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The interactions between phosphorene nanosheets (PNSs) and 5-fluorouracil (FLU) were explored using the
density functional theory (DFT) method and molecular dynamics (MD) simulations. DFT calculations were
performed utilizing M06-2X functional and the 6-31G(d,p) basis set in both gas and solvent phases.
Results showed that the FLU molecule is adsorbed horizontally on the PNS surface with an adsorption
energy (Eaqs) of —18.64 kcal mol™t. The energy gap (Eg) between the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO, respectively) of PNS remains constant after the
adsorption process. The adsorption behavior of PNS is not affected by carbon and nitrogen doping. The
dynamical behavior of PNS—FLU was studied at T = 298, 310, and 326 K reminiscent of room
temperature, body temperature, and temperature of the tumor after exposure to 808 nm laser radiation,
respectively. The D value decreases significantly after the equilibration of all systems so that the
equilibrated value of D is about 1.1 x 107%, 4.0 x 1075 and 5.0 x 10™° cm? s~ at T = 298, 310, and 326
K, respectively. About 60 FLU molecules can be adsorbed on both sides of each PNS, indicating its high
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Introduction

In recent years, targeted drug delivery based on nanotechnology
has received considerable attention from researchers in
different fields including chemistry, physics, medicine, phar-
maceutics, and multidisciplinary sciences.'” Nanostructures
are capable of dealing with the limitations associated with
traditional therapeutics including poor solubility in aqueous
medium, low half-life, toxicity, abrupt release, bioavailability,
and biocompatibility while preserving their essential pharma-
cophoric features.* This avoids the exorbitant costs associated
with the design and synthesis of new drugs. So far, various types
of nanocarriers have been studied in the pharmaceutical
industry, the most widely used of which are lipids,® liposomes,®
polymers,”® dendrimers,” ™ micelles,® carbon nanotubes,* and
two-dimensional (2D) materials."

Graphene is a 2D material with exceptional physicochemical
properties including chemical and mechanical stability,"* good
biocompatibility,”® large surface area,”® and exceptional
robustness and flexibility'” that made it a promising candidate
for numerous biomedical applications such as in vivo and in
vitro diagnostics,' drug delivery,"?* and biochemical sensing.**
However, despite the many advantages offered by graphene, it
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which is favorable from a sustained drug delivery point of view.

acts as a semi-metal with linear band dispersion at the Fermi
level hindering its use in biomedical applications.*” Therefore,
we must either look for techniques such as doping>?** and
surface functionalization®*® to improve the electronic proper-
ties of graphene, or design and develop new biocompatible and
low-toxic 2D materials for targeted drug delivery.

Black phosphorous (BP) is the most stable allotrope of
phosphorous, which is synthesized by heating the white phos-
phorous (about 200 °C) under high pressure (1.2 GPa).”” BP is
composed of layers of puckered structure that are held together
via dispersion interactions and resemble the structure of
graphite.”® Liu et al. introduced the 2D counterpart of bulky BP
as a p-type semiconductor and named it phosphorene.” The
structure of phosphorene is stable and flexible and can be
mechanically exfoliated as that of graphene and MoS,. However,
single-layer phosphorene has a direct band gap (1.0 eV), which
is considerably larger than the band gap value of layered BP
(0.31-0.36 eV), and makes phosphorene superior to graphene as
a 2D nanocarrier for anticancer drug delivery.*

Recently, many researchers have examined phosphorus as
a nanocarrier for targeted drug delivery.** Luo et al. investigated
the electronic and optical properties of functionalized MoS, and
phosphorene as isoniazid (INH) and pyrazinamide (PZA)
carriers using density functional theory (DFT) calculations.®
The results showed that both drugs favor physisorption on the
2D materials' surface. The band gaps of MoS, and phosphorene
were found to be unaffected by the adsorption of PZA or INH,
except for the MoS,:PZA:INH complexes. The calculated AG
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values at different temperatures and pH conditions revealed
that the INH and PZA prefer to desorb from 2D materials at high
temperatures and in acidic environments. Igbal et al. utilized
the DFT method to assess the efficacy of phosphorene (PNS) as
a carrier for nebivolol drug.*® The results demonstrated that the
non-covalent interactions are responsible for PNS-drug
complex stability, which facilitate the release of nebivolol at
targeted cells. The frontier molecular orbitals and charge
decomposition analyses alongside the electron-hole theory and
photoinduced electron transfer (PET) processes showed that
PNS can be exploited as an effective carrier for the delivery of
nebivolol to treat cardiovascular diseases.

5-Fluorouracil (FLU) is an effective topical therapeutic,
which has an important role in the treatment of head and neck,
colon, and breast cancers.* It possesses a heterocyclic structure
that resembles the structure of pyrimidine molecules of DNA
and RNA. Thus, FLU molecule can interfere with nucleoside
metabolism and is incorporated into RNA and DNA, leading to
cytotoxicity and cell death.** However, its therapeutic efficacy is
hampered by severe side effects such as hand-foot syndrome,
myelotoxicity, chest pain, cardiotoxicity, low blood counts, and
cognitive impairment that limit its clinical applications.*
Therefore, it seems that the use of nanocarriers can be effective
in reducing the unwanted side effects of FLU.

