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Abstract

In this chapter, we presented an analysis of the recent advances in the applications 
of boron clusters in biomedical fields such as the development of biosensors and 
drug delivery systems on the basis of quantum chemical calculations. Biosensors play 
an essential role in many sectors, e.g., law enforcement agencies for sensing illicit 
drugs, medical communities for detecting overdosed medications from human and 
animal bodies, etc. The drug delivery systems have theoretically been proposed for 
many years and subsequently implemented by experiments to deliver the drug to the 
targeted sites by reducing the harmful side effects significantly. Boron clusters form 
a rich and colorful family of atomic clusters due to their unconventional structures 
and bonding phenomena. Boron clusters and their complexes have various biological 
activities such as the drug delivery, imaging for diagnosis, treatment of cancer, and 
probe of protein-biomolecular interactions. For all of these reactivities, the interac-
tion mechanisms and the corresponding energetics between biomaterials and boron 
clusters are of essential importance as a basic step in the understanding, and thereby 
design of relevant materials. During the past few years, attempts have been made to 
probe the nature of these interactions using quantum chemical calculations mainly 
with density functional theory (DFT) methods. This chapter provides a summary of 
the theoretical viewpoint on this issue.

Keywords: boron clusters, drug delivery systems, biosensors, quantum chemical 
computations

1. Introduction

Nowadays, nanomaterials have been applied in most major scientific and 
industrial fields [1–5]. Such wide ranges of applications are possible owing to the 
opportuneness of the extremely different classes of nanomaterials with various novel 
properties. Noticeably, the biocompatibility of the nanomaterials is a great issue for 
the scientists to use them in the biomedical applications including, among others, 
biosensors and drug delivery systems.
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A biosensor is a device that can produce a measurable signal proportional to the 
concentration of the biological analyte target [6, 7]. Biosensors are one of the most 
widely studied topics due to their contributions to development of innovative medi-
cines, which could be applied as adapted drugs or highly sensitive detectors of disease 
markers [8–15].

Biosensors become new inventions that are hopeful to help an effective diagnosis 
in the current COVID-19 pandemic and also to remove experimental drugs during 
the human trials when they show any unwanted adverse effect [16–18]. Generally, a 
given biosensor has three components including a biological element, a transducer, 
and a detector [19]. The biological element leads to a detection of the analyte and a 
generation of a response. This response is thereafter transformed into a detectable 
signal through a transducer, which is often the most challenging part. Consequently, 
the generated signal is intensified and processed via an amplifier for exhibiting it by 
an electronic display device. Figure 1 schematically illustrates the various steps of the 
signal processing in a biosensor.

Nanomedicine emerges as a revolutionary medical technology, particularly in the 
cancer therapy. Recently, much effort has been devoted to the study of nanostructures 
for applications in nanomedicine domain owing to their particular role in cancer 
therapies [20–26]. Undoubtedly, the most challenging task in cancer therapy is the 
finding of a suitable drug delivery system. As the design of efficient and promising 
drug delivery systems could be developed on the basis of nanostructures, a survey of 
the relevant prospective drug delivery agents constitutes a primordial subject [27–29].

A key requirement for a drug delivery system is that the delivery of the drug to the 
targeted sites needs to be associated with a considerable decrease in adverse effects. 
It is worth mentioning that the experimental research in this field is rather long and 
expensive, and thereby computational studies can effectively help experimentalists 
in the design of nanocarriers [30–45]. In this regard, the nature of the interactions 
between drugs and nanostructures emerges as an essential step. Figure 2 represents  
a schematic boron-based drug delivery system.

Boron is an effective element in a wide range of fields. The history of boron 
chemistry started from the isolation of a series of simple boranes by Stock and his 
co-workers [46]. In the last two decades, several types of low-dimensional boron 
nanomaterials such as nanoclusters, nanowires, nanotubes, nanobelts, nanorib-
bons, nanosheets, and monolayer crystalline sheets have been experimentally 
synthesized and characterized [47–57]. These boron-based nanomaterials exhibit 
different bonding patterns from those of bulk boron crystals that exist as the α-, β-, 
γ-rhombohedral, and α-tetragonal forms. Accordingly, their resulting unique physi-
cal and chemical properties are fascinating from a standpoint of materials science. 
Noticeably, boron-based nanomaterials, such as clusters, can be used as superatoms or 
building blocks of other nanostructures with novel functionalities and properties.

Of the various types of boron-based nanomaterials, the pure boron clusters (BC) 
represent a distinctive category of structures owing to their unconventional struc-
tures and bonding patterns. During the past decades, boron-based compounds at the 

Figure 1. 
Steps of signal processing in a biosensor.
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nanoscale have been the subject of a large number of theoretical and experimental 
studies. These systems have intriguing features with different structures such as 
planar, quasi-planar, ribbon, bowl, cage, teetotum, tubular drum-like forms, mul-
tiple ring tubes, and fullerenes [58–72]. This arises from the fact that the boron atom 
with electron deficiency can take part in both localized and delocalized electronic 
systems in many geometric shapes. In other words, the most attractive nature of 
boron skeletons is due to the electron deficiency of the boron atom, leading to a rich 
bonding capacity.

The neutral Bn clusters with the size of smaller than 20 atoms prefer a planar or 
quasi-planar structure, except for B14 which has a fullerene-type [73]. The B40, B32C4, 
and B32Si4 fullerene-like clusters together with the B30 and B36 bowls have attracted 
some interest in biomedical applications. The schematic structures of B40, B32C4, 
B32Si4, and B36 are provided in Figure 3.

