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Abstract:

Stabilisers, such as surfactants, polymers and polyaromatic molecules, offer an effective way 

to produce graphene dispersions in water by Liquid Phase Exfoliation (LPE), without 

degrading the properties of graphene. In particular, pyrene derivatives provide better 

exfoliation efficiency than traditional surfactants and polymers. 

A stabiliser is expected to be relatively soluble in order to disperse hydrophobic graphene in 

water. Here, we show that exfoliation can also be achieved with insoluble pyrene stabilisers if 

appropriately designed. In particular, bis-pyrene stabilisers (BPSs) functionalised with 

pyrrolidine provide higher exfoliation efficiency and percentage of single layers, as compared 

to traditional pyrene derivatives, under the same experimental conditions. This is attributed to 

the enhanced interactions between BPS and graphene, provided by the presence of two pyrene 

binding groups. This approach is therefore attractive not only to produce highly concentrated 

graphene, but also to use graphene to disperse insoluble molecules in water. The enhanced 

adsorption of BPS on graphene, however, is reflected in higher toxicity towards human 

epithelial bronchial immortalized cells, limiting the use of this material for biomedical 

applications. 
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Introduction

Graphene, a single layer of graphite, shows great potential for numerous applications due to its 

outstanding properties, including extreme mechanical strength and exceptionally high 

electronic and thermal conductivity.1 Out of  all graphene’s synthesis techniques, Liquid-Phase 

Exfoliation (LPE)2 allows for mass-scalable, cost-effective and versatile production of 

graphene formulations suitable for a wide range of practical uses, ranging from composites to 

biomedical applications.1,3–5 

Liquid Phase Exfoliation relies on the use of solvents with surface tension comparable to that 

of graphene.2 Thus, N-methyl-2-pyrrolidone (NMP) is typically the solvent of choice.2 

However, its toxicity, high cost and boiling point do not make it an ideal solvent. Water is a 

low cost and friendly solvent, required in many applications. However, in order to effectively 

exfoliate graphite in water, the graphene surface needs to be altered, either covalently or non-

covalently.6–8 The use of stabilisers offers an effective method to functionalise the material 

without introducing defects, hence maintaining the intrinsic properties of graphene, while 

allowing dispersability in water.9–11 Different types of stabilisers, including surfactants9,12–14, 

polymers15–17 and polyaromatic molecules10,18,19  have been investigated. 

Stabilisers are typically amphiphilic, i.e. they have a hydrophobic binding group, which 

adsorbs onto the graphene surface through van der Waals interactions, and a hydrophilic group, 

which prevents re-stacking of exfoliated graphene nanosheets through steric hindrance and/or 

electrostatic stabilisation.10,20 Out of all stabilisers, pyrene derivatives have been shown to be 

very effective at exfoliating graphite, when compared to typical surfactants and polymers, due 

to the effective adsorption of  pyrene  on graphene through π - π interactions.10,11,21–23 In 

particular, in our group, we have extensively used 1-pyrenesulfonic acid sodium salt (PS1) to 

obtain biocompatible and inkjet-printable graphene dispersions in water.4,21,24 

Despite the wide use of pyrene derivatives as stabilisers, the effective mechanisms leading to 

exfoliation are very poorly understood. Seminal works have shown that not all pyrene 

derivatives are effective exfoliating agents.10,11,25 Exfoliation efficiency, as defined by the  

concentration of graphene, depends strongly on many factors, such as types and number of 

functional groups, and the charge distribution in the stabiliser, which determinethe 

thermodynamics of the interaction between the stabiliser and graphene, e.g. the adsorption of 

the pyrene binding group on the graphene surface, the affinity of the functional groups for the 

solvent medium, and the effectiveness of deterrence of re-stacking of graphene sheets.9,10,26–28 

Since the affinity of the functional groups for the solvent medium of the functional groups is 
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one of the key parameters, stabilisers with relatively good aqueous solubility have  been used 

up to now. 

