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Abstract 

The application of nanomaterials in technology is limited by challenges in their processing into 

macroscopic structures with reliable and scalable methods. Herein, it is demonstrated that using 

scalable fabrication methods such as liquid-phase exfoliation it is possible to produce dispersions 

of a wide variety of layered nanomaterials, including the first demonstration of boron nitride, 

with controllable and standardised size and thickness scaling. These can be used as-produced for 

Langmuir deposition, to create single layer films with tuneable density. Of particular importance, 

we show that the difference in edge chemistry of these materials dictates the film formation 

process, and therefore can be used to provide a generic fabrication methodology that is 

demonstrated for various layered nanomaterials, including graphene, boron nitride and transition 

metal dichalcogenides. We show that this leads to controllable cancer cell growth on graphene 

substrates with different edge densities but comparable surface coverage, which can be produced 

on a statistically relevant cell study amount. This opens up pathways for the generic fabrication 

of a range of layered nanomaterial films for various applications, towards a commercially viable 

film fabrication technology. 

Introduction 

Liquid-phase exfoliation is a process which has been shown to be the most effective way to 

produce large-scale yields of various layered nanomaterials, making it the most practical 

production technique available 1,2. Layered nanomaterials incorporate a range of two-

dimensional materials with a variety of different properties associated with them. Graphene is 

possibly the most well-known of these, having received much attention both in the academic 

sphere and also in public discourse. Since it was first isolated 3, its interesting mechanical, 



3 
 

electronic, optical and thermal properties have been studied extensively 4–7. Further research has 

looked into these properties in other layered nanomaterials such as transition metal 

dichalcogenides (TMDs) 8–10, hexagonal boron nitride (BN) 11,12, and other exotic layered 

crystals 13–15. 

These new materials could lead to many innovations. Two-dimensional materials can be utilised 

for such wide-ranging applications as electronics and optoelectronics 6,10,16, biomarker detection 

17,18, and energy-related areas 19. Liquid processing of two-dimensional layered nanomaterials is 

necessary to obtain dispersions suitable for Langmuir deposition; this is a well-known method of 

creating thin films, whereby a nanomaterial dispersion is spread on a liquid subphase 20,21. 

The thin films produced by this method are two-dimensional, in the sense that they comprise a 

single layer of particles, i.e. they are only as thick as the thickness of the exfoliated layered 

nanomaterial used, and depending upon the parameters used varying from monolayer to 

multilayer. By use of a moveable barrier it is possible to vary the surface area of a Langmuir 

trough, and hence to compress a nanomaterial film. This technique gives simple control of film 

creation, with small quantities (mg m-2) of material resulting in high material efficiency. This 

allows production of single layer particulate films with high surface coverages. 

Control over thin film creation is therefore crucial as different applications may require different 

finely-tuned film properties 22. Control over Langmuir film assembly would allow for generic 

scalable procedures for a range of materials dependent upon application requirements. By 

providing a framework for normalising for material interactions, it is possible to understand film 

densities for different layered nanomaterials, including boron nitride (the first time its Langmuir 

behaviour and deposition has been shown), graphene, MoS2, and WS2. This will be useful for 

various applications, including in biomaterials, where edge interactions play a critical role in 
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cellular growth and adhesion as well as the optimisation of the nanomaterial surface for 

functionalisation or surface interaction 23. Moreover, sample substrates for biological studies 

must be able to be produced repeatably to allow for statistically significant trials. We 

demonstrate that the growth of glioblastoma cancer cells is significantly modified by the 

presence of graphene edges by comparing growth on films made from two different size 

graphene nanosheets (larger sheets, L-gra, and smaller sheets, S-gra). This is critical not only for 

the understanding of cancer growth, but also for developing novel, stable, synthetic substrate 

systems for cellular studies. 

Experimental Section 

Materials 

BN powder (0.5 g, Aldrich Chemistry) was added to 20 mL of cyclohexanone (VWR Chemicals) 

and probe sonicated using a Sonics Vibracell VCX750 and ½-inch (13 mm) tip at 60% amplitude 

for 3 hours. The resulting dispersion was centrifuged for 25,000 g min using a Thermo Scientific 

Sorvall Legend X1. The supernatant was collected for further characterisation. 

