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Abstract

In this work, we investigate by means of atomistic density functional theory simulations the interaction between cortisol
(the target molecule) and monolayer MoS, (the substrate). The aim is to assess viable strategies for the non-enzymatic
chemical sensing of cortisol. Metal doping of the sensing material could offer a way to improve the device response
upon analyte adsorption, and could also enable novel and alternative detection mechanisms. For such reasons, we
explore metal doping of MoS, with Ni, Pd, and Pt, as these are metal elements commonly used in experiments. Then,
we study the material response from the structural, electronic, and charge-transfer points of view. Based on our
results, we propose two possible sensing mechanisms and device architectures: i) a field-effect transistor, and ii) an
electrochemical sensor. In the former, Ni-doped MoS, would act as the FET channel, and the sensing mechanism involves
the variation of the surface electrostatic charge upon the adsorption of cortisol. In the latter, MoS, decorated with Pt
nanoparticles could act as the working electrode, and the sensing mechanism would involve the reduction of cortisol. In ad-
dition, our findings may suggest the suitability of both doped and metal-doped MoS, as sensing layers in an optical sensor.

1 Introduction

Cortisol, or hydrocortisone if supplied as a medication, is
a steroid hormone which plays a fundamental role in many
physiological processes in both humans and animals. It is
part of the glucocorticoid class of hormones, which means it
is directly involved in the metabolism of glucose.[1] In addi-
tion, prolonged high levels of such hormone in the body lead
to its active role also in the protein and lipid metabolism.
Notably, cortisol is also an important actor in the stress and
immune response: a correlation has been observed between
sustained stress and high levels of circulating cortisol,[2] 3]
so that it is often regarded as "the stress hormone". Other
aspects that have been observed to be affected by cortisol
levels are, for instance, bone formation[4] and memory.[5]

Being able to detect and measure the change in cortisol
levels in the human body can aid in the general monitoring
of human health and well-being:[6], [7] for instance, this could
be useful for the early detection of cardiovascular diseases, [8]
for the monitoring of a possible compromised immune state,
and also for keeping track of the health condition of ath-
letes during intense physical activities.[9] Therefore, in the
context of Internet of Medical Things (IoMT),[I0] there is
currently a great interest in the development of innovative
point-of-care biosensing devices that are able to detect and
quantify cortisol in human biological samples.

Recently, atomically thin two-dimensional (2D) materi-
als have been extensively studied to be used as biosen-
sors, due to their unique mechanical, electrical, and optical

properties.[I1] 2] Although graphene is perhaps the most
notable example of a 2D material, research is also currently
focusing on transition-metal dichalcogenides (TMDs) such
as molybdenum disulphide (MoS,). Within the chemical
space of TMDs, single-layer MoS, is one of the most stud-
ied materials due to its stability, direct optical band gap of
~1.8 eV, and good carrier mobility, making it suitable for
many optoelectronic applications.|[I3], [I4] (15, 16, I'7] More-
over, its properties can be fine-tuned, for instance, by both
strain[I8] and surface engineering (e.g., with the inclusion
of defects, vacancies, and/or with doping). In the context
of wearable electronics, single-layer MoS, could also be used
for fabricating flexible devices,[I9] thus paving the way for
novel wearable point-of-care biosensors.|[20]

In order to improve the sensitivity of the biosensor, a com-
mon technique is to modify (i.e., functionalize) the surface of
the sensing material: this can be done either by binding an
analyte-specific antibody/enzyme (enzymatic sensing) or by
doping and/or by decorating the sensor’s surface, typically
with metallic nanoparticles or metal oxides (non-enzymatic
sensing). The former strategy has the great advantage of
providing devices with generally high selectivity towards the
chosen analyte, however enzyme-based sensors are known to
be rather unstable and prone to degradation to temperature
and pH. On the other hand, non-enzymatic sensors can pro-
vide a higher stability and a prompt response, at the expense
of a generally lower chemical selectivity.

A very popular biomarker for which many examples of
both enzymatic and (to some extent) non-enzymatic biosen-



sors exist in the literature is glucose, whereas less is available
regarding cortisol; moreover, most of the studied devices are
enzymatic sensors. For instance, Kinnamon et al.[21] de-
veloped a portable biosensing device able to detect cortisol
in human sweat: the authors have used MoS, nanosheets
functionalized with a specific antibody. The electrochemi-
cal response of the sensor is modulated by the interaction
of cortisol with such antibody. Sekar et al.[22] developed
an enzymatic flexible electrochemical sensor based on con-
ductive carbon fiber for the detection of cortisol in sweat
samples. Gold nanoparticles have also been functionalized
with cortisol-selective aptamers by Dalirirad et al.,[23] once
again for the detection of cortisol in human sweat. An-
other aptamer-based cortisol biosensor has been studied by
Fernandez et al.:[24] the method of detection involved the
reduction reaction of the analyte, catalyzed by a copper met-
alloporphyrin (Cu-PP) ink attached to multi-walled carbon
nanotubes. Recently, a non-enzymatic cortisol sensor has
been proposed by Mugo et al.:[25] in their work the authors
have used a polymer, poly(GMA-co-EGDMA), deposited on
carbon nanotube-cellulose nanocrystals. The authors ob-
served good performance and rapid analyte response.

