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A B S T R A C T

Colour is crucial for enhancing the appetizing value and consumer acceptance of food products. The commonly 
used food colourants and food preservatives such as Malachite Green (MG) and Copper Sulfate (CS) can cause 
severe health problems. This study investigates the toxicity of these food-grade colourants through acute 
exposure using in vivo cytotoxicity using the brine shrimp model including 3D surface analysis (3DSA) and in- 
silico studies Brine shrimp were treated with various concentrations of MG and CS. The cytotoxic effect was 
confirmed by brine shrimp lethality assay and 3DSA. Molecular docking and Molecular Dynamic simulation were 
done using hAChE binding cavity. Results showed that concentrations (2.5–10 µg/ml) of MG and CS significantly 
decreased locomotor behaviour within 1 h, while higher concentrations (10–100 µg/ml) caused high mortality 
rates. Morphological studies revealed that there is a significant reduction (p<0.05) in shrimp length treated with 
MG and CS. The 3DSA indicates that there is an inappropriate surface of the shrimp morphology. Interestingly, 
MG-treated shrimps had shown significant inhibition of AChE in homogenates, indicating cholinergic nerve- 
mediated toxicity. Computational studies showed MG confined active binding with human acetylcholines-
terase (hAChE), with a binding energy MMGBSA of − 51.3 kcal/mol. MD simulation confirmed reversible binding 
stability inside the hAChE pocket. It can be concluded that acute exposure to brine shrimps with MG and CS 
exhibited cytotoxicity as evidenced by the increase in mortality of the shrimps. This study further warrants the 
investigation of MG and CS residues from commonly used fruits and vegetables and their putative toxic effect 
using in-vivo studies.

1. Introduction

Food additives are various chemicals added to foods for specific 
purposes. They are used to preserve flavour, taste, appearance or sen-
sory qualities [1]. The usage of food additives has been increasing in 
recent years in the modern food industry for the production and storage 
of foods. It is also used by food chain suppliers to prevent the degra-
dation of food-related commodities and maintain their quality [2]. The 
commonly used food-grade additives are malachite green (MG) and 
copper sulfate (CS). They are commonly used for the preservation of 
freshness and also to prevent microbial growth. The MG has been used as 
a dye in the textile industry due to its attractive greenish colour. MG has 

been misused by vegetable vendors to dye green colour vegetables 
including green peas, lady’s fingers and greenish leaves to attract cus-
tomers [3]. On the other hand, Copper Sulphate (CS) is used as a 
fungicide, algaecide, and herbicide in agricultural and non-agricultural 
settings. Daily consumption of these chemicals mixed with vegetables 
and fruits can lead to various harmful health hazards. The acute effect of 
additives may cause intense untoward signs and symptoms in the human 
body. The harmful effect of these chemicals is so detrimental to know 
the toxicodynamic effects of additives in the biological system [4]. The 
cytotoxicity testing of chemicals using in-vitro cell culture and in-vivo 
brine shrimps has been receiving attention as an alternative to animal 
models. The use of the shrimp model validates the lethal index of many 
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toxins and chemicals upon acute exposure [5,6].
On the contrary, there are challenges in studying the biochemical 

and morphological parameters of the shrimps with and without test 
substances. The use of molecular docking, molecular dynamics (MD) 
simulations, and Molecular Mechanics Generalized Born Surface Area 
(MMGBSA) has profoundly improved toxicology evaluations by offering 
detailed insights into the interactions of toxic compounds at the mo-
lecular level [7,8]. Molecular docking predicts how molecules like 
Malachite Green (MG) and Copper Sulfate (CS) bind to target proteins 
such as human acetylcholinesterase (hAChE), which is essential for 
assessing potential neurotoxic effects. MD simulations build on these 
predictions by providing a dynamic view of how these interactions 
evolve, including changes in conformation and the stability of the 
binding [9]. Extending the simulation duration allows for a more 
comprehensive understanding of these interactions. The MMGBSA 
method complements these studies by quantifying binding free energies, 
taking into account solvation and entropy effects to provide accurate 
assessments of binding strength. Together, these computational tech-
niques offer a robust framework for evaluating the toxicological profiles 
of compounds, enhancing our understanding of their potential effects 
and informing safer practices in the use of food additives [10,11]. Sci-
entific studies related to pesticide pollution on vegetables and fruits are 
crucial in understanding the toxic effects of pesticides on these foods. 
The present study aims to investigate the exposure of commonly used 
food-grade colourants, such as Malachite Green (MG) and Copper Sul-
fate (CS), using brine shrimp (Artemia salina). The objectives of this 
manuscript are to report the acute mechanistic interactions of MG and 
CS in brine shrimp, including their morphological structure and 3D 
structural analysis [12].

