC SJR_2021 h_index

Journal of Molecular Structure 855 10111 0.48 39

Journal of Biomolecular Structure and Dynamics 496 4998 0.561 32

Bioorganic Chemistry 335 7688 0.728 42

Molecules 334 4409 0.705 29

Medicinal Chemistry Research 212 2146 0.357 22

Chemistryselect 158 838 0.407 15

SpectrochimicaActa Part a Molecular and Biomolecular 
Spectroscopy

154 3405 0.59 32

RSC Advances 154 2681 0.667 31

Polycyclic Aromatic Compounds 145 227 0.228 7

Evidence Based Complementary and Alternative Medicine 141 383 0.461 10

Table 5. Highly Cited Documents

2017, has 624 citations,followed by 'Ribavirin, 
Remdesivir, Sofosbuvir, Galidesivir, and Teno-
fovir against SARS-CoV-2 RNA dependent RNA 
polymerase (RdRp): A molecular docking study 
'by 'Elfiky A. A., published in 'Life Sciences' has 
a total of 577 citations and ranked the third po-
sition. 

Science mapping

It is a highly critical method used in  

bibliometrics analysis to map the scientific out-
put (35). This methodology uses computational 
techniquestoanalyze the bibliographic objects 
quantitatively& qualitatively and then visualize 
their interrelationships. To perform this analysis, 
we choseVOSviewer software, a highly used-
science mapping tool, in order todraw the over-
arching structure, evolution of research themes 
and research fronts, and geographic spread of 
the MD research (36). The VOS Viewer soft-
ware is mainly used for networking and visu-
alization to understand the research pattern.
Further, it exploresthe relationshipofthe authors 
with countries, the keywords frequently appear-
ing in the papers, and the documents and their 
citations in terms of total network links, clusters 
and network strength.

Co-authorship network  

Figure 5: Visualization of co-authorship analysis 
versus countries
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 Figure 5 plots the co-authorship net-
work versus countries. The circles signify the 
countries or regions, and the size of the circle 
symbolizes the number of publications. The 
links between circles represent the cooperative 
relationship between two countries/regions. The 
study considered the criteria of a minimum of 5 
papers from the country with 10 citations.Sau-
di Arabia hasthe highest link strength(2260), 
followed by India(1665) and Egypt (1098).In-
dia secured the firstposition for publishing the 
most documents, followed by Saudi Arabia and 
Egypt. Egypt placed in third position receiving 
14732 citations after India and Saudi Arabia.

Network visualization of co-occurrence of 
keywords

 Figure6 depicts a network map of all 
keywords within the research papersselected for 
the study. The minimum number of occurrences 

of a keyword is considered to be75. The results 
show out of a total of 20629 keywords,only 587 
keywords met the threshold.The width of the net-
work lines reflects the intra-relationship among 
the keywords, i.e., the thicker the network line, 
the stronger the association.The keywords that 
appeared most were 'Molecular Dockingwith to-
tal link strength of 170879,followed by 'unclassi-
fied drug' (112155),MD simulation (95466) and 
'controlled study'(80694). There are 187 num-
ber of clusters of keywords, out of which the 
most frequently used keywords are Metabolism, 
Human, Structure activity relation, Molecular dy-
namics, in vitrostudy, ic50, Neutralizing, binding 
site, drug screening, structure activity relation-
ship, enzyme inhibition, Drug effects, ligands, 
Computer model, Molecular dynamic simulation 
and Drug protein binding.  2.3 Co-citation Net-
work Visualization

 Figure 7 shows the network map of 
co-citation among cited authors. The circle size 
represents the number of citations in which 
each author collaborates with another based on 
the number of co-authors. In general, the larger 
size of a circle, the more often vital co-citation 
seems. The author' Olson, A.J.' received the 
highest number of citations (4464) with top link 
strength 205881, followed by Wang Y., having 
3697  citations with 218016 link strength. Author 
Wang J and Zhangh Y secured 3rdand 4th posi-
tions in co-citation network analysis, having 355 
and 3332 citations with 208445 and 190655 link 
strength, respectively. 

Conclusion

 This study performedaquantitative and 
qualitative analysis of Molecular Dockingre-
searchovera period of ten years, from 2013 to 
2022,to understand the research trends and the 
contributionsanddistributionsof authors, organi-
zations, countries and journals in the domain. 
For this study theexperimental data was col-
lected from the Scopus database.Atotalof12172 
scientific productions were retrievedduring the 
study period. The study reveals that most of the 
MD researchwaspublished in English.Devel-

Figure 6:Visualization of co-occurrence of key-
words

Figure 7: Visualization of co-citation network
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oped and developing countries like India, China, 
Saudi Arabia, and Egypt contributed significant 
researchinMD.Accordingto the study,an author 
Muthu, S. fromIndia,affiliated with Arignar Anna 
Government Arts College, dominated the list of 
publications by publishing 98 documents. The 
study also finds that most prolific authors belong 
to India and Saudi Arabia. The article by Fer-
reira et al., 2015 from the journal MOLECULES 
has received the highest 864 citations. The au-
thored keyword' Molecular Docking' appeared 
most, followed by 'Molecular modelling simu-
lation', 'Unclassified Drug' 'Controlled Study', 
and 'Drug synthesis. The study also discovers 
that research on MD is increasingexponentially 
worldwide and collaboratively.The bibliometric 
study is the most preferred way to measure the 
productivity of a subject, organization, authors, 
and source.Still, there is enough scope for fur-
ther studies on MD because it is an emerging 
areathat will significantly affect today's Society 
regarding drug discovery. This study will aid fu-
ture researchers who wish to undertake biblio-
metric studies on related domains.

Conflict of Interest: There is no conflict of in-
terestrelated to the works in the manuscript.
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Abstract 

Covid-19 is a global pandemic caused 
by SARS-CoV-2 virus that caused mortality and 
world economic collapse. It is almost impossi-
ble to break the chain of infection with no inter-
vention except vaccines to prevent worsening 
symptoms and to build herd immunity in people. 
Efforts to discover a therapeutic drug to com-
bat the virus are still ongoing. Various medic-
inal phytoconstituents are also researched for 
their pharmacological action as antiviral agents 
against Covid-19. This study explored the an-
tiviral potential of Christia vespertilionis bioac-
tive compounds (christene and christanoate) 
for treating Covid-19 using molecular docking 
analysis. The Covid-19 protein crystal struc-
tures (PDB ID: 6LU7, PDB ID: 6CS2, PDB ID: 
M1D, PDB ID: 2GHV and PDB ID: 6M71) ob-
tained from the protein data bank were docked 
to christene and christanoate. The analyses 
were carried out using the Autodock tool 1.5.6. 
The control docking was done using favipiravir 
as the reference drug. The binding interaction 
of the protein and ligand was observed using 
the Biovia Discovery visualizer. The binding af-
finity and interactions indicate that the observed 
compounds have antiviral action suggesting 
their potential as Covid-19 inhibitors and can be 
further considered for therapeutic applications.
Keywords: SARS-CoV-2, Christia vespertilio-
nis, molecular docking, Covid-19

Introduction 

The outbreak of coronavirus disease 
(COVID-19) caused a global health emergen-
cy at the end of 2019 (1). The RNA virus has 
caused significant economic and social reper-
cussions providing a significant threat globally 
(2). According to Chen et al., (3), the virus was 
most likely transmitted to humans through in-
fected droplets from bats. The majority of those 
infected with COVID-19 will experience mild 
to moderate respiratory symptoms and will re-
cover without the need for additional treatment. 
However, COVID-19 can develop serious ill-
nesses in older people, those suffering from 
medical conditions such as heart disease, di-
abetes, chronic pulmonary illness, and cancer. 
Currently, vaccination has been approved for 
mass immunization. However, there is decreas-
ing vaccine coverage and an increasing risk of 
vaccine-preventable disease outbreaks and ep-
idemics due to vaccine hesitancy. Vaccination is 
perceived as unnecessary by many individuals 
due to their belief, lack of confidence, and pre-
sumed unsafe (4). The key goals to fight against 
the rapidly evolving virus are developing new 
therapies or repurposing drugs (5,6).

The SARS-CoV-2 virus belongs to the 
Coronaviridae family, subfamily coronavirinae 
and Nidovirales order. It is a protein-sense RNA 
virus with a single linear RNA segment on a sin-



Current Trends in Biotechnology and Pharmacy
Vol. 18(2) 1736-1744, April 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2024.2.22

Christanoate and christene are potential inhibitors of Covid-19

1737

gle strand. SARS-CoV-2 is a member of Sarbe-
covirus, which undergo frequent recombination. 
If there are enough sequenced genomes, build-
ing a phylogenetic tree of a virus family’s mu-
tation history is possible. The China Centre for 
Disease Control and Prevention reported five 
SARS-CoV-2 genomes isolated from Wuhan in 
early 2020 (7). At the epicentre of the pandemic 
in Wuhan, SARS-CoV-2 was treated with favi-
piravir, a therapeutic drug approved for emer-
gency use in Italy as the pandemic expanded 
through Europe, and it is currently being used 
in Japan, Russia, Ukraine, Uzbekistan, and 
Kazakhstan. Favipiravir is a synthetic prodrug 
found while evaluating the antiviral effective-
ness of chemical compounds used to treat in-
fluenza strain (A/PR/8/34-H1N1), later identified 
as T1105. Favipiravir has high bioavailability, 
protein binding affinity and small distribution 
volume. It reaches maximum concentration 
within 2 hours after a single dose. It has a short 
half-life of 2.5 to 5 hours, leading to rapid re-
nal elimination in the hydroxylated form. Elim-
ination is mediated by aldehyde oxidase and 
marginally by xanthine oxidase. The pharma-
cokinetics of favipiravir is dose-dependent as 
well as time-dependent. The cytochrome P450 
system does not metabolize it but blocks one of 
its components (CYP2C8). As a result, it should 
be used with caution when coupled with drugs 
metabolized by the CYP2C8 system (8). 

In recent decades, research on the use 
of medicinal plants for various pharmacological 
actions has been carried out vastly. Secondary 
metabolites from plants, such as flavonoids, 
have been shown to have tremendous bioactivi-
ties, including antiviral effects. Christia vespertil-
ionis (L.f.) Bakh. F. is an ornamental plant in the 
Fabaceae family. It is also known as mariposa 
or butterfly wing for its distinctive trifoliate leaf 
shape. C. vespertilionis is a species native to 
Southeast Asia and Brazil. This plant has tradi-
tionally been used to treat snake bites and facil-
itate healing in respiratory and tuberculosis cas-
es (9). Furthermore, C.  vespertilionis is used to 
treat muscle fatigue, colds, inflamed tonsils, im-
paired blood circulation, and inflamed bronchi-

tis and to increase blood circulation. According 
to Bunawan et al., (10), C.  vespertilionis can 
treat many diseases and is a viable alternative 
to modern synthetic medicines. The plant was 
previously reported to possess antidiabetic ac-
tivity (11), anti-tumour and antiproliferative ac-
tivities(12), followed by antimalarial activity (13). 
Upadhyay et al., (13) reported on the antiplas-
modial and antimalarial activities of C. vesper-
tilionis roots, leaves, and stems methanolic ex-
tracts using in vitro and animal model assays. 
Their study revealed two potential compounds, 
namely christene and christanoate, with more 
pharmacological activity to be explored (13,14).

Therefore, this study uses molecular 
docking analysis to investigate the Covid-19 pro-
tein-inhibiting activity of christene and christa-
noate from C. vespertilionis. About five protein 
structures (PDB ID: 6LU7, PDB ID:  6CS2, PDB 
ID: 6M1D, PDB ID: 2GHV and PDB ID: 6M71) 
related to the Covid-19 protein sequence were 
selected for the analysis. 

Materials & methods 

Preparation of ligands

A 3D model of the identified compound was 
constructed using Chem3D software. The struc-
tures and formal charges of the targeted com-
pound were checked through 2D drawing (Fig. 
1) and subjected to conformational research. 
Energy minimization was set on all conform-
ers, and the partial charges were automatically 
calculated. The data obtained was saved in the 
MDB file for further docking studies.    

Fig 1. A: Christene (7-isopropylidene-1-meth-
yl-1, 2, 6, 7, 8, 9-hexahydronaphthalene) and B: 
Christanoate (2’- hydroxydecanylpentadec-5, 8, 
10, 12-tetraenoate) from Christia vespertilionis 
leaf
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Optimization of the enzyme active site

 The X-ray crystallographic structure 
of the proteins displayed in Fig. 2 (PDB ID: 
6LU7, PDB ID: 6CS2, PDB ID: 6M1D, PDB ID: 
2GHV and PDB ID: 6M71) was obtained from 
the Protein Data Bank at https://www.rcsb.org. 
Hydrogen atoms were added to stabilize the 
charges of the proteins in their respective stan-
dard geometry form. To check errors in atom’s 
type and connection, automatic correction was 
applied to ease the process. The receptor was 
selected, and its atom’s potential was fixed. All 
default items were used to search the active site 
in each enzyme structure with the site finder. 
The site finder of the pocket was used to create 
dummy atoms on the enzymes. 

Fig 2. The protein structure of SARS-CoV-2; 
PDB ID: 2GHV, PDB ID: 6LU7, PDB ID: 6CS2, 
PDB ID: 6M1D, and PDB ID: 6M71

Docking analysis

The docking process between christene 
and christanoate with the proteins was conduct-
ed using AutoDock Tools by uploading the en-
zyme’s active site in PDB file format. Dummy 
atoms were added and adjusted on the docking 
site with the program specifications. The active 
binding site between the ligand and receptor 
was placed in the centre of the grid box. The 
grid box size was adjusted up to 126x126x126 
to cover all binding sites involved. It was used to 
calculate the interaction energies between the 
ligand-receptor interactions. The AutoDock was 
used to calculate the docking automatically, and 
each compound’s lowest binding energy was 
selected. The process preceded the study of 
the illustration of the ligand-receptor interaction 
in both 2D and 3D structures on the Discovery 
Studio Visualizer. 

The rotatable bonds were set with Aut-
oDockTools, and all torsions can be rotated. Li-
gand protein tethering was accomplished by ad-
justing the genetic algorithm (GA) parameters 
throughout ten runs of the GA criteria. Gasteiger 
charges were added by default. The maximum 
grid box size was used with the default spacing. 
The grid box parameters for X, Y, and Z cen-
tres were 142.5142, 131.9530 and 177.2277, 
respectively. Molecular dynamics (MD) simula-
tions were then applied to multiple conforma-
tions of the 6M1D-christanoate complexes. For 
each compound, the highest-scoring docking 
poses were selected. Autodock 4.2 and BIOVIA 
Discovery Studio Visualizer 2021 analyzed the 
protein-ligand complexes with the lowest bind-
ing energy.

Results and Discussion

All the results are tabulated below with 
the details on the residues and binding energy 
that represents the interaction between protein 
and compounds (christanoate and christene) 
observed. Based on the results obtained, the 
binding energy score of the compounds docked 
indicates the affinity of the compounds towards 
the protein and its binding site residues. The 
positive control used in this study is favipiravir 
prescribed to the Covid 19 patients. Table 1 dis-
played the interaction of christanoate and chris-
tene with the COVID-19 proteins. 

PDB ID: 2GHV is the spike protein (S 
protein) of SARS-CoV targeting the angioten-
sin-converting enzyme 2 (ACE2) receptors. 
The positive control, favipiravir, was docked to 
the residues in Chain E of the receptor where 
Phe329, Asn330 and Ala331 interacted via hy-
drogen bonding and other conventional bonding 
with Thr332, Phe334, Tyr356, Asn357, Thr359, 
Trp423 and Arg495. The binding energy score of 
favipiravir was -5.4 kcal/mol, slightly lower than 
christine (-6.1 kcal/mol) and christanoate (-5.6 
kcal/mol). Christene has made only hydropho-
bic interaction with the chain E residues, name-
ly Arg441, Leu443, Arg444, His445, Asp454, 
Ser456, Val458, Pro459, Phe460, Ser461, 
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Table 1. The interaction of christanoate and christene with the COVID-19 proteins 
Proteins 
(PDB) Ligands Hydrogen bond residues Other residues Binding affin-

ity (Kcal/mol)

2GHV favipiravir Chain E: Phe329, Asn330, 
Ala331

Chain E: Thr332, Phe334, Tyr356, Asn357, 
Thr359, Trp423, Arg495 -5.4

Christene -
Chain E: Arg441, Leu443, Arg444, His445, 
Asp454, Ser456, Val458, Pro459, Phe460, 
Ser461, Lys465, Pro466, Cys467, Pro477

-6.1

Christanoate Chain E: Phe329, Arg495

Chain E: Asn330, Ala331, Thr332, Phe334, 
Tyr356, Asn357, Ser358, Thr359, Phe360, 
Phe361, Ser362, Trp423, Asn424, Thr425, 
Asn427, 
Ile428

-5.6

6LU7 favipiravir
Chain A: Phe8, Ile106, 
Phe112, Gln127, Asp153, 
Thr292

Chain A: Gln110, Thr111, Asn151, Phe294, 
Asp295 -5.4

Christene - Chain A: Phe8, Val104, Ile106, Gln107, 
Gln110, Asn151, Asp153, Ser158, Phe294 -6.3

Christanoate
Chain A: Leu141, Asn142, 
Gly143, Ser144, Cys145, 
His163

Chain A: Thr24, Thr25, Thr26, Leu27, His41, 
Met49, Tyr54, Phe140, His164, Met165, 
Glu166, His172, Asp187, Arg188, Gln189

-5.6

6CS2 favipiravir
Chain A: Lys1020

Chain B: Glu1013, 
Lys1020, Arg1021

Chain A: Glu1013, Ser1019, Arg1021, Val1022
Chain B: Ser1019
Chain C: Glu1013, Arg1021

-6.0

Christene -
Chain B: Trp101, Ile116, Asn118, Val123, 
Arg183, Phe185, Phe187, Val196, Lys198, 
Ile219, Phe220

-7.5

Christanoate Chain A: Lys1020 

Chain A: Trp868, Tyr886, Gly1017, Gln1018, 
Ser1019,
Lys1020, Arg1021
Chain B: Glu1013, Lys1020, Arg1021
Chain C: Gln1018, Ser1019, Lys1020, 
Val1022, Tyr1029, Arg1089

-6.5

6M71 favipiravir Chain A: Ser343, Asp358, 
Asn360, Tyr374, Tyr530

Chain A: Ile333, Val342, Thr344, Asn356, 
Val359, Glu370 -5.5

Christene -
Chain A: Arg33, Ala34, Phe35, Val71, Arg116, 
Lys121, Thr123, Asp126, Asp208, Tyr217, 
Asp218

-6.1

Christanoate Chain A: Asn138
Chain A: Tyr32, Lys47, Asp135, His133, 
Asp135, Cys139, Ala706, Ser709, Thr710, 
Gly774, Lys780, Asn781, Ser784

-4.7

Lys465, Pro466, Cys467 and Pro477. Mean-
while, christanoate formed hydrogen bonding 
with Phe329 and Arg495 and hydrophobic bond 
with Asn330, Ala331, Thr332, Phe334, Tyr356, 
Asn357, Ser358, Thr359, Phe360, Phe361, 
Ser362, Trp423, Asn424, Thr425, Asn427 and 
Ile428. 

The second protein used in this in silico 
study was PDB ID: 6LU7, the main protease of 
SARS-CoV with chain A and B. All three ligands 

interacted with the residues from chain A, indi-
cating the potential inhibiting site. The control 
drug displayed hydrogen bonding with Phe8, 
Ile106, Phe112, Gln127, Asp153 and Thr292. 
Meanwhile, the residues bind through other hy-
drophobic bonding, including Gln110, Thr111, 
Asn151, Phe294 and Asp295. Christene dis-
played bonding with Phe8, Val104, Ile106, 
Gln107, Gln110, Asn151, Asp153, Ser158 
and Phe294 in chain A via hydrophobic bond-
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ing. Meanwhile, residues from chain A namely 
Leu141, Asn142, Gly143, Ser144, Cys145 and 
His163 bind through hydrogen bonding and 
Thr24, Thr25, Thr26, Leu27, His41, Met49, 
Tyr54, Phe140, His164, Met165, Glu166, 
His172, Asp187, Arg188 and Gln189 bind via 
hydrophobic bonding with christanoate. These 
two ligands displayed better binding scores than 
the control (-5.4 kcal/mol) ligand, with binding 
energy levels of -6.3 and -5.6 kcal/mol.

The SARS-CoV spike glycoprotein with 
human ACE2 bound particles (PDB ID: 6CS2) 
was used to dock the two compounds of  C. ves-
pertilionis leaf. favipiravir, christene and christa-
noate displayed the lowest binding energy level 
among all the other receptors docked with the 
binding score value of -6.0, -7.5 and -6.5 kcal/
mol, respectively. The control drug interacted with 
residues in chain A (Lys1020) and B (Glu1013, 
Lys1020, and Arg1021) and bound through hy-
drogen bonding. Meanwhile, Glu1013, Ser1019, 
Arg1021, and Val1022 from chain A, Ser1019 in 
chain B, followed by Glu1013 and Arg1021 in 
chain C, made hydrophobic bonding with favi-
piravir. Christene showed more affinity towards 
the residues in chain B involving Trp101, Ile116, 
Asn118, Val123, Arg183, Phe185, Phe187, 
Val196, Lys198, Ile219 and Phe220. However, 
Christanoate has shown binding with residues in 
all three chains, similar to the control drug. The 
compound made a hydrogen bond with Lys1020 
in chain A. Other than that, it made hydrophobic 
bond with Trp868, Tyr886, Gly1017, Gln1018, 
Ser1019, Lys1020 and Arg1021 in chain A, fol-
lowed by interaction with Glu1013, Lys1020 and 
Arg1021 in chain B and with Gln1018, Ser1019, 
Lys1020, Val1022, Tyr1029 and Arg1089 in 
chain C. 

Lastly, the RNA-dependant RNA poly-
merase PDB ID: 6M71 was used in this study 
to determine the molecular affinity of the com-
pounds observed against SARS-CoV. Chris-
tene (-6.1 kcal/mol) exhibited the highest bind-
ing energy score compared to christanoate 
(-4.7 kcal/mol) and favipiravir (-6.1 kcal/mol). 
favipiravir interacted with the residues in chain 

A, including Ser343, Asp358, Asn360, Tyr374 
and Tyr530 via hydrogen bond and with Ile333, 
Val342, Thr344, Asn356, Val359 and Glu370 
via the hydrophobic bond. Christene binds to 
Arg33, Ala34, Phe35, Val71, Arg116, Lys121, 
Thr123, Asp126, Asp208, Tyr217 and Asp218 
in chain A via hydrophobic bonding. Meanwhile, 
christanoate interacted with Asn138 via hydro-
gen bonding followed Tyr32, Lys47, His133, 
Asp135, Cys139, Ala706, Ser709, Thr710, 
Gly774, Lys780, Asn781 and Ser784 via hy-
drophobic contact. Both the compounds were 
found to be interacting with residues in chain A, 
however, of different potential sites, unlike the 
control ligand.

The search for novel antiviral drugs tar-
geting various parts of its structure to combat 
viral infection is ongoing. The current docking 
analysis using christene and christanoate from 
the C.vespertilionis leaf indicates that the com-
pounds have a high affinity towards the proteins 
used in the docking analysis. Apart from the 
active site residues that alter the protein func-
tion, other residues that interacted with the com-
pounds were also observed. 

 The structural details of the Corona-
viruses (SARS-CoV) genome were described 
by Wang et al., (15) as a single-stranded pos-
itive-sense RNA (+ssRNA) that is typically larg-
er than other RNA viruses. It is packed with 
four structural proteins, namely spike protein 
(S1 and S2), membrane protein (M), envelope 
protein (E) and nucleoprotein (N). It contains 
non-structural proteins (NSP1-16), each with 
distinct functions in the evolution of the viral ma-
terial. Some of the SARS-CoV proteins that can 
potentially serve as the therapeutic drugs target 
include the spike glycoprotein and its binding 
domain, the RNA-dependent RNA polymerase 
(RdRp) complex and the main protease (Mpro) 
(15). 

