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Introduction

Theoretical insights of silicene doped with
transition metals as C — reactive protein biosensors
for cardiac vascular applications using density
functional theory

C

Kalpana Devi P,? Aiswarya T,% K. K. Singh,? Vilas H. Gaidhane® and Neeru Sood
Early and accurate detection of C-reactive protein (CRP), a key biomarker for inflammation and
cardiovascular conditions, remains a critical need in medical diagnostics. In this study, we employ density
functional theory calculations using the B3LYP functional in Gaussian 16 to explore the CRP sensing
potential of silicene doped with iron and nickel atoms at central and edge sites. Using density functional
theory with the B3LYP functional in Gaussian 16, we systematically analyze the adsorption behavior,
thermodynamic stability, and electronic response of CRP-bound systems. Adsorption energy and
thermodynamic parameters confirm spontaneous and exothermic interactions, with the iron doped at
center configuration exhibiting the strongest adsorption and highest charge transfer. The interaction of
CRP induces pronounced changes in the electronic structure, including energy gap modulation, Fermi
level shifts, and enhanced density of states near the Fermi level, indicating improved electronic
sensitivity. Comparative analysis shows that the nickel doped at edge configuration also exhibits
significant responsiveness, with an adsorption energy and energy gap change. Furthermore, non-
covalent interaction plots reveal strong van der Waals interactions between CRP and the doped silicene
surfaces, confirming favorable adsorption mechanisms. These combined insights from electronic
structure, thermodynamic, and interaction analyses establish that the iron doped at center of silicene
and nickel doped at edge of silicene configurations might act as promising candidates for next-
generation CRP biosensors based on two-dimensional materials.

biological interaction between the target molecule and the
recognition element into a detectable signal, making it easier to

Cardiovascular diseases (CVDs) continue to be the primary
cause of death globally, highlighting the need for the creation of
sophisticated diagnostic instruments to identify and track them
at an early stage. Out of all the biomarkers, C-reactive protein
(CRP) has become recognized as a prominent predictor of
inflammation linked to cardiovascular problems." Higher levels
of CRP are directly associated with a greater risk of heart attack,
stroke, and peripheral artery disease, making it an essential
target for bio-sensing applications.? Biosensors, which combine
biological recognition elements with physicochemical trans-
ducers, provide a promising method for quickly and accurately
detecting biomarkers such as CRP. These devices convert the
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monitor disease conditions in real time.** A dependable
biosensor for CRP detection could greatly improve the diagnosis
and treatment of cardiovascular illnesses, allowing for prompt
intervention and better patient results.

Nanotechnology has rapidly transformed the field of bi-
osensing by providing remarkable sensitivity and selectivity in
detecting biomolecules.>® 2D materials have attracted consid-
erable interest due to their distinct electrical, mechanical, and
chemical capabilities, among other nanoparticles.”® Silicene,
a single layer of silicon atoms structured in a honeycomb lattice-
like graphene, has emerged as a highly promising candidate for
biosensing applications.”™ Silicene possesses numerous
favourable features that render it well-suited for biosensing
applications. The sensor's sensitivity is enhanced by the abun-
dant opportunities for biomolecule interaction due to its large
surface area.’? Furthermore, the distinctive electrical charac-
teristics of silicene, such as its adjustable bandgap and excep-
tional carrier mobility, enable the creation of sensors that are
highly sensitive and discerning.'® Moreover, silicene exhibits
compatibility with prevailing silicon-based technologies, hence
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facilitating its smooth incorporation into present electronic
devices and systems.** Silicene is utilized in biosensing to detect
a range of biological things, such as proteins, nucleic acids, and
tiny compounds.”®"” Silicene-based biosensors function by
converting the interaction between the target biomolecule and
the sensor surface into a detectable electrical signal. The
interaction between the target analyte and silicene can cause
modifications in its electrical properties, such as conductivity or
capacitance. These changes can be measured and used to
determine the presence and concentration of the analyte.'®

Density Functional Theory (DFT) is a highly effective
computational framework used to comprehend the electronic
characteristics and molecular interactions that underlie the
operation of biosensors.” Through the utilization of DFT,
scientists can forecast and enhance the performance of
biosensor elements at the atomic scale, guaranteeing excep-
tional sensitivity and accuracy in the detection of biomarkers.*®
This theoretical approach facilitates the logical development of
biosensors, providing guidance for experimental endeavours
and minimizing the need for trial-and-error commonly seen in
older methodologies. In this manuscript, we present a compre-
hensive study on the design and analysis of a cardiac vascular
biosensor utilizing CRP as the target biomarker. Employing
DFT, we explore the interactions between CRP and the biosen-
sor's recognition elements, aiming to enhance the device's
performance. Our findings contribute to the growing field of
biosensor technology, offering insights into the development of
efficient and reliable diagnostic tools for cardiovascular health
monitoring. The study of CRP sensor analysis using DFT at
different doped positions reveals significant insights into the
electronic properties and adsorption capabilities. DFT calcula-
tions have been employed to evaluate the effects of iron and
nickel dopants at different positions (centre and peripheral) on
the silicene sheet, highlighting the importance of dopant type
and position in enhancing CRP sensor efficiency.