In this work, we show that pyrene derivatives with extremely low solubility can be 

exceptionally efficient as exfoliating agents, contradicting the common assumption that an 

effective stabiliser needs to be soluble in water. A bis-pyrene stabiliser (BPS), functionalized 

with a pyrrolidine central group (Scheme 1), was designed and synthetized ad hoc for this 

study. Its exfoliation efficiency was compared to that of two pyrene derivatives with the same 

functional group: one with longer linking chains between the pyrene binding groups and the 

functional group (LBPS) and the other with a mono-pyrene binding group (MPS) (Scheme 1). 

BPS has been found to be insoluble in aqueous media, i.e. the aqueous solubility of BPS is 

under the detection limit of NMR. Despite this the BPS molecule showed exfoliation efficiency 

up to 3-5 times higher than that obtained with PS1 or MPS. Furthermore, the graphene 

dispersion prepared with BPS showed a higher percentage of single layer graphene (SLG), 

compared to PS1. The enhanced exfoliation efficiency of BPS, compared to the other 

stabilisers, is attributed to the higher interaction strength between BPS and graphene, driven 

by stronger π-π interactions due to the presence of two pyrene binding groups in BPS, and the 

insolubility of BPS in water (as confirmed by 1H NMR). Finally, cytotoxicity studies on the 

graphene dispersions prepared with BPS show the toxicity of graphene to be dependent on the 

initial BPS concentration, whereas the graphene dispersion prepared with MPS showed no 

cytotoxic effect. Since the sizes of the nanosheets prepared with BPS and MPS are comparable, 

the difference in toxicity is attributed to the presence of two pyrene binding groups in BPS, 

which may affect how these molecules assemble on graphene, in particular at high BPS 

concentrations. 

Methods

Materials

Preparations of pyrene derivatives

The details of the synthesis routes for the pyrene stabilisers and all characterisation methods 

used for identification of the structure and purity of the compounds are given in the 

Supplementary Information. 

Preparations of graphene dispersions

Natural graphite crystals were provided by Graphexel Ltd. Graphene dispersions were prepared 

by LPE in water following the protocol developed in previous works.4,21,29 In detail, 300 mg of 

graphite and varying amount of stabilisers wereadded to 100 mL of de-ionized (DI) water. The 
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mixture was then sonicated at 600W for 7 days using a Hilsonic bath sonicator. Afterwards, 

un-exfoliated graphite was removed by two-step centrifugation (Sigma 1-14k refrigerated 

centrifuge) at 3500 rpm (903 g) for 20 min. After each centrifugation step, the supernatant 

containing graphene in water was collected. For cytotoxicity studies, the graphene dispersions 

prepared were further centrifuged at 15000 rpm (16 600 g) for 60 min to increase the 

concentration further by collecting the sediment and re-dispersing in a smaller volume of DI 

water. In the case of the graphene dispersions prepared with BPS, the supernatant was also 

collected for characterisation. In the case of the graphene dispersions prepared with MPS, the 

second centrifugation step was repeated twice to remove excess pyrene from the solution.

Characterization

UV-Vis Spectroscopy

The concentration of graphene dispersed in the solution was determined using UV-Vis 

spectroscopy. The UV-Vis spectrum of graphene appears flat and featureless in the visible-IR 

region,2 so the absorption is measured at 660 nm for estimation of the graphene nanosheet 

concentration using the Beer-Lambert law. Despite the extensive work done towards accurately 

estimating the absorption coefficient, this is still the subject of considerable debate.30 In this 

study, an absorption coefficient of 2460 L/g m was used for estimating the graphene 

concentration.9,12,31 A Perkin-Elmer l-900 UV-Vis-NIR spectrophotometer was used to acquire 

the spectra. 

