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Abstract— Metallic nanostructured-based biosensors provide 

label-free, multiplexed, and real-time detections of chemical and 

biological targets. Aluminum-based biosensors are favored in 

this category, due to their enhanced stability and profitability. 

Despite the recent advances in nanotechnology and the 

significant improvement in development of these biosensors, 

some deficiencies restrict their utilization. Hence a detailed 

insight into their behavior in different conditions would be 

crucial, which can be achieved with nanoscale numerical 

simulation. With this aim, an Aluminum-based biosensor is 

chosen to be analyzed with the help of all-atom molecular 

dynamics model (AA-MD), using large-scale atomic/molecular 

massively parallel simulator (LAMMPS). The surface properties 

and adsorption process through different flow conditions and 

various concentration of the target, are investigated in this study. 

In the future work, the results of this study will be used for 

developing a predictive model for surface properties of the 

biosensor. 

Clinical Relevance— The role of biosensors in clinical 

applications and early diagnosis is evident. This work provides a 

model for predicting the binding behavior of the target 

molecules on the biosensor surface in different conditions. 

Results demonstrate an increase in the adsorption of ethanol on 

the biosensor surface of 7% up to 80% with changing the 

velocity from 𝟎. 𝟎𝟎𝟏 𝐦/𝐬 to 𝟏 𝐦/𝐬 Although for cases with 

higher concentration, this trend becomes complicated, 

necessitating the implementation of machine learning models in 

the future works.  

I. INTRODUCTION 

The properties of materials undergo remarkable changes 
when they are processed to the nanometre scale. Chemical, 
electrical, mechanical, optical, thermal, magnetic, and 
acoustic properties are affected through this change. Hence, 
nanomaterials, including Nano metals, graphene, nanowires, 
nanotubes, and nanoparticles, have attracted a great attention 
in recent years1, especially in the biological applications 2–4, 
diagnosis 5, wearable and flexible devices 6,7. Aluminium-
based biosensors are cost-effective material and relatively 
stable. Although oxidation and material degradation are their 
challenges, which can be addressed by passivation treatments 
such as depositing a dielectric film25 

Ethanol is an organic compound, which is a simple alcohol. 
It has crucial roles in medical applications, synthesis of 
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organic compounds and indicating the level of microbiome8,9. 
The biosensor studies on ethanol adsorption are mainly 
experimental and only a few attempts have been done to study 
the details of interaction of ethanol with aluminium surface in 
molecular level 10–13. In previous attempts, molecular 
interaction of the solvent and surface are studied without 
considering the fluid flow behaviour of the solvent10.  

In the current work, the mechanism of ethanol adsorption 
on an aluminum-based biosensor surface is studied with the 
help of molecular dynamics (MD) simulations (Figure 1). 
Sixteen cases have been studied in this work. The effect of the 
flow rate and concentration on binding kinetics, adsorption, 
and biosensor performance is studied.  

II. METHODOLOGY 

In the present study, a nanoscale model has been 
developed using atomic simulations for predicting the binding 
and surface properties of an Aluminium-based biosensor. In 
the first step, the configuration of the target molecule is 
recognized, and the most stable molecule structure is obtained 
from previous density functional theory (DFT)14 studies. This 
study does not include the water molecules. The numerical 
setup, sensor surface and ethanol molecules are presented in 
Figure 1. The periodic boundary is used for the 𝑥 and 𝑦 
directions and fixed boundary for the 𝑧 direction.  

 
Figure 1.  A nanoscale model developed based on atomic simulations, 
representing the Aluminum slab as a sensor, boundaries and CPK 
(Corey, Pauling, Koltun) presentation of Ethanol. 

In the next step, the Aluminium slab is fixed at the bottom of 
the simulation box, while Ethanol molecules flow on top of 
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the aluminium surface (Figure 1). Table I provides the details 
of the dimensions, concentrations, and flow conditions.  

Then reaction force field is used to simulate the interaction 
between atoms. The most updated version of reactive force 
field (ReaxFF) alongside with the large-scale 
atomic/molecular massively parallel simulator (LAMMPS)15 
are used in the current work. A force field is a set of 
parameters which are used to calculate the potential energy of 
the simulated atoms. For an atomistic force field, one needs 
parameters for every type of atom. The parameters for this 
study are validated with the quantum mechanical calculations 
in the previous literature14. This force field would include 
parameters for every possible interaction between atoms 
(bond, angle, dihedral, VSW and columbic) in the simulation. 