2. Materials and methods

2.1. Chemicals and reagents

Sodium Chloride (NaCl), Magnesium Chloride (MgCl2), Sodium 
Sulphate (Na2So4), Calcium Chloride (CaCl2), Potassium Chloride (KCl), 
Sodium Hydrogen Carbonate (NaHCO3), Potassium Bromide (KBr), 
Hydrogen Borate (H3BO3), Potassium Permanganate (Kmno4), Copper 
Sulphate (CuSo4) and Malachite green are procured from SRL chemicals. 
All other reagents and solvents are analytical grade.

2.2. Preparation of copper sulphate and malachite green solution

The stock solution of CS 1 mg/ml and MG 1 mg/ml was prepared by 
standard protocol. 100 mg copper sulphate and Malachite green were 
weighed separately and transferred into 100 ml volumetric standard 
flask with double distilled water. For in-vivo assay, 1–100 µg/ml /ml 
concentration of CS and MG were used.

2.3. Preparation and optimization of artificial seawater (ASW)

This protocol described the method for the preparation of artificial 
seawater for the hatching of brine shrimp eggs under ambient temper-
ature [13]. The chemical recipe for the preparation of ASW was as fol-
lows Sodium Chloride (NaCl), Magnesium Chloride (MgCl2), Sodium 
Sulphate (Na2So4), Calcium Chloride (CaCl2), Potassium Chloride (KCl), 
Sodium Hydrogen Carbonate (NaHCO₃), Potassium Bromide (KBr) and 
Hydrogen borate (H₃BO₃). All chemicals were weighed and dissolved in 
1 L of double distilled water and the pH was adjusted to 7.5–8.5 by using 
0.01 M HCl/NaOH. The final solution was filtered with filter paper and 
the temperature was maintained at 28℃ for better hatching

2.4. Hatching capacity of brine shrimps in artificial sea water (ASW)

The hatching capacity of brine shrimp eggs was carried out at 
different pH (7.5, 8.0 and 8.5) using ASW. Eggs (75 numbers, approx. 

weight of 25 mg) were soaked in 250 ml ASW for 24–48 hrs. The tem-
perature was maintained at 280 C and provided with appropriate oxygen 
using an aquarium pump. The setup was illuminated with a 60 W light. 
The capacity of hatching is defined as the number of brine shrimps 
hatched and actively swimming in the ASW after 24–48 hrs. The 
hatching capacity was found to be 89 % at 48 hrs [14].

2.5. Brine shrimp lethality test (BSLT)

In the BSLT assay, a suspension of 25 live active nauplii was taken 
from 76 hrs after hatching (100 µl) into 1.5 ml Eppendorf tube and 
treated with different concentrations of MG and CS (1–100 µg/ml) for 24 
hrs at 370 C in an incubator. After 24 hrs exposure to MG and CS the 
number of dead/live nauplii in each tube was counted using a binocular 
microscope. The percentage of live, dead nauplii and LC50 of MG and CS 
were calculated [15].

2.6. Measurement of brine shrimp size

At the end of the BSLT assay, the live brine shrimps (n=5) from 
control, MG and CS treated groups were fixed in buffer neutral formalin 
solution for 48 hrs [16]. After 48 h of fixing, the microscopic slides were 
imaged by OMAX optical microscope (M82ES-SC100-LP, USA) using 40x 
magnification. Images of the brine shrimps were analysed using Toup-
View software.

