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In this study, the therapeutic potential of phosphorene as a drug-delivery system for chlorambucil to treat
cancer was evaluated. The geometric, electronic and excited state properties of chlorambucil,
phosphorene and the phosphorene—chlorambucil complex were evaluated to explore the efficiency of
phosphorene as a drug-delivery system. The nature of interaction between phosphorene and
chlorambucil is illustrated through a non-covalent interaction (NCI) plot, which illustrated that weak
forces of interaction are present between phosphorene and chlorambucil. These weak intermolecular
forces are advantageous for an easy offloading of the drug at the target. Frontier molecular orbital
analysis revealed that charge was transferred from chlorambucil to phosphorene during excitation from
the HOMO to LUMO. The charge transfer was further supplemented by charge-decomposition analysis
(CDA). Excited-state calculations showed that the Ay« was red-shifted by 79 nm for the phosphorene—
chlorambucil complexes. The photo-induced electron-transfer (PET) process was observed for different

excited states, which could be well explained visually based on the electron—-hole theory. The photo-
Received 12th April 2019 ind d elect t . ts that hi £ fl int ti This stud
Accepted 14th July 2019 induced electron transfer suggests that a quenching of fluorescence occurs upon interaction. This study
confirmed that phosphorene possesses significant therapeutic potential as a drug-delivery system for

DOI: 10.1039/c9ra02778¢ chlorambucil to treat cancer. This study will also motivate further exploration of other 2D materials for
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Introduction

Typical therapeutic treatments still experience impeded target
specificity, poor bioavailability and organ toxicity."” To improve
the pharmacological properties and bioavailability of many
drugs, drug-delivery systems are introduced to release
a controlled amount of drug at the intended target sites.’ In the
field of medicine, nanotechnology has played a revolutionary
role in which nanostructures are used to deliver drugs to
specific disease-centred cells. The application of nanotech-
nology in the field of medicine is developing rapidly. In this
regard, scientists are focused on developing drug-delivery
systems based on nanostructures that can deliver a drug at
a specific target site.* These nanostructures are smaller in size,
and therefore, they can cross biological membranes and
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biological barriers and also increase the life span of the drug in
the body. These nanostructures are designed in such a way that
they can selectively interact with the diseased cells and aid their
direct treatment, therefore, the side-effects of the drug on the
other healthy body organs, tissues and cells can be reduced.
Also, they control the amount of drug release at the target site.**
Drug intake can also be reduced due to the controlled drug
release and long-time circulation in the body.”

Interest in drug release through a drug-delivery system was
initiated after the discovery of nanostructures, such as fuller-
enes and nanotubes.® Functionalized carbon nanotubes and
fullerenes have been used for drug delivery to specific target
sites in the body.*® Two-dimensional nanomaterials, such as
molybdenum disulfide (MoS,),* tungsten diselenide (WSe,),"
hexagonal boron nitride (h-BN),*> bismuth selenide (Bi,Se;)*
and graphene,* have also been used as nanocarriers because of
their good physio-chemical properties. The recent discovery of
black phosphorus (so-called phosphorene) has introduced new
possibilities for designing a sensible candidate for drug delivery
because of its relatively low cytotoxicity and good biocompati-
bility."* Owing to the wrinkled lattice configuration of black
phosphorus, it has a much higher surface to volume ratio,
which can increase the drug-loading capacity as compared to
other two-dimensional materials such as h-BN and graphene.*®
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The two-dimensional black phosphorus shows a layer-
dependent band gap, high charge mobility and tangible
anisotropy in optoelectronics as well as phononic proper-
ties."”?° The biodegradation of phosphorene inside the human
body produces non-toxic intermediates, such as phosphite,
phosphate and other P,O,, therefore, BP is not harmful, espe-
cially for the treatment of cancer for in vivo applications.'®
Because of its tuneable band gap (depending on the number of
layers from ~0.3 in the bulk to ~2.0 in the monolayer) and
broad absorption range in the UV-vis region, black phosphorus
is superior to WSe, and MoS,.”* Due to the promising properties
of black phosphorus, it can be used as a carrier by loading the
drug into the nanostructure cavities or by loading on the
nanostructure by making a complex. The drugs are captured by
the nanostructure by weak attraction forces (i.e. London
dispersion forces).

