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Departing from conventional density functional theory approaches, 

this study employs, for the first time, molecular dynamics 

simulations to investigate gemcitabine adsorption on the inner and 

outer surfaces of BNNTs with five chiralities: (7,7), (8,8), (9,9), 

(8,6), and (11,0). The primary innovation of this study lies in 

identifying a "diameter- and chirality-dependent interaction map," 

which expands upon existing knowledge in three key areas: (i) an 

"adaptive intra-tubular contact index" showing that at smaller 

diameters (9.52 Å), Gem interacts via vdW forces from multiple 

directions inside the nanotube, but primarily through π-π stacking on 

the exterior; (ii) an inverse relationship between diameter and 

internal interaction energy (from -250 to -179 kJ/mol as diameter 

increases to 12.20 Å), termed "multi-directional spatial 

confinement"; and (iii) the first MD evidence of nanotube structural 

tilting at diameters below 10 Å to optimize drug binding. The 

quantitative findings reveal three key innovations: (1) strongest 

interaction for inner BN (8,6), demonstrating a 2.5-fold greater 

binding affinity as compared with its outer surface; (2) at 8.61 Å, 

exhibited the maximum hydrogen bonds (1.011) for narrowest 

nanotube (11,0) introducing a phenomenon termed "curvature-

dependent hydrogen bond density"; and (3) enhanced BN water 

solubility after drug adsorption, facilitating the development of self-

solubilizing nanocarriers. Based on these findings, two practical 

strategies for drug delivery are proposed: BN (8,6) for strong and 

stable adsorption, and BN (9,9) with minimal contact area (3.53 nm²) 

for high drug loading. This work establishes a foundation for future 

multi-drug simulations and physiological release tracking for smart 

BNNT-based nanocarriers. 

  ©2026 University of Zabol. All rights reserved. 
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1. Introduction 

Gemcitabine (Gem) is a widely utilized antimetabolite and ranks among the most frequently prescribed 

chemotherapeutic agents globally. As a nucleoside analog, it exhibits potent antiproliferative effects following its 
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metabolic activation within tumor cells. Once converted to its active triphosphorylated form, Gem disrupts DNA 

synthesis by incorporating into DNA strands and inhibiting ribonucleotide reductase, an enzyme essential for 

nucleotide production. These mechanisms effectively inhibit cancer cell proliferation and serve as cornerstones of 

various oncological treatment regimens. Gem exhibits antitumor activity against certain types of cancer, including 

metastatic breast, ovarian, testicular, bladder, non-small cell lung (NSCLC), pancreatic cancers, and soft-tissue 

sarcoma [1, 2]. It can be used as an adjuvant chemotherapeutic in combination with other cytotoxic agents, 

primarily cisplatin, for some cancers, such as NSCLC. Also, in single-agent form, Gem monotherapy can be used 

in patients with resectable, locally advanced or metastatic pancreatic cancer. Therefore, this FDA-approved drug 

has been prescribed as the first-line therapy for pancreatic cancer since 1996 [3, 4]. Nevertheless, the use of 

combination therapy in the treatment of advanced pancreatic cancer leads to greater survival over Gem 

monotherapy [5]. Gem is a widely used treatment for pancreatic cancer. Still, its high toxicity, low efficiency, poor 

membrane permeability, short in-vivo half-life, and severe side effects like anemia or leukopenia have led to 

research on its nanodelivery approach [6-9]. 

Nanoscale materials are increasingly being studied for their potential in various biological fields, including 

drug delivery [10, 11]. Nano-carriers, including nanotubes, have demonstrated significant potential in drug 

delivery, primarily due to their exceptionally high surface area-to-volume ratio. This unique property enhances 

drug-loading capacity and facilitates controlled release. Additionally, their nanoscale size allows them to 

efficiently penetrate cellular membranes, tissues, and even bacterial cells, improving drug targeting and therapeutic 

efficacy. These characteristics make nanotube-based drug carriers a promising tool for advancing precision 

medicine and enhancing treatment outcomes across various medical applications [12]. Understanding drug-

nanotube interactions is crucial for evaluating drug encapsulation behavior in nanotubes [13]. Drug encapsulation 

in nanostructures is challenging because it requires drug release near cancer cells without requiring chemical 

modification [14]. Various nano-carriers have been explored for the targeted delivery of Gem in cancer therapy, 

with promising results. Nanocarriers such as polymeric, mesoporous silica, solid lipid, micelles, dendrimers, 

liposomes, magnetic, gold, nano-graphene oxide, carbon nanotubes, and boron nitride nanotubes (BNNTs) have 

shown promising results for targeted Gem delivery in cancer therapy [15-32]. 

