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ABSTRACT      
In recent decades awareness surrounding the class of drugs known as opioids has risen due to what many have termed the “opioid 
epidemic.” Rates in opioid-related drug overdoses have spiked due to increased opioid addiction and the illegal lacing of illicit 
drugs, such as marijuana, with opioid compounds like fentanyl, increasing their potency. Coexisting with the devastating realities 
of overdose and addiction, however, is the clinical demand for these drugs and their potency to manage extreme pain. Herein, we 
describe the results of a course-embedded computational research project to understand the factors responsible for opioid 
potency. In the present study, the chemical properties of commonly used opioids and their interactions with receptors are 
investigated using computational techniques. In particular, the molecular basis for the high potency of fentanyl is investigated. 
The drug molecules were constructed using a web-based tool, WebMO. The electronegativity and chemical hardness of nine 
opioids and one pain reliever were determined using a quantum chemistry software package named Q-Chem. The binding 
interactions between the same set of opioid molecules and their receptors were studied using AutoDock FR, interactions within 
the receptor’s binding pocket were analyzed using Visual Molecular Dynamics (VMD), and SwissADME was used to investigate 
the pharmacokinetic properties of each drug molecule. 
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INTRODUCTION  
The pharmaceuticals known as opioids are a class of analgesic, or pain-relieving drugs that function as agonists of human opioid 
receptor (OR) proteins. Opioids are powerful pain relievers that are commonly used in medical settings, especially in acute care 
contexts. Drugs that fall beneath the opioid umbrella include codeine and morphine, which are naturally derived from opium, as 
well as semi-synthetically and synthetically derived drugs such as fentanyl, oxycodone, methadone, and illegal heroin.  
 
While these drugs are necessary for pain management for patients who have undergone surgery, physical trauma, or certain 
chemotherapies, they have health risks. The mechanism of action of opioids triggers the same chemical response as the human 
body’s dopamine reward system, causing them to be highly addictive for some individuals, especially when used to treat chronic 
pain.1 Opioids function by binding to and stimulating G-protein coupled receptors (GPCRs) called ORs, found on the plasma 
membranes of cells in the human central nervous system and gastrointestinal tract.2 They are attracted to and bound to their 
protein receptors via noncovalent interactions. There are four primary ORs, which belong to the family of cell membrane proteins 
GPCRs - mu (μ OR), delta (  OR), kappa (k OR), and nociceptin/orphanin FQ (N/OFQ) receptors (Figure 1). 3,4 Once the 
surface proteins of the GPCR complexes are activated, they trigger a cascade of interactions within the cell, releasing endorphins, 
neurotransmitters involved with the mesolimbic system. Endorphins reduce feelings of pain by slowing down the release of 
proteins involved in pain signaling. These endorphins also catalyze the release of dopamine, which plays a vital role in the 
perception of pain and provides natural analgesia to various portions of the brain and body. Because opioids activate the 
mesolimbic system, prolonged usage commonly results in the development of opioid drug tolerance and leads to a high 
probability that those who develop this tolerance will display signs of addiction and subsequent withdrawal when coming off the 
medication. In the last decade, opioid addiction has surged at an exponential rate. Recent data shows that 81,806 Americans died 
from opioid overdose in 2021.6 Thus, there is rising concern within the medical and broader community surrounding their uses, 
their mechanism of action, and what precautions or treatment alternatives can be implemented to fight back against the 
destruction of opioid addiction. 
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Figure 1. A visualization of the protein structure and binding pocket for each of the four opioid receptors. 
 
The present study was conducted in a General Chemistry I Lab to provide students with hands-on experience with computation 
early in their college careers. It aimed to examine the molecular characteristics of nine opioids and the pain reliever imitrex and 
assess their potency based on their chemical and pharmacological properties. This involved computationally constructing the 3D 
molecular structures of the ten molecules and using these models to determine their electronegativity and chemical hardness 
values, which are key properties affecting chemical reactivity. It also aimed to identify basic chemical characteristics such as 
lipophilicity, gastrointestinal (GI) absorption, and blood-brain barrier permeability. Additionally, it determined the binding affinity 
values and analyzed the 3-dimensional structures of opioid-receptor complexes for all ten compounds (nine opioids and imitrex) 
and the four opioid receptors. Overall, the goal of this study was to identify molecular determinants of opioid potency, with a 
specific focus on fentanyl. This was achieved by analyzing the chemical properties of various opioids and their binding 
interactions with opioid receptors. These findings could be used in designing effective analgesics that pose fewer health risks, such 
as reduced potential for addiction or fatal overdose.   
 