Tai et al. [74] reported a computational study on the structural, electronic proper-
ties, and chemical bonding of the bowl-like B30 global-minimum cluster, exhibiting 
a disk-aromaticity [11]. Similarly, the B36 was theoretically predicted to have a bowl 
shape stabilized by a disk aromaticity [75]. Piazza et al. [76] subsequently reported an 
experimental identification of the neutral B36 from the photoelectron spectrum of the 
B36

− anion, confirming a highly stable quasi-planar boron cluster with a central hex-
agonal hole, providing the first experimental evidence that single-atom layer boron 
sheets with hexagonal vacancies are potentially viable. The neutral B36 is in fact the 
smallest boron cluster exhibiting a sixfold symmetry and a hexagonal hole, and it can 
be viewed as a potential basis for extended two-dimensional boron sheets. Recently, 
it was revealed that the B36

4− cluster has a six-membered hole, but the presence of 
four extra electrons renders the considered system difficult to be synthesized [77]. 
Thus, the use of carbon or silicon atoms instead of boron anion to neutralize the extra 
electrons in the carbon or silicon-doped cluster (C4B32 and Si4B32) has been suggested 
and comprehensively studied [78].

Figure 2. 
A schematic boron-based drug delivery system.
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The fullerene B40 was also predicted by computations [75] and subsequently 
prepared [79] by utilizing a laser vaporization supersonic source and identified via 
photoelectron spectroscopy (PES). The B40 fullerene with a D2d symmetry consists 
of four heptagonal rings and two hexagonal rings. With exceptional properties, it has 
been subjected to many theoretical studies due to its potential applications in molecu-
lar devices [80–85]. It is noteworthy that its electronic and reactivity features could be 
tuned via metal encapsulation or substitution.

Figure 3. 
Shapes of the B40, B32C4, B32Si4 fullerenes, and B36 bowl clusters.
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Boron neutron capture therapy (BNCT) for cancer treatment remains the main 
biomedical application of boron-based compounds [86, 87]. Boron compounds have 
thus facilitated the mission of BNCT. Furthermore, novel biological activities of 
boron cages and their complexes have been reported [88, 89].

The drugs that are commonly explored for anticancer treatment include 
5-fluorouracil (FU), metronidazole (ML), hydroxyurea (HU), nitrosourea (NU), 
6-thioguanine (TG), melphalan (MP), and cisplatin and nedaplatin (cf. Figure 4). 
Some nitrosoureas have been used in chemotherapy for treatment of brain tumors, 
breast carcinoma, lymphomas, and leukemia. The MP drug is conventionally 
applied for the treatment of specific cancers such as multiple myeloma, ovarian 
cancer, and breast cancer. FU also has multiple applications and is one of the most 
beneficial drugs to date to treat breast, head, neck, anal, stomach, colon, and skin 
cancers [24]. Cisplatin, which is one of the most common anticancer chemotherapy 
drugs, is particularly effective in treatment of testis, ovary, esophageal, bladder, 
non-small-cell lung cancers, and head and neck malignancies [90, 91]. Nedaplatin 
is also an antineoplastic drug which is used for cancer chemotherapy with the 

Figure 4. 
Structures of the biomolecules and drugs commonly considered.
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purpose to decrease the inherent toxicities induced by cisplatin [92]. However, the 
long-term use of such drugs may lead to some secondary tumors such as leukemia 
[93]. Hence, improvement of the efficacy and reduction of the toxicity of these 
drugs is of great importance. Of the diverse strategies recently put forward, the 
drug delivery is one of the most widely used techniques to improve the therapeutic 
efficiency and targeting of various drugs. In this context, the design of boron-
based drug delivery systems appears to be an important issue for the beneficial 
usage of boron clusters.

The main contribution of this chapter is to scrutinize the functionality of cal-
culated predictions for boron clusters to be considered as prospective biosensors or 
drug delivery systems. The theoretical methodologies will first be presented. A brief 
discussion on the various features of promising biosensors or drug delivery systems 
that should further be investigated for biomedical applications.

2. Methodology

In this section, a brief discussion is presented on the various features of the 
biosensors and drug delivery systems, that can be predicted using quantum chemical 
methods. Density functional theory (DFT) ranks as the most widely used quantum 
mechanical method and plays an increasingly larger role in a number of disciplines 
besides chemistry, such as physics, materials, biology, and pharmacy [94–103]. While 
DFT computations have long been used to complement experimental investigations, 
the approach has emerged as an indispensable and powerful tool for predictions of 
different fields.

A general theoretical approach to this topic boils down to an assessment of the 
interactions between the materials and the biomolecules or drugs considered. It 
simply leads to an examination of the structures and properties of the interact-
ing complexes. This requires a determination of all possible configurations of the 
complexes by carrying out systematic geometry optimizations and making use of 
appropriate DFT methods. The nature of local energy minima corresponding to 
various configurations needs to be verified through an analysis of their vibrational 
frequencies. In order to assess the capability of a boron cluster for detection of 
a biomolecule or drug delivery system, the structural, energetic, and electronic 
properties can simply be computed for the relaxed favorable geometries. These 
properties can provide us with valuable information for biomedical applications. All 
the mentioned calculations can be performed in both vacuum and aqueous media. It 
is essential to evaluate these parameters in aqueous medium since these systems are 
anticipated to act in human body. The polarizable continuum model (PCM) and the 
conductor-like screening model (COSMO) are common continuum models for the 
treatment of the solvent effects. The key factors of the properties mentioned above 
are described as follows.