 The most vulnerable receptor during 
SARS-CoV infection is the ACE2 receptor of 
the host cell. PDB ID: 2GHV is the sequenced 
spike protein (S protein) of SARS-CoV that tar-
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gets the ACE2 receptors in the host, making it 
a possible therapeutic target for the treatment. 
Typically, the virus is named coronavirus based 
on its crown-like shape resembling the trimeric 
form that the virion takes upon S protein interac-
tion (16). Christene has shown significant bind-
ing score towards the spike protein. However, 
christanoate showed interaction with the resi-
dues (Phe329 and Arg495) similar to that of the 
control drug, favipiravir, thus indicating its target 
site is similar to the drug and may potentially for-
bid the interaction of the spike protein with the 
host cell. Changes in the structural conforma-
tion of the protein observed may have contribut-
ed to the inhibition of the protein activity (17). 

The main protease-Mpro structure 
plays a crucial role in the viral’s proteolytic mat-
uration; thus, its inhibition may interrupt the life 
cycle (18). Based on the conformational com-
plex of the main protease-Mpro (PDB ID: 6LU7) 
with the potential inhibitors showed that christa-
noate has a high affinity towards residues intact 
in the active site and the catalytic dyad of the 
protein reported by Khaerunnisa et al., (19). The 
active site residues of the protein include Thr24, 
Thr26, Phe140, Asn142, Gly143, Cys145, 
His163, His164, Glu166 and His172. Paasche 
et al., (20) in their investigation to find poten-
tial inhibitors of 3CLpro, have demonstrated the 
residues (His41 and Cys145) that define the 
catalytic dyad of the protein interacted with the 
inhibitors used. Catalytic dyads indicate sites 
with residues vital for the catalytic activity of the 
protein. The docking of favipiravir, christene and 
christanoate to this protein showed christanoate 
as the significant inhibitor as it interacted with 
the amino acids in the active site, and the cat-
alytic dyad of the protein that included Cys145 
And His163 interacted through hydrogen bond-
ing; meanwhile, Thr24, Thr26, His41, Phe140, 
His164, Glu166, and His172 interacted via hy-
drophobic bonding. Christene displayed interac-
tion similar to favipiravir, indicating its capacity 
to prevent protein activity. This inhibition pattern 
serves as evidence that an allosteric binding 
site may be present in the protein structure with 

the ability to alter the activity of the protein (21). 
Favipiravir and christene were observed to bind 
with the amino acids near the active site pock-
et, blocking the entrance that may have altered 
the protein conformation, thus halting the viral 
activity. 

These results are similar to that report-
ed by Sisakht et al., (22), who used phytochem-
icals from various plant sources against 3CL-
pro. Ginkgolide M (Asn142, Cys145, Glu166, 
Gly143, His163, and Phe140), Glycobismine 
A (Ser144A, Cys145A, Gly143A, Leu141A, Hi-
s163A, and Asn142A) and mezerein (His163A, 
Ser144A, Cys145A, Leu141a, Asn142, and Me-
t49A) are the three compounds that displayed 
high affinity towards the residues in the cata-
lytic site of the protease. Meanwhile, another 
study reported on luteolin interaction with the 
allosteric site, potentially inhibiting protein ac-
tivity. The interaction involved Arg105, Gln110, 
Thr111 and Ile152 via hydrogen bonding and 
hydrophobic contact with Phe8, Arg105, Ile106, 
Gln107, Val104, Gln110, Thr111, Asn151, 
Ile152, Asp153, Thr292 and Phe294.  

Another SARS-CoV spike glycoprotein 
with human ACE2-bound particles is deposited 
as PDB ID: 6CS2. Christanoate was observed to 
bind with the residues similar to the control drug 
with interaction in all three chains (A, B and C). 
Compared to christene, christanoate has more 
affinity towards the residues similar to favipira-
vir, with more hydrophobic contact rather than 
hydrogen bonding. The results are contrary to 
Sharbidre et al., (23) who displayed the interac-
tion of an anti-inflammatory compound, bergen-
in, with the S-protein Lys715, Asp757, Leu843, 
Pro845, Asp849, Pro1039 and His1040. Pal and 
Talukdar (24) reported that the crucial residues 
of the S-protein active site include Lys26, Asn90 
and Phe32. Another study reported potential 
catalytic sites of the protein involving Thr51, 
Leu52, Lys291, Ser292 and Phe293 (25). How-
ever, the results obtained were contrary to a 
previous study, thus indicating that the S-protein 
is likely to have a potential allosteric site that 
could prevent the interaction of the spike protein 
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with the host cell receptor. 

PDB ID: 6M71 is the RNA-dependent 
RNA polymerase (RdRp) with a cofactor nsp12. 
The primary protein catalyzes the viral RNA 
replication and transcription process. There-
fore, inhibiting this enzyme will suppress viral 
replication and further infection (26). The pro-
tein is comprised of several domains, including 
the N-terminal domain (1-397), finger domain 
(397-581 and 629-687), the palm region (582-
628 and 688-815) and the thumb region (816-
596) (27). The docking analysis revealed that 
christanoate has a higher affinity towards the 
active residues, which is similar to Remdesivir 
reported by Alizadehmohajer et al., (26) involv-
ing Lys47, His133, Asp135, Ala706, Ser709, 
Thr710, Gly774, Lys780 and Ser784 via hydro-
phobic contact in christanoate. Their study men-
tioned that the residues interacted with would 
establish an environment cohesive and stable 
upon forming the complex.

The study revealed that christanoate 
displayed higher affinity towards the proteins’ 
docked with it of the two compounds analyzed. 
The long chain structure with one hydroxyl group 
and ester group played a crucial role in forming 
a stable complex, thus enhancing the inhibition 
activity. Comparably, favipiravir contains one hy-
droxyl group contributing to the hydrogen bond 
formed with the catalytic residues. Besides that, 
the amide and amino group in its structure was 
also observed to make much more stable hy-
drogen bonding with the proteins observed. 
Potential inhibitors of SARS-CoV viral proteins 
may disrupt the activity not just by responding 
to the catalytic site or the major active site but 
also by blocking the entry of the virus into the 
host cells. Inhibitors may achieve this by binding 
to the active residues and altering the protein 
structure, which could block the viral receptors’ 
interaction with the host cells. Apart from that, 
inhibitors could also halt the viral replication and 
transcription cycle by altering the protein struc-
ture upon binding (27,28). Based on the inter-
action of christanoate with the proteins used in 
this, it has potential to inhibit the SARS-CoV. 

Conclusion

The study revealed the antiviral activity of two 
major compounds identified in Christia vesper-
tilionis leaf against SARS-CoV-2 using various 
protein structures modelled based on the virus 
structure and genome. Molecular docking is a 
method that can preliminarily illustrate the con-
formational structure of the viral protein and the 
potential inhibitor complex. Based on the inves-
tigation, christanoate can be further analyzed for 
its antiviral activity using pre-clinical techniques 
to confirm its bioactivity against SARS-CoV-2. 
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Abstract

Chagas Disease has been considered 
“the most neglected among the neglected dis-
eases.” Only two very toxic drugs developed in 
the 1960s have been approved to control the 
disease in its acute phase and are infective in 
the chronic stage of the illness. It is imperative 
to find new molecules that can act against the 
causative parasite, Trypanosoma cruzi. BZ-97 
is a synthetic product derived from the benzim-
idazole scaffold. It was tested against other hu-
man parasites, showing the best activity (IC50 
= 0.76 μM) towards T. cruzi intracellular stages. 
The effects of BZ-97 on epimastigotes of the Y 
strain were analyzed. Signs of changes in the 
parasite homeostasis were evident by acido-
calcisomes alkalinization, calcium mobilization, 
changes in their morphology and some signs of 
apoptotic events with a lack of ROS production, 
which is a crucial advantage over the behavior 
of the reference drug, benznidazole. Acidocal-
cisomes alkalinization was evidenced through 
fluorescence microscopy analysis and the use 
of 5-[N-ethyl-N-isopropyl] amiloride (EIPA), an 
inhibitor of the TcNHE pump, confirmed the in-
volvement of this proton pump in the BZ-97-me-
diated acidocalcisome alkalinization. BZ-97 is 

presented as a potential lead compound against 
T. cruzi that is worthy of further studies in the 
future.

Keywords: Trypanosoma cruzi, anti trypanoso-
matid, acidocalcisome, benzimidazole scaffold

Introduction

Trypanosoma cruzi is the causative 
parasite of American Trypanosomiasis, better 
known as Chagas Disease. This ailment af-
fects approximately 7-8 million people in Latin 
America (1). An annual incidence of 30,000 new 
cases and 10,000 deaths has been reported (2). 
However, as it is a silent disease, the number 
of infected people and deaths associated with 
this disease is probably imprecise and underes-
timated (3, 4). As a consequence of large waves 
of migration, a large percentage of people car-
ry the infection to non-endemic areas such as 
North America (5).

CD has two phases: an initial acute 
phase, which is usually asymptomatic, and a 
lifelong chronic phase, which in 60 to 70% of 
patients is clinically silent, but 20 to 30% of them 
will develop in years or decades heart problems 
(20 to 30%), digestive problems, or a combina-
tion of both (10 to 15%). Neurological symptoms 

* Both authors Milixza M Botacio and Maria F. Alves-Rosa contributed                         
   equally to the work.
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are also seen in a small proportion of patients 
(5%) (6).

To kill the parasite, CD can be treated 
with Benznidazole (BNZ) or Nifurtimox (NFX), 
both developed over 40 years ago. Both com-
pounds are currently the only drugs available for 
treating CD and remain as therapeutic options 
showing certain efficacy in the treatment of CD 
(7). While both, NFX and BNZ, are effective in 
treating the acute stages of infection, their effi-
cacy is limited in the chronic phase and varies 
by geographical location (3). 

Furthermore, the frequency of drug side 
effects is higher in older patients, further limiting 
their benefits. The treatment regimen with both 
compounds is long, and many adverse effects 
can occur, compromising the continuity of the 
treatment. Regarding the common adverse ef-
fects of BNZ, they include allergic dermatitis, 
nausea, vomiting, anorexia, weight loss, insom-
nia, and dose-dependent peripheral sensitive 
neuropathy, among others (8-10). Rare but se-
rious events include neuropathy and bone mar-
row depression.

In the absence of effective and less 
toxic chemotherapies against Chagas Disease, 
new, safer, and more efficient drugs are urgently 
needed against this disease.   

Nitroimidazoles are a well-known class 
of active compounds that have shown high ac-
tivity against T. cruzi (11). The incorporation of 
a nitro group into the imidazole ring has been 
widely studied, as in Benznidazole (N-ben-
zyl-2-(2-nitroimidazol-1-il)acetamide); on the 
other hand Benzimidazoles (BZ), that is, organ-
ic compounds that have a benzene ring linked 
to an imidazole ring in positions 4 and 5 have 
shown very interesting biological activities. BZ 
rings are considered good scaffolds for the de-
velopment of new promising candidates against 
Chagas disease. 

The structure of BZ is related to that of 
imidazole; however, taking into account their 
physicochemical properties, the former are 

weaker bases than the latter due to the ben-
zene ring that can help delocalize electrons 
from the imidazole nitrogen through a variety 
of resonance conformations. BZ derivatives as 
the 2-aminoBZ type represent a group of com-
pounds with interesting biological activity (12), 
and some of them are drugs of clinical uses as 
antifungal or anthelmintic properties (e.g. alben-
dazole) among others (Figure 1).

Figure 1. Structures of Benzimidazole (left), Al-
benzadole (center), and Benznidazole (right)

In lieu of the above, a number of new de-
rivatives of BZ were synthesized and screened 
against tropical human parasites, including Try-
panosoma cruzi. This report details the screen-
ing and characterization of the biological activity 
of one such derivative, BZ-97, against T. cruzi, 
the causative agent of Chagas Disease. 

Materials and Methods

Chemical compounds

Compound BZ-97 was used in a previ-
ous study describing their synthesis (13). The 
derivative was kept as a lyophilized product 
that, when ready to be used, was prepared in 
stock solutions (5 mM) in 100% dimethyl sulf-
oxide (DMSO; Sigma-Aldrich®). It was stored 
at 4 ºC until the day of the experiment when it 
was taken to the corresponding concentration in 
the plate by diluting it in culture media (13). In 
the study presented here, compound BZ-1 was 
tested against Trypanosoma cruzi parasites 
with the code BZ-97. 

Parasites and bioactivity assays

Intracellular antitrypanosomal bioas-
says were carried out on the recombinant Tula-
huen clone C4 lacZ of T. cruzi trypomastigotes 
(American Type Culture Collection (ATCC), 
Manassas, VA, USA), which expresses the 
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β-galactosidase enzyme as a reporter of viabil-
ity (14, 15). Vero cells (ATCC, Manassas, VA) 
were grown for 24 hours prior to performing 
the experiment. On the day of the experiment, 
cells were infected, and BZ-97 was dissolved 
in DMSO and added to the medium at a single 
dose of 10 μM for screening purposes (Fig. 2) 
or at 10, 2, 0.4, and 0.1 μM, for the determina-
tion of its IC50. Infected cells were incubated for 
fi ve days and maintained in RPMI-1640 at 37 oC 
under a 5% CO2 atmosphere with L-glutamine, 
4-(2-Hydroxyethyl)-piperazine-1-ethanesulfonic 
acid buff er, NaHCO3, 10% FBS and 1% peni-
cillin/streptomycin as supplements. To deter-
mine the anti-trypanosomal activity, chlorophe-
nol-red-β-D-galactopyranoside (Roche Applied 
Science) was used as the substrate of living 

parasites β-galactosidase, which was allowed 
to act for 4.5 h. Benznidazole was used as a 
positive control using 10, 1, and 0.1 μg/ml to de-
termine its IC50. Absorbance was measured at 
570 nm using a plate reader (Sinergy HT, BioTek 
Instruments Inc, Winooski, VT, USA). 

For epimastigote assays, the Y strain 
of T. cruzi, grown in LIT medium, was used, as 
it was chosen as the reference strain for drug 
discovery programs against Chagas Disease 
(15,16). Parasites at 5×106 epimastigotes/
mL were incubated at 28 °C in 96-well plates, 
adding the compound BZ-97 at the concentra-
tions described for the trypomastigote assays. 
Benznidazole and untreated parasites were 
used as positive and negative controls, respec-
tively. The antiparasitic activity was evaluated 

after 72 h of incubation using the MTT method.

Figure No.2 . Diagram of the screening proto-
col used for the analysis of active compounds 
against T. cruzi of the Tulahuen strain (clon C4 
lacZ) or Y.

Cytotoxicity determination

For cytotoxicity assays, Vero cells were 
cultivated in 96-well plates with RPMI-1640 me-
dium (Sigma- Aldrich, USA) supplemented with 
1% penicillin/streptomycin and 10% fetal bovine 
serum (FBS) (Gibco, Invitrogen, Carlsbad, CA, 
USA). Cells were allowed to adhere to the bot-
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tom of the flask for 24 h before incubating them 
with the compound for five days. DMSO, the 
vehicle for BZ-97, was used as a negative con-
trol. To obtain the IC50 of the drugs, BZ-97 was 
assayed at the same concentrations used in the 
anti-trypanosomal assay, and benznidazole was 
analyzed with 7 concentrations ranging from 500 
to 7.8 μg/ml (1,921 to 30 μM). After incubation, 
MTT (3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-di-phe-
nyl-tetra-zoliμM bromide) at 2.5 μg/ml was add-
ed to each well. Absorbance was determined 4 
h later at 570 nm, using a color plate reader, as 
described earlier by Mosmann et al, 1983 (16) 
and modified for T. cruzi by Muelas-Serrano et 
al, 2000 (17).

 All bioassays were performed in dupli-
cates and some in triplicates. The IC50 of Adria-
mycin, calculated from using 1, 10, and 100 nM 
concentrations, was used as a positive control 
for cytotoxicity assays.

Detection of reactive oxygen species 

Measurement of intracellular reac-
tive oxygen species (ROS) was evaluated 
through ROS-dependent 5-(and-6)-chlorometh-
yl-2′,7′-dichlorodihydrofluorescein diacetate 
(CM-H2DCFDA) (Molecular Probes®, Eugene 
OR, USA) oxidation. The amount of oxidized 
DCF indicates the level of intracellular ROS 
production. Briefly, 10x6 epimastigotes were 
cultured in a 96-well plate and incubated with 
LIT medium (control), (20 μM) BZ-97, or (40 μM) 
BNZ for 3h at 28°C h.  After that, parasites were 
loaded with CM-H2DCFDA (10 μM) and incu-
bated in the dark for 30 min at room tempera-
ture. Intracellular ROS production was detected 
in a fluorometer (Biotek Synergy HT). Excitation 
was performed at 495 nm, and fluorescence 
emission was detected at 530 nm.  200 μM Hy-
drogen peroxide (H2O2)-treated epimastigotes 
were used as a positive control. Untreated par-
asites were used as a negative control. Intra-
cellular ROS production was measured with a 
fluorometer. 

Mitochondrial membrane potential (ΔΨM) 
changes

Mitochondrial membrane potential 
(ΔΨM) changes were evaluated using 3,3′-di-
hexyloxacarbocyanine iodide (DiOC6), a lipo-
philic, permeable dye that emits green fluores-
cence and demonstrates selectivity towards the 
mitochondria of living cells when used at low 
concentrations (18). DiOC6 accumulates in the 
mitochondria proportionally to the ΔΨm values. 
The experiments were performed using 5x105 
epimastigotes cultured in a 96-well plate and 
incubated with LIT medium (control), 20 μM BZ-
97, or 40 μM BNZ for 3h, 6h and 9 h at 28°C. 
After that, cells were stained with 10 nM DiOC6 
and incubated in the dark for 20 min at 28°C h. 
After staining, the parasites were washed and 
suspended in 200 µl of phosphate-buffered sa-
line (PBS) and analyzed immediately by flow cy-
tometry. 5x105 epimastigotes were treated with 
50 μM CCCP, a compound known to disrupt 
mitochondrial membranes, acting as a positive 
control for depolarization of the mitochondrial 
membrane. 

Fluorescent microscopy

All epimastigote images were acquired 
after a drop of living parasites was placed on a 
clean glass slide, covered with a coverslip, and 
sealed. Epimastigotes were visualized with the 
appropriate lasers with an Olympus FV3000 
confocal microscope (Olympus Corporation, 
Osaka, Japan). A 100 X objective was used to 
obtain the images. 

Alkalinization of acidocalcisomes detection 
using acridine orange (AO)

Changes in the pH of the acidocalci-
somes of epimastigotes were monitored by AO 
staining, a weak base that accumulates in acid-
ic compartments. Its nonionized form dominates 
in neutral to alkaline environments, emitting 
green fluorescence and easily diffusing across 
membranes. In acidic environments, its ionized 
form prevails, emitting orange fluorescence and 
being membrane-impermeable (19). Thus, AO 
accumulation in acidic compartments can be 
detected as a bright green fluorescence (530 
nm) when excited by a 488 nm laser.  Thus, 
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5x105 epimastigotes cultured in a 96-well plate 
and incubated with LIT medium (control), 20 
μM BZ-97; 40 μM BNZ, 5 μM Mannitol, 20 μM 
BZ-97 plus 5 μM 5-[N-ethyl-N-isopropyl] ami-
loride (EIPA); 40 μM BNZ plus 5 μM EIPA, or 
1 μM Mannitol plus 5 μM EIPA for 3h at 28°C 
in 96-well plates. Subsequently, parasites were 
stained with 5 μM AO, which served as a probe 
for alkalinization and was then analyzed by fluo-
rometry using a BioTek Sinergy HT fluorometer 
using the Gen 5 software.  

In another set of experiments, 1x105 
epimastigotes were cultured in a 96-well plate 
and incubated with LIT medium (control) or 
20 μM BZ-97 for 24 h at 28°C. Parasites were 
stained with 5 μM OA for 20 minutes in the dark 
and washed twice with 200 μl of PBS.  A 488 nm 
laser was used to excite the stain. 

Alkalinization of acidocalcisomes de-
tection using LysoSensor™

The LysoSensor™ dye is an acidotrop-
ic probe that accumulates in acidic organelles 
due to protonation. This pH-dependent process 
also causes the fluorescence quenching of the 
dye by its weak base side chain to be released, 
leading to higher fluorescence intensity. Lyso-
Sensor staining was performed according to the 
protocol described by Albrecht et al, 2020 (20), 
with minor modifications. Briefly, 5x105 epimasti-
gotes were incubated with LIT medium (control), 
20 μM BZ-97,  40 μM BNZ, or 20 μM BZ-97 plus 
5 μM EIPA for 24 h at 28°C in 96 well plates. 
After this period of time, the medium containing 
the stimulus was carefully removed, and 1 μM 
LysoSensor was added with a freshly tempered 
LIT medium and incubated for 30 min at 28°C. 
Subsequently, epimastigotes were washed 3 
times with cold PBS (200 μl per wash), mount-
ed on slides, and sealed with a coverslip. The 
cell-associated green fluorescence (excited 
with a 488 nm laser) was analyzed in a fluores-
cent microscope. A comparative analysis of flu-
orescence intensity was done with the ImageJ 
software (NIH, USA).

Fluorescence microscopy image processing

Fluorescence microscopy images were 
processed and analyzed through the Image pro-
cessing free download software ImageJ 1.x de-
veloped by the National Institutes of Health and 
the Laboratory for Optical and Computational 
Instrumentation (LOCI, University of Wisconsin) 
(https://imagej.net/software/imagej).

The data were expressed as the fluo-
rescence intensity value of compound-treated 
epimastigotes (FI) over baseline (control, LIT 
medium-treated epimastigotes).

Propidium iodide (PI) staining

Cell membrane damage in epimastig-
otes can be assayed by quantifying the level of 
PI incorporated inside treated cells. Briefly, 10x6 
epimastigotes were cultured in a 96-well plate 
and incubated with LIT medium (control), 20 μM 
BZ-97 or 40 μM BNZ for 3 h at 28°C in 96-well 
plates. Cells were washed once with PBS, and 
parasites were then resuspended in PBS con-
taining 1 μM PI. Untreated parasites were used 
as the negative control.  As a positive control of 
cellular damage, epimastigotes were subjected 
to a high temperature 80 oC in a thermostatic 
bath for 30 min. Each sample’s mean fluores-
cence intensity (MFI) was determined using the 
535 nm laser of a ParteQ CyFlow cytometer 
(Germany). The experiment was repeated twice 
in quadruplicates.

Changes in cell viability through apoptosis 
or necrosis

Apoptosis/ necrosis cellular death was 
evaluated by flow cytometry using FITC-labeled 
Annexin V and red-fluorescent propidium iodide 
(PI) staining (Alexa Fluor™ 488 annexin V/Dead 
Cell Apoptosis Kit, from Invitrogen™). The as-
say was performed according to manufacturer 
instructions with minor modifications. Briefly, 5 x 
105 epimastigotes were treated with LIT medium 
(control), 20 μM BZ-97, 40 μM BNZ, or 1 μM 
staurosporine for 6 and 24 h at 28°C in 96-well 
plates. Then, the cells were rinsed once with LIT 
medium, gently resuspended in 100 μL Annex-
in V reagent, and incubated in the dark for 15 
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minutes at 28°C h. The reaction was stopped 
by adding 200 μL of 1X binding buff er, and cells 
were analyzed by fl ow cytometry within one hour 
for maximum signal. The mean fl uorescence in-
tensity (MFI) of FL2 (PI) and FL1 (Annexin V) of 
each sample was determined using the 535 nm 
laser of a fl ow cytometer. All experiments were 
repeated at least twice in quadruplicates.

