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Abstract
Despite diagnostic and therapeutic methods, cancer is a major cause of death worldwide. Since anticancer drugs affect both 
normal and cancer cells, targeted drug delivery systems can play a key role in reducing the destructive effects of anticancer 
drugs on normal cells. In this regard, the use of stimulus-sensitive polymers has increased in recent years. This study has 
attempted to investigate interaction of the anticancer drug cytarabine with a stimuli-sensitive polymer, human serum albumin 
(HSA), one of the most abundant protein in blood plasma, via computational methods at both body temperature and tumor 
temperature. For this purpose, molecular docking was performed using Molegro virtual Docker software to select the best 
ligand in terms of binding energy to simulate molecular dynamics. Then, molecular dynamics simulation was performed 
on human serum albumin with code (1Ao6) and cytarabine with code (AR3), using Gromacs software and the results were 
presented in the graphs. The simulations were performed at 310 K (normal cell temperature) and 313 K (cancer cell tempera-
ture) in 100 ns. Results showed drug release occurred at a temperature of 313 K. These findings demonstrated the sensitivity 
of human serum albumin to temperature.
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Introduction

Cancer is caused by a defect in oncogenes and tumor sup-
pressor genes that can affect abnormal cell growth and 
increase cell division [1–4]. Diagnosis and treatment of can-
cer are possible by stabilizing cell growth and correcting the 
damaging mechanisms of genes, cutting off blood supply to 
cells or destroying them [5, 6]. Common methods of cancer 
diagnosis are performed by X-ray, CT scan, or cell biopsy, 
which is not very sensitive [7]. Because the cancer diagnosis 
in the early stages is very important in cancer treatment, 
these methods are not effective [8]. Therefore, the use of 
nanotechnology in the diagnosis and treatment of cancer 
has increased greatly in recent decades. Nanostructures, 

like quantum dots, are nanoscale devices that have the abil-
ity to enter multimicron cells and access DNA molecules 
for identification of genetic defense in high sensitivity [9]. 
Nanotechnology can target specific cells and deliver drugs to 
destroy them by producing therapeutic tools. Therefore, the 
two main advances in nanotechnology in chemotherapy are 
the detection of cancer cells and the ability of nanoparticles 
to reach the tumor site [10, 11]. At the nanoscale, particles 
act so that the properties of materials change and show spe-
cial optical, electronic, and structural properties [12, 13]. In 
modern drug delivery, using these features, nanoparticles are 
engineered to deliver high doses of the drug to the tumor site 
without damaging normal cells [14].

In recent years, there has been significant growth in the 
development of delivery systems based on stimulus-responsive  
polymers [15]. These polymers can convert the effect of a 
stimulus into a response. Some of these polymers can respond 
to several stimuli [16–18]. In addition, their structural proper-
ties, such as their flexibility and resemblance to the body’s 
natural tissues, and the presence of numerous functional 
groups have made them very important carriers [19–21]. 
Albumin is also a stimulus-responsive protein that has been 
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used as a carrier in this study. Human serum albumin (HSA) 
is a transport protein and the most abundant protein in the 
blood serum, which has received much attention since the 
early twentieth century [15, 22–24]. HSA consists of a 585-
amino acid polypeptide sequence of distinct sequence, of 
which 17 pairs of disulfide bridges are free cysteine and tryp-
tophan. It consists of three identical alpha spiral subdomains 
(I, II, and III). In addition, a domain has two subdomains 
marked with A and B [25–28]. It has ~ 67 kDa weight and 
its average half-life under normal conditions is 19 days [29]. 
This half-life converts albumin into an attractive carrier to 
enhance and improve the pharmacokinetic properties of can-
cer agents [30–35]. In addition to being the most important 
transporter of fatty acids and drugs, this protein also acts as a 
catalyst in the hydrolysis of esters and hopes and phosphates 
[36, 37]. In addition, albumin itself has a therapeutic role and 
is used in various formulations to carry pharmacological and 
diagnostic agents [38]. Furthermore, there are other benefits, 
including [23, 39, 40]: (i) it is the most important protein of 
blood plasma, so it has special physiological importance and 
many functions; (ii) because there are large amounts of it in 
the body, therefore, if a significant amount of it is injected 
into the body, it will not cause any side effects; (iii) albumin 
is extracted from the blood of blood donors, so its source is 
easy to access; and (iv) albumin is nontoxic and biocompat-
ible. When broken down in the body, its building blocks, the 
amino acids, are used by the surrounding tissues to make 
protein. (v) Due to different functional groups, it is possible 
to bind to significant amounts of the drug; (vi) it is an acidic, 
highly soluble, desirable surface modification characteris-
tics, stable protein, and it is very flexible. This feature is an 
important advantage in the physiological environment and 
outside the body.

