Journal Pre-proof

The recent advancement of low-dimensional nanostructured
materials for drug delivery and drug sensing application: A brief
review

Hamidur Rahman, Md. Rakib Hossain, Tahmina Ferdous

PII: S0167-7322(20)34892-3

DOI: https://doi.org/10.1016/j.molliq.2020.114427
Reference: MOLLIQ 114427

To appear in: Journal of Molecular Liquids

Received date: 26 July 2020

Revised date: 17 September 2020

Accepted date: 23 September 2020

Please cite this article as: H. Rahman, M.R. Hossain and T. Ferdous, The recent
advancement of low-dimensional nanostructured materials for drug delivery and drug
sensing application: A brief review, Journal of Molecular Liquids (2020), https://doi.org/
10.1016/.molliq.2020.114427

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2020 Published by Elsevier.


https://doi.org/10.1016/j.molliq.2020.114427
https://doi.org/10.1016/j.molliq.2020.114427
https://doi.org/10.1016/j.molliq.2020.114427

The recent advancement of low-dimensional nanostructured materials for drug

delivery and drug sensing application: A brief review

Hamidur Rahman? Md. Rakib Hossain®*, Tahmina Ferdous®
®Department of Physics, Jahangirnagar University, Savar, Dhaka-1342, Bangladesh

®Department of Physics, Bangabandhu Sheikh Mujibur Rahman Science and Technology University,
Gopalganj-8100, Bangladesh

*Corresponding author: Email: rakibphy_r@bsmrstu.edu.bd

Abstract

In this review article, we have presented a detailed anai,~is of the recent advancement of quantum
mechanical calculations in the applications of the low-dimensic ~al r anomaterials (LDNSs) into biomedical fields
like biosensors and drug delivery systems development. Bir<ar.sors piay an essential role for many communities,
e.g. law enforcing agencies to sense illicit drugs, medica’ c. nr.unities to remove overdosed medications from the
human and animal body etc. Besides, drug deliver, sy 'ten.s are theoretically being proposed for many years and
experimentally found to deliver the drug to the targe.> sites by reducing the harmful side effects significantly. In
current COVID-19 pandemic, biosensors can nla, significant roles, e.g. to remove experimental drugs during the
human trials if they show any unwanted adve rse effect etc. where the drug delivery systems can be potentially
applied to reduce the side effects. But efore proceeding to these noble and expensive translational research
works, advanced theoretical calculati~ns ~an provide the possible outcomes with considerable accuracy. Hence in
this review article, we have analvze how theoretical calculations can be used to investigate LDNs as potential
biosensor devices or drug ‘eli -ary systems. We have also made a very brief discussion on the properties of
biosensors or drug delivery sys ams which should be investigated for the biomedical applications and how to
calculate them theoretically. Finally, we have made a detailed analysis of a large number of recently published
research works where theoretical calculations were used to propose different LDNs for bio-sensing and drug

delivery applications.
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1. Introduction

From the 1959 lecture, "There's Plenty of Room at the Bottom", by the Nobel laureate Richard Feynman
[1] to the 1985's first experimental discovery of the Cgy buckminsterfullerene lead by another Nobel laureate
Harry Kroto [2], 21%-century communities have observed unstoppable integrity of nanomaterials with daily life in
the last few decades. The extensive applications of nanomaterials include in almost all major scientific and
commercial fields including semiconductor technologies [3-7], energy storage device [8-12], biological research
[13-19], aerospace industries [20-22], constructions [23-26], foods [27-29], textiles [30—32], cosmetics [33-35]
etc. These wide ranges of applications were made possible due to the availability of many different kinds of
nanomaterials with various novel properties. For example, while the single layer of a two-dimensional (2D)
hexagonal network of carbon atoms, graphene [36], and its allotrope carbon nanotube (CNT) [37] are some of the
hardest materials known so far with an elastic modulus in terapascal (TPa) range, another hexagonal 2D
nanosheet of boron and nitrogen atoms, hexagonal boron nitride (BN) and it's allotrope boron nitride nanotubes
(BNNT) doesn't exhibit as much mechanical strength as graphene and CN'(. Rut while graphene performs as a
zero bandgap semiconductor, BN works as a wide bandgap semiconducto witi a bandgap ~5.5 eV which enables
it showing more superior optical properties and thermal stabilities th7.1 [~a. of the graphene [38]. Besides these
nanomaterials with boron and carbon atoms, there is a wide range ¢’ p.omusing 2D nanomaterials were proposed
or synthesized like silicene [39], phosphorene [40], germanene '4.) stanene [42] etc. Despite, these alluring
properties and applications of nanomaterials, over the years, 1. non aterials were claimed to have toxicity and
detrimental effects on nature, along with the fast-growing appl’_.atic.>s which induce a possibility of outweighing
its benefit to the harmful effects [43,44]. However, m ny individual research groups [45] and government
officials [46] then came with the necessary policy on the usages of nanomaterials to limit its harmful effects on
the environment. In addition to that the biocomp.tib ity of the nanomaterials became a great concern for the
scientist to apply these novel nanomaterials into . = biomedical applications. Interestingly, most of the low-
dimensional nanomaterials (LDNSs) including Craphene [47], CNTs [48,49], carbon fullerenes [50], Borophene
[51], boron nanotube [52], boron fullerenes ~w wore experimentally reported to have biocompatibility hence is
safe to be used to develop biosensors and drug or vaccine delivery.
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Figure 1: Application of nanomaterials as a drug sensor to remove the drug from the human body which causes
side effects.



The application of the biosensors is increasing day by day in the various communities with many different
purposes. For example, it is crucial to detect illicit drugs for the law enforcement agency whereas medical
communities need drug sensors to detect and remove an overdose of a drug (as it is shown in Figure 1) which may
lead to a deadly threat. While these drugs or biomolecules can be detected using many laboratory techniques
including chromatography, mass spectroscopy, infrared (IR) and Fourier-transformed IR (FT-IR) spectroscopy
etc., for a fast response and mass applications electrochemical sensors play a vital role. An electrochemical sensor
usually converts the data of a physical reaction between the biomolecule and the sensor surface into a detectable
electronic signal as it is displayed in the Figure 2 [53]. Basically, most of these electrochemical sensors are
consists of a receptor where the interaction of the biomolecules takes place and a transducer which converts these
data into electrochemical signal and finally, an amplifier to amplify the signal into a detectable one. Over the last
few decades, LDNSs, especially 2D nanomaterials, received immense attention to the scientific community for
electrochemical drug sensors as they offer many advantages in the field of drug sensing and four most important
of them were pointed out by R. Boroujerdi et al. [54]. Firstly, as 2D nanc. aterials are a single layer of atoms
known as nanosheets, in these nanosheets electrons are allowed to flow r...e i eely than 3D structures without
any inter-layer interaction of electrons which increase the sensitivity of the-e 2 nanomaterials towards the drugs.
Secondly, as we have seen in case of the graphene, 2D nanomateria’s are some of the hardest known materials
with an excellent mechanical strength which allows them to develc, some of the most enduring sensors. Thirdly,
the optical transparency of the 2D nanomaterials enables thern w uevelop transparent and flexible wearable
optical sensors. Finally, the negligible thickness of the 2D nan.™aterials lead them to a very high surface to
weight ratio than any other bulk materials, and this specifi~ nroperty of 2D nanomaterials helps them to interact
with the drug with a greater surface area with greater sersi.tvits . Application of these fascinating properties of 2D
nanomaterials was observed in many research work<, inu!iding a recent investigation on the detection of nucleic
acids and several other biomolecules by M. T. F vary et al. [55]. It was found that the nucleic acids and other
biomolecules with a structure in millimetre range sh.'ved an ultra-sensitivity towards the field-effect transistor
coated with a monolayer of deformed graphene Y increasing the local conductivity noticeably. Besides, core-
shell nanoparticles incorporated boron nitrid: rar ~3heets (BNNS) were used to develop a sensor for the etoposide
anticancer drug by A. Ozkan et al. which s1."w.d very high sensitivity with the detection limit (LOD) of 0.00025
ng/mL whereas the linearity range was ouerved as 0.001-1.00 ng/mL [56]. The sensor was also highly reusable
with the recovery percentage ranging as 29.30% - 100.72% with a relative standard deviation < 1.00. W. Zhang et
al. also fabricated a biosensor base.' on ;raphene film to detect microcystin-LR which showed a very low LOD of
2.3 ng/L and it is much lower taan 1 pug/L which was the limit of microcystin-LR in water sources stated in the
provisional guidelines

Drug or Nanomaterials as Amolifier :
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Figure 2: Basic working methods of a simple electrochemical biosensor device.

by the World Health Organization [57]. These three research works from the last three years are just some of
many more recent research works done with LDNs in the search for a biosensor.

Besides the application of LDNs as drug and biomolecule sensors, their biocompatibility leads them to
another crucial biomedical use, drug delivery systems. The drug delivery systems play an essential role in the
pharmaceutical field by reducing the severe adverse effects of the various drug, especially chemotherapeutic
anticancer drugs, by delivering the drugs to the targeted cell area. Earlier in 2020, Xibo Pei and his co-workers
used polyethylene glycol attached graphene oxide (pGO) nanosheet as a dual-drug delivery system for antitumor
drugs cisplatin (Pt) and doxorubicin (DOX) [58]. In vivo data from their work confirmed that compared to the
toxicity of free Pt and DOX drugs itself, pGO-Pt/DOX dual-drug delivery system displayed a significantly
reduced toxicity. Also, in vitro data from their study confirmed most prominent cell apoptosis and necrosis for
pGO-Pt/DOX system compared to the free drugs and showed a higher grow . inhibition property. The graphene
and GO nanosheets were further used as a drug delivery system for meay . ther anticancer drugs including -
lapachone [59], fluorouracil [60], camptothecin [61] etc. and many other hi'~gical drugs including plasmid DNA
[62-64], siRNA [65-67], proteins [68—70] etc. Other than the graphee ninosheets (GNS), E. Czarniewska and
his team found that the OH functionalized BN (BN-OH-n) nanosh.~ts showed very low cytotoxicity in both in
vivo and in vitro hence BNNSs can be applied in the platorn. like bio-imaging and drug delivery [71].
Furthermore, hollow BN spheres with anticancer drug paclitaxzl .ere observed to suppress the tumour growth
significantly with an increased prostate cancer cell apoptocss ind decreasing cell viability [72]. Another allotrope
of BN, BNNT functionalized with mesoporous silica *va. 2',0 found to perform as a potential drug delivery
system for another anticancer drug DOX to treat ".iu"taw cancer by increasing cancer cell Killing ability [73].
Other than these GNS and BN allotropes, other nc.20’ naterials, e.g. metal-organic frameworks [74], phosphorene
[75], gold nanoparticle [76] etc. displayed thei. ability .2 carry many drugs by reducing adverse effects with lower
cytotoxicity.

While investigating the capabilitv ~f . rianomaterial to perform as a biosensor or drug delivery system
using experimental instrumentation pro*a.'es with a reliable result, it often comes with the high cost and should be
executed with a very low risk of fancve. Hence to minimize the risk, before proceeding to these expensive
experiments, a cost-effective and Icss th ~e-consuming solution can be a theoretical investigation on the desired
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Figure 3: Formation of a drug delivery complex to delivar « e drug to a targeted infected region.

properties of the materials through computer simulations. From Chrodinger equation to describe a quantum
mechanical system, theoretical calculations evolved dran at’ce'ly with a lot of advanced theory like Molecular
Dynamics (MD), Density Functional Theory (DFT) e.” to describe the properties of a system from quantum
mechanical scale with more accuracy. Hence, first prir ciples calculations became more reliable over the years on
predicting various properties of a material with a clo. = resemblance to the experimental outcome. Besides, with a
fast calculation power of the modern computei> first-principles calculations based computer simulations which
also provides a facility to investigate a lot o1 “uantum mechanical information about the system, got a more
convincing solution for many researchere to ‘n'/estigate their proposed systems, including biological systems,
theoretically at the first place. For examu. . on the investigation of in vitro antileishmanial activity of azo-benzene
functionalized conventional conductii, potymers, Neetika Singh and his research group observed that the
theoretical calculations predicted differ. 7t vibrational nodes of various bondings of the polymers with a deviation
of less than 1% from the exper’...>nw. result, e.g. the vibrational spectrum peak for N=N stretching of benzene
diazonium salt was observr* a. 24,4 cm™ experimentally while it was found as 2416 cm™ theoretically using
DFT-B3LYP/6-311G level of 1 2ory with a deviation of only 0.74% and the similar kind of result was observed
for all other vibrational modes of benzene diazonium salt, poly (aniline-azobenzene), poly(1-naphthylamine-
azobenzene), poly (luminol-azobenzene), and poly (o-phenylenediamine-azobenzene) [78]. The resemblance of
the FT-IR spectrum, predicted by DFT/B3LYP theory, with the experimental observation, was also followed by
several copper complexes which were investigated for their potential anticancer activity [79]. In another study, A.
D. Bani-Yaseen et al. observed that DFT-B3LYP/6-31 + G(d) level of theory predicted the UV-Vis spectrum peak
with just a 10 nm deviation from the experimental observation for another azo-bonded prodrug sulfasalazine
(SSZ) in water medium which is shown in Figure 4 [77]. The theory has also predicted the precise nature of the
molecular orbitals involved in the interaction between the SSZ and the medium. However, DFT theory with
mPW1PW091 functional showed more close correspondence to the experimental data than B3LYP functional in
case of the chemical shifts for colchicine in chloroform and DMSO investigated by the high field NMR
spectroscopy [80]. Hence it is crucial to
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Figure 4: Comparison between the normalized experimer..>' and DFT simulated absorption spectra of SSZ in
water. Reproduced with permission from rev (77]. Copyright Springer Nature, 2019.

choose the functionals and basis sets selectively, ‘n ¢ se of the first-principles calculations through a computer
simulation package. Besides spectroscopic resembi. 1ce, DFT theory also predicted the reactivity and reaction
mechanism successfully with accordance to the ~xperimental observations [81]. The DFT theory was also applied
by M. Darvish Ganiji et al. to observe the dr.y “elease mechanism using CNT [82]. Furthermore, they have also
observed the interaction energy of -12.8% k¢ l/-nol in case of the interaction of benzene molecules with the
graphene surface where it was observel as -:3.6 kcal/mol experimentally. Due to these conveniences with the
experimental results, first-principles (alcwations holds a potential application to explore various biosensor
devices and drug delivery systems at tr.. first place in a short time with a reduced cost.

Finally, considering a ‘1gmicant increase in the drug adsorption related work in the last 30 years from
Figure 5, herein we have niau. a cumprehensive review on the recent advancement of first-principles calculation
on the applications of LDNs in t ie biomedical fields including drug sensors and drug delivery. We have analyzed
the properties which can be investigated through the first-principles calculations and application of those
properties in search for promising drug sensors and drug delivery systems for different kind of drugs, especially
the anticancer drugs. Furthermore, we have explored the adverse effects of the drugs and several specific
properties of the nanostructures, which provides it with an advantage to perform as a drug sensor or delivery
system. Finally, we have analyzed a wide range of research works that were reported in the last few years
searching for promising drug sensors or delivery systems using first-principles calculations.

2. Basic Properties Investigated for Drug Delivery and Sensing Study

The quantum mechanical calculations through many available computer simulation packages allow
researchers to calculate a wide range of information to explore the potential application of the material in



biomedical fields like drug sensor and drug delivery. In this section, we will make a brief discussion on the
properties of the drug sensors and drug delivery systems which can be calculated theoretically using computer
simulation packages.

2.1 Structural Properties
2.1.1 Geometry Optimization

The first thing first-principles calculations allows researchers is to optimize and relax their structures into
the global minimum energy using many existing quantum mechanical theories like DFT, MD etc. with their
respective exchange correlational functional basis sets. From the optimized geometry, it is possible to calculate
the bond length and bond angle between the constituent atoms in the structures. These are essential parameters to
investigate from which the interaction between the drug molecules and respective adsorbents can be confirmed,
and their type of interactions can be identified.

2.1.2 IR Spectroscopy and Imaginary Frequencies

The different vibrational mode of the constituting atoms of ‘« m.terial can be observed through the IR
spectroscopy. As it denotes every individual vibrational mode of a .rzcerial, it is often used to identify the
material hence works as a fingerprint of the material [83]. By i".v>sugating the imaginary frequencies in the IR
spectrum, researchers also achieve the information about the .*abi.ity of the structures and the possibility of
finding them into nature or synthesizing them into the labnratory. 17 any imaginary frequency for a vibrational
mode in the structure is observed from the theoretical calc ).tic ns, there will be a minimal possibility to find that
material into nature as the naturally existing materials cc.> not possess any imaginary frequencies.

4000 ‘Recently Publish. 1 Articles on Drug Adsorption‘

3500
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Figure 5: Inclination of the drug adsorption related published works in the last 30 years. Data was obtained from
Scopus with keyword search “Drug” in the title and “Adsorption” in the abstract.

2.1.3 Cohesive Energy



To investigate the structural stability of a nanostructure system, the cohesive energy (Ec,n) Of
nanostructures can be calculated as [84]:

ECoh = E (Enanostructure - an - yEb)

Where n is the total number of constituent’s atoms of the nanostructure, a and b represents the different
constituent atoms of the nanostructure and E, and E}, respectively represents their energies with x and y be the
total number of them in the nanostructure.

2.2 Spectroscopic Properties
2.2.1 UV-Vis Spectroscopy

UV-Vis spectrum usually provides researchers with information about the range of wavelength the
material will absorb. The spectrum is also associated with the electronic bandyon of the material where a broader
spectrum represents a wider bandgap of the material. Besides, it is also ( sefu’ to investigate the interaction of a
biomolecule or drugs with the adsorbent material as an introduction o1 e new energy states usually creates a
noticeable change in the spectrum [85]. Furthermore, the right shift o1 the spectrum or simply redshift due to the
drug adsorption indicates with a decrease in the bandgap with ~n ncrease in the conductivity of the sensor
material and an enhanced sensitivity towards the drug molecule | ?6].

2.2.2 NMR Spectroscopy

The nuclear magnetic resonance (NMR) usually allc s researchers to investigate the magnetic field around an
atomic nucleus. However, it is further applied zxtesively in structural biology to study the structure and
dynamics of a biological sample. In drug sensing .nd drug delivery applications, NMR can also be used to
investigate the chemical shift due to the interacu ~n of an adsorbate molecule with an adsorbent [80].

2.3 Adsorption Properties analysis
2.3.1 Adsorption Energy

To investigate the adsorption ~rouess between the adsorbent and an adsorbate molecule, one of the most
reliable and often used method ic tv e.amine the adsorption energy (E,4s) due to the adsorption which can be
calculated as [87],

Eads = Ecomplex - (Eadsorbent + Eadsorbate)

Where, E¢ompiex represents the energy of adsorbate adsorbed adsorbent nanostructures and both Eggsrpen: and
ELasorbate YEPresents the isolated energy of the adsorbent and adsorbate, respectively.

Here a negative value for the adsorption energy represents a stable adsorption process, whereas the positive value
for the adsorption energy represents no adsorption process. Besides, if the adsorption energy value is less than 1
eV, then the adsorption process is considered as weak physisorption, and no chemical interaction can be found
between the adsorbate and adsorbent [88]. But if the adsorption energy exceeds 1 eV, then a strong chemical
interaction is considered to have occurred between the adsorbate and adsorbent, and the adsorption process is then
levelled as chemisorption. Hence, more negative the value of adsorption energy gets, more strongly the system is
considered to be bounded, representing a higher stable system. So, for the drug delivery and drug sensor devices,
the adsorption process between the drug molecules and adsorbents are expected to have a negative value for the
adsorption energy where in case of drug delivery systems the adsorbent is required to make a strong interaction



with the drug molecule. But in the drug sensor devices, weak physisorption is desired as the strong chemical
interactions often lead to a higher recovery time which is not suitable for the drug sensor device.

2.3.2  Adsorbate-Adsorbent distance

Several important information about the adsorption can also be found from the minimum distance
between the adsorbate and adsorbent. A smaller distance between the adsorbate and absorbent often lead to a
higher charge transfer between the adsorbent and the adsorbate molecules. Hence the sensitivity of the adsorbent
materials towards the adsorbate molecules can be understood which plays an important role in a drug sensor
device development [89]. Several studies also claimed that a smaller adsorbent-adsorbate distance leads to a
stronger interaction between and provides them with higher stability [90].

2.4 Thermodynamical Parameter Analysis
2.4.1 Change in Gibbs free energy

To investigate the thermodynamical nature of the interactich, first-principles calculations allows
calculating the change in the Gibbs free energy (AG) using [91],

AG = GComplex - (Gadsorbent + L "'sorbate)
Where G represents the sum of electronic and thermal free energie.

