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Design, synthesis, biological 
assessment and molecular 
modeling studies of novel 
imidazothiazole‑thiazolidinone 
hybrids as potential anticancer 
and anti‑inflammatory agents
Payal Kamboj 1, Anjali 1, Khalid Imtiyaz 2, Moshahid A. Rizvi 2, Virendra Nath 3, Vipin Kumar 3, 
Asif Husain 1 & Mohd. Amir 1*

A new series of imidazothiazole derivatives bearing thiazolidinone moiety (4a-g and 5a-d) were 
designed, synthesized and evaluated for potential epidermal growth factor receptor (EGFR) kinase 
inhibition, anticancer and anti-inflammatory activity, cardiomyopathy toxicity and hepatotoxicity. 
Compound 4c inhibited EGFR kinase at a concentration of 18.35 ± 1.25 µM, whereas standard drug 
erlotinib showed IC50 value of 06.12 ± 0.92 µM. The molecular docking, dynamics simulation and 
MM-GBSA binding energy calculations revealed strong interaction of compound 4c with binding site of 
EGFR. The synthesized compounds were evaluated for their anticancer activity by MTT assay against 
three human cancer cell lines A549 (Lung), MCF-7 (Breast), HCT116 (Colon), one normal human 
embryonic kidney cell line HEK293 and also for their EGFR kinase inhibitory activity. Few compounds 
of the series (4a, 4b, 4c) showed promising growth inhibition against all the tested cancer cell lines 
and against EGFR kinase. Among these, compound 4c was found to be most active and displayed 
IC50 value of 10.74 ± 0.40, 18.73 ± 0.88 against cancer cell lines A549 and MCF7 respectively whereas it 
showed an IC50 value of 96.38 ± 1.79 against HEK293 cell line indicating lesser cytotoxicity for healthy 
cell. Compounds 4a, 4b and 4c were also examined for their apoptosis inducing potential through AO/
EB dual staining assay and it was observed that their antiproliferative activity against A549 cells is 
mediated via induction of apoptosis. Cardiomyopathy studies showed normal cardiomyocytes with 
no marked sign of pyknotic nucleus of compounds 4b and 4c. Hepatotoxicity studies of compounds 
4b and 4c also showed normal architecture of hepatocytes. Compounds 4a-g and 5a-d were also 
evaluated for their in-vitro anti-inflammatory activity by protein albumin denaturation assay. 
Among the tested compounds 4a-d and 5a-b showed promising activity and were selected for in-vivo 
inflammatory activity against carrageenan rat paw edema test. Among these compounds, 4b was 
found to be most active in the series showing 84.94% inhibition, whereas the standard drug diclofenac 
sodium showed 84.57% inhibition. Compound 4b also showed low ulcerogenic potential and lipid 
peroxidation. Thus, compounds 4c and 4b could be a promising lead compounds for developing 
anticancer and anti-inflammatory agents with low toxicity and selectivity.
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Cancer is characterized by uncontrolled proliferation of cells, often resulting in invasion and metastasis to both 
nearby and distant tissues and organs. According to various surveys or statistical data, cancer is second among 
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the leading causes of mortality and accounts for millions of deaths every year preceded only by heart diseases1. 
A surge in cancer incidence has a negative impact on the global healthcare system; in contrast, the majority of 
anticancer medications have limited therapeutic potency due to lack of specificity and significant adverse effects. 
Therefore, new therapeutic anticancer drugs with the highest efficacy and lowest toxicity are the need of hour 
to address such issues2–4.

Epidermal growth factor receptor (EGFR) is a receptor that is overexpressed or mutated in various types of 
cancer, making it an attractive target for therapeutic interventions5. The abnormal activation of EGFR in cancer 
cells can lead to uncontrolled cell growth, survival, and metastasis6. Therefore, inhibiting EGFR signalling is a 
strategy aimed at reducing cancer cell proliferation and promoting tumor regression7. EGFR is a glycoprotein and 
a member of the ErbB family of tyrosine kinase receptors, which consist of four member ErbB-1, ErbB-2, ErbB-3 
and ErbB-48. When ligand binds to the EGFR, it activates various pathways such as PI3K, JAK-STAT, and RAS 
that helps in controlling of proliferation, transcription, and cell death9. Different cancer types may have distinct 
EGFR mutations or alterations, which can affect their response to EGFR inhibitors10. Thus, EGFR has become a 
very important target and has been clinically approved in the field of cancer therapy11.

Additionally, in a study it was observed that inhibiting EGFR led to a reduction in inflammation. Recent 
research has highlighted the importance of the EGFR-ERK pathway in various inflammatory conditions12–17. 
One study demonstrated that tris(2-chloroethyl) phosphate (TCEP) induces inflammation in HepG2 cancer 
cells by activating EGFR, which can be counteracted by inhibiting EGFR18. Furthermore, it has been established 
that the activation of EGFR plays a crucial role in the initiation and progression of respiratory inflammation 
induced by respiratory syncytial virus (RSV) and non-typeable Haemophilus influenzae (NTHi)19,20. Another 
study reported a crucial regulatory role for EGFR in thrombin-mediated inflammation21. Furthermore, a study 
focusing on obesity-related cardiovascular diseases found that inhibiting EGFR reduced inflammation induced 
by palmitic acid in cardiac muscle cells22.

Imidazothiazole is considered a key scaffold for developing numerous pharmacologically active molecules 
among broad fused heterocyclic framework23,24 and their structural arrangement facilitates the facile binding to 
receptors and enzymes, resulting in synergistic biological activities such as anticancer25, anti-inflammatory26, 
antiviral27 antitubercular28, and antimicrobial29. Various classes of potent biologically active imidazothiazole 
drugs are available in the market and are in various phases of clinical development such as levamisole, Pifthrin- β, 
Quizartinib, SRT1720, YM-201627, and WAY-181187 (Fig. 1)30–36. Therefore, imidazothiazole have attracted a 
lot of researchers due to their potent anticancer activity. Deng et al.37 have reported imidazothiazole derivatives 
as potent EGFR inhibitors. Compound 1 of the series was found to be potent EGFR inhibitor with an IC50 value 
of 14.05 µmol/ml, it also displayed potent anticancer activity against HeLa cancer cell line with an IC50 value of 
0.42 µM. Zaraei et al.38 have reported compound 2, an imidazothiazole derivative as potent and selective ErbB4 
kinase inhibitor displaying an IC50 value of 15.24 nM. It also has potent antiproliferative activity with IC50 val-
ues of 1.02,1.04, and 1.67 µM against MOLT-4 leukaemia, MDA-MB-231 breast and DU-145 prostate cancer 
cell lines. Pradip et al.39 have reported imidazothizole derivative (3) as potent EGFR and IGF1R inhibitor. It 
displayed strong inhibitory activity against EGFR (IC50 35.5 nM) and IGF1R (IC50 52 nM). Compound 4 hav-
ing an imidazothiazole moiety is also reported as potent anti-inflammatory agent by Shetty et al.40 It displayed 
potent in vivo anti-inflammatory against carrageenan-induced paw edema with 65% inhibition in comparison 
to standard drug phenylbutazone (Fig. 2).

4-Thiazolidinone moiety also played an important role in drug design and is a core structure in various syn-
thetic pharmaceuticals displaying broad spectrum of a biological activities such as anticancer41,42, anti-inflam-
matory and analgesic43, antidiabetic44, and antitubercular45 Furthermore, there are some pharmaceuticals in 
the market having thiazolidinone and thiazolidinedione rings attached with other heterocyclic moieties such as 
darbufelone46,47 and efatutazone48 (Fig. 1) which exhibited anticancer activity. Furthermore Szychowski et al.49 
have reported 4-thiazolidinone derivatives as potent anticancer agent. Compound 5 of the series has displayed 
excellent inhibitory activity (67.34%) against human squamous cell lines (SCC-15) at concertation 100 mM. It 
also displayed potent ROS generation inhibition in a dose dependent manner. Compound 6 having thiazolidi-
none moiety was reported by Saliyeva et al.50 as potent anti-inflammatory agent. It displayed significant activity 
with 40.3% inhibition when evaluated against carrageenan-induced paw edema inflammation in albino rats 
compared to standard drug diclofenac sodium which showed an inhibitory activity of 38.8% (Fig. 2).

On the basis of above observations, it was thought worthwhile to design and synthesize new imidazothiazole 
analogues possessing a thiazolidinone moiety (Fig. 2) in order to assess their potential EGFR kinase inhibitory, 
anticancer and anti-inflammatory properties. The newly synthesized compounds were evaluated for EGFR kinase 
inhibition studies using erlotinib as positive control. These compounds were also subjected to antiproliferative 
activity assays using three different human cancer cell lines and one normal human cell line. The most potent 
derivative from this series was further investigated through wound healing assay, nuclear staining, cell apoptosis 
analysis, and in-vivo safety evaluation. Compounds were also evaluated for their in-vitro anti-inflammatory 
activity by protein albumin denaturation assay and few active compounds were selected for their in-vivo inflam-
matory activity against carrageenan rat paw edema test. Furthermore, molecular docking studies were conducted 
to determine the possible binding pattern of the most active compound, while molecular dynamics simulations 
were performed to elucidate its stability at the EGFR kinase binding site.

