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CERIC PROPOSAL DESCRIPTION

Proposal number: 20217047

Title: Characterization of 2D-material based composite thin films as active elements for
sensing Pb and As pollution in water

Proposer: Radmila PANAJOTOVIC
Objectives: In spite of significant advances in the research of 2D-materials in the last ten years, there is still a strong demand for new 
knowledge about the synthesis, structure, and properties of various forms of 2D-materials. In particular, the mechanism of edge 
reactivity in nano-flakes obtained in mechanical or Liquid Phase Exfoliation (LPE) procedure is still elusive, as is the understanding 
of charge transfer in multilayers.  This project will design and characterize novel inorganic and organic hybrid materials based on 
graphene, Transition Metal Dichalcogenides, and h-BN, and self-assembling organic molecules (thymine, cysteine, and lipids). They 
will be tested for the first time as an adsorption material for As and Pb ions, as an active component of Field Effect Transistor (FET) 
chemical sensors. The proposed research is based on a wide range of experimental techniques -- chemical synthesis, doping of thin 
films and surfaces, spectroscopy (FTIR, Raman, XPS, PIXE, ToF-ERDA, RBS, SAXS), and microscopy (AFM, FESEM, KPFM), 
Langmuir-Blodgett thin film transfer, and electric transport measurements (FET).
Category: new
Usages: 
- FE-SEM Surface and Plasma Science@Charles University in Prague
   Usage hours:40
- Near Ambient Pressure XPS@Charles University in Prague
   Usage hours:60
- PIXE/RBS@Croatian Tandem Accelerator Centre
   Usage hours:40
- SAXS beamline@Elettra/TUGraz
   Usage hours:48
- SISSI-Bio OFF-line@Elettra
   Usage hours:72
- XPS,UPS,XPD,ARUPS@Charles University in Prague
   Usage hours:60

_______________________________________ do not change anything above this line   _____________________________________

1. Background.

Mechanical, thermal and structural stability of  atomically thin materials makes 2D-materials extremely interesting and popular in 
many research fields - electronics, biomedicine, chemical sensing, clean energy and many more. Development of 2D-material-based 
Field Effect Transistors (FET) sensors is a significant and attractive approach for the detection of metal ion species due to their 
excellent features: convenient fabrication, low-cost, real-time response, ultra-high sensitivity, user-friendly analytical platform for in-
line analysis, and label-free detection through the interaction between the analyte and the heterostructures/hybrid composite. In order 
to design a specific sensing device architecture, it is necessary to address critical  features of non-ideal structure of thin films - they 
are never ideally flat, and they always contain structural imperfections (from exfoliation or additional doping, point defects, grain 
boundaries, and impurities). As every 2D-material thin film can be viewed as a hybrid between a solid (periodic structure in the plane)
and a molecule (in the direction perpendicular to the surface), with weak interlayer forces, structural changes in either lateral or 
vertical direction are breaking the symmetry of the 2D-structure thus entailing changed their chemical and electronic properties. The 
imperfections or chemical doping of pure 2D-materials, as well as their sensitivity to the environment conditions (humidity, presence 
of oxygen, etc.), however, may be beneficial for improving their sensing properties, especially in detection of pollutants in air and 
water [1-3]. For example, exposed dangling bonds on flakes' edges, such as sulphur in WS2 (TMD) may form covalent bonds with 
sulphur in analytes. On the other hand, mechanisms of interaction between the TMDs and analytes are not yet well understood, but 
there are studies demonstrating that physisorption on its basal plane is governed by van der Waals and electrostatic forces [1]. In 

    graphene or graphene-like (h-BN) material, the -  , hydrogen- , cation- , anion-  interactions between the analyte and the top layer 
can be formed, differing in strength and affect the -orbitals differently. Although the non-covalent binding is providing reversibility, 

allowing fast response and recovery of the surface after the analyte is removed, covalent binding may be more selective and efficient. 
Therefore, various functionalization of a 2D-material supported thin film with organic or inorganic molecules allows for FET 

configuration suitable for a specific application. In heavy metal detection, graphene functionalization with a self-assembling layer of 

1-octadecanethiol allowed for Hg
2+

 ions to be detected with high efficiency [4]. Other biomolecules also proved to be excellent 
functionalization of graphene-based FETs due to their high binding affinity to inorganic contaminants [5]; self-assembled aptamer 
containing thymine provided p-doping of graphene because of the thymine-Hg-thymine complex formation, which produced a change
in S(ource)-D(rain) curent. Regarding the sensing of ions in water, there is currently a substantial inconsistency in present data, with 

some research groups reporting high sensitivity to Hg
2+

, Pb
2+

, or HPO4
2-

 ions, while other reporting poor selectivity or no response to



Cd
2+

, Pb
2+

, Sr
2+

, Hg
2+

, etc. One of the TMDs, MoS2, in FET have demonstrated good sensitivity to NH3 and NO gases, very low 
response to CO, and high sensitivity and selectivity for arsenic and lead ionophores. In addition to the structural features, for FET 
sensors it is critical that they operate in ambient conditions, where humidity an oxygen from air play a significant role in the channel 
material degradation and conductivity.  In our project we will: a) investigate the morphological and chemical structure of graphene, 
TMDs, h-BN thin films (from Liquid Phase Exfoliation - LPE) supported on solid substrates and functionalized with thymine, 
cysteine and lipids; b) explore the detection limit and selectivity of bare and new composite materials to the presence of arsenic and 
lead in water, which will address the key challenges of low detection limit, selectivity, and performance stability  of 2D-material 
based sensor technology for environmental monitoring and protection [6].

2. Motivation for the present proposal, expected results and impact (describe the potential effect of this research on
society,  how the  knowledge  generated  by  your research  contributes  to,  or could  contribute  to,  society,  culture,
environment and the economy).

An overwhelming evidence of extreme deterioration and pollution of land, water, and air on our planet has recently inspired numerous
protests and calls for urgent action at all levels - from individual to the governmental. Both issues are essential not only for local 
economies and regional development, but also globally. Hence the need for cost-effective, easy to use, specific and sensitive detection 
of contaminants in water, air and soil. Widely used 2D-materials - graphene, TMDs (MoS2, WS2), and h-BN have been around for 
several years, but there is still a standing demand for new knowledge about these materials in pure form or as part of more complex 
layered structures, especially as active elements of electrochemical sensing devices (FET) that can be used as heavy ion detectors.  
Lead, arsenic, and mercury are listed as the most dangerous heavy metal pollutants causing poisoning that induces intellectual 
disability, dementia, and liver, kidney, and CNS disorders. Arsenic is found practically everywhere - in water, air, food, and soil. It 
belongs to the group I of carcinogens and presents a serious problem in drinking water around the world [7]. On the other hand, 
contamination from lead comes mostly from industry, traffic, and pesticides and it pollutes ground water through soil. Lead poisoning
causes mental disorders in children, kidney disease, hypertension, and even infertility.  Therefore, monitoring of water pollution is 
very important for the preservation of the environment and prevention of negative impacts that it can have on human health.  In our 
project, we will  produce new knowledge about the chemical and physical properties of the new composite material architecture  and 
their capacity of detection/sensing and possible containment and/or removal of lead and arsenic from water. 

3. Experimental plan 

Our team of four researchers will follow the experimental plan consisting of the following stages:

1. Liquide phase exfoliation (LPE) of 2D materials Graphene, TMDs, h-BN dipersions will be prepared by sonication. By varying the 
exfoliation parameters, using different types of solutions, and transferring exfoliated flakes from one solution to another, the highest 
quality dispersions, concerning yield and flake size, will be prepared and used for thin film deposition by self-assembly methods. The 
quality of each dispersion will be characterized by home-based UV-VIS and Raman spectroscopy.
2. Thin film deposition and their characterization    Edge-rich thin films from LPE 2D materials will be produced by self-assembly on 
liquid-liquid or liquid-air interface using the Langmuir-Blodgett method. Characterization of thin films will be performed by several 
analytical techniques: Raman, AFM, KPFM (all home-based), on the FESEM (Charles University, Prague, Czech republic), and 
SAXS beamline (Elettra, Trieste, Italy). 
4. Adsorption of As and Pb - Physical and chemical characterization: Bare 2D-material films will be immersed in different 
concentrations of heavy metal aqueous solutions. The preparation of the series of As and Pb aqueous solutions will be performed by 
appropriate dilution of the stock solution (1 mg/mL). Morphological characterization of the 2D-material films' surface after their 
exposure to As and Pb will be performed using microscopy - optical, AFM, and FE-SEM (Charles University, Prague, Czech 
republic ). For investigating the adsorption mechanism of lead and arsenic on 2D-material surface, an assessment of the status of 
chemical bonds and elemental composition of the thin film will be performed by Raman Spectroscopy (home-based), FTIR (SISSI-
BoFF, Elettra, Italy), XPS (Prague, Czech Republic), and ion beam imaging (ToF ERDA, RBS, and tested for PIXE - Rudjer 
Bošković, Zagreb, Croatia). The data collected from these experiments will provide guidance for selecting the most effective 
adsorbent for the removal of As and Pb from water. The range of adsorbing capacity and selectivity will be established for these 
materials by varying the concentrations of heavy metals and the time of the material exposure.
5. 2D-material-based structures will be placed in the FET configuration (home-based). The electric signal (conductivity, resistivity) 
of the thin films will be measured after their exposure to various heavy metal concentrations. Based on FET measurements, 
information about the Pb and As detection limit and and the detection efficiency of 2D-material-based composites will be obtained. 
6. Functionalization of 2D-materials and their composites with self-assembling organic molecules. Thymine, L-cystein, and selected 
lipids will be dissolved in water, alcohol or chloroform for deposition on thin films by drop-casting or self-assembly. The entire 
procedure applied previously for bare thin films will be repeated, using the same techniques, before and after exposure to Pb and As 
water solution. In addition, the chemical changes in controlled humidity (near ambient conditions) will be investigated in NAP-
XPS( Charles university, Prague, Czech Republic), where the composite  organic molecule/2D-material thin film will be exposed to 
pure water vapour at a pressure corresponding up to 25RH% at room temperature.

4. Justification for the beamlines or instruments requested.

FE-SEM Surface and Plasma Science@Charles University in Prague   - For these measurements we will use doped silicon wafers 
(for electric conductivity) with the SiO2 layer 90-300 nm thick and gold-coated silicon wafers (30 nm Au layer). Pure graphene, 
MoS2, WS2, and h-BN thin films, and the composite films of graphene with WS2, MoS2, and h-BN will be scanned by FESEM in SE 
mode for collecting information on the flakes' lateral size and their distribution.  Average thickness of these films will be in the 
range from 5 to several tens of nm. FESEM will also be used for measurements on functionalized  graphene, MoS2, and WS2 films 
from LPE, with cysteine and thymine, also in SE mode. After we expose bare and functionalized films to Pb and As water solution, 
they will first dry in air and then be introduced to the vacuum chamber of FESEM for measurements. For this purpose, we also plan 



to scan the samples in BS mode, for at least  three different salt concentrations. Therefore, there will be 20 – 30 samples suitable 
for FESEM (without special preparation or coating for conductivity) for which we estimate around 40 hours of measurements.

XPS @Charles University in Prague, Czech republic - XPS measurements in vacuum are necessary to assess the chemical status 
of our samples. Considering the procedure for producing the thin films (LPE; drop-casting) from graphene, WS2, MoS2 and h-BN, we
expect the solvent residues to be trapped in the films' porous structure, which will be recorded in the detailed binding energy spectra 
of  C1s, O1s, W4f, Mo3d, S2p (maybe 2s, depending on the signal), and N1s. All samples will be made on same substrate materials 
as for FESEM. Samples composed of 2D-materials will be heated first in air, before introduction into the vacuum system, their XPS 
spectra taken, and then annealed in the vacuum chamber for removal of the residual solvent (max T= 300degC) and repeated 
collection of XPS spectra. After we expose another batch of bare and functionalized films to Pb and As water solution, they will first 
dry in air and then be introduced to the vacuum chamber for  measurements of additional Pb4f, and As3d atomic states. For all 
measurements we require the pass energy of 20 eV. Considering the possibility of loading several samples at once (their size will be 
maximum 10x10mm), and no special requirements for the preparation for XPS measurements, we estimate approximately 60 hours (5
days) of measurements for this experiment.

Near Ambient Pressure XPS@Charles University in Prague - For samples containing MoS2, and h-BN, and for the composites of 
graphene, MoS2, WS2 with organic molecular films – cysteine, thymine and lipids, we need to obtain information of the influence of 
humidity on the surface structure of these films. For that purpose, we intend to expose these samples to pure water vapour at 
pressures 1, 3, and 5 mb, and take detailed photoelectron spectra for the same elements as in UHV XPS setup (with the exception of 
Pb and As), with an addition of the P2p state. The size of the samples will be the same as for the UHV XPS, as well as the 
measurement procedure, except that for those with organic layer there will be no annealing. We estimate 60 hours (5 days) of the 
measurements on this setup.

TOF-ERDA and PIXE/RBS@Croatian Tandem Accelerator Centre, Rudjer Bošković, Zagreb, Croatia - The graphene, MoS2, 
WS2, h-BN films and their composites with organic molecules (cysteine, thymine, and lipids) are multilayer structures that will make 
part of the FET device.  As the nanoflakes in our thin films are forming a porous surface that will retain some residual solvent and 
analytes after incubation in Pb and As solution) inside the pores (not only at the top layer) the depth elemental analysis is necessary in
order to gain information of vertical distribution of the Pb and As ions in the film. TOF-ERDA will in that respect be used for depth 
analysis of all elements (up to 100 nm thickness) from H to Pb. Depending on the concentration levels, it is very likely that for As and
Pb, higher sensitivity will be obtained by RBS. Also tests will be made for analysis by PIXE. We will test 20-30 composite material 
samples (maximum size of 10 x 10 mm and thickness from 20 to 100 nm) for which we plan 40 hours of measurements.

SAXS beamline@Elettra/TUGraz -  GISWAXS experiments (SAXS: 0.1-4 1/nm; WAXS:2θ=15-40°) will be conducted for gaining 
insight into structural (3D) and morphological (2D) changes in the films made of nano-flakes after and during the heating above the 
evaporation temperature of the solvent used for their formation. We will apply fast heating ramps with the DHS1100  in air and under 
N2 atmosphere with 10°C/min up to 150°C with  experimentally optimized annealing times. The revealing of the morphology  is 
important since the mechanism of molecular adsorption is influenced by the flakes' thickness and arrangement, as well as the 
crystalline content in the film. The measurements will be conducted on LPE graphene, WS2, MoS2, and h-BN, and their composites – 
CVD graphene with MoS2, WS2, h-BN from LPE – deposited on bare silicon wafers. The best experimental conditions will be 
established for samples on silicon wafer; then the same will be tested on the samples supported on gold-coated silicon to confirm the 
film morphology  for the IR measurements. The size of the samples will be maximum 10 x10mm, and the thickness of the films from 
5 to 20 nm for single material and 10 to 40 nm for the composites. We will make three batches for each type of the sample (total of 
21) for which we estimate 48 hours (including set-up time).

SISSI-BOFF beamline@Elettra    - The FTIR (ATR or/and IRRAS) experiment at the SISSI beamline (Elettra, Italy) will give us the 
information of the bond conformation between the flakes, their spatial distribution, and the spectral fingerprint of functionalized thin 
films, before and after their exposure to Pb and As solution. Samples for FTIR measurements will be prepared according to the 
standard protocol on gold-coated silicon substrates. Considering the nanometre thickness of the 2D material, surface sensitive 
techniques will be considered - FTIR-ATR and IRRAS. Initially, samples will be measured with both in order to select the best 
performing; the FIR-MIR setup for scanning from 60 to 4000 cm-1 will be exploited. After the the suitable spectroscopic technique is 
selected, the FTIR spectra will be collected at 2 cm-1 spectral resolution averaging 256 scans (DTGS detector, scanner velocity 
5KHz). The aim of the measurements is to establish the chemical variations occurring in the 2D hybrid material with organic 
molecular thin layers (control samples of cysteine, thymine and selected lipids will be produced for this aim) as well as before and 
after heavy metal incubation. We plan to measure 24 samples (bare 2D-material and functionalized composites, before and after 
incubation with lead and arsenic salts) and we ask for 72 hours usage of SISSI-BOFF. Since with both FTIR-ATR and IRRAS average
sample properties are obtained, we will test a few selected samples on the nanoscopic instrument s-SNOM, for highlighting the 
distribution of chemical bonds on the surface and decide about the future campaign of measurements on the most promising materials.
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Aim To characterize stem cells originating from different 
dental tissues (apical papilla [SCAP], dental follicle [DFSC], 
and pulp [DPSC]) and test the capacity of Raman mi-
crospectroscopy to distinguish between the three dental 
stem cell types.

Methods SCAP, DFSC, and DPSC cultures were generated 
from three immature wisdom teeth originating from three 
patients. Cell stemness was confirmed by inducing neuro-, 
osteo-, chondro-, and adipo-differentiaton and by mesen-
chymal marker expression analysis by flow-cytometry and 
real-time polymerase chain reaction. Cellular components 
were then evaluated by Raman microspectroscopy.

Results We found differences between SCAP, DFSC, and 
DPSC Raman spectra. The ratio between proteins and nu-
cleic acids (748/770), a parameter for discriminating more 
differentiated from less differentiated cells, showed signifi-
cant differences between the three cell types. All cells also 
displayed a fingerprint region in the 600-700 cm-1 range, 
and characteristic lipid peaks at positions 1440 cm-1 and 
1650 cm-1.

Conclusion Although different dental stem cells exhibit-
ed similar Raman spectra, the method enabled us to make 
subtle distinction between them.
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Dental tissues contain stem cells with high proliferation 
and differentiation potential, showing great promise for 
use in regenerative and reparative dentistry, and medi-
cine in general (1,2). Although dental stem cells are multi-
potent, adult, mesenchymal stem cells (MSCs), originating 
from the neural crest (3-5), it is difficult to make a precise 
distinction among the increasing number of newly discov-
ered subpopulations. They rapidly emerge as an attractive 
biomaterial due to their accessibility and easy isolation 
compared with embryonic stem cells (ESCs). Dental stem 
cells (DSCs) can be obtained from several dental tissues, 
including apical papilla (SCAP), dental pulp of permanent 
teeth (DPSC), and dental follicle (DFSC) (6).

SCAP can easily be collected after the extraction of im-
mature third molar, from a soft, developing tissue called 
the apical papilla present at the end of incompletely 
formed roots. DFSCs are isolated from dental follicle, a sac 
surrounding the enamel organ and the dental papilla of 
the developing tooth germ prior to eruption, while DPSC 
are isolated from the permanent tooth pulp. Although 
there is a marked resemblance between the three types 
of cells, they also show some differences in their stem-
ness potential (7-10). An accurate method that would 
precisely assess stem cell characteristics and help in de-
termining the most appropriate type of cell source for a 
given regenerative procedure, ie, for the application in 
different and specific clinical settings, has not yet been 
established (11).

Raman spectromicroscopy (RS) has been widely used to 
characterize dental mineral tissues (12-14), showing no ap-
parent negative effects on cells (cellular morphology, prolif-
eration, and other features) due to laser exposure (15-17).

RS has been previously applied to discriminate MSCs from 
ESCs based on the amount of intracellular lipids (18); to 
identify various stages of mesenchymal and embryonic 
murine stem cell differentiation (18-20); and before trans-
plantation, to discriminate normal from abnormal stem 
cells in ex vivo cultures (21). Considering numerous advan-
tages of adult stem cells over ESC, and the growing impor-
tance of dental stem cells, we compared DSCs in terms of 
their structural fingerprint, ie, their biochemical character-
istics, by means of Raman spectromicroscopy (RS). The aim 
of this study was to assess the ability of Raman spectrosco-
py to discriminate between SCAP, DPSC, and DFSC.

Material and methods

Isolation of SCAP, DFSCs and DPSCs

The material was obtained from three immature wisdom 
teeth (Figure 1), obtained from three patients aged be-
tween 14 and 15 years (one tooth per patient). Atraumati-
cal teeth extraction was performed at the Clinic for Oral 
Surgery, School of Dental Medicine, University of Belgrade, 
in 2016, after having obtained a written informed consent 
from the patients’ parents. The study was approved by the 

Figure 1. Orthopantomograph of the impacted third molar (A) and schematic representation of the three types of tissues used in 
the analysis: DFSC – dental follicle stem cells; DPSC – dental pulp stem cells; SCAP – apical papilla stem cells (B).
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Ethics Committee of the School of Dental Medicine, Uni-
versity of Belgrade.

