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Effects of doping and functionalization on black
phosphorus nanosheets for enhanced quercetin
delivery
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Various nanoparticle-based drug delivery platforms have been developed to address the challenges of rapid
degradation and immune clearance in cancer treatment while improving tumor-targeting efficiency.
Among these, black phosphorus (BPH) has emerged as a promising multifunctional nanodrug platform.
This study investigates the behavior of black phosphorus nanosheets doped with nickel, copper, and zinc
atoms in the delivery of quercetin through molecular dynamics simulations. Moreover, the combined
effects of doping and functionalization on drug adsorption and delivery processes were examined. The
results suggested that the tendency for drug adsorption on the nanosheet surface primarily arises from
T interactions. On the other hand, functionalization of the doped nanosheets significantly improves
the adsorption of quercetin molecules. Specifically, we found that the average adsorption energy for
pristine black phosphorus nanosheets is —203 kJ mol™, while functionalized black phosphorus
nanosheets doped with nickel atoms show a significantly improved average adsorption energy of
—257 kJ mol™. These findings, along with analysis of the radial distribution function, solvent-accessible
surface area, and other molecular dynamics parameters, provide valuable insights, contributing to
a deeper understanding of how modifications to black phosphorus nanosheets can optimize drug
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Introduction

In the last few decades, nanotechnology has played a significant
role in medicine and pharmaceuticals and is developing. In this
regard, researchers have focused on developing drug-delivery
systems based on nanostructures.'” A wide range of nano-
carriers, including graphene sheets, carbon nanotubes, di-
chalcogenides of transition metals, and metal organic
frameworks, have been used to load and transport drugs to
different parts of the body.*® Among these nanocarriers, two-
dimensional materials have received much attention due to
their unique structure. For example, graphene and boron
nitride have been widely exploited in medicine.’**

One of the new two-dimensional nanomaterials discovered
in recent years is phosphorene.™ It features a layered structure
with weak van der Waals interactions between its layers, which
distinguishes it from graphene and other two-dimensional
materials.**** In addition, its wrinkled shape allows it to offer
a higher surface-to-volume ratio compared to graphene and
boron nitride.’ Black phosphorus has excellent biocompati-
bility and is converted into phosphite and phosphate, which are
non-toxic and easily eliminated from the body."””*® This nano-
structure is specifically designed to pass through biological
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delivery systems for effective cancer therapy.

membranes, selectively interact with patient cells, and enhance
the retention time of drugs in the body. These unique properties
make it a suitable option for medical research.”

One effective approach to improving the performance of
nanocarriers is through surface modification, which can involve
doping with various atoms or functionalizing the surface.”**
Doping can significantly enhance the stability of BPHs in bio-
logical environments, helping to prevent their rapid degrada-
tion. Additionally, this technique can facilitate controlled drug
release mechanisms, allowing for the targeted release of ther-
apeutic agents in response to specific stimuli. This approach
enhances therapeutic outcomes and overall treatment effi-
cacy.”>* Modifying BPHs also improves their ability to target
tumor cells specifically. This targeted approach minimizes side
effects on healthy tissues, making treatments safer and more
effective. By tailoring the properties of these nanocarriers, we
can achieve better therapeutic results while reducing unwanted
impacts on surrounding healthy cells.**

Zhang et al.*® used black phosphorus nanosheets to deliver
doxorubicin in chemotherapy, and the results of their in vitro
and in vivo experiments showed that this drug delivery system
is biocompatible and has high antitumor activity. In a theo-
retical study, Yin et al”>® explored the potential of
polydopamine-modified BPHs for treating stroke. Their
experimental results demonstrated a strong photothermal

response, stability, biocompatibility, and significant
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therapeutic efficacy of this drug delivery system. These find-
ings suggest that surface modification of BPHs holds promise
for medical applications. Additionally, Mahboobi et al.*®
examined the impact of doping BPHs with sodium, calcium,
and iron ions on the delivery of mercaptopurine. Their density
functional theory (DFT) calculations indicated that the doped
nanosheets exhibit enhanced drug delivery capabilities.
Together, these studies highlight the potential of modified
BPHs in improving drug delivery systems for various medical
conditions.

