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Abstract: The use of superparamagnetic iron oxide nanoparticles (SION)
in targeted drug delivery has become widespread because they can be
directed at cancerous tissue by applying an external magnetic field. In
this work, we used quantum chemical calculations to investigate whether
SIONs are suitable for the anticancer drug lenalidomide (LLM). For this
purpose, using a suitable model for SION in aqueous solution, seven
possible configurations of drug-carrier interaction were considered
(SION/LLM1-7). The binding energies of optimized configurations were
evaluated at MO06-2X/6-31G(d,p). The most stable configurations
(SION/LLM6 and SION/LLM7Y) occur when the drug is parallel to the
nanoparticle ring. In these cases, the most and strongest hydrogen bonds
are obtained. Large negative values of binding and solvation energies
indicate high drug loading and acceptable solubility. Due to the essential
role of hydrogen bonds in this drug delivery system, these bonds were
studied in detail by quantum theory of atoms in molecules (QTAIM).
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1. INTRODUCTION

Cancer as one of the biggest threats to human health,
accounts for a large part of scientific research. The use of
nanomaterials for targeted drug delivery can greatly
reduce the side effects of chemotherapy. In recent years,
inorganic nanoparticles such as silica nanoparticles,?
gold nanoparticles,®* silver nanoparticles,® magnetic
nanoparticles® and other inorganic nanoparticles’™® have
been widely used.

Superparamagnetic nanoparticles such as iron oxide have
the advantage that they can be directed to cancerous tissue
using an external magnetic field.1*?2 The smaller size of
these nanoparticles (20-40 nm) has the higher
superparamagnetic properties.t34

Many studies have been performed on two of the most
well-known compositions of iron oxides (magnetite
(FesO4) and maghemite (y-Fe203))*>16 in drug delivery
systems.t”1® These compounds have been used in the
delivery of anti-cancer drugs such as  cisplatin,?®
gemcitabine,? 5-flurouracil,? paclitaxel,?
mitoxantrone,? doxorubicin?® and temozolomide.?

One of the major problems in chemotherapy is the spread

of the drug throughout the body and damage to healthy
tissues.??® Magnetic nanoparticle-based drug delivery
systems significantly reduce side effects by targeted drug
delivery.?®3 The drug at the destination can be released
by techniques such as changes in temperature and PH.3%3
Renal excretion is the best way to remove
superparamagnetic iron oxide nanoparticles from the body
because the possibility of producing reactive oxygen
species is reduced and intracellular catabolism is
minimal.3* Mahmoudi et al.® conducted a comprehensive
study on these nanoparticles toxicity and concluded that
superparamagnetic  iron oxide nanoparticles are
compatible with kidney cells but are toxic to brain cells.
Considering the dose of nanoparticles used in targeted
drug delivery, there is no potential risk to other organs.
1-ox0-2-(2,6-dioxopiperidin-3-yl)-4-aminoisoindoline  or
lenalidomide is an analogue of thalidomide and an
anticancer drug. It is prescribed to treat a variety of
cancers, including multiple myeloma (MM),% prostate
cancer,¥’ myelodysplastic syndromes, 8
pancreatic cancer,* ovarian cancer,*’ chronic lymphocytic
leukemia** and non-Hodgkin’s lymphoma.*?


https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0169736
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To design new drug delivery systems, a better
understanding of the mechanism of drug-carrier
interaction is essential.**#*6 Computational quantum
chemistry is a good tool for studying molecular
interactions in drug delivery systems.** In this work,
using an applied quantum chemical model for iron oxide
nanoparticles in aqueous solution,’°% we investigated the
interaction of these superparamagnetic nanoparticles with
the anti-cancer drug lenalidomide. The results can be
useful for experimental scientists in choosing the right
nanocarrier for lenalidomide.