Teeth were immediately transported to the laboratory 
and further processed under sterile conditions. Tooth sur-
faces were thoroughly rinsed with Dulbecco’s phosphate 
buffered saline solution (DPBS, Thermo Fisher Scientific, 
Waltham, MA, USA), and dental tissues were isolated as pre-
viously described (22-24). Briefly, the apical papilla was gen-
tly scrapped from the root apex, the dental follicle was sep-
arated from the tooth crown with a surgical blade, and the 
dental pulp tissue was extracted with an endodontic instru-
ment, after having exposed the pulp chamber by crushing 
the tooth with a sterile clamp. Stem cells were derived with-
out enzymatic digestion (25). Tissues were cut into 1 mm3 
pieces and separately transferred into Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS) and 1% antibiotic-antimycotic solution (all 
from Thermo Fisher Scientific, Waltham, MA, USA), and cul-
tivated under standard conditions at 37°C and 5% CO2. Cell 
cultures were passaged after reaching 80% confluence. The 
experiments were done on fifth-passage cells.

Cell differentiation capacity

To induce neurogenic differentiation, cells were seeded 
onto T-25 tissue culture flasks in standard culture medium 
at the density of 1.5 × 105 cells. Control cells were incubat-
ed in standard culture medium. After 24 hours, neural pre-
induction medium and DMEM with 100 mM beta-mer-
captoethanol were added, and cells were incubated for 4 
hours. Cell differentiation was continued in a neural induc-
tion medium containing recombinant human basic fibro-
blast growth factor, neural growth factor, and B27 supple-
ment (all from Thermo Fisher Scientific) in DMEM. After 7 
days, cell morphology was analyzed under inverted micro-
scope (Primovert Zeiss, Jena, Germany). To induce osteo-
genic differentiation, cells were seeded in six-well plates 
with the seeding density of 5 × 103 and cultivated for 28 
days in osteogenic differentiation medium (StemPro, Ther-
mo Fisher Scientific). To induce chondrogenic differentia-
tion, cells were seeded in the form of micromass at a total 
number of 1.6 × 106 and cultivated in a medium for chon-
drogenic differentiation (StemPro) for 21 days. To induce 
adipo-differentiation, cells were seeded in six-well plates 
1 × 104 cells/cm2 and cultivated for 28 days in adipogenic 
medium (StemPro). To determine successful differentia-
tion, appropriate staining protocols were used. Osteo-

genic differentiation was confirmed by the presence 
of mineralization fields stained with 2% Alizarin Red 

S solution (Centrohem, Belgrade, Serbia); adipogenic dif-
ferentiation by the presence of neutral lipids stained with 
0.5% Oil Red O solution (Sigma Aldrich, Munich, Germany); 
and chondro-differentiation by the presence of proteogly-
can molecules stained with 0.1% Safranin O solution (Cen-
trohem). After staining, the cells were rinsed with DPBS, 
fixed for 30 minutes with 4% paraformaldehyde, observed 
under inverted microscope, and photographed.

Flow cytometry analyses

The markers used for flow-cytometry were fluorescein-iso-
thiocyanate (FITC)-labeled monoclonal antibodies against 
CD90, CD105, CD34, and phycoerythrin (PE)-labeled 
mouse monoclonal antibodies against CD73 and CD45. 
After trypsinization, cells were resuspended in 10% FBS in 
DPBS (about 1 × 106 cells for every sample). Antibody con-
centrations were recommended by the manufacturer (Ex-
bio, Prague, Czech Republic). Cells were incubated in the 
dark for 45 minutes at 4°C with the appropriate combina-
tion of antibodies: CD34 (FITC) and CD73 (PE), CD45 (PE) 
and CD105 (FITC). CD90 (FITC) was added separately. Af-
ter incubation, cells were rinsed twice with DPBS and ana-
lyzed on a multi-laser flow cytometer system (Partec, Mun-
ster, Germany).

Real-time polymerase chain reaction (PCR)

The expression of cell surface mesenchymal markers was 
assessed by using real-time PCR (qPCR). RNA was isolated 
by using TRIzol Reagent (Thermo Fisher Scientific), accord-
ing to manufacturers’ recommendation. Subsequent re-
verse transcription from 1 μg of total RNA was performed 
using RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific) in order to obtain cDNA for qPCR analysis. 
The list of specific primers (for CD73, CD90, CD45, CD133, 
and housekeeping gene GAPDH) is given in Table 1.

Table 1. List of primers used for quantitative polymerase chain 
reaction

Cell marker Sequence of primers (5’→3’)

CD73 Forward: GAGTGGGTGGTCAGAAAATA
Reverse: TGCACACTGTTTTTAAGGTG

CD90 Forward: TAACAGTCTTGCAGGTCTCC 
Reverse: AAGGCGGATAAGTAGAGGAC

CD45 Forward: GCAAAGATGCCCAGTGTTCCACTT 
Reverse: ATCTGAGGTGTTCGCTGTGATGGT

CD133 Forward: ACTTGGCTCAGACTGGTAAA 
Reverse: GTTCTGAGCAAAATCCAGAG

GAPDH Forward: TCATGACCACAGTCCATGCCATCA
Reverse: CCCTGTTGCTGTAGCCAAATTCGT
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The results obtained from each qPCR run were threshold 
cycle (Ct) values. The relative expression level was assessed 
using the ΔΔCt method. The relative mRNA expression lev-
els for mesenchymal and hematopoietic markers for each 
sample were calculated as the ratio between the expres-
sion of the gene of interest and the expression of the se-
lected housekeeping gene (GAPDH).

Raman microspectroscopy sample preparation

Cells from the fifth passage were cultivated in growth me-
dium until confluent. After passaging and cell counting, the 
cells were brought to a concentration of 1 × 106 per mL of 
the medium. After centrifugation at 300 g for 6 minutes at 
room temperature, cell pellets were transferred to a golden 
plate for Raman spectromicroscopy, without fixation.

Spectroscopic measurements

The Raman spectra of pellets were recorded in the range 
from 400-2600 cm-1 with a Horiba Jobin Yvon Xplora de-
vice (Horiba Jobin Yvon S.A.S., Villeneuve-d’Ascq, France) 

equipped with a BX51 microscope (Olympus, Tokyo, Ja-
pan). Raman scattering was excited by a laser diode at 
the wavelength of 785 nm, with a laser power of 90 mW 
incident on the pellets and the spot size of around 2 μm. 
Before spectra acquisition was started, the pellet upper 
surface was visualized and focused by using a micro-
scope with a lens of 100 × magnification. Each pellet was 
measured by the Raman device at 25 different spots by 
using a random movement in order to obtain mean spec-
tra of the sample. The acquisition time per spectrum was 
100 s. The dispersive spectrometer had an entrance slit 
of 100 μm and a focal length of 200 mm, grating of 600 
lines/mm, and average spectral resolution of 2.5 cm-1. The 
Raman-scattered light was detected by a thermoelec-
trically cooled CCD camera (Syncerity, Horiba Scientific, 
Edison, NJ, USA) operating at 213 K. The spectral acquisi-
tion was performed by using LabSpec 6 software (Horiba 
Scientific, Villeneuve-d’Ascq). For the calibration proce-
dure, the spectra of an aspirin (4-acetylsalicylic acid) were 
measured daily as a reference control and for subsequent 
data processing. The achieved signal-to-noise ratio was 
at least 20.

Figure 2. Representative examples of dental stem cell (apical papilla) differentiation into four different lineages (magnification 
100 × ). Slender projections indicated neuro-differentiation (A); Alizarin Red S stained extracellular mineral deposits indicated 
osteogenic differentiation (B); Safranin O stained areas with proteoglycan presence indicated chondrogenic differentiation (C); and 
positive Oil Red O staining indicated lipid droplets accumulation, ie, adipogenic differentiation (D). Ctrl – control.
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Data processing

Each Raman spectrum (250 spectra in total, around 25 
spectra per cell type per patient) was first corrected by 
subtracting its baseline, determined as a 4th order polyno-
mial fitted through several characteristic points (at around 
425, 615, 1700, 2100, and 2500 cm-1) of the spectrum. Peaks 
in Raman spectra due to cosmic rays were removed. Then, 
all spectra were smoothed by Savitzky-Golay filter, using a 
second-order polynomial. After smoothing, vector normal-
ization was applied to all spectra between 400 and 1800 
cm-1. Mean and standard deviation was determined for 
normalized spectra for each cell type (around 75 spectra 
per cell type): SCAP, DFSC and DPSC.

Statistical analysis

The normality of distribution was assessed by using Kol-
mogorov-Smirnov test. The differences between Raman 
spectra intensities were determined by one way analysis 
of variance (ANOVA) or Kruskal-Wallis’ H-test, followed by 
Tukey’s post-hoc analysis or Bonferroni corrected Mann-
Whitney U test, where appropriate. The level of significance 

was set at P = 0.05. For Bonferroni corrected Mann-Whitney 
U test we used a stricter probability value (less than 0.017). 
Statistical analysis was performed using the SPSS 17.0 sta-
tistical package (SPSS, Chicago, IL, USA).

Results

Multilineage differentiation

Specific cell morphology confirmed neurogenic differentia-
tion; Alizarin Red S staining of mineralized nodules around 
cells confirmed osteogenic differentiation; the presence of Oil 
Red O staining showed intracellular lipid accumulation; and 
the presence of Safranin O clusters of proteoglycans charac-
teristic for cartilage cells confirmed chondro-differentiation 
(Figure 2). Cells of all the three origins displayed comparable 
behavior when induced toward a specific lineage. In the con-
trol group (non-induced cells) there were no stained cells.

Cell surface markers detection by flow-cytometry

SCAP, DFSC, and DPSCs were strongly positive for CD90, 
CD73, and CD105 (cell surface markers of mesenchymal 

Figure 3. Immunophenotypic profile of mesenchymal stem cells derived from (A) dental pulp, (B) dental follicle, and (C) apical 
papilla, all strongly positive for CD90, CD73, and CD105 (markers associated with mesenchymal stem cells) and negative for CD45 
and CD34 (markers of hematopoietic cells).
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stem cells) and negative for CD45 and CD34 (cell surface 
markers of hematopoietic cells) (Figure 3). No significant 
difference was observed between different cell types 
based on flow-cytometry.

Gene expression analysis by real-time PCR

The main mesenchymal markers expression was con-
firmed in all three cell groups, without significant differ-

Figure 4. Relative gene expression of mesenchymal (CD73 and CD90) and hematopoietic markers (CD45 and CD133) of stem cells 
isolated from dental pulp (DPSC, black), apical papilla (SCAP, dark gray), and dental follicle (DFSC, light gray).

Table 2. Biochemical differences between apical papilla (SCAP), dental follicle (DFSC), and pulp stem cells (DPSC) determined by 
Raman spectroscopy and vector-normalized

Raman intensity peaks in P-values

Wavenumber (cm-1)/ assignment SCAP DFSC DPSC SCAP vs DFSC SCAP vs DPSC DFSC vs DPSC

471 glycogen* -0.043 (0.021) -0.047 (0.012) -0.047 (0.038)   0.008   0.501   0.166
612 C-C stretch -0.046 ± 0.002 -0.048 ± 0.002 -0.047 ± 0.002 <0.001   0.001   0.376
706 lipids* -0.013 (0.011) -0.013 (0.012) -0.014 (0.013)   NS   NS   NS
748 protein -0.017 ± 0.003 -0.018 ± 0.004 -0.017 ± 0.004   NS   NS   NS
770 DNA-RNA -0.026 ± 0.004 -0.018 ± 0.005 -0.017 ± 0.003 <0.001 <0.001   0.950
843 glycoprotein  0.040 ± 0.006  0.037 ± 0.009  0.044 ± 0.010   0.079   0.002 <0.001
929 glycoprotein  0.042 ± 0.008  0.038 ± 0.008  0.044 ± 0.012   0.010   0.267 <0.001
990 tryptophan  0.078 ± 0.007  0.074 ± 0.008  0.077 ± 0.011   0.004   0.392   0.131
1023 proteins  0.032 ± 0.005  0.030 ± 0.006  0.034 ± 0.007   0.111   0.024 <0.001
1074 lipids  0.053 ± 0.005  0.051 ± 0.006  0.055 ± 0.009   0.194   0.041 <0.001
1094 DNA*  0.045 (0.020)  0.045 (0.006)  0.046 (0.012)   0.108   0.164   0.006
1116 protein*  0.046 (0.010)  0.043 (0.010)  0.045 (0.020)   0.016   0.495   0.002
1198 nucleic acid*  0.033 (0.010)  0.035 (0.010)  0.031 (0.000)   0.028   0.004 <0.001
1252 lipids  0.078 ± 0.006  0.081 ± 0.008  0.075 ± 0.008   0.010   0.163 <0.001
1293 lipids*  0.080 (0.010)  0.081 (0.010)  0.079 (0.010)   0.086   0.194   0.004
1329 guanine  0.070 ± 0.004  0.068 ± 0.004  0.070 ± 0.006   0.043   0.978   0.023
1440 lipids, proteins*  0.100 (0.010)  0.096 (0.020)  0.100 (0.020)   NS   NS   NS
1546 nucleic acid  0.091 ± 0.004  0.090 ± 0.006  0.089 ± 0.008 <0.001   0.269 <0.001
1650 proteins  0.026 ± 0.008  0.025 ± 0.008  0.022 ± 0.010   0.816   0.020   0.088
748/770  0.809 ± 0.168  0.888 ± 0.204  0.972 ± 0.176   0.018 <0.001   0.009
*Data are presented as mean ± standard deviation or median (inter-quartile range). P values represent differences between groups determined by 
one-way analysis of variance (ANOVA) or Kruskal-Wallis’ H-test*, followed by Tukey’s post-hoc analysis or Mann-Whitney U test, where appropriate. 
Bonfferoni’s correction was applied after Kruskal-Wallis’ H-test.
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ence between the cells, while the expression of hemato-
poetic markers was negligible in all samples (Figure 4).

Raman spectromicroscopy

Cell spectra of the three patients, when averaged, showed 
obvious similarities (Figure 5). However, there were signifi-
cant differences between SCAP, DFSC, and DPSC (Table 
2). Generally speaking, the most important differences 
were noticed between DFSC and DPSC; namely, out of 20 
prominent peaks, 11 showed significant differences. Sig-
nificant differences between SCAP and DFSC were ob-
served in 8 peaks, while significant differences between 
SCAP and DPSC were observed only in 4 peaks. The pa-
rameter R4 (the ratio between proteins and nucleic acids, 
748/770), which is considered to be a reliable parameter 
for the discrimination between more and less differentiat-
ed cells (15), showed a significant difference between the 
three cell types (SCAP vs DFSC, P = 0.018; SCAP vs DPSC, 

P < 0.001; DFSC vs DPSC, P = 0.009). From the R4 values it 
can tentatively be concluded that the decreasing potency 
of the analyzed cells was: SCAP>DFSC>DPSC.

Discussion

In the present study, the use of standard methodologies 
for quantitative and qualitative estimation of stemness 
characteristics of dental tissue cells suggested that SCAP, 
DFSC, and DPSC exhibited very similar phenotypic char-
acteristics during cultivation and differentiation. Although 
different dental stem cells exhibited similar Raman spectra, 
the method enabled us to make a subtle distinction be-
tween them.

Several cellular components are closely related to stem-
ness characteristics. Stem cells must constantly maintain 
a fine balance between anabolism and catabolism, and 
metabolic plasticity is seen as a crucial phenomenon in 
the regulation of stem cell transition from self-renewal to 
lineage specification (26). For instance, glycogen is con-
sidered a regulator of potency and cellular differentiation 
capacity. Although the function of increased storage and 
production of glycogen in human stem cells is not fully un-
derstood, glycogen synthesis seems to be crucial for self-
renewal, cell survival, growth rates, shorter doubling time, 
and differentiation (27,28). High glycogen accumulation 
is also typically observed in human embryonic stem cells, 
though its level has not been fully investigated in other 
stem cells types (29). These findings are in line with the 
present study, as Raman peaks for glycogen/glycoproteins 
at 470, 841, and 927 cm-1 showed substantial intensities in 
all cell types.

Lipids are also considered to be closely linked to stem cells 
potency (20,30), and lipid metabolism has a pivotal role 
in stem cell fate determination (31,32). Namely, inhibition 
of the eicosanoid pathway is associated with the mainte-
nance of the pluripotent state in murine ESC (32). The ei-
cosanoid pathway promotes the hydrolysis of membrane 
phospholipids by releasing lipid messengers into the cyto-
plasm (32), and their level progressively decreases during 
differentiation (18). In our study, all three cell types in all 
patients exhibited substantial lipid levels as judged by the 
very characteristic peaks at 1440 and 1650 cm-1.

Nucleic acids content could also be considered as a mark-
er of stemness (33,34), as well as the ratio between protein 
(tryptophan) and nucleic acids. While proteins have more 
prominent peaks in differentiated cells, nucleic acids quanti-

Figure 5. Raman spectra of different cell types averaged over 
all three subjects (75 spectra per cell type), offset for clarity. 
Shaded regions mark the standard deviation of spectra (upper 
panel); spectra subtracted from each other to emphasize the 
differences (lower panel).
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ty, on the contrary, decreases during differentiation, ie, there 
is a dominance-reversal in differentiated cells. Tryptophan 
(protein) peak vs nucleic acid peak (748 vs 770 cm-1) ratio 
is therefore considered as a differentiation status indicator 
(18,35). In the present study, highly significant differences 
in this ratio were obtained between the three cell types. As 
judged by R4, the decreasing differentiation potential of the 
three types of cells was as follows: SCAP>DFSC>DPSC. This 
result, however, must be interpreted with caution, since it 
can probably vary depending on the patient’s age and the 
stage of tooth development. Further studies, on a larger 
sample and on other cell populations would also be neces-
sary for final conclusions to be drawn.

New cell subpopulations are emerging, especially in the 
orofacial region (36), necessitating the use of different 
techniques that are able to distinguish among them in 
order to better understand their lineage relationships. Ra-
man microspectroscopy can provide a rapid, non-invasive, 
and label-free tool for uncovering subtle biochemical dif-
ferences that can be used to distinguish more potent from 
less potent stem cells. The present study brings new in-
sights into dental stem cell characteristics, enhancing the 
possibility of their clinical application.
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ABSTRACT: Tungsten disulfide, a transition metal dichalcoge-
nide, has numerous applications as active components in gas- and
chemical-sensing devices, photovoltaic sources, photocatalyst
substrates, etc. In such devices, the presence of water in the
sensing environment is a factor whose role has not been well-
understood. To address this problem, the in situ probing of H2O
molecule adsorption on WS2 films supported on solid substrates
has been performed in a near-ambient pressure X-ray photo-
electron spectroscopy (NAP-XPS) setup. Instead, on the individual
nanoflakes or spray-coated samples, the measurements were
performed on highly transparent, homogeneous, thin films of
WS2 nanosheets self-assembled at the interface of two immiscible
liquids, water and toluene, transferred onto a solid substrate by the
Langmuir−Schaefer technique. This experiment shows that edge defects in nanoflakes, tungsten dangling bond ensuing the
exfoliation in the liquid phase, represent active sites for the WO3, WO3−x, and WO3·nH2O formation under ambient conditions.
These oxides interact with water molecules when the WS2 films are exposed to water vapor in the NAP-XPS reaction cell. However,
water molecules do not influence the W−S chemical bond, thus indicating the physisorption of H2O molecules at the WS2 film
surface.

■ INTRODUCTION
Ambient humidity is an important factor in material research,
especially in devices involving very thin layers of two-
dimensional (2D) materials.1,2 When working under ambient
conditions, the information about the influence of adsorbed
water molecules on the surface of 2D materials represents
essential information before understanding the interaction
between any other adsorbed molecules and the 2D-material. If
devices based on 2D-materials are designed to detect different
types of analytes, their high sensitivity to humidity could cause
significant issues and discrepancies during the measurements,
concerning the consistency and stability of the electrical signal
or their chemical response to the presence of the analyte.
Hence, an insight into the variations in surface sensitivity of
2D-material thin films to ambient humidity is necessary.
During the interaction with water molecules, the electronic
properties of 2D-materials, such as resistance or charge carrier
concentration, are easily modulated, implying that these
materials can also be used as promising components of
humidity sensors.3−5

Tungsten disulfide (WS2), the prominent member of the 2D
transition metal dichalcogenide (TMD) material family, has
attracted considerable attention regarding its potential
application in the field of sensors as a result of its high
surface-to-volume ratio, chemically active edges, and good
electrical properties.6 The ultrahigh surface sensitivity to the

surrounding environment allows for the modification of the
WS2 surface, forming active biointerfaces convenient for
biomedical applications.7−9 2D WS2 represents a very suitable
platform for a sensor not only for biomolecules (proteins,
DNA, and liposomes) and biological cells but also for various
gas molecules, such as CO, H2S, NH3, NO2, and H2.