In the current study, we developed a black phosphorus-
based drug delivery system aimed at delivering the anti-
cancer drug quercetin through molecular dynamics simula-
tions. We investigated the effects of simultaneously doping
and functionalizing BPHs with nickel, copper, and zinc atoms,
along with a r-lysine functional group, as an innovative
approach to drug delivery. To ensure the accuracy of our
findings, we employed various analytical methods, including
metadynamics calculations, radial distribution functions, and
number of contacts assessments. The overall results suggest
that the combined strategy of doping and functionalization of
2D nanosheets significantly enhances their potential for
effective drug delivery.

Method

Preparing systems

The design of black phosphorus structure, comprising 200
phosphorus atoms, was created using GaussView software.”” To
reduce the effects of unsaturation, hydrogen atoms were added
to the edges. The three-dimensional structure of the drug
quercetin molecule (PubChem CID: 5280343) was obtained
from the SwissParam web server.”® Phosphorene nanosheets
were individually doped with Ni, Cu, and Zn atoms.**"*

Ni, Cu, and Zn were selected as dopants because of their
known ability to alter the electronic and catalytic properties of
two-dimensional (2D) materials. As first-row transition metals,
these elements can effectively adjust the band gap, improve
charge transport, and enhance the stability of phosphorene.**-*°
A doping level of approximately 0.5% (two metal atoms for every
200 phosphorus atoms) was chosen to represent a low, experi-
mentally relevant concentration. This level allows for the
examination of isolated dopant effects without significantly
distorting the phosphorene lattice. Consequently, this
approach maintains the intrinsic properties of the nanosheet
while facilitating meaningful interactions between the dopants
and the substrate.

In selecting the doping sites for Ni, Cu, and Zn atoms on the
phosphorene nanosheet, the central region of the nanosheet
was chosen based on structural stability and electronic effect
optimization considerations. The central site of the nanosheet
typically provides a more uniform and less strained environ-
ment than edge sites, ensuring minimal structural distortion
upon doping. This choice also facilitates strong interaction
between the dopant atoms and the phosphorene lattice, which
can significantly modulate the electronic and catalytic proper-
ties while preserving the nanosheet's overall stability.
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Additionally, doping in the central region allows for a more
controlled and reproducible modification since edge sites often
have different chemical reactivity and dangling bonds that
could introduce variability. This strategy is consistent with
computational studies that prioritize central or surface sites for
transition metal doping to achieve stable configurations and
desirable material properties.***°

Magnified representations of the BPH phosphorus atoms
adjacent to each doped metal atom are depicted in Fig. S1,
highlighting the lattice distortions and variations in P-P and P-
metal bond lengths. Furthermore, the atomic partial charges
and force field parameters associated with these metal atoms
and the 1-lysine functional group are summarized in Tables S1
and S2.

The electron configurations of nickel (Ni), copper (Cu), and
zinc (Zn) are important factors in their ability to form coordi-
nation bonds with quercetin's hydroxyl (OH) and carbonyl (C=
O) groups. Ni and Cu both have unpaired d electrons, which
theoretically enhance their capacity to form strong coordination
bonds with these functional groups on quercetin. Zinc, with
a different electron configuration, typically forms weaker
interactions. This is why we expect Ni and Cu to have stronger
binding affinities, potentially leading to a more stable complex
with quercetin, while Zn may show weaker binding, affecting
the overall drug-carrier interaction. These interactions are
based on well-established coordination chemistry principles,
which are consistent with the general understanding of transi-
tion metal behavior.

In order to study the extent of drug adsorption, the nano-
sheets were placed in the center of a simulation box with
dimensions of 11 x 11 x 11 nm?, and four drug molecules were
placed at a distance of 2 nm from it. In addition, 5 r-lysine
chains were covalently linked with doped nanosheets.**** For
this purpose, three other boxes were designed and the drug
molecules were placed at a certain distance (approximately 2
nm) from the substrate. More details of the studied systems are
given in Table S3. Fig. 1 shows the structure of the used carriers
and the quercetin molecule.

Simulation details

This study's molecular topologies and simulation parameters
were derived from the CHARMMS36 force field** and relevant
previous literature.**® Each simulation box was filled with
TIP3P model water molecules”” and neutralized using sodium
(Na") and chloride (C17) ions at a concentration of 0.15 M. The
energy of the systems was minimized using the steepest descent
algorithm.

