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Abstract

In this study, we conducted a systematic density functional theory (DFT)
investigation of the interaction between Ti3Co-MXene monolayer and bio-
logical molecules dopamine (DA) and serine (Ser) as neurotransmitter and
amino acid, respectively. Our calculations show good agreement with pre-
vious literature findings for the optimized Ti3Cs monolayer. We found that
DA and Ser molecules bind to the TizCy surface with adsorption energies of
—2.244 eV and —3.960 eV, respectively. The adsorption of Ser resulted in the
dissociation of one H atom. Electronic density of states analyses revealed lit-
tle changes in the electronic properties of the Ti3Cs-MXene monolayer upon
adsorption of the biomolecules. We further investigated the interaction of DA
and Ser with TizCy monolayers featuring surface-termination with OH func-
tional group, and Ti-vacancy. Our calculations indicate that the adsorption
energies significantly decrease in the presence of surface termination, with ad-
sorption energies of —0.097eV and —0.330eV for DA and Ser, respectively.
Adsorption energies on the Ti-vacancy surface, on the other hand, are cal-
culated to be —3.584eV and —3.856eV for DA and Ser, respectively. Our
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results provide insights into the adsorption behavior of biological molecules
on TizCy-MXene, demonstrating the potential of this material for biosensing
and other biomedical applications. These findings highlight the importance
of surface modifications in the development of functional materials and de-
vices based on Ti3Cy-MXene, and pave the way for future investigations into
the use of 2D materials for biomedical applications.

Keywords: MXene, 2D Materials, Density Functional Theory (DFT),
Dopamine, Serine, Biosensing, Biomedical Applications

1. Introduction

In 2011, owing to the demonstration by Naguib et al. [1] that two-
dimensional (2D) transition metal carbide/nitride structures can be syn-
thesized from their 3D counterparts, MAX phases, by chemical exfoliation
method, the world of 2D materials has gained a novel 2D-material-family
with unique and intriguing physical properties: MXenes. In the MAX struc-
tures, in general, M, A and X respectively represent a transition metal, an A-
group element and carbon/nitrogen. The nomenclature of the MAX phases,
which was introduced with the discovery of Ti4AIN3 by Barsoum et al. in
2000, is now known as ” M,, 1 AX, phases” where n equals 1, 2, or 3 [2, 3, 4].
MZXenes are typically produced by selectively etching the A-layer from MAX
phases using strong etching solutions [5]. This process leaves behind layers
in the form of M, 11X, T,, and the single-layer material is called MXene [1].
The name MXene reflects both the relationship with MAX phases and the
structural resemblance to graphene. Here, T, refers to surface-terminating
functional groups that cover the surface during the MXene synthesis pro-
cess and generally appear in the form of T = OH,O, F [5]. The chemical
versatility of MXene structures, both in their structural compositions (M
and X regions) and surface terminations (7)), gives rise to unique physical
and chemical properties and allows for targeted adjustments to these prop-
erties for specific applications. These features have made MXene structures
important in solid-state physics and materials science, and have generated
significant interest in them [6, 7]. Accordingly, more than 30 MXene struc-
tures have been experimentally synthesized to date [5, 8], and over 70 have
been predicted theoretically [8, 9]. Since their discovery, MXenes have gar-
nered significant attention from physicists and chemists and shown promise
for a variety of applications, including energy storage (e.g. Li/Na ion bat-



teries, supercapacitors) [10, 11, 12], photocatalysis [13, 14, 15, 16, 17|, water
purification [18], gas sensors [19, 20], transparent conducting electrodes [21],
neural electrodes [22], photonic diodes [23], and electrochromic devices [24].

MXene structures constitute a large family of 2D materials that uniquely
combine the metallic conductivity resulting from the transition metal atoms
they contain and the hydrophilicity they exhibit in the presence of functional
groups such as hydroxyl (OH) or oxygen (O) on their surface [25, 26]. Fur-
thermore, MXenes are known to possess high biocompatibility [27]. These are
not only their most interesting characteristics, but what make them promis-
ing materials in biomedical and nanomedicine applications, for which Ti-
based MXenes (Ti,+1C,,) are known to be the most attractive as titanium
is the most biocompatible transition metal [28, 29]. Additionally, the highly
sensitive response of MXene structures to electrochemical degradation makes
them excellent candidates for biosensing applications [30]. For instance, Wu
et al. [31] immobilized the tyrosinase-enzyme on the TizCy-MXene surface
and measured the electrochemical performance of the MXene-based tyrosi-
nase biosensor to produce a mediator-free biosensor for ultrasensitive and
rapid detection of the phenol. They reported that the mediator-free biosensor
based on Ti3Cy provides a simple, sensitive, rapid, and cost-effective method
for detecting phenol in water samples, and thus TizCyo-MXene may be a
promising candidate for biomedical detection. Chen et al. [32] investigated
the interaction mechanism between TizCyT,-MXene and the simplest amino
acid, glycine, both theoretically and experimentally. Their results showed
that the chemical bonding of glycine on the Ti3Cy04 surface led to an ex-
pansion of the interlayer spacing compared to the pristine surface, resulting
in improved ion accessibility, enhanced charging rate, and better cycling per-
formance. The Au/MXene nanocomposite structure as a biosensor platform
was developed by Rakhi et al. [33] for enzymatic glucose sensing. Anchor-
ing Au nanoparticles on the surface of Ti3CyT,-MXene nanosheets improved
the electrical conductivity and made the resultant Au/MXene composite a
better electrochemical transducer/enzyme immobilization matrix. And the
biosensors fabricated in that study exhibited significantly improved sensing
performance, comparable to some of the previously reported glucose biosen-
sors. Recently, Xu et al. developed a highly sensitive biosensing device based
on TizCo-MXene-FET to detect dopamine for real-time probing neural ac-
tivities [30]. According to their report, their MXene sensor could detect the
dopamine at a concentration as low as 100 x 1072 M. These and many simi-
lar studies show that MXene materials, TizCy in particular, have significant



potential in the fields of biomedical and nanomedicine applications [27, 34]
as a biosensing device.