10−13 WS2
has also shown exceptional water-sensing properties with a
prompt response and recovery time and good repeatability and
stability that opened the possibility to use it as a humidity
sensor for environmental monitoring or in healthcare
applications as real-time dynamic monitoring of human
breath.14,15

In recent reports, it has been shown that the properties of
WS2 humidity-sensing devices depend on the defects present
on the WS2 nanosheets.14−18 Greater sensitivity to humidity
can be a consequence of the existence of the low-coordination
kinks, step edges, and dangling bonds at the edges of the WS2
nanosheets. All of these types of defects have a significant role
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in the humidity-sensing behavior because they represent
potential active sites available for the adsorption/desorption
of H2O molecules. In the experiment of Jha et al.,17 it was
reported that treatment of suspended WS2 nanosheets with
ultraviolet (UV) light improved linearity of the sensor at the
expense of its response to humidity. They suggested that this
effect might be due to the decreased amount of oxygen species
after the UV light treatment, which, according to the Grotthuss
mechanism,19 serves as a chemisorption site for water
molecules. They also suggested that the existence of oxy-
genized sites on the WS2 nanosheets is a consequence of the
exfoliation protocol, which included acetone ketyl free radicals
acting as a reducing agent. However, the direct evidence of the
oxygen species in such samples and the mechanism of H2O
adsorption on WS2 nanosheets are still missing.
The presence of humidity in ambient conditions is

particularly important for the stability of the operation of gas
sensors, which presents a significant limitation to their practical
use.20 In field-effect transistor (FET) gas sensors based on
multilayer mechanically exfoliated WS2 nanoflakes, Huo et al.16

found that the drain current and photosensitivity of the device
are higher in vacuum than in ambient air. Their density
functional theory (DFT) calculations showed that O2 and H2O
molecules from air can be physically adsorbed on the surface of
WS2 nanoflakes and withdraw electrons from it, thus reducing
its conductivity. As a consequence, the response of the FET
sensor to reducing gases (NH3) may be good but not so to O2,
for example. Therefore, to design efficient, stable, and reliable
gas sensors based on the WS2 nanoflakes, it is necessary to
understand the mechanism of water adsorption on its surface.
Considering different methods of 2D-material produc-

tion,14−16 liquid-phase exfoliation (LPE) stood out as a simple,
inexpensive, and highly effective technique for obtaining a high
yield of mono- and few-layer nanoflakes with the inherent
(edges) types of defects.21−23 To use the full potential of LPE-
processed WS2 nanosheets for sensing applications, thin films
need to be fabricated with a high degree of order and
continuity and a uniform surface. Conventional few-step
deposition methods of WS2 dispersion (and other 2D-
materials), such as drop-casting17 and spray and spin
coating,24−26 suffer from non-uniformity, agglomeration of
nanoflakes arising during solvent evaporation, lack of
reproducibility, and lack of control over the thickness of the
films, which all affect the quality of the sensor response.
Langmuir−Blodgett (LB) and Langmuir−Schaefer (LS) inter-
face assemblies were recognized as promising methods for
overcoming existing drawbacks,27−29 especially in the case of
self-assembled thin films of LPE graphene at the interface
between two phases, liquid/gas or liquid/liquid.27,30−32 In
particular, liquid/liquid interfaces provide a suitable oppor-
tunity for the formation of uniform films with better
confinement of TMD nanosheets. Few reports exist of TMD
assembly at the liquid/liquid interface,25,33,34 among them only
one concerning the WS2 nanosheet-based film.35 Clark et al.35

have demonstrated that continuous and closed-packed thin
films can be obtained through the spontaneous creation of
liquid/liquid assembly of TMDs (WS2, MoS2, and ReS2),
mixing the TMD nanosheet dispersion and octadecene by
manual shaking. To avoid additional processing steps of film
assembling and uncontrollable use of TMD dispersion, Nelson
et al.25 have proposed another approach, which is followed by
direct injection of the MoS2 dispersion to the preformed
liquid/liquid interface. However, no such attempt for

producing the WS2 film from nanoflakes has been made thus
far, on octadecene or any other solvent on top of water.
In this work, we characterized the liquid-phase exfoliated

WS2 films obtained at the interface of two immiscible liquids,
water and toluene, for the first time. The thin WS2 films
supported on the solid substrate by the LS technique were
then exposed to pure water vapor in near ambient conditions
for the direct, in situ measurement of water molecule
adsorption on their surface formed of closely packed WS2
nanoflakes. Various characterization techniques were employed
to investigate the properties of the LPE-LS WS2 films: optical
spectroscopy methods [ultraviolet−visible (UV−vis) and
Raman spectroscopy], near-ambient pressure X-ray photo-
electron spectroscopy (NAP-XPS), as well as microscopy
techniques [scanning electron microscopy (SEM) and atomic
force microscopy (AFM)]. We demonstrated that films formed
using the LS technique from LPE WS2 dispersion have
overlapping and edge-to-edge contact of WS2 nanoflakes,
providing a uniform large-area thin film. Notably, these films
exhibit defects at the edges of overlapping nanoflakes that
provide a dense grid of active sites for molecular adsorption.
This simple and inexpensive protocol produces much more
compact and highly uniform, thin WS2 films that can be
deposited onto various substrates compared to those
previously reported.12,17,18,33

We demonstrated that the heating in air or vacuum does not
change the structure of such films, which allows them to be
used in sensing devices at a high temperature without
degradation. The NAP-XPS experimental data show that the
water molecules adsorb predominantly on tungsten oxide sites,
which originate from the exfoliation and film synthesis in
ambient conditions, on and between the nanoflakes forming
the film.

■ EXPERIMENTAL SECTION
Exfoliation and Characterization of WS2 Dispersions. For

liquid-phase exfoliation of WS2 and preparation of dispersion, we
followed the protocol described in an earlier paper.36 We used
tungsten(IV) sulfide powder (243639, Sigma-Aldrich) and N-methyl-
2-pyrrolidone (NMP, biotechnology grade, ≥99.7%, 494496, Sigma-
Aldrich) as a solvent. To optimize the exfoliation conditions for the
highest yield of WS2 nanoflakes in solution, the initial WS2 powder
concentration and sonication time were tuned. Four different initial
concentrations of WS2 dispersion were prepared: 6, 12, 18, and 24 mg
mL−1. All dispersions were sonicated in a low-power ultrasonic bath
(Bransonic CPXH ultrasonic cleaning bath) for 14 h at room
temperature (T = 23 °C) and humidity of 25−30%. To prevent
aggregation and reduce the presence of non-exfoliated materials, the
WS2 dispersion was cascade-centrifuged: after the first 15 min cycle at
3000 rpm, the solution was decanted and the supernatant was
centrifuged at 6000 rpm for another 15 min. The optical
characterization of WS2 dispersion was performed using UV−vis
spectroscopy (see section 1 of the Supporting Information). On the
basis of the results, the dispersion with 12 mg mL−1 of initial WS2
concentration was chosen for further study.
Fabrication and Deposition of LPE LS WS2 Films. The liquid-

phase exfoliated WS2 films were prepared at the water/toluene
interface by the LS method. In a 15 mL beaker filled with 9 mL of
deionized water (18 MΩ cm−1), the substrate was immersed
horizontally. The liquid interface was formed by adding 1 mL of
toluene (≥99.7%, Sigma-Aldrich). The 0.3 mL of WS2 dispersion was
continuously cast down the inside wall of the beaker using the pipet.
Passing through toluene, WS2 nanoflakes gradually self-organized into
a close-packed thin film at the water/toluene interface. After the WS2
film was created, most toluene was gently removed with a syringe.
The WS2 films were then transferred onto substrates (SiO2/Si, Au-
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coated Si wafer, and quartz) using the homemade LS device. Further,
they were left to dry for 30 min in ambient conditions. To ensure the
removal of the residual solvent, the WS2 films were annealed in a tube
furnace in air for 20 min at a temperature of 120 °C.
Characterization of LPE LS WS2 Films. The optical properties

of LPE-LS WS2 films on quartz were investigated using a UV−vis
spectrophotometer (Beckman Coulter DU 720 UV−vis spectropho-
tometer). No more than 1% variation from the mean value existed
over the entire film area, indicating LPE-LS WS2 film uniformity on
the scale of several square centimeters. Information about the
morphology of WS2 films was obtained using optical microscopy with
a magnification of 400 times, and SEM (Tescan MIRA3 field-emission
gun). All SEM images were taken at 20 kV. The topography of thin
LPE-LS WS2 films was characterized using a NTEGRA Prima atomic
force microscope in non-contact mode. The thickness of the obtained
LPE-LS WS2 film was measured by non-contact optical profilometer
ZYGO New View 7100. The gold-coated silicon wafer was chosen as
a substrate as a result of its better light interference compared to the
SiO2/Si wafer. The thickness of the WS2 film was estimated on the
basis of five height profiles of film−substrate edges. The LPE-LS WS2
film−substrate edge was made by a diamond pen. Raman spectra were
measured with the Micro-Raman Tri Vista 557 triple spectrometer at
room temperature (T = 23 °C) and humidity of 25%. To avoid the
damage caused by heating, the power of the Nd:YAG laser (λ = 532
nm) was kept below 2 mW. The approximate size of the laser spot on
the sample was 2 μm. An objective lens microscope with 50×
magnifications was used. The measurements were performed on six
different positions on the surface of each WS2 film sample using an
acquisition time of 300 s. The spectrum range was 200−3800 cm−1.
The measurements could not be performed below 200 cm−1,
considering the configuration of the experimental setup. XPS
measurements have been performed at the custom-built NAP-XPS
setup in the Notre Dame Radiation Laboratory (NDRL). The setup
contained a reaction cell with a volume of ∼15 cm3, which could
sustain water vapor pressure up to 20 mbar.37 Photoelectrons from
the samples were collected and detected by the SPECS PHOIBOS
150 hemispherical analyzer, which was deferentially pumped. The

base pressure of the system was of the order of 10−9−10−10 mbar. The
samples made of thin LPE-LS WS2 films deposited on SiO2/Si wafers
were loaded first into the UHV chamber of the NAP-XPS setup and
then introduced into the reaction cell. The pass energy of the analyzer
was 20 eV for all high-resolution spectra. The energy of the
spectrometer was calibrated to the gold standard sample. Considering
the morphology of the thin films, we expected the presence of
adventitious carbon (from air) in the form of CO or CO2 species
trapped on the surface and between the flakes in the film. To remove
these and all other possible residual impurities (toluene and NMP),
the LPE-LS WS2 film was annealed at a temperature of 300 °C. After
confirmation of the integrity and composition of the samples, pure
water vapor was introduced into the reaction cell, within the pressure
range corresponding to an approximately relative humidity (RH)
between 4 and 22%.38

■ RESULTS AND DISCUSSION
The process of formation and controlled deposition of the WS2
film is schematically illustrated in Figure 1. The continuous
insertion of a small amount of WS2 dispersion at the interface
between two immiscible liquids, water and toluene, induces the
self-assembly of WS2 nanoflakes. The interfacial tension of the
water/air system is approximately equal to the surface tension
of water (∼73 mN/m at room temperature),39 while the
presence of toluene reduces it to 37.1 mN/m.40 Driven by an
overall reduction of the interfacial surface energy, WS2
nanosheets form a large area of a densely packed thin film.
The successful formation of the WS2 film at the liquid/liquid

interface can be a consequence of the long-range dipolar
repulsion of the particles as well as their attractive
interaction.41,42 The difference in dielectric constants of phases
that create the interface, polar (water) and nonpolar (air and
oil) substances, can create an asymmetric distribution of
particles charging and the formation of the dipole moment.41

The repulsive dipole−dipole interactions are responsible for

Figure 1. Schematic representation of the steps during the LPE-LS WS2 film assembly by the LS method: (a) formation of the water/toluene
interface, where the target substrate was previously horizontally immersed in the water, (b) introduction of LPE WS2 dispersion down the inner
wall of the beaker, where WS2 nanoflakes pass through the toluene and are self-organized at the interface between liquids, (c) removing toluene,
(d) thin WS2 film transferring on a solid substrate by pulling through the interface.

Figure 2. (a) Absorption and (b) transmission spectra for the thin LPE LS WS2 film in the range from 350 to 800 nm. The inset in panel b
illustrates the transparency and clarity of a single layer of the WS2 film on the quartz substrate (1 × 2 cm) deposited by the LS method.
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the ordering of the particles adsorbed at liquid interfaces.41

Still, Nikolaides et al.42 have shown that the dipolar electric
field of particles causes electrical stress, inducing distortion of
the liquid−liquid interface shape that results in the appearance
of interparticle capillary attraction having a significant role in
the stability of the particles at the liquid/liquid interface.42

However, because the WS2 nanoflakes can be described as
rather flat-shaped than spherical, their stability and arrange-
ment at the interface of two liquids may be more adequately
explained by the free energy of their attachment/detachment
over various contact angles at the interface of liquids.30,43

Using an analysis developed by Binks and Horozov,43 it has
been shown that the attachment of the graphene and MoS2
nanosheets at the liquid−liquid interface will be extremely
energetically favorable if the energy of the detachment is
maximized and the interfacial energy is minimized.25,30 During
the self-assembly, the highest stability of liquid-phase exfoliated
WS2 nanoflakes at the water/toluene interface is likely achieved
by their parallel orientation to the interface. This spontaneous
arrangement through the edge to edge contact of nanosheets
and their overlapping enables the reduction of the interfacial
area of liquids and the formation of tightly packed WS2
films.33,35 For further analysis and characterization, the LPE
WS2 films were deposited on solid substrates using the LS
technique.
UV−Vis Characterization of LPE LS WS2 Films. The

optical characterization of LPE LS WS2 films is represented in
Figure 2. The absorption spectrum (Figure 2a) is characterized
by three exciton peaks (A, ∼629 nm; B, ∼526 nm; and C,
∼455 nm), confirming the 2H-semiconducting crystal
structure of liquid-phase exfoliated WS2 nanoflakes.44 The
average transparency for a single deposition of WS2 film was 80
± 1% at the wavelength of 629 nm (Figure 2b).
Morphology Characterization of LPE LS WS2 Films.

The morphology of LPE-LS WS2 films is shown in Figure 3.

The optical contrast between the SiO2/Si substrate [d(SiO2) ≈
300 nm] and the film indicates complete coverage of the
substrate and homogeneity of the film on the centimeter length
scale (Figure 3a). In Figure 3b, the image taken by SEM
provides more detailed information about the film structure. It
can be noticed that the WS2 nanoflakes collected by LS
assembly form a well-packed array throughout their edge-to-
edge contact. The overlapping of nanoflakes is also observed.
The SEM image indicates that the water/toluene assembly
technique can be used to obtain wrinkle-free WS2 films with
excellent nanosheet packing and uniformity, which cannot be
achieved in a single-step spin-coating or drop-casting
method.12,34 This is in line with previous reports on the
advantages of the LB and LS techniques of liquid-phase
exfoliated 2D-materials compared to conventional deposition
methods, such as drop casting, spray or spin coating, and
vacuum filtration.25,27,28,33−35 For example, the self-organiza-
tion of graphene nanoflakes27 at the interface enables their
better mutual contact, in contrast to drop-casting, spin-coating,
and vacuum-filtered techniques, where the presence of a large
amount of NMP and its low volatility lead to the aggregation
of graphene as a result of a longer drying time of the film. This
impedes the control of the film thickness, which then affects
both the transparency and the electrical properties of the film.
The films produced through liquid/liquid assembly and
transferred onto the substrate by LB/LS methods exhibit not
only more uniform thickness but also a compact spatial
arrangement, with the nanosheets aligned over a much larger
area than can be achieved by spin or spray coating.33 Similar
conclusions apply to the MoS2 thin films, where Neilson et
al.25 directly compare the characteristics of the LS MoS2 film
transferred from the liquid/liquid interface onto a solid
substrate, with the MoS2 film obtained by spray and spin
deposition methods. On the basis of the measurement of the

Figure 3. Images of the WS2 film deposited on the SiO2/Si substrate obtained by (a) optical microscopy, (b) SEM, and (c) histograms of the lateral
size obtained from five 3 × 3 μm2 SEM images (∼1500 flakes). The distributions of the flake diameter have been fitted with a log-normal curve.

Figure 4. (a) AFM topographic image of the LPE-LS WS2 film on the SiO2/Si substrate (image includes a false color bar) of 5 × 5 μm2, (b) phase
image of the LPE-LS WS2 thin film from the same area (image includes a false color bar) showing more contrast around the edges of the
nanoflakes, and (c) height profile of the LPE-LS WS2 film/Au-coated Si substrate performed by the optical profilometer (measurement started from
the gold-coated Si substrate).
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flake diameter, the average lateral size of the WS2 nanoflakes
was estimated to be in the range of 60 ± 20 nm (Figure 3c).
In addition to the optical and electron microscopy, we

performed the AFM topography scans of LPE-LS WS2 films
transferred on SiO2/Si (panels a and b of Figure 4). The
topography of thin LPE WS2 films (Figure 4a) shows the
existence of WS2 nanosheets with different thicknesses and
excellent surface coverage by layered overlapping WS2
nanoflakes. The phase image (Figure 4b), which presents the
phase shift in the cantilever oscillations, reflecting the
combined material properties, such as stiffness, adhesion,
viscosity, and dissipation, indicates good LPE-LS WS2 film
homogeneity and shows a better contrast around the nanoflake
edges.
Optical profilometry measurements of the LPE-LS WS2 film

are shown in Figure 4c. On the basis of the height profiles of
the film/substrate edge (Figure 4c), the thickness of the WS2
films is estimated as 9.4 ± 0.7 nm.
Raman Spectroscopy of LPE LS WS2 Films. For further

characterization of the LPE-LS WS2 thin film, Raman
spectroscopy has been applied to verify the exfoliation of
bulk WS2 into few-layer WS2 nanosheets. Figure 5 represents
the Raman spectra of WS2 thin films and their bulk as a
reference.

Because the laser wavelength (λ = 532 nm) corresponds to
the exciton energy of WS2 (the peak B at the absorption
spectrum, Figure 2), the resulting spectra represent resonant
Raman spectra.45 Besides two characteristic Raman active first-
order optical modes A1g(Γ) and E1

2g(Γ), the resonant Raman
spectrum involves the longitudinal acoustic phonons at the M
point of the Brillouin zone [LA(M)], overtones [2LA(M) and
4LA(M), second and fourth harmonics], and combination
modes (A1g − LA, 2LA − 2E1

2g, and A1g + LA).45,46 Under the
resonance condition, the E1

2g(Γ) mode overlaps with the
2LA(M) mode.46 LA(M) is positioned below 200 cm−1

(precisely at 176 cm−1 in the experiment of Berkdemir et
al.46) and cannot be seen in spectra considering the range of
our experimental setup, but the other vibrational bands are
present in both spectra of thin-film WS2 and the WS2 bulk
(Figure 5). It indicates that, during the exfoliation process,
there was no interaction between the WS2 nanosheets and the

solvent molecules (NMP), which would lead to changes in the
chemical composition of the material. In comparison to the
Raman spectrum of the WS2 bulk material, there are no
significant changes in the Raman shift of the vibration modes:
A1g − LA (234 cm−1), 2LA − 2E1

2g (299 cm−1), A1g + LA (582
cm−1), and 4LA (698 cm−1). In the Raman spectra of the LPE
LS WS2 film, A1g(Γ) (418 cm−1) and E1

2g(Γ) [+2LA(M)]
(354 cm−1) are red- and blue-shifted (for 2 cm−1) compared to
the WS2 bulk, which is expected when the number of WS2
layers is decreasing.47 Changes in the electronic structure,
formation of the direct energy gap, which is the characteristic
of exfoliated WS2, was confirmed by the presence of
fluorescence in the Raman spectrum of the LPE-LS WS2 thin
film (inset spectrum in Figure 5).48 The Raman spectra
recorded in the range from 800 to 2200 cm−1 showed no
vibrational modes (presented in section 3 of the Supporting
Information).
The characterization of the LPE-LS WS2 films produced at

the toluene/water interface and transferred on solid substrates
showed a high level of reproducibility in their physical and
chemical properties. The transmittance, Raman spectra, and
compactness of the films did not differ significantly between
different samples (see sections 2−4 of the Supporting
Information).
Effects of Water Molecules on the Surface of LPE-LS

WS2 Films. To obtain insight into the chemical composition
and binding characteristics of the LPE-LS WS2 films when they
are exposed to water vapor, XPS analysis was performed. All
represented core level photoemission spectra (W 4f, S 2p, O
1s, and C 1s) have been analyzed with a Gauss (30%)−Lorentz
(70%) function defined in Casa XPS as GL (30) after a
Shirley-type background subtraction. The C 1s peak at 284.8
eV was used for calibration of the binding energy scale. Panels
a−c of Figure 6 depict the deconvoluted XPS spectra of the
pristine LPE-LS WS2 film. The W 4f core level spectrum
(Figure 6a) is deconvoluted into six components: three W 4f
doublet (W 4f7/2 and W 4f5/2). The doublet peaks arising as a
result of spin−orbit splitting correspond to W4+ at 32.5 and
34.6 eV, W5+ at 35.5 and 37.8 eV, and W6+ at 36.7 and 38.7 eV
binding energy. The XPS spectrum of sulfur is fitted into
doublet S 2p3/2 and S 2p1/2 at 161.9 and 163.1 eV (Figure 6b).
The two peaks of the S2− and W4+ oxidation states are
attributed, according to the literature, to the pure 2H-WS2
phase.49,50 Recent studies have reported that WS2 films show
poor stability and the tendency for spontaneous oxidation in
the air environment at room or higher temperatures.51−53