The photo-induced charge (PCT) and electron-transfer (PET)
processes are of high importance in biological systems because
these processes affect the dynamics of other phenomena, such
as phosphorescence and fluorescence.”*>* For example, the
transfer of electrons or charge from a chelator to a fluorophore
causes fluorescence quenching.”**® In drug-delivery systems
along with fluorescence detection, the optical detection ability
of the drug and drug carrier is also of high importance.>** An
excitation wavelength (electron-transfer wavelength) in the
visible region is preferred because ultraviolet light is harmful
for living organisms.*

Many anticancer therapeutic drugs are effective for cancer
treatment, but their use is limited because of their toxicities.*®
For example, chlorambucil has a number of side-effects like
acute bone marrow suppression, azoospermia, teratogenicity
and anovulation.*® In addition, other potential side-effects
include gastrointestinal and hepato-toxicity, seizures, drug
fever, interstitial pneumonia and pulmonary fibrosis.**** To
improve the therapeutic index and to reduce the side-effects,
researchers are focused on developing nanoscale anticancer
drug carriers.**** Herein, the drug delivery potential of phos-
phorene for chlorambucil was evaluated through density func-
tional theory (DFT) and TD-DFT. Chlorambucil is
a chemotherapeutic medicine used to treat various types of
cancers, such as chronic lymphocytic leukaemia (CLL)** and
Hodgkin and non-Hodgkin lymphoma.?” The mode of action of
the drug involves its interaction with DNA.

Computational details

All calculations were performed by using density functional
theory (DFT)* with Gaussian 09 software package.** The B3LYP
functional with the 6-31 G** basis set was used for the opti-
mization of the geometries.*® Several possible orientations of
chlorambucil on phosphorene were considered in order to
search for the most stable structure. The optimized structures
were confirmed as true minima through frequency calculations
at the same level of theory (lack of any imaginary frequency).
Excited state calculations were performed by time-dependent
DFT at TD-B3LYP/6-31G**. The HOMO and LUMO orbital
energies and some important parameters, such as the dipole
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moment, chemical potential (u), chemical hardness (), chem-
ical softness (s) and global electrophilicity index (w), were
calculated at the ground-state optimized geometries of the
drug, phosphorene and the complex molecule. Electron-
localization function (ELF) electron-density images were
plotted to analyse the change in the electron density after
complex formation.*"*

The charge-decomposition analysis (CDA) was performed to
analyse the splitting of the ligand field for the phosphorene-
chlorambucil complex systems and the contribution of the
energy levels of the two components in the formation of the
complex.** NBO analysis is an important parameter to analyse
the intermolecular orbital interactions in complexes, particu-
larly the charge transfer between the two components of
a complex.*** Electron transitions from the drug to phos-
phorene and phosphorene to the drug in the complex and the
transition in phosphorene itself were also observed. The UV-vis
absorption spectra of phosphorene, chlorambucil and phos-
phorene-chlorambucil were obtained in the gaseous phase. The
non-covalent interaction (NCI) analysis and the photo-induced
electron-transfer process (PET) were studied at the B3LYP/6-
31G** level of theory.

Results and discussion

The optimized geometry of phosphorene and the phosphorene-
chlorambucil complex are shown in Fig. 1. The optimized
geometries of the complex (Fig. 1) clearly illustrate that the drug
molecule interacts with phosphorene through P---H non-
bonding interactions, where the drug molecule acts as
a hydrogen bond donor. There are five P---H interactions
present when chlorambucil is adsorbed on the surface of
phosphorene.

