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Abstract: 
In this study, the noncovalent interactions and four mechanisms of covalent functionalization of hydroxyurea have 
been examined using the density functional theory. Quantum molecular descriptors were also studied in 
noncovalent interactions. Hydroxyurea is an anticancer drug that, when loaded onto the γ-Fe2O3 nanoparticles, will 
have additional properties and efficacy in the medical applications. The Lumo-Homo energy gap of hydroxyurea is 
greater than that of noncovalent configurations, indicating the high reactivity of hydroxyurea. Hydroxyurea can bond 
to the γ-Fe2O3 nanoparticles through various functional groups such as the CO (k1 mechanism), the NH2 (k2 
mechanism), the OH (k3 mechanism) and the NH (k4 mechanism). These reactions were considered to calculate 
the activation energies, the activation enthalpies and the activation Gibbs free energies. Using these calculations, 
the product of k4 mechanism was found to be a thermodynamic and kinetic product. These results can be applied 
to other similar medications. 
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1. Introduction 

Magnetic nanoparticles (MNPs) are a class of 
nanoparticles that can be manipulated using 
magnetic fields. They usually consist of two 
components: a magnetic material, often iron, 
nickel, cobalt and their oxides, and a chemical 
component that has functionality [1-4]. The 
physical and chemical properties of magnetic 
nanomaterials (1-100 nm) are based on the 
chemical structure and synthesis method [5]. The 
high surface to volume ratio offers the possibility 
to functionalize different molecules, including the 
therapeutic agents [6]. Magnetic nanoparticles 
can be used as a convenient means to deliver the 
therapeutic agents to the disease site. It also 
reduces the dosage and side effects of non-
specific absorption of cytotoxic drugs by healthy 
tissues. MNPs can also be used as magnetic 

targeted carriers (MTC) in early clinical trials, to 
demonstrate some success with this technique 
that has been satisfactory for patients [7, 8].  

The magnetic properties of nanoparticles are 
advantageous for many applications in the field of 
drug delivery, diagnosis and treatment of 
diseases [9]. If magnetic fields are applied, these 
particles can be used as drug carriers to deliver 
therapeutic agents externally to cancerous tumors 
[10-13]. When drug carriers reach the target point, 
the drug is released by enzymatic activity or by 
changes in pH, temperature and osmotic 
condition [14, 15]. The two main forms of iron 
oxide nanoparticles (Fe3O4 and γ-Fe2O3) have 
been of great interest because of their excellent 
magnetic properties and their possible uses. 
Magnetite (Fe3O4) and maghemite (γ-Fe2O3) are 
biologically and environmentally friendly and they 
are potentially non-toxic to the human body. 
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These materials can easily decompose, and this 
property plays an important role in drug delivery. 
They can also reduce the amount of drug used in 
the treatment process and minimize the side 
effects of the drug [3, 16-20]. 

Hydroxyurea, with its inhibitory effect, can 
reduce the synthesis of DNA and can therefore 
lead to cell death [21]. Hydroxycarbamide or 
hydroxyurea is a chemotherapy drug used to treat 
many diseases, including sickle cell disease, 
melanoma, ovariantumor, squamous cell 
carcinoma of the head and neck, renal carcinoma, 
chronic myelogenous leukemia, prostate 
carcinoma and carcinoma of the uterine cervix 
[22] chronic myeloid leukemia, cervical cancer 
and polycythemia vera.  

Carrier-mediated drug delivery system based 
on MNPs has emerged as a powerful 
methodology for the treatment of various 
pathologies. Therefore, molecular models are 

needed to understand the mechanism of 
functionalization of the drug onto nanoparticles in 
solvents, especially water [23, 24]. Quantum 
computations can be very effective in designing 
and evaluating drug delivery systems. As the 
2016 Nobel laureates in chemistry showed, the 
molecular machines could be used in drug 
delivery. 

 

2. Results and Discussion 
3.1 Noncovalent functionalization  

Hydroxyurea, as shown in Fig.1, is non–planar 
drug with OH, NH2, CO and NH groups. The γ-
Fe2O3 nanoparticle was modeled using 
Fe6(OH)18(H2O) 6 ring clusters of six-edge sharing 
octahead joining via 12 OH groups [25]. Figure 1 
shows the optimized structures of the γ-Fe2O3 
nanoparticle (MNP) and hydroxyurea (HU) in the 
solution phase. 

 

 
Figure 1. Optimized structures of HU and MNP. 

 

The interaction between HU and MNP via the 
CO(MNP/HU1), NH2(MNP/HU2), OH (MNP/ HU3) 
and NH(MNP/HU4) groups was considered in the 
gas phase and aqueous solution. These four 
configurations have been shown in Fig. 2. 
Hydrogen bond plays an important role in these 
configurations. The length of hydrogen bond (HB) 
in MNP/HU1-4 is 1.58-1.78 Aº (Fig.2). 