These results imply that, dependent upon the operating
temperature range, WS2 can be partially or totally converted
into different forms: tungsten oxide (WO3), non-stoichio-
metric tungsten oxide (WO3−x), hydroxide and/or hydrate
tungsten oxide (WO3·nH2O).12,50,53,54 Considering the con-
ditions of LPE-LS WS2 film preparation (self-assembly of
nanoflakes at the toluene/water interface and the annealing of
films in air at 120 °C) and the value of the binding energies of
W5+ and W6+, the presence of these oxidation products in the
LPE-LS WS2 films can be expected. To complete the analysis,
XPS of the O 1s core level was also performed in this study
(Figure 6c). The broad O 1s spectrum observed in the range of
529−537 eV is deconvoluted into four components. The
position of the peaks in the deconvoluted spectrum is tentative
as a result of the large width of the O 1s peak and the
overlapping of possible oxygen species with close values of
binding energy. The assignment of these four peaks is based on

Figure 5. Raman spectra of WS2 bulk materials and WS2 thin films
deposited on the SiO2/Si wafer, with (inset) fluorescence in the
Raman spectrum of the WS2 thin film.
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the literature and protocol for the creation and transfer of WS2
films on solid substrates. The peak located at the lowest
binding energy (530.3 eV) corresponds to oxygen ions (O2−),
confirming the formation of W−O bonds.55 The existence of
the hydroxyl group (−OH), assigned to the peak at 531.5 eV,
indicates the hydration of tungsten/tungsten oxide.56 The
formation of the oxidation products consisting of oxide/
hydroxide compounds of W and hydrate of WO3 can be due to
the presence of WS2 film defects, as recently reported57 that
the liquid-phase exfoliation coupled with the LB technique
produces self-assembled films with a high density of nanoflake
edge defects. The edge defects of LPE-LS WS2 nanoflakes/
films, like tungsten dangling bonds, behave as active sites for
the interaction with O2, humidity from the atmosphere, and
water present as a component of liquid/liquid interfaces.
The origin of the major peak in the O 1s spectrum,

positioned at 532.8 eV, can be ascribed to the SiO2 substrate
and adsorption of O2 molecules from the atmosphere.58,59 In
the previously reported studies60,61 and database,38 the peak
presented at the highest binding energy in the O 1s spectrum is
usually related to the chemisorbed/physisorbed H2O mole-
cules on the film surface. Thus, the highest binding energy
peak (at 534.9 eV) in the observed spectrum refers to the
adsorption of water molecules. These water molecules can be
adsorbed on the WS2 film surface or intercalated through its
structure and trapped between the nanoflakes during the film
formation.
As described earlier (Experimental Section), a small amount

of NMP from the WS2 dispersion is present during the self-
assembly of WS2 nanoflakes. This compound together with

toluene may be detected in LPE-LS WS2 films in the form of
carbon. To assess the presence of carbon contamination from
these solvents and other sources, including the interaction cell
(adventitious carbon), we also recorded the high-resolution
spectrum of C 1s (Figure S2 of the Supporting Information).
Considering that, after the heating of LPE-LS WS2 films at 120
°C in air, there was still residual water and solvents in the film
(Figure 6c), the samples were additionally annealed in vacuum
at 300 °C.
The XPS spectra of W 4f, S 2p, and O 1s for the post-

annealed LPE-LS WS2 film are shown in panels d−f of Figure
6. The position of the characteristic peaks (W 4f and S 2p) for
pure 2H-WS2 remained unchanged after heating of LPE-LS
WS2 films in high vacuum, suggesting that annealing does not
affect the W−S chemical bonds (panels d and e of Figure 6).
The S atoms are still bound exclusively to W without revealing
additional chemical states or introducing new defects.
However, it is worth noting that the binding energy of other
peaks attributable to W with higher oxidation states in the W
spectrum (Figure 6d) is downshifted for 0.5 eV. The significant
chemical shift that refers to increasing of the binding energy for
0.6 eV is also remarked for the oxide ions O2− (Figure 6f). The
obtained results imply that changes in the W 4f and O 1s core
level spectrum are probably caused by losing an oxygen atom
in WO3 during heat treatment of LPE LS WS2 films in
vacuum.62 The creation of oxygen vacancies, as point defects,
is usually accompanied by the reduction of W6+ to W5+ and the
generation of WO3−x compounds.62 Released lattice oxygen
atoms can leave the film and be evacuated from the chamber,
but also their migration to filling the previously formed surface

Figure 6. XPS W 4f, S 2p, and O 1s spectra of the LPE LS WS2 film deposited on the SiO2/Si substrate: (a−c) pristine, (d−f) after heating at T =
300 °C in vacuum, (g−i) exposure to 1 mbar water vapor, and (j−l) exposure to 5 mbar water vapor. The first column presents the W 4f spectrum
with the three doublets attributed to WS2 (red), WO3−x and WO3·nH2O (dark green), and WO3 (dark blue). The second column shows a doublet
of sulfur, S 2p3/2 (pink) and S 2p1/2 (brown). The third column represents the O 1s spectrum deconvoluted into components assigned to molecular
H2O from the water/toluene interface and gaseous water in the reaction cell (dark blue), SiO2 (olive green), −OH groups (purple), and oxygen in
W−Ox (orange), with oxygen ions as nucleophilic oxygen (black line). The envelope curve for all spectra is marked as a dark gray line.
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oxygen vacancy defects, oxidation of WO3−x, cannot be
excluded. Furthermore, in the O 1s spectrum of post-annealed
LPE-LS WS2 films (Figure 6f), the OH peak entirely
disappears, as evidence of film dehydration. The other two
peaks ascribed to SiO2 (at 532.8 eV) and H2O (at 534.9 eV)
molecules did not undergo any changes in terms of the
chemical shift. The presence of the peak at 534.9 eV suggests
that a complete desorption of water molecules from the LPE-
LS WS2 films did not occur. Considering the porous structure
of the WS2 films, it is likely that a certain amount of H2O
remains trapped within the film, with some of it also being
chemisorbed and forming bridges between the nanoflakes.
After the sample WS2 film was cooled to the room

temperature, it was exposed to 1 and 5 mbar pressure of
water vapor, which corresponds approximately to RH between
4 and 22% (panels g−l of Figure 6). The high-resolution XPS
spectra show that the peak position of W 4f and S 2p doublets
for pure 2H-WS2 stay unchanged in both cases (panels g, h, j,
and k of Figures 6). The existence of water molecules clearly
does not influence the chemical bond of W−S, suggesting that
the H2O molecules are physisorbed onto the surface of the
LPE-LS WS2 films. After the increase of water vapor pressure
in the chamber, multilayers of H2O are formed through
hydrogen bonds (Figure 6l). The chemical shift of the peak
positioned at 534.9 eV as well as the peak corresponding to
SiO2 (at 532.7 eV) was not observed (panels i and l of Figure
6), which indicates that introduced water did not have access
to the silicon wafer substrate; i.e., the homogeneous, full
coverage of the WS2 film on the surface has not been
disrupted. The suppressed intensity and broadening of all
peaks, except the peak at 534.9 eV (panels g−l of Figure 6), is
due to the smaller number of photoelectrons reaching the
detector in the presence of the water multilayer on the surface
and free gaseous water molecules in the reaction cell.
The charge transfer in tungsten oxides, at 1 mbar, is

evidenced by the shift (0.3 eV) of W5+ and W6+ peak positions
toward the higher binding energy (Figure 6g) compared to
those at the post-heating LPE-LS WS2 films (Figure 6d). Also,
the position of the peak corresponding to O2− (Figure 6l) has
undergone an alteration and downshift for 0.3 eV. The
obtained results indicate the oxidation of W5+ to W6+. Once
the water vapor molecules come into contact with the surface
of LPE-LS WS2 films, the oxygen atoms will fill the previously
formed point defects, oxygen vacancies in non-stoichiometric
WO3−x, forming WO3, which is the opposite of the reduction
of these compounds that occurs at post-annealed LPE-LS
WS2.

62 During the chemical bonding of oxygen with its
adjacent tungsten atom, the transfer of electrons from W to the
O atom has occurred and the electronic density near the
tungsten atom decreases. In that case, the Coulomb interaction
between the nucleus and the remaining electrons in the W
atom becomes stronger. Thus, the binding energy of W peaks
will be shifted to higher values, and for the O2− peak, the
binding energy will be shifted to lower values. In the O 1s
spectrum shown in Figure 6i, the new peak has appeared at
527.5 eV and can be tentatively ascribed to the creation of
hydrate tungsten oxide (WO3·nH2O)63 or nucleophilic
(atomic) oxygen.64

The introduction of water vapor at 5 mbar leads to W5+ and
W6+ peak shift from 0.3 eV to lower binding energies (Figure
6j) and the large chemical shift by more than 2 eV of the O 1s
peak, previously at 527.5 eV, to higher binding energies
(Figure 6l). Such a shift has been previously observed in the

adsorption of oxygen on Ag(110) and Ag(111) surfaces,64

where atomic oxygen trapped in defects or different adsorption
sites can have different ionic states and, therefore, different
charges. In the case of the porous WS2 film, the edge-rich
structure offers a wide range of adsorption sites for oxygen,
which can then be more weakly (ionic-like states) or more
strongly (covalent bonds) bound to tungsten in the film. In the
case of more covalently bound but not yet electrophilic, O 1s
will still be lower than that which corresponds to WOx but
significantly higher than that in the nucleophilic form. An
additional possibility for the appearance and binding energy
shift of this O 1s peak could be that the chemical changes of
the LPE-LS WS2 film are caused by the formation of additional
hydrides of tungsten oxides through the interaction of water
molecules with defects (WO3, and WO3−x).

63 Considering the
structure of our WS2 films, it is plausible that both mechanisms
are taking place during the exposure of LPE-LS WS2 films to
H2O in a vacuum.

■ CONCLUSION
In this work, we presented the study of the water adsorption
effect on WS2 thin films obtained using the new toluene/water
interfacial self-assembly technique from the liquid-phase
exfoliated 2D material. In the first part, we characterized
LPE-LS WS2 films using various spectroscopic and microscopic
techniques (UV−vis, Raman spectroscopy, SEM, and AFM).
The toluene/water interfacial self-assembly technique and LS
film deposition method provide a strong confinement of the
WS2 flakes. Using a small volume of the WS2 dispersion allows
the facile and rapid formation of theoretically unlimited large-
area, highly transparent, and thin films of few-layer WS2
nanosheets.
Chemical properties of the LPE-LS WS2 films and their

interaction with water molecules under near-ambient water
vapor pressures reveal that defects in the WS2 flakes play a
major role in the chemical interaction of the water and LPE-LS
WS2 film surface. The presence of WO3, WO3−x, and hydrated
tungsten oxide, in the freshly prepared LPE-LS WS2 films, can
be explained by the existence of the edge defects from tungsten
dangling bonds that arose during the liquid-phase exfoliation of
the WS2 material. The temperature treatment of the LPE-LS
WS2 films in vacuum, performed before their exposure to water
vapor, to remove the residual solvent, had a partial effect on
their dehydration. This implies that the trapping of the H2O
molecules in the film structure and their chemisorptions
represents the first stage of the water−WS2 film interaction and
an unavoidable event during the exposition of the film to the
liquid water at the moment of its formation at the interface.
Besides the expected significant physisorption of H2O at the
surface of LPE LS WS2 films, during their exposure to H2O gas
at 1 and 5 mbar, oxygen-activated sites, such as WO3 and
WO3−x, are the central places for the interaction with the water
molecules from the gas phase. Except for the oxidation of W5+,
adsorption of intact and dissociated H2O molecules is
responsible for the formation of hydrated tungsten oxides.
The investigation of the interaction of water molecules with

the surface of the thin 2D semiconductor WS2 film is an
imperative for fine tuning the sensing properties, regardless of
the sensing target, because the presence of water in ambient
conditions is unavoidable. Therefore, the characterization of
molecular interactions between water molecules and the WS2
film and the identification of specific chemical and physical
bonds under near-ambient conditions are essential for further
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use in sensing applications. These new data may be especially
useful for improving the accuracy and responsiveness of
various gas sensor devices operating in various environmental
conditions, such as low or high humidity and high temper-
atures, or improving the sensitivity of biochemical sensors that
usually deal with analytes in aqueous solution.
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We report on experimental elastic differential and integral cross sections for electron scattering from zinc. The
energy range of these measurements is 10–100 eV, while the scattered electron angular range in the differential
cross-section data is 10◦–150◦. We also supplement our measured data with applications of our optical potential
and relativistic optical potential approaches to this problem. Where possible, the present results are compared
against those from earlier B-spline R-matrix [O. Zatsarinny and K. Bartschat, Phys. Rev. A 71, 022716 (2005)]
and convergent close coupling [D. V. Fursa, I. Bray, R. Panajotović, D. Šević, V. Pejčev, D. M. Filipović, and
B. P. Marinković, Phys. Rev. A 72, 012706 (2005)] computations. Good overall qualitative accord is typically
observed.
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I. INTRODUCTION

There appear to be two main reasons for why studies of
electron-zinc (Zn) scattering processes are important. The first
is fundamental, in that Zn represents a quasi-two-electron
atom for which a target description of a [core]ns2 config-
uration has been previously quite successful in describing
scattering phenomena from similar targets such as helium
[1], beryllium [2], and magnesium [3]. As a consequence,
testing this representation on a heavier atom, where relativistic
effects might be important, is a valid rationale for its study.
The second reason is applied, and largely stems from the
work of Born [4,5], who suggested that Zn might be an
attractive replacement for mercury in making high-pressure
gas discharge lamps more environmentally friendly. More
recently, studies on the emission dynamics of an expanding
ultrafast laser-produced Zn plasma have been reported [6,7].
In the latter of those studies, Gupta et al. [7] detailed a
collisional radiative model, using relativistic distorted wave
(RDW) cross-section calculation results, in order to interpret
the data of Smijesh and Philip. [6]. That collisional radiative
model included the RDW elastic integral cross section (ICS),

*Corresponding author: michael.brunger@flinders.edu.au

as well as the ICSs for discrete inelastic processes, to ensure
that the sum of their individual ICSs was consistent with the
total cross section and therefore that their [7] cross-section
data base was self-consistent. As a consequence of the Born
[4,5] work, White et al. [8] conducted an initial multiterm
simulation study looking at the transport characteristics of a
swarm of electrons drifting through a background Zn vapor
under the influence of an external electric field. That work
of White et al. [8] demonstrated that anisotropic scattering,
through incorporation of the elastic momentum transfer cross
section [8] of Zn, was necessary for accurately describing the
electron transport characteristics in Zn under the influence of
such an applied (external) electric field.

Previous studies into electron-zinc scattering, particularly
in regard to measurements, have been somewhat limited.
Experimental excitation cross sections, for the 4 1P and 5 1P
states in Zn, have been reported by Williams and Bozinis [9],
Panajotović et al. [10], and Fursa et al. [11]. Measurements of
coherence and correlation parameters for the 4 1P state have
also been published by Piwiński et al. [12]. To the best of our
knowledge, only a limited study of elastic cross sections for
scattering from the 4 1S state of Zn is available in the literature
[9] and improving that situation thus forms an important ratio-
nale for the current investigation. Having said that, we do also
note two early conference papers from Trajmar and Williams
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[13] and Predojević et al. [14]. The situation with respect to
theory is a little better, with earlier elastic computations from
Childs and Massey [15], McGarrah et al. [16], and Kumar
et al. [17] being noted. As those earlier computations have
been largely superseded, we do not discuss them further. More
recently, a R-matrix result (incorporating 23 target states) [8],
a B-spline R-matrix (BSR) approach [18] (incorporating 49
target states), and a convergent close-coupling (CCC) method
[11] (incorporating 206 target states) have become available
in the literature. While the CCC results were only reported in
Fursa et al. [11] for the 4 1P and 5 1P states, elastic results were
also obtained as a part of that computation. Nonetheless, with
an eye to ultimately formulating a recommended database for
electron-Zn scattering [19], further calculations in the form
of our optical potential (OP) and relativistic optical potential
(ROP) methods have been undertaken here. Broadening of
the available theoretical results was thus another important
rationale for the present paper.

It is well known in the electron-scattering community that
the pioneering electron-metal vapor measurements, made at
the Jet Propulsion Laboratory (JPL) from the early 1970’s
to the early 1980’s, for both elastic and discrete inelastic
processes, have not stood the test of time and are inaccurate.
This has been confirmed by both independent measurements
from other groups and by theory, with examples for sodium
[20], magnesium [21–23], and lead [24], to name but a few
systems, being given here in support of our assertion. The
review of Bartschat [25] might also be consulted. Therefore,
a further rationale of the present paper was to explicitly check
this for elastic scattering in zinc [9] and, just as importantly,
to extend the available cross-section data to energies beyond
40 eV, which is presently the only energy available in the
literature. This is crucial for providing a serious benchmark
to test theory against.

The atomic, molecular, and optical physics scattering
community has, for some time now, been endeavoring to
compile accurate and complete cross-section data bases [26]
for scattering systems relevant to simulating charged-particle
behavior in, for example, electron swarm systems [27–29] and
radiation damage in matter [30–32], and for understanding
the role of electron-driven processes in planetary atmospheres
[33,34]. The importance of elastic-scattering cross sections,
which do not deposit energy in the background medium or ex-
cite states leading to photon emission that can be analyzed for
diagnostic purposes [35], has probably been somewhat under-
valued by that community. In fact, by allowing for anisotropy
in electron swarm transport through the momentum transfer
cross section [27–29] and, through the elastic differential
cross sections (DCSs) [30–32], looking at the dispersion of
the electrons as they travel through the body, the elastic-
scattering process is crucial for a quantitative description of
those phenomena. This forms a further allied rationale for this
paper.

The remainder of this paper is structured as follows. In the
next section we present a brief discussion of our experimental
apparatus and methods, while in Sec. III details of our OP and
ROP calculations are provided. Our results and a discussion
of those results are given in Sec. IV, with some conclusions
from the present investigation thereafter being drawn.

II. EXPERIMENTAL DETAILS

The apparatus is the same as that used in our earlier
inelastic electron-Zn measurements [10,11], so that only a
brief description is needed here. It consists of a conventional
crossed-beam spectrometer, with hemispherical energy se-
lectors in both the monochromator and analyzer. Note that
both these selectors were fabricated from molybdenum. The
electron beam was transported and focused by a series of
cylindrical-symmetry lenses, that were made of gold-plated
oxygen-free high thermal conductivity copper. A “zoom”
lens was situated at the exit of the monochromator, in order
to provide a stable focus at the interaction region for the
electron energy range of interest to this paper, specifically, for
incident electron energies between 10 and 100 eV. Note that
the incident electron-beam current was in the range 1–10 nA
for the present experiments, as measured using a standard
Faraday cup configuration, while the current energy resolution
was ∼40-meV full width at half maximum (FWHM).

In all crossed-beam scattering experiments it is crucial
to minimize the value of the Earth’s magnetic field in the
system, and particularly at the interaction region. This is to
ensure that the paraxial focusing properties of the incident
and scattered electron beams are maintained. In this case the
residual magnetic field in the interaction region was measured
to be less than 0.1 μT, with this being achieved by utilizing
double μ-metal shielding.

The energy scale was calibrated by measuring the position
of the well-known [36,37] (4s4p2) 2D resonance in the elastic
channel, located at 4.25 eV [37]. Due, at least in part, to
the asymmetry of this feature, we estimate the uncertainty
on this calibration to be ∼ ± 300 meV. The position of the
true zero-scattering angle was determined before each angular
distribution measurement, by checking the symmetry of the
scattered electron signal at positive and negative angles with
respect to the unscattered electrons. The uncertainty in the
angular scale was ±0.5◦, while the overall angular resolution
of the present experimental configuration was 1.5◦ (FWHM).
Note that the analyzer could be rotated from −30◦ to +150◦
with respect to the primary electron beam.

The atomic zinc beam, formed from ultrapure zinc gran-
ules, was produced using a resistively heated oven made of
titanium. The oven nozzle aspect ratio was 0.075, a small
enough value that should assist in minimizing any possible
effective-path-length correction factor effects on the measured
angular distributions even for a single-tube capillary such
as here [38,39]. Nonetheless, when required, the appropri-
ate effective path-length correction factor for our scattering
geometry, from Brinkman and Trajmar [38], was employed.
Monitoring of the temperature at both the top and bottom of
the crucible was necessary in order to provide stable condi-
tions for the target Zn beam. A higher temperature at the top of
the crucible ensured the nozzle did not clog, while a somewhat
lower, but constant, temperature (∼670 K) at the bottom pro-
vided the effusive flow of the atomic beam. The corresponding
metal vapor pressure was approximately 10 Pa, while the
background pressure in the chamber was better than 5 mPa.