Result and discussion
Chemistry
The synthetic strategy for compounds 4a-g and 5a-d were outlined in Scheme 1. Imidazothiazole (1) was pre-
pared by reacting phenacyl bromide and aminothiazole in the presence of methanol under reflux condition for 
24 h. Imidazothiazole carbaldehyde (2) was prepared by Vilsmeier-Haack reaction. 6-Phenylimidazo [2,1-b] 
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thiazole-5-carbaldehyde (2) was treated with various substituted anilines for 5–8 h in the presence of toluene and 
p-toluene sulfonic acid as a catalyst to give Schiff bases (3a-g). The target compounds 4a-g and 5a-d were synthe-
sized by the reaction of intermediates 3a-g with thiolactic acid and thioglycolic acid by stirring at room tempera-
ture for 16–20 h in the presence of catalytic amount of anhydrous zinc chloride and 1–4 dioxane. Structures of 
all the synthesized compounds were established on the basis of IR, 1H NMR, 13C NMR, and mass spectral data.

In the series 4a-g, formation of thiazolidinone ring was confirmed by appearance of doublet for CH3 proton 
at δ 1.12 whereas quartet of CH proton was observed at δ 3.22. The CH proton of thiazolidinone ring linked 
to imidazothiazole moiety appeared at δ 6.05 confirming the formation of the compound 4c. 13C NMR spectra 
(4c) showed signals of CH3 and CH carbons at δ 20.02 and δ 42.9 respectively. CH carbon of thiazolidinone ring 
linked to imidazothiazole moiety was observed at δ 66.82. The carbonyl group signal of thiazolidinone moiety 
appeared at δ 173.43.

Mass spectra of 4c showed molecular ion peaks at (m/z) 469.9915 [M + H+] detected by HRMS (ESI) con-
firming the formation of compound. In the series 5a-d, CH2 protons of thiazolidinone ring are splitting each 
other and their signals appeared as doublet at δ 3.48 and δ 3.52. The CH proton of thiazolidinone ring linked to 
imidazothiazole moiety appeared at δ 5.03 confirming the formation of the compound 5a. 13C NMR spectra (5a) 
showed signal of CH2 carbon at δ 33.04, CH carbon of thiazolidinone ring linked to imidazothiazole moiety was 
observed at δ 56.50. The carbonyl group signal of thiazolidinone moiety appeared at δ 174.38. Mass spectra of 
5a showed molecular ion peaks at (m/z) 412.0283 [M + H+] detected by HRMS (ESI) confirming the formation 
of compound.
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Biological activity
In vitro EGFR inhibitory activity
All the newly synthesized compounds 4a-g and 5a-d were studied for in-vitro EGFR kinase inhibitory activity 
using solid phase enzyme linked immunosorbent assay (ELISA) method and erlotinib was taken as standard 
drug. The inhibitory activities (IC50) of the compounds are summarized in Table 1, Fig. 3. Among all the tested 
compounds 4c, 4b and 4a demonstrated potent inhibitory activity with IC50 value of 18.35 µM, 24.34 µM and 
28.65 µM respectively with significant binding activity to the EGFR kinase. Other compounds of the series 
exhibited moderate activity with IC50 values in the range of 29.13 to 75.41 µM.

In vitro cytotoxicity
All the synthesized imidazothiazole derivatives linked with thiazolidinone moiety (4a-g and 5a-d, Fig. 4) were 
evaluated for their in- vitro anticancer activities against three selected human cancer cell lines namely non-
small lung (A549), breast (MCF7) and colorectal (HCT116) and one normal human embryonic kidney cell 
line (HEK293) using the 3‐(4,5‐Dimethylthiazol‐2‐yl)-2,5‐Diphenyltetrazolium Bromide (MTT) assay method. 
All the synthesized compounds (4a-g and 5a-d) exhibited excellent to moderate inhibitory activity compared 
to standard drug erlotinib with an IC50 values in range of 10.74 -76.33 µM against A549, MCF7 and HCT116 
cancer cell lines respectively (Table 1, Fig. 5). From the results obtained, it was observed that compound 4c has 
showed significant potency with an IC50 value of 10.74 µM followed by compounds 4b and 4a which showed an 

Figure 2.   Imidazothiazole and thiazolidinone based anticancer and anti-inflammatory agents.
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IC50 value of 21.06 and 22.52 µM respectively compared to standard drug erlotinib (8.34 µM) against A549 cell 
line. Compound 4c and 4a was found active against MCF7 cell line and exhibited good inhibitory activity with 
an IC50 value of 18.73 and 22.76 µM respectively compare to standard drug erlotinib (IC50 10.66 µM). Other 
derivatives like compounds 4b, 4f, 5a, 5c and 4d showed moderate activity against MCF-7 cell line with IC50 
values of 29.25, 33.73, 35.06, 35.79 and 35.81 µM respectively. Activity against the HCT116 cell line was found to 
be moderate. Compounds 4c and 4a were found to be most active in the series exhibiting an IC50 value of 23.22 
and 23.69 µM respectively compared to standard drug erlotinib (12.54 µM). Rest of the compounds showed 
moderate activity with an IC50 value in the range of 45.04 to 89.90 µM against HCT116 cell line. Thus, it was 
observed that in all the three tested human cancer cell lines, compounds 4a, 4b and 4c were found to be most 
potent derivatives against the A549 cell line. It was also noted that compounds 4a, 4b and 4c were also potent 
against EGFR kinase inhibition (Fig. 6).

Furthermore, the evaluation against normal human embryonic kidney cell line (HEK293), demonstrated that 
the compounds were less toxic as compared with the standard drug erlotinib (Fig. 7). It has been observed that 
most of the time, IC50 values for a cancerous cell line are less, indicating that a lower concentration of drug is 
needed to kill the cancerous cells, whereas larger values of IC50 on a healthy cell line indicate that a higher dose 
of drug is needed for the death of healthy cells. The lead compound 4c had IC50 value of 10.74 ± 0.40, 18.73 ± 0.88 
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Table 1.   In-vitro cytotoxicity against selected cancer lines, normal cell line and EGFR kinase inhibitory 
activity of synthesized compounds 4a-g and 5a-d. *All the experiments were performed in triplicate and the 
results were expressed as mean standard deviation (Mean ± SD); EGFR: Epidermal growth factor receptor; 
A549: lung cancer cell line. MCF7: Human breast cancer cell line, HCT116: Human colorectal cancer cell line, 
HEK293: Human embryonic kidney cell line, Erlotinib is used as standard drug.

Compd R

IC50 (µM) (Mean ± SD)*

EGFR A549 MCF7 HCT116 HEK293

4a 4-F 28.65 ± 1.96 22.52 ± 2.04 22.76 ± 5.50 23.69 ± 0.85 147.39 ± 4.30

4b 4-Cl 24.34 ± 1.73 21.06 ± 1.04 29.25 ± 7.10 45.04 ± 1.02 101.03 ± 3.41

4c 4-Br 18.35 ± 1.25 10.74 ± 0.40 18.73 ± 0.88 23.22 ± 1.89 96.38 ± 1.79

4d 2,4di-Cl 35.97 ± 1.89 31.84 ± 1.10 35.81 ± 1.03 49.50 ± 7.14 180.60 ± 5.74

4e 4-NO2 57.10 ± 0.38 50.56 ± 0.70 43.56 ± 7.19 89.92 ± 4.89 125.01 ± 5.80

4f 4-CH3 49.65 ± 4.89 40.22 ± 0.38 33.73 ± 0.84 47.58 ± 8.97 146.63 ± 4.57

4g 4-OCH3 46.47 ± 7.14 70.12 ± 2.02 52.85 ± 1.65 76.33 ± 5.66 163.73 ± 4.69

5a 4- Cl 30.13 ± 4.17 42.72 ± 3.35 35.06 ± 1.25 58.82 ± 3.14 117.40 ± 5.69

5b 4-Br 33.07 ± 1.58 35.51 ± 2.15 44.21 ± 0.85 58.61 ± 4.51 104.59 ± 3.50

5c 4- CH3 29.30 ± 4.61 34.24 ± 2.82 35.79 ± 4.61 59.95 ± 6.44 109.09 ± 5.32

5d 4-OCH3 47.98 ± 1.97 33.08 10.72 38.06 ± 0.89 65.18 ± 0.90 111.83 ± 0.25

Erlotinib- – 06.12 ± 0.92 08.34 ± 8.09 10.66 ± 5.65 12.54 ± 1.87 –

Erlotinib- – – – – – 80.15 ± 1.30
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Figure 3.   In-vitro cytotoxicity demonstrated by compounds 4a-g, 5a-d against EGFR kinase and compared 
with standard drug Erlotinib.
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and 23.22 ± 1.89 µM against A549, MCF7 and HCT116 cancer cell lines respectively, which suggests that 4c is 
powerful enough to kill cancerous cells at lower concentrations. On the other hand, compound 4c was found to 
be less toxic than the standard drug erlotinib (IC50 80.15 ± 1.30 µM) for HEK293 cell line. For normal cell line, the 
value of IC50 for compound 4c was found to be 96.38 ± 1.79 µM which indicates lesser cytotoxicity for healthy cell.

