
RESEARCH ARTICLE
www.advtheorysimul.com

Efficient Sensing of Selected Amino Acids as Biomarker by
Green Phosphorene Monolayers: Smart Diagnosis of
Viruses

Puspamitra Panigrahi,* Yash Pal, Akshaya Panigrahi, Hyeonhu Bae, Hoonkyung Lee,
Rajeev Ahuja, and Tanveer Hussain*

Effective techniques for the detection of selected viruses detection of their
amino acids (AAs) constituents are highly desired, especially in the present
COVID pandemic. Motivated by this, we have used density functional theory
(DFT) simulations to explore the potential applications of green phosphorene
monolayer (GPM) as efficient nanobio-sensor. We have employed van der
Waals induced calculations to study the ground-state geometries, binding
strength, electronic structures, and charge transfer mechanism of pristine,
vacancy-induced and metal-doped GPM to detect the selected AAs, such as
glycine, proline and aspartic, in both aqueous and non-aqueous media. We
find that the interactions of studied AAs are comparatively weak on pristine
(−0.49 to −0.76 eV) and vacancy-induced GPM as compared to the
metal-doped GPM (−0.62 to −1.22 eV). Among the considered dopants,
Ag-doping enhances the binding of AAs to the GPM stronger than the others.
In addition to appropriate binding energies, significant charge transfers
coupled with measurable changes in the electronic properties further
authenticate the potential of GPM. Boltzmann thermodynamic analysis have
been used to study the sensing mechanism under varied conditions of
temperatures and pressure for the practical applications. Our findings signify
the potential of GPM based sensors towards efficient detection of the selected
AAs.
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1. Introduction

Due to the exceptional, tunable electro-
chemical, optical, and physical properties,
various ultrathin 2D nanomaterials with
unique anisotropic electron transport be-
havior turn out to be highly promising
materials for biosensing applications.[1,2]

Recently, various emerging 2D materials
are being widely investigated as nanoplat-
forms for drug delivery, cancer therapy,
bio-imaging, and as biosensors.[3] However,
when it comes to nanosensors to detect
a virus, which is a small collection of ge-
netic code of either DNA or RNA, sur-
rounded by a protein coat and can only
replicate within a host organism, is so far
less explored.[4] The simplest virus can have
enough of RNA or DNA to encode four
proteins, whereas a complex virus can en-
code up to 200 proteins.[5,6] These proteins
play a major role for the virus to infect,
replicate, spread, and modulate the host
immune response. The building blocks of
these proteins are assembled with 20 dif-
ferent amino acids (AAs), which are small
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organic molecules having a unique side chain. Out of the 20,
Gly (NH2-CH2-COOH) and Pro (C5H9NO2) are the conditionally
nonessential AAs whereas Asp (C4H7NO4) is the nonessential
one. There are many reports indicating the major mutation in
the SARS-CoV-2’s viral envelope spike protein, which is respon-
sible for the attachment of the virus to the host, occurs by the sub-
stitution between amino acids like aspartate Asp-(D) and glycine
(G).[7,8]

Among these three important AAs, Gly is a colorless, sweet-
tasting crystalline solid, which can fit into both hydrophilic and
hydrophobic environments due to its minimal side chain of only
one hydrogen atom. Very recently, it is identified that in a mu-
tant strain of SARS-CoV 2, the Gly substitutes the aspartic acid
of spike glycoprotein at 614 position (D614G).[9] Pro is the only
AAs, where the side chain is connected to the protein backbone
twice while forming a five-membered nitrogen-containing ring.
Whereas, Asp, which has an average occurrence of about 5% in
most of the proteins, is hydrophilic and its sidechains are often
hydrogen bonded. It is important to mention that Gly, Pro, and
Asp are the most important AAs, which are distinctly present in
proteins of some specific viruses like Influenza, HIV, SARS-CoV-
2, and MERS-CoV. Therefore, it is crucial to identify these three
AAs for the efficient detection of different viruses. Various mu-
tant varieties of viruses, which can be detected by specific active
sites of the amino acids, are the major focus of our present inves-
tigation.
In the current pandemic situation, it is difficult to detect all the

