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AbstractAbstractAbstractAbstract    
    
Paracetamol, a commonly used analgesic and antipyretic medication, is well-known for its ability to 

relieve pain and reduce temperature. However, there is a constant push to improve its therapeutic efficacy, 
especially towards increasing its oral bioavailability. The increase in bioavailability will lead to a better reception 
of the drugs by the body. This research aims to provide valuable insights into the molecular mechanisms 
underlying paracetamol’s mode of action and propose novel strategies for enhancing its therapeutic 
effectiveness. We investigated the notion of functional group alteration by molecular docking as a strategy to 
increase the efficacy of paracetamol in this work. Using modern computational approaches, it could be 
conducted through the examination of the structural characteristics and active regions of paracetamol and its 
target receptors. Additionally, molecular docking simulations were used to examine the binding interactions 
between paracetamol and its target receptors, offering insights into the essential functional groups required for 
ligand-receptor recognition. Tests of several molecular docking techniques and scoring functions allowed the 
researchers to find potential alterations that might improve its pharmacological characteristics. By integrating 
structural analysis, molecular docking studies, and computational screening, the uncovering of promising 
modifications that can significantly improve paracetamol’s efficacy was expected. Ultimately, this work may 
lead to the development of next-generation analgesics with superior pharmacological profiles, providing 
enhanced pain relief and fever reduction for patients. 
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IntroductionIntroductionIntroductionIntroduction    
 
Paracetamol or acetaminophen is one of the most commonly used analgesic and antipyretic drugs due 

to its wide availability and low cost (Ferreira et al., 2021). It is frequently used to treat mild-to-moderate pain, 

such as headaches, toothaches, and menstrual cramps, as well as to decrease body temperature during fevers. In 
the current situation, the management of more severe pain requires a conjunction pair of this drug with other 
medicines such as codeine (Hannibal et al., 2018). On an average therapeutic dose, an 80% bioavailability eases 

paracetamol absorption using passive diffusions in the small intestine (Ayoub, 2021). The lipid-soluble weak 
organic acid properties also render the blood-brain barrier and cell membranes penetrable. 

From a molecular perspective, arachidonic acid conversion to prostaglandin is a two-stage process 
performed by the cyclooxygenase (COX) involving its two active sites: the conversion of arachidonic acid to 
prostaglandin G2 (PGG2) at the COX site and the conversion of that intermediate into prostaglandin H2 
(PGH2) at the POX site (Sharma and Mehta, 2014). Paracetamol can interact with ferryl protoporphyrin IX 
radical cation (Fe4+= OPP*+) that is involved in the electron transfer to form tyrosine-385 radical (Tyr385*) at 
the POX site, which is necessary to convert arachidonic acid to PGG2 by the COX enzyme, thus decreasing its 
substrate in the process. Paracetamol functions as an analgesic by inhibiting the conversion of arachidonic acid 
into prostaglandin, which is responsible for inflammatory responses in the body (Grosser et al., 2017; Ghlichloo 

and Gerriets, 2019; Van Rensburg and Reuter, 2019). 
Paracetamol is generally thought to be safe and effective when used as directed, however, it can cause 

liver toxicity and other side effects when taken in high doses or in combination with other drugs that affect 
liver function (Pacifici et al., 2015; Moriarty and Carroll, 2016; Tzankova et al., 2017). As a result, there is 

continued interest in producing safer and more effective versions of paracetamol, particularly for patients 
requiring long-term pain relief (Ralapanawa et al., 2016). 

Following numerous other types of drugs, there have been attempts to modify the structure of 
paracetamol to increase the bioavailability of the drug (Oloyede et al., 2023), especially those targeting oral 

consumption as the route has the lowest bioavailability when compared to intravenous and parenteral routes 
(Atkinson et al., 2015). This research therefore aims to improve the efficacy of paracetamol by modifying the 

structures using molecular docking to affirm the efficacy of the change in the physical and chemical structure 
of paracetamol (Wang et al., 2018). 