Dopamine (DA) is an important molecule that functions as a neurotrans-
mitter in the brain. It plays several vital roles in various physiological pro-
cesses in cells, such as neural signaling, reward processes in the brain, and
vasodilation outside the brain [35]. Dysfunctions or abnormal levels of the
dopamine system are associated with several important nervous system dis-
orders, including Parkinson’s disease, attention deficit hyperactivity disorder,
Alzheimer’s disease, schizophrenia, or pheochromocytoma [36, 37, 38]. On
the other hand, serine (Ser) is an a-amino acid that the human body can
synthesize under normal physiological circumstances, making it nonessential
[39]. Serine plays a crucial role in metabolism as it participates in the biosyn-
thesis of numerous vital biological compounds, such as purines, pyrimidines,
proteins, as well as several amino acids including glycine, and cystine. It is
therefore important to develop new sensors to detect these molecules through
biocompatible materials.

In this study, we investigate the interaction between Ti3Cy-MXene mono-
layer (one of the most widely studied MXenes in biomedical applications, as
exemplified above) and small biological molecules such as dopamine (a neu-
rotransmitter) and serine (an amino acid). Our objective is basically to seck
answers to the following questions: (i) Are the interactions between these
biological molecules and the Ti3C, monolayer strong enough to enable attach-
ment to the surface? In other words, can these molecules be detected with
Ti3Ce-MXene monolayer? (ii) Can the binding of adsorbed molecules be en-
hanced by modifying the surface chemistry of TizCy? (iii) How do selected
molecules affect the electronic properties of TizCy? Ultimately, identifying
the details of these interactions is expected to lead to the discovery of "intel-
ligent surfaces” that can function as biosensing devices in various biomedical
applications.

2. Computational Methods

All of our results were obtained from first-principles plane-wave calcu-
lations based on spin-polarized density functional theory (DFT). We used
projected augmented wave (PAW) potentials [40, 41] to describe the ion-
electron interactions. The exchange-correlation potential was approximated
by the generalized gradient approximation (GGA), using the Perdew-Burke-
Ernzerhof (PBE) parametrization [42]. All theoretical analyses were per-

4



formed using the Vienna Ab initio Simulation Package (VASP) software
(43, 44]. We included van der Waals (vdW) corrections using Grimme’s
DFT-D2 method [45]. To solve the Kohn-Sham equations, we used a plane-
wave basis set with a kinetic energy cutoff of h?(k + G)?/2m = 600eV. The
Brillouin zone was sampled by (18 x 18 x 1) and (3 x 3 x 1) special mesh
points in k-space by using Monkhorst-Pack scheme [46] for (1x1) and (6x6)
cells of TizCs, respectively. All atomic positions and lattice constants were
optimized by using the conjugate-gradient algorithm [47, 48] where the to-
tal energy and forces are minimized. We chose convergence criteria for the
energy of 107°eV between two consecutive steps. Upon ionic relaxation,
the maximum Hellmann-Feynman forces acting on each atom were less than
0.01eV/A. The maximum pressure on the unit cell was less than 1kbar.
We used the Gaussian type Fermi-level smearing method with a smearing
width of 0.01eV. Additionally, we applied the Heyd-Scuseria-Ernzerhorf hy-
brid functional method (HSE06) [49] to obtain corrected band values. We
took the screening length of HSE06 as 0.2 A and set the mixing rate of the
Hartree-Fock exchange potential to 0.25. Finally, for charge-transfer analysis,
we used the Bader analysis [50] on a charge density grid.

We calculated the cohesive energy per atom using the formula given be-

low:
B, = (nry X Eri) + (no X E¢) — Eriyc, (1)
nr; + ne
Here, Er;, Ec, and Ep;,c, are the total energies of the corresponding free
atoms and the TizCy monolayer, respectively. np;, ne indicates the total
number of corresponding atoms within the structure.
The adsorption energies of selected biological molecules on the TizCy

monolayer were calculated by the following equation:
Eads - Etot - (ETigc’Q + Emol) (2)

where Eiy, Epi,c,, and E,,, are the total energies of the TisCyo+molecule
system, the TizCsy substrate, and the corresponding biological molecules,
respectively. In this formulation, a negative value for E 4, indicates that the
adsorption of a molecule is favorable, and the more negative the E,45, the
more stable adsorption among all configurations.

The charge on the molecules, p,s, was calculated using Bader charge anal-
ysis [50]. Isosurfaces of the bonding charge density difference were compiled
with the following expression:

Ap = prop — (pTi:sCz + pmol) (3)
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Here, pi, is the charge of the total system, while ppi,c, and py,. are the
charges of the TizCy substrate and corresponding biological molecules, re-
spectively.

We generated charge density plots and visualized all structures using the
VESTA program [51]. For the calculation of the phonon modes within a
(3x3) supercell, we used the PHONOPY code [52], which is based on the
density functional perturbation theory (DFPT) of the plane-wave method.
To account for localized hybridization in the d-orbitals of the Ti atom, we
included the Hubbard U (GGA+U) correction in the calculations. We used
a correction term of U = 4.20 eV, whose efficiency was already proven semi-
empirically in a previous study [53]. We included this correction for compar-
ison purposes in the monolayer limit.

We calculated the work function W by the difference [54]

W = —e¢ — Ep (4)

where —e represents the charge of an electron, ¢ denotes the electrostatic
potential in the vacuum nearby the surface, and Er is the Fermi level, which
corresponds to the electrochemical potential of electrons within the material.
The term —e¢ represents the energy of a stationary electron in the vacuum
nearby the surface.

3. Results and Discussion

The main objective of this study is to investigate, at the atomic level, the
interaction between Ti3Cs-MXene monolayer and selected biological molecules,
namely dopamine (DA) as a neurotransmitter and serine (Ser) as an amino
acid, using first-principles density functional theory calculations. We begin
by exploring the properties of the Ti3Cs monolayer in the unit cell, followed
by the creation of a (6x6) supercell to analyze the interaction between the su-
percell and the selected biological molecules. Geometric optimizations were
performed with high precision, and the effects on the structural and elec-
tronic properties were analyzed and discussed. The findings obtained within
the scope of the present study are organized under the relevant subheadings
below.