MoS2 powder (0.41 g, Aldrich Chemistry) was added to 20 mL of cyclopentanone (VWR 

Chemicals) and probe sonicated using a Sonics Vibracell VCX750 and ½-inch (13 mm) tip at 

60% amplitude for 1 hour. The resulting dispersion was centrifuged for 150,000 g min using a 

Thermo Scientific Sorvall Legend X1. The supernatant was discarded, and 20 mL of fresh 

cyclopentanone added. This was probe sonicated using a Sonics Vibracell VCX750 and ½-inch 

(13 mm) tip at 60% amplitude for 3 hours. The resulting dispersion was centrifuged for 25,000 g 

min using a Thermo Scientific Sorvall Legend X1. The supernatant was collected for further 

characterisation. 
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WS2 powder (0.75 g, Aldrich Chemistry) was added to 30 mL of acetone (VWR Chemicals) and 

probe sonicated using a Sonics Vibracell VCX750 and ½-inch (13 mm) tip at 60% amplitude for 

1 hour. The resulting dispersion was centrifuged for 150,000 g min using a Thermo Scientific 

Sorvall Legend X1. The supernatant was discarded, and 20 mL of fresh cyclopentanone added. 

This was probe sonicated using a Sonics Vibracell VCX750 and ½-inch (13 mm) tip at 60% 

amplitude for 3 hours. The resulting dispersion was centrifuged for 25,000 g min using a Thermo 

Scientific Sorvall Legend X1. The supernatant was collected for further characterisation. 

The WS2/acetone dispersion was centrifuged for 5,400,000 g min using a Thermo Scientific 

Sorvall Legend X1. The supernatant was discarded, and the solute redispersed in 5 mL of fresh 

cyclohexanone added to each centrifuge tube. 

Graphene dispersions in cyclohexanone were processed as described in Large et al. 24. Size-

selected graphene dispersions were required. The dispersion was diluted 1:1 with cyclopentanone 

(Aldrich Chemistry) for the largest flake size (referred to as L-gra). Liquid cascade 

centrifugation 25 was used to obtain fractions of the original dispersion with different nanosheet 

size by extraction and re-centrifugation of the supernatant after each centrifugation step 

(Figure S1). Each time, this process leaves behind a solute that has an increasingly smaller 

average flake size. The dispersion to be size-selected for small flake size (referred to as S-gra) 

was further diluted 1:10 in cyclopentanone before centrifugation for 4,800,000 g min using a 

Thermo Scientific Sorvall Legend X1. The supernatant was collected for further characterisation. 
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Methods 

Langmuir-Schaefer (L-S) deposition 

A NIMA 102A Langmuir trough and NIMA surface pressure sensor (type PS4, serial no. 045) 

equipped with platinum Wilhelmy plate was used. Material dispersions were used to create thin 

films with varying surface coverages. The dispersion concentrations used ranged between 0.018–

2.558 g/L (i.e. within the range typically produced by liquid-phase exfoliation), and the amounts 

deposited ranged between 100–900 µL. For film fabrication calibration, a range of surface 

pressures has been used (ranging from approximately 0.5–40 mN/m). To investigate 

quantitatively, a series of thin films of various materials were deposited by LS technique at 

varying pressures. 

Optical microscopy 

Optical microscopy was performed using an Olympus BX53M microscope with a 5× objective in 

bright field mode. The optical micrographs were pre-processed to crop the image down to the 

area of the cover slip only. 

Optical images of the samples were required for calculation of surface coverage. Images were 

taken of large sample areas (at least half of each 18 mm × 18 mm sample) to allow a more 

accurate approximation of the film distribution over the whole sample. 

Binary threshold method to determine film surface coverage 

A two-step post-processing method was used. Firstly, the open-source ImageJ software 26 was 

used to run a binary threshold on the micrographs to separate the nanomaterial film from the 

substrate (example micrograph shown in Figure S2a, and corresponding threshold shown in 



7 
 

Figure S2b). Secondly, a custom Python script was written to automate the calculation for 

determining the fraction of nanomaterial present. 

UV-visible spectroscopy 

UV-visible spectroscopy measurements were performed using a Shimadzu UV-3600 Plus 

spectrophotometer. Liquid characterisation was performed using quartz cuvettes (Starna 

Scientific); solid characterisation was performed using a microscope slide holder. 

Atomic force microscopy 

Atomic force microscopy (AFM) measurements were performed using a Bruker Dimension Icon 

atomic force microscope system in PeakForce QNM mode. 