Nanotubes, such as carbon nanotubes (CNTs) and BNNTs, have gained significant attention in drug delivery 

research due to their nanoscale dimensions, biocompatible surface properties, and minimal toxicity. Their unique 

structure enables efficient conjugation with therapeutic molecules, facilitating targeted and controlled drug release. 

These properties make them promising candidates for enhancing drug stability, bioavailability, and cellular uptake 

in medical applications [33-36]. Researchers are captivated by the exceptional physicochemical properties of BN 

nanostructures, which make them ideal drug-delivery carriers [37, 38]. BNNTs are attractive due to their superior 

thermal conductivity, stability, mechanical strength, oxidation resistance, and electrical insulation. BNNTs, unlike 

carbon nanotubes (CNTs), have stronger interfacial bonding due to their polarized B-N bonds [37, 39-42]. BNNTs 

are highly biocompatible and exhibit no significant cytotoxicity, making them safer for biomedical applications. 

Compared to CNTs, BNNTs offer superior water solubility, which enhances their dispersion in biological 

environments and improves their potential for drug delivery and other therapeutic uses. The encapsulation of 5-

fluorouracil within CNTs and BNNTs has been simulated [43]. It was observed that due to the stronger van der 

Waals (vdW) interactions between the drug and BN, the drug is adsorbed faster into BN. Also, free-energy 

calculations indicated greater stability of the encapsulated drug within the BN cavity. The interaction between the 
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drug doxorubicin and BNNTs is due to vdW attraction [44]. It was observed that nanotubes with diameters greater 

than 4 nm can serve as efficient drug carriers for targeted doxorubicin delivery in chemotherapy. Zigzag BNNT 

chirality has a higher solubility than armchair BNNT, making it more suitable for medical applications [45]. 

BNNTs also exhibit good dispersibility and novel chemical functionality, making them promising candidates for 

drug delivery in cancer treatment [46]. Molecular dynamics (MD) simulation is a powerful tool for understanding 

drug delivery processes on a molecular scale [47-54]. 

MD simulations have been performed to study the encapsulation and release process of Gem from BNNTs (17, 

0), (18, 0), and (19, 0) in the presence of gold clusters [32]. The results showed that nanotube size strongly affects 

the interaction between gold clusters and the nanotube. It was found that vdW interactions play a decisive role in 

Gem release. Another study showed that Gem can be released from BN by C48B12, and that vdW interactions are 

the primary driving force in the release process [47]. A density functional theory (DFT) analysis of the adsorption 

behavior of the anticancer drugs cytarabine and Gem on the surface of BNNTs revealed that these drug molecules 

exhibit greater stability in a water-based solvent. This finding suggests that BNNTs could serve as effective 

nanocarriers for drug delivery, enhancing the solubility and bioavailability of these chemotherapeutic agents in 

biological systems [55]. The analysis of non-covalent interactions showed the role and importance of π-π 

interactions and hydrogen bonding in the adsorption of drugs on the BN surface. The specific geometry and 

orientation of the drug molecules influence the stability of drug-loaded BN surfaces. The nature of π-π stacking 

interactions and hydrogen bonding is crucial in determining the binding strength and overall structural stability. 

These molecular interactions affect the adsorption efficiency, impacting the effectiveness of BN-based 

nanocarriers in drug delivery applications [56]. The properties of BNNTs can be significantly enhanced through 

the adsorption and doping of metal atoms, which makes them ideal candidates for drug delivery applications [57]. 

Roohi et al. conducted a DFT study to evaluate the effectiveness of aluminum (Al)- and gallium (Ga)-doped 

BNNTs in sensing and delivering the anticancer drugs cytarabine and Gem. Their research explored how these 

doped BNNTs influence drug adsorption, stability, and interaction strength, providing insights into their potential 

as advanced nanocarriers for targeted drug delivery [58]. Both drugs were chemically adsorbed on doped 

nanotubes, and population analysis showed charge transfer from the drug to the doped nanotubes. The results 

showed that Al- and Ga-doped BNNTs can be used to sense the drugs cytarabine and Gem. The reaction of pristine 

BN and Al-doped BN with anticancer drugs cis-platinum and nedaplatin has been studied by DFT [59]. The results 

showed that these drugs adsorbed well on the Al atom, with significant adsorption energy. Therefore, Al-doped 

BNNTs are suitable as drug carriers. Akbarzadeh et al. simulated the release of cisplatin from CNTs via penetration 

by an Ag nanowire [60]. The findings revealed that the vdW interaction between the silver (Ag) nanowire and the 

BNNT plays a key role in triggering drug release. The release rate was highest at body temperature and in BNNTs 

with the largest diameters, suggesting that thermal and structural factors influence drug desorption. Additionally, 

a DFT study on the adsorption of the anticancer drug penicillamine on the outer surface of BNNTs indicated 

significant charge transfer from the drug molecule to the nanotube. This charge-transfer mechanism could enhance 

stability and interaction strength, making BNNTs promising candidates for drug-delivery applications [61]. After 

the adsorption process, the energy gap decreases, thereby increasing the electrical conductivity of the nano-

complexes. In the investigation of the energy gap in BNNT and the BN/Gem complex, it has been observed that 

the energy gap is slightly reduced, thereby slightly increasing the delivery of the nano-drug. 
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As can be seen, most of the studies conducted in Gem drug delivery have been done using DFT methods. Thus, 

the present study investigates the interaction between Gem molecules and different BNNTs using MD simulations. 

