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ABSTRACT 

 

Interaction of 5-fluorouracil drug (5-FU) on the pristine BN (BNNS), Al-

doped BN (BN(Al)NS) and Ga-doped BN (BN(Ga)NS) nanosheets in water media 

was investigated. The calculated adsorption energies are about -0.48, -0.82 and -0.93 

eV for 5-FU/BNNS, 5-FU/BN(Al)NS and 5-FU/BN(Ga)NS complexes respectively. 

The adsorption energies are greatly enhanced about 70.83% and 93.75% after 

doping Al and Ga atom on BN nanosheets respectively. The energy gap and work 

function calculations indicated that the conductivity was increased drastically after 

adsorption of drug molecule on the nanosheets. The energy gap decreases about 

20.63%, 21.46% and 21.66% for 5-FU/BNNS, 5-FU/BN(Al)NS and 5-FU/BN(Ga)NS 

complexes respectively. The global indices demonstrated that the reactivity was 

increased during the adsorption process. Therefore, the 5-FU drug on BN(Al)NS and 

BN(Ga)NS can be extended as a drug delivery system. 
 

Keywords: DFT, 5-FU, Drug delivery, BNNS, BN(Al)NS, BN(Ga)NS. 

 

1.  INTRODUCTION 

 

An anticancer compound, 5-Fluorouracil (5-FU) has now been widely used in 

chemotherapy
1
. In particular, 5-FU is one of the standard pharmacological agents commonly 

used in cancer chemotherapy, especially in the treatment of pancreatic, stomach, breast, 

rectal and colorectal cancers
2–4

. It operates on cancer cells by suppressing or directly 

absorbing thymidylate synthase enzymes into nucleic acids
5
. Though this drug has several 
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side-effects, several researchers reported the great importance of 5-FU in biological fluids 
6
. 

A nanostructure-based sensor can be used for 5-FU drug detection due to benefits such as 

low cost, short analysis time, quick response, miniaturization capability, high surface/volume 

ratio, low temperature action and high efficiency
7–10

. 

Recently, Boron nitride (BN) nanosheets are widely investigated in different field of 

sciences such as  catalysts
11

, dielectric materials
12

, sensors
13

, and hydrogen storage
14

 due to 

their high thermal conductivity, wide band gap, excellent mechanical strength, large surface 

areas, high oxidation resistance and good chemical inertness
15–17

. Previous studies suggest 

that BN nanosheet have been used as promising candidate for drug delivery system
18–21

. 

Previously, Morteza Vatanparast et al. performed DFT and MD simulations to consider BN 

nanosheet as a drug carrier for anticancer drugs 5-fluorouracil, 6-mercaptopurine and 6-

thioguanine drugs
22

. 

In many literature, the drug delivery application of 5-FU in chemotherapy and its 

mechanism and significances has been widely studied and reported
23

. Shayan and Nowroozi 

theoretically studied the adsorption of 5-FU on BNNTs surface. The encapsulation and 

adsorption of 5-FU molecule on that surface was found to be a favorable process, with a few 

exceptions
24

. It is also observed that doping boron nitride with Al or Ga atoms massively 

increase their molecular adsorption properties
25,26

.  

In our study, we have investigated the interaction between the 5-FU drug with the 

pristine BN (BNNS), Al-doped BN (BN(Al)NS) and Ga-doped BN (BN(Ga)NS). The 

adsorption energy with adsorption distance, charge transfer, electronic properties, global 

indices have been studied. The electron density map (EDM) and density of states (DOS) 

have been analyzed.  

 

2. COMPUTATIONAL DETAILS 

 

All the calculations have been performed using DFT theory as implemented in 

Dmol3 module
27,28

. The Perdew-Burke-Ernzerhof (PBE) functional within GGA has been 

considered to describe the exchange-correlation interaction
29

. We also employed the DFT 

semi-core pseudopotential (DSPP) for core treatment with double numerical basis set plus 

polarization (DNP) basis set
30

. The energy tolerance, maximum force, displacement 

convergence, and smearing point have been set at 2x10
-5

 Ha, 0.004 Ha/Å, 0.005 Å and 0.005 

Ha respectively
31

. And global cut off radius of 5Å has been employed
32

. 
  