From the definition of the Gibbs free energy, a negative ct arge in the Gibbs free energy represents a spontaneous
interaction between the adsorbate molecule and adsorbe* t he..ce a negative change in desired in case of both drug
delivery and drug sensor devices.

2.4.2 Change in Enthalpy
The change in enthalpy (AH) can be calculatea - -on, [91],
AH = Fcon, tex — (Haasorbent + Hadsorbate)
Where H represents the sum of electron,> and thermal enthalpies.

A positive change in the enthalrv \>h2ls the reaction between the adsorbent and adsorbate as an endothermic
reaction, whereas the negatir/e ¢hang s in the change of enthalpy lead to an exothermic reaction.

2.4.3  Change in Entropy
Finally, the change in entropy (AS) can be calculated using,

_AH - AG

AS
T

Where T is the considered temperature depending on the systems.

In most of the cases, the changes in entropy become negative due to the adsorption of a drug molecule by an
adsorbent material which is because of the constrained movement of the structures due to their newly formed
intermolecular bondings.

2.5 Frontier Molecular Orbitals analysis
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251 HOMO and LUMO energy

The HOMO energy (Eyomo) represents the energy state of the highest occupied molecular orbital
(HOMO) whereas the LUMO energy (E.ymo) Stands for the energy state of the lowest unoccupied molecular
orbital (LUMO). These are significant properties for a drug sensor or drug delivery systems as the difference
between the HOMO and LUMO energy, which is often expressed as H-L energy gap (E,), represents the
conductive nature of the system where the conduction electron population (N) can be defined as [92],

N = ATS exp(—9
= 2 e
exp (2 KT)

Where, Eg = ELUMO - EHOMO

Hence, by definition, a smaller H-L energy gap represents a higher conductivity which is desired for a drug sensor
device. Therefore, to inspect the sensitivity of the adsorbent towards the adsu. “ate, change in the H-L energy gap
due to the adsorption plays an important role. For a drug sensor, if the H-1. encrgy gap decreases significantly due
to the adsorption of the drug on the nanostructure, then the nanostructurz is 22nsidered to be sensitive towards the
drug. This increase in the conductivity produces a detectable electro.hemrical signal from which the adsorption
process can be confirmed, and the drug can be detected.

2.5.2  Density of States (DOS) Spectrum

Besides just the HOMO and LUMO orbital, first prraciples calculations allow investigating all possible
states for a given energy range by allowing to calculate 1 1e =725 spectrum. Hence the H-L energy gap can also be
investigated from the DOS spectrum. Another vit7, aj plication of DOS spectrum for the drug sensor devices is
that the interaction between the drug and the adsu.*ent can also be confirmed from the alteration of the DOS
spectrum due to the adsorption of the drug moicule.

2.5.3 Fermi level Energy and work fur ctio
The Fermi level energy (Er.) of a nanost: ictus > can be calculated as [93]:

Enomo + Erumo

E., =
FL 2

Besides, the negative valre ~f tie Fermi level energy represents the work function (¢) of a system.
Mathematically [92],

¢ =—Ep,
The work function is again connected with the current density (j) by the following formula [92],
. —¢
= AT?exp(—
J exp(5r)

This introduces another type of work function based drug sensors which works based on the change in work
function rather than the change in H-L energy gap.

2.6 Global Reactivity Parameters

2.6.1 Global Hardness

11



The resistance of a structure towards the deformation can be investigated from the global chemical
hardness (1), which can be calculated from [94]:

_ Erumo — Enomo
2

Hence, a higher value for the global hardness indicates higher chemical stability for the structure with reduced
chemical reactivity.

2.6.2 Global Softness

The global softness (S) has an inversely proportional relationship with the global hardness which can be
expressed as [94],

5_1
=2

Hence, opposite to the global hardness, an increase in the global softness i1, ictes an increase in the chemical
reactivity with the reduced chemical stability of the structure.

2.6.3 Chemical Potential
Using the Koopmans’ theorem, the chemical potential (1) can be c..’:ulated as [95]:

_ EHOML J_EJUMO
2

The chemical potential also can be used to determ.. >« *.1e stability of the investigated structures besides its another
potential application to determine the directior of elecw. on transfer from the adsorbate to adsorbent [91].

2.6.4 Electrophilicity

The electrophilicity index (w) from Parr € ai. a1so can be calculated using the formula [96]:

2

(A)=E

The electrophilicity can a'so be Ised to investigate the structural stability, reactivity and toxicity of a
nanostructure where, similar to *he global softness, an increasing value the electrophilicity index also indicates an
increase in the chemical reacti. .y [97].

2.6.5 Electronegativity

The negative value of the chemical potential is known as the electronegativity () of the structure and can
be calculated as,

X="H

The electronegativity can be applied to determine the direction of the flow of electrons in a chemical system
where the electrons move towards the higher electronegative region from a lower one [98].

2.7 Charge Transfer Analysis
2.7.1  NBO and Mulliken Charge Transfer
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To investigate the charge transfer between the adsorbate molecules and the adsorbent, the Natural Bond
Orbital (NBO) based charge transfer and the original basis function-based Mulliken charge transfer can be
calculated from theoretical calculations using computer simulations. These investigations of the charge transfer
play an essential role to the development of a drug sensor device by observing if the adsorbent nanostructures are
capable of making a detectable electrochemical signal on the presence of a drug molecule.

2.7.2  AlIM analysis

To understand the charge transfer between the adsorbate and adsorbent more extensively, the quantum
mechanical Atoms in Molecule (AIM) analysis can be studied where the charge transfer between the adsorbate
and adsorbent atoms can be observed from the bonded paths and the bond critical points (BCP), an appearance of
which can confirm the charge transfer between the adsorbate and adsorbent atoms. The type of interaction can
also be understood from AIM analysis using several other parameters including the electron density at BCP (p;)
and its Laplacian (V2p,), kinetic electron energy density (G,), potential elec:.~n energy density (), and the total
electron energy density (Hj) which is the sum of kinetic and potential eleciru, energy density [99]. A closed-shell
interaction can be confirmed from the positive value of the H, wher= 1.~ ‘iegative value represents a shared
interactions. Besides, if the negative ratio of the kinetic electron ene, 1y o :nsity to the potential electron energy
density (—Gy/Vy) is greater than 1 then the interaction is considereu o be non-covalent and electrostatic in nature
where —G,/V,, < 1 represent a covalent nature of the interactic.. Futhermore, at the BCP, if both V2p, and H,
becomes negative, the interaction is considered as a strong covalet interaction following by weak electrostatic
interaction for the positive value of both V2p, and H, [1Cu) But if the V2p, becomes positive and H,, remains
negative, then the interaction can be labeled as a partial cov..'ev.c and partial electrostatic interaction in nature.

2.7.3 Molecular Electrostatic Potential

The molecular electrostatic potential *1EP) map represents the regions where a positive test charge can
be attracted or repelled. The positive electros:tic notential region, which is often coloured as blue in the MEP
map represents the regions with low electrori er sity where a positive charge gets repelled by the atomic nuclei.
Furthermore, the negative electrostatic rgio.” is coloured as red in the MEP map, which represents the region
with higher electron density where a pasitive test charge can be attracted by the atomic nuclei. The interaction of a
drug molecule with the adsorbent us.~lly alters the electron density in the system hence an interaction can be
detected from this alteration in tha ;=P map which can further be used in the drug sensor device development.

2.7.4  Change in Fracu ™na: Toarge

It is also possible to ¢.ermine the direction of the charge flowing through the adsorbate and adsorbent
from the calculation of the change in fractional charge (AN) using Pearson’s method [101]:

__ Hadsorbent — Hadsorbate

AN
Nadsorbent + Nadsorbate

Where p and n represent the global chemical potential and chemical hardness, respectively.

In this case, if the value for AN appears to be negative, then it can be concluded that the charge will flow towards
the adsorbent from the adsorbate where a positive value will indicate the charge transfer to the adsorbate from the
adsorbent.

2.7.5 Dipole Moment
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The dissolvability of the nanostructures into a polar medium like water etc. can be investigated using
dipole moment (DM) which plays an integral part for drug delivery devices. An increasing DM represents a
higher charge asymmetry for the structures which is desired in case of the drug delivery systems so that they can
attract more random electrons and dissolve into the polar mediums.

2.8 Effect of Solvents

Besides vacuum, theoretical calculations allow calculating the properties of nanostructures in many other
mediums, e.g. water, acid, methanol etc. which plays a crucial role on investigating the behaviour of the drug
sensors and drug delivery systems in many different targeted environments. For example, it is crucial to examine
the performance of an anticancer drug delivery systems in a low pH cancerous cell region for a better
understanding to the drug release performance of the nanostructures in the targeted region.

2.8.1 Solvation Energy

The solubility and stability of the nanostructures in any solvent medism ~an be further investigated in terms
of the solvation energy. For example, negative solvation energy of a narns. '~.ure in a solvent medium represents
spontaneous solvation and higher stability of that nanostructure in tha. sol\ ant [102]. Hence for the drug delivery
application, the solvation energy is essential to be negative in the nolar solvent mediums like water etc. The
solvation energy can be calculated from,

AEsowation = Ese:ont — Lgas

Where, Esoppene represents the total energy of the struct' re 1.> e solvent medium and E ¢ represents the energy
of the structure in the gaseous medium.

2.9 Drug Release Mechanism

In both drug delivery and drug sensor ue ‘ices, the drug release mechanism plays a crucial to study the
efficiency of the device. This can be obser/ed frrm the interaction of the drug molecule with the adsorbent in the
targeted environment. For example, if the adsu.ption energy of an anticancer drug on a nanostructure decreases or
become positive in the low pH cancerc 's ceil environment, the nanostructure is considered to desorb and release
the drug ideally in a low pH environme.t.

2.9.1 Recovery time

The required time for a . omplex system to return to its initial state by releasing the drug molecule can be
investigated from the recovery ume (t) [103] which can be calculated from,

_Eads)

7= v lexp( T

Where, for vacuum ultra-violet condition vy = 3 x 101*s71 /106 s~1 /1012 571

For sensor applications, less recovery time is crucial to release the drug quickly for which a less negative value
for the adsorption energy is also required. Hence weak physisorption of the drug molecule with the nanostructure
is suitable for the drug sensor applications.

3. Carbon-based LDNs for drug delivery and sensing applications
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3.1 Graphene and functionalized graphene nanosheet

Graphene is a 2D single-layer hexagonal network of carbon atoms bonded with SP? hybridization. This
honeycomb shaped allotrope of carbon along with its zero bandgap, exceptional hardness and other superior
structural, electronic, and optical properties lead scientists to apply this material into many diverse fields like solar
cells, gas sensor, biosensors, drug delivery system etc. [104-108]. After the first synthesis of graphene by
Novoselov et al., from the University of Manchester using the scotch tape method [109], several synthesis
methods like exfoliation of natural graphite [110], chemical vapour deposition (CVD) [111], reduction of
graphene oxide (GO) [112] etc. showed promising future in the graphene fabrication industry. Though the method
relating to the reduction of GO into GNS provides excellent cost-effectiveness, CVD can offer a large area on the
GNSs. The experimental C-C bond length of the graphene was observed as 1.42-1.44 A [113] with several other
superior properties like very high strength with the value of Young’s modulus of 1 TPa [36], the high thermal
conductivity of 5000 W/mK [114], the electrical conductivity of 5600 S/m "115], and high carrier mobility at the
room temperature as 200,000 cm?¥Vs for carrier densities below 5x106° ~m? [116]. Besides these unique
properties, the biocompatibility and reduced cytotoxicity of GNSs made i :seh 2 promising candidate for the drug
sensor and delivery applications [117,118]. But pristine GNS shows w. "k nteraction towards many drugs and
amino acids which can be significantly enhanced by altering its prap.rties with impurity atom doping. Besides
doping, the hexagonal ring of the graphene was also modified irtn o nentagonal and heptagonal ring to create a
new type of nanomaterial named as phagraphene which shc.'s p omising applications in the drug delivery
applications [119]. Besides, the theoretical calculations with GN 5 si.~wed significant similarity with experimental
results, e.g. in Figure 6 we have optimized graphene qua 1t dot (GQD) using DFT with B3LYP/6-31G (d,p)
level of theory which showed comparable bond length, *-onu angles etc. with the experimental observations. Thus
the research on the theoretical implementation of ‘.risi 'ne, doped or functionalized graphene in the field of drug
delivery and drug sensor become very popular in rec~ it years.

Figure 6: Relaxed GQD nanostructure with DFT-B3LYP/6-31G (d,p) level of theory.

B-lapachone (B-lap), a potential chemotherapeutic anti-cancer agent, possess an excellent value as it
selectively kills or stops the growth of various tumour cells responsible for pancreas, prostate head and neck
cancers [120-122]. B-lap, containing naphthoquinone fused to a methylated hydropyran moiety, was originally
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isolated from a South American tree hamed Lapacho. To carry this anti-cancer agent into the cancerous cell, the
feasibility of using pristine and metal-doped (Pt, Au) graphene was investigated by Zahra Khodadadi et al. by a
first-principles investigation [123]. They observed the adsorption properties of B-lap into pure GNS first, and then
it’s dipole moment to investigate the solubility into a polar medium like water. Pristine graphene had a C-C bond
length of 1.42 A with a bond angle of 120° and SP? hybridization. But these properties were further modified by
decorating metal atoms (Pt, Au) into the GNS. The Pt-C and Au-C bond length for Pt and Au decorated GNSs
were increased to 2.25 A and 2.47 A respectively with a variation in the SP® hybridization as the bond angles
decrease to 75° and 66° respectively. But these modifications into the structural properties enhanced the
adsorption properties of B-lap into the Pt and Au decorated graphene and their solvation properties into polar
mediums. The adsorption energies of Pt and Au decorated graphene was increased as -40.82 kcal/mol and -38.28
kcal/mol which was -21.22 kcal/mol for pristine graphene. Hence it can be understood that the stability of the
graphene was enhanced due to the metal doping. Further, the dipole moment of the -lap adsorbed graphene was
increased by 22.26 and 22.69 debye by Pt and Au doping respectively w.'ie it was only 11.86 debye for the
pristine GNS. Hence, B-lap was expected to dissolve into the polar mediu..> niore efficiently with an increased
reactivity. So, it can be concluded that the metal-doped graphene perfor. s Fetter as a B-lap drug carrier rather
than pristine graphene itself.

Doxorubicin, another chemotherapeutic drug for sever?' cacer treatments, comes with high toxicity
which causes many physical difficulties like hypertension and ¢ en ¢ heart failure [124-126]. M. Z. Tonel et al.,
made an investigation on the adsorption of doxorubicin on G’«S uing DFT theory with GGA-PBE functional
applied in the SIESTA code to decrease the side effects of th c'rug [127]. They have found the binding energy of
the doxorubicin with the pristine graphene can be as hig as 21.30 kcal/mol with an adsorbate-adsorbent distance
of 2.50 A. However, this small adsorbate-adsorbe'it a star.ce allowed a charge transfer of -0.20e between them.
But depending on the orientation of the doxorubicn., the binding energy can drop down to 2.99 kcal/mol with an
adsorbate-adsorbent distance of 2.87 A. So, acending on the most stable orientation, they have reported stable
adsorption of doxorubicin drug on GNSs wh’ci we.e previously inconspicuous for carbon-based nanomaterial in
many experimental and theoretical studies 12{ -130].

Aluminium (Al) doped nanost uc..'res were reported to adsorb 5-fluorouracil (FU), an anti-cancer drug
for gastrointestinal, stomach etc. cai.~er ‘reatment, strongly adsorption with an enhanced drug loading capacity
[131,132]. To bring these research “rtter, M. Vatanparast et al., theoretically studied AIN and BN doped GQD,
another low toxic structure wi h h.h biocompatibility, as an efficient nanomaterial for the FU drug delivery
[133]. Supporting the literawic u.. AIN doped GQDs showed some strong adsorption to the FU with a noticeable
adsorption energy of - 47.29 kc.I/mol for AIN-FU GQD structure. In their work, they have worked with Cy,H;s
GQD whose central ring was further replaced by B-N, B-P, Al-N and Al-P bonds. Besides high adsorption energy
for the AIN-FU GQD structure, negative values for the Gibbs free energies of all other doped structures
confirmed the spontaneous adsorption of FU with adsorption energies higher than that of the pristine GQD.
Further restriction to the translation degree of freedom lead to a decrease in the entropy with predicted exothermic
adsorption with negative values for the change in enthalpy. These confirmed the ability of the pristine and doped
GQDs to load the FU drug. Finally, an increase in the dipole moment up to 18.846 debye for AIN-FU GQD,
highest among the investigated structures, represents AIN doped GQD’s better solubility to the polar medium and
enhanced reactivity towards FU drug made itself a potential candidate to carry FU to the target sites.

A prodrug of 5-fluorouracil, Tegafur (TG) which has a very short biological half-life with the inability to
overcome multidrug resistance of the cancer cells requires efficient transportation to the target area [134,135].
Hence M. Shahabi et al., investigated the performance of pristine and functionalized (-OH, -O, —CO, and —
COOH) GNSs, to overcome the low solubility of GNS in a polar medium like water, as a capable tegafur drug
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carrier [136]. The functionalization of the GNS maodified the adsorption process of the tegafur towards the
structures significantly with a maximum value of the adsorption energy as -24.85 kcal/mol for G-CO/TG along
with a minimum of -16.01 kcal/mol for G-COOH/TG structure. The solvation energy of the G-COOH/TG
structure was also found as -38.57 kcal/mol with a -59.27 kcal/mol of interaction energy. Besides G-COOH, G-
OH also showed very strong adsorption towards the tegafur with a remarkable adsorption energy of -23.31
kcal/mol and solvation energy, and interaction energy of -38.12, -58.15 kcal/mol respectively. Though the dipole
moment of the pristine GNS is zero but increases significantly with the functionalization and hits as high as 12.80
debye for the tegafur adsorbed G-CO structure. On the other side, the energy gap was reduced to as low as 3.69
eV for the tegafur adsorbed CO functionalized GNS while it was 5.68 eV for the pristine GNS nanosheet. These
indicated the batter reactivity of the TG adsorbed functionalized GNS sheet with a higher polarity towards a polar
medium like water which was further supported by the global parameters like chemical potential, global hardness,
electrophilicity investigations.

As it can be observed from Figure 7 that many anti-cancer drugs have structures akin to the nucleobases
as the vital role of these drugs is to slow the growth rate of cancer cells b ' intc rfering their DNA synthesis [137].
This led C. Rungnim et al., to investigate the adsorption properties, al g with edge effect of the GNSs, of three
nucleobases with similar structures like anti-cancer drugs, mercap’op 'rir.e, thioguanine, and fluorouracil, on a
graphene flake considering the weak dispersion forces caused b’ Vv« der Waals interaction [138]. The lack of
accuracy of many GGA functional with DFT due to their under. ~tim ition of n—= interaction lead Rungnim et al.,
to use several functional like M06-2X, MP2, CCSD(T) etc. [173J]. 72 validate their theoretical model, they have
first investigated the adsorption properties of nucleobase Ir-ci' and then the anti-cancer drug akin to the uracil,
fluorouracil, on the benzene ring. It was observed that ‘he < on uracil and fluorouracil pointing to the benzene
ring, and uracil/fluorouracil parallel to the bercen rn.g has better stability than any other investigated
orientations. For O pointing to the Benzene ring, . <nzene/uracil and benzene/fluorouracil configurations have
adsorption energies as high as -7.85 kcal/mol a1 -8.10 kcal/mol respectively which becomes -7.37 kcal/mol, and
-8.25 kcal/mol respective for uracil/fluorours..' na-allel to the benzene ring. A favourable result from the meta
GGA based M06-
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Figure 7: Several anti-cancer drugs designed with -n .ilar structures to the various nucleic bases.

2X functional led them to study the adsorption beha'au. of the nucleobases towards the Cy4, Cs4, and Cog GNSs.
They have observed an edge effect which gr due.ly decreased with the increased size of the graphene
nanoclusters. Less edge effect was observed in case ~f the adsorption of the nucleobases in the middle of the
carbon clusters and depending on the alignment cnd position this effect can reduce the adsorption energies by <5
kcal/mol. Further, the edge effect of Cgy Is <'0st as much as Cs,; lead them to adsorb mercaptopurine,
thioguanine, and fluorouracil anti-cance. rugs in a parallel position with different alignments in the Cs,
nanosheet. Finally, the adsorption enersie. of tluorouracil, mercaptopurine, and thioguanine were found around -
15.5, -16, and -20 kcal/mol respectiv~ly \made Cs, a promising candidate for the delivery of these drugs.