Two aromatic protons interact with phosphorene at
distances of 3.46 and 3.64 A. The aliphatic protons (CH,) of the
drug also interact with the phosphorus atoms of phosphorene
with similar interaction distances (3.50-3.60 A). The dipole
moment of the optimized phosphorene was negligible. After the
formation of the phosphorene-chlorambucil complex, the
dipole moment is increased to 2.49 D. The increase in the dipole
moment of this complex is quite useful for its solubility in polar
solvents (i.e. water). The increase in the hydrophilicity after the
formation of the complex is helpful for the movement of the
drug in living systems.
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Fig. 1 Optimized geometry of phosphorene and the phosphorene—
chlorambucil complex.
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Fig. 2 HOMO and LUMO of chlorambucil and the phosphorene—
chlorambucil complex.

HOMO and LUMO analysis

The frontier molecular orbitals (HOMO and LUMO) give very
useful information about the reactivity of a molecule.*® The
energy gap between the HOMO and LUMO (E,) helps to
understand the kinetic stability and chemical reactivity. For
example, a molecule with a small band gap is more polarizable
and generally shows low kinetic stability and high chemical
reactivity (i.e., it is a soft molecule).*” The HOMO and LUMO of
chlorambucil and the phosphorene-chlorambucil complex are
shown in Fig. 2. In chlorambucil, the HOMO is distributed on
the entire molecule except on the hydroxyl group end, whereas
the LUMO is distributed mostly on the benzene ring. For the
phosphorene-chlorambucil complex, the LUMO is located on
the phosphorene molecule and the HOMO is located on the
drug molecule with a complete separation of densities, which
indicates that charge transition occurs between the drug and
phosphorene molecule. The charge is transferred from the drug
to phosphorene. The energies of the HOMO and LUMO and the
band gap along with the absorption wavelengths are given in
Table 1. Phosphorene has a band gap of 3.28 eV, having HOMO
and LUMO energies of —6.01 eV and —2.72 eV, respectively.
Chlorambucil has an energy gap of 5.28 eV, with HOMO and
LUMO energies of —5.49 and —0.21 eV, respectively. The energy
gap of the phosphorene-chlorambucil complex (2.49 eV) is
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Fig. 3 (a) Density of states of chlorambucil, phosphorene and phos-
phorene—chlorambucil (b) charge-decomposition analysis of phos-
phorene—chlorambucil.
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Fig. 4 Non-covalent interaction (NCI) analysis of the phosphorene—
chlorambucil complex.

much lower than those of phosphorene (3.28 eV) and chlor-
ambucil (5.28 eV), which indicates that the phosphorene-
chlorambucil complex requires less energy to go from the
ground state to the excited state. The HOMO energy of the
phosphorene-chlorambucil complex matches with the energy
of chlorambucil, whereas the LUMO energy matches with that
of phosphorene. Interestingly, this pattern is consistent with

Table 1 Energies of the HOMO and LUMO, H-L gap (Eg), maximum absorption wavelength (Amay), dipole moment, chemical potential(u),
chemical hardness (n), chemical softness (s) and global electrophilicity index (w) of phosphorene, the drug molecule and phosphorene—drug

complexes

Enomo Erumo Eq (eV) Amax (NM) Dipole moment u(ev) n (eV) s(evh w (eV)
Phosphorene —6.01 —2.72 3.28 458 0.56 —4.37 1.64 0.30 5.82
Chlorambucil —5.49 —-0.21 5.28 269 2.37 —2.85 5.28 0.09 0.78
Phosphorene-chlorambucil —5.43 —2.76 2.67 537 2.49 —4.1 1.33 0.37 6.32

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Orbital overlapping between the drug molecule and phos-
phorene in phosphorene—chlorambucil.

the densities in the HOMO and LUMO; the HOMO is present on
chlorambucil, whereas the LUMO is present on phosphorene.
The lowering of the energy gap suggests that the excitation
wavelength is red-shifted for the chlorambucil-phosphorene
complex. The maximum absorption (A,.x) for phosphorene was
observed at 458 nm in the UV-visible region, which was red-
shifted by 79 nm for the chlorambucil-phosphorene complex
(Amax = 537 nm).