Anti‑migratory effect on A549 lung cancer cells
Migration of cells is directly associated with tumor progression and metastasis of cancerous cells. Therefore, 
wound healing assay was performed to evaluate the migration potential of A549 cells after treatment with com-
pounds 4a, 4b and 4c. An artificial scratch or wound was created on the monolayer of A549 cells using a 200µL 
sterile pipette tip. The scratch surface was then treated with 30 µM of compounds 4a, 4b and 4c respectively and 
cells were allowed to migrate. The images of cells to fill up the artificial scratch or wounds were photographed 
at 0 and 24 h after the treatment and the responses were visualized using phase contrast microscopy. The results 
obtained revealed a significant suppression in the migration of A549 cells after treatment with compound 4a, 
4b and 4c in the wounded area compared to the control group (Fig. 8).
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Nuclear morphological change and nuclear blebbing
A549 cells were treated with compound 4a, 4b, 4c and morphological changes were observed after nuclear 
staining with 4′,6‐diamidino‐2‐phenylindole (DAPI). The results revealed that, cells lost their polyhedral shape 
and shrunk (blebbing) in comparison with control cells. The active compounds (4a-c) exposed cells exhibited 
chromatin condensation and nuclear fragmentation and margination of nucleus. Morphological results revealed 
that compound 4a-c reduced cell viability and induced apoptosis in A549 cells (Fig. 9a).

Early and late apoptotic cells in A549 lung cancer cell line
Apoptosis inducing potential of newly synthesized compounds 4a, 4b and 4c were examined through acrid-
ine orange/ethidium bromide (AO/EB) dual staining assay. The results obtained demonstrated that number of 
apoptotic cells enhanced after treatment of A549 cells with compounds 4a-c as compared with control. An early 
and late apoptotic along with necrotic cells were also observed in active compounds (4a-c) treated A549 cells 
(Fig. 9b). It was concluded that AO/EB staining reduced the antiproliferative activity of compounds 4a, 4b and 
4c against A549 cells and it is mediated via induction of apoptosis.

Acute oral toxicity
Rats were administered compounds 4b and 4c at a dose of 500 mg/kg of body weight. No instances of mortal-
ity were observed during the course of the experiment. Consequently, it can be concluded that the lethal dose 
(LD50) of the tested compounds is greater than 500 mg/kg body weight. Therefore, the studied compounds 4b 
and 4c displayed an LD50 range of > 500 to < 2000 mg/kg, as recommended by the Organization for Economic 
Co-operation and Development (OECD).

Cardiomyopathy and hepatotoxicity studies
Acute toxicity study of most potent compounds 4b and 4c were performed. Doxorubicin is used as standard 
drug and sunflower oil as vehicle control as it is known to inducing cardio and hepatotoxicity in rats. The results 
obtained from the toxicity study revealed that animals treated with compounds 4b and 4c at a dose of 500 mg/
kg of body weight does not cause any mortality in any group of animals. At the end of observation period, it was 
noted that all the animals in the treatment groups survived and there was no severe toxicity and behavioural 
changes in the treated group animals. From these findings we have concluded that lethal dose (LD50) of tested 
compounds 4b and 4c is > 500 mg/kg body weight. Both compounds 4b and 4c exhibited oral LD50 of > 500 
to < 2000 mg/kg which is recommended by OECD (Fig. 10).

Anti‑inflammatory activity
Bovine serum albumin (BSA) assay
The synthesized compounds, 4a-g and 5a-d were assessed for their anti-inflammatory potential using the protein 
albumin denaturation inhibition assay. The results obtained are summarized in (Table 2). All the compounds 
exhibited notable activity, ranging from 62.08% to 84.94%, when compared to the standard drug diclofenac 
sodium, which demonstrated 84.57% inhibition of denaturation. Based on the data obtained, an analysis of 
the structure–activity relationship revealed that compounds substituted with electron withdrawing groups at 
R exhibited potent inhibitory activity. Compound 4a, 4b and 4c substituted with flouro, chloro and bromo at 
the para position of N-phenyl ring attached to thiazolidinone moiety displayed 82.12%, 84.94% and 83.64% of 
denaturation inhibition respectively. Compounds 5b and 5c substituted with bromo and chloro group at R posi-
tion displayed slightly reduced activity showing 76.58% and 79.93% inhibition. However, compound 5c and 5d 
substituted with 4-methyl and 4-methoxy groups at R position displayed poor activity with 65.28%, and 59.85% 
inhibition respectively.

0
20
40
60
80

100
120
140
160
180
200

H
EK

29
3 

IC
50

 (µ
M

) 

Compounds

Figure 7.   In-vitro cytotoxicity demonstrated by compounds 4a-g, 5a-d against normal cell line HEK-293 and 
compared with standard drug Erlotinib.



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8457  | https://doi.org/10.1038/s41598-024-59063-x

www.nature.com/scientificreports/

Rat paw edema inhibition assay
The anti-inflammatory activity of the selected compounds (4a-d and 5a-b), which showed significant BSA dena-
turation inhibitory activity was further evaluated for their in-vivo inflammatory activity. The compounds and 
the standard, diclofenac sodium were tested at an oral dose of 0.0314 mmol/kg. The percentage inhibition was 
calculated after both 3 and 4 h, and since it was found to be more after 4 h, this was made the basis of discussion. 
The tested compounds showed anti-inflammatory activity ranging from 67.78% to 81.34%, whereas standard drug 
diclofenac sodium showed 80.32% inhibition after 4 h (Table 3). It was noted that compounds having 4-chloro 
(4b), 4-bromo (4c) and 4-fluoro (4a) groups at 4th position of N-phenyl ring attached to thiazolidinone moiety 
displayed excellent activity exhibiting 81.34%, 80.17% and 79.45% inhibition respectively. When 4-chloro (4b) 
group was replaced by 2,4 di chloro group (4d) there was sharp decrease in the activity 67.78%. Compounds 5a 
and 5b having 4-chloro and 4-bromo groups at R position of phenyl ring showed slightly reduced (76.24 and 
74.78% respectively) anti-inflammatory activity. Thus, it was observed that presence of the electron withdrawing 
groups in the phenyl ring attached to thiazolidinone moiety improves both anticancer and anti-inflammatory 
activity. These compounds were also evaluated for their in-vivo ulcerogenic and lipid peroxidation activity.

Figure 8.   Wound healing assay of compounds 4a, 4b and 4c against A549 cells: (a) The inhibitory effect of 
compounds 4a, 4b and 4c on A549 cell migration detected by wound healing assay. (b) Representative bar graph 
showing the cell covered area (%) at 0 and 24 h time intervals after treatment with indicated concentration of 
compounds 4a, 4b and 4c.
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Figure 9.   (a) DAPI staining of A549 cells after treatment with compounds 4a, 4b and 4c. (b) AO/EB dual 
staining of A549 cells after treatment with compounds 4a, 4b and 4c.

Figure 10.   Histopathological images showing the effect of compounds 4b, 4c and doxorubicin on the heart 
(a–d) and liver (e–h) tissues compared to the control group. Photomicrograph shows the effect of control, (b) 
and (c) a normal architecture of cardiomyocytes, myofibrils, and cardiac fibres with no sign of pyknotic nuclei. 
(d) Signs of cardiomyopathy, loss of cardiac fibrils, myofibrils, and vacuolation can be seen after treatment with 
doxorubicin. Photomicrograph of control, (f) and (g) shows normal architecture of hepatocytes, whereas (h) 
shows abnormal hepatocytes after treatment doxorubicin.

Table 2.   In-vitro anti-inflammatory activity (BSA denaturation inhibition assay).

Compound R

BSA denaturation inhibition assay

Mean absorbance ± SEM % inhibition of denaturation

4a 4-F 0.292 ± 0.001 82.12

4b 4-Cl 0.329 ± 0.001 84.94

4c 4-Br 0.332 ± 0.006 83.64

4d 2,4 di Cl 0.326 ± 0.002 81.97

4e 4-NO2 0.289 ± 0.012 61.15

4f 4-CH3 0.288 ± 0.002 60.59

4g 4-OCH3 0.291 ± 0.011 62.08

5a 4-Cl 0.323 ± 0.002 79.93

5b 4-Br 0.317 ± 0.003 76.58

5c 4-CH3 0.314 ± 0.003 65.28

5d 4-OCH3 0.287 ± 0.004 59.85

Diclofenac sodium – 0.331 ± 0.002 84.57
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Structure–activity relationship
The structure–activity relationship (SAR) studies of the hybrid molecules containing an imidazothiazole and 
thiazolidinone moieties and a substituted phenyl ring is depicted in Fig. 11. The synthesized derivatives (4a-g, 
5a-d) were subjected to SAR analysis, which revealed that the substitution at para position of N-phenyl ring 
plays a crucial role in determining the anticancer and anti-inflammatory activities. It was observed that the pres-
ence of electron-withdrawing groups (Br, Cl, and F) at para position of the phenyl ring of thiazolidinone moiety 
showed significantly enhanced cytotoxicity as compared to the electron donating groups (NO2 and OCH3). 
Furthermore, series 4a-g were found to be more potent due to the presence of a methyl group at the 5th position 
of thiazolidinone moiety when compared to series 5a-d in which methyl group is absent. The presence of methyl 
group increases the activity due to increase in the lipophilicity and improved membrane penetration. Electron 
donating inductive effect of the methyl group also leads to differential receptor binding. Therefore, series 5a-d 
due to absence of a methyl group showed lower activity in comparison to series 4a-g. Thus, it was concluded 
that compounds substituted with electron-withdrawing groups at para position of N-phenyl ring and having a 
methyl group at 5th position of thiazolidinone moiety were found to be more active.

Ulcerogenic activity
The Compounds (4a-d, 5a-b) which were found potent as anti-inflammatory agents were further screened for 
their ulcerogenic risk. The compounds and the standard drug were tested at an oral dose of 0.0942 mmol/kg. 
All the compounds showed reduced ulcerogenic potential and exhibited significant reduction in the severity 
index (SI 0.416 ± 1.053 to 1.000 ± 0.258) in comparison to standard drug diclofenac sodium (SI 1.667 ± 0.105). 
Compound 4b having significant anti-inflammatory activity also showed maximum reduction in severity index 
(SI 0.416 ± 1.053) (Table 4).