To investigate the sensitivity of the nanosheets towards the 5-FU drug, chemical 

potential (µ)
33

 was calculated by, μ = - (I + A) / 2. 

Hardness (ɳ)
34

 was calculated by ɳ= (A – I)/2.  

Softness (S)
35

 was calculated by S= 1/2ɳ.  

And electrophilicity (ω)
36

 was calculated by following equations, ω = μ
2
/2ɳ  

 

where, ionization potential, I =EHOMO is the energy of HOMO and electron affinity, A=ELUMO 

is the energy of LUMO.  
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3. RESULTS AND DISCUSSIONS  
 

3.1 Geometric structures 
 

Fig. 1 shows optimized structure with HOMO-LUMO and ESP map of 5-FU drug 

molecule. It consists of 4(C-N), 2 (N-H), 2(C-O), 2(C-C), 1(C-H) and 1 (C-F) bonds. The 

average bond length of C-N, N-H, C-O and C-F are 1.385, 1.02, 1.235 and 1.359 Å 

respectively. The HOMO level of 5-FU is located at -6.173 eV and LUMO level located at -

2.491 eV. The negative charge concentrates around the O atoms while the positive charge 

accumulates around remaining drug which is visualized from ESP map of 5-FU. 

The adsorbent nanosheets such as BNNS, BN(Al)NS and BN(Ga)NS as drug 

delivery carrier, are optimized in water media. Fig. 2 shows the optimized geometry with 

EDMs of these nanosheets. The nanosheets contain 16 hexagons. The bond distance of B-H 

and N-H are found as 1.202Å and 1.017Å respectively which are similar to previous 

studies
37

. In BN(Al)NS and BN(Ga)NS nanosheets, the Al-N and Ga-N bond distances are 

found to be 1.714 and 1.740Å respectively which are in good agreement with previous 

studies
38

. The nanosheets remain in planar after doping Al and Ga atoms on the BNNS. 

EDMs predict that electrons are mostly localized on the B-N bonds. Fig. 3 shows the relaxed 

structures of the 5-FU/BNNS, 5-FU/BN(Al)NS and 5-FU/BN(Ga)NS complexes. After 

adsorption of the drug on the BNNS, the nanosheet remain still planer but in case of 

BN(Al)NS and BN(Ga)NS, the nanosheets deform greatly and bent downward which 

indicates an interaction between the drug and nanosheets. 

             
   (a)   (b)   (c)    (d) 

Fig. 1. (a) Optimized structure, (b) ESP map, (c) HOMO and, (d) LUMO maps of 5-FU drug molecules. 

 

 
(a)    (b)   (c) 

Fig.2. Optimized structures with EDMs of (a) BNNS, (b) BN(Al)NS and (c) BN(Ga)NS nanosheets respectively. 
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(a)    (b)   (c) 

Fig. 3. Top (first row) and side (second row) views of (a) 5-FU/BNNS, (b) 5-FU/BN(Al)NS and (c) 5-

FU/BN(Ga)NS complexes respectively. 
 

3.2 Adsorption of 5-FU on the nanosheets 

 

To investigate the adsorption behavior of 5-FU on the BNNS, BN(Al)NS and BN(Ga)NS 

nanosheets, the adsorption energy, nearest adsorption distance and charge transfer has been 

calculated. The adsorption energy has been calculated by using following equation
39,40

, 

                                      
Where,      ,            and                 are the total energies of the 5-FU drug, 

nanosheets and nanosheets with the 5-FU drug molecule respectively.  

The 5-FU drug molecule was placed parallel to the nanosheets and relaxed in global 

minima in water media. The optimized geometries were illustrated in Fig. 3. In our 

investigation, we found negative adsorption energies which implies an attractive and 

exothermic reaction between 5-FU and nanosheets. The calculated adsorption energies are -

0.48, -0.82 and -0.93 eV for 5-FU/BNNS, 5-FU/BN(Al)NS and 5-FU/BN(Ga)NS 

respectively. The 5-FU is preferred to adsorb at a distance 3.382, 3.059 and 3.159 Å from the 

nanosheets. Thus, physical interaction was occurred for 5-FU/BNNS but chemisorption 

adsorption was occurred for 5-FU/BN(Al)NS and 5-FU/BN(Ga)NS complexes. It was clearly 

found that, after doping Al and Ga atoms on the BNNS, adsorption energies are drastically 

increased about 70.83% and 93.75% which indicates that Al and Ga dopants are largely 

increased the attractive interaction between the 5-FU and BN(Al)NS, and BN(Ga)NS 

nanosheets. 
 