The drug examined in this study is cytarabine (cytosine 
arabinoside, Ara-C,1–3-D arabinofuranosylcytosine) which 
was synthesized in 1959 [41]. The structure of cytarabine 
is shown in Fig. 1. Cytarabine with the molecular formula 
 C9H13N3O5, is an anticancer drug that is mostly used in 
treating leukemia [42, 43]. It is a modified analog of the 
cytidine metabolite with a modified sugar moiety (arab-
inose instead of ribose) [44]. Cytarabine is converted to 
intracellular triphosphate and competes with cytidine to 
combine with DNA [45]. Because arabinose sugar three 

dimensionally prevents the molecule from circulating inside 
DNA, DNA replication stops, especially in the S phase of 
the cell cycle. As a result, it reduces DNA replication and 
repair [44–49].

In this study, we investigate the interaction of the anti-
cancer drug cytarabine using computational methods at 
both body temperature and tumor temperature. The com-
putational techniques used in this work are molecular 
docking and molecular dynamics simulation. In recent 
years, these methods were also applied to discover the 
interaction of drug with proteins of coronavirus-2 (SARS 
CoV-2). [50–54].

Theoretical section

We have determined the pharmacokinetic characteristic 
(ADMET) for cytarabine including absorption, distribu-
tion, metabolism, excretion, and toxicity via the pkCSM 
(predicting small-molecule pharmacokinetic properties via 
graph-based signatures) website [55]. These data are given 
in Table 1.

The structure of human serum albumin protein (HSA) 
with code (1AO6) was obtained from the Protein Data Bank 
(http:// www. rcsb. org/ pdb). In addition, the drug structure 
under study was also received from the Drug Bank data-
base with the code (AR3). Crystalline water molecules were 
removed from the protein structure, and protein and drug 
files were given to the Molegro Virtual Docker software for 
molecular docking. Using molecular docking, cases such as 
the binding energy and the important residues of the protein 
involved in the binding and the interaction modes between a 
ligand and protein can be investigated [56].

After the docking calculation, the generated files are dis-
played in the poses all sections. Among them, the confor-
mation with the lowest binding energy (negative energy) 
was selected as the input to simulate molecular dynamics. 
In this study, the Gromacs 19.1 package (www. groma cs. 
org) was used throughout the simulation. Amber03 force 
field was selected, and the drug topology was received 
from the ACPYPE server (http:// webap ps. ccpn. ac. uk/ 
acpype). The simulation box was designed as a cuboid of 
13.879 × 13.879 × 13.879  nm3. The protein has been placed 
at the center of the box; the box was filled with water mol-
ecules. Minimizing energy is an important step in improving 
molecular structures before molecular dynamics simulation. 
Equilibration was performed in canonical (NVT) and iso-
thermal–isobaric (NPT) ensembles with a step number of 
500,000 for 1 ns. Then, the production step was performed 
with step number 50,000,000 for 100 ns. Finally, the leap-
frog algorithm was used to solve the equations of motion. 
All stages were examined at two different temperatures 
310 K and 313 K, with a Brendsen thermostat.

Fig. 1  The molecular structure 
of cytarabine

http://www.rcsb.org/pdb
http://www.gromacs.org
http://www.gromacs.org
http://webapps.ccpn.ac.uk/acpype
http://webapps.ccpn.ac.uk/acpype
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Results and discussions

Molecular docking

Molecular docking of human serum albumin code 1Ao6 
with anticancer drug cytarabine code AR3 was performed 
after selecting 5 holes of protein and minimizing the system.
At the end of the docking tab, the poses all sections of the 
results were reported in Table 2.

According to these results, the ligand named [00] c_1 
[A].mol2 has shown a docking score of − 63.2161 kJ  mol−1 
(Table 2) and has the lowest binding energy and is located 
in part IIIA of the protein. So, this ligand was used for sim-
ulation. Figure 2 shows the complex created after docking. 

