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1. Introduction 

Carmustine (Carm) is chemotherapeutic drug and an 

alkylating agent that is specifically used in the treatment 

of various cancers[1-4]. carmustine is used for treatments 

of beginning stage of brain tumors, myeloma and 

Hodgkin’s lymphoma. Furthermore, it can be used in 

treatments of liver and digestion carcinomas and 

melanoma. carmustine as an intravenously administered 

drug that can cross the blood–brain barrier may be 

effective in  treating brain tumors due to proposed 

alkylating the DNA mechanism [5-7]. This process helps 

in inhibiting enzymes, prevents amino acid binding, and 

disrupts protein synthesis, which ultimately leads to a halt 

in cancer cell proliferation. Its metabolism is by the liver, 

and it is excreted through the kidneys in general. Its side 

effects include reduction in white blood cells or 

inflammatory infection, pulmonary fibrosis, and 

reduction of blood’s platelets. This drug can be 

administered along with other anticancer drugs to 

enhance its therapeutic efficiency [8-14]. 

Therefore, due to the significance of this drug, 

development of new techniques for its detection is 

essential. To date, various analytical techniques have 

been used for the detection of carmustine, such as the 

mass spectrometry, liquid chromatography, nuclear 

magnetic resonance (NMR) spectroscopy, and 

ultraviolet-visible (UV-Vis) spectroscopy [15-17]. 

However, these techniques have shortcomings such as 

high costs and low sensitivity. Despite numerous 

advancements in medicine, cancer remains one of the 

most lethal diseases, highlighting the crucial need for 

developing new treatment approaches with minimal 

adverse effects. Nanostructures and their derivatives are 

very important owing to their applications in magnetic 

recording imaging, electronic materials and devices, 

environmental processes, drug transport, etc [18-23]. 

Recently, nanomaterials such as nanosheets, 

nanochains, nanoclusters, and nanotubes have been 

utilized as new sensors because of their unique 

characteristics including their large surface-to-volume 

ratios and electronic sensitivity [24-28]. For example, 

gold nanoclusters exhibit fluorescence changes upon 

interaction with carmustine [29, 30]. In addition, metal-

doped graphene such as molybdenum, gold, copper, and 

silver has been used as biosensors for carmustine’s 
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adsorption [31]. 

Fullerenes have been utilized as adsorbents for gas 

and pollutants and as biosensors for detection 

applications [32-37]. Among boron-based fullerenes, B₄₀ 

stands out as the most stable structure due to its electron 

deficiency, thus having potential for strong interactions. 

It has both acidic and basic properties. Moreover, its 

conductivity can be enhanced by metal doping or 

encapsulation [38-44]. In 2020, Changyu Li et al. 

investigated the detection of sulfur-containing gases by 

boron fullerenes alone. Their findings demonstrated that 

B₄₀ nanocluster could act as Φ-type gas sensors and serve 

as electronic sensors for detecting CS₂ and SO₂ gases 

[45]. In another study, Shakerzadeh et al. investigated 

pristine and lithium-encapsulated B₄₀ fullerenes as 

chemical sensors for the detection of NO₂ pollutants 

using computational technique. Their findings 

demonstrate that these fullerenes may be employed as 

effective chemical sensors for pollutants [40]. 

Furthermore, fullerenes can also serve as biosensors for 

drugs detection, particularly for anticancer drugs [46-52].  

In this project, the biosensing capabilities of pristine 

and encapsulated (M = Mg and K) B₄₀ fullerenes are 

investigated for the detection of carmustine, an anticancer 

drug. The novelty lies in the first-time theoretical 

investigation of metalloborophene sheets as electronic 

sensors for detecting the anticancer drug carmustine 

using density functional theory (DFT). While previous 

studies have reported the sensing performance of pristine 

borophene or metalloborospherene materials toward 

other analytes such as metronidazole, cisplatin, and 5-

fluorouracil , no computational or experimental report 

has explored the interaction between metalloborophenes 

and carmustine molecules[41, 42, 53]. 

This work introduces metal-doped borophene (M–B) 

systems as a new class of two-dimensional sensor 

materials, expanding the sensing capabilities of boron-

based nanostructures to nitrosourea drugs. Through a 

comparative DFT analysis, the study reveals how 

transition metal doping modifies charge transfer, 

adsorption energy, and electronic conductivity, 

establishing metalloborophene as a promising, selective, 

and sensitive platform for carmustine detection. Such 

findings open new possibilities for designing 

multifunctional boride-based nanosensors for anticancer 

drug monitoring, which has not been previously reported 

in the literature.  