Table 1: The calculated adsorption energy (Ead), minimum adsorption distance (d) and charge 

transfer (Δq) between 5-FU and nanosheets in water phases. 

System 
Water media 

d (Å) Δq(e) EAd (eV) %ΔEAd 

5-FU/BNNS 3.382 -0.002 -0.48 -- 

5-FU/BN(Al)NS 3.059 0.007 -0.82 70.83 

5-FU/BN(Ga)NS 3.159 0.004 -0.93 93.75 
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3.3  Charge transfer analysis 
 

Mullekin charge analysis has been performed to investigate the net charge transfers 

from the 5-FU drug to the nanosheets. The amount of net charge on the 5-FU are listed in 

Table 1. In our calculations, 5-FU drug gains a small amount of charge about 0.002e from 

the BNNS. Thus 5-FU drug acts as electron acceptor and BNNS acts as electron donor. But 

in case of Al and Ga doped BNNS, 5-FU drug losses 0.007e and 0.004e amount of charge to 

the BN(Al)NS, and BN(Ga)NS nanosheets respectively. The top and side views of EDMs of 

the complexes are shown in Fig. 4. In EDM maps, it was clearly seen that electron 

hybridizations are occurred and electron density of drug and nanosheets overlaps with each 

other which indicates that an interaction occurs between the drug and nanosheets. 

   
 

  
(a)    (b)   (c) 

Fig. 4. Top (first row) and side (second row) views of EDMs of (a) 5-FU/BNNS, (b) 5-FU/ BN(Al)NS and (c) 

5-FU/ BN(Ga)NS complexes respectively. 
 

  
(a)    (b)   (c) 

Fig. 5. The total and partial DOS for (a) BNNS (b) BN(Al)NS, and (c) BN(Ga)NS, nanosheets before and 

after adsorption of 5-FU drug molecules. The dotted line indicates the Fermi level. 
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3.4  Electronic Properties 
 

The electronic properties such as HOMO energies and LUMO energies, HOMO-

LUMO energy gap (Eg), work function have been analyzed. The top and side views of 

HOMO and LUMO of all complexes are shown in Fig. 6. In all complexes, the HOMO are 

localized on the nanosheets at -5.863, -5.866, -5.846 eV and LUMO are localized on drug 

molecules at -2.562, -2.617 and -2.605 eV for BNNS, BN(Al)NS and BN(Ga)NS 

respectively. The HOMO and LUMO energies are not stabilized after adsorption of 5-FU on 

the BNNS, BN(Al)NS and BN(Ga)NS. HOMO energies of BNNS, BN(Al)NS and 

BN(Ga)NS decrease slightly but the LUMO energies largely increase from -1.716, -1.743 

and, -1.75 eV to -2.562, -2.617 and -2.605 eV respectively. The calculated energy gaps are 

4.159, 4.137 and 4.137 eV of BNNS, BN(Al)NS and BN(Ga)NS respectively but after 

adsorption of 5-FU on the nanosheets, the energy gaps reduce largely about 20.63%, 21.46% 

and 21.66% respectively. The DOS spectra of BNNS, BN(Al)NS and BN(Ga)NS before and 

after adsorption of 5-FU drug are illustrated on Fig. 5. It is found that dominant peak is 

introduced at near to Fermi level after adsorption of 5-FU drug which is responsible for 

decreasing energy gap. The reduction of energy gap can exponentially enhance the 

conduction electron population. 

  

                    
(a)    (b)   (c) 

         

            
(d)    (e)   (f) 

Fig. 6. Top and side views of HOMO maps (top two rows) and LUMO maps (bottom two rows) of (a, d) 5-

FU/BNNS, (b, e) 5-FU/BN(Al)NS, and (c,f) 5-FU/BN(Ga)NS complexes respectively. 
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Table 2: HOMO energies (EHOMO), LUMO energies (ELUMO), HOMO-LUMO energy gap (Eg) 

and change in energy gap (%ΔEg) for all complexes in water phases. 