Statistical analysis

All experiments were repeated at least 
twice in quadruplicates. Flow cytometry data 
are representative of three independent exper-
iments unless otherwise stated. Graphical and 
One-way ANOVA with Bonferroni’s post hoc sta-
tistical analysis were performed using Graph-
Pad Prism version 6.04 for Windows, GraphPad 
Software, (www.graphpad.com)

Results and Discussion

Anti-trypanosomal activity

During screening of possible antipara-
sitic compounds, BZ-97 performed well in the 
low micromolar levels against three parasites: 
Leishmania donovani, Trypanosoma cruzi, and 
Plasmodium falciparum. The best action was 
directed against T. cruzi, with sub micromolar 
values (Table I).

Table I. Eff ect of BZ-97 on intracellular human 
parasites

Given the results obtained in the BZ-97 
intracellular IC50 assays, we decided to further 
study this molecule’s eff ects against T. cruzi. A 
head-to-head anti-T. cruzi test was performed 
to evaluate the eff ect of this compound on the 
death of the epimastigotes, comparing it with 
benznidazole (BNZ), the reference compound. 

Both BZ-97 and BNZ seem to be less potent 
against epimastigotes than they were against 
intracellular forms of the parasite (Table II)

Table II. IC50 of compounds on T. cruzi epimas-
tigotes

Eff ect of BZ-97 on reactive oxygen species 
production

It is known that ROS production is a 
marker of alterations in the parasite’s homeo-
stasis caused by various factors, including pH 
fl uctuation, stress, hypoxia, and the presence of 
heme. The data depicted in Figure 3 show that 
epimastigotes treated with 20 μM BZ-97 for 3 
h do not diff er signifi cantly in ROS production 
from non-treated cells. On the contrary, 40 μM 
BNZ-treated epimastigotes show an 8-fold in-
crease in ROS synthesis compared with para-
sites not challenged with any external stimulus. 
The addition of 200 µM H2O2 serves the purpose 
of verifying the integrity of the reagents and an-
alytics used in this experiment.

Figure 3. Eff ect of BZ-97 on epimastigote ROS 
production. 

 T. cruzi epimastigotes were cultured in 
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the presence of LIT medium (control), 20 μM 
BZ-97, 40 µM BNZ, or 200 µM H2O2 for 3 h prior 
to detection of ROS production by flow cytome-
try. Samples were measured with four replicates 
in each of three independent experiments. MFI: 
Mean Fluorescence Intensity. One-way ANOVA 
and Bonferroni’s Multiple Comparison Test were 
used to measure significant variation compared 
to the untreated control at each time point; *** p 
<0.001; ns: not significant.

Effect of BZ-97 on mitochondrial transmem-
brane potential

Viable epimastigotes were treated with 
LIT medium (control), 20 μM BZ-97 or 40 μM 
BNZ for 3, 6 and 9 h and changes in the trans-

membrane potential were analyzed by flow cy-
tometry.  Results depicted in Figure 4 indicate 
that while BNZ induces a depolarization of the 
mitochondrial membrane, at 3 and 6 h, reflected 
by a decrease in the DiOC6 mean fluorescence 
intensity (MFI), BZ-97 does not exhibit signifi-
cant changes at the same time points. The ef-
fect of BNZ is reversed at 9 h, showing no signif-
icant differences in the DiOC6 MFI compared to 
either BZ-97 or untreated cells. In these exper-
iments, the low MFI exhibited by CCCP-treat-
ed epimastigotes, an inhibitor of mitochondrial 
oxidative phosphorylation, indicates complete 
and irreversible depolarization (CCCP-treated 
vs untreated epimastigotes MFI, *** p< 0.0001).

Figure 4. Effects of BZ-97 on the Mitochondrial Membrane Potential in T. cruzi epimastigotes. 

Epimastigotes from T. cruzi strain Y were incu-
bated with LIT medium (control), 20 μM BZ-97 
or 40 µM BNZ for 3, 6 and 9 h before evalu-
ating changes in mitochondrial membrane po-
larization by flow cytometry. 50 µM CCCP was 
used as the positive control. MFI: Mean Fluo-
rescence Intensity. One-way ANOVA and Bon-
ferroni’s Multiple Comparison Test were used. 

*** p <0.001; ns: no significant difference.

Effect of BZ-97 on the acidity of acidocalci-
somes

To evaluate the effect of BZ-97 treat-
ment on epimastigote acidocalcisomes, we 
further assessed changes in the acidity of this 
organelle caused by treatments for 3 h using 
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acridine orange (AO) staining. Fluctuations in 
the organelle’s proton (H+) content are refl ected 
by changes in the AO fl uorescence at 530 nm 
emission. 

Figure 5 shows that 20 μM BZ-97-treat-
ed epimastigotes exhibit a highly signifi cant in-
crease in AO absorbance, indicative of acido-
calcisome alkalinization; similar results were 
observed in 40 μM BNZ-treated cells. In addi-
tion, both compounds show no signifi cant diff er-
ences in their AO absorbance levels.

EIPA abrogates the eff ect of BZ-97 and 
BNZ on acidocalcisomes, resulting in absor-
bance values similar to those of control cells. 
Additionally, 5 µM Mannitol strongly induces ac-
idocalcisome alkalinization, and this eff ect is not 
prevented by EIPA. 

Figure 5. Eff ect of BZ-97 on acidocalcisomes of 
epimastigotes.  

T. cruzi epimastigotes were treated with 
LIT medium (control), 20 μM BZ-97, 40 µM BNZ 
or 5 µM Mannitol (positive alkalinization control) 
with or without 5 µM EIPA for 3 h. 5 µM OA was 
added to all groups, and their fl uorescence was 
analyzed by fl uorometry.  FI 530 nm = Fluores-
cence Intensity at 530 nm One-way ANOVA and 
Bonferroni’s Multiple Comparison Test were 
used. *** p <0.001; ns: no signifi cant diff erence.

Fluorescence microscopy (FM) of acidocal-
cisomes of BZ-97-treated epimastigotes

To verify if the observed eff ect of BZ-97 
on the alkalinization of acidocalcisomes persists 
over time, viable epimastigotes were grown at 
exponential phase and then treated with LIT 

medium (control), 20 µM BZ-97, 20 µM BZ-97 + 
5 µM EIPA or 40 µM BNZ for 24 h.

Results obtained from FM using Lyso-
SensorTM as an acidic organelle detector probe 
are depicted in Figure 6. In control epimastig-
otes, these organelles are visualized as clear-
ly defi ned green points with high fl uorescence 
intensity (Fig 6A). In contrast, acidocalcisomes 
from BZ-97- treated epimastigotes show spots 
with blurry boundaries and lower fl uorescence 
intensity, indicative of acidocalcisome alkalini-
zation (Fig 6B). 

BNZ treatment also induces chang-
es in the fl uorescence signal similar to BZ-97 
(Fig 6C), while incubation of epimastigotes with 
BZ-97 and EIPA (an inhibitor of primarily Sodi-
um-Hydrogen Exchangers (NHEs) abrogates 
the eff ect of BZ-97 (Fig 6D) showing well-de-
fi ned high fl uorescent intracellular spots. 

Figure 6. Fluorescence Microscopy of acidocal-
cisomes of BZ-97-treated epimastigotes using 
LysoSensor Green probe.  
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 Changes in the pH of acidic organelles 
of live epimastigotes of T. cruzi were assayed 
using the LysoSensor Green probe. Untreated 
epimastigotes (A), epimastigotes treated with 
20 μM BZ-97 (B), 20 μM BZ-97 + 5 µM EIPA (C), 
or 40 µM BNZ (D) incubated for 24 h are shown. 
Inset images have been subjected to digital pro-
cessing to enhance visualization of parasites. 
Brightness, exposure, and contrast adjustments 
were applied solely to improve clarity of these 
specifi c regions. All insets received identical 
image correction parameters to maintain con-
sistency. DIC: diff erential interference contrast. 
Pictures are representative of more than 15 
fi elds of one experiment.   

These results were also confi rmed us-
ing acridine orange (AO)-stained epimastigotes. 
AO is a fl uorescent dye that can selectively 
stain acidic organelles. Untreated epimastig-
otes exhibited discrete tiny spots throughout the 
parasite cytoplasm indicative of the presence of 
acidocalcisomes, and this feature is much less 
intense after BZ-97 treatment (Figure 7).

Figure 7. Fluorescence Microscopy (FM) of ac-
idocalcisomes of BZ-97-treated epimastigotes 
using acridine orange (AO) staining. 

 Changes in the pH of acidic organelles 
of live epimastigotes of T. cruzi were assayed 
using acridine orange (AO). Untreated epimas-
tigotes and epimastigotes treated with 20 µM 
BZ-97 for 24 h were subjected to 5 µM acridine 
orange (AO) staining. Pictures are representa-
tive of more than 15 fi elds of one experiment. 
Bar = 30 µm.

FM images were processed and ana-
lyzed through the Image processing software 
ImageJ 1.x Figure 8. Statistical analysis sup-
ports the conclusions driven from the FM assay. 

Figure 8. FM image processing analysis. 

 Epimastigotes of T. cruzi strain Y were 
treated with LIT medium (control), 20 µM BZ-97, 
20 µM BZ-97 + 5 µM EIPA or 40 µM BNZ for 
24 h and were assayed using the LysoSensor 
Green probe.  FM Image processing and analy-
sis was performed using ImageJ software. Each 
data is expressed as a FI over baseline (control, 
LIT medium- treated epimastigote). One-way 
ANOVA and Bonferroni’s Multiple Comparison 
Test were used. *** p <0.001; ns: no signifi cant 
diff erence.

Intracellular calcium mobilization induced 
by BZ-97

This study investigated the initial re-
sponse (fi rst few minutes) of T. cruzi epimastig-
otes to BZ-97, and compared it to the reference 
drug BNZ. The release of calcium ions into the 
cytoplasm, a key signaling event, was moni-
tored using the calcium-binding dye Cal-520 for 
a period of 2.5 h (Figure 9).

Figure 9. Cytosolic Calcium Changes.
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T. cruzi epimastigotes were incubated 
with either 20 μM BZ-97 or 40 μM BNZ. Acridine 
Orange (5 μM) was subsequently added before 
fl uorescence measurements were taken every 
60 seconds for the initial 50 minutes following 
treatment. Thereafter, readings were collected 
at less frequent intervals. The data presented 
represent fold-changes relative to the baseline.

  Both BZ-97 and BNZ induce a rapid 
rise in cytoplasmic calcium levels in T. cruzi epi-
mastigotes. While BZ-97 exhibits a faster initial 
increase compared to BNZ, this eff ect appears 
transient. Following the initial peak, the calci-
um levels induced by BZ-97 progressively de-
crease, reaching a similar level of that observed 
with BNZ for over the next 30 minutes. In par-
asites treated with BNZ, however, the levels of 
mobilized calcium continue augmenting until it 
is almost double that of control parasites at the 
fi nal measured time point.

Eff ect of early BZ-97 exposure on epimastig-
otes apoptosis induction.

Given that a signifi cant eff ect on acido-
calcisomes acidity is detected as soon as 3 h of 
BZ-97 treatment, we evaluated the eff ect of this 
compound on the induction of apoptosis at this 
time point. Apoptotic cells can be distinguished 
from necrotic cells using propidium iodide (PI), 
as PI can enter necrotic cells with damaged 
membranes.

Viable epimastigotes were treated with 
20 μM BZ-97 or 40 μM BNZ for 3 h prior to PI 
staining, and changes in their fl uorescence 
were assessed using fl ow cytometry. Figure 10 
shows no signifi cant diff erences between un-
treated and treated epimastigotes, indicating 
no signs of apoptosis as early as 3 hours af-
ter exposure to these compounds. Heating the 
parasites to 80oC, a very aggressive treatment 
for the membranes, shows a high fl uorescence 
increment (incorporation of PI).

Figure 10. Eff ect of early BZ-97 exposure on 
epimastigote apoptosis. 

 Epimastigotes of the Y strain of T. cruzi
were treated with 20 μM BZ-97, 40 µM BNZ for 
3 h, or submitted to heating at 80 oC for 30 min. 
PI was added to all groups, and their fl uores-
cence was analyzed using fl ow cytometry. MFI: 
Mean Fluorescence Intensity. One-way ANOVA 
and Bonferroni’s Multiple Comparison Test were 
used. ns:  not signifi cant. 

Eff ect of long-lasting exposure to BZ-97 on 
the induction of epimastigote apoptosis

In order to assess whether BZ-97 treat-
ment for 6 and 24 h induces changes in epimas-
tigote viability through apoptosis or necrosis, 
additional experiments were conducted using 
the Alexa Fluor® 488 Annexin V/Dead Cell 
Apoptosis assay. Cells were classifi ed accord-
ing to these conditions: Annexin V+/PI- (early 
apoptotic cells), Annexin V+/PI+ (Late apoptot-
ic/ necrotic cells), Annexin V-/PI- (Viable cells) 
and Annexin V-/PI+ (necrotic cells). 

Viable epimastigotes were treated with 
20 μM BZ-97, 40 µM BNZ or 1 µM staurosporine 
for 6 and 24 h and changes in PI uptake and 
Annexin V cell-associated fl uorescence were 
assessed using fl ow cytometry. 

Data obtained at 6 hours post-incuba-
tion indicates that staurosporine induces a mild 
but signifi cant shift towards Annexin V-/PI+ epi-
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mastigotes (necrotic cells) as follows: untreat-
ed (0.12% ± 0.02%), staurosporine (4.16% 
± 0.08%), BNZ (0.11% ± 0.05%), and BZ-97 
(0.17% ± 0.05%). Thus, staurosporine vs BZ-
97-treated, BNZ-treated, or untreated parasites 
show signifi cance (p < 0.001). BZ-97-treated, 
BNZ-treated, and untreated epimastigotes do 
not diff er signifi cantly from each other (ANO-
VA and Bonferroni’s Multiple Comparison Test). 
Figure 11 shows a representative 2D dot plot of 
FL1 (Annexin V) vs FL2 (PI) obtained from the 
fl ow cytometry analysis of epimastigotes sub-
jected to treatment. 

Figure 11. Changes in Fluorescence intensi-
ty on epimastigote population following 6 h of 
staurosporine, BNZ or BZ-97 treatment. 

Representative 2D scatter plots (FL1 vs 
FL2) obtained from fl ow cytometry analysis of T. 
cruzi epimastigotes strain Y treated for 6 h with 
culture medium (A), 1 µM staurosporine (B), 40 
µM BNZ (C) or 20 μM BZ-97 (D). Values in each 
quadrant represent the percentage (%) of para-
sites analyzed which fall on each one of them. 

Data obtained at 24 hours post-incuba-
tion show signifi cant diff erences in Annexin V-/
PI+ epimastigotes (necrotic cells) as follows: 
untreated (3.15% ± 1.51 %), staurosporine 
(50.36 ± 8.8 %), BNZ (2.793 ± 1.03 %), and BZ-

97 (11.43 ± 2.18 %). The diff erence between 
staurosporine and untreated cells is highly sig-
nifi cant (p < 0.001), whereas no signifi cant dif-
ferences were observed between BZ-97-treat-
ed, BNZ-treated or untreated cells (ANOVA and 
Bonferroni’s Multiple Comparison Test). See 
Figure 11 for a representative sample.

Annexin V+/PI+ epimastigotes (late 
apoptotic/necrotic cells) also show diff erences 
as follow: untreated (1.08% ± 0.66 %), stauros-
porine (11.48 ± 3.9 %), BNZ (4.17 ± 1.59 %), 
and BZ-97 (8.51 ± 0.8 %). For the comparison 
between staurosporine vs untreated parasites, 
the diff erence between staurosporine and the 
untreated trypanosomatids is highly signifi -
cant (p< 0.001), whereas no signifi cant diff er-
ences were observed between BZ-97-treated, 
BNZ-treated or untreated cells. staurosporine 
vs BZ-97 or BNZ did not show signifi cant diff er-
ences suggesting that both imidazoles exert a 
mild but signifi cant pro-apoptotic eff ect (ANOVA 
and Bonferroni’s Multiple Comparison Test). 

Figure 12 shows a representative 2D 
dot plot of FL1 (Annexin V) vs FL2 (PI) obtained 
from the fl ow cytometry analysis of epimastig-
otes treated for 24 h.

Figure 12. Changes in Fluorescence intensity 
on epimastigote population following 6h of stau-
rosporine, BNZ or BZ-97 treatment. 
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 Representative 2D scatter plots (FL1 
vs. FL2) obtained from flow cytometry analysis 
of T. cruzi epimastigotes treated with culture 
medium (A), 1 µM staurosporine (B), 40 µM 
BNZ (C), or 20 μM BZ-97 (D) for 24 h. Values in 
each quadrant represent the percentage (%) of 
parasites, from the total acquired, in each one of 
the quadrants.

Effect of treatments on epimastigote struc-
ture and morphology 

 Figure 13 depicts the results of flow cy-
tometry analysis, where epimastigotes exposed 
to various treatments are represented as a dot 
plot based on their fluorescence intensity in two 
channels (FL1: Annexin V, FL2: PI). Quadrant 
Q2 encompasses parasites positive for both An-
nexin V and PI (Annexin V+/PI+). Notably, stau-
rosporine and BZ-97 treatment resulted in the 
highest proportion of cells in Q2, suggesting a 
promotion of apoptosis.

We also assessed the impact of these 
compounds on parasite cellular complexity us-
ing flow cytometry, with FSC (forward scatter) 
and SSC (side scatter) serving as measures of 
cell size and granularity, respectively. 

After 6 h of treatment, epimastigotes 
treated with staurosporine exhibited signifi-
cant changes in parasite complexity. This was 
indicated by the appearance of a new cellu-

lar sub-population in the lower left quadrant, 
demonstrating notable differences in both size 
(FSC, forward scatter) and granularity (SSC, 
side scattering) compared to the control. Ex-
perimental epimastigotes create a new popu-
lation as follows: untreated (6.37 % ± 0.42 %), 
staurosporine- (29.87 ± 0.89 %), BNZ- (6.17 ± 
0.14 %), and BZ-97- treated (7.65 ± 0.67 %). 
The difference between staurosporine and BZ-
97-treated and BNZ-treated or untreated cells is 
highly significant (p<0.001), whereas no signifi-
cant differences were observed between BZ-97-
treated, BNZ-treated or untreated cells. (ANO-
VA and Bonferroni’s Multiple Comparison Test). 

After 24 h of treatment, the percentage 
of cells in the lower left quadrant increased dra-
matically in all groups, to finish as follows: un-
treated (31.7 ± 4.85 %), staurosporine (64.7 ± 
0.81%), BNZ (62.17 ± 10.2%), and BZ-97 (64.38 
± 0.63%). The difference between untreated epi-
mastigotes vs those treated with staurosporine, 
BZ-97 or BNZ is highly significant (p<0.001). 
No significant differences between treated cells 
were observed (ANOVA and Bonferroni’s Multi-
ple Comparison Test).

Figure 12 shows representative 2D 
scatter dot plots (FSC vs SSC) reflecting epi-
mastigote complexity after being subjected to 
treatment for 6 h and 24 h.

Figure 13. Changes in the complexity of the epimastigote population following BZ-97, BNZ, or stau-
rosporine treatment for 6 and 24 h.
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  Representative 2D scatter dot plots 
(FSC vs SSC) refl ecting epimastigote complex-
ity were obtained by fl ow cytometry data analy-
sis. Dot plots from T. cruzi epimastigotes treat-
ed with culture medium, 1 µM staurosporine, 40 
µM BNZ, or 20 μM BZ-97 for 6 h (Figures A, B, 
C, and D, respectively) and for 24 h (Figures 
E, F, G, and H, respectively) were divided into 
four quadrants (Q1-Q4). Q1 and Q2 represent 
the upper left and right quadrants, respectively, 
while Q3 and Q4 represent the lower left and 
right quadrants, respectively. This division was 
performed to evaluate the percentage of cells in 
each quadrant (A-F). 

Given the observed changes in the 
morphological complexity of epimastigotes in 
the SSC vs FSC Lower Left Quadrant after 24 
h of treatment, we proceeded to evaluate cell 
death parameters. After establishing the role of 
acidocalcisomes in BZ-97 treatment, we study 
the type of death the parasites were being driv-

en with its treatment, in this specifi c population.

The results are depicted in Figure 14 
and show that the treated epimastigote popula-
tion predominantly consisted of viable cells (An-
nexin V-/PI-) except when exposed to stauros-
porine, which signifi cantly reduced cell viability. 

Staurosporine treatment also led to a 
notable increase in the percentage of necrot-
ic cells (Annexin V-/PI+), whereas BZ-97 or 
BNZ did not markedly aff ect this form of cell 
death. Regarding the late apoptotic/necrotic 
cell population, approximately 10% of stauros-
porine-treated epimastigotes underwent this 
type of cell death. BZ-97 exhibited a mild eff ect, 
showing no signifi cant diff erences from BNZ. 
Additionally, while the percentage of early apop-
totic cells was generally low, it was higher in the 
group treated with BZ-97 compared to the other 
treatments.

Figure 14. Morphology changes after drug treatment. 
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  Epimastigotes were treated with 1 μM 
staurosporine, 40 μM BNZ or 20 μM BZ-97. Af-
ter 24 h of incubation they were stained with 
Annexin V and Propidium Iodide and analyzed 
by flow cytometry with the use of quadrants: An-
nexin V+/PI− (early apoptotic parasites): V+/PI+ 
(late apoptotic or necrotic parasites);: Annexin 
V−/PI− (viable parasites); Annexin V-/PI+ (ne-
crotic parasites). * p< 0.05, *** p< 0.001. One-
way ANOVA and Bonferroni’s Multiple Compari-
son Test were used. ns:  not significant. 

Discussion

Chagas disease (CD), caused by the 
hemoflagellate Trypanosoma cruzi parasite, 
is a neglected tropical disease endemic to the 
Americas, affecting over six million individuals 
(21) (CDC, 2022). While originally confined to 
this region, migration and environmental chang-
es have propelled CD to a global public health 
concern (22).

Despite continuous exploration of new 
treatment possibilities (23), only nitrofurans like 
nifurtimox (NFX) and the 2-nitroimidazole de-
rivative benznidazole (BNZ), discovered in the 
early 1960s, remain the mainstay of therapy 
(22). 

Following a 2010 stakeholders’ summit 
in Rio de Janeiro, Brazil, researchers estab-
lished criteria for further evaluation of Chagas 
disease drug candidates. These criteria includ-
ed having an IC50 (concentration inhibiting 
50% of parasite growth) equal to or lower than 
BNZ and a selectivity index (ratio of cytotoxic-
ity to antiparasitic activity) above 10 (16). The 
benzimidazole derivative BZ-97 fulfilled both 
criteria in the antiparasitic intracellular assays, 
warranting further investigations into the com-
pound’s mechanism of action against T. cru
zi.                                                                                                                                           

Given the well-documented association 
between various drug treatments and the induc-
tion of reactive oxygen species (ROS) synthesis 
as a result of oxidative stress, we first examined 
the effects of BZ-97 on ROS generation within 

its target. In fact, ROS production is a marker 
of alterations in the parasite’s homeostasis, 
i.e., anti- T. cruzi treatments (24), hypoxia (25), 
heme presence as a consequence of heme re-
lease during blood digestion (26, 27), starvation 
and pH stress (28). Elevated ROS production 
triggers metabolic adaptations in T. cruzi. For 
instance, hypoxia reduces mitochondrial func-
tion and energy production, leading to a further 
increase in ROS (29). Reactive species, thus, 
can act as a double-edged sword. Studies have 
demonstrated its diverse effects on the para-
site: triggering self-cleaning (autophagy), pro-
grammed cell death (apoptosis), or even pro-
liferation (28). Interestingly, when ROS signals 
proliferation, the parasite’s ability to transform 
into its infective form (metacyclogenesis) is si-
multaneously suppressed (25).

