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Green synthesis of luminescent and defect-free
bio-nanosheets of MoS,: interfacing two-
dimensional crystals with hydrophobinsf
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Solution processing and biofunctionalization of two-dimensional crystals are pivotal for their (biomedical)
applications. Here we interface ultrathin layers of MoS, with the surface active and self-assembling fungal
proteins named Vmh2, which belong to the hydrophobin family. We produce few-layered biofunctionalized
MoS, (bio-MoS,) nanosheets via liquid phase exfoliation in a green solvent, and controlled centrifugation;
a low-cost and eco-friendly process. The dispersions are investigated by electrophoretic mobility, atomic
force microscopy (AFM), UV-Vis, Raman and photoluminescence (PL) spectroscopy. The nanosheets
present a defect-free vibrational spectrum, tunable zeta-potential and their photoluminescence is
preserved after non-covalent biofunctionalization making them well suited for various biomedical

rsc.li/rsc-advances applications.

Introduction

Over the last decade, the isolation of single atomic layers of
graphene has sparked intense activity in two-dimensional (2D)
layered materials research due to their unprecedented quantum
and physicochemical properties.™” Starting from graphene,
which is a semi-metal, the study of layered materials has
expanded to 2D alternatives, which exhibit diverse behaviour,
including metals, semiconductors, insulators or superconduc-
tors, enabling a broad range of applications.**

Amongst them, semiconducting 2D transition metal
dichalcogenides (TMDs) such as MoS, have become the primary
focus of many researchers.” As a matter of fact, monolayer MoS,
is a direct band gap (about 1.85 eV for the A-exciton transition)
semiconductor, while bilayer and few-layer MoS, possess
smaller indirect band gap.® As a consequence a monolayer of
MoS, exhibits enhancement of the photoluminescence (PL)
quantum yield,” increased optical non-linearities,® strong
optical absorption (up to 10%) and excitonic effects at room
temperature.’ The origin of these properties are ascribed to the
quantum confinement and dimensionality effects resulting in
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a modification of the band structure with the varying thick-
ness.' MoS, nanosheets can also serve as building blocks for
the realization of functional hybrid structures where different
materials can be assembled in a tailored sequence with novel
functionalities.”**> Due to their remarkable properties, MoS,
and its hybrid systems are suitable candidates for the realiza-
tion of novel optoelectronic, electrochemical, memory and
sensing devices.'*™**

Recent reports also suggest the promising applications of 2D
materials in biomedicine ranging from multimodal therapeu-
tics with non-invasive diagnostic capabilities to biosensing and
tissue engineering.'® These prospects push the vast areas of
research to put efforts on developing new routes for the
synthesis of 2D materials based bio-hybrid systems.>**>*

Since these materials are extremely sensitive to the chemical
and physical environment and to the chemical modifications,
thus the route for the synthesis and functionalization deeply
influences their most relevant properties, either due to the
change of the crystalline phase (thin-layered pristine 2H-MoS,
is a semiconductor, whereas the metastable 1T polytype has
metallic nature)**® or to structural defects.”” The liquid phase
exfoliation of layered materials is a versatile top-down strategy
for the large scale production of high quality thin sheets start-
ing from the raw and low-cost bulk materials.>*"**

Two parameters are critical for the characteristics of the
solution processed MoS,. Firstly, the solvent which assists the
exfoliation influences the structural quality, toxicity and the
stability of the obtained dispersions, among other proper-
ties.”"*>% In the long-term, the research on the large scale liquid
phase exfoliation techniques which encompass the use of green
solvents and minimize environmental risk and bio-toxicity, will

This journal is © The Royal Society of Chemistry 2017
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boost the manufacturing, development and biomedical appli-
cations of 2D materials.>**%

Secondly, surface modification can influence the colloidal
behaviour of MoS,, specific interactions with its surroundings,
the photoluminescence,**® conductivity and reactivity,>**
tailoring its properties to specific environments and applica-
tions, in some cases enabling the development of passivation
schemes needed to preserve the chemical structure from
degradation.*

The modification by covalent approaches results in a stable
grafting of functionalities, however pristine 2H-MoS, is very
challenging to functionalize due to its relative inertness and
harsh functionalization procedures lead to significant struc-
tural changes.*®*® Conversely, the non-covalent approaches
generally preserve the structure of the material with minor
modification of the vibrational and electronic properties and is
generally less stable.

The functionalization by non-covalent conjugation using
biomolecules can be advantageous to create multifunctional
complexes for biotechnological applications.’>** In addition,
interfacing MoS, with proteins can improve its biocompatibility
and dispersibility as recently reported.”>**

Proteins known as the hydrophobins (HFBs) and their engi-
neered variants are quite interesting biomolecules for surface
modification, and have been also proven effective for graphene
functionalization.****** HFBs are compact (around 3 nm linear
size) and adhesive cysteine rich proteins endowed with peculiar
structural and functional features, produced by fungi.** Due to
their high amphiphilic character, they are able to self-assemble
at hydrophobic/hydrophilic interfaces into ordered monolayers.
In their soluble form they show astonishingly high surface
activity, indicated by the reduction of the surface tension of
water and by a powerful emulsification capacity.***” Moreover,
upon adhesion onto various materials they can form nano-
structured coatings,*® able to revert the polarity of the surfaces,
to mediate the non-covalent immobilization of a second layer of
proteins, peptides and nanomaterials,**® and to improve the
stability and the biocompatibility of surfaces.>**

Class I HFBs are able to form chemically stable coatings
composed of amyloid-like assemblies, named rodlets, which
can be immunologically inert making them of great interest for
the stable non-covalent functionalization of biomedical devices
and nanodrugs.**** The Class I HFB, Vmh?2 is extracted from the
mycelium of the edible basidiomycete fungus, Pleurotus
ostreatus, commonly known as the oyster mushroom.** We have
recently employed Vmh2 for the one step fabrication of defect-
free bio-graphene resulting in stable liquid dispersions.** It has
been verified that the bio-hybrid complexes are endowed with
the self-assembling properties of Vmh2.

The ability of proteins to bind MoS, and other nanomaterials
can be explained by the presence of a wide assortment of
functional groups that can bind to their surface.** Guan and
coworkers have exploited the density functional theory to
simulate the binding energy of the functional groups of
a protein, i.e. the Bovine Serum Albumin, to MoS,. They have
demonstrated that since the binding energy of some functional
groups of the protein is higher than that of an adjacent MoS,
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sheet, therefore the protein can assist the process of liquid
phase exfoliation. Interestingly, the structure of Vmh2 presents
many of these functional groups, in particular it is rich in
disulphide bonds and presents a benzene ring as well as several
carboxyl, amino and hydroxyl groups (UniProt Accession
Number Q8WZI2; protein chain 25-111).>> However the inter-
action of proteins with MoS, are still under investigation.*®
Herein we test Vmh2 for the production of biofunctionalized
MoS, (bio-MoS,) nanosheets by an environmental friendly
process. The bulk MoS, is initially exfoliated in the liquid phase
using ultrasonic waves and then non-covalently functionalized
with Vmh2. In order to produce dispersions enriched in
monolayer content, we exploit the technique of controlled
centrifugation.®® The produced dispersions are therefore,
investigated by means of UV-Vis, Raman and photo-
luminescence (PL) spectroscopy, atomic force microscopy
(AFM) and electrophoretic mobility to characterize the most
relevant properties of the produced bio-hybrid material.

Results and discussion
Synthesis and dispersion stability of biofunctionalized MoS,,

MoS, powder, in 60% ethanol aqueous solution (5 mg in 6.25
mL), was exfoliated for 90 minutes using a tip sonicator at 40 W.
The volume of the solvent, the amount of starting material, the
shape of the vessel and of the probe, along with the applied
power are the crucial parameters in the liquid-phase exfoliation
process via probe-type (commonly a tip, also named sonotrode)
ultrasonic device. Indeed, the acoustic energy is focused on the
surface of the probe, and the ultrasonic intensity is a function of
the energy input and the sonotrode surface area, however, it
rapidly decreases both radially and axially creating dead soni-
cation zones when high volumes are sonicated. For this reason,
the distance between the ultrasonic probe and the wall of the
vessel must be kept to a minimum.*” The shape and size of the
vessel also affect the solution mixing induced by the sonication,
hence, the effectiveness and the reproducibility of the process.
Further experimental details of the process are provided in
the ESL.{

The obtained dispersion was mixed 10 min by a bath soni-
cator in aliquots at a variable final concentration of vmhz2, 0 +
75 pg mL~', and a fixed concentration of MoS,, 200 ug mL™ ",
and left for sedimentation.

The colloidal stability of MoS, sheets in function of time and
Vmh2 concentration is displayed in Fig. 1.

In the absence of Vmh2 the sample was stable over 3 weeks,
while at very low concentration of Vmh2, a quick formation of
aggregates and precipitation occurred as observed to the naked
eye. When the concentration of Vmh2 increased, the stability of
the dispersion was gradually improved up to 25 ug mL™". In
order to assess the interaction between Vmh2 and the exfoliated
MoS,, electrophoretic mobility analysis was performed allowing
the estimation of the ¢-potential to infer on the surface charge
density of the flakes, Fig. 1b.>***® The results showed that the
charge of the sheets was negative upon exfoliation and gradu-
ally changed towards positive values when the protein concen-
tration increased, indicating that Vmh2 molecules, which are
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Fig. 1 Dispersion stability of the exfoliated MoS, samples. (a) Time
stability of the samples dependent on the concentration of Vmh2.
(b) Estimated ¢-potential of the MoS, samples shown in (a).

positively charged,* are able to coat the surface of the flakes
reaching the saturation at 50 pg mL ™' Vmh2.

We observed that the sheets endowed with high surface
charge density, i.e. |{| > 30 mV obtained using 0, 50 or 75 pg
mL~* Vmh2, were stable at least over three weeks. However, the
sample at 25 pg mL ™" of Vmh2 was very stable even if the value
of { was too low to justify its stability and the sample at 2 pg
mL ™" quickly aggregated even if the { potential was too high to
justify its instability. Additionally, it was possible to observe
a very different morphology of aggregates by varying the
concentration of Vmh2 (Fig. S17).

The ¢-potential characterization is commonly used to fore-
cast the stability of liquid dispersions assuming that the elec-
trostatic stabilization plays a fundamental role although it is
known that also other factors affect the aggregation/
stabilization of nanoparticles such as the steric stabilization
by the surfactant® and particularly in the case of 2D materials
the dynamic interactions among sheets.*

The colloidal stability of sheets of graphene from low to high
concentrations of a surfactant, i.e. sodium dodecyl sulphate
from 1.4 to 2880 ug mL ', has been previously studied by Hsieh
and colleagues.®® They have demonstrated that at the critical
concentration of surfactant in which the energy of aggregation
and deaggregation of graphene are equal, very compact aggre-
gates and a remarkable reduction of the material concentration
in the dispersion are observed. This phenomenon could be
explained by the dynamic assembly and disassembly of 2D
sheets which results in gradual maximization of the overlap
area between sheets leading to different morphologies of
aggregates at different concentrations of surfactant.
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However, the control of the {-potential is crucial for the
processing of the nanomaterial in the liquid phase and can
influence the interactions of nanosheets towards other mate-
rials and biomolecules. Moreover, the possibility to tune the
{-potential can be useful for drug delivery applications.®*

Eventually we tested the sedimentation process as a scalable
strategy for the separation of the thick particles from the thin
ones to produce dispersions of few-layer bio-MoS,. It has been
reported that the UV-Vis spectral profile of the MoS, dispersions
are dependent on the lateral size and thickness of the flakes and
this relationship can be expressed by metrics.'®

Therefore, the supernatant of the dispersion after 15 weeks
was analysed by UV-Vis spectroscopy estimating the number of
layer per flake as reported by Backes and colleagues (Fig. S27).
Since the mean number of layers determined by UV-Vis analysis
was greater than 10, thus in order to obtain thinner flakes, we
implemented the protocol with the technique of controlled
centrifugation.

Particle size selection

MoS, crystals, in 60% ethanol aqueous solution (5 mg in 5 mL),
were exfoliated for 2 hours using a tip sonicator 18 W power (see
ESIT for details). The nanosheets produced after exfoliation are
polydisperse in size and thickness because of the stochastic
fragmentation. Therefore, aliquots of the obtained dispersions
were serially centrifuged at 40, 150, 600 and 2400g for 45
minutes each in the presence of Vmh2 at the concentrations
which lie in the stability range, 7.e. Vmh2 > 25 ug mL™" or in its
absence. After every step of centrifugation, large and thick
flakes were removed in the form of pellet and the resultant
supernatant was proceeded with the next step of centrifugation
which makes it more refined in size and thickness. The
extinction spectrum in the UV-Vis region of the sample super-
natant was acquired after every step of centrifugation, analysed
and compared with the previous steps, plotted in Fig. 2.

The extinction spectrum is the sum of contributions from
both absorbance and scattering components. However, scat-
tering contribution is more prominent upon centrifugation at
40 and 160g than at 600 and 2400g as indicated by more intense
extinction at ~800 nm."’

On analysing the spectra of the dispersions for each step of
centrifugation, we estimated the mean number of layers per
flake (N) (Fig. 2b), the mean lateral size (L) (Fig. 2c) and the
concentration of the sample (Fig. S31) as reported elsewhere
(details in ESIT).* As the centrifugal force was increased, the
A-exciton peak shifted towards lower wavelengths, signifying
reduction in number of layers of the flakes and leading to few-
layer enriched dispersions (Fig. 2a). Moreover, the B-exciton
extinction upon spectrum normalization at 350 nm contains
the information on the mean length of the flakes.

At the higher centrifugal force tested, 2400g, (N) was esti-
mated ~2 =+ 3 layers and (L) ~100 nm. Moreover, when Vmh2
was used at a concentration lying in the stability range, no
significant difference in size was observed among exfoliated
samples using different concentrations of the protein (Fig. 2b
and c).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Controlled centrifugation process for size selection of MoS,
particles. (a) Extinction spectra normalized at 350 nm of MoS, samples
exfoliated and mixed with 50 ug mL™* Vmh2, at different steps of
centrifugation. (b) Wavelength of A-exciton extracted from spectra
shown in (a), corresponding estimated mean number of layers per
particle and images of the samples. Effect of Vmh2 concentration in
the stability range. (c) Extinction of B-exciton extracted from spectra
shown in (a), corresponding estimated lateral size of the particles and
comparison with other Vmh2 concentrations in which dispersions are
stable. (c-inset) Comparison of mean length and thickness of samples.

We also estimated (L) through dynamic light scattering
(DLS), using the metric reported by Lotya and colleagues.® The
lateral size were consistent among the UV-Vis and DLS metrics
(Table S11), except than at 25 pg mL~' Vmh2 in which we
estimated a slightly higher value of (L) using DLS. Since the
lateral size of the protein is more than one order of magnitude
smaller than that of the flakes, its presence on the surface
cannot influence the analysis. On the other hand, at this
concentration of Vmh2 the dispersions are at the limit of the

This journal is © The Royal Society of Chemistry 2017
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stability range, therefore, partial MoS, aggregation could
explain the increase of the apparent lateral size only by DLS and
not by UV-Vis analysis.

Furthermore, electrophoretic mobility measurements of the
centrifuged samples also exhibited the reversal of {-potential of
the flakes (from —23 mV to +32 mV) confirming the interaction
of the protein with the material (Table S17).

Nanoscopic characterization

We investigated the distribution of layers of the exfoliated bio-
MosS, flakes by means of atomic force microscopy® and their
vibrational and electronic properties by means of Raman® and
photoluminescence spectroscopy at single particle level.

After the process of size selection by centrifugation, the
exfoliated flakes of bio-MoS, were deposited onto SOI (silicon
dioxide on silicon) substrates by drop-casting, ensuring that the
process resulted in a sparse distribution of isolated particles.

We employed an Atomic Force Microscope (Witec Alpha
SNOM RAS 300) in intermittent contact mode in order to per-
turb as less as possible the adhesion of the flakes to the
substrate. Several AFM scans allowed to estimate the thickness
of a monolayer in the range of 1-1.4 nm, this value being in
agreement with others presented in literature both for
mechanical exfoliated flakes®® and liquid phase exfoliated
nanosheets.*>*® For biofunctionalized flakes, there is clearly an
offset due to the HFB encapsulation, which strongly depends on
the concentration of Vmh2. At higher concentration, we found
that the dried flakes were surrounded by several nanometers
Vmh2 encapsulation, which prevented us to quantitatively
estimate the layer thicknesses. We infer, from the macroscopic
absorption and from the micro-Raman (which follows), that the
Vmh2 encapsulation does not perturb the inter-layers spacing.

In Fig. 3 we report a characteristic AFM scan on non-
encapsulated sample over a relative large area showing large
distribution of sizes and area. The topographic analysis
summarized in the histogram (Fig. 3b) shows a distribution of
layer which can be described, in first approximation by a Pois-
son distribution, as reported by recent literature.®”

The average number of layers per flake is in the 3 =+ 5 range,
in good agreement with the estimation based on UV-Vis metric
analysis. Monolayer flakes are present in low percentage, and
significant percentage of bi-layers and tri-layers appears. The
possibility to obtain few-layer flakes including monolayers
makes this technique of interest in several fields of research.
The monolayer percentage can be further increased with
a careful choice of the centrifugation steps and parameters as
recently demonstrated for liquid phase exfoliation of TMD in
organic solvent.®®

We employed confocal Raman spectroscopy and imaging both
to confirm the presence of monolayers and to investigate the
modifications of the vibrational spectrum, which are related to the
chemical properties of the bio-functionalized nanosheets. Raman
spectroscopy is indeed a widely employed method to estimate the
thickness of TMD flakes as well as the presence of defects.*

A typical Raman spectrum of MoS, shows several charac-
teristic peaks corresponding to in-plane and out-of-plane

RSC Adv., 2017, 7, 2240022408 | 22403
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Fig. 3 Atomic force microscopy and height analysis for exfoliated
MoS,. (a) A typical AFM scan of deposited MoS, nanosheets.
(b) Statistical distribution of the layer number per particle.

vibrational modes. Two peaks at about 380 cm ™" and 403 cm ™!
are widely investigated; they correspond to the in-plane Eég and
out-of-plane A,, vibrational modes. The change in the layer
number results in a modification of the vibrational Raman
spectrum of MoS,.

The Ej, and A, modes strongly depend on the modification
of bulk structure in the monolayer limit with an increase for the
E;, resonant frequency and a corresponding decrease of the Ay,
one. This displacement of the peaks position allows for an
identification of the number of layers per flake. Here we
employed confocal laser scanning microscopy coupled to
Raman spectroscopy at the single particle level.

We set the excitation wavelength at 488 nm, well above the
bandgap, to avoid effects of resonant Raman emission’ which
would result in a more complicated Raman spectrum. More-
over, the spatial resolution at this excitation wavelength (about
350 nm) is well below the average separation between flakes,
allowing us to image single isolated nanosheets.

In Fig. 4 we report a Raman image on deposited bio-MoS,
(Ivmh2] = 75 pg mL™ ). At every point, an entire spectrum was

22404 | RSC Adv., 2017, 7, 22400-22408
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Fig. 4 Raman spectroscopy and imaging over the two main vibra-
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Eég and A4 vibrational modes of bio-MoS;; the image represents the
integrated Raman signal in the 375-415 cm™! range (b) evolution of
Raman spectrum from bulk to monolayer flakes.

collected and the image represents, point by point, the inte-
grated Raman intensity over the spectral region of the two
investigated peaks. We observed the presence of nanosheets
with Raman spectrum corresponding to that of a monolayer,
with a frequency separation of about 18 cm ™" in agreement with
reported data in literature.®® This confirmed the possibility to
obtain monolayer flakes encapsulated by Vmh2. We observed
the modification of the spectrum from flake to flake with
a change in the frequency separation of the two main peaks,
indicating the presence of 1-4 layers.

This journal is © The Royal Society of Chemistry 2017
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The Raman integrated intensity change from flake to flake
due to the competition of several effects: with the increase of the
number of layers, there is an increase (i) of the Raman
nonlinearity and (ii) of the linear absorption at pump and
Raman wavelengths; (iii) with the increase of the area there is an
overall increase of the Raman signal. The measured Raman
spectrum follows that of the 2H-MoS, semiconductive phase.
This is consistent with the linear macroscopic absorption (i.e.
the appearance of A and B excitons peaks by UV-Vis spectros-
copy, shown in Fig. 2) and excludes the presence of significant
amount of 1T metallic phase.”

The shape and the width of the resonant peaks are in well
agreement with the data reported in literature®”> and indicate
low defects in the produced MoS, nanosheets. These results
demonstrate that the non-covalent functionalization by Vmh2
does not modify significantly the vibrational properties of the
exfoliated material.

We investigated the electronic properties of bio-MoS, at the
single particle level. It is well known, as previously mentioned,
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Fig. 5 Photoluminescence spectroscopy and imaging for bio-MoS,.
(@) PL imaging; the image represents the integrate PL signal in the
spectral window of 580-710 nm. (b) Evolution of PL signal for one, two
and three layers regions as identified by Raman spectroscopy.
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that in the limit of monolayer the MoS, becomes a direct-gap
semiconductor with an increase of the photoluminescence
emission yield. PL emission may depend on several factors
including the dielectric environment, photo-induced chemical
reaction and oxidation.” Aiming to verify if this behaviour was
preserved by the Vmh2 encapsulation, we performed photo-
luminescence spectroscopy and imaging of single isolated
nanosheets. The results are shown in Fig. 5 for a Vmh2 encap-
sulated sample ([Vmh2] = 75 pg mL ‘). We employed the
Raman spectroscopy to identify region 1 or 2 or 3 layers thick
and measured their PL emission. The results clearly show larger
emission from the monolayer flakes with a PL peak at 670 nm
(1.85 eV) which corresponds to the A-exciton of the MoS, band
structures. With the increase of the layer number the PL reduces
and a second peak appear at 620 nm (2 eV) corresponding to
the B-exciton.

The occurrence of two PL peaks is consequence of the
splitting of the valence band due to spin-orbit coupling. This
results in the occurrence of the two direct excitonic transitions
(A and B-exciton) at the K-point of the band structure. Few-layer
MoS, presents an indirect band-gap with lower energy than the
A- and B-gaps. At the monolayer limit, the indirect band-gap
becomes larger, while the direct A- and B-transitions change
only by a little amount. Interestingly the PL emission from the
Vmh?2 encapsulated flakes is stable under photoirradiation for
minutes preventing effects of photo-oxidation which have been
reported in literature” for chemical vapour deposition
grown and mechanical exfoliated samples. We infer that the
Vmh2 non-covalent functionalization preserves the photo-
luminescence emission of few-layer MoS, resulting to be stable
against effects of oxygen adsorption and photo-oxidation.

Conclusions

We have produced dispersions of few-layered, defect-free, bio-
functionalized sheets of 2H-MoS,, through a green route,
interfacing, for the first time, this material with a self-
assembling protein, i.e. Vmh2, which belongs to the hydro-
phobin family. The protein which is adsorbed on the surface of
the sheets is used to tune their ¢-potential and the colloidal
behaviour that is essential for the solution processing of the
nanosheets,” additionally, the material is photoluminescent
and stable in air against photo-oxidation.

By monitoring the Raman and PL emission at the single-
particle level, we have demonstrated that the non-covalent
functionalization through Vmh2 preserves a defect-free vibra-
tional spectrum of MoS, nanosheets. Moreover, their electronic
properties resemble that of the pristine material, as verified by
the increase of photoluminescence emission in the monolayer
limit, which is due to the change from indirect to direct band-
gap. Biologically functionalized luminescent nanosheets are
of interest for a wide range of applications from bioimaging” to
optical biosensing.”

This technique of preparation of nanosheets is versatile,
indeed, it can be easily extended to other 2D materials and
conditions (see electronic ESI Fig. S6-S81 for the functionali-
zation of WS,), inspiring further investigation on the
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mechanism of stabilization/aggregation of 2D materials.
Moreover, this tool can be extended to the fabrication of poly-
mer nanocomposites, nano-bio-hybrid systems and hetero-
structures with novel and tailored properties."*”*””

The electronic properties of MoS, have been demon-
strated”®”® advantageous in pioneeristic studies on FET based
biosensors showing superior performance even when compared
to graphene® and when it has been bioconjugated with
proteinaceous receptors to increase the sensor selectivity.®'
Scalable production of FET-protein hybrids will enable their
industrial exploitation.*” Additionally, the availability of
controllable modification strategies for MoS, surface could
generate tunable electronic and structural properties, which
would be of great significance for potential nanoscale applica-
tions and flexible electronics.*®

In conclusion, we expect that this biofunctionalized material
will be useful for (nano)biomedical applications and, since the
process of production is inherently scalable, it will offer the
prospect of a significant boost of the use of bio-MoS, in these
ﬁelds'2,17,19,42,86
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