Subsequently, temperature and pressure were equilibrated
using the Nosé-Hoover* and Parrinello-Rahman*® algorithms
in NVT and NPT ensembles at 310 K and 1 bar, respectively.
Broadband electrostatic interactions were calculated using the
Particle Mesh Ewald (PME)* method, while nonbonded inter-
actions were managed with a cutoff distance of 1.4 nm. All
systems were simulated for 105 ns with a time step of 1.5 fs,
utilizing the GROMACS 2022.4 software package.** The RMSD
profiles (Fig. S2) demonstrate that all studied phosphorene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Chemical structure of (a) quercetin molecule, (b) L-lysine functional group, (c) pristine BPH nanosheet, and (d) Ni-BPH/L-lysine nanosheet.
(The brown phosphorus atoms and the blue atoms in the center of the nanosheet are doped nickel atoms.)

nanosheet systems rapidly achieved equilibrium within the
initial 15 ns and maintained stable conformations throughout
the 105 ns molecular dynamics simulations, as indicated by
steady RMSD plateaus in both panels. This behavior verifies the
structural stability of pristine and r-lysine-functionalized,
metal-doped phosphorene nanosheets upon quercetin adsorp-
tion. The absence of significant post-equilibration fluctuations
confirms that each system remains dynamically stable over long
timescales and is suitable for subsequent interaction analyses.

Uncertainty calculation

To estimate the uncertainties in the Coulomb and van der
Waals (L-]) energies, we used the standard deviation of the
energy values observed over the course of the 105 ns simulation
period. Since molecular dynamics simulations are time-
dependent, energy values fluctuate due to the changing
configuration of the system. The uncertainty (o) was computed
by calculating the standard deviation of the energy values over
time, as follows:*>->*

op — std(E) (1)

VN

where: std(E) is the standard deviation of the energy values, and
N is the total number of data points (simulation time divided by
the time step).

Discussion and results

Nanoparticles (NPs) are crucial in drug delivery because of
their ability to transport substantial drug doses, which can be
affected by various factors. Several factors significantly affect
the drug-carrying capacity of nanoparticles (NPs) in drug
delivery applications. These factors include the surface area

© 2025 The Author(s). Published by the Royal Society of Chemistry

and morphology of the nanosheet, as larger surface areas and
more porous structures provide greater adsorption sites for
the drug; surface functionalization, where the introduction of
functional groups like hydroxyl or amine groups enhances the
drug-nanosheet interaction through electrostatic and
hydrogen bonding; metal doping, where metals like Ni, Cu,
and Zn modify the surface charge and coordination sites,
influencing drug binding; solvent conditions, such as pH and
ionic strength, which affect the solubility and interaction of
the drug with the nanosheet; and the drug's size and molec-
ular structure, where smaller molecules or those with func-
tional groups compatible with the nanosheet surface tend to
bind more effectively. Understanding these factors is crucial
for optimizing NP design and increasing therapeutic
efficacy.”®®® Hashemzadeh et al® reported that two-
dimensional BPHs could be suitable carriers for the delivery
of anticancer drugs and their diffusion into membrane cells.
In addition, the results of Tao et al.®® showed that the func-
tionalization of BPHs increases the drug loading capacity.

Phosphorene nanosheets have attracted attention as
promising drug carriers due to their high surface area,
biocompatibility, and ability to interact with various drug
molecules. However, pristine phosphorene often exhibits
limited interaction strength with drugs, which can reduce
loading efficiency. Previous computational studies primarily
focused on pristine phosphorene or simple doping with light
elements like carbon and nitrogen, resulting in only modest
improvements in drug adsorption energy and interfacial
interactions.* %

Our study demonstrates that doping phosphorene with
transition metals—such as nickel, copper, or zinc—signifi-
cantly enhances the adsorption of quercetin on the nanosheet.
Additionally, functionalizing these metal-doped nanosheets

RSC Adv, 2025, 15, 43751-43762 | 43753
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with the t-lysine group further improves drug adsorption by
strengthening both electrostatic and van der Waals interac-
tions. These combined modifications lead to increased drug
loading capacity and more stable carrier-drug complexes,
ultimately enhancing the suitability of phosphorene as an
effective drug delivery platform.