AFM was performed on sparse Langmuir films of each material in order to obtain statistics on 

flake length, width, and layer number using NanoScope Analysis software. This allows flake 

area to be calculated. At least 100 flakes of each material were used to obtain reliable statistics.  

Cell study 

The cell line used for the cell study was U87 glioblastoma from the American Type Culture 

Collection. The study ran for 14 days, with observations made at day 3 and day 13, and images 

taken at day 4 and day 12 using an EVOS FLC imaging system (Life Technologies) at 20× 

magnification. 

Results and Discussion 

Dispersions of various nanomaterials were prepared in-house using liquid-phase exfoliation. 

These dispersions were used to perform Langmuir-Schaefer deposition. Langmuir films are 

created by dropping nanomaterial dispersion onto a water subphase; as the solvent evaporates, a 
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thin, monolayer film is left at the air–water interface. Schaefer deposition is the horizontal 

lowering of a substrate to transfer this film 27, as shown in Figure 1a. 

Figure 1a) Diagram showing the Langmuir-Schaefer deposition process. The deposited 

nanomaterial film is compressed with the trough barriers, then the substrate is brought into 

contact with the film before being lifted directly upwards (substrate parallel to air–water 

interface). Figure 1b) Pressure-area isotherms for each material used. Figure 1c) Optical 

micrographs for each material; the top row is of films deposited at a lower pressure (~10 mN/m), 

while the bottom row is of films deposited at a higher pressure (~25-30 mN/m). Images shown 

are small areas representative of the whole film. All scale bars = 100 µm. 
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There are a few main requirements for solvents used for the Langmuir-Schaefer process. These 

include that the solvent has a high vapour pressure, so that it evaporates and leaves a film of 

particulates at the interface 28; that the solvent spreads on the water surface, to maximize the area 

over which nanoparticles are spread to minimize reaggregation during solvent evaporation 29; 

and that ideally, the dispersion should be water-immiscible.  

Cycloketones such as cyclopentanone and cyclohexanone have been shown to be good solvents 

that satisfy all of these criteria 29. Additionally, they have been shown to be good solvents for the 

exfoliation of layered nanomaterials 30,31. This removes the need to exfoliate into a different 

solvent than that used for spreading, avoiding the extra step of redispersion of the material into a 

suitable spreading solvent. Moreover, redispersion is not always possible because generally good 

spreading solvents are not good for dispersion of two-dimensional layered nanomaterials, even if 

transferred 29. By making use of these solvents, it is possible to process the nanomaterials from 

powder to completed Langmuir film in a single solvent, greatly simplifying the procedure, and 

providing the opportunity for bulk processing. 

Typical area-pressure isotherms for all material monolayers with aqueous subphases used are 

given in Figure 1b. These isotherms show the ‘phase transitions’ 32 of the monolayer film. At low 

pressure (the gas phase) the material is sparsely distributed in the trough, creating ‘films’ which 

appear to be mostly blank substrate with islands of monolayer material. As the pressure increases 

and flakes of the material come into contact with each other (the liquid phase), the films become 

denser. This is more apparent in the isotherms for BN and the larger graphene flakes, where the 

pressure increases rapidly at smaller trough areas. The variance in behaviour for the different 

materials is discussed in more detail later. Once the nanomaterial film is at a given surface 

pressure, measured by use of a Wilhelmy plate, it is deposited onto a glass cover slip. Choosing a 
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range of surface pressures allowed films to range from those which were visibly dense and 

homogeneous to those which were visibly sparse. 

Optical micrographs of typical films for each material after deposition at high and low pressures 

are shown in Figure 1c. It is clear that L-gra and BN differ from the other materials, as they have 

denser films. Although small sample areas are shown in Figure 1c, large film areas (of at least 

half of each 18 mm × 18 mm sample) were measured and used for the analysis. A simple, two-

step post-processing method was used to determine the film surface coverage from the optical 

micrographs (shown in Figure S2). 

The aim of this study is to develop a standardised method of creating films with known 

parameters using a scalable, commercially viable approach. To this end, the dispersions used 

were created using standard processes. These dispersions were characterised and shown to 

demonstrate universal (and expected) size scaling 33. 