Zeta Potential Measurements

Electrophoretic mobility (μ) was measured using a ZetaSizer Nano ZS (Malvern Instruments, 

UK) after dilution of samples with water in the folded capillary cells (Malvern Instruments, 

UK). Default instrument settings for water-based system and automatic analysis were used for 

all measurements, which were performed at 25 °C and at the natural pH. The equipment 

software automatically converted the mobility μ to zeta potential (ζ) values by Henry’s 

equation:  μ = 2εζ F(κa)/3η where ε is dielectric constant, η is the solution viscosity and F(κa) 

is Henry’s function, approximated to the value of 1.5 using the Smoluchowski approximation 

for polar media, valid for dispersed particles of any shape including plate-like particles.32All 

values for samples are mean ± standard deviation (SD), calculated from triplicate 

measurements.

Atomic Force Microscopy (AFM)
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A Bruker Atomic Force Microscope (MultiMode 8) in Peak Force Tapping mode, equipped 

with ScanAsyst-Air tips, was used to determine the lateral size distribution of the flakes. The 

sample was prepared by drop casting the solution on a clean silicon substrate; areas of 10 to 

400 μm2 were scanned and typically 200 or more flakes were selected for lateral size analysis. 

Lateral dimension and thickness distributions of graphene nanosheets were carried out using 

Gwyddion scanning probe microscopy data processing software.

Transmission Electron Microscopy (TEM)

TEM imaging was performed using a FEI Talos 200X operating at an acceleration voltage of 

200 kV, and TEM images were acquired using a FEI CETA CMOS (complementary metal-

oxide semiconductor) camera. TEM samples were prepared by dip coating the graphene 

dispersions either on a lacey carbon copper grid or on a 3 nm ultrathin carbon film supported 

on lacey carbon copper grid. Measurements of the numbers of layers were performed by High 

Resolution TEM (HRTEM) imaging of free-standing graphene flakes on the lacey carbon film. 

The graphene dispersion deposited on ultrathin carbon film was used for the measurement of 

the lateral size of the graphene flakes.

Raman Spectroscopy

Raman measurements were performed using a Renishaw Invia Raman spectrometer equipped 

with a 514.5 nm excitation line and 2.0 mW laser power. Graphene dispersions were drop-cast 

onto silicon substrates and measurements were performed on isolated and individual flakes. 

The Raman spectra were taken with a 100× NA0.85 objective lens and 2400 grooves/mm 

grating. Typically, 30-50 flakes were measured for each sample. The Raman peaks were fitted 

with a Lorentzian lineshape. The Raman analysis was performed using a qualitative protocol 

developed for graphene produced by LPE in our group.13,26,27,33,34 In detail, the shape of the 2D 

peak is used for determination of the thickness distribution. The 2D peak is fitted with a single 

Lorentzian lineshape, and by evaluating the fit residual (R2), the spectrum is attributed to a 

single-layer graphene (SLG), or few-layer sheets (FLG), or to graphitic material (>10 layers 

with AB stacking) in the following way. A single symmetric 2D peak with R2> 0.987 is 

attributed to the spectrum of a SLG; a single asymmetric peak with R2< 0.987 is attributed to 

FLG; and graphitic material is identified by its characteristic peak shape, characterized by a 

low-wavenumber shoulder. 

Nuclear Magnetic Resonance

All nuclear magnetic resonance (NMR) spectra reported were acquired at a nominal 

temperature of 25 °C using a VNMRS 500 spectrometer operating at 499.826 MHz for 1H. The 

standard 1H spectrum was acquired in 1.3 h using 90° pulses, a spectral width of 10 kHz, 32768 
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complex data points, and a recycle time of 3.4 s. The diffusion-ordered spectroscopy (DOSY) 

data were acquired in a total time of 11 h using the Oneshot pulse sequence35, with a spectral 

width of 19.8 kHz, a recycle delay of 5 s, and 32768 complex data points, and processed with 

the manufacturer’s VnmrJ software. The Oneshot pulse sequence used a total diffusion-

encoding gradient pulse duration of 2 ms (i.e. two encoding and two decoding pulses, each of 

1 ms duration), a diffusion time of 0.1 s, and 8 diffusion-encoding gradient amplitudes ranging 

from nominal values of 6 to 54 G/cm in equal increments of gradient squared. The graphene 

dispersion used for the DOSY experiment was produced via the same LPE process as the rest 

of this study. Exfoliation of 60 mg of graphite with 12 mg of the BPS in 20 mL of D2O allowed 

the production of a dispersion with a final concentration of 0.8 mg/mL.

