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Abstract. Bisphosphonates are used to treat a number of bone related diseases such as 

osteosarcoma, malignant hypercalcemia, osteomyelitis. Developing novel drug delivery 

systems may overcome the adverse reactions caused by traditional administration. This study 

uses a combination of molecular docking studies and correlation techniques between 

structure – physical and chemical properties to assess how different bisphosphonates 

(alendronate, risedronate, pamidronate, zoledronate) interact with polydopamine in order to 

later design new formulations. The structure of polydopamine is still under discussion 

therefore, its bisphosphonate binding properties have not been completely established. 

Polydopamine was modeled by repeated docking of tetrameric subunits combined in two ways 

which led to simple and mixed oligomers. Fingerprint descriptors, namely electronegativity of 

the OMO/UMO quantum molecular states, were used for the correlation studies. The 

correlation coefficients suggest that several atom species such as nitrogen and carbon have 

increased contributions to the formation of both HOMO and LUMO molecular states. The 

results showed that the most stable complex was obtained with risedronate for both simple 

and mixed dopamine oligomers (-186.00 kJ/mol and -184.92 kJ/mol).  

Keywords: molecular docking; fingerprint descriptors; bisphosphonates. 

 

 

1. INTRODUCTION  

 

 

Bone related diseases such as osteomyelitis, osteosarcoma, osteoporosis are difficult to 

treat due to several limiting factors such as decreased perfusion of the bone, low 

bioavailability, toxicity and side effects. Therefore, designing drug delivery systems based on 

newer carriers such as microparticles, liposomes or nanoparticles that target the bone is a 

highly researched field [1-8]. 

Bisphosphonates induce apoptosis in osteoclasts [1], inhibit resorption of the 

destructive bone and the release of tumor stimulating factors [2]. Depending on the structure 

of the two terminal phosphate groups bisphosphonates may be divided into non-nitrogen 

containing bisphosphonates such etidronate and clodronate and nitrogen containing 

bisphosphonates such as alendronate, pamidronate, zoledronate, risedronate.  
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The latter displays a better bone affinity [9,10]. Furthermore, bisphosphonates 

improve quality of life for patients with bone tumors by reducing both pain and bone damage 

[2]. 

Polydopamine (PDA), a polymer obtained through dopamine oxidation, has the ability 

to attach to different types of compounds creating a coating with a thickness that may vary 

between a few and 100 nm. Moreover, the PDA coating can be subsequently functionalized 

with either metallic nanoparticles or nucleophile molecules [11-13].  

The exact structure of PDA is still under discussion. Therefore, there is not a complete 

characterization regarding its bisphosphonate binding properties. Knowing how 

bisphosphonates interacts as a ligand to PDA which acts as a receptor plays a key role in 

safely designing new formulations. Furthermore, it helps to fully understand their 

involvement in different fundamental biochemical processes [11-13].  

Using both molecular docking studies and correlation techniques between structure – 

physical and chemical properties allows a complete approach of the binding problems that 

may arise. This may yield new probable binding conformations between the bioactive 

compounds and the biological active target on the receptor. Furthermore, understanding the 

structure generates new information that helps comprehend how the physiological response is 

obtained [14]. 

Fingerprint descriptors such as electronegativity of the Occupied Molecular Orbital 

with electrons/ Unoccupied Molecular Orbital with electrons OMO-UMO quantum molecular 

states were used for the correlation studies.  

Furthermore, they proved to be reliable for the QSAR/QSPR studies. The OMO/UMO 

molecular states are formed with the contribution of atoms from the molecule. Moreover, their 

intervention in the ligand (drug)-receptor interaction identifies them as reactive states for the 

studied chemical structures [15-17].  

The aim of the study is to determine how each atom from the bisphosphonate structure 

is involved in a physical and chemical property or a biological activity by combining the 

molecular docking technique with the structure – binding energy correlation technique. This 

allows the design of new chemical structures using molecular fragments or identified 

chemical bonds. Moreover, these compounds have a predictable and optimizable response 

function. 

 

 

2. MATERIALS AND METHODS 

 

 

2.1. MATERIALS  

 

 

The studied compounds are represented by 4 bisphosphonates for which the 

specialized literature provides different relative potencies against osteoporosis (Table 1) [18]. 
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Table 1. Bisphosphonates relative potency in osteoporosis.  

Compound Relative potency 

 

100 

 

100-500 

 

1000 

 

5000 
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2.2. METHODS 

 

 

The bisphosphonates geometry was modeled with HyperChem Release 8.0 

Professional (Hypercube Inc.) software using the semi-empirical parametric method 3 PM3. 