2.7. General and locomotor behaviour of brine shrimps

The effect of MG and CS on live brine shrimps locomotor behaviour is 
assessed by the previous method [17]. Live shrimps (n=15, 72hrs after 
hatching) treated with 2.5, 5 & 10 µg /ml concentration of MG and CS 
for 1 hr at room temperature. After 1 h, the swimming speed (cm/sec) of 
the individual live shrimps was observed under a binocular microscope 
(Toupview, software). The shrimps swimming speed was captured for 
90 s to assess the shrimp’s locomotor behaviour in artificial seawater. 
The swimming speed by the shrimps in cubic cm/sec is assessed from the 
live recording videos.

2.8. 3-Dimensional surface analysis (3DSA) analysis

3D surface of the control and MG and CS treated brine shrimps were 
constituted using brine shrimp images. The 3D surface analysis of the 
images was performed using OMAX ToupView 3D surface analysis 
software. The XYZ planer surface of the shrimps were analysed using 
Quads tricolour Polygon mode. The impression pattern of the shrimps in 
the 3D plane was observed using ambient lighting angles of X=283, 
Y=175 and Z=20 [18].

2.9. Estimation of acetylcholinesterase enzyme (AChE) in shrimp 
homogenate

AChE inhibition assay was carried out by the spectrophotometric 
method [19]. Briefly, 0.25 ml of control, MG and CS-treated brine 
shrimp homogenate and 0.25 ml of 3 mM of Ellman’s reagent was 
added. The above test solution was incubated for 15 min at room tem-
perature. After incubation, 0.5 ml of 15 mM acetylthiocholine iodide 
(ATCI) was added. The absorbance was recorded at 405 nm and the 
percentage inhibition of AChE was calculated.

2.10. Computational molecular modelling and molecular dynamics 
simulation protocol setup (hAChE)

X-ray diffraction structure of the human acetylcholinesterase 
(hAChE) enzyme was downloaded from the RCSB portal (https//doi. 
org/10.2210/pdb7RB7/pdb) and the ligand molecules were down-
loaded from PubChem public domine. Protein preparation and ligprep 
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(1) modules in Schrodinger suite algorithms assign bond orders of 
hAChE and hydrogen bonds were corrected using the force field’s al-
gorithm (OPLS4) at pH 7.0 +/- 2.0. The binding pocket of the 7RB7 
protein was defined based on the coordinates of existing PDB ligands 
with a radius of 9 Å. These proteins and ligands were submitted to the 
glide docking (2) input and extra precision level interaction was 
analyzed. The final high affine molecule complex was submitted to 
100 ns molecular dynamic (MD) simulation (3). In the first step 7rb7 - 
ligand complex was solvated using the pre-defined SPC solvent model, 
and the border condition was set up as an orthorhombic box shape. The 
volume was minimized based on complex protein surface occupation, 
and the system was neutralized through the addition of Na+ and salt- 
negative ions (Cl-). The trajectory recording interval was set to 100 ps, 
with a 1.2 energy gap during the 100 ns simulation with the generation 
of 1000 conformations [20,21]. Malathion and Parathion were used as 
standard.

2.11. Statistical analysis

All the data are expressed as Mean ± SE. The log dose-response 
relationship versus % of the mortality graph was constructed in Micro-
soft Excel. Statistical analysis was performed using one-way analysis of 
variance (ANOVA) followed by post hoc (for parametric data), and 
Mann-Whitney U test (for non-parametric data). A probability value less 
than p<0.05 was considered statistically significant.

3. Results

3.1. Effect of different doses of MG in brine shrimps lethality assay 
(BSLT)

Fig. 1a represents the effect of MG on brine shrimp mortality number 
(dead versus live) and 1b represents the log dose of MG Vs % of mortality 
rate. As shown in Fig. 1a, the dose-dependent increase in the number of 
dead shrimps was found with increasing concentrations of MG exposure 
(1–100 μg/ml). The higher dose of MG (100 μg/ml) was shown to exhibit 
a 100 % mortality rate and the lowest concentration of 1 µg/ml was 
found to be 24 % (Fig. 1b). The lethal dose concentration (LC50) of MG 
on brine shrimps was found to be 12 μg/ml. However, there is no 
mortality was observed in the control group.