Irrespective of the incident electron energy (E0 = 10, 15,
20, 25, 40, 60, 80, or 100 eV), our elastic angular dis-
tribution measurements were only undertaken when stable
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TABLE I. Present measured 4 1S(EL)/4 1P(4P) ratios at 10◦ and 20◦ scattering angles and for energies between 10 and 100 eV. Also shown
are the relevant 4 1P DCSs from [10,11] and our corresponding OP and ROP theory results. Note that EL denotes the elastic channel.

���������DCS

Scattering angle 20◦ 10◦

10 eV 15 eV 20 eV 25 eV 40 eV 40 eV 60 eV 80 eV 100 eV

4P [10,11] 2.1 2.64 2.52 1.92 0.644 13.7 6.69 5.92 3.61
(10−16 cm2/sr)

EL/4P experiment 8.3 ± 1.9 3.5 ± 0.5 2.15 ± 0.25 1.77 ± 0.42 1.8 ± 0.7 0.76 ± 0.16 0.58 ± 0.07 0.86 ± 0.10 1.06 ± 0.07

EL experiment 17.4 ± 5.9 9.24 ± 2.09 5.41 ± 1.21 3.40 ± 0.99 1.15 ± 0.52 10.5 ± 4.7 3.88 ± 1.11 5.07 ± 1.48 3.82 ± 1.04
(10−16 cm2/sr)

EL OP 10.8 7.81 5.74 4.31 2.39 10.8 9.41 8.82 8.42
(10−16 cm2/sr)

EL ROP 15.3 10.2 6.93 4.87 2.07 14.3 10.8 8.92 7.82
(10−16 cm2/sr)

electron-beam and zinc-beam operating conditions were
achieved. The angular distributions for elastic scattering, i.e.,
when the energy loss of the incident beam after scattering was
equal to 0 eV, at each energy, were measured by recording
the number of true elastic-scattering events as a function of
the scattered electron angle. Note that background electron
scattering from the residual gas in our scattering chamber was
carefully monitored, and was found to be very small across
most of the scattered electron angular range of this investiga-
tion. Further note that those relative angular distribution data
were corrected for the effective path-length factor [38] before
normalization. Due to interference from the primary electron
beam, in practice the minimum scattered electron angle that
we could access was θ = 20◦ for E0 � 25 eV and θ = 10◦
for 40 eV � E0 � 100 eV. On the other hand, the maximum
scattered electron angle we could measure, at all energies
studied, was θ = 150◦. In this case the restriction was caused
by the physical size of the monochromator and analyzer
and their associated electron-optic lens elements. The present
angular distributions, again at each energy, were subsequently
placed on an absolute scale, from energy-loss measurements
that encompassed the elastic (4 1S) and inelastic (4 1P) peaks
at certain specific normalization angles. From the ratio of the
elastic to inelastic intensities, in the energy-loss spectrum, at
the normalization angle, and a knowledge of the absolute 4 1P
DCSs from Fursa et al. [11], our angular distribution measure-
ment at the given energy could now be placed on an absolute
scale. Examples for this approach, at scattered electron angles
of 10◦ and 20◦ and for all our incident electron energies
between 10 and 100 eV, are given in Table I. Also included
in this table are the relevant 4 1P DCSs from [10,11] and our
corresponding OP and ROP theoretical results (see later).

The only concern with this approach, particularly at
the lower incident electron energies, is the behavior of the
analyzer transmission as a function of the scattered electron
energy. This follows as the energy gap between the 4 1S and
4 1P states is ∼5.8 eV [18], so that for a 15-eV incident
electron the outgoing scattered electron energies will vary
from 15 eV (4 1S state) to 9.2 eV (4 1P state) across our
energy-loss spectrum. However, our analyzer electron optics
were specifically designed to cope with such situations so that
we believe our transmission function is uniform to better than
23% at 10 eV and 7% at 100 eV.

An alternative approach, at each energy, that we employed
here was to measure energy-loss spectra at each scattered
electron angle and, in the manner just discussed, determine
the elastic DCS directly from those energy-loss spectra. The
beauty here is that the effective path-length correction factor
cancels out in taking the ratio, and is thus of no concern with
that approach. However, the analyzer transmission function
issue (as just discussed) remains open. In any event, the
elastic DCSs we determined from these two approaches,
irrespective of the incident electron energy, were always
consistent to within the uncertainties we cite. This gives
us some confidence in the efficacy of our experimental
measurement techniques and procedures. A summary of the
present measured elastic DCSs and their uncertainties is given
in Table II, with plots of those results and our new OP and
ROP computations being found in Figs. 1 and 2. Having
obtained our elastic DCSs, we now wish to extrapolate
them to 0◦ and 180◦, perform an interpolation, and then
undertake the usual integration in order to derive elastic ICSs
at each energy. To accomplish this in the least subjective
manner possible, we applied the complex phase-shift analysis
approach originally developed by Allen and coworkers
[40,41]. Full details of this method can be found in [40,41],
but essentially the user inputs the relevant beam energy and
the dipole polarizability of zinc (38.8 a3

0 [42] in this case),
the number of complex phase shifts (e.g., s, p, and d waves)
to be varied in order to minimize the difference between the
measured and simulated DCSs, and finally the maximum
value of the partial waves to be employed in the Born
expansion that accounts for the higher-order partial waves. In
all cases the functional form of Allen and coworkers [40,41]
produced an excellent representation of the measured DCSs,
so that we are confident in the validity of the ICSs we have
derived from this approach. The present experimental and
theoretical elastic ICSs can be found in Table III and Fig. 3.
The uncertainties on our measured DCSs stem from several
contributions. The stabilities of the electron and atomic
beams are both better than 2% over the lifetime of a given
experimental run. Despite the large dynamic range of the
elastic intensity over the scattered electron angles we probed
(see Table II), the statistical uncertainties in our angular
distributions were rarely worse than 30% and only then at the
higher scattering angles. To place the angular distributions on
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TABLE II. Experimental differential cross sections and absolute uncertainties (in parentheses) in units of 10−16 cm2/sr for elastic electron
scattering from the ground state of zinc. Uncertainties are at the one standard deviation level.

Angle 10 eV 15 eV 20 eV 25 eV 40 eV 60 eV 80 eV 100 eV

10 10.5(4.7) 3.88(1.11) 5.07(1.48) 3.82(1.04)
15 19.5(9.9) 11.1(2.5) 8.46(2.48) 3.61(1.62)
20 17.4(5.9) 9.24(2.09) 5.41(1.21) 3.40(0.99) 1.15(0.52) 0.606(0.190) 0.646(0.210) 0.532(0.157)
25 2.46(0.55) 1.35(0.40) 0.343(0.154)
30 6.02(2.03) 2.41(0.54) 1.05(0.24) 0.530(0.155) 0.096(0.043) 0.065(0.025) 0.074(0.030) 0.090(0.031)
35 0.447(0.099) 0.198(0.058) 0.020(0.009)
38 0.0075(0.0035)
40 2.05(0.69) 0.618(0.140) 0.184(0.041) 0.055(0.017) 0.0087(0.0040) 0.031(0.014) 0.064(0.027) 0.056(0.020)
45 0.261(0.059) 0.067(0.015) 0.0071(0.0025) 0.026(0.012)
48 0.0037(0.0013)
50 0.668(0.226) 0.106(0.024) 0.011(0.003) 0.0045(0.0016) 0.047(0.021) 0.056(0.023) 0.092(0.037) 0.064(0.023)
55 0.365(0.124) 0.043(0.010) 0.0053(0.0013) 0.020(0.006) 0.059(0.026)
60 0.163(0.056) 0.016(0.004) 0.011(0.002) 0.034(0.010) 0.062(0.028) 0.071(0.028) 0.075(0.031) 0.044(0.017)
65 0.074(0.026) 0.0063(0.0017) 0.017(0.004) 0.043(0.013) 0.060(0.027)
70 0.029(0.011) 0.0040(0.0013) 0.023(0.005) 0.044(0.013) 0.050(0.022) 0.022(0.010) 0.026(0.012) 0.019(0.008)
75 0.0040(0.0012) 0.026(0.006) 0.038(0.012)
80 0.011(0.005) 0.0060(0.0017) 0.026(0.006) 0.031(0.009) 0.024(0.011) 0.015(0.008) 0.0061(0.0032) 0.0052(0.0025)
85 0.018(0.007) 0.0082(0.0022) 0.027(0.005) 0.026(0.008)
90 0.031(0.011) 0.0099(0.0026) 0.020(0.005) 0.019(0.006) 0.0093(0.0043) 0.0066(0.0039) 0.0094(0.0046) 0.0070(0.0032)
95 0.017(0.004) 0.013(0.004)
100 0.055(0.020) 0.017(0.004) 0.015(0.003) 0.0088(0.0029) 0.0062(0.0029) 0.018(0.009) 0.023(0.010) 0.016(0.007)
105 0.012(0.003) 0.0058(0.0020)
110 0.090(0.031) 0.026(0.006) 0.014(0.003) 0.0047(0.0016) 0.0089(0.0041) 0.024(0.011) 0.031(0.013) 0.025(0.010)
115 0.017(0.004) 0.0070(0.0023)
120 0.112(0.039) 0.041(0.010) 0.022(0.005) 0.0092(0.0029) 0.012(0.006) 0.027(0.012) 0.042(0.017) 0.023(0.010)
125 0.031(0.007) 0.013(0.004)
130 0.148(0.051) 0.064(0.015) 0.043(0.010) 0.019(0.006) 0.011(0.005) 0.025(0.011) 0.023(0.010) 0.013(0.006)
135 0.060(0.013) 0.030(0.009)
140 0.184(0.063) 0.095(0.022) 0.082(0.018) 0.043(0.013) 0.016(0.007) 0.010(0.006) 0.0070(0.0035) 0.0062(0.0028)
145 0.110(0.025) 0.061(0.018)
150 0.253(0.086) 0.143(0.033) 0.145(0.032) 0.085(0.025) 0.035(0.016) 0.0077(0.0043) 0.0032(0.0019) 0.0013(0.0008)

an absolute scale, we carry over the intrinsic uncertainty on
the 4 1P DCS at the normalization angle, the uncertainty in our
effective path-length correction factor (<5%), the uncertainty
of ∼10% in our energy and angular calibrations, and the
uncertainty of 23% at 10 eV decreasing to 7% at 100 eV

TABLE III. Present elastic ICS (×10−16 cm2), as derived from
our measured DCS, for electron scattering from Zn. Estimated
uncertainties in our data are ±35%, and are at the one standard
deviation level. Note that our overall estimated uncertainty includes
an “extrapolation uncertainty” due to the application of our phase-
shift analysis approach [40,41].

E0 ICS Absolute error
(eV) (10−16 cm2) (10−16 cm2)

10 19.22 6.73
15 13.30 4.65
20 8.61 3.01
25 6.82 2.39
40 4.27 1.49
60 2.23 0.78
80 3.28 1.15
100 2.63 0.92

on our analyzer transmission function associated with the
energy-loss measurements and our determination of the elastic
to inelastic ratios. When combining all these contributions
in quadrature, we found that the overall uncertainties on
our elastic DCSs lay in the range ∼22–62%, with the exact
uncertainties being found in Table II. For our elastic ICSs we
estimate their uncertainties to be a conservative ±35%.

III. THEORETICAL METHODS

As already mentioned above we have employed two differ-
ent theoretical approaches to calculate the elastic differential
and integral cross sections of this investigation. These are now
briefly detailed below.

A. OP approximation

We have recently described, in some detail, our optical
potential approach as applied to the electron-beryllium [2] and
electron-magnesium [3] scattering systems. All the generic
details of our atomic OP method, that we gave in these papers,
are equally applicable here and so as a consequence we do
not repeat them. Rather, we simply highlight that when our
OP method was benchmarked against a sophisticated BSR
calculation [43], for elastic electron scattering from iodine,

062702-4



EXPERIMENTAL AND THEORETICAL CROSS SECTIONS … PHYSICAL REVIEW A 99, 062702 (2019)

ROP
CCC
BSR
OP
Present

 (a) 10 eV

σ 
(1

0-1
6 c

m
2 /

sr
)

0.001

0.010

0.100

1.000

10.000

0 50 100 150
Angle (deg)

 (b) 15 eV

σ 
(1

0-1
6 c

m
2 /

sr
)

0.01

0.10

1.00

10.00

0 50 100 150
Angle (deg)

 (c) 20 eV

σ 
(1

0-1
6 c

m
2 /

sr
)

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

0 50 100 150
Angle (deg)

 (d) 25 eV

σ 
(1

0-1
6 c

m
2 /

sr
)

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

0 50 100 150
Angle (deg)

FIG. 1. Differential elastic cross sections (×10−16 cm2/sr) for electron scattering from zinc at (a) 10 eV, (b) 15 eV, (c) 20 eV, and (d) 25 eV.
The present measurements (�) and OP (– · – · –) and ROP (—–) calculations are compared against earlier CCC (– –) [11] and BSR (- - - -)
[18] theory results. See also the inset.

very good agreement was found between them. We therefore
anticipate that it will provide a good description for the
elastic-scattering process in Zn as well.

B. ROP theory

We also gave a detailed synopsis of our relativistic optical
potential calculations in [2,3], so we do not repeat them again
now. In this case, however, there are some details pertaining
specifically to the relativistic optical potential employed for
Zn, which we now provide. In this paper the elastic and absor-

ption cross sections were calculated using a complex relativis-
tic optical potential (ROP) method in a similar manner, as just
noted, to that outlined in the recent papers [2,3] for Be and
Mg. A complete description of the ROP method is given in
[44]; this paper will be referred to as paper I hereafter.

The ROP method is based upon the solution of the Dirac
scattering equations which contain both static and polarization
potentials, the exchange terms, and a nonlocal absorption
potential to account for excitation and ionization processes.
The ground- and excited-state wave functions of zinc were
determined in a single configuration calculation using the
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FIG. 2. Differential elastic cross sections (×10−16 cm2/sr) for electron scattering from zinc at (a) 40 eV, (b) 60 eV, (c) 80 eV, and (d) 100 eV.
The present measurements (�) and OP (– · – · –) and ROP (—–) calculations are compared against earlier CCC (– –) [11] and BSR (- - - -)
[18] theory results. Also plotted is the measurement of Williams and Bozinis (•) [9] at 40 eV. See also the inset.

multiconfiguration Dirac-Fock program of Grant et al. [45].
The static potential was determined in the usual manner
from the ground-state Dirac-Fock orbitals of zinc, while
the nonlocal exchange interaction was included by antisym-
metrizing the total scattering wave function. The polarization
potential was determined by the polarized-orbital method of
McEachran et al. [46,47] and included the first seven multi-
pole potentials plus the corresponding dynamic polarization
potential [48]. Thus, asymptotically the polarization potential
contained all terms up to and including those corresponding
to r−14.

The nonlocal absorption potential was determined as an
expansion over the inelastic channels of the target atom. These
inelastic channels include both excitation of the higher-lying
bound states as well as the single ionization of the target
as given by Eq. (21b) of paper I. Also included were those
channels which correspond to the ionization of 3p and 3d
electrons at approximately 17 and 75 eV, respectively. For
the excited bound states of zinc, which were used in the
absorption potential, we included those eight states where
one of the electrons in the outer 3s valence shell was excited
to a higher-lying np1,3P state with n = 4 to 7 inclusive.
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FIG. 3. Integral elastic cross sections (×10−16 cm2) for electron
scattering from zinc. The present measurements (�) and OP (�) and
ROP (×) calculations are compared against earlier CCC (◦) [11],
BSR (�) [18], and FBA (♦) [51] theory results. See also the inset.

For the case of ionization, we included those continuum
states which correspond to an orbital angular momentum of
zero to four; this gives rise to up to 71 ionization channels
depending on the total angular momentum of the incident
electron.

All the present OP and ROP results are converged and so
have an intrinsic uncertainty of less than 1%. However, in
terms of their ability to accurately reproduce benchmarked
data or sophisticated CCC and BSR results, our experience
[2,3,43] suggests an uncertainty of ∼10% for energies above
about 1 eV and an uncertainty of up to ∼50% for energies
below 1 eV. That larger uncertainty at those lower energies is
due to the existence of the low-energy resonance (see Fig. 3),
which can only be approximately represented in the OP and
ROP methods. For these optical potential methods to compete
with results from CC methods here, we would need to include
the excited states involved in the resonance, in momentum
space, and treat it as we do the ground state. The large
basis sets in the BSR and CCC methods should give a good
representation of both states involved in the resonance, as well
as give a good representation of the polarization interaction.
Therefore, large basis set BSR and/or CCC calculations, if
available, should be preferred below ∼0.5 eV.

IV. RESULTS AND DISCUSSION

In Table II and Figs. 1 and 2 we show the results from
our experimental differential cross-section measurements for
elastic scattering from the 4 1S ground state of Zn. Also
shown in Figs. 1 and 2 are the results from our present
optical potential and relativistic optical potential DCS com-
putations, and the earlier theoretical CCC and BSR cal-

culations. As noted by Bartschat [49], the BSR results of
Zatsarinny and Bartschat [18] focused on the lower-energy
scattering phenomena. As a consequence, at higher energies
some convergence problems (recall this is only a 49-state
calculation) might be anticipated to be encountered. This is
indeed the case; several of the higher-energy BSR elastic
differential cross sections exhibit unphysical (although subtle)
oscillations in their angular distributions. All the experimental
and theoretical angular distributions exhibit a strong forward
peaking (i.e., at smaller scattering angles) in their absolute
elastic cross-section magnitudes (see Figs. 1 and 2) with
this degree of forward peaking increasing as the incident
electron energy increases. This behavior is consistent with
the important role that zinc’s strong dipole polarizability [42]
plays in the scattering dynamics of this collisional system.
Also of general note is that the number of local minima in
the DCSs increases as the incident electron energy increases.
Specifically, at 10 and 15 eV we observe one local cross-
section minimum, while at 20 and 25 eV there are two local
minima in the DCS and for energies of 40 eV and above there
are three local minima. In this case the oscillatory behavior in
the angular distributions, both experimental and theoretical,
is physical and reflects the interference between the various
phase shifts that describe elastic scattering in this system at a
given energy. It is worthy of note that the positions of these
minima in the angular distributions, although not necessarily
their depths, are probably best described by the CCC and our
OP theories (again see Figs. 1 and 2). Finally, in a general
sense, we note that electron exchange also plays an important
role, particularly at the lower energies, in this system. The
best way to ascertain this is to “turn off” exchange in our
computations, and to observe the effect that this unphysical
action has on the calculated DCS (not explicitly shown in
Figs. 1 and 2). As just noted, that effect was important at the
lower energies of this paper.

Considering Fig. 1(a) in more detail we see that the present
ROP result probably best describes the measured data, in
terms of the shape, magnitude, and angular position of the
DCS minimum. Nonetheless, it is fair to note that all the com-
putations at least qualitatively reproduce the gross features of
this elastic DCS. At 15 eV, however, the situation has changed
a little with the CCC result [11] now best representing the
measured DCS [see Fig. 1(b)]. However, we would again
characterize the level of accord between the available theories
and our data as being fair overall. By 20 eV [see Fig. 1(c)]
best agreement between the measured data and theory is
probably afforded by our OP result, although both the CCC
[11] and ROP theories also do reasonable jobs in reproducing
the qualitative features of this elastic DCS. Only the BSR
computation [18], which predicts a far deeper cross-section
minimum than any of the other theories or experiments at this
energy, has significant problems here. This may reflect some
issues with their convergence, as Bartschat noted [49], and
indeed if we look closely at Fig. 1(c) we can see some small
(unphysical) oscillations in their [18] angular distribution. A
similar story to that just outlined at 20 eV can be found in
Fig. 1(d) for 25 eV. Hence we do not consider that energy
further.

At 40 eV, in Fig. 2(a), there is an earlier elastic DCS
measurement from Williams and Bozinis [9] available in
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the literature. When we compare that result to the present
measurements we find, to within their stated uncertainties,
very good agreement between them for scattered electron
angles less than about 70◦. Above 70◦, however, the data of
Williams and Bozinis [9] are significantly higher in mag-
nitude than the present DCS, and in better accord with all
the theory results. As noted previously, electron-metal vapor
measurements made at JPL from the early 1970’s to the
early 1980’s are now known to be inaccurate. Hence our
observations regarding the level of agreement between our
40-eV measurements and those of Williams and Bozinis [9],
in Fig. 2(a), are not particularly surprising, but were important
to confirm. Figure 2(a) also indicates that it is the CCC
result [11] that is probably in best overall agreement with
our measured DCS, although our OP calculation also does a
fair job in qualitatively reproducing the features of the 40-eV
angular distribution. Once again, we find some suggestion of
convergence problems with the BSR computation [18,49]. In
Fig. 2(b) we present our 60-eV results. At this energy all the
theories well reproduce the angular structure in this elastic
DCS, although in terms of the cross-section magnitude for
scattering angles greater than about 30◦ they are all much
stronger in magnitude than our measured data. A similar story
to that just outlined for 60 eV is also found at 80 eV [Fig. 2(c)]
and 100 eV [Fig. 2(d)]. Indeed it is fair to say that for incident
electron energies greater than 25 eV all the DCSs found in
various theories are larger in magnitude than our measured
results at middle and backward scattered electron angles. This
observation is not new to us, having been seen in all our
recent electron-molecule scattering studies [50]. In essence
it is indicative of the “flux competition” between the open
elastic, discrete inelastic, and ionization channels at a given
incident electron energy. Assuming our measured DCSs are
in fact correct, then Figs. 1(d) and 2(a)–2(d) suggest that more
flux is going into the elastic channel, compared to the discrete
inelastic and ionization channels, than should be the case.
However, it is worth noting that the DCSs at all these energies
have magnitudes that are very small at middle and backward
electron-scattering energies. Therefore it would only require
a very small misapportionment of the flux into the elastic
channel to lead to what we find in Figs. 1(d) and 2(a)– 2(d).
This highlights just how challenging these computations are,
so that the level of accord that we achieve between theory and
experiment in Figs. 1 and 2 is actually pretty good.