Adenine, another nuclerhas. 'vith a structure akin to many drugs and biomolecule, showed enhanced
adsorption properties on the I'i decorated GNSs compared to the pristine GNS which was observed on an
investigation made by S. Gholai et al., [140]. For a plane alignment of adenine to the pristine graphene surface,
the adsorption energy was fo..d as -5.66 kcal/mol with a graphene-adenine distance of 4.10 A and a charge
transfer of -0.01e (Mulliken) only. The adsorption energy was dramatically increased to a maximum of -44.50
kcal/mol with an adsorbate-adsorbent distance of 1.90 A, and a charge transfer of +0.062e (Mulliken) in the Ni
decorated GNS, where Ni was adsorbed above the hexagonal ring of graphene with a strong chemical interaction
of -126.00 kcal/mol. Adsorption of the adenine on the Ni decorated graphene also decreased the bandgap and
Fermi level of the structure to 2.152 eV and -2.991eV respectively from a value of 2.416 eV and -3.179 eV for
Ni-G itself. Though the pristine graphene showed a weak interaction towards the pristine GNS, decorating it with
a Ni atom increased its interaction significantly. Hence the Ni decorated graphene can be considered as a potential
candidate for delivery of the drugs with structures similar to the adenine.

Furthermore, the adsorption of guanine nucleobase was investigated by A. S. Rad et al., on pristine and
Al-doped graphene (AIG) using DFT theory with B3LYP hybrid functional and 6-31G basis set [141]. It was
observed that the doping of Al to the pristine GNS significantly alters the adsorption properties towards guanine.
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For pristine GNS, the adsorption energy of guanine was observed only as -1.34 kcal/mol with an adsorbate-
adsorbent distance of 3.62 A. This allowed them to transfer a little amount of charge of -0.02e (based on Mulliken
charge transfer analysis), or -0.01e (based on natural population analysis) between adsorbate and the adsorbent.
This was significantly enhanced by the doping of Al atom to the pristine GNS. For a specific orientation of
guanine, O atom from guanine above Al atom from AIG, the adsorption energy increased as much as -45.10
kcal/mol with an adsorbate-adsorbent distance of 1.88 A only which allows them to transfer +0.208e (Mulliken)
amount of charge. For other orientations the adsorption energies were observed as -42.73, -41.66, -22.61, -9.94
kcal/mol with an adsorbate-adsorbate distance of 2.01 A, 2.02 A, 2.10 A, and 2.20 A respectively. Furthermore,
along with the adsorption energy and charge transfer, the dipole moment of the AIG structures was also enhanced
significantly with a maximum of 14.22 debye. This excellent modification in the adsorption energy, charge
transfer and dipole moment made AIG nanostructure a suitable adsorbent or sensor for the guanine.

Other than the anti-cancer drugs, graphene was also reported to work as a drug delivery vehicle for 4-
Aminopyridine or dalfampridine, often marketed as Ampyra with a chemic~l name of CsH;N-NH,, helps to
overcome walking difficulties for the adults by increasing nerve si¢nal zonduction through blocking the
potassium channels on it [142,143]. But Ampyra has several side zii>cws like headaches, dizziness, nausea,
insomnia etc. and an increased dose of it can also cause seizures "14"1 (o reduce the possibility of a seizure,
Najme Dastani et al. proposed pristine and functionalized GNS /*-G. 'S) for the transportation of Ampyra using
guantum mechanical calculations [130]. They choose the DFT (neor ; with M06-2X functional and 6-31G (d, p)
basis set to optimize the structures due to its excellent agreemer. wi. the experiment. For GNS, they observed C-
C bond length as 1.416 A while it was found as 1.421 A e .prrimentally [145]. This encouraged them to study
several f-GNS (G-COOH, G-CO, G-OH, and G-0O) w:h ti.. same functional and basis set. They have studied
several essential properties like adsorption enerr.es, HOVIO-LUMO energy gaps, chemical potential, dipole
moment and several global parameters for both gas. us and agueous phase. It was found that the dipole moment
in the aqueous phase rose to 22.53 debye 1hom a maximum of 2.836 debye in the gaseous phase. For the
functionalized GNSs this dramatic change or. .o u:pole moment was continued and was found as high as 46.03
debye for G-COOH/Ampyra complex. Finalty the highest negative adsorption energies of -7.64 kcal/mol for G-
COOH/Ampyra complex among the pritine GNS and f-GNS in the aqueous phase made G-COOH the best
candidate for the transportation of An.ra Jdrug. This was further supported by the lowest value for the energy
gap as 0.822 eV, global hardness as L.111 eV and the highest value for the change in global electrophilicity as
16.946 eV.

Besides the applicactiv.> 0r yraphene as a potential sensor for the drugs and nucleobases, to understand the
interaction of graphene with oth..r biomolecules, the adsorption properties of amino acids on the GNSs were also
reported using first-principles investigations. B. Saha et al. investigated the interaction of four amino acids
(alanine, serine, phenylalanine and tyrosine) into pristine and B and/or N doped functionalized (-OH, -NH,, -
COOH) GNSs [146]. It was observed that the functionalized GNSs interacted with the amino acids with
interaction energy ranging from 7.17 — 19.1 kcal/mol depending on the adsorbent structures and dopants.
Furthermore, though the doping of B and/or N atoms changed the adsorption properties of amino acids to the —OH
and NH, functionalized graphene, it hardly affected the —COOH functionalized GNS. On another dispersion
corrected DFT study, H. T. Larijani et al., investigated the adsorption of several amino acids (glycine, histidine
and phenylalanine) on pristine, defected and oxidized GNSs [147]. They have found that every interaction of the
amino acids with the monolayer GNSs was physisorption and the GNSs is a potential candidate for the bio-related
applications.

Properties like high electrical conductivity, polarity, and basicity of nitrogen-containing graphene lead J.
H. Chen et al., to investigate the interaction of several amino acids with three types of nitrogen functional known
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as pyridinic N, pyrrolic N, and graphitic N [148]. In their investigation with DFT theory along with PBE
functional, they have used nitrogen-doped 2D GNSs along with pristine GNS with hexagonal vacancy. The DFT
theory with PBE functional gave the C-C bond length as precise as 1.423 A for the pristine GNS. Among three
types of interaction between the amino acids and the substrates, the side chains perpendicular to the substrates
was used as it was most energetically favourable. Due to the adsorption of the several amino acids arginine,
histidine, aspartic acid, asparagine, and tyrosine, to the pristine GNS, the adsorption energy was found as low as -
1.19 kcal/mol for the Aspartic acid with a maximum as -2.40 kcal/mol for the Arginine adsorption. But these
values for the adsorption energies increased dramatically in case of the nitrogen atoms doping. For four nitrogen-
doped Pyridinic 4N, this was found as high as -14.82 kcal/mol for histidine with a minimum of -10.74 kcal/mol
for the Arginine adsorption. This was again reduced in case of the hydrogenated nitrogen-doped structure
disproportionally and finally for hydrogenated pyrrolic N it ranges between -2.56 kcal/mol to -3.87 kcal/mol.
Despite this low adsorption values for the hydrogenated structures, it increased dramatically again in case of a
hydrogenated N-edge. For hydrogenated pyrrolic N-edge, it went as high a. -14.18 kcal/mol for Arginine with a
minimum value of -4.84 kcal/mol for Tyrosine adsorption. Hence it was .o, ~luded that a Pyridinic N nanosheet
with a hydrogenated N-edge works best for the adsorption of amino acids.

The modification of the hexagonal ring of the GNS into the Je. taronal and heptagonal ring made a noble
kind of nanosheet known as phagraphene is also studied as a pot~nti.! drug delivery nanomaterial for adrucil by
R. Bagheri et al., [149]. The small adsorption energy of -2.9 ku*l/mil for phagraphene made it incompatible for
the adrucil drug delivery. However, the adsorption energies ir.rea.~d dramatically to the -6.8, -41.8, and -14.0
kcal/mol due to the doping of B, Al and Si atoms respe ctive'ly. However, noticeable change in the electronic
properties of B doped phagraphene made it unsuitablc for wdrucil drug delivery and despite having enormous
adsorption energy, Al-doped phagraphene shower. a « ons:derable response time of 4.09x10' s. Hence the Si-
doped graphene with a moderate adsorption energy f -14.0 kcal/mol with a short response time of 0.02 s, was
predicted to be a potential drug delivery systen for adrucil drug.

3.2 Single and multi-walled Carbon Nar.0. ube

CNT is an allotrope of carbon made v a 1.exagonal network of carbon atoms which is cylindrically rolled up
into a tubular shape. Ever since its iscovery, numerous research works were done on its various unique
properties including exceptional mech.nical strength, electrical, optical, and thermal properties etc. [150-154].
Similar to the GNS, the SP? hyk.;Yizcu carbon-carbon bond of CNT lead it to one of the strongest material with
Young’s modulus of 1200 ~Pa ~nd a tensile strength ranging from 50 GPa to 200 GPa [37]. The density of the
CNT was observed experimenta.'y as large as ~1.09 g/cm® with a low room temperature resistivity of ~2 mQ-cm
[155]. The thermal conductivity of CNT was predicted as high as ~6600 W/mK at room temperature along with
an electrical conductivity ranging from 100 to 10° S-cm™ [156,157].

CNT can be classified in many subclasses but most simply into two, single-walled CNT (SWCNT) and
multi-walled CNT (MWCNT). Where the SWCNT is a single layer of graphene, MWCNT is a multi-layer of
graphene rolled up cylindrically into a tubular shape as it is shown in Figure 8 [158]. Now, based on the chiral
vector C; defined as C, = na + mb (where n and m are the integer number of steps along the unit vectors a
and b) and chiral angle, 8 (where 0° < 6 < 30°), defined as the rolling angle between the graphene and axis of
the tube, CNT can be further classified into three chiralities as zigzag (8 = 0°,n # 0, and m = 0), armchair
(6 = 30°,and n = m), and chiral (0° < 8 < 30° and n # m) [159].

After the first synthesis of CNT through arc-discharge method [150], over the years CNT was reported to
be synthesized using many techniques including chemical vapour deposition (CVD) [160], laser ablation [161],
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plasma jet [162] and many more [163-166]. Though the arc-discharge method reports growth of SWCNT with
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Figure 8: Schematic diagram of various kind of CNT made by rol':ng up 2D graphene sheet. Reproduced with
permission from ref. [159]. Copyright Elcev.~r Science Ltd., 2001.

purity and laser ablation method with 90%, CVD with 30-50 %, pu. ‘ty still widely used due to its cost-effective
solution for the mass production [158,167].

This wide range of methods to synthesize C’«7 aiong with a wide range of structural variation and unique
properties led CNT to be applied in many fields lin~ a~.rospace industry [168], electronics [169], energy harvesters
[170], gas sensors [171], biosensors [172], dru~ delive, 7 [173] etc. Among these widespread applications of CNT,
our particular interest is in its adsorption ability ~f biomolecules (both for sensing and delivery purpose) as it
offers biocompatibility in this field and hes . ability to penetrate cells along with excellent stability, high
reliability, faster response time, high adsc.pun strength towards the bio-molecules etc. [174]. Starting from small
bio-molecules like glucose sensing [175], SNT can be used to sense and deliver several therapeutics, anaesthetic,
anti-depression etc. drugs to the .mm.n body [176]. To acquire the desired sensing and drug delivery
performance, sometimes CNT is rey, irea to be doped or fictionalized by impurity atoms, and several studies have
successfully reported enhancec per.armance towards biosensors and drug delivery due to the functionalization
and doping to CNT [177-.7s] ruaally, due to the recent advancement on the accuracy of computer simulation
methods with approximation th:ory like DFT, e.g. a theoretically optimized SWCNT is shown in Figure 9,
numerous research works were put forward on investigating CNT as an efficient system for the bio-molecule
sensing and drug delivery. In this section, we aim to review recent research work exploring the bio-molecule
sensing and drug delivery efficiency of the CNT.

A first-principles study conducted by H. Shaki et al. reported the adsorption of the penicillamine (PCA),
an anti-cancer drug with several vital side effects, on the pristine and functionalized SWCNT [180]. Considering
the dispersion terms, for pristine SWCNT the PCA drug make weak physisorption with a maximum adsorption
energy of -3.18 kcal/mol and an adsorbent-adsorbate distance of 3.251 A. But this interaction was further
enhanced by adding an extra —COOH functional group to the pristine SWCNT. With —-COOH functionalized
SWCNT (f-SWCNT), the maximum adsorption energy of PCA towards f-SWCNT was observed as high as -
11.22 kcal/mol for a particular orientation of PCA with a maximum dipole moment of 6.993 debye and an energy
gap of 1.311 eV. Thus, this study reveals that the -COOH f-SWCNT performs better the PCA drug delivery
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system, whereas all interactions were exothermic and stable with negative adsorption energies. These results were
further compared with the MD simulations, which successfully supported the result obtained from the DFT
investigations.

(@) (b)

Figure 9: Optimized 3x3 single-walled carbon nanotube (SWCNT) na’ . *ructure with DFT-B3LYP/6-31G (d,p)
level of theory. (a) Top view (b) 3iu~ view

Isonicotinic acid hydrazide (INH), simply known as fsomzid, is a prodrug for the treatment of the
infectious disease tuberculosis (TB) caused by Mycobacterium tu.rculosis (MTB) bacteria [181]. As INH drug
often comes with side effects like peripheral neuropathy, "« 3ea, aplastic anaemia etc. N. Saikia et al. proposed
SWCNT as a drug carrier to the target area [182]. As tl.e (i rloping in the CNT is less reported in the literature
than the B/N doping, better electronic properties of o\ lea! them to use Si-doped SWCNT to carry the INH drug
using DFT theory and molecular docking [84,183,. Ir. a Van der Waals interaction corrected investigation it was
found that INH parallel to the (5, 5) SWCNT ’~ave bew.r stability with more adsorption energy of 15.59 kcal/mol
compared to the perpendicular alignment of the !NH with (5, 5) SWCNT with an adsorption energy of 13.65
kcal/mol. Though the adsorbate-adsorbent d.stan.¢ of 3.13 A was unchanged for both parallel and perpendicular
alignment, electronic band gap decreaser! in :he perpendicular alignment slightly to 0.592 eV compared to 0.676
eV for parallel alignment. For covalent funictionalization of INH to the (5, 5) SWCNT, the adsorption energy was
drastically increased to 68.31 kcal/mc' w.*h a change in the INH-(5, 5) SWCNT distance of 1.75 A and a change
in bandgap as 0.405 eV. The quan..m Jescriptors also reported an increase in the reactivity due to the covalent
functionalization of INH. Hencz, (5 5) SWCNT have a potential future as a drug delivery system for isoniazid
drug.

2', 2'-difluoro-deoxycytidine (dFdC) or simply know as Gemcitabine is a popular therapeutic option to
treat numerous cancers including breast cancer, pancreatic cancer and non-small cell lung cancer [184-187]. It
comes with relatively fewer side effects but as severe as fatal pulmonary toxicity and acute lung injury [188,189].
This lead H. Moradnia et al., to investigate the pyrrolidine functionalized (8, 0) SWCNT (f-SWCNT) as an
efficient drug delivery system for gemcitabine drug using DFT theory with M062X functional and 6-31G (d,p)
basis set [190]. In water solution, for a particular orientation ‘Complex E’, the gemcitabine was adsorbed towards
f-SWCNT with an adsorption energy of -11.15 kcal/mol and a dipole moment of 26.354 Debye with a minimum
adsorbate-adsorbent distance of 1.866 A. For another orientation Complex A, the adsorption energy was slightly
decreased to -10.23 kcal/mol but with an increase in the dipole moment to 32.212 Debye. The energy gap of the
Complex A and E was observed as 1.501 eV and 1.406 eV respectively. The global hardness of the structures
ranges between 0.673 eV to 0.750 eV where the electrophilicity had a range between 9.443 eV to 9.910 eV. These
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findings lead them to declare the f-SWCNT as a potential drug delivery system for the gemcitabine which was
further confirmed through the AIM, NBO, and DOS analysis.

Flutamide, an anticancer drug with chemical name 4'-Nitro-3'-trifluoromethyl-isobutyranilide is a widely
used drug to treat prostate cancer often comes with side effects like severe gynecomastia, liver toxicity etc.[191-
193]. To transfer this drug directly to the cancerous cell, to minimize the side effects, M. Kamel et al., analyzed
the potential of (5, 5) SWCNT for efficient delivery of flutamide drug, and how co-solvents like ethanol affects
the interaction between the flutamide drug and (5, 5) SWCNT [98]. In the water solution for a particular
orientation labelled as Configuration 3, the most negative adsorption energy value was observed with a minimum
adsorbate-adsorbent distance and highest value for dipole moment. The values were -1.43 kcal/mol, 3.000 A, and
10.417 debye, respectively. So the flutamide drug made physisorption towards the SWCNT, and the nature of the
interaction was exothermic. The values of solvation energy indicated a spontaneous solvation with a range of -
14.40 to -17.43 kcal/mol and the least value was for the Configuration 3. A spontaneous flow of electron was
observed from the adsorbent to the adsorbate with positive values of 0.43v 2V and 1.619 eV for the charge
transfers (AN) and the energy change of the acceptor (AEg (a)). Finally, Tom the MD simulations, it was found
that the addition of ethanol with 0.5 molar concentration increase> e stability of the simulation system.
However, another study lead by this group, M. Kamel et al., inves’ig.*ed the COOH functionalized SWCNT to
use as a drug carrier for flutamide drug [194]. In that study, th~v ave found that the flutamide drug can be
adsorbed in the SWCNT with a maximum adsorption energy € -5 38 kcal/mol in the water solvent where the
dipole moment of the structure was found as 10.93 debye with 2 bandgap of 1.28 eV. The same COOH
functionalized SWCNT was used to investigate the carmtist’ne drug delivery ability by the same group but this
time lead by R. Khorram [195]. The performance wa~ aln.wst similar as for flutamide drug with a maximum
adsorption energy of -4.65 kcal/mol along with a ¢.pol - mument of 3.312 debye, the energy gap of 1.302 eV, and
interaction energy of -27.98 kcal/mol.

An oral drug, Metformin (MF), is used as = first-line medication to treat type 2 diabetes especially patient
with Dbreast cancer, prostate cancer, and parcr.utic cancer [196-198]. To minimize the side effects, M. S.
Hoseininezhad-Namin et al., investigater: | isune, Si and Al-doped (5, 5) SWCNTSs as a promising MF drug
carrier [199]. Weak physisorption of M~ towards pristine (5, 5) SWCNT was observed with an adsorbate-
adsorbent distance of 3.69 A, charge :var.cfer of 0.002e (NBO analysis), and adsorption energies of -1.61 kcal/mol
(B3LYP) and -7.61 kcal/mol (®.°972.0) where an increment in the adsorption energy through ®B97XD
functional clearly indicated the row> of dispersion in the adsorption of MF drug toward the pristine SWCNT.
However, doping the SWCNT™ w.in Si and Al significantly increased the adsorption energy of MF to -38.74
kcal/mol and -48.66 kcal/mol. respectively in the solvent phase. The reactivity of the MF-doped SWCNT
configurations also increased in the solvent phase with an increment to the dipole moment to 22.84 debye and
20.03 debye for the MF adsorbed Si and Al doped SWCNTSs respectively when it was only 6.60 debye for the
adsorption of MF towards pristine SWCNT. This increment in the reactivity was further supported by the global
reactivity descriptors like chemical potential, global hardness and softness, and electrophilicity. Hence Si doped
SWCNT with a moderately high adsorption energy but with lowest band gap as 1.40 eV and highest reactivity in
the solvation phase made itself most promising candidate for the MF drug delivery between pristine, Si and Al
doped (5, 5) SWCNT.

A theoretical investigation using DFT theory with B3LYP hybrid functional and 6-311G (d, p) basis set,
was made on the Ca doped (5, 5) SWCNT to inspect its ability to perform as a drug carrier for atropine drug
delivery [200]. Atropine is a drug taken by an injection to the muscle to treat several types of nerve agent and also
performs as an antipode to the several poisonings [201]. Atropine drug was adsorbed by Ca-SWCNT with
adsorption energy of -36.07 kcal/mol for D-atropine, and -41.87 kcal/mol for L-atropine with a dipole moment of
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22.7 and 22.1 debye respectively. The HOMO-LUMO energy gap was observed around 1.70 eV for both
structures with a charge transfer of around +0.13e from the atropine to the Ca-SWCNT, which was confirmed by
the NBO analysis. The solubility of the Atrophine+Ca-SWCNT in the water medium was established through the
negative solvent energy with a value of -22.97 kcal/mol for D-atropine and -24.21 kcal/mol for L-atropine. Hence
the Ca-SWCNT was predicted as a potential drug carrier for the atropine drug.