mutant strains of a virus through conventional polymerase chain
reaction techniques because of the volume of samples and cost
involved. Moreover, the challenges in virus detection also include
assay sensitivity, time duration, competency of staffs, and sam-
ple characteristics. As an alternative diagnostic tool, the virus-
specific amino acids can rather be detected with highly sensitive
nanobiosensors. In this regard, a specific type of peptide conju-
gated with gold nanoparticles was reported to be used for virus
diagnosis.[10] In a similar context, Au and iron-oxide magnetic
nanoparticle decorated carbon nanotubes (CNTs) were reported
to be used for influenza and norovirus DNA sensing.[11]

Recently, several nanostructures have also been successfully
used for the detection of various biomarkers[12,13] for the early
detection and diagnosis. The nanomaterial-based sensors with
their unique electro-chemical properties will bring advancement
to diagnosis process by making the sensors minimally invasive
and the same time extremely sensitive.[14,15] The surface chem-
istry of various 2D materials can be altered over functionaliza-
tion or defect engineering to tune their electronic and optical
properties while making these tailored 2D nanostructures best
possible candidates for selective and effective sensing of various
biomolecules.[16–18]

Carbonaceous nanostructures, such as graphene, carbon nan-
otube/boron nitride nanotube (CNT/BNT), and graphene-oxide
(rGO) thin films with Ag/Au nanocomposites, having high elec-
tron mobility, are reported to have greater sensitivities, selectiv-
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ities, and fast response time toward specific biomolecules.[19–22]

Further, functionalized CNT and graphene, endowed with large
surface area and loading capacity exhibit outstanding signal
enhancement for biomolecular detection and are proposed as
the practical point-of-care version of biosensors.[23] Even non-
carbonaceous nanostructures like silica, indium tin oxide, and
some organic polymers, having unique abilities for electron
transfer, catalytic activity, and being biocompatible show promis-
ing biosensing approaches.[24–27] Very recently, both carbona-
ceous and noncarbonaceous 2D nanosheets have shown great
potential in sensing various hazard gas molecules as well as
biomolecules.[28,29] With unique physical and chemical proper-
ties, several 2D transitionmetal dichalcogenides are also reported
with diverse range of biomedical applications like biosensors,
drug delivery carriers, and also as therapeutic agents.[30,31] Re-
cently, MoS2-based ultrathin, highly flexible, wearable tactile sen-
sor has been reported with wide sensing range and small re-
sponse time.[32] Among the latest 2D sheets attracting atten-
tion as biosensors, MXenes are of the best materials with high
conductivity, superior fluorescent, optical, and with plasmonic
properties.[33]

Nevertheless, for obtaining the fingerprints of different AAs,
fluorescent and colorimetric methods have been used.[34] Years
back, thiol-modified gold nanoparticles as a colorimetric sensor
was reported for sensing few selected AAs in the presence of
water.[35] Recently, the interactions between CuO nanoparticles
with a set of natural AAs getting strongly influenced by the na-
ture of their side chains were reported.[36] Although the appli-
cations of nanomaterials in sensing various biomolecules are
rapidly increasing, however their electronic structures and atom-
istic behaviors, which ultimately influence their effective appli-
cability, are poorly understood. However, recently emerging 2D
phosphorene sheets which exist in three allotropic forms (blue,
green, and black)[37] have sparked a surge of research in sensing
applications as it possesses exceptionally higher surface to vol-
ume ratio due to its “puckered” lattice structure compared to its
other 2D counterparts.[38–40] Very recently, a black phosphorus-
based nanobiosensor has been reported for cancer diagnosis.[41]

Among the three, the green phosphorene monolayer (GPM)
which is direct band gap semiconductor with anisotropic carrier
mobility[42] has been reported as a superior chemical gas-sensing
material.[43]

In this work, by using first-principles density functional theory
(DFT) simulations, we focus on the selective sensing propensity
of novel GPM toward Gly, Pro, and Asp, in both aqueous and
nonaqueous media. Further, the electronic properties and sur-
face chemistry of the GPM have been modulated with vacancy
defects and suitable substitutional dopants like Ag, Cu, and Zn to
enhance the sensitivity toward the mentioned AAs. For practical
applications, thermodynamic analysis is employed to explore the
sensing mechanism at varied pressure/temperature conditions.