Table 3.   In-vivo anti-inflammatory activity of compounds 4a, 4b, 4c, 4d, 5a, 5b and standard drug diclofenac 
sodium. Data were analysed by unpaired student,s t-test for n = 6.

Compound Increase in Paw volume SEM % inhibition Activity relative to standard drug

4a 0.141 ± 0.025 79.45 98.91

4b 0.128 ± 0.018 81.34 101.27

4c 0.136 ± 0.014 80.17 99.82

4d 0.173 ± 0.027 67.78 84.39

5a 0.163 ± 0.018 76.24 94.92

5b 0.133 ± 0.008 74.78 93.10

Control 0.686 ± 0.064 – –

Diclofenac sodium (Standard drug) 0.135 ± 0.008 80.32 100

N
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inflammatory activity.
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Figure 11.   SAR analysis of imidazothiazole-thiazolidinone derivatives.
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Lipid peroxidation
The compounds screened for ulcerogenic potential were also analysed for lipid peroxidation. Lipid peroxidation is 
measured as nmolMDA/100 mg of gastric mucosa tissue. The tested compounds (4a-d, 5a-b) exhibited significant 
reduction in lipid peroxidation in the range of 4.12 ± 0.159 to 6.16 ± 0.135 nmolMDA/100 mg tissue as compared 
to standard drug diclofenac sodium which displayed lipid peroxidation of 6.78 ± 0.073 nmolMDA/100 mg tissue. 
Thus, it was concluded that protection of gastric mucosa might be related to the inhibition of lipid peroxidation.

Molecular docking studies
The XP (extra precision) mode of docking methodology was employed and done at default parameters, in which 
OPLS_2005 force field was used. The protein was kept rigid while the ligand was permitted to be flexible in the 
docking protocol. Each ligand was permitted to fit in the ligand bind domain (LBD) i.e. site where erlotinib was 
located and the best poses along with the wide range of dock scores were then obtained.

Structure based computational studies (docking and binding energy calculations)
The structure based computational approach includes the results of docking as well as the calculated binding 
energy of the all-synthesized compounds along with the reference i.e. erlotinib with the EGFR protein and 
cumulated in terms of their dock score, binding energy as and protein–ligand interactions. Erlotinib, the co-
crystalized ligand showed the dock score and binding energy and − 61.689 kcal/mol respectively whereas the 
compounds showed a range of dock score as well as binding energy which was − 3.4 to − 6.7 kcal/mol and − 33.3 
to − 62.1 kcal/mol respectively. The compounds having comparable binding energies and P-L interaction profiles 
have been tabulated (Table 5) and 3-dimentional P-L interactions have been depicted in Figs. 12 and 13. The 
chief interaction Met769 has been observed and its significance also reported for erlotinib in the literature. The 
orientation of erlotinib and fitness of best oriented compounds were shown in Fig. 14. The compounds 4c and 4a 
exhibited the hydrogen bonding with Met769, Cys773 as erlotinib while 4b doesn’t exhibited with Cys773. Other 
interactions in 4c such as Thr830, Thr766, Lys721, Asp831 and in 4b such as Thr830, Lys721 provided the extra 
stability to the protein ligand complex. Based on the docking scores, and P-L interaction profiles, compounds 
4c, 4a and 4f were selected for further evaluation of protein ligand complex stability using 100 nano seconds of 
Molecular Dynamics Simulation.

Table 4.   Ulcerogenic potential and lipid peroxidation studies of compounds 4a-d, 5a-b and standard drug.

Compounds Mean ulcer severity index ± SEM Lipid peroxidation Nmol MDA/100 mg tissue

4a 1.167 ± 0.210 5.98 ± 0.114

4b 0.416 ± 0.153 4.12 ± 0.159

4c 0.500 ± 0.182 5.37 ± 0.060

4d 1.250 ± 0.281 6.16 ± 0.135

5a 1.083 ± 0.238 5.75 ± 0.102

5b 1.000 ± 0.258 5.68 ± 0.071

Control 0.000 3.33 ± 0.093

Diclofenac Sodium 1.667 ± 0.105 6.78 ± 0.073

Table 5.   Best compounds with their codes based on the anticancer activity, binding energy, dock scores along 
with the interactions in docking.

Compounds Dock score (Kcal/mol) MM-GBSA binding energy (Kcal/mol)
P-L interactions (H: Hydrogen bond and π: pi–pi 
interaction)

4a  − 5.474  − 40.226 Met769(H), Cys773(H)

4b  − 5.842  − 62.117 Met769(H), Lys721(H), Thr830(H)

4c  − 5.719  − 40.199 Met769(H), Cys773(H), Thr830(H), Thr766(H), 
Lys721(H), Asp831(H)

4d  − 6.110  − 40.768 Met769(H), Thr830(H), Lys721(H, π)

4e  − 6.716  − 33.561 Met769(H), Cys773(H)

4f  − 6.716  − 33.561 Met769(H), Thr830(H), Lys721(H, π)

4g  − 5.835  − 49.218 Met769(H), Cys773(H), Lys721(π)

5a  − 6.409  − 38.449 Met769(H), Cys773(H), Lys721(π)

5b  − 5.759  − 34.922 Met769(H)

5c  − 3.431  − 33.380 Met769(H), Lys721(H), Phe669 (H)

5d  − 4.981  − 38.670 Met769(H)

Erlotinib  − 9.083  − 61.689 Met769(H), Cys773(H)
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MD simulation of protein–ligand complex
Diverse aspects were evaluated in MD simulation examination, which mainly included the stability strength 
of protein–ligand by analysing root mean square deviation (RMSD), root mean square fluctuation (RMSF) of 
backbone and side chain respectively along with the interaction fraction patterns of ligand within the cavity 
with the duration in 100 ns. The different RMSD value of protein backbone was found in all the complexes in 
which 1M17-Erlotinib as reference was recorded up to 4.8 Å from 0 to 20 ns, after 20 ns it was approximately 
at 6–6.5 Å and thereafter, it was average stabilized approximately up to 5.7 Å. In the RMSF trajectory, most of 
the residues interacted and showed stabilization approximately at 3 Å. Among all the three synthesized deriva-
tives, the complex of 1M17-4c showed a stable RMSD which is recorded approximately at 8 Å throughout the 
simulation which had greater value of fluctuations but found much consistent throughout the simulation as 
compared to the reference ligand i.e. erlotinib. RMSF was also found stable around 3 Å as similar to erlotinib. 
The depiction of RMSD and RMSF of all complexes have been shown in Fig. 15a–d. The interaction fraction 
patterns have been also obtained in the 100 ns of MD simulation in which erlotinib showed hydrogen bonding 
with residue Met769 during 97% of the simulation run while Thr830 and Thr766 showed hydrogen bonding 
through water bridging and have a duration of 87% and 73% of the simulation run respectively. Other interactions 
which stabilized the ligand in the pocket were also recorded in which Leu820 and Ala719 maximally interacted 
and formed hydrophobic bonds up to 70–80% of the simulation run. The interaction patterns of erlotinib in the 
docking simulation was also found the same, as Met769 showed hydrogen bonding having 2.50 Å and 2.19 Å 
length, which is the key amino acid residue for the inhibition of EGFR. All three compounds i.e., 4a, 4c and 
4f showed favourable RMSD and RMSF fluctuation of protein ligand complexes based on the P-L interactions 
of complexes. Compound 4c have promising interaction patterns, which was found similar to the erlotinib 
in which Met769 was interacted 96% throughout the 100 ns simulation while Leu820 and Leu768 interacted 
hydrophobically around 80% and 38% respectively. While, compound 4a had not been interacted with Met769 
and compound 4f was found up to 40% interaction with key residue. The docking simulations of Compound 
4c also showed hydrogen bonding with Met769 having 2.28 Å and 3.28 Å bond length. Compound 4a and 4f 
showed interaction patterns with the Met769 but they were not found the similar bonding in the MD simula-
tion studies as compared to the erlotinib and compound 4c. After 100 ns MD simulation, the binding energy 
analysis was performed on all protein–ligand complexes using MM-GBSA method. It was found that 4f-1M17 
showed relatively lower energy as compared to all P-L complexes except erlotinib-1M17 (reference). Among all 
complexes, 4c-1M17 was found consistent and stable in the graph so it is inferred that 4c stabilized the overall 
conformational dynamics of with 1M17 protein better than 4f-1M17 complex which showed the fluctuations in 
the conformational energy analysis (Table 6, Fig. 16).

The results retrieved from molecular docking and MD simulation studies has been closely comparable to the 
biological activity of compound 4a, 4c and 4f Compound 4c showed the promising anticancer activity against 
EGFR (IC50 18.35 ± 1.25 µM) and A549 cancer cell line (IC50 10.74 ± 0.40 µM) as lead compound, which showed 
similar interactions and also duration of interaction as erlotinib i.e. 96% and 97% respectively as compared to 
the compound 4a and 4f in the MD simulation followed by the molecular docking.