This approach addresses the limitations of pristine phos-
phorene and aligns with recent advances in nanomaterial
functionalization strategies aimed at improving drug delivery
efficiency.®»** The study provides systematic, simulation-
based evidence that guides the development of more effi-
cient phosphorene-based nanocarriers for therapeutic mole-
cules. Therefore, in this study, three doping agents and one
amino acid were used to investigate the effect of these factors
on the drug adsorption process compared to the pristine
nanosheet. Initial and final images of the investigated systems
are shown in Fig. 2 and S3. It can be seen that the presence of
the t-lysine functional group caused better adsorption of the
drug molecule quercetin on the nanosheet.

In additional our simulations revealed the formation of
coordination bonds between the Ni-doped nanosheet and
quercetin's hydroxyl (-OH) and carbonyl (C=0) groups. These
bonds fluctuated over the course of the 105 ns simulation, with
coordination bonds being observed in approximately 3-4
frames. This dynamic yet stable interaction suggests that these
coordination bonds are significant, though they appear
intermittently in different simulation frames. The formation
of these bonds was confirmed through the analysis of the
simulation trajectory, which is shown in Fig. S3.

The average interaction energy values over the entire 105 ns
time interval in different systems are presented in Table 1 and
Fig. S4. These energy terms represent the nonbonded interac-
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phosphorene nanosheet (host) and the adsorbed quercetin
molecule (guest).

It is observed that the presence of drug molecules near the
substrate and the formation of interactions with the surface are
mainly due to the formation of -7 stacks between the nano-
sheet surface and the drug molecule rings, as a result of which
the contribution of van der Waals interactions has increased. A
close examination of Table 1 shows that the energy values for
functionalized systems have increased compared to the doped
systems. This is due to the presence of the r-lysine functional
group on the surface, the formation of electrostatic interactions
between the two components, and the facilitation of van der
Waals interactions. This fact also indicates the greater interac-
tion of the drug molecule for adsorption on the functionalized
nanosheet, which has led to the formation of a stable complex.
The term “facilitation of van der Waals interactions” refers to
the enhancement of these noncovalent forces resulting from
surface functionalization with r-lysine. The additional func-
tional groups provide more sites for close contact and favorable
geometric alignment with the drug molecule, increasing the
contact area and improving the spatial and electronic comple-
mentarity between the interacting surfaces. These conditions
strengthen the dispersion (induced dipole-induced dipole)
interactions between the nanosheet and quercetin, leading to
a more stable and energetically favorable complex. Therefore,
functionalization not only strengthens the electrostatic
component but also promotes more effective van der Waals
binding, resulting in greater adsorption stability of the drug
molecule on the functionalized nanosheet compared to the
doped systems.

Our simulations revealed that the quercetin-Ni complex
formed more frequently and exhibited stronger interactions

tions between the metal-doped, r-lysine functionalized compared to the quercetin—-Cu and quercetin-Zn complexes.
t=Ons t=105ns
5 . .
'0'0
A P
0.0.&‘.0
B2
t= Ons t=105ns
Fig. 2 Initial and final snapshots in the studied systems from top and side views, (a) Ni atom-doped phosphorene nanosheet, and (b) Ni atom-

doped phosphorene nanosheet functionalized with L-lysine group.
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Table 1 The electrostatic (Coul.) and van der Waals (L-J) energy values in the studied systems (kJ mol™). A pristine phosphorene, B, C, and D,
respectively, phosphorene nanosheets doped with Ni, Cu, and Zn atoms, and F-B, F-C, and F-D, respectively, phosphorene nanosheets doped
with Ni, Cu, and Zn atoms functionalized with L-lysine groups. (The uncertainty values for the studied systems are presented together with their

corresponding energy values.)

System Coul. L] System Coul. L]

A —0.023 (0.044) —203.49 (4.1) A —0.023 (0.044) —203.49 (4.1)
B —0.049 (0.015) —226.95 (5.9) F-B —0.328 (0.096) —257.72 (5.1)
C —0.013 (0.014) —224.08 (5.7) F-C —0.292 (0.12) —255.44 (10)
D —0.009 (0.019) —213.10 (6.5) F-D —0.276 (0.14) —221.65 (9)

Specifically, the number of interactions between quercetin and
the Ni-doped nanosheet was higher, and the adsorption energy
for the quercetin-Ni system was more favorable, indicating
stronger binding. In contrast, while m-m interactions were
observed between quercetin and both the Cu and Zn nano-
sheets, the formation of stable complexes in these systems was
less frequent, and the interaction energies were lower, reflecting
weaker binding compared to the quercetin-Ni system.