The ligand is located in the most suitable protein cavity 
with the lowest binding energy. Figure 2b indicates that 
GLU 400, LEU 398, GLN 404, ARG 428, LYS 402, TYR 

Table 1  The properties of 
ADMET for cytarabine

Properties Units

Absorption
    Water solubility  − 1.689 Numeric (log mol/L)
    Caco2 permeability 0.025 Numeric (log Papp in  10–6 cm/s)
    Intestinal absorption (human) 43.155 Numeric (% absorbed)
    Skin Permeability  − 2.745 Numeric (log Kp)
    P-glycoprotein substrate No Categorical (yes/no)
    P-glycoprotein I inhibitor No Categorical (yes/no)
    P-glycoprotein II inhibitor No Categorical (yes/no)

Distribution
    VDss (human)  − 0.025 Numeric (log L/kg)
    Fraction unbound (human) 0.765 Numeric (Fu)
    BBB permeability  − 0.97 Numeric (log BB)
    CNS permeability -4.023 Numeric (log PS)

Metabolism
    CYP2D6 substrate No Categorical (yes/no)
    CYP3A4 substrate No Categorical (yes/no)
    CYP1A2 inhibitor No Categorical (yes/no)
    CYP2C19 inhibitor No Categorical (yes/no)
    CYP2C9 inhibitor No Categorical (yes/no)
    CYP2D6 inhibitor No Categorical (yes/no)
    CYP3A4 inhibitor No Categorical (yes/no)

Excretion
    Total clearance 0.562 Numeric (log mL/min/kg)
    Renal OCT2 substrate No Categorical (yes/no)

Toxicity
    AMES toxicity No Categorical (yes/no)
    Max. tolerated dose (human) 1.108 Numeric (log mg/kg/day)
    hERG I inhibitor No Categorical (Yes/No)
    hERG II inhibitor No Categorical (Yes/No)
    Oral rat acute toxicity (LD50) 2.196 Numeric (mol/kg)
    Oral rat chronic toxicity (LOAEL) 2.85 Numeric (log mg/kg_bw/day)
    Hepatotoxicity No Categorical (yes/no)
    Skin sensitization No Categorical (yes/no)
    T. pyriformis toxicity 0.284 Numeric (log µg/L)
    Minnow toxicity 3.675 Numeric (log mM)

Table 2  Results of molecular docking

S. no Mol Dock score 
(GRID)
(kJ  mol−1)

Mol Dock score
(kJ mol−1)

Rerank score
(kJ mol−1)

1 − 67.0796 − 63.2161 − 57.6600
2 − 62.9607 − 59.1377 − 51.7849
3 − 62.9465 − 53.6164 − 42.1171
4 − 62.8334 − 60.0685 − 54.4448
5 − 61.8851 − 52.3829 − 50.3197
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401, GLY 399, GLN 526, and GLN 522 of the HSA protein 
take part in hydrogen and van der Waals bonds with the 
cytarabine atoms.

Molecular dynamics simulation

At first, in order to evaluate the stability of HSA protein 
structures at 310 K and HSA–cytarabine complex at 310 K 
and 313 K in simulation media, the mean squared deviation 
analysis (RMSD) was calculated (Fig. 3). This calculation 

is the most reliable method of molecular dynamics simula-
tion analysis and a criterion for the measure of the structural 
system's stability [57]. Figure 3 shows the RMSD diagram 
for protein at 310 K and the cytarabine protein complex at 
310 K and 313 K. The slope of the diagram indicates the 
stability of the system during the simulation. An increase 
in the slope of the RMSD diagram from zero shows that the 
simulated model is unstable.

Most of the RMSD diagram changes during simulation 
for the HSA–cytarabine complex are at 313 K, which is in 
the range between 1.5 and 9 Å.

For HSA protein systems and the HSA-cytarabine com-
plex at 310 K, these changes have been observed in the range 

Fig. 2  a Complex created after molecular docking. b Hydrogen and van der Waals bonds that formed between ligand and protein after docking 
of two molecules

Fig. 3  RMSD for protein at 310 K and complex protein at 310 K and 
313 K

Fig. 4  RMSF for protein at 310 K and complex protein at 310 K and 
313 K by number of amino acids
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of 1.5 to 3.5 Å. As can be seen from Fig. 3, the HSA protein 
and the HSA–cytarabine complex reached to equilibrium at 
310 K at 5 ns at the beginning of the simulation. The RMSD 
diagram of the HSA–cytarabine complex increases at 313 K 
over time and undergoes abrupt changes at 75 ns, indicat-
ing that the complex is unstable at temperatures close to 

the temperature of the tumor and that cytarabine is isolated 
from the protein.