Cell culture

Human epithelial bronchial immortalized cells (BEAS-2B, CRL-9609, ATCC, LGC standards, 

UK) were maintained in RPMI-1640 cell culture medium (Sigma-Aldrich), supplemented with 

10% foetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific), 1000 units penicillin, and 

1 mg/mL streptomycin (Sigma-Aldrich) at 37 oC in a humidified 5% CO2 incubator. Cells were 

subcultured when reaching 80% confluence, with 0.05% trypsin-EDTA (Sigma-Aldrich), and 

10% FBS was used to stop the activity of trypsin-EDTA. 

Treatment of the cells

BEAS-2B cells were seeded in P12-well plates (Corning, Costar, Sigma-Aldrich) in complete 

RPMI medium at 37oC in a humidified 5% CO2 incubator for 24 h. After 24 h, BEAS-2B cells 

reached confluence of ~80 % and were treated with the graphene dispersions prepared with 

BPS at 0.2 mg/mL, BPS at 0.6 mg/mL, BPS at 1.0 mg/mL and MPS at 0.4 mg/mL (25, 50, 75 

and 100 µg/mL, 1 mL/well) in serum-free RPMI medium for 4 h. Following 4 h of incubation, 

FBS (100 µL/well) was added and the cells were further incubated for additional 20 h. BEAS-

2B cells were washed (RPMI w FBS, 1 mL/well) before analysis with a ZEISS Primovert 

microscope. 

Results and discussion

Synthesis of pyrene derivatives

In a general synthetic approach, the stabilisers were synthesised via alkylation of pyrrolidine 

2a-b using the parent (1-pyrenyl)boromoalkane 1a-b for MPS or two consecutive alkylations 

for BPS and LBPS. 
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Me
N

Br

N
Me

+

Br

hexanen

THF, 60 ºC
18 h

N
H

+

Br
n

N N Br

1a 2a

2b 3ab; n= 11a-b BPS; n= 1
3bb; n= 3 LBPS; n= 3

n n1a-b

50 ºC, 18 h

THF

60 ºC, 18 h

MPS

Scheme 1 General schematic plan for synthesis of the pyrene stabilisers 

Amination of (1-pyrenyl)bromoalkane: To a vial charged with a stirring suspension of (1-

pyrenyl)bromoalkane 1a-b (1.0 equiv) in dry hexane (1.20 mL) at 0 ˚C was added secondary 

amine substrate (4.0 equiv). The reaction mixture was stirred at 50 ºC for 18 h. The crude 

product was cooled down to room temperature and dissolved in CH2Cl2 (50 mL) and washed 

with saturated aqueous NaHCO3. The aqueous layer was extracted with CH2Cl2 (2 × 50 mL) 

and the combined organic fractions were dried (MgSO4) and concentrated under vacuum to 

afford the corresponding amine products 3ab-bb. 

Preparation of BPS: The crude secondary amines 3ab/3bb or N-methylpyrrolidine 2a were 

stirred with (1-pyrenyl)bromoalkane 1a-b in THF at 60 ̊ C for 18 h. After this time, the reaction 

mixture was cooled to room temperature and the precipitate was filtered under vacuum, washed 

with THF and then Et2O to afford the desired pyrene stabiliser BPS, LBPS or MPS.