2. Methodology

First-principles DFT calculations were carried out within the
projected augmented wave method with generalized gradient
approximation by taking Perdew–Burke–Ernzerhof exchange
functional as implemented in the VASP package.[44–48] For reli-
able binding mechanism, we employed the dispersion-corrected
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Figure 1. a,b) Top and side views of the optimized structures of GPM and GPMvac {brownish crimson color: P}, P─P, bond lengths, buckling param-
eter, and bond angles. Four black marks and three blue marks represent the investigated binding sites for GPM and GPMvac amino acid adsorption,
respectively. c,d) Partial density of states (PDOS) of GPM and GPMvac. The gray dotted line represents the Fermi level.

DFT-D3[49] method of Grimme, for calculating the ground-state
electronic structures and energetics of the studied systems.
A 4×2×1 supercell geometry of GPM was constructed while
taking 15 Å vacuum space along perpendicular to the sheet
to prevent coupling between the periodic images. For ground-
state structure optimization, the Brillouin zone sampling was
performed with a K-space grid of 3×3×1 within the Monkhorst–
Pack scheme[50] and a denser K-point grid of 5×5×1 was chosen
for the electronic properties. The energy cut-off for the plane
wave basis-set was chosen at an optimized value of 500 eV.
For structure optimization, the atomic positions and lattice
parameters are optimized with an energy convergence criterion
of 10–5 eV between two ionic steps and the forces are converged
with the maximum force on each atom to be 0.001 eV A−1.
The adsorption energies (Eads) of the AAs over GPM are esti-

mated as follows

Eads = ES−AAs − ES − EAAs (1)

here the 1st, 2nd, and 3rd terms present the total energies of
the pristine or defected/doped GPM loaded with AAs, pristine
(GPM), vacancy-induced (GPMvac), and doped (GPM-M) without
AAs, and that of the individual AAs molecules, respectively.
The planner average of the electrostatic potential V(x, y, z) on

a real space grid averaged over the 2D plane (surface normal is
along the z-axis) GPM, GPMvac, and GPM-M sheets can be esti-
mated as Equation (2)[51]

V̄(z) = 1
A ∫ ∫cell V(x, y, z)dxdy (2)

here A is the area of the modeled GPM. While plotting V̄(z) as a
function of z, one can extract V(∞), the electrostatic potential in

a vacuum. Then the surface work function𝜔f , which is defined as
the minimum energy required to move the electron from surface
to the vacuum, is expressed as Equation (3)

𝜔f = V(∞) − 𝜀f (3)

here V(∞) and 𝜀f represent the electrostatic potential of an elec-
tron at the point far from the target surface (vacuum) and at the
Fermi level of the system, respectively.
The implicit solvation method (ISM) is often a realistic ap-

proach to calculating the energetics of solute–solvent interaction
in any chemical process where the solvent with a specific dielec-
tric constant is treated as a continuous medium. The dielectric
constant of the solvent is considered as a powerful predictor for
the polar contribution to the free energy calculation with ISM.
Here using the VASP code, the ISM is used while using water
as a continuous medium and surrounding the AAs and GPM to
calculate the effects of water on the AAs molecules and crystal
surfaces of GPM as well as the corresponding reaction barriers.
The ISM treats the solute (both AAs and GPM) quantum me-
chanically. It treats solvent (water) as a continuum while includ-
ing the effects of ionic solution at a first principle level, which
is considered a more realistic simulation at an electrochemical
interface.[52]

3. Results and Discussion

3.1. Structural Analysis and Adsorption of AAs on GPM/GPMvac

The optimized structures and corresponding spin-polarized
density of states (DOS) of GPM and GPMvac are presented in
Figure 1a–d. The optimized structure of a unit cell of GPM
contains six P atoms (see Table S1 and Figure S1, Supporting

Adv. Theory Simul. 2022, 5, 2200357 2200357 (3 of 10) © 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 2. Top and side views of the optimized structures of Asp, Pro, and Gly adsorbed a–c) GPM and d–f) GPMvac, respectively. (Brownish crimson:
P, green: carbon, blue: nitrogen, red: oxygen, maroon: hydrogen.)