System 
Water Phase 

EHOMO ELUMO Eg %ΔEg EF (eV) φ (eV) % φ 

5-FU -6.173 -2.491 3.682 -- -4.331 4.331 -- 

BNNS -5.875 -1.716 4.159 -- -3.792 3.792 -- 

BN(Al)NS -5.88 -1.743 4.137 -- -3.813 3.813 -- 

BN(Ga)NS -5.887 -1.75 4.137 -- -3.819 3.819 -- 

5-FU/BNNS -5.863 -2.562 3.301 20.63 -3.798 3.798 -0.17 

5-FU/BN(Al)NS -5.866 -2.617 3.249 21.46 -4.207 4.207 -10.34 

5-FU/BN(Ga)NS -5.846 -2.605 3.241 21.66 -4.191 4.191 -9.74 

 

3.5  Global indices 

To understand the reactivity of our studied complexes, global indices such as global 

hardness, global softness, electrophilicity index with chemical potential and electronegativity 

have been analyzed and are tabulated in Table 3. Global hardness defines the resistance to 

deformation of electron cloud of system in presence of external perturbation
41

. High value of 

global hardness means that the chemical stability of the structure increases with decreasing 

the reactivity
42

. There is an opposite relationship of hardness with global softness and 

electrophilicity index. Higher value of the softness and electrophilicity indicates the higher 

reactivity of the complexes. The calculated values of global indices and chemical potential 

are almost same for the three nanosheets, BNNS, BN(Al)NS and BN(Ga)NS. But during the 

adsorption of the drug molecule on the nanosheets, the hardness decreases and softness 

increases which means, the chemical reactivity increases during the adsorption process. The 

calculated hardness are 5.017, 5.009 and 5.012 eV for BNNS, BN(Al)NS and BN(Ga)NS 

respectively. But during adsorption process, the hardness decreases to 4.582, 4.558 and 4.544 

eV respectively. On the other hand the softness of the nanosheets during adsorption of drug 

increases from 0.099 to 0.1091, 0.099 to 0.1097, 0.099 to 0.1100 eV
-1

 for BNNS, BN(Al)NS 

and BN(Ga)NS respectively. Thus, dopants Al and Ga atoms are enhanced the reactivity of 

BNNS towards the 5-FU drug. 

 
Table 3: Computed chemical potential (μ), electronegativity (χ), global hardness (ƞ), global 

softness (S), electrophilicity index (ω) of the studied complexes. 
 

System 
Water media 

µ (eV) χ (eV) ƞ (eV) ɷ (eV) S (eV
-1

) 

5-FU -4.332 4.332 4.9275 46.235 0.1015 

BNNS -3.7955 3.7955 5.017 36.137 0.0996 

BN(Al)NS -3.8115 3.8115 5.0085 36.381 0.0998 

BN(Ga)NS -3.8185 3.8185 5.012 36.539 0.0998 

5-FU/BNNS -4.2125 4.2125 4.582 40.654 0.1091 

5-FU/BN(Al)NS -4.2415 4.2415 4.5575 40.995 0.1097 

5-FU/BN(Ga)NS -4.2255 4.2255 4.5435 40.562 0.1100 
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4 CONCLUSIONS 

 

Interaction of 5-FU on the BNNS, BN(Al)NS and BN(Ga)NS in water media was 

investigated. The calculated adsorption energies are found about -0.48, -0.82 and -0.93 eV 

for 5-FU/BNNS,5-FU/BN(Al)NS and 5-FU/BN(Ga)NS complexes respectively. The 

adsorption energies are greatly enhanced about 70.83% and 93.75% after doping Al and Ga 

atom on BN nanosheets respectively. The energy gap and work function calculations 

indicated that the conductivity was increased drastically after adsorption of drug molecule on 

the nanosheets. The energy gap decreases about 20.63%, 21.46% and 21.66% for 5-

FU/BNNS,5-FU/BN(Al)NS and 5-FU/BN(Ga)NS complexes respectively. The global indices 

demonstrated that the reactivity was increased during the adsorption process. Therefore, the 

5-FU drug on BN(Al)NS and BN(Ga)NS can be extended as a drug delivery system.  
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