Liquid-Phase Exfoliation

To compare the exfoliation efficiency of BPS, MPS and LBPS, the graphene dispersions were 

prepared with the same initial stabiliser concentration (0.4 mg/mL). Figure 1(a) shows that a 

graphene concentration of 0.72 mg/mL was achieved by BPS, against 0.28 mg/mL obtained 

with MPS and 0.06 mg/mL with LBPS. The higher exfoliation efficiency of BPS compared to 

MPS is attributed to the presence of two pyrene binding groups, which improves the π-π 

interactions between the molecules and graphene, and also affects the solubility of BPS in water 

(details in SI), driving the BPS molecules to minimize their interaction with water by adsorbing 

on graphene. It is interesting to note that the concentration obtained with MPS is comparable 

to that obtained by PS1 (Figure 1(a)), possibly because the two molecules have relatively good 
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solubility (details in SI) and a similar structure. Remarkably, LBPS, which also has two pyrene 

binding groups and is also insoluble in water, showed almost negligible exfoliation efficiency 

(Figure 1 (a)). This could be attributed to the different ways that these molecules are expected 

to assemble on graphene. The long chain connecting the pyrene binding groups in LBPS gives 

rise to some conformational freedom for the two pyrene binding groups, which may result in 

disruption of the controlled adsorption of the LBPS molecules due to possible interaction 

between the two pyrene bases. In the case of BPS, due to the relatively short carbon linking 

chain between the pyrene binding group and the functional group, the BPS molecule is  more 

rigid, allowing more controlled assembly of BPS on graphene as well as adsorption of both the 

pyrene binding groups, exposing the charged functional group towards the water solvent. 

Alternatively, the poorer exfoliation efficiency of MPS could be attributed to intramolecular π-

π stacking of the molecules in solution.

Figure 1 (a) Graphene concentrations obtained for different graphene dispersions. inset: 

photographs of graphene dispersions prepared with different stabilisers, from left to right, BPS, 

MPS and LBPS  at  0.4 mg/mL, all diluted by factor of 10. (b) UV-vis spectra of selected 

graphene dispersions with different pyrene concentrations. (c) Standard 1H spectrum of a 

graphene dispersion that was produced with an initial  BPS concentration of 0.6 mg/mL in D2O 
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at 1x and 1000x magnifications. (d) 2D DOSY spectrum of a graphene dispersion that was 

produced with an initial  BPS concentration of 0.6 mg/mL in D2O.

The stability of graphene dispersions was estimated by measuring the zeta potential at ambient 

conditions. Typically, aqueous suspensions with |ζ|  > 30 mV are regarded as stable 

suspensions.28 The zeta potential of all the dispersions prepared in this study are between 30 

and 50 mV, indicating very good stability (Table 1 and Figure S2).

The enhanced exfoliation efficiency of BPS is attributed to the ability of these 

molecules to adsorb better on graphene. This is also supported by the observed trend of 

increasing concentration of the exfoliated graphene with increasing initial BPS concentration, 

reaching saturation above 0.4 mg/mL of BPS (Figure 1 (a) and Figure S1). UV-vis 

spectroscopy, in particular, shows clear BPS residual peaks, Figure 1 (b). It is interesting to 

compare the spectrum obtained with BPS and MPS. Note that for better comparison of the 

intensities of the absorbance peaks of pyrene in the region between 250 nm and 400 nm, the 

spectra have been normalised against graphene absorbance at 660 nm. The prominent pyrene 

absorption peak in the dispersions obtained by MPS can easily be removed by a washing step 

(see Method), leaving no residual pyrene peaks in the UV-Vis spectrum after washing. In the 

case of BPS, however, there was no noticeable change of absorbance in that region after the 

washing step (Figure S3). As BPS is insoluble, this signal can only be attributed to the BPS 

adsorbed on the nanosheets. Furthermore, as shown in Figure 1(b), an increase in pyrene 

absorbance is observed with increasing initial PBS concentration, which should be attributed 

to the increased amount of BPS molecules adsorbed on the graphene surface. 