In Table III and Fig. 3 we present our derived elastic ICS
for electron scattering from zinc. Also plotted in Fig. 3 are the
results of our OP and ROP calculations, and corresponding
CCC [11] and BSR [9] elastic ICSs. Additionally, a first Born
approximation (FBA) level [26,51] calculation is also plotted
in Fig. 3. The first point we can glean from Fig. 3 is the
existence of a strong low-energy p-wave resonance feature
in the elastic ICS, which is predicted by both our OP and
ROP computations and the earlier BSR [18] calculation. This
resonance was first observed experimentally in the electron
transmission spectra (ETS) work of Burrow et al. [36], at
an energy of 0.49 eV, with it being originally found in
a semiempirical calculation by Zollweg [52] although at a
slightly higher energy of 0.67 eV. The present OP calculation
predicts the resonance peak at 0.4 eV, in good accord with
that of Burrow et al. [36], while our ROP finds the peak to be

in the range 0.28–0.35 eV, which is still in fair accord with
the ETS result. The 49-state BSR calculation places the peak
at 0.71 eV, in better accord with the semiempirical result of
Zollweg [52]. It is well known that close-coupling-type cal-
culations, when predicting the position and peak magnitudes
of these low-energy resonance features, are very sensitive to
the number of channels incorporated into their computation
[53]. Therefore it would be desirable if a larger basis BSR
calculation were to be performed on this system. Similarly,
it would be very interesting to see the CCC results [11] for
incident electron energies below 10 eV and extending down to
about 0.01 eV. At this stage it appears that more work needs to
be done in this low-energy regime (0.01–1 eV), in order to get
a better handle on the true peak energy and magnitude of this
cross section. Above 1 eV, however, the situation is clearer.
As can be seen in Fig. 3, for energies between 1 and 10 eV
the present OP and ROP elastic ICSs are in quite good accord
with the BSR result [18]. Above 10 eV, the BSR cross section
becomes lower in magnitude than all of the OP, ROP, and CCC
results. This observation we believe, at least in part, reflects
some of the convergence issues with the BSR calculation, at
the higher energies, that we discussed previously. The OP
and CCC results, between 10 and 100 eV, are in excellent
agreement with one another, while our ROP result, which is
a little higher in magnitude in that energy range, possibly due
to it incorporating relativistic effects which neither the OP
or CCC computations can account for, nonetheless remains
in fair accord with the OP and CCC cross sections. Finally,
for energies greater than 100 eV, we note the elastic ICSs
from our OP and ROP calculations and the FBA calculation
[51] all exhibit the same energy dependence and are in fair
accord in terms of their magnitude. It would thus be relatively
easy to construct a recommended data base in that energy
range by simply taking an average of the OP, ROP, and FBA
ICSs.

The other major highlight in Fig. 3 is the comparison
between our derived elastic ICS and the available theories,
including our own, between 10 and 100 eV. Here we find
a very good level of agreement between the experimental
ICSs and the theoretical results from the OP, ROP, and CCC
calculations, for incident electron energies between 10 and
40 eV. While this might appear a little counterintuitive, given
our previous discussions of the DCSs at those energies, it can
be understood as follows. Most of the contribution to the inte-
grand of the ICSs, even allowing for the sinθ weighting factor,
comes from the more forward electron-scattering angles of the
DCSs and this is precisely where, between 10 and 40 eV, the
experimental DCSs are in good accord, in the main, with those
corresponding OP, ROP, and CCC computations. At higher
energies (60–100 eV), however, the measured (derived) ICSs
are lower in magnitude than the OP, ROP, and CCC results
(see Fig. 3), and in better accord with the BSR calculated ICS.
Given our previous discussion in relation to some possible
convergence problems with the BSR at higher energies, that
agreement between our experimental ICS and the BSR ICS
must be considered to be a little serendipitous. Again, this ICS
behavior at higher energies fully reflects the higher-energy
DCS results (see Fig. 2). Specifically, the forward angle DCSs
at those energies (except in part at 80 eV) are all a little
lower in magnitude than the OP, ROP, and CCC cross sections
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with this observation then being carried through, as one would
expect, to the ICS level results (see Fig. 3).

V. CONCLUSIONS

We have reported on original differential cross-section
measurements for elastic electron scattering from zinc. The
energy range of those experiments was 10–100 eV, with the
scattered electron angular range being 10◦–150◦. From those
data we employed our phase-shift analysis procedure to derive
corresponding integral cross sections. In addition, theoreti-
cal results from our optical potential and relativistic optical
potential computations were also reported. On the basis of
the work of McEachran and Stauffer [54] and Bartsch et al.
[55], with polarized electrons, we had anticipated relativistic
effects in Zn (Z=30) to be modest but nonetheless observable.
Unfortunately, perhaps due to the slightly different representa-
tions of polarization, exchange, and the absorption interaction
between our OP and ROP formalisms, no such effects were
quantified in this investigation. This suggests that for a target
even with Z=30 it may be too light to elucidate relativistic
effects with unpolarized electrons. Where possible the present
DCS and ICS experimental and theoretical data were com-
pared against those from earlier CCC and BSR calculations.
At the DCS level we found good qualitative accord between
our measurements and the available calculations, although at
the higher (40–100 eV) incident electron energies the theories
tended to be systematically higher in magnitude than our
measured results at middle and backward angles. This we
believe was due to a small misapportionment of flux in the
theory between the elastic channel and the discrete inelastic
and ionization channels (i.e., flux competition). In particular,
the results embodied in Figs. 1 and 2 indicate just how difficult
it is for theory to describe a scattering process where the cross
sections vary by four to five orders of magnitude over the

scattered electron angular range from 0◦ to 180◦, the treatment
of the continuum by theory being somewhat problematic in
that endeavour. Nonetheless, it would be both interesting and
instructive if the BSR and CCC methods were to reprise
their calculations with the larger basis sets they now routinely
employ with the computational power now available to them.
Agreement at the elastic integral cross-section level, between
theory and our measurements, was quite good across the
common energy range. At lower energy (� 40 eV), to within
our stated uncertainties, the experimental ICSs were largely
consistent with the CCC, BSR, OP, and ROP computations,
while at higher energies, although there is a degree of good
fortune here due to their convergence problems at these higher
energies, the BSR cross sections are in best accord with our
experimental data. While a large basis BSR calculation and
an extension of the existing CCC result to lower energies
(∼0.01 eV) would be desirable, to better define the magnitude
and peak energy of the p-wave resonance cross section, we
nonetheless believe a plausible (recommended) elastic ICS
could now be established for this scattering system and for
ultimate use in simulating electron transport in gaseous zinc.
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Photosynthetic reaction center (pRC) purified from Rhodobacter sphaeroides 2.4.1 purple bacteria was deposited on 
a graphene carrier exfoliated from the liquid phase and layered on the surface of SiO2/Si substrate for optoelectronic 
application. Light-induced changes in the drain-source current vs. gate voltage are demonstrated. Dried photosynthetic 
reaction centers/graphene composite on SiO2/Si shows a photochemical/-physical activity, as a result of interaction 
with the current flow in the graphene carrier matrix. The current changes are sensitive to light, due to the contribution 
from the charge separation in the pRC, and to the applied gate and drain-source voltages.

Highlights

● Interaction between electric current in graphene and charge transfer in pRCs
● Electric field effect on charge separation in photosynthetic reaction centers
● Photosynthetic reaction center/graphene biohybrid for low-power
    optoelectronics

Introduction

At the turn of the 21st century, the synergy of research 
laboratories of fundamental and applied sciences together 
with the emerging request for advanced technologies led to 
the constructive interference of a wide range of disciplines 
(such as optoelectronics, (bio)photonics, nanotechnology, 
and nanobionics). A new generation of optoelectronic 
systems designed for energy conversion, imaging devices, 

optical switches, and sensors (Tamiaki et al. 2006, Nagy 
et al. 2010, 2014; Giraldo et al. 2014, Szabó et al. 2015, 
Daliento et al. 2017) became valuable tools in modern 
science and industry (Nagy and Magyar 2022). In addition, 
discovering new types of nano(bio)hybrid materials 
provides the possibility to create functional complexes that 
are considered in the literature as materials for the future 
(Darder et al. 2007, Shoseyov and Levy 2008, Nagy et al. 
2014, Szabó et al. 2015).
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The new generation of technologies offers unique 
solutions for specific tasks, such as optimizing the size of 
the devices and sample quantity, aiming single-molecular, 
fast, reversible, online, real-time, remote operation, 
and highly reproducible, sensitive, selective responses 
(Magyar et al. 2013, 2016; Luka et al. 2015, Szabó et al. 
2017). There is a large number of reports and reviews 
summarizing the advantageous properties of graphene 
for a wide range of applications referring to its unique 
transport properties (optical and electric conductivity) 
(Geim and Novoselov 2007, Geim 2009) as well as its 
extraordinarily high mechanical (strength and flexibility) 
and chemical stability (Blake et al. 2008, Wang et al. 2008, 
Kim et al. 2009, Li et al. 2009).

To utilize the full potential of graphene, the selection 
of the appropriate methods of synthesis plays an important 
role. In addition to commonly used preparation methods, 
such as chemical vapor deposition (CVD) or mechanical 
exfoliation, liquid-phase exfoliation (LPE) followed 
by self-assembling Langmuir–Blodgett (LB) technique 
deposition represents a simple and inexpensive route that 
enables obtaining the thin, transparent, and low-resistance 
films of high crystal quality and graphene flakes free of 
chemical modifications (Coleman 2013, Kim et al. 2013, 
Tomašević-Ilić et al. 2016, Szabó et al. 2021).

The light-sensitive bio-hybrid composites, among the 
future generation of materials, has been attracted much 
attention because light-matter interaction is fundamental 
not only in basic and applied research but also in advanced 
technology, where fast and efficient performance is 
a prerequisite, e.g., in information, security, energy 
conversion, and sensor technology (Wraight and Clayton 
1974, Xua et al. 2004, Tamiaki et al. 2006, Nagy et al. 2010, 
2014; Cogdell et al. 2013, Hartmann et al. 2014, Szabó  
et al. 2015, Daliento et al. 2017, Hajdu et al. 2017, 2021; 
Ryu et al. 2018, Allen et al. 2022). Bio-hybrid composites, 
as the combination of carbon-based materials and light-
sensitive biological molecules such as photosynthetic 
proteins, can be designed to convert light very efficiently 
into different kinds of energy forms within a tuneable time 
from femtoseconds to seconds and wavelength range from 
UV to IR, at the same time fulfilling another requirement 
that they are highly degradable into environmentally safe 
products.

Various photosynthetic materials, from light-sensitive 
pigments through macromolecules and molecular com
plexes to individual organisms, are already successfully 
combined with metal or semiconductor electrodes, as 
well as with carbon-based carrier matrices to benefit from  
the properties of both the biological and inorganic carriers. 
Photosynthetic reaction center proteins (pRC), which 
are known as ‘nature's solar batteries’ (Jones 2009), are 
the focus of numerous research aiming to create light-
responsive low-power hybrid bio-optoelectronic devices 
(Tangorra et al. 2014, Csiki et al. 2018, Heifler et al. 
2020, Altamura et al. 2021). In addition to the classical 
three-electrode electrochemical cells, typical architecture 
is an electrolyte-gated field-effect organic transistor 
arrangement in which redistribution of the photogenerated 
charges by the pRC drives photocurrent in suitable aqueous 

solution (Andronescu and Schuhmann 2017, Takshi et al. 
2017, Zhang et al. 2017, Di Lauro et al. 2020).

It is already demonstrated that pRC isolated from  
the natural environment can preserve its photochemical/-
physical activity to a large extent when dissolved in  
a water-based detergent micellar system, organic solvents  
(e.g., hexane) (Tandori et al. 1991, Warncke and Dutton 
1993) or even dried on inorganic carrier surfaces. It is 
known from the middle of the 1970s that pRCs keep their 
photoactivity when dried in chromatophores (the photo
synthetic membrane in cells) on glass plates (Vermeglio 
and Clayton 1976, Clayton 1978). Purified pRCs also 
keep the photochemical/-physical activity when dried in 
gelatin films (Rafferty and Clayton 1979), in trehalose 
glasses (Palazzo et al. 2008), when bound to carbon 
nanotubes (CNTs), and dried on optical glass (Dorogi et al. 
2006, Hajdu et al. 2011) or graphene (Szabó et al. 2021). 
CNTs can mimic the membrane environment and have  
a stabilization effect on the light-separated charges –  
the lifetime of the light-induced charge pair is increased,  
the redox species in the pRCs interact with the CNT  
(Dorogi et al. 2006), and the photochemical stability is 
kept for several months (Magyar et al. 2011). Exceptional 
stability and mechanical flexibility of the pRC-electrode 
system were reported where pRCs were directly 
immobilized on transparent graphene oxide (mRGO) 
electrodes (Zhang et al. 2017).

In the present work, we characterized dried bacterial 
photosynthetic reaction centers/graphene composite on 
SiO2/Si wafer aiming to examine its photochemical/-
physical activity as a light energy-converting system. 
The liquid-phase exfoliated graphene film was tested 
as a carrier in this configuration and the deposition of 
pRC onto its surface formed of closely packed graphene 
nanoflakes was performed by the drop-casting method. 
Different techniques, such as optical spectroscopy (Raman 
spectroscopy), microscopy techniques (scanning electron 
microscopy – SEM and atomic force microscopy – AFM), 
and electrical measurement based on light-induced change 
in Isource-drain/Ugate, were applied to investigate the properties 
of the complex after its drying. We demonstrated that 
films obtained using the LB technique from LPE graphene 
dispersion, have overlapping and edge-to-edge contact 
nanoflakes, providing the uniform large-area thin film 
suitable for the role of the carrier in the bio-hybrid complex 
for the optoelectronic devices.

Materials and methods

Reaction center purification: Reaction center protein 
was isolated from the intracytoplasmic membrane fraction 
of Rhodobacter sphaeroides 2.4.1 purple bacterial strain 
by detergent (LDAO, N,N-dimethyldodecylamine- 
N-oxide) solubilization and further purified by ammonium 
sulfate precipitation followed by (DEAE Sephacell) anion-
exchange chromatography (Tandori et al. 1995). Both  
the primary (QA) and the secondary (QB) electron acceptor 
quinones were extracted according to Okamura et al. 
(1975). The sample was adjusted to about 60 μM pRC 
concentration, kept in a freezer at –77°C, and diluted to  



63

PHOTOSYNTHETIC REACTION CENTER/GRAPHENE BIO-HYBRID

the required concentration (ca. 10–9 M) to ensure monolayer 
coverage (Szabó et al. 2013, 2021) when it was used.

Preparation of graphene thin films: The graphene 
films were made at a water–air interface by Langmuir–
Blodgett assembly (LBA) technique using liquid-phase 
exfoliated graphene, following the protocol described 
in earlier publications (Kim et al. 2013, Matković et al. 
2016, Tomašević-Ilić et al. 2016). The commercial 
graphite powder (Sigma Aldrich-332461) was dissolved 
in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich-328634) 
at an initial concentration of 18 mg ml–1. After 14 h of 
sonication, in a low-power ultrasonic bath (Bransonic 
CPXH Ultrasonic & Cleaning Bath, 30 W), graphene 
dispersion was centrifuged at 3,000 rpm for 60 min 
using Force 1624 microcentrifuge. Sonication time was 
optimised for obtaining the highest yield and quality 
of graphene nanoflakes with our ultrasound bath. We 
used the low-power bath, and we were adding the cool 
water every couple of hours, which kept the temperature 
in the bath close to the room temperature. By adding  
a small amount of graphene dispersion (0.3 ml) into  
the half-filled beaker of de-ionized (DI) water (electrical 
resistance of 18.2 MΩ) hydrophobic graphene nanosheets 
self-organize and form a close-packed thin film at  
the water–air interface. For transferring this film onto  
SiO2/Si substrate (SiO2 thickness of 80 ± 5 nm; Tomašević-
Ilić et al. 2016) a simple automated dip-coater system 
(motorized pull-out sample holder) with vertical speed 
control allowed us to pull the substrate slowly through 
the interface and scoop the film without disturbing its 
integrity. After the transfer, the graphene film was left 
to dry in ambient conditions. To assess the integrity and 
morphology of our graphene samples, we used an atomic 
force microscope N-Tegra Prima (NTMDT, Russia) 
operating in a semi-contact mode and scanning electron 
microscopy (SEM). SEM images were taken at 15 kV 
acceleration voltage using a Tescan MIRA3 field-emission 
gun (Tescan, Czech Republic). The statistics of the size of 
graphene nanoflakes was obtained using the SEM inbuilt 
software tools for selecting, outlining, and measuring their 
lateral size. For measuring the roughness and thickness 
profile in AFM images, we used the free Gwyddion 
software.

Preparing the pRC/graphene composite: After the 
graphene film has passed the quality control in morphology 
measurements, photosynthetic reaction centers, purified 
from Rb. sphaeroides 2.4.1 strain, were deposited on its 
surface by drop-casting. Following our earlier protocols 
(Kim et al. 2013, Matković et al. 2016, Tomašević-Ilić 
et al. 2016), pRC solution was dropped on the surface of 
graphene. The RC concentration was set to 1.25 nM, and 
the amount of LDAO was reduced to 0.006%, well below 
the c.m.c. (0.01%) by dialysis, and 5 μL pRC solution was 
dried at room temperature under an air stream to ensure 
approximately single-layer pRC coverage (Szabó et al. 
2013, 2021) in a 2-mm diameter spot. No specific attempt 
was made for oriented binding of the RC to graphene in 
these experiments; this can be the aim of the following 

investigations. However, by using CNT and pRCs in 
our earlier investigations, we learned that hydrophobic–
hydrophobic interactions play probably the major role  
(the main thermodynamic driving force) of the stabilization 
(Dorogi et al. 2006). The probably random orientation of 
the pRC is determined by the hydrophobic interaction 
between the graphene flakes and the membrane-spanning 
part of the pRC, maybe, with the involvement of π-stacking, 
without specific selection of the e–-donor or the -acceptor 
side of the protein.

Raman microscopy for spectroscopy: Raman spectra 
were obtained using the NTegra Spectra P9 (NT-MDT 
Spectrum Instruments, Limerick, Ireland) controller and 
microscope, having a 100× objective, under ambient 
air conditions at room temperature. For the excitation,  
a 473-nm wavelength diode laser was used, while for 
spectral decomposition, a 300 groves mm–1 grating 
covering the range of 180–3,500 cm–1. Before experiments, 
the system was calibrated to the first peak of a silicon 
surface at 520.5 cm–1. Individual spectra were collected 
with a step size of 500 nm covering a total area of 40 µm × 
20 µm resulting in 3,200 spectra in total. After all spectra 
were averaged, the background was removed by fitting  
the lowest count values with a 7th-order polynomial (Szőke 
et al. 2020).

Measuring current-voltage characteristics: Before  
the measurement, connecting electrodes were fixed by 
water-based carbon paste (SUPELCO) to Si (gate) and 
graphene (source and drain). Light-induced changes 
were measured by exciting the sample with a continuous 
wave laser diode (CWDL, 2 W, 808 nm, Roithner).  
The signal was detected by a Keithley 2700 multimeter 
(Tektronix Inc., USA) with a 6.5-digit resolution (Magyar 
et al. 2011, Szabó et al. 2013, 2021). Based on our earlier 
experiments (Szabó et al. 2021), the intensity of the 
exciting CWDL light was set to the maximum value of 
the linear increase in the current signal, and grey filters 
(reached around 1 mW cm–2 of light intensity) were used 
to minimize the probability of multiple excitations of  
the pRC. The measurements were controlled, and the data 
were collected and analysed using the self-developed 
LabVIEW software. The experimental arrangement for 
measuring light-induced changes in the electric properties 
of the graphene/pRC bio-hybrid is depicted in Fig. 1. 