As shown in Fig. S4, the van der Waals (vdW) interaction
energies between quercetin and phosphorene nanosheets
doped with nickel, copper, and zinc were tracked throughout
the simulation. All systems reached equilibrium within 20 ns
and maintained stable, strong vdW interactions with energies
ranging from —200 to —260 kJ mol . Following functionaliza-
tion of the doped nanosheets with t-lysine, these vdW energies
decreased further (became more negative), reflecting an
enhancement in the attractive interactions between quercetin
and the functionalized surfaces. This increase in vdW contri-
bution demonstrates the significant role of r-lysine functional-
ization in strengthening the adsorption and stability of
quercetin on the nanosheets, confirming the effectiveness of
functionalization in improving noncovalent binding.

The consistently small electrostatic interaction energies
observed for all doped and functionalized phosphorene systems
can be attributed to the predominantly neutral or weakly polar
nature of the host and guest molecules in these simulations.
Phosphorene and i-lysine, under the simulated conditions,
possess limited net charge and do not feature strongly ionic
sites, leading to minimal coulombic interactions with the
quercetin adsorbate. The partial atomic charges assigned by the
force field to both the nanosheet and drug molecule further
contribute to attenuated electrostatic effects, compared to vdW
or coordination-driven interactions. Consequently, the physical
meaning of these small energies is that host-guest stabilization
predominantly arises through dispersion forces and geomet-
rical coordination, rather than through strong electrostatic
attraction. This aligns with trends commonly observed in
simulations of organic molecules on 2D nanomaterial
surfaces,**® where van der Waals interactions dominate
binding unless highly charged species are introduced.

On the other hand, it is observed that the adsorption process
in both pristine and functionalized complexes follows the
following trend: Ni > Cu > Zn.

Nickel doping on phosphorene creates local coordination
sites that enhance interactions with the functional groups of

© 2025 The Author(s). Published by the Royal Society of Chemistry

quercetin. The nickel atom, thanks to its electronic structure
and spatial characteristics, serves as an effective center that
promotes stronger electrostatic and van der Waals interactions
with the hydroxyl (-OH) and carbonyl (C=0) groups of quer-
cetin. Molecular dynamics simulations reveal these heightened
interactions through changes in adsorption geometry and
increased binding energy, resulting in a more stable Ni-BPH-
quercetin complex compared to systems doped with copper or
zinc. This increased stability is primarily due to the geometric
arrangement and distribution of partial charges. The coordi-
nation effects induced by nickel are observed in both biological
and materials modeling contexts, confirming the superior
formation and stability of the complex.®***

Most drug molecules are adsorbed on the surface through
their aromatic rings, and the presence of functional groups also
causes hydrogen bonding between the surface and the drug
molecule.

In this system, H-bonds were identified using a donor-H---
acceptor distance < 3.5 A and donor-H-acceptor angle = 150°.
In our systems, the principal donors are quercetin phenolic
O-H groups and lysine -NH;'/-NH- groups (when present),
with water also acting as a donor/acceptor in bridging events.

3.0+

—F-B
'E —IF-C
5 2.5 —FD
S
g 204
=
£ 15 | } ([
2 Il |
£
E 10+
z

0.5

i

.| ’Il | I |l| ‘l

n 20 A0 &0
Time {ns)
Fig. 3 Number of hydrogen bond diagram for the studied systems A
pristine phosphorene, F-B, F-C, and F-D, respectively, phosphorene

nanosheets doped with Ni, Cu, and Zn atoms functionalized with L-
lysine groups.
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The main acceptors are quercetin carbonyl oxygen (C=0) and
phenolic oxygen (when deprotonated or engaged as acceptor),
surface phosphorus atoms of BPH (lone-pair bearing P acting as
weak acceptors), and water oxygen. Metal centers (Ni, Cu, Zn)
were not counted as H-bond acceptors; their interactions with
quercetin are treated separately as coordination.

Fig. 3 shows the number of hydrogen bonds between the
drug molecules and the lysine functionalized substrate. It is
noted that the hydrogen bonds formed correspond to the elec-
trostatic energy values.