2. Materials and Methods 

The first and most fundamental step in the theoretical 

investigation of drug molecules and nanocarriers is the 

optimization of their geometric structures, which is 

essential for extracting key molecular properties such as 

adsorption energy, thermochemical parameters, charge 

distribution, energy gap, etc. The specific convergence 

criteria for geometry optimizations have now been clearly 

described to ensure computational reproducibility. In our 

calculations, convergence was achieved when the 

maximum force (GMAX) and root mean square (RMS) 

force (GRMS) were below 4.5×10⁻⁴and 3.0×10⁻⁴ 

Hartree/Bohr, respectively, while the maximum and 

RMS displacements (XMAX and XRMS) were below 

1.8×10⁻³ and 1.2×10⁻³ Å, respectively. These thresholds 

correspond to the default (tight) convergence criteria 

commonly employed in quantum chemical geometry 

optimizations, ensuring reliable equilibrium geometries.  

Then, the molecular structures of carmustine, pristine 

B₄₀ fullerene, and B₄₀ fullerenes that were encapsulated 

with magnesium (Mg) and potassium (K) were first 

constructed using Gauss View 06 software[54]. 

Subsequently, geometrical optimization and frequency 

calculations were performed using Gaussian 09 

software[55], using Density Functional Theory (DFT) 

with the B3LYP functional and the 6-31G* basis set[38, 

56, 57] . The B3LYP functional, which merges Becke’s 

three-parameter exchange with the Lee–Yang–Parr 

correlation components, offers an effective balance 

between accuracy and computational efficiency, making 

it widely applicable to both organic and organometallic 

systems. The selected 6-31G* basis set, a polarized 

double-ζ type, incorporates polarization functions that 

enhance the modeling of electron distribution and 

molecular geometries, thereby improving the reliability 

of optimized structures and orbital representations. 

The B3LYP/6-31G* combination has been 

extensively validated for predicting molecular geometry, 

vibrational spectra, and electronic properties of small- 

and medium-sized molecules. This approach provides a 

robust compromise between computational cost and 

predictive accuracy, making it particularly suitable for 

exploring molecular adsorption, reactivity trends, and 

charge transfer phenomena. While this level of theory 

does not explicitly account for long-range dispersion 

interactions and may be subject to basis set superposition 

error (BSSE), previous benchmark studies demonstrate 

that internal error compensations render it a reliable and 

justified selection for preliminary DFT-based 

investigations.  

To examine the electronic properties, electron 

conductivity, and electronic descriptors such as HOMO 

energy (EHUMO), LUMO energy (ELUMO), gap energy (Eg), 

energy of Fermi level (Ef), chemical potential (μ), and 

electrophilicity (ω), the following quantities were 

computed.  The fullerenes adsorption energy of 

interaction was computed using equation (1). 

Eads = EComplex – (Ecarmustineustine + EFullerene) (1) 

where Eads is the fullerenes adsorption energy of 

interaction, EComplex is the energy of the drug-fullerene 

complex, Ecarmustine is carmustine’s energy, and EFullerene is 

the energy of the fullerenes. 

Energy gap for all structures was determined via the 
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following equation:  

Eg = ELUMO – EHOMO (2) 

where Eg is the energy gap, and the energies of the 

lowest unoccupied and highest occupied molecular 

orbitals are denoted by ELUMO and EHOMO, respectively. The 

electronic sensitivity of fullerenes toward the carmustine 

drug, is assessed by the percentage change of the Eg as 

follows: 

ΔEg = [(Eg2 – Eg1)/Eg1] x 100% (3) 

Where Eg1 and Eg2 represent the energy gaps of the 

bare fullerene and the complex, respectively [43]. For 

drawing the density of state (DOS) diagrams, the 

MultiWFN program was utilized[58]. NBO analyses are 

efficient tools for representing electron density in 

numerous systems. NBO analyses were carried out at the 

B3LYP/6-31G(d) level. This approach quantifies donor–

acceptor (bond–anti bond) interactions by evaluating 

their second-order perturbation stabilization energies 

(E2)[59-61]. These E2 values were calculated as follows: 

E2 = ∆𝐸𝑖𝑗 = 𝑞𝑖
𝐹(𝑖.𝑗)2

𝜀𝑗−𝜀𝑖
          (4) 

where, F(i,j) is the off-diagonal part of the NBO Fock 

matrix, qi is the orbital occupation of the donor, and εi; εj 

are the diagonal components (orbital energies). 