Information). GPM has a puckered honeycomb structure with
each P atom covalently bonded with three adjacent atoms.
The optimized lattice vectors of GPM are a = b = 7.273 Å.
The optimized P─P bond length and P─P─P bond angles are
calculated as 2.25 Å, and 102.3°, respectively, which agrees
well with the literature.[53,54] Mild structural distortion in both
bond length (2.26 Å) and bond angle (105°) are evident near the
vacancy-induced region in GPMvac, as shown in Figure 1b. We
find that the pristine GPM is semiconducting in nature with
distinct band-gap energy of ≈0.5 eV, however GPMvac turns out
to be metallic, as shown in Figure 1c,d.
The P vacancy introduces unsaturated dangling bonds in

GPMvac, which resulted a semiconductor to metal transition.
Such transitions in the electronic properties have already been
reported in other 2D monolayers.[55] In the next step, both GPM
and GPMvac are exposed to Gly, Pro, and Asp by considering the
available binding sites and different orientations of the incident
AAs.
A series of systematic calculations have been performed to

identify the exact orientation and position of each AA w.r.t the
proposed GPM sheet. The H-face, O-face of AAs are positioned
w.r.t the sheet and the energetics were calculated (Table S2, Sup-
porting Information). The best possible orientation for each case

was taken for further studies. Further, the entire structure was
allowed to relax while keeping shape and volume of the super-
cell fixed. All the atoms of both the sheets and AA molecules are
allowed to fully relax to obtain the ground state-optimized struc-
tures of each adsorbed configuration.
The optimized structures of the AAs-adsorbed monolayers,

Asp-GPM, Pro-GPM, Gly-GPM, and Asp-GPMvac, Pro-GPMvac,
Gly-GPMvac are presented in Figure 2a–f, respectively. The corre-
sponding Eads are summarized in Table 1. From the ground-state
energetics, it is revealed that the H-face of Asp and Pro prefers to
bind on the GPM and GPMvac sheet whereas, O-face of Gly point
toward the GPM and GPMvac (Figure 2a–f). Additionally, Table 1
summaries the optimal binding distances, which are the shortest
distances between the binding sites of the AAs from both GPM
and GPMvac.
FromTable 1, it can be seen that the threementioned AAs bind

to GPM and GPMvac with substantial Eads values in the range
of −0.49 to −0.76 eV. The Eads values of all the three AAs do
not differ significantly on GPM and GPMvac (Table 1). The spin-
polarized DOS of GPM and GPMvac adsorbed with the AAs are
presented in Figure 3a–f.
It can be seen that upon the AAs adsorption, both the GPM

and GPMvac maintain their semiconducting and conducting

Adv. Theory Simul. 2022, 5, 2200357 2200357 (4 of 10) © 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Table 1. The binding distance (∆d), adsorption energies (Eads), and net charge transfer (∆𝜌) between the AAs and the GPM/GPMvac. A positive (negative)
indicates a loss (gain) of electrons from each amino acid to the GPM sheet.

Amino acids GPM GPMVac Ag@GPM Cu@GPM Zn@GPM

∆d [Å] Eads [eV] ∆𝜌 [e] ∆d [Å] Eads [eV] ∆𝜌 [e] ∆d [Å] Eads [eV] ∆𝜌 [e] ∆d [Å] Eads [eV] ∆𝜌 [e] ∆d [Å] Eads [eV] ∆𝜌 [e]

Asp 2.53 −0.49 −0.06 2.57 −0.53 −0.06 2.66 −0.82 0.311 2.58 −0.59 0.359 2.49 −0.58 0.411

Pro 2.86 −0.59 −0.02 2.78 −0.56 −0.03 2.70 −0.62 0.204 3.14 −0.61 0.253 2.81 −0.59 0.320

Gly 2.96 −0.76 −0.04 2.83 −0.74 −0.09 2.25 −1.22 0.314 1.98 −0.89 0.189 3.26 −0.78 0.356

Figure 3. Density of states of a–c) GPM and d–f) GPMvac adsorbed with Asp, Pro, and Gly, respectively. The green dotted line represents the Fermi level.