To address the opportunities and challenges described
above, the main aim of this work was to study the PNS-FLU
interactions using DFT calculations and molecular dynamics
(MD) simulations. First, we investigated the electronic structure
of PNS, FLU, and the most energetically stable PNS-FLU
complex using the DFT method. Also, we explored the effect of
doping on the PNS function as a nanocarrier for FLU molecules.
The dynamical aspects of PNS-FLU interactions at different
temperatures (7 = 298, 310, and 326 K that are reminiscent of
room temperature, body temperature, and temperature of
tumor after exposure to 808 nm laser radiation, respectively)
were studied employing atomistic MD simulations. We report
the results in terms of several tools such as root-mean-square
deviation (RMSD), mean square displacement (MSD), and
radial pair distribution functions (RDF). The release pattern of
FLU from the surface of PNS was explored with the help of
potential of mean force (PMF) calculations.

Computational details
DFT calculations

All geometry optimizations, vibrational frequency calculations,
and natural bond orbital (NBO) analysis were carried out using
M06-2X functional and 6-31G(d,p) basis set implemented in
GAMESS software.”” M06-2X is a hybrid meta-exchange corre-
lation functional that is capable to calculate the noncovalent
and weak interactions.*®**® Adsorption energy (E,qs) was ob-
tained via the following equation:*’

E.qs = Epns-rLu — (Epns + ErrLu) — Esse (1)

where Epns-rru, Epns, and Eppy are the total energy of the

complex, nanosheet, and drug molecule, respectively.
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Vibrational frequency calculations were performed to ensure
that the optimized geometries are true local minima on the
potential energy surface."* Using vibrational frequency calcula-
tions, we also calculated the thermochemistry parameters
including AG and AH of reactions. Molecular Electrostatic
Potential (MEP) and frontier molecular orbitals (HOMO and
LUMO) profiles were plotted using the optimized structures.**
The electronic molecular properties including HOMO-LUMO
energy gap (Eg), electronegativity (x), chemical potential (u),
electron affinity (4, which is defined as —Epuymo), ionization
potential (I, which is defined as —Eyomo), and global hardness
(m) of studied species were calculated based on the following
equations:***

E; = Enomo — ELumo (2)
X=-—u=—(4+Dn2 (3)
n=— A)2 (4)

To examine the effect of solvation on the electronic structure
and adsorption of FLU on the PNS surface, we considered the
implicit solvent effect by applying a polarizable continuum
model (PCM) and using the dielectric constant of water (¢ =
78.36). The solvation energy is defined as follows:

AEs = Eaq — Egas (5)
where AE,), Eag, and Eg, indicate the solvation energy and the
total energy of the system in the solvent and gas phase,
respectively. The amount of charge transfer upon complex
formation and stabilization energies in terms of donor-
acceptor interactions between bonding-antibonding orbitals
were investigated employing NBO analysis.**

Molecular dynamics (MD) simulations

To inspect the dynamical behavior of the PNS-FLU system, the
mechanism of FLU adsorption on the PNS surface, the loading
capacity of PNS, and the release pattern of FLU from nanosheet,
all-atom MD simulations were performed using GROMACS
2019.3.** Also, VMD software was used for trajectory visualiza-
tion.*® The initial coordinates of PNS and FLU were built with
the help of GaussView 5.0 software.”” The PNS structure is
composed of 480 atoms with a dimension of 43.0 x 38.1 A and
unsaturated terminal phosphorus atoms. Bonded (bond
lengths, bond angles, proper and improper dihedrals) and
nonbonded (van der Waals and electrostatic forces) parameters
required for MD simulations were generated using the Ante-
chamber program.*® Then, the ACPYPE program was employed
to convert the Antechamber output files to topology and coor-
dinates files that are compatible with GROMACS software.*
Details on all force field parameters can be found in the Tables
S5 and S6 of the ESI.f To validate the partial atomic charges
obtained using the RESP method, we compared them with
those of regular uracil in CHARMM36m (Table S77), which are
highly optimized and reliable as a reference for biomolecules.
To evaluate long-range electrostatic interactions, the particle
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mesh Ewald (PME) method was used.* A 12 A radius cut-off was
considered for short-range nonbonded interactions. PNS and
FLU molecules were placed in a cubic solvation box filled with
the TIP3P water model and a solvation layer of 10 A was used.
Periodic boundary conditions (PBC) were applied in all direc-
tions.** To mimic the physiological conditions more accurately,
a salt concentration (Na'Cl™) of 0.145 M was added to the
simulation system. Following steepest descents minimization,
the simulation system was brought to desired temperature (7' =
298, 310, and 326 K that are reminiscent of room temperature,
body temperature, and temperature of tumor after exposure to
808 nm laser radiation, respectively) for 500 ps under NVT
ensemble. For this purpose, the simulation system was divided
into PNS-FLU and water-ion groups and each part was coupled
to a separate temperature coupling bath utilizing the V-rescale
coupling method. Then, the pressure was maintained iso-
tropically at 1.0 bar during 500 ps of NPT simulations using the
Parrinello-Rahman coupling method. Upon completion of two
equilibration phases, the position restraints were released and
production MD runs were performed for 50 ns.