Due to the unique structure of BNNTs and the importance of Gem drug, the study investigates the stability of Gem 

inside and outside BNNTs (7, 7), (8, 8), (9, 9), (8, 6), and (11, 0) with various chiralities. According to the studies, 

no simulations have been conducted on these structures. Therefore, the findings of this research are innovative. It 

provides a detailed picture of the interaction, adsorption site, Lennard-Jones (L-J) energies, potential, radial 

distribution function (RDF) curves, contact surface area, and hydrogen bonding.  

2. Materials and Methods 

2.1 Simulation details 

First, the initial structures of BNNTs, including (7, 7), (8, 8), (9, 9), (8, 6), and (11, 0), were generated from the 

Nanotube Modeler package [62]. The molecular structure of Gem was designed by GaussView 6.0 (Figure 1). The 

initial structures were optimized at the B3LYP/6-31G(d) level of theory in Gaussian09 [63]. To create the initial 

configurations of the complexes, Gem molecule was placed in two different positions (i) on the outer surface of 

BNNTs and (ii) inside BNNTs; the configurations are specified as Gemin and Gemout, respectively. An MD 

simulation was performed to investigate the dynamic adsorption behavior of Gem on both the external and internal 

surfaces of BNNTs using the GROMACS 2018.1 software package [64]. In all simulated systems, the BNNT was 

fixed at the center of the simulation box and restrained from movement by applying a constant force of 1000 

kJ/(mol·nm²). The simulation box was then solvated using the SPC/E solvation model to mimic a realistic 

biological environment. The detailed parameters and specifications of the simulated systems are provided in Table 

1. 

 

Figure 1. The molecular structure of Gem 

The GROMOS 54A7 force field was chosen to model all bonded and non-bonded interactions within the 

system [65]. The Automated Topology Builder (ATB) was utilized to generate the topology and conformation of 

Gem [66]. Long-range electrostatic interactions were computed using the particle mesh Ewald (PME) method, 

while vdW interactions were truncated at a cut-off distance of 1 nm [67]. 

Before the main MD simulation, the system was carefully prepared with an initial energy minimization using 

the steepest-descent method. This step was essential to eliminate any steric clashes or unfavorable atomic contacts 
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that could destabilize the simulation. After minimization, the system underwent a two-phase equilibration. The 

first phase involved a simulation under canonical (NVT) ensemble conditions, in which the number of particles, 

volume, and temperature were held constant. This simulation was conducted at 310 K for 200 picoseconds (ps), 

with temperature control via the Nose–Hoover thermostat to maintain a stable thermal environment. Following the 

NVT equilibration, the system was further equilibrated under isothermal-isobaric (NPT) conditions for another 

200 ps at the same temperature but with pressure maintained at 1 bar using the Parrinello–Rahman barostat. This 

dual-stage equilibration enabled the system to reach a thermodynamically stable state with respect to temperature 

and pressure [68,69].     

       Table 1. Details of the simulated systems 

No. BN (n, m) BN diameter (Å) Gem position No. water  Box dimensions 

(nm3) 

1 (7,7) 9.49 In 2569 ٤×  ٤×  ٥  

2 (7,7) 9.49 Out 2569 ٤×  ٤×  ٥  

3 (8,8) 10.85 In 2558 ٤×  ٤×  ٥  

4 (8,8) 10.85 Out 2564 ٤×  ٤×  ٥  

5 (9,9) 12.20 In 3940 ٥×  ٥×  ٥  

6 (9,9) 12.20 Out 3939 ٥×  ٥×  ٥  

7 (8,6) 9.52 In 3088 ٤×  ٤×  ٦  

8 (8,6) 9.52 Out 3077 ٤×  ٤×  ٦  

9 (11,0) 8.61 In 3127 ٤×  ٤×  ٦  

10 (11,0) 8.61 Out 3115 ٤×  ٤×  ٦  

 

After successful equilibration, the production MD simulation was initiated and run under NPT conditions for 

15 nanoseconds (ns). A time step of 1 femtosecond (fs) was used to accurately resolve atomic motions, with the 

Leap-Frog algorithm employed to integrate the equations of motion due to its efficiency and numerical stability. 