Reactive force field provides valid quantitative description 
of reaction kinetics. Liu et al. has tested this capability for 
Aluminium (Al) and hydrocarbon radials, hydroxyl an 
ethanol molecule 16. They carried out this verification by 
implying  QM methods and comparing the results to the 
previous Reactive force field results17. Reactive force field is 
developed by Van Duin et al 18. It is a universal force field 
that implements distance-dependent bond-order function 
(Equation (1)) to represent the contribution of chemical 
bonding to the potential energy. In reactive force field, the 
overall system energy is described as Equation (1). 

𝐸𝑠𝑦𝑠𝑡𝑒𝑚
= 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑙𝑝 + 𝐸𝑜𝑣𝑒𝑟 + 𝐸𝑢𝑛𝑑𝑒𝑟 + 𝐸𝑣𝑎𝑙 + 𝐸𝑝𝑒𝑛

+ 𝐸𝑐𝑜𝑎 + 𝐸𝐶2 + 𝐸𝑡𝑟𝑖𝑝𝑙𝑒 + 𝐸𝑡𝑜𝑟𝑠 + 𝐸𝑐𝑜𝑛𝑗 + 𝐸𝐻−𝑏𝑜𝑛𝑑
+ 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 + 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏  

(1) 

where 𝐸𝑏𝑜𝑛𝑑 is the bond energy, which is determined from the 
bond order. In this method the bond orders (𝐵𝑂𝑖𝑗) between 
atoms are estimated from their interatomic distances 19. 𝐸𝑙𝑝 
presents the lone pair (non-bonding pair) energy. 

TABLE I.  THE DETAILS OF THE GEOMETRY AND CONDITIONS OF THE 
MOLECULAR DYNAMICS SIMULATION 

 
Details of the geometry and MD simulation 

Sign Description Value 

1 𝐻𝑠𝑏 Height of the simulation box (𝑚) 4.2 × 10−9 

2 𝑊𝑠𝑏 Width of the simulation box (𝑚) 3.5 × 10−9 

3 𝐷𝑠𝑏 Depth of the simulation box (𝑚) 3.4 × 10−9 

4 𝑡𝐴𝑙 Thickness of the Aluminum slab (m) 1.65 × 10−9 

5 𝑇𝑜𝐸 Stopping tolerance for energy (-) 10−10 

6 𝑇𝑜𝐹 
Stopping tolerance for force (Kcal/
mole − Angstroms) 

10−10 

7 𝑉𝑡𝑚 
Velocity of the targeted molecules 
(𝑚/𝑠) 

10 

8 𝑇𝑚𝑑 The environment temperature (𝐾) 300 

Once the total bond order, associated with a particular 
atom, exceeds its specific amount, it causes a lone pair to 
gradually brake up. This process is complemented with an 
energy penalty, which is called the lone pair energy𝐸𝑜𝑣𝑒𝑟  and 

𝐸𝑢𝑛𝑑𝑒𝑟  are the over coordination (∆𝑖> 0) and under 
coordination (∆𝑖< 0) energy, respectively. Over coordination 
(equation (2)) is the difference between the total bond order 
around the atom and the number of its bonding electrons. 

∆𝑖= −𝑉𝑎𝑙𝑖 + ∑ 𝐵𝑂𝑖𝑗

𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟𝑠(𝑖)

𝑗=1
 (2) 

where 𝑉𝑎𝑙𝑖  is the number of bonding electrons, 𝐵𝑂𝑖𝑗′  is the 

bond order and ∆𝑖′ is the over coordination. 𝐸𝑣𝑎𝑙 , 𝐸𝑝𝑒𝑛 and 
𝐸𝑐𝑜𝑎  are the Valence energy terms which represent the angle 
energy, penalty energy and three-body conjugation term, 
respectively. 𝐸𝑡𝑜𝑟𝑠 and 𝐸𝑐𝑜𝑛𝑗  are the torsion angle terms, 
which are the torsion rotation barriers and the four-body 
conjugation, respectively. 𝐸𝐻−𝑏𝑜𝑛𝑑 is the hydrogen bond 
interaction, 𝐸𝐶2  is the correction for C2 ,and 𝐸𝑡𝑟𝑖𝑝 is the triple 
bond energy correction. . 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 and 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏  present the 
nonbonded interactions, van der Waals interactions and 
Coulomb. 

In the next step, energy minimization is carried out at the 
beginning of the simulation by using Conjugate gradient 
algorithm 20–22. For temperature control of the system 
Berendsen thermostat method 23 is used, which resets the 
temperature of atoms and rescale their velocity every time 
step. Since the temperature through this reaction is lower than 
500 k, a time step of 0.5 𝑓𝑠 is considered.  