The proposed molecule used will be a substitution of the longer sidechain found in the acetaminophen 
structure. The first is C9H12ClNO2 where the addition of methyl and halogen groups in the alkyl side chain 
was done, as it may decrease the toxicity of acetaminophen (Dahlhoff et al., 2014). The second, C6H5Cl2NO, 

substitutes the side chain with halogen, particularly chloride, as it can increase the affinity of drug-target 
binding and modulate the pharmacokinetic properties of the drug (Zhang et al., 2017). 

 
 

Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
3D structure retrieval and preparation of the target protein 

The 3D structure of the cyclooxygenase (COX) site was imported from the protein data bank using the 
code 5F19 (Schrödinger, 2010). The structure contained impurities as well as ligands which were then cleared 
by editing the structure and removing molecules other than the base protein (Aini et al., 2023a). After that, the 

file was saved into a PDB file format. Following that, energy minimization of the protein was done using Swiss 
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PDB viewer. The minimization of the protein changed the file’s properties to ensure that it was as accurate as 
possible for the docking procedure. 

 
Ligand retrieval and preparation   

The proposed drug was first thought up and designed using SwissADME as the basis to see if it was 
possible or not from the given statistical value in the site. The proposed molecules are C9H12ClNO2 (proposed 
molecule 1) and C6H5Cl2NO (proposed molecule 2), with their SMILES value being imported for them to be 
changed into an SDF file format using biotech fyicenter website. The next ligand was the normal 
acetaminophen molecule. The file for this was found in the NCBI database, specifically the acetaminophen 
compound page in PubChem, and was saved with the format SDF.  The acetaminophen was designated as the 
control to see if there were any advantages regarding the binding affinity of the proposed molecules 

 
Molecular docking 

Using PyRx, specifically the Vina Wizard, blind docking of the protein and ligands was done to predict 
the binding (Padmi et al., 2022). COX protein was imported as the macromolecule while the proposed 

structure as well as control was imported into the binding ligand section. The binding site set was for the whole 
molecule rather than a specific part to ensure the best binding for the ligands. Then, software was started to 
produce the value needed.  

 

3D and 2D visualization 

After the docking, the structure of the docked protein was saved before it was imported into PyMOL 
for 3D structure visualization using a cartoon-style animation for ease of visualization before it was changed 
into an image file format (Wahyuni et al., 2022). The 2D visualization used Protein Plus from the University 

of Hamburg. After all was imported, the pose view menu was then chosen as it would create the 2D binding 
site structure. Each docking with the ligand was then saved into a separate file for 2D visualization.  

 
SwissADME bioactivity analysis 

The bioactivity value of the ligands was analyzed by importing the SMILES (Aini et al., 2023b). The 

value consisted of the several parameters that are commonly found in drug development. Next, SMILES of the 
ligands were also imported into the target prediction menu in SwissADME. The Homo sapiens was used as the 

target for the ligands before the probability of binding against the possible target was calculated. Finally, the 
resulting target molecules were checked using SwissProt/Uniprot to ascertain the possible effects of the drug 
through the corresponding functions of its target molecules.  

 
 
Results Results Results Results     
 
Molecular docking 

The molecular docking results show that there were possible binding sites for the proposed molecules, 
as can be seen in Figure 1. Such figure illustrates the 3D structure of the possible binding between the proposed 
molecule (coloured in red in Figure 1A and blue in Figure 1B) and the COX enzyme. 
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(A) 

 
(B) 

Figure 1.Figure 1.Figure 1.Figure 1. 3D structure of proposed drugs 1 and 2 in the protein 
The figure contains the 3D structure of the drug after it has been combined with the target molecule in PyMOL; (A) 
The binding ligand i.e C9H12ClNO2, can be seen in the pink color after it has bound to a specific part of the COX site; 
(B) The binding ligand i.e C6H5Cl2NO, can be seen in the blue color after it has bound to a specific part of the COX 
site  

 
Though it may not be clear, the specific binding site can be observed in Figure 2 using the 2D structure 

as the basis. From the figures, we found that both bind to different areas in the protein with their specific 
binding affinity. The binding site for the first ligand closely followed the number of bindings the control had 
while the second one seemed to be different with both. 