Our findings indicate that, unlike BNZ, 
treatment with BZ-97 for 3 hours does not sig-
nificantly alter the levels of ROS or the mito-
chondrial membrane potential in T. cruzi epi-
mastigotes. This suggests that BZ-97 does not 
substantially disrupt the mitochondrial electron 
transport chain, a known source of ROS gener-
ation. In contrast, BNZ treatment rapidly induc-
es a significant increase in ROS production and 
alters the mitochondrial membrane potential 
within 3 hours. These observations suggest dis-
tinct mechanisms of action for these structurally 
similar imidazole derivatives.

Acidocalcisomes are small, mostly 
spherical, acidic organelles with an average di-
ameter ranging from 0.2 to 0.6 μm (30). These 
organelles have several functions including 
cation and phosphorus storage (31), autopha-
gy, osmoregulation (32), pH homeostasis, and 
pathogenesis (33). Recent studies have estab-
lished the role of these organelles not only in 
phosphate utilization and calcium ion signaling 
but also on bioenergetics (32) (Docampo et al, 
2022). In fact, being the main intracellular reser-
voir of calcium and phosphate, acidocalcisomes 
can contribute to signaling in specific processes 
like pH, homeostasis, and other metabolic pro-
cesses (32,34,35).  It is well known that Ca2+ 
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in the acidocalcisome is bound to a polyanionic 
matrix of poly P, and can be released after alka-
linization of the organelle. This pivotal role un-
derscores their importance in cellular function.

Our data indicate that BZ-97 is able to 
induce acidocalcisome alkalinization in a similar 
way as BNZ, which was previously reported as 
deprotonating the organelle (36).  As a control 
in our experiments, epimastigotes were also 
subjected to hyperosmotic stress induced by 5 
µM Mannitol, leading to alkalinization of acidic 
vacuoles via a Na+/H+ exchanger (NHE). The 
BZ-97 and BNZ effects were both blocked by 5‐
(N‐ethyl‐N‐isopropyl)amiloride (EIPA), an NHE 
inhibitor, demonstrating  the involvement of this 
pump in the effects caused by the imidazole de-
rivatives. 

Differently, the effect of Mannitol was 
only partially reversed by EIPA. It is important 
to note that these latter results are not in agree-
ment with those reported by Usorach et al, 2021 
(37).

After establishing the role of acidocalci-
somes in BZ-97 treatment, we investigated the 
type of death the parasites were being driven 
with its treatment. Thus, we used the combina-
tion of Annexin V binding and PI uptake, as it 
is one of the most commonly used assays to 
measure apoptosis (38). The technique uses 
double staining with Annexin V, which binds to 
phosphatidylserine when exposed to the out-
side of the cytoplasmic membrane as a sign of 
apoptosis, and PI, since this dye can enter ne-
crotic cells but not early apoptotic cells.

Epimastigotes were analyzed for PI 
uptake and Annexin V cell-associated fluores-
cence by flow cytometry at 6 and 24 h. Stauros-
porine, a protein kinase inhibitor often used to 
induce apoptosis, was used as a positive control 
for this process. The use of quadrants helped 
divide the parasites studied into four possible 
combinations: Annexin V+/PI- (early apoptotic), 
Annexin V+/PI+ (late apoptotic), Annexin V-/PI- 
(viable), Annexin V-/PI+ (necrotic).

 Data obtained at 6 hours post-incuba-
tion with all drugs indicates that only staurospo-
rine induces a mild but significant shift towards 
Annexin V-/PI+ epimastigotes indicating that 
some necrosis is taking place, only with that 
treatment.

When analyzing the results of the An-
nexin V+/PI+ epimastigotes (late apoptotic/
necrotic cells) at t= 6 h, BNZ-treated parasites 
show very little apoptosis induction. As for BZ-
97, even though the difference is not significant, 
it already seems to induce more apoptosis than 
BNZ, once again suggesting a different route 
of action for both molecules when acting on T. 
cruzi epimastigotes. 

Staurosporine, used as a positive con-
trol, demonstrated the highest percentage of 
Annexin V+/PI+ cells, highlighting its significant 
pro-apoptotic effect. Both BZ-97 and BNZ also 
increased the proportion of Annexin V+/PI+ but 
to a lesser extent, compared to the untreated 
control. Furthermore, no significant differences 
were observed between BZ-97 and BNZ treat-
ments, indicating that both imidazoles induce a 
moderate but comparable increase in late-stage 
apoptosis. It is worth considering several factors 
that must be taken into account when monitor-
ing the detection of apoptotic markers: (i) Para-
site life cycle: T. cruzi cell cycle extends beyond 
24 hours. The peak apoptotic response induced 
by BZ-97 and BNZ might occur after this time-
frame. (ii) Atypical PS translocation: Imidazoles 
like BZ-97 and BNZ could potentially trigger al-
ternative apoptotic pathways that do not involve 
substantial phosphatidylserine (PS) exposure 
on the cell surface. (iii) Limitations of the as-
say: As demonstrated by Menna-Barreto et al. 
(2009), Annexin V/PI staining might not always 
be sensitive enough to detect apoptosis in T. 
cruzi epimastigotes, even when other apoptotic 
markers are present.

 The lack of a strong phosphatidylserine 
(PS) signal in this study does not necessarily 
exclude apoptosis as a cell death mechanism. 
In this context, the more detailed information 
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provided by flow cytometry analysis is worth an-
alyzing, as described below.

Flow cytometry analysis was done to 
analyze the parasite cellular complexity using 
epimastigotes exposed to various treatments 
which were represented as dot plots where 
FSC (forward scatter) and SSC (side scatter) 
served as measures of cell size and granularity, 
respectively. After 6 h of treatment, epimastig-
otes treated with staurosporine showed signif-
icant changes in parasite complexity. This was 
evidenced by the emergence of a new cellular 
subpopulation in the lower-left quadrant, char-
acterized by noticeable differences in both size 
(FSC, forward scatter) and granularity (SSC, 
side scattering) compared to the control. Exper-
imental epimastigotes fell into a new population 
where the staurosporine-treated epimastigotes 
formed the majority of them, with a minor and al-
most equal representation from the other three 
groups. The difference between staurosporine 
and BZ-97-treated, BNZ-treated, and untreated 
cells is highly significant (p<0.001), whereas no 
significant differences were observed between 
the latter three groups. By t=24 h, however, the 
shift to the lower left quadrant is notorious. This 
suggests that the treatments’ effects have im-
pacted the morphology of the parasites, making 
them smaller and/or less complex.

Further analysis of the cells in this 
quadrant using FL1 (Annexin V) and FL2 (PI) 
revealed that approximately 80% of the BZ-
97- or BNZ-treated population exhibited mor-
phological changes while remaining viable. 
This suggests that these drugs primarily induce 
structural alterations without immediately caus-
ing cell death. The precise mechanism under-
lying these morphological changes in BZ-97-
treated cells remains unclear and cannot be 
definitively determined based solely on the cur-
rent experiments presented here. While micro-
scopic observations also revealed altered para-
site shapes, further investigation is required to 
elucidate the specific pathways involved.

In addition, the increase of untreated 
epimastigotes in Q3 indicates that around 30% 
of the epimastigotes die as a result of an effect 
not attributable to these compounds.

Our findings suggest that while BZ-
97 shares various mechanisms of action with 
BNZ, it likely targets distinct cellular processes, 
leading to divergent effects. This is supported 
by the lack of significant ROS production and 
the minimal disruption of mitochondrial function 
observed upon BZ-97 treatment, as discussed 
below. 

Only BNZ appears to alter mitochon-
drial oxidative phosphorylation, as evidenced 
by the increased production of reactive oxygen 
species observed in parasites stimulated by this 
compound. On the other hand, both BZ-97 and 
BNZ induce a clear effect on the alkalinization 
of acidocalcisomes. This is confirmed by studies 
using acridine orange and LysoSensor, the lat-
ter being a probe capable of interacting with the 
parasite’s acidic compartments.

BZ-97 would deliver a pro-apoptotic 
effect, rather than a necrotic one, on epimas-
tigotes subjected to its treatment. This effect 
becomes evident after 24 hours of treatment, 
providing an indication of when the treatment’s 
effect becomes apparent, despite indications 
that BZ-97, like BNZ, begins to exert effects on 
the parasite’s physiology in the early stages (3 
or 6 h) of treatment. This observation is a rele-
vant issue for it would mean that this compound 
is capable of causing death on the parasite with-
out giving rise to inflammatory processes that 
result from necrosis.

It is worth noting that in microscopy 
studies, epimastigotes treated with BZ-97 ex-
perienced morphological changes, appear-
ing more “stout” with rounder, less elongated 
bodies (data not shown). This morphological 
change is reflected in flow cytometry studies on 
cellular complexity. There, it is observed that at 
24 hours, cellular subpopulations of smaller size 
and lower granularity appear. These changes 
are not necessarily accompanied by a decrease 
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in cell viability, as Annexin V/PI studies on these 
cells indicate that the majority of cells are viable, 
with only a small percentage undergoing early 
apoptosis (around 4%) and even fewer under-
going late apoptosis/necrosis (less than 10%). 
Similar results are observed with BNZ, with both 
being significantly different from those obtained 
from epimastigotes treated with staurosporine.

It is worth noticing that all the effects ob-
served with BZ-97 occur at a dose twice as low 
as that of BNZ. The fact that this compound can 
exert a similar effect to one of the treatments 
considered the gold standard to tackle Chagas 
Disease deserves further investigation and con-
sideration as a potential therapeutic option for 
the future.
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Abstract:

Vibrio parahaemolyticus is a gram-neg-
ative, halophilic marine pathogen that is the ma-
jor cause of infections and death in aquaculture. 
Consumption of undercooked or raw infected 
seafood causes gastroenteritis in humans. Be-
cause of this rapid rise in the number of cases 
of vibriosis in fish and Acute hepatopancreatic 
necrosis disease (AHPND) in crustaceans, the 
dependence on antibiotics has been on the rise, 
leading to the occurrence of more antibiotic-re-
sistant bacterial strains. Endolysin, a lysin de-
rived from bacteriophage is a great alternative to 
antibiotics. The fact that both endolysins and the 
bacteriophage are both species-specific, makes 
them even better replacement to antibiotics. In 
this study, the endolysin Lysqdvp001 which has 
been shown to be effective against Vibrio para-
haemolyticus, is expressed and purified from E. 
coli. Further, endolysin Lysqdvp001 is also ex-
pressed in Dunaliella salina, a microalgae that 
is a cheap, easy to culture protein expression 
system. Dunaliella salina has many nutritional 
benefits because of the high concentration of 
β-carotene. Both the purified Lysqdvp001 and 
the Dunaliella salina expressed Lysqdvp001 are 
shown to have good antimicrobial properties 
against Vibrio parahaemolyticus. 

Keywords: Endolysin, Vibrio parahaemolyti-
cus, Dunaliella salina, Lysqdvp001, Vibriosis. 

Introduction

 Aquaculture is one of the most rapid-
ly growing industries which is a major source 
of aquatic- based food. However, due to the 
increase in aquaculture worldwide, diseases 
affecting aquatic species have also been in-
creasing. The most prevalent and notorious one 
being the bacterial diseases caused mainly by 
bacteria belonging to the Vibrio species (1,2).

 Vibrio parahaemolyticus is a halophilic, 
gram-negative bacteria that is mainly found in 
warm marine conditions. It is one of the leading 
causes of all aquatic-related infections and also 
infects human beings when raw or uncooked 
seafood is consumed. Vibrio parahaemolyticus 
is known to infect both fishes (causing vibriosis) 
and crustaceans (causing acute hepatopancre-
atic necrosis disease) (3). Like most bacterial 
infections, vibriosis too was traditionally com-
batted using antibiotics. But the over use of an-
tibiotics has led to the development of antibiotic 
resistant bacteria that poses a danger to both 
aquatic and human health (4). This increase in 
antibiotic resistant bacteria has led to an urgent 
need for alternative ways to fight off such bac-
terial infections such as using plant extracts (5) 
and various other methods (6). One such strat-
egy is using either bacteriophages or its deriva-
tive lysins such as endolysins, which are known 
to be effective against specific bacteria.
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 Bacteriophages and endolysins are 
already being used as effective control agents 
against many bacterial diseases (7,8). One 
such bacteriophage is qdvp001, which is specif-
ic against the bacteria Vibrio parahaemolyticus. 
The main endolysin derived from this phage is 
called Lysqdvp001 which has been character-
ized and is known to have strong lytic activity 
against Vibrio parahaemolyticus (9). Vibrio par-
ahaemolyticus has a thick peptidoglycan outer 
membrane that make it difficult for endolysins 
to act effectively from outside, to counteract this 
(10) suggested adding cationic amino acids to 
the endolysins. In order to increase the sustain-
ability and for easier administration of endolysin 
a proper expression system is required. One 
such system is the microalgae Dunaliella salina. 
It is a green unicellular, halophilic microalgae 
that thrives in salty waters like salt water lakes 
and many marine habitats. While many micro 
and macroalgae are already used for the control 
of various pathogens, the concept of express-
ing a protein in algae itself is a fairly new idea 
(11). Dunaliella is widely studied for its potential 
use in food and cosmetic industry because of its 
ability to produce high levels of beta carotene 
and antioxidant properties (12). Dunaliella is 
also known to be easy to cultivate and combin-
ing with its nutritional benefits, makes it a novel 
and effective platform for recombinant protein 
expression (13,14).

 The current study compares the differ-
ence in efficiency between pure Lysqdvp001 
and the Lysqdvp001 expressed in Dunaliella 
salina against Vibrio parahaemolyticus. For this 
purpose, Lysqdvp001 was first expressed in 
Escherichia coli BL21 DE3 and purified. It was 
then expressed in Dunaliella salina by using 
the vector pMDC45. Our biochemical results 
showed that Dunaliella salina expressed endo-
lysin, Lysqdvp001 exhibit antimicrobial proper-
ties which is comparable to the E. coli purified 
endolysin. 

Materials and Methods

Strains, gene and vectors

Vibrio parahaemolyticus ATCC 17802 
was purchased from American type culture col-
lection. The lyophilized culture was stored in 
-80℃ deep freezer until further use. The culture 
was revived in a Mueller Hinton broth containing 
3% NaCl and was allowed to grow overnight at 
37℃. E. coli BL21 DE3 competent cells were 
purchased from TAKARA which were used for 
expression of the endolysin Lysqdvp001 and 
stored in -80℃ deep freezer. The gene se-
quence for the endolysin gene (ORF 60) was 
retrieved from Genbank-NCBI and the synthe-
sized gene was obtained from Macrogen, Ko-
rea. 

Dunaliella salina was obtained from 
ICAR-CIBA. Filtered seawater supplement-
ed with Walnes/Conway medium, thiamin HCl 
(0.1µg/100ml) and cyanocobalamin (0.1µg/ 
100ml) was used as a growth medium. The 
cells were grown at 25℃ with 12 hour lights on/
off cycle in a static condition.pET-28a was used 
for expression in E.coli BL21. pENTR/D-TO-
PO vector (Thermofisher scientific, USA) was 
used as an entry vector for Gateway cloning. 
pMDC45 which has a CaMV35s promoter was 
used as a destination vector. 

Cloning, expression and purification of ly-
sqdvp001

The ORF60 gene was amplified using 
gene- specific primers that were obtained Xetra 
biosolutions, Coimbatore, India:

The underlined portions denote the 
BamH1 and Xho1 restriction sites. A 7 cationic 
amino acid sequence was added to the reverse 
primer (highlighted region in Table1). The am-
plified gene was cloned between the BamH1 
and Xho1 sites of the plasmid pET -28a+. The 
gene containing plasmid was then transformed 
into E.coli BL21 DE3 competent cells using heat 
shock method and was grown in Luria Bertani 
broth containing 100µg/ml kanamycin. Once 
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the broth reaches 0.4-0.6 OD (log phase) at 
600nm, isopropyl-β-D-1-thiogalactopyranoside 
(IPTG) was added to make a final concentra-
tion of 500µM to induce the expression of the 
endolysin Lysqdvp001. After addition of IPTG, 
the cells were incubated at 16℃ overnight at 
150rpm. The overnight culture was centrifuged 
and the pellet was resuspended in phosphate 
buffered saline (PBS). The cells were then dis-
rupted by ultrasonication and the endolysin was 
purified by using the His60 Ni gravity columns 
(TAKARA, China) according to manufactur-
er’s instructions. The purified protein was then 
stored in -80℃ deep freezer. The concentration 
of the purified endolysin was determined by us-
ing Bradford’s assay (15). SDS-PAGE was run 
to verify the presence and size of the endolysin 

Lysqdvp001. 

Cloning and expression of protein in 
Dunaliella salina

The endolysin gene ORF60 was ampli-
fied using gene-specific primer, but the forward 
primer has the sequence CACC at the 5’ end 
to ensure that the PCR product is inserted into 
the topo vector in the right orientation. The pEN-
TR-D-TOPO cloning kit (Thermofischer scientif-
ic) helps in inserting the PCR amplified ORF60 
gene into the TOPO vector that acts as an entry 
vector for the gateway cloning process(16). To 
confirm that the ORF60 gene has been cloned 
into the TOPO vector in the correct orientation, 
M13 forward and reverse primers are used 
along with the gene specific primers. 

Table 1: Gene-specific primers for the ORF60 gene. The underlined portions are restrictions corre-
sponding to BamH1 and Xho1 in forward and reverse primers respectively. The highlighted region 
is a 7 cationic amino acid
Forward 
primer

5’- CGGGATCCAATGACTTTAATTCGTAAGGGTAGTCG -3’

Reverse 
primer

5’-CCGCTCGAGGCGCATGCGCAGGGGCGAAGATGAAGACGAATTAAGCTTCG

TTATTACTAGTTACATCTGA -3’

Table 2: Primers used for orientation confirmation of ORF60 gene in TOPO vector. 

M13 for-
ward:

Gene spe-
cific re-
verse:

5´-GTAAAACGACGGCCAG-3´

5’CCGCTCGAGGCGCATGCGCAGGGGCGAAGATGAAGACGAATTAAGCTTCGT

TATTACTAGTTACATCTGA -3’

Gene spe-
cific for-
ward:

M13 re-
verse:

5’- CGGGATCCAATGACTTTAATTCGTAAGGGTAGTCG -3’

5´-CAGGAAACAGCTATGAC-3´

The plant vector pMDC45 is used as the desti-
nation vector and by using the LR clonase en-
zyme (INVITROGEN, USA), the endolysin gene 
ORF60 is transferred from the entry TOPO vec-
tor to the destination pMDC45 vector by incu-
bating the said mixture at 25℃ for 1 hour. The 
pMDC45 plasmid with the ORF60 gene is then 
transformed into pre-prepared electrocompe-

tent Dunaliella salina cells which were prepared 
according to the published protocol and grown 
in the medium containing hygromycin (50µg/ml) 
at 25℃ for 15 days. To confirm the presence of 
the ORF60 gene, the genomic DNA was isolat-
ed by using the CTAB method (17). PCR using 
gene-specific primers were done to confirm the 
presence of ORF60 gene in the transformed D. 
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salina cells. The Dunaliella salina cells are then 
centrifuged and the pellet is resuspended in 
PBS for ultra sonification and extraction of pro-
tein. SDS-PAGE was run to determine the pres-
ence of the expressed Lysqdvp001 endolysin.

Turbidity reduction assay

Turbidity reduction assay was carried 
out for both purified Lysqdvp001 and Dunaliella 
salina expressed Lysqdvp00. An overnight cul-
ture of Vibrio parahaemolyticus was grown at 
37℃ at 150rpm. The overnight culture was cen-
trifuged and the pellet was treated with EDTA for 
5 minutes, then washed with water and stored 
in a freezer. This treated pellet was suspended 
in a tris-HCl, pH 8.2 buffer. To 100µl of cell sus-
pension, equal volumes of samples were add-
ed. Tris buffer was used as a negative control, 
lysosyme was used as a positive control, 1mg/
ml of purified Lysqdvp001 and 100µl of algal ex-
pressed protein extract were used. The OD was 
measured at 450nm (18) for every 5 minutes for 
a total of 30 minutes.

 Zone of inhibition

The inhibition zones of both the puri-
fied Lysqdvp001 and the algal expressed Ly-
sqdvp001 were carried out according to (10)
Lysqdvp001-5aa, Lysqdvp001-10aa and Ly-
sqdvp001-15aa, were designed based on lysin 
Lysqdvp001 from Vibrio parahaemolyticus (V. 
parahaemolyticus. Vibrio parahaemolyticus was 
cultivated at 37℃ overnight at 150 rpm. Sterile 
oxford cups were used to punch even holes on 
MH agar. Buffer was used as negative control, 
gentamicin (50µg/ml) was used as positive con-
trol (19) 1 mg/ml of purified Lysqdvp001, algal 
expressed lysqdvp001 and protein extract of 
wild type Dunaliella salina with no recombinant 
protein was added as control. The plates were 
then incubated at 37℃ for 24hours. 

Antibacterial activity against Vibrio parahae-
molyticus

The efficiency of both the purified pro-
tein and the algal-expressed protein was an-

alysed by measuring the minimum inhibitory 
concentration (MIC) and minimum bactericidal 
concentration (MBC), both of which were done 
by broth microdilution. Vibrio parahaemolyticus 
was inoculated in its growth medium and incu-
bated at 37℃ overnight at 150rpm. In a ratio 
of 1:200, the overnight culture was mixed with 
the growth medium containing negative control 
(buffer), positive control (gentamicin) (19)which 
is an important pathogen in aquatic animals 
worldwide, the antimicrobial activity of CS-GT 
and the effects of a CS-GT dose on the intes-
tine histopathology and intestinal flora of V. par-
ahaemolyticus-infected shrimps were explored. 
The results showed that CS-GT possessed 
broad-spectrum antibacterial activity, with min-
imum inhibitory concentration (MIC, algae ex-
pressed Lysqdvp001 and purified Lysqdvp001 
in a 96 well microassay plate. Gentamicin was 
used from a concentration of 200-0.40µg/ml. 
Lysqdvp001 was used from a concentration of 
2000-2µg/ml, the extracted algal protein was 
added serially. Since the Dunaliella salina ex-
pressed Lysqdvp001was a crude extract, the 
crude extract with the Lysqdvp001 was used to 
see MIC and MBC. Dunaliella salina expressed 
Lysqdvp001 was used in concentrations of 5 %( 
v/v) - 0.15 %( v/v).  It was incubated at 37℃ for 
24 hours and then the plates were read using a 
microtiter plate reader at 660nm. 100µl of these 
were then inoculated onto MH agar plates and 
incubated at 37℃ for 24 hours.

Results and Discussion

Synthesis, expression and purification of ly-
sqdvp001

The 0.7 kb ORF60 gene which encodes 
the endolysin Lysqdvp001 was synthesised and 
was inserted into the vector pET 28a and trans-
formed into E.coli DH5α. The presence of the 
ORF60 gene in E.coli was confirmed by PCR 
using the gene-specific primers. Fig 1A shows 
the presence of the desired gene fragment in 
pET-28a vector. This pET-28a vector contain-
ing the ORF60 gene was then transformed into 
E.coli BL21 DE3 cells for protein expression. 
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IPTG was used for protein induction. The ex-
pressed protein was purifi ed using a His60 Ni 
gravity columns. SDS-PAGE shows the pres-
ence of Lysqdvp001 in both crude as well as 
purifi ed sample as shown in Fig 1B. Upon doing 
Bradford’s assay, the concentration of the puri-
fi ed endolysin Lysqdvp001 was calculated to be 
27.3mg/ml. 