Results and discussion
DFT calculations

Adsorption of FLU on top of pristine PNS. Fig. 1 shows the
optimized structure and molecular electrostatic potential (MEP)
plot of PNS. It is generally believed that nanosheets are repeated
in a two-dimensional space; however, we selected a 20.6 x 20.3
A cluster of PNS comprised of 130 P atoms, which gives rise to
precise results and reasonable computational time effort at the
same time. To reduce edge effects and preserve charge
neutrality, the dangling bonds at the edges of the nanosheet
were capped by 32 hydrogen atoms. The average value of the P-P
bond length is calculated to be 2.22 and 2.27 A in each layer and
between two layers, respectively. These values are in excellent
agreement with previously reported experimental data,*® indi-
cating that utilized functional and basis set are capable of
reproducing the geometrical and electronic characteristics of
PNS.

The MEP plot of a molecule at a certain point, P, ), is
defined as the force exerted on a hypothetical positive charge
located at P, by the electrons and nuclei of the molecule.
Therefore, the MEP plot is a useful guide in evaluating the
reactivity of molecules toward electrophilic or nucleophilic
reactions. In the MEP plots the surfaces are defined based on
electron density and represented by a RGB color model so that
red regions are more negative than —0.010 a.u., yellow shows
the regions with electron density between 0 and —0.010 a.u.,
green regions are between 0.010 and 0.0 a.u., and blue color
represents regions more positive than 0.010 a.u. As expected,
the MEP plot of PNS reveals that the electron density is evenly
distributed over the PNS atoms; thus, we should consider the
MEP plot of the FLU molecule as well to recognize the most
stable PNS-FLU configuration. As illustrated in Fig. 1(c), the
FLU molecule contains 5 functional groups including F, N1, N2,
01, and O2 that can be involved in chemical interactions.
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As shown in Fig. 1(d), O1 and O2 are the most negatively
charged atoms of FLU molecule, and therefore can act as active
sites in nucleophilic attacks. Fukui indices are another set of
local reactivity parameters that, along with the MEP can predict
the electron density in frontier orbitals (HOMO and LUMO) of
a molecule, precisely. Fukui function (f;) is defined as the first
derivative of the electronic density (p(7)) of a system concerning
the number of electrons (N) at a constant external potential.>***

= (%), )

Based on finite difference approximation, one can derive
Fukui functions in terms of electrophilic (f,—), radical (f7), and
nucleophilic (f;) attacks.

Je— = a(N) — qi(N — 1) (7)
£ = SN+ 1)~ ge(¥ = 1) )
"= @(N + 1) = gi(N) (9)

Using the Fukui function, we found that C1 and O1 are
prominent sites for nucleophilic attacks, while O2 prefers to be
involved in electrophilic attacks (see Table S17). The C1, O1, and
02 atoms are also good candidates for radical attacks. To
identify the most energetically stable PNS-FLU complex, 6
nonequivalent initial configurations were adopted for adsorp-
tion of FLU on top of the PNS cluster in which drug molecule
was approached to the nanosheet surface from its (1) F, (2) N1,
(3) N2, (4) 01, and (5) O2 head. In the last initial configuration,
the FLU molecule was placed on top of the PNS horizontally.
The optimized structure of all configurations (PNS-F, PNS-N1,
PNS-N2, PNS-0O1, PNS-02, and PNS-h) along with their asso-
ciated HOMO-LUMO profile and MEP plot are given supple-
mentary material. The initial separation distance between the
PNS surface and the FLU molecule was set to ~1.7 A in all
configurations. After full geometry optimizations, all initial
configurations are reoriented to one in which the drug molecule
prefers to be adsorbed horizontally on top of the PNS surface.
The nearest host-guest interaction distance was found to be
about 3.3 A in all optimized structures. Though the adsorption
energies (E,qs) are close in value (Table S27), the least value of
E,qs belongs to the complex obtained from PNS-O2 starting
configuration (—18.64 kcal mol %) (Fig. 2).