Periodic boundary conditions were applied in all three spatial directions to mimic an infinite system and eliminate 

edge effects. Important system properties, including atomic coordinates (trajectories), velocities, and forces, were 

saved every 10 ps throughout the simulation to enable comprehensive post-simulation analysis. This approach 

provided a robust framework for analyzing the system's dynamic behavior and structural changes under 

physiologically relevant temperature and pressure conditions. 

3. Results and Discussion 

3.1 Equilibrium state 

The system's equilibrium states were determined using root-mean-square deviation (RMSD) curves, which 

increased during the first 2 ns and then plateaued over the final 13 ns. The root-mean-square deviation (RMSD) 

plots in Figure 2 clearly indicate that the simulation time chosen for each system was sufficient to reach 

equilibrium. The RMSD values stabilized throughout the simulations, indicating that the atomic fluctuations had 

settled and the systems had reached a steady state. This stabilization confirmed that the structures had adapted to 

their environments and no longer exhibited significant deviations over time, validating that the systems were 

appropriately equilibrated before data collection for further analyses. 
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Figure 2. RMSD curves for the two systems with BN (8, 6) as a function of the simulation time 

3.2 Survey of L-J interactions between BN and Gem 

To survey the L-J interactions between BN and Gem, the L-J energy between BN and Gem was obtained (Figure 

3). Considering that in both inside and outside positions, all the L-J energy values between Gem and nanotubes 

are negative, the adsorption of Gem on all nanotubes is thermodynamically favorable proving the existence of 

attractive interactions between them. As can be seen in Figure 3 (a), the interaction between BN and Gem with the 

inner surface of BNNTs is stronger than the interaction with the outer surface of BNNTs in all the states, because 

more B and N atoms are placed around Gem inside BNNTs. By comparing the L-J energy in the inner position of 

the nanotubes, it can be observed that the highest amount of energy is obtained for the nanotube (8, 6) with a 

diameter of 9.52 Å. Also, the L-J energy for the nanotubes (7, 7) and (8, 8) has been obtained higher than for the 

others. Therefore, Gem drug inside these three nanotubes with smaller diameters was found to be more stable. 

Also, by comparing the L-J energy at the outer position of the nanotubes, it can be seen that the highest energy is 

obtained for the nanotube (8, 6). This observation is consistent with previous findings indicating that drug 

adsorption on the external and internal surfaces of BNs is thermodynamically favorable and exothermic [52, 70, 

71]. Also, the adsorption of drug molecules was stronger on the inner surface of BNs than on the outer surface of 

BNs [47, 52, 71]. 

The number of contacts between BN and Gem over the simulation time is calculated at distances of less than 

0.4 nm (Figure 4). As can be seen in Figures 4 (a) and (b), the number of contacts in the case where Gem is placed 

inside the BN is more than when Gem is placed on the outer surface of the BN. These graphs confirmed that there 

is a stronger interaction of Gem within the inner surface of BNNTs. Comparison of the number of contacts in the 

inner position of the nanotubes showed that the number of contacts between Gem and the nanotube increases with 

the decline in the diameter of the nanotubes. The maximum number of contacts was obtained for the inner position 

of the nanotube (11, 0). Although the nanotube (11, 0) has the smallest diameter and the highest number of contacts 

with Gem, it can be seen that its L-J energy with Gem is lower than that of the others. Therefore, Gem is less stable 

inside this nanotube, probably because of some repulsive interactions between this nanotube and Gem and there 

appeared to be more contacts for nanotubes (7, 7) and (8, 6). It was also observed that the L-J energy values of (7, 

7) and (8, 6) nanotubes with Gem were higher than others, so it can be said that the contacts between these two 

nanotubes and Gem are attractive. 
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Figure 3. The L-J energy curves between Gem and BN of (a) Gemin and (b) Gemout systems regarding 

simulation time 

The RDF or correlation pair function denoted as g(r) shows the distribution of atoms (molecules) around a 

particular atom (molecule) and the local structure of the system. As a function of the system temperature and 

density, g(r) can help determine the probability of identifying a particle within radius r of a reference particle. This 

function can be derived from the simulations by locating single atoms as a function of time based on MD paths. 

The RDF graphs of Gem around BN were obtained for all the simulated systems (as in Figure 5). The RDF graphs 

also show that the value of g(r) for the state where Gem is placed inside BN is higher than g(r) for the state where 

Gem is placed on the outside surface of BN. So, the possibility of Gem interacting with the inner surface of BN is 

greater than with the outer surface of BN. Thus, these graphs also confirmed that the interaction between Gem and 

BN is stronger when Gem is located inside it. Comparison of RDF graphs for the state in which Gem is placed 

inside BN shows that g(r) for the nanotube (11, 0) has three pronounced peaks located at r < 0.5 nm. Therefore, 

the probability of Gem's presence at this distance inside the nanotube (11, 0) is high. This observation is not far 

from expected, given the small diameter of this nanotube. With increasing nanotube diameter, peak height 

decreased, but peak widths extended to greater distances from the nanotubes. So, in the nanotube (9, 9) graph, a 

shoulder appears at r = 0.6 nm. Therefore, the presence of Gem is possible at a distance of 0.6 nm from BN (9, 9). 