Conclusion
A new series of imidazothiazoles coupled with thiazolidinone moiety were designed and synthesised in multiple 
steps by reagent-based approach and evaluated for their EGFR kinase inhibitory, anticancer and anti-inflamma-
tory activities. All the synthesized derivatives were evaluated for cytotoxicity against three cancer cell lines A549, 

Figure 12.   Protein–ligand interaction between 1M17-Erlotinib.
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MCF7, HCT116 and one normal human embryonic kidney cell line HEK293 which displayed moderate to potent 
inhibitory activities. Among all the tested compounds, 4c demonstrated broad‐spectrum anticancer activity with 
excellent inhibitory potency and showed an IC50 value 10.74 ± 0.60 and 18.73 ± 0.88 µM against the cancer line 
A549 and MCF7 respectively. Compound 4c was also found to be less toxic than the standard drug erlotinib (IC50 
80.15 ± 1.30 µM) against HEK293 cell line and its IC50 value was found to be 96.38 ± 1.79 µM which indicated 
lesser cytotoxicity for healthy cell. Furthermore, compound 4c inhibited EGFR at 18.35 ± 1.25 µM concentration 

Figure 13.   3-Dimensional Protein–ligand contacts between the EGFR (PDB ID 1M17) and best compounds 
(a) 4a (b) 4c (c) 4f (d) 4g (e) 4e.
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in comparison to erlotinib as standard drug (06.12 ± 0.92 µM). Moreover, 4c was also shown to induce apoptosis 
in A549 cancer cell as evidenced by DAPI and AO/EB dual staining assay. Cardiomyopathy studies showed nor-
mal cardiomyocytes with no marked sign of pyknotic nucleus of compound 4b and 4c. Hepatotoxicity studies 
of compound 4b and 4c also showed normal architecture of hepatocytes. All the synthesized compounds were 
tested for their in-vitro anti-inflammatory activity by using BSA denaturation inhibition assay and on the basis 
of activity six compounds (4a-d, 5a-b) showing promising results were selected for in-vivo anti-inflammatory 
activity. Compound 4b and 4c showed significant anti-inflammatory activity 81.34% and 80.17% whereas stand-
ard drug diclofenac sodium showed 80.32% inhibition. Compound 4b and 4c also showed reduced ulcerogenic 
potential and lipid peroxidation. It was interesting to note that compound 4c showing potent anticancer activity 
also showed significant anti-inflammatory activity. SAR studies suggested that substitution at para position at 
N-phenyl ring attached to thiazolidinone moiety with electron withdrawing groups is favourable for both anti-
cancer and anti-inflammatory activities. Molecular docking studies and molecular dynamics simulation studies 
with the EGFR receptor (PDB ID: 1M17) revealed that compounds 4c possess strong interaction with the active 
site of the enzyme receptor by forming strong hydrogen bond with Met769 which is an essential key amino acid 
residue for the inhibition at the receptor. The 100 ns molecular dynamic simulation and MM-GBSA binding 
energy calculation proved that 4c validates stability (RMSD and RMSF) with the protein complex along with 
the interaction patterns. These compounds thus provided a framework and encouraged us to continue further 
studies to obtain more potent anticancer and anti-inflammatory agent towards the direction of lead-to-lead 
optimization studies.

Experimental
Chemistry
General information
All the reagents and solvents were of laboratory grade and were procured from Merck (Darmstadt, Germany) 
and S.D Fine chemicals (Delhi, India). To check the advancement of reaction and purity of the compounds, thin 
layer chromatography (TLC) on pre-coated Aluminium sheets (Silica Gel Merck 60 F254), using various solvents 
systems, such as Toluene: Ethyl Acetate: Formic Acid in ratio of 5:4:1, Benzene: Acetone (ratio of 8:2) and Ethyl 
Acetate: Hexane (ratio of 6:4), were used. UV lamp and iodine chamber were used for the visualization of TLC 
spots. Melting points were recorded in open capillaries using Labtronics Digital Auto Melting Points Apparatus 
(Haryana, India) and are uncorrected. IR spectra were recorded on Perkin-Elmer 1720 FTIR spectrometer (New 
York, USA). 1H NMR (400 and 500 MHz) and 13C-NMR spectra (100 and 125 MHz) were obtained on Bruker 
Avance- instrument, in CDCI3 and DMSO-d6 solvents. Chemicals shifts (δ) measured relative tetramethylsilane 
(TMS) as an internal standard are expressed in parts per million (ppm) and J values (coupling constant) were 
measured in Hz. Mass spectra (ESI–MS) were recorded on synapt G2 HDMS (Waters) and presented as m/z. E 
lemental analyses (C, H and N) were conducted using a CHNS Vario EL III (Elementar Analysen System GmbH, 
Germany) and the results are within ± 0.4% of theoretical values.

General procedure for the synthesis of compounds (4a‑g)
An equimolar solution of Schiff base (3a-g) (0.01 mol) and thiolactic acid (0.02 mol) was dissolved in 1,4-diox-
ane (25 ml). Catalytic amount of anhydrous zinc chloride was added to it and the reaction mixture was stirred 
at room temperature for 16 to 20 h. The progress of the reaction was monitored by TLC. Upon completion, the 

Figure 14.   (a) The orientation of erlotinib in the ligand binding domain of 1M17; (b) The fitness of best 
oriented compounds in the erlotinib site (4b: Blue; 4a: White; 4c: Pink; 4d: Orange; 5b: Red; 5c: Spring Green).
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Figure 15.   (a) MD Simulation studies and Protein–ligand complex patterns between 1M17-Erlotinib. (b) MD 
Simulation studies and Protein–ligand complex patterns between 1M17-4c. (c) MD Simulation studies and 
Protein–ligand complex patterns between 1M17-4f. (d) MD Simulation studies and Protein–ligand complex 
patterns between 1M17-4a.
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Figure 15.   (continued)

Table 6.   Post-MD Simulation calculated thermal binding energy, average RMSD and RMSF.

Compd. No P-L Complex ΔG binding = Total binding energy (kcal/mol) Average RMSD (Å) Average RMSF (Å)

Erlotinib Erlotinib-1M17  − 64.0373 ± 0.500 5.68577 3.720701

4a 4a-1M17  − 39.5767 ± 0.313 10.65819 3.070343

4c 4c-1M17  − 48.6166 ± 0.339 9.293854 3.423451

4f 4f-1M17  − 53.5654 ± 0.522 7.450217 4.845028
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reaction mixture was poured into crushed ice. The precipitate thus, obtained was filtered, washed with water, 
dried and recrystallized from ethanol.

3‑(4‑Fluorophenyl)‑5‑methyl‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl) thiazolidin‑4‑one (4a)
White solid, yield: 72%, m.p. 165–167 °C; IR (KBr, υmax cm−1): 1687 (C = O), 1560 (C=N), 1H NMR (500 MHz, 
DMSO‐d6) δ (ppm): 1.19 (3H, d, J = 7 Hz, CH3), 3.45 (1H, q, J = 7 Hz, CH), 6.06 (1H, s, CH), 7.13–7.69 (11H, 
complex m, 9Ar-H & 2 CH=CH), 13C NMR (125 MHz, DMSO‐d6): 21.26 (CH3), 43.18 (CH), 63.93 (CH of 
thiazolidinones), 112.17, 121.55, 122.72, 124.15, 125.96, 128.55, 128.77, 129.25, 130.25, 135.06, 138.14, 143.12, 
145.41, 146.11, 156.72, 171.33; HRMS-ESI m/z: calcd for C21H16FN3OS2 [M + H]+ 410.0719, found 410.0715; 
anal. calcd for C, 61.60; H, 3.94; N, 10.26; found: C, 61.71; H, 4.12; N, 10.35.

3‑(4‑Chlorophenyl)‑5‑methyl‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl) thiazolidin‑4‑one (4b)
White powder, yield: 78%, m.p. 177–179 °C; IR (KBr, υmax cm−1): 1682 (C = O), 1575 (C=N), 1H NMR (500 MHz, 
DMSO-d6) δ (ppm): 1.11 (3H, d, J = 7 Hz, CH3), 3.51 (1H, q, J = 7 Hz, CH), 6.06 (1H, s, CH), 7.17–7.69 (11H, 
complex m, 9Ar-H & 2 CH = CH), 13C NMR (125 MHz, DMSO‐d6): δ 21.25, (CH3), 47.60 (CH), 60.63(CH of 
thiazolidinones), 112.89, 120.95, 121.10, 121.42, 124.10, 125.44, 125.95, 128.61, 129.39, 129.84, 131.14, 138.34, 
145.82, 152.56, 154.34, 173.47. HRMS-ESI m/z: calcd for C21H16ClN3OS2 [M + H]+ 426.0427, found 426.0423 
[M + 2]+427.0392; anal. calcd for C, 59.18; H, 3.79; N, 9.87; found: C, 59.21; H, 3.81; N, 9.75.

3‑(4‑Bromophenyl)‑5‑methyl‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl) thiazolidin‑4‑one (4c)
Yellow solid, yield: 78%, m.p. 172–174 °C; IR spectra (KBr, υmax cm−1): 1672 (C=O), 1568 (C=N), 1H NMR 
(500 MHz, DMSO‐d6): δ (ppm): 1.12 (3H, d, J = 7 Hz, CH3), 3.22 (1H, q, J = 7 Hz, CH), 6.05 (1H, s, CH), 7.10 
-7.98 (11H, complex m, 9Ar-H & 2 CH=CH), 13C NMR, 125 MHz DMSO-d6) 20.02 (CH3), 42.92 (CH), 66.82 
(CH of thiazolidinones), 117.71, 119.72, 120.33, 121.60, 124.58, 124.96, 125.96, 128.17, 128.52, 129.04, 129.39, 
130.29, 137.83, 144.41, 144.90, 178.58. HRMS (ESI) m/z: calcd for C21H16BrN3OS2 [M + H]+ 469.9918 found 
469.9915 [M + 2]+470.9897; anal. calcd for C, 53.62; H, 3.43; N, 8.93; found: C, 53.57; H, 3.51; N, 9.11.