Results and discussion

Structural characterizations: Information about the 
structural characteristic of the film and its morphology 
was obtained using SEM (Fig. 2). It can be noticed in  
Fig. 2A that graphene flakes completely cover the substrate 
forming the film through overlapping and positioning  
side-by-side. For SEM image analysis, the nanoflakes  
were selected using the inbuilt instrument software, 
and their size was measured with appropriate software 
tools. The arrangement of the graphene flakes implies 
the mesoporous structure of the film. Fig. 2B presents 
histograms of the lateral sizes of graphene flakes, indicating 
that their average diameter was 130 ± 10 nm.
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Further analysis of the graphene film surface was 
performed by AFM. The AFM topographic images (Fig. 3) 
confirmed good surface coverage of the SiO2/Si substrate 
by overlapping graphene nanoflakes. Using the statistical 
analysis with the Gwyddion software enabled us to estimate 
the average roughness of the film in the order of 10 nm. 
The overlap of individual graphene nanoflakes in the film 
prevented the exact measurement of their thickness by 
AFM. However, it has been established in our previous 
work (Matković et al. 2016) that the graphene flakes 
obtained using our exfoliation protocol were composed of 
a few layers, comparable to the size of the pRC particle.

Considering that the pRC water solution also contains 
the surfactant (although well below the c.m.c., which 
is sufficiently enough to keep the pRC in suspension) 
that stabilizes the protein particles and prevents their 
agglomeration, we assumed that the drop-casted pRC 
would likely be randomly distributed over the drop area 
and not accumulate anywhere in particular. Therefore, 
we can consider our composite structure to be close 
to a monolayer of pRC on graphene, as in our earlier 
experiments (Szabó et al. 2013, 2021).

To confirm the pRC adsorption on the graphene film, 
the sample coverage was analysed by Raman microscopy  

in the range of 180–3,500 cm–1 where the characteristic  
peaks of Si, graphene, pRC carotenoids, and NH- and 
saturated CH-bands can be visualized (Adar 2022).  
As a reference, Raman spectra of multilayer pRCs 
deposited onto SiO2/Si were recorded. Fig. 4 shows 
that the characteristic peaks of Si/SiO2, graphene, and 
the numbers of the pRC peak can be clearly identified 
and coincide well with the ones reported already in the 
literature for the pRC (Robert 1990) and for Si/SiO2/
graphene substrates (Hrubý et al. 2020). At 473-nm laser 
excitation preferentially, the carotenoids bound to pRC are 
excited and show characteristic resonance peaks. When 
RCs are bound to graphene film, probably, due to large 
overlap with graphene, the carotenoid peaks are reduced 
considerably, however, in the range of CH-NH bands of  
the spectrum, the pRC binding is indicated. The positions 
and modifications of the peaks due to different pRC 
conditions (substrate binding, environment, light–dark, 
etc.) are a matter of further investigation.

Electric current measurements: The thin graphene film 
transferred onto the SiO2/Si substrate (Si is n-type of 
semiconductor) shows the diode-like I/V characteristics 
due to the good contact at the interface (Fig. 1). Fig. 5 
shows that the current in the dark equilibrium can clearly 
be distinguished in the negative and the positive directions. 
When the device is illuminated by light, current flow opens 
in the positive UG (Fig. 5) without affecting the current in 
the negative UG (Fig. 5) with or without the pRC coverage. 

The asymmetric light response with the gate voltage 
is better demonstrated when the ‘light minus dark’  
drain-source (IDS) current is plotted vs. the gate voltage (UG, 
Fig. 6). In this representation, the signal is compensated 
with any (electric and/or thermal) effect accompanying  
the light excitation in the Si, SiO2, and graphene phases 
and/or at the interfaces. Light-induced changes in the IDS 
can be seen only in the positive UG range and are enhanced 
significantly when graphene is functionalized with  
the pRCs. The change in the drain-source current does 
not show dependence on the drain-source voltage (UDS)  
(in the investigated range, 0–1,000 mV, at least), however, 
is highly sensitive to UG.

There are multiple effects of the excitation of this 
layered structure by light in the near-infrared range  
(the excitation wavelength in our case was 808 nm). 

Fig. 1. Schematic representation of the experimental arrangement. 
CWDL – diode laser; L1 and L2 – lenses; FO – fiber optics;  
RC – reaction centre.

Fig. 2. (A) SEM image of graphene film on 
SiO2/Si wafer, (B) histograms of graphene 
nanosheet diameter obtained from five  
2 × 2 µm2 SEM images (~1,400 flakes).  
The black dashed line corresponds to  
the log-normal fit.
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Although graphene film does not have a plasmonic 
excitation at this wavelength, thermal dissipation of the 
absorbed photon energy is very likely an alternative reason 
for the change in I/V. In addition, due to the relatively 
large transparency of the graphene film, light can induce 
an electronic excitation of the Si bulk, as well as the 
conductivity change at the interfaces of Si/SiO2/graphene. 

Structural and functional conditions of the pRC deposition 
were optimized to reduce the possible artifacts (e.g., due 
to integrity of the protein structure, overexcitation of  
the photochemistry/-physics of the pRC, possible 
effects of the detergent on the RC–substrate interaction;  
see ‘Materials and methods, Preparing the pRC/graphene 
composite’) in the light-induced current changes. 

Fig. 3. AFM mapping of graphene thin films on the SiO2/Si substrate (colours represent the virtual gradient in height): top images – 
graphene flakes are fully covering the substrate (20 × 20 μm scan), with mean height distribution of 36 ± 2 nm, and roughness parameter 
(root mean square, RMS) of 13 ± 5 nm, detail of a large scan – height distribution shows the layered structure and overlap of graphene 
flakes (500 × 500 nm scan), with the thickness ranging from less than 1 nm to several nanometres.

Fig. 4. Left: Raman intensity of RC thin film combined on graphene/SiO2/Si substrate (SiGrRC) and RC deposited on SiO2/Si (SiRC) in 
the range of 180–3,700 cm–1. The characteristic peaks of SiO2/Si, graphene, and reaction centres are indicated. Solid and open arrows 
indicate positions of SiO2/Si and graphene, respectively. The open box indicates the range of the spectrum indicated in the right figure. 
Right: Raman intensity of RC thin film combined on graphene/SiO2/Si substrate in the CH-NH range of the spectrum. The spectral range 
is depicted from the range indicated in the open box in the left figure.
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Because of the effects, which are ‘non-specific’ to  
the charge transfer in pRCs (possible artifact-like signals, 
temperature effect, events in the bulk phase of Si, SiO2, 
graphene or at the interfaces, etc.), the absolute current 
values show some variations, so that Fig. 5 shows results 
of individual measurements with typical characteristics. 
However, these non-specific ‘side effects’ can be subtracted, 
the results of individual samples can be compensated, and 
the light-induced current enhancement is better visualized 
when light-minus-dark transients are represented. 

It must be noted that the measurements were carried 
out under conditions when pRCs were dried without 
reconstituting the donor and acceptor sides by artificial 
external e– donors or acceptors. Under these conditions, 
the pRC is not capable of performing multiple turnovers 
of the photocycle, only single charge separation followed  
by charge recombination occurs. In pRCs purified from  
Rb. sphaeroides 2.4.1, the e–-acceptor quinones were 
completely depleted, PBPheo → P+BPheo– charge 
separation occurred in a ps-time scale after excitation by 

light followed by recombination in about tens of nano
seconds (P+BPheo– → PBPheo) (Nagy et al. 2015). Here, 
P and P+, BPheo, and BPheo– are the reduced and oxidized 
primary e–-donor and bacteriopheophytin, respectively. 
There is a large number of reports in the literature about 
direct electronic interaction between redox centers of 
the pRC and carrier matrices (e.g., electrode surfaces 
in electrochemical cells for attempting photovoltaic or 
biosensor applications). In these reported experiments,  
the full photocycle of the pRC is fulfilled, usually in 
traditional electrochemical cells (cf. ‘Introduction’).  
At the present state of our experiments, we do not have 
direct evidence for the contribution either of charge 
transfer between the pRC and graphene or of the effect 
of the electric field. Because the electron transfer through  
the pRC is blocked, the redox transient of the pRC probably 
does not contribute significantly to the charge density 
in the graphene layer, however, the interaction between  
the electric fields can be accounted for. 

Conclusions: This is the first report to show that the 
dried bacterial photosynthetic reaction centers/graphene 
composite on SiO2/Si performs a photochemical/-physical 
activity and this activity is in interaction with the graphene 
carrier matrix. The current through the possible Si/SiO2/
graphene/pRC junction is sensitive to light, due to the 
contribution from the light-activated pRC to the applied 
gate and DS voltages. Our data provide useful information 
for the future direction of creating simple and efficient 
light-responsive low-power hybrid bio-optoelectronic 
organic devices. One reasonable improvement of dry  
pRC/graphene devices could be achieved by providing 
specific donor–acceptor sites on graphene for pRCs to bind 
at a specific orientation. A specific pattern and density of 
these sites will also provide more uniform and controlled 
adsorption of a larger amount of pRC, which in turn 
will improve their efficiency as an electric power source  
and/or specific optoelectronic devices. These experiments 
can also be done using specifically modified RCs in which 
the light-induced turnover rate and the spectral sensitivity 
can be modulated in a wide range in future experiments.
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Abstract: Background: Dental stem cells, which originate from the neural crest, due to their easy
accessibility might be good candidates in neuro-regenerative procedures, along with graphene-based
nanomaterials shown to promote neurogenesis in vitro. We aimed to explore the potential of liquid-
phase exfoliated graphene (LPEG) film to stimulate the neuro-differentiation of stem cells from apical
papilla (SCAP). Methods: The experimental procedure was structured as follows: (1) fabrication
of graphene film; (2) isolation, cultivation and SCAP stemness characterization by flowcytometry,
multilineage differentiation (osteo, chondro and adipo) and quantitative PCR (qPCR); (3) SCAP
neuro-induction by cultivation on polyethylene terephthalate (PET) coated with graphene film;
(4) evaluation of neural differentiation by means of several microscopy techniques (light, confocal,
atomic force and scanning electron microscopy), followed by neural marker gene expression analysis
using qPCR. Results: SCAP demonstrated exceptional stemness, as judged by mesenchymal markers’
expression (CD73, CD90 and CD105), and by multilineage differentiation capacity (osteo, chondro and
adipo-differentiation). Neuro-induction of SCAP grown on PET coated with graphene film resulted
in neuron-like cellular phenotype observed under different microscopes. This was corroborated
by the high gene expression of all examined key neuronal markers (Ngn2, NF-M, Nestin, MAP2,
MASH1). Conclusions: The ability of SCAPs to differentiate toward neural lineages was markedly
enhanced by graphene film.

Keywords: graphene; dental stem cells; stem cells from apical papilla; neurogenic differentiation

1. Introduction

Regenerative medicine aims at replacing damaged human cells, tissues or organs
and restoring their normal architecture and functions [1]. Stem cells (SCs) emerged as a
promising tool in regenerative therapies due to their ability to differentiate into numerous
cell lineages, high self-renewal capacity and immunosuppressive activity. A variety of new
materials and new devices, enhancing cell migration, proliferation, and differentiation,
have been developed as well [2,3].

Since SC research has dramatically evolved over the past years, it is possible now to
isolate SCs from almost any tissue [4–7]. Yet, in many instances, the most appropriate and
matching source of stem cells for a given regenerative therapy remains to be identified.

Dental SCs share a similar origin as neuronal stem cells, as they originate from the
neural crest, and due to their accessibility and absence of ethical issues, they might be
a good candidate for neuro-regeneration. Apical papilla is a soft tissue at the apex of a
not fully formed tooth, containing more than 95% of mesenchymal SCs (stem cells from
apical papilla, SCAP) [8,9]. SCAP express some early neural markers even without neural
induction and can be transformed into different cell types belonging to neural lineage [10],
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making them suitable for potential therapeutic applications in different clinical settings
necessitating neuro-repair. SCAP differentiation potential has been extensively tested, but
mainly in experiments of osteogenesis and odontogenesis. Only a few studies have dealt
with the use of SCAP in neurodifferentiation. For instance, it was shown that fibrin gels [11]
and hypoxia [12] stimulate SCAP neurogenesis.

Graphene, an allotrope of carbon, owing to its physico-chemical and biological prop-
erties, is also becoming increasingly popular in bioengineering [13–17]. Graphene and
graphene-based nanomaterials (GBN), especially graphene oxide, improve cell adhesion
during proliferation and differentiation and, due to their electrical conductivity, have the
ability to promote the process of differentiation towards neural cells [18–26]. Furthermore,
a colloidal dispersion of graphene demonstrated excellent biocompatibility, nontoxicity
and remarkable support for cell proliferation [27–31].

As already stated, in numerous studies focusing on tissue engineering, graphene-based
materials have been used in conjunction with different dental stem cells, such as dental
pulp stem cells, periodontal ligament stem cells and dental follicle stem cells (reviewed by
Guazzo et al. [32]). However, differentiation experiments involving graphene derivatives
and stem cells from apical papilla are extremely scarce.

Given the lack of studies on SCAP biological behavior when in contact with graphene
film, we sought to explore, by means of different microscopy techniquesand real-time
gene expression analyses, the potential of liquid-phase exfoliated graphene (LPEG) film to
induce and stimulate the neuro-differentiation of SCAP.

2. Materials and Methods

The experimental procedure was structured into four phases: phase 1—fabrication of
graphene film; phase 2—isolation, cultivation and characterization of stem cells derived from
apical papilla; phase 3—seeding stem cells on graphene film and PET; phase 4—evaluation
of neural differentiation (Figure 1).

2.1. Fabrication of Graphene Film
2.1.1. Preparation of Graphene Dispersion

The graphene dispersion utilized in this study was prepared by the liquid-phase
exfoliation method (LPE) [33]. Following the procedure described in our previous work [34],
the mixture was made by adding the graphite powder (Sigma Aldrich-332461) in N-Methyl-
2-pyrrolidone (NMP, Sigma Aldrich-328634). The initial concentration was 18 mg/mL. The
solution was exposed to ultrasound (Sonic bath, Bransonic CPXH, Emerson, St. Louis,
MO, USA) for 14 h and immediately after the sonication, the graphene dispersion was
centrifuged for 60 min at 3000 rpm. The resulting graphene dispersion collected as the top
80% of the supernatant was characterized by UV-VIS spectroscopy (Beckman Coulter DU
720 UV/VIS Spectrophotometer, Brea, CA, USA) [33]. The concentration of LPE graphene
dispersion was calculated by Lambert–Beer law [33] and it was 355 µg mL−1 (Figure 2).

2.1.2. Liquid-Phase Exfoliated Graphene Film Fabrication

Langmuir–Blodgett technique was applied to transfer graphene thin films from the
liquid–gas interface to the solid support substrate [33]. Adding a small amount of liquid-
phase exfoliation (LPE) graphene dispersion into the water–air interface, the graphene
nanosheets were self-organized into a close-packed film [33]. The thin and transparent film
was intently scooped onto the polyethylene terephthalate (PET) substrate. After deposition,
the LPE graphene film was left to dry for 20 min in ambient conditions. For the optical
characterization of the liquid-phase exfoliated graphene (LPEG) films, UV-VIS spectroscopy
(Beckman Coulter DU 720 UV/VIS Spectrophotometer, Brea, CA, USA) was used. The
transparence of 80% was estimated for the obtained LPEG film. The transparence of the
obtained LPEG film at 550 nm was estimated at 80%, which is consistent with the previously
reported study [35].
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2.2. Graphene Film Characterization
2.2.1. Raman Spectroscopy of Graphene Film

Raman spectroscopy, as a noninvasive technique, has been used to provide essential
information in the characterization of graphene-based materials [18,19]. Raman spectra
were collected with the Micro-Raman Tri Vista 557 triple spectrometer using Nd:YAG laser
(λ = 532 nm) and kept the power below 20 mW to avoid chemical damage of the film
induced by the laser heating. The measurements were performed at room temperature and
the acquisition time for spectra was 240 s.

2.2.2. Scanning Electron Microscopy (SEM) of Graphene Film

The morphology of the LBA graphene films was characterized with scanning electron
microscopy (SEM). SEM mages were obtained by Tescan MIRA3 field emission gun SEM
working at 20 kV acceleration (Tescan), and SiO2/Si wafer was used as a substrate.

2.2.3. Atomic Force Microscopy (AFM) of Graphene Film

Graphene film was characterized on an atomic force microscope (AFM), NTEGRA
Spectra (NT-MDT). An NT MDT gold-plated tip with a nominal radius of about 30 nm was
used. Scans were performed in ambient conditions, RH: 40–50%, t: 23–26 ◦C in semi-contact
mode, with a scan frequency of 0.5 Hz and with 512 × 512 dots in the scan (10 × 10 µm
surface). AFM image analysis has been performed using Gwyddionopen sourcesoftware
package ver. 2.60 (Prague, Czech Republic). Thickness has been estimated at the edge of
the film using profile function and statistical function in the software.

2.3. Cell Cultures

The study was approved by the Ethical Committee of the School of Dental Medicine,
University of Belgrade (No 36/19). Immature, impacted third lower molar was extracted
from a teenage patient at the Clinic for Oral Surgery (Figure 3), School of Dental Medicine,
University of Belgrade, after signing the informed consents by patient’s parents. Stem
cells from apical papilla were isolated as previously described [34]. Briefly, extracted tooth
was rinsed with Dulbecco’s Phosphate-Buffered Saline (DPBS, Thermo Fisher Scientific,
Waltham, MA, USA), and apical papilla was separated from the root apex and transferred
into T-25 flasks after mincing. The tissues were grown in cell complete medium (DMEM
supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic solution). Cells
were cultured under standard conditions (37 ◦C, 95% air–5% CO2 atmosphere, 95% humid-
ity) and growth medium was changed every third day. All following experiments were
carried out with the cells from the fourth and fifth passage.
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2.4. SCAP Characterization
2.4.1. Flow Cytometry

Flow cytometry analyses were performed in order to assess the expression of specific
mesenchymal markers of SCAP. The markers used for these analyses were: fluorescein-



Nanomaterials 2022, 12, 3116 5 of 18

isothiocyanate-labeled mouse monoclonal antibodies against CD90, CD105, and CD34;
phycoerythrin-labeled mouse monoclonal antibodies against CD73 and CD45 (all antibodies
were purchased from Exbio, Vestec, Czech Republic). Cells were harvested with TrypLE™
Express solution, washed with DPBS supplemented with 10% FBS, and finally counted
on automated cell counter Countess™ (Invitrogen, Waltham, MA, USA). One million
of the cells were resuspended in 1 mLof 10% FBS solution in DPBS and incubated with
adequate antibodies for 45 min in the refrigerator. After incubation, cells were fixed
with 4% paraformaldehyde (PFA) for 20 min and finally rinsed 2 times with DPBS. Cells
were analyzed on a tabletop flow cytometer (Partec, Munster, Germany) and results were
processed by software (FloMax 2.82, Partec, Munster, Germany).

2.4.2. Multilineage Differentiation Capacity

To evaluate the stemness characteristics of SCAP, their potential of differentiation into
multiple lineages (osteo-, chondro- and adipo-) was tested. Cells were seeded onto 6-well
plates either on PET alone or on PET coated with LPEG film, at density of 5× 103/cm2, and
grown in the respective differentiation medium, which was changed every 2 days. After
the required differentiation period of time elapsed, cells from one well were used for RNA
isolation for gene expression analysis.

Osteo-Differentiation

After 28 days of culturing in osteo-differentiation medium (StemPro™ Osteogenesis
Differentiation Kit, Thermo Fisher Scientific, Waltham, MA, USA) according to manufactur-
ers’ recommendations, cells were subjected to histological staining method using Alizarin
Red S, as previously described [34]. Briefly, after rinsing with DPBS and fixating with 4%
PFA for 30 min, cells were stained with 2% Alizarin Red S (Centrohem, Belgrade, Serbia)
solution, at pH 4.2. After 30 min of incubation, dye was removed, and cells were rinsed
twice with distilled water. Stained cultures were observed using inverted light microscopy
(Primovert, Zeiss, Oberkochen, Germany) and photographed.

Chondro-Differentiation

For the chondro-induction, cells were seeded in a form of micromass at total number
of 1.5 × 106 and grown on 6-well plates in commercially available chondrogenesis media
(StemPro™ Chondrogenesis Differentiation Kit, Thermo Fisher Scientific, Waltham, MA,
USA) for 21 days. Chondrogenesis was confirmed by 0.1% solution Safranin O (Centro-
hem, Belgrade, Serbia) positive staining. Stained cells were observed using inverted light
microscopy and photographed.

Adipo-Differentiation

Adipogenic stimulation lasted 28 days in commercially available adipogenesis media
(StemPro™ Adipogenesis Differentiation Kit, Thermo Fisher Scientific, Waltham, MA, USA)
at seeding density of 1 × 104 cells/cm2 onto 6-well plates. In order to confirm adipo-
differentiation, Oil Red O (Centrohem, Belgrade, Serbia) staining was used to visualize
intracellular lipid accumulation as lipid vacuoles. Stained cells were observed using
inverted light microscopy and photographed.