The motions of the HSA protein and HSA–cytarabine 
complex at 310 K and 313 K were analyzed using mean 
square root (RMSF) (Fig. 4). As shown in Fig. 4, the over-
all motions of the HSA protein and the complex at 310 K 
are very similar. Fluctuations for these two structures are 
observed in the range of 0.08 to 0.4 nm. The results clearly 
show that subdomains IIB and IIIB of the HSA protein have 
the most fluctuations, while subdomains IIA and IIIA have 
the least fluctuations. These results indicate that at the junc-
tion of cytarabine (IIIA) with human serum albumin at body 
temperature (310 K), a good interaction occurred and the 
drug remained in place during rigid simulation. Fluctuations  
related to the HSA–cytarabine complex at abnormal cell tem-
perature (313 K) have occurred in the range of 0.08 to 0.5 
nm. This indicates the instability of the HSA-cytarabine com-
plex at 313 K and confirms the results of the RMSD analysis.

Gyrus radius (Rg) is one of the useful analyses obtained from 
the results of molecular dynamics simulations and has been 
selected as the first criterion to study the three-dimensional 
structure of the studied systems, because it can be directly com-
pared to laboratory results. Furthermore, for large molecules 
such as proteins, the Rg is a good measure of the opening or 
closing branches. For example, the Rg value for HSA protein, 

Fig. 5  The Rg corresponds to protein at 310 K and a complex at two 
temperatures of 310 K and 313 K

Fig. 6  Diagram of solvent avail-
ability level for A HSA protein 
at 310 K, B complex at 310 K, 
and C complex at 313 K
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which was experimentally measured in an aqueous solution, 
was reported to be 27.4 ± 0.34 Å [48].

In the present study, the Rg value for HSA protein was cal-
culated to be 26.8 Å. This good agreement between theory 
and experiment indicates the accuracy of this work (MD) 
compared to the laboratory work. The evolution of the Rg 
diagrams during the simulation steps is shown in Fig. 5. 
Also, the Rg diagrams of the HSA protein and the complex 
at 310 K is in the agreement with the RMSD results and 
the stability of the systems. The results of these two graphs 

indicate the ineffectiveness of cytarabine on the structural 
change in HSA protein. According to the Fig. 5, it can be 
seen that the HSA–cytarabine complex at 313 K in 75 ns has 
a significant increase in the Rg, which indicates the separa-
tion of cytarabine from the HSA protein.

Solvent-achievable level specifies the level of a group 
that is accessible to the solvent. To quantify the effect 
of cytarabine on HSA protein during the MD simulation 
process, the available surface solubility (SASA) changes 
over time. Figure 6 shows the amount of SASA for pro-
tein at body temperature and complex at both body tem-
perature and tumor temperature. According to Fig. 6, the 
amount of SASA in the HSA protein is higher than that of 
the HSA-cytarabine complex at 310 K, meaning that the 
HSA protein is gradually exposed to the solvent in the pres-
ence of cytarabine, but the access of HSA to the solvent is 
increased at 313 K, indicating that cytarabine is separated 
from albumin.

The number of hydrogen bonds and the distance between 
two centers of mass in protein and drug are shown in Figs. 7 
and 8. According to these figures, the number of hydrogen 
bonds was almost constant during the simulation, but fluc-
tuations were observed in the two regions related to the tem-
perature of 313 K. Figure 7 shows with an increasing simula-
tion time from 45 to 65 ns, the number of hydrogen bonds 
increased, and between 75 and 80 ns, the number of bonds 
reached zero, indicating that the protein was moving away 
from the drug. According to the distance diagram in Fig. 8, 
a long peak is observed in the time interval of 75 to 80 ns, 
which indicates that the protein and the drug are separated. 
But at other times, the distance between the protein and the 

Fig. 7  Number of hydrogen bonds formed between HSA and cytara-
bine at 310 K and 313 K

Fig. 8  Distance between two centers of mass in HSA and cytarabine 
at 310 K and 313 K

Table 3  Calculation of the binding free energies by the MMPBSA method

Temperature 
(K)

Vdw. energy (kJ  mol−1) Elec. energy 
(kJ  mol−1)

Total 
energy 
(kJ  mol−1)

310  − 9.24  − 26.4 − 35.6
313 − 7.06×10−3  0.0954 0.0953

Table 4  Occupancy analysis for HSA–cytarabine complex at 310 K

Donor–acceptor Atom number Occupancy (%)

LIG-396GLU 18,282–6181 15.2
LIG-400GLU 18,259–6237 22.6
LIG-400GLU 18,259–6236 24.4
LIG-396GLU 18,271–6179 23.6
LIG-396GLU 18,271–6178 29.1
LIG-395PHE 18,271–6166 47.7
LIG-400GLU 6226–18,247 49.2
LIG-400GLU 6226–18,245 29.5
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drug is a constant value, about 0.2 nm. These results are in 
good agreement with the results of the number of hydrogen 
bonds in Fig. 7. According to these two charts, cytarabine as 
a drug is properly bound to human serum albumin at body 
temperature, creating a stable complex. However, at 313 K, 
albumin separates from cytarabine at intervals, which means 
that the drug is released into the cancer cell at the tempera-
ture of the tumor.