The relatively smaller number of scientific publications
on the topic, if compared to enzymatic sensing, clearly
shows that non-enzymatic biosensing is a rather challeng-
ing task, from the point of view of both the sensing mech-
anism and the sensor development. Given the complexity
of the topic, theoretical models can undoubtedly prove ex-
tremely useful in designing such devices, as models allow
to shed light into the analyte/sensing material interaction
and into the physical and chemical sensing mechanisms. To
this end, atomistic modelling with density functional theory
(DFT) has been widely used not only to study the inter-
action of small molecules (mainly gases) with the sensing
materials,[26] 27], 28] but to some extent also to explore the
sensing mechanism of somewhat "larger" biomolecules, like
glucose and dopamine.[29, 30] However, to the best of our
knowledge, the physico-chemical interaction between corti-
sol, which is a bigger and more complex molecule, and MoS,
is still largely unexplored.

Therefore, the aim of this paper is to explore the interac-
tion of cortisol with both doped and undoped MoS,, in order
to elucidate possible non-enzymatic sensing mechanisms. To
do so, we used atomistic modelling with DFT to thoroughly
investigate the cortisol/MoS, interaction from the point of
view of structural, electronic, and charge transfer proper-
ties. We computed different figures of merit, such as band
gaps, net atomic charges, and adsorption energies, in order
to understand and quantify the nature and the strength of
the interaction. We then studied the effect on such quan-
titites of common metal dopants, such as Ni, Pd, Pt, that
have already been used for sensding purposes, either as point
defects or in the form of nanoparticles.[31] [32] [33]

This paper is organized as follows: in Methods, the simu-
lation details of the DFT calculations are described; in Re-
sults and Discussion, results on cortisol, metal-doped MoS,,
and their interaction are shown, together with their impli-

Figure 1: Chemical structure of cortisol (left), together with
the carbon numbering and ring labels (right) that will be
used throughout this work.

cations for the biosensing of cortisol. The Conclusions are
then presented in the final section.

2 Methods

In this work, we explored the interaction of cortisol with
both pristine and M-doped MoS,. We chose three metal
dopants commonly used for sensing applications: Ni, Pd,
and Pt. To simulate metal-decorated MoS, sheets, we
placed these metal atoms on top of the monolayer as ad-
sorbed adatoms (non-substitutional doping). We placed cor-
tisol on top of MoS, horizontally, in order to maximize the
orbital overlap between the analyte and the sensing mate-
rial.

Cortisol, being a steroid, is composed of four fused hy-
drocarbon rings, and possesses many possible binding and
reactive sites, as can be observed from its chemical structure
in Fig. [1] However, given previous reports|24] [34] [35] of the
good reactivity of the carbonyl group directly attached to
the ring A (carbon C-3), we decided to focus mainly on such
moiety. Furthermore, our DFT simulations on isolated cor-
tisol, presented in the following section, showed that the ring
A of such molecule is particularly electron-rich, corroborat-
ing the data in the literature. Therefore, as the initial guess
before performing the geometry optimization, we placed cor-
tisol on top of doped MoS, so that the oxygen atom of the
carbonyl group would sit above the metal dopant. When
placing the analyte on top of the undoped monolayer, we
ensured that the oxygen atom would sit above the Mo atom
(top™®) in order for it to interact with the surrounding three
S atoms, before carrying out a full geometry relaxation. To
avoid the spurious interaction of cortisol with its periodic
images, we considered a large orthorombic 8 x 4 x 1 MoS,
supercell with a total of 192 atoms, and with at least 15 A
of vacuum padding above and below the sheet. We also note
that by choosing this large supercell we achieved a doping
density of ~ 1.8 x 10" cm™2, within the range of typical
doping values obtainable in experiments.|36]

Computer simulations were carried out at the DFT level
by using QuantumATK R-2020.09[37, [38] atomic-scale mod-
elling software. All simulations were performed in vac-
uum using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional,[39] and to model core electrons
we used norm-conserving pseudopotentials from the Pseu-



doDojo library.[40] We employed the LCAO approach
with a density-mesh cut-off of 250 Ry, and we used the
QuantumATK-optimized Medium basis set for geometry op-
timizations. The High basis set was used for single-point and
properties calculations. We included dispersion effects by
employing the D2 correction by Grimme.[41] Given the size
of the simulation cell, we chose a k-point mesh defined by a
2x2x1 Monkhorst-Pack (MP) grid,[42] whereas for comput-
ing the density of states (DOS) we employed a 4 x 4 x 1 MP
grid. All geometry optimizations were converged with resid-
ual atomic forces no larger than 0.03 eV/ A. We computed
net atomic charges following the electron density partition-
ing scheme of the DDEC6 method, by using the CHARGE-
MOL program. [43] Differently from the widely used Mulliken
population analysis, DDECG6 charges are independent of the
basis set type and size, and have been shown to be chemi-
cally meaningful.[44] [45]
We defined the adsorption energy as:

Eags = Ea4B — (Ea + EB), (1)
where Eap is the total energy of the substrate and the ad-
sorbate, whereas E5 and Epg are the total energies of the
isolated fragments. For instance, when taking into consid-
eration the adsorption of cortisol on (doped and undoped)
MoS,, Eayp would correspond to the total energy of the
MoS, /cortisol system, whereas En and Ep would be the
total energies of MoS, and cortisol fragments, respectively.
Finally, we took into account the basis set superposition er-
ror (BSSE) by including the counterpoise correction[46] in
our total energy calculations.

3 Results and Discussion

3.1 Chemical Reactivity of Cortisol

We initially focused our efforts on the isolated cortisol
molecule, in order to better understand its reactivity. The
core structure of cortisol (see Fig. [1|), common to the class of
steroid hormones, consists of four fused carbon rings: rings
A, B, and C are all 6-carbon rings, whereas ring D is com-
posed of 5 carbon atoms. In addition, C-4 and C-5 in ring A
are double-bonded. Attached to the core there are different
functional groups, more specifically: two hydroxyl groups at-
tached to C-11 and C-17, and one carbonyl group attached
to C-3; attached to C-17 is also a small side chain which
itself has both one hydroxyl and one carbonyl group. Intu-
itively, based on basic assumptions on its chemical structure,
possible reactive centers of cortisol could be ring A and the
side chain attached to ring D.

We first looked at the bond length of some of the poten-
tial reactive sites of the molecule: we first observed that the
bond length of the carbonyl group at C-3 is slightly longer
—and therefore the bond strength slightly weaker— than that
at the side chain (1.24 A and 1.22 A, respectively). We also
found that the C4=C5 double bond, whose length is 1.36 A,
is slighlty longer than the typical C=C double bond length

HOMO

LUMO

+0.1e -0.1e
Figure 2: (a) Frontier orbitals of cortisol, isovalue 0.02
eV/A3. (b) EDD plots of cortisol, where magenta corre-
sponds to electron depletion, whereas green to electron en-
richment; isovalue 0.001 ¢V /A3. The numbers shown in the
figure represent the total charge of the molecule: for in-
stance, +0.1 e means that 0.1 electrons have been removed
from the molecule.

of 1.34 A. Further hints of the molecule’s reactivity can be
obtained by looking at its frontier orbitals, which are shown
in Fig. 2} Interestingly, both HOMO and LUMO orbitals
are strongly localized: the former mostly on the ring A,
whereas the latter on the side chain and part of the ring D.
This suggests that cortisol is characterized by an electron-
rich donor part, the ring A, and an electron acceptor part,
the side chain. To further confirm this finding, we artifi-
cially added and removed a small amount of charge (£0.1
e), and computed the electron density difference (EDD) for
both positively- and negatively-charged cortisol; both plots
are also shown in Fig. Once again, it is possible to ob-
serve that the carbonyl group and the ring A overall act as
an electron-donating group, whereas the carbonyl group at-
tached on the side chain acts mainly as an electron-accepting
group. However, for the negatively-charged molecule, we
also note a slight increase of the electron density localized
on the ring A. No variation of the electron density was ob-
served on rings B and C.

Given these findings, together with the previously men-
tioned work from the literature, from this point onward we
will focus our attention on the electron-rich ring A of cor-
tisol, more specifically on the carbonyl group attached to
it.

3.2 Electronic Properties of Metal-

Decorated MoS,

As one possible strategy to modulate the interaction be-
tween the analyte (cortisol) and the sensing material
(MoS,), we chose non-substitutional doping with three
metal atoms, i.e., Ni, Pd, and Pt, adsorbed onto the MoS,
surface. We chose these metal elements because of their
increasing trend in the electronegativity (1.91, 2.20, 2.28
for Ni, Pd, and Pt, respectively), because they each belong
to the 3d (Ni), 4d (Pd), and 5d (Pt) class of transition-
metal compounds, and because such metallic species have
already been used in experiments with MoS,. We placed the
adatoms at the topM° adsorption site of MoS,, i.e., above
the Mo atom and at the center of three S atoms. From



Table 1: Summary of the structural, electronic, and charge-transfer properties of pristine and M-doped MoS,. E,q4s is
the adsorption energy of the metal M on MoS,, dy—wmo and dy—g are the bond lengths between the metal M and Mo or S
atoms, respectively, AQ is the net charge transferred upon metal adsorption, ® is the work function, and Egomo—_rLumo
is the effective HOMO-LUMO gap; we point out that the latter is equal to the material’s band gap only in the case of
pristine MoS,, whereas in the other three cases it simply represents the energy difference between the extra bands given

by the metal dopants

Substrate Faas (eV) dyM-—Mo (A) dyv-—s (A) AQ (|e|) 0] (eV) FEuomMmo-Lumo (GV)
MoS, - - - - 5.16 1.77
Ni-MoS, -4.10 2.54 2.10 0.645 5.03 1.57
Pd-MoS, -2.66 2.83 2.34 0.367 5.09 1.65
Pt-MoS, -3.30 2.76 2.32 0.375 5.09 1.54

d=2.10A Ni

Figure 3: Chemical structures of metal-decorated MoS,,
zoomed in the proximity of the metal adsorption site. The
figures represent, from top to bottom, Ni-MoS,, Pd-MoS,,
and Pt-MoS,. Relevant structural parameters, such as M-
Mo and M-S distances, are shown.

this point onward, we will refer to the undoped material as
pristine, whereas to the metal M-doped MoS, as Ni-MoS,,
Pd-MoS,, and Pt-MoS,, for each metal adatom respectively.

We investigated the effect of metal doping on the elec-
tronic properties of MoS,, and we did so in terms of the
structural, electronic, and charge-transfer properties. At
first, we observed the interaction strength of Ni, Pd, and
Pt with the surface of MoS, to be rather different. Ni is the
element that chemically adsorbs on MoS, with the shortest
bond lengths between Mo (dnj_nmo = 2.54 A), and between
the three surrounding S atoms (dxi_s = 2.10 A). On the
contrary, Pd is the element whose Pd-Mo (dpg—_mo = 2.83
A) and Pd-S (dpg_gs = 2.34 A) bond lengths are the longest.
Finally, we found that Pt leads to an intermediate behaviour
(dps—no = 2.76 A, dpi_g = 2.32 A). The chemical structures
of doped-MoS,, together with the bond length distances, are
shown in Fig. [8] We expect such different bond lengths to
correlate with the adsorption energy (F,gs) of the metal
adatoms on the MoS, substrate: indeed, Ni leads to the
strongest bonding with MoS,, with a total adsorption en-
ergy of -4.10 eV, followed by Pt (-3.30 €V), and then Pd
(-2.66 V).

In terms of charge-transfer properties, we note that each
metal adatom acts as an electron-donating compound to the
MoS, substrate. The computed DDEC net atomic charges
of these metal species were all found to be positive: we ob-
served a value of +0.645 e, +0.367 e, and +0.375 e for Ni,
Pd, and Pt, respectively. Once again, we note the signif-
icantly stronger interaction of Ni with respect to both Pd
and Pt, and this correlates with the structural parameters
discussed above. We expect this metal-to-substrate charge
transfer to also impact the work function (®) of the ma-
terial, that is, the minimum amount of energy to remove
an electron from the substrate to the vacuum outside the
material’s surface. We computed this quantity for both the
pristine and the doped materials by taking the chemical po-
tential at a point in the vacuum, and we obtained a value
of ®pes, = 5.16 eV for MoS,, in extremely good agree-
ment with the experimental data of 5.15 eV.[47] All metal
species were found to cause a slight decrease of this quan-
tity, with @y _nos, = 5.03 eV, 5.09 eV, 5.09 eV for Ni, Pd,
and Pt, respectively. This is consistent with the strenght of
the metal-MoS, interaction and the amount of transferred
charge. Moreover, we point out that such small decrease
is most likely due to our relatively lower doping concen-
tration with respect to other computational studies in the
literature: [48] effectively, Ni causes a transfer of just 0.01 |e|
per MoS, formula, whereas for both Pd and Pt this value is
only ~0.006 |e|, thus confirming that the substrate is only
weakly doped.

Finally, we also computed the projected density of states
(PDOS) of each system, with projections onto the relevant
atomic orbitals of S, Mo, and M (M = Ni, Pd, Pt), all shown
in Fig. [ As expected, in the PDOS of the pristine material
the bands that give the largest contribution to the total DOS
are those of the 2p orbitals of S atoms and of the 4d orbitals
of Mo. We also note that our computed band gap of 1.77
eV matches well with the corresponding experimental value
of ~1.8 eV. Regarding the doped materials, results further
confirm the weak doping effect, as the extra bands due to the
metal adatoms are very close to the valence bands of MoS,
(shallow-level doping). The difference in energy between the
original valence band of MoS, and the extra highest occu-
pied band of the dopant (the "new" material’s HOMO) is
rather small in each case, and is 0.21 €V, 0.15 €V, 0.15 €V for
Ni-MoS,, Pd-MoS,, and Pt-MoS,, respectively. Once again,
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Figure 4: Projected density of states (PDOS) of pristine and
M-doped MoS,, centered around the Fermi level of each sys-
tem. The projections are onto the relevant atomic orbitals
of S, Mo, and M (M = Ni, Pd, Pt). Insets were added for
clarity, and they show the zoomed area around the Fermi
level, where the effect of metal doping becomes evident. The
gaussian smearing is 0.05 eV.

this shows the stronger doping effect given by Ni. Interest-
ingly, the effect of Pt also extends onto the conduction states
of MoS,, as can be seen from the (very low) extra shoulder
which appears at the conduction band edge of Pt-MoS,. For
this band (the "new" material’s LUMO), the energy differ-
ence with the original conduction band of the substrate is
only 0.10 eV. However, as expected, doping does not cause
any appreciable change in the band gap of the original mate-
rial. From the PDOS, one can also observe that the 3d, 4d,
and 5d orbitals of Ni, Pd, and Pt, respectively, overlap with
both S-2p and Mo-4d, further indicating chemical bonding
between the metal and the substrate. This is particularly
evident for Ni, with clearly visible states further extending
to lower energies.

To sum up, our simulation results on chemical bonds
and charge transfer show that Ni has the strongest interac-
tion with MoS,, among the metal species considered in this
study. A summary of all the computed structural, electronic,
and charge-transfer properties discussed so far is shown in
Table [1I

3.3 Cortisol Adsorption
3.3.1 Adsorption Mechanism.

We placed cortisol above the MoS, substrate (pristine and
with metal doping) as described in the Methods section, and
we fully relaxed the atomic coordinates of the systems taking
into account dispersion forces at the PBE-D2 level.

We first looked at the analyte/substrate interaction from
the structural point of view. We analyzed the forma-

tion/disruption of chemical bonds, and the variation of bond
lengths and interatomic distances upon adsorption. The op-
timized geometries of each system are shown in Fig. [5
Results show the interaction between cortisol and pristine
MoS, to be rather weak, as no significant atom displace-
ment was observed neither in the substrate nor in the an-
alyte. The average distance between the carbonyl O atom
and the substrate was found to be ~2.82 A. In addition,
we also notice that no bending and/or strain occur in MoS,
upon the adsorption of cortisol. On the contrary, including
metal adatoms as point defects led to stronger interactions
with the analyte, as can be observed from the non-negligible
atomic displacement mostly occurring in the ring A of cor-
tisol and in the proximity of the metal species. The rather
small interatomic distances between the metal M and the O
atom of the carbonyl group (1.94 A, 2.18 A, 2.12 A for Ni,
Pd, and Pt, respectively) could hint to some type of chemi-
cal bonding. Interestingly, whereas Ni and Pd tend to bind
mostly to the O atom, Pt shows a somewhat different reac-
tivity, with a significant interaction also with the C-3 atom
of the carbonyl group. From Fig. [5| one can observe that
the Pt and O atoms are not positioned on the same vertical
axis, as Pt moves closer to the C-3 atom (dp;_cs — 2.38 A).

Further hints of chemical reactivity can be found by look-
ing at the variation of the cortisol C=0 bond length. This
quantity increases from the initial 1.24 A up to 1.28 A, 1.27
A, 1.31 A with Ni, Pd, and Pt, respectively. We note that
Pt-MoS, significantly weakens the C=0 bond, which might
suggest the partial activation of the carbonyl group, opening
the path to its possible catalytic reduction. Finally, we also
observed some variation in the metal M-Mo bond lengths of
Ni-MoS, and Pt-MoS,, which were both found to increase
(Adni—Mmo = 0.06 A, Adpi_mo = 0.05 A), whereas no change
has been observed in Pd-MoS,.

To further elucidate the adsorption mechanism, and to
confirm the nature of the bonds, we also computed the elec-
tron localization function (ELF) for each system, shown in
Fig. [6] From the image it is clear that the interaction be-
tween cortisol and pristine MoS, is purely given by disper-
sion forces, as the ELF & 0 in between the two fragments.
On the other hand, it is also clear that all metal adatoms M
are chemically bound to the O atom of the carbonyl group,
as ELF # 0 in the M-O bond region. Moreover, the spatial
localization of the ELF of Pt-MoS,/cortisol confirms the
strong interaction between Pt and C-3.

Finally, we quantified the interaction strength by com-
puting the adsorption energy of each system. To gain the
maximum amount of information, we decomposed the total

adsorption energy (E!St) into its dispersion (E®*P) and elec-

trostatic (EC) contributions. A summary of such quanti-

ties can be found in Table[3] As expected, when considering
pristine MoS, we found ES to be relatively low (-1.14 V),
and almost entirely depending on weak dispersion interac-
tions (E¥P — 1.27 eV). We also observed a repulsive elec-
trostatic contribution (ES¢ = +0.13 eV) which weakens the
overall adsorption energy. This confirms that, without any

surface point defect, cortisol adsorbs on pristine MoS, via a
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Figure 5: Optimized geometries (PBE-D2) of the MoS, /cortisol systems considered in this paper, zoomed in the vicinity

of the adsorption site (top and side views).

=/

Pd-MoS2/cortisol

Pt-MoS2/cortisol

Figure 6: Electron localization function (ELF) of cortisol
adsorbed on pristine and M-doped MoS,, projected on a
cut plane intersecting the carbonyl group of cortisol and
the metal adatoms (Mo atom in the case of pristine MoS,).
Colour blue corresponds to ELF = 0, whereas colour red to
ELF = 1.

physisorption mechanism. On the other hand, the inclusion
of metal adatoms leads to significantly stronger adsorption
energies: we found the highest value with Ni-MoS, (E!St
= -2.21 €V), followed by Pt-MoS, (E!S. = -2.15 €V), and
then by Pd-MoS, (ES% = -1.72 ¢V). We also found that
such stronger adsorption energies are due to both dispersion
forces and attractive electrostatic interactions, confirming
the occurring of chemical bonding. This is particularly evi-
dent for Pt-MoS,, where E¢ (-1.16 eV) accounts for more
than half of the total adsorption energy. On the contrary,
in the case of both Ni-MoS, and Pd-MoS,, the electrostatic
contribution is smaller than that of the dispersion forces,
although still significant. We assume that such attractive
electrostatic contribution in the case of Pt-MoS, is due to
its tendency to react with both the O and the C-3 atoms
of the carbonyl group, whereas Pd and Ni only bind to O,
with a negligible interaction with C-3. Clearly, these results
all point towards a chemisorption mechanism.

Overall, we can conclude that cortisol interacts with bare
MoS, mainly via weak dispersion forces. When the substrate
is doped, such interaction is dramatically improved by the
chemical bonding of the analyte’s ring A with the metal
adatoms, locking the molecule onto the MoS, surface.

3.3.2 Charge Transfer and Charge Redistribution.

We investigated the electrostatic charge transfer occurring
between the substrates and cortisol upon its adsorption, and
we did so by computing the net atomic charges with the
DDEC6 method. Also, to spatially visualize the charge re-
distribution, we computed the electron density difference
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Figure 7: EDD maps of MoS, substrates upon adsorp-
tion of cortisol, zoomed in the proximity of the adsorp-
tion site. Magenta colour corresponds to electron depletion,
whereas green colour to electron enrichment; isovalue 0.002
eV/A3. The amount of net charge transferred from cortisol
to the substrate, computed with the DDEC6 method, is also
shown.

(EDD) map of each system. Our charge analysis showed
that, overall, cortisol acts as a charge donating molecule,
and we observed such behaviour with both undoped and
doped MoS,. From a quantitative point of view, we found
a net non-negligible charge transferred (AQ) of 0.111 e
with pristine MoS,. Interestingly, we observed that not all
metal dopants brought a significant increase of such quan-
tity: overall, Ni-MoS, led to AQ = 0.179 e, Pt-MoS, to AQ
= 0.113 e, and Pd-MoS, to AQ = 0.132 e. These results
show that Ni is the metal dopant which leads to a higher
charge transferred from cortisol to the substrate, whereas
with Pd the improvement is visible, although not signifi-
cant. On the other hand, Pt does not seem to bring any
improvement on AQ with respect to the pristine material.
EDD maps can also aid to better visualize the charge
redistribution upon the adsorption of cortisol. From Fig.
[7 it is possible to observe that the charge redistribution
with pristine MoS, is rather limited, and spatially local-
ized mainly in the area in the proximity of the side chain
of cortisol. Here, the tail seems to act as a charge donating
unit. On the contrary, we note very little charge redistri-
bution on the other side of the molecule, that is, ring A.
The situation is dramatically different with M-doped MoS,:
we observe a great charge redistribution in the region be-
tween the cortisol carbonyl group and the metal adatom,
consistently with our previous results indicating the occur-
ring of chemical bonding. EDD maps suggest that the metal
adatoms generally act as charge donating units, whereas in
the ring A of cortisol the charge appears to get mostly re-

Table 2: Net atomic charges of the relevant atoms of M-
doped/cortisol systems, computed by means of the DDEC6
method. Q; and Qy are the atomic charges before and after
the adsorption of cortisol, respectively. We note that to be
consistent with the EDD maps, we performed the population
analysis on single fragments in the geometry of the complex

Atom Qi (e) Qy (e)
Ni-MoS, /cortisol
Mo +0.437 +0.421
Ni +0.644 +0.651
(0] —0.485 —0.440
C-3 +0.439 +0.428
C-4 —0.307 —-0.314
C-5 +0.136 +0.178
Pd-MoS, /cortisol
Mo +0.464 +0.454
Pd +0.363 +0.415
(0] —0.482 —0.439
C-3 +0.443 +0.423
C-4 —0.308 —0.318
C-5 +0.138 +0.172
Pt-MoS, /cortisol
Mo +0.456 +0.435
Pt +0.353 +0.405
O —0.487 —0.408
C-3 +0.433 +0.374
C-4 —0.304 —0.307
C-5 +0.134 +0.155

distributed. Interestingly, we note that with Pt-MoS, the
charge recombination is somewhat more spatially delocal-
ized, with some significant electron enrichment in the area
between Pt and the C-3 atom of cortisol. Once again, this
points to the increased reactivity of the metal adatom to-
wards the carbon atom of the carbonyl group. We point out
that a greater charge recombination does not necessary lead
to an increased charge transfer between the substrate and
the adsorbate, as ultimately what matters is only the net
transferred amount. In particular, with large molecules like
cortisol, it is highly probable for different parts of the ana-
lyte to act non-trivially as both charge donating and charge
accepting units.

To further elucidate the flow of charge in the systems con-
sisting of M-doped MoS,, we looked at the variation of the
atomic charge in selected atoms upon cortisol adsorption;
results are shown in Table 2] For instance, we observed
that metal adatoms all lose some amount of charge: 0.007
e, 0.052 e, and 0.052 e for Ni, Pd, and Pt, respectively.
Sulphur atoms bound to the metal adatoms also generally
lose charge. On the other hand, the Mo atom to which
the adatoms are bound show a gain in electrons: 0.016 e,
0.010 e, 0.021 e in Ni-MoS,, Pd-MoS,, and Pt-MoS,, re-
spectively. Regarding the ring A of cortisol, we observed
the atoms with the most significant charge variation being
0O, C-3, C-4, and C-5 (the reader is referred to Fig. [I| for
the numbering scheme of C atoms). O and C-5 both lose
charge, whereas C-3 and C-4 gain charge. Consistently with
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Figure 8: Projected density of states (PDOS) of cortisol ad-
sorbed on pristine and M-doped MoS,, centered around the
Fermi level of each system. The projections are onto the
MoS, and cortisol fragments. Insets were added for clar-
ity, and they show the zoomed area around the Fermi level,
where the effect of cortisol bound to the metal adatoms be-
comes evident. The gaussian smearing is 0.05 eV.

the increased reactivity of Pt towards the C-3 atom and the
larger charge redistribution observed in the corresponding
EDD map, we note a significant gain of charge in C-3 in the
Pt-MoS, /cortisol system.

Overall, results suggest that charge transfer and charge
redistribution processes are non-trivial, given the complex
interplay between charge donating and charge attracting
units in the cortisol molecule. When cortisol is adsorbed on
pristine MoS,, the charge gets transferred mainly through
the molecule’s tail, whereas with M-doped MoS, the charge
transfer occurs in the proximity of the M-O bond. Neverthe-
less, cortisol as a whole always acts as the charge donating
fragment.

3.3.3 Electronic Structure Properties.

Finally, we looked at the change in the electronic structure
of MoS, substrates upon cortisol adsorption. Fig. |§| shows
the DOS of each system, projected onto both MoS,, (doped
and undoped) and cortisol fragments. DOS plots offer yet
another mean to investigate the analyte/substrate interac-
tion. The PDOS in Fig. [8| further confirm the different re-
activity of cortisol with pristine and M-doped MoS,: when
the material is undoped no chemical interaction can be ob-
served, as the DOS of MoS, does not change upon cortisol
adsorption (the reader is referred to Fig. |4| for the DOS of
the pristine materials without the adsorbed analyte). More-
over, the states found in the MoS, band gap region are due
exclusively to the cortisol molecule, and therefore no varia-
tion in the band gap of MoS, occurs. This is corroborated
by the bandstructure and the HOMO orbital plot of this

system, which is localized exclusively on cortisol (see Fig.
S1 in Supplementary Information).

On the other hand, from previous results showing chem-
ical reactivity between cortisol and M-doped MoS,, we ex-
pect to observe some changes in the DOS of the substrate:
indeed, when comparing the DOS of metal-decorated MoS,
before (Fig. [4)) and after the adsorption of cortisol (Fig. 7
we note the appearance of extra bands in the band gap re-
gion of the substrate. These broaden the original bands due
to the metal elements. As expected, in such extra bands
hybridization between the states of cortisol and those of the
M-doped materials can be observed. Once again, this is
corroborated by the bandstructures and the HOMO orbital
plots of the M-doped systems (see Figs. S2-S4 in Supple-
mentary Information). Interestingly, when cortisol chemi-
cally adsorbs to Pt-MoS, we also observe the removal of the
band near the conduction states of the substrate, which was
due to Pt doping.

Although overall no appreciable change in the band gap of
the MoS, substrates can be observed, we note that the ex-
tra bands due to the adsorption of cortisol lead to a smaller
effective HOMO-LUMO gap (Fnomo-Lumo): we observe
a variation of Egomo_rumo of 0.40 eV, 0.33 eV, 0.26 eV,
and 0.14 eV for pristine, Ni-decorated, Pd-decorated, and
Pt-decorated MoS,, respectively. Among the M-doped sub-
strates, Ni-MoS, shows the largest change, whereas Pt-MoS,
the smallest. This is due to a compensating effect between
the removal of the near-conduction doping band and the
broadening of the near-valence bands.

3.3.4 Sensing Mechanisms.

Here, we discuss the possible sensing mechanisms of cortisol,
taking into account the results presented so far, summarized
in Table |3] The design of the sensor would vary depending
on the type of signal (see Fig. |§[)7 which could be measured
either by physical, chemical, or optical means.

One obvious sensing strategy would be the detection of the
electrostatic charge transferred upon the adsorption of corti-
sol on the monolayer MoS, substrate. This can be achieved,
for instance, with a field-effect transistor (FET):[49] the
working mechanism first involves the adsorption of the ana-
lyte onto the sensing material (i.e., the channel in a FET);
this causes the transfer of a certain amount of charge to the
latter. In turn, this will lead to a variation of the surface
electrostatic potential of MoS,, and to a change in the mea-
sured device current. Essentially, cortisol would modulate
the threshold gate voltage (Vi) of the device, thus enabling
the detection of an electrical signal. For this type of device,
results suggest Ni to be the best metal dopant (among those
tested in the present work) as it significantly enhances the
cortisol-to-MoS, charge transfer, and in turn the sensitivity
of the device.

Another possible sensing mechanism which involves the
transfer of charge could be enabled by the catalytic reduc-
tion of the carbonyl group of cortisol in C-3. In this sit-
uation, the redox reaction would cause a variation of the



Table 3: Summary of the electronic and charge transfer properties of cortisol adsorbed on pristine and M-doped MoS,.

Etot

ads

is the total adsorption energy, decomposed into its dispersion (EdiSp) and electrostatic (E€°) contributions. AQ is

ads ads

the net charge transferred upon cortisol adsorption, and Fyomo—rumo is the effective HOMO-LUMO gap, which simply
represents the energy difference of the extra bands given by doping and/or the adsorption of cortisol

Substrate/analyte EE (eV) ETP (&V) ESe (eV) AQ (le]) Eunomo-rumo (eV)
MoS, /cortisol -1.14 -1.27 +0.13 0.111 1.37

Ni-MoS, /cortisol -2.21 -1.33 -0.88 0.179 1.24

Pd-MoS, /cortisol -1.72 -0.99 -0.73 0.132 1.39

Pt-MoS, /cortisol -2.15 -0.99 -1.16 0.113 1.40

electric current passing through the device, which can be FET sensor Blectrochemical sensor
detected and measured. A similar sensing mechanism has [Gate1 Source [iioSZMll Drain Gate 2 CE MosS2 RE
been proposed for the non-enzymatic detection of glucose, “ ﬁ
achieved via its catalytic oxidation using NiO-decorated

MOSQ.[5(.)] In our s-tudy,. for s.uch purpose Pt- Ipight be a suit- "N\ Optical sensor

able doping material, given its strong reactivity towards the -

carbonyl group of cortisol: as previously discussed, we found
this metal element to donate a significant amount of charge
to C-3, which leads to the strongest weakening of the C=0
double bond. In addition to single-atom doping, decorating
MoS, surface with Pt nanoparticles may be a viable alter-
native that could be explored.

Finally, our results also suggest that optical methods
could offer yet another alternative route for cortisol biosens-
ing. Results showed that the adsorption of cortisol on MoS,
substrate causes a number of near-valence extra states in-
side the MoS, band gap. These are purely due to cortisol for
the pristine substrate, whereas for the M-doped substrates
such states have hybrid character. The appearance of these
states causes a decrease of the effective HOMO-LUMO gap
of the MoS, /cortisol systems, which could be detected via
optical means. On the one hand, with pristine MoS, we ex-
pect to observe a series of charge-transfer excitations from
cortisol to the substrate, as suggested by the PDOS plot in
Fig. [l Such excitations would lead to a small add-on shoul-
der to the MoS, optical spectrum, which can be detected,
for instance, with photoluminescence. On the other hand,
the optical spectra of M-doped MoS, would already present
small extra shoulders due to doping, and therefore in this
case the sensing can be achieved by measuring the shift of
these shoulders upon the adsorption of the analyte. Ni, Pd,
and Pt all causes a decrease in the effective HOMO-LUMO
gap of the sytems, which would reflect in the red shift of the
shoulders. Once again, Ni seems to perform better than the
other metal dopants here considered, as it leads to the high-
est decrease of the effective gap, AFgomo—rumo = 0.33 €V,
thus leading to the strongest red shift.

As a final note, we observed that all the metal dopants
cause an increase in the adsorption energy of cortisol, which
in principle would be detrimental for the reusability of the
biosensor. Nevertheless, we point out that a stronger inter-
action would also probably correlate with a higher device
sensitivity, and therefore this is a trade-off that has to be
carefully taken into consideration. In order to restore the
device, a possible strategy could be to remove the analyte,
for instance, thermally.

Substrate

Figure 9: Schematics of FET, electrochemical, and optical
sensors based on monolayer MoS,. In the FET sensor, MoS,
acts as the channel, whereas in the electrochemical sensor
as the working electrode (WE). CE represents the counter
electrode, and RE the reference electrode.

4 Conclusions

In summary, we used density functional theory simulations
to explore the interaction between cortisol and MoS,, both
in its pristine state and metal-decorated with Ni, Pd, and
Pt. Our aim was to assess the possibility of using commonly
experimentally employed metal adatoms as a mean to mod-
ulate such interaction towards the non-enzymatic detection
of cortisol.

4.1 Chemical Reactivity of Cortisol and

Electronic Properties of MoS,

We first focused on the substrate (MoS,) and the analyte
(cortisol) separately. Based on the electron density differ-
ence maps, we found that cortisol has two main reactive
centers, its ring A and the tail attached to the ring D (see
Figure . Moreover, we also found that the bond length of
the carbonyl group in C-3 is slightly longer than that found
in the side chain, suggesting that to be a possible reactive
site. We note that also previous reports of cortisol sensing
studies in the literature focused on the C=0 group in C-
3, and therefore, given our results and those found in the
literature, we chose this carbonyl group as the reactive site
of interest. We then explored the structural and electronic
properties of M-doped MoS,, and we found that all metal
adatoms act as electron donating units to the substrate. Ni
is the metal element with the strongest reactivity towards
MoS,, followed by Pt, and then Pd. This finding is based
on the amount of charge transferred (4+0.645 e of Ni with



respect to +0.367 e and +0.375 of Pd and Pt, respectively),
and the adsorption energies (-4.10 ¢V with Ni against -2.66
eV and -3.30 ¢V with Pd and Pt, respectively). Moreover,
from the structural point of view, Ni was found to have the
shortest bond lengths with both S and Mo atoms. All the
relevant structural, electronic, and charge transfer parame-
ters of pristine and M-doped MoS, are summarized in Table

M

4.2 Adsorption of Cortisol on MoS,

We placed cortisol above both pristine and M-doped MoS,
substrate, and we thoroughly studied the material response
upon the analyte adsorption. Our results showed a weaker
physisorption mechanism with pristine MoS,, whereas a
stronger chemisorption mechanism was found with the M-
doped materials. We observed a significant increase of
the adsorption energy with all metal adatoms, with non-
negligible attractive electrostatic and dispersion forces. Fur-
thermore, ELF, DOS, and EDD plots all suggested the for-
mation of chemical bonds between the O atom of cortisol
carbonyl group and the metal adatom. Interestingly, Pt
showed enhanced reactivity also towards the C-3 atom of
the carbonyl group, which led to a significant weakening of
the C=0 double bond, thus possibly activating such func-
tional group for its catalytic reduction. In terms of charge
transfer properties, we found that cortisol always acts as the
electron donating unit towards the substrate, both pristine
and M-doped, at least with the metal elements tested in this
study. Ni-MoS, was the substrate which showed the largest
amount of charge transferred, whereas with Pt-MoS, the
charge transferred was comparable to that of undoped MoS,,
despite a large electron density redistribution in proximity
of the Pt-O bond. These results suggest that the mecha-
nism of charge transfer between cortisol and the substrate is
not trivial, as the molecule is rather complex and relatively
large, and therefore different parts of cortisol were found to
react differently towards MoS,. Furthermore, here we note
that theoretical modelling is crucial, as it would be rather
challenging to know a priori whether a metal element would
enhance or not the cortisol-to-MoS, charge transfer, and if
so, the magnitude of such quantity. Finally, we looked at
the change in the electronic properties of MoS, by comput-
ing the DOS plots, and we observed the appearance of extra
states within the band gap region of the substrates: these
are due only to cortisol with the pristine substrate, whereas
the extra states showed hybrid character with the M-doped
materials.

4.3 Chemical Sensing of Cortisol

Overall, our results suggested two main possible sensing
mechanisms and device architectures that could be used
for the non-enzymatic detection of cortisol: i) a field-effect
transistor (FET) and ii) an electrochemical sensor. In the
first proposed device, the change in the electrostatic surface
charge of the MoS, channel can be detected and correlated
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to the adsorption of cortisol. For such device we propose
Ni as the doping material, as it significantly enhances the
charge transfer with respect to pristine MoS,. In the second
proposed device, the signal would derive from the catalytic
reduction of cortisol upon its adsorption. In this case, MoS,
decorated with Pt nanoparticles could be used as the work-
ing electrode, as our results might suggest. In addition, we
found evidence suggesting that an optical sensor might also
work, and the optical spectra could be measured, for in-
stance, with photoluminescence. The adsorption of cortisol
would produce either an extra low-intensity peak or a red
shift of the peaks, depending on theabsence or presence of
dopants in MoS,.

4.4 Outlook

Clearly, we point out that in real devices external effects
may also play a role, thus further complicating the ana-
lyte/substrate interaction: few examples could be the in-
crease/decrease of temperature, the variation of the pH, and
the presence of other analytes in the sample. Nevertheless,
this study provides important insights into the mechanism
of cortisol adsorption on monolayer MoS,, both pristine and
metal-doped, together with possible design strategies of the
sensing device. Future work could involve the investigation
of more complex sensing platforms, such as functionalized
MoS, and supported metal nanoparticles. Thus, we expect
our results to be the starting point for further investiga-
tions on the non-enzymatic detection of cortisol with 2D
nanomaterial-based devices.
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