Adv. Theory Simul. 2022, 5, 2200357 2200357 (5 of 10) © 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 4. Top and side views of the isosurface charge density plots of a–c) GPM and d–f) GPMvac adsorbed with Asp, Pro, and Gly, respectively. The
isovalue is taken as 0.005 e Å−3. Green: charge depletion and red: charge accumulation. (Brownish crimson: P, green: carbon, blue: nitrogen, red: oxygen,
maroon: hydrogen.)

characters, respectively (see Figure 3). In the case of Asp
(Gly)-GPM, the N 2p and O 2p bands hybridizing with P
2p bands, which are located within the valance band region of
GPM/GPMvac whereas for Pro-GPM, the hybrid bands rather play
a dominant role near the Fermi level. For both, Asp-GPM and
Gly-GPM, there are no additional bands in the bandgap region
of GPM/GPMvac, which indicates the interaction of both the AAs
with GPM/GPMvac, is mainly due to the hybridization between
the p-states (N 2p and O 2p) of AAs with lone pair electrons of the
p-states of the GPM/GPMvac. Whereas, for Pro-GPM, the impu-
rity bands from N 2p and O 2p states are predominant near the
Fermi level. For Pro-GPM, the n-type bands are generated due to
the strong electron-donating ability of Pro to the GPM/GPMvac.
However, it is interesting to see that for Gly, the Eads to
GPM/GPMvac is stronger (−0.76/−0.74 eV) compared to that of
Asp and Pro (−0.49/−0.53 and −0.59/−0.56 eV), which can be
attributed to the dipole–dipole interaction between the Pro and
GPM/GPMvac.

[56]

Further, to understand the strong Eads values of AAs on
GPM/GPMvac, we have performed Bader charge analysis to learn
about the net charge transfer, which is summarized in Table 1.
For qualitative analysis, we have used the following relation to
explore the isosurface charge densities

Δ𝜌 = 𝜌(S−AAs) − 𝜌S − 𝜌AAs (4)

here 1st, 2nd, and 3rd terms are the total charge densities of AAs-
adsorbed GPM/GPMvac, bare GPM/GPMvac, and that of individu-
als AAs, respectively. The corresponding charge density plots are
presented in Figure 4.
From the Bader analysis, it is revealed that all the three AAs

lose their electronic charges to the P atoms of GPM/GPMvac,
which are in the vicinities of Asp, Pro, and Gly, see Figure 4a–f.
The transfer of charge from the AAs to the GPM/GPMvac results
in a reasonably strong Eads values as given in Table 1.

3.2. Adsorption of AAs on GPM-M

Significant improvement in sensing performance of various
2D dichalcogenides over surface functionalization with suitable
metal nanoparticles has been reported elsewhere.[57] Follow-
ing this, we have doped GPM with selected dopants (Ag, Cu,
Zn) separately, which results into the formation of Ag@GPM,
Cu@GPM, and Zn@GPM, respectively. The formation energies
(Ef ) of these substitutions are calculated to be −2.6, −4.8, and
−1.8 eV for Ag@GPM, Cu@GPM, and Zn@GPM, respectively.
Owing to the outermost electronic configurations and atomic
sizes, the studied dopants can change the symmetry and alter
the electronic properties of the GPM-M, which can influence the
bandgap, electron mobility, spin densities of the sheet. The SP-
DOS plots of the Ag@GPM, Cu@GPM, and Zn@GPM are pre-
sented in Figure 5a–c.
Doped with electron-surplus metals, the Ag@GPM,