3.2. Effect of different doses of CS in brine shrimps lethality assay (BSLT)

Fig. 2a represents the effect of CS on brine shrimp mortality number 
(dead versus live) and 1b represents the log dose of CS Vs % of mortality 
rate. As shown in Fig. 2a, the dose-dependent increase in the number of 
dead shrimps was found with increasing concentrations of CS from 2.5 to 
100 μg/ml. The low dose of CS which is 1, 1.25 µg/ml did not show any 
lethality in brine shrimps. The lower dose of 2.5 µg/ml and higher dose 
of 100 µg/ml of CS showed % mortality of 20 and 100 % respectively. 
The lethal dose concentration (LC50) of CS on brine shrimps was found to 
be 17 µg/ml (Fig. 2b). However, there is no mortality was observed in 
the control group.
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Fig. 1. a) Effect of various concentrations of MG on the number of dead and alive brine shrimps (n=25). Data are expressed as Mean ± SE. b) Log dose-response 
relationship of MG versus % mortality of brine shrimps (n=25). Data are expressed as Mean ± SE.
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3.3. Effect of MG and CS on locomotor behaviour of the brine shrimps

The locomotor behaviour of the brine shrimps upon acute exposure 
to MG and CS at different concentrations is shown in Fig. 3. Brine 
Shrimps treated with MG at different concentrations (2.5–10 µg/ml) 
were shown a significant decrease in locomotion as evidenced by the 
decrease in swimming speed by the shrimps. MG at the concentration of 
2.5 and 5 µg/ml had shown a significant (p<0.05) decrease in swimming 
speed (cm/sec) [1.53 ± 0.15 vs 2.2 ± 0.24 and 0.9 ± 0.11 vs 2.2 ±

0.24 cm/sec respectively] as compared to that of control brine shrimps. 
The higher concentration of 10 µg/ml of MG had shown high significant 
(p<0.001) decrease in locomotion behaviour as evidenced by the 
decrease in swimming speed [0.5 ± 0.07 vs 2.2 ± 0.24]. The effect of 
different concentrations of MG in shrimp locomotor behaviour was dose- 
dependent. Acute exposure of 5–10 µg/ml of CS to brine shrimps showed 
a significant decrease (p<0.05) in swimming speed [1.4 ± vs 2.2 ± 0.24 
and 1.24 ± 0.15 vs 2.2 ± 0.24 cm/sec respectively] in the ASW as 
compared to control brine shrimps.
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Fig. 2. a) Effect of various concentrations of CS on the number of dead and alive brine shrimps (n=25). Data are expressed as Mean ± SE. b) Log dose-response 
relationship of CS versus % mortality of brine shrimps (n=25). Data are expressed as Mean ± SE.
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Fig. 3. The locomotor behaviour of the brine shrimps (n=15) upon acute exposure to MG and CS (n=15). Data are expressed as Mean ± SE. * p<0.05 compared with 
the control group.
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3.4. Brine shrimp size measurement

Fig. 4a & b represent the effect of MG and CS in the Brine shrimps 
length of the brine shrimps measured from head to tail after 24 hrs. 
There was a decrease in the length of the brine shrimps exposed to 
increased concentration of MG, suggesting MG plays a role in the growth 
retardation of brine shrimps. MG at the dose of 40–100 µg/ml had shown 
a significant (p<0.01) decrease in length as compared to control 
shrimps. The MG (40–100 µg/ml) treated brine shrimps mean length 
was found to be in the range of 333.5 and 345 µm whereas the control 
group mean length was found to be 570 µm. The CS-treated shrimps at 
the concentration of 80 & 100 µg/ml had shown a significant (p<0.05) 
growth retardation effect as evidenced by the decrease in length of the 
brine shrimps. The CS (80 and 100 µg/ml) treated brine shrimps mean 
length was found to be in the range of 526 and 340 µm whereas the 
control group shrimps and the mean length was found to be 570 µm.