Methodology

Gaussian 16 software package was utilized to perform DFT
calculations, aiming to examine the interactions between C-
reactive protein and the silicene sheet doped with iron/nickel
atom. The molecular structure of CRP was acquired from the
Protein Data Bank (PDB) and the recognition part of the
biosensor, the silicene sheet was designed, which was modified
by doped with an iron/nickel atom to improve the strength of
binding. Our study focused on the substitutional doping of iron
and nickel atoms at both central and peripheral sites in a sili-
cene sheet. We considered pristine silicene (P-Si), iron-doped
silicene with the dopant at the center (Si-Fe-C) and at the
periphery (Si-Fe-E), and nickel-doped silicene with the dopant
at the center (Si-Ni-C) and at the periphery (Si-Ni-E). The CRP
and the metal atom doped silicene sheet were initially opti-
mized using the B3LYP exchange-correlation functional and
LANL2DZ basis set.”?"** Before conducting interaction investi-
gations, optimizations were performed to guarantee that the
structures were in their minimum energy conformations and
were confirmed using frequency calculations performed at the

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

same level of accuracy and using the same basis set for deter-
mining thermochemical properties.*

The silicene system was constructed with a total of 96 silicon
atoms and 26 hydrogen atoms. To remove the dangling bonds
of these clusters, the outer edges of the all designed silicene
sheets were fully saturated with hydrogen atoms. Usually, the
silicon atoms at the edges of a silicene sheet have dangling
bonds, which can lead to instability and increased reactivity. By
saturating these dangling bonds with hydrogen atoms, the edge
silicon atoms achieve a more stable electronic configuration,
reducing reactivity and preventing unwanted interactions
during the simulation. This model is frequently utilized in
theoretical studies to effectively showcase the properties of
periodic silicene monolayers.>*** The CRP and functionalized
silicene structures were strategically positioned close to each
other to stimulate the binding interaction. The values for
thermal energy (E), thermal enthalpy (H), and thermal free
energy (G) can be determined using the frequency keyword
(freq) at a temperature of 298 K and one atmospheric pressure.>
The Gaussian 16 software package was utilized to do calcula-
tions.”” The binding energy (AE) was calculated using the
formula,

A(E/HIG)crp-m-siy=(E/HI G)crp-m-siy~(E/HI G)(m_si)
—~(E/HIG)crp (1)

where, E(crp-m-si) and Ey_si correspond to energies of optimized
geometries of iron/nickel atom doped silicene with and without
CRP molecule, Furthermore, during the adsorption process,
changes in Gibbs free energy (AG) and thermal enthalpy (AH)
were also measured. Values were taken directly from the
Gaussian frequency calculations and converted from Hartree
to eV. Computations using energy gap variation were conducted
to examine the electronic configuration of the biosensor both
before and during the binding of CRP.*® An analysis was con-
ducted on the energies of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). The binding of CRP caused shifts in the HOMO-LUMO
gap, which resulted in changes in the electronic characteristics
that are important for the functionality of the sensor. In this
study, NBO analysis is employed to investigate the electronic
interactions between substitutionally doped silicene and CRP.*
Both central (Si-Fe-C & Si-Ni-C) and peripheral (Si-Fe-E & Si-
Ni-E) doping positions are considered to analyze how the
dopant location affects charge transfer and electronic structure
modifications upon CRP adsorption. By computing charge
transfer (Ag) from natural population analysis, E> from second-
order perturbation, and hybridization changes, this study aims
to determine the optimal doping strategy that enhances the
sensitivity of silicene-based biosensors for cardiovascular
disease detection.

The frontier molecular orbital (FMO) energies, specifically
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), were calculated using
the same computational parameters employed throughout the
study. The energy band gap (E,) was determined as the
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difference between the LUMO and HOMO energy levels,* using
the equation:

E, = ELumo — Enomo (2)

When evaluating a sensor's effectiveness, electrical conduc-
tivity (¢) is an essential factor, especially when it comes to
identifying target molecules like CRP. The mathematical
expression representing electrical conductivity is:

3
g = AT2exp

g
2KT (3)
where T is the absolute temperature, K is the Boltzmann's
constant, E, is the energy gap, and A is a constant (electrons per
m® K*?). Higher electrical conductivity is achieved when the
energy gap is narrower.** The adsorption of the target molecule
leads to a notable change in electrical conductivity, which is
crucial for ensuring accurate detection in the sensor.*> To
evaluate the influence of CRP adsorption on the electronic
properties of the system, the energy gap was calculated both
before and after gas adsorption, and the relative change was
expressed as a percentage.