3.1. Structural and FElectronic Characteristics of TizCy Monolayer

As illustrated in Fig.1(a), a single Ti3Cy laminate consists of five atomic
layers stacked in the sequence Ti(1)-C(1)-Ti(3)-C(2)-Ti(2) from bottom-to-
top, exhibiting a hexagonal structure within the P3m1 space group. In the
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structure, each C atomic layer is sandwiched between two Ti atomic layers.
Besides, each Ti atom on the surface bonds with the three nearest C atoms,
while the Ti atoms in the intermediate layer bond with the six C atoms
nearest to them. As for the C atoms, each bonds with six Ti atoms. After
optimizing the structure, two different bond lengths between Ti atoms and
C atoms have been obtained, that is, d; is the bond between Ti(1) and C(1)
or Ti(2) and C(2), while dy is the bond between Ti(3) and C(1) or Ti(3)
and C(2). (See Fig.1(a), side view) The bond lengths calculated without and
with Hubbard parameter as well as corresponding relevant structural param-
eters such as lattice constants, thickness, cohesive energy, charge transfer,
magnetic moment are listed in Table 1.

Table 1: Structural parameters calculated without and with Hubbard parameter (w/o
U and w U, respectively) for TizCo monolayer: The lattice constants, in the (zy)-plane
| @ |=| b |=a, and along the z direction (vacuum), | & |=c; the thickness parameter, Az;
the bond lengths between neighboring Ti and C atoms, d; (Ti(1)-C(1) and Ti(2)-C(2)),
dy (Ti(3)-C(1) and Ti(3)-C(2)); cohesive energy per atom, E..p; the average electronic
charge transfer from Ti atoms to C atoms obtained from Bader charge analysis, Ap; the
magnetic moment in the unit cell and on Ti atoms residing at the surface, upg.

Hubbard  lattice constants thickness parameter — bond lengths  cohesive energy charge transfer magnetic moment p (ug)
(U=4.2¢V) a(A) c(A) Az (A) dy (A) dy (A) Eeon (eV/atom) Ap (e) unit cell on Ti
w/o U 3.097 20 4.677 2.067 2212 6.98 1.16 - 0.761
w U 3.147 20 4.922 2.145  2.246 5.07 1.26 - 1.297

In order to verify the accuracy and reliability of our first-principles-based
calculations and the parameters employed, we conducted phonon dispersion
curve calculations along the main symmetry directions across the Brillouin
zone. The stability of the TizCy monolayer is crucial to validate the fea-
sibility of our calculations as it is an experimentally synthesized material.
As depicted in Fig.S1 in the Supplementary Material (SM) [55], the positive
phonon frequencies and the calculated cohesive energy, which signifies strong
bonding within the structure, demonstrate the stability of the Ti3Cy mono-
layer. Additionally, we compared our calculated phonon dispersion spectra
with those reported in the theoretical literature and found them to be in
good agreement, further supporting the accuracy of our calculations and pa-
rameters.

Once we are sure of the accuracy and reliability of our calculations by
obtaining the TizCsy as a stable monolayer, we proceeded to investigate its
electronic properties. Isosurfaces of the charge density difference (Ap(r))
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Figure 1: (a) Optimized atomic configuration of TizCy monolayer from top and side views.
The 2D unit cell is highlighted within the yellow shaded area and relevant structural pa-
rameters (without (w/o) and with (w) Hubbard-U parameter where U=4.2¢eV/Ti) are
indicated. The corresponding hexagonal Brillouin zone is also given inset with the main
symmetry directions. (b) Isosurfaces of the charge density difference, Ap(r), for TizCs
monolayer, calculated without and with Hubbard parameter. The yellow and red isosur-
faces represent positive and negative electron densities, respectively. (c) Electronic energy
band structures calculated within PBE and HSE along the main symmetry directions in
the Brillouin zone, without and with Hubbard parameter, along with the corresponding
density of states of TizCo monolayer. The Fermi energy is set to zero and shown by a
black-dashed line. (d) Optimized atomic structures of the selected biological molecules,
dopamine and serine, with the abbreviation and general chemical formula for each molecule
indicated.

in Fig.1(b), obtained by subtracting the free atom charge densities from the
total charge density of Ti3Cy monolayer, reveal the charge transfer character-
istics and chemical bonding mechanism between Ti and C atoms. As shown
in the figure, there is considerable electronic charge transfer from Ti atoms
to C atoms. According to Bader [50] charge analysis, while the electronic
charge transfer calculated without (with) Hubbard parameter from Ti atoms
on the surface to C atoms is 1.04 (1.09) e, it is 1.42 (1.60) e from Ti atoms
in the intermediate layer to C atoms. Thus, an average charge transfer of
1.16 (1.26) ¢/Ti (or 1.75 ¢/C (1.89 ¢/C)) from Ti atoms to C atoms took
place. Additionally, hybridized electrons localized in the 3d-orbitals of Ti
atoms (especially for the Ti atoms located at the surfaces) are visible in the
charge density isosurfaces calculated with Hubbard interaction. These hy-
bridized electrons have an impact on the electronic energy bands of TizC,
monolayer. From the left panel of Fig.1(c), Ti3Cy appears to be a metallic



structure, whereas a small indirect gap (0.13eV) has occurred due to the
effect of the Hubbard interaction. However, this gap is closed by the HSE
correction [49], a hybrid functional known to more accurately estimate the
bandgap, leading to the conclusion that TizCs monolayer has a metallic char-
acteristic. In both cases, the main contribution to the electronic structure
around the Fermi level comes from 3d-orbitals of Ti atoms as can be seen
from the electronic density of states in Fig.1(c).

Furthermore, we investigated the ground state of TizCy monolayer in
terms of magnetism, comparing anti-ferromagnetic (AFM) and ferromagnetic
(FM) states. In the AFM structure, we assumed that the atoms on the same
surface are ferromagnetically arranged, while the atoms on different surfaces
have opposite spin ordering. In the FM structure, all Ti atoms on the surfaces
are aligned in the same spin orientation. Ti atoms in the intermediate layer
and C atoms are nonmagnetic. The configurations and corresponding total
energies calculated by DFT are described in the SM [55] (see Fig.S2), and
it is concluded that TizCs monolayer has an AFM ground state. This anti-
ferromagnetic metallic nature of Tiz3C, has been previously reported in the
literature [56, 57, 58].