Ketamine, an N-methyl-Daspartate (NMDA) receptor antagonist, is clinically often used as an anaesthetic
with limited use as an analgesic, anti-depression and anti-inflammatory drug, comes with numerous side effects
like psychoactive effects, peripheral effects and neurotoxicity [202]. So, the urgency of rapid determination of
ketamine lead R. Zhiani et al., to investigate SWCNT and COOH, CONHCH; functionalized SWCNT as a sensor
to detect ketamine in the gaseous medium along with several other polar mediums [203]. It was found that the
adsorption of ketamine in functionalized SWCNT causes a change in the bond length of C-O, N-H and C=0
groups noticeably. Further, binding energy in the gaseous medium was ok .erved as -22.94 kcal/mol and -25.61
kcal/mol for COOH and CONHCHj; functionalized SWCNT. This value for ov.>1ing energy was further increased
as -32.13, -31.98, and -32.11 kcal/mol in chloroform, methanol, and vate, medium respectively for COOH
functionalized SWCNT and became -31.07, -31.34, and -31.8% .<auvmol respectively for CONHCH;
functionalized SWCNT. Furthermore, negative values for the ctar.e .n enthalpy and Gibbs free energies
indicated spontaneous exothermic adsorption of ketamine in *he ‘unctionalized SWCNT. The response of
SWCNT to the ketamine was finally confirmed through the n.‘icee ble change in Fermi energy to the positive
values. Finally, though the COOH functionalized SWCNT respunse. better to the ketamine in the gaseous phase,
CONHCH3; shows slightly better response towards ketariir.e in other medium like chloroform, methanol and
water.

Another anti-inflammatory and analges.~. .ouprofen (IBP), comes with several side effects like
indigestion, nausea, vomiting etc. [204,205]. Hence . Parlak et al., made a first-principles investigation using
DFT theory along with B3LYP/ M062X functio,al 6-31G(d) basis set and on the adsorption properties of IBP
into Si-doped SWCNT and fullerene [206]. Tte ..cerature on the accuracy of M062X functional to calculate the
adsorption energies but the overestimatio’: u: the bandgap lead them to use B3LYP hybrid functional for bandgap
calculations [207,208]. After the corre tiu.> of basis set superposition error (BSSE), for a specific alignment of
IBP where the O atom of (C-O) groun o7 IBP was placed above Si atom to the CNT, the adsorption energy was
observed as -16.73 kcal/mol with a.> ads urbate-adsorbent distance of 1.89 A and bandgap 1.412 eV. Furthermore,
due to the adsorption of IBP, t! e wrk-function of Si-doped SWCNT increased by 17.43% with a change in the
Fermi energy level from -3.071 s -2.965 eV. Thus strong chemisorption with a change in the Fermi energy
constitutes SWCNT a potential < :nsor for IBP drug detection.

Besides the SWCNT as a drug sensor and delivery system, multi-walled CNT (MWCNT) was also
investigated as the potential drug sensor for several drugs. D. Shahabi et al. investigated several pristine and
sulfur-doped SWCNT along with several MWCNT (Double-walled and Triple-walled CNT) as potential drug
sensor for the fluoxetine (FX), a widely used antidepressant drug [209]. It was observed that sulfur atom slightly
affected the adsorption processes of FX towards the SWCNT where for most stable structure, (8, 8) sulfur-doped
SWCNT, the adsorption energy in the gas (liquid) phase was observed as -51.56 (-40.58) kcal/mol while the FX
drug was adsorbed inside the sulfur-doped SWCNT, and only -8.77 kcal/mol while the FX was adsorbed in the
outside of the sulfur-doped SWCNT. Further to reduce time consumption, molecular docking study was initiated
instead of DFT to investigate the adsorption behaviour of FX towards systems with a large number of electrons
like from (8, 8) SWCNT to (20, 20) SWCNT, double-walled CNT, triple-walled CNT. It was found that the
stability was decreased from (8, 8) SWCNT with an increase in the chirality and the most stable structure, (8, 8)
SWCNT, had adsorption energy of -21.41 kcal/mol while the FX drug was adsorbed inside the (8, 8) SWCNT.
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The stability was increased slightly for the double and triple-walled CNT and the adsorption energies was found
as -22.97 kcal/mol and -22.99 kcal/mol for (8, 8) double-walled and (8, 8) triple-walled CNT while the FX drug
was adsorbed inside the CNT. However, another study lead by C. P. Sousa et al., reported that the acetaminophen
drug was also adsorbed inside an MWOCNT more favourably than external surface [210]. Also, the
functionalization of the MWCNT with polyethyleneimine polymer enhanced the stability of the acetaminophen
adsorbed f-MWCNT complex with an adsorption energy of -195 kcal/mol while it was -183 kcal/mol for the
adsorption of acetaminophen towards the pristine MWCNT. So, it was observed that both acetaminophen and
fluoxetine could be sensed strongly with the MWCNT.

Other than directly the drug molecule itself, CNT was theoretically investigated to perform as an efficient
sensor for several other molecules like bio-molecules, amino acids and lactic acid. The adsorption of five small
bio-molecules CO, H,O NO, SO and PO towards the SWCNT was reported by Y. Xu et al., through the
vibrational spectrum analysis using DFT with GGA-PBE level of theory [2”11. In another study, M. Yoosefian et
al. investigated ability of the Pd doped SWCNT to adsorb an amino acid, hisuu:.ne, using DFT and HF theory with
B3LYP hybrid functional [212]. They reported strong chemisorption of th * his.'dine towards the Pd-SWCNT with
a maximum adsorption energy of -419.93 kcal with an adsorbent-arisu hawe distance of 2.336 A. Finally, the
interaction of 2-hydroxypropanoic acid or simply know as lactic ac’'d \* A, with SWCNT with different chirality
was observed with a DFT-D study from A. N. Chermahini et al. T?15] In their research, they have found that LA
interacts more with (4, 4) SWCNT than other SWCNT with hig.: er cuirality with an adsorbate-adsorbent distance
of 2.226 A and maximum adsorption energy of -13.39 kcal/r ol \~ the gas phase and -11.13 kcal/mol in the
solvent phase. The solvation energy for LA adsorbed (4, 41 SWCNT was observed as -27.02 kcal/mol with an H-
L energy gap of 0.455 eV. Hence the (4, 4) SWCNT c21 wui K as a potential adsorbent for the LA. So, it can be
concluded that the SWCNT can perform as a poten-sal « dso, bent for amino acids, lactic acid and biomolecules.

3.3 Carbon Fullerene

Akin to graphene and CNT another sy~ »./biidized allotrope of carbon atoms with closed 2D structure,
fullerene, got eminent attention on the fie'd ¢* Liosensor and drug delivery application recently. Fullerene was
observed in the literature as early as in 2965 ;rom H. P. Schultz where he predicted a new possible topological
structure of CgoHgo With truncated ico.~hearon shape with 60 vertices until the first prediction of Cg fullerene
came from E. Osawa in 1970 [214,2'5]. Finally, in 1985, H. Kroto et al. unintentionally observed the Cs
fullerene while they were perfor:...ny Zn experiment by vaporizing the carbon atom from a solid graphite surface
into a high-density helium "aw to 1.nderstand the mechanism of long carbon chain formations in star and space
[2]. As shown in Figure 10, the g, fullerene is consists of 12 pentagons along with 20 hexagons like a soccer ball
where pentagons cannot be agjdacent as each of them is surrounded by five hexagons. With a fixed number of 12
pentagons, fullerenes can be found with variable hexagons, and the closest stable one to Cg, fullerene is Cyo
fullerene with 12 pentagons and 25 hexagons. Though Cg is claimed to be the smallest stable fullerene structures,
C,o unstable fullerene structure was reported to be stabilized in several ways, including metal doping [216-218].

Due to the mass commercial production of Cg, fullerene, there is a wide range of methods available to
synthesize it. After the discovery of Cg, fullerene from H. Kroto et al., the first macroscopic production of Cgy was
reported by W. Kratschmer et al. in 1990 from electric arc heating of pure graphitic carbon soot in a helium
atmosphere of around 100 torr [219]. Following by the method of W. Kratschmer et al., C¢, was further produced
by H. Ajie et al. in 1991 from the evaporation of carbon rods but this time by heating it resistively [220]. Later in
1992, growth of fullerenes was reported from R. F. Bunshah et al. by electron beam evaporation and sputtering of
graphite [221], further in 1994, extraction of Cg ion beam was reported from S. Chuanchen et al. from a hollow
cathode ion source [222], and many more methods were used including the usage of low-pressure diffusion flame
from P. Hebgen et al. [223], arc discharge method from M. Caraman et al. [224]. Besides this wide range of
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synthesis, due to their unique physical [225], electrical [226], optical [227] and chemical properties [228] of
fullerenes lead them to many fields with potential applications in ion storage [229], photovoltaics [230], sensors
[231], supercapacitors [232] etc. Despite fullerene’s insolubility to the water which was further settled by
functionalizing or doping with impurity atoms, it is soluble in a wide range of common solvents in room
temperature, and 47 of them were reported R. S. Ruoff et al. for Cg, fullerene back in 1993 [233]. Hence,
moderated solubility in the polar mediums along with several other enchanted properties like hydrophobicity,
biocompatibility [50] etc. made fullerenes one of the front liner in the biological applications like antibacterial
activity [234], antiviral activity [235], drug delivery [236], drug sensing [237] etc. In this section, we aim to
review the recent scientific

(b)
Figure 10: (a) Cgo and (b) Cy4 fullerene nanostructy es ypti.mized using DFT theory with B3LYP hybrid exchange
correlational functional and 6b-°".G, 6-31G (d,p) basis sets respectively.

reports on the drug delivery and sensing applicau ™n of carbon fullerenes which were made by the first-principles
investigation.

As several drugs require interact.or. wicn DNA and RNA, these drugs sometimes have a structure like
DNA and RNA nucleobases which riauc the investigations on the adsorption properties of the nucleobases
towards an adsorbent so crucial in ¢:ig Jelivery application. So, following the trend, A. S. Rad made the first-
principles investigation using DF™ th=ory on the adsorption properties of a purine derivative nucleobase,
Adening, on the Cr and Ni-dop’.d C,, fullerene [238]. Considering the dispersion forces and exchange-correlation
energies, all structures weie cnu....zed using meta-hybrid functional ®B97XD and a GGA functional Perdew—
Burke—Ernzerhof (PBE) respect vely along with 6-31G (d, p) basis set which is widely used to investigate the
drug delivery systems. Chemisorption of the adenine nucleobase towards the both Cr and Ni-doped C,, fullerenes
were reported with negative adsorption energies as high as -48.99 and -47.94 kcal/mol respectively with a charge
transfer of 0.136e and 0.127e between the adenine and respective doped structure observed from NBO analysis.
However, the adsorption process of adenine was spontaneous and exothermic in both Cr and Ni-doped structures
with negative values for change in enthalpy (AH) and Gibbs free energy (AG) ranging -45.10 to -47.49 and -31.69
to -33.82 kcal/mol respectively for various orientation of adenine in the top of Cr and Ni-doped fullerenes. An
increase in the dipole moment was observed as high as 11.8 and 10.1 Debye for the adsorption of adenine on Cr
and Ni-doped Cy, fullerenes. Finally, a variation of Fermi levels and H-L energy gaps were observed as -3.852 to
-4.606 eV and 5.402 to 5.888 eV respectively for the investigated structures. These adsorption properties of Cr
and Ni-doped C,, fullerenes made themselves a promising medium for adenine adsorption.

Besides the report from M. Vatanparast et al. on the delivery of 5-fluorouracil (FU) drug using AIN and
BN doped GQD [133], another first-principles investigation was made by A. Hosseinian et al., on the interaction
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of FU with C,, fullerene using DFT theory with dispersion corrected B3LYP-D functional and 6-31G* basis set
[239]. A very weak interaction of FU was observed towards the pristine C,4 fullerene with a maximum adsorption
energy of -3.2 kcal/mol along with a H-L energy gap of 1.86 eV and an inferior charge transfer of 0.008e (from
NBO analysis). This interaction was further enhanced by doping a B atom to the fullerene structure. For B doped
Cy4 fullerene the adsorption energy of FU was observed as high as -27.2 kcal/mol with a decreased bandgap of
1.54 eV along with a significantly increased charge transfer of 0.209e ( from NBO analysis). Finally, they have
reported a successful release of the FU drug to the low pH (< 6) targeted area with a cancerous cell.

Similar to the adsorption behaviour of FU towards C,, fullerene, Y. Gokpek et al., observed a weak
physisorption interaction between 4-phenylpyridine (4-phpy) and pristine Cg fullerene while the adsorption
energy was increased significantly due to the doping of Cg, fullerene with B or Si [240]. The dispersion corrected
(with M062X functional) DFT study found that 4-phpy was adsorbed on a pristine Cgo With an adsorption energy
of -6.69 kcal/mol in the water phase where this value was significantly increased to -41.65 and -50.31 kcal/mol
for B and Si-doped Cg, fullerenes (BCsy and SiCsg) respectively. The s “vation energy of 4-phpy was also
increased to -7.72 and -13.19 eV for BCsq and SiCsg structures respectively v hile it was only -4.65 eV for pristine
Ceo fullerene. The H-L energy gap was decreased from 4.506 eV for 4-ph,\/-C4 to 3.582 and 3.584 eV for the 4-
phpy-BCse and 4-phpy-SiCsg respectively with an NBO charge transfe of -1.454e and -0.655e respectively. These
adsorption properties of 4-phpy with pristine and B or Si-doped ‘s 1uilerenes was slightly diminished in the
gaseous phase. Observing these enhanced properties for the 4-capy BCse and 4-phpy-SiCsy systems led them to
conclude BCsg and SiCsg as potential structures to carry 4-phpy inw arug delivery applications.

The SiCsg system was again subjected to study by M. Mioradi et al., but this time accompanied by AlCsg to
investigate their interactions with Phenylpropanolamine (PFA) drug [241]. PPA is used as a most used
decongestant and also marked as a potentially hz7ailous drug due to its side effects like hypertension,
cardiovascular side effects including a potential . sk Jf hemorrhagic stroke [242—-244]. Similar to 4-phpy, PPA
had weak physisorption with pristine Cg, fullerene s.icture with an adsorption energy of -0.1 kcal/mol with a
23.8 % decrease in the H-L energy gap to 2.24 ¢ ./ This interaction was significantly enhanced due to the doping
of Cg with Al atom, where the adsorption er ergy ~f PPA was increased to -73.9 kcal/mol with an 8.6 % decrease
to the bandgap to 1.58 eV. But the most <w.le wcructure to adsorb PPA was found as Si-doped Cg, structure with
the highest adsorption energy of -86.0 'c.!’'mol with a significant 30.3% drop in the energy gap to 1.56 eV. This
fall in the bandgap increased the electric>! conductivity of PPA-SICsq complex, which made SiCsg structure most
sensitive towards the PPA detectic,. Buy in another study lead by A. S. Ghasemi et al., the Al-doped Cg, fullerene
showed a promising behavior t) ac*ect and carry penicillamine drug which is commonly used to treat Wilson’s
disease and rheumatoid artn:*is [245-247]. Al-Cg, adsorbed penicillamine with an adsorption energy of -41.83
kcal/mol but increasing the dipo @ moment to as high as 18.63 debye and decreasing the work function as low as
3.89 eV. This increase in the reactivity was further confirmed by the global reactivity descriptors where the
ionization potential along with the electrophilicity and global hardness decreased with an increase in the global
softness for the Al-Cgocomplex.

The rising importance on the detection of the illicit drug to the medical community and law enforcing
agency lead S. Bashiri et al., to investigate pristine and several doped Cg, fullerenes for its sensing ability to a
central nervous system (CNS) stimulant, amphetamine (AA) which is medically used to treat attention deficit
hyperactivity disorder but is a habit-forming and highly potential drug for abuse [154,248,249]. The pristine Cg
fullerene showed a good sensitivity towards the AA drug with a low bandgap of 1.91 eV and a work function of
4.60 eV but with weak physisorption with an adsorption energy of -1.2 kcal/mol. Doping the fullerene with B, Al,
Ga, Si, and Ge significantly increased the adsorption energy whereas the most stable structure was Al-Cgo with
adsorption energy as high as -65.6 kcal/mol while it was -59.2 and -47.1 for Ga and B doped Cg fullerenes
respectively. But the most promising performance was found from Si and Ge doped Cg, fullerenes with a
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moderate adsorption energy of -50.0 and -38.6 kcal/mol but with a 22.7% and 24.9 % reduction to the work
function down to 3.94 eV for both case. Hence Si and Ge doped Cg fullerenes were concluded as a potential
sensor for the AA drug detection. C. Parlak et al. further studied these structures for a drug sensor and carrier for
antiviral drug amantadine, which is used to treat or prevent influenza-A, Parkinson’s disease but comes with side
effects like corneal edema [250-252]. All doped structures showed a promising performance as a sensor and
carrier for the amantadine drug with adsorption energies ranging around -28 to -51 kcal/mol which was further
increased in the water solution and energy gap around 2 eV which was further reduced in the water solution.
Besides doping an adsorbent with impurity atoms, a noticeable change in the adsorption properties can be
found due to the solvents, different isomers of the adsorbate drugs etc. which was further analyzed by O.
Erglrhan et al., in their investigation on the interaction of hydroquinone (HQ) with pristine and doped C60
fullerenes [253].
Table 1: Summary of the applications carbon based LDNs on biomolecule sensing, drug sensing, and drug

delivery field.
Adsorbate Adsorbent Adsorption NS References
Energy, Eqgs in
kcal/mol
B-lapachone Graphene -21.22 r “teantial candidate for B- [123]
Pt- doped Graphene -40.82 Izpachone drug delivery
Au-doped Graphene -38.28
Ampyra Graphene (G) -5.17 Potential candidate for [130]
G-O0 -7.16 Ampyra drug delivery
G-OH -l
G-CO RFJ
G-COOH AN
5-fluorouracil GQD -15.54 Potential candidate for 5- [133]
AIN doped GQD -1 7.29 fluorouracil drug delivery
BN doped GQD -17.36
BP doped GQD -21.65
AIP doped GQD -30.61
Tegafur Graphene (G)- CC -24.85 Potential candidate for - [136]
G-COOH -16.01 lapachone drug delivery
G-C -20.37
-2k -23.31
Adrucil Si-doped ha- -14.0 Potential candidate for [149]
graphicne Tegafur drug delivery
Fluorouracil Cs4 Nanosheet -15.5 Potential candidate for [138]
Mercaptopurin -16.0 Fluorouracil,
e Mercaptopurine, and
Thioguanine -20.0 Thioguanine drugs delivery
Glycine Graphene -7.61 Potential candidate for [147]
Histidine -11.76 biosensor applications
Phenylalanine -14.01
Guanine Al doped Graphene -45.10 Potential candidate for [141]
Guanine sensor
Adenine Ni doped Graphene -44.50 Potential candidate for [140]
Adenine sensor
Penicillamine SWCNT -3.18 Potential candidate for [180]
SWCNT- COOH -11.22 Penicillamine drug delivery
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Isoniazid
Gemcitabine
Carmustine
Flutamide
Metformin
D-atropine
L-atropine
Acetaminophen
Fluoxetine
Lactic acid
Histidine
5-Fluorouracil
Penicillamine
4-
phenylpyridine
Adenine

Ibuprofen

Isoniazid
Phenylalanine
Amphetamine

[-keto-
amphetamine

Glycine

Sumatriptan

Doxorubicin
Camptothecin

Ellipticin

Sorafenib
Regorafenib

SWCNT
Si doped SWCNT
SWCNT- Pyrrolidine

SWCNT-COOH
SWCNT-COOH

SWCNT
Al doped SWCNT
Si doped SWCNT
Ca doped SWCNT

MWCNT
MWCNT
SWCNT

Pd doped SWCNT

C,, fullerene
B doped C,, fullerene
Al doped Cqg
Fullerene
B doped Cq fullerene
Si doped Cqg, fullerene
Cr doped C, fullerene
Ni doped Cy fullerene
NiN4C55
CoN,Css
FeN,Css
C30B1sNss

Al doped Cg Fi'lei e
Si doped ¢ fulle ene
Si-doped £ 3 Nano
Tuhe
BC,N Nano Tube
BC,N Nano Tube
GO

Fluorinated GO

GO

Graphdiyne Nanosheet

-15.59
-68.30
-11.15

-4.65
-5.38

-1.85
-48.66
-38.74
-36.07
-41.87
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-51.56
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41.83

-41.65
-be 31
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-17.94
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-21.3
-15.7
-41.74
-10.59

-11.6
-16.2

-28.04

-15.22
-14.78

Potential candidate for
Isoniazid drug delivery
Potential candidate for
Gemcitabine drug delivery
Potential candidate for
Carmustine drug delivery
Potential candidate for
Flutamide drug delivery
Potential candidate for
Metformin drug delivery

Potential candidate for
Atropine drug delivery
Potentie! candidate for
Acetami .nphen sensor
Potent.a: ~ai.didate for
Fluoxet' ne sensor
Poter tiar ~andidate for lactic
~~id adsorption
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Histidine adsorption
»‘otential candidate for 5-
Fluorouracil drug delivery
Potential candidate for
Penicillamine drug delivery
Potential candidate for 4-
phenylpyridine drug delivery
Potential candidate for
Adenine sensor
Potential candidate for
Ibuprofen drug delivery

Potential candidate for
Isoniazid drug delivery
Potential candidate for
Phenylalanine sensor

Potential candidate for
Amphetamine detection

Potential candidate for -

keto-amphetamine detection
Potential candidate for
Glycine detection

Potential candidate for

Sumatriptan drug delivery
Potential candidate for

Doxorubicin and
Camptothecin drugs delivery

Potential candidate for
Ellipticin drug delivery
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Sorafenib and Regorafenib

drugs delivery
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Flutamide Graphdiyne Nanotube -18.31 Potential candidate for [264]
Flutamide drug delivery

Cytosine Graphyne Nanosheet -14.69 Potential candidate for [265]
Guanine -14.27 Cytosine and Guanine
detection
5-fluorouracil Graphyne Nanosheet -14.87 Potential candidate for 5- [90]
Quercetin -17.59 fluorouracil and Quercetin

drugs delivery

It was observed that the isomerism of HQ played a negligible role in the adsorption properties as the values for
adsorption energies, energy gap etc. were almost same for cis and trans isomers of HQ, however as always doping
altered the adsorption properties significantly. The low adsorption energy (BSSE corrected) as -3.22 kcal/mol of
HQ-cis towards Cgo fullerene increased significantly to -13.71 and -18.41 kcal/mol for B and Si-doped Cg
fullerenes respectively. In the water solution, these adsorption energies beca:i.» -2.62, -16.05 and -25.10 kcal/mol
for pristine, B, and Si-doped Cg fullerenes. Although low adsorption ene gy vas observed due to the adsorption
HQ-cis towards pristine Cg, fullerene, a sharp 25.89 % drop in the ener\ ¢y was observed while this drop was
10.64 % and 0.74 % for B and Si-doped Cq, fullerenes respectively. E it ir the water solution, a less reduction of
13.16 % in the energy gap was observed for pristine Cq fullerene wi.’ e a higher reduction of 14.05 % and 6.08 %
was observed for the BCso-HQ and SiCse-HQ complexes. The «ffec of basis set in the calculation significantly
altered the values for adsorption energies but with an ambiguous p.ttern. While ccpvdz basis set estimated 40.99
% larger value for the adsorption energy for Cg- HQ strucare compared to the 6-31G(d) basis set, in case of
BCs-HQ and SiCse-HQ it overestimated 2.41% and und :re_*i~ated 5.81 % respectively. This clearly showed that
it is crucial to choose basis sets wisely to study the i.ie ‘ac..2n HQ with Cg, fullerenes.