3. Results and Discussion  

The optimized structure of carmustine drug and the 

fullerenes is shown in Figure 1. The bond length and the 

bond angles derived from the computation matches those 

obtained from previous experimental results[51]. 

Therefore, the basis set and the functional used were 

suitable for the studied complexes. 

Several studies have shown that negatively charged 

solid adsorbents can exhibit specific adsorption 

capabilities. Moreover, it appears that metal-encapsulated 

fullerenes have stronger adsorption capabilities. studies 

conducted on fullerenes that have been encapsulated with 

different metals such as those from the alkaline earth, and 

transition metal groups indicate that the presence helps of 

metal promotes stronger interaction and causes electric 

conductivity to increase compared to a pristine fulleren 

[42].  

This encapsulation not only improves the sensor 

capabilities and properties of fullerenes but also aids in 

the detection of drugs and gases. Mg and K were 

particularly suitable for B₄₀ encapsulation compared to 

other metals because Both are biologically essential and 

non-toxic at therapeutic levels.  Their ionic sizes and 

moderate reactivities are compatible with stable B₄₀ 

encapsulation. They effectively tune the B₄₀ nanocluster’s 

electronic structure, improving adsorption energies and 

charge transfer characteristics critical for drug delivery 

performance. 

Thus, encapsulating Mg and K within B₄₀ not only 

enhances the nanocage’s electronic reactivity and drug 

interaction potential but also ensures biocompatibility 

and safety for targeted drug delivery systems.

 

a. carmustine 

  
 

b. B40 c. Mg@B40 D. K@B40 

Fig. 1. optimized structures of a) carmustine, b) B40, c) Mg@B40, d) K@B40 
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To find the most stable conformer, carmustine with 

various functional groups was brought close to the rings 

of a six or seven-sided fullerene from various directions 

(parallel or vertical) for binding.  

The most stable conformers obtained were those 

interacting with the fullerene through two functional 

groups: chlorine and oxygen (Figure 2). Among these 

structures, the conformers interacting via the oxygen 

atom exhibited more negative adsorption energies. In the 

B40/carm complex, the second most stable conformer, in 

which carmustine approaches the fullerene through the 

chlorine atom, exhibits an adsorption energy of −9.98 

kJ·mol⁻¹. This value indicates lower stability compared to 

conformer 1, which possesses an adsorption energy of 

−14.18 kJ·mol⁻¹. Furthermore, the chlorine–fullerene 

separation in conformer 2 is larger than the corresponding 

oxygen–fullerene distance observed in conformer 1. 

Although a shorter interaction distance does not 

necessarily imply greater stability, the adsorption energy 

values serve as the primary criterion for determining the 

relative stability of the conformers.  

The results presented in Table 1 also indicate that the 

presence of magnesium and potassium metals inside the 

nanocage leads to the formation of more stable complexes 

with more negative binding energies.  

The adsorption energy values reported in Table 1 

suggest that the adsorption of the carmustine drug on 

fullerene occurs through physical adsorption, involving 

electrostatic and other non-covalent interactions. 

Figure 3 depicts the adsorption energy values of all 

investigated complexes before and after metal 

encapsulation within the B₄₀ fullerene.  

Generally, conformer no. 1 structures display higher 

adsorption energies than their corresponding conformer 

no. 2 counterparts.  

Within the conformer no. 1 series, the carm/Mg@B₄₀ 

complex exhibits the most pronounced adsorption energy 

of –16.45 kJ/mol. 

 

a. Carm/B40 

 

b.Carm/B40 

 
 

c. Carm/K@B40 d. Carm/K@B40 

 
 

e.Carm/Mg@B40 f. Carm/Mg@B40 

Fig. 2. Optimized structures of carmustine (Carm) adsorbed onto a) and b) B40, c) and d) K@B40 and, e) and f) 

Mg@B40 
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Fig. 3. Diagram of adsorption energies of B40 and M@B40 fullerene complexes (M=K and Mg) 

 

The study of electric charge shows that a charge 

transfer from carmustine to encapsulated fullerene has 

taken place. This is primarily due to carmustine being a 

polarized molecule bearing electronegative atoms.  