The interaction between PNS and FLU molecule in the most
stable PNS-FLU complex leads to a charge transfer of 0.038|e|
from drug to nanosheet, which is also confirmed by Fukui
functions. Inspection of geometrical parameters of the opti-
mized structure indicated that bond lengths and angles remain
almost constant upon adsorption of the drug. The most notable
changes in bond lengths in the PNS-O2 complex are observed in
the case of the C5-O1 bond of the FLU molecule, which
increases slightly by about 0.06 A. To gain a deep understanding
of charge transfer occurring between molecular orbitals of
interacting species in PNS-FLU complexes, we performed NBO

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Optimized structure, (b) MEP plot of PNS, (c) optimized structure, and (d) MEP plot of FLU molecule calculated at M06-2X/6-31G(d,p)

level. Yellow color represents the electron-rich or negatively charged areas, while light blue indicates the electron-deficient or positively charged

atoms.

calculations. Table S31 summarizes selected stabilization
energies (E?) of donor-acceptor interactions in the NBO basis
of nanosheet and the drug molecule. The greater the E® value,
the stronger donor-acceptor interactions. As NBO results indi-
cate, the drug molecule behaves as a stronger donor than the
nanosheet and the highest E® value belongs to the
To1_ 01— Opay_p11z With 5.76 keal mol ™. These interactions are
in line with the geometrical changes upon the adsorption of
FLU on top of the PNS molecule. The frontier molecular orbitals
(HOMO and LUMO) of a molecule are key factors in the

Fig. 2
31G(d.p).

© 2023 The Author(s). Published by the Royal Society of Chemistry

evaluation of its chemical reactivity. Adsorption of FLU mole-
cule on top of PNS could be interpreted as a donor-acceptor
interaction between HOMO and LUMO energy levels. Therefore,
one can conclude that molecules having a low HOMO-LUMO
energy gap are associated with high chemical reactivity and low
kinetic stability.® Shown in Table 1 are the quantum chemistry
reactivity parameters for nanosheets and their most stable
complexes. It can be seen that PNS has a less negative value of
Eyomo compared to FLU, while its Ey opo value is more negative
than that of the FLU molecule. Also, the electronegativity of PNS

29 G0 @2 @2 09

d“}n

(a) Initial and (b) equilibrated structure of the most stable complex formed between PNS and FLU molecule calculated at MO6-2X/6-
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Table1 Calculated adsorption and solvation energies (kcal mol™Y). Quantum chemistry reactivity parameters (in eV) including Evomo. ELumo. and
their associated energy gap (Eg), ionization potential (/), electron affinity (A), electronegativity (x), electronic chemical potential (u), chemical
hardness (n), and dipole moments (DM in debye) for nanosheets and their most stable complexes

System Phase Eaqgs Exomo = —1 Erumo = —A Eg X n u DM Egolv
FLU Gas — —8.2 —0.3 8.0 4.3 4.0 —4.3 3.9 —
PNS — —6.8 —2.6 4.1 4.7 2.1 —4.7 0.0 —
PNS-02 —18.64 —6.7 —2.6 4.2 4.7 2.1 —4.7 3.3 —
CPNS — —6.6 -2.5 4.1 4.6 2.0 —4.6 0.3 —
CPNS-N2 —18.87 —6.6 —2.5 4.1 4.6 2.0 —4.6 3.3 —
NPNS — —6.8 —2.6 4.2 4.7 2.1 —4.7 0.5 —
NPNS-N2 —19.03 —6.8 —2.6 4.2 4.7 2.1 —4.7 3.4 —
FLU Aqueous — —8.1 —0.1 7.9 4.1 4.0 —4.1 5.2 —-9.8
PNS — —6.8 —2.6 4.2 4.7 2.1 —4.7 0.0 —44.6
PNS-02 —15.47 —6.8 —-2.6 4.2 4.7 2.1 —4.7 5.9 —51.3
CPNS — —6.7 —2.5 4.1 4.6 2.1 —4.6 0.6 —44.4
CPNS-N2 —15.25 —6.6 —2.5 4.1 4.6 2.1 —4.6 6.3 —50.5
NPNS — —6.8 —2.6 4.2 4.7 2.1 —4.7 1.0 —44.3
NPNS-N2 —15.45 —6.8 —2.5 4.2 4.7 2.1 —4.7 6.5 —50.5

possesses a higher value in comparison with that of the drug.
Thus, the charge transfer is expected to occur from FLU to PNS
until the chemical potentials of the two species become equal.

To evaluate the effect of doping on the adsorption behavior
of FLU molecule, we replaced a phosphorus atom with a carbon
and nitrogen atom and called the doped systems CPNS and
NPNS, respectively. The reason for choosing C and N atoms is
that they make up a high percentage of the body's cells and are,
therefore, biocompatible. In the following, the electronic
structure and thermochemical parameters caused by the inter-
action between the doped PNS and FLU molecule are
investigated.