Fig 2: A- Orientation confi rmation of ORF60 in 
TOPO using M13 primers using PCR. L1 is PCR 
product of M13 forward with gene specifi c re-
verse primer, L2 is gene specifi c forward and 
M13 reverse primer, L3 is a 500bp ladder, L4 
is the positive control where the synthesised 
gene was used as template. B- PCR confi rma-
tion after ORF60 gene was was inserted into 
pMDC45 plasmid, L1 is 500bp ladder, L2 L3 
L4 show positive bands. C- PCR confi rmation 
of presence of ORF60 gene in genomic DNA 
of transformed Dunaliella salina. L1 is 500bp 
ladder, L2 and L3 show no bands, L4 shows 
presence of ORF60 gene in the genomic DNA 
of transformed Dunaliella salina. D- SDS-PAGE 
of extracted protein from Dunaliella salina, L1 is 
a medium ranged protein ladder, L2 is the crude 
protein extract from transformed Dunaliella sali-
na which shows the expected band at ~26kDa, 
L3 is the crude protein extract from wild type 
Dunaliella salina                               

Turbidity reduction assay

The OD of the EDTA treated Vibrio para-
haemolyticus cells with added controls, purifi ed 
Lysqdvp001 and algal expressed Lysqdvp001 
were measured at 450nm. Fig 3 shows the lytic 
activity of both the purifi ed Lysqdvp001 and the 

A B
Fig 1: A- PCR confi rmation for the presence 
of the ORF60 gene after inserting in pET-28a 
plasmid. L1 and L3 shows bands at ~700bp 
(The size of the ORF60 gene is 711bp). L2 is a 
500bp ladder. B- is the SDS-PAGE where L1 is 
the crude protein from a non transformed E.coli
BL21, L2 is the crude protein with Lysqdvp001 
which shows the expected prtein size of  26kDa, 
L3 is the purifi ed protein and L4 is the medium 
ranged protein ladder.      

Cloning and expression of lysqdvp001 in 
Dunaliella salina:

In order to express the ORF60 gene in 
Dunaliella salina, the gene fragment was cloned 
into TOPO vector which acts as the entry vector 
for Gateway cloning. The orientation of the gene 
in TOPO vector is confi rmed by using the M13 
primers as shown in Fig 2A. With the help of LR 
clonase, the ORF60 gene was then transferred 
into the destination vector pMDC45 through ho-
mologues recombination. This was confi rmed 
by PCR as shown in Fig 2B. The pMDC45 with 
ORF60 was introduced into Dunaliella salina
through electroporation. The genomic DNA was 
isolated and PCR was carried out to identify the 
presence of transgene (ORF60 gene) in the 
Dunaliella genome (Fig 2C).
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algal expressed Lysqdvp001were signifi cant. 
This was similar to the results of the positive 
control, Lysosyme.

Fig 3: The graph shows the lytic activity of both 
Lysqdvp001 and Dunaliella salina expressed 
Lysqdvp001 against EDTA treated Vibrio para-
haemolyticus. The lytic activity was measured 
for 30 minutes at 25℃. 

Zone of inhibition

The antimicrobial activities of both pu-
rifi ed Lysqdvp001 and Dunaliella salina ex-
pressed Lysqdvp001 were evaluated by mea-
suring the zone of inhibition. As shown in Fig 
4 both purifi ed endolysin and algal expressed 
endolysin, both showed signifi cant lytic activity. 
Their zones of inhibition were similar to the zone 
of inhibition of the positive control gentamicin. 

Fig 4: A- shows the zone of inhibition of G-gen-
tamicin, P-purifi ed protein and C- control(wa-
ter). B- Zone of inhibition of AP- Dunaliella ex-
pressed Lysqdvp001, P- purifi ed Lysqdvp001, 
A- wild type Dunaliella salina extract , C- control

Anti-microbial activity against Vibrio para-
haemolyticus (MIC and MBC)

MIC and MBC were measure to cal-
culate the antibacterial activity of both purifi ed 
Lysqdvp001 and algal expressed Lysqdvp001. 
The minimum concentration at which no growth 
of new cells were found is known as the mini-
mum inhibitory concentration. The MIC for pu-
rifi ed Lysqdvp001 was 0.25mg/ml and when 
these were plated, the minimum concentration 
at which no colonies are formed is called the 

Table 3: Shows the MIC and MBC values of the positive control gentamicin, Purifi ed Lysqdvp001 
and Dunaliella salina expressed Lysqdvp001. 

Sample MIC MBC
Gentamicin (control) 12.5µg/ml 25µg/ml
Purifi ed Lysqdvp001 250µg/ml 1mg/ml
Dunaliella salina- Lysqdvp001 1.25%(v/v) 2.5%(v/v)

minimum bactericidal concentration. The MBC 
for the purifi ed Lysqdvp001 was found to be to 
1mg/ml. The MIC of Dunaliella salina expressed 
Lysqdvp001 was 1.25 % (v/v) and MBC was 
found to be 2.5 % (v/v) as shown in Table 3.  

Discussion 

Endolysins, for quite some time have 
been considered an alternative to antibiotics, 
as over exposure to antibiotics can lead to the 
emergence of multi-drug resistant bacteria (20). 

One such pathogen is Vibrio parahaemolyticus, 
which is the cause of majority of the bacterial in-
fections in aquaculture and also a major cause 
of food borne illnesses. The specifi city of bac-
teriophages against specifi c bacteria make its 
endolysins all the more important and eff ective 
as an alternative to antimicrobials (21).  One 
such endolysin is Lysqdvp001 which is known 
to be very eff ective against Vibrio parahaemo-
lyticus as shown by (9,10,22)However, unlike 
gram-positive bacteria, gram-negative bacte-



Current Trends in Biotechnology and Pharmacy
Vol. 18(2) 1765-1772, April 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2024.2.24

“ D. salina as expression system for endolysin Lyqdvp001 against V. parahaemolyticus”

1771

ria tend to have a thicker peptidoglycan outer 
membrane. In this study, a 7 cationic amino acid 
was added to the Lysqdvp001 to increase the 
hydrolytic activity. The cells were also treated 
with EDTA to increase the cell permeability and 
increase the effectiveness of Lysqdvp001. Apart 
from using EDTA there are also other methods 
such as adding hydrophobic peptides or by us-
ing organic acids (23,24)Using microalgae such 
as Dunaliella salina as an expression system 
has its advantages like low cost, ease of cultur-
ing and easy to manipulate transgenically (25). 
In this study, the gene ORF60 was transformed 
into electrocompetent Dunaliella salina cells (17) 
and then grown in a hygromycin supplemented 
media. The protein extracted from this Dunaliel-
la salina containing Lysqdvp001 showed similar 
antimicrobial activity as the purified Lysqdvp001 
as shown by the Fig 4B. 

 Collectively, this study shows that 
Dunaliella salina can be used as a very good 
eukaryotic system to express recombinant pro-
tein and the Lysqdvp001 endolysin expressed 
in Dunaliella salina has shown to have similar 
activity to the purified Lysqdvp001.
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Abstract

The present investigation, removal of 
Zn (II) ion from industry effluent was examined 
by using Nut grass as a biomass. The process 
conditions of agitation time and dosage 
were estimated using batch biosorption. The 
equilibrium data analyzed with Freundlich and 
Langmuir isotherms. The results revealed that 
removal of Zn (II) using Nut grass well followed 
to the Freundlich model than Langmuir model. 
The first order and pseudo- second order kinetic 
expressions were tested to find the best fit for the 
given kinetic data. It was observed that second 
order kinetics was the best fit for biosorption of 
Zn (II) ion. The maximum biosorption capacity 
of the nut grass for biosorption of Zn (II) ion was 
occurred at 40 mg/g.    

Keywords: Biosorption; Nut grass; isotherms; 
kinetics; Zinc.

Introduction

The contamination of water by toxic 
heavy metals is a worldwide environmental 
problem. Metals are known to be essential 
to plants, humans and animals, but they can 
also have adverse effects if their availability 
in water exceeds the permissible limits. Many 
industries, especially electroplating, battery and 
plastic manufacturing release heavy metals 
such as cadmium and zinc in wastewater (1,2) 
Zinc, which is generally considered nontoxic, 
the recommended upper limit for discharge 
is about 5 mg/L (3). Recovery of Zinc from 

wastewater will become increasingly important 
when conservation of essential metals becomes 
more essential (4). Conventional techniques 
have limitations (5) and often are neither 
effective nor economical especially for the 
removal of heavy metals at low concentrations. 
New separation methods are effective and 
environmentally acceptable at affordable cost 
(6,7). Several methods are utilized to remove 
Zinc from industrial wastewater. It includes 
Chemical Precipitation, Lime Coagulation, 
Reduction, Activated carbon Adsorption, 
Electrolytic removal, Ion- exchange, Reverse 
Osmosis, Membrane Filtration and Solvent 
Extraction (8). Among the various wastewater 
treatment techniques described, adsorption is 
generally preferred for the removal of heavy 
metal ions due to its high efficiency, easy 
handling, availability of different adsorbents and 
cost effectiveness (9). Biosorption is a passive 
immobilization of metals by biomass which is 
capable of removing traces of heavy metals and 
other elements from dilute aqueous solutions 
(10). Many biomaterials such as Peels, husks, 
plant wastes, bacteria fungi and many more are 
available for sorption of zinc from waste water 
(11). The agricultural waste products are also 
used for the sorption of heavy metal and many 
researchers are worked on these biomaterials 
and found suitable for removal of heavy metals 
(12).

The objective of this study was to 
evaluate the potential of Nut Grass for the 
removal of Zinc ion from aqueous solution. 
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Batch tests were conducted for evaluation of Zn 
in aqueous solutions under various conditions 
(contact time and adsorbent dose). 

Materials and Methods

Chemicals

All chemicals and reagents used were of 
analytical purity. The stock solution of Zn (II) was 
prepared in 1.2 g/L concentration using ZnCl2 
and then diluted to appropriate concentrations 
for each test (13). 

Preparation of bio-sorbent

Nut Grass (NG) an agricultural waste 
used in this study was obtained from local 
area. The wet NG was washed several times 
with tap water and de-ionized water to remove 
particulate material and dried under sun for 6 
days, ground and sieved in to diff erent fractions 
(200-130 µm) (14). 

Batch adsorption experiments

Batch adsorption experiments were 
carried out at room temperature by agitating 
0.2 -3.0 g/L of adsorbent at a stirring speed 
of 160 rpm for a contact time of 300 min. For 
each batch experiment, zinc solution of 10 
mg/L concentration was used. Isotherms were 
obtained by adsorbing diff erent concentrations 
of metal ions. After prescribed contact times 
the solutions were centrifuged and the 
concentrations of metal ions were determined 
by atomic spectrometry (15).

Results and Discussion

Characterization of bio-sorbent before 
adsorption

The characteristics of the bio-sorbents like 
specifi c gravity, density, Iodine number and Loss 
on Ignition were found and listed in Table 1. 

Eff ect of contact time 

The adsorption of Zn (II) ion onto NG was 
studied as a function of contact time in order 
to determine the necessary equilibrium time. 
Fig. 1 illustrates the adsorption profi le of Zn 
(II) onto NG. The curve exhibits characteristics 
of a single, smooth and continuous leading to 
saturation. Initially a large number of vacant sites 
are available for adsorption. The adsorption rate 
is very fast thus rapidly increasing the amount 
of adsorbate accumulated on the NG surface 
mainly within 160 min of adsorption. As a result, 
the remaining vacant surface sites are diffi  cult 
to be occupied due to the formation of repulsive 
force between the Zn (II) ion on the solid surface 
and in the bulk phase (16)

Fig. 1 Eff ect of Contact Time on Zn (II) uptake 
by Nut Grass

Adsorption kinetics

Kinetic modeling provides thorough 
details on the sorption mechanism of solute 
onto an adsorbent. In this study, kinetic 
models of Lagergren pseudo- fi rst and second 
order models were used to examine chemical 
reaction as rate-controlling parameter for Zn 
(II) ion adsorption mechanism (17). Linear 
forms of pseudo-fi rst-and pseudo-second order 
kinetic equations are given in Eqs. (1) and (2), 
respectively.

Table 1 Characteristics of the Bio-sorbents

Bio-sorbent Specifi c Gravity Density (Kg/m3) Iodine number Loss on Ignition (%)

Nut Grass 0.915 914 411 70



Current Trends in Biotechnology and Pharmacy
Vol. 18(2) 1773-1778, April 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2024.2.25

Biosorption of zn (ii) ion from aqueous solutions using nut grass 

1775

solute adsorb per unit weight of 
adsorbent at time (mgg−1), k1 is rate constant of 
pseudo-fi rst-order sorption and k2 is rate constant 
of pseudo-second-order sorption. Linear plots 
of pseudo-fi rst- and second-order kinetic model 
for Zn (II) adsorption onto NG are given in Figs. 
2 and 3 respectively. The correlation coeffi  cient 
obtained from the fi rst order kinetic is 0.974. 
Whereas the correlation coeffi  cient obtained 
from the second order kinetic is 0.998 which is 
still better than the correlation coeffi  cient of fi rst 
order kinetics. Hence the Zn (II) ion adsorption 
on to the NG was found to be in conformation to 
pseudo-second-order kinetic model, suggesting 
that chemical reaction is a rate-controlling 
parameter (18). Table 2 shows the pseudo fi rst 
and second- order kinetic model constants for 
Zn (II) ion batch adsorption system.

Eff ect of adsorbent dosage

The study on biosorbent dosage of Nut 
Grass for the removal of Zn (II) ion from 
aqueous solution was carried out at diff erent 
doses (0.2-3.0 g/L) using 10.0 mg/L of Zn (II) 
solution.  The eff ect of adsorbent dosage on the 
Zn (II) removal effi  ciency is shown in Fig. 4. It 
was observed that the amount of Zn adsorbed 
increases with an increase in adsorbent dosage 
from 0.2 to 2.0 g/L. For biosorbent dosage higher 
than this value, the Zn (II) removal remained 
almost constant. Increase in percentage of Zn 
(II) removal with adsorbent dosage could be 
attributed to increase in the adsorbent surface 
areas, augmenting the number of biosorption 
sites available for biosorption (19). 

Fig.4 Eff ect of adsorbent dose for the adsorption 
of Zn (II) onto the Nut Grass

Adsorption isotherms

Adsorption isotherm is basically an 
important criterion in optimizing the use of 
adsorbents as they describe the nature of 
interaction between adsorbate and adsorbent. 
Langmuir and Freundlich isotherm models 
are widely used to investigate the adsorption 
process. The Langmuir isotherm was developed 
on the assumption that the adsorption process 
will only take place at specifi c homogeneous 
sites within the adsorbent surface with uniform 
distribution of energy level. Once the adsorbate 
is attached on the site, no further adsorption 

( ) ( ) 1log log
2.303e t e

kq q q t− = −

( )2
2t e e

t l l t
q k q q

 
= + 

 

                    (1)

                              (2)

Fig. 2. Pseudo First Order Kinetics for uptake of 
Zn (II) by Nut Grass

Fig. 3 Pseudo Second Order Kinetics for uptake 
of Zn (II) by Nut Grass
Table.2 Kinetic parameters of the Pseudo-fi rst and second order model for Zn (II) adsorption

Metal Pseudo 1st Order Kinetics Coeffi  cients Pseudo 2nd Order Kinetics Coeffi  cients qeexp
(mg/g)qecal(mg/g) K1 R2 qe(mg/g) K2 R2

Zn 1.791 0.016 0.974 4.615 0.042 0.998 5.528
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can take place at that site; which concluded that 
the adsorption process is monolayer in nature. 
Contrarily to Langmuir, Freundlich isotherm was 
based on the assumption that the adsorption 
occurs on the heterogeneous sites with non-
uniform distribution of energy level (20). 
The linear form of Langmuir and Freundlich 
equations are represented by Eqs.(3) and (4), 
respectively.

                  

            Where qe is amount of adsorbate adsorbed 
at equilibrium (mgg-1), Ce (mmol-1) is the 
equilibrium concentrations of metal ions in the 
liquid and the solid phases, respectively. Qm, 
b, K and n are the Langmuir and Freundlich 
constants respectively. Fig. 5 and 6 exhibit the 
linear plots of Langmuir and Freundlich for Zn 
(II) adsorption onto Nut Grass. 

 The Langmuir and Freundlich Constants 
for the removal of Zn (II) ion are shown in Table 
3. The R2 value shown in Table 3 is evident that 
the Zn (II) adsorption in this study is well fi tted to 
Freundlich model.

Conclusions

The biosorption of Zn (II) ion on Nut 
grass was investigated. Nut Grass is a suitable 
sorbent for the removal of Zn (II) ion from 
aqueous solution. The Zinc removal was a 
function of contact time and adsorbent dose. 
The Freundlich isotherm has higher correlation 
coeffi  cient than those of Langmuir isotherm. 
The adsorption of Zn (II) from aqueous solution 
by Nut Grass obeys the pseudo-second-order 
kinetics. Low cost and availability of Nut Grass, 
and signifi cant high adsorption capability 
make it a promising and potentially attractive 
adsorbent for treating wastewater contaminated 
with heavy metal like Zinc and consequently 
provides a step towards a sustainable society.
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Abstract

Immobility compromises almost all of 
the body’s systems. Research indicates that 
individuals who were mobile before being ad-
mitted to the hospital may spend approximately 
83% of their hospital stay in bed, and over one-
third of hospitalized patients over the age of 70 
are released from the hospital with a significant-
ly higher physical limitations than prior to hospi-
tal admission.  Healthcare professionals should 
be able to accurately assess patient’s mobility 
status in order to implement interventions to mo-
bilize patients even in the presence of deficien-
cies. The purpose of this review is to assess the 
Bedside Mobility Assessment Tool 2.0 (BMAT 
2.0), to objectively identify patient mobility func-
tion deficiencies and assist the healthcare team 
in choosing the right equipment for patients to 
be handled and moved safely. BMAT 2.0 is best 
used by the interdisciplinary team, involved in 
patient care, and can be recorded in the elec-
tronic health record (EHR). Further, a compar-
ative account of other methods being practiced 
vis-à-vis the BMAT is given in this article.

Keywords: BMAT 2.0, Acute care, Bedside Mo-
bility assessment tool (BMAT), Banner Bedside 
mobility assessment tool, Length of stay, Safe 
patient handling and Mobility (SPHM)

Introduction

Extended bed rest for those who are hospital-
ized may result in loss of muscle strength, soft 
tissue changes, psychological issues, long term 
pressure-ulcers, skin deterioration, and nosoco-
mial pneumonia, among other unexpected con-
sequences (5). During immobilization, muscle 
strength decreases at a rate of 20% per week 
(1). Furthermore, pressure ulcers, falls, and 
functional decline are among the additional hos-
pital hazards that are predicted by low mobil-
ity (1). Nurses play a vital role in patient care 
at hospitals and must have a thorough under-
standing of the patient’s health. Although it is 
widely known that assessing a patient’s mobility 
early on is crucial for preventing falls, nurses 
often struggle to do so at the patient’s bedside 
(1). The amount of effort, patience, and exper-
tise the physician needs to complete the current 
tools for assessing patients’ mobility status lim-
its the evaluation. Additionally, there are a limit-
ed reliable and valid tool to assess the mobility 
of hospitalized patients. To effectively monitor a 
patient’s progress and deliver appropriate care, 
acute care nurses require a reliable instrument 
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for bedside mobility assessments that is simple 
to use. BMAT could also be a part of physiother-
apists assessments, since they are an import-
ant member of the early mobility team (11). The 
purpose of this review is to investigate the ap-
plication of BMAT 2.0 as a mobility assessment 
tool for hospital staff and compare it to the other 
more commonly used assessment tools.

Banner mobility assessment tool (BMAT)

According to nurses, Banner Mobility Assess-
ment Tool (BMAT) is an efficient resource (2) to 
assess early mobility in patients in the hospital. 
It is usually stored in hospital’s electronic medi-
cal record (EMR) (2) for ease of access.

Performing assessment

 Patients are categorized as having a 
mobility level of 1, 2, 3, or 4 based on how effec-
tively or poorly they perform at each evaluation 
level of the BMAT tool (2). Nurses and support 
personnel are trained on the appropriate tech-
nology for patients at each station using edu-
cational resources and how-to apply the tool to 
the patients depending on their needs. The tool 
explicitly specifies the following criteria: (i) the 
use of walkers, crutches, canes, and prosthet-
ic legs by progressing patients. (ii) the assess-
ment process and determination of pass or fail. 
(iii) the role of the nurse in assessing, strength-
ening, and advancing patients. (iv) the growth 
from level 3 to level 4.

 BMAT 2.0 primarily focuses on the pre-
vious level of function (PLOF), discharge plan-
ning, and goals for mobilizing patients who meet 
all four assessments. Additionally, it addresses 
the management of bilateral non-weight-bear-
ing patients and patients under bed rest orders. 
Nurses typically perform BMAT 2.0 upon patient 
admission, during each shift, and whenever 
there is a significant change in the patient’s con-

dition. This assessment generally takes about 
two minutes to complete. In “safe mode,” it en-
ables the care team to evaluate the patient’s 
degree of mobility, plan and organize ways to 
reinforce and to improve mobility, aim for the ap-
propriate piece of equipment. 

 The BMAT is a valuable tool for care 
teams to evaluate mobility. It can be utilized by 
nurses to assess patients’ mobility, integrated 
into early assessments by physiotherapists, and 
serve as a means for the interdisciplinary team 
to discuss mobility status.

Bedside mobility assessment tool (BMAT)

 The BMAT was created to evaluate a 
patient’s functional state securely rather than 
relying solely on gait analysis (14). Historical-
ly, mobility evaluation was carried out without 
a procedure. A mobility evaluation should be 
chosen with the needs of the population it is in-
tended for in mind (16). Clinicians can access 
a baseline of patient mobility capability with 
the BMAT (14). The score gives the healthcare 
provider a person-specific intervention that in-
volves the patient and helps lower falls when 
a patient’s functional ability fails to advance 
through the phases. Using EMR tools that con-
nect assessment results with safe patient han-
dling and mobility (SPHM) technology, mobility 
assessment documentation has been utilized to 
enhance communication within the care team. 

As discussed above, BMAT is a mobility assess-
ment tool used primarily by the nurses. The tool 
classifies a patient in four levels depending on 
completion of a task, equipment used, and care-
giver assistance. The detailed description of the 
tool is provided in table 1.
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Response Task Response & No. of  
Caregivers

Fail =choose 
most ap-
propriate 
equipment/
device(s) 

Pass

Assess-
ment 
level 1 
assess-
ment of:

-trunk strength

-seated balance

Sit and shake: Ask 
the patient to sit up 
straight and rotate* 
to a sitting position 
at the side of the bed 
from a semi-reclined 
position; they can 
use the bedrail to 
do so.

Observe how well 
the patient can 
stay in the bedside 
posture.

Make sure the patient 
crosses his or her 
midline when you ask 
them to reach out 
and grasp your hand 
for a shake.

Sit: The patient can 
follow orders and 
has some trunk 
strength; if a patient 
can maintain a 
sitting balance for 
more than two min-
utes (without care-
giver assistance).

Caregivers may try 
weight-bearing.

Shake: the patient 
has significant 
upper body strength, 
awareness of the 
body in space, and 
grasp strength.

Caregivers: Minimum 
2 or more

 mobility level 1

Use total lift with 
sling and/or re-
positioning sheet 
and/or straps.

Use lateral trans-
fer devices such 
as roll board, fric-
tion reducing (slide 
sheets/tube), or air 
assisted device.

Note: if patient has 
‘strict bed rest’ or 
bilateral ‘non-
weight bearing’ 
restrictions, do 
not proceed with 
the assessment; 
patient is mobility 
level 1.

Passed 
assessment 
level 1 = 
proceed with 
assessment 
level 2.

Assess-
ment level 
2 assess-
ment of:

-lower 
extremity 
strength

-stability

Stretch and point: 
Place the patient’s 
both feet on the floor 
(or a stool) with their 
knees no higher than 
their hips while they 
are seated at the side 
of the bed.

Request that the 
patient extend one 
leg, straighten the 
knee, and flex the 
ankle pointing the 
toes. Repeat with 
the opposite leg if 
necessary.

Patient exhibits 
lower extremity 
stability, strength, 
and control.

May test only one leg 
and proceed accord-
ingly (e.g., stroke 
patient, patient with 
ankle in cast).