Additionally, the recovery time (1) of a gas sensor based on
metal-doped graphene was estimated using the Arrhenius-type

expression:
AE
4
=] (4)

T= vo’lexp { —

where v, is the attempt frequency, AE is the adsorption energy,
Kg is the Boltzmann constant, and T is the absolute tempera-
ture. According to this equation, stronger adsorption (larger AE)
leads to a longer recovery time, and in some cases, may inhibit
the desorption of molecules entirely, thereby affecting sensor
performance.

In molecular adsorption studies, the characterization of
non-covalent interactions (NCIs) between an adsorbate and

(c)

Fig. 1
figures in this article are available in color in the online version.).
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an adsorbent is essential for understanding the driving forces
behind binding, stability, and selectivity. While traditional
geometric and energetic analyses provide useful insights,
they often fall short in visualizing and distinguishing weak
interactions such as van der Waals forces, hydrogen bonding,
or m-m stacking. To address this, the Reduced Density
Gradient (RDG) analysis has emerged as a widely used, visu-
ally intuitive method for identifying and characterizing NCIs
based on the electron density and its derivatives. RDG anal-
ysis relies on the reduced density gradient function, which is
sensitive to regions where the electron density is low and the
gradient is small, the characteristic of non-covalent interac-
tions.** When plotted in conjunction with the sign of the
second eigenvalue of the Hessian matrix of the electron
density (sign (1,)p), RDG enables the differentiation between
attractive (hydrogen bonding) and repulsive (steric clashes)
interactions. The resulting RDG iso-surfaces and 2D scatter
plots provide a clear and spatially resolved visualization of
interaction regions across the adsorbate-adsorbent interface.
This method is particularly valuable in adsorption studies, as
it allows for the non-empirical detection of weak interactions
that are often critical to adsorption strength and specificity
but are not easily captured by electron density or energy-
based criteria alone.

Results and discussions
C-reactive protein

CRP is a widely recognized biomarker of inflammation and is
commonly used in clinical diagnostics to evaluate and track
inflammatory diseases.*® CRP is a protein composed of five
identical subunits that arrange themselves in a circular
configuration as shown in Fig. 1. The molecular weight of the
total molecule is roughly 115 kDa, with each component
weighing around 23 kDa.*® CRP attaches to phosphocholine

(a) The structure of optimized CRP, (b) molecular electrostatic potential of CRP, (c) HOMO maps of CRP, and (d) LUMO maps of CRP (All

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Optimized structure of the pristine and iron and nickel —
(Si—-Fe-E), (d) for (Si—-Ni-C), and (e) for (Si—-Ni-E).

molecules present on the outer membrane of deceased or
deteriorating cells, as well as certain categories of bacteria. This
interaction triggers the activation of the complement system
through the C1q complex. This kind of activation results in
opsonization and augments phagocytosis by macrophages,
hence playing a pivotal part in the body's innate immune
response. Elevated levels of CRP are associated with a higher
likelihood of experiencing cardiovascular events, such as heart
attack and stroke.*® It is regarded as a predictive indicator for
cardiovascular disorders.

© 2026 The Author(s). Published by the Royal Society of Chemistry

(e)

doped silicene sheet. The structures include (a) for P-Si, (b) for (Si—-Fe-C), (c) for

CRP levels can be quantified by different immunoassays,
including enzyme-linked immunosorbent assays (ELISA), immu-
noturbidimetric assays, and high-sensitivity CRP (hs-CRP) tests.
The hs-CRP test is highly valuable for evaluating cardiovascular
risk, as it can accurately identify lower levels of CRP with enhanced
accuracy. The usual range for C-reactive protein (CRP) levels in the
blood is below 3 mg L. Levels ranging from 3 mg L™*
10 mg L' indicate mild inflammation, whereas levels over
10 mg L' indicate substantial inflammation caused by either an
acute infection or a chronic inflammatory condition.*” The goal of

RSC Adv, 2026, 16, 15662-15673 | 15665
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advancements in biosensor technology is to create more precise
and efficient techniques for detecting CRP, which can help in the
early diagnosis and improved treatment of inflammatory disor-
ders. Integrating nanomaterials, like silicene, into CRP biosensors
can potentially enhance the sensitivity, specificity, and speed of
detection.