2.1 Structural parameters

From an optimized geometry, the bond lengths and bond angles between the 
constituent atoms in the complexes can be determined. These are simple but essential 
parameters determining the nature of the interaction between the drug molecules and 
respective adsorbents.
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2.2 Energetic properties

The interaction energy (Eint) of a biomolecule or drug with a boron cluster is the 
key parameter that should be determined in order to emphasize the nature of the 
interaction. The interaction energy is usually computed as in Eq. (1):

 −= − −int adsorbent BC adsorbateBCE E E E   (1)

where EBC–adsorbent denotes the total energy of the adduct formed upon interac-
tion between the boron cluster with the corresponding drug or biomolecule. The EBC 
and Eadsorbent terms correspond to the total energies of the isolated boron cluster and 
the drug or biomolecule, respectively. These energies are usually calculated using 
DFT methods. The efficiency of DFT methods, namely the functionals, for evaluat-
ing interaction energies was documented previously. The reported results show a 
good performance with the root-mean-square deviation of 0.05 kcal/mol and the 
mean absolute deviation of 0.07–0.13 kcal/mol against the benchmark energies of 
N-methylacetamide-water complex obtained at the CCSD (T)/CBS-aTQ complete 
basis set limit level [104]. N-methylacetamide is the simplest model for the peptide 
linkage in peptides and proteins.

As for a convention, a negative interaction energy indicates that the obtained 
complex is thermodynamically stable, while a positive adsorption energy refers to a 
local minimum where the interaction is prevented by an energy barrier connecting 
it with the global minimum. The interaction energy can provide us with meaningful 
insights to distinguish between a chemisorption and a physisorption process.

The recovery time (τ) is one of the important factors for biomedical applica-
tions. It can be used for estimation of the drug desorption from the cluster surface 
or the sensor refreshing, which can be occurred by exposing to light. Based on the 
conventional transition state theory, the recovery time can be computed using the 
Arrhenius-type Eq. (2):

 −  =  
 

τ ν 1 int
0

–
exp

E

kT
 (2)

where ν 0 , T, and k terms stand for the attempt frequency, the temperature of the 
system, and the Boltzmann constant, respectively. A larger interaction energy 
inherently leads to a longer recovery time, which is not a good factor for drug release 
or for a biosensor refreshing. Thus, the adsorption process energy should be neither 
chemisorption nor physisorption; it should be in a semi-chemisorption to provide an 
efficient recovery time. Accordingly, an interaction characterized by a large interac-
tion energy is not always favorable for biomedical applications.

It is possible to investigate the thermodynamical nature of the interaction, through 
the change in the Gibbs energy using Eq. (3):

 ( ) ( )
−

− −

∆ = − −
= − − − − −

adsorbent BC adsorbate

adsorbent BC adsorbate adsorbent BC adsorbate

BC

BC BC

G G G G

H H H T S S S
  (3)
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where G represents the sum of electronic and thermal free energies. H stands for 
the sum of electronic and thermal enthalpies. S and T refer to entropy and temperature, 
respectively. Computations of the S and G quantities are carried out using the electronic, 
rotational, and vibrational parameters associated with the equilibrium structures accord-
ing to the well-known thermochemical equations. A negative change in the Gibbs energy 
(free energy) represents a spontaneous interaction between the adsorbate molecule and 
adsorbent, which is desired in both drug delivery and drug sensor devices.

It is worth mentioning that a drug release from a carrier in the target cell is the 
most vital step in a drug delivery process. Owing to the excessive lactic production, 
a cancer cell is generally more acidic than normal cells (pH < 7) [105]. Thus, it is 
crucial to examine the performance of anticancer drug delivery systems in a low pH 
cancerous cell region for a better evaluation of the drug release performance of the 
nanostructure in the targeted region. This is well-known as the pH-dependent drug 
release mechanism [106].

Furthermore, the photochemical mechanism of light-triggered release from 
nanocarriers is also well known. Distinct wavelengths including ultraviolet (UV, 
200–400 nm), visible (400–750 nm), and near-infrared (NIR, 780–1700 nm) lights, can 
be utilized to activate the light responsiveness [107]. Although the UV light is a relatively 
poor candidate due to its limited tissue penetration capacities and potentially carcino-
genic effects under prolonged exposure, the NIR light has the advantages of lower pho-
totoxicity, improved penetration depth in biological tissues, and reduced background 
signal. Thus, it is more suitable for biological applications. The NIR light is regarded 
as a transparent therapeutic window for light-activated delivery system in vivo due 
to its deep tissue penetration and minimum cellular damage [108]. The recovery time 
(Eq. (2)) could provide a theoretical estimation for light controlled release mechanism.

2.3 Electronic properties

The electronic properties investigation is usually performed using the HOMO-
LUMO gap as a quantum descriptor, to establish correlation in various chemical and 
biochemical systems. The HOMO-LUMO gap Eg values are considered to explore the 
electronic properties and reactivities of the complexes formed upon interaction. This 
parameter is simply calculated by the following operational Eq. (4):

 ε ε= −g LUMO HOMOE  (4)

where εHOMO and εLUMO are the energies of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively.

The electrical conductivity is exponentially related to the energy gap in a semicon-
ductor material as follows (5):

 
 

= − 
 

σ 3
e

2 2

gE
AT

kT
 (5)

where A (electrons/m3K3/2) is a pre-factor constant, k is the Boltzmann’s constant, 
and T is the absolute temperature. This equation has frequently been used and 
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previously demonstrated to yield results in agreement with experiment. The change 
in energy gap is a proper pointer for identification of the presence and attachment of 
a drug or biomolecule to a substrate.

Furthermore, the charge transfer between the adsorbate molecules and the 
adsorbent is generally performed through the natural bond orbital (NBO) or 
Hirshfeld population analyses. The amount of charge transfer plays an essential role 
in the development of a biosensor device. It helps determine the capability of a boron 
cluster in generating a detectable electrochemical signal on the presence of a biomol-
ecule or a drug.