Adsorption of FLU on top of carbon-doped PNS. In the CPNS
structure, the C atom is connected to two P;; and one P;, atom
with a bond length of 1.80 and 1.83 A, respectively. Here, Pr4
represents the P atoms located in the same layer as C and Py, is
the lower layer. The Pp;-Pp;-Pp; and Pr;-Pi,-Pr; angles
decrease from 97° and 104° in pristine PNS to 105° (P ;—C-Py,)
and 123° (P;;-C-Py,) in CPNS, respectively. Based on natural
population analysis, the partial atomic charge of C is about
—1.15|e|, while the P atoms bonded to it have a partial charge of
0.37 (P14), and 0.41 (Py,) |e|. To identify the most stable CPNS-
FLU and NPNS-FLU complexes, we adopted a procedure same
to pristine PNS. After full geometry optimization of all initial
configurations, it was revealed that the FLU molecule is adsor-
bed horizontally on top of doped PNS molecules. In the case of
CPNS-FLU complexes, the adsorption energies are in the range
of —16.79 to —18.87 kecal mol ™, in which the least and the
highest E.,qs values belong to the CPNS-O1 and CPNS-N2
configurations, respectively. Therefore, we considered the
CPNS-N2 conformation as the most stable complex formed
between CPNS and FLU molecules, and all further analyses were
performed using this structure. Interestingly, the interaction
distance between CPNS and the drug molecule increased from
1.78 A to 3.35 A, during the optimization process. The most
prominent drug — nanosheet stabilization energies (E?)) are
7524702 - cf1*>1271>757 LPg, — (51*)1271)757 LPy — G;ls—PSl with 1.65,

18062 | RSC Adv, 2023, 13, 18058-18069

0.78, and 0.63 kcal mol " values, respectively. While the largest
value of E® is 0.52 kcal mol ™ when the CPNS acts as a donor
group and is related to LPps; —>T521701. Thus, one can conclude
that the FLU molecule acts as a donor group in bonding-anti-
bonding interactions. The bond length changes that take place
upon the interaction between CPNS and FLU are in line with the
obtained stabilization energies so that the C=0 bonds of the
drug are elongated after complex formation. The P-P bond
lengths involved in the interaction site show an incremental
increase as well. Fig. S71 shows that the HOMO energy level of
CPNS is mainly localized over the carbon atom, while the LUMO
profile is distributed evenly over the P atoms in the vicinity of
doped carbon. Based on Table 1 data and Fig. S8,f the
adsorption of FLU on the CPNS does not affect the distribution
of HOMO and LUMO energy levels, significantly. So, no
noticeable changes are expected to be observed in the CPNS
conductivity and its other quantum molecular indicators upon
FLU adsorption.

Adsorption of FLU on top of nitrogen-doped PNS. The opti-
mized structure of the most stable NPNS-FLU complex is shown
in Fig. S5.7 The average P-N bond lengths in the same layer are
calculated to be 1.78 A and the distance between N and the
nearest P atom of the lower layer is 1.83 A, which are consid-
erably less than the P-P bond lengths of pristine PNS. Moreover,
the mean value of in-plane and out-of-plane PNP angles are
about 103° and 122°, respectively, while the corresponding PPP
angles in the PNS structure are 97° and 104°, respectively. Using
a strategy same to what is applied in the case of PNS-FLU and
CPNS-FLU, we found that all initial NPNS-FLU configurations
converge to one in which the drug molecule is located almost
parallel to the sheet. The most energetically stable NPNS-FLU
complex has an E,q; value of —19.03 kcal mol * and the nearest
host-guest interaction distance is about 3.21 A (N2 **Nypns)-
Again, NBO analyses clarified that the FLU molecule acts as
a strong donor group in complex stabilization. The highest
values of E® are associated with T, o= Ghis pre
(6.99 keal mol™") and T, o, Oppa_pys (3.10 kecal mol ™)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transfers. NPNS is more electronegative than the FLU molecule,
and thus electron density flows from the drug (donor) to the
nanosheet (acceptor) with relatively high stabilization energy.
The most important back donation from NPNS to FLU is related
to the LPpy3 = Ttg; o, With an energy value of 1.11 keal mol . In
general, carbonyl groups of the FLU have a key role in donor-
acceptor interactions and show a slight bond length increase
upon the adsorption process. Total FLU — NPNS charge
transfer amount is about 0.04|e|. Same to CPNS, the conduc-
tivity and other quantum parameters are not affected by
nitrogen doping; thus, doping cannot improve the electrical
features of PNS as a drug delivery system for the FLU molecule.