METHODS 
The chemical and structural formulas of each opioid were obtained from PubChem.7 Molecular structures were built using 
WebMO8 and molecular geometry optimization was performed using QChem.9 For geometry optimization, the Hartree-Fock 
method was used with the correlation-consistent polarized basis set with double zeta basis function. 10 This is abbreviated as cc-
pVDZ. The convergence criteria for this optimization were 10-8 Hartree. Once the molecular optimization was completed, the 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies for each opioid were 
collected. The HOMO and LUMO energies were used to determine the electronegativity ( ) and chemical hardness ( ) of each 
molecule using equations 1 and 2 below:11 

    (1) 

 (2) 
 
Electronegativity and chemical hardness are important chemical properties that characterize a molecule. Electronegativity ( ) is 
the ability of an atom or a group of atoms to attract the bonding pair of electrons towards itself.12 The higher the electronegativity 
of an atom, the stronger its attraction for the bonding pair of electrons. On the other hand, chemical hardness ( ) is defined as a 
measure of the tendency of a chemical species to localize charge density.13 It is a qualitative indication of the polarizability of 
chemical species (atom, ion, or molecule). Chemically hard molecules are less polarizable, and chemically soft ones are more 
polarizable. The hardness  is an important chemical property that provides information about molecular reactivity and 
selectivity.14-17  
 
To quantify the interaction between opioids and opioid receptors, the binding affinity was assessed for each opioid-receptor 
combination. To do this, the structural information of the opioid receptors was obtained from the Protein Data Bank.18 The 
spatial data file (sdf) of the opioids was also obtained from PubChem.7 These files contain information necessary to determine the 
size, 3-dimensional shape, and molecular characteristics of drug molecules and bound proteins. The molecular docking was 
performed using AutoDock for flexible receptors (ADFR) software.19 ADFR uses a genetic algorithm-based approach and is 
validated using a protein ligand docking performance set called Astex Diverse Set.20 This algorithm predicts the favored 
orientation of the ligand (an opioid) in the opioid receptor’s binding pocket using the AutoDock 4 scoring function to estimate 
binding affinity.21 The AutoDock 4 scoring function uses a semi-empirical force field to model non-bonding interactions between 
the opioid and receptor in various conformations. These models are quantified by finding the difference in energy before and 

Transmembrane Region 

Intra-cellular Region 
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after ligand docking for Van der Waals forces, hydrogen bonding, electrostatic forces, and desolvation interactions. The binding 
affinity is calculated from the thermodynamic quantities of these interactions.22 For each docking simulation, the genetic 
algorithm was run 50 times. In these simulations, the grid box size was calculated from the dimensions of the opioid receptor with 
a padding of 4 angstroms.  
 
Additionally, interactions between opioids and receptors were investigated for fentanyl and meperidine bound to the  and  
ORs. These two opioids were used because they displayed the highest and lowest binding affinities for the two opioid receptors. 
The  OR was analyzed due to its contribution to opioid overdose deaths and the  OR was used because it displayed the highest 
overall binding affinity when bound to fentanyl. This was done by visually analyzing and measuring the distance of significant 
polar and hydrophobic interactions between the opioid molecule and the receptor backbone using Visual Molecular Dynamics 
(VMD) software.23 The ligand-bound binding pockets were manipulated to show their atom types using the “CPK,” or ball-and-
stick representation for the protein backbone, and the “licorice” representation for the opioid molecule. The alpha-carbon 
backbone surrounding the binding pocket was shown using the “NewCartoon” representation to help better visualize the location 
of the interactions relative to the protein. Layering several unique representations of the protein-ligand system allowed us to 
visualize noncovalent interactions between receptors and opioids within the binding pocket. These observations provided insight 
into the cause of variable binding affinity in each docking simulation. 
 
Finally, the chemical characteristics, namely absorption, distribution, metabolism, elimination, and toxicity, or ADMET, of each 
opioid were obtained using SwissADME,24 where the input files were in the simplified molecular-input line-entry system 
(SMILES) format.  
 