3.2. Selected Molecules

As previously mentioned, dopamine (DA) was selected as the neurotrans-
mitter molecule and serine (Ser) as the amino acid in this study. Before in-
vestigating the interaction of these molecules with the Ti3Cy monolayer, their
structural properties were optimized and analyzed, as shown in Fig.1(d). In
addition, we calculated optimized bond lengths, cohesive energy, electronic
energy diagrams, and HOMO-LUMO energy gap (HLG) values, which were
presented in the Supplementary Material [55] along with literature compar-
isons. Furthermore, we provided a brief explanation of why these molecules
were chosen for this study, highlighting some of their important functions in
the body, as follows:

e Dopamine (DA), with a chemical formula of C¢gH3(OH)2-CHy-CHa-
NH, or CgH;1;NOs, belongs to the catecholamine family of neurotrans-
mitters in the brain and serves as a precursor to epinephrine (adrenaline)
and norepinephrine (noradrenaline). It is a chemical that can be nat-
urally produced in the body and functions as both a hormone and a
neurotransmitter, playing many essential roles in the brain and body



[59, 60, 61, 62]. In the brain, it acts as a neurotransmitter by acti-
vating dopamine receptors. In the blood vessels, it inhibits the release
of norepinephrine and acts as a vasodilator at normal concentrations;
increases sodium excretion and urine output in the kidneys; reduces
insulin production in the pancreas; reduces gastrointestinal motility
in the digestive tract and protects the intestinal mucosa; and in the
immune system, it reduces the activity of lymphocytes. Parkinson’s
disease, known as a degenerative condition that causes tremors and
motor impairment, is caused by the loss of dopamine-secreting neurons
in the area called black substance (substantia nigra) in the midbrain.
There is evidence of varying levels of dopamine activity in schizophre-
nia, and most antipsychotic drugs used in its treatment are dopamine
antagonists that reduce dopamine activity [63]. Attention deficit hy-
peractivity disorder (ADHD), restless legs syndrome, bipolar disorder,
and addiction are also characterized by dopamine production or defects
in metabolism [64].

In addition, dopamine is known for its superior biocompatibility prop-
erties in the field of biomaterials as well as its excellent adsorption
ability [65]. All these findings suggest that developing new sensors to
detect dopamine is of great important.

Serine (Ser, C3sH;NOj3) is an amino acid essential for protein biosyn-
thesis and metabolism. It is involved in the production of purines and
pyrimidines, and serves as a key component in the catalytic function
of numerous enzymes. Additionally, serine plays a vital role in inter-

cellular communication between nerve cells, particularly in the form of
D-Serine [66].

Adsorption of DA and Ser molecules onto TizCy-MXene has practical ap-
plications in the fields of biosensing, biofilm development and bioimaging,
and theoretical studies, which are the first steps in this field, are very valu-
able for experimenters [67]. Selective and highly sensitive biosensors can be
developed by examining the adsorption behaviors of DA and Ser molecules
by utilizing different surface modifications. In other words, the degree of in-
teraction of the TizCy-MXene surface with molecules and the electrical and
magnetic properties of the surface can be changed by modification of surface
groups or by creating vacancies on the surface. This implies that developing
biosensors and other devices based on TizCo-MXene materials will require
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an understanding of the interactions between the biomolecules and the bare
monolayer and its modified counterparts [68, 69].

3.3. Interaction of TizCy Monolayer with Biological Molecules

As a first step, to determine the most stable adsorption configuration
of each selected biological molecule on the TizCs; monolayer, we performed
single-step self-consistent (SC) calculations with several initial orientations
and adsorption sites. The configurations were created by determining the
different possibilities that the biomolecules DA and Ser could approach the
surface, taking into account the geometry of the molecules and the topology
of the surface. Consideration of these several configurations can be described
as follows: (i) DA can be adsorbed on the surface through four distinct sites;
the NH; end, two distinct OH ends, and in parallel orientation to the surface.
(ii) Similarly, Ser can adopt four different adsorption sites, that is, through
the NH; end, two distinct OH ends, and the O end. (See Fig. 1(d)) All these
configurations were systematically explored on various locations of the TizC,
surface. The total energy values obtained through these SC calculations
are graphically presented in Fig.2. The two configurations with the lowest
energy for each structure were fully optimized to obtain precise ground-state
structures. The optimized structures with the minimum energy among these
duals were determined as the most stable adsorption configurations for the
respective systems.

Calculated minimum-energy configurations for each molecule on TizCs
monolayer are shown in Fig.2. As can be seen from the figure, after the opti-
mization process, no significant deformation occurred in the atomic structure
of the Ti3Cy monolayer in both systems. As for the molecules, it is seen that
one of the hydrogen atoms in the serine dissociated, while only small fluctu-
ations occurred in the dopamine. The most stable configuration of the DA
molecule on the TizCy surface was obtained to have the benzene ring and two
hydroxyl groups in the horizontal position above the surface and the amine
group away from the surface. For Ser, on the other hand, it can be seen that
the oxygen atom in the side chain of the Ser was attached to the surface,
and the hydrogen atom initially attached to this oxygen dissociated from the
Ser. Both DA and Ser preferred to adsorb on the TizC, monolayer via their
oxygen sites. The calculated bond lengths between Ti-O atoms are 2.15 A
and 2.18 A for the TizCo+DA and TizCo+Ser systems, respectively. The
hydrogen atom dissociated from the Ser has three nearest Ti atoms with a
distance of 2.04 A. We calculated the adsorption energies on TizCy substrate
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as —2.244¢eV for DA and —3.960eV for Ser by using Equation(2). These
negative adsorption energies indicate that the adsorption mechanisms are
thermodynamically favorable, and that the biomolecules can spontaneously
and exothermically adsorb onto the surface of TizCo-MXene monolayer, re-
sulting in stable structures. To determine the deformation energies of the
molecules, on the other hand, we subtracted the energy of the optimized iso-
lated molecules from the energy of the molecule in the geometry of TizCy+M
complex system: Eg.p = E 77 lew _ Eisolated - Oyr calculations yielded defor-
mation energies of 2.479eV for DA and 5.900eV for Ser. The respective
deformation energies are positive as the molecules have a well-defined equi-
librium geometry corresponding to their lowest energy states and any de-
formation from their equilibrium geometries will require additional energy.
Furthermore, since the energy of Ser involves not only sorption but also the
dissociation of one hydrogen atom from the molecule, it results in a much
higher deformation energy compared to that of DA. In a similar manner, the
energy of the distortion of the Ti3Cy-MXene substrate in the TizCy-DA and
TizCy-Ser systems were calculated as 0.171eV and 0.168 eV, respectively.