Cu@GPM, and Zn@GPM systems are turned out to be
metallic as shown in Figure 5a–c. Though, with metal doping it
was expected to get localized states, which can induce spin den-
sity to the doped sheets, for all the three doped sheets M-GPM
(M: Ag, Zn, Cu), the spin-polarized ground-state optimization
calculations reveal symmetry in both spin-up and spin-down
states, confirming paramagnetic states.
Next, the AAs were introduced at the available binding sites

over Ag@GPM,Cu@GPM, andZn@GPMand the systemswere
fully optimized. The ground-state geometries, spin-polarized
DOS, and charge density plots of AAs-adsorbed Ag@GPM are
presented in Figure 6 and Figures S2 and S3 in the Supporting
Information. The corresponding Eads values are summarized in
Table 1.
The Eads values of Asp, Pro, and Gly on Ag@GPM are calcu-

lated as−0.82,−0.62, and−1.22 eV, respectively, whereas the cor-
responding ∆d values as 2.2, 2.7, and 2.6 Å, respectively. It is evi-
dent that the Eads values of AAs on Ag@GPM are much stronger

Adv. Theory Simul. 2022, 5, 2200357 2200357 (6 of 10) © 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Spin-polarized density of states of a) Ag@GPM, b) Zn@GPM, and c) Cu@GPM. The gray dotted line represents the Fermi level.

Figure 6. Optimized structures of Ag@GPMadsorbed with a) Asp, b) Pro, and c) Gly, corresponding SPDOS plots and charge density plots are presented
in (d–f) and (g–i) respectively. (Brownish crimson: P, green: carbon, blue: nitrogen, red: oxygen, maroon: hydrogen, orange: Ag.)

than those on GPM and GPMvac. The Bader analysis reveals a
significant gain of charges by AAs. For Pro-adsorbed Ag-GPM,
the impurity bands Ag-s, as well as N p and O p states, are ev-
ident near the Fermi level in the valance band region whereas
Ag-d bands dominate the conduction band region (Figure 6b).
In Gly adsorbed Ag@GPM, Ag-s hybridizing with P-s bands is
dominating near the valance band region (Figure 6c). Though
Cu@GPM and Zn@GPM also show enhanced sensitivities to-
ward AAs, which is evident from stronger Eads values as com-

pared to the GPM and GPMvac (Table 1), the improvement in Eads
is less pronounced compared to that of Ag@GPM.Withoutmetal
doping, the charge transfer occurs from the AA molecule to the
GPM in each of the AA adsorbed systems. The AAmolecule also
gets heavily polarized where N and O atoms are the charge sur-
plus group, and the C atoms become the charge deficient group.
The overall dipole moment of the AAs induces physisorption at
the AAs–GPM interface with a small correction due to net charge
transfer. Whereas in the case of metal-doped systems, the metal

Adv. Theory Simul. 2022, 5, 2200357 2200357 (7 of 10) © 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 7. a–c) The ground state structures of all the AAs adsorbed on GPM in the H2O environment.

atom (Ag, Cu, and Zn) itself loses significant amount of charge
cloud and becomes cationic and plays significant anchoring en-
tity to adsorb the polarized AAs.

3.3. Electrostatic Potential and Work Function

Upon AAs adsorption, the electrostatic potentials of GPM,
GPMvac, Ag-, Cu-, and Zn@GPM were changed due to redistri-
bution of charge densities. The change in electrostatic potential
is the variation in resistance of the monolayers, which is one of
the most important parameters for the selective sensing of the
AAs. Therefore, we have calculated the planner average electro-
static potentials (Vz) of GPM, GPMvac, Ag-, Cu-, and Zn@GPM
systems loaded with the AAs by Equation (3) and the results are
presented in Figure S4a–c in the Supporting Information.
The redistribution of charge densities upon adsorption of AAs

results in built-in electric field directed from the monolayer sur-
faces toward the respective AAs. The Vz values of the AAs ad-
sorbed monolayers appear to be higher than that of the bare ones
(blue arrow mark in Figure S4a–c, Supporting Information) in-
dicating the selective sensing of AAs. The variation is found to
be more significant for the Ag@GPM for all the three AAs. The
substantial variation would create a sturdier internal electric field
perpendicular to the Ag@GPM plane, indicating a better sensi-
tivity toward the AAs molecules.
Further, we have calculated the work function (𝜔f ) as per