III. RESULTS AND DISCUSSION 

Effects of the flow velocity and concentration of ethanol 
molecules on the adsorption process are studied, which 
includes sixteen different cases (Table II). Properties of 
aluminum, ethanol molecules and parameters considered in 
MD simulations are presented in Table I. 

The total potential energy and total pressure of the system are 
good indicators of the steady state condition (Figure 2). The 
binding process becomes more complicated for cases with 
higher concentration and flow velocity and they would need 
more time to reach the steady state condition.  

Radial distribution function (RDF) is used to study the 
surface properties (Equation 3).  RDF presents the probability 
of finding a particle at a specific distance from another 
particle. In this work adsorption of oxygen atoms to 
Aluminum is set as the two targets, since oxygen is the leading 
atom in this adsorption process.  RDF is calculated based on 
the distance between Oxygen and Aluminum atoms, using 
Equations (3) and (4) 24 . 

g(r) = 1
𝜌4𝜋𝑟2𝛿𝜀

∑ ∑ ∆𝑁 (𝑟 ∆→ 𝑟 + 𝑑𝑟)𝑁𝑗=1𝜏𝑡=1
𝑁 × 𝜏  (3) 

g(r) = cAl2 gAl−Al(r) + 2cOcAlgAl−O(r) + cO2 gO−O(r) 
(4) 

614



  

 

where 𝜏 is the total computational time,  𝑟 is the distance from 
the reference atom, 𝑁 is the total number of atoms, 𝑐𝐴𝐿  is the 
concentration of Aluminium,  𝑐𝑂 is the concentration of 
Oxygen in the system. The RDF peak at 1.8 × 10−10𝑚 is 
obtained for all cases, representing the Aluminum and 
Oxygen binding distance (Figure 3). The change in maximum 
RDF has a direct ratio with velocity, for the cases with lower 
concentration, although it is not relevant for cases MD-C and 
MD-D due to the suffusion of the surface (Table II). Increase 
of the velocity, further than 0.1 m/s, does not have a 
significant effect on the total adsorbed targets at the end of the 
300 ps (e.g., cases MD-A-03 and MD-A-04 in Figure 3-e). 

Adsorption of ethanol molecules on the sensor surface 
through time is presented in Figure 3-e. For series MD-A, as 
predicted, it has an increasing trend in adsorption by increase 
in velocity. Although this trend cannot be seen in the other 
series. This change is more evident through cases MD-A-02 
and MD-A-03, where there is more than 80% increase in the 
number of adsorbed molecules.  

IV. CONCLUSION 

A molecular dynamics model is developed using the 
ReaxFF potential to study the effect of concentration and 

 
Figure 3.  Radial distribution function (RDF) for different cases through time, in different velocities (from 0.001 m/s to 1m/s), for cases MD-A (a), 
MD-B (b), MD-C (c) and MD-D (d), respectively. Adsorption of ethanol on the sensor surface through time for series MD-A (e). 

 
Figure 2.  .  Total energy of the system for different concentration of targeted molecules from low concentration to high concentration (50 (a), 100 
(b), 150 (c) and 200 (d) ethanol molecules).Total pressure of the system for different concentration of targeted molecules from low concentration 
to high concentration (50 (e), 100 (f), 150 (g) and 200 (h) ethanol molecules). 
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velocity on the binding process of an Aluminum-based 
biosensor.  

TABLE II.  THE DETAILS OF CASES MD-A, B, C AND D. 

Details Velocity (𝒎/𝒔) 𝑵𝒕𝒎a 𝒈(𝒓)𝒎𝒂𝒙 

MD-A-01 10−3  50 1.61 

MD-A-02 10−2 50 1.69 

MD-A-03 10−1 50 3.29 

MD-A-04 1 50 6.19 

MD-B-05 10−3 100 7.88 

MD-B-06 10−2 100 9.55 

MD-B-07 10−1 100 9.51 

MD-B-08 1 100 7.98 

MD-C-09 10−3 150 8.03 

MD-C-10 10−2 150 9.21 

MD-C-11 10−1 150 8.03 

MD-C-12 1 150 7.96 

MD-D-13 10−3 200 5.72 

MD-D-14 10−2 200 7.04 

MD-D-15 10−1 200 6.82 

MD-D-16 1 200 7.15 

a. Number of target molecules 

This method has been validated using the quantum 
mechanics data from previous literature. Based on the results, 
increase in velocity can significantly decrease the adsorption 
time, as well as 7-80% increase in adsorbed target molecules, 
for the cases with less than 100 Ethanol molecules.  For higher 
concentration cases, it is more challenging for the molecules 
to find free-binding sites. Hence, in the next step of this work, 
machine learning methods will be implemented to predict the 
full performance of the sensor and enhance the design process 
of bio sensing technologies. 
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