TisC:+DA TisC2+Ser

N
<

(7]
=]

Relative Energy (eV)
k. [
< <

Configuration Numbers Configuration Numbers

Figure 2: TizCs+Molecule systems. Relative total energy values are calculated within
SC calculations for various configurations, the minimum energy of which is given in a
blue circle. Fully optimized atomic structures of TizgCo+DA and TizCo+Ser systems at
minimum-energy configurations are also presented.

Isosurfaces of electronic charge density difference, Ap(r), which is ob-
tained by subtracting the charge densities situated at the TizCy substrate
and molecule sites from the charge density of the total system, and par-
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tial electronic density of states (DOS) graphs were plotted to examine the
effect of adsorption process on the electronic properties of the TizCy mono-
layer. (See SM [55], Fig.S4) Overall, the DOS diagrams for both systems
show qualitative similarities. Particularly, the surface’s contribution to the
total DOS in both systems bears a close resemblance to that of the pristine
Ti3Cy monolayer. This is understandable as the weak distortion energy of the
Ti3C, surface in both systems results in a small perturbation of the electronic
structure, which is desirable for the effective protection of the sensing sur-
face against external influences. It is also noteworthy that the Ti3C, surface,
which is metallic in its pristine form, maintains its metallic state after the
adsorption of molecules. With the adsorption of molecules, there was some
shift in energy levels in both spin-up and spin-down polarization channels,
leading to the dissymmetry of the spin-up and spin-down channels in the DOS
graphs. This indicates charge flow between the surface and the molecules.
Accordingly, charge density difference plots of the biological molecules ad-
sorbed on the TizCy surface are shown in Fig.S4 in the SM [55]. As can be
seen, there is an evident charge transfer between molecules and TizCy surface.
Quantitative values of the amount of total charge on the molecules and on
the Ti3Cy surface were estimated by Bader analysis [50] in units of electrons
(e). As a result, we obtained 1.77e and 1.41 e excess charge on DA and Ser,
respectively. Concurrently, we incorporated the density-derived electrostatic
and chemical method, DDECG6 [70, 71, 72], to provide a more comprehensive
understanding of the charge distribution within the system under investiga-
tion. Employing the DDEC6 method yielded excess charge values of 1.09e
on DA and 1.08e on Ser. Despite the quantitative difference between the
two methodologies, both consistently demonstrated a net loss of electrons
from the surface and thus affirmed that the direction of the electronic charge
transfer is from the surface to the molecule. This can be detected as a de-
crease in current through a TizCs-based-sensor. The only exception is the
hydrogen atom dissociated from the Ser, which gained 0.61e according to
Bader analysis, and is surrounded with accumulated-charged isosurfaces in
Fig.S4. The charge redistribution between a metallic surface and an adsorbed
molecule (adsorbate) is widely acknowledged as a factor influencing the work
function, a fundamental electronic characteristic for metallic surfaces in solid-
state physics. The work function represents the minimum thermodynamic
energy necessary to extract an electron from a solid to a point in the vacuum
sufficiently far outside the surface. Indeed, changes in the work function are
typically correlated with variations in surface dipole moments stemming from
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the rearrangement of electron density upon adsorption. When the adsorbed
molecule exhibits greater electronegativity compared to the substrate, elec-
tron transfer from the surface to the adsorbate layer occurs, resulting in an
excess of negative charges on the outside and an excess of positive charges on
the inside of the surface. This leads to a negative dipole moment (oriented
inward) that reinforces the inherent surface dipole due to electron ”spill out”,
thereby leading to an increase in the work function. Conversely, a decrease
in work function is expected for electropositive adsorbates. [73, 74] In this
study, we conducted calculations, using Equation(4), to determine the work
function of systems involving the adsorption of DA and Ser molecules onto
the pristine TizCy surface. As illustrated in Fig. S7 in the SM [55], we
observed an increase in the work function on the side where molecules are
adsorbed to the surface. This phenomenon is comprehensible and arises from
the direction of charge transfer from the surface to the molecules, leading to
the formation of a negative dipole on the TizCy surface. Besides, as a result
of these interactions, that is, the charge transfer between the surface and
the molecules, and concomitant shifts in energy levels in the DOS graphs,
magnitudes of the local magnetic moments on the magnetic Ti atoms in the
region close to the molecule in the uppermost layer have changed, while their
directions are preserved. In the end, upon adsorption of the molecules, Ti3C,
retains its anti-ferromagnetic metallic behavior.

Table 2: Calculated adsorption energies (Eqqs) and deformation energies (Eger) (in eV)
of the selected molecules on the TizCs surface in equilibrium, with -OH termination, and
under vacancy defect.