Fullerene does not possess significant dipole moment. 

However, placing a magnesium (Mg) or potassium (K) 

atom inside the nanocage, as shown in Table 1, leads to 

an increase in the dipole moment of fullerenes. Since 

dipole moment is a vector quantity, once carmustine is 

adsorbed, dipole moments align and increase in 

magnitude.  The dipole moment is a suitable measure of 

the electric charge distribution pattern in each system. In 

principle, the greater the dipole moment, the more 

observable the solvent effect will be, and solubility in 

polar solvent such as water increases. Considering the 

data in Table 1, it can be concluded that once carmustine 

is adsorbed, the dipole moment increases considerably. 

This increase is nearly double in magnesium-

encapsulated fullerene compared to pristine fullerene. 

Whereas in K@B40, the increase is negligible. This 

considerable increase in the case of magnesium (Mg) can 

be attributed to higher charge distribution, since a 

magnesium ion (Mg++) has two positive charges, 

compared to one positive charge in a potassium ion (K+). 

A deeper understanding of the electronic 

modifications induced by the adsorption of carmustine on 

the pristine and metal-encapsulated fullerenes is provided 

through the total density of states (TDOS) diagrams 

presented in Figure 4. 

The potential of fullerene as a molecular sensor for the 

detection of carmustine was subsequently investigated. 

To achieve this, two parameters -energy gap (Eg) and 

work function (Φ) were calculated. One of the key 

parameters in evaluating the sensitivity of a nanostructure 

is the energy gap, which correlates with electrical 

conductivity according to the following equation [62]. 

Electrical Conductivity = 𝐴 √𝑇
3

e 
−𝐸𝑔

2𝐾𝑇
 (5) 

where K is the Boltzmann’s constant and A is a 

constant quantity. In this equation, energy gap has an 

inverse relationship with electrical conductivity. 

In addition, the effect of carmustine drug on  the Fermi 

level energy (Ef) and work function (Φ)-two of the key 

parameters in Φ-type sensors- was examined. The work 

function (Φ) is defined as the minimum energy required 

to remove an electron from the Fermi level to vacuum 

[63, 64]. 

A Kelvin oscillator instrument was utilized to measure 

the value of Φ before and after molecule adsorption in the 

Φ-type detectors. 

Table 1. Dipole moment (Dm, Debye), adsorption energy (Eads, kJ/mol), energy of HOMO (EHOMO, energy of LUMO (ELUMO, 

eV ), HOMO-LUMO energy gap (Eg, eV), energy of Fermi level (EF, eV)), work function (Φ), and recovery time (τ, s). 

The %ΔΕg and %ΔФ indicate the change of Eg and Φ after the adsorption process 

Structure Dm Eads E HOMO E LUMO Eg %ΔΕg EF Φ %ΔФ τ 

B40 0.004 - -5.77 -2.83 2.94 - -4.30 4.30 - - 

Mg@B40 0.3 - -4.19 -2.73 1.45 - -3.46 3.46 - - 

K@B40 0.002 - -4.079 -2.81 1.26 - -3.45 3.45 - - 

B40/Carm1 2.6 -14.18 -5.77 -2.83 2.93 -0.34 -4.301 4.301 0.000 3*10 -10 

B40/Carm2 2.57 -9.98 -5.77 -2.83 2.93 -0.34 -4.299 4.299 -0.032 6*10 -11 

Mg@B40/Carm1 4.67 -16.54 -4.19 -2.76 1.43 -1.38 -3.476 3.476 0.432 8*10 -10 

Mg@B40/Carm2 4.64 -12.08 -4.17 -2.72 1.45 0 -3.448 3.448 -0.393 1.3* 10 -10 

K@B40/Carm1 2.67 -14.7 -4.08 -2.83 1.25 -0.8 -3.459 3.459 0.355 4*10 -10 

K@B40/Carm2 2.51 -10.5 -4.08 -2.82 1.26 0 -3.452 3.452 0.158 7*10 -11 
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a1. K@B40 a2. Carm/K@B40 

  

  
b1.Mg@B40 b2. Carm/Mg@B40 

  

  
c1. B40 c2. Carm/B40 

Fig. 4.  Total density of states (TDOS) diagrams of a1) K@B40, a2) Carm/K@B40, b1) Mg@B40, b2) Carm/Mg@B40, c1) 

B40, c2) Carm/B40 

When the adsorption of a molecule increases or 

decreases the work function of the sensor, it alters the 

gate voltage, thereby generating an electrical signal that 

facilitates chemical detection. 