To assess the probability of drug molecules being present
around the substrate, we conducted an analysis using radial
distribution function (RDF) calculations. Fig. 4 presents the
RDF diagrams for the systems under investigation.

In systems doped with various atoms (Fig. 4, panel (a)), the
probability of drug molecules being present around the
substrate is higher compared to pure phosphorene. This
finding indicates that doping the system with different atoms
can enhance its adsorption capacity. While there are minor
variations in the trends regarding drug presence around the
three substrates doped with different atoms, it is noteworthy
that the phosphorene nanosheet doped with nickel exhibits the
highest probability of drug molecule presence. This finding
highlights the potential of selective doping to optimize drug
adsorption in phosphorene-based materials.

Fig. 4, panel (b), presents the radial distribution function
for the functionalized systems. This diagram reveals a signifi-
cant increase in the probability of drug molecules being
present around the substrate compared to both pure phos-
phorene and phosphorene doped with various atoms. The
major peaks in these plots occur at a distance of approximately
0.6 nm, indicating 7-7 interactions between the drug mole-
cule rings and the nanosheet surface. Additionally, an exami-
nation of Fig. S5 confirms that the drug molecules interact
with the nanosheet surface through m-m interactions and are
oriented parallel to the surface.
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During the simulation, drug molecules come into contact
with the nanosheet surface over time. The frequency of these
contacts is calculated using eqn (2).*°

NiQEs) J",+0.6 nm
=1

NippH}
N(y=> >
i=1 J

Here, Ngpy and Nqgs represent the total number of BPH and
QES atoms, respectively. The variable 7; denotes the distance
from the j-th atom of QES to the i-th atom of BPH. The 6 func-
tion is utilized to count all drug atoms that are within 0.6 nm of
BPH atoms.

Fig. 5 illustrates the number of contacts between the drug
molecule and the nanosheet. This figure shows that, for all the
systems studied, the drug molecule does not make contact with
the surface at the beginning of the process. In the doped
systems with Ni and Zn (Fig. 5a), contact between the drug
molecule and the surface begins at approximately 7 ns. In the
pristine phosphorene system and the copper atom-doped
nanosheet, a peak in contacts is observed between 10 and 15
ns. This peak is attributed to the orientation of the drug
molecules on the surface as they seek the optimal configuration.
Eventually, in all systems, the number of collisions reaches
a maximum value and then fluctuates around a constant level
(2100).

Fig. 5b illustrates the number of contacts between the drug
molecule and the functionalized systems. The data indicate that
in systems functionalized with t-lysine groups, the number of
contacts increased compared to the pristine nanosheet. In
systems F-B and F-D, the number of contacts peaks at approx-
imately 7 ns and then fluctuates around this value for the
remainder of the simulation. In contrast, system F-C shows
a decrease in contacts between 30 and 60 ns, which is attributed
to the repeated reorientation of the drug molecule on the
surface (see Fig. S6). After this period, the number of contacts
increases as the drug molecule adopts a more favorable posi-
tion. These observations align with the findings from the energy

8(r(1) = r;(1))dr (2)

ri

b)

80 H

60

g(r)

40

20 H

r (nm)

Fig. 4 RDF diagram for the studied systems A pristine phosphorene, B, C, and D, respectively, phosphorene nanosheets doped with Ni, Cu, and
Zn atoms, and F-B, F-C, and F-D, respectively, phosphorene nanosheets doped with Ni, Cu, and Zn atoms functionalized with L-lysine groups.
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Fig. 5 Diagram of the number of contacts for the studied systems A pristine phosphorene, B, C, and D, respectively, phosphorene nanosheets
doped with Ni, Cu, and Zn atoms, and F-B, F-C, and F-D, respectively, phosphorene nanosheets doped with Ni, Cu, and Zn atoms functionalized

with L-lysine groups.

analysis and the results of the radial distribution function
(RDF).