Table 1 shows the salvation energies of HU, 
MNP and MNP/ HU 1-4. The binding energies 
(ΔE) of HU to MNP have been calculated in the 
gas phase and aqueous solution using the 

following equation: 

/ 1 4 ( )MNP HUMNP HUE E E E−∆ = − +       (1) 

Table 1. Solvation and binding energies of 
different configurations (kJ mol-1). 

Species Solvation 
energy 

Binding 
energy 

Binding 
energy 

HU  -34.74 Solution 
phase 

Gas 
phase MNP  -126.25 

MNP/HU1 -161.97 -29.34 -28.35 
MNP/HU2 -154.13 -35.64 -42.49 
MNP/HU3 -150.12 -49.58 -60.45 
MNP/HU4 -146.57 -20.52 -34.94 
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Figure 2. Optimized structures of MNP/HU1-4 (The length of the hydrogen bond is shown next to the 

symbol HB). 

 

Table 2. Quantum molecular descriptors(eV) and 
binding energies(kJ mol-1)  

Species EHOMO ELUMO Eg η      ω  
 Solution phase (water) 
HU  -6.52 0.84 7.37 3.68 1.09 
MNP  -5.58 -4.48 1.10 0.55 22.95 
MNP/HU1 -5.53 -4.40 1.13 0.57 21.71 
MNP/HU2 -5.f62 -4.51 1.11 0.56 23.06 
MNP/HU3 -5.64 -4.53 1.11 0.56 23.28 
MNP/HU4 -5.63 -4.53 1.11 0.55 23.33 
 Gas phase 
HU -6.44 0.70 7.14 3.57 1.15 
MNP -5.41 -4.36 1.05 0.53 22.68 
MNP/HU1 -5.18 -4.13 1.04 0.52 20.76 
MNP/HU2 -5.46 -4.39 1.07 0.54 22.60 
MNP/HU3 -5.28 -4.26 1.01 0.51 22.41 
MNP/HU4 -5.51 -4.45 1.06 0.53 23.49 

 

The results of calculated solvation energies 
showed that the solubility of the HU increases in 
the presence of MNP. The binding energies of 
MNP/HU1- 4 are negative in the gas phase and 

aqueous solution showing HU is stabilized by 
MNP and the MNP/HU3 is the most stable 
configuration. 

Quantum molecular descriptors, such as 
hardness and electrophilicity, play a key role in 
chemistry because they are used to describe 
chemical reactivity and stability. The resistance of 
a molecule to the change of its electronic structure 
can be expressed by global hardness (η). 
(Equation2). 

Lower η can reduce the reactivity of the 
molecule and increase the stability. 

( ) / 2I Aη = −                       (2) 

where, HOMOI E= −   is the ionization potential 

and LUMOA E= − is the electron affinity of the 
particle. The electrophilicity index (ω) is defined 
by Parr as follows [26]: 

2( ) / 4I Aω η= +                   (3) 
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The quantum molecular descriptors for HU, 
MNP and MNP/HU1-4 are given for both gas and 
solution phases in Table 2, in which Eg has also 
been calculated (energy level difference between 
HOMO and LUMO) to determine a more stable 
configuration. 

As the data in Table 1 indicate, η and Eg of HU 
is greater than MNP / HU1-4. These results 
showed that the reactivity of HU can increase in 
the presence of MNP. Here, HU acts as an 
electron acceptor because ω of HU increases in 
this case. 

 

3.2 Covalent Functionalization  

To study covalent functionalization in aqueous 
solution, we first examined MNP/HU2-4 
configurations, where the hydroxyl and amine 
groups attack the Fe atom to transfer its proton to 
surface OH group of MNP. Scheme 1 is proposed 
for the mechanism of covalent bond formation 
between HU and MNP, where the MNP/HU2-4 
configurations are converted to MNPHU2-4/H2O 
by losing H2O. 
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Scheme 1. k2 – k4 Mechanisms. 

 

In this Scheme, the OH group on the surface 
of Fe6 (OH)18(H2O)6 is substituted by the NH(O,N) 
of the drug HU to form MNPHU2(3,4) /H2O. Fig. 3 
shows the optimized structures of the MNPHU2-
4/H2O products. The transition state of the k2 step 
was optimized using the MNP/HU2 reactant and 
the MNPHU2/H2O product (called TSk2; Fig 4). 
Figs. 3-4 show the bond lengths for all 
mechanisms. 

The relative energies of optimized structures in 
all pathway were calculated with respect to 
electrical energy (E), enthalpy (H) and free gas 
(G) reactors at zero, as shown in Table 3. The 

activation energy ( aE ), the activation enthalpy       

(
‡H∆ ) and the activation Gibbs free energy            

(
‡G∆ ) for the k2 mechanism are equal to 52.50 

kJ mol-1, 53.81 kJ mol-1 and 64.57 kJ mol-1, 
respectively (Table 3). 

As for the k2 step, we optimized the transition 
state of the k3 (k4) step (called TSk3(k4); Fig 4). 