2. COMPUTATIONAL METHOD
All optimizations were performed by the GAUSSIAN 09
software® at M06-2X density functional level of theory
with 6-31G(d,p) basis set for all atoms except Fe, for
which LANL2DZ basis set® with effective core potential
(ECP) functions was employed. M06-2X functional®¢57
was chosen because it considers dispersion corrections®
in noncovalent interactions. Frequency calculations were
done in order to consider the thermal energy correction.
All molecular structures were checked to have no
imaginary frequency.
In biological systems, solvent plays an important role in
the structure and energy of species. These effects were
applied by polarized continuum model (PCM).5 In this
method, the molecular free energy is calculated by the
following equation:

Gsol :Ges +Gdr +Gcav (1)

where Ges, Ggr and Geav represent the electrostatic,
dispersion-repulsion and cavitation free energies,
respectively. Aqueous solution was considered, because
H-0 is the major solvent in the body.

The gap of energy (Eg), global hardness (n) and
electrophilicity index (w) (quantum molecular descriptors)
may be calculated (Egs. (1)-(3)) by HOMO and LUMO
energies. The stability of the structures was also examined
by these descriptors.6%2

Eg =E umo — Eromo (2)
_1-A 3)
2
2
o= UHA 4
81
where | = -Enomo (ionization potential) and A = -ELumo

(electron affinity).

Examination of the structures obtained from quantum
chemical calculations showed that hydrogen bonds play
an important role in this drug delivery system, which
requires a more detailed study with quantum theory of
atoms in molecules (QTAIM).%® This theory uses the
topological analysis of electron density (p(r), Laplacian of
electron density (V?p), potential energy density (Vb),
kinetic energy density (Gp) and total energy density (Hp)
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at a bond critical point (BCP). AIMAII software® was
used to calculate these parameters.

3. RESULTS AND DISCUSSION

Binding and solvation energies

Experimental evidence shows that superparamagnetic iron
oxide nanoparticles (SION) in aqueous solution can be
modelled with a ring of six octahedra connected by twelve
OH groups plus six surface OH and H,O groups
(Feg(OH)15(H20)6).%° Figure 1 shows the optimized
structure of SION and lenalidomide (with NH, NH and
CO functional groups). Lenalidomide (LLM) can form
hydrogen bonds with SION surface OH and H,O groups
through its functional groups. The drug (LLM) can
approach the nanocarrier (SION) from different
directions, resulting in seven main configurations
(SION/LLM1-7) shown in Figures 2 and 3.

One of the important parameters that shows the strength
of the overall interaction between the drug and the
nanocarrier and can also be a measure of drug loading®-%¢
is the binding energy (AEpind)

AEbind = E sion/Limi-7 — (Esion - ELim) (5)
where E sioniiimi-7z, Esion and Epim are the energies of
SION/LLM1-7, SION and LLM, respectively. The
binding and absolute energies in aqueous solution were
represented in Table 1.

®im
Figure 1. Optimized structures of SION and LLM.
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Figure 3. Optimized structures of SION/LLM5-7.

Table 1. Absolute energies (E: Hartree), binding energies (AEping: kJ
mol™) and solvation energies (AEsy: kJ mol™) of SION/LLM1-7 in gas
(Eg) and solution (Es) phases

AEon  AEr; AEn, P
Species Es AEbing Eq e

2562,
SION 872329

-802.
LLM 612413
SION/L  -3455. 6.9E-  6.9E-
LM1 488878  -109  -3455413516 1979 751 14 14
SIONIL  -3455. 35E-  35E-
LM2 494753 263  -3455419912  -1965 507 11 11
SION/L  -3455. 6.6E-  6.6E-
LM3 497522 336  -3455.420258  -2029 524 10 10
SIONIL  -3455. 26E-  2.6E-
LM4 498817  -37.0  -3455418730  -2102 490 09 09
SION/L  -3455. 10E-  LOE-
LM5 497938 346  -3455427554  -184.8 513 09 09
SIONIL  -3455. 10E+0  1.OE+
LM6 517475 -850  -3455.443288  -1948 0.0 0 00
SIONIL  -3455. 18E-  1.8E-
LM7 502795  -47.4  -3455.425641  -2026 385 07 o7
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values in Table 1 clearly show that the SION/LLM6
configuration plays a major role in determining the
average binding energy. High average binding energy