Additionally, the number of interactions between the doped
metal atoms on the nanosheet and the drug molecules was
calculated, as shown in Fig. S7. Generally, the unfunctionalized
doped systems exhibit greater fluctuations in contact number,
reflecting intermittent periods of strong interaction between
the drug and the doped nanosheets. After functionalization,
peak contact values tend to decrease, and the interaction
profiles become more stable and sustained compared to the
unfunctionalized systems. Functionalization with an amino
acid typically reduces the frequency of contact peaks, suggest-
ing that surface modification can modulate and stabilize the
nanosheet-drug interactions, possibly through steric hindrance
or altered surface energy. These interaction profiles offer
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valuable insights into how nanosheet surface chemistry influ-
ences drug dynamics and can guide the design of drug delivery
platforms with controllable interaction characteristics.

The distance between the nanosheet and the drug mole-
cule as a function of simulation time is illustrated in Fig. 6. It
can be observed that for systems doped with different atoms
(Fig. 6a), the distance between the centers of mass of the two
components decreases from approximately 1.2 nm to about
0.35 nm. Fig. 6b shows that with the functionalization of the
nanosheet surface, the interaction distance between the
substrate and the drug is reduced to 0.2 nm. This finding
confirms that the presence of functional groups improves the
adsorption process. On the other hand, this is consistent with
the results obtained from the energy and number of inter-
atomic contacts.
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Fig. 6 Diagram of the COM distance between quercetin molecule and nanosheet for the studied systems A pristine phosphorene, B, C, and D,
respectively, phosphorene nanosheets doped with Ni, Cu, and Zn atoms, and F-B, F-C, and F-D, respectively, phosphorene nanosheets doped

with Ni, Cu, and Zn atoms functionalized with L-lysine groups.
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Table 2 Diffusion coefficient values for the studied systems A pristine
phosphorene, B, C, and D, respectively, phosphorene nanosheets
doped with Ni, Cu, and Zn atoms, and F-B, F-C, and F-D, respectively,
phosphorene nanosheets doped with Ni, Cu, and Zn atoms func-
tionalized with L-lysine groups

System D; (x10° em® s 1) System D; (x10° em® s 1)
A 0.0264 (0.0005) A 0.0264 (0.0005)
B 0.0079 (£0.0003) F-B 0.0011 (+0.0007)
C 0.0138 (£0.0016) F-C 0.0022 (£0.0003)
D 0.0386 (£0.0008) F-D 0.0063 (£0.0008)

The results presented in Table 2 show the D; values, to esti-
mate the mobility of molecules in the systems under study.
System D exhibits the highest diffusion coefficient in both its
doped and functionalized states, indicating a weaker interac-
tion between the drug molecule and the substrate. Conversely,
the lower D; values in the functionalized systems suggest
a stronger interaction between the drug and the functionalized
nanosheet. Additionally, the diffusion coefficient results are
supported by the slope of the Mean Squared Displacement
(MSD) diagram shown in Fig. 7, which indicates that system B
has the highest diffusion rate around the substrates.

For the interpretation of Fig. 7, we select the final 25 ns
because this segment shows quasi-steady, near-linear MSD
growth suitable for extracting D; earlier times are dominated by
approach, re-orientation, and adsorption transients that are not
representative of steady surface diffusion. Fig. 7 reports the
mean-squared displacement, MSD, for the final 25 ns of the 105
ns trajectories (80-105 ns), a time window in which MSD grows
approximately linearly and thus permits estimation of diffusion
coefficients via the Einstein relation.

One of the key parameters for predicting how drug molecules
interact with nanosheets, as well as for understanding molec-
ular interactions and behaviors in biological systems, is the
solvent-accessible surface area (SASA). Introduced by Lee and
Richards in 1971,° SASA quantifies the surface area of
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a molecule that is accessible to solvent molecules. This
measurement effectively indicates the extent to which a mole-
cule can interact with its environment, providing valuable
insights into its potential biological activity and interactions.

The solvent-accessible surface area (SASA) for the drug
molecule is illustrated in Fig. 8. In doped systems, the SASA
remains relatively consistent across all configurations, fluctu-
ating around 19.7 nm” (see Fig. 8a). This consistency suggests
that the adsorption of drug molecules in these systems is nearly
uniform.

In contrast, the functionalized systems demonstrate
a notable reduction in SASA, particularly in the F-B system
(Fig. 8b). This reduction indicates that drug molecules in this
system are well-oriented on the substrate surface, enhancing
their interaction with it and consequently decreasing their
interaction with water. A comparison of SASA values between
functionalized and doped systems highlights the significant
impact of the r-lysine functional group on the drug adsorption
process. The average SASA values over the 0-105 ns simulation
period reveal minor variations among the systems, consistent
with the nearly overlapping curves observed in Fig. 8, and the
corresponding data are summarized in Table S4. This finding
underscores the importance of functionalization in optimizing
drug-nanosheet interactions.