Solvent effect

To mimic the experimental conditions more precisely, geometry
optimization and vibrational frequency calculations were
repeated for the most stable complexes implying an implicit
solvent effect with the help of the PCM model. The values of
solvation energy (Esq,) are represented in Table 1. As can be
seen from Table 1, the dipole moment of pristine and doped
PNS complexes is higher than that of isolated nanosheets,
indicating that all complexes are more soluble in water
compared to the isolated nanosheets. This finding is supported
by the solvation energies (Table 1) obtained for each structure
and could be of great relevance from a drug delivery viewpoint.
Implying the solvent effect does not have any effect on the
dipole moment of pristine PNS, while increasing those of other
molecules, considerably. For example, the dipole moment of
the FLU molecule increases from 3.9 D in the gas phase to 5.2 D
in the aqueous environment. Based on Table 2, the enthalpy
changes (AH) upon PNS-FLU (—14.0 kcal mol ') and NPNS-
FLU (—14.3 kecal mol™") complex formation in the solvent phase
is less negative than the corresponding values in the gas phase
(—17.2 and —18.0 keal mol ', respectively). Furthermore, in all
cases, the E,qs value is less negative in the solvent phase
compared to the gas phase. The amount of reduction of E,4s in
the solvent phase for PNS-FLU, CPNS-FLU, and NPNS-FLU
complexes is about 3.17, 3.62, and 3.58 kcal mol ", respectively.
This can be because the PNS and FLU molecules are affected by
water molecules, therefore, their interaction becomes weaker in
the solvent phase. The more stabilization of isolated molecules
in the solvent phase compared to their complexes leads to more
positive adsorption energy. The E,qs values indicate that the

Table 2 Calculated energetic data (AH and AG in kcal mol™),
minimum and maximum modes of vibrational frequencies (v, and
Vmax IN cm™Y), recovery time (¢ in s), and the nearest interaction
distance between PNS and FLU molecules (in A)

System Phase AH AG Vmin  Vmax T r

PNS-02 Gas —17.2 —4.1 6 3649 44.5 3.2
CPNS-N2 —18.0 —5.4 4 3653 65.7 3.2
NPNS-N2 —18.0 —4.7 4 3651 87.1 3.2
PNS-02 Aqueous —14.0 —-1.0 5 3649 0.2 3.3
CPNS-N2 —23.3 —2.1 4 3645 0.10 3.3
NPNS-N2 —14.3 —1.5 6 3641 0.21 3.2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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adsorption of FLU on the PNS surface can be categorized as
physical adsorption. Donor-acceptor stabilization energies
(E?) decrease in the solvent phase and confirm the weakening
of nanosheet-drug interactions when the implicit solvent effect
is taken into consideration (Table S37).

Recovery time

Just as drug adsorption on the surface (or inside) of a nano-
carrier is critical to reaching target cells, drug desorption at the
right time and place is also essential. Because if the drug
strongly interacts with the nanocarrier, it will take a long time
for it to be released. On the other hand, if the interactions are
very weak, the drug may leave the nanocarrier before it reaches
the target cells, which is not desirable from a controlled release
point of view. The rate of drug desorption can be evaluated in
vitro by heating the nanocarrier under UV light irradiation. The
recovery time (t) is exponentially proportional to E,4s and given
by the following equation called transition state theory:*®

T = Ufle(Euds/kBT)

(10)
where v shows the attempt frequency (s™'), kg is Boltzmann
constant (~1.99 x 107> keal mol~" K™ "), and T represents the
recovery temperature (K). Using v = 10 "% ™" at room temper-
ature, the required time for desorption of FLU from PNS, CPNS,
and NPNS sheets in the solvent phase is calculated to be 0.21,
0.15, and 0.21 s, respectively, showing that PNS and its doped
analogs benefit from a short recovery time. The recovery time
values obtained in the gas phase are also summarized in Table
2. In general, we found that the doping technique does not
improve the PNS features that are important in drug delivery
applications. Hence, MD simulations were performed on the
pristine PNS-FLU system.

Molecular dynamics (MD) simulations

To explore the dynamical behavior of PNS as the FLU nano-
carrier, which cannot be evaluated using the DFT method, all-
atom MD simulations were performed employing the algo-
rithms and methods previously described in Computational
details section. The root-mean-square deviation (RMSD) anal-
ysis shows the average distance between the corresponding
atoms of a molecule during the simulation time, thus, it can be
a measure of stability and structural equilibrium. Fig. S137
shows the RMSD of atomic positions of PNS calculated against
its initial configuration, indicating that no substantial changes
are observed in the configuration of PNS through MD trajectory.
So, the structure of the nanosheet is well equilibrated and the
simulation time is long enough to provide information on the
nature of interactions between PNS and FLU molecule, loading
capacity of PNS, rate of drug release, etc. The equilibrated
structure of PNS was then used as starting configuration for
PNS-FLU MD simulations. The self-diffusion coefficient (D) of
a drug is an essential physicochemical parameter that affects its
bioavailability and biodistribution. To evaluate the diffusivity of
the FLU and to identify the preferential binding sites between
PNS and FLU molecule, we set the drug molecule at a distance

RSC Adv, 2023, 13, 18058-18069 | 18063
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(a) Time course of the separation distance between the center of mass (COM) of FLU molecule and PNS surface, (b) side and (c) top view of

the equilibrated geometry of PNS—FLU after 50 ns of MD simulations at 310 K.
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Fig. 4 The MSD of FLU molecule during 50 ns MD simulations.

of 25 A from the PNS surface and run production MD without
any restraints imposed on the system components. Also, MD
simulations were performed at 7 = 298, 310, and 326 K that
reminiscent of room temperature, body temperature, and
temperature of the tumor after exposure to 808 nm laser radi-
ation, respectively. Fig. 3(a) shows the center of mass separation
distance between the PNS and FLU during the MD run time at
different temperatures. The constant PNS-FLU interaction
distance indicates that the drug is placed parallel to the surface
of PNS, which is in agreement with the DFT results. Side
(Fig. 3(b)) and top (Fig. 3(c)) view of PNS-FLU geometry at the
end of 50 ns of MD simulations confirm the horizontal
adsorption of FLU on the PNS surface.