According to Table 3, aE , 
‡H∆  and 

‡G∆  are 
equal to 98.68 kJ mol-1, 99.48 kJ mol-1 and 111.66 
kJ mol-1 (56.17 kJ mol-1, 57.48 kJ mol-1 and 65.59 
kJ mol-1) for the k3 (k4) step, respectively.  
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Figure 3. Optimized structures of MNPHU1-4/H2O. 

 

Table 3. Relative energies (kJ mol-1) in k1-k4 mechanisms for different species. 

Species ΔE ΔH ΔG 
k1 mechanism 

MNP/HU1 0.00 0.00 0.00 
TSk1 48.88 49.31 57.70 

MNPHU1/H2O -21.54 -24.01 -17.51 
 k2 mehanism 

MNP/HU2 0.00 0.00 0.00 
TSk2 52.50 53.81 64.57 

MNPHU2/H2O 13.93 12.68 24.34 
 k3 mehanism 

MNP/HU3 0.00 0.00 0.00 
TSk3 98.68 99.48 111.66 

MNPHU3/H2O -50.32 -53.26 -45.15 
 k4 mehanism 

MNP/HU4 0.00 0.00 0.00 
TSk4 56.17 57.48 65.59 

MNPHU4/H2O -101.88 -104.24 -92.19 

 

In Scheme 2, the covalent functionalization of 
HU on MNP was examined in other reaction. H2O 
of Fe6 (OH)18 (H2O)6 is substituted by the C=O 
group of HU to generate the MNPHU1/H2O 
product. Fig. 3 shows the optimized structures of 
the MNPHU1/H2O product. Using MNP/HU1 and 
MNPHU1/H2O, the transition state for the k1 step 
has been obtained (called TSk1; Fig. 4). For this 

step, aE , 
‡H∆  and 

‡G∆  are equal to 48.88 kJ 

mol-1, 49.31 kJ mol-1 and 57.70 kJ mol-1, 
respectively (Table 3). 

The activation energy for the k1 mechanism is 
lower than that of the k2, k3 and k4 mechanisms, 
which are equal to 3.62 kJ mol-1, 49.8 kJ mol-1 and 
7.29 kJ mol-1, respectively. As can be seen (Table 
3), the third reaction (k3 mechanism) has high 
barrier energy and does not occur at room 
temperature. The second reaction (k2 
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mechanism) is nonspontaneous and 
endothermic. The first and fourth reactions are 
spontaneous and exothermic and have 
approximately the same activation energy but 
MNPHU4/H2O product (k4 mechanism) is more 
stable than the MNPHU1/H2O product (k1 
mechanism), therefore, the k4 mechanism is the 
most appropriate pathway for covalent 
functionalization. 

Fe Fe
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H2OOH

Fe Fe
OHOH2

OH

H
2 O

MNP/HU1 MNPHU1/H2O

O=
C

HU

3k

O=
C

HU

 
Scheme 2. k1 Mechanism. 

 
 

 
Figure 4. Optimized structures of TSk1-4. 

 

3. Material and Methods 
All calculations were performed with B3LYP 

[27-29] a hybrid functional level used with the 
GAUSSIAN09 package [30]. It can be considered 
an improved method for calculating large 
molecules. The 6-31 G(d, p) basis set was used 
for all atoms, except Fe, where the LANL2DZ 
basis set was used with the effective core 
potential (ECP) function.  

In chemistry, solvents are essential for the 
consideration of chemical processes [31,35]. The 
polarizable continuum model (PCM) is a 
commonly used method in computational 

chemistry to model the effects of solvent. In this 
study, aqueous solution was considered, because 
H2O is the major solvent in the human body. All 
degrees of freedom were optimized for all species 
[36-37]. The transition states were confirmed to 
have only one imaginary frequency of the 
Hessian. In addition, zero-point corrections were 
taken into account to obtain the activation energy. 

 

4. Conclusions 
In this study, four configurations for non-

covalent functionalization of drug hydroxyurea 
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(HU) onto the γ-Fe2O3 nanoparticles (MNP) were 
examined in both gas and solution phases. MNPs 
were modeled using the ring clusters of 
Fe6(OH)18(H2O)6. The binding energies, 
calculated in the gas phase and aqueous solution 
for all the four configurations, were found to be 
negative, meaning that the configurations are 
energetically favorable. Since the global hardness 
and HOMO-LUMO energy gap of HU is higher 
than those of MNP/HU1-4, the reactivity of HU can 
increase in the presence of the γ-Fe2O3 
nanoparticles. We also studied four configurations 
for covalent functionalization of the drug 
hydroxyurea (HU) loaded on MNP via the CO (k1 
mechanism), NH2 (k2 mechanism), OH (k3 
mechanism) and NH (k4 mechanism) groups. The 
k4 mechanism has been determined to be the 
most appropriate mechanism because it has low 
energy barrier and leads to the most stable 
product. 
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