Adsorption Energy Deformation Energy
TigCQ Ti3CQ(OH)2 Ti—vacancy TigCg Ti3C2(OH)2 Ti—vacancy
DA | -2.244 -0.097 -3.584 2.479 0.008 3.266
Ser | -3.960 -0.330 -3.856 5.900 0.078 2.096

|

3.4. Effects of Surface Termination on the Interaction Between TizCy Mono-
layer and Selected BioMolecules

We also conducted an investigation into the interaction of TizCo-MXene

with selected biological molecules under the influence of certain surface mod-

ifications, focusing first on surface termination. In the previous studies in

literature, it has been reported that dopamine can strongly interact with
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the free electrons of functional termination groups, such as hydroxyl, on
the graphene surface via 7-7 interaction, thereby leading to a doping effect.
(75, 76, 77]). Accordingly, the surface termination effect with the -OH func-
tional group was taken into account within this study. In order to find the
most favorable configuration, we employed a similar approach to the pristine
Ti3Cy case, initially testing several orientations and adsorption sites for the
molecules using single-step SC calculations. Total energy values obtained
by these SC calculations are given in Fig.3. It is clear from Table 2 that
the adsorption energies between the surface and the molecules significantly
reduced under the surface termination effect compared to the pristine state.
This may be expected from the fact that oxygen-terminated MXenes are less
reactive for adsorption phenomena than their pristine counterparts [78, 29].
Additionally, through hydrogen compensation, the degree of electrostatic at-
traction between the O-terminated surface and the molecules might further
be reduced [79]. In Fig.3, no appreciable structural deformation was ob-
served in either the molecules or the TizCy(OH), substrate. Both DA and
Ser preferred to adsorb to the surface through the N atom in the amine
group. The calculated distances between the N atom within the molecule
and the Ti atom at the surface are 1.87 A and 1.86 A in TizCy(OH)y+DA
and TizCy(OH)o+Ser systems, respectively.

TisC2(OH)+DA TisC2(OH)2+Ser
>
<
>
=]
g
=
=~
[
2
k=
&
0 1 1 1 1 1 1 1 1 1 1 0( 1 1 1 1 1 1 1 1 1 1
123 456 7 8 9101112 123 456 7 8 9101112
Configuration Numbers Configuration Numbers

Figure 3: TizCo(OH)o+Molecule systems. Relative total energy values are calculated
within SC calculations for various configurations, the minimum energy of which is given in
a blue circle. Fully optimized atomic structures of TizCa(OH)2+DA and TizCo(OH)a+Ser
systems at minimum-energy configurations are also presented.
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Following the optimization of the atomic structure and determination of
the minimum energy configuration, we examined the electronic properties
of TizCo(OH)s+M (M:DA, Ser) systems. In this regard, we calculated the
electronic charge density difference and electronic density of states, plots of
which are given in the SM [55] Fig.S5. Using the Bader method, we deter-
mined the excess charges on DA and Ser within the TizCy(OH)s+DA and
TizCqo(OH)o+Ser systems to be 0.12 e and 0.37 e, respectively. Alternatively,
employing the DDEC6 method yielded excess charge values of 0.12e and
0.30e on DA and Ser, respectively. Again, despite the variation in quan-
titative outcomes between two methodologies, both consistently indicate a
transfer of charge from the surface to the adsorbed molecules.

3.5. Effects of Vacancy Defect on the Interaction Between TizCy Monolayer
and Selected BioMolecules

Lattice defects are known to have a significant impact on the fundamental
properties of materials. In fact, in the case of 2D materials, the emergence
of atomic-scale defects during the manufacturing process is inevitable [80].
While point defects may have negative connotations, they can actually be
beneficial for specific applications by offering opportunities to modify ma-
terial properties and create novel functionalities, a process known as defect
engineering [81, 82]. Within this study, as another surface modification, we
considered vacancy defect which is created on the surface of TizCy mono-
layer by removing one Ti atom. Above this cavity formed after the removal
of the atom, we placed the molecules with their minimum energy configura-
tions obtained for the pristine case. The fully and precisely optimized atomic
configurations of these systems are presented in Fig.4. Under the influence
of the vacancy defect, the DA molecule maintained its parallel orientation
but rotated horizontally by approximately 30°. As a result of this rotation,
while one oxygen atom from DA is attached to surface Ti atoms in the pris-
tine case, two oxygen atoms are attached to the Ti-vacancy surface. One
of them is bonded with one Ti atom (O2-Ti57) and the other with two Ti
atoms (O1-Ti62 and O1-Ti63). The calculated bond lengths are as follows:
dO2—T7L57:2-19 A, dOl—Ti62:2-32A and dOl—Ti63:2-28 A As for Ser, its ad-
sorption configuration changed significantly compared to the pristine case.
First, there is no dissociation for H atoms. Second, Ser was interacting with
the pristine Ti3Cy surface in a vertical orientation through its hydroxyl side.
Upon the Ti-vacancy surface, on the other hand, it adsorbed to the surface
parallelly and with three oxygen atoms. One of the hydrogen atoms from
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Ser almost fills the cavity formed after the removal of the Ti atom from the
surface. The calculated bond lengths between oxygen atoms and titanium
atoms are 2.32A, 2.21 A and 2.04 A. The adsorption energies were found to
be —3.584 ¢V and —3.856eV for DA and Ser, respectively. Table 2 clearly
shows that the adsorption energies of dopamine and serine on the Ti-vacancy
surface are higher than those on the pristine surface, indicating that the pres-
ence of Ti vacancy enhances the interaction between the TizCy monolayer
and the selected biological molecules. This increase in adsorption energy was
observed even in the case of Ser, despite the apparent decrease, because the
dissociation of one H atom in the pristine case contributes to the adsorption
energy. The increase in adsorption energy can be attributed to the fact that
the Ti-vacancy introduces additional binding sites and alters the electronic
structure of the Ti3Cy monolayer, which in turn affects the interaction with
the biological molecules.

Ti;C:+DA TizC2+Ser

Figure 4: Optimized atomic structures of TizCy+DA and TizgCo+Ser systems with Ti-
vacancy surface.

To examine the electronic properties of TizCo+M systems with Ti-vacancy
surface, we generated the electronic charge density difference isosurfaces and
electronic density of states plots, which are given in the SM [55] Fig.S6. The
calculated Bader charges on DA and Ser in the TizCo+DA and TizCso+Ser
systems with Ti-vacancy surface were found to be 1.80e and 1.11e, re-
spectively. With some deviations, the DDEC6 method yielded values of
1.10e for DA and 0.65 e for Ser. Despite the quantitative difference between
the methodologies, both approaches consistently reveal a directional flow of
charge from the substrate to the adsorbed molecules.