RESULTS 
Electronegativity and Chemical Hardness 
First, the chemical properties of the nine opioids and Imitrex were compared. The  and  values of these ten molecules range 
between 2.10 – 3.06 eV and 5.12 – 6.61 eV, respectively (Figure 2, Table S1). There is a notable spike in electronegativity and 
chemical hardness values for fentanyl, which is the most potent synthetic opioid, 50 to 100 times more potent than morphine.25  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Electronegativity and chemical hardness, in electron volt (eV), of all nine opioids and Imitrex. 
 
Docking and Binding Energy 
The binding affinity for nine opioids and Imitrex, docked in the receptors binding pocket, were determined and shown in Figure 
3.  It is important to note that all binding affinity values are negative. Fentanyl showed the highest binding affinity for μ, , and  
ORs with values of -8.7 kcal/mol, -9.7 kcal/mol, and -9.2 kcal/mol, respectively. The N/OFQ OR had the best binding energy of 
-8.2 kcal/mol for methadone. The binding affinity was weakest (-6.4 kcal/mol, less tightly bound) for meperidine when bound to 
the μ OR. When comparing the binding affinities for different receptor proteins, the receptor exhibited tighter binding with a -
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9.7 kcal/mol binding affinity for fentanyl. The  OR exhibited an average binding affinity value of -8.12 kcal/mol while 
considering all 10 molecules. Also, fentanyl exhibited the highest binding affinity for three of the four receptors. However, the 
range for all the nine opioids for all the receptors was within 2.2 kcal/mol, suggesting all opioids are efficacious in stimulating the 
four primary opioid receptors in the body.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Computationally determined binding affinities for each of the four receptors, individually docked with all nine opioids and Imitrex.
 
Binding Pocket Analysis 
To determine what kind of interactions were responsible for varying binding affinities among opioid-receptor pairs, the two 
extremes in binding affinity for  and  receptors, fentanyl and meperidine, were visualized using VMD. When these two 
molecules were bound to the  OR (Figure 4), it was observed that their orientation in the pocket varied significantly, with 
fentanyl interacting more with the protein backbone (Figure 4B, 4D). Additionally, the two nonpolar phenyl groups of fentanyl 
(Table S2) appeared to have Van der Waals interactions with receptors that resulted in high binding affinity. Most notably, 
TRP287, ILE290, ILE294, and ILE316 in the binding pocket interact with one of fentanyl’s two phenyl groups. Hydrogen 
bonding was also observed with residue ASP138 and fentanyl’s carbonyl oxygen (Figure 5A). Hydrophobic interactions also 
could be observed for meperidine. The amino acid residues ILE294 and VAL230 interacted with the opioid’s lone phenyl group. 
Weak interaction was also observed for residue HIS291 (Figure 5B). Hydrogen bonding was also observed between TYR139 and 
the oxygen group on meperidine. In the binding pocket of  OR, hydrophobic interactions appear to be significant for both 
binding studies. However, polar interactions could also be observed. 
 