3‑(2,4‑Dichlorophenyl)‑5‑methyl‑2‑(6‑phenylimidazo[2,1‑b]thiazol‑5‑yl)thiazolidin‑4‑one (4d)
Yellow solid, yield: 67%, m.p. 151–153 °C; IR (KBr, υmax cm−1): 1678 (C=O), 1563 (C=N), 1H NMR (500 MHz, 
DMSO‐d6): δ (ppm): 1.18 (3H, d, J = 5 Hz, CH3), 4.13 (1H, q, J = 5 Hz, CH), 5.02 (1H, s, CH), 7.03–8.27 (10 H, 
complex m, 8Ar-H & 2 CH=CH), 13C NMR (125 MHz, DMSO‐d6): δ21.24, (CH3) 42.88, (CH), 60.48 (CH of 
thiazolidinone), 119.87, 120.32, 121.59, 122.04, 123.98, 124.47, 125.96, 128.62, 129.40, 130.01, 138.38, 144.09, 
144.41, 155.60, 156.86, 178.56, (C=O); HRMS (ESI) m/z: calcd for C21H15Cl2N3OS2 [M + H]+ 460.0034 found 
460.0031 [M + 2]+461.0001; anal. calcd for C, 54.79; H, 3.28; N, 9.13; found: C, 54.87; H, 3.37; N, 9.18.

5‑Methyl‑3‑(4‑nitrophenyl)‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl) thiazolidin‑4‑one (4e)
Off-white powder, yield: :72%; m.p. 187–189 °C; IR (KBr, cm-1): 1684 (C=O), 1571 (C = N), 1H NMR (500 MHz, 
DMSO‐d6) δ (ppm): 1.49 (3H, d, J = 5.2 Hz, CH3), 4.12 (1H, q, J = 5.1,Hz CH), 5.02 (1H, s, CH), 7.49- 8.27 (11H, 
complex m, 9Ar-H & 2 CH=CH), 13C NMR (125 MHz, DMSO‐d6): 21.67 (CH3), 47.62 (CH) 63.25 (CH of thia-
zolidinones), 114.87, 116.81, 117.92, 119.25, 119.50,120.49, 125.97, 128.11, 128.27, 128.34, 128.57, 129.13, 138.21, 
144.24, 150.02, 175.14 (C = O) HRMS (ESI) m/z: Calcd. for C21H16N4O3S2 [M + H]+ 437.0664 found 437.0667; 
anal. calcd for C, 57.78; H, 3.69; N, 12.84; found: C, 57.89; H, 3.76; N, 11.71.

Figure 16.   Post-MD Simulation calculated thermal binding energy.
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5‑Methyl‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl)‑3‑p‑tolyl) thiazolidin‑4‑one(4f)
Yellow solid, yield: 67%, m.p. 155–157 °C; IR (KBr, υmax cm−1): 1685 (C=O), 1565 (C=N), 1H NMR (500 MHz, 
DMSO-d6) δ (ppm): 1.47 (3H, d, J = 5.5 Hz, CH3), 2.61 (3H, s, CH3), 4.11 (1H, q, J = 5.5 Hz, CH), 5.02 (1H, 
s, CH), 7.42–8.23 (11H, complex m, 9Ar-H & 2 CH=CH), 13C NMR (125 MHz, DMSO-d6) δ 17.39, (CH3) 
21.25 (CH3) 47.29, (CH) 66.81, (CH of thiazolidinone) 110.52, 112.89, 115.60 120.95, 121.10, 121.42, 124.10, 
125.44, 125.95, 128.61, 129.39, 129.84, 138.34, 145.82, 152.56, 173.47: HRMS (ESI) m/z: Calcd for C20H19N3OS2 
[M + H]+406.0970 found 406.0987; anal. calcd for C,65.16; H, 4.72; N, 10.36; found: C, 65.29; H, 4.84; N, 10.43.

3‑(4‑Methoxyphenyl)‑5‑methyl‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl) thiazolidin‑4‑one (4g)
Yellow solid, yield: 67%, m.p. 162–164 °C; IR (KBr, υmax cm−1): 1690 (C=O), 1573 (C=N), 1H NMR (500 MHz, 
DMSO-d6) δ (ppm): 1.12 (1H, d, J = 7.5 Hz, CH3), 3.45 (1H, q, J = 7.5 Hz, CH) 3.56 (3H, s, OCH3), 6.05 (1H, s, 
CH),6.92 –7.97 (11H, complex m, 9Ar-H & 2 CH=CH), 13C NMR (125 MHz, DMSO-d6) 20.91, (CH3), 42.91 
(CH), 60.62 (CH of thiazolidinone), 63.24(CH3), 114.12, 118.81, 119.02, 120.06, 120.30, 122.88, 125.96, 128.59, 
128.96, 130.25, 130.61, 133.90, 144.11, 145.61, 159.81, 173.31: HRMS (ESI) m/z: Calcd for: C22H19N3O2S2 
[M + H]+422.0919 found 422.0915; anal. calcd for C, 62.69; H, 4.54; N, 9.97; found: 62.51; H, 4.67; N, 10.08.

General procedure for the synthesis of compounds (5a‑d)
An equimolar solution of Schiff base (3a-g) (10 mmol) and thioglycolic acid (20 mmol) was dissolved in 1,4-diox-
ane (25 ml). Catalytic amount of anhydrous zinc chloride was added to it. and the reaction mixture was stirred 
at room temperature for 16 to 20 h. The progress of the reaction was monitored by TLC. Upon completion, the 
reaction mixture was poured into crushed ice. The precipitate, thus obtained was filtered, washed with water, 
dried and recrystallized from ethanol.

3‑(4‑Chlorophenyl)‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl) thiazolidin‑4‑one (5a)
Yellow solid, yield: 78%, m.p. 177–179 °C; IR (KBr, υmax cm−1): 1694 (C=O), 1590 (C=N), 1H NMR (500 MHz, 
DMSO‐d6): δ (ppm): 3.48 (1H, d J = 6 Hz, thiazolidinone CH2), 3.51 (1H, d, J = 6 Hz, thiazolidinone CH2), 
5.03 (1H, s, CH), 7.31- 8.05 (11H, complex m, 9Ar-H & 2 CH=CH), 13C NMR (125 MHz, DMSO‐d6): 33.04 
(CH2) 56.50 (CH), 118.33, 120.02, 120.67, 121.40, 123.33, 124.61, 125.76, 127.10, 127.53, 127.89, 129.95, 130.86, 
139.94, 142.29, 153.94, 174.37, HRMS (ESI) m/z: Calcd. for C20H14ClN3OS2 [M + H]+412.0267 found 412.0283 
[M + 2]+413.0304; anal. calcd for C, 58.32; H, 3.43; N, 10.20; found: C, 58.45; H, 3.32; N, 10.31.

3‑(4‑Bromophenyl)‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl) thiazolidin‑4‑one (5b)
Yellow solid, yield: 68%, m.p. 159–161 °C; IR (KBr, υmax cm−1): 1686 (C=O), 1581 (C=N), 1H NMR (500 MHz, 
DMSO‐d6): δ (ppm): 3.42 (1H, d, J = 7.5 Hz, thiazolidinone CH2), 3.45 (1H, d, J = 7.5 Hz, thiazolidinone CH2), 
5.04 (1H, s, CH), 7.30- 7.68 (11H, complex m, 9Ar-H & 2 CH=CH), 13C NMR (125 MHz, DMSO‐d6): 34.27 
(CH2) 55.19 (CH), 116.63, 117.77, 120.11, 121.60, 122.40, 123.99, 125.98, 128.61, 129.34, 132.74, 133.19, 138.32, 
145.85, 148.92, 149.34, 178.59, HRMS (ESI) m/z: calcd. for C20H14BrN3OS2 [M + H]+ 455.9762 found 455.9758 
[M + 2]+456.9746; anal. calcd for C, 52.64; H, 3.09; N, 9.21; found: C, 52.41; H, 3.17; N, 9.31.

2‑(6‑Phenylimidazo[2,1‑b] thiazol‑5‑yl)‑3‑p‑tolyl) thiazolidin‑4‑one (5c)
Yellow solid, yield: 67%, m.p. 153–155 °C; IR (KBr, υmax cm−1): 1678 (C=O), 1591 (C=N), 1H NMR (500 MHz, 
DMSO‐d6) 2.08 (1H, s, CH3), 3.37 (1H, d, J = 5.5 Hz, thiazolidinone CH2), 3.41 (1H, d, J = 5.5 Hz, thiazolidinone 
CH2), 5.03 (1H, s, CH), 7.10- 7.55 (11H, complex m, 9 Ar–H & 2 CH=CH), 13C NMR (100 MHz, DMSO‐d6): 
δ 27.25, (CH3) 33.34, (CH2) 55.54 (CH), 118.34, 120.69, 121.40, 125.78, 127.09, 127.35, 127.47, 128.87, 129.39, 
129.58, 130.86, 136.09, 139.38, 145.00, 153.94, 174.38: HRMS (ESI) m/z: Calcd. for C21H17N3OS2 [M + H]+ 
392.0813 found 392.0816; anal. calcd for C: 64.43; H, 4.38; N, 10.73; found: C, 64.57; H, 4.43; N, 10.85.