The relative binding free energies calculated for the 
HSA–cytarabine system at temperatures of 310 K and 
313 K are estimated by the molecular mechanics Pois-
son–Boltzmann surface area (MMPBSA)(https:// valdes- 
tresa nco- ms. githud. io/ gmx_ MMPBSA/ insta llati on/ hth!) 
method at the final 25 ns of the simulation. This method 
(MMPBSA) is widely used to calculate the binding free 
energy between small ligands and biomacromolecules. 
The various component of this energy is reported in 
Table 3. Table 3 shows the relative energy conditions for 
the system. Free energy in general in the connection of 
the HSA–cytarabine system with a temperature of 310 K, 

35.6 kJ  mol−1 is found to be due to electrostatics and van 
der Waals. According to the calculated results, the share 
of van der Waals force in the binding energy is low and 
electrostatic interactions are the main driving force in the 
process of binding cytarabine to HSA. The overall change 
in the energy of the system is negative and indicates the 
stability of the set. The electrostatic and van der Waals 
energies are significantly reduced at 313 K compared to 
310 K, and the total energy of the HSA–cytarabine system 
is positive at 313 K, indicating the release of the drug at 
tumor temperature.

Occupancy analysis was performed for the success of the 
results of the mentioned graphs and tables. Tables 4 and 
5 show the occupancy of amino acids by ligand atoms at 
310 K and 313 K, respectively. The first column shows the 
amino acids of albumin that bonded to the ligand atoms.

The software has a default set number for each of these 
atoms, shown in the second column. The third column 
shows the percentage of amino acids occupied by the ligand 
atoms. Comparing the percentage of occupancy at 313 K 
and 310 K, it is concluded that amino acids are less occu-
pied by ligand atoms at tumor temperature, indicating that 
the ligand is separated from the protein at this temperature.

Figure 9 shows the probability of formation of differ-
ent protein structures in albumin and albumin–cytarabine  
complexes at temperatures of 310 K and 313 K. The hori-
zontal axis shows the content of various possible pro-
tein structures, including Coil, β-sheet, and Bridge-β. As 
can be seen from Fig. 9, the formation of 5-Helix and 
Bridge-β is not possible in all three cases, and the struc-
ture of α-helix, which is a very important component in 
the secondary structure of the protein, can be changed in 
the presence of cytarabine and at different temperatures 
has no observations.

Table 5  Occupancy analysis for HSA–cytarabine complex at 313 K

Donor–acceptor Atom number Occupancy (%)

LIG-549ASP 8642–18,271 10.9
LIG-549ASP 8641–18,271 10.8
LIG-540THR 8492 –18,258 12.3
LIG-540THR 8482–18,261 17.7
LIG-413LYS 6474–18,254 12.4
LIG-413LYS 6474–18,247 11.2
LIG-410ARG 6418–18,245 11.0
LIG-410ARG 6412–18,247 15.2
LIG-410ARG 6412–18,245 11.6

Fig. 9  Percentage of formation 
of different protein structures in 
albumin and albumin–cytara-
bine complexes at two tempera-
tures of 310 K and 313 K

https://valdes-tresanco-ms.githud.io/gmx_MMPBSA/installation/hth
https://valdes-tresanco-ms.githud.io/gmx_MMPBSA/installation/hth
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Conclusion

Examination of the simulation results shows that the ligand 
and protein form a stable and acceptable complex by creating 
hydrogen bonds and a suitable distance from each other, and 
the stability of the complex is maintained until the end of the 
simulation time at body temperature (310 K). In this work, 
a human serum albumin is a viable option for transporting 
cytarabine to cancer cells. Because the HSA–cytarabine com-
plex becomes unstable at a temperature of 313 K, the opening 
of the protein and the reduction of hydrogen bonds occur, 
resulting in the distance between the drug and the protein. 
Therefore, it can be concluded that the drug was released at 
the temperature associated with the cancerous tumor (313 K). 
Furthermore, we showed human serum albumin is a temper-
ature-sensitive polymer.
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