When fentanyl and meperidine were bound to the  OR (Figure 6), their orientation in the binding pocket appeared relatively 
similar (Figure 6B, 6D). However, fentanyl appeared to have more interactions. Again, fentanyl’s two phenyl groups exhibited 
hydrophobic interactions with the protein backbone. This primarily occurred at amino acid residues VAL236, VAL300, TRP293, 
and TYR326. Also, a hydrogen bond was formed with fentanyl’s carbonyl oxygen (Table S2) and ASP147 (Figure 7A).  Similar 
interactions were observed to a lesser extent for meperidine. Namely, hydrophobic interactions occurred with amino acid residues 
VAL300 and TRP293. Also, a hydrogen bond interaction occurred between the amino acid residue ASP147 and the oxygen group 
in meperidine. A hydrogen bond also occurred between TYR326 and the nitrogen in meperidine (Table S2, Figure 7B). 
For all four combinations, i.e. interactions of fentanyl and meperidine with  and , it is important to note that the 
noncovalent interactions between the receptors and opioids described here are those that were more significant to the opioid’s 
binding; other amino acid residues also appeared to interact with the opioids (Figures 6 and 7).   
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Figure 4. A) The top view of k-OR. B) k-OR displaying a bound meperidine (red) and fentanyl (blue). C) The front view of k-OR. D) k-OR front view displaying 
a bound meperidine (red) and fentanyl (blue). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  A) -OR bound to fentanyl. B) -OR bound to meperidine. Non-bonding interactions are depicted by the key and shown in the zoomed subpanels.  
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Figure 6. A) Top view of μ-OR. B) μ-OR displaying a bound meperidine (red) and fentanyl (blue). C) The front view of μ-OR. D) μ-OR front view displaying a 
bound meperidine (red) and fentanyl (blue) molecules. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. A) -OR bound to fentanyl. B) -OR bound to meperidine. Non-bonding interactions are depicted by the key and shown in the zoomed subpanels. 
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Absorption, Distribution, Metabolism, Elimination, and Toxicity (ADMET) 
The ADMET values indicated that all tested drug molecules, apart from Imitrex, exhibited prominent levels of gastrointestinal 
absorption. It also demonstrated that all except three of the opioid molecules, Oxycodone, Oxymorphone, and the painkiller 
Imitrex, could permeate the body’s blood-brain barrier complex, which is a vital function required for any pharmaceutical to be 
able to produce effects within the central nervous system tissues. These results are all shown in Table 1. One property of 
particular interest is lipophilicity which describes a chemical's ability to dissolve when placed into a hydrophobic solution. Highly 
lipophilic substances take longer to exit the body as they take longer to metabolize. They also more easily permeate membranes 
found in the body. Lipophilic opioids are effective because they can penetrate the blood-brain barrier faster and more effectively, 
leading to faster analgesic onset. They are also more readily absorbed into fatty tissues and are metabolized by the body at a lesser 
rate. This can lead to them having a more prolonged effect.26 Notably, fentanyl and methadone exhibit heightened lipophilicity 
values relative to the other opioids tested. This may provide chemical insight into why fentanyl has such a dramatic effect on 
those who take it and why the level required for a dose of fentanyl to be lethal is so low, generally being estimated at 2 mg of the 
drug.27 Methadone in contrast has an even higher lipophilicity, however, the other characteristics, such as electronegativity, 
chemical hardness, and 3-dimensional structure, are out of the ideal ranges, which may explain why it is not as potent. 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Absorption, distribution, metabolism, elimination, and toxicity values for each of the 10 opioids obtained using the SwissADME. GI and BBB stand for 
gastrointestinal and blood-brain barrier.   
 
DISCUSSION 
This study investigated the molecular characteristics of opioids and how they interact with opioid receptors. The goal was to 
understand opioid potency trends while also trying to find a chemical explanation for fentanyl’s high potency.  
 
The binding affinities determined computationally in this study aligned with published data for fentanyl and meperidine. Ellis et 
al. reported average docking scores for fentanyl and meperidine bound to the μ opioid receptor (μ OR) to be -9.43 and -7.77 
kcal/mol, respectively.28 These scores are comparable to the binding affinities of fentanyl (-8.7 kcal/mol) and meperidine (-6.4 
kcal/mol) for μ OR found in this study. The small differences could be due to the use of different computational docking 
protocols. Additionally, the computed lipophilicity values obtained in this study were like other experimentally determined values, 
reinforcing conclusions about fentanyl and lipophilicity.29,30 The computed electronegativity and chemical hardness values for 
fentanyl were also comparable to those reported by Sümeyya et al.31 Overall, key findings for binding affinity, electronegativity, 
chemical hardness, lipophilicity, and binding pocket analysis were consistent with other studies. Future studies could validate these 
findings by performing multiple binding simulations to ensure consistency and by conducting bench-top experiments to 
determine if the results hold in a physical system. These steps would add more certainty to this study’s conclusions. 
 
Our findings show that fentanyl is an outlier in many ways. It exhibited the highest binding affinity for three of four opioid 
receptors, the highest electronegativity and chemical hardness, and the second-highest lipophilicity among opioids studied. When 
comparing binding pocket interactions between fentanyl, a highly potent opioid receptor agonist, to meperidine, a less potent 
opioid receptor agonist, it was observed that hydrophobic interactions may be important to fentanyl’s high binding affinity. 
Specifically, fentanyl’s long structure consisting of two phenyl groups on each end may allow it to interact more strongly with the 
μ OR. Specifically, these functional groups appeared to interact with the non-polar residues in the opioid receptor’s binding 
pocket. This could help stabilize the compound and enhance opioid-receptor interactions. Similar studies have also highlighted 

Name Lipophilicity Water Solubility GI absorption BBB permeant Drug-likeness Lead-likeness Synthetic accessibility