Earlier in this work, we have discussed th. SWCNT as a drug delivery system for isoniazid (INH), and
ibuprofen (IBP) which was reported by N. Saiiia et al. {182] and C. Parlak et al. [206], the interaction of INH and
IBH were further studied for the various carb~n 1.'lerenes too. M. Li et al. reported Si-doped C-, fullerene as an
efficient INH sensor between pristine, Si, and Al-doped C-, fullerenes [266]. INH was weakly adsorbed towards
the pristine C;o fullerenes with an adsorrtioi. energy of -1.3 kcal/mol, but for Al and Si-doped C;, fullerenes, it
increased to -67.9 and -51.3 kcal/mol, “esp.stively. Despite having enormous adsorption energy for INH, Al-C
suffers from sensing INH with a neg..1in:2 change in the bandgap and work function which was unlikely to the
Si-Cy structure with a significant ac~rease in the bandgap from 2.24 to 1.12 eV. In other work, M. K. Hazrati et
al. made a significant change it the g, fullerene with doping its carbon atoms with 15 B and 15 N atoms which
constituted C3B15N15 heterofu'erene, and it sensed and adsorbed INH drug significantly [255]. For interaction
between the —NH, head of IN'( drug and a B atom of C3BisNys heterofullerene, the adsorption energy was
observed as -21.95 kcal/mol with a significant decrease of 13.54 % to the bandgap which became 0.83 eV. For a
drug delivery system of IBP drug E. Alipour et al. modified Cg, fullerene by substituting its five carbon atoms by
4 N atoms and one TM atoms between Fe, Co, and Ni which formed TMN,Css system [254]. While NiN4Css was
reported to have a higher sensitivity towards IBP drug, NiN,Css, CoN4Css, and FeN,Css adsorbed IBP with
acceptable adsorption energies of -23.11, -17.81, and -18.07 kcal/mol, respectively including -13.14 kcal/mol for
the pristine Cgo fullerene hence was considered potential systems for the IBP drug delivery.

Besides drug delivery and drug sensor, Cg fullerenes were also studied by M. F. Kaya et al. to perform as
a sensor for the phenylalanine (PHE) amino acid, a high concentration of which in the blood can lead to mental
retardation [256,267,268]. Using M062X/6-31G (d) level of theory, the maximum binding energy of the PHE
towards pristine Cg fullerene, AlCsy and, SiCsq was calculated as -5.97, -52.15, and -36.07 kcal/mol respectively
in the gas phase, except pristine Cg which was further increased to -5.24, -60.09, and -48.70 kcal/mol
respectively in the water solvent phase. The doping of Al and Si atoms reduces the bandgap of the structures
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significantly. For Phe-Cg, the bandgap in the gas(water) phase was observed as 4.50 (7.42) eV which dropped
down as much as 3.05 (3.11) and 3.68 (3.54) eV for the Al and Si-doped Cg, fullerenes with an NBO charge
transfer of -0.976e and -0.954 from N atom of PHE to the Al and Si atoms of the adsorbent respectively. Due to
the alternation in the adsorption properties of PHE towards AlCsg and, SiCsg made them a potential sensor for the
PHE amino acid while pristine Cg, suffered from weak adsorption.

3.4 Miscellaneous Carbon-based LDNs for drug delivery and sensing applications
3.4.1 Graphene Oxide

Currently, a popular method to synthesis the graphene is to reduce the GO into GNS [112]. But the
synthesis of the GO was dated back to 1859 when B. C. Brodie reported the first synthesis of GO during his
investigation on the various properties of graphite [269]. This Brodie synthesis method along with a slightly
improved model from L. Staudenmaier in 1898 was mostly used to synthe.*. until another improved model was
proposed by W. S. Hummers and R. E. Offeman in 1958 by oxidizing the ;rapite with a water-free mixture of
potassium permanganate (KMnQ,), sodium nitrate (NaNO3), and conce. trat :d sulfuric acid (H,SO,4) which is
popularly known as the Hummers method and is one of the most nopu'ar methods to synthesis GO till now
[270,271]. Based on these methods till now there is an unambig lity un the exact structure of GO, but this
nonconductive hydrophilic allotrope of carbon lead it to be arpn. cxtensively in biomedical and therapeutic
applications including the drug delivery and sensing [272,273].

Pristine GO was found to be a potential drug delivo systen for sumatriptan (STT), a medicine used to
treat migraine headaches [260]. The dispersion correcte! OF T study lead by Z. Jafari et al. found that GO
adsorbed STT drug with acceptable adsorption enerc/ . be used as a drug delivery system while the drug was
reported to induce many chest symptoms [2747 Ir the water phase, the STT drug was adsorbed with an
adsorption energy of -10.59 kcal/mol to GO with a av22le moment of 10.22 debye and solvation energy of -34.24
kcal/mol. The observed H-L energy gap of S1. as 5.0385 eV was further reduced to 0.2599 eV for STT-GO
while it was 0.2536 eV for GO. A -0.17e che ¢~ .~=nsfer was observed from GO to STT with a Fermi energy level
of -3.9158 eV. These interactions were , 'rt...r supported by the global reactivity descriptors where global
hardness was increased to 0.1299 eV witi, 2 decrease to the global softness and the electrophilicity to 3.8491 eV
and 59.0201 eV respectively. This re~ui. from the interaction of STT drug with GO leads them to conclude GO as
a potential carrier for the STT drug,.

Like other allotropes of cai.~on, GO was further reported as a potential drug system for several anticancer
drugs. Z. Hasanzade et al. .n.1e > DFT investigation on the interaction of ellipticine (EPT) anticancer drug with
pristine GO nanosheet (GONS) and observed the effects of pH and solvents on the interaction using various
solvents, e.g. water, ethanol and dimethyl sulfoxide (DMSO) [262]. In the gaseous environment, the EPT drug
was adsorbed with a maximum adsorption energy of -28.04 kcal/mol where the maximum rise in the dipole
moment was observed as 9.454 debye. In the water phase, a significant decrease in the adsorption energy was
observed with a maximum of -22.11 kcal/mol along with a considerable increase in the dipole moment to 15.537
debye where EPT was dissolved with solvation energy ranging from -21.91 to -24.55 kcal/mol for different
orientation of EPT. The effects of DMSO and ethanol was almost comparable with water as the adsorption energy
and dipole moment were ranged between -16.30 to -22.21 kcal/mol and 10.052 to 15.364 debye for DMSO. In
contrast, for ethanol, it was -16.44 to -22.41 kcal/mol and 9.883 to 15.014 debye, respectively. As EPT failed to
alter the E; of GONS, it may not work as a sensor for EPT. Still, it can be a potential drug delivery system which
was further supported by the interaction of EPT with GONS in low pH regions as cancerous cells were reported to
be slightly acidic. For another anticancer drug doxorubicin (DOX) delivery, P. Gong et al. decorated GO with
fluorine (FGO) to enhance the drug release mechanism in low pH regions [275]. However, a high DOX loading
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capacity was observed for the water-soluble FGO where non-covalent bonds were dominated in the loading and
release mechanism of DOX hence made FGO a promising candidate for the DOX delivery. In their other work,
they reported the synthesis of FGO with amino-polyethylene glycol and reported its potential use in the DOX and
another anticancer drug camptothecin delivery [261].

3.4.2 Graphyne and Graphdiyne

Besides the purely sp? hybridized GNS, another sp and sp? hybridized allotrope of carbon, graphyne was also
studied for medical applications using first-principles calculations. The graphyne nanosheet (GpNS) was reported
as a potential drug carrier for anticancer drug 5-fluorouracil (5-FU) and quercetin [90]. In the surface of GpNS,
the most stable interaction of 5-FU was observed with an adsorption energy of -14.87 kcal/mol where quercetin
was adsorbed with -17.59 kcal/mol. A charge transfer of 0.580e and 0.741e was observed for between the GpNS
and, 5-FU and quercetin respectively with a maximum drop of 63.64% and £9.09% in the energy gap lead to 0.20
eV and 0.17 eV respectively. With the increasing reactivity observed from t.i. quantum reactivity descriptors, an
increase in the adsorbent-adsorbate distance due to the protonation ensur:d v ¢ ability of GpNS to deliver 5-FU
and quercetin to the target cancerous cell. GpNS was also investiga*. a. d sensor to sense the cytosine and
guanine nucleobases [265]. GpNS adsorbed the cytosine and guanine ‘witt. an adsorption energy of -14.69 and -
14.27 kcal/mol with a significant amount of 34.03% and 53.47% re iction in the H-L energy gap, respectively.
This reduction in the bandgap indicated the increase in the elc~tric. | conductivity due to the adsorption of the
nucleobases to the GpNS ensured the cytosine and guanine sensiag . hility of the GpNS.

Another graphyne like structure with carbon atc.s i3 graphdiyne was reported to be synthesized by
Guoxing Li et al. in 2010 by a cross-coupling react*an 'sing hexaethynylbenzene on the copper surface [276].
Graphdiyne was also subjected to study as a pote: tial drug delivery system for anticancer drugs. The interaction
of two anticancer drugs sorafenib (STB) and reg.vafenib (RTB) with graphdiyne nanosheet (GANS) was
investigated by U. Srimathi et al. using DFT the ~ry with GGA based PBE functional [263]. STB that is used to
treat thyroid [277] and Kkidney cancer [273) ®en come with several side-effects like alopecia, arthralgia,
hypertension etc. [279-281] whereas RT? ‘s u.ed to treat liver and colorectal cancer [282,283] but sometimes
comes with deadly side effects with sevaic liver damage [284]. STB was adsorbed by the GANS with a maximum
adsorption energy of -15.22 kcal/mo* w,h solvation energy of -40.31 kcal/mol and Eg of 0.46 eV when for RTB
these values were observed as -1-1 78 zal/mol, -29.61 kcal/mol and 0.34 eV. A further alteration in the band
structure was observed due to the ac'sorption of STB and RTB. Finally, in the low pH regions similar to the cancer
cells regions, the bond leryu bu»een the GANS and STB, RTB increased noticeably, which ensured the drug
release in the low pH regions. Another anticancer drug, flutamide (FLU), which was reported to make weak
physisorption on CNT, a study by V. Nagarajan et al. revealed strong chemisorption of FLU drug with the
graphdiyne nanotube (GANT) [264]. In the most stable interaction, FLU was adsorbed by the GANT with an
adsorption energy of -18.31 kcal/mol and solvation energy of -29.59 kcal/mol along with a 56.49% reduction to
the energy gap to 0.238 eV which lead to a charge transfer of 0.228e between the FLU and GANT. Due to the
interaction of the FLU with GANT, the chemical potential and global hardness decreased with an increase in the
electrophilicity, which indicated the enhancement in the reactivity of the structures. While the minimum
adsorbent-adsorbate distance was observed as 1.33 A, this was raised up to 2.34 A for lowering the pH by
protonation, which ensured the drug release capability of GANS in slightly acidic cancerous cell environment.
Hence, GANS was concluded as a potential FLU drug delivery system.

The interaction of several other drugs like azathioprine, mesalamine, and hyoscyamine to be delivered to
the targeted area using GANT was also reported by the same group [285]. In a first-principles investigation using
dispersion corrected DFT theory showed that the GANT strongly adsorbed the azathioprine drug with an
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adsorption energy of -24.88 kcal/mol in its most stable position whereas the mesalamine and hyoscyamine were
adsorbed with an adsorption energy of -22.09 and -29.59 kcal/mol respectively with solvation energy ranging
from -116.82 to -117.82 kcal/mol. Though a 33.08% decrease in the energy gap to 0.089 eV was observed for the
azathioprine drug adsorption on GANT, it further dropped to 0.026 and 0.028 eV respectively for the mesalamine,
and hyoscyamine with 80.45% and 78.95% decrease respectively. The reactivity of the structures was also studied
using quantum reactivity descriptors. Finally, a significant increase in the adsorbent-adsorbate bond length in the
lower pH region ensured the drug release at the targeted site.

3.4.3 BCs;and BCN

The interaction of BCl; with CgHg benzene at a very high temperature of 800° C created a new type of
graphite-like nanosheet but less stable than graphite known as BCj, a theoretically relaxed structure of which is
displayed on Figure 11 [286,287]. This BC; nanosheet (NS) and nanotub? (NT) was further studied by A. R.
Moosavi-zare et al. to sense an illicit CNS stimulant amphetamine (AA) whi " was also reported to be adsorbed
by pristine and Si, Ge doped Cg, fullerenes [257,288]. It was observer thc.* the BC3 NT adsorbed AA more
strongly than the BC; NT with an adsorption energy of -15.5 kcal/me’ “*mi.re it was -10.7 kcal/mol for the BC;
NS. Despite stable adsorption, BC; NS and NT were not considered . s a sensible sensor for AA drug as a very
poor decrease of 3.1% and 5.1% in the energy gap was observed. 1:.'s was surmounted by doping BC; with a Si
atom which reduced the energy gap by 26.6% and 58.7% fc- BUs NS and NT respectively in case of AA
adsorption. Besides the Si-doped BC; NS and NT was found to “.dsc*b AA drug more strongly with an adsorption
energy of -21.3 and -24.5 kcal/mol respectively. Despite trs nnst stable and sensible for AA drug, Si-doped BC,
NT suffers from a considerable recovery time of 87.5¢ wi.o=2 it was only 0.4s for Si-doped BC3;NS. Hence Si-
doped BC; NS was considered as a potential sensor «0 . 2nsc the amphetamine drug.

BC;NT was further modified into BC,N 7' to work as a sensor for -keto-amphetamine or simply
cathinone (CT) [258]. Akin to the pristine BC, NS ana NT, BC,N NT also suffers from a reduction in the energy
gap by only 3% while it adsorbed CT with ar'z~rpJian energy as high as -14.6 kcal/mol. Though Al-doped BC,N
NT solved the problem with a 41.5% reductic 1 i1 the energy gap with a very strong adsorption of CT drug with
an adsorption energy of -43.9 kcal/mol, it s ~rs from a considerable recovery time. Besides, Si-doped BC,N NT
had a recovery time of 0.27s and was - 9nsi‘ered as most sensible to the CT with a 55.8% decrease in the energy
gap due to the adsorption of CT with .1 adsorption energy of -15.7 kcal/mol. Finally, the interaction of an amino
acid glycine with BC;N NT was 2lsc reported by A. Soltani et al. [259]. Glycine made strong chemisorption with
the sidewall of BC,N NT witt a a pole moment ranging from 15.35 to 37.40 debye for different orientations
resulting an increased reactivio’ aue to the adsorption of glycine which was further verified from the global
reactivity parameter analysis.

4. Boron-based LDNs for drug delivery and sensing applications

4.1 Hexagonal Boron Nitride Nanosheet

Another graphene alike 2D nanosheet, BNNS made of boron and nitrogen atoms, is alternatively known as
“White Graphene” due white colour and graphene-like sp’ bonded hexagonal honeycomb structure with D,
symmetry as shown in Figure 12. The BNNS is highly popular for its higher thermal and chemical stability
compared to graphene while it has a very high melting point e.g. the hexagonal BNNS (BNNS) platelets showed
thermal stability up to ~1000 °C in an investigation made by N. Kostoglou et al. [289]. The thermal conductivity
of the BNNS is also comparable to the graphene as the thermal conductivity for the BN nanoribbon is observed as
~1700-2000 W m™* K™ at the room temperature [290]. On the other hand, while graphene works as a zero
bandgap semiconductor material, with a large bandgap of ~5.5 eV BNNS works as an insulator or wide bandgap
semiconductor material which help BNNS to exhibit several unique optical properties [38]. Besides, the BNNS
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can be synthesized with the large surface using numerous methods including the popular CVD methods for a large
scale production [291-293]. These alluring properties and sufficiently available synthesis methods made BNNS to
be applied as a catalyst [294,295], dielectric material [296,297], high temperature application [298], UV
photodetector [299], energy storage device [300], sensor [301-304] etc. Finally, the biocompatibility of BNNS
[305] leads them to the biomedical applications like drug sensors and drug delivery which will be reviewed in this
section of our study.

It was previously observed that many anticancer drugs have a structure like nucleobases as the operation
of these drugs includes interactions with DNA and RNAs. Several of these anticancer drugs 6-mercaptopurine
(MP), 6-thioguanine (TG) and 5-fluorouracil (FU) which have structures akin to nucleobases adenine, guanine
and uracil were subjected to be studied by M. Vatanparast et al. for an efficient drug delivery system as they have
a significant amount of side effects and they came up with BNNS on this purpose [99]. All three anticancer drugs
made spontaneous adsorption to the BN, which was confirmed from the nec ative values for the adsorption energy
and
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Figure 11: BC; nanostructure optin..7er, using DFT theory with B3LYP hybrid exchange correlational functional
and 6-31G basis set.

change in Gibbs free energies. dexagonal BNNS showed decent drug delivery properties for the FU and MP
drugs, where the most promising result was observed for the TG drug. While BN adsorbed FU and MP drug with
an adsorption energy of -19.59 and -23.19 kcal/mol, it was -26.53 kcal/mol for the TG drug. Another important
property for the drug delivery application, dipole moment, indicating the solubility of the system in a polar
medium, was also as high as 10.675 Debye for TG-BN complex while it was only 5.292 and 5.797 Debye for FU-
BN and MP-BN complex. This increased reactivity of the structures was also observed from the quantum
reactivity descriptors where global hardness was decreased with an increase to the chemical potential and
electrophilicity. Though the HOMO-LUMO energy gap (H-L gap) decreased in case of all three drug adsorption
on the BN, the least was observed as 4.30 eV for the TG adsorption with a maximum of 5.16 eV for FU
adsorption while it was 5.07 eV for MP adsorption. The interaction of the drugs with BNNS was closed-shell non-
covalent in nature as the total electron energy density was observed positive with -G,/V, >1 in the QTAIM
analysis where G, indicates kinetic electron energy density and V,, represents potential electron energy density.
Finally, a decrease in the adsorption energy of those drugs with BN in the acidic medium confirmed their drug
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release in the low pH cancerous cell area. In another study, instead of any drug with the structure like a
nucleobase, J. Castro-Medina et al. investigated the interaction of thymine, a pyrimidine nucleobase, with BN
[306]. It was observed that the among 4 x 4, 5 x 5, and 6 x 6 BN, thymine was adsorbed more strongly towards 6
x 6 BN with an adsorption energy of - 38.37 kcal/mol which was further increased to -60.63 kcal/mol in case of
an Al atom doping. Hence the size of the nanosheet along with doping it with impurity atoms plays a significant
role in the drug adsorption.