The electronic dipole moment is also an important issue for design of nanocarriers. 
The dissolvability of a nanostructure into a polar medium, such as an aqueous solu-
tion, can be explored using the dipole moment (μ). It plays a vital part in the design of 
a drug delivery device. A dipole moment enhancement is necessary for their solubility 
in a polar solvent. An increase in the hydrophilicity upon formation of the complex is 
a valuable factor for the efficient drug delivery system.

In summary, the structural, energetic, and electronic parameters necessary for 
the design of relevant materials are the basic molecular properties that can easily be 
determined using simple quantum chemical computations.

3. Boron clusters for biomedical applications

In this section, we discuss the studies reported on boron clusters in two separate 
categories, biosensors and drug delivery systems.

3.1 Biosensor applications

Kaur and Kumar [109] proposed a B40-based biomarker for DNA sequencing from 
the results of DFT calculations using the Perdew-Burke-Ernzerhof (PBE) functional 
along with a double-zeta polarized basis set (DZP). These authors reported that all 
nucleobases are adsorbed on the surface of the B40 fullerene with the interaction 
energies of −18, −15, −16, and −23 kcal/mol for adenine, thymine, cytosine, and 
guanine, respectively. No complex between the nucleobases and B40 was visualized. 
The analysis of transmission spectra, density of states, and eigenstates of the HOMO 
and LUMO revealed that all molecular junctions show transmission dominated by 
the HOMO. The highest energy gap was found in the adenine molecular junction, and 
this molecule gives the least value of current in comparison to the other molecular 
junctions.

Thus, by analysis of differential conductance curves for all the nucleobase-B40 
junctions, it is deduced that the values of conductance are different from each other 
for all the junctions considered. This implies that B40 can appropriately be used as a 
biomarker for DNA sequencing applications, in predicting the sequence of nucleo-
bases in a DNA strand. As another direct application, B40 can thus be employed as a 
multipurpose sensor for detection of the DNA nucleobases.

Kaur and coworkers explored in 2022 [110] the interaction of uracil on B40 utiliz-
ing DFT (PBE/DZP) and nonequilibrium Green’s function regime computations. The 
physisorption phenomenon of the uracil molecule on the B40 surface is found, with an 
interaction distance of 2.38 Å and an interaction energy of −19 kcal/mol. No orbital 
overlapping exists between uracil and B40 moiety according to an electron density 
analysis. The HOMO–LUMO energy gap of B40 decreases upon adsorption of uracil. 
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Although these authors suggested B40 as an effective biomarker to detect the presence 
of uracil molecule and thereby the mutations and cancerous tumors, the nature of the 
interaction is not well understood yet.

Rastgou et al. [111] examined the sensing ability of the quasi-planar B36 toward 
DNA nucleobases that might be used in a DNA sequencing device. The interaction 
energies for the most stable configuration of each complex were computed to be −57, 
−43, −38, and −10 kcal/mol for adenine-B36, guanine -B36, cytosine-B36, and thymine-
B36, respectively. It was found from DFT calculations using the B97D/6-31G(d) 
method that the cytosine interacts more considerably with the edge of B36 than other 
nucleobases, resulting in a large decrease in the energy gap, by 96% with respect to 
the isolated cluster. Such a decrease in the energy gap was observed at 36, 20, and 15% 
for thymine, adenine, and guanine, respectively. As a result, a change in conductivity 
could allow cytosine, followed by thymine, adenine, and guanine to be detected.

In particular, acetone (CH3C〓OCH3) in the human breath exhaust is one of the 
commonly considered biomarkers for type-I as well as type-II diabetes. Yong and 
coworkers [112] studied in 2018 the potential capability of B40 and the doped M@B40 
(M = Li and Ba) as acetone gas sensors using DFT calculations at the PBE/DZP level. 
The @ symbol stands hereafter for an encapsulation. The acetone molecule can easily 
adsorb on the B40, Li@B40, and Ba@B40 clusters with interaction energies of −16, −19, 
and − 8 kcal/mol, respectively. The recovery times were computed at 9.2 seconds for 
Li@B40 and 1.2 seconds for Ba@B40. Such a recovery time can be considered to be 
relatively long, as compared to a spectroscopic signal at the order of a microsecond, 
but it could be suitable for a sensor. The HOMO-LUMO gaps of M@B40 again decrease 
upon acetone adsorption. Accordingly, the change in eclectic conductance of Li@
B40 or Ba@B40 before and after the adsorption of acetone would be very distinctive, 
exhibiting the high sensitivity of M@B40 for sensing acetone. Thus, the B40 and M@
B40 were introduced as highly sensitive molecular sensors for acetone detection, but 
the recovery time is relatively long at the order of a second.

The quasi-planar B36 was further explored for prospective sensing of the metro-
nidazole (ML, cf. Figure 4) drug, which is an antibiotic drug with widespread usage 
but can cause unwanted hazardous effects on the human body. DFT calculations at 
the B3LYP-D3/6-31G(d) level demonstrated that ML interacts more strongly with B36 
by its edge with an adsorption energy as high as −22 and −21 kcal/mol in both gaseous 
and aqueous phases, respectively. The change in Gibbs energy of −19 kcal/mol implies 
spontaneous adsorption. The decrease of 64% in the energy gap upon complexation 
is considerable, resulting in a substantial increase in the conductivity of the structure. 
The recovery time of the sensor was further found to be as 1.5 s for the most stable 
adsorption complex at room temperature. Again, such a time is rather long, but these 
results could be used to develop a boron-based sensor to detect the ML drug [113] in 
more appropriate time.