Ligand (bisphosphonate) – receptor (PDA) interaction energy was determined by 

molecular docking with Hex 8.0 program. Due to its amorphous state, the structure of PDA 

does not currently exist in the PDB database [https://www.rcsb.org/]. Therefore, we made 

oligomeric structures by repeated docking of tetrameric subunits and obtained layered 

aggregates as predicted by studies carried out on PDA [19-21].  

The fingerprint descriptors were determined with an in-house program known as 

Elwindow which performs LCAO-MO calculations for the studied molecules. Moreover, it 

uses the output files of the MOPAC package [MOPAC 7.0 for UNIX, Quantum Chemistry 

Program Exchange, Project 688.] to read the information (electrical charges, mixing 

coefficients, atomic contributions, etc.).  

 

 

3. RESULTS AND DISCUSSION 

 

 

The dopamine target was obtained by repeated docking of tetrameric subunits, the 

latter being combined in two ways. The first form is obtained by the chemical binding of the 

same repeat unit – dihydroxy indole resulting in simple oligomers. The second form of 

docking uses tetramers obtained by mixing 4 different subunits in an equimolecular ratio 

(dopamine, dihydroxy indole, leukodopaminechrome and dopaminechrome) which result in 

mixed oligomers. The chemical bonding of the repeat units was implemented in the most 

reactive positions, namely 2, 4 and 7 (Fig. 1).  
 

  
1 x tetramer 2 x tetramer 
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4 x tetramer 

 
8 x tetramer 

Figure 1. Tetramer- tetramer Hex docking experiments. 

 

It should be noted that with our docking process the tetramers have almost planar 

stable conformations and stack up nicely. This is in accordance with literature data that 

mentions that it is important to use almost planar molecular models in order to simulate the 

self-assembly mechanism of PDA [22].  

By docking bisphosphonates with all these oligomeric forms yielded interaction 

energies that vary almost in the same manner for both simple and mixed forms (Tables 2 and 

3). Therefore, in almost all cases the bisphosphonate – dopamine oligomer interaction energy 

varies in the increasing order risedronate> zoledronate> alendronate> pamidronate.  

 
Table 2. Bisphosphonate – dopamine oligomer (simple oligomer) interaction energies [kJ/mol] 

Compound 1 x tetramer 2 x tetramer 4 x tetramer 8 x tetramer 

Alendronate  -150.00 -158.68 -160.07 -153.73 

Pamidronate  -138.72 -151.86 -158.04 -156.23 

Risedronate  -177.61 -187.01 -193.12 -186.00 

Zoledronate  -163.63 -174.11 -183.50 -185.25 

 
  



 Bisphosphonates-PDA: Correlation between … Maria Viorica Ciocilteu et al. 

 

www.josa.ro Chemistry Section 

248 

Table 3. Bisphosphonate – dopamine oligomer (mixed oligomer) interaction energies [kJ/mol] 

Compound 1 x tetramer 2 x tetramer 4 x tetramer 8 x tetramer 

Alendronate  -152.24 -141.40 -177.29 -156.21 

Pamidronate  -146.14 -140.96 -156.33 -153.46 

Risedronate  -183.19 -164.89 -204.00 -184.92 

Zoledronate  -154.98 -157.99 -179.75 -179.43 

 

In addition, the interaction energies between bisphosphonates and mixed oligomers is 

slightly lower than in the case of bisphosphonates and simple oligomers as shown in the 

tables 2 and 3 (for risedronate the interaction energy with the mixed oligomer is -204.00 

kJ/mol whereas the interaction energy with the simple oligomer is -193.12 kJ/mol). This 

shows that a localization of the bisphosphonate in the active sites with mixed content PDA is 

beneficial for an increased stability of the complex obtained by interaction. On the other hand, 

this is supported by the fact that the structure of PDA is amorphous, containing oligomers 

with variable sizes and mers in oxidized forms that have a major impact on the molecular 

structure of PDA and, implicitly, on the interaction.  

Therefore, the most stable bisphosphonate-PDA complex is risedronate which has the 

lowest bonding energy (-186.00 kJ/mol and, respectively, -184.92 kJ/mol). This can also 

explain its delayed release from the administration form and thus, may present a better 

therapeutic action compared to the others (zoledronate, alendronate and pamidronate).   