Fig. 1(a) represents the molecular structure of human CRP
molecule obtained from PDB data. (b) displayed the Molecular
Potential Surface (MEP)of CRP molecule, the red regions
represent areas of negative electrostatic potential, indicating
regions where electron density is high. These regions are typi-
cally nucleophilic and attract positively charged species (elec-
trophiles). The blue regions represent areas of positive
electrostatic potential, indicating regions where electron
density is low. These regions are typically electrophilic and
attract negatively charged species (nucleophiles).The shades of
yellow and green neutral in terms silicene of electrostatic
interactions. MEP maps are invaluable for understanding the
charge distribution within a molecule and predicting its reac-
tivity and interactions.®® HOMO and LUMO maps are often
depicted as three-dimensional isosurfaces superimposed on the
molecular structure. In Fig. 1(c) represents the electron donor
sites, areas where the HOMO is densely populated are potential
sites for electron donation in reactions. HOMO is localized
around a particular part of the molecule is likely to be more
reactive. In Fig. 1(d) represents the electron acceptor sites, areas
where the LUMO is concentrated are potential sites for electron
acceptance. The LUMO is localized around a specific part of the
molecule (as shown in red and green colour), that region is
more likely to interact with nucleophiles.*

Optimised structure of iron and nickel doped silicene sheets

Fig. 2 shows the optimized structures of pristine (P-Si) and
a silicene sheet doped with an iron/nickel atom at both central
and peripheral positions. The optimized pristine silicene sheet
has a buckling height of 0.43 A. The bond lengths for Si-Si and
Si-H range from 2.23 A to 2.25 A and 1.48 A, respectively and the
Si-Si-Si bond angle is 116°. These calculated values are in good
agreement with the findings reported in prior research.*®** The
incorporation of a metal atom into the silicene sheet leads to
structural deformation, which can be attributed to the
substantial disparity in atomic radii between silicon and the
dopants (iron & nickel).

The mean bond lengths for the transition metal-doped sili-
cene sheets were calculated to assess the structural stability and
bonding environment around the dopant atoms. For iron-
doped silicene, the average bond length was found to be 2.31
Awhen doped at the center and 2.17 A at the edge. In the case of
nickel doping, the mean bond lengths were 2.24 A and 2.18 A at
the center and edge positions, respectively. These variations in
bond lengths reflect the influence of dopant type and position
on the silicene lattice geometry and may affect the adsorption
and sensing performance of the material. Unlike the periodic
buckling observed in pristine silicene, the doped structures
display uneven buckling due to variations in bond lengths and
bond angles. These deformations are primarily caused by the
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Table1 The calculated formation energy (eV), Epomo (€V), ELumo (€V),
Fermi energy (eV), and energy gap (eV) of pristine and nickel-doped
silicene sheets

System Eform Enomo Erumo Eg Eq

Si-Fe-C —1.73 —4.55 —4.33 —4.44 0.22
Si-Fe-E —1.42 —4.58 —4.39 —4.48 0.19
Si-Ni-C —2.35 —4.5 —4.34 —4.42 0.17
Si-Ni-E —1.49 —4.61 —4.43 —4.52 0.19

differences in atomic radii between silicon and the dopant
atoms. The covalent radii of the involved atoms are as follows:
silicon (1.11 A), iron (1.32 A), and nickel (1.24 A), as the atomic
size of the dopant directly influences the local bonding envi-
ronment and structural distortion in the silicene sheet.*?

The introduction of larger transition metal atoms into the
silicene lattice leads to local distortion, particularly in the
vicinity of the dopant site. Central doping generally results in
slightly longer bond lengths compared to edge doping due to
the symmetrical distribution of strain and the accommodation
of larger atoms within the hexagonal framework. This defor-
mation enhances the chemical activity of the silicene sheet,
which positively influences molecule adsorption. The variations
in bond angles and lengths induced by metal doping are
beneficial for improving the material's reactivity and potential
applications in sensor technology.

Formation energy quantifies the energy change associated
with the formation of a compound or a structure from its
constituent elements in their standard states. It is a measure of
the stability of the material, indicating whether the formation of
the material is energetically favorable or unfavorable. A negative
formation energy value indicates that the formation of the
material is exothermic and thus thermodynamically stable.*®

The formation energy formula to determine the structural
stability is

Eform = EP—Si — Msilicon T Mdopant — EM—Si (5)

where Egorm, Ep—si, Msilicons aNd Udopant and Eys; stand for the
formation energy, the optimized energy of pristine silicene,
chemical potential of silicon, dopant atom (Fe/Ni) and the
optimized energy of metal doped silicene sheet respectively.