3.2 Drug delivery application

Solimannejad and coworkers investigated in 2018 [114] the possible complexes 
generated from the interaction between the amantadine drug (cf. Figure 4) and the 
bowl-like B30 using the DFT ωB97XD/6-31G (d, p) method in both gaseous and aque-
ous media. Amantadine drug has been used to treat the Parkinson’s disease, influenza, 
or hepatitis for many years, even though in some cases it can cause some impairment 
of corneal endothelial function or corneal edema. The strongest interaction occurs 
between an edge boron atom of the B30 and an N atom of amantadine with binding 
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energy −46 and −53 kcal/mol in both gaseous and aqueous phases, respectively. 
The energy gap of the complex is remarkably reduced in both phases, with respect 
to the separated B30. Thus B30 is quite sensitive to the presence of amantadine drug 
molecule, in such a way that it may be used in the sensor technology and possible drug 
delivery for amantadine for medicinal applications.

The interaction of fluorouracil (FU) with the quasi-planar B36 cluster was studied 
in 2017 [115] using the hybrid TPSSh functional with the 6–31 + G (d) basis set. The 
FU drug failed to generate any noticeable signal owing to the very weak interaction 
of this drug with the concave and convex surface of B36 ranging from −2 to −5 kcal/
mol. Meanwhile, the FU drug remarkably interacts at its O atom site on the edge of 
the B36 with interaction energy of −24 and −27 kcal/mol in the gaseous and aqueous 
media, respectively (cf. Figure 5). The FU drug can also be detected by the B36 cluster 
with a noticeable signal owing to a significant decrease of 47% in the energy gap with 
respect to the free cluster. The dipole moment of FU-B36 complex was also observed 
as high as 17 and 36 Debye in the gas and water media, respectively, which indicates a 
large increase of the solubility in a polar medium.

Kamalinahad et al. performed in 2020 [116] a study on the interactions between 
sulfonamide (cf. Figure 4) and the B36 nanocluster through M06-2X/6-31G (d, p) 
computations. As a functional group, sulfonamide exists in several classes of drugs. 
Sulfonamide remarkably tends to adsorb via its oxygen atoms at the edge of B36, 
alike FU drug, with interaction energy of −15 kcal/mol in both gaseous and aqueous 

Figure 5. 
Configurations of the interaction in the FU-B36 complex. Values given are the interaction energies obtained by 
TPSSh/6-31G (d.p) computations.
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media. The results illustrate that the edge B atoms are more reactive than the inner 
atoms toward the sulfonamide molecule leading to some large changes in its electronic 
features. The dipole moment of the complex increases to 13 Debye with respect to 4 
Debye for the bare B36 cluster in aqueous medium. The high polarity together with 
appreciable adsorption energy suggested that these systems could be a vehicle for 
drug delivery.

Zheng et al. in 2020 [117] reported DFT computations at the PBE0/6–31 + G (d) 
level on the pristine and amino acid-functionalized C4B32 fullerene as drug delivery 
agents for hydroxyurea (HU, cf. Figure 4) anticancer drug. These authors found that 
an alanine functionalization can significantly enhance the tendency of the carbon-
doped C4B32 cluster to the adsorption of HU. In this regard, the drug adsorption on the 
B atom of the clusters is more favorable than on the others. Indeed, the adsorption of 
HU drug on the cage part of the ala-C4B32 isomers is stronger than that adsorbed on 
the alanine within a range of −16 to −19 kcal/mol in gas phase. Also, more negative 
adsorption occurs in aqueous medium, ranging from −20 to −23 kcal/mol, whose 
solubility can modify their interactions with the HU drug. The interactions between 
the HU drug and the clusters in the acidic condition become weak, and thereby the 
drug can faster be released from the carrier.

Yunyu and Jameh-Bozorghi [118] reported a DFT study at the PBE0/6–31 + G 
(d) level on the endohedral fullerenes Li@C4B32 and Li@Si4B32 as materials for drug 
delivery applications of the 6-thioguanine (TG) anticancer drug. These authors sug-
gested the pristine and Li-encapsulation C4B32 and Si4B32 clusters as suitable for drug 
delivery applications. Calculated interaction energies were found to be −42, −56, −38, 
and −43 kcal/mol for the TG/C4B32, TG/Li@C4B32, TG/Si4B32, and TG/Li@Si4B32  
complexes, respectively. Such interaction energies are however quite large.

In fact, the strongest feature of the studied complexes bonding was found for TG/
Li@C4B32 with the maximum positive charge on B atoms, and the system with LUMOs 
orbitals distributed on B atoms that has been predicted as the most favorable site for 
the nucleophilic agents. Moreover, their computed ultraviolet–visible spectra reveal 
that the electronic spectra of the drug/cluster complexes exhibit a red shift toward 
higher wave lengths (lower transition energies). Furthermore, the interaction of TG 
with the clusters leads to narrower Eg values resulting again in an increase in conduc-
tivity. The effect of pH on the TG/Li@C4B32 pointed out that the interaction energy in 
the acidic environment tends to decrease from 56 to 30 kcal/mol. Hence, the interac-
tions between the drug and Li@C4B32 become again weaker in an acidic medium.

The alkali metal encapsulated fullerenes M@C4B32 with M = Li, Na, and K were 
considered as drug carrier agents for nitrosourea (NU) anticancer drug (cf. Figure 4) 
on the basis of calculations carried out using the PBE0/6–31 + G (d) approach [119]. 
A comparison between the interaction energies reveals that a potassium encapsula-
tion inside C4B32 can considerably enhance the tendency of cluster for adsorption 
of NU drug with an interaction energy of −37 kcal/mol. In this case, the interaction 
energy tends to increase to −41 kcal/mol in aqueous medium, and thereby the K@
C4B32 cluster can increase its solubility and modify its interaction with the NU drug. 
The pH-dependent mechanism for drug release was also explored in which the proton 
(H+) species attached to the NU. Results showed that the interaction between the NU 
drug and the K@C4B32 in an acidic environment is weaker with an interaction energy 
of −20 kcal/mol. Hence, the NU drug could better be released from a carrier in the 
targeted cancer cell in an acidic environment.