A comparison of RDF graphs for the case where Gem is placed outside BN shows that g(r) for all nanotubes has 

a high peak at a distance of 0.4 nm, so the possibility of Gem presence at this distance from nanotubes is high. 
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Also, two shoulders have appeared at a distance of 0.6 to 1 nm, which indicates the possibility of Gem presence 

in these distances. Therefore, the appearance of these two shoulders means that Gem moves away from the surface 

of the nanotubes and can indicate the greater freedom of movement of Gem on the outer surface of the nanotube. 

 

Figure 4. Curve of a number of contact atoms between Gem and BN of (a) Gemin and (b) Gemout systems in 

terms of simulation time 

Figure 3 shows that changes in BN chirality affect the L-J interactions between BN and Gem. The strongest L-

J interactions with Gem are related to chiral BN (8, 6). The average L-J energy of BN (8, 6) with Gem is -250 

kJ/mol. The weakest L-J interactions with Gem are related to zigzag BN (11, 0). The average L-J energy of BN 

(11, 0) with Gem is -167 kJ/mol. In the outside position, the strongest L-J interactions with Gem are related to BN 

(8, 6). In this case, the average energy of L-J is equal to -71 kJ/mol. Therefore, the strength of BN-Gem interactions 

has changed with the change in BN chirality. It was previously observed that the energy of interactions changes 

with changes in the chirality of BNs [52]. Changing the diameter of BNs also greatly affects the internal surface 

interactions. The energy of L-J interactions between Gem and the outer surface of BNs (7, 7), (8, 8), and (9, 9) 

increased slightly as the diameter increased (the average energy values of these nanotubes are -64, -65, and -66 

kJ/mol, respectively). Nonetheless, the energy of L-J interactions between Gem and the inner surface of BNs (7, 

7), (8, 8), and (9, 9) decreased as BN diameter increased (the average energy values in this case are -247, -219, 

and -179 kJ/mol, respectively). The highest interaction energy is associated with the inner surface of BN (7, 7), 

which is attributed to the suitable curvature of this BN surface for adsorbing Gem. In nanotubes with a smaller 
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diameter, the number of BN atoms around the drug is larger, and the drug can interact with the nanotube from 

several directions. By increasing the diameter of the nanotubes, the number of BN atoms around the drug 

decreases, and the number of favorable interactions between Gem and BN decreases. Ghasempour et al. also 

showed that the strength of interactions between the nanotube and the drug decreases as the nanotube diameter 

increases [71]. 

 

Figure 5. The RDF graphs of Gem relative to BN for (a) Gemin and (b) Gemout simulated systems 

The contact surface area for all the simulated systems is computed according to Eq. (1), as presented in Table 2 

contact surface = sasa�� +  sasa��� −  sasa����            (1) 

where sasaBN, sasaGem, and sasacomp are the solvent-accessible surface area for BN, Gem, and complex, respectively. 

As shown in Table 2, the contact surface in the internal position of BN is greater than in its external position. This 

indicates a higher interaction energy between the nanotube and the drug molecule at the internal position. As can 

be seen, the highest contact surface areas and interaction energies are associated with the (7, 7) and (8, 6) 

complexes and the drug molecules. Ghasempour et al. also observed that the contact surface between BN 

complexes and the drugs paracetamol and phenacetin is higher at the inner position of the nanotube than at the 

outer position [71]. As the diameter of the boron nitride (BN) nanotube increased, the difference between the 

contact surfaces at the internal and external positions of the nanotube gradually reduced. This trend aligns with 
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previous findings, which noted that the interaction energy between the drug molecule and the nanotube at the inner 

position also decreased with increasing nanotube diameter. As the nanotube diameter decreases, the confined inner 

space forces the drug molecule closer to the walls, resulting in a greater number of contact points and stronger 

multidirectional interaction. However, the larger the diameter becomes, the weaker the spatial confinement 

obtains, allowing the drug molecule to shift from a central position toward the corners or edges of the nanotube. 

This displacement reduces the proximity and the number of surrounding nanotube atoms available for interaction, 

leading to a noticeable decline in the overall interaction energy. Table 2 shows that the contact surface of the two 

BNs (8, 6) and (11, 0) is almost the same because the diameter of these two BNs is almost identical. The energy 

of their L-J interactions with Gem is still very different due to their different chirality. 