The formation energy values obtained and presented in
Table 1 indicate that the inclusion of Fe and Ni as a dopant in
the silicene sheet. This suggests that the doping of Fe/Ni atom
exhibits good stability, with a negative formation energy.*
When Fe/Ni replaces a central Si atom, refer Fig. 2(b) and (d) it
disrupts the uniform bonding and introduces localized d-
orbitals, altering the band structure and potentially creating
new electronic states near the HOMO level (refer Table 1),
thereby modifying the energy gap. In contrast, replacing an
edge Si by Fe/Ni atom as shown in Fig. 2(c) and (e) results in
a weaker perturbation due to the already asymmetric bonding
environment and fewer neighboring Si atoms, leading to
a different impact on the energy gap (Eg).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CRP adsorption on iron-doped silicene: (a and e)-optimized structures, (b and f)-density of states (DOS) plots, (c and g)-reduced density
gradient (RDG) analysis, and (d and h)-isosurface charge density maps of CRP adsorbed on iron-doped silicene at central (Si—Fe—C) and edge (Si—

Fe—E) sites.

Interaction of iron doped silicene with CRP

The interaction of CRP with iron-doped silicene was investi-
gated for two configurations: iron doped at the center (Si-Fe-C)
and at the edges (Si-Fe-E) of the silicene sheet as shown in
Fig. 3(a) and (d). The optimized structures revealed strong
binding between the doped silicene and CRP, with binding
distances of 1.879 A and 1.819 A for the central and edge-doped

© 2026 The Author(s). Published by the Royal Society of Chemistry

systems, respectively. The adsorption energy plays a crucial role
in influencing the efficiency and recyclability of a sensor.

The optimal adsorption energy range is determined by
finding the right balance between a sufficiently strong interac-
tion for detection and a weak enough interaction for simple
desorption, thereby allowing the sensor to be reused. The
adsorption energy must be sufficiently negative to permit
effective binding of the target molecule to the sensor surface,

RSC Adv, 2026, 16, 15662-15673 | 15667
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Table 2 Adsorption energies, thermodynamic parameters, and elec-
tronic properties of CRP-adsorbed on Si-Fe-C and Si-Fe-E
configurations

Si-Fe-C Si-Fe-E
Parameters with CRP with CRP
AE in eV —1.876 —1.437
AH in eV —1.818 —-1.377
AG in eV —-1.110 —0.776
AS in eV —0.002 —0.002
Binding distance - d in A 1.879 1.819
Epomo in eV —4.436 —4.491
Erumo in eV —4.261 —4.324
Eg in eV 0.174 0.167
Eg in eV —4.349 —4.408
Y%AE, 25.584 13.820
Charge transfer e 0.302 0.272

hence enabling reliable detection. The corresponding adsorp-
tion energies were calculated to be —1.876 eV for Si-Fe-C and
—1.437 eV for Si-Fe-E, as shown in Table 1 indicating that both
configurations exhibit favorable and stable adsorption, with the
central doping showing slightly stronger interaction.

In order to guarantee the reusability and optimal perfor-
mance of a sensor, it is crucial to take into account the ther-
modynamic parameters: enthalpy (AH), Gibbs free energy (AG),
and entropy (AS). These parameters offer a thorough compre-
hension of the stability, spontaneity, and temperature sensi-
tivity of the adsorption process. Enthalpy change (AH)
quantifies the amount of heat that is either absorbed or emitted
during adsorption. Negative (AH) indicates an exothermic
process where heat is emitted, which usually promotes
adsorption. The Gibbs free energy change (AG) signifies the
inherent tendency of the adsorption process to occur sponta-
neously. The concept of AG combines the changes in enthalpy
and entropy, resulting in a negative value represents the spon-
taneous process that is essential for efficient adsorption.*
Entropy change (AS) quantifies the level of disorder or
randomness linked to the adsorption process. A positive AS
indicates an increase in entropy, which can be advantageous for
adsorption operations and a negative AS change indicates that
the system becomes more organized upon adsorption, which
result in increased difficulty in desorption. For Si-Fe-C and Si-
Fe-E sheets interacts with CRP produced the negative enthalpy,
negative Gibbs free energy and negative entropy values as di-
splayed in the Table 2. Nevertheless, due to the negative value of
AG, the process continues to occur spontaneously, and
desorption may still be possible by implementing controlled
circumstances such as adjusting the temperature.

Electronic property analysis revealed a notable reduction in
the HOMO-LUMO energy gap upon CRP adsorption. For Si-Fe-
C, the energy gap decreased to 0.174 eV (a 25.58% reduction),
while for Si-Fe-E, the gap decreased to 0.167 eV (a 13.82%
reduction). This decrease in energy gap implies an increase in
electrical conductivity and reactivity, which are desirable
features for sensor applications. The larger gap reduction in the
centrally doped system indicates a more significant electronic
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response, suggesting it as a more promising candidate for CRP
detection.