In order to confirm that all BPS molecules are adsorbed on graphene, we performed 1D 

and DOSY 1H NMR experiments. DOSY uses measurements of diffusion to enable the 

separation of the NMR signals of different components in a mixture, and can be used to probe 

interactions between components.36,37 Initially, a standard 1H spectrum of a graphene 

dispersion with a BPS concentration of 0.6 mg/mL was collected, shown in Figure 1(c). This 

spectrum is dominated by the 0.2% of protons present in the D2O used and no pyrene aromatic 

signals are seen. The DOSY spectrum of Figure 1(d) shows only the signals of rapidly 

diffusing water and trace acetone. No free BPS is detected, indicating that the pyrene present 

is tightly bound to the graphene nanosheets, which tumble slowly in solution, and hence shows 

rapid spin-spin relaxation. A wide 1H spectrum (Figure S4) confirmed that most of the 1H 

signal intensity comes from very broad signals.
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Characterisation of the exfoliated graphene nanosheets

Three graphene dispersions (BPS at 0.4 mg/mL, BPS at 0.6 mg/mL and MPS at 0.4 mg/mL) 

were chosen for further characterisation of the exfoliated graphene flakes by Raman 

spectroscopy, AFM and TEM. Supernatants collected for the two BPS dispersions were also 

characterised for comparison. Note that higher exfoliation yield is not necessarily an indication 

of a higher percentage of single layers, hence further characterisation is mandatory. The results 

are summarised in Table 1.  

BPS at 
0.4 mg/mL

BPS at 
0.6 mg/mL

MPS at 
0.4 mg/mL

Concentration of dispersion (mg/mL)
Concentration of supernatant (mg/mL)

0.72
0.06

0.78
0.06

0.28
/

Zeta potential of dispersion (mV)
Zeta potential of supernatant (mV)

40
47

38
40

39
/

%SLG of dispersion
%SLG of supernatant

~58%
~90%

~44%
~97%

16%
/

Av. flake size of dispersion (nm)
Av. flake size of supernatant (nm)

124
44

121
50

230
/

Table 1 Summary of the properties of the selected graphene dispersions and related 
supernatants.

Raman spectroscopy is the most commonly used characterization tool for graphene.38 The 

Raman spectrum of graphene is characterized by the G, D and 2D peaks, lying at ~1580 cm-1, 

~1350 cm-1, and 2680 cm-1, respectively. In the case of graphene produced by LPE, which 

typically has size smaller than 500 nm, the D peak is activated by the edges of the nanosheets39, 

thus the intensity ratio between D and G peaks, I(D)/I(G), changes with the size of the 

flakes.13,26,27,33 The 2D peak shape is typically used to identify single layer graphene.40 

However, this identification method cannot be applied with the same accuracy to graphene 

produced by LPE, as the shape of the 2D peak is affected by edge effects, solvent or stabiliser 

doping and/or re-stacking of flakes.21,41 Here we performed a qualitative thickness analysis 

using a protocol developed and tested in our group, based on Lorentzian fitting of the 2D peak 

(details in the Methods section).13,26,27,33,34 Figure 2 (a) shows representative graphene Raman 

spectra obtained from the BPS at 0.6 mg/mL dispersion and supernatant. The Raman analysis 

shows that BPS is highly efficient at exfoliating graphene: both the BPS dispersions had a SLG 

percentage between 40 and 60%, compared to 16% measured for the MPS dispersion. Thus, 

BPS gives high exfoliation yield, as well as a high percentage of single and few layers, 
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compared to traditional pyrene derivatives. Moreover, Figure 2 (a) shows that the flakes in the 

supernatant are characterised by higher R2 value as well as higher I(D)/I(G). Thus, the 

supernatant is expected to contain thinner flakes, mostly single-layers and of smaller size, 

compared to the dispersion. This is confirmed by AFM, Figure 2 (c) and (d). These figures 

show the lateral size distribution for the dispersion and supernatant of BPS at 0.6 mg/mL (AFM 

images used for statistical analysis and the distribution histograms for the other samples are 

shown in the SI). AFM results show that the average flake size of the two BPS dispersions is 

centered at ~125 nm, slightly smaller than that of the flakes in the MPS dispersion, which is 

peaked at ~230 nm, in agreement with previous studies reporting  graphene dispersions 

prepared with pyrene derivatives.4,11,21,29 The average flake size of the two supernatant 

dispersions obtained with BPS was about ~50 nm, which is expected, as smaller and thinner 

flakes are likely to be found in the supernatant. Note that with traditional pyrene derivatives, 

the concentration of graphene in the supernatant is too small, typically below 0.01 mg/mL, for 

further use; in contrast, LPE with BPS offers a very simple way to achieve concentrated and 

enriched graphene dispersions, although of much reduced flake size. 