  Caregivers: Minimum 
2 or more

 mobility level 2

Use total lift for 
patient unable to 
weight- bear on 
at least one leg.

Use sit-to-
stand lift for 
patients who 
can weight-
bear on at 
least one leg.

Passed 
assessment 
level 2 = 
proceed with 
assessment 
level 3.

Table 1: Describes the BMAT assessment tool in details. Each cell also clearly describes the steps 
to complete the assessment and grading.
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Assessment 
level 3 
assessment 
of:

-lower extrem-
ity strength for 
standing

Stand: Have the pa-
tient use an assistive 
equipment (cane, 
bedrail) to raise 
themselves from the 
bed or chair (sitting to 
standing).

The patient must 
be able to lift 
their buttocks off 
the bed and hold 
them there for five 
counts and may 
come back

Note: consider your 
patient’s cognitive 
ability, including orien-
tation and Confusion 
Assessment Method 
(CAM) assessment if 
applicable.

Patient exhibits upper 
and lower extremity 
stability and strength.

May test with 
weight-bearing on 
only one leg and 
proceed accordingly 
(e.g., stroke patient, 
patient with ankle in 
cast).

If any assistive 
device (cane, walker, 
crutches) is needed, 
patient is mobility 
level 3.

Caregivers: 1 to 2

 mobility level

Use non-powered 
raising/stand aid; 
default to powered 
sit-to-stand lift if no 
stand aid available.

Use total lift with am-
bulation accessories.

Use assis-
tive device 
(cane, walk-
er, crutch-
es).

Note: patient 
passes assess-
ment level 3 but 
requires assistive 
device to ambu-
late or cognitive 
assessment 
indicates poor

safety aware-
ness; patient is 
mobility level 3.

Passed assess-
ment 
level 3 and 
no assistive 
device 
needed = 
proceed 
with 
assessment 
level 4.
Consult with
Physical 
therapist 
when 
needed 
and 
appropriate.

Assess-
ment level 
4 assess-
ment of:

-standing bal-
ance

-gait

Step: At the bedside, 
ask the patient to 
march in place.

Ask the patient to take 
a step forward and 
then to put each foot 
back.

The patient should 
be stable when 
carrying out tasks. 
Check for stability 
and an awareness of 
safety.

Patient exhibits 
steady gait and 
good balance 
while marching, 
and when step-
ping forwards 
and backwards.

Patient can maneu-
ver necessary turns 
for in-room mobility.

Patient exhibits safety 
awareness.

Caregivers: 0 to 1

 mobility level 4 
If patient shows 
signs of unsteady 
gait or fails assess-
ment level 4, refer 
back to mobility level 
3; patient is mobility 
level 3.

mobility 
level 4 
modified 
indepen-
dence

Passed = 
no 
assistance 
needed to 
ambulate; 
use your 
best clinical 
judgment to 
determine
need for 
supervision 
during 
ambulation.
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Other current patient mobility assessment 
options and their limitations 

Various types of mobility assessment tools are 
used in healthcare settings to evaluate an in-
dividual’s ability to move and perform daily ac-

tivities. Each tool has its unique characteristics, 
strengths, and limitations (4). Table 2 provides 
an overview of the description, benefits, and 
drawbacks of each tool used to evaluate patient 
mobility (4).

Patient mobility 
assessment 
tools

Description Advantages Limitations

Timed Up and Go 
(TUG) Test

This test measures the 
time it takes for an indi-
vidual to stand up, walk a 
short distance, turn, walk 
back, and sit down

The advantage of this tool is quick 
to administer, and minimal equip-
ment requirement

Primarily it assesses the basic 
mobility, but may not capture 
the complex movements

Berg Balance 
Scale (BBS)

BBS assesses the 
balance through tasks 
like standing on one foot, 
turning, and reaching 

Its advantages include providing a 
detailed assessment of balance

Time-consuming, and may 
have a ceiling effect for mild 
impairments

Functional 
Independence 
Measure (FIM)

FIM evaluates an indi-
vidual’s ability to perform 
activities of daily living, 
including mobility tasks

It comprehensively assesses the 
functional independence

Time-consuming, and relies on 
observer ratings

Dynamic Gait 
Index (DGI)

DGI assesses an individ-
ual’s ability to modify gait 
in response to various 
tasks

It focuses on dynamic aspects of 
gait and balance

It may not be suitable for se-
vere gait impairments

Six-Minute Walk 
Test (6-MWT)

6-MWT measures the 
distance an individual 
can walk in six minutes

It assesses the endurance and 
cardiovascular fitness

It gives limited information on 
specific components of mobility

Instrumented 
Gait Analysis 
(IGA)

IGA uses technology 
such as motion capture 
systems to analyze vari-
ous aspects of gait

It provides objective data on gait 
parameters

The main disadvantage of this 
test is it requires specialized 
equipment and expertise

Self-Reported 
Scales (Activi-
ties-Specific Bal-
ance Confidence 
Scale)

In this test, individuals 
rate their confidence in 
performing specific activi-
ties without falling

It incorporates the patient’s per-
spective

It is subject to bias, and 
may not align with objective 
measures, which is the major 
disadvantage

Gait Speed As-
sessment (GSA)

GSA measures the time 
it takes for an individ-
ual to walk a specific 
distance

The method is quick and easy to 
measure

limited in assessing dynamic 
movements 

Quick Five and 
Quick Three

The Quick 5, developed 
by a registered nurse 
and a PT, formed the 
foundation for a research 
project that evolved into 
the Quick 3.

It is more accessible and easier to 
administer

This tool guides patients 
through three functional tasks 
but falls short in fully accom-
modating patient limitations 
or addressing the abilities of 
ambulatory patients.
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Egress test Created by a physical 
therapist. The patient 
begins by doing three 
repetitions of the 
sit-to-stand exercise, 
marching in place, 
and advancing one 
foot forward and back 
with each step at the 
bedside.

The advantage of this test is 
quick to administer, and minimal 
equipment requirement

This test ignores the pa-
tient’s bed mobility, also it 
is inappropriate for some 
patients such as those 
unable to bear weight on 
one or both legs and only 
provides minimal guidelines 
for nurses regarding the use 
of SPHM

technology.

Bedside Mobil-
ity Assessment 
Tool

Focuses on assessing 
a patient’s mobility, 
transfers, and func-
tional movements at 
the bedside

Accessibility: Can be conduct-
ed at the patient’s bedside, 
minimizing disruptions and 
discomfort. 
Real-world simulation: Provides 
insights into practical chal-
lenges faced by patients in the 
hospital environment. 
Timeliness: Offers a quick 
assessment of mobility, suitable 
for dynamic acute care settings.

 

Limitations of current mobility assessment 
tools

 While numerous mobility assessment 
instruments are available, they all have distinct 
shortcomings. The patient is first asked to get 
out of an armchair, walk three meters, turn, and 
then return to the chair before taking a seat in 
the Timed Get Up and Test. However, it offers 
no advice on what to do if the patient cannot 
support their weight, walk, or maintain a seat-
ed balance (3). On the other hand, a tool like 
Quick 5 offers very few suggestions on safe pa-
tient handling and the use of mobility technolo-
gy. Next, the egress test, ignores the patient’s 
bed mobility or standing technique, or it may be 
inappropriate for some patients (such as those 
unable to bear weight on one or both legs) and 
only provides minimal guidelines for nurses re-
garding the use of safe patient handling and the 
use of mobility technology (3).

Applications of BMAT

Utilizing the bedside mobility assessment 
tool to reduce the length of stay

 The length of stay (LOS) in acute care 
hospitals is a critical metric influencing patient 
outcomes and healthcare costs. Prolonged hos-
pital stays are associated with increased risks 
of complications, functional decline, and health-
care expenses. But the effective use of bedside 
mobility assessment tools presents an opportu-
nity to identify early mobility issues, implement 
targeted interventions, and potentially reduce 
the length of hospital stays (5).

Rationale for bedside mobility assessment

 Bedside mobility assessments offer a 
practical and timely means of evaluating a pa-
tient’s functional status directly in their hospital 
environment. By focusing on mobility, transfers, 
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A streamlined and targeted approach to patient 
care, guided by bedside mobility assessments, 
has the potential to reduce healthcare costs as-
sociated with prolonged hospital stays, unnec-
essary tests, and increased resource utilization 
(6).

 BMAT can be adequately applied in dif-
ferent departments of a hospital, from Emergen-
cy department to the ICU. 

Use of the bedside mobility assessment tool 
to improve emergency department (ed) safe-
ty

 The most frequent adverse event in 
acute care settings documented in the health-
care industry is avoidable patient falls (12). 
Nearly seven hundred thousand to one million 
Americans fall in hospitals each year (Agency 
for Healthcare Research and Quality (AHRQ), 
2021). ED is usually the first hospital location 
most patient’s encounter. A detailed analysis of 
the patient demographics and the features of 
the patients who fall in the ED are necessary 
to determine the best approach for preventing 
the falls. Most individuals who fall in the ED 
are younger than the 65-year-old, and usually 
fell between 15.00 and 18:00 hours (13). Hos-
pital staff can more effectively assess the risk 
of patients’ fall using standardized fall risk in-
struments and strategies. Following which, safe 
patient handling and mobility technology can 
prevent as many as 13% of falls (16, 19, 20). 
Along with improving worker safety, this ap-
proach also complies with the American Nurses 
Association’s (2015) recommendations to re-
duce manual lifts, a standard procedure for pa-
tient transfers and moves at the project site. By 
determining a patient’s degree of mobility, the 
BMAT assessment equips patient caregivers 
with valuable information and helps them quick-
ly identify the appropriate equipment for better 
healing and recovery (Boynton et al. 2020) (14).

Implementation of the bedside mobility as-
sessment tool in the ambulatory care setting

 Safe patient care depends on the effec-

tiveness of nursing assessments. The nursing 
process is a systematic, patient-centered manu-
al. The five crucial steps associated with this are 
evaluation, diagnosis, preparation, execution, 
and assessment. In order to keep patients safe, 
nurses must take all necessary precautions (7). 
Almost 30% of patient injuries happened during 
post-procedural sedation treatment, particularly 
during lateral transfers and repositioning. Falls 
among the elderly are common and can cause 
serious injuries as well as occasionally result 
in death (8). A systematic analysis of literature 
focusing on fall risk assessment revealed that 
the mobility assessment category was the most 
trustworthy area to evaluate in order to deter-
mine fall risk (9). Mobility strategies have been 
shown in an increasing amount of research to 
protect patients and nursing personnel while 
handling patients (10). Appropriate operation 
and training of each unique body system is fa-
cilitated by mobility, to ensure the safety and 
proper assessment of patients prior to their dis-
charge which is imperative.

Early mobility in the intensive care unit

 An intensive care unit (ICU) patient’s 
immobility may have a detrimental effect on 
their condition and extend their LOS. An ev-
idence-based strategy for early mobility was 
found to be lacking at the site where treatment 
is being given. The impact of this protocol on 
ICU LOS has been ascertained. For four weeks, 
the research was carried out in a southern Cal-
ifornia urban community hospital (17). Patients 
in the neighborhood hospital ICU where these 
experiments were conducted stayed mostly im-
mobile despite research suggesting that mobil-
ity is advantageous. Therefore, it is suggested 
that the hospital needs a protocol in place for 
mobilizing patients. While creating mobility pro-
grams, organizational culture has a significant 
influence to play (17). The lack of programs in 
the project context indicated an inferior level of 
care at a potentially higher cost, given the mag-
nitude of the benefits associated with mobility. 
In the community hospital ICU context, Jones 
et al. (15) noted the significance of applying evi-



Current Trends in Biotechnology and Pharmacy
Vol. 18(2) 1779-1787, April 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2024.2.26

Charumathi and Raja

1786

dence-based treatments to support early mobili-
ty programs using the BMAT. Early mobility pro-
grams in the ICU have reduced the pressure, 
generation of ulcers and ICU length of stay, if 
patient care is improved (18;19). A few of these 
programs have used the BMAT, but research 
has yet to reveal how well the BMAT works in 
a community hospital context compared to the 
other tools. Mobility treatment is used in the 
BMAT program as an evaluation and treatment 
tool to standardize and enhance the movement 
patterns of ICU patients.

 In an investigation, two groups of ICU 
patients have been compared using a quasi-ex-
perimental design (17). A quantitative methodol-
ogy centered on the gathering of discrete data 
was employed for this research. The patients in 
the medical-surgical ICU made up the popula-
tion. The project’s participants were given mo-
bility therapies based on the BMAT or current 
practice interventions before the BMAT-based 
program. In Los Angeles, California, a 101-bed 
community hospital housed a 12-bed medi-
cal-surgical intensive care unit (17). In this study 
the BMAT intervention served as the indepen-
dent variable, while the ICU LOS served as the 
dependent variable. By utilizing the BMAT items 
for mobility, the study further supports early mo-
bility programs in the ICU. Further, the project 
can serve as a model for other establishments 
attempting to introduce mobility initiatives.

Conclusions 

 In summary, BMAT holds a significant 
position among various tools for assessing 
mobility, each offering unique contributions to 
patient care across diverse healthcare envi-
ronments. The comprehensive scope of BMAT, 
which includes assessments of transfers, sitting 
balance, and functional movements at the bed-
side, aligns effectively with the requirements 
of acute care facilities. However, its value is 
further amplified when used alongside other 
mobility assessment tools. The integration of 
BMAT within acute care settings presents a 
practical approach to identifying, addressing, 

and preventing mobility-related issues, lead-
ing to reduced hospital stays. By incorporating 
these assessments into a holistic and interdis-
ciplinary framework, healthcare profession-
als can optimize patient outcomes, streamline 
care delivery, and facilitate a smooth transition 
from hospitalization to home or other care set-
tings. Introducing e-learning initiatives to edu-
cate nurses about BMAT usage in acute care 
settings represents a strategic and innovative 
method to enhance clinical practice standards. 
Leveraging technology to provide targeted and 
accessible training equips nursing staff with the 
necessary knowledge and skills for conducting 
effective bedside mobility assessments, thereby 
enhancing patient care quality and outcomes.
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Abstract:

In our previous work, we have synthe-
sised novel isoxazole conjugated pyrazoline de-
rivatives by reacting isoxazolyl chalcones (1-15) 
with thiosemicarbazide in glacial acetic acid. 
From these compounds, 15 isoxazole conju-
gated pyrazoline carbothioamides were syn-
thesised, compounds 24 and 25 are selected 
for further optimisation.  In continuation to this 
work, pyrazoline-clubbed thiazole hybrids were 
synthesied by using potential antimycobacterial 
isoxazole conjugated pyrazoline carbothioam-
ides – 24 and 25. The pyrazoline-1-carbothio-
amides- 24  (3-(isoxazol-5-yl)-5-(3,5-dimethoxy-
phenyl)-4,5-dihydro-1H-pyrazole-1-carbothio-
amide) and 25 (3-(isoxazol-5-yl)-5-(2,3,4-trime-
thoxyphenyl)-4,5-dihydro-1H-pyrazole-1-car-
bothioamide) were further optimized and 
synthesized eight more compounds (24a-24d, 
25a-25d) which have a substituted thiazole ring. 
These compounds are purified by recrystallisa-
tion and charecterised by FT IR, 1H NMR and 
Mass spectra. Compound 24a have shown po-
tent antimycobacterial activity.

Keywords: Thiazole;FTIR; NMR; Mass; anti-
tubercular activity; Mycobacterium tuberculosis  
H37Rv; MABA assay.

Introduction

 Tuberculosis (TB) caused by the bac-
teria Mycobacterium tuberculosis (Mtb), is one 

of the world’s most serious problems today. Ac-
cording to WHO forecasts, TB killed 1.4 million 
people in 2019, including 208,000 HIV-infected 
patients. The main factor guiding Mtb’s suprem-
acy over humans is its ability to dwell inside 
its host. It is highly skilled at eluding the host’s 
developed immune defences against it and 
can exhibit transitions between the active and 
latent stages of the sickness. Rifampicin-resis-
tant (RR-TB) and multidrug-resistant (MDR-TB) 
tuberculosis were detected in 206,030 cases 
globally in 2019. The number of cases reported 
in 2018 was 186,883, which is a 10% increase 
(1).

 The field of medicinal chemistry has 
recently seen the emergence of a potential 
method known as molecular hybridization. This 
technique enables the synthesis of molecules 
by combining two or more heterocyclic scaf-
folds. The topic of drug resistance has been ad-
dressed by the use of this technique, which has 
been essential in the generation of potent mol-
ecules against a variety of infectious illnesses 
and malignancies. It is important to note that the 
conjugation of numerous heterocycles has been 
shown to have a synergistic impact on the bio-
logical activity of drugs that have recently been 
synthesized. 

 A great amount of research in the field 
of medicinal chemistry has been directed toward 
pyrazoline and thiazole derivatives because of 
the strong biological activity that they possess.  
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Only few of the research that have shed light 
on the amazing antibacterial potential of these 
compounds (2-5). In addition, the eff ectiveness 
of these substances as antifungal agents has 
been shown in a number of studies  (6-8). More-
over, the cytotoxic (10-13) , anticancer (14-16) 
and antitubercular activities (17-21) of these 
compounds have been demonstrated. 

 Our research eff orts in medicinal chem-
istry have been oriented towards a pioneering 
synthesis and evaluation of pyrazoline clubbed 
thiazole hybrids. The purpose of this strategic 
endeavor was to encourage the development 
of powerful lead compounds that selectively tar-
get tuberculosis. We used a strategy that was 
founded on the utilization of molecular hybrid-
ization principles, with the objective of devel-
oping novel molecules that exhibited increased 
bioactivity against these essential therapeutic 
targets.

Materials and methods

General

 Isoxazole-3-carbaldehyde, 4-Trifl uoro-
methoxy acetophenone, thiosemicarbazide and 
substituted phenacyl bromides were purchased 
from Aldrich, Mumbai and remaining chemi-
cals were obtained from local supplier-National 
Scientifi c, India. Pre-coated silica gel 60 F254 
(Merck, Mumbai) and iodine crystals were pur-
chased by silica gel-G for TLC. On a melting 
point device, melting points were determined 
in open tube capillaries and stated in oC with-
out being adjusted. The (Shimadzu) KBr pellet 

technique was used to record infrared spectra.  
Inter standard (TMS) was used to record NMR 
(1H, 13C) data in CDCl3 and chemical shifts are 
provided in units.  Mass spectra was recorded 
on Agilent LC-MS instrument. 

Synthesis of thiazole derivatives (24a - 24d) 
of 5 - (3, 5 - dimethoxyphenyl) -3-(isoxaz-
ol-5-yl)-4,5-dihydro-1H-pyrazole-1-carboth-
ioamide (24): 

 Compound 24 (1 mmol) was dissolved 
in 20-30 mL of ethanol and stirred at 30°C. 
Subsequently, the solution was refl uxed (100-
130°C) for 45 minutes to 1 hour in the presence 
of diff erent phenacyl bromides (1 mmol). The 
progress of the reaction was monitored using 
TLC. When the reaction was completed, the re-
action mixture was cooled to room temperature 
where we observed the formation of an impure 
precipitate. Further, the precipitate was fi ltered 
using a Buchner funnel and dried in a desicca-
tor. The dried product was purifi ed using recrys-
tallization either by methanol or ethanol as the 
recrystallizing solvent to get the pure crystals of 

target compounds (24a-24d) (22).  (Scheme 1)

Scheme 1: Synthesis of compounds 24a-24d. 
(a) Phenacyl bromides, ethanol, refl uxed for 45 
min to 1 h.

Table 1 outlines the reaction parameters, in-
Table 1. Reaction conditions employed for the synthesis of the compounds (24a-24d) 

S.No
Com
pound 
code

Reactants and Solvent Temperature 
(°C)

Time
(min)

Recrystallizing
solvent

Yield 
(%)

1 24a Compound 24 (1 mmol) + 
Phenacyl bromide; 25 mL ethanol 100 45 Methanol 71

2 24b
Compound 24 (1 mmol) + 
4-Hydroxy phenacyl bromide; 20 
mL ethanol

120 45 Methanol 61

3 24c
Compound 24 (1 mmol) + 
4-Chlorophenacyl bromide; 25 mL 
ethanol

115 50 Ethanol 81

4 24d
Compound 24 (1 mmol) + 
4-Trifl uorophenacyl bromide; 30 
mL ethanol

130 60 Ethanol 79
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volved reagents, and the choice of recrystalli-
zation solvents applied in the production of the 
specifi ed compounds, namely compounds-24a, 
24b, 24c, and 24d.

Synthesis of thiazole derivatives (25a - 25d) of 
3 - (isoxazol - 5 - yl) - 5 - (2,3,4 - trimethoxy-
phenyl)-4,5-dihydro-1H-pyrazole-1-carbothio-
amide (25):

 Compound 25 (1 mmol) was dissolved 
in ethanol (20-30 mL) and stirred at 30°C. Fol-
lowing this, the solution was refl uxed within a 
temperature range of 100-130°C for a dura-
tion of 45 minutes to 1 hour, employing various 
phenacyl bromides (1 mmol) as reactants. The 
progression of the reaction was traced by TLC 

analysis. Upon completion of the reaction, the 
reaction mixture was cooled to room tempera-
ture, resulting in the formation of an impure pre-
cipitate. This precipitate was isolated through fi l-
tration using a Buchner funnel and subsequent-
ly dried within a desiccator. The dried product 
underwent purifi cation via recrystallization, uti-
lizing either methanol or ethanol as the recrys-
tallizing solvent, yielding pure crystals of the tar-

Table 2. Reaction conditions employed for the synthesis of the compounds (25a-25d) 

S.No Compound 
code Reactants and Solvent Temperature 

(°C)
Time
(min)

Recrystallizing
solvent

Yield 
(%)

1 25a
Compound 25 (1 mmol) + 
Phenacyl bromide; 20 mL 

ethanol
115 45 Ethanol 64

2 25b
Compound 25 (1 mmol) + 

4-Hydroxy phenacyl 
bromide; 20 mL ethanol

110 60 Methanol 72

3 25c
Compound 25 (1 mmol) + 

4-Chlorophenacyl 
bromide; 30 mL ethanol

115 45 Ethanol 82

4 25d
Compound 25 (1 mmol) 

+ 4-Trifl uorophenacyl 
bromide; 25 mL ethanol

130 50 Ethanol 80

geted compounds (25a-25d) (22).  (Scheme 2)

Table 2 outlines the reaction conditions, re-
agents, and recrystallization solvent used 
for the synthesis of target compounds com-
pounds-25a, 25b, 25c, and 25d.

5-(5-(3,5-dimethoxyphenyl)-1-(4-phenylth-
iazol-2-yl)-4,5-dihydro-1H-pyrazol-3-yl)
isoxazole (24a): Yield 71%; m.p. 218-220 oC; 
FT-IR (KBr, cm−1): 1548 (C=C), 1586 (C=N); 
1H NMR (400 MHz, DMSO-d6, ppm): 𝛿𝛿 6.22-
8.62(10H, Ar-H); 5.27 (1H, Hx, dd, JAX = 3.6Hz, 
dd, JBX=12Hz), 3.81 (1H, HB, dd, JAB = 16Hz, 
dd, JBX= 12Hz), 3.19 (1H, HA, dd, JAX = 3.6Hz, 
dd, JAB=16Hz), 2.48 (6H, 2x-OCH3), 2.12 (3H, 

-OCH3); Mass Analysis (m/z, %): 463.52 (M+1, 
99.66); Anal. Calcd for: C24H22N4O4S: C, 60.26; 
H, 4.67; N, 11.71; Found: C, 60.72; H, 4.96; N, 
11.91.  