Fig. 3(b) and (f) illustrate the Density of States (DOS) plots of
the Si-Fe-C and Si-Fe-E sheets following the adsorption of
CRP. These plots reveal significant changes in the HOMO and
the LUMO levels, indicative of reduced energy gaps and
enhanced interaction between the CRP molecule and the doped
silicene sheets. Prior to CRP adsorption, the HOMO and LUMO
energy levels for the Si-Fe-C sheet were —4.55 eV and —4.33 eV,
respectively, while those for Si-Fe-E were —4.58 eV and
—4.39 eV (refer Table 1). Upon CRP adsorption, the Si-Fe-C
sheet exhibited a stabilization of the HOMO level at —4.44 eV,
while the LUMO level decreased to —4.49 eV, resulting in
a reduced HOMO-LUMO gap of 0.174 eV representing an
approximately 26% variation. In contrast, the Si-Fe-E sheet
showed HOMO and LUMO levels at —4.26 eV and —4.32 eV
(refer Table 2), respectively, corresponding to a slight decrease
in the energy gap by about 14%. This shift in electronic states,
especially the pronounced changes observed in the Si-Fe-C
sheet, is attributed to significant charge redistribution
following the CRP adsorption. Moreover, the frontier molecular
orbital distributions confirm that both the HOMO and LUMO
densities are predominantly localized on the CRP molecule,
highlighting strong charge transfer interactions. These findings
indicate that CRP adsorption significantly modifies the elec-
tronic properties of doped silicene, thereby validating its
potential utility as a sensitive material for bio sensing
applications.

To further investigate the electronic behavior of the iron-
doped silicene sheets upon interaction with the CRP mole-
cule, the Global Electron Density Transfer (GEDT) was calcu-
lated as described by.** The GEDT is defined by the equation:

GEDT = —Y¢a (6)

where g, represents the net Natural Bond Orbital (NBO) charge,
summed over all atoms in the dipolar system. This metric
quantifies the extent of charge transfer between interacting
species. In the present study, the GEDT values were obtained by
calculating the difference in charge concentration of the doped
silicene sheets before and after CRP adsorption.

The results, summarized in Table 2, indicate a notable
charge transfer from the silicene sheets to the CRP molecule.
The Si-Fe-C configuration exhibited the highest net charge
transfer of approximately 0.302e, followed by the Si-Fe-E
configuration with a value of 0.272e. These positive GEDT values
confirm that electrons were transferred from the iron-doped
silicene surfaces to the CRP molecule. The magnitude of this
charge transfer is a key parameter in evaluating sensor perfor-
mance, as higher charge transfer typically enhances the sensing
response. The substantial electron transfer observed in both
center and edge-doped configurations strongly suggests that
these systems possess significant sensitivity towards CRP
detection.

The nature, type, location, and strength of interactions
between the CRP molecule and transition metal-doped silicene
sheets were further elucidated using non-covalent interaction

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06649b

Open Access Article. Published on 19 March 2026. Downloaded on 5/3/2026 8:55:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

—— TDOS of Si-Ni-C with CRP
3.54 — Si-Ni-C
—— CRP

Density-of-states

Eg = 0.17 eV

8.0 4.0 0.0 4.0
Energy (eV)

(b)

0.020
0.015
0.010
0.005
0.000
—0.005
—0.010
-0.015
—0.020
—0.025
—0.030
—0.035

-0.05
-0.04
-0.03
-0.02
-0.01

0.00

=)
=

0.02
0.03
0.04
0.05

4.0 . . . .
—— TDOS of Si-Ni-E with CRP
3.54{ —— Si-Ni-E
—— CRP
o 3.0
2
S2.5
ol
? 2.0
=
1.5
3
2 1.0
Eg = 0.243 eV
0.5
0. i - ; :
-16.0 -12.0 -8.0 -4.0 0.0 4.0
Energy (eV)
(f)
2.0 0.020
1.8 0.015
1.6 0.010
14| 0.005
e
8 10 —0.005
oc —-0.010
g —-0.015
0.6 -0.020
0.4 -0.025
0.2 [ —0.030
0.0 —0.035
8 & 8 8 53 8 5 8 8 & 8
s 8 3 8 3 8 8 8 38 3 S

Fig.4 CRP adsorption on nickel-doped silicene: (a and e)-optimized structures, (b and f)-density of states (DOS) plots, (c and g)-reduced density
gradient (RDG) analysis, and (d and h)-isosurface charge density maps of CRP adsorbed on nickel-doped silicene at central (Si—-Ni—C) and edge

(Si—Ni-E) sites.