3‑(4‑Methoxyphenyl)‑2‑(6‑phenylimidazo[2,1‑b] thiazol‑5‑yl) thiazolidin‑4‑one (5d)
Brown solid, yield: 65% m.p. 160–162 °C; IR spectra (KBr, υmax cm−1): 1689 (C=O), 1594 (C=N), 1H NMR 
(500 MHz, DMSO‐d6)) 3.40 (3H, s, OCH3), 3.47 (1H, d, J = 7 Hz, thiazolidinone CH2), 3.50 (1H, d, J = 7 Hz, 
thiazolidinone CH2), 6.05 (1H, s, CH), 7.12 -7.69 (11H, complex m, 9 Ar–H & 2 CH=CH), 13C NMR (125 MHz, 
DMSO‐d6) 33.36 (CH2) 46.78 (CH3) 56.23 (CH), 111.92, 115.11, 123.30, 127.21, 127.35, 127.66, 128.35, 128.59, 
128.69, 128.85, 129.85, 131.99, 137.13, 138.47, 143.90, 172.84. HRMS (ESI) m/z: Calcd. for C21H17N3O2S2 
[M + H]+ 408.0762 found 408.0759; anal. calcd for C, 61.90; H, 4.21; N, 10.31; found: C, 61.79; H, 4.35; N, 10.46.

Pharmacological activity assays
In vitro anticancer assay
Cytotoxicity study of the newly synthesized derivatives 4a-g and 5a-d was performed by MTT colorimetric assay 
method. MTT assay is one of the explored and reliable methods to evaluate the cytotoxicity of compounds; it 
reveals that cell viability increases with an increase in absorbance whereas inhibition of cells decreases. Com-
pounds were tested against selected cancer cell lines namely A549 (Lung), MCF-7(Breast) HCT116 (Colon), 
normal human embryonic kidney cell line (HEK293) and procured from National Centre for Cell Science Com-
plex (NCCS) Pune University, India. Into a 96 well plate, cells were seeded into each well (3 × 103 cells/ per well), 
the plate were incubated for 24 h, after that the culture medium was discarded and replaced with fresh medium 
along with our newly synthesized test compounds in different concentration (10, 20, 40 and 80 µM) followed by 
incubation for 72 h. Further, the media of each well of the plates were aspirated with the addition of 100 µL MTT 
solution followed by incubation for the next 5 h at 37 °C. Finally, each well is treated with DMSO (100 µL) and 
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swirled to dissolve the dark crystals of formazan. ELISA reader was used to measure the absorbance at 570 nm. 
The experiment was repeated three times; Graph pad prism and excel are used to calculate the IC50 values51.

In vitro EGFR kinase assay
For all the synthesized compounds, the overall methodology of a spectrophotometric assay for the inhibition of 
EGFR tyrosine kinase activity was evaluated in human A549 cells, which expressed high levels of EGFR protein. 
A549 cells (5 × 103 cells/well) were seeded on a 24 well culture plate and cultivated with or without substances 
at various concentrations (i.e., 500, 100, 25, 10, 5, 1, and 0.2 M for the dose–response study) in triplicate. Cells 
were then washed with cold PBS, lysed in 0.2 ml/well of HNTG buffer (50 mM HEPES [(4‐(2‐hydroxyethyl)‐
piperazineethanesulfonic acid; pH 7.5], 150 mM NaCl, 1.5 mM MgCl, 10% glycerol, 1% Triton X‐100, 0.5 mM 
sodium fluoride, 2 g/ml aprotinin, 2 g/ml pepstatin A, 1 mM sodium orthovanadate, 2 g/ml leupeptin, 1 mM 
phenyl methyl sulfonyl fluoride) for 10 min, and the lysates were collected as the supernatant fraction after a 
12‐min centrifugation at 15,000 g. The specific EGFR concentration was measured by ELISA assay. Briefly, the 
wells of ELISA plates were coated with supernatant fraction and incubated at 4 °C overnight After washing 
three times with buffer (20 mM PBS, pH 7.2 containing 0.05% Tween‐20), the wells were blocked with 1% BSA 
for 2–3 h at room temperature. Further, the plate was washed and then mouse serum at 1,000‐fold dilution was 
added, followed by washing and incubation with phospho‐EGFR antibody (Invitrogen) at 4 °C overnight. The 
wells were washed and incubated with substrate solution (o‐phenylenediamine dihydrochloride), for 30 min, 
and the absorbance read on an ELISA plate reader at 490 nm52.

Wound healing assay
Wound healing was performed with A549 cells. On six-well plates, cells were seeded at a density of 5 × 105 cells 
per well and cultured as a confluent monolayer for 24 h. A 2001 pipette sterile tip was used to make an artificial 
scratch or wound on the monolayer of A549 cells after a 24-h period, and well plates were then washed with 
PBS to eliminate any non-adherent cells. The therapy was then administered at the appropriate concentrations 
of chemicals 4c and 4b. A Nikon phase contrast microscope was used to take pictures of the movement of cells 
over the scratched region at 0 and 24 h in two or three randomly chosen fields53.

Nuclear staining
Cellular nuclear morphology was evaluated by fluorescence microscopy following DAPI staining. The exponen-
tially growing 3 × 104 cells were grown on coverslips in 24‐well tissue culture plates supplemented with complete 
growth medium (Dulbecco’s modified Eagle’s media (DMEM)with 10% fetal bovine serum (FBS) making a total 
volume of 2 ml per well. After 24 h the cells were treated with different drugs with IC50 dose and kept in an incu-
bator for 48 h. The cells were washed three times with PBS and subsequently fixed using 4% paraformaldehyde 
for10 min followed by washing gently with PBS. After washing, the cells were incubated in the dark with freshly 
prepared DAPI (dissolved in PBS) for 10 min. After incubation, the cells were again gently washed with PBS and 
the coverslips were mounted on sterile slides using a DPX mounting medium. The prepared slides were observed 
under a fluorescence microscope (Nikon) having a blue or cyan filter at × 40 magnification54.

Acridine orange‐ethidium bromide staining
A549 cell lines were cultured in six-well plates at 4 × 104 cells/well and then these cells were treated with 1.56 
and 12.5 μg mL−1 of GO-AuNPs for 48 h respectively. Further, Cells were harvested and stained with AO-EtBr 
dye mix (1:1 v/v from 100 μg mL−1 in PBS) and studied using a fluorescent microscope55.

Animals
All the in-vivo experiments were conducted with Albino Wistar rats (female, 150–200 g) procured from the 
central animal house facility, Jamia Hamdard, New Delhi. Animals were caged individually and maintained at 
the animal house facility under controlled conditions at a temperature of 23 ± 2 °C in 12 h light and dark cycle 
with free access to food and water. Euthanasia (sacrifice) of animals was performed by dislocation of the cervical. 
Animal care, sacrifice protocols, and experiments performed were carried out with the approval of the Institu-
tional Animal Ethics Committee (IAEC), Jamia Hamdard, New Delhi vide Registration No. 173/GO/ReBi/S/2000/
CPCSEA (Committee for the Purpose of Control and Supervision on Experiments on Animals) and serial no 
1806. All methods were carried out in accordance with relevant guidelines and regulations of Organization for 
Economic Co-operation and Development (OECD). The study is reported in accordance with ARRIVE (Animal 
Research: Reporting of In Vivo Experiments) guidelines.

Acute toxicity study
Animals (Wistar rats) procured were divided into three groups randomly, with six rats in each group. Group I 
and II were used for the single dose treatment of synthesized compounds 4b and 4c at a dose of 500 mg/kg of 
their body weight. Group III is taken as control; all the animals were treated with 0.5 ml of sunflower oil per rat. 
All the animals were under observation, and after 24 h, mortality of treated animals was recorded. Behaviour, 
body weight, movement, and survival of the rats were observed for 14 days56. All the experiments performed 
were carried out with the approval of the IAEC, Jamia Hamdard, New Delhi.

% Inhibition =

(

mean OD of untreated group − mean OD of treated group
)

/mean OD of untreated group) × 100.
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Cardio and hepatotoxicity studies
All the animals procured are randomly divided into four groups, Group I, II, III, and IV. Each rat of Group I and 
II were treated with synthesized compound 4b and 4c orally by using oral gavage with a single dose of 500 mg/
kg of body weight. Animals of Group III were treated with the standard drug doxorubicin with a dose of 2 mg/kg 
of body weight for 5 days. Group IV is taken as control, and a single dose of sunflower oil (vehicle) was admin-
istered orally. All the animals were further observed for a period of 14 days, then killed by cervical dislocation 
method. Vital organs namely the heart, and liver, of each animal were taken out and preserved in 40% freshly 
prepared formalin. Further transverse sections of each organ were prepared and stained with hematoxylin and 
eosin. All the prepared slides were observed under an Olympus microscope at × 100 and × 400 magnifications57.

Biological screening
In‑vitro studies
BSA denaturation inhibition assay
All the synthesized compounds were evaluated for anti-inflammatory activity by the inhibition of the albumin 
denaturation technique58. The standard drug (Diclofenac sodium) and synthesized compounds were properly 
dissolved in DMF and then diluted with phosphate buffer saline (pH 7.4). All the test solutions (1 mL, 100 μg/
mL) were then mixed with 1 mL of albumin solution (1%) and phosphate buffer saline and then incubated for 
around 15 min at 27 ± 1 °C. Further, the denaturation of protein was induced by keeping the reaction mixture on 
the water bath for 10 min and maintaining the temperature at 60 °C. Once the solution gets cooled, the turbidity 
was measured using UV–Visible spectrophotometer at 660 nm. The experiment was repeated thrice, and then 
the Percentage inhibition of denaturation was calculated using the formula given below

where; At is the mean absorption of the test compound and Ac is the mean absorption of the control.