The interactions of biomolecules with 2D materials alter the charges on
the atoms and other properties, creating a signal that can be detected in
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different ways based on the type of sensor. Charge transfer and orbital
interactions, which are essential to sensing are involved in most interactions.
By the Bader charge analysis or DDECG6 charge analysis the charges on the
atoms can be computed and hence shows the flow of charge from the MXene
substrates to the biomolecules which cause to sense the biomolecules by the
MZXene substrates. More specifically, the first step in sensor design is to create
a signal from a measurable physical or chemical quantity that exists between
the sensor surface and the molecule that needs to be detected, or recognized.
This signal is produced by charge transfer that occurs during adsorption in
an electrochemical sensor. The creation of effective biosensors may benefit
greatly from theoretical simulations, which can shed light on a variety of
topics including charge transfer, adsorption energy, and the interaction of
biomolecules on 2D materials. This makes it possible for theoretical models
to forecast whether a material will be suitable for a sensing application,
which helps direct the execution of laboratory research. Another useful value
for sensing applications could be the alteration in the work function of the
material. In our study, the change in work functions were also considered.
The design of sensors also benefits from this distinction.

4. Conclusion

In conclusion, our theoretical study explored the adsorption of biological
molecules on TizCe-MXene surface, utilizing pristine, OH-terminated, and
Ti-vacancy surfaces. Based on the first-principles plane-wave calculations
within DFT performed on the TizCy-MXene monolayer, it was found that
the optimized structure of the monolayer exhibits anti-ferromagnetic metallic
characteristics, consistent with previous literature results. Further investi-
gations carried out on the interaction between the TizCy monolayer and the
biological molecules dopamine (DA) and serine (Ser) indicated that there
was a dissociation of one of the hydrogen atoms in the serine molecule, while
small fluctuations occurred in the dopamine molecule. The results suggest
that DA and Ser molecules can spontaneously and exothermically adsorb on
the surface of TizCyo-MXene monolayer, with Ser showing higher affinity for
the surface due to its stronger interaction.

Moreover, we thoroughly examined the interaction of the same biological
molecules with TizCy monolayer featuring surface-termination with OH func-
tional group and TizCy monolayer with Ti-vacancy, providing crucial insights
into the intricate interplay between surface modifications and adsorption be-
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havior of TizCy-MXene towards these molecules. Our results showed that the
presence of the OH-termination on the Ti3Cs monolayer surface led to a sig-
nificant decrease in the adsorption energy of dopamine and serine molecules,
indicating weaker binding. On the other hand, the Ti-vacancy in the TizCs
monolayer increased the adsorption energy of these molecules, suggesting
stronger binding.

The results of this study have implementations on the applications of the
TizCo-MXene surface in biomedical technologies such as biosensors, biofilms,
and coating materials by controlling the interaction of the TizCy-MXene
surface with biological molecules DA and Ser. Revealing the interaction of
biological molecules with surfaces, which is considered theoretically in this
field, has a very important place in the development of technologies such as
biosensors. Our key finding is that, in case the Ti3Cy-MXene surface is mod-
ified with the OH-functional group, DA and Ser molecules bind very weakly
to the surface, and this weak binding interaction may find application in the
biomedical field, such as biofilm production on the surface, thus preventing
bacterial aggregation and surface corrosion. As another showcase, when Ti-
vacancy is introduced on the TizCo-MXene surface, and the interaction of the
surface with DA and Ser molecules increases considerably. This strong bond-
ing can be crucial for bio-imaging such as magnetic resonance as a contrast
agent and may guide experimentalists.
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Abstract

In this study, we conducted a systematic density functional theory (DFT)
investigation of the interaction between TizCy-MXene monolayer and bio-
logical molecules dopamine (DA) and serine (Ser) as neurotransmitter and
amino acid, respectively. Our calculations show good agreement with pre-
vious literature findings for the optimized Ti3Cs monolayer. We found that
DA and Ser molecules bind to the TizCy surface with adsorption energies of
—2.244 eV and —3.960 eV, respectively. The adsorption of Ser resulted in the
dissociation of one H atom. Electronic density of states analyses revealed lit-
tle changes in the electronic properties of the TizCyo-MXene monolayer upon
adsorption of the biomolecules. We further investigated the interaction of DA
and Ser with Ti3Cy monolayers featuring surface-termination with OH func-
tional group, and Ti-vacancy. Our calculations indicate that the adsorption
energies significantly decrease in the presence of surface termination, with ad-
sorption energies of —0.097eV and —0.330eV for DA and Ser, respectively.
Adsorption energies on the Ti-vacancy surface, on the other hand, are cal-
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culated to be —3.584eV and —3.856eV for DA and Ser, respectively. Our
results provide insights into the adsorption behavior of biological molecules
on TizCe-MXene, demonstrating the potential of this material for biosensing
and other biomedical applications. These findings highlight the importance
of surface modifications in the development of functional materials and de-
vices based on Tiz3Cy-MXene, and pave the way for future investigations into
the use of 2D materials for biomedical applications.

Keywords: MXene, 2D Materials, Density Functional Theory (DFT),
Dopamine, Serine, Biosensing, Biomedical Applications

1. Stability of TizC, Monolayer

In this section, we present the stability analysis of Ti3Cs monolayer in
terms of phonon dispersion curves calculated without (w/o) and with (w)
Hubbard parameter (see Fig.S1). Positive phonon frequencies verify the sta-
bility and are in very well agreement with literature findings [1].

w/o Hubbard w Hubbard

Frequency (THz)

r M K r

Figure S1: Phonon dispersion curves calculated both without (w/o) and with (w) the
Hubbard parameter, along the main symmetry directions of the Brillouin zone, for TizCo
monolayer.

2. Magnetic Configurations Considered for Tiz;C, Monolayer

In this section, we present the calculated magnetic configurations, in-
cluding anti-ferromagnetic (AFM) and ferromagnetic (FM) spin-orientations,
without the Hubbard parameter for the Ti3Cs monolayer (see Fig.S2). As
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shown in the figure, the AFM configuration has a lower energy, and we calcu-
lated a difference of 0.037 eV /unitcell between the two configurations (which
is reported as 0.043 eV /unitcell in the study by Fu et al. [4]). Therefore, it
is reasonable to conclude that the AFM state is the ground state of TizCs,
consistent with previous findings in the literature [2, 3, 4]. We also provide a
comparison of the structural parameters calculated for AFM and FM states
in Table S1, along with relevant parameters reported in the literature for the
sake of comparison.

di; : D '933 d)?)o : D o?D
w @ @ &
E,=-44.8131 eV E,=-44.7766 eV

Figure S2: Comparison of anti-ferromagnetic (AFM) and ferromagnetic (FM) spin align-
ments for TigCs monolayer. Here, the red arrows indicate the direction of spin orientations
of the corresponding atoms. Ti atoms in the intermediate layer and C atoms are nonmag-
netic.