Charge decomposition analysis (CDA) and density of states
(DOS)

The smaller HOMO-LUMO gap of the complex facilitates the
charge transfer within the complex molecule. The decrease in
the band gap is due to the addition of molecular energy levels in
the complex MOs by the component fragments, as can be seen
in the CDA diagram. The CDA diagram clearly shows how the
phosphorene-chlorambucil complex orbitals are formed by the
mixing of each of the fragment's orbitals (phosphorene and
chlorambucil). The addition of a molecular energy level by
phosphorene and chlorambucil causes an increase in the
energy of the HOMO (—5.43 eV) and a decrease in the energy of
the LUMO (—2.76 eV) of the complex, which favourably
contributes to a decrease in the band gap, which further
contributes to the charge-transfer process. These results also
show that the drug was successfully attached to the
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Table 2 Results of the NBO calculation for phosphorene before and
after the formation of a complex with chlorambucil; the energies are
given in kcal mol™

CH — PHS Energies PHS — PHS Before  After
T0G65-C70 = Opio_pi7 0.11 OPp1-P59 = Op3_py 1.83 1.85
GC65-H84 — Opls_p3 0.06 Op1_p61 —> Cpy_py 1.66 1.69
GC71-H89 = Cp7_po 0.09 Op3l P12 = Opgy pys 155 1.56
LP(1)gis3 = Opag_pay 0-07 Op3l-p32 = Opyy_pyg  1:66 1.69
LP(2)cis3 = Opogpaz ~ 0-7° LP(1)po— GPI() po 332 3.29
*
LP(2)cig3 = Opyz gy 008 P(1)p3 = Op7_po 2:92 2:97
*
LP(3)cig3 = Opazpuas  0-29 LP(1)p; = Opy_ps 313 3.17
PHS — CH LP(1)ps = Opy_po 3.15 3.19
LP(1)ps = Oc7z-mos  0.21 LP(1)ps = Opy3 pa 423 4.28
LP(1)ps = Ocro-msy  0.15 LP(1)pss = Opg_psy ~ 5-28 5.30
LP(1)p; = Ocrimge  0.12 LP(1)p35s = Opyg_py;  2-13 2.15
LP(1)p1y = Ocro-mgy  0.16 LP(1)ps—>0py p;  3:56  3.58
LP(1)p1s = Oces-nsa  0.06 LP(1)p; = Ops_p1 2.96 2.98
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Fig. 7 UV-vis absorption spectra of chlorambucil, phosphorene and
phosphorene—-chlorambucil.

phosphorene molecule. In the CDA analysis, the orbital inter-
action diagram was plotted for the complex, in which the orbital
contributions of the drug and phosphorene in the formation of

Fig. 6 Electron-density images of some phosphorus atoms present in phosphorene: (A) ELF for phosphorene, (B) ELF for phosphorene present

in phosphorene—chlorambucil.
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Fig. 8 Electron—hole orbitals and PET process for n-state = 1-5 of
phosphorene—-chlorambucil.

the complex were observed. The matching DOS diagrams can be
seen in Fig. 3, which is in good agreement with the CDA results.
It can be seen that the MOs of phosphorene and chlorambucil

This journal is © The Royal Society of Chemistry 2019
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are mixed together to form the molecular energy level of the
complex and this phenomenon causes the decrease in the band
gap after the complex formation (2.67 eV), which contributes to
the charge-transfer process.