 

 
(A) 

 
(B) 

Figure 2.Figure 2.Figure 2.Figure 2. 2D structure of proposed drug 1 and 2 binding site location 
The figure contains the 2D structure of the drugs when binding to their specific target sites; (A) The binding ligand 
i.e. C9H12ClNO2, can be seen binding to two different molecules and an amino acid; (B) The binding ligand i.e. 
C6H5Cl2NO2, can be seen inbound to a molecule and an amino acid 

 
The specific binding affinity of each ligand differed from each other. The molecule with the least binding 

affinity to the binding site was C9H12ClNO2 with its value of -5.8 which makes it lower against the control 
value of -5.9, making the control have a better binding affinity. Meanwhile, the best binding affinity comes 
from C6H5Cl2NO with a value of -6.1. This would signify that the combination for a variant of the 
acetaminophen came from the second proposed drug rather than the first (Table 1). 

The SwissADME value showed multiple indicators to consider as they are used as parameters when 
designing a drug. Some of the parameters were not met either by the control and the proposed ligands. This 
indicated that some definition is allowed such as the lead likeness where all violate the same specification. One 
of the most important aspects of all when designing the drug is the bioavailability score, which shows the same 



Lorell J et al. (2024). Not Sci Biol 16(1):11632 

 

5 

 

 

 

 

 

 

value. While Table 1 shows the parameters, Figures 3a and 3b indicate the probability of the binding sites 
according to SwissADME. We found that against the control, C9H12ClNO2 showed higher binding affinity to 
some other targets specified in SwissADME (Table 1). However, the inverse happened to C6H5Cl2NO, where 
paracetamol had a significantly higher probability, especially for Carbonic Anhydrase III (CA3) and Carbonic 
Anhydrase XII (CA12). 

    
Table 1.Table 1.Table 1.Table 1. SwissADME parameters of the ligands tested 

ParametersParametersParametersParameters    AcetaminophenAcetaminophenAcetaminophenAcetaminophen    CCCC9999HHHH12121212ClNOClNOClNOClNO2222    CCCC6666HHHH5555ClClClCl2222NONONONO    

Average Lipophilicity 
Prediction 

0.94 1.94 1.94 

Water Solubility  

ESOL Solubility 
6.93e+00 mg/mL; 4.59e-

02 mol/L 
3.42e-01 mg/mL; 1.69e-

03 mol/L 
2.29e-01 mg/mL; 1.29e-03 

mol/L 

Solubility Very Soluble Soluble Soluble 

Ali Solubility 
1.30e+01 mg/mL; 8.62e-

02 mol/L 
2.24e-01 mg/mL; 
 1.11e-03 mol/L 

4.19e-01 mg/mL; 
 2.36e-03 mol/L 

Solubility Very Soluble Soluble Soluble 

SILICOS-IT Solubility  
9.72e-01 mg/mL; 6.43e-

03 mol/L 
1.76e-01 mg/mL; 8.73e-

04 mol/L 
7.27e-01 mg/mL; 4.08e-03 

mol/L 

Solubility Soluble Soluble Soluble 

Pharmacokinetics 
prediction 

 

GI absorption High High High 

BBB permeant Yes Yes Yes 

P-gp substrate No No No 

CYP1A2 inhibitor No No Yes 

CYP2C19 inhibitor No No No 

CYP2C9 inhibitor No No No 

CYP2D6 inhibitor No No No 

CYP3A4 inhibitor No No No 

Log Kp (skin permeation) -6.90 cm/s -5.80 cm/s -5.62 cm/s 

Druglikeness  

Lipinski Yes; 0 violation Yes; 0 violation Yes; 0 violation 

Ghose 
No; 1 violation: 

MW<160 
Yes No; 1 violation: #atoms<20 

Veber Yes Yes Yes 

Egan Yes Yes Yes 

Muegge 
No; 1 violation: 

MW<200 
Yes No; 1 violation: MW<200 

Bioavailability Score 0.55 0.55 0.55 

Medicinal Chemistry  

PAINS 0 alert 0 alert 0 alert 

Brenk 1 alert: hydroquinone 

4 alerts: N-C-halo, 
alkyl_halide, het-C-

het_not_in_ring, 
hydroquinone 

1 alert: N-halo 

Lead Likeness 
No; 1 violation: 

MW<250 
No; 1 violation: 