Table S1: Calculated structural parameters without Hubbard parameter for anti-
ferromagnetic (AFM) and ferromagnetic (FM) orders of Ti3Cs monolayer, and literature
findings for some of them: The lattice constants, in the (zy)-plane | @ |=| b |=a, and
along z direction (vacuum), | ¢ |=c; the thickness parameter, Az; the bond lengths be-
tween neighboring Ti and C atoms, d; (Ti(1)-C(1) and Ti(2)-C(2)), d2 (Ti(3)-C(1) and
Ti(3)-C(2)); cohesive energy per atom, E..;; the average electronic charge transfer from
Ti atoms to C atoms according to Bader charge analysis; magnetic moment in the unit

cell and per Ti atom, up.
lattice constants thickness parameter — bond lengths  cohesive energy charge transfer magnetic moment u (pp)

Study a(A) c(A) Az (A) dy (A) dy (A) Beo (eV/atom) Ap (e) unit cell on Ti
AFM

present  3.097 20 4.677 2.067 2212 6.98 1.16 - 0.76

Ref.-[3] 3.085 4.742 2.083 6.82 0.74

Ref.-[4] - - - 2.065 2214 - 1.18 - 0.75
FM

present  3.098 20 4.674 2.064 2.214 6.97 1.17 1.79 0.62

Ref-[1] 3.098  18.96 - 2048 2.221 - - - -

Ref-[5] - - - 2064 - - - 1.93 -

3. Selected Molecules

In this section, we present our findings, obtained through first-principles
based density functional theory (DFT) calculations, regarding the selected
biological molecules in the scope of this study, along with their literature
comparisons. As indicated in the main text, we selected dopamine (DA) as
neurotransmitter molecule and serine (Ser) as amino acid.

We present bond lengths and energy levels calculated for the selected
biological molecules in Fig.S3, which are in well agreement with experimen-
tal/theoretical data [6, 7, 8, 9].
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Figure S3: Optimized atomic structures with calculated bond lengths, and electronic
energy diagrams calculated by PBE and HSE06 for the selected biological molecules. The
HOMO-LUMO energy gap (HLG) corresponding to each molecule is presented by yellow-
shaded area and its numerical value is given inset. Cohesive energy (E.,;,) values calculated
per atom are also indicated.



4. Electronic Properties of TizCy4+M (M:DA,Ser) Systems

In this section, we present the isosurfaces of electronic charge density
difference, Ap(r), which is obtained by subtracting the charge densities sit-
uated at the Ti3Cy substrate and molecule sites from the charge density of
total system, and electronic density of states (DOS) graphs calculated for
TizCe+DA and TizCo+Ser (see Fig.54).
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Figure S4: Isosurfaces of electronic charge density difference, Ap(r), and total and partial
electronic density of states calculated for (a) pristine (6x6) super cell of TizCy monolayer,
(b) TizCa+DA and (c) TizCa+Ser systems. Pink and black isosurfaces respectively indi-
cate positive and negative charge regions. The isosurfaces are set to 0.0008 e/ A3, In the
DOS graphs, Fermi energy is set to zero and indicated by black-dashed lines.



5. Electronic Properties of Ti3C2(OH)2+M (M:DA,Ser) Systems

In this section, we present the isosurfaces of electronic charge density dif-
ference, Ap(r), which is obtained by subtracting the charge densities situated
at the Ti3Cy(OH), substrate and molecule sites from the charge density of
total system, and electronic density of states (DOS) graphs calculated for
TisCe(OH)2+DA and TizCo(OH)s+Ser (see Fig.S5).
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Figure S5: Isosurfaces of electronic charge density difference, Ap(r), and total and partial
electronic density of states calculated for (a) pristine (6x6) super cell of TizCa(OH),
monolayer, (b) TizCe(OH)s+DA and (c) TizCo(OH)g+Ser systems. Pink and black
isosurfaces respectively indicate positive and negative charge regions. The isosurfaces are
set to 0.0003 e/ A3 In the DOS graphs, Fermi energy is set to zero and indicated by black-
dashed lines.



6. Electronic Properties of Ti-vacancy TizC.+M (M:DA,Ser) Sys-
tems

In this section, we present the isosurfaces of electronic charge density dif-
ference, Ap(r), which is obtained by subtracting the charge densities situated
at the TizCy substrate with Ti-vacancy defect and molecule sites from the
charge density of total system, and electronic density of states (DOS) graphs
calculated for Ti-vacancy TizCo+DA and TizCo+Ser (see Fig.S6).
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Figure S6: Isosurfaces of electronic charge density difference, Ap(r), and total and partial
electronic density of states calculated for (a) Ti-vacancy pristine TizCs, (b) TizCo+DA
and (c¢) TizCo+Ser systems. Pink and black isosurfaces respectively indicate positive and
negative charge regions. The isosurfaces are set to 0.0012¢e/A3. In the DOS graphs, Fermi
energy is set to zero and indicated by black-dashed lines.



7. Work Function of TizC.+M (M:DA,Ser) Systems

In this section, we present the work fucntion values calculated using Equa-
tion(4) in the main text, and corresponding plots for Ti3Ce+M (M:DA, Ser)
systems. As can be seen from the Fig.S7, the work fucntion values on the top
and bottom surfaces. This is because the bottom and top surfaces are not
identical: one is clean, and the other has corresponding molecules adsorbed
on it. Since the system has a net dipole moment, which in turn changes the
quantitative value of work function.
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Figure S7: Determination of work function by comparing the Fermi level with the local
Coulombic potential in the vacuum for TizCo+M (M:DA, Ser) systems.
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