Codeine 2.88 Soluble High Yes 0.55 Yes 4.89

Fentanyl 3.78
Moderately 

Soluble High Yes 0.55 No; 1 violation 2.22

Hydrocodone 1.79 Very soluble High Yes 0.55 Yes 4.43
Hydromorphone 1.88 Soluble High Yes 0.55 Yes 4.33

Meperidine 2.53 Solubility High Yes 0.55 No; 1 violation 2.07

Methadone 4.06
Moderately 

Soluble High Yes 0.55 No; 1 violation 2.79

Morphine 1.47 Soluble High Yes 0.55 Yes 4.78

Oxycodone 1.12 Very soluble High No 0.55 No;1 violation 4.57

Oxymorphone 1.21 Very soluble High No 0.55 Yes 4.46

Imitrex 0.72 Very soluble Low No 0.55 No; 2 violations 3.07
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the importance of hydrophobic interactions in the μ OR-fentanyl complex. 32,33 This is also supported by fentanyl’s high 
lipophilicity, which may promote the drug’s interaction with the μ OR binding pocket. Additionally, the high fentanyl lipophilicity 
helps it to be absorbed more readily in the body and more easily cross the blood-brain barrier, which is key in opioids as they act 
on the central nervous system. Overall, these findings suggest that fentanyl's chemical properties are responsible for its high 
potency. This insight could aid in the development of effective and safer non-μ opioid receptor agonists. 
 
The results of this study also explain how opioids, specifically fentanyl, can be linked to poor clinical outcomes. For example, it is 
known that stimulation of the μ OR triggers the body’s reward system and, in overdose cases, the respiratory depression that leads 
to opioid overdose death. Fentanyl’s high affinity for this receptor indicates that the risk of addiction and overdose is higher for 
fentanyl than that of other opioids. Furthermore, fentanyl's lipophilic nature allows it to cross the blood-brain barrier more easily, 
reaching opioid receptors efficiently. This characteristic means that fentanyl not only reaches opioid receptors effectively but also 
binds them strongly. Consequently, even trace amounts of fentanyl can provide analgesic effects, while a small overdose can be 
fatal. Ultimately, fentanyl's potency is highly beneficial in a clinical setting, but it also makes the drug extremely dangerous. 
 
CONCLUSIONS 
The present computational study demonstrated fentanyl to be the ‘best fit’ for three of the four opioid receptors in the body. 
Fentanyl’s high affinity for the  OR is significant because the binding of this receptor stimulates the release of endorphins and 
dopamine in the brain’s limbic system and thus increases its addictiveness and potency relative to the other receptors studied. The 

 OR is also associated with triggering respiratory depression, which causes death from an opioid overdose. In addition to its 
interactions with the  OR, fentanyl was among the most lipophilic opioids, which means that the drug molecule takes a longer 
time to exit the body, granting it a longer period of action. The higher binding affinity for the  OR combined with this elevated 
lipophilicity may provide chemical insight into the addictiveness and lethality of the drug.  
 
As we currently stand amid a systemic opioid crisis, knowing why fentanyl is so lethal is essential information. This research 
highlights the lethal nature of fentanyl by identifying key chemical properties, such as lipophilicity and electronegativity, that 
contribute to its potency as a μ OR agonist. These insights could inspire the design of new opioids that avoid these properties, 
reducing the risks of addiction and overdose. The study also explores the chemical characteristics of strong agonists for other 
opioid receptors, potentially guiding targeted drug design for non-μ receptors. Minor variations in electronegativity, chemical 
hardness, and lipophilicity significantly impact opioid potency, suggesting that slight modifications in chemical structure could 
alter receptor selectivity and potency. Overall, this study provides valuable information on the structural and chemical factors 
influencing opioid-receptor binding, which could lead to the development of safer and more effective analgesics. 
 
APPENDIX 
The appendix contains two tables and is located on https://ajuronline.org/ 
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PRESS SUMMARY 
Deaths from opioid overdoses are at an all-time high due to their use clinically and increasing prevalence in street drugs. This 
study intends to identify the mechanisms that make them such potent stimulants for opioid receptors, specifically the Mu opioid 
receptor, which causes respiratory depression and potentially death when overstimulated. Using computational chemistry 
techniques, it was found that multiple chemical properties, namely a high electronegativity and chemical hardness, high 
lipophilicity, and the presence of non-polar groups for hydrophobic interactions may be responsible for making some opioids 
potent ligands for opioid receptors. This knowledge is significant to the design of future analgesics that minimize health risks, 
including addiction and fatal overdose.   