MW<250 
No; 1 violation: MW<250 

Synthetic accessibility 1 2.44 1.14 
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(A) 

 
(B) 

Figure 3Figure 3Figure 3Figure 3. Binding site probability for the first and second proposed drug  
The figure contains a bar chart for the probability of the ligands binding to a specific target site; (A) The binding ligand 

i.e. C9H12ClNO2, binds to several different targets for Homo sapiens; (B) The binding ligand i.e. C6H5Cl2NO binds to 

several different targets for Homo sapiens 

 
 
DiscussionDiscussionDiscussionDiscussion    
 
Control and ligands 

As stated, before for the first proposed drug, the addition of methyl and halogen groups could decrease 
the toxicity of the drug. This notion was proved through the formulation of the structure in SwissADME, 
which implies that there was no cytochrome P450 (CYP) enzyme inhibition (Daina et al., 2017). Such 

inhibition may cause dangerous adverse effects such as liver toxicity since the CYP enzyme plays an important 
role in catalysing the reaction for phase 1 metabolism of drugs and other toxic compounds from the 
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environment (Hakkola et al., 2020). Additionally, high GI absorption indicates that the modification enhances 

the oral bioavailability of acetaminophen (Daina et al., 2017; Salah et al., 2020). Moreover, the synthetic 

accessibility of the structure reached 2.44, which indicates that it is relatively easy for the drug to be synthesized, 
however, it is harder compared to the previously proposed acetaminophen structure (Skoraczyński et al., 2023).  

Meanwhile, the second proposed drug showed synthetic accessibility of 1.14, suggesting that it would be 
very possible to be produced (Daina et al., 2017). Furthermore, it also had physicochemical properties, 

indicating a low lipophilicity score with high GI absorption as a result, hence making it possible to be easily 
absorbed via oral administration, similar to one of the administration methods of paracetamol (Daina et al., 

2017; Freo et al., 2021; Morak-Młodawska et al., 2023). 

For the control, the normal acetaminophen was used as a comparison as it is required to provide 
retrospective information regarding the optimum performance in terms of the precedent and readily binding 
ligands (Bender et al., 2021). In addition, systematic and stochastic alteration in the original paracetamol 

structure enables different modification points to converge into the most optimum capability (Ferreira et al., 

2015). Paracetamol possesses type I and type II structures that differ in terms of monocetamol orientation and 
structures as their isomer (Liu et al., 2020). In addition, the presence of a more elusive and thermodynamically 

unstable type III paracetamol has also been reported (Ehmann and Werzer, 2014). 
The differences from each form are summarized as follows (Ehmann and Werzer, 2014). Form I 

paracetamol contains rings, shaped as a herringbone with delocalized π orbitals, and methyl-phenyl orientation 
interconnected to the next paracetamol molecules. Similarly, form II paracetamol is an orthorhombic unit with 
more contact to the surface along with more rings and polymorphic to form I paracetamol (Agnew et al., 2017). 

In contrast, form III has a distinct needle-like structure which is reduced in terms of the surface area, 
compensated with a greater height of 450 nm (Agnew et al., 2016). 

 
PyMOL and protein plus 

PyMOL was used in this study due to its clear and publishable 3D visualization of the binding, it is also 
able to identify the amino acids involved in the binding proposition between the COX enzyme and the 
proposed drug model (Yuan et al., 2017). The results of molecular docking through PyMOL showed a 

favourable outcome, in which both proposed drugs have a binding site corresponding to the COX2 molecular 
structure (Figure 1). 

Proteins Plus was used to exactly name and identify the binding site’s amino acids and the structure it 
binds to (Fährrolfes et al., 2017). PyMOL was unable to specifically determine the binding site of paracetamol 

by its amino acids (Mooers, 2016). Protein Plus generates a 2D structure, giving clarity to the specification of 
the binding site’s contents (Figure 2). The difference between the two proposed drug models became more 
palpable through the generated 2D structure. It can be observed that the first alternative model for the drug, 
C6H5Cl2NO, had a similar binding pattern to the control paracetamol with three binding sites, however, these 
sites interacted with different amino acids. On the contrary, the second model, C9H12ClNO2, had a different 
binding pattern to the control, as the molecule only bound to two amino acids instead of three (Figure 2). Such 
results indicate that the first drug model is the same, if not more effective compared to paracetamol, while the 
second drug model is less likely to be more effective than the control. This is because the number of binding 
sites is attributable to the binding affinity of the drug molecule towards the enzyme (Wakefield et al., 2020).  