(AE = -859 kJ mol?) indicates that iron oxide
nanoparticle is a good carrier for LLM and drug loading is
predicted to be appropriate.
The solvation energies (AEso) can be calculated using the
following equation:

AEsoly = Esol - Egas (8)
where Egs and Egs show the total energies in the gas and
solution phases. Table 1 also presents the absolute
energies in gas phase. The large negative values of AEs
indicate that the solvation process is spontaneous. One of
the advantages of LLM is that it has functional groups
such as NH2, NH and CO that can form hydrogen bonds
with solvent molecules (H-0) and OH and H-O groups of
iron oxide nanoparticles to increase solubility.

QTAIM analysis and quantum molecular descriptors

In this drug delivery system, hydrogen bonds play an
important role in binding and solvation energies. These
intermolecular interactions can be studied in more detail
by QTAIM. The values of p(r), V?p(r), Hp, Gb, Vi and -
Gu/Vp for SION/LLM1-7 were presented in Table 2. This

Table 2. Topological parameters (a.u.) and Eug (kJ mol?) of
SION/LLM1-7.

Atoms p(n) V2p(r) Go Vb Hp -G/ Eng

SION/LLM6 and SION/LLM7 configurations have the
most negative binding energies (strongest interactions),
respectively, in which the drug is placed parallel to the
nanoparticle ring. A quick look at Figures 2 and 3 shows
that the more hydrogen bonds are formed, the more stable
the structure. For this reason, in the next section, these
hydrogen bonds will be examined in more detail.

To evaluate the average binding energy (E), it is
necessary to calculate the thermodynamic probability (Pi )
from the following equations:

AE=Y"PE, (6)
AEg
g K 7
Pi = G

Zef kT

where AERr; = Ei — Es, T and k are relative binding energy
(Table 2), temperature and Boltzmann constant,
respectively. Es is the energy of SION/LLM6
configuration (the most stable configuration).®? The
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SION/LLM 6
N6-H62 0.0586  0.1064  0.0364 -0.0462 -0.0098 0.7878  -60.6
H32-043 0.0247 0.0751 0.0199 -0.0211 -0.0011  0.9459  -27.6
02-H90 0.0153  0.0483  0.0122  -0.0123  -0.0001  0.9890 -16.2
H27-035 0.0220 0.0665 0.0174 -0.0182 -0.0008 0.9563  -23.9
03-H63 0.0134  0.0447 0.0111 -0.0109  0.0001 1.0110 -14.3
H23-043 0.0047 0.0182 0.0036 -0.0027  0.0009 1.3499 -35
H24-050 0.0114 0.0366 0.0087 -0.0083  0.0004 1.0514 -10.9
H22-045 0.0111 0.0392 0.0090 -0.0082  0.0008 1.0964 -10.8
SION/LLM 7
01-H80 0.0118 0.0474  0.0107  -0.0096  0.0011 11167 -12.6
01-H83 0.0166  0.0500 0.0128 -0.0130  -0.0003 0.9789  -17.1
N4-H54 0.0249  0.0689 0.0181  -0.0189  -0.0009  0.9549 -24.8
N6-H78 0.0232  0.0603 0.0160 -0.0169 -0.0009  0.9458  -22.2
H29-059 0.0039 0.0162 0.0032 -0.0024  0.0008 1.3354 -3.2
H30-037 0.0044 0.0171 0.0033 -0.0024  0.0009 1.3924 -3.1
H28-034 0.0019 0.0080 0.0015 -0.0009  0.0005 1.5956 -1.2
H24-049 0.0087 0.0341  0.0073  -0.0061  0.0012 1.2054 -7.9
SION/LLM 4
O1-H67 0.0315 0.1089  0.0207 -0.0212  -0.0005 0.9768 -27.8
H27-070 0.0529  0.1418 0.0296 -0.0338  -0.0042  0.8764 -44.4
02 -87 0.0103  0.0413  0.0093 -0.0083  0.0010 11214 -10.9
O1-H87 0.0098 0.0329  0.0079  -0.0075  0.0004 1.0483 -9.8
H28-071 0.0051  0.0196 0.0040 -0.0031  0.0009 1.2798 -4.1
SION/LLM 5
02-H90 0.0156  0.0549  0.0183 -0.0229  -0.0046  0.7991  -30.1
02-H77 0.0203  0.0639 0.0196 -0.0272  -0.0076  0.7202  -35.7
N4-H77 0.0104  0.0349 0.0080 -0.0073  0.0007 1.1006 -9.5
H32-061 0.0054  0.0231 0.0048 -0.0038  0.0010 1.2523 -5.0
H31-071 0.0092 0.0342 0.0076 -0.0067  0.0009 1.1392 -8.8
H23-043 0.0118 0.0395 0.0093 -0.0087  0.0006 10701 -11.4
SION/LLM 3
02-H67 0.0293  0.0929 0.0233 -0.0234 -0.0001 0.9966  -30.7
02-H87 0.0227  0.0702 0.0180 -0.0185 -0.0005 0.9736 -24.3
02-071 0.0225 0.0768 0.0190 -0.0127  0.0062 14885 -16.7
SION/LLM 2
02-H67 0.0289  0.0989  0.0228 -0.0228 -0.0001  0.9972  -30.0
03-H87 0.0165 0.0576  0.0141 -0.0138  0.0003 1.0219 -18.1
03-H67 0.0083  0.0295 0.0071 -0.0068  0.0003 1.0430 -8.9
SION/LLM 1
03-H87 0.0271  0.0849  0.0216 -0.0220  -0.0004 0.9832 -28.8
03-H67 0.0219  0.0813  0.0194  -0.0125  0.0069 15543 -16.4
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table also reports the hydrogen bond energies (Eng =
V1/2).57 Figures 4 and 5 shows the molecular graphs of
these structures.

We first examine the most stable configuration
(SION/LLMS). N6 ** H62 interaction with Exg = -60.6 kJ
mol is the strongest interaction in all configurations and
is classified as medium hydrogen bonds (V?p > 0, H, < 0,
0.5 < -Gp/Vp < 1).88 In this configuration, where the LLM
drug is parallel to the nanocarrier ring, there are four other
medium hydrogen bonds, although their hydrogen bond
energies are less than the previous case (H32 043,
H90"* 02 and H27'** O35) and a weak hydrogen bond
(H63** 03) with (V% > 0, Hy, > 0 and -Gp/V, > 1%,
Interactions with less hydrogen bond energy than previous
cases can be classified as pseudo hydrogen bonds
(CH* Q). For this configuration, three of these types of
interactions are listed in Table 2 (CH23 043,
CH24"* 050 and CH22'** 045).

SION/LLM7 configuration, as the second most stable
structure, is almost parallel to the nanoparticle ring but
produces weaker hydrogen bonds than the previous
configuration. This configuration has three medium
hydrogen bonds (H83** O1, H54"** N4 and H78""* N6)
with hydrogen bond energies less than 25 kJ mol? and a
weak hydrogen bond (H83" O1) with Eng = -12.6 kJ
molL. The other four interactions with hydrogen bond
energies less than 8 kJ mol™ are pseudo hydrogen bonds.
SION/LLM5, SION/LLM4 and SION/LLM3 have almost
the same stability. All three configurations have two
medium hydrogen bonds (Table 2). In these
configurations, there are three, two, and one weak
hydrogen  bond, respectively. Each of SION/
configurations LLM5 and SION/LLM4 configurations has
a pseudo hydrogen bond. The most unstable
configurations are SION/LLM1 and SION/LLM2
configurations, respectively. Both configurations have a
medium hydrogen bond (Table 2).