Table 2. The contact surface and the average number of hydrogen bonds formed between Gem and 

BN for all the simulated systems 

Position Gem BN type Contact surface (nm2) Average number of hydrogen bonds 

In (7,7) 4.81 0.099 

 (8,8) 4.66 0.060 

 (9,9) 3.53 0.036 

 (8,6) 4.72 0.078 

 (11,0) 4.71 1.011 

Out (7,7) 1.80 0.000 

 (8,8) 1.85 0.002 

 (9,9) 1.48 0.003 

 (8,6) 1.68 0.001 

 (11,0) 1.67 0.001 

3.3 Analysis of interactions between different parts of Gem and BN 

Figure 6 shows the final configurations of Gem adsorption on the outer and inner surfaces of BN. As can be seen 

in the simulation snapshots, BNs (7, 7), (8, 6), and (11, 0) are slightly tilted when Gem was placed inside them. 

Due to the small diameter of these nanotubes, there is not enough space for Gem; hence, BN changes its structure 

to achieve favorable interactions with Gem. These structural changes were not observed for BNs with larger 

diameters (8, 8) and (9, 9). As seen in the snapshots, Gem can interact with the nanotube from all directions on the 

inner surface of BNs, but on the outer surface, Gem is exposed to water on one side, and its aromatic ring is 

completely directed to BN on the other side. This observation shows that there is a possibility of π-π stacking 

interactions between the aromatic ring and the surface of BNs. Previous studies had reported this type of interaction 

between Gem and BN [32, 47]. Roohi et al. also showed the important role of π-π stacking interactions and 

hydrogen bonding in Gem adsorption on BNNT surface by analyzing non-covalent interactions [55]. The 

snapshots show that the drug is close to BN from its pyrimidine ring side. Also, the OH groups in Gem structure 

are oriented towards the BN surface, and a hydrogen bond could likely form between Gem and the BN surface. 

Analysis of the hydrogen bonding between Gem and BN showed that a hydrogen bond indeed formed. For 

comparison, we obtained the average number of hydrogen bonds formed between Gem and BN over the simulation 

trajectory, as shown in Table 2. As per this table, the average number of hydrogen bonds is more in the inner 

position than in the outer position of BN; in the inner position, Gem molecule is completely in contact with the 

atoms of the nanotube, while in the outer position, Gem molecule is in contact with the solvent from one side. 

Therefore, because the number of Gem contacts with BN atoms in the inner surface is higher, the possibility of 
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hydrogen bond formation is also higher. By comparing the average number of hydrogen bonds in the inner position 

of the nanotubes, it can be seen that the probability of hydrogen-bond formation increases as the nanotube diameter 

decreases. Consequently, the average number of hydrogen bonds for BN (11, 0) with a diameter of 8.61 Å is 1.011. 

This observation is reasonable because the highest number of contacts was also observed for this nanotube. 

Therefore, its smaller diameter allows it to form more hydrogen bonds with Gem. 

 

Figure 6. The simulation snapshots of Gem adsorption on the internal and external BNNTs. Water molecules are 

not shown for clarity 

3.4 Analysis of interaction energy between Gem and system parts in the presence and absence of BN 

The interaction energies (E) between Gem and the system were divided into two types, including free Gem in the 

solvent and without BN (sys1) and Gem adsorbed on BN in the solvent (sys2), was obtained and presented in 

Table 3. The interaction energy is the sum of the L-J energy and Coulomb energy between Gem and system parts. 

In Gem-free system in the solvent: The value of the interaction energy of Gem with itself (Gem-Gem) is -1161.19 

kJ/mol, and the value of the interaction energy of Gem with the solvent (Gem-sol) is -337.64 kJ/mol. The sum of 

these two values in system 1 is equal to -1498.84 kJ/mol. Energy values of Gem bonded to BN in the solvent are 

collected in Table 3. Comparing the interaction energies of Gem with solvent (Gem-sol) in two systems 1 and 2 

shows that in system 2 in the presence of BNs, Gem-sol interaction energy has decreased. This observation 

confirms that Gem adsorption on the surface of BNs is energetically desirable. The energy difference is equal to 

Sum Esys2 - Sum Esys1. As shown in Table 3, the energy discrepancy between the free and bonded states is greater 

for complexes in which Gem is adsorbed on the internal surface of BNs. This finding confirms that Gem adsorption 

on the inner surface of BNs is more efficient than Gem adsorption on the outer surface of BNs in terms of energy. 
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The maximum discrepancy in these energies is related to BN with a larger diameter and the internal position of 

BN (9, 9). This observation is in agreement with the above results. 