 
Energy minimization and binding affinity 

Energy minimization is done to reduce the protein’s potential energy (Bhattacharya and Cheng, 2013). 
This process is done using Swiss PDB software.  By doing this process, decreases the protein’s likelihood to 
undergo structural changes, thus maintaining the integrity of the protein, leading to increased stability and 
prolonged shelf life (Yang et al., 2020). It also increases the drug’s chances of being effectively absorbed by the 

human body and eases the distribution process to the target, thus minimizing the drug’s immunogenicity while 
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also improving its bioavailability and therapeutic efficacy (Dayer, 2020). This is all achieved through geometry 
optimization and steric clash removal done with the software. As a result of the Swiss PDB software, the energy 
has been successfully minimized. 

To further determine the efficacy of the alternative paracetamol structures, assessing their binding 
affinity was necessary to ensure that the structures will bind selectively and specifically to their desired target, 
with the target receptor being the COX enzyme (Lonsdale and Ward, 2018). One way to investigate binding 
affinity is by molecular docking using PyRx as it provides an auto dock feature, namely AutoDock Vina, that 
provides the output of ten best binding modes between the ligand and enzyme macromolecule (Dallakyan and 
Olson, 2015). 

The first proposed molecule, C9H12ClNO2, had a binding affinity that was lower compared to the 
control molecule which indicates a weaker binding. This indicates that the first proposed molecule has a weaker 
affinity to the COX enzyme compared to the original paracetamol (Dallakyan and Olson, 2015).  

On the other hand, the second proposed molecule, C6H5Cl2NO, had a higher binding affinity toward 
the COX enzyme compared to the control molecule, suggesting that the proposed molecule would bind better 
to the COX enzyme as its binding affinity value was more negative than paracetamol (Dallakyan and Olson, 
2015; Jain et al., 2021). Such a result is also in agreement with a study conducted by Uzzaman et al. (2019) as 

they have also discovered alternative paracetamol structures that have higher binding affinities compared to the 
original. 

 
Parameter analysis 

Predictions of parameter analysis are done to determine the predicted molecules’ properties; this is done 
to determine if there would be any improvements in drug processing inside the body. The first parameter is 
lipophilicity that indicates the affinity of the molecule for lipophilic environments which corresponds to its 
ability to cross cell membranes as well as the resulting binding to proteins. Higher lipophilicity is generally 
indicative of higher absorption, distribution, metabolism, and excretion (ADME) while immense lipophilicity 
is a sign of potential toxicity in live model tests (Lobo, 2019). Both proposed alternatives had an increased 
lipophilicity compared to paracetamol, indicating higher ADME predictions with possible toxicity. Water 
solubility affects the oral bioavailability of a drug, with reduced water solubility resulting in the reduction of an 
oral drug’s efficacy (Sanches and Ferreira, 2019). Both theorized molecules were slightly less soluble than 
paracetamol but were still considered water-soluble drugs, signifying a weaker but still viable drug oral efficacy 
compared to paracetamol. Pharmacokinetics are all parameters that affect ADME the most (Grogan and 
Preuss, 2021). Both molecules showed very little deviation from the original paracetamol indicating that the 
alternative molecules have a similar ADME with paracetamol. The singular deviation is that Molecule 2 is 
predicted to have a possibility of inhibiting CYP450. CYP450 plays an important role in removing non-self-
biological agents, metabolism of cells, and homeostasis. Inhibition of the protein might lead to unwanted 
adverse effects or unintended drug-drug interactions such as reducing clearance of tizanidine (Manikandan and 
Nagini, 2018; Villa-Zapata et al., 2022). Skin permeability is included in this section, and it is essential as it 

affects transdermal drug delivery (Supe and Takudage, 2020). The results show that the new molecules had a 
lower log Kp, indicating a slightly better skin permeability. The last two key parameters are the bioavailability 
score and synthetic accessibility. Bioavailability is indicative of how much of the drug in dosage can circulate in 
the body and then effectively bind to its intended receptor (Price and Patel, 2020; Kharisma et al., 2023). As 

seen, the bioavailability scores of all three molecules were the same. This result means that both new molecules 
are just as effective as paracetamol in terms of bioavailability. Synthetic accessibility or the SA Score was 
calculated to check difficulty in synthesizing the drug, from 1 being easy and 10 being hard (Skoraczyński et al., 