UV-visible spectroscopy measurements were performed on all dispersions, and representative 

spectra shown in Figure 2a. Metrics that make use of the absorbance feature ratios associated 

with each different material have been described in detail by Backes et al., and indicate the 

presence of exfoliated nanosheets 25,34–36. This confirms the successful exfoliation to few-layer 

nanosheets. Lateral dimensions (length L, width W) of material nanosheets were measured by 

atomic force microscopy. Sheet thicknesses were measured from AFM profiles, and converted 

into layer number N using values for monolayer thicknesses from the literature for graphene 2, 

MoS2 
35, WS2 

25, and BN 36. 
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The L vs W scaling is given in Figure 2b and shows that while all nanosheets follow a power law 

scaling of the aspect ratio, length scales near linearly with width, i.e. constant aspect ratio. 

Table S1 gives aspect ratios for each material fitted individually, assuming a linear scaling. 

These aspect ratios imply that the shape is independent of the material, and suggests we can 

approximate the sheets as rectangles. 
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Figure 2a) UV-visible spectroscopy of nanomaterial dispersions used; absorbance normalised at 

350 nm. Figure 2b) Nanosheet length vs width AFM statistics. Inset gives fit statistics. Figure 2c) 

Sheet-wise LW (length × width) vs layer number AFM statistics. Figure 2d) Plotted histogram for 

WS2 length data, used to determine an average value <L> = (181 ± 58) nm. Inset shows AFM image 

of the material. 



12 
 

The product of length and width, LW, gives an approximation of nanosheet area. Plotting LW 

against N therefore shows how nanosheet area varies with number of layers. For liquid-exfoliated 

materials, the lateral size decreases as the thickness decreases; this is due to an increased 

sonication time leading to the creation of new edges 37,38. Figure 2c shows that the materials used 

behave as expected. Moreover, all materials generally fall on a universal scaling, although BN 

shows some scatter. This is broadly consistent with other research into the effect of liquid-phase 

exfoliation on the size-thickness relationship 33. There are some small differences between 

materials; results of fitting each material independently are shown in Table S2. 

From Figure 2b, Figure 2c it is ascertained that all materials have a lateral size of less than 1 μm, 

and are all less than 30 layers thick on average (spread between 1 and 100 layers). Plotting 

histograms for each sample allows average values to be obtained by analysis of the distributions. 

Figure 2d shows a representative histogram and inset micrograph; additional histograms are 

available in the SI (Figure S3). All histograms are broadly log-normal, as expected 39,40. The 

average values are consistent with the positions of clusters in the sheet-wise plots shown in 

Figure 2b, Figure 2c and are shown in Table 1. The average length and average number of layers 

are plotted in Figure S4. 

Table 1) Average values for nanomaterial length, width, layer number, and approximate 

area, given with standard errors. 

 <L>  

(nm) 

σ<L>  

(nm) 

<W>  

(nm) 

σ<W>  

(nm) 

<N> σ<N> <LW>  

(nm2) 

σ<LW>  

(nm2) 

L-gra 190 170 119 91 10 15 36000 89000 

S-gra 89 49 63 36 2 1 7000 9000 

BN 200 190 130 130 6 5 50000 160000 

MoS2 370 120 232 75 27 19 91000 56000 

WS2 181 58 139 47 3 2 27000 18000 
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The surface pressure of a film can change either through addition of more nanomaterial or by 

decreasing the trough area. For all materials, and a range of deposition pressures, surface 

pressure was plotted against surface coverage. Intuitively, the relation can be fitted 

logarithmically, as Π ∝ log Φ. This implies that the denser the film, the slower the rate of change 

of pressure with respect to the surface coverage. This is represented mathematically by 
𝑑Π

𝑑Φ
∝

1

Φ
; 

i.e., once a film becomes dense, ever-greater increases in pressure are required to produce any 

further increases in surface coverage. This fit is shown in Figure 3a, and R2 values are included 

in Table S3. Figure 3a shows that the materials behave as expected for a Langmuir process and 

can still be fitted effectively, despite the system being noisy due to factors such as transfer 

efficiency causing a scatter in data. 