After ensuring the equilibrium of the simulated system, we
calculated the migration rate of the drug toward the PNS
molecule using the mean square displacement (MSD) analysis
tool. The MSD curve and D parameter are given as follows:

18064 | RSC Adv, 2023, 13, 18058-18069

MSD = [R{(1) — R{O)]’ (11)
Na
D= ——1imS SR (1)~ R(O) (12)

where R/(0) and R{¢) represent the position of FLU at the origin
time and a later time, ¢, respectively. N, represents the number
of drug molecules.”” Fig. 4 shows the MSD value of the simu-
lated systems over the 50 ns of MD trajectory. The initial value of
the self-diffusion coefficient (D) is calculated to be about 1.6 x
107°,1.0 x 107>, and 0.9 x 107> cm?® s~ ! at T = 298, 310, and
326 K, respectively. While, the D value decreases significantly
after the equilibration of all systems so that the equilibrated
value of D is about 1.1 x 107°, 4.0 x 108, and 5.0 x 10~° cm?
s~ at T = 298, 310, and 326 K, respectively.

Lower D values suggest a more potent interaction between
the drug and nanosheet. In general, three factors determine the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The PNS—FLU, PNS—water, and FLU-water van der Waals interactions and the electric potential energy between the FLU and water
molecules at 298 K (green plots), 310 K (black plots), and 326 K (red plots).

fluctuations in D values: (1) the interaction energy between the
nanocarrier and the drug, (2) the surface chemistry of the
nanocarrier, and (3) the molecular weight of the drug.”® The

© 2023 The Author(s). Published by the Royal Society of Chemistry

diffusion coefficient of the FLU molecule has the lowest value at
T = 298 K, indicating the strong interactions and the rapid
adsorption of FLU on the PNS surface. The lower D value could
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be attributed to the slower release of FLU from the nanocarrier;
therefore, a longer half-life of the drug is expected.*

We used radial pair distribution functions (RDF) analysis to
more accurately study the orientation of the drug molecule
relative to the nanosheet. The RDF plots help us to gain a better
insight into the preferential binding sites of adsorbed mole-
cules and host-guest interaction distances. The RDF defines the
distribution probability of an atom (B) at a distance (7) around
a reference group of atoms (A). The g, g(r) is given by the

following equation:
< ng )
4ttr’Ar

ga-(r) = — /75— (13)
(¥)

where ng is the number of B atoms located around the A atoms
in a spherical shell with a Ar thickness. Ny represents the total
number of B atoms in the amorphous cell and V shows the
volume. The RDF plots of the FLU atoms to the PNS molecule at
310 K are shown in Fig. S13.7 As can be seen, the peak of the
RDF plots for all atoms appears at the same distance from the
nanosheet surface (~3.2 A) and confirms that the FLU molecule
adopts a parallel orientation relative to the PNS. Time evolution
of separation distance between the PNS surface and center of
mass (COM) of FLU molecule at T = 298, 310, and 326 K
(Fig. 3(a)) shows that the host-guest interaction distance
remains without changes after about 2.5, 5, and 7 ns, respec-
tively. The mean value of interaction distance is about 3.2 A for
all temperatures and supports the RDF plots.

The PNS-FLU, PNS-water, and FLU-water van der Waals
interactions and the electric potential energy between the FLU
and water molecules at three different temperatures are shown
in Fig. 5. After 2.5, 5, and 7 ns from the start of the MD trajectory
at 298, 310, and 326 K, respectively, the amount of interaction
energies remains constant, indicating that the system has
reached an energy equilibrium. This result is in agreement with
previously reported RMSD and separation distance plots. The
total potential energy of a system is considered as the sum of
bonded (bond lengths, bond angles, dihedral and improper
angles) and nonbonded (electrostatics and van der Waals)
energy terms. From Fig. 5 one can find that van der Waals
interactions are the driving forces behind the PNS-FLU stability
and coulombic forces have no role in host-guest interactions
between PNS and FLU molecules.

Based on Table 3, increasing of temperature does not affect
the intermolecular interactions considerably.