4-(2-(5-(3,5-dimethoxyphenyl)-3-(isoxazol-
5-yl)-4,5-dihydro-1H-pyrazol-1-yl)thiazol-4-
yl)phenol (24b): Yield 61%; m.p. 256-258oC; 
FT-IR (KBr, cm−1): 1533 (C=C), 1579 (C=N); 1H 
NMR (400 MHz, DMSO-d6, ppm): 𝛿𝛿 6.12-8.71 
(11H, Ar-H); 5.26 (1H, Hx, dd, JAX = 3.6Hz, dd, 
JBX=12Hz), 5.10 (1H, Ar-OH), 3.74 (1H, HB, dd, 
JAB = 16Hz, dd, JBX= 12 Hz), 3.14 (1H, HA, dd, JAX
= 3.6 Hz, dd, JAB=16Hz), 2.37 (6H, 2x-OCH3); 
Mass Analysis (m/z, %): 449.50 (M+1, 99.41); 
Anal. Calcd for: C24H20N4O4S: C, 61.66; H, 4.52; 

Scheme 2: Synthesis of compounds 25a-25d. 
(a) Phenacyl bromides, ethanol, Refl ux for 45 
min to 1 h.
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N, 12.53; Found: C, 61.84; H, 4.57; N, 12.75.

5-(1-(4-(4-chlorophenyl) thiazol-2-yl)-5-(3,5-
dimethoxyphenyl)-4,5-dihydro-1H-pyrazol-
3-yl)isoxazole (24c) : Yield 81%; m.p. 193-
195oC; FT-IR (KBr, cm−1): 1546 (C=C), 1589 
(C=N) 1H NMR (400 MHz, DMSO-d6, ppm): 𝛿𝛿 
6.25-8.69 (11H, Ar-H); 5.29 (1H, Hx, dd, JAX = 
3.6Hz, dd, JBX=12Hz), 3.84 (1H, HB, dd, JAB = 
16Hz, dd, JBX= 12Hz), 3.18 (1H, HA, dd, JAX= 
3.6Hz, dd, JAB=16Hz), 2.32 (6H, 2x-OCH3) ; 
Mass Analysis (m/z, %): 466.94 (M+1, 99.66), 
468.94 (M+2, 33.35); Anal. Calcd for: C23H19Cl-
N4O3S: C, 59.22; H, 4.16; N, 12.12; Found: C, 
59.39; H, 4.33; N, 12.20.

5-(5-(3,5-dimethoxyphenyl)-1-(4-(4-(trifluoro-
methyl)phenyl)thiazol-2-yl)-4,5-dihydro-1H-
pyrazol-3-yl)isoxazole (24d): Yield 79%; m.p. 
176-178oC; FT-IR (KBr, cm−1): 1548 (C=C), 1591 
(C=N); 1H NMR (400 MHz, DMSO-d6, ppm): 𝛿𝛿 
6.28-8.91 (11H, Ar-H), 5.29 (1H, Hx, dd, JAX = 
3.6Hz, dd, JBX=12 Hz), 3.84 (1H, HB, dd, JAB = 16 
Hz, dd, JBX= 12 Hz), 3.23 (1H, HA, dd, JAX = 3.6 
Hz, dd, JAB=16 Hz), 2.35 (6H, 2x-OCH3); Mass 
Analysis (m/z, %): 501.50 (M+1, 99.35); Anal. 
Calcd for: C24H19F3N4O3S: C, 57.66; H, 3.86; N, 
11.28; Found: C, 57.85; H, 3.91; N, 11.33.

5-(1-(4-phenylthiazol-2-yl)-5-(2,3,4-trime-
thoxyphenyl)-4,5-dihydro-1H-pyrazol-3-yl)
isoxazole (25a): Yield 64%; m.p. 292-294oC 
; FT-IR (KBr, cm−1): 1559 (C=C), 1588 (C=N); 
1H NMR (400 MHz, DMSO-d6, ppm): 𝛿𝛿 6.20-
8.63(10H, Ar-H), 5.27 (1H, Hx, dd, JAX = 3.6Hz, 
dd, JBX=12Hz), 3.84 (1H, HB, dd, JAB = 16Hz, 
dd, JBX= 12Hz), 3.13 (1H, HA, dd, JAX = 3.6Hz, 
dd, JAB=16Hz), 2.42 (3H, -OCH3), 2.34 (6H, 
2x-OCH3); Mass Analysis (m/z, %): 463.14 
(M+1, 99.32); Anal. Calcd for: C24H22N4O4S: C, 
62.42; H, 4.82; N, 12.18; Found: C, 62.69; H, 
4.85; N, 12.25.

4-(2-(3-(isoxazol-5-yl)-5-(2,3,4-trimethoxy-
phenyl)-4,5-dihydro-1H-pyrazol-1-yl)thiazol-
4-yl)phenol (25b): Yield 72%; m.p. 266-268oC; 
FT-IR (KBr, cm−1): 1535 (C=C), 1581 (C=N), 1H 
NMR (400 MHz, DMSO-d6, ppm): 𝛿𝛿 6.22-8.75 
(9H, Ar-H); 5.29 (1H, Hx, dd, JAX = 3.6Hz, dd, JBX-

=12Hz), 5.12 (1H, Ar-OH), 3.68 (1H, HB, dd, JAB 
= 16Hz, dd, JBX= 12 Hz), 3.16 (1H, HA, dd, JAX = 
3.6 Hz, dd, JAB=16Hz), 2.32 (6H, 2x-OCH3), 2.39 
(3H, -OCH3); Mass Analysis (m/z, %): 479.13 
(M+1, 99.41); Anal. Calcd for: C24H22N4O5S: C, 
60.31; H, 4.68; N, 11.83; Found: C, 60.36; H, 
4.73; N, 11.96.

5-(1-(4-(4-chlorophenyl)thiazol-2-yl)-5-(2,3,4-
trimethoxyphenyl)-4,5-dihydro-1H-pyrazol-
3-yl)isoxazole (25c) : Yield 82%; m.p. 178-
180oC; FT-IR (KBr, cm−1): 1548 (C=C), 1585 
(C=N), 1H NMR (400 MHz, DMSO-d6, ppm): 
𝛿𝛿 6.28-8.77(9H, Ar-H); 5.27 (1H, Hx, dd, JAX = 
3.6Hz, dd, JBX=12Hz), 3.86 (1H, HB, dd, JAB = 
16Hz, dd, JBX= 12Hz), 3.19 (1H, HA, dd, JAX = 
3.6Hz, dd, JAB=16Hz), 2.41 (3H, -OCH3), 2.35 
(6H, 2x-OCH3); Mass Analysis (m/z, %): 497.10 
(M+1, 99.71), 499.10 (M+2, 33.27); Anal. Calcd 
for: C24H21ClN4O4S: C, 58.10; H, 4.28; N, 11.29; 
Found: C, 58.22; H, 4.36; N, 11.35.

5-(1-(4-(4-(trifluoromethyl)phenyl)thiazol-2-
yl)-5-(2,3,4-trimethoxyphenyl)-4,5-dihydro-
1H-pyrazol-3-yl)isoxazole (25d) : Yield 80%; 
m.p. 158-160oC; FT-IR (KBr, cm−1): 1550 (C=C), 
1583 (C=N); 1H NMR (400 MHz, DMSO-d6, 
ppm): 𝛿𝛿 6.33-8.85 (9H, Ar-H); 5.31 (1H, Hx, dd, 
JAX = 3.6Hz, dd, JBX=12 Hz), 3.86 (1H, HB, dd, 
JAB = 16 Hz, dd, JBX= 12 Hz), 3.26 (1H, HA, dd, 
JAX = 3.6 Hz, dd, JAB=16 Hz), 2.43 (3H, -OCH3), 
2.38 (6H, 2x-OCH3); Mass Analysis (m/z, %): 
531.12 (M+1, 99.35); Anal. Calcd for: C25H21F-
3N4O4S: C, 56.63; H, 3.41; N, 10.61; Found: C, 
56.71; H, 3.45; N, 10.79.

In vitro antitubercular activity

 The antitubercular activity of the target 
compounds was performed by the use of Micro-
plate Alamar Blue Assay (MABA).

Principle of MABA assay

 The MABA assay is an essential meth-
od used to assess how effective compounds 
are against Mycobacterium tuberculosis, the 
bacterium responsible for tuberculosis. First in-
troduced by Franzblau et al., (1998), this assay 
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works by evaluating the bacteria’s metabolic 
activity to gauge their viability when exposed to 
different compounds (23). Essentially, the MABA 
starts by introducing the test compound to cul-
tures of Mycobacterium tuberculosis. Then, a 
dye called Alamar Blue is added to these cul-
tures. Alamar Blue is a dye that changes color 
from blue to pink when it encounters bacteria 
that are actively metabolizing. The effective-
ness of the compound in fighting tuberculosis is 
measured by its ability to hinder the growth and 
metabolic activity of the bacteria. Consequently, 
the change in color shown by the Alamar Blue 
dye acts as a measurable indicator, showing 
how much the bacterial metabolic activity has 
reduced and giving us an idea of how well the 
compound works in inhibiting Mycobacterium 
tuberculosis. (23)

Protocol for the MABA assay of the com-
pounds

 Target isoxazole linked 1-carbothioam-
ido-4,5-dihydro-1H-pyrazoles were tested for 
their antimycobacterial activity against the M. 
tuberculosis H37Rv strain. All medications’ min-
imum inhibitory concentrations (MICs), or the 
lowest concentration of the medicine that inhib-
its 99% of the bacteria present at the start of 
the experiment, were calculated using a broth 
dilution test. All of the substances under study 
had their MICs measured and compared to 
those of Isoniazid. Middlebrook 7H9 broth with 
10% albumin-dextrose-catalase and 0.2% glyc-
erol was used to dilute the culture to 105 cfu 
mL-1 after it had been thawed. All of the working 
compounds were dissolved in DMSO and then 
diluted twice in broth to reach the required con-
centration. After that, 0.05 mL of standardised 
culture was introduced into each U-tube and 
the cultures were grown at 37°C for 21 days. 
U-tubes were used to track development, with 
isoniazid serving as a “positive control” and un-
treated inoculum serving as a “negative control” 
(24-26)

Results and discussion on the synthesis 
and characterization of pyrazoline clubbed 

thiazole hybrids

 The synthesis of the target pyrazo-
line-clubbed thiazole hybrids 24a-24d and  
25a-25d are represented in Schemes-1 and 2 
respectively. Additionally, the melting point, per-
centage yield, spectral characterization and el-
emental analysis data are provided for all the 
eight compounds. All the eight compounds were 
synthesized by refluxing pyrazoline-1-carboth-
ioamides (24 and 25) with different kinds of 
phenacyl bromides in the presence of ethanol 
as solvent. The yield of the eight compounds 
was ranging between 61-85%.

 In the FT-IR spectrum of target com-
pounds 24a-24d and  25a-25d, the disappear-
ance of absorption band at 3369 cm-1 and the 
appearance of strong absorption bands corre-
sponding to C=N and C=C confirmed the for-
mation of pyrazoline clubbed thiazole hybrids. 
Further, the 1H NMR spectrum showed signals 
of pyrazoline scaffold as doublet of doublets at 
chemical shift values-5.26-5.35 (1H, Hx, dd, JAX 
= 3.6Hz, dd, JBX=12Hz), 3.74-3.88 (1H, HB, dd, 
JAB = 16Hz, dd, JBX= 12Hz) and 3.16-3.29 (1H, 
HA, dd, JAX = 3.6Hz, dd, JAB=16Hz) ppm respec-
tively. Additional peaks pertaining to aromatic 
protons were seen in between 6-9 ppm. The 
M+1 peak in their mass spectrum confirmed the 
molecular weight whereas the elemental analy-
sis data is agreement with the chemical compo-
sition of the expected structures. 

 To contextualize our findings, we com-
pared our results with existing literature. Our 
synthesis approach aligns with methodologies 
utilized in prior studies (4,27). However, our 
spectral characterization, particularly the FT-IR 
and 1H NMR profiles, exhibit distinctive signals 
and patterns not reported previously, signifying 
unique structural attributes (28). Notably, the 
disappearance of the 3369 cm-1 band in our 
hybrids resonates with observations made by  
Hawaiz et al., (2014) in similar compound for-
mations (29). These deviations warrant further 
investigation into the potential implications for 
biological activities and structural modifications.
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Antitubercular activity

 The pyrazole-1-carbothioamides 24 

and 25 had shown highest antitubercular activity 
among the target compounds 16-30. Based on 
their effi  cient activity of the two compounds 24 

Table 3. Antitubercular activity of pyrazoline clubbed thiazole hybrids (24a-24d and 25a-25d) (ex-
pressed as MIC in µg/mL)

. 
S.No Compound code R M. tuberculosis H37Rv

1 24a Phenyl 0.1
2 24b 4-Hydroxyphenyl 1
3 24c 4-Chlorophenyl 0.5
4 24d 4-Trifl uoromethyl phenyl 0.5
5 25a Phenyl 0.25
6 25b 4-Hydroxyphenyl 0.25
7 25c 4-Chlorophenyl 0.5
8 25d 4-Trifl uoromethyl phenyl 1
9 Isoniazid - 0.25

and 25, we further optimized and synthesized 
eight more compounds (24a-24d, 25a-25d) 
which have a substituted thiazole ring conjugat-
ed with the pyrazoline scaff old in order to im-
prove their antitubercular potency. The activity 
was performed using the same protocol dis-
cussed by other researchers (30-32) i.e MABA 
assay and the positive control used in the study 
was isoniazid. The results of antitubercular ac-
tivity of the pyrazoline conjugated thiazoles 
(24a-24d, 25a-25d) are summarized in Table 3.

 The synthesized eight new compounds 
(24a-24d, 25a-25d) were evaluated for antitu-
bercular activity using isoniazid as a positive 
control. Among the four compounds in 24a-24d, 
the activity of compound 24a is same as com-
pared to 24. The compounds 24b, 24c and 24d 

had reduced activity than 24 with an MIC val-
ue of 0.1 µg/mL, 0.5 µg/mL and 0.5 µg/mL re-
spectively. The above results suggest that the 
conversion of pyrazoline carbothioamide to 
pyrazoline conjugated thiazole is not a much 
useful strategy to enhance the antitubercular 
potency. However, the retaining of the activity 
of compound 24a with MIC value 0.1 µg/mL is 
interesting and this compound may be explored 
further by substituting the phenyl ring on the or-
tho, meta and para-positions with groups other 
than -OH, -Cl and -CF3. 

 The compounds 25a and 25b had 
shown same antitubercular potency as that of 
the compound 25 with an MIC of 0.25 µg/mL 
whereas the compounds 25c and 25d had an 
antitubercular potency of 0.5 and 1 µg/mL which 
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is less than the lead compound 25. This shows 
that the modification of compound 25 to 25c and 
25d is not a much useful strategy for increasing 
the antitubercular potency of the synthesized 
pyrazoline conjugated thiazole derivatives. 
However, the similar potency of the derivatives 
25a and 25b indicates that the phenyl ring on 
the thiazole scaffold can be incorporated with 
other kinds of small polar substituents that may 
have marginal effect on improving the activity.

 In assessing the antitubercular efficacy 
of the synthesized pyrazoline-conjugated thi-
azole derivatives, our study revealed notewor-
thy comparisons to existing literature. According 
to Dawood et al., (2023), a similar strategy em-
ploying pyrazoline-thiazole derivatives demon-
strated varied outcomes in contrast to our find-
ings. Within our synthesized compounds, 24a 
manifested sustained potency akin to the lead 
compound 24, suggesting promising potential 
(Dawood et al., 2023). However, the conversion 
of pyrazoline carbothioamide to pyrazoline-con-
jugated thiazole, as explored in compounds 
24b, 24c and 24d, resulted in decreased anti-
tubercular activity compared to compound 24, 
diverging from the expected enhancement strat-
egy (Dawood et al., 2023).

 Regarding compounds 25a-25d, com-
parative findings from Bhandare et al., (2022) 
align with our observations to a certain extent. 
Both our study and study of Bhandare et al., 
(2022) research reported analogous antitu-
bercular potency for compounds 25a and 25b, 
maintaining equivalence to compound 25. How-
ever, the alteration from compounds 25a and 
25b to 25c and 25d within our synthesized de-
rivatives led to reduced antitubercular efficacy 
(33).

 Our results suggest potential avenues 
for further exploration. Specifically, the suste-
nance of activity in compound 24a proposes 
an avenue for future investigation by substi-
tuting the phenyl ring at various positions with 
alternate groups, as proposed by Sever et al.,  
(2019). Sever et al.’s work indicated that diversi-
fying substituents on the phenyl ring might yield 

improvements in the antitubercular properties of 
pyrazoline-thiazole derivatives (10).

Conclusion

A novel series of pyrazoline-clubbed thiazole 
hybrids were synthesied by using potential an-
timycobacterial isoxazole conjugated pyrazoline 
carbothioamides – 24 and 25 of our previous 
work. Among 8 compounds (24a, 24b,24c and 
24d) synthesised by thiazole linking, 24a ex-
hibited potent antimycobacterial agent bearing 
phenyl subtituent at 4th position of thiazole ring 
with an MIC at 0.1 µg/mL which is better than 
Isoniazid. Further studies are underway to know 
about the possible mode of action of the opti-
mised compound.
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Abstract

Analytical method validation is the pro-
cess of verifying a method for its purpose of fit, 
whether it suffices its intended application or 
not. Analytical method validation is a mandatory 
requirement to be fulfilled for measuring critical 
quality attributes (CQA) during the manufactur-
ing process to get a drug approval for human, 
and veterinary use. As the drug approval pro-
cess differs from one country to another in a 
similar way method validation guidelines also 
differ from one country to another, these require-
ments will be added as your country of approv-
al differs, In the present review an attempt was 
made to bring all method validation guidelines 
in a comparative manner by comparing coun-
try-specific requirements these countries/orga-
nizations hold the major pharma market and the 
Stringent regularity countries. The paper major-
ly focuses on the analytical method used in the 
Biosimilar manufacturing process and its vali-
dation approach by comparing the method vali-
dation guidelines from the International Council 
for Harmonisation of Technical Requirements of 
Pharmaceuticals for Human Use (ICH), USA, 
European Medicines Agency (EMA), Japan and 
India with the CQAs monitored during the bio-
similar manufacturing process.

Key Words: Food and Drug Administration, Eu-
ropean Medicines Agency, ICH, critical quality 
attribute, Method Validation, QTPP.

Introduction: 

According to the US Food and Drug 
Administration (FDA) and European Medicines 
Agency (EMA), a biosimilar is a biological med-
icine highly similar to an already approved bi-
ological drug (commonly referred to as a Ref-
erence product) in that respective region (1,2). 
Biosimilars and generics show similar effects 
to the innovator product/Reference product 
which undergoes an extensive analytical char-
acterization followed by minimal clinical stud-
ies in comparison with the innovator product/
Reference product (1). Significant differences 
exist between the generic drug/biosimilar drug 
and reference product considering the various 
stages starting from the Synthesis stage till it 
encounters the market (3,4). Generic drugs are 
chemical entities with low molecular weight and 
are produced majorly through chemical synthe-
sis, where the process and its critical quality at-
tribute (CQA) are more controlled, and the final 
product will be an exact match with the innova-
tor product/Reference product. whereas in the 
case of biosimilars,, the molecules are produced 

2Department of Biotechnology, National Institute of Technology Warangal, Warangal, Telangana, 
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in live cells, due to the complex nature of cells 
and other factors the control on the process and 
CQA’s are considerably less when compared 
with generic molecules and by the definition of 
FDA and EMA, it is clearly understood that the 
Biosimilars are highly similar molecules but not 
the exact match to the reference product (1-5). 
Due to the complex nature of Biosimilars, the 
Analytical methods used for Quality attribute 
monitoring should be highly robust and should 
serve the intended purpose at each stage of the 
Manufacturing operations, release, stability, and 
in assessing the Analytical similarity/Biosimilar-
ity. 

Critical quality attribute involved in biosim-
ilars:

As per the International Council for 
Harmonisation of Technical Requirements of 
Pharmaceuticals for Human Use (ICH) Q8 CQA 
is defined as physical, chemical, biological, or 
microbiological property or characteristic that 
should be within an appropriate limit, range, 
or distribution to ensure the desired product 
quality. CQAs are generally associated with 
the drug substance, excipients, intermediates 
(in-process materials), and drug product (6). As 
per ICHQ8 the CQA’s are defined based on the 
QTPP data generated from the reference prod-
uct along with prior product and process devel-
opment knowledge and excipients (As depicted 
in the Figure 1). CQA’s represents all product 
characteristics like structure, quality, safety, and 
efficacy6.

Figure 1:Determination of the CQA as per 
ICHQ8

CQA’s play an important role in deter-
mining the Structure, Quality, safety, and Effica-
cy of the Drug product used for patients. CQA’s 
are measured by various methods at each step 
of the biosimilar process.

Typical biosimilar manufacturing and ap-
proval process

Any typical Biosimilar Manufacturing 
process involves 5 major steps, Amino acid se-
quencing of Reference product, cloning devel-
opment and optimization, cell culture process 
development, Purification process development 
(Capture step, polishing step, filtration process) 
and Formulation and fill finish (7,8). 

Figure 2: Typical Biosimilar Manufacturing Pro-
cess.

Amino acid sequencing of Reference 
product: The Biosimilar program development 
starts with the sequencing of reference products 
using various basic analytical techniques. 

Clone Development and Optimization: 
Clone development starts with the synthesis of 
the gene with a similar amino acid sequence 
obtained from the Reference product, followed 
by cloning this gene into a microbial or mam-
malian cell line by using a suitable vector (7). 
Based on the titer, clonality of the cell line, and 
minimal quality attributes (charge variants, gly-
cosylation pattern, aggregates), the top clone 
will be selected followed by the generation of 
MCB with a set CQA specifications. Upstream 
process development: MCB generated from the 
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top clone selected will be used for the genera-
tion of WCB followed by process development 
during which various conditions required for cell 
growth and production of the desired product 
are optimized. Optimized process will be scaled 
up in step-by-step increments up to commercial 
scale ensuring the quality of the desired product 
is maintained (8).

Downstream process development: 
The downstream process majorly concentrates 
on the isolation and purification of the desired 
product utilizing various types of chromatogra-
phy by keeping the CQA within the set specifi-
cations range. Various types of filters are also 
evaluated during downstream process develop-
ment to ensure the product is free of viral and 
other contaminants. Optimized process will be 
scaled up in step-by-step increments up to com-
mercial scale ensuring the quality of the desired 
product is maintained (8). Formulation and fill 
finish: The Purified Product is then concentrat-
ed/diluted based on the target set concentra-
tion/dosage along with the addition of excipients 
at the set range kept for the formulation process 
followed by sterile filling. The final drug product 
will be tested and compared with the reference 
product (7,8) ensuring similarity between both. 
During the biosimilar manufacturing process as 
depicted in Figure 2 various tests are involved 
at each stage of the process to ensure the fi-
nal product CQA is comparable with Reference 
product (7,8). The technique/type of the method 
used for monitoring the CQA is referenced in Ta-
ble 1. Methods used in biosimilar manufacturing 
can be categorized into various types based on 
its usage and its purpose.

The method outlined in the table above 
should be robust and their intended purpose 
should be fulfilled. The major objective of the 
analytical method validation is to demonstrate 
that the method is fit for its intended use and 
to identify the errors that might occur deliber-
ately during the analytical procedure execution.  
Data generated during the analytical method 
validation 9,10,11,12 defines the robustness and the 
variability of the method. As per the ICH, Japa-

Steps in 
Biosimilar 
Manufac-
turing

Methods/
Technique

Purpose Classifica-
tion of the 
methods 
based on 
purpose

Amino Acid 
sequencing

LC-MS Amino acid 
identification

Identity

Clone De-
velopment 
/ Master 
Cell bank 
creation

Protein A/
UV-spec-
troscopy

Product Titer 
Quantifica-
tion

Assay

SDS_PAGE Product 
Identifica-
tion/Size 
Variants

Identifica-
tion/Purity

SEC_H(U)
PLC/CE-
SDS

Size variants 
Quantifica-
tion

Purity

IEX_H(U)
PLC/ icIEF

Charge 
variants 
Quantifica-
tion

Purity

Glycan Glycan 
Content 
estimation

Purity

Sialic acid Sialic Acid 
Estimation

Assay

DNA Bar-
code assay

Identity test 
for the cell 
line

Identity

Sterility test Microbiologi-
cal Contami-
nants

Identifica-
tion

PCR Viral con-
taminants 
and specific 
virus tests

Identifica-
tion

Upstream 
Develop-
ment

Protein A/
UV-spec-
troscopy/
Solo-VPE

Product 
Titter Quan-
tification

Assay

SEC_H(U)
PLC/CE-
SDS

Size variants 
Quantifica-
tion

Purity

Table 1: List of Techniques/Methods used in 
monitoring the CQA and other Quality attributes 
(9,10).
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IEX_H(U)
PLC /icIEF

Charge 
variants 
Quantifica-
tion

Purity

Glycan Glycan 
Content 
estimation

Purity

Sialic acid Sialic Acid 
Estimation

Assay

Process 
related 
impurity 
generated/
added to 
improve 
the process 
efficiency

Estimation 
and clear-
ance

Assay

Bioburden Estimation 
and Identifi-
cation

Assay and 
identifica-
tion

BET Estimation Assay

Down-
stream

Protein A/
UV-spec-
troscopy/
Solo-VPE

Product 
Titter Quan-
tification

Assay

SEC_H(U)
PLC/CE-
SDS

Size variants 
Quantifica-
tion/frag-
ments

Purity

IEX_H(U)
PLC /icIEF

Charge 
variants 
Quantifica-
tion

Purity

Process 
related 
impurity  
generated 
during 
Upstream/
down-
stream

Estimation 
and clear-
ance

Assay

Formula-
tion and fill 
finish

Protein A/
UV-spec-
troscopy/
Solo-VPE

Product 
Titer Quan-
tification

Assay

SEC_H(U)
PLC/CE-
SDS

Size 
variants 
Quantifica-
tion

Purity

IEX_H(U)
PLC /icIEF

Charge 
variants 
Quantifica-
tion

Purity

pH Estimation Measure-
ment

Osmolality Estimation Measure-
ment

Colour/
Clarity/Ap-
pearance

Identity Identity

Potency/
Biopotency

Identity  
and esti-
mation

Identity 
and esti-
mation

BET Estimation Assay
Bioburden Estimation/

Identifica-
tion

Assay and 
Identifica-
tion

Sterility Identifica-
tion

Identifica-
tion

Fill volume Estimation Assay
Visible/
Sub visible 
Particles

Estimation Assay

Excipients Estimation Assay
Impurity Estimation Clearance
Elemental 
impurities

Estimation Clearance

nese Pharmacopoeia (JP), United States Phar-
macopoeia (USP), FDA and other major guide-
lines, various analytical methods are classified 
into four major types based on their intended 
purpose: (i) Identification tests (ii) Quantitative 
tests for impurities’ content (iii) Limit tests for the 
control of impurities (iv) Quantitative tests of the 
active moiety in samples of drug substance or 
drug product or other selected component(s) in 
the drug product.

Parameters that has to be evaluated are de-
fined based on the classification of the method 
into types mentioned above. The method vali-
dation parameters are depicted in the Figure 3.
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Figure 3:Analytical method validation parameters

As mentioned before, the extent of 
method validation depend on the purpose of the 
method and its regulatory requirements. The 
detailed explanation about each method was 

extensively mentioned in the further sections. 
Table 2 depicts the method validation require-
ments based on the methods categorified as 
per the Table 1.

Table 2: Method validation parameters based on the method requirement (12,13).

Parameter Identity Methods Assay methods Purity/Impurity Clearance
Linearity N Y Y Y
Range N Y Y Y
Specificity Y Y Y Y
Accuracy N Y Y Y
Precision
Repeatability N Y Y Y
Intermediate Pre-
cision

Y Y Y Y

Reproducibility N Y Y Y
LOQ N Y Y Y
LOD N May be required May be required Y
Robustness Y Y Y Y

N – Validation of the specific parameter is not required, Y – Validation of the parameter is required.
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Linearity

Definition 

The linearity of a method is expressed 
as the ability of a method to elicit a response in 
the form of linear or a mathematical expression 
form proportional to the amount of the analyte 
present in the sample. The linear or mathemati-
cal response majorly depends on the instrument 
and the detector used. For HPLC, UV, and the 
majority of the methods the relationship be-
tween the amount of analyte present in the sam-
ple and the response should be linear. For CAD 
detectors based on methods, the response can 
be linear, or quasi-linear 9,10,11,12,13,14.

Procedure

The linearity of the method will be eval-
uated graphically by plotting the response from 
the detector connected to the analytical instru-
ment and to the theoretical concentration or the 
content of the analyte present in the sample 
being tested. The responses should be direct-
ly proportional or proportional by means of the 
amount of analyte present in the sample. The 
relation should be explained either by a linear 
equation or by an appropriate mathematical/sta-
tistical equation as applicable. Linearity has to 

be tested around the range as applicable12,13,14. 
For the majority of the methods the Linearity 
was expressed in terms of Linear regression as 
mentioned in the 

, R2

Here the Y–axis represents the analyte 
response generated from the Instrument detec-
tor.

X – axis represents the theoretical concentra-
tion of the analyte present in the sample (the 
sample will be diluted into multiple determina-
tions to cover the range of the method with the 
representative diluent/buffer)

m – slope of the curve

R2 – coefficient of regression

Number of determinants/concentrations used 
for linearity majorly depends on the range re-
quired for the method, a minimum of 5 determi-
nants should be used.

Acceptance criteria/test requirements

The correlation coefficient, Y-intercept, 
slope of the regression line, and the sum of 
least squares should be submitted. 

Table 3: Linearity Test acceptance criteria (15,16).
Parameter ICH9 USA15 EU16 Japan10 India13

Minimum num-
ber of concen-
tration

05 05 05 05 05

Regression co-
efficient (R2)

- - - - 0.999⁎

Graphical plot – 
Response Ver-
sus Concentra-
tion

Required Required Required Required Required

⁎ For methods with usage of CAD as a detector, criteria can be relaxed with proper justification and 
supporting data.
Range

Definition

The range of a method will be derived 
from the linearity studies covering the lower 

and upper limit of analyte concentration to be 
measured with that analytical method. All the 
determinants present in the range should have 
acceptable degree of linearity, accuracy and 
precision.
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Procedure and acceptance criteria 

The range of a methodwill be derived 
from the linearity data showing  acceptable 

linearity, accuracy and precision. Table 4 rep-
resents the minimum ranges that has to be 
considered for range based on its application of 
use:

Table 4:Minimum acceptable ranges based on its intended use (15,16).
Nature of 

the analyte
Purpose of 
the method

Minimum Range to be tested
ICH (9) USA (15) EU (16) Japan (10) India (13)

Drug 
substance/

Drug 
product

Assay 80 – 120 % 80 – 120 
% 80 – 120 % 80 – 120 % 80 – 120 %

Impurity Assay
Reporting lev-
el to 120 % of 
Specification

Reporting 
level to 

120 % of 
Specifica-

tion

Reporting lev-
el to 120 % of 
Specification

Upper , lower 
and middle 

limit

Reporting level 
to 120 % of 

Specification

Impurity Assay/Clear-
ance

LOQ/LOD 
till upper 

limit/120 % of 
specification

LOQ/LOD 
till upper 
limit/120 

% of spec-
ification

LOQ/LOD 
till upper 

limit/120 % of 
specification

Upper , lower 
and middle 

limit

Reporting level 
to 120 % of 

Specification

In order to cover the impurity for clearance/assay it is advisable to perform the range test from the 
LOQ/LOD level till the 150 % of the upper limit of specification (17). 

Specificity

Definition

Specificity is the ability of the analytical 
method to measure the analyte unequivocally in 
the presence of other inevitable sample compo-
nents. For example the sample used for testing 
should contain impurities, Degradation prod-
ucts, or process raw materials or excipients. 
Method used should specifically identify the an-
alyte (DS/DP/Impurity/Degradation product) of 
measurement without the interference of other 
sample matrix components.

Procedure 

The specificity of the method can be estab-
lished in multiple ways depending on the usage 
of the method. (i) DS/DP, purified Impurity, De-
gradants of the products, and other analytes 
were spiked into the matrix /Placebo and their 
response was evaluated over the amount of 

materials spiked into the respective matrix (15). 
(ii) In a Situation where  impurities/ degradants 
products/Standards are not available for spiking 
, then a well characterised alternative/orthogo-
nal method should be employed. It is preferable 
to use the method which is compendial or vali-
dated to check the specificity (16). (iii) For chro-
matographic methods respective impurities/ 
degradants product peaks should be collected 
and analysed by using Mass spectroscopy tech-
nique. (iv) For Assay and impurity tests, the test 
sample and the respective buffer should be an-
alysed side by side to check the interference of 
the product. There should not be any interface 
at/with the peak of analyte (17).

Acceptance criteria

No interference should be observed in 
the measurement of the analyte. The require-
ments for the specificities across the selected 
are mentioned in the 
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Table 5:Country specific requirements for Specificity (15,16).

ICH (9) USA (15) EU (16) Japan (10) India (13)
All the com-

ponents in the 
sample from the 
result should be 
properly labeled 
with proper reso-

lution

All the components 
in the sample from 
the result should 

be properly labeled 
with proper reso-

lution

All the com-
ponents in the 

sample from the 
result should be 
properly labeled 

with proper 
resolution

All the components 
in the sample from 
the result should be 
properly labeled with 

proper resolution

All the components 
in the sample from 
the result should be 
properly labeled with 

proper resolution

Impurities and 
other samples 

should be spiked 
into the placebo/
Sample matrix

Impurities and other 
samples should 

be spiked into the 
placebo/Sample 

matrix

Impurities and 
other samples 

should be spiked 
into the placebo/
Sample matrix

Impurities and other 
samples should be 

spiked into the place-
bo/Sample matrix

Impurities and other 
samples should be 

spiked into the place-
bo/Sample matrix

When Impurities 
are not available 
other well char-

acterized method 
should be used 
to demonstrate 

specificity

When Impurities are 
not available other 
well characterized 
method should be 
used to demon-
strate specificity

When Impu-
rities are not 

available other 
well character-
ized method 

should be used 
to demonstrate 

specificity

When Impurities are 
not available other 
well characterized 
method should be 

used to demonstrate 
specificity

When Impurities are 
not available other 
well characterized 
method should be 

used to demonstrate 
specificity

-

For a stability 
indicating method 
Accelerated stress 

samples should 
be used to show 
the specificity for 

degradants

_

In case the refer-
ence standard of the 
impurities/degradants 
are not available then 

Accelerated stress 
samples should be 
used to show the 

specificity

-

 Accuracy

Definition

The accuracy of the analytical method 
defines how close is the method result value 
to the actual value (amount of analyte present 
in the sample) (15). Generally accuracy of the 
method is expressed in terms of recovery of the 
analyte present in the solution to the amount of 
analyte spiked into the solution.

Procedure acceptance criteria

The accuracy of the method was per-
formed by spiking the known amount of analyte 
into placebo/Background buffer/sample matrix, 
and the results were expressed in terms of per-
centage recovery as mentioned in the below 
equation (16).

Figure 4: Accuracy of the analytical method

In the Figure 4 stars represent the 
results obtained from the analytical method 
whereas the circle with the coloured portion is 
the true value with accepted method variabili-

            (Amount of analyte present in the sample)  
 (Amount of analyte spiked or added ino the palcebo)

% Recovery = × 100



Current Trends in Biotechnology and Pharmacy
Vol. 18(2) 1798-1812, April 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2024.2.28

Naga Pavan et al

1806

ty. The accuracy of a method should cover the 
linearity and range of the method with at least 
9 determinants covering the entire range of a 
method with at least 3 concentrations (upper 
limit, middle and lower limit of the range).

Precision

Precision is measured as the closeness 
of the analytical results obtained from a sam-
ple with allowed variability. the precision of the 
method estimates how close the measurement 

Figure 5: Results are Precise but not accurate Figure 6: Results are Accurate and Precise
of an analytical method but it can’t assure the 
accuracy of the method. Figure 5 and Figure 6 
illustrate the precision and the relationship be-
tween accuracy and precision. 

 It was expressed in three ways as men-
tioned below: (i) Repeatability/Intra-assay preci-
sion, (ii) Intermediate precision, (iii) Reproduc-
ibility

Repeatability/Intra-assay precision

Definition

The repeatability of a method was as-
sessed by defining the variability of the meth-

od within a short period of time under the 
same conditions with the homogenous sample 
(15,16). The variability of the method was esti-
mated with the same operator, same instrument 
and sample etc. 

Procedure

The repeatability of a method was es-
timated by analyzing the sample multiple times 
with the same analyst, in fact, the repeatability 
merely depends on the analytical instrument, 
and the detector responsible for measurement 
(17). Repeatability depicts the precision of the 
instrument as well.

ICH (9) USA (15) EU (16) Japan (10) India (13)
A minimum of nine 

determinants cover-
ing the entire range 
of the method with 3 
replicates covering 
3 Concentrations of 

the range

A minimum of nine 
determinants cover-
ing the entire range 
of the method with 3 
replicates covering 
3 Concentrations of 

the range

A minimum of nine 
determinants cover-
ing the entire range 
of the method with 3 
replicates covering 
3 Concentrations of 

the range

Variance and 
standard de-
viation should 
be established 

with 90 % 
confidence 

intervals

A minimum of nine 
determinants cover-
ing the entire range 
of the method with 3 
replicates covering 
3 Concentrations of 

the range
A minimum of 6 

determinants with 
100 % test sample 

concentrations

A minimum of 6 
determinants with 
100 % test sample 

concentrations

A minimum of 6 
determinants with 
100 % test sample 

concentrations

A minimum of 6 
determinants with 
100 % test sample 

concentrations

Acceptance Criteria

The repeatability of the method will be 
established by keeping the % RSD criteria for 

the output value between the determinants an-
alyzed for the study (18). The % RSD criteria 
depend on the type of method and its require-
ments for its uses in the process.
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Intermediate precision
Definition

Intermediate precision of the method 
estimates the variability of the method within 
laboratories, different days, analysts, equip-
ment, etc.,

Procedure

Repeatability sequence can be repeated with 
different analysts, days, equipment, lots of 
chemicals, columns, etc.,   used in the method 
(19). The variations in the method execution can 
be done one factor at a time or by using a de-
sign of experiments.

Acceptance criteria

Intermediate precision of the method 
was established by keeping the % RSD criteria 
for the output value between the determinants 
analyzed for the study (20,21). The % RSD cri-
teria depend on the type of method and its re-
quirements for its uses in the process.
Reproducibility: 
Definition

Reproducibility is the precision expressed be-
tween the two different laboratories.

Procedure

The reproducibility experiment will be 
done by executing two sets of experiments as 
described in repeatability in two different labo-
ratories.

 Acceptance criteria

The repeatability of the method was 
established by keeping the % RSD criteria for 
the output value between the determinants ana-
lyzed for the study (21,22). The % RSD criteria 
depend on the type of method and its require-
ments for its uses in the process.
Limit of quantification(LOQ)
Definition

Estimation of the Lowest concentration 
or amount of the analyte present in the sample 

with accuracy and precision, in other words, 
lowest concentration of an analyte measured by 
the analytical method (22,23). 

Procedure

The LOQ of a method is estimated by 
using the known concentration of the sample 
at the lowest amount with acceptable accuracy 
and precision (24,25). For the Chromatograph-
ic methods, the LOQ of the method was estab-
lished by using the signal to Nosie ratio with ac-
ceptable accuracy and Precision.

Acceptance criteria

For chromatographic methods, the 
LOQ will be identified at a concentration where 
the signal-to-noise ratio is equal or more than 
10 with acceptable accuracy and precision. The 
LOQ is estimated by injecting the same sample 
six times with an acceptable % RSD between 
the six preparations of the sample.
Limit of detection (LOD)
Definition

Detection of Lowest concentration or 
amount of the analyte present in the sample, in 
other words, the LOD depicts the presence of 
the analyte in the sample which is not accurate 
in terms of quantity.

Procedure

The LOD method is estimated by evalu-
ating the response which should be higher than 
the response for the blank sample (25). For 
the Chromatographic methods, the LOQ of the 
method was established by using the signal to 
Noise ratio.

Acceptance criteria

For chromatographic methods, the LOD will be 
determined at a concentration where the signal-
to-noise ratio is equal to or more than 3.
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Robustness 

Definition

The robustness of a method is the 
ability of the method to remain unaffected with 
small deliberate changes with are unavoidable 
during the method execution (26,27). Expected 
changes are purposely introduced during the ro-
bustness study to understand the effect of these 
variations on the analytical method outcome.

Procedure

Expected changes/variations that might 
occur in the routine analysis will be introduced 
during the method validation.  For example pH 
of the buffer and column temperature will be 
varied and will be studied during the robustness 
activity. The stability of the prepared sample(di-
luted/undiluted) solution will also be evaluated.

Acceptance criteria

Based on the outcome of the results, 
the method parameters with a defined range 
will be finalized for routine analysis. The Meth-
od validation parameters vary depending on the 
above types and based on the application of the 
method in the Bio-pharmaceutical /pharmaceu-
tical manufacturing (28). In the current review 
process, the method validation approaches will 
be majorly categorized based on their applica-
tion, type of method and manufacturing process 
requirements. Method validation guidelines 
from different regulatory bodies resulted in cer-
tain method validation characteristics and the 

same are discussed further.

For identification methods

The identification methods are used 
to confirm the identity of the analyte present in 
the sample. These tests are performed based 
on the spectrum of the method or in compari-
son with the reference standard available (29). 
Specificity, intermediate precision, and Robust-
ness study are evaluated for the methods used 
for the identification of analyte such as Amino 
Acid sequencing by LC-MS, SDS PAGE, PCR, 
DNA bar code assays method. For Colour/Clar-
ity/Appearance testing methods the whole sam-
ple consisting of a drug substance/drug product 
with its impurities along with its background buf-
fer/matrix will be evaluated as there is no esti-
mation of a specific analyte. The majority of the 
time this method of analysis is of pharmacopeial 
methods, and the validation/verification will be 
done by analyzing the three batch samples or 
a single batch in triplicates which is intended 
for commercial process and the similarity of the 
results will be considered (29). For the microbi-
al methods like Sterility and bioburden matrix/
background interference, evaluation estimates 
the condition buffer for the microbial growth 
along with positive and negative control. 

For assay methods: 

For better ease of understanding the application 
of assay methods, the assay methods are divid-
ed in to various types as mentioned in Figure 7.

Figure 7: Assay methods and its types

Assay measurement 

  Methods like pH, and osmolality estima-
tion majorly come under assay measurement, 
where the solution will be analyzed rather than 
a specific analyte. As pH, and osmolality plays 
a major role in the stability of the molecule and 

their interaction within the body when injected, 
their control is very critical in the process29. The 
method validation will be done by measuring pH 
and osmolality of three batch samples intend-
ed for commercial process or a single batch in 
triplicates and the similarity of the results will be 
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considered30. These methods has to be applied 
for release as well as for stability as the sample/
solution should be within the limits till the end of 
the shelf life of the molecule.

Assay concentration estimation

The method used for estimation of prod-
uct titer, size variants, charge variants and other 
quality attributes comes under this category. For 
the methods used to estimate the active sub-
stance in in-process samples, drug substance 
and drug product, validation will be performed 
considering the parameters as mentioned in 
Table 2. However, the method used to estimate 
active substance in DS and DP method need 
not be validated for LOQ and LOD limits as the 
concentration of the analyte in DS and DP sam-
ples will be as per the dosing requirement of the 
concerned medicine (29,30). Also, the range of 
these methods will be validated as per the pro-
cess limits with a variation of 10 – 20 % from 
the lower and upper side of the process limits. 
These methods should be applied for release as 
well as for stability as the molecule concertation 
should be within the limits till the end of the shelf 
life of the molecule. 

Identity method and assay

The Method used to estimate the po-
tency of the molecule can be used as identity 
and assays. In the Bioassay analysis, the DS/
DP binding with its respective molecular target 
will be used and the potency will be estimated, 
as binding is highly specific the method can be 
used as identity also (30). Potency can be mea-
sured, and it is linked to the molecule’s efficacy 
towards the molecule. These methods are ma-
jorly done by ELISA or cell-based methods (30). 
These methods should be applied for release as 
well as for stability as the molecule concertation 
should be within the limits till the end of the shelf 
life of the molecule.

Limit tests for impurities

Limit tests for impurities will be used to 
estimate the amount the impurities present in 

the sample, in the biologics manufacturing pro-
cess there are impurities that majorly come from 
various stages in the manufacturing process 
Figure 8 represents the impurities generated in 
the manufacturing process.

Figure 8: Impurities generated in the Biologics 
manufacturing process

Process-related impurities

The Process-related impurities like 
HcDNA , LPA and HCP have a defined calcula-
tion for the amount as per agency requirement, 
the method should be validated to the limits 
based on daily intake and the process consis-
tency (29,30,31). The method validation must 
include LOQ and LOD limits.  The method val-
idation range should include the process limits 
as well as the respective health agencies re-
quirement (31). These methods have to be ap-
plied for the DS/DP Release and is not required 
for stability as these impurities will not change 
based on the time. 

Product-related impurities

Product-related impurities like size vari-
ants, charge variants, deamidation, oxidation 
etc, generate over time and increase as the 
product nears the end of its shelf life. The meth-
od validation range for this limit should include 
the lower limit and the upper limit of the partic-
ular impurity, the limit will be decided based on 
the safety and efficacy data generated from the 
clinical trial, In the case of biosimilars these lim-
its are set based on the QTPP data generated 
form the innovator drug procedure from the in-
dented marketing region (30,31). In case where 
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the impurity limit is very high than the LOQ of 
the method then the LOD of the method is not 
required to be generated. These methods have 
to be applied for the DS/DP Release and is not 
required for stability as these impurities will not 
change based on the time (30). The Impurities 
like Glycan and Sialic acid will not increase over 
the period of time due to this the method will 
be used for release and need not be tested on 
stability. 

Other impurities for clearance

Impurities like elemental impurities 
clearance should be performed at the DP stage 
based on the elemental impurities limits linked to 
their safety, for method validation of this method 
the LOQ and LOD have to be established as the 
limits will be highly minimal except few elemen-
tal impurities (31). These will be demonstrated 
based on the consistency of the process and 
need not be used for routine release however 
the measurement of impurities will be evaluat-
ed case by case and respective metal ions will 
be estimated as per the requirement (31). For 
the method used to test for Viral impurities and 
other advantageous elements method should 
be validated with LOD and LOQ, as these im-
purities absence should be demonstrated in the 
method, in these cased the amount of some im-
purities will be spiked as a positive control to 
show the absence of the impurities, as these will 
not increase over the period of time due this the 
method will be used for release and need not to 
be tested on stability. 

Methods used for the Assay of Excipients:

The excipients method will be used to 
check its content in the final DS and DP, as per 
the label claim or not, for the validation of these 
methods the range will be established along 
with the limits as per the label claim, the estab-
lishment of LOQ and LOD is not required as per 
the excipients until there is special consider-
ation of the method (30,31). or if the lower limit 
of the method coincides/is near the LOQ limit. 

Conclusion: 

The method validation is one of the im-
portant requirements for the health agencies to 
check its performance as the safety, and effi-
cacy of the drug entirely depend on CQA and 
the stability of the drug which are governed 
by the analytical method used to estimate the 
Quality attributes of the method being used. 
Validation of the method majorly relies on the 
requirements of the process and the regulators 
it is always recommended to use the validation 
parameters to cater to all the agencies’ require-
ments as depicted in the present paper. The 
Validation should always be planned in such a 
way as to cover the requirements of all the reg-
ulatory agencies, and this requirement should 
be seen not only to fulfill the requirements of 
the countries but also in a scientific way these 
are important for checking the suitability of the 
method also.
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