Equation (3). The calculated 𝜔f of GPM, GPMvac, Ag-, Cu-, and
Zn@GPM with and without AAs are presented in Figure S5a–c
in the Supporting Information. The 𝜔f values of GPM, GPMvac,
Ag-, Cu-, and Zn@GPM change after the adsorption of AAs.
Upon AAs adsorption, one can notice a significant reduction in
𝜔f of Ag@GPM,whereas enhancement in𝜔f for Zn@GPM. The
reduction in 𝜔f makes Ag donates an electron to the AAs which
results in enhanced adsorption energy of GPM-Ag toward Asp.
However, it is the other way round for the Zn@GPM. Upon ad-
sorption of AAs, the charge distribution creates a negative elec-
tron affinity state for the Zn@GPM, which results in a signifi-
cant increase in 𝜔f . For both GPM and GPMvac, a rather smaller
change in 𝜔f occurs upon the adsorption of AAs. On the other
hand, for Cu@GPM, the change in 𝜔f is very significant in the
case of Gly compared to Asp and Pro which results in enhanced
adsorption energy of Cu@GPM for Gly compared to the other
two (Table 1).

3.4. Adsorption of AAs in Aqueous Medium

Since the studied AAs are present in an aqueous medium, there-
fore we have investigated their interaction mechanism with the
GPM, GPMvac, Ag-, Cu-, and Zn@GPM systems for practical de-
tection purposes. For this purpose, we have considered water as a

Table 2. Adsorption energies of all AAs adsorbed on GPM, GPMvac, and
GPM-M in the H2O environment.

AAs EadQ

GPM GPMvac Ag@GPM Cu@GPM Zn@GPM

Asp −0.61 −0.58 −0.37 −0.21 −0.51

Pro −0.63 −0.51 −0.31 −0.11 −0.33

Gly −0.67 −0.85 −0.71 −0.65 −0.15

continuous medium by using the implicit solvation method. The
adsorption energy EadQ in aqueous medium is estimated as

EadQ = ES−AAs−Aq − ES−Aq − EAAs (6)

here the 1st and 2nd terms present the total energies (in aque-
ous medium) of the GPM, GPMvac, Ag-, Cu-, and Zn@GPM
loaded with and without AAs, respectively, and the 3rd term rep-
resents the energy of the individual AAs molecules. The ground-
state structures of all the AAs adsorbed systems are presented in
Figure 7a–c and Figure S6a-l in the Supporting Information, the
corresponding EadQ are summarized in Table 2.
It is clear from Table 2 that both GPM, and GPMvac adsorb

the AAS stronger than the doped Ag-, Cu-, and Zn@GPM sys-
tems even though the average binding distances of AAs to GPM
have increased slightly in aqueous medium compared to that in
vacuummedium. No structural disintegration is observed for the
AAs-adsorbed GPM, GPMvac, Ag-, Cu-, Zn@GPM systems in the
aqueous medium.

3.5. Thermodynamic Analysis

We calculated isobaric occupancies of aspartic AAs to com-
pare the adsorptive performance of GPM, GPMvac, Ag-, Cu-,
Zn@GPM substrates as discussed above. The average number of
adsorbed molecules per unit cell, in other words, surface cover-
age 𝜃X for target species, X may be calculated by following Equa-
tion (7)

𝜃X (P, T) = e(𝜇X (P,T)−Eads,X )∕kBT

1 + e(𝜇X (P,T)−Eads,X )∕kBT
(7)

where P and T are the pressure and the temperature of the
surrounding system. Equation (7) is based on the Boltzmann
statistics for classical gas. However, it can be used for the
aqueous analytes in dilute concentrations.[29] The equivalent
pressures of 1 mg kg−1 of an aqueous solution of aspartic acid,
glycine, and proline are set to 187.4, 332.3, and 216.6 𝜇bar,
respectively. 𝜇X (P, T) indicate chemical potential of the chosen