2023). Molecule 1 is harder to synthesize compared to paracetamol with a SA score of 2.44, while molecule 2 
is only slightly harder to synthesize compared to paracetamol with a score of 1.14. Overall, molecule 2 is 
predicted to have a higher efficacy as a possible alternative to paracetamol, however, it is also predicted to inhibit 
CYP450 which may cause adverse effects.  
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Target prediction 

Molecule 1 had very low percentages of binding, indicating that the molecule has a low specificity of 
binding (Figure 3A). Molecule 1 is predicted to bind to molecules that have low percentages of binding to 
paracetamol with some molecules having no binding likelihood to paracetamol. Overall, the results indicate 
that molecule 1 will not produce the same analgesic effects that paracetamol produces. Further research using 
SwissProt determined that the proteins predicted to bind to the molecule are linked to cell cycles, transcription 
factors, or estrogen hormones. This means that the molecule could cause adverse effects related to the 
production of unintended proteins via the activated transcription factors, adverse effects related to abnormal 
cell cycles, or adverse effects related to estrogen malfunction.  

Molecule 2 also had very low percentages of binding, however, many of the molecules targeted by 
Molecule 2 may also interact with paracetamol, particularly CA3 and CA12 (Figure 3B). These two molecules 
showed incredibly high percentages of binding with paracetamol, which indicates that these two proteins are 
some of the main binding partners to paracetamol. Despite their low percentage of binding with the second 
molecule, the predicted proteins were similar to molecules that bind to paracetamol as most of the target 
proteins reversibly hydrate carbon dioxide. An important notice for further research is that the highest 
percentage binding prediction for Molecule 2 was PTPN22, a negative regulator of T-Cell activity indicating a 
possibility of immunosuppression by the drug. From the target prediction, it can be concluded that Molecule 
2 is a better alternative compared to Molecule 1 as the results would be more in line with paracetamol with 
better parameters and lower possibility of adverse effects. 

 
Limitations and future recommendations 

As predictions, these results can be overturned during live tests and dosages still need to be determined 
before clinical testing. The best way to address this issue would be further research by synthesizing the drug and 
testing its effects in vivo. Other possible improvements could be made by changing the modified groups to 
groups previously known to have an impact on pain inhibition or inflammatory pathways. This methodology 
of using molecular docking to add alternative groups into paracetamol can also be used to ascertain the binding 
affinity and selectivity of changed molecules towards certain target receptors or enzymes (Wang et al., 2018). 

Furthermore, investigating structural changes and molecular interactions by using paracetamol and molecular 
docking might assist in understanding the underlying processes responsible for enhanced drug effectiveness 
(Daneshgar et al., 2009). Critical structural properties for increased activity can be determined through analysis 

of the binding modes and energetics of the changed molecules. It would be beneficial to explore the possible 
synergistic effects of mixing paracetamol with other functional groups or co-administered medications as 
molecular docking simulations can anticipate the binding affinities and potential cooperative interactions 
between paracetamol and these other drugs, giving useful information for combination treatment techniques 
and the creation of more effective and personalized pharmaceutical formulations (El-Shaheny et al., 2019). 

Regardless of the results, experimental validation such as in vivo and in vitro testing will be needed to verify the 
results. 

 
    
ConclusionsConclusionsConclusionsConclusions    
 
Out of the two molecules proposed, Molecule 2 or C6H5Cl2NO is more viable than the other proposed 

molecule. The efficacy, dosage, and toxicity need to be researched further in vivo and compared to existing 
medication to determine the effects of the molecules on live subjects. This research has proven that 
bioinformatic software and programs can help in predicting alternative drug structures, however, the 
predictions still require further wet lab research and testing to determine if a molecule can be marketed 
commercially as well as to determine possible side effects. 
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