Computational studies carried out with the help of fingerprint descriptors such as 

electronegativity of the OMO/UMO quantum molecular states allow the understanding of the 

mechanism of action of bisphosphonates through the ability of the atoms in the molecule to 

gain or lose electron densities when interacting with PDA.  

Elwindow program allows the estimation of descriptors such as the electronegativity 

for each OMO/UMO molecular state, EL = ELH + ELC + ELO + ELN as well as the 

contributions of each atomic species ELH (for hydrogen), ELC (for carbon), ELN (for 

nitrogen), ELO (for oxygen).  The values for these descriptors are shown in Tables 4 and 5. 

 
Table 4. Electronegativity of the HOMO molecular states for the studied compounds 

Ebinding [kJ/mol] HEL HELH HELC HELO HELN 

-156.21 7.006 0.891 0.386 0.146 5.374 

-153.46 6.789 0.550 0.904 1.157 2.637 

-184.92 6.342 0.402 1.766 1.879 0.004 

-179.43 5.609 0.022 4.679 0.023 0.872 
HEL - total electronegativity, HELAT - electronegativity of heavy atoms (other than hydrogen atoms);  

HELH - electronegativity of hydrogen atoms;  

HELC - electronegativity of the carbon atom;  

HELO – the electronegativity of the oxygen atom, H prefix refers to the HOMO state; 

HELN – the electronegativity of the nitrogen atom. 

 
Table 5. Electronegativity of the LUMO molecular states for the studied compounds 

Ebinding [kcal/mol] LEL LELH LELC LELO LELN 

-156.21 18.296 0.337 0.584 1.319 0.000 

-153.46 18.229 0.329 0.660 1.260 0.004 

-184.92 6.658 0.070 5.122 0.085 0.308 

 -179.43 18.415 0.407 0.697 1.199 0.017 
LEL - total electronegativity, LELAT - electronegativity of heavy atoms (other than hydrogen atoms);  

LELH - electronegativity of hydrogen atoms;  

LELC - electronegativity of the carbon atom; 

LELO – electronegativity of the oxygen atom, L prefix refers to the LUMO state; 

LELN – the electronegativity of the nitrogen atom.  
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The bisphosphonates-PDA interaction energies were statistically corelated (E = a0 + 

a1X1; X1 are the fingerprint descriptors) with the chemical structure of the studied compounds. 

Table 6 shows the results expressed in the form of correlation coefficients R
2
 [%]. 

 

Table 6. The correlation coefficients R
2
 [%] for the electronegativity of the molecular states 

 

Among the species of atoms from the studied molecules that contribute more to the 

formation of quantomolecular states, oxygen atoms stand out as they contribute more to the 

formation of the LUMO state (LELO) with a percentage of 53.6% than to the formation of 

HOMO states (7.9%) as presented in table 6. Nitrogen atoms, on the other hand, have large 

contributions to the formation of both HOMO and LUMO molecular states, 71.6% (HELN) 

and 51.4% (LELN). Also, the carbon atoms have almost equal contributions for the 

HOMO/LUMO states in forming the biological response 45.2% (HELC) and 48.3% (LELC). 

The table shows even bigger contributions from all the atoms in the molecule to the 

formation of the other 2 molecular states OMO and UMO. The values for the correlation 

coefficients suggest the possibility of an electron transfer between atoms of bioactive 

molecules (bisphosphonates) and atoms in the active site of the biological receptor 

(dopamine) (Fig. 2).  

 
Figure 2. Bisphosphonate - dopamine oligomer interaction. 

 

 

4. CONCLUSIONS 
 

 

The bisphosphonate - dopamine oligomer interaction energy varies for both simple 

and mixed oligomers in the same order, namely risedronate > zoledronate > alendronate > 

pamidronate. This suggests that the bisphosphonate- risedronate complex is the most stable 

which may lead to a delayed release after administration. Both nitrogen atoms and carbon 

atoms have high contributions to the formation of quantomolecular states namely HOMO and 

LUMO molecular states. Furthermore, nitrogen, carbon and oxygen atoms display high 

contributions to the formation of both OMO and UMO molecular states. This suggests that an 

electron transfer between atoms from the bisphosphonate and atoms from the dopamine 

receptor might occur. Thus, the atoms will participate in the interaction as electron acceptor 

and donor centers. 

Atom HOMO LUMO OMO UMO 

H 51.50 24.30 71.90 98.10 

C 45.20 48.30 99.90 72.90 

O 7.90 53.60 85.30 84.30 

N 71.60 51.40 5.90 67.90 
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