W O

3

‘l SION/LLM3 o

b / ¥ -« Al N\ o
SIONLLM2 L' 4 P 7\ \J/ & »
4 4 e .

SIONLLIAG

Figure 4. Molecular graph of SION/LLM1-4. BCPs are shown by green
spheres.
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SION/LLME

SION/LLM7

Figure 5. Molecular graph of SION/LLM5-7.

The values of ® and n (quantum molecular descriptors),
as well as E4 (band gap between LUMO and HOMO) for
LLM, SION and SION/LLM1-7 were presented in Table
3. LLM with large values of n (5.58 eV) and Eg4 (5.58 eV)
is the stable structure. As the nanocarrier is functionalized
by LLM, n and Eg are significantly reduced, therefore the
reactivity of the drug is increased.

A sudden change in band gap (Eg) can be the basis for
building a sensor to detect LLM because the electrical
conductivity is proportional to exp(-E¢/2kT). Therefore,
iron oxide nanoparticles can be used both in carrying
LLM and in making sensors for it. The U value of LLM
(1.82 eV) increases as a result of functionalization, which
indicates that in this drug delivery system, LLM is an
electron acceptor.

Table 3 also shows the recovery times (6), which is an
important parameter for drug delivery systems.5°7° 6 for
the LLM anticancer drug desorption from the SION
surface may be evaluated using the following equation:

AEping
r=yle ¥ 9

where v is the attempt frequency. By applying a UV of
10 Hz (= 30 nm: approximately proportional to the
average SION length) at 298 K for i, the 6 values in Table
3 were obtained.

Short recovery times (0.12 s for the most stable
configuration) also indicate that SION is a suitable
nanocarrier for LLM anticancer drug.

Table 3. Quantum molecular descriptors (eV) and recovery times (t) of
calculated structures

Species Eromo Erumo Eg n ® T(s)
LLM -7.20 -0.02 718 359 182

SION -7.79 -3.85 394 197 859 -
SION/LLM1 -7.20 -3.76 344 172 873 8.0E-15
SION/LLM2 -7.20 -3.93 327 163 947 4.0E-12
SION/LLM3 -7.37 -3.71 366 183 840 7.6E-11
SION/LLM4 -7.25 -3.72 354 177 852 3.0E-10
SION/LLM5 -7.45 -3.88 357 179 897 1.2E-10
SION/LLM6 -7.72 -3.82 390 195 852 1.2E-01
SION/LLM7 -7.56 -3.66 390 195 806 2.0E-08
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4. CONCLUSION

Due to the increasing use of superparamagnetic iron oxide
nanoparticles (SION) in drug delivery systems, the
effectiveness of these nanoparticles in carrying the anti-
cancer drug lenalidomide (LLM) was evaluated using
quantum  chemical ~ methods.  Seven  possible
configurations of SION (Fes(OH)1s(H20)s ring cluster)
were optimized alongside the LLM drug (SION/LLM1-7)
at M06-2X/6-31G(d,p) in aqueous solution. The most
stable configuration (SION/LLM6) has the largest
contribution in determining the average binding energy
and its large negative value indicates high drug loading.
Calculated values of solvation energies indicate that this
process is spontaneous due to the formation of hydrogen
bonds. These bonds are also the main cause of high
adsorption energy and therefore were studied in more
detail by quantum theory of atoms in molecules
(QTAIM).

In  SION/LLM6 configuration (the most stable
configuration), where LLM is placed parallel to the
nanoparticle ring, more and stronger hydrogen bonds are
formed. Alteration of drug band gap due to adsorption on
nanoparticles indicates that this nanocarrier can be also
used in the manufacture of sensors to detect LLM. Due to
high adsorption energy (high drug loading), acceptable
solubility and the presence of hydrogen bonds, SIONs are
expected to be a suitable nanocarrier for LLM.
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