Furthermore, using Van Der Waals corrected DFT theory (DFT-D2), S. D Dabhi et al. proposed a sensor
to sense all DNA and RNA nucleobases using one-dimensional armchair and zigzag boron nanoribbons (BNNR)
which can also be further applied for DNA sequencing purpose [307]. The adsorption profile of the nucleobases
adsorbed in parallel with the armchair BNNR (A-BNNR) was observed as G > T > A > U > C with adsorption
energies ranging from -8.95 to -14.39 kcal/mol with an adsorbent-adsorbate distance ranging as 2.73 A to 2.95 A,
The A-BNNR responded towards all the nucleobases significantly by decre 1sing the H-L energy gaps ranging as
3.25 eV to 3.73 eV while it was 4.89 eV for the A-BNNR alone. The least H-. energy gap was observed for C +
A-BNNR complex as 3.25 eV indicated that A-BNNR was most sensitive tow rds cytosine (C) and least towards
adenine (A). On the contrary to the H-L energy gap, the work function ui (he A-BNNR increased noticeably with

Figure 12: Hexagonal BNNS or...m1..d using DFT theory with B3LYP hybrid exchange correlational functional
and 6-31G basis set.

adsorption of the nucleobases. Tne zigzag BNNR (Z-BNNR) also followed the same trend upon the adsorption of
nucleobases. But the adsorption energies were this time observed as G > C > A > T > U with a range of -13.07 to
-18.33 kcal/mol. Z-BNNR was also most sensitive towards the C with a least H-L energy gap 3.37 eV following
by G, U, T, and A. Here, the work function again increased upon the adsorption of the nucleobases towards the Z-
BNNR. Hence the BNNR may not function as a work function based sensor but holds the potential of an
electronic sensor to detect nucleobases.

In several other theoretical studies, the performance of BNNS was compared with other BN
nanostructures for several other drug sensing. K. Nejati et al. made a first-principles investigation using DFT
theory with B3LYP hybrid functional on the interaction of cathinone drug with BNNS, zigzag (6, 0) BNNT, and
B1,N;, nanocage (BNNC) [308]. Though the BNNS showed a moderate sensitivity towards cathinone, it failed to
adsorb the drug sufficiently. For different orientations of cathinone, BNNS adsorbed with adsorption energies of -
0.5 and -5.0 kcal/mol with a decrease in the H-L energy gap 23.0% and 12.9% respectively. The same trend was
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observed with BNNT while it failed to adsorb cathinone if shows sensitivity towards the drug. Though BNNT still
showed more enhanced performance than BNNS by adsorbing the drug with adsorption energies as -2.6 and -14.0
kcal/mol for different orientations, with a decrease in the H-L energy gap by 27.6% and 15.5%. The NBO charge
transfer was also greater in the BNNT from cathinone as 0.15e and 0.24e while it was only 0.03e and 0.09e
respectively for BNNS. The most alluring sensing properties towards cathinone was observed from BNNC while
it adsorbed the drug with adsorption energies as -5.8 and -16.1 kcal/mol with a significant decrease in the H-L
energy gap as 57.0% and 46.0% respectively. The NBO charge transfer from cathinone to BNNC was observed as
0.25e and 0.33e made it a potential candidate for the development of an electronic sensor to detect cathinone drug.
Besides, all three nanostructures benefit from a short recovery time of 0.54s for BNNC following by 0.02s for
BNNT, and 4.4 ns for BNNS at the room temperature of 298K.

The BNNS, BNNT, and BNNC also showed the same sensing properties towards another anticancer
chemotherapeutic drug, mercaptopurine (MP), which was revealed by S. / Aslanzadeh from DFT calculations
using B3LYP/6-31g (d) level of theory [309]. Alike from cathinone, BMNS also showed inferior adsorption
properties towards MP with an adsorption energy of -3.2 kcal/mol with a Yecrt ase in the H-L energy gap only by
0.5%. This time also the most sensitivity and the most stable adsorpticn on MP was observed with BNNC. BNNC
adsorbed the MP drug with maximum adsorption energy -28.6 V-al..ut while the range of decrease in H-L
energy gap was observed as 47.8% to 51.9%. But due to this stro’y ~asarption, this time the BNNC suffered from

an unrealistic high recovery time of 8.8 x 10® seconds. Besiu~c this time, the most promising adsorption
behaviour of MP drug was observed from BNNT. BNNT ~Z'<orbed wne drug with a decent maximum adsorption
energy of -18.7 kcal/mol while the decrease in H-L energ," gyar was observed from 43.3% to 46.3% for different
orientations of the drug. Besides, the BNNT also h2nei*s from a shorter recovery time of 49.5 seconds at the
room temperature of 298 K. Hence, BNNT holds ‘he 'nost potentiality in the development of an electrochemical
sensor to detect MP drug.

4.2 Boron Nitride Nanotube

After the discovery of CNT in 1951 "ou], the novel properties of BNNS lead to the successful discovery
of another polymorph of graphitic BN b, 'NT in 1995 by N. G. Chopra et al. [310] shortly after its theoretical
prediction in 1994 [311]. By that tii ~e, the availability of many different methods to grow CNT and BNs lead
BNNTSs to be synthesized using mav pupular methods like arc discharge [312], ball mailing method [313], laser
ablation method [314], and che nic.' vapour deposition (CVD) [315]. Being made of BNs the BNNT also shares
the similar properties as EN. 'S :ie high thermal and chemical stability [316,317], high thermal conductivity
[318], high oxidation resistance 319] and a wide insulating bandgap of ~5.5 eV [320]. Besides, having a tubular
structure provided it excellent mechanical strength with the elastic modulus in TPa level as CNT [321]. These
properties made its applications as nanocomposites [322], nano light source [323], oil- polluted water treatment
[324], radiation shielding [325], sensor [97,326,327] etc. Finally, BNNTs were found to be non-toxic to the
human body and biocompatible, which lead it to many biomedical applications [328-331].

An efficient sensor for the broadly used sulfonamide (SA) antibacterial drugs is crucial to the medical
community as it causes an adverse reaction to the 3% of its general consumers which rises 60% to the patients
with human immunodeficiency virus (HIV) [332]. Hence Z. Rahmani et al. made a first-principles investigation
on the BNNT and several other doped (Al, Si) BNNT using DFT theory along with M06-2X functional and 6-
311G (d) basis set to study their SA drugs sensing ability [333]. Unlike the majority of the drug sensors, in this
case, pristine BNNT performed as a better SA drugs sensor than Si and Al-doped BNNT. In the most stable
position, BNNT adsorbed SA drugs with an adsorption energy of -25.41 kcal/mol with an 18% reduction to the H-
L energy gap. Though the value for adsorption energy increased dramatically for Al-doped BNNT to -59.73
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kcal/mol, it failed to decrease the energy gap significantly, which was only 6.2%. Hence with this poor sensing
ability but strong adsorption of SA drug made AI-BNNT a decomposition agent for SA drugs. For, Si-BNNT the
SA drug was adsorbed with an adsorption energy of -51.69 kcal/mol at the most stable orientation but increased
the H-L energy gap by 19.8% which was enhanced in another orientation where SA decreased H-L energy gap by
28.7% but was adsorbed with an adsorption energy of -4.5 kcal/mol only. So, Si-BNNT is not ideal to be used
either as a sensor or to decompose SA drug.

The popular anticancer drug 5-fluorouracil (FU) which was reported to be carried out by several carbon
and boron-based nanoclusters, is also reported to make strong chemisorption with zigzag and armchair BNNT.
From a first-principles investigation lead by A. Soltani et al., it was observed that the (8, 0) zigzag BNNT
adsorbed FU more strongly with a reduction in the H-L energy gap significantly with an increase in the dipole
moment (DM) compared to the (5, 0) zigzag BNNT [132]. The (5, 0) zigzag BNNT adsorbed FU with an
adsorption energy of -2.54 kcal/mol with a DM of only 5.08 debye and an ir :rease in the H-L energy gap by 0.8%
whereas the (8, 0) zigzag BNNT adsorbed FU with an adsorption energy of -5.70 kcal/mol with an increased DM
of 12.73 debye and decrease in the H-L energy gap by 10.89%. So they urth >r doped (8, 0) zigzag BNNT with
Al, Ga and Ge to enhance the adsorption of FU to BNNT. The most p.ui.isuig result was observed for Al-doped
(8, 0) zigzag BNNT (AI-BNNT) where it adsorbed FU strongly witt, ~bmisorption of -42.89 kcal/mol with a
significant decrease in the energy gap by 38.01% where the DM '*'as chserved as high as 19.13 debye. After that,
a promising result was also observed from the Ga-BNNT whe, » it i dsorbed FU with an adsorption energy of -
34.59 kcal/mol and decreased the H-L energy gap by 39.02% * vith >~ DM of 16.37 debye. Among doped BNNT
the least promising performance was observed from Ge-E N'T but better than the pristine (8, 0) zigzag BNNT.
Ge-BNNT adsorbed FU with an adsorption energy of -1 .2z ~cal/mol with a cut to the H-L energy gap by 28.91%
and an increase in the DM to 13.42 debye. These i*.cre se 1.1 the reactivity was further verified from a decrease in
the global hardness and changes in the global reactiv* v parameters accordingly. Though the adsorption process of
FU drug to the (8, 0) zigzag BNNT wasn’t spoi.“aneous as it was seen from the change in Gibbs free energy (AG),
for Al and Ga doped BNNT it was spontaner,u. wi.n a negative value for AG. And the adsorption process of FU
to all adsorbent was exothermic with a decresse in the entropy. So analyzing the results, they came to a
conclusion that Ga-BNNT can be used ¢ a pJotential drug delivery system for FU for its enhanced NBO charge
transfer properties where AI-BNNT .=n be¢ a potentially stable sensor FU with high adsorption energy and
reduction in the H-L energy gap. Besiu~s zigzag BNNT, K. Shayan et al. investigated the interaction of FU with
a wide number of armchair BNNT [527). Though the armchair BNNTSs adsorbed FU with less adsorption energies
compared to the zigzag BNNT from a detailed analysis of thermodynamical parameters, charge transfer, and
global reactivity descriptors it v. 3s revealed that armchair BNNTS also could be a potential drug delivery systems
to deliver FU drug.

The DFT theory with M06-2X and B3LYP exchange correlational functional with 6-31G* basis set was
also employed to investigate the —OH functionalized (6, 0) zigzag BNNT (f-BNNT) as a drug delivery system for
another anticancer drug carmustine (BCNU) [91]. BCMU is a potential anticancer drug that is used to treat many
kinds of brain cancers for over few decades, but sometimes it induces unwanted side effects like acute interstitial
pneumonitis, myocardial ischemia etc. [335-337]. Using the B3LYP hybrid exchange correlational functional, it
was observed that the BNCU interacted with f-BNNT with a maximum adsorption energy of -8.04 kcal/mol in the
gas phase which decreased to -4.69 kcal/mol in the water phase. This interaction energy was increased as high as -
18.77 (-10.89) kcal/mol in the gas (water) phase, while the dispersion corrected M06-2X functional was used.
This significant difference in the adsorption energies using two different functional indicated that the weak Van
Der Waals (vdw) interactions played an important role in the BNCU adsorption on f-BNNT. This was then
confirmed from the MD simulations where vdw energy increased to -3.42 kcal/mol from -0.54 kcal/mol for a
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single drug molecule with an increase in the temperature to 310 K from 270 K. The adsorption process was
spontaneous and thermodynamically possible with an exothermic one in both gaseous and water phase. But the
adsorption of BNCU barely affected the charge transfer and electronic properties with an increase in the H-L
energy gap. Besides the reactivity of the structures was also decreased with an increase in the global hardness of
the BNCU adsorbed f-BNNT.

The biocompatibility and non-toxicity of BNNTSs encouraged S. Ghahremani et al. to encapsulate an
anticancer drug floxuridine (FUDR) into a (9, 9-7) armchair BNNT [338]. FUDR is an anticancer drug to treat
colorectal cancer and often causes side effects like toxicity, diarrhoea etc. which requires immediate medical
attention and hospitalization [339-341]. FUDR was encapsulated inside the (9, 9-7) BNNT with interaction
energy of -0.28 kcal/mol only. But the encapsulation of FUDR decreased the energy gap to 0.191 eV from 0.231
eV, which was occurred due to a significant increase in the LUMO energy to -0.044 eV from -0.004 eV. More
importantly, the DM of the FUDR encapsulated (9, 9-7) BNNT increased s gnificantly to the 9.02 debye while it
was 0.00 for the (9, 9-7) BNNT. This increase in the DM indicated an enhai.~ed reactivity of the structure in a
polar medium. This enhancement in the reactivity was also reflected in tl e quintum reactivity descriptors where
the global hardness of the structure was increased to 0.095 eV where i* w.s u.115eV for the (9, 9-7) BNNT alone
and the global softness increased to 10.46 eV from 8.63 eV aloig “~it\1 an increase in the electrophilicity to
0.102 eV from 0.062 eV. From NBO analysis, it was observed *ha! the electron is most like to flow towards
BNNT from FUDR which made FUDR an electron dono, anc BNNT an electron acceptor. The weak
physisorption was further confirmed from the QTAIM analysis * vhei ! it was observed that the interaction between
the FUDR and BNNT was weak Van der Waals interact or.s *vith a small value for the electron density and a
negative value for V2p where five hydrogen bond wc: aisu observed. These promising results lead them to
propose a drug carrier for the FUDR based on (9, ©-7) 3NNT to reduce the unwanted effects of the FUDR drug in
our body.

Besides the anticancer drug delivery. the sensing properties of BNNT on anti-fever and pain-reducing
drugs like paracetamol (PA) and phenacetin P4, .vas also observed from several studies as the overdose of these
drugs may induce some liver and kidney sai>age [342]. The interaction of both PA and PH with several armchair
BNNT with different chirality was inve stigoted by H. Ghasempour et al. using dispersion corrected DFT-D theory
with GGA functional [343]. Interesti. qly, instead of adsorbing PA, it was desorbed in the inside of (5, 5) BNNT
with a positive adsorption energy o. 47. 25 kcal/mol while it was adsorbed strongly with an adsorption energy of -
21.34 kcal/mol in the outside o the ‘5, 5) BNNT. But the reverse effect was observed in case of the (6, 6) and (7,
7) BNNT where PA was ausu. heu imore stably inside the BNNT with an adsorption energy of -49.20 and -35.42
kcal/mol respectively while it w5 -23.30 and -23.07 kcal/mol respectively for the adsorption of PA on the outside
of (6, 6) and (7, 7) BNNTSs. Again more enhanced properties on sensing PA like a high drop in the H-L energy
gap and an increase in the DM was observed while the drug was in the outside of (6, 6) and (7, 7) BNNTSs. The
exact same adsorption properties like desorption inside (5, 5) BNNT but more stable adsorption inside (6, 6) and
(7, 7) BNNTSs, more decrease in the energy gap and more increase in the DM while the drug was adsorbed on the
outer surface of (6, 6) and (7, 7) BNNTs was also observed for the PH adsorption on the BNNTSs. The more effect
on the PA adsorption towards BNNT was further investigated by Z. Iranmanesh-Zarandy et al. using MD
simulations in terms of change in nanotube’s size, length, chirality and temperature [344]. The binding free
energy of PA was increased with an increase in the diameter of the BNNT. The binding free energy of PA
towards the (4, 4) BNNT with diameter 5.63 A was observed as -16.03 kcal/mol while it was gradually increased
to -35.13 kcal/mol for the (10, 10) BNNT with a diameter of 13.96 A. But a significant decrease in the stability
was observed in cases like an increase in the length of BNNT and chirality along with a minor decrease in the
stability for increasing temperature.
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Recently several computational works also had been done on investigating BNNT as a sensor for several
harmful chemical compounds, a long exposure of which may induce harmful effect to the human body. B.
Makiabadi et al. investigated the sensing properties of (4, 0) zigzag BNNT and three Al-doped Bz NNT with a
diameter ranging 3.289 — 3.638 A using B3LYP/6-311++G(d) level of theory, to sense carcinogenic compounds
nitrosamine (NA) and thionitrosamine (TNA) which can make an entry to the human body through cigarette
smoke, water, foods etc. and induce gastric and oesophageal cancer [345-348]. Both BNNT and BzayNNT
adsorbed NA and TNA with stable negative adsorption energies along with a decrease in the H-L energy gap
hence increase in the conductivity, and increase in the reactivity by a decreasing chemical hardness with
increasing chemical softness and electrophilicity. B;axNNT showed more stable adsorption of NA and TNA with
adsorption energy (BSSE corrected) ranging -25.91 to -33.22 kcal/mol while it was -2.07 to -9.59 kcal/mol for the
BNNT. Besides more charge transfer from NA and TNA to BNNT was observed than Bz, NNT and all the bonds
between the adsorbent and adsorbate were covalent in nature. G. Fan et al. proposed another sensor for acetone
based on zigzag BNNTSs from a dispersion corrected DFT-D study which c.'« have a potential application on the
detection of diabetes as a patient with diabetes produces more acetone in th.c.- body than a normal person [349]. It
was observed that the pristine BNNTSs adsorbed acetone with decent stabil, bt hardly able to sense it which was
further improved by doping impurity atoms to the BNNT hence an ac 'tone sensor can be developed with flexible
sensing properties based on the necessity. Besides, the interaction of the oxazole and isoxazole with BNNT was
investigated by J. Kaur et al. as many drugs have a structure si “ilar to these heterocyclic aromatic organic
compounds hence plays an essential role in the development o, ~any drugs [102]. Though the (6, 0) zigzag
BNNT adsorbed oxazole in both gaseous and solvent pr2~e with an adsorption energy of -2.54 and -18.68
kcal/mol respectively, it adsorbed isoxazole only in the ol.ent phase with an adsorption energy of -15.22
kcal/mol. But the (5, 5) armchair BNNT desorbed kz*h vvazole and isoxazole in both gaseous and solvent phase
with a positive value for the adsorption energy. ,* hir,ner reactivity with a significantly increased DM was also
observed for the (6, 0) BNNT than (5, 5) BNINT. hunce the solvent and the chirality of the BNNT affects the
adsorption properties of oxazole and isoxazole siy,"ificantly.

4.3 Boron Nitride Nanocage

Prior to the advancement of th: C.'T and C fullerenes, the investigation on the BNNT and boron nitride
nanocages (BNNC) also started witl. ali,ast the same timeline. Research on the BNNCs got immense attention
after a report from F. Jensen and h. Toniund stating that B;oN;, nanocage offers higher stability compared to the
Cy4 fullerenes [350]. Shortly af'er t at, in 1994 the first accidental observation of the nested BNNC was reported
by 0. Stephan et al. during ac ing the CNT with B and N atoms using the electric arc-discharge method [351].
Furthermore, many groups repo ted the growth of the BNNC using various methods including the formation of
octahedral B;,N;; BNNC (Figure 13) using electron beam irradiation by D. Golberg et al. [352], the formation of
B.,4Ny4 using an arc-melting method by T. Oku et al. [353] etc. Being made of boron nitrides, BNNCs also benefit
from the unique properties shown by other BN polymorphs like wide bandgap, high resistance to the oxidation,
high thermal and chemical stability etc. which lead its application as good lubrication [354], wastewater treatment
[355], hydrogen storage [356], gas sensors [357] etc.

BNNCs are also reported to have a potential application in the anticancer drug sensing and delivery
system. Thioguanine or 6-thioguanine (TG), a drug that has clinical applications to treat several types of acute
leukaemia, have many unwanted side effects like bone marrow suppression, liver toxicity etc. [358-360]. To
reduce these adverse effects on the human body, M. Noormohammadbeigi et al. investigated pristine B,Nj,
nanocage to work as a potential nano-drug delivery vehicle for TG delivery [361]. Considering non-covalent
calculations, they chose M06-2X functional along with widely used 6-31G (d,p) basis set and DFT theory as the
MO06-2X functional have a higher percentage of Hartree-Fock exchange (54%). The fascinating property upon TG
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adsorption on BN, was the decrease in the H-L energy gap by a noticeable change ranging 27.12 - 35.70 %
which was confirmed from the DOS spectrum of structures hence made a significant rise to the electrical
conductivity of TG adsorbed structures. Besides this sensitivity towards TG, Bi,N;, was also spontaneously
adsorbed TG by strong chemisorption with an exothermic process. The adsorption energy of the TG on B3Ny,
was in a range of -29.48 to -36.03 kcal/mol for different orientations and isomers of the drug in the gaseous phase.
However, this range increased into -36.16 to -38.85 kcal/mol in the water solvent phase with a significant increase
in the DM to as high as 13.58 debye. Higher charge polarization transfer from TG to B;,N;, was also observed in
the water phase. These properties made them conclude B;,N;; nanocage as a nano drug delivery system for TG
drug.