Furthermore, Luo and Gu [120] explored the ability of C4B32 and Si4B32 together 
with the Li encapsulated clusters for cisplatin (cf. Figure 4), using the PBE0/6–31 + G 
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(d) level leads to interaction energies of −28, −12, −18, and −11 kcal/mol for the cis-
platin/C4B32, cisplatin/Li@C4B32, cisplatin/Si4B32, and cisplatin/Li@Si4B32 complexes, 
respectively. The interaction distance for the cisplatin/C4B32 is relatively short (1.86 Å) 
in spite of relatively small interaction energy. Also, a blue shift toward lower wave-
lengths (larger transition energies) was observed from ultraviolet-visible spectra. 
Noticeably larger adsorption energies (more negative) are found in the solvent phase.

Sun and coworkers [121] explored the adsorption behavior of FU drug on B40 and 
some derivatives including MB39 and M@B40 (M = Mg, Al, Si, Mn, Cu, Zn). These 
authors applied calculations using the B3LYP functional in conjunction with the SDD 
basis set with effective core potential for Cu, Mn, and Zn atoms and 6-31G(d) basis 
set for the other atoms. Accordingly, the FU drug prefers to attach to the corner boron 
atom of the B40 through one of its oxygen atoms, resulting in a strong polar covalent 
B–O bond. The corresponding interaction energy is calculated to be −11 kcal/mol. 
Additionally, the ΔH and ΔG values for the interaction of FU drug via B40 are both 
negative. Furthermore, they found that FU-B40 complex exhibits a much larger dipole 
moment of 9 Debye than those of 6 and 0 Debye for 5-FU and B40, respectively, 
resulting in an increase in polarity for the whole system, and thus, enhancing the 
solubility of the resulting FU-B40 in an aqueous medium.

The drug release was also studied through a pH-dependent mechanism 
approach. The influence of pH on the FU-B40 complex was further examined by 
approaching a proton to the O atom of FU in complex. As seen in Figure 6, the 
distance between the O and B atoms greatly increases from 1.55 to 4.05 Å during 
the structural optimization. As a result, the interaction energy of FU-B40 severely 
decreases from −11 to −5 kcal/mol in the acidic environment, reflecting that the 
interaction between FU and B40 cluster is distinctly weakened under the attack of 
a single proton. Therefore, the FU drug can be released from the B40 carrier within 
the targeted tumor tissue where the medium is more acidic.

Figure 6. 
Optimization process for the protonation of FU drug adsorbed on B40 cluster. The distances (in Å) between B and 
O atoms are also given. Figure reprinted with permission from ref. [121].
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Additionally, the substituent and encapsulation effects of Mg, Al, Si, Mn, Cu, 
and Zn atoms on the drug delivery performance of B40 have been also explored. The 
FU oxygen atom tends to combine with MB39 or M@B40 cages, which are depicted 
in Figures 7 and 8, respectively. Interaction energies vary in the ordering (values 
in kcal/mol) –16 (FU-[Al@B40]) –16 (FU-[Mg@B40]) > −15 (FU-[Cu@B40]) > −13 
(FU-[Mn@B40]) > −12 (FU-[Zn@B40]) > −12 (FU-[Si@B40]).

Meanwhile, the variation of interaction energies for the substituted complex 
is in the ordering of −30 (FU-B39Al) –22 (FU-B39Mg) > −13 (FU-B39Cu]) > −12 
(FU-B39Zn) > −12 (FU-B39Mn) > −9 kcal/mol (FU-B39Si). The absorption of FU on 
B39M or M@B40 cages is more favorable than pristine B40 except for SiB39. Therefore, 
the encapsulation and substitution of impurities can be regarded as an efficient 
approach to control and/or tune-up the interaction between the FU and B40.

Sun and coworkers [122] explored the potential application of all-boron fullerene 
B40 as a drug carrier for anti-cancer nitrosourea (NU, cf. Figure 4) by means of 
PBE0/6-31G (d, p) computations. The NU drug tends to combine with a corner B 
atom of the B40 cage via its oxygen and nitrogen atoms with a moderate adsorption 
energy of −25 kcal/mol. The Eg value is decreased remarkably following adsorption 

Figure 7. 
Optimized geometries of the most stable FU-[M@B40] with M = Mg, Al, Si, Mn, Cu, and Zn complexes. The 
lengths of the newly formed bonds (in Å) are also given. Figure is reprinted with permission from ref. [121].

Figure 8. 
Optimized geometries of the most stable FU-B39M (M = Mg, Al, Si, Mn, Cu, and Zn) complexes. The lengths of 
newly formed bonds (in Å) are also given. Figure is reprinted with permission from ref. [121].
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of NU drug because this raises its HOMO and reduces its LUMO level. However, a 
long recovery time of 52 seconds was predicted for the NU desorption process at 
310 K, indicating quite long and difficult desorption of NU from B40 at human body 
temperature.

Moreover, B40 with a high drug loading capacity can simultaneously carry up to 
five NU drug molecules. Additionally, the substituent effect of C, N, Al, and Ga atoms 
on the drug delivery performance of this B40 cluster was investigated. The interaction 
energies vary in the sequence of −68 kcal/mol (NU-B39C) > −37 (NU-B39Al) > −19 
(NU-B39Ga) > −18 (NU-B39N). Also, the dipole moments were greatly enlarged from 
1 to 6 Debye of B39M to 15–21 Debye of NU-B39M (M = C, N, Al, and Ga). Therefore, 
it can be deduced that substitution of one boron atom of B40 by an exogenous atom 
indeed induces an obvious influence on the interaction between B40 and NU drug. As 
a result, the substituent effect of foreign atoms can be employed to modulate or tune 
up the drug adsorption performance of B40 cluster.