Adv. Theory Simul. 2022, 5, 2200357 2200357 (8 of 10) © 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 8. Isobaric occupancies of a) Asp, b) Gly, and c) Pro for various GPM-based systems. The pressures of each target chemical are set to 187.4,
332.3, and 216.6 𝜇bar for Asp, Gly, and Pro, respectively. Those pressures correspond to the concentration of 1 mg kg−1 of aqueous solution. The terms,
“gaseous” and “aqueous” in the legend indicate whether water molecules surrounding the target molecule exist.

one in a homogenous gaseous state at a given P and T . It is
obtained by single-molecule thermochemistry calculation at
the 𝜔B97XD/aug-cc-pVTZ[58,59] level of theory with IEFPCM
solvation model[60] by Gaussian16 software. The real chemical
potential 𝜇real

X which is estimated by thermochemistry calculation
is expressed by addition of monatomic ideal gas component
𝜇ideal
X and correction terms as below Equation (8)

𝜇real
X

(P, T) = 𝜇ideal
X

(P, T) +
(
AX + BXT + CXT

2
)

(8)

Fitted parameters in the correction term are shown in Table
S3 in the Supporting Information. Eads,X denotes the adsorption
energy which is obtained by first-principles calculation. kB is the
Boltzmann constant.
As shown in Figure 8, Ag@GPM exhibits superior adsorptive

performances for the three AAs owing to stronger Eads values. As-
suming the situation that the chemical sensor based on this GPM
examines the existence of those chemicals in an aqueous state,
Ag@GPM could be a good choice to detect three components.
Therefore, GPM, and GPMvac may be utilized as a Gly chemical
sensor because of high-surface coverage, as depicted in Figure 8b.
In addition to the surface coverage at the given pressure and

temperature, the decline of surface coverage by increasing tem-
perature indicates the potential application of adsorbents for
those species. Asp acid and Pro adsorbed on Ag@GPM at room
temperature can be desorbed in mild heating as shown in Fig-
ure 8a,c. Similarly, Gly captured by GPM and GPMvac also can be
detached as the temperature increases. In this case, as illustrated
in Figure 8b, Ag@GPM cannot be used as a reversible adsorbent
for Gly because of its excessively high adsorption energies.
These results mean Ag@GPM has the potential to be used as

a chemical sensor for the detection of Asp, Gly, and Pro in even
1 mg kg−1 of dilute concentrations. Therefore, GPM and GPMvac
can be utilized as a Gly adsorbent or chemical sensor, using the
instant change of surface coverage in mild heating with suitable
occupancies.

4. Summary

Inspired by the effectiveness of efficient detections of certain
AAs, such as glycine (Gly), proline (Pro), and aspartic (Asp),
which caused different types of flu, we performed DFT calcu-
lations coupled with thermodynamic analysis on GPMs-based
nanosensor. We found that pristine (vacancy-induced) GPM

(GPMvac) binds Gly, Pro, and Asp with adsorption energies (Eads)
of −0.76 (−0.74), −0.59 (−0.56), and −0.49 (−0.53) eV, respec-
tively. However, Ag doping, at a low doping concentration of
(<2%), enhanced the Eads values of Ag@GPM to −1.22, −0.62,
and −0.82 eV for Gly, Pro, and Asp, respectively. Other doped
system, Cu@GPM, and Zn@GPM improved the Eads slightly
as compared to pristine GPM. We further studied the binding
mechanism in aqueous medium for the practical sensing appli-
cations.
Additionally, we found distinct changes in the electronic prop-

erties, studied through DOS, electrostatic potentials, and work
function calculations, of GPM, GPMvac, and Ag@GPM upon the
exposure of Gly, Pro, and Asp, which validated the promise of
GPM-based nanosensor toward the studied AAs. Finally, Boltz-
mann thermodynamic analysis was employed to study the AAs
detection mechanism at varied conditions of pressure and tem-
peratures. We strongly believe that the distinctive and tunable
electrochemistry of GPM will be advantageous for developing
nanobiosensors for the early detection of viral flu-like infections
with high sensitivity and selectivity.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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