Ifosfamide (IFO) is another anticancer drug which has a potential application to treat several kinds of
cancer and tumours including testicular cancer, small cell lung cancer, ovarian cancer etc. and have relatively
fewer side effects [362]. But sometimes, it is capable of inducing life-three ening toxicities like cardiac toxicity,
hemorrhagic cystitis, nephrotoxicity, encephalopathy and neuropathy [365]. A. Soltani et al. investigated the
interaction of IFO with pristine B;,N;, and carbon atom doped B1,N¢Cs and 3sN4sC;, fullerenes which revealed
that those unwanted side effects of IFO might be reduced by using BN, 1.'lerenes as a nano-drug delivery system
for the IFO [364]. Besides the DFT theory, they chose one GG£. a4 unother hybrid functional with a high
percentage of HF (Hartree-Fock) exchange as GGA PBE-1 'va. observed to have results closer to the
experimental outcomes for By;N;, and the hybrid M06-2X w. = us:d widely for BgNgCi,, graphene and other
nanosystems. Unlike many other nanostructures, pristine B ;N;, fullerene adsorbed IFO drug with strong
chemisorption of -27.90 kcal/mol in its most stable oriente ticns which was further enhanced in the water solution
where it became -29.28 kcal/mol. This

Figure 13: B1,Nj, nanocage relaxed using DFT theory with B3LYP hybrid exchange correlational functional and
6-31G (d,p) basis set.

interaction between the IFO and BNNC became stronger due to the substitution of carbon atoms, and the
interaction energies were observed as -42.89 and -45.89 kcal/mol while the adsorbents were B;;N¢Cs and BgNgCi»
fullerenes, respectively. The DM for the IFO adsorbed structures increased in the solvent medium and was
observed as high as 23.67 debye for B;;NsCe and 16.58 debye for BgNsC,, fullerene. These properties ensured the
IFO drug loading ability of B;,N¢Cs and BsN¢C1, and the biocompatibility of the structures were increased with a
decrease in the toxicity which was confirmed from an increasing reactivity observed from the increasing chemical
potential and electrophilicity with a decrease in the global hardness.

40



Besides delivering the TG and IFO anticancer drugs, BNNC was also reported to be worked as a potential
sensor candidate for another anticancer drug cisplatin (CP) which was revealed from a first-principles
investigation made by S. Onsori et al. [365]. It was observed that at the most stable interaction, the Bi,Nj,
nanocage adsorbed CP drug with an adsorption energy of -14.9 kcal/mol. But one of the key features for sensor
development, decrease in the H-L energy gap, was observed with the highest decrease of 44.2%, which was
analyzed from the DOS spectrum. For the different orientation of CP drug the reduction in the H-L energy gap
ranges from 30.30% to 44.2% which ensured that B;,N;, nanocage could detect CP drug in various orientations
efficiently with an increase in the conductivity to produce a detectable signal. Besides the recovery time of the
sensor was also found as low as ~ 81 ms ensured that pristine B1,N;, hanocage could be a potential candidate for
CP drug sensor without any modification, doping or decoration. Furthermore, BNNC was considered to be a
potential sensor to detect another anticancer drug a-cyano-4-hydroxycinnamic acid (CHC) [366]. Frontier
molecular orbital analysis with DOS revealed that due to the adsorption of CHC the H-L energy gap of Bi;N;;
nanocage decreased by a minimum of 39.3% to a maximum of 55.2% for d\ “’erent orientations which ensured its
sensitivity towards CHC drug. Almost the same sensitivity was also obzc.>’eu in the water solvent where the
decrease in the H-L energy gap was observed as 30.5% to 46.1% for d“fer~.nt orientations of CHC on BNy,
nanocage. Besides, it adsorbed CHC with a maximum adsorption ener_ty 01 -23.7 kcal/mol, which leads the sensor
to be suffered by a moderately large recovery time of 22.7 sec 3t tie room temperature. Hence the Bi,Nj,
nanocage can be considered as a potential sensor candidate to detect ~F and CHC drug.

In addition, BNNC was studied to design a nano-vehi_ie 1or an anti-inflammatory drug like Celecoxib
(CXB) and a sensor for Metformin (MF) that is used to tre at “ype 2 diabetes. First, N. Abdolahi et al. investigated
the adsorption properties of CXB drug adsorption on &.,Ny, rullerene (BNNC) and found that BNNC can be a
potential candidate for the nano-vehicle of CXB t, tra 1sfe, it into the targeted cell [367]. The rising importance
on the drug delivery system is associated wi. adverse effects of CXB like hypertension, diarrhoea,
gastrointestinal effects besides its use as a CO, -2 selective nonsteroidal anti-inflammatory drug (NSAID) [368—
370]. The BNNC firmly bound the CXB ¢.u.> by strong chemisorption with an adsorption energy of -30.21
kcal/mol in a vacuum and with -26.75 kcal/mc 1 ia water medium at its most stable state. Besides the BNNC was
also sensitive towards the CXB drug as ¢ decicase of 45.83% in the H-L energy gap was observed from the DOS
spectrum analysis. Due to the adsorpticn o1 CXB, the reactivity of the structure also increased with a decreasing
global hardness, chemical potential, a1 electrophilicity along with an increase in the global softness while the
DM of the structure was also irz-ea.~d4 to as high as 10.89 debye from zero for the pristine symmetric B;,N;»
fullerene which raised the not.ntia ity of BNNC as a nano-vehicle for CXB in drug delivery application. In
another study, A.S. Ghasemi et . . initiated an investigation lead by dispersion corrected DFT-D theory to find the
drug delivery capability of pi..tine and doped B1:Ni, and BigNyg fullerenes to deliver MF but ended up with
finding sensor application of BNNC to sense MF [371]. Without any doping or functionalization of B;;N;, and
B1sNyg fullerenes, both interacted with MF strongly with an adsorption energy of -37.35 and -36.44 kcal/mol
respectively with a decrease in the H-L energy gap by 28.46% and 28.17%. Besides the reactivity of the structures
increase with an increase in the DM up to 15.34 debye along with an increase in global softness and decrease in
the global hardness, chemical potential, and electrophilicity. Hence the pristine B1;N;, and BigN1g fullerenes can
be potential candidate in the sensor development of MF drug. Due to doping B1,N1, fullerenes with Al, Si, Ge and
Ga, while the most stable interaction of MF was observed with AIB1;N;, with a large adsorption energy of -74.95
kcal/mol, GeB;;N;, was most sensitive towards MF drug with a decrease in the H-L energy gap by 66.67% with
an acceptable adsorption energy of -37.13 kcal/mol. Hence the study concludes GeB;Nj, fullerene as the most
potential nanostructure to work as a biosensor for MF drug.

4.4 Quasi-planar Boron nanoclusters
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The popular pyridine nucleobase uracil like anticancer drug fluorouracil (FU) was further adsorbed with
the quasi-planar Bsg boron nanosheet (Figure 14) in order to investigate if the Bgzs can be used as a novel drug
carrier system for the FU drug [372]. All the quantum mechanical calculations were carried out by time-
dependent DFT (TD-DFT) theory, and for the exchange correlational functional they depended on the hybrid
TPSSH functional with 6-31+G (d) basis set. First, the FU drug failed to generate any detectable signal where no
noticeable change in the H-L energy gap was observed while the drug interacted with the concave and convex
surface of Bgs nanosheet with weak interaction energy of —2.2 to —4.8 kcal/mol. But these interactions were
greatly enhanced while the drug interacted with its O atom on the edge of the Bzs nanosheet. While a single
molecule was adsorbed on the edge of Bsg nanosheet, in the gaseous medium the adsorption energy was observed
as high as -24.5 kcal/mol with maximum deformation energy of 18.1 kcal/mol. The B3 also detected FU with a
noticeable decrease in the H-L energy gap of 47% with an NBO charge transfer of 0.302 a.u. The DM of these
structures was also observed as high as 16.6 debye, which indicated an increase in the reactivity in the polar
medium. While instead of one FU, two FU molecule was adsorbed on the ™5 nanosheet, the adsorption energy
per molecule was slightly decreased with a maximum value of -22.2 kza:'mc! but increased the deformation
energy as high as 36.3 kcal/mol. Despite a less interaction the sensitivit,” anJ reactivity increased significantly
where the decrease in the H-L energy gap was as high as 64% with M BO sharge transfer ranging 0.425 to 0.588
a.u. while the DM was observed as high as 22.5 debye. Besides, . moie strong interaction of FU with Bss was
observed in the aqueous solution where the adsorption energy 'vas as high as -27.3 kcal/mol with an increased
reactivity where the highest DM was observed as 36.4 debye, but .~ significant change in the H-L energy gap was
observed. Hence these enhanced adsorption properties ir ‘he polar medium made Bss nanosheet a potential
candidate for the nano-drug carrier of FU.

Besides, drug delivery application, Bss narushe et was further investigated by C. Xiao et al. in a search for
an electrochemical sensor development to sense me* onidazole (ML) drug [373]. This antibiotic drug is used to
treat a number of diseases including bacteria. vaginosis, perineal Crohn’s disease, trichomoniasis etc. but an
extensive usage of it can lead to unwanted c.. inugenic effects on the human body [374-376]. The DFT theory
based B3LYP-gCP-D3/6-31G* level of thenry w?s applied to optimize the structures which further found that like
FU, ML also interacted more strongly w: h the Bsg nanosheet by its edge with adsorption energy as high as -22.1
kcal/mol while the adsorption process . ‘as spontaneous with a negative value for the change in Gibbs free energy
as -19.3 kcal/mol. But the maximum au-arption energy of the complexes was slightly decreased to - 20.9 kcal/mol
with an increase in the solvation <a1g to -12.5 kcal/mol. Despite a very slight change in the work function of the
Bss nanosheet due to the ad-arp"ion )f ML, the change in the H-L energy gap was dramatic with the highest drop
by 64.4% to 0.66 eV from 1.c4 eV ensuring a significant increase in the conductivity of the structure. This
significant decrease in the H-L <¢nergy gap also caused an NBO charge transfer of 0.23e between the ML and B
nanosheet which will be able to induce a detectable electrochemical signal and can be used to develop a potential
sensor to sense ML drug. The recovery time of the sensor was further found to be as low as 1.53 s for the most
stable adsorption in the room temperature.

Using the different sensing properties towards the four DNA nucleobases Adenine, Guanine, Cytosine,
Thymine, the quasi-planar Bss nanosheet was further proposed for an application as a DNA sequencing device by
a DFT investigation from A. Rastgou et al. [377]. It was observed that the Bss nanosheet was most sensitive
towards the cytosine with its edge than other nucleobases with a massive decrease in the H-L energy gap by
95.5%. For the thymine, this decrease in the H-L energy gap was observed within the range 28.9% to 35.5% and
was the second most sensitive structure towards B3 nanosheet. The sensitivity of adenine and guanine was almost
similar towards the Bss nanosheet, but the sensitivity was slightly higher for adenine with a decrease in the energy
gap by 17.5% to 20.2% following by 14.8% to 15.6% for guanine although two orientations can decrease the
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energy gap by 26.6% and 47.9%. Hence the highest peak in the conductivity will be observed for cytosine
following by the thymine, adenine and guanine from which these DNA nucleobases can be identified. Though the
electronic sensitivity was observed as cytosine>thymine> adenine ~ guanine, the energetic sensitivity of Bsg
nanosheet was observed as adenine>guanine> cytosine>thymine.

(@) (b)

Figure 14: Quasi-planner (a) B3 and (b) Bss hanostructu.”:s ¢ ptimized using DFT theory with B3LYP hybrid
exchange correlational functional »-.2 6-21G, LanL2DZ basis sets respectively.

Another quasi-planar boron nanocluster, bo.I-shaped Bg, nanostructure was proposed to function as a
drug delivery system for amantadine drug as it often comes with unwanted adverse effects like insomnia,
depression, hallucinations etc. besides its aps1ir.2tinn to treat Parkinson disease and influenza A [378-381]. Like
Bass nanosheet the strongest interaction o am.~r@dine was observed on the edge of B, nanostructure with an
adsorption energy of - 46.44 kcal/mol w ile 1or other orientations it ranged between -16.73 to -26.83 kcal/mol
ensuring strong chemisorption for ever, orientation. The amantadine adsorption by Bs, nanostructure further got
stronger on the water solvent wrile v .» range of the adsorption energy became -30.75 to as high as -53.34
kcal/mol. Besides B3y nanostri’.i.e was more sensitive to amantadine by its edge but still not sufficient to
develop a sensor as the me..i'mum r.rop in the H-L energy gap was observed as only 8.50% while for the other
orientations this was observed with a range 7.19% to 7.79%. Finally, the polarity and reactivity of the Bs
nanostructure increased significantly with a major increase in the DM as high as 14.14 debye from 3.85 debye for
the pristine B3, nanostructure. For other orientations, the dipole moment was also almost similar within the range
of 13.06 to 14.07 debye. This increase in the polarity and reactivity with decent adsorption energy which also
increased significantly in the aqueous solution made B, nanostructure a potential candidate as a nano-drug
delivery system for amantadine drug.

5. Miscellaneous LDNSs for drug delivery and sensing applications
5.1 Metal Oxide Nanostructures

As usual, metal oxide (MO) nanostructures were also studied as a drug delivery system for several
therapeutic anticancer drugs. R. Khorram et al. investigated the drug delivery properties maghemite (y-Fe;O3)
nanostructure to deliver carmustine (BCNU) anticancer therapeutic drug which was previously discussed in this
study to be delivered using —OH functionalized (6, 0) zigzag BNNT (f-BNNT) [382]. Like f-BNNT, BCNU was
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also made a weak interaction with maghemite with a maximum adsorption energy -12.34 kcal/mol while other
orientation of the drug it was also observed as low as -0.26 kcal/mol. From thermodynamical parameter analysis,
it was observed that the drug adsorption process was spontaneous and exothermic in nature as the change in the
Gibbs free energy and enthalpy was negative. The DM of the structures increased significantly to as high as 8.8
debye due to the adsorption of BCNU from 2.94 debye for the maghemite which increased the polarity and
reactivity of the structures noticeably, and this played a crucial role into the delivery of BCNU using maghemite.
The AIM analysis was also done to investigate the type of interaction between the drug and maghemite which
revealed the presence of partial covalent interaction between them. Besides, NBO analysis identified the BCNU
as electron donor where maghemite was a receiver, and this was further verified from a more negative value of
chemical potential for maghemite as -5.02 eV compared to -4.69 eV for BCNU. This work with maghemite
besides f-BNNT will surely advance the study to find a nano-drug carrier for BCNU drug. Besides drug delivery,
another study from S. Onsori and E. Alipour proposed another MO, Zn;,0p, nanocluster, to develop an
electrochemical sensor for another anticancer drug cisplatin (CP) with bro-d name Platinol for which another
sensor was discussed previously on this study using Bi,N3, nanocage [2SC1. The Zng,0O;, nanocluster made a
stronger interaction with CP compared to the B;;N;, nanocage but with ~ less sensitivity where the maximum
adsorption energy and decrease in the H-L energy gap were observed as - 1.7 kcal/mol and 31.76% respectively.
The adsorption process was spontaneous with a negative value for e cniange in Gibbs free energy as high as a -
20.8 kcal/mol with a maximum change transfer of 0.25e betweer t.> CP and Zn;,0;, nanocluster. The sensitivity
of the Zn;,04, nanostructure towards CP was enhanced in the aau>-uJs solution with a maximum drop in the H-L
energy gap by 37.2% with a slight reduction in the maximu’:. 2usorption energy to -17.6 kcal/mol. The sensor also
had a short recovery time of 1.7 sec in the combination »1 *vhi~.h made Zn;,0;, hanostructure a promising sensor
candidate for CP drug.

The isonicotinic acid hydrazide (INH) with .- and name Isoniazid, a prodrug to treat the deadly infectious
disease tuberculosis (TB), which was previous: " discussed to be delivered using SWCNT by N. Saikia et al., was
also proposed to be delivered using another "0 ‘ramework Mg;,0;, nanocage by I. Ravaei et al. [384]. The
pristine Mg;,0,, nanocage made a strong inter xct,on with INH drug with a maximum adsorption energy of -35.51
kcal/mol but failed to alter the reactivi'v a.d electronic properties with no noticeable change in the global
reactivity parameters and H-L energy y 20 o1 the structures. This problem was overcome by replacing an Mg atom
by Al atom to the Mg;,0;, nanocage, “hich decreased the H-L energy gap to 3.15 eV from 7.56 eV. The H-L
energy gap was further reduced t= 1.12 ¢V by 37.18% due to the adsorption of INH drug on Al-Mg;;0;, nanocage
with an increase in the react*vit, by .owering the global hardness and chemical potential. Due to the doping of Al
atom, the interaction of the IN: ' drug also got stronger with an increase in the adsorption energy to as high as -
59.49 kcal/mol. Besides from AIM and NBO analysis, it was revealed that the interaction between the drug and
carrier was partially covalent in nature and the electrons were transferred from INH drug to the Al-Mg;;01,
nanocage.

In another first-principles investigation, M. Rezaei-Sameti et al. investigated the interaction of another
MO, Be;;0,, nanocluster with mercaptopyridine (MCP) drug [385]. Interestingly, pristine Be;,0O1, nanocluster
showed more encouraging adsorption properties towards MCP than Sc and Ti-doped Be;,04, nanocluster in order
to develop a nano-drug carrier system for MCP drug with maximum adsorption energy and DM of -38.91
kcal/mol and 7.87 debye respectively. Doping the nanocluster with Sc and Ti increased the adsorption energy to
as high as -59.68 kcal/mol but decreased the maximum DM to 5.44 debye. But the doping of Sc and Ti increased
the sensitivity of the Be;;O;, nanocluster towards the MCP drug by reducing the H-L energy gap significantly,
which was not observed noticeably for pristine Be;,0;, nanocluster. Hence, those nanoclusters can hold future
potential for the sensor development of MCP drug. Furthermore, the adsorption process was spontaneous,
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exothermic, ordered for all investigated structures except the MCP adsorption with S atom towards the pristine
Be;,01, nanocluster with a positive value for the change in Gibbs free energy. Besides MCP, another MO
nanocluster, ZnO single-walled nanotube (SWNT) was also proposed to be a potential sensor candidate for
Protein tyrosine nitration (PTN), 3-nitrotyrosine, which can be produced during the post-translational
modifications in proteins and cause several human disorders like rheumatoid arthritis, Parkinson’s disease,
Alzheimer etc. [386]. The interaction of the PTN increased significantly with the increasing chirality of the ZnO
SWNTs. The maximum binding energy of the (3, 0) ZnO SWNT was observed as 37.59 kcal/mol while it was
increased to 41.74 kcal/mol for ZnO SWNT. Finally, a noticeable alteration in the electronic band structure of the
ZnO SWNT indicated its sensitivity towards PTN.

5.2 Al and Ga Nitride Nanostructures

The interaction of isoniazid (INH) was also studied with the pristine and Ni-doped (4, 4) armchair GaNNTs
by M. Rezaei- Sameti et al. using the DFT cam-B3LYP/6-31G(d) level of 1" =ory [387]. It was observed that the
pristine and Ni-doped GaNNTSs adsorbed the INH drug with an adsorbate-.u.ruent distance of 1.68-2.16 A. The
pristine GaNNT adsorbed the INH strongly with adsorption energies renivg -92.23 to -107.14 kcal/mol for
different orientations for the drug which hadn’t increased due to the dop,ag with Ni. The adsorption processes
were exothermic in nature and thermodynamically favourable. All ii.eracuons were spontaneous and ordered with
negative values for the change in Gibbs free energy and entrcpy. Tne H-L energy for all of the investigated
structures were ranging between 3.61 eV and 6.49 eV and a deri. e in the energy gap was observed in the Ni-
doped structures with an increase in the conductivity. Bec..s, the work function of the investigated structures
was observed as -1.81 to -3.25 eV. From the NBO anzlyts. it was also revealed that the INH worked as the
electron donor in the INH-GaNNT complexes with « no.*tive value for Ap(ygey Which agreed with the positive
values for maximum electronic charge transfer (A’,). These alluring adsorption properties may lead (4, 4)
armchair GaNNTSs to a potential sensor candic>te for tn2 INH drug.