(NCI) analysis. To visually interpret these intra- and inter-
molecular interactions, Reduced Density Gradient (RDG) anal-
ysis was employed. The RDG and its corresponding gradient
isosurfaces were calculated using the following expression:*’

L Vo0

—an ()

RDG(r) = 20377 o(r)

© 2026 The Author(s). Published by the Royal Society of Chemistry

where p(r) is the total electron density and Vp(r) is its gradient.
According to Bader's Atoms in Molecules (AIM) theory,” the
nature of these interactions can be described through the sign
of the second largest eigenvalue A, of the Hessian matrix of
electron density, expressed as:

Q(r) = Sign (A(r)) p(r) (8)
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This function, (1,(r))p(r), is instrumental in differentiating
interaction types: negative values indicate attractive interac-
tions (e.g., hydrogen bonding), while positive values correspond
to repulsive steric effects. Color-coded isosurfaces were used to
visually represent these regions—green for van der Waals (vdW)
interactions, blue for strong attractive interactions such as
hydrogen bonding, and red for repulsive interactions. Fig. 3(c)
and (g) display the RDG scatter plots for iron-doped silicene
sheets with CRP adsorbed at central and edge doping sites,
respectively. Distinct spikes in the range of 0.00 to 0.02 a.u. on
the x-axis of the scatter plots, marked by green regions within
black circles, confirm the presence of vdW interactions. These
correspond to non-covalent contacts between the CRP molecule
and the silicene surface.* Corresponding gradient isosurface
plots in Fig. 2(d) and (h) further highlight these interactions.
Green, plate-like regions enclosed in black circles are indicative
of vdW interactions occurring primarily between the oxygen
atoms of the CRP molecule and the iron-doped region of the
silicene. Additionally, blue regions observed around the doped
iron atoms on the silicene sheet suggest the presence of
hydrogen bonding between silicon and the transition metal
dopant. Overall, RDG analysis reveals that vdW forces dominate
the interaction between CRP and iron-doped silicene, sup-
ported by both real-space isosurface visualization and the
distribution of sign (4,)p values. These findings provide crucial
insight into the physical adsorption mechanism and its rele-
vance to biosensing performance.

Interaction of nickel doped silicene with CRP

Fig. 4 presents the optimized geometries of nickel-doped sili-
cene interacting with the CRP molecule, with doping performed
at both the center (Si-Ni-C) and edge (Si-Ni-E) positions. In
both configurations, the interaction predominantly occurs
between the nickel dopant site and the oxygen atom of the CRP
molecule. The shortest intermolecular distances were found to
be 2.01 A for the Si-Ni-C system and 1.996 A for the Si-Ni-E
system. These relatively short contact distances suggest strong
physical interactions between the doped silicene surface and
the CRP molecule. The slight reduction in intermolecular
distance at the edge-doped site indicates marginally stronger

Table 3 Adsorption energies, thermodynamic parameters, and elec-

tronic properties of CRP-adsorbed Si-Ni-C and Si-Ni-E
configurations

Si-Fe-C Si-Fe-E
Parameters with CRP with CRP
AE in eV —0.7216 —1.819
AH in eV —0.672 —1.750
AG in eV 0.634 —1.015
AS in eV —0.004 —0.002
Binding distance - d in A 2.010 1.996
Enomo in eV —4.506 —4.277
Erumo in eV —4.335 —4.033
Egin eV 0.170 0.244
Er in eV —4.420 —4.155
YAE, 1.279 24.023
Charge transfer e 0.182 0.322
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interaction compared to center doping. This close proximity
facilitates effective charge redistribution, which is a critical
factor in enhancing the sensitivity of the material.

An optimal reusable sensor should preferably have an
adsorption energy ranging from —0.5 to —1.0 €V.* This range
strikes a balance between effective detection and ease of
desorption, ensuring the sensor can be used multiple times
without significant degradation or loss of sensitivity. In this
context, the interaction of the Si-Ni-C configuration with the
CRP molecule yields an adsorption energy of —0.7216 eV, while
the Si-Ni-E configuration results in a significantly stronger
interaction with an adsorption energy of —1.82 eV, as presented
in Table 3. The adsorption energy for the Si-Ni-C system falls
squarely within the optimal range, suggesting that this config-
uration enables effective CRP detection while maintaining the
potential for reusability. Conversely, the significantly stronger
binding observed in the Si-Ni-E system indicates a high
sensitivity toward CRP detection; however, such strong inter-
action may impede desorption of the analyte, thereby limiting
the sensor's suitability for repeated or long-term use.