 Table 3. The potential energy between Gem and system parts (kJ/mol) 

Position 

Gem 

BN 

type 
E (Gem-solsys2) E (Gem-Gem sys2) E (BN-Gem sys2) 

Sum 

Esys2 

Difference  

In (7,7) -104.00 -1182.72 -253.93 -1540.66 -41.82 

 (8,8) -161.27 -1183.82 -223.30 -1568.39 -69.55 

 (9,9) -225.61 -1185.03 -181.73 -1592.37 -93.53 

 (8,6) -98.40 -1182.58 -257.45 -1538.43 -39.60 

 (11,0) -189.93 -1175.37 -181.07 -1546.36 -47.53 

Out (7,7) -310.07 -1163.70 -65.06 -1538.83 -39.99 

 (8,8) -313.39 -1173.28 -65.53 -1552.20 -53.36 

 (9,9) -298.52 -1171.15 -66.36 -1536.02 -37.19 

 (8,6) -305.18 -1161.32 -71.55 -1538.05 -39.21 

 (11,0) -309.02 -1169.39 -66.79 -1545.20 -46.36 

 E (Gem-Gem sys1) = -1161.19 kJ/mol; E (Gem-solsys1) = -337.65 kJ/mol; Sum Esys1 = -1498.84 kJ/mol 

3.5 Survey the interaction energy of BN with solvent in the presence and absence of Gem 

The interaction energies between BN and the solvent was obtained in the two states containing free BN in the 

solvent (BN-sol), without Gem (sys3), and BN bonded with Gem (complex-sol) in the solvent (sys4), as presented 

in Table 4. The energy difference is equal to E (complex-sol) sys4 - E (BN-sol) sys3. As can be seen in Table 4, the 

complex-sol interaction energy in system 4 is higher than the BN-sol interaction energy in system 3. Therefore, it 

is confirmed that the adsorption of Gem on the surface of BNs enhances the interaction of BNs with water, and 

this effect is higher when Gem is located at the external position. The energies of complex-sol in the case where 

Gem is placed on the outer surface of BN are higher than when Gem is placed inside BN. This shows that the 

adsorption of Gem on BN increased the complex's interactions with water molecules. Therefore, Gem adsorption 

on the surface of BNs enhances the solubility of BNs in water. 

Table 4. The potential energy between the BN and complex (BN-Gem) with solvent 

(kJ/mol) 

Position Gem BN type E (BN-sol)sys3 E (complex-sol)sys4 Difference  

In (7,7) -703.31 -818.66 -115.35 

 (8,8) -832.33 -1005.47 -173.14 

 (9,9) -999.21 -1227.43 -228.22 

 (8,6) -976.28 -1069.54 -93.25 

 (11,0) -1089.16 -1128.91 -39.75 

Out (7,7) -768.45 -1081.07 -312.62 

 (8,8) -947.88 -1265.48 -317.60 

 (9,9) -1055.95 -1355.44 -299.48 

 (8,6) -1034.01 -1342.09 -308.08 

 (11,0) -1165.87 -1463.42 -297.54 

 

3.6 Structure-activity relationships (SAR) 

Our findings indicate a nonlinear relationship between the nanotube diameter and the L-J interaction energy at the 

internal site. As the diameter increases from 9.52 Å (for BNNT (8, 6)) to 12.20 Å (for BNNT (9, 9)), the L-J energy 
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decreases from -250 to -179 kJ/mol, reflecting a weakening of adsorption attributed to reduced multi-directional 

contacts and an increased distance between the drug and the nanotube walls. Consistent with previous 

observations, adsorption of lomustine decreases with increasing diameter of single-walled carbon nanotubes (due 

to the decrease in contact density) [72]. Nonetheless, for the narrowest nanotube, (11, 0) with a diameter of 8.61 

Å, despite having the highest number of contacts (Figure 4) and the highest number of hydrogen bonds (1.011 

bonds), the L-J energy is noticeably lower (-167 kJ/mol). This observation suggests that at very small diameters, 

steric repulsion effects caused by severe spatial confinement overcome vdW attractions. Therefore, an optimal 

critical diameter appears to exist around 9.5 Å (e.g., BNNT (8, 6)) where the best spatial fit and the highest 

adsorption energy are achieved. This finding is crucial for designing BNNT-based nanocarriers: very small 

diameters are unsuitable for encapsulation, while very large diameters also result in poor adsorption. This finding 

is completely consistent with the results of this paper [73], which emphasizes that for optimal adsorption on BN 

nanostructures, binding energy and optimal geometry must be considered in conjunction. 