Although this basic relation works well, Fainerman et al. 41 describe a thermodynamic model for 

the interpretation of pressure-area isotherms of material monolayers. This also accounts for the 

size difference between material monolayers and solvent molecules. Their equation is  

𝛱 =  −
𝑘𝑇

𝜔0
[𝑙𝑛 (1 −

𝜔

𝐴
) + (

𝜔

𝐴
)] − 𝛱𝑐𝑜ℎ, (1) 

where in the first term 𝑘 is the Boltzmann constant, 𝑇 is the temperature, 𝜔0 is the molecular 

area of a solvent molecule, 𝜔 is the molecular area of a nanoparticle, and 𝐴 is the available 

surface area per nanoparticle. 

The first term describes the increase in surface pressure with surface coverage due to entropy 

terms associated with subphase-nanosheet interactions. The offset term is the cohesion pressure, 

a term related to enthalpy, which describes long-range interactions between components 41. In 

this study it is anticipated that these interactions will be dominated by attraction or repulsion 
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between nanosheets when separated on the water surface, and based on the charge of edge states 

or van der Waals forces 42. This information could suggest some phenomenon in the long-range 

interactions that is associated with the chemistry of materials used, leading to controlled film 

surface coverage. 

The same surface pressure and surface coverage data are plotted in Figure 3b, but fitted with the 

model described in Equation 1. Although the model is designed for amphiphilic particles and 

only in the liquid expanded (low pressure) phase, the fit provides some insight for the layered 

nanomaterials and the intercept value at minimum pressure should hold true, with deviation 

expected for the higher pressure phases. The R2 values are included in Table S3. As for the 

fitting in Figure 3a, although the fit is not ideal, presumably not capturing all of the complex 

edge interactions, it is an interesting start to capturing the dominant physics in what is a noisy 

and complex system that has not been previously described. 

Values of 𝛱coh for each material are given in Table 2. Negative values of 𝛱coh indicate repulsive 

forces between the particles. This will be dominated by the edges rather than the surface, due to 
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the unique geometry of the L-S process. Higher interparticle forces lead to greater stability of 

films on the surface, because this creates a higher surface tension and therefore the films remain 

assembled without reorganisation or loss to the other phases 42. Higher interparticle forces also 

lead to higher 2D film moduli, but will reduce the spreading efficiency of the nanomaterial at 

low density, and hence the optimisation of the surface coverage efficiency 43. 

It is seen from Table 2 that BN has the least negative cohesion force and hence forms a film with 

the least pressure. This might correlate with the micrographs in Figure 1c, which show the BN 

films as being the densest and most uniform. Interestingly, it is still a slightly repulsive 

interparticle force, counter to bulk dispersion of BN which is usually described as attractive 

compared to other layered nanomaterials (although 𝛱coh = 0 mN/m is within error) 44. However, 

as the edge effects dominate, the ionic nature of the BN bond leads to charged edges and 

potential for functionalised edge sites leading to dominant repulsive edges 45,44. 

Table 2) Cohesion pressure values (𝜫𝒄𝒐𝒉) and uncertainties (𝝈𝜫𝒄𝒐𝒉
) for each material, as 

obtained from the fit in Figure 3b. 

Material 𝛱coh (mN/m) 𝜎𝛱coh
 (mN/m) 

L-gra -11.9 2.1 

S-gra -10.8 2.3 

BN -2.0 4.3 

MoS2 -20.3 2.1 

WS2 -14.3 1.6 

For the exfoliation and size selection processes used in this experiment a broad range of size 

values were used, implying that pressure-area behaviour is not solely determined by either 

nanosheet size or material class. If only nanosheet size had any effect then Figure 3a, Figure 3b 

would show L-gra, BN, and WS2 grouped together, with MoS2 to one side of this cluster, and S-
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gra to the other. If material class alone affected the pressure-area behaviour, then in 

Figure 3a, Figure 3b clear distinctions between the graphene, TMD, and BN samples are 

expected. In practice, S-gra and the two TMD samples are clustered together, with L-gra and BN 

separated, and the idea that behaviour might rely on a combination of nanosheet size and 

material class seems logical. Different material classes have different edge functionalities, which 

will influence film formation in different ways; however, size differences within material classes 

result in differing numbers of edges per unit area, and hence varying edge-edge interactions. If 

edge interactions between nanosheets play a significant role, as expected for L-S films, then this 

emphasises the need to account for nanosheet size before comparing the pressure-surface 

coverage data of the different samples. This would allow a fair comparison of how the intrinsic 

chemistry affects the edge-edge interaction between nanosheets. 