In‑vivo studies
Animals
Ten to twelve weeks old adult female Wistar rats, weighing 150–200 g were issued from the Central Animal House 
Facility of Jamia Hamdard, New Delhi. All the animals were housed in large polypropylene cages and ventilated 
rooms at 25 ± 2 °C under a 12 h light/dark cycle. Animals were allowed to acclimatize for one week before the 
study and provided free access to food and water ad libitum. Animal facilities and other areas in contact with 
laboratory animals were cleaned and disinfected. Experiments performed were carried out with the approval of 
the Institutional Animal Ethics Committee (IAEC), Jamia Hamdard, New Delhi vide Registration No. 173/GO/
ReBi/S/2000/CPCSEA and serial no 1806. All methods were carried out in accordance with relevant guidelines 
and regulations as per the guidelines of the Committee for the Purpose of Control and Supervision on Experi-
ments on Animals (CPCSEA), national regulatory body for experiments on animals, Ministry of Environment 
& Forests, India. The study is reported in accordance with ARRIVE (Animal Research: Reporting of In Vivo 
Experiments) guidelines.

Anti‑inflammatory activity
The anti-inflammatory efficacy of the newly synthesised compounds was assessed using a carrageenan-induced 
rat hind paw edema technique The animals were divided into groups of six at random, fasted for 24 h before to 
the experiment, and given free access to water. 0.5% CMC solution was given to the control group only. All the 
test compounds as well as the reference drug diclofenac sodium were given orally at a dose of 0.0314 mmol/kg. 
One hour after the administration of the test compounds and the reference drug, 0.1 mL of a 1% carrageenan 
solution in saline was subcutaneously injected into the subplantar area of the right hind paw of each rat. The right 
hind paw volume was measured using a Digital Plethysmometer PLM-01 Plus (Orchid Scientifics and Innova-
tives India Pvt. Ltd., Mumbai, India) at 3 and 4 h after carrageenan therapy. The following calculation was used 
to compute the percent edema inhibition from the mean effect in the treated and control animals:

where Vc denotes the mean increase in paw volume in the control group of rats and Vt denotes the mean increase 
in paw volume in rats treated with test chemicals. After a 15-day washout period, the same group of rats utilised 
for the anti-inflammatory activity were employed for the ulcerogenic activity59.

Ulcerogenic activity
The ulcerogenic activity of six most potent compounds and diclofenac sodium were evaluated by using the 
reported method60. Animals were divided into different groups consisting of 6 rats per group. Following oral 
administration of the test compounds and the standard drug (diclofenac sodium) at a dose of 0.0942 mmol/
kg, ulcerogenic activity was assessed. The control group received 0.5% of the carboxymethylcellulose (CMC) 
solution. Water but not the food was discontinued 24 h before the test compounds were administered. After 
receiving the medication, the rats were given regular food for 17 h and then sacrificed. The stomach was taken 
out and opened along its greater curvature before being gently cleansed by dipping it in normal saline and then 
washing it with distilled water. The mucosal injury/damage was examined thoroughly using a magnifying glass. 
The mucosal injury in each stomach was scored using the following score system: 0.5: Redness; 1.0: Spot Ulcers; 
1.5: Hemorrhagic Streaks; 2.0: Ulcers > 3 but 5, 3.0: Ulcers > 5. The severity index (SI) of stomach mucosal injury 
was calculated as the mean score of each treated group minus the mean score of the control group.

% Inhibition of denaturation = [(At/Ac) − 1] × 100

Percent edema inhibition = (Vc− Vt/Vc) × 100
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Lipid peroxidation
Lipid peroxidation in the gastric mucosa was determined using the reported method by Ohkawa H. et al.61. The 
gastric mucosa of the glandular area was scraped off using glass slides after the stomach had been examined for 
ulcers. Gastric mucosa was weighed (100 mg) and homogenised in 1.8 cm3 of ice-cold solution of KCl (1.15%). 
The homogenate is further added with 0.2 cm3 of 8.1% sodium dodecyl sulphate (SDS), 1.5 cm3 of acetate buffer, 
and 1.5 cm3 of 0.8% thiobarbituric acid. After adding all buffers, the mixture was kept for incubation for 60 min 
over water bath, maintaining the temperature of the water bath at 95ºC. Later, the mixture was allowed to cool and 
then extracted with a freshly prepared mixture of n-butanol and pyridine (15:1 v/v), the organic layer obtained 
was centrifuged at 3000 rpm for about 10 min. The organic layer was separated out and visualised on UV–visible 
spectrophotometer. Concentration was measured using the following formula:

Results obtained were expressed as nmol MDA/100 mg tissue and extinction coefficient (1.56 × 105) cm-1 M-1.

Molecular docking studies
Imidazothiazole-thiazolidinone hybrids showed inhibitory potential against the A549 cancer cell line. The 3D 
Crystal Structure of the protein i.e. epidermal growth factor receptor (EGFR) having PDB id is 1M17, which is 
retrieved from the protein data bank with a resolution of 2.60 Å for molecular docking through Glide (version 
6.9, Glide, Schrödinger, LLC, New York, NY, 2017) followed by the ligand as well as protein preparation using 
Lig-Prep (version 3.6, Lig-Prep, Schrödinger, LLC, New York, NY, 2017) and protein preparation wizard, and 
respectively module of Schrodinger suite of Drug discovery of the version 2017–2 (Maestro, Schrödinger, LLC, 
New York, NY, 2017). Pre-preparation of Structure Based Computational studies (Docking and Binding Energy 
Calculations). The synthesized compounds (ligands) and EGFR protein were prepared, minimized, and optimized 
using protein preparation wizard using force field OPLS_200562. The target structure (PDB: 1M17) was prepared 
using addition of hydrogens, missing side chains as well as loops along with the removal of water molecules 
which were above than 5 Å in chain A. Further, the energy of crystal structure of protein was minimized and 
optimized. The active site of protein was assigned using the Glide at the co-crystalized ligand i.e. Erlotinib and 
the 3D grid was generated.

Binding energy calculations
The relative binding energy of compounds was computed from structural information in bimolecular complexes 
using Prime module (version 4.2, Prime, Schrödinger, LLC, New York, NY, 2017) of Schrödinger software. Prime 
MMGBSA (Molecular Mechanics, the Generalized Born model and Solvent Accessibility) is a physics-based 
method that computes the force field energies in implicit solvent of the bound and unbound molecules involved 
in the binding process. The MM-GBSA binding energy includes protein–ligand van der Waals, electrostatic 
interactions, ligand desolvation, and internal strain (protein and ligand) energies using OPLS_2005 force field. 
Synthesized compounds from docking on EGFR (IM17) were subjected to the MM-GBSA analysis separately. 
During the prediction of binding energies, the active site of protein was set to adjust up to a distance of 10 Å for 
ligand accordingly. This operation imports pose viewer file of XP docking of protein and ligand complex, which 
results in ranking of the ligands based on the calculated binding energies63.

Molecular dynamics simulation study
Molecular dynamics simulation studies of the protein–ligand complex were done for the exploration of stability 
of potential compounds within the cavity, i.e., 4a, 4c, 4f and also compared with the reference compound i.e. 
erlotinib. The IM17 with erlotinib, 4a, 4c and 4f complexes were solvated using explicit SPC (simple point charge) 
water molecules in orthorhombic box. The complex with erlotinib, 4a, 4c, 4f was neutralized by adding 51 Na+ 
& 46 Cl- counterions to stabilize the net charge of the all systems. After addition of the solvent and counterions, 
the prepared system of compounds with protein i.e. 1M17-Erlotinib, 1M17-4c, 1M17-4a and 1M17-4f completed 
for minimization step that contained 55,092, 55,168, 55,189 and 55,180 atoms respectively. MD simulation of 
all complexes was performed for a period of 100 ns with a time-step of 2 fs in NPT (constant number of atoms 
N, pressure P, and temperature T) ensemble at 300 K temperature and 1 bar pressure. Temperature and pressure 
conditions were maintained by Nose-Hover chain thermostat and Martyna-Tobias-Klein barostat, respectively. 
MD simulation was accomplished using multistep practice present in Desmond software (version 3.8, Desmond, 
Schrödinger, LLC, New York, NY, 2017). Recording interval of 1.2 ps was used for energy and 4.8 ps were used 
for trajectory for every complex. The structural stability and protein–ligand interactions were analysed over a 
period of 100 ns MD run. Further, for the post processing of MD simulation using thermal_mmgbsa.py script was 
performed of the complexes and the trajectory file that was obtained from the simulation is used by the script, 
which divides it into several snapshots before running MM-GBSA on each frame and producing the average 
binding energies of ligand with the protein i.e. 1M17 individually, which consist of Ewald tolerance of 1 × 109 
for the long-range smooth particle grid and a short-range limit radius of 9.0 were used to describe columbic 
interactions64,65.

Data availability
All data generated or analysed during this study are included in this published article and its Supplementary 
Information files.

Concentration = (Absorbance × volume × 109) ÷

(

1.56× 105 × 1000
)
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