Interaction between the FU anticancer drug and the B40 fullerene was also inves-
tigated using the PBE-D/DZP level in both the gaseous and aqueous phases [123]. 
Results indicate that the FU molecule remarkably adsorbs on the top of B40 through 
its oxygen atom with moderate interaction energy of −24 kcal/mol (cf. Figure 9). The 
energy gap value of the FU-B40 complexes is relatively decreased by 21% as compared 
to the isolated B40 fullerene. The HOMO-LUMO gap of B40 amounts to 1.8 eV, which is 
reduced to 1.4 eV in FU-B40. Thus, the adsorption of the FU molecule can be identi-
fied from electronic response, resulting from the decrease of electric conductivity. 
Furthermore, the FU molecule bears a Hirshfeld charge of 0.35 a.u. in complex, 
resulting in a charge-transfer complex, in which the charge is effectively transferred 
from the FU molecule to the B40 fullerene.

The capacity of B40 for carrying the FU drug was explored. All the six holes of 
B40 interact with FU molecules and the corresponding 6FU-B40 complexes in both 
gas phase and aqueous solution are achieved. The interaction energy was estimated 
to be −13 kcal/mol per FU drug molecule in both phases. Moreover, the energy gap is 

Figure 9. 
Optimized B40-FU complexes. Figure is reprinted with permission from Ref. [123].
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distinctly decreased for this complex. The 6FU-B40 system has Eg = 0.35 eV in the gas 
phase and Eg = 0.71 eV in the aqueous phase.

The effect of Na and Ca encapsulation inside the B40 cluster on the FU adsorption 
behavior was also examined (cf. Figure 10). The interaction energy per FU molecule 
becomes now about −31 kcal/mol for 6FU-Na@B40 and 6FU-Ca@B40 systems in 
solution. Noticeably, the dipole moments enhance for the studied complexes in both 
phases. Further studies are needed to evaluate, in particular the recovery times, as to 
whether these fullerenes might behave as innovative boron-based candidates as drug 
delivery systems.

DFT (PBE-D/DZP) calculations were performed to investigate the interaction 
between the melphalan (MP; cf. Figure 4) as a chemotherapy medication and the 
bare as well as Na and Ca endohedral encapsulated B40 fullerenes (M@B40 with 
M = Na and Ca) [124]. The interaction energy of one MP drug with B40 was computed 
to be −15 kcal/mol. This interaction is a charge-transfer type occurring from the drug 
to the fullerene. The simultaneous adsorption of six MP molecules onto the fullerenes 
was also studied. An interaction energy of −4 kcal/mol per MP is obtained for 6MP-
B40 system. Thus, it is deduced that the bare B40 fullerene suffers from a low adsorp-
tion energy per MP molecule in gas phase when it is fully loaded by MP drugs.

In order to improve the absorbency of B40 toward MP drug, the Na and 
Ca-encapsulated Na@B40 and Ca@B40 could yield some improvement (cf. Figure 11). 
 The interaction energy per MP molecule increases now to −9 kcal/mol for the encap-
sulated fullerene in gas phase. Also, the dipole moment is enhanced in both gaseous 

Figure 10. 
Optimized geometries of (a) 6FU-B40, (b) Na@B40-6FU, and (c) Ca@B40-6FU complexes. Figure reprinted with 
permission from ref. [123].
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and aqueous phases for the resulting complexes, which is a crucial factor for the 
design of a drug carrier. The release of the MP drug from the carrier surface could be 
occurred through a pH-dependent mechanism.

The interaction between the nedaplatin anticancer drug (cf. Figure 4) with the B40 
fullerene was also explored using PBE-D/DZP calculations in both vacuum and water 
mediums [125]. The nedaplatin molecule remarkably tends to adsorb on the top of B40 
through its oxygen atom with an interaction energy of −18 kcal/mol. The adsorption 
of two nedaplatin molecules onto the fullerene holes has occurred with an interaction 
energy of −14 kcal/mol per drug molecule (cf. Figure 12).

Furthermore, reported results illustrate that the Li and Na encapsulation into 
B40 greatly increases the adsorption of nedaplatin in both the gaseous and solution 

Figure 11. 
Optimized geometries of the M@B40-6MP complexes.

Figure 12. 
Optimized geometries of (a) NedaPt-B40 and (b) 2NedaPt-B40 complexes. Figure reprinted with permission from 
Ref. [125].
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Adsorbate Substrate Level of theory Eint (kcal/mol) Ref.