Dipole moment, chemical potential, chemical hardness,
chemical softness and global electrophilicity index

The dipole moment, chemical potential (1), chemical hardness
(m), chemical softness (s) and global electrophilicity index (w)
are also given in Table 1 for the drug and phosphorene molecule
and for the complex. Interesting properties were observed for
the complex. The chemical potential of the complex (—4.1 eV)
was lower than that of phosphorene (—4.37 eV); however, it was
higher than the drug molecule (—2.85 eV). The chemical hard-
ness (), chemical softness (s) and global electrophilicity index
(w) follow a uniform pattern, where the properties of the
complex are at either end of the spectrum. The complex was
softer than phosphorene or the drug molecule, as reflected by
the lower hardness and higher softness values. The softness
(hardness) values of the complex were 1.33 eV (0.37 eV )
compared to 1.64 (0.30) and 5.28 (0.09) for phosphorene and the
drug, respectively. These parameters give information about the
molecular stability and electron transfer in the molecule. The
global electrophilicity index (w) determines the stabilization in
energy when a molecular system gains additional charge from
its surroundings. The negative chemical potential values of the
complex (—4.1 eV) indicated the stability of the complex. The
intended target site can be determined based on the softness,
hardness and electronegativity of the drug and target site.

Non-covalent interaction (NCI) analysis

The NCI analysis gives useful information about the non-
covalent interactions within a molecule.”® The strong direc-
tional attractions associated with localized atom-atom contacts
and the molecular regions having weak interactions can be
distinguished by an NCI plot. The scatter graphs plotted
between the reduced density gradient and electron density r,
oriented by the sign of A, and the 3D color-filled reduced density
gradient isosurface are shown in Fig. 4. From the graph, it can
be seen that weak forces of interaction are present between the
complex molecules, which can also be seen in the color-filled
inter-molecular isosurface image (Fig. 5).

The green regions between the components of the complex
(i.e. phosphorene and drug) depict van der Waals-type interac-
tions, which are weak intermolecular forces. This inference is
consistent with the geometric analysis, whereby weak interac-
tions are realized between H atoms of the drug and phosphorus
atoms of phosphorene. These weak interactions are quite
advantageous because the drug molecule can easily be removed
from phosphorene at its target site (destination). The orbital
overlap between the drug and phosphorene in the complex
depicts the load exchange between the drug and phosphorene.

Electron localization function (ELF) and NBO analysis

The ELF electron-density images of phosphorene and the
phosphorene-drug complex are shown in Fig. 6A and B,

RSC Adlv., 2019, 9, 24325-24332 | 24329
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Table 3 Analysis of hole—electrons for first five excited states of phosphorene—chlorambucil

Excited states of phosphorene-

chlorambucil 1 2 3 4 5
Amax (NM) 537 534 485 475 464
AE (eV) 2.31 2.32 2.55 2.61 2.67
F 0.002 0.0002 0.0001 0.0003 0.00
D (A) 6.81 6.79 6.65 6.85 6.90
S 0.006 0.003 0.004 0.003 0.002
Transition mode CT CT CT CT CT

respectively. The ELF shows slight changes in the electron
density after the formation of the complex. The electron density
of phosphorene is affected after the formation of the phos-
phorene-chlorambucil complex.

These ELF images help to understand the transition occur-
ing from the drug to phosphorene and from phosphorene to the
drug in the NBO analysis of the complexes. These transitions
cause the changes in the electron density of phosphorus atoms
present in phosphorene. The changes in energies for internal
transition occuring in phosphorene before and after the
formation of complex can be seen in Table 2.

Photophysical properties

The UV-vis absorption spectra of chlorambucil, phosphorene
and the chlorambucil-phosphorene complex are shown in
Fig. 7. The chlorambucil-phosphorene complex absorbs at
a much higher wavelength (537 nm) than chlorambucil (269
nm), which allows a broad absorption in the UV-vis region. The
absorption at 537 nm for the complex corresponds to 2.30 eV,
which is very much consistent with the HOMO-LUMO gap. This
correlation suggests that the excitation at 537 nm corresponds
to the excitation from the HOMO to LUMO, which in turn is
a transfer of charge from the drug to phosphorene. Noticeable
changes in the visible region of the absorption spectrum can be
applied for the colorimetric and fluorescence detection of
various types of bioanalytes (e.g. proteins, DNA and inorganic
ions), which promotes the target specificity.*