It is well known that only a small amount of chemotherapy
drugs can reach the tumor cells. Also, some drug molecules
suffer from a short half-life and are prone to be removed by
renal clearance or even distributed in healthy tissues. There-
fore, the amount of the drug molecules that penetrate the target
cells reduces significantly, resulting in frequently repeated
administration and thereby high cost and increased side effects.
With outstanding advances in nanotechnology-based drug
delivery systems, researchers focused on the design of nano-
carriers owning high drug loading capacity to reduce dose
repetition. Herein, we used a sequential procedure to obtain the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecules to PNS at 310 K.

loading capacity of the PNS. Six simulation systems consisting
of one PNS molecule and 30, 40, 50, 60, 70, and 80 FLU mole-
cules, respectively, were designed and 50 ns of MD simulations
were performed for each system. Then, using RDF analysis, we
investigated the location of drug molecules on both sides of the
nanosheet in each system. After about 25 ns of MD simulations,
RMSD plots do not fluctuate considerably, indicating that their
overall structure is well equilibrated (Fig. 6(a)).

As illustrated in Fig. 6(b), the RDF plot of systems containing
30-60 FLU molecules shows only a sharp peak at ~3.2 A, which
means all the drug molecules are very close in terms of inter-
action distance with PNS and also form a monolayer on the
nanosheet surface. The RDF plots also indicate that most of the
drug molecules assume a position similar to that observed in
the case of the PNS-1FLU system so that the drug molecules are
adsorbed horizontally and positioned parallel to the surface of
PNS. But when the number of drug molecules exceeds 60 (70
and 80 molecules), in addition to the sharp peak at ~3.2 A,

PMF (kcal mol ™)
N W -llk o

p—
T

=
—

I n I " | " |

0 1 2 3 4 5

Distance (nm)

Fig. 7 Potential of mean force (PMF) plot as a function of PNS

surface—FLU center of mass distance at 310 K.

© 2023 The Author(s). Published by the Royal Society of Chemistry

a small peak at 7.0 A also appears. This peak indicates that only
60 molecules of the drug can be adsorbed directly on both sides
of the PNS surface, and the rest of the FLU molecules are
inevitably adsorbed on the first layer, and therefore their
distance from the PNS surface is almost doubled. Thus, it can
be said that the loading capacity of PNS is 60 FLU molecules. We
considered the system consisting of 60 drug molecules as the
optimal system for further MD simulations. Next, we examined
the number of hydrogen bonds formed between FLU molecules
and water. The average number of hydrogen bonds in PNS-
60FLU is 129 at each step and the majority of hydrogen bonds
occur between the N and O atoms of FLU and H,O molecules
(Fig. S147).

The potential of mean force (PMF) calculations were carried
out using the umbrella sampling method combined with the
weighted histogram analysis method (WHAM) to obtain the free
energy profile along the reaction coordinate defined as the
distance between the PNS surface and FLU center of mass
(COM). The FLU molecule was pulled away from the surface of
PNS along the z-axis of the simulation box over 500 ps of pulling
simulation. A spring constant of 2 keal mol " A~> and a pull rate
of 0.1 A ps™* were used for the umbrella sampling. For PMF
calculations, 23 umbrella windows were created at 2 A intervals
over 230 ns of MD simulations. The PMF variation between the
PNS surface and COM of the FLU molecule at 310 K is presented
in Fig. 6. The free energy barrier was found to be about
4.2 keal mol . Fig. 7 shows that the release of FLU from PNS is
not spontaneous, which is favorable from a sustained drug
delivery point of view.

Conclusions

In this work, we have investigated the interactions between PNS
and FLU molecules using the DFT method and MD simulations.
All DFT calculations were performed utilizing M06-2X func-
tional and 6-31G(d,p) basis set. First principle calculations

RSC Adv, 2023, 13, 18058-18069 | 18067
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showed that the FLU molecule prefers to be adsorbed on top of
PNS horizontally with adsorption energy (E,qs) and interaction
distance of —18.64 kcal mol™* and 3.2 A, respectively. The
HOMO-LUMO energy gap (E;) does not change upon adsorp-
tion of FLU molecule, so we doped PNS with carbon and
nitrogen atoms (CPNS and NPNS) to evaluate if doping
improves the electrical features of PNS as a nanocarrier for FLU
molecule. The obtained results showed that the doping tech-
nique does not have any effects on the adsorption behavior of
FLU on the PNS surface. All DFT calculations were repeated
considering the implicit solvent effect and the results were in
line with the gas phase. The initial value of the self-diffusion
coefficient (D) is calculated to be about 1.6 x 107>, 1.0 x
107°, and 0.9 x 107° em? s™! at T = 298, 310, and 326 K,
respectively. While, the D value decreases significantly after the
equilibration of all systems so that the equilibrated value of D is
about 1.1 x 107%,4.0 x 1078, and 5.0 x 10~ cm* s ' at T = 298,
310, and 326 K, respectively. About 60 FLU molecules can be
adsorbed on both sides of each phosphorene nanosheet, indi-
cating its high loading capacity. Finally, PMF calculations
demonstrated that the release of FLU from PNS is not sponta-
neous, which is favorable from a sustained drug delivery point
of view.
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