Adenine B40 PBE/DZP –18 [111]

Thymine B40 PBE/DZP −15 [111]

Cytosine B40 PBE/DZP −16 [111]

Guanine B40 PBE/DZP −23 [111]

Uracil B40 PBE/DZP −19 [110]

Adenine B36 B97D/6-31G(d) −5 [109]

Thymine B36 B97D/6-31G(d) −10 [109]

Cytosine B36 B97D/6-31G(d) −38 [109]

Guanine B36 B97D/6-31G(d) −43 [109]

Acetone B40 PBE/DNP −15 [112]

Acetone Li@B40 PBE/DNP −19 [112]

Acetone Ba@B40 PBE/DNP −8 [112]

Metronidazole B36 B3LYP-D3/6-31G(d) −22 [113]

Amantadine B30 ωB97XD/6-31G(d,p) −46 [114]

Sulfonamide B36 M06-2X/6-31G(d,p) −15 [116]

5-Fluorouracil B36 TPPSh/6-31 + G(d) −24 [115]

Hydroxyurea alanine-C4B32 PBE0/6-31 + G(d) −19 [117]

6-thioguanine C4B32 PBE0/6-31 + G(d)) −42 [118]

6-thioguanine Si4B32 PBE0/6-31 + G(d)) −56 [118]

6-thioguanine Li@C4B32 PBE0/6-31 + G(d)) −38 [118]

6-thioguanine Li@Si4B32 PBE0/6-31 + G(d)) −43 [118]

Nitrosourea C4B32 PBE0/6-31 + G(d)) −37 [119]

Cisplatin C4B32 PBE0/6-31 + G(d)) −28 [120]

Cisplatin Si4B32 PBE0/6-31 + G(d)) −18 [120]

Cisplatin Li@C4B32 PBE0/6-31 + G(d)) −12 [120]

Cisplatin Li@Si4B32 PBE0/6-31 + G(d)) −11 [120]

5-Fluorouracil B40 B3LYP/6-31G(d) −11 [121]

5-Fluorouracil Al@B40 B3LYP/6-31G(d) −15 [121]

5-Fluorouracil Mg@B40 B3LYP/6-31G(d) −15 [121]

5-Fluorouracil Cu@B40 B3LYP/6-31G(d) −15 [121]

5-Fluorouracil Mn@B40 B3LYP/6-31G(d) −13 [121]

5-Fluorouracil Zn@B40 B3LYP/6-31G(d) −12 [121]

5-Fluorouracil Si@B40 B3LYP/6-31G(d) −12 [121]

5-Fluorouracil B39Al B3LYP/6-31G(d) −29 [121]

5-Fluorouracil B39Mg B3LYP/6-31G(d) −22 [121]

5-Fluorouracil B39Cu B3LYP/6-31G(d) −13 [121]

5-Fluorouracil B39Zn B3LYP/6-31G(d) −12 [121]

5-Fluorouracil B39Mn B3LYP/6-31G(d) −12 [121]
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phases. The adsorption energy per nedaplatin molecule is about −28 kcal/mol for both 
Li@B40 and Na@B40 fullerene in aqueous solution, which is greater than that of the 
bare B40 fullerene, which is not favorable to be used.

4. Concluding remarks

Table 1 summarizes the reported interaction energies of boron-based clusters with 
the bio-molecules considered. Interaction energy constitutes the main parameter to 
evaluate the suitability of a carrier molecule for biomedical applications. Although 
the number of studies is rather limited, an analysis of these theoretical results sug-
gests that boron-based clusters deserve to be regarded as promising candidates for the 
bio-sensing and drug delivery-related applications.

A large interaction energy indicates a stable complex, but it invariably causes a 
longer recovery time, which is not a good factor for drug release or for refreshing 
a biosensor. Thus, a semi-chemisorption with an effective recovery time (less than 
1 second) is more favorable for biomedical applications. Based on Eq. (2), the recovery 
of a biomedical agent from a typical carrier surface is estimated to be short in the range 
0.03–0.06 microsecond for NIR light with the typical interaction energy of −10 kcal/
mol at 310 K of the human body. Also, it amounts to 0.3–0.7 second for interaction 
energies of −20 kcal/mol, which seems to be usable for an appropriate biosensor [107].

The recovery time exponentially increases by an enhancement of interaction 
energy. According to Table 1, most of the reported interaction energies are smaller 
than −20 kcal/mol, with an expected error margin of ±3kcal /mol  for DFT computa-
tions, which provide suitable recovery times at human body temperature in the range 
of NIR light.

5-Fluorouracil B39Si B3LYP/6-31G(d) −9 [121]

Nitrosourea B40 PBE0/6-31G(d,p) −25 [122]

Nitrosourea B39C PBE0/6-31G(d,p) −36 [122]

Nitrosourea B39Al PBE0/6-31G(d,p) −19 [122]

Nitrosourea B39Ga PBE0/6-31G(d,p) −18 [122]

5-Fluorouracil B40 PBE-D/DNP −13 [123]

5-Fluorouracil Na@B40 PBE-D/DNP −16 [123]

5-Fluorouracil Ca@B40 PBE-D/DNP −17 [123]

Melphalan B40 PBE-D/DNP −3 [124]

Melphalan Na@B40 PBE-D/DNP −8 [124]

Melphalan Ca@B40 PBE-D/DNP −9 [124]

Nedaplatin B40 PBE-D/DNP −13 [125]

Nedaplatin Li@B40 PBE-D/DNP −20 [125]

Nedaplatin Na@B40 PBE-D/DNP −18 [125]

Table 1. 
Summary of the interaction energies of boron-based clusters with bio-molecules considered in biomedical 
applications.
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In spite of the frequent claims of many authors in reported theoretical studies, 
some systems are not suitable due to a long recovery time (in the order of second or 
even longer). For example, in the aforementioned condition, B36 suffers from long 
recovery time for sensing cytosine and guanine; similarly, C4B32 suffers from long 
recovery time for detecting 6-thioguanine, nitrosourea, and cisplatin drugs.

Noticeably, the release mechanism of drug is also a crucial factor, which should 
be understood for a better design of a drug delivery system, in addition to suitable 
recovery time. Such studies are yet to be carried out.

In summary, from a theoretical viewpoint, boron-based clusters having some 
unique structural and electronic properties provide us with great potential in bio-
medical applications. Quantum chemical calculations can further assist experimental 
researchers in the understanding of these systems from the molecular insights at low 
cost but with much detail and substantial accuracy.
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