As discussed previously, the influence of material edge interactions on the film surface pressure 

can be ascertained more easily by normalising the surface coverage, Φ, to nanosheet size. In 

particular, the need for a parameter that scales with the number of nanosheet edges per unit area 

is apparent. For this purpose, the centre-to-centre interparticle distance is used. This is derived in 

Appendix A (Supplementary Information), and has the form  

𝑠 = √
〈𝐿𝑊〉

Φ
. (2) 

This new variable represents a normalisation of the surface coverage to account for the influence 

of the nanosheet size. Plotting surface pressure against this variable therefore represents a 

normalisation of the surface pressure-surface coverage plot. This is shown in Figure 4a, where it 

can be seen that this reduces the materials to two generic curves. The BN shows the closest 
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particle approach, and densest film, as expected due to the stronger cohesion forces between the 

BN particles (Table 2). 

If one normalises for the cohesion pressure determined from the fitting in Figure 3b, then in 

principle the long range interaction differences between the different materials is removed. 

Figure 4a) Plot of surface pressure vs inverse interparticle distance. Figure 4b) Plot of normalised 

surface pressure vs inverse interparticle distance (y-axis normalised for cohesion pressure). 

Figure 4c) Plot of surface pressure vs 2D bulk modulus. Figure 4d) Plot of normalised surface 

pressure vs 2D bulk modulus (y-axis normalised for cohesion pressure). 
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Indeed, it is seen in Figure 4b that the BN and graphene converge onto a single curve, but 

interestingly, the TMDs remain at a distance and with slightly lower slopes. The TMD films 

have the largest repulsion from the cohesion pressure (Table 2); this is expected because the 

sulfur-terminated edge sites are stable and so the charge distribution at the edge is uneven due 

the electronegativity difference between the sulfur and the metal 46,47. This leads to highly 

polarised edges and therefore strong dipole interactions 46,47. This effect is noted to be 

particularly strong for small particles as the edges become proportionally more dominant 

compared to the particle volume 48. The WS2 particles in this study are highly exfoliated and of 

small lateral dimensions, meaning they are likely to have a high degree of edge charge. This 

explains the strong repulsive cohesion pressure, but also the variation in the interparticle force 

compared to the other materials as seen in Figure 4. In addition to the long-range edge 

interactions, the MoS2 in this experiment is particularly large, and multi-layered, so it is likely 

that there are large enough capillary forces acting on these particles compared to the WS2 

particles to start to affect the interactions 42. The TMD films remain at a further interparticle 

separation compared to the other layered nanomaterials, due to their more polarised edge states 

and the comparatively stable nature of the edges. In this way, the class of material can be used to 

separate out the expected behaviour for monolayer film formation.  

In nanomaterial films, rigidity percolation is reached when the particles form a connected bridge 

from one side of the Langmuir trough barrier to the other. For particles with the least repulsive 

edge interactions (such as BN) this bridge can form quickly, without total surface coverage, as 

even small numbers of particles agglomerate together forming branched networks. Conversely, a 

repulsive film will need to reach almost complete surface coverage to reach rigidity percolation 

(Φ = 0.7) 49. This is because the particles will continually rearrange on the subphase surface to 
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minimise their interaction, and therefore will spread out across the entire area until forced by 

density to form a rigid film. The 2D bulk modulus, 𝛽, is one way of quantifying this behaviour. 

This is described by  

𝛽 = −𝐴 (
𝜕Π

𝜕𝐴
)

𝑇
, (3) 

where 𝐴 is the trough area, Π is the surface pressure, and 𝑇 represents that the temperature is 

kept constant 49. This is plotted for each material in Figure 4c. Although different material 

clearly have different maximum bulk moduli, the rigidity onset occurs at varying surface 

pressures. 

However, when normalised to the cohesion pressure, the 2D bulk modulus follows a similar 

onset and maximisation (Figure 4d). This fits well with the concept of rigidity percolation. As 

expected, the BN has the largest 2D bulk modulus as it has the strongest interparticle interactions 

and the densest films. The TMDs show very weak modulus behaviours, as the repulsive edge 

states allow for particle slippage in the film system, maintaining a ‘liquid-like’ state for far 

longer, until geometrically ‘jammed’. Therefore, the larger MoS2 particles are locked into place 

more rapidly than the smaller WS2 particles, or even the exceptionally small S-gra flakes. 