Փ = 𝑉𝑒𝑙(+∞) − 𝐸𝐹 (6) 

Here, EF denotes the Fermi level energy, and Vel (+∞) 

represents the electrostatic potential energy of an electron 

far from the material's surface, which is assumed to be 

zero. Therefore, assuming Vel (+∞) = 0, the following 

expression can be written: 

Փ = −𝐸𝐹 (7) 

The Fermi level energy is calculated using the 

following expression: 

𝐸𝐹 = 𝐸 𝐻𝑂𝑀𝑂 + (
𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂

2
) (8) 

Classical Richardson Dushman equation explains that 

the variation in the work function (Φ) of a sensor, due to 

changes in the Fermi level energy, can affect the amount 

of field emission (equation 8): 

𝑗 = 𝐴𝑇²𝑒_Փ/𝐾𝑇 (8) 

In this equation, j is the electron emission current 

density, A refers to the Richardson constant (A/m²), and 
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T represents the temperature in Kelvin (K) [65]. 

The change in the Φ upon carmustine adsorption is 

calculated as follows: 

%Փ = ( Փ2  ̶  Փ1)/Փ1 × 100 (9) 

In this context, Φ₁ and Φ₂ denote the values of Φ for 

the bare fullerene and the Carm/fullerene complex, 

respectively. 

Based on the results presented in Table 1, no 

significant variations were observed in the HOMO–

LUMO energy gap (Eg), Fermi level energy (EF), or 

work function (Φ) following the adsorption of carmustine 

on pristine B40 fullerene for conformer 1 (B40/Carm1). 

These parameters exhibited only negligible changes for 

conformer 2 (B40/Carm2). Therefore, pristine B40 

cannot function as an effective Φ-type sensor. In contrast, 

substantial variations in both the energy gap and the work 

function were observed upon the adsorption of 

carmustine onto the Mg-encapsulated B40 fullerene. For 

the Carm/Mg@B40(1) conformer, the calculated changes 

in the energy gap and work function were -1.32% and 

0.43%, respectively, suggesting that this system could 

serve as an efficient Φ-type molecular sensor for 

detecting the carmustine drug. As shown in Table 1, the 

energy gap (Eg) values for both B40/Carm1 and 

B40/Carm2 after adsorption are 2.93 eV, indicating an 

insignificant difference compared with the pristine B40 

fullerene (2.94 eV). In contrast, the variations in the 

energy gap for the metal-encapsulated fullerenes are 

more pronounced. Among these systems, the lowest 

energy gap is observed when a potassium (K) atom is 

encapsulated within the nanocage (K@B40/Carm1), 

yielding a value of 1.25 eV. According to equation (4), 

this reduction in the energy gap corresponds to an 

enhancement in the electrical conductivity of the system. 

Electronic sensors operate based on the change in the 

electric conductivity upon molecular adsorption. This is 

because variations in conductivity can be converted into 

electric signals, thereby enabling the detection of the 

adsorbed drug. Based on the results obtained, fullerenes 

can act as effective electric sensors for detecting the 

carmustine drug. 

According to Table1, the highest and lowest electrical 

conductivity among the studied complexes correspond to 

Carm/K@B40(1) and Carm/B40 fullerenes respectively. 

Therefore, the presence of alkali and earth alkali metals 

into the fullerene nanocage enhances its structural 

properties, leading to increased adsorption energy and 

improved electric conductivity.  

The energy level of HOMO (EHOMO) is significantly 

affected upon the adsorption of carmustine. A noticeable 

reduction in EHOMO is observed for metal-encapsulated 

fullerenes compared to the bare fullerene. In contrast, the 

energy level of the lowest unoccupied molecular (ELUMO) 

remains almost unchanged after adsorption 

The TDOS diagrams in Figure 4 also confirm the 

emergence of a new electronic state following adsorption 

of carmustine.  

Moreover, a noticeable shift in the HOMO level from 

the fullerene surface to the carmustine molecule, in line 

with the large change in HOMO energy. 