Metadynamics

Parrinello” and Laio’ utilized metadynamic simulation tech-
niques to explore the free energy landscape of molecular
systems. This approach is specifically designed to address the
limitations of traditional molecular dynamics simulations,
particularly in the context of rare events and high-energy
barriers.

Metadynamics relies on a predefined set of collective vari-
ables (CVs) that characterize the system's configuration along
areaction coordinate (CV (collective variable): a predefined set
of parameters in metadynamics

or coordinates used
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Fig.7 MSD diagram for the studied systems A pristine phosphorene, B, C, and D, respectively, phosphorene nanosheets doped with Ni, Cu, and
Zn atoms, and F-B, F-C, and F-D, respectively, phosphorene nanosheets doped with Ni, Cu, and Zn atoms functionalized with L-lysine groups.
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Fig.8 Hydrophobic SASA for the studied systems A pristine phosphorene, B, C, and D, respectively, phosphorene nanosheets doped with Ni, Cu,
and Zn atoms, and F-B, F-C, and F-D, respectively, phosphorene nanosheets doped with Ni, Cu, and Zn atoms functionalized with L-lysine

groups.

simulations to describe the system's configuration along
a reaction coordinate. In this case, the CV represents the
distance between the centers of mass of the quercetin mole-
cule and the BPH nanosheet surface, which is monitored
throughout the simulation to evaluate the adsorption process
and the free energy profile). This method, implemented
through the PLUMED plugin,” operates based on the
distances between the centers of mass of two components.
Hence, a thorough metadynamic simulation for the pristine
BPH system and Ni-BPH/i-lysine system was conducted
throughout 105 ns.

The estimate of the free energy level calculated using the
sum_hills program is depicted in Fig. 9. A detailed analysis
shows that as the drug molecule transitions from the aqueous
phase to the adsorbent, the free energy level decreases in both
systems.
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In the pristine phosphorene system, the drug molecule
overcomes two energy barriers of 5 k] mol " and 13 kJ mol "
at distances of approximately 3.5 nm and 2.5 nm, respec-
tively. It then reaches its lowest free energy value of
—186 k] mol " at a distance of about 1 nm, after overcoming
an additional energy barrier of 10 k] mol™ " (as shown in
Fig. 9a). In contrast, in the Ni-BPH/i-lysine system, the drug
molecule initially surmounts an energy barrier of 28 kJ mol *
at a distance of approximately 6 nm. This increased barrier
may be attributed to the functionalization of the phosphor-
ene substrate surface. Furthermore, as the drug molecule
approaches a distance of around 3.4 to 2.5 nm, it reaches its
most negative free energy value after crossing a significant
energy barrier of approximately 48 k] mol '. The global
minimum free energy value for this system is observed to be
—248 kJ mol " (Fig. 9b).
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Fig.9 The free energy profile for the adsorption of (a) quercetin on the pristine phosphorene nanosheet and (b) quercetin on the Ni atom-doped
phosphorene nanosheet functionalized with L-lysine group as a function of the center of mass.
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Conclusion

This study investigates the behavior of the drug quercetin in its
adsorption onto phosphorene nanosheets. The results of
molecular dynamics simulation calculations indicate that
doping phosphorene nanosheets can play a significant role in
the delivery of anticancer drugs. Moreover, the combined effects
of doping and functionalization of the nanosheets lead to
promising outcomes for drug adsorption. Functionalization
improves drug adsorption by enhancing electrostatic and van
der Waals interactions, which increases drug retention and
reduces its diffusion into the surrounding environment. The
presence of doped atoms, around which drug molecules adsorb,
along with the formation of m-m interactions, significantly
influences the overall drug adsorption process. The correlation
between metadynamic calculations, distance, solvent-accessible
surface area (SASA), and diffusion coefficients supports our
findings. The insights gained from this study highlight the
potential of doped and functionalized phosphorene nanosheets
as effective carriers for anticancer drugs, paving the way for
advancements in targeted drug delivery systems.
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