Thickness distributions obtained by AFM (Figure S5 and S6) confirm the Raman analysis, 

showing that BPS dispersions contain a higher number of thinner flakes than dispersions made 

with MPS. However, the thickness distribution obtained by AFM should be viewed with 

caution as the adsorption of stabilisers and solvent molecules on the surface of graphene flakes 

leads to higher thicknesses than those theoretically expected.21,42,43 Because of this, the BPS at 

0.6 mg/mL sample was further characterised by TEM. Figure 3 (a) shows the lateral size 

distribution histogram obtained from TEM analysis, which is in good agreement with that 

obtained from AFM (Figure 2(c)).

Figure 3(b) shows the thickness distribution histogram, collected for statistical analysis of 

more than 200 individual flakes:  the dispersion is mostly composed of thin (< 10 layers) flakes. 

It should be noted that the discrepancy between the SLG percentages estimated by Raman and 

by TEM analysis is attributable to the different sample preparation: the Raman sample was 

prepared by drop casting on silicon wafer whereas TEM sample was prepared by dip-coating 

on lacy carbon grid. However, despite the discrepancy, both techniques show that the graphene 

dispersion prepared with BPS is well exfoliated, mostly containing thin layers, as further 

confirmed in Figure 3(c) and (d).

Biocompatibility study
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Previous work from our group4 has shown that graphene flakes prepared by LPE with PS1 are 

highly biocompatible, with no cytotoxicity observed for concentrations up to 100 μg/mL. It is, 

however, unclear if and how the cytotoxicity is related to the type of pyrene derivative used. 

Thus, here we compare the cytotoxicity of the dispersions obtained with MPS and BPS, which 

have the same functional group, but different numbers of pyrene binding groups. As the 

nanosheets of the graphene dispersions produced by BPS and MPS have comparable size, the 

comparison of cytotoxicy between the two samples allows the effect of the stabiliser, which 

determines the surface chemistry, on cellular interactions to be determined. 

Figure 2 Characterisation of graphene dispersion prepared with BPS at 0.6 mg/mL. (a) 

Representative Raman spectra taken from the dispersion and the supernatant of BPS at 0.6 

mg/mL. The fit of the 2D peak is also shown (red line) (b) I(D)/I(G) vs fit residual of the 2D 

peak plot for both dispersions and supernatant samples. (c) and (d) Lateral size distribution 

histograms measured by AFM for dispersion and supernatant samples, respectively. 
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Figure 3 TEM characterisation of graphene dispersion prepared with BPS at 0.6 mg/mL: (a) 

lateral size and (b) thickness distribution, (c) HRTEM image of a three-layer-thick graphene 

flake and (d) overview TEM image of graphene flakes.

To establish a cytotoxicity profile, optical microscopy was used with BEAS-2B cell lines as an 

immortalised in vitro model for four different graphene dispersions prepared in this study: three 

graphene dispersions prepared with BPS (BPS at 0.2 mg/mL, BPS at 0.6 mg/mL, BPS at 1.0 

mg/mL to determine the effect of BPS concentration), and one graphene dispersion prepared 

with MPS (MPS at 0.4 mg/mL). Cells were exposed to increasing concentrations of graphene, 

from 25 μg/mL to 100 μg/mL. As a control, untreated cellswere also observed (Figure 4, top 

left panel)