The strength of interaction plays a critical role in 

sensor development, as strong interactions make the 

desorption process more difficult. According to the 

following equation, an increase in the adsorption energy 

leads to a longer recovery time for the interaction [64, 

66]: 

𝜏 =
1

𝜐
𝑒𝑥𝑝(  −𝐸𝑎/𝐾𝐵𝑇) (10) 

Where KBT is the Boltzmann’s constant (-2.0 x 10-3 

kcal/mol.K), T is the temperature in Kelvin, and ν is the 

attempt frequency. As depicted in Table 1, the fullerene 

complexes under study, show short desorption times, 

indicating the reversibility of carmustine adsorption on 

the fullerene surfaces. 

Natural Bond Orbital Analysis (NBO) are carried out 

to elucidate the bonding interactions anchoring Carm to 

both pristine B40 and metal-encapsulated fullerenes 

(Mg@B40 and K@B40), as well as to quantify the 

accompanying charge transfer. In B-O bonds and B-Cl 

anchor bonds, electron donation occurs from the O and 

Cl lone-pair orbitals into the boron antibonding (n*) 

orbitals. Because the three lone pairs on oxygen are 

differently oriented relative to these n* orbitals, they 

participate in the complex to varying degrees. 

In the Table 2, the ΔECT values between donor and 

acceptor orbitals in Carm complexes with B40 and metal-

encapsulated are listed. 

Table 2. NBO charge transfer features of Carm-fullerene 

complexes 

Complexes Interaction ΔECT 

Carm1/B40 nO61 →n*B26 0.06 

Carm2/B40 nCl57 →n*B10 0.21 

Carm1/k@B40 nO61 →n*B26 0.35 

Carm2/k@B40 nCl57→n*B10 0.09 

Carm1/Mg@B40 nO61 →n*B26 0.1 

Carm2/Mg@B40 nCl57→n*B10 0.28 

 

Overall, complexes characterized by lower orbital 

interaction (second-order perturbation) energies exhibit 

minimal charge transfer and thus display a predominantly 

ionic bonding character between the nanocage and the 

Carm molecule. As can be seen in Table 2, in all Carm 

complexes with B40 and M@B40, the interaction nO 

→n*B and nCl →n*B participates in the stabilization 

interaction. The most pronounced nO→n*B charge‐

transfer interaction occurs in the Carm/K@B40 complex, 

with ΔECT values of 0.35kcal/mol. Additionally,the most 

pronounced nCl→n*B charge‐transfer interaction occurs 

in the Carm2/Mg@B40 complex( ΔECT =0.28Kcal/mol)  
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4. Conclusion 

In this study, the adsorption of the carmustine drug on 

pristine fullerene, as well as on fullerenes encapsulating 

magnesium (Mg) and potassium (K) atoms, was 

investigated using the Density Functional Theory (DFT) 

computational method to evaluate the potential of these 

systems as electronic sensors for detecting carmustine. 

The results indicate that structural modification of 

fullerene leads to an increase in adsorption energy, a 

decrease in the energy gap, and, consequently, an 

enhancement in electrical conductivity within the studied 

systems. This increase in conductivity enables the 

generation of an electrical signal, supporting the use of 

modified fullerenes as promising candidates for sensing 

applications aimed at detecting the carmustine drug. The 

study revealed that electrostatic interactions, 

characteristic of a surface physical adsorption process, 

were involved. However, recovery time calculations 

indicate that these interactions are essentially irreversible, 

which is a critically important factor in sensor 

development. Furthermore, calculations of the work 

function and its percentage change for the respective 

complexes suggest that the modified fullerenes can serve 

as Φ-type nanosensors for the detection of carmustine, an 

anticancer drug. Our computational findings demonstrate 

the strong potential of metalloborophenes as sensitive and 

selective electronic sensors for detecting anticancer drugs 

such as Carmustine. Future research could focus on 

experimental validation of these results and the practical 

fabrication of metalloborophene-based nanosensors. 

Moreover, by tuning the metal dopant or surface 

functionalization, the sensing capabilities can be 

extended toward a broader range of chemotherapeutic 

agents and biomedical targets. This outlook emphasizes 

the promising role of metalloborophenes in the 

development of next-generation biosensing and drug-

monitoring technologies.  
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