Photoinduced electron transfer analysis

Investigation of electron excitation for a drug delivery system
gives information about its biological activity.’® The electron-
transfer process and the contribution of electron or hole
orbitals can easily be recognized by the electron-hole theory.
The electron-hole orbitals for the first five excited states are
shown in Fig. 8 for phosphorene-chlorambucil. As shown in
Fig. 8, the electron and hole orbitals are separated with good
approximation, which represents that the PET phenomenon
occurs between the complex components. The PET and PCT
processes affect the fluorescence process. In other words, these
processes cause quenching in the fluorescence emission spec-
trum. This can give very useful information about the
biochemical system. Analysis results of the hole-electrons for
the first five excited states of phosphorene-chlorambucil are
given in Table 3. The greater the distance (D) between the
orbitals, the longer the charge-transfer length; however, for the

24330 | RSC Adv., 2019, 9, 24325-24332

localized excitation this distance is small. A smaller value of the
hole-electron overlap integral (S) represents a high charge-
transfer rate. The distances between the orbitals (D) for the
first five excited states of the complex were 6.81 A, 6.794,6.65A,
6.85 A and 6.90 A. The distance between the orbitals (D) was
greater for all first excited states, which shows a high charge-
transfer length. The hole-electron overlap integrals (S) for the
first five excited states were 0.006, 0.003, 0.004, 0.003 and 0.002.
A smaller value of the hole-electron overlap integral (S) shows
a large charge-transfer rate. This analysis also showed that
a charge-transfer process occurs between the complex compo-
nents, which causes a quenching in the fluorescence emission
spectrum. The decrease in the fluorescence intensity can give
molecular information as well as the location of the drug in
a biological system.

For example, the energies of excitation LP(1)p,— Gpys_pao
reached 3.29 kecal mol ™" from 3.32 kcal mol " after the complex
formation. Similarly, for cp;_ps; — 01*,371)7, the excitation energy
was raised to 2.69 kcal mol™' from 2.66 kcal mol ™' and for
LP(1)ps— Op;_pg, the excitation energy was
3.19 keal mol ™" from 3.15 kecal mol ™.

raised to

Conclusions

In this study, the therapeutic potential of phosphorene as
a drug delivery system for chlorambucil to treat cancer was
evaluated. The geometric, electronic and excited state proper-
ties of chlorambucil, phosphorene and the phosphorene-
chlorambucil complex were evaluated to explore the efficiency
of phosphorene as a drug-delivery system. The complex between
chlorambucil and phosphorene was established through weak
P---H bonds. The phosphorene-chlorambucil complex had
a dipole moment value of 2.49 D, which was significantly higher
than that of phosphorene. The increase in the dipole moment
after the formation of the complex suggests an increased solu-
bility in the polar solvent (water). The nature of interaction
between phosphorene and chlorambucil was illustrated
through a non-covalent interaction (NCI) plot, which illustrated
that weak forces of interaction were present between phos-
phorene and chlorambucil. These weak intermolecular forces
are advantageous for an easy offloading of the drug at the target.
The HOMO in the phosphorene-chlorambucil complex was
localized on the chlorambucil, whereas the LUMO was centered
on phosphorene. Frontier molecular orbital analysis revealed
that the charge was transferred from chlorambucil to

This journal is © The Royal Society of Chemistry 2019
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phosphorene during excitation from the HOMO to LUMO. The
charge transfer was further supplemented by a charge-
decomposition analysis (CDA). The energies for different tran-
sitions from the donor to acceptor (drug to phosphorene and
phosphorene to drug) in NBO analysis also indicated a charge
transfer between the drugs and phosphorene molecules.
Excited-state calculations showed that the A,,,x was red-shifted
by 79 nm for the phosphorene-chlorambucil complexes. The
photo-induced electron-transfer (PET) process was observed for
different excited states, which could be well explained visually
based on the electron-hole theory. The photo-induced electron
transfer suggests a quenching of fluorescence upon interaction.
In summary, phosphorene possesses significant therapeutic
potential as a drug-delivery system for chlorambucil to treat
cancer.
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