Figure 4 shows the optical images of the cells exposed to graphene flakes and morphological 

changes/cellular detachment, as indicators of cell death. Figure 4 clearly shows that the 

cytotoxicity of graphene flakes increases with increasing concentration of BPS. No noticeable 

changes in cell morphology was observed for BPS at 0.2 mg/mL at any of graphene 

concentrations used. However, for BPS at 0.6 mg/mL, at 25 μg/mL the appearance of the 

vesicles indicated cellular stress and lysosomal swelling. Dose dependent toxic effects on the 

cells were also observed, as at 75 µg/mL, rounding of the cells is apparent, indicating apoptotic 

cell death as well as detachment of dead cells from the support. As expected, highly stressed 

cells were observed using BPS at 1.0 mg/mL even at the lowest concentration of 25 µg/mL 

Page 13 of 19 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

0 
4:

40
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

DOI: 10.1039/C9FD00114J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9fd00114j


(high numbers of vesicles appearing in the cells), while cell death and detachment from the 

support occurred at 50 µg/mL BPS at 1.0 mg/mL.

Figure 4 Optical images of BEAS-2B cells, exposed to 4 different graphene dispersions, BPS 

at 0.2 mg/mL, BPS at 0.6 mg/mL, BPS at 1.0 mg/mL, MPS at 0.4 mg/mL, at 4 different 

concentrations, 25 μg/mL, 50 μg/mL, 75 μg/mL, and 100 μg/mL. Cells were observed for 

morphological changes and loss of viability indicated by detachment from the support, in 

comparison to untreated cells. Scale bar is 10 µm. 

On the other hand, cells exposed to MPS at 0.4 mg/mL showed no evident morphological 

changes or detachment from the support, with few vesicles appearing inside the cells, 

demonstrating good biocompatibility at high graphene concentration (100 µg/mL) after 24 h 

of treatment. 

Figure 5 Possible adsorption of BPS at high concentration, giving rise to higher graphene 

cytotoxicity, compared to MPS.
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These results clearly demonstrate the cytotoxic effect of BPS. The simplest explanation is to 

attribute the higher cytotoxicity to the higher number of molecules adsorbed (Figure 1b). 

However, it is interesting to note that BPS and MPS are characterised by the same functional 

group interacting with the cells, but graphene produced by MPS does not show any cytotoxicity 

even at high concentrations. Thus, a more complex scenario may be possible. In the case of 

soluble MPS, not all stabiliser is adsorbed on graphene, and the free MPS molecules in water 

are removed during the washing steps.  In the case of the insoluble BPS, the stabiliser needs to 

be adsorbed on graphene. However, after a certain BPS concentration, the graphene surface 

could reach complete coverage. As these molecules are insoluble, they will still want to interact 

with graphene and therefore may accommodate on its surface by adopting a frustrated 

configuration, in which only one pyrene binding group is adsorbed on graphene. As the other 

pyrene group is now exposed to the water, this reflects in an effective increase in concentration 

of pyrene accessible to cells in solution at high BPS concentrations (Figure 5), giving rise to a 

higher cytotoxic effect, compared to the case of MPS molecules. However, this would not 

affect graphene concentration, as there are enough BPS molecules completely adsrobed on 

graphene, by providing electrostatic stabilization. Alternatively, the molecules may start 

interacting with each other, forming large aggregates on graphene, which may affect the 

cytotoxicity. Further study is required to fully understand the exact mechanism of the increased 

cytotoxicity observed with BPS molecules. 

Conclusion

In summary, we have demonstrated the use of an insoluble stabiliser to achieve highly 

concentrated aqueous graphene dispersions, mostly containing single or few layer flakes. 

Although their use in biomedical applications is limited by their reduced biocompatibility, 

these graphene dispersions are still suitable for many applications, where water is the preferred 

solvent. Our work also shows that LPE of graphene can be used to disperse insoluble molecules 

in water, as graphene and the hydrophobic side of the molecules self- assemble together to 

minimize interactions with water molecules, similarly to micellization
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