3.5. Effect of MG and CS on 3D surface analysis

Fig. 5 (A-D) represents the 3D surface analysis of brine shrimp 
delineated from the microscopical picture of brine shrimps under 40x 
magnification. Brine shrimps were treated with different concentrations 
(40–100 µg/ml) of MG and CS showed an irregular surface pattern. It 
was observed that the control brine shrimps have shown equal longi-
tudinal surface alignment in XYZ planner surface suggesting the normal 
growth pattern of the brine shrimps. The impression pattern of the head, 
fore, mid and hindgut including appendages on both sides are in normal 
alignment. However, the impression of MG and CS-treated brine shrimps 
were not in alignment as evidenced by an inappropriate impression of 
the longitudinal plane including swimming appendages on both sides 
suggesting retardation of the brine shrimp growth. The impression 
pattern of brine shrimps exposed with high concentration had shown 
squeezed and inappropriate planner impression.

Fig. 4. a Effect of MG and CS on brine shrimp (n=5) Lenth & b. Data are expressed as Mean ± SE. * p<0.01 and **p<0.05 compared with the control group.

a. Control

b. MG (40 µg/ml) c.  MG (80 µg/ml) d. MG (100 µg/ml)

e. CS (40 µg/ml) f. CS (80 µg/ml) g. CS  (100 µg/ml)

Fig. 5. represents the 3D surface analysis of brine shrimps exposed to various concentrations of MG (fig b-d) and CS (Fig e-g).
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3.6. Effect of MG and CS in brine shrimps homogenate 
acetylcholinesterase

Fig. 6 represents the % inhibition of Acetylcholinesterase enzyme 
(AChE) of brine shrimp homogenates upon acute exposure to MG. MG at 
the concentrations of 10–40 µg/ml had shown a significant (P<0.01) 
increase in the % of AChE inhibition. The higher concentration (80 µg/ 
ml) showed a higher % of AChE inhibition (p<0.0001). The mean % 
inhibition of AChE to MG (at the dose of 10, 20 & 100 µg/ml) treated 
brine shrimps was found to be 43.5 %, 67.5 % & 80 % respectively. CS- 
treated shrimps did not show any significant effect on AChE level (data 
not shown).

3.7. Molecular docking of MG and CS in the catalytic site of human 
acetylcholinesterase (hAChE) enzyme

MG formed four different kinds of binding interaction with hAChE. 
Specifically, the two amino acid residues TyrB:341 and TRP B:286 are 
formed by π- π stacking interaction with the benzene ring p-orbitals of 

MG. Additionally, the 7 amino acid residues (green leaves) formed hy-
drophobic interaction, and four amino acids (Thr A:75 & B, Gln 291, Ser 
293) networked by polar interaction with MG. Asp 74 and Glu 292 
negatively interacted and one amino acid Arg 296 formed an interaction 
with the molecule. These interactions modify the secondary structure of 
the hAChE protein suggesting enzyme inhibition. The binding poses of 
CS interaction with active amino acid: TYR and LEU residues likely 
contribute to stabilization through hydrophobic or π-π stacking in-
teractions, depending on their positions relative to the ligand. Parathion 
and malathion interact with hAChE protein through the hydrophobic 
amino acid residues. Also, parathion formed hydrogen bonds with 
Tyr124, Trp286 and HIP447 (positive), Asp74 (negative) amino acids to 
aid the binding of polar fragments of the molecule. Similarly, Ser293 
developed a hydrogen bond with the phosphate oxygen atom of mala-
thion (Figs. 7–9). 

3.8. Quantum model mechanics /molecular dynamics simulation

MD simulation mechanic runs aid to find the MG binding reversibly 
or irreversibly inside the hAChE. Fig. 10 depicts the solvation model 
which is generated with 22324 water molecules and mimics the human 
body realistic model in the Artificial [AI] environment.