The sensor for another drug, benzeyl. "2namine (BEA) or B-keto-amphetamine, was reported by A.
Hosseinian et al. using AIN nanoclusters [229]. #.nother sensor for BEA was previously discussed in this review

Table 2: Summary of the applications »f vcrious LDNs e.g., BN, AIN, GaN, MO, silicene, phosphorene etc. on

biomolecule sensing, drug sensing ana “rug delivery.

Adsorbate Adeorbent Adsorption Energy, Remarks References
E.gs in kecal/mol
Thioguanine B1,N, Niocage -38.85 Potential candidate for [361]
Thioguanine drug delivery
Ifosfamide B1:NsCs -42.89 Potential candidate for [364]
BeNgCi2 -45.89 Ifosfamide drug delivery
Cisplatin B1,N;, Nanocage -14.9 Potential candidate for [365]
Cisplatin detection
a-Cyano-4- B1,N;, Nanocage -23.7 Potential candidate for a- [366]
hydroxycinnami cyano-4-hydroxycinnamic
c acid acid detection
Celecoxib B1,N1, Nanocage -30.21 Potential candidate for [367]
Celecoxib detection
Metformin B12N1, Nanocage -37.35 Potential candidate for [371]
GeB11Ny» -37.13 Metformin detection
Nanocage
B1sN1s Nanocage -36.44
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Thymine
5-fluorouracil
6-
mercaptopurine
6-thioguanine
G>T>A>U
>C
G>C>A>T>
U
Cathinone
Mercaptopurine

Sulfonamide

5-fluorouracil

Carmustine
Floxuridine
Paracetamol
Nitrosamine

Oxazole
Isoxazole

Fluorouracil
Metronidazole
A>G>C>T

Amantadine

Cisplatin

Carmustine

Isoniazid

Mercaptopyridin

Al doped BN

BNNS

Armchair BN Nano

Ribbon
Zigzag BN Nano
Ribbon
B1,N;, Nanocage
BNNT
BNNT

Al doped BNNT

Ga doped BNNT
Al doped BNNT

Armchair BNNT

-OH functionalized

BNNT
(9, 9-7) armchair
BNNT
Armchair BNNT

BsaNNT

(6, 0) zigzag BNIN1

Bss Nanu-heet
Bss Nanosheet
Bss Nanosheet

B3, Nanosheet

Zn;,01, Nanocage

Maghemite (y-
Fe203)
Nanoparticle

Al doped l\/|912012

Nanocage
Be1,0s,

-60.63

-19.59
-23.19

-26.53
-8.95 10 -14.39

-13.07 to -18.33

-16.1

-18.7

-25.41

-59.73

-34.59

-42.89

-9.01

-15.77

-0.28

-+9.20

-33.22

-18.68
-15.22

-24.5

-22.1

-4.410-57.3

-53.34

-31.7

-12.34

-59.49

-38.91

Potential candidate for
Thymine adsorption
Potential candidate for 5-
fluorouracil and 6-mercapto
purine drugs delivery and 6-
thioguanine detection
Potential candidate for
nucleobases sensing
Potential candidate for
nucleobases sensing
Potential candidate for
Cathinone detection
Potential candidate for
Mercaptonurine detection
Potentiar ~andidate for
Sulforw.'de Jetection
Poten.’al cindidate of
dec omynsition agent for
< (fonamide
Downtial candidate for 5-
fluorouracil drug delivery
r “tential candidate for 5-
fluorouracil detection
Potential candidate for 5-
fluorouracil drug delivery
Potential candidate for
Carmustine drug delivery
Potential candidate for
Floxuridine drug delivery
Potential candidate for
Paracetamol adsorption
Potential candidate for
Nitrosamine sensor
Potential candidate for
Oxazole and Isoxazole
detection
Potential candidate for
Fluorouracil drug delivery
Potential candidate for
Metronidazole detection
Potential candidate for DNA
sequencing
Potential candidate for
Amantadine drug delivery
Potential candidate for
Cisplatin sensor
Potential candidate for
Carmustine drug delivery

Potential candidate for
Isoniazid drug delivery
Potential candidate for

[306]

[99]

[307]

[308]
[309]

[333]

[132]

[334]
[91]
[338]
[343]
[345]

[102]

[372]
[373]
[377]
[378]
[383]

[382]

[384]

[385]
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e Nanocluster Mercaptopyridine sensor

Sc and Ti doped -59.68
Be1,01;
Nanocluster
Isoniazid Ni-doped (4, 4) -107.14 Potential candidate for [387]
armchair GaNNT Isoniazid sensor
Mercaptopurine AIN Nanocone -23.4 Potential candidate for [388]
Mercaptopurine sensor
B-keto- AIN Nanosheet -15.77 Potential candidate for - [389]
amphetamine keto-amphetamine sensor
Amantadine AIN Nanocage -38.4 Potential candidate for [92]
BNNC -31.3 Amantadine sensor
Acetylsalicylic BNNC -21.9 Potential candidate for [390]
acid Acetylsalirylic acid sensor
4-aminopyridine BNNC -31.13 Potential «. ndidate for 4- [391]
aminopyr’w. e u;ug delivery
Curcumin Gold nanoparticles -22.73 Potent. | ¢z.ndidate for [392]
Cu'cun in drug delivery
Acetaminophen Silicene -25.83 [ owtal candidate for [89]
Arateminophen drug delivery
Phosphorene -20.99 Pc tential candidate for
BNNS -25.37 Ac~taminophen detection

using Si-doped BC,N nanotube, which had a good c~ns\.'vity towards BEA with a short recovery time of 0.27 s
[258]. However, the AIN nanoclusters were also ‘ble (o adsorb the BEA with strong chemisorption where AIN
nanocage adsorbed the drug with a maximum adsorpw.~n energy of -35.16 kcal/mol following by -30.16 kcal/mol
for AIN nanotube and -15.77 kcal/mol for AIN ni.nosheet. Despite the highest stability of AIN nanocage, the least
sensitivity towards the BEA was observed fcr /4! nanocage by decreasing the H-L energy gap by 29.1% to 2.80
eV whereas the AIN nanotube decreasec .. by 31.7% and AIN nanosheet decreased it by 41.9% making AIN
nanosheet most sensitive towards BEA a. 'q. Besides, the AIN nanosheet also has a very short recovery time of
0.33s in the room temperature. Thogh *he AIN nanoclusters hadn’t shown better properties than the Si-doped
BC,N nanotube, as pristine structu.~s th-y showed better sensing properties than pristine BC; nanotube, and these
nanoclusters can be considered s p-tential candidates to develop a sensor for BEA drug.

Besides the sensor for BEA, AIN nanocage was also reported to have a potential application in the
development of a work functic.i based sensor for antiparkinsonian drug amantadine (AM) drug whose delivery
was previously discussed by Z. Noroozi et al. [92,378]. At its most stable state, the AIN nanocage adsorbed the
AM drug with an adsorption energy of -38.4 kcal/mol with an adsorbent-adsorbate distance of 2.03 A. Though a
charge transfer of 0.12e from AM to the nanocage which was confirmed by NBO analysis, AM hardly able to
decrease the H-L energy gap of the nanocage upon its adsorption. The decrease in the energy gap was observed by
only 2.0% leading no significant change in the conductivity of the nanocage. But the adsorption of AM
significantly decreased the work function by 18.7% to 3.66 eV from 4.50 eV for pristine AIN nanocage. Hence
the AIN was considered to have potential on the development of a work function based biosensor for AM drug.
On the other hand, the BNNC was observed to decrease its H-L energy gap by 26.7% to 5.01 eV on the
adsorption of AM drug. Besides, BNNC also adsorbed the AM drug with a decent adsorption energy of -31.3
kcal/mol. Hence the BNNC was considered as a potential electrochemical sensor to detect AM drug. Both AIN
and BN sensors were benefited from a shorter recovery time of 137s and 0.11s at a high temperature of 350K, and
their interactions with the AM drug was electrostatic and covalent in nature, respectively. The similar kind of
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response was also observed on the adsorption of acetylsalicylic acid (ASA) drug on the AIN and BNNC [390].
Here, the ASA was also adsorbed by AIN nanocage strongly with an adsorption energy of -62.8 kcal/mol but
failed to alter the electronic properties of AIN nanocage. Besides, this time AIN nanocage also suffered from an

unrealistic large recovery time of 9.8 x 10*® sec. On the other side, ASA was adsorbed on the BNNC with a
relatively weak adsorption energy of -21.9 kcal/mol but decreased the H-L energy gap by 35.1%. Besides the
BNNC also benefitted from a short recovery time of ~109 seconds. Again, the BNNC could not work as a work
function based sensor as it increased the work function by 10% to 4.75 eV from 4.28 eV. Hence BNNC can only
be considered as a potential electrochemical sensor to detect ASA. The result from adsorption of ASA and AM on
AIN and BN was also extended by R. Padash et al. for 4-aminopyridine (4-AP) drug and exactly the same trends
were followed [391]. The Al;;N;, nanocage was again adsorbed the 4-AP drug with the highest adsorption energy
of -31.36 kcal/mol followed by -31.13 kcal/mol for B;,N;, nanocage, and -25.13 kcal/mol for both Al;,P;, and
B1,P1, nanocages. Following the same trend, while adsorption of 4-AP on BNNC decreased the H-L energy gap
only to 6.25 eV from 6.31 eV, it hadn’t decreased at all from 4.79 eV for Al:" nanocage. On the other side, the H-
L energy gap was reduced to 8.05 eV from 9.43 eV on the adsorption of Z2-~" tuwards BNNC following by 5.17
eV from 5.55 eV for BP nanocage. Hence it was concluded that the sensity -itv of the BN and BP was higher than
AIN and AIP towards 4-AP made BN and BP structures a potential ser sor ¢ andidate to detect 4-AP.

Finally, the AIN nanoclusters were also proposed to be a2 'ie!' as a sensor for anticancer drug Purinethol
(PE) or mercaptopurine, by S. A. Javarsineh et al. using DFT the v vsith B3LYP hybrid functional and the 6-31G
(d) basis set [388]. In early 1950s PE drug was first evaluated t, trea: leukaemia, but this hepatotoxic drug comes
with several serious adverse effects like bone-marrow dej ression, abnormal liver function etc. which sometimes
requires withdrawal of the drug from the human bodv v.Yich indicates rising importance for the PE sensor [393].
The AIN nanocage made spontaneous chemisorption 'vith the PE drug with a maximum adsorption energy of -
38.2 kcal/mol. Also, it showed relatively good sensiu ity towards the PE drug with a maximum decrease in the H-
L energy gap by 37.2% to 2.48 eV with a max.mum charge transfer of 0.23e from drug to the nanocage. These
made AIN nanocage a promising candidate rc. the PE drug, but unfortunately, it suffers from a considerable
recovery time of 3.1 x 10™ seconds. On *he ~ter hand, the AIN nanocone made a relatively weak interaction
with PE with a maximum adsorption ene, v o1 -23.4 kcal/mol but showed relatively higher sensitivity towards the
PE drug with a maximum decrease in w2 H-L energy gap by 59.5% to 1.22 eV. Besides, the AIN nanocone also
benefits from a comparatively shorter rc ~overy time of 20.8 seconds on the adsorption of PE in room temperature.
Hence, the AIN nanocone holds & ¢ 1te.cial in the development of an electrochemical sensor to detect PE drug.

5.3 Gold and Silver Nar.chau ticles

B. Khodashenas et al. used the gelatin-coated gold nanoparticles (GNPs) to investigate the
nanostructure’s size effects on the curcumin drug encapsulations with the drug release mechanism using DFT
theory with B3LYP hybrid functional and LanL2DZ basis set along with an experimental mechanism [392]. In
order to do that, they have first synthesized GNPs with three different sizes (20, 50, and 100 nm) and then coated
them with gelatin. The characterization of the structures was further ensured by the FT-IR spectroscopy, UV-Vis
spectroscopy, dynamic light scattering, and scanning electron microscopy. From the DFT investigation, a further
strong interaction between the GNP and gelatin was revealed with a binding energy of -22.73 kcal/mol and the
gelatin works as an electron donor in the complex. Finally, it was observed that the efficiency of the curcumin
drug encapsulations was increased slightly with an increase in the nanocluster size. For Au—gelatin (101 nm)
structure the efficiency was 98.51% while the least was observed for the Au-—gelatin (31.9 nm) as 97.8%
following by 98.4% for the Au—gelatin (58.9 nm). Besides the drug release rate was observed higher at a low pH
(5.4) environment compared to the relatively neutral environment with 7.4 pH.
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Another experimental work along with DFT theory was carried out using by K. Geetha et al. to
investigate the drug delivery properties of silver nanoparticles for the aromatic organic compounds, anthraquinone
derivatives, which induced a potential interest in the biological applications in recent years [394]. They have
prepared the anthraquinone derivative 1, 4-Dimethoxy 2-nitro-3-methylanthracene-9, 10-dione (DMNMAD)
using an available method in the literature [395] and the silver nanoparticles were synthesized solution
combustion method. For the quantum mechanical calculations, they have used the B3PW91 functional and
LANL2DZ basis set with DFT theory. From the surface-enhanced Raman spectroscopy spectrum it was observed
that the theoretical values from the DFT calculations for different vibrational modes of the structures were very
close to the experimental values which ensured the validity of first-principles calculations for this system. Further
from the DFT calculations the H-L energy gap of the DMNMAD was found as 2.81 eV which decreased to the
1.17 eV in the Ag- DMNMAD complex. This alteration in the electronic properties of DMNMAD holds a
promise in the future drug delivery of anthraquinone derivatives which was further investigated using UV-Vis
spectroscopy, molecular electrostatic potential etc. Another micromolec. e, poly (amido-amine) (PAMAM)
dendrimers, recently had attention for working as a drug delivery syster.,, ~lectrochemical sensor etc. and the
interaction of PAMAM with GNPs was investigated by M. B. Camarada "'sirg DFT theory with B3LYP hybrid
exchange correlational [396]. It was observed that the PAMAM 'nterccted with the GNPs with maximum
interaction energy of 35.196 kcal/mol (BSSE corrected) with an ad.~rbeic-adsorbate distance ranging as 2.177 to
2.435 A. This interaction increased the DM of the complex signiiica tiy to a maximum of 13.74 debye from 7.54
debye with a maximum decrease in the H-L energy gap to 1.2 eV from 5.57 eV. These alterations in the
electronic properties indicate a promising application of Av 2AMANM in the field of drug delivery and sensor.

5.4 Phosphorene Nanosheet

D. Cortés-Arriagada et al. used anothe- ¢.aphene-like nanosheet, phosphorene, to investigate the
interaction of nucleobases which plays an importai.: role in designing drug molecules [397]. For the DFT
calculations, they have used DFT-D methods wit. PBE functional and def2-SVP basis sets. The nucleobases were
observed to be adsorbed on the surface of hrsy..orene nanosheet more strongly than the GNS where the most
stable interaction was observed with ruu ine (G) nucleobase. The range of adsorption energies for the
nucleobases on GNS was observed on ¢ ra..ne 12.45 to 18.68 kcal/mol which increased as 14.76 to 21.68 kcal/mol
on the phosphorene nanosheet with weok long-range electrostatic closed-shell interactions. The stability was
further increased while the nuclecu:ases worked as a base pair and the most stable pair was C-G pair on the
adsorption towards phosphorere w’th an adsorption energy of 33.20 kcal/mol following by 32.05 and 29.52
kcal/mol for A-T and A-u “as... During the interactions of nucleobases with phosphorene, a significant
contribution to the Van Der W: als dispersion energy was observed, and it was in the range of 15.91 to 22.37
kcal/mol for single nucleobases while was 35.05 to 38.51 kcal/mol for base pairs adsorption on phosphorene. But
the adsorption of nucleobases almost failed to alter the electronic properties of phosphorene but increased the DM
to as high as 3.57 debye in the base pairs and 3.30 debye for the single nucleobases while it was zero for the
phosphorene nanosheet alone. These properties hold potential for the phosphorene nanosheet in the development
of biosensors, nano-drug carrier vehicles or to be applied in DNA/RNA sequencing.

The phosphorene nanosheet was further investigated by U. Saikia et al. to find an efficient
electrochemical sensor or nano-drug delivery vehicle for acetaminophen drug or more commonly known as
paracetamol [89]. It was observed that phosphorene adsorbed acetaminophen drug slightly more strongly
compared to graphene with an adsorption energy of -20.99 kcal/mol and an adsorbent-adsorbate distance of 3.28
A following by -20.06 kcal/mol and 3.13 A for graphene. But the phosphorene clearly outnumbered the graphene
and BNNS in terms of charge transfer and DM which was 0.27e and 6.1 debye respectively for phosphorene
following by 0.01e and 2.5 debye for graphene, and 0.06e and 3.2 debye for BNNS though BNNS adsorbed
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acetaminophen more strongly than phosphorene with an adsorption energy of -25.37 kcal/mol with a lower
adsorbent-adsorbate distance of 3.07 A. However, the most alluring interaction properties were observed for
acetaminophen adsorption on the silicene, a two-dimensional nanosheet made of silicon atoms. When the drug
was adsorbed in parallel with silicene, it was adsorbed with an adsorption energy of -21.68 kcal/mol but with a
small adsorbent-adsorbate distance of 1.83 A. This lead to a higher amount charge transfer between the drug and
nanosheet of 0.57e along with a significantly increased DM of 16.2 debye. For the perpendicular orientation of
the drug with silicene, a more stable interaction was observed with an adsorption energy of -25.83 kcal/mol but
with a slightly less charge transfer and DM of 0.48e and 15.7 debye respectively. Hence, the silicene surely holds
a potential to be applied as a nano-drug carrier for acetaminophen drug, whereas other structures may work as a
sensor to detect acetaminophen drug which can be explored through experimental research.

6. Conclusion

After analyzing these vast number of research works, LDNs can be + ‘ncluded as promising candidate for
the bio-sensing and drug delivery related applications. The biocompatibili’y «na a great variety of the LDNs with
significant noble properties made these materials to work as sensors and de:ve,y systems for many different types
of drugs and biomolecules. Besides, the quantum mechanical calculati ns | ave shown a considerable accuracy on
predicting the different properties of the nanomaterials in the nanc=cale range with a close resemblance to the
experimental outcomes. Furthermore, these first-principles calculation methods hold a promising future with the
increasing computational abilities, which will significantly assis. experimental researchers in developing any
biomedical devices in a considerably short period of tirc during an emergency-response-situation. We have
observed that the first-principles calculations allow resear ers to calculate a wide range of essential properties
from an atomic perspective to firmly understand the .. *er.~tion of drug molecules with the nanomaterials. For the
drug delivery systems, it also allows investigating th: drug release mechanism in the targeted cell region. The
excellent mechanical and electronic propertes alon, with the biocompatibility of carbon-based LDNs, e.g.
graphene, CNT, fullerenes etc. made themselve. evenhanded to be investigated more extensively than other
nanomaterials to be applied in the stable drLg se ..or and drug delivery systems for various kind of drugs which
show significant adverse effects in the tui an and animal bodies. Among other nanomaterials, BNNS and its
allotropes, e.g. BNNT, BNNC showeri a . »mparable mechanical strength, enhanced thermal stability, and other
properties similar to the carbon-bas~d ."anomaterials which are being applied in the development of highly
durable biosensors and drug delivory systems. Other nanostructures like quasi-planar Bss, phosphorene, gold
nanoparticles, metal nitrides e'c. ware investigated less extensively but showed promising sensing behaviour
towards many drugs and ionwolecules. Especially, phosphorene, semimetal and post-transition metal
nanostructures were studied to o :tect many toxic nerve agent, kidney biomarkers etc. Hence, these nanomaterials
can further be investigated to develop biosensors to detect many other drugs and biomolecules. In conclusion, the
wide variety of LDNs with many alluring novel properties holds a great potential in biomedical applications
where first-principles investigations with rapidly increasing computational abilities will assist researchers in
understanding these systems from the atomic perspective at a low cost with considerable accuracy.
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Graphical Abstract:

. Drug Delivery Complex

. Infected Cell Region

In this review article, we have analyzed the ."plication of low-dimensional nanostructured materials in the
biomedical applications like drug delivery sy.te s and drug sensors development.
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Highlights

Applications of low-dimensional nanomaterials in biomedical fields are discussed.
First-principles calculation based recent drug adsorption researches are reviewed.
Properties required to investigate drug adsorption mechanism are briefly discussed.

Importance of drug adsorption for each drug is discussed with its adverse effects.

Low-dimensional nanomaterials hold a promising future for biomedical applications.
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