This confirms that it is possible to extract interesting information about edge interactions from 

the cohesion pressure 𝛱coh only. This is a useful value beyond just Langmuir, providing insight 

into films more generally, including hybrid films, printing, heterostructure stitching, etc 50,51. 

The process from Figure 2 to Figure 4 describes how variable pressure-surface coverage data can 

be normalised to nanosheet size to account for edge effects. This results in data clustered by 

material group that Equation 1 suggests is related to the area coverage when accounting for the 
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area density of edges. Outstanding differences remaining in Figure 4 are due to the chemical 

nature of the edge functionalities and therefore merit study in further detail. Examining the edge 

chemistries in more detail should confirm the relative interaction strengths described above. 

However, even without knowing the detail of the chemistry it is possible to account for 

Figure 5) Optical micrographs showing U87 glioblastoma cell growth a) at 4 days on L-gra 

substrate, few cells present and not inclined to growth; b) at 12 days on L-gra substrate, still few 

proper cell clusters but those present were less confluent compared to other substrates; c) at 4 days 

on S-gra substrate, cells had good size extensions; d) at 12 days on S-gra substrate, many cell 

clusters observed and overconfluency apparent. All figures have scale bar = 200 µm. 

a) b) 

c) d) 
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nanomaterial class and size across a broad range of materials to determine film density from 

standard dispersion properties. 

To demonstrate the importance of controlled film properties, a cell study comparing different 

edge densities was conducted. Two sets of films were produced from the same graphene 

dispersion size-selected to have larger and smaller sized nanosheets. As these films were 

deposited at similar surface coverages, the L-gra films had a lower area density of edges than the 

S-gra films. 

It is observed that the edge density strongly determines the growth of glioblastoma cells 

(Figure 5). The films with greater edge density have greatly increased (~1.5 times greater) cell 

proliferation at 12 days compared to those with lower edge density, with increased cell cluster 

formation and improved cell spreading both at 4 and 12 days. This increased proliferation is 

likely due to the increased surface roughness that the cells experience with the greater edge 

density (as the graphene should itself be relatively inert), allowing them to form more adhesion 

sites. The cell stability is therefore increased, allowing more effective mobilisation and 

proliferation. Such a large impact on cell growth is critical when setting up controlled cell 

studies, and importantly this Langmuir substrate technique allows for the production of large 

quantities of identical substrates, which are important for the statistical requirements of 

biological studies 52. 

Conclusions 

Liquid-phase exfoliated dispersions of BN, MoS2, WS2, and two sizes of graphene were prepared 

and used to deposit Langmuir-Schaefer films at a range of different surface pressures. This is the 

first demonstration of the production of single layer BN films using this method. These 
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dispersions were made by generic processes to facilitate a standardised film creation method. 

UV-vis measurements showed the dispersions to be exfoliated, while AFM measurements were 

used to obtain average lateral dimensions and thicknesses for each material. Running a binary 

threshold on optical micrographs of the films gave quantitative values for the surface coverage of 

the material films, allowing the surface pressure-surface area relation to be plotted. To gain 

further insight from these plots, the data were normalised to account for differing sizes of 

nanosheets between materials. Plotting surface pressure against the interparticle distance begins 

to account for edge density effects and results in near parallel data. Additionally, the 2D bulk 

modulus was plotted, and, once normalised to the cohesion pressure, showed a similar rigidity 

onset and maximum for each material. Increased edge density on a graphene cell substrate 

increased colony formation and proliferation, demonstrating the importance, and tissue 

engineering potential, of control over film properties. 

These results allow for an improved understanding of the physical and chemical influences on 

film formation, surface pressure, and surface coverage behaviour in Langmuir films of two-

dimensional layered nanomaterials. This straightforward process has been demonstrated for a 

range of layered nanomaterials, including BN, which has not yet been used extensively for 

Langmuir deposition. An approach for analysis has been developed where size effects can be 

discarded, leaving only the effects due to the inherent chemistry of the material type. This 

combination of variable surface coverage and edge functionalities makes Langmuir films of 

layered nanomaterials interesting as substrate modifications for studies of cell growth and 

proliferation. These results will have uses beyond even cell studies, as this technique can be used 

to create films for a wide range of applications, such as transparent electrodes, supercapacitors, 
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etc. as well as providing a framework for processing new layered materials into single layer 

films, with maximised surface area. 
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