The RMSD graph revealed that the hAChE protein and protein-ligand 
complex were stable up to 100 ns. The plain protein deviation was found 
to be 9–12 Å (Fig. 11A) and the MG hAChE complexed protein deviation 
was found to be 8–11 Å (Fig. 11 B) due to the interaction of the 
compound.

Fig. 12 A illustrates the amino acids fluctuation of hAChE protein 
was found to be 8–9 Å, After the complex formation the fluctuations of 
amino acids were reduced to less than 6 Å (Fig. 12 B). The reduction of 
RMSA due to the formation of hydrogen bonds between the amino acid 
residue and the MG atoms.

The complex contact heat map shown in Fig. 13 illustrates the 
interaction with 18 active site amino acids of A chain & B chain. Spe-
cifically, more interaction was found with hydrophobic amino acids and 
they are breakable during the 100 ns simulation. Among the amino 
acids, TRP 286 and TYR 341 interacted

0

10

20

30

40

50

60

70

80

90

100

Control MG (20  µg) MG (40 µg) MG (80  µg)

**

**

***

noitbihnI
EhcAfo

%

Fig. 6. AChE inhibition effect of MG on Brine Shrimps (n=25) homogenates. Data are expressed as Mean ± SE. **p<0.01 and ***p<0.001 compared with the 
control group.

Fig. 7. Structure of hAChE in complex with substrate analogy 4K-TMA and 
MMB4 oxime and the binding pocket grid of docking.
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4. Discussion

The present study demonstrates the acute toxic effect of food-grade 
additives namely MG and CS in live Artemia salina nauplii in artificial 
seawater preparation (ASW). Acute exposure to MG and CS affects the 
normal physiological parameters like development and locomotion 
behaviour of the shrimps tested 72 hrs after hatching, the lethal effect of 
additives were observed after 3 days of exposure. The brine shrimp 
locomotion is facilitated by the rhythmic beating of their trunk ap-
pendages from upside down which propels the brine shrimp to move 
forward in the ASW. The rhythmic beating and synchronization of the 
swimming behaviour of the shrimp is controlled by the local nervous 
system integrated with the ganglia and drugs like d-Tubocurarine inhibit 
the locomotion behaviour in shrimps [22]. The impaired locomotor ef-
fect can be explained by the fact that the MG and CS could affect the 

shrimp’s motor neuron neurotransmitter system. The inhibitory effect of 
copper ions on nerve action potential and neurotransmitter release has 
been studied by various researchers. In the previous research have been 
shown that acute exposure to Cu+ retards the growth, and development 
by inhibiting neurotransmitter release at the local nerve terminal of c. 
elegans [23,24], fish and in rat hippocampal neuronal slices [25]
Conversely, the neurotoxic effect of MG has also been shown in C. carpio 
through behavioural and histochemical analysis [26]. We observed the 
diverging effect of MG on the locomotor effect as compared to that of CS. 
The irregular effect shown by CS and MG at the same concentrations 
may also be due to different uptake or penetration of MG or CS to 
shrimps and also the degradation potential of these additives in the test 
medium during different periods. Conversely, CS and MG exposure 
decreased the growth of shrimps measured at the end of the experiment. 
The normal development and growth pattern of the shrimps depends on 

Fig. 8. a Binding of Malachite green inside the catalytic site of hAChE protein. 8b Binding of copper sulfate inside the catalytic site of hAChE protein.
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various factors including temperature[27].The total protein concentra-
tion (Data not shown) was significantly decreased in the shrimp group 
exposed to MS and CS this explains the growth retardation effect of these 
additives on shrimps. The 3D structure modelling analysis of brine 
shrimps exposed to MG and CS have shown inappropriate planner 

orientation of the shrimps further confirming the toxic effect of MG and 
CS on shrimps’ growth. It has been shown the 20 amino acids including 
essential amino acids and heat shock protein p26 play a vital role in the 
ontogeny of the shrimps [28,29] The growth retardation in the shrimps 
may be due to the negative effect of MG and CS on amino acid turnover 
or the heat shock proteins in the shrimps.