Nanotube chirality, as a structural parameter independent of diameter, exerts a significant impact on drug 

adsorption. Our results show that despite similar diameters for BNNT (8, 6) (9.52 Å) and BNNT (11, 0) (8.61 Å), 

the L-J interaction energy at the internal site for the chiral type (8, 6) is approximately 50% higher than that of the 

zigzag type (11, 0) (-250 vs. -167 kJ/mol). This substantial difference can be attributed to the differing spatial 

arrangement of boron and nitrogen atoms on the nanotube surface. In the chiral (8, 6) configuration, the atomic 

distribution is such that it facilitates improved structural matching with the pyrimidine rings and functional groups 

of Gem drug, thereby enabling more effective π-π interactions. In contrast, in the zigzag (11, 0) chirality, despite 

greater curvature and higher hydrogen bond density, π-π interactions are weaker, and adsorption is primarily driven 

by hydrogen bonding. Armchair chiralities (7, 7), (8, 8), and (9, 9) also exhibited intermediate behavior. Therefore, 

the chiral (8, 6) configuration is introduced as the most optimal structure for strong and stable adsorption of 

gemcitabine. 

Our observations revealed that as the diameter decreases --- and consequently, surface curvature increases --- 

the number of hydrogen bonds formed between Gem and BNNT increases. The highest average number of 

hydrogen bonds (1.011) was recorded for the narrowest nanotube (11, 0) with a diameter of 8.61 Å. This 

phenomenon can be attributed to the positioning of the hydroxyl (OH) groups of Gem at a favorable distance and 

angle relative to the nitrogen atoms (with partial negative charge) and boron atoms (with partial positive charge) 

on the highly curved surface. The high curvature directs the drug towards the wall and optimizes the spatial 

orientation of the hydrogen bond donor and acceptor groups. This result is consistent with previous findings 

regarding an increase in the number of hydrogen bonds with decreasing diameter (and increasing curvature) [74]. 

This direct relationship between curvature and hydrogen bond density represents a novel finding in the field of 

BNNT nanocarriers, which can be leveraged to design surfaces with enhanced adsorption capacity for drugs 

containing hydroxyl groups. 

Our results clearly demonstrate that the adsorption site (internal or external) is a primary determinant of 

interaction stability and nature. In all investigated nanotubes, the L-J energy at the internal site was on average 3 

to 4 times greater than that at the external site (e.g., for BNNT (8, 6): -250 vs. -71 kJ/mol). Furthermore, the contact 

surface area was substantially larger at the internal site (Table 2). This significant difference stems from spatial 

confinement within the inner cavity: inside the nanotube, Gem is surrounded by BN atoms from all directions and 

forced into multi-directional contacts, whereas on the external surface, one side of the drug is exposed to the 
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solvent (water) and interacts only via π-π interactions from one side with the nanotube (Figure 6). From an SAR 

perspective, this finding suggests two distinct strategies: the internal site is suitable for encapsulation and stable 

drug carriage (with slow release), while the external surface can be used for applications requiring faster drug 

release (e.g., local therapies). 

Another observation in this study was the deformation of the nanotube itself at critical diameters (below 10 Å). 

MD simulations showed that BNNTs (7, 7), (8, 6), and (11, 0) undergo significant tilting at the internal site to 

optimize interactions with Gem (Figure 6). Studies have confirmed the possibility of tilting or deformation of 

boron nitrides due to interaction with an external molecule [75]. From an SAR perspective for the design of small-

diameter nanocarriers, this finding indicates that the structural flexibility of the nanotube should be considered as 

an influential factor for stability and release behavior. 

4. Conclusion 

MD simulations were used to investigate the adsorption behavior of the anticancer Gem drug at two different 

positions on the internal and external surfaces of BNNTs with chiralities (7, 7), (8, 8), (9, 9), (8, 6), and (11, 0). 

The simulation results showed that Gem is adsorbed in an aqueous medium on both the inner and outer surfaces 

of BNs due to π-π stacking interactions and hydrogen-bond formation. This adsorption procedure is crucial for 

drug delivery due to the drug's medical attributes. The results showed that Gem is more strongly adsorbed within 

BNNTs than outside them, which facilitates encapsulation and drug delivery to target tissues. The results of the 

present work indicate that BN (8, 6), with a diameter of 9.52 Å and an average energy of -250 kJ/mol, has the 

strongest interaction with Gem. Therefore, BN (8, 6) can be utilized when a potent interaction is needed between 

Gem and BNs. In addition, BN (9, 9) with a diameter of 12.20 Å has the lowest contact surface with Gem (3.53 

nm2); therefore, BN (9, 9) can be utilized when a higher drug load is required, and a higher drug load can be 

obtained from the lower contact surface of BN with Gem and the lowest energy interaction of Gem with the system 

fragments. In future studies, drug transport and release from these nanotubes can be investigated to gain a better 

understanding of the possibility of using them as encapsulating agents. Also, because living systems contain 

multiple drug molecules, it is possible to investigate the adsorption and release of multiple drugs under new 

conditions. 
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