The interaction of CRP with Si-Ni-C and Si-Ni-E sheets
reveals significant differences in adsorption behavior and
thermodynamic stability. For the Si-Ni-C-CRP system, the
adsorption energy of —0.72 eV along with negative enthalpy
indicates an exothermic interaction, suggesting that the process
releases energy. However, the positive Gibbs free energy implies
that the adsorption is not spontaneous under standard condi-
tions, possibly due to an accompanying decrease in entropy, as
indicated by the negative entropy value. This reduction in
disorder might be due to restricted molecular motion upon
adsorption. In contrast, the Si-Ni-E-CRP interaction, with
a more negative adsorption energy of —1.82 eV and both nega-
tive enthalpy and Gibbs free energy, suggests a strongly
exothermic and spontaneous adsorption process. The negative
entropy again indicates a decrease in disorder, but the sponta-
neity here reflects a thermodynamically favorable interaction,
likely due to stronger binding or better electronic compatibility
between CRP and the Si-Ni-E sheet.

The interaction of CRP with Si-Ni-C and Si-Ni-E sheets can
be comprehensively understood through the combined analysis
of adsorption energy, thermodynamic parameters, density of
states (DOS), energy gap variation, and NBO charge transfer.
The NBO analysis reveals a charge transfer of 0.182e from CRP
to the Si-Ni-C sheet, whereas a significantly higher transfer of
0.322e occurs in the case of the Si-Ni-E sheet. This greater
charge exchange in the Si-Ni-E with CRP system indicates
a stronger electronic interaction and more effective sensing
behavior.” Additionally, the HOMO-LUMO gap of Si-Ni-E
increases from 0.185 eV to 0.243 eV upon CRP adsorption, as
supported by the DOS plots in Fig. 4(b) and (f). This notable
widening of the band gap indicates a stronger perturbation in
the electronic structure, signifying a higher degree of interac-
tion and charge transfer between CRP and the Si-Ni-E sheet.

The DOS plots reinforce this observation, where the total
DOS (black line) shows more pronounced changes near the
Fermi level for the Si-Ni-E with CRP system. In contrast, the Si-
Ni-C sheet shows only a minor change in band gap (from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.168 €V to 0.17 eV), consistent with its lower charge transfer
and weaker interaction. These results, along with the more
negative adsorption energy and favorable thermodynamic
properties of the Si-Ni-E with CRP system, confirm that Si-Ni-E
exhibits a superior affinity and enhanced sensitivity for CRP
detection compared to Si-Ni-C.

As previously discussed, the nature, type, location, and
strength of interactions between the CRP molecule and nickel
doped silicene sheets were further investigated through non-
covalent interaction analysis. The RDG scatter plots for Si-Ni-
C and Si-Ni-E with CRP displays here with distinct spikes in the
range of 0.00 to 0.02 a.u. highlighted by green regions within
black circles, which confirm the presence of vdW interactions.
Complementary isosurface plots shown in Fig. 4(d) and (h)
further illustrate these interactions, with green, plate-like
regions—again circled in black—indicating vdW forces
predominantly occurring between the oxygen atoms of the CRP
molecule and the nickel-doped areas of the silicene sheets.
Overall, the RDG analysis clearly demonstrates that van der
Waals interactions are the dominant force governing the CRP-
silicene interaction.

Conclusion

In this study, we explored the bio sensing potential of iron and
nickel doped silicene with dopants positioned at central and
edge sites for the detection of C-reactive protein (CRP), using
density functional theory calculations at the B3LYP level in
Gaussian 16. Iron and Nickel-doped silicene demonstrates
significant thermodynamic stability as indicated by its negative
formation energy. This stability is critical for the robustness and
durability of the sensor in various conditions.

Our comprehensive analysis, including adsorption ener-
getics, thermodynamic behavior, electronic structure modula-
tion, density of states, and non-covalent interaction plots,
reveals that doping significantly enhances the sensitivity of
silicene toward CRP. Among the studied configurations, Fe-
doped silicene at the central site (Si-Fe-C) exhibited the
strongest interaction with CRP, with high adsorption energy
(—1.876 eV), favorable thermodynamic parameters, substantial
charge transfer (0.302e), and a significant reduction in the
HOMO-LUMO gap (25.6%), all indicating strong sensor
responsiveness. Similarly, Ni-doped silicene at the edge site (Si-
Ni-E) demonstrated excellent sensing performance with an
adsorption energy of —1.819 eV and a 24.0% energy gap change.
DOS and NCI analyses further confirmed the enhanced reac-
tivity and non-covalent stabilization of CRP on the doped
surfaces. These findings demonstrate that strategic doping of
silicene with transition metals not only improves its binding
affinity toward CRP but also leads to measurable changes in
electronic properties, making doped silicene a promising
candidate for next-generation 2D bio sensing platforms.
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