In our study, acute exposure to MG at different concentrations 
inhibited cholinesterase levels in the shrimp homogenate preparation 
suggesting cholinergic toxicity. However, the hermetic effect of MG has 
been shown in two different studies using Drosophila larvae and rat 
brain AChE levels. In the former study, Drosophila larvae exposed to 
different concentrations of textile-grade dye enhanced the cholines-
terase enzyme activity [30] and a later study found that MG adminis-
tered at the dose of 13.5 mg/kg in rats to reduce the transfer latency as 
an indicator for assessing the spatial memory task tested in Morris Water 
Maze behavioural paradigm the results infer that the memory impair-
ment of the rats fed with MG was associated with an imbalance in AChE 
and stress markers in the rat hippocampus and frontal cortex. This AChE 

Fig. 9. Binding of parathion(a) and malathion (b) inside the catalytic site of B hAChE protein.

Table 1 
Docking Score and MMGBSA energy.

Title Structure Docking 
score

MMGBSA 
dG Bind

7RB7–5-removed waters
Malachite 
Green

− 7.932 − 51.3

Copper 
Sulfate

− 6.177 − 14.97

Malathion − 4.677 − 29.30

Parathion − 3.458 − 20.33

Fig. 10. Solvated MD simulation protein complex.
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inhibitory effect of MG may also explain the decrease in the locomotion 
effect of shrimps treated with MG due to AChE inhibition-mediated 
cholinergic toxicity.

Further, the in-silico molecular studies confirmed the AChE inhibi-
tory effect of MG using human AChE as a target. The docking and 
MMGBSA scores suggest that MG has high-affinity binding towards 

Fig. 11. RMSD Protein and protein-ligand complex QMM/MD A) protein B) MG.

Fig. 12. RMSF AChE protein & Protein-ligand complex QMM/MD A) protein B) MG complex.

Fig. 13. Heat map Malachite green and hAChE protein amino acid Interaction of 100 ns period throughout the simulation without cleaving. This work of the 
Quantum Model Mechanics / Molecular Dynamics simulation studies confirmed that the malachite green binds with the hAChE protein well and reversibly.
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hAChE enzyme pockets through 2 π-π stack interactions as compared to 
that of a few standard pesticides such as parathion and malathion. There 
is a conformational change in the B chain secondary structure of the 
hAChE enzyme in protein-ligand interaction suggesting the possible 
inhibition of hAChE by MG. Further, the stability of the MG and hAChE 
enzyme was confirmed by molecular dynamic simulation (MD-simula-
tion) studies [31]. The results of MDS of MG and hAChE suggest that the 
MG reversibly binds through 2 amino acids residues of hAChE enzymes 
namely Try 286 and Tyr 341 that last for 100 nanoseconds. Previous 
molecular docking reports have confirmed that the formation of a 
hydrogen bond with Tyr341 in the binding site canyon of 4K-TMA: 
hAChE enzyme is essential for the inhibitory effect of the ligand and 
protein structure. However, this canyon with molecular hydrogen 
bonding interaction with Tyr341 was not observed in the apo-hAChE 
protein structure. Refer the peripheral anionic site (PAS) binding of li-
gands makes π-π stacking interactions with Trp286 and does not obtrude 
outside the Tyr124 choke point in the active site gorge. This reveals the 
structural changes in the cavities of the active site and is enlightened by 
the docking of the covalent reversible inhibitor [32].

It can be concluded that acute exposure to MG and CS which are 
commonly used food-grade additives are toxic to brine shrimp growth 
and the toxicity is mediated by affecting acetylcholinesterase enzyme at 
the cholinergic nerve ending. Further, the in-silico studies with human 
AChE as the target also point toward its inhibition with exposure to MG 
and opens up a plethora of domains for study exposure to MG in the 
nervous system of humans. This study warrants the further investigation 
of MG and CS residues extracted from commonly used fruits and vege-
tables and their putative toxic effect using in-vivo studies.
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