2.5. LPEG Neuro-Induction

To induce neurogenic differentiation, cells (1.5 × 105) were seeded onto T-25 tissue
culture flasks in standard culture medium. After 24 h, neural pre-induction medium and
DMEM with 100 mM beta-mercaptoethanol were added, and cells were incubated for 4 h.
Then, cell differentiation was continued in a neural induction medium containing recombi-
nant human basic fibroblast growth factor, neural growth factor, and B27 supplement (all
from Thermo Fisher Scientific, Waltham, MA, USA) in DMEM either on PET alone or on
PET coated with LPEG film. After 7 days of cultivation, cell morphology was observed
under inverted microscope. Control cells were incubated in standard culture medium.
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2.6. Cell Morphology Analysis Following LPEG Neuro-Induction
2.6.1. Light Microscopy

Cell morphology was observed under inverted microscope (Primovert, Zeiss, Oberkochen,
Germany) and photographed. Between days 3 and 7 of neurogenic culture, the cells
showed a transition from fibroblast-like to neuron-like cell bodies with long processes,
suggesting that the stem cells differentiated into neurons/neuron-like cells. At that point
they were subjected to RNA isolation, gene expression and immunocytochemistry analysis.
In addition, the growth and morphology of the cells during 5 days of LPEG neuro-induction
was recorded with CytoSMART Lux 2 camera (CytoSmart Technologies BV, Eindhoven,
The Netherlands).

2.6.2. Confocal Microscopy

For the immunocytochemical analyses, cells were seeded onto 25 mm diameter round
glass coverslips at density of 5 × 103/cm2 and subjected to neuro-differentiation protocol
as described. On the 7th day of neural induction, cells were rinsed 3 times in DPBS,
fixed with 4% PFA solution for 20 min, rinsed three times with DPBS and incubated at
room temperature for 45 min in blocking and permeabilization buffer (10% Bovine serum
albumin and 0.1% Triton X-100 in DPBS). For immunofluorescent detection of neuronal cell
marker expression, cells were incubated with the following primary antibodies: rabbit anti-
β III-tubulin (B3T, 1:400, Cell Signaling, Danvers, MA, USA), rabbit anti-MAP2 (MAP 1:400,
Millipore, Germany) and rabbit anti-neuronal nuclei (NeuN, 1:250, Millipore, Taufkirchen,
Germany). Primary antibodies were incubated at 4 ◦C overnight and subsequently washed
3 times with DPBS. Cell samples were incubated with secondary antibodies—donkey
anti-mouse Alexa Fluor 488 (1:200, Invitrogen, Waltham, MA, USA), donkey anti-rabbit
Alexa Flour 555 (1:200, Invitrogen, Waltham, MA, USA) and donkey anti-rabbit Alexa Flour
657 (1:200, Invitrogen, Waltham, MA, USA) for 2 h in dark at room temperature. Cells
were washed 3 times in DPBS and stained with 4-, 6- diamidino- 2-phenylindole (1:4000,
DAPI, Molecular Probes, Eugene, OR, USA) for 10 min in dark at room temperature. After
washing in DPBS cell samples were mounted with Mowiol(Sigma Aldrich, St. Louis, MO,
USA) on microscope slides. Immunofluorescence microscopy images were obtained by
confocal laser-scanning microscope (LSM 510, Carl Zeiss GmbH, Jena, Germany) equipped
with Ar 488 and HeNe 543 and 633 laser lines. Micrographs were analyzed using Fiji-Image
J softwarever 1.46 (NIH, Bethesda, MD, USA).

2.6.3. AFM of Neuron-like Cells

For the purposes of atomic force microscopy, cells had to be seeded on SiO2 slides
coated with a 2 × 2 cm graphene monolayer at a concentration of 200 cells in 10 µL of
complete growth medium. The slides were placed in the wells of the 6-well plate. One hour
after seeding, 740 µL of complete medium was added to the cells. After 24 h from seeding,
neuro-differentiation was performed by the protocol described above.

Seven days after neuro-induction, the medium was aspirated from the well, and the
plates were washed twice with DPBS, then the cells were fixed with 4% PFA solution for
20 min. Any excess fixation solution was removed by rinsing twice more with DPBS.

The morphology of the obtained cells after LPEG neuro-differentiation was character-
ized by microscopy on an atomic force microscope, using the same device and experimental
conditions as for the graphene film characterization.

2.6.4. SEM of Neuron-like Cells

After neuro-induction, cell morphology was observed by SEM using a high-resolution
electron microscope, MIRA3 FEG-SEM (Tescan, Brno—Kohoutovice, Czech Republic), at a
voltage acceleration of 20 kV. Cell fixation using the increscent concentrations of ethanol
was done as previously described [36]. In preparation, the sample surface was coated with
an ultrathin layer of gold using an SC7620 mini atomizer (Quorum Technologies, Laughton,
East Sussex, UK) to prevent the accumulation of static field electricity.
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2.7. RNA Isolation and Gene Expression

The expression of different markers was assessed by real-time PCR (qPCR) analysis.
RNA was isolated using TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA),
according to manufacturers’ recommendation. Subsequent reverse transcription from 1 µg
of total RNA was performed using RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA, USA)in order to obtain cDNA for qPCR analysis. The
list of specific primers is given in Table 1. The results obtained from each qPCR run were
threshold cycle (Ct) values. The relative expression level was assessed using the ∆∆Ct
method [37]. The relative mRNA expression levels for each sample were calculated as the
ratio between the expression of the gene of interest and the expression of the housekeeping
gene (GAPDH).

Table 1. Primers with corresponding sequences used in the study.

Primer Name Sequences (5′→3′)

Runx2 Forward
Reverse

ACAAACAACCACAGAACCACAAGT
GTCTCGGTGGCTGGTAGTGA

Col2 Forward
Reverse

TTCAGCTATGGAGATGACAATC
AGAGTCCTAGAGTGACTGAG

PPARG Forward
Reverse

GCTGTGCAGGAGATCACAGA
GGCTCCATAAAGTCACCAA

Ngn2 Forward
Reverse

CCTGGAAACCATCTCACTTCA
TACCCAAAGCCAAGAAATGC

NF-M Forward
Reverse

TGGGAAATGGCTCGTCATTT
CTTCATGGAAACGGCCAA

Nestin Forward
Reverse

AACAGCGACGGAGGTCTCTA
TTCTCTTGTCCCGCAGACTT

MAP2 Forward
Reverse

AACCCTTTGAGAACACGACA
TCTTTCCGTTCATCTGCCA

MASH1 Forward
Reverse

CCAGTTGTACTTCAGCACC
TGCCACTTTGAGTTTGGAC

GAPDH Forward
Reverse

TCATGACCACAGTCCATGCCATCA
CCCTGTTGCTGTAGCCAAATTCGT

2.8. Statistical Analysis

GraphPad Prism ver. 9 was used for the analyses (GraphPad Software, Inc., San
Diego, CA, USA). After examination of the distribution normality by Kolmogorov–Smirnov
normality test, independent sample T tests were performed. The values are presented as
mean ± SD. Statistical significance was set at p < 0.05. The experiments were performed in
triplicate, repeated at least two times.

3. Results
3.1. Graphene Film Characterization
3.1.1. Raman Spectroscopy of Graphene Film

Raman spectroscopy has been applied to verify the exfoliation of the pristine graphite
powder, as bulk material, into few-layer graphene nanosheets. Figure 4 represents the
Raman spectra of LPEG thin films and pristine graphite powder as a reference.

D (~1352) and G (~1582) peaks are noted in the same position at both Raman spectra.
The changes of shape and Raman shift of 2D peak at Raman spectra of graphene film are
evident. A well-defined and sharp shape of the 2D peak, as well as a considerable shift to
lower wavenumbers (by 12 cm−1) compared to graphite, are characteristics of a few-layer
graphene nanoflakes [24]. D′ peak (~1618 cm−1), visible as the shoulder of G peak in the
graphene film, together with D peak, confirms the presence of defects and some amount of
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disorder in the graphene lattice. The combinations of the main peaks can be also observed:
D + D′ (~2939 cm−1) and D + D” (~2452 cm−1), where the D” peak is known as a weak
defect induced one phonon process.
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Figure 4. Raman spectrum of LPE graphene film (red line) and pristine graphite powder (black line).

3.1.2. SEM Characterization of Graphene Film

Information about the morphology and film structure was obtained by SEM (Figure 5).
The overlapping of the graphene nanosheets and the formation of a closed packed film can
be noticed in Figure 5a. Based on the measurement of lateral size, the average diameter of
graphene nanosheets was estimated to be in the range of 125 ± 10 nm (Figure 5b).
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3.1.3. AFM Characterization of Graphene Film

AFM scans of graphene film along with their characteristics are given in Figure 6. Both
2D (a) and 3D (b) images are shown for a scan area of 20 × 20 µm (512 × 512 lines), as well
as for a scan area of 5 × 5 µm—2D image (c), 3D image (d) and phase image (e). Height
distribution for the area of 20 × 20 µm and average height profile across the film are given
in Figure 6f,g, respectively.
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3.2. SCAP Characterization
3.2.1. Flow Cytometry Analysis

Flowcytometry analyses were performed on P5 (fifth passage) stem cell from apical
papilla. Flowcytometry revealed the expression of mesenchymal stem cell markers CD73,
CD90 and CD105 (99%, 91.3% and 96%, respectively), and the absence of hematopoietic
markers CD34 (0.34%) and CD45 (0.01%).

3.2.2. Multilineage Differentiation Capacity

Alizarin Red S staining of mineralized nodules around cells confirmed osteogenic
differentiation (Figure 7a); the presence of Safranin O clusters of proteoglycans characteristic
for cartilage cells confirmed chondro-differentiation (Figure 7b); the presence of Oil Red O
staining was indicative of intracellular lipid accumulation (Figure 7c). In the control group
(non-induced cells) there were no stained cells (Figure 7d).

3.2.3. Gene Expression Analysis of Multilineage Differentiation

Real-time PCR analysis of gene expression confirmed successful SCAP differentia-
tion, both when cells were grown on graphene film and when they were grown on PET
only (control), thus confirming SCAP stemness. Differentiated cells grown on graphene
film showed several times higher expression of Runx2—marker of bone tissue (9.59-fold
increase), Col2—marker of cartilage tissue (62.90-fold increase) and PPARG—marker of
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adipose tissue (17.48-fold increase) compared to the control group (Figure 8), pointing to
the positive effect of graphene in terms of its multilineage induction capacity.
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Figure 8. Gene expression evaluation of SCAP osteogenic (Runx2), chondrogenic (Col2) and adi-
pogenic (PPARG) differentiation potential.

3.3. LPEG Neuro-Induction of SCAP
3.3.1. Light Microscopy

After 3–5 days of neuro-induction, cells grown on LPEG film reshaped into polygonal
structures with long, slender cytoplasmatic processes that were mainly in contact with
adjacent cells. Representative light microscopy images of those neuron-like cells are given
in Figure 9a–c. While SCAPs on LPEG film gradually changed their morphology into
multipolar cells, similar to neurons, cells grown on PET showed minor changes in cell shape
(Figure 9d). The growth and morphology of cells during LPEG film neuro-induction were
recorded with a CytoSMART Lux 2 camera (CytoSmart Technologies BV, Eindhoven, the
Netherlands). A graphical representation of the time-dependent extension of cytoplasmic
processes (in µm) is shown in Figure 9e, along with 6 htime frames that were extracted
from the video (Figure 9f). The real-time recording of cell morphology changes can be also
viewed (Video S1).
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3.3.2. Confocal Microscopy

Confocal microscopy showed the increased expression of three major neural cell
markers (NeuN, MAP2 and β-3 tubulin) in SCAPs grown on graphene, compared to cells
grown on PET alone (control) (Figure 10).
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3.3.3. AFM of Neuron-like Cells

Atomic force microscopy (AFM) revealed subtle surface topography and morpho-
logical differences between stem cells grown on graphene film compared to those placed
over PET. SCAP grown on graphene were polygonal in shape (Figure 11a,b) with multiple
long-distance, slender cytoplasmatic projections emerging from cell body (Figure 11c,d)
compared to the less complex cell morphology of SCAP grown on PET (Figure 11e,f). Note
that AFM height panel also revealed numerous globular protrusions on the surface of the
cell bodies, which were more present on SCAP grown on graphene.

3.3.4. SEM of Neuron-like Cells

Scanning electron microscopy (SEM) of SCAP grown on graphene film depicted a
triangular cell body with long, slender projections (Figure 12a). The endings of these
projections were in close proximity or direct contact with cytoplasmatic projections of
surrounding cells forming a connected cell population (Figure 12b).

3.3.5. Gene Expression Analysis after LPEG Neuro-Induction

Gene expression analysis of key neural differentiation markers of SCAP grown on
LPEG film and control material is presented in Figure 13. All examined markers showed
higher expression in cells grown on graphene film compared to those on non-coated
PET (control).
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Figure 11. (a,b) Atomic force micrographs of SCAP grown on graphene film; (c,d) Long, slender
projections of SCAP cell membrane covering graphene film; (e,f) AFMs of control SCAP grown on
PET (control).
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4. Discussion

Many dental tissues are precious niches of mesenchymal stem cells that are becoming
increasingly appealing in regenerative medicine due to their easy accessibility and lack of
health risks for the donor. They are especially attractive for the field of neuro-regeneration
given that they originate from the neural crest and possess the capacity of differentiation
into diverse neural cell types. Apical papilla, the soft tissue at the apex of a not fully formed
tooth, contains a very high percentage of MSCs characterized by great plasticity, prolif-
eration rate and differentiation ability. Previous studies, based on immunophenotyping,
gene expression analyses, and patch clamping, have reported that SCAP grown under
neural inductive conditions could give rise to a variety of neural cell phenotypes, from
neuroprogenitors to mature neurons [10,34].

The number of novel materials used as cell carriers/scaffolds, tested for tissue engi-
neering application, is constantly increasing, especially in the field of neuro-repair and
regeneration. Great emphasis has been put on carbon nanostructured scaffolds that may
display suitable characteristics for neural differentiation [13,34,38,39]. Graphene nanomate-
rials are carbon crystal allotropes with a two-dimensional structure and, according to data
from the literature, have proven to be an excellent nanomaterial for neurodifferentiation
due to their unique organization, chemical stability, exceptional mechanical properties, bac-
tericidal potential, and biocompatibility [40,41]. This monoatomic layer of carbon shows the
ability to absorb growth factors and exhibits electrical conductivity, which is of particular
interest for the field of neuroscience. For instance, Lee et al. have convincingly demon-
strated, on a neuroblastoma cell line, that graphene substrate enhanced neurite outgrowth,
both in terms of length and number [42]. Rodrigues-Losada et al. also showed that different
graphene materials (graphene oxide and reduced derivatives) promoted the differentiation,
proliferation and maturation of dopaminergic neurons [43]. Importantly, graphene-based
materials also exert stimulating effect on cell differentiation towards neurons rather than
glial cells [44]. In neural regeneration, the induction of stem cell differentiation in favor
of neurons against glial cells is highly desirable, making graphene-based nanomaterials a
promising agent in neuroregenerative therapies. In addition to graphene oxide, the most
studied graphene nanomaterial, there are other forms of graphene that are non-toxic and
biocompatible, such as fully reduced or partially reduced graphene oxide, in the form of
powder or film, but their positive effects in terms of neurodifferentiation have not yet been
sufficiently investigated. This is the case with liquid-phase exfoliated graphene (LPEG)
film that was the subject of this research. In the present study, Raman spectroscopy has
been applied to verify the exfoliation of the pristine graphite powder, as bulk material,
into graphene nanosheets. Indeed, the obtained closed packed film was made of few-layer
graphene nanoflakes, as seen on SEM. The changes of shape and Raman shift of the 2D
peak at Raman spectra of graphene film are evident. A well-defined and sharp shape of
the 2D peak as well as a considerable shift to lower wave number compared to graphite
are characteristics of few-layer graphene nanoflakes [45]. Edge defects, as the dominant
type of defect in graphene film, are the result of the cavitation process at the liquid phase
exfoliated technique [46]. Generally, the Raman spectra as well as the average diameter of
the nanosheets and their height were in agreement with some previous reports [47].

In the present study, the mandatory characterization of SCAP cultures has shown a
highly predominant presence of cells displaying mesenchymal stem cell markers (between
91 and 99% of cells in the culture expressed a given mesenchymal marker). Concomitantly,
a negligible percentage of cells expressed hematopoietic stem cell markers (only 0.01% and
0.34% of cells expressed CD45 and CD34, respectively), as determined by flowcytometry,
pointing to the fact that cell cultures contained principally MSCs. Similarly, stemness
characterization by means of multiple lineages induction showed a successful osteo-,
chondro- and adipo-differentiation of SCAPs. The specific osteo-, chondro- and adipo
cellular phenotypes, assessed by appropriate staining procedures, were also confirmed by
high mRNA levels of selected markers (Runx2, Col2 and PPARG, for osteo-, chondro- and
adipo-differentiation, respectively). These findings are in general agreement with some
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previous reports [48–50]. Interestingly, the three examined processes of differentiation
also appeared to be enhanced in the presence of graphene (especially chondrogenesis) but
more markers specific for osteo-, chondro- and adipo- lineages should be evaluated in
order to confirm that positive effect of graphene film. This is in line with some previous
studies. Namely, it was found that graphene derivatives exhibit great stimulatory effects
on adipogenesis and osteogenesis [19,51–53], pointing to the possibility of their use in
composite tissue cultures when more than one cell type is needed. This is of utmost
importance in regenerative medicine and dentistry when huge defects require complex
reconstructions. The classical example is the surgical removal of a portion of maxilla or
mandible in cases of oral cancer, resulting in massive bone, muscle and nerve defects, which
necessitate multiple tissues’ replacement.

Regarding neurogenesis, the present study showed for the first time that LPEG films
can have strong stimulatory effects on SCAPs’ induction towards neural lineage. Namely,
cells cultured in neurodifferentiation medium on graphene film demonstrated increased
levels of all neural markers (studied either by confocal microscopy or by quantitative PCR),
compared to cells grown in neurodifferentiation medium only. The levels of ngn-2, an
inhibitor of glial cell transcription factor, were very high, indicative of LPEG capacity to
suppress gliogenesis, thus favoring neurogenesis [54]. Gene expression of Nestin, a marker
of neuroepithelial and radial cells, was, as well, increased in cells grown on graphene film
compared to those seeded over the non-coated substrate. This protein has a crucial role
in assembling and disassembling intermediate filaments and thus maintains the structure
and regulates the growth of developing neural cells [55]. Similarly, a higher expression of
Mash-1, a marker of intermediate progenitors, was also noted. Mash-1, as one of the early
markers that determine cellular fate, is involved in the differentiation of neuroblasts, as
well as in cell protection mechanisms that prevent cell damage and apoptosis. βIII-tubulin,
a neuronal microtubule protein that is particularly expressed during neurogenesis and is
thought to be responsible for axon growth, was upregulated in the presence of graphene.
The level of MAP2, a cytoskeletal element essential for the binding and stabilization of
neuronal microtubules with major impact on neuronal development, was also higher in
cells grown on graphene film [56]. Another neural marker of mature neurons that has
never been found in glial cells—NeuN—was more expressed in SCAP stimulated by LPEG
compared to the control condition. This marker was detected, both in the cell nucleus and
perinuclear cytoplasm. Unlike the nuclear form, which binds to DNA and most probably
has an important role in the regulation of neurogenesis, the role of the cytoplasmatic variant
is still unclear. It is assumed that, together with Synapsin I, cytoplasmaticNeuN regulates
the mobility of synaptic vesicles and release of neurotransmitters, thus playing a potential
role in synaptogenesis and establishing neural circuits [57]. The last examined, final stage
marker of neural development, along with MAP2 and NeuN, was Neurofilament Medium
(NF-M) and, again, its expression was higher in cells grown on graphene. In agreement with
our findings, which showed positive effects of graphene film on neurogenesis, a previous
study that examined several types of graphene material established that the morphology of
the film and the species of graphene influenced the behavior of neurons, but generally film
species exhibited higher biocompatibility than powder materials [43]. Our results support
the central concept of graphene substrates’ beneficial effects on the neural induction of
several types of mesenchymal stem cells [58].

Future studies testing the neuroinductive capacity of graphene should use films with
different physico-chemical characteristics along with other stem cells of dental origin, such
as pulp or follicle cells, combined with different culture media. In addition, markers’
quantification at the protein level should rely on ELISA or Westernblot analyses as more
precise than immunofluorescence quantification, thus overcoming some limitations of
this study.
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5. Conclusions

The predisposition of SCAPs to differentiate toward neural lineages, as well as the
neuroinductive properties of graphene film, should warrant further studies of dental stem
cells in conjunction with this nanomaterial, with the aim of finding an optimal solution for
autologous neuroregenerative